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1. Introduction 

 

1.1 Cancer and its relevance in today’s medicine 

1.1.1 Epidemiology and status quo 

The prevention and therapeutic management of cancer is one of the most pressing issues for 

modern medicine and healthcare systems worldwide to solve. Even though the average sur-

vival of cancer patients has remarkably improved over the last decades, resulting in a 5-year 

survival rate of over 50% in most cases and entities (1), a lot of work remains to be done to 

improve the patients’ prognoses. A growing number of cancer related publications per year 

and a rising economic burden are indicators outlining the huge impact of cancer on the society 

as a whole (2). In spite of all the efforts that were made, there do still exist barely treatable 

tumor entities tied to concerningly poor prognosis. Prominent examples are pancreatic ductal 

adenocarcinoma (PDAC) where late detection and low resectability rates lead to high mortal-

ity (3) or non-small cell lung carcinoma where established therapeutic regimens often cannot 

satisfyingly prolong survival (4) particularly in a metastasized situation which is present in 

many, even in many newly diagnosed patients (5). The urgent need for new and improved 

cancer therapy is not only justified by cancer’s relatively high mortality but also by its signifi-

cant incidence. As of now, even distinct cancer entities belong to the top ten causes of death, 

particularly in middle- and high-income countries (6,7). All cancers taken together are second 

placed on this list in western countries right behind cardiovascular diseases (8,9). An ongoing 

discussion is being held about whether cancer will continue being one of the most relevant 

causes of death or the trend of a rising will reverse. There exist predictions proposing that the 

aging population is going to lead to an increasing incidence of cancer over the next years (10), 

even though not all entities are assumed to be affected equally by this development (11). 

While some hope to beat or at least control cancer within the next decades (12), other pro-

jections are more skeptical but still acknowledge that different treatment strategies have the 

potential to influence the cancer-related mortality in a positive way (11). Indeed, a look into 

the past shows that there has been made striking progress in cancer treatment with arguably 

one of the most outstanding developments being the development of the tyrosine kinase 
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inhibitor Imatinib around the turn of the millennium (13). Since then, the prognosis of patients 

with chronic myeloid leukemia has drastically improved (14) which is why Imatinib is a good 

example to fundamentally display how new therapeutic approaches can lead to immediate 

progress in the treatment of cancer. Unfortunately, not all malignancies can be treated the 

same way and with comparable success which is why despite all the research a lot of cancers 

are classified as incurable at the time of their diagnosis. One example for this situation is PDAC 

where in more than half of cases, the primary tumor has already disseminated before being 

detected (15). The resulting condition is tied to a poor prognosis because local therapies such 

as surgeries cannot provide complete cure to a then systemic illness. Clearly, the goal must be 

to not let situations like these develop. A large percentage of cancers is preventable by, e.g. 

the avoidance of tobacco or alcohol (16) pointing out that everyone’s lifestyle can contribute 

to cancer prevention. A different aspect of prevention is surveillance and screening. Mean-

while, screening for colorectal or cervical carcinoma is highly established and accepted even 

though potential overdiagnosis must always be considered when evaluating new or re-evalu-

ating existing screening methods (17). However, despite of large analyses and new methods 

even in the relatively new and far-reaching field of chemoprevention (18), it is as of now inev-

itable that some cancers can only be diagnosed at a later stage and had already been pro-

gressing systemically until detection. Therefore, therapeutic approaches have to be optimized 

and new concepts must be developed for those patients, who cannot be successfully treated 

with the current therapeutic regimens.  

 
 

1.1.2 Established therapeutic strategies and more recent developments 

Therapy of cancer was and is still largely dominated by comparatively traditional methods of-

ten referred to as the three pillars of tumor treatment: Surgery, radiotherapy and chemother-

apy. Even though these are established therapeutic principles, progress has not spared these 

methods. Compared to decades ago, surgery can now be performed with less harm and less 

radical- and invasiveness for the patients, e.g. in breast cancer (19), improving post-interven-

tional quality of life. Furthermore, metastatic surgery is becoming more and more widespread, 

for example in colorectal cancer with liver metastases (20). Radiotherapy offers new develop-

ments like stereotactic radiosurgery where small tumors, especially those located in the head 

can be attacked very precisely with high-dose radiation (21). As for chemotherapy, new 
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substances and protocols are constantly being evaluated. A big step in expanding the thera-

peutic repertoire was the addition of targeted therapies and immunotherapy to the list of 

methods to effectively cure cancer. Targeted therapies make use of molecular structures in 

and on tumor cells that are often linked directly to the so-called hallmarks of cancer and are 

therefore mostly either specific for cancer cells or markedly overexpressed on malignant cells 

in relation to benign cells (22,23). A prominent drug of this class is Bevacizumab, an antibody 

blocking the Vascular Endothelial Growth Factor (VEGF). VEGF is often overexpressed in tu-

mors (24) because of its importance for angiogenesis. Immunotherapy basically has the goal 

to enhance the immune response against cancer cells through mechanisms such as inhibition 

of negative immune regulation caused by the cancer cells. New therapeutics have successfully 

been tested and are therefore approved for numerous cancer entities (25). However, as men-

tioned before (1.1.1) currently available therapies still fail to significantly improve the prog-

nosis of many cancer patients. As a consequence, a better understanding of cancer’s biology 

for instance regarding the role of the immune system in tumor development is required. 

 

1.2 Immunoediting in tumor development 

The basis for immunotherapeutic drugs has been set decades ago when researchers started 

hypothesizing about the relevance of the interplay between cancer and the immune system 

(26). During the last years, the interactions have been clarified and models, such as the Cancer-

Immunity Cycle, have been proposed. This model describes the required steps leading from 

the release of cancer antigens from dead tumor cells to the eventual killing of malignant cells 

through cytotoxic T cells (CTL) (27) (Figure 1). The cycle outlines how immune cells and cancer 

cells interact on a single cell basis. However, in the present clinical situation, the cancer cells’ 

heterogeneity, meaning that a tumor contains a plethora of unequally differentiated cells, 

must be taken into consideration. The ‘Three Es’ of immunoediting elimination, equilibrium 

and escape outline how heterogeneity can ultimately contribute to tumor survival by describ-

ing the changes occurring in the cellular interplay (28) (Figure 2). First, in the elimination 

phase, the production and liberation of proinflammatory cytokines due to infection or damage 

of tissues induces a strong, local immune response. This initiates the recruitment of various 

effector cells of the innate immune system such as macrophages (ΜΦ) or also dendritic cells 

(DCs) towards the altered or malignant cells. Subsequent killing of these cells induces the 
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liberation, processing and eventual presentation of antigens, such as tumor associated anti-

gens (TAAs) by antigen presenting cells (APCs). This allows the recruitment of antigen specific 

T lymphocytes. Therefore, the elimination phase can be described as a complex process, in 

which innate and adaptive immune system work together to successfully destroy transformed 

cells (29).  

 

 

 

Figure 1: The Cancer-Immunity cycle. Figure taken from (27). An illustration of the different 
processes and the involved cells that altogether compose an immune reaction against cancer 
cells. A release of TAAs triggers an immune response leading to killing of malignant cells that 
fundaments on cancer antigen presentation on APCs such as DCs. Abbreviations: CTL: cyto-
toxic T cell, APC: antigen presenting cell, TAA: tumor associated antigen 
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However, the killing might not affect all cells to the same extent due to arising or pre-existing 

heterogeneous intratumoral differentiations that can ultimately lead to cell survival. This sur-

vival of parts of the transformed cells characterizes the following equilibrium phase. Here, the 

tumoral lesion enters a dormant stage controlled by the immune system. It is a state of varia-

ble length in which the transformed cell population undergoes multiple genetic and epigenetic 

changes (28). Various cytokines like the interleukins (IL) -12 and -23 (30), and signaling path-

ways influence the further development as well as the microenvironment’s cellular composi-

tion (31) or the interferon-γ (IFNγ) and tumor necrosis factor (TNF) receptor 1 promoting 

activity of TAA specific T helper (Th) 1 cells (32,33). The equilibrium phase may be followed by 

an escape phase in which the tumor cells elude the control of the immune system. The fatal 

consequence for patients is the outgrowth of the tumor mass resulting in clinically apparent 

cancer. Many mechanisms seem to promote this fatal transition. A loss of immunogenicity due 

to reduced antigen expression, the eventual predominance of cells that do not present strong 

antigens, or a loss of major histocompatibility complexes (MHC) type 1, are known mecha-

nisms contributing to tumor progress (34) (Figure 2). Furthermore, the expression of the reg-

ulating molecules Cytotoxic T-Lymphocyte-Associated Protein 4 (CTLA-4) and Programmed 

Cell Death Protein 1/ Programmed Death Ligand-1 (PD1/PD-L1) as well as the overexpression 

of B-cell Lymphoma-2 (BCL-2) are central factors in immune escape (34).  Moreover, cytokines 

in the tumor microenvironment seem to play a role in tumor escape, particularly the produc-

tion and presence of the antiinflammatory cytokines IL-10 and tumor growth factor β (TGF- β) 

(35). All in all, it has been revealed that the interplay between malignant cells and the immune 

system is crucial for the development and progress of cancer. Therefore, drugs have been and 

are being designed to intervene in this process in order to improve the overall survival of can-

cer patients by supporting the patients’ immune system in the fight against malignant cells 

(36).  
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Figure 2: Cancer immunoediting and its three phases. Figure taken from (34), cancer immu-
noediting can be divided into three distinct phases that are referred to as the ‘three Es’: Elim-
ination, equilibrium and escape. The figure outlines the occurring changes in immunological 
response and the tumor cell mass during the process of immunoediting. 
 
 

1.3 Immunotherapy 

1.3.1 Theoretic background and current clinical relevance  

Immunotherapies have been tested during the last 20 years and are meanwhile getting ap-

proved for the treatment of a growing number of malignant entities (37). Besides newer ap-

proaches like tumor vaccination and older concepts like the administration of cytokines such 

as IL-2 for therapy of metastasized melanoma (38), the most popular and broadly used forms 

of immunotherapy are monoclonal antibodies targeting the immune checkpoint inhibitors 

CTLA-4 or PD-1/PD-L1 pathways as well as therapy with chimeric antigen receptor (CAR) T 

cells. In an oncological context, CTLA-4 and PD-1/PD-L1, can be described as inhibitors of tu-

mor-directed immune response via negative regulation of T cell activation. CTLA-4 is a costim-

ulatory molecule, expressed by cytotoxic T cells. Its binding to cluster of differentiation (CD) 

80 or CD86 on APCs leads to inhibitory signaling in cytotoxic T cells (39–41). The exact signal 
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cascade behind this process is yet to be explained in total, but it is known that in large parts 

CTLA-4 acts antithetically to CD28. Both bind to the B7 molecules CD80 and CD86 expressed 

on APCs but have oppositional effects on the CTLs with CD28 initiating an activating signal 

cascade. PD-L1 is often overexpressed in tumor tissues by tumor cells and APCs and its binding 

(42) to PD-1 also leads to decreased T cell activity and proliferation (39). Thus, blocking CTLA-

4 or the PD-1/PD-L1 axis leads to overcoming the inhibitory function and is promoting anti-

tumor immunity. With the introduction of immune checkpoint inhibitors, the translation of 

this valuable knowledge to clinical usage has been completed and has significantly improved 

the prognosis of patients suffering from several cancer entities, e.g. melanoma. An even 

newer approach to stimulate the immune system against malignant cells is the therapy with 

CAR T cells. Here, the patient’s own T cells get modified in vitro so that they express a chimeric 

antigen receptor – the CAR. The binding of this CAR to the corresponding antigen that is found 

on malignant cells leads to subsequent killing of the cancer cells. The variety of available CARs 

is growing from only targeting CD19 (43) to a multitude of different targetable antigens which 

broadens the possible spectrum of indications, particularly in hematological neoplasms where 

CAR T cells have already shown promising results (44). Immune checkpoint inhibition and CAR 

T cell therapy are two examples that stand out from immunotherapeutic concepts and ap-

proaches because they are already established as beneficial for the patients. The long list of 

approvals by the U.S. Food and Drug Administration (FDA) over the last years highlight the 

dynamics and progress that was made (25). In some cases, these therapies are even consid-

ered first line therapeutics (45). Recent estimations assume that more than 40% of cancer 

patients are formally eligible for receiving treatment with checkpoint inhibitors regarding the 

current spectrum of indications (46). 

 

1.3.2 Chances, limitations and obstacles 

The rather new concept of immunotherapy is not free of problems that are usually occurring 

when using more traditional therapeutic regimens. Efficacy cannot be reliably predicted and 

shows considerable interindividual variability while adverse effects can always develop and 

cause severe difficulties. Still, even though statistical meta-analysis discovered that, as of 

2018, only 13% of all cancer patients respond to immune checkpoint inhibitors (46), ground-

breaking trials have shown significant benefit in less roughly defined populations. Checkpoint 
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inhibitors like the CTLA-4 targeting antibody Ipilimumab in the case of metastasized malignant 

melanomas and CAR T cells – e.g. for CD19+ relapsed or refractory B-cell acute lymphoblastic 

leukemia (ALL) – have proven their superiority compared to other regimens in their respective 

pivotal trials (47,48). It must be considered that long-time cure could still not be reached very 

often with these substances, keeping in mind that patients with particularly fatal prognoses 

have been treated and assessed in most of these trials. Side effects are usually related to an 

overactivation of the immune system. However, compared to established treatment regi-

mens, immunotherapy seems to go along with a favorable side effect profile, regarding the 

amount and the severity of the occurring adverse effects (49). This represents a very im-

portant point since a common oncological problem is that therapies have to be stopped or 

administered in reduced dosages because the patients’ overall condition does not allow con-

tinuing the regular regimen. Yet, as mentioned previously (46) by far not all cancer entities 

(e.g. PDAC) respond to the present immunotherapies which creates an urgent need for further 

innovation. Indeed, many different treatment approaches are continuously being evaluated 

among them the concept of tumor vaccination.  

 

1.4 Tumor vaccination 

1.4.1 Concept and goal of tumor vaccination  

There are two ways in which vaccines can be utilized in an oncological context. Preventive 

vaccines against viruses such as the hepatitis B virus and the human papilloma virus contribute 

to a lower incidence of hepatocellular (50) and cervix carcinoma (51) that are often related to 

previous infections with the respective viruses. On the other hand, therapeutic tumor vaccines 

aim to restore the body’s ability to produce specific and powerful effector cells which in a next 

step attack and destroy already present malignant cells. A key for the concept lies in the fact 

that cancer cells usually exhibit a different antigen pattern than non-neoplastic cells. Thus, 

these differing antigens - TAAs and tumor-specific antigens (TSA) - represent potential thera-

peutic targets (52). In theory, tumor cells will sooner or later get in contact with APCs that 

recognize the abnormal antigens and subsequently induce a T cell response after processing 

and presenting the phagocytosed TAAs and TSAs (27). However, cancer cells manipulate their 

microenvironment, leading to decreased immune effects on the tumor and eventually to sur-

vival or outgrowth of the malignancies (34). Potentially, therapeutic tumor vaccinations can 
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act as counterbalance against these tumor-mediated effects therefore enabling the immune 

system of the patients to effectively attack and kill the malignant cells.  

 

1.4.2 The role of dendritic cells in tumor vaccinations 

Crucial for the concept of tumor vaccination are DCs, a cell type building a bridge between the 

innate and the adaptive immune system (53–55). DCs can ubiquitously be found in tissues 

where they reside until they detect a pathogen or potentially also a malignantly transformed 

cell. Consequently, DCs as well as other APCs like macrophages initiate phagocytosis of the 

abnormal cells or pathogens. In the next step, DCs migrate to nearby lying lymph nodes where 

they present the processed antigens, internalized from the phagocyted compounds, to T cells 

(Figure 3/I). DCs are described as professional APCs due to their capabilities of presenting 

antigens particularly efficient and of cross-presenting phagocytosed exogeneous antigens (53) 

(Figure 3/II). The latter mechanism bases on distinct, separate, intracellular pathways and en-

ables DCs to present exogeneous antigens not only via MHC-II but also via MHC-I (56–58). In 

the following, CD8+ T cells get activated and the secretion of proinflammatory cytokines by 

DCs supports the progress of the initiated immune reaction. The presence of DCs in many 

tumors as well as their ability to internalize antigens not only from dying or dead cells but also 

from viable tumor cells in a process called ‘nibbling’ ensures a constant ability of presenting 

and cross-presenting antigens which is the fundamental first step of immune reaction (59,60). 

DCs are pivotal in the generation of antigen-specific CD8+ cells with an impaired function of 

DCs correlating with lower CTL responses and in conclusion, to decreased strength of immune 

responses (61). Thus, the function DCs as relevant players in the immuno-oncological anti-

tumor response must be considered when designing tumor vaccines.  
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Figure 3/I: The role of dendritic cells in the initiation of immune responses. Figure taken from 
(53). Dendritic cells set off an immune response by presenting previously phagocytosed and 
processed antigens to T cells in nearby lying lymph nodes. The scheme describes antigen-
presentation, migration and maturation of tissue-resident DCs.  
Figure 3/II: Intracellular pathways of cross-presentation. Figure taken from (56). Dendritic 
cells can present exogeneous antigens via MHC-I through a process called ‘cross-presenta-
tion’. The figure illustrates differing intracellular pathways by which the exogenous antigen 
gets transported through the compartments eventually ending up being presented via MHC-I 
on the cellular membrane.  
 

 

1.4.3 Different vaccination approaches and their stage of development 

1.4.3.1 Tumor vaccines in the context of personalized medicine 

Therapeutic tumor vaccination is a strategy that compromises a variety of different ap-

proaches (Figure 4).  As with other therapeutic concepts in oncology such as chemotherapy 

or targeted therapy with monoclonal antibodies, it is key to find targetable characteristics that 

are as specific and as restricted to tumor cells as possible. A central role is played by antigens 

that are either tumor-associated like gp100 and thus overexpressed on tumor cells - in the 

case of gp100 e.g. on melanoma cells - or tumor-specific, where a highly specific and charac-

teristic mutation leads to the generation of a unique antigen (52,62). These TSAs, also called 

tumor neoantigens (TNAs) (63,64), are ideal for developing unique, individual vaccines for per-

sonalized treatment. In xenograft tumor models, it was demonstrated that enriched T cells, 

I II 
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primed to highly specific, patient-derived neoantigens, can drastically inhibit tumor growth 

(65). Even though clinical translation of such a highly precise vaccine model has not yet been 

completed, this is an encouraging result. Above all, these therapies would have to be custom-

ized to each individual patient according to individual tumor profiles thus presenting a further 

step towards the realization of personalized precision medicine. 

 

 

Figure 4: Strategies for and composition of tumor vaccines.  Figure modified according to 
(62). An overview of the potential approaches of tumor vaccination. Most proposed and 
tested vaccines do not contain only an immunogenic compound but are boosted with adju-
vants in order to enhance the vaccines’ efficacy. 
 
 

1.4.3.2 Oncolytic viruses 

A less personalized approach is therapy based on usage of oncolytic viruses. After injection, 

and selective virus replication in tumor cells (66), anti-tumor effects unfold: The immediate 

consequence of intratumoral virus replication is cell death, followed by enhanced virus-medi-

ated presentation of tumor-associated and tumor-specific antigens that can lead to systemic, 

favorable immune responses (67). In a randomized, multicenter Phase III trial (OPTiM), intra-

tumoral injection of the FDA-approved drug Talimogene Laherparepvec, an oncolytic herpes 

simplex virus showed beneficial effects for patients with unresectable melanoma (68,69). 



12 
 

More recently, a Phase II study in patients with advanced melanoma suggested that Tali-

mogene Laherparepvec might be a useful addition to the established therapy regimen with 

the CTLA-4 blocker Ipilimumab, a CTLA-4 (70) suggesting synergetic effects between different 

kinds of immunotherapy. 

 

1.4.3.3 In situ vaccines 

In situ vaccines get administered at the tumor site generating systemic, so-called ‘abscopal 

effects’. These develop because the vaccines neutralize tumor-mediated effects on its sur-

rounding microenvironment (see chapter 1.2) and induce tumor antigen-release by boosting 

cell death (71,72). In a study by Hammerich et. al., radiotherapy, that is an in situ vaccine itself 

(73), was combined with the toll-like receptor (TLR) 3 agonist poly-ICLC and fms-like tyrosine 

kinase 3 ligand that plays an important role in the development of DCs (74,75). In a small 

sample size of eleven patients with indolent B cell lymphoma, in situ vaccination was able to 

induce tumor regression while being tolerated well. In this context, the role of DCs was 

demonstrated and it was stated that intratumoral, cross-presenting DCs are essential for the 

generation of a potent immune response (75).   

 

1.4.3.4 Antigen presenting cell based strategies 

As pointed out, APCs and particularly DCs (see chapter 1.4.2) are key players in the process of 

every immune response. Besides CAR-T Cells (see chapter 1.3.1), there exist other forms of 

autologous cell immunotherapy, where a cell product named Sipuleucel-T, containing T, B, 

natural killer cells (NKs) and DCs, is utilized (76). In the IMPACT trial, a significant benefit in 

overall survival of patients with metastatic castration-resistant prostate cancer was detected, 

leading to FDA approval for this indication in 2010 (77). A multitude of trials, mostly in Phase 

I or II that test DC-only vaccines have recently been and are currently being conducted (78). In 

one trial, autologous, TNA-specific DCs have been re-transplanted into patients with advanced 

melanoma which has not shown considerable side effects while the number of TNA-specific 

CD8+ T cells was elevated, indicating a tumor-specific immune response (79). Furthermore, 

absence of severe side effects as well as good outcomes in terms of reaching partial and com-

plete responses were reported in another trial where a DC vaccine together with Ipilimumab 

was administered to patients suffering from pretreated advanced melanoma (80).  
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1.4.3.5 Peptide and nucleic acid based strategies 

In contrast to the mentioned APC-based strategies, all immune reaction related steps occur in 

vivo with the systemic administration of tumor-derived, immunogenic peptides or nucleic ac-

ids causing APC and T cell activation. In a phase I trial orchestrated by Tiriveedhi et al., a de-

oxyribonucleic acid (DNA) vaccine against breast cancer has not led to concerning adverse 

effects and the results suggest that beneficial effects on progression free survival could exist 

(81). In comparison, peptide based vaccines are much more common and are also tested in 

more clinical settings. For instance a gp100 vaccine was evaluated by Schwartzentruber et al. 

in a randomized phase III study in patients with advanced melanoma (82). Some early phase 

clinical trials with Nelipepimut/E75 based vaccines as well as with other human Epidermal 

Growth Factor Receptor 2 (HER-2) derived peptides have shown potential to improve treat-

ment strategies for breast cancers even with only low levels of HER-2 expression (83,84). Here, 

Granulocyte-Macrophage Colony Stimulating Factor (GM-CSF) was administered as an adju-

vant to enhance the potency of the generated immune response. TLR agonists like Imiquimod 

or polyinosinic:polycytidylic acid (poly I:C) (TLR3), other proinflammatory cytokines like Inter-

feron α or also Montanide ISA-51 that was used in the presented melanoma study (82) are 

further examples for adjuvants. An obstacle for peptide vaccines is the human leucocyte anti-

gen (HLA) restriction, meaning that a peptide vaccine is only useful in patients with matching 

HLA alleles (62). Since clinical outcomes are not yet satisfying enough, advanced concepts such 

as multi-epitope vaccines, combinations with other therapeutics, and personalized peptide 

vaccinations are being evaluated (63). 

 

1.4.4 The usage of nanoparticles for improving tumor vaccines 

1.4.4.1 How nanoparticles can enhance the effect of tumor vaccines 

Another strategy to improve the therapeutic effects of peptide or nucleic acid based DC tar-

geting vaccines is the usage of delivery systems such as liposomes (85,86), virus-like particles 

(87) and nanoparticles (NPs). These delivery systems are implemented to improve the potency 

of tumor vaccines by ensuring a more effective, coordinated uptake of the encapsulated com-

pounds as well as providing additional adjuvant effects and promoting cross-presentation 

(88). For this purpose, it is crucial that the administered vaccine effectively reaches DCs and 
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subsequently gets taken up by them. This initial step can be problematic. Short peptides, suit-

able for inducing immune responses (89) are defenseless against proteolytic enzymes. Due to 

their size and biochemical properties they are not predestined to be taken up and processed 

by DCs as effectively as it could be possible if they were encapsulated into a nanoparticle 

structure (90,91). The mere internalization of nanoparticles by APCs has previously been de-

scribed, for example through using fluorochrome-conjugated (90) or partly photoluminescent 

nanoparticles (92). Importantly, it was shown that nanoparticles with encapsulated antigens 

can lead to stronger immune reactions than the soluble antigen alone, indicating a more ef-

fective uptake. In this regard, it is central to note that the mere particles without encapsulated 

antigens have not led to relevant effects (93). Yet, it must be considered that the beneficial 

effects of nanoparticles cannot be generalized. Different structural origins, shapes and sizes 

of nanoparticles lead to individual outcomes and imply distinct advantages and disadvantages. 

Taking these variables into account, most research are using NPs of sizes between 10 and 200 

nm in diameter (94).  

 

1.4.4.2 The subgroup of polymeric nanoparticles 

The material from which nanoparticles are produced can be very diverse as well. In the context 

of tumor vaccines, many research groups work with polymers like γ-glutamic acid (γ-PGA), 

poly lactic-co-glycolic acid (PLGA), chitosan or others (95). It has been demonstrated that DCs 

are able to internalize these polymers efficiently, in vitro as well as in vivo, leading to note-

worthy immune responses driven by the encapsulated antigen and enhanced by adjuvant ef-

fects of the nanoparticle-composing structure (96). A profound insight in how polymer based 

nanoparticles can increase the potency of immune responses was provided by Luo et al.. In in 

vitro and mouse models, ovalbumin (OVA)-loaded PC7A-NPs were superior compared to sol-

uble OVA in terms of inducing an immune response that was objectified by e.g. IFNγ secretion 

of CD8+ cells, MHC-I mediated antigen presentation and inhibited tumor growth. Remarkably, 

these results were obtained with a vaccine without adjuvant (97). Given the situation that 

peptide based vaccines often do not reach the desired effectivity even when applied with ad-

juvants, this result underlines the potential of polymeric NPs in tumor vaccine approaches. On 

the other hand, nanoparticles can also provide advantages regarding the delivery of adjuvants. 

While poly I:C, a ligand of TLR3, has a short half-life when injected nakedly (98), encapsulation 
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in nanoparticles can prevent poly I:C from degradation by nucleases. Han et al. took advantage 

of the adjuvant effect of poly I:C to enhance the immune reaction generated by CNPs that 

were loaded with varying peptides. Moreover, in this study, stronger immune responses in 

vitro and prolonged survival of tumor bearing mice in vivo were recorded when CNPs (OVA + 

poly I:C) were administered in comparison with mere OVA (99).  

 

1.4.4.3 Chitosan, its characteristics and resulting opportunities 

Chitosan is a biopolymer generated through deacetylation of chitin (100) that is already uti-

lized for non-medical purposes for example in cosmetics or the production of wine (101) (Fig-

ure 5(I) for chemical composition). Certain biochemical properties of chitosan have also led 

to its experimental application in medical fields, more precisely as basis for generating nano-

particles, hydrogels or wound dressings (102). One of chitosan’s biochemical characteristics is 

the existence of positively charged amino groups that support the internalization of CNPs in 

cells, most notably into immune cells of the nasal mucosa (102). Furthermore, chitosan is 

highly biocompatible and biodegradable (103,104). The resulting low overall toxicity is sup-

ported by the described long-lasting usage in everyday products (101). Moreover, chitosan is 

inexpensive and easy to synthesize. Altogether, these characteristics highlight the potential 

suitability of chitosan as carrier substance for drug delivery (105). For instance, CNPs have 

provided a more targeted doxorubicin delivery in mouse models resulting in elevated drug 

concentrations and increased toxicity towards tumor cells (106). Ideally, usage of such carrier 

nanoparticles could allow dose reductions without causing a loss of efficacy which, given the 

adverse effects of drugs in general and cytostatic drugs in particular, would benefit the pa-

tients. In regard to employment of CNPs for tumor vaccines, the immunostimulatory effect of 

chitosan plays a large role since adjuvants are needed in order to generate a more potent 

immune response (107,108). Moreover, due to its mucoadhesive properties, that can be ex-

plained by the interaction of chitosan’s positively charged amino groups with negatively 

charged sialic acid in the mucus (104), chitosan based vaccines could be an option for not only 

parenteral but also mucosal vaccination. In this simple procedure that takes advantage of the 

pronounced immunologically active tissue in the respiratory tract (109), the vaccine gets ad-

ministered intranasally in form of a spray. Chitosan could be a particularly suitable carrier sub-

stance since it facilitates transepithelial antigen transport by affecting epithelial tight junctions 
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(110). Importantly, the induction of immune responses upon intranasal vaccination with CNPs, 

temporarily incorporated in a mannitol matrix (Figure 5(II)) for easier usage has already been 

recorded in mice (111). 

 

 

Figure 5: Chitosan, the chemical structure (I) and resulting form of chitosan nanoparticles 
(II).  Figure taken from (112). The chemical composition of the polysaccharide chitosan (left) 
and scanning electron microscope (SEM) pictures of chitosan nanoparticles embedded in a 
mannitol matrix thus forming a nano-in-microparticle structure (right).  
 

1.5 Aim of this study 

As of today, cancer is the 2nd most common cause of death worldwide (8). The resulting, enor-

mous relevance of cancer has led to extensive research and improvements in their compre-

hension and therapy (1,14,25,45). Tumor vaccines are regarded as promising immunothera-

peutic options with a great potential to be introduced into clinical usage since encouraging 

results have already been registered in preclinical trials (95,97,99). However, further analyses 

are needed in order to identify the most effective vaccination strategies. The utilization of 

nanoparticles as carrier vehicles is believed to improve the efficacy of tumor vaccines. Chi-

tosan offers plenty of favorable properties and the chitosan-based NP formulation used in this 

study features characteristics that allow mucosal vaccination via intranasal administration 

(104,111,112) Thus, this study aims to investigate whether these CNPs are a suitable antigen 

delivery system that is able to induce a potent antigen-specific immune response. For this 

purpose, we assessed the role of CNP size with respect to uptake in and survival of APCs and 

characterized the phenotype of human and murine DCs after CNP stimulation. Furthermore, 

we assessed whether antigens, encapsulated in CNPs get presented efficiently by DCs via 

MHC-I and whether this presentation is adequate to induce activation and functional activity 

of antigen-specific CD8+ T cells. 

I II 
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2. Materials  

2.1 Laboratory devices 

Device Manufacturer 

 

Centrifuges  

Avanti J-20 XP Beckmann Coulter GmbH, Krefeld, DE 

Centrifuge 5804 R Eppendorf AG, Hamburg, DE 

HERAEUS Fresco 17 Thermo Scientific, Schwerte, DE 

HERAEUS Multifuge X1 Thermo Scientific, Schwerte, DE 

HERAEUS Pico 17 Thermo Scientific, Schwerte, DE 

Rotina 420 R Andreas Hettich GmbH, Tuttlingen, DE 

Sprout® mini centrifuge Heathrow Scientific, Vernon Hills, US 

 

Incubators/shakers  

BBD 6220 CO2 incubator Thermo Scientific, Schwerte, DE 

GyroTwister 3D shaker Labnet, Woodbridge, US 

HERA Cell 240 incubator Thermo Scientific, Schwerte, DE 

Medingen W 12 water bath Preiss-Daimler, Wilsdruff, DE 

QBA1 block heater Grant Instruments, Shepreth, UK 

Stuart SRT9 tube roller Bibby Scientific Ltd. Stone, UK 

WTC ED-53 incubator Binder, Tuttlingen, DE 

 

Measuring devices  

Amnis ImageStream XMark II flow cytome-

ter (ISX) 

Merck Millipore, Darmstadt, DE 

FACScalibur flow cytometer Becton Dickinson, Heidelberg, DE 

Infinite® 200PRO microplate reader Tecan, Crailsheim, DE 

LightCycler 480 II Roche, Basel, CH 

Lionheart™ FX Automated Microscope BioTek, Winooski, US 
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LSRFortessa flow cytometer Becton Dickinson, Heidelberg, DE 

NanoQuant plate Tecan, Crailsheim, DE 

Neubauer counting chamber Marienfeld Superior GmbH, Lauda-

Koenigshofen, DE 

NYONE® cell imager Synentec GmbH, Elmshorn, DE 

pH 7110 pH-meter InoLab, Weilheim, DE 

 

Microscopes  

AE2000 Motic, Wetzlar, DE 

Axiovert 25 Carl Zeiss AG, Jena, DE 

EVOS XL Core Cell Imaging System AMG, Bothell, US 

 

Others  

Arpege LN2 container KGW-Isotherm, Karlsruhe, DE 

CS autoclave Matachana GmbH, Selmsdorf, DE 

Freezer (4°C) Liebherr, Ochsenhausen, DE 

Fridge (-20°C) Liebherr, Ochsenhausen, DE 

HERAfreeze basic freezer (-80°C) Thermo Scientific, Schwerte, DE 

JE-5.0 Elutriator Rotor Beckmann Coulter GmbH, Krefeld, DE 

Laboport vacuum pump KNF Neuberger, Freiburg, DE 

Masterflex® L/S® tubing pump Cole Parner Instruments, Kehl, DE 

MC6 laboratory cabinet Waldner GmbH, Wangen, DE 

MR Hei-Mix S magnetic stirrer Heidoph Instruments, Schwabach, DE 

PluriPlex magnetic roller PluriSelect, Freiburg, DE 

Scotsman AF103 ice flaker Hubbard Systems, Ipswich, UK 

Sunrise remote control Tecan, Crailsheim, DE 

Sonicator Sonopuls Bandelin, Berlin, DE 

Vacuum pump VWR, Radnor, US 

VORTEX Genius 3 vortex shaker IKA-Werke, Staufen, DE 
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Pipettes  

Finnpipette™ F1 0.2-2 µl Thermo Scientific, Schwerte, DE 

Finnpipette™ F1 1-10 µl Thermo Scientific, Schwerte, DE 

Finnpipette™ F1 2-20 µl Thermo Scientific, Schwerte, DE 

Finnpipette™ F1 10-100 µl Thermo Scientific, Schwerte, DE 

Finnpipette™ F1 20-200 µl Thermo Scientific, Schwerte, DE 

Finnpipette™ F1 100-1000 µl Thermo Scientific, Schwerte, DE 

Finnpipette™ Multichannel 5-50 µl Thermo Scientific, Schwerte, DE 

Finnpipette™ Multichannel 20-200 µl Thermo Scientific, Schwerte, DE 

Pipetboy® acu Integra Biosciences, Fernwald, DE 

Pipetus® Hirschmann Laborgeräte, Eberstadt, DE 

Ripette® multistep dispenser Ritter, Schwabmuenchen, DE 

 

Sterile benches  

HERA Safe Thermo Scientific, Schwerte, DE 

HERA Safe KS Thermo Scientific, Schwerte, DE 

HERAEUS LaminAir HB 2448 Thermo Scientific, Schwerte, DE 

 

Scales  

Precisa BJ 2100D Precisa Gravimetrics AG, Dietikon, CH 

Precisa XB120A Precisa Gravimetrics AG, Dietikon, CH 

 

 

2.2 Consumables 

Consumable Manufacturer 

 

0.1-10 µl, 10-200 µl, 100-1000 µl pipette 

tubes 

Sarstedt, Nümbrecht, DE 

0.05 ml, 1.25 ml, 5.0 ml Ritips® Ritter, Schwabmuenchen, DE 

0.5 ml, 1.5 ml, 2 ml Safe Seal tubes Sarstedt, Nümbrecht, DE 
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15 ml, 50 ml centrifuge tubes/falcon tubes Sarstedt, Nümbrecht, DE 

5 ml, 10 ml, 25 ml serological pipettes Sarstedt, Nümbrecht, DE 

12-well plates flat bottom Sarstedt, Nümbrecht, DE 

18 mm coverslips Menzel, Braunschweig, DE 

25 cm2 cell culture flasks Sarstedt, Nümbrecht, DE 

75 cm2 cell culture flasks Sarstedt, Nümbrecht, DE 

96-well plates flat bottom Sarstedt, Nümbrecht, DE 

96-well plates round bottom Sarstedt, Nümbrecht, DE 

96-well plates conic bottom  Nerbe plus GmbH, Winsen, DE  

Cell scraper 25 cm Sarstedt, Nümbrecht, DE 

CryoPure tubes, 1.8 ml  Sarstedt, Nümbrecht, DE 

LightCycler 480 Sealing foil Roche, Basel, CH 

LightCycler 480 96 well multiwell plate Roche, Basel, CH 

FACS tubes 500 µl Sarstedt, Nümbrecht, DE 

FACS tubes 5 ml Sarstedt, Nümbrecht, DE 

Micro-Touch nitrile examination gloves Ansell GmbH, München, DE 

Parafilm M sealing film Brand GmbH, Wertheim, DE 

Pasteur pipettes ISO 7712 Glaswarenfabrik Kerl Hecht GmbH, Sond-

heim/Roehn, DE 

Scalpel Feather, Osaka, JP 

SuperFrost object slide 76x26mm Menzel, Braunschweig, DE 

Syringe 10 ml Sarstedt, Nümbrecht, DE 

Thermanox Plastic coverslips 15 mm Thermo Scientific, Schwerte, DE 

Transfer pipettes 3.5 ml Sarstedt, Nümbrecht, DE 

Vue Life culture bag 32-C Saint-Gobain, Courbevoie, FR 
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2.3 Kit Systems 

Kit Manufacturer 

 

CaspaseGlo® 3/7 Assay Promega, Mannheim DE 

MojoSort ™ Kit Biolegend, Fell, DE 

MycoAlert™ Mycoplasma detection kit Lonza Group, Basel, CH 

peqGOLD Total ribonucleic acid (RNA) kit PeqLab, Erlangen, DE 

RevertAid First Strand cDNA Synthesis kit Thermo Scientific, Schwerte, DE 

 

2.4 Software 

Software Manufacturer 

 

FACScalibur CellQuest BD Biosciences, San Jose, US 

FlowJo 10.1r3 FlowJo, LCC, Ashland, US 

i-control™ Microplate Reader Software Tecan, Crailsheim, DE 

LightCycler 480 Software Roche, Basel, CH 

Lionheart™ FX Automated Microscope 

analysis software ‘Gen5’ 

BioTek, Winooski, US 

Microsoft Office 2016 Microsoft Corporation, Redmond, US 

SigmaPlot 12.5 Systat Software Inc., Chicago, US 

Weasel v3.0 The Walter and Eliza Hall Institute of medi-

cal research, Victoria, US 

Zotero Center for History and New Media at the 

George Mason University, Fairfax, US 
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2.5 Chemicals, reagents and buffers 

2.5.1 Chemicals and reagents 

Chemical/reagent Manufacturer 

 

2-Mercaptoethanol Sigma-Aldrich, St. Louis, US 

Accutase® solution EMD Millipore Corporation, Temecula, Cali-

fornia, US 

Acetone Th. Geyer GmbH, Renningen, DE 

Aqua ad iniectabilia B. Braun AG, Melsungen, DE 

Bovine serum albumin (BSA), fraction V Biomol, Hamburg, DE 

Dimethyl sulfoxide (DMSO) Th. Geyer GmbH, Renningen, DE 

Ethanol, 99.8 % denaturated Th. Geyer GmbH, Renningen, DE 

Ethanol, absolute Th. Geyer GmbH, Renningen, DE 

Ethylendiamintetraacetic acid (EDTA) Carl Roth GmbH, Karlsruhe, DE 

FACSflow sheath fluid BD Biosciences, San Jose, US 

Fragment crystallizable receptor (FcR) 

blocking reagent human 

Miltenyi Biotech GmbH, Bergisch Gladbach, 

DE 

FcR blocking reagent mouse Miltenyi Biotech GmbH, Bergisch Gladbach, 

DE 

Fetal calf serum (FCS) PAN-Biotech, Aidenbach, DE 

Fixation/permeabilization concentrate  eBioscience, Frankfurt, DE 

Fixation/permeabilization diluent  eBioscience, Frankfurt, DE 

Geneticin (G418) sulphate Merck Millipore, Darmstadt, DE 

HEPES buffer 1 M PAN Biotech, Aidenbach, DE 

L-Glutamine (L-GLN) PAA, Pasching, AT 

LightCycler 480 SYBR Green I Master Roche, Basel, CH 

Minimum essential medium non-essential 

amino acids (MEM NEAA) 

Thermo Scientific, Schwerte, DE 

Pancoll human, 1.077 g/l Pan-Biotech GmbH, Aidenbach, DE 

Paraformaldehyde (PFA) 4.5 % BUEFA Chemikalien GmbH, Hude, DE 
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Penicillin-Streptomycin (Pen/Strep) PAA, Pasching, AT 

Phosphate-buffered saline (PBS) Merck millipore, Darmstadt, DE 

Propium Iodide (PI) Life technologies, Darmstadt, DE 

Roswell Park Memorial Institute (RPMI) 

1640 medium 

Biochrom, Berlin, DE 

Sodium pyruvate Biochrom, Berlin, DE 

Solution 555 Beckmann Coulter GmbH, Krefeld, DE 

Triton X-100 Sigma-Aldrich, St. Louis, US 

Trypan blue solution Fluka 0.4 % Sigma-Aldrich, St. Louis, US 

Trypsin-EDTA PAA, Pasching, AT 

 

2.5.2 Buffers 

Buffer Composition 

 

Counterflow centrifugation elutriation  

Elutriation buffer 0.1 % (v/v) FCS in PBS 

10 mM EDTA 

PBS pH 7.4 

Erythrocyte lysis buffer 1x Ammonium Chloride Potassium 

155 mM Ammonium Chloride 

10 mM Potassium bicarbonate 

0.1 mM EDTA 

 

Flow cytometry (FACS)  

Fixation solution 1 % (v/v) PFA in MACS buffer 

Fixation/permeabilization solution 25 % (v/v) Fixation/permeabilization Con-

centrate in Fixation/permeabilization dilu-

ent 

MACS buffer 0.5 % BSA 

2 mM EDTA 
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in PBS (pH 7.2) 

Perm washing buffer 10 % (v/v) permeabilization buffer (10x) in 

ddH2O 

 

2.6 Peptides and chitosan nanoparticles 

2.6.1 Peptides 

Peptide   Manufacturer 

 

Ovalbumin  Sigma-Aldrich, St. Louis, US 

SIINFEKL (OVA 257-264) Invivogen, Toulouse, FR 

 

2.6.2 Chitosan nanoparticles 

All chitosan nanoparticles were produced by the working group led by Professor Scherließ, 

Kiel, Germany 

Nanoparticle type z-average/diameter Polydispersity index 

 

90/10 (with and without fluo-

rescein isothiocyanate (FITC)-

conjugation) 

220 nm <0.17 

90/20 (with and without FITC-

conjugation) 

384 nm 0.22 

90/50 (with and without FITC-

conjugation) 

706 nm 0.39 

90/10 OVA (with and without 

FITC-conjugation) 

201 nm 0.14 

90/20 OVA (with and without 

FITC-conjugation) 

321 nm 0.15 

90/10 SIINFEKL 211 nm 0.15 

 



25 
 

2.7 Animals 

Animal   Information Provider 

 

OT-1 mice (C57BL/6) OT-1 – short for OVA-spe-

cific, class I-restricted TCR 

transgenic – mice are har-

boring CD8+ T cells with a 

transgenic T cell receptor 

that specifically recognizes 

OVA 257-264 (amino acid 

sequence SIINFEKL) pre-

sented in the context of H-

2Kb (113). 

Charles River, Wilmington, US 

 

2.8 Cell biological material 

2.8.1 Cell lines 

Cell line Information Reference 

 

DC2.4 

Murine dendritic cells 

Immortalized murine den-

dritic cells. Created by trans-

ducing bone marrow iso-

lates of C57BL/6 mice with 

retroviral vectors encoding 

for GM-CSF, myc and raf. 

These cells were kindly do-

nated by Professor Dr. 

Scherließ, Kiel, DE. 

(114) 
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Panc02 

Murine PDAC cells 

Murine PDAC cells derived 

from 3-methyl-cholanthrene 

treated C57BL/6 mice.  

These cells were kindly do-

nated by Dr. Bauer, Mar-

burg, DE. 

(115) 

PancOVA 

Murine PDAC cells 

(Panc02), expressing OVA. 

Panc02 cells, transfected 

with the gene encoding for 

OVA.  

These cells were kindly do-

nated by Dr. Bauer, Mar-

burg, DE. 

(116,117) 

 

2.8.2 Human primary cells 

Human primary cells were isolated from thrombocyte-depleted leukocyte retaining systems 

(LRS).  

Leukocyte retaining systems UKSH blood donation center Citti-Park, Kiel, 

DE  

 

2.8.3 Growth factors and cytokines 

GM-CSF, human recombinant Biolegend, Fell, DE 

Interleukin-2, murine recombinant Biolegend, Fell, DE 

Interleukin-4, human recombinant Biolegend, Fell, DE 

M-CSF, human recombinant Biolegend, Fell, DE 
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2.8.4 Cell culture media 

Cell culture media   Composition 

 

DC 2.4 cell culture DC 2.4 Medium 

RPMI 1640 (w/o Glutamine) 

10 % (v/v) FCS, 1 % (v/v) L-Gln, 1 % (v/v) 

Pen/Strep, 1 % NEAA 

Human DC culture Human DC Medium 

RPMI 1640 (w/o Glutamine) 

10% (v/v) FCS, 1 % (v/v) L-Gln, 1 % (v/v) 

Pen/Strep 

supplemented with: 

800 U/ml GM-CSF 

250 U/ml IL-4 

Macrophage culture 

GM-CSF stimulation for generation of M1-

macrophages 

or  

M-CSF stimulation for generation of M2-

macrophages 

Macrophage medium 

RPMI 1640 (w/o Glutamine) 

10 % (v/v) FCS, 1 % (v/v) L-Gln, 1 % (v/v) 

Pen/Strep 

supplemented with: 

50 ng/ml GM-CSF (M1) 

or 50 ng/ml M-CSF (M2) 

OT1 mice derived CD8+ T cell culture T cell medium 

RPMI 1640 (w/o Glutamine) 

10 % (v/v) FCS, 3 % (v/v) HEPES, 2 % (v/v) 

sodium pyruvate, 2 % (v/v) Pen/Strep 

Murine pancreatic cell culture (Panc02, 

PancOVA) 

Panc Medium 

RPMI 1640 (w/o Glutamine) 

10 % (v/v) FCS, 1 % (v/v) L-Gln, 1 % (v/v) 

Pen/Strep 

supplemented with: 

0,5 mg/ml G418 sulphate in first passages 
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2.9 Molecular biological material 

2.9.1 Human primers 

Gene Sequence 

Fw – forward 

Rv – reverse  

Annealing °C Manufacturer 

 

GAPDH Fw-TCCATGACAACTTTGGTATCGTGG 

Rv-GACGCCTGCTTCACCACCTTCT 

 

58 Eurofins, Ham-

burg, DE 

IL-1β Fw-AGTGCTCCTTCCAGGACCTGGA 

Rv-CACTCTCCAGCTGTAGAGTGG  

 

58 Eurofins, Ham-

burg, DE 

IL-6 Fw-ATGCAATAACCACCCCTGAC  

Rv-GAGGTGCCCATGCTACATTT 

 

58 Realtime Pri-

mers, Elkins 

Park, US 

IL-10 Fw-AAGCCTGACCACGCTTTCTA 

Rv-ATGAAGTGGTTGGGGAATGA 

 

58 Realtime Pri-

mers, Elkins 

Park, US 

TNF-α Fw-TCCTTCAGACACCCTCAACC  

Rv-AGGCCCCAGTTTGAATTCTT 

 

58 Eurofins, Ham-

burg, DE 

TGF-β1 Fw-CGTGGAGCTGTACCAGAAATA  

Rv-TCCGGTGACATCAAAAGATAA 

 

58 Eurofins, Ham-

burg, DE 
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2.9.2 Mouse primers 

Gene Sequence Annealing °C Manufacturer 

 

GAPDH Fw-TCCATGACAACTTTGGTATCGTGG 

Rv-GACGCCTGCTTCACCACCTTCT 

 

58 Eurofins, Ham-

burg, DE 

mIL-1β Fw-ATCCTCTGTGACTCATGGGAT 

Rv-GATCCACACTCTCCAGCTGCA  

 

55 Biometra, Göt-

tingen, DE 

mIL-6 Fw-TAGTCCTTCCTACCCCAATTTCC  

Rv-TTGGTCCTTAGCCACTCCTTC 

 

58 Eurofins, Ham-

burg, DE 

mIL-10 Fw-AGTGGAGCAGGTGAAGAGTG 

Rv-TTCGGAGAGAGGTACAAACG 

 

58 Realtime Pri-

mers, Elkins 

Park, US 

mTNF-α Fw-CCCACTCTGACCCCTTTACT 

Rv-TTTGAGTCCTTGATGGTGGT 

 

58 Eurofins, Ham-

burg, DE 

mTGF-β1 Fw-GCTGAACCAAGGAGACGGAA  

Rv-AGAAGTTGGCATGGTAGCCC 

58 Eurofins, Ham-

burg, DE 
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2.10 Antibodies  

2.10.1 Anti-human antibodies 

Specificity-Conju-

gate (Clone) 

Host (Isotype) Stock in µg/ml  

Application 

(Dilution) 

Manufacturer 

 

Anti-human isotype controls 

IgG2b-Fluorescein 

isothiocyanate 

(FITC) (MPC-11) 

Mouse 

(IgG2b) 

200 

FACS (1:40) 

Biolegend, Fell, DE 

IgG1-Allophycocya-

nine (APC) (MOPC-

21) 

Mouse  

(IgG2b) 

200 

FACS (1:16.6) 

Biolegend, Fell, DE 

IgG1-Phycoerythrin 

(PE) (MOPC-21) 

Mouse 

(IgG1) 

200 

FACS (1:10 and 1:20) 

Biolegend, Fell, DE 

IgG1-FITC 

(MOPC-21) 

Mouse 

(IgG1) 

500 

FACS (1:150) 

Biolegend, Fell, DE 

IgG2a-PE 

(MOPC-173) 

Mouse 

(IgG2a) 

200 

FACS (1:50) 

Biolegend, Fell, DE 

IgG1-PeCyanine 7 

(Cy7) (MOPC-21) 

Mouse 

(IgG1) 

200 

FACS (1:10) 

Biolegend, Fell, DE 
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Anti-human primary antibodies  

Specificity-Conju-

gate (Clone) 

Host (Isotype) Stock in µg/ml  

Application 

(Dilution) 

Manufacturer 

 

CD1a-PE 

(HI149) 

Mouse 

(IgG1) 

200 

FACS (1:10) 

Biolegend, Fell, DE 

CD11c-APC 

(S-HCL-3) 

---- 100 

ISX (1:10) 

Biolegend, Fell, DE 

CD14-PE 

(M5E2) 

Mouse 

(IgG1) 

200 

FACS (1:50) 

Biolegend, Fell, DE 

CD16-PE 

(3G8) 

Mouse 

(IgG1) 

100 

FACS (1:50) 

Biolegend, Fell, DE 

CD80-APC 

(2D10) 

Mouse 

(IgG1) 

200 

FACS (1:16.6) 

Biolegend, Fell, DE 

CD83-FITC 

(HB15e) 

Mouse 

(IgG1) 

200 

FACS (1:20) 

Biolegend, Fell, DE 

CD86-Alexa Fluor 

(AF) 488 (IT2.2) 

Mouse 

(IgG2b) 

400 

FACS (1:16.6) 

Biolegend, Fell, DE 

CD163-PE 

(REA812) 

Human 

(igG1) 

50 

FACS (1:20) 

Miltenyi Biotech 

GmbH, Bergisch Gla-

dbach, DE 

CD206-FITC 

(15-2) 

Mouse 

(IgG1) 

200 

FACS (1:50) 

Biolegend, Fell, DE 

E-Cadherin-AF647 

(67A4) 

---- 200 

ISX (1:40) 

Biolegend, Fell, DE 

HLA-DR-FITC 

(L243) 

Mouse 

(IgG2a) 

200 

FACS (1:40) 

Biolegend, Fell, DE 

PD-L1-PeCy7 

(MIH1) 

Mouse 

(IgG1) 

200 

FACS (1:10) 

BD Biosciences, San 

Jose, US 
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2.10.2 Anti-mouse antibodies 

 

Anti-mouse isotype controls 

Specificity-Conju-

gate (Clone) 

Host (Isotype) Stock in µg/ml  

Application 

(Dilution) 

Manufacturer 

 

IgG1-APC 

(G0114F7) 

Rat 

(IgG1) 

200 

FACS (1:20) 

Biolegend, Fell, DE 

IgG2a-FITC 

(RTK2758) 

Rat 

(IgG2a) 

500 

FACS (1:40; 1:50) 

Biolegend, Fell, DE 

IgG-PE 

(HTK888) 

Armenian Hamster 

(IgG) 

200 

FACS (1:20) 

Biolegend, Fell, DE 

IgG2b-FITC 

(RTK4530) 

Rat 

(IgG2b) 

500 

FACS (1:40) 

Biolegend, Fell, DE 

IgG2a-Brilliant vio-

let 510 (BV510) 

(RTK2758) 

Rat 

(IgG2a) 

100 

FACS (1:20) 

Biolegend, Fell, DE 

IgG2a-PeCy7 

(RTK2758) 

Rat 

(IgG2a) 

200 

FACS (1:40) 

Biolegend, Fell, DE 

IgG2b-APC 

(RTK4530) 

Rat 

(IgG2b) 

200 

FACS (1:5) 

Biolegend, Fell, DE 
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Anti-mouse primary antibodies  

 

Specificity-Conju-

gate (Clone) 

Host (Isotype) Stock in µg/ml  

Application 

(Dilution) 

Manufacturer 

 

CD4-BV510 

(RM4-5) 

Rat 

(IgG2a) 

80 

FACS (1:16) 

Biolegend, Fell, DE 

CD8a-PeCy7 

(53-6.7) 

Rat 

(IgG2a) 

200 

FACS (1:40) 

Biolegend, Fell, DE 

CD11c-PE 

(HL3) 

Hamster 

(IgG1, λ2) 

200 

ISX (1:5 and 1:10) 

BD Biosciences, San 

Jose, US 

CD25-APC 

(PC61) 

Rat 

(IgG1) 

200 

FACS (1:20)  

Biolegend, Fell, DE 

CD40-PeCy7 

(3/23) 

Rat 

(IgG2a) 

200 

FACS (1:5) 

Biolegend, Fell, DE 

CD44-FITC 

(IM7) 

Rat 

(IgG2b) 

500 

FACS (1:40) 

Biolegend, Fell, DE 

CD62L-FITC 

(MEL-14) 

Rat 

(IgG2a) 

500 

FACS (1:40) 

Biolegend, Fell, DE 

CD69-PE 

(H1.2F3) 

Armenian Hamster 

(IgG9 

200 

FACS (1:20) 

Biolegend, Fell, DE 

CD80-PE 

(16-10A1) 

Armenian Hamster 

(IgG) 

200 

FACS (1:20) 

Biolegend, Fell, DE 

CD86-FITC 

(GL-1) 

Rat 

(IgG2a) 

500 

FACS (1:50) 

Biolegend, Fell, DE 

H-2Kb bound to SI-

INFEKL-PE 

(25-D1.16) 

Mouse 

(IgG1) 

200 

FACS (1:20) 

Biolegend, Fell, DE 
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3. Methods  

3.1. Cell biological methods  

3.1.1 Cell lines 

In order to characterize CNP uptake efficiency as well as antigen presentation and effects of 

CNPs on DCs, the cell line DC2.4 was used. These immortalized murine DC cell line derived 

from C57BL/6 mice have previously shown to be able to efficiently present exogeneous anti-

gens on MHC I (114), thus being a suitable in vitro model for investigating the effects of CNPs 

on DCs. Panc02 and PancOVA cells have been generated from a 3-methyl-cholanthrene in-

duced murine PDAC. The expression of ovalbumin on PancOVA cells allowed us to investigate 

the efficacy of CNP induced CD8+ T cell responses, while Panc02 cells were used as negative 

control.  

 

3.1.2 Cell thawing and freezing 

Initially, cells frozen in liquid nitrogen were thawed by carefully resuspending them in 10 ml 

prewarmed cell medium, transferring them into 50 ml tubes and centrifuging them for 5 

minutes at 300 g. This procedure was repeated once more before seeding the cells in 10 ml 

medium into 75 cm2 cell culture flasks. On the following day, cell medium was renewed. Cells 

reaching a confluence of at least 80% could be stored long-term in liquid nitrogen by resus-

pending them in 1 ml FCS supplemented with 10% (v/v) DMSO after detachment and subse-

quent centrifugation at 300 g. The cells were transferred into a cryo tube and eventually 

stored in an isopropanol containing cryo box for the first 24 hours at - 80°C before being 

moved permanently into a liquid nitrogen container at - 180°C.    

 

3.1.3 Cell culture    

All cell lines were cultivated in 75 cm2 cell culture flasks, filled with 10 ml of the respective cell 

culture medium. The cells were incubated at 37°C with 5% CO2 and 85% relative humidity. All 

cell culture related working steps were executed under sterile conditions, tests for detecting 

potential mycoplasma contamination were performed in regular intervals. DC2.4 cells, Panc02 

cells as well as PancOVA cells were split twice a week in a 1:4 or 1:5 ratio upon reaching at 



35 
 

least 80% density in their respective cell flasks. When cells have reached sufficient density to 

be split Panc02 and PancOVA cells were first incubated in 5 ml prewarmed Trypsin/EDTA for 

5 minutes at 37°C to ensure proper detachment from the flask ground. The serine protease 

trypsin operates by cleaving peptide bonds on the C-terminal site of either lysine or arginine 

thus breaking up adhesion bonds. EDTA is a chelator binding Ca2+ that is also obligate for cel-

lular adhesion. DC2.4 cells were detached with 5 ml Accutase® solution under the same con-

ditions as described for the other cell lines. Accutase® is a mix of various proteolytic and col-

lagenolytic enzymes, providing a particularly gentle cell detachment. In both cases, 5 ml pre-

warmed cell medium were added after a few minutes, when the cells were fully detached to 

stop the proteolytic reaction. Then, cells were transferred into a 50 ml tube and centrifuged 

for 5 minutes at 300 g. After removing the supernatants and resuspending the cells in 10 ml 

of their respective cell medium, cells were split in the desired ratio and transferred into new 

75 cm2 cell culture flasks. For subsequent experiments, cells were seeded into flat-bottom 12-

well plates at a defined number per well. 

 

3.1.4 Cell Counting 

When precise determination of cell number was required, centrifuged cells were resuspended 

in a determined volume of cell medium. Then, 10 µl of this suspension were filled into a 

Neubauer counting chamber. Cells were immediately counted under the light microscope, ex-

trapolating the resulting cell count with the aid of the following formulas: 

 

1. Cells/ml = Cells averagely counted in one big square x 104  

2. Total cell number = Cells/ml x volume of cell suspension (in ml) 

 

If a very high, thus uncountable number of cells had been expected in advance, 1:10 dilution 

was executed by diluting 100 µl cell suspension with 900 µl cell medium. Ten µl of the resulting 

suspension were again filled into the Neubauer chamber and the calculated total cell number 

was multiplied with the dilution factor 10. Optionally, trypan blue staining was performed in 

a 1:10 ratio before counting the cells. Hereby, the number of dead cells was determined by 

dyeing them blue. In contrast, viable cells with undamaged membranes remain colorless be-

cause in these cases, trypan blue cannot enter the cytosol.  
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3.1.5 Generation of stimulation solution with chitosan nanoparticles 

CNPs of standardized sizes were produced through ionic gelation by the working group of Pro-

fessor Scherließ from the Pharmaceutic Institute of Kiel University according to established 

protocols (112,118). Both, FITC-conjugated and unconjugated particles decreased marginally 

in size after encapsulation of OVA and SIINFEKL (OVA 257-264) peptides. Until the CNP powder 

got in contact with liquids, the nanoparticles were embedded in a mannitol matrix thus form-

ing a nano-in-microparticle structure (NiM). After seeding in flat-bottom 12-well plates, cells 

were stimulated with CNPs after adherence to the cell culture flasks was verified. First, the 

nano-in-microparticle powder was resuspended in cell medium. After contact with liquids 

such as cell medium, the mannitol dissolved, the actual CNPs were therefore liberated. Stim-

ulation of cells was executed by adding 100 µl of the CNP suspension to every well, each con-

taining 1 ml cell medium resulting in a concentration of roughly 100 µg CNPs per ml cell me-

dium. 

  

3.1.6 Isolation of human monocytes  

For in vitro generation of both macrophages and DCs, monocytes were isolated from throm-

bocyte-depleted lymphocyte retaining systems (LRS) in a first step. These LRS were delivered 

from the local blood donation station where it was ensured that only blood from healthy do-

nors came to use. Informed consent was obtained from the donors. The content of one LRS 

was filled into a 75 cm2 cell culture flask then PBS was added until a final volume of 140 ml 

was reached. In a total of four 50 ml tubes, 35 ml of this suspension were carefully layered 

onto 15 ml of prepared Pancoll separation solution. These tubes were centrifuged for 25 

minutes at 350 g with particular importance on ensuring slow acceleration and deceleration. 

The effect of this density gradient centrifugation was enhanced by Pancoll solution that con-

tains polysuccrose molecules improving erythrocyte aggregation at the bottom of the tube 

leading to the development of the following cell layers during the centrifugation (Figure 6) 

based on the cells’ unequal density. 
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Figure 6: Schematic illustration of cellular separation achieved by Pancoll-supported density 
gradient centrifugation. After 25 minutes of centrifugation at 350 g erythrocytes (RBCs) and 
granulocytes aggregate on the tube’s bottom while a ‘buffy coat’ containing PBMCs appears 
as a thin, white layer right above the pancoll solution. The process is facilitated by poly-
succrose molecules in Pancoll that contribute to the fixation of RBCs and granulocytes in the 
cone of the tube.  

 

The supernatant was then aspirated while the so-called ‘buffy coat’ with lymphocytes and 

monocytes was collected and transferred to a fresh 50 ml tube, pooling two buffy coats per 

tube. Next, the cells were washed twice with 20 ml of ice-cold elutriation buffer. Each washing 

step was followed by centrifugation at 4°C and 300 g for 10 and 7 minutes, respectively. If too 

many erythrocytes remained in the tube, a brief erythrocyte lysis for 5 minutes was performed 

in between, that was then followed by an additional centrifugation for 10 minutes under the 

same conditions. Subsequently, the cells were resuspended in elutriation buffer obtaining 5 x 

108 cells per 50 ml and counted with a Neubauer counting chamber before proceeding with 

counterflow centrifugation elutriation (CCE). CCE is an established method for providing gen-

tle cell separation based on differing cellular sedimentation potential. The cell suspension was 

pumped into the chamber of a JE-5.0 elutriation rotor while the elutriation centrifuge was 

already running, thereby containing the cells in the chamber because of the developed cen-

trifugal forces. After the chamber was fully loaded with all utilized peripheral blood 
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mononuclear cells (PBMC), a constant liquid flow through the pump and a complex tube sys-

tem was maintained, thus creating a force acting against the centrifugal force generated by 

the elutriator. The flowrate was slowly being augmented, the balance of power between 

pump force and centrifugal force was therefore altered. This resulted into pushing more and 

more cells through the chamber’s exit into another tube system where cells could eventually 

be collected from. More precisely, after extensive washing of the whole system, cells were 

loaded as soon as the centrifuge obtained a stable rotational speed at 2305 g and 4°C with the 

pump maintaining a consisting flowrate of 26 ml/min. After PBMC loading was completed, 

cold elutriation buffer was continuously pumped through the system with the flowrate being 

augmented up to 41 ml/min during the process. Step by step, cell fractions were collected in 

50 ml tubes. At the end, the centrifuge was stopped with the pump still being set at a flowrate 

of 41 ml/min, hence pushing practically all the remaining cells out of the chamber into 50 ml 

tubes. Immediately, samples of every fraction were taken and checked for monocyte purity 

with flow cytometry analyses using the forward and side scatters to validly distinguish mono-

cytes from the smaller and less granulated lymphocytes (Figure 7). Monocyte purity of > 90% 

was required for further use of the respective fractions.  

 

 

Figure 7: Two representative dot plots of different cell fractions after counterflow centrifu-
gation elutriation. While lymphocytes are the predominant population in the fraction de-
picted on the left, monocytes account for more than 90% of cells (debris excluded) of the 
fraction analyzed on the right making this fraction suitable for generation of DCs or macro-
phages. Thus, CCE provides a reliable method of excluding the smaller, less granulated lym-
phocytes from the cell suspension from which macrophages and dendritic cells were gener-
ated afterwards. 
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3.1.7 In vitro generation of polarized human macrophages and dendritic cells 

Macrophages can exhibit a large variety of phenotypes. A model for roughly differentiating 

those different types of macrophages in in vitro studies is the distinction between M1-like and 

M2-like macrophages (119). In order to generate these two differently polarized macrophage 

subtypes, the previously isolated fractions containing monocytes with a purity of at least 90% 

(see chapter 3.1.6) were centrifuged at 4°C and 350 g for 10 minutes and pooled thereafter. 

Then, cells were resuspended in macrophage medium, supplemented with either 10% (v/v) 

FCS for M1-like macrophages or 1% (v/v) FCS for M2-like macrophages. After counting the 

monocytes, they were distributed in 50 ml tubes containing between 15 and 20 x 106 cells per 

tube. Cell culture medium was added up to a volume of 27 ml. For ensuring proper differenti-

ation, 50 ng/ml GM-CSF (for M1-like polarization) or M-CSF (for M2-like polarization) were 

supplemented according to differentiation strategies that had already been in use in the work-

ing group (120,121) as well as elsewhere (122). The content of the tubes was eventually filled 

into Vue Life culture bags that were incubated for 7 days at 37°C with 5 % CO2 and 85 % relative 

humidity (Figure 8). For generation of DCs, monocytes were centrifuged and pooled as out-

lined above and then resuspended in DC culture medium, also supplemented with 10% (v/v) 

FCS to eventually obtain 1 x 106 cells per ml in a 50 ml tube. This suspension was subsequently 

seeded into flat-bottom 12-well plates resulting in a concentration of 1 x 106 cells/1 ml/ well. 

After verified adherence of monocytes, cells were stimulated with 250 U/ml IL-4 and 800 U/ml 

GM-CSF. This stimulation was repeated after 48 hours, cell differentiation was completed on 

day 5 (Figure 8).  

 

3.1.8 Harvesting of in vitro generated human macrophages 

After 7 days of differentiation culture, macrophages were harvested and seeded into flat-bot-

tom 12-well plates. For this purpose, the cell-filled Vue Life culture bags were stored on ice 

for at least 30 minutes. Then, cells were mechanically detached, the culture bags were rinsed 

with 20 ml PBS to support full detachment. Cells from one bag were transferred into a 50 ml 

tube and centrifuged for 10 minutes at 300 g. After separately pooling M1-like and M2-like 

macrophages from the culture bags, cells were gently resuspended in 10 ml of their respective 

cell medium before a second centrifugation this time with 150 g was performed. Supernatants 

were afterwards aspirated, macrophages were counted and seeded in the desired density.  
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Figure 8: Illustration of the generation of differently polarized macrophages and dendritic 
cells. Stimulation with GM-CSF and M-CSF, respectively, was only executed on day 1 for gen-
eration of M1-like and M2-like macrophages after seven days. GM-CSF and IL-4 were added 
to the wells on day 1 and day 3 to ensure proper differentiation of monocytes into human DCs 
after five days.  
 

3.1.9. Isolation of CD8+ T cells obtained from OT-1 mice 

To make use of CD8+ T cells, specifically detecting SIINFEKL in the context of H-2Kb for in vitro 

experiments, OT-1 mice were killed and splenectomised. Then, the explanted spleen was me-

chanically crushed and filtered twice, first through a 100 µm and hereafter through a 30 µm 

cell strainer. In a total of 40 ml MACS buffer the cells were centrifuged at 4°C and 300 g for 10 

minutes. After an erythrocyte lysis for six minutes with erythrocyte lysis buffer, 40 ml of MACS 

buffer were added and cells were centrifuged under the identical conditions as before. After 

a third centrifugation, CD8+ T cells were isolated from the splenic cell population by using the 

MojoSortTM Kit produced by Biolegend according to the manufacturer’s protocol. Negative se-

lection was performed, meaning that antibodies against various antigens but not against CD8 

were used to mark all cells except the cells of interest. All splenocytes were resuspended in 

MACS buffer until a concentration of 1x108 cells per ml was obtained. Then, 10 µl of biotin-

antibody cocktail were added per each 107 cells. After incubation on ice for 15 minutes and 

careful vortexing, 10 µl of streptavidin nanobeads were added. After incubating for another 

15 minutes 2.5 ml MACS buffer were added to the suspension. Thereafter, the tube containing 

the cell suspension was placed into a kit-specific magnet for 5 minutes. Then, the liquid was 
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poured out of the tube with the cells in it being collected most carefully. A second separation, 

repeating the outlined steps was performed based on the cell count after the first separation. 

After the magnetic separation, a sample was taken for performing flow cytometric analyses 

determining CD8+ T cell purity (see chapter 3.2.1). 

 

3.1.10 Coculture of CD8+ T cells with antigen-pulsed DC2.4 cells and assessment 

of T cell activation markers 

The isolated CD8+ T cells were counted and added to murine DC2.4 cells to start the coculture. 

The day before, DC2.4 cells had been seeded into flat-bottom 12-well plates. Five hours before 

starting the coculture DC2.4 cells were left untreated or stimulated with CNPs or soluble SI-

INFEKL peptide (see chapter 3.1.5). For initiating the coculture, DC2.4 cells were washed twice 

with 500 µl PBS per well before gently detaching them with a cell scraper and centrifuging 

them for 5 minutes at 300 g. Then, probes of the different DC2.4 cell samples were taken to 

determine MHC-I mediated presentation of SIINFEKL with flow cytometry (see chapter 3.2.1. 

and supplementary figure 1). Remaining cells were counted and 7.5 x 104 cells per well seeded 

into flat-bottom 96-well plates. After DC2.4 cells had properly adhered, 2.5 x 105 CD8+ T cells 

were added to each well resulting in a DC: CD8+  T cell ratio of 1:3,3. The coculture was stimu-

lated with 50 ng/ml and in later experiments with 150 ng/ml of murine IL-2, a procedure that 

was repeated after 48 hours. 72 hours after starting the coculture, CD8+ T cells were either 

used for killing assays (see chapter 3.1.11) or activation marker expression on CD8+ T cells was 

assessed via flow cytometry (see chapter 3.2.1).  

 

3.1.11 Coculturing PancOVA/Panc02 cells with CD8+ T cells and subsequent kill-

ing assay 

After coculture with differently stimulated DCs (see chapter 3.1.10), CD8+ T cells were used to 

perform killing assays with PancOVA and Panc02 cells. For this purpose, CD8+ T cells were 

transferred into flat bottom 96-well plates in which PancOVA and Panc02 cells, respectively, 

had been seeded the day before at a density of 1 x 103 cells per well. 2.5 x 105 CD8+ T cells 

were added to the pancreatic tumor cells. (Figure 9). After 24 hours in the incubator or for live 

cell imaging purposes in the Lionheart™ FX Automated Microscope under identical conditions 
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with 5% CO2 and 37°C, killing of the tumor cells was evaluated with the Lionheart™ FX Auto-

mated Microscope (see chapter 3.2.4). For this experiment, only CD8+ T cells that were stim-

ulated twice with 150 ng/ml mIL-2 were used.  

 

 

 

Figure 9: Schematic overview of the CD8+ T cell related working steps and the performed 
coculture assays. After executing splenectomy in OT-1 mice (I), CD8+ T cells were isolated (II) 
and cocultured with stimulated DC2.4 cells for 72 hours (III). Hereafter, activation markers 
expressed on CD8+  T cells were assessed, or CD8+ T cells were cocultured for 24 hours with 
Panc02 or PancOVA cells to assess tumor cell killing (IV).  
 
 

3.2 Immunobiological methods 

3.2.1 Flow cytometry 

Flow cytometry is a widespread technique to analyze heterogeneous cell populations on a 

single-cell basis regarding their size, granularity or the expression of proteins detected either 

on the cells’ surface membrane or intracellularly. The cells get drawn into the measuring 

chamber of the flow cytometer via overpressure through a thin capillary and are moved into 

a line due to constantly flowing sheath liquid making it possible for the device to separately 

measure each cell. Measurement itself occurs after the cells pass a laser beam, which is lead-

ing to scattered light and differently high signal intensities on the respective photomultiplier 

units, acting as signal detectors (Figure 10). These detectors include the forward scatter (FSC), 

the side scatter (SSC) and fluorescence detectors measuring fluorescence intensities (FI) which 

is useful if cells are labelled with fluorescence-conjugated antibodies. The FSC measures the 

scattered light along the laser direction, thus giving information about the cell diameter, while 

the SSC measures the scattered light in an angle of 90° thereby revealing information about 

the cellular granularity. A system of mirrors and multiple detectors enables the device to 
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register and differentiate between emitted light of different wavelength when cells were 

stained with antibodies conjugated to fluorescent dyes (123).  

 

  

Figure 10: Scheme of a flow cytometer. Figure taken from (124). The employed FACSCalibur 
had an additional 635 nm red-diode laser with an additional detector implemented.  

 

Flow cytometry was used in this study to determine FITC-CNP uptake, to measure MHC-I me-

diated SIINFEKL presentation as well as to assess cell phenotype, activation and purity of CD8+ 

T cells. Furthermore, as described before (see chapter 3.1.5), after fractionation of PBMCs 

during monocyte isolation, 100 µl of each fraction were measured for cell size and granularity. 

In order to analyze the uptake efficiency of FITC-conjugated CNPs, cells were seeded in 12-

well plates 48 hours before measurement (DC2.4 cells, 1.2 x105 cells per well) or six days be-

fore measurement (human DCs (see chapter 3.1.7)). After stimulating the cells with CNPs for 

24 hours, they were detached from the well plates and washed several times with MACS 

buffer before preparing measurement. For assessing MHC-I mediated SIINFEKL presentation 

and also the phenotype of APCs after CNP stimulation, cells were incubated with Fc-blocking 

reagent, diluted in MACS buffer to a concentration of 1:5 for 10 minutes. This was necessary 

to prevent unspecific antibody binding after washing and detaching the cells. Then, 1-2 x 105 

cells were stained with 25 µl staining solution containing fluorochrome-conjugated antibodies 
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in a V-bottom 96-well plate. Washing steps with ice-cold MACS buffer were executed after 

detaching the cells from the well plates as well as after treatment with Fc-blocking reagent 

and twice after staining cells with fluorochrome-conjugated antibodies. Cells were centrifuged 

for 10 minutes at 300 g after each washing step. For measuring the expression of activation 

markers on CD8+ T cells derived from OT-1 mice and determining their purity after magnetic 

cell sorting, 50 µl of staining solution were used while the rest of the protocol remained un-

changed. All the described working steps were executed either at 4°C or on ice, while partic-

ular focus was given to the avoidance of unnecessary light exposure during the process. 

 

3.2.2 ImageStream 

Imaging flow cytometry performed with the ImageStream XMark II cytometer was utilized as  

a precise method to examine FITC-conjugated CNP uptake in various cells and cell lines. Sam-

ple preparation was executed as described before (see chapter 3.2.1). Cells were washed with 

PBS, detached with a cell scraper, trypsin or Accutase® solution, washed with MACS buffer 

and - depending on the examined cells - stained with a surface membrane dye. Cells were 

incubated with staining antibodies for 20 minutes in 50 µl staining solution due to the larger 

number of cells required for performing these experiments. After two more washing steps 

with MACS buffer, cells were ready for measurement. Other than determining fluorescence 

intensities, the ImageStream XMark II cytometer also produced two-dimensional pictures of 

every cell, thereby allowing to precisely define the cells’ membrane with the aid of an analysis 

mask. As a result, it could be distinguished whether FITC-CNPs were properly internalized or 

just attached to the outer cellular membrane. 

 

3.2.3 NYONE® cell imaging 

The NYONE® cell imager allowed imaging of cells directly in well plates without needing to 

detach them and was used to assess cell death of human DCs following CNP stimulation. After 

human DCs were differentiated and treated with FITC-CNPs for 24 hours, the cell medium was 

renewed and 1:500 diluted propidium iodide was added. After an incubation time of 15 

minutes with strict avoidance of any light at room temperature, measurement of cell mor-

phology and survival was started. Here, the NYONE® cell imager generated images and 
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statistics to accurately demonstrate the effects of different CNPs on the survival and morphol-

ogy of human DCs. 

 

3.2.4 Imaging with the Lionheart™ FX Automated Microscope 

The Lionheart™ FX Automated Microscope enabled us to register cellular activity over the 

course of time in incubator-like conditions. By employing this method, we tracked CD8+ T cell 

accumulation and activation during coculture with DCs as well as killing of pancreatic tumor 

cells in the above mentioned cocultures (see chapter 3.1.10 and 3.1.11). During coculture of 

CD8+ T cells and DC2.4 cells, representative images were taken at 20-fold magnification. For 

assessment of killing of pancreatic tumor cells by CD8+
 T cells, images were taken at 4-fold 

magnification and then stitched with the associated Gen5 Data analysis software. From the 

resulting picture of nearly the entire well, a representative plug of 9000 µm2 was selected for 

quantitative analysis of cellular confluence. The discrimination between cells and cell-free ar-

eas was enabled due to differences in phase contrast intensity. For analyzing cellular conflu-

ence with the Gen5 software, parameters for setting up the analysis mask were set as follows: 

 

 

Parameter Value 

Threshold auto (checked) = 13 

Background light 

Split touching objects checked 

Fill holes in the mask unchecked 

Minimal object size 10 µm 

Maximal object size 10.000 µm 

Include primary edge objects checked 

Analyze entire picture unchecked 

plug shape = square 

plug size = 3.000 µm x 3.000 µm 
 

Advanced detecting options  

Background flattening checked 

Auto unchecked 
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Rolling ball diameter 10 µm 

Image smoothing strength 10 cycles 

Evaluate background on 0% of lowest pixels 

Primary mask use threshold mask 

 

3.2.5 Caspase 3/7 activity assay 

The determination of Caspase 3/7 activity levels provides information about the extent of on-

going apoptosis. Here, using the Caspase-Glo® 3/7 assay from Promega, caspase 3/7 activity 

was investigated in human DCs and macrophages after stimulation with FITC-CNPs in order to 

quantify possible toxic effects of differently sized CNPs on these cells. Caspase 3/7 activity was 

checked 24 hours after stimulating DCs, M1-like and M2-like macrophages with FITC-CNPs to 

obtain the same conditions as used for CNP uptake assays. First, the cell supernatants were 

transferred into 1.5 ml Eppendorf tubes. Then, cells were carefully detached with a cell scraper 

in 500 µl PBS per well. The supernatants and the corresponding cells were pooled in an Ep-

pendorf tube which was hereafter centrifuged for 10 minutes at 300 g. Cells were washed with 

500 µl PBS and after a second centrifugation under the same conditions eventually resus-

pended in 500 µl PBS. 25 µl of this suspension were pipetted into a white 96-well microtiter 

plate along with 25 µl caspase reagent. After an incubation time of 30 minutes at room tem-

perature and in the absence of light, caspase 3/7 activity was determined and quantified using 

the Tecan Infinite 200 spectrophotometer. The detected bioluminescence is proportional to 

the caspase 3/7 activity. 

 

3.3 Molecular biological methods 

3.3.1 Isolation of nucleic acids 

For isolating RNA, the peqGOLD Total RNA Kit from PeqLab was used following the manufac-

turer’s protocol. All working steps were performed at room temperature. Cells were first 

washed with PBS and then lysed in 300 µl RNA lysis buffer using cell scrapers to detach the 

cells from the well plates. Afterwards, the lysate was either processed further or stored at        

- 80°C for continuing with the subsequent working steps at a later time. For the former, lysate 

was transferred into DNA removing columns allowing RNA to pass through while retaining 
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DNA. The columns were centrifuged for 1 minute at 11000 g before 300 µl of 70% (v/v) ethanol 

were added to the flow-through. This suspension was transferred into a PerfectBind column 

that was also centrifuged for 1 minute at 11000 g. Thereafter, the RNA containing column was 

washed twice first with 500 µl RNA washing buffer I and subsequently with 600 µl RNA wash-

ing buffer II. After another centrifugation for 2 minutes at 11000 g, 40 µl RNase-free water 

were added onto the membrane. In the last step, after incubating the suspension for two 

minutes and centrifuging it at 8000 g for 1 minute, the eluted RNA was transferred into a 1.5 

ml Eppendorf tube. The isolated RNA was stored in a freezer at - 80 °C. To calculate the amount 

of isolated RNA, probes of every sample were pipetted on NanoQuant plates. For measure-

ment, the Tecan Infinite 200 spectrophotometer was used. The quantification itself is based 

on the RNA’s ability to absorb light in the ultraviolet spectrum. Therefore, the amount of ab-

sorbed light can be converted into the amount of nucleic acids making use of the Beer-Lam-

bert law: 

 

    E = Ɛ x c x d 

 

This formula equals the attenuation of light (E) with the product of extinction coefficient (Ɛ), 

thickness (d) and concentration (c) of the substrate. A ratio of the wavelengths 260:280 was 

determined to exclude significant contamination with a desired ratio of around 1.8 to 2.0. 

 

3.3.2 Reverse transcription 

For relative quantification of gene expression, the isolated and quantified RNA was tran-

scribed into complementary deoxyribonucleic acid DNA (cDNA). For that purpose, the Re-

vertAid First Strand cDNA Synthesis Kit by Fermentas was used according to the manufac-

turer’s instructions. Between 300 µg and 500 µg of RNA were transcribed by first adding 1 µl 

Oligo dT primer into the RNA-containing 1.5 ml Eppendorf cup. Then, the volume was adjusted 

to a total of 11.5 µl with nuclease free water before incubating the mix for 5 minutes at 65 °C. 

After letting the suspension cool down on ice for a short time, a master mix including reaction 

buffer, RiboLock RNase inhibitor, deoxynucleoside triphosphate (dNTP) Mix and RevertAid M-

MuLV RvT was added (see table below for the exact volumes of each component). It was 

ensured that the suspension was properly mixed before incubating it for 1 hour at 42 °C. The 
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suspension was finally heated up to 70 °C for 5 minutes before storing the cDNA in a freezer 

at - 80 °C.  

 

Reagent Volume per sample 

  

Mastermix for producing complementary DNA (cDNA)  

Reaction buffer (5x) 4 µl 

RiboLock RNase inhibitor (20 U/µl) 0.5 µl 

10 mM dNTP mix 2 µl 

RevertAid M-MuLV RvT (200 U/µl) 1 µl 

 

3.3.3. Quantitative real-time polymerase chain reaction 

Quantitative real-time polymerase chain reaction (qPCR) was performed with cDNA (see chap-

ter 3.3.2) of DCs to determine phenotypic changes upon CNP stimulation. Initially, cDNA was 

diluted 1:4 with RNase-free water. For sample preparation, 2.5 µl of the diluted cDNA was 

pipetted into a white 96-well microtiter plate with each sample being tested twice to achieve 

more precise results.  After this, each well was filled up to a volume of 10 µl with SybrGreen I 

Mastermix, nuclease free H2O and the respective primer (see table below for the exact vol-

umes of each component). The SybrGreen I Mastermix contains FastStart Taq Polymerase, 

SYBR Green I dye, dNTPs as well as MgCl2. In a next step, the microtiter plate was sealed with 

a translucent foil and centrifuged for 2 minutes at 300 g. The prepared microtiter plate was 

then inserted into and measured with the LightCycler 480 by Roche. The process of quantita-

tive PCR starts with the initial denaturation of cDNA at 95°C. Then, the sample gets cooled 

down enabling the respective primers to bind to the single-stranded DNA at their optimal an-

nealing temperature (see 2.9.1 and 2.9.2). Next, at the optimal temperature for the Taq DNA 

polymerase, which is 72°C, DNA gets amplified. This process of DNA denaturation, annealing 

of primers to the single-stranded DNA and amplification of DNA is constantly being repeated 

for at least 40 cycles with the temperature being adjusted as described to assure proper de-

naturation and amplification (see 2.9.1 and 2.9.2). In all qPCR experiments, GAPDH was used 

as housekeeping gene and utilized as a reference for the obtained results of genes of interest. 

Thus, the respective mean cycle threshold (Ct) values of genes of interest which were 
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measured in duplicates were compared to the values of GAPDH to calculate the relative gene 

expression according to the delta-delta Ct method. A melting curve analysis was performed to 

ensure reaction specificity and exclude any reaction artefacts. 

 

  

Primers purchased  

from Eurofins 

Primers purchased  

from Realtime primers 

Primers purchased  

from Biometra  

▪ 5 µl Light Cycler  

SybrGreen I Master 

▪ 1 µl primer forward  

▪ 1 µl primer reverse 

▪ 0.5 µl H2O 

▪ 5 µl Light Cycler  

SybrGreen I Master 

▪ 1 µl primer 

▪ 1.5 µl H2O 

▪ 5 µl Light Cycler  

SybrGreen I Master 

▪ 0.0375 µl primer for-

ward 

▪ 0.0375 µl primer re-

verse 

▪ 2.425 µl H2O 

 

3.4 Statistical analysis 

For statistical analyses, SigmaPlot version 12.5 by Systat was utilized. In a first step, all data 

were analyzed for normality. For comparison of two sets of data the Student’s t-test was ap-

plied. One-way analysis of variance (one-way ANOVA) was performed for checking data of 

multiple, related groups. Data which failed normality testing or equal variance testing was 

analyzed with the Kruskal-Wallis one-way ANOVA on ranks test. Statistical significance was 

determined by running the Student-Newman-Keuls or by using Dunn’s method. Statistical sig-

nificance is highlighted, p-values < 0,05 are labelled with an asterisk (*). 

 

3.5 Ethics statement 

This research project was carried out in accordance with the World Medical Association’s Dec-

laration of Helsinki. Approval was obtained by the ethics committee of the medical faculty at 

Kiel University (reference number: D490/17). The removal of spleens from OT-1 mice for iso-

lating CD8 + T cells was formally declared to the ministry for energy transition, agriculture, 

environment, nature and digitalization of Schleswig-Holstein (internal test number 1115). 
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4. Results 

4.1 Large chitosan nanoparticles (90/20 and 90/50) but not small ones (90/10) 

considerably impair viability and morphology of human primary monocytic 

cells  

It has already been demonstrated in previous experiment by our working group that different 

cell types including human APCs such as DCs, M1- and M2-like macrophages are able to inter-

nalize CNPs of various sizes (125). Those uptake assays were conducted with CNPs of three 

different sizes: 90/10 CNPs with an average diameter of 220 nm, 90/20 (average diameter: 

384 nm) and 90/50  CNPs (average diameter: 706 nm). Thus, it was next investigated whether 

administration of CNPs impacts APCs’ cellular viability and/or morphology and whether such 

effects are related to CNP size.  For this purpose, human DCs as well as M1- and M2-like ΜΦ 

were stimulated for 24 hours with 100 µg/ml CNPs of the three mentioned sizes. Hereafter, 

visible changes in cell density and cell morphology became evident upon light microscopical 

examination of differently stimulated cells. Especially DCs, but also ΜΦ pulsed with large CNPs 

(90/20 and 90/50) presented a loosened cellular layer with less characteristically differenti-

ated cells. Moreover, it was noted that large CNPs seemed to clump together (Figure 11). In 

order to further substantiate these results and to analyze how the reduced cell density could 

be related to ongoing apoptosis, caspase 3/7 activity was measured after 24 hours of stimula-

tion. Indeed, caspase 3/7 activity in human DCs stimulated with larger, specifically with 90/50 

CNPs was drastically elevated. On the other hand, the addition of the smallest CNPs (90/10) 

to the human primary cells barely went along with an increase in caspase 3/7 activity com-

pared to the untreated control cells (Figure 12). In macrophages, differences between the CNP 

treated samples turned out to be much less pronounced since all treated samples showed 

markedly elevated caspase 3/7 activity compared to untreated cells and compared to DCs be-

ing left untreated or treated with smaller CNPs. Nevertheless, also here 90/10 CNP stimulation 

led to lower caspase 3/7 activity levels than stimulation with 90/20 or 90/50 CNPs. 
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Figure 11: Treatment with large chitosan nanoparticles alters morphology and cellular con-
fluence of human dendritic cells, M1- and M2-like macrophages. Representative images of 
human DCs (first row; A-D), M1-like macrophages (ΜΦ) (second row; E-H) and M2-like ΜΦ (I-
L) that were left untreated or were treated for 24 hours with either 90/10, 90/20 or 90/50 
CNPs. Brownish colored accumulations (particularly visible in D and L) most likely represent 
CNPs that had been clumping together during the 24 hours before imaging. Scale bar: 1000µm 

 

    

 
Figure 12: Caspase 3/7 activity level increases after stimulation of human primary monocytic 
cells with chitosan nanoparticles, in particular with large ones. Human DCs, M1- and M2-like 
macrophages (ΜΦ) were stimulated for 24 hours with 90/10, 90/20 or 90/50 CNPs. Data are 
displayed as n-fold compared to the results in untreated cells. Data for ΜΦ are shown as mean 
± s.e.m., data for DCs failed the normality test and are shown as median + 75% percentile. 
Statistical analysis was performed with One-way-ANOVA and subsequent Student-Newman-
Keuls-test (ΜΦ) or Dunn’s test (DCs). An asterisk (*) indicates p<0.05; n=4 (DCs), n=3 (M1- and 
M2-like ΜΦ). 
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Since DCs were in the focus of our study, morphology and viability of CNP stimulated human 

DCs was assessed in more detail by PI staining immediately followed by imaging with the NY-

One® cell imager. After stimulation with CNPs for 24 hours and PI staining, the cells were ex-

amined without having to detach them from the 12-well plates. Based on the pictures (Figure 

13 A), the NYOne®’s analysis software calculated parameters such as cell confluence, PI inten-

sity, which indicated cell death and the percentage of cellularly covered area which was addi-

tionally PI positive. In-line with the results of the caspase 3/7 activity assays, reduced cell con-

fluence in wells treated with large CNPs was found, most notably upon treatment with 90/50 

CNPs. Moreover, PI positive cell area was larger the bigger the particles were with which the 

wells had been treated, particularly with respect to the total area covered by DCs (Figure 13 

B). Furthermore, no considerable differences between samples that were left untreated and 

those which were stimulated with 90/10 CNPs could be noticed (Figure 13). 

 

 
Figure 13: In human dendritic cells, propidium iodide intensity is higher and cell confluence 
lower, the bigger the diameter of added chitosan nanoparticles. Human DCs were either left 
untreated or were treated for 24 hours with CNPs of different sizes (90/10, 90/20, 90/50). 
Representative pictures (A) taken with the NYOne® Cell Imager show increased orange PI sig-
nal in the samples to which 90/20 and especially 90/50 CNPs were added, while only minimal 
PI signal is apparent in the untreated well and in cells stimulated with 90/10 CNPs. FITC-con-
jugated CNPs appear green. Graphs (B) illustrate cell confluence of human DCs, PI intensity as 
well as a quotient of areas with PI and brightfield signals divided by areas with BF only (n=3). 
Data are displayed as n-fold compared to the results of untreated cells and are shown as mean 
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± s.e.m.. Statistical analysis was performed with One-way-ANOVA followed by a Student-New-
man-Keuls-test. An asterisk (*) indicates p<0.05. Abbreviations: brightfield (BF), propidium io-
dide (PI). 

 

Overall, these results indicate that larger CNPs (90/20 and 90/50) promote induction of apop-

tosis while small CNPs (90/10) do not considerably impair viability of human APCs, in particular 

of human DCs. Therefore, 90/10 CNPs were chosen for the further experiments. 

4.2 Antigen-loaded chitosan nanoparticles are taken up by human and murine 

dendritic cells 

In the next step, it had to be ensured that DCs can effectively internalize CNPs carrying encap-

sulated antigens. As model antigens, OVA and the OVA-derived peptide SIINFEKL (OVA 257-

264) were selected. For uptake assays, CNPs were conjugated with the fluorochrome FITC. 

Murine DCs of the cell line DC2.4 as well as human DCs were stimulated with FITC-conjugated 

CNPs (concentration: 100 µg/ml) for 24 hours while untreated cells were used as negative 

control (not shown in graphs). Hereafter, utilizing the ImageStream XMark II cytometer and 

the FACScalibur flow cytometer, nanoparticle uptake was examined. Flow cytometry analyses 

revealed a similar number of FITC-positive cells comparing the two samples treated with ei-

ther 90/10 SIINFEKL or 90/10 OVA CNPs. The percentage of FITC-positive cells was nearly 100% 

in human and murine cells treated with 90/10 SIINFEKL CNPs while pulsing cells with 90/10 

OVA CNPs also led to nearly 100% FITC-positive murine DCs and only to a slightly lower amount 

of FITC-positive human DCs (Figure 14).                                                                                                             

 

 

Figure 14: Stimulation with FITC-conjugated chitosan nanoparticles loaded with SIINFEKL or 
OVA leads to similar percentages of FITC-positive dendritic cells. Human and murine DCs 
(n=3 each) were stimulated for 24 hours with FITC-conjugated, antigen-loaded CNPs and ana-
lyzed by flow cytometry. Data are shown as mean ± s.e.m..  
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By combining flow cytometry with microscopic imaging, the ImageStream XMark II cytometer 

analysis allows to distinguish between cells that properly internalized FITC-CNPs and those 

where FITC-CNPs remained tightly attached to the outside of the cell membrane even after 

extensive washing (Figure 15 A). Therefore, ImageStream based examination is a more precise 

method for assessing CNP uptake efficiency. For defining cellular borders, membrane staining 

could optionally be performed. However, no relevant differences were found comparing anal-

yses based on membrane staining with CD11c-APC or brightfield images (unpublished data of 

this working group). As a result of the more accurate measurement, the number of FITC-pos-

itive cells was lower in ISX than in FACS analyses. ISX analysis revealed that 90/10 CNPs were 

internalized by murine and human DCs but some CNPs seemed to attach to the cellular mem-

brane (Figure 15 B). Interestingly, the murine DC2.4 cells showed much higher uptake rates 

than human DCs (murine DC2.4 cells: 75% versus human DCs: 25%). However, overall uptake 

of antigen-loaded 90/10 OVA and 90/10 SIINFEKL CNPs in murine and human DCs could be 

clearly confirmed. 

 

 

Figure 15: Internalization of ovalbumin-loaded FITC-conjugated chitosan nanoparticles in 
murine and human DCs is confirmed by ImageStream analyses. Human and murine DCs were 
stimulated for 24 hours with FITC-conjugated, OVA-loaded CNPs, and then analyzed via imag-
ing flow cytometry with the ImageStream XMark II. (A) The human DCs in I and II have 
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internalized FITC-labelled nanoparticles as the green fluorescence signal is detectable inside 
the cellular borders. In cell II, green fluorescence is also present at the outer cell membrane. 
The human DC presented in III did not internalize FITC-CNPs as the fluorescing material is only 
attached to the outside of its cell membrane and was therefore identified as a non-internaliz-
ing cell. Images display the signal of the following channels from left to right: brightfield, 
brightfield and FITC, CD11c-APC, FITC and CD11c-APC. The graph below (B) illustrates 90/10 
OVA CNP internalization in human and murine DCs each measured in three independent ex-
periments based on cellular borders as defined by brightfield data. 

 

4.3 Antigen-loaded 90/10 chitosan nanoparticles barely affect viability and 

morphology of human dendritic cells 

Having shown that empty CNPs do not harm DCs, we wanted to verify that also antigen-loaded 

90/10 CNPs do not impair viability of DCs. For this purpose, effects of 90/10 OVA and 90/10 

SIINFEKL CNPs on human DCs were evaluated after 24 hours of CNP stimulation. Morphologi-

cally, treatment of 90/10 OVA or 90/10 SIINFEKL did not seem to impair human DCs when 

comparing with the untreated control cells (light microscopical images in supplementary fig-

ure 2). In-line with these observations, cell confluence, PI positivity and percentage of PI pos-

itive areas were not significantly elevated compared to untreated control cells (Figure 16 A/B). 

Furthermore, caspase 3/7 activity in cells treated with 90/10 OVA or 90/10 SIINFEKL CNPs was 

not noteworthily increased compared to the untreated control (Figure 16 B). These data indi-

cate that also antigen loaded 90/10 CNPs do not impair morphology and viability of human 

DCs.   
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Figure 16: Antigen-loaded 90/10 chitosan nanoparticles do not impair the viability of human 
dendritic cells. Human DCs were treated for 24 hours with SIINFEKL and OVA- loaded 90/10 
CNPs before NYOne® imaging and measurement of caspase 3/7 activity were performed. Rep-
resentative pictures of untreated and 90/10 SIINFEKL CNP-treated cells (A) demonstrate that 
there is barely any PI signal detectable in cells stimulated with antigen-loaded 90/10 SIINFEKL 
CNPs. Green fluorescence indicates the presence of FITC-labelled 90/10 SIINFEKL CNPs in the 
pictures seen at the bottom row. Graphs (B) display cell confluence, PI positivity and the pro-
portion of cell-covered area that is also PI positive as obtained with the NYOne® imager as 
well as n-fold caspase 3/7 activity compared to untreated cells for assessing cell viability (N=3). 
Data are displayed as n-fold compared to the results in untreated cells and are shown as mean 
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± s.e.m.. Abbreviations: brightfield (BF), fluorescence channel 1/PI channel (FL1), propidium 
iodide (PI).  

 

 

4.4 Stimulation with chitosan nanoparticles causes phenotypic changes in hu-

man and in murine dendritic cells 

4.4.1 Surface marker expression in human dendritic cells is barely affected by 

treatment with chitosan nanoparticles 

To assess effects of unloaded and antigen-loaded 90/10 CNPs on the phenotypic 

characteristics of human DCs, expression of surface marker molecules involved in effector 

function or maturation of differentiated DCs was measured in human primary DCs with flow 

cytometry. Five hours, 24 hours as well as 48 hours after administration of 100 µg/ml CNPs 

(empty 90/10 CNPs, 90/10 SIINFEKL or 90/10 OVA CNPs) expression levels of PD-L1, CD80, 

CD86 and HLA-DR were quantified. Compared to empty CNPs, the treatment with antigen-

loaded CNPs led to slightly increased expression of the costimulatory molecules CD80 and 

CD86 (Figure 17). Aside from that, the expression of HLA-DR minimally decreased over time 

in samples stimulated with antigen-loaded CNPs while the opposite effect was registered 

following treatment with unloaded CNPs. However, these described surface marker 

expression changes were only small and not statistically significant with the exception of 

alterations in CD80 and CD86 expression after 48 hours of CNP treatment compared in 90/10 

vs. 90/10 OVA and 90/10 SIINFEKL vs. 90/10 OVA samples, respectively. Similar results were 

obtained after measurement of PD-L1 surface marker expression, with mostly minor changes 

apart from a statistically significant increase in expression level registered in the 90/10 OVA 

treated cells after 24 hours compared to the cells after 5 hours of the same CNP treatment 

and after 24 hours in cells treated with empty 90/10 and 90/10 OVA CNPs, respectively. To 

summarize, stimulation of human DCs with 90/10 CNPs either unloaded or carrying 

encapsulated antigens did hardly change expression patterns of surface markers compared to 

untreated human DCs. 
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Figure 17: 90/10 chitosan nanoparticles, with or without an encapsulated antigen hardly 
cause changes in CD80, CD86, HLA-DR and PD-L1 expression on human dendritic cells. Hu-
man DCs were left untreated or treated for 5, 24 or 48 hours with the indicated CNPs before 
expression levels of the four surface markers were analyzed utilizing flow cytometry. MFI of 
each marker obtained in CNP treated cells was normalized to the measured MFI of the same 
marker in untreated cells. Data (n=3) are displayed as n-fold compared to the results in un-
treated cells and are shown as mean ± s.e.m.. Statistical analysis was performed with One-
way-ANOVA and a subsequent Student-Newman-Keuls-test. An asterisk (*) indicates p<0.05. 
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4.4.2 RNA analysis of human dendritic cells shows significant proinflammatory 

phenotypic changes after stimulation with antigen-loaded chitosan 

nanoparticles 

Additionally to the performed experiments assessing surface marker expression, analyses 

regarding cytokine expression in human DCs were performed in order to find out whether CNP 

administration leads to phenotypic changes of the expression level of inflammatory 

mediators. For this purpose, RNA of unstimulated and CNP stimulated human DCs was 

isolated, converted to cDNA and finally examined by qPCR. Evident and statistically significant 

differences between the different samples could be noted: While RNA expression levels of the 

antiinflammatory cytokines IL-10 and TGF-β1 remained relatively constant besides a 

detectable TGF-β1 decrease in 90/10 OVA treated cells after 24 and 48 hours, the RNA 

expression levels of  proinflammatory cytokines clearly varied after the different treatments 

at the respective timepoints (Figure 18). Particularly in cells that were treated with CNPs for 

only 5 hours, levels of IL-1β, IL-6 and TNF-α increased up to 100-fold compared to the corre-

sponding expression levels in untreated cells. In general, the administration of 90/10 OVA and 

90/10 SIINFEKL CNPs caused more pronounced increasing effects on the expression levels of 

these proinflammatory cytokines than simulation with empty 90/10 CNPs. Comparing 90/10 

SIINFEKL CNP treated cells with cells treated with 90/10 OVA CNPs, TNF-α expression showed 

a notably more intense response upon 90/10 SIINFEKL CNP stimulation, whereas the increase 

of IL-1β and IL-6 expression was clearer after treatment with 90/10 OVA CNPs. Additionally, it 

could be noted that these elevations mostly peaked in intensity after 5 hours with the excep-

tion of TNF-α whose expression level peaked after 24 hours. Forty-eight hours after stimula-

tion, expression levels had normalized again to levels similar to - or decreased even below - 

the corresponding levels in the untreated cells. Taken together, these results suggest that an-

tigen-loaded 90/10 CNPs do have a significant effect on human DCs by promoting expression 

of proinflammatory cytokines within the first 24 hours after stimulation.   
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Figure 18: Human dendritic cells exhibit a more proinflammatory phenotype after stimula-
tion with antigen-loaded chitosan nanoparticles. Human DCs were left untreated or were 
treated for 5, 24 or 48 hours with the respective CNPs before isolating RNA and performing 
qPCR for subsequently assessing expression of the cytokines IL-1β, IL-6, IL-10 TGF-β1, TNF-α. 
For analyses, expression of genes of interest were normalized to expression of the housekeep-
ing gene GAPDH. Expression levels of treated cells were then normalized to those of untreated 
cells and are displayed as n-fold gene expression. Data for IL-1β, IL-6 and TNF-α (n=3) are 
shown as median ± 75% percentile since normality tests failed.  Data for IL-10 and TGF-β1 are 
shown as mean ± s.e.m. Statistical analysis was performed with One-way-ANOVA and a sub-
sequent Student-Newman-Keuls-test or a Dunn’s test for data that failed normality testing. 
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4.4.3 Murine dendritic cells exhibit a more proinflammatory phenotype after 

stimulation with antigen-loaded chitosan nanoparticles 

The results on RNA level obtained in human DCs led us to investigate how CNPs impact murine 

DC2.4 cells that were planned for being used in future experiments. Similar to human DCs, 

antigen-loaded CNPs caused a more pronounced elevation of RNA expression of 

proinflammatory cytokines (mIL-1β, mIL-6, mTNF-α) than unloaded CNPs (Figure 19). 

Moreover, compared to untreated cells, the addition of CNPs of either kind led to a more 

proinflammatory phenotype. Levels of mTNF-α, mIL-6 and to lesser extent mIL-1β constantly 

increased over time in cells stimulated with 90/10 SIINFEKL CNPs whereas the expression peak 

in human DCs was mostly reached after 5 hours of treatment. Even though the increasing 

effect of antigen-loaded CNPs on expression of proinflammatory cytokines was not as drastic 

as in human DCs, a more pronounced proinflammatory phenotype could also be registered in 

murine DC2.4 cells after stimulation with CNPs. 

 

 

Figure 19: Murine DC2.4 cells display a more proinflammatory phenotype after stimulation 
with chitosan nanoparticles. Murine DC2.4 cells were left untreated or treated for 5, 24 or 48 



62 
 

hours with the respective CNPs before isolating RNA and performing qPCR for assessing ex-
pression of the cytokines mIL-1β, mIL-6, mTGF-β1, mTNF-α. For analyses, expression of genes 
of interest were normalized to expression of the housekeeping gene GAPDH. Expression levels 
of treated cells were then normalized to those of untreated cells and are expressed as n-fold 
gene expression. Data (n=3) for mIL-1β are shown as median ± 75% percentile since normality 
tests were failed. Data for the other cytokines (mTGF-β1, mIL-6, mTNF-α) are shown as mean 
± s.e.m.. Statistical analysis was performed with One-way-ANOVA and a subsequent Student-
Newman-Keuls-test or Dunn’s test for data for mIL-1β. An asterisk (*) indicates p<0.05.  

 

 

4.5 MHC-I mediated presentation of SIINFEKL can hardly be detected after 

treatment of DC2.4 cells with 90/10 OVA chitosan nanoparticles 

After having evaluated uptake efficiency as well as cell viability and phenotype-related effects 

of antigen-loaded CNPs, we wanted to clarify whether uptake of these CNPs leads to 

presentation of the encapsulated antigen via MHC-I by DCs through the process of cross-

presentation (53,56,114). For this purpose, murine DC2.4 cells were first stimulated with 100 

µg/ml 90/10 OVA CNPs. Five and 24 hours after CNP stimulation, cells were stained with a PE-

conjugated anti-mouse H-2Kb bound to SIINFEKL antibody (clone: 25-D1.16) and analyzed by 

flow cytometry. Treatment with 90/10 OVA CNPs did only cause a minimal but statistically 

significant change in MFI compared to the isotype control but only in samples treated for 5 

hours. After 24 hours of treatment, no significant change in MFI could be observed (data not 

shown) (Figure 20). Further experiments with DC2.4 cells treated with soluble OVA 

(concentration: 1 µg/ml) did also not lead to relevantly increased SIINFEKL presentation by 

DCs (Supplementary figure 3). 
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Figure 20: Murine DC2.4 cells hardly present SIINFEKL via MHC-I after treatment with 90/10 
OVA chitosan nanoparticles. DC2.4 cells were left untreated or treated with 90/10 OVA CNPs 
for 5 hours and then analyzed for H-2Kb mediated expression of SIINFEKL. The graph shows 
MFI determined of the antibody detecting SIINFEKL bound to H-2Kb normalized to the isotype 
control as determined by flow cytometry (n=4). The displayed dot plot is chosen as a repre-
sentative image, data on the right side are shown as mean ± s.e.m.. Statistical analysis was 
performed with One-way-ANOVA on ranks and subsequently with Dunn’s method. An asterisk 
(*) indicates p<0.05. 

 

4.6 90/10 OVA stimulation of DC2.4 cells leads to modest but detectable 

activation of CD8+ T cells  

Even though MHC-I mediated SIINFEKL presentation on DC2.4 cells stimulated with 90/10 OVA 

CNPs was only modest, T cell activation marker expression was assessed on CD8+ T cells which 

had been cocultured with DC2.4 cells pretreated with 90/10 OVA CNPs. CD8+ T cells, isolated 

from OT-1 mice using the MojoSortTM kit by Biolegend, are equipped with a transgenic T cell 

receptor recognizing SIINFEKL if presented in the context of H-2Kb. Performing negative selec-

tion led to isolation of CD8+ T cells with a purity of at least 90% (Figure 21 A). DC2.4 cells were 

left untreated or were stimulated with 90/10 OVA CNPs 5 hours before CD8+ T cells were 

added. The results of flow cytometric examination of the cocultivated CD8+ T cells showed 

partial positivity for CD8+ T cell activation marker expression which was slightly more 
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pronounced for CD69 than for CD25 (Figure 21 B/C). In two independently performed 

experiments an upregulation of CD69 and CD25 on CD8+ T cells could be detected. A 

noteworthy number of CD8+ T cells could consequently be labelled as double-positive, 

displaying increased activation marker expression for CD69 as well as for CD25 (Figure 21 C).  

 

 
Figure 21: Treatment of DC2.4 cells with 90/10 OVA chitosan nanoparticles leads to activa-
tion of CD8+ T cells. A representative dot plot (A) shows high purity above 90% after isolation 
of CD8+ T cells from spleens of OT-1 mice. Activation markers CD69 and CD25 after coculture 
with untreated or 90/10 OVA CNP stimulated DC2.4 cells were assessed by flow cytometry on 
CD8+ T cells. The representative dot plot (B) shows positivity of activation markers CD69 and 
CD25. Graph (C) shows MFI normalized to the 90/10 OVA treated isotype control and the 
amount of CD69-CD25 double-positive cells (n=2). Data are shown as mean ± s.e.m..  

 

4.7 Treatment of DC2.4 cells with 90/10 SIINFEKL leads to pronounced MHC-I 

mediated SIINFEKL presentation  

Having shown that 90/10 OVA CNPs and soluble OVA led only to minor SIINFEKL expression 

on DC2.4 cells and subsequently mild CD8+ T cell activation, 90/10 SIINFEKL CNPs were tested 

in order to find out whether MHC-I mediated SIINFEKL presentation on DC2.4 cells can be 

increased. For this purpose, DC2.4 cells were left untreated or treated for 1, 3, 5 and 24 hours, 

respectively, with 90/10 SIINFEKL CNPs, empty 90/10 CNPs or with soluble SIINFEKL peptide 

(concentration: 1 µg/ml) which was used as positive control. Using flow cytometry, a 

statistically significant increase of the MFI of detectable SIINFEKL bound to H-2Kb in DC2.4 cells 

treated with 90/10 SIINFEKL CNPs could be noticed compared to the untreated control cells 
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(Figure 22 A). This increase was most pronounced after 5 hours of CNP treatment (Figure 22 

B). However, the measured MFI of the 90/10 SIINFEKL CNP treated cells was still considerably 

lower than the MFI of DC2.4 cells stimulated with soluble SIINFEKL peptide but significantly 

higher than in cells stimulated with empty 90/10 CNPs (Figure 22 C and D). Since the utilized 

antibody is highly specific binding exclusively to H-2Kb molecules that present SIINFEKL, the 

increase of MFI after treatment of DC2.4 cells with 90/10 SIINFEKL CNPs showed that the 

encapsulated SIINFEKL peptide had to be liberated and presented by DC2.4 cells via MHC-I. 

Based on these experiments, a treatment duration of 5 hours was identified as optimal CNP 

stimulation time for future experiments.  

 

 

Figure 22: After stimulation with 90/10 SIINFEKL chitosan nanoparticles, DC2.4 cells present 
SIINFEKL via MHC-I. DC2.4 cells were left untreated or treated with 90/10 SIINFEKL CNPs for 
the indicated time periods (A and B). DC2.4 cells were left untreated or treated with empty 
90/10 CNPs, 90/10 SIINFEKL CNPs or soluble SIINFEKL peptide for 5 hours (C and D). Samples 



66 
 

were stained with an antibody detecting H-2Kb bound to SIINFEKL or with an isotype control 
antibody and analyzed by flow cytometry. Representative dot plot (A) shows MFI after treat-
ment of DC2.4 cells with 90/10 SIINFEKL CNPs for different periods of time, corresponding to 
graph (B). Representative dot plot (C) shows the MFI of DC2.4 cells after different treatments, 
corresponding to graph (D) (n=3 each). Data are shown as mean ± s.e.m.. Statistical analysis 
was performed with One-way-ANOVA and a subsequent Student-Newman-Keuls-test. An as-
terisk (*) indicates p<0.05. 

 

 

4.8 Antigen presentation of DC2.4 cells stimulated with 90/10 SIINFEKL 

chitosan nanoparticles causes activation of SIINFEKL-specific CD8+ T cells 

4.8.1 After coculture with 90/10 SIINFEKL treated DC2.4 cells, CD8+ T cells 

expand and upregulate expression of CD25 and CD69  

Next, we investigated whether antigen presentation after stimulation of DC2.4 cells with 

90/10 SIINFEKL CNPs is sufficient to generate a potent CD8+ T cell immune response. Coculture 

of differently treated DC2.4 cells and CD8+ T cells obtained from OT-1 mice was started and 

morphologic changes of CD8+ T cells were analyzed (Figure 23). After three days of coculture, 

CD8+ T cells had formed clusters which were the largest in wells that contained DC2.4 cells 

that had been stimulated with either 90/10 SIINFEKL CNPs or soluble SIINFEKL peptide.  

 

 

Figure 23: Coculture of CD8+ T cells with DC2.4 cells stimulated with 90/10 SIINFEKL chitosan 
nanoparticles leads to enhanced T cell expansion and clustering. CD8+ T cells were cocultured 
with DC2.4 cells that had been left untreated or treated with either 90/10 CNPs, 90/10 SI-
INFEKL CNPs or SIINFEKL peptide. Images show CD8+ T cells cocultured with DC2.4 cells that 
had been treated as indicated after 72 hours. CD8+ T cell clusters are particularly large in cells 
treated with 90/10 SIINFEKL CNPs or SIINFEKL peptide. Scalebar: 1000 µm. 
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In addition, expression of the activation markers CD25 and CD69 was analyzed on CD8+ T cells 

by using flow cytometry. CD8+ T cells cocultured with DC2.4 cells, which had been pretreated 

with 90/10 SIINFEKL CNPs, showed highly elevated MFIs for CD25 and CD69 compared to CD8+ 

T cells that were cocultured with DC2.4 cells that had been left untreated or treated with 

empty 90/10 CNPs. In comparison to cells after stimulation with soluble SIINFEKL peptide, 

CD25 and CD69 expression levels of CD8+ T cells cocultured with DC2.4 cells that had been 

stimulated with 90/10 SIINFEKL CNPs were also slightly higher, even though the difference 

was not statistically significant (Figure 24). The visible formation of cellular clusters as well as 

the increase of CD25 and CD69 expression on the surface of CD8+ T cells after coculture of 

90/10 SIINFEKL CNP pretreated DC2.4 cells with CD8+ T cells suggests that antigen-transport 

via CNPs with subsequent MHC-I mediated antigen-presentation by DC2.4 cells leads to satis-

factory activation of CD8+ T cells. 
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Figure 24: CD8+ T cells cocultured with 90/10 SIINFEKL chitosan nanoparticle-stimulated 
DC2.4 cells exhibit elevated expression of activation markers CD25 and CD69. CD8+ T cells 
cocultured for 72 hours with differently treated DC2.4 cells were assessed for T cell activation 
marker expression by using flow cytometry. Representative dot plots (A) are shown for the 
staining experiments. Graphs (B) show MFI of CD25 (left) and CD69 (right) of a representative 
experiment. Bar charts (C) display MFI of CD25 (left) and CD69 (right) normalized to respective 
MFI of untreated control cells (n=3). Data are shown as mean ± s.e.m..  

 

4.8.2 CD8+ T cell survival can be improved by increasing mIL-2 concentration 

The levels of the measured T cell activation markers CD25 and CD69 were markedly elevated 

on CD8+ T cells after coculturing them with DC2.4 cells pretreated with either soluble SIINFEKL 

peptide or 90/10 SIINFEKL CNPs. However, since the number of viable CD8+ T cells was still too 

low to conduct further experiments, we tested the effect of a higher mIL-2 concentration. The 

administrated mIL-2 dose was increased from 2 x 50 ng/ml to 2 x 150 ng/ml which clearly 
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improved cell survival (Figure 25). After coculture with DC2.4 cells, slightly but statistically 

significantly more CD8+ T cells were vital after stimulation with 90/10 SIINFEKL CNPs compared 

to the soluble SIINFEKL peptide. The CD8+ T cells markers CD25 and CD69 were again markedly 

elevated on CD8+ T cells cocultured with 90/10 SIINFEKL CNP stimulated DC2.4 cells. Moreo-

ver, almost 100% of the examined cells were labelled as positive for CD25 and CD69 confirm-

ing that the activation marker expression was not negatively influenced by an increased dos-

age of mIL-2 (Figure 26). 

 

  

Figure 25: Stimulation of CD8+ T cells with 150 ng/ml mIL-2 improves cell survival. CD8+ T 
cells were cocultured with DC2.4 cells that had been left untreated or treated with either 
90/10 CNPs, 90/10 SIINFEKL CNPs or SIINFEKL peptide for five hours before starting the cocul-
ture. The coculture was stimulated twice with 150 ng/ml mIL-2. After 72 hours, the number of 
viable cells was determined. Data are shown as mean ± s.e.m.. Statistical analysis was per-
formed with One-way-ANOVA and a subsequent Student-Newman-Keuls-test. An asterisk (*) 
indicates p<0.05. 
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Figure 26: After increasing mIL-2 concentration, CD8+ T cells cocultured with 90/10 SIINFEKL 
chitosan nanoparticle-treated DC2.4 cells show CD25 and CD69 positivity. Activation marker 
expression was analyzed after stimulating the cocultured cells with 150 ng/ml of murine IL-2. 
(A) shows representative histograms of CD25 and CD69 detection on CD8+ T cells after cocul-
ture with differently stimulated DC2.4 cells. (B) shows the percentage of positive cells for the 
respective activation markers (n=3 each). Data are shown as mean ± s.e.m.. Statistical analysis 
was performed with One-way-ANOVA and a subsequent Student-Newman-Keuls-test. An as-
terisk (*) indicates p<0.05. Abbreviation: preCC: CD8+ T cells that were analyzed before cocul-
ture with DC2.4 cells. 
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4.9 CD8+ T cells cocultured with 90/10 SIINFEKL stimulated DC2.4 cells 

efficiently kill SIINFEKL expressing PancOVA cells 

After having shown that coculture of DC2.4 cells prestimulated with 90/10 SIINFEKL CNPs 

leads to expansion and activation of  CD8+ T cells, it was investigated whether these activated 

CD8+ T cells are functionally active. Thus, we examined the ability of CD8+ T cells to kill 

PancOVA cells. PancOVA cells are derived from Panc02 cells which are murine PDAC cells. For 

generating PancOVA cells, Panc02 cells were transfected with the gene encoding for OVA 

(257-264) so that PancOVA cells but not Panc02 cells express the sequence SIINFEKL on their 

surface membrane. CD8+ T cells after having been cocultured with differently treated DC2.4 

cells were cocultured with PancOVA or Panc02 cells for 24 hours to analyze CD8+ T cells 

mediated PDAC cell killing. While confluence of Panc02 cells was barely impaired by the 

addition of CD8+ T cells, PancOVA cells were clearly harmed resulting in reduced cellular 

confluence. Whereas confluence of Panc02 cells cocultured with CD8+ T cells stimulated with 

SIINFEKL peptide pretreated DC2.4 cells was 0,78 fold, confluence of PancOVA cells cocultured 

with identically treated CD8+ T cells decreased to 0,32 fold each compared to the respective 

untreated control. Stimulation of DC2.4 cells with 90/10 SIINFEKL CNPs led to more potent T 

cell killing activity resulting in the decrease of confluence to 0,73-fold in Panc02 cells and only 

0,21-fold in PancOVA cells (Figure 27). These data indicate that killing of PancOVA cells was 

even more pronounced by CD8+ T cells following coculture with 90/10 SIINFEKL CNP 

stimulated DC2.4 cells than after stimulation with the soluble SIINFEKL peptide. Conclusively, 

these data demonstrate effective killing of PancOVA cells by CD8+ T cells which were primed 

by DC2.4 cells that were pretreated with 90/10 SIINFEKL CNPs. It could be also shown that 

internalization of 90/10 SIINFEKL CNPs leads to effective MHC-I mediated antigen 

presentation by DC2.4 cells which activates cocultured CD8+ T cells resulting in functionally 

active CD8+ T cells. 
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Figure 27: 90/10 SIINFEKL chitosan nanoparticle-stimulated DC2.4 cells activate CD8+ T cells 
being enabled to efficiently kill PancOVA cells. Panc02 or PancOVA cells were cocultured with 
CD8+ T cells taken from coculture with DC2.4 cells that had been left untreated or treated with 
empty 90/10 CNPs, 90/10 SIINFEKL CNPs or soluble SIINFEKL peptide. After 24 hours CD8+ T 
cells were removed and phase contrast images (A) were taken with the Lionheart™ FX Auto-
mated Microscope (Scale bar: 500µm). (B) Cellular confluence was determined as n-fold com-
pared to confluence of Panc02 or PancOVA cells that were cocultured with CD8+ T cells after 
coculture with untreated DC2.4 cells. Data (n=3) are shown as mean ± s.e.m.. Statistical anal-
ysis was performed with One-way-ANOVA and a subsequent Student-Newman-Keuls-test. An 
asterisk (*) indicates p<0.05. 
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5. Discussion 

In the urgent need of finding new therapeutic strategies for treating cancer, anti-tumor vac-

cines display a promising treatment approach which is currently being assessed for clinical 

efficacy. The concept of vaccination is successfully performed for prevention from infectious 

diseases for many years, herewith protecting from tumors closely related to previous infec-

tions (50,51). Whereas these conventional, preventive vaccines are usually administered in-

tramuscularly or subcutaneously, non-invasive mucosal vaccination e.g. via the nose could be 

particularly effective (126) for generating therapeutic anti-tumor effects which are mainly me-

diated by induced CD8+  T cell responses (127), because the mucosa of the respiratory tract is 

equipped with a variety of immune cells, particularly DCs (128) which are crucial for inducing 

such immune reactions (53).  Using a vaccine with antigens encapsulated in nanoparticles such 

as CNPs could improve efficacy of anti-tumor vaccine formulations (129). Different nanoparti-

cle carrier substances are being tested but among those, chitosan provides various favorable 

properties such as low toxicity, good availability, mucoadhesive properties or cheap and easy 

production (102,104). Additionally, chitosan itself acts as an adjuvant, enhancing the immune 

reactions induced by peptides that are transported within the nanoparticle structure (130). 

Moreover, CNPs have already shown promise with regard to the practical capability of eliciting 

an immune response leading to the proliferation of CD8+ T cells (131). Stabilized in a mannitol 

matrix, a powder suitable for nasal administration can be generated (132). The absence of 

cytotoxic effects of administered CNPs on the internalizing APCs is fundamental for determin-

ing whether further experiments can be executed with CNPs of a certain formulation and size.  

 

5.1 Size of chitosan nanoparticles impacts cellular viability and morphology of 

human dendritic cells 

The experiments with human DCs that were stimulated with unloaded CNPs of different sizes 

for 24 hours showed that size does in fact matter in terms of CNP-mediated toxicity. The meas-

ured parameters - caspase 3/7 activity, morphology and confluence of the DCs as well as PI 

staining - indicated that 90/10 CNPs with a size of around 220 nm barely affect DCs negatively 

when comparing with untreated control cells. On the other hand, stimulation with larger 

90/20 (average diameter: 384 nm) and 90/50 CNPs (average diameter: 706 nm) significantly 
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reduced cellular viability and altered cell morphology. Similar results could be observed when 

M1-like and M2-like MΦ were treated with CNPs with the consequence that only 90/10 CNPs 

were chosen for further experiments. On the basis of these experiments it can be stated that 

CNP size is a critical aspect of determining CNPs toxicity as already described (94). However, 

with the smallest tested CNPs having a size of 220 nm, we could not cover the entire spectrum 

of common nanoparticle sizes including dimensions of just around 10-20 nm (94). Hence, we 

do not yet know whether even smaller CNPs of the utilized formulation could have led to even 

milder cellular impairments. With many studies on the cytotoxicity of nanoparticles having 

been conducted it became clear that size and concentration of nanoparticles are important 

determinators of cell viability in in vitro assays (133). In-line, larger sized CNPs of our particular 

formulation led to reduced cell viability. Regarding the concentration, a CNP amount of 100 

µg/ml has been shown to be most effective for internalization in previous experiments of the 

working group. In this context, data from a study conducted with CNPs similar to ours did not 

reveal increased cytotoxicity with higher CNP concentrations (99). From these experiments it 

can be concluded that treatment of human DCs with small 90/10 CNPs carrying encapsulated 

OVA or SIINFEKL administered in a concentration of 100 µg/ml does not lead to strong cyto-

toxic effects. 

 

5.2 Antigen-loaded 90/10 chitosan nanoparticles are efficiently taken up by 

dendritic cells with some particles remaining tightly attached to the outer cell 

membrane 

Fundamental for nanoparticle-based tumor vaccines is not only that the nanoparticles do not 

harm immune cells, but also that they get effectively internalized into DCs. Chitosan as carrier 

substance for NPs offers multiple advantages because of its biodegradability, biocompatibility, 

non-toxicity, mucoadhesive capacity and cationic loading (104,134). Hence, CNPs of various 

formulations are frequently assessed for developing innovative drug delivery systems but also 

for improving immunotherapeutic methods (99,135,136). For assessing this crucial aspect, un-

loaded, FITC-conjugated 90/10, 90/20 and 90/50 CNPs have already been tested with respect 

to a possible correlation of size and internalization efficacy in human and murine DCs by other 

members of the research group. Here, no significant correlation between internalization effi-

cacy and CNP size could be revealed. However, other studies provide evidence that for the 
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purpose of targeting the nasal associated lymphatic tissue (NALT) or the respiratory mucosa 

in general, a nanoparticle size between 20-200 nm is desirable. This can be explained by the 

fact that the human respiratory mucus features pores with variable sizes which have to be 

crossed by nanoparticles (137–139) in order to get internalized by residing immune cells. Fur-

thermore, small nanoparticles (20-200 nm) get taken up primarily by DCs, whereas larger, an-

ionic ones (500-5.000 nm) are internalized primarily by macrophages (139,140). Being around 

201 nm (90/10 OVA) and 211 nm (90/10 SIINFEKL) in diameter, the utilized antigen-loaded 

CNPs are very close to the desired size margin. In this study, antigen-loaded 90/10 CNPs have 

demonstrated to become internalized by DCs, even though the internalization was seemingly 

more efficient in murine DC2.4 cells than in human DCs. The relatively low internalization rate 

found in human DCs might partially be explained by possible insufficient differentiation of a 

part of the cells. Using light microscopy, the morphology of the utilized primary human DCs 

was relatively heterogeneous, so that for example not all cells developed the typical dendrites. 

Interestingly, ImageStream analyses also showed that a significant number of particles did not 

get internalized in human and murine DCs but instead remained attached to the outer cellular 

membrane even though cells were conscientiously washed before imaging. One biochemical 

characteristic of chitosan is that it becomes gel-like after contact with liquids which might be 

contributing to the sticky CNP agglomerates that were attached to the cells’ membrane (141). 

When comparing the stimulation duration of 24h used in this study with other studies, it is 

noticeable that the internalization of NPs is usually assessed after a shorter time (99,142,143). 

Yet, 24 hours after administration of CNPs the highest internalization rate was detected in 

previous experiments of this research group. Therefore, the same stimulation period was used 

for this study. Another way of monitoring cell-CNP interactions over time can be live cell im-

aging. However, having shown internalization via flow cytometry and ImageStream analysis 

gave us the advantage of examining large numbers of cells at once, ensuring valid results since 

flow cytometry alone is susceptible for generating a high number of falsely positive-labelled 

cells and is therefore not sufficient as the only method assessing internalization efficacy 

(99,143). Still, the exact mechanism by which the CNPs get internalized into APCs remains to 

be investigated with phagocytosis, micropinocytosis as well as clathrin-mediated endocytosis 

being proposed as leading cellular uptake mechanisms by different research groups (144). 
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5.3 SIINFEKL encapsulated in chitosan nanoparticles is liberated and presented 

by dendritic cells via MHC-I  

Aside from taking up exogeneous antigens, proper processing and presenting of the internal-

ized antigen is crucial for DCs in order to initiate an immune response (53–57).  Our experi-

ments have demonstrated that treatment of murine DC2.4 cells with 90/10 SIINFEKL CNPs led 

to presentation of SIINFEKL via the MHC class I molecule H-2Kb herewith implying that the 

other outlined steps – internalization and processing of SIINFEKL inside the DC2.4 cells – had 

been executed correctly since both are required for achieving successful antigen presentation. 

The presentation of antigens via MHC-I on DCs enables naïve CD8+ T cells to bind to these 

antigen-presenting MHC-I receptors and subsequently become activated which is pivotal in 

immune reactions generally and in the concept tumor vaccination, too (145). Currently, we 

can only speculate about why stimulation with the same CNP size (90/10) carrying encapsu-

lated OVA instead of SIINFEKL only barely led to binding of the antibody that is highly specific 

for SIINFEKL bound to MHC-I. With the octapeptide SIINFEKL being a part of OVA, uptake of 

90/10 OVA CNPs into DC2.4 cells should have theoretically led to a detectable presentation of 

MHC-I bound SIINFEKL on the DC2.4 cells. In the literature, different techniques for verifying 

presentation of SIINFEKL after stimulation with NPs are described: While we aimed at directly 

detecting the MHC-I mediated presentation of SIINFEKL via flow cytometry which is a more 

exact approach that requires a relatively high concentration of peptide/Kb complexes, other 

working groups showed peptide presentation indirectly either by demonstrating increased IL-

2 concentration after coculturing NP-stimulated DCs or by other activation assays requiring 

the coculture of NP-stimulated DCs with T cells (143,146–148). Corresponding to our results, 

in a different study assessing OVA-containing NPs modest results were obtained with flow 

cytometry when using the SIINFEKL bound to MHC-I antibody to demonstrate SIINFEKL 

presentation (143). However, when coculturing the NP-stimulated DCs with T cells, a signifi-

cantly higher IL-2 concentration could be observed after 18 hours as a consequence of OVA-

NP administration. Therefore, a possible explanation for the modest antibody binding after 

stimulation with 90/10 OVA CNPs in our study might be that OVA was only processed to the 

SIINFEKL sequence in small quantities, thus not sufficiently for causing detectable antibody 

binding. Supportive for this explanation are our results showing that stimulation with soluble 

OVA did also not lead to stronger binding of the SIINFEKL bound to MHC-I antibody 
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(Supplementary figure 3). This finding is confirmed by another study which did not measure 

improved H-2Kb bound to SIINFEKL antibody binding (clone: 25-D1.16) after stimulation of 

DC2.4 cells with soluble OVA. In comparison, the 25-D1.16 antibody binding and thus MHC-I 

mediated presentation of SIINFEKL only slightly increased after stimulation with OVA-loaded 

NPs but drastically increased after stimulation with SIINFEKL-loaded NPs (142). As we also de-

tected a pronounced binding of 25-D1.16 antibody after stimulation of DC2.4 cells with 90/10 

SIINFEKL CNPs, we could demonstrate that our CNP formulation presents a way to efficiently 

transport antigens into DC2.4 cells where they get cross-presented even if flow cytometry data 

indicate only modest SIINFEKL presentation via MHC-I molecules after stimulation of DC2.4 

cells with 90/10 OVA CNPs. The observation that the vast majority of DC2.4 cells could be 

labelled as positive with the 25-D1.16 antibody after 5h of stimulation with 90/10 SIINFEKL 

CNPs demonstrates that 90/10 CNPs present a way to transport an antigen into cells where it 

can be liberated, processed and presented via MHC-I. Stimulation of DC2.4 cells with 90/10 

SIINFEKL CNPs led to significantly increased 25-D1.16 antibody binding, indicating extensive 

SIINFEKL presentation via MHC-I, an effect which was even more pronounced after stimulation 

with soluble SIINFEKL peptide. The MHC-I restricted peptide sequence SIINFEKL is known to 

be able to be loaded directly onto already available MHC-I complexes. Therefore, this differ-

ence in antibody binding was not unexpected due to the CNPs precluding this mechanism for 

the encapsulated SIINFEKL (142,149,150). A limiting factor in the comparison of the results 

obtained with 90/10 SIINFEKL CNP to the results with soluble SIINFEKL peptide or with other 

studies is that the amount of antigen – OVA or SIINFEKL – encapsulated into our CNPs could 

not yet be quantified with certainty. Thus, we did not know whether or not the amount of 

antigen administered by stimulation with 100 µg/ml 90/10 SIINFEKL CNPs is comparable to 1 

µg/ml of SIINFEKL peptide. Noteworthily, stimulation of DC2.4 cells with the three-fold 

amount of 90/10 SIINFEKL CNPs (= 300 µg/well) which was performed in additional experi-

ments (Supplementary figure 4) led to an increase in MHC-I mediated presentation of SI-

INFEKL. Yet, this increase did not correspond linearly to the triplication of added CNPs and 

therefore of added antigen. One possible explanation is that the DC2.4 cells could not take up 

as many CNPs as needed to lead to saturation of all available MHC-I molecules. Even though 

the amount of antibody binding seen in the positive control when treating DC2.4 cells with 

free, soluble SIINFEKL could not be reached in the 90/10 SIINFEKL CNP-treated cells, the veri-

fication of MHC-I-mediated presentation of SIINFEKL supports the suitability of CNPs as 
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antigen transporters. These results enabled us to assess the kinetics of MHC-I mediated SI-

INFEKL presentation on DC2.4 cells resulting from treatment with 90/10 SIINFEKL CNPs via 

flow cytometry. It has been revealed that the maximal SIINFEKL peptide presentation via MHC-

I was reached 5 hours after stimulation of DC2.4 cells. This determined timeframe is in-line 

with findings of other working groups stating that maximal MHC-I mediated antigen presen-

tation occurs between 2 and 16 hours after treatment with antigen-containing NPs 

(142,143,150,151). However, the drop in antibody binding and thus SIINFEKL presentation af-

ter more than 5 hours of stimulation time in our experiments could not be shown in an exten-

sive study assessing the kinetics of MHC-I/Ovalbumin peptide complexes (147). Here, antigen 

presentation reached a plateau after a short time with no visible decline in antigen presenta-

tion even after 16 hours. Importantly, in this study, murine bone marrow derived DCs were 

utilized instead of murine DC2.4s in our study. 

 

5.4 Stimulation with antigen-loaded chitosan nanoparticles promotes a proin-

flammatory phenotype in human and murine dendritic cells 

The effect of tumor vaccines relies on activated DCs as mediating initiators of vaccine-induced 

immune responses (54). Therefore, not only the internalization of CNPs as well as the pro-

cessing and presentation of the encapsulated peptide but also the direct effects of 90/10 CNPs 

on the DCs’ phenotype were assessed. Overall, our results demonstrate that human and also 

murine DC2.4 cells exhibit features of a more proinflammatory phenotype after stimulation 

with 90/10 CNPs. This applies particularly when these 90/10 CNPs were loaded with an antigen 

as it was the case with 90/10 OVA and 90/10 SIINFEKL CNPs while treatment with chitosan 

alone in the form of empty 90/10 CNPs led to only minor alterations of the cells’ RNA expres-

sion level in comparison with untreated control cells. The expression of the proinflammatory 

cytokines TNF-α, IL-1β and IL-6 was notably elevated after treating cells with antigen-loaded 

90/10 CNPs. On top of that, expression of the antiinflammatory cytokines TGF-β and IL-10 was 

diminished. Since the CNP structure of 90/10 OVA and 90/10 SIINFEKL CNPs is the same and 

the respective CNP size is very similar as well, significant differences in RNA expression levels 

after stimulation with these CNPs can only be explained by the different encapsulated peptide 

itself leading to different processing and presentation processes. Importantly, the outlined 

effects were observable 5 and 24 hours but not 48 hours after CNP treatment. Possibly, a 
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certain level of cytokine expression was reached and could not be maintained for longer with 

no additional stimuli, resulting in a normalization of RNA expression levels coding for the men-

tioned cytokines. Additional insights into the development of cytokine expression could be 

obtained by supernatant analyses. A limitation of our experimental design is that we used 

untreated cells as negative control and also cells treated with chitosan but without antigen, 

however, we did not examine cells treated with the respective soluble antigens, OVA and/or 

SIINFEKL alone without chitosan. Therefore, the modest change in cytokine expression levels 

after DC stimulation with empty 90/10 CNPs is difficult to interpret. In general, chitosan is said 

to have properties of an immunostimulatory adjuvant (107,130) and in other studies in which 

chitosan was used as differentiation stimulus it promoted a proinflammatory phenotype in 

DCs (152,153). In our experimental setting, human DCs and DC2.4 cells were already cultured 

and differentiated before being treated with CNPs for a comparably short period of time. Per-

haps, the timespan during which DCs and DC2.4 cells were exposed to chitosan has not been 

sufficient to lead to detectable phenotypic changes. Another possible explanation for the lack 

of significant phenotypic changes in our experiments with empty 90/10 CNPs might be that 

the potency of chitosan as stimulus is adequately high for promoting a proinflammatory phe-

notype if exposure occurs immediately after seeding but is not sufficient to alter already dif-

ferentiated cells. Conclusively, while treatment with 90/10 OVA and 90/10 SIINFEKL CNPs led 

to a more proinflammatory phenotype, the role of chitosan itself could not clearly be deter-

mined by our experiments. Further investigations including the stimulation of DCs with anti-

gen-loaded CNPs, free antigen and empty CNPs to assess the cellular phenotype after shorter 

and longer periods of treatment could potentially clarify chitosan’s impact. Nonetheless, the 

presented findings are encouraging, since the more proinflammatory phenotype displayed by 

90/10 OVA and 90/10 SIINFEKL CNP-treated DCs as determined by RNA expression analysis 

could be helpful for the initiation of a strong immune response of a tumor vaccine where the 

immunosuppressive microenvironment of most cancers poses an obstacle which tumor vac-

cines have to overcome (34,95). Within this immunosuppressive tumor microenvironment, 

DCs in particular have been reported to become phenotypically altered towards less im-

munostimulatory forms with a reduced capacity of stimulating cytotoxic T cells’ responses 

(154).  
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5.5 Stimulation with 90/10 SIINFEKL chitosan nanoparticles leads to DC2.4 cell-

mediated activation of cocultured CD8+ T cells 

The presented data shows that CD8+ T cells obtained from OT-1 mice, cocultured with DC2.4 

cells which had been stimulated with SIINFEKL either in its soluble form or encapsulated in 

90/10 SIINFEKL CNPs displayed clear elevations of T cell activation marker expression (CD25 

and CD69). Furthermore, proliferation of CD8+ T cells in a characteristic cluster-like morphol-

ogy was observed. Interestingly, the activation marker expression levels and number of viable 

CD8+ T cells was even higher after coculture with 90/10 SIINFEKL CNP-treated DCs than after 

stimulation with soluble SIINFEKL peptide. A possible explanation could be that the CNP struc-

ture additionally augmented DC function and thus CD8+ T cell activation. This would support 

the suitability of chitosan-based nanoparticle structures in the context of tumor vaccines 

which had been demonstrated in various previous studies (99,129). In contrast, CD8+ T cells 

that were cocultured with 90/10 OVA CNP-stimulated DC2.4 cells did not proliferate as much, 

which is in-line with the obtained results demonstrating modest MHC-I mediated presentation 

of SIINFEKL on DC2.4 cells. Still, effects on activation marker expression levels of CD8+ T cells 

were visible showing an increase particularly in expression of CD69. These results are thus 

matching findings from other working groups that demonstrated an effect of OVA-loaded NPs 

on T cell level but did not register a drastic increase in binding of MHC-I bound to SIINFEKL 

antibody in flow cytometry analyses of OVA-NP stimulated APCs (142,143). By demonstrating 

that stimulation of DC2.4 cells with 90/10 SIINFEKL CNPs leads to a drastic increase in expres-

sion of CD25 and CD69 on cocultured, OT-1 mice derived CD8+ T cells we could show their 

proper activation as also demonstrated in other studies using these markers (155). Prolifera-

tion of CD8+ T cells was assessed by monitoring formation of CD8+ T cell clusters in contrast to 

a different study using CFSE labelling and subsequent flow cytometry analyses for quantifica-

tion (156). Moreover, in the same study, CD8+ T cells were assessed morphologically on a sin-

gle-cell basis after staining them with Wright-Giemsa stain herewith carving out characteristic 

morphologic changes. Han et al. measured activation and proliferation of CD8+ T cells in an in 

vivo setting by intraperitoneal or subcutaneous injection of chitosan-based NPs and PLGA-NPs 

into OT-1 mice and consequent analyses of murine splenocytes with anti-CD8 and anti-IFNγ 

staining as well as with anti-OVA tetramer staining thus discriminating and quantifying the 

exact amount of activated cytotoxic CD8+ T cells (99,157). Moreover, the demonstrated 
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activating effect of 90/10 SIINFEKL CNP-stimulated DC2.4 cells on CD8+ T cells could have been 

investigated in more detail by analyzing functional ability of CD8+ T cells and proliferation. 

Possible approaches in this regard could be IFN-γ release assays or measurement of perforin 

or granzymes as mediators of CD8+ T cell induced killing via multiplex analysis of supernatants. 

 

5.6 CD8+ T cells activated by coculture with 90/10 SIINFEKL chitosan nanopar-

ticle pre-stimulated DC2.4 cells efficiently kill SIINFEKL expressing tumor cells  

For confirming the elicitation of an antigen-specific CD8+ T cell response, not only measure-

ment of activation and proliferation is important but also the assessment of CD8+ T cell func-

tionality in the form of quantifying CD8+ T cell mediated killing of cells expressing a particular 

antigen on their surface. Thus, the efficient killing of PancOVA cells expressing SIINFEKL but 

not Panc02 cells by CD8+ T cells previously cocultured with DC2.4 cells that had been stimu-

lated with 90/10 SIINFEKL CNPs supports the hypothesis that an effectful antigen-specific anti-

tumor response can be induced with our antigen-loaded CNPs of this specific formulation and 

size. The killing of also Panc02 cells that lack expression of SIINFEKL on their surface might be 

partially explainable by the high number of cells that was added to the PDAC cells and the 

potential lack of nutrients in the solution which are particularly needed by the usually rapidly 

proliferating pancreatic tumor cells. More importantly, we could demonstrate expression of 

CD80 - but not CD86 - on the pancreatic tumor cell lines which could have contributed to CD8+ 

T cell activation and thus to their killing activity (data not shown). Interestingly, 90/10 SIINFEKL 

CNP treatment of DC2.4 cells led to slightly more effective killing than treatment with soluble 

SIINFEKL indicating that encapsulation of antigens into the utilized CNP structure might lead 

to an enhancing effect on the elicited immune response of CD8+ T cells even if the antigen 

presentation on DC2.4 cells was lower after 90/10 SIINFEKL CNP treatment compared to stim-

ulation with free, soluble SIINFEKL. The therapeutic efficiency of immune responses generated 

by immunization via antigen-loaded nanoparticles can also be displayed in mouse models as 

executed by Han et al. who injected OVA-loaded chitosan nanoparticles (99) or DCs, treated 

ex vivo with OVA-PLGA nanoparticles (157) into tumor bearing mice. Tumor growth inhibition 

after injection of a polymeric nanoparticle-based vaccine was also reported by Luo et al. in 

another study (97). Since the performed experiments were performed in 2D culture and with-

out the presence of other possible immunosuppressive influences, the executed experiments 
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cannot reflect on the in vivo tumoral conditions where a multitude of factors contribute to 

intercellular interactions. Therefore, the encouraging results we obtained, particularly that 

CD8+ T cells cocultured with 90/10 SIINFEKL CNP treated DC2.4 cells specifically and effectively 

killed PancOVA cells can be interpreted as promising findings regarding the suitability of our 

formulation of CNPs. Thus, the utilization of mouse models to demonstrate the strength of 

the elicited immune reaction could be a valuable next step in order to further evaluate the 

potential of the utilized CNPs in the context of tumor vaccination. Furthermore, employing 

different, clinically relevant antigens instead of model antigens like OVA and SIINFKEL such as 

the antigen kras which is often mutated in pancreatic cancer would present an opportunity to 

translate the already obtained knowledge closer to clinical application.  
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6. Summary 

Tumor vaccination is a promising approach for treatment of cancer. Tumor vaccines aim at 

sensitizing the immune system to tumor-specific antigens and thus stimulate and enhance 

CD8+ T cell immune responses. This immune response’s potency can additionally be increased 

by using a vaccination strategy where nanoparticles act as vehicles enabling more efficient 

antigen uptake into antigen-presenting cells. The most important cellular subgroup in the out-

lined context are dendritic cells, among other characteristics due to their ability of efficiently 

cross-presenting exogeneous antigens. With regard on finding fitting materials for generating 

nanoparticles for tumor vaccination, chitosan has emerged as a promising substance offering 

favorable biochemical properties such as adjuvant activity and low cytotoxicity. Chitosan na-

noparticle-based vaccines can be administered intranasally, which represents a noninvasive 

way of targeting the immune cells located in the epithelium of the respiratory tract as a first 

step for eventually eliciting a generalized antigen-specific immune reaction. In this study, the 

potential of antigen-loaded chitosan nanoparticles as antigen delivery systems for inducing a 

potent, antigen-specific CD8+ T cell response was assessed. Therefore, ovalbumin and the oli-

gopeptide SIINFEKL (ovalbumin 257-264) were used as model antigens. First, uptake of fluo-

rescein isothiocyanate-conjugated antigen-loaded chitosan nanoparticles was verified with 

flow cytometry and ImageStream analyses. As larger unloaded chitosan nanoparticles (90/20 

and 90/50) impaired viability and morphology of human dendritic cells as determined by 

caspase 3/7 assays and propidium iodide staining, further experiments were conducted with 

90/10 chitosan nanoparticles which did not show significant cytotoxic effects on human den-

dritic cells in both, unloaded or antigen-loaded forms. Moreover, a proinflammatory pheno-

type could be detected in human dendritic cells and murine DC2.4 cells after stimulation and 

internalization of antigen-loaded 90/10 chitosan nanoparticles indicated by elevated RNA ex-

pression levels of proinflammatory cytokines. Next, MHC-I mediated presentation of SIINFEKL 

on DC2.4 cells after treatment with SIINFEKL-loaded 90/10 chitosan nanoparticles was demon-

strated via flow cytometry whereas treatment with ovalbumin-loaded 90/10 chitosan nano-

particles led only to a modest presentation. Coculturing CD8+ T cells isolated from spleens of 

OT-1 mice with DC2.4 cells that had been treated with antigen-loaded 90/10 chitosan nano-

particles led to an elevation of activation marker expression on CD8+ T cells, particularly if the 

activating DC2.4 cells had been stimulated with SIINFEKL-loaded 90/10 chitosan nanoparticles. 
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Lastly, the functionality of these OT-1 derived CD8+ T cells activated by coculture with DC2.4 

cells after pre-stimulation with 90/10 SIINFEKL chitosan nanoparticles was demonstrated by 

verifying CD8+ T cell-mediated antigen-specific lysis of PancOVA cells, pancreatic ductal ade-

nocarcinoma cells expressing SIINFEKL on their cell surface. Overall, the presented data sup-

port the suitability of antigen-loaded 90/10 chitosan nanoparticles for tumor vaccination. Ver-

ification of internalization into dendritic cells, demonstration of low cytotoxicity and initiation 

of a more proinflammatory phenotype in dendritic cells, confirmation of MHC-I mediated 

presentation of the encapsulated antigen and the subsequent activation of functionally active 

CD8+ T cells support this hypothesis. However, further studies are needed to investigate the 

potential of the utilized chitosan nanoparticles for improving tumor vaccination strategies in 

in vivo studies and with clinically relevant antigens instead of model antigens in order to pro-

ceed with the translation of the obtained results closer into clinical application.  
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7. Supplementary data 

 

 

 

  

Supplementary figure 1: Prior to coculture of differently treated DC2.4 cells and CD8+ T cells, 
MHC-I mediated presentation of SIINFEKL on DC2.4 cells can be confirmed in cells treated 
with 90/10 SIINFEKL chitosan nanoparticles or soluble SIINFEKL. After treating DC2.4 cells for 
5 hours with soluble SIINFEKL peptide, empty 90/10 CNPs or 90/10 SIINFEKL CNPs or leaving 
them untreated, cells were analyzed for H-2Kb mediated presentation of SIINFEKL on DC2.4 
cells. Dot plots confirm MFI shift compared to the untreated isotype control in DC2.4 cells 
treated with either soluble SIINFEKL peptide or 90/10 SIINFEKL CNPs whereas MFI of un-
treated or empty 90/10 CNP stimulated DC2.4 cells remains low. 
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Supplementary figure 2: Stimulation with 90/10 OVA or 90/10 SIINFEKL chitosan nanoparti-
cles for 24 hours does not negatively impact morphology or confluence of human dendritic 
cells. Human DCs were treated for 24 hours with 90/10 OVA or 90/10 SIINFEKL CNPs or left 
untreated as control. Then, images were taken with the EVOS XL light microscope. No im-
paired cell morphology or reduced cell confluence could be registered as demonstrated with 
representative images A (untreated vs. 90/10 OVA) and B (untreated vs. 90/10 SIINFEKL). Mag-
nification: 280 x in image set A, 140 x in image set B.  
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Supplementary figure 3: Stimulation of DC2.4 cells with soluble OVA peptide does not lead 
to increased 25-D1.16 antibody binding. DC2.4 cells were treated for 5 hours with either 
90/10 OVA CNPs or soluble OVA peptide or were left untreated. Cells were then assessed for 
binding of H-2Kb bound-to SIINFEKL antibody (25-D1.16) via flow cytometry compared to stain-
ing with the untreated isotype control. Representative dot plots (n=3) with 90/10 OVA CNPs 
(and n=2 with soluble OVA peptide) are shown. 
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Supplementary figure 4: Treatment of DC2.4 cells with increased amount of 90/10 SIINFEKL 
chitosan nanoparticles only leads to slight increase of H-2Kb mediated SIINFEKL presenta-
tion. DC2.4 cells were left untreated or were treated with soluble SIINFEKL, 90/10 SIINFEKL 
CNPs in the concentration of 100 µg/ml and the three-fold amount of 90/10 SIINFEKL CNPs 
(100 µg/ml vs. 300 µg/ml). H-2Kb - mediated presentation of SIINFEKL was assessed by flow 
cytometry and compared to staining with the corresponding isotype control. A representative 
dot plot of three independent experiments is shown. 
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