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Abstract 
Influenza viruses have sporadically caused pandemics during the last century, with the most severe 

occurring in 1918 when the “Spanish flu”, an A/H1N1 influenza virus, passed around the globe killing 

about 20-100 million people. Today 250 000-500 000 deaths occur annually due to influenza virus or 

secondary infection after influenza, e.g. pneumonia. Influenza viruses cause severe infections in 

susceptible age groups like children and elderly and in individuals with impaired immune response due 

to other medical conditions. The best way to prevent an influenza epidemic is by vaccination. Since the 

1950´s we have vaccines against seasonal flu, but vaccine efficacy is not 100 % and there is a need to 

develop better and more effective vaccines, especially for the risk groups. Since the virus enters the 

host through the nasal cavity, nasal vaccination is a good approach. By stimulating a mucosal immune 

response already in the nasal cavity, the goal with nasal vaccination is to stop the virus before it enters 

the host. Nasal vaccination also reduces the risk of transmission of blood-borne diseases, and is less 

painful and easier to administer, compared to injectable vaccines.  

In order to be able to use less immunogenic antigens, like split and subunit antigens, as nasal vaccine 

components, an adjuvant is needed to enhance the immune response. At the moment there is no 

licensed mucosal adjuvant for human use. Several studies are ongoing, but it is a complicated and long 

way to reach the market. In this thesis nasal vaccination with influenza antigen together with the 

mucosal adjuvant Endocine™ and other mucosal adjuvants has been evaluated. The Endocine™ 

adjuvant has been shown to be safe and well tolerated in clinical trials. Depending on the pathogen of 

interest, different approaches are necessary. For HIV, DNA-vaccination has been evaluated together 

with a plasmid encoding Salmonella typhimurium flagellin C and the mucosal adjuvant N3. The results 

found in paper I-IV show that by adding adjuvant to the antigen enhances the protective immune 

response towards the antigen. Enhanced systemic, mucosal and cell-mediated immunity were 

observed. Hopefully in the future these adjuvants evaluated in this thesis, will be used in vaccines for 

humans.  
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Populärvetenskaplig sammanfattning 
Varje år dör 250 000-500 000 människor runt om i världen av influensa eller av en sekundär infektion 

efter att ha haft influensa. I Sverige slår influensan till under hösten och når sin kulmen runt sportlovet. 

De typiska symptomen vid en influensasjukdom är hög feber, ont i kroppen, hosta och halsont. 

Influensaviruset tillhör familjen Orthomyxoviridae och kan delas in i fem olika stammar; influensa A, 

influensa B, influensa C, thogoto- och isavirus. De tre influensastammarna som kan orsaka sjukdom 

hos människor är A, B och C, men Influensa C är ovanligare och orsakar i regel bara vanlig förkylning. 

Influensa A däremot kan infektera många olika arter och den naturliga bäraren är vattenlevande fåglar. 

Influensa A viruset kan delas upp i flera olika stammar baserade på ytproteinerna hemagglutinin (HA) 

och neuraminidas (NA). Det finns idag 18 kända HA och nio kända NA typer. 

Det bästa sättet att minska spridningen av influensa är genom att vaccinera befolkningen. 

Världshälsoorganisationen (WHO) rekommenderar bland annat vaccination av riskgrupperna unga 

barn, äldre och människor med andra underliggande sjukdomar vilka löper en högre risk att drabbas 

av influensa och dess bieffekter. Redan på 1940-talet kom det första injicerbara vaccinet mot influensa 

och det bestod av levande försvagade eller avdödade viruspartiklar. På grund av biverkningar 

utvecklade man istället s.k. split-vaccin på 60-talet. Det är ett vaccin där man har behandlat viruset 

med en detergent och på så vis sönderdelat viruspartikeln, vilket gör att vaccinet fortfarande innehåller 

alla virusproteiner. Detta är ett inaktiverat influensavaccin (IIV), men det finns även ett levande-

försvagat influensa vaccin (LAIV) som ges med hjälp av nässpray (nasal vaccination). I Sverige är LAIV 

endast tillåtet för barn mellan 2-18 år, medan IIV kan ges från 6 månaders ålder och uppåt. Både IIV 

och LAIV ges som säsongsinfluensavaccin och innehåller tre eller fyra olika stammar av influensa; en 

A/H1N1, en H3N2 och en eller två B influensor. Tyvärr ger inte dagens influensavaccin ett 

hundraprocentigt skydd, vilket gör att det finns ett behov av att utveckla nya mer effektiva vacciner 

och eventuellt nya vaccinationsvägar.  

För att kunna använda sig av vaccinantigener som är immunologiskt svaga, som split- och DNA-vaccin, 

för nasal vaccination, behöver man tillsätta ett immunologiskt förstärkande hjälpämne, ett s.k. 

adjuvant, till vaccinet för att öka responsen av immunförsvaret mot antigenet. Fördelen med att ge ett 

vaccin nasalt är att det stimulerar ett försvar i form av lokala IgA antikroppar i slemhinnorna som kan 

hindra viruset från att ta sig in i värdcellerna, d.v.s. förhindra smitta. Detta klarar ej vaccin som ges 

med nål under huden eller i muskelvävnaden. Utmaningen i att hitta bra adjuvant ligger i att hitta ett 

ämne som är ofarligt men samtidigt immunstimulerande för den som vaccineras. Denna balans mellan 

risk/nytta är mycket viktig. I denna avhandling har framförallt det nasala adjuvantet Endocine™ 

studerats. Det är ett fettbaserat adjuvant och som i kliniska studier har visat sig vara säkert och 
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tolererbart hos människor. Endocine™ ges tillsammans med influensaantigen nasalt i form av 

näsdroppar. Även två andra nasala adjuvant, N3OA och N3OASq, har utvärderats tillsammans med 

influensaantigen. Influensavaccin med Endocine™, N3OA och N3OASq har visat sig kunna öka både 

antikropps- och cellmedierat immunsvar i möss, jämfört med icke adjuvanterat antigen som 

administrerats nasalt. Endocine™ i kombination med influensavaccin visade sig även kunna stimulera 

liknande mängd skyddande serumantikroppar som det effektiva, men giftiga, slemhinnestimulerande 

adjuvantet koleratoxin och högre serum och slemhinne-IgA antikroppar jämfört med det äldsta 

förekommande adjuvantet, aluminium. Studier i äldre möss visade även att Endocine™-adjuvanterat 

influensavaccin kan bidra med ökat immunsvar hos äldre. 

Beroende på vaccinkomponenten och målet med vaccinationen, kan olika adjuvant behövas. För 

humant immunbristvirus (HIV), är troligen inte ett antikroppssvar tillräckligt utan även ett cellmedierat 

immunsvar är nödvändigt. Genom att använda sig av olika vektorer, bärarsystem, för DNA-vaccination, 

kan man lyckas stimulera båda delarna av immunförsvaret. I denna avhandling studerades två 

adjuvant; DNA-plasmiden som kodar för bakteriell Salmonella typhimurium flagellin C (FliC) samt N3, 

tillsammans med plasmider kodande för HIV-proteiner. Studien visar att en kombination av dessa två 

adjuvant och DNA-plasmiden som kodar för HIV-proteinerna stimulerar både delarna av 

immunförsvaret. 

I den här avhandlingen har fem nya nasala adjuvant studerats och lovande resultat har visats. Det finns 

ett behov av att utveckla nya effektivare vaccin, men även att utveckla vaccin för de patogener 

(sjukdomsframkallande bakterier och virus) som fortfarande inte har ett vaccin. I framtiden kan 

förhoppningsvis dessa nya nasala adjuvant komma till god nytta i dessa sammanhang. 
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Abbreviations 
Ad5 Adenovirus 5 vector 

AE Adverse event 

APC Antibody presenting cell 

ASC Antibody secreting cell 

CT Cholera toxin 

CTL Cytotoxic T cell 

DAMP Danger-associated molecular pattern 

DC Dendritic cell 

DLN Draining lymph node 

dsRNA double-stranded RNA 

EMA/CHMP European Medicines Agency/Committee for Medical Products 

HA Hemagglutinin 

HAI Hemagglutinin inhibition 

HBV Hepatitis B virus 

HPV Human papilloma virus 

iDC Immature dendritic cell 

IFN Interferon 

Ig Immunoglobulin 

IIV Inactivated influenza vaccine 

ILI Influenza like illness 

i.n. Intra nasal 

LAIV Live-attenuated influenza vaccine 

LN Lymph node 
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LRT Lower respiratory tract 

LT Escherichia coli heat label toxin 
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MHC Major histocompatibility complex 

NA Neuraminidase 
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NOD nucleotide binding oligomerization domain 

NS non-structural 

NF-κB Nuclear factor-κB  
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OPD O-phenylenediaminedihydrochloride 

PAMP Pathogen-associated molecular pattern 
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pIgR Polymeric immunoglobulin receptor 
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RdRP  RNA-dependent RNA polymerase 
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TIV Trivalent inactivated vaccine 

TLR Toll-like receptor 

URT Upper respiratory tract 

vRNA Viral RNA 
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Introduction 

History 

As early as 412 BC Hippocrates described the acute respiratory disease influenza [1], but it was not 

until 1933 the first human influenza virus was isolated [2]. Today we know that influenza virus can be 

divided into several groups based on the two glycoproteins, hemagglutinin (HA) and neuraminidase 

(NA) [3]. Influenza virus is constantly present around the world and cause diseases, and occasionally 

pandemics and epidemics occur. The first well documented influenza virus outbreak was during the 

1890´s and it may have been caused by an H3 influenza A virus [3]. In 1918 the extremely virulent H1N1 

influenza A virus swept around the world and infected approximately 30 % of the world’s population 

and caused 20-100 million deaths [1-3]. The pandemic was called the “Spanish flu”. The mortality rate 

was highest in healthy young adults and the virus showed high replication rate and spread in the lungs. 

It is believed that the virus enhanced the cytokine production and caused a “cytokine storm” that led 

to great damage of organs and other tissues [4]. In 1957 the next major outbreak of influenza occurred, 

The “Asian flu” caused by an H2N2 influenza A virus. The new subtype was a reassortment of human 

and avian genes and caused 1-2 million deaths globally [3]. The “Hong Kong flu” in 1968 was caused 

by an H3N2 influenza A virus, and was also a reassortant virus with avian genes. This pandemic was 

however milder. In 1977 the H1N1 type virus returned and was detected in Siberia, this outbreak was 

named the “Russian flu” [1]. Since this influenza A virus was similar to the one circulating before 1957, 

only small and mostly mild outbreaks occurred among the younger age group. Until 1997 only H1, H2 

and H3 influenza A viruses were known to infect and cause disease in humans. However, today H5 and 

H7 viruses have also been found and shown to cause disease in humans. The highly pathogenic 

influenza H5N1, the “Bird flu”, caused an outbreak in Hong Kong 1997. Six out of 18 infected people 

died, however no human to human transmission was observed [1,2]. The “Bird flu” returned in 2003 

in Asia, with a mortality rate of 80 %. The latest pandemic that occurred, the ”Swine flu”, was again 

caused by an H1N1 virus in year 2009 and it was antigenically similar to the “Spanish flu” [1]. Although 

the virus was not as virulent as the one in 1918, most deaths occurred in the young population. 

Classification and structure 

Influenza belongs to the family of Orthomyxoviridae and can be divided into five genera; influenza A, 

influenza B, influenza C, thogoto- and isavirus [3]. The viruses in this family are enveloped, segmented 

negative-polarized single stranded RNA-viruses. They are classified based on their antigenic structure, 

genetic, and epidemic differences. All three influenza virus strains can cause disease in humans, but 

Influenza C is rare and only cause common cold in humans [5]. Influenza A and B cause influenza like 

illness (ILI) in humans. Influenza B mainly infects humans [2] and consist of two different lineages; 
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Victoria and Yamagata [6]. Influenza A virus are able to infect many different species [7] and this thesis 

will focus on influenza A. 

Influenza A virus 

The natural reservoir for influenza A virus is the aquatic birds [3,8]. However poultry, aquatic birds and 

porcines can all transfer the virus to humans (Fig 1). Influenza A can further be divided based on the 

proteins on the surface of the virus particle, i.e. HA and NA. At the moment there are 18 known HA 

and nine known NA types, where the two latest HA types have only been found in bats [9,10]. 

 

Figure 1. Natural hosts of influenza A. Modified from Wahlgren J, 2011 [7] 

The influenza A virus has a lipid bilayer envelope and the genome is segmented in eight fragments and 

encodes for 11 proteins (Fig 2) [2,3,11]. These eight fragments contains the genetic information that is 

necessary for the virus to be able to infect and multiply itself. Nine of the 11 proteins are structural 

(HA, NA, nucleoprotein (NP), matrix 1 (M1), matrix 2 (M2), polymerase basic 1 (PB1), polymerase basic-

F2 (PB1-F2), polymerase basic 2 (PB2) and polymerase acidic (PA)) and two are non-structural (NS1 and 

NS2) (Table 1). The PB2, PB1 and PA are encoded by the three largest RNA segments and form a 

heterotrimeric RNA-dependent RNA polymerase (RdRP). PB1-F2 protein is also encoded by the PB1 

segment and have an apoptotic function [12]. M1 is a matrix protein and M2 form an ion-channel. NP 

is the nucleoprotein that binds to the viral RNA (vRNA) fragments and encapsulates them. The most 

important structural and virulent parts of the virus, are the HA and NA proteins.  
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Figure 2. Schematic picture of the influenza A virus [13]. Printed with permission from Nature publishing Group, 

April 2015 

The HA protein consist of a trimer of three identical units that interact together and form a binding 

pocket. Each unit contains two subunits: HA1 and HA2. These take form after cleavage of the precursor 

protein HA0. The HA1 unit contains the viral binding site and binds to sialic acid on the surface of the 

host cell. In humans the receptor is α-Gal(2,6) and is expressed on respiratory epithelial cells, while 

avian flu utilize the receptor α-Gal(2,3). The HA2 subunit contains the fusion domain, which is used 

when the virus envelope and the endosome fuses. The NA protein consists of four identical subunits 

and is an enzyme. The NA enzyme cleaves the sialic acid to provide virus release in active form and this 

seems necessary for the virus to bud off from the infected host cell. NA also protects the infected cell 

from becoming infected by daughter viruses. The ratio between HA and NA is approximately 5:1. 

[2,3,11,14] 

Table 1. Influenza A virus proteins and their functions.  

Gene segment Protein Function/s 

1 Polymerase basic 2 (PB2) RNA transcription and replication 

2 Polymerase basic 1 (PB1) 

Polymerase basic 1-F2 (PB1-F2) Induce apoptosis 

3 Polymerase acidic (PA) RNA transcription and replication 

4 Hemagglutinin (HA) Major surface glycoprotein, used for cell-
receptor binding and fusion 

5 Nucleoprotein (NP) Nucleocapsid protein, associates with RNA 

6 Neuraminidase (NA) Major surface glycoprotein, 
used for virus release 

7 Matrix 1 (M1) Matrix protein, protects RNP-core 

Matrix 2 (M2) Ion channel 

8 Nonstructural 1 (NS1) Interact with host mRNA, inhibits interferon 
production 

Nonstructural 2 (NS2) Nuclear export protein 
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Replication 

When the virus binds to the receptor on the host cell, the virus particle is endocytosed. Acidification 

of the endosome with the help of the viral M2 channel induces conformational changes in HA1 and 

HA2, which move them away from each other. The HA2 fusion peptide acts as an anchor in the 

endosome and the virus envelope and the endosome membrane are moved towards each other. 

Fusion occurs and the eight RNA fragments are released into the cytosol. The viral replication occurs 

in the nucleus where the virus steals the 5’ cap from the cellular host mRNA with the help of NS1 and 

PB2. The 5’ cap works as a primer. Since influenza A is a negative strand RNA virus, it must carry RdRp 

or PA to be able to produce mRNA. RdRp binds to the 5’ cap and starts the transcription of the vRNA. 

The mRNA is translated into proteins in the cytosol and the HA, NA and M2 proteins continue to the 

endoplasmic reticulum and golgi apparatus to become glycosylated before they are attached to the 

cell surface. The NS-proteins are transported back into the nucleus and support the production of new 

vRNA copies. The NP, PA, PB1 and PB2 proteins and the eight RNA fragments form a ribonucleoprotein 

(RNP)-core. The M1-protein builds a shell around the RNP-core which moves towards the HA, NA and 

M2 proteins attached to the cell membrane. A new immature virus particle is produced and NA 

facilitates the virus budding off from the host cell surface by cleavage of sialic acid. [11,15] 
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Immune response towards influenza A virus 
The first defense against a pathogen is the innate immune system. This is a nonspecific immune 

reaction and the innate immune cells react rapidly with a cascade of actions with the aim of destroying 

the pathogen. This is not a long lasting protection, but it facilitates activation of the adaptive immune 

response. The adaptive immune response consists of specialized cells that recognize pathogens that 

have infected the host earlier and this response is required to recover from the infection [16]. The 

hallmark of vaccination should be to induce a long-lasting adaptive immune response with memory T 

and B cells, preferably in mucosal and systemic immune tissues. 

The entry site for influenza viruses is through the respiratory tract (RT) and it can be divided into two 

parts; the upper (URT) and the lower respiratory tract (LRT). The URT consists of the mouth, nose and 

pharynx, while the LRT consists of the bronchi, lungs and trachea [17]. The airway lymphoid tissue is 

called Waldeyer´s ring, and is located in the border between URT and LRT [17]. The RT is covered with 

mucosa that acts as a physical and biological barrier against invading pathogens [18,19]. The mucosa 

consists of a layer of epithelial cells with tight junctions, a thick layer of mucins, and antimicrobial 

peptides (defensins). The innate and adaptive immune cells are located underneath this layer, ready 

to fight the pathogen. 

Innate immune response  

The epithelial cells of the URT are the primary targets for influenza virus. If the pathogen succeeds to 

pass these cells the next step to overcome is the components of the immune system. The innate 

immune system initiates an antiviral first line of defense against the detected virus. The antiviral 

response is initiated through the recognition of vRNA or proteins, i.e. pathogen-associated molecular 

patterns (PAMPs) [19]. They are only present on, or induced by, pathogens and not by the body´s own 

cells. PAMPs are recognized by pattern recognition receptors (PRRs), which are located on many cells 

including macrophages, neutrophils and dendritic cells (DCs) [19]. There are three different PRRs; toll-

like receptors (TLRs), retinoic acid-inducible gene I (RIG-I), and the nucleotide binding oligomerization 

domain (NOD-like) receptor family (NLR) that recognize influenza proteins [20-22]. The PRRs initiate 

an antiviral signal cascade after recognition of PAMPs. Several TLRs recognize different parts of the 

influenza virus. TLR7 and TLR8 recognize single stranded RNA (ssRNA) [19,23,24] while TLR3 recognizes 

double-stranded RNA (dsRNA) [25-27]. TLR3 is expressed by DCs in the RT and is probably activated 

through phagocytosis of dying influenza-infected cells [28]. TLR2 and TLR4 located on the host cell 

surface recognize the viral envelope proteins [21,29]. Cytoplasmic ssRNA is detected by RIG-I [30] and 

cytoplasmic dsRNA by NLRs [31]. NLRs induce caspase-1 activation, while activation of TLRs and RIG-I 

receptors lead to the activation of nuclear factor-κB (NF-κB) and IRF3, which give rise to the production 
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and secretion of type 1 interferons (IFNs), pro-inflammatory cytokines, and chemokines [16]. 

Macrophage and DC production of type 1 IFNs, IFN-α and IFN-β further stimulate the production of 

more IFNs by neighboring cells, which will limit the viral replication [32]. The pro-inflammatory 

cytokines and eicosanoids cause fever and anorexia while chemokines attract other immune cells to 

the infected area [16]. Neutrophils, monocytes, and natural killer cells are recruited to the area, and 

clear and kill infected cells. Macrophages phagocytose apoptotic cells, while DCs present viral antigens 

to naïve T cells, which activate the adaptive immune system [19,33]. Cytokines produced during the 

innate immune response, e.g. IL-1, IL-6 and IL-18, also promote the activation of the adaptive immune 

system. 

Professional antigen presenting cell - the dendritic cell 

Dendritic cells (DCs) connect the innate with the adaptive immune response. Under the epithelial cells, 

the DCs lie ready to detect viral intruders. The DCs are probably the most efficient antigen presenting 

cells (APCs) [19,34-37] and they are also important for the continued immune response. Immature DCs 

(iDCs) can engulf pathogens by receptor-mediated endocytosis or take up pathogens by 

micropinocytosis and then degrade them intracellularly [19]. The iDCs then migrate to the lymph nodes 

(LNs) and on their way they become mature and start to express co-stimulatory molecules on their 

surface, that are needed for T cell activation. Different DC subsets reach the LNs with viral antigens 

and here, the DCs present the antigen to naïve CD4+ and CD8+ T cells, and activate them with the help 

of a second signal from the co-stimulatory molecules (CD80 and CD86) [19]. Studies on skin DCs have 

demonstrated that within 24 hours, DCs will take up the antigen, process it for presentation and then 

migrate to the draining lymph node (DLN) to present it to naïve T and B cells [38-40]. However studies 

in lungs show that after 2-4 days the DLN contain the maximum number of CD103+ DCs, while after 5-

7 days the CD11bhi DCs peak [34,41]. These two subsets of DCs are preferentially localized in the airway 

and submucosa of the RT. Plasmacytoid DCs (pDCs) are major producers of type 1 IFNs, but can also 

transport antigen to the DLN but are weak activators of naïve T cells [17]. After the DC-T cell interaction 

the T cells undergo three different steps; activation, proliferation and differentiation to become 

effector cells [17]. They are then able to migrate to the site of infection and continue the immune 

response.  

Adaptive immune response 

The adaptive immune responses consist of two branches; the cell-mediated and the humoral immune 

responses. The cell-mediated immune response provides help to activate B cells of the humoral 

immune response and kill infected cells. The humoral immune response leads to antibody production 

through activation of B cells.  
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Cell-mediated immune response 

The cell-mediated immune response consists of activated CD4+ and CD8+ T cells that help to activate 

B cells and to kill infected cells. Both CD4+ and CD8+ T cells can secrete IL-2, IFN-γ and TNF-α. IL-2 is 

important for further CD4+ and CD8+ T cell proliferation, while IFN-γ and TNF-α have antiviral and 

inflammatory effects [19,42]. 

After T cell activation the main role for CD4+ T cells are to activate B cells and support their 

differentiation [19,43] and this will lead to antibody production. However CD4+ cells are also needed 

for activation of CD8+ T cells. Activated CD4+ T cells produce IL-2 and express CD40 that will bind to 

CD40 ligands on the APC, which will help the APC to enhance the surface markers that are needed for 

CD8+ T cell activation [19]. The CD4+ T cells can differentiate to different types of effector cells; T-

helper cells (TH1, TH2, TH17), follicular helper T cells (TFH cells) and regulatory T cells (Treg) [19]. The TH1 

cells activate macrophages that will help to kill infected cells. The TFH cells are believed to be the ones 

that helps to activate B cells and promote antibody production, however the TH2 cells are also of 

importance [19]. 

The main role for activated CD8+ T cells, cytotoxic T cells (CTLs), is to promote cell lysis and apoptosis 

of infected cells or produce pro-inflammatory cytokines at the site of infection [44-47]. The CTLs 

contain large cytoplasmic granules with serine proteases, granzymes (grz), and pore forming enzyme 

(perforin) that can be released and induce cell death of infected cells [48]. Perforin seems to be of 

importance for influenza clearance [44], however mice lacking grz A and B can still clear the viral 

infection. In grz AB-/- mice cytotoxicity was still observed, and in CTLs grz K can be expressed and is 

suggested to contribute to cytolysis [49].  

Memory T and B cells will be developed days to weeks after infection, and can offer lifelong protection 

[19,50] by rapidly differentiating to effector cells when needed [42]. A recent study in humans showed 

that pre-existing CD4+ memory T cells correlated with less severe influenza disease [51]. 

Humoral immune response 

The process of producing antibodies specific for antigens that the immune system has been exposed 

to was proposed by Macfarlane Burnet in the 1950s [19]. B cells are developed from pluripotent 

hematopoietic stem cells in the bone marrow, where they undergo different steps and negative 

selection before they are released into the blood stream. They then continue their development in the 

spleen and undergo negative selection again before they are mature [52]. They are now naïve B cells 

that will be located in the spleen, lymph nodes and in the bone marrow until they are activated by 

antigens. When the naïve B cells or memory B cells meet the antigen, they will become plasma cells. It 

is the plasma cells that will produce antibodies. In the germinal center of the lymph node, follicular B 
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cells will be activated by the antigen and TH cells. This may also occur in the mucosa of the URT [53]. 

The B cells will move to the border of the T-B cell zone and receive help from CD4+ T cells [54]. The 

activated B cells will undergo affinity maturation and class-switch recombination of immunoglobulins 

(Igs). The B cells will also undergo clonal expansion, which means that they will divide into many 

identical short-lived plasma cells [19,54]. It will take 10-14 days for the response to peak in the germinal 

center and the plasma and memory B cells will then leave the germinal center [52]. The memory B cell 

can then re-enter to the circulation or remain in secondary lymphoid tissue like the spleen or the 

mucosa epithelium of the tonsils [55,56]. Compared to naïve B cells, the memory B cells will react fast 

the next time they recognize the antigen [57]. 

The half-life of serum antibodies is short [58] and a continuous presence of antibody secreting cells 

(ASCs) is necessary. A study with cytomegalovirus infection showed that the APC are gone from the 

spleen within two weeks after an infection, but they remain in the bone marrow for more than a year 

[59] and maybe for life. During the 2009 H1N1 pandemic in the US, about 33 % of the people above 60 

years of age had cross-reactive antibodies towards the virus [54]. Antibodies in the RT have better 

correlation with protection from re-infection as compared to serum antibodies [60]. In the URT the 

dominating antibody is IgA, while in the LRT IgM develops first and the IgG is then slightly more 

common [61]. 

B cells produce antibodies mainly towards HA and NA. These antibodies, when directed against the 

neutralizing epitopes, will inhibit the virus attachment to host cells and limit the spread of the virus. 

The production of IgG antibodies towards influenza envelope proteins are correlated with long-lasting 

protection [62], while secretory IgA (sIgA) produced in the mucosa protect the airways from infection 

[63,64]. 

Mucosal immunity 

In humans the nasal cavity, adenoids and the tonsils, represent one part of the mucosa-associated 

lymphoid tissue (MALT) and this is where the antigen-specific immune response is initiated in the RT. 

The adenoids and tonsils are functionally related to nasopharyngeal-associated lymphoid tissue (NALT) 

in rodents [65] and are the inductive sites for humoral and cellular immune response [66]. In MALT 

specialized antigen-sampling cells are located, i.e. M cells [19] and they are not covered with 

glycoproteins and do not secrete mucus or enzymes. Recently it was shown that this type of antigen-

sampling cells, M cells, is also located in the URT [67]. The M cells take up the antigen through 

endocytosis or phagocytosis and the antigen is transported across the cell to the basal surface where 

the antigen is taken up by DCs [18]. The DCs process the antigen and present it through major 

histocompatibility complex (MHC) I or II to naïve T cells in the T cell zones in the LNs, and antigen-
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specific T cells are generated. In the B cell zone and germinal center, the antigen-specific TH-cells 

stimulate IgA class switching and somatic hypermutation of B cells with the help of cytokines that 

promote IgA production [18]. After maturation, the IgA committed B cells migrate to the effector site, 

the lamina propria (LP), with the help of the mucosal homing integrin α4β7 and the chemokine 

receptors CCR9 and CCR10. Final differentiation into plasma cells occurs under the influence of TH2 

cytokines (IL-5 and IL-6) in the LP. The B cells synthesize dimeric or polymeric IgA that is transported 

across the epithelium with the help of polymeric immunoglobulin receptors (pIgRs). A part of the 

receptor (secretory component) will be attached to the IgA dimer after release and the antibody is 

then termed secretory IgA (sIgA) [18,19]. 

Mucosal IgA/Secretory IgA 

In the URT the mucosal/secretory antibody IgA (sIgA) is the dominating antibody subtype and has been 

shown to have many important properties [68]. Mucosal sIgA is produced by plasma cells in the mucosa 

wall, while serum IgA is produced in the bone marrow [19]. In the mucosa, sIgA is produced as a 

polymer, usually a dimer antibody linked by a J chain [19,65]. The polymeric form is able to protect 

against influenza virus infection [64]. Secretory antibodies are able to neutralize pathogens at the 

mucosal site before they enter the host cell [19,64]. sIgA can also neutralize virus inside cells, without 

destroying the host cell [19,69,70]. IgA deficient mice have been shown to be highly susceptible to 

influenza infection [71,72]. Another important property of sIgA is that it has been shown to have cross-

protection properties against both homotypic and heterotypic strains [63,64,72,73].    

Immune escape mechanisms of the influenza virus 

Influenza virus does not have proofreading of the genomic RNA during viral replication which results 

in the development of viral quasi species. During replication small mutations occur in the genome, but 

the viruses are still related to each other. Small amino acid changes/mutations occur constantantly in 

the HA and NA proteins and this is called antigenic drift [3], which results in loss of antibody recognition 

by the host. The virus may also undergo antigenic shift, major antigenic changes, that can happen if a 

host is infected with two different influenza strains at the same time [3]. Swine have the receptor for 

both human and avian influenza, α-Gal(2,6) and α-Gal(2,3), which makes it possible for reassortment, 

i.e. switching of gene segments between two different viral strains [3,33,74]. This can result in 

pandemic outbreaks, since the population probably doesn´t have antibodies against the new virus. 

Recently the quail was also proposed to be able to serve as a mixing vessel for human and avian 

influenzas [75].  

Some of the influenza virus proteins exhibit immune inhibition properties. The multifunctional protein 

NS1 is very important for the virus and is involved in different steps of the viral life cycle. NS1 is also 



16 | 

 

able to modulate the innate immune response by inhibiting the RIG-I receptor [30] and other proteins 

in the RIG-I signal pathway [76-78] to limit the cytokine production. However various influenza strains 

have different abilities to affect the IFN system and thereby they differ in virulence [3]. Some variants 

of the PB2 and PB-F2 proteins act downstream of RIG-I, and they may limit the IFN-β production 

[79,80]. Since PB2, PB1 and PA perform cap-snatching [81-83], this reduces the host gene expression 

and thereby also limit IFN-β production. The PA-X protein is a rather newly discovered protein and 

seems to be able to suppress cellular gene expression [84] and thereby control the kinetics of 

inflammatory response, apoptosis and T cell-signaling. Both NP and M2 are able to bind to human heat 

shock protein 40, which reduces the IRF3 and IFN-β production [85,86]. Some influenza virus strains 

are more pathogenic than others and the above described escape mechanisms play an important role 

in their pathogenesis.  

Transmission and symptoms 

Influenza is spread from human to human via aerosol/droplets and direct contact [87,88]. Every 

droplet contains around 100 000- 1 000 000 viruses. In dense populations, closed or badly ventilated 

areas, the risk of virus transmission increases. In the northern hemisphere, due to dry air, the autumn 

and winter is the major influenza season, with the peak usually in February or March (Fig 3). The 

incubation time is 1-5 days and the virus secretion is highest between 1-2 days after symptoms. 

Influenza causes acute disease and infects mainly the URT (nose, throat and bronchi). The main 

symptoms are high fever, headache, muscle pain, cough, nausea and inflammation in the airways. For 

people with other medical conditions like chronic heart-and lung failure, immunocompromised or 

people of high age, there is a risk of a more severe disease. Young children have a higher risk of getting 

otitis and pseudo-croup. It is estimated that 3-5 million people worldwide are infected by influenza 

each year and 250 000-500 000 people die of influenza or by secondary infection after influenza illness 

[88].  

 

Figure 3. Influenza cases during the last four influenza seasons in Sweden. Printed with permission from The 

Public Health Agency (Folkhälsomyndigheten), April 2015. 
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Treatment 

There are two drugs available for influenza treatment; M2 and NA inhibitors. The M2 inhibitors; 

Amantadine and Rimantadine, prevent the fusion between the endosome and virus particle and the 

assembly of new particles [3,89]. The NA inhibitors, Zanamivir and Oseltamivir, inhibit the release of 

new virus from the host cell. In addition, Ribavirin, a drug not specific for influenza, can also be used 

to treat the infection by inhibiting the RNA-polymerase so no viral replication can occur [90]. Influenza 

vaccines are also available on the market and are usually distributed from September or October in 

Sweden. 
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Influenza vaccines 
It was during the 1940s in the US the first influenza vaccine was developed [91] and in 1945 the vaccine 

was licensed for civilian use [92]. The vaccine contained whole inactivated virus. Due to reactogenicity 

and side-effects towards the vaccine, especially in children and infants, split vaccine was developed 

during the 1960s [93]. In a split vaccine the whole virus is treated with a detergent to deconstruct the 

virus particle into viral subunits [94]. In 1970, quantification of the vaccine was possible and the vaccine 

was standardized to contain 15 µg HA/strain per dose [92]. Since the development of inactivated 

influenza vaccines (IIV) several billion people have been vaccinated worldwide.  

The influenza vaccines available today are usually trivalent inactivated vaccines (TIV), which means 

that three different viral strains are added to the vaccine; one A/H1N1, one A/H3N2 and one influenza 

B strain. However, since the season 2013/2014 quadrivalent vaccines are available that contain both 

B linages (Victoria and Yamagata) [92]. These two B lineages have been co-circulating since 2004. There 

is also one live-attenuated influenza vaccine (LAIV) available called Flumist®. The vaccines have to be 

reformulated each year depending on which strains that are circulating. It is the World health 

organization’s (WHO´s) Global Influenza Surveillance and Response System (GISRS) that recommends 

which strains that should be included in the vaccine. The traditional way of growing virus is through 

embryonated hen´s egg where the allantoic fluid is harvested and processed. Cell-based vaccines are 

available on the market, but they are not as common as egg-grown.  

WHO recommend vaccination of people with high risk of getting severe complications after an 

influenza infection, people in contact with these people, elderly, and people with chronically medical 

conditions, pregnant women, health care workers and children age 6-24 months [88]. Studies show 

that vaccination of adults results in reduced absence from work and school and less use of antibiotics, 

while vaccination of children results in decreased need of medical care [92].  

Today, whole virus, split, subunit, recombinant, virosome, and whole live attenuated vaccines are 

available on the market (Fig 4). However they are distributed in different ways. There are two different 

vaccination strategies available for influenza vaccines; parenteral and mucosal delivery.  

 

Figure 4. Different influenza vaccines; whole live, split, subunit, recombinant, live attenuated virus and 

virosome vaccine. Modified from www.ifpma.org 
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Parenteral vaccination 

The traditional way of vaccination is parenteral injection, either intramuscular or intradermal. Today 

split and subunit vaccines are most common, the whole inactivated vaccines are being replaced [95]. 

In subunit vaccines the HA and NA proteins have been further purified to remove the other viral 

proteins [94]. Parenteral vaccines can also be given together with an adjuvant. The virosome-based 

vaccine Inflexal®V contains the influenza virus outer membrane proteins HA and NA that are purified 

and incorporated into a lipid membrane to form a virus without any genetical material [96]. The only 

age restrictions for parenterally given vaccines is that infants less than 6 months are not allowed to be 

vaccinated [95]. Naïve children, children that do not previously have antibodies towards influenza 

virus, are given two doses, with one month apart [95]. There is also an MF59 adjuvanted subunit 

vaccine (Fluad®) licensed for elderly ≥ 65 years of age. 

HA is the main immunogen in IIV and it is used to standardize the vaccine dose. The amount of NA is 

not quantified and can vary between manufacturers. The antibodies generated after parenteral 

vaccination are mainly targeting the HA protein. The protective efficacy of vaccination in different age 

groups is varying, depending on studies and the best efficacy are seen in adults, while elderly and 

young children respond with less antibody titers [92,97]. Adverse events (AEs) seen after vaccination 

are usually pain at injection site, swelling, malaise, arm tenderness, fever and redness [98,99]. 

Immune response after inactivated influenza vaccination  

Inactivated influenza vaccines stimulate primarily a systemic immune response directed towards HA. 

The main antibody after parenteral vaccination is serum IgG and the serum antibody response peak 2-

4 weeks after vaccination and decline by 50% over 6-12 months [92]. Antibodies against NA and cell-

mediated immunity is also of importance, but it is usually the HA specific antibody response that is 

measured. Sasaki et al showed that, 7-12 days after immunizations, influenza specific IgG and IgA ASCs 

are detected in the blood of children and adults [100] and that IgG ASCs were more common than IgA 

ASCs. The number of circulating influenza specific memory B-cells were significantly increased by TIV. 

Krosor Krnic et al showed that the number of CTLs increases 7 days after vaccination and peaks around 

day 28 and then returns to baseline within a year [101], however the number of CTLs was rather low. 

About 7 days after a booster vaccination, plasma cells are circulating in the peripheral blood again and 

memory B cells peak 1-2 weeks later [102]. 

Advantages and disadvantages with inactivated vaccines 

The advantages with IIV are that they have been used during a long time, with billions of doses 

distributed worldwide. The AEs are mild and the vaccine can be used from 6 months of age and in 

adults, the IIV have shown good efficacy [97]. The disadvantages with IIVs are that they have poor 
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cross-reactivity to other influenza strains and are poor stimulators of mucosal IgA responses [98,103-

106] and cell-mediated immune responses [106-108]. Injectable vaccines stimulate high titers of 

hemagglutination inhibiting antibodies (HAI), but studies have also shown that NA-directed antibodies 

[109-111], mucosal IgA [63,64] and cell-mediated immune response [112] are of importance.  

Mucosal vaccination 

To use the nasal route for vaccination is rather new, even if scientists have studied it for a long time. 

Since the natural entry site for influenza is through the nasal cavity, nasal vaccination stimulates the 

first line of defense at the site activated by the virus infection. In 2003 the mucosal vaccine FluMist® 

was licensed in US in the form of a nasal spray, and it is a LAIV vaccine. LAIV has a backbone from the 

cold adapted virus strain A/Ann Arbor/6/60 (H2N2) or B/Ann Arbor/1/66, where the current HA and 

NA are incorporated by genetic reassortment into the backbone strain [3,92]. LAIV is produced as a 

quadrivalent vaccine and contains both B linages. In the US, FluMist® is restricted to people between 

2-49 years of age and is not licensed for elderly, infants or people with underlying medical conditions 

[97]. In 2011, FluMist® was approved to be used in children 2-18 years of age in Europe and since 2012 

it is provided in Sweden [113].  

Immune response stimulated after mucosal vaccination 

The attenuated strain is able to replicate in the mucosal tissue in the nasal cavity and throat and 

thereby stimulate an immune response similar to a natural influenza infection and provide protection. 

Both a humoral and cellular immune responses are stimulated. At day 7-12, a peak in influenza specific 

IgA and IgG ASCs is seen as for TIV, however less memory B cells are produced after LAIV immunization 

[100]. Since LAIV is a whole live attenuated vaccine it does not generate as high systemic immune 

response as IIVs, but stimulate a local response with mucosal IgA and a cell-mediated immune 

response [98,114]. The advantage of getting a cell-mediated immune response is that the immune cells 

often target the conserved internal proteins, which may give a broader response [115]. LAIV have been 

shown to be more effective in children compared to TIV [97,103,114,116]. 

Children respond best to the vaccine and 85 % of the young children develop a mucosal response [92]. 

The efficacy in 15-72 months old children have shown to be as high as 91-95 %, while it decreases with 

age and in elderly people it was shown to be only 42 % [92]. In a systematic review of influenza efficacy 

DiazGranados et al showed that LAIV gave 80 % protection while TIV only gave 48 % protection in 

children [117]. In a Cochrane report from 2012, they found that the efficacy of LAIV in children >2 years 

of age was better than TIV [116]. However the relative effectiveness was similar between LAIV and TIV 

(33 and 36 %). A reason why LAIV is effective in children may be that they are more likely to induce a 

mucosal immune response with the support of a cell-mediated response rather than mainly a systemic 
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response, and children also have less preexisting immunity towards many influenza strains than adults 

[118]. Few studies have been conducted in children less than 2 years of age.  

Advantages and disadvantages with live attenuated vaccines administered intra nasally 

The advantage of LAIV is that it stimulates a first line of defense at the entry site for influenza virus and 

is thereby able to stop the virus from entering the host. Since the vaccine is administered by nasal 

spray, no needles are used and the risk of blood borne transmission of other diseases is eliminated. 

LAIV is also easier to administer and may be more accepted by vaccinees. There is, however a relatively 

small risk of reversion to virulence and reactogenicity by the vaccine strain, but some severe AEs have 

been reported. Belshe et al reported a higher risk of wheezing in infants 6 to 11 months of age after 

LAIV [103]. The risk of bronchospasm is also a reason why LAIV is not allowed in infants [118]. Common 

AEs seen after vaccination are bad taste, runny nose, nasal congestion, headache, sore throat, malaise, 

decreased appetite and cough [98,119].  

Influenza vaccination of risk groups 

Children 

Influenza naïve children and infants have shown to be difficult to vaccinate as two doses of vaccine are 

needed to create a robust immune response to the vaccine [113]. A study by Bodewes et al in the 

Netherlands showed that before 6 months of age, the influenza antibodies in the children are 

maternal, but after this time the children start to produce their own antibodies [120]. During these 

first months of life, the children start to develop the nasopharyngeal tonsils (adenoids) that are a part 

of the lymphoid tissue of Waldeyer´s ring. The adenoids and tonsils have an important role in host 

defense against pathogens invading the URT [121]. At age one the children have detectable antibodies 

against influenza and this increases gradually to the age of 6, when all children have antibody response 

towards at least one influenza A strain [120]. The highest influenza virus infection rates were seen at 

age 2-3 years. The very young children were also the group that had the highest risk of being 

hospitalized with more severe LRT symptoms from the influenza infection [122]. Six European 

countries, Austria, Estonia, Finland, Latvia, Slovakia, and Slovenia, have included the influenza vaccine 

into the pediatric vaccination schedule [123]. However, there are doubts about the ability of the 

influenza vaccine to induce a protective immune response in children in their first years of life and this 

is one reason why more countries have not included the vaccine into their pediatric programs. By 

administering two larger TIV vaccine doses, 0.5 ml instead of 0.25 ml, Skowronski et al proved that it 

was possible to significantly increase the antibody response in 6-11 month old infants and thereby 

increase the chance of a protective immune response [124]. A virosome adjuvanted vaccine study 

showed similar results in children less than 35 months of age [125]. Studies with the MF59 adjuvanted 

TIV showed higher efficacy than TIV in children 6-35 months old [126], however there are some 
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concerns about the safety and tolerability in children [118]. By using a higher dose or adjuvant it may 

be possible to induce a strong and protective immune response also in young children. 

Elderly 

The aging population worldwide is increasing and in 2050 it is estimated that 21 % of the population 

will be over 60 years of age [127]. The elderly population has the highest risk of dying of influenza or 

secondary infections after influenza. In the US, 90 % of the influenza associated deaths occurred in 

people over 65 years of age [128]. During the season 2011/2012, 1000 deaths were reported in Sweden 

and 75 % of these deaths occurred in people above 85 years of age [129]. Elderly people and young 

children’s hospitalization rates are similar during influenza illness, however the mortality rate is almost 

35 times higher in the people over 70 years of age [130]. Vaccination of school children in Japan 

reduced the mortality in elderly ≥ 65 years of age [131]. 

The main goal with vaccination of elderly is to reduce the risk of severe influenza related complications. 

Vaccination of elderly may not reduce the risk of influenza illness, but may reduce severity and prevent 

deaths [88]. However the aged population is a difficult group to vaccinate and to achieve a protective 

immune response in and this is due to immunosenescence, aging of the immune system. It is more 

difficult to initiate an immune response towards novel antigens [132], but also against previously 

known pathogens with elevated age [133]. In elderly the bone marrow site for B cells is decreasing 

which leads to decreased naïve B-cell production [133,134] and to a decreased B cell repertoire 

[135,136]. The size and number of germinal centers is also decreasing with age [133,137] and this will 

lead to a loss of Ig diversity, B-cell class switching [138] and affinity [134]. 

The vaccine efficacy in elderly after parenteral vaccination is only 17-53 % [139] while in the younger 

population vaccine efficacy can be 70-90 % [97]. A quantitative review done by Goodwin et al showed 

that younger had about 2-4 times higher antibody response compared to elderly towards the seasonal 

influenza vaccine [139]. However by adding adjuvant to the vaccine for elderly, an increased immune 

response can be detected compared to TIV alone [140-143]. 

Correlation of protection 

The HA of influenza is the major target for neutralizing antibodies. Vaccine efficacy and preexisting 

antibodies are measured using the hemagglutination inhibition test (HAI/HI) and this is the golden 

standard method to evaluate the immunogenicity of an influenza vaccine. A HAI titer of 1:40 is 

considered protective and this reduces the risk of getting sick in influenza with 50 % [54]. Traditionally 

it is only antibodies against HA that are measured, but antibodies towards NA are also of importance. 

People with titers higher than 1:160 against both HA and NA had a very little risk of getting influenza 

[144]. Antibodies are the best correlation of protection against many infectious diseases [145], this 
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was already noticed in 1949 by Salk and Suriano [146]. However the HAI test does not evaluate 

functional antibodies, instead a virus neutralization test (VN/NT) may be more correct. This assay 

studies the titers of antibodies that actually have the ability to neutralize the virus and stop the viral 

internalization.  

An important question is if the serum antibody levels best correlate with protection towards influenza? 

Since the virus is entering the host through the RT, this is the place where mucosal antibodies first fight 

the virus. However, in elderly the antibody response is declining and the cellular immune response 

may be more correct to use for measuring protection in this group [147]. A study by McElhaney et al 

in 2006 showed that in elderly ex vivo stimulation of PBMCs and measurement of the ratio of IFN-γ:IL-

2 correlated better with protection against influenza [147]. In children, the LAIV influenza vaccines are 

more effective. This could be due to that both humoral and cell-mediated immunity is stimulated but 

with lower titers [107]. Thereby the HAI/HI test may not be the most correct way to measure 

protection in this age group.  
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DNA-vaccination 
In the 1990´s DNA-plasmid immunization was found to be able to induce immune response after 

injection [148,149]. The first human clinical trials with DNA-plasmid were performed in 1997-98 and 

the plasmid was shown to be safe and well tolerated [150,151]. In 1997 the plasmid contained the 

genes for HIV rev and env and the antibody levels increased in the groups that received the highest 

dose, however no changes in cell-mediated immune response was seen. In the Swedish therapeutic 

HIV-1 DNA plasmid phase I trial the genes for HIV-1 were nef, tat and rev and predominately good 

safety and cell-mediated immunity was monitored, but no or only very modest clinical effect was 

shown. It might have been a poor uptake and delivery of the plasmids, which generated modest or low 

responses [152]. DNA-vaccines have now been tested towards many different pathogens and at the 

moment almost 800 clinical trials with DNA vaccines are registered on clinicaltrials.gov. DNA-vaccines 

against HIV and different forms of cancer are popular fields. 

The DNA-vaccines today are able to induce a broader immune response with both humoral as well as 

cell-mediated immune response [152]. Much work has been focused on the codon-optimization and 

DNA delivery, complemented with addition of adjuvant and antigen or immunization design. One way 

to deliver the DNA-plasmid is by using gene-gun. It is a needle free system, were the DNA is coated 

onto gold particles and then delivered with high pressure to the skin [153]. A Hepatitis B virus (HBV) 

study in HBV antibody-naïve volunteers showed increased protective antibody and cell-mediated 

immune response after using gene-gun vaccination [154]. Dermal patches [155] and electrical pulses 

[156] have also been evaluated as delivery ways. By delivering the DNA-vaccine together with adjuvant 

or by adding other inserts to the same plasmid encoding for example a cytokine or chemokine, the 

immune response can be increased [152]. To some degree the DNA-plasmids, originating from 

bacterial DNA, carry their own PAMP sequences, such as the CpG-repeats that function as PRR immune 

triggers via TLR9 [20,157]. Different vectors can be used. One important and potent vector is the 

modified vaccinia virus Ankara and another is the adenovirus 5 (Ad5) vector [158]. 

The mechanism behind the immune response achieved by DNA-vaccination, is believed to be that the 

DNA-plasmid is entering the nucleus of host cells (APCs or keratinocytes for example) and the cells 

start producing pathogen proteins. The DNA-transfected APC will migrate to the DLN where peptides 

from the proteins will be presented in the context of both MHC I and II molecules to naïve T cells. Since 

both MHC I and II are activated, humoral as well as cell-mediated immunity are stimulated. In addition, 

the DNA-transfected cell can secrete antigens, which are subsequently endocytosed by APC and then 

presented on MHC II molecules. [158] 
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There are many advantages with DNA-vaccines [158]. The vaccine is safe, there is no risk of reversion 

to virulence and no detergents are needed. The vaccine is easy to design and the production is fast and 

can be made in large scale. DNA vaccines seem to be more temperature stable and have long shelf 

time. So far of the DNA vaccine candidates tested, hardly any AEs have been experienced. However, 

there are some safety concerns regarding DNA-vaccination, such as integration of DNA into the host 

DNA, autoimmunity, and antibiotic resistance development. At the moment there is no DNA-vaccine 

licensed for humans, but in the veterinary field several gene-based vaccines are available [152,159-

161].  
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Adjuvants 
Adjuvant comes from the Latin word adjuvare, which means “to help” [162]. By using adjuvants it is 

possible to use less immunogenic antigens as vaccine components, i.e. split antigens, subunit antigens 

and DNA-plasmids. The purpose of adding adjuvant may be to enhance the immune response, sustain 

and direct the immunity to the antigen for a specific response, modulate appropriate immune 

response, reduce the amount of antigen needed, reduce the number of doses or improve the 

vaccination in children, elderly and immune compromised individuals [162]. Adjuvants can consist of 

in principal anything that can help to deliver and/or stimulate the immune response.  Of course it has 

to be tolerated and non-toxic for the host. The different properties of the adjuvant depend on which 

kind of adjuvant and substance it is (Fig 5).  

 

Figure 5. Different kinds of adjuvant and properties [162]. Printed with permission from Nature publishing 

Group, April 2015. 

The first and still the most commonly used adjuvant, aluminum salt (alum), was discovered by 

Alexander Glenny and colleagues in the early 1920s and since 1926 it has been used as an adjuvant 

[163]. There are only five adjuvants approved for human use; aluminum, ASO3, MF59, virosome and 

ASO4. All except ASO4 are used in influenza vaccines. ASO4 is instead used in HBV and human 

papilloma virus (HPV) vaccines [164]. All these are used parenterally and at the moment there are no 

mucosal adjuvants licensed for human use. There are many mucosal adjuvants under development, 

for example: Endocine™ [165-168], CAF01 [169,170], nanoemulsion W805EC [171,172], GPI-0100 [173], 

CCS [174,175], cholera toxin (CT) and Escherichia coli heat-label toxin (LT)  mutants [176-180]. 

Adjuvants used in influenza vaccines 

Aluminum salt, the first adjuvant 

Since Alexander Glenny and colleagues discovered that alum could enhance the antibody production 

it has been approved in the US as an adjuvant in many different kinds of vaccines like hepatitis A and 

B, HPV, Haemophilus influenza and pneumococcal vaccines [163,181]. Alum is not used in seasonal flu 

vaccines but is used in H5N1 vaccines [182]. Even though alum has been used for almost 90 years, the 

mechanism and mode of action is still not totally clear. Alum has been shown to absorb antigens to its 

surface, and thereby stabilizes the vaccines and prevents precipitation. A depot effect has been seen, 
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which allows the antigen to be slowly released after injection. Studies have also shown that alum 

induces a strong innate immune response, and might directly bind to DCs [183]. Macrophages are 

stimulated by alum and release cytokines and chemokines that attract neutrophils, eosinophils, NK 

cells, monocytes, and DCs. Although, alum has also been shown to have cytotoxic effects, which lead 

to the release of uric acid that acts as danger associated molecular patterns (DAMPs). Studies have 

further shown that alum activates the inflammasome and thereby caspase-1 and IL-1β secretion which 

will induce a TH2, antibody dependent immune response. However all these mechanisms are widely 

debated [163,181,184,185], and more studies have to be performed. 

MF59 

The adjuvant MF59 was developed during the 1990s and has been used in influenza vaccines since 

1997 [186]. MF59 is an oil-in-water emulsion and consists of two non-ionic surfactants, Tween 80 and 

Span 85, with a squalene core and is about 160 nm in diameter [186,187]. MF59 activates 

macrophages, monocytes, and granulocytes at the injection site. These cells secrete chemokines, 

which attracts more immune cells to the injection site, and the monocytes increase their endocytic 

activity. The adjuvant also increases the uptake of the antigen by differentiating monocytes into DCs, 

which migrate to the LN where they activate both T and B cells [185]. MF59 is used in the seasonal flu 

vaccine Fluad® for elderly. 

Virosomes 

Virosomes are virus-like particles and have been used since year 2000. They are delivery particles 

consisting of a phospholipid bilayer where the influenza virus surface proteins are incorporated or 

integrated into. It is an empty particle with a diameter of 100-200 nm with the ability to stimulate both 

humoral and cell-mediated immunity [188]. Since the virosome contains HA and NA, natural cell-

receptor-binding and viral fusion with the host cells occurs. Since fusion occurs, antigen presentation 

through MHC I occurs and stimulates CTL response, a MHC II response could also be observed [189]. 

The mechanism of action of virosomes is suggested to be the direct contact with APCs. Studies reveal 

that virosomes are able to induce maturation of DCs [188]. Virosomes have also been shown to be safe 

and highly immunogenic [188]. The injectable virosome based influenza vaccine Inflexal®V is used in 

Sweden. 

ASO3 

ASO3 is relatively new adjuvant and has been used since 2009 when it was used in Pandemrix. ASO3 is 

an oil-in-water emulsion containing squalene, α-tocopherol, and polysorbate 80 [190]. The adjuvant 

has shown to increase the antibody production, stimulate the innate immune system, and enhance 
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the antigen uptake and presentation in the DLN [190]. More studies are needed regarding the mode 

of action. 

Very potent but toxic mucosal adjuvants- CT and LT 

The cholera toxin (CT) and Escherichia coli heat-label toxin (LT) are two very potent mucosal adjuvants. 

They share 80 % sequence homology [191] and have shown to induce a strong mucosal immune 

response when administered intra nasally. Unfortunately they bind to ganglioside GM1 [192,193] and 

have shown to be the cause of Bell´s palsy. Mutant versions of CT and LT have been made and some 

show promising results. The CT mutant S61F and E112K [177,194,195] and the LT mutant LTK63 [196-

198] lack the ADP-ribosyltransferase activity and cAMP formation, so they are considered to be non-

toxic. However the LT mutant was recently associated with transient peripheral facial nerve paralysis 

[199]. 

Adjuvants studied in this thesis 

Endocine™ 

In this thesis the adjuvant Endocine™ has been evaluated as a mucosal adjuvant together with 

influenza antigens. Endocine™ is a lipid-based dispersion with particles of less than 100 nm (Fig 6). 

Endocine™ consists of the endogenous lipids mono-olein and oleic acid. The adjuvant has been shown 

to be safe and well tolerated in both clinical and pre-clinical studies [165-168,200]. Endocine™-

adjuvanted vaccine induces both serum antibodies and IgA in nasal wash [165,166]. Some TH1 activity 

has been observed with elevated levels of IFN-y and IL-2 [165]. Further studies to evaluate the balance 

between TH1/TH2 responses induced by Endocine™ are of interest. Does Endocine™ induce mainly a 

TH1 or a TH2 response, or is it a balanced TH1/TH2 response?  It would also be interesting to evaluate if 

Endocine™ induces a TH17 response. 

Figure 6. 2 % Endocine™ consists of lipid particles less than 100 nm in diameter. 

Printed with permission from Eurocine Vaccines AB, April 2015. 

 

 

Our preliminary data suggest that Endocine™ may stimulate the maturation of DCs and enhance the 

expression of the surface markers CD86 and MHC II (data not shown). Stability of Endocine™-

adjuvanted vaccine during a year was also studied. The ampoules contained 100 µg/mL HA from each 

of the three different strains (H1N1, H3N2 and one influenza B) included and 20 mg/mL Endocine™. 

The influenza-specific IgG response to the vaccine stored for one year at +5°C was evaluated in mice 

and not found different from freshly made vaccine (Fig 7).  
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Figure 7. Storage of Endocine™-adjuvanted vaccine for 12 

months at +5°C does not affect the immunogenicity. 100 µg/mL 

HA from each of the three strains (H1N1, H3N2 and influenza B) 

and 20 µg/mL of Endocine™ were mixed and stored at +5°C for a 

year. ELISA IgG end titers in BALB/c mice after immunization with 

Endocine™-adjuvanted vaccine stored for 0 and 12 months. Data 

shown represent geometric mean titers with 95 % CI.  

 

A clinical phase I/II study in humans with Endocine™-adjuvanted vaccine 

During my PhD studies I was also part of a human clinical phase I/II study. It was a double blind, multi 

center, randomized, parallel group study on safety and tolerability of a nasal whole virus influenza 

vaccine in healthy volunteers and was performed during year 2009-2010. A formal clinical trial report 

was written but the results have not been published. A total of 229 men in the age 18-50 years were 

screened at four centers in Sweden. The main exclusion criteria’s were a laboratory-confirmed HAI 

titer against A/Brisbane/59/2007 (H1N1) of ≥ 30 or hypersensitivity against egg or mercury. 154 of 

these men were included in the trial and received at least one dose, in total 143 men completed the 

study. The subjects were divided into 9 vaccination groups (Table 2). 

Table 2. The nine different study groups in the nasal whole influenza vaccine clinical phase I/II study. 

Groups Specification of the 9 study groups Defined as 

 
 
Intra nasal vaccine with Endocine™ 

H1N1, 5 µg HA, 1 % Endocine™ 5/1 

H1N1, 5 µg HA, 2 % Endocine™ 5/2 

H1N1, 15 µg HA, 0.5 % Endocine™ 15/0.5 

H1N1, 15 µg HA, 1 % Endocine™ 15/1 

H1N1, 15 µg HA, 2 % Endocine™ 15/2 

H1N1, 30 µg HA, 1 % Endocine™ 30/1 

Intra nasal vaccine, no Endocine™ H1N1, 15 µg HA, 0 % Endocine™ 15/0 

Intra nasal Endocine™ alone H1N1, 0 µg HA, 2 % Endocine™ 0/2 

Parenteral vaccine, no Endocine™ Fluarix® season 2009/2010 Fluarix® i.m. 
H1N1: Monovalent inactivated whole virus A/Brisbane/59/2007 (H1N1) 
Fluarix: Trivalent vaccine A/Brisbane/59/2007 (H1N1), A/Brisbane/10/2007 (H3N2) and B/Brisbane/60/2008 

The intra nasal (i.n.) group received 3 doses (150 µL/nostril) with 3 weeks apart, while the parenteral 

group only received one injection (according to the prescribing information for Fluarix®). The antigen 

dose in the i.n. vaccination groups ranged between 5-30 µg HA with or without 0.5-2 % Endocine™. 

Adverse events were seen in 53 subjects and in total 110 AEs were reported (Table 3). Of these 36 

were reported as probably and 30 as possibly related to the vaccination. They were mild or of 

moderate intensity, and no one dropped off because of the AEs. The most common AE was 

nasopharyngitis, followed by throat irritation and oropharyngeal pain. Nasopharyngitis and 
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oropharyngeal pain were also reported in the i.m. group. Local tolerability was also examined and 4-

20 % reported pain, redness and swelling, while 20-40 % reported pruritus 15 minutes after 

vaccination. 98 % of the symptoms were classified as mild.  

Table 3. Number of adverse events in the different vaccine groups, and corresponding classifications 

regarding relationship to the vaccine and intensity (severity). 

 
AE classifications 

Vaccine groups* 
(HA [μg]/EndocineTM [%]) 

5/1 5/2 15/0.5 15/1 15/2 30/1 15/0 0/2 Fluarix® 
i.m.* 

Tot. 

Causal relationship           

- Unlikely 3 10 6 5 6 4 4 0 6 110 
AE - Possible 7 9 3 1 2 2 2 2 2 

- Probable 1 8 5 0 10 1 1 10 0 

Intensity           

- Mild 11 12 11 4 13 6 4 3 8 110 
AE - Moderate 0 15 3 2 5 1 3 9 0 

- Severe 0 0 0 0 0 0 0 0 0 

           

No. of subjects 5 10 8 4 6 3 5 7 5 53 

* Note that the i.m. vaccine was given once and the intranasal vaccines were given 3 times in each subject. The 
incidence of AE and the number of subjects reporting them with the two administration forms are therefore a 
sum of one or three administration occasions, respectively. 
 

Serological assays were performed such as HAI and ELISA on serum and nasal washes. All vaccine 

groups had significantly higher HAI titers compared to the placebo group (0/2). Furthermore, all 

vaccine groups fulfilled at least one of the European Medicines Agency/Committee for Medical 

products for human use (EMA/CHMP) criteria [201] after two doses (data not shown). HAI criteria after 

the last dose is shown in Table 4.  

Table 4. Fulfillment of European Medicines Agency/Committee for Medical Products for human use 

(EMA/CHMP) criteria by the intra nasal vaccine groups and comparator groups 

Intra nasal vaccine 
groups 

HAI Criteria* 
Seroconversion % GMT (fold increase) % Seroprotection % 

5/1 47 YES 3.1 YES 47 

5/2 56 YES 4.2 YES 44 

15/0.5 39 3.7 YES 44 

15/1 44 YES 3.3 YES 50 

15/2 82 YES 8,5 YES 77 YES 

30/1 73 YES 6.9 YES 80 YES 

Comparator groups    

15/0 65 YES 5 YES 53 

0/2 0 1 6 

Fluarix® 94 YES 31.3 YES 94 YES 

* All fold increases are calculated against HAI titers at visit 2 (pre-vaccination). 
Seroconversion: Proportion of subjects achieving a ≥4 fold increase in HAI titer between pre- and post-
vaccination, if pre-HAI ≥40, or alternatively, a post-HAI ≥40, if pre-HAI <10 (requirement >40% of subjects); GMT 
(fold increase): Geometric mean of individual pre- to post-vaccination HAI titer fold increases (requirement >2.5 
times); Seroprotection: Proportion of subjects achieving HAI titers ≥40 (requirement >70% of subjects); YES: 
Indicates fulfillment of EMA/CHMP’s HAI criteria. 
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Regarding the immune response, the 15/2 and 30/1 group had a 4-fold increase in nasal influenza-

specific IgA GMT against A/Brisbane/59/2007 (H1N1). More than 60 % of the subjects in these two 

groups had a ≥ 4-fold increase. These two groups and the 5/2 and the Fluarix® group induced 

significantly higher influenza-specific IgG titers than the placebo group (0/2). 

This study showed that Endocine™ is well tolerated in humans and doesn´t cause any severe AEs and 

enhanced the immune response. However, after this study, a decision has been made by Eurocine 

Vaccines AB to switch from whole virus to split virus antigen instead. This decision was partly based on 

the result from an influenza challenge study in ferrets where split based vaccine performed better than 

whole virus based vaccine. Split virus antigen is also the dominating form of antigen on the market 

today.  

N3, N3OA and N3OASq 

The N3OA and N3 adjuvants have been studied together with influenza antigen respectively HIV DNA-

plasmids. Both adjuvants are cationic lipids and N3OA consists of oleylamine, while N3 contains mono-

olein and oleylamine. They have shown to be able to enhance both humoral as well as cell-mediated 

immunity [165,202-204]. The mode of action is unknown.  

The N3OASq has been evaluated together with influenza antigen. The adjuvant is a cationic adjuvant 

that consist of oleylamine and squalene and it stimulates more of a cell-mediated immune response 

compared to N3OA. The mode of action is unknown, but data suggests that squalene is shifting the 

immune response from a mixed response towards cell-mediated immunity. [165] 

Flagellin (FliC) 

Flagellin is secreted by many enteric bacteria’s, but the flagellin that was studied in paper II came from 

Salmonella typhimurium and is known to bind to TLR5 and probably the NLR family receptor [205]. 

Flagellin, both as protein and expressed with plasmid, has been tested as a mucosal and injectable 

adjuvant and it has been shown to mainly stimulate cell-mediated immunity, but also with good 

efficacy a humoral immune response [204,206-208]. The adjuvant has been evaluated together with 

many different pathogens such as influenza, malaria, HIV and plaque [204,209-211]. 
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Severe adverse events observed after influenza vaccination 
When working with vaccines and adjuvant it is important that the components are non-toxic and 

tolerated. It is also important to consider the closeness to the olfactory nerve when working with nasal 

vaccination. Sometimes severe AEs have occurred, such as Guillain-Barré syndrome, Bell´s palsy and 

narcolepsy after vaccination [212-216]. 

Guillain-Barré syndrome 

Guillain-Barre syndrome (GBS) is an autoimmune disease that affect the peripheral nervous system 

and degenerate nerves [217]. In 1976 during the H1N1 swine flu vaccine campaign, the Guillain-Barré 

syndrome was observed for the first time and the campaign was stopped [212]. However since then 

there is no evidence of a correlation between GBS and influenza vaccination or other vaccinations 

[218]. A study by Romio et al concluded that there was no elevated risk of GBS after the latest 

A(H1N1)pdm09 vaccination [219]. During the season 2012/2013 both IIV and LAIV were evaluated and 

no increased risk could be observed [220]. 

Bell´s palsy 

In year 2000 the first large-scale i.n. influenza vaccination project with inactivated influenza vaccine 

was introduced in Switzerland. The inactivated virosomal-subunit vaccine contained LT as a mucosal 

adjuvant. The vaccine was called NasalFlu, but was withdrawn from the market in 2001 due to severe 

side effects. NasalFlu increased the risk of a facial paralysis, Bell´s palsy after vaccination [213]. LT have 

shown to bind to ganglioside GM1 [193], which may be the cause of Bell´s palsy.  The adjuvant consists 

of an A and a B subunit and it is believed that it is the A subunit, that contributes to the toxicity of LT 

[221]. LT is a very potent mucosal adjuvant, and non-toxic mutants has been developed and is under 

investigation [179,221]. However, the mutant LTK63 recently also showed an association to Bell´s 

palsy. The conclusion drawn from Lewis et al study is “nasal administration of neuronal-binding LT-

derived molecules is inadvisable” [199]. 

Narcolepsy  

During the late nineteenth century narcolepsy was described for the first time. Narcolepsy is an 

autoimmune sleeping disorder with daytime sleepiness and cataplex (muscle weakness). Patients with 

narcolepsy lack the neurotransmitter orexin produced by hypocretin cells. These cells are believed to 

be destroyed in an autoimmune manner. Narcolepsy have also been associated with human leukocyte 

antigen (HLA) DQB1*0602 [222]. Before 2010 no associations had been done between influenza 

vaccination and narcolepsy. However, after the 2009 pandemic when many people were vaccinated 

against influenza, several cases of narcolepsy was developed in Scandinavian children receiving 

Pandemrix (ASO3 adjuvanted vaccine). About 67 % of the Swedish children were vaccinated against 
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pH1N1 with Pandemrix [214]. A study in western Sweden found a 25-fold higher risk of developing 

narcolepsy after Pandemrix vaccination, and all narcolepsy patients in this study had HLA DQB1*0602 

[223]. The report from the Swedish Medical Products Agency (MPA) reported a 6.6 higher risk in 

children <19 years of age for developing narcolepsy with cataplexy after vaccination [214]. The 

vaccination coverage of children in Finland was even higher than in Sweden, and they reported a 17-

fold higher risk of developing narcolepsy post-vaccination [216]. All children with narcolepsy that were 

HLA typed were positive for HLA DQB1*0602. An increased risk of narcolepsy was also reported in 

England and Norway after ASO3 adjuvanted pandemic vaccination in young people [224,225].  

However in China a 3-fold increased risk of narcolepsy was seen after the 2009 pandemic H1N1 

influenza which could not be explained by vaccination, since only 5.6 % were vaccinated [226]. The 

MF59 adjuvanted and non-adjuvanted vaccine were used in South Korea during the pandemic period 

and no increased risk of narcolepsy could be detected here [227]. Streptococcal infection have also 

been associated with the onset of narcolepsy [228] and observed in China, the virus itself can cause 

narcolepsy [226]. It is hypothesized that a cross-reaction is occurring between H1N1-specific CD4+ T 

cells and an epitope presented on hypocretin-producing cells [229]. The T cells recognize the epitopes 

that lead to cytokine and chemokine release that will attract other immune cells that will damage the 

cells.  More studies need to be performed to understand the association between influenza/influenza 

vaccines and narcolepsy.    
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Aim of the thesis 
The general aim during my PhD studies has been to evaluate the potency of the novel mucosal 

adjuvants Endocine™, N3OA, N3OASq, N3 and pFlic. 

Paper I. Investigate the humoral and cell-mediated immune response after i.n. immunization with split 

influenza antigen together with one and each of the three novel mucosal adjuvants, Endocine™, N3OA 

and N3OASq. 

Paper II. Study if plasmid-encoded flagellin (pFlic) could act as an adjuvant for non-living/replicating 

DNA immunizations.  

Paper III. Compare the mucosal adjuvant Endocine™ with two potent well-known adjuvants. 

Paper IV. Investigate if Endocine™ could enhance the influenza-specific immune response in elderly 

mice after i.n. immunization.  
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Methods 
During my PhD studies different kinds of immunological assays have been used to detect and analyze 

the immune response achieved after i.n. vaccination with vaccine and adjuvant. The studies in my 

papers have been performed mainly in BALB/c mice, which is a good animal model for immunological 

influenza vaccine related studies [230]. However in paper II, C57BL6/J mice were also used, which is 

another good model for especially cell-mediated immunological studies [231]. 

Enzyme-linked immunosorbent assay (ELISA) 

This assay is a standard method to detect antibodies and was used to determine the prevalence of 

influenza specific antibodies in sample from vaccinated mice. The main antibodies are IgG and IgA, but 

subclass IgG has also been evaluated. In mice the subclass antibody response can show if a TH1 or TH2 

response is stimulated. Higher IgG1 titers shows a trend towards TH2 [232], while higher IgG2a titers 

in BALB/c mice [233] and IgG2c in C57BL/6 mice [234,235], indicates a trend towards a TH1 response. 

For influenza antibody detection, recombinant HA or TIV vaccine was diluted in coating buffer (0.05 M 

Sodiumcarbonate, pH 9.5) to a concentration of 1-1.5 µg HA/mL and coated onto 96-well plates. In 

paper II plates were coated with anti-OVA and anti-gp160. The plates were either incubated overnight 

in room temperature or stored in +4°C. At the day of analysis, the plates were washed three times with 

washing buffer (0.9 % saline, 0.05 % Tween®-20 in water) and then blocked with 5 % blocking solution 

(5 % dry milk in PBS) for 1 hour. If subclass IgG was analyzed the blocking step was not needed.  Sera 

was then diluted ten-fold from a starting dilution of 1:100 in ELISA-buffer (2.5 % dry milk and 0.05 % 

Tween®-20 in PBS)). For IgG measurement, goat-anti-mouse IgG (H+L)-HRP conjugate diluted 1:3 000 

was used. IgA and IgG subclasses were measured with a mouse monoclonal antibody isotyping reagent 

according to the manufacturer’s protocol in conjunction with peroxidase-conjugated anti-Goat IgG 

diluted 1:20 000. For developing the reaction, O-phenylenediaminedihydrochloride (OPD) was used 

according to the manufacturer’s protocol. Based on earlier studies, an OD of 0.2 was set as the cut-off 

value for positive samples. Nasal lavage were analyzed for mucosal IgA against recombinant HA or 

Inflexal®V. The samples were incubated overnight in +4°C on the plate and then analyzed as above. In 

paper IV lung homogenates were analyzed for antibodies. The lungs were flushed with PBS and the 

solution were collected and centrifuged to remove tissue and cell debris. To analyze total IgA, plates 

were coated with 1 µg/mL of Goat-anti mouse IgA and to analyze influenza specific IgA and IgG, plates 

were coated with Inflexal®V as above. The samples were then incubated on the plate overnight in +4°C. 

The same procedure as stated above was performed to detect total IgA, except that Mouse 

Immunoglobulins AP diluted 1:3 000 and p-nitrophenyl phosphate (pNPP) was used instead. 
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In paper III Block ACE was used instead of blocking solution and 0.4 % Block Ace was used for dilution 

of the samples. TMB was used for detection of the antibodies according to manufacturer’s protocol. 

Cell culturing and virus propagation 

To be able to perform HAI and NT assay, influenza A/H1N1 virus was grown in MDCK (Madin-Darby 

canine kidney) cells. The cells were grown in a +37°C humidified incubator with 5 % CO2 in RPMI with 

1 % L-glutamin, 4 mM Na-pyruvate, 50 µM 2-mercaptoethanol, 1 % PEST and 8 % BCS.  

A confluent layer of MDCK cells was incubated with influenza virus and 1 % trypsin. After 1-2 h the 

virus was discharged and serum free RPMI media with trypsin was added. Four days after incubation 

the virus was harvested and frozen at -80°C.  

Hemagglutination assay and Hemagglutination inhibition assay (HAI) 

To determine the HA titer of the virus stock, the HA assay was used. Depending on strain, A/Brisbane 

(H1N1) or A/California (H1N1), chicken or guinea pig red blood cells (RBCs) are used. The assay was 

performed in V-shape plates. The RBCs were washed in PBS and centrifuged on 1800 rpm for 7 minutes 

without break. The virus was serial diluted in the plate and 50 µl of 0.5-0.75 % of RBCs was added to 

each well. Mixing was performed carefully by tapping the plate and incubated for 2-4 h in room 

temperature. The HA titer is the last dilution of the virus that can cause hemagglutination of the RBCs. 

The HAI was used to determine if samples contains antibodies against the HA on influenza virus surface 

coated onto the surface of HA-binding erytrochytes and was performed according to standard 

procedure. The sera was first treated with receptor destroying enzymes (RDE-treated) to inactivate 

non-specific inhibitors. 25 µl of sera was then serial diluted in V-shape plates and 25 µl of influenza 

virus with 4 HA units was added. 50 µl RBC was then added as stated above. The HAI titer is the highest 

dilution of the sera that fully inhibit hemagglutination.  

Tissue culture infectious dose 50 (TCID50) and Neutralization assay/Virus 
neutralizing assay 

First the tissue culture infectious dose 50 (TCID50) of the virus stock was determined. MDCK cells were 

cultured in 96-well microtiter plates to 80-90 % confluence. The virus was serial diluted and added to 

PBS washed MDCK cells. The virus was incubated with trypsin for 2 h in +37°C and 5 % CO2. After 

adsorption the virus was poured away and serum free media with trypsin was added. The plate was 

cultured for 4 days. At the day of analysis, the plate was centrifuged at 1500 rpm for 10 minutes. The 

contents were poured away and 100 µl 90 % ice cold acetone was added to each well for 10 minutes. 

The plates were then dried and an ELISA was performed to detect influenza-positive wells. A human 
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anti-influenza IgG antibody sample diluted 1:5 000 was used together with a polyclonal Rabbit anti-

human IgG/HRP diluted 1:10 000. The plate was developed with OPD as for the ELISA test. 

In paper I NT assay was used and in paper III VN assay was used. In the NT assay the serum samples 

were inactivated for 30 minutes in +56°C before use. The sera were serial diluted in two-fold steps and 

influenza virus of A/Brisbane (H1N1) at 10 TCID50/well was added. Firstly the sera and virus were 

incubated together for 1 h then the mix was added to the cells and analyzed as above. In paper III, 100 

TCID50/mL of A/California (H1N1) was used. After 4 days of incubation the plates were fixed with 

Midform and then stained with Naphtol Blue Black Solution. VN titers of each serum sample were 

determined by the maximum dilution ratio that showed higher absorbance than average of positive 

and negative controls. 

ELISpot 

In paper I IFN-γ and IL-2 ELISpot was used to measure the cell-mediated immune response. Splenocytes 

from vaccinated mice were analyzed for influenza-specific cytokine secretion. 96-well ELISpot plates 

were activated with ethanol and then coated with the capture antibody for IFN-γ or IL-2 and placed at 

+4°C overnight. Next day 250 000 splenocytes were added to each well either with or without 

stimulatory agents. Stimulatory agents were whole A/Brisbane (H1N1) and A/California (H1N1) virus, 

nucleoprotein peptide mix (SNLNDATYQRTRALV141-155, TYQRTRALV147-155 and TRALVRTGMDPRMCS151-

165) and the positive control provided in the commercial kit. As negative control, plain RPMI media was 

used. The plates were incubated in +37°C and 5 % CO2 overnight. Biotinylated detection antibodies 

were added the next day and followed by streptavidin-ALP. The plates were developed with the 

substrate solution provided in the kit and the color reaction was stopped with tap water. The plates 

were air dried and then read in an ELISpot reader. 

Flow cytometry of stimulated DCs 

In the end of my PhD studies, we started to evaluate the working mechanism of Endocine™. We 

cultured human PBMCs and stimulated these with adjuvant and influenza antigen to see if the DCs 

were affected. The preliminary results are discussed in the text. 

PBMCs were derived from buffy coats or healthy volunteer by Ficoll-Paque PLUS gradient 

centrifugation. Monocyte-derived iDCs were propagated as previously described [236]. The iDC 

cultures were assessed for surface marker expression (CD11c+, CD1a+
 
and CD14-) with fluorescent-

labeled antibodies before use. iDCS were exposed to various concentrations of Endocine™ (ranging 

from 0.0004-0.04 %) and Vaxigrip® (0.09-9 µg HA/mL) for 1-4 days. After 24 h of stimulation, DCs were 

stained for anti-CD86, anti-MHC class II and anti-CCR7 and analyzed by flow cytometry (FACS Canto II).  
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Results and discussion 

Paper I. Endocine™, N3OA and N3OASq; Three Mucosal Adjuvants That Enhance 
the Immune Response to Nasal Influenza Vaccination 

In paper I, the humoral and cell-mediated immune responses after i.n. immunization with three 

different mucosal adjuvants; Endocine™, N3OA and N3OASq, were evaluated. These three adjuvants 

are all based on lipids. The mild anionic Endocine™ (formerly known as L3B) consists of mono-olein 

and oleic acid, while the cationic adjuvants N3OA and N3OASq consist of oleylamine with or without 

squalene. The study was conducted in BALB/c mice that were i.n. vaccinated with split influenza 

vaccine (Vaxigrip) with or without the adjuvants.  

The Endocine™-adjuvanted vaccine was shown to significantly enhance the systemic immune response 

(IgG, HAI and NT) compared to non-adjuvanted vaccine. Serum IgG subclasses were also evaluated and 

Endocine™ stimulated a significantly higher production of all four classes. Nasal wash and serum IgA 

were also significantly enhanced towards the A/Brisbane (H1N1) strain included in the vaccine. 

Regarding the cell-mediated immune response a significantly enhanced production of IFN-γ and IL-2 

were observed against whole A/Brisbane (H1N1) virus and NP from Brisbane, and enhanced titers were 

also seen against the homologous A/California (H1N1) strain.  

The N3OA adjuvant responded in a similar manner as Endocine™, but with lower serum IgG response. 

Instead the cell-mediated immune response was slightly higher. By adding squalene to the N3OA 

adjuvant, a decrease to lower systemic immune response than the non-adjuvanted vaccine was seen. 

Instead the squalene increased the cell-mediated immune response compared to the other two 

adjuvants. After depletion of CD4+ T cells, the squalene group still produced low amount of IFN-γ and 

IL-2, which shows that CD8+ T cells were present and stimulated. The Endocine™ and N3OA groups 

lost most of their cytokine production after CD4+ T cell depletion. By adding squalene to N3OA, the 

production of IFN-γ and IL-2 increased.  

To conclude: Endocine™ and N3OA significantly induced both humoral and cell-mediated immunity, 

while N3OASq mainly induced cell-mediated immunity. However all three adjuvants induced mucosal 

antibody response.  

Paper II. DNA-Encoded Flagellin Activates Toll-Like Receptor 5 (TLR5), Nod-like 
Receptor Family CARD Domain-Containing Protein 4 (NLRC4), and Acts as an 
Epidermal, Systemic, and Mucosal-Adjuvant 

In paper II a plasmid encoding flagellin (pFliC(-gly)) was studied. Flagellin from Salmonella typhimurium 

is known to be capable of activating two innate immune receptors, TLR5 and NRLC4 [205]. In this study 

we investigated if pFliC(-gly) could act as an adjuvant and three different vaccinations routes were 
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studied; dermal, systemic and mucosal. Additional adjuvants, N3 and L3B (now called Endocine™), 

were also tested together with pFlic(-gly).  

First studies with the model antigen ovalbumin were performed and all three routes increased the 

serum response and MHC I cellular immune response. Using i.n. vaccination with both pFliC(-gly) and 

N3, both mucosal antibodies and MHC II cellular immune response were induced. Studies with an HIV 

DNA-plasmid encoding gp160/p24gag were also evaluated using different combinations of pFliC(-gly), 

N3 and L3B adjuvant. The combination of pFliC(-gly) and N3 showed to be able to stimulate systemic, 

mucosal and cell-mediated immune response. Priming with N3 and boosted with L3B also showed 

similar, but slightly lower cell-mediated immune response. 

Gene-gun and i.n. vaccination worked more efficiently with plasmid-DNA vaccination, but to stimulate 

mucosal immune response, the i.n. route was superior. The DNA-plasmids have a slightly negative 

charge and the N3 adjuvants consists of cationic lipids. It might be that N3 encapsulate the plasmid 

DNA and protect it from being degraded in the mucosal environment and it is thereby able to stimulate 

APCs. 

DNA-vaccination has been studied for different pathogenic species during a long time. Since DNA-

plasmids are non-living vaccines they have several advantages compared to living delivery vectors; 

production costs are low, the stability is increased, the safety profile is high and they have been shown 

to induce protection against viral infections [158]. Adenovirus-vector Ad5 has been tried for HIV-

vaccinations, but led to an increased risk of being infected with the virus instead [237]. This is another 

preferable reason to continue working with non-living vectors. For HIV, DNA-vaccination has been 

studied since the beginning of the 1990s, in general, in combination with other vaccine vectors as 

booster immunizations [238]. To fight HIV, antibody response will not be enough, and cell-mediated 

immunity is definitively also needed. By obtaining this goal with non-live vaccine candidates, the DNA-

plasmids by their functional nature have and are showing a great immune priming property and 

promise. 

The main finding in paper II is that a combination of the adjuvant pFliC(-gly) and N3 is able to stimulate 

both a TH1 and a TH2-cell mediated immune response when delivered together with plasmid-DNA 

encoding gp160 and p24gag.  

Paper III. Comparison of the mucosal adjuvant Endocine™ with two well-known 
adjuvants: cholera toxin and alum 

In paper III we continued to evaluate the immune response achieved by using Endocine™ as an 

adjuvant together with three different split influenza antigens: A/California/7/2009 (H1N1), 

A/Victoria/210/2009 (H3N2) and B/Brisbane/60/2008. We compared the immune response induced 
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by Endocine™ with two other well-known adjuvants, CT and aluminum salt (alum) in mice. Endocine™ 

was also evaluated with different amounts of antigen given i.n. 

CT is a very potent mucosal adjuvant, but can cause severe AEs when used in its native form, and is not 

licensed for nasal use. CT binds to the GM1 receptor like LT, on nerves and may cause Bell´s palsy 

[192,193,213]. Alum is not used in any seasonal influenza vaccine on the market, but it is used in 

licensed  avian influenza vaccines [182]. Alum has been used for a long time as an adjuvant and billions 

of doses have been distributed worldwide. Alum is known to mainly stimulate a TH2 response after 

parenteral vaccination [163]. Both these two adjuvants are strong immune response inducers, but in 

different ways, and thereby very suitable for comparison of the potency of Endocine™. 

As expected the CT-adjuvanted mice responded with higher IgA titers, both in nasal wash and in serum 

compared to Endocine™. Otherwise the serum IgG and VN titers in serum were similar between CT- 

and Endocine™-adjuvanted mice. Already after 1 dose, serum IgG titers could be detected in mice 

receiving 0.1 as well as 1 µg HA with adjuvant.  

Regarding the alum adjuvant, the mice responded with high serum IgG and VN titers. Already after one 

dose, the alum-vaccinated mice responded with serum IgG titers significantly higher than Endocine™-

adjuvanted mice. However when the California strain was used in the anti-viral functional VN test, 

similar titers were seen in mice vaccinated with alum and Endocine™. Furthermore, Endocine™ 

significantly enhanced the mucosal and serum IgA response compared to alum-vaccinated mice. 

We also found that Endocine™ had a dose-sparing effect in i.n. vaccinated mice. The non-adjuvanted 

group received 1 µg HA i.n. while Endocine™-adjuvanted groups received 0.01-1 µg HA i.n. The lowest 

amount (0.01 µg) of antigen given together with Endocine™ showed similar result as the non-

adjuvanted group that received 1 µg antigen. While giving 10 times less antigen with Endocine™ overall 

the influenza-specific titers were higher (serum IgG, IgA, nasal wash IgA and VN) compared to the non-

adjuvanted group.  

The main finding in paper III is that Endocine™-adjuvanted vaccine is able to induce similar serum IgG 

and VN titers as CT and significantly higher serum and mucosal influenza specific-IgA titers compared 

to alum. A dose-sparing effect could be observed when Endocine™ was added to the antigen. 

Paper IV. The mucosal adjuvant Endocine™ increases immune responses to 
influenza antigen in aged mice 

The number of elderly in the human population is increasing and in 2050 it is estimated that 21 % of 

the population in the world will be above 60 years of age [127]. The influenza vaccines available on the 

market today for elderly are given parenterally and an estimated vaccine efficacy in elderly is 17-53 % 
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[139]. The elderly have in general 2-4 times lower antibody response compared to adults [139]. This 

knowledge support the fact that there is a need to develop new and more effective vaccines for the 

elderly. 

In paper I and III the immune response after i.n. immunization with and without Endocine™ and 

influenza antigen in BALB/c mice, 8-10 weeks old was evaluated. In paper IV similar studies were 

performed but in aging mice, from 15-25 months old. The mice were vaccinated with split influenza 

A/California/07/2009 (H1N1) antigen i.n. or subcutaneously (s.c.) with or without Endocine™. The 18-

24 months old mice corresponds immunological to 56-69-years old humans [239]. 

The results seen in paper IV showed that already at 15-months of age there is a decrease in immune 

responses compared to 2-months old mice given i.n. vaccination with Endocine™. At 20-months of age, 

the mice are still able to reach HI titers above 40, but compared to young mice, the antibody levels are 

decreasing sooner. However compared to s.c. immunization in 20-month old mice, Endocine™-

adjuvanted vaccine stimulates significantly higher HI, serum IgG and influenza specific IgA titers in lung 

homogenates. When the mice reach 25-months of age, they start to die due to old age and the 

antibody levels in these mice are low or absent.  

Both the humoral and cell-mediated immune responses are affected by age. Elderly people becoming 

ill of influenza have a switch in their cytokine production, which results in lower levels of IFN-γ and 

higher IL-10 levels and thereby less CTL activity [147]. In addition, there is an impairment in the CD8+ 

T cell expansion in influenza infected elderly and due to this impaired CTL activity the elderly get 

prolonged duration of infection and shedding [240,241]. In infected mice, the elderly had a significantly 

higher expansion of Tregs compared to young mice and Tregs suppress CD8+ T cells [242]. Lanzer et al 

showed that there was a delay of CD4+ T cells in the lungs of mice, however the cytokine profile was 

not changed and the cells were not as impaired as the CD8+ T cells [243]. However, the elderly mice 

produce less IFN-y, IL-2, IL-6 and IL-10 but more IL-4. Studies in elderly also show that they have a 

reduced expansion of antigenic B cells and germinal center expansion [137]. Elderly also have a 

reduced ability to respond to new antigens and this may be due to reduced B cell clonal diversity and 

defect B cell class switching and this lead to decreased antibody production [135,136,138,244]. 

The main finding in paper IV was that in 20-month old mice receiving Endocine™-adjuvanted vaccine 

significantly enhanced serum IgG, HI and mucosal IgA response compared to mice vaccinated 

parenterally with the same antigen. This suggests that an Endocine™ formulated vaccine can be more 

efficient than non-adjuvanted parenteral vaccines in elderly.  
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Concluding remarks 
At the moment there is no mucosal adjuvant on the market for human use and by using adjuvant in 

vaccines an enhancement of the desired immune response can be achieved. By using adjuvants less 

immunogenic antigens like split antigen and DNA-plasmids can be used as vaccine components when 

administered together with adjuvant. During my PhD studies I have been evaluating different novel 

adjuvants mainly for influenza split antigen and mucosal use. One study, Paper II, was done using HIV 

DNA-plasmids and ovalbumin as model antigens.  

The first paper investigating the properties of the predecessor adjuvants of Endocine™ was published 

by the inventor Ulf Schröder already in 1999 [245]. However there is a long way from idea to product. 

Except for studies with influenza antigen, Endocine™ has also been evaluated with diphtheria, HIV and 

tuberculosis (BCG antigens) [245-247]. These studies have shown that Endocine™ is capable of 

enhancing the immune response after i.n. vaccination. The N3 adjuvant was first published and 

evaluated in 2006 together with HIV DNA [202]. It was an i.n. vaccination study and the mice were 

boosted with a peptide and Endocine™ adjuvant mix. The study showed that primary N3 vaccination 

with a booster of Endocine™ induced broadly neutralizing antibodies towards HIV-1 in serum and 

mucosa. An immunization strategy termed heterologous DNA-prime and peptide booster vaccination 

was used.  

The results from paper I, III and IV, show that Endocine™ has the property to enhance the immune 

response towards the influenza vaccine antigen. Humoral binding and neutralizing responses as well 

as cell-mediated immunity were obtained after i.n. vaccination with adjuvant, a procedure that 

furthermore stimulate the production of mucosal IgA. When Endocine™ was compared to CT and alum, 

Endocine™ was shown to share a similar magnitude of immune activating capacity as these two well-

known adjuvants. In the last paper Endocine™ was shown to enhance the immune response in aged 

mice compared to s.c. immunized mice. This shows that the mucosal adjuvant Endocine™ has a 

potential to be used in young as well as elderly. Further clinical studies are needed to show efficacy in 

humans. 

Previous studies have also shown that mice vaccinated with influenza antigen and Endocine™ have less 

influenza RNA in the lungs after i.n. virus challenge [166]. A challenge study in Endocine™ vaccinated 

ferrets showed that the animals were completely protected against influenza and high levels of HAI 

and VN titers were seen [167]. 

In paper II using DNA-vaccination, a combination of TLR5-agonist of S. typhimurium flagellin C and the 

N3-adjuvant showed promising results. Also here humoral as well as cell-mediated immunity, and 

mucosal immune response was achieved. Depending on the vaccine component and the goal with 
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vaccination, different adjuvants will be needed. For HIV, antibody response may not be enough, and a 

cell-mediated immune response will most likely be necessary, and by using different vectors it is 

possible to stimulate both branches of the immune system.  

In this thesis five novel mucosal adjuvants have been investigated and promising results have been 

obtained. Hopefully in the future these adjuvants will be available on the market for human use. There 

is a need to develop more effective vaccines, but also to develop vaccines for pathogens that do not 

yet have a vaccine. These novel adjuvants can hopefully be helpful in this process.  
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