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1 Summary 

Vaccine adjuvants have the potential to initiate, amplify and shape the immune response 

against the vaccine antigen depending on their inherent mode of action (MoA). Thus, the 

appropriate selection of the adjuvant is of pivotal importance for vaccine efficacy. In order to 

control newly emerging or existing pathogens such as SARS-CoV-2, HIV or M. tuberculosis, 

effective adjuvants eliciting a specific immune response will have a critical role within next 

generation vaccine formulations. However, even for the best-known adjuvants, such as 

aluminium hydroxide (Al(OH)3), some aspects of their modes of action (MoAs) still remain 

elusive, making the corresponding immune response difficult to predict. 

In this study, we systematically assessed the adjuvants’ immunomodulatory MoAs on human 

monocyte-derived dendritic cells (DCs) and their effect on the arising adaptive immune 

response. To this end, we compared ten structurally and functionally different single 

component adjuvants in an in vitro human primary immune cell-based assay composed of DCs 

co-cultured with autologous peripheral blood lymphocytes (PBLs). 

By investigating maturation markers and endocytosis capacity by flow cytometry, we observed 

that the adjuvants TDB, Al(OH)3, AddaVaxTM and Quil-A exert only weak effects on DCs, 

whereas the other adjuvants tested induce a strong DC maturation. We further analyzed 25 

secreted cytokines and chemokines from the DC:PBL culture supernatant using a Luminex 

multiplex assay and revealed adjuvant-specific protein patterns even for adjuvants targeting 

the same receptor. To assess the effect on the adaptive immune response, we examined the 

ability of the adjuvants to induce antigen-independent proliferation of PBLs co-cultured with 

the DCs. We found that Pam3CSK4, Gardiquimod, Resiquimod, and two variants of 

monophosphoryl lipid A (MPL-s and MPL-SM) induced antigen-independent proliferation of 

PBLs to varying degrees, with Resiquimod being the strongest stimulator. A detailed 

examination of B-, NK-, NKT-, CD4+ and CD8+ T cells within the proliferated PBL population 

demonstrated that each adjuvant promoted the proliferation of different lymphocyte subsets. 

When testing the adjuvants’ immunostimulating potential in an antigen-specific context, we 

found that Pam3CSK4, MPL-s and Al(OH)3 increased the proportion of FluM1-specific CD8+ T 

cells significantly. These adjuvant-expanded T cells were still polyfunctional as determined by 

their secretion of pro-inflammatory cytokines as well as their degranulation upon re-stimulation 

with the FluM1 peptide. 

Taken together, our results provide a comprehensive overview of the immunogenic effects of 

prototypic candidate or established adjuvants on primary human immune cells. The detailed 

data obtained on their distinct immune signatures will contribute to facilitate the selection of 

suitable adjuvants for the development of tailored vaccines. 
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2 Zusammenfassung 

Adjuvanzien sind den meisten Impfstoffen zugesetzt, um eine gerichtete Immunantwort gegen 

das Antigen anzuregen, zu verbreiten und zu formen. Jedes Adjuvans besitzt hierfür eine 

spezifische Wirkweise. Deshalb ist die Wahl des Adjuvans von größter Bedeutung für die 

Wirksamkeit des Impfstoffs. Besonders in Impfstoffen der nächsten Generation werden 

neuartige oder kombinierte Adjuvanzien eine wichtige Rolle spielen, denn die Bekämpfung neu 

auftretender und bereits existierender Pathogene, wie SARS-CoV-2, HIV oder M. tuberculosis 

erfordern eine effektive Immunantwort. Jedoch ist die Wirkweise von sogar langjährig 

bekannten Adjuvanzien, wie Aluminiumhydroxid (Al(OH)3), bisher noch nicht vollständig 

aufgedeckt, weshalb die Vorhersage der entstehenden Immunantwort schwierig ist. 

In dieser Studie untersuchten wir die immunmodulatorische Wirkweise der Adjuvanzien auf 

humane dendritischen Zellen (DCs) und die daraus resultierenden Folgen für die 

aufkommende adaptive Immunantwort. Zu diesem Zweck verglichen wir zehn strukturell und 

funktional unterschiedliche Adjuvanzien in einem in vitro Assay, welcher auf humanen 

primären Immunzellen basiert. Diese setzen sich aus einer Kokultur, bestehend aus DCs und 

autologen peripheren Blutlymphozyten (PBLs) zusammen. 

Bei der Analyse von Reifungs-Markern und der Endozytosekapazität von DCs mittels 

Durchflusszytometrie beobachteten wir, dass die Adjuvanzien TDB, AddaVax und Quil-A nur 

geringe Auswirkungen auf DCs zeigten, während die anderen Adjuvanzien eine starke DC-

Reifung erzeugten. Mithilfe der Luminex-Techologie maßen wir 25 sekretierte Zytokine und 

Chemokine im Überstand der DC:PBL Kultur und konnten somit Adjuvans-spezifische 

Proteinmuster auch für solche Adjuvanzien ermitteln, die an den gleichen Rezeptor binden. 

Weiterhin prüften wir die Auswirkung der Adjuvanzien auf die adaptive Immunantwort, indem 

wir die Antigen-unabhängige Zellproliferation der PBLs untersuchten. Wir fanden heraus, dass 

Pam3CSK4, Gardiquimod, Resiquimod, sowie zwei Varianten des Monophosphoryl Lipid A 

(MPL-s and MPL-SM) die Zellproliferation der PBLs in unterschiedlichem Ausmaß induzierten. 

Die Identifikation von B-, NK-, NKT-, CD4+ und CD8+ T-Zellen innerhalb der proliferierenden 

Population ergab, dass jedes Adjuvans unterschiedliche Zellpopulationen aktiviert. In einer 

folgenden, Antigen-spezifischen Versuchsreihe erhöhten Pam3CSK4, MPL-s und Al(OH)3 den 

Anteil der FluM1-spezifischen CD8+ T-Zellen signifikant. Diese Antigen-spezifischen T-Zellen 

demonstrierten auch nach erneuter Stimulation, ihre gerichtete Polyfunktionalität als Antwort 

auf das FluM1-Peptid mittels Degranulation und Zytokinsekretion. 

Zusammenfassend bieten diese Ergebnisse einen umfangreichen und detaillierten Überblick 

über die immunogene Wirkung von prototypischen und etablierten Adjuvanzien auf primäre 

humane Immunzellen. Die Erkenntnisse zu den individuellen Immunsignaturen der 
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Adjuvanzien werden zu einer erleichterten Wahl des geeigneten Adjuvans für die Entwicklung 

eines maßgeschneiderten Impfstoffs beitragen. 
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3 Introduction 

3.1 Vaccination 

Vaccination is the most fundamental achievement of the past century to mitigate human 

mortality and morbidity. Many infectious diseases such as smallpox, measles and polio could 

be controlled or even eradicated in industrialized countries with an effective vaccination 

campaign (Fenner et al., 1988; Aylward and Tangermann, 2011; Holzmann et al., 2016). The 

term of vaccination was first defined by Edward Jenner in 1769. His demonstration that the 

inoculation of cowpox protected the recipient against the fatal disease smallpox, remains the 

underlying basis of vaccination until today (Murphy and Weaver, 2017, p. 1). The overall goal 

of vaccination is the generation of a protective immune response against the pathogen without 

arousing a disease outbreak from the vaccine itself. Therefore, traditional prophylactic 

vaccines are based on the principles of attenuation or inactivation of the pathogen against 

which an immune response should be generated. Empirically, live-attenuated vaccines (LAV) 

rely on a reduced pathogenicity to the human host, which is acquired by adapting the pathogen 

to several non-human cell lines through repeated passaging. The process of adaptation to 

different hosts led to mutated clones, which are still able to replicate, but have a weak virulence 

and thus will cause no or only a mild disease in humans (Plotkin, 2014; Mort et al., 2020, 

Module 2: Types of vaccines and adverse reactions). LAV simulate a natural infection with 

consistence antigenic stimulation, leading to a protective memory cell generation of the 

humoral and cellular immune response. Although LAVs provide long-term protection, they bear 

several safety and stability concerns such as the reversion of the pathogen to its pathogenic 

form, the inability of immunocompromised persons to control the pathogen, contamination of 

cell cultures during production or sensitivity to wrong storage and reconstitution. This all led to 

the unattractiveness of LAVs for prophylactic vaccination (Vetter et al., 2018; Mort et al., 2020, 

Module 2: Types of vaccines and adverse reactions). The class of inactivated vaccines harbors 

different design approaches: Whole pathogen vaccines use inactivation methods such as 

fixation, heat and radiation to make the pathogen replication-incapable (Plotkin, 2014; 

Sabbaghi et al., 2019). Inactivated vaccines have a better safety and stability record compared 

to LAVs but they require several immunizations at the beginning and possibly a booster 

immunization after several years to maintain protection. Split vaccines consist of pathogen 

fragments which were disrupted by detergent treatment (Soema et al., 2015). While split 

vaccines contain most of the pathogen’s proteins, toxoid vaccines comprise only the purified 

and by fixation inactivated toxoid of pathogens.  
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3.1.1 Design of modern subunit vaccines 

The main idea driving the progress of vaccine development is the improvement of vaccine 

efficacy while reducing potential risks and vaccine-related adverse events. The latter is of 

special importance due to the fact that prophylactic vaccination is mainly given to healthy and 

young people (Di Pasquale et al., 2015). Safety concerns, including the reversion of a low-

virulent pathogen mutant into the wildtype strain, potential infection of immunocompromised 

persons as well as the incomplete inactivation of the pathogen paired with the disillusion that 

approaches of attenuation or inactivation could be employed for dangerous pathogens such 

as human immunodeficiency virus (HIV) (Whitney and Ruprecht, 2004), led to the development 

of so-called subunit vaccines, consisting of antigenic fragments of the pathogen and an 

immunostimulating compound, the adjuvant (Figure 1).  

 

 

Figure 1: The rational design of subunit vaccines.  

The aim of achieving a directed immune response to ensure long-term protection is dependent on the interplay of 

four categories: Antigen, adjuvant, formulation and the route of administration.  

3.1.1.1 Antigen 

Traditionally, vaccines were developed empirically following a standard procedure of pathogen 

isolation, its attenuation or inactivation and finally the immunization of the recipient (Rappuoli, 

2014). Today, a new wave of technologies, such as genomics, high-throughput protein 

expression, B cell repertoire deep sequencing, proteomics, epitope mapping and structure-

based antigen design have revolutionized the field of vaccine development (Rappuoli et al., 

2016). The convergence of genetics, structural biology, immunology and computational 

approaches enabled “reverse vaccinology”. This term means that the use of the mentioned 

technologies accompanied by a deeper understanding starts with the prediction of a 
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pathogen’s antigens rather than the pathogen’s cultural growth conditions (Rappuoli, 2000). 

Recombinant technologies allowed for the first time the generation of antigens of pathogens 

that were unable to grow in vitro as well as the combination of antigens from several disease-

causing strains in a single dose (Di Pasquale et al., 2015). Depending on the desired immune 

response, the in silico selection process of the candidate antigen considers that the antigen 

harbors B cell receptor (BCR) epitopes and peptide sequences which are recognized by the T 

cell receptor (TCR). The restriction of the immune response to defined antigenic regions 

accompanied by the exclusion of allergens, toxins and other stimulatory domains of the 

pathogens, reduces the potential reactogenicity of the vaccine (Rueckert and Guzmán, 2012).  

3.1.1.2 Adjuvant 

Although rationally designed purified antigens, recombinant proteins or peptides increase 

vaccine tolerability, they have low intrinsic immunogenicity compared to live-attenuated or 

inactivated vaccines. While pathogen-associated molecular patterns (PAMPs) in attenuated 

and inactivated vaccines are present to stimulate the innate immune system, subunit vaccines 

necessitate the combined application of the antigen with a potent immunostimulatory 

compound, an adjuvant. The term ‘adjuvant’ is derived from the latin word ‘adjuvare’, which 

means ‘to help’. Adjuvants comprise a heterogenous group of compounds, some of them with 

intrinsic immunomodulatory activity, such as pattern recognition receptor (PRR) ligands, host-

derived cytokines and chemokines, plant-derived substances as well as toxins, while others 

function as carrier protein for the antigen (Guy, 2007). The latter were earlier thought to act as 

passive antigen delivery system (Reed et al., 2009), generating a depot effect or increase the 

uptake of the antigen by antigen presenting cells (APCs). However, latest research has 

evaluated that they exert their adjuvant activity by triggering innate immune responses as well 

(Coffman et al., 2010). The modes of action (MoA) of adjuvants orchestrate the immune 

response and thus, adjuvants are the responsible key players for vaccine efficacy.  

Alum was the first adjuvant employed in several vaccines from 1926 on and MF59 followed 

70  years later. Although adjuvant investigation comprises decades with hundreds of described 

potent candidates, only a few adjuvants are included in licensed vaccines today: Beside 

Al(OH)3 and MF59, there are the adjuvant system (AS) 04, consisting of Al(OH)3 and 

monophosphoryl lipid A (MPL), AS03, a squalene-based oil-in-water emulsion adjuvant as well 

as liposomes (O'Hagan and Gregorio, 2009; O'Hagan et al., 2013). Failures in the 

manufacturing process, such as the negative impact on antigen stability or difficulties in large 

scale production as well as safety concerns due to adverse effects including short and long-

term reactions prevented the further development. Especially the aspect of safety and the 

associated ‘acceptable level of tolerability’ is a challenging issue, which means that the benefit/ 
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risk analysis for an adjuvant in a therapeutic vaccine is different to an adjuvant used in 

prophylactic vaccines applied to children (O'Hagan and Gregorio, 2009). To address the issue 

of safety, a detailed knowledge of the adjuvants’ MoA is necessary to predict adjuvant 

effectiveness and estimate its reactogenicity. However, even the MoA of Al(OH)3 has not been 

completely elucidated so far (Reed et al., 2013). 

A new generation of adjuvants is needed since the few adjuvants being included in licensed 

vaccines do not induce a protective and sustained immune response against every pathogen 

of interest (Mbow et al., 2010). Furthermore, the potential of new generation adjuvants might 

also address several of the unmet needs in vaccine development (Coffman et al., 2010; Reed 

et al., 2013) (Figure 2). The first priority is an adjuvant-induced potent and protective T cell-

mediated response to control intracellular pathogens such as Mycobacterium tuberculosis or 

Plasmodium falciparum. Furthermore, adjuvants mediating an antibody response broadening 

are necessary to react to pathogenic strain variations and evasion strategies (Reed et al., 

2013). However, besides the demands on the immune response itself, there are further needs 

a new generation adjuvant can accomplish. As demonstrated in the current SARS-CoV-2 

pandemic, vaccines which induce a fast protection against the virus are required. Adjuvants 

can have beneficial influence on the immunization regimen as demonstrated by the AS04-

adjuvanted HBV vaccine Fendrix (GlaxoSmithKline, GSK), which reduced the vaccinations 

from three to two doses (Levie et al., 2002) and thus, ensured a quicker protection. Another 

point which is also especially highlighted during pandemics, is the sparing use of antigen per 

vaccine dose to cover the supply for the worldwide population. The large-scale production of 

recombinant proteins has an advantage over growing pathogens in culture, but the pairing with 

the appropriate adjuvant is essential for the reduction of antigen amount (Boyle et al., 2007; 

Banzhoff et al., 2009; Schwarz et al., 2009). And lastly, groups with increased risk of a severe 

course of the disease due to a weak immune function, including elderly, infants and 

immunocompromised persons are often unresponsive in inducing a protective immune 

response to vaccination, which in contrast stimulate an efficient immune response in healthy 

adults. The aim of the new-generation of adjuvants is, to overcome this reduced 

responsiveness. A higher antibody response against influenza was achieved in infants and 

elderly persons with an MF59 adjuvanted vaccines in contrast to a non-adjuvanted vaccine 

(Frey et al., 2014; Nolan et al., 2014). 
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Figure 2: Unmet needs in 

vaccine development may be 

addressed by appropriate 

adjuvant selection.  

New-generation adjuvants are 

aimed to favor a cell-mediated 

immune response, provide 

protection by a fast 

seroconversion, reduce the 

amount of antigen per dose to 

increase the global vaccine 

supply, broaden the antibody 

response and overcome the poor 

responsiveness to immunization 

in elderly persons and infants. 

 

 

 

3.1.1.3 Formulation 

The optimization of vaccines’ safety and potency resulted in novel formulation strategies to 

ensure a controlled biodistribution of the vaccine. For the induction of an effective adaptive 

immune response, the antigen must reach the lymph node, being either transported by APCs 

or via the lymphatic drainage. Traditional intramuscular application induces a potent humoral 

response, but only small quantities of antigen reach the lymph node, which might limit the 

induction of a cell-mediated response (Dupuis, 1999). To increase the effectiveness of the 

vaccine, strategies include the co-delivery of antigen and adjuvant, enhanced delivery to the 

lymph nodes, targeting of APCs and the programming of vaccine kinetics (Moyer et al., 2016). 

Particulate delivery systems are promising tools to implement these strategies. They include 

immune stimulating complexes (ISCOMs), nanoparticles, liposomes, mineral salts and 

emulsions ranging from 20 nm to 20 µM in size (Bachmann and Jennings, 2010). The particle 

size is critical for efficient uptake in the lymphatics. Large molecules, which were not cleared 

from tissues by blood, traffic to the lymph (up to 45 kDa; Supersaxo et al., 1990). This 

phenomenon may explain, why low-molecular-weight adjuvants provide the risk of systemic 

distribution. Thus, the incorporation of antigen and adjuvant into particulate delivery system 

increases adjuvant safety and antigen delivery to the lymph nodes. 

3.1.1.4 Route of administration 

As already mentioned, the route of vaccination can have fundamental consequences on the 

induced immune response. Most vaccines are applied through parenteral routes, which 

includes intramuscular, subcutaneous and intradermal administration. Intradermal application 

Dose sparing

New-
generation 
adjuvants

Vaccine 
response

broadening

Cell-mediated
immune 

response

Overcome reduced
responsiveness

Fast protection



Introduction   
 

26 

induces a more potent immune response compared to intramuscular and subcutaneous 

application, which both show similar effects (Zhang et al., 2015). Despite demonstrated dose 

sparing upon intradermal application (Zehrung et al., 2013), the intramuscular vaccine delivery 

showed the least local adverse events (Ikeno et al., 2010; Enama et al., 2014). Alternative 

routes of administration such as mucosal and cutaneous have gotten more attention during 

the last years. Application of the vaccine through the mucosal route generates a front-line 

defense, enabling the control of the pathogen directly, when crossing the barrier (Shakya et 

al., 2016). The skin is a promising targeting site due to the dense network of Langerhans cells 

and dendritic cells and increased lymphatic drainage, which allows an efficient antigen 

transportation to the local lymph nodes (Teunissen and Zehrung, 2015).  

 

The design strategy of subunit vaccines demonstrates that multiple components of the vaccine 

including antigen, adjuvant, formulation and route of administration can be adjusted to gain a 

synergistic-acting composition to generate the desired immune response. This flexibility in 

assembly of vaccine components is simultaneously a big challenge. To cope with this difficult 

task, a deep understanding of every of the four parts is required. 

3.2 Immunology of immunization 

The ability to recognize a pathogen and to remember how to fight it for several decades or 

even life-long is given by the memory cells of our adaptive immune system. Innate immune 

cells, such as dendritic cells (DCs), initiate the development of a potent memory response 

upon the first encounter with the pathogen (Figure 3). While the primary response against the 

pathogen takes several days to establish effector functions needed to fight the infection, 

memory cells, which differentiate from these effector cells after pathogen clearance, can react 

directly upon re-exposure to the pathogen (Akondy et al., 2017). Here, clonal expansion and 

differentiation of the cells, results in a greater magnitude of effector memory cells and antibody 

levels with a higher affinity to ensure a fast control of infection (Murphy and Weaver, 2017, pp. 

473).  
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Figure 3: Immune response after vaccination.  

Adjuvant binding to PRR receptors induce the maturation of the DC. Internalized antigen is processed, loaded on 

MHC-complexes and presented to naïve T cells. The priming requires co-stimulation and a defined cytokine milieu. 

Priming of naïve CD8+ T cells requires additional help by CD4+ T cells. Subsequently, naïve CD8+ T cells develop 

to cytotoxic effector T cells. Naïve CD4+ T cells are biased by DCs into a distinct Th cell subset. The interaction of 

CD4+ TFH cells and B cells induces the formation of short-lived plasmablasts. While most of the effector cells 

undergo apoptosis after clearance of the infection, some differentiate to memory cells, which are able to respond 

quickly upon a re-exposure to the pathogen.  

3.2.1 Dendritic cells bridge innate and adaptive immune responses 

Professional APC such as DC, macrophages and B cells interact with T cells by presenting 

antigens on their major histocompatibility complexes (MHCs) along with co-stimulation through 

CD80/CD86 and CD40. In contrast to macrophages and B cells, DCs have the unique ability 

to migrate to draining lymph nodes and prime naïve T cells (Steinman et al., 1997). Thus, DCs 

have the key role in initiating and directing the adaptive immune response, which makes them 

an attractive target of vaccination.  

DCs are sentinels of the immune system and equipped with a variety of PRR, (Gordon, 2002) 

which allow them to detect PAMPs or danger-associated patterns (DAMPs; (Matzinger, 1994). 

Besides NOD-like, RIG-I-like and C-type-lectin receptors, toll-like receptors (TLR) belong to 

the group of PRRs. Their specificity in binding of a diverse but highly conserved pathogenic 

structure and the consequent activation of immune cells upon ligation, is exploited in today’s 

vaccine development (Duthie et al., 2011). The expression of the ten known TLRs in humans 

varies between cell types but is generally prevalent in innate and adaptive immune cells as 

well as resident cells, including epithelial cells and fibroblasts (Takeuchi and Akira, 2010).  

Immature DCs surveil their surrounding and continuously take up antigen by phagocytosis 

(Reis e Sousa et al., 1993), receptor-mediated endocytosis (Jiang et al., 1995) or 
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macropinocytosis (Sallusto et al., 1995). In combination with a pathogenic signal, DCs 

transform into a mature phenotype to be able to initiate the adaptive immune response 

(Banchereau and Steinman, 1998). During the maturation process, they reduce their capacity 

to acquire new antigen and start to degrade the incorporated ones in endosomal 

compartments. The resulting antigenic peptides are loaded on MHC molecules and are 

transported to the cell surface, where they are presented to T and B cells (Trombetta and 

Mellman, 2005). Furthermore, DCs increase the expression of the co-stimulatory molecules of 

the B7 and TNF family (Fujii et al., 2004) and alter their chemokine receptor expression e.g. 

by increasing CCR7 expression for migration to the lymph nodes (Sallusto et al., 1998). 

DCs can present antigen on MHC class II to naïve CD4+ T cells or by cross-presentation on 

MHC class I to CD8+ T cells (Figure 3). While antigenic display on MHC class I is normally 

restricted to peptides from within the cell (self or in the case of non-self, derived from an 

intracellular infection), DCs are capable to present internalized extracellular peptides on 

MHC class I molecules to prime naïve CD8+ T cells (Jung et al., 2002). The process of cross 

priming is of great importance for peptide and protein-based vaccines desiring to stimulate a 

cytotoxic CD8+ T cell response with vaccine-derived exogenous antigen (Figure 3, (Joffre et 

al., 2012). Engagement of the TCR with its specific antigen presented on the MHC complex 

initiates the priming process (Figure 4). Besides the MHC-peptide-mediated TCR triggering 

(signal 1), co-stimulation through CD80/ CD86 - CD28 and CD40 - CD40L interaction 

(signal 2) is required to promote T cell survival and expansion. The expression of CD40 on 

DCs is essential for competent APCs. Studies have shown that the interruption of the CD40-

CD40L axis negatively influences CD4+ and CD8+ T cell priming (Stuber et al., 1996; 

Schoenberger et al., 1998). However, there are several other co-stimulatory receptor-ligand 

pairs, some of them having regulatory function such as T cell’s CTLA-4, which controls the 

proliferative phase upon binding to CD80/CD86 (Tivol et al., 1995). For guiding naïve CD4 T 

cells into certain Th cell subsets, DCs determine this polarization by the secretion of distinct 

cytokines (signal 3). The critical signal is elicited by the class of the pathogen, and it 

consequently promotes the development of a certain Th cell subset that will most efficiently 

destroy the pathogen (Walsh and Mills, 2013).  

Priming of naïve CD8+ T cells by DCs most often requires the help of CD4+ effector T cells 

recognizing the related antigen. This two-step interaction functions as safety control 

mechanism due to the CD8+ T cells’ detrimental cytotoxic effector functions (Figure 3). Certain 

viruses might already sufficiently activate DCs to induce the secretion of IL-2, otherwise, CD4+ 

effector T cells have to ‘license’ DCs through a CD40 dependent process to boost DCs’ 

stimulatory potential (Laidlaw et al., 2016). The activation of the immature DCs and the 

resulting degree of maturation are crucial for the delivery of the three signals to T cells, their 

activation and polarization (Kapsenberg, 2003). Thus, vaccines aiming to induce a T cell-
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mediated immune response have to efficiently mature DCs to ensure the development of a 

potent adaptive T cell response. 

 

Figure 4: T cell priming by DCs.  

Maturation induced by PAMPs through binding to its PRR enable DCs to initiate and direct the adaptive immune 

response. Upon interaction with a naïve T cell, MHC-peptide-TCR interaction (signal 1), ligation of CD80/CD86-

CD28 and CD40-CD40L (signal 2) and a defined cytokine milieu, activates and polarizes naïve T cells to a distinct 

T helper (Th) cell subset. Figure is adapted from (Kapsenberg, 2003). 

 

Most vaccines (e.g. diphteria-tetanus-pertussis, hepatitis B) are applied intramuscularly. 

Common DC types being present within the muscle include conventional (cDC) and monocyte-

derived DCs (Langlet et al., 2012). cDCs comprise two subsets, cDC1 and cDC2. cDC1 (or 

CD141+ cDCs) are equipped with TLR1, TLR2, TLR6, TLR8 and express high levels of TLR3 

and TLR10 (Hémont et al., 2013). Additionally, they sense necrotic cells with their key marker 

CLEC9A (Zhang et al., 2012) and are specialized to perform cross-presentation to CD8+ 

T cells. This function is linked to XCR1 expression due to their recruitment via XCL1 by 

activated CD8+ T cells (Brewitz et al., 2017). In contrast, cDC2 (or CD1c+ cDCs) express a 

variety of TLR, NOD and RIG-I receptors and induce preferentially potent Th1, Th2 and Th17 

responses (Nizzoli et al., 2013; Sittig et al., 2016). MoDCs develop from monocytes upon their 

recruitment to inflamed tissue. Here, their main function is to support pathogen clearance, to 

produce cytokines and to present antigen to effector T cells (Collin and Bigley, 2018). Another 

important DC subset are plasmacytoid DCs (pDCs), due to their efficient sensing of viruses. 

pDCs recognize the viruses’ unmethylated CpG-rich DNA motifs or double-stranded RNA 

through TLR7 and TLR9 (Gilliet et al., 2008). Consequently, they respond quickly with a 

pronounced type I interferon secretion (Villadangos and Young, 2008; Swiecki and Colonna, 

2015). 
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3.2.2 T cells provide cell-mediated protection against pathogens 

Following naïve T cell priming, T cells proliferate and differentiate into effector T cells (Figure 

3). Upon encountering a target cell, which present the effector T cells’ specific antigen on its 

MHC complex, the effector mechanisms are being activated. The TCR forms a supramolecular 

activation complex (immunological synapse) with the target cell’s MHC molecules and 

associated co-receptors. This mechanism increases target cell selectivity for directed release 

and efficient concentration of effector molecules by reorganization of the microtubule skeleton 

and by narrowing the gap between both cells (Huppa and Davis, 2003; Stinchcombe et al., 

2006). Effector molecules can include perforin and the serin protease granzyme, which are 

synergistically acting cytolytic molecules. Perforin multimerizes at the target cell’s membrane 

and form pores through which granzyme is delivered to induce apoptosis by activating 

caspases within the target cell (Lieberman, 2003). Additionally, effector cytokines such as IFNγ 

and TNFα are secreted with the intention to control infection. While IFNγ inhibits viral 

replication and recruits as well as activate other immune cells such as macrophages (Kang et 

al., 2018), TNFα additionally triggers the apoptotic signaling cascade by binding to TNF 

receptor or supports the control of bacterial infection (Allie et al., 2013). While cytolytic activity 

performed by perforin or granzymes was solely attributed to CD8+ effector T cells, studies in 

recent years demonstrate that cytotoxic CD4+ T cells exist (Lund and Randall, 2010). Cytotoxic 

T cells and Th1 CD4+ T cells possess another killing mechanism which is mediated by the 

expression of FasL on the T cells’ surface. The binding to Fas, expressed on the target cell’s 

membrane, induces the activation of caspases, leading to apoptosis of the target cell (Alderson 

et al., 1995). Further effector functions of CD4+ T cells include the support of B cell activation 

(Figure 3) as well as the secretion of B cell’s growth factors (Th2) and the promotion of acute 

inflammation by secretion of IL-17 for neutrophil recruitment (Th17) (Murphy and Weaver, 

2017, pp. 402). 

As soon as the infection is cleared, most effector T cells undergo apoptosis, due to the loss of 

antigenic stimulation and the associated secretion of the pro-survival cytokine IL-2 and its 

receptor (Krammer et al., 2007). A fraction of effector T cells differentiates into memory T cells 

(Akondy et al., 2017), comprising central (TCM), effector (TEM) and resident (TRM) memory T 

cells (Mueller et al., 2013). TCM cells express the lymph node homing receptor CCR7 and are 

thus able to traffic between lymph nodes and blood. In contrast to TEM, they have a higher 

proliferative potential. However, TCM are slower in activating effector functions after early re-

exposure with their cognate antigen, while TEM rapidly mature into effector cells. TEM are 

equipped with receptors to enter inflamed tissue and can be found in blood, spleen and non-

lymphoid tissue. Comparable to TEM, TRM cells lack CCR7 expression but reside primarily in 

epithelial sites including skin, lung, intestine and vaginal mucosa (Farber et al., 2014). The 
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T cell memory heterogeneity enables the protection against a wide range of pathogens and 

different routes of exposure. It is assumed that TRM cells provide first-line defense as residents 

of barrier tissues, followed by migrated TEM cells, which rapidly support with their effector 

functions. In the meanwhile, TCM provide a self-renewing source of TEM cells, expanding and 

developing effector functions after encounter with APCs in the lymph nodes, followed by their 

migration to sites of infection (Youngblood et al., 2013). 

As already mentioned, a T cell-mediated immune response is especially important for a 

directed killing of intracellular pathogens as it is needed in e.g. malaria, tuberculosis and 

leishmaniasis. The only way to control these infections is the induction of CD4+ and CD8+ T 

cells to a sufficient magnitude as well as their development into the required effector 

phenotype, which allows the clearance of the pathogen by cell-mediated effector mechanisms 

such as pro-inflammatory cytokine production or contact-dependent cell lysis (Foged et al., 

2012). So far, a T cell-mediated immune response was only induced using the LAV with Bacille 

Calmette–Guérin (BCG; Ryan et al., 2009), varicella zoster virus (Smith et al., 2003) and 

influenza (He et al., 2006). In contrast, inactivated vaccines favor a humoral response as 

demonstrated by increasing IgG antibodies after e.g. measles, tetanus or diptheria vaccination 

(Rappuoli, 2007). Thus, adjuvants are necessary which effectively engage T memory cell 

responses. 

Since vaccination has the goal to induce protective memory T cells without having experienced 

an actual infection, vaccine developers have a big interest to track memory T cell generation 

for the prediction of potential vaccine efficacy (Jameson and Masopust, 2018). 

3.2.3 Antibody-mediated protection upon vaccination 

Antibodies support the clearance of the pathogen or pathogen-derived products such as toxins 

by neutralisation or masking for recognition by other immune cells such as phagocytes. 

Antibodies are produced by plasma or memory B cells. On their cell surface B cells express 

immunoglobulins with a distinct specificity for an antigen, which serves as B cell receptor 

(BCR). Upon recognition of their cognate antigen, this antigen is internalized, processed and 

loaded onto the B cell’s MHC complex to be presented to specialized CD4+ T cells, T follicular 

helper cells (TFH) at the boundary of the B cell - T cell zone in secondary lymphoid tissue 

(Okada et al., 2005; Kerfoot et al., 2011). The interaction is intensified by CD40 – CD40L co-

stimulation and IL-21, secreted by TFH cells (Vogelzang et al., 2008), leading to the activation 

and proliferation of the B cell (Coffey et al., 2009). The strength of B cell interaction with TFH cell 

determines whether B cells develop into IgM-secreting short-lived plasmablasts or whether 

they form a germinal center to differentiate into memory B cells or long-lived plasma cells 

(Figure 3; (Schwickert et al., 2011). B cells have to undergo processes such as somatic 
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hypermutation and antibody class switch to be able to produce high affinity antibodies with 

various effector functions (Berek and Ziegner, 1993). After antibody affinity maturation, 

memory B cells and long-lived plasma cells leave the germinal center with a broad antibody 

repertoire. While plasma cells constitutively secrete low levels of antibodies, serving as a first-

line defense upon re-infection, memory B cells are able to rapidly respond with a greater 

magnitude of antibodies if necessary (Kurosaki et al., 2015).  

Many pathogens can be controlled with an antibody-mediated immune response. However, 

pathogen strain specific variations and evasion strategies such as antigenic drift could lead to 

the pathogen’s escape and the failure of vaccine protection (Reed et al., 2013). By mediating 

the expansion of B cell diversity, adjuvants drive the broadening of the antibody response as 

counter-strategy. This tactic was observed after influenza (Khurana et al., 2011) and HPV 

vaccination (Draper et al., 2013) adjuvanted with MF59 and AS04 respectively. 

3.3 Adjuvants – diverse targets and distinct MoAs 

As already mentioned above, purified antigens in vaccine formulations exhibit poor 

immunogenicity and have to be adjuvanted. Perspectively, rather than relying on the still 

insufficiently understood effects of the traditional adjuvants, the use of next-generation 

adjuvants is preferred, leading to a very specific adaptive immune response to protect against 

a certain infection or disease. Therefore, adjuvant candidates are studied with regard to their 

ability to provide effective signals in priming, amplifying and directing the immune response 

(Coffman et al., 2010). After setting the basis, the ‘ideal’ vaccine adjuvant should support the 

generation of cytotoxic T cells, specific antibodies in a high magnitude, antigen-specific clonal 

expansion and a long-lasting adaptive immune response (Bonam et al., 2017; Figure 5). 
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Figure 5: The characteristics of the ‘ideal’ adjuvant. 

An adjuvant comprising all the highlighted characteristics 

could be useful for protection against pathogens such as 

HIV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.1 Adjuvants’ potential modes of action 

The adjuvants’ modes of action are distinct for every adjuvant and the mechanistic details, 

even for the ones already used in the clinic, are far from being completely understood. DCs 

have a central role as APCs with exclusive T cell priming function and as orchestrators of the 

immune response. Thus, they are of special interest to be targeted and activated by adjuvants. 

In Figure 6, an overview of putative modes of action of adjuvants is illustrated (Awate et al., 

2013; Reed et al., 2013). Once applied to the human body as part of a vaccine, adjuvants have 

the potential to enhance antigen uptake and antigen presentation by MHC molecules. In 

combination with an increase of co-stimulatory molecules, the contact to T cells is intensified. 

Additionally, the activation of cell surface and endosomal PRRs and their signaling pathways, 

result in production and secretion of defined cytokines and chemokines. Hence, other immune 

cells get recruited to the site of vaccination. Furthermore, the engagement of the 

inflammasome and the resulting secretion of the pro-inflammatory cytokines IL-18 and IL-1β 

initiates the amplification of the signal by activating further immune cells (Jo et al., 2016).  
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Figure 6: Adjuvants’ potential immunomodulatory properties to initiate and polarize the immune response. 

The mode of action is different for every adjuvant but might include one or more of the following mechanisms: 

Enhancing antigen uptake and presentation, recruitment of other immune cells, activation of cell surface or 

endosomal PRR’s signaling pathways, increase of co-stimulatory molecules, engagement of the inflammasome and 

defining a specific cytokine and chemokine milieu. The illustration is adapted from (Reed et al., 2013). 

 

A more detailed introduction into the described modes of actions of the adjuvants used in this 

study (Figure 7), is given in the following chapters. We analyzed a panel of ten adjuvants 

comprising single component adjuvants (PRR ligands and Quil), one emulsion (AddaVax) and 

an aluminium hydroxide wet gel suspension. 

 

 

 

 

 

 

 

 

 

Figure 7: Adjuvants being investigated 

in this thesis for their immunogenic 

properties.  
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3.3.2 Classes of adjuvants 

3.3.2.1 Pattern recognition receptor ligands 

The first steps using pattern recognition receptor (PRR) ligands as adjuvants and potentiators 

of a strong immune response were made by Charles Janeway. He observed that the activation 

of B and T cells in culture was only triggered when the antigen was paired with a microbial 

constituent, which he called “the immunologist’s dirty little secret” (Janeway, 1989). Beside C-

type lectin receptors (CLR), NOD-like receptors (NLR) and RIG-I-like receptors (RLR) - Toll-

like receptors (TLR) belong to the multifaceted class of PRRs and were the first PRR to be 

identified (Kawai and Akira, 2011). TLRs detect a wide range of PAMPs with each TLR 

detecting distinct PAMPs derived from viruses, bacteria, fungi or parasites such as lipoproteins 

(TLR1, TLR2, TLR6), double stranded RNA (TLR3) lipopolysaccharide (LPS; TLR4), flagellin 

(TLR5), single stranded RNA (TLR7, TLR8) or DNA (TLR9) (Akira et al., 2006; Kawai and 

Akira, 2011). PRRs are transmembrane proteins with their receptor moiety facing either the 

extracellular space (TLR1, 2, 4) or the endosome lumen (TLR7, 8, 9). Upon TLR engagement, 

adapter molecules with a Toll/interleukin-1 receptor domain such as MyD88 or TRIF, are 

recruited to the TLR and initiate a downstream signaling process, resulting in the expression 

of proinflammatory cytokines, type I interferons, chemokines, and antimicrobial peptides to 

combat intruding pathogens (Kawai and Akira, 2010, 2011). The function of TLRs as important 

pathogen sensors of the immune system was discovered in 1996, when Lemaitre and 

colleagues showed in Drosophila that mutations in the Toll signaling pathway led to a reduced 

survival of after fungal infection (Lemaitre et al., 1996). Since then the development of a wide 

range of potential TLR-targeting immunomodulators began. So far, only the TLR4 ligand 

monophosphoryl lipid  A (MPL; GlaxoSmithKline) as part of the AS04 formulation is approved 

in vaccines against HBV and HPV. However, several TLR ligands are in an advanced stage of 

preclinical or clinical testing. In this thesis, we have analyzed the immunogenic properties of 

natural or synthetic PRR ligands targeting the C-type lectin receptor Mincle, TLR1/2, TLR4, 

TLR7 or TLR8.  

 

Trehalose-6,6’-dibehenate (TDB) is a Mincle ligand (C-type lectin receptor) and a synthetic 

equivalent of the immunogenic mycobacterial cell wall component trehalose-6,6’-dimycolate 

(TDM). TDB stimulation of human primary DCs and macrophages lead to the upregulation of 

CD86 and the secretion of IL-6, IL-8, IL-1β, MCP-1 and MIP-1α (Ostrop et al., 2015). Similar 

innate activation profiles were found in mice, resulting in a Th1/Th17-mediated adaptive 

immune response, which however protected only partially against mycobacterium tuberculosis 

challenge (Werninghaus et al., 2009; Desel et al., 2013). TDB formulated within cationic 
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liposomes (CAF01 adjuvant) was already used in phase I clinical studies for a prophylactic 

vaccine against tuberculosis (NCT00922363; (van Dissel et al., 2014), which generated a 

potent and long-lived antigen-specific CD4+ T cell response.  

 

The synthetic analogue Pam3CSK4 (Pam) of the triacyl lipopeptide, a bacterial cell wall 

component, stimulates through the heterodimer TLR1/2 (Ozinsky et al., 2000; Takeda et al., 

2002). Pam is able to potently stimulate innate immune responses by NFκB activation (Brandt 

et al., 2013) and the consequent expression of IL-6, TNFα, IL-12 and IL-10 in murine DCs 

(Welters et al., 2007). Furthermore, Pam favors the development of CD4+ T cells into a Th1 

response (Lombardi et al., 2008) as well as the generation of antigen-specific CD8+ T cells in 

a DNA-based vaccine against Leishmania in mice (Jayakumar et al., 2011). 

 

The only PRR agonist being part of licensed vaccine formulation is a TLR4 ligand. Although, 

the natural bacterial ligand to TLR4 is LPS, TLR4 adjuvants are detoxified derivatives of LPS, 

which maintain biologic activity but have a reduced toxicity profile (Takayama et al., 1981; 

Qureshi et al., 1982). These monophosphoryl lipid A (MPL) TLR4 ligands can be either 

extracted from LPS produced from Salmonella minnesota R595 (MPL-SM) or are synthetic 

lipid A analogues from E. coli serotype R515 (MPL-s, GLA). In contrast to MPL-SM, consisting 

of a mixture of 5 to 7 fatty acyl chains, MPL-s is 3-acylated and contains a defined number of 

6 fatty acyl groups (Coler et al., 2011). While LPS signals through the TLR4 adapter proteins 

MyD88 and TRIF, MPL has a bias towards TRIF signaling, resulting in a reduced 

proinflammatory cytokine profile indicated by lower levels of TNFα and IL-1β (Mata-Haro et al., 

2007). Although IL-12p70 is a MyD88-dependent cytokine, Ismaili and colleagues showed IL-

12p70 secretion upon stimulation with MPL by human moDCs accompanied with phenotypical 

maturation and T cell activating function (Ismaili et al., 2002). MPL-SM is used in licensed 

vaccines within an adjuvant formulation including Alum (AS04) against HBV (Fendrix®) and 

HPV (Cervarix). AS04 induces local and transient cytokine production, leading to an increased 

number of activated antigen-loaded APCs in the draining lymph nodes. Consequently, a cell-

mediated immune response is generated having a pronounced Th1 profile. Moreover, AS04 

promote high and persistent antibody titers. While MPL is responsible for the immune reaction, 

Alum rather reduces the magnitude and prolongs the response (Garçon and Tavares Da Silva, 

2017). The natural and the synthetic MPL are both phase II-III candidates (against influenza, 

cancer or malaria) within adjuvant mixtures AS01 (consisting of: liposomes, MPL and the 

saponin QS-21; Agnandji et al., 2011), AS02 (an oil in water emulsion including MPL and QS-

21; Kruit et al., 2013), AS15 (comprising liposomes, MPL, QS-21 and the TLR9 ligand CpG 

oligonucleotide; Pujol et al., 2015) and GLA-SE (glucopyranosyl lipid adjuvant formulated in a 

stable emulsion; Coler et al., 2018). 
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TLR7 and TLR8 sense single-stranded RNA of viruses, such as influenza, within endosomes. 

Adjuvants targeting TLR7 and TLR8 include gardiquimod (GARD), imiquimod (IMQ) and R848 

(or resiquimod), which are small synthetic molecules and guanosine derivates of the 

imidazoquinoline family (Gorden et al., 2005). TLR7 ligands enter the endosome via 

endocytosis (Blasius and Beutler, 2010; Petes et al., 2017). GARD and IMQ selectively target 

TLR7, whereas R848 is a dual ligand for TLR7 and TLR8 (Jurk et al., 2002). IMQ and R848 

both showed to have substantial influence on the adaptive immune response in mice by 

enhancing antibody levels and mediating a Th1 response with cytokines such as TNFα, IFNγ 

and IL-2, while suppressing a Th2 immune response (Vasilakos et al., 2000; Brugnolo et al., 

2003). Similar results were obtained in vitro, using human PBMCs. Here, IFNα, IL-12, IL-1 and 

IL-6 were identified as the leading cytokines of the innate immune response (Weeks and 

Gibson, 1994; Wagner et al., 1999). Despite these promising immunomodulatory effects of 

R848, comparisons to other TLR ligands revealed, that R848 is not as effective in inducing 

protection (Johnson et al., 2009; Caproni et al., 2012) and safety concerns arose due to its 

reactogenicity (Pockros et al., 2007). Due to the small size of imidazoquinolines, they distribute 

very quickly throughout the body and do not retain at the application site, which might be the 

reason for the observed systemic immune activation and their reduced efficacy in past pre-

clinical studies. However, new approaches regarding their formulation, such as the 

encapsulation in nanoparticles or inclusion within a gel for topical application, enhanced 

adjuvant activities while limiting reactogenicity (Ilyinskii et al., 2014). So far, IMQ is formulated 

within a gel (Aldara®) for topical application. Aldara® provides local immune activation is 

already approved and prescribed against genital warts and basal cell carcinoma. Furthermore, 

it is used in many clinical trials as vaccine adjuvant against cancer or influenza (NCT00899574, 

NCT02103023). R848 was applied as adjuvant in a phase I clinical anti-tumor study 

(NCT00821652) and in an influenza vaccine for seniors (NCT01737580). GARD can be ranked 

in-between IMQ and R848 regarding its potency, and it also exhibits potential benefits in cancer 

therapy (Ma et al., 2010a; Zou et al., 2015). 

3.3.2.2 Oil in water emulsion 

AddaVaxTM (ADX) is a squalene-based oil-in-water nano-emulsion with a formulation similar 

to MF59®. MF59® has been licensed for the use in a several influenza vaccines (Fluad, 

Aflunov (H5N1), Focetria (H1N1)). It consists of squalene oil droplets stabilized by the addition 

of two non-ionic surfactants (Span85, Tween-80) in citrate buffer (Kommareddy et al., 2017). 

None of the single components, only the formulated emulsion has adjuvant activity (Calabro 

et al., 2013). Upon injection, the release of ATP (Vono et al., 2013) and the secretion of 
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chemokines (MCP-1, MIP-1α and CCL4; (Seubert et al., 2008) stimulate the influx of 

phagocytic cells, resulting in an increased antigen uptake and transport to the draining lymph 

nodes (Cantisani et al., 2015). It has been shown that MF59 engages a strong T cell-

dependent B cell response, which provides antibody-mediated protection (Lofano et al., 2015). 

Since its first approval in 1997, it has reached a good safety profile with over 150 million 

administered doses (O'Hagan et al., 2013). Recently, an HIV-vaccine candidate of the HIV 

Vaccine Trials Network (HVTN100) adjuvanted with MF59 qualified for phase 2b/3 efficacy 

testing (NCT02404311; (Bekker et al., 2018). 

3.3.2.3 Saponin 

Quil-A (Quil) is a triterpenoid saponin and isolated from the bark of Quillaja saponaria Molina. 

It is a potent inducer of the humoral, Th1 and cytotoxic CD8+ T cell response and hence, has 

been used in a veterinary vaccine against hand-and-foot disease (Dalsgaard, 1974). Its 

interaction with membrane cholesterol and the associated toxicity prevented the use in human 

vaccines. QS-21 is a purified fraction of the enriched heterogenous saponin mixture Quil-A 

with similar adjuvant activity (Kensil et al., 1991; Newman et al., 1992; Kensil et al., 1995) and 

has been included in the adjuvant formulation AS01 together with MPL. The formulation was 

enriched with cholesterol to inhibit the saponin-induced pore formation (Garçon et al., 2007). 

Until today, a specific receptor for QS-21 has not been discovered. However, its adjuvanticity 

has recently been described to be mediated by inflammasome activation when co-stimulated 

with LPS (Marty-Roix et al., 2016), as well as by cholesterol-dependent endocytosis with 

cathepsin B (Welsby et al., 2016) in human primary APCs in vitro. The most promising vaccine 

candidates, that already reach the clinical trial phase III, are against malaria (RTS,S: (RTS, 

2015) or herpes zoster (HZ/su: (Lal et al., 2015). 

3.3.2.4 Aluminium-based adjuvant  

Aluminium hydroxide (Al(OH)3, Alum) belongs to the 2nd generation of aluminium-based 

adjuvants and led to the preparation of aluminium-adsorbed vaccines, which are in use for 

more than 60 years. These include a variety of prophylactic vaccines against bacterial (e.g. 

diphteria, tetanus) and viral (e.g. HBV) antigens and therapeutic vaccines for hyposenitization 

of allergies (Lindblad and Duroux, 2017). The mechanism of action is still not fully understood 

(Marrack et al., 2009; Hogenesch, 2012; Ghimire, 2015). Conflicting in vivo and in vitro data 

complicate this enlightenment. It is assumed that chemokines and cytokines trigger APC 

recruitment upon injection (Kool et al., 2008a; McKee et al., 2009; Calabro et al., 2011), 

followed by the antigen uptake, which is enhanced due to the particulate form of aluminium 

salts and antigen as a result of adsorption (Morefield et al., 2005; Ghimire et al., 2012). Within 
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the draining lymph node, an IL-4-induced cytokine milieu polarizes a Th2 cell response (Serre 

et al., 2009), which favors the priming and expansion of antigen-specific B cells and antibody 

production (Jordan et al., 2004). 
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4 Hypothesis and Objectives 

Vaccination is the most successful medical invention of the past century to protect against 

infectious diseases. By generating a pathogen-specific memory immune response, the 

immune system is able to rapidly control the infection upon a rechallenge. The use of purified 

antigens with low intrinsic immunogenicity in today’s subunit vaccines, requires the addition of 

an adjuvant within the vaccine formulation. Adjuvants are the key inducers, amplifier and 

guides of a directed immune response against the antigen. Thus, the selection of an 

appropriate adjuvant has pivotal influence on vaccine efficacy. So far, licensed adjuvants are 

limited, but many new adjuvants are in clinical development to fulfill the need of inducing a 

strong cell mediated immune response against intracellular and viral pathogens. However, our 

understanding of the adjuvants’ modes of action, even for the most commonly used adjuvant 

aluminium hydroxide, is far from being comprehensive. In this study, we aim to systematically 

evaluate the immunogenic profile of ten single component adjuvants to predict their potential 

to shape the immune response. 

 

We hypothesize that: 

 

‘Specific innate and adaptive immune responses can be linked to the adjuvant’s 

immunomodulatory mode of action, revealing an immunogenic profile, which 

facilitates the selection of candidate adjuvants for novel vaccines.’ 

 

To examine this hypothesis, we formulated the following objectives (Figure 8): 

1) Evaluation of the phenotypical and functional maturation of DCs upon stimulation with 

the different immunomodulators by assessing DC’s expression levels of cell surface 

maturation markers and endocytic uptake capacity. 

 

2) Analysis of the adjuvant-induced cytokine and chemokine profile defined by an 

immune-stimulatory milieu of DCs and autologous lymphocytes. 

 

3) Comparison of the adjuvants to activate different lymphocyte sub-populations to 

proliferate in an antigen-independent manner. 

 

4) Investigating the adjuvant’s capacity to boost antigen-specific CD4+ and CD8+ T cell 

responses including antigen-directed effector functions. 
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Figure 8: Schematic representation of the objectives of this study.  

The immunomodulatory modes of action of ten single component adjuvants will be addressed using a human 

primary immune cell-based assay, which is composed of monocyte-derived DCs and autologous PBLs. (1) We 

investigate the adjuvant’s capacity to mature DCs by phenotypical and functional assessment of their maturation 

marker expression and endocytic activity. (2) The resulting cytokine and chemokine milieu after adjuvant stimulation 

will be defined using a multiplex analysis. (3) We compare the adjuvant-induced activation of lymphocyte 

subpopulations by analyzing their proliferation in an antigen-independent context. (4) Lastly, we investigate the 

influence of adjuvants on antigen-specific T cell responses and directed effector functions. 
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5 Material and Methods 

5.1 Material 

5.1.1 Devices 

Device Manufacturer/ Distributor 

Analytical balance KB BA 100 Sartorius Göttingen, GER 

CASY® Cell Counter Model TT Roche Innovatis AG, Bielefeld, GER 

Centrifuge 5430 and 5430R Eppendorf, Hamburg, GER 

Centrifuge Megafuge 40R with BIOLiner 

swinging bucket rotor and buckets (75003670, 

75003668) 

Thermo Fisher Scientific, Dreieich, GER 

CO2 Incubator Heracell™ VIOS 160i Thermo Fisher Scientific, Dreieich, GER 

Cytocentrifuge Cellspin II Universal 320 R Tharmac, Waldsoms, GER 

ECL and Fluorescence Imager Chemostar Intas, Göttingen, GER 

Electrophoresesis chamber for SDS-

PAGE mini-Protean Tetra cell 

Bio-Rad, München, GER 

Freezer U725-G, -80°C Eppendorf, Hamburg, GER 

Freezer, -20°C Liebherr, Biberach a. d. Riß, GER 

Fridge FKS 3600 Liebherr, Biberach a. d. Riß, GER 

Laminar Flow Workbench MSC-Advantage Thermo Fisher Scientific, Dreieich, GER 

LSR Fortessa BD Bioscience, Heidelberg, GER 

LSR II BD Bioscience, Heidelberg, GER 

LSR II SORP (special order research product) BD Bioscience, Heidelberg, GER 

Magnetic stirrer C-MAG HS7 IKA, Staufe, GER 

Microscope AxioVert A1 Carl Zeiss Microscopy, Jena, GER 

Microscope Primo Star Carl Zeiss Microscopy, Jena, GER 

Microscope Z.1 Fluorescence equipped with 

AxioCam MRm and light source HXP120C 

Carl Zeiss Microscopy, Jena, GER 

MidiMACS Separator Miltenyi Biotec, Bergisch Gladbach, GER 

Mini centrifuge Sprout Biozym Scientific GmbH, Hessisch 

Odendorf, GER 

pH meter PB -11 Sartorius, Göttingen, GER 

Power Supply ‘PowerPac™ HC’ Bio-Rad, München, GER 

Precision balance PFB 600-1M Kern & Sohn GmbH, Balingen, GER 

Semi-dry transfer unit OWL HEP-1 
Thermo Fisher Scientific, Dreieich, GER 
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Device Manufacturer/ Distributor 

Sonifier Branson 450 II Classic Branson Ultrasonic, Danbury, USA 

Spectrophotometer NanoDrop 2000c Thermo Fisher Scientific, Dreieich, GER 

Thermomixer™ comfort with thermoblock Eppendorf, Hamburg, GER 

Vortex mixer VV3 VWR, Darmstadt, GER 

Waterbath Köttermann, Darmstadt, GER 

5.1.2 Laboratory equipment and consumables 

Equipment/ Consumable Manufacturer/ Distributor 

CASY cups OLS OMNI Life Science, Bremen, GER 

Cell culture flasks with filter: 25cm2, 75cm2 Sarstedt, Nürnbrecht, GER 

Cell culture petri dish, 10cm Sarstedt, Nürnbrecht, GER 

Microplate, 96 well, PP, U-bottom, sterile 
Greiner Bio-One, Frickenhausen, GER 

Cell culture plates: 6 well flat bottom, 24 well flat 

bottom, 48 well flat bottom, 96 well round/ V 

shaped bottom 

Sarstedt, Nürnbrecht, GER 

Centrifuge tubes, 15ml, 50ml Greiner Bio-One, Frickenhausen, GER 

Cryo.sTM Freezing Tube, 2 ml, round bottom Greiner Bio-One, Frickenhausen, GER 

EasySepTM Magnet Stemcell Technologies, Cologne, GER 

FACS micronic tubes, 1.4 ml, U-bottom Micronic, Lelystad, NLD 

FACS tube, no cap, 5 ml BD labware, Le Point de Claix, FRA 

FACS tube, snap cap, 5 ml, sterile BD labware, Le Point de Claix, FRA 

Filter card for cytospins Tharmac, Waldsolms, GER 

Filter paper, Whatman VWR, Darmstadt, GER 

Hemocytometer Neubauer improved, depth 

0.1mm, 0.0025 mm3 

VWR, Darmstadt, GER 

Multiwell plate lid with condensation rings, high 

profile, sterile 

Greiner Bio-One, Frickenhausen, GER 

MACS Chill Rack Miltenyi Biotech, Bergisch Gladbach, 

GER 

MACS column, LS Miltenyi Biotec, Bergisch Gladbach, GER 

MACS Multistand Miltenyi Biotech, Bergisch Gladbach, 

GER 

Microcentrifuge tubes, 1.5ml, 2ml Eppendorf, Hamburg, GER 

Microscope slide for cytospins, uncoated Tharmac, Waldsolms, GER 

MidiMACS Magnet Miltenyi Biotec, Bergisch Gladbach, GER 
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Equipment/ Consumable Manufacturer/ Distributor 

Multichannel pipette Research® plus, 8 channel: 

10-100 µl 

Eppendorf, Hamburg, GER 

Multichannel pipette, Transferpette® S-8, 10-100 

µl, 20-200 µl, 30-300 µl 

Brand GmbH & Co. KG, Wertheim, GER 

NalgeneTM Mr. Frosty Freezing Container Thermo Fisher Scientific, Dreieich, GER 

Nitril gloves Sued-Laborbedarf, Gauting, GER 

Pipette controller accu-jet® pro Brand GmbH & Co. KG, Wertheim, GER 

Pipette filter tips: 0.5-10µl, 10-200µl, 100-1000µl Nerbe plus, Winsen/Luhe, GER 

Pipette tips SurPhob SafeSeal®: 0.1-10µl, 10-

200µl, 100-1000µl 

Biozym Scientific GmbH, Hessisch 

Oldendorf, GER 

Pipettes Research® plus: 0.1-2.5µl, 0.5-10µl, 

10-100µl, 20-200µl, 100-100µl 

Eppendorf, Hamburg, GER 

Polyvinylidene difluoride (PVDF) membrane GE Healthcare, Buckinghamsgure, UK 

Pre-Separation Filter, 30µM Miltenyi Biotec, Bergisch Gladbach, GER 

Serological pipettes, sterile, 5ml, 10ml, 25ml 
Greiner Bio-One, Frickenhausen, GER 

Tharmac® Cellclip® Tharmac, Waldsoms, GER 

Tharmac® Cellfunnel® Tharmac, Waldsoms, GER 

S-Monovette®, 10 ml, Citrate 3.2% (1:10) Sarstedt, Nürnbrecht, GER 

Safety-Multifly® 20G tube Sarstedt, Nürnbrecht, GER 

5.1.3 Chemicals and reagents 

Reagents that were obtained from the in-house facility, being responsible for the 

manufacturing of ultra-pure H2O, solutions and growing media, are marked with ‘Paul-

Ehrlich-Institut’. 

Chemical/ Reagent Manufacturer/ Distributor 

(L)-glutamine, 200 mM Biochrom, Berlin, GER 

Acrylamide/ Bisacrylamide solution 30% Roth, Karlsruhe, GER 

Agarose, LE Biozym Scientific, Hessisch Oldendorf, 

GER 

Ammonium chloride (0.15 M) Pau-Ehrlich-Institute 

Ammonium persulfate (APS) SERVA Electrophoresis, Heidelberg, 

GER 

Aqua bidest. (ddH2O) Paul-Ehrlich-Institut 

Blasticidin InvivoGen, Toulouse, FR 
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Chemical/ Reagent Manufacturer/ Distributor 

Bovine Serum Albumin (BSA) Applichem, Darmstadt, GER 

Bromophenol blue Merck, Darmstadt, GER 

CASYclean OLS OMNI Life Sciences, Bremen, GER 

CASYton OLS OMNI Life Sciences, Bremen, GER 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich, Steinheim, GER 

Dimethyl sulfoxide for cell culture Applichem, Darmstadt, GER 

Dithiothreitol (DTT) Sigma-Aldrich, Steinheim, GER 

Dithiothreitol (DTT) Sigma-Aldrich, Steinheim, GER 

AmershamTM ECLTM Prime Western Blotting 

Detection Reagents 

GE Healthcare, Buckinghamshire, UK 

ECL Western Blotting Detection Reagents GE Healthcare, Buckinghamshire, UK 

Ethanol (EtOH, 96%) Paul-Ehrlich-Institut 

Ethylenediaminetetraacetic acid (EDTA) Paul-Ehrlich-Institut 

FACS Clean BD Biosciences, Heidelberg, GER 

FACS Flow (Sheath Solution) Paul-Ehrlich-Institute 

FACS Rinse BD Biosciences, Heidelberg, GER 

Fetal Calf Serum (FCS) Sigma-Aldrich, Steinheim, GER 

Fluorescein isothiocyanate (FITC)-dextran (MW 

40,000) 

Sigma-Aldrich, Steinheim, GER 

Glycerol (99%) Citifluor, London, UK 

GolgiplugTM Protein Transport Inhibitor 

(containing Brefeldin-A) 

BD Biosciences, Heidelberg, GER 

GolgistopTM Protein Transport Inhibitor 

(containing Monensin) 

BD Biosciences, Heidelberg, GER 

HEPES, 1 M Merck, Darmstadt, GER 

High-purity water Paul-Ehrlich-Institut 

Histopaque 1.077 g/ml Sigma-Aldrich, Steinheim, GER 

Human Serum Type AB Sigma-Aldrich, Steinheim, GER 

Hydrochloric acid 37% Roth, Karlsruhe, GER 

LuminataTM Forte Western HRP Substrate Merck, Darmstadt, GER 

MEM Non-Essential Amino Acids Solution 

(GibcoTM,10 mM, 100x) 

Thermo Fisher Scientific, Dreieich, GER 

MEM Sodium Pyruvate (GibcoTM,100 mM) Thermo Fisher Scientific, Dreieich, GER 

MEM Vitamin Solution (GibcoTM, 100x) Thermo Fisher Scientific, Dreieich, GER 

Methanol (MeOH) Paul-Ehrlich-Institut 
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Chemical/ Reagent Manufacturer/ Distributor 

Paraformaldehyde (PFA) Sigma-Aldrich, Steinheim, GER 

Penicillin, 10000 U/ml/ Streptomycin, 10 mg/ml Biochrom, Berlin, GER 

Puromycin InvivoGen, Toulouse, FR 

Ringer’s solution B. Braun, Melsungen, GER 

Roswell Park Memorial Institute (RPMI) 1640 

w/o L-glutamine 

Biowest, Nuaillé, FR 

Skim-milk powder EDEKA, Hamburg, GER 

Sodium azide (NaN3) Sigma-Aldrich, Steinheim, GER 

TEMED (Tetramethylethylendiamine) Roth, Karlsruhe, GER 

Tris solutions Paul-Ehrlich-Institute 

Trypsin 0.25%/ EDTA 1%/ PBS w/o Ca2+, Mg2+ Paul-Ehrlich-Institut 

β-Mercaptoethanol Sigma-Aldrich, Steinheim, GER 

123count eBeads™ Counting Beads, 

InvitrogenTM 

Thermo Fisher Scientific, Dreieich, GER 

UltraComp eBeads™ Compensation Beads, 

InvitrogenTM 

Thermo Fisher Scientific, Dreieich, GER 

PageRuler™ Plus Prestained Protein Ladder, 

10 to 250 kDa  

Thermo Fisher Scientific, Dreieich, GER 

5.1.4 Commercial Kits 

Commercial Kit Manufacturer/ Distributor 

Annexin V-FITC Kit Miltenyi Biotec, Bergisch Gladbach, 

GER 

BD Cytofix/Cytoperm™, 

Fixation/Permeabilization Solution Kit  

BD Biosciences, Heidelberg, GER 

CD14 MicroBeads, human Miltenyi Biotec, Bergisch Gladbach, 

GER 

EasySepTM Human CD4+ T cell isolation StemCell Technologies, Cologne, 

GER 

EasySepTM Human CD8+ T cell isolation StemCell Technologies, Cologne, 

GER 

eBioscieneTM Foxp3 Transcription Factor 

Staining Buffer Set 

Thermo Fisher Scientific, Dreieich, 

GER 
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5.1.5 Dyes 

Dye Manufacturer/ Distributor 

Carboxyfluorescein succinimidyl ester 

(CFSE) 

Sigma-Aldrich Chemie, Steinheim, 

GER 

CellTraceTM Far Red Cell Proliferation Kit Thermo Fisher Scientific, Dreieich, 

GER 

Fixable Viability Dye, Zombie Yellow Biolegend, San Diego, USA 

Hoechst 33342 fluorescent nucleic acid 

stain 

ImmunoChemistry Technologies, LLC, 

USA 

Trypan Blue Lonza, Basel, CH 

5.1.6 Antibodies 

If not otherwise specified, all listed antibodies are directed against human target 

molecules. 

Target molecule Clone Isotype Manufacturer 

Anti-284 (TLR4) PE HTA125 Mouse IgG2a, 

κ 

BioLegend, San Diego, USA 

Anti-2B4 APC C1.7 Mouse IgG1, κ BioLegend, San Diego, USA 

Anti-CCR7 APC-Cy7 G043H7 Mouse IgG1, κ BioLegend, San Diego, USA 

Anti-CD107a H4A3 Mouse IgG1, κ BioLegend, San Diego, USA 

Anti-CD14 PB M5E2 Mouse 

IgG2a,κ 

BioLegend, San Diego, USA 

Anti-CD19 APC HIB19 Mouse IgG1, κ BioLegend, San Diego, USA 

Anti-CD19 APC/Fire 

750 

HIB19 Mouse IgG1, κ BioLegend, San Diego, USA 

Anti-CD1a FITC HI149 Mouse IgG1, κ BD Biosciences, Heidelberg, 

GER 

Anti-CD1a PerCP-

Cy5.5 

HI149 Mouse IgG1, κ BioLegend, San Diego, USA 

Anti-CD209 APC DCN46 Mouse IgG2b, 

κ 

BD Biosciences, Heidelberg, 

GER 

Anti-CD25 APC M-A251 Mouse IgG1, κ BioLegend, San Diego, USA 

Anti-CD28/CD49d (BD 

FastImmune™) 

L293/ L25 Mouse IgG1, 

κ/ IgG2b, κ 

BD Biosciences, Heidelberg, 

GER 

Anti-CD282/ TLR2 

AF488 

T2.5 Mouse IgG1, κ BioLegend, San Diego, USA 
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Target molecule Clone Isotype Manufacturer 

Anti-CD283/TLR3 PE TLR-104 Mouse IgG2a, 

κ 

BioLegend, San Diego, USA 

Anti-CD3 PB UCHT1 Mouse IgG1,κ BioLegend, San Diego, USA 

Anti-CD4 APC/Fire 

750 

RPA-T4 Mouse IgG1, κ BioLegend, San Diego, USA 

Anti-CD4 PE-Cy7 RPA-T4 Mouse IgG1, κ BioLegend, San Diego, USA 

Anti-CD40 AF647 5C3 Mouse IgG1, κ BioLegend, San Diego, USA 

Anti-CD45RA PerCP-

Cy5.5 

HI100 Mouse IgG2b, 

κ 

BioLegend, San Diego, USA 

Anti-CD45RO APC UCHL1 Mouse IgG2a, 

κ 

BD Biosciences, Heidelberg, 

GER 

Anti-CD56 (NCAM) PE HCD56 Mouse IgG1, κ BioLegend, San Diego, USA 

Anti-CD56 (NCAM) 

PerCP-Cy5.5 

HCD56 Mouse IgG1, κ BioLegend, San Diego, USA 

Anti-CD62L PE-

Vio770 

145/15 Mouse IgG1, κ Miltenyi Biotec, Bergisch 

Gladbach, GER 

Anti-CD8 APC/Fire 

750 

SK1 Mouse IgG1, κ BioLegend, San Diego, USA 

Anti-CD8 APC-Cy7 SK1 Mouse IgG1, κ BioLegend, San Diego, USA 

Anti-CD8 PB RPA-T8 Mouse IgG1, κ BioLegend, San Diego, USA 

Anti-CD80 PE-Cy7 2D10 Mouse IgG1, κ BioLegend, San Diego, USA 

Anti-CD86 FITC 2331 Mouse IgG1, κ BD Biosciences, Heidelberg, 

GER 

Anti-CTLA-4 PE-Cy7 L3D10 Mouse IgG1, κ BioLegend, San Diego, USA 

Anti-HLA-A2 FITC BB7.2 Mouse IgG2b, 

κ 

BioLegend, San Diego, USA 

Anti-HLA-DR PB L243 Mouse IgG2a, 

κ 

BioLegend, San Diego, USA 

Anti-IFNγ APC 4S.B3 Mouse IgG1, κ BioLegend, San Diego, USA 

Anti-IL-2 MQ1-

17H12 

 BioLegend, San Diego, USA 

Anti-LAG-3 PE-Cy7 11C3C65 Mouse IgG1, κ BioLegend, San Diego, USA 

Anti-MyD88 AF488 316628 Rat IgG2b R&D Systems, minneapolis, 

USA 
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Target molecule Clone Isotype Manufacturer 

Anti-PD-1 PerCP-

Cy5.5 

EH12.2H7 Mouse IgG1, κ BioLegend, San Diego, USA 

Anti-PD-L1 APC 29E.2A3 Mouse IgG2b, 

κ 

BioLegend, San Diego, USA 

Anti-PD-L1 PE 29E.2A3 Mouse IgG2b, 

κ 

BioLegend, San Diego, USA 

Anti-Tim-3 PerCP-

Cy5.5 

F38-2E2 Mouse IgG1, κ BioLegend, San Diego, USA 

Anti-TLR7 533707 Mouse IgG2a R&D Systems, minneapolis, 

USA 

Anti-TLR8 935166 Mouse IgG2b R&D Systems, minneapolis, 

USA 

Anti-TNFα PE-Cy7 Mab11 Mouse IgG1, κ BioLegend, San Diego, USA 

Isotype Ctrl APC MPC-21 Mouse IgG2b, 

κ 

BioLegend, San Diego, USA 

Isotype Ctrl APC MOPC-21 Mouse IgG1, κ BioLegend, San Diego, USA 

Isotype Ctrl APC 27-35 Mouse IgG2b, 

κ 

BD Biosciences, Heidelberg, 

GER 

Isotype Ctrl APC-Cy7 MOPC-

173 

Mouse IgG2a, 

κ 

BioLegend, San Diego, USA 

Isotype Ctrl FITC MOPC-21 Mouse IgG1, κ BD Biosciences, Heidelberg, 

GER 

Isotype Ctrl FITC 27-35 Mouse IgG2b, 

κ 

BD Biosciences, Heidelberg, 

GER 

Isotype Ctrl FITC A95-1 Rat IgG2b BD Biosciences, Heidelberg, 

GER 

Isotype Ctrl PB MOPC-

173 

Mouse IgG2a, 

κ 

BioLegend, San Diego, USA 

Isotype Ctrl PE MOPC-

173 

Mouse IgG2a, 

κ 

BioLegend, San Diego, USA 

Isotype Ctrl PE MPC-11 Mouse IgG2b, 

κ 

BioLegend, San Diego, USA 

Isotype Ctrl PE-Cy7 MOPC-21 Mouse IgG1, κ BioLegend, San Diego, USA 

Isotype Ctrl PerCP-

Cy5.5 

MOPC-21 Mouse IgG1, κ BioLegend, San Diego, USA 
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Target molecule Clone Isotype Manufacturer 

Anti-α-Tubulin (#3873) DM1a Mouse IgG1 Cell Signaling Technology, 

Leiden, NLD 

Anti-IκBα (#9242)  Rabbit Cell Signaling Technology, 

Leiden, NLD 

Anti-mouse IgG1κ 

binding protein-HRP 

- Binding 

Protein 

Santa Cruz Biotechnology, 

Heidelberg, GER 

Anti-rabbit IgG, HRP 

linked (#7074) 

 Goat Cell Signaling Technology, 

Leiden, NLD 

5.1.7 Peptides and tetramers 

Peptides and tetramers Manufacturer 

Influenza matrix protein 1, FluM158-66, 

GILGFVFTL, HLA-A*02:01 restricted 

Innovagen AB, Lund, SWE 

Tetanus toxoid, TT p2829-844, 

MQYIKANSKFIGITEL, HLA-DRB*11:01 restricted 

MBL® International Corporation, 

Woburn, USA 

NY-ESO-1, SLLMWITQV, HLA-A*02:01 restricted Iba, Goettingen, GER 

iTAgTM MHC Tetramer, HLA-A*02:01, Influenza 

M1, GILGFVFTL, PE 

MBL® International Corporation, 

Woburn, USA 

T-select HLA-DRB*11:01 Tetramer, TT p2 829-

844 MQYIKANSKFIGITEL, PE 

MBL® International Corporation, 

Woburn, USA 

5.1.8 Cell culture media and buffers 

Buffers that were obtained from the in-house facility, being responsible for the 

manufacturing of ultra-pure H2O, solutions and growing media, are marked with ‘Paul-

Ehrlich-Institut’. 

Cell culture medium/ Buffer Components 

A’Medium M’Medium 

5% human AB serum (v/v) 

B’Medium M’Medium 

10% FCS (v/v) 

Blocking solution (Western Blot) TBST 

5% skim-milk powder (w/v) 
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Cell culture medium/ Buffer Components 

Blotting buffer (Western Blot, Paul-

Ehrlich-Institut) 

ddH2O 

50 mM Tris 

40 mM Glycine 

0.0375% SDS (w/v) 

2.5% MeOH (v/v) 

Complete medium RPMI 1640 

10% FCS (v/v) 

2 mM L-glutamine 

100 U/ml Penicillin 

100 µg/ml Streptomycin 

10 mM HEPES buffer 

50 µM β-Mercaptoethanol 

EasySep™ Recommended buffer PBS 

2% FCS 

1 mM EDTA 

FACS blocking buffer PBS pH 7.1 

10% FCS (v/v) 

10% human AB Serum (v/v) 

Freezing medium CM 

40% FCS (v/v) 

Intracellular FACS blocking buffer 1x BD Perm/WashTM solution (BD 

Cytofix/Cytoperm™ kit) or  

1x Permeabilization Buffer (eBioscienceTM 

Foxp3/ Transcription factor buffer staining kit) 

10% FCS (v/v) 

10% human AB serum (v/v) 

Laemmli buffer (6x) ddH2O 

500 mM Tris-HCl pH 6.8 

38% Glycerol (v/v) 

10% SDS (w/v) 

600 mM DTT 

0.01% Bromophenol blue 
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Cell culture medium/ Buffer Components 

M’ Medium RPM1 1640 

2 mM L-glutamine 

1x MEM Vitamin Solution 

1 mM MEM Sodium Pyruvate 

1x MEM Non-essential amino acids 

100 U/ml Penicillin 

100 µg/ml Streptomycin 

50 µM β-Mercaptoethanol 

MACS buffer (Paul-Ehrlich-

Institut) 

PBS pH 7.2 

0.5% BSA (w/v) 

0.5 mM EDTA 

HEK293T/TLR7 Medium DMEM 

10% FCS 

2 mM L-glutamine 

100 U/ml Penicillin 

100 µg/ml Streptomycin 

+ 5 µg/ml Blasticidin (added freshly) 

+ 2 µg/ml Puromycin (added freshly) 

Paraformaldehyde solution (4%) PBS pH 7.1 

4% Formaldehyde (w/v) 

Phosphate-buffered saline (PBS) 

w/o Ca2+/Mg2+ (Paul-Ehrlich-

Institut) 

ddH2O 

140 mM NaCl (w/v) 

10 mM Na2HPO4 x 2 H2O 

2.7 mM KCl (w/v) 

1.8 mM KH2PO4 

Raji Medium 10% FCS (heat-inactivated) 

2 mM L-glutamine 

100 U/ml Penicillin 

100 µg/ml Streptomycin 

0.05 mM β-Mercaptoethanol 

SDS-PAGE Running buffer (5x, 

Paul-Ehrlich-Institut) 

ddH2O 

125 mM Tris 

1.25 M Glycine 

0.5% SDS (w/v) 
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Cell culture medium/ Buffer Components 

Separation gel buffer ddH2O 

0.5 M Tris-HCl pH 8.8 

0.4% SDS (w/v) 

Stacking gel buffer ddH2O 

1.5 M Tris-HCl pH 6.8 

0.4% SDS (w/v) 

TAE buffer (TAE, 20x, Paul-

Ehrlich-Institut) 

ddH2O 

0.8 M Tris (w/v) 

2.25% acetic acid (v/v) 

20 mM EDTA 

Tris-buffered saline + Tween-20 

(TBST, Paul-Ehrlich-Institut) 

ddH2O 

50 mM Tris-HCl pH 7.4 

150 mM NaCl 

Wash buffer (PBMC isolation) PBS pH 7.1 

5% CM (v/v) 

5.1.9 Cytokines and immunomodulators 

Cytokine/ Immunomodulators Manufacturer/ Distributor 

Interleukin 4 Recombinant Human Protein, 

GibcoTM 

Thermo Fisher Scientific, Dreieich, 

GER 

Human Recombinant Granulocyte 

Macrophage Colony Stimulation Factor (GM-

CSF), Leukine® 

Bayer Healthcare Pharmaceutical, 

Leverkusen (GER) 

Interleukin 2 Recombinant Human Protein, 

PROLEUKIN® S 

Novartis AG, Basel, CHE 

Phytohemagglutinin-L (PHA-L) Sigma-Aldrich, Steinheim, GER 

Cell Activation Cocktail (without Brefeldin A, 

containing PMA/ Ionomycin) 

BioLegend, San Diego, USA 

AddavaxTM InvivoGen, Toulouse, FRA 

Alhydrogel® adjuvant 2%, Brenntag Biosector 

A/S 

InvivoGen, Toulouse, FRA 

Quil-A® adjuvant, Brenntag Biosector A/S InvivoGen, Toulouse, FRA 

Trehalose-6,6-dibehenate (TDB) VaccigradeTM InvivoGen, Toulouse, FRA 

Pam3CSK4 VaccigradeTM InvivoGen, Toulouse, FRA 
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Cytokine/ Immunomodulators Manufacturer/ Distributor 

Lipopolysaccharide from Escherichia coli 

0111:B4 (LPS-EB) Ultrapure 

InvivoGen, Toulouse, FRA 

Monophosphoryl Lipid A (MPLA) Synthetic 

VaccigradeTM 

InvivoGen, Toulouse, FRA 

Monophosphoryl Lipid A from S. minnesota 

R595 (MPLA-SM) VaccigradeTM 

InvivoGen, Toulouse, FRA 

GardiquimodTM VaccigradeTM InvivoGen, Toulouse, FRA 

Imiquimod (R837) VaccigradeTM InvivoGen, Toulouse, FRA 

Resiquimod (R848) VaccigradeTM InvivoGen, Toulouse, FRA 

5.1.10 Cells 

Cells/ Cell line Source 

Peripheral blood mononuclear cells Buffy Coat, DRK-Blood donation centre 

Baden-Wuerttemberg-Hessen, Frankfurt, 

GER 

Peripheral blood mononuclear cells with 

HLA-DRB1*11:01 characteristic 

Whole Blood, Donors of the Paul-Ehrlich-

Institute 

HEK 293/TLR7-NF-kB luciferase Generously gifted by Prof. S. Chanda, 

Sanford-Burnham Medical Research 

Institute 

Raji (human B cell lymphoma cells) Generously gifted by Prof. J.P. Schneck, 

Johns Hopkins School of Medicine 

ATCC: CCL-86 TM 

HLA-A*02:01–positive, TAP-deficient 

174xCEM.T2 (T2) cells 

Generously gifted by Prof. J.P. Schneck, 

Johns Hopkins School of Medicine 

ATCC: CRL-1992TM 

5.1.11 Softwares 

Softwares Manufacturer 

BD FACSDivaTM Software v8.0.1  BD Biosciences, Heidelberg, GER 

Citavi v6.3 Swiss Academic Software, Waedenswil, CHE 

FlowJo v10.6.1 BD Biosciences, Heidelberg, GER 

GraphPad Prism v8.3.1 GraphPad Software Inc., La Jolla, USA 

LabImage1D – Gel and Blot Analysis 

Software 

Intas, Göttingen, GER 
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Softwares Manufacturer 

Microsoft Office (2016, 2019)  Microsoft Corporation, Redmond, USA 

Qlucore Omnics Explorer v3.5 Qlucore, Lund, SWE 

Zeiss AxioVision Rel. Imaging v4.8 Carl Zeiss Microscopy, Jena, GER 

5.2 Methods 

5.2.1 Cell culture methods 

All cell culture procedures were carried out under sterile conditions provided by a laminar 

flow workbench. Human cells were incubated at 37°C with 5% CO2. 

5.2.1.1 Counting of cells 

Peripheral blood mononuclear cells (PBMCs), peripheral blood lymphocytes (PBL), 

CD14+ monocytes and dendritic cells (DCs) were counted with a CASY cell counter 

model TT using a 150 µM capillary. The sample was prepared by 1:10,000 dilution in 

CASYton. The cell concentration was determined by three subsequent automatic 

measurements of the sample. Additionally, cell size, cell viability and cell aggregation 

were specified. The calculation of the final cell concentration is based on the viable cell 

count and furthermore takes cell aggregation into account.  

T cells and cell lines were counted using a Neubauer improved hemocytometer (depth: 

0.1 mm). Cells were diluted in Trypan Blue for exclusion of apoptotic cells. The mean of 

cell number counted in four squares was multiplied by the chamber factor (104) and the 

dilution factor.  

5.2.1.2 Cultivation of cell lines  

HLA-A*02:01–positive, TAP-deficient 174xCEM.T2 (T2) cells consist of T and 

B lymphoblast and remain in suspension. This cell line is suitable for efficient external 

loading of peptides given to the culture. Since T2 cells are TAP-deficient and thus have 

a low level of peptides for presentation on MHC class I, most molecules remain empty 

or associate with low affinity peptides. The addition of high-affinity peptides to the T2 

culture lead either to the binding of the peptide to empty MHC class I molecules and 

consequently to their stabilization or to the replacement of bound low-affinity peptides 

(Cerundolo et al., 1990; Wei and Cresswell, 1992). T2 cells were cultivated in B’medium 

in a 25 or 75 cm2 T-culture flasks in standing position. They were splitted twice a week 

to a concentration of 0.25 x 106 cells/ml. Therefor, cells were centrifuged at 500 x g for 
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5 min at RT and resuspended to the final concentration by addition of fresh B’medium 

(T25: 10 ml, T75: 30 ml). 

The Raji cell line consists of B cell lymphoma cells, which remain in suspension. Cells 

were cultivated in Raji medium in T25 flasks (standing position) and splitted twice a week 

to a concentration of 0.04 x 106 cells/ml (T25: 6 ml) as described above. 

The HEK 293/TLR7-NF-kB luciferase cell line was generated by (Chiang et al., 2012) by 

transfecting HEK293T with TLR7 expression vectors and a 5x NF-κB luciferase reporter 

construct. For splitting of this adherent cell line, supernatant was discarded, cells were 

washed with pre-warmed PBS and incubated with Trypsin-EDTA for 5 min at 37°C. 

Enzymatic reaction was stopped by addition of sufficient HEK293T/TLR7 culture 

medium. Cells were counted and adjusted to 0.13 x 106 cells/ml and transferred to a 

culture flask (T25: 5 ml). Blasticidin (5 µg/ml) and Puromycin (2 µg/ml) were added 

freshly to each passage. 

5.2.1.3 Isolation of human PBMCs from buffy coat 

PBMCs were isolated from buffy coats obtained from blood donations of healthy and 

anonymous donors (DRK Blood donation centre Baden-Wuerttemberg-Hessen, 

Frankfurt, ethical approval #329/10.). The buffy coat was disinfected, then opened under 

sterile conditions and filled into a bottle. The 30 to 50 ml buffy coat was diluted with 

prewarmed PBS to a final volume of 100 ml and divided onto four 50 ml falcons as 

followed: 25 ml of the diluted buffy coat was carefully layered on top of 15 ml prewarmed 

Histopaque 1077 without perturbing the Histopaque-phase. Subsequently, the tubes 

were centrifuged at 537 x g for 30 min with acceleration and deceleration at its lowest 

level to separate red blood cells, PBMCs and plasma. The PBMC-containing interphase 

was harvested and evenly distributed to six 50 ml falcon tubes and filled up with 

prewarmed wash buffer. Several washing steps at different rotation speeds (1084, 573, 

143 x g; 8 min, RT) followed, to remove cell debris and thrombocytes. Contaminating 

erythrocytes were lysed with cold 0.15 M ammonium chloride for 10 min at RT. Cells 

were washed again (143 x g, 8 min, RT) and pooled in one falcon tube. PBMCs were 

counted and further processed in 5.2.1.5. 

5.2.1.4 Isolation of PBMCs from whole blood 

For antigen-specific CD4+ T cell experiments (5.2.2.6), donors with the HLA 

characteristic DRB*11:01 were required. HLA characteristics were identified by HLA 

typing performed at the DRK Blood donation center, Frankfurt and at the DKMS, 

Tübingen. Blood sampling of donors (up to 100 ml blood/ donor), HLA-typing and the 
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experimental procedure was approved by the local ethics committee (Identification no. 

19-226; Department of Medicine, Goethe University, Frankfurt) and informed, written 

consents were obtained from all donors. Blood was collected in tubes containing 3.2% 

citrate using a multifly needle set. Whole blood was collected in a glas bottle diluted with 

PBS to a final volume of 200 ml. 25 ml of diluted blood was layered over a histopaque 

(1.077 g/ml, 15 ml) phase, followed by a density gradient centrifugation (537 x g for 

30 min with acceleration and deceleration at its lowest level). PBMCs were isolated as 

described in 5.2.1.3. 

5.2.1.5 Isolation of CD14+ monocytes from PBMCs 

PBMCs were isolated as described in 5.2.1.3 and 5.2.1.4. All steps required for Magnetic 

Cell Separation (MACS) were performed at 4°C. Cells were washed in cold MACS buffer 

and centrifuged at 322 x g for 6 min. Subsequently, cells were resuspended in 95 µl 

MACS buffer/ 10x106 cells. For the positive isolation of CD14+ monocytes, CD14 

microbeads were given at a concentration of 5 µl/ 10x106 cells to the cell solution. The 

sample was incubated for 20 min at 4°C followed by a washing step with MACS buffer 

(322 x g, 6 min). Subsequently, the supernatant was discarded and the cell pellet 

resuspended in 3 ml MACS buffer. LS columns were placed in the magnetic field of a 

Midi-MACS separator and equilibrated by rinsing the column with 5 ml MACS buffer. The 

bead-labeled cell suspension was applied to the column. Unlabeled cells (CD14-, PBLs) 

that passed through were collected. The column was washed three times with 3 ml 

MACS buffer to remove residual CD14- cells. Then, the column was removed from the 

separator and placed on a new falcon. The column was filled with 5 ml MACS buffer and 

CD14+ cells were flushed out of the column by using the plunger. Eluted CD14+ 

monocytes were counted and the required amount was differentiated to monocyte-

derived DCs (5.2.1.6). The collected flow-through (CD14- PBLs) was centrifuged 

(322 x g, 6 min) and frozen as described in 5.2.1.7 for the isolation of T cells (5.2.1.8) at 

a later time point. 

5.2.1.6 Generation of monocyte-derived DCs 

CD14+ monocytes were isolated by MACS (5.2.1.5), spun down (322 x g, 6 min) and 

resuspended in CM. Cells were seeded at a density of 1.5x106 monocytes/ well in 2 ml 

CM supplemented with 10 ng/ml IL-4 and 5 ng/ ml GM-CSF. Cells were differentiated for 

5-6 days with a medium refresh on day 3. For that, 1 ml CM with 30 ng/ml IL-4 and 

15 ng/ml GM-CSF was added to each well.  
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Immature DCs do not adhere to the plate surface and thus can be harvested by gently 

flushing the cells. All wells were collected in a tube and centrifuged at 322 x g for 6 min 

at RT. DCs were resuspended in an appropriate amount of medium and counted 

(5.2.1.1). The phenotype of immature DCs was randomly controlled by flow cytometry. 

Fully differentiated immature DCs are CD14- , CD1a+ and CD209+ (Sallusto and 

Lanzavecchia, 1994; Geijtenbeek et al., 2000). 

5.2.1.7 Freezing and thawing of cells 

PBMCs, which remained after isolation (5.2.1.3) and collected CD14- after CD14+ MACS 

isolation (5.2.1.5) were counted and afterwards centrifuged at 322 x g for 6 min. The 

supernatant was completely removed and the cell pellet was resuspended in the 

appropriate amount of freezing medium (900 µl/ 100x106 cells) containing FCS in a final 

concentration of 40%. Up to 100x106 cells/ml were frozen in a volume of 1 ml 

(corresponds to one cyro vial), containing 900 µl cell solution and 100 µl dimethyl 

sulfoxide (DMSO). A NalgeneTM Mr. Frosty Freezing container served for consistent 

freezing (-1°C/min) to -80°C. Frozen cells were stored at -80°C until use. 

The T2 and HEK 293/TLR7-NF-kB luciferase cell line (5.2.1.2; 5.1.10) were both 

expanded in a low passage number to generate several aliquots for freezing. These cells 

were frozen at a density of 5x106 cells/ml in freezing medium supplemented with 10% 

DMSO. Cells were frozen in a NalgeneTM Mr. Frosty Freezing container at -80°C and 

transferred on the next day to liquid nitrogen. 

Aliquots with frozen cells were thawed in the water bath at 37°C. As soon as the cell 

suspension was ice crystal free, cells were slowly dropped into pre-warmed culture 

medium. Cells were centrifuged at 143 x g for 8 min at RT. Supernatant was discarded 

and the pellet carefully resuspended in the respective culture medium. Cell lines were 

directly seeded in T25 culture flasks. PBMCs and CD14- PBLs were counted (5.2.1.1) 

and used for the isolation of T cells (5.2.1.8) or directly applied in an experimental setting 

(5.2.2.5.1, 5.2.2.5.2, 5.2.2.5.3). 

5.2.1.8 Isolation of CD4+ and CD8+ T cells from PBMCs or CD14- PBL 

CD4+ and CD8+ T cells were isolated using an untouched (negative) selection procedure 

(EasySepTM) from StemCell Technologies to prevent stress-mediated activation of T cells 

through the interaction with antibodies and beads or the passaging through a column.  

Cryo vials with PBMCs or CD14- PBLs were thawed (5.2.1.7) and cell solution was 

directly dropped into EasySepTM’s recommended buffer, which was warmed to RT. Cells 

were centrifuged at 143 x g for 8 min, resuspended in EasySepTM buffer and passed 
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through a 30 µM filter mesh to remove cell clumps. After cell counting (5.2.1.1), cells 

were adjusted to 50x106 cells/ml and transferred to sterile 5 ml FACS tubes with cap. In 

contrast to the MACS isolation protocol, EasySepTM separates at RT. Due to limitations 

of the EasySepTM magnet, only up to 100x106 cells per isolation can be used. A higher 

number of cells required several rounds of isolation. In brief, isolation cocktail (50 µl/ml 

of sample) was added to the cell solution. During the incubation of 5 min at RT, 

RapidSpheresTM were vortexed and subsequently given to the sample. Then, the sample 

volume was adjusted to 2.5 ml with EasySepTM buffer and the FACS tube (without cap) 

was placed into the magnet. After 3 min incubation, the magnet with the tube was picked 

up and inverted in one continuous motion to pour the enriched cell suspension into a 

new tube. Isolated cells were counted and used in antigen-specific experiments (5.2.2.6). 

5.2.2 Experimental assays 

5.2.2.1 Endotoxicity test: Limulus amebocyte lysate test 

Bacterial endotoxin testing is described in the Pharmacopoeia of Europe and the United 

States to detect and quantify endotoxin within a sample. The limulus amebocyte lysate 

test is the golden standard of bacterial endotoxin tests. It is based on the aqueous extract 

from amebocytes of the North American Horseshoe Crab (Limulus polyphemus), which 

generates a coagulation cascade triggered by endotoxin. This enzymatic reaction leads 

to the formation of a gel clot. The developing turbidity can be measured (Sandle, 2016). 

The LAL test was performed by P. Windecker and I. Spreitzer at the Paul-Ehrlich-Institut 

at the department of Microbiology (Microbiological Safety). Adjuvants were prepared in 

CM at the concentrations defined for this project (Table 1). Except for LPS, MPL-s and 

MPL-SM, only the high concentration of the adjuvant was applied for testing. In addition, 

the solvents CM and CM+0.1%DMSO were also analyzed for endotoxin contamination.  

The LAL test used here, is based on the kinetic-turbimetric method using 

Pyrotell®- T lysate, which was solved in Pyrosol® buffer. Each sample underwent a 

product positivity test (spike) with 0.5 EU/ml LPS to exclude possible confounding factors 

within the sample. The determination of endotoxin amount was valid, if 50-200 % of the 

spiked endotoxin was recovered. Turbidity was measured with the ELx808™ microplate 

reader at 340nm. Endotoxin concentrations were calculated using the endotoxin 

European pharmacopoeia reference standard generated standard curve.  
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5.2.2.2 Pyrogenicity test: Monocyte activation test 

The monocyte activation test (MAT) is an in vitro test to detect and quantify pryogenic 

substances that activate human monocytes, leading to the release of fever-inducing 

mediators such as the inflammatory cytokines TNFα, IL-1β and IL-6, which are then 

detected by Enzyme-linked Immunosorbent Assay (ELISA). The MAT was developed to 

replace the rabbit pyrogen test. In Europe, the MAT was accepted as alternative 

endotoxin test method in 2010 (European Pharmacopoeia, 10th edition, English, 2019, 

monograph 2.10; Sandle, 2016). 

The pyrogenicity of the adjuvant solutions at the indicated concentrations (Table 1) was 

analyzed using the MAT, which was performed by P. Windecker and I. Spreitzer at the 

Paul-Ehrlich-Institut (Department of Microbiology; Microbiological Safety). 

The monocyte activation test was carried out as previously described (Schindler et al., 

2006; Montag et al., 2007). In brief, 20 µl cryopreserved human whole blood and 

adjuvant solution was added to 200 µl RPMI. Samples were tested in triplicates. The 

standard curve was prepared using the endotoxin European pharmacopoeia reference 

standard. The spiking with 0.5 EU/ml LPS of each sample served as control. Plates were 

incubated at 37°C, 5% CO2 overnight. A volume of 100 µl per well was used for the IL-β 

cytokine ELISA. 

5.2.2.3 Stimulation of cells with adjuvants 

The adjuvants used in this study have a specific purity grad (VacciGradeTM) for preclinical 

studies: They are prepared under strict aseptic conditions and guaranteed sterile. Quil 

and Al(OH)3 were produced according to GMP guidelines by Brenntag Biosector A/S. 

Lyophilized adjuvants were solved according to InvivoGen’s instructions and aliquoted 

to limit thawing and freezing to a maximum of 5 cycles. Furthermore, a single batch of 

adjuvants was used throughout the study. The concentrations (Table 1) were determined 

at the beginning of this project by analyzing cytotoxicity and proliferation-inducing 

capacity of the adjuvants (5.2.2.5.1; 6.2). 

Table 1: Adjuvants and their respective concentrations used throughout this study. 

Immunomodulator Abbr. Information Low conc. High conc. 

Trehalose-6,6-dibehenate 

VacciGrade™ TDB Mincle ligand 1 µg/ml 10 µg/ml 

Pam3CSK4 VacciGrade™ Pam TLR1/2 ligand 100 pg/ml 1 µg/ml 

Gardiquimod VacciGrade™ GARD TLR7 ligand 0.35 µM 3 µM 

Imiquimod VacciGrade™ IMQ TLR7 ligand 3.6 µM 36 µM 
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Immunomodulator Abbr. Information Low conc. High conc. 

Resiquimod VacciGrade™ R848 TLR7/8 ligand 0.15 µM 1 µM 

Positive control (LPS-EB, ultrapure) LPS TLR4 ligand 38.4 pg/ml 0.1 µg/ml 

Synthetic monophosphoryl lipid A 

VacciGrade™ MPL-s TLR4 ligand 0.01 µg/ml 1 µg/ml 

Monophosphoryl lipid A 

(S. minnesota R595) VacciGrade™ MPL-SM TLR4 ligand 0.01 µg/ml 1 µg/ml 

AddavaxTM VacciGradeTM ADX 

squalene-based oil-in-

water nano-emulsion 15 µg/ml 150 µg/ml 

Quil-A® adjuvant Quil saponin adjuvant 0.15 µg/ml 1.5 µg/ml 

Alhydrogel® 2% Al(OH)3 

aluminum hydroxide 

wet gel suspension 1 µg/ml 10 µg/ml 

 

For the stimulation of the cells with adjuvants, a x-fold concentrated working solution was 

prepared before each experiment by diluting the adjuvants in CM or A’M (antigen-specific 

assays). The concentrated working solution was diluted to the final concentration (Table 

1) upon addition to the cell solution present within the well.  

5.2.2.4 Fluorescent labeling of cells with proliferation dyes 

Proliferation of lymphocytes can be studied by labeling of the cells with fluorescent dyes, 

which enter the cell by diffusion through the cell membrane. They bind intracellularly to 

proteins, which result in retention of the dye within the cell. Particularly, dyes such as 6-

Carboxyfluorescein N-succinimidyl ester (CFSE) and CellTraceTM FarRed contain a cell-

permeant nonfluorescent ester of an amine-reactive fluorescent molecule, which gets 

cleaved by the cell’s esterases, leading to the conversion into a fluorescent derivative. 

Upon division of the cell, daughter cells receive half of the fluorescent label of their parent 

cells, allowing the analysis of proliferation by flow cytometry. 

DCs and PBLs or T cells were stained with 4 µM CFSE in CM for 12 min at 37°C. Staining 

with CellTraceTM FarRed required a protein-free environment. Therefore, cells were 

washed with PBS and subsequently labeled with 1 µM CellTraceTM FarRed in a volume 

of 1 ml PBS for 20 min at 37°C. The excess of both dyes was quenched with the addition 

of sufficient CM. Cells were washed (322 x g, 6 min, RT), resuspended in CM or A’M 

(antigen-specific assays) and counted (5.2.1.1).   
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5.2.2.5 Antigen-independent experiments 

To assess the adjuvant-specific reaction, the following assays were carried out without 

the addition of antigen. 

5.2.2.5.1 Cytotoxicity test: Annexin-V/ Propidium iodide staining 

To determine the concentration of the adjuvants, concentration-dependent cytotoxicity 

was analyzed with Annexin-V/PI staining by flow cytometry. Annexin-V binds to 

phosphatidylserine, which gets flipped to the extracellular surface of the cell membrane, 

when the cell undergoes apoptosis (Vermes et al., 1995). Propidium iodide (PI) is used 

as a marker for cell membrane permeability (Belloc et al., 1994), which is seen in late 

apoptosis or necrosis.  

The proliferation-inducing capacity was also examined in this assay. Therefore, DCs 

were harvested (5.2.1.6), autologous CD14- PBLs were thawed (5.2.1.7), cells were 

counted (5.2.1.1) and both were labeled with 1 µM CellTraceTM FarRed (5.2.2.4). After 

washing and another counting, cells were seeded in 96-well U-shape plates. DCs were 

plated first at 2x104 cells/ well and were rested for 30 min at 37°C in the incubator. 

Afterwards, 1x105 PBLs were added to each well to achieve a 1:5 ratio of DCs:PBLs. As 

a last step, the adjuvant working solutions were prepared and added to the wells. Nine 

serial diluted concentrations were tested of each adjuvant in duplicates.. The negative 

control was left untreated. Here, CM was added to the wells at the same volume as the 

adjuvant working solution. After 6 days of incubation (37°C, 5% CO2), cells were 

prepared for flow cytometric analysis. To detach all cells, the plate was put on ice for 

30 min. Subsequently, supernatant was discarded, cells were washed with PBS and 

Trypsin/ EDTA solution was given to the cells for 7 min at 37°C. Reaction was stopped 

with CM, duplicates were pooled, cells were washed and resuspended in Ringer solution, 

which is required for the Ca2+-dependent binding of Annexin-V to phosphatidyl serine. 

The master mix of Annexin-V/ PI was prepared and given to the sample. After a 10 min 

incubation, flow cytometry analysis should then be accomplished within the next 45 min 

to prevent PI-induced cytotoxicity. A control for Annexin-V/ PI positivity was generated 

with a heat-shock of left-over cells. Therefore, cells were heated at 65°C for 4 min and 

afterwards put directly on ice. Around half of the cells were then Annexin- V/ PI positive. 

5.2.2.5.2 Investigation of DC maturation following adjuvant stimulation 

Dendritic cells were harvested on day 5 or 6 of culture (5.2.1.6), counted (5.2.1.1) and 

seeded at a density of 4x105 DCs/ well in 24-well culture plates. Autologous PBLs were 
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thawed (5.2.1.7), counted and 2x106 PBLs were added to each well (1:5 ratio of 

DC:PBL). When the adjuvant-induced effect on DC maturation was investigated on DCs 

only (DCsolo), autologous PBLs were replaced by the equal amount of volume. The 

adjuvant working solutions were prepared (5.2.2.3) and added to achieve the final 

adjuvant concentration as indicated in Table 1. CM was given to the unstimulated control 

instead of the adjuvant working solution. The volume of each well was adjusted to 

1x105 DCs/ 100 µl. Cells were incubated overnight (20 hours) at 37°C and 5% CO2. 

5.2.2.5.2.1 Expression of surface maturation marker 

On the next day, cells were harvested and collected in 1.5 ml microcentrifuge tubes. After 

centrifugation (300 x g, 6 min, 4°C), cells were resuspended in FACS blocking buffer and 

incubated for 10 min at 4°C. Subsequently, the cell solution of each condition was splitted 

equally in two wells of a 96-well V-bottom plate for antibody-specific and isotype control-

staining. Adjuvant-induced expression of the co-stimulatory molecules CD80, CD86 and 

CD40, the co-inhibitory molecule PD-L1, MHC-class II (HLA-DR) and the migration-

mediating CCR7 molecule was analyzed by flow cytometry. The preparation of the 

staining solution as well as the staining procedure is described in 5.2.3.1. 

5.2.2.5.2.2 Endocytic capacity 

The assay procedure was performed in principle as described in 5.2.2.5.2.2. However, 

for the following assay, a second culture plate with a replicate of each condition has to 

be prepared. To have enough cells for each condition, cell numbers were reduced to 

0.2x106 DCs and 1x106 PBLs per well (total well volume: 200 µl in 48-well plates). After 

stimulating the cells with the adjuvants for 20 hours, one of both assay plates was cooled 

to 4°C for 30 min in the fridge. These cells served as control for non-specific binding of 

FITC-dextran, since uptake activity is reduced at low temperatures. Subsequently, 

50 µg/ml FITC-dextran was given to the cells for 1 hour and incubated either at 37°C or 

4°C. Then, cells were harvested, transferred to 96-well V-bottom plates and washed 3-

times with cold MACS buffer. Cells were stained with a viability dye and DC-identifying 

markers (CD14 and CD1a) for analysis by flow cytometry. 

5.2.2.5.3 Adjuvant stimulation of the DC: PBL co-culture in a 96-well U-bottom culture 

plate 

For Luminex multianalyte profiling (5.2.2.5.3.1; Figure 9) and adjuvant-induced antigen-

independent proliferation (5.2.2.5.3.2), donors were selected by stratification, since a 
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consistence in gender and age distribution was necessary. The inclusion criteria were 

defined before donor enrollment for four groups (female/ male; <40/ >40 years of age) 

with 7-8 corresponding donors each. The selection of the buffy coats for both 

experiments was performed by the DRK Blood donation center. 

DCs were harvested on day 5 of culture (5.2.1.6), autologous PBLs were thawed 

(5.2.1.7) and both cell types counted (5.2.1.1). To study antigen-independent 

proliferation (5.2.2.5.3.2) DCs and PBLs were labeled with 4 µM CFSE (5.2.2.4). To 

study adjuvant-induced cytokine and chemokine profiles (5.2.2.5.3.1), cells remained 

unlabeled. Cells were adjusted to 0.4x106 DCs/ml and 2x106 PBLs/ml. DCs were seeded 

with a multichannel pipette in a 96-well U-bottom plate (2x104 DCs/ well) and rested for 

at least 30 min at 37°C and 5% CO2. Due to a higher evaporation in the outer rows and 

columns of the plate, they were left cell-free and filled with PBS. Meanwhile, adjuvant 

working solutions were prepared (5.2.2.3) and added to the indicated wells. Biological 

replicates were performed for each condition. Subsequently, 1x105 PBLs were added to 

each well with the help of a multichannel pipette. The well volume amounts to 150 µl. 

The DC:PBL co-culture, stimulated with the different adjuvants at low and high 

concentration, was incubated for 24 hours (5.2.2.5.3.1) or 6 days (5.2.2.5.3.2) at 37°C 

and 5%CO2.  

 

 

Figure 9: Experimental and analysis procedure of the cytokine and chemokine multiplex profiling. 

Buffy coats of donors with defined criteria were selected and PBMCs were isolated. The human primary 

immune cell-based assay (DC:PBL co-culture) was set up as indicated and stimulated with the different 

adjuvants for 24 hours. Subsequently, supernatant was harvested and immediately stored at -80°C. Plates 

with supernatants were sent to M. Hasan and T. Stephen at the Institut Pasteur (Center for Translational 

24 hours
BLOOD

30 donors

15 female/ male

7 <40 years

8 >40 years

Cytokines Classification

IL-2, IFNy Th1 cytokines

IL-4, IL-5, IL-10 Th2 cytokines

IL-17A Th17 cytokine

IL-1α, IL-1β, IL-18, IL-6, 

TNF-α, 

IL-8, IL-12p70, IL-23, IFNα

Pro-inflammatory 

cytokines

IL-27, IL-33
Immunomodulatory

cytokines

MCP-1, MIP-1a, RANTES 

(CCL5), MIG (CXCL-9)
Chemoattractants

SCF, G-CSF, GM-CSF Growth factors

IL-3 Proliferation/ maturation

Supernatant

Bead-coupled

antibody

DropArray™ plate

Magnet

Plate preparationPlate read

Bio-plex reader

DropArray

System

Analysis 

Qlucore software

Protein analyte Luminex panel

Institut Pasteur (Paris)
Center for Translational Research

Cytometry and Biomarkers platform

Cell isolation DC:PBL assay

CD14- PBLs

iDC

PBMCs

Harvest of

supernatant

Storage

-80 C

Buffy coat

ADJUVANT



  Material and Methods 

65 

Research; Cytometry and Biomarker platform), who performed the 25 analyte Luminex analysis using the 

DropArray System and a Bioplex reader. Data analysis was conducted with Qlucore Omnics Explorer. 

5.2.2.5.3.1 Cytokine and chemokine analysis 

After incubation, plate was centrifuged at 440 x g for 6 min. 120 µl of supernatant (75% 

of the well volume) was harvested carefully without touching the cell pellet and collected 

in 96-well U-bottom plates (polypropylene plates). Half of the supernatants were 

transferred to another 96-well U-bottom plate. This plate was sent later to M. Hasan and 

T. Stephen at the Institut Pasteur (Center for Translational Research, Cytometry and 

Biomarkers platform) for cytokine and chemokine analysis of the adjuvant-stimulated 

DC:PBL co-culture (5.2.3.2). Plates were tightly sealed and frozen at -80°C immediately 

(Figure 9).  

5.2.2.5.3.2 Antigen-independent proliferation of lymphocytes 

After 6 days of incubation, plates were centrifuged at 440 x g for 6 min (4°C). 

Supernatant was collected and stored immediately at -80°C for potential cytokine 

analysis. Replicates were pooled and transferred to 96-well V-bottom plates for the 

staining procedure before flow cytometry analysis (5.2.3.1). Cells were stained for CD3, 

CD4, CD8, CD56 and CD19 to analyze CD4+ T cells (CD3+CD4+), CD8+ T cells 

(CD3+CD8+), NKT cells (CD3+CD56+), B cells (CD3-CD19+) and NK cells (CD3-CD56+). 

Fluorescence minus one (FMO) controls helped to identify target populations. 

Proliferating cells were identified by exhibiting a lower intensity of CFSE. Moreover, 

123count eBeads™ Counting Beads were spiked in and acquired during sample 

analysis, allowing the calculation of the absolute cell count of proliferating lymphocytes 

within the respective sample. The volume of counting beads amounted to 10% of the 

total sample volume. During sample acquisition, at least 1000 beads were collected to 

ensure statistically significant results. Absolute cell counts were calculated according to 

the manufacturer’s instruction with the following formula: 
 

 

5.2.2.6 Antigen-specific experiments 

To investigate if the adjuvants are able to boost the expansion of antigen-specific CD4+ 

and CD8+ T cells, we performed an antigen-recall assay using immunodominant peptide 

sequences of the model antigens influenza matrix protein 1 (FluM1; 58-66) and tetanus 

toxin (TT p2; 829-844). For both antigens we assume that most of the donors were either 
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already infected with an influenza virus or vaccinated against influenza and/or TT. 

Antigen-specific T cells were detected with MHC/peptide-tetramers, which bind to the T 

cell receptor (TCR) recognizing the specific peptide. The peptide sequences and the 

tetramers are restricted to certain HLA-characteristics. Therefore, donors carrying 

HLA- A*02:01 (FluM1) and HLA- DRB1*11:01 (TT) are required for these antigen-

specific T cell assays. 

5.2.2.6.1 Selection of blood donors with HLA-A*02:01 or HLA-DRB1*11:01 

characteristic 

HLA-A*02:01 positive donors were identified with an antibody staining against HLA- A*02 

(Figure 10:Figure 10). Therefore, six to eight buffy coats were tested. The antibody 

staining was performed for 15 min at 4°C using 100 µl buffy coat after erythrocyte lysis 

(10 min). Cells were washed in MACS buffer and directly acquired using a flow 

cytometer. Unstained cells of the same donor served as control. HLA-A*02 positivity was 

detected with a shift in fluorescence intensity of two log decades. Around 50% of the 

tested buffy coats were from donors carrying the HLA-A*02 characteristic. HLA-A*02 

positive PBMCs were isolated from buffy coats as described in 5.2.1.3. 

 

 

Figure 10: Selection procedure of HLA-A*02-positive donors for the antigen-specific CD8+ T cell 

assay. 

Buffy coats from healthy donors were obtained from the DRK blood donation center. HLA-A*02 positive 

donors were detected with an antibody staining. After flow cytometric analysis, PBMCs from HLA-A*02 

positive donors were isolated. 

 

Due to the fact that no antibody against HLA-DRB1*11:01 exists, donors have to be 

haplotyped before their cells can be used for this experiment (Figure 11). Blood sampling 

of donors, HLA-typing and the experimental procedure was approved by the local ethics 

committee (Identification-no. 19-226; Department of Medicine der Goethe-University 

Frankfurt) and informed, written consents were obtained from all donors. HLA-typing was 

performed at the DRK blood donation center Baden-Wuerttemberg/ Hessia and the 

DKMS. Five employees of the Paul-Ehrlich-Institut, who voluntarily registered for the 
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study, were HLA-DRB1*11:01 positive and donated blood for the antigen specific CD4+ 

T cell experiments. Blood sampling and isolation of PBMCs from whole blood was 

performed as described in 5.2.1.4. 

 

 

Figure 11: Selection procedure of HLA-DRB1*11:01-positive donors for antigen-specific CD4+ T cell 

experiments.  

After approval by the local ethics committee, voluntary donors were taken blood for HLA-typing. Donors 

having the HLA-DRB1*11:01 haplotype were asked to donate blood for the experiments. PBMCs were 

isolated as described. 

5.2.2.6.2 Loading of DCs with peptides for T cell stimulation 

DCs were harvested (5.2.1.6), counted (5.2.1.1) and stained with 4 µM CFSE (5.2.2.4). 

Subsequently, DCs were washed in serum-free media (M’medium)and resuspended in 

M’medium before separating on two falcons. For efficient peptide loading, cells were 

pulsed in a small volume (1 ml) with a cell number less than 10x106 DCs. DCs within 

falcon 1 were loaded with 10 µg/ml peptide, whereas DCs in falcon 2 served as control 

cells. After incubation for 2 hours at 37°C with 5% CO2, DCs were washed extensively 

to remove unbound peptide (3 times with a volume of at least 30 ml, 322 x g for 8 min). 

Subsequently, DCs were counted and adjusted to 0.4x106 DCs/ml with A’medium. 

5.2.2.6.3 Co-cultivation of peptide-pulsed DCs and T cells 

Autologous CD14- PBLs or PBMCs were thawed (5.2.1.7), counted (5.2.1.1) and 

subsequently CD4+ or CD8+ T cells were selected using EasySepTM isolation kits 

(5.2.1.8). T cells were labeled with 4 µM CFSE (5.2.2.4), again counted and adjusted to 

2x106 T cells/ml in A’medium. Peptide-loaded and Ctrl-DCs (5.2.2.6.2) were seeded in 

96-well U-bottom plates with the help of a multichannel pipette at a density of 2x104 DCs/ 

well and rested for 30 min at 37°C and 5% CO2. Afterwards, 1x105 CD4+ or CD8+ T cells 

were added to each well. The outer rows and columns of the plate remained cell free 

and were just filled with PBS. Adjuvant working solutions were prepared in A’medium 

(5.2.2.3) and given to the corresponding wells to obtain the final adjuvant concentration 

(Table 1). For each condition several replicates were prepared. The co-culture of DC and 
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CD8+ T cells additionally received 20 IU/ml IL-2. Cells were incubated for 6-7 days at 

37°C with 5% CO2. 

5.2.2.6.4 Analysis of antigen-specific T cells with MHC/peptide tetramers 

Antigen-specific T cells can be detected with MHC/peptide tetramers. These 

MHC/peptide tetramers bind only to matching TCRs. This means that the peptide 

sequence as well as the MHC molecule has to be recognized by the TCR. The MHC/ 

peptide complexes are tetramerized to maintain a stable binding to four TCRs. A 

fluorophore attached to the complex allows the analysis by flow cytometry. We used 

MHC/peptide tetramers with the identical peptide sequence as used for loading on DCs. 

The staining was performed as recommended by the manufacturer. In brief, T cells were 

washed in PBS, resuspended in PBS and the MHC/peptide tetramer was given to the 

wells (1 µl/ 8x105 T cells). Cells were stained for 45 min in the dark at 4°C. T cell 

identifying antibodies were added for another 15 min. Subsequently, cells were washed 

and analyzed using flow cytometry. For the detection of FluM1+CD8+ T cells at least 

20,000 cells and for TT+CD4+ T cells 200,000 cells per sample were acquired.  

5.2.2.6.5 Cytokine-secretion after peptide re-stimulation 

For the re-stimulation of antigen-specific CD8+ T cells, T2 cells were used as target cells. 

T2 cells were harvested, washed two times with PBS (573 x g, 5 min), resuspended in 

M’medium and counted in trypan blue with a Neubauer hemocytometer (5.2.1.1). 10x106 

T2 cells were prepared for loading of the FluM1 and NY-ESO-1 peptide. NY-ESO-1 is a 

tumor antigen and here used as control peptide. T2 cells were pulsed with 1 µM peptide 

and incubated for at least 1 hour at 37°C with 5% CO2. Afterwards, T2 cells were washed 

several times, resuspended in A’M and counted.  

T cells were harvested from the 96-well plate after 6-7 days of co-culture with DCs and 

adjuvant stimulation (5.2.2.6.3). T cells were counted in trypan blue with a Neubauer 

hemocytometer. Subsequently, T cells were seeded in a 96-well V-bottom plate at a 

density of 2x105 T cells/ well. T2 target cells were added at a 1:1 ratio in the presence of 

monensin/ brefeldin A, anti-CD28/CD49d co-stimulus and CD107A antibody. The same 

setting, but without target cells and CD28/CD49d co-stimulus, was used for the negative 

(unstimulated) and positive control (PMA/ Ionomycin). Here, equal volumes of A’medium 

were given to the wells. Cells were resuspended carefully and centrifuged at 503 x g for 

5 min. Cells were incubated for 6 hours at 37°C with 5% CO2 with a short interruption 

after 2 hours to add PMA/ Ionomycin to the positive control (Cell activation cocktail: 

1 µl/ 1x106 cells). After the incubation, cells were pelleted at 503 x g for 5 min and 
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resuspended in PBS. Subsequently, MHC/FluM1-tetramer was added to each well for 

45 min (5.2.2.6.4) at 4°C, followed by live/dead and extracellular antibody staining for 

additional 15 min. Subsequently, cells were washed two times with MACS buffer and 

resuspended in Cytofix/ CytopermTM buffer for fixation overnight at 4°C in the dark. On 

the next day, cells were stained against TNFα, IL-2 and IFNγ for 1 hour in 

1x Perm/ WashTM (5.2.3.1). After washing, cells were resuspended in MACS buffer and 

acquired immediately by flow cytometry. 

5.2.3 Analyzing methods 

5.2.3.1 Flow cytometry 

The expression of specific markers, cytokine production, detection of antigen-specific 

T cells as well as the proliferation of lymphocytes was assessed by flow cytometry. For 

this purpose, cells and conditions of interest were collected in 96-well V-bottom plates at 

a density of at least 1.5x105 cells/ well. After centrifugation (440 x g, 5 min), cells were 

resuspended in FACS blocking buffer and incubated for 10 min at 4°C. Subsequently, 

cells were washed once with PBS and the antibody staining solution against cell surface 

antigens was added. The antibody staining solution was prepared in PBS and contained 

the fixable viability dye Zombie Yellow (1:1000) and the antibodies of interest or their 

respective isotype controls. After incubation of 30 min at 4°C, cells were washed two 

times with MACS buffer and resuspended in 75-100 µl MACS buffer for sample 

acquisition. When sample analysis was performed on the next day, cells were fixed with 

0.25% PFA, without any further washing. For intracellular protein analysis, the 

Cytofix/CytopermTM Fixation/Permeabilization Solution Kit or eBioscience™ Foxp3/ 

Transcription Factor Staining Buffer Set was used according to manufacturers’ 

instructions. In brief, cells were fixed in 100 µl Cytofix/CytopermTM buffer or 1x Fixation/ 

Permeabilization diluent and incubated for 20 min to 12 hours in the dark at 4°C. Cells 

were washed with 1x Perm/ WashTM or 1x Permeabilization buffer, followed by blocking 

of unspecific binding with intracellular FACS blocking buffer for 20 min at 4°C. After 

another wash with 1x  Perm/ WashTM or 1x Permeabilization buffer, cells were incubated 

with the antibodies of interest, reconstituted in 1x  Perm/ WashTM or 1x Permeabilization 

buffer for 1 hour at 4°C. Samples were recorded using an BD LSR II, BD LSR SORP or 

LSR Fortessa and analyzed by FlowJo software. The geometric mean fluorescence 

intensity (geo. MFI) values of the isotype controls were subtracted from the geo. MFI 

values of the specific antibody staining. Proliferation of lymphocytes was assessed by a 

decline in CFSE fluorescence intensity. 
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5.2.3.2 Luminex Multiplex assay 

Luminex Multiplex assays allows the detection of multiple proteins within a given sample 

and thus is a big advantage over conventional ELISAs regarding the saving of resources 

such as sample and kit material or time. The capturing antibodies are linked to color-

coded magnetic beads. Analytes within the sample material attach to the capturing 

antibodies. The antibody-antigen-antibody sandwich is established by binding of the 

detection antibody to its specific antigen. In a next step, streptavidin tagged with PE 

attach to the biotinylated detection antibody. The read-out is performed using a dual-

laser detection instrument. One laser identifies the bead and thus the corresponding 

analyte, whereas the other laser detects the magnitude of PE-derived signal, which is 

proportional to the amount of analyte bound.  

The protein analysis of 25 cytokines and chemokines in the supernatant (5.2.2.5.3; 

Figure 9; p. 64) was performed at the Institut Pasteur in the Center for Translational 

Research (Cytometry and Biomarkers platform) by M. Hasan and T. Stephen. The 

protein analysis with Luminex xMAP technology was carried out using the DropArray 

system (Curiox) and a Bio-Plex reader (Biorad). The 25 analytes (ProCartaplex custom 

panel 25-plex, Invitrogen) were organized on one multiplex array and a single batch of 

reagents was used for testing all samples. The least detectable dose (LDD) was derived 

by averaging the values obtained with sample diluent of 169 blank reads and adding 

three standard deviations of the mean. The lower limit of quantification (LLOQ) is the 

lowest concentration of an analyte that can be reliably detected, corresponding to the 

lowest point of the standard curve. LDD and LLOQ of the tested analytes are displayed 

in Table 2. Undetected values (OOR <) were replaced by 10% of the least detectable 

dose, whereas saturated values (OOR >) were replaced by 10x of the upper limit of 

quantification. The subsequent cytokine analysis is based on the mean of biological 

duplicates. 

Table 2: Parameters of the Luminex xMAP immunoassay. 

Analytes   Abbreviation Units   mean LDD   [min;max] - std mean LLOQ   [min;max] - std 
Granulocyte Colony-Stimulating Factor   G-CSF pg/mL   159.2   [5.73 ; 648.40] - 194.26   30   [2.56 ; 186.92] - 46.49 
Granulocyte-Macrophage Colony-
Stimulating Factor   GM-CSF pg/mL   11.6   [0.01 ; 28.77] - 6.64   8.1   [2.40 ; 14.65] - 5.45 
Interferon alpha   IFNα pg/mL   1.6   [0.55 ; 3.43] - 0.79   0.4   [0.12 ; 0.59] - 0.18 
Interferon gamma   IFNγ pg/mL   21.5   [7.20 ; 77.40] - 13.01   6.41   [2.62 ; 11.98] - 4.47 
Interleukin-1 alpha   IL-1α pg/mL   6.3   [0.01 ; 13.08] - 3.55   1.7   [0.18 ; 2.98] - 1.10 
Interleukin-1 beta   IL-1β pg/mL   4.1   [1.72 ; 7.55] - 1.26   1.8   [0.49 ; 2.26] - 0.61 
Interleukin-10   IL-10 pg/mL   1.3   [0.005 ; 4.41] - 0.93   0.9   [0.48 ; 1.99] - 0.65 
Interleukin-12 Subunit p70   IL-12p70 pg/mL   3.4   [0.01 ; 27.16] - 5.44   3.5   [2.68 ; 11.90] - 2.28 
Interleukin-17A   IL-17A pg/mL   9.7   [0.07 ; 29.06] - 8.04   5.3   [0.53 ; 7.75] - 2.68 
Interleukin-18   IL-18 pg/mL   6.3   [0.17 ; 30.94] - 5.76   5.6   [3.39 ; 14.45] - 4.20 
Interleukin-2   IL-2 pg/mL   16.9   [3.30 ; 39.92] - 7.98   13.2   [5.65 ; 25.83] - 9.46 
Interleukin-23   IL-23 pg/mL   56.5   [20.33 ; 133.38] - 26.61   21.9   [0.34 ; 68.55] - 21.39 
Interleukin-27   IL-27 pg/mL   239.8   [42.52 ; 2142.96] - 505.76   58.2   [6.88 ;  240.45] - 39.58 
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Analytes   Abbreviation Units   mean LDD   [min;max] - std mean LLOQ   [min;max] - std 
Interleukin-3   IL-3 pg/mL   305.3   [62.18 ; 1343.36] - 298.48   58.6   [7.56 ; 261.10] - 60.17 
Interleukin-33   IL-33 pg/mL   8.1   [1.11 ; 32.05] - 8.20   3.9   [0.18 ; 12.26] - 4.00 
Interleukin-4   IL-4 pg/mL   26.6   [1.88 ; 165.82] - 30.98   10.6   [2.22 ; 39.77] - 9.54 
Interleukin-5   IL-5 pg/mL   32.5   [0.68 ; 93.72] - 22.25   19.6   [2.51 ; 41.23] - 15.41 
Interleukin-6   IL-6 pg/mL   13.2   [0.11 ; 35.22] - 8.68   3.3   [1.68 ; 7.41] - 2.42 
Interleukin-8   IL-8 pg/mL   26.3   [0.05 ; 202.20] - 36.35   5.6   [0.56 ; 9.99] - 4.19 
Monocyte Chemotactic Protein 1   MCP-1 pg/mL   8.0   [2.13 ; 24.16] - 5.92   4.3   [0.90 ; 14.94] - 4.07 
C-X-C motif chemokine 9   MIG (CXCL9) pg/mL   27.9   [0.53 ; 74.06] - 20.51   9.6   [1.71 ; 46.11] - 11.67 
Macrophage Inflammatory Protein-1 alpha   MIP-1α pg/mL   8.0   [1.15 ; 25.95] - 4.92   2.1   [0.31 ; 7.10] - 2.11 
C-C motif chemokine 5   RANTES 

(CCL5) pg/mL   4.3   [0.47 ; 17.81] - 4.34   1.5   [0.27 ; 3.57] - 1.18 
Stem Cell Factor   SCF pg/mL   2.9   [0.01 ; 6.90] - 1.66   2.2   [0.27 ; 6.22] - 2.04 
Tumor Necrosis Factor alpha   TNF-A pg/mL   15.2   [6.31 ; 41.61] - 8.24   5.3   [1.51 ; 9.93] - 3.63 

5.2.3.3 Microscopy 

For representative microscopic pictures of the endocytic uptake of FITC-dextran in DCs 

(5.2.2.5.2.2), DCs were labelled with CellTrace™ Far Red Cell Proliferation Kit (Thermo 

Fisher Scientific) before adjuvant stimulation. Apart from that, the assay was performed 

as described. After incubation with FITC-dextran, cells were harvested and washed 

several times with PBS. The following steps were carried out at room temperature. The 

cell nucleus was stained for 30 min in the dark with Hoechst 33342 (2.5 µg/ml) diluted in 

PBS. After another wash with PBS, cells were sedimented on glass slides using a 

CellSpin II cytocentrifuge (Tharmac) and were shortly air-dried. The IMAGENTM 

Chlamydia detection kit’s mounting medium (glycerol solution, pH 10 with an anti-fading 

agent) was added and the cover slip was applied. Cells were analyzed with a Zeiss Axio 

Observer Z1 fluorescence microscope using the 63x objective magnification. 

5.2.3.4 Western Blot 

Cells (2x105 DCs, 2x106 CD14- PBLs) were pelleted at 1100 x g for 6 min (RT) and lysed 

in 20 µl 1x Laemmli buffer by resuspension and subsequent heating at 95°C for 10 min. 

Samples were stored at -20°C for further processing. Proteins were separated on a 10% 

SDS polyacrylamide gel (Table 3) by SDS-PAGE according to their molecular weight in 

an electric field. In addition to the samples loaded onto the gel, a pre-stained molecular 

weight marker was applied. 

Table 3: Components of a 10% SDS-polyacrylamide gel 

Chemicals Separation gel (10%) Stacking gel 

Aqua bidest 2.5 ml 0.625 µl 

Separation gel buffer 1.5 ml -  

Stacking gel buffer - 250 µl 

Polyacrylamide (30%) 2 ml 125 µl 



Material and Methods   

72 

TEMED 12.5 µl 2.5 µl 

APS (10%) 60 µl 10 µl 

 

The electrophoresis was carried out in a tank containing 1x SDS-PAGE Running buffer 

at 70 and 110 Volt for passage through the stacking and separation gel, respectively. In 

a next step, the proteins were blotted onto a PVDF membrane at 1.5 mA per cm² for 

1 hour using a semi-dry blotting apparatus. Subsequently, the membrane was blocked 

in TBST + 5% skimmed milk powder for 1 hour at RT. Next, the membrane was 

incubated with the first antibody IκB or α-tubulin, which both were diluted 1:2000 in 

TBST + 5% skimmed milk powder. Antibody incubation was performed with gentle 

agitation either overnight at 4°C (anti-IκB), or for 1 hour at RT (anti-α-tubulin). After 

washing three times in TBST for 10 min, the HRP coupled-secondary antibody was 

added for 1 hour at RT. Both antibodies were diluted in TBST + 5% skimmed milk powder 

(goat anti-rabbit (1:1000); goat anti-mouse (1:10,000)). After three washing steps with 

TBST, HRP activity was detected with chemiluminescence using ECL- or Luminate 

Forte-substrate. The membrane was incubated for 1 minute with the substrate, followed 

by the detection of the signal detected with a chemiluminescence imager device. 

Densitometry analysis was performed with the imager-corresponding software 

(LabImage 1D). Signals of IκB were normalized to the loading control α-tubulin. 

Furthermore, adjuvant-induced reduction of IκB was determined by normalizing to the 

respective unstimulated control, which was set to 100%. 

5.2.4 Statistical analysis and data visualization 

Principal component analysis (PCA), agglomerative hierarchical clustering and heat 

maps were performed with Qlucore Omnics Explorer v3.5. Here, false discovery rate 

(FDR)-adjusted ANOVA p-values, called q-values were used to define the cytokine cut-

off of the data visualizations and to discriminate the most differentially induced proteins. 

Data were transformed prior to analysis by the software: logarithmized, mean-centered 

and scaled to unit variance. The mean centering is in accordance with the paired 

structure of the data. Data was corrected for donor variation to observe adjuvant-specific 

effects.  

Dot plot/ bar graphs, box plots, whisker plots and two-way correlations were compiled 

using GraphPad Prism v8 or R v3.6.1 using the functions kruskal.test(), cor() and 

cor.test() as well as the package corrplot for plotting correlation matrices v0.84. Graphical 

illustration with R was carried out by T. Stephens (Institut Pasteur) and C. Kamp 
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(Department of Microbiology, Biostatistics, PEI). Radar plots and part-of-whole diagrams 

were drafted with Excel 2016.  

Statistical significance of antigen-specific experiments was determined by Wilcoxon 

matched-pairs signed rank test or Friedman test with Dunn’s correction. Spearman non-

parametric ranks were used for correlation analysis. All other statistical analyses were 

performed using the Kruskal-Wallis test with Dunn’s multiple comparison correction. 

Every statistical analysis was conducted as two-sided test with alpha=0.05. P-values 

p<0.05 (*), p<0.01 (**), p<0.001 (***) and p<0.0001 (****) were considered to be 

statistically significant 
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6 Results 

6.1 Cell composition of the human primary immune cell in vitro 
assay 

In the beginning of the study, three in vitro assays were tested for their suitability to investigate 

the immunogenic properties of the adjuvants. These included a PBMC assay, the RESTORE 

assay (Römer et al., 2011) with pre-cultured PBMCs at a high density and DC:PBL co-culture 

assay with monocyte-derived DCs and autologous PBLs. Under supervision of Dr. Anja Ullrich, 

Katharina Lindt analyzed in her bachelor thesis (Lindt, 2017) the lymphocyte proliferation-

inducing capacity of the adjuvants Pam, GARD, R848 and the antigen TT in these three in vitro 

assays. They found that all three assays mimic the same adjuvant-induced lymphocyte 

proliferation, but the DC:PBL assay enabled the strongest proliferation response compared to 

the PBMC or RESTORE assay. Since the additive effect of the adjuvant/ antigen combination 

was higher in the DC:PBL assay, this assay was chosen for the following experiments of this 

project. Hence, immature DCs were differentiated from monocytes using IL-4 and GM-CSF. 

After 5 days of culture, they presented a CD14-CD1a+CD209+ phenotype (Figure 12A). The 

autologous PBL population corresponds to the CD14- fraction, which was obtained after MACS 

separation, and reached a purity of approximately 95%, with 5.00 ± 5.50% remaining CD14+ 

monocytes. The PBL populations consisted of CD3+CD4+ T cells (mean ± SD [%]: 

38.21 ± 10.37), CD3+CD8+ T cells (23.12 ± 9,428), CD3-CD56+ NK cells (11.98 ± 5.79), CD3-

CD19+ B cells (7.83 ± 3.49) and CD3+CD56+ NKT cells (5.83 ± 5.20) (Figure 12B). Existing 

donor variances in cell populations (Figure 12B) were not adjusted to a consistent cell subset 

number to keep the naturally occurring variation of the immune response between donors. 

 

 

Figure 12: Cell composition of the DC:PBL co-culture assay.  

The DC:PBL co-culture consists of human monocyte-derived DCs and autologous PBL at a ratio of 1:5. (A) 

Immature dendritic cells (iDC) were differentiated from human monocytes with IL-4 and GM-CSF over 5 days. Upon 

full differentiation, iDCs can be characterized as CD14-CD1a+CD209+ cells by flow cytometry. Histogram overlays 

of antibody (blue solid line) and respective isotype control (grey dashed line) for a representative donor is shown. 

(B) The composition of different lymphocyte populations within the autologous PBLs was determined using flow 
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cytometry. Each data point represents one donor (n=16). Data are shown as mean ± SD and were obtained in at 

least three independent experiments. 

6.2 Exclusion of cytotoxic, endotoxic and pyrogenic side-effects 
allows for an adjuvant-specific immune response 

6.2.1 Determination of adjuvants’ concentrations 

Next, we aimed to determine a suitable concentration for each of the ten adjuvants as well as 

the positive control LPS to be used throughout this study. Therefore, we analyzed the 

proliferation-inducing capacity and the cytotoxicity of the adjuvants’ concentrations on PBLs 

within the chosen in vitro assay. To study the proliferation of lymphocytes, they were labeled 

with CellTraceTM FarRed fluorescent dye before co-culturing with DCs. Adjuvants were serially 

diluted and given to the DC:PBL culture. After 7 days of culture, the latest time-point of data 

analysis, cells were harvested and prepared for flow cytometry assessment. A decline of the 

CellTraceTM FarRed’s fluorescent intensity indicates cell division and thus cell proliferation. 

Non-proliferating cells maintain the CellTraceTM FarRed fluorescent intensity and thus 

proliferating and non-proliferating cells can be separated. Cytotoxicity was investigated using 

fluorescently labeled Annexin-V and the DNA-intercalating dye propidium iodide (PI) to detect 

apoptosis and necrosis-related hallmarks through the exposition of phosphatidylserine on the 

cell surface and the loss of cell membrane integrity, respectively. Figure 13 shows the 

concentration-dependent proliferation of lymphocytes as well as cytotoxic effects 

(Annexin- V+/PI+ cells) induced by the ten adjuvants and the positive control LPS. Based on 

the following criteria, we selected two concentrations for each adjuvant, which hereafter are 

termed ‘low’ and ‘high’. Concentrations, which induced an increase of cell death (Annexin-

V+/PI+ cells) to more than 25% compared to the unstimulated control were defined as non-

suitable for this study. For Pam, LPS, MPL-s, MPL-SM, GARD and R848, which induced the 

proliferation of lymphocytes, their stimulating capacity was additionally taken into account: A 

lower concentration that stimulates only minor proliferation and a higher concentration that was 

well in the range of inducing proliferation but did not show any cytotoxicity (Table 1). 
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Figure 13: Determination of adjuvants’ concentrations.  

Immature DCs and autologous PBLs were co-cultured at a 1:5 ratio and stimulated with serial diluted adjuvants’ 

concentrations for 7 days. Subsequently, cells were harvested and prepared for flow cytometry analysis. Adjuvants’ 

concentrations were defined by assessing cytotoxicity with an annexin-V/ PI staining (filled black dots) and the 

induction of lymphocyte proliferation (white squares). On the basis of these results, the low and high concentration 

of each adjuvants was defined (indicated by the red vertical lines). Data are representative for at least 2 independent 

experiments (n=4-9 donors). Data points are shown as mean ± SD. 

6.2.2 The chosen adjuvants’ concentrations show no endotoxic or pyrogenic 

side- effects in specific pyrogenicity tests 

Pyrogenicity testing is an important measure to detect the presence and concentration of 

endotoxins (LPS) and non-endotoxins, e.g. components of viruses and fungi, within medicinal 

or biological products and hence, to guarantee product sterility. Exogenous pyrogens can 
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induce the production of endogenous pyrogens, such as IL-1β, IL-6 and TNFα, leading to a 

fever reaction or in the case of a strong release, to a cytokine storm and multiple organ failure. 

Using a bacterial endotoxin test, e.g. limulus amebocyte lysate (LAL) assay, the concentration 

of the present endotoxin can be determined. On the other hand, the monocyte-activation test 

(MAT) displays the effect of the test substance on the immune system. Pyrogens within the 

test substance stimulate the secretion of fever-inducing cytokines, which can then be assessed 

with an ELISA. With the help of both assays, we did not only address product sterility, but also 

if the chosen concentrations might cause a fever reaction. These tests were crucial to 

demonstrate that the further results obtained in this project are adjuvant-specific. 

For both assays, LAL and MAT, adjuvants were diluted in CM to their chosen high 

concentration or in the case of lipid-A containing adjuvants (MPL-s, MPL-SM, LPS) to both 

concentrations (Table 1). The analyses were performed in the department for microbiological 

safety at the Paul-Ehrlich-Institut. The LAL assay is based on an enzymatic coagulation 

cascade, which is triggered by endotoxin. The developing turbidity can then be measured. The 

LAL assay demonstrated that all adjuvants were negative for endotoxin (<0.02 EU/ml), except 

for Lipid A-containing adjuvants such as MPLs, MPL-SM as well as LPS (Figure 14A), as 

expected. All tests were counted as valid, when the endotoxin spike-in was detected in a range 

of 50-200%.  

The MAT was performed with cryopreserved human whole blood as previously described 

(Schindler et al., 2009). After 24 hours of incubation with the samples or standards, the 

supernatant was harvested and an IL-1β ELISA was carried out. The MAT declared that the 

stimulation with the high concentrations of TDB, Pam, GARD, IMQ, R848 and Al(OH)3 did not 

induce IL-1β levels higher than the fever-inducing threshold of 0.5 EU/ml LPS) (Figure 14B). 

For MPL-s, MPL-SM and LPS, IL-1β secretion was only below the threshold, when stimulating 

with the low concentration.  

Taken together, endotoxicity and pyrogenicity tests demonstrated that the chosen adjuvant 

concentrations, defined by considering the cytotoxicity (Annexin-V+/PI+) and proliferation-

inducing capacity (Figure 13), were suitable to investigate adjuvant-specific effects and thus, 

they were used in the following experiments. 
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Figure 14: Chosen adjuvants’ concentrations show no endotoxic and pyrogenic side-effects in specific 

pyrogenicity tests.  

Adjuvants were prepared in culture medium at the chosen concentrations and analyzed in the department for 

microbiological safety at the Paul-Ehrlich-Institut. A) Adjuvants were tested for endotoxin contamination using the 

Limulus amaebocyte lysate (LAL; turbidimetric method) assay with an endotoxin spike-in of 0.5 EU/ml LPS as 

positive control. For a valid test, the spike recovery must be within the range of 50-200% (defined by the coefficient 

of variation). B) Pyrogenicity of the adjuvants was analyzed by the monocyte activation test (MAT) on cryopreserved 

human blood pooled from several donors. After 24 hour- incubation with the controls, adjuvants or standards, IL-1β 

concentrations in cell supernatants were analyzed by ELISA. Data are representative of at least three independent 

experiments. 

6.3 Immunomodulatory effects of adjuvants on DC maturation 

The maturation of DCs is an important process to orchestrate the adaptive immune response. 

Mature DCs are able to prime T cells and thus enable the generation of memory cells, which 

are necessary for a protective immune response. The process of maturation includes the 

phenotypical and functional differentiation of the DCs, such as the expression of co-stimulatory 
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markers on the cell surface, increased presentation of peptides within MHC-complexes, 

secretion of cytokine and chemokines and a reduced antigen uptake capacity (Banchereau 

and Steinman, 1998; Kapsenberg, 2003).  

Subunit vaccine formulations containing purified antigens are not per se immunogenic and the 

addition of an adjuvant is needed to promote the activation and maturation of APCs such as 

DCs upon vaccination. Hence, within the first set of experiments shown here, we want to 

address the general effects of adjuvants on DCs or DCs co-cultured with PBLs in the absence 

of an antigen. 

6.3.1 TLR ligand adjuvants increase the expression of maturation markers on 

DCs 

To explore the capacity of the adjuvants to induce the maturation of monocyte-derived DCs, 

we first analyzed the expression of the maturation markers CD80, CD86, CD40, PD-L1, CCR7 

and HLA-DR on the cell surface of DCs after being stimulated with the different adjuvants for 

24 hours. The geometric mean fluorescence intensity (geo. MFI) of the different markers was 

assessed on viable CD14-CD1a+ DCs (Figure 15A) when cultured either alone (DCsolo) or in 

the co-culture with PBLs (DCPBL). For DCsolo, we observed a significantly increased and 

concentration-dependent expression of two or more maturation markers upon stimulation with 

Pam, LPS, MPLs or R848 compared to the unstimulated control (Figure 15B). The expression 

of the maturation markers on DCPBL was even more pronounced after Pam or R848 treatment 

(Figure 15C). In contrast, the marker expression profiles induced by the TLR4 ligands MPLs, 

MPL-SM and LPS were either constant or decreasing, except for PD-L1. The TLR7 ligands 

GARD and IMQ induced high expression levels of CD80, CD86 and PD-L1 only when DC were 

co-incubated and stimulated together with PBL but not solo stimulated DC (Figure 15B, C). 

This finding is illustrated in representative histogram overlays showing the expression of CD86, 

CD80 and PD-L1 on unstimulated and adjuvant-stimulated DCsolo and DCPBL (Figure 16). In 

addition, we noted that R848, a dual TLR7/8 ligand, admittedly enhanced the expression of 

CD40, CD80, CD86 and PD-L1 significantly on DCsolo (Figure 15B), but to a much higher 

degree on DCPBL (Figure 15C). Since we did not observe an TLR7-mediated expression of 

maturation markers when stimulating with GARD and IMQ, we assume that the observed 

elevated levels of CD40, CD80, CD86 and PD-L1 on DCsolo upon stimulation with the TLR7/8 

ligand R848 are TLR8-specific.  
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Figure 15: TLR ligand adjuvants increase the expression of maturation markers on DCs.  

DCsolo and DCPBL cultures were stimulated with the different adjuvants for 24 hours or were left untreated. The 

expression of the maturation markers CD40, CCR7, CD86, CD80, PD-L1 and HLA-DR was analyzed by flow 

cytometry. (A) Gating strategy to identify CD14- CD1a+ DCs. The geometric mean fluorescence intensity (geo. MFI) 

of the different markers was analyzed on single, viable CD14- CD1a+ DCs. Respective isotype antibodies were used 

to determine the background staining. (B), (C) Radar plots showing the adjuvant-induced expression of maturation 

markers on DCsolo or DCPBL, respectively. Obtained geo. MFI values are displayed as fold change (compared to the 

respective unstimulated control) and transformed to log scale. Each maturation marker is represented as mean 

(n=9-15 donors) in a colored line. Significant differences between the adjuvant-induced expression and the 

unstimulated control were analyzed using the Kruskal-Wallis test with Dunn’s correction for multiple comparisons 

on the non-normalized data (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). Statistics are depicted only for the 

high concentration of the adjuvant. 
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Figure 16: The TLR7 ligands GARD and IMQ increased the expression of CD80, CD86 and PD-L1 on DCPBL, 

but not on DCsolo.  

Representative histogram overlays of the maturation markers CD80, CD86 and PD-L1 showing the differences in 

fluorescence intensity between DCsolo and DCPBL when stimulated with the adjuvants GARD or IMQ. The solid grey 

line represents the fluorescence intensity of the unstimulated control of the respective culture, whereas the solid 

red line represents the fluorescence intensity of the respective adjuvant stimulation. 
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the expression of TLR7 on iDCs and different lymphocyte populations of PBLs with an 

intracellular flow cytometry staining to confirm that different handling and differentiation 

protocols did not affect the TLR7 expression. The flow cytometry staining was performed on 

unstimulated cells directly after harvest (DCs, Raji, HEK293/TLR7) or thawing (PBLs). In 

accordance with the literature, we found no expression of TLR7 on iDCs (mean geo. MFI ± SD; 

84.9 ± 72.3) and a clear but generally low expression of TLR7 on CD8+ T cells (144 ± 69.0) 

and B cells (170 ± 75.9) (Figure 17A, B). We detected similar expression levels for CD4+ T cells 

(134 ± 68.7) and NK cells (171.6 ± 78), though they were not significantly elevated, when 

compared to the expression levels of iDCs. Raji (450.7 ± 216.3) and HEK293/TLR7 cells 

(953.9 ± 664.1) served as positive controls and demonstrated the highest TLR7 expression 

levels. Thus, the expression of maturation markers on DCPBL after TLR7 ligand stimulation 

indicates an adjuvant-indirect activation of DCs that is likely due to the presence of PBLs and 

probably their adjuvant-induced activation. 

 

Figure 17: TLR7 is 

expressed on PBLs but not 

on DCs.  

The expression levels of 

TLR7 were analyzed as 

geometric MFI by flow 

cytometry. The intracellular 

antibody staining was carried 

out on unstimulated cells 

directly after harvest (DC, 

Raji, HEK293/TLR7) or 

thawing (CD14- PBL). The 

different lymphocyte 

populations were identified 

with cell type specific 

antibodies. Raji and 

HEK293/TLR7 cells served 

as positive controls for TLR7 

expression. (A) 

Representative histogram 

overlays of one experiment 

show the expression of TLR7 

(red solid line) in comparison 

to the intracellular isotype 

(black solid line) and the 

unstained control (black 

dashed line). (B) Expression 

levels of TLR7 were specified 

as geo. MFIs. At least 3 

independent experiments 

were performed. Data are 

presented as mean ± SD (n=7-9). Statistical significance was determined using the Mann-Whitney test (* p<0.05, 

** p<0.01, *** p<0.001). 
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6.3.2 Endocytic activity negatively correlates with the expression of maturation 

markers after adjuvant stimulation 

The down-regulation of endocytosis is a hallmark of DC maturation, occurring during the 

terminal differentiation program. Hence, we investigated here the functional maturation of the 

DCs by analyzing the endocytic uptake of FITC-labeled dextran at 37°C after adjuvant 

stimulation, in comparison to the unstimulated condition (negative control) or the 4°C control 

(Figure 18). Endocytic processes are strongly reduced at 4°C and thus, this condition served 

as control for potential binding of FITC-dextran on the cell surface. The endocytic capacity was 

examined as geo. MFI by flow cytometry. A representative histogram demonstrates the 

decrease of FITC fluorescence intensity when DCs were stimulated with LPS (positive control) 

in contrast to the unstimulated control (Figure 18A). The decrease of FITC fluorescence 

intensity indicated a diminished FITC-dextran uptake, which was significant for LPS-stimulated 

DCsolo in comparison to the unstimulated control (Figure 18B). Stimulation of DCsolo with all 

other adjuvants showed an uptake of FITC-dextran which was similar to the unstimulated 

control or tended to be even higher.  

In contrast to DCsolo, we found that DCPBL diminished their endocytic uptake of FITC-dextran 

after being stimulated with Pam, LPS, MPL-s, MPL-SM, IMQ and R848 (Figure 18C, D). In 

contrast, stimulation with ADX, Quil and Al(OH)3 did not lead to a difference in endocytic uptake 

of FITC-dextran in DCPBL compared to the unstimulated control (Figure 18C, D). As we 

assumed that the expression of DC maturation markers is functionally linked to the endocytic 

capacity of DCs, we assessed the relationship between both datasets for all 

immunomodulators. Here, we found that the expression levels of all maturation markers 

negatively correlated with the endocytic uptake of FITC-dextran (Spearman correlation) 

(Figure 18E). Expression of CD86 (r = - 0.89), CD80 (r = - 0.88), HLA-DR (r = - 0.91) and PD-

L1 (r = - 0.88) showed the strongest inverse correlation to the endocytic uptake of FITC-

dextran with r-values close to - 1. The data demonstrate that the adjuvants PAM, MPL-s, MPL-

SM, IMQ and R848 induced not only a phenotypical, but also a functional maturation of the 

DCPBL. 

 

Summarizing, in response to Pam, LPS, MPL-s, MPL-SM, GARD, IMQ and R848 DCPBL 

represented phenotypically and functionally matured DCs by pronounced expression of 

maturation markers and a reduced endocytic capacity. Strikingly, the immunogenic effects of 

GARD and IMQ on DC maturation revealed only, when DCs were co-cultured with PBLs. 
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Figure 18: Endocytic 

activity negatively 

correlates with the 

expression of maturation 

markers after adjuvant 

stimulation.  

DCsolo or DCPBL cultures 

were stimulated with the 

different adjuvants for 24 

hours. Subsequently, 

50µg/ml FITC-dextran was 

given to the culture for an 

additional hour. After 

thorough washing, uptake 

of FITC-dextran in 

CD14- CD1a+DCs was 

measured as geo. MFI in 

the unstimulated control or 

when stimulated with LPS. 

(A) Non-specific binding of 

FITC-dextran at 4°C served 

as control (dotted grey 

line). DC’s endocytic 

capacity of FITC-dextran 

was analyzed at 37°C. 

Values within the 

histograms indicate the 

geo. MFI of the respective 

condition at 4°C and 37°C. 

(B), (C) Radar plots 

showing the endocytic 

uptake of FITC-dextran in 

DCsolo or DCPBL, 

respectively. The blue solid 

line indicates the geo. MFI 

of FITC in the unstimulated 

controls. Adjuvant-induced 

changes of the endocytic 

capacity (geo. MFI of FITC) 

are shown in red. Both lines 

are represented as mean 

(n=12) from at least 3 

independent experiments. 

Statistical comparisons of 

the unstimulated control 

and the adjuvants was 

performed using the 

Kruskal-Wallis test with 

Dunn’s correction (* p<0.05, ** p<0.01, *** p<0.001). D) Representative fluorescent microscopic pictures are shown 

for the unstimulated, Al(OH)3- and MPL-s stimulated DC:PBL co-cultures (green: FITC-dextran, blue: Hoechst, 

red:  DCs; scale bar: 20µM). E) Expression of the different maturation markers (geo. MFI) on DCPBL was correlated 

with the uptake of FITC-dextran (geo. MFI) using spearman’s nonparametric rank correlation. 
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6.4 Cytokine and chemokine expression patterns after adjuvant 
stimulation 

In a next step, we sought to investigate the adjuvant-induced cytokine and chemokine 

expression of DC:PBL cultures after 24 hours of stimulation as this innate immune response 

could impact a subsequently elicited adaptive immune response. To this end, we performed a 

multianalyte protein profiling in which we analyzed 25 cytokines and chemokines using the 

Luminex xMAP technology (Figure 9, p. 64). We collected the supernatant of DC:PBL cultures 

from 30 healthy donors, separated equally in age and sex (15 male/ female; 7-8 >40/ <40 years 

of age), after stimulation with the adjuvants for 24 hours. We especially focused on the DC:PBL 

co-culture assay system, rather than on DCs alone, to further elaborate the complex interplay 

within this immunological network. 

6.4.1 Induction of cytokine and chemokine expression varies between 

adjuvants 

To assess the overall adjuvant-induced signature of the 25 proteins, we plotted the 

concentration of the measured analytes (raw data) across all donors. The cytokine and 

chemokine expression profiles of six immunomodulators LPS, TDB, Pam, MPL-s, GARD and 

Al(OH)3, examples of each adjuvant class, are shown in Figure 19. Expression profiles of all 

immunomodulators in low and high concentration can be found in the appendix (8; p. 135). 

When the DC:PBL co-culture was stimulated with the positive control LPS, we observed a 

broad range of cytokine expression levels spanning up to 1000-fold compared to the 

unstimulated control (e.g. IL-12p70, IL-6). Moreover, we found LPS to cause the strongest 

expression induction for most of the protein analytes, confirming that LPS was a good positive 

control for inducing a potent immune response. Herein, the only cytokine being close to the 

upper limit of detection (5 out of 30 donors were OOR >) was IL-6 while all other protein 

analytes remained within the standard range. Strikingly, the expression profile of MPL-s was 

very similar compared to that of LPS, although MPL-s is a detoxified variant of LPS, lacking 

the polysaccharide chain and the core region.  

In contrast to LPS and MPL-s, which induced the expression of all 25 protein analytes, the 

other in Figure 19 depicted immunomodulators (TDB, Pam, GARD, Al(OH)3), showed selective 

protein expressions. TDB stimulated most prominently the secretion of IL-6, IL-8, MIP-1α and 

TNFα, whereas GARD evoked the expression of IFNα, IFNγ, IL-10, IL-6, MCP-1, MIP-1α, 

RANTES and TNFα. When comparing Pam and Al(OH)3, we observed that the expression of 

certain protein analytes strongly varied between donors, which is indicated by the length of the 

quartiles. Nevertheless, we noted a distinct upregulation of IL- 10, IL-1β, IL-6, IL-8, MCP-1, 

MIP-1α and TNFα upon Pam stimulation. In contrast to all other expression profiles, cytokine 
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and chemokine levels after Al(OH)3  stimulation led to only minor differences in expression 

levels compared to the unstimulated control. Except for an enhanced MCP-1 expression, we 

found generally reduced protein levels compared to the unstimulated control with the most 

remarkable being IL-12p70 and MIP-1α.  

 

 

Figure 19: Induction of cytokine and chemokine expression varies between adjuvants.  

The DC:PBL co-culture was stimulated with the different adjuvants or left untreated (null response). After 24 hours, 

supernatant was harvested and analyzed for cytokine and chemokine secretion (25 proteins in total) using the 

Luminex xMAP technology. Box-whisker plots (Tukey) represents the induced cytokine and chemokine response 

of six exemplified stimuli (high concentration). Induced responses of alphabetically listed analytes are colored in 

red; the null response is overlaid in grey. Data are generated from 15 independent experiments with n=30 donors. 

Data points beyond the whiskers are outliers.  
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6.4.2 Adjuvants are characterized by their differential cytokine and chemokine 

expression profiles 

Next, we employed principal component analysis (PCA) with the help of Qlucore omnics 

explorer 3.5 to identify specific patterns of cytokine and chemokine expression that are induced 

by certain groups of adjuvants, or to separate the effects of adjuvants with the same target 

receptor. Therefore, the data were normalized (5.2.4) by the software using z-score 

normalization. This is necessary so that every datapoint has the same scale and that all 

variables contribute equally. Thus, variables with larger scales will not dominate others and we 

are able to distinguish all patterns (codecademy, 2020). In addition, donor-related corrections 

enabled to analyze adjuvant-specific effects. 
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Figure 20: Adjuvants are characterized by their differential cytokine and chemokine expression profiles.  

The DC:PBL co-culture was stimulated with the different adjuvants or left untreated (control) for 24 hours. 

Subsequently, the supernatant was analyzed for cytokine and chemokine secretion (25 proteins in total) using the 

Luminex xMAP technology. A) Principal component analysis with each dot representing one donor (n=30) and each 

color one of the 12 different conditions (Ctrl or high adjuvant concentrations). The PCA plot captures 76 % of the 

total variance within the selected data set (PCA-1: 65%, PCA-2: 4%, PCA-3: 7%). Each variable was centered to 

have a mean of zero, scaled to have unit variance (v=1) and logarithmized before performing the PCA. The q-value 

was not adjusted here (q-value=1). B) The graphs show the contribution of each protein analyte to the 3 principal 

component axes. The positioning of the bars is not considered positive or negative, except in relation to the other 

analytes. C) PCA plots showing the distribution of induced cytokine and chemokine expression within donors of 

different age or sex. 

Without applying any variance or statistical filtering (q- and p-value=1), the PCA revealed 

stimuli-specific clustering with the first three PC vectors, depicted in a PCA plot, explaining 
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75 % of the total variance (Figure 20A). Thereof, PC vector 1 represents solely already 65 % 

of the total variance, indicating that the adjuvants are mainly segregated by the emphasis of 

cytokines related to this axis. In more detail, the cytokines IL-10, IFNγ, TNFα, IL-6 and 

IL- 12p70 have the strongest influence on the separation of the adjuvants on PC vector 1 

(Figure 20B). The similarity of the cytokine and chemokine expression profile upon LPS and 

MPL- s stimulation, we mentioned before (Figure 19), becomes even more obvious in the PCA 

plot by their merged data points. Furthermore, the PCA revealed that both LPS and MPL-s 

induce the most differential expression protein profiles of all immunomodulators in relation to 

the unstimulated control. By focusing on the expression profiles of donors (data points) after 

Pam stimulation, we noticed that the donor variation, we observed in Figure 19, is due to the 

separation of the donors into low and high responders. Further analysis revealed no sex- or 

age-related responses upon stimulation, as indicated by the absence of specific clustering 

(Figure 20C). 

6.4.3 Adjuvants can be classified into strong, intermediate and weak 

immunomodulators based on their induced cytokine and chemokine 

expression pattern 

To characterize the patterns of protein analytes induced by the different adjuvants, we 

performed hierarchical clustering with the focus on the 17 most differentially expressed 

proteins (Figure 21). This approach separated the adjuvants into 3 classes, strong, 

intermediate and weak-stimulating immunomodulators, which is indicated by the branches of 

the heatmap. The group of strong-stimulating immunomodulators comprised the positive 

control LPS, MPLs and R848. To the group of intermediate-stimulating immunomodulators 

belonged Pam, MPL-SM, GARD, IMQ and TDB and the group of weak-stimulating 

immunomodulators included ADX, Al(OH)3, Quil. The branches of the hierarchical clustering 

indicated that the weak and intermediate-stimulating modulators were more similar in their 

expression profile compared to the strong modulators. We observed that the expression 

profiles of donors stimulated with one of the weak immunomodulators could not be separated 

by means of these 17 protein analytes. Moreover, only the adjuvants R848, GARD and TDB 

induced a distinct expression profile of all 30 donors, causing their segregation from all other 

expression profiles induced by the other adjuvants. 
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Figure 21: Adjuvants are classified into strong, intermediate and weak immunomodulators based on their 

induced cytokine and chemokine expression pattern.  

24 hours after stimulating DC:PBL co-cultures with the different adjuvants, supernatant was harvested and analyzed 

for cytokine and chemokine secretion (25 proteins in total) using the Luminex xMAP technology. A data set obtained 

from 30 donors stimulated with the high concentration of the adjuvants was used for the following analysis. The 

dendrogram, including all adjuvants (color code on top of the heat map), shows the hierarchical clustering of the 

protein expression data. Each box within the color code on top of the heat map stands for one donor. The expression 

of the proteins is illustrated as a color graduation ranging between red (high expression) and blue (low expression). 

The analysis is based on the 17 most differentially induced proteins (cut off value was determined by ANOVA, q-

value < 1x10-50).  

6.4.3.1 The strong immunomodulators MPL-s, R848 and LPS 

The strong immunomodulators grouped together in the heat-map on the basis of their high 

induction of all 17 cytokines (Figure 21) and are comprised of MPLs, R848 and the positive 

control LPS. By performing PCA with these strong immunomodulators (Figure 22A), we again 

observed that MPL-s and LPS cluster together, even if variance and statistical filtering (q-value 

< 1x1035) was applied, which led to the removal of variables (protein analytes) with the lowest 

variance (Fontes and Soneson, 2011). This indicated that LPS and MPL- s were indeed very 

similar in their cytokine and chemokine response in relation to R848 and the unstimulated 

control. Except for lower levels of IL-10, IL-12p70 and IL-23 in MPL-s-treated samples, all other 

protein levels were comparable to LPS (Figure 22C). Although low-variance variables were 

removed, the PCA explained 97% of the total variance. This indicates that almost all 25 

proteins had a high variance, which matched their classification into strong modulators. PC 

vector 1 covers 91% of the total variance with the proteins TNFα, IL-10 and IL-6 contributing 

the most to this axis (Figure 22C). R848 separated on PC axis 2 due to a reduced expression 

induction of IL-23 and RANTES as well as higher protein induction of IFNα and IL- 1β 

compared to LPS and MPL-s (Figure 22A, B;C). 
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Figure 22: LPS, MPL-s and R848 are strong-immunomodulating adjuvants.  

(A) Principal component analysis was performed on the same data set as described in Figure 21, but restricted to 

the strong immunomodulators LPS, MPL-s and R848. The unstimulated control served as base line. (B) The 10 

protein analytes contributed with diverse emphasis to the first three PC vectors. The vector weight does not indicate 

positive or negative, except in relation to each other. (C) Cytokine and chemokine expression profiles induced by 

the strong immunomodulators are illustrated as heat-map (high expression: red; low expression: blue). (A)-(C) The 

cut off q-value < 1x10-35 was defined by ANOVA and included the 10 most differentially induced proteins. 

6.4.3.2 The intermediate immunomodulators MPL-SM, Pam, GARD, IMQ and TDB 

The group of intermediate immunomodulators comprised Pam, MPL-SM, GARD, IMQ and 

TDB. In the PCA plot (Figure 23A), the three PC axes illustrated 93% of the total variance 

(PC1: 63%, PC2: 23%, PC3:7%). The separation of the different expression profiles induced 

by the adjuvants was possible by applying variance and statistical filtering (q ≤ 1x10-30). We 

found that the differential expression of IL-6, MCP-1, MIP-1α, IL-1β and IFNα caused the 

cluster formation of the intermediate immunomodulators (Figure 23 B, C). As already noted in 

the heatmap (Figure 21), the distinct expression profiles following GARD and TDB stimulation 

led to their clustering from the grouping of MPL-SM, IMQ and Pam. GARD, which is directed 

to PC vector 2 (Figure 23A), segregated due to a distinct high expression induction of IFNα 

and low levels of IL-1β induction (Figure 23B, C). TDB was isolated on PC vector 2 (Figure 

23A) by causing a low expression of IFNα, IL-6 and MCP-1 but the highest MIP- 1α expression 

initiation within the group of intermediate immunomodulators (Figure 23B, C). Although Pam, 

IMQ and MPL- SM are grouped closely together within the PCA, small differences in the 

expression of these 5 cytokines and chemokines were noticed in the heat map (Figure 23). 
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MPLA-SM induced a low expression of IFNα, but strong expression of IL-β, IL- 6, MCP-1 and 

MIP-1α. In contrast, IMQ stimulation results in low levels of MIP-1α, but higher levels of IFNα, 

while IL-6 and IL-1β expressions are comparable to MPL-SM. Considering the donor-

dependent variation in expression after Pam stimulation, we noticed a similar expression of IL-

6 compared to MPL-SM and IMQ, as well as a trend of elevated MCP- 1 and MIP-1α 

expression. 

 

 

Figure 23: MPL-SM, Pam, GARD, IMQ and TDB are intermediate-immunomodulating adjuvants.  

The cytokine and chemokine expression data set obtained from the 30 donors was used for (A) PCA, but restricted 

to the adjuvants of intermediate modulators MPL-SM, Pam, GARD, IMQ, TDB as well as the unstimulated control. 

(B) The graphs show the contribution of the protein analytes to each PCA vector. (C) Expression levels of the 

adjuvant-induced cytokines and chemokines in relation to the unstimulated control are displayed as heat map. Red 

indicates high protein expression, whereas blue indicates a low protein expression. A)-(C) The cut off q-

value ≤ 1x10-30 was defined by ANOVA and included the 5 most differentially induced proteins. 

6.4.3.3 The weak immunomodulators ADX, Quil and Al(OH)3 

The group of weak immunomodulators enclosed the adjuvants ADX, Quil and Al(OH)3. Using 

variance and statistical filtering, we found only 3 out of 25 protein analytes, namely MIG, 

MCP- 1 and IL-6, which were the most differentially expressed proteins within this group of 

immunomodulators. However, when performing PCA, these cytokines and chemokines did not 

lead to a clear separation of ADX- and Quil-treated cells from the unstimulated control, 

although the PCA plot covered 100% of the total variance with its three vectors (Figure 24A). 

While this aggregation of ADX, Quil-A and the unstimulated control indicated a similar 

expression of cytokines, the heat map emphasized elevated IL-6 levels after Quil stimulation, 
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whereas an equal expression profile compared to the unstimulated control became apparent 

for ADX (Figure 24C). For Al(OH)3-treated cells, we found lower levels of MIG and IL-6 and 

the highest induction of MCP-1 in this group (Figure 24C), which led to the separated clustering 

on PC axis 2 (Figure 24A, C). 

 

 

Figure 24: The weak immunomodulators ADX, Quil and Al(OH)3.  

(A) ADX-, Quil- and Al(OH)3-induced expression profiles of 30 donors were analyzed for cluster formation by PCA. 

Three protein analytes were identified to contribute to the separation of the weak immunomodulators by variance 

and statistical filtering (q ≤ 1x10-4). The contribution of these three cytokines and chemokines to each axis is shown 

in (B). The positioning of the bars is not considered positive or negative, except in relation to the other analytes. (C) 

The heat map illustrates the expression levels for the protein analytes of each donor and adjuvant stimulation. 

6.4.4 Adjuvants targeting the same receptor can induce distinct cytokine and 

chemokine responses 

6.4.4.1 TLR4 ligands MPLs, MPL-SM and LPS 

Since we observed differences in the expression levels of maturation markers between MPLs, 

MPL-SM and LPS, we aimed to assess their cytokine and chemokine expression signatures 

more closely. Thus, we compared the TLR4 ligands LPS, MPL-s and MPL-SM by applying 

PCA (Figure 25A) with variance and statistical filtering (q-value ≤ 1x10-34), which allowed us to 

capture 95% of the measured variance in response to TLR4 stimulation. The resulting 12 out 

of 25 protein analytes contributed almost equally to the PCA vector 1 (Figure 25B), on which 

all TLR4 ligands are strongly aligned and which explained 91% of the variance. The separation 

of MPL-SM in opposite direction to MPL-s and LPS on that axis pointed to a generally lower 

expression of these 12 cytokines upon MPL-SM stimulation with regard to MPLs or LPS. To 
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further dissect the differences in protein expression level between MPL-SM, MPLs and LPS, 

we selected the 6 most differentially induced proteins, which were identified by ANOVA (Figure 

25C), and compared the absolute protein concentrations of RANTES, IL- 10, IL-12p70, IFNα, 

TNFα and IL-23 between the TLR4 ligands. The cluster formation of LPS and MPLs in the PCA 

was confirmed by the representation of their absolute protein concentrations (Figure 25C), 

which demonstrated overlapping concentration levels. More specifically, significant differences 

between LPS and MPLs were not identified by Kruskal-Wallis test. Nevertheless, MPL-s 

tended to induce less protein expression compared to LPS, which is additionally illustrated in 

a heat-map (Figure 25D). All listed cytokines, except for IL- 8, were expressed at lower levels 

upon MPLs stimulation compared to LPS. In contrast, IL-8 is the only cytokine, which was 

induced in more elevated levels in MPLs-treated cells than in LPS-treated cells. 

Compared with MPL-s and LPS, MPL-SM-stimulated cells exhibited significantly lower protein 

levels for all 6 proteins shown here (Figure 25C). 

 

 

Figure 25: The TLR4 ligands MPLs, MPL-SM and LPS.  

Cytokine and chemokine expression data upon stimulation with MPLs, MPL-SM and LPS of 30 donors was analyzed 

using (A) PCA (q-value < 1x10-34). (B) Bar graphs show cytokines, which were selected by variance and statistical 

filtering. Each cytokine and chemokine has different emphases on the three axis, which is depicted by the vector 

weight. (C) Protein concentrations of the six most differential expressed cytokines and chemokines between the 

TLR4 ligands are presented as raw data. Statistical comparisons was conducted using the Kruskal-Wallis test with 

Dunn’s correction for multiple testing (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). (D) Expression profiles of 
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the 15 most differential expressed proteins between LPS and MPLs treated cells are illustrated as heat-map. 

Cytokines are listed according to their increasing p-value (cut-off q-value: 1x10-27). 

6.4.4.2 The TLR7 ligands GARD, IMQ and R848 

Another group of adjuvants that target the same receptor, are the TLR7 ligands. However, 

while GARD and IMQ bind solely to TLR7, R848 is a dual TLR7/8 agonist. Again, we performed 

PCA analysis to discover differences in the cytokine and chemokine expression profiles. We 

found that R848, GARD and IMQ could be segregated by PCA (Figure 26A), with PCA vectors 

displaying 91% of the total variance. The expression profiles of R848-treated cells are directed 

to PCA vector 1, indicating a potent pro-inflammatory response due to a strong contribution of 

TNFα, IFNγ, IL-6, IL-12p70, MIP-1α to that axis. Although PCA vector 1 dominates with 79% 

of the total variance, the separation of GARD and IMQ is also driven by PCA vector 2 

corresponding to the differentially induced proteins IFNα, MIG and IL-1β (Figure 26B). For 

statistical comparison, we selected 6 proteins with the highest variance which were calculated 

by the software (Figure 26C). Compared to treatment with IMQ, protein levels of IFNα and MIG 

were significantly enhanced when cells had been stimulated with GARD, whereas IL-1β 

expression was reduced. R848 showed significantly higher levels of TNFα, IL-β, IFNγ, IL-18 

and MIG in comparison to GARD and IMQ. However, no significant differences in the protein 

levels of IFNα were found between stimulations by GARD or R848. In addition, expression 

levels of the 15 protein analytes of Figure 26A are summarized in a heat map in Figure 26D. 

At a glance, the heat map demonstrates the distinct protein inductions by theTLR7 ligands 

GARD and IMQ with IL-1β, MIG, IFNα, RANTES and IL-10 being the most striking ones. The 

overall higher cytokine and chemokine induction by R848 compared to GARD and IMQ, is 

likely the reflection of additional TLR8 engagement and its strong ability to dimerize TLR7, 

resulting in the downstream activation of the pro-inflammatory transcription factors (Zhang et 

al., 2018). 

 

This cytokine and chemokine analysis of 25 proteins upon adjuvant stimulation resulted in 

adjuvant-specific protein expression profiles, despite their classification into strong, 

intermediate and weak immunomodulators. Moreover, even adjuvants targeting the same TLR 

displayed differences in cytokine and chemokine secretion, demonstrating that subtle 

structural changes, can have pronounced effects. 



Results   

96 

 

Figure 26: The TLR7 ligands GARD, IMQ and R848.  

(A) PCA was performed to distinguish cluster formation due to their differential expression of cytokines and 

chemokines of GARD, IMQ and R848-treated cells (n=30 donors). Variance filtering and a cut-off q-value of ≤ 1x10-

15 selected 15 cytokines and chemokines, which contribute differently to the three PC axis. Here, the positioning of 

the bars is not considered positive or negative, except in relation to the other analytes. (C) 6 Protein analytes with 

the highest variance were selected for statistical comparison using Kruskal-Wallis test with Dunn’s correction for 

multiple testing (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). Analysis was performed on the raw data. (D) 

Illustration of the expression levels of 15 cytokines and chemokines selected in (A) after stimulation with GARD, 

IMQ and R848. The proteins are listed according to their variance in decreasing order. 

6.5 The NF-κB signaling pathway is induced upon adjuvant 
stimulation 

Transcription factor nuclear factor-kappaB (NF-κB) is a transcription factor, which plays a key 

role in regulating innate and adaptive immunity by controlling gene expression required for cell 

development, maturation, proliferation and cytokine production. The signaling pathways that 

lead to activation of NFκB are induced by a wide range of stimuli such as pathogens, stress 

signals and pro-inflammatory cytokines like TNFα and IL-1β (Li and Verma, 2002). The 

inhibitory factor IκBα regulates the transient activation of NF-κB. It is rapidly degraded upon 

receptor stimulation, and usually resynthesized within one or two hours as part of a negative 

feedback loop to avoid hyperactivation of NFκB. To test, whether the cytokine and chemokine 

production upon stimulation of Toll-Like Receptors (TLRs) with adjuvants is dependent on 
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NFkB activation (Kawai and Akira, 2007), we studied the turnover of IκBα after adjuvant 

treatment by western blot. We stimulated the DC:PBL co-culture with the adjuvants for 30, 60 

and 120 min, followed by cell lysis and performing SDS page with subsequent immunoblotting. 

We normalized the protein amount of IκBα to the housekeeping protein α-tubulin and to the 

respective non-stimulated control to assess the decrease of IκBα. As control for an efficient 

IκBα protein reduction, LPS-stimulated DCsolo were taken along on each gel. We observed a 

decrease of IκBα of around 50% for Pam (52.39 ± 33.56%; Figure 27A), MPLs (58 ± 30.01%), 

MPL-SM (56. ± 25.32%), LPS (52 ± 17.48; all three Figure 27C) and R848 (59±21.42%; Figure 

27D) after 60 min stimulation with the respective TLR ligand. A higher IκBα reduction was not 

ascertained for the co-culture, whereas IκBα levels reached a decline down to 11% (±13.06) 

in LPS-stimulated DCsolo. For Pam, MPL-s, MPL-SM, LPS and R848, we noted elevated IκBα 

levels again after 120 min of stimulation, indicating a re-synthetization of the protein. TDB led 

to a slight drop of IκBα levels to 72% (±18.15) after 120 min stimulation (Figure 27A). 

Stimulation with GARD, IMQ (both Figure 27D), Al(OH)3, ADX and Quil (all three Figure 27B) 

did not reveal a remarkable decline in IκBα protein levels. 

 

Taken together, IκB protein reduction after stimulation with Pam, TDB, LPS, MPL-s, MPL-SM 

and R848 demonstrated the involvement of NFκB signaling. In contrast, GARD, IMQ, Al(OH)3, 

ADX and Quil-treated cells did not exhibit activation of NFκB signaling, suggesting the use of 

inappropriate time points to detect NFκB activity or the involvement of other transcription 

factors upon adjuvant stimulation. 
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Figure 27: NF-κB is activated upon adjuvant stimulation of TLRs.  

(A)-(D) DCs were harvested on day 5 or day 6 of culture. PBLs were thawed and added to the DCs at a 1:5 ratio. 

DC:PBL co-cultures were rested for 2 hours at 37°C and subsequently stimulated with the different adjuvants for 

30, 60 or 120 minutes. Untreated controls were carried along at the indicated time points. Cell lysates were analyzed 

by SDS-Page and immunoblotting for IκBα and α-tubulin. Levels of IκBα and α-tubulin were determined by 

densitometry, followed by the normalization of IκBα to α-tubulin for each sample. To evaluate the decrease of IκBα, 

the ratio was normalized to its respective unstimulated control by setting the control to 100%. LPS-stimulated DCsolo 

served as control for effective IκBα reduction on each immunoblot. Data is presented as mean ± SD of at least 2 

independent experiments (n=4-9 donors). Western blots are representative for one donor.  

6.6 Immunomodulatory effects of adjuvants on lymphocyte 
proliferation 

6.6.1 Adjuvants stimulate the proliferation of lymphocytes to different degrees 

and in an antigen-independent manner 

Next, we focused on the immunomodulatory effects of the adjuvants on the adaptive immune 

response by investigating the proliferation of lymphocytes. For this purpose, we employed cells 
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profiling. To assess the proliferation of lymphocytes, cells were labeled with CFSE followed by 

the stimulation of the DC:PBL co-culture with the different adjuvants for 6-7 days. Colony 

formation within the wells of the culture plate indicated cell proliferation and could be examined 

by light microscopy upon day 4 (Figure 28A). To quantify lymphocyte proliferation, viable single 

lymphocytes were probed by flow cytometry for transmitting a lower fluorescence intensity of 

the CFSE dye, which is indicative for CFSE dilution due to cell division. (Figure 28B). Firstly, 

by focusing on the total population of proliferating lymphocytes, we observed that all TLR 

ligands, except for IMQ, induced the proliferation to different degrees, with R848 being the 

strongest inducer of proliferation (Ctrl: 7.4 ± 3.7%; R848 high conc.: 36.5 ± 10.0%) (Figure 

28C). Furthermore, we found similar levels of lymphocyte proliferation for the TLR4 ligands 

LPS (LPS high conc.: 22.6 ± 9.2%), MPLs (high conc.: 20.1 ± 8.8) and MPL-SM (high conc.: 

20.3 ± 9.2). For TDB (high conc.: 11.3 ±5.9%), IMQ (high conc.: 4.6 ±4.1%), ADX (high conc.: 

3.3 ±1.8%), Quil (high conc.: 3.6 ±2.2%) and Al(OH)3 (high conc.: 5.5 ±3.1%) we noted no 

significant increase of proliferating lymphocytes compared to the unstimulated control. 

 

 

Figure 28: Adjuvants stimulate the proliferation of lymphocytes to different degrees.  
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CFSE-labeled DC:PBL co-cultures were stimulated with the different adjuvants for 6 days, followed by antibody 

staining and flow cytometry analysis. (A) Representative light microscopy pictures showing the cells within the U-

bottom plate on day 6 of stimulation. (B) Gating strategy to assess the proliferation of different lymphocyte 

populations. Doublets and apoptotic cells were excluded. Proliferating cells were identified by exposing a lower 

intensity of the CFSE dye. Within the proliferating lymphocytes, various sub-populations were identified by specific 

antibody staining. Here, an example for CD3+CD4+ T cells is shown. Counting beads were acquired during sample 

analysis allowing the calculation of the absolute cell count of proliferating CD3+CD4+ T cells within the respective 

sample. (C) Box Whisker plots (Tukey) represent adjuvant-induced total lymphocyte proliferation. Statistical 

comparisons of the unstimulated control and the adjuvant was performed using the Kruskal-Wallis test with Dunn’s 

correction (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001) (n=24 donors). If not otherwise specified, comparison 

to the unstimulated control revealed no significance. Data is representative for at least three independent 

experiments. 

6.6.2 Adjuvants induce the proliferation of different lymphocyte populations 

Secondly, to further address the question whether stimulation with the different 

immunomodulators induce adjuvant-specific proliferation profiles, we analyzed the absolute 

cell count for each lymphocyte population through the use of counting beads during sample 

acquisition (Figure 28B). The TLR2 ligand Pam led to the proliferation of both CD4+ (2.9x 

compared to ctrl) and CD8+ T cells (3.0x) as well as NK cells (CD3-CD56+; 5.4x). The increase 

in cell count was only observed when stimulated with the high concentration of the adjuvant. 

Surprisingly, within the group of TLR4 ligands, different proliferation profiles were found. Here, 

LPS induced the proliferation of all examined lymphocyte populations with a significant 

increase in absolute cell counts (CD4+: 3.5x CD8+: 7.3x; NKT (CD3+CD56+): 10.6x; 

B (CD3- CD19+): 5.8x; NK: 10.3x). The proliferation pattern induced by MPL-s overlaped with 

that of LPS but differed in the induction of B cells. Here, the absolute B cell count was only 

slightly enhanced (Ctrl: 739 ± 766; LPS: 4283 ± 5950; MPL-s: 2928 ± 3957 [abs. cell counts]). 

Notably, for both LPS and MPL-s, the cell number of CD4+ T cells was only significantly 

enhanced upon stimulation with the low concentration of both immunomodulators (LPS low: 

3.5x; MPL-s low: 2.9x). Upon stimulation with the high concentrations, cell counts were only 

slightly increased compared to the unstimulated control, suggesting a suppressive factor being 

secreted under these conditions (LPS high: 1.8x; MPL-s high: 2.0x). Taking the cytokine 

secretion data after 24 hour stimulation into account, we found IL-10 to be highly expressed 

upon stimulation with the high concentration of LPS and MPL-s, but not when stimulated with 

the low concentration of LPS and MPL-s (Figure 30). For both concentrations of MPL-SM, we 

detected comparable IL-10 levels to the low concentration of LPS and MPL-s and observed 

significantly higher CD4+ T cell counts compared to the unstimulated control (MPL-SM low: 

3.4x; MPL-SM high: 3.3x). In contrast to LPS and MPL-s, NK T cell levels were elevated but 

not significantly different to the unstimulated control upon MPL-SM stimulation using Kruskal-

Wallis test (LPS high: 12.2x; MPL-s high: 11.8x; MPL-SM high: 5.1x (Figure 29A, B).  
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Figure 29: Adjuvants induce the proliferation of different lymphocyte populations.  

iDCs were harvested on day 5 and co-cultured with autologous PBLs at a 1:5 ratio. Both DC and PBLs were labeled 

with CFSE prior to seeding. Subsequently, cells were stimulated with the different adjuvants or left untreated (Ctrl). 

(A) After 6 days, PBLs were stained for CD3, CD4, CD8, CD19 and CD56, and proliferating cells were analyzed by 

flow cytometry. Counting beads were used during sample acquisition to allow the calculation of absolute cell 

numbers. Aligned dot plot showing the individual values and median from 26 donors. Statistical comparison of the 
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unstimulated control and the adjuvants was performed using the Kruskal-Wallis test with Dunn’s correction 

(* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). If not otherwise specified, comparison revealed no significance. 

Statistical significance obtained in (A) is summarized in (B): ‘+’ displays determined statistical significance 

regardless of the p-value. 

 

Furthermore, the proliferation profiles also vary between the TLR7 ligands GARD, IMQ and 

R848 regarding the lymphocyte populations being induced. R848 stimulation led to the 

proliferation of CD8+ T cells, NK T cells, B cells and NK cells, but not of CD4+ T cells. 

Remarkably, especially the induction of B, NK and NKT cell proliferation by R848 was powerful, 

as indicated by high absolute cell counts (B: 74738 ± 46701; NK: 40533 ± 48266; NKT: 

4110 ± 4247) and exceeding the cell numbers achieved with LPS stimulation (B: 4283 ± 5950; 

NK: 16198 ± 23141; NKT: 8547 ± 12115). GARD and IMQ had a similar proliferation-inducing 

profile, with B cells being the only cell population they stimulated to proliferate. Here, the high 

concentration of GARD induced higher absolute cell counts compared to IMQ (GARD: 58.1x 

to IMQ: 11.8x). Notably, the high concentration of IMQ led to the decrease of total lymphocyte 

proliferation (Figure 28C) which was probably caused by the significant drop in CD4+ T cell 

count (0.2x) compared to the unstimulated control (Figure 29A). This finding confirms 

Dominguez-Villar and colleagues, who described that TLR7 stimulation induces anergy in 

human CD4+ T cells in a concentration-dependent manner (Dominguez-Villar et al., 2015). We 

observed a similar effect of reduced proliferation of total lymphocytes (Figure 28C) and a 

decrease in absolute cell counts (CD8+ T cells: 0.2x and NK T cells: 0.3x, Figure 29A) when 

stimulating with Quil (Marty-Roix et al., 2016). Finally, for TDB, ADX and Al(OH)3, we found no 

significant rise in absolute cell counts for any of the lymphocyte populations. All significantly 

increased absolute cell counts compared to the unstimulated control are summarized in Figure 

29B. 

 

Figure 30: IL-10 as a potential suppressive factor of CD4+ T cell 

proliferation.  

The DC:PBL co-culture was stimulated at a low and a high 

concentration of the TLR4 ligands LPS, MPL-s and MPL-SM for 

24 hours. The supernatant was analyzed for the cytokine IL-10 by 

Luminex xMap analysis. Data are presented as Box-Whisker plots 

(Tukey) and were compared by Kruskal-Wallis test with Dunn’s 

correction (**** p< 0.0001) (n=30 donors). Data is representative 

for at least three independent experiments. 
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6.6.3 The sex, but not the age, impacts the cell count of proliferating B and NK 

It is common knowledge that the immune response weakens with age. This has consequences 

on vaccine efficacy and demands the development of tailored vaccines that stimulate an 

effective immune response in elderly (Weinberger and Grubeck-Loebenstein, 2012). 

Furthermore, both the innate and adaptive immune response of females and males differs 

when stimulated, but this effect is so far not considered in vaccine design (Fink and Klein, 

2015). We examined the effects of adjuvants on sex and age by separating the 30 donors 

according to their sex and their age class (< 40 years/ > 40 years). We did not ascertain sex 

or age-related effects on the innate immune response by evaluating cytokine and chemokine 

secretion (Figure 9B). Hence, we continued to investigate potential sex and age-related effects 

on the adaptive immune response by analyzing proliferating lymphocytes and associated cell 

type specific differences. Therefore, absolute cell counts of adjuvant-stimulated samples 

(Figure 29) were normalized to their respective unstimulated control, and resulting fold 

changes were compared between females and males, or the two age classes. We found that 

B cells of female donors proliferated to a significantly higher degree (115 ± 84 fold change to 

the unstimulated ctrl) in response to stimulation with the TLR7 ligands GARD compared to B 

cells of male donors (52 ± 39; Figure 31A). The same trend was observed, when B cells were 

stimulated with the other TLR7 ligands IMQ (F: 21 ± 13; M: 13 ± 20; Figure 31B) or TLR7/8 

ligands R848 (F: 217 ± 149; M: 102 ± 41; Figure 31C). Additionally, we noted significant sex-

related differences in the proliferation of NK cells. In contrast to the previous result that TLR7 

ligands promoted a higher proliferation of B cells from female donors, the TLR4 ligand MPL-s 

led to a higher proliferation of NK cells from male donors (F: 7 ± 17; M: 18 ± 18; Figure 31D). 

We observed neither for proliferated B cells, nor for NK cells age class-related effects (Figure 

31A-D). Comparisons between sex and age class-dependent comparisons between the other 

proliferating lymphocyte populations upon adjuvant stimulation revealed no further differences. 

 

Taken together, the TLR ligands Pam, LPS, MPL-s, MPL-SM, GARD, IMQ and R848 

stimulated the proliferation of distinct lymphocyte subsets in an antigen-independent context. 

While GARD and IMQ solely induced B cells to proliferate, at least three cell types responded 

with proliferation to all other TLR ligands. Surprisingly, upon R848 stimulation proliferating cells 

exceeded the cell count of LPS-induced proliferating cells. Additionally, we observed a sex-

driven bias of B cell proliferation in female donors upon TLR7 proliferation. 
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Figure 31: Sex, but not age, impacts the cell count of proliferating B and NK cells.  

Data of adjuvant-induced proliferating lymphocytes (Figure 29) were compared for sex and age-related differences. 

Therefore, absolute cell counts were normalized to its respective unstimulated control. The resulting fold changes 

of 30 donors were analyzed using the Mann-Whitney test (* p< 0.05). Sex-related comparisons are shown for (A) 

GARD-, (B) IMQ- and (C) R848-stimulated B cells as well as (D) MPLs-stimulated NK cells. Data is presented as 

mean ± SD and representative for at least three independent experiments. 

6.7 The proliferation of lymphocyte subpopulations can be linked to 
the expression of certain cytokines and chemokines 

As we employed cells from the same donors for the analysis of the adjuvant-induced cytokine 

and chemokine signature as well as for the proliferating lymphocyte population profile, we 

sought to test whether the cytokine and chemokine milieu at early time points of lymphocyte 

proliferation (after 24 hours of adjuvant stimulation) could have had an effect on the resulting 

lymphocyte proliferation after 6 days of DC:PBL co-culture. For each donor, we normalized the 

measured values of the cytokine and chemokine data set as well as the lymphocyte 

proliferation data set to their respective unstimulated control. Potential influences of the 

individual donors, sex or age of the donor, the day of experiment, day of Luminex analysis or 

individual sample plates on the measured protein analytes and lymphocytes have been 

assessed individually using the Kruskal-Wallis test (Figure 32A). The logarithmized p-values 

demonstrated an expected donor dependency, with an impact especially on GM-CSF, IL-17A, 

IL-18, IL-2, IL-3, IL-4, IL5 concentrations and NKT cell proliferation. Interestingly, when 

performing a spearman correlation of protein analytes and lymphocyte proliferation we 

obtained an overall positive correlation (Figure 32B). Although most of the values indicated 

only a weak correlation (around r=0.3), the proliferation of distinct lymphocyte populations 
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correlated moderately (around r=0.5) to several cytokines. CD8+ T cell proliferation could be 

linked to the increased expression of multiple cytokines such as IFNy (r=0.45), IL-10 (r=0.52), 

IL-12p70 (r=0.44), IL-1α/β (r=0.47/0.48), IL-6 (r=0.49), MIG (r=0.5), MIP-1α (r=0.46), RANTES 

(r=0.58) and TNFα (r=0.46). Also, NKT cell proliferation could be related to a cytokine pool out 

of IL-10 (r=0.46), IL- 23, IL-6, MIG and RANTES (all r=0.47). In contrast, the proliferation of B 

cells showed a moderate correlation to only two cytokines, namely IFN-α (r=0.5) and MCP-1 

(r=0.46). NK cells rather correlated to RANTES (r=0.46). Strikingly, CD4+ T cell proliferation 

and the listed cytokines and chemokines correlated only weakly in our analysis. However, 

given the quite early analysis of cytokine and chemokine expression and a relatively late 

analysis of lymphocyte proliferation in our experimental setup, there might be a stronger 

correlation of these two responses which we simply did not catch by the time points chosen. 



Results   

106 

 

Figure 32: The proliferation of lymphocyte subpopulations can be linked to the expression of certain 

cytokines and chemokines.  

(A) The influences of several experimental factors on measured cytokine and chemokine concentrations as well as 

on absolute lymphocyte count had been assessed individually by Kruskal-Wallis test. The data set used for the 

correlation analysis is based on sample values normalized to the unstimulated control of each donor. Presented 

values are the common logarithms of the p-values. Data sets of adjuvant-induced lymphocyte proliferation assessed 

after 6 days (Fig. 5) were linked to adjuvant-induced cytokine and chemokine secretion after 24 hours (Fig. 3, 4) 

using Spearman’s rank correlation (B) Spearman’s correlation coefficients associated with a p-value above 0.01 

were crossed out. All analyses are exploratory without corrections for multiple testing. 

6.8 Antigen-specific T cell modulation by adjuvants 

Having revealed important effects of the adjuvants on DCs and lymphocytes in an antigen-

independent manner, we were interested if the adjuvants are able to induce a directed T cell 

response within an antigen-specific context. For this purpose, we used short peptide 

A BA B
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sequences of the model antigens tetanus toxoid protein p2 (TT; p2829-844: 

MQYIKANSKFIGITEL) and influenza matrix protein 1 (FluM1; FluM158-66: GILGFVFTL) to re-

stimulate antigen-specific T cells within the isolated T cell population in a so called “antigen 

recall assay”. The peptide sequences were loaded on the MHC molecules of DCs for the 

presentation to the T cells’ TCRs. T cells that recognize their antigen get activated and start to 

proliferate. Using fluorescently labeled peptide-specific MHC tetramers, we were able to detect 

antigen-specific T cells by flow cytometry, and could thus examine the impact of adjuvant 

stimulation on the development of the antigen-specific T cell population. In Figure 33, the 

gating strategy to detect antigen-specific CD4+ and CD8+ T cells by flow cytometry is shown. 

After exclusion of cell doublets and apoptotic cells, CD3+CD4+ or CD3+CD8+ double positive 

T cells were selected to further identify TT- or FluM1- positive T cells. As a control for 

functionality of these T cells, we additionally checked their proliferation. 

 

Figure 33: Gating strategy 

for the detection of 

antigen-specific CD4+ and 

CD8+ T cells by flow 

cytometry using MHC-

tetramers.  

T cells were harvested on 

day 6 or 7 from the 

DC:T cell co-culture. Total 

lymphocytes were gated 

according to their SSC/FSC 

properties. Apoptotic cells 

were excluded using a 

viability dye. CD3+CD4+ 

and CD3+CD8+ T cells were 

determined by staining with 

respective antibodies. 

Antigen-specific T cells 

(TT+/ FluM1+) were 

identified by fluorescently 

labeled MHC tetramers. 

Proliferating (CFSElow) 

T cells served as control for 

T cell functionality. 

 

 

6.8.1 Immunomodulators do not induce a significant increase of the TT-specific 

CD4+ T cell population 

For the analysis of antigen-specific T cells with MHC multimers, two technical requirements 

have to be considered: The binding of MHC multimers to antigen-specific T cells demands the 

same HLA characteristic. In addition, the peptide sequence of the antigen determines the 
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binding affinity to the MHC complex of the DCs. Thus, MHC-tetramers marketed by specified 

companies predefine both the HLA phenotype as well as the peptide sequence. Hence, we 

had to use exactly the same peptide for the stimulation of antigen-specific T cells as present 

within the peptide-MHC complex of the multimer. The selection of donors according to the 

appropriate HLA-type is described in 5.2.2.6.1 and Figure 11 (p. 66-67). For the antigen-

specific CD4+ T cell assay, cells were isolated from donors carrying the characteristic 

HLA- DRB1*11:01. Instead of PBLs, we used isolated CD4+ T cells for this assay to increase 

the percentage of potential TT+-specific T cells within the co-culture. The donor-specific 

frequency of TT+CD4+ T cells was ascertained by TT-tetramer staining directly after isolation 

of the CD4+ T cell population (Figure 34A). Since all donors had been vaccinated against 

tetanus in the past, antigen-specific memory T cells should have been detectable (Li Causi et 

al., 2015). We found a frequency of TT+CD4+ T cells ranging from 0.023% to 0.11% within the 

total CD4+ T cell population. CD4+ T cells were co-cultured with peptide-loaded DCs at a 1:5 

ratio. DCs, which had not been loaded with a peptide, served as control cells (DCCtrl). After 7 

days of adjuvant stimulation, TT-specific CD4+ T cells were analyzed by flow cytometry (Figure 

34B, C). Representative dot plots of three donors are shown in Figure 34B. Upon stimulation 

of the DCCtrl:CD4+ T cell co-culture with MPL-s we noted similar frequencies of TT-specific 

CD4+ T cells as in the unstimulated control. In contrast, peptide presentation by DCTT 

combined with MPL-s stimulation increased the frequencies of TT-specific CD4+ T cells of 

donors Sp19-001 and Sp19-003, as exemplified in Figure 34B. However, MPL-s stimulation 

did not enhance the frequencies of Sp19-002’s TT-specific CD4+ T cells. We investigated the 

frequencies of TT-specific CD4+ T cells after stimulation with two concentrations of each of the 

10 adjuvants and the positive control LPS. Although we clearly observed a trend of enhanced 

frequencies of TT-specific CD4+ T cells for MPL-s-treated lymphocytes (Figure 34C), it was 

not significant for any of the tested adjuvants. This might be partially due to the high variation 

between donors (Figure 34B), but also due to the quite low abundance of TT-specific 

CD4+ T cells in some donors (0.057±0.028%; Figure 34A) and hence, higher variations in 

measured differences between the samples. 
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Figure 34: Immunomodulators do not induce a significant increase of the TT-specific CD4+ T cell population.  

DCs loaded with the TT p2829-844 peptide (MQYIKANSKFIGITEL) were co-cultured with autologous CD4+ T cells 

and stimulated with the different adjuvants. The negative control was left untreated. CD4+ T cells were stained with 

a peptide-corresponding MHC class II tetramer (MQYIKANSKFIGITEL HLA-DRB1*1101-PE) and anti-CD3 and -

CD4 antibodies for analysis by flow cytometry. (A) Donor-specific TT+CD4+ T cell frequencies of the CD3+CD4+ 

T cell population were analyzed after CD4+ T cell isolation. (B) Representative dot plots from three donors showing 

the non- or MPLs-stimulated TT+CD4+ T cell population after 7 days of co-culture with either DCCtrl or DCTT. 

(C) TT+CD4+ T cell frequencies generated by peptide and adjuvant stimulation were analyzed on day 7 of co-culture. 

Frequencies were normalized to the respective unstimulated control of each donor. For pairwise comparison of the 

adjuvant-stimulated condition with the unstimulated control non-normalized data was used (Wilcoxon test revealed 

no significance; n=6-8). Data is representative for at least three independent experiments. 
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6.8.2 Pam, MPL-s and Al(OH)3 enhance the frequency of FluM1-specific 

CD8+ T cells 

As a cytotoxic CD8+ T cell response is beneficial to control infection of intracellular pathogens, 

we were interested if the adjuvants have the potential to enhance the antigen-specific CD8+ 

T cell response using the HLA-A*0201 restricted influenza A matrix protein 1 peptide 

(FluM158- 66: GILGFVFTL). Therefore, CD8+ T cells were isolated and co-cultured with FluM1-

pulsed DCs (DCFluM1). DCs, which were not loaded with the FluM1-peptide served as control. 

After 6 to 7 days of stimulation with the different adjuvants, FluM1-specific CD8+ T cells were 

identified and analyzed employing a peptide corresponding HLA-A2.1 tetramer. Notably, we 

found donor-specific baseline levels of FluM1-specific T cells ranging from 0.004% to 0.51% 

(mean:  0.14%) of total CD8+ T cells (Figure 35A). These levels did not change upon co-culture 

with DCCtrl independent of adjuvant stimulation (Figure 35B). In contrast, DCs pulsed with the 

FluM1-peptide were able to support the development of the FluM1-specific CD8+ T cell 

population (Figure 35B). To investigate if the immunomodulators are capable to further boost 

the development of FluM1-specific CD8+T cells, we tested all immunomodulators in two 

different concentrations (Figure 35C). Despite the suppression of FluM1-specific CD8+ T cells 

upon stimulation with the high concentration of IMQ and Quil, we found Pam, MPL-s and 

Al(OH)3 to be able to further increase the FluM1-specific CD8+ T cell population compared to 

the non-stimulated control (Figure 35D). The increase in the FluM1-specific CD8+ T cell 

population upon stimulation with Pam, Al(OH)3 and MPL-s was significantly higher when 

compared to the unstimulated control in a paired t-test, with some donors reacting stronger 

than others. We observed a mean fold increase of 1.7 (fold change min-max: 0.94-2.75) for 

Pam, 1.9 (fold change min-max: 0.80 – 4.02) for Al(OH)3 and 2.5 for MPL-s (fold change min-

max: 0.66-4.75). 
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Figure 35: Pam, MPL-s and Al(OH)3 enhance the FluM1-specific CD8+ T cell population.  

FluM1 peptide-loaded iDCs of HLA-A*0201+ donors and autologous CD8+ T cells were co-cultured at a 1:5 ratio 

and stimulated with the different adjuvants or left untreated. On day 6 or 7, CD8+ T cells were stained with a peptide 

corresponding MHC class I tetramer (GILGFVFTL HLA-A*0201-PE) and analyzed by flow cytometry. (A) Donor 

individual baseline levels of FluM1-specific CD8+ T cells were measured after CD8+ T cell isolation (n=14). (B) 

Representative dot plots of the FluM1-specific CD8+ T cell population on day 7 of the DCFluM1:CD8+ T cell co-culture, 

which was stimulated either with Al(OH)3 or left untreated (ctrl). DCs, which were not loaded with the FluM1 peptide 

served as control (control DCs). (C) Adjuvant-induced FluM1-specific CD8+ T cell frequencies were normalized to 

its respective unstimulated control (set to 1 (dashed red line); n=7-12 donors). (D) For each donor, pairwise 

comparison of the unstimulated control and the adjuvant-stimulated conditions Pam [100 pg/ml], MPLs [1 µg/ml] 

and Al(OH)3 [10 µg/ml] was performed using the Wilcoxon test. Black lines connecting both conditions indicate 

individual donors (n=8-11). 

6.8.3 Pam- or Al(OH)3- but not MPL-s-expanded FluM1-specific CD8+ T cells 

show a polyfunctional cytokine secretion profile upon a second FluM1-

challenge 

Polyfunctional T cells are capable of performing multiple effector functions, such as the 

production of several cytokines and the lysis of target cells as their effector strategy against 

pathogens and cancer. Thus, to assess if the adjuvant-expanded FluM1-specific CD8+ T cells 

are polyfunctional, we analyzed their potential to secrete multiple cytokines such as IFNγ, 

TNFα and IL-2 (Han et al., 2012) upon a second challenge with the FluM1 peptide. 

Furthermore, we assessed cytotoxic degranulation indicated by the cell surface localization of 

the lysosomal associated protein CD107a (Lorenzo-Herrero et al., 2019). HLA*0201–positive 
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TAP-deficient T2 cells were loaded with the FluM1 peptide to serve as target of cytotoxic 

effects. T2 cells loaded with a control peptide (NY-ESO-1) were used to check the antigen-

specificity of the FluM1-specific CD8+ T cells. CD8+ T cells were harvested from the co-culture 

with DCs and added to T2 cells in a 1:1 ratio. After 6 hours of co-culture, cells were stained for 

flow cytometric analysis. FluM1-specific CD8+ T cells expanded with Pam, Al(OH)3 or the non-

stimulated control, secreted all three cytokines and CD107a, a marker for degranulation, was 

detected at the cell surface when re-stimulated with their cognate antigen (Figure 36A). The 

expression levels were comparable to PMA/Ionomycin stimulation, which served as non-

specific activating control. Moreover, FluM1-specific CD8+ T cells stimulated with Pam, 

Al(OH)3 or the non-stimulated control did not respond to the ctrl-peptide. The expression 

profiles of Pam or Al(OH)3 expanded FluM1-specific CD8+ T cells corresponded to that of 

FluM1-specific CD8+ T cells expanded in the ctrl-condition, indicating that both, Pam or Al(OH)3 

have no effect on T cell functionality. In contrast, the cytokine expression profile of MPL-s-

expanded FluM1-specific CD8+ T cells was different. Upon MPL-s treatment, we detected a 

decreased secretion of TNFα and IL-2, when stimulated with PMA/Ionomycin (Figure 36A), 

and a significantly lower expression of IL-2 upon re-stimulation with the FluM1-peptide, when 

compared to the expression levels of FluM1-specific CD8+ T cells expanded in the control 

condition (Figure 36A, B). Furthermore, also TNFα and IFNγ levels showed a slight decline, 

when FluM1-specific CD8+ T cells were stimulated with MPL-s. Strikingly, we found that MPL-

s- expanded FluM1-specific CD8+ T cells had significantly increased IFNγ and CD107a at the 

cell surface in conditions were no antigen recognition occured (unstimulated ctrl or ctrl- peptide 

condition; Figure 36A). 
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Figure 36: Pam- and Al(OH)3- but not MPL-s-expanded FluM1-specific T cells show a polyfunctional 

cytokine secretion profile upon a second FluM1challenge.  

FluM1-specific CD8+ T cells were expanded with the help of DCFluM1 and either Pam, MPL-s and Al(OH)3 or without 

adjuvant for 7 days. Subsequently, FluM1-specific CD8+ T cells were harvested for (A) re-stimulation using FluM1- 

or ctrl-peptide-loaded T2 cells, followed by staining of IFNγ, TNFα, IL-2 and CD107a. Here, PMA/Iono served as 

non-specific activating control. Statistical comparisons between the adjuvants and the control were performed using 

the Kruskal-Wallis test with Dunn’s correction (* p< 0.05, ** p< 0.01). Thereby, each cytokine and stimulating 

condition (e.g. PMA/Iono) was analyzed seperately. (B) Dot plots of a representative donor showing the differences 

in IL-2 secretion when FluM1+CD8+ T cells were expanded with MPL-s compared to Pam, Al(OH)3 and the 

unstimulated ctrl. 

6.8.4 MPL-s expanded FluM1+CD8+ T cells express higher levels of inhibitory 

receptors compared to Pam and Al(OH)3 expanded FluM1+CD8+ T cells 

Exhausted T cells develop in response to chronic antigen stimulation and are characterized by 

a progressive loss of their effector function and high inhibitory receptor expression (McLane et 

al., 2019). Since a decline in cytokine synthesis could be an indicator for an exhausted 

phenotype (Wherry and Kurachi, 2015), we evaluated the expression of several inhibitory 
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receptors on ctrl-, Pam-, MPL-s- and Al(OH)3-expanded FluM1-specific CD8+ T cells (Figure 

37A). Interestingly, we observed a significantly higher expression of LAG-3, 2B4 and CTLA-4 

on MPL-s-expanded FluM1-specific CD8+ T cells compared to the other conditions. In contrast, 

PD-1 and Tim-3 protein levels were not elevated on MPL-s-expanded FluM1-specific CD8+ 

T cells, but on the total CD8+ T cell population (Figure 37B), while all other inhibitory markers 

on total CD8+ T cells remain inconspicuous. The mitogen PHA, which leads to polyclonal T cell 

activation, served here as positive control for exhausted T cells (Filippis et al., 2017). 

 

 

Figure 37: MPL-s expanded FluM1+CD8+ T cells expressed higher levels of inhibitory receptors compared 

to Pam and Al(OH)3 expanded FluM1+CD8+ T cells.  

Flow cytometric analysis of inhibitory ligand expression on (A) FluM1-specific CD8+ T cells or (B) total 

CD3+CD8+ T cells after having been stimulated for 6-7 days with Pam, MPL-s, Al(OH)3, PHA or left untreated (Ctrl). 

Statistical differences between the adjuvant stimulations and the unstimulated control were compared by Friedman 

test with Dunn’s correction (n=5). A p-value of  < 0.05 (*) was considered as statistically significant. Data are 

representative of at least three independent experiments. 

6.8.5 FluM1+CD8+ T cells present an effector memory T cell phenotype upon 

peptide encountering 

Memory CD8+ T cells are a long-lived population providing protection by rapidly acting upon 

contact with their cognate antigen. Until today, several subsets of memory T cells have been 

described, with the most prominent being central memory (TCM) and effector memory T cells 

(TEM; (Samji and Khanna, 2017). While TCM lack immediate effector function, but express lymph 

node homing receptors such as CCR7, TEM express receptors for migration to inflamed tissue 

and are able to secrete IFNγ or perforin (Sallusto et al., 1999). We were interested which T 

cell phenotype FluM1-specific CD8+ T cells have before or after recognition of the FluM1 

peptide. To differentiate between naïve T cells and TCM or TEM, we used fluorescent antibodies 

100

101

102

103

104

G
e

o
. 
 M

F
I

CTLA-4 2B4 Tim-3 LAG-3 PD-1 PD-L1

*
* *

100

101

102

103

104

G
e

o
. 

M
F

I

CTLA-4 2B4 Tim-3 LAG-3 PD-1 PD-L1

Pam

MPL-s

Al(OH)3

Ctrl

PHA

B

A

*

CD8+FluM1+ T cells

CD8+ T cells



  Results 

 

115 

to stain the marker proteins CD45RA/ CD45RO, CCR7, CD62L and HLA-DR (Mahnke et al., 

2013) for the analysis by flow cytometry. CD8+ T cells were either cultured alone or in the 

presence of autologous DCFluM1 for 6 days. Subsequently, cells were harvested and prepared 

for flow cytometric analysis. FluM1-specific CD8+ T cells were detected using the FluM1-

tetramer. We noted that FluM1-specific CD8+ T cells, which had not been stimulated with the 

peptide, generally presented a phenotype of naïve T cells (CD45RA+CD45RO-

CCR7+CD62L+HLA-DR-) (Figure 38). However, the expression of CD45RA and CD45RO was 

not stringent enough to allow a clear classification into CD45RA+CD45RO- naïve and CD45RA-

CD45RO+ memory cells. Thus, we assume that TCM were also present within the FluM1-

specific CD8+ T cell population (CD45RA-CD45RO+ CCR7+CD62L+HLA-DR-). In contrast, 

FluM1+CD8+ T cells, which were stimulated with the peptide, point to TEM cells by showing a 

CD45RA-CD45RO+CCR7-CD62L-HLA-DR+ phenotype. Although we observed clear 

differences in the phenotypes of FluM1+CD8+ T cells with or without peptide stimulation, further 

experiments with additional subset-specific markers are needed to clarify the T cell subsets 

being present. 

 

Figure 38: FluM1+CD8+ T cells present an effector memory T cell phenotype upon peptide encountering.  

Selected CD8+ T cells from HLA-A*02:01 positive donors were cultured either alone or with FluM1-loaded DCs. 

After 6 days of culture, cells were harvested and stained against CD45RA, CD45RO, CCR7, CD62L and HLA- DR. 

Contour plots of a representative donor show the marker expression of single, viable FluM1+CD8+ T cells. Data are 

representative of at least two independent experiments. 

6.8.6 Elucidating Al(OH)3’s immunogenic potential to induce a FluM1-specific 

CD8+ T cell response 

In antigen-independent experiments, we observed only minor immunogenic effects upon 

Al(OH)3 stimulation on DCs and lymphocytes compared to the fulminant effects induced by the 

other adjuvants. Except for reduced levels of MIG and elevated expression of MCP-1 (6.4.3.3), 

we found only weak effects on the expression of DC maturation marker and lymphocyte 

proliferation upon Al(OH)3 stimulation. However, we noted a significant increase of antigen-
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specific CD8+ T cells using the model antigen FluM1. To elucidate if the peptide has an additive 

effect on Al(OH)3-stimulated DCs, we analyzed the expression of maturation markers and 

compared the effects between DCPBL and DCFluM1
PBL. DCs either loaded with the FluM1 peptide 

(DCFluM1) or left untreated, were co-cultured with autologous PBLs and remained either 

unstimulated or Al(OH)3 was added for 24 to 72 hours. Cells were analyzed for their expression 

of CD40, CCR7, CD86, PD-L1 and CD80 every 24 hours by flow cytometry. For comparison 

between the data sets, all values were normalized to their respective control of the DC:PBL 

condition. We observed comparable expression levels between all conditions for CD40, CCR7, 

CD86 and CD80, except for PD-L1 after 24 hour of stimulation (Figure 39). Here, expression 

levels were significantly increased, when DCs had been loaded with FluM1. Strikingly, this 

effect was independent of Al(OH)3 stimulation, indicating that the peptide itself led to the 

increased expression of PD-L1. A similar trend was observed after 48 and 72 hours, even 

though the differences in expression were not as pronounced (data not shown). Since we 

observed significantly elevated FluM1+CD8+ T cell frequencies upon Al(OH)3 stimulation 

compared to the unstimulated control (Figure 35), the mechanism behind this effect has to be 

further elucidated. 

 

Figure 39: The FluM1 peptide’s effect on PD-L1 expression of DCs.  

DCsFluM1 and DCs were co-cultured with autologous PBLs and stimulated with Al(OH)3 or left untreated. After 24 

hours of stimulation, cells were stained for the maturation markers CD40, CCR7, CD86, PD-L1 and CD80 and 

analyzed by flow cytometry. The geo MFI of each marker was assessed on viable CD14-CD1a+ DCs. The obtained 

geo. MFI values were normalized to their respective control of the DC:PBL condition. The pairwise comparison was 

performed using Wilcoxon’s signed rank test (n=6 donors). A p-value < 0.05 (*) was considered as statistically 

significant. Data are representative of at least three independent experiments. 

Overall, we detected significantly enhanced frequencies of FluM1-specific CD8+ T cells using 

Pam, MPL-s or Al(OH)3 in comparison to the unstimulated control. These antigen-specific CD8+ 

T cells had an effector memory cell phenotype Upon FluM1-restimulation, Pam or Al(OH)3-

expanded antigen-specific CD8+ T cells demonstrated their polyfunctional effector functions by 

secreting high levels of IFNγ, followed by lower levels of TNFα and IL-2. When compared to 

Pam or Al(OH)3, MPL-s-expanded antigen-specific CD8+ T cells still secreted similar levels of 

IFNγ, but lower levels of TNFα and IL-2, which was accompanied with a higher expression of 
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the inhibitory receptors CTLA-4, 2B4 and LAG-3. Since Al(OH)3 induced only weak effects on 

DCs and lymphocytes without antigen, we suppose a peptide/adjuvant-mediated effect for the 

development of antigen-specific T cells, which might be favored by enhanced PD-L1 

expression on DCs. We found no significant elevated frequencies of TT-specific CD4+ T cells, 

but this was probably due to the limited number of donors used. 
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7 Discussion 

One of the greatest challenges of today’s subunit vaccine development is the selection of a 

suitable adjuvant to achieve the desired immune response for long-lived protection. Thus, a 

deep understanding of the adjuvants’ MoAs is required to predict its adjuvanticity. To validate 

our hypothesis that specific innate and adaptive immune responses can be linked to adjuvants’ 

immunomodulatory MoAs, we developed a human primary immune cell-based in vitro assay 

comprised of monocyte-derived DCs and autologous PBLs to compare prototypic and 

established adjuvants side-by-side. The comparison revealed a profound understanding of the 

adjuvants’ immunomodulatory MoAs and immunogenic signatures by addressing several 

aspects of adjuvant function on the immune cells. 

DCs that encounter a stimulus sensed by their PRRs undergo a maturation process. This is a 

prerequisite for a key function of DCs, namely, the ability to prime naïve T cells, which is of 

pivotal importance for cell-mediated vaccine efficacy. Thus, we first investigated whether the 

adjuvants are able to activate the DCs. The maturation of DCs was induced upon stimulation 

with Pam, GARD, IMQ, R848, MPL-s and MPL-SM as demonstrated by enhanced expression 

of DC maturation marker and a reduced endocytic activity (Figure 40, ). While minor effects 

were observed for TDB - Al(OH)3, ADX and Quil did not affect DC maturation.  

By analyzing 25 secreted cell signaling molecules in the supernatant of the DC:PBL co-culture, 

we generated comprehensive cytokine and chemokine profiles that displayed adjuvant-specific 

signatures (Figure 40, ). Depending on the number and expression levels of these signaling 

molecules, they were classified into strong (R848, MPL-s), intermediate (MPL-SM, Pam, 

GARD, IMQ, TDB) or weak (Al(OH)3, ADX, Quil) immunomodulators. Additionally, we observed 

that adjuvants with structure similarity and which target the same receptor, such as TLR4 (LPS, 

MPL-s, MPL-SM) or TLR7 ligands (GARD, IMQ, R848), have still distinct protein expression 

pattern. The TLR4 ligands differed most strongly in expression levels of IL-10, IL-12p70 and 

IL-23, while the TLR7 ligands demonstrated distinct secretion of IFNα, MIG and IL-1β.  

By focusing on the adaptive immune response, we found that Pam, MPL-s, MPL-SM, GARD, 

IMQ and R84 stimulate antigen-independent proliferation of the co-cultured PBLs to varying 

degrees (Figure 40, ). A detailed examination of proliferating CD4+, CD8+, NKT, B and NK 

cells revealed that these immunomodulators induced distinct lymphocyte populations to 

proliferate. We noted that GARD and IMQ induce only B cells to proliferate, whereas Pam, 

MPL-s, MPL-SM, MPL-s and R848 activate at least three of five cell subsets.  

Using peptide epitopes of the model antigens tetanus toxoid (TT) and influenza matrix 

protein  1 (FluM1), we assessed the adjuvants’ capability to boost antigen-specific CD4+ and 

CD8+ T cell development (Figure 40, ). Although we observed a trend of enhanced 

frequencies of TT-specific CD4+ T cells for MPL-s-treated lymphocytes, the difference to the 
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unstimulated control was not significant for any of the tested adjuvants. In contrast, we 

observed that Pam, MPL-s and Al(OH)3 increased the FluM1-specific CD8+ T cell population. 

Upon restimulation with the FluM1-peptide, these CD8+ T cells exerted potent effector 

functions by degranulation as indicated by CD107a cell surface localization and by secretion 

of the cytokines TNFα, IFNγ and IL-2. However, MPL-s-expanded FluM1-specific CD8+ T cells 

showed lower secretion levels of TNFα and IL-2, accompanied with enhanced expression 

levels of the inhibitory receptors CTLA-4, 2B4 and LAG-3. Figure 40 graphically illustrastes the 

obtained results of this thesis. 

 

 

Figure 40: Summary of the obtained research data.  

Our human primary immune cell-based in vitro assay comprising moDCs and autologous PBLs allowed us to 

analyze the immunomodulatory properties of ten adjuvants. (1) A full maturation of DCs on phenotypical (maturation 

marker expression) and functional level (endocytic capacity) was induced by Pam, GARD, IMQ, R848, MPL-s and 

MPL-SM. (2) Luminex multiplex analysis of 25 signaling molecules (cytokines and chemokines) after 24-hour 

stimulation with the different adjuvants enabled the profiling of adjuvant-specific protein signatures. (3) Adjuvants 

stimulated different lymphocyte populations to proliferate in an antigen-independent manner. (4) The activation of 

TT-specific CD4+ T cells or FluM1-specific CD8+ T cells was enhanced to different degrees by the tested adjuvants.  
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7.1 Advantages and limitations of our human primary immune cell-
based assay as tool to facilitate the prognosis of adjuvant 
effectiveness. 

The wide range of different immunomodulators necessitates the development of an in vitro 

assay, which enables the investigation and prognosis of an adjuvant’s MoA. So far, the MoAs 

of adjuvants being used in approved vaccines are not fully understood, although inappropriate 

immune responses can have fatal consequences on vaccine efficacy and could cause severe 

adverse effects. Furthermore, the diversity of potential new candidate adjuvants has created 

another dimension of complexity, and we are confronted with the challenge to find the best 

suitable model reflecting the induced immune response in humans most accurately. Pre-

clinical testing in animal models will remain indispensable, but only selected adjuvant 

candidates can be tested here, while in vitro assays could cover pre-selection processes of 

several potential adjuvant candidates simultaneously. 

The development of protective adaptive memory responses is dependent on the potent 

activation of the innate immune system (Coffman et al., 2010). Thus, an in vitro assay system 

should provide information about what is required to initiate, amplify and shape a potent 

adaptive immune response in order to reflect the in vivo situation most reliably. We focused on 

these hallmarks in our primary immune cell assay by examining the maturation of DCs 

(initiation), secretion of cytokines and chemokines (amplification) and activation of 

lymphocytes as well as the induction of antigen-specific T cell responses (shaping). For the 

first time, our study compared a panel of 10 different prototypic or established adjuvants side-

by-side within the same in vitro assay system, focusing on both, the innate and adaptive 

immune response of human primary immune cells.  

7.1.1 Advantages 

7.1.1.1 Comparison to other immunological in vitro assays 

Since DCs are key players in initiating and directing adaptive immune responses (Banchereau 

and Steinman, 1998), moDCs set the basis of this in vitro assay. Co-incubated autologous 

PBLs gave rise to a stimulatory immune milieu, which took complex cellular interactions into 

account. This feature is often disregarded in several studies evaluating adjuvant or vaccine 

candidates in human cells by focusing only on monocytes, moDCs or cell lines (Spisek et al., 

2004; Seubert et al., 2008; Zaitseva et al., 2012; Banchereau et al., 2014; Hoonakker et al., 

2015; Tapia-Calle et al., 2017; Ming et al., 2019; Tapia-Calle et al., 2019). Although it was 

shown that moDC were promising in evaluating innate immune-potentiating capacities of 

vaccines (Bodewes et al., 2009; Banchereau et al., 2014; Hoonakker et al., 2015; Tapia-Calle 
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et al., 2017), the connection to the resulting adaptive immune response was still missing. 

However, adjuvant-induced cellular and humoral immune responses represent a causal link to 

vaccine efficacy. As a proof of concept, with their in vitro autologous moDC:CD4+ T cell assay, 

Moser and colleagues demonstrated the utility to screen vaccine candidates, using the 

formulated yellow fever vaccine YF-VAX®. They showed CD4+ T cell polarization and memory 

T cell development as functional consequence of potent DC maturation (Moser et al., 2010; 

Vandebriel and Hoefnagel, 2012). While PBMC-based in vitro assays were also used to 

address influenza vaccine-dependent T cell-mediated immune response (Tapia-Calle et al., 

2019), moDC-based in vitro assays provided a higher potency of T cell stimulation (Moser et 

al., 2010). In contrast to the defined number of moDCs employed here, the reduced T cell-

stimulatory capacity in PBMC assays is probably due to the lower and varying cell number of 

cDCs (Osugi et al., 2002). This might also apply to whole blood assays (WBA). Although WBAs 

are inexpensive, technically easy, allow a quick handling and reflect a physiological relevant 

condition (Brookes et al., 2014), the cell concentration is not controlled. This could lead to 

variations in secreted cytokine levels between individuals and might result in wrong 

conclusions (Deenadayalan et al., 2013). Furthermore, the presence of anticoagulants might 

affect the immune response (Strobel and Johswich, 2018).  

 

The use of in vitro-generated moDCs is discussed controversially because of their comparison 

to cDCs and the accompanied consequent functional differences (Osugi et al., 2002). 

However, by transcriptomic analysis, in vitro-generated moDCs were recently shown to 

resemble in vivo inflammatory DCs (Sander et al., 2017). Inflammatory DCs differentiate from 

monocytes at the site of inflammation, are able to migrate to the lymph node and to stimulate 

potent CD4+ and CD8+ T cell responses (Segura and Amigorena, 2013). Since most vaccines 

are applied intramuscularly, DC subsets within the muscle include cDCs as well as moDCs 

(Langlet et al., 2012). Thus, moDCs provide a good and alternative source for studying T cell-

mediated immune responses. Although natural occurring DCs such as cDCs or pDCs are of 

high physiological relevance, their low occurrence in human peripheral blood prevent the 

investigation of several adjuvants in parallel. 

 

The in vitro testing of adjuvants or candidate vaccine formulation on cell lines, even on 

MUTZ- 3 cells, resembling moDCs most closely (Larsson et al., 2006), omit an important point 

in vaccination: the naturally occurring variation of the immune response in a healthy population. 

Recently, the Milieu Intérieur consortium analyzed the activation of innate immune cells of 

healthy donors after stimulation with 28 different conditions comprising different pathogens, 

adjuvants, cytokines and T cell activators using a WBA and a multiplex cytokine read-out. They 

suggested that the detected variations of the innate immune response explain the differential 
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response to therapeutic intervention (Duffy et al., 2014). Variation in vaccine efficacy within the 

population is known for several vaccines against e.g. influenza, hepatitis B as well as measles 

and can be ascribed to several intrinsic (immunogenetics, age, gender) and environmental 

factors affecting the individual’s immune response (Thomas and Moridani, 2010; Posteraro et 

al., 2014; White et al., 2014). Thus, the evaluation of variation in immune response upon 

adjuvant stimulation is of urgent importance in pre-clinical testing. When using primary immune 

cells isolated from peripheral blood of different donors in contrast to cell lines, the variation of 

the immune response is taken into account including gender and age-specific differences (see 

7.2.3). Consequently, adjuvants could be selected for candidate vaccines on the basis of 

inducing only low variations in the immune response of various individuals. 

7.1.1.2 The cell composition of our in vitro assay provides the basis for the stimulation 

with ligands for TLR1-9 

Another advantage of our primary immune cell-based in vitro assay is the complete covering 

of TLR1-9 expression on the immune cells included in the assay, despite existing cell type-

restricted TLR expression patterns (Hornung et al., 2002; Karlsen et al., 2017). That this is of 

enormous importance became clear, when we compared the maturation of DCs upon adjuvant 

stimulation, cultured either alone (DCsolo) or in the co-culture with PBLs (DCPBL). Strikingly, 

DCsolo were not affected by the TLR7 ligands GARD and IMQ (Hemmi et al., 2002), while both 

ligands contributed to the maturation of DCPBL. This result demonstrates that the maturation of 

TLR7-negative DCs was only possible due to an indirect activation through cellular or soluble 

interactions in the DC:PBL co-culture. The in vitro study by Ma and colleagues, assessing the 

immunopotency of TLR agonists in a tissue-engineered immunological model revealed a 

similar result (Ma et al., 2010b). In contrast to purified myeloid cells, pDCs as part of the PBMC 

population contributed to the immune-responsiveness to TLR7 ligand GARD including the 

maturation of moDCs and specific antibody production. The presence of pDCs within the PBL 

fraction in our in vitro assay could be an explanation for the TLR7 ligand-mediated effects in 

the DC:PBL co-culture (Gibson et al., 2002), however, we did not investigate this phenomenon 

in more detail. Nonetheless, our human primary cell-based in vitro assay enabled the 

comparisons of adjuvants targeting distinct TLRs. Thus, it provides the feasibility to investigate 

adjuvant formulations comprising several TLR ligands as recently described in (Sato-Kaneko 

et al., 2020). 
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7.1.1.3 Antigen-independent analyses allows the investigation of the adjuvants’ own 

adjuvanticity  

Despite the fact that adjuvants are mainly applied to individuals as part of an antigen-containing 

vaccine, several factors brought us to the decision to study the immunogenicity of adjuvants 

antigen-independently. First, antigens can vary in their inherent immunogenicity between 

individuals (Davis, 2008). Second, the understanding of inter- relationship between antigen 

and adjuvant and their potential compensation for each other is of great importance in subunit 

vaccine design. The antigen dose determined with adjuvant A may be suboptimal with adjuvant 

B (Davis, 2008). Third, antigens have the inherent potential to influence the immune response. 

A transcriptomic analysis of iDCs pulsed with the human papillomavirus (HPV) E7 peptide 

ascertained 52 peptide-modulated genes, which differed to the control peptide, indicating 

peptide-specific effects (Yang et al., 2014). Furthermore, another study demonstrates the 

modulation of the immune response by peptides. Here, the phenol-soluble modulin (PSM) 

peptide of Staphylococcus aureus induced the generation of tolerogenic DCs independently of 

simultaneous TLR stimulation. The consequent priming of regulatory T cells prevented immune 

activation (Armbruster et al., 2016; Richardson et al., 2018) Similarly, when we investigated 

the adjuvants’ potential of enhancing an antigen-directed immune response, we noted that the 

FluM1 peptide had intrinsic effects on DCs (6.8.6, p. 115) by increasing PD-L1 expression on 

DCs. Consequences of this effect regarding changes in frequencies of FluM1-specific CD8+ T 

cells will be discussed below (7.2.3). Due to the possible intrinsic peptide or antigen effects, 

we decided to compare adjuvant effects mainly in absence of an antigen in our study. The 

adjuvant-specific MoAs described in this thesis shall facilitate the adjuvant selection to achieve 

the desired immune response for a certain indication. Nevertheless, the combination of 

adjuvant and antigen has to be tested again to exclude changes of the induced immune 

response due to their possible inter-relationship. 

7.1.2 Limitations 

7.1.2.1 Comparison to in vivo models 

Despite several advantages of our human primary immune cell assay, there are also some 

limitations in reconstructing the immune response upon vaccination. These limitations are not 

exclusively concerning our assay, but in vitro assays in general. Adjuvants’ MoAs such as cell 

recruitment to the injection site, local tissue responses, APC migration to the draining lymph 

node, but also other factors influencing vaccine efficacy and safety such as antigen and 

adjuvant distribution, route of administration, adverse reactions as well as the longevity of the 

memory response can only be studied in vivo. Animal models are essential during vaccine 
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development to acquire data specifically to the mentioned points before. Nevertheless, 

extrapolating results from animal models to human is challenging (Davis, 2008): Species-

specific differences such as ligand recognition, receptor expression and its restriction to certain 

cell types or the diverse distribution in tissue, complicates the selection of an appropriate 

animal model, especially for adjuvants targeting TLRs. For instance, murine TLR8 does not 

recognize human TLR8 ligands (Barrat, 2018), and TLR9 is expressed on several cell types in 

mice but restricted to B cells and pDCs in humans (Hornung et al., 2002). While previously, 

pre-clinical investigations in animal models provided information about immediate adverse 

events such as fever or rash at the injection site, potential fever reactions can now be tested 

in vitro with the monocyte activation test (MAT, (European Pharmacopoeia, 10th edition, 

English, 2019); Monograph 2.6.30). Prior to the analysis of adjuvant-induced immune 

responses, we tested all adjuvants at their defined concentrations in the MAT, followed by the 

cytokine read-out of IL-1β (6.2.2, p. 76) and IL-6 (data not shown). Except for the high 

concentrations of LPS, MPL-s and MPL-SM, all other concentrations of the different adjuvants 

did not reach the fever-inducing threshold (0.5 EU/ml LPS). Zaitseva and colleagues 

demonstrated in their in vitro assay using MonoMac6 cells that Pam exceeded the safety 

threshold, while MPL-SM did not. However, in their study, they applied lower or higher 

concentrations, respectively, than we used in our study (Zaitseva et al., 2012). These varieties 

might be attributed to differences in several factors such as the cells which were used for this 

assay, the adjuvant source, solvent, purity of adjuvant and solvent as well as cell the culture 

media, which all can influence the biologic activity of adjuvants (Okemoto et al., 2008).  

 

Although, animal models cannot reflect serious adverse events (SAE) such as the potential 

development of autoimmune diseases (Ahmed et al., 2011), broad immunoprofiling by in vitro 

and in vivo testing in combination with machine learning methods will enable a reliable immune 

signature of adjuvants and minimize the risk of SAEs (Chaudhury et al., 2018). Furthermore, 

the understanding of a clear immune signature ensures a good starting point for clinical 

studies, including the characterization of the MoAs, evaluation of safety and the examination 

of relevance in terms of susceptibility to infection and its resolution (Boucher, 2017). 

7.1.3 I. Interim conclusion 

Our human primary immune cell-based in vitro assay is an artificial system with a cell 

composition, which does not reflect the primary response to a vaccine within the lymph node, 

but which approaches the situation upon the secondary response within the tissue. Since we 

were able to discriminate distinct immunogenic profiles of the ten tested adjuvants, the assay 

has the potential to investigate adjuvants’ MoAs such as DC maturation, cytokine and 
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chemokine response as well as the activation of lymphocytes by simultaneously giving an 

overview of the natural variation of the immune response due to distinct donors. Further, the 

assay provides the potential to more closely assess the humoral immune response by 

investigating e.g. B cell activation, antibody secretion and antibody class switch - important 

aspects of long-term immunity which are not yet addressed by this study.  

7.2 What is generally expected from adjuvants in prophylactic 
vaccines? Do the adjuvants tested in this thesis fulfill the 
requirements? 

Adjuvants should provide the potential to elicit, to amplify and to shape the immune response 

for the generation of a potent and protective immune response against the antigens of 

pathogen. Since DCs are required for the priming of an immune response, we investigated the 

adjuvants’ capability to activate and mature DCs as an initial step. Subsequently, the 

amplification of the immune response is facilitated by cytokine and chemokine secretion. To 

elucidate differences between the adjuvants, we performed a comprehensive profiling of 25 

potential induced cytokine and chemokines. Conclusively, the shaping of the immune response 

is executed by the activation of lymphocytes, which are responsible for fulfilling the protective 

memory response. To characterize the adjuvants’ inherent potential to activate lymphocytes, 

we characterized the proliferation of several lymphocyte subsets 

7.2.1 Elicitation of the immune response 

Since the process of DC maturation is important for a directed adaptive immune response, we 

tested the adjuvants for their capability to mature DCs including the phenotypical and functional 

differentiation. In contrast to TDB, Al(OH)3, Quil and ADX, all of the tested TLR ligands namely 

Pam (Deifl et al., 2014), MPL-s/ MPL-SM (García-González et al., 2013), GARD (Ma et al., 

2010b), IMQ, R848 (Hackstein et al., 2011) induced a proper DC maturation with at least two 

significantly enhanced expressed maturation marker and a strong reduction of the endocytic 

capacity within the DC:PBL co-culture. Although not as pronounced as the TLR ligands, TDB 

increased the expression of CD86 and HLA-DR on DCs (Ostrop et al., 2015; Kodar et al., 

2020), and reduced DC’s endocytosis slightly. We already discussed before (7.1.1.2) that the 

TLR7 ligands GARD and IMQ induce the maturation of the DC only when co-cultured with 

PBLs. The differentiation can be mediated either directly by TLR7 stimulation in pre-activated 

and TLR sensitized DCs (Severa et al., 2007) or indirectly by creating an pro-inflammatory 

milieu through stimulation of TLR7-expressing cells within the DC:PBL co-culture (Ma et al., 

2010b). In contrast, the dual TLR7/8 ligand R848 activates DCs directly through binding to 

TLR8 (Hackstein et al., 2011). On the contrary, we did not observe significant effects of ADX, 
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Quil or Al(OH)3 on DC maturation. In contrast to PRR ligand adjuvants, the receptors for these 

three adjuvants remain unidentified until today (Gad, 2011). Al(OH)3 and ADX (MF-59) were 

described to act mainly on macrophages and monocytes rather than on DCs in vitro (Seubert 

et al., 2008). Although MF-59 drives the differentiation of monocytes to moDCs and the 

activation in vivo (Cioncada et al., 2017), these results might explain the adjuvants’ weak 

effects on DC’s maturation in our in vitro assay due to the missing target cells. In contrast, Quil 

is described to act on DCs in vitro. While we observed only slight increased levels of CD86, 

another study demonstrated that the effect was more pronounced, when Quil was formulated 

in cholesterol containing liposomes, which were endocytosed by DCs in a cholesterol 

dependent manner and leading to their activation due to lysosomal destabilization (Welsby et 

al., 2016). This hints to possible differences of effectiveness due to an altered route of 

application or, more precisely, a better uptake of the adjuvant into the APC. 

Regarding the adjuvant-induced DC maturation, we can conclude that the stimulation with 

adjuvants targeting PRR in our primary immune cell in vitro assay reflect the observations of 

other studies. The results we obtained with Al(OH)3, ADX and Quil differ to other studies and 

might be a result of differing adjuvant formulations (Quil) or varying cell compositions between 

the assays. 

7.2.2 Amplification of the immune response 

Cytokines and chemokines are important amplifying mediators of an immune response by 

activating other immune cells. Using Luminex xMap analysis, we examined the adjuvant-

specific cytokine and chemokine response after 24-hour stimulation. By determining the 

protein levels of 25 cytokines and chemokines, we provided a comprehensive overview of the 

differential expression patterns induced by the adjuvants. Although such studies are valuable 

to uncover the adjuvants’ MoAs, our study is indeed the first one that compares the cytokine 

and chemokine secretion induced by 10 different adjuvants within the same in vitro assay 

system and comprised of cells derived from 30 donors. In the study by Duffy and colleagues 

of the Milieu Intérieur Consortium, the adjuvants GARD and R848 as well as LPS were also 

analyzed in such a broad protein analyte screening using a WBA (Duffy et al., 2014). In line 

with their results, we demonstrated that LPS (and MPL- s in our study) are unique inducers of 

IL-23 with LPS stimulating higher levels compared to MPL-s. Furthermore, we can confirm that 

GARD and R848 secrete a similar pro-inflammatory protein signature, but with overall higher 

levels of protein analytes (IL-12p70, IL-1β, TNFα) in response to R848. Furthermore, we 

dissected the differences in protein induction by the TLR7 ligands R848, GARD and IMQ in 

more detail. Here, R848’s strong pro-inflammatory effects can be explained by the dual binding 

of TLR7 and TLR8 with a strong IL-12p70 secretion as exemplified TLR8 activity (Bekeredjian-
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Ding et al., 2006; Berger et al., 2009; Marcken et al., 2019), while varied protein levels of GARD 

and IMQ such as IFNα, IL-1β and MIG might be attributed to a different binding affinity to TLR7. 

TLR7 dimerizes upon ligand binding, bringing the cytoplasmic Toll/interleukin- 1 receptor (TIR) 

domain in close proximity, which consequently initiates the MyD88-dependent signal 

transduction (Petes et al., 2017). As reported by Zhang et al., the protein-ligand interaction by 

hydrophobic bonds is important for the binding affinity. In contrast to GARD and R848, IMQ 

lacks the interaction with the hydrophobic pocket due to structural differences, resulting in a 

weak binding to TLR7 followed by a weak dimerization of TLR7. (Zhang et al., 2018). It is 

assumed that the level of dimerization is linked to the strength of the transcriptional response, 

which might explain the lower expression of IFNα induced by IMQ in contrast to GARD and 

R848. 

Moreover, we observed a characteristic TLR7-mediated induction of IFNα (Saitoh et al., 2017), 

whereas IFNα protein levels had not been detected in the study by Duffy et al. (Duffy et al., 

2014). R848 induced high levels of IFNα, which has been shown to be essential for its 

adjuvanticity to stimulate a protective adaptive immune response (Kastenmüller et al., 2011; 

Caproni et al., 2012).  

All TLR4 ligands in our study induced a strong DC maturation and also a potent pro-

inflammatory cytokine response dominated by TNFα, IL-6, IL-1β and IFNγ, confirming the 

earlier results obtained by the MAT. We observed that LPS and MPL- s are very similar in their 

induced cytokine and chemokine profile, with enhanced levels of IL-23 (Duffy et al., 2014), IL-

10 and IL-12p70. In contrast, we noted that MPL-SM had general lower protein levels with 

protein reductions spanning up to 100-fold for IL-12p70 (Ismaili et al., 2002; Schülke et al., 

2015). Similar results were obtained in a study by van Haren et al., showing that 

glucopyranosyl lipid adjuvant (GLA; equal to MPL-s) is more potent and effective than MPLA 

(equal to MPL-SM) in inducing cytokines such as IL-10, IL-1β, IL-6 and IL-12 in a WBA (van 

Haren et al., 2016). Strikingly, direct comparisons between LPS and the detoxified variants of 

naturally derived MPL- SM and synthetic MPL-s are limited. Most studies focused on complex 

adjuvant formulations or performed general basic in vivo analysis. Based on the existing data, 

we cannot explain why MPL-s has similar effects on cytokine secretion as LPS, although being 

structurally different and detoxified. 

TDB demonstrated to induce IL-6, IL-8, MCP-1 and MIP-1α according to literature (Ostrop et 

al., 2015), while we additionally found TNFα and IL-1β to be up-regulated. Our observation 

that Pam-stimulated donors separated into ‘low’ and ‘high’ responders according to their 

cytokine expression profiles, is potentially contributed by a TLR2 single nucleotide 

polymorphism influencing the expression of pro-inflammatory cytokines such as TNFα and IL-

1β (Mandala et al., 2020). 
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Again, our results are in line with observations made in several other studies. However, our 

dataset covering the analysis of adjuvant-induced expression of 25 cytokines and chemokines 

by multianalyte profiling strongly exceeds the amount of information with respect to potential 

dependencies or correlations compared to much smaller previously published studies. 

7.2.3 Shaping of the immune response 

We evaluated the activation of lymphocyte subsets in response to the different adjuvants using 

a cell proliferation assay. Since antigens can already have intrinsic influences on the resulting 

immune response (see 7.1.1.3), we chose to investigate the activation of lymphocytes in an 

antigen-independent context. In our experiments, the proliferation of lymphocytes was strongly 

induced by TLR agonists. As our previous results demonstrates, TLR signaling drives DC 

maturation and cytokine responses and is also known to stimulate cell proliferation (Li et al., 

2010). Several studies showed that memory cells can directly get activated by TLR ligands or 

that TLR stimulation functions as co-stimulus which lowers the antigen threshold required for 

activation of T cells (Sieg et al., 2005; Salerno et al., 2019). While this was not in our focus to 

investigate, our human primary immune cell-based in vitro assay confirmed that different TLR 

immunomodulators induce proliferation of distinct lymphocyte subsets. 

In line with other studies, Pam induced the proliferation of NK cells (Smith et al., 2017), CD4+ 

(Caron et al., 2005), and CD8+ T cells (Cottalorda et al., 2009). Furthermore, as assumed by 

their similar cytokine signature, LPS and MPL-s both equally stimulated CD4+, CD8+, NKT and 

NK cells to proliferate (Caramalho et al., 2003; Salio et al., 2007; Mian et al., 2010). The only 

difference in their proliferation profiles was the observed minor B cell proliferation upon LPS 

stimulation. Since TLR4 is absent in human B cells (Bourke et al., 2003), this effect is 

potentially due to the activation of bystander cells (Jasiulewicz et al., 2015) or consequential 

higher IL-12 levels triggering the activation of B cells (Durali et al., 2003). Strikingly, the TLR4 

ligand MPL-SM did not stimulate NKT cell proliferation compared to LPS and MPL-s (Salio et 

al., 2007). Here, we found significant lower levels of IL-18 and IL-12p70 at the beginning of 

proliferation (24 hours), which were both shown to be critical inducers of NKT cell activation 

(Nagarajan and Kronenberg, 2007).  

Although the TLR7 ligands GARD and IMQ reveal differences in their induced protein 

expression signatures, they both stimulated only B cell proliferation, which has previously been 

attributed to the expansion of IgM+ memory B cells (Hanten et al., 2008; Agrawal and Gupta, 

2011; Simchoni and Cunningham-Rundles, 2015).  

In response to R848, we observed high proliferation of CD8+ T cells (Salerno et al., 2016), NKT 

cells (Salio et al., 2007), B cells and NK cells (Lu et al., 2012). Remarkable was the induction 

of R848-induced B, NK and NKT cell proliferation with respect to absolute cell counts, as it 
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exceeded even the numbers achieved with LPS stimulation. However, it is doubtful if such a 

strong antigen-independent polyclonal activation allows antigen-specific development when 

antigen is present.  

Interestingly, we observed a higher B cell proliferation in cells obtained from female donors 

compared to male donors upon TLR7 stimulation. Since TLR7 ligands were shown to increase 

the differentiation of B cells to antibody-secreting cells (Simchoni and Cunningham-Rundles, 

2015), the observed higher proliferation might point to an elevated antibody production. 

Recently, it was shown that female mice have a higher expression and activity of TLR7 on B 

cells, resulting in a greater antibody response to influenza vaccination compared to male mice 

(Fink et al., 2018). Sex-based differences in the immune response are important for vaccine 

developers, but need further investigation.  

 

The induction of a directed memory cell-mediated immune response is of highest interest for 

vaccines aiming to provide protection especially against intracellular pathogens. In this thesis, 

we examined the adjuvant’s potential to boost the antigen-specific CD8+ and CD4+ T cell 

response to the peptide epitopes FluM158-66 and TT (p2829-844; (Panina-Bordignon et al., 1989) 

respectively. Although we observed a trend of MPL-s-induced TT-specific CD4+ T cell 

expansion, this was not proven to be statistically significant. The result might be explained by 

two important factors: For this assay, we were dependent on blood donations from donors 

carrying the HLA-DRB1*11:01 allele, but out of all tested volunteers, only 5 donors were tested 

positive for the required allele. This low number of different donors, the high donor-dependent 

variability in the immune response and the overall low frequencies of antigen-specific T cells 

made it difficult to reliably detect differences upon adjuvant stimulation. Additionally, we found 

a high inter-variability of baseline TT-specific CD4+ T cell levels between these donors, which 

was probably linked to the length of the period after the last vaccination against TT. 

In contrast to this and in line with other studies, we observed that Pam, MPL-s and Al(OH)3 

boosted the expansion of antigen-specific CD8+ T cells (Cottalorda et al., 2006; Mercier et al., 

2009; Rhee et al., 2010; Jayakumar et al., 2011; MacLeod et al., 2011; Zom et al., 2014; 

Horrevorts et al., 2018; Zahm et al., 2018; Salerno et al., 2019). Strikingly, we noted that most 

of the data regarding an increase of the antigen-specific CD8+ T cell population upon adjuvant 

treatment originate from in vivo mouse studies. Hence, we were pleased to see that we can 

mimic the in vivo situation within our in vitro assay for these immunomodulators. However, the 

TLR7 ligands did not consistently enhance the antigen-specific CD8+ T cell population as 

observed by others (Pufnock et al., 2011; Zahm et al., 2018). We found that around half of the 

donors responded to GARD and R848 with increasing frequencies of FluM1+CD8+ T cells, 

while the other half did not. Whether this result is linked to the TLR7 sex-based phenomenon 

has to be elucidated. 
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Intriguingly, we neither measured an antigen-independent Al(OH)3-induced maturation of DCs 

(Sun et al., 2003), nor a drastic effect of Al(OH)3 on the cytokine response or on lymphocyte 

proliferation, but we detected an increase of the FluM1-specific CD8+ T cell population upon 

stimulation with Al(OH)3, when the FluM1 peptide was presented by DCs. Although it is 

common knowledge that aluminium salts induce the differentiation of Th2 and TFH cells and 

thus mediate a humoral response (Hogenesch, 2012), antigen-specific CD8+ T cell responses 

boosted by aluminium salts were shown in mice in several studies (Dillon et al., 1992; McKee 

et al., 2009; MacLeod et al., 2011; Wang et al., 2015). So far, Al(OH)3 is included in formulation 

of AS04 and AS01, but induced Th1 or cytotoxic T cell responses were only attributed to the 

adjuvants counterparts MPL or QS-21 (Garçon and Di Pasquale, 2017). Interestingly, in our 

experiments, we noted an increased expression of PD-L1 on DCs after FluM1-peptide pulsing. 

PD-L1 is known as inhibitory receptor of T cell activation. However, we observed the expansion 

of FluM1-specific CD8+ T cells, when FluM1-loaded DCs were present. Additional stimulation 

with Al(OH)3 significantly increased the frequencies of FluM1-specific CD8+ T cells compared 

to the unstimulated condition with FluM1-loaded DCs only. These results are in line with Goto 

et al., who demonstrated that PD-L1 expression on APCs facilitates the induction of 

cytomegalovirus (CMV)-specific cytotoxic T cells, while blocking of PD-L1 resulted in less 

efficient induction (Goto et al., 2016). This observation was confirmed for the induction of HIV-

specific CD8+ T cells, too (Garcia-Bates et al., 2019). The mechanism behind this is still 

unclear, but other studies support the hypothesis of PD-L1’s dual role in co-inhibition and co-

stimulation of T cells (Rowe et al., 2008; Lee et al., 2010). Due to the minor antigen-indepent 

effects of Al(OH)3, we cannot explain the mechanism behind the Al(OH)3-induced increase of 

the FluM1-specific CD8+ T cell population, but we assume a FluM1 peptide/ Al(OH)3 synergism 

in our assay. Despite the observed intrinsic effect of the FluM1-peptide on PD-L1 expression, 

aluminium salts are described to mediate their immunogenicity by inducing cell death, which 

causes the release of DAMPs such as host DNA and uric acid (Kool et al., 2008b; Marichal et 

al., 2011; McKee et al., 2013). Since we observed cell death of 24.5% upon stimulation with 

10 µg/ml Al(OH)3 (6.2.1; p. 75), this might be an additional factor contributing to the expansion 

of FluM1-specific CD8+ T cells, which has not been explored in this thesis. 

It is still questionable, if Al(OH)3 would also favor the development of antigen-specific CD8+ 

T cells in naïve individuals in vivo, since we investigated the expansion of memory CD8+ T cells 

in an antigen recall assay (van de Sandt et al., 2015).  

 

T cell-mediated protection against pathogens is linked to their cytokine polyfunctionality 

(Panagioti et al., 2018). Thus, we examined if the adjuvant-expanded FluM1-specific 

CD8+ T cells are still able to secrete the cytokines TNFα, IFNγ and IL-2 upon re-stimulation 

with the FluM1 peptide. Al(OH)3 and Pam-expanded FluM1-specific T cells secreted all these 
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three cytokines to similar levels as non-adjuvanted control cells. In contrast, MPL-s-expanded 

FluM1-specific T cells showed lower levels of IL-2 and TNFα, while IFNγ levels remained 

normal. It is described that an early sign of T cell exhaustion is the loss of IL- 2, while the ability 

to secrete IFNγ persists longer (Wherry et al., 2003). The step-wise progressive loss of T cells’ 

functions results in unresponsiveness to infections and thus, is not desired upon vaccination 

(Yi et al., 2010). IL- 10 has been associated with T cell exhaustion as its neutralization 

increased the virus-specific T cells in chronic lymphocytic choriomeningitis mammarenavirus 

(LCMV) infection again (Maris et al., 2007; Brooks et al., 2008). In contrast to Pam or Al(OH)3 

stimulation, MPL-s induced a pronounced pro-inflammatory cytokine response with high levels 

of IL-10 in our in vitro assay. So far, there are no studies showing the induction of exhausted 

T cells upon MPL stimulation. Since we did not observe the exhaustion characteristic of highly 

expressed PD-1 levels on FluM1-specific T cells, further investigations are needed to clarify 

the impairment of polyfunctionality of MPL-s-expanded antigen-specific T cells. 

Collectively, the antigen-independent shaping of the lymphocyte subsets was favored by TLR 

ligands. The distinct proliferation signatures induced by the adjuvants were in accordance with 

several other studies. However, for the first time, we showed a comprehensive analysis of 

CD4+, CD8+, NK T cells, B and NK cells responding to ten adjuvants and thus, provide an 

attractive in vitro tool for adjuvant comparing studies. The investigations with regard to 

adjuvant-dependent antigen-specific T cell expansion gave a first insight which adjuvants 

might favor a certain development towards an antigen-specific immune response. But more 

antigens have to be tested to draw the conclusion whether Pam, MPL-s and Al(OH)3 induce 

antigen-specific CD8+ T cell development in general. 

7.2.4 II. Interim conclusion  

As a summary, we can conclude that some of the tested adjuvants, namely TDB, Pam, MPL-

s, MPL-SM, GARD, IMQ and R848, fulfill the critical steps in initiating, amplifying and shaping 

the immune response. In contrast, within our experimental setup, the adjuvants ADX, Al(OH)3 

and Quil did not fully exhibit their immunogenic signature in absence of an antigen in our in 

vitro assay system. Caproni and colleagues showed that in vitro stimulation of splenocytes 

with MF-59 (similar to ADX) was ineffective, while strong transcriptional changes at the 

injection site were found (Caproni et al., 2012). Eventually, ATP release by muscle cells was 

required for adjuvanticity of MF-59 (Vono et al., 2013). This demonstrates that the MoA cannot 

be elucidated in vitro for all adjuvants. 
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7.2.5 Undesired effects in response to adjuvants 

Serious adverse advents (SAEs), such as the incident of increased narcolepsy cases, being 

linked to an adjuvanted vaccine against H1N1 swine flu (Nohynek et al., 2012; Partinen et al., 

2012; Miller et al., 2013) or adverse events (AE) such as fever, lymphadenopathy and 

generalized rash (Di Pasquale et al., 2016), are of high concern and diminish the acceptance 

for vaccines and vaccination within the population. The prediction of vaccine safety and 

response is of high interest (Ahmed et al., 2012). It is known that certain immunogenetic factors 

or inflammatory mediators can promote AEs (Stanley et al., 2007; Williams et al., 2018). 

Several vaccines are suspected as trigger contributing to the development of autoimmune 

diseases in individuals with a genetic predisposition (Vadalà et al., 2017). How these develop 

is still under debate but a potential risk factor includes the polyclonal activation of lymphocytes 

(Guimarães et al., 2015). Polyclonal B cell activation is stimulated by several pathogens 

independently of BCR specificity and might be essential for the early host defense by providing 

a broad antibody repertoire to conserved microbial structures or the maintenance of memory 

B cells (Montes et al., 2007). In contrast, polyclonal B cell activation can also result in 

hypergammaglobulinemia, lymphoproliferation and non-specific and autoreactive antibody 

production (Reina-San-Martı́n et al., 2000; Ramos et al., 2005). Adjuvants are of special 

concern here, due to their potential to non-specifically activate the immune system. We and 

others observed very strong antigen-independent B cell proliferation upon TLR7 stimulation 

associated with early IFNα production (Bekeredjian-Ding et al., 2005; Caproni et al., 2012). 

Despite the demonstrated adjuvanticity of R484, TLR7-mediated secretion of IFNα has also 

been implicated in the pathogenesis of inflammatory and autoimmune disorders (Crow, 2010). 

Nonetheless, Bekeredjian-Ding and colleagues showed that R848 is unable to differentiate 

naïve B cells to IgG-producing plasma cells, which might limit the autoreactive potential of 

R848 (Bekeredjian-Ding et al., 2005). As recently published, combined TLR7/ IFNα stimulation 

of B cells from healthy individuals can promote IgM+ autoantibody secretion. However, the 

authors commented that these autoantibodies might be protective as it is the case for natural 

antibodies ameliorating autoimmune disease (Simchoni and Cunningham-Rundles, 2015). To 

draw a conclusion of the potential risk of antigen-independent polyclonal B cell activation by 

adjuvants and potential autoantibody development, in depth analysis of B cell differentiation 

during antigen-dependent adjuvant stimulation is required. 

Our analysis also revealed pronounced to strong proliferation of NK cells in response to Pam, 

LPS, MPL-s, MPL-SM or R848 respectively. In regard of vaccination, the activation of NK cells 

was not linked to adverse events, but to vaccine efficacy. In a systems vaccinology approach 

to identify correlates of protection to RTS,S malaria vaccination in humans, the researchers 

detected a strong negative correlation to antibody titers and protection (Kazmin et al., 2017) In 
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accordance with these results, earlier investigations showed that B cell immunity is impaired 

by NK cells through their suppressive mechanisms on CD4+ and TFH cells (Cook et al., 2015; 

Rydyznski et al., 2015). In contrast, several other studies highlight the importance of NK cells 

for the humoral response or vaccine efficacy (Satoskar et al., 1999; Albarran et al., 2005; Krebs 

et al., 2009; Gao et al., 2011). Thus, further research is needed to clarify the consequences of 

the adjuvant-induced strong activation of NK cells. 

 

Cytokine expression and secretion by immune cells is tightly controlled due to their function as 

signaling amplifiers and inflammatory mediators. Upon vaccination and consequent stimulation 

of the immune response, imbalances of pro- and anti-inflammatory cytokines might occur 

(Stratton et al., 2011). The MAT is an example of how fever-inducing cytokines such as IL-1β, 

IL-6 and TNFα induced by pyrogenic contaminants can already be detected in parenteral drugs 

before their application and thus prevent potentially developing AEs ( (Schindler et al., 2009). 

After application of the vaccine, serum cytokines could function as early predictive 

“biomarkers” for an adverse event, as already mentioned for IFNα. Several studies investigated 

the serum cytokine levels after smallpox vaccination. SCF, G-SCF, IL-10, MIG, ICAM-1, IFNγ, 

Eotaxin, TIMP-2 and IP-10 were found to contribute to adverse events such as fever, 

generalized rash and lymphadenopathy (Rock et al., 2004; McKinney et al., 2006; Reif et al., 

2009). We did not investigate predictive biomarkers for adjuvant-induced adverse events, but 

identified MPL-s and R848 in our cytokine and chemokine analysis as strong 

immunomodulators with high levels of IL-1β, IL-6, TNFα, IFNγ and IL-10. Furthermore, 

measured SCF and G-SCF levels were higher as compared to the other adjuvants. Due to 

their additional potent immunogenicity on DCs and lymphocytes, we expect them to be more 

reactogenic compared to the other adjuvants. To identify predictive biomarkers correlating to 

adverse events, system vaccinology approaches which are already used to prospectively 

determine vaccine efficacy might be helpful (Querec et al., 2009; Li et al., 2014; Haks et al., 

2015; Kazmin et al., 2017). 

7.3 Concluding remarks 

Overall, this study provides an in vitro model of human primary cells that allows the side-by-

side comparison of different adjuvants in order to analyze DC maturation, cytokine and 

chemokine secretion, the activation of several lymphocyte subsets as well as antigen-specific 

T cell development. In-depth analysis of these four parts resulted in distinct immunogenic 

signatures and potencies of the ten prototypic and established adjuvants. Further 

investigations of areas regarding naïve B and T cell differentiation, memory development of T, 

B and NK cells, the use of different antigens and many more would be feasible in this assay 
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and are required to sufficiently understand the adjuvants’ MoAs. While we were able to fully 

reflect the immunogenicity of PRR adjuvants in vitro, we found only minor effects on the 

immune response by Al(OH)3, ADX and Quil, when compared to in vivo data. This 

demonstrates that the analysis of cellular and soluble mediators in combined in vitro and in 

vivo studies comprising vaccine-relevant areas such as tissue at the injection site, draining 

lymph nodes and blood is an important approach to elucidate all MoAs of adjuvants 

independent of the compound class (McKay et al., 2019).  

The next level of complexity has been achieved by combining different adjuvants within a 

formulation. The goal is to overcome inherent limitations of distinct immune responses which 

are attributed to single adjuvants by the combination with another adjuvant comprising a 

complementary immunogenic profile. While this might result in a synergistic immune reaction, 

concerns about a stronger activation of the immune response will require rigorous safety 

assessment (Mutwiri et al., 2011). Nonetheless, the characterization of a reliable immune 

signature of adjuvants will reduce the risk of adjuvant-related AEs and moreover, is of highest 

importance for the rapid development of highly efficient vaccines especially during a pandemic 

as illustrated in present times by the COVID-19 outbreak. Thus, our results provide a 

comprehensive compilation of the immunogenic effects of prototypic candidates and 

established adjuvants on human primary immune cells and may contribute to facilitate the 

progression of tailored vaccines.  
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