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INTRODUCTION 
 

One of the greatest achievements in modern medical science has been the development 

of effective vaccines resulting in remarkable reduction of many infectious diseases. 

nevertheless, vaccination of neonates remains a very significant challenge for vaccine 

research in both human and veterinary medicine. The immaturity of the immune system 

combined with the immune suppressive effects of passively acquired maternal antibodies 

often results in reduced or undetectable immune responses early in life (Siegrist and Lambert, 

1998 ; Kovarik and Siegrist, 1998 ; Siegrist, 2001; Siegrist, 2003).  

This is also a major problem in vaccine development against enterotoxigenic E.coli 

(ETEC) that may affect neonatal and recently weaned pigs. ETEC infections are an important 

cause of diarrhoea, weight loss, growth retardation and death in neonatal and newly weaned 

pigs and is responsible for great economic losses (Jones and Rutter, 1972). In general, most 

neonatal infections can be prevented by vaccination of the sows hereby providing lactogenic 

immunity to the offspring. However, this passive protection decreases with aging and at 

weaning lactogenic immunity disappears. So, newly weaned animals become highly 

susceptible for enteropathogens. In order to protect newly weaned piglets against ETEC 

infections they should be vaccinated during the suckling period but at present no commercial 

vaccine is available that allows successful vaccination. A more recent approach in vaccine 

development is DNA vaccination. Maternal antibodies will not inhibit the DNA vaccine itself 

because antigen is not available until de novo synthesis occurs in the transfected cells. Several 

studies in animals already showed that DNA vaccination represents a unique opportunity to 

overcome the limitations of conventional vaccination strategies in early life in the face of 

maternal-derived immunity (Fischer et al., 2003 ; Hassett et al., 1997 ; Martinez et al., 1997 ; 

Pertmer et al., 2000 ; Van Drunen Littel-Van den Hurk et al., 1999 ; Manickan et al., 1997 ; 

Weeratna et al., 2001 ; Van Loock et al., 2004 ; Bot et al., 2001). Especially heterologous 

prime-boost strategies have shown promising result (Siegrist et al., 1998 ; Sedegah et al., 

2003 ; Griot et al., 2004 ; Bot and Bona, 2002).  

In vaccination studies, antibody and proliferative responses are the most frequently 

used parameters to measure immune responses generated. Additionally, cytokine profiles may 

also give valuable information on the type of immune response elicited. Cytokines, which are  

small- to medium sized proteins and glycoproteins, mediate highly potent biological effects 

on many cell types. They have critical roles in haematopoiesis, inflammatory responses and 

the development and maintenance of immune responses. Importantly, cytokines can influence 
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the outcome of vaccination by exerting effects on various stages in the immune response, 

including enhancement of antigen presentation, polarization of T helper subsets, regulation of 

antibody isotype production and expansion of the T and B cell memory pool. Therefore, 

attempts to define the immune response mechanisms operating in vaccinations or elimination 

of foreign pathogens should involved studies on the regulatory functions of these cytokines.  

In the 1980s, there was a massive explosion of literature on human and mouse 

cytokines. In the last decade, rapid progress has also been made in the cloning and 

characterization of cytokines from livestock and compagnion animals which made it possible 

to develope sensitive techniques for the accurate detection of cytokines in several species 

(Murtaugh, 1996). One of the most interesting proposals in immunology has been the division 

of T helper cells into two classes (Th1 and Th2 cells) based on their cytokine profiles 

(Mosmann et al., 1986).  

In chapters 1 and 2 we will attempt to review the current status on the Th1/Th2 

paradigm in general as well as in pigs. The potential of  DNA vaccines in veterinary medicine 

is described in chapter 3. 
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CHAPTER 1 : THE TH1/TH2 PARADIGM 
 

1.1. Th-1 AND Th-2 CELLS : POLARISED FORMS OF THE SPECIFIC IMMUNE 

RESPONSE 

 

1.1.1. Th cell cytokines, phenotype and function 

 

When confronted with a pathogen, it is important that the immune system activates the 

appropriate type of response. Fortunally, it has developed reliable mechanisms that help naive 

CD4+ T cells in this choice. Both experimental animal models of immunisation as well as 

spontaneous human and animal diseases have demonstrated that CD4+ T lymphocytes have 

the ability to produce a wide array of cytokines upon encountering foreign antigens. With the 

application of two important techniques for analysing lymphocytes, namely methodes for 

propagating cloned lines of T cells and assays for cytokines, Mosmann and colleagues (1986) 

provided evidence that murine CD4+ T cell clones could be assigned to two different subsets 

on the basis of distinct, non-overlapping cytokine secretion patterns in response to stimulation 

with specific antigens or polyclonal mitogens. The T cells were designated T helper type 1 

cells (Th1), characterised by the secretion of interleukin (IL)-2, tumour necrosis factor (TNF)-

β and interferon (IFN)-γ and T helper type 2 cells (Th2), characterised by the secretion of  IL-

4, IL-5 and IL-10. 

The functional differences between the Th subsets can largely be explained by the 

biological activities of the subset-specific cytokines produced (Mosmann and Coffman, 

1989).  

- Th1 cells are responsible for the activation of macrophages to a microbicidal state, 

the induction of IgG antibodies that mediate opsonization and phagocytosis and 

the support of CD8+ antiviral effector T cells (Fig. 1). Th1 cells have been 

demonstrated in numerous infectious disease models to activate appropriate host 

defenses against intracellular pathogens including viruses, bacteria, yeast and 

protozoa. Th1-dominant immune responses are also often associated with 

inflammation and tissue injury because two Th1 cytokines, TNF-β and IFN-γ, 

recruit and activate inflammatory leukocytes. The typical inflammatory reaction 

called delayed type hypersensitivity (DTH) is often a price that is paid for 

protective immunity against microbes. On the negative side, when the Th1 
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pathway is overreactive, it can generate organ-specific autoimmune diseases 

(Singh et al., 1999). 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 
 
 
 

Figure 1 :  Effector functions of the Th1 subset of CD4+ helper T lymphocytes. 
 

- Th2 cells stimulate the growth and differentiation of mast cells and eosinophils, as 

well as the production of antibody isotypes, including IgE, which can mediate the 

activation of these cells (Fig.2). Th2 cells are involved in the protection against 

extracellular pathogens and are also central mediators in the pathogenesis of allergies 

(reviewed by Abbas et al., 1996 ; Reiner and Seder, 1995 ; London et al., 1998). 
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Figure 2 : Effector functions of the Th2 subset of CD4+ helper T Lymphocytes 

 

Two other features of these Th clones are important in our understanding of the 

generation of Th cell diversity. First, it was shown that each T cell subset produces cytokines 

that serve as its own autocrine growth factor. A type of feed-forward loop promotes further 

differentiation of that subset. Second, the two subsets produce cytokines that cross-regulate 

each others development by blocking the generation of the other cell type and by blocking 

each others effector functions. For instance, at the level of effector functions, IL-4 antagonises 

much of the pro-inflammatory effect of IFN-γ and also inhibits the proliferation of Th1 cells 

(Hsieh et al., 1993). Conversely, IFN-γ secreted by Th1 cells blocks the proliferation of Th2 

cells (Demeure et al., 1994). 

More recently, the possibility that some surface markers are preferentially associated 

with Th1 or Th2 cells has also been extensively investigated (Tabel 1)(Annunziato et al., 1998 

; Bonecchi et al, 1998 ; Baggiolini, 1998). Th1-preferentially expressed genes include the 

IFN-γ receptor β-chain, IL-12 receptor β-chain, IL-18 receptor, the P-selectin glycoprotein 

ligand-1 (PG-1), and the CXCR3 and CCR5 chemokine receptors (Davis et al., 1984 ; Bach et 
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al., 1995 ; Borges et al., 1997 ; Szabo et al., 1997 ; Bonecchi et al., 1998 ; Sallusto et al., 1998 

; Xu et al., 1998b). Recently, the cell surface molecules Tim-3 and the NK receptor complex 

CD94/NKG2 have been reported to be specifically expressed on Th1 lymphocytes (Monney 

et al., 2002 ; Meyers et al., 2002).  Tim-3 seems to regulate macrophage activation by Th1 

cells whereas CD94/NKG2 may provide costimulatory signals. Markers preferentially 

expressed on Th2 cells include an IL-1-like molecule T1/ST2, the inducible T cell co-

stimulator (ICOS) and the chemokine receptors CCR3 (eotaxin receptor), CCR4 and CCR8 

(Bonecchi et al., 1998 ; D’Ambrosio et al., 1998 ; Lohning et al., 1998 ; Sallusto et al., 1998 ; 

Xu et al., 1998a ; Zingoni et al., 1998 ; Coyle et al., 1999 ; Hoshino et al., 1999 ; Townsend et 

al., 2000). The preferential expression of these markers on effector Th1 and Th2 cells may be 

the consequence of ligand-induced events or of the cytokine environment. Surface antigens 

that will distinguish Th cells in the early stages of Th1 and Th2 differentiation have not yet 

been found. Although most surface markers are only preferentially expressed on Th1 or Th2 

cells, in combination they can be used for identification purposes.  

 

Tabel 1 : Surface molecules preferentially expressed by Th1 or Th2 cells. 
Th subset Surface molecule  

Th1 IFN-γ Rβ Interferon gamma receptor β chain 

 IL-12 Rβ Interleukin 12 receptor β chain 

 IL-18 R Interleukin 18 receptor 

 PG-1 P-selectin glycoprotein ligand-1 

 CXCR3,CCR 5 Chemokine receptors 

 Tim-3 T-cell immunoglobulin mucin 3 

 CD94/NKG2 NK receptor complex 

Th2 T1/TS2 IL-1 receptor like molecule 

 ICOS Inducible T-cell co-stimulator 

 CCR3,CCR4, CCR8 Chemokine receptors 

 

1.1.2. Heterogeneity of Th subsets 

 

Following the discovery of mouse Th1 and Th2 clones, numerous attempts were made 

to define the patterns of cytokine production in T cells stimulated in different ways and in 

cells isolated from experimental animals and from humans during the course of normal and 

pathological immune responses. Early difficulties in identifying Th1 and Th2 cells among 
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human T lymphocytes generated considerable scepticism about the generality of the Th1/Th2 

concept (Kelso et al., 1995). However, two important sets of findings indicate that subsets of 

Th1 and Th2 cells do exist, and that the degree of polarisation and heterogeneity of T 

lymphocytes may reflect the nature of the antigenic and environmental stimuli to which the 

cells have been exposed.  

- First, many experimentally induced and naturally occurring immune responses show 

patterns of cytokine production and effector reactions that are clearly indicative for 

Th1 or Th2 dominance. This is particulary true for responses to persistent infections 

with microbes such as Leishmania, Listeria, Mycobacteria and Helminths (Sher and 

Coffman, 1992 ; Kaufmann, 1993 ; Kemp et al., 1993). Moreover, studies of 

Leishmania major infection in mice demonstrated that resistance and susceptibility to 

disease were attributable to specific Th1- or Th2-based effector functions (Reiner and 

Locksley, 1995). These data support the notion that while heterogeneity may exist, 

Th1 vs Th2 effector responses are important in determining the ultimate outcome upon 

pathogen challenge.  

- Second, the degree of Th1/Th2 polarisation increases with the chronicity of immune 

responses. Thus, mixed cytokine patterns are most noticable early after lymphocyte 

activation and polarised responses in chronic disease states (Romagnani, 1994). The 

same phenomenon is observed in vitro, where repeated antigenic stimulation of T cells 

expressing single transgenic receptors leads to increasingly polarised and irreversibly 

committed Th1 and Th2 populations (Croft and Swain, 1995 ; Murphy et al., 1996). 

Not surprisingly, therefore, identifying polarised Th1 and Th2 cells in spontaneous 

disease states may depend greatly on the type of immune response being investigated 

(acute vs chronic).  

 

At the cellular level, using sensitive assays for cytokine production such as in situ 

hybridisation and immunostaining, it has become apparent that most T cells cannot easily be 

classified into Th1 and Th2 subsets based on the original criteria (Carding et al., 1989 ; 

Openshaw et al., 1995). Individual cells may exhibit complex and quite heterogenous patterns 

of cytokine production, with various combinations of IL-2, IL-4, IL-5 and IFN-γ, and often 

produce cytokines, such as IL-10 and TGF-β, that serve important functions but are not 

characteristic for either subset. Therefore, T cells with an unrestricted pattern of cytokine 

production have been called Th0 cells (Firestein et al., 1989 ; Paliard et al., 1988) and terms 
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as Th1-like and Th2-like, or Th1-dominant and Th2-dominant, are more accurate designations 

for the subsets.  

 

As more and more cytokines have been described and characterised, the Th1/Th2 

hypothesis has evolved to include other cytokines, even cytokines that are not necessarily 

secreted by CD4+ T cells but that also promote the development of either Th1 or Th2 cells. 

Thus, cytokines such as IL-12, although not secreted by T cells, have been assigned to the 

Th1-associated group of cytokines, whereas cytokines such as IL-9, IL-10 and IL-13 have 

been assigned to the Th2-associated group of cytokines.  Moreover, additional populations of 

CD4+ cells called Th3 cells and T-regulatory (Tr)-1 cells have been described (Roncarolo et 

al., 2001 ; Groux, 2001).  Th3 cells secrete TGF-β and some IL-10 and are thought to regulate 

mucosal immunity in mammals whereas Tr-1 cells secrete high levels of IL-10 and also low 

levels of TGF-β and have been implicated in general suppression of immunity (Table 

2)(Spellberg and Edwards, 2001). 

 

Table 2 : Subtypes of CD4+ Th cells and their characteristic cytokines and effects.  

Subtype Defining cytokines Effects 

Th0 IL-2 Proliferate and differentiate to effector cells 

Th1 IL-2, IFN-γ, ΙL-12 Cell-mediated immunity, pro-inflammatory 

Th2 IL-4, IL-5, IL-9, IL-10, IL-13 Humoral immunity, anti-inflammatory 

Th3 TGF-β, some IL-10 Regulates mucosal immunity, oral tolerance 
and stimulates B cell secretion of IgA 

Tr1 High levels IL-10, some TGF-β Suppression, regulation of immune response 

 

1.1.3. CD8+ Tc1 and Tc2 cells 

 

CD8+ T cells form a major defense against viral infections and intracellular parasites. 

Their production of IFN-γ and their cytolytic activity are key elements in the immune 

response to these pathogens. It has become apparent in recent years that CD8+ cytotoxic (Tc) 

cells are also heterogeneous in their ability to secrete cytokines. Similarly to Th cells, Tc cells 

can be subdivided on the basis of the cytokines they secrete into Tc1, which secrete IFN-γ and 

TNF-α, and Tc2, which secrete IL4, IL5 and IL-10 (Croft et al., 1994 ; Erard et al., 1993 ; Sad 

et al., 1995). There is variability in the degree to which Tc2 cells can be polarised away from 

the default Tc1 phenotype of IFN-γ secretion and cytotoxic activity. In contrast, acquisition of 
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the capacity to secrete IL-4 and IL-5 appears to be induced easily and reproducibly by in vitro 

culture in the presence of IL-4 (Croft et al., 1994 ; Erard et al., 1993 ; Sad et al., 1995). 

 

1.2.  FACT0RS RESPONSIBLE FOR TH1 OR TH2 POLARISATION 

 

After differentiation and emigration from the thymus to the peripheral immune organs, 

CD4+ T helper cells are termed naive T helper precursor (Thp) cells. These are functionally 

immature and capable of secreting only IL-2.  Studies using T cells stimulated with polyclonal 

activators and T cells from mice expressing transgenic antigen receptors of known specificity 

have established the key concept that Th1 and Th2 cells are not derived from distinct cell 

lineages. Rather, they may develop from the same T-cell precursor (Seder and Paul, 1994).   

 

Table 3 : Factors involved in the differentiation of CD4+ T cells into the Th1 or Th2 
phenotype. 
 
Factors Th1 Th2 
Cytokines IL-12, IL-18, IL-23, IL-27, IFN-γ, IFN-α,  IL-4, IL-6, IL-10, IL-13 
Dose of Antigen low dose high dose 

Peptide density high  low  

Peptide affinity to MHC high  low  

Costimulatory molecules B7.1, LFA-1 B7.1, B7.2, OX4O 

Dendritic cells CD8α+ CD8α- 

Age younger older 

Hormones Androgen steroids 
DHEA 
Relaxin 

Glucocorticoids 
Estrogens and progestins 

Catecholamines 
prostaglandines 

HCG 
 

Thp activation and differentiation in the periphery requires at least two separate 

signals. The first signal is delivered by the T cell receptor (TCR)/CD3 after its interaction 

with antigen/MHC on antigen presenting cells (APC). The second signal is produced by a 

number of costimulatory or accessory molecules (B7.1, B7.2, OX40 and LFA-1) typified by 

the CD28/B7, CD28/OX40 and LFA-1/ICAM receptor-ligand pairs. Whether an immune 

response will be dominated by Th1 vs Th2 CD4+ cells is clearly influenced by the nature of 

these two signals (Seder and Paul, 1994). However, neither of these two signals is an as potent 
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determinant of Th cell fate as the cytokine environment itself (reviewed by Constant and 

Bottomly, 1997 ; Abbas et al., 1996 ; London et al., 1998)(Table 3)(Fig.3). 

 

1.2.1. The cytokine environment 

 

So far, the clearest examples of factors affecting the differentiation pathways of Th 

cells appear to be cytokines released by APC and/or other cell types at the triad "Ag/APC/Th 

cell" recognition level. Two critical cytokines that control Th1 and Th2 differentiation are IL-

12 and IL-4 respectively. These two cytokines enhance the generation of their own Th subset 

and simultaneously inhibit, directly or indirectly the generation of the opposing subset (Scott, 

1991 ; Maggi et al., 1992 ; Paroncchi et al., 1992 ; Hsieh et al., 1993 ; Macatonia et al. ,1993 ; 

Manetti et al., 1993 ; Powrie and Coffman, 1993 ; Seder et al., 1993 ; Trinchieri, 1993 ; Wu et 

al., 1993), events likely to occur at a precursor stage (Thp) because once established, Th1 and 

Th2 cannot revert (Scott, 1991 ; Murphy et al., 1996). The requirements for these two 

cytokines have been demonstrated by the phenotype of mice lacking these cytokines, cytokine 

receptors or the effector molecules downstream the receptor as described below. 

 

 Cytokines important for Th1 differentiation 

IL-12 is the most prominent differentiation factor of the Th1 developmental program  

and can be produced by cells of the innate immunity such as macrophages or dendritic cells 

(DC)( Manetti et al., 1993 ; Seder et al., 1993 ; Macatonia et al., 1995). That IL-12 is a critical 

cytokine for Th1 responses, has clearly been demonstrated in TCR-transgenic, as well as in 

IL-12 knock-out mice (Hsieh et al., 1993 ; Magram et al., 1996). IL-12 is a heterodimeric 

cytokine composed of two disulfide-linked subunits designated p35 and p40 (Trinchieri and 

Scott, 1999). Simultaneous production of these subunits results in the secretion of the active 

p70 heterodimer. The p35 subunit is expressed ubiquitously and constitutively at low levels. 

In contrast, p40 production is highly regulated and induced by products of gram-positive and 

gram-negative bacteria, parasites, viruses and fungi in monocytes, neutrophils, macrophages 

and DC. The IL-12 receptor (IL-12R) consists of two receptor subunits, β1 and β2 (Chua et 

al., 1994 ; Chua et al., 1995 ; Presky et al., 1996 ; Esche et al., 2000) and is primarily 

expressed on activated T cells and NK cells (Farrar et al., 2002 ; Dong and Flavell, 2001 ; 

Glimcher, 2001 ; O’shea and Paul, 2002). Importantly, among CD4+ lymphocytes functional 

receptors for IL-12 appear to be restricted to recently activated, uncommitted cells and to Th1 

cells, and are lost on differentiated Th2 cells (Szabo et al., 1995, Rogge et al., 1997). 
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Moreover, maintenance of the expression of IL-12Rβ2 is required for normal Th1 

differentiation and the expression of IL-12Rβ2 can be considered a marker for Th1 

differentiation (Szabo et al., 1997 ; Rogge et al., 1997 ; Rogge et al., 1999 ; Sinigaglia et al., 

1999).  

Recently, two other members of the IL-12 family have been identified, IL-23 and IL-

27. Like IL-12, these two cytokines are mainly produced by hematopoietic phagocytic cells 

(monocytes and macrophages) and dendritic cells. Likewise, their production is further 

upregulated by IFN-γ (Trinchieri, 2003). IL-23 is a heterodimer consisting of a p19 subunit, 

which is distantly related to the p35 subunit of IL-12 and which is combined with the p40 

subunit of IL-12 (Oppmann et al., 2000). Microbial products induce the production of p19 in 

macrophages, dendritic cells, T cells and endothelial cells. However, the p19 subunit requires 

coexpression of p40 for secretion. IL-23 has been reported to preferentially induce the 

proliferation of memory T-cells as well as the production of IFN-γ  by these memory T cells 

(Oppmann et al., 2000). In addition to its effect on T cells, IL-23 might influence DC by 

enhancing their stimulatory capacity (Belladonna et al., 2002). In contrast to IL-12, IL-23 

does not use IL-12Rβ2 as part of its receptor. Instead it interacts with a receptor comprising 

IL-12Rβ1 and a second subunit designated IL-23R, which has homology to IL-12Rβ2 

(Parham et al., 2002). The role of IL-23 in host defense explains why deficiency of p40 results 

in a more severe phenothype than IL12p35 deficiency, since the lack of p40 results in 

deficiency of both IL-12 and IL-23 (Decken et al., 1998 ; Piccotti etal., 1998 ; Camoglio et al., 

2002). 

The heterodimeric IL-27 was first described by Pflanz et al. (2002) and consists of an 

IL-12p40-related subunit called Epstein-Barr virus induced gene 3 (EB13)(Devergne et al., 

1997), and the p28 subunit, homologous to the  p35 subunit of IL-12 (Pflanz et al., 2002). 

Like IL-12 and IL-23, IL-27 requires expression of both of its subunits for production of 

active IL-27. Expression of both components of the heterodimer is upregulated in APC upon 

activation with LPS. IL-27 binds to a receptor designated T cell receptor (TCCR) or WSX-1, 

a receptor expressed on T cells that is involved in early Th1 cell development (Chen et al., 

2000, Yoshida et al., 2001). IL12Rβ1 and IL-12Rβ2 do not appear to be involved in IL-27 

signalling. The precise mechanisms by which IL-27 and TCCR act in early Th1 cell 

development are unclear, but IL-27 seems to interact synergistically with IL-12 at an early 

timepoint in Th1 cell commitment (Robinson and O'Garra, 2002), possibly by inducing the 

expression of a functional IL-12 receptor in naive CD4+ T cells, making these cells sensitive 

to IL-12-mediated Th cell development (Holscher, 2004). 
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Thus, although all three members of the IL-12 family induce IFN-γ production in T-

cells and NK cells, their specific effects on naive or memory Th cells as well as the magnitude 

of the final response may be different. IL-12 and IL-27 rapidly induce IFN-γ in naive Th cells, 

promote Th1 development and are important for the mainenance of these Th1 responses 

(Pflanz et al., 2002 ; Trinchieri, 2003). IL-27 however, seems to be dependent on IL-12 or IL-

18 in this respect (Takeda et al., 2003). IL-23 is less efficient compared to IL-12 in inducing 

IFN-γ production in naive Th cells but , unlike IL-12, it is particularly efficient in supporting 

IFN-γ production and proliferation in memory T cells (Oppmann et al., 2000). 

IL-18, originally designated IFN-γ-inducing factor (IGIF), can be secreted by 

activated macrophages and DC (Stoll et al., 1998 ; Okamura et al., 1995 ; Gu et al., 1997). IL-

18 has molecular similarities to IL-1β. The receptor for IL-18 is a heterodimeric complex 

consisting of an IL-18 binding chain, designated IL-18Rα, which is a member of the IL1R 

family and the L-18Rβ chain, which is related to the IL1R accessory protein (Parnet et al., 

1996) . In contrast to IL-12, IL-18 by itself does not induce IFN-γ expression and 

development of Th1 cells. However, in the additional presence of IL-12, IL-18 strongly 

induces IFN-γ (Robinson et al., 1997; Barbulescu et al., 1998). The synergy between IL-12 

and IL-18 is at least partially explained by the finding that each induces the receptor of the 

other (Yoshimoto et al., 1998 ; Smeltz et al, 2001 ; Afkarian et al., 2002). 

Another key cytokine in regulating Th1 differentiation is IFN-γ . Beside being the 

signature cytokine of Th1 cells, IFN-γ is important for the stabilisation of the Th1 phenotype 

itself by inducing a positive feedback loop, promoting its own production (Szabo et al., 2002). 

Although the control of human and mouse Th differentiation is quite similar, one 

important difference has emerged. In human T cells,  the cytokine IFN-α  also can control 

Th1 development and IFN-γ production (Parronchi et al., 1992 ; Brinkmann et al., 1993 ; 

Rogge et al., 1997) which is in contrast to the inability of IFN-α to induce Th1 development 

in the mouse (Wenner et al., 1996 ; Rogge et al., 1998). This is due to species differences at 

the molecular level of signal transduction (Cho et al., 1996 ; Farrar et al., 2000). Both IL-12 

and IFN-α activate the signal transducing factor which induces Th1 development in human T 

cells, whereas only IL-12 exerts these effects in murine cells (Fig. 5). Importantly, as IFN-α 

receptors may not be down-regulated in Th2 cells like IL-12 receptors are, human T cells may 

retain the capacity to activate signal transducing factors for induction of IFN-γ even during 

skewing of responses towards the Th2 phenotype (Moser and Murphy, 2000). This provides 
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an attractive explanation for the observation that human T cells show less exclusive 

polarisation for IFN-γ or for IL-4 than mouse T cells. 

 

Cytokines important for Th2 differentiation 

IL-4 initiates the Th2 developmental program (Hsieh et al., 1992 ; Seder et al., 1992 ; 

Swain et al., 1990). This has been demonstrated in mice lacking IL-4, the IL-4 receptor or the 

downstream signalling molecule for the IL-4 receptor (Kopf et al., 1993 ; Kuhn et al., 1991 ; 

Kaplan et al., 1996b ; Shimoda et al., 1996 ; Takeda et al., 1996). A functional receptor for 

IL-4 is expressed already on naive Th cells in contrast to the IL-12R. Two types of IL-4 

receptor exist, both with the IL-4Rα chain as subunit. One has the common γ chain (γc) as 

second subunit and the other the so-called type II IL-4 receptor has the IL-13R as second 

subunit. IL-4 binding to either of these receptors activates STAT6 (Nelms et al., 1999). 

Furthermore, it is now apparent that activated lymphocytes produce small amounts of IL-4 

prior to commitment and the amount of IL-4 that accumulates at the site of a T cell response 

increases with increasing lymphocyte activation (Schmitz et al., 1994). Thus, as the Th2-

inducing effect of IL-4 dominates over other cytokines (if IL-4 levels reach the necessary 

threshold) and in the absence of Th1 polarising factors, Th2 differentiation is initiated.  

The biological function of another cytokine, IL-13, partially overlaps with IL-4 

because, in some instances, IL-13 drives Th2 development and IgE synthesis in an IL-4 

independent manner (Minty et al., 1993 ; Punnonen et al., 1993 ; Barner et al., 1998 ; Cohn et 

al., 1998 ; Emson et al., 1998 ; McKenzie et al., 1998) being especially important in the 

asthmatic response (Will-Karp et al., 1998).  

IL-6, a cytokine produced by several cell types including APC such as macrophages, 

DC and B cells is involved in acute phase responses, B cell maturation and macrophage 

differentiation (Hirano, 1998). IL-6 has been reported to promote Th2 differentiation by 

triggering the initial production of IL-4 and at the same time to inhibit IFN-γ production and 

Th1 differentiation by interfering with the IL-12-driven IFN-γ signalling (Diehl et al., 2000 ; 

Diehl and Rincon, 2002).  

 

1.2.2. Antigen dose and nature 

 

Another factor important in determining the balance between Th1 and Th2 subsets in 

immune responses is the dose and nature of the antigen (reviewed by Constant and Bottomly, 

1997 ; Abbas et al., 1996). With few exceptions, low doses of antigen tend to induce Th1 
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dominant responses while high doses of antigen induce Th2 responses (Hoskens et al., 1995 ; 

Bretscher et al., 1992). It is suggested that at low doses of antigen, the principal antigen-

presenting cells are dendritic cells, or macrophages if the antigen is a particulate microbe. 

Both dendritic cells and macrophages produce IL-12 and tilt the balance of the specific 

immune response towards Th1 differentiation. Conversely, when the antigen concentration is 

high, it may be presented by APC that do not secrete IL-12 such as B cells thus favouring Th2 

development. It is also possible that high concentrations of antigen lead to repeated T cell 

stimulation, thus increasing IL-4 production and Th2 development.  

A role for peptide density and peptide binding affinity in influencing the profile of the 

cytokine response has also been suggested. Although the usage of the same TCR by both Th1 

and Th2 cells is clearly proved (Reiner et al., 1993), it appears that certain epitopes can 

preferentially induce one of the two subsets of Th cells. More importantly, varying either the 

antigenic peptide (changes as little as those concerning a single amino acid residue are 

sufficient) or the MHC class II molecules can determine whether Th1-like or Th2-like 

responses are obtained (Evavold et al., 1992). Likewise, by using a set of antigenic peptides 

with various class II binding affinities but unchanged T-cell specificity, it has been shown that 

stimulation with the highest affinity antigenic peptide resulted in IFN-γ production, whereas 

those with relatively lower MHC class II binding induced only IL-4 secretion (Kumar et al., 

1995). 

 

1.2.3. Costimulatory molecules 

 

 The role of an APC in the differentiation pathway of a naive Th cell is potentially 

powerful because the APC provides the precursor Th cell with its first activation signals.  A 

feature of APC is their selective expression of costimulatory molecules, which work together 

with antigen to enhance specific T-cell responses. The best-defined costimulators are two 

structurally related proteins, B7.1 (CD80) and B7.2 (CD86) which can be expressed on 

activated B cells, dendritic cells, Langerhans cells, activated monocytes and activated T cells, 

and bind to CD28 on T cells (Lenschow et al., 1996). The activation of naive cells is 

dependent on B7-mediated costimulation. High levels of costimulation may promote Th2 

responses by increasing the initial production of IL-4 by T cells, resulting in an autocrine IL-4 

loop. In contrast, Th1 development depends on IL-12 produced by APC and is less influenced 

by the magnitude of the T cell response. The possibility that B7.1 and B7.2 can deliver 

different costimulatory signals, B7.1 favoring both Th1 and Th2 responses and B7.2 
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preferentially favoring Th2 responses has also been suggested but not definitively proven 

(Kuchroo et al., 1995 ; Brown et al., 1996 ; Nakajima et al., 1997).  

Th2 cells are also preferentially expanded by CD28-dependent OX40 signalling 

(Akiba et al., 2000 ; Lane, 2000 ; Murata et al., 2000). An opposing role for the LFA-

1/ICAM-1 interaction in regulating Th2 development has been demonstrated by salomon and 

Bluestone (1998) because blocking this interaction results in the overproduction of Th2. 

The issue of costimulation and effector T cell development is further complicated by 

the possibility that different T cell subsets vary in their dependence on costimulation at 

various stages of activation and differentiation. Th2 development may be enhanced by 

increasing the initial costimulation by APC. In contrast, fully differentiated Th2 cells respond 

to antigen without costimulation by B7, whereas Th1 cells continue to require B7 for their 

activation (Mcknight et al., 1994). Thus, the timing and level of costimulation rather than 

simply its presence or absence, may be critical determinants of the nature and magnitude of T 

cell responses. 

 

1.2.4. Dendritic cell subsets 

 

The identification of phenotypically distinct subsets of dendritic cells has revealed 

unique functions for these subsets in the development of Th cells (Maldonado-Lopez et al., 

1999 ; Pulendran et al., 1999 ; Rissoan et al., 1999 ; Smith and Fazekas de St. Groth, 1999).  

In mice, DC can be separated into CD8α+ and CD8α- subpopulations derived from 

lymphoid and myeloid lineages, respectively (Wu and Shortman, 1996).  The CD8α+ DC 

have the ability to produce large amounts of IL-12 thereby inducing Th1 responses. By 

contrast, the CD8α- DC do not have the ability to produce large amounts of IL-12 and 

preferentially induce Th2 responses. The contribution of these DC to Th2 development 

however remains unclear suggesting that the Th2 pathway may occur as a default in the 

absence of IL-12 (Moser and Murphy, 2000). However, a proposal for active induction of Th2 

development by DC has been made. This study reports the differential responsiveness of 

murine DC lines when they ingested candida albicans as a unicellular yeast which resulted in 

the production of IL-12 and Th1 priming whereas IL-4 was produced and not IL-12 when 

they ingested the hyphal form of the fungus. Both the Th1- or Th2-skewing effect of the DC 

depends on the capacity of the DC to produce IL-12 or IL-4 respectively, as has been 

demonstrated by the use of DC deficient for IL-12 or IL-4 (d'Ostiani et al., 2000). This studies 
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also supports the hypothesis that the Th cell response depends on the nature of the pathogen 

and not on the type of DC.  

In humans, DC are also phenotypically and functionally heterogeneous (Kalinski et 

al., 1999 ; Rissoan et al.,1999 ; Liu et al., 2001). The CD11c+ DC are termed DC1 or myeloid 

DC and express high levels of the granulocyt macrophage-colony stimulating factor (GM-

CSF) receptor but low levels of the IL-3 receptor (CD123). They are associated with elevated 

IL-12 production and Th1 priming. In contrast, CD11c- DC are called DC2 or 

plasmacytoid/lymphoid DC. They express high levels of CD123 but little GM-CSF receptor. 

DC2 cells do not produce large amounts of IL-12 and may drive Th2 polarisation. 

Additionally, the plasmacytoid DC have been shown to constitute the major source of type I 

IFN (IFN-α/β) upon virus challenge and may therefore in humans also promote Th1 

development as efficiently as IL-12 secreting DC due to the differences in IFN-α signalling 

between humans and mice (cfr 1.2.1.)(Cella et al., 1999 ; Siegal et al., 1999). 

 

1.2.5. Hormones 

 

Glucocorticoids are powerful stimulators of type 2 outcomes and powerful inhibitors 

of type 1 outcomes, directly inducing IL-4 and IL-10 production from lymphocytes and APC 

(Daynes et al., 1990 ; Ramirez, 1998) while suppressing the secretion and effects of IFN-γ and 

IL-12 (Larsson and Linden, 1998 ; Vieira et al., 1998 ; Franchimont et al., 2000). 

Furthermore, they suppress secretion of IL-2 (Boumpas et al., 1991 ; Sierra-Honigmann and 

Murphy, 1992), which inhibits activated Th1 cells from proliferating while allowing Th2 cells 

to expand.  

Like glucocorticoids, estrogens and progestins have been shown to suppress type 1 

immunity in favor of type 2 immunity. Both inhibit IL-12 and IFN-γ secretion from APC and 

T cells, while stimulating IL-4, IL-10 and IL-13 secretion (Guilbert, 1996 ; Szejeres-Bartho 

and Wegmann, 1996 ; Kanda and Tamaki, 1999). Enhanced tolerance during pregnancy is a 

Th2-dominant effect. Placental secretion of estrogens, progestins, IL-4 and IL-10 (Chaouat et 

al., 1995 ; Bennett et al., 1997), are largely responsible for the natural suppression of cell 

mediated immunity that accompanies pregnancy and allows for the fetus to be tolerated 

during gestation.  

Conversely, the testosteron derivative dehydroepiandrosterone (DHEA) has been 

shown to potentiate IL-2 secretion as well as the development of Th1 clones (Daynes et al., 
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1990 ; Suzuki et al., 1991 ; Kim et al., 1995). Therefore, male hormones favor cell-mediated 

immune responses, whereas female hormones favor humoral immunity.  

Perhaps the most important hormones regulating type 1 and type 2 outcomes are 

catecholamines. They inhibit the production of type 1 cytokines (Sanders et al., 1997) and 

stimulate the transcription and secretion of type 2 cytokines (Coqueret et al., 1994 ; Suberville 

et al., 1996 ; Elenkov et al., 1996, Ramer-Quinn et al., 1997).   

Finally, other hormones have been shown to modulate type 1 and type 2 outcomes. 

Among these are human chorionic gonadotropin (HCG), prostaglandins and α-

melanocyte-stimulating hormone, each of which has been shown to suppress type 1 

cytokine responses while stimulating type 2 responses (Shimizu et al., 1994 ; Katamura et al., 

1995 ; Fabris et al., 1977). 

 

1.2.6. Age-related shift 

 

Ageing is accompanied by a number of changes in immune functions such as 

decreased lymphoproliferative responses to both mitogens and antigens, reduced delayed type 

hypersensitivity reactions and decreased antibody responses to vaccination and infection 

(Miller, 1996). Although the most consistent and dramatic age-related changes have been 

demonstrated in T cells, the exact mechanism(s) responsible for age-associated alterations in 

immune functions have not been established. Murine models have demonstrated that there is 

an age-associated dysregulation in cytokine production, as evidenced by consistently 

decreased production of IL-2 (Shearer, 1997) and a generally increased production of IL-4 

(Hobbes et al., 1993 ; Albright et al., 1995). These data, coupled with the increased incidence 

of cancer and the recurrence of latent virus infections in aged humans have led to the 

hypothesis that the process of ageing per se induces a switch from a predominantly Th1 

cytokine profile, supporting a dominant cell-mediated immune response, to a predominantly 

Th2 cytokine profile, promoting a dominant humoral response (Shearer, 1997 ; Hobbs et al., 

1994). However, whether such an age-related shift to a Th2 response occurs in humans is not 

proven yet (Gardner and Murasko, 2002). 
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Figure 3 : Complex of factors that act in concert to determine the Th1 /Th2 polarisation. 
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type 1 or type 2 response. Phagocytes instruct T cells to adopt a Th1 or Th2 phenotype by 

secreting polarising cytokines, thereby altering the local microenvironment around the newly 

activated lymphocyte. The information used by innate immune cells to decide which 
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(1) Microbes contain within them information that directly induces secretion of IL-12 

by phagocytic cells. Gram-negative endotoxin or LPS and gram-positive cell wall 

lipotechoic acid bind to nonpolymorphic receptors on innate immune cells and directly 

induce secretion of IL-12 and other pro-inflammatory cytokines such as IFN-α and 

IFN-γ (Skeen et al, 1996 ; Cleveland et al., 1996). Furthermore, bacterial DNA is rich 

in immunostimulatory sequences (Pisetsky, 1999). Well described immunostimulatory 

sequences include poly-G sequences and CpG motifs, which are hexamers of purine-

purine-CG-pyrimidine-pyrimidine (Yamamoto et al., 1992 ; Krieg et al., 1995). 

Eukaryotic DNA contains very few CpG motifs, and even when they occur in 

eukaryotic genomes they tend to be methylated. Unmethylated prokaryotic CpG DNA 

is capable of directly inducing IFN-α, IFN-γ and IL-12 secretion from B-cells, NK 

cells and monocyte/macrophages (Chace et al., 1997 ; Krieg et al., 1998 ; Sparwasser 

et al., 1998 ; Cowdery et al., 1999). Heat shock proteins, which are synthesised in 

response to cellular stresses in both prokaryotic and eukaryotic cells, are capable of 

directly inducing IL-12 secretion from innate immune cells (Skeen et al., 1996). Even 

host heat shock proteins induce IL-12, which indicates that the innate immune system 

is genetically programmed to scan local microenvironments for any sign of danger, 

even if it is an indirect sign of host tissue destruction rather than direct evidence of a 

microbial invader (Chen et al., 1999). 

(2) Systemic host states at the time of antigen stimulation also modulate type1/type2 

outcomes. Initial production of IFN-α and IFN-γ by innate immune cells and NK cells 

can upregulate the local production of IL-12, thereby inducing a type 1 response 

(Skeen et al., 1996 ; Flesch et al., 1995 ; Libraty et al, 1997 ; Emoto et al., 1999). 

Conversely, pre-existing IL-4, IL-10 and IL-13 inhibit secretion of IL-12, thereby 

blocking Th1 polarisation (Skeen et al., 1996). Elevated catecholamine, glucocorticoid 

and  estrogen/progesterone levels all directly suppress the development of a local 

cytokine milieu rich in IL-12, and instead induce IL-4, IL-10 and IL-13. Therefore, 

hosts who are undergoing physiological stress, are pregnant, or are taking 

glucocorticoids or cyclosporine are innately prone to developing type 2 responses,even 

to antigens that would normally elicit a type 1 response (Spellberg and Edwards, 

2001). 

 

1.4. THE MOLECULAR BASE FOR TH1/TH2 POLARISATION 
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Signals through the TCR as well as through cytokine receptors elicit a complex series 

of molecular interactions that culminate in the transcription of cytokine genes. Faithful 

transcription of genes is orchestrated by the cooperative interactions of multiple ubiquitous 

and cell-type specific transcription factors, bound to multiple regulatory elements in the 

promoters of genes. These protein-protein and protein-DNA contacts, together with their 

interactions with the basal transcriptional machinery, results in the regulation of genes and the 

development of polarised Th-subsets.  

It is now clear that IFN-γ and IL-4 exert their effects on Th1 and Th2 differentiation 

by controlling the expression of the transcription factors T-bet (Szabo et al., 2000) and 

GATA-3 (Zheng and Flavell, 1997). T-bet and GATA-3 are necessary for the development of 

CD4+ Th1 and Th2 effector phenotypes, respectively (Szabo et al., 2000; Pai et al., 2004). 

They interact with each other and the cytokines that induce them through feedback loops (Ho 

and Glimcher, 2002 ; Yates et al., 2004).  

 

1.4.1. Transcriptional regulation of Th2 cell development 

 

IL-4 binding to its receptor on Th precursor cells activates the signalling factor “signal 

transducer of activators of transcription” (STAT)-6 which then translocates to the nucleus and 

rapidly induces the expression of GATA-3 (Kaplan et al., 1996 ; Shimoda et al., 1996 ; 

Takeda et al., 1996). GATA-3 has been shown to promote Th2 cell development strongly 

when expressed by a transgene or by a retrovirus (Ouyang et al., 1998 ; Zheng and Flavell, 

1997). As Th2 cells can also develop in the absence of STAT6, alternative signalling 

pathways through CD28 (Rodrigeuz-Palmero et al., 1999) may induce GATA-3. Other T-cell 

costimulatory molecules implicated in promoting the Th2 response include CD40L, OX40 

and immune costimulatory molecule ICOS. Unlike CD28, which is constitutively expressed, 

all of these molecules are induced after the activation of Th cells and thus probably are most 

important in sustaining or regulating Th effector-cell functions (Jankovic et al., 2001, 

Ohshima et al., 1998). Importantly, GATA-3 transcription itself seems to be responsive to 

GATA-3 protein, providing an intrinsic signal that maintains Th2 commitment at the cellular 

level (Ouyang et al., 2000). Furthermore, the expression of GATA-3 might be under positive 

regulation of IL-6 and repression through engagement of LFA-1 (Diehl and Rincon, 2002 ; 

Murphy and Reiner, 2002 ; Luksch et al., 1999).  
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Figure 4 : Model of signalling pathways leading to Th2 differentiation. For details, see text. 
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(2002)(Usui et al., 2003). 
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1.4.2. Transcriptional regulation of Th1 cell development 

 

Szabo and colleagues (2000) found a novel transcription factor T-bet, a member of the 

T-box family of transcription factors, that is restricted to develloping and committed Th1 

cells. In addition to its role in inducing the expression of IFN-γ, T-bet seems to be involved in 

chromatin remodelling of the gene that encodes IFN-γ, induction of expression of the IL-12 

receptor β2-subunit (IL-12Rβ2) and in stabilising its own expression, either through an 

intrinsic autocatalytic loop or through the autocrine effect of IFN-γ signalling (Mullen et al., 

2001 ; Afkarian et al., 2002). The initial T-bet study suggested that IL-12 induces T-bet 

through STAT4 activation, providing the link between IL-12 and Th1 development. However, 

more recent work indicates that the expression of T-bet seems to be induced readily in naive 

cells through IFN-γ signalling, mediated by STAT1. T-bet thus appears to act before and 

independently of IL-12-induced STAT4 activation (Afkarian et al., 2002 ; Lighvani et al., 

2001 ; O’Shea and Paul, 2002 ; Robinson and O’Garra, 2002)(Fig. 5).   

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 5 : Model of signaling pathways leading to Th1 differentiation. For details, see text.  
* IFN-α signalling through Stat4 occurs only in humans. 
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IFN-γ and T-bet alone are not sufficient to permit full Th1 development but the 

committed Th1 cell, which expresses receptors for IL-12 and IL-18 has at least two other 

pathways available to induce the acute transcription of IFN-γ namely the TCR signalling 

pathway mediated through NFAT or a cytokine signalling pathway that can include combined 

IL-12 and IL-18 signalling (Robinson et al., 1997 ; Yang et al., 1999). Proposed factors that 

mediate cytokine-induced IFN-γ production are STAT4, NF-κβ, p38 mitogen activated 

protein kinase (p38 MAPK) and GADD45 (Robinson et al., 1997 ; Yang et al., 2001 ; Lu et 

al., 2001 ; Rincon et al., 1998)(Fig. 5). Issues that are not completely resolved yet include the 

mechanisms of action of IL-27 through the TCCR receptor in early Th1 cell priming and of 

IL-23 in the proliferation of and IFN-γ production in memory T cells. 

 Either directly or indirectly, T-bet may also inhibit GATA-3 expression and IL-4 

production (Szabo et al., 2000). It therefore provides positive feedback for Th1 development 

and negative feedback for Th2 development. 

 

1.4.3. Epigenetic effects involved in Th1/Th2 development 

 

 In the past few years, several lines of evidence have indicated that, beside transcription 

factors, chromatin structure also has an integral role in Th cell differentiation. The induction 

of competence for effector-cytokine gene expression seems to involve the derepression of 

silent chromatin contexts as described above (Bird et al., 1998 ; Hutchins et al., 2002 ; 

Agarwal and Rao, 1998 ; Agarwal et al., 2000). It is generally accepted that there are various 

chromatin modifications, lacking in naive cells, that accompany the acquisition of effector-

cytokine gene activity. Transcriptional inactive gene loci are frequently characterised by 

condensed chromatin, in which DNA is tightly packed around nucleosomes with deacetylated 

histones. CpG nucleotides of transcriptional control regions are often methylated. In this state, 

transcription is inhibited through to reduced accessibility of the DNA for transcription factors 

due to methylation-dependent recruitment of transcriptional repressors. Transcriptional 

“open” chromatin correlates with acetylated histones and DNA hypomethylation (Reviewed 

by Bird and Wolffe, 1999 ; Hsieh, 2000 ; Robertson and Wolffe, 2000).  

For example, the IL-4 locus acquires DNAse-I hypersensitivity, indicating binding of 

specific factors to the DNA, in Th2 cells but not in naive Th or Th1 cells (Agarwal and Rao, 

1998). Similarly, the gene encoding IFN-γ acquires nuclease hypersensitivity in some of its 

introns in Th1 cells but not Th2 cells (Agarwal and Rao, 1998). Moreover, in differentiated 
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Th1 and Th2 cells, the “forbidden” cytokine loci seem to become repositioned to centromers 

and they can also show evidence of de novo CpG methylation (Grogan et al., 2001 ; Lee et al., 

2002). 

 

1.4.4. Cytokine memory of Th cells 

 

Memory is one of the key features of the adaptive immune system. Specific B and T 

lymphocytes are primed for a particular antigen and upon challenge with it will react faster 

than naive lymphocytes. They also memorise the expression of key effector molecules, in 

particular cytokines, which determine the type and scale of the immune reaction. While in 

primary activations differential expression of cytokine genes depend on antigen-receptor 

signalling and differentiation signals, in later activations the expression is triggered by 

antigen-receptor signalling and is dependent on the cytokine memory. After primary 

activation of naive T cells, cytokines are secreted transiently over days with different kinetics 

for different cytokines (Assenmacher et al., 1994 ; 1998 ; Cardell et al., 1993 ; Lederer et al., 

1996). After reactivation, T cells secrete cytokines within hours and with similar kinetics for 

different cytokines (Cardell and Sander, 1990 ; Openshaw et al., 1995). Preactivated T cells 

can memorise the expression of those effector cytokines that they had been instructed to 

express during primary activation, a phenomenon termed “cytokine memory”.  

Thus, in the induction and maintenance of cytokine memory in individual T cells, 

information on the initial differentiating cytokine signals can be stored at several levels, 

including the selective and stable expresssion of transcription factors, cytokine receptors, 

epigenetic modifications of the cytokine genes to be memorised and epigenetic inactivation of 

those not to be memorised. Some of these molecular events obviously make te cells refractory 

to instructive signals of adverse T cell developmental programs (reviewed by Löhning et al., 

2002). 

 

1.4.5. Relationship between pathogens, the innate immune system and Th cell development 

 

 A general overview of the Th cell development bridging the innate and adaptive 

immunity was proposed by Murphy and Reiner (2002) and is depicted in figure 6.  
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Figure 6 : Relationships between pathogens, the innate immune system and Th-development. 

For details, see text. 
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For Th1 cell development, the important contribution of the innate immune system, which 

was recognised initially in 1993, should be emphasized (Hsieh et al., 1993). The interaction of 

microbial components with PRRs on DCs, such as TLR, results in the nuclear translocation of 

the transcriptional factor NF-κβ, followed by the synthesis of Th1-promoting cytokines, 

including IL-12, IL-18, IL-23 and IL-27 (Brightbill et al., 1999). NK cells can respond to the 

IL-12 environment and proceed to release IFN-γ which reinforces the APCs production of IL-

12 and also helps driving the naive T cells commitment process. IFN-γ augments the 

expression of T-bet that acts in primary Th1 cell commitment by remodelling at the IFN-γ 

locus and by driving expression of the IL-12R. Next, IL-12 derived perhaps from pathogen-

activated macrophages or DCs can amplify Th1 responses by augment the production of IFN-

γ by T cells and by promoting the expression of the IL-18R. The latter opens up an alternative 

pathway for IFN-γ production, which might operate for as long as the inflammatory cytokines 

are produced.   

For Th2 cell development, it is still uncertain whether any active innate signals drive 

this process. Potentially, it might occur in response to an extrinsic source of IL-4 or as a 

default pathway in the absence of inhibition by innate immune signals. In naive T cells, basal 

expression of GATA3 is low, but might be sufficient for low-level production of IL-4 by 

some naive T cells, leading to a cascade of Th2 cell development if no inhibition is 

encountered. Furthermore, the expression of GATA3 might be under positive regulation by 

CD28, IL-6 and ICOS signalling,and repression through engagement of LFA-1. So, the 

priming DC might influence Th2 cell commitment through expression of CD80/CD86, PD1 

and ICAM. 

 

1.5. REGULATION OF T CELL RESPONSES 

 

 In addition of playing different roles in protection, polarised Th1-like and Th2-like 

responses are in some cases thought to be responsible for several immunopathological 

disorders. Th1-dominated responses are thought to be involved in the pathogenesis of organ-

specific autoimmune disorders (such as type 1 diabetes mellitus, multiple sclerosis and 

rheumatoid arthritis), acute allograft rejection and unexplained recurrent abortions. Allergen 

reactive Th2 cells are thought to be primarily involved in the triggering of type 2 

hypersensitivity disorders, including allergy, asthma, eczema, hay fever and urticartia. In 

addition, Th2-cell-cytokine predominance has been hypothesized in chronic graft-versus-host 
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disease, progressive systemic sclerosis, systemic lupus erythematosus and the progression  to 

AIDS in HIV infection (reviewed by Lucey et al., 1996 ; Romagnani, 2000 ; Kidd, 2003). 
 Nevertheless, inflammatory diseases associated with the immune response to infection  

and auto-immune diseases associated with uncontrolled reactivity to self-antigens, are 

relatively infrequent, suggesting that specific mechanisms exist to limit collateral damage. In 

the Th1/Th2 model, this is explained in part through reciprocal regulation by cytokines 

secreted by the other subtype. While IL-4 antagonises much of the pro-inflammatory effects 

of IFN-γ and inhibits the proliferation of Th1 cells, IFN-γ, secreted by Th1 cells, blocks the 

proliferation of Th2 cells. However, further subtypes of CD4+ T cells with 

immunosuppressive function and cytokine profiles distinct from either Th1 or Th2 cells, 

termed regulatory T cells (Tregs) help to control infection-induced immunopathology  and are 

considered to have a role in the maintenance of self-tolerance (McGuirk et al., 2002 ; Walsh 

et al., 2004). 

 

1.5.1. The biology of regulatory T cells 

 

 It is now firmy established that there are two subsets of Tregs : naturally (or 

constitutively) occurring regulatory T cells, and adaptive (or inducible) regulatory T cells 

which probably have complementary and overlapping functions in the control of immune 

responses (Reviewed by Bluestone and Abbas, 2003 ; Mills, 2004 ; de Jong et al., 2005 ; 

O’Garra et al., 2004 ; Jiang and Chess, 2004)(Fig.7). However, the lineage relationship, if 

any, between these subtypes remains to be defined. 

 

Natural occurring regulatory T cells 

 The natural occurring regulatory T cells are CD4+CD25+ cells that obtain their 

regulatory function in the thymus and are primarily involved in central and peripheral 

tolerance to self-antigens (Bach, 2003 ; Cozzo et al., 2003). They constitute 5-10% of the 

peripheral T cells in normal mice and humans. CD25 is not a definitive marker of natural 

regulatory T cells since CD25 is an activation marker for T cells and is therefore also 

expressed by effector Th1 and Th2 cells. Additional markers expressed by these cells include 

CD45RB, CTLA-4 and glucocorticoid-induced TNF receptor family-related receptor (GITR), 

whose relative expression levels can be used to define and isolate CD4+CD25+ Tregs, have 

been identified (Wood and Sakaguchi, 2003). However, as with CD25, none of these 

molecules alone represents a definitive marker for naturally occuring Tregs, as they are also 
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expressed by nonregulatory T cells, after activation. The most promising marker of natural 

regulatory T cells to date is the transcriptional repressor FOXP3 (forkhead box P3), which is 

thought to program the development and function of this subset (Hori et al., 2003 ; Fontenot 

et al., 2003). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 7 : Natural and inducible regulatory T cells.  
Natural regulatory T cells express the cell-surface marker CD25 and the transcriptional 
repressor FOXP3. These cells mature and migrate from the thymus. Other populations of 
antigen-specific regulatory T cells can be induced from naive CD4+CD25- and CD8+CD25- T 
cells in the periphery under the influence of semi-mature dendritic cells, IL-10, TGF-β and 
IFN-α. The inducible populations of regulatory T cells include distinct subtypes of CD4+ T 
cells : T regulatory 1 (Tr1) cells and Th3 cells. 
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Adaptive regulatory T cells 

 In contrast to natural regulatory T cells, adaptive regulatory T cells originate, like Th1 

and Th2 cells, from uncommitted peripheral naive or central memory Th cells upon activation 

by APC in a certain immunological context. At present, induced Treg subsets are largely 

identified on the basis of their secretion of immunosuppressive cytokines. As with 

CD4+CD25+ Tregs, there is no specific cell-surface marker to distinguish them from other T 

cell subsets. The adaptive Tregs include distinct subtypes of CD4+ T cells such as T 

regulatory 1 (Tr1) cells, which secrete high levels of IL-10, no IL-4 and no or low levels of 

IFN-γ and T helper 3 (Th3) cells,which secrete high levels of TGF-β (Levings et al., 2001; 

Groux et al., 1997 ; Doetze et al, 2000 ; Cavani et al., 2000 ; Chen et al., 1994 ; Fukaura et al., 

1996 ; Roncarolo et al., 2001). Th3 cells were first identified because of their role, through the 

secretion of TGF-β, in the development of immune tolerance following ingestion of antigens 

(Chen et al, 1994). Tr1 cells were first characterised on the basis of their role in preventing 

autoimmune colitis (Groux et al., 1997). 

Because Th2 cells secrete the immunosuppressive and anti-inflammatory cytokines 

IL-10 and IL-4, these cells might also have regulatory functions, as well as effector functions, 

but they are distinguished from Th3 and Tr1 cells by the production of large amounts of IL-4 

and smaller amounts of IL-10, as well as the lack of TGF-β production. 

In addition to these well-defined populations of CD4+ regulatory T cells, there is also 

evidence for an immunosupressive function of CD8+ regulatory T cells that secrete either IL-

10 or TGF-β (Garba et al., 2002 ; Haynes et al., 2000). Furthermore, IL-10 and TGF-β 

producing regulatory γδ T cells were identified, which can suppress the antitumour activity of 

CTLs and NK cells (Seo et al., 1999 ; hanninen and harrison, 2000).  In addition, natural killer 

T (NKT) cells ,which co-express NK-cell and T-cell markers, can secrete regulatory 

cytokines, including IL-10 (Sonoda et al., 2001). Therefore, NKT and γδ Τ cells can also be 

categorised as regulatory T cells. 

 

1.5.2. Mechanisms of action 

 

The mechanism of the suppressive function of natural and inducible regulatory T cells 

is still debated, but in different model systems, suppressive activity has been shown to be 

mediated either throug secretion of immunosuppressive cytokines or through cell cell-contact 
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(reviewed by Mills, 2004). As shown in figure 8, the mechanism of suppression used by the 

natural CD4+CD25+ Tregs seems to be multifactorial and includes cell-cell contact. They 

express the inhibitory costimulatory molecule CTLA-4, which interacts with CD80 and/or 

CD86 on the surface of APC thereby delivering a negative signal for T-cell activation 

(Takahashi et al., 2000 ; Read et al., 2000 ; Shevach et al., 2000). However, there is also 

conflicting evidence concerning roles for secreted IL-10 and secreted or cell-surface TGF-β 

(Read et al., 2000 ; Belkaid et al., 2002). NKT cells and inducible populations of regulatory T 

cells (Tr1 cells, Th3 cells and CD8+ Tregs) secrete IL-10 and/or TGF-β. These 

immunosuppressive cytokines inhibit the proliferation and cytokine production by effector T 

cells, including Th1 cells, Th2 cells and CD8+ CTL, either directly or through their inhibitory 

influence on the maturation and activation of DCs or other APCs (Moore et al., 2001 ; Taga et 

al., 1993 ; Gorelik and Favell, 2002 ; Gorelik et al., 2002.  

 

 

 

 

 

Figure 8 : Regulation of T cell responses by Tregs.  For details, see text. 
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IL-10 potently inhibits the production of pro-inflammatory cytokines such as IL-1β, 

IL-6, IL-12, TNF-α  and chemokines by APC and downregulates the expression of MHC 

class II and costimulatory molecules, including CD80 and CD86, thereby influencing T cell 

differentiation, proliferation and migration (Moore et al., 2001). In addition, IL-10 directly 

regulates T cells by inhibiting their ability to produce IL-2 and IFN-γ and to proliferate (Taga 

et al., 1993). 

TGF-β  has potent anti-proliferative effects on CD4+ T cells due to its ability to inhibit 

IL-2 production and to upregulate cell cycle inhibitors (Gorelik and Favell, 2002). Moreover, 

TGF-β inhibits Th1 cell responses through its effects on expression of the transcription factor 

T-bet and the IL-12R (Gorelik et al., 2002). TGF-β also inhibits Th2 cell responses through  

its effect on GATA3 expression (Heath et al., 2000). At the level of APCs, TGF–β can inhibit 

the activation of macrophages and their ability to produce pro-inflammatory cytokines. In 

addition, it prevents the maturation of DC and, like IL-10, inhibits upregulation of MHC class 

II (Gorelik and Favell, 2002). The production and action of these two cytokines are 

interrelated and likely involve a positive feedback loop in which IL-10 enhances expression of 

TGF-β and vice versa (Fuss et al., 2002 ; Cottrez and Groux, 2001 ; Kitani et al., 2000 ; 

Levings et al., 2002).  

 

1.5.3. Pathogen immune evasion 

Although the primary function of regulatory T cells in infection is to prevent 

inflammatory pathology and the development of auto-immune diseases mediated by Th1 

cells, it is also possible that pathogens that cause persistent or chronic infections have 

exploited these cells to counteract protective immune responses and thereby prolong their 

survival in the host. One strategy is to induce a state of immunosuppression, either through 

direct interference with host immune effectormechanisms or through the production of 

immunosuppressive cytokines. Several viruses, bacteria and parasites, many of which cause 

chronic or persistent infection in humans and some of which are associated with 

immunosuppression, are capable of inhibiting IL-12 and/or stimulating IL-10 and TGF-β 

production by macrophages or DC (McGuirk et al., 2002 ; Taoufik et al., 1997 ; Marie et al., 

2001 ; Van der Kleij et al., 2002 ; Barnes et al, 1992 ; Ryan et al., 2001 ; Alcami, 2003). For 

certain pathogens, immunomodulatory molecules have been identified, including HIV gp120, 

measles virus nucleoprotein (NP), bordetella pertussis filamentous haemaglutinin (FHA), 
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Escherichia coli heat labile enterotoxin (LT), cholera toxin (CT), Leishmania phosphoglycans 

and Schistosoma mansoi egg glycolipid, which bind to cell-surface receptors and either 

activate or inhibit signalling for cellular IL-10 or IL-12, respectively. Alternatively, certain 

viruses have evolved immunosuppressive strategies by encoding homologs of anti-

inflammatory cytokines, including IL-10 (Alcami, 2003). Thus, pathogen-stimulated IL-10 or 

TGF-β production by innate cells might suppress the immune response early in certain 

infections and this immunosuppression is sustained following the induction of Tr1 or Th3 

cells.  
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CHAPTER 2 : AN UPDATE ON PORCINE CYTOKINES 

 

 Since the 1980s, there has been a massive explosion of literature on mouse and human 

cytokines. Only the last 10 years however, rapid progress has been made in the cloning and 

characterisation of cytokines from livestock and companion animals. Since then, CDNA 

clones, recombinant proteins and monoclonal antibody probes for a wide variety of cytokines 

from veterinary species became available. In regard to our research on porcine cytokines we 

summarised in table 4 the currently known and sequenced porcine cytokines with their main 

functions.  

 

Table 4 : Cloned porcine cytokines and their functions 

Cytokine  
(Genbank accession number) 

Source Function 

IFN-α (M28623) MØ and monocytes 
but any cell type can 

Inhibition of viral replication, 
antiproliferative activity and increase of 
MHC I. 
 

IFN-β (M86762) Fibroblasts but any 
cell type can 

Inhibition of viral replication, 
antiproliferative activity and increase of 
MHC I. 
 

IFN-γ (X53085, S63967) T cells, NK cells and 
MØ 

MØ activation, viral protection and 
increased MHC II and I expression. 
 

TNF-α (M29079) MØ Induces inflammation and co-stimulates 
lymphocyte proliferation. 
 

TNF-β (X54859) T cells Activates tumor apoptosis, neutrophils, MØ 
and B cells. 
 

IL-1α (X52731) 
IL-1β (M86725) 

Many cells Co-stimulators of Th2 cells and stimulation 
of acute-phase response. 
 

IL-2 (X58428, X56750) Th1 cells Activation of T, B and NK cells. 
 

IL-4 (X68330, L12991) Th2 cells Activates B-cell growth and their 
differentiation, inhibition of IL-1, IL-6 and 
TNF-α. 

IL-5 (AJ133452, AJ010088) T cells, mast cells Movement, maturation and proliferation of 
Eosinophils. 
 

IL-6 (M86722, M80258) MØ, T- and B cells, 
bone marrow stroma 
cells, fibroblasts and 
keratinocytes. 
 

Promotes IL-2 production and T-cell 
differentiation. 
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IL-7 (AB035380,NM214135) Bone marrow 
Stroma 
 

Growth of pre-B cells and pre-T cells. 

IL-8 (M86923) MØ, fibroblasts, 
lymphocytes, granu-
locytes, endothelial 
cells, hepatocytes, 
keratinocytes 
 

Chemoattractant for neutrophils 
(activation), basophils and T cells. 

IL-10 (L20001) MØ and Th2 cells Inhibits activation of Th1 and NK cells and 
suppresses MØ. 
 

IL-12p40 (U08317)  
IL-12p35 (L35765) 

MØ Stimulates Th1 cells with secretion of IFN-γ 
and IL-2, activation of NK cells and T cells. 
 

IL-13 (AF385625) T cells B cell growth and differentiation, IgE 
isotype switching, inhibits MØ 
inflammatory cytokine production. 

IL-15 (U58142) Activated 
lymphocytes 
 

Enhances T cell proliferation. 

IL-16 (AB106555) T cells, B  cells, mast 
cells, DC, epithelial 
cells, fibroblasts and 
eosinophils 
 

Acts as a chemoattractant for CD4+  T cells 
and eosinophils. 

IL-17 (AB102693) T cells Inflammation,  involved in the proliferation, 
maturation and chemotaxis of neutrophils. 
 

IL-18 (U68701)  MØ Growth and differentiation factor for Th1 
cells, induction of IFN-γ. 
 

IL-21 (AB073020) Activated CD4+ T 
cells 

Regulation of the activation of T and NK 
cells, costimulates B cell proliferation and is 
a switch factor for the production of IgG 
isotypes. 
 

IL-27p28 (AY788913) APC Promoting Th1 responses and IFN-γ 
production. 
 

GM-CSF (D21074) T cells, MØ, 
endothelial cells and 
fibroblasts 
 

Stimulates proliferation of granulocytes, 
MØ, erythrocyte progenitors and activates 
neutrophils, MØ and eosinophils. 

TGF-β1, TGF-β2, TGF-β3 
(M23703, M70142, X14150) 

Many cell types Inhibitors of cell proliferation, increase of 
cell density, fibrosis and angiogenesis. 
Switch towards IgA. 
 

GM-CSF = granulocyte colony stimulating factor ; TNF : tumor necrosis factor ; IFN : interferon ; IL 
: interleukin ; TGF : transforming growth factor ; MØ : macrophages , NK cells : natural killer cells. 
Adapted from Blecha 2001. In biology of the domestic pig. 2001 Ed. Wilson G. Pond and HJ. 
Mersmann. P 689-711. 
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Now what about the Th1/Th2 paradigm in pigs....? Although it is still unclear to what 

extent the Th1/Th2 paradigm applies to pigs, in vitro studies on IFN-γ and IL-12 showed that 

both cytokines play a role in the regulation of porcine Th1 or cell mediated immune responses 

similar to their murine and human counterparts (Lesnick and Derbyshire, 1988 ; Zuckermann 

et al., 1998). Secondly, activated pig macrophages can produce inflammatory cytokines such 

as IL-1α, IL-1β, IL-6, IL-8 and TNF-α which mediate and modulate immune responses but if 

overexpressed may increase the severity of the disease (Murthaugh et al., 1996). However, in 

contrast to mice and humans, it appears that porcine cells do not readily produce IL-4 as the 

major Th2 cytokine, suggesting that another cytokine with similar functions such as IL-13 

may mediate some or all functions attributed in other species to IL-4 (Reddy et al., 2000 ; de 

Waal Malefyt et al., 1993 ; Minty et al., 1993).  

In a study on th1/Th2 profiles in pigs, the effects of antigen and cytokine environment 

on antigen-exposed APC were evaluated in terms of in-contact T cell cytokine profiles 

(Raymond and Wilkie, 2004). T cells cultured with hen egg white lysozyme (HEWL)-treated 

monocyte-derived DC (mDC) expressed large amounts of IL-13 and moderate amounts of IL-

10 and IFN-γ mRNA suggesting a Th2-bias, while T cells cultured with killed Mycobacterium 

tuberculosis-treated mDC expressed increased IFN-γ, decreased IL-10 and unchanged IL-13 

mRNA, which suggests a Th1 bias. The results indicate that pig T cells respond by producing 

characteristic cytokine patterns reflecting the nature of the initiating antigen and modifying 

cytokines. Therefore, pig APC function similarly to mouse and human APC which regulate 

differentiation of T cells towards type 1,2 or 3 and the study confirms that antigen determines 

the type of immune response that develops (Banchereau et al., 2000).  

In several species so far studied, IgG isotype expression is controlled by Th1 and Th2 

cytokines and differential Ig isotype expression permits diverse isotype-related functions 

(Miletic and Frank, 1995 ; Miletic et al., 1996). Typically, complement and phagocytosis-

activating Ig isotypes are induced by Th1 cytokines.  In mice, IFN-γ induces IgG2α, while IL-

10 promotes switching to IgG1 and IgA (Snapper et al., 1988 ; Stevens et al., 1988 ; 

Mosmann and Coffman, 1989). In humans, isotype production is also controlled by cytokines 

such that IFN-γ stimulates IgG1 and IgG3 production while IL-4 stimulates IgE and IgG4 

(Snapper and Mond, 1993 ; Sutherland et al., 1993). In pigs, in vitro studies of Ig production 

by B cells cultured in the presence of recombinant porcine (rp) cytokines varies by individual, 

however, pigs tend to generate a high IgG1/IgG2 ratio in respons to rp IL-10 and the inverse 

in response to rp IFN-γ or rp IL-12 classifying IgG1 as a Type 2 isotype and IgG2 as a Type 1 



 

 38 

(Crawley et al., 2003).   Differential Ig isotype production should favor an isotype with a 

functional advantage to control the infection. Nevertheless, functional attributes of pig Ig 

isotypes have not clearly been described yet (Crawley and Wilkie, 2003). 
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CHAPTER 3 : DNA VACCINES IN VETERINARY MEDICINE 

 

The majority of currently licensed vaccines are produced using conventional 

technologies not significantly different from those pioneered by Jenner and Pasteur. Live 

attenuated vaccines can be very effective because they induce both cellular and humoral 

immune responses. However, mechanisms of attenuation are often poorly defined and the risk 

associated with the potential for reversion to a virulent phenotype is a major concern. Killed, 

inactivated vaccines are safer but they may be less effective than attenuated vaccines, 

because, although they are able to induce strong antibody responses, cellular immune 

responses are usually poor.  

A more recent development in vaccine methodology is DNA vaccination (reviewed by 

Babiuk et al., 1999, Sharma and Khuller, 2001 ; Gurunathan et al., 2000 ; Leitner et al., 2000 ; 

Watts and Kennedy, 1999). The concept of DNA as a vaccine was initially described in 1990 

by Wolff et al. (1990) demonstrating that direct intramuscular injection of purified bacterial 

plasmid DNA resulted in the expression of an encoded reporter gene. The ability of proteins 

expressed from DNA plasmids in vivo to elicit a protective host immune response was 

subsequently established using an influenza model in mice, confirming the potential for naked 

DNA to be used as a vaccine (Ulmer et al., 1993). Since then, experimental vaccines have 

been developed against many pathogens in many different species. Unfortunately, the 

majority of the most succesful demonstrations of the efficacy of DNA immunisation have 

been performed in the mouse.  

Although the results in humans and large animals were not as encouraging, there 

continues to be an interest in developing this technology for these species since DNA 

vaccines present several important advantages over conventional vaccines. (a) The immunity 

induced against the endogenously produced vaccine results in antigen presentation through 

both MHC I and MHC II pathways, resulting in a broad spectrum of humoral and cellular 

immune responses, similar to what one would expect from a natural viral infection (Ulmer et 

al., 1998). (b) Since the antigen is produced endogenously, there is no need for adjuvants or 

problems associated with injection site reactions produced by adjuvants. This should ensure 

better meat quality in food producing animals (Van Donkersgoed et al., 1999). (c) DNA 

vaccines are easily constructed and purified in a relatively cost-effective manner. Since the 

host acts as the bioreactor, there is no need to develop extensive protein-purification methods. 

Additionally, they are heat-stable and easily transportable when stored in lyophilised form. (d) 

DNA vaccines also do not require dangerous pathogens to be cultured. e) Possibly one of the 
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major advantages of DNA vaccines is that they can induce immune responses in neonates 

even in the presence of maternal antibodies (van Drunen Littel-van den Hurk et al., 1999). (f) 

Because DNA vaccins only contain a single protein, they can function as marker vaccins in 

disease monitoring (van Oirschot et al., 1996).  

Thus, DNA vaccination has many attractive qualities but there may also be some 

disadvantages. Two of the major concerns are DNA integration into the host genome which 

could lead to an increased risk of malignancy and development of anti-DNA antibodies 

inducing auto-immune diseases. Neither of these have been proven yet and more research is 

required before definitive conclusions can be reached (Babiuk et al., 1999).  

 

3.1. THE FEATURES OF A DNA VACCINE 

 

Typically, a DNA vaccine consists of a foreign gene of interest cloned into a bacterial 

plasmid. The basic requirements for the backbone of a plasmid DNA vector are an eukaryotic 

promotor, a cloning site, a polyadenylation sequence, a selectable marker and a bacterial 

origin of replication (Gurunathan et al., 2000). A strong eukaryotic promotor, typically viral 

promotors such as those derived from cytomegalovirus (CMV) or Rous sarcoma virus (RSV), 

provide high levels of gene expression in a wide variety of mammalian cells.  Incorporation of 

a polyadenylation sequence such as the bovine growth hormone (BGH) or SV40 

polyadenylation sequence, provides stabilisation of the mRNA transcripts and proper 

translation. The most commonly used selection markers are bacterial antibiotic resistance 

genes such as ampicillin and kanamycin. Finally, the plasmid must contain an origin of 

replication (such as ColE1) to allow growth in bacteria providing high plasmid copy numbers 

thereby enabling high yield of plasmid DNA on purification (Dunham, 2002). 

An important component of DNA vaccines, in addition of the basic requirements 

described above is the presence of immunostimulatory sequences (ISS) within the plasmid 

DNA (Pisetsky, 1996 ; Sato et al., 1996). These sequences consist of unmethylated cytosine-

phosphate-guanosine (CpG) dinucleotides flanked, typically, by two 5’ purine and two 3’ 

pyrimidine residues. Such CpG motifs can activate the innate immune system and may 

therefore act as an endogenous adjuvant which is antigen independent (Klinman et al., 1999). 
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3.2. IMMUNE MECHANISMS OF DNA VACCINATION 

  

The exact mechanism by which DNA vaccines induce an immune response in the host 

is still incompletely understood. It is thought that "professional" antigen-presenting cells 

(such as macrophages and DC) play the dominant role in priming the immune system to 

vaccine antigen. They do so by presenting vaccine peptides on MHC class I molecules, 

following direct transfection or through "cross"-presentation, and on MHC class II molecules 

after antigen capture and processing within the endocytic pathway. The somatic cells such as 

myocytes and keratinocytes, which constitute the predominant cells transfected after DNA 

inoculation via muscle or skin injection respectively, then serve primarily as antigen factories 

(Fig. 9)(reviewed by Shedlock and Weiner, 2000). Although each of these mechanism is 

significant in stimulating at least one facet of immunity, it remains debatable as to which one 

plays the dominant role in the induction of protection. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9 : The potential mechanisms of DNA vaccination. Professional APC are at the center of the DNA 
vaccine-mediated immune responses by (1) MCH I and II-restricted presentation following direct 
transfection by plasmid DNA, (2) MHC II-restricted presentation of antigen captured from transfected 
somatic cells and (3) MHC I-restricted “cross”-presentation of vaccine antigen acquired from apoptotic 
cells. Immunostimulatory qualities of the plasmid vaccine stimulate the APC maturation and migration to 
the lymph nodes, where they can interact with T cells.  
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3.3. EFFICACY OF DNA VACCINES IN LARGE ANIMALS  

 

DNA vaccines are often less effective in large animals than in mice. It is generally 

believed that if the transfection efficiency, i.e. more cells are transfected, as well as the level 

of gene expression by each transfected cell increases there should be a concommitant increase 

in the magnitude of the immune response. This can be achieved in a number of ways. 

 

3.3.1. Improving transfection efficiëncy 

 Most frequently, DNA vaccines have been delivered by intramuscular (IM) or 

intradermal (ID) injection. Although it is difficult to quantitate, it is believed that 90% of the 

administered DNA never gets into the cytoplasma and of the 10% that does so, less than 1% 

enter the nucleus where gene expression occurs (Boutorine and Kostina, 1993 ; Barry et al., 

1999). One of the earlier approaches used to enhance gene delivery is a ballistic method 

which fires gold particles coated with DNA into the skin, using a “gene gun” eliciting 

immune responses equivalent to needle delivery but with up to 100-fold less DNA. Other 

delivery methods recently developed to improve vaccine efficacy include jet injection 

(Haensler et al., 1999 ; Furth et al., 1995 ; Sawamura et al, 1999 ; Mumper and Cui, 2003), 

cationic PLG microparticles (O’Hagan et al., 2001), in vivo electroporation (Glasspool-

Malone et al., 2000 ; Widera et al., 2000 ; Babiuk et al., 2002) and suppositories (Loehr et al., 

2001). 

 

3.3.2.  Enhancing antigen expression 

 Another important consideration when optimising the efficacy of DNA vaccines is the 

appropriate choice of plasmid vector. Beside the basic requirements for the backbone of a 

plasmid vector as mentioned above, additional factors should be considered (reviewed by 

Garmory et al., 2003). 

 - In most studies on DNA immunisation, expression vectors are used wich contain 

strong viral promotors. However, not only the choice of promotor is critical but the presence 

of an intron is at least as important (Chapman et al., 1991 ; Lee et al., 1997). It is thought that 

the beneficial effect of introns on expression is primarily due to an enhanced rate of 

polyadenylation and/or nuclear transport associated with RNA splicing (Huang and Gorman, 

1990). 
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- One step possibly hindering protein synthesis from plasmid vectors may be 

translation of mRNA transcripts since each animal species has his own set of tRNA codons 

that is optimal for translation. A number of studies have indeed reported that increased 

immune responses may be obtained by DNA vaccination with a transgene sequence with 

optimised codon usage (Uchijima et al., 1998 ; Deml et al., 2001 ; Narum et al., 2001 ; 

Stratford et al., 2000 ; Vinner et al., 1999). 

 - Prokaryotic genes do not possess Kozak sequences which flank the AUG initiator 

codon within mRNA, influencing its recognition by eukaryotic ribosomes and translation 

efficiëncy (Kozak, 1987 ; Kozak, 1997). Therefore, the expression levels might increase by 

the insertion of a Kozak sequence (An et al., 2000 ; Qin et al., 2003 ; Steinberg et al., 2005). 

 

3.3.3. Modulating the immune environment 

 Even if the optimised plasmid enters the cell and the nucleus, the quantity of protein 

that is produced is generally very low. Thus, if the vaccines also encoded some co-stimulatory 

molecules important for enhancing immunity, it should be possible to improve the kinetics 

and magnitude of the immune response. This immune environment can be improved in a 

number of ways. 

- First, the plasmid backbone can be constructed to contain additional immune 

stimulatory CpG motifs since it has been shown that the innate immune system of vertebrates 

recognise CpG motifs as “danger” signals leading to various signal transduction events 

including the production of various cytokines involved in immune activation (Krieg et al., 

1998 ; Krieg and Davis, 2001 ; Sato et al., 1996). However, since most studies were 

conducted in mice and CpG motifs are species-specific more comprehensive studies in large 

animals with (additional) CpG motifs in the vector are needed to establish their efficacy. 

- In contrast to CpG motifs which can be considered rather broad-spectrum 

immunomodulatory molecules, it is also possible to incorporate genes into the plasmid 

encoding cytokines or co-stimulatory molecules which would create a micro-environment 

for both attraction of antigen-presenting and responsive cells as well as expansion of cells. 

Different cytokines were tested in different species and disease situations which makes a 

comparison difficult. However, results show that GM-CSF appears to be the cytokine that 

most consistently has a beneficial effect on the efficacy of a DNA vaccine through its effect 

on the recruitment and maturation of DC.  Also IL-12 and IL-18 may be promising candidates 

(Reviewed by van Drunen Littel-van den Hurk et al. ,2004). In addition of using cytokines, 

the use of gene-encoded co-stimulatory molecules such as B7.1/2 (Santra et al., 2000 ; Kim et 
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al., 1998), ICAM I (Kim et al., 1999) and CD40L (Sin et al., 2001) were also reported to be 

effective. 

- Finally, promising results were obtained in studies using DNA vaccine constructs 

wich produce an antigenic protein fused to an second protein, such as CTLA-4 which targets 

the antigen (produced by transfected somatic cells) to APC thereby enhancing DNA vaccine 

efficacy (Chaplin et al., 1999 ; Drew et al., 2001 , Shkreta et al., 2003 ; Tachedjian et al., 

2003). 

 

The approaches outlined above may together allow for the rational and optimised 

design of DNA vaccines. It is expected that many exciting developments will arise in the next 

decade hopefully enabling this technology to give rise to commercial vaccines in domestic 

animals. 
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AIMS OF THE STUDY 
 
 

Cytokines are the major controlling signals in both acute and chronic inflammation 

and in regulating/modulating the innate and acquired immunity. A reliable quantitative 

method for measuring cytokine production is important in investigating the relationship 

between these cytokines and the immune responses induced by pathogens. The first aim of 

this study was therefore to design, optimise and validate techniques for measuring cytokine 

gene expression in pigs.  

Early vaccination is necessary to protect pigs against postweaning diarrhoea caused by 

enterotoxigenic Escherichia coli (ETEC). However, at present no commercial vaccine allows 

successful vaccination which is partly due to the presence of maternally derived antibodies. 

Since DNA vaccines are suggested to be superior to protein vaccines in young animals with 

maternal antibodies, the second aim of the present study was therefore to determined wether 

the fimbrial adhesin (FaeG) of F4ac+ ETEC could be used as a plasmid DNA vaccine in pigs. 

Moreover, since little is known about porcine cytokine responses following DNA vaccination, 

we used our newly developed RT-PCR technique to determine cytokine profiles generated by 

this DNA vaccine and to obtain informaton on the possible role of immunogenic CpG motifs 

in such a vaccine. 

 

In particular, the following questions were addressed  : 

 

- Is there a good correlation between the amount of cytokine mRNA determined by RT-

PCR and the amount of secreted cytokines quantified by ELISA or bioassay?   

 

- Are the newly designed competitive RT-PCR technique using homologous DNA 

competitors and the LightCycler RT-PCR assay as accurate for quantifying cytokine 

transcripts in pigs? 

 

- Can we use a newly constructed FaeG DNA vaccine (pcDNA1/faeG19) to induce B-

cell and CTL priming in 6-weeks-old pigs in a heterologous prime-boost approach? 

 

- What type of cytokine response can we expect after intramuscular DNA vaccination in 

pigs? 
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- In view of improving the efficacy of DNA vaccines in pigs, is it possible that the 

nature and the amount of certain CpG motifs present on plasmid DNA might have an 

effect on their immunostimulatory capacity in pigs? 
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COMPARATIVE ANALYSIS OF  

PORCINE CYTOKINE PRODUCTION BY  

mRNA AND PROTEIN DETECTION1  
 

 

 

 

 

 

 

 

 

                                                
1 Based on : Verfaillie T, Cox E, To LT, Vanrompay D, Bouchaut H, Buys N, Goddeeris BM (2001) 
Comparative analysis of porcine cytokine production by mRNA and protein detection. Vet Immunol 
Immunopathol. 81(1-2):97-112. 
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ABSTRACT  
 

To analyse the correlation between cytokine mRNA transcription and 

secretion, IL-10 and IFN-γ were quantified by enzyme-linked immunosorbent assay 

and IL-2 by bioassay and compared with their mRNA levels, determined by reverse 

transcription polymerase chain reaction (RT-PCR). For this purpose, peripheral blood 

monomorphonuclear cells (PBMC) were stimulated in vitro with the lectins pokeweed 

mitogen (PWM), phytohemagglutinin (PHA) and concanavalin A (ConA) 

respectively, and with F4 fimbriae in an antigen-specific assay. Analyses were 

performed 4, 8, 16, 24 and 48 hours after stimulation on the stimulated PBMC for 

mRNA and on the respective culture supernatants for proteins. RT-PCR products 

were quantified by densitometric scanning of the electrophoresis bands and related to 

the band intensity of the housekeeping gene, cyclophilin. Low levels of IL-2, IL-4 and 

IFN-γ mRNA were detected in unstimulated PBMC. Stimulation with all three 

mitogens (PWM, ConA, PHA) led to an increase in mRNA transcription. In contrast, 

substantial IL-10 mRNA levels were detected in both unstimulated and stimulated 

cells with practically no difference between the three mitogens used. IL-2 mRNA 

expression tended to peak after 8-16 hours for all three mitogens. The cells stimulated 

with PWM and ConA showed higher levels of gene expression for IFN-γ and lower 

for IL-4 then the cells stimulated with PHA, however differences were not statistically 

significant. For cells stimulated with F4 fimbriae only the IFN-γ mRNA expression 

increased with an early peak at 8 hours post-stimulation. The analysis of the culture 

supernatants for secreted cytokines revealed a correlation between the levels of 

mRNA transcription and the respective secreted cytokines during the first 24 hours of 

stimulation. After 24 hours of stimulation however, a decrease in IFN-γ and IL-2 

mRNA levels was accompanied by an increase or a less pronounced decrease in 

cytokine concentration ; only the ConA induced IL-2 mRNA and protein 

concentration slopes showed similar profiles. In conclusion, similar cytokine 

production profiles as defined by mRNA and protein, respectively are obtained only 

during the first 24 hours after stimulation of the cell cultures 

 

Keywords :  pig, cytokines, mitogens, RT-PCR 
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1. INTRODUCTION  

 
Information about the role of cytokines in immunoregulation and modulation 

has been largely obtained from the study of mice immunized or infected with a variety 

of infectious agents (Urban et al, 1992). These studies have led to the identification of 

functionally distinct CD4+ T helper subpopulations (termed Th-1 and Th-2), 

producing distinct patterns of cytokines and has provided important insights into the 

mechanisms by which polarized immune responses occur in vivo in response to 

several pathogens (Mosmann et al, 1986). Indeed, Th-1 cells produce mainly 

interleukin-2 (IL-2) and interferon-gamma (IFN-γ). Th-2 cells produce IL-4, IL-5, IL-

6 and IL-10, cytokines with a key role in promoting IgA antibody expression. In this 

regard, T cells isolated from mucosal lymphoid tissue are heavily geared towards Th-

2 responses (Xu-Amano et al, 1994). Similar data have also been found in man 

(Romagnani, 1991). In this respect, determining cytokine profiles in different animal 

species during the course of infection or following oral administration of antigen 

would give important information on immunostimulatory and immunosuppressive 

mechanisms.  

In human and mouse studies, the reverse transcription polymerase chain 

reaction (RT-PCR) is used extensively to assay cytokine mRNA transcription. This 

technique is characterised by its sensitivity, relative rapid assessment, the small 

amount of cells required and the simultaneous analysis of many cytokines. 

Furthermore it gives the flexibility of assaying in vitro or in vivo heterogeneous or 

homogeneous cell populations. As several of the genes encoding porcine cytokines 

have been cloned, RT-PCR can be used for quantifying swine cytokine gene 

expression (Dozois et al, 1997).  

Utilizing a semi-quantitative RT-PCR technique for the quantification of 

cytokine mRNA (IL-2, IFN-γ (Th1-like) and IL-4, IL-10 (Th2-like)) and immuno- or 

bioassays for the quantification of secreted cytokines, mitogen- or antigen-induced 

production of porcine cytokines in peripheral blood monomorphonuclear cells 

(PBMC) was investigated.  As the production of a cytokine is highly dependent of the 

time after stimulation, we defined the time kinetic profiles of cytokine production 

induced by different lectins by immuno- or bioassays (secreted cytokines) and 

correlated these with their respective levels of mRNA transcription.  The mitogens 
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used include the lectins phytohemagglutinin (PHA), concanavalin A (ConA) and 

pokeweed mitogen (PWM). In both humans and mice, PHA and ConA are 

predominantly T cell mitogens whereas PWM stimulates both T en B lymphocytes. 

As opposed to this polyclonal stimulation, antigen-specific stimulation of the PBMC 

was also performed using purified fimbriae from F4+ enterotoxigenic E. coli. 

 

2. MATERIALS AND METHODES 

 
2.1. Isolation of PBMC and culture conditions 

 

Blood was taken from healthy conventionally reared, 2- to 4-month old F4 

seropositive pigs (Belgian Landrace). Pigs were anaesthetised with Nembutal® (Sanofi 

Benelux, Brussels) and 400 ml of fresh blood was aseptically collected directly from 

the heart into tubes containing Alsever’s solution (50% vol/vol)(Gibco BRL, Life 

technologies, Merelbeke, Belgium) whereafter the pigs were euthanised. PBMC were 

isolated by density gradient centrifugation using Lymphoprep® (NYCOMED pharma 

AS, Life Technologies, Merelbeke, Belgium). The PBMC from each animal were 

suspended at a concentration of 5x106 cells/ml in leukocyte medium (RPMI-1640 

(Gibco), fetal bovine serum (FBS)(10%)(Gibco), sodium pyruvate (1 mM)(Gibco), L-

glutamine (2 mM)(Gibco), kanamycin (100 µg/ml)(Gibco), gentamycin (50 

µg/ml)(Gibco) and 2-mercapto-ethanol (5.10-5M)). Subsequently, the wells of 24-well 

tissue culture plates were filled with 2 ml of the cell suspension, supplemented with or 

without mitogen or purified F4 fimbriae. The mitogens used were PWM (Sigma, 

Bornem, Belgium), ConA (Sigma) and PHA (Sigma) each at a final concentration of 

5 µg/ml.  F4 fimbriae were purified as described elsewhere (Van den Broeck et al, 

1999) and used at a concentration of 2.5 µg/ml.  Cultures were maintained at 37°C in 

a humidified atmosphere of 5% CO2.  Cells and supernatants were collected 4, 8, 16, 

24 and 48 hours after stimulation. 

 

2.2. RNA extraction 

 

Harvested cells were washed in ice cold PBS and the RNA extraction was 

performed using the RNAgents® Total RNA Isolation System following the 
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manufacturer’s  manual (Promega, Leiden, the Netherlands). The extracted RNA was 

resuspended in 100 µl of ultra-pure water containing 0.02% (w/vol) diethyl 

pyrocarbonate (Sigma, Bornem, Belgium). Total RNA was quantified by using a 

spectrophotometer at 260 nm and purity was assessed by determining the O.D. ratio 

260/280 nm. All samples had ratios above 1.7. 

 

2.3. Reverse transcription of porcine mRNA into cDNA 

 

Reverse transcription and PCR were performed in a GENIUS (Techne, 

Cambridge) thermocycler using 0.2 ml thin-walled tubes (Novolab, Geraardsbergen, 

Belgium). Reverse transcription of RNA into cDNA was performed in a 20 µl total 

volume containing: (1) 1 µg of sample RNA ; (2) 20 pmol of anti-sense primer ; (3) 

0.5 mM deoxynucleotide triphosphate (dNTP) mix of the four dNTPs (Roche 

Diagnostics, Brussel, Belgium) ; (4) 1 x reverse transcriptase buffer (50 mM Tris-

HCl, pH 8.3, 50 mM KCl, 10 mM MgCl2, 0.5 mM spermidine, 10 mM DTT 

)(Promega, Leiden, the Netherlands) ; (5) 2.5 U AMV reverse transcriptase (Promega) 

and (6) 10 U of RNAsin® ribonuclease inhibitor (Promega). Briefly, template RNA 

and anti-sense primers were incubated at 80°C for 3 min and then placed on ice for 3 

minutes. Subsequently, all other components were added and the samples were 

incubated at 42°C for 45 minutes. The enzymes were deactivated by heating at 95°C 

for 5 min and the RT-mix was then quickly chilled on ice. 

 

2.4. Oligonucleotide primers 

 

The oligonucleotide primers used for the detection of cDNA specific for 

porcine interleukin(IL)-2, IL-4, IL-10, interferon-γ were designed from the published 

nucleic acid sequences available from GenBank/EMBL databases (Table 1). 

Cyclophilin, a constitutively expressed 'housekeeping' gene, was used as a control for 

the uniformity of the reverse transcription reaction and as a reference for 

quantification of cytokine mRNA (Dozois et al,1997). 
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Table 1 : Oligonucleotide primers to amplify porcine cytokine- and cyclophilin- cDNA  (S = sense 
primer, AS = anti-sense primer). 
Gene specificity oligonucleotide sequences (5’-3’) 

 
Gene sequence 

Accession number 
 

IL-2 
 

 
(S)GGCAAACGGTGCACCTACTTCAAG 
(AS)GCACTCCCTCCAGAGCTTTGAG 

 
X56750 

 
IL-4 

 

 
(S)GTCTCACATCGTCAGTGC 
(AS)TCATGCACAGAACAGGTC 

 
X68330 

 
IL-10 

 

 
(S)CCATGCCCAGCTCAGCACTG 
(AS)CCCATCACTCTCTGCCTTCGG 

 
L20001 

 
IFN-γ 

 

 
(S)TGTACCTAATGGTGGACCTC 
(AS)TCTCTGGCCTTGGAACATAG 

 
X53085 

 
Cyclophilin 

 

 
(S)TAACCCCACCGTCTTCTT 
(AS)TGCCATCCAACCACTCAG 
 

 
F14571 

 

2.5. PCR amplification of porcine cytokine cDNA and primer specificity 

 

PCR was performed as previously described (Wynn et al, 1993) with slight 

modifications. Briefly, the PCR mixtures for amplification of cDNA were performed 

in a 100 µl total volume containing (1) 0.25 mM dNTP mix (Boehringher Mannheim) 

; (2) 1x PCR buffer (10 mM Tris-HCl, pH 9.0 ; 50 mM KCl ; 0.1 % Triton X-

100)(Promega) ; (3) 0.75 mM (IL-2, IFN-γ, cyclophilin) or 1.5 mM (IL-4, IL-10) 

MgCl2 ; (4) 40 pmol of sense and anti-sense primers ; (5) 2.5 U Tag DNA polymerase 

(Promega) and (6) 20 µl of the reverse transcribed sample containing template cDNA. 

After heating the samples at 95°C for 2 min as a hot start, the temperature cycling 

consisted of denaturation at 95°C for 30 s, annealing for 60 s and extension at 72°C 

for 45 s with a final extension at 72°C for 7 minutes.  Optimal annealing temperatures 

and number of cycles had to be determined for each of the cytokines (see results).  An 

aliquot of each PCR reaction sample was migrated in 2% TAE agarose gels. Gels 

were stained with ethidium bromide and photographed using an ImageMaster VDS 

(Amersham Pharmacia Biotech, Uppsala, Sweden). The PCR products were 

sequenced to confirm the specificity of the oligonucleotide primers . 
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2.6. Densitometry of PCR products 

 

To quantify the level of each of the PCR products, the gels were scanned using an 

ImageMaster VDS (Amersham Pharmacia Biotech) and the density of bands was 

determined using the ImageMaster 1D prime software (Amersham Pharmacia 

Biotech). To compare the relative mRNA expression levels from each of the samples, 

the values are presented as the ratio of the band intensities of the cytokine RT-PCR 

product over the corresponding cyclophilin RT-PCR product. 

 

2.7. Competitive ELISA for porcine IFN-γ 

 

A competitive ELISA, developed in the Laboratory for Physiology and 

Immunology, KULeuven (Vanderpooten and Goddeeris) was used to detect porcine 

IFN-γ. Briefly, the wells of a microtitre plate were coated overnight at 37°C with 

recombinant porcine IFN-γ (rIFN−γ)(1 µg/ml, 50 µl /well)(Vandenbroeck et al, 1991) 

in TBS coating solution (50 mM Tris/HCl, 154 mM NaCl, pH 8.5). Then free binding 

sites were blocked for at least 30 minutes at room temperature with TBS containing 

5% glycine. Meanwhile test samples (culture supernatant) or rIFN-γ which was used 

as a standard (diluted in assaybuffer : 0.5% BSA and 0.05% Tween® 20 in TBS, pH 

7.5) were preincubated for 15 min at room temperature in a separate plate, 1:1 diluted 

with monoclonal antibodies (B12/6)(Kontsek P. et al, 1997)(MAb) against porcine 

IFN-γ. After washing the coated plate four times with PBS-Tween® 20 (0.05 %), 100 

µl/well of this mixture was added to the plate and incubated for 1-1.5 h at 37°C. After 

washing, 100 µl POD-anti-mouse IgG conjugate (1/2000 diluted in 

assaybuffer)(Prosan, Merelbeke, Belgium) was added to each well and incubated for 1 

hour at 37°C. Finally, 100 µl substrate-chromogen solution (0.1 M citric acid, 0.2 M 

Na2HPO4 buffer, pH 4.3 containing 0.013 % 3,3’,5,5’tetramethylbenzidine (TMB) 

and 0.0044 % H2O2) was brought into the wells. The colour reaction was stopped after 

10 minutes with 50 µl of 2 M sulphuric acid per well. The absorbances were measured 

at 450 nm and the values for each standard were plotted against the concentration to 

produce a standard curve. The concentration of the target samples can be extrapolated 

from this curve. 
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2.8. Measurement of the IL-2 activity 

 

Interleukin-2 activity was measured in a bioassay using a murine IL-2 

dependent CTLL-2 cell line. These cells were used 3 to 4 days after stimulation with 

recombinant human IL-2 (rhIL-2)(Genzyme). One hundred µl of washed cells at a 

concentration of 5.104 cells/ml were transferred into the wells of a 96 well plate. 

Subsequently, 100 µl sample supernatant or standard (rhIL-2) was added to the wells 

in duplicate and after 24 hours at 37°C and 5% CO2 , 1 µCi 3H-thymidine was added. 

After a further incubation of 4 hours, cells were harvested onto glassfiber filters and 

the amount of incorporated 3H-thymidine was measured in a β-scintillation counter 

(Beckman, Fullerton, California). Values for each standard (counts per minute) were 

plotted against the logarithm of the units rhIL-2 added to produce a standard curve. 

The amount of target in the samples can be extrapolated from this standard curve. One 

unit of IL-2 bio-activity is the amount required to support half maximum proliferation 

of CTLL-2 cells and approximates one Biological Response Modifiers Program 

(BRMP) unit established as a standard by the National Institute of Health (NIH). 

 

2.9. Measurement of IL-10 in supernatant 

 

The quantity of IL-10 in the supernatant was measured using a commercially 

available  ELISA kit  specific  for porcine IL-10 (Biosource, Nivelles, Belgium). 

Briefly, sample supernatant (100 µl) was brought into a 96-well plate coated with a 

MAb against porcine IL-10. Then, a horse-radish peroxidase (HRP) labeled-anti-

porcine IL-10 conjugate (100 µl) was added and incubated for 3 h at room 

temperature on a horizontal shaker at 700 rpm. After washing, 200 µl substrate-

chromogen solution (TMB) was added to each well and incubated at room 

temperature while continuous shaking. After 30 minutes, the reaction was stopped 

with 50 µl of 2 M H2SO4 per well and the absorbances were read at 450 nm. Values 

for each standard were plotted against the concentration to produce a standard  curve. 

The concentrations of target in the samples can be extrapolated from this curve. 
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2.10. Statistical analysis 

 

The results are presented as mean + SEM. The relationship between the results 

obtained by RT-PCR or bio-/immunassay over time was tested for statistical 

significance using a “mixed effect ANOVA model” (General Linear Model, 

Univariate). Hereby the following formula was used :   

Yijk = µ + Pi + Mj + (PM)ij + Tk + (MT)jk 

                  (P = pig, i = 1,…,3 ; M = method, j = 1,2 ; T = time, k = 1,…,5). 

 The interaction (MT)jk is statistically significant if P < 0.05 which indicates that 

significant differences are observed between both methods.  

Differences in cytokine/cyclophilin ratios between the 3 mitogens used were 

tested for statistical significance using General Linear Model (Repeated Measures 

Analysis of variance). The significance level was set at 5%. 

 

3. RESULTS 

 
3.1. RT-PCR amplification of porcine cytokine mRNA transcripts and primer 

specificity 

 

Preliminary studies were performed to optimize RT-PCR conditions for 

amplification of the cytokine mRNAs and cyclophilin mRNA. Optimal annealing 

temperatures and number of cycles for each of the cytokines are represented in table 

2.  

 
Table 2 : Expected PCR fragment size and number of PCR cycles used for amplification of the porcine 
cytokine- and cyclophilin-cDNA. 

Gene specificity Annealing 
temperature (C°) of 

primer set 

cDNA PCR product 
(bp) 

number of PCR 
cycles 

IL-2 50 217 30 
IL-4 55 359 38 
IL-10 60 295 33 
IFN-γ 50 357 33 

Cyclophilin 50 366 30 
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It was first verified if the chosen primer pairs specifically amplified the desired 

cytokine and cyclophilin cDNA sequences by testing them for PCR amplification. As 

shown in Figure 1, each of the primer sets amplified a single sharp band of the 

expected size and non-specific contaminants were not visualized after electrophoresis 

and ethidium bromide staining of the agarose gel. The specificity of the bands was 

further confirmed by sequence analysis. 

 

 

600

500

400

300

200

100

Cyclo           IL-2            IL-4           IL-10         IFN-γ        Μ

600

500

400

300

200

100

Cyclo           IL-2            IL-4           IL-10         IFN-γ        Μ

600

500

400

300

200

100

Cyclo           IL-2            IL-4           IL-10         IFN-γ        ΜCyclo           IL-2            IL-4           IL-10         IFN-γ        Μ

 
 

Figure 1 : Specificity of oligonucleotide primers for RT-PCR amplification of porcine cytokine- and 
cyclophilin-cDNA. Total RNA was extracted from PWM-stimulated PBMC, reverse transcribed and 
amplified by PCR. PCR products were migrated in a 2 % TAE-agarose gel and stained with ethidium 
bromide. For reference, corresponding bp sizes of a 100 bp DNA ladder are shown on the right (M). 
 

To verify that the amplification conditions for each of the primer sets were non 

saturated and could be used for semi-quantitative analysis of PCR products, two-fold 

dilutions of sample cDNA were amplified using each of the specific primer sets. The 

density of the bands was scanned and a regression curve was made. For cyclophilin 

and IL-2 (Fig.2), the band intensity of the PCR products decreased with each dilution 

thereby showing that the detection was in the linear range of amplification. Similar 

results were obtained for the other cytokines (data not shown). 
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Figure 2 : Analysis of cyclophilin (top) and IL-2 (bottom) dilution series by RT-PCR. Serial two-fold 
dilutions of total RNA from PWM-stimulated PBMC were amplified and migrated in 2% TAE-agarose 
gel. Dilution titers are indicated within the figure. Regression curve for cyclophilin (r2 = 0,998) and IL-
2 (r2 = 0,959) after measuring the density of the bands.  
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Figure 3 : Kinetics of Th1-like (IL-2, IFN-γ) and Th2-like (IL-4, IL-10) cytokine mRNA expression in 
PBMC following in vitro stimulation with pokeweed mitogen (♦) -, concanavalin A (■)- or 
phytohemagglutinin (▲)-stimulation or no stimulation ( × ). The results are the mean of 3 pigs + SEM. 
They are presented as the ratio of the cytokine RT-PCR band intensity over the respective cyclophilin RT-
PCR band intensity.  
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Figure 4 : Kinetics of Th1-like (IL-2, IFN-γ) and Th2-like (IL-4, IL-10) cytokine mRNA expression in 
PBMC following in vitro stimulation with F4 fimbriae (⎯Ο ) or no stimulation (---×). The results are 
the mean of 3 pigs + SEM. They are presented as the ratio of the cytokine RT-PCR band intensity over 
the respective cyclophilin RT-PCR band intensity. 
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3.2. Kinetics of porcine cytokine gene expression 

 

Unstimulated, mitogen- (PWM, ConA and PHA) and F4 fimbriae-stimulated 

PBMC from 3 F4 seropositive pigs were cultured during 4 to 48 hours and the 

kinetics of the cytokine mRNA expression were determined. Figure 3 and 4 illustrate 

the relative expression (versus cyclophilin) of the 4 different cytokines over time in 

unstimulated and mitogen- or F4 fimbriae-stimulated PBMC. Values obtained for 

each of the cytokine-specific PCR reactions were normalized against the cyclophilin 

bands to compensate for the variation between samples. Already 4 hours post-

stimulation with PWM, ConA and PHA an increase of mRNA expression for IL-2, 

IL-4 and IFN-γ could be observed as compared to their expressions in unstimulated 

cells (Fig.3). These 3 cytokines showed an early peak at 8 to 16 hours post-mitogen-

stimulation for all three mitogens. Stimulation with F4 fimbriae (Fig.4) shows only a 

weak increase in IFN-γ mRNA expression with a peak at 8 hours post-stimulation. In 

contrast, substantial mRNA levels of IL-10 were detected in stimulated as well as 

unstimulated cells without significant differences (Fig. 5). All three mitogens gave a 

good IL-2 stimulation that lasted for 48 hours post-stimulation. The cells stimulated 

with PWM and ConA demonstrated higher levels of gene expression for IFN-γ and 

lower for IL-4 then the cells stimulated with PHA, however differences were not 

statistically significant. 

 

3.3. Kinetics of cytokine secretion 

 

In order to examine whether cytokine mRNA expression was associated with 

the secretion of the respective proteins, the cell culture supernatant was collected at 

the same timepoints that mRNA was determined. Although measurement of IL-10 by 

ELISA seemed to correlate with measurement by RT-PCR, statistical analysis did not 

confirm (Fig. 5). For IL-2 and IFN-γ, the kinetic profiles of the curves show a similar 

tendency as the mRNA profiles (Fig.6). For both IL-2 and IFN-γ the same early peak 

was seen around 16 hours post stimulation.  However, the distribution pattern for IL-2 

shows a clearly higher peak of secreted IL-2 following stimulation with ConA than 

with PWM or PHA.  after stimulation.  
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IFN-γ shows similar profiles of secretion for the three lectins with a peak 

between 8 and 16 hours after stimulation followed by a drop 24 hours This drop in 

IFN-γ, however, was not to base levels for PWM as it was for ConA and to a lesser 

degree for PHA.  Statistically, similarity was observed for IL-2 between the RT-PCR 

and bioassay results in contrast to IFN-γ, where significant differences were present 

(P<0,05). 

For the cells stimulated with F4 fimbriae the results of the immuno- and bio-

assays are comparable to those of the RT-PCR technique with the difference that the 

small peak seen for IFN-γ mRNA at 8 hours seems to be absent in the protein 

measurement (Fig.6).  

 

4. DISCUSSION 

 
This study assessed the cytokine profiles of PBMC induced by 3 different 

mitogens at the mRNA level as well as at the protein level. For all three mitogens, 

stimulation increased the IL-2, IL-4 and IFN-γ mRNA expression compared to the 

mRNA expression in unstimulated cells. Conversely, for IL-10 substantial levels were 

detected in both stimulated and unstimulated cells. The latter is in agreement with 

data in bovine (Covert and Splitter, 1995) and porcine (Dozois et al, 1997) cells 

stimulated with certain mitogens.   

The differences in cytokine levels for a given mitogen could be due to the 

activation of different cell subsets since the spectrum of target cells is somewhat 

different for each mitogen. In humans and mice, PHA and ConA are predominantly T 

cell mitogens whereas PWM stimulates both B- and T-cells. In pigs, the target 

lymphocyte populations have not yet been identified but species differences have 

been reported. Besides differences in the spectrum of target cells, differences in the 

activation mechanism used could account for differences in cytokine levels. Although 

the exact mechanisms of mitogenicity are unclear, several studies support the concept 

that the CD3/TCR complex is involved in the transmission of the activation signals 

(Weiss et al, 1987 ; Kanellopoulos et al, 1985). However, CD3 blocking studies 

showed that PHA and high doses of PWM may also trigger T cells to proliferate via 

an alternative pathway that does not involve participation of the CD3/TCR complex 
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(Gerosa et al, 1986 ; Ceuppens et al, 1986), possibly by a CD2-mediated pathway 

using IL-1 and IL-6 as accessory signals (Lorre et al., 1990). 

Since the method used to isolate the PBMC can not exclude other cell types 

besides T cells and because IL-10 is not only produced by T cells but also by 

macrophages and CD5+ B cells (Mosmann, 1994), IL-10 should be considered here as 

a “Th2-like” cytokine rather than as a marker of the Th2 lymphocyte subtype. 

The data on IFN-γ and to a lower extend on IL-2, showed a good correlation between 

the mRNA expression and secreted proteins during the first 24 hours of stimulation. 

Thereafter, an increase in secreted cytokines was observed as opposed to a status quo 

or decline in the mRNA expression indicating a lower consumption of the cytokines 

produced. Indeed, it could be that there is a saturation of the receptor binding sites or 

a lower expression of the cytokine receptors resulting in an accumulation of secreted 

cytokines in the culture supernatants and thus higher levels detected.  

Although the RT-PCR assay, developed in this study, is a fast, sensitive and 

specific method to assay cytokine profiles during an immune response there are some 

limitations. Firstly, this RT-PCR only allows for the relative quantification of 

cytokine mRNA levels and not the absolute quantification nor does it allow a 

quantitative comparison between the mRNA of different cytokines. Therefore future 

efforts are directed towards the development of a quantitative-competitive RT-PCR 

(qc RT-PCR) using internal standards and “on-line” PCR which allow accurate real 

time quantification. Secondly, relative mRNA levels determined by RT-PCR do not 

necessarily reflect the relative amounts of protein produced. Although a controversy 

exists as to whether the induction of cytokine production is mediated at the 

transcription level, Brorson et al (1991) have shown that most cytokines are 

transcriptionally regulated, expression correlating directly with protein levels. 

Sometimes the differences observed could be explained by the test system used. For 

the commonly used protein assays such as bioassays, ELISA and RIA the net amount 

of a secreted cytokine is measured after consumption and degradation has taken 

place in the in vitro culture. In general, released cytokines interact with their target 

cells, resulting in short lifetimes of the circulating proteins. Moreover, when using 

bioassays the measurement of the biological activity of the secreted cytokines may 

not be sufficiently specific and could be influenced by the presence of other factors. 

It is known that the CTLL-2 cell line used in this present study to measure IL-2 

activity is also responsive to murine and human IL-4 (Vella and Pearce, 1992), 
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although at least 10-times less (Mosmann et al., 1987). In pigs, levels of secreted IL-

4 from PBMC is quite low (Murthaugh et al., 1987) and in a study by Iwata et al. 

(1993) on swine IL-2, where the influence of IL-4 was investigated on the 

proliferative response of the CTLL-2 cells, the response was considered to be 

attributed to the swine IL-2 activity. Our results showed IL-2 concentrations that did 

not exceed 10 units and the kinetics of IL-2 in the bioassay was comparable to the 

kinetics of the IL-2 mRNA expression so that the role of IL-4 in the detected 

proliferation is expected to be minor or absent.  

A study by Burns et al  (1997) on human IL-4 expression and protein 

production in stimulated PBMC utilizing competitive PCR, flow cytometry and 

ELISA, showed that by using only one of these methods misleading information can 

be obtained.  

 In conclusion, a good correlation between the cytokine mRNA expression and 

the secreted cytokines can be obtained if the time after stimulation is restricted within 

the first 24 hours.  
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Chapter 5 

 

LIGHTCYCLER RT-PCR AND COMPETITIVE RT-PCR 
ARE AS ACCURATE FOR QUANTIFYING  

CYTOKINE TRANSCRIPTS IN PIGS1 
 
 

 

 

 

 

 

 

 

                                                
1 Based on : Verfaillie T, Cox E, Goddeeris BM LightCycler RT-PCR and competitive RT-PCR are as 
accurate for quantifying cytokine transcripts in pigs. Submitted. 
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ABSTRACT 
 

A reliable quantitative method for measuring gene product expression is 

important in investigating the relationship between cytokines and the immune 

responses induced by pathogens. To this end, competitive RT-PCR using homologous 

DNA competitors was established and compared to the real-time detection of PCR 

product in the LightCycler system using SYBR green I. Both techniques were tested 

for their ability to quantify the transcription of porcine IFN-γ (Th1-like), IL-10 (Th2-

like) and TGF-β (Th3-like) in concanavalinA-stimulated peripheral blood 

monomorphonuclear cells (PBMC). Comparison of the quantities of IFN-γ, IL-10 and 

TGF-β mRNA expression, measured using either competitive or real-time RT-PCR, 

showed a significant similarity. Inter-assay variability remained below 16% for both 

assays but a higher sensitivity (10 vs 100-1000 copies per reaction) and an increased 

dynamic range (8 vs 4 log units) were demonstrated for the real-time RT-PCR. 

Moreover, competitive RT-PCR is labour intensive and time-consuming thereby 

limiting the number of samples that can be analysed at a given time. This makes real-

time RT-PCR the preferable technique for the analysis of cytokine mRNA expression 

in pigs. 

 

Keywords : Cytokines, Pig, Competitive RT-PCR, Real-time RT-PCR 

 

1. INTRODUCTION 
  

Cytokines are the major controlling signals in both acute and chronic 

inflammation and in regulating/modulating the innate and acquired immunity. A 

number of methods are available for measuring cytokine mRNA expression including 

Northern blot, RNAse protection assays, in situ hybridisation and reverse 

transcription-polymerase chain reaction (RT-PCR). Of these, RT-PCR is the only 

method that provides sufficient sensitivity and specificity to measure low level 

cytokine mRNA expression especially since the number of cells or amounts of tissue 

are usually limited. In pigs, conventional end-point RT-PCR has already been 

successfully used for the detection of mRNA as evidence of cytokine gene expression 

(Dozois et al., 1997 ; Verfaillie et al., 2001 ; Yancy et al., 2001 ; Choi et al., 2002). 
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However, quantification of mRNA levels or detection of changes in mRNA levels can 

be problematic in conventional endpoint PCR assays since it is difficult to avoid data 

acquisition during the saturation phase of the reaction. Moreover, only a relative 

quantification is possible using non-competitive techniques such as comparison with a 

reporter gene product or an “invariant” mRNA like β-actin or cyclophilin. To 

circumvent this problem, quantification of transcripts can be achieved either by 

competitive RT-PCR followed by gel analysis or by real-time RT-PCR monitoring of 

product formation (Orlando et al., 1998 ; Giulietti et al., 2001). Competitive RT-PCR 

has been widely used for cytokine mRNA analysis (Fisher et al., 2000 ; Reddy et al., 

2000 ; Oswald et al., 2001 ; Solano et al., 2001 ; Heraud et al., 2002) and relies on a 

competition assay in which exogenous RNA or DNA (competitor) is coamplified with 

the target molecule in the same reaction tube using only one pair of primers. This 

reduces the impact of experimental variations because the amplification of the two 

templates is equally affected during PCR (Wang et al., 1989 ; Gilliland et al., 1990). 

However, the success of a quantitative competitive RT-PCR assay relies on 

developing an internal competitor that amplifies with the same efficiency as the target 

molecules but is also distinguishable from the target sequence by a difference in size 

or sequence. With the introduction of a new procedure based on fluorescence-kinetic 

RT-PCR, quantification of the PCR product in “real-time” became possible (Higuchi 

et al., 1993 ; Wickert et al., 2002 ; Johnsen et al., 2002 ; Pfaffl et al., 2002). PCR 

product accumulation is then measured at the early PCR cycles when the 

amplification is still in its exponential phase making it possible to perform 

quantification by comparison with external standards. This system uses double-

stranded DNA binding fluorescent dyes such as SYBR green I or fluorogenic probes 

and the amount of fluorescence detected is proportional to the amount of accumulated 

PCR product.  

In this study, we compared competitive RT-PCR (RT-qcPCR) and LightCycler 

RT-PCR (RT-lcPCR) for their value in studying cytokine mRNA expression in pigs. 

Both techniques were validated by analysing quantitatively the ConA-induced 

cytokine gene expression in porcine peripheral blood monomorphonuclear cells 

(PBMC). 
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2. MATERIALS AND METHODS 
 
2.1. Preparation and extraction of total RNA from mitogen-stimulated PBMC 

 
Blood was collected from the jugular vein of a pig into tubes containing 

Alsever’s solution (50% v/v)(Gibco BRL, Life Technologies, Merelbeke, Belgium). 

PBMC were isolated by density gradient centrifugation using lymfoprep® (Nycomed 

Pharma AS, Life Technologies, Merelbeke, Belgium) and suspended at a 

concentration of 4 x 106 cells/ml leukocyte medium (RPMI-1640 (Gibco BRL), 10% 

fetal bovine serum (FBS)(Gibco BRL), 1 mM sodium pyruvate (Gibco BRL), 2 mM 

L-glutamine (Gibco BRL), 100 µg/ml kanamycin (Gibco BRL), 50 µg/ml gentamycin 

(Gibco BRL) and 5x10-5 M 2-mercapto-ethanol) supplemented with the mitogen 

concanavaline A (Sigma, Bornem, Belgium) at a final concentration of 1 µg/ml. 

Cultures were maintained at 37°C in a humidified atmosphere of 5% CO2 for 24 

hours. Thereafter, harvested cells were washed in ice-cooled PBS and the RNA 

extraction was performed using the RNAgents® Total RNA Isolation System 

following the manufacturer’s manual (Promega, Leiden, The Netherlands). The 

extracted RNA was resuspended in 50 µl of ultra-pure water containing 0.02% 

(w/vol) diethyl pyrocarbonate (DEPC)(Sigma). Total RNA was quantified by using a 

spectrophotometer at 260 nm and purity was assessed by determining the O.D. ratio 

260/280 nm. All samples had ratios above 1.7. 

 

2.2. cDNA Synthesis 

 

Three microgram total RNA was pre-incubated with 1 µl random hexamers 

(12.5 µM final concentration)(Perkin Elmer, Branchburg, USA) during 10 min at 

70°C. After chilling on ice, 5 mM MgCl2, 1 x PCR buffer (10 mM Tris-HCl (pH 8.3), 

50 mM KCl), 1 mM dNTP mix (Roche, Mannheim, Germany) and 200 units of 

Superscript II RNase H- reverse transcriptase (Gibco BRL) were added. The reaction 

mix was incubated at room temperature for 10 min followed by 10 min at 42°C. 

Finally, samples were heated at 95°C for 5 min to denature the reverse transcriptase. 

Cyclophilin was used as constitutively expressed ‘housekeeping’ gene to evaluate the 

quality of the cDNA (Verfaillie et al., 2001).  
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2.3. Oligonucleotide primers 

 

The oligonucleotide primers (Table 1) used for the detection of cDNA specific 

for porcine IFN-γ (Th1-like), IL-10 (Th2-like) and TGF-β (Th3-like) were designed 

from the published nucleic acid sequences available from the Genbank/EMBL 

databases. The primers SM and ASM (Table 1) were chosen in de middle of the target 

sequence and differed from the target sequence by only one single basepair. These 

primers were used to introduce a new restriction site by overlap-extension PCR (OE-

PCR). 

 

Table 1 : Oligonucleotide primers used to generate the competitors (SM and ASM) and 
to amplify the various porcine cytokines by competitive and real-time PCR (S and 
AS). 
 
Cytokine 

 
Oligonucleotide  

primers 
Size 
bp 

Restriction  
site 

Genbank 
Accession no. 

 
 

TGF-β 

  
 S 5’GACCCGCAGAGAGGCTATAG3’ 
AS 5’GAGCCAGGACCTTGCTGTAC3’ 
SM 5’GCTCCCGGGACCGCCGAG3’ 
ASM 5’CTCGGCGGTCCCGGGAGC3 
 

 
 

401 

 
CCCGGC 

to 
CCC/GGG 

SmaI 

 
 

X12373 

 
 

IFN-γ 

 
S 5’TGTACCTAATGGTGGACCTC3’ 
AS 5’TCTCTGGCCTTGGAACATAG3’ 
SM 5’CATGTTTCAGAGGATCCTAAA3’ 
ASM 5’TTTAGGATCCTCTGAAACATG3’ 
 

 
 

410 

 
GGTTCC 

to 
G/GATCC 

BamH I 

 
 

X53085 

 
IL-10 

 
S 5’CCATGCCCAGCTCAGCACTG3’ 
AS 5’CCCATCACTCTCTGCCTTCGG3’ 
SM 5’GAGTTTCTTTAAAACGCCGGAC3’ 
ASM 5’GGTCCTTCGTTTTAAAGAAAC3’ 
 

 
 

295 

 
TTTCAA 

to 
TTT/AAA 

Dra I 

 
 

L20001 

 

2.4. Quantification of cytokine mRNA with competitive PCR 

 

2.4.1. Construction of the competitors 

 

For the construction of the competitors, site-directed mutagenesis based on 

OE-PCR was used (Fig. 1). Therefore, the cloned cytokine cDNAs were subjected to 

2 PCR reactions using mismatched primers.  
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Figure 1 : (A) Construction of the competitors by site-directed mutagenesis based on overlap-extension 
PCR. A new restriction site was introduced by using mismatch primers (sm and asm). (B) The different 
steps for the construction of the TGF-b competitor are visualised on a 2% agarose gel (lane 1 : PCR 
product of the cloned cytokine ; lanes 2-3 : PCR product with the primer pairs (S and asm) and (sm and 
AS) ; lane 4 : competitor PCR product after OE-PCR ; lane 5 : RE digest with SmaI of the TGF-β 
competitor ; M : 100 bp DNA ladder. S : sense primer, AS : antisense primer. 

 

 

  1            2           3            4           5           
M 

    PCR with  primers  
    (s,asm) and (sm,as) 
 

Reaction 1 Reaction 2 

= cloned cytokine = cloned cytokine 

(A) 

asm 

s 

as 

sm 

Mix, denaturate  
and anneal 
 

    Primer extension 
 

PCR with primers (s,as) 
 

(B) 



 

 

Chapter 5  : Competitive RT-PCR vs LightCycler RT-PCR  

87 

Briefly, 2 PCR reactions were carried out in a 50 µl volume containing 1x 

PCR mix (20 mM Tris-HCl, pH 8.3 ; 50 mM KCl  ; 0.1% Tween 20 ; 2 mM MgCl2 ; 

200 µM of each dNTP), 30 pmol of each of the two primers (S + ASM or SM + 

AS)(Table 1), 0.1 units of Supertaq (SphaeroQ, Leiden, The Netherlands) and 1 ng of 

the cloned cytokine. The amplification was performed for 35 cycli in a Genius 

Thermocycler (Techne, Cambridge). After heating the samples at 95 °C for 2 min as a 

hot start, the temperature cycling consisted of denaturation at 95°C for 30 s, annealing 

at 60 °C (IFN-γ, IL-10) or 55 °C (TGF-β) for 60 s and extension at 72 °C for 45 s, 

with a final extension at 72 °C for 7 min. The resulting DNA fragments from reaction 

1 and 2 were then mixed, denaturated and subjected to overlap extension followed by 

PCR using only the primers S and AS. These primers were not added to the PCR 

reaction mix until after the first 3 cycli. The resulting cDNA fragments contained a 

mutated sequence (new restriction site) which can be digested with the corresponding 

restriction enzyme (Table 1) and were subcloned in a pGEM-T vector (Promega, 

Leiden, The Netherlands) following the manufacturer’s manual. The sequences of the 

inserted fragments were confirmed by DNA sequencing using the cycle sequencing 

kit (Perkin Elmer) and an ABI prison 377 sequencer. Competitor amplicons were 

generated by PCR as described above followed by a purification of the PCR products 

using Quantum prep PCR kleen Spin Columns (Bio-Rad Laboratories, Nazareth Eke, 

Belgium). The concentration was determined using a spectrophotometer and aliquots 

of 108 copies/µl were stored at –20°C. 

 

2.4.2. Competitive PCR conditions 

 

Quantitative competitive PCR was used to quantify mRNA levels for TGF-β, 

IFN-γ and IL-10. Briefly, Serial dilutions of DNA competitor were co-amplified with 

a constant amount of target cDNA. Amplification was carried out in 50 µl volumes 

containing 1 x PCR buffer (10 mM Tris-HCl, pH 9.0; 50 mM KCl; 0.1 % Triton X-

100)(Promega, Leiden, The Netherlands), 0.25 mM dNTP mix (Roche Diagnostics, 

Brussels, Belgium), 0.5 (IL-10, IFN-γ) or 1 mM (TGF-β) MgCl2, 20 pmol sense and 

antisense primers and 2.5 U Taq polymerase (Promega). After heating the samples at 

95°C for 2 min, the temperature cycling (30 cycli) consisted of denaturation at 95°C 

for 30 s, annealing at 56°C (TGF-β), 62°C (IFN-γ) or 60°C (IL-10) for 60 s and 
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extension at 72°C for 45 s with a final extension at 72°C for 7 min. Because the target 

cDNA and its competitor share the same sequence, the same primer pair and have 

similar sizes, the differences in the efficiencies of their amplification is expected to be 

minimal. After amplification, 8 µl of the PCR products were digested with the 

corresponding restriction enzymes (IL-10 : Dra I, IFN-γ : BamH I and TGF-β : Sma I) 

in the presence of 1 x buffer at 30 °C (Sma I) or 37 °C (Dra I, BamH I) for 2 h. The 

digested products were separated by electrophoresis on a 2% agarose gel and stained 

with ethidium bromide. Subsequently the gels were scanned using an ImageMaster 

VDS (Amersham Pharmacia Biotech) and the density of the bands was determined 

using the ImageMaster 1D prime software (Amersham Pharmacia Biotech). The ratios 

of the target to the competitor were calculated and the log of the ratios were plotted on 

the Y-axis while the log of the initial amounts of competitor DNA added to the PCR 

reaction were plotted on the X-axis. At the competitor equivalence point (log ratio = 

0) the initial concentration of target cDNA corresponds to the initial concentration of 

competitor DNA added (Gilliland et al., 1990). 

 

2.5. Quantification of cytokine mRNA with LightCycler PCR 

 
2.5.1. Preparation of the standards 

 

As external standards purified PCR products of reverse transcribed total RNA 

from ConA stimulated PBMC were used. The amplicons were purified using 

Quantum prep PCR kleen Spin Columns (Bio-Rad Laboratories, Nazareth Eke, 

Belgium). The concentration was determined using a spectrophotometer and aliquots 

of 5.107 copies/µl were stored at –20°C. 

 

2.5.2. Real-time PCR 

 

Real-time PCR was carried out with the LightCycler® and the LightCycler-

faststart DNA Master SYBR Green I kit (Roche, Mannheim, Germany). The DNA 

binding Dye SYBR Green I was used for the detection of the PCR products. The 

reaction mixture consisted of a mastermix containing Taq polymerase, dNTP mixture 

and SYBR Green I, 3 mM MgCl2, 0.3 µM of each primer and 2 µl of template cDNA 

in a total volume of 20 µl. After heating the samples at 95°C for 10 min, the 
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temperature cycling (35-40 cycli) consisted of denaturation at 94°C for 15 s, 

annealing at 56°C (TGF-β), 62°C (IFN-γ) or 60°C (IL-10) for 5 s, extension at 72°C 

for 12 s (IL-10) , 14 s (IFN-γ) or 16 s (TGF-β). Fluorescence acquisition was 

measured at 86°C (TGF-β), 85°C (IL-10) or 79°C (IFN-γ) in single mode. Melting 

curve analysis was done at 65 to 98°C with continuous fluorescence acquisition. As 

an additional control of specificity, PCR products were subjected to agarose gel 

electrophoresis, if necessary. Sequence specific standard curves were generated using 

10-fold dilutions (108-101 copies/µl) of the specific DNA standards. The number of 

copies of each sample transcript was determined with the aid of the LightCycler 

software. 

 

2.6. Statistical analysis 

 
Statistical analysis was performed using the software package SPSS version 

9.0. The data were tested for parametric distribution with a Kolmogorov-Smirnov test 

and the homogeneity of variance was tested with a Levene’s test. Statistical 

comparison of both assays was made by an independent samples student’s T-test 

(two-tailed). Differences between the assays were considered significant at P < 0.05. 

 

3. RESULTS 
 

Since stimulation of porcine PBMC with the polyclonal T-cell activator ConA 

allows the detection of various cytokines, competitive RT-PCR and LightCycler RT-

PCR assays were evaluated by analysing the IFN-γ (Th1-like), IL-10 (Th2-like) and 

TGF-β (Th3-like) gene expression in porcine PBMC stimulated in vitro for 24 hr with 

ConA (Verfaillie T. et al., 2001). Limits and accuracies of both assays are compared 

to achieve precise, reliable and reproducible results in unknown samples. 

 

3.1. Quantification of porcine cytokine expression by competitive RT-PCR 

 

The synthetic quantified DNA molecules (competitors) for IFN-γ, IL-10 and 

TGF-β necessary in competitive RT-PCR were constructed by site-directed 

mutagenesis based on overlap-extension PCR (OE-PCR)(Fig.1). Using mismatch 

primers, a new restriction site was introduced which resulted in homologous 
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competitors differing in only 1 base from the target DNA (Table 1). After PCR 

amplification of both competitor and target, products are subjected to a restriction 

enzyme digest that specifically cuts the competitor in half so competitor and target 

can be visualised separately after gelelectrophoresis. An example of a competitive 

RT-PCR gel for IFN-γ, IL-10 and TGF-β is shown in figure 2A.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 2 : Quantification of porcine IFN-γ, IL-10 and TGF-β mRNA levels in ConA stimulated porcine 
PBMC by competitive RT-PCR. (A) Representative gels showing detection of target cytokine and 
competitor. For PCR, target cDNA and 10-fold dilutions of competitor were added together in 
concentrations ranging from 106 to 103 copies. PCR products were digested with Sma I (TGF-b), Dra I 
(IL-10) or BamH I (IFN-g) to be able to distinguish target from competitor DNA and resolved on 2% 
agarose gels stained with ethidiumbromide. Band intensities were quantified by densitometry. (B) 
Ratios of the target to competitor band intensities were plotted against the amount of competitor in 
each reaction. The absolute amount of cytokine cDNA in each sample was calculated from the 
equivalence point where intensities of target and competitor bands were equal.  
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Constant amounts of the sample (30 pg total RNA) and 10-fold dilutions of 

competitor (106-103 copies) were co-amplified with one set of specific primers. As the 

concentration of the competitor was known, the point of equivalence in band 

intensities determined the concentration of  the amplified sample cDNA (Fig. 2B).  To 

ensure the reproducibility of the measurements made with this method, samples were 

determined in triplicate. The calculated values for IFN-γ, IL-10 and TGF-β were 

1.15x103 ± 1.83x102, 3.05x102 ± 4.30x101 and 3.07x103 ± 3.44x102 copies per pg 

total RNA (mean ± standard deviation) respectively (Fig. 3).  

 
 IFN-γ  IL-10 TGF-β  
 competitive real-time competitive real-time competitive real-time 

Mean 1,15E+03 1,18E+03 3,05E+02 3,73E+02 3,07E+03 3,01E+03 

SD 1,83E+02 1,98E+02 4,30E+01 4,87E+01 3,44E+02 1,02E+02 
CV (%) 15,9 16,7 14,1 13,1 11,2 3,4 

 

Figure 3 : Comparison of the results of the quantification of porcine IFN-γ, IL-10 and TGF-β by 
competitive (black box) and real-time RT-PCR (gray box) expressed as number of copies per pg total 
RNA. Both assays were run in triplicate and results are presented as mean + SD. (Mean, standard 
deviation (SD), and coefficient of variation (CV)) 
 

These replicate values demonstrate that the assay is reproducible, with 

coefficients of variation of 15.9% for IFN-γ, 14.1% for IL-10 and 11.2% for TGF-β. 

The use of large dilutions of competitor (10-fold) allows for a greater dynamic range 

of the assay, although some accuracy may be sacrificed (Zimmerman and Mannhalter, 

1996). 
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3.2. Quantification of porcine cytokine expression by real-time RT-PCR 

 

A quantitative assay for porcine IFN-γ, IL-10 and TGF-β was also developed 

using the LightCycler system in which modified standards are not necessary since the 

standard is amplified separately. Consequently, their synthesis is less time-consuming 

and can be achieved within 1 day. Figure 4 shows the amplification reaction in real-

time using the non-specific DNA binding dye SYBR green I and purified PCR 

products as external standards (108 to 101 copies).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 -1.00. (C-D-E) Melting curve analysis.The plots of the negative derivative (-dF/dT) of the melting 
curves versus the temperature is presented. The lines indicate the melting T° of the specific PCR 
products amplified from the standards and samples (83°C for IFN-γ, 89°C for IL-10 and 92°C for TGF-
β).The melting peak of the negative control for TGF-β (arrow) indicates an unspecific PCR product 
with small size such as primer dimers. Fluorescence acquisition is set at 79°C for IFN-γ, 85°C for IL-
10 and 86°C for TGF-β so that fluorescence from possible the primer dimer formation is not detected. 

 

IL-10 

IFN-γ 

TGF-β 

A 

B 

C 

D 

E Figure 4 : Validation of real-time PCR using 
purified PCR products as template. (A) 
Amplification plot of IL-10 demonstrating the 
detection limit and dynamic range of real-time 
PCR. Tenfold serial dilutions of purified PCR 
product (108-101 copies) were amplified for 45 
cycles. The dynamic range of the assay is at least 
8 log units. (B) The standard curve derived from 
the amplification plot is shown in Fig 4A. The 
regression line was obtained using the 
LightCycler software and amounts of target 
calculated. The r values for each of the lines was  
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Calibration curves and copy numbers of unknown samples are determined by 

the LightCycler software. The standards were useful to estimate the sensitivity of the 

reaction. Up to 10 copies of target per reaction could be detected with a dynamic 

range of at least 8 log units. Using SYBR green I, particular attention has to be paid to 

avoid the detection of aspecific products such as primer dimers. This was done by 

melting curve analysis of the PCR products where the temperature for fluorescence 

acquisition was adjusted to avoid detection of the primer dimers (Fig. 4C-E). As for 

the competitive RT-PCR, samples were determined in triplicate to assess inter-assay 

variability.  

The calculated values for IFN-γ, IL-10 and TGF-β were 1.18x103 ± 1.98x102, 

3.73x102 ± 4.87x101 and 3.01x103 ± 1.02x102 copies per pg total RNA (mean ± 

standard deviation) respectively with coefficients of variation of  16.7% for IFN-γ, 

13.1% for IL-10 and 3.4% for TGF-β (Fig. 3). When triplicate PCRs were performed 

in a single run to assess within-assay variability, coefficients of variation were never 

higher than 5 % which is clearly lower than the variation seen between different runs 

(data not shown). 

 

4. DISCUSSION 
 

In this study we have designed, optimised and validated two quantitative RT-

PCR assays for measuring IFN-γ, IL-10 and TGF-β gene expression in pigs. Similar 

results were obtained by either competitive or real-time RT-PCR with good 

reproducibility and low test variability (<16%). However, in terms of sensitivity and 

dynamic range, LightCycler RT-PCR seemed superior with a detection limit of 10 

copies per reaction (vs 100-1000 in RT-qcPCR) and a dynamic range of 8 log units 

(vs 4 log units in RT-qcPCR). Sensitivity of the RT-qcPCR is mainly limited by the 

ability to stain the products with ethidiumbromide in the agarose gel.  

Nevertheless, both methods are useful for the quantification of cytokine 

mRNA transcripts but some differences in practicability should be mentioned. The 

need to analyse serial dilutions in RT-qcPCR considerably limits the number of 

samples which can be processed on a given day. The whole procedure takes at least 8 

hr, including post-PCR manipulations such as agarose gels and evaluation of the 

results. So replicate measurements of a single sample are not often performed, 



 

 

Chapter 5  : Competitive RT-PCR vs LightCycler RT-PCR  

94 

potentially leading to errors in quantification. In contrast, 23 samples (plus 8 standard 

amplicon dilutions and 1 control) can be analysed in the LightCycler in one run and a 

40 cycle PCR with subsequent melting curve analysis can be completed in 

approximately 45 minutes. However, real-time PCR requires the use of a specialised, 

expensive real-time PCR machine that may not be accessible to all researchers. 

Secondly, the evaluation of the results from competitive RT-PCR depends on the 

accurate quantification of the band intensities. This quantification is hampered by 

variabilities caused by the individual interpreter. In contrast, LightCycler results are 

calculated directly by the integrated software. RT-lcPCR also does not require the 

design of an internal competitor and block cycler protocols can be easily adapted for 

real-time PCR using DNA binding dyes for the detection of the amplified products 

(Dumoulin et al., 2000). The developed LightCycler assay is already successfully 

used in our lab to compare cytokine expression levels in immunisation studies (Van 

der Stede et al., 2002). However, for comparing cytokine mRNA expression levels in 

different samples, cyclophilin, a constitutively expressed “housekeeping” gene is used 

to normalise the results since a correction for variations in both RNA quality and 

efficiency of the reverse transcription reaction is required (Verfaillie T. et al., 2001). 

To ensure the credibility of the results, choosing an ideal housekeeping gene is very 

important (Thellin O. et al., 1999 ; Steele B.K. et al., 2002). 

In conclusion, RT-lcPCR is as accurate as RT-qcPCR to quantitate cytokine 

gene expression in swine. However, real-time PCR has major advantages over 

competitive PCR including its sensitivity and the possibility of rapid, accurate and 

simultaneous quantification of multiple samples. 
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CHAPTER 6 

 

PRIMING OF PIGLETS AGAINST F4 FIMBRIAE BY 

IMMUNIZATION WITH FAEG DNA.1  

 

 

 

 

 

 

 

 

                                                
1 Adapted from : Verfaillie T, Melkebeek V, Snoek V, Douterlungne S, Verdonck F, Vanrompay D, 
Goddeeris B, Cox E (2004) Priming of piglets against enterotoxigenic E. coli F4 fimbriae by 
immunisation with FAEG DNA. Vaccine. 22(13-14):1640-7. 
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 ABSTRACT 
 

Early vaccination is necessary to protect pigs against postweaning diarrhoea 

caused by enterotoxigenic Escherichia coli (ETEC). However, at present no 

commercial vaccine allows successful vaccination. This is partly due to the presence 

of maternally derived antibodies. Since DNA vaccines are suggested to be superior to 

protein vaccines in young animals with maternal antibodies, we determined wether 

the fimbrial adhesin (FaeG) of F4ac+ ETEC could be used as a plasmid DNA vaccine 

to prime piglets in a heterologous prime-boost approach. Hereto, pcDNA1/faeG19 

was constructed and expression of rFaeG in Cos-7 cells was demonstrated. Thereafter, 

pigs were immunised (days 0, 21 and 42) intramuscularly by injection or 

intradermally by gene gun and humoral and cellular immune responses were 

analyzed. Even though responses were low, results demonstrated that intramuscular 

injection was superior to gene gun delivery for priming the humoral immune response 

since higher antibody titres were raised, whereas gene gun delivery better induced a 

cellular response, evaluated by a lymphocyte proliferation assay. Nevertheless, 

following only one intramuscular immunization, pigs demonstrated a bias towards a 

Th1-type cytokine response as evidenced by the predominance of IFN-γ mRNA and 

diminished IL-4 mRNA in peripheral blood monomorphonuclear cells after in vitro 

antigen-specific restimulation. Effective priming of the humoral immune response 

was evidenced by high IgG titres one week after a protein boost with purified F4. The 

low responses to the pcDNA1/faeG19 DNA vaccination suggest that delivery of the 

DNA and/or the expression of the faeG gene should be improved.  

 

Keywords : pigs, enterotoxigenic E. coli, FaeG, DNA vaccination  

 

6.1. INTRODUCTION 
 

Infection with F4+enterotoxigenic Escherichia coli (ETEC) is an important 

cause of diarrhoea, weight loss, growth retardation and death in neonatal and newly 

weaned pigs and is responsible for great economic losses (Jones and Rutter, 1972). 

ETEC adhere to the small intestinal villi and produce enterotoxins which act locally 

on the enterocytes. This colonization of the small intestine is mediated by fimbriae 
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(pili) such as F4 and F18. Of F4 (K88) 3 serological variants have been identified 

namely F4ab, F4ac and F4ad (Ørskov et al., 1964 ; Guinée and Jansen, 1979). Among 

these, F4ac appears to be the most prevalent (Westerman et al., 1988). The fimbriae 

are mainly composed of several hundreds identical 27.5 kDa protein subunits, called 

FaeG, that are linked by electrostatic and hydrophobic forces and are encoded by an 

887 bp gene located on a large non-conjugative plasmid (Mol and Oudega, 1996). 

Neonatal protection against F4+ ETEC infections can be obtained by 

vaccination of the sows hereby providing lactogenic immunity to the offspring. These 

passively acquired antibodies will protect piglets during the suckling period (Nagy 

and Fekete, 1999). To be protected against postweaning diarrhoea due to an F4+ 

ETEC infection, pigs need an active immunity. Hereto, they should be vaccinated 

during the suckling period. Most suckling pigs, however, have colostral and milk 

antibodies against the F4 fimbriae which will interfere with systemic and mucosal 

vaccination respectively, thereby hampering the use of classical protein vaccines. 

Several attempts have been made using parenteral or oral vaccines without success 

(Moon and Bunn, 1993 ; Isaacson, 1994 ; Bozic et al., 2002). Only oral vaccination 

after weaning with purified F4 fimbriae showed to be successful (Van den Broeck et 

al., 1999b) whereas attempts to vaccinate suckling piglets with fimbrial solutions 

before weaning was without success (Van der Stede et al., 2003 ; Bertschinger et al., 

1979 ; Francis and Willgohs, 1991).  

A more recent approach in vaccinology is the so-called genetic immunization 

by which DNA constructs encoding a specific immunogen are delivered into the host. 

Since immunogens are synthesized de novo within the DNA transfected cells, antigen 

can be presented by both MHC class I and II molecules, resulting in stimulation of 

both humoral and cellular immune responses (Tang et al., 1992 ; Yankaucka et al., 

1993 ; Ulmer et al., 1993). The most widely used strategies for the application of 

DNA vaccine vectors are intramuscular needle injection and particle bombardment 

using a gene gun. Importantly, it was shown that the method of antigen delivery can 

influence the cytokine profile of the immune response with intramuscular injection 

favoring Th1-type responses whereas gene gun immunization preferentially 

promoting Th2-type responses (Manickan et al., 1995 ; Weiss et al., 2000 ; Feltquate 

et al., 1997). Both methods also strongly differ in the efficiency of DNA delivery. In 

general, IM needle injection requires 100- to 1000-fold more DNA than gene gun 



 

 

Chapter 6 : Priming of piglets by immunisation with FaeG DNA  

97 

immunization to generate an equivalent antibody response (Pertmer et al., 1995 ; 

Weiss et al., 2000).  

Several studies in animal models have shown that DNA vaccines, in contrast 

to conventional vaccines, can succesfully prime immune responses in the presence of 

maternal antibodies pointing out its potential for use in neonates (Hassett et al., 1997 ; 

Manickan et al., 1997 ; Van Drunen Littel-van den Hurk et al., 1999). As a 

vaccination strategy against post-weaning diarrheoa caused by F4+ ETEC, priming of 

the immune system of suckling piglets by a DNA vaccine combined with a protein 

boost after weaning could be an interesting approach.  

The aim of the present study was to examine the potential of a newly 

constructed FaeG DNA vaccine (pcDNA1/faeG19) to induce B-cell and CTL priming 

in 6-weeks-old pigs in a DNA prime-protein boost model. Moreover, since little is 

known about porcine cytokine responses following DNA vaccination, we used a 

newly developed real-time RT-PCR technique to determine cytokine profiles 

generated by this DNA vaccine. 

 

6.2. MATERIALS AND METHODS 

 
6.2.1. Bacterial strains and growth conditions 

 

The E. coli strain GIS 26, serotype O149:K91:F4ac, LT+STa+STb+ was used to 

obtain DNA as template for the synthesis of FaeG. Growth of the strain was 

performed in tryptone soya broth (OXOID, Drongen, Belgium). E. coli MC1061/P3 

was used to replicate the carrying vector pcDNA1 (Invitrogen, Leek, The 

Netherlands) and for transformation with pcDNA1/faeG19, the vector carrying faeG. 

This strain was grown in Luria broth or Luria agar with ampicillin (100 µg/ml). 

 

6.2.2. Experimental animals  

 

Eighteen conventional pigs were weaned at the age of 4 weeks and were 

subsequently housed in isolation units were they obtained food and water ad libitum. 

All animals were negative for serum antibodies against F4 as determined by ELISA. 
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6.2.3. Plasmid construction 

 

The faeG gene of the E. coli strain GIS 26, serotype O149:K91:F4ac, 

LT+STa+STb+ was amplified by PCR using primers that flanked both ends of the faeG 

gene open reading frame and provided Hind III and BamH I restriction sites for 

subsequent cloning (Fig. 1). Genomic DNA from E. coli strain GIS 26, obtained by 

alkalic lysis was used as a template. The PCR reaction was carried out in a 50 µl 

volume containing 5 ng genomic DNA, 1 x PCR buffer (10 mM Tris-HCl, pH 9.0 ; 50 

mM KCl ; 0.1% Triton X-100)(Promega, Leiden, The Netherlands), 0.25 mM dNTP 

mix (Roche Diagnostics, Brussels, Belgium), 1 mM MgCl2, 20 pmol sense and 

antisense primers (S : 5’ TGA AGC TTG CCT GGA TGA CTG G 3’ (Hind III) ; AS : 

5’ AAT GGA TCC GCA GCT CAT CAC G 3’ (BamH I)(Turnes et al., 1999)) and 

2.5 u Taq polymerase (Promega, Leiden, The Netherlands). A DNA thermal cycler 

PTC100 (Biozym, The Netherlands) was used for heating the samples at 94°C for 3 

min whereafter 30 cycli  consisting of melting at 94°C for 1 min, annealing at 50 °C 

for 1 min and extension at 72°C for 2 min were run with a final extension  at 72°C for 

5 min. After PCR, samples were migrated in a 1.5% agarose gel, stained with 

ethidiumbromide and fotographed using an imagemaster VDS (Amersham Pharmacia 

Biotech). Amplification products of the appropriate size were obtained (828 bp) 

which were subjected to restriction enzyme digestion with Hae III and Hinf I for 

further confirmation of the faeG sequence. The modified faeG gene was cloned into 

the mammalian expression plasmid pcDNA1 by insertion of the amplified faeG gene 

into the Hind III and BamH I site of pcDNA1. This plasmid was used to transform 

competent E. coli MC1061/P3 by heat shock.  

Clones were selected on medium containing ampicillin (100 µg/ml) and grown 

in microtiterplates. To verify the presence of the gene, PCR clone analysis was 

performed using T7 and SP6 primers which flanked the cloning site and by restriction 

enzyme analysis using Hae III and Hinf I. Briefly, 5 µl of each clone was subjected to 

PCR in a 50 ml volume containing 50 mM KCl, 20 mM Tris-HCl (pH 8.3), 2 mM 

MgCl2, 0,1% Tween 20, 0,2 mM of each dNTP, 20 pmol of sense and antisense 

primer and 0.1 unit of Supertaq polymerase (SphaeroQ, Leiden, The Netherlands). 

After heating the samples at 95°C for 3 min, the temperature cycling (30 cycli) 

consisted of denaturation at 94°C for 30 s, annealing at 50 °C for 1 min and extension 
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at 72°C for 2 min. Several of the resulting clones were shown to contain a plasmid 

with faeG. 

 
 
Figure 1 : Construction of pcDNA1/faeG19 in pcDNA1.The gene was cloned in the 
Hind III and BamH I restriction sites of the multiple cloning site, immediately 
downstream of the CMV promotor. 

 

Following sequence analysis using the Dye-Terminator Cycle Sequencing kit 

of Perkin Elmer, one plasmid designated pcDNA1/faeG19 was selected for 

subsequent analysis. Large-scale purification of pcDNA1 and pcDNA1/faeG19 was 

conducted by the Qiagen Endofree plasmid mega kit (Qiagen GmbH, Germany). 

After determining the concentrations at A260nm, the plasmids were stored at –20°C. 

 

6.2.4. Coating of DNA to gold particles for delivery via gene gun 

 

Plasmid DNA (pcDNA1/faeG19) was precipitated onto gold particles (1,6 µm 

diameter) in the presence of 0.05 M spermidine and 1 M CaCl2 at a final 

concentration of 10 µg DNA per mg gold (Bio-Rad, Nazareth Eke, Belgium). The 

gold beads were washed 3 times with 100 % ethanol, suspended in a 

polyvinylpyrrolidone-ethanol solution and used to coat the interior of tubes with the 

tubing prep station (Bio-Rad). After adhesion of the particles to the tube, the tube was 
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cut so that each shot with the Helios gene gun (Bio-Rad) consisted of 5 µg plasmid 

DNA and 0,5 mg of gold. 

 

6.2.5. In vitro expression of rFaeG by mammalian cells 

 

The ability of the DNA construct to express rFaeG in COS-7 cells was 

investigated as described by Vanrompay et al. (1998). COS-7 cells were cultured in 

Dulbecco’s Minimal Essential Medium (DMEM)-glutamax (Life Technologies, 

Merelbeke, Belgium) supplemented with 1% gentamycin and 10% Fetal calf serum 

(FCS)(Seromed). Transfection with plasmid DNA was performed using DEAE 

dextran as described by Tregaskes and Young (1997) whereafter transfected cells 

were cultured for 24, 48, 72 and 96 hours on cover slips in flat-bottomed Chlamydia 

Trac Bottles (International Medical, Brussels, Belgium) at 37°C in 5% CO2. 

Subsequently, an indirect immunofluorescence staining (IIF) was performed. All 

dilutions were made in PBS (pH 7.3). The cell monolayers were fixed in methanol at 

–20°C for 10 min whereafter the monolayers were washed for 1 h with PBS 

supplemented with 5% FCS to prevent non-specific binding. A F4-specific mouse 

monoclonal antibody (IMM01)(Van der Stede et al., unpublished data) or a F4-

specific polyclonal rabbit antiserum was added to the cells and incubated for 45 min. 

After washing the cells 4 times with PBS, cells were incubated with a sheep anti-

mouse Ig labelled with fluorescein isothiocyanate (FITC)(Sigma, Bornem, Belgium) 

or a goat anti-rabbit Ig labelled with FITC (Sigma, Bornem, Belgium) for 1 hour. 

Incubations occurred in a moist chamber at 37 °C. Subsequently, the monolayers were 

washed twice for 5 min with PBS and for 30 s with distilled water and were then air 

dried. The monolayers were mounted with a glycerine solution containing DABCO 

and examined using a fluorescence or confocal laser scanning microscope (CLSM).  

The rFaeG expression in pcDNA1/faeG19 transfected COS-7 cells was also 

examined using a F4-specific ELISA on lysed cells. Wells of maxisorb plates were 

coated at 37°C for 2 h with the F4-specific monoclonal antibody IMM 01 at a 

concentration of 1 µg/ml in PBS. After overnight blocking at 4°C with 0,2% Tween® 

80 in PBS, plates were incubated for 1 h at 37°C with the cell lysate of COS-7 

transfected cells serially diluted in PBS with 0.2% Tween® 20 and 3% BSA (ICN 

Biomedicals). After washing the plates 3 times, serum, positive for F4-specific 
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antibodies, was added (1/6000) for 1 h at 37°C. The plates were washed and rabbit 

anti-swine IgG polyclonal antibodies conjugated with horseradish peroxidase 

(HRP)(Prosan, Dako) were added, 1/1000 diluted in PBS with 0.2% Tween® 20, 3% 

BSA and 4% mouse ascites and incubated for 1 h at 37°C. Finally, ABTS (Roche 

Diagnostics, Brussels, Belgium), containing H2O2, was added and after 45 min 

incubation the optical density was measured at 405 nm. 

 

6.2.6. Immunization protocol 

 

At the age of 6 weeks, 10 pigs were divided into 3 groups. The first group 

(n=4) was immunized IM in the neck (musculus splenius) with 600 µg 

pcDNA1/faeG19. A second group (n=4) was immunized using a gene gun (Bio-Rad), 

which delivered 10 µg pcDNA1/faeG19 to the shaved skin (neck) of the pigs using 

400 psi of pressure. The third group (n=2) served as a control and received IM 600 µg 

pcDNA1. For intramuscular administration, DNA was diluted in saline (0.9% NaCl). 

Three and six weeks after the first immunization all animals received identical booster 

immunizations. Nine weeks post primary immunization (PPI) all animals were IM 

boosted with 100 µg of purified F4 fimbriae in 0.9% saline suspended in incomplete 

Freund’s adjuvant. To determine the serum-antibody response, blood was taken from 

the jugular vein at weekly intervals until the animals were boosted with the F4 

fimbriae. From then on, blood was collected every 3-4 days for another 3 weeks. 

Harvested sera were inactivated at 56 °C for 30 min and subsequently treated with 

kaolin (Sigma, Bornem, Belgium) as described [10] to decrease the background 

reading in ELISA. At days 45 and 74 PPI blood was collected on an equal volume of 

Alsever’s solution for isolation of peripheral blood monomorphonuclear cells 

(PBMC) which were used for proliferation assays.  

In a second experiment, 8 pigs (6 weeks old) were divided into 2 groups. The 

first group (n=4) was immunized IM in the neck with 600 µg pcDNA1/faeG19 

whereas the second group (n=4) served as a control and received IM 600 µg pcDNA1. 

Three weeks post immunization, blood was collected on an equal volume of Alsever’s 

solution for isolation of peripheral blood monomorphonuclear cells (PBMC). PBMC 

were restimulated in vitro with purified F4 fimbriae (final concentration of 15 µg/ml) 

or medium. After 16 hrs, total RNA was extracted as described by Verfaillie T et al. 
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(2001) and cytokine gene expression was examined by real-time RT-PCR. At the 

same time isolated PBMC were used for proliferation assays. 

 

6.2.7. Lymphocyte proliferation test 

 

PBMC were isolated by density gradient centrifugation using lymphoprep 

(Nycomed, Pharma AS, Life Technologies, Merelbeke, Belgium) as described (Van 

den Broeck et al., 1999) and suspended at a concentration of 4x106 cells/ml in 

leukocyte medium (RPMI-1640 (Gibco BRL, Life Technologies, Merelbeke, 

Belgium), fetal bovine serum (FBS)(5%)(Gibco BRL), sodium pyruvate (100 

mM)(Gibco BRL), non-essential aminoacids (100 mM)(Gibco BRL), L-glutamine 

(200 mM)(Gibco BRL), kanamycin (100 µg/ml)(Gibco BRL), penicillin (100 

IU/ml)(Gibco BRL), streptomycin (100 µg/ml)(Gibco BRL) and 2-mercapto-ethanol 

(5.10-5M)(Gibco BRL)). The lymphocyte proliferation was performed by adding 

purified F4 fimbriae (final concentration of 20 or 10 µg/ml), Concanavalin A (ConA) 

(final concentration of 10 µg/ml) or medium to microwells containing 4.105 cells. 

ConA was used to evaluate the proliferative capacity of the cells. Each stimulation 

was done in triplicate. After 3 and 4 days at 37°C in 5% CO2, cells were pulse-

labelled with 3H-thymidine (1 µCi/well)(Amersham ICN, Bucks, UK) and 18 h later, 

cells were harvested onto glass fiber filters. The radioactivity incorporated into the 

DNA was measured with a β-scintillation counter (Perkin-Elmer, Life Science, 

Brussels, Belgium) and was expressed as a stimulation index (SI : mean counts per 

minute in the presence of antigen divided by the mean counts per minute in the 

absence of antigen). 

 

6.2.8  Real-time RT-PCR 

 

Reverse transcription was performed by pre-incubating 3 µg of total RNA 

with 1 µl of random hexamers (12.5 µM final concentration)(Perkin Elmer, 

Branchburg, USA) during 10 min at 70°C. After chilling on ice, 5 mM MgCl2, 1 x 

PCR buffer (10 mM Tris-HCl (pH 8.3), 50 mM KCl), 1 mM dNTP mix (Roche, 

Mannheim, Germany), 20 U of Rnasin® Ribonuclease inhibitor (Promega) and 200 

units of Superscript II Rnase H- reverse transcriptase (Gibco BRL) were added. The 
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reaction mix was incubated at room temperature for 10 min followed by 10 min at 

42°C. Finally, samples were heated at 95°C for 5 min to denature the reverse 

transcriptase.  

The oligonucleotide primers used for the detection of the porcine cytokines 

IL-1α, IL-2, IL-4, IL-6, IL-10, IFN-γ, TGF-β, TNF-α and of cyclophilin cDNA were 

designed from the published nucleic acid sequences available from GenBank/EMBL 

databases (Table 1). Cyclophilin was used as constitutively expressed 'housekeeping 

control gene’ to determine the uniformity of the reverse transcription reactions and as 

a reference for quantification of cytokine mRNA (Dozois et al.,  1997).  

 

Table 1 :Oligonucleotide primers and fragment length of PCR products for 
different porcine cytokines 
 
cytokine Primers (5’-3’) Length 

PCR 
fragment 

Genbank 
accession 
number 

IL-1α 
 

(S) TGCCAGCTATGAGCCACTTCC 
(AS) TGACGGGTCTCGAATGATGCT 

 
336 

 
X52731 

 
IL-2 

(S) GATTTACAGTTGCTTTTGAAG 
(AS) GTTGAGTAGATGCTTTGACA 

 
338 

 
X56750 

 
IL-4 

(S) TACCAGCAACTTCGTCCA 
(AS) ATCGTCTTTAGCCTTTCCAA 

 
311 

 
F68330 

 
IL-6 

(S) ATGAGAATCACCACCGGTCTTG 
(AS) TGCCCCAGCTACATTATCCGA 

 
310 

 
M86722 

 
IL-10 

(S) CCATGCCCAGCTCAGCACTG 
(AS) CCCATCACTCTCTGCCTTCGG 

 
295 

 
L20001 

 
IFN-γ 

(S) ATGTACCTAATGGTGGACCTC 
(AS) CTCTCTGGCCTTGGAACATAG 

 
360 

 
X53085 

 
TGF-β 

(S) GACCCGCAGAGAGGCTATAG 
(AS) GAGCCAGGACCTTGCTGTAC 

 
399 

 
Y00111 

 
TNF-α 

(S) CAAGGACTCAGATCATCGTCTCA 
(AS) CATACCCACTCTGCCATTGGA 

 
100 

 
X54859 

 
Cyclophilin 

(S) TAACCCCACCGTCTTCTT 
(AS) TGCCATCCAACCACTCAG 

 
368 

 
F14571 

(S) : sense ; (AS) : antisense 

 

Real-time PCR was carried out with the LightCycler® and the LightCycler-

faststart DNA Master SYBR Green I kit (Roche, Mannheim, Germany). The reaction 

mixture consisted of a mastermix containing Taq polymerase, dNTP mixture and 

SYBR Green I, 3 (IL-1α, IL-4, IL-6, IL-10, IFN-γ, TNF-α, TGF-β) or 4 (IL-2, 

Cyclophilin) mM MgCl2, 0.3 µM of each primer and 2 µl of template cDNA in a total 
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volume of 20 µl. After heating the samples at 95°C for 10 min, the temperature 

cycling (35-40 cycli) consisted of denaturation at 94°C for 15 s, annealing at 53°C 

(cyclophilin), 56°C (TGF-β), 60°C (IL-2, IL-6, IL-10), 62°C (IFN−γ) 67°C (TNF-α) 

or 68 (IL-1α) for 5 s and extension at 72°C for 7-16 s depending on the length of the 

product (~ 1s/25bp). Fluorescence acquisition was measured at 77°C (IL-2), 79°C 

(IFN-γ), 81°C (IL-1α), 82°C (IL-6, cyclophilin), 85°C (IL-10) or 86°C (IL-4, TGF-

β, TNF-α) in single mode. Melting curve analysis was done at 65 to 98°C with 

continuous fluorescence acquisition. As an additional control of specificity, PCR 

products were subjected to agarose gel electrophoresis, if necessary. Quantification 

occurred using external standards of cytokine cDNA. The number of copies of each 

sample transcript was determined with the aid of the LightCycler software and 

relative amounts of cytokine-expression were plotted as a ratio (copy number of target 

cytokine/copy number of housekeeping gene*1000). 

 

6.2.9. Titration of F4-specific serum antibodies 

 

F4-specific IgM, IgA and IgG titres were determined in an indirect ELISA as 

described by Van den Broeck et al. (1999). Briefly, the wells of maxisorb plates 

(NUNC®, Maxisorb Immuno Plates, Gibco BRL) were coated at 37°C for 2 h with the 

F4-specific monoclonal antibody (IMM 01) at a concentration of 1 µg/ml suspended 

in PBS. After overnight blocking at 4°C with 0.2% Tween® 80 ( Merck Eurolab, 

Leuven, Belgium) in PBS, plates were incubated for 1 h at 37°C with the F4 antigen 

at a concentration of 25 µg/ml diluted in PBS, pH 7.4 with 0.2% Tween® 20 and 3% 

BSA (dilution buffer)(ICN Biomedicals). Subsequently, sera were added in series of 

twofold dilutions in ELISA dilution buffer, starting at a dilution of 1/10, for 1 h at 37 

°C and then incubated with biotinylated-swine–specific IgM, IgG and IgA mAb for 1 

h at 37 °C followed by 1 h incubation at 37 °C with peroxidase-conjugated 

streptavidin. In between the steps plates were washed three times with PBS + 0.2% 

(v/v) Tween® 20. Finally, ABTS (Roche Diagnostics, Brussels, Belgium), containing 

H2O2, was added and after 30 min incubation the optical density was measured at 405 

nm. 

The antibody titres were determined as the inverse of the highest dilution that 

still had an OD405 higher than the cut-off value. The cut-off value was determined by 
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calculation of the mean OD450 plus three times the standard deviation of the optical 

densities of the 1/10 diluted samples measured at day 0. 

 

6.2.10. Statistical analysis 

 

Differences in log2 antibody serum titres between the groups were tested for 

statistical significance using General Linear Model (Repeated Measures Analysis of 

Variance) and LSD post hoc multiple comparisons. P< 0.05 was considered as 

statistically significant. 

For the quantification of the cytokines by real-time RT-PCR, a correction was 

made for the variations between the different samples by using cyclophilin as a 

housekeeping gene and results are presented as a ratio. The ratio’s of the individual 

pigs were grouped and the differences in the mean between the stimulated and control 

groups were tested for statistical significance with a paired-sample t-test. Statistical 

significance was assessed at a P value of < 0.05. 

 

6.3. RESULTS 
 

6.3.1. Construction of pcDNA1/faeG19 

 

The faeG gene, obtained by PCR amplification from E. coli strain GIS 26, 

serotype O149/K91/F4ac, LT+STa+STb+ genomic DNA was cloned into the 

eukaryotic expression vector pcDNA1. Several MC1061/P3 clones were shown to 

contain a plasmid with faeG and following sequencing, one plasmid pcDNA1/faeG19 

was selected (Fig. 1). 

 

6.3.2. Expression of rFaeG in transfected COS-7 cells 

 

To examine if expression of rFaeG occurred in COS-7 cells in a native 

conformation,  pcDNA1/faeG19 transfected COS-7 cells were stained by IIF using 

monoclonal antibody IMM 01 that can block binding of F4 to the villus brush border 

and a F4-specific polyclonal rabbit antiserum (Fig. 2). Using the polyclonal 

antiserum, rFaeG could be demonstrated in the cytoplasm of the COS-7 cells at 48, 72 
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and 96 h post transfection (PT). At 96 hours most cells were positive but expression 

was moderate. The monoclonal antibody IMM 01 could only detect rFaeG 96 h PT.   
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To have an idea of amounts of rFaeG produced, expression was also examined 

using a F4-specific ELISA on lysed COS-7 cells (Fig. 3). Here, rFaeG could be 

detected from 72 h PT and amounts increased at 96 h PT. 

 

6.3.3. Immune responses after DNA immunization 

 

6.3.3.1. Humoral antibody response 

 

The DNA vaccine pcDNA1/faeG19 was administered to 6-week-old pigs on 

days 0, 21 and 42 by either IM injection (600 µg/pig) or intradermally using a gene 

gun (10 µg/pig). Figure 4 shows the F4-specific antibody response in the IM and gene 

gun group. Following IM vaccination, 3 successive inoculations with 3 week intervals 

were necessary to generate significant antibody responses in all 4 pigs (P = 0,018). 

A B Figure 2: Confocal laser scanning 
microscopic examination of COS-
7 cells transfected with pcDNA1/ 
faeG19. At 96 hours PT, fixed cells 
were stained by indirect 
immunofluorescence with a F4-
specific monoclonal antibody IMM 
01 (A) or a F4-specific polyclonal 
rabbit antiserum (B). 
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 Figure 3 : The production of 
rFaeG measured by a F4-speci-
fic ELISA on lysed cells, 72 h 
PT. (---) untransfected COS-7 
cells ; (▬) pcDNA1/faeG19 
transfected COS-7 cells. 
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Only one pig showed antibody titres after 2 immunizations. No antibodies were 

detected in the control pcDNA1 vaccinated pigs and the 4 gene gun vaccinated pigs. 

All pigs received booster immunizations with purified F4 (100 µg/pig) at day 63 post-

primary immunization (PPI) to determine if a priming of the humoral immune system 

had occurred in the gene gun vaccinated animals. A secondary type of response with a 

statistically significant increase in serum antibody titres (4 to 5-fold) was observed 7 

days after the protein boost in the IM (P = 0,003) as well as in the gene gun (P = 

0,038) group even though low to no antibody responses were obtained following the 3 

successive gene gun immunizations. Antibody titres in the control pcDNA1 group 

increased more slowly and to a lesser extend. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
Figure 4 : Kinetics of the F4-specific serum antibody response following 
intramuscular (IM) or intradermal (gene gun) immunization of pigs with 
pcDNA1/faeG19(▬) or pcDNA1 (---). Pigs were immunized 3 times (days 0, 21 and 
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42) and all pigs received a booster immunization with purified F4 at day 63 PPI. 
Black arrows indicate immunizations. 
 

The isotypes of the induced F4-specific antibodies were also determined. 

Figure 5 shows the isotype profile of the IM and gene gun group in comparison with 

the control group 2 weeks after the third DNA immunization (day 55 PPI) and 1 week 

after the booster immunization with purified F4 (day 70 PPI). These results 

demonstrate that the serological responses for the IM vaccinated group seen at day 55 

PPI were mainly due to IgG antibodies whereas IgM antibody titres were low and IgA 

antibodies could not be detected. For the gene gun group, no differences were 

observed in comparison with the control group for all 3 isotypes.  
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Figure 5 : Comparison of F4-specific IgM, IgG and IgA titres in serum 2 weeks 
post-tertiary intramuscular (n=4) or intradermal (gene gun, n=4) delivery of 
pcDNA1/faeG19 or intramuscular injection of pcDNA1(n=2)(day 55 PPI) and 1 
week after the boost with purified F4 (day 70 PPI). Antibody titres are plotted as 
mean Log2 titers + SEM. 
 

After the intramuscular protein boost (day 70 PPI), IgG levels rapidly 

increased to high IgG titres in the pcDNA1/faeG19 primed animals. Antibody levels 

in the control group clearly remained lower. These findings indicate that priming of 

memory had occurred in the gene gun group where no F4-specific antibodies could be 
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detected after 3 DNA immunizations since these antibodies rapidly increased and 

reached higher titers than in both controls. 

 

6.3.3.2. Antigen-specific lymphocyte proliferation 

 

To assess the induction of a cellular immune response, PBMC were isolated 

from all pigs, 3 days after the third immunization (day 45 PPI) and 11 days after the 

protein boost (day 74 PPI). Cells were re-stimulated in vitro with purified F4 

whereafter antigen-specific lymphocyte proliferation was measured (Fig. 6). Although 

the pigs from the gene gun group practically did not respond with measurable 

antibody levels 45 days PPI, 3 out of 4 pigs did demonstrate a clear cellular immune 

response.  
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Figure 6 : Antigen-specific proliferation of PBMC 3 days post-tertiary 
immunization (day 45 PPI) and 11 days after the boost with purified F4 (day 74 
PPI). Results are presented as means of the SI + SEM (n=4 for the pcDNA1/faeG19 
IM and gene gun immunized groups and n=2 for the control pcDNA1 group). 

 

Moreover, the antigen-specific proliferation in this group was better than in the 

IM group where only 1 pig showed a high SI. These differences between the gene gun 

and IM group however diminished after the booster immunization were both groups 

showed equal proliferative responses although considerable individual variation was 

observed. 
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6.3.3.3. Cytokine expression profiles in PBMC from pigs immunized with plasmid 

DNA 

 

To assay cytokine expression profiles generated in pcDNA1/faeG19 primed 

pigs, PBMC were isolated 3 weeks after IM immunisation with pcDNA1/faeG19 and 

in vitro restimulated with purified F4 protein for 16 h.  Pigs vaccinated with pcDNA1 

served as control animals. A real-time RT-PCR technique was used for the accurate 

quantification of IL-6, TNF-α, IL-1α (pro-inflammatory cytokines), IL-2, IFN-γ 

(Th1-like cytokines), IL-4, IL-10 (Th2-like cytokines) and TGF-β (Th3-like 

cytokine). 

As demonstrated in Figure 7, PBMC from pcDNA1/faeG19 primed pigs 

exhibited significantly increased IFN-γ expression upon restimulation with purified 

F4 in all 4 pigs. This induction was F4-specific since this did not occur in PBMC 

from any of the pigs IM immunized with the control plasmid pcDNA1 (data not 

shown).  
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Figure 7 : Cytokine expression in 
porcine PBMC following DNA 
vaccination. PBMC from 
pcDNA1/faeG19 (n=4) primed pigs 
were isolated 3 weeks after IM 
immunization and restimulated in vitro 
with 15 µg/ml purified F4 protein for  
 16 h. Total RNA was extracted and assayed using real-time RT-PCR. The 
relative amount of cytokine expression was plotted as a ratio (=copy number of 
target cytokine/copy number of housekeeping gene*100000). Values are given 
of the individual pigs. 
 
 
 
 



 

 

Chapter 6 : Priming of piglets by immunisation with FaeG DNA  

111 

In contrast to the elevated levels of IFN-γ expression, the opposite was 

observed for IL-4 (Th-2-like cytokine) and TGF-β (Th3-like cytokine) which both 

showed suppression after in vitro restimulation.  For IL-4 however, this was only the 

case in 3 out of 4 pigs. The high IFN-γ/IL-4 ratio observed clearly reflects a Th1 type 

of response indicating that in pigs IM DNA vaccination with pcDNA1/faeG19 favors 

Th1-like immune responses. 

No significant differences could be observed for the other cytokines (TNF-α, 

IL-6, IL-1α, IL-2 and IL-10) tested. 

 

6.4. DISCUSSION 
 

In the present study, a heterologous prime/boost vaccination strategy using the 

eukaryotic expression vector pcDNA1/faeG19, encoding the FaeG of E. coli strain 

GIS 26, serotype O149/K91/F4ac, LT+STa+STb+ and purified F4 fimbriae, was 

evaluated. Although immune responses were low, IM needle injection was superior to 

the intradermal gene gun immunization with respect to priming of the humoral 

immune responses : higher antibody levels and earlier antibody responses were 

observed after protein boosting whereas the opposite was true for the cellular immune 

responses. The weak antibody responses we observed after 3 successive 

immunizations with pcDNA1/faeG19 have also been reported for other DNA vaccines 

administered to large out-bred animals such as sheep (Chaplin et al., 1999), cattle 

(Schrijver et al., 1997) and pigs (Somasundaram et al., 1999). Nevertheless, the 

pcDNA1/faeG19 vaccine was shown to efficiently prime the immune system as 

judged by the rapid increase in IgG antibody titres (4 to 5-fold) one week following 

the protein boost with purified F4. These results are comparable to other studies 

where the immune response to a primary DNA vaccine was significantly enhanced by 

boosting with an immunogenic protein (Rothel et al., 1997 ; Tanghe et al., 2001 ; 

Barnett et al., 1997 ; Wang et al., 2004), bacterium (Feng et al., 2001 ; Vordermaier 

et al., 2003) or a virally vectored antigen (Hanke et al., 1998 ; Dégano et al., 2000 ; 

Schneider et al., 1998 ; Tapia et al., 2003). A rapid anamnestic response upon 

exposure with the pathogen might be critical in the swift elimination of disease before 

the host is overwhelmed by the infection. 
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Since information on the porcine cytokine profiles elicited in DNA-vaccinated 

pigs is scarce, we also sought to evaluate in pigs the cytokine responses elicited after 

IM immunization with pcDNA1/faeG19. It is well established that injection of DNA 

by the IM route has been associated with a predominant Th1-type response (Pertmer 

et al., 1995 ; Feltquate et al., 1997 ; Weiss et al., 2002 ; Raz et al., 1996; Torres et al., 

1997 ; Zhu et al., 2004). The exact mechanism of driving Th1/Th2 type responses has 

not well been known, but it is often suggested that CpG motifs from bacterial plasmid 

might be responsible for driving immune responses toward Th1 (Sato et al., 1996 ; 

Jakob et al., 1998 ; Chu et al., 1997). Our results showed that IM priming of pigs with 

pcDNA1/faeG19 also leads to the generation of PBMC, containing F4-specific 

memory cells, which are characterized by a Th1-like cytokine pattern (high IFN-γ/ 

Low IL-4 expression) upon in vitro restimulation. TGF-β, an immunosuppressive 

cytokine inhibiting the proliferation and cytokine production by effector T cells 

(Gorelik and Favell, 2002), showed a diminished expression after restimulation of 

PBMC from pcDNA1/faeG19 primed pigs. A suppressive effect on TGF-β expression 

could positively contribute to the Th1 cytokine response observed.  

The reasons for the low immunogenicity of DNA vaccines in larger animals 

are unclear. Studies in mice and sheep have shown that the timing, magnitude and 

longevity of the antibody response can be enhanced by targeting the DNA to APCs 

(Chaplin et al., 1999). Encouraging results in large animals were also obtained by 

adsorption of DNA onto cationic poly(lactide-coglycolide)(PLG) microparticles 

which resulted in increased humoral and cellular immune responses by facilitating 

non-specific targeting (O’Hagan et al., 2001 ; Singh et al., 2002). Furthermore, 

intramuscular co-injection of plasmids encoding GM-CSF enhanced the immune 

response in mice (Haddad et al., 2000) as well as in pigs (Somasundaram et al., 1999) 

and sheep (Scheerlinck et al., 2001) probably by increasing the number of APCs 

trafficking through the site of vaccination.  

A number of mechanisms can also be applied to enhance the expression of the 

prokaryotic antigen in an eukaryotic host. Preliminary in vitro results on the 

introduction of a Kozak consensus sequence in our pcDNA1/faeG19 vector through 

substitution of the T in position –3 by an A or G, showed increased levels of rFaeG 

expression in ELISA and IF studies.  Moreover, protein expression can be improved 

when the native bacterial codons inserted into the eukaryotic expression plasmid are 
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substituted with the eukaryotic optimal codons (Narum et al., 2001; Uchijima et al., 

1998 ; Deml et al., 2001). The codon adaptation index (CAI) for the faeG gene in pigs 

was calculated as described elsewhere (Sharp and Li, 1987). With a CAI of 0.542, 

designing a codon-optimised faeG gene might enhance the expression and 

immunogenicity of the faeG DNA vaccine. 

The usefulness of purified DNA as a vaccine approach against bacteria which 

replicate extracellularly has been questioned because a DNA vectored antigen is 

synthesised and processed intracellular (Saikh et al., 1998). However, in the case of 

CFA/I fimbriae of ETEC, antibody responses could significantly be improved with 

plasmid vectors promoting the secretion of the encoded antigens (Alves et al., 2001 ; 

Boyle et al., 1997). Moreover, protective antibody responses against ETEC, as well as 

other enteric non-invasive pathogens, mainly require activation of local IgA 

production. This is however not the case in our study using DNA plasmids where IgA 

antibodies could not be detected even after the protein boost. To surmount this 

shortcoming, attempts to deliver DNA to mucosal surfaces have relied with success 

on live Salmonella and Shigella vaccine vectors (Darji et al., 1997 ; Sizemore et al., 

1995), intranasal administration of DNA-lipid complexes (Okada et al., 1997) or 

targeting of DNA vaccines towards M-cells using protein σ1-polylysine-DNA 

complexes (Wu et al., 2001).  

In summary, although vaccination of pigs with DNA encoding FaeG 

efficiently primed the immune system, elicited responses were no better than 

responses previously reported for DNA vaccination in large animals. Further 

investigation into the delivery parameters and improvement of the expression of the 

faeG gene in pigs may enhance the efficacy of the DNA vaccine. 
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1 Based on : Verfaillie T, Cox E, Goddeeris B, (2005) Immunostimulatory capacity of DNA vaccine 
vectors in porcine PBMC : a specific role for CpG-motifs? Vet. Immunokl. Immunopathol. 103 : 141-
151. 
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ABSTRACT 
 

With the development of DNA vaccines in pigs, the possibility was investigated 

that the nature and the amount of certain CpG motifs present on plasmid DNA might 

have an effect on their immunostimulatory capacity. A panel of three CpG-

oligodeoxynucleotides (ODN) and three eukaryotic expression vectors currently used in 

experimental DNA vaccines in pigs (pcDNA1, pcDNA3.1 and pCI) were screened for 

their immunostimulatory activity on porcine PBMC by evaluating in vitro the 

lymphocyte proliferative responses and cytokine profiles (IL-1α, IL-2, IL-4, IL-6, IL-

10, IFN-γ, TGF-β, TNF-α). The vectors were choosen so that they differed in number 

and nature of certain CpG-motifs present on their backbone. CpG-ODN A 

(5’ATCGAT3’) and to a lesser extend CpG-ODN C (5’AACGTT3’) significantly 

enhanced the proliferation of porcine PBMC in contrast to CpG-ODN B 

(5’GACGTT3’) where no effect was observed. Furthermore, CpG-ODN A significantly 

induced IL-6 and TNF-α together with elevated levels of IFN-γ and IL-2 mRNA 

expression even though considerable heterogeneity was observed in the response of 

individual pigs. Comparison of the 3 vectors showed significantly increased 

proliferative responses for both pcDNA3.1 and pCI combined with a significant 

increase in IL-6 mRNA levels for pCI. For pcDNA1, proliferation was absent together 

with significantly decreased levels of IL-6 and IFN-γ. CpG-ODN and plasmids both 

suppressed the TGF-β and IL-1α mRNA expression. Taken together, these data 

confirm the identity of an optimal immunostimulating CpG-motif in pigs (5’-

ggTGCATCGATGCAG-3’) and demonstrates that the choice of the vector or the 

insertion of immunostimulatory motifs can be important in the future design of DNA 

vaccines  pigs, although further research is necessary to explore the possible link 

between certain CpG-motifs and the immunogenicity of DNA vaccines. 

 

Keywords : CpG-ODN, plasmids, pig, cytokines, immunostimulation 

 

1. INTRODUCTION 
 

Bacterial DNA has a much higher frequency of CpG dinucleotides than mammalian 

DNA. Furthermore, bacterial CpG dinucleotides are often unmethylated (Krieg et al., 
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1995). It is thought that these two features in combination with specific flanking bases 

constitute a CpG motif that is recognised as a danger signal by the innate immune 

system of mammals. The recognition of CpG motifs by the innate immune system is 

species-specific (Kannellos et al., 1997 ; Bauer S. et al., 2001) and requires 

engagement of the Toll-like receptor 9 (TLR-9), which activates intracellular signalling 

pathways (Hemmi et al., 2000). The diverse immunostimulating effects of CpG DNA, 

or synthetic oligodeoxynucleotides (ODN) containing these motifs are becoming well 

esthablished in mice and humans. They can enhance B cell survival, influence dendritic 

cell differentiation and induce cytokine secretion by B cells, monocytes, natural killer 

(NK) cells and dendritic cells (Ballas et al., 1996 ; Krieg et al., 1995 ; Davis et al., 

1998 ; Hartmann et al., 1999). Overall, CpG DNA induces a Th1-like pattern of 

cytokine production accompanied with Th-1 type-dominated immune responses (Chu et 

al., 1997 ; Roman et al., 1997 ; Jakob et al., 1998 ; Lipford et al., 1997). Today 

evidence is accumulating from both in vitro and in vivo studies that CpG-ODN can also 

activate the immune system in a variety of domestic species including cattle, sheep, 

pigs, horses, dogs, cats and chickens (Mutwiri et al.,  2003 ; Brown et al.,  1998 ; 

Kamstrup et al., 2001 ; Rankin et al., 2001 ; Rankin et al., 2002 ; Zhang et al., 2001 ; 

Pontarollo et al., 2002 ; Wernette et al., 2002, Van der Stede et al., 2002 ; Alcon et al., 

2003). The identification of this immunostimulatory capacity of bacterial DNA has also 

given new insight into the mode of action of some adjuvant components including 

bacterial plasmids used in DNA vaccination (Tighe et al., 1998 ; McCluskie et al., 

2000). In mice, there is evidence that the presence of CpG motifs within the plasmid 

construct used in DNA vaccines can contribute significantly to the immune response 

(Sato et al., 1996). Moreover, the insertion of an optimal number of immunostimulatory 

CpG motifs can even enhance these responses (Krieg et al., 1998 ; Ma et al., 2002 ; 

Kojima et al., 2002). In this context, the choice of the vector used in a DNA vaccine 

could be an important factor to consider.  

The current development of DNA vaccines for use in veterinary medicine and 

the species-specificity of the CpG-motifs stress the importance to determine the 

immunostimulatory capacity of bacterial DNA in various species. The aim of the 

present study was therefore to determine whether the nature and the amount of certain 

CpG motifs present on plasmid DNA have an effect on their immunostimulatory 

capacity in pigs. The lymphocyte proliferative responses and the cytokine-inducing 

capacity of 3 different eukaryotic expression vectors (pcDNA1, pcDNA3.1 and pCI), 
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currently used in experimental DNA vaccines in pigs, and of several synthetic CpG-

ODN sequences were evaluated and compared. 

 

2. MATERIAL AND METHODS 
 
2.1. Oligodeoxynucleotides 

 

All ODN (Table 1) were diluted in TE buffer (10mM Tris, pH 7, and 1mM 

EDTA) at a concentration of 1 mg/ml and stored at –20°C. For in vitro proliferation 

assays, the CpG-ODN were diluted to optimal concentrations in leukocyte medium 

(RPMI-1640 supplemented with penicillin (100 IU/ml), streptomycin (100 µg/ml), 

kanamycin (100 µg/ml), L-glutamin (200 mM), sodium pyruvate (100mM), non-

essential aminoacids (100mM), β-mercaptoethanol (5.10-5 M) and 5% (vol/vol) FCS.  

 
Table 1 : CpG-ODN and eukaryotic expression vectors used for in vitro stimulation of porcine PBMC 

 
CpG-ODN 

 

 
Vectors 

 
Motif 

 

 
pcDNA1 

 
pcDNA3.1 

 
pCI 

 
A : ggTGCATCGATGCAGggggg 
 

 
--- 

 
--- 

 
1X 

 
B: ggGCTAGACGTTAGCGTggggg 
 
     [BM : ggGCTAGAZGTTAGZGTggggg] 
     [BREV : ggGCTAGAGCTTAGGCTggggg] 
 

 
 

--- 
 

 
 

2X 
 

 
 

1X 
 

 
C : ggTGCAACGTTGCAGggggg 
 

 
1X 

 
2X 

 
2X 

 
Phosphodiester nucleotides are shown in upper cases and phosphorothioate nucleotides are shown in 
lower cases (g-stretch). The methylated [BM] and reverse [BREV] form of motif B serve as controls. Z = 5-
methylcytosine. 
 

The CpG-ODN used were synthetised with a chimeric phosphodiester/-

phosphorothioate ODN since it has been shown in several studies that PTO 

modification is necessary to ensure activity by increasing the resistance towards 
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nuclease digestion (Klinman et al., 1996 ; Krieg et al., 1995). Secondly, CpG-ODN had 

additional G-stretches at both ends which are reported to be immuno-enhancing by 

helping non-specific uptake of the ODN by APC (Pisetsky and Reich, 1998 ; Wloch et 

al., 1998 ; Dalpke et al., 2002). 

 

2.2. Eukaryotic expression vectors 

 

 The plasmids pcDNA3.1 (Invitrogen, Leek, The Netherlands) and pCI 

(Promega, Leiden, The Netherlands) were propagated in E. coli DH5α. The plasmid 

pcDNA1 (Invitrogen, Leek, The Netherlands) was propagated in E. coli MC1061/P3. 

Strains were grown in Luria Broth or Luria Agar supplemented with ampicillin 

100µg/ml. All plasmids (Table 1)  were purified using the Endofree Plasmid Maxi or 

Mega kit (Qiagen, Germany). 

 

2.3. Preparation of cells and cell culture  

 
Blood from four weaned 8-12 weeks old outbred pigs (Belgian Landrace) was 

sampled from the jugular vein on Alsever’s solution (50% vol/vol). Peripheral blood 

monomorphonuclear cells (PBMC) were isolated by density gradient centrifugation 

using Lymphoprep (Invitrogen, Merelbeke, Belgium) as described previously (Van den 

Broeck et al.,  1999). After lysis of the erythrocytes in ammoniumchloride (0.8% 

[wt/vol]), the PBMC were washed 3 times and subsequently resuspended at the 

concentration of 4.106 cells/ml in leukocyte medium. 

 

2.4. Lymphocyte proliferation assays 

 
PBMC were brought into wells of flat-bottem-microtiter plates (Greiner Bio One) 

at 4 x 105 cells/well in 200 µl leukocyte medium containing 20 or 10 µg/ml of an ODN, 

50 µg/ml of a vector or 10 µg/ml concanavalin A (ConA). Each condition was tested in 

triplicate on cells of four different pigs. The cells were incubated for 3 days at 38°C in a 

humidified atmosphere of 5% CO2 after which one µCi of 3H-thymidine (Amersham 

ICN, Bucks, UK) was added for 18 h. Then, the cells were harvested onto glass fiber 

filtermats (Perkin Elmer, Life Science, Oosterhout, Netherlands) and radioactive DNA 

was measured in a β-scintillation counter (Perkin Elmer). Stimulation indices (SI) were 
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calculated as the ratio of the mean cpm of the stimulated PBMC (triplicates of cultures 

of cells with addition of ODN) over the mean cpm of the media control (neither ODN 

nor ConA). PBMC were stimulated with 10 µg/ml ConA as a positive control. 

 

2.5. RNA extraction and real-time RT-PCR 

 

RNA was extracted from the ODN- and plasmid-stimulated PBMC at 12 and 24 

hours post-stimulation (PS) using the acid guanidinium-isothiocyanate phenol-

chloroform-based method (RNAgents®, Promega, Leiden, The Netherlands) as 

described by Verfaillie et al.(2001).  

Reverse transcription was performed by pre-incubating 3 µg of total RNA with 

1 µl of random hexamers (12.5 µM final concentration)(Perkin Elmer, Branchburg, 

USA) during 10 min at 70°C. After chilling on ice, 5 mM MgCl2, 1 x PCR buffer (10 

mM Tris-HCl (pH 8.3), 50 mM KCl), 1 mM dNTP mix (Roche, Mannheim, Germany), 

20 U of Rnasin® Ribonuclease inhibitor (Promega) and 200 units of Superscript II 

Rnase H- reverse transcriptase (Gibco BRL) were added. The reaction mix was 

incubated at room temperature for 10 min followed by 10 min at 42°C. Finally, samples 

were heated at 95°C for 5 min to denature the reverse transcriptase.  

The oligonucleotide primers used for the detection of the porcine cytokines IL-

1α, IL-2, IL-4, IL-6, IL-10, IFN-γ, TGF-β, TNF-α and of cyclophilin cDNA were 

designed from the published nucleic acid sequences available from GenBank/EMBL 

databases (Table 2). Cyclophilin was used as constitutively expressed 'housekeeping 

control gene’ to determine the uniformity of the reverse transcription reactions and as a 

reference for quantification of cytokine mRNA (Dozois et al.,  1997).  
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Table 2 :Oligonucleotide primers and fragment length of PCR products for different porcine cytokines 
 

cytokine Primers (5’-3’) Length 
PCR 

fragment 

Genbank 
accession 
number 

 
IL-1α 

 

 
(S) TGCCAGCTATGAGCCACTTCC 

(AS) TGACGGGTCTCGAATGATGCT 
 

 
336 

 
X52731 

 
IL-2 

 

 
(S) GATTTACAGTTGCTTTTGAAG 
(AS) GTTGAGTAGATGCTTTGACA 

 

 
338 

 
X56750 

 
IL-4 

 

 
(S) TACCAGCAACTTCGTCCA 

(AS) ATCGTCTTTAGCCTTTCCAA 
 

 
311 

 
F68330 

 
IL-6 

 

 
(S) ATGAGAATCACCACCGGTCTTG 
(AS) TGCCCCAGCTACATTATCCGA 

 

 
310 

 
M86722 

 

 
IL-10 

 

 
(S) CCATGCCCAGCTCAGCACTG 

(AS) CCCATCACTCTCTGCCTTCGG 
 

 
295 

 
L20001 

 
IFN-γ 

 

 
(S) ATGTACCTAATGGTGGACCTC 

(AS) CTCTCTGGCCTTGGAACATAG 
 

 
360 

 
X53085 

 
TGF-β 

 

 
(S) GACCCGCAGAGAGGCTATAG 
(AS) GAGCCAGGACCTTGCTGTAC 

 

 
399 

 
Y00111 

 
TNF-α 

 

 
(S) 

CAAGGACTCAGATCATCGTCTCA 
(AS) CATACCCACTCTGCCATTGGA 

 

 
100 

 
X54859 

 
Cyclophilin 

 

 
(S) TAACCCCACCGTCTTCTT 

(AS) TGCCATCCAACCACTCAG 
 

 
368 

 
F14571 

(S) : sense ; (AS) : antisense 

 

Real-time PCR was carried out with the LightCycler® and the LightCycler-

faststart DNA Master SYBR Green I kit (Roche, Mannheim, Germany). The reaction 

mixture consisted of a mastermix containing Taq polymerase, dNTP mixture and 
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SYBR Green I, 3 (IL-1α, IL-4, IL-6, IL-10, IFN-γ, TNF-α, TGF-β) or 4 (IL-2, 

Cyclophilin) mM MgCl2, 0.3 µM of each primer and 2 µl of template cDNA in a total 

volume of 20 µl. After heating the samples at 95°C for 10 min, the temperature cycling 

(35-40 cycli) consisted of denaturation at 94°C for 15 s, annealing at 53°C 

(cyclophilin), 56°C (TGF-β), 60°C (IL-2, IL-6, IL-10), 62°C (IFN−γ) 67°C (TNF-α) or 

68 (IL-1α) for 5 s and extension at 72°C for 7-16 s depending on the length of the 

product (~ 1s/25bp). Fluorescence acquisition was measured at 77°C (IL-2), 79°C 

(IFN-γ), 81°C (IL-1α), 82°C (IL-6, cyclophilin), 85°C (IL-10) or 86°C (IL-4, TGF-

β, TNF-α) in single mode. Melting curve analysis was done at 65 to 98°C with 

continuous fluorescence acquisition. As an additional control of specificity, PCR 

products were subjected to agarose gel electrophoresis, if necessary. Quantification 

occurred using external standards of cytokine cDNA. The number of copies of each 

sample transcript was determined with the aid of the LightCycler software and relative 

amounts of cytokine-expression were plotted as a ratio (copy number of target 

cytokine/copy number of housekeeping gene*1000). 

 

2.6. Statistical analysis 

 

The data from the lymphocyte proliferation assays were analysed using the 

statistical software program SPSS. A one-way ANOVA was used to estimate the effect 

of ODN on proliferation. SI values were log10 transformed and used as the dependent 

variable. The Bonferroni adjustment for multiple comparisons was applied to evaluate 

the significant differences among the ODN-sequences. P < 0.05 was considered as 

statistically significant.  

For the quantification of the cytokines by real-time RT-PCR, a correction was 

made for the variations between the different samples by using cyclophilin as a 

housekeeping gene and results are presented as a ratio. The ratio’s of the individual pigs 

were grouped and the differences in the mean between the stimulated and control 

groups were tested for statistical significance with a paired-sample t-test. Because the 

results are not normally distributed, the data were log-transformed before statistical 

evaluation. Statistical significance was assessed at a P value of < 0.05. 
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3. RESULTS 
 

The presence of the different CpG-ODN in the eukaryotic expression vectors is 

presented in Table 1. The motif ATCGAT (CpG-ODN A) was tested since Kamstrup et 

al. (2001) demonstrated in vitro that it was highly immunostimulatory for porcine 

PBMC. The GACGTT motif (CpG-ODN B) was in vitro shown to be 

immunostimulatory in mice (Krieg et al., 1995) and in vivo in pigs (Van der Stede et 

al., 2002). The third CpG-ODN C tested is the AACGTT motif. It is present twice in 

the ampicillin resistence gene which frequently can be found on eukaryotic expression 

vectors. The reversed and methylated forms of CpG-ODN B (BREV and BM) were used 

as controls since they should be less immunostimulatory. The vectors tested in the 

present study are chosen for their differences in the amount and nature of these CpG-

ODN. pcDNA1 possesses only motif C (1 copy within the M13 ori). The vectors 

pcDNA3.1 and pCI each contain 4 motifs of which 2 motifs C, situated in the 

ampicillin resistence gene. pCDNA3.1 also possesses 2 motifs B (1 between the poly A 

site and the f1 ori and the second within the neomycin resistence gene) but no motif A, 

whereas pCI possesses 1 motif A (between the poly A site and the f1 ori) and 1 motif B 

(within the f1 ori). 

 

3.1. Lymphocyte proliferative responses of porcine PBMC induced by plasmid 

DNA and CpG-ODN 

 

Lymphocyte proliferation assays with the CpG-ODN revealed that CpG-ODN A 

was by far the most effective in inducing proliferation (Fig. 1). Spontaneous 

proliferation (cpm of control medium cultures) varied between 136 and 1984 cpm. The 

cpm after addition of ConA varied between 20669 and 190610 cpm. The mean SI for 

CpG-ODN A was significantly higher (P < 0.01) than those induced by the control 

ODNs (BREV and BM). This effect was observed using either 20 or 10 µg/ml of CpG-

ODN, although more pronounced with the higher dose. CpG-ODN C could only induce 

moderate proliferative responses at a dose of 20 µg/ml with SI that were significantly 

higher (P < 0.05) than those of the control ODN. CpG-ODN B was unable to induce 

proliferation. The methylated or reversed form of the CpG-ODN B did not induce any 

proliferation and had SI between 0.5 and 2 (data not shown). 
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Figure 1 : Lymphocyte proliferative responses of porcine PBMC cultured with CpG-ODN A, B or C 
(20 µg/ml (black bars) and 10 µg/ml (gray bars)) or pcDNA1, pcDNA3.1 or pCI plasmids (50 µg/ml). 
Cells were cultured in triplicate at 4.105 cells per well for 72 hours, labelled with 3H-thymidine and 
incubated for an additional 18 hours. The stimulation index (SI) was calculated by dividing the mean 
cpm of the stimulated wells by the mean cpm of unstimulated wells for each animal. Data are presented 
as the means + SEM (CpG-ODN (n = 4) ; plasmids (n = 3)). Significant differences between CpG-ODN 
A, B or C vs the control CpG-ODN BM and BREV and between pcDNA3.1 or pCI vs pcDNA1 are 
indicated with ** (P < 0.01) or * (P < 0.05). 

 

Proliferative responses of porcine PBMC induced by plasmid DNA displayed 

also differences (Fig. 1). Both pcDNA3.1 and pCI showed a significant increase in cell 

proliferation (P < 0.05)  with SI of 5.14 and 4.38 respectively compared to pcDNA1 

that was unable to induce proliferation (SI = 1.06). 

 

3.2. Induction of cytokines in cultures of porcine PBMC by CpG-ODN 

 

PBMC cultures were analysed for their cytokine expression profile by real-time 

RT-PCR (IL-6, TNF-α, IL-1α (pro-inflammatory cytokines), IL-2, IFN-γ (Th1-like 

cytokines), IL-4, IL-10 (Th2-like cytokines) and TGF-β (Th3-like cytokine), 12 and 24 

hours after stimulation with CpG-ODN.  Overall, the relative amount of cytokine 

mRNA expression showed a high variation among the animals. Porcine PBMCs 

responded to CpG-ODN A with the induction of IL-6, TNF-α, IL-2 and IFN-γ mRNA 

expression (Fig. 2). However, only the differences for IL-6 and TNF-α were 

statistically significant 12 hrs PS (P < 0.05). Stimulation of the PBMCs with either 

CpG-ODN B, BM, BREV or C did not result in the induction of cytokines (data not 

shown). In contrast to the elevated levels of the above mentioned cytokines, TGF-β and 

IL-1α mRNA expression seemed to be suppressed for all three CpG-ODN at 12 as well 

as 24 hrs PS although results were not statistically significant due to the high variation 
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between individual piglets (Fig. 3). For IL-4 and IL-10 (Th-2 like  cytokines), no 

influence of the CpG-ODN  could be observed. 
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Figure 2 : Cytokine mRNA expression (IL-6, TNF-α, IL-2 and IFN-γ) by porcine PBMC stimulated for 
12 and 24 hours with 10 µg/ml CpG-ODN A (gray bars) or medium (black bars). The relative amount of 
cytokine expression was plotted as a ratio (=copy number of target cytokine/copy number of 
housekeeping gene*1000) + SEM. Significant differences (P < 0.05) between the CpG-ODN A-
stimulated and the unstimulated PBMCs are indicated with *. 
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Figure 3 : TGF-β and IL-1α mRNA expression by porcine PBMC stimulated for 12 and 24 hours with 10 
µg/ml CpG-ODN A (dotted bars), CpG-ODN B (vertically striped bars), CpG-ODN C (horizontally 
striped bars) or medium (black bars). Results are presented as described in Figure 2.  
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3.3. Induction of cytokines in cultures of porcine PBMC by different eukaryotic 

expression vectors 

 

Results show that pCI was able to induce significantly higher levels of IL-6 

mRNA, 24 hours PS whereas pcDNA1 and pcDNA3.1 did not (Fig. 4). On the contrary, 

pcDNA1 reduced significantly the mRNA levels of IL-6, 24 hours PS (P < 0,05). With 

respect to TGF-β and IL-1α, again suppression was observed for all three vectors with 

statistical significancy for pCI (TGF-β and IL-1α) and pcDNA1 (TGF-β). No effect of 

the vectors was detectable for IL-2, TNF-α and IL-10 whereas IL-4 could not be 

detected at all.  
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Figure 4 : Cytokine mRNA expression by porcine PBMC stimulated for 12 and 24 hours with 50 µg/ml 
pcDNA1 (dotted bars), pcDNA3.1 (vertically striped bars), pCI (horizontally striped bars) or medium 
(black bars). Results are presented as described in Figure 2. Significant differences (P < 0.05) between 
the plasmid DNA-stimulated and the unstimulated PBMCs are indicated with *. 

 

4. DISCUSSION 
 

Although DNA vaccines work extremely well in mice, they have not been found 

to be very effective in large outbred animals (Somasundaram et al., 1999 ; Schrijver et 
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al., 1997 ; Chaplin et al., 1999). As such, considerable efforts are being made to 

improve DNA vaccines through rational design. In mice, there is evidence that the 

presence of CpG motifs within the backbone of DNA vaccine vectors contributes 

significantly to the immune response (Sato et al., 1996 ; Cardoso et al., 1998 ; Fu et al., 

1998 ; Raz and Spielberg, 1999). If such CpG motifs are methylated, immune responses 

are significantly reduced (Leclerc et al., 1997). Conversely, insertion of an optimal 

number of immunostimulatory CpG motifs can enhance immune responses (Krieg et 

al., 1998 ; Ma et al., 2002 ; Kojima et al., 2002). In contrast, studies conducted by 

Encke et al. (2003) comparing plasmid backbones with ampicillin (pcDNA3) and 

kanamycin (pAp), which have different numbers of CpG motifs, did not demonstrate 

any difference with respect to the strenght of the humoral immune responses.  

Little is known about the in vitro and in vivo effect of specific 

immunostimulatory CpG motifs in DNA vaccines for species other than mice. Recent 

studies in cattle indicated that increasing the number of the 5’GTCGTT3’ motif in the 

plasmid backbone can induce a dose-dependent enhancement of antigen-specific 

cellular immune responses (Pontarollo et al., 2002). In pigs, pcDNA3 can induce 

production of IFN-α and low levels of IL-6 when added to cultures of porcine cells 

(Magnusson et al., 2001 ; Johansson et al., 2002). In order to identify a good 

immunostimulatory vector for our DNA vaccin against enterotoxigenic E. coli 

(Verfaillie T. et al., 2004), we evaluated in vitro the immunostimulating properties of 

this vector compared to pcDNA3.1 and pCI, other vectors frequently used in DNA 

vaccines.  

First, immunostimulating capacities of 3 different CpG motifs present in these 

vectors were determined. The CpG-ODN identified as the most immunostimulatory for 

pig PBMCs in this study was CpG-ODN A containing the palindromic hexamer 

5’ATCGAT3’. This confirms a previously reported study by Kamstrup et al.(2001) in 

which this CpG-ODN was found optimal for inducing proliferation and the secretion of 

IL-6, IL-12 and TNF-α in porcine PBMCs. Although results by Kamstrup et al. were 

obtained 6 hr PS we still found significantly increased IL-6 and TNF-α levels 12 hr PS. 

Effects diminished or disappeared completely 24 hrs PS. Consistent with the increased 

IL-12 production demonstrated by Kamstrup et al., we detected also increased levels of 

IFN-γ and IL-2 mRNA (Th1-like cytokines) as observed in other mammalian species 

such as mice, humans and cattle (Hartmann et al., 2000 ; Klinmann et al., 1996 ; 
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Yamamoto et al., 1994 ; Zhang et al., 2001). The mouse-specific motif B had no 

immunostimulating effect on porcine PBMCs in vitro as opposed to the in vivo findings 

of Van der Stede et al. (2002, 2003) in pigs, when used as an adjuvant in IM 

immunisation experiments. Caution is thus recommended for extrapolation of in vitro 

results. The third motif 5’AACGTT3’ which is also stimulatory in mice had 

comparable effects in pigs as described earlier in cattle with moderate proliferative 

responses but no apparent induction of cytokines (Brown et al., 1998). 

 As far as the vectors are concerned, our results clearly showed that pcDNA1 had 

no immunostimulating activity on both proliferation as well as on cytokine-induction 

when compared to pcDNA3.1 and pCI. The vector pCDNA1 contains only one of the 

above studied CpG-motifs, namely motif C, in contrast with pcDNA3.1 abd pCI 

containing two and tree different CpG-motifs, respectively. However, the results of this 

study cannot directly correlate the effects of the plasmids with the presence or absence 

of certain CpG-ODN alone. In addition, another motif (5’GTCGTT3’) described by 

Rankin et al. (2001), that also seems to be immunostimulatory in pigs, was found on all 

three vectors (pcDNA3.1 (4X), pCI (3X) and pcDNA1 (2X)). This motif was not 

evaluated in the present study but since it is present on all three vectors, it most likely 

does not account for the differences observed. Sequences known as “neutralising” 

motifs can counteract stimulatory CpG motifs and can also be found in DNA vaccine 

vectors. The immunogenicity of a DNA vector may therefore depend on the balance 

between stimulatory and neutralising motifs and if so, their efficacy might be improved 

through the removal of neutralising motifs and addition of species-specific stimulatory 

CpG motifs (Davis, 2000 ; Zhao et al., 2000 ; Ma et al., 2002). Neutralising motifs as 

described in mice (direct repeats of CpG dinucleotides and/or CpG’s preceded by a C 

and/or followed by a G (Krieg et al., 1998)) can also not explain the low 

immunogenicity of pcDNA1 in vitro since equal amounts can be found on both 

pcDNA1 and pCI with pcDNA3.1 even containing 20 % more. However, since the 

immunostimulating capacity of CpG-motifs is species-specific and studies on 

neutralising motifs are mostly done in mice, other neutralising sequences could 

therefore play a role in pigs. 

When we compare the proliferative responses of CpG-ODN and vectors, CpG-

ODN showed a higher stimulative capacity. This could be due to the fact that, although 

the concentration of plasmid DNA added to the PBMC is higher (50 versus 20/10 

µg/ml), the actual number of copies is much lower due to the higer molecular weight of 
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the plasmids. Secondly, different structures (linear, modified CpG-ODN versus circular 

plasmid DNA) may result in differences in stability and uptake in the cell cultures. 

Although cellular uptake mechanisms of plasmid DNA (pDNA) in cells is poorly 

understood, several studies showed that pDNA is efficiently taken up via a scavenger 

receptor-like mechanism and in a specific manner (Takagi et al., 1998 ; Takakura etal., 

1999 ; Yasuda et al., 2004). Thereafter, pDNA is transported to the endosomal 

compartment for recognition by TLR-9 and activation of the cells by the same 

mechanism as that reported for CpG-ODN (Yi et al., 1998 ; Ahmad-Nejad et al., 2002). 

Comparing the cytokine production of CpG-ODN and vectors, we could 

speculate that since only CpG-ODN A (containing 5’ATCGAT3’) was able to induce 

cytokine expression, this motif also is responsible for the IL-6 production by pCI, the 

only vector possessing such motif. In contrast to our results, Magnusson et al. (2001) 

observed weak IL-6 production by pcDNA3 in pig PBMC 18 hours PS using the same 

amount of plasmid DNA. Interesting is that both CpG-ODN as well as the vectors all 

showed suppressive effects on the production of TGF-β and IL-1α. One of the most 

potent activities of TGF-β on lymphocytes is its anti-proliferative effect, together with 

the fact that TGF-β inhibits the effects and/or the production of several cytokines 

including IFN-γ, TNF-α and IL-2. So, a suppressive effect on TGF-β expression could 

possible contribute to the immunostimulating activity of CpG-motifs. It should be 

remarked that the suppression of IL-1, however is less advantageous, due to decreased 

pro-inflammatory responses. Stimulation with the motif 5’GTCGTT3’ in cattle also 

showed low to absent IL-1 levels (Zhang et al., 2001).  

In conclusion, different eukaryotic expression vectors can exert different 

biological activities in pigs. To enable the design of good immunogenic DNA vaccines, 

it could be important to further identify in various species the immuno-stimulating 

and/or -neutralising sequences present on DNA vaccine vectors. 
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CHAPTER 8 : GENERAL DISCUSSION AND CONCLUSIONS 

 

8.1. DETECTION OF CYTOKINE PROFILES DURING IMMUNE RESPONSES IN PIGS 

 

Analyzing cytokine profiles in pigs during the course of infection or following 

vaccination is essential to gain insight into the induced immune responses and to help clarify 

possible immunostimulatory and/or -suppressive mechanisms.  However, the accurate 

determination of cytokine levels can be difficult. In general, released cytokines interact with 

their target cells, which are often adjacent to the producer cells resulting in short lifetimes of 

the circulating protein. In addition, producer cells may secrete very small quantities of 

cytokine, resulting in the need for highly sensitive assays.  

Existing methods for evaluating expression of Th1 and Th2 cytokines can be divided 

into two major groups. At the protein level, immunohistochemical staining, ELISA, 

bioassays, radioimmunoassays (RIA) and flow cytometry can be used. At the transcriptional 

level, (semi)-quantitative RT-PCR, in situ hybridization, Northern blotting and RNAse 

protection assays (RPA) are described. Each method however has his own limitations. For 

example, commonly used bioassays which measure the biological activity of the secreted 

cytokines are often not sufficiently specific and may be influenced by the presence of 

inhibitory factors. Other assays such as ELISA or RIA measure the net amount of a secreted 

cytokine after production, absorption and degradation has taken place. These methods also do 

not provide information about secreting cell types. Immunohistochemistry on the other hand, 

does allow for the identification of cytokine-secreting cell types and detects cytokine proteins 

directly (Salguero et al., 2002). However, it gives variable results, lacks a high degree of 

sensitivity and the process of generating statistically meaningful data are tedious. Flow 

cytometric analysis of intracellular cytokine staining allows quantification of cellular cytokine 

protein production and concurrent identification of the secreting cell type (Stinn et al., 1998). 

Northern blotting and RPA have traditionally been used to measure cytokine mRNA, but 

these methods are time consuming, labour intensive, require large amounts of high quality 

RNA and often do not give an accurate quantification. Using in situ hybridization, secreting 

cell types can be identified but it is technically difficult and levels of cytokine transcripts in 

vivo may be insufficient for detection. At present, (semi)-quantitative RT-PCR is the method 

of choice used to quantify mRNA expression of cytokines which are often expressed at very 

low levels (Giulietti et al., 2001). However, RT-PCR results give no information about the 

source of the detected transcript. 
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8.1.1. Comparing cytokine mRNA and protein levels 

 

The first aim of this study was to design, optimize and validate techniques for 

measuring cytokine gene expression in pigs. RT-PCR is commonly used to study gene-

specific mRNA based on the assumption that this is correlated with protein production. In this 

context it is interesting to note that most cytokines are primarily regulated at the 

transcriptional level by the initiation of RNA synthesis e.g. IL-2, IFN-γ, IL-4, IL-5 and TNF-

α (Brorson et al., 1991 ; Dokter et al., 1993 ; Swoboda et al., 1991 ; Naora and Young, 1995 ; 

Raabe et al., 1998 ; Han et al., 1990). However, for some cytokines such as IL-6 and IL-10, 

production likely is also mediated at the posttranscriptional level by enhancement of mRNA 

stability. Additionally, not only the cytokine but also the nature of the stimulus used to 

activate T cells should be considered. Indeed, Dokter et al. (1993) showed that ConA induced 

the transcription of the IL-4 and IL-3 genes in human T cells, whereas phorbol myristate 

acetate (PMA) had an effect on the posttranscriptional level by increasing the stability of both 

mRNAs.  

An important question to resolve in this thesis was whether a good correlation exists in 

pigs between the amount of cytokine mRNA determined by RT-PCR and the amount of 

secreted cytokines quantified by ELISA or bioassay using different stimuli. Or better, can 

mRNA levels of cytokines be used to quantify their biologically active counterparts, i.e. 

proteins? For the cytokines IL-2, IFN-γ and IL-10 produced in in vitro stimulated PBMC, we 

found that the kinetics of the gene levels corresponded to the protein levels detected in 

supernatans of stimulated PBMC if the time after stimulation is restricted to the first 24 hours. 

Good correlation between cytokine mRNA expression and protein levels were also described 

in humans for IL-1β, IL-2, IL-4, IL-10, IFN-γ, TNF-α and TGF-β in PBMC as well as in 

tissue samples (Mocellin et al., 2003 ;  Halminen et al., 1997 ; Altfeld et al., 2000 ; Dokter et 

al., 1993). Nevertheless, in a study on the measurement of IL-4 mRNA expression and protein 

production in PBMC stimulated with PHA or PMA it was shown that misleading information 

can be obtained by only using one method (Burns et al., 1997). The differences could be 

explained by the fact that PMA has an effect on the mRNA stability as reported by Dokter et 

al. (1993) showing higher protein levels and lower mRNA transcripts than PHA. 

Another important point to take into account for heterodimeric cytokines such as IL-

12, IL-23 and IL-27 is that they need the expression of both their subunits to generate a 

biologically active protein and that both their subunits may be differentially regulated 

(Trinchieri and Scott, 1999). Moreover, subunits exist that are part of different cytokines. This 
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is the case for IL-12 and IL-23 which both contain the subunit p40 (Oppmann et al., 2000). 

Thus, when studying IL-12 cytokine expression, it is important to evaluate both IL-12p35 as 

well as IL-12p40 gene expression levels to generate accurate result whereas this is not needed 

when detecting protein levels. 

 

8.1.2. Possible pitfalls of quantitative RT-PCR 

 

Initially, a semi-quantitative RT-PCR assay was developed to detect IL-2, IFN-γ, IL-4 

and IL-10. To generate more quantitative results, this assay was expanded to a competitive 

RT-PCR for IFN-γ, IL-10 and TGF-β and subsequently, with the advent of a LightCycler 

PCR machine in our lab, to real-time RT-PCR for the cytokines IL-1α, IL-6, TNF-α (pro-

inflammatory cytokines), IL-2, IFN-γ (Th1-like cytokines), IL-4, IL-10 (Th2-like cytokines) 

and TGF-β (Th3-like cytokine). In chapter 5, we compared the developed competitive RT-

PCR and real time RT-PCR assays and showed that both techniques are equally accurate to 

quantitate gene expression in swine. However, real-time RT-PCR showed major advantages 

over competitive RT-PCR including its conceptual simplicity, practical ease and high 

throughput making this technique the method of choice in future experiments. The same 

findings were also reported by other research groups (Wall and Edwards, 2002 ; Desjardin et 

al., 1998 ; Kim et al., 2002 ; Goerke et al., 2001 ; Schwarz et al., 2002 ; Yuan et al., 2000 ; 

Wattjes et al., 2000). 

Today, both competitive and real-time RT-PCR have become frequently used tools in 

in vitro as well as in in vivo research for measuring cytokine mRNA expression (IL-2, IL-4, 

IL-6, IL8, IL-10, IL-12p35, IL-12p40, IL-13, IFN-γ, TGF-β and TNF-α) in pigs (Fischer et 

al., 2000 ; Yates et al., 2002 ; Choi et al., 2002 ; Katoh et al., 2004 ; Lee et al., 2004 ; Peuster 

et al., 2004 ; Dawson et al., 2005 ; Kawahara et al., 2002 ; Raymond and Wilkie, 2004). In 

our lab, the developed real-time RT-PCR assay has already been used to evaluate the 

immuno-modulating/stimulating effects of agents such as vitamin D3, CpG-motifs and β-

glucans in in vitro studies and in vivo immunization experiments (Van der Stede et al., 2002 ; 

Van der Stede et al., 2004 ; Verfaillie T. et al., 2005 ;  Vancaeneghem S. et al., unpublished 

results).  

While real-time RT-PCR adresses many of the difficulties inherent to conventional 

end-point RT-PCR, it has become increasingly clear that it engenders new problems that 

require urgent attention. To generate reliable and comparable data using quantitative RT-

PCR, some critical considerations concerning the standardization of the assay and the 
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appropriate normalization should be made which are too often bypassed (reviewed by Bustin, 

2002 ; Bustin and Nolan, 2004) : 

- First, the variability of RT-PCR results obtained even from identical samples 

assayed in different laboratories is a problem. The most likely source of this variation 

is the person carrying out the experiment as has been documented by Bustin (2002). 

When presenting RT-PCR results as a ratio of the target gene/housekeeping gene some 

of the operator variability may be neutralized. In our experiments, cytokine analysis 

has always been done in a standardized manner by the same investigator to exclude 

this interpersonal variability and by using the same batches of reagents to minimize 

batch influences. The recent introduction of robotics preparing template and 

dispensing reagents may be a helpfull tool (Mifflin et al., 2000). Additionally, it is 

very important that when results are being published, an accurate and comprehensive 

description of the protocol used is included. 

- Second, for the interpretation of quantitative gene expression measurements, a 

"normalizer" is necessary to correct for differences in cellular input, RNA quality and 

RT efficiency between samples. Inaccurate normalization results in inadequate 

quantification and spurious conclusions. Untill now most studies are using a single 

housekeeping gene, which regulate basic and ubiquitous cellular functions, for 

normalization. Some of the most frequently used code for components of the 

cytoskelet (β-actin), major histocompatibility complex (β-2-microglobulin), glycolytic 

pathway (glyceraldehyde-3-phospate (GAPDH)), metabolic salvage of nucleotides 

(hypoxanthine ribosyltransferase (HPRT)), protein folding (cyclophilin) or synthesis 

of ribosome units (rRNA). It's becoming more and more clear that differences in 

expression levels of housekeeping genes may exist between different individuals (de 

Leeuw et al., 1989) or occur as a result of pathological changes (Bhatia et al., 1994) or 

cell differentiation (Shimokawa et al., 1998). A lot of attention now is focussed on the 

validation of housekeeping genes in different experimental settings and different 

tissues  because without the appropriate choice of housekeeping gene(s), the 

expression profile of a target gene may be misinterpreted (de Kok et al. 2005 ; Aerts et 

al., 2004 ; Hamalainen et al., 2001 ; Tricarico et al., 2002 ; Steele et al., 2002 ; Thellin 

et al., 1999 ; Dheda et al., 2004 ; Biederman et al., 2004 ; Mahoney et al., 2004). 

Especially when studying in vivo cytokine responses in different tissues, it is 

suggested that the best option is to measure the expression of multiple (2 or 3) 

housekeeping genes and to normalize using the mean expression (Vandesompele et 
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al., 2002). An alternative strategy that often is suggested is normalization against 

accurately quantified total RNA (Tricario et al., 2002). An important consideration 

when using total RNA for normalization is the lack of control of the RNA quality and 

RT and PCR efficiency.  

 

In our RT-PCR assays, cyclophilin A, a peptidyl-prolyl isomerase with a function in 

protein folding, was chosen as the housekeeping gene since Dozois et al. (1997) had 

demonstrated that cyclophilin A could be used to study cytokine profiles in porcine PBMC 

after in vitro stimulation. Other studies in pigs as well as in humans used cyclophilin A for 

normalization  when cytokine responses in PBMC were analyzed (Choi et al., 2001 ; Yap et 

al., 1999). Moreover, cyclophilin A expression levels have been described as relative 

consistent in a variety of tissues (brain, liver, heart, duodenum and skin) and under a variety 

of conditions (Danielson et al., 1988 ; Griffiths et al., 1990 ; Steele et al., 2002). Nevertheless, 

caution is needed when using cyclophilin A in in vivo experiments to detect cytokine 

responses in different tissues. For example, Biederman et al. (2004) demonstrated that 

cyclophiline A is a poor reference gene in diabetic glomeruli showing that the validation of 

housekeeping genes is highly specific for a particular experimental model. 

 

8.1.3. Influence of sample processing on the cytokine expression pattern 

 

In studying cytokine responses during the course of infection or in vaccination 

experiments, it has been shown that the method of sample collection and processing may 

influence the level of cytokine mRNA (Härtel et al., 2001 ; Duvigneau et al., 2003). 

Therefore, it is generally accepted that blood samples for analysis of cytokine expression are 

processed as soon as possible and under standardized conditions. Because immediate sample 

processing is not always possible, the following should be considered. Blood withdrawal and 

sample processing represent stimulatory events since immune cells are subjected to non-

physiological conditions such as contact with artificial surfaces and the application of shear 

stress (Pomianek et al., 1996 ; Härtel et al., 2001). Moreover, anticoagulants also have an 

influence on certain functional parameters of PBMC (Repo et al., 1995 ; Conklyn et al., 1996 

; Müller-Steinhardt et al., 1998). It should be assumed that all these conditions may act as 

early activation signals. A delay in sample processing then gives the cells time to process 

these signals into changed cytokine expression levels.  
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In human blood, 2 hours after sampling a significant increase of IL-2, IL-4 and TNF-α 

expression was observed which further increased during subsequent manipulation of the 

PBMC preparation (Härtel et al., 2001).  

Duvigneau et al. (2003) investigated the effect of storage time and storage temperature 

(room temperature and 4°C) on the gene expression of IL-1α, IL-2, IL-6, IL-8, IL-10 and 

IFN-γ in porcine blood samples. Results showed that the expression of monocyte-derived 

cytokines, such as IL-1α and IL-6 but also the expression of IL-10 was already increased 2 

hours after storage at both temperatures demonstrating the sensitivity of monocytes to 

environmental changes.  Expression of IL-8 was only increased in the samples stored at room 

temperature and expression of IFN-γ was raised exclusively in the samples stored at 4°C. 

These results indicate that refrigeration, in contrast to what is generally assumed, cannot be 

used to delay or suppress undesired activation processes leading to abberant cytokine 

expression patterns. Duvigneau et al. (2003) concluded that porcine blood samples should be 

processed within 2 hours to prevent undesired stimulatory effect on the cytokine expression 

pattern. 

 

8.1.4. IL-4  in pigs 

 

In in vitro as well as in vivo studies in our lab, IL-4 mRNA expression was either not 

detected or only at very low levels (Verfaillie et al., 2001 ; 2004 ; 2005 ; Van der Stede et al., 

2004). The same was observed in studies in pig efferent lymph leukocytes following 

stimulation of lymph nodes with hen egg white lysozyme (HEWL), LPS, PHA, 

Mycobacterium bovis (Reddy et al., 2000) and in swine T-cells incubated with pig monocyte-

derived dentritic cells treated with HEWL or killed M. tuberculosis (Raymond and Wilkie, 

2004). In mice and humans, IL-4 has several immunoregulatory roles including steering Th2 

differentiation following antigenic stimulation and simultaneously inhibiting the proliferation 

of Th1 cells  (Swain et al., 1990 ; Hsieh et al., 1993). It is suggested that in pigs other 

cytokines may substitute IL-4 in the development of Th2 responses. An important candidate is 

IL-13. IL-13 is produced by several cell types, including activated T cells and shares many 

structural and functional properties with IL-4 (de waal Malefyt et al., 1993 ; Wills-Karp, 

2001). Shared activities include stimulation of murine B cells, inhibition of the production of 

pro-inflammatory cytokines, induction of IL-1 receptor antagonist by monocyte/macrophages 

and the regulation of isotype class switching in B cells to IgE synthesis (de waal Malefyt et 

al., 1993b ; Defrance et al., 1994 ; Cocks et al., 1993). These shared functions are due to a 
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common receptor chain (Wills-Karp, 2001). Therefore, it seems likely that in pigs, IL-13 

substitutes IL-4 in regulating immune responses making IL-13 definitely an interesting 

candidate to include in future studies on Th1/Th2 responses in pigs.  

 

8.2. A NEW VACCINATION STRATEGY AGAINST F4+ ETEC INFECTIONS IN PIGS 

 

In spite of the numerous efforts to develope an effective and safe vaccine against F4+ 

ETEC infection in pigs, at present none of them have proven to be succesfull in protecting 

newly weaned piglets. Attempts have been made using parenteral or oral vaccines without 

success (Moon and Bunn, 1993 ; Isaacson, 1994 ; Bozic et al., 2002). In our lab, parenteral 

vaccination was able to prime the mucosal immune system but this did not result in protection 

(Van der Stede et al., 2001 ; Van der Stede et al., 2003). Only oral vaccination of weaned pigs 

with purified F4 fimbriae showed to be successful (Van den Broeck et al., 1999b), whereas 

attempts to vaccinate suckling piglets either with fimbrial solutions (Bertschinger et al., 1979 

; Francis and Willgohs, 1991) or with F4 fimbrial pellets (Snoeck et al., 2003) only resulted in 

a marginal but significant reduction in F4+ E. coli colonization. 

 

8.2.1. A DNA prime/protein boost model for vaccination against F4+ ETEC in pigs 

 

A relatively novel immunization strategy is "heterologous prime/boost" vaccination 

which uses DNA vaccines, recombinant virus and protein in different assortments, which 

"prime" the immune system to the vaccine antigen first, followed by a subsequent "booster" 

immunization, which enhances the preliminary response (reviewed by Woodland, 2004 ; 

McShane, 2002 ; Ramshaw and Ramsay, 2000). Strategies gaining the most attention 

typically involve the consecutive delivery of a DNA vaccine followed by protein or a 

recombinant virus vector expressing the homologous antigen. Several studies have 

demonstrated the efficacy of such prime/boost vaccination strategies in different animal 

models against a variety of pathogens (Scheerlinck et al., 2001 ; Vordermeier et al., 2003 ; 

Hammond et al., 2001 ; Nam et al., 2002 ; Tapia et al., 2003 ; Wang et al., 2004 ; Horton et 

al., 2002 ; McShane et al., 2001 ; Tanghe et al., 2001 ; Takeda et al., 2003 ; Gilbert et al., 

2002 ; Schneider et al., 2001 ; Gonzalo et al., 2003 ; Schneider et al., 1999). Moreover, some 

studies have shown that prime/boost vaccination also represents an interesting strategy for 

early life immunization (Martinez et al., 1999 ; Siegriest et al., 1998 ; Rasmussen et al., 

2002). 
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At weaning, pigs are about 4 weeks old. To be protected at this stage, the first 

immunization, which probably will only prime the immune system, should happen at the age 

of about one week. As most suckling piglets will have maternal antibodies, oral and systemic 

immunization with classical protein vaccines are unefficient. To circumvent these problems 

we proposed a new strategy using an FaeG DNA vaccine to prime the piglets since DNA 

vaccines are believed to be superior to protein vaccines in these circumstances. Thus, priming 

with DNA during the suckling period combined with an oral F4 protein boost after weaning 

could be an interesting approach to obtain protection shortly after weaning.  

A first step was to construct and test the pcDNA1/faeG19 DNA vaccine in a 

heterologous prime/boost model on its ability to prime the immune response against F4+ 

ETEC in weaned pigs (chapter 6).  

We investigated the influence of 2 different methods of DNA delivery (IM injection vs 

gene gun inoculation) as the method of antigen delivery can affect the type of immune 

response induced. It is well documented that injection tend to bias the response raised towards 

a Th1 response whereas the response raised by gene gun vaccination is biased towards a Th2 

response (Feltquate et al., 1997). In our study, IM needle injection was superior to the 

intradermal gene gun immunization with respect to priming of humoral immune responses. 

The same was observed by Deml et al. (2001) although in most studies comparing both 

techniques the opposite results are usually obtained (Barfoed et al., 2004 ; Lodmell et al., 

2001 ; Stasikova et al., 2003). Cytokine profiles evaluated after IM priming of the pigs with 

pcDNA1/faeG19 showed the anticipated Th1-like pattern (high IFN-γ and low IL-4 levels). It 

is often hypothesized that only the injected amount of DNA (correlating with the amount of 

CpG motifs) is responsible for the Th1/Th2 polarization observed using both methods. 

However, Weiss et al. (2002) recently demonstrated that the gene gun bombardement 

procedure itself may also provide for a danger signal that promotes a strong Th2 response. In 

this study, we can not conclude that the observed Th1-like pattern is simply the result of the 

delivery method used since cytokine profiles were not evaluated using the gene gun. This was 

due to practical limitations. Nevertheless, future studies may address this question. 

Another point to consider in deciding the route of inoculation is the target site of 

vaccination. IM injection and gene gun delivery preferentially elicit systemic responses 

whereas topical delivery (vaginal, intranasal, tongue) is preferred when a mucosal immune 

response is required. Protective antibody responses against ETEC mainly require activation of 

local IgA production. However, our results with pcDNA1/faeG19 administered IM by needle 

injection or ID using a gene gun followed by an IM protein boost showed a systemic priming 
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but not a mucosal one since no IgA antibodies were raised. To surmount this shortcoming, 

mucosal targeting of a DNA vaccine which has already been proven its effect in other studies 

(Wang et al., 2003 ; Vecino et al., 2004 ; Wang et al., 2004b ; Wu et al., 2001 ; Singh et al., 

2002 ; Okada et al., 1997 ; Jones et al., 1998 ; Loehr et al., 2001 ; Macklin et al., 1998 ) 

and/or orally boosting with purified F4 fimbriae may be the answer to this problem. 

 

8.2.2. The role of CpG-motifs in DNA vaccination  

 

 It is generally believed that 2 factors contribute to the efficacy of a DNA expression 

vector : (1) the quality of the foreign gene expression unit and (2) the intrinsic adjuvant 

properties of the DNA, which are determined by the complex interaction of 

immunostimulatory and inhibitory sequence motifs (Gurunathan et al., 2000). Thus, a 

possible consideration for optimizing DNA vaccines is through the adjuvant effects provided 

by immunostimulatory CpG motifs within the inoculated vector. We evaluated in vitro the 

immunostimulating properties of the pcDNA1 vector used in our DNA vaccin compared to 

the vectors pcDNA3.1 and pCI, which vary in the nature and the amount of certain CpG 

motifs present on their backbone (Chapter 7). Results showed that pcDNA1 had no 

immunostimulating activity on both proliferation as well as on cytokine-induction in PBMC 

compared to pcDNA3.1 and pCI. For increasing the efficacy of the pcDNA1/faeG19 DNA 

vaccine, insertion of a number of optimal porcine-specific CpG motifs, such as the motif 

5'ATCGAT3' described by Kamstrup et al. (2001) into the plasmid backbone should 

definitely be an option.  

To do so, some facts should be considered. (1) The choice of the immunostimulatory 

CpG-motif inserted in the vector is very important because its immunostimulatory capacity is 

species-specific. Observations made in rodents cannot automatically be extrapolated to 

domestic animals. Caution is also recommended for extrapolation of in vitro results to in vivo 

immunization experiments since Van der Stede et al. (2002, 2003) showed that a certain CpG-

motif had no immunostimulating effect on porcine PBMCs in vitro as opposed to his in vivo 

findings where this motif did have an adjuvant effect in IM immunization experiments. 

Moreover, the optimal number and sites of CpG motifs to be cloned into a DNA vaccine are 

yet to be determined. (2) Several studies in mice have shown that insertion of an optimal 

number of immunostimulatory CpG motifs in the plasmid construct could enhance the 

immunogenicity of DNA vaccines (Sato et al., 1996 ; Krieg et al., 1998 ; Ma et al., 2002 ; 

Kojima et al., 2002). Only few studies however are reported in large animals. One study in 



Chapter 8 : General discussion 

 165 

cattle did show a dose dependent enhancement of antigen-specific cellular immune responses 

by insertion of CpG-motifs in the plasmid backbone of a DNA vaccine (Pontarollo et al., 

2002). (3) This approach is complicated by putative neutralizing motifs as described in mice 

(Krieg et al., 1998) and the immunogenicity of a DNA vector may therefore depend on the 

balance between stimulatory and neutralizing motifs. If so, their efficacy might also be 

improved by removal of neutralizing motifs instead of addition of species-specific stimulatory 

motifs (Davis, 2000 ; Zhao et al., 2000). Krieg et al. (1998) demonstrated that removal of 52 

of the 134 identified suppressive motifs in a DNA vaccine enhanced its induction of Th1-type 

responses in vivo and this induction was further enhanced by the addition of CpG motifs. On 

the other hand, Ma et al. (2002) showed that removal of 55 neutralizing motifs did not affect 

the immune response, but the addition of 64 immunostimulatory motifs significantly 

augmented the antibody titers. (4) It should be noted that too many motifs can result in 

decreased responses. Because IFN-γ is reported to downregulate the activity of viral 

promoters, it has been suggested that the high levels of IFN-γ induced by CpG motifs might 

reduce the amount of antigen expressed by the cytomegalovirus (CMV) promoter used in a 

number of DNA vaccines (McCluskie et al., 2000) (5) Instead of inserting CpG motifs into 

the DNA vaccine vector, it would be easier to improve the immunogenicity by simply the co-

administration of a CpG-enriched plasmid or CpG-ODN with the DNA vaccine. An 

interesting result was obtained by Kojima et al. (2002) who examined the time course over 

which CpG-enriched plasmids optimally may boost DNA vaccinated immunogenicity. 

Highest cellular (2x higher) and humoral (5x higher) responses were detected when the CpG-

enriched plasmid was administered 2 days after DNA vaccination instead of concommitant 

with the DNA vaccine. This was explained by the fact that delivering the CpG motifs at 

precisely the time of maximal antigen production may be the key to optimally boost 

immunogenicity. Addition of synthetic CpG-ODN as an adjuvant for DNA vaccines have also 

been described. Unfortunately, it has been shown in mice that mixing high doses of CpG-

ODN with antigen-encoding plasmid DNA may result in a dose-dependent reduction of the 

immune response. This is likely due to competitive interference by ODN on entry of plasmid 

DNA into the target cells (Weeratna et al., 1998 ; Deml et al., 2001 ; McCluskie et al., 2000). 

 

8.2.3. CpG-ODN as vaccine adjuvants 

 

Besides their use in DNA vaccination studies with limited effects, CpG-ODN have 

clearly proven its adjuvant activity with a variety of vaccine antigens in several animal 
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species including pigs (Alcon et al., 2003 ; Chu et al., 1997 ; Davis et al., 1998 ; Ioannou et 

al., 2002a ; Jones et al., 1999 ; Davis et al., 2000 ; Ioannou et al., 2002b ; Rankin et al., 2002 

; Van der Stede et al., 2002 ; Van der Stede et al., 2003 ; Kanellos et al., 1999). Secondly, 

because of its immunomodulatory capacity (favoring the development of Th1 responses), 

CpG-ODN may serve as a potent adjuvant for various antigens favoring the development of 

Th1 responses since most adjuvants used today, e.g. aluminium salts and Freund's type 

adjuvants, induce primarily Th2 responses which may in some cases not be adequate for 

protection (Ballas et al., 1996 ; Chu et al., 1997 ; Lipford et al., 1997 ; Roman et al., 1997; 

Zimmermann et al., 1998).  Moreover, due to the Th2 biased immune system of neonates 

(Morein et al., 2002) and the interest in using DNA vaccines to induce protective immunity in 

neonatal animals, (additional) CpG-motifs incorporated in de DNA vaccine vector may switch 

immune responses from Th2 to Th1-like responses in neonates. This has already been 

demonstrated for protein vaccines using CpG-ODN as an adjuvant (Kovarik et al., 1998 ; 

Brazolot et al., 1998 ; Weeratna et al., 2001 ; Mutwiri et al., 2003). 

 

8.2.4. Other optimization strategies to be explored 

 

Some aspects are already under investigation in our lab. The introduction of  a Kozak 

sequence and an intron A into the vector and optimization of the codon usage resulted in 

increased immune responses. Moreover, as ETEC replicate extracellularly and DNA vectored 

antigen is synthesized and processed intracellular, the use of a plasmid vector which promotes 

the secretion of the encoded antigen improves the responses (Melkebeek et al., submitted * 

welke referentie moet ik hier gebruiken???). This was also the case for CFA/I fimbriae of 

ETEC where antibody responses significantly improved using plasmid vectors promoting the 

secretion of the encoded antigens (Alves et al., 2001 ; Boyle et al., 1997). 

 

8.3. MAIN CONCLUSIONS AND FUTURE PERSPECTIVES 

 

DNA vaccination in pigs is still in its infancy. However, several studies have been 

done to show that DNA vaccines can work in pigs, but they not always result in protection as 

is the case for a lot of other constructs. In the development of a DNA vaccine against F4+ 

ETEC, a first step was taken within this thesis. In a next step, the vaccine construct and 

vaccination conditions should be further improved and evaluated in our prime/boost model to 
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eventually start with immunization experiments using 1 week old piglets in the presence of 

maternal antibodies. 

Evaluating cytokine responses by quantitive RT-PCR is an important tool to study the 

nature of the immune response induced in vaccination studies as well as for evaluating 

possible immunomodulating factors. Expanding this technique to detect other important 

cytokines such as IL-12, IL-18, IL-23, IL-27 (Th1-like cytokines) and IL-13 (Th2-like 

cytokine) might provide additional information on immune responses generated in 

immunization studies.  

If DNA vaccines are to be used in the pig "industry", it must be possible to deliver 

them easily and en masse, they must be efficacious (if not in producing complete protection, 

but at least in priming the subject) and they must be affordable. There is much yet to be done 

in understanding and improving DNA vaccines for pigs. However, studies to date have shown 

that this new type of vaccine will on the long term find its way to farms as part of the arsenal 

used against diseases. 
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SUMMARY 
 

Intestinal infections caused by enterotoxigenic Escherichia coli can lead to neonatal 

and post-weaning diarrhoea in swine which may result in severe economic losses.  In general, 

most neonatal infections can be prevented by vaccination of the sows hereby providing 

lactogenic immunity to the offspring. However, this passive protection decreases with aging 

and at weaning lactogenic immunity disappears making newly weaned animals highly 

susceptible to enteropathogens. In order to protect newly weaned piglets against ETEC 

infections they should be vaccinated during the suckling period. However, at present no 

commercial vaccine allows successful vaccination which is partly due to the presence of 

maternally derived antibodies. A more recent approach in vaccine development is DNA 

vaccination. As maternal antibodies will not inhibit the DNA vaccine itself because antigen is 

not available untill de novo synthesis occurs in the transfected cells, this may be an interesting 

approach to face this problem. In the present thesis, we determined whether the fimbrial 

adhesin (FaeG) of F4ac+ ETEC could be used as a plasmid DNA vaccine in pigs. Hereto, the 

capacity of a newly constructed DNA vaccine (pcDNA1/faeG19) to prime the immune 

response against F4+ ETEC was studied in a heterologous prime/boost model.  

In vaccination studies, antibody and proliferative responses are the most frequently 

used parameters to measure immune responses generated. Additionally, cytokine profiles may 

also give valuable information on the type of immune response elicited. They can influence 

the outcome of vaccination by exerting effects on various stages in the immune response, 

including enhancement of antigen presentation, polarization of T helper subsets, regulation of 

antibody isotype production and expansion of the T and B cell memory pool. Attempts to 

define the immune response mechanisms operating in vaccinations or in elimination of 

foreign pathogens should involve studies on the regulatory functions of these cytokines. In 

our search for a reliable (semi)-quantitative method for measuring cytokine levels we 

designed, optimized and validated several techniques for measuring cytokine gene expression 

in pigs.  

 

One of the most interesting proposals in immunology has been the division of T helper 

cells into two classes (Th1 and Th2 cells) based on their cytokine profiles. Chapter 1 reviews 

the current status on the Th1/Th2 paradigm in humans and mice. The functional and 

phenotypical differences between Th1 and Th2 cells, the factors responsible for their 
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polarization, the transcriptional regulation of Th1 and Th2 cell development and the 

regulatory mechanism involved are described.  

 

In chapter 2 the present knowledge on the Th1/Th2 paradigm in pigs is discussed and 

an overview is given of the cloned porcine cytokines known to date. 

 

Chapter 3 briefly reviews the potential of DNA vaccines in veterinary medicin. The 

advantages and disadvantages compared to conventional vaccines as well as the possible 

mechanisms by which a DNA vaccine induces an immune response in the host are being 

discussed. Finally, a number of strategies to increase the efficacy of DNA vaccines in large 

animals are presented. 

 

Chapters 4 to 7 present the experimental work of this research. The aim of this study 

was to answer the following questions :  

 

• Can we use a (semi)-quantitative RT-PCR technique to accurately quantify 

cytokine transcripts in pigs?  

 

• Can the fimbrial adhesin (FaeG) of F4+ ETEC be used in a plasmid DNA 

vaccine in pigs? 

 

• In view of improving the efficacy of DNA vaccines in pigs, is it possible that 

the nature and the amount of certain CpG motifs present on plasmid DNA 

might have an effect on their immunostimulatory capacity in pigs? 

 

A reliable quantitative method for measuring cytokine levels is necessary in 

investigating the relationship between cytokines and the immune response induced by 

pathogens. An important question to resolve in this thesis was whether a good correlation 

exists in pigs between the amount of cytokine mRNA determined by RT-PCR and the amount 

of secreted cytokines quantified by ELISA or bioassay using different stimuli. Or better, can 

mRNA levels of cytokines be used to quantify their biologically active counterparts, i.e. 

proteins? Therefore, in chapter 4 we assessed the cytokine profiles (IL-2, IFN-γ (Th1-like 

cytokines) and IL-4, IL-10 (Th2-like cytokines))  of PBMC induced by 3 different mitogens 
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(concanavalin A, pokeweed mitogen and phytohemagglutinin) at the mRNA level as well as 

at the protein level. As the production of a cytokine is highly dependent of the time after 

stimulation, we also defined the time kinetic profiles of the cytokine production. For the 

cytokines IL-2, IFN-γ and IL-10, we found that the kinetics of the gene levels corresponded to 

the protein levels detected in supernatans of stimulated PBMC if the time after stimulation is 

restricted to the first 24 hours.  

 

Initially, a conventional end-point RT-PCR assay was developed to detect IL-2, IFN-γ, 

IL-4 and IL-10 (cfr. chapter 4). To generate more quantitative results, we needed to expand 

this assay. In chapter 5, a competitive RT-PCR assay using homologous DNA competitors 

and a LightCycler RT-PCR assay using SYBR green I were developed and compared for their 

value in studying cytokine mRNA expression in pigs. Both techniques were tested for their 

ability to quantify the transcription of porcine IFN-γ (Th1-like), IL-10 (Th2-like) and TGF-β 

(Th3-like) in concanavalin A-stimulated PBMC. Comparison of the quantities of IFN-γ, IL-10 

and TGF-β mRNA expression, measured using either competitive or real-time RT-PCR, 

showed a significant similarity. Inter-assay variability remained below 16% for both assays 

but a higher sensitivity (10 vs 100-1000 copies per reaction) and an increased dynamic range 

(8 vs 4 log units) were demonstrated for the real-time RT-PCR. Moreover, competitive RT-

PCR is labour intensive and time-consuming thereby limiting the number of samples that can 

be analyzed at a given time. In conclusion, this makes real-time RT-PCR the preferable 

technique for the analysis of cytokine mRNA expression in pigs. The technique was further 

expanded to include other cytokines such as IL-1α, IL-2, IL-4, IL-6 and TNF-α. In all three 

RT-PCR assays, the housekeeping gene cyclophilin A was used for normalization. 

 

In chapter 6, the potential of a newly constructed FaeG DNA vaccine 

(pcDNA1/faeG19) to induce B cell and T cell priming in 6-week-old pigs in a DNA prime-

protein boost model was examined. We investigated the influence of 2 different methods of 

DNA delivery (IM vs gene gun injection) as this can affect the type of immune response 

induced. First, pcDNA1/faeG19 was constructed and expression of rFaeG in Cos-7 cells was 

demonstrated. Thereafter, pigs were immunized (days 0, 21 and 42) intramuscularly by 

injection or intradermally by gene gun and humoral and cellular immune responses were 

analyzed. Even though responses were low, results demonstrated that intramuscular injection 

was superior to gene gun delivery for priming the humoral immune response since higher 
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antibody titres were raised, whereas gene gun delivery better induced a cellular response, 

evaluated by a lymphocyte proliferation assay. Nevertheless, the pcDNA1/faeG19 vaccine 

was shown to efficiently prime the immune system as judged by the rapid increase in IgG 

antibody titres (4 to 5-fold) one week following the protein boost with purified F4. A rapid 

anamnestic response upon exposure with the pathogen might be critical in the swift 

elimination of disease before the host is overwhelmed by the infection. Moreover, since little 

is known about porcine cytokine responses following DNA vaccination, we used the newly 

developed real-time RT-PCR technique to determine cytokine profiles generated by this DNA 

vaccine. Following only one intramuscular immunization, pigs demonstrated a bias towards a 

Th1 type cytokine response as evidenced by the predominance of IFN-γ mRNA and 

diminished IL-4 mRNA in PBMC after in vitro antigen-specific restimulation. It is well 

established that IM injection of DNA has been associated with a predominant Th1 type 

response. In this study however, we can not conclude that the observed Th1-like pattern is 

simply the result of the delivery method used since cytokine profiles were not evaluated using 

the gene gun. In conclusion, the elicited responses to the pcDNA1/faeG19 DNA vaccination 

were low making further investigations into the delivery parameters and improvement of the 

expression of the faeG gene in pigs necessary to enhance the efficacy of the DNA vaccine. 

 

A possible consideration for optimizing DNA vaccines is through the adjuvant effects 

provided by immunostimulatory CpG motifs within the inoculated vector. In chapter 7, we 

evaluated in vitro the immunostimulating properties of the pcDNA1 vector used in our DNA 

vaccin.  Hereto, a panel of three CpG-ODN and three eukaryotic expression vectors currently 

used in experimental DNA vaccines in pigs (pcDNA1, pcDNA3.1 and pCI) were screened for 

their immunostimulatory activity on porcine PBMC by evaluating in vitro the lymphocyte 

proliferative responses and cytokine profiles (IL-1α, IL-2, IL-4, IL-6, IL-10, IFN-γ, TGF-β, 

TNF-α). The vectors were choosen so that they differed in number and nature of certain CpG-

motifs present on their backbone. CpG-ODN A (5’ATCGAT3’) and to a lesser extent CpG-

ODN C (5’AACGTT3’) significantly enhanced the proliferation of porcine PBMC in contrast 

to CpG-ODN B (5’GACGTT3’) where no effect was observed. Furthermore, CpG-ODN A 

significantly induced IL-6 and TNF-α together with elevated levels of IFN-γ and IL-2 mRNA 

expression even though considerable heterogeneity was observed in the response of individual 

pigs. Comparison of the 3 vectors showed significantly increased proliferative responses for 

both pcDNA3.1 and pCI combined with a significant increase in IL-6 mRNA levels for pCI. 
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PcDNA1 had no immunostimulating activity on both proliferation as well as on cytokine-

induction in PBMC compared to pcDNA3.1 and pCI. CpG-ODN and plasmids both 

suppressed the TGF-β and IL-1α mRNA expression. Taken together, these data confirm the 

identity of an optimal immunostimulating CpG-motif in pigs (5’-ggTGCATCGATGCAG-3’) 

and demonstrates that the choice of the vector or the insertion of a number of optimal porcine-

specific CpG motifs, such as the motif 5'ATCGAT3' into the plasmid backbone definitely is 

an option to improve DNA vaccines.  

 

The final chapter (chapter 8) represents the general discussion and conclusions with 

respect to the obtained results. In this thesis it was demonstrated that cytokine expression in 

pigs can be accurately studied using a (semi)-quantitative RT-PCR assay. Nevertheless, to 

generate reliable and comparable data, some critical considerations concerning the 

standardization of the assay, appropriate normalization and the sample processing should be 

made. Expansion of the technique to detect other important cytokines such as IL-12, IL-18, 

IL-23, IL-27 (Th1-like cytokines) and IL-13 (Th2-like cytokine) might provide additional 

information on immune responses generated in our immunization studies. Secondly, within 

this thesis, a first step was taken in the development of a DNA vaccine against F4+ ETEC. 

The vaccine construct and vaccination conditions should be further improved and evaluated in 

our prime/boost model to eventually start with immunization experiments using 1 week old 

piglets in the presence of maternal antibodies. 

There is much yet to be done in understanding and improving DNA vaccines for pigs. 

However, studies to date have shown that this new type of vaccine will on the long term find 

its way to farms as part of the arsenal used against diseases. 

 

 




