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Summary 

Type I hypersensitivity disorders are caused by exaggerated Th2-biased, IgE-mediated inflammatory 
reactions against harmless environmental allergens. The treatment options for type I allergies are 
limited, and “allergen vaccination,” or allergen-specific immunotherapy (AIT), is currently the only 
method to re-establish immunological tolerance towards the respective allergens. AIT is performed by 
repeated administration of allergen extracts shifting allergen-specific Th2 responses towards Th1 
responses. However, AIT consists of long treatment schedules, has the risk of inducing anaphylactic 
side effects, and partially has a low efficacy due to weakly immunogenic allergen molecules. Therefore, 
novel adjuvants need to be developed for either enhancing or modifying the overall immune responses 
in AIT.  

This thesis aimed to evaluate the immune-modulating capacity of (1) β-(1→4)-mannobiose (Man2) as 
a novel adjuvant on myeloid dendritic cells (mDCs), and the new therapeutic candidate (rFlaA:Betv1, 
consisting of Listeria monocytogenes flagellin A fused to the major birch pollen allergen Bet v 1) on 
either (2) epithelial cells or (3) macrophages for type I allergy treatment. 

1) The present results have shown that Man2 could induce a mainly “Toll”-like receptor 4 (TLR4)- and 
partially complement C3a receptor (C3aR)-dependent production of inflammatory cytokines (IL-6, TNF-
α, IL-1β, IFN-β, and IL-10) and the upregulation of co-stimulatory molecules (CD40, CD80, and CD86)  
on mDCs. Besides, Man2 activated mitogen-activated protein kinase (MAPK)-/ nuclear factor kappa-
light-chain-enhancer of activated B cells (NFκB)-pathways, and triggered the Warburg Effect in mDCs. 
Finally, Man2-stimulated mDCs enhanced antigen-specific, T cell-derived IL-2 production, 
demonstrating that Man2 has potential as a vaccine adjuvant. 

2) In our group´s previous studies, rFlaA:Betv1 was shown to induce mDCs activation, but its effects on 
other cell types remained unknown. The data presented in this thesis demonstrated, that rFlaA:Betv1 
could induce a MAPK- and NFκB-dependent, but TLR5-independent secretion of CCL2, CCL20, and IL-6 
from lung epithelial cells. Additionally, rFlaA:Betv1 induced a p38-MAPK and cyclooxygenase 2 (COX2)-
dependent prostaglandin E2 (PGE2) production from epithelial cells, which could modulate mDC 
responses by decreasing their IL-12- and TNF-α-production. Therefore, epithelial cells also contribute 
to the immune-modulating capacity of rFlaA:Betv1, by modulating the responses of antigen-presenting 
cells (APCs). 

3) Besides DCs, macrophages are another important type of APC. This thesis demonstrated, that 
macrophages could also be activated by rFlaA:Betv1 stimulation. Here, rFlaA:Betv1 induced a Myeloid 
differentiation primary-response protein 88 (MyD88)-, Jun N-terminal kinases (JNK)-MAPK-, and 
partially TLR5-dependent inflammatory cytokine secretion as well as a Warburg Effect from bone 
marrow-derived macrophages (BMDMs). Furthermore, using RNA-Seq and Western Blot analyses, the 
upregulation of Janus kinase (JAK)-signal transducer and activator of transcription (STAT)-transcription 
factor hypoxia-inducible factor 1 α (HIF-1α) signaling was identified, which confirmed results from 
Seahorse Extracellular Flux technology showing, that rFlaA:Betv1 triggered a pronounced metabolic 
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shift towards glycolysis in BMDMs. Finally, rFlaA:Betv1-stimulated BMDMs could suppress the 
secretion of Th2 cytokines from Bet v 1-specific, Th2-biassed CD4+ T cells while increasing both Th1- 
and anti-inflammatory cytokine secretion. 

In summary, the publications presented in this thesis demonstrated that Man2 could be an attractive  
novel adjuvant, and rFlaA:Betv1 can be an effective therapy for type I allergy treatment. The results in 
this thesis may contribute to the future development of safe and effective vaccines and therapeutics. 
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Zusammenfassung 

Typ I Allergien zählen zu den Hypersinsitivitätserkrankungen. Sie werden durch überschießende, Th2-
basierte und IgE-vermittelte Entzündungsreaktionen verursacht, die sich gegen harmlose Allergene aus 
unserer Umwelt richten. Die Behandlungsmöglichkeiten für Typ-I-Allergien sind momentan begrenzt, 
wobei die Allergen-spezifische Immuntherapie (AIT) derzeit die einzige Methode zur Wiederherstellung 
der immunologischen Toleranz gegenüber den betreffenden Allergenen ist. Während der AIT werden 
wiederholt Allergenextrakten verabreicht, welche die Allergen-spezifischen Th2-Reaktionen in 
Richtung Th1-Reaktionen verschieben sollen. Jedoch stellen sich auch bei der AIT einige 
Herausforderungen: es ergeben sich lange Behandlungszeiten, es besteht das Risiko anaphylaktischer 
Reaktionen als eine der möglichen Nebenwirkungen und die Wirksamkeit kann aufgrund der 
schwachen Immunogenizität der Allergene variieren. Um diese Probleme zu lösen müssen neuartige 
Adjuvantien und Therapeutika entwickelt werden, welche die induzierte Immunantwort bei der AIT 
entweder verstärken oder modifizieren. 

In der vorliegenden Arbeit wurde sowohl die immunmodulierende Wirkung von (1) β-(1→4)-
Mannobiose (Man2) als neuartiges Adjuvans auf myeloiden dendritischen Zellen (mDCs) getestet als 
auch, die Wirkung des Fusionsproteins rFlaA:Betv1 (bestehend aus dem Listeria monocytogenes 
Flagellin A, welches mit dem Birkenpollen-Hauptallergen Bet v 1 fusioniert wurde) (2) zum einen auf 
Epithelzellen und (3) zum anderen auf Makrophagen untersucht. Dieses soll zur Behandlung von Typ-
I-Allergien eingesetzt werden. 

1) In der beigefügten Publikation konnte gezeigt werden, dass Man2 die Produktion von Zytokinen (IL-
6, TNF-α, IL-1β, IFN-β und IL-10) und die Expression von co-stimulatorischen Molekülen (CD40, CD80 
und CD86) auf mDCs induziert. Diese Form der Aktivierung wurde als vorrangig "Toll"-like Rezeptor 4 
(TLR4)- und teilweise C3a-Rezeptor (C3aR)-abhängig identifiziert. Zudem aktivierte Man2 in mDCs die 
mitogen-activated protein kinase (MAPK)-/ nuclear factor kappa-light-chain-enhancer of activated B 
cells (NFκB)- abhängigen Signaltransduktionswege und induzierte den Warburg-Effekt. Des Weiteren 
konnten mDCs, welche mit Man2 stimuliert wurden, die Antigen-spezifische IL-2-Produktion von T-
Zellen steigern. Hieraus lässt sich schließen, dass Man2 als Adjuvans für Impfstoffe Potential besitzt. 

2) In vorhergegangenen Studien unserer Gruppe konnte gezeigt werden, dass rFlaA:Betv1 mDCs 
aktivieren kann, während die Auswirkungen auf andere Zelltypen bisher unerforscht war. Die Daten 
dieser Arbeit konnten zeigen, dass rFlaA:Betv1 in Lungenepithelzellen eine MAPK- und NFκB-abhängige, 
aber TLR5-unabhängige Sekretion der Chemokine CCL2, CCL20 und des Zytokins IL-6 induzieren kann. 
Die Stimulation mit rFlaA:Betv1 löste in den Epithelzellen eine p38-MAPK- und Cyclooxygenase 2 
(COX2)-abhängige Prostaglandin E2 (PGE2)-Produktion aus, welche die Immunantwort von mDCs 
veränderte: es wurden geringere Mengen IL-12- und TNF-α ausgeschüttet. Hieraus lässt sich schließen, 
dass Epithelzellen zur immunmodulierenden Wirkung von rFlaA:Betv1 beitragen, indem sie die 
Reaktionen Antigen-präsentierender Zellen (APC) modulieren. 
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3) Neben mDCs stellen auch Makrophagen eine weitere wichtige Art von APCs dar. Innerhalb dieser 
Arbeit konnte gezeigt werden, dass auch Makrophagen durch rFlaA:Betv1-Stimulation aktiviert werden 
können. Innerhalb der Makrophagen wird durch rFlaA:Betv1 eine Myeloid differentiation primary-
response protein 88 (MyD88)-, Jun N-terminale Kinase (JNK)-MAPK- und teilweise TLR5-abhängige 
Zytokinsekretion induziert. Zudem konnte die Induktion des Warburg-Effekts in Makrophagen 
beobachtet werden, die aus dem Knochenmark differenziert wurden (bone marrow derived 
macrophages, BMDMs). Darüber hinaus wurde mit Hilfe von RNA-Sequenzierung und Western Blot 
Analysen die Hochregulierung des Janus kinase (JAK)-Signaltransduktionsweges und des signal 
transductor and activator of transcription (STAT)-Transkriptionsfaktors hypoxia-inducible factor 1 α 
(HIF-1α) identifiziert. Diese Ergebnisse konnten mithilfe „Seahorse“ Extracellular Flux Assays bestätigt 
werden. Es zeigte sich, dass rFlaA:Betv1 eine ausgeprägte Verschiebung des Metabolismus in Richtung 
der Glykolyse in BMDMs verursachte. Abschließend konnte gezeigt werden, dass die Stimulation mit 
rFlaA:Betv1 in einer Kokultur bestehend aus BMDMs mit Bet v 1-spezifischen, Th2-basierten, CD4+ T-
Zellen die Ausschüttung von Th2-Zytokinen unterdrückt, während gleichzeitig die Ausschüttung von 
Th1- und entzündungshemmenden Zytokinen erhöht wurde. 

Die Ergebnisse, welche in Verlauf dieser Arbeit publiziert werden konnten, lassen darauf schließen, 
dass es sich bei Man2 um ein potentielles Adjuvans handelt, während rFlaA:Betv1 als potentiell 
neuartiges Therapeutikum für die Behandlung von Typ I Allergien eingesetzt werden könnte. Durch die 
Ergebnisse dieser Studien konnte ein wichtiger Beitrag für die künftige Entwicklung sicherer und 
effektiver Impfstoffe und Therapeutika geleistet werden. 
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1 General Introduction 

1.1 Pathology and clinical relevance of type I allergies 

Allergic diseases are a growing health and economic problem in developed countries with IgE-mediated 
type I hypersensitivity disorders affecting more than 25% of the population1,2. Immunologically, onset 
and maintenance of type I allergies are caused by exaggerated Th2-mediated immune responses, 
directed against otherwise harmless environmental antigens. 

During allergic sensitization, allergens come in contact with the epithelia barriers (e.g. in the lung or 
the gastrointestinal system), resulting in disruption of epithelial integrity and allowing allergens to 
cross the epithelia barriers where they subsequently come in contact and are taken up by antigen 
presenting cells (APCs) (Figure 1). APCs further process and present the allergen-derived peptides to 
naïve T cells, promoting the differentiation of naïve T cells into Th2 cells (Figure 1). Additionally,  
cytokines (e.g. IL-25) secreted by allergen-stimulated epithelial cells, and damage associated molecular 
patterns (DAMPs, e.g. IL-33) produced by stressed/damaged epithelial cells can expand the population 
of innate like lymphocytes type II cells (ILC2s) which further produce Th2-promoting cytokines3–5 
(Figure 1). The activated allergen-specific Th2 cells subsequently produce the Th2 cytokines IL-4, IL-5, 
IL-9, and IL-13 which can in turn promote expansion, maturation, and/or functional activation of 
inflammatory cells, including mast cells and eosinophils6 (Figure 1). Moreover, these Th2 cytokines also 
promote the isotype switching of B cells resulting in the production of allergen-specific IgE antibodies7 
(Figure 1). Allergen-specific IgE antibodies then bind to the high affinity IgE receptor FcεRI on the 
surface of mast cells and eosinophils (Figure 1). The binding of IgE to FcεRI is characterized by both high 
specificity and avidity (KDs of up to 10-10 M), resulting in the efficient long-term loading of mast cells 
and eosinophils with the generated IgE antibodies8. 

During the elicitation phase, second contact with the offending allergen results in the crosslinking of 
surface bound allergen-specific IgE antibodies, triggering both mast cell and eosinophil activation, and 
the subsequent inflammatory responses caused mast cell- and eosinophil degranulation9,10 (Figure 1). 
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Figure 1: Pathomechanism of type I allergy 
Epithelial cells are the first line of contact with allergens. In allergic patients, this contact results in disruption of epithelial 
integrity, allowing the allergen to get in contact with APCs, which take up, process, and present allergen-derived peptides 
to naïve T cells. Besides, epithelial cells also secrete inflammatory mediators, resulting in the ILC2-driven differentiation of 
naïve allergen-specific T cells into Th2 cells. These in turn mediate the activation and differentiation of allergen-specific B 
cells into IgE-producing plasma cells3–5,7. IgE then binds to the high affinity IgE receptor Fc𝜀𝜀RI on the surface of mast cells 
(and eosinophils), and this sensitization of mast cells (and eosinophils) with allergen-specific IgE marks the end of the 
sensitization phase. Upon second contact with the allergen, surface-bound IgE antibodies are cross-linked, resulting in both 
mast cell- and eosinophil activation, degranulation, and the elicitation of allergic reactions6,8. Abbreviations: GIT: 
gastrointestinal tract, TSLP: thymic stromal lymphopoietin, APC: antigen presenting cell, ILC2: innate like lymphocyte type 
II, TCR: T-cell receptor, BCR: B-cell receptor, MC: mast cell. 

1.2 Current treatment options for type I allergies  

The current treatment for type I allergy is limited and can be differentiated into (1) symptomatic 
treatment to immediately reduce acute clinical symptoms and (2) allergen-specific immunotherapy to 
achieve long-term desensitization towards the respective allergens. 

For acute symptomatic treatment, several available medications have been used for years. For example, 
corticosteroids suppress Th2 cell-mediated inflammation by unspecifically reducing cell activation, 
cytokine-, and chemokine production11. Moreover, β2 adrenergic receptor agonists such as salbutamol 
and terbutaline are highly effective in reducing allergic airway symptoms by relaxing smooth muscle 
tissue11. Besides, H1-antihistamines can block the action of the inflammatory mediator histamine 
through the H1 receptor and improve clinical symptoms11,12. Finally, omalizumab, a humanized 
monoclonal anti-IgE antibody that blocks IgE from binding to both Fc𝜀𝜀RI (high-affinity IgE receptor) and 
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Fc𝜀𝜀RII (low-affinity receptor), was approved for clinical use in 200313. Besides, Mepolizumab (Nucala®) 
and Reslizumab (Cinquaero® or Cinquair®), antibodies that can neutralize IL-5, and Benralizumab 
(Fasenra®) that blocks IL-5 receptor subunit α (IL-5Rα) expressed by eosinophils and basophils have also 
been used to reduce eosinophil-mediated inflammation in asthmatic subjects14. However, these 
pharmacotherapies cannot prevent sensitization to the allergens, and the treatment is costly, has side 
effects, and must be repeated as long as symptoms persist, which often means a lifetime15. 

In contrast to this, “allergen vaccination”, or allergen-specific immunotherapy (AIT) may cure type I 
allergy. AIT is an immune-modifying therapy with the goal to re-establish immunological tolerance 
towards the respective allergen(s) and the induction of blocking IgG antibodies by repeated 
administration of allergen extracts15–17. Successful immunotherapy in humans is accompanied by 
shifting allergen-specific Th2 responses towards Th1 responses (immune deviation), the induction of 
regulatory T cells (Treg) (immune regulation), and a reduction in mast cell numbers15–17. The induced 
Th1 cells may produce interferon gamma (IFN-γ), in order to stimulate B cells to produce allergen-
specific IgG4 antibodies instead of the allergy-causing IgE antibodies15. Moreover, previous studies 
showed that AIT-activated CD4+CD25+ Tregs can secrete both IL-10 and transforming growth factor-β 
(TGF-β), which are known to suppress mast cell- and eosinophil activation, Th2 responses, and to 
induce IgG4 and IgA antibody production15,18,19.  

Currently, AIT can be either administrated subcutaneously or sublingually, but the drawbacks include 
long treatment schedules (lasting months to years), and the risk to induce anaphylactic side effects 
with an incidence of 0.1-5% in treated patients20,21. To improve AIT, new administration routes (oral, 
intralymphatic, or epicutaneous) were studied, but did not demonstrate significant improvements on 
the above-mentioned drawbacks22. Therefore, new treatment strategies for type I allergies are still 
required. 

1.3 Novel strategies for type I allergy treatment  

Currently, several strategies to establish new treatments for type I allergy have been proposed in order 
to reduce side effects and improve immunogenicity of conventional AIT. 

1.3.1 Allergoids  

Allergoids are chemically modified allergen products obtained by polymerizing native allergen extracts 
by treating them with either formaldehyde or glutaraldehyde23. Allergoids have been shown to display 
a reduced IgE-binding activity (allergenicity)24 combined with the induction of reduced local and 
systemic side effects25. Besides, a clinical study for Der p 1 and Der p 2 house dust mite (HDM) allergoids 
also showed decreased levels of allergen-specific IgE antibodies, in parallel with increasing IgG4 
antibodies in the treated patients26. Currently, there is only a limited number of studies available  
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directly comparing allergoids with unmodified allergen extracts. A study from Henmar et al. compared 
the allergenicity and immunogenicity of four commercially available grass pollen allergoids with three 
conventional grass pollen AIT products27. Their results showed no differences between allergoids and 
conventional AIT products in the ability to suppress basophil activation in vitro when testing blood 
samples from 20 grass pollen allergic patients27. Moreover, two of the four tested allergoids, which 
demonstrated the lowest basophil-activating capacity, also had significantly lower immunogenicity 
than conventional AIT products inducing lower levels of allergen-specific IgG antibodies in vivo27. These 
data indicated that allergoids may improve safety but so far did not significantly improve efficacy of 
allergy treatment. 

1.3.2 Recombinant allergens  

Recombinant DNA technology opened another window for improving allergy immunotherapy. Here, 
highly pure recombinant allergens can be produced with low batch-to-batch variation in order to 
replace the more heterogeneous natural allergen extracts28. Moreover, recombinant allergens also 
allow for the modification of allergens such as mutating IgE-binding epitopes, producing short amino 
acid segments, or generating allergen dimers or trimers that retain antigenicity but suppress 
allergenicity in order to prevent side effects23. For example, Vrtala and colleagues showed that 
injection of recombinant rBet v 1 trimers consisting of either amino acids 1-74 or 75-160 could induce 
higher levels of IgG1 antibodies in mice, and these IgG antibodies also inhibited the binding of birch 
pollen allergic patients' IgE to wild type Bet v 129. Another study from Wai et al. identified six major 
immunodominant T cell epitopes of tropomyosin, the major shrimp allergen of Metapenaeus ensis 
(Met e 1). Oral administration of recombinant rMet e 1-T cell epitope peptides resulted in increased 
levels of IgG2a antibodies as well as lower levels of the Th2 cytokines IL-4 and IL-5 in a shrimp-allergic 
mouse model30. Although most of the available in vivo and in vitro studies showed promising results 
on recombinant modified allergens to improve allergy treatment, their effects in humans are still 
unknown. A phase I clinical trial demonstrated, that treatment with mutated IgE-binding epitopes of 
the recombinant peanut allergens Ara h 1, Ara h 2, and Ara h 3 resulted in unexpected significant 
adverse events in 5 out of 10 tested peanut-allergic patients31, indicating that more pre-clinical and 
clinical research is still needed to safely apply these molecules. 

1.4 Adjuvants  

The other promising strategy to improve type I allergy treatment is adding adjuvants to the low-
immunogenic allergens to either enhance or modify the overall induced immune responses. Currently, 
adjuvant research is a hot topic not only for improving allergy treatment but also for the development 
of other vaccines. Here, I briefly summarize the knowledge on the different adjuvants currently under 
investigation for improving AIT (see also Figure 2). 



 

  5 

 

 
Figure 2: Adjuvants that are currently studied to improve AIT 
The types of adjuvants can be classified based on their carrier or immunostimulatory capabilities32. Here, liposomes mainly 
serve as carriers, while virus-like particles, alum, and O/W emulsions have both carrier and immune stimulating 
characteristics. Viral components (PreS or HIV-TAT), TLR ligands (flagellin, CpG, or MPLA), and carbohydrate-based 
adjuvants (QS-21, glycan, or mannan) have immunomodulatory properties to trigger different immune responses. The 
known capacity of these adjuvants to induce Th1 or Th2 responses is also indicated. For more information, see text. 
Abbreviations: AS: adjuvant system, Alum: aluminum hydroxide, O/W: oil-in-water, PreS: HBV-derived T-cell epitope, HIV-
TAT: HIV type 1 trans-activating regulatory protein, TLR: “Toll”-like receptor, MPLA: monophosphoryl lipid A. 

Adjuvants can be categorized according to their carrier- or immunostimulatory properties (Figure 2). 
As carriers, liposomes have been considered attractive adjuvants because of their low toxicity and high 
effectiveness in packaging and delivering water-soluble antigens to target cells33. However, the 
disadvantage for liposomes is their lack of immune-activating capacity, which can be overcome by 
combining liposomes with additional adjuvants. For this, one liposome-based formulation, the 
commercial adjuvant system 01 (AS01), which also contains the “Toll”-like receptor 4 (TLR4)-ligand 
monophosphoryl lipid A (MPLA) and the natural saponin product QS-21 has already been approved for 
use in malaria- (Mosquirix) and shingles (Shingrix) vaccines34. The potential of liposomes to carry 
different allergen extracts has been tested in vivo35, and results showed that liposome-encapsulated 
allergen extracts could induce higher levels of allergen-specific IgG antibodies paralleled with lower IgE 
production35. Compared to liposomes, virus-like particles (VLPs) have the advantage to serve as 
effective delivery vehicles while also offering strong immune-modulating capacities due to their highly 
repetitive and ordered structure36. Up to now, several studies applying VLPs showed their potential to 
improve allergic responses in allergic animal models in vivo36. However, so far no human clinical study 
investigating VLPs for allergy treatment has been finished and reported. A phase I clinical trial 
announced by the United States Food & Drug Administration (FDA) recently started in January 2022 
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and will analyze VLPs that display the major peanut allergen Ara h 237 for treating peanut-allergic 
patients. Hopefully, this trial will give us some insights in the potential of VLPs for allergy treatment. 

Besides VLPs, aluminum hydroxide (Alum) and oil in water (O/W) emulsions also have both carrier and 
immune-stimulating characteristics (Figure 2). Since Glenny et al. reported, that Alum could be used as 
an adjuvant in 192638, Alum has nowadays become the most widely used adjuvant for different licensed 
human vaccines against infectious diseases39. Alum has also been used in most subcutaneous allergy 
immunotherapy (SAIT) products40 because of its ability to adsorb proteins and prolong the exposure of 
these antigens to immune cells at the injection site to increase immune responses39. In addition, Alum-
stimulated dendritic cells (DCs) could further promote CD4+ T cell differentiation, especially towards 
Th2 cells39. Therefore, since Alum is well known to induce Th2-biased immune responses, for allergy 
immunotherapy, Alum adjuvant was reported to correlate with observed side effects such as urticaria41.  
Based on these findings, the improved application of Alum as an adjuvant for type I allergy treatment 
is still needed in the future.  

Currently, two O/W emulsion adjuvants AS03 and MF59, have already been licensed for clinical use, 
especially for various Influenza vaccines42. Mechanistically, O/W emulsions have the advantage of 
gradually releasing the antigen at the injection site, which stimulates the activation of plasma cells 
producing antigen-specific antibodies and generates mixed Th1/Th2 responses43,44. A recent study 
from O’Konek and Baker, Jr. used nanoscale O/W emulsions formulated with peanut allergens (PN-NE) 
to suppress allergic responses after either oral or systemic peanut allergen challenge in mice45. Their 
results showed decreased production of Th2 cytokines, as well as higher Th1- and anti-inflammatory 
cytokine production in PN-NE-treated peanut-allergic mice45, indicating the potential for using O/W 
emulsions in allergy treatment. 

The next category of adjuvants have strong immunostimulatory capabilities but no carrier 
characteristics (Figure 2). These can be further sub-classified into viral components, TLR ligands, and 
carbohydrate-based adjuvants (Figure 2). Several viral components have been proposed as adjuvants 
for allergy treatment36. For example, the HBV-derived T-cell epitope PreS peptide fused with different 
allergens has been tested both in vivo (mice and rabbits)46,47 and in human clinical trials48,49. Moreover, 
HIV type 1 trans-activating regulatory protein (HIV-TAT) fused with pollen allergen also demonstrated 
the induction of higher allergen-specific IgG antibody and Th1 cytokine IFN-γ production after 
immunization in mice50, indicating the potential of using viral proteins as adjuvants for generating 
allergy vaccines.  

In this thesis, I will test the TLR5 agonist flagellin and the mannooligosaccharide Man2 as adjuvants for 
assessing their potential on improving allergy treatment. Therefore, in the following section, I will 
explain carbohydrate-based adjuvants and TLR ligands more in detail, including their current 
application for developing allergy vaccines. 
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1.4.1 Carbohydrate-based adjuvants  

Carbohydrates are the most common type of biomolecule found in nature. They play an important role 
in modulating both innate and adaptive immunity51. Their high biocompatibility and low toxicity make 
carbohydrates interesting candidates for novel adjuvants. Currently, two carbohydrate-based 
adjuvants, QS-21 and MPLA, have been licensed for clinical use34,52 (Figure 2). Although presently no 
study tested QS-21 as an adjuvant for allergy treatment, QS-21 was shown to induce Th1-biased 
immune responses with high titers of IgG2a and IgG2b antibodies34, making it an attractive candidate for 
future research.  

Besides QS-21 and MPLA, several different other compounds are also under investigation. For example, 
glucans, the polysaccharides derived from plants or microorganisms composed of D-glucose units 
linked by different glycosidic bonds53. The mechanisms by which glucans, which can vary in structure, 
type of linkage, and length of glucans, activate immune cells are not fully clear. A clinical study 
demonstrated that orally-administrated superfine dispersed β-(1,3)-glucan (particle-size: 0.08 μm), 
instead of non-dispersed shiitake extract (particle-size: 288 μm), could alleviate patient symptoms like 
rhinorrhea, sneezing, nasal congestion, and itchy watery eyes induced by Japanese cedar pollen54. 
Besides clinical symptoms, the superfine dispersed β-(1,3)-glucan treatment group also displayed lower 
pollen-specific IgE antibody profiles54. These results showed that (1) glucans could be an attractive 
adjuvant for improving AIT, and (2) that the size of the carbohydrate has a strong influence on the 
induced immune responses. 

1.4.1.1 Mannan  

Mannan is a β-(1,4)-mannose polysaccharide which can be found in the cell walls of plant cells or fungi34, 
is also been proposed as a novel adjuvant for allergy treatment. Mannan can modulate immune 
responses by binding to both mannan- and C-type lectin receptors, which leads to the activation of 
complement pathways53. Moreover, these two receptors are also expressed by APCs53. Therefore, 
mannan was shown to activate DCs and macrophages, including increased phagocytosis, NOD-, LRR- 
and pyrin domain-containing protein 3 (NLRP3) inflammasome activation, and cytokine secretion34,53. 
The first study that used mannan as an adjuvant for vaccine development was reported in 1992. 
Okawa et al. conjugated mannan with hepatitis B virus (HBV) 139-147 peptide55. This conjugate was 
shown to induce higher IgG titers compared to HBV peptide-dextran conjugates55. In the following 
years, the native, oxidized, or reduced form of mannan conjugated with different antigens has been 
tested as an adjuvant for targeting APCs34, showing higher antigen uptake and presentation with 
distinct Th1- or Th2-responses34. 

The currently available studies using mannan as an adjuvant for improving allergen immunotherapy 
are limited. Weinberger and colleagues oxidized mannan from the yeast Saccharomyces cerevisiae to 
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generate reactive aldehyde groups for covalent attachment of egg allergen ovalbumin (OVA) via amine-
containing residues (MN–OVA)56. Their results showed, that MN–OVA was taken up more strongly by 
DCs both in vitro and in vivo compared to OVA alone56. Moreover, MN–OVA also induced higher IgG 
antibody production at the injection site56. Another approach was to conjugate defatted grass pollen 
grain-based allergoids from Phleum pratense with the native form of mannan extracted from 
Saccharomyces cerevisae (PM)57–59. Here, data demonstrated that PM induced higher inflammatory 
cytokines (IL-6 and IL-10) with lower production of the Th2 cytokine IL-4, promoted mammalian target 
of rapamycin (mTOR)-dependent glycolysis, and could be more efficiently taken up by human 
monocyte-derived DCs (hmoDCs) in vitro when compared to either pollen extracts or pollen 
allergoids57–59. From in vivo analysis, PM was shown to stimulate the differentiation of 
CD4+CD25highFOXP3+ Treg cells, paralleled by increased pollen-specific IgG2a/IgE ratios58. These studies 
demonstrated the potential of mannan as an adjuvant to improve AIT. 

Research showed that differences in size, structure, and purification method of carbohydrates from 
natural sources might lead to distinct immune responses54,60. However, the influence of mannan with 
different sizes and linkages on immune cell activation is still unknown. Therefore, in this thesis, I tested 
the effects of different sizes and linkages of mannooligosaccharides on dendritic cell activation in order 
to investigate their adjuvant potential for improving AIT. 

1.4.2 Toll-like receptors agonists 

Innate immune cells express pattern recognition receptors (PRRs) (e.g. TLRs and NOD-like receptors 
(NLRs)) to directly recognize pathogen-associated molecular patterns (PAMPs) that are part of invading 
pathogens61. After PAMPs bind to PRRs, innate immune cells become activated and further initiate and 
regulate adaptive immunity61. Besides, different PRR-ligand can induce different levels of Th1-, Th2-, 
or Th17-immune responses61. Due to this intrinsic immune activating potential, PRR-ligands are highly 
interesting adjuvant candidates for vaccine development.  

For example, the synthetic, immunostimulatory oligodeoxynucleotide containing unmethylated CpG 
motifs (CpG-ODN), that can bind to TLR9, have been tested as vaccine adjuvants62 (Figure 2). The 
proposed advantages of using CpG-ODN for allergen-specific immunotherapy include: (1) CpG-ODN can 
activate DCs, especially plasmacytoid DCs (pDCs), to produce IL-10 and TGF-β that in turn drive 
differentiation and activation of Treg responses62. (2) Since B cells express high levels of TLR9, CpG-ODN 
can directly activate B cells. (3) CpG-ODN was reported to induce systemic Th1-responses63. These 
mechanisms and in vivo studies demonstrated the potential of CpG-ODN as an adjuvant for advanced 
AIT treatment. However, so far there is no human clinical study to connect these preclinical findings to 
a clinical application. 
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Besides, the immunological effects of MPLA, a carbohydrate-based adjuvant which can bind to TLR464 
have also been well studied. It is known, that MPLA can induce Th1-biased immune responses and 
promote both IgG1- and IgG4-dominated humoral immune responses without boosting IgE 
production65,66, which makes MPLA an attractive adjuvant for improving AIT. Pollinex® Quattro (PQ) is 
an allergen therapeutic containing glutaraldehyde-modified pollen allergoids adsorbed to L-tyrosine 
and further adjuvanted with MPLA67. It is currently the only advanced AIT combined with adjuvant 
investigated for clinical use in allergology. PQ was launched on the market in 1999 for allergic rhinitis 
treatment against grass-, tree-, olive-, and weed allergens67. Compared to traditional AIT that normally 
requires months to years of treatment, PQ is based on a “short-term specific immunotherapy (ST-AIT)” 
consisting of only four pre-seasonal injections of increasing dosages68. Clinical studies showed, that PQ 
treatment significantly reduced nasal and ocular clinical symptoms, as well as shifting immune 
responses from allergic Th2- toward Th1-responses characterized by higher grass-pollen-specific IgG 
antibody production68. Moreover, in vivo rat and dog pre-clinical studies showed no toxicological 
findings as well as no significant local and systemic adverse events in human clinical trials68,69. Taken 
together, PQ is a successful example of combining allergens with adjuvant, enabling the improvement 
on the major disadvantages of traditional AIT regarding long treatment periods and high occurrence of 
side effects. 

1.4.2.1 Flagellin  

Vaccines adjuvanted with the TLR5-ligand flagellin70, a bacterial motility protein forming the main body 
of the bacterial flagellum, were reported to be both safe and well-tolerated in clinical trials71,72. Here, 
flagellin was demonstrated to be an effective mucosal adjuvant triggering Th1-biased, protective 
immune responses73–75. One of the major advantages of flagellin as an adjuvant is its proteinaceous 
nature, allowing for the efficient generation of fusion proteins consisting of flagellin and the antigen of 
choice by recombinant DNA technology. Flagellin-containing fusion proteins are attractive vaccines 
combining the adjuvant activity of the TLR5-ligand and the cargo antigen into a single molecule, 
allowing for the efficient targeting of antigens to, and simultaneous activation of TLR5-expressing 
APCs76–80. Several studies described Salmonella typhimurium flagellin type C (FliC) conjugated with 
different target antigens to boost protective neutralizing antibody responses81,82. Hence, the intrinsic 
adjuvant activity of flagellin is currently being leveraged in experimental vaccine candidates to induce 
protective immunity against viral infections (influenza, poxvirus, and West Nile Virus) and bacterial 
pathogens (Clostridium tetani, Pseudomonas) (reviewed in83). Recently, recombinant FliC fusion 
proteins incorporating influenza virus antigens have been shown to be safe in phase I clinical 
trials71,72,84–87. These studies demonstrated that flagellin could be a promising adjuvant for future 
human application. 

Flagellin has also been analyzed as an adjuvant for improving traditional AIT. Here, approaches utilizing 
flagellin were divided into either (1) mixtures of flagellin and different allergens or (2) flagellin fused to 
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allergens as part of fusion proteins. The first study using flagellin and allergen as a mixture was 
performed by Lee and Kim et al. where they tested the intranasal or intralymphatic injection of Vibrio 
vulnificus FlaB mixed with OVA in an OVA-based mouse model of airway inflammation88,89. Their results 
showed, that the OVA/FlaB mixture could reduce OVA-induced airway hyper-responsiveness, 
inflammatory cell infiltration in lung tissue, as well as both systemic (IL-4, IL-5, IL-6, IL-17, and IFN-γ) 
and local (IL-4 and IL-5) cytokine production; while increasing the levels of OVA-specific IgA in 
serum88,89. A follow-up study by the same group investigated the underlying mechanisms in more detail, 
and found the ability of the OVA/FlaB mixture to suppress allergic responses to be dependent on TLR590. 
Moreover, FlaB induced the activation of regulatory dendritic cells (rDCs) producing both IL-10 and 
TGF-β, which suppressed both Th1/Th2 responses and enhanced the activation of Treg cells90. Besides 
DCs and T cells, a recent study also demonstrated the capability of flagellin to stabilize OVA-induced 
eosinophil activation (releasing major basic protein (MBP) and peroxidase (EPX)) in vitro and in vivo91. 
Interestingly, the authors also found that higher oxidative stress in OVA-sensitized eosinophils could 
both be reduced by flagellin treatment and was correlated with decreased allergic inflammation91.  
Additionally, Zeng et al. also found that flagellin could diminish allergen-induced oxidative stress in Breg 
from both a food allergy (FA) mouse model and patients’ blood samples92. Mixing flagellin as an 
adjuvant with OVA could improve traditional AIT in OVA-induced FA in vivo92. These results showed, 
that as an adjuvant for improving AIT, flagellin can activate different cell types, changing their cytokine 
secretion and metabolic status that correlates with disease outcome. 

On the other hand, flagellin:allergen fusion proteins showed even more promising potential for allergy 
treatment than the mixture of flagellin and allergen. Tan et al. generated a recombinant fusion protein 
containing Vibrio vulnificus FlaB fused to the C-terminus of the HDM allergen Der p 2 (rDerp2:FlaB)93. 
Compared to the non-fused Derp2/FlaB mixture, rDerp2:FlaB more efficiently suppressed airway 
hyper-responsiveness, serum IgE levels, and bronchoalveolar lavage fluid Th2 cytokines in a HDM-
induced mouse asthma model93. Moreover, Kitzmüller and colleagues also demonstrated that FliC 
(lacking the middle hypervariable domain) fused to either the N- or C-terminus of Bet v 1 (rFliC:Betv1 
or rBetv1:FliC, respectively) could activate monocyte-derived DCs from pollen-allergic patients94. 
Besides, immunization with both rFliC:Betv1 or rBetv1:FliC fusion proteins also induced lower Bet v 1-
specific IgE production paralleled by higher production of IgG antibodies from mice94, suggesting these 
fusion proteins to be promising novel treatment options for pollen allergy. Apart from the above-
mentioned publications, we are the only group currently focusing on flagellin:allergen fusion protein 
research. Moreover, so far no other groups has analyzed the molecular mechanisms by which 
flagellin:antigen fusion proteins activate the immune system in greater detail. In the following sections, 
I will briefly summarize our previous findings, followed by the open questions and the aim of this thesis. 
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1.5 Own previous work on flagellin:allergen fusion proteins 

In the last 15 years, our group successfully generated recombinant fusion proteins containing Listeria 
monocytogenes flagellin A (FlaA) fused with either the OVA protein fron hens egg (rFlaA:OVA), wild 
type or hypoallergenic mugwort allergen Art v 1 (rFlaA:Artv1), or the major birch pollen allergen Bet v 
1 (rFlaA:Betv1) and analyzed their immune-modulating capacity both in vitro and in vivo77–80. 

1.5.1 Flagellin:allergen fusion proteins can suppress allergen-induced clinical symptoms in vivo 

First, we demonstrated that prophylactic vaccination with rFlaA:OVA, but not the mixture of both 
proteins, could prevent clinical symptoms such as softness of feces, body weight loss, and drop in core 
body temperature in an OVA-induced intestinal allergy mouse model79,80. Moreover, vaccination with 
all generated rFlaA:allergen fusion proteins was shown to induce higher allergen-specific IgG2a 
antibodies paralleled with decreased levels of both specific IgE and Th2 cytokines (IL-5 and IL-13) from 
mouse serum, when compared with the flagellin/allergen mixture77–80. 

1.5.2 Flagellin:allergen fusion proteins activate mDCs which subsequently suppress Th2 responses 

Next, we checked which cell types might contribute to the observed immune modulating effects of the 
flagellin:allergen fusion proteins in vivo. Here, we first analyzed one of the most important target cells 
for vaccination, dendritic cells. Our results showed, that rFlaA:allergen-stimulated myeloid dendritic 
cells (mDCs) could modulate allergen-specific T cells responses, including suppressing Th2 cytokine (IL-
4, IL-5, and IL-13) production77,78,80. Interestingly, rFlaA:OVA was shown to also suppress Th1 cytokine 
IFN-γ80, while both rFlaA:Artv1 and rFlaA:Betv1 could induce higher IFN-γ secretion in mDC:CD4+ T cell 
(TC) co-cultures in vitro77,78, indicating that different conjugates might result in slightly different overall 
responses. We also checked the cytokines secreted from mDCs after stimulation with the flagellin-
containing fusion proteins, and could show that, compared to rFlaA/allergen mixtures, fusion proteins 
induced both higher pro- (IL-6, IL-1β, TNF-α, and IL-12) and anti-inflammatory (IL-10) cytokine 
production76–79,95. Moreover, the suppressive effect on allergen-specific Th2 cytokine production was 
demonstrated to depend on the induced anti-inflammatory IL-10 secretion from rFlaA:allergen-
stimulated mDCs79. Besides cytokines, rFlaA:allergen-treated mDCs also express higher surface levels 
of the maturation markers CD40, CD69, CD80, and CD8676,77. Next, to further better understand how 
rFlaA:allergen fusion proteins mediate dendritic cell responses, we moved on to dissect the underlying 
intracellular signaling pathways. 
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1.5.3 Flagellin:allergen fusion proteins induce a MyD88- and MAPK-dependent, but TLR5-
independent activation of mDCs 

In nature, flagellin can bind to cell-surface expressed TLR5, which further recruits downstream signaling 
molecule myeloid differentiation primary-response protein 88 (MyD88). This leads to the activation of 
interleukin-1 receptor-associated kinase (IRAK)1/4 and TNF-receptor-associated factor 6 (TRAF6)96,97 
(Figure 3). TRAF6 and IRAK1 in turn activate TGF-β-activated kinase 1 (TAK1), resulting in the 
phosphorylation of IκB kinase (IKK) complex and activation of mitogen-activated protein kinases 
(MAPK)96,97 (Figure 3). The phosphorylation of IKK leads to the degradation of IκB and the activation of 
the nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB) pathway96,97 (Figure 3). Both 
NFκB- and MAPK-activation can trigger the activation of many different genes (Figure 3), which finally 
induce immune cells to express co-stimulatory markers, migrate to the draining lymph nodes, and 
secrete cytokines and chemokines involved in inflammatory responses96,97. Therefore, we also checked 
if rFlaA:allergen fusion protein-mediated mDC activation depended on either TLR5- or MyD88-signaling 
pathways. Interestingly, while rFlaA:OVA induced a TLR5-dependent IL-10 production, all cytokines 
secreted after stimulation of mDCs with rFlaA:Bev1 were shown to be TLR5-independent78,79. 
Moreover, in MyD88-deficient mDCs, both rFlaA:OVA- and rFlaA:Bev1-induced mDC activation and 
cytokine secretion was abrogated78,79. Furthermore, in our most recent publication, we demonstrated 
higher phosphorylation of all investigated MAPK (Jun N-terminal kinases (JNK)-, extracellular signal-
regulated kinase 1/2 (ERK)- and p38-MAPK), as well as decreased expression of IκB with higher levels 
of phosphorylated NFκB molecules after rFlaA:Bev1 stimulation in mDCs compared to the equimolar 
mixture of rFlaA and rBet v 195. Using different inhibitors we could show, that the induced intracellular 
pathways differentially contributed to rFlaA:Bev1-induced inflammatory cytokine secretion95. These 
results showed that, instead of via the activation of the surface TLR5, the induced mDC activation was 
mediated by intracellular MyD88-, MAPK-, and NFκB-pathways. This strong activation of intracellular 
signaling pathways by rFlaA:allergen fusion proteins is likely due to their tendency to form high 
molecular aggregates. In line with this speculation, we also showed that rFlaA:OVA, rFlaA:Artv1, and 
rFlaA:Betv1 were taken up more strongly by mDCs than the respective mixtures of both proteins77–79. 
The higher uptake of rFlaA:Betv1 by mDCs also contributed to the observed cytokine production78.  
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Figure 3: Intracellular signaling events triggered by the activation of TLR5 
The binding of flagellin to TLR5 recruits the adaptor protein MyD88, and further triggers its association with IRAK4, IRAK1, 
and TRAF6 as a complex96,97. IRAK4 in turn induces the phosphorylation of IRAK1 and induces the activation of TAK1. TAK1 
then phosphorylates both MAPK and IKKα & IKKβ that belong to the IKK complex96,97. The IKK complex can phosphorylate 
IκB, leading to the ubiquitylation and degradation of protein, allowing the transcription factor NFκB to translocate to the 
nucleus96,97. NFκB- and MAPK-activated transcription factor AP1 both can regulate inflammatory gene expression and 
activate immune responses96,97. Abbreviations: TLR5: Toll-like receptor 5, MyD88: myeloid differentiation primary-response 
protein 88, IRAK: interleukin-1 receptor-associated kinase, TRAF: TNF-receptor-associated factor, TAK1: transforming-
growth-factor-β-activated kinase, MAPK: mitogen-activated protein kinase, JNK: Jun N-terminal kinases, ERK: extracellular 
signal-regulated kinase 1/2, IKK: IκB kinase, NFκB: nuclear factor kappa-light-chain-enhancer of activated B cells, AP1: 
activator protein 1. 

1.5.4 Flagellin:allergen fusion proteins induce a MyD88-, MAPK-, and mTOR-dependent, but TLR5-
independent Warburg Effect in mDCs 

When analyzing the effects of flagellin:allergen fusion proteins on mDCs, we also observed a striking 
yellow-coloring of cell culture medium77,78,95. This phenomenon, which is called the “Warburg Effect”, 
was first described by Otto Warburg, who discovered it under aerobic conditions in cancer cells98. The 
phenomenon is due to cells changing their glucose metabolism from complete oxidation of glucose in 
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oxidative phosphorylation (OXPHOS) towards preferentially generating lactate in glycolysis (Figure 4). 
Under normal metabolic conditions, cells take up glucose from their surrounding and process it into 
pyruvate99. The pyruvate is then imported into the mitochondrion, where it is metabolized in a 
multistep process called the Krebs cycle, resulting in the generation of CO2 exported from the cell and 
energy in the form of the reduction equivalents NADH and FADH2100 (Figure 4A). These reduction 
equivalents are then used in OXPHOS at the inner membrane of the mitochondrion. Here, oxygen 
molecules are used as terminal electron acceptors to form a proton gradient over the inner 
mitochondrial membrane that drives the generation of large amounts of ATP by the ATP synthase 
complex100 (Figure 4A). However, under certain conditions, the cell can predominantly produce lactate 
from glucose instead of using oxygen to completely metabolize glucose into CO2101. The accumulation 
of lactate leads to the export of protons that turns the red color of the phenol red pH indicator dye in 
the cell culture medium to yellow (Figure 4B). As we have learned in the last years, this switch towards 
glycolysis (also called the Warburg Effect), not only allows cancer cells to survive under oxygen-
deprived conditions but is also used to fulfill the rapid energy demand of activated immune cells, 
especially APCs like dendritic cells and M1 macrophages102–106. Monitoring the metabolic changes 
occurring in immune cells can also give us hints on either disease progression or treatment outcome. 
During allergic inflammation, the involved immune cells also change their metabolic phenotypes. These 
changes and their functional implications were discussed in detail in several reviews published by us107–

109. 

 

 
Figure 4: Steady-state glucose metabolism compared to the Warburg Effect observed in either cancer cells or activated 
immune cells 
Under normal conditions, cells take up glucose from the medium and convert it into pyruvate99 (A). Pyruvate is then 
transported into the mitochondrion and metabolized to Acetyl-CoA that is used in the Krebs cycle to generate CO2 and the 
reduction equivalents NADH and FADH2 for the next step of cellular respiration that takes place at the inner mitochondrial 
membrane100. This step, known as OXPHOS, requires oxygen as terminal electron acceptor. Finally, 36 mol of ATP/mol 
glucose are generated after OXPHOS, which is the main energy source of eukaryotic cells100 (A). Under certain conditions 
(for example in cancer cells, strongly proliferating cells, and activated M1-macropahges or dendritic cells), cells prefer to 
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convert pyruvate into lactate rather than metabolizing pyruvate via the Krebs cycle101 (B). Although this process only 
generates 2 mol of ATP/mol glucose, the rate of generating ATP is faster than the complete oxidation of glucose in the 
mitochondria110. Besides, this lack of pyruvate in the mitochondrion results in a “disrupted Krebs cycle,” leading to the 
accumulation of biosynthetic intermediates (e.g. NO, ROS, prostaglandins, and itaconate) needed for certain immune cell 
effector functions109. Moreover, the predominant production of lactate leads to a decrease in extracellular pH that turns 
the red color of the phenol red dye in the cell culture medium to yellow, known as the “Warburg Effect” (B). Abbreviations: 
OXPHOS: oxidative phosphorylation, NO: nitric oxide, ROS: reactive oxygen species. 

Therefore, we further analyzed which signaling pathways contributed to the rFlaA:allergen fusion 
protein-induced Warburg Effect from mDCs, and found that it was again MyD88-dependent but TLR5-
independent78. Interestingly, we identified a JNK-MAPK-dependent activation of the mTOR pathway to 
mediate the rFlaA:Betv1-induced Warburg Effect in mDCs78,95. Furthermore, blocking of either mTOR- 
or JNK-MAPK-activation with either rapamycin or SP600125 suppressed the rFlaA:allergen-induced 
Warburg Effect from mDCs77,78,95. mTOR is a conserved serine/threonine protein kinase that belongs 
to the phosphatidylinositol 3-kinase-(PI3K) family. mTOR can recognize and integrate various 
nutritional and environmental stimuli, including levels of growth factors, cellular energy reserves, and 
stress levels111. Recent research has revealed that mTOR is a master regulator of cellular metabolism 
that also affects innate and adaptive immune responses111. Based on these functions of mTOR, we also 
demonstrated that blocking the mTOR pathway could suppress both rFlaA:Artv1- and rFlaA:Betv1-
induced anti-inflammatory IL-10 secretion77,78, showing mTOR to connect metabolic changes and 
dendritic cell functions after rFlaA:allergen fusion protein stimulation. 

1.6 Summary of our previous work and open questions 

Taken together, we made a detailed in vivo and in vitro analysis of the immune modulating properties 
of flagellin:allergen fusion proteins and the underlying signaling pathways and molecular mechanisms. 
So far our studies focused on the activation of dendritic cells by the generated rFlaA:allergen fusion 
proteins. We found that rFlaA:allergen fusion proteins could activate DCs which were able to suppress 
allergen-specific Th2 responses, supporting our original concept, that rFlaA:allergen fusion proteins 
can potentially be a novel treatment for type I allergies (our findings are summarized in Figure 5). 
However, dendritic cells are likely not the only cell type that contribute to the overall immune 
responses induced by flagellin:allergen fusion proteins. So far, the effects of rFlaA:allergen fusion 
protein on other cell types remains largely unknown. Besides, additional studies to find and 
characterize novel adjuvants and dissecting their mechanisms of action are still essential for future 
(allergy) vaccine development. Therefore in this thesis, I analyzed (1) the potential of a carbohydrate-
based mannooligosaccharides (Man) with different sizes and linkages as a novel adjuvant, and also 
investigated the effects of rFlaA:Betv1 on either (2) lung epithelial cells or (3) macrophages.  
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Figure 5: Currently published in vivo and in vitro mechanisms of rFlaA:allergen fusion proteins 
Prophylactic vaccination with rFlaA:OVA could prevent OVA-induced allergic clinical symptoms in vivo79,80, and all 
investigated rFlaA:allergen fusion proteins were shown to induce allergen-specific IgG2a antibodies, with decreased levels 
of both IgE and Th2 cytokines from mouse serum after injection77–80 (A). The effects of rFlaA:allergen fusion proteins on 
mDC activation were also analyzed in vitro76–79,95 (B). Results showed that rFlaA:allergen fusion proteins could form high 
molecular aggregates, which were taken up more strongly by mDCs than the respective mixtures of both proteins77–79. 
Moreover, rFlaA:allergen fusion proteins could induce a TLR5-independent secretion of pro- and anti-inflammatory 
cytokines78,79 that was shown to promote allergen-specific Th1 responses while suppressing Th2 responses in mDC:CD4+ T 
cell co-cultures in vitro77–80. Finally, rFlaA:allergen fusion proteins were shown to induce metabolic changes in mDCs, 
resulting in the yellow-coloring of cell culture medium, which is called the “Warburg Effect”77,78,95 (B). For more information, 
see text. Abbreviations: rFlaA:allergen: fusion protein consisting of Listeria monocytogenes flagellin fused to allergen, TLR: 
“Toll”-like receptor, mDC: myeloid dendritic cell.  
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2 Aims of this thesis 

The main purpose of this thesis was to analyze the immune-modulating effects of 
mannooligosaccharides (Man) as novel adjuvants and the vaccine candidate (rFlaA:Betv1, consisting of 
Listeria monocytogenes flagellin fused to the major birch pollen allergen Bet v 1) for type I allergy 
treatment using different immune cell types. 

The specific questions included: 

Investigation of mannooligosaccharides (see also Figure 6 ① & chapter 1): 

- Could different size and linkage of Man activate mDCs by stimulating cytokine production, 
changing their metabolic state, and further affect T cell responses?  

- Which signaling pathways contribute to the activation of mDCs by Man?  

Investigation of the immune modulating effects of rFlaA:Betv1 on  

Epithelial cells (see also Figure 6 ② & chapter 2): 

- Could epithelial cells be activated by rFlaA:Betv1?  

- What is the detailed mechanism of rFlaA:Betv1-mediated epithelial cells activation?  

- How do rFlaA:Betv1-stimulated epithelial cells modulate mDC responses? 

Macrophages (see also Figure 6 ③ & chapter 3): 

- Could rFlaA:Betv1 activate bone marrow-derived macrophages (BMDMs)?  

- Which signaling pathways contribute to the observed rFlaA:Betv1-induced BMDM cytokine 
production and glycolytic phenotype?  

- Could rFlaA:Betv1-stimulated BMDMs modulate allergen-specific T cell responses? 
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Figure 6: Graphical overview of the thesis’ aims 
Depicted are the three subprojects analyzing the potential of mannooligosaccharides as novel adjuvants ①, and the 
investigation of different cell types (epithelial cells ② & macrophages ③) which contribute to the immune modulation by 
the flagellin:allergen fusion protein rFlaA:Betv1. Abbreviations: mDCs: myeloid dendritic cells, BMDMs: bone marrow-
derived macrophages. 
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Dendritic Cells by Binding the TLR4/MD-2 Complex 
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6 General Discussion & Summary 

In the present studies, we investigated the potential of β-(1→4)-mannobiose (Man2) as a novel 
adjuvant and the immune mechanisms in cell types activated by the therapeutic candidate rFlaA:Betv1 
suggested for the intervention of type I allergies. Our overall findings are summarized in Figure 7 and 
will be discussed here. 

6.1 Man2 has potential as a novel adjuvant as it can activate dendritic cells 

In chapter 1, we showed that Man2 could activate both dendritic cells and macrophages, two 
important APCs which play a role during vaccination. Mechanistically, Man2 induced a TLR4/  
complement C3a receptor (C3aR)-dependent inflammatory cytokine production and the upregulation 
of co-stimulatory molecules. More specifically, Man2-induced IL-6, TNF-α, IL-1β, and IFN-β secretion 
was shown to be both TLR4- and C3aR-dependent, while IL-10 secretion was only mediated by the TLR4 
pathway. Distinct activation of pro-and anti-inflammatory cytokines allows the development of 
improved intervention strategies with predominant anti-inflammatory response. Besides, Man2 
treatment-induced activation of the MAPK-/ NFκB-pathways and triggered a switch towards a 
glycolytic metabolic phenotype in mDCs. Finally, and most importantly, Man2-stimulated mDCs 
enhanced antigen-specific T cell-derived IL-2 production, demonstrating that Man2 has potential as a 
vaccine adjuvant (Figure 7A). 

6.2 rFlaA:Betv1 can activate both epithelial cells and macrophages which are important target 
cells for allergy treatment 

In our group’s previous studies, the flagellin:allergen fusion protein rFlaA:Betv1 was shown to suppress 
allergic sensitization in vivo77,78,80 and the underlying mechanisms were further studied in mDCs78,95. 
However, the effects of flagellin:allergen fusion proteins on other cell types require further 
investigation to better understand the immune modulating potential of these constructs. Therefore, in 
chapters 2 and 3, we analyzed the effect of rFlaA:Betv1 on mouse epithelial cells and macrophages.  

During allergic sensitization to birch pollen, airway epithelial cells are the first line of contact with the 
allergens. They serve as a physical barrier but also release cytokines or chemokines in order to recruit 
and modulate immune cells like DCs and further promote Th2 response112. Therefore, in the 
development of therapeutic approaches, modifying the response of airway epithelial cells to allergens 
could be an attractive treatment option. For this, in chapter 2, we checked for the effect of our 
rFlaA:Betv1 fusion protein on LA-4 cells, a mouse lung epithelial cell-line, and further analyzed the 
modulatory capacity of rFlaA:Betv1-stimulated LA-4 cells on mDC responses. Our results showed, that 
rFlaA:Betv1 could induce a MAPK- and NFκB-dependent, but TLR5-independent secretion of the 
myeloid chemoattractants CCL2 and CCL20, as well as the pro-inflammatory cytokine IL-6. Additionally,  
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rFlaA:Betv1-activated LA-4 cells could modulate mDC response by decreasing their IL-12 and TNF-α 
production while maintaining rFlaA:Betv1-stimulated IL-6, TNF-α, and IL-1β secretion. This effect was 
shown to depend on factors secreted from rFlaA:Betv1-stimulated epithelial cells. Here, we found that 
rFlaA:Betv1 induced a higher p38-MAPK and cyclooxygenase 2 (COX2)-dependent prostaglandin E2 
(PGE2) production in LA-4 cells. Furthermore, supernatant derived from COX2-inhibitor pre-treated LA-
4 cells, which did no longer contain PGE2, dose-dependently reversed the suppressive effect of LA-4 
cells on mDC-derived IL-12 and TNF-α secretion (Figure 7B). Therefore, epithelial cells also contribute 
to the immune-modulating capacity of our flagellin:allergen fusion protein, as they were shown to both 
communicate with APCs and modulate APC responses. 

APCs play an essential role in connecting innate and adaptive immunity. Not surprisingly, they also 
have an important function in allergic responses by presenting allergens to T cells and shaping the 
overall immune reaction toward Th2 responses113. Previously, our group found that rFlaA:Betv1 could 
activate mDCs by inducing the secretion of both pro-(IL-6, IL-12, and TNF-α) and anti-inflammatory (IL-
10) cytokines. Interestingly, the fusion protein also induced a JNK-MAPK- and mTOR-dependent 
metabolic switch towards glycolysis (also called the Warburg Effect) that contributed to the strongly 
immune modulating IL-10 secretion induced by rFlaA:Betv178,95. However, the effect of flagellin fusion 
proteins on macrophages, another important type of APC, was so far unknown. Therefore, in chapter 
3, we used different approaches to thoroughly investigate the effect of our rFlaA:Betv1 fusion protein 
on BMDMs. The results showed that (1) rFlaA:Betv1 induced higher secretion of both pro-inflammatory 
IL-6, TNF-α, IL-1β, and anti-inflammatory IL-10 from BMDMs compared to the mixture of both proteins. 
(2) By measuring the Warburg Effect and using Seahorse Extracellular Flux technology, we could show 
that rFlaA:Betv1 triggered a pronounced shift towards glycolysis in BMDMs. (3) The induced cytokine 
secretion and Warburg Effect were shown to be mainly dependent on MyD88- and JNK-MAPK 
activation, while only being partially TLR5-dependent. (4) In contrast to the previously analyzed mDCs, 
mTOR activation could only modulate rFlaA:Betv1-induced IL-10 production in the short-term (up to 
24 hours) and only partially mediated the induced Warburg Effect. (5) Using RNA-Seq analyses, we 
again confirmed the up-regulation of glycolysis-related signaling pathways in rFlaA:Betv1-stimulated 
BMDMs. Moreover, we identified the significant up-regulation of Janus kinase (JAK)-signal transducer 
and activator of transcription (STAT)-transcription factor hypoxia-inducible factor 1 α (HIF-1α) signaling 
in transcriptomic samples, which was confirmed in protein expression analyses by Western Blot. (6) 
Finally, rFlaA:Betv1-stimulated BMDMs showed a pronounced T cell-modulatory capacity by 
suppressing the secretion of Th2 cytokines (IL-5 and IL-13) from Bet v 1-specific Th2-biassed CD4+ T 
cells while at the same time increasing both Th1- (IFN-γ) and anti-inflammatory (IL-10) cytokine 
secretion (Figure 7C). 
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Figure 7: Summary of the findings obtained in this thesis 
The proposed molecular signaling events underlying Man2-induced mDC activation (A). Suggested mechanisms 
contributing to rFlaA:Betv1-mediated activation of LA-4 epithelial cells (B) and BMDMs (C). For more information, see the 
text above. Abbreviations: mDCs: myeloid dendritic cells, BMDMs: bone marrow-derived macrophages, Man2: β-(1→4)-
mannobiose, OVA: egg allergen ovalbumin, TLR: Toll-like receptor, MD2: myeloid differentiation factor 2, C3aR: 
complement C3a receptor, MAPK: mitogen-activated protein kinase, NFκB: nuclear factor kappa-light-chain-enhancer of 
activated B cells, mTOR: mammalian target of rapamycin, COX2: cyclooxygenase 2, PGE2: prostaglandin E2, HIF-1α: 
transcription factor hypoxia-inducible factor 1 α. 
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6.3 Man2 and rFlaA:Betv1 are promising tools to modulate allergen-specific immune responses 

Taken together, in this thesis we found that: (1) Man2 could drive mDC activation with enhanced T-cell 
stimulatory capacity, showing its potential as a vaccine adjuvant. And that (2) rFlaA:Betv1 could 
activate both epithelial cells and macrophages, demonstrating these two cell types to also contribute 
to the immune-modulatory effects of flagellin-containing fusion proteins previously observed in vivo 
(Figure 7). Therefore, epithelial cells and macrophages likely are important target cells which should 
be considered during therapy development for type I allergies. 

In the following sections, I would like to further discuss our findings in more detail, including what is 
the difference between using a carbohydrate-based compound (Man2) as a potential adjuvant 
compared to a fusion protein containing the TLR5-ligand flagellin; why it is important to investigate 
different cell types when developing immunotherapy for allergies; what are the differences between 
rFlaA:Betv1-activated mDCs and BMDMs; why is it important to study changes in the respective cells’ 
metabolic phenotype during treatment development; what are the strengths of either Man2 as an 
adjuvant or flagellin:allergen fusion proteins as potential therapeutics for type I allergy; and finally, 
what is the outlook of this thesis. 

6.4 The differences between using either Man2 or flagellin-conjugate as novel adjuvants 

This study tested two different adjuvants, the carbohydrate-based Man2 (chapter 1) and the bacterial 
protein flagellin (chapter 2&3). In the second case, we genetically fused flagellin with antigens to 
combine them into a single molecule in order to improve both targeting of the antigen to the desired 
cells in vivo and increasing the fused antigen’s immunogenicity. There were several different features 
when using these two adjuvants (summarized in Figure 8) which are discussed below: 

6.4.1 Man2-mediated cell activation through the TLR4/MD2 pathway, while flagellin:allergen 
fusion protein showed TLR5-independent, MAPK-mediated cell activation 

In chapter 1, we found that Man2 activated mDCs mainly via the TLR4/ myeloid differentiation factor 
2 (MD2) pathway. Stimulation with Man2 led to a pronounced MAPK- and NFκB-activation, and by 
using the TLR4 inhibitor TAK-242, we demonstrated the secretion of pro-inflammatory cytokines and 
expression of CD markers to be TLR4-dependent. These responses were probably MyD88-dependent, 
as MyD88 is essential for TLR4-signaling, and TAK-242 was shown to inhibit the recruitment of both the 
TLR adaptor proteins MyD88 and TRIF by binding to Cys747 in the intracellular domain of TLR4114.  
Besides, the overall levels of Man2-induced DC activation were also comparable to another well-
characterized TLR4-ligand Lipopolysaccharide (LPS).   
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In contrast, the investigated flagellin:allergen fusion protein rFlaA:Betv1 activated mDCs in a TLR5-
independent manner78, which was also demonstrated in epithelial cells (chapter 2). Mechanistically,  
we excluded the possibility, that fusing Bet v 1 to flagellin might affect the TLR5 binding affinity of the 
resulting fusion protein (data shown in chapter 3). Furthermore, a recent structural study described 
that fusion of Bacillus cereus flagellin (that similarly to our Listeria monocytogenes FlaA, contains only 
the D0 and D1 domains and lacks the hypervariable D2 and D3 domains) to T4 lysozyme at the C-
terminal also didn’t affect the binding capacity to human TLR5115. One of the potential mechanisms 
how flagellin:allergen fusion proteins activate their target cells was to induce a strong uptake based on 
their high molecular aggregation78 (chapter 2 & 3). This theory was confirmed by treating cells with 
Alexa Flour 488-labeled rFlaA:Betv1. Both FACS- or fluorescence microscopy analyses previously 
demonstrated a higher uptake of rFlaA:Betv1 into mDCs78. This was also confirmed in this thesis for LA-
4 epithelial cells (chapter 2). Furthermore, this enhanced uptake was again shown to be TLR5-
independent in mDCs78. Aggregates were recently also shown to be beneficial in an allergy treatment 
approach. A recent study from Najafi et al. showed, that a recombinant fusion protein consisting of Bet 
v 1 and Phl p 5 also forms aggregates, which could induce production of allergen-specific IgG antibodies 
in vivo, while efficiently reducing mast cell activation (reduced β-hexosaminidase release from RBL 
cells) in vitro compared to the mixture of both allergens116.  

The second possible mechanism by which rFlaA:Betv1 more strongly activates immune cells compared 
to the mixture of both single proteins was the activation of other receptors than TLR5 by the 
flagellin:allergen fusion protein. It is well known that flagellin can not only activate TLR5 but also bind 
to the intracellular NLR family CARD domain containing 4 (NLRC4) (also named ICE-protease activating 
factor (IPAF))117 and further induce inflammasome activation. In more detail, NLRC4 together with NLR 
family apoptosis inhibitory protein (NAIP) can bind to intracellular flagellin, leading to oligomerization 
of NLRC4 and its subsequent interaction with apoptosis-associated speck-like protein (ASC) forming 
the inflammasome complex118. Once this complex is formed, ASC and the CARD domain of NLRC4 can 
catalyze the cleavage of pro-Caspase-1 protein to its active form, resulting in the cleavage of pro-IL-1β 
and pro-IL-18 to their respective active forms which are secreted by activated immune cells to 
modulate immune responses118. IL-1β produced by inflammasome activation is known to modulate 
secretion of other cytokines from immune cells, such as IL-6, TNF-α, and IL-1α119. In another, currently 
still unpublished side-project of this thesis, rFlaA:Betv1 could indeed induce inflammasome activation, 
but surprisingly not only NLRC4-, but also NLRP3-dependently (Lin et al., in preparation). Currently, it 
is well studied that different stimuli can activate the NLRP3-inflammasome120. Two proposed 
mechanisms by which rFlaA:Betv1 might activate the NLRP3-inflammasome are: (1) the aggregated 
structure of rFlaA:Betv1 may lead to lysosomal disruption as already described for crystal particles like 
uric acid or alum, two well-known NLRP3 activators121. (2) Research showed that immune cells shift 
their metabolic phenotype toward glycolysis, which could lead to a disrupted Krebs cycle and release 
mitochondrial reactive oxygen species (ROS), mitochondrial DNA, or Krebs cycle intermediates (e.g. 
succinate) to the cytosol which further activate the NLRP3-inflammasome122–124. Our studies on 
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mDCs78,95 and BMDMs (chapter 3) also demonstrated higher rates of glycolysis in both cell types after 
rFlaA:Betv1 stimulation, indicating the possibility of rFlaA:Betv1 to promote NLRP3 activation. These 
results suggest, that in addition to signaling pathways traditionally known to be triggered by flagellin 
alone, aggregated flagellin:allergen fusion proteins might induce additional signaling pathways that 
contribute to their superior immune activating capacity. 

Besides NLRs, another intracellular TLR, TLR11, which localizes in the endolysosomal compartment, 
was recently reported to bind flagellin125. The activation of TLR11 was reported to be independent of 
TLR5126,127, and TLR5-/- mice express higher levels of TLR11, which could explain that TLR5-/- mice 
showed improved resistance to S. typhimurium infection126,128. More interestingly, TLR11 could also 
recognize another major birch pollen allergen Bet v 2 (a profilin)129. Besides TLR11, TLR12 was reported 
to form a heterodimer with TLR11, and was more dominantly expressed in myeloid cells like DCs or 
macrophages126,130. Since both TLR11 and TLR12 require the adaptor molecule MyD88 for activating 
downstream signaling pathways130, this hypothesis might explain why MyD88 still plays an essential 
role in rFlaA:Betv1-mediated mDC- and macrophage-activation while the induced cytokine and 
metabolic changes were shown to be largely TLR5-independent78 (chapter 3). 

6.4.2 Flagellin:allergen fusion proteins induce a mTOR-dependent IL-10 secretion and metabolic 
switch towards glycolysis, while Man2 did not activate the mTOR pathway in mDCs 

Upon stimulation, dendritic cells show increased rates of glycolysis to quickly generate energy for the 
induction and maintenance of immune responses109. In this study, both Man2 and rFlaA:Betv1 strongly 
increased glycolysis in mDCs78 (chapter 1), but the underlying regulatory pathways were shown to be 
different between both constructs.  

In Western Blot analysis, rFlaA:Betv1 induced higher phosphorylation of mammalian target of 
rapamycin complex 1 (mTORC1) target protein P70 S6 kinase (p70S6K) in mDCs95. Furthermore, by pre-
treating mDCs with the mTORC1 inhibitor rapamycin, the rFlaA:Betv1-induced Warburg Effect, glucose 
consumption, and IL-10 secretion were demonstrated to be mTOR-dependent78,95.  

In contrast, Man2-stimulation did not induce p70S6K-phosphorylation, indicating that pathways other 
than mTOR regulate both glycolysis and IL-10 secretion in Man2-stimulated mDCs (chapter 1). One of 
the possible pathways is the MAPK cascade, as both Man2- and rFlaA:Betv1-stimulated mDCs showed 
higher phosphorylation of JNK-, ERK- and p38-MAPK78 (chapter 1). In line with our results, MAPK 
pathways were shown to be important for the regulation of glucose metabolism131, and the JNK-MAPK 
was previously reported to play a role in regulating MPLA- and rFlaA:Betv1-induced glycolysis95,132.  
Besides, a recent study by Jin and colleagues demonstrated, that the TLR4 agonist LPS could activate 
the JNK-MAPK pathway, further mediating pyruvate kinase M2 (PKM2) acetylation in DCs, which 
increased IL-12p35 secretion133. This upregulation of IL-12p35 was important for Th1 cell 
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differentiation, suggesting its importance for type I allergy treatment133. MAPK are also important for 
IL-10 secretion induced by TLR4-ligands, as both ERK- and JNK-MAPK were reported to regulate LPS-
induced IL-10 secretion in mDCs134,135. Furthermore, our results showed, that Man2-induced mDC 
activation was dependent on both the TLR4/MD2 receptor complex and the complement receptor 
C3aR. The available literature indicated that C3aR is located downstream of TLR4 signaling, which can 
result in further activation of MAPK pathways in several different immune cells including macrophages 
and mast cells136,137. Currently, there are only limited studies available investigating the effects and 
underlying mechanisms of mannans, more specifically, different sizes and linkages of mannose on the 
activation of immune cell metabolism or cytokine secretion. Therefore, further research is needed to 
build on our promising initial results. 

 
Figure 8: Man2 and Flagellin:allergen fusion activate dendritic cells differently 
Stimulation of mDCs with Man2 results in a both TLR4/MD2- and C3aR-dependent secretion of pro-inflammatory cytokines 
IL-6, IL-1β, TNF-α, and IFN-β as well as the up-regulation of the co-stimulatory surface markers CD40, CD80, and CD86; while 
anti-inflammatory IL-10 was only dependent on the TLR4/MD2 pathway. Furthermore, Man2 also induced strong 
phosphorylation of MAPK and a higher Warburg Effect, while only a slight activation of the NFκB signaling pathway was 
observed (A). The rFlaA:Betv1 fusion protein forms high molecular aggregates and displayed an increased uptake by mDCs. 
Moreover, rFlaA:Betv1 induced a TLR5-independent, but MyD88-dependent, cytokine production and metabolic switch 
towards increased glycolysis. In detail, rFlaA:Betv1 was shown to activate the mTOR pathway, which was responsible for 
both the induced Warburg Effect and IL-10 secretion. Finally, rFlaA:Betv1-induced pro-inflammatory cytokine production 
was regulated by MAPK- (IL-6 and TNF-α) and NFκB-signaling (TNF-α and IL-12), while IL-1β secretion was potentially 
induced by inflammasome activation78,95 (B). Abbreviations: mDCs: myeloid dendritic cells, Man2: β-(1→4)-mannobiose, 
TLR: Toll-like receptor, MD2: myeloid differentiation factor 2, C3aR: complement C3a receptor, MyD88: myeloid 
differentiation primary-response protein 88, MAPK: mitogen-activated protein kinase, NFκB: nuclear factor kappa-light-
chain-enhancer of activated B cells, mTOR: mammalian target of rapamycin. 
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From the above-discussed section (6.4), we reviewed our findings from chapter 1 and compared the 
differences between Man2 and flagellin fusion proteins on dendritic cell activation. Both adjuvants 
displayed potential for improving allergy treatment. However, dendritic cells are not the only cell type 
contributing to the overall immune responses induced by the different stimuli. Therefore, in the 
following section, I would like to discuss our findings on rFlaA:Betv1-stimulated epithelial cells and 
BMDMs, and further compare the different signaling pathways between rFlaA:Betv1-activated  
BMDMs and mDCs, thereby demonstrating the importance of analyzing different cell types when 
developing novel adjuvants. Finally, I will summarize what is the potential for Man2 and rFlaA:Betv1 in 
allergy treatment. 

6.5 Why it is important to study different cell types in immunotherapy development: It is not just 
about DCs! 

In chapters 2 and 3, we tested the effects of rFlaA:Betv1 on both epithelial cells and macrophages. Our 
results demonstrated, that rFlaA:Betv1 could activate epithelial cells inducing the secretion of the 
chemoattractants CCL2 and CCL20, which can in turn recruit myeloid cells like DCs138,139. Moreover, 
rFlaA:Betv1-stimulated epithelial cells also secreted higher levels of PGE2, which is known to suppress 
Th2-inflammation during allergic responses in the lung140. Finally, PGE2 modulated mDC responses by 
suppressing rFlaA:Betv1-induced TNF-α- and IL-12- while at the same time maintaining IL-10 secretion 
(chapter 2). These results demonstrated, that intensive communication between epithelial cells and 
APC shapes the overall immune responses induced by flagellin:allergen fusion proteins.  

For macrophages, we found that rFlaA:Betv1 induced both pro- and anti-inflammatory cytokine 
secretion, a metabolic profile characterized by strongly increased rates of glycolysis, and, most 
importantly, rFlaA:Betv1-stimulated macrophages suppressed production of Th2 cytokines from Bet v 
1-specific T cells (chapter 3). Therefore, our results indicated, that epithelial cells and macrophages are 
also important target cells that should be considered when developing novel therapeutics for allergen 
immunotherapy. 

Dendritic cells are well-known to be important for linking innate and adaptive immunity. Therefore, 
when developing vaccine adjuvants, DCs usually are the primary investigated target cells141. Not only 
TLR-ligand based adjuvants, but also Alum- or MF59-adjuvanted vaccines require DCs for inducing 
proper adaptive immune responses141–143. In this project, both Man2 and rFlaA:Betv1 were also first 
tested for their capacity to activate mDCs. Here, both strongly triggered mDC activation and influenced 
their T cell priming capacity76–80,95 (chapter 1).  

However, the establishment of the overall immune response is a complex process that requires the 
interaction of different cell types. Accordingly, increasing evidence has recently emerged showing, that 
other cell types are also involved in the immune systems response to vaccination141,144–147. For example, 
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the adjuvant MF59 was shown to directly activate muscle fibers at the injection site which displayed 
transcriptional changes147. Besides, in an in vivo study Vono et al. demonstrated that after 
intramuscular injection of MF59 as an adjuvant for a trivalent influenza vaccine, mouse muscle cells 
released higher amounts of ATP at the injection site, which was necessary for MF59's ability to induce 
both CD4+ T cell activation and IgG antibody production146. Upon intranasal administration, studies 
showed, that flagellin could induce secretion of the chemokine CCL20 from epithelial cells145. 
Furthermore, flagellin mixed with antigens was also shown to induce GM-CSF secretion from local 
epithelial cells, contributing to antigen presentation by DCs144 . The involvement of macrophages in the 
adjuvanticity of antibody responses in the Corynebacterium parvum vaccine was already described in 
1976148. Both lymph node resident and CD169+ subcapsular macrophages were also shown to influence 
antigen presentation and IgG production upon application of either CpG, Alum, MF59, or QS-21 
adjuvants149,150. Not surprisingly, antibody-producing B cells were also reported to play a role for the 
responses induced by TLR-based adjuvants151. In summary, these studies indicated that not just DCs 
should be considered when designing novel therapeutic and prophylactic strategies for allergen 
immunotherapy. 

Currently, most vaccine research is focused on the analysis of DC responses. So far there is little  
research making detailed comparisons of the effects of different vaccines/adjuvants on different 
immune cell types. Our research gives both insight and opportunity to compare the mechanisms 
underlying the immune activating and modulating properties of flagellin:allergen fusion proteins 
between different cell types. Understanding these differences and similarities between different cell 
types as well as the underlying molecular mechanisms will allow us establish a more complete picture 
of the overall immune responses induced by novel vaccines and therapeutics. In the following 
paragraph, we especially discuss the different mechanisms underlying the activation of two types APCs: 
dendritic cells and macrophages by rFlaA:Betv1. 

6.5.1 rFlaA:Betv1 activates different signal pathways in mDCs and BMDMs 

Dendritic cells and macrophages are both APCs; they share certain features while also displaying some 
differences. For example, DCs are more critical in stimulating T cell responses during disease 
progression, while macrophages control tissue homeostasis by phagocytosing and degrading dead cells, 
debris, and foreign material152. Besides, macrophages show both higher plasticity and flexibility during 
stimulation and are well-known to be sub-classified as either the M1 (pro-inflammatory/Th1-inducing) 
or M2 (anti-inflammatory/Th2-inducing) phenotype153. Here, the frequency and activity of M2-
macrophages are well known to correlate with the severity of the clinical symptoms of allergy154. 

Currently, studies reporting a direct comparison between macrophages and dendritic cells activated 
by either different vaccines or adjuvant are limited. Here in chapter 3, we thoroughly analyzed the 
mechanisms underlying rFlaA:Betv1-induced BMDM activation, which displayed some interesting 
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differences compared to the results observed for rFlaA:Betv1-stimulated mDCs from our previous 
research78,95. The findings are summarized in Figure 9 and the following paragraph. 

6.5.2 mTOR regulates both rFlaA:Betv1-induced IL-10 secretion and glycolysis differently in mDCs 
and BMDMs 

In our group’s previous studies, stimulation with rFlaA:Betv1 induced a higher phosphorylation of both 
PRAS40 and mTOR belonging to the mTOR-complex, as well as the mTOR target protein p70S6K at 
residue Thr389 in mDCs78. In chapter 3, we also demonstrated higher phosphorylation of p70S6K in 
rFlaA:Betv1-stimulated BMDMs, indicating that rFlaA:Betv1 activated mTOR-signaling in both cell types. 
However, when analyzing the contribution of mTOR to the rFlaA:Betv1-induced cytokine production 
and Warburg Effect, we found differences between mDCs and BMDMs: Pre-treatment of the cells with 
the mTOR-inhibitor rapamycin significantly suppressed both IL-10 secretion and the Warburg Effect in 
mDCs, and this strong suppression could still be observed 72 hours after treatment78. However, in 
BMDMs, rapamycin only suppressed rFlaA:Betv1-induced IL-10 secretion in the short-term (6-24 hours), 
and showed no effect on IL-10 secretion at the 96 hour time point, indicating mTOR to only modulate 
IL-10 secretion in the early phase of BMDM-activation after rFlaA:Betv1 stimulation. Additionally, we 
found that rapamycin dose-dependently but not significantly suppressed the rFlaA:Betv1-induced 
Warburg Effect in BMDMs, showing mTOR to only be partially involved in rFlaA:Betv1-induced 
glycolysis in BMDMs (chapter 3). 

These differences in regulation of the mTOR pathway between mDCs and BMDMs might be correlated 
to the differential activation of MAPK. It was shown, that MAPK signaling is important for macrophage-
derived IL-10 secretion and changes in metabolic phenotype upon either Schistosoma mansoni 
infection or LPS stimulation155–157. Besides, p38-MAPK activation can trigger mTOR-signaling and 
further block IL-10 secretion upon LPS stimulation in human monocytes and mouse BMDMs158. In our 
study, pre-treatment with MAPK inhibitors (targeting either p38-, JNK-, or ERK-MAPK) dose-
dependently reduced rFlaA:Betv1-induced IL-10 production either 72 or 96 hours post-stimulation in 
both mDCs95 and BMDMs (chapter 3). Here, mainly JNK-MAPK activation contributed to the induced 
Warburg Effect in both cell types95 (chapter 3). Moreover, MAPK was shown to be located up-stream 
of mTOR in mDCs95, which is currently unclear in BMDMs. These results indicate, that in mDCs 
rFlaA:Betv1 first activated MAPK signaling which then further promoted phosphorylation of the mTOR 
complex and mediated both increased glycolysis and IL-10 secretion. On the contrary, in BMDMs mTOR 
might be activated independently of MAPK signaling after rFlaA:Betv1-stimulation, while the former 
mediated short-term IL-10 secretion, and JNK-MAPK regulated both long-term IL-10 production and 
glycolysis (Figure 9). 
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6.5.3 TLR5 is partially involved in rFlaA:Betv1-induced TNF-α and IL-10 secretion from BMDMs but 
not from mDCs 

The other interesting difference between rFlaA:Betv1-mediated mDC- and BMDM-activation was TLR5 
dependency of the observed effects. Previous studies showed, that the rFlaA:Betv1-induced Warburg 
Effect, glucose consumption, and cytokine production from mDCs were all TLR5-independent78. 
However, in BMDMs, the induced TNF-α secretion was strongly dependent on TLR5, and IL-10 secretion 
was partially affected by TLR5-signaling (chapter 3). In contrast, rFlaA:Betv1-induced metabolic effects 
and other cytokines were unchanged in TLR5-deficient BMDMs compared to wild type controls 
(chapter 3). In line with our results, Hawn et al. also found impaired TNF-α secretion from TLR5-
deficient alveolar macrophages infected with Legionella pneumophila159. Nevertheless, the 
mechanisms that cause these differences between mDCs and BMDMs are still unclear and need further 
investigation. 

Taken together, our results demonstrated flagellin:allergen fusion proteins to activate different cell 
types via distinct signaling pathways. Understanding these cell type-specific differences may be helpful 
for the future design and application of therapeutics for allergy treatment. 

 
Figure 9: rFlaA:Betv1-induced glycolysis and cytokine secretion is regulated differently in mDCs and BMDMs 
Stimulation of mDCs with rFlaA:Betv1 results in a MAPK- and mTOR-dependent, but TLR5-independent long-term secretion 
of IL-10 and induction of the Warburg Effect78,95. At the same time, pro-inflammatory IL-6, TNF-α, and IL-12 production 
were only dependent on MAPK95 (A). In contrast, BMDMs showed a more complex activation pattern upon stimulation with 
rFlaA:Betv1. In short-term, both mTOR and MAPK modulated rFlaA:Betv1-induced IL-10, while TNF-α and IL-6 were only 
dependent on MAPK in rFlaA:Betv1- stimulated BMDMs (chapter 3) (B). In long-term, MAPK-activation contributed to both 
rFlaA:Betv1-induced metabolic changes and cytokine production in BMDMs, while mTOR-activity only partially mediated 
increased rates of glycolysis (chapter 3). Moreover, TLR5 partially contributed to both IL-10- and TNF-α-secretion (chapter 
3), which was not observed in mDCs78. Finally, in contrast to rFlaA:Betv1-stimulated mDCs78,95, no IL-12 was detected from 
rFlaA:Betv1-stimulated BMDMs (chapter 3). Abbreviations: mDC: myeloid dendritic cell, BMDM: bone marrow-derived 
macrophage, TLR: Toll-like receptor, MAPK: mitogen-activated protein kinase, mTOR: mammalian target of rapamycin. 
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6.6 Investigating the immune metabolism will allow us to better understand allergic pathology 
and find new targets for allergy treatment 

In recent years, it has become more apparent that immune cells change their metabolic state during 
activation to both fulfill their rapid energy needs and allow for their effector function. This newly 
emerging research field named “immune metabolism” will likely allow us to better understand disease 
pathology and find new targets to either combat disease or develop vaccines.   

Antigen-presenting cells like DCs and macrophages are reported to increase glycolysis upon stimulation 
with for example TLR-ligands160. In chapters 1 and 3, we tested Man2 on mDCs and rFlaA:Betv1 on 
BMDMs, and found that both stimuli induced a metabolic phenotype characterized by increased rates 
of glycolysis. For the novel adjuvant Man2, the upregulation of glycolysis could be correlated to the 
induced cytokine production of mDCs, which was also shown previously for rFlaA:Betv1-stimulation 
mDCs78,95. In line with our results, research from Oscar Palomares' group in Madrid also showed that 
allergoids conjugated to non-oxidized mannan enhanced the Warburg Effect and ROS production in 
human DCs57. Interestingly in the same group’s recent publication, in addition to influencing the 
resident DCs, mannan-allergoids could also reprogram monocytes into tolerogenic DCs by shifting their 
metabolic profile from glycolysis back to OXPHOS, which enhanced IL-10 expression and further 
expanded allergen-specific Treg cells in vitro161. Moreover, in chapter 3, we made a detailed analysis of 
rFlaA:Betv1-induced glycolysis in BMDMs by using different experimental approaches (Warburg Effect, 
glucose consumption, metabolic rate measurement, Seahorse Extracellular Flux technology, RNA-Seq 
analysis, and Western blot). Here, all results suggested that after rFlaA:Betv1 treatment, macrophages 
increased expression of glycolytic genes, the degree of extracellular acidification (ECAR), glucose 
consumption, glycolysis-related protein expression (glucose transporter 1 (Glut1) and 6-
phosphofructo-2-kinase/fructose-2,6-Biphosphatase 3 (PFKFB3)) paralleled by a decreased expression 
of the Krebs cycle protein aconitase 2 (ACO2), and the upregulation of the JAK-STAT-HIF-1α pathway. 
These results are in accordance with studies demonstrating macrophages activated by their TLRs to 
display an M1-phenotype, which show the activation of transcription factors such as NF-κB, STAT3, and 
HIF-1α, as well as a glycolytic-biased metabolism162. Interestingly, M1-macrophages were shown to 
improve allergic pathology163. Taken together, these results suggest, that by detecting metabolic 
changes in immune cells, we may be able to monitor either the efficacy or the treatment status during 
allergen-specific immunotherapy. 

Besides better understanding the mechanisms underlying the immune metabolic changes occurring 
during allergic responses and treatment, the other interesting potential of immune metabolism is to 
specifically target single molecules or metabolic pathways to improve existing therapeutic strategies 
or establish new ones. We recently summarized the current understanding of the immune metabolic 
changes in different cell types which are involved in allergy107–109. Currently, there is no treatment for 
allergic patients based on immune metabolism. However, ongoing research investigates using small 
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molecules and metabolic intermediates to reshape phenotype and effector functions of immune cells. 
A recent review by McDermott and O'Neill in 2020 summarizes the clinically tested small molecules 
that target metabolic processes in immune cells for application in inflammatory and autoimmune 
diseases164. For example, metformin, a widely-used small molecule for controlling type 2 diabetes (T2D), 
controls glucose metabolism by suppressing gluconeogenesis in the liver, inhibiting mitochondrial 
respiratory chain complex I, activating AMP-activated protein kinase (AMPK), and suppressing the 
mTOR complex165. Metformin was shown to be effective in models of systemic lupus erythematosus 
(SLE), colitis, and experimental autoimmune arthritis (EAE) by inducing anti-inflammatory responses164. 
For allergy treatment, a high-fat diet-induced obesity followed with OVA challenge in an asthma mouse 
model showed, that metformin could reduce the tissue eosinophil infiltration and TNF-α levels in 
bronchoalveolar lavage166. 

Next, dimethyl fumarate (DMF), currently used for relapse-remitting multiple sclerosis (RRMS) 
treatment, could achieve anti-inflammatory capacity by repolarizing T cell populations, and 
upregulating endogenous ROS in DCs, monocytes, and macrophages164,167. DMF also showed potential 
for the treatment of psoriasis, SLE, and colitis164. For anti-asthmatic therapy, Jaiswal et al. showed that 
in a HDM-induced murine allergic asthma model, DMF could reduce the migration ability of lung DCs 
and resulted in attenuation of both allergic sensitization and Th2 immune responses168. 

In addition, methotrexate, another small molecule broadly used as a chemotherapy treatment against 
a wide range of cancers, has also been successfully used for the treatment of immune-related diseases 
such as rheumatoid arthritis (RA), Crohn's disease, and psoriasis164. Methotrexate regulates 
inflammatory responses by inducing mitochondrial ROS in different immune cells like monocytes or 
cytotoxicity T-cells164,169,170. A clinical study presented by Patel et al. demonstrated that with 
methotrexate treatment, 25 out of 32 patients (78%) with allergic contact dermatitis had either a 
partial or complete response to the treatment171. However, the underlying mechanisms need to be 
further investigated. 

Finally, rapamycin, a well-known mTORC1 inhibitor that regulates glucose and lipid metabolism, has 
also been tested in patients with RA, SLE, and MS164. Notably, previous studies indicated that after 
FcεRI stimulation, mTORC1-activation is required for human and mouse mast cell survival as well as IL-
8 and TNF-α production172–174. Furthermore, several in vivo studies also indicated that mTOR could be 
an ideal target for the treatment of allergic responses since rapamycin decreased mast cell numbers 
and both antigen-specific Th2 cytokines and IgE production in an OVA-based food challenge model and 
HDM-induced asthma mouse models175,176. In summary, investigating the detailed mechanisms of 
immune metabolism during either allergic responses or allergy treatment has the potential to improve 
future therapy development. 
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6.7 Summary 

6.7.1 The potential of using Man2 as a novel adjuvant for treating type I allergy 

In the past years, several natural or synthetic carbohydrate structures have been studied as adjuvant 
candidates34. Currently, two carbohydrate-adjuvanted formulations (both containing the TLR4-ligand 
MPLA) have been approved for clinical use: (1) AS04, which combines alum with MPLA, was approved 
in 2009 as part of the vaccine Cervarix® for preventing HPV-induced cervical cancer34. (2) AS01, a 
liposomal formulation containing both MPLA and QS-21 (a triterpene glycoside which is purified from 
the soap bark tree (Quillaja saponaria)), has been used in GSK’s Mosquirix® (against malaria)177 and 
Shingrix® (against shingles) vaccines178. Besides these, other carbohydrate-based vaccine adjuvants are 
still being investigated.  

Mannan, a β-1,4-linked mannose polysaccharide derived from the cell walls of plants, fungi, or yeast, 
is also tested as an adjuvant34,56–59,179. Its structure varies considerably with the different mannose 
residues being connected by various glucosidic linkages, and contains approximately 5% proteins which 
are naturally linked to mannan52 (Figure 10A). In our study presented in chapter 1, we were the first to 
show that different oligomer sizes and residues of β-1,4-mannooligosaccharides could induce 
differences in cytokine secretion, cluster of differentiation (CD) marker expression and metabolic 
changes in mDCs, indicating the importance to carefully consider parameters like structure, linkage, 
and size when designing mannan and other carbohydrate structures as adjuvants. 

To consider how we can apply Man2 as a novel adjuvant for allergy treatment, we checked the 
currently available literature: Mannan can be conjugated with protein-based antigens via its 
polymannose backbone in either oxidized or reduced form (Figure 10C&D), both showing increased 
APC uptake, but leading to differences in induction of either Th1- or Th2-responses34. For example, 
Apostolopoulos et al. conjugated the protein mucin 1 (MUC1) with mannan by adding sodium 
periodate to generate an oxidized mannan-MUC1 fusion protein (ox-M-FP), which induced Th1-
responses in vivo with high IFN-γ and IgG2a antibody production, paralleled by low IL-4 secretion179. In 
contrast, a mannan-MUC1 fusion protein containing reduced mannan moieties (red-M-FP) was 
generated by treating mannan with sodium borohydride179. In contrast to the oxidized variant, red-M-
FP induced stronger IL-4 secretion indicating the predominant induction of Th2-responses179. These 
results indicate, that by careful conjugation with allergens, Man2 might have the potential to shape 
the immune response towards predominantly Th1-biassed immune responses thereby improving Th2 
pathology. 

Currently, mannan fused to allergens is investigated as a novel immunotherapy for treating allergic 
diseases. Weinberger and colleagues were the first to conjugate oxidized mannan with the OVA for 
testing in allergen-specific immunotherapy56. Their results showed, that Mannan-OVA was efficiently 
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taken up by mDCs in vitro and resident DCs in vivo, resulting in lower production of OVA-specific IgE 
while inducing higher OVA-specific IgG production56.  

The oxidation process of mannan can generate reactive aldehydes (−CHO) that form covalent bonds 
with allergen-derived amino acid residues, resulting in the formation of linkages between allergen and 
the polymannose backbone (Figure 10C). However, allergoids lack these reactive aldehydes due to 
their glutaraldehyde treatment52 (Figure 10B). To solve this problem, the group around Oscar 
Palomares invented a new method to conjugate allergoids with the native form of mannan59. Their 
strategy was to use a glutaryl-diimine linker, resulting in the polymerization of allergens to allergoids 
and attachment to protein moieties contained within mannan instead of its mannose backbone59 
(Figure 10E). Treatment with conjugates of grass pollen allergoids and non-oxidized mannan (PM) 
increased the mannose receptor (CD206)- and myeloid C-type lectin receptor (DC-SIGN and Dectin2)-
dependent uptake by human monocyte-derived DCs (hmoDCs), when compared to either native pollen 
extracts (N) or glutaraldehyde-polymerized pollen allergoids (P)58. Moreover, PM induced a stronger 
expression of PD-L1, and a higher CLR-mediated NFκB-dependent secretion of IL-6 and IL-10, as well as 
a lower IL-4 levels from hmoDCs58. Interestingly, PM also induced metabolic changes in human DCs by 
shifting the overall metabolism towards glycolysis associated with the detection of higher levels of 
mitochondrial ROS, which was shown be dependent on the mTOR pathway57. Finally, immunization 
with PM stimulated a higher percentage of CD4+CD25highFOXP3+ Treg cells, as well as pollen-specific 
IgG2a/IgE levels in vivo compared to the non-conjugated mixture of P and N58. Taken together, mannan-
allergen conjugation showed promising potential for allergy treatment. 

In our own research, chapter 1 showed that Man2 induced significant mDC activation, but these effects 
declined with increasing oligomer size (Man3, Man4, and Man5) (chapter 1). Therefore, due to the lack 
of protein residues on Man2, it is impossible to directly conjugate either allergen or allergoids with 
native Man2 using the method established by the Palomares’ group (see above). A possible strategy in 
the future to generate Man2-allergen conjugates would be to link the allergen with sodium periodate-
pre-incubated oxidized Man2 (Figure 10F). The potential advantages for the Man2-allergen conjugates 
as a novel treatment for allergy include: (1) higher homogeneity with the possibility to better 
standardize the ratio of Man2 and allergen. The study from Weinberger et al. indicated that 
conjugation of oligomer-mannan with OVA results in conjugates with a wide range of sizes ranging 
from 45 kDa up to 120 kDa56. This is due to the difficulties in controlling the number of OVA molecules 
linked to the oligomer-mannan. However, Man2 contains only two mannose units that allow a 
maximum conjugation of two allergen molecules. Therefore, Man2 may improve batch-to-batch 
variability. (2) The activation of TLR4- and C3aR-signaling pathways by Man2 demonstrates its potential 
to induce robust immune cell responses and immunity: In chapter 1 we found that Man2 could activate 
TLR4- and C3aR-signaling pathways, which was not shown for mannan-allergen/allergoid conjugates in 
the above referenced studies56–59. Besides, we also showed a slight contribution of Dectin-1 and 
mannan receptors to Man2-induced IL-6 secretion, while the potential of Man2 also activating Dectin-
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2 is still unclear and needs further analysis. Furthermore, TLR4 receptor is widely expressed by different 
cells types, not only APCs but also other immune cells as well as epithelial cells, endothelial cells, 
endometrial cells, thyroid cells, etc.180. During vaccination, it is suggested that, besides APCs, other cell 
types also contribute to the induction of immune responses, which was also proven by our study for 
rFlaA:Betv1-activating lung epithelial cells (chapter 2). Thus, Man2 could activate multiple receptors, 
potentially inducing higher immunogenicity towards either co-applied or fused antigens as an adjuvant. 
The advantages of Man2 as a novel adjuvant for allergy treatment are summarized in Figure 11. 

 
Figure 10: Different methods that can be used for linking either mannan or Man2 to allergens 
Mannan is a β-1,4-linked mannose polysaccharide containing naturally-linked mannoproteins52, while purified Man2 only 
contains two mannose units without additional mannoproteins (A). Allergens can by polymerized to generate allergoids 
using a glutaryl-diimine linker after glutaraldehyde treatment23 (B). Allergens can be conjugated with mannan in either 
oxidized (C) or reduced (D) form after sodium periodate (NaIO4) or sodium borohydride (NaBH4) treatment, respectively179. 
The research group around Oscar Palomares invented a new method to link allergen and non-oxidized mannoproteins by 
glutaryl-diimine linker, which retains the native form of mannan resulting in allergoid-mannan conjugates59 (E). The 
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proposed method to generate oxidized Man2-allergen conjugate (F): NaIO4 treated Man2 allow allergen-derived amino acid 
residues to form covalent bonds with mannose backbone, results in maximum two allergens conjugated with Man2. 
Abbreviations: Man2: β-(1→4)-mannobiose. 

6.7.2 The advantages of using flagellin:allergen fusion proteins for treating type I allergy 

The advantages of fusing allergens with Listeria monocytogenes-derived flagellin (FlaA) as an adjuvant 
have already been extensively investigated in our previous publications76–80,95 and this thesis in 
chapters 2 and 3. To briefly summarize (see also Figure 11): (1) Flagellin being a protein, it can be easily 
fused to the antigen of choice by recombinant DNA technology (2) FlaA lacks the hypervariable, and 
immunogenic D2 and D3 domains typically included in other flagellin types181. A previous study showed 
that deletion of D2 and D3 domains of FliC from Salmonella enterica impaired flagellin’s intrinsic 
antigenicity but did not affect its capacity to promote innate and adaptive immune responses as an 
adjuvant182. Neutralizing antibodies directed against the hypervariable domains of flagellin molecules 
are unwanted for vaccines that should be repeatedly administered to patients. Therefore, for flagellin 
molecules contained in flagellin fusion protein undergoing clinical studies, these hypervariable regions 
were deleted72,85. These results indicate a promising safety profile of FlaA for its application in 
flagellin:antigen fusion proteins. (3) Flagellin:antigen fusion proteins have already been tested to treat 
many infectious diseases in in vivo animal models83,183,184 or influenza prevention72,85 in clinical trials,  
demonstrating their efficacy and safety. (4) As part of the bacterial flagella, flagellin tends to self-
assemble with itself to form the body of the flagellum. Therefore, the flagellin:allergen fusion proteins 
investigated by us so far also form high molecular aggregates, increasing their uptake by target cells. 
(5) Upon in vivo application of flagellin:antigen fusion proteins, flagellin and allergen are 
simultaneously delivered to the same target cells (either expressing the target receptor TLR5 or 
preferentially taking up high molecular aggregates) at a fixed ratio, resulting in the induction of 
stronger immune responses towards the fused antigens as these are processed and presented in the 
context of the flagellin-mediated immune cell activation. (6) We have already demonstrated, that FlaA 
fused with different allergens suppressed allergen-specific Th2 responses while promoting Th1 
responses both in vivo and in vitro77,78,80 (chapter 3). 



 

  137 

 
Figure 11: Advantages of Man2 as a novel adjuvant and flagellin:allergen fusion proteins as novel therapeutics for allergy 
treatment 
To generate Man2:allergen conjugates, Man2 could be pre-treated with sodium periodate (NaIO4) to stabilize Man2 in its 
oxidized form. Flagellin:allergen fusion proteins on the other hand, can be generated by recombinant DNA technology and 
purified in large amounts using bacterial expression systems. Both strategies have the advantage of defining the 
adjuvant/allergen ratio while allowing the targeted delivery of the conjugates to the corresponding target cells in vivo. Thus, 
antigen-specific immune responses are induced in the presence of adjuvant-induced immune cell activation, which 
potentially increase the antigen-specific Th1 response77,78,80,179. Moreover, Man2 was shown to induce multiple intracellular 
signaling pathways in mDCs (chapter 1), while the immunogenicity of rFlaA:allergen fusion proteins was shown to depend 
on their tendency forming high molecular aggregates, increasing their uptake by target cells and inducing TLR5-independent 
(mDC78 and epithelial cell (chapter2)) or TLR5-partially dependent (BMDM) activation (chapter3). For more information see 
text. Abbreviations: mDC: myeloid dendritic cell, BMDM: bone marrow-derived macrophage, Man2: β-(1→4)-mannobiose, 
TLR: Toll-like receptor, C3aR: complement C3a receptor. 
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7 Future prospects 

While the present studies have shown that Man2 could be an attractive adjuvant for immunotherapy 
and rFlaA:Betv1 has the potential to be an effective therapeutic for type I allergy treatment, more 
questions need to be answered in the future in order to help us understand more about these two 
candidates. 

Man2:  

(1) Can Man2 also activate other immune cell types like epithelial cells or macrophages?  
(2) What are the intracellular mechanisms underlying Man2-mediated mDCs activation (cytokine 

secretion and activated metabolic pathways)? 
(3) Is oxidized-Man2 also immune-activating and suitable to generate stable Man2-allergen conjugates? 
(4) Does conjugation to allergens affect Man2’s adjuvanticity? 
(5) While Man2 could activate TLR4, what are the advantages and disadvantages of Man2 when 

compared to currently well-characterized TLR4-ligands like for example MPLA in allergy treatment? 
(6) Will Man2-allergen conjugates show the desired capacity to suppress allergen-specific Th2 

cytokines from allergen-specific T cells? 

rFlaA:Betv1: 

(1) The rFlaA:Betv1-stimulated epithelial cell-line LA-4 modulated DC responses. Can comparable 
results be observed when using primary mouse or human cells? 

(2) Could flagellin:allergen fusion proteins also activate other epithelial cell types (for example, 
intestinal epithelial cells) to improve food allergy treatment? 

(3) If and yes how can mDCs modulated by rFlaA:Betv1-stimulated epithelial cells further suppress 
allergen-specific Th2 responses? 

(4) Epithelial cells were reported to show metabolic changes during allergic disease. Therefore, it 
would be of interest to investigate the metabolic phenotype of rFlaA:Betv1-stimulated epithelial 
cells. 

(5) Can rFlaA:Betv1-stimulated epithelial cells and their soluble factors also modulate macrophage 
responses? 

(6) Inflammasome activation was reported to be involved in immune cell activation during 
vaccination185. In our experiments using both mDCs and BMDMs, in contrast to other cytokines, 
rFlaA:Betv1-induced IL-1β secretion was neither mediated by mTOR-, MAPK-, or TLR5-pathways. 
Therefore, it would be highly interesting to investigate, if rFlaA:Betv1-mediated activation of the 
inflammasome complex might be responsible for the observed IL-1β production. 

(7) rFlaA:Betv1 induced upregulation of HIF-1α in BMDMs due to higher glycolysis. Can the same 
mechanism be observed in rFlaA:Betv1-stimulated mDCs?  
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9 Annex 

9.1 Abbreviation 

ACO2   Aconitase 2 
AIT   Allergen-specific immunotherapy 
Alum   Aluminum hydroxide 
AMPK   AMP-activated protein kinase 
APCs   Antigen-presenting cells 
AS   Adjuvant System 
ASC   Apoptosis-associated speck-like protein 
BCR  B-cell receptor 
BMDMs   Bone marrow-derived macrophages 
C3aR   Complement C3a receptor 
CD   Cluster of differentiation 
COX2   Cyclooxygenase 2 
CpG-ODN  CpG Oligodeoxynucleotides 
DAMPs  Damage associated molecular patterns 
DCs  Dendritic cells 
DMF   Dimethyl fumarate 
EAE   Experimental autoimmune arthritis 
ECAR   Extracellular acidification rate 
EPX   Peroxidase 
ERK   Extracellular signal-regulated kinase 1/2 
FA   Food allergy 
FDA  United States Food & Drug Administration 
FliC  Salmonella typhimurium flagellin type C 
GIT  Gastrointestinal tract 
Glut1   Glucose transporter 1 
HBV  Hepatitis B virus 
HDM   House dust mite 
HIF-1α   Transcription factor hypoxia-inducible factor 1 α 
HIV-TAT  HIV type 1 trans-activating regulatory protein 
hmoDCs   Human monocyte-derived DCs 
IFN  Interferon 
IKK  IκB kinase 
ILC2s  Innate like lymphocytes type II cells 
IRAK  Interleukin-1 receptor-associated kinase 
IPAF   ICE-protease activating factor 
JAK   Janus kinase 
JNK   Jun N-terminal kinase 
LPS   Lipopolysaccharide 
Man   Mannooligosaccharides 
Man2   β-(1→4)-mannobiose 
MAPK   Mitogen-activated protein kinase 
MBP   Major basic protein 
MC  Mast cell 
MD2   Myeloid differentiation factor 2 
mDCs  Myeloid dendritic cells 
MPLA   Monophosphoryl lipid A 
mTOR   Mammalian target of rapamycin 
mTORC1  Mammalian target of rapamycin complex 1 
MUC1   Protein mucin 1 
MyD88  Myeloid differentiation primary-response protein 88 
NaBH4  Sodium borohydride 
NaIO4  Sodium periodate 
NAIP   NLR family apoptosis inhibitory protein 
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NFκB   Nuclear factor kappa-light-chain-enhancer of activated B cells 
NLRC4   NLR family CARD domain containing 4 
NLRP3   NOD-, LRR- and pyrin domain-containing protein 3 
NLR   NOD-like receptor 
NO   Nitric oxide 
NOD  Nucleotide oligomerization domain 
O/W   Oil-in-water 
OVA   Egg allergen ovalbumin 
OXPHOS   Oxidative phosphorylation 
p70S6K    mTORC1 target protein P70 S6 kinase 
PAMPs  Pathogen-associated molecular pattern 
pDCs  Plasmacytoid dendritic cell 
PFKFB3   6-phosphofructo-2-kinase/fructose-2,6-Bbiphosphatase 3 
PGE2   Prostaglandin E2 
PI3K  Phosphatidylinositol 3-kinase 
PKM2   Pyruvate kinase M2 
PQ  Pollinex® Quattro 
PRAS40   Proline-rich Akt substrate of 40 kDa 
PRRs  Pattern recognition receptor 
RA   Rheumatoid arthritis 
rDCs  Regulatory dendritic cell 
rFlaA:Betv1 Fusion protein consisting of Listeria monocytogenes flagellin A fused to the major birch pollen 

allergen Bet v 1 
ROS   Reactive oxygen species 
RRMS   Relapse-remitting multiple sclerosis 
SAIT  Subcutaneous allergy immunotherapy 
SLE   Systemic lupus erythematosus 
ST-AIT  Short-term specific immunotherapy 
STAT   Signal transducer and activator of transcription 
T2D   Type 2 diabetes 
TAK1   TGF-β-activated kinase 1 
TC  T cell 
TCR  T-cell receptor 
TGF-β  Transforming growth factor-β 
TLR   “Toll”-like receptor 
TRAF  TNF-receptor-associated factor 
Treg  Regulatory T cells 
TSLP  Thymic stromal lymphopoietin 
VLPs  Virus-like particle  
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