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OUTLINE AND AIM OF THESIS 

 

Anti-tumor immune-therapy has gathered major attention in the search for innovative 

strategies to fight cancer in a more specific manner. It merges the field of oncology with 

immunology into immuno-oncology, an exciting path that has the potential to dramatically 

improve treatment efficacy and specificity whilst evoking immunological memory and 

prolonged protection against malignancies. A promising immunotherapeutic strategy is cancer 

vaccination which aims to educate dendritic cells at priming cytotoxic T-cell responses that can 

specifically recognize and eliminate tumor cells.  

 
This thesis focuses on the design of immunogenic vaccine microparticles that encapsulate 

cancer cell lysates in view of personalized anti-cancer vaccination based on tumor-associated 

and tumor-specific antigens. The majority of current vaccine approaches involve tumor-

associated antigens and face several drawbacks such as limited applicability and treatment 

failure due to thymic tolerance, mutation or lack of expression. Personalized cancer vaccines 

that contain cancer cell material collected from biopsy or surgery are therefore an interesting 

approach to circumvent these drawbacks and hold potential to evoke more robust immune 

ǊŜǎǇƻƴǎŜǎ ǎǇŜŎƛŦƛŎŀƭƭȅ ǘŀƛƭƻǊŜŘ ǘƻ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ǳƴƛǉǳŜ ƳǳǘŀƴƻƳŜΦ 

 
In total four different strategies are developed that allow for the formulation of cancer cell 

lysate (Chapter 3 and 4) and whole cancer cells (Chapter 5 and 6) under mild conditions into 

microparticles. In addition, efforts are also devoted to enhance the immunogenicity of the 

microparticles to enable not only efficient internalization by dendritic cells but also activation 

of the latter which is required for optimal priming of robust T-cell responses.  

 
Chapter 1 provides a brief introduction of the innate immune system and the adaptive immune 

system that protect the host against invading pathogens. 

 
Chapter 2 describes the dual and complex role of the immune system in tumor development 

and tumor eradication, thereby raising the potential of immune-therapy in anti-cancer 

treatment. In addition, an overview is given of the current approaches for anti-cancer immune-

therapy. 
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Chapter 3 and Chapter 4 involve the formulation of soluble cancer cell lysates.  

Chapter 3 deals with the design of polymer-protein conjugates formed by disulfide exchange. 

For this purpose, polymers are developed that bear pending pyridyldisulfide moieties on their 

backbone. The latter allows for reversible disulfide bonds with either cysteine moieties or 

synthetically introduced thiols on the protein backbone. Finally, the effect of polymer 

conjugation on the in vitro interaction with dendritic cells is investigated. 

 
Chapter 4 elaborates on the encapsulation of cancer cell lysate into porous calcium carbonate 

(CaCO3) microparticles by a one-step co-precipitation reaction. To enhance the immunogenicity 

of the microparticles polymer-conjugated small molecule TLR7/8-agonists are adsorbed onto 

the microparticle surface. Additionally, the ability of these microparticles to activate dendritic 

cells is investigated in vitro. 

 
Chapter 5 and 6 focus on the formulation of whole cancer cells into microparticles. Whole 

tumor cells comprise cell membrane components, and when translated to whole tumor tissue, 

also offer the possibility to co-encapsulate stromal proteins.  

In Chapter 5 living cancer cells are used as templates for layer-by-layer assembly of hydrogen 

bonding species followed by hypo-osmotic treatment to obtain bio-hybrid capsules loaded with 

cancer cell lysate. Immunogenic properties are engineered into the capsules by pre-treatment 

of the cancer cells with heat shock to induce expression of damage-associated molecular 

patterns.  

 
As the layer-by-layer approach is however labor-intensive and time-consuming, an alternative 

strategy is developed in Chapter 6, which presents a single-step method to encapsulate whole 

cancer cells in matrix microparticles composed of oppositely charged polyelectrolytes. In 

analogy to Chapter 4, the immunogenicity of the microparticles is enhanced by incorporation 

of a polymer-conjugated small molecule TLR7/8-agonist. Finally, the interaction of these 

microparticles with dendritic cells is investigated in vitro. 

 
To conclude, an overview of the broader international context and relevance of this thesis 

alongside future perspectives of anti-cancer immune-therapy is provided in Chapter 7. 
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    CHAPTER 1 

THE IMMUNE SYSTEM 

INNATE AND ADAPTIVE PROTECTION 

AGAINST INFECTION 

 

 

 

 

 

 

 

 

ABSTRACT 

The immune system is the defense mechanism of the body against damage and infiltrating 

pathogens such as viruses and bacteria. In addition, it is also involved in avoiding auto-

immunity, i.e. recognition of self-antigens, by induction of self-tolerance. In this regard, the 

immune system consists out of soldiers that are specifically trained to recognize damage and 

foreign patterns and can distinguish between non-self and self. It comprises different cell 

populations and molecules that are part of the innate immune system ς i.e. the initial and non-

specific defense mechanism ς or the adaptive immune system ς i.e. the slower but specific and 

stronger immune response. 
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THE INNATE IMMUNE SYSTEM 

 
Innate immunity is the first line defense of the body against infectious agents. It acts 

immediately upon recognition of damage or pathogen signals in order to confine any threat to 

the host as fast and efficiently as possible. It is non-specific as it can only recognize patterns 

that are common to many pathogens. Nevertheless, it is a very important first line defense 

mechanism to protect the body against any invading pathogen. This ideally leads to elimination 

of the invader but can also lead to merely dampening of the infection as the innate immune 

system is often not strong enough to immediately eradicate the pathogen. This dampening 

effect is however of high importance as it delays the infection and allows the adaptive system 

to gain specificity and strength to ultimately eradicate the respective pathogen (vide infra ς the 

adaptive immune system). The major effector mechanisms involved in innate immunity rely on 

neutrophils, monocytes, natural killer (NK)-cells, the complement system and macrophages. 

These innate components all have the ability to bind or take up and subsequently eliminate 

undesirable material through different mechanisms. In addition, they induce inflammation and 

recruit more immune cells to the infected or damaged site to increase the probability of 

pathogen elimination or repair respectively1. Furthermore, this chapter will devote focus to NK-

cells, the complement system and macrophages due to their importance in the following 

chapters.  

 
Natural killer cells are specialized in clearance of cells that are infected with pathogens, mainly 

viruses, and rely on the balance between activation and inhibition. NK-cells express two 

different type of receptors, i.e. inhibiting receptors and activating receptors. First, NK-cells 

express killer-cell immunoglobulin-like receptors (KIRs) and regulate the killer function upon 

interaction with major histocompatibility complex class I (MHC-I) molecules2-4. MHC class I 

molecules are expressed in nucleated cells and interaction of MHC-I with KIRs on the cell 

surface of NK-cells leads to inhibition of the killer function. In contrast, infected cells or cancer 

cells downregulate MHC-I expression to evade immune recognition by the adaptive immune 

system (vide infra ς Chapter 2: Tumor immune-escape). Therefore, they do not provide the 

inhibitory signal necessary to suppress NK-cell mediated elimination resulting in lysis of the 

target cells via secretion of perforin and granzymes5,6. Second, activating receptors on the 

surface of NK-cells activate NK-cell reactivity upon interaction with their ligands. These include 
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receptors that interact with cytokines ς i.e. interleukin (IL)-1, IL-2, IL-15 and IL-18 ς or cell 

surface molecules such as natural killer group 2 member D (NKG2D) and immuno-receptor 

tyrosine-based activating motifs (ITAMs)4,7,8. Therefore, NK-cells can be activated by two cell 

types: [1] cells that lack MHC-I expression such as cancer cells or infected cells; and [2] cells 

that express MHC-I but also exhibit expression of activating cytokines or molecules due to stress 

or damage. In addition, activated NK-cells also produce pro-inflammatory mediators to further 

enhance inflammation and recruitment of other immune cells.  

 
Another important innate protection strategy of the immune system is associated with the 

complement system. The complement system comprises around 35 different soluble and 

membrane-bound proteins and activation leads to a cascade of proteolytic reactions9. Initiation 

of the complement pathway occurs when foreign material is recognized or upon recognition of 

a foreign antigen-antibody complex (vide infra ς B-lymphocytes). This results in opsonization of 

the material followed by cell lysis or removal by phagocytes10-12.  

 
Macrophages on the other hand are very important phagocytes, are resident in many tissues 

and are primarily designed to ingest and eliminate dead or dying cells, cell debris and 

pathogens. Due to the presence, although limited in number, of germline-encoded pathogen 

recognition receptors (PRRs) on the cell surface of macrophages, they recognize conserved 

damage- and pathogen-associated molecular patterns, DAMPs and PAMPs, very efficiently13. 

Macrophages ingest pathogens upon recognition of PAMPs resulting in entrapment of the 

respective pathogen in the phagosome followed by fusion with a lysosome leading to enzymatic 

destruction of the infectious agent. In addition, macrophages are also programmed to avoid 

toxic accumulation of cell debris, dead or dying cells and prevent further cell damage upon 

recognition of endogenous DAMPs14. Besides induction of uptake of foreign and dead cell 

material, activation of these PRRs additionally evokes production of pro-inflammatory 

cytokines, type I interferons (IFN) and chemokines leading to local and systemic inflammation 

which in turn results in recruitment and activation of other immune cells1,15,16. 

 
Altogether, the innate immune system is a very important part of immunity as it protects the 

body against infiltrating pathogens and tissue damage while inducing recruitment of other 

innate immune cells and adaptive immune cells. Protection is based on recognition of highly 

conserved patterns, whether or not of microbial origin, and is non-specific which enables 
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immediate interaction and thus fast elimination of the originator. It is however often not 

sufficient to completely eradicate the cause and relies on the adaptive immune system to fully 

eradicate the infection.  

 

DENDRITIC CELLS: THE LINK BETWEEN INNATE AND ADAPTIVE IMMUNITY 

 
Dendritic cells (DCs) are necessary to direct the adaptive immune system specifically against 

invading pathogens and are therefore the critical factor in the interplay between the innate 

and the adaptive immune response. They are the most potent class of antigen presenting cells 

(APCs) due to their high antigen presentation capacity and high PRR expression number 

compared to other APCs such as macrophages or B-cells of which the primary function is 

phagocytosis of foreign and dead cell material (vide supra ς The innate immune system) or 

antibody secretion respectively (vide infra ς B-lymphocytes), rather than antigen presentation. 

DCs are highly efficient in pathogen recognition, uptake, processing and antigen presentation 

alongside providing the necessary signals for optimal activation of lymphocytes.  

 
1. ANTIGEN PRESENTATION AND CROSS-PRESENTATION 

 
Two main types of DCs exist, i.e. migratory DCs or resident lymphoid DCs. Migratory DCs 

migrate to the site of infection followed by transport to the draining lymph nodes whereas 

resident lymphoid DCs do not migrate and are stimulated in the lymph nodes upon interaction 

with migratory DCs17. In addition a more accurate classification of DCs is currently accepted, 

involving plasmacytoid DCs, CD11b+ DCs and XCR1 DCs of which the latter can be subdivided 

into CD103+ DCs and CD8+ DCs. Detailed description of these subtypes will, however, not be 

adressed in this chapter as it is out of scope and not relevant for the following chapters. 

 
Naive or immature DCs recognize pathogens immediately due to the presence of a high number 

of PRRs on their surface and are therefore experts in capturing antigens via phagocytosis yet 

are inefficient in antigen processing and presentation. However, stimulation of these highly 

expressed PRRs by PAMPs or DAMPs results in strong maturation of the dendritic cells which 

exhibit much lower phagocytic properties in contrast to naive DCs and redistribute MHC 

molecules to the cell surface accompanied with antigen presentation18-20. Prior to antigen 

presentation, the phagocytosed foreign material is processed in the phagosome of the 
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dendritic cell. This occurs through fusion of the phagosome with lysosomes and subsequent 

acidification (pH 4.5-5) resulting in degradation of the material in the presence of lysosomal 

hydrolases. Depending on the origin of material, i.e. exogenous or endogenous, the obtained 

peptides are loaded onto MHC class II or MHC class I molecules respectively which are 

assembled and provided by the endoplasmic reticulum (ER). They differ in tissue distribution 

and type of peptides that are presented due to different processing pathways.  

Class I molecules are expressed by nucleated cells and are therefore widely abundant, whereas 

MHC-II is primarily expressed by antigen presenting cells of which DCs are the most efficient.  

 
MHC class II loading of exogenous peptides is triggered upon release from class II molecules of 

the invariant chain (Ii), a transmembrane chaperone protein, in response to proteases from the 

MHC-II peptide binding site only leaving a short MHC class II-associated invariant-chain peptide 

(CLIP) behind. Subsequently, exchange of CLIP with exogenous peptides can occur in the 

presence of a catalyst chaperone protein HLA-DM which facilitates CLIP release from the MHC 

class II binding cavity and enhances antigen presentation. Following MHC-II loading of these 

peptides, the MHC-II-antigen complex is transported to the cell membrane and presented to 

the environment21-24. In contrast, MHC class I loading occurs to present cytosolic and nuclear 

derived protein fragments at the cell surface. MHC-I presentation is important for the 

establishment of self-tolerance and eradication of intracellular microorganisms and tumors. 

The proteins are degraded in the cytosol of DCs by the proteasome followed by translocation 

of the resulting peptides to the ER via TAP, a transporter associated with antigen presentation. 

Like MHC class II molecules, the MHC-I molecules are stabilized by chaperone proteins in the 

ER lumen and ensure efficient peptide loading. These chaperone proteins include calreticulin, 

ERp57, tapasin and TAP, also called the peptide-loading complex (PLC). In addition, the 

exchange of endogenous peptides with the PLC is facilitated by tapasin similar to HLA-DM that 

catalyzes the exchange on MHC class II molecules25. Finally, the MHC-I-antigen complex is 

transferred to the cell membrane via the Golgi apparatus for antigen presentation22,26,27.  

 
Because exogenously derived proteins are presented onto MHC class II molecules, this 

implicates pathogens should be primarily presented on MHC-II by APCs. However, this is often 

not the case due to the induction of a process called cross-presentation. This process only 

occurs efficiently in dendritic cells which once again points out the unique ability of DCs in 
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priming the immune system. Cross-presentation is favored upon interaction of APCs with 

particulate antigens such as pathogens and is a critical process for the eradication of infectious 

agents via the adaptive immune system (vide infra ς T-lymphocytes). It involves two main 

pathways, i.e. the TAP-independent vacuolar pathway and the TAP-dependent cytosolic 

pathway. The latter pathway is similar to the standard MHC-I antigen presentation pathway for 

endogenous peptides and is therefore the most abundant. It comprises transfer to the 

cytoplasm of the engulfed proteins mediated by the ER-derived Sec61 translocation complex 

followed by degradation through the proteasome prior to MHC-I loading in the phagosome or 

the endoplasmic reticulum via TAP. In contrast, MHC-I loading in TAP-independent cross-

presentation occurs in the phagosome vesicles and is also proteasome-independent. After 

uptake, the material is degraded by proteases present in the phagosome followed by 

immediate loading of the peptides onto MHC class I molecules provided by the ER and transport 

to the cell membrane28-33. An overview of the different MHC antigen presentation pathways is 

illustrated in Figure 1.  

 

 

 
Figure 1. MHC antigen presentation pathways in dendritic cells - (Figure adjusted from reference 33). 
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2. DC MATURATION 
 
Upon recognition of a pathogen by naive DCs, redistribution of MHC molecules and increased 

antigen presentation ability occurs alongside maturation of the DCs and upregulation of 

costimulatory molecules and cytokine secretion, providing the second and third signal for 

activation of T-cells (vide infra ς T-lymphocytes). Co-stimulatory molecules involve the cluster 

of differentiation (CD) molecules, CD80 and CD86, which provide the second signal for optimal 

T-lymphocyte activation via interaction with the CD28 receptor on the T-cell surface34,35. In 

addition, the third signal for T-cell activation induces, depending on the type of cytokines, 

different T-lymphocyte populations. Taken together, this shows the high potential of dendritic 

cells as they not only very efficiently present pathogenic peptides to the adaptive immune 

system but are also able to optimally prime the immune cells against the respective  

pathogen36-38.  

 
Depending on the type of pathogen, different PRRs are triggered. Several PRRs exist, involving 

toll-like receptors (TLRs), retinoic acid-inducible gene (RIG)-I-like receptors (RLRs), nucleotide-

binding oligomerization domain (NOD)-like receptors (NLRs) and C-type lectin receptors (CLRs) 

of which the TLRs are the most widely explored and well characterized15,39,40. Different types of 

TLRs exist and so far ten toll-like receptors have been identified in humans referred from TLR1 

up to TLR10. Some TLRs are cell membrane bound involving the TLRs 1, 2, 4, 5 and 6, all of 

which primarily recognize bacterial products whereas the TLRs 3, 7, 8 and 9 are confined in 

intracellular compartments and focus on viral material41-44. Cell surface TLRs mainly interact 

with microbial cell membrane components such as lipids, lipoproteins and protein. TLR1 

recognizes lipoproteins and oligosaccharides originating from the cell wall of bacteria and 

involves hydrophobic interactions whereas TLR6 interacts with lipoteichoic acids and is 

characterized by hydrophilic ligand binding. Both TLR1 and TLR6 form heterodimers with TLR2 

and by consequence lead to hydrophobic and hydrophilic interactions respectively45,46. TLR4 is 

the most studied receptor and is targeted by lipopolysaccharide (LPS) and its derivatives such 

as monophosphoryl lipid A (MPLA)47. LPS or endotoxins are a part of the cell membrane of 

Gram-negative bacteria. Note, that TLR2 and TLR4 are also present in intracellular 

compartments of antigen presenting cells48,49. TLR5 recognizes the motility filament of bacteria 

flagellin and flagellin-related peptides50,51. Despite the fact that TLR10 is an orphan receptor 

without defined ligands, it has been shown to recognize specific pathogens such as Listeria, in 
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collaboration with TLR2, and influenza A virus43,52,53. Intracellular TLRs are exclusively found in 

the phagosomal compartments of dendritic cells and macrophages. TLR3 binds specifically to 

double-stranded viral ribonucleic acid (dsRNA)54 whereas TLR7 and TLR8 recognize single-

stranded RNA (ssRNA) 55. The TLR9 receptor on the other hand interacts with foreign 

deoxyribonucleic acid (DNA) and is activated by oligonucleotides such as CpG (unmethylated 

cytosine guanine) sequences41,43,56,57.  

 

ADAPTIVE IMMUNITY 

 
In contrast to the innate immune system, the adaptive immune system requires more time to 

gain reactivity against invading pathogens. Adaptive immunity is specifically primed against 

every new infectious agent that enters the body by antigen presenting cells, in particular by 

dendritic cells (vide supra ς Dendritic cells) and is therefore slower but stronger and highly 

specific. It involves B- and T-lymphocytes that, upon optimal activation by dendritic cells, 

differentiate into plasma cells or memory B-cells, CD4+ T-helper (TH) cells and CD8+ effector T-

cells or memory T-cells respectively which all have different functions in combatting infections. 

In general, B-lymphocytes give rise to humoral responses whereas T-lymphocytes induce 

cellular immunity. 

 
1. T-LYMPHOCYTES AND CELLULAR IMMUNITY 

 
Activation of T-lymphocytes results in cell-mediated immune responses as it gives rise to 

effector T-cells such as CD8+ cytotoxic T-lymphocytes (CTLs), CD4+ T-helper cells and memory 

T-cells which are primed upon recognition of antigen by naive T-cells followed by activation and 

clonal expansion upon optimal stimulation. T-cells require three signals provided by antigen 

presenting cells to be fully activated: [1] recognition of peptide-MHC complex by the T-cell 

receptor (TCR); [2] co-stimulation of the CD28 receptor on the T-cell receptor; and [3] cytokines 

that influence the differentiation into the different types of effector cells, i.e. CTLs or T-helper 

cells (vide supra ς T-lymphocytes). Inappropriate stimulation of naive T-cells however results in 

functional inactive or anergic T-cells and does not result in an immune response58.  

 
T-helper cells do not directly eradicate infected cells but aid the immune reaction via various 

mechanisms. The major subtypes of TH cells are TH1-, TH2-, TH17-cells and T follicular helper 
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cells or TFH cells and are defined by their different cytokine profile production59,60. TH2-cells are 

involved in allergic responses and immunity against parasites through secretion of IL4 and IL-5 

whereas TFH cells provide direct help to B-cells via CD40 ligand expression (vide infra ς B-

lymphocytes). TH17 cells are involved in early adaptive responses against extracellular 

pathogens and fungi and produce IL-17, IL-21 and IL-22. TH1-cells facilitate CTL- and 

macrophage-mediated killing of microorganisms by producing TH1-cytokines such as IFN-ʴ ŀƴŘ 

IL-2 but also enhance the CTL-response by expression of the CD40 ligand58,61-63. IL-2 is a cytokine  

that is also secreted by the T-cell itself to induce rapid proliferation by interaction of the 

interleukin with the IL-2-receptor that is highly expressed on the surface of T-cells. Therefore, 

secretion of IL-2 by TH1-cells acts as a growth factor which further amplifies the CD8+ T-

lymphocyte proliferation. Expression of the CD40 ligand on the other hand has an indirect effect 

on T-cells by increasing the expression of co-stimulatory molecules on antigen presenting cells. 

Upon efficient T-cell priming and clonal expansion, the resulting CTLs very efficiently recognize  

 

 

 
Figure 2. Cellular immunity against infection. 
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and kill their target cells such as intracellular microorganisms or cancer cells upon recognition 

of the foreign antigen presented on the cell surface via MHC class I molecules. The target cells 

are lyzed or killed by apoptosis induction upon binding of the TCR with the MHC-antigen 

complex on the target cell through secretion of cytotoxins such as perforin, granzymes and Fas 

ligand (FasL)64. Figure 2 illustrates cellular immunity to combat infection. 

 

2. B-LYMPHOCYTES AND HUMORAL IMMUNITY 
 
In contrast to T-cell mediated immunity, B-lymphocytes evoke a humoral immune response via 

secretion of antibodies. B-lymphocytes are triggered by antigens and T-helper cells and 

differentiate into antibody-producing plasma cells and memory B-cells. Following uptake of an 

antigen by B-cells, the antigen is processed and presented via MHC class II on their surface65-67. 

Recognition and binding of the peptide-MHC-II complex to the TCR of CD4+ TFH cells, stimulated 

by the same antigen, offers additional stimulation of B-cells via interaction of the CD40 receptor 

with the CD40 ligand and cytokines leading to proliferation and differentiation into plasma cells 

and B memory cells68-71. Plasma cells secrete antibodies directed to the respective antigen and 

practice immunity through three mechanisms. The first pathway involves neutralization prior 

to the invasion of the target in healthy cells. Second, antibody binding gives rise to opsonization 

as it facilitates uptake by phagocytes such as macrophages and leads to antibody-dependent 

cellular cytotoxicity (ADCC). Macrophages express the Fc-receptor on their surface which 

recognizes the constant and invariable region of antibodies, i.e. the Fc-region, very efficiently.  

 

 

 
Figure 3. Humoral immunity against infection. 
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Thirdly, the antigen-antibody complex can also trigger removal by the complement system 

through Fc-region recognition followed by complement-dependent cytotoxicity (CDC)58. 

Activation of B-cells and humoral immune mediated fight against infection is illustrated in 

Figure 3. 

 

CONCLUSION 

 
To conclude, the immune system is a complex network of innate and adaptive immune cells 

that work together to eradicate invading pathogens through unspecific and specific pathways 

respectively. There is an important interplay between the innate and the adaptive immune 

response which allows the adaptive immune system to gain specificity and power against the 

infection that is initially attacked and restrained by the innate immune system. The essential 

immune cells linking the innate and adaptive immunity are the dendritic cells that prime the 

adaptive immune system specifically against every new pathogen leading to effector  

T-lymphocytes and antibodies that target and kill the invader directly or indirectly while 

establishing immunological memory that protects the host upon encounter of the same 

infection in the future.  
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CHAPTER 2 
 

ONCOLOGY MEETS IMMUNOLOGY 

SHIFTING THE BALANCE OF IMMUNE-

SUPPRESSION TOWARDS IMMUNE-ACTIVATION 

VIA ANTI-TUMOR IMMUNE-THERAPY 
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INTRODUCTION 

 
Cancer remains one of the leading causes of death worldwide and it is stated by the WHO that, in 

the next 20 years, the number of new cancer patient cases will almost double. It is predicted that  

40 % of men and women will be diagnosed with cancer in their life. Despite this increase in 

incidence, the mortality rate is decreasing which can be attributed to the extensive research that 

has been performed the past years resulting in new strategies to tackle malignancies more 

efficiently. Conventional therapies for cancer treatment involve hormone therapy, radiotherapy 

and chemotherapy. Hormone therapy is only applicable to malignancies that rely on hormones to 

grow such as breast and prostate cancer, therefore the range of application is narrow. The two 

most conventional treatments are radiotherapy and chemotherapy, which aim to destroy rapidly 

dividing cancer cells by respectively X-ray radiation ς to evoke DNA-damage ς or by drugs ς to 

affect cancer cells at different stages of cell division. Both techniques however are prone to serious 

side effects due to lack of specificity. Moreover, these therapies do not seem to evoke a prolonged 

protection of the patient against relapse and metastasis. One of the most exciting developments 

in this regard lies in the interface of oncology and immunology and prompted the emergence of 

the immuno-ƻƴŎƻƭƻƎȅ ŦƛŜƭŘΦ ¢ƘŜ ǊŀǘƛƻƴŀƭŜ ƛǎ ōŀǎŜŘ ƻƴ ŀ ǘŜǊƳ ƴŀƳŜŘ ΨŎŀƴŎŜǊ ƛƳƳǳƴƻŜŘƛǘƛƴƎΩ1. This 

states that the immune system protects the host against tumor development 

(immunosurveillance) but interestingly also can promote tumor growth (tumor-immune-escape)2-

4. Intensive research has been done to elucidate this dual role and the complex relationship 

between the immune system and cancer in order to find similarities in cancer pathogenesis to 

potentially enable targeting of the foundation of malignancies in general and induce a prolonged 

protective effect against cancer.  

 
/ŀƴŎŜǊ ƛƳƳǳƴƻŜŘƛǘƛƴƎ Ŏƻƴǎƛǎǘǎ ƻǳǘ ƻŦ ǘƘǊŜŜ 9ΩǎΥ ŜƭƛƳƛƴŀǘƛƻƴΣ ŜǉǳƛƭƛōǊƛǳƳ ŀƴŘ ŜǎŎŀǇŜ ŀƴŘ ŜȄǇƭŀƛƴǎ 

the link between cancer pathogenesis and immunology as a dynamic bidirectional cross-talk3,5. The 

elimination phase comprises the immunosurveillance stage where malignant cells are successfully 

eradicated by a competent immune system. Innate cells are alarmed by inflammation or by 

malignant cellular transformation and lead to immune cell recruitment (NK-cells, macrophages, 

dendritic cells) via local production of IFN-  ɹand chemokines (vide supra ς Chapter I: The innate 
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immune system). Immature dendritic cells are activated after which they mature and migrate to 

the draining lymph node where CD4+ TH1 T-cell activation and CD8+ CTL proliferation occurs 

followed by T-cell homing to the tumor site and tumor-specific eradication of the cancer cells3,4,6. 

Unfortunately, some tumor cells are able to avoid immune-destruction by entering a dynamic 

equilibrium also called the tumor dormant state, the longest of the three phases, which can persist 

for several years in the host. This equilibrium encompasses a balance between promotion of 

elimination versus persistence and relies mainly on CTL-mediated immunity7,8. In this phase cancer 

immunoediting occurs, yielding potential resistance to an immune attack which arises from the 

enormous plasticity of the cancer cell genome as a result of the heterogeneity and multiple types 

of genetic instability9-11. The resulting resistant variants enter the escape phase via a combination 

of three mechanisms involving lower immunogenicity, increased survival and an immune-

suppressive tumor microenvironment (TME) allowing cell expansion.  

 

TUMOR IMMUNE-ESCAPE 

 
The first escape mechanism leads to lower immunogenicity of the tumor evoking a decreased 

recognition of the cancer cells by the adaptive immune system. One of the major effectors of this 

escape strategy implies the modification of the antigen presentation machinery12. This process is 

altered through loss of MHC class I molecules or downregulation in more than 50 % of all tumors 

but can also include antigenic drift, lack of co-stimulation, TAP-defects and low-molecular-weight 

protein (LMP)-2 and LMP-7 deficiencies13-15. Another important cause of obtained lower 

immunogenicity and growth facilitation involves the absence or abnormal function of the IFN-  ɹ

receptor pathway. As described above, IFN-  ɹplays a role in increasing tumor immunogenicity via 

promotion of tumor cell recognition and elimination. Thus, by lowering their IFN-  ɹ sensitivity 

tumors can escape these events6,16,17.  

 
Second, tumor cells can avoid immune-destruction via survival strategies and thus CTL-induced 

apoptosis resistance. This is obtained through over-expression of anti-apoptotic molecules  

(such as B-cell lymphoma-2 (Bcl-2), B-cell lymphoma-extra large (Bcl-xL), Fas-associated death 

domain (FADD)-like interleukin (IL)-м-̡converting enzyme (FLICE)-inhibitory protein (FLIP) and 
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survivin), signal transducer and activator of transcription (STAT)-3 activation and/or through lysis 

resistance acquired by expression of mutated death receptors2,18-21.  

 
And finally, the third tumor-escape mechanism comprises the immune-suppressive 

microenvironment enclosing and protecting the tumor cells by counterattacking the immune 

response. The tumor microenvironment ensures that cancer cells cannot be reached or eliminated 

by anti-tumor effector cells via different routes. Several cell populations play a vital role in tumor 

cell development, survival, growth and metastasis, all giving rise to multiple immune-escape or 

immune-suppressive actions forming a complex network that very efficiently evades or influences 

the immune system. One of the most critical cell types involved in immune-suppression are 

myeloid-derived suppressor cells (MDSCs). They accumulate preferably in peripheral lymphoid 

organs or in tumor tissue, depending on their main function. Recruitment of MDSCs is regulated 

by a variety of chemokines produced by the tumor such as CC chemokine ligand (CCL)-2, CCL5, 

CCL7, CXC chemokine ligand (CXCL)-1, CXCL5 and CXCL822. Following chemoattraction, production 

of chronic inflammation factors by the malignant tissue finally drives the MDSCs into their immune-

suppressive function. It is known that the tumor environment is chronically inflamed which 

maintains tumorigenesis23 and evokes MDSC recruitment via production of pro-inflammatory 

growth factors such as vascular endothelial growth factor (VEGF), granulocyte(-macrophage) 

colony-stimulating factor (G(M)-CSF) and pro-inflammatory mediators such as prostaglandin E2 

(PGE-2), IL-1  ̡and IL-1722,24.  

 
MDSCs can influence the immune system via multiple mechanisms and suppress the cytotoxic 

activity of CD8+ T-cells in various ways involving expression arginase (Arg1) and indoleamine  

2,3-dioxygenase (IDO) giving rise to depletion of L-arginine (L-Arg) and L-tryptophan (L-Trp) 

respectively22,25-27. Arginase is an enzyme that degrades L-Arg and leads to anergic T-cells unable 

to proliferate as L-Arg is essential for expression of CD3, which is necessary for signal transduction 

of the T-cell receptor (TCR). IDO, on the other hand, degrades the essential amino acid L-Trp for  

T-cell survival and expansion28-30. In addition to depletion of L-Arg and L-Trp, the availability of  

L-cysteine (L-Cys) is also lowered by MDSCs. Naive T-cells rely on APCs to acquire L-Cys as they are 

unable to take up or to de novo synthesize this amino acid. MDSCs are also unable to synthesize  
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L-Cys independently and consequently take up high amounts of L-Cys thereby quickly limiting the 

availability of L-Cys for T-cells in their proximity22,27,31,32. Summarized, by limiting several amino 

acids, T-cell activation is halted by MDSCs as metabolic changes are essential for T-cell 

proliferation22,24.  

 
Next to deprivation of nutrients, MDSCs develop several other immune-suppressive strategies to 

evade the anti-tumor immune attack force. On one hand, MDSCs produce NAPDH oxidase (Nox-2) 

and nitric oxide synthase 2 (Nos-2) yielding hyper-production of reactive oxygen species (ROS) and 

nitric oxide (NO)22,33. ROS evoke cellular damage, thereby enhancing inflammation and apoptosis 

of T-cells whereas NO can react with different compounds yielding toxicity. The latter prevents  

IL-2 signaling which negatively regulates effector and memory T-cell proliferation and also 

synergistically enhances the activity of Arg1. On the other hand, MDSCs also inhibit T-cell migration 

and induce T-cell exhaustion by downregulation of selectins and expression of the programmed 

death-ligand 1 (PDL1) respectively22,31,34. T-cell migration is impaired as selectins are required for 

naive T-cells to adhere to and enter the tumor draining lymph nodes or the tumor 

microenvironment35,36. T-cell exhaustion achieved by PDL1-expression on the surface of MDSCs 

will be discussed in detail further on in this section. 

 
MDSCs alongside tumor cells also recruit regulatory T-cells (Treg cells) to the TME which are, just 

as MDSCs, crucial cells involved in immune-escape. Treg cells are a subpopulation of CD4+ T-cells 

that, under normal conditions, suppress the activation of self-antigen effector immune cells to limit 

autoimmunity and inflammation. However, in cancer tissue, natural residing Treg cells are 

recruited alongside induction of Treg cells arising from naive CD4+ T-cells in order to avoid cancer 

cell elimination by anti-tumor specific T-cells and to escape immune-destruction. Treg cells 

suppress the immune system via various ways one of which is secretion of immune-suppressive 

cytokines such as IL-10 and TGF-  ̡to evoke inhibition of expansion and function of CD8+ effector 

T-cells and dendritic cell maturation26,37. In addition, Treg cells secrete VEGF which positively 

influences angiogenesis, the formation of new blood vessels, and granzymes for cytolysis of 

effector immune cells37,38. Treg can also cause local IL-2 depletion and starve effector cells leading 

to apoptosis24,39-41. Next to cytokine production and IL-2 deprivation, Treg cells can very efficiently 
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promote tolerogenic dendritic cells (tol-DCs) through inhibition of costimulatory molecules37. In 

healthy individuals tolerogenic dendritic cells maintain peripheral tolerance against self-antigens, 

however, in a tumor setting tol-DCs induce T-cell anergy, T-cell deletion and/or T-cell suppression. 

T-cell anergy is induced when one of the three crucial signals are not provided to the T-cells by the 

dendritic cells (vide supra ς Chapter 1). Tolerogenic DCs often lack co-stimulatory molecule 

stimulation by CD80 or CD86 and downregulate pro-inflammatory cytokines while upregulating 

anti-inflammatory cytokines such as TGF-ʲ ŀƴŘ L[-1026,42-44. In addition, Treg cells directly impair 

the cytotoxic activity and proliferation of CD8+ T-cells via immune checkpoint molecules 

programmed death ligand-1 (PDL1) and cytotoxic T-lymphocyte-associated antigen (CTLA-4) 

through interaction with the programmed death 1 (PD-1) and CD28 receptors respectively45-48. 

Expression of CTLA-4 on the surface of the Treg cells results in downregulation of costimulatory 

molecules and thus T-cell anergy alongside increased induction of IDO secretion by DCs. CTLA-4 is 

a CD28 homolog and has a much higher affinity for CD80 and CD86 compared to the CD28-receptor 

present on the surface of T-cells. Unlike CD80/CD86, co-stimulation of naive T-cells upon CD28-

receptor interaction with CTLA-4 does not evoke a stimulatory signal which in turn inhibits optimal 

T-cell activation48-50. Whereas CTLA-4 is confined to T-cells, PD-1 is more broadly expressed on 

activated T-cells, B-cells and myeloid cells. Expression of the programmed death ligand 1 (PDL1) by 

Treg cells induces a co-inhibitory signal that is correlated with activation-induced apoptosis and 

anergy47,48,51. Note that PDL1 can also be expressed by the tumor cells themselves as well as 

MDSCs, macrophages and dendritic cells. 

 
Finally, in addition to T-lymphocyte reprogramming, MDSCs also account for reprogramming of 

other immune cells such as macrophages, natural killer cells and dendritic cells, further fortifying 

the unfavorable atmosphere for anti-tumor immune cells near the TME22,52. These three immune 

cell populations are all attracted by the tumor tissue itself through production of pro-inflammatory 

mediators such as chemokines, cytokines and eicosanoids evoked by chronic inflammation of the 

tumor site. First, macrophages are part of the initial barrier of the innate immune system against 

intracellular pathogens. They differentiate under influence of IFN-  ɹ and/or LPS into  

M1-macrophages and promote TH1-polarization of CD4+ lymphocytes by IL-12 production. In turn, 

MDSCs can subvert macrophages to the M2-phenotype via production of IL-10. This phenotype is 
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also described as tumor-associated macrophages (TAMs) which are tumor-promoting instead of 

tumoricidal53-58. TAMs promote tumor growth and angiogenesis and suppress anti-tumor immune 

responses through production of activation factors such as VEGF and epidermal growth factor 

(EGF) or through expression of type-2 inflammatory cytokines like IL-10 and TGF-ʲ ǊŜǎǇŜŎǘƛǾŜƭȅΦ 

The second population involves NK-cells which are the cytotoxic innate equivalent of CTLs in the 

adaptive system. They can very efficiently kill tumor cells that lack or downregulate MHC-I 

ŜȄǇǊŜǎǎƛƻƴ ŀƴŘ ǘƘŜǊŜŦƻǊŜ ŎŀƴΩǘ ōŜ ǊŜŎƻƎƴƛȊŜŘ ŀƴȅƳƻǊŜ ōȅ ŎȅǘƻǘƻȄƛŎ CD8+ T-cells59,60. In proximity 

to the TME and MDSCs however, the cell-mediated cytotoxicity of NK-cells is damaged as MDSCs 

inhibit the production of perforins by the cells which is essential for apoptosis induction via cell 

lysis22,61. Thirdly, DCs can also be reprogrammed by MDSCs, just as Treg cells. Subversion towards 

the type-2 tolerogenic phenotype favoring tumor outgrowth and immune tolerance by locally 

releasing factors as IDO, TGF-ʲ ŀƴŘ L[-1022,24,43,62. On the other hand, T-cell deletion is achieved by 

the tol-DCs through production of the Fas ligand which interacts with the Fas receptor present on 

the T-cell membrane triggering a cascade of intracellular signaling for induction of programmed 

cell death or apoptosis63,64. Additionally, suppression of T-cell mediated anti-tumor immunity is 

obtained by a defective antigen presentation function of the DCs. Finally, tol-DCs can also influence 

T-cell proliferation via expression of PDL1 like MDSCs and Treg cells42,65,66. 

 
Altogether, the tumor microenvironment, whether directly or indirectly, recruits immune cells via 

secretion of chemokines and reprograms immune cells in pro-inflammatory and pro-tumoral 

phenotypes via release of cytokines and co-inhibitory signals. In turn, these immune-suppressive 

immune cells recruit more immune cells enabling a vicious circle of a strong unfavorable 

atmosphere for anti-tumor immune cells. The recruitment and activation of this complex network 

of immune-suppressive cells and the applied strategies to lower the immunogenicity and increase 

apoptosis resistance by cancer cells, are summarized and illustrated in Figure 1.  

 
Importantly, immune-suppressive cells are part of a strong network surrounding the tumor, called 

the tumor stroma, involving stromal cells, blood vessels, cancer-associated fibroblasts (CAFs) and 

the extracellular matrix (ECM). The tumor stroma provides three essential pro-tumoral strategies: 

[1] an immune-suppressive environment for anti-tumor immune cells near the TME via various 
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mechanisms that are described above in detail by immune-suppressive cells; [2] a physical barrier 

for immune cells to enter the microenvironment; and [3] the supply of the necessary high amount 

of nutrients67. The invasion of the tumor tissue with anti-tumor immune cells is physically blocked 

due to stiffening of the ECM caused by crosslinking of structural proteins such as collagen and 

elastin catalyzed by lysyl oxidase (LOX) produced by CAFs68,69. Due to rapid proliferation, cancer 

cells quickly exhaust nutrients and oxygen which limits tumor progression and triggers the release 

of pro-angiogenic factors such as VEGF, EGF and fibroblast growth factor (FGF) by tumor cells, 

immune cells, stromal cells as well as CAFs to promote angiogenesis69-72. However, the synthesis 

of new blood vessels results in immature vessels leading to irregular blood flow, vascular leakiness, 

chaotic architecture and thus fails to provide the required amount of oxygen to the cancer cells. 

The tumor microenvironment stays therefore always hypoxic which was initially thought to be a 

limiting factor for tumor growth. However, it has been elucidated that the TME can adapt itself to 

prolonged hypoxic states and the latter promotes malignant progression (invasion, metastasis) and 

increases resistance to conventional therapies73-75. In addition, cancer cells upregulate glycolysis 

upon nutrient shortage to support cell viability and proliferation resulting in increased conversion 

of glucose into lactate73,76-79. The latter evokes acidosis, acts as metabolic fuel for aerobic tumor 

regions, induces angiogenesis and suppresses immune cells. This further contributes to tumor 

growth and immune evasion.  

 
In conclusion: tumor immune-escape is a very complex strategy of cancer cells to evade eradication 

by the immune system comprising lower immunogenicity of the tumor cells, apoptosis resistance, 

recruitment of immune-suppressive MDSCs and Treg cells, damaged CTL and NK-cell activity, 

impaired functionality of dendritic cells, shift from TH1 to TH2 immune responses, physical barrier 

formation preventing tumor infiltration of immune cells, angiogenesis and hypoxia. The combined 

immune-suppressive functions of the different cell populations along with the pro-tumoral 

influence of the chronically inflamed tumor tissue clearly show the complexity of the paradoxical 

role of the immune system in cancer progression and points out the evident need for a multistep 

approach in the battle against cancer. 
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Figure 1. Tumor immune-escape mechanisms.
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CANCER IMMUNE-THERAPY 

 
Extensive research over the past two decades yielded better insight in how the immune system 

can positively or negatively influence malignant transformation and it is clear that subtle 

differences in the immune cell population can drastically change the impact of the immune 

system. The interplay of oncology with immunology is therefore a very important key, if not the 

most important, in the fight against cancer. Taking this into account, it is evident that trying to 

alter the immune response in order to shift the balance of a pro-tumoral environment towards 

an unfavorable setting for cancer cells is one of the most promising strategies to battle cancer. 

This approach is recognized as cancer immune-therapy and aims to manipulate the immune-

suppressive immune cells and tumor microenvironment via different routes. In comparison to 

conventional therapies that are unspecific and evoke severe adverse events (alopecia, 

gastrointestinal symptoms, myelosuppression, immune-suppression), cancer immune-therapy 

has great potential as the side effects of immune-therapy are less severe which improves 

patient outcome, adherence and compliance. In general, cancer immune-therapy involves both 

passive or active therapies and can be specific or non-specific. 

 
Passive immune-therapy does not rely on the immune system of the patient to attack cancer 

cells but employs immune cells or other components that are, prior to administration into the 

patient, synthesized outside the body (ex vivo). This aids and strengthens the immune system 

of the patient to fight tumor growth by providing an immediate and stronger immune cell force. 

Passive immune-therapy bypasses the necessity to activate endogenous immunity and can be 

advantageous when the immune system of the patient is strongly weakened80,81.  

 
In contrast to passive immune-therapy, active immune-therapy re-activates the suppressed 

and/or weakened immune system of the patient and shifts the balance from immune-

suppression towards immune-activation by increasing the amount of anti-tumoral specific 

ƛƳƳǳƴŜ ŎŜƭƭǎΦ Lǘ ǊŜƭƛŜǎ ƻƴ ǘƘŜ ŀōƛƭƛǘȅ ƻŦ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ƛƳƳǳƴŜ ǎȅǎǘŜƳ ǘƻ ǊŜŎƻǾŜǊ ŦǊƻƳ ǇǊƻƭƻƴƎŜŘ 

immune-suppression and induces an endogenous immune reaction against the malignancy80,82. 

Because of the patient´s own immune system is activated and induces proliferation of 

lymphocytes, active immune-therapy does not have an immediate positive effect opposed to 

passive immune-therapy but it does produce a strong memory response which is an advantage 

for long-term survival of the patient. Conventional therapies for cancer treatment often result 
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in significant reduction of the tumor or complete remission, however, the prognosis for 

advanced tumors is not optimistic. In addition, the majority of cancer-related deaths is not 

caused by the primary tumor but by metastasis and relapse. The induction of immunological 

memory provides the patient with prolonged protection contrary to conventional applied 

therapies, even after treatment, whilst decreasing the possibility of tumor relapse that leads to 

more resistant and more aggressive malignancies, which are often harder to treat and more 

prone to metastasis83.  

 
An overview of the different cancer immune-therapies will be discussed in detail below thereby 

highlighting the most promising strategies regarding personalized medicine for cancer 

treatment. 

 
1. MONOCLONAL ANTIBODY THERAPY 

 
Monoclonal antibody (mAb) therapy involves selective targeting of a specific protein that is 

overexpressed, mutated or selectively expressed on tumor cells involved in cancer initiation 

and/or progression. It is a passive immune-therapy that, upon binding of the mAb with the 

respective target, leads to blocking of receptor binding sites such as grow factor receptors or 

to elimination of the cancer cell mediated by antibody-dependent cellular cytotoxicity (ADCC) 

and complement-dependent cytotoxicity (CDC) 80,84,85. Elimination of the malignant cells can 

additionally evoke release of cancer antigens within the tumor proximity which can in turn 

result in uptake by DCs and possibly an anti-tumor directed adaptive response.  

 
Many antibodies have received approval from the FDA for the treatment of various solid tumors 

and hematological malignancies85,86. Although mAb therapy has shown promise, resistance due 

to immune-escape via downregulation or loss of the expression of the target antigen is one of 

the main reasons responsible for low response rates.  

 
2. ADOPTIVE CELL TRANSFER 
 

Adoptive cell transfer (ACT) involves isolation of lymphocytes from the patientΩs peripheral 

blood, draining lymph nodes or tumor tissue followed by ex vivo priming into tumor-specific 

CD8+ CTLs, prior to administration back into the patient and is illustrated in Figure 2.  
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Priming of the CTLs is achieved by co-incubation with dendritic cells that are pulsed with tumor-

associated antigen(s) or by cytokine (Il-2, IFN- )ɹ activation. After generating large numbers of 

analogous tumor-reactive CTLs, the T-cells are reinfused back into the patient often in 

combination with IL-2 administration to boost the T-cell proliferation87,88. In this way, the 

balance is shifted from T-cell anergy and tolerance to a superior amount of high avidity effector 

T-cells that exert cytotoxic effects against malignant cells.  

 

 

 
Figure 2. Adoptive autologuous T-cell transfer of either tumor-infiltrating T-cells (TIL) or peripheral blood 

cells requiring respectively non-specific or specific expansion via antigen-specific expansion (TCR T-cells) 

or genetic engineering (CAR-T-cells) - (Figure adjusted from reference 88). 

 

An increased amount of effector T-cells is however not sufficient for tumor eradication as the 

T-cells need to be able to infiltrate the tumor tissue in order to perform their function. The 

dense tumor stroma serves as a physical barrier withholding tumoricidal immune cells entrance 

to the tumor alongside the immune-suppressive environment created by MDSCs and Treg cells, 

thereby limiting the efficacy of adoptive transfer of cytokine-induced T-lymphocytes. To 

overcome functional impairment of the T-cells adoptive transfer with tumor-infiltrating 
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lymphocytes (TILs) directly isolated from tumor mass and boosted with IL-2, is a promising 

alternative provided that administration of the non-specifically expanded TILs is preceded by 

lymphodepletion. Lymphodepletion encloses deletion of immune-suppressive Treg cells and 

MDSCs through chemotherapy alone or in combination with radiation and alleviates the 

immune-suppressive pressure near the tumor microenvironment leading to a more durable 

response89-92. This approach faces unfortunately several disadvantages: [1] lymphodepletion 

can be very dangerous and is life-threatening for immune-comprised patients or patients with 

an impaired immune system; [2] the expansion of a large amount of TILs is costly, time-

consuming and requires highly specialized personnel; [3] administration in conjunction with IL-

2 can stimulate expansion of Treg cells; and [4] isolation of reactive TILs from tumor tissue is 

only possible for melanoma (in 50 % of the cases) while other cancer types rarely contain 

sufficient tumor-reactive lymphocytes90,93.  

 
An exciting new approach that aims to improve and broaden TIL adoptive transfer therapy 

involves adoptive transfer of genetically engineered autologous normal peripheral blood cells 

with receptors capable of recognizing cancer-specific antigens in combination with 

preconditioning of the patient with lymphodepletion. There is no need for surgical resection of 

tumor tissue and other cancer types besides melanoma are also feasible for T-cell engineered 

recognition of tumor antigens, in contrast to ACT with TILs, providing tumor-associated 

antigens are identifiable. Genetically modified T-cells involve expression of naturally occurring 

T-cell receptors (TCRs) or chimeric antigen receptors (CARs). TCRs, on one hand, recognize 

antigens presented via MHC molecules whereas CARs can identify antigens independent from 

MHC-presentation. Modification of the T-cells is obtained via transduction with viral vectors 

containing TCR genes that specifically recognize tumor-associated antigens. TCR T-cell 

recognition of antigens is however restricted to MHC-presentation and downregulation of MHC 

by the tumor to evade cytolysis is a major obstacle88,90,94. CAR T-cells, on the other hand, are T-

cells transfected with a viral construct encoding an extracellular single-chain antibody variable 

fragment against tumor surface antigens fused to the T-cell signaling domains. The antibody 

targets the respective target antigens in a MHC-independent manner and thereby avoids 

immune-escape by downregulation of MHC expression. Clinical studies showed that part of the 

adoptively transferred CAR T-cells develop into memory T-cells who can survive for years and 

offer prolonged and possibly lifelong lasting protection against relapse95-98.   
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A great challenge for both TCR and CAR engineered T-cells is the selection of appropriate 

antigens to refine the affinity and specificity in order to avoid toxicity that results in immune-

mediated destruction of normal tissues and treatment failure due to mutation of the target 

antigen or absence of its expression. In addition, CAR T-cells also face another disadvantage 

called the cytokine release syndrome (CRS). Toxic quantities of cytokines can be produced by 

large numbers of activated CAR T-cells and evoke fever, hypotension and neurologic symptoms 

which can sometimes be life-threatening87,96,97,99. Therefore, the off-target side effects due to 

immune-destruction of healthy cells, the lymphodepletion related adverse effects and 

limitations alongside the high cost and time consuming synthesis indicate that additional 

research is required to optimize the adoptive transfer therapy as a broadly applicable anti-

cancer immune-therapy. 

 
3. CYTOKINE THERAPY 

 
Cytokines are the messengers of the immune system and regulate both the innate and the 

adaptive immune cells mediated by receptors. They play a crucial part in homeostasis and 

function of lymphocytes. Since cytokines function in cascade, the administration of a single 

cytokine is unlikely to be sufficient and is the reason for the modest therapeutic effect in the 

clinic80. In addition, systemic administration of an effective dosage of cytokines is often 

associated with severe toxicities. In this regard, fusion with targeting antibodies appears to be 

an attractive option that is currently explored to overcome these limitations. Moreover, 

combining several cytokines or combination with other immunotherapies may potentially lead 

to a more optimal response that better covers the cytokine cascade while reducing adverse 

events as lower concentrations can be used opposed to monotherapy.  

 
Three cytokines have been already approved by the FDA involving IL-2 for lymphoma, leukemia, 

metastatic renal cell carcinoma and melanoma, IFN-ʰ ǿƘƛŎƘ ƛǎ ŀŘŘƛǘƛƻƴŀƭƭȅ ǳǎŜŘ ƛƴ ǾŀǊƛƻǳǎ ǘȅǇŜǎ 

ƻŦ ƭŜǳƪŜƳƛŀ ŀƴŘ YŀǇƻǎƛΩǎ ǎŀǊŎƻƳŀ ŀƴŘ G(M)-CSF to stimulate hematopoiesis following 

chemotherapy84,100. IL-2 is a T-cell growth factor that is involved in the regulation of tolerance 

and proliferation of Treg cells and effector lymphocytes respectively. In detail, IL-2 influences 

the ratio of effector T-cells to Treg cells depending on its concentration. At low levels (during 

homeostasis or steady-state), Treg cells are superior as they express high affinity receptors 

whereas in higher concentrations the lower affinity receptors present on effector T-cells and 
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other immune cells are also activated. Due to this contradictory function, IL-2 therapy suffers 

from the disadvantage that Treg cells are simultaneously stimulated which dampens the anti-

tumor immunity. In addition, severe dose-dependent adverse events are reported involving 

vascular leak syndrome (VLS) ς related to septic shock ς and activation-induced cell death 

(AICD) of T-lymphocytes101-103.  

 
IFN-ʰ ŀŎts directly on tumor cells via: [1] growth inhibition through down-regulation of 

oncogene expression and induction of tumor-suppressor genes; and [2] immune recognition 

promotion through induction of MHC class I molecules expression. It can promote 

differentiation of monocytes to highly active dendritic cells and proliferation of NK-cells and T-

cells. Systemic infusion of IFN-ʰ ƘƻǿŜǾŜǊ ŜǾƻƪŜǎ ǎŜǾŜǊŜ ƘȅǇƻǘŜƴǎƛƻƴ103-105. Although IL-2 and 

IFN-ʰ ōƻǘƘ ŀǊŜ ǇƻǘŜƴǘ ŎȅǘƻƪƛƴŜǎ ŀƴŘ ƘŀǾŜ ǎƘƻǿƴ ǎƛƎƴƛŦƛŎŀƴǘ ǇƻǎƛǘƛǾŜ ǊŜǎǳƭǘǎ ƛƴ ŎŀƴŎŜǊ ǇŀǘƛŜƴǘǎΣ 

additional research is needed in order to obtain formulations that are less toxic and more 

specific to ameliorate the efficacy of other anti-tumor immunotherapies.  

 
At last, G-CSF and GM-CSF are involved in differentiation of hematopoietic stem cells and are 

used to help patients to recover from leucopenia or, in combination with adoptive immune cell 

transfer, to aid stimulation of a strong immune response106,107. 

 
4. ONCOLYTIC VIROTHERAPY 

 
Oncolytic viruses are self-replicating and can be naturally occurring or genetically modified to 

provide tumor selectivity. Naturally occurring viruses enter both normal and cancer cells but, 

due to the immediate recognition and rapid clearance, the virus is eliminated in normal cells 

whereas in cancer cells the virus is not cleared108. Therefore, many viruses preferentially infect 

cancer cells as they have a selective advantage for viral replication because they suppress 

normal immune recognition/destruction and resist apoptosis. On the other hand, oncolytic 

viruses can be genetically modified to exert more tumor selectivity through e.g. targeting a 

specific protein that is overexpressed on the cancer cell surface. Once the oncolytic virus has 

infected the cancer cell, it destroys the cancer cell through oncolytic lysis, thereby enhancing 

the immunogenicity of the tumor microenvironment due to production of endogenous danger 

signals (DAMPs) and release of tumor-derived cytokines (Type I IFNs), viral PAMPs and cancer 

antigens within the vicinity of the tumor109,110. Due to this change in the tumor 
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microenvironment, systemic immunity is activated specifically against the malignancy of the 

patient. In addition, the induced cancer cell lysis also gives rise to release of the virus, enabling 

spreading of the latter in neighboring cancer cells. Figure 3 provides an overview of the anti-

tumor mechanisms induced by oncolytic virotherapy.  

 

 

 
Figure 3. Oncolytic virotherapy exerts its function through a combination of direct cancer cell lysis (viral 

oncolysis) and indirect activation of anti-tumor immune responses ς (Figure adjusted from reference 

110). 

 

In most cases oncolytic virotherapy is injected intra-tumoral to avoid low efficacy due to the 

presence of the physical, dense ECM barrier109,110. This however limits its applicability to 

malignancies that are physically accessible through palpation or imaging and is consequently 

unlikely to infect and eliminate distant metastases. If oncolytic viruses could be delivered 

intravenously rather than directly into the tumor, the range of targetable cancer types would 

dramatically increase and oncolytic virotherapy would also potentially be an option to treat 

metastasis. Another challenge using oncolytic viruses is the risk of being cleared by the patienǘΩs 

immune system through neutralizing viral antibodies or cytotoxic CD8+ T-cells110. In this regard, 
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it is important to consider the pre-existence of antibodies or memory T-cells prior to therapy 

decisions. Strategies circumventing this initial response of the immune system involve 

PEGylation and polymer coating which prevents antibody binding and neutralization or 

modification of the viral genome to express products that inhibit antigen presentation and thus 

avoids recognition by the patientΩs immune system111. Additionally, careful patient selection is 

necessary to avoid immunocompromised patients due to the risk of infection and biosafety 

issues need to be taken into account during production, handling and administration. Another 

risk of oncolytic virotherapy is that the virus can mutate to regain its pathogenic potential110. 

 
Recently oncolytic virotherapy has gained a lot of interest due Talimogene laherparepvec (T-

VEC) or Imlygic® for treatment of unresectable and recurrent melanoma, the first FDA approved 

virotherapy. T-VEC consists out of a herpes simplex virus type I that is genetically modified to 

attenuate the virus, to increase tumor selectivity and to secrete granulocyte macrophage-

colony stimulating factor (GM-CSF). Through deletion of two non-essential viral genes, i.e. a 

neuro-virulence gene and an inhibiting gene for antigen presentation, the pathogenesis of the 

HSV is reduced and the tumor selectivity is increased respectively. Secretion of GM-CSF 

additionally recruits and activates antigen presenting cells to evoke a more potent anti-tumor 

response110,113. Phase III clinical trials indicate that T-VEC virotherapy improves durable 

response rates, defined as partial or complete response lasting continuously for a minimum of 

six months, in patients with advanced melanoma. However, no significant difference in overall 

survival was reported and no effect was seen for the metastatic lesions of the melanoma spread 

in internal organs. Common side effects that have been reported involve flu-like symptoms 

(fever, fatigue, chills), pain at the injection site and/or herpetic infections114. Overall clinical 

tolerability of oncolytic viruses and safety is very good, even at the highest feasible doses and 

clinical results are encouraging and promising for the future. The recent FDA approval of the 

first oncolytic virotherapy will further boost research aiming to increase the clinical efficacy, 

feasibility and applicability115,116. 

 
5. IMMUNE CHECKPOINT INHIBITORS 

 
One of the most important tumor escape mechanisms involves immune-suppression by cancer 

cells and immune cells such as MDSCs, tolerogenic DCs, TAMs and regulatory T-cells through 

immune checkpoint activation of tumor-infiltrated T-cells resulting in loss of CTL function (vide 
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infra ς Tumor immune escape). Inhibition of these pathways has been extensively studied, in 

particular the PD-1 and the CTLA-4 pathway, which has led to the development the most 

promising immune-therapy strategy so far comprising immune checkpoint inhibitors. Recent 

FDA-approval in 2011 of the CTLA-4 inhibitor Ipilimumab (Yervoy®)117,118 and two PD1-inhibitors 

Nivolumab (Opdivo®)119 and Pembrolizumab (Keytruda®)120,121 in 2014 for the treatment of 

renal cell carcinoma and for the treatment of melanoma and non-small cell lung cancer 

respectively has dramatically boosted the field of immuno-oncology. Opposed to the rapid 

response obtained with chemotherapy and other more traditional therapeutic strategies within 

a few weeks after initiation, the responses to immune-checkpoint blockers is a lot slower and 

can take up to six months. In some cases this is even preceded by size increase of metastatic 

lesions before regression occurs.  

 
6. INTRATUMORAL INJECTION OF PRR-AGONISTS 

 
Intratumoral injection of pathogen recognition receptor (PRR)-agonists aims to re-activate 

tolerogenic DCs through induction of maturation. Tolerogenic DCs are unable to boost the 

immune system against the malignancy and attribute to tumor immune escape (vide supra ς 

Tumor immune escape). Mature DCs, on the other hand, can prime T-cells via co-stimulation 

and cytokine signaling to proliferate and expand into effector or helper T-cells depending on 

the cytokine spectrum rather than induction of T-cell anergy. DCs highly express pathogen-

recognition receptors on their cellular membranes and cytoplasm. Stimulation of the latter 

leads to maturation of DCs and by consequence efficient priming of an anti-tumor immune 

response. In this regard, triggering of PRRs is explored to redirect the immune system against 

the malignancy. Toll-like receptor (TLR) agonists in particular have shown promise as potent 

activators of tolerogenic DCs following intratumoral injection leading to tumor regression122-

124.  

 
7. CANCER VACCINATION 

 
Cancer vaccination fights cancer by re-activating the suppressed and/or weakened immune 

system. It aims at the generation of a tumor-specific immune response by the host's immune 

system and evokes relatively mild side effects (local erythema, flu-like symptoms) compared to 

the harsh side effects seen with chemotherapy125. Different from preventive vaccination, that 

aims to provide protection against a possible future infection or disease, cancer vaccination 
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induces a therapeutic effect in patients that have already developed a malignancy and aims at 

boosting the malfunctioning immune system of the patient to recognize and kill off the cancer 

cells specifically126,127. Immunization for prevention of diseases has dramatically changed the 

burden of infectious diseases worldwide as many of them are dramatically reduced or 

eliminated. Therapeutic cancer vaccination has however not yet met the high expectations 

which can be attributed to the immune-suppressive microenvironment that was not well 

understood up to a few years ago. The recent gain in knowledge about how the TME influences 

the immune balance in the patient and how tumor-escape occurs, has revolutionized the 

cancer immune-therapy field and will aid in the design of more potent vaccines with increased 

efficacy in the near future.  

 
Cancer vaccination involves dendritic cells, the most potent class of antigen presenting cells in 

recognition, uptake, processing and presentation of foreign material and are a critical factor in 

the interplay between the innate and the adaptive immune response. Dendritic cells can very 

efficiently process exogenous and endogenous antigens followed by presentation onto MHC-I 

or MHC-II respectively. Recognition of the MHC-I or MHC-II epitope complex by CD8+ T-cells or 

CD4+ T-cells respectively subsequently evokes activation and expansion of the lymphocytes128-

131. In order to obtain tumor eradication, cancer vaccines need to very efficiently induce a 

strong CD8+ cytotoxic T-cell response as CTLs can specifically recognize the target cells for 

which they are primed and eliminate them via cell lysis or apoptosis induction. In addition, CD4+ 

TH1 helper T-cells are required for optimal priming of the CTLs and for expansion of memory 

cells. Thus, cancer vaccination aims to target and activate dendritic cells to induce CD8+ 

cytotoxic and CD4+ TH1-cells that specifically eliminate the malignant cells and induce 

expansion of memory T-cells127,132-134.  

 
An important factor in vaccine ŘŜǎƛƎƴ ƛǎ ǘƘŜ ŎƘƻƛŎŜ ƻŦ ŀƴ ƛƳƳǳƴƻƎŜƴƛŎ ŀƴǘƛƎŜƴΦ ¢ƘŜ ƛŘŜŀ ƻŦ ΨƻƴŜ 

ǎƛȊŜ Ŧƛǘǎ ŀƭƭΩ ƛǎ ŀ ŦŀƭǎŜ ǇǊŜƳƛǎŜ ŘǳŜ ǘƻ ƛƴǘŜǊ-tumoral heterogeneity, diversity between tumor in 

different patients, or intra-tumoral heterogeneity which involves the complexity of individual 

tumors11,135,136. Further, immune-escape through mutation as well as downregulation or lack 

of expression of the vaccine antigen also need to be taken into account. Two main approaches 

for antigen selection are currently implemented either comprising vaccines containing defined 

synthetic antigens or patient-derived cancer tissue. 
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7.1.1 Defined synthetic antigen vaccines 
 

Antigen vaccines involve tumor-associated non-mutated antigens (TAAs) that are over-

expressed by cancer cells but can also be present on normal cells. The requirements that the 

antigens need to meet in order to be attractive targets are: [1] tumor-specificity: no or highly 

restricted expression in normal tissue; [2] immunogenicity: constitutive expression during 

oncogenesis; and [3] oncogenicity: expression is essential for cell survival137. If those conditions 

are not met, the T-cells that recognize the respective antigen will have poor reactivity which 

will not lead to tumor regression. Vaccines containing TAAs are not universal because they are 

unlikely to be relevant for every single patient, they can be ineffective due to immune-escape 

(mutation, downregulation) and they can also potentially encounter lower efficiency due to 

inhibition of the immune response caused by thymic tolerance. This can partly be circumvented 

by using multiple cancer antigens which will give rise to a broader immune response directed 

to a variety of antigens and loss of activity due to mutation or the lack of expression of one 

specific antigen is a less detrimental factor. However, relevance for every single patient, thymic 

tolerance and the fact that specific antigens still need to be identified for numerous cancer 

types are still issues encountered by TAA-vaccines138-140. 

 

In contrast, antigen vaccines that include tumor-specific mutated antigens (TSAs), also known 

as neo-antigens, do not face these challenges. Neo-antigen vaccines involve formulation of 

ǇǊƻǘŜƛƴǎ ǘƘŀǘ ŀǊŜ ŀōǎŜƴǘ ŦǊƻƳ ǘƘŜ ƴƻǊƳŀƭ ƘǳƳŀƴ ƎŜƴƻƳŜΣ ǊŜŎƻƎƴƛȊŜŘ ŀǎ ΨŦƻǊŜƛƎƴ ŀƴǘƛƎŜƴǎΩΣ ŀƴŘ 

are created by tumor-specific mutations yielding tumor antigens, different from shared non-

specific TAAs141,142. Identification of neo-antigens is performed by parallel genomic analysis of 

patient-derived tumor tissue compared to normal tissue of the patient followed by filtering for 

gene expression and prediction of proteasomal processing and human leucocyte antigen (HLA) 

class I binding affinity. The peptides with the highest HLA-affinity are selected and subsequently 

synthesized to allow analysis of TIL-reactivity against the epitopes via in vitro T-cell assays 

132,143,144. Unfortunately this analysis procedure, illustrated in Figure 4, can be costly, labor 

intensive and complex. In addition, neo-antigen identification requires a solid tumor that can 

be surgically resected. 
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Figure 4. Overview of the genome screening procedure of patient-derived tumor tissue to identify 

immunogenic neo-antigens ς (Figure adjusted from reference 144). 

 

Interestingly, the immunogenicity of neo-antigens is not hampered due to thymic tolerance, 

contrary to non-mutated self-proteins, because they are patient- and tumor-specific and 

potentially evoke a more powerful T-cell response with affinity that is only restricted to tumor 

cells of the patient137,142,145. Therefore, this is a very attractive approach in the search for more 

personalized immunotherapies and is currently widely explored for its potency as cancer 

vaccine. The ongoing clinical studies suggest neo-antigen vaccination is feasible and holds 

promise as a personalized cancer immune-therapy.  

 
In general, antigen vaccines can involve vaccination with synthetic peptides, recombinant 

proteins or RNA/DNA-encoding proteins derived from TAAs or neo-antigens. Peptide-based 

cancer vaccines rely on the ability of T-lymphocytes to recognize antigen-derived epitope 

peptides. The short amino acid sequences of single MHC-bound peptides highly expressed on 

cancer cells or DCs loaded with cancer cell lysate are identified using proteomic technologies 

and subsequently synthesized for vaccination137. Although short peptides have shown to elicit 

anti-tumor immune responses, they rarely had effect on the tumor growth. This can likely be 

attributed to induction of T-cell tolerance or anergy due to the absence of co-stimulation as 
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short peptides can directly bind to MHC-molecules on every MHC-expressing cell without the 

need of be processed. As consequence no DC-targeting and no memory induction occurs141.  

 
Long peptide vaccines, on the other hand, consist out of one epitope with flanking amino acids 

or out of several epitopes. Both require processing prior to MHC-presentation and are more 

likely to be recognized by both CD8+ and CD4+ T-cells, of which the latter are required for 

memory T-cell induction. Normally only endogenous proteins can be presented onto MHC-I 

molecules, however longer peptide vaccines can also be presented via MHC-I after processing 

through a process called cross-presentation. This makes long-peptide vaccines superior for 

anti-tumor immune-therapy opposed to short-peptide vaccines as both CTLs as CD4+ TH1-cells 

are induced137,146. Despite this, complete recombinant protein vaccination is often favored as 

peptide vaccines may not contain all important epitopes and experience higher elimination 

rates99.  

 
Another approach implements RNA or DNA-encoding proteins which allows easy delivery of 

ƳǳƭǘƛǇƭŜ ŀƴǘƛƎŜƴǎ ŀƴŘ ƛǎ ƴƻǘ ǊŜǎǘǊƛŎǘŜŘ ǘƻ ǘƘŜ ǇŀǘƛŜƴǘΩǎ I[!-type unlike peptide- and protein 

based proteins. The main advantage of nucleic acid vaccines is the possibility of large-scale 

production and storage as they can be amplified yielding unlimited supply of antigen. DNA-

based vaccines require the DNA plasmids to cross both the cellular and the nuclear membrane 

of the dendritic cells and subsequent transcription and translation into the respective cancer 

antigen followed by presentation of the processed peptides onto MHC147. In contrast, RNA-

based vaccines only require cell membrane crossing to enter the cytosol for translation and has 

no oncogenic potential as it cannot integrate into the host genome. This way, RNA-based 

vaccines are considered to be superior to DNA-based vaccines. However, RNA degradation due 

to extracellular exonucleases remains a significant stability concern for RNA-based 

vaccines148,149. 

 
Summarized, antigen vaccines are gaining more and more potency due to more personalized 

approaches that are emerging, involving the formulation of multiple TAAs or identification of 

neo-antigens. In particular, the neo-antigen screening to develop vaccines specifically tailored 

for every individual patient has shown great promise and strengthens the importance of the 

concept of personalized cancer immune-therapy. 
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7.1.2 Patient-derived cancer tissue vaccines 
 

Another attractive approach to obtain a personalized vaccine comprises the incorporation of 

patient-derived antigens isolated from the patient´s own tumor tissue. This method includes all 

potentially relevant antigens, both TAAs and TSAs and contains the entire spectrum of antigenic 

targets149,150 unlike other techniques (vide supra ς Defined synthetic antigen vaccines). In 

addition, vaccines derived from patient-derived cancer tissue circumvent MHC-restriction141 

and the need for epitope identification of which the latter is a major advantage in comparison 

to neo-antigen vaccines in terms of cost, labor burden and complexity.  

 
Autologous cancer tissue vaccines contain cancer cell lysate or whole tumor cells including cell 

membrane and possibly stroma151. The latter can potentially be interesting to evoke a broad, 

all-embracing cytotoxic T-cell response that attacks not only the tumor cells but also the 

immune-suppressive surrounding stroma. The induction of a potent anti-tumor immune 

response following cancer vaccination involving autologous tumor cell material has already 

been reported152,153. One should consider that autologous cancer tissue vaccines require 

sufficient amount of tumor and thus are only applicable for solid tumors that can be surgically 

resected which is also true for neo-antigen vaccines. To overcome this, allogenic cancer tissue 

vaccines based on two or three human tumor cell lines are a potential alternative that enables 

large-scale production and standardization of quality and composition141,149,154. This can 

however evoke an anti-MHC immune response which can interfere with the anti-tumor 

response155. 

 
7.1.3 Ex vivo vs in vivo targeting 

 
Dendritic cell cancer vaccination can be achieved by two strategies: [1] adoptive transfer of 

autologous dendritic cells stimulated with cancer antigens and adjuvants ex vivo; and [2] in vivo 

targeting of dendritic cells. Ex vivo dendritic cell-based vaccines involve electroporation of 

autologous 5/ǎ ŘŜǊƛǾŜŘ ŦǊƻƳ ǘƘŜ ŎŀƴŎŜǊ ǇŀǘƛŜƴǘΩǎ ƻǿƴ ōƭƻƻŘ ƳƻƴƻŎȅǘŜǎ ex vivo with cancer 

antigens and an adjuvant prior to reinfusion in the patient156. The culturing of autologous DCs 

with antigens will provide immunity against the respective antigens and the immune-

stimulating adjuvant is crucial to obtain mature DCs that are able to induce activation and 

expansion of T-lymphocytes. In 2010, the FDA approved the first DC-based vaccine  

Sipuleucel-T (Provenge®) for men with metastatic castration-resistant prostate cancer. 
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Sipuleucel-T involves autologous APCs and blood monocytes exposed ex vivo to PA2402,  

a recombinant fusion protein composed of prostatic acid phosphatase (PAP) and GM-CSF157-

159. Despite the proven survival benefit, many other clinical studies of ex vivo DC-based vaccines 

have failed to demonstrate clinical benefits. In addition, ex vivo DC vaccination is a highly costly, 

labor-intensive procedure and does not take advantage of the physiological stimuli that occur 

in direct in vivo DC targeting149,156.  

 
Optimal targeting and activation of DCs in vivo to induce a strong anti-tumor immune response 

however requires the design of a vaccine to resemble pathogens. This involves encapsulation 

of cancer antigens into particulate carriers co-formulated with pathogen-recognition receptor 

agonists to mimic a pathogenic infection160-164. First, it is known that particulate-based antigens 

have a dramatic advantage over soluble antigens in terms of recognition and uptake efficiency 

by dendritic cells160. Particle-based vaccines, in the size range of 50 nm to 10 µm, resemble 

viruses and bacteria and are therefore immediately recognized by dendritic cells and 

processed. Peripheral migratory DCs recognize and take up particles at the injection site 

followed by transportation via the lymphatic system to the draining lymph nodes and antigen 

presentation to lymphocytes. In addition, only small particles (sub 200 nm range) can target 

lymph-node resident DCs through drainage to the lymph nodes via passive diffusion into the 

lymphatics from the injection site. Therefore, nanoparticles are preferred over microparticles 

due to their higher tissue mobility and their ability to target different DC-subsets160,162,166,167.  

 
Second, a process called cross-presentation is favored in dendritic cells when particulate 

material is taken up comprising presentation of the processed peptides onto MHC-I instead 

MHC-II, which is normally the case for exogenously derived proteins. In this way, dendritic cell 

can prime a cytotoxic T-cell response against exogenously acquired proteins, which is essential 

to elicit an anti-tumor effect165,167,168.  
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Figure 5. Optimal targeting of dendritic cells for inducing a strong CTL-induced anti-tumor response 

requires the formulation of immunogenic antigens in pathogen-like vaccine particles. 

 

Third, whereas formulation of cancer antigens into particulate carriers yields in efficient 

targeting of dendritic cells and favors cross-presentation, it is not sufficient for optimal 

activation of dendritic cells. Triggering of DC maturation is essential for optimal priming of the 

T-cells via co-formulation of the cancer vaccine with agonists that trigger pathogen recognition 

receptors that skew TH1 and CTL immune responses163,169,170. Upon triggering of PRRs, the 

dendritic cell undergoes maturation and is able to deliver the three signals necessary for 

optimal priming of T-cells. In this regard, it is essential to co-formulate cancer antigens vaccine 

particles with pathogen-recognition receptor agonists to mimic a pathogenic infection42,171-174. 

Figure 5 illustrates the anti-tumor immune response mechanism that is generated by dendritic 
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cells upon recognition of a particulate vaccine containing both cancer antigens and TH1-

inducing adjuvants. 

 

VACCINE-RELATED IMMUNOGENICITY: COUNTERING T-CELL ANERGY 

 
Optimal priming of T-cells is essential to induce a strong anti-tumor immune response. Lack of 

vaccine immunogenicity is however a major limitation of DC-based vaccines due to suboptimal 

adjuvants. The induction of peripheral tolerance due to T-cell anergy (unresponsive T-cells) is 

one of the main reasons why therapeutic vaccines have failed to elicit a strong anti-tumor 

immune response with clinical benefit for the patient. Dendritic cells require certain activation 

stimuli to transform from naive DCs into mature DCs in order to prime T-cells rather than 

tolerogenic DCs that induce T-cell anergy.  

 
Currently, adjuvants licensed for use in human vaccines only involve a few possibilities including 

aluminum salts, oil-in-water emulsions (MF59, AS03, AF03), virosomes and monophosphoryl 

lipid A (MPLA). Alum is the most widely explored adjuvant used in numerous vaccines, however 

it can only induce a strong TH2-type immune response which is unfavorable for cancer 

vaccination as it does not promote CTL-activation175. Oil-in-water emulsions are licensed for flu 

vaccines and induce both TH1- and TH2-type immunity and are thus also less suited for cancer 

vaccine purposes176-179. In contrast, virosomes ς spherical lipid vesicles that contain functional 

viral influenza glycoproteins180,181 ς and MPLA ς derived from the natural adjuvant 

lipopolysaccharide (LPS)182,183 ς both induce strong TH1-type immune responses. They differ 

from the other licensed adjuvantia in their mechanism of action. Both virosomes and MPLA are 

adjuvants derived from pathogens, in other words PAMPs, and trigger PPRs on dendritic cells 

very efficiently. PAMP-related adjuvants are therefore interesting to increase the 

immunogenicity of cancer vaccines. 

 
1. PAMP-BASED ADJUVANTS 

 
One of the most effective vaccines is a live attenuated vaccine, the yellow fever vaccine, that 

induces DC-maturation via signaling through TLR2, TLR7, TLR8 and TLR9 and appears to evoke 

lifelong immunity after only one vaccination. Despite the high efficacy of the yellow fever 

vaccine, the vaccine is contraindicated in immune-suppressed patients, infants (younger than 
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6 months), elderly and pregnant women due to infection risk184-186. For adjuvants derived from 

pathogens in general, in addition to infection risk, these natural products experience variability 

and sometimes difficulties to be extracted in sufficient quantities. Due to the discovery of TLRs 

as key sensors in pathogen recognition, TLR-agonists hold promise as potent adjuvants for 

cancer vaccines as the PAMP motifs are immediately recognized by the immune system and 

elicit a strong and broad immune response. In this regard, the design of synthetic potent TLR-

agonist analogues that exhibit maximal immunogenicity without compromising on tolerability 

and safety is extensively studied and has shown promise. Surprisingly, despite the wide use of 

TLR-agonists as adjuvants, the complex mechanisms of action are not well characterized and 

therefore there is still room for improvement regarding optimizing the immunogenicity of 

therapeutic cancer vaccines.  

 
In order to determine the optimal conditions for immune stimulation, some fundamental 

questions still need to be answered about the immune system. Current cancer vaccine research 

mainly aims at co-formulation of synthetic TLR-agonists with cancer antigens without detailed 

knowledge about how the adjuvant structure and combined signals interact with their 

receptors and how this results in different immune responses. Therefore, there is a need for a 

multidisciplinary approach in order to define the parameters that need to be met by a cancer 

vaccine and to maximize the immunogenicity without compromising on tolerability, which will 

require close collaboration of chemists, biologists, immunologists and pharmacists.  

 
Four factors can potentially fine-tune the immunogenicity of cancer vaccines involving more 

detailed knowledge about: [1] structure requirements; [2] concentration range; [3] spacing; 

and [4] synergism of adjuvants. Better understanding of the chemical structure holds promise 

for designing more immunogenic and more effective vaccines and requires specific knowledge 

about how and which chemical structures interact with immune cell receptors and are 

recognized as non-self187-190. Aside from chemical structure of adjuvants, the concentration can 

be another important factor in optimizing vaccine immunogenicity. Hyper- or hypo-activation 

of immune cell receptors results in incomplete activation of dendritic cells causing T-cell 

anergy188,191. It is therefore of high interest to pay attention to the amount of adjuvant that is 

co-delivered with the cancer antigens upon vaccination. Third, influencing immunogenicity 

involves spacing of the TLR-agonist, i.e. the distance between the TLR-agonist molecules. It is 
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hypothesized that understanding of the spacing of PRRs on antigen presenting cells can 

potentially increase activation of DCs via simultaneous association of the agonist molecules 

with the receptors192-194. Lastly, this hypothesis also holds true for the combination of different 

adjuvants because inter-agonist proximity, taking into account the spacing of the different 

PRRs, will evoke confined and optimal interaction of the different adjuvants with their 

respective receptors. The reasoning for combining two or more TLR-agonists is based on the 

fact that one TLR-agonist stimulates only one receptor leading to a partial response whereas 

two or more simultaneously interact with multiple receptors which amplifies the immune 

response and is also called synergism195-199. Exploring different spacing lengths and 

combinations of agonists will further ameliorate the design of immunogenic vaccines. 

Altogether, fine-tuning of the immunogenicity of vaccines can significantly enhance DC 

activation efficiency leading to a stronger and broader immune response lowering the risk of 

induction of T-cell anergy. 

 

Importantly, optimized adjuvant structure properties, concentration, spacing and synergism 

combinations will not only lead to optimal activation of the immune system but will also result 

in reduction of the side effects related to adjuvants. Indeed, optimal efficacy of adjuvants could 

be obtained if the inflammation induced immune response is more tightly controlled. However, 

this will not be sufficient to avoid side effects as systemic dissemination of adjuvants is often 

the cause of the severe adverse events. In this regard, it is of high interest to fine-tune the 

physicochemical properties of synthetic TLR-agonists in order to localize the inflammation at 

the site of injection and limit systemic exposure and generalized inflammation.  

 
A new and promising generation of TLR-agonists involves small molecule immune potentiators 

(SMIPs). Low molecular weight molecules allow easy and inexpensive synthesis which can be 

optimized to increase specificity and potency while avoiding toxic effects. In addition, they can 

be relatively easily modified and combined for efficient formulation in vaccine particulates and 

delivery200-204. The latter is an appealing feature of SMIPs as this can reduce systemic exposure 

and by consequence systemic adverse events. This requires research collaborations combining 

formulation chemistry with immunology and pharmacology and is currently investigated by 

several groups showing that the potency in vivo of several TLR-agonists can be enhanced while 

reducing the systemic side effects through adaption of the physicochemical properties of the 
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adjuvantia. Several studies have shown lipid-, polymer-, polysaccharide- and nanoparticle-

conjugation of small molecule ligands strongly reduce systemic inflammation and yield potent 

lymph node localized responses that enhance the adaptive immune response against co-

delivered antigens205-207. 

 
2. DAMP-BASED ADJUVANTS 

 
Aside from PAMPs, DC maturation can also be achieved by damage-associated molecular 

patterns (DAMPs). DAMPs are, unlike PAMPs, endogenous factors of non-microbial origin that 

are produced by the cells of the host. DAMPs are secreted or exposed on the cell membrane of 

cells and can be a variety of molecules such as adenosine triphosphate (ATP), high mobility 

group box 1 (HMGB1), calreticulin (CRT) and heat shock proteins (HSPs)208. Dead or dying cells 

release or expose DAMPs on their surface which are recognized by the immune system that is 

programmed to remove the respective cells through phagocytosis to avoid toxic 

accumulation209. In contrast, when DAMPs are secreted as consequence of severe tissue 

damage by stressed, injured or dying cells, they act as danger signals and adjuvants to mobilize 

an immune defense mechanism to protect the host from further damage. DAMPs can bind PRRs 

on dendritic cells and evoke subsequent maturation and activation of an immune response 

against the originator of the tissue damage210-212.  

 
A process related to this phenomenon is called immunogenic cell death (ICD) and has gained a 

lot of interest recently for its potential adjuvant properties in anti-cancer immune-therapy due 

strong induction of a broad range of DAMPs. This leads to release of these DAMPs alongside 

cancer antigens upon cell death. The process of ICD underlines again the role of the immune 

system in the efficacy of cancer therapy and suggests that the type of tumor cell death 

mechanism can be a key factor in initiating an anti-tumor response. This knowledge widens the 

potency of patient-derived cancer tissue vaccines as the immunogenicity can be strongly 

augmented through induction of ICD prior to vaccine design. In this way, the released cancer 

antigens and DAMPs will simultaneously interact with the PRRs resulting in a stronger anti-

tumor immune response213-215. Interestingly, ICD can be induced by existing anti-cancer 

therapies, i.e. low dose chemotherapeutic drugs and radiotherapy (vide infra ς Chapter 7), 

broadening the application field of these conventional therapies.  
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Other strategies to increase the immunogenicity of patient-derived cancer tissue vaccines, 

which are not endorsed by the immunogenic cell death theory but merely increase the 

immunogenicity of cells, can involve heat shock treatment, oxidative treatment or UV 

irradiation of the cells prior to vaccine design216-221. Subjection of cells to these immunogenic 

treatments induces production of specific DAMPs and release of cancer antigens which will, 

upon DC targeting, support and strengthen the immunogenicity of the vaccine in eliciting a 

stronger anti-tumor immune response. The mechanisms of ICD-based vaccines and 

immunogenic DC vaccines are illustrated in Figure 6. 

 

 

 
Figure 6. Illustration of the induction of anti-tumor immune responses evoked by cell-based vaccines 

killed by immunogenic treatment compared to ICD ς (Figure adjusted from reference 221). 

 

Although much progress has been made in the development of potent vaccines, there is still a 

lot of room for improvement in determining the optimal conditions for TLR immune 

stimulation, i.e. taking structure characteristics, concentration and spacing into account 

without compromising on tolerability and safety. Moreover, evidence of synergistic effects of 
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combining adjuvants alongside the potential of synthetic small molecule TLR-agonists can also 

contribute to optimization of cancer vaccine design. This will hopefully lead to licensed use of 

small molecule TLR-agonists and to more potent formulations with limited systemic toxicity 

profiles. Of note, the other innate immune receptors such as NOD-like receptors (NLRs), RIG-I-

like receptors (RLRs) and C-type lectin receptors (CLRs) can also potentially broaden the 

adjuvant synergistic possibilities. However, further research is required to assess their potency. 

Altogether, fine-tuning and combining these strategies holds promise to significantly increase 

vaccine immunogenicity and decrease the risk of T-cell anergy through the induction of a more 

potent and focused immune response against malignancies. 
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ABSTRACT  

Although the field of cancer immune-therapy is intensively investigated, there is still a need for 

generic strategies that allow easy, mild and efficient formulation of vaccine antigens. Here we 

report on a polymer-protein ligation strategy to formulate protein antigens into reversible 

polymeric conjugates for enhanced uptake by dendritic cells and presentation to CD8+ T-cells. 

A N-hydroxypropyl methacrylamide (HPMA) based co-polymer was synthesized via RAFT 

polymerization followed by introduction of pyridyldisulfide moieties. To enhance ligation 

efficiency to ovalbumin, which is used as model protein antigen, protected thiols were 

introduced onto lysine residues and deprotected in situ in presence of the polymer. The ligation 

efficiency was compared for both the thiol-modified versus unmodified ovalbumin and the 

reversibility was confirmed. Furthermore, the obtained nano-conjugates were tested in vitro 

for their interaction and association with dendritic cells, showing enhanced cellular uptake and 

antigen cross-presentation to CD8+ T-cells. 
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INTRODUCTION 

 
Dendritic cells (DCs) were first described by Ralph Steinman and co-workers as heterogeneous, 

large stellate cells that are potent stimulators of the immune system with a much higher 

antigen presentation capacity compared to other cell subclasses such as macrophages and B-

lymphocytes1,2. This discovery has led to major insights in how the immune system interacts 

with foreign material, revealing dendritic cells as the critical factor in the interplay between the 

innate and the adaptive immune response3-14. Therefore cancer immune-therapy, focusing on 

stimulating DCs with cancer antigens15-18, is a promising strategy that aims for harnessing the 

patient´s immune system without facing the ubiquitous side effects of chemo- and 

radiotherapy3,12. 

 
In this regard, formulating protein antigens into particulate carriers is highly attractive as this 

dramatically promotes cross-presentation relative to soluble antigens15,19-22. Sub-micron 

particles are preferred over bigger ones due to their higher tissue mobility and by consequence 

ability to target different DC subsets. On the one hand, peripheral migratory DCs can recognize 

and take up particles at their injection site followed by lymphatic transport to the lymph nodes 

and antigen-presentation to T-cells. On the other hand, only small nanoparticles, in the sub 200 

nm range, will additionally drain to the lymph nodes via passive diffusion into the lymphatics 

and also target lymph-node resident DCs23-26. 

 
This chapter reports on a generic strategy for the formulation of antigens into nano-scaled 

polymeric conjugates based on co-polymers of N-hydroxypropyl methacrylamide (HPMA) with 

3-aminopropyl methacrylamide (APMA). The neutral hydrophilic HPMA moieties provide water 

solubility and biocompatibility27-29. Additionally, the APMA units will be used to introduce 

pyridyldisulfide moieties for reversible protein conjugation via disulfide formation and 

enhancement of cell uptake by interaction with exofacial thiols30,31. Figure 1 shows a schematic 

representation of the concept.    
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Figure 1. Schematic illustration of a polymer-protein ligation strategy based on reversible disulfide 

formation between free thiols on a protein and pyridyldisulfide moieties on a polymer backbone. A 

mixture is obtained composed of multiple polymers per protein and/or multiple proteins per polymer. 

 

RESULTS AND DISCUSSION 

 
1. Synthesis and modification of poly(HPMA-co-APMA) 

 
Co-polymerization of HPMA and APMA was performed by reversible addition-fragmentation 

transfer (RAFT) polymerization according to Zhu Qin et al32 for a targeted degree of 

polymerization (DP) of 100 repeating units (corresponding to a target molecular weight of  

14 kDa) composed of 80 HPMA repeating units and 20 APMA repeating units. Being a controlled 

radical polymerization technique, RAFT yields access to polymers with a well-defined chain 

length and a low dispersity36,37, which is of interest to obtain polymers with a molecular weight 

below the renal clearance threshold to allow elimination from the body. 

 

 
 
Figure 2. (A1) 1H-NMR spectrum of poly(HPMA-co-APMA) and (A2) 1H-NMR spectrum of poly(HPMA-

PDS). (B) In vitro MTT cytotoxicity assay of poly(HPMA-co-APMA) on DC2.4 cells. 
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1H NMR analysis indicated a conversion of 76 % and a composition of 80 % HPMA and 20 % 

APMA, which is in good accordance to the monomer composition (Figure 2A). A low dispersity 

of 1.08 and a Mn of 16 kDa was obtained via size exclusion chromatography (SEC) in 

dimethylacetamide.  

 
Subsequently we engineered antigen-binding properties onto the polymers (Figure 3A). First, 

we synthesized 3-(2-pyridyldithio)-propanoic acid (PDPA) by thiol-disulfide exchange of 2,2-

dipyridyldisulfide and 3-mercapto propionic acid in the presence of acetic acid, based on Hugh 

et al.33. Secondly, the APMA moieties were substituted with PDPA using 4-(4,6-dimethoxy-

1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) as amidation reagent to 

introduce pending pyridyldisulfide moieties onto the poly(HPMA) backbone. 1H-NMR 

spectroscopy revealed a degree of substitution of 20 % of the primary amine moieties. This 

polymer will be further denoted as poly(HPMA-PDS) (Figure 2B). Higher substitution 

percentages were also obtained (results not shown) but were not of interest as sufficiently high 

conjugation efficiencies were achieved by 20 % substitution of the APMA moieties with PDS 

(vide infra ς Antigen conjugation). The latter can undergo disulfide exchange with free thiols 

present on cysteine residues of proteins and pyridyldisulfide based protein conjugation 

strategies have been widely explored in combination with RAFT polymerization38-42. Indeed, 

disulfides are attractive moieties for designing drug delivery systems. Firstly, they are readily 

formed with free thiols of cysteine residues. Secondly, disulfides are stable under (oxidative) 

extracellular conditions but can be reduced to free thiols in the cytoplasm of cells. Thirdly, 

disulfide exchange with cell surface thiols can enhance cellular uptake and can also trigger 

dissociation of disulfides30,31. The potential cytotoxicity of the residual amine groups on the 

poly(HPMA-PDS) was assessed by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) cell viability assay on the immortalized DC2.4 cell line for 

increasing concentrations of poly(HPMA-co-APMA). As shown in Figure 2B, up to a polymer 

concentration of 0.2 mg/mL no cytotoxicity is observed, evinced by a cell viability above 70%. 

Note, that the MTT assay measures the activity of mitochondrial enzymes (dehydrogenases) 

rather then cell death. Therefore it can not be excluded that poly(HPMA-co-APMA) partially 

inhibits these enzymes rather then induces cell death above 0.2 mg/mL. Nevertheless, polymer 

concentrations well below this threshold were used in further experiments (concentration 

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl
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range between 0.0011 mg/mL-0.017 mg/mL) to ensure optimal cell viability during these 

experiments. 

 

 
Figure 3. (A) Modification of poly(HPMA-co-APMA) with PDPA. (B) Substitution of lysine residues with 

SATP and subsequent deprotection to free thiols. (C) Determination of the extent of OVA modification 

with SATP determined by TNBSA assay.  

 

2.  Antigen modification with protected thiols 
 

Antigen conjugation to poly(HPMA-PDS) requires the presence of free thiols on the protein 

backbone for thiol-disulfide exchange with the PDS moieties. As the composition of every 

protein differs, variable conjugation efficiency is likely for every other antigen. In addition, it is 

possible that the amount of thiols per protein will not be sufficient to afford efficient 

formulation of the respective antigen into nano-conjugates. Therefore, we opted to generalize 

the conjugation strategy. In this regard, we introduced protected thiols onto lysine residues 

that are more abundantly present on proteins than cysteines. As a model protein antigen we 

used ovalbumin (OVA) because it contains peptide sequences that are recognized by the 

murine immune system as CD4+ and CD8+ epitopes. Moreover, a wide variety of in vitro and in 

vivo tools are available for immunological assessment of OVA based vaccine formulations. OVA 

was incubated with a molar ratio of OVA to S-acetylthiopropionate N-succinimidyl ester (SATP) 

of 1 to 15. This compound substitutes primary amines on lysine residues with acetylated thiols 

that can be deprotected in situ in presence of hydroxylamine (Figure 3B), and subsequently 

undergo disulfide exchange with poly(HPMA-PDS). The decrease in free amines was quantified 
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by spectrophotometry using the (2,4,6-trinitrobenzene sulfonic acid) assay (TNBSA), thereby 

indicating 78 % of all available lysines to be substituted (Figure 3C). 

 

3. Antigen conjugation 
 

In a first series of experiments, the polymer-conjugation efficiency of OVA-SATP was compared 

versus unsubstituted OVA. SDS-PAGE was used to assess protein conjugation of poly(HPMA-

PDS) to OVA and OVA-SATP. For unsubstituted OVA, no difference could be observed upon 

incubation of the protein with the polymer. In contrast, as shown in Figure 4, the free OVA band 

disappears almost completely when OVA-SATP is used. This confirms that SATP substitution 

strongly increases the polymer-protein conjugation efficiency. Interestingly, three distinct 

bands appear that correspond either to OVA that is ligated to several polymer strands or vice 

versa, along with a broad spread of higher molecular weight bands. These data suggest that 

besides polymers being grafted onto the protein, also polymeric crosslinking among different 

proteins occur.  

 

 

 
Figure 4.  (A) SDS-PAGE analysis of OVA and OVA-SATP ligated to poly(HPMA-PDS) in a 1:1 molar ratio. 

(B) DLS data of soluble OVA, poly(HPMA-PDS) and the OVA:poly(HPMA-PDS).  
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Dynamic light scattering (DLS; Figure 4B) revealed the presence of small conjugates without 

extensive inter-particle crosslinking, as evidenced by both the size distribution and the 

correlation curves. This property is of importance with regard to tissue mobility in vivo.  

 
The required ratio of polymer to OVA-SATP to yield optimal conjugation was determined by 

visualization of the conjugation efficiency of different molar ratios of OVA-SATP to poly(HPMA-

PDS), by SDS-PAGE. Figure 5 indicates that approximately 100 % conjugation can be already 

obtained at an equimolar ratio of OVA-SATP to poly(HPMA-PDS). Therefore, we decided to use 

a ratio of OVA to polymer of 1:1 in further experiments. To assess the reversible nature of the 

disulfide bonds formed between OVA-SATP and the poly(HPMA-PDS), SDS-PAGE was 

performed in presence and absence of 2-mercaptoethanol as a reducing agent. As shown in 

Figure 5, in presence of 2-mercaptoethanol, the band corresponding to OVA-SATP reappears 

again as a single protein band confirming the reversibility of the conjugation.  

 

 

Figure 5. SDS-PAGE analysis of OVA-SATP to poly(HPMA-PDS) conjugation for varying protein to polymer 

ratios. Gel electrophoresis was performed under non-reducing and reducing (presence of 2-

mercaptoethanol) conditions to investigate the reversibility of the conjugation. 

 

4. In vitro characterization 
 

Next we aimed at investigating the effect of polymer conjugation on the uptake of OVA by DCs. 

First, poly(HPMA-PDS) was fluorescently labeled with Atto647 NHS ester and conjugated to 

AlexaFluor488-labeled OVA (OVA-AF488) to allow analysis of the uptake of both OVA and the 

respective polymer. The resulting conjugates were incubated in different concentrations 

overnight at 37 °C with DC2.4 cells (an immortalized murine dendritic cell line)36. Flow 
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cytometry analysis of the mean AF488 fluorescence per cell (Figure 6A1), showed a dose-

dependent cellular association of the antigen and indicates that poly(HPMA-PDS) conjugation 

leads, relative to soluble OVA, to higher uptake efficiency of OVA. A similar dose-dependent 

trend was observed for the mean Atto647 fluorescence per cell for poly(HPMA-PDS) (Figure 

6A2). This data indicates that both OVA and the polymer associate with the dendritic cells.  

 
To investigate whether the conjugates are internalized by the DCs or merely bound to the cell 

surface, confocal microscopy was performed. Figure 6B reveals that the conjugates are indeed 

internalized by the DCs. The co-localizing signals of OVA-AF488 and of the polymer-Atto647 

inside the cells also confirms that, upon uptake of the conjugates, the polymers are trafficked 

within the same intracellular vesicles as OVA and the conjugates are not cleaved at the cell 

surface. 

 

 
Figure 6. In vitro interaction of dendritic cells with OVA and OVA:poly(HPMA-PDS): (A) Flow cytometry 

analysis of the interaction of DCs with OVA (A1) and with poly(HPMA-PDS) (A2), as function of OVA 

concentration. (B) Confocal microscopy images. Cell membrane is stained with AF555-labeled cholera 

toxin B (CTB-AF555). Cell nuclei are stained with Hoechst. Scale bar represents 15 µm. 
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To identify the reason because of which polymer-conjugated OVA shows higher uptake than 

soluble OVA, we pulsed DCs with soluble OVA and poly(HPMA-PDS) separately at 4 °C. Under 

these conditions, energy dependent uptake mechanisms are blocked. As shown in Figure 7A, 

soluble OVA is not associated with the DCs at 4 °C, opposed to poly(HPMA-PDS) which does 

show dose-dependent cellular association. Confocal microscopy (Figure 7B; overlaying the DIC 

and the Atto647 channel) confirmed that at 4 °C, poly(HPMA-PDS) is indeed bound to the cell 

membrane.  

 
Taken together, we hypothesize that remaining pyridyldisulfide moieties on the conjugates 

promote interaction with cysteine residues of cell surface proteins and thereby bind to the cell 

membrane29, 30. 

 

 
Figure 7. Investigation of energy independent cellular association of DCs pulsed with soluble OVA and 

poly(HPMA-PDS) at 4 °C: (A) Flow cytometry analysis. (B) Confocal microscopy images. Scale bar is  

15 µm. 
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5. Immuno-biological evaluation. 
 

Taking into account the high efficiency of OVA conjugation to poly(HPMA-PDS) together with 

the high uptake efficiency by DCs and the reversibility of the conjugation, we found the 

poly(HPMA-PDS) based system to have potential for the formulation of protein vaccine 

antigens. 

 
To assess the immunological potential of the conjugates, we determined whether or not 

poly(HPMA-PDS) conjugation enhances cross-presentation by DCs to CD8+ T-cells via an in vitro 

CD8+ T-cell proliferation assay. Mouse bone marrow derived dendritic cells (bmDCs) were 

isolated, pulsed with soluble OVA and OVA:poly(HPMA-PDS) in three different OVA 

concentrations (0.2, 2 and 5 mg/mL) followed by co-culture with OT-I cells. OT-I cells are CD8+ 

T-cells that express the transgenic T-cell receptor that specifically recognizes the CD8+ epitope 

of OVA (i.e. SIINFEKL) presented via MHC-I. These OT-I cells were labeled with the fluorescent 

label CFSE in order to allow monitoring of the CD8+ T-cell proliferation via flow cytometry 

analysis. Upon division of the OT-I cells, the fluorescent CFSE marker will be equally divided into 

the daughter cells leading to a decrease of the fluorescent signal.  

 
Figure 8A demonstrates that the OVA:poly(HPMA-PDS) conjugates enhance CD8+ T-cell 

proliferation over soluble OVA as evinced by a more pronounced decrease of the CFSE signal. 

Additionally, ELISA was performed to determine the amount of IFN-  ɹthat is produced by the 

CD8+ T-cells. IFN-  ɹis a pro-inflammatory cytokine that is highly upregulated upon activation of 

the OT-I cells and drives the effector T-cell response. As depicted in Figure 8B the IFN-  ɹ

production is indeed higher when CD8+ T-cells are co-cultured with bmDCs that are pulsed with 

the OVA:poly(HPMA-PDS) conjugates compared to soluble OVA confirming the data obtained 

by the T-cell proliferation assay.  
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Figure 8. In vitro immuno-biological evaluation: (A1) Flow cytometry histograms of CFSE labeled 

transgenic OT-I OVA-specific CD8+ T-cells co-cultured with bmDCs pulsed with different concentrations 

of OVA and OVA:poly(HPMA-PDS) respectively. BmDC to T-cell ratios of 1/5 and 1/20 were used (A2) 

Corresponding quantification of T-cell proliferation expressed as the percentage of divided labeled 

transgenic OT-I OVA-specific CD8+ T-cells. (B) IFN-ʴ ǎŜŎǊŜǘƛƻƴ ƛn the supernatant of the bmDC/T-cell co-

cultures measured by ELISA.  
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CONCLUSION 

 

To summarize, we show in this chapter that water-soluble HPMA-based RAFT polymers with 

multiple pending pyridyldisulfide moieties are well suited for protein conjugation, on the 

condition that these proteins are modified with protected thiols that can be deprotected in 

situ. The obtained conjugates are stable in aqueous medium and can be disassembled in 

response to reducing conditions. In vitro experiments on dendritic cells show that the polymer 

conjugation of a model antigen resulted in an increased cellular uptake, relative to 

unconjugated protein, which we attribute to thiol-disulfide exchange between remaining 

pyridyldisulfide moieties and exofacial thiols present on the cell surface. Furthermore, we 

demonstrate that polymer conjugation increases antigen presentation by bmDCs to CD8+ T-

cells in vitro. In future research, the effect of polymer conjugation on lymphatic antigen 

transportation and in vivo immune-activation will be studied as well as conjugation of molecular 

adjuvants to these polymers. 
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EXPERIMENTAL SECTION 

 
Materials. Hydroxypropyl methacrylamide (HPMA) and aminopropyl methacrylamide (APMA) 

were obtained from Polysciences. Anhydrous acetic acid was purchased from Biosolve 

chemicals. Dimethylsulfoxide (DMSO), mercapto-propanoic acid, 4-cyanovaleric acid 

dithiobenzoate (C¢tύΣ пΣпΩ-azobis(4-cyanovaleric acid) (ACVA), basic alumina, 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent, sodium dodecyl sulfate 

(SDS), ethanol, dichloromethane, Na2EDTA, hydroxylamine Atto 647N NHS ester, NaHCO3, 

paraformaldehyde and PD10 desalting columns were obtained from Sigma Aldrich. Phosphate 

buffered saline pH 7,2 (PBS), RPMI-glutamax 1640 medium, fetal bovine serum EU qualified 

(FBS), penicillin/streptomycin (5000 U/mL), sodium pyruvate (100mM), cell dissociation buffer 

(PBS based), Hoechst and cholera toxine B conjugates to AlexaFluor555 (CTB-AF555) were 

purchased from Invitrogen. Dipyridyldisulfide (DPDS) and 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-

4-methylmorpholinium Chloride (DMTMM) were obtained from TCI America. 2-

Mercaptoethanol, Laemli sample buffer (4x), Coomassie blue stain (G-250) and the 4-20 % mini-

protean TGX gels were purchased from Bio-rad. S-acetylthiopropionate N-succinimidyl ester 

(SATP), TNBSA solution and hydrochloric acid (HCl) 37% v/v were obtained from Thermo 

Scientific whereas the pre-treated Spectra/Por 7 dialysis membranes were purchased from 

Spectrumlabs. 

 
Instrumentation.  
 
1H-Nuclear magnetic resonance (NMR). NMR spectra were recorded on a Bruker 300 MHz FT 

NMR in D2O and d6-5a{hΦ /ƘŜƳƛŎŀƭ ǎƘƛŦǘǎ όʵύ ŀǊŜ ǇǊƻǾƛŘŜŘ ƛƴ ǇǇƳ ǊŜƭŀǘƛǾŜ ǘƻ ¢a{Φ  

 
Size exclusion chromatography (SEC). SEC elugrams were recorded on a Shimadzu 20A system 

in dimethylacetaminde (DMAc) as solvent containing 50 mM LiBr. The system was equipped 

with a 20A ISO-pump and a 20A refractive index detector (RID). Measurements were recorded 

ŀǘ рл ϲ/ ǿƛǘƘ ŀ Ŧƭƻǿ ǊŀǘŜ ƻŦ лΦт Ƴ[κƳƛƴΦ /ŀƭƛōǊŀǘƛƻƴ ƻŦ ǘƘŜ н t[ р ˃Ƴ aƛȄŜŘ-D columns was done 

with polymethylmethacrylate (PMMA) standards obtained from PSS (Mainz, Germany). 

 
Electron spray ionization-mass spectroscopy (ESI-MS). ESI-MS was carried out on a Waters LCT 

Premier XETM TOF mass spectrometer with a ZsprayTM source, ESI and modular LocksprayTM 

interface, coupled to a Waters alliance HPLC system. 
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UV-VIS spectrophotometry. UV-VIS spectra were recorded on a Shimadzu UV-1650PC 

spectrophotometer in 1 cm x 1 cm quartz cells.  

 
Dynamic light scattering (DLS). DLS analyses were performed on a Zetasizer Nano S (Malvern 

LƴǎǘǊǳƳŜƴǘǎ [ǘŘΦΣ aŀƭǾŜǊƴΣ ¦ΦYΦύ ǿƛǘƘ ŀ IŜbŜ ƭŀǎŜǊ ό˂ Ґ соо nm) at a scattering angle of 173 °.  

 
Synthesis of poly(HPMA-co-APMA). Based on Qin et al.32 a copolymer composed of 

hydroxypropyl methacrylamide and aminopropyl methacrylamide (HPMA-co-APMA) was 

synthesized via aqueous reversible addition-fragmentation chain transfer (RAFT) 

ǇƻƭȅƳŜǊƛȊŀǘƛƻƴ ǳǎƛƴƎ пΣпΩ-azobis(4-cyanovaleric acid) as the initiator and 4-cyanovaleric acid 

dithiobenzoate  as the RAFT agent. The RAFT polymerization was set for a HPMA/APMA ratio 

of 80/20 and a target degree of polymerization (DP) of 100. After dissolution of HPMA (34.91 

M), APMA (8.73 M) and ACVA (0.218 M) in deionized water, CTP was dissolved in 1,4-dioxane 

and added in a final concentration of 0.436 M. Subsequently, oxygen was removed via four 

cycles of freeze-pump-thaw. The polymerization was initiated by heating the mixture to 70 °C 

in an oil bath for 24 h. Purification of the co-polymer was achieved by precipitation in acetone 

followed by removal of residual solvent via vacuum pump (24 h). Confirmation of the co-

polymerization was assessed by 1H NMR analysis and the DP was determined by GPC analysis. 

Conversion rate of the RAFT polymerization was achieved by 1H NMR analysis of the reaction 

mixture at different time points. 1H NMR peak assignment (300 MHz, D2hύΥ ʵ όǇǇƳύ лΦфф-1.20 

(CH2CH(OH)CH3, CH2C(CH3)CO), 1.80-1.92 (CH2C(CH3)-CO, CH2CH2CH2NH2), 3.08 

(CH2CH2CH2NH2), 3.24 (CONHCH2CH(OH)CH3, CONHCH2CH2CH2NH2), 3.94 (CH2CH-(OH)CH3). 

 
Synthesis of PDPA. Based on Hugh et al. 3-(2-pyridyldithio)-propanoic acid (PDPA) was 

synthesized33. In brief, 3-mercapto-propanoic acid (0.0249 mmol) was added to a 0.623 M 

ǎƻƭǳǘƛƻƴ ƻŦ нΣнΩ-dipyridyldisulfide (DPDS) in anhydrous ethanol in the presence of acetic acid. 

The solution was subsequently stirred for 2 hours at room temperature. Purification of PDPA 

was assessed by basic alumina column chromatography using a 3:2 mixture of dichloromethane 

and ethanol followed by elution of PDPA via addition of 4 % of acetic acid to the eluent mixture. 

Traces of acetic acid were removed under high vacuum for 48 h. The synthesis and purity of 

the product was confirmed by 1H NMR analysis and LC-MS (ESI+) analysis. 1H NMR peak 

assignment (300 MHz; d6-5a{hύΥ ʵ όǇǇƳύ нΦрф όнIΣ ǘΣ W Ґ тΦлύΣ нΦфу όнIΣ ǘΣ W Ґ тΦлύΣ тΦно όмIΣ 

ddd, J = 7.1, 4.8, 1.2), 7.75 (1H, d, J = 8.0), 7.8 (1H, td, J = 7.9, 1.4), 8.4 (1H, d, J = 4.9), 12.43 
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(1H, broad s). Theoretical mass of PDPA: 215.01 and experimental mass: ESI+ m/z in MeOH ς 

216.0 (MH+). 

                                                                                 
Synthesis of poly(HPMA-PDS). To a 5 mg/mL solution of poly(HPMA-co-APMA) in a phosphate 

buffered saline (PBS) 1.5 M excess of DMTMM was added followed by an equimolar amount of 

PDPA dissolved in DMSO. The reaction was stirred overnight at room temperature followed by 

purification via dialysis against deionized water (MWCO 3.5 kDa) for 24 h and lyophilization. 

The synthesis was confirmed via 1H NMR analysis.   

            
Cell lines. The DC2.4 cell line was a kind gift from Dr. Kenneth Rock (University of Massachusetts, 

Boston, US).34 DC2.4 cells were cultured in RPMI-glutamax medium supplemented with 10 % 

fetal bovine serum, 1 % penicillin/streptomycin and 1 mM sodium pyruvate and incubated at 

37 °C with 5 % CO2 saturation. Isolation of the cells for experiments was performed by 

incubation of the cells in a PBS-based dissociation buffer for 10 minutes. 

 
MTT assay. Cell toxicity was measured by seeding DC2.4 in 96 well plates at a density of 50000 

ŎŜƭƭǎκƳ[ ƛƴ ŎƻƳǇƭŜǘŜ wtaL ƳŜŘƛǳƳ όǘƻǘŀƭ ǾƻƭǳƳŜ млл ˃[ύ м Řŀȅ ǇǊƛƻǊ ǘƻ ŀŘŘƛǘƛƻƴ ƻŦ ƛƴŎǊŜŀǎƛƴƎ 

concentrations of poly(HPMA-co-APMA) in PBS. Subsequently the cells were cultured for 24 h 

ŦƻƭƭƻǿŜŘ ōȅ ŀŘŘƛǘƛƻƴ ƻŦ пл ˃[ ƻŦ ǘƘŜ a¢¢ ǊŜŀƎŜƴǘ όм ƳƎκƳ[ύΦ !ŦǘŜǊ ŀƴ ƛƴŎǳōŀǘƛƻƴ ǇŜǊƛƻŘ ƻŦ  

2-3 Ƙ ǘƘŜ ŦƻǊƳŜŘ ŦƻǊƳŀȊŀƴ ŎǊȅǎǘŀƭǎ ǿŜǊŜ ŘƛǎǎƻƭǾŜŘ ƛƴ млл ˃[ ƻŦ ŀ мл ҈ ƳκǾ {5{κлΦлм a I/ƭ 

solution overnight protected from light. The absorbance was measured by a microplate reader 

at 570 nm. As a negative and positive control PBS buffer and DMSO respectively were added to 

the wells.  

 
Synthesis of OVA-SATP. Protected thiol groups were introduced via interaction with SATP. First 

a 120 µM solution of ovalbumin (OVA) was prepared in PBS pH 7,2. Second, SATP dissolved in 

dry DMSO was added in different molar ratios of SATP to OVA, i.e. 1:5, 1:10, 1:20, 1:50. After 

incubation of 45 min at room temperature the unreacted fraction was eliminated via a 

disposable PD10 column. The pure fractions of protein were distinguished from the waste 

fractions by UV spectrophotometry followed by lyophilization. Quantification of the introduced 

thiol percentage was assessed by the trinitrobenzene sulfonic acid assay (TNBSA) through 

measurement of the residual amine content.                                                                               
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TNBSA assay. The residual amine content of OVA after SATP substitution was determined by 

the (2,4,6-trinitrobenzene sulfonic acid assay (TNBSA) according to the manufacturerΩǎ 

instructions. First OVA and OVA-SATP were dissolved in a 0.1 M sodium bicarbonate buffer pH 

уΦр ŀǘ рл ˃ƎκƳ[ ŦƻƭƭƻǿŜŘ ōȅ ŀŘŘƛǘƛƻƴ ƻŦ лΦнр Ƴ[ ƻŦ ŀ лΦлм ҈ ¢b.{! ǎƻƭǳǘƛƻƴ ǘƻ лΦр Ƴ[ ƻŦ ŜŀŎƘ 

sample. After incubation of 2 hours at 37 °C 0.25 mL 10 % SDS and 0.125 mL 1 N HCl were 

added. Subsequently, absorbance was measured at 335 nm. 

 
Polymer-protein conjugation. To a 0.465 M OVA solution in deacetylation buffer different molar 

polymer:OVA ratios were added to a final volume of 1 mL in PBS. The molar ratios used were 

1:1, 2:1, 2.5:1, 3:1 and 4:1. The reaction was incubated for 2 hours at room temperature 

followed by visualization of the conjugation efficiency via SDS-PAGE and semi-quantitative 

analysis of the encapsulation via Image J.     

                                                                              
Gel electrophoresis (SDS-PAGE). To analyze protein conjugation or to determine the reversibility 

of the synthesized particles, gel electrophoresis was performed. The samples were diluted with 

respectively Laemli sample buffer solution (4x) or with a 1:9 2-mercaptoethanol:Laemli sample 

buffer solution (4x), incubated for 5 minutes at 95 °C and loaded on 4-20 % precast gels. After 

the run (150 kV), visualization of the protein bands was achieved by incubation of the gels into 

Coomassie blue stain.       

              
Fluorescent labeling. The remaining unsubstituted APMA units of poly(HPMA-PDS) were labeled 

with the Atto647-bI{ ŜǎǘŜǊ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊǎΩ ƛƴǎǘǊǳŎǘƛƻƴǎΦ Lƴ ōǊƛŜŦΣ ǘƘŜ 

fluorescent dye was dissolved in dry DMSO (2.3 mM) and added to a 5 mg/mL polymer solution 

in 0.1 M NaHCO3 buffer (pH 8.3) aiming a target degree of 2.5 %. After incubation of 30 to 60 

minutes protected from light at room temperature the excess was removed via PD10 column 

purification followed by lyophilization. Second, the fluorescent conjugates were synthesized as 

described above using the fluorescently labeled poly(HPMA-PDS) and a molar ratio of 

OVA:OVA-AF488 49:1. After 2 h incubation the particles were dialyzed against deionized water 

for 48 h (MWCO 100 kDa).                   

                                                     
In vitro DC2.4 uptake assay. DC 2.4 cells were seeded at a density of 0.4 x 106 cells/mL in a 24 

well plate one day prior to the addition of the fluorescent particles at different concentrations. 

After 24 h incubation the cells were dissociated using cell dissociation buffer followed by 
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centrifugation for 5 min at 200 G at 0 °C. After resuspension, the samples were stored on ice 

and measured by the BD Accuri C6 flow cytometer. The data was analyzed using FlowJo.      

  
Confocal microscopy imaging. DC2.4 cells were seeded at a density of 0.2 x 106 cells/mL in a 

glass bottom Will-co dish and incubated overnight. Next, the fluorescent particles were added, 

incubated for 24 h and fixated in a 2 % paraformaldehyde solution for 10-15 minutes. The cells 

were subsequently washed and simultaneously stained by CTB-AF555 and Hoechst for 1 h at 

room temperature. Finally, the samples were washed with PBS and visualized by confocal 

microscopy. This was carried out on a Leica DMI6000 B inverted microscope equipped with an 

oil immersion objective (Zeiss, 63×, NA 1.40) and attached to an Andor DSD2 confocal scanner. 

Images were processed with Image J.       

                                                                                       
In vitro OT-I proliferation assay and ELISA. Mouse bone marrow derived DCs (bmDCs) were 

isolated by flushing femurs of C57BL/6 mice with complete RPMI with a 26 G needle. The cell 

suspension was filtered through a 100 µm cell strainer and incubated for 3-5 minutes in red 

blood cell lysis buffer on ice. The cells were subsequently seeded into a 24 well plate at a density 

of 3 x 105 cells/mL in complete RPMI containing 20 ng/mL of GM-CSF and incubated at  

37 °C/5 % CO2 for 7 days. To ensure optimal bmDC growth, fresh medium containing 20 ng/mL 

GM-CSF was added on day 3 and on day 6 the medium was refreshed. On day 7 the bmDCs 

were isolated and pulsed with the test compounds containing 0.2, 2 and 5 mg/mL OVA followed 

by co-culture with CFSE-labeled OVA specific transgenic CD8+ T-cells, according to previously 

described protocols.35 
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ABSTRACT 

Personalized anti-tumor immune-therapy has recently gained major interest in the fight against 

metastatic cancer. Here we report on a two-step strategy to encapsulate patient-derived cell 

lysate into immune-modulating microparticles as a general personalized vaccine formulation 

approach. In a first step, cell lysate produced from cancer cells was entrapped into stable 

porous calcium carbonate (CaCO3) microparticles by a co-precipitation reaction. Second, the 

surface of these microparticles was adsorbed with a polymer substituted with a small molecule 

TLR7-agonist to enhance the immunogenicity. Relative to soluble cell lysate, microparticle-

encapsulation yielded higher uptake of cell lysate by dendritic cells in vitro. Also, microparticle-

adsorbed polymeric TLR7-agonists retained their TLR-triggering capacity resulting in 

immunogenic vaccine particles. We anticipate this strategy might hold potential to turn patient-

derived tumor tissue ς ŎƻƳǇǊƛǎƛƴƎ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ƻǿƴ ƳǳǘŀƴƻƳŜ ς into potent personalized anti-

cancer vaccines.
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INTRODUCTION 

 
One of the main reasons why DC targeting and anti-tumor immune-therapy in general has great 

potential1-5, is the lack of unfavorable and unspecific side effects caused by conventional 

therapies6-8. In addition, and perhaps even more important, is the induction of immunological 

memory which provides the patient with prolonged protection, even after treatment, whilst 

decreasing the possibility of tumor relapse that leads to more resistant and more aggressive 

malignancies, often harder to treat and more prone to metastasis.  

 
Recently, personalized medicine has gained major interest in the field of anti-cancer immune-

therapy and involves a patient-specific approach that can potentially give rise to a more 

efficient, more specific and more potent immune-activation9. Personalized medicine 

encompasses different approaches such as the use of more than one tumor-associated antigen 

to increase the potency of the vaccine, the implementation of neo-antigens or the 

incorporation of patient-derived cancer tissue.  

 
In the case of using multiple tumor-associated antigens, a broader immune response is directed 

against a variety of known non-mutated antigens. In this way, loss of activity due to mutation 

or the lack of expression of one specific antigen10,11 is a less detrimental factor as multiple 

antigens are formulated together. Despite these advantages, this approach is not universal 

because tumor-associated non-mutated antigens are unlikely to be relevant for every single 

patient and can also potentially encounter lower efficiency due to inhibition of the immune 

response caused by thymic tolerance.  

 
Implementation of neo-antigens, on the other hand, involves formulation of proteins that are 

absent from the normal human genome and are created by tumor-specific mutations yielding 

patient-specific tumor antigens, different from shared non-specific cancer antigens12, 13. Neo-

antigens are not subjected to thymic tolerance, in contrast to non-mutated self-proteins, 

because they are patient- and tumor specific and potentially evoke a more powerful T-cell 

response that is only restricted to tumor cells of the patient. Identification of neo-antigens 

however requires genomic analysis of patient derived tumor cells which is nowadays still costly, 

labor intensive and complex.  
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In contrast, incorporation of patient-derived cancer tissue is more straightforward, less 

complicated and preferentially induces a broad immune response against non-mutated cancer 

antigens as well as neo-antigens leading to a more robust, a more powerful and all-embracing 

cytotoxic T-cell response compared to the other personalized treatment strategies14-16. 

 
To induce a strong anti-tumor response, cross-presentation of cancer antigens by DCs to T-cells 

is required. Second, DCs need to be activated by the correct stimuli to further engage with 

CD4+ and CD8+ T-cells to skew TH1-driven and CTL-responses2, 3, 17. With regard to DC 

activation, this is achieved when pathogen-recognition receptors (PRRs) ς present on cellular 

membranes and cytoplasm ς are triggered by pathogen-associated molecular patterns (PAMPs) 

and damage-associated molecular patterns (DAMPs). The latter are endogenous factors of non-

microbial origin, including heat shock proteins (HSPs), which originate from necrotic or stressed 

cells18-20. Therefore, strategies that can co-deliver tumor-associated antigens and activation 

stimuli to DCs in vivo are attractive in view of anti-cancer vaccination. 

 
This chapter reports on a generic approach to encapsulate cancer cell lysates into calcium 

carbonate (CaCO3) microparticles that are subsequently engineered with immune-stimulating 

cues to improve their immunogenicity as depicted in Figure 1. Calcium carbonate microparticles 

are known in a wide field of different applications and are used as templates for encapsulating 

of protein and peptide antigens21-27. CaCO3 particles have a high loading capacity for 

macromolecules, are inexpensive, and easy to produce and exhibit high porosity, 

biocompatibility alongside with biodegradability28-30.  Therefore, they are an appealing platform 

for vaccine formulation. Moreover, the synthesis is very mild and can fully be performed in 

aqueous medium without the need of any organic solvents, reactive chemistry or high energy 

input and only requires CaCl2 and Na2CO3 which spontaneously form CaCO3 microparticles. 

Performing the synthesis in the presence of macromolecules allows for the encapsulation of 

biomacromolecules into the porous interior of the microparticles while the surface of the 

microparticles can also be functionalized through adsorption of cationic polymers equipped 

e.g. with immune-activating cues. 
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Figure 1. Schematic illustration of the vaccine approach for patient-specific antigen formulation into 

immune-modulating microparticles. 

 

RESULTS AND DISCUSSION 

 
1. Synthesis of antigen-loaded CaCO3 microparticles 

 
CaCO3 microparticles were synthesized based on a procedure reported by Volodkin et al.28 

Initially we used ovalbumin (OVA) as model antigen. The latter was encapsulated by co-

precipitation of Na2CO3 and NaCl2 as reported earlier by De Koker et al.21-23, 31. Interestingly, we 

found that non-aggregated spherically shaped vaterite CaCO3 microparticles (Figure 2B-D) 

could be reproducibly obtained when the mixing of the respective reaction components was 

performed on ice whereas at room temperature aggregate formation was commonly observed 

(Figure 2A). An OVA concentration of up to 1 mg/mL could be used while avoiding aggregation. 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) gave further 

proof of successful microparticle formation. Interestingly, SEM imaging showed a clearly visible 

porous structure of the obtained microparticles. The loading efficiency of OVA into the CaCO3 
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microparticles was determined by measuring the free (i.e. non-encapsulated) protein 

concentration in the supernatant by UV-VIS spectrophotometry to be 85 % (+/- 4.14).  

 

 

 
Figure 2. Optical microscopy imaging of CaCO3 particles: (A1) aggregated particles (A2) non-aggregated 

particles ς Electron microscopy (EM) imaging of the CaCO3 microparticles: (B) Scanning EM images and 

(C) Tranmission EM images. 
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2. Polymer adsorption on antigen-loaded CaCO3 microparticles  
 

To engineer the CaCO3 microparticle surface with molecular adjuvants ς and thus allow for co-

delivery of antigen and immune-stimulatory cues ς we used a copolymer of N-(hydroxypropyl) 

methacrylamide (HPMA) and N-(3-aminopropyl) methacrylamide (APMA) composed of              

80 HPMA and 20 APMA repeating units, synthesized by RAFT polymerization as earlier 

reported32. Further on in this chapter (vide infra ς Synthesis of a polymeric TLR7/8-agonist), this 

polymer will be substituted with a small molecule TLR-agonist.  

 
CaCO3 microparticles were dispersed in deionized water at a concentration of 13 mg/mL and 

incubated with different concentrations of polymer (i.e. 0.5 ς 50 mg/mL). Subsequently the 

microparticles were centrifuged and the amount of adsorbed polymer was determined by 

measuring the concentration of free polymer in the supernatant. As shown in Figure 3A, which 

expresses the percentage of polymer that is adsorbed onto the CaCO3 microparticles, an 

increasing amount of polymer can be deposited up to 0.285 mg polymer (+/- 0.605) per 1 mg 

CaCO3. Based on these results a 10 mg/mL polymer concentration was used for further 

experiments.  

 

      

 
Figure 3. Adsorption of poly(HPMA-APMA) on antigen-loaded CaCO3 particles: (A) Efficiency of 

deposition determined by UV-VIS. (B) Confocal image of the absorbed polymer layer (in red) on antigen-

loaded (in green) particles. Scale bar represents 10 µm. 

 

Zeta-potential measurements before and after polymer deposition indicated a charge reversal 

from -23.73 mV (+/-0.416) to 3.52 mV (+/- 0.586). The negative value of the OVA-loaded CaCO3 

microparticles can likely be attributed to the isoelectric point of 4.3 of OVA, meaning that it will 
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bear a net negative charge at neutral pH. Protonation of the primary amine groups of 

poly(HPMA-APMA) will confer a cationic charge and thus accounts for charge reversal upon 

polymer adsorption based on a combination of electrostatic interaction and physisorption. 

Polymer localization was visualized by confocal microscopy using poly(HPMA-APMA) that was 

labeled with rhodamine (Figure 3B). This clearly shows the presence of the adsorbed polymer 

layer on the surface of the CaCO3 microparticles.  

 
3. In vitro screening 

 
Next, in a series of experiments, we investigated the interaction between the microparticles 

and DCs in vitro. For this purpose, we used bone marrow derived murine DCs and pulsed with 

microparticles loaded with AlexaFluor488-labeled OVA (1:50 ratio to unlabeled OVA) to allow 

for detection by flow cytometry and confocal microscopy. In these experiments we compared 

OVA-loaded microparticles with and without polymer coating with free soluble OVA. A dose-

dependent increase in mean cellular fluorescence is observed (Figure 4), with a dramatic 

difference between soluble OVA and CaCO3-encapsulated OVA. Furthermore, no significant 

influence of the polymer coating on mean cellular fluorescence was observed.  

 

 
 

Figure 4. (A) In vitro uptake characterization of OVA-AF488 loaded CaCO3 particles: (A1) Flow cytometry 

analysis and (A2-A3) confocal imaging: the cell membrane was stained with AF555-labeled cholera toxin 

B (CTB-AF555) and the cell nuclei were stained with Hoechst. Scale bar represents 10 µm (A2) shows 

one z-plane plus corresponding cross-sections (A3) shows the maximum intensity projection of the full 

z-stack.  (B) Cell viability measured by MTT assay of DC2.4 cells pulsed with different concentrations of 

CaCO3 microparticles, with and without polymer coating. 
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Both findings indicate that the particulate nature of the CaCO3-encapsulated OVA and likely the 

fact that microparticles tend to sediment account for a better association of encapsulated 

relative to soluble OVA by DCs. Confocal microscopy gave further proof that the microparticles 

were internalized by DCs and were not merely bound to the cell membrane. MTT cytotoxicity 

assay showed only a moderate decrease in cell viability at higher particle concentrations up to             

40 µg/mL OVA (corresponding to 0.3 mg/mL of CaCO3), again with no influence of the polymer 

coating. 

 
4. Synthesis of a polymeric TLR7/8-agonist 

 
Microparticulate formulation of antigens is known to enhance CD8+ T-cell presentation but is 

insufficient to promote the induction of robust CTL-responses. Co-delivery with TLR-ligands has 

proven a viable approach to enhance immunogenicity of vaccine formulations with 

combination of multiple ligands to work synergistically5, 18, 21, 33.  

 
In this work we conjugated (2-(4-((6-amino-2-(butylamino)-8-hydroxy-9H_purin_9-

yl)methyl)benzamido)acetic acid), further denoted as CL264, to poly(HPMA-APMA). CL264 is a 

small molecule TLR7/8-agonist that is the synthetic analogue of single stranded RNA which is 

the natural ligand of TLR7/8. TLR7/8-agonists are known to induce expression of type I 

interferons which are potent activators of a TH1-type immune response, known to be crucial 

for the induction of strong anti-tumor immune responses. Interestingly, we and others have 

recently shown that lipid-, polymer- and nanoparticle-conjugation of small molecule ligands 

strongly reduces systemic inflammation and yields potent lymph node localized responses that 

enhance the adaptive immune response against co-delivered antigens34-36. 

 
CL264 was conjugated to the primary amine moieties of poly(HPMA-APMA) via standard 

amidation chemistry using 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholin-4-ium 

chloride (DMTMM) as coupling reagent (Figure 5). 1H NMR and SEC analysis of the resulting 

polymer is shown in Supporting Information (Figure S1) and confirmed successful substitution 

of the polymer. The extent of conjugation calculated from 1H NMR analysis was estimated at 

14 %. This was confirmed via quantitative UV-VIS spectroscopy, indicating that 12.5 % of the 

free amine groups originating from APMA were substituted with CL264. This polymer will 

further be denoted as CL264-poly(HPMA-APMA).  
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Figure 5. Synthesis of poly(HPMA-APMA) via RAFT polymerization and subsequent substitution of part 

of the APMA repeating units with the TLR7/8-agonist CL264. 

 

Next, we investigated the influence of polymer-conjugation on the ability of the TLR-agonists 

to trigger receptor activation. For this purpose, we made use of RAW Blue TLR reporter cell line. 

The latter is derived from the murine RAW 264.7 cells with chromosomal integration of a 

secreted embryonic alkaline phosphatase (SEAP) reporter construct inducible by NF-ˁ. ŀƴŘ !t-

1. Upon activation of the TLR-receptors, activation of NF-ˁ. ŀƴŘ !t-1 occurs leading to 

production of SEAP. The levels of SEAP can be easily monitored by spectrophotometry.  

RAW Blue cells were pulsed with increasing concentrations of soluble and polymer-conjugated 

TLR-agonist alongside unmodified polymer as control. 

 
As shown in Figure 6A, the soluble TLR7/8-agonist CL264 and polymer-conjugated TLR7/8-

agonist were potent activators of RAW Blue cells. A similar extent of activation was witnessed 

for both forms at concentrations starting from 0.5 µM, indicating that the polymer conjugation 

does not impair the binding of the TLR-agonist to its receptor above these concentrations. In 

contrast, no NF-kB activation could be observed for the polymer-conjugated TLR-agonist in 

concentrations below 0.5 µM. Note that blank polymer did not induce any activation.  
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To further support these findings, we investigated the effect of the soluble and polymer-

conjugated TLR-agonists on the maturation of bone marrow derived DCs. For this purpose, DCs 

were pulsed overnight with a concentration range of the respective samples, followed by 

antibody staining against CD80 and analysis via flow cytometry. CD80 stimulates the CD28 

receptor on T-cells, providing co-stimulatory signals for T-cell activation and skewing of TH1-

immunity. The data obtained in these experiments (Figure 6B) followed the same general 

trends as observed in the RAW Blue activation studies. Whereas the blank polymers did not 

exceed the basal DC maturation level, both soluble and polymer-conjugated TLR7/8-agonist 

induced DC activation. 

 

 
 
Figure 6. Screening of TLR-activation potency of CL264-poly(HPMA-APMA) on: (A) RAW Blue 

macrophages. (B) bone marrow derived DCs. 

 

5. TLR-agonist engineering of antigen-loaded CaCO3 microparticles  
 
First we tested whether the presence of the TLR7/8-agonist on the polymer backbone 

influenced the adsorption behavior of the polymer onto OVA-loaded CaCO3 microparticles. To 

do so, we repeated the experiment outlined in one of the previous sections (vide supra ς 

Polymer adsorption on antigen-loaded CaCO3 microparticles) and found no significant influence 

of the substitution of the primary amino groups of poly(HPMA-APMA) with the TLR7/8-agonist 

CL264. Data is summarized in Figure S2 in Supporting Information. Interestingly, these findings 

point at the importance of electrostatic contributions due to the remaining cationic APMA 

moieties alongside non-electrostatic contributions, such as van der Waals interactions, on the 

adsorption behavior of the polymer onto CaCO3 microparticles (vide supra ς Synthesis of a 

polymeric TLR7/8-agonist).  
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Figure 7. Screening of the potency of CL264-poly(HPMA-APMA) whether or not co-formulated with 

antigen-loaded CaCO3 particles compared to the soluble TLR7/8-ligand via the RAW Blue assay. 

 

Prior to determiniation of TLR-activation by polymeric TLR7/8-agonists adsorbed on CaCO3 

microparticles, we confirmed the absence of LPS contamination by a LAL assay (Supporting 

information, Figure S3). TLR-activation was then subsequently assessed via the RAW Blue 

reporter cell line. RAW blue cells were incubated with increasing concentrations of CaCO3 

microparticles engineered on their surface with polymeric TLR7/8-agonist up to a non-toxic 

particle concentration of 0.3 mg/mL. As shown in Figure 7 the polymeric TLR-agonist could still 

trigger its receptor when adsorbed onto CaCO3 microparticles. Interestingly, the TLR-ligand was 

more potent when adsorbed onto CaCO3 microparticles than unbound. The increase in potency 

can be explained by the more efficient uptake by the RAW Blue cells of the TLR-ligand when 

adsorbed onto microparticles, which leads to enhanced interaction of the TLR-ligand with the 

receptor upon cell uptake. Note that as a control uncoated CaCO3 particles were included which 

resulted in no TLR-activation.  

 

6. Formulation of cancer cell lysate 
 

As a model for patient-derived tumor cell lysate we used the Lewis Lung cancer cell line 

expressing ovalbumin (LLC.OVA). First, we compared the two most widespread techniques to 

induce cell lysis, i.e. osmotic shock in deionized water and repeated freeze-thaw cycles, in terms 

of efficiency with respect to the yield of free protein in solution. Bradford assay revealed that 

repeated freeze-thaw cycles yield a higher protein concentration which can likely be attributed 
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to the harsher circumstances the cells were exposed to compared to osmotic shock (Figure 

8A1).  

 

 

 
Figure 8. (A) Cell lysis protocol optimization by assessment of the extent of protein recovery in the final 

lysate measured via Bradford assay: (A1) osmosis compared to freeze thaw cycles and (A2) comparison 

of additional steps to increase protein recovery e.g. sonication (sample A) or not (sample B); followed 

by centrifugation (sample C); whether or not followed by filtration over a 100 µm filter (sample D).  

(B) In vitro uptake of lysate-loaded CaCO3 particles by: (B1) flow cytometry analysis and (B2) confocal 

imaging. The cell membrane is stained with AF555-labeled cholera toxin B (CTB-AF555) and the cell 

nuclei are stained with Hoechst. Scale bar represents 15 µm. 

 

Second, we assessed the influence of sonication and filtration on the amount of protein that 

can be recovered. After cell lysis by freeze-thaw, the samples were subsequently: sonicated 

(sample A); or not (sample B); followed by centrifugation (sample C); whether or not followed 

by filtration over a 100 µm filter (sample D). As shown in Figure 8A2, this revealed that 

sonication yields higher protein recovery potentially due to increased release of cellular 

contents caused by disruption of the cell membranes. Filtration after centrifugation did not 

have an additive value over centrifugation alone. Overall, we concluded six repetitive freeze 
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thaw cycles followed by sonication and centrifugation to be an optimal protocol for the 

preparation of cell lysate.  

 
In a next step, the encapsulation efficiency of LLC.OVA lysate ς prepared via the above outlined 

method ς in CaCO3 microparticles was assessed. UV-VIS analysis of the supernatant revealed 

an encapsulation efficiency of 77 % (+/-0.6), which was similar to the encapsulation efficiency 

obtained for soluble OVA (vide supra ς Synthesis of antigen-loaded CaCO3 microparticles). The 

presence of eGFP lysate inside the microparticles was visualized via confocal microscopy, 

shown in Figure 3B. 

 

To investigate the influence of microencapsulation on the uptake efficiency of cell lysate by 

DCs, we prepared cell lysate of the enhanced green fluorescent protein (eGFP) expressing colon 

tumor-derived cell line (CT5.3-eGFP) to obtain fluorescent microparticles that can be tracked 

by fluorescence-based techniques. Flow cytometry demonstrated a clear dose-dependent 

uptake of cell lysate and importantly showed a dramatic increase in uptake efficiency of CaCO3-

encapsulated cell lysate compared to cell lysate in solution. Furthermore, confocal microscopy 

confirmed the presence of the fluorescent cell lysate loaded microparticles inside the DCs and 

not merely bound the cell membrane (Figure 8B).  

 
To further explore the potential of the lysate-loaded CaCO3 microparticles as vaccine carriers, 

we investigated whether the model tumor-associated antigen OVA can still be processed and 

cross-presented by DCs when the cell lysate is encapsulated in CaCO3 microparticles. For this 

purpose, DCs (note that the DC2.4 cell line was used for this assay) were pulsed with a 

concentration range of respectively soluble and encapsulated LLC.OVA cell lysate. 

Subsequently, the DCs were stained with an antibody recognizing SIINFEKL, the OVA-CD8+ 

epitope, complexed to MHC class I H-2Kb molecules and analyzed by flow cytometry. As 

depicted in Figure S4, LLC.OVA lysate was not subjected to cross-presentation. In contrast, the 

results obtained for encapsulated lysate into CaCO3 microparticles indicated enhanced cross-

presentation. Further in vivo proof is however needed to investigate the therapeutic potential 

of this strategy. 
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CONCLUSION 

 

In summary, we demonstrated that CaCO3 microparticles hold potential as vaccine carriers for 

cancer cell lysates. CaCO3 particles exhibited lower cytotoxicity and strongly enhanced cellular 

uptake of the cell lysate by DCs, leading to an improvement of the cross-presentation efficiency. 

In addition, the microparticles could be engineered with polymer-ligated TLR7/8-agonists to 

increase their immunogenicity. Future studies will focus to unravel the cytokine spectra that 

are induced by the TLR7/8-agonist and in vivo studies will need to be undertaken to assess the 

potential of our strategy to evoke tumor-specific immune responses. 
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SUPPORTING INFORMATION 

 

 

Figure S1. Characterization of the substitution of poly(HPMA-APMA) with the TLR7 agonist CL264 

yielding TLR7-poly(HPMA-APMA): (A) Reaction scheme. (B) Size exclusion chromatography in DMA. (C) 
1H NMR analysis in D2O. 
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Figure S2. Coating deposition efficiency of poly(HPMA-APMA) on CaCO3 particles substituted with the 

TLR7-agonist CL264 compared to unsubstituted poly(HPMA-APMA) determined by UV-VIS 

spectroscopy. 
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Figure S3. Endotoxin LAL assay result of the CaCO3 particles and the separate components used for the 

synthesis. 

 

 

Figure S4. MHC-I presentation in vitro by dendritic cells of the lysate-loaded CaCO3 particles. 
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EXPERIMENTAL SECTION 
 
Materials. Calcium chloride (CaCl2), sodium carbonate (Na2CO3), 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT) reagent, sodium dodecyl sulfate (SDS), dimethyl 

sulfoxide (DMSO), bovine serum albumin (BSA), 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-

methylmorpholin-4-ium chloride (DMTMM), succinic anhydride, NaOH, DMF, NaHCO3 and 

paraformaldehyde (PFA) were obtained from Sigma Aldrich. Ovalbumin (OVA) was obtained 

from Worthington. Hydrochloric acid (HCl) 37 % v/v, rhodamine-isothiocyanate were 

purchased from Fischer Scientific. 5ǳƭōŜŎŎƻΩǎ aƻŘƛŦƛŜŘ 9ŀƎƭŜ aŜŘƛǳƳ ό5a9aύΣ wtaL мс40 

medium, fetal bovine serum (EU qualified), penicillin/streptomycin (5000 U/mL), sodium 

pyruvate (100 mM), L-glutamine (200 mM), red blood cell lysis buffer, cell dissociation buffer 

(PBS based), PBS buffer (pH 7.2), Hoechst, cholera toxine B conjugates to AlexaFluor555 (CTB-

AF555) and Zeocin were obtained from Invitrogen. Bradford reagent was obtained from Biorad 

whereas the pretreated Spectra/Por 7 dialysis membrane were purchased from Spectrumlabs. 

The anti-Mouse OVA257-264 (SIINFEKL) peptide bound to H-2Kb PE antibody and the anti-

Mouse CD80 PE antibody were purchased from eBioscience and Quanti blue stain was obtained 

from Invivogen. Deuterated H2O (D2O) and d6-DMSO were purchased from Deutero. The 

ToxinSensorTM Chromogenic LAL Endotoxin Assay Kit was obtained from Genscript whereas the 

TLR7-agonist was purchased from Invivogen. 

 
Immortalized cell lines 
 
DC2.4 cell line. The DC2.4 cell line was a kind gift from Dr. Kenneth Rock (University of 

Massachusetts, Boston, US). The cells were cultured in RPMI medium supplemented with 10 % 

fetal bovine serum, 1 % penicillin/streptomycin, 2 mM L-glutamine and 1 mM sodium pyruvate 

and incubated at 37 °C with 5 % CO2 saturation.  

 
RAW Blue cell line. The RAW Blue cell line was purchased from Invivogen. The cells were 

cultured in DMEM medium supplemented with 10 % heat-inactivated fetal bovine serum, 1 % 

penicillin/streptomycin, 2 mM L-glutamine, 1 mM sodium pyruvate and 0.01 % Zeocin and 

incubated at 37 °C with 5 % CO2 saturation. 

LLC. OVA cell line. The LLC.OVA cell line was a kind gift from Prof. Karim Vermaelen (University 

of Ghent, Belgium). The cells were cultured in RPMI medium supplemented with 10 % fetal 
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bovine serum, 1 % penicillin/streptomycin, 2 mM L-glutamine and 1 mM sodium pyruvate and 

incubated at 37 °C with 5 % CO2 saturation. 

 
CT5.3-eGFP cell line. The CT5.3-eGFP cell line37 was cultured in DMEM medium supplemented 

with 10 % fetal bovine serum, 1 % penicillin/streptomycin, 2 mM L-glutamine and 1 mM sodium 

pyruvate and incubated at 37 °C with 5 % CO2 saturation. 

 
Electron microscopy 
 
Scanning electron microscopy. Scanning electron microscopy (SEM) was performed on a 

Quanta 200 FEG FEI instrument. Samples were deposited onto a silicon wafer and dried under 

a gentle nitrogen stream at ambient temperature. Prior to imaging, the samples were sputtered 

with a palladium/gold coating. 

 
Transmission electron microscopy. Transmission electron microscopy (TEM) was performed on 

a JEOL 1010 instrument. Prior to imaging, samples were subjected to series of fixation (0.1 M 

Na cacodylate buffer (pH 7.2) containing 4 % paraformaldehyde and 2.5 % glutaraldehyde) and 

dehydration steps, embedded in epoxy resin and cut into ultrathin section using an 

ultramicrotome. 

 
Synthesis CaCO3 particles. The synthesis of calcium carbonate particles was based on Volodkin 

et al. In brief, 650 µL of a 1 M CaCl2 solution and subsequently 650 µL of a 1 M Na2CO3 solution 

is added to 5 mL of a 1 mg/mL solution of ovalbumin (OVA) or a 1 mg/mL solution of cancer cell 

lysate under vigorous stirring for 30 seconds on ice. The resulting suspension is centrifuged at 

300 G for 5 minutes at 4 °C followed by removal of the supernatant and two washing steps with 

deionized water. Samples were visualized on a Leica DM2500P microscope equipped with a 

40X (NA 0.75) objective, DIC filters and a DFC360FX camera. 

 
Encapsulation efficiency. Encapsulation efficiency of both OVA and LLC.OVA lysate was 

performed by UVҍVIS spectrophotometry. The absorbance of the supernatant after synthesis 

of the particles was compared to a standard curve of OVA and LLC.OVA lysate respectively. The 

UVҍVIS spectra were recorded on a spectrophotometer (Shimadzu UV-1650PC) in 1 cm × 1 cm 

quartz cells. 

 



CHAPTER 4 

123 

Conjugation of TLR7-ligand CL264 to poly(HPMA-APMA) 
 
Synthesis CL264-poly(HPMA-APMA). Poly(HPMA-APMA), dissolved in LPS free water, was 

incubated with an equimolar amount of TLR7-ligand CL264 to APMA units overnight under 

continuous stirring at room temperature in the presence of 1.5 M excess of DMTMM. After 24 

h incubation the reaction mixture was dialyzed against LPS free water (MWCO 3.5 kDa) for 1 

day and lyophilized. 

 
1H-NMR and SEC analysis. The obtained polymers were all analyzed by 1H-Nuclear Magnetic 

Resonance (NMR) and Size Exclusion Chromatography (SEC). NMR spectra were recorded on a 

Bruker 300 MHz FT NMR in D2O. Chemical shifts (ɻ) are provided in ppm relative to TMS. SEC 

elugrams were recorded on a Shimadzu 20A system in dimethylacetamide (DMAc) as solvent 

containing 50 mM LiBr. The system was equipped with a 20A ISO-pump and a 20A refractive 

index detector (RID). Measurements were recorded at 50 °C with a flow rate of 0.7 mL/min. 

Calibration of the 2 PL 5 ˃m Mixed-D columns was done with poly(methyl methacrylate) 

(PMMA) standards obtained from PSS (Mainz, Germany). 

 
Polymer deposition efficiency. After synthesis and two washing steps the particles were 

incubated with different concentrations of polymer for 5 minutes under continuous shaking to 

ensure optimal interaction. The particles were centrifuged at 300 G for 5 min. followed by 

measurement of UV absorbance of the supernatant compared to a standard curve of the 

respective polymer. The zeta potential was measured after two washing steps on a Zetasizer 

Nano S (Malvern Instruments Ltd., Malvern, U.K.) with a HeNe laser (˂ = 633 nm) at a scattering 

angle of 173 °. 

 
Fluorescent labeling of poly(HPMA-APMA). Poly(HPMA-APMA) was incubated with an equimolar 

amount of rhodamine-isothiocyanate in 0.1 M NaHCO3 buffer overnight under continuous 

stirring. Subsequently the obtained mixture was dialyzed against deionized water for 3 days 

(MWCO 3.5 kDa) and lyophilized. 

 
Isolation of bone marrow derived dendritic cells. Mouse bone marrow-derived DCs (bmDCs) 

were isolated by flushing femurs of C57BL/6 mice with complete RPMI with a 26 G needle. The 

cell suspension was filtered through a 100 ˃m cell strainer and incubated for 3ҍ5 min in red 

blood cell lysis buffer on ice. The cells were subsequently seeded into a 24 well plate at a density 



IMMUNE-MODULATING POLYMERIC CaCO3 PARTICLES 

124 

of 1.5 × 105 cells/ mL in complete RPMI containing 20 ng/mL of GM-CSF and incubated at  

37 °C/5 % CO2 for 7 days. To ensure optimal bmDC growth, fresh medium containing 20 ng/mL 

GM-CSF (provided by the VIB Protein Service Facility, Ghent, Belgium) was added on day 3, and 

on day 6 the medium was refreshed. On day 6 or 7, depending on the experiment, the bmDCs 

were isolated, seeded and pulsed with the test compounds. 

 
MTT assay. Cell viability was assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazolium bromide (MTT) assay. Bone marrow derive dendritic cells were seeded in 96 well 

ǇƭŀǘŜǎ ŀǘ ŀ ŘŜƴǎƛǘȅ ƻŦ рлллл ŎŜƭƭǎκƳ[ όǘƻǘŀƭ ǾƻƭǳƳŜ млл ˃[ύ ƛƴ ǎƛȄ-fold on day 6. Subsequently, 

the cells were incubated with different concentrations of CaCO3 particles and cultured for 24 h 

ŀƴŘ ŦƻǊ пу Ƙ ŦƻƭƭƻǿŜŘ ōȅ ŀŘŘƛǘƛƻƴ ƻŦ пл ˃[ ƻŦ ǘƘŜ a¢¢ ǊŜŀƎŜƴǘ όм ƳƎκƳ[ύΦ !ŦǘŜǊ ŀƴ ƛƴŎǳōŀǘƛƻƴ 

period of 2ς3 h the formed formazan crystals were dissolved in 100 ˃ [ ƻŦ ŀ мл ҈ ƳκǾ {5{κлΦлм 

M HCl solution overnight protected from light. The absorbance was measured by a microplate 

reader at 570 nm. As a negative and positive control PBS buffer and DMSO respectively were 

added to the wells. 

 
In vitro uptake assay. Bone marrow derived dendritic cells were pulsed at day 7 with fluorescent 

particles at different concentrations. After 24 h of incubation, the cells were dissociated using 

cell dissociation buffer followed by centrifugation for 5 min at 200 G at 0 °C. After resuspension, 

the samples were stored on ice and measured on a BD Accuri C6 flow cytometer. The data was 

analyzed using FlowJo. 

 
Confocal microscopy imaging. DC2.4 cells were seeded at a density of 0.4 × 106 cells/mL in a 

glass bottom Will-co dish and incubated overnight. Next, the fluorescent particles were added, 

incubated for 24 h, and fixated in a 2 % paraformaldehyde solution for 10ҍ15 min. The cells 

were subsequently washed and simultaneously stained by CTB-AF555 and Hoechst for 1 h at 

room temperature. Finally the samples were washed with PBS and imaging on a confocal 

microscope (Leica DMI6000 B inverted 241 microscope) equipped with an oil immersion 

objective (Zeiss, 63 ×, 242 NA 1.40) and attached to an Andor DSD2 confocal scanner. 

 
In vitro MHC-I presentation assay. DC2.4 cells were seeded at a density of 0.2 × 106 cells/mL in 

a 24 well culture plate and incubated overnight followed by incubation with different 

concentrations of the samples. After 48 h at 37 °C the positive control (SIINFEKL) was added in 
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triplicate in a concentration of 1 µg/mL, 1 hour prior to staining with SIINFEKL-MHC-I PE-labeled 

antibody for 30 minutes on ice protected from light. Subsequently the samples were 

centrifuged for 5 minutes at 200 G at 4 °C, resuspended in PBS and analyzed with flow 

cytometry. 

 
In vitro RAW Blue assay. RAW Blue macrophages are seeded in a 96 well round bottom plate at 

a density of 0.5 x 106 cells/mL and immediately pulsed with the desired concentrations of the 

test compounds in six-fold. As a negative control PBS is added. After 24 h incubation, 50 µL of 

the supernatant is transferred into a 96 well flat bottom plate and incubated with 150 µL of 

Quanti blue solution. After 3 to 6 h incubation at 37 °C the color change absorbance is measured 

with a plate reader at 620-655 nm. 

 
In vitro BM-DC maturation assay. The bone marrow derived dendritic cells are pulsed on day 6 

with different concentrations of the test compounds in triplicate and PBS or DMSO as negative 

control. After 24 h incubation the cells are dissociated with cell dissociation buffer followed by 

centrifugation for 5 minutes at 200 G at 4 °C and resuspension in 50 µL of antibody cocktail. 

After 30 minutes of incubation on ice protected from light, the samples were centrifuged (5 

minutes, 200 G) at 4 °C, resuspended in PBS and subsequently measured by flow cytometry. 

 
LAL test. A Limulus Amebocyte Lysate (LAL) assay was performed to verify that samples were 

not contaminated with endotoxins. The Toxinsensor Chromogenic LAL Endotoxin Assay Kit is 

performed according to the manufacturerΩs instructions. In brief, the samples are diluted based 

on the maximum valid dilution (MVD) in order to overcome interference of the test compounds 

while still allowing detection of the endotoxin limit. A standard curve is prepared by dissolving 

the lyophilized endotoxin standard in LAL reagent water and diluting the resulting stock in 5 

concentrations ranging from 0.01 to 0.1 endotoxin unit per mL. Further on, all samples and 

standard are incubated with the LAL lysate for 40 to 60 minutes at 37 °C, followed by addition 

of the chromogenic substrate and incubation for 6 minutes at 37 °C. Next, the reaction is 

stopped by addition of the color stabilizers #1, #2 and #3. Finally the samples are measured at 

545 nm by UV-VIS spectrophotometry. 

 
Lysate preparation. First, the cells are suspended in deionized water at a density of 20 x 106 

cells/mL and sequentially lyzed via different methods. On the one hand, the cell suspension is 
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frozen in liquid nitrogen and thawed in a warm water bath at 37 °C in six fold or incubated for 

60 minutes on ice to allow osmotic lysis, on the other. Then, the samples are sonicated for 10 

seconds followed by 50 seconds rest on ice in six fold, centrifuged for 5 minutes at 2000 G at  

4 °C. The supernatant was subsequently isolated and lyophilized. 

 
Bradford assay. The efficiency of the lysate preparation protocols is determined via measuring 

the protein content in the supernatant after cell lysis. Therefore, serial dilutions were prepared 

of a Bovine Serum Albumin (BSA) standard solution (2 mg/mL). The Bradford reagent was 

ǇǊŜǇŀǊŜŘ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ Lƴ ōǊƛŜŦΣ ǘƘŜ ǊŜŀƎŜƴǘ ǿŀǎ ŘƛƭǳǘŜŘ м ǘƻ р ǿƛǘƘ 

deionized water followed by filtration over a Whatmann #1 filter. Next, 10 µL of the standards 

and the test samples were transferred in a 96 well plate and incubated with 200 µL of the 

Bradford reagent for 10 minutes on ice and measured at 590 nm with a multiplate reader. 
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CHAPTER 5 

 

BIO-HYBRID TUMOR  

CELL-TEMPLATED CAPSULES 
 

 

 

 

 

ABSTRACT 

For the development of effective anti-cancer vaccines, tumor-associated antigens need to be 

internalized by antigen presenting cells alongside specific co-stimulatory signals. Interestingly, 

relative to soluble antigens, nano- and micro-particulate antigens are much better presented 

to CD8+ T-cells, a crucial step in the induction of cytotoxic T-cells that can eliminate malignant 

cells. In this regard, a strategy to encapsulate cancer cell-derived proteins into a particulate 

delivery system would be of high interest. Here we present a versatile approach to incorporate 

cancer cell proteins into polymeric capsules using the cells themselves as templates for Layer-

by-Layer assembly of complimentary interacting species. After coating, the cells are killed by 

hypo-osmotic treatment leading to bio-hybrid capsules loaded with cell lysate. Particular focus 

is devoted in this chapter on choosing the optimal coating components and conditions to 

maximize cell membrane integrity during the coating process, to minimize pre-mature protein 

release and to achieve optimal encapsulation of cell lysate upon lysis of the cells. To further 

underline the potential of our approach, we demonstrate that heat shock proteins, important 

immune-activators, can be induced and encapsulated into the bio-hybrid capsules.
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INTRODUCTION 

 
Despite major effort in cancer research, there remains a great need for more specific and 

targeted therapies to combat metastatic disease and to reduce the need for traditional chemo- 

and radiotherapies that are both prone to serious side effects1-3. Anti-cancer immune-therapy 

inǾƻƭǾŜǎ ǇǊƛƳƛƴƎ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ƻǿƴ ƛƳƳǳƴŜ ǎȅǎǘŜƳ ǘƻ ǊŜŎƻƎƴƛȊe and eliminate malignant cells4. 

To achieve targeted treatment, cancer antigens have to be internalized by dendritic cells and 

presented to CD8+ T-cells in combination with the appropriate cytokine spectrum and co-

stimulatory signals1,2,5-10. Recent advances at the interface between immunology and materials 

chemistry have elucidated that formulating protein-based antigens into particulate carriers in 

the range of 50 nm ς 10 µm strongly promote cross-presentation by DCs to CD8+ T-cells9-15. 

These findings provide a clear rationale to design strategies for the delivery of antigens in 

particulate form to DCs.   

 
Unfortunately, encapsulation strategies for tumor-associated antigens are limited as antigens 

of many cancer types are still unidentified on the one hand and are also prone to continuous 

mutation on the other16,17. To overcome these limitations, we detail an approach to 

encapsulate tumor-associated antigens by templating a synthetic membrane onto the surface 

of cancer cells followed by lysis of the cancer cells retaining cell lysate within the hollow void of 

the obtained capsules (Figure 1A). Cell encapsulation has not yet been used for anti-cancer 

immune-therapy but has found applications in several biomedical applications including tissue 

engineering and diabetes treatment18-21. Current progress on implementing whole cell lysates 

as anti-cancer vaccine is mostly based on ex vivo DC therapy, involving electroporation of DCs 

derived from the canceǊ ǇŀǘƛŜƴǘΩǎ ƻǿƴ ōƭƻƻŘ ƳƻƴƻŎȅǘŜǎ22,23. This is a highly costly, labor-

intensive procedure and does not take advantage of the physiological stimuli that occur in 

direct in vivo vaccination and therefore urges towards viable alternatives4,24. 

 
By employing in vivo ǘŀǊƎŜǘƛƴƎ ƻŦ ŀǳǘƻƭƻƎƻǳǎ ǘǳƳƻǊ ŎŜƭƭ ƭȅǎŀǘŜΣ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ƛƴŘƛǾƛŘǳŀƭ ǘǳƳƻǊ-

specific and/or tumor-associated antigens can be delivered to the immune system in an 

immunogenic fashion, which should enable the induction of broader immune responses 

specifically tailored to the ǇŀǘƛŜƴǘΩǎ ǳƴƛǉǳŜ ǘǳƳƻǊ ƳǳǘŀƴƻƳŜ16,17. However, one might argue 

that immunization of cancer patients with a vaccine containing autologous tumor cell lysate 

could lead to induction of autoimmunity against cellular proteins that are shared with normal 
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cells. However, this has, at least to our knowledge, not yet been reported in both preclinical 

and clinical studies25-28. 

 
Layer-by-Layer (LbL) assembly of complementary interacting components is an attractive 

technique to deposit a semi-permeable membrane on the surface of non-planar substrates29. 

It allows an easy, all-aqueous mild encapsulation of a wide variety of species, mostly polymeric 

or inorganic template particles that are used to design hollow capsules. Several studies have 

already been reported on LbL coating of cells mainly focusing on encapsulation of living yeast 

cells or bacteria20,30-32. However these microbial cells are more robust due to their rigid cellular 

wall whereas mammalian cells are more fragile33. Here we present the LbL encapsulation of 

murine melanoma B16.F10 cells, as model cancer cell line, aiming at high preservation of the 

cell membrane integrity and good protein retention contained within the deposited multilayer 

coating. 

 

RESULTS AND DISCUSSION 

 
1. Screening the interaction between cells and oppositely interacting species 

 
Due to the overall negative charge of the cell membrane, we attempted at first to coat B16.F10 

melanoma cells based on electrostatic interaction of the oppositely charged polyelectrolytes 

poly-L-arginine (PLARG) (Figure 1B1; polycation) and dextran sulfate (DEXS) (Figure 1B2; 

polyanion). This choice is based on our previous work where we showed multilayer capsules 

composed of these polyelectrolytes are biocompatible, degradable in vitro34 and in vivo35 and 

induce broad cellular and humoral immune responses against encapsulated antigen36-38. 

However, whereas in the form of a polyelectrolyte complex poly-L-arginine is not inducing 

acute cytotoxicity39, we observed that incubation of live cells in a poly-L-arginine solution at a 

relevant concentration for Layer-by-Layer assembly (i.e. 0.1 to 1 mg/mL in isotonic HEPES 

buffer) induces instantaneous aggregation, cell lysis and cell death (vide infra ς Figure 2 and 

Figure 3).  

 
Therefore, we were prompted at investigating an alternative for electrostatic assembly to 

assure a better preservation of cell viability during cell coating. In this regard, hydrogen bonding 

is attractive because it involves non-ionic species and particularly hydrogen bonded thin films 
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composed of neutral charged hydrophilic polymers such as e.g. poly(vinylpyrrolidone) (PVP, 

Figure 1B3) and tannic acid (TA; Figure 1B4) which have recently attracted interest31,32,40. 

Although PVP and TA form strong complexes, PVP/TA multilayers have been reported to 

gradually disassemble over time, likely due to oxidation, and are therefore an attractive system 

for delivery purposes41,42. Additionally we have recently reported the design of porous 

microparticles based on TA/PVP via spray drying43. These particles were used to encapsulate 

protein antigens and we successfully demonstrated that the antigens, after cellular uptake, 

could still be processed together with a dramatic increase in cross-presentation. This suggests 

that in intracellular conditions, proteases are still granted access to the payload that is firmly 

entrapped within the particles under extracellular conditions. Tannic acid is a safe food-grade 

compound that is applied in biomedical applications including hemostatic coatings, nano-

capsules and cell encapsulation. Besides via hydrogen-bonding, tannic acid has also shown its 

capability to form thin films via multiple mechanisms44,45. PVP is a non-ionic polymer that is 

approved by the FDA for pharmaceutical applications.  

 

 

 
Figure 1. Schematic representation: (A) of the design of LbL-coated bio-hybrid cancer cell-templated 

capsules with alternating layers (step a-c) of either the electrostatically interacting polyelectrolytes 

dextran sulfate (B1) and poly-L-arginine (B2) or poly(N-vinylpyrrolidone) (B3) and (B4) tannic acid that 

interact via hydrogen bonding followed by lysis of the cells upon hypo-osmotic treatment (step d). 
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As the aim of our work is to encapsulate whole cancer cells, it is important to preserve cell 

integrity as much as possible while affecting cell viability as little as possible in order to retain a 

maximum amount of cellular proteins within the LbL coating. Therefore, in a first series of 

experiments, we investigated the effect of incubating cells in isotonic aqueous solution of 

respectively DEXS, PLARG, TA and PVP on cell integrity and cell viability. For this purpose 

B16.F10 cells were incubated in 1 mg/mL HEPES-buffered solutions of either PLARG or DEXS 

while on the other hand the B16.F10 cells were incubated in PBS buffered 1 mg/mL solutions 

of either TA or PVP. HEPES buffer is used to solubilize DEXS and PLARG as the latter is not soluble 

in PBS due to ionic crosslinking of the cationic guanidinium moieties of the PLARG by the 

trivalent phosphate anions of the PBS buffer. To avoid active phagocytosis of these components 

during the coating process, all handlings were performed on ice to block energy-dependent 

internalization pathways.  

The effect of the respective test components on cell viability and membrane integrity was 

subsequently assessed by inline flow cytometry (FACS) in presence of a live/dead stain  

(Figure 2). This technique comprises continuous sampling/measuring of a cell suspension while 

adding the test component of choice at a certain point to probe for the effect on cell viability. 

In addition, the flow cytometry observations were supported by visualization of the cytotoxicity 

by staining the B16.F10 cells with calcein-AM (C-AM) and propidium iodide (PI). C-AM is a cell-

permeable dye that is converted by esterases into a non-cell-permeable state upon cellular 

uptake. As such, it strongly stains live cells. PI intercalates with double-stranded DNA, as found 

in the cell nucleus, but is cell impermeable. PI will thus only stain the nuclei of cells that have a 

damaged cell membrane and is therefore used as a probe for cell membrane integrity.  

 
The gating strategy applied to analyze the inline flow cytometry experiments is shown in Figure 

2A. Here we deliberately did not gate out (by plotting FSC-A vs. FSC-H and SSC-A vs SSC-H) 

doublets or multiplets (i.e. clusters of multiple cells instead of single cells) thus allowing us to 

probe possible induction of cell aggregation upon addition of the test component to the cells 

during the flow cytometry measurements. The first gate (forward scatter versus side scatter)  
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Figure 2. (A) Flow cytometry gating strategy for determination of B16.F10 cell viability offline and inline. 

(B) Inline flow cytometry data representing the response to the addition of the respective test 

components in the FL-3 fluorescence channel (live/dead staining and the forward (FSC), respectively 

side (SSC) scatter channels. The dashed red line indicates the time points at which the test components 

were added. (C) Fluorescence microscopy images of B16.F10 cells staining with C-AM/PI after 10 min. 

incubation with the respective test components on ice. Overlay of the DIC, green and red fluorescence 

channels. Scale bar is 50 µm. 
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serves to select both live and dead cells and to exclude cell debris. These two populations are 

marked by respectively a green (live cells) and a red (dead cells) dashed rectangle. In this regard, 

as shown in the second gate, it is important to realize that when performing in vitro cell culture 

experiments, there is always a small amount of dead cells present. The next step in the gating 

strategy is plotting the fluorescence channel used for the detection of live/dead staining (i.e. 

FL-3) in function of time. To gather additional information on the cellular response to the 

addition of the respective test components, we also plotted the forward (FSC) and the side 

(SSC) scatter channel as function of time. The panels B in Figure 2 represent the evolution over 

time of the live/dead signal of cells present in the gate that contains both live and dead cells. 

The measurement was started at time point zero and the test components were added after 2 

minutes. To validate the set-up, we used PBS and Triton-X (i.e. a detergent that solubilizes the 

cell membrane) as controls. PBS is expected to not affect the cell viability, while Triton-X should 

immediately kill the cells. Indeed, the inline flow cytometry plots in Figure 2B, do not indicate 

any alternation in the signal in function of time when PBS is added. By contrast, Triton-X 

dramatically changes the response in FL-3, FSC and SSC channels combined with a strong 

decrease in numbers of events immediately after addition of Triton-X, indicating massive cell 

death and cell lysis. 

 
Subsequently, we evaluated the influence on cell membrane integrity upon addition of the 

components that are of interest for Layer-by-Layer coating. DEXS did not influence the 

fluorescence signal. This is also confirmed by the corresponding fluorescence microscopy 

images in Figure 2C, recorded from an identically treated cell suspension as for the inline flow 

cytometry. Clearly, the majority of the cells exhibit strong green fluorescence by C-AM staining 

and only a few are stained red by PI. By contrast, addition of PLARG causes an immediate 

distortion of the fluorescence and scattering signals. Observation of clogging of the tubing due 

to aggregating cells (evidenced by the sharp decrease in FSC and increase in SSC signal), forced 

us to abort the measurements. The corresponding fluorescence microscopy images (Figure 2C) 

confirmed the aggregation and the nuclear staining with PI suggests that the majority of the 

cells have indeed lost their membrane integrity. When the inline flow cytometry experiments 

were performed with TA or PVP, no loss of cell viability/integrity was observed by either flow 

cytometry or microscopy. These data point out the superior performance of TA and PVP, 

compared to polyelectrolytes, to encapsulate cells in a polymeric multilayer coating while 
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maintaining membrane integrity as much as possible and affecting cell viability as little as 

possible. Remarkably, in case of TA, a slight increase in the fluorescence signal from the live cell 

population was noted whereas the dead cell population slightly decreased in signal upon 

addition of this component. Moreover, the FSC and SSC signals appear slightly altered. Although 

it is most likely that tannic acid interacts via hydrogen bonding with cell surface proteins or the 

live/dead stain, the exact reason for this subtle shift in fluorescence remains unclear.  

 
Next, we also assessed the cellular viability/integrity with (common offline) flow cytometry 

(Figure 2A) comprising live/dead measurements after deposition of the test components and 

two washing steps to remove non-adsorbed material (Figure 2A). However, one might argue 

that in case cells completely lose their integrity or in case cells are lost during the multiple steps 

of pipetting, washing and centrifugation, they can no longer be stained by any of the dyes used 

in the previous experiments (i.e. live/dead, C-AM and PI). By consequence, these would neither 

be included in the amount of dead cells nor in the total cell number, and thus give rise to an 

overestimation of the cell viability. In order to address this issue we performed a MTT cell 

viability assay on B16.F10 cells that were incubated for 10 min on ice with the respective test 

components. MTT assay probes for the metabolic activity of cells by measuring the enzymatic 

conversion (which can only by performed by viable cells) of the substrate 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide into the purple-colored formazan. As 

such, relative to a blank control, this assay quantifies the percentage of live cells taking into 

account the possible lost cells due to induced lysis by the test component or the multiple 

washing/centrifugation steps the cells are exposed to. Figure 3 summarizes these 

measurements and compares the values obtained by live/dead staining and MTT assay. Clearly, 

the observed trends correspond well for both techniques, with only a slightly lower cell 

viability/integrity measured by MTT assay. Besides being independent of fully disintegrated 

cells and a small amount of cells that were aspirated when pipetting during washing and 

centrifugation, another difference between the live/dead measurement and the MTT assay is 

that the the latter requires, after pulsing and removal of the test component, an additional 2 h 

incubation period of the cells with the MTT substrate. As such, the cell viability/integrity 

measured by MTT assay probes for longer-term effect than the online FACS live/dead assay 

that depicts the immediate cellular response to the respective test compounds. Deeper 

investigation into this phenomenon is beyond the scope of this work. However, generally we 
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can conclude that the inline flow cytometry set-up is a straightforward method to assess the 

instantaneous cellular response to a specific test component. 
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Figure 3. Cell viability/integrity, measured via MTT and FACS live/dead assay, measured after 10 min 

incubation of B16.F10 cells on ice with the respective test components. n=6.  

***: p < 0.001. §: FACS live/dead analysis was not possible due to massive cell aggregation. 

 

2. Characterization of the LbL coating  

 
Based on our initial flow cytometry and microscopy findings, we next attempted to coat the 

B16.F10 cells with a multilayer film by alternated assembly of TA and PVP. For this purpose, 

cells were sequentially incubated in 1 mg/mL solutions of respectively TA or PVP in PBS buffer. 

Also in these experiments, all handlings were performed on ice to block energy-dependent 

internalization pathways. After deposition of each layer, the cells were centrifuged and washed 

two times with PBS buffer to remove non-absorbed material. An important aim in this chapter 

is to measure the effect of these handlings on cell viability and more importantly on cellular 

integrity. Therefore, before dispersion of the cells in the respective coating solutions, cell 

viability/integrity was monitored by optical microscopy (C-AM/PI staining), FACS (live/dead 

staining) and MTT assay.  

 
As repeated incubation on ice, pipetting, washing and centrifugation steps might have an effect, 

we also performed control experiments by subjecting cells to the same regime of handlings, 

but fully in PBS instead of using the respective coating components. The evolution of the 

cellular integrity/viability (monitored by either MTT or FACS live/dead) of these control groups 
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is represented by the dashed curves in Figure 4A. FACS live/dead assay does not point out any 

significant cell death during repeated washing/centrifugation, whereas MTT assay does indicate 

a significant loss. Again, as discussed in the previous paragraph, this can likely be attributed to 

the longer time that is required to perform the MTT assay, to the small fraction of cells that is 

aspirated during the centrifugation/washing cycles and to possible induced cell lysis by the test 

component. In view of these findings future research will focus on novel strategies, thereby 

reducing loss of cell viability and membrane integrity, that allow one-step coating of cells based 

on novel concepts that were recently introduced into the field of colloidal engineering44,46. 

 

 
 

Figure 4. (A) Cell viability, measured via MTT and FACS live/dead assay, measured after each deposition 

cycle during LbL coating of B16.F10 cells. The images are an overlay of the DIC, green and red 

fluorescence channels. N=3. (B) Fluorescence microscopy images of B16.F10 cells staining with C-AM/PI 

after each deposition cycle during LbL coating of B16.F10 cells. The images are an overlay of the DIC, 

green and red fluorescence channels. Scale bar is 50 µm.  

 

The non-dashed curves in Figure 4A, represent the evolution of cell viability/integrity during LbL 

coating of the B16.F10 cells and indicate a gradual decrease as function of time. MTT and FACS 
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live/dead assay show a similar trend that is confirmed by the microscopy images, as shown in 

Figure 4B, indicating increasing amounts of dead cells when depositing more layers. 

Importantly, no massive cell lysis or aggregation is observed during LbL coating of the cells. 

Figure 4A also represents the effect of a hypo-osmotic treatment on the cell viability/integrity. 

Previous studies on LbL coating of living cells describe cell survival of approximately 80 % up to 

95%.32, 47. Our results show however, a dramatic reduction in cellular viability/integrity after 

deposition of 2 bilayers. We assume this can be attributed to the different approach we 

elaborated on in our present work to assess the effect of LbL coating on cell integrity. So far in 

literature either yeast cells or bacteria, both having a rigid cell wall, have been used for LbL 

coating or cell viability/cell membrane integrity has been monitored solely after deposition of 

the entire LbL coating32, 47, 48. The latter thus excludes the extent of cell death or lysis that occurs 

during the coating process itself, which appears, at least in our findings, to play an important 

role. 

 
3. Assessing the influence of the starting layer on cellular integrity 

 
Next, we also aimed at investigating the effect of the starting layer (i.e. TA or PVP) on cellular 

integrity. Interestingly, when the Layer-by-Layer coating was initiated from PVP rather than TA, 

maintenance of the membrane integrity was improved as measured both by flow cytometry 

and MTT assay (Figure 5A). This suggests that using TA as starting material for cell-templated 

LbL assembly gives rise to an increased cytotoxicity upon further LbL coating. Although PVP is 

known for its non-fouling behavior, exhibiting only very low interaction with the cell surface, 

we observed that starting Layer-by-Layer assembly with PVP afforded a better preservation of 

the membrane integrity during the coating process. The possibility of decreased penetration of 

the MTT dye should however be considered due to increasing thickness and strength of the 

polymer coating that is deposited on the cells. In this respect, we were interested in gaining 

further insight in how the cell surface is affected by incubation of the cells with a bilayer coating 

either initiated with PVP or TA, by transmission electron microscopy (TEM). For this purpose, 

cells were coated with a (PVP/TA)2 or a (TA/PVP)2 coating, fixated and embedded in epoxy resin. 

Figure 5B shows the TEM images recorded from ultrathin sections cut from the epoxy-

embedded cells. These images clearly demonstrate the formation of an electron dense layer 

surrounding the cells and thereby confirm successful deposition of the coating on the cell 

surface. Interestingly, when comparing cells coated with a (PVP/TA)2 versus a (TA/PVP)2 
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membrane, a dramatic difference in morphology of the resulting cell-templated capsules is 

observed. In case of (PVP/TA)2 coated cells, the electron dense coating was confined to the 

surface of the cells, whereas in case of a (TA/PVP)2 coating, electron dense material was found 

to be spread throughout the interior of the capsules as well (indicated by the red arrows).  

 

 
Figure 5. (A) Cell viability, measured by a FACS live/dead assay, after each deposition cycle during LbL 

coating of B16.F10 cells. LbL coating was started with either TA (red curves) or PVP (blue curves). N=3. 

(B) TEM images of B16.F10 cells coated with 2 bilayers initiated with either TA or PVP compared with 

uncoated cells. The dashed rectangles show a zoomed area. Scale bar is 2 µm. The red arrows indicate 

the LbL coating. 
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These findings corroborate the MTT data and the live/dead flow cytometry data, suggesting 

that TA partially crosses the cell membrane thereby creating pores in the cell membrane and 

thus enabling the uptake of the live/dead dye PI. In contrast, when cells are first incubated with 

PVP, only a coating on the cell surface is deposited, suggesting that adsorption of PVP onto the 

cell surface in a first step prevents cellular infiltration of TA in subsequent steps of the cell-

coating process.  

 
To gain further high resolution morphological insight into the cellular response to TA and PVP 

during Layer-by-Layer coating of the B16.F10 cells, TEM images (Figure 6) were recorded after 

deposition of each layer, either starting LbL assembly with PVP or TA. When LbL coating is 

started with TA, the morphology of the cells changes already after addition of the first TA layer, 

witnessed by the presence of an abnormal amount of vesicles (orange arrows). This indicates 

immediate cellular toxicity, likely attributed to tannic acid that crosses the cell membrane. In 

addition, the extent of swollen ER (blue) and mitochondria (yellow arrows) gradually increases 

as function of the number of deposited layers. Finally, after two TA/PVP bilayers, the cells 

exhibit a high amount of lysosomes (green arrows), i.e. degeneration remnants of the 

mitochondria, along with a high extent of degeneration of the cytoplasm and the cell nucleus 

(purple arrows). This can probably be attributed by the presence of additional pores in the 

plasma- and nuclear membranes together with the presence of the electron dense PVP/TA 

material (red arrows) on the cell surface and inside the cell.  

 
In contrast, when the LbL coating is started with PVP, the cells exhibit a normal morphology 

after deposition of the first (i.e. (PVP/TA)1) bilayer as the morphology of the cells appears to be 

unchanged compared to uncoated cells. However, during the position of the third layer (i.e. 

(PVP/TA)1.5) the cell morphology starts to change, witnessed by the presence of swollen 

endoplasmic reticulum (ER), swollen mitochondria and lysosomes, indicated by respectively 

blue, yellow and green arrows. After deposition of two PVP/TA bilayers, the cellular 

degeneration process appears less pronounced than when LbL coating was started from TA and 

no PVP/TA complexes are observed inside the cells. However, also in this case, an increased 

amount of abnormal cell structures together with initial degeneration of the cytoplasm and the 

cell nucleus (depicted by the purple arrows) are observed. These findings support our previous 
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observations on membrane integrity (Figure 5A), where we observed a gradual increase of PI 

uptake in function of the alternating deposition cycles.  

 

 

Figure 6. TEM images of B16.F10 cells coated with 1 to 4 alternating layers of PVP and TA, either started 

with PVP (left panels) or TA (right panels). The dashed rectangles show a zoomed area. Scale bar is 3 

µm. The arrows indicate different cell structures: Orange = vesicles, Yellow = swollen mitochondria, Blue 

= swollen ER, Green = lysosomes, Purple = cell degeneration. The red arrows indicate the LbL coating. 


