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Abbreviations 
 
Amp  Ampicillin 
BSA  Bovine serum albumin 
CpG  Cytosine-phosphate-guanine 
CTL  Cytotoxic T-lymphocyte 
DC  Dendritic cell 
EK  Enterokinase 
ELISA  Enzyme-linked immunosorbent assay 
FCA  Freund’s complete adjuvant 
FcεRI  Fc epsilon receptor I 
GST  Glutathione S-transferase 
His  Histidine 
IFNγ  Interferon-γ 
IgE  Immunoglobulin E 
IL-18  Interleukin-18 
IMAC  Immobilized metal ion affinity chromatography 
IPTG  Isopropyl β-D-1-thiogalactopyranoside 
LA  Luria Agar 
LB  Luria Broth 
mAb  Monoclonal antibody 
MC  Mast cell 
MDP  Muromyldipeptide 
MHC  Major histocompatibility complex 
Mn 720 Montanide ISA 720 
MPL  Monophosphoryl-lipid A 
Ni-NTA Nickel-nitrilotriacetic acid 
NK  Natural Killer (cell) 
OD  Optical density 
PAR-2  Protease-activated receptor 2 
PBS  Phosphate buffered saline 
SDS-PAGE Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 
TH  T helper cell 
TNF-α  Tumor necrosis factor-α 
Trx  Thioredoxin 
TSLP  Thymic stromal lymphopoietin 
VLP  Virus-like particle 
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Summary 
 
Therapeutic vaccination is an emerging field in vaccine development. It has the 
potential ability to target non-infectious diseases including allergy, autoimmunity, 
cancer, and also persistent infections like HIV. This makes these vaccines interesting 
new additions to the treatment of diseases where there is a demand for new more cost 
effective treatment strategies. When targeting self-molecules, these vaccines aim to 
reduce excessive amounts of important regulatory or inflammatory mediators. For 
example, by lowering the amount of certain host self-molecules an allergic response can 
be dampened or even prevented.  
In this study I worked on the development of vaccines against two important regulators 
of allergic responses. The two molecules I have focused on are the cytokines interleukin 
-18 (IL-18) and thymic stromal lymphopoietin (TSLP), two regulators of 
immunoglobulin E (IgE) synthesis. IgE is the antibody class known for its central role 
in allergy. I have optimized purification methods of fusion proteins for these two 
cytokines. Such fusion proteins are used as vaccine antigens to break self-tolerance and 
induce antibody production against these cytokines, i.e. to lower their titers. Different 
techniques for protein expression, refolding and purification have been explored in this 
study. Additionally, attempts have been made to analyze host antibody responses 
against the targeted self-antigens in a rat animal model.  
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1.0 Introduction 
 
1.1 Therapeutic vaccines 
 
Therapeutic vaccination is a relatively novel area of vaccine development with growing 
interest. Targets for these vaccines include persistent infections like HIV and non-
infectious diseases like allergies, cancer or autoimmunity. In contrast to prophylactic 
vaccines, therapeutic vaccines are used to treat patients who already have the disease. 
By enhancing one’s own immune system through the manipulation of self-antigen 
titers, such as cytokines, antibodies, oncogenes or hormones, immune responses can be 
steered in favourable directions. Targeting self-molecules with monoclonal antibodies 
(mAbs), has shown great success1. However, these new mAb based treatment methods 
are very expensive. To avoid the high cost of this treatment, the emerging field of 
research in therapeutic vaccination aims at similar or even greater efficacy at a lower 
cost.  
 
1.2 Overcoming tolerance 
 
A major hurdle for therapeutic vaccine efficiency lies in the host self-tolerance to its 
own antigens. T helper (TH) cells are screened for auto-reactivity in the thymus and 
become anergic or are deleted. This process, also known as central tolerance ensures 
that no or very few auto-reactive T cells leave the thymus. Moreover, it prevents clonal 
expansion of auto-reactive B cells and the production of antibodies against self-
antigens. This sophisticated system has evolved to provide protection against immune 
responses towards self-molecules. In order to lower host cytokine titers and intervene 
with inflammation, this system has to be overcome. Recombinant fusion proteins, 
coupled to virus-like particles (VLP), highly repetitive foreign proteins, or other 
complexes have proved to be a possible solution2. Strong immunostimulatory properties 
are required to get high antibody titers against the self-antigen. Various attempts 
targeting antibodies including immunoglobulin E (IgE) or cytokines including 
interleukin-4 (IL-4), IL-12, IL-13, IL-17 and tumor necrosis factor-α (TNF-α) have 
shown promising results1-6.  
 
1.3 IgE mediated allergies 
 
Allergies have soared to nearly epidemic proportions in the Western world during the 
last 30 years1,7. Mechanisms behind allergy and the role of IgE are well understood. IgE 
binds with high affinity to the Fc epsilon receptor I (FcεRI) on mast cells (MC) and 
basophils. Various mediators of immediate hypersensitivity reactions, such as 
histamine, heparin, proteases and arachidonic acid metabolites like prostaglandins and 
leukotrienes, are released by MC upon cross-linking of surface bound IgE to foreign 
antigens or allergens. After initial sensitization to the allergen, repeated exposure leads 
to atopic symptoms like sneezing, itching, asthma, and in severe cases, anaphylaxis, 
cardiovascular collapse and death. Allergens include dust mite secretions, animal fur, 
insect-venoms, pollen and food, many of which are proteases8,9. Antigen internalization 
leads to specific TH2 cell and B-lymphocyte activation, production of inflammation 
mediators and IgE antibodies. IgE then sensitizes MC via FcεRI binding. The IgE 
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bound antigen on the MC surface eventually cross-links neighboring antibodies and 
leads to MC activation and degranulation (the release of granule content) (Fig. 1).  
 

 
Figure 1. Mast cell degranulation. Left: Mast cell (MC) containing granules before activation. Right: 
Granule release after activation. Adapted from Abbas, A. K.; Lichtman A. H.; Pillai S., Cellular and 
Molecular Immunology. Philadelphia: Saunders, c2007 
 
1.4 IL-18 and TSLP 
 
Targets for therapeutic vaccination need to have certain criteria, which make them 
suitable for disease intervention. They should be important disease regulators, existing 
in low concentrations in vivo, be non-cell-surface bound and easily accessible1. Within 
this group of potential targets for allergy intervention are the recently discovered TH2 
cytokines IL-18 and thymic stromal lymphopoietin (TSLP)1,9,10. As seen in figure 2, IL-
18 and TSLP play a major role in allergy development. Both cytokines are involved in 
the regulation of early stages in atopic diseases. After allergen exposure, IL-18 and 
TSLP lead to the production and secretion of IL-4 by dendritic cells (DC) and 
basophils, one of the main TH2 pathway inducing cytokines1. Hence, lowering their 
titers could reduce T helper cell activation and alter downstream cytokine signal 
cascades to hamper or even prevent immediate hypersensitivity.  
IL-18 possesses important functions that induce interferon-γ (IFNγ) production from 
natural killer (NK) cells and cytotoxic T cells (CTL) in cell-mediated immunity11. 
Additionally, similar to IL-4 and IL-13, IL-18 has been shown to induce IgE production 
and cause asthma like symptoms in early allergic events1. It is mainly produced by 
activated monocytes and macrophages11. However, IL-18 has also been reported to be 
produced and secreted by epithelial cells and other tissue cells upon stimulation with 
microbial products11,12. Depending on the surrounding cytokine milieu it can either lead 
to IL-4 production and IgE class switching in allergic reactions or to IFNγ production, if 
being present together with IL-1213. IL-18 has been shown to be involved in 
autoimmune diseases, such as multiple sclerosis, rheumatoid arthritis and collagen-
induced arthritis14,15. Due to its involvement in TH1 and TH2 cell differentiation, the 
complex regulatory functions of IL-18 have yet to be fully understood. 
TSLP is an IL-7-like cytokine and is involved in differentiation of naive CD4+ T cells 
into TH2 effector cells during allergic inflammation10. It is mainly found in epithelial 
layers of the skin, gut and lungs and has also been reported to be produced by basophils 
in the lymph nodes after allergen immunization8,9. TSLP is known to act directly on T 
cell cytokine production and induce DC driven TH2 inflammatory responses against 
allergens and other antigens8. The latest findings suggest that TSLP expression is 
upregulated upon protease-activated receptor 2 (PAR-2) cleavage by protease 
allergens9. The data obtained by Kouzaki et al. also indicates that other receptor 
interactions and protease inhibitors in the endothelial vicinity may be of great 
importance to TSLP expression. 
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Figure 2. Overview of cell activation cascade upon allergen sensitization, leading to mast cell 
degranulation. B cell IgE isotype switching and the production of antigen specific antibodies is induced 
after antigen presenting cells (APC) present antigen on MHC class II to T-helper cells. During 
provocation, surface-bound sensitized IgE on MC cross-link after binding the allergen, which leads to 
degranulation and the release of inflammatory mediators. Arrows indicate targets for possible therapeutic 
treatments and intervention. Signaling cytokines, such as IL-4, IL-13, IL-18 and TSLP, involved in 
sensitization are shown.  
FcεRI=Fc epsilon receptor 1 (high affinity IgE receptor); IgE=Immunoglobulin E; IL=Interleukin; 
mAb=Monoclonal antibody; MHC=Major Histocompatibility Complex; TSLP=Thymic stromal 
lymphopoietin. Adapted from 1. 
 
1.5 Recombinant fusion protein 
 
To achieve the goal of an effective and affordable allergy treatment, host self-tolerance 
has to be overcome. Fusing a foreign protein or peptide sequence to a self-molecule has 
been shown to break tolerance and induce antibody production against the self-antigen2. 
Recently, various kinds of fusion partners have been studied including VLP, 
thioredoxin (Trx), non-self variants of the same host protein, monophosphoryl-lipid A 
(MPL), muromyldipeptide (MDP), cytosine-phospate-guanine (CpG) and different 
adjuvants1,16,17. In this project a fusion between IL-18 and Trx, and TSLP and Trx was 
studied. Trx is a protein expressed by all pro- and eukaryotes. It has regulatory 
functions as a protein redox modifier18. In bacterial expression systems, Trx is used to 
purify active and clean protein by facilitating solubility18,19. For further flexibility of the 
recombinant protein and to ensure correct folding, peptide linker fragments are 
frequently used. These linkers can be bound to the C- or N-terminal region and combine 
the target protein and fusion partner2,20.  
Previously to this study, a fusion construct was designed for the species rat, dog and 
human (Fig. 3). In order to prevent unwanted inflammatory responses at the site of the 
vaccine injection, due to bioactivity, the recombinant IL-18 and TSLP were inactivated 
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by three internal mutations (subsequently named modified IL-18 and modified TSLP, 
respectively). The mutations lead to an inactivation of receptor binding and signal 
transduction properties, without interfering with its folding and thereby overall 
structure. The construct contains Trx, a polyhistidine (his) tag for affinity purification 
and an enterokinase (EK) site for potential target protein isolation. All three species 
showed essentially a single band after protein expression, purification and SDS-PAGE 
analysis (Fig. 3). However for TSLP, both dog and human proteins showed double or 
triple bands (Fig. 3) - proteolytic cleavage by bacterial enzymes may possibly be the 
explanation. Thus, an attempt to change the design and optimize the fusion construct 
was made.  
 

 
 
 
Figure 3. Illustration and SDS-PAGE analysis of the previous vaccine fusion construct. 1) The 
construct contains Trx connected to a his-tag (for purification) via a serine/glycine linker (for flexibility), 
followed by an EK site (for target protein isolation) and the target protein sequence (IL-18 or TSLP). 
Dashed arrows indicate restriction enzyme sites for vector insertion. 2) SDS-PAGE after Ni-NTA based 
purification. Dog and human TSLP display multiple bands, a possible result of proteolytic cleavage and 
subsequent variations in construct size.  
EK=Enterokinase; His-tag=6 x repeat of histidine; Linker=Double repeat of serine/glycine; NdeI, BamHI, 
XhoI=Restriction enzyme sites; Ni-NTA= Nickel-nitrilotriacetic acid; Trx=Thioredoxin.   
 
1.6 Immune responses 
 
In order to test vaccine efficacy and safety different animal models can be used to test 
the host’s immune response. Rodent models, including rats and mice, are well 
established and provide insight into how a vaccine is tolerated in vivo. However, for 
vaccines targeting allergies, these rodent models would only indicate clinical effects, as 
mice and rats are not naturally allergic. A solution involves testing treatment strategies 



7 
 

in relevant atopic animals, such as dogs. After vaccine administration blood can be 
taken and the serum isolated. The serum can then be analyzed by an enzyme-linked 
immunosorbent assay (ELISA) to detect antibody responses against the target antigen. 
Generally, these assays measure IgG responses, as an indicator of a strong antibody 
based immune response, reflective of an efficient vaccination. 
 
1.7 Bacterial expression system 
 
To obtain enough recombinant protein it has to be produced and purified in large 
enough quantities. In vitro bacterial gene expression systems can be used to achieve 
this. A gene of interest can be introduced into a variety of cloning and expression 
vectors by amplifying complementary DNA (cDNA) templates of the desired DNA 
sequence. After ligation of the insert (containing the gene of interest) into the vector, 
the construct can be transformed into competent bacterial cells. Successful plasmid 
uptake can be observed using selective media, due to resistance markers in the vector21. 
Another common feature of expression vectors are strong inducible promoters, like the 
T7 promoter (originating from the T7 bacterio phage). Selective media and inducible 
promoters facilitate the identification of insert-positive transformation and expression 
of recombinant protein. One major problem of this protein overproduction is that 
bacterial cells may not fold the recombinant protein correctly. As a result inclusion 
bodies are formed. These are aggregates of mis-folded, insoluble protein, which are 
experimentally unusable. However, inclusion bodies can re-solubilize in various 
solvents to allow the protein to adopt a correctly folded, hence native state. In this study 
a bacterial expression system involving the pET-21a vector and E. coli expression strain 
Rosetta gami were used. The strain contains a lactose (Lac) repressor (to control the 
chromosomal lac promoter). An ampicillin resistance marker (to select for successful 
vector insertion) lies in the pET plasmid. These features allow the isolation of insert-
positive clones. Upon induction with isopropyl-β-D-thiogalactopyranoside (IPTG), the 
transcription of the T7 gene (i.e. the T7 RNA polymerase) can be activated.  
Subsequently, gene transcription of the T7 promoter on the transformed vector begins 
and the target protein is expressed.  
 
1.8 Aim of the project 
 
The aim of this study was to develop protein constructs for therapeutic vaccination 
against two important regulators of allergic responses. I focused my work on the 
cytokines IL-18 and TSLP, two regulators of IgE synthesis. My task included 
optimizing purification methods of fusion proteins for these two cytokines. Different 
techniques for protein expression, refolding and purification were tested. Finally, I tried 
to analyze immune responses against the purified host IL-18 and TSLP. 
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2.0 Materials and Methods 
 
2.1 PCR for insert amplification 
 
To isolate and purify recombinant modified rat, dog and human IL-18 and TSLP, initial 
PCR amplification was performed using sequence specific primers (Sigma-Aldrich 
CHEMIE GmbH, Germany) (Table 1).  
 
Table 1. Modified rat, dog and human IL-18 and TSLP primer sequences for PCR amplification 
and further downstream experiments.  
Cytokine Sequence 
  

Rat IL-18 (FW) 5’-ATGGGATCCCATTTTGGCCGTGCGCACTGCACCACCG-3’ 

Rat IL-18 (RV) 5’-CATCTCGAGTCACTATTAGTGATGGTGATGGTGGCTACC 
AGAGCTACCAGAGCTCTGGTGCAGATTGGTCGGGTAAAC-3’ 

Rat TSLP (FW) 5’-ATGGGATCCTATAACTTTAGCAACTGCAACTTTGAAA-3’ 

Rat TSLP (RV) 5’-CATCTCGAGTCACTATTAGTGATGATGGTGATGGTGGCT 
ACCAGAGCTCTGAATGCAGCTCAGGCGGCGCCC-3’ 

Dog IL-18 (FW) 5’-ATGGGATCCTATTTCGGTAAAGCGGAACCGAAACTGA-3’ 

Dog IL-18 (RV) 5’-CATCTCGAGTCACTATTAGTGATGATGGTGATGGTGGCT 
ACCAGAGCTTTTATTCTGCACGGTAAACATAATG-3’ 

Dog TSLP (FW) 5’-ATGGGATCCTACAATTTTATCGACTGTGATTTTGAAA-3’ 

Dog TSLP (RV) 5’-CATCTCGAGTCACTATTAGTGATGATGGTGATGGTGGCT 
ACCAGAAGAGATACGGGAAAAGCGAGCGCGGCG-3’ 

Human IL-18 (FW) 5’-ATGGGATCCTATTTTGGTAAAGCCGAGAGCAAACTGT-3’ 

Human IL-18 (RV) 5’-CATCTCGAGTCACTATTAGTGATGATGGTGATGGTGGCT 
ACCAGAATCTTCGTTCTGCACGGTAAACATAATA-3’ 

Human TSLP (FW) 5’-ATGGGATCCTATGACTTTACCAATTGCGACTTTGAAA-3’ 

Human TSLP (RV) 5’-CATCTCGAGTCACTATTAGTGATGATGGTGATGGTGGCT 
ACCAGACTGCTGTTTCAGCAGCGGAGGTTAAAA-3’ 

 
FW=Forward; RV=Reverse. 
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To isolate and purify recombinant unmodified rat, dog and human IL-18 and TSLP, 
initial PCR amplification was performed using sequence specific primers (Sigma-
Aldrich CHEMIE GmbH, Germany) (Table 2).  
 
 
Table 2. Unmodified rat, dog and human IL-18 and TSLP primer sequences for PCR amplification 
and further downstream experiments.  
Cytokine Sequence 
  

Rat IL-18 (FW) 5’-ATGGGATCCCATTTTGGCCGTGCGCACTGCACCACCG-3’ 

Rat IL-18 (RV) 5’-CATCTCGAGTCACTATTAGTGATGGTGATGGTGGCTACC 
AGAGCTACCAGAGCTCTGGTGCAGATTGGTCGGGTAAAC-3’ 

Rat TSLP (RV) 5’-CATCTCGAGTCACTATTAGTGATGATGGTGATGGTGGCT 
ACCAGAAGATTGAATGCAGGAAAGCACAA-3’ 

Dog IL-18 (FW) 5’-ATGCATATGTACTTTGGCAAGCTTGAACCTAAA-3’ 

Dog IL-18 (RV) 5’-CATCTCGAGTCACTATTAGTGATGATGGTGATGGTGGCT 
ACCAGAGCTCTTGTTTTGAACAGTGAACAT-3’ 

Dog TSLP (FW) 5’-ATGCATATGTATAACTTTATCGATTGTGATTTTGAA-3’ 

Dog TSLP (RV) 5’-CATCTCGAGTCACTATTAGTGATGATGGTGATGGTGGCT 
ACCAGAGGAGGATGCGTGAGAAGCGCGCCATAA-3’ 

Human IL-18 (FW) 5’-ATGCATATGTACTTTGGAAAACTTGAAAGCAAATTA-3’ 

Human IL-18 (RV) 5’-CATCTCGAGTCACTATTAGTGATGATGGTGATGGTGGCT 
ACCAGAATCTTCGTTCTGCACGGTGAACATGAT-3’ 

Human TSLP (FW) 5’-ATGCATATGTACACTTCACAACTGTGACTTTGAG-3’ 

Human TSLP (RV) 5’-CATCTCGAGTCACTATTAGTGATGATGGTGATGGTGGCT 
ACCAGACTGTTGTTTCAGTAAAGGTCGATTGAA-3’ 

 
FW=Forward; RV=Reverse. 
 
The PCR reaction was set to 5 min denaturing period at 94°C, followed by 40 cycles of 
30 sec at 94°C, followed by 30 sec at 60°C and 60 sec at 72°C. Final extension was run 
for 10 min at 72°C. 
 
2.2 Colony PCR 
 
The PCR products were cleaved with restriction enzymes NdeI and XhoI and gel 
purified. These inserts were then ligated into the desired expression vector and 
transformed into E.coli DK1. Transformed E. coli cells were plated on luria agar-
ampicillin (LA-amp) plates and grown overnight at 37°C. To determine the success of 
the ligation, 4 colonies of each clone were picked and the inserted DNA sequence 
amplified by PCR. Primers used were 5’-GGGTGCACTGTCTAAAGGTCA-3’ (1164) as 
forward primer and 5’-GGGCTTTGTTAGCAGCCGGA-3’ (1165) as reverse primer. The 
PCR reaction was set to 5 min denaturing period at 94°C, followed by 40 cycles of 30 
sec at 94°C, followed by 30 sec at 60°C and 60 sec at 72°C. Final extension was run for 
10 min at 72°C. The obtained PCR products were analyzed using a 1.2% agarose gel. 
Generally, 2 insert-positive clones were picked and grown overnight at 37°C in a 6 ml 
LB-amp (50 µg/ml final amp concentration) shaking culture. 
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2.3 Plasmid preparation and restriction analysis 
 
From overnight cell cultures, containing successfully ligated inserts, plasmid mini-preps 
were made on modified and unmodified rat, dog and human IL-18 and TSLP (E.Z.N.A 
kit from Omega Bio-Tek, Doraville, USA and according to manufacturer’s protocol) 
and inserted into the bacterial expression vectors pET-21a and pET-21a-Trx (Novagen). 
Plasmids were digested using restriction enzymes NdeI and XhoI and subsequently 
analyzed on a 1.2% agarose gel. The plasmids were transformed into competent E. coli 
Rosetta gami (Novagen). 
 
2.4 Expression of recombinant protein 
 
Bacterial pET-21a plasmids containing either modified or unmodified IL-18 and TSLP 
were transformed into competent E. coli Rosetta gami. Cells were grown on LA-amp 
plates at 37°C overnight. One colony was picked and incubated overnight in 10 ml LB-
amp at 37°C, shaking. The following day the 10 ml overnight culture was added to 90 
ml LB-amp and 0.1% glucose (final concentration) in a 500 ml E-flask. Cultures were 
grown for 1 h to an approximate OD600 value of 0.5. IPTG was added (1 mM final 
concentration) and cells were incubated for 3 h at 37°C, then centrifuged for 10 min at 
6000 rpm at 4°C. The resulting pellet was resuspended in 10 ml phosphate buffered 
saline (PBS)-0.05% Tween and centrifuged for 10 min at 6000 rpm at 4°C. Thereafter, 
the supernatant was removed and the pellet resuspended in PBS (1/50 of the starting 
volume). The cells were then lyzed by sonication (6 x 30 secs intervals with 30 sec on 
ice in between blasts). The cells were subsequently centrifuged for 10 min at 13000 rpm 
at 4°C. The supernatant was separated from the pellet and both were saved. The pellet 
was washed 4 times by resuspension in 0.5 ml PBS-0.05% Tween and additional 
centrifugation for 4 min at 13000 rpm at 4°C. Finally, the pellet was dissolved in 0.5 ml 
8 M urea-10 mM imidazole in PBS.  
 
2.5 Purification of expressed protein 
 
Purification of the expressed protein was carried out through addition of 0.5 ml of a 
50:50 slurry of nickel – nitrilotriacetic acid (Ni-NTA) agarose (Quiagen GmbH, Hilden, 
Germany) beads to 1 ml of the previously mentioned urea solution containing the 
solubilized bacterial fusion protein. The mix was slowly rotated for 1 h at room 
temperature. The supernatant was removed and the sample transferred to a previously 
equilibrated 2 ml column (equilibrated with 1 ml washing solution). For refolding 
purposes of the unmodified IL-18 and TSLP, a 2-step dialysis was used, adapted from 2. 
Protein refolding ensures a native conformation. Equilibration took place using 1 L 
arginine buffer (50 mM Na2HPO4, 5 mM glutathionereduced, 0.5 mM glutathioneoxidized, 
0.5 M arginine, 10% v/v glycerol set to pH 8.0) followed by the addition of 500 ml 
phosphate dialysis buffer (50 mM Na2HPO4, 10% v/v glycerol, pH 8.0). 
Before elution the sample was washed with 10 ml PBS-tween 0.05%-1 M NaCl-10 mM 
imidazole and 10 ml of 10 mM imidazole in PBS (both solutions added 1 ml at a time). 
Finally, protein bound to the Ni-NTA beads was eluted by adding 100 mM imidazole in 
PBS. The eluted fractions were aliquoted into 120 µl for the first and 250 µl for the 8 
following fractions. Fractions 2, 3 and 4 were analyzed on a 10% sodium dodecyl 
sulphate (SDS)-polyacrylamide gel (pre – cast from Invitrogen, Carlsbad, California, 
USA). Gels were stained with coomassie blue.  
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2.6 TOPO cloning 
 
Unmodified IL-18 and TSLP were cloned by the TOPO cloning method (Invitrogen, 
Carlsbad, California, USA). PCR was performed as described by the manufacturer. 
Amplified recombinant PCR product was ligated into the pCR2.1-TOPO TA vector and 
transformed into One Shot TOP10 chemically competent E. coli cells. After overnight 
incubation at 37°C, white/light blue colonies were picked and plasmid preparation was 
performed. DNA concentration was determined by NanoDrop analysis at 260 nm. The 
samples were digested with EcoRI and NdeI/XhoI to determine insert-positive clones. 
Afterwards, the DNA sequences were analyzed using the M13 forward and reverse 
primer (provided). A final NdeI/XhoI restriction was run and inserts were obtained by 
gel extraction (E.Z.N.A kit from Omega Bio-Tek, Doraville, USA, according to 
manufacturer’s protocol). Finally, the purified inserts were ligated into the pET-21a 
vector and transformed into DK1 competent E. coli cells as previously described.  
 
2.7 Sequencing 
 
To analyze the recombinant protein gene sequences (Dog, Human and Rat IL-18 and 
TSLP) and detect unwanted mutations, two sets of primers were used. The pET-21a 
primer pair consisted of 5’-GGGTGCACTGTCTAAAGGTCA-3’ forward primer and 5’-
GGGCTTTGTTAGCAGCCGGA-3’ as reverse primer, which were used after insert ligation 
into the pET-21a E. coli expression vector. Additionally, the M13 primer pair, 5´-
GTAAAACGACGGCCAG-3´ forward and 5´-CAGGAAACAGCTATGAC-3´ reverse, was used 
to analyze the unmodified gene sequences when ligating into the pCR2.1-TOPO TA 
vector. The sequencing was done by the Uppsala genome center. 
 
2.8 ELISA 
 
ELISA was performed to study immune responses after vaccine administration. Before 
this study 24 Sprague-Dawley rats (4 groups with 6 animal per group) had been 
immunized with three different vaccines. The vaccines were given to naive rats and 
booster injections administered on day 21 and 42. Group 1 was used as a control, and 
this group of animals received only Trx and an adjuvant consisting of the squalen-based 
adjuvant Montanide ISA 720 (Mn 720) and a CpG oligonucleotide. Group 2 received 
an IL-18-Trx vaccine in the -Mn 720-CpG adjuvant. Group 3 received a TSLP-Trx 
vaccine in the -Mn 720-CpG adjuvant. Group 4 was injected with a mixture of two 
vaccines consisting of Trx-IL-18- and Trx-TSLP- in the -Mn 720-CpG adjuvant. Blood 
samples were taken on day 0 (pre-immunization), day 35 and 56 (post-immunization). 
The sera of all three time points were analyzed by indirect ELISA. The microtiter plates 
were coated with 50 µl of a PBS solution containing recombinant unmodified rat IL-18 
or TSLP (5 and 4 µg/ml, respectively) and incubated at 4°C overnight. The plates were 
washed three times with PBS-0.05% Tween. To block unspecific binding, 200 µl PBS-
1% BSA was added to each well and incubated for 1 h at room temperature in a humid 
chamber. The plates were washed again three times with PBS-0.05% Tween. To reduce 
high background absorbances, possibly due to bacterial debris remnants, the rat serum 
was diluted 1:2500 in pure horse serum and 100 µl was added to each well. For the 
blank, 100 µl PBS-1% BSA was added to at least 4 wells. The plates were incubated for 
2 h in a humid chamber at room temperature. After washing (3 x PBS-0.05% Tween), 
100 µl of a 1:2000 diluted alkaline phosphatase labeled anti-rat IgG secondary antibody 
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(Sigma-Aldrich) was added to each well. The plates were incubated for 2 h at room 
temperature. Subsequently, the plates were washed 3 times and 50 µl/well p-
nitrophenylphosphate (Sigma-Aldrich) substrate solution added to each well. The plates 
were incubated in the dark. First readings were done 5 min after substrate addition, 
followed by additional readings every 10 min for 1 h. The readings were performed at 
405 nm using a spectrophotometer (Molecular Devices, California, USA) 
 
2.9 Statistical analysis 
 
Assuming unequal variances, the student’s t-test was used to calculate statistical 
significance.   
 

 
3.0 Results 
 
3.1 Vaccine construct 
 
3.1.1 PCR amplification 
 
To obtain pure modified target gene sequences, PCR amplification was used. The 
primers used to produce and amplify the recombinant modified IL-18 and TSLP 
sequence are described in Materials and Methods. As previously mentioned IL-18 and 
TSLP used for the vaccine construct were inactivated through three point mutations to 
avoid side effects, due to bioactivity. The results from the PCR amplification were 
analyzed by agarose gel electrophoresis and the fragments were excised and purified 
from the gel (Fig. 4) 
 

 
Figure 4. PCR amplification of modified IL-18 and TSLP. Dog, human and rat IL-18 and TLSP were 
amplified, analyzed and purified by agarose gel electrophoresis. Red arrows indicate references 
corresponding to 1000 and 500 bases. Each subsequent band denotes 100 bp sizes (100 bp DNA ladder). 
The sizes for IL-18 and TSLP are ~ 470 bp and ~ 360 bp, respectively. 
bp=Base pairs; IL=Interleukin; TSLP=Thymic stromal lymphopoietin.   
 
The PCR products were digested using BamHI and XhoI restriction enzymes to generate 
ligation overhangs (sticky ends). The DNA concentrations of the purified fragments 
were determined to ensure that the correct amount of fragment was used for optimal 
vector-sample ligations. The inserts were ligated into pET-21a-Trx vector and 
transformed into competent E. coli DK1 cells. As figure 4 shows all PCR products have 
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the corresponding correct sizes of approximately 470 base pairs (bp) for IL-18 and 360 
bp for TSLP.  
 
3.1.2 Colony PCR 
 
To ensure successful insertion of the fragment into the vector individual colonies from 
the ligations were analyzed through colony PCR. Four colonies of each sample were 
picked and analyzed (Fig. 5). Red numbers in figure 5 present the insert-positive clones, 
which were selected for protein expression. These clones were identified due to bands 
indicating correct construct size (approximately 785 bp for Trx-IL-18 and 675 bp for 
Trx-TSLP). Subsequently, positive clones were digested with NdeI, BamHI and XhoI 
restriction enzymes to verify correct insertion (data not shown). Additionally, the clones 
were sequenced to ensure correct insert sequence and the absence of point mutations 
caused by the Taq polymerase (data not shown).  
 

 

 
 

Figure 5. Colony PCR. From transformed Trx-IL-18 and Trx-TSLP (dog, human and rat) 4 clones from 
each ligation were picked and analyzed. Two positive clones were used (if available) for protein 
expression (dog TSLP and human IL-18 only gave 1 positive, hence only 1 could be used). Red numbers 
indicate used clones for downstream experiments.  
IL=Interleukin; M=Marker; Trx=Thioredoxin; TSLP=Thymic stromal lymphopoietin. 
 
3.1.3 Expression of recombinant protein 
 
Transformation into competent E. coli Rosetta gami was performed for recombinant 
protein expression. SDS-PAGE analysis of soluble and insoluble fractions after induced 
expression revealed the greater portion of expressed protein was found in the bacterial 
pellet (Fig. 6). This indicates formation of insoluble inclusion bodies after bacterial 
protein expression. The levels of protein found in the supernatant were too low to 
obtain sufficient amounts for vaccinations. Thus, the supernatant was not used for 
purification, despite containing correctly folded, native protein. Figure 6 shows thick 
bands of induced protein in the pellet. The sizes of Trx and IL-18 are approximately 12 
kDa and 18 kDa, respectively. Hence, the ultimate size of the vaccine construct is about 
30 kDa. In combination with TSLP (approximately 14 kDa) the construct’s size is 26 
kDa.  
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Figure 6.  SDS-PAGE analysis of soluble and insoluble fractions after induced expression of 
modified IL-18 and TSLP vaccine antigens. Cells were induced with IPTG and sonicated for cell 
disruption and content release. The samples were centrifuged, supernatant and pellet separated. Only the 
pellets show thick induced protein bands (marked with red circles) indicating the correct size. The sizes 
for Trx-IL-18 and Trx-TSLP are ~ 30 kDa and ~ 26 kDa, respectively. The supernatants show very low 
levels of the target protein (no thick bands). Two rat IL-18 samples were used, due to lack of sequence 
confirmation of these clones. However, later sequencing showed that both had correct, unmutated 
sequences. One of the clones was therefore selected for all further experiments.  
IL=Interleukin; P=Pellet; S=Supernatant; TSLP=Thymic stromal lymphopoietin. 
 
3.1.4 Protein purification 
 
The expressed protein was purified via immobilized metal ion affinity chromatography 
(IMAC) using Ni-NTA beads. Pre-filtering proved to be beneficial for washing and 
subsequent elution. The obtained elution fractions were analyzed by SDS-PAGE and 
showed bands indicating correct protein sizes (data not shown).  
 
3.1.5 Change of vaccine fusion construct 
 
The previously designed vaccine construct for rat and human TSLP showed multiple 
protein bands. The construct was therefore changed to try to prevent purification of 
proteolytically cleaved variants, by relocating the his-tag to the C-terminus (Fig. 7). 
Proteolytic cleavage in front of the his-tag would lead to flow through of wrong sized 
construct variants. The EK site was deleted to prevent possible Trx fragment 
presentation during ELISA analysis. The new construct also included two linker regions 
for more flexibility and correct folding of both proteins. However, expression and 
purification attempts showed lower solubility compared to the previous fusion 
construct.   
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Figure 7. Different vaccine fusion constructs. A) Previously created fusion construct containing Trx, 
serine-glycine linker (for flexibility), his-tag (for purification), EK site (for target protein isolation) and 
target protein sequence (IL-18 or TSLP). B) Redesigned fusion construct containing a relocated his-tag to 
prevent purification of proteolytically cleaved variants. The EK site was taken out to prevent Trx 
fragment presentation during ELISA analysis. The construct also contains 2 linker regions for additional 
flexibility and correct protein folding.  
EK=Enterokinase; his-tag=6 x Repeat of histidine; Linker=Double repeat of serine/glycine; Nde1, 
BamH1, Xho1=Restriction enzyme sites; Trx=Thioredoxin. 
 
3.2 ELISA coating protein 
 
3.2.1 PCR amplification 
 
In order to analyze immune responses against host IL-18 and TSLP, correctly folded, 
uncoupled and unchanged versions of the host proteins had to be produced. The primers 
described in the Materials and Methods section were used to amplify the recombinant 
unmodified IL-18 and TSLP sequences, respectively. The samples were analyzed and 
the PCR fragments were purified via DNA agarose electrophoreses. As figure 8 shows 
all PCR products have correct sizes of approximately 470 base pairs (bp) for IL-18 and 
360 bp for TSLP.  
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Figure 8. PCR amplification of unmodified IL-18 and TSLP. Dog, human and rat IL-18 and TLSP 
were amplified, analyzed and purified through agarose gel electrophoreses. Red arrows indicate 
references corresponding to 1000 and 500 bases. Each subsequent band denotes 100 bp sizes (100 bp 
DNA ladder). The sizes for IL-18 and TSLP are ~ 470 bp and ~ 360 bp, respectively. 
bp=Base pairs; IL=Interleukin; TSLP=Thymic stromal lymphopoietin. 
 
The PCR products were cleaved with the restriction enzymes NdeI and XhoI to generate 
ligation overhangs (sticky ends). Subsequent DNA concentration analyses indicated 
which DNA concentration could be used for optimal vector-sample ligation results.  
 
3.2.2 Colony PCR 
 
Initial attempts to ligate unmodified IL-18 and TSLP into the pET-21a vector and 
transform them into DK1 competent cells, immediately after PCR sequence 
amplification, were unsuccessful. A different approach involving the TOPO cloning 
method (see Materials and Methods) succeeded and showed high vector insertion rates. 
Similar to the vaccine constructs, four clones of each sample were picked and analyzed 
(Fig. 9). Red numbers in the figure present the insert-positive clones, which were 
selected for protein expression. These clones were identified due to bands indicating 
correct size (approximately 470 bp for IL-18 and 360 bp for TSLP). Subsequently, 
positive clones were digested with NdeI and XhoI restriction enzymes to ensure that the 
ends of the inserts were correct (data not shown). The clones were sequenced as an 
additional confirmation (data not shown).  

 
Figure 9. Colony PCR of transformed unmodified IL-18 and TSLP. From transformed rat, dog and 
human IL-18 and TSLP 4 clones were picked and analyzed, revealing positive insert-vector insertions. 
Two positive clones were used for protein expression (human IL-18 showed inconclusive bands. Later 
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analysis revealed an NdeI restriction site inside the coding sequence). Red numbers indicate used clones 
for downstream experiments.  
M=Marker; IL=Interleukin; Trx=Thioredoxin; TSLP=Thymic stromal lymphopoietin. 
 
3.2.3 Expression of recombinant protein 
 
Following plasmid preparation and transformation into competent E. coli Rosetta gami, 
the recombinant protein was expressed. SDS-PAGE analysis revealed the majority of 
expressed protein was in the bacterial pellet (Fig. 10). This indicates formation of 
insoluble inclusion bodies after expression. Levels of protein found in the supernatant 
were too low to make it possible to obtain sufficient quantities of the protein for further 
experiments. Thus, the supernatant was not used for purification, despite containing 
correctly folded, native protein. The sizes of IL-18 and TSLP are approximately 18 kDa 
and 14 kDa, respectively. Thick bands in the pellet correspond to the correct sizes of the 
different vaccine constructs (Fig. 10). 
 

 
Figure 10.  SDS-PAGE of modified IL-18 and TSLP samples after expression. Cells were induced 
with IPTG and sonicated for cell disruption and content release. The samples were centrifuged, 
supernatant and pellet separated. Only the pellets show thick induced protein bands (marked with red 
circles) corresponding to the correct protein size. The sizes for IL-18 and TSLP are ~ 18 kDa and  
~ 14 kDa, respectively. The supernatants show very low levels of the target protein (no thick bands).  
IL=Interleukin; P=Pellet; S=Supernatant; TSLP=Thymic stromal lymphopoietin. 
 
3.2.4 Refolding of expressed protein 
 
Protein insolubility leads to the formation of inclusion bodies. As mentioned previously 
the pellets contained nearly all the expressed protein. Modified and unmodified IL-18 
and TSLP were treated similarly until purification. The unmodified samples displayed 
greater insolubility than the modified. Due to time constraints only unmodified rat IL-
18 and TSLP were used for refolding experiments. To re-solubilize the protein, the 
pellets were dissolved in urea. Subsequently, the solutions were dialyzed to refold the 
protein into the native and active form. Dialysis was performed as described in the 
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Materials and Methods section. After refolding, the supernatant was analyzed by SDS-
PAGE and bands in correct size were observed, thus indicating properly folded, soluble 
protein (Fig. 11).  
 
 

 
Figure 11. SDS-PAGE of unmodified rat IL-18 and TSLP after refolding, dialysis and IMAC 
purification. To determine the protein concentration a BSA standard was used. Two different 
concentrations of Rat IL-18 and TSLP were loaded on the gel, 5 µl and 10 µl, to improve concentration 
analysis. Both proteins show bands indicating the correct size.  
BSA=Bovine serum albumin; IL=Interleukin; TSLP=Thymic stromal lymphopoietin. 
 
3.2.5 Protein purification 
 
The expressed protein was purified via IMAC chromatography using Ni-NTA beads. 
Pre-filtering proved to be beneficial for washing and subsequent elution. The eluted 
fractions were analyzed by SDS-PAGE and showed bands indicating correct protein 
sizes (data not shown). Samples with high protein concentration were pooled and then 
stored at -20oC for later use in coating for ELISA. 
 
3.3 Total IgG response 
 
To measure total IgG immune responses against host cytokines, indirect ELISA was 
used. Refolded and purified unmodified recombinant rat IL-18 or TSLP were used to 
coat the 96-well microtiter plates. Results showed significant differences between pre-
immunization and time points 35 days and 56 days post-immunization for IL-18 (Fig. 
12 A). An overall weak signal and low or no significance was observed for IgG 
responses against TSLP (Fig. 12 B). The rats were divided into 4 differently vaccinated 
groups consisting of a control group (Trx only), Trx-IL-18-Mn 720-CpG, Trx-TSLP-
Mn 720-CpG, and a vaccine mix Trx-TSLP-IL-18-Mn 720-CpG. Plates coated with 
unmodified rat IL-18 showed a significant increase in IgG antibody titers between pre- 
and post-immunization time points for the animals vaccinated with the Trx-IL-18 
vaccine. Group 4, which was vaccinated with Trx-TSLP-IL-18, also showed a strong 
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IgG response against IL-18. Group 1 and 3, vaccinated with Trx and Trx-TSLP 
respectively, displayed absorbance similar to background levels (Fig. 12 A).  
 

 
Figure 12. Total IgG immune response against rat IL-18 and TSLP. ELISA plates were coated with 
unmodified rat IL-18 or TSLP and sera from 4 differently vaccinated groups of Sprague-Dawley rats 
were tested. The rat serum was diluted 1:2500 in horse serum to reduce background. The animals were 
bled at day 0 (pre-immunization), day 35 and 56 (post-immunization). The different groups were divided 
into control group (Trx only), Trx-IL-18-Mn 720-CpG, Trx-TSLP-Mn 720-CpG and a mix vaccine 
containing Trx-TSLP-IL-18-Mn 720-CpG. The vaccine contained an adjuvant consisting of the squalene-
based biodegradable Mn 720 coupled to CpG. The absorbances were obtained at 405 nm 10 min after 
substrate addition.  
A) IgG response against IL-18 (plates coated with unmodified IL-18). Group 2 (vaccinated with Trx-IL-
18) showed a significant increase in IgG antibody production 35 days after immunization. Time point 56 
days also showed a very high antibody response compared to day 0 and day 35. Group 4 (Trx-TSLP-IL-
18) showed a significant IgG response against IL-18. Group 1 (only Trx) and 3 (Trx-TSLP) gave signals 
similar to background levels. B) IgG response against TSLP (plates coated with unmodified TSLP).  This 
experiment displayed an overall weak signal. Low significance can be observed between day 0 and 56 for 
group 3 (Trx-TSLP). There is no significance between the different time points in group 4 (Trx-TSLP-IL-
18). Group 1 and 2 show signals similar to background levels. 
The data is shown as the mean+SEM. Statistical significance: *p<0.05, **p<0.01, ***p<0.001. 
IL=Interleukin; Mn 720=Montanide ISA 720; OD=Optical density; Trx=Thioredoxin; TSLP=Thymic 
stromal lymphopoietin.
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4.0 Discussion 
 
The focus of this study was to establish, quantify and optimize a system to express and 
purify recombinant fusion proteins and their unmodified recombinant equivalents. After 
PCR amplification and successful cloning into a prokaryotic expression vector, high 
amounts of protein could be obtained. Although the unmodified protein was insoluble, 
resulting in inclusion body formation, a successful protocol was developed to re-
solubilize this protein. Previously to this study Sprague-Dawley rats and Beagle dogs 
were immunized with a recombinant fusion protein vaccine in order to overcome self-
tolerance and evoke immune responses to host allergy mediator cytokines. Rats were 
used to analyze vaccine safety and efficacy in a well-established rodent animal model. 
However, dogs would give a more realistic insight into clinical efficacy, as they are 
naturally atopic animals. The animals were bled and the sera isolated. In order to 
measure the IgG response against host IL-18 and TSLP, recombinant versions of these 
proteins were produced. Rat IL-18 and TSLP are commercially unavailable. These his-
tagged proteins were expressed and purified. IgG, as the most abundant of all Ig classes, 
is known to be the main indicator of antibody responses. In order to estimate vaccine 
efficacy ELISA plates were coated with the unmodified cytokine proteins and the total 
IgG responses analyzed. Initial experiments showed high background absorbances. A 
possible reason for this could be the formation of pre-formed antibodies against E. coli 
bacterial epitopes. By adding horse serum, large amounts of different foreign proteins 
block any remaining bacterial debris, which might be present after purification. Thus, 
the background signal could be reduced. When comparing results from different time 
points highly significant antibody responses between pre- and post-immunization could 
be observed for IL-18. The experiment including TSLP as coating antigen displayed a 
weak signal, which can be explained with the low amounts of protein obtained from the 
purification. A different explanation involves the overall quality of the recombinant 
TSLP protein, because of lower solubility.  
Due to time consuming experiments and adjustments in the expression and purification 
of recombinant, unmodified IL-18 and TSLP, additional immune response analyses 
could not be made. However, first experiments to measure the antibody responses using 
ELISA were conducted and showed promising results.  
Looking at future prospects with the difficulties of creating a therapeutic vaccine, 
overcoming self-tolerance and being able to measure host cytokine titers, as well as 
immune responses before and after immunization have been demonstrated in this study. 
Further changes in the experimental design have to be made. There are a number of 
ways to accomplish higher protein solubility. These involve moving the current C-
terminal his-tag to the N-terminus2. It is known that already small changes in an amino 
acid sequence can markedly affect protein solubility. This can be a reason for which the 
newly designed vaccine construct in this study resulted in poor protein solubility. Due 
to time constraints a different construct could not be tested.  
Mammalian expression systems, e.g. human cell lines or the baculoviral system could 
facilitate the production of correctly folded protein, due to the post-translational 
modifications, which bacteria do not possess. However, cytokines do not exhibit the 
complex folding properties of enzymes for example, which should make them 
functional upon prokaryotic expression.  
Many attempts have been made to try alternative fusion partners, such as VLP, in order 
to enhance immunogenicity without using adjuvants2,22. However here, the production 
and purification of VLP-coupled constructs in a timely and cost effective fashion is 
difficult to accomplish. Therefore, Trx was used in this study. Trx facilitates the 
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production of soluble protein, as DNA constructs lacking Trx resulted in insoluble 
inclusion bodies. Trx can easily be connected to the recombinant target protein via 
DNA linker regions. This could facilitate fast and easy reproduction, once a working 
vaccine construct has been developed. 
Previously to this study, glutathione S-transferase (GST) was used as a fusion partner 
for the recombinant, unmodified IL-18 and TSLP proteins. It was thought to facilitate 
coating during ELISA, because of its large size. Additionally, it was suspected that 
GST could help the proteins refold after expression. However, the opposite effect was 
seen and the expressed proteins were completely insoluble. Therefore, experiments with 
GST fusion constructs were discontinued and pure recombinant protein variants were 
used instead.  
IL-18 and TSLP have been shown to be involved in the development of hypersensitivity 
reactions and TH2 cell mediated responses5,13. Previous studies explored the possibility 
to target IgE directly7. However, targeting IgE can potentially lead to cross-linking of 
surface-bound IgE on MC resulting in the release of inflammatory mediators. In order 
not to interfere significantly with host inflammation pathways, the regulatory cytokines 
IL-18 and TSLP have been chosen as targets in this vaccine study. Other groups have 
successfully vaccinated against different cytokines, such as IL-4, IL-13 or IL-17, in 
animal models2,3,6. IL-18 has important functions in promoting IL-4 and IgE production 
immediately after allergen exposure1. Regardless of correct folding, bioactivity via 
binding interactions between IL-18 and its IL-1 type receptor can be inactivated through 
mutations. This system makes it an ideal target for allergic intervention. Furthermore, 
TSLP has been described as a major inflammation inducer in allergic asthma or atopic 
dermatitis9,22. Similarly to IL-18, its receptor binding properties can be inactivated, but 
the proper folding remains. However, as IL-18 and TSLP share common similarities as 
therapeutic targets, they revealed rather different expression and solubility 
characteristics in this study. The differences in solubility after expression underlie 
unknown factors and only further testing may reveal an answer. Additional cytokines 
involved in early development stages of TH2 immune responses in allergic asthma are 
IL-33, IL-5 and IL-2523-25. All three are potential targets for future therapeutic 
intervention.  
Although not part of this study, adjuvants should also be taken in to account. Not only 
do they deliver slower antigen release, they can also enhance immunogenicity and 
contribute to better memory. Examples of newly discovered adjuvants include a 
biodegradable plant oil based adjuvant, Mn 72016. Coupled to TLR agonists including 
CpG or MPL, Mn 720 has shown to reach up to 60% efficiency compared to Freund’s 
complete adjuvant (FCA)16. Other studies described VLP to be potent enough, that there 
is no need for adjuvants20. 
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