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Ágrip 

Sumarexem (SE) er endurtekið árstíðarbundið IgE miðlað húðofnæmi með ójafnvægi milli undirhópa T 

frumna. Ofnæmisvakarnir eru úr munnvatni Culicoides tegunda sem lifa ekki á Íslandi og því er exemið 

óþekkt hérlendis. Exem og kláði eru helstu einkenni sjúkdómsins og geta valdið sáramyndun og sýkingu 

í sárum. Tíðni SE er mjög há hjá hestum sem eru fæddir á Íslandi og fluttir út á Culicoides svæði. Þetta 

er vandamál fyrir hrossaútflutning ásamt því að vera dýravelferðarmál.  

Ofnæmisvakar sem valda SE hafa verið einangraðir, tjáðir í E. coli og hreinsaðir. Sjúkdómsferillinn 

hefur verið skilgreindur og tilraunir til að þróa ofnæmisvaka sérhæfða ónæmismeðferð eru í gangi. 

Ofnæmisvakar tjáðir í E. coli henta illa fyrir sum ónæmispróf sem eru nauðsynleg til að mæla árangur 

meðferðar. Þar af leiðandi er nauðsynlegt að framleiða ofnæmisvakana í öðru tjáningarkerfi. 

Skordýrafrumur eru augljósasta valið því ofnæmisvakarnir koma úr skordýrum.  

Heildarmarkmið rannsóknanna er að þróa fyrirbyggjandi ofnæmisvaka ónæmismeðferð. Tuttugu og 

sjö hestar voru bólusettir á Íslandi og áskorunartilraun framkvæmd, þ.e. hestarnir fluttir út á Culicoides 

svæði til þess að athuga hvort bólusetning ver þá gegn exem myndun. Markmið þessarar rannsóknar 

er tvíþætt: í fyrsta lagi að reyna að besta framleiðslu á hreinsuðum aðal ofnæmisvökum (rCul o 1p, rCul 

o 2p, rCul o 3, rCul o 5, rCul o 7, rCul o 8, rCul o 9, rCul o 11, rCul n 4)  sem eru tjáðir í skordýrafrumum. 

Í öðru lagi að mæla mótefna og boðefnasvar í bólusettum og óbólusettum kontról hestum gegn Cul o 5, 

Cul o 8 og Cul o 11. 

Fjölstofna mótefni framleidd gegn Cul o 5 og Cul o 11 voru prófuð. Þau höfðu háan títer og verða 

dýrmæt tæki til að vinna með þessum próteinum. Cul o 5 var tjáður í pI-secSUMOstar vektor til að sjá 

hvort hægt væri að auka leysanleika og stöðugleika rBac-próteinsins. Samanburður á rBac-HBM-Cul o 

5 og rBac-SUMO-Cul o 5 sýndi ekki grundvallarmun hvorki í styrkleika né stöðugleika. Ákjósanlegasti 

tímapunkturinn fyrir hirðingu á High-five sýktum frumum með rBac-1-Cul af 8 og rBac-1-Cul o 11 var 

innan sama tímaramma og aðrir rBac-ofnæmisvakar sem höfðu verið prófaðir í fyrri tilraunum. Fjölgun 

High-five fruma sýktum með r-Bac vírusum upp í 3-5x106 frumur/mL gaf betri árangur í framleiðslu rBac-

ofnæmisvaka, bæði varðandi notkun ætis og framleiðslutíma. Hægt var að minnka prótein tap í kjölfar 

himnuskiljunar með því að bæta við arginíni. Allir níu rBac-ofnæmisvakarnir þoldu geymslu við -80°C í 

eitt ár. 

Sértæk IgG1, IgG4/7 og IgG5 mótefni fyrir Cul o 5, Cul o 8 og Cul o 11 voru könnuð í sermi frá sex 

áskorunarhestum fyrir og eftir bólusetningu. Marktæk aukning var í öllum þremur undirflokkunum í kjölfar 

þriðju bólusetningar, aðallega fyrir IgG1 og IgG4/7 en minna IgG5. Mikil einstaklingsmunur var á milli 

hestanna sex í mótefnasvörun gagnvart öllum þremur próteinum. Boðaefnasvörun hestanna sex var 

mæld eftir in vitro örvun á hnattkjarna frumum með ofnæmisvökunum þremur. Þeir seyttu marktækt 

meira af IL-4, IL-10 og IFN-γ samanborið við óbólusetta kontról hesta. 

Nokkrir þættir varðandi framleiðslu á endurröðuðum próteinum til þess að mæla ónæmissvörun hesta 

sem eru í ónæmismeðferð gegn SE voru rannsakaðir. Sex hestar sem voru bólusettir gegn SE mynduðu 

sterka ónæmissvörun og sýndu mikinn einstaklingsmun. Ofnæmisvakar framleiddir í skordýrafrumum 

eru vel til þess fallnir að meta ónæmissvör í kjölfar bólusetningar gegn SE.   



  

2 

 



  

3 

Abstract 

Insect bite hypersensitivity (IBH) is a recurrent seasonal dermatitis, an IgE mediated allergy with an 

imbalance between TH1, TH2 and TReg. It is an allergic reaction to proteins (allergens) in the saliva of 

biting midges Culicoides spp. IBH is not found in horses in Iceland since the causative Culicoides spp. 

cannot be found here. The clinical signs are severe itching, that can result in hair loss and formation of 

lesions. Icelandic horses born in Iceland and exported to midge infested locations are at a very high risk 

of getting the disease. IBH is an obstacle in horse export and an animal welfare issue. 

The causative allergens for IBH have been isolated and expressed. The pathogenesis of IBH has 

been defined and attempts to develop allergen immunotherapy (AIT) are ongoing.  Allergens produced 

in E. coli are not suitable in some of the immunoassays needed to monitor vaccinations. Therefore, it is 

necessary to produce the allergens in another expression system, insect cells being an obvious choice. 

The overall aim of the study is to develop a preventive AIT. Twenty-seven Icelandic horses were 

vaccinated in Iceland and then challenged i.e. exported to a Culicoides infested areas to investigate if 

the vaccination can protect them against IBH. The aim of this study is twofold: First, to optimize the 

production of purified major r-allergens (rCul o 1p, rCul o 2p, rCul o 3, rCul o 5, rCul o 7, rCul o 8, rCul 

o 9, rCul o 11and rCul n 4) expressed in insect cells. Second, to measure the antibody and cytokine 

response of six of the challenge horses after vaccination against Cul o 5, Cul o 8 and Cul o 11. 

Polyclonal antibodies produced against Cul o 5 and Cul o 11 were tested. They had high titers and 

will be valuable tools for the work with these proteins. Cul o 5 was successfully cloned into pI-

secSUMOstar vector to see if the solubility and stability of the rBac-protein could be increased. 

Comparison of rBac-HBM-Cul o 5 and rBac-SUMO-Cul o 5 did not show fundamental difference neither 

in yield nor stability. The optimal harvesting point of High-five infected cells with rBac-1-Cul o 8 and 

rBac-1-Cul o 11 was within the same range as other rBac-allergens that had been used in previous 

experiments. Increasing the number of High-five cells up to 3-5x106 cells/mL, when infected with r-Bac 

viruses, gave superior results in production of rBac-allergens, both regarding use of medium and 

production time. Loss of protein following dialysis could be somewhat reduced by addition of arginine. 

All the nine rBac-allergens tolerated storage at -80°C for one year. 

IgG1, IgG4/7 and IgG5 levels of serum from six of the challenge horses before and after vaccinations 

was tested against Cul o 5, Cul o 8 and Cul o 11 expressed in insect cells. There was significant increase 

in all three subclasses following the third vaccination, mainly in IgG1 and IgG4/7 but less IgG5. There 

was great individual variation between the six horses in the response to all three proteins. They also 

responded in an individual manner to each protein. The six horses were tested for cytokine response 

after in vitro stimulation of PBMC with the three allergens. They secreted significantly more IL-4, IL-10 

and IFN-γ as compared to unvaccinated controls. 

Several factors regarding the production of r-proteins for monitoring the immune response of horses 

undergoing immunotherapy against IBH were investigated. Six horses vaccinated against IBH mounted 

a strong immune response with great individual variation. We showed that allergens produced in insect 

cells are well suited for testing the immune response of IBH vaccinated horses. 
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1 Introduction 

1.1 The Immune system 

The immune system is a complex network of cells, organs and proteins that work together to defend the 

body against microbial invaders, such as viruses, bacteria and their toxins. It is essential for survival as 

microbes are all around us, and even though most are non-pathogenic, many can be detrimental for the 

health of humans and other mammals. In fact, in the absence of a working immune system, even a 

minor infection could prove fatal. Though the immune system is critical for health and survival by 

removing pathogenic invaders it must avoid mounting an unnecessary immune response against i.e., 

non-harmful substances, self-tissue and commensal microbes. For this purpose, the immune system 

relies on the detection of structural features which helps it to distinguish between self and non-self-

antigens (Murphy & Weaver, 2017a; Sirisinha, 2014). 

The immune system is constantly on the lookout for potentially pathogenic invaders and if it 

recognizes a foreign substance, or an antigen, it starts to mount an immune response. The first immune 

response is part of the innate immunity and is the primary host defense as it reacts rapidly against the 

invading pathogen or toxin. The second response is part of the adaptive immunity and is a more complex 

form of defense mechanism that takes longer to mount compared to the innate immune system. The 

adaptive immune system utilizes a small number of cells which are highly specific against the invading 

microbe, toxin or the foreign substance. It can also create immunological memory which is important as 

it enhances subsequent responses to future encounters with the invader (Murphy & Weaver, 2017a; 

Sirisinha, 2014). 

The cells of the immune system are called white blood cells or leukocytes. These cells are derived 

from pluripotent hematopoietic stem cells (HSCs) which are located in the bone marrow. Leukocytes 

are then divided into two main lineages, the myeloid and lymphoid lineage. The cells of the myeloid 

lineage include granulocytes (i.e. neutrophils, eosinophils and basophils), monocytes, macrophages, 

majority of dendritic cells (DCs) and mast cells. While the cells of the lymphoid lineage include natural 

killer (NK) cells, the innate lymphoid cells (ILCs), some of the DCs, and B and T cells (Kondo, 2010; 

Murphy & Weaver, 2017a). 

The primary organs of the immune system are the bone marrow and the thymus while the secondary 

organs are lymph nodes, the spleen, tonsils, and certain mucosal-associated tissues (i.e. of the gut, 

urogenital tract, respiratory tract and other mucosal tissues) (Murphy & Weaver, 2017a). 

1.1.1 The innate immune system 

The innate immune system, which predates the adaptive immune system, exists to some degree in all 

living multicellular species (Sirisinha, 2014). The innate immune system's first line of defense against 

invading pathogens are anatomical barriers (i.e. skin and mucous membrane) and chemical barriers 

(i.e. soluble protein and antimicrobial agents which are secreted by epithelial cells). These barriers are 

essential in preventing the entry and colonization of most microbes. However, if a pathogen manages 

to breach these barriers, it will encounter the effector molecules, antimicrobial peptides, the complement 

system and cells of the innate immune system (Chaplin, 2010; Murphy & Weaver, 2017a). 
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The main cells of the immune system are macrophages, DCs, mast cells, NK cells, ILC, monocytes 

and granulocytes. These cells are all of the myeloid origin except for NK cells and ILC which are of 

lymphoid origin (Murphy & Weaver, 2017a). The cells of the innate immune system are not able to react 

specifically to the invading pathogens but are able to detect the pathogens with certain germ-line 

encoded receptors called pattern recognition receptors (PRRs) that recognize conserved molecular 

structure of pathogens called pathogen-associated molecular patterns (PAMPs).  

The PRRs include, for example, C-type lectin receptors (CLRs), scavenger receptors (SRs), the Toll-

like receptors (TLRs), NOD-like receptors (NLRs) and retinoid acid inducible gene-1-like receptors 

(RLRs) (Medzhitov & Janeway, 1998; Santoni et al., 2015). These receptors help the cells to detect, 

recognize and activate the invading microbes as well as to distinguish the invading pathogen from the 

body’s own cells (Beutler, 2004; Murphy & Weaver, 2017b). 

  In order to defend the body against infection the leukocytes are able to travel the entire body. For 

example, monocytes typically circulate in the bloodstream and once recruited to tissues they can 

differentiate into ether macrophages or DCs. Macrophages and DCs are long lived cells which reside in 

most tissues and are generally the first leukocytes that the pathogen encounters. When the 

macrophages encounter pathogens, they can detect the pathogen through PPRs. The detection through 

PPRs, such as CLR and SR, triggers phagocytosis, where they engulf and kill pathogens and infected 

cells by degradative enzymes and antimicrobial substances. The phagocytosis can then activate TLRs, 

NLRs and RLRs which activates the macrophage. When the macrophage activates it will start producing 

cytokines and chemokines that are small proteins which induce inflammation and attract other 

leukocytes, such as neutrophils, to the site of infection. Neutrophils, along with eosinophils and 

basophils, have granules in their cytoplasm that contain a variety of enzymes and toxic proteins and are 

thus called granulocytes. Neutrophils, like macrophages, are phagocytic cells and once they are 

recruited from the bloodstream to the site of infection their primary role is the ingestion and the 

elimination of pathogens. They are also the most abundant cells of leukocytes in bloodstream. 

Eosinophils and basophils work a bit differently as they are not phagocytotic cells but release their 

enzymes and toxic proteins upon activation. They are important in the defense against parasites that 

are too large to be ingested by macrophages and neutrophils. They also play a large role in allergic 

responses along with mast cells. Mast cells are found in connective tissue throughout the body and thus 

have the potential to be the first responders to infection along with macrophages. Mast cells contain 

granules that store bioactive molecules, including histamine and heparin, which are released upon 

activation. They play an important defensive role against parasites and a central role in inflammatory 

and allergic reactions. ILCs contribute to the immune reaction by the secretion of cytokines. They serve 

important roles in for example lymphoid tissue formation, repair of damaged tissues, homeostasis, early 

infection control and adaptive immune regulation (Murphy & Weaver, 2017a). The ILCs are divided into 

three main groups, ILC1, ILC2 and ILC3, which are based on functional capacities, cytokine production 

and transcription factor expressions. ILC1, along with NK cells are important in virus infections, as they 

produce interferon (IFN)-γ and kill virus infected cells. ILC2 produces interleukin (IL)-4, IL-5, IL-9 and IL-

13 that are involved in responses to allergens, helminth parasites and some viruses. ILC3, which 
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produce IL-17 and IL-22, are important in the defense against extracellular parasites and in maintaining 

intestinal homeostasis (Cortez et al., 2015). 

To bridge the gap between the innate and adaptive immune system there are certain cells that are 

called antigen presenting cells (APCs) where the main APCs are the DCs. When APCs detect a 

pathogen, they phagocytose or pinocytose the pathogen and degrade their proteins into small peptides. 

The APC then displays the antigen in a major histocompatibility complex (MHC) on their surface which 

is known as an antigen presentation. At the same time, they receive an activation signal through the 

PRRs that stimulates the DCs maturation during their migration to a nearby lymph node. In the draining 

lymph node the DCs  present the peptides to T cells and if a T cell is specific for the peptide presented 

it becomes activated (Ito et al., 2013). 

1.1.2 The adaptive immune system 

The adaptive immune response gets called into action if the pathogens are able to evade or overcome 

the innate immune systems defenses. It typically takes four to seven days to mount a detectable 

adaptive response, but once fully differentiated it is much more efficient than the innate immune systems 

response. This is because the cells of the adaptive immune system have receptors on their surface 

which are highly specific due to somatic hypermutation and recombination. The effector cells of the 

adaptive immune response are B cells and T cells (Murphy & Weaver, 2017a; Usharauli, 2010). 

B cells originate and develop in the bone marrow before they start circulating through the secondary 

lymphoid tissues. To get activated the antigen specific B cell receptor (BCR) has to bind to a specific 

antigen that can be both T cell dependent and independent. When activated B cells proliferate and 

differentiate into plasma cells. Plasma cells secrete antibodies, which are called immunoglobulins (Ig) 

that have the same antigen specificity as the BCR. The immunoglobulins can be divided into five 

classes, IgG, IgE, IgA, IgM and IgD which all have different functions. Mature and naïve B cells express 

IgM and IgD on their surface before activation. However, upon activation they stop expressing IgD and 

continue to express IgM or switch into expressing IgG, IgE or IgA depending on type of infection and 

the role of the B cell (Murphy & Weaver, 2017c).  

T cells originate in the bone marrow but mature in the thymus. After maturation they circulate the 

body through peripheral lymphoid tissues where they search for antigens their T cell receptor (TCR) 

recognizes. As previously mentioned, the DCs travel to lymph nodes where they present antigens to 

circulating T cells. The activation of T cells requires three signals, the first one is through the TCR, the 

second through the co-stimulatory molecules on the APCs and the third from cytokines. Upon activation 

the T cell starts proliferate and differentiate into effector T cells. T cells are divided into three main types, 

CD8+ cytotoxic T cells, CD4+ helper T cells and CD4+ regulatory T cell (TReg). CD8+ T cells recognize 

peptides bound to MHC I, which are found on all nucleated cells, while CD4+ T cells recognize peptides 

bound to MHC II, which is expressed only on the surface of APCs. Cytotoxic T cells are able to kill virus-

infected cells and also tumor cells. When they recognize peptide in MHC I through their TCR they 

release cytotoxic proteins, granzymes, granules and perforin which leads to the apoptosis of the targeted 

cell. T helper cells, when activated, help by directing other cells of the immune system with their secreted 

cytokines (Murphy & Weaver, 2017c). 
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T helper cells can differentiate into various effector subsets with different functions depending on 

which type of pathogenic infection is ongoing. The DCs are a key player in the differentiation of T helper 

cells as the DCs produce different types of cytokines depending on the pathogen it is presenting, which 

helps to guide the T cell differentiation (Figure 1). The main subsets of CD4+ T helper cells are TH1, TH2, 

TH17 and TFH. IL-12 and IFN-y drive the differentiation to TH1 phenotype. TH1 helper cells differentiation 

lead to an increased cell-mediated response, which is typically triggered during an intracellular pathogen 

infection. The TH1 effector cells secrete IFN-y which in turn activates macrophages which induces them 

to destroy intracellular pathogens. The differentiation of T helper cells into TH2 effector cells is mainly 

driven by IL-4, though IL-5, IL-9 and IL-13 can also trigger TH2 differentiation. TH2 cells are important in 

parasite infection as they secrete IL-4, IL-5 and IL-13 which activates mast cells, basophils and 

eosinophils. IL-6 and IL-1β induce the differentiation into TH17 helper cells. These cells secrete IL-17 

and IL-22 that induces local epithelial and stromal cells to produce cytokines and chemokines, that 

recruit neutrophils and monocytes to the site of infection, as well as induces the release of anti-microbial 

peptides. TFH cells are primarily found in the periphery within B cell follicles. They help to activate B cells 

to produce antibodies against foreign pathogens. TFH cells secrete cytokines that are characteristics by 

TH1, TH2 or TH17 cells and the cytokines produced by TFH cells directs the B cell isotype class switching. 

TReg cells are different from the other T helper cells as their main function is to control and suppress 

immune responses to maintain homeostasis and self-tolerance. They develop in the presence of IL-10, 

transforming growth factor beta (TGF-β), retinoic acid and the immunoregulatory enzyme indoleamine 

2,3-dioxygenase, but mainly secrete IL-10 and TGF-β, which are both inhibitory cytokines (Crotty, 2014; 

Murphy & Weaver, 2017d). 

Under normal circumstances the adaptive immune system eliminates the invading pathogens. 

Additionally, the activation of the adaptive immune system leads also to the induction of immunological 

memory. Immunological memory means that the immune system can remember the antigens that it 

previously encountered. This memory provides the ability of the immune system to respond more rapidly 

and effectively to recurring pathogenic infections. Both B and T cells can form memory cells. There are 

two types of memory B cells. One type of memory B cell express BCR on their surface and circulates in 

the bloodstream similar to naïve B cells, however, unlike naïve B cells, they are fully differentiated. When 

they get activated, they can divide multiple times faster than naïve B cells and produce antibodies with 

much higher affinity. The other type of memory B cells are long lived plasma cells which migrate to the 

bone marrow. As they are plasma cells, they do not express BCR on their surface but secrete antibodies 

from the bone marrow. Memory T cells resemble effector cells much more than naïve T cells, thus they 

need less antigen concentration to activate and are able to mount a much more rapid and effective 

attack (Murphy & Weaver, 2017a). 



  

19 

 

Figure 1.  Differentiation of naive CD4+ T cells into effector cells. 
The antigen and environmental factors determine the signals of the DCs in the form of cytokines that 
induce the development of CD4+ T cells. Each effector T cell subset produces unique cytokines and has 
unique immunoregulatory function. Figure and figure legend from Stefansdottir (2015) 
 

1.1.3 The immune system of horses 

The immune system of horses is a lot like the immune system of other mammals, it consists of the same 

cells, molecules and mechanisms. Horses have the same immunoglobulin classes as mice and humans. 

However, the IgG subclasses of horses are seven, IgG1 (IgGa), IgG2, IgG3 (IgG(T)), IgG4 (IgGb), IgG5 

(IgG(T)), IgG6 (IgGc) and IgG7, compared to four in humans and mice (Wagner et al., 2006).  Healthy 

adult horses have a high concentration of IgE antibodies in the serum due to parasitic infections, as it 

can be up to 1000-fold higher than in humans and laboratory mice. Icelandic horses that live in Iceland 

have very high IgE levels but when exported it decreases, probably due to more frequent use of anti-

helminthic drugs (Wilson et al., 2006).  
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1.1.4 Allergy 

A hypersensitive reaction of the immune system to an innocuous antigen or allergen is called allergy. 

There are four types of allergic reactions, hypersensitivity types I-IV. Hypersensitivity type I is an IgE 

mediated response. When an antigen enters the body, it can cause allergic reaction in some individuals. 

An APCs picks up the antigen and presents it to a native T cell that differentiates to a TH2 cell in the 

presence of IL-4 and other TH2 cytokines and the activated B cell differentiate and switch to IgE antibody 

production. Sensitization is a process in which IgE antibodies bind to high-affinity Fc receptors (FcεRI) 

on the surface of mast cells and basophils (in tissues and blood respectively). In sensitized individual, 

re-exposure can cause the antigen to bind to IgE (on the mast cell and basophils) and then cross link to 

the high-affinity Fc receptor. This activates the mast cells and basophils, which causes them to release 

inflammatory mediators, such as histamine, prostaglandins and leukotrienes that cause allergic 

symptoms. Type II hypersensitivity reaction is mediated by IgG and IgM antibodies against an antigen 

on cells or allergens in the matrix and activating the complement system or reacting to cell surface 

receptors altering their signal. Type III hypersensitivity is also mediated by IgG and IgM antibodies 

against soluble antigens, the antibodies form a complex and by that activate the complement system. 

Type IV hypersensitivity reaction is mediated by T cells, it is a delayed reaction and can take up too few 

days to develop (Murphy & Weaver, 2017e). 

An allergen is a harmless antigen that causes an allergic reaction. While no specific characteristics 

of a protein can predict whether it would be an allergen, several proteases have been identified as such. 

They all, however, activate the TH2 pathway, which results in the production of IgE (Palomares et al., 

2014). According to the World Health Organization and the International Union of Immunological 

Societies, a protein that causes an IgE antibody response in at least five individuals is classified as an 

allergen. A major allergen is one that causes more than 50% of patients tested to react with the 

corresponding allergen specific IgE in the specified test system. 

1.1.5 Insect allergens 

Both humans and animals can be allergic to proteins originating from biting and stinging insects (Arlian, 

2002; Cantillo et al., 2014; McDermott et al., 2000; Orange et al., 2004; Peng & Simons, 2004; Spillner 

et al., 2014). Biting insects use their mouth to inject venom that can cause paralysis or even death. 

While stinging insects, use their stingers mostly to inflict immediate pain (Vetter & Visscher, 1998). Some 

insects feed on blood and to do so by biting and injecting their saliva into their victim of choice. Injecting 

their saliva into the host helps the insect get past the host barriers, such as inflammation, immunity and 

homeostasis as their saliva contains substances to overcome those obstacles (Ribeiro & Francischetti, 

2003). Both mouthparts and stingers have venom glands and ducts, which are designed to transmit 

venom (Vetter & Visscher, 1998). 

Biting insect allergens originate in their salivary glands, these allergens can cause an IgE mediated 

allergic reaction (Hudson et al., 1960). Mosquitoes can still feed and develop eggs if the main ducts of 

its salivary glands are cut, but they are unable to cause skin reactions in humans (Hudson et al., 1960). 

Mosquito venom allergens can cause local or systemic allergic reactions (Cantillo et al., 2014). Humans 

are allergic to the majority of the proteins found in mosquito saliva. Multiple mosquito genera have been 
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identified, rounding up to about 3000 species world-wide. Mosquitoes have few characterized saliva 

proteins that are known to cause an elicit allergic response. Most of those allergens were originally 

identified in Aedes aegypti, some of them are conserved between mosquito species but others are 

species-specific. These allergens can cross-react with other allergens from other biting and stinging 

insects.  Apyrase, the D7 protein and a-glucosidase are the three known major mosquito allergens 

(Cantillo et al., 2014; Peng & Simons, 2004). 

On http://www.allergen.org is a list with all known allergens that can cause an allergic reaction in 

humans, however allergy is also known in other mammals (Couëtil et al., 2016; Jensen-Jarolim et al., 

2015). Insect bite hypersensitivity (IBH) is an allergic reaction in horses against proteins from the biting 

midges (Culicoides spp).  

1.2 Insect bite hypersensitivity 

Insect bite hypersensitivity (IBH) is also known as summer eczema and sweet itch. It is a recurrent 

seasonal dermatitis of horses (Baker & Quinn, 1978; Riek, 1953). IBH is a type I allergic reaction to the 

bites of biting midges of the genus Culicoides (Fadok & Greiner, 1990). The clinical signs are severe 

itching, that can result in hair loss and the forming of lesions, sometimes with secondary infections. 

Lesions are most commonly found at and around the base of the mane and tail (Figure 2), where the 

biting midge prefers to feed (Halldórdsóttir & Larsen, 1991; Townley et al., 1984). The disease has a 

significant impact on the horse’s wellbeing. 

All breeds of horses can get affected by IBH and it can be found worldwide where Culicoides midges 

are indigenous. The prevalence of the disease varies between countries and regions within the countries 

(Anderson et al., 1993; Braverman et al., 1983; Broström et al., 1987; Halldórdsóttir & Larsen, 1991; 

Kurotaki et al., 2000). IBH is not found in Icelandic horses that live in Iceland since the causative 

Culicoides spp. are not indigenous (Schaffartzik et al., 2012). The biting Culicoides species found so far 

in Iceland (lúsmý) is Culicoides riouxi ((Wirthomyia) reconditus) (Ólafsson & Alfreðsson, 2019) prefers 

humans but does not seem to bite horses. Icelandic horses that are born in Iceland and exported to 

midge infested locations are at a higher risk of getting the disease or about 50%. The prevalence is 

highest two years after export where the overall prevalence of IBH in Icelandic horses exported to the 

European continent is about 35%. Around 5-10% of Icelandic horses born in Culicoides infested areas 

get IBH, which is the same as other breeds. The high prevalence of Icelandic horses exported to Europe 

is most likely due to a lack of early life exposure to Culicoides midges (Bjornsdottir et al., 2006; Broström 

et al., 1987; Halldórdsóttir & Larsen, 1991; Lange et al., 2005). 
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Figure 2. Clinical signs of IBH. 
The mare Sigga in Iceland July 2011 (A). Sigga with clinical signs of IBH in USA at Cornell University 
College of Veterinary Medicine July 2014 (B). Mane with severe dermatitis and excoriation (C). Tail with 
localized hair loss (D). Photo A: Sigurbjörg Þorsteinsdóttir, photos B-D: Bettina Wagner. 
 

1.2.1 Diagnosis of IBH 

IBH is mainly diagnosed by clinical signs. Several in vitro diagnostic tests have been evaluated, the 

majority of which use midge whole body extracts (WBE). These tests are serological test like ELISA and 

WB, or functional test based on cellular reaction after stimulation in vitro with Culicoides WBE, such as 

sulfidoleukotriene release test (Baselgia et al., 2006; Marti et al., 2008) and histamine release test (Marti 

et al., 2008). However, the allergen content of the Culicoides WBE has not been standardized (Anderson 

et al., 1993; Braverman et al., 1983; Ferroglio et al., 2006; Marti et al., 2008) and high affinity IgE 

reagents and pure recombinant allergens are required to enhance the efficiency of these tests (Marti et 

al., 2008). 

An allergen microarray was recently developed to detect the major allergens that cause IBH (see 

chapter 1.2.2). It is also of critical importance for allergen specific immunotherapy against IBH to have 

identified the major allergens (Novotny et al., 2021). 

1.2.2 Pathogenesis of IBH 

IgE antibodies specific to Culicoides spp. allergens are found in over 90% of horses with IBH, compared 

to just 7% of healthy horses (Hellberg et al., 2006). With a modified Prausnitz-Kustner experiment 

Wagner et al showed that IgE from IBH infected horses can be used to pass the allergic reaction from 
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IBH horses to healthy horses, providing strong evidence that IgE mediates mast cells degranulation and 

allergic reactions in IBH horses (Wagner et al., 2006). IgE, IgG3/5, and IgG1 antibodies were found to 

be critical in IBH through immunoblot analysis, as sera from IBH affected horses bound significantly 

more C. nubeculosus salivary gland proteins than sera from healthy control horses (Hellberg et al., 

2006). Figure 3 demonstrates a simplified schematic picture of the response in IBH. 

 

Figure 3 Simplified scheme of type I hypersensitivity reaction as in insect bite hypersensitivity. 
Bold in the fig. legend indicates mechanisms that have been demonstrated to be involved in IBH. (A) 
Sensitization. (1) Culicoides midges bite horses, injecting saliva that contains a variety of proteins. (2) 
Upon inflammation or damage, the epithelium produces TSLP, IL-33, and IL-25. These cytokines act as 
alarmins and activate group 2 innate lymphoid cells. (3) ILC2s secrete IL-5 and IL-13. (4) APCs take up 
salivary gland proteins and are modulated by the ILC2 cytokines. (5) APCs migrate to the draining lymph 
node. (6) APCs present the allergen peptides on MHC class II to naïve CD4+ T helper cells. (7) Naïve 
CD4+ T helper cells differentiate into T helper type 2 cells (TH2). (8) TH2 cells produce IL-4 and IL-13 that 
instruct the B cells upon differentiatin to undergo IgE class switching. (9) Upon class switching, plasma 
cells produce allergen-specific IgE. (10) IgE binds to the high affinity IgE receptor (FcεRI) on mast cells 
thus sensitizing the horse to Culicoides allergens. (B) Re-exposure: immediate and late-phase reaction. 
(1) Upon re-exposure to Culicoides allergens, (2) the allergens bind to the mast cell–bound allergen-
specific IgE antibodies, causing cross-linking between the receptors. (3) Mast cells are thus activated 
and release inflammatory mediators, such as histamine, leukotrienes, prostaglandins, and PAF, (4) 
leading to development of edema, erythema, and itch, within minutes of allergen re-exposure. (5) 
Activated mast cells also release chemokines and cytokines responsible for the recruitment of effector 
cells to the allergy site. (6) These effector cells are mainly eosinophils, TH2 cells, and basophils, 
causing the late-phase reaction, which starts 2–4 h after exposure and reaches its peak at 24 h. (7) TH2 
cells produce cytokines, in particular IL-5 that further recruits eosinophils to the site of allergic 
inflammation. Figure and legend from (Jonsdottir et al., 2019). 
 
 

The role of T cells, with a focus on TH1 and TH2 cells, have been investigated in the circulation and 

the skin of IBH affected horses.  Peripheral blood mononuclear cells (PBMCs) from IBH affected horses 
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that are born in Iceland showed increased IL-4 mRNA levels and a higher proportion of IL-4 producing 

T cells when stimulated with Culicoides extract as compared to healthy horses (Hamza et al., 2007). 

First generation horses, or horses that are born in Iceland and exported to mainland Europe, are far 

more likely to get IBH than horses born in the European mainland (2nd generation) (Bjornsdottir et al., 

2006). PBMCs from IBH affected 1st generation horses have a higher proportion of IL-4 producing T 

cells than IBH affected 2nd generation horses (Hamza et al., 2007). Few healthy 2nd generation horses 

express Culicoides specific IL-4. In stimulated cultures of PBMCs from both generations of IBH horses, 

IL-4 production and the IL-4 producing cells themselves, could be inhibited by a combination of IL-10 

and TGFB1, as well as by supernatants of PBMCs from 2nd generation healthy horses (Hamza et al., 

2008). 

Analysis of skin showed that expression of IL-13 was significantly higher in both lesion and non-

lesion skin of IBH affected horses compared to healthy horses but not IL-4 and IL-5 (Heimann et al., 

2011).  IL-4 is dominant at the start of an allergic response, while IL-13 is required for effector functions. 

These three cytokines favor the development of TH2 cells (Corry, 1999). Forkhead box 3 (Foxp3) is a 

marker for TReg cells. In the skin of IBH affected horses, the expression of Foxp3 and IL-10 was 

significantly lower than in healthy controls (Heimann et al., 2011). This was also shown to be true for 

expression in blood of Foxp3 by CD4+CD25+ cells where the expression was significantly lower in IBH 

affected horses following Culicoides extract stimulation of PBMCs. Recombinant IL-4 added to PBMCs 

from healthy control horses stimulated with the allergen showed significant decrease in the proportion 

of Foxp3 expressing cells. This suggests that IL-4 production by PMBCs is increased in IBH affected 

horses and that is associated with a decrease in the number of allergen-induced TReg cells (iTReg) (Hamza 

et al., 2012). Together, in skin and blood, these results indicated an imbalance between the T cell 

subgroups and that IBH is TH2 biased, acts like type I hypersensitivity in humans and is associated with 

reduced regulatory immune response (Hamza et al., 2007; Hamza et al., 2012; Hamza et al., 2010; 

Hamza et al., 2008; Heimann et al., 2011).  

Icelandic horses living in Iceland have a higher helminth burden and higher total IgE level in their 

serum than 1st and 2nd generation horses in Switzerland. This is due to parasite infections that induce 

TH2 immune responses, just like allergens, and horses are generally chronically infected with parasites 

(Hamza et al., 2010; Wilson et al., 2006). Horses living in Iceland have, however, lower production of 

IL-4 in response to parasite extract stimulation but high IL-10, compared to those living in Switzerland 

(Hamza et al., 2010). Because of that, horses living in Iceland seem to have helminth infection under 

stringent immunoregulation.   

1.2.3 Culicoides 

Culicoides midges (Figure 4) are a genus of very small haematophagous biting flies in the family 

Ceratopogonidae, a family of Diptera order in the insecta class. Culicoides midges count over thousand 

species, they are found all over the world, with the exceptions of Antarctica, New Zealand (Mordue, 

2003) The Culicoides species found in Iceland do not appear to bite horses. Only the female flies suck 

blood as it is essential for egg production. The adult fly has an average lifespan of 20-30 days and the 
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females lie eggs in a bundle of 30-100 each time in moist conditions. The life circle of the fly is divided 

to four stages, egg, larva, pupa and adult fly (Bishop et al., 2006; Mordue, 2003).   

 

Figure 4. Culicoides spp. 
Photo: Karl Skírnisson 

 

1.2.4 Culicoides allergens 

Allergens have been isolated from three species of Culicoides. Originally there was one allergen isolated 

from C. sonorensis (Cul s 1) (Langner et al., 2009) and eleven allergens from C. nubeculosus (Cul n 1 

- Cul n 11), these two species can be easily kept in a laboratory and are accessible to research 

(Schaffartzik et al., 2010; Schaffartzik et al., 2011). These gene sequences were later used to isolate 

the corresponding allergen from C. obsoletus, a very common species in Europe, Cul o 1 - Cul o 7 (van 

der Meide et al., 2013) and Cul o 1 - Cul o 2 (Peeters et al., 2013). However, C. obsoletus has to be 

collected from the wild (Boorman, 1985). 

In total 45 proteins have been identified from the saliva of C. sonorensis, using mass spectrometry 

analysis including members of D7 family, Kunitz-like protease, maltase and trypsin (Lehiy & Drolet, 

2014). Cul s 1 is a maltase, a 66 kDa protein when expressed in the baculovirus express system. Serum 

from seven out of eight IBH affected horses had specific IgE response to Cul s 1 and they all responded 

to the allergen in a skin test (Langner et al., 2009).  

Total of 54 novel proteins sequences have been identified from the cDNA salivary gland library of C. 

nubeculosus by using mass spectrometry analysis including potential allergens (Russell et al., 2009). 

Cul n 1 - Cul n 11 salivary gland proteins from C. nubeculosus were isolated and expressed in E. coli 

using a phage surface displayed technology (Schaffartzik et al., 2011), except Cul n 1 which was done 

with a common cDNA library (Schaffartzik et al., 2010). The IgE from serum of IBH affected horses 

bound to all the allergens with frequencies ranging from 13 to 57% and all but two responded to the 

allergen in a skin test (Schaffartzik et al., 2011).  

In 2013, two independent research groups published data on allergens isolated from C. obsoletus, 

resulting in some allergens with different homology having the same names. Cul o 1 and Cul o 2 isolated 

by Peeters et al. (now called Cul o 1p and Cul o 2p) do not share homology to the Cul o 1 and Cul o 2 

isolated by van der Meide et al, or any other known Culicoides allergens. Cul o 1 and Cul o 2 were 

isolated from C. obsoletus and expressed in E. coli by Peeters et al. Specific IgE-binding from serum of 

IBH affected Warmblood horses bound to both proteins (Peeters et al., 2013). Cul o 1 - Cul o 7 were 

isolated from C. obsoletus, they were all expressed in E. coli and Cul o 1 was additionally expressed 

with the baculovirus system by van der Meide et al. Specific IgE from the serum of 103 IBH affected 
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horses bound to the allergens with a frequency of 38-67%. The horses tested had higher Cul o 1-specific 

IgE levels than Cul s 1, its homologue from C. sonorensis. It did not matter if the protein was expressed 

in E. coli or insect cells for in vitro diagnosis of IBH in their study (van der Meide et al., 2013).  

Recently, the major allergens that cause IBH were mapped with a microarray (protein array, allergen 

microchip). Major allergens are those that bind IgE from 50% or more of IBH affected horses. Twenty-

seven allergens from C. nubeculosus and C. obsoletus were bound to microchips and serum from 347 

horses tested for IgE binding. Of the 347 horses, 199 were IBH affected horses and 148 were control 

horses of various breeds, but most were Icelandic hoses (n = 235). Of these 27 allergens, 13 were major 

allergens that bound IgE from ≥ 50% of Icelandic IBH affected horses, of which seven were allergens 

against which ≥70% of IBH affected horses had IgE against (Figure 5). The microchip revealed several 

new allergens, including five major allergens, Cul o 8, Cul o 9, Cul o 10, Cul o 11 and Cul o 12. A 

combination of the seven main allergens, Cul o 8, Cul o 9, Cul o 10, Cul o 11, Cul o 1p, Cul o 2p and 

Cul o 7, detects 90% of IBH horses with> 95% specificity (Novotny et al., 2021).  

 

Figure 5. Component-resolved microarray analysis of IgE sensitization profiles to Culicoides 
recombinant allergens in horses with insect bite hypersensitivity. 
Figure and figure text from (Novotny et al., 2021)
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1.3 Production of recombinant proteins 

Proteins can be produced in both prokaryotes and eukaryotes. There are several factors to consider 

when selecting a system for producing recombinant proteins, including the overall time of the production, 

the quality and functionality of the produced protein, cost and yield. 

1.3.1 Protein expression in Escherichia coli 

The most common, oldest and mostly used host for the production recombinant proteins is E. coli. E. 

coli has many advantages as a production system as it grows rapidly and has a high expression rate. It 

is easy to culture and its genome is pretty straight forward when it comes to making genomic 

modifications, more importantly for laboratories today, it is very cost-effective with a high yield protein 

production. Some disadvantages are to the system as the proteins are frequently in insoluble inclusions 

and need to be denatured and then refolded. The system also produces unglycosylated proteins but 

also it has problems expressing proteins with disulfide bonds and purifying the desired proteins from the 

bacterial endotoxins and acetate that sometimes can be problematic (Demain & Vaishnav, 2009). 

1.3.2 Protein expression in insect cells  

The baculovirus expression system is the most commonly used vector system for recombinant protein 

expression in insect cells. These viruses have double-stranded circular DNA that can easily be grown 

in vitro and are pathogenic for lepidopteran cells. Baculoviruses are mainly derived from Autographa 

californica multiple capsid nucleopolyhedrovirus (AcMNPV) and the host cells are usually from 

Spodoptera Trichoplusia ni (High-five) or Spodoptera frugiperda (Sf-9) which are both moth species. 

The Baculovirus expression system promotes eukaryotic post-translational modifications, including 

phosphorylation, glycosylation and correct signal sequence cleavage. It is known to achieve high 

expression levels, disulfide bond formation and proper protein folding, as well as allowing for 

simultaneous expression of multiple genes (Demain & Vaishnav, 2009; Possee, 1997; Schmidt & 

Hoffman, 2002).  

The Baculovirus genes are expressed in three phases, early, late and very late. The genes expressed 

in the early and late phase are generally associated with the production of virus particles which bud from 

the cell and spread infection. The genes expressed in the very late gene phase encoding for polyhederin 

which is under the control of a strong promoter. Polyhederin is crucial for the formation of occlusion 

bodies containing the virus particles in the nucleus of the host cells. Polyhederin can be removed from 

the genome without affecting the production of infectious virus particles as it is replaced with a cloned 

gene in the baculovirus vector. The cloned gene is then placed under the same strong polyhederin 

promoter as mentioned before which allows the expression of recombinant protein constituting up to 

30% of cell proteins (Figure 6). A major disadvantage to the expression of mammalian proteins in the 

baculovirus system is that the post-translational modification in mammalian cells and in insects is not 

identical. However, when expressing insect proteins, as in this study, that is not an issue (Demain & 

Vaishnav, 2009; Possee, 1997; Schmidt & Hoffman, 2002).  
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Figure 6. The Bac-to-Bac expressions system (Invitrogen). 
The gene of interest is cloned into the SUMOstar vector (SUMOstar donor plasmid), after that the 
H10Bac E. coli cells are transformed with the construct. Then a homologous recombination (HR) occurs 
between the bacmid and donor plasmid. With antibiotic selection, colonies with the r-bacmids containing 
the gene of interest are isolated from positive E. coli cultures and transfected into Sf-9 insect cells. The 
Sf-9 insect cell produce r-baculovirus particles used to infect Sf-9, for gene expression and/or viral 
amplification. Schematic picture: Sara Björk Stefánsdóttir. 
 

The baculovirus system has been used to express many recombinant allergens as they have 

bioactivities that are similar to native proteins and can bind IgE (Schmidt & Hoffman, 2002). I.e., 

Soldatova et al., produced honeybee venom hyalurinodase (Hya) allergen in both E. coli and the 

baculovirus system to compare for biological activity. By doing so they showed that the enzymatic 

activity of the Hya produced in the baculovirus system was equal to natural Hya but E. coli produced 

Hya had only 20-30% of the activity of the natural Hya (Soldatova et al., 1998).  

Some proteins have proven to be difficult to be expressed in certain systems. However, the fusion of 

small ubiquitin-related modifier (SUMO) to proteins has been shown to enhance expression levels of 

recombinant proteins in insect cells and E. coli. SUMOstar, an alternative SUMO-derived tag, was 

developed to be used in the baculovirus system as it increases solubility and stability, especially for 

proteins that need native N-terminal for function (Liu et al., 2008). 
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1.4 Immunotherapy 

Allergen immunotherapy (AIT) is the only specific disease-modifying treatment and desensitization 

for allergic diseases in humans. It is a long-term therapy that decreases allergic symptoms for many 

individuals, such as allergic asthma and eye allergy. The conventional treatment involves administering 

low doses of allergen that are steadily raised over a long period of time. An adjuvant is a substance that 

increases and modulates the immune response to antigens. A subcutaneous injection of allergen with 

an adjuvant and tablets or drops under the tongue are the most common routes of administration. 

Immune parameters such as antibodies, cytokines, and inflammatory mediators are used to assess the 

effectiveness of immunotherapy. In effective immunotherapy, allergen-specific TReg and/or TH1 cells are 

produced, TH2 responses are inhibited, allergen-specific IgE levels are reduced, allergen-specific IgG 

and IgA levels are increased, and infiltrating inflammatory cells are reduced (Dorofeeva et al., 2021; 

Hancı et al., 2015; Palomares et al., 2014).  AIT is used as a curative treatment in humans but 

prophylactic immunotherapy to prevent allergic sensitization is not yet practiced as it is difficult to predict 

which individuals will develop allergy.  

1.4.1 Attempts to develop preventive allergen immunotherapy against IBH 

Three attempts to treat IBH with ATI have been made so far (Anderson et al., 1996; Barbet et al., 1990; 

Ginel et al., 2014), WBE of Culicoides midge was used in all three studies. The salivary gland proteins, 

which are the allergens for IBH, make up a small fraction of the crude WBE, which is made up of 

hundreds of proteins and other substances. Furthermore, they did not use extract from the most 

common Culicoides species in the horses environment. Van der Meide et al. showed that this could be 

of great importance since IBH affected horses have higher IgE levels to midges caught in the horses 

habitat than laboratory-bred Culicoides species (van der Meide et al., 2014).  

IBH affected horses treated with Culicoides WBE showed no significant improvement in clinical signs 

as compared to the placebo-control group in the two placebo-controlled studies (Barbet et al., 1990; 

Ginel et al., 2014). However, clinical sings after vaccination improved in both groups when compared 

with signs before vaccination, probably due to a better insect control (Ginel et al., 2014). IBH affected 

horses treated with Culicoides WBE by Anderson et al. showed a significant improvement of clinical 

signs, however, they did not have a control group (Anderson et al., 1996). These studies and as well as 

the low efficacy of AIT with insect WBE in early studies in humans show how important it is to use pure 

and well-defined allergens instead of crude WBE. Defining the sensitization profile of each horse would 

be ideal.  

Now there is possibility for developing both prophylactic and therapeutic AIT due to the access of 

pure Culicoides allergens. Preventive immunotherapy should ideally be done before being exposed to 

allergens. IBH in Icelandic horses is an excellent model for development and study of prophylactic 

immunotherapy as Iceland is free of the causative agent and the horses are only sensitized after export 

(Jonsdottir et al., 2019). 

There are several derails other than the source of allergens that must be considered when developing 

prophylactic vaccine, for example, which adjuvants to use and the injection route (Jonsdottir et al., 2019). 

Senti et al. found that intralymphatic applications of allergens in humans with grass-pollen allergic 
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patients was more effective and did not have more side effects than the subcutaneous route, which is 

mostly used in AIT. Instead of 54 injections only three was needed when given intralymphatically (Senti 

et al., 2008). 

Since IBH is an IgE mediated TH2 allergy with an imbalance between TH1, TH2 and TReg, it is important 

to use TH1/TReg focusing adjuvants or agents to induce and/or rebalance TH1:TH2:TReg responses and 

suppress the inflammatory mechanism. Vaccination with purified allergens in two adjuvants, Alum and 

monophosphoryl lipid A (MPLA) resulted in a TH1/TReg immune response. The IgG antibodies induced 

effectively blocked IgE binding to allergens in IBH horses. One of the main mechanisms in successful 

immunotherapy has been shown to be allergen-specific IgG antibodies that compete with IgE for binding 

to allergens. Jonsdottir et al., has shown that injection straight into the lymph nodes with the appropriate 

adjuvant is a promising option (Jonsdottir et al., 2015; Jonsdottir et al., 2016). The only way to finally 

determine if the vaccination works and protects the horse from developing IBH is a challenge 

experiment. Figure 7 shows a simplified scheme of preventive allergen-specific immunotherapy. 

A challenge experiment involves exporting vaccinated horses to Culicoides infested areas in Europe, 

monitor their immune response and whether they get insect bite hypersensitivity (IBH). They need to be 

monitored for at least three years, as that is the expected period of the IBH to occur. This is the only 

procedure to determine the effectiveness of the vaccine, however challenge experiments are often time 

consuming, a lot of work and costly (Bjornsdottir et al., 2006; Torsteinsdottir et al., 2018).  

In the ongoing challenge study, twenty seven healthy Icelandic horses were vaccinated in Iceland 

three times with four weeks intervals. The horses were vaccinated intralymphatic with nine purified 

allergens in Alum/MPLA. Four weeks after the third vaccination, the horses were exported, in the spring 

2020, to a known Culicoides infested areas in Switzerland and Germany. There they will be exposed to 

the Culicoides bites, no protections are allowed. Blood samples are taken on a regular basis and clinical 

examinations performed to check for signs of IBH. A vaccination boost is given before Culicoides season 

each year.  
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Figure 7. Simplified scheme of preventive allergen-specific immunotherapy as described in this 
review. 
Immune reactions that have been demonstrated in horses are indicated as bold in the fig. legend. (1) 
The vaccine formulation consisting of recombinant Culicoides allergens in adjuvants is injected directly 
into the submandibular lymph node (A) or subcutaneously (B) or intradermal. The advantage of the 
intralymphatic injections being that the allergens are delivered directly at the site of the immune 
response. (2) Antigen-presenting cells (APCs) take up the allergens (3) and bring them to the draining 
lymph node (only B). (4) In the lymph node, APCs present allergen peptides on MHC class II to naïve 
CD4+ T helper cells. (5) Subsequently, naïve CD4+ T helper cells differentiate into T helper type 1 
(TH1) cells and/or T regulatory cells (TRegs). (6) The TH1 cells produce IFN-γ, and instruct the B cells to 
undergo class switching, (7) and start producing IgG and IgA antibodies. (8) Additionally, TReg cells 
produce regulatory cytokines IL-10 and TGFβ. Figure and legend from Jonsdottir et al. (2019). 
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2 Aim 

The overall aim of the study was to develop prophylactic immunotherapy against insect bite 

hypersensitivity (IBH). To test if an experimental vaccine can be protective for exported Icelandic horses 

by preventing them from developing IBH in a natural midge infested environment a challenge experiment 

was performed. Twenty-seven healthy Icelandic horses were vaccinated intralymphatically and exported 

to Culicoides infested areas in Europe. Their immune response and clinical status are monitored 

regularly. The major allergens causing IBH were found using a protein microarray. The horses were 

vaccinated with nine major r-allergens (rCul o 1p, rCul o 2p, rCul o 3, rCul o 5, rCul o 7, rCul o 8, rCul o 

9, rCul o 11 and rCul n 4) produced in E. coli in a mixture of alum and Monophosphoryl Lipid A (MPLA) 

adjuvants. It has proven difficult in previous projects to use E. coli produced proteins in some immune 

assays following vaccination and for diagnosis of the disease. Therefore, it was important to standardize 

their expression in another system, and insect cells were an obvious choice. 

  

The specific aims of this project were: 

1. Express and produce three of the IBH major allergens, Cul o 5, Cul o 8 and Cul o 11 using the 

pI-secSUMOstar vector and the Bac-to-Bac baculovirus system. Also purifying them for 

immunoassays together with the 6 other allergens used for the vaccination. 

2. Attempt to optimize the production, detection and preservation of purified rBac-allergens. 

3. Measure the antibody and the cytokine response of six of the 27 vaccinated horses following 

vaccination. 
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3 Materials and methods 

3.1 Cloning of Cul o 5, Cul o 8 and Cul o 11 

3.1.1 Origin of the genes 

Cul o 5 is a unknown salivary protein (van der Meide et al., 2013), Cul o 8 is a Kunitz protease inhibitor 

and Cul o 11 is a Apolipophorin III-like protein (Novotny et al., 2021). The genes originate from the 

salivary glands of Culicoides obsoletus. The genes were codon optimized (appendix I) for expression in 

insect cells and synthesized by GenScript amplified by PCR from the pUC57 plasmid, a cloning vector 

used in E. coli. 

3.1.2 Primer design 

Primers to amplify Cul o 5 (GenBank accession numbers: KC339675), Cul o 8 (MN123710) and Cul o 

11 (MN123713) were designed without the predicted signal peptide. The design was based on the 

optimized sequences with appropriate cleavage sites. All primers were purchased from TAG 

Copenhagen and are listed in appendix II. 

3.1.3 Polymerase chain reaction (PCR) 

The PCR reaction was performed in DNA Engine® Peltier Thermal Cycler (PTC-200) from MJ Research 

and Thermal Cycler 2720 from Applied Biosystems. The Phusion® Hot Start Flex DNA polymerase or 

Taq DNA polymerase were used in the reactions. 

 

PCR with Phusion®Hot Start Flex DNA polymerase 

The genes (Cul o 5, Cul o 8 and Cul o 11) were amplified for cloning using Phusion®Hot Start Flex DNA 

polymerase (New England Biolabs). 

PCR reaction solution     PCR reaction 

Template DNA   2 µL  1. Denaturing  98°C   30 sec 

10 µM Forward primer  2.5 µL   2. Denaturing  98°C   10 sec 

10 µM Reverse primer  2.5 µL   3. Annealing  60°C   30 sec 

Phusion Hot start 2x M. Mix 25 µL   4. Elongation  72°C   1 min/kb 

ddH2O    18 µL  5. Elongation   72°C   10 min 

Total volume   50 µL 

Steps 2 to 4 were repeated 29 times. The elongation time depended on the size of the gene amplified, 

approximately 1 min for each 1000 bp amplified. 
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PCR with Taq DNA polymerase 

Taq DNA polymerase (New England Biolabs) was used in PCR’s to test bacterial cultures and minipreps 

after transformation. 

PCR reaction solution     PCR reaction 

Template DNA    1 µL or 3 µL 1. Denaturing   95°C   5 min 

10x Thermo buffer  2 µL   2. Denaturing   95°C   15 sec 

2 mM dNTP   2 µL   3. Annealing   50°C - 55°C  30 sec 

20 µM Forward primer  1 µL   4. Elongation   72°C   1 min/kb 

20 µM Reverse primer  1 µL  5. Elongation   72°C   10 min 

Taq polymerase (5 U/µL) 0.2 µL 

ddH2O     to 20 µL 

Total volume    20 µL 

Steps 2 to 4 were repeated 29 times. The annealing temperature depended on the melting point of the 

primers and the elongation time on the size of the gene amplified. The amount of DNA used depended 

on whether the reaction was done with cultures grown in liquid medium (1 µL) or was from colonies 

grown on agar plates (colony mixed with 10 µL of ddH2O and 3 µL used). 

3.1.4 DNA electrophoresis 

The PCR products were run on 1% agarose gel. Agarose Basic (AppliChem) powder was melted in 0.5x 

TBE buffer (Tris borate- EDTA, appendix III), 1-3 drops of ethidium bromide (Sigma) was added to the 

melted agar before solidification. Before loading the PCR product, a 10x RSB (restriction buffer, 

appendix III) was added to each sample. Electrophoresis was carried out in 0.5x TBE buffer at 70V for 

40-80 min depending on the size of the gene fragments. The size of the products was estimated by 

comparison to a 2-log ladder (New England Biolabs). PCR products were visualized under UV light in 

InGenius (SynGene) and photographed using the GeneSnap program (SynGene). 

3.1.5 Extraction of DNA from agarose gel and DNA quantification 

The DNA was visualized under UV light and excised from the gel. Then a Nucleospin® Gel and PCR 

clean-up Kit (Macherey-Nagel) was used to extract DNA from agarose gel according to manufacturer‘s 

protocol. 

The concentration of samples was measured by NanoDrop®ND-1000 Spectrophotometer 

(NanoDrop Technologies Inc.) according to manufacturer‘s user manual. 
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3.1.6 Vectors 

The allergen genes Cul o 5, Cul o 8 and Cul o 11 were cloned into pI-secSUMOstar vector without the 

native secretion signal sequence of the protein. The secretion signal sequence of the allergens was 

determined by the predictability program SignalP 4.1 Server (Petersen et al., 2011). The vectors used 

in this work were pFastBac™/HBM-TOPO® (Invitrogen), pFastBac™ 1 (Invitrogen) and pI-

secSUMOstar (LifeSensors) (Figure 8). Before this study the allergens Cul o 8 and Cul o 11 had been 

expressed using the pFastBac™ 1 vector (Invitrogen) and Cul o 5 using pFastBac™/HBM-TOPO® 

vector (Invitrogen) (Figure 8) (Stefansdottir, 2015). 

 

Figure 8. Schematic picture of the vectors 
1. pFastBac™/HBM-TOPO® vector contains Honey-bee melittin secretion signal at the N-terminus of 
the allergen, TEV protease cleavage site and 6xHis-tag at the C-terminus. 2. From pFastBac™/HBM-
TOPO® vector theTEV protease cleavage site and 6xHis-tag are cloned with the allergen gene into the 
pFastBac™1 vector. 3. pI-secSUMOstar vector contains glycoprotein secretion signal (gp67 sec) 
originated from baculoviruses, 6xHis-tag and a SUMOstar fusion protein at the N-terminus of the 
allergen. Figure and figure legend from: Stefansdottir (2015) 

3.1.7 Restriction enzyme digestion and ligation 

Restriction sites were incorporated at the 5‘-end of the forward and reverse primers to facilitate cloning 

of the coding sequences into pI-secSUMOstar vector. Cul o 8 and Cul o 11 were amplified with primers 

containing Xbal an BsmBI restriction sites. The genes and vectors were digested with endonucleases 

XbaI and BsmBI (New England Biolabs). First with XbaI at 37°C o.n. and then with BsmBI at 55°C o.n., 

and the rest carried out according to manufacturer‘s protocol. After restriction digestion the products 

were run on agarose gel, excised, extracted from the gel and DNA concentration measured by 

NanoDrop. The genes were ligated into the vectors with T4 DNA ligase (Fermentas) according to 

manufacturer‘s protocol, except the ligation reactions were carried out at 16°C for 24-72 hrs with the 

ratio between gene and vector 3:1 and 6:1. 
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3.1.8 Chemically competent E. coli cells and transformation 

E. coli strain DH5α from stock was plated on LB agar and incubated o.n. at 37°C. Colonies were picked 

and cultured in SOB medium (appendix III) on a shaker at 16°C until the OD600 was between 0.45-

0.60, put on ice for 10 min, centrifuged for 15 min at 2000 x g at 4°C. After this step the work was 

performed on ice in a cold room. The supernatant was discarded and the pellet dissolved with cold HTB 

buffer (appendix III, 3.2 mL per 10 mL of SOB medium) and kept on ice for 10 min, centrifuged for 15 

min at 2000 x g at 4°C. The pellet was resuspended carefully in HTB buffer (0.8 mL per 10 mL SOB 

medium) and finally DMSO (dimethyl sulfoxide, 60 µL per 10 mL SOB) added. The competent cells were 

dispensed in 100 µL aliquots, quickly frozen in liquid nitrogen and stored at -80°C.  

For each ligation 100 µL of the chemically competent E. coli cells were put directly on ice. Six µL of 

the ligation mix was added to the cells and incubated on ice for 30 min, heat-shocked at 42°C for 30 sec 

and cooled on ice for 2 min. Then 250 µL SOC medium (New England Biolabs, appendix III) was added 

to each vial and incubated on a shaker at 37°C for 1 hr. Different amounts of each transformation mix 

was spread on preheated LB agar plates containing 100 µg/mL ampicillin and cultured for 16-18 hrs at 

37°C. 

3.1.9 Plasmid purification 

Colonies were picked from the transformed chemically competent cells and cultured in 2 mL of LB 

medium (appendix III) with 100 µg/mL ampicillin on a shaker for 16-18 hrs at 37°C. The cultures were 

tested by PCR and plasmid isolated from positive cultures. A Nucleospin® Plasmid Kit (Macherey-

Nagel) was used to isolate plasmids according to manufacturer‘s protocol. 

3.1.10 Sequencing 

Sequencing was done by deCODE genetics and data was analyzed using the program Sequencer™ 

5.4.6 from Gene Codes Corporation. 
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3.2 Expression of Cul o 8 and Cul o 11 in Sf-9 insect cells 

3.2.1 Transformation of DH10Bac™ E. coli 

The expression cassette on the vectors is flanked by left and right arms of the site specific Tn7 

transposon. The cassette contains a polyhedrin promotor, a multiple cloning site and a gentamicin 

resistance gene. 

The chemically competent MAX Efficiency® DH10Bac™ E. coli strain (Invitrogen) contains a 

Baculovirus shuttle vector (target bacmid) and a helper plasmid. The target bacmid contains 136 kb 

baculovirus genome, with mini-attTn7 target site, a kanamycin resistance gene, a LacZα gene that 

provides confirmation of the transposition at the correct site (gives the Lac- phenotype). It also contains 

a mini-F replicon allowing stable replication in E. coli. The helper plasmid encodes the transposase and 

confers resistance to tetracycline. 

The DH10Bac E. coli (50 µL) was transformed using heat-shock at 42°C for 45 sec with vector 

containing the gene of interest (2.5 ng) for transpositions at the mini-attTn7 site of the bacmid. The vials 

were chilled on ice for 2 min and then incubated on a shaker for 4 hrs in 900 µL RT SOC medium. The 

cells were prepared in SOC medium, using 10-fold serial dilutions (10-1, 10-2, 10-3) and plated (100 

µL) on separate LB agars containing 50 µg/mL kanamycin, 7 µg/mL gentamicin, 10 µg/mL tetracyclin, 

100 µg/mL X-gal (appendix III) and 40 µg/mL IPTG (appendix III). The plates were incubated for 48 hrs 

at 37°C. 

Colonies containing the LacZ- recombinant bacmid (r-bacmid) were picked, based on their white 

color, and spread on fresh LB agars with the same antibodies and concentration as mentioned above. 

The plates were incubated 16-18 hrs at 37°C. 

3.2.2 Isolation of r-bacmids 

White colonies were picked and cultured in LB medium (2 mL) containing 50 µg/mL kanamycin, 7 µg/mL 

gentamicin and 10 µg/mL tetracyclin for 48 hrs at 37°C on a shaker. The cultures were tested by PCR 

using gene specific primers and M13 primers (bacmid specific primers). Positive cultures, containing the 

gene of interest were isolated with PureLink™HiPure Plasmid DNA Purification Kit (invitrogen) according 

to manufacturer‘s protocol. The isolated r-bacmids were measured in nanodrop and tested by PCR 

before being transfected into insect cells. Then the r-bacmids were incubated for 14 min at 72°C to avoid 

contamination. 

3.2.3 Culturing of Sf-9 insect cells 

Sf-9 cells (American Type Culture Collection ATCC) are derived from ovaries of the butterfly larvae 

Spodoptera frugiperda. The Sf-9 cells were cultured in a closed culture at 27°C. The culture medium 

was SF-900™II medium (Gibco® by Life Technologies™) supplemented with 100 U/mL penicillin, 100 

μg/mL streptomycin (Pen Strep) and 1% fetal bovine serum (FBS) (Gibco® by Life Technologies™), 

referred to as complete Sf-9 medium. 
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3.2.4 Transfection of Sf-9 insect cells 

Transfection into Sf-9 cells was performed with Cellfectin® II Reagent (Invitrogen). Sf-9 were seeded in 

12 well plate (Nunc) the day before transfection at 0.3x106 cells/mL/well in Sf-900II medium without Pen 

Strep and serum. Before transfection culture medium (700 µL) was removed to get rid of any leftover of 

antibiotics and the cells were washed with 500 µL Grace’s medium (Invitrogen). Then 800 µL of Grace’s 

medium was added to the cells. Two solutions were made for the transfection. Solution 1: r-bacmid and 

Grace‘s medium up to 100 µL depending on the concentration of each r-bacmid (0.5 µg – 1.0 µg), 

medium alone was used for Cellfectin and medium control. Solution 2: 8 µL of Cellfectin and 100 µL of 

Grace‘s medium, the Cellfectin was vortexed and mixed with the medium briefly and incubated for 5 min 

at RT. Then solutions 1 and 2 were mixed and incubated for 20 min in RT (Table 1). 

Table 1. Solutions made for transfection of Sf-9 cells with r-bacmids. 

 

The mixtures, control and transfection, were added to the Sf-9 cells and incubated for 3-5 hrs at 

27°C. Then the medium was removed and 900 µL of complete Sf-9 medium was added to the cells. 

Negative controls were Sf-9 cells in medium alone and Sf-9 cells with Cellfectin. 

The transfections were incubated for 5-9 days in 27°C and checked regularly in invert light 

microscope (Leitz DIAVERT) for signs of cytopathic effect (CPE) in form of large and irregular shaped 

cells. At day three and when the transfected cultures showed clear cytopathy, supernatant (200 µL) from 

the transfection was passaged on fresh Sf-9 cells that had been seeded the day before (0.3x106 

cells/mL) in a 12 well plate (first passage). When infected, supernatant was transferred to fresh Sf-9 

cells in T25 flasks (Nunc), 200 µL supernatant into 4.5 mL or in T75 flasks (Nunc), 500 µL supernatant 

into 14.5 mL (Second passage). All passages were done in complete Sf-9 medium and incubated for 

72-96 hrs at 27°C or until clear cytopathy was observed. When harvesting recombinant virus stock, Sf-

9 cells from plates were collected, spun down at 18800 x g (HERAEUS PICO 21 Centrifuge, Thermo 

Electron Corporation) for 3 min or from flasks at 515 x g (Eppendorf® Centrifuge 5810/5810 R) for 12 

min. The virus stock was kept at 4°C until used. 

 

 Solution 1 Solution 2 

r-bacmid 
r-bacmid (0.5 µg – 1.0 µg) + Grace’s 

medium added to 100 µL 

8 µL Cellfectin + 100 µL Grace’s 

medium 

Cellfectin control 100 µL Grace’s medium 
8 µL Cellfectin + 100 µL Grace’s 

medium 

Medium control 100 µL Grace’s medium 100 µL Grace’s medium 
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3.2.5 Cloning and production of r-baculoviruses 

Cloning of the recombinant baculoviruses (r-baculoviruses) was done from the supernatant harvested 

from the second passage, in 96 well flat bottom plates (Nunc) with 100 µL/well of Sf-9 cells (3x105 

cells/mL) that were seeded the day before. Ten dilutions were made of the r-baculovirus 1 x10-2 – 1 x10-

8 in complete Sf-9 medium without serum. Five of these dilutions, 1 x10-6 – 1x10-8 were distributed into 

the plates, 100 µL of dilutions added to the wells. The dilutions 1 x10-6 and 5 x10-7 of r-baculovirus were 

put into 24 wells and the dilutions 1 x10-7, 5 x10-8 and 1 x10-8 were put into 48 wells (Figure 9). The 

cytopathy of the cells was estimated in microscope after 7 days of incubation and then again after 14 

days. The clones with cytopathy in the highest dilution were harvested and cell pellet from each lysed 

for testing in WB. The clones showing strongest expression of the protein in WB were used to make 

large viral stock to use for infection of High-five cells for r-allergen production. 

 

Figure 9. Distribution of different dilutions of r-baculovirus in cloning plates. 

3.2.6 Production of r-allergens in High-five insect cells 

High-five cells are derived from ovaries of the butterfly larvae Trichoplusia ni. The recombinant allergens 

(r-allergens) where produced in High-five cells. High-five cells (1.0-1.3 x 106 cells/ml) in 96 ml of SF-

900II with Pen Strep in Erlenmeyer flasks (500 mL) were infected with 4 ml of viral stock (3P) and 

incubated at 15°C and 100 rpm in an orbital shaker incubator (Eppendorf® New Brunswick™ Innova® 

40/40R Incubator Shaker) for 6-10 days or until the cytopathy was judged sufficient. After incubation, 

the samples where centrifuged at 515 x g (Eppendorf® Centrifuge 5810/5810 R) for 12 min. The 

supernatant was removed and discarded while the pellet was frozen in liquid nitrogen and stored and – 

80 °C.  
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3.3 Protein analysis and purification 

3.3.1 SDS polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE in the Mini-protean II system (Bio-Rad) was used to separate the protein based on their 

electrophoretic mobility. Denaturing sample buffer (appendix III) was added to the proteins, boiled for 5 

min at 100°C and spun for 2 min. The samples were run on 12 or 14% polyacrylamide gels under 

reducing conditions at 200 V in an SDS-PAGE running buffer (appendix III). PageRuler Prestained 

molecular mass marker from Thermo Scientific #26616 was used for size estimation of the proteins. The 

proteins were visualized using Western blot (WB) on PVDF membrane (Millipore) to detect specific 

proteins or GelCode Blue Safe Protein staining of the gels to visualize all the proteins. 

3.3.2 Western blotting 

Following the SDS-PAGE electrophoresis the proteins were transferred to a PVDF membrane by wet 

transfer in the Miniprotean II system (Bio-Rad) in a transfer buffer (appendix III) at 100 V for 1 hr. After 

the transfer, the membranes were incubated in Tris buffered saline for 30 min at RT containing 0,1% 

Tween 20 in TBS-T with extra 2% Tween. Next washed 3 times for 5 min with TBS-T. Then incubated 

with mouse polyclonal (pAbs) protein specific antibodies (at different dilutions, produced at Keldur or 

ArticLas) or mouse αHis diluted 1:1000 (Bio-Rad MCA1396) o.n. at 4°C, washed again and incubated 

with conjugate at RT for 1 hr, Alkaline Phosphatase-conjugated Affinity Pure Goat Anti-Mouse IgG (Fc) 

(Jackson ImmunoResearch Laboratories, INC. code: 115-055-071) diluted 1:5000 in TBS-T. Washed 

again, then developed using BCIP/NBT (Roche, appendix III) diluted 1:50 in alkaline phosphatase (AP) 

buffer (appendix III) and stopped with ddH2O. No protein specific antibody was available for Cul o 8. 

3.3.3 GelCode Blue Safe Protein staining 

SDS-PAGE gel was washed 3x 5 min with ddH2O. Then stained with GelCode Blue Safe Protein staining 

for 1 hr at RT and washed again. After the staining storage solution (appendix III) was added to the gels 

and they dried between two extra cellophane sheets (Gel drying frames (Sigma-Aldrich)) at RT o.n.. 

3.3.4 Bradford protein assay 

The protein concentration of samples was measured using Coomassie Plus (Bradford) Assay Kit 

(Thermo Scientific) at 600 nm in micro-plate spectrometer (VICTOR3 (Perkin Elmer)) or at 595 nm in 

micro-plate spectrometer (Multiskan™ FC Microplate Photometer (Thermo Scientific)) according to 

manufacturer‘s protocol. 

3.3.5 Protein purification with nickel affinity gel under native conditions 

The 6xHis-tagged rBac-allergens were purified with HIS-Select® HF Nickel Affinity Gel from Sigma-

Aldrich. 
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• Gel (500 µL) washed with 5 mL ddH2O and equilibrated in 5 mL lysis buffer (appendix III) 

followed by centrifugation at 1258 x g (Eppendorf® Centrifuge 5810/5810 R) for 5 min. 

• Cell pellet (100x106 – 250x106 cells) lysed in 8 mL lysis buffer with 40µL or 80 µL Protease 

Inhibitor Cocktail (PIC) from Sigma-Aldrich (P8340) and sonicated on ice 5x for 10 sec with 20 

sec intervals. 

• Lyzed cell pellet was centrifuged at 23428 x g (Sorvall RC-5C Plus Refrigerated Centrifuge) at 

4°C for 15 min and the supernatant of the lysed cell pellet mixed with the gel on a tube roter for 

2 hrs at 4°C, spun down at 1258 x g for 5 min at 4°C and the supernatant collected. 

• The nickel gel was resuspended in 10 mL wash buffer (appendix III), washed for 5 min at 4°C 

and spun down at 1258 x g for 5 min at 4°C. The gel was washed four times in different imidazole 

concentration (appendix III). 

• The nickel gel was then dissolved in 300 µL or 500 µL elution buffer 1 (appendix III) and applied 

on a plastic column with 0.2 µm membrane (Thermo Scientific) and incubated for 10 min at RT 

(elution 1). The elution was repeated once with elution buffer 1 (pH 8.0) (elution 2) and two 

times with elution buffer 2 (pH 6.5) (elution 3 and 4) (appendix III). 

• Finally, the gel was washed with 500 µL buffer F (appendix III), then ddH2O and stored in 30% 

ethanol at 4°C. 

• Elution fractions were stored in 4°C and subsequently measured in Bradford and tested with 

SDS-PAGE GelCode Blue Safe Protein staining and/or by WB. 

 

3.3.6 Dialysis and sterile filtration 

The purified proteins were dialyzed in Slide-A-Lyzer® Dialysis Cassette G2 with 7 to 20 kDa cut-off 

depending on the size of the protein. Native purified proteins were dialyzed in elution buffer without 

imidazole, 2xPBS, 2xPBS with 400 mM arginine or with 800 mM arginine. Denature purified proteins 

were dialyzed in buffer with 4M urea at pH 8.0. The samples were dialyzed for 2 hrs at 4°C in at least 

300 times the volume of the sample, the buffer changed and dialyzed o.n. at 4°C for native proteins and 

in RT for denature proteins. After dialysis the samples were spun down at 18800 x g (HERAEUS PICO 

21 Centrifuge, Thermo Electron Corporation) for 3 min and supernatant collected. The protein samples 

were sterile filtered with 0.2 µm filter (GE Healthcare Life Sciences) and stored at 4°C. 

3.3.7 Deglycosylation 

A PNGase F kit (New England Biolabs) was used for deglycosylation by cleavage of N-linked glycans 

of purified rBac-allergens according to manufacturer’s protocol and tested by WB with protein specific 

antibodies (Schaffartzik et al., 2011). 
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3.4 Polyclonal antibody production 

Polyclonal antibodies (pAbs) were produced by ArticLAS in mice against E. coli expressed Cul o 5 and 

Cul o 11 and ascites was collected (Overkamp et al., 1988; Schaffartzik et al., 2009). The ascites was 

aliquoted and stored at -80°C. The antibodies were tested by WB. 

3.5 Evaluation of immunotherapy – immunoassays 

3.5.1 Horses and vaccinations 

Twenty seven healthy Icelandic horses at the age of 6-13 years were vaccinated with nine r-allergens 

(rCul o 1p, rCul o 2p, rCul o 3, rCul o 5, rCul o 7, rCul o 8, rCul o 9, rCul o 11 and rCul n 4) produced in 

E. coli (Novotny et al., 2021; Schaffartzik et al., 2011; van der Meide et al., 2013). The horses where 

vaccinated 3 times, at week 0, 4 and 8 with 20 µg of each r-allergen in a mixture of two adjuvants, 500 

µg alum and 50 µg Monophosphoryl Lipid A (MPLA). Following vaccinations the horses were transported 

to Switzerland and Germany (to known habitat of Culicoides spp.). Blood samples for serum isolation 

was collected before the vaccination (week 0) and then every other week for 12 weeks (week 2, 4, 6, 8, 

10 and 12). Blood samples for isolations of peripheral blood mononuclear cells (PBMCs) were collected 

at week 0 (before vaccination) and at week 10 (two weeks after third vaccination). For this project six of 

the vaccinated horses were chosen based on their IgG-profile (3 low responders and 3 high responders) 

for measurements of IgG subclasses in serum and cytokines in supernatant response following in-vitro 

stimulation of PBMCs. 

3.5.2 Isolation and stimulation of PBMCs 

Blood was collected by jugular puncture into 4 vacutainer tubes (Vacuette, Greiner) containing Lithium 

Heparin. The blood was mixed, left in the tubes for 30 min at RT and then the leucocyte-rich-plasma 

layer harvested (3-4 mL from each tube). The plasma was carefully laid on 15 mL Ficoll-Pague (GE 

healthcare) without mixing and then centrifuged at 453 x g for 20 min at RT without brake (Eppendorf® 

Centrifuge 5810/5810 R). The interphase band with the PBMCs was harvested into a 50 mL tube, the 

tube filled up with RT PBS, supplemented with 100 µg/mL Pen Strep and centrifuged at 290 x g for 20 

min at RT and the supernatant fluid discarded. The cell pellet was resuspended in 45 mL cold PBS with 

Pen Strep and centrifuged at slow speed 200 x g for 10 min at 4°C. Slow speed wash was repeated if 

the solution was too clouded to get rid of platelets. After the wash, the cells were resuspended in 1-2 

mL RPMI 1640 Medium GlutaMAX™ (Gibco® by Life Technologies™) supplemented with Pen Strep, 

10% horse sera and 50 µM 2-mercaptoethanol (appendix III) and counted. PBMCs were resuspended 

at 6x106 cells/mL for cytokine measurement at mRNA level, 0.5 mL (3x106 cells/well) of the suspension 

was added into 0.5 mL of dilutions of each stimulant in 24 well plates. The stimulants used were rBac-

HBM-Cul o 5 rBac-1-Cul o 8 and rBac-1-Cul o 11, 2 µg/mL for each allergen (pool 1). PHA was used as 

a positive control but medium alone and Pool 2 with irrelevant allergens as a negative control. The cells 

were incubated for 24 hrs at 37°C in humidified CO2. After 24 hrs the PBMCs were harvested by 

centrifuging the plate at 600 x g (Beckman GS-6R Centrifuge) for 3 min without brake, supernatant 
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discarded and 350 µL of RNA easy Plus lysis buffer (Quiagen) was applied to each well and mixed with 

pipet. The mixtures were harvested to s-block (Quiagen) and kept at 4°C o.n, until the RNA was isolated.  

For measuring secreted cytokines in the supernatant, 0.1 mL of cell suspension (0.5x106 cells/well) 

was added to 0.1 mL of each stimulant in duplicate in 96 well plates and incubated. After 48 hrs, 170 µL 

of the supernatant was harvested to a new round bottom sterile culture plate, a seal put on the plate 

and kept at -80°C until measurement of cytokines with bead-based multiplex assay. 

3.5.3 Isolation of RNA from stimulated PBMCs 

RNA was isolated with RNasy 96 kit kit in Qiacube HT (Qiagen) according to manufacturer‘s protocol. 

The isolated RNA was stored at -20°C until measurement of mRNA with qPCR. 

3.5.4 Quantitative real time PCR 

RNA isolated from vaccinated horses and unvaccinated control horses was tested for the expression of 

cytokines IL-4, IL-10 and IFN-γ with quantitative Real Time PCR (qPCR) assay with 18S as reference 

according to Heimann et al. (2011). The primers and probes for IFN-γ and IL-10 were obtained from 

Lanz et al. (2013). The primers and probes for IL-4 were designed by Svansson et al. (2009). All samples 

were done in duplicates. The reactions were performed in 96-well plates (Life Technologies) with 

AgPath-ID One-Step RT-PCR Kit master mix (Life Technologies), total reaction volume of 25 μL per 

well, StepOnePlusTM RealTime PCR System (Applied Biosystem). 

 

qPCR reaction solution    qPCR reaction 

RNAse free H2O   6.3 µL  1. Reverse transcriptase 50°C  30 min 

2x RT-PCR buffer   12.5 µL  2. RT initial denaturation 95°C  10 min 

Primer/probe mix   1 µL   3. Amplification   95°C  15 sec 

Detc. Enhancer     1.7 µL   4. Amplification   60°C  30 sec 

25x RT-PCR enzyme mix  1 µL  .Steps 3 to 4 were repeated 45 times  

Isolated RNA   2.5 µL  

Total volume    25 µL 

3.5.5 Bead-based multiplex assay 

Capture sandwich immunoassay (xMAP Technology) was used according to manufacturer’s protocol. 

Bio-Plex Pro™ Wash Station (Bio-Rad) was used for washing and the secretion of the cytokines IL-4, 

IL-10 and IFN-γ was measured with Bio-Plex ® 200 Systems (Bio-Rad). 

The following mAbs were coupled to fluorescent beads: anti-equine IL-4 clone 25 was coupled to 

bead 35, anti-equine IL-10 clone 492-1 to bead 33 (Wagner & Freer, 2009) and anti-equine IFN-γ clone 

CC302 (Mouse anti-Bovien IFN-γ AbDSerotec) (Bio-Rad) to bead 38 (Wagner et al., 2015). All mAbs 

were murine IgG1 isotypes. The beads used were MagPlex-C Microspheres (xMAP® Technology). The 
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primary detection antibody mixture was composed of biotinylated mAbs to anti-IL-4 (13G7) at 1:800, 

anti-IL-10-492-2 at 1:1000 and anti-IFN-γ-36 at 1:500. The measurements of IL-4 and IFN- γ were 

performed on one plate for each group (vaccinated horses and control goup) and IL-10 on another plate. 

3.5.6 ELISA for measuring total IgG and IgG subclasses 

Flat bottomed 96 well MaxiSorp™ plates (Nunc) were coated with 100 µL/well with allergens (0.2 µg/ 

well) in coating buffer (appendix III) and incubated at 37°C for 2 hrs then stored at -20°C until used. The 

plates were washed in high salt ELISA wash buffer (appendix III) with Wellwash™ Microplate Washer 

(Thermo Scientific™Nunc™). The wells were washed three times, the third fill was left in the wells for 3 

min emptied and then filled and emptied three times. Washing was performed after each step until 

addition of the substrate. The plates were blocked with 200 µL/well of dilution buffer (High salt/skimmed 

milk powder, appendix III), incubated for 1 hr at 37°C. The serum from vaccinated horses was diluted in 

two-fold serial dilutions in dilution buffer from 1:200 to 1:800 for the total IgG ELISA or 1:200 to 1:16000 

for the subclass ELISA, 100 µL applied to appropriate wells and the plates incubated for 1 hr at 37°C.  

For the total IgG ELISA the conjugate Horseradish Peroxidase (HRP)-conjugated Affinity Pure Goat 

Anti-Horse IgG (H+L) (Jackson ImmunoResearch Laboratories, INC. Code: 108-035-003) diluted 

1:7000 in dilution buffer was applied to the plates, 100 µL/well, incubated for 1 hr at 37°C. OPD 

Peroxidase substrate (Sigma) (appendix III) was added 200 µL/well incubated in the dark for 15 min at 

RT. The reaction was stopped by adding 50 µL/well of sulfuric acid (3N H2SO4). The absorbance (optical 

density, OD) was measured at 490 nm using microplate spectrometer micro-plate spectrometer 

(Multiskan™ FC Microplate Photometer (Thermo Scientific)). 

For the IgG subclass ELISA there was one additional step, Mouse antibody specific for IgG1, IgG4/7 

or IgG5 (Goodman et al., 2012) diluted 1/2000 were added after the serum and incubated for 1 hr at 

37°C. This was followed by a conjugated step using HRP conjugated Affinity Pure Goat Anti-mouse IgG 

(H+L) (Jackson ImmunoResearch Laboratories, INC. Code: 115-035-071). 

3.5.7 Statistical analysis 

Statistical analysis and plotting of graphs were done with GraphPad Prism 9. For comparison of each 

IgG subclass level between week 0, 6 and 10 a paired non-parametric Friedmans test was performed 

against each protein with Dunn´s multiple comparison test. A Mann Whitney U-test was used to compare 

the cytokine expression at the mRNA and protein level. In both statistical tests a p-value ≤ 0.05 was 

considered significant. 
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4 Results  

The focus of this thesis was to try to optimize the yield of major Culicoides allergens produced in insect 

cells in order to use them to measure the immune response of vaccinated horses. Three allergens were 

mainly focused on Cul o 5, Cul o 8 and Cul o 11. All the allergens had previously been expressed in E. 

coli and in insect cells with the Bac- to bac Baculovirus system. Cul o 5 was expressed with 

pFastBac™/HBM-TOPO® vector and Cul o 8 and Cul o 11 were expressed with pFastBac™ 1. These 

three were used in the immunoassays. Attempts were made to express them also with another vector, 

pI-secSUMOstar. 

4.1 Testing of specific mouse polyclonal antibodies against Cul o 5 and 
Cul o 11 

It is very valuable to have specific antibodies against the r-proteins for detection. Polyclonal antibodies 

were produced in ascites in mice by ArcticLAS against Cul o 5 and Cul o 11 according to the method of 

Overkamp et al. (1988). Production of ascites against Cul o 8 proved unsuccessful. They were produced 

against the E. coli expressed proteins as they were first available. Three mice were injected 

intraperitoneal with each protein, Cul o 5 or Cul o 11, and they all produce positive ascites. The ascites 

from the mice was tested on the corresponding Bac-proteins. 

Titration of the ascites from mouse C on rBac-HBM-Cul o 5 in WB is shown in Figure 10, results for mice 

A and B are in Figure 30 in the appendix IV.  

 

 

Figure 10. Titration of anti Cul o 5 specific ascites from mouse C binding to rBac-HBM-Cul o 5. 
Western blot. Strip 1: negative control (TBS-T) 2: positive control (anti His, 1:1000) 3-8: ascites dilutions 
1:1000, 1:2500, 1:5000, 1:10.000, 1:15.000, 1:20.000. 
 

The anti-Cul o 5 pAbs ascites showed strong binding to a band at the correct size 23 kDa at dilution 

1:1000, 1:2500 and 1:5000, and still some binding at dilutions 1:10.000, 1:15.000 and 1:20.000 (Figure 

10). Titration of ascites from mouse A on rBac-1-Cul o 11 is shown in Figure 11, results for mice B and 

C in Figure 31 in the appendix IV. 
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Figure 11. Titration of anti Cul o 11 specific ascites from mouse A binding to rBac-1-Cul o 11. 
Western blot. rBac-1-Cul o 11 untreated (A) deglycosylated (B), Strip 1: negative control (TBS-T) 2: 
positive control (anti His, 1:1000) 3-8: ascites dilutions 1:1000, 1:2500, 1:5000, 1:10.000, 1:15.000, 
1:20.000. 
 

The anti-Cul o 11 pAbs ascites showed strong binding to a band around the correct size 41 kDa at 

dilution 1:1000, 1:2500 and 1:5000, and still some binding at dilutions 1:10.000, 1:15.000 and 1:20.000 

(Figure 11A). Due to the glycosylation of rBac-1-Cul o 11 the bands are broad and fuzzy. Therefore, the 

ascites was also tested on deglycosylated protein (see chapter 4.2.4) where it showed sharper bands 

(Figure 11B).   

4.2 Production of IBH allergens with the Bac- to Bac Baculovirus 
expression system 

For more stable production and higher protein yield an attempt was made to clone Cul o 5, Cul o 8 and 

Cul o 11 into pI-secSUMOstar vector.   

4.2.1 Amplification of Cul o 5, Cul o 8, Cul o 11 and cloning into pI-secSUMOstar 
vector 

The codon optimized genes were amplified with PCR from pUC57 with Phusion polymerase. Cul o 5, 

Cul o 8 and Cul o 11 were amplified without their signal sequence and cloned into pI-secSUMOstar 

vector (Figure 12). The Cul o 5 amplicon is 486 bp, Cul o 8 is 450 bp and Cul o 11 is 1098 bp without 

signal sequence and stop codon (appendix I). 

 

Figure 12. Amplification with PCR of genes for cloning into pI-secSUMOstar vector. 
A Lane: 1 Ladder, 2 Cul o 5 (486 bp). B Lane: 1 Ladder, 2 Cul o 8 (450 bp). C Lane: 1 Ladder, 2 Cul o 
11 (1098 bp). 



  

49 

 

DH5α E. coli cells were transformed and colonies tested for the genes. No positive Cul o 11 colonies 

were detected with PCR and it was not taken any further. Plasmids containing Cul o 5 and Cul o 8 were 

isolated from PCR positive cultures and sequenced for conformation of the right reading frame of the 

genes (sequencing results are in the appendix V). 

DH10Bac E. coli cells were transformed with the plasmids containing the gene of interest and r-

bacmids isolated. The isolated r-bacmids were analyzed with PCR using gene- and vector specific 

primers to verify the presence of the gene on the bacmid (data not shown). 

4.2.2 Generation of r-Baculovirus and cloning 

Sf-9 insect cells were transfected with r-bacmids to generate r-baculoviruses expressing the Cul o 5 and 

Cul o 8. One r- bacmid preparation was made for each construct and Sf-9 cells transfected with Cellfectin 

using 0.5 - 1.0 µg of DNA. The cells were observed in light microscope for 7-10 days and viruses 

harvested when transfected cells showed signs of cytopathy, larger and/or irregularly shaped cells 

compared to control cells (Figure 13). 

 

Figure 13. Sf-9 insect cells. 
Uninfected Sf-9 cells (A). Sf-9 cells infected with r-Baculovirus (B). 
Photos taken with inverted light microscope, Leica DM IL LED, magnified 200x by Stefansdottir (2015). 
 

As seen in Figure 13, uninfected Sf-9 cells are round, regular and small (Figure 13A), but if cells 

were large irregular with different light refraction indicated that an infection was ongoing (Figure 13B). 

Supernatant (viral stock) from infected cells was used to infect fresh Sf-9 to amplify and produce more 

viruses. The Sf-9 cells from the transfection (T) and the first passage (1P) were harvested and tested in 

WB for expression of the proteins (Figure 13A and 13B). The r-baculovirus was cloned from the second 

passage. 

Figure 14 shows that rBac-SUMO-Cul o 5 is expressed after transfection and in the first passage. 

The protein was seen as a single band when detected with α-His (Figure 14A) but as a triple band when 

detected with the polyclonal antibody α-Cul o 5 (Figure 14B). The predicted size of rBac-SUMO-Cul o 5 

is 35 kDa. The largest and strongest band detected by both antibodies was between the 43 and 34 kDa 
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marker (Figure 14). All six clones showed strong rBac-SUMO-Cul o 5 expression. Clones 3 and 6 were 

selected for the production of r-allergen in High-five insect cells. 

 

Figure 14. Expression of rBac-SUMO-Cul o 5 in Sf-9 insect cells analyzed by Western blot. 
rBac-SUMO-Cul o 5 transfection and first passage detected with his specific pAb (A), Cul o 5 specific 
pAb (B). rBac-SUMO-Cul o 5 clones detected with Cul o 5 specific pAb (C). Lanes M: marker, T: 
transfection, 1P: first passage, C: negative control, cl 1-6: clones 1-6. The arrows indicate rBac-SUMO-
Cul o 5. 
 

Figure 15 demonstrates that rBac-SUMO-Cul o 8 was expressed after transfection and in the first 

passage (Figure 15A).  The protein was seen as a single band. The predicted size of rBac-SUMO-Cul 

o 8 is 35 kDa, whereas the band detected in the transfection, first passage and clones with α-His pAb 

was only 26 kD. However, sequencing of the rBac-SUMO-Cul o 8 construct confirmed that the plasmid 

contained the sequence encoding the allergen. Clone 4 was selected for the production of r-allergen in 

High-five insect cells. 

 

 

Figure 15. Expression of rBac-SUMO-Cul o 8 in Sf-9 insect cells analyzed by Western blot. 
rBac-SUMO-Cul o 8 after transfection and passages 1 (A). rBac-SUMO-Cul o 8 clones (B). Lanes M: 
marker, T: transfection, 1P: first passage, C: negative control, cl 1-5: clones 1-5. The arrows indicate 
rBac-SUMO-Cul o 8. 
 

4.2.3 Production of rBac-allergens in High-five insect cells and purification 

High-five insect cells were infected with r-baculovirus clones for r-allergen production. Figure 16 shows 

that uninfected High-five cells were round, regular and small (Figure 16) but infected cells were large, 

irregular and with different light refraction (Figure 16). 
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Figure 16. High-five insect cells. 
Uninfected High-five cells (A). r-baculovirus infected High-five cells (B). 
Photos taken with inverted light microscope, Leica DM IL LED, magnified 200x by Stefansdottir (2015). 
 

The proteins purified for this project are listed in Table 2. Only the purification results of rBac-HBM-

Cul o5, rBac-1-Cul o 8 and rBac-1-Cul o 11 are shown. 

Table 2. rBac-allergen constructs produced in High-five cells and their purification conditions. 

Name of construct Purification conditions Predicted full size (kDa) 

rBac-SUMO-Cul o1p Denature 39 

rBac-HBM-Cul o 2p Native 18 

rBac-SUMO-Cul o 3 Native 45 

rBac-HBM-Cul o 5 Native 23 

rBac-SUMO-Cul o 5 Native 35 

rBac-1-Cul o 7 Native 17 

rBac-1-Cul o 8 Native 21 

rBac-SUMO-Cul o 9 Native 35 

rBac-1-Cul o 11 Native 41 

rBac-HBM-Cul n 3 Native 49 

rBac-1-Cul n 4 Native 17 

 

Figure 17 shows the staining and WB of rBac-HBM-Cul o 5, rBac-1-Cul o 8 and rBac-1-Cul o 11, all 

successfully purified under native conditions. rBac-HBM-Cul o 5 was seen as a single broad band 23 

kDa (Figure 17A and 17D), rBac-1-Cul o 8 as a double band, with the bigger band stronger but as seen 

in chapter 4.1.4 the lower band was the right one, 19 kDa (Figure 17B and 17E) and rBac-1-Cul o 11 

was seen as a 41 kDa broad fuzzy band indicating heavy glycosylation (Figure 17C and 17F). The yield 

differed between purifications from 100x106 cells, 200-460 µg/mL for rBac-HBM-Cul o 5, 350-1000 

µg/mL for rBac-1-Cul o 8 and 370-500 µg/mL for rBac-Cul o 11. 
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Figure 17. Protein staining and WB of purified rBac-HBM-Cul o 5, rBac-1-Cul o 8 and rBac-1-Cul 
o 11 from High-five cells. 
Protein staining (A-C). Western Blot (D-F). Lane M: marker, LC: lysed cell pellet, AB: after binding, W1: 
wash 1, W3: wash 3, E1 - 4: elution 1 - 4, NG: nickel gel after elution. 
 

 

The purified samples were dialyzed in 2xPBS to remove the imidazole (Figure 18). 

 

 

Figure 18. Dialysis of purified rBac-HBM-Cul o 5, rBac-1-Cul o 8 and rBac-1-Cul o 11. 
Protein staining. Lane 1: Marker, 2-3: rBac-HBM-Cul o 5, 4-5: rBac-1-Cul o 8, 6-7: rBac-1-Cul o 11,  
2, 4, 6: before dialysis, 3, 5, 7: after dialysis. 
 

 

After the dialysis in 2xPBS the samples contained less of unspecific proteins but there was also loss 

of specific proteins, around 100-200 µg/mL for each protein (Figure 18). 
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4.2.4 Deglycosylation 

Purified rBac-HBM-Cul o 5, rBac-1-Cul o 8 and rBac-1-Cul o 11 were treated with the PNGase F to test 

for N-linked glycosylation of the proteins. 

 

 

Figure 19. Deglycosylation of rBac-Cul o 5, rBac-Cul o 8 and rBac-Cul o 11 analyzed by Western 
blot. 
rBac-HBM-Cul o 5 (A). rBac-1-Cul o 8 (B). rBac-1-Cul o 11 (C), Lane M: marker, 1: untreated protein, 
2: after PNGase treatment under non-denature condition, 3: after PNGase treatment under denaturing 
condition. 
 
 

No changes were observed with rBac-HBM-Cul o 5 following PNGase treatment (Figure 19A). The 

bigger band of rBac-1-Cul o 8 disappeared after both PNGase treatment (Figure 19B) and the fuzzy 

broad band of rBac-1-Cul o 11 40-55 kDa changed to a sharp band at around 41 kDa (Figure 19C). 

  

4.3 Optimize production and storage of insect cell expressed proteins 

Each protein has its own characteristics regarding production, purification and stability. Therefore, it was 

important to optimize various steps in the synthesis of pure allergens. 

 

4.3.1 Attempts to optimize production of rBac-HBM-Cul o 5, rBac-1-Cul o 8 and 
rBac-1-Cul o 11 in High-five insect cells 

Bac-virus infected High-five insect cells are harvested according to the level of cytopathy as seen in light 

microscope. In order to test if the harvest of rBac-1-Cul o 8 and rBac-1-Cul o 11 is done close to the 

optimal time point infected cells were harvested at day 6-9 and the r-proteins purified (Figure 20 and 

Table 5 in appendix VI).  
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Figure 20. Protein concentration following harvest of rBac-1-Cul o 8 and rBac-1-Cul o 11 infected 
High-five insect cells at different time points post infection.  
1 - 4: elution 1 – 4, red: r-allergen harvested at day 6, green: day 7, blue: day 8, orange: day 9. Protein 
concentration measured with Bradford. 

 

There was no difference between the days of harvest for rBac-1-Cul o 8 (Figure 20A), whereas for 

rBac-Cul o 11 harvesting at day 8 resulted in the highest yield of purified protein (Figure 20B).  

As the medium used to culture High-five insect cells was expensive an attempt to optimize the 

amount of purified r-proteins per mL of medium was carried out. Thus, different number of High-five 

cells/mL were infected and purification performed from 50 mL (Table 3, results from one test.). 

 

Table 3. Infection of different number of High-five cells. 

r-allergen 
Total number 

of cells 

Number of 

cells/mL 

Total Protein 

yield (µg) 

Protein yield per     

100 x 106 cells (µg) 

rBac-HBM-Cul o 5 

250 x 106 5 x 106 232 93 

150 x 106 3 x 106 209 139 

100 x 106 2 x 106 170 170 

rBac-1-Cul o 8 

250 x 106 5 x 106 287 115 

150 x 106 3 x 106 175 116 

100 x 106 2 x 106 161 161 

Protein yield measured with Bradford. 

The total protein yield was highest with 5 x 106 cells/mL (250 x 106 cells) for both proteins. However, 

when calculated for 100 x 106 cells to compare the yield, 2 x 106 cells/mL (100 x 106 cells) gave the best 

result.  
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4.3.2 Attempts to reduce loss of rBac-HBM-Cul o 5 in dialysis 

Bac proteins in the elution buffer cannot be used in some of the immunoassays as it contains toxic 

imidazole. Therefore a buffer exchange by dialysis was needed which often result in considerable loss 

of protein. In an attempt to reduce the loss of protein when dialyzed, rBac-HBM-Cul o 5 was dialyzed in 

4 different buffers (Figure 21), elution buffer without imidazole, 2xPBS, 2xPBS with 400 mM arginine 

and with 800 mM arginine (appendix VI). 

 

 

Figure 21. rBac-HBM-Cul o 5 before and after dialysis in 4 different buffers. 
Buffers 1: In elution buffer, before dialysis, Dialyzed in: 2: elution buffer without imidazole, 3: 2xPBS, 
4: 2xPBS with 400 mM arginine, 5: 2xPBS with 800 mM arginine. Protein concentration measured with 
Bradford. Results from one test.  

 

The buffer resulting in the highest yield is 2xPBS with 800 mM arginine (760 µg/mL), when the 

arginine is decreased to 400 mM there is some loss of protein (580 µg/mL versus 680 µg/mL). However, 

2xPBS alone and the elution buffer w/o imidazole resulted in the greatest loss of protein (460 µg/mL) 

(Figure 21). 

 

4.3.3 Preservation of the r-allergens at -80°C 

Nine purified, dialyzed rBac-allergens were tested for stability after  they had been snap frozen in liquid 

nitrogen followed by storing in -80°C. Samples were tested before freezing, after 15 weeks, 30 weeks 

and 1 year by protein staining of SDS-PAGE and Bradford. Results of rBac-HBM-Cul o 5, rBac-1-Cul o 

8 and rBac-1-Cul o 11 are shown in Figure 22 and 23, results of the other r-allergens are listed in Table 

6 and Figure 32 shown in appendix VI. 
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Figure 22. rBac-HBM-Cul o 5, rBac-1-Cul o 8 and rBac-1-Cul o 11 after storage in -80°C. 
Concentration of the r-proteins (µg/mL) following 15, 30 or 53 weeks at -80°C measured with Bradford. 
Results from one test. 
 
 

 

Figure 23. Protein staining of rBac-HBM-Cul o 5, rBac-1-Cul o 8 and rBac-1-Cul o 11 after storage 
in -80°C. 
rBac-HBM-Cul o 5 (A). rBac-1-Cul o 8 (B). rBac-1-Cul o 11 (C), Lane M: Marker, 1: samples before 
freezing, in -80°C for 2: 15 weeks, 3: 30 weeks, 4: 1 year. Results from one test. 

 

All of the proteins seemed to be quite stable as their concentration was comparable before freezing 

and after 1 year in -80°C. 

 

4.3.4 Comparison of yield and stability of rBac-HBM-Cul o 5 and rBac-SUMO-
Cul o 5 

Before this study Cul o 5 had been cloned into pFastBac™/HBM-TOPO® vector. In an attempt to get a 

higher protein yield and a more stable r-protein Cul o 5 was cloned into pI-secSUMOstar vector. Figure 

24 shows rBac-HBM-Cul o 5 (Figure 24A) and rBac-SUMO-Cul o 5 (Figure 24B) purified under native 

conditions. 
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Figure 24. Protein staining of purified rBac-HBM-Cul o 5, rBac-SUMO-Cul o 5 from High-five cells. 
rBac-HBM-Cul o 5 (A). rBac-SUMO-Cul o 5 (B), Lane M: marker, LC: lysed cell pellet, AB: after binding, 
W1: wash 1, W2: wash 3, E1 - 4: elution 1 - 4, NG: nickel gel after elution. Results from one test. 

 

Elution 1 and 2 for each protein were mixed, dialyzed in 2xPBS, sterilized and the concentration 

measured with Bradford (Table 4 and Figure 25). 

 

Table 4. Protein concentration of rBac-HBM-Cul o 5 and rBac-SUMO-Cul o 5 before and after 
dialysis in 2xPBS and after storage in 4°C for one month. 

r-Protein/ 

Concentration (µg/mL) 

Before dialysis After dialysis Before dialysis After dialysis 

Time of purification  After one month in 4°C 

rBac-HBM-Cul o 5 810 650 820 630 

rBac-SUMO-Cul o 5 870 770 870 770 

Protein concentration measured with Bradford.

 

 

Figure 25. Dialysis of purified rBac-HBM-Cul o 5, rBac-SUMO-Cul o 5 and storage at 4°C. 
Protein staining. Lanes M: Marker, 1 - 4: rBac-HBM-Cul o 5, 5 - 8: rBac-SUMO-Cul o 5, 1, 5: before 
dialysis, 2, 6: after dialysis, after storage at 4°C for one month 3, 7: before dialysis, 4, 8: after dialysis. 
Results from one test. 

 

After the dialysis in 2xPBS there was some loss of specific protein, around 160 µg/mL for rBac-HBM-

Cul o 5 and 100 µg/mL for rBac-SUMO-Cul o 5. All proteins kept their concentration after one month at 

4°C, both before and after dialysis.
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4.4 Immunoassays 

Six of the 27 vaccinated horses (CH1-CH4, CH6 and CH8) from the challenge experiment (see 

introduction) were chosen to assess the immune responses following vaccination against rBac-HBM-

Cul o 5, rBac-1-Cul o 8 and rBac-1-Cul o 11. The six horses were chosen according to their levels of 

serum total IgG Abs specific for rBac-1-Cul o 11, where both high and low responders were included 

(Figure 26 and Figure 33 in appendix VII). Six unvaccinated horses served as negative control. 

 

Figure 26. rBac-1-Cul o 11 specific total IgG response of the six chosen vaccinated horses 
measured by ELISA. 
Horses red: CH-1, blue: CH-2, green: CH-3,  purple: CH-4, brown: CH-6, black: CH-8 

 

4.4.1 IgG subclass response of vaccinated horses against r-Bac-HBM-Cul o 5, 
rBac-1-Cul o 8 and rBac-1-Cul o 11 

To analyze the IgG subclass levels following vaccination, serum were collected before vaccination (week 

0) and two weeks after second (week 6) and third (week 10) vaccination, Abs specific for Cul o 5, Cul o 

8 and Cul o 11 (expressed in insect cells) were measured by ELISA (Figure 27). All serum were titrated, 

serum from week 0 and unvaccinated horses were tested at dilutions 1/200 and 1/400 and never 

exceeded 0.4 in OD (data not shown). Weeks 6 and 10 were tested at dilutions 1/200, 1/400, 1/800 and 
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1/1600. Titration of serum from week 10 is shown in Figure 34 appendix VI. Dilution 1/200 was used for 

showing the titer at different time points.  

 

 

Figure 27. IgG subclass response of six vaccinated horses against rBac-HBM-Cul o 5, rBac-1-
Cul o 8 and rBac-1-Cul o 11 measured by ELISA. 
Mean OD value of the group and standard deviation of serum at dilution 1/200 at different time points. 
 

 

Standard mean of IgG1 and IgG4/7 increased from week 0 to week 6 and 10 specific for all proteins, 

but there was almost no difference in the IgG5 response. Hardly any difference was observed in IgG1 

response between week 6 and week 10. The IgG4/7 Abs specific for all three proteins were increased 

between week 6 and 10. Similar response was detected for the IgG subclasses specific for all three 

proteins. However, rBac-HBM-Cul o 5 specific IgG1 Abs were though bit lower compared to the other 

two proteins and rBac-1-Cul o 8 specific IgG4/7 Abs had the highest response at week 10 (Figure 27).  

Paired non-parametric Friedmans test was used to compare the IgG subclass response between 

weeks 0 and 6, weeks 0 and 10 and weeks 6 and 10 for each protein with Dunn´s multiple comparison 

test (Figure 28). 
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Figure 28. IgG subclass response against rBac-HBM-Cul o 5, rBac-1-Cul o 8 and rBac-1-Cul o 11. 
Serum at dilution 1/200 at different time points measured by ELISA. Comparison was performed using 
Friedman test, the mean rank of each column compared with mean rank of every other column with 
Dunn’s multiple comparison test. An asterisk (*) with line indicates statistically significant differences 
between the groups of horses (* p ≤ 0.05, ** p ≤ 0.01). 
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Considerable individual variation was detected between the six horses in the IgG subclass response 

to all three proteins (Figure 28), the antibody response was mainly IgG1 and IgG4/7 but less IgG5. All 

three proteins were immunogenic but none of them stood out in this regard as the horses responded in 

an individual manner to each of them. 

Significant increase was found in all three subclasses following the third vaccination (week 10) as 

compared to week 0 against all three proteins tested. It was as well significant increase of IgG1 levels 

from week 0 to week 6 on rBac-HBM-Cul o 5 and rBac-1-Cul o 11 (Figure 28). There was not a significant 

difference between the amount of IgG1 Abs at week 6 compared to week 10 and in some cases the 

response decreased slightly between these time points. Only one horse (CH-1) was a high responder 

on all three proteins both in IgG1 and IgG4/7 and was also higher than most of the other horses in IgG5 

level. Two horses (CH-4 and CH-6) had low IgG Abs response specific for all three proteins. The other 

three horses (CH-2, CH-3 and CH-8) were intermediate responders and differed greatly regarding their 

response. It was noteworthy that four horses (CH-3, CH-4, CH-6 and CH-8) had a very low IgG4/7 

response rBac-1-Cul o 11 specific, lower than IgG1. This pattern was also observed for CH-4 against 

rBac-HBM-Cul o 5 and CH-6 against rBac-1-Cul o 8. 

 

4.4.2 Cytokine response after in vitro stimulation of PBMCs 

To analyse the cytokine response of PBMCs from the six vaccinated horses were simulated in vitro with 

rBac-HBM-Cul o 5, rBac-1-Cul o 8 and rBac-1-Cul o 11 two weeks after third vaccination (week 10) as 

well as PBMCs from six unvaccinated control horses. The cells were stimulated for 24 hrs for RNA 

isolation and 48 hrs for harvesting the supernatant. IFN-γ, IL-4 and IL-10 mRNA was measured with 

qRT-PCR and the cytokines in the supernatant with bead-based multiplex assay (Figure 29). 
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Figure 29. Detection of IFN-γ, IL-4 and IL-10 after in vitro stimulation of PBMCs. 
Detection of cytokines after in vitro stimulation of PBMCs from vaccinated horses and unvaccinated 
control horses. mRNA expression of the cytokines measured by qRT-PCR (A). Secretion of the 
cytokines measured in supernatants using bead-based multiplex assay (B). The values for each horse 
is plotted with median and comparison was performed using Mann-Whitney U-test. An asterisk (*) with 
line indicates statistically significant differences between the groups of horses (* p ≤ 0.05, ** p ≤ 0.01). 

 

Mann Whitney U-test was used to compare the cytokine expression at the mRNA and protein level. 

At the mRNA level there was no statistical difference for any of the three cytokines between the 

vaccinated- and the control horses. qPCR results from control horse 6 was not shown because it was 

negative (Figure 29A). However, at the protein level statistical difference was observed between the 

vaccinated- and the control horses for all the cytokines (Figure 29B). 
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5 Discussion 

Insect bite hypersensitivity (IBH) is a severe allergic disease of horses which can affect all horse breeds. 

It is an allergic reaction to the proteins in the saliva of a biting midges (Culicoides spp.) The Culicoides 

species the causes IBH is not indigenous in Iceland, thus IBH is not found in Iceland (Schaffartzik et al., 

2012). Icelandic horses born in Iceland and exported to areas infested with Culicoides are at much 

higher risk to develop IBH (over 50%), as compared to Icelandic horses born in Culicoides infested 

areas (5-10%) (Bjornsdottir et al., 2006; Torsteinsdottir et al., 2018). This affects greatly the horse 

industry in Iceland, as well as being an animal welfare issue. Avoiding the midges by housing the horses 

at twilight (the time of day that the biting midges are active) and covering them with blankets are the 

only available preventive measures. Therefore, the development of prophylactic or curative 

immunotherapy is of great importance. 

A collaborative research project on IBH has been ongoing since the year 2000 between Keldur and 

the University of Berne, Switzerland. The main aim of the project is to develop an allergen 

immunotherapy (AIT), prophylactic and therapeutic, by identifying the major allergens causing IBH, 

isolating and producing them and by analyzing the immune response and the pathogenesis of the 

disease.  

Allergen immunotherapy (AIT) is the only specific disease-modifying treatment and desensitization 

for allergic diseases in humans (Dorofeeva et al., 2021; Hancı et al., 2015; Palomares et al., 2014). For 

IBH using whole body extracts for this purpose has not been successful as it contains many proteins 

and other substances that are irrelevant for IBH while the salivary glands protein are only a small fraction 

(Anderson et al., 1996; Barbet et al., 1990; Ginel et al., 2014). As the major allergens causing IBH have 

now been mapped and produced (Novotny et al., 2021) there is possibility for developing both 

prophylactic and therapeutic AIT. Preventive immunotherapy should ideally be done before exposure to 

the allergens. IBH in Icelandic horses is an excellent model for development and studying of prophylactic 

immunotherapy as Iceland is free of the causative agent and the horses are only sensitized after export 

(Jonsdottir et al., 2019). 

The main goals of AIT are to induce allergen specific TH1 and TReg cells, as well as to increase 

allergen specific IgG and IgA, inhibit TH2 response, decrease allergen specific IgE and thereby reduce 

infiltrating inflammatory cells. To evaluate the AIT, it is necessary to be able to measure these immune 

parameters. 

Before this study Cul o 5, Cul o 8 and Cul o 11 had been cloned into rBac-viruses with the 

pFastBac/HBM-TOPO or pFastBac1 vectors and expressed as rBac-HBM-Cul o 5, rBac-1-Cul o 8 and 

rBac-1-Cul o 11 in insect cells. However, using those cloning vectors the proteins were rather difficult to 

produce and stabilize. The pI-secSUMOstar vector contains a small-ubiquitin-related-modifier 

(LifeSensors) as a fusion tag which increases solubility and stability of proteins. The allergen Cul n 4 

was shown to be expressed much more efficiently using the pI-secSUMOstar vector than pFastBac1 or 

pFastBac/HBM-TOPO (Stefánsdóttir, 2015). Cul o 5, Cul o 8 and Cul o 11 were therefore cloned into 

the pI-secSUMOstar vector. 
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Cul o 5 was successfully cloned with the pI-secSUMOstar vector into rBac-virus, expressed and 

produced in High-five insect cells and purified under native condition. rBac-SUMO-Cul o 5 resulted in a 

somewhat higher yield after purification compared to rBac-HBM-Cul o 5, 870 µg/mL vs 810 µg/mL and 

in a less loss after dialysis, 100 µg/mL vs 160 µg/mL. The proteins were both stable after one month at 

4°C, both before and after dialysis. It did therefore not make a crucial difference for protein yield or 

stability to express Cul o 5 with pI-secSUMOstar. 

The transformation of Cul o 11 into DH5α E. coli gave no positive colonies, possibly the digestion 

and ligation were unsuccessful, but it was not assessed further. The expression of Cul o 11 in insect 

cells with pI-secSUMOstar has been tried before at Keldur but was unsuccessful without sustainable 

explanations. Cul o 8 seemed to be expressed after transfection, first passage and cloning as there was 

a band detected by WB. However, the predicted size of the rBac-SUMO-Cul o 8 is 35 kDa whereas the 

band in the WB was only 26 kDa. The 6xHis tail was expressed as the anti 6xHis pAb was used for the 

detection, protein specific antibody was not available. The SUMO tag alone is supposed to be 17 kDa, 

not 26 kDa. To be certain that it was not rBac-SUMO-Cul o 8, the protein was produced in High-five 

cells, purified in native conditions and tested by ELISA with rBac1-Cul o 8 as a positive control. The 

results of the assay were negative for rBac-SUMO-Cul o 8 but positive for rBac1-Cul o 8 which confirmed 

that the substance in question was in fact not rBac-SUMO-Cul o 8 (results not shown). Sequencing was 

performed on the plasmid that was used for making the bacmid for transfection. According to that the 

Cul o 8 gene was present on the plasmid, indicating that something happened in the bacmid preparation.  

For detecting the rBac-SUMO-Cul o 8 it would have been optimal to have a protein specific antibody. 

The antibody against 6xhis is frequently non-specific as it was in this case. Polyclonal antibodies were 

produced in ascites by ArticLAS against Cul o 5, Cul o 8 and Cul o 11 produced in E. coli. For some 

reason, the ascites produced against Cul o 8 did neither react against the E. coli produced Cul o 8 nor 

the corresponding Bac-protein. We do not know the reason for this, maybe the mice were injected with 

the wrong protein. One could assume that Cul o 8 is immunogenic in mice as it is so in horses. Ascites 

against Cul o 5 and Cul o 11 was positive on corresponding Bac proteins when tested on WB strips and 

showed strong binding in high dilution to a band at the correct size. The technique is useful as it gives 

protein specific polyclonal antibodies which can make sure that the right proteins are detected 

(Overkamp et al., 1988). 

The rBac-1-Cul o 11 bands both detected with protein staining and in WB are broad and fuzzy, 

indicating high level of glycosylation. rBac-1-Cul o 11, was treated with PNGase F, under non-denature 

condition and denature condition. The deglycosylated bands were much sharper and around 41 kDa 

which is the predicted size of rBac-Cul o 11. rBac-HBM-Cul o 5 and rBac-1-Cul o 8 were also treated 

with PNGase F. The treatment did not affect rBac-HBM-Cul o 5 suggesting that Cul o 5 is not 

glycosylated. rBac-1-Cul o 8 showed a double band but after the treatment the bigger band disappeared, 

indicating a glycosylated and non-glycosylated form of that protein.  

As compared to E. coli the insect cell expression system is not very efficient it is therefore important 

to try to optimize the production of the rBac-proteins per mL of medium, increase the yield following the 

purification and to find the optimal preservation method for the proteins. 
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The Cul o 8 and Cul o 11 have recently been expressed in insect cells and more information on their 

performance was needed. The infection time of High-five cells with rBac-viruses, the time for optimal 

rBac-proteins production, is determined according to cytopathy. It varies for the proteins and is between 

6-9 days at 15°C. The harvest time for rBac-1-Cul o 8 and rBac-1-Cul o 11, expressed in insect cells 

was examined. For rBac-1-Cul o 8 there was no difference between days of harvesting (day 6-9), 

whereas rBac1-Cul o 11, day 8 resulted in the highest yield of purified protein. This showed that these 

two proteins are within the same time frame for harvesting as has been observed for other rBac-proteins.  

The high cost of production in insect cells is due to expensive cell culture medium. For production of 

rBac-proteins, the High-five cells were usually infected at 1x106 – 1.3x106 cells/mL (Stefánsdóttir, 2015). 

It was examined if it was preferable to infect higher concentration of cells/mL. Both to save the medium 

and time as the production takes around one week. Titration of High-five cells/mL infected with rBac-

HBM-Cul o 5 and rBac1-Cul o 8 viruses was carried out and the r-proteins purified. The total protein 

yield was highest with 5x106 High-five cells/mL (250x106 cells) for both proteins. The yield per cell was 

on the other hand highest with 2x106 cells/mL (100x106 cells). Due to the cost of medium and the time 

factors, it was decided to use around 3x106 High-five cells/mL (150x106 cells) for infections. 

The elution buffer used in the purification of infected High-five cells contains imidazole. Proteins in 

buffers with imidazole cannot be used in some immune assays, for example when stimulating PBMCs 

because the imidazole is toxic for the cells. Therefore, it is important to remove the imidazole by dialyzing 

the proteins in buffers without it, which usually results in a considerable loss of proteins. The loss of r-

Bac-HBM-Cul o 5 was tested by dialyzing against the following four buffers. Elution buffer w/o imidazole, 

2xPBS, 2xPBS with 400 mM arginine and with 800 mM arginine. The 2xPBS 800 mM arginine buffer 

resulted in the least protein loss. The toxicity of arginine for cells was tested by adding 2xPBS with 

different concentration of arginine on healthy fresh cells. Cells with 2xPBS with 800 mM arginine showed 

signs of toxicity with irregular large cells so that buffer was not compatible for this step. The 400 mM 

arginine buffer gave the second highest yield, as well as the cells with 2xPBS with 400 mM arginine 

showed no signs of toxicity, the cells were small and regular. The concentration of the proteins stayed 

the same after being sterile filtrated.  

The rBac-proteins have usually been kept in 4°C. To test if they tolerated freezing, all nine r-allergens 

used in the challenge experiment were snap frozen in liquid nitrogen and stored at -80°C. Samples were 

taken and tested before freezing, after 15 weeks, 30 weeks and one year by protein staining SDS-PAGE 

and Bradford. All proteins seemed to keep their concentrations after 1 year. This is of a great advantage 

as for some of the proteins there was considerable loss over time at 4°C. It remains to be tested if the 

proteins can tolerate freezing and thawing.  

One of the aims of the study was to measure the antibody and the cytokine responses of six of the 

27 challenge horses following the vaccinations. Blood samples were collected from week 0, two weeks 

after the second vaccination (week 6) and the third vaccination (week 10) for antibody measurements 

by ELISA. The total IgG antibodies specific for rBac1-Cul o 11 were used to choose high and low 

responding horses. Three horses with low total-IgG response and three with high total-IgG response. 

Isolation of PBMCs was done at week 10 from vaccinated and unvaccinated control horses to measure 

cytokine response after in vitro stimulation.  
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The horses were vaccinated with nine major r-allergens E. coli produced in a mix of two adjuvant, 

Alum and MPLA. Alum is commonly used in immunotherapies in humans, despite of being a TH2 focused 

(Pollock et al., 2003). When T cell mediated immunity is required, additional components are necessary 

(Brewer, 2006; Karacs et al., 2021; Oleszycka et al., 2018). MPLA is applied as an TH1 biased adjuvant 

(Pechsrichuang & Jacquet, 2020; Puggioni et al., 2005). MPLA has been shown to induce specific IgG1 

and IgG4 antibodies, as well as reduce allergy symptoms, when used as an adjuvant in immunotherapy 

(Drachenberg et al., 2001; Pechsrichuang & Jacquet, 2020). In viral vaccines, a mixture of alum and 

MPLA has proven to be effective in humans (Garçon et al., 2011; Karacs et al., 2021). 

Horses have seven IgG subclasses that differ in function (Lewis et al., 2008). In this study three IgG 

subclasses were measured, IgG1, IgG4/7 and IgG5. IgG1 is the first IgG subclass to be produced in the 

immune response of horses and is rather short lived (Goodman et al., 2012; Svansson et al., 2009; 

Wagner et al., 2006) but is important in protection against bacterial and viral infections (Goodman et al., 

2012; Svansson et al., 2009). IgG4/7 is the most abundant IgG subclass in serum of adult horses and 

crucial for secondary immune response and in latent bacterial and viral infections (Goodman et al., 2012; 

Svansson et al., 2009). IgG1 and IgG4/7 response are therefore important in TH1 focusing vaccination 

(Jonsdottir et al., 2019). IgG5 antibody response is suggested to be associated with allergic responses 

in horses (Ziegler et al., 2018) and linked to sensitization (Wagner et al., 2006). 

IgG1, IgG4/7 and IgG5 response of the six chosen challenge horses and six control horses against 

rBac-HBM-Col o 5, rBac1-Cul o 8 and rBac1-Cul o 11 was measured. The results for the control horses 

are not shown as it is compatible to week 0 of the challenge horses. The mean for each IgG subclass 

against each of the three proteins was calculated. The mean of IgG1 showed that it increased from week 

0 (before vaccination) to week 6 (two weeks after second vaccination). But between week 6 and week 

10 (two weeks after third vaccination) there was almost no difference, indicating that they reached the 

capacity of the response already at week 6. The mean of IgG4/7 increased between week 0 and week 

6 as well as between week 6 and week 10, especially rBac-1-Cul o 8 specific IgG4/7 antibodies. The 

mean IgG5 was low both at week 6 and 10. The analysis of this study showed that there was a significant 

increase in antibodies following vaccination. The IgG1 response against rBac-HBM-Cul o 5 and rBac-1-

Cul o 11 increased significantly between week 0 and week 6 and against all three proteins between 

week 0 and 10. The IgG1 response decreased for most horses from week 6 to week 10. There was also 

a significant difference in the antibody response between week 0 and week 10 for IgG4/7 and IgG5. 

These results are in accordance with previous IBH vaccination experiments where IgG4/7 was the most 

abundant suggesting a TH1 direction (Jonsdottir et al., 2019). 

There was a great individual variation between the six horses in the IgG subclass response to all 

three proteins. All three proteins were immunogenic as at least one horse responds to each of them. 

This difference between allergens has been shown before but not to such a great extent (Jonsdottir et 

al., 2015; Jonsdottir et al., 2016). There was only one horse (CH-1) that responded highly to all three 

proteins in all subclasses and two horses that were low responders (CH-4 and CH-6). It remains to be 

seen how the horses respond to the other six proteins, as well as assess the response in the other 21 

challenge horses, but those experiments are still on going by our collaborators in Berne. 
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T cell response following preventive vaccination against allergy is important especially to induce TH1 

and TReg biased response (Hancı et al., 2015; Palomares et al., 2014). To analyze the cytokine response, 

PBMCs from the six chosen challenge horses and six unvaccinated control horses were stimulated in 

vitro with rBac-HBM-Col o 5, rBac1-Cul o 8 and rBac1-Cul o 11. Cytokine levels (IL-4, IL-10 and IFN-γ) 

were measured in qPCR at mRNA level and the secreted cytokines with bead based multiplex assay. 

IFN-γ was used as indicator for the TH1 pathway IL-4 for the TH2 and IL-10 for the TReg. The result 

showed that there was a significant difference for all three cytokines between the control horses and the 

vaccinated challenge horses when measured by bead based multiplex assay. For the IFN-γ only one 

horse out of six is a non-responder (p value ≤ 0.01). While for IL-4 three horses are non- responders (p 

value ≤ 0.05). This could suggest that the response is leaning towards TH1 rather than TH2. IL-10 was 

in general very low for both groups as compared to previous experiments (Jonsdottir et al., 2016). The 

difference between the current study and Jonsdottir et al. (2016) was the PBMCs stimulation time and 

the bead based multiplex assay was performed at different labs. The drawback of the analysis was that 

we did not have stimulated PBMCs before vaccination. The results of the qPCR measurement indicate 

that the method did not work as expected and needs to be improved. 

 

 

 



  

68 



  

69 

6 Conclusion 

The final aim of the IBH study is to develop a preventive allergen immunotherapy (AIT) against the 

eczema. In order to evaluate the immune response following vaccination it is essential to have access 

to sufficient amount of purified allergens on a suitable form. In this study we have investigated several 

factors for improving production of nine crucial major IBH allergens. Specific antibodies against two 

allergens were tested and will be of value for future work. Expression with pI-secSUMOstar did not show 

fundamental difference neither in yield nor stability for the allergen tested. This has to be examined for 

each protein. Superior results in production of rBac-allergens were achieved using high concentration 

of High-five cells and loss of rBac-proteins following dialysis could be somewhat reduced by addition of 

arginine. All the nine rBac-allergens tolerated storage at -80°C for one year. Three of the nine insect 

proteins were then used to test the immune response of six horses following vaccination. They mounted 

a strong antibody response mainly IgG1 and IgG4/7 against the three allergens measured. There was 

great individual variation between horses and in response to each protein. The horses secreted 

significantly more IL-4, IL-10 and IFN-γ compared to unvaccinated controls. It was not possible to 

determine a clear focus of the immune response by these results. It is essential to optimize the 

production and engineering of the major allergens that are of importance for allergen immunotherapy of 

IBH. We showed that the allergens produced in insect cells are well suited for testing the immune 

response of vaccinated horses.  
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Appendix I 

Nucleotide and amino acid sequences for the codon optimized genes used in 

the Baculovirus expression system 

 Start and stop codons are bolded and the secretion signal sequence of the proteins is marked as red. 

Cul o 5 (Unknown salivary protein) 

546 bp 

ATGAAGAGGGTCATCCTCGGTGGCATCATTCTGTTCCTCACTAGTAAGTTCGTTTTGTCTTTCGATCT

GTCAGACGCCCTCCCTGGACACATCACAGACGATATGACCACTACAGAGAAGCCCACTAACGTGGCTG

CCGCAACAGCCGATTTCTCTGACGATGACCTGCTCGCAGTCATCAACGAATCAAAGAAAAAGGTGAAG

TCCAGCGACGTCAAACCCACGAACAAGTTGCTGACCAACGTTAAAAACAAGCTGGAGAGTGTGGATTT

CAAAAAGATCGACCAGAAGGTTGCTTCGCTCTTGATCCCTATTTACAAAAAGGCGAGTGAAGCTATCC

TCAACTGGATTTCGATGACGGGTGCGGCTATCGAGACCTCACCATGCTTCGAAAAAATCGATCGCATT

TTCACTAAGATCTTGCAGGACACTTCCAAATACTTCACACCGGCCCGTGCAAACATTGCTCAAAAGAG

CTACGTCGAGAAATTGACGAAGGCTCTGTCCACCATCCGCCAATGTATCATTAGCAAGATTAAAAAGT

AA 

 

181 a.a. 

M K R V I L G G I I L F L T S K F V L S F D L S D A L P G H I T D D M 

T T T E K P T N V A A A T A D F S D D D L L A V I N E S K K K V K S S 

D V K P T N K L L T N V K N K L E S V D F K K I D Q K V A S L L I P I 

Y K K A S E A I L N W I S M T G A A I E T S P C F E K I D R I F T K I 

L Q D T S K Y F T P A R A N I A Q K S Y V E K L T K A L S T I R Q C I 

I S K I K K Stop 
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Cul o 8 (Kunitz protease inhibitor) 

507 bp 

ATGAGCATCTTCATCATCACCTTCGGAATCTTCCTGGCTATCATCGGTGTGTCTTGCCAGCGCTCCAG

CTCTACCCTGTCATCCGTCTGCCGCGGTGGTTCCTCCCGCGGCACCTGCAACGCTAACGTGAGCCGCT

TCTACTACAACGAGCGTACTAACAACTGCCAGAAGTTCTCATGGTCCGGCTGCGGAGGTAACGAGAAC

AACTTCGTGTACAAGGAAAGCTGCAAGTCTAGGTGCGTGCAGAAGCCAAAGCAGAACCTGCGCGACCA

CCCTGAGCTGAAGAAGTGCTTCCTGAAGCCTGACGAAGGTATCGGCCGCGCTATGCACAAGAAGTACT

ACTACGACCGTGGCTCACGCCGTTGCCAGGACTTCTACTACGGCGGAATGTACGGAAACGAGAACAGG

TTCGACTCAATGGACGACTGCTACGAAAAGTGCGCCTCCCGCATCAACCCTTACCTGAAGCTGGTCCC

CAACAACAACAAGATCAAGCAGCAGTCCTAA 

 

168 a.a. 

M S I F I I T F G I F L A I I G V S C Q R S S S T L S S V C R G G S S 

R G T C N A N V S R F Y Y N E R T N N C Q K F S W S G C G G N E N N F 

V Y K E S C K S R C V Q K P K Q N L R D H P E L K K C F L K P D E G I 

G R A M H K K Y Y Y D R G S R R C Q D F Y Y G G M Y G N E N R F D S M 

D D C Y E K C A S R I N P Y L K L V P N N N K I K Q Q S Stop 
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Cul o 11 (Apolophorin III-like protein) 

1203 bp 

ATGAAGAACCACGTGTACTGCATCGGTCTGCTGCTGGTGGGTGTGGGACTGGCTAACGGTCTGGGCTT

CGGACTGCCATCCCTGCCTAAGCTGCCTAACCCCCTGAACCCTAAGGCCAGCTACAACAGCCCCTCTC

TGCCAGGTGGCCCTTCATTCTCCGTGAACGTCTCAGGAAACGCTGGTTCCGTGGCCGAGGGTCTGATG

CAGCCCAAGCTGCCTCAGTTCCCTGGCCTGCCACAGCTGGGAGGTAACAGCGGCTCTAACGGAAACTC

TGGTTCCAGCTGCGGTCTGCCACAGCTGCCTGGCGTCCCCTCATTCCCAGGAGCTCCTAAGCTGCCCG

GTTTCCCATCACTGCCAGGAATGCCCTCCCTGCCAGGATTCCCTGGTTCCAACTCCTCCTCCAACTCC

CTGTCCAACAGCTCTTCATTCGGTAACCTGCCCGGCGTCCCAAACTTCTTCGACCCCAACGCTCTGTC

AAACCTGATGCCAAACGCTTCCAACTTCGCCAACCCTAACAGCACTGTGGGAAACGCCCTGGACGGAC

TGCAGAGCGCTGTCAAGAACGCCAACAACAGCGCTAACCAGGCCCTGTCTAACTTCCAGGACTTCAGC

AACAACCTGTCTGAGCAGATCAAGAACGCTTCCGACGCTGCCCAGTCTAGGGTGAAGGAACAGCTGCA

GGGACTGTCCAGCGGTGTGAGATCTTGCGTCGAGGAAAACGGTAACCCTGGACAGGCTGGAGTCCAGG

CTGCTCAGCAGTCAGCCATGCAGTGCGTGCAGAAGAAGGTCGAGGAAGCTGTGTCAATCGTCTCTAAC

ACTAGGTCTGACGTGCAGGCTGCTCAGCTGGGACTGGACTACGTCCGCGGTAACCTGAGCAACTGCCG

TGTGAACGTCAGCATGTCTCTGGCCGAGCTGCCAACTTACGACTCTTCATCCCCTTCTTGCGTGGCTG

CCGCTCTGTTCTCAATCCAGCCTGAAACCATCCTGCTGCCCATCAACCTGGCTACAAACGGTGCTCAA

GCTGTGGCTCTGGTCCAGGGACTGCAGGCTTACGCCATGAAGCGCGTGGCCAACATGATGGGAAAGGT

CGCTAAGGCCTCTCTGGAAAACACCCTGGCTATCGGCAAGGGCACTCCAAACAGGGCCATCAAGGGCA

AGGGCGAAAACTTGTACTTTCAAGGCCATCACCATCACCATCACTAG 

 

400 a.a. 

M K N H V Y C I G L L L V G V G L A N G L G F G L P S L P K L P N P L 

N P K A S Y N S P S L P G G P S F S V N V S G N A G S V A E G L M Q P 

K L P Q F P G L P Q L G G N S G S N G N S G S S C G L P Q L P G V P S 

F P G A P K L P G F P S L P G M P S L P G F P G S N S S S N S L S N S 

S S F G N L P G V P N F F D P N A L S N L M P N A S N F A N P N S T V 

G N A L D G L Q S A V K N A N N S A N Q A L S N F Q D F S N N L S E Q 

I K N A S D A A Q S R V K E Q L Q G L S S G V R S C V E E N G N P G Q 

A G V Q A A Q Q S A M Q C V Q K K V E E A V S I V S N T R S D V Q A A 

Q L G L D Y V R G N L S N C R V N V S  M S L A E L P T Y D S S S P S 

C V A A A L F S I Q P E T I L L P I N L A T N G A Q A V A L V Q G L Q 

A Y A M K R V A N M M G K V A K A S L E N T L A I G K G T P N R A I K 

G K G E N L Y F Q G H H H H H H Stop
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Appendix II 

 

Primers used in this work 

 

 

 

 

 

Cul o 5 Nucleotide sequence 

Culo5_SUMO_61-75_Fw 5’– CGC GTC TCN AGG TTT CGA TCT GTC AGA CGC C -3‘ 

Culo5_SUMO_Re 5’– CGT CTA GAT TAC TTT TTA ATC TTG CT -3’ 

Culo5_61-82_Fw 5’– TTC GAT CTG TCA GAC GCC CTC C -3‘ 

Culo5_521-543_Re 5’– CTT TTT AAT CTT GCT AAT GAT AC -3’ 

Culo5_SUMO_Re 5’– CGT CTA GAT TAC TTT TTA ATC TTG CT -3‘ 

Cul o 8  

Co145_153-172_Fw 5’– CGA GCG TAC TAA CAA CTG CC -3’ 

Co145_375-394_Re 5’– TTC CGC CGT AGT AGA AGT CC -3’ 

Co145_SUMO_Fw 5’– CGC GTC TCG AGG TCA GCG CTC CAG CTC TAC C -3’ 

Co145_SUMO_Re 5’– CGT CTA GAT TAG GAC TGC TTG AT -3’ 

Co145_484-504_Re 5’– GGA CTG CTG CTT GAT CTT GT -3’ 

Cul o 11  

Co167_795-814_Fw 5’– CGA GGA AGC TGT GTC AAT CG -3’ 

Co167_956-975_Re 5’– GAT TGA GAA CAG AGC GGC AG -3’ 

Co167_SUMO_Fw 5’– CGC GTC TCG AGG TCT GGG CTT CGG ACT GCC A -3’ 

Co167_SUMO_Re 5’– CGT CTA GAT TAG CCC TTG ATG GCC CT -3’ 

Vector primers  

SUMO_Fw 5’– CAA GCT GAT CAG ACC CCT G -3’ 

SUMO_Re 5’– CAG GGG GAG GTG TGG GAG G -3’ 

M13 Forward 5’– GTT TTC CCA GTC ACG AC -3’ 

M13 Reverse 5’– CAG GAA ACA GCT ATG AC -3’ 
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Appendix III 

Buffers and solutions used in DNA methods 

10x Restriction buffer (RSB) 
50% glycerol, 15 mM EDTA, 0.25% bromophenol blue 
 
5x Tris borate-EDTA (TBE) buffer 
0.045 M Tris borate, 0.0001 M EDTA 
 
LB medium 
1% N-Z amine, 0.1% Yeast extract, 1% NaCl 
 
LB agar 
1% N-Z amine, 0.1% Yeast extract, 1% NaCl, 1,5% Bacto agar  
 
SOC medium 
2% Vegetable Peptone, 0.5% Yeast Extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, 
20 mM Glucose 
 
SOB medium 
2% Tryptone, 0.5% Yeast extract, 0.05% NaCl, 2.5 mM KCl 
 
HTB buffer 
10 mM HEPES, 15 mM CaCl2, 250 mM KCl, 55 mM MnCl2, pH 6.7 
 
X-gal 
Bromo-chloro-indolyl-galactopyranoside 
 
IPTG 
Isopropyl β-D-1-thiogalactopyranoside 
 

Solutions for cell culture 

Complete Sf-9 medium 

SF-900™II medium (Gibco by Life Technologies) supplemented with 100 U/mL penicillin, 100 μg/mL 

streptomycin (Pen Strep) and 1% fetal bovine serum (FBS) 
 
Complete RPMI-Glutamax medium 
RPMI-1640 Medium GlutaMAX™ (Gibco by Life Technologies) supplemented with 100 U/mL penicillin, 

100 μg/mL streptomycin (Pen Strep), 10% horse sera and 50 µM 2-mercaptoethanol. 

 
PBS/Pen Strep 
Phosphate buffer saline (PBS) supplemented with 100 IU penicillin, 100 IU streptomycin (Pen Strep) 
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Buffers and solutions used in protein methods 

2x Sample buffer 
0.5% 2-mercaptoethanol, 20% glycine, 2% SDS, 0.1%Bromophenol blue, 130 mM Tris 
 
SDS-Page running buffer 
25 mM Tris, 192 mM glycine, 0.1% SDS 
 
Storage solution  
25% methanol, 7% acetic acid, 3% glycerol 
 
Transfer buffer 
25 mM Tris, 192 mM glycine, 20% methanol 
 
BCIP/NTB 
5-bromo-4-chloro-3-indolyl phosphate/ Nitro blue tetrazoliumchloride 
 
Alkaline phosphatase buffer 
100 mM Tris-HCl, 100 mM NaCl, 5 mM MgCl2, 0.005% Tween 20, pH 9.5 
 

Buffers used in native protein purification 

Lysis buffer, pH 8 
50 mM NaH2PO4xH2O, 150 mM NaCl, 1% IgePal 
 
Wash buffer, pH 8 
50 mM NaH2PO4xH2O, 300 mM NaCl, 0, 10 or 20 mM Imidazole 
 
Elution buffer 1 pH 8 
50 mM NaH2PO4xH2O, 300 mM NaCl, 250 mM Imidazole 
 
Elution buffer 2 pH 6.5 
50 mM NaH2PO4xH2O, 300 mM NaCl, 250 mM Imidazole 
 
Buffer F 
6M Guanidin-HCl, 0,2M acetic acid 
 

Buffers used in denature protein purification 

Denature lysis buffer, pH 8 
6M Guanidin-HCl, 100 mM NaH2PO4xH2O 
 
Denature wash buffer 1, pH 8 
8M Urea, 100 mM NaH2PO4xH2O, 10 mM Tris-base, 100 mM NH4Cl 
 
Elution buffer  
8M Urea, 100 mM NaH2PO4 x H2O, 10 mM Tris-base, 100 mM NH4Cl, pH 4,4 or 4,0 
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Buffers used for Dialyzing 

Elution buffer pH 8 without imidazole 
50 mM NaH2PO4xH2O, 300 mM NaCl 
 

2xPhosphate buffer saline (PBS) 
200 mM NaCl, 5.4 mM KCl, 20 mM Na2HPO4, and 3.6 mM KH2PO4. 
 

2xPBS with 400 mM arginine 
200 mM NaCl, 5.4 mM KCl, 20 mM Na2HPO4, and 3.6 mM KH2PO4, 400mM arginine 

 

2xPBS with 800 mM arginine 
200 mM NaCl, 5.4 mM KCl, 20 mM Na2HPO4, and 3.6 mM KH2PO4, 800mM arginine 

 

Buffers used in ELISA 

Coating buffer 
0.05 M carbonate bicarbonate buffer: One capsule from Sigma Carbonate-Bicarbonate buffer nr 
C3041-100CAP mixed with 100 mL ddH2O 
 
ELISA Wash buffer, pH 7.2 
500 mM NaCl, 2.7 mM KCl, 1.5 mM KH2PO4, 6.5 mM Na2PO4x2H2O, 0.05% Tween 20 
 
Dilution buffer, pH 7.2 
500 mM NaCl, 2.7 mM KCl, 1.5 mM KH2PO4, 6.5 mM Na2PO4x2H2O, 5% Tween 20, 5% skimmed milk 
powder  
 
OPD substrat, pH 5.0 
One tablet OPD in 10 mL H2O 
One tablet H2O2 in 10 mL H2O 
Mixed together shortly before use 
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Appendix IV 

Testing of specific mouse polyclonal antibodies against Cul o 5 and Cul o 11 

 

 

Figure 30. Titration of anti Cul o 5 specific ascites from mice A and B binding to rBac-HBM-Cul 
o 5. 
Mouse B (A). Mouse A (B), A strip 1: negative control (TBS-T) 2: positive control (anti His, 1:1000) 3-
7: 1:5000, 1:10.000, 1:15.000, 1:20.000. B strip 1-6: 1:1000, 1:2500, 1:5000, 1:10.000, 1:15.000, 
1:20.000 
 

 

Figure 31. Titration of anti Cul o 11 specific ascites from mouse A, B and C binding to rBac-1-
Cul o 11. 
rBac-1-Cul o 11 untreated, ascites dilution 1:20.000 (A). deglycosylated, ascites 1:15.000 (B), Strip 1-
2: mouse A, 3-5: mouse B, 6-8: mouse C.  
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Appendix V 

Nucleotide and amino acid sequencing results for the proteins expressed in pI-

secSUMOstar 

 Stop codons are bolded. 

Cul o 5 (Unknown salivary protein) 

486 pb 

TTCGATCTGTCAGACGCCCTCCCTGGACACATCACAGACGATATGACCACTACAGAGAAGCCCACTAA

CGTGGCTGCCGCAACAGCCGATTTCTCTGACGATGACCTGCTCGCAGTCATCAACGAATCAAAGAAAA

AGGTGAAGTCCAGCGACGTCAAACCCACGAACAAGTTGCTGACCAACGTTAAAAACAAGCTGGAGAGT

GTGGATTTCAAAAAGATCGACCAGAAGGTTGCTTCGCTCTTGATCCCTATTTACAAAAAGGCGAGTGA

AGCTATCCTCAACTGGATTTCGATGACGGGTGCGGCTATCGAGACCTCACCATGCTTCGAAAAAATCG

ATCGCATTTTCACTAAGATCTTGCAGGACACTTCCAAATACTTCACACCGGCCCGTGCAAACATTGCT

CAAAAGAGCTACGTCGAGAAATTGACGAAGGCTCTGTCCACCATCCGCCAATGTATCATTAGCAAGAT

TAAAAAGTAA 

 

161 a.a. 

F D L S D A L P G H I T D D M T T T E K P T N V A A A T A D F S D D D 

L L A V I N E S K K K V K S S D V K P T N K L L T N V K N K L E S V D 

F K K I D Q K V A S L L I P I Y K K A S E A I L N W I S M T G A A I E 

T S P C F E K I D R I F T K I L Q D T S K Y F T P A R A N I A Q K S Y 

V E K L T K A L S T I R Q C I I S K I K K Stop 
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Cul o 8 (Kunitz protease inhibitor) 

450 bp 

CAGCGCTCCAGCTCTACCCTGTCATCCGTCTGCCGCGGTGGTTCCTCCCGCGGCACCTGCAACGCTAA

CGTGAGCCGCTTCTACTACAACGAGCGTACTAACAACTGCCAGAAGTTCTCATGGTCCGGCTGCGGAG

GTAACGAGAACAACTTCGTGTACAAGGAAAGCTGCAAGTCTAGGTGCGTGCAGAAGCCAAAGCAGAAC

CTGCGCGACCACCCTGAGCTGAAGAAGTGCTTCCTGAAGCCTGACGAAGGTATCGGCCGCGCTATGCA

CAAGAAGTACTACTACGACCGTGGCTCACGCCGTTGCCAGGACTTCTACTACGGCGGAATGTACGGAA

ACGAGAACAGGTTCGACTCAATGGACGACTGCTACGAAAAGTGCGCCTCCCGCATCAACCCTTACCTG

AAGCTGGTCCCCAACAACAACAAGATCAAGCAGCAGTCCTAA 

 

149 a.a. 

Q R S S S T L S S V C R G G S S R G T C N A N V S R F Y Y N E R T N N 

C Q K F S W S G C G G N E N N F V Y K E S C K S R C V Q K P K Q N L R 

D H P E L K K C F L K P D E G I G R A M H K K Y Y Y D R G S R R C Q D 

F Y Y G G M Y G N E N R F D S M D D C Y E K C A S R I N P Y L K L V P 

N N N K I K Q Q S Stop 
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Primers used for sequencing 

 

 

 

Cul o 5 Nucleotide sequence 

Culo5_61-82_Fw 5’ –TTC GAT CTG TCA GAC GCC CTC C - 3’ 

Culo5_521-543_Re 5’ –CTT TTT AAT CTT GCT AAT GAT AC-3’ 

Cul o 8  

Co145_SUMO_Fw 5’ –CGC GTC TCG AGG TCA GCG CTC CAG CTC TAC C- 3’ 

Co145_484-504_Re 5’ –GGA CTG CTG CTT GAT CTT GT - 3’ 

Co145_306-326_Fw 5’ –CTG TTC TCA ATC CAG CCT GA - 3’ 

Co145_210-227_Re 5’ –GCA GCT TTC CTT GTA CAC G - 3’ 

Vector primers  

SUMO_Fw 5’ –CAA GCT GAT CAG ACC CCT G- 3’ 

SUMO_Re 5’ –CAG GGG GAG GTG TGG GAG G- 3’ 
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Appendix VI 

Optimize production and storage of insect cell expressed proteins 

Table 5. Protein concentration following harvest at different time points post infections. 

r-allergen Day of harvest 

Elution (µg/mL) 

1 2 3 4 

rBac-1-Cul o 8 

6 163 143 104 65 

7 172 142 138 80 

8 162 130 122 75 

9 165 125 104 95 

rBac-1-Cul o 11 

6 288 257 34 15 

7 426 202 55 23 

8 506 263 54 20 

9 340 223 34 19 
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Table 6. Concentration of r-allergens after being kept in –80°C. 

Protein/Concentration (µg/mL) Week 0 Week 15 Week 30 1 year 

Bac-SUMO-Cul o 1p 333 336 251 232 

Bac-HBM-Cul o 2p 288 322 283 262 

Bac-SUMO-Cul o 3 335 381 359 331 

Bac-HBM-Cul o 5 517 638 562 530 

Bac-1-Cul o 7 262 307 237 192 

Bac-1-Cul o 8 144 184 155 128 

Bac-SUMO-Cul o 9 459 520 414 437 

Bac-1-Cul o 11 295 335 303 295 

Bac-HBM-Cul n 3 150 177 127 103 

Bac-1-Cul n 4 295 443 349 322 

 

 

 

 

 

Figure 32. r-proteins after storage in -80°C. 
Concentration of the r-allergens (µg/mL) following 15, 30 or 53 weeks at -80°C. 
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Appendix VII 

Immunoassay 

 

Figure 33. rBac-1-Cul o 11 specific total IgG response of the 27 vaccinated horses measured by 
ELISA. 
Serum week 8 in dilution 1/200. 
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Figure 34. IgG subclass response, serum from week 10 in different dilutions against rBac-HBM-
Cul o 5, rBac-1-Cul o 8 and rBac-1-Cul o 11 measured by ELISA. 
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Appendix VIII 

Native protein purification with nickel affinity gel – wash steps for different 

proteins 

 

Table 7. Imidazole concentration in wash buffer used for protein purification under native 
conditions. 

Protein 

Imidazol concentration in wash buffer (mM) 

First two washes Second two washes 

rBac-HBM-Cul o 2p 10 mM  20 mM 

rBac-SUMO-Cul o 3 10 mM 20 mM 

rBac-HBM-Cul o 5 0 mM 10 mM 

rBac-SUMO-Cul o 5 0 mM 10 mM 

rBac-1-Cul o 7 0 mM 10 mM 

rBac-1-Cul o 8 0 mM 10 mM 

rBac-SUMO-Cul o 9 0 mM  10 mM 

rBac-1-Cul o 11 0 mM 10 mM 

rBac-1-Cul n 4 0 mM 10 mM 
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Table 8. Name of construct, purification status and size of the r-allergens expressed in insect 
cells. 

 

Name of construct Purification status 
Predicted full 

size (kDa) 

Cul o 1p - Kunitz protease inhibitor   

rBac-SUMO-Cul o1p Purified under denaturing conditions 39 

Cul o 2p - D7-related salivary protein   

rBac-HBM-Cul o 2p Purified under native conditions 18 

Cul o 3 – antigen-5 like   

rBac-SUMO-Cul o 3 Purified under native conditions 45 

Cul o 5 - Unknown salivary protein   

rBac-HBM-Cul o 5 Purified under native conditions 23 

rBac-SUMO-Cul o 5 Purified under native conditions 35 

Cul o 7 - Unknown salivary protein   

rBac-1-Cul o 7 Purified under native conditions 17 

Cul o 8 - Kunitz protease inhibitor   

rBac-1-Cul o 8 Purified under native conditions 21 

Cul o 9 - WSC superfamily, carbohydrate-binding domain 

rBac-SUMO-Cul o 9 Purified under native conditions 35 

Cul o 11 - Apoliophorin III-like   

rBac-1-Cul o 11 Purified under native conditions 41 

Cul n 3 - DUF4803 superfamily   

rBac-HBM-Cul n 3 Purified under native conditions 49 

Cul n 4 - Unknown salivary protein   

rBac-1-Cul n 4 Purified under native conditions 17 


