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Preface 
 

This thesis was submitted to the Technical University of Denmark, the Department of Health 

Technology, as part of the requirements to achieve a Ph.D. degree. The included research was 

conducted both at the Institute of Micro- and Nanotechnology, later Department of Heath 

Technology, and at the Department of Biomedical Sciences, University of Copenhagen, in the 

Cluster for Molecular Imaging (CMI) headed by Professor Andreas Kjær. The studies took place 

from March 2017 until January 2020 under the supervision by Professor Thomas Lars Andresen 

and researcher Anders Elias Hansen.  

 

 The thesis consists of three parts, including a section that introduces concepts essential 

for understanding the scope of this thesis and a section composed of the research included in the 

thesis. The enclosed manuscripts are listed below. Finally, the last section includes a discussion of 

the impact and perspectives of the included work. The reference list and abbreviations for all 

sections are combined in the end of the dissertation. 

 

Enclosed manuscripts: 

I. Weywadt MF, Kempen P, Eriksen AZ, Kjær A, Hansen AE, Andresen TL.  

Functionalization of CpG lipoplexes with PEGylated proteins enhances the efficacy of anti-

cancer radio-immunotherapy 

 

II. Weywadt MF, Jæhger DE, Carstensen LS, Kjær A, Hansen AE, Andresen TL. 

Intratumoral protein-TLR-lipoplexes recruits and expands adoptively transferred T 

cells for enhanced therapeutic efficacy.  

 

 

 

 
Matilda Felicia de Val Weywadt 

Copenhagen, April 2020 
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Abstract 
 

Cancer remains one of the leading causes of death worldwide, with approximately 40% of all 

people experiencing cancer at some point during their lives. By now, it is acknowledged that 

immunological recognition of cancer is a multifaceted interplay, in which the elicited immune 

response can both promote and reject tumor growth depending on the inflammatory state of the 

tumor microenvironment. Accordingly, the eradication of established cancer requires more 

cunning strategies than currently available.  

Innate immunomodulators are capable of increasing the inflammatory state within the 

body, and thereby, enhancing immune cell recognition of cancer. The toll-like receptor (TLR) 9 

agonist CpG (Cytosine-phosphate-Guanine) oligodeoxynucleotide (ODN) has existed for over 30 

years, and we're just now grasping the potential of it. CpG ODNs are synthetic TLR9 agonists that 

exhibit great immunostimulatory capacity and are capable of linking innate and adaptive immune 

responses, thus making them clinically relevant. Even though nucleotide-based therapy is capable 

of mounting immune responses, it still faces the challenge of specificity, which is an obstacle that 

can be tackled through targeted delivery, immunization with antigens of either tumor-specific or 

other origin, or through radiation-mediated antigen release.  

In this thesis, Manuscript I investigates and describes the development of a lipoplex based 

delivery platform, which enables co-delivery of CpG and immunogenic proteins for direct 

intratumoral injection to enhance the therapeutic outcome of radiotherapy. Particles were either 

functionalized by engraftment of polyethylene glycol (PEG) bioconjugated protein ovalbumin 

(OVA) or OVA adsorption onto the particle surface. We demonstrate that the method used for 

protein functionalization greatly impacts the immunological capacity of the particles. 

Functionalized particles exhibited low toxicity and similar immune activity independent of the 

functionalization method in vitro, but PEG bioconjugated proteins post-inserted into the 

lipoplexes exhibited superior potential in terms of in vivo efficacy compared to protein adsorbed 

lipoplexes in combination with radiotherapy. Manuscript I thereby highlights that the developed 

protein-CpG-lipoplexes can potentially enhance the specificity of CpG and the therapeutic 

outcome of radiation therapy, mediating a new strategy to promote anti-cancer immunity.  

Through interaction with the TLR9, CpG promotes dendritic cell maturation, antigen 

presentation, and production of proinflammatory cytokines, which leads to enhanced T cell-



viii 

 

mediated anti-tumor immune responses. Once we established that the developed delivery 

platform of CpG in conjunction with proteins tended to exhibit enhanced synergistic effects with 

radiotherapy, we further investigated the impact of the lipoplex platform on adoptive T cell 

transfer (ACT). ACT is a form of cancer immunotherapy in which the number of T cells capable of 

recognizing the cancer cells are enlarged. For this purpose, the T cells are isolated, expanded to 

large numbers, and reinjected into the patient. Besides the fact that this process is both costly and 

time consumptions, the outcome of the therapy highly depends on the T cell's ability to survive 

and persist within the biological system. As such, there is excellent room for improvements. As 

such, in the second manuscript (Manuscript II) of this thesis, we investigate the potential of the 

developed lipoplex-based platform in combination with ACT. We demonstrate that a single 

administration of the protein-CpG-platform causes priming and proliferation of adoptively 

transferred non-activated T cells in vivo, leading to cancer eradication. This is important because 

it proves that upon correct stimulation, minimally-activated adoptively transferred T cells can be 

expanded in vivo, which in turn can minimize the waiting time for critically ill patients. Thereby, 

Manuscript II highlights that the treatment with the lipoplex platform might be a way to enhance 

ACT efficacy and bypass ex vivo expansion and ultimately broaden the scope of the therapy. 

Collectively, the studies reported in this thesis provide documentation for the development of a 

new cancer immunotherapy platform with versatile functions for more efficacious combinatorial 

cancer immunotherapy. 

 

  



 

 

 

 

 

Dansk resumé 
 

Kræft er en af de hyppigst forekommende dødsårsager på verdensplan, og alene i Danmark vil 1 

ud af 3 personer få kræft i løbet af deres liv. Det er i dag bredt anerkendt at immunforsvaret spiller 

en stor rolle i dannelsen af kræft. Således kan Immunsystemet både fremme og bekæmpe kræften 

afhængigt af den inflammatoriske tilstand i og omkring kræfttumoren. Derfor kræver det mere 

sofistikerede metoder til at bekæmpe kræften end man hidtil har haft. Her spiller immun 

regulerende stoffer, som TLR9 agonisten CpG ODN, en stor rolle. CpG er et syntetisk stof, som 

efterligner bakterielt DNA og derfor aktiverer immunsystemet i kroppen på samme måde som en 

infektion gør og kan derfor intensivere det inflammatoriske respons i kroppen. Dette kan i nogle 

tilfælde øge immuncellernes aktivitet og derved deres mulighed for at reagere på kræften. CpG 

har eksisteret i over 30 år, men det er først nu vi begynder at kunne forstå og udnytte potentialet 

af den. Da CpG er i stand til at forbinde det medfødte og tillærte immunforsvar er den enormt 

klinisk relevant. Dog er CpG stadig udfordret, da den kun udløser en generel immunreaktion som 

ikke er målrettet mod tumoren. Dette er et problem som kan løses ved enten at immunisere med 

antigener som kommer fra tumoren selv, eller antigener som er i stand til at udløse en bredere 

reaktion, som gør kroppen bedre i stand til at genkende kræften. Dette kan for eksempel opnås 

ved at behandle med stråleterapi som gennem celledød genererer antigen frigivelse i tumoren.  

I det første manuskript i denne afhandling beskrives processen bag udviklingen af en 

lipoplex-baseret platform. Denne muliggør transport af både CpG og protein-antigen til tumoren 

ved intratumoral injektion for at øge effekten af radioterapi. Vi demonstrerer to forskellige 

metoder, som kan bruges til at funktionalisere lipoplexerne med disse proteiner. Vi beskriver 

endvidere deres indvirkning på den immunologiske effekt, som opnås ved behandling med CpG 

lipoplexerne. Lipoplexerne blev enten funktionaliserede ved specifik binding af PEG 

biokonjugerede proteiner eller ved protein adsorbering til lipoplexernes overflade. Partiklerne 

udviste sammenlignelig toksicitet og immunologisk respons i cellekultur uafhængigt af 

funktionaliseringsmetode. Dog var det kun de PEGylerede partikler, som udviste øget tumor 

kontrol i kombination med strålebehandling. Derved konkluderer vi i Manuskript I, at den 

udviklede lipoplex baserede platform kan øge specificiteten af CpG samt den terapeutiske virkning 

af strålebehandling, hvilket baner vejen for en ny strategi for at opnå anti-cancer immunitet. 
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Ved at binde til TLR9 kan CpG fremprovokere modning af dendritiske celler, øge 

antigenpræsentationen og produktionen af pro-inflammatoriske signal stoffer, hvilket medfører 

et stærkere T celle medieret anti-tumor immun respons. Da vi havde vist at det etablerede 

PEGylerede lipoplex system øgede den synergetiske effekt med radioterapi, undersøgte vi 

herefter effekten af denne platform på T celle terapi. T celle terapi er en anden form for 

immunterapi, som har til formål at øge mængden af T celler, der er i stand til at genkende og 

dræbe kræftcellerne. Dette opnås ved at isolere T celler enten fra en donor eller fra patienten 

selv. Herefter opformeres T cellerne og bruges til behandling af patienten. Dog er T celle terapi 

dyr, tidskrævende og resultatet af behandlingen er desuden meget afhængig af T cellernes 

formåen til at overleve og forblive i det biologiske system, hvorfor der er god plads til forbedringer. 

Derfor undersøger vi potentialet af den PEGylerede CpG lipoplex platform i kombination med T 

celle terapi i det andet manuskript i denne afhandling. Vi viser her, at en enkelt intratumoral 

behandling med protein-CpG-platformen forårsager aktivering og forøgelse af minimalt 

aktiverede T celler og derved fører til bekæmpelse af cancer. Dette er en vigtig opdagelse, da det 

kan betyde at behandlingen med lipoplex platformen er tilstrækkelig potent til, at man vil kunne 

aktivere T cellerne direkte i kroppen uden forudgående dyrkning i laboratoriet. Dette vil øge 

brugen af forskellige typer af T celler, som f.eks. donor T celler fra raske donorer og på den måde 

mindske responstiden for kritisk syge patienter. Derved fremhæver manuskript II, at behandling 

med denne lipoplex platform kan omgå behovet for ex vivo ekspansion og muligvis udvide 

terapiens udbredelse. Tilsammen yder de to manuskripter dokumentation for udviklingen af en 

ny kræftterapiplatform med alsidige funktioner, som bidrager til mere effektiv kombinatorisk 

kræft immunterapi. 
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Chapter 1  

 Introduction  
 

Our immune system comprises a heterogeneous mixture of immune cells whose coordinated 

actions warrant repetitive elimination of cancer without damaging healthy tissues. However, 

sometimes malignant cells acquire the capacity to evade immune surveillance and become 

cancerous. T cells play an essential role in both immunosurveillance and the following anti-cancer 

immune response. Therefore, many cancer vaccines have been aimed at inducing specific T cell 

responses to treat the disease [1]. The vaccination against cancer generally faces two problems; 

specificity and efficacy. The specificity can be solved through the provision of antigens, whereas 

the question of how to enhance not just cancer vaccination efficacy but also overall cancer therapy 

efficacy, remains open. As such, the induction of sufficiently strong and competent T cell 

responses remains anecdotal, and even though the adoptive transfer of specially trained T cells 

has successfully controlled tumor growth, it has only done so within a narrow spectrum. Even so, 

several studies have accumulated a lot of knowledge over the years, that can be applied to 

improve cancer vaccination. Dendritic cells are crucial T cell inducers, and to gain optimal 

immunogenicity of a cancer vaccine, they, in conjunction with other tumor-residing immune cells 

need to be sufficiently activated by innate stimuli and related signaling molecules. Activation of 

the tumor residing immune cells leads to reduced suppressive forces within the tumor 

microenvironment [2]. Knowledge of these features is crucial for understanding and ultimately 

developing new and improved therapies for cancer-targeted immune intervention. 

To this end, we have employed this knowledge to develop a drug delivery platform to 

bridge the gap between existing therapies and achieving more efficacious, broader therapeutic 

outcomes.   
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Chapter 2  

 Scope of thesis  
 

The scope of this thesis was to develop and evaluate a platform for co-delivery of the TLR9 agonist 

CpG ODN and protein antigens. As such, the goal of the delivery platform was to improve uptake 

by immune cells and thereby enhance T cell responses, to achieve better therapeutic outcomes 

of already established cancer therapies, including radiotherapy and adoptive T cell transfer. For 

this purpose, we set the following aims:  

 

1)    To develop and optimize a lipoplex-based platform for simultaneous delivery of CpG ODN in 

conjunction with protein antigens for enhanced therapeutic outcome of radiotherapy 

(Manuscript I).  

To this end, we aimed to investigate the biological impact of two protein functionalization 

strategies, including protein adsorption and engraftment of PEG bioconjugated proteins onto the 

particle surface. For this purpose, we investigated particle toxicity, cytokine release, immune cell 

activity, and in vivo generation of antigen-specific CD8+ T cells. Finally, we aimed to examine the 

potential effect of the platform as a combinatorial therapy to determine the clinical relevance of 

the developed system.  

 

2)    To investigate the potential of the protein-CpG-lipoplex platform for improved adoptive cell 

transfer (Manuscript II) 

For this purpose, we investigated if the delivery platform would induce sufficient 

maturation and subsequent antigen presentation in dendritic cells to increase T cell activation and 

expansion. We further evaluated the activation of the stimulated cells by measuring the secretion 

of selected cytokines in the culture supernatants, some of which are important to successful 

induction of T cell survival, persistence, and effector function. We further aimed to test if the 

delivery of CpG in conjunction with protein antigens could increase tumor infiltration and 

proliferation of minimally activated adoptively transferred T cells, as these are essential functions 

for a successful anti-tumor response. 
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Chapter 3  

 Background 
 

3.1 Cancer 

Despite recent advances, cancer remains one of the leading causes of death worldwide, and 

approximately 40% of the population will be diagnosed with cancer at some point during their 

lives1. Cancer develops due to the cumulative mutational changes at a genetic and epigenetic 

level, leading to the loss of normal cellular regulatory processes and abnormal cell growth [2]. As 

such, cancer cannot be described as one disease, but rather as a collection of related diseases that 

share fundamental features [3]. Some of these features have been defined as critical for tumor-

formation and progression, commonly known as the hallmarks of cancer, including proliferative 

signaling, angiogenesis, replicative immortality, resisting cell death, invasive characteristics, and 

immune evasion. Immune evasion is critical for disease progression and metastasis, which is 

mediated by both cancer cells and the immune system [4]. 

The tumor microenvironment (TME) comprises cancer, immune, and stromal cells that all 

influence prognosis and treatment outcome [5]. However, it is not just the tumor residing cells 

that determines the progress of cancer as the composition of the infiltrating cells are also of 

significant importance [6], [7]. This duality of the immune system is described as cancer 

immunoediting and often underscores the complexity of modulating the immune system for 

cancer treatment [8]. 

 

 

 

                                                             
1 https://www.cancer.gov/about-cancer/understanding/statistics 
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3.2 Cancer immunology 

The process of immunoediting can effectively be divided into three phases, including the 

elimination, equilibrium, and escape phase. The elimination phase encompasses the original 

concept of immunosurveillance, in which abnormal cell growth is recognized by the immune cells 

and destroyed [8]. Although immunosurveillance may contribute to the suppression of tumor 

growth, it can also select for the escape of resistant clones that thrive within an accommodating 

inflammatory microenvironment during the equilibrium phase [9]. As a result, these resistant 

clones are no longer recognized by the immune system and continue to proliferate during the 

escape phase [8], [9]. 

 To escape immune surveillance, cancer cells effectively dysregulate several functions that 

would normally lead to recognition and elimination by the immune cells [2]. One of such functions 

include loss of MHC expression or acquisition of defects in antigen presentation [10]. Normally, 

failing to display the MHC class I molecule leads to elimination by natural killer (NK) cells, but the 

mutational load within cancer cells can also drive the display of non-self or neoepitopes on the 

MHC class I molecules, leading to recognition and elimination by antigen-specific T cells [2], [11]. 

These processes can be mitigated by paracrine and autocrine signaling, including the secretion of 

tumor growth factor (TGF)-b, interleukin (IL)-6, and IL-10, and upregulation of immune checkpoint 

inhibitors like programmed death ligand 1 (PD-L1), all of which are predominantly produced by 

the tumor residing immune cells and stromal cells [12], [13].  

Successful elimination of cancer is achieved through a collection of processes known as 

the cancer immunity cycle. Here, the release of tumor antigens from dying cells is taken up by 

antigen-presenting cells (APC), such as the dendritic cells (DC), which subsequently travel from 

the tumor to the lymph nodes and present the processed antigens to deliver activation and 

priming of T cells. The activation of T cells cause them to obtain effector functions and migrate to 

the cancer site to mediate tumor killing [2]. The cancer immunity cycle is illustrated in Figure 1. 

 

 

 

 

 



 

 

 

 
 

 

Figure 1: The cancer-immunity cycle. During step one, antigens resulting from oncogenesis are released and captured 
by DCs for processing. During the second step, captured antigens are presented to T cells on the MHC class I or II. To 
produce an anti-cancer T cell response, this step must be accompanied by proinflammatory cytokines and ligation of 
CD28 causing priming and activation of effector T cells (step 3). During step 4-7, the T cells travel to and infiltrate the 
tumor. Here the T cells exert cytolytic effects, which causes the cancer cells to undergo apoptosis and start the immunity 
cycle all over again. Modified from [2]. 

 

3.2.1 Antigen presentation 

The efficiency of cancer elimination relies on the capacity to enhance antigen uptake by APCs and 

mediate antigen processing and presentation on the MHC molecules to the T cells. The MHC locus 

is polygenic and comprises the most polymorphic region within the human genome, of which each 

allele has different peptide binding preferences. This leads to a wide-ranging repertoire of MHC 

complexes to present peptides to the immune system to eliminate cancer. The antigen 

presentation is mediated by either the MHC class I or MHC class II molecule, which are involved 

in the generation of anti-inflammatory, anti-tumoral cytotoxic CD8+ T cells, and maintenance of 

homeostasis. The MHC class I molecules are assembled in the endoplasmic reticulum (ER), in 

which peptides of 9-11 amino acids are loaded. The MHC class II, on the other hand, has an open 

binding groove in which longer peptides of 13-25 amino acids can be presented [14], [15]. 
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However, as the tumor antigens are related to self, the selection of antigens available in the tumor 

often has a low affinity towards the MHC or T cell receptor (TCR) and reactive subsets are often 

removed by central and peripheral tolerance mechanisms [16], [17]. The selection of optimal 

antigens for cancer vaccination, including tumor-associated antigens (TAA) and neoepitope 

identification is, therefore, an emerging field within cancer vaccination [18].  

 

3.2.2 Toll-like receptors 

One way that the APCs distinguish self from non-self is through innate sensing via pattern 

recognition receptors (PRR), such as the toll-like receptors (TLR). The TLRs are transmembrane 

receptor proteins residing on the surface (TLR1-2, 4-6, 10, and 11) or in endosomal compartments 

(TLR3, 7-9) of cells whose stimulation lead to innate and additional adaptive immune responses 

upon sensing of pathogen or damage-associated molecular patterns [19]. Recent evidence 

showed that some TLRs are also expressed in tumors, suggesting that the TLRs play a role in cancer 

biology [20], [21], [22].  

Owing to the interest in exploiting TLR-mediated activation to improve the efficiency of 

cancer vaccines, a large number of TLR agonists have been synthesized to be evaluated in both 

preclinical and clinical trials as cancer vaccination components [23]–[26]. However, only three TLR 

agonists are approved by the US Food and Drug Administration (FDA), including the TLR2/4 agonist 

Bacillus Calmette–Guérin (BCG), the TLR4 agonist monophosphoryl lipid A (MPLA), and the TLR7 

agonist Imiquimod [27], [28]. As ligation of the nucleotide sensing TLRs, including TLR3 and TLR7-

9, cause great secretion of the immune stimulatory signaling molecules type I interferons (IFN) 

and IL-12, there is a great interest in these as therapeutic targets. The TLR3, 7, and 9 exist as 

monomers but dimerizes upon ligation which mediates activation and downstream signal 

transduction via the Nuclear factor (NF)kB or interferon regulatory factor (IRF) pathway [19]. The 

TLR3, 7, and 9 recognize double-stranded (ds) RNA, single-stranded (ss) RNA, and ssDNA with 

specific sequence motifs, respectively. Subsequent downstream signaling induces the production 

of proinflammatory cytokines, including IL-6, IL-12, and type I IFN [29], [30]. The TLRs, ligands, and 

subsequent signaling pathways are illustrated in Figure 2. 

 



 

 

 

 
 

 

Figure 2: A detailed illustration of toll-like receptor (TLR) signaling. The TLRs are transmembrane glycoproteins, which 
either reside on the surface of the cells, e.g., TLR1-2, 4-6, 10, and 11, or in endosomal compartments, e.g., TLR3, TLR7-
9. TLR4 localizes at both the surface and in the endosomes. Stimulation of the TLRs leads to innate and additional 
adaptive immune responses upon sensing of pathogen or damage-associated molecular patterns. Following receptor 
ligation, the Toll-IL 1 resistance (TIR) domains of TLRs engage the TIR domain-containing adaptor proteins, which 
comprises either MyD88, MyD88-adaptor-like protein (MAL), TIR domain containing adaptor-protein inducing 
interferon-β (TRIF), or TRIF related adaptor molecule (TRAM). Engagement of the signaling adaptor molecules 
stimulates downstream signaling that involves the interleukin-1 receptor (IL-1R) associated kinases (IRAK) and TNR 
receptor associated factors (TRAF), which leads to the activation of mitogen-activated protein kinase (MAPK), c-JUN 
terminal kinases (JNK), and p38. In turn, this process activates the transcription factors leading to the production of 
proinflammatory cytokines and chemokines. Adapted from [19].  
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3.3 Delineating the tumor microenvironment 

The development of cancer does not rely on dysregulation within the cancer cells alone but is the 

result of a string of complex processes upheld by stromal cells, fibroblasts, infiltrating immune 

cells, the blood, the lymphatic vasculature, and the extracellular matrix (ECM), as illustrated in 

Figure 3 [4], [31]. In concert with the cancer cells, these cells uphold or mitigate the suppressive 

TME-based on the inflammatory signals present in the tumor [32], [33]. The CD8+ T cells, DCs, B 

cells, monocytes, and macrophages are critical to the anti-cancer immune response. To this end, 

the B cells, monocytes, and macrophages have been described to have dual roles in cancer 

immunity and can mediate suppression in combination with regulatory T (Treg) cells [34]–[36]. 

The cell composition within the TME is illustrated in Figure 3. 

 

 

 
 

 

Figure 3: The tumor microenvironment results from a complex series of events and processes upheld by stromal cells, 
fibroblasts, infiltrating immune cells, the blood, the lymphatic vasculature, and the extracellular matrix. Among other 
factors, the tumor infiltrating immune cells control the balance between pro-tumorigenic and anti-tumorigenic forces 
within the tumor microenvironment.  

 

 

 

 



 

 

 

3.3.1 T cells 

The T cells originate from hematopoietic progenitor cells in the bone marrow and mature in the 

thymus, in which they undergo extensive selection process [17]. Two distinct subsets are relevant 

for the anti-cancer immune response, which can be distinguished by the expression of cluster of 

differentiation (CD)4 or CD8. The CD4+ T cells influence the adaptive immune response through 

either effector or regulatory functions in line with the signaling profile exerted by the APCs [37], 

[38], [39]. During tumorigenesis, Tregs mediate suppression through a plethora of signaling 

molecules, some of which include cytotoxic T-lymphocyte associated protein (CTLA)-4, IL-2, IL-10, 

TGF-β, IL-35, glucocorticoid-induced tumor necrosis factor receptor (GITR), and lymphocyte-

activation gene 3 (LAG3) [40]. The amount of Tregs increase during cancer progression and the 

related increasing pro-tumorigenic signals restrict CD8+ T cell responses and induce dysfunctional 

APCs [41]. 

The CD8+ T cells produce IFN-g and respond to intracellular changes by the selective killing 

of target cells via the release of cytolytic effector molecules. On the contrary, naïve T cells are not 

capable of lysing target cells and require licensing and co-stimulatory factors, known as signal 1, 

2, and 3, presented to them by APCs to become functional [42]. The first signal is provided via the 

TCR upon recognition of the cognate peptide:MHC complex and increases the avidity for signal 2. 

Signal 2 consists of ligation of CD28 with the B7 complex (CD80/CD86), which promotes signal 3, 

comprising the release of stimulatory cytokines, such as IL-12 or type I IFNs [43]–[45]. Together, 

these three signals promote survival, differentiation, and production of cytokines by the T cells. 

However, insufficient mediation of signal 2 induces anergic T cells, which often occurs in the 

suppressive TME [38], [39].  

 

3.3.2 Dendritic cells 

The DCs have a unique potency to prime and activate T cells, as well as orchestrate their 

expansion, polarization, and effector activities in both lymphoid and non-lymphoid tissues [46]. 

The DCs comprise several subsets, including the classical DCs (cDC) and plasmacytoid DCs (pDC). 

The cDCs can be further divided into two subsets according to the presentation of CD11b and 

CD11c, among others. CD11b- CD11c+ cDC1s specialize in presentation of extracellular antigens 

on the MHC class I to CD8+ T cells – a process also known as cross-presentation [46], [47]. cDC1s 

can also present antigens to CD4+ T cells via the MHC class II, however, less potently compared to 

the cDC2 subset. As this subset is one of the main producers of IL-12, they are known to drive T 
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helper 1 (Th1) responses and licensing of NK cells, which is considered beneficial in a cancer 

setting. The presence of cDC1s in the tumor has been associated with a good prognosis in several 

studies [46]. On the other hand, the cDC2 subset is the most superior APCs and mediate activation 

and expansion of CD4+ T cells. However, the cDC2s are less prone to cross-presentation [48]. 

The pDCs are the primary producers of type I IFNs upon TLR ligation and are very 

important for the anti-cancer immune response as they promote both innate and adaptive 

immune responses. Interestingly, pDCs have also been shown to play a regulatory role in several 

cancers through the induction of regulatory cells [49], [50]. Additionally, the pDCs express the 

TLR9 receptor and secrete large quantities upon stimulation with CpG oligodeoxynucleotides 

(ODN), which ensures robust CD8+ T cell responses, which improves the general immunogenicity 

of the tumor [51], [52]. 

 

3.3.3 B cells 

The B cells are the main humoral immune cells and play a multifaceted role in the regulation of 

tumor immunity rather than just tumor inhibition or promotion. Studies have shown that B cells 

differentiate into two different subsets depending on the factors secreted in the TME. The 

different subtypes possess dual roles in tumor immunity by secreting antibodies and signaling 

molecules, along with antigen presentation [35].  

Regulatory B cells are closely related to tumor immunosuppression by affecting other 

immune cells in the TME, including CD4+ T cells, Tregs, and NK cells [34], [35]. Effector B cells 

secrete large quantities of cytokines, including IL-2, IL-4, IL-6, IL-12, IFN-g, polarize T cells, and 

produce antibodies that mediate the killing of cancer cells. Effector B cells can be induced upon 

stimulation with CpG ODN [52]. Additionally, studies have described tertiary lymphoid structures 

containing T cells, B cells, and DCs, forming within the tumor at different maturation states, 

culminating in germinal center formation [53], [54]. The tertiary lymphoid structures are thought 

to have prognostic value, and thus strategies aiming to induce tertiary lymphoid structure 

neogenesis in weakly immunogenic tumors represent promising avenues for cancer therapy. 

 

 

 

 



 

 

 

3.3.4 Myeloid-derived suppressor cells  

Continuous low-grade stimulation exerted by the tumor cells halts differentiation and causes 

myeloid-derived progenitor cells to become immature myeloid-derived suppressor cells (MDSC) 

[33]. The MDSCs comprise a heterogenic population that exert immunosuppression by inducing a 

state of chronic inflammation through the production of reactive oxygen species (ROS), nitric 

oxide (NO), and anti-inflammatory cytokines, such as IL-10 and TGF-b [36]. This mediates the 

differentiation of Tregs, and upon hypoxic conditions in the tumor, the MDSCs can acquire a 

macrophage phenotype with even broader T cell suppressive properties, which disrupts both 

antigen-specific and non-specific activities of T cells [55]. Normalization of myelopoiesis occurs 

once inflammation resolves or when immune surveillance is reinstated. Notably, secretion of type 

I IFNs and IL-12 has been shown to convert MDSCs into functional, non-suppressive APCs [56]–

[58]. In mice, MDSC differentiation can be achieved with the TLR9 agonist CpG ODN. Zoglmeier et 

al. (2011) documented that intratumoral CpG ODN administration induced MDSC maturation and 

differentiation through the secretion of type I IFNs and IL-12 from pDCs, which resulted in reduced 

T cell suppressive activity and tumor regression in CT26 tumor-bearing mice. Additionally, 

systemic injection of the TLR3 ligand Poly(I:C) showed similar results [58].  

 

3.3.5 Tumor-associated macrophages 

The TAMs may differentiate from monocytes or derive from tissue-resident macrophages that 

develop during embryogenesis. Their main functions include phagocytosis, antigen presentation, 

and secretion of immune-modulating signaling molecules. In the tumor, the macrophages may 

become subverted to support tumor growth, and in relation to this, two distinct phenotypes for 

TAMs have been described [59], [60]. The first being the M1 phenotype, which comprises the 

proinflammatory subset, and the second being the tumor-promoting M2 phenotype. Most TAMs 

are polarized towards the M2 phenotype in the TME, and are activated by Th2 cytokines, e.g., IL-

4, IL-10, and IL-13 [59], [60]. The M2 TAMs generate a pro-tumorigenic environment through the 

secretion of biochemical mediators, such as IL-10 and TGF-β, and the enzyme Arginase I, that end 

up suppressing cytolytic functions and promote cancer cell survival, proliferation, and eventually 

metastasis [60]. The negative effects of the TAMs can be counteracted with inhibitors of Arginase 

I, which has been shown to improve the response to ACT in a murine melanoma model [61]. 

Additionally, Sato-Kaneko et al. (2017) showed that intratumoral administration of either the TLR7 
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agonist 1V270, or CpG ODN in combination with checkpoint inhibitor anti-PD-1 increased the of 

M1 to M2 ratio and infiltration of IFN-g producing CD8+ T cells [62].  

 

3.4 Cancer immunotherapy  

Approximately a decade ago, the first clinical trials showed significant efficacy of checkpoint 

blockade and CAR T cell therapy [63], [64]. The observed effect of these therapies led to approval 

by the FDA, marking a significant change in the way we look at cancer therapy, as these therapies 

employ the immune system to induce prolonged complete cancer regression. This has led to 

increased interest in the field of cancer immunotherapy and a great increase in the number of 

immunomodulatory agents in clinical trials over the years [65]–[67]. However, development has 

been decreasing since the impressive results observed with anti- PD1, and CAR-T cell therapy. 

Most immunotherapies fail to induce regression in solid tumors, and so, more efficient 

approaches to safely and effectively drive immune responses against cancer remain an unmet 

need. A potential solution to enable better cancer treatment might lie in engineering the delivery 

of the immunotherapeutics to focus their performance on specific cell types or mechanisms to 

control tumor growth [68]. 

 

3.4.1 Therapeutic cancer vaccines 

Recent advances within target selection, vaccine technology, and methods for reinstating immune 

surveillance has allowed the field of immunotherapeutic vaccines to emerge [69]–[73]. Great 

efforts have been put into investigating different tumor antigens, proteins, and new technologies 

for this purpose, which has revealed peptide sequences with higher affinity towards the MHC 

yielding higher tumor specificity of the elicited immune response [18], [72]–[74]. Despite these 

advances, cancer vaccination has had a limited clinical impact. However, cancer vaccination still 

holds great interest in cancer immunotherapy research, as indicated in Figure 4, which highlights 

the large number of clinical studies performed within the field of cancer vaccination from 2017-

2019 [68], [75]. In general, the aim of therapeutic cancer vaccines is to induce a sufficient response 

to not only cure current disease but also to induce the formation of memory cells to protect 

against cancer recurrence [76]. Vaccines are often designed to deliver both antigen and adjuvant 

to APCs in order to initiate both innate and adaptive immune responses [70], [77], [78]. As a 

monotherapy, the cancer vaccine relies on the presence of an existing T cell repertoire that is 

capable of responding to stimuli [70].  



 

 

 

 

 
 

Figure 4: Cancer vaccination continues to be of great interest within the field of cancer immunotherapy and accounted 
for one of the highest numbers of phase II and III clinical trials, only surpassed by cellular therapies. Modified from [75].  

 

3.4.1.1 Cancer vaccination-based on tumor antigens 

Tumor-associated antigens (TAA) are antigens that are usually overexpressed in tumor tissue and 

shared among patients, making them attractive targets for antigen-based cancer therapies [1], 

[71], [79]. Antigen immunization works through the facilitation of de novo T cell responses, by 

amplification or boosting of already existing T cell responses, or a combination of the two, as 

illustrated in Figure 5.  

Many efforts have been devoted to developing vaccines that target one or a restricted set 

of cancer antigens, including differentiation antigens, such as MelanA and gp100, cancer-testis 

antigens, e.g., MAGE or NY-ESO1, or virus-derived antigens from human papilloma virus or Epstein 

Barr virus [70], [80]–[83]. Many of these have shown promising results, but none have been 

licensed yet as a vaccine. As TAAs are self-antigens, the B and T cells that strongly recognize these 

antigens are often removed by central or peripheral tolerance [16], [17]. The remaining T cells are 

often low avidity variants, which poses a challenge for vaccine design. For many TAA-directed 

vaccine clinical trials, the immune response does not appear to be strong enough to achieve 

significant efficacy. To break tolerance, the vaccine should thus be able to amplify the signal of 

the antigen [2].  
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Figure 5: Vaccination to evoke anti-cancer immune responses. Vaccination can be applied to increase A) de novo T cell 
responses that were not present before vaccination, B) amplify or boost already existing T cell responses, that were 
present at lower numbers before vaccination, and C) a combination of A and B, in which diverse populations of T cells 
are induced, conferring potential broad tumor antigen recognition. Figure adapted from [18]. 

 

 

 

 

 

 



 

 

 

3.4.1.2 Cancer vaccination based on neoepitopes 

Regarding antigen selection, other options are available of a more or less personalized character 

in which neo-epitopes are proposedly ideal tumor targets, as they are genuinely tumor-specific 

[77]. Neo-epitopes arise from cancer-specific mutations, in which even single amino acid changes 

in the tumor genome can change the immunogenicity of the antigens significantly and elicit strong 

T cell responses. Neo-epitope specific T cells have been detected in the blood of cancer patients 

and have accelerated development in the field of genomic sequencing and bioinformatics to allow 

for rapid identification of such highly immunogenic mutated antigens [18], [66]. Even so, in a study 

of the syngeneic tumor model MC38, only 10% of non-synonymous point mutations lead to the 

generation of peptides with high affinity to MHC class I molecules. Additionally, only a fraction of 

these peptides was highly immunogenic when tested by vaccination [78]. Two recent studies 

published in Nature reported clinical success upon treatment with neo-epitope vaccines in late-

stage melanoma patients, which generated some excitement in the field, due to a relatively high 

response rate to this approach [79], [80]. Even so, most of the generated responses in the studies 

were against CD4 epitopes, which underlines the need for strategies that can increase the CD8+ T 

cell response [18]. To this point, whole protein contains several epitopes that simultaneously can 

induce both CD4+ T cell, CD8+ T cell, and B cell responses, whereas minimal peptides are 

constrained to induce either CD8+ T cell or CD4+ T cell responses [84]. As CD4+ T cells and B cells 

can enhance the generation of CD8+ T memory cell responses, minimal peptide targeting might be 

less optimal for the induction of long-term immunity [85], [83].  

 

3.4.1.3 Toll-like receptor agonist adjuvanted cancer vaccination 

For the last decade, TLR agonists have been studied as potential adjuvants for cancer vaccination 

[83], [86]–[89]. The majority of the investigated TLR agonists target the nucleotide sensing TLRs 

due to the related secretion of especially IL-12 and type I IFNs [87]. The TLR7 is capable of 

mediating cross-presentation in DCs, inducing priming of CD8+ T cells. However, as TLR7 agonists 

tend to be small, hydrophilic molecules and are often limited by adverse effects, they often 

require delivery system to be effective [90], [91]. Additionally, nucleotide-based TLR3 or TLR9 

agonists are quickly degraded in their natural form by nucleases in the biological system and 

thereby also require stabilization or delivery vehicles to exert their biological activity [92], [93].  

Recently, the TLR3 agonist Poly(I:C) was found to enhance the antigen-specific responses 

of CAR-T cell therapy through the mitigation of MDSC functions in a preclinical study by Di et al. 
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(2019) [94]. Furthermore, the therapeutic efficacy of anti-PD1 therapy was augmented through 

intratumoral treatment with the TLR7 agonist 1V270. Mechanistically, the effect was attributed 

to the conversion of M1 to M2 TAMs and the promotion of IFN-g production in CD8+ T cells [62]. 

The TLR9 agonist CpG, which is one of the main focus points of this thesis, will be further 

elaborated in the enclosed review concerning CpG (Chapter 4). In an attempt to increase anti-

cancer efficacy, all of the mentioned TLR agonists have been incorporated in cancer vaccines 

either as an adjuvant, as part of a nanoparticle-based system for use as a monotherapy, or as part 

of a combinatorial therapy strategy [25], [95], [96].  

 

3.4.2 Adoptive cell transfer  

Adoptive T cell transfer (ACT) is an increasingly important component of the anti-cancer arsenal 

and covers the isolation, ex vivo handling, and re-infusion of tumor-specific T cells [97]. Due to the 

impressive results with late stage patients, ACT continues to grow as a cancer immunotherapy and 

supports the promise of protection from relapsing disease by generating long-lived memory T cells 

[98], [99]. The therapy form has moved from being highly experimental to becoming a clinically 

viable option for cancer immunotherapy [100]. ACT still requires specialized facilities, patient 

hospitalization, and carries a considerable risk of toxicity and unknown side effects [97].  

As a whole, ACT includes; CAR T cells, transgenic TCR products, and tumor-infiltrating 

lymphocytes (TILs) [74], [82]. The concept of CAR-T cells is to drive tumor recognition through 

chimeric antigen receptors that are transduced in isolated, patient-derived peripheral cells, which 

in second-generation CAR-Ts also include co-stimulatory receptors [101], [102]. However, CAR-T 

cell therapies are very expensive and have been linked to fatal adverse effects, mainly due to 

cytokine release syndrome with frequencies reaching up to 93% of patients in some trials [103], 

[104].  

The TCR transgenic T cells express TCRs specific to a target epitope and react to antigens 

presented on MHC class I molecules, but the therapeutic effect of TCR transgenic T cells has been 

limited compared to both CAR-Ts and TILs. A study published in Science in 2006, reported 

objective responses for two out of 15 patients treated with the MART-1 TCR transgenic 

lymphocytes [105]. These results were backed up by a study conducted by Chodon et al. (2014), 

which reported signs of tumor regression in 9 of 13 patients with metastatic melanoma who 

received MART-1 TCR transgenic lymphocytes [106]. However, many of these studies report 

adverse effects related to both off and on target effects [107], [108]. 



 

 

 

ACT based on TILs is based on the outgrowth of tumor resident T cells, ex vivo expansion, 

and transfer back into the patient after lymphodepletion and often under the support of high-

dose IL-2 to facilitate engraftment [109]–[111]. Multiple clinical trials have reported objective 

response rates varying between 40% and 70% in patients. Since Rosenberg et al. conducted the 

first clinical trials with TILs in 1994, many combinatorial options have been attempted, including 

checkpoint inhibition with anti-PD-1, anti-CTLA-4, and systemic IFN-a [100], [109], [110]. Even 

though the combination of TLR agonists and ACT is currently being investigated preclinically, none 

have reached clinical trials within this field [89], [112], [113].  

Because patients receiving ACT are often resistant to other treatments and have 

advanced-stage disease, it is of high interest to expand on current ACT products. Research has 

demonstrated that there is a potential in applying minimally differentiated or naïve T cells for ACT 

[97], [114]. A phase II study showed that treatment of metastatic melanoma patients with TILs 

that had only been cultured for 10-18 days as opposed to the normal 21-36 days, resulted in 

objective responses of 50% (10 out of 20 patients), which included two complete responders and 

eight partial responders [115]. The results were backed up in a study by Itzhaki et al. (2011) in 

refractory melanoma patients [116].  

 

3.4.3 Cytokines and chemokines  

Cytokines and chemokines play essential roles in both tumor growth and elimination. These 

molecules of the innate of adaptive immunity allow immune cells to communicate over short 

distances in a paracrine and autocrine manner. As such, there has been a great interest in 

harnessing the capacity of the cytokines and chemokines to orchestrate cell migration and cause 

phenotypic changes in the TME [22], [117]. 

Cytokine therapy to activate the immune system of cancer patients has been an important 

treatment modality and continues to contribute to current clinical cancer research [117], [118]. 

Supplementation of exogenous chemokines or cytokines can be applied to enhance lymphocyte 

tumor infiltration and immune cell effector functions [118]. To this end, IFN-a was approved by 

the FDA for adjuvant therapy of melanoma patients [117]. However, systemic administration of 

soluble cytokines exhibits poor efficacy due to rapid clearance and is also related to toxicities 

[117]. Still, intratumoral administration or endogenous induction, through the usage of TLR 

agonists, of type I IFNs, TNF-a, IL-2, and IFN-g has been shown to favor T cell efficacy in a preclinical 
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model of ACT through the downregulation of T cell anergy markers and infiltration of NK cells and 

APCs [119].  

 

3.5 Radiotherapy 

Radiotherapy remains one of the primary cancer treatment options, as more than 50% of all 

cancer patients receive radiotherapy sometime during their treatment [120]. Radiotherapy is one 

of the few one-fits-all therapies costing about 5% of the total cost of cancer care [121]–[123]. 

Most commonly, radiotherapy is externally delivered through a laser beam, in which photons 

penetrate the skin and deliver high energy rays, including photons, protons, or particle radiation 

to the location of the tumor [120], [124], [125]. Radiotherapy can also be internally administered 

through brachytherapy in which radiation is implanted intratumorally as for instance radiolabeled 

isotopes [126]. Radiation causes immunogenic cell death resulting in modulation of lymphocyte 

effector function in the TME through the release of cancer-derived antigens, that can initiate the 

cancer-immunity cycle [2]. However, radiotherapy can also mediate immune suppression through 

the attraction of MDSCs, M2 TAMs, and Tregs [4], [33], [127]–[129]. 

 

3.5.1 Biological basis of radiotherapy 

The lethality of radiotherapy is related to the induction of DNA strand breaks, caused by the 

absorption of gamma radiation leading to the production of ionized atoms raised into excited 

states. The excited ionized atoms cause the formation of unstable free radicals that interact with 

cell substituents and cause DNA damage or damage to the cell membrane and mitochondria as 

illustrated in Figure 6 [124], [130], [131]. The radiation therapy thereby results in base pair 

damage, including single-strand breaks and double-stand breaks. The double stranded breaks are 

irreparable and causes more lethal damage to the radiated and surrounding cells compared to 

single stranded breaks [132]. However, the effect of radiotherapy can be counteracted by free 

radical scavenging and cellular repair mechanisms. As a result, only approximately 30% of 

irradiated cells die from therapy at 1 Gy [125]. The cells that become too damaged for repair, stop 

replicating and eventually die, causing the release of TAAs. Most irradiated cells die from mitotic 

catastrophe, but also from apoptosis, senescence, necrosis, and autophagy [130]. Mitotic 

catastrophe is common in irradiated solid tumors and signifies delayed mitosis-linked cell death, 

in which the cells die during division. Consequently, radiotherapy causes cell death over an 

extended time period after treatment [130], [132]. To this end, the extent of cell death caused by 



 

 

 

the radiation therapy depends on the genomic instability of the cancer cells. Since cancer cells 

often lose the proliferative control mechanisms that are also used in recovery from genotoxic 

stress, the cells become sensitive to treatment. Consequently, the activation of cell death 

pathways in the cancer cells primarily contributes to tumor radiosensitivity [130], [131].  

 

 

 
 

Figure 6: Direct and indirect effects of radiotherapy on DNA. Ionizing radiation cause DNA damage through the 
formation of secondary electrons that interact directly or indirectly through water molecules with the DNA, thus 
creating free radicals (OH+). Modified from [133]. 

 

3.6 Enhancing cancer immunotherapy with nanomedicine 

Traditionally, cancer therapy has focused on the systemic delivery of therapeutics for the 

treatment of tumors as well as metastasis [68], [134]. However, this delivery form has some 

challenges when it comes to the delivery of therapeutics that are not explicitly interfering with 

pathways that are unique to the cancer cells [134]. When it comes to immunotherapy, this 

strategy becomes even more challenged. Many immunotherapeutics attempt to increase the 

adoptive immune responses which often increases the risk of related adverse effects [134]–[136]. 

To avoid this, methods to encapsulate and shield such drugs have been developed. Nanoparticles 

composed of lipids, polymers, and other materials have been employed to manipulate the drug 

exposure, pharmacokinetics, tumor accumulation, and enhance uptake of the particles in the 

innate immune cell compartment and thereby mediate signaling pathway regulation on a single-

cell level [68], [137], [138]. These are all tunable parameters, as they not only depend on the 

immunomodulator of choice, but also on the modification of chemical composition, charge, size, 

functionalization with proteins or antigens, and stability of the nanoparticles [137], [139], [140]. 
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The nanoparticle composition allows control over the spatiotemporal influence on the immune 

system and ensures the maximization of the therapeutic index. Examples of such new 

technologies include liposomal delivery of ODNs, gene- and chemotherapy, along with cytokine 

nanogel-based backpacks for T cells [99], [141], [142]. 

 

3.6.1 Lipoplexes as cancer related immunotherapeutic vaccines 

The delivery of genetic material such as RNA or ODNs has been of great interest in recent years 

[25], [143]. The ODN related immunomodulators have great potential for the engineering of cell 

responses in terms of signaling pathway regulation and mediation of cytokine secretion [25], [51], 

[89], [144]. As these immunomodulators are nucleotide-based, they are easily degraded by 

nucleases in the biological system [145]. As such, the delivery of ODNs in nanoparticles seems like 

a natural choice. However, the development of liposomes for delivery of nucleic acid-based 

therapeutics has been limited by low encapsulation, low drug to lipid ratios, and the instability 

caused therein [146], [147]. The application of nanoparticle related technology for this purpose 

required the development of new methods to achieve higher encapsulation and improved 

pharmacokinetics [146], [147]. To overcome the challenges of nucleotide delivery lipoplexes or 

cationic liposomes, cationic polymers, and inorganic nanoparticles have been studied as carriers 

[141], [148]–[150]. Among them, the lipoplexes are the most widely considered carriers due to 

high biodegradability and compatibility. Lipoplexes are colloidal structures, in which anionic 

nucleic acids are condensed due to electrostatic interaction with cationic lipids and offers high 

encapsulation rates [147], [151]. These structures have been used for transfection, in which 

nucleic acids are transported as cargo until the particle is taken up by target cells [152], [153]. 

Zwitterionic and protonatable lipids have been used to breach the endosome and release the 

nucleic acids into the cytoplasm [147], [154], [155]. Through this method, one can force cells to 

start producing specific proteins via the promotion of gene transcription. However, lipoplexes can 

also be used to carry cargo whose final target resides in the endosome, like the TLR9 agonist CpG 

ODN [143], [147].  

 

 

 



 

 

 

3.6.2 Delivery and cellular entry of nucleotides  

Even though ODN-based therapy exerts its effect in the endosomes and thereby avoids transport 

to the nucleus, there are still many barriers to cross between the point of administration and the 

endosome. Systemic delivery of CpG ODN is rate-limiting and associated with toxicities even when 

encapsulated [156]–[158]. To overcome these barriers, the encapsulated nucleotides are most 

commonly administered intratumorally [25], [26], [158]. One of the major obstacles is related to 

the diffusion of the particles throughout the extracellular matrix (ECM), which entails a dense 

layer of polysaccharides and fibrous proteins, notably slowing down the diffusion. One of the main 

components of the ECM is the proteoglycans, consisting of a central backbone protein covalently 

linked to one or more negatively charged glycosaminoglycans (GAG). The GAGs can interact with 

the cationic lipoplexes and thereby cause decreased mobility and may also compete for binding 

of the cationic lipid and thus cause decondensation and release of the nucleic acid. Finally, the 

ECM is very rich in nucleases, which underlines the need for nucleolytic protection [159], [160].  

For the lipoplex to enter the cell, the particles have to cross the plasma membrane, which 

can occur through a limited number of processes. Because passive diffusion across the membrane 

is reserved for uptake of small and hydrophobic objects, the entry into the cell occur via other 

routes, and most research points towards the endocytic pathway [152], [153], [161]. Endocytosis 

is a cellular uptake mechanism for macromolecules and solutes, that enter the cell in membrane-

bound vesicles derived by introversion and pinching off the plasma membrane. As several 

endocytic pathways exist, the specific uptake mechanism depends on the biophysical 

characteristics of the particles [153]. 

 

3.6.3 Morphology and stability of lipoplexes 

The condensation of nucleic acids causes the lipoplexes to form lamellar or hexagonal cationic 

lipid-DNA complexes, depending on the lipid composition [162]. As the system is based on 

electrostatic interactions, the formation of the particle is highly unstable and depends on the 

molar ratio of cationic lipid nitrogen (N) to the nucleotide phosphate (P) [163]. The N:P ratio 

influences some of the most essential characteristics of the lipoplexes, namely the surface charge, 

size, and reproducibility, and greatly impacts the efficiency of the therapy [164]. By choosing a 

rational combination of lipids, the lipoplexes can be arranged into lamellar or hexagonal phases, 

and made to transition between the phases depending on the environment, which is a feature 
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commonly used for the endosomal release of the cargo [151], [165]. The lamellar and hexagonal 

phases of lipoplexes are illustrated in Figure 7.  

 
 

Figure 7: Illustration of the A) lamellar structure of cationic lipid and DNA lipoplexes, in which the DNA is sandwiched 
between two lipid bilayers, B) inverted hexagonal structure, which involves the coating of DNA rods with lipid 
monolayers arranged in a hexagonal lattice, and lastly C) intercalated hexagonal structure where the DNA rods are 
enclosed by three honeycombs of lipid micelles arranged in a hexagonal lattice. Modified from [151].  

 

Lipoplex formulation is key as stability is essential for in vivo delivery and to avoid 

premature disintegration of the produced particles. The lipoplexes can be described as kinetically 

trapped systems, in which the complex formation is entropy-driven. According to a study of DNA 

condensation conducted by Hirsh-Lerner et al. (2001) the process of particle formation occurs in 

two steps [166]. The initial reaction is a rapid, reversible, exothermal process in which the 

spontaneously assembled lipoplexes retain their initial spherical structure. The second step is 

slower and irreversible. Here electrostatic interactions drive fusion and rearrangement of the 

liposomes, causing the formation of the multilamellar lipoplexes [154], [166]–[168].  

The most energetically favorable geometry of lipoplexes is the multilamellar lipoplex, as 

these structures entails nucleic acid screening between the charges between of cationic bilayers 

[141], [169]. This does not necessarily ensure that the particles are stable for delivery in the 

biological system where the presence of serum protein will challenge the electrostatic interaction 

between the cargo and cationic lipid [162], [170]. To avoid destabilizing protein interactions, the 

surface of the particles can be engrafted with polyethylene glycol  (PEG) [171], [172].  

 

3.6.3.1  PEGylation 

The PEG moiety is an inert hydrophilic polymer that can be grafted onto the surface of 

nanoparticles to increase stability through steric hindrance. PEGylation reduces the adsorption of 

protein opsonins, which are part of the mononuclear phagocytic system and causes enhanced 

nanoparticle clearance [137], [171]. Upon intratumoral delivery, PEGylation can further improve 

the mobility and passive drainage to the tumor-draining lymph nodes (tdLN) and reduce particle 
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aggregation [171], [173]. The passive drainage to the tdLNs ensures that the lipoplexes not only 

interact with tumor-residing cells but also become capable of activating immune cells within the 

lymphoid compartments [174], [23]. The stealth-like behavior of the particles depends on the 

grafting density of the PEG moiety and is favored at high grafting densities, which causes the 

polymers to consist in the brush regimen. Conversely, the PEG moieties are in the mushroom 

regimen at low grafting densities, in which the polymer chains consist of non-interacting random 

coils. Conversely, the polymers are more densely packed in the brush regimen, and the PEG 

polymers mutually interact and extend out from the surface, as illustrated in Figure 8. The 

conformation of the PEG chains is important for both the steric forces and protein adsorption, in 

which the brush conformation favors steric stabilization [175].  

 

 
 

Figure 8: The mushroom and brush configuration of Polyethylene glycol (PEG) occur at low or high grafting density, 
respectively. Figure was modified from [175]. 

 

3.6.3.2  Bioconjugation of proteins 

Several attempts to engineer adjuvanted nanomedicine-based vaccine strategies for delivery of 

antigens to elicit specific anti-tumor immune responses have been attempted [68], [79], [96]. To 

achieve such responses, the vaccine relies on internalization by APCs, degradation of the antigen 

in appropriate compartments, and loading of the MHC molecules as described in a previous 

section. As such, the level of activation mediated by the vaccine depends on the simultaneous 

uptake of both adjuvant and antigen to achieve both activation and antigen processing by the 

APCs [77], [78]. For this purpose, one of the most attractive strategies to accomplish simultaneous 

uptake is bioconjugation, which allows for the covalent bonding of the antigen to the adjuvant 

itself or the carrier vehicle [139]. Selective bioconjugation of proteins and antigens allows for the 

functionalization of the delivery vehicle and thereby achieves versatility and control of the ligand 
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composition [176]. Bioconjugation involves the attachment of one molecule to another, and the 

process can yield composites of either approximately equal proportions or be designed to contain 

more of one component [139], [176]. Bioconjugation usually depends on the use of crosslinking 

agents with an appropriate reactive group to facilitate the conjugation. Due to high selectivity, N-

hydroxysuccimide (NHS) esters are most commonly used for bioconjugation of proteins as lysine 

residues in the protein structure can be modified by reductive alkylation with aldehydes and 

reducing agents. This enables bioconjugation of proteins to moieties such as PEG or reducible 

linkers and functionalization of nanoparticles for enhanced vaccine efficacy [177].  

 

3.6.3.3  Intratumoral delivery 

The body has evolved mechanisms to cope with local entry of microbes acting in a confined 

fashion leading to systemic immune memory. As such, local delivery of a number of agents into 

tumors can mimic the diseased tissue of an intracellular infection leading to cancer cell killing 

[134]. However, most anti-cancer therapeutics are administered systemically, and while only a 

small amount of the administered drug reaches and penetrates the tumor, high plasma 

concentrations may result in undesirable side-effects [178], [179]. Over the years, several 

attempts to reduce these side effects have been made, including local delivery. Intratumoral 

injection ensures local drug delivery of either the free drug or nanoparticulate platforms capable 

of sustaining within the tumor for longer periods of time, creating a more focused immune 

response [62], [134], [180]–[183]. Intratumoral therapy with viruses or viral mimicking products 

has been attempted in the clinic. Additionally, cell therapies can also be delivered locally, including 

intratumoral infusion of autologous DCs and adoptive T cell transfer products [134], [158], [184]–

[186]. To this point, intratumoral virotherapy with an herpes simplex virus vector expressing 

granulocyte-macrophage colony-stimulating factor (GM-CSF) has been approved by the FDA for 

treatment of unresectable melanoma [187]. In a study conducted by Lou et al. (2011), it was 

concluded that intratumoral delivery of the TLR9 agonist CpG enhanced the therapeutic efficacy 

significantly compared to systemic delivery. Here, intratumoral therapy led to the generation of a 

broad antigen-specific T cell population and extensive tumor infiltration. In contrast the T cells 

failed to migrate to the TME upon systemic delivery [158].  

 

 

 

 



 

 

 

3.7 Combining TLR-based nanomedicines with other therapies in solid tumors  

The use of many immunomodulators is often limited by low retention times or toxicities. As such, 

it can be beneficial to encapsulate such entities in nanoparticles to focus the effect of the therapy 

on the cancer cells. Thereby, this section will be used to describe the ways that nanomedicine can 

be used to potentiate the effect of radiotherapy cellular immunotherapy. 

One of the major issues in radiotherapy remains resistance and dose-related toxicities 

[123], [125], [126], [131]. Several approaches have used nanoparticles to improve the effect and 

immune priming caused by radiotherapy. For instance, the intratumoral injection of 

biodegradable polymer-based nanoparticles designed to capture proteins from dying cancer cells 

during radiotherapy enhanced T cell priming following radiotherapy. The particles were 

phagocytosed by APCs in the tdLNs, and tumor-related proteins were subsequently presented to 

T cells [188]. Moreover, nanomaterials have also been used as radiosensitizers in direct interaction 

with ionizing radiation to upregulate immunogenic cell death [189]. In mice, intratumorally 

administered hafnium oxide nanoparticles increased the immunogenicity of low-grade 

radiotherapy in combination with anti-PD-L1, resulting in adscopal tumor regression [190]. 

Acellular approaches can aid cell therapies and may be preferable due to cost. 

Technologies that can manipulate the behavior of endogenous leukocytes are thus desirable. A 

study conducted by Nelson et al. (2016) showed that treatment with TLR4 and TLR9 agonists MPLA 

and CpG enhanced the anti-tumor efficacy of ACT without the need for preconditioning [89]. 

Recently, Schmid et al. (2017) described the use of an antibody-targeted poly(lactic-co-glycolic 

acid) (PLGA)/PEG nanoparticle platform capable of binding to CD8 T cells for potentiation of T cell 

therapy. This modular platform enabled PD-1 targeted delivery of the TLR7/8 R848 agonist to the 

TME and thereby increased tumor infiltration of CD8+ T cells and further sensitized the tumor to 

subsequent checkpoint blockade therapy. Treatment with the targeted particles significantly 

enhanced T cell proliferation and infiltration, and inhibited tumor growth when combined with 

anti-PD-1 [191]. Another study conducted by Kranz et al. (2016) illustrated that charge optimized 

lipoplexes efficiently delivered RNA to lymphoid organs and APCs in mice resulting in the priming 

antigen-specific T cells in cancer patients [148].  
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Chapter 4  

 Review 
 

The purpose of this review was to highlight the current state within the field of CpG ODN based 

cancer therapy. The review briefly summarizes the function and potential uses of CpG and 

additionally investigates the combinatorial potential and current state of CpG nanomedicine. 

Collectively, this review posed as a guide to where, how, and when to treat with CpG and formed 

the basis for the development of the protein-CpG-lipoplex platform, which is one of the primary 

focus points of this thesis and further described in Manuscript I and II.  
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Abstract  

During recent years, the use of synthetic unmethylated CG-rich CpG oligodeoxynucleotides (ODN) 

in combinatorial cancer immunotherapy have been on the rise. CpG ODNs mimic prokaryotic DNA 

and activates the toll-like receptor 9, acting as a link between the innate and adaptive immune 

system. Studies on structure avidity have revealed three distinct classes of CpG ODNs, including 

class A, B, that mediate proinflammatory immunity through NFkB or IRF signaling pathways 

depending on the structure of the CpG ODN. Thereby CpG is associated with the secretion of 

several proinflammatory cytokines, which in turn mediate enhanced antigen-specific Th1 and 

cytotoxic T lymphocyte responses, making it clinically relevant. Several clinical trials have 

investigated the potential of CpG ODN as an adjuvant for cancer vaccination. However, with 

limited success. Therefore, the focus has shifted onto combinatorial approaches and the 

development of CpG ODN nanomedicines to enhance the therapeutic effect and specificity. In this 

review, we attempt to delineate recent advances within CpG research and the uses of CpG in 

cancer immunotherapy with a special focus on combinatorial therapy and nanomedicine 

development. 
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Introduction 

Synthetic oligodeoxynucleotides (ODN) containing unmethylated cytosine-phosphate-guanine 

(CpG) mimic prokaryotic DNA and are capable of activating the toll-like receptor (TLR) 9. The TLR9 

receptor resides in the endosomes and is predominantly expressed by plasmacytoid dendritic cells 

(pDCs) and B cells and to a lesser extent in monocytes, macrophages, and neutrophils [192]–[194].  

Triggering of the TLR9 pathway initiates upregulation of proinflammatory genes, resulting in the 

production of interleukin (IL) 6, IL-12, TNF-a, and type I interferons (IFN) [20], [87], [195]–[197]. 

Sensing of CpG by the TLR9 initiates receptor dimerization and activation of the MyD88 adaptor 

protein, leading to the recruitment of kinases and downstream initiation of IRF and NFkB signaling 

[72], [198].  

Structure avidity studies of CpG have defined three classes of CpG ODN with distinct 

structural and biological characteristics [51], [52], [199].  CpG class A induces strong IFN-a 

production by plasmacytoid dendritic cells (pDC), which is linked to natural killer (NK) cell 

activation and weak stimulation of B cells. Solely CpG class A is capable of forming spontaneously 

nano-structures and activating the TLR9 in a multimeric form. As class A CpG induces very high 

levels of IFN-a, it is associated with a transcriptional signature that renders treated tumors 

responsive to checkpoint blockade [25]. Class B CpG is a very potent T helper 1 (Th1) adjuvant that 

stimulates strong B cell and NK cell activation through the secretion of interleukin (IL)-6, IL-12, and 

tumor necrosis factor (TNF)-a. Class C CpG is an immunological intermediate between the CpG-A 

and CpG-B [51], [52]. The highest proinflammatory response towards these sequences is obtained 

when the 3’ and 5’ end of the backbone is partially, e.g., Class A CpG, or completely 

phosphorothioated (PS), like class B and C CpG. The PS backbone mitigates degradation by 

nucleases and extends the time that the nucleotide reside in the body [197], [200], [201]. The 

different classes of CpG are illustrated in Figure 9. 

 

 

 



 

 

 

 
 

Figure 9: Illustration of Class A, B, and C CpG. Class A CpG is characterized by a phosphodiester (PO) backbone, a central 
CpG containing palindromic motif, and a phosphorothioate (PS) backbone -modified 3’ poly-G-string. The CpG class B 
contains a full PS backbone, whereas class C CpG combines features of both class A and B.  

 

CpG in cancer therapy 

The beneficial anti-cancer effects of CpG were demonstrated in several preclinical cancer models, 

including A20, CT26, MC38, H11, and B16.F10, and was proven especially effective in hematologic 

malignancies [25], [202]–[205]. The CpG mediated production of pro-inflammatory cytokines 

induces commitment to the CD4+ Th cell phenotype, resulting in CD8+ T cell responses in vivo 

[198]. However, the clinical results related to CpG class B as a monotherapy have been less 

impressive [206]–[208]. In a phase I clinical trial, including 24 patients with recurrent glioblastoma, 

only two patients demonstrated anti-tumor activity when receiving CpG class B intratumorally 

post-surgery [206]. The sequel phase II clinical trial study also showed modest effects with a 

progression-free survival rate of 19% of 34 patients 6 months after treatment start [207]. In 

another clinical trial, patients with previously treated non-Hodgkin lymphoma received CpG class 

B as monotherapy by intravenous injection. Immunological responses were only observed in some 

of the patients, while others exhibited late immunological responses [208]. As the response was 

not sufficient the clinical trials did not progress. Additionally, the CpG class B PF-3512676 failed in 

phase III clinical trials in advanced NSCLC in 2007 due to adverse effects (NCT00254891). To this 

end, several clinical trials have investigated CpG class B as a vaccine adjuvant. The class B CpG 

7909 induced tumor specific CD8+ T cells in patients with non-small-cell lung carcinoma (NSCLC), 

melanoma, breast cancer, and sarcoma patients when co-administered with cancer specific 

peptides [209]–[211]. Even though an increase in survival could be detected, none of the 

combinations have moved into the clinic. Fewer studies including CpG class A and C have been 

conducted, but are, however, on the rise [25], [26], [212].  
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The inconsistency between the promising results in preclinical models and the clinical 

outcomes at least partially result from different patterns of TLR9 expression in both humans and 

mice. pDCs and classical DCs (cDC) abundantly express TLR9 in both humans and mice. The TLR9 

expression is more selective in humans and is believed to be confined to pDCs and B cells, whereas 

the TLR9 is expressed in all murine myeloid cells. Additionally, some studies have shown that 

human cDCs weakly express TLR9, whereas other studies have shown that human cDCs express 

comparable levels of TLR9 with pDCs [195], [213], [214]. Intensive crosstalk between the cDCs and 

pDCs is necessary for the CpG related immune response in both humans and mice, which indicates 

a functional link between the two subsets in both species [215]. Another explanation of the 

differences in preclinical and clinical outcomes is the regimen of CpG administration. In murine 

models, CpG evoked the most potent effects when administered with antigen or close to the 

tumor antigen release [158], [203], [216]. In contrast, CpG was most often administered 

independent of antigens in early clinical trials (NCT00031278) [156], [206]–[208], [217]. Finally, 

the lack in translatability might result from the lack of diversity of the tumor models used in 

preclinical trials investigating CpG. In this context, animal models represent a homogenous cancer, 

whereas human cancer is vastly diverse and can more precisely be described as a collection on 

cancers [4], [218].  

 

CpG as a combinatorial cancer therapy  

As a repercussion of the poor clinical outcome related to CpG as monotherapy and cancer vaccine, 

much of current research has moved forward with intratumorally delivered CpG in combination 

with various checkpoint inhibitors, other agonists like stimulator of IFN gene (STING), or more 

classical approaches such as radiotherapy [25], [26], [181], [219]. In these studies, CpG is either 

used as a free agent; as a single-stranded class C CpG; SD-101 [26], or DV281 (Dynavax) [220], as 

double-linked 3’-3’ single-stranded CpG; IMO-2125 (Idera Pharmaceuticals) [221], as the double 

looped CpG MGN-1704 (Lefitolimod, Mologen Ag) [222], or as a radial arrangements of nucleic 

acids; AST-008 (Exicure Inc) [223]. The majority of the mentioned versions of CpG are currently in 

clinical trials in combination with checkpoint regulating drugs (Table 1).  

 A preclinical study showed synergistic effect of CTLA4 blockade and CpG ODN-mediated 

activation of antigen presenting cells in a murine model of melanoma [224]. Furthermore, a recent 

study showed promising results when combining SD-101 with Fc silent anti-OX40 (CD134) 

monoclonal antibodies. Treatment with CpG induced upregulation of OX40 on non-regulatory T 

helper cells. At the same time, the combination decreased the overall population of regulatory T 

cells in the TME, resulting in tumor regression [225]. A small trial demonstrated positive results 



 

 

 

for patients with metastatic melanoma. Out of nine patients, eight had durable responses to the 

CpG variant SD-101 combined with intravenous delivery of anti-PD-1 immune checkpoint inhibitor 

pembrolizumab. Unfortunately, only two of 13 patients that had already received checkpoint 

blockade therapy responded to the combination of SD-101 and pembrolizumab [180]. Another 

trial investigated the effect of intratumoral IMO-2125 in combination with intravenous injection 

of the anti-CTLA4 immune checkpoint inhibitor ipilimumab (Yervoy) was tested in patients with 

metastatic melanoma. Researchers reported that 47% of the included 15 patients had a significant 

reduction of tumor burden and an overall cancer control rate of 67%. Two patients experienced 

complete remission despite having previously received checkpoint inhibitors before entering the 

trial [221].  

Beyond checkpoint inhibitors, CpG has also been tested in combination with radiotherapy 

[226]. A phase I/II clinical trial demonstrated that treatment of 15 patients suffering from low 

grade B cell lymphoma with intratumorally delivered class B CpG in combination with radiotherapy 

was well tolerated. Treatment induced complete clinical response in one patient, three had partial 

response while two had periodically stable regressing disease [227]. A recent study with 

intratumoral delivery of SD-101 showed promising results in indolent lymphomas when combined 

with low dosage irradiation. In the clinical trial, all of the 29 patients experienced a reduction in 

tumor size, and most experienced shrinking of uninjected tumors indicating systemic immunity. 

Consistently, an increase in CD8+ and CD4+ T cells present in the TME, while a reduction in CD4+ 

Tregs was observed [26].  
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Table 1: Current combinatorial CpG ODN based clinical trials  

CpG  
Agonist 

Class Company Combinatorial 
therapy 

Clinical trial 
 identifier 

Phase Disease Status 
 
 

SD-101 C Ronald 
Levy 
 

Anti-OX40 
(BMS986178) 

NCT03831295 
 

I Cancer, Low-
grade B-Cell 
non-Hodgkin 
 lymphomas 
 

Active, 
recruiting 
 

IMO-2125 C Idera 
Pharma-
ceuticals, 
Inc 
 

Anti-PD-1; 
Ipilimumab  

NCT03445533 
 

III Cancer, 
refractory 
 melanoma 

Active,  
recruiting 

SD-101 C Dynavax Pembrolizumab NCT02521870 
 

Ib/II Cancer, 
Metastatic  
melanoma; 
Recurrent 
head  
and neck  
squamous cell  
carcinoma 
 

Active, not 
recruiting 

AST-008 - Exicure Pembrolizumab NCT03684785 

 

Ib/II Cancer, 
metastatic 
melanoma, 
head  
and neck  
squamous cell  
carcinoma 
 

Active 
recruiting 

 

 

Delivery strategies for enhanced efficacy 

Over the years, many studies have focused on the effect of CpG ODNs on B cells and pDCs due to 

their T cell activating capacity. However, a great deal of the effect exerted by CpG in weakly 

immunogenic tumors relies on its ability to repurpose myeloid-derived suppressor cells and cause 

them to differentiate into macrophages with anti-tumor activity [228]. As many nanoparticle 

formulations are readily taken up by myeloid cells, they make out excellent carriers for CpG [229]–

[231]. Encapsulation can thereby lead to higher uptake by immune cells as a result of the 

composition of the particle [137]. Higher uptake generally leads to lower dosage and thereby 

lower risk of side effects. Furthermore, encapsulation enhances persistence within the tumor 

microenvironment (TME), resulting in prolonged activation of immune cells [147], [232], [233].  

 Several attempts to encapsulate CpG have been made, but very few have moved onto 

clinical trials. In 2007, Jong et al. investigated the effect of liposomal CpG in conjunction with co-

administered antigens following subcutaneous injection. Treatment enhanced immune potency 

and mediated a more vigorous innate immune response compared to soluble CpG, which 

translated into adaptive cellular responses and enhanced tumor control [79]. A recent study 



 

 

 

applied another approach to encapsulate CpG into light-activatable nanoparticles. Here, 

photolabile DNA strands complementary to CpG were linked to the surface of near-infrared (NIR) 

light-sensitive up-conversion nanoparticles, which allowed for spatially selective control over the 

anti-tumor immunity upon systemic administration. Systemic administration in breast tumor-

bearing mice led to enhanced accumulation within the tumor, and subsequent NIR light 

illumination of the tumors cleaved the photolabile linker resulting in CpG release, triggering local 

inflammation in the TME. The delivery method reduced systemic toxicities, drove immune cell 

tumor infiltration, and enhanced the overall survival of the mice [234].  

Another way to increase nanoparticle accumulation in the tumor is through modulation 

of physicochemical characteristics of the nanoparticle, such as size. Lin et al. (2013) produced gold 

nanoparticles with surface-bound CpG in the 15 nm range in which a triethylene glycol was used 

to increase the spacing between CpG ODNs and to enable agonist rotation. The gold CpG 

nanoparticles significantly enhanced the immune response in macrophages and DCs, as well as 

tumor infiltration, and inhibited tumor growth compared to soluble CpG [150].  

Another interesting attempt to employ CpG as a nanoparticle-based cancer 

immunotherapy involves encapsulation of a CpG class A G10 oligonucleotide into viroid like 

particles (VLP) composed of the Qb bacteriophage capsid protein, also known as CMP-001 and 

formerly CYT003. In contrast to conventional vaccines, CMP-001 was initially evaluated for the 

treatment of persistent allergic asthma. In one such study, the treated groups showed 

improvement but there was no difference between the placebo group and CYT003 past 12 weeks 

[235]. On the contrary, CMP-001 exhibit good efficacy in cancer. A phase I/II clinical trial, in which 

patients were administered intratumoral CMP-001, documented manageable toxicity profiles, 

and reversal of resistance to checkpoint inhibition as indicated by an objective response rate of 

25% and a duration of response of >16.9 months in patients with anti-PD1 refractory melanoma. 

In another trial, CMP-001, in combination with the PD-1 targeting check-point inhibitor 

nivolumab, evoked a major pathological response rate of 71% in patients with high risk, resectable 

melanoma (NCT03618641). Furthermore, intratumoral administration of CMP-001 mediated 

significant amounts of IFN-a from plasmacytoid DCs (pDCs) in a recent preclinical study conducted 

by Lemke-Miltner et al. (2020). The increased cytokine secretion translated into enhanced survival 

and reduced tumor growth in a murine A20 lymphoma model upon intratumoral injection of CMP-

001 [25]. Based on the results of the recently published preclinical study, lymphoma patients who 

have relapsed or have refractory disease at least 6 months out of anti-CD20 therapy are currently 

being recruited for a clinical study with CMP-001 [25]. 
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The future of CpG 

There is an increasing consensus that maximizing the effect of immunotherapy requires the 

mitigation of the suppressive TME. From early clinical trials with CpG we learned that the therapy 

is not sufficient as a monotherapy. To this end, several new sequences for CpG therapy have 

emerged and several studies are currently exploring the possibilities of combinatorial therapy with 

other emerging therapeutics, including checkpoint inhibitors, viral proteins and peptides, or STING 

agonists. At the same time, the growing arsenal of ODN delivery, including liposomal, light-

sensitive nanoparticles, gold nanoparticles, and viroid-like particles pose as potential enablers of 

improved CpG efficacy and can provide the basis for more precise and effective treatments for 

human cancer. Several of the studies conducted with CpG in preclinical and clinical trials have 

suggested an increased effect of encapsulated CpG as opposed to soluble CpG and so we expect 

to see more nanoparticulate formulations with CpG in clinical trials in the future.  
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Abstract 

With the introduction of immunomodulators, there has been significant interest in the combining 

these agents with radiotherapy. The toll-like receptor 9 (TLR9) agonist CpG oligodeoxynucleotide 

(ODN) is a potent immune activator and thus highly attractive for anti-cancer immune therapy 

with the potential to act synergistically with radiotherapy. Intratumoral administration of CpG has 

demonstrated preclinical potential for anti-cancer immunotherapy. Even so, the use of CpG is 

challenged by low availability and poor tissue distribution. Lipoplex nanoparticle-based systems 

may modify tumor distribution and prolong exposure to immune cells. In this study, we 

encapsulated CpG ODN immune stimulant and protein antigens (OVA) in lipoplexes to enhance 

the functionality of CpG and augment the therapeutic outcome of radiotherapy. For this purpose, 

lipoplexes were functionalized with OVA by two strategies; engraftment of polyethylene glycol 

(PEG) bio-conjugated OVA or by adsorption onto the cationic particle surface for optimal antigen 

delivery. In vitro, the lipoplex systems equally enhanced the secretion of proinflammatory 

cytokines and the generation of antigen-specific CD8+ T cells. However, the PEGylated formulation 

exhibited superior antigen-specific anti-cancer activity in murine tumor models compared to non-

PEGylated particles when combined with radiotherapy. Altogether, these results indicate that the 

protein-CpG-lipoplex delivery platform provides a promising immunotherapeutic adjuvant in 

radio-immunotherapy.  
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Introduction 

Radiotherapy is one of the most used treatment modalities in cancer therapy, and currently, more 

than 50% of all cancer patients receive radiotherapy [120]. Radiotherapy induce immunogenic cell 

death in the irradiated cancer cells which provides both immune activating signals and the release 

of potential tumor antigens [124], [130], [131]. However, radiation therapy is generally incapable 

of generating systemic anti-cancer immune reactivity and the immunosuppressive tumor 

microenvironment (TME) often limit the formation of cancer reactive immune cells [123], [236]. 

Synthetic oligodeoxynucleotides (ODN) containing unmethylated cytosine-phosphate-guanine 

(CpG) are potent stimulators of the innate immune system and exhibits great potential for 

synergistic effect with radiotherapy [26], [227], [237]. CpG binds to the toll-like receptor (TLR) 9 

in the endosomes of antigen-presenting cells (APC), which induces the expression of 

proinflammatory signaling molecules, including IL-12 and type I interferons (IFN) with the 

potential of evoking a systemic immune response [20], [51], [72]. Intratumoral administration of 

CpG can therefore increase anti-cancer immune activation and lymphocyte tumor infiltration 

[214], [238], [239]. Due to the inherently low immunogenicity of tumor-associated antigens, 

several vaccination strategies have relied on the delivery of highly specific tumor-associated 

peptides, including NY-ESO-1 and MART-1, to potentially evoke broader immune responses [209]–

[211], [240]. Even so, the majority of clinical trials fail to establish sufficient responses to CpG. An 

effect attributed to delivery route, low retention times, and lack of colocalized uptake of tumor-

related antigens and CpG at the site of injection [158], [239], [241]. 

 With the aim of enhancing the therapeutic outcome of radiotherapy in solid tumors, we 

formulated CpG into lipoplexes and functionalized the particles with whole proteins (OVA) for 

direct intratumoral injection. The inclusion of OVA protein provides a source of antigen that can 

be presented both on MHC class I and MHC class II of APCs. This, in combination with the potent 

immune activation by CpG can, therefore, not only stimulate the release of immune activating 

cytokines, but also provide antigen signal for cytotoxic and helper T cells [25], [26]. The activation 

of these subsets of T cells may support the intratumoral activation that, in combination with 

radiotherapy, stimulate the formation of additional cancer reactive T cells (epitope spreading) in 

the highly supportive TME [26], [225], [242]. To further ensure optimized delivery, we applied two 

protein functionalization strategies: OVA-adsorption to the particle surface or via post-insertion 

of OVA bioconjugated to polyethylene glycol (PEG) [243]. In the presented study, we show that 

encapsulation of CpG functionalized with PEGylated OVA substantially enhanced the 

immunogenicity leading to improved tumor growth control and number of complete responders 

in murine tumor models when combined with radiotherapy. Thereby, our results underline the 



 

 

 

importance of optimized therapeutic strategies for enhanced therapeutic outcome of cancer 

immuno-radiotherapy.  

 

Materials and methods 

Materials  

Cholesterol (Chol), bromide-1,2-dioleoyl-3-trimethyl-ammonium-propane (DOTAP), and 1,2-

dioleoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene-glycol)-2000] (DOPE-

PEG2000), were obtained from Avanti Polar Lipids (Alabaster, AL, USA) and used without further 

purification. DOPE-Atto488 was obtained from ATTO-TEC GmbH (Siegen, Germany). DOPE-PEG-

NHS (MW 2000) was purchased from Orion High Technologies (Spain). Lipids were dissolved in 

Absolute Ethanol (99.9 %) from Sigma Aldrich (Germany). CpG ODN2395 and Endofit ovalbumin 

(OVA) were purchased from Invivogen (France). Quant-iT PicoGreen dsDNA Assay kit was 

purchased from Invitrogen (USA), and the Pierce LDH Cytotoxicity Assay Kit was purchased from 

Thermo Fischer (EU). LBIS mouse anti-OVA-IgG1 ELISA kit was purchased from Fujifilm (Asia) while 

Duosetâ mouse ELISA kits for detection of IL-6, IL-12p70, IL-10, TNF-a, and IFN-b were obtained 

from R&D Systems (Europe). 

 

Preparation of lipoplexes 

Lipoplexes were prepared by the ethanol injection method [146], [147]. The nitrogen to phosphor 

(N:P) ratio of the produced lipoplexes was calculated as the molar ratio of the total amount of 

nitrogen atoms in the DOTAP headgroup to the number of phosphates in the agonist. For CpG 

ODN 2395, the molecular weight of 7,048 g/mol was used. Lipids were dissolved in 99.9% absolute 

ethanol, and stock solutions were mixed according to the desired lipid ratio. CpG was diluted in 

0.1 M citrate buffer (pH 5). The lipid solution was pipetted into a glass vial containing the agonist 

under vigorous vortexing. Immediately after mixing, the samples were diluted by adding twice the 

volume of buffered saline (0.3 M sodium chloride, 20 mM sodium citrate, pH 6.0). The solution 

was then dialyzed for 24 hours against two changes of 300 mM HEPES 5% Glucose buffer (HBG) 

(pH 7.4) (1:400 v/v) using Slide-A-Lyzer cassettes with a 3.5K MWCO (Thermo Fisher Scientific, OR, 

USA) to remove excess of ethanol.  

Functionalization of the lipoplex particles occurred by post-insertion of 10 mol% DOPE-

PEG2000 mixed with OVA-PEG at 40°C for at least one hour under constant magnetic stirring. For 

protein absorption, OVA was dissolved in HBG buffer was added to the lipoplexes according to the 

calculated ratios and allowed to equilibrate for 30 minutes before measurements or injection.  
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Bioconjugation of OVA 

DOPE-PEG-NHS (MW 2000) was dissolved in PBS to a concentration of 20 mM. The lipid stock was 

heated to 60°C until completely dissolved and immediately mixed with OVA at an NHS-PEG to NH2 

(lysine) molar ratio of 1:15. The reaction mixture was left to conjugate at 4-8°C overnight. The 

following day the reaction product was washed three times in PBS by centrifugation in Amicon 

spin filter tubes with a 3.5K MWCO (Sigma Aldrich, Germany) at 4000 g for 30 minutes to remove 

excess of unreacted PEG-NHS. Bioconjugation of pegylated-OVA was confirmed by SDS PAGE and 

MALDI-TOF. SDS-PAGE was performed using a NuPAGE™ 4-12% Bis-Tris Protein 12-well Gel with 

a thickness of 1.0 mm (Sigma Aldrich, Germany). 5 µL of BenchMark Pre-stained Protein Ladder (6 

to 180 kDa) (Thermo Fisher, UK) and 10 µL of sample were added to the gel and gels were run in 

NuPAGE MOPS SDS running buffer (Sigma Aldrich, Germany) for 25-30 minutes at 200V and 

stained with SimplyBlueä SafeStain (Thermo Fisher, UK) for one hour. Hereafter, MilliQ water was 

changed, and gels were left to de-stain overnight. Gels were imaged on a UVP BioSpectrum 310 

Imaging system (Fisher scientific, Thermo Fisher, UK). Final concentration of the reaction product 

was determined against an OVA based standard curve subtracted the absorbance of the lipid and 

measured at 260 nm on a TECAN plate reader.  

 

Size, polydispersity, and zeta-potential 

The hydrodynamic diameter and polydispersity index (PDI) were measured by dynamic light 

scattering (DLS) on a Malvern Zetasizer Nano (Malvern Panalytical, UK). The zeta potential of the 

liposomes was measured using electrophoretic light scattering. Lipoplexes were diluted to a final 

concentration of approximately 1 mM in 300 mM HEPES 150 mM NaCl buffer (pH 7.4) for size 

measurements, while zeta-potential measurements were performed in HBG buffer (pH 7.4).  

 

Determination of lipid concentration  

Lipid concentrations were determined using a Shimadzu Nexera – i system fitted with an Xterra 

C8 reverse phase column (5 µM, 4.6 x 150 mm) with a flow rate of 1 mL/minute. Detection was 

performed with a low-temperature evaporative light scattering detector (ELSD) using a Shimadzu 

SEDEX LT-ELSD detector (Sedere, Alfortville, France). The mobile phase consisted of (A) 5% MeCN 

in MilliQ water with 0.1% TFA and (B) MeCN + 0.1% TFA filtered through a 0.5 µm filter. Samples 

were run using a linear gradient from 25% to 95% B over 25 minutes. Aliquots of lipid formulations 

were extracted in DMSO. Individual lipid standards with concentrations of 25-200 µM for DOTAP 

and Cholesterol and 12.5-50 µM for DOPE-PEG2k were prepared. Loaded sample volume was 50 



 

 

 

µL. The organic phase was analyzed, and concentrations were extrapolated from a standard curve 

in GraphPad Prism 8 for each lipid component in the formulation.  

 

PicoGreen exclusion assay 

The complexation between the cationic lipid DOTAP and CpG was studied in an exclusion assay 

using the fluorescent intercalating dye PicoGreen. PicoGreen exhibits maximum fluorescence at 

535 nm if it intercalates between the bases in DNA and is a highly sensitive detector of accessible 

nucleotides. Lipoplexes prepared at different N:P ratios were transferred to a black 96-well 

microtiter plate, and PicoGreen solution was added. Lipoplex dispersions were measured 5 

minutes after addition of PicoGreen on a TECAN plate reader (lex = 485 nm, lem = 535 nm). 

 

Cryogenic transmission electron microscopy 

Visualization of the ODN encapsulation in the lipoplex complexes was carried on using Cryo 

transmission electron microscopy (Cryo-TEM). For each sample, 3 µL of lipid dispersions at a 

concentration of 5 mM was placed on a lacy carbon 300 mesh copper TEM grid, blotted and plunge 

frozen in liquid ethane using a FEI Vitrobot Mark IV (Thermo Fisher Scientific, OR, USA). Samples 

were then moved to the TEM at -175 °C by applying a Gatan 626 single tilt cryo transfer holder 

(Gatan, Inc., Pleasanton, CA, USA) and were visualized using a FEI Tecnai G2 20 TWIN TEM at 200 

keV, low dose mode with FEI highly sensitive 4x4k Eagle camera.  

 

Investigation of toxicity 

Toxicity of the lipoplexes was analyzed by measuring the amounts of Lactate dehydrogenase (LDH) 

released from RAW 264.7 cells upon treatment using a Pierce LDH assay (Thermo Fisher). Cells 

were seeded in a 96-well flat-bottom cell culture plate at a density of 20.000 cells/well and 

incubated for 24 hours. Cells were treated with different concentrations of CpG (1.25, 2.5, 5, 10, 

20 µg/mL) and OVA (558, 279, 140, 70, 35 mg/mL OVA) as LNP-CpG, OVA-PEG CpG lipoplexes, CpG 

lipoplexes with adsorbed OVA, or left untreated. Cells were incubated with treatments for 24 

hours at 37 °C. Then, 50 µL of cell-free culture supernatant was transferred to a new flat-bottom 

96-well plate, mixed with 50 µL of reaction mixture and incubated at room temperature, 

protected from light, for 30 minutes. Finally, 50 µL of stop solution was added, and absorbance 

was recorded using a UV-Vis plate reader (TECAN, Switzerland) at 490 nm. 
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Confocal Microscopy 

RAW 264.7 cells were seeded on an Ibidi 8-well µ-slide at a seeding density of 0.3x105 cells/cm2 

and allowed to adhere overnight. Once adhered, wells designated the 24-hour point were treated 

with particles with post-inserted OVA bioconjugated PEG (LCOP) or OVA adsorbed to the surface 

(LCO) at concentrations corresponding to 1.5 µg CpG-FITC and 0.04 mg/mL OVA-AF647. One hour 

after treatment with LCOP or LCO, cells were stained with 30 PPC CellLight reagent. The following 

day, wells were treated with LCOP and LCO for the 2-hour time point. Thereafter, cells were 

washed with PBS + 0.1% Triton + 0.1% Tween20 three times before incubation with 0.5 µg/mL 

DAPI in PBS for 1 minute at room temperature. Cells were then washed three times before fixation 

in 300 µL of 4% paraformaldehyde solution (Sigma-Aldrich). After fixation, cells were washed three 

times, and covered in PBS before imaging. Slides were imaged using a Nikon Ti2-E Yokogawa 

spinning disc confocal microscope using a 40x oil emission objective. Predefined software settings 

for the dyes were chosen and sequential scanning was used to avoid spill-over from the Atto488 

channel to the CellLight channel. To investigate the uptake of LCOP and LCO z-stacks of 

approximately 16 µm with a step size of 0.5 µm were collected. Stacks of five images were z-

projected to form one image in ImageJ. 2-3 images were obtained per sample. 

 

Mice and cell lines 

All study procedures were approved by the National Animal Experiments Inspectorate. Six-week-

old C57BL/6 mice were purchased from Janvier and allowed one-week of acclimatization upon 

arrival.  

E.G7-OVA cells (ATCC) were maintained in RPMI 1640 complete media + 10% Fetal calf 

serum (FCS, Life Technologies, Thermo Fischer) + 1% G418 (Sigma Aldrich) + 1% Penicillin 

streptomycin (PenStrep, Almeco) while EL-4 cells (ATCC) were maintained in DMEM media + 10% 

FBS + 1% PenStrep.  

 

Immunization 

The immune response to lipoplex formulations LCOP, LCO, and free CpG and OVA were evaluated 

by immunization of female 8-10-week-old C57BL/6 mice (eight per group). The mice were 

immunized subcutaneously in the tail with 50 µL of CpG (50 µg/kg) and OVA (1.3 mg/kg) using a 

27G insulin syringe. Mice received two doses two weeks apart, and responses were evaluated one 

week after the second injection. The inguinal lymph nodes, spleen, and blood were harvested and 

placed on ice in MACS tissue storage solution for further investigations.  

 



 

 

 

Anti-OVA IgG ELISA 

Blood samples from the immunized mice were collected by sublingual puncture just before 

euthanizing the mice by cervical dislocation. Serum was recovered by allowing blood to clot for 15 

minutes at room temperature before centrifugation at 4500 g for 10 minutes. Samples were 

stored at -80°C until further use. To quantify levels of anti-OVA IgG1 antibody present in the sera 

an LBIS mouse anti-OVA IgG1 ELISA kit (Fujifilm, Asia) was used. Mouse sera were added at a 20x 

dilution, and the assay was developed according to manufacturer’s instructions and measured 

spectrophotometrically on a TECAN plate reader at 450 nm.  

 

Flow cytometry 

Single-cell suspension of spleens was prepared by passing organs through a nylon mesh cell 

strainer (0.2 µm), followed by washing in PBS and erythrolysis for 10 minutes using VersaLyse (BD 

biosciences). Cell suspension was then washed and counted before seeding in a 6-well plate and 

treated with CpG (5 µg/mL) and OVA (0.146 mg/mL) in free or encapsulated form and incubated. 

After 1 hour, cells were washed, media was replenished, and plates were incubated at 37°C for 

24 hours before analysis by flow cytometry. The splenocytes were harvested at given time points, 

washed, blocked with Fc Block before staining for immune cells (Supplementary table 1), and 

incubated on ice for 30 minutes. Samples were then washed and placed on ice before acquisition.  

For immunization studies, spleens and lymph nodes (LN) isolated from immunized 

C57BL/6 mice was prepared by passage of the organs through a 70 µm nylon mesh cell strainer or 

a 70 µm cup filcon (BD Biosciences), followed by washing in phosphate-buffered saline (PBS) and 

centrifugation at 380 g for 2 minutes. Erythrocytes in spleen samples were lysed as described 

above. Samples were blocked as previously described, and analyzed for the frequency of 

endogenous OVA-specific CD8+ T cells by staining with an MHC class I Dextramer H-2Kb/OVA (257-

265)/SIINFEKL APC (Immudex) for 10 minutes before staining for immune cells (Supplementary 

table 2). All samples were kept on ice before acquisition on a BD LSRFortessa X-20. 1x106 events 

were acquired for all samples.  

 

ELISA for release of cytokines 

Supernatants from the treated splenocytes was harvested for cytokine release analysis by ELISA 

and centrifuged at 4.000 g and stored at -80°C until further use. Flat-bottomed 96-well plates 

(R&D Systems) were coated with IL-6, IL-12p70, IFN-b, or TNF-a detection antibody diluted in PBS 

and left overnight at 4-8°C. Plates were washed three times in PBS + 0.05% Tween-20 and blocked 
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with reagent diluent (PBS + 0.5% BSA) for 1 hour. The wash cycle wash repeated and 50 µL of 

standard or diluted (IL-12p70 undiluted, 1:2 for IL-6, IFN-b, and TNF-a) sample was added to each 

well and left to react overnight at 4-8°C. Plates were washed three times again and 50 µL capture 

antibody was added and plates were then incubated for 2 hours at room temperature (RT) 

followed by another wash cycle and addition of 50 µL of substrate solution to each well. After 6-

20 minutes of incubation, 50 µL of stop solution was added to mitigate the reaction. Plates were 

analyzed on a TECAN plate reader at 450 nm with 540 nm as reference. 

 

In vivo anti-tumor efficacy 

EL4 and E.G7-OVA syngeneic tumor models were established by subcutaneous injection of 

300.000 EL4 or E.G7-OVA cells on the right flank. Tumors were allowed to reach an average size 

of 100 mm3 (approximately 7 days post inoculation). Mice were randomized into treatment groups 

and allocated based on a size dependent randomization (n = 8). Tumors were irradiated at a dose 

of 3 Gy (dose-rate of 1 Gy/min, 320kV/12.5mAs, X-rad320 small animal irradiator, pXi) and mice 

were anesthetized by inhalation anesthesia (3-5 % Sevoflurane) during irradiation. 4 hours after 

irradiation, mice were treated with 50 µL CpG (50 µg/kg) and OVA (1.3 mg/kg) in 300 mM HEPES 

5% Glucose buffer, pH 7.4 by intratumoral injection using a 0.5 mL 19G insulin syringe. Three times 

per week, mice were weighed and tumors measured. Mice were terminated when the tumor 

volume reached a size of ≥1500 mm3 or in the case of weight loss beyond 15%. Mice surviving >60 

days post inoculation without a palpable tumor, were defined as long term survivors. For analysis 

of protective immunity, long-term surviving mice were re-challenged by subcutaneous injection 

of cells, as previously described, on the left flank.  

 

Statistics 

Statistical analysis was performed using GraphPad Prism 8 (GraphPad Software), and flow 

cytometry data were analyzed using FlowJo with subsequent analysis in Prism. For statistical 

analysis of toxicity data, splenocyte uptake data, and ELISA data, a two-way ANOVA corrected with 

Tukey’s multiple comparisons test was applied. Immunization studies were analyzed using an 

ordinary one-way ANOVA corrected with Tukey’s multiple comparisons test. Survival was analyzed 

using the Log-Rank (Mantel-Cox) test. A p-value <0.05 was considered statistically significant. No 

data points were left out with respect to data inclusion and exclusion criteria or outliers in any of 

the conducted studies.  

 

 



 

 

 

Results 

Encapsulation of CpG ODN in lipoplexes  

To enhance the effect of radiotherapy, we formulated CpG ODN lipoplexes with the formulation 

(Cholesterol:DOTAP:DOPE-PEG2000 50:49:1 mol%) nitrogen to phosphate (N:P) molar ratios of 

DOTAP:CpG ranging from 2-64 to determine the optimum range for stable particle formation 

(Figure 10.A-G). DOPE-PEG2000 was included in the formulation to minimize aggregation and 

fusion between particles during the formulation process and storage [147]. Lipoplexes formed at 

low charge ratios, e.g. 2-4, aggregated immediately after preparation (Figure 10.A). Accordingly, 

these particles formed with large hydrodynamic diameters and polydispersity indexes (PDI) as 

opposed to particles formed with charge ratios >4. Furthermore, the zeta-potentials measured in 

aggregated samples were anionic, which indicated that CpG was either present in the media or 

superficially bound (Figure 10.A). 

CpG lipoplexes with charge ratios >4 formed stable colloids with hydrodynamic diameters 

of approximately 120 nm and positive zeta-potentials. Particles formed at charge ratio 

DOTAP:CpG 8:1 (LNP-CpG) exhibited maximum stability, in terms of size, PDI, and agonist 

encapsulation (Figure 10.A-B). According to the PicoGreen assay performed for the LNP-CpG 

formulation, agonist encapsulation exceeded 90% at this ratio (Figure 10.B). Condensation of CpG 

into lipoplexes was further confirmed by gel electrophoresis (Supplementary Figure 1). However, 

all lipoplexes destabilized over time and displayed a tendency to grow into visibly larger 

aggregates (Supplementary Figure 2). These results indicate that the particles undergo structural 

rearrangements caused by the thermodynamic instability from the electrostatic interaction of 

CpG and DOTAP [244]. Finally, the lipid concentration of resulting lipoplexes was determined by 

HPLC-ELSD, and the lipid content was quantified in each formulation separately and related to the 

initial lipid concentration present in the solvent stock. Lipid recovery rate was approximately 90% 

(n = 3) with no significant differences (p > 0.05).  

 

 

 

 

 

 

 

 



50 

 

Functionalizing CpG lipoplexes with OVA changes the physicochemical characteristics of the 

lipoplexes 

Co-delivery of both antigen and adjuvant was achieved by functionalization of the CpG lipoplexes 

with the model protein ovalbumin (OVA). To investigate the immunological effect of the 

functionalization method, the proteins were introduced to the particles by electrostatic 

adsorption onto the cationic surface (LCO) or by post-inserting PEG bioconjugated to OVA (LCOP). 

Bioconjugation was confirmed by SDS-PAGE and MALDI (Supplementary Figure 3). The 

introduction of OVA to the CpG particles was done with increasing ratios to ensure stability (Figure 

10.D-E). Low concentrations of OVA-PEG (5-10%) decreased the particle size upon post-insertion 

and changed the surface charge from cationic to anionic (Figure 10.D). Higher amounts of OVA-

PEG (25-75%) tended to destabilize the particles, as indicated by the increase in the PDI (Figure 

10.D) [245].  

The isoelectric point (pI) of OVA is approximately 4.5, which underlines that the surface 

to which it adsorbs must be cationic to provide sufficient attractive forces for the net anionic 

protein to adsorb properly. As expected, OVA increased the size and PDI of LCO particles (Figure 

10.E). Greater quantities of OVA (DOTAP:OVA ratio 50:1) resulted in anionic particles, while 

particles receiving lower quantities remained slightly cationic (DOTAP:OVA ratio >50:1). Based on 

these findings, studies proceeded with LCOP + 10 mol% PEG (10% OVA-NHS-PEG), corresponding 

to the concentration of OVA in LCO particles with a DOTAP:OVA N:P ratio of 75:1. 

The morphology of LNP-CpG, LCOP, and LCO was investigated by cryo-transmission 

electron microscopy (cryo-TEM) (Figure 10.C). All formulations formed multilamellar lipoplex 

related structures, indicating CpG condensation (Figure 10.G) [246], [247]. Adsorption of OVA 

increased particle size and polydispersity visibly, while PEGylated lipoplexes remained 

monodisperse upon the introduction of OVA (Figure 10.C-E). Cryo-TEM images of LCO lipoplexes 

indicated that adsorption of OVA to the surface increased flocculation, which is in line with the 

enhanced size and PDI of these particles (Figure 10.E).  



 

 

 

 
 
 

Figure 10: Development of the CpG lipoplex-based vaccine platform. A) Physicochemical characteristics including size 
and PDI (left) and surface charge (right) of lipoplexes produced at nitrogen to phosphate molar ratios ranging from 2-
64. B) Condensation of CpG determined by PicoGreen exclusion assay. Results are presented as mean of triplicates ± SD 
and representative of three separate experiments. C) CryoTEM images of CpG lipoplexes and CpG lipoplexes 
functionalized with either 10 mol% post-inserted PEG-NHS-OVA (LCOP) or OVA adsorption based on electrostatic 
interactions (LCO). Scale bar = 100 nm. To determine the stable range, OVA was added to the CpG lipoplexes at different 
ratios and size, PDI and charge were determined for D) LCOP and E) LCO. The chemical structures of the lipids used are 
represented in F) while the structure of CpG lipoplexes with OVA adsorbed to the surface (top) or post-inserted as OVA-
PEG (bottom) is illustrated in G). The chemical structures were kindly provided by Martin Bak.  
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PEGylation of CpG lipoplexes reduces cytotoxicity and provides a sustained release of agonist 

and antigen 

As cationic particles are generally related to some toxicities, we performed an lactate 

dehydrogenase (LDH) assay and stimulated RAW 264.7 cells in a dose related manner to 

investigate the impact of functionalization on the overall toxicity of the particles [137], [231]. 

Toxicity was dose-dependent for all formulations (Figure 11.A). Functionalization of particles with 

OVA significantly decreased the toxicity at the highest dose compared to LNP-CpG, indicating that 

functionalization decreases the toxicity of the particles independent of the applied method 

(Figure 10.C).  

The biological system includes a lot of factors that can mitigate particle stability and cause 

premature protein and adjuvant release. As such, we investigated the stability of the particles in 

the presence of serum proteins (Figure 11.B-C). LCO particles exhibited fast release of OVA in in 

HBG buffer, whereas CpG release remained low (Figure 11.B, C). Approximately 80% and 40% of 

the original OVA and CpG concentration, respectively, was released from the LCO particles within 

the first eight hours of incubation with serum proteins. In contrast, CpG and OVA release from 

LCOP particles remained low in HBG buffer (Figure 11.B) and modest in the presence of serum 

proteins (Figure 11.C).  

 

 

 

 

Figure 11: Cytotoxicity of CpG lipoplexes and CpG and OVA release. A) Cytotoxicity of CpG lipoplexes with and without 
functionalization and B) agonist release profiles. RAW 264.7 cells were treated with increasing concentrations of 
encapsulated CpG for 24 hours before analysis by LDH assay. Results are presented as mean of triplicates ± SD. A two-
way ANOVA corrected for Tukey’s multiple comparisons test was performed. Results are presented as mean of 
triplicates ± SD and representative of three separate experiments. ****p ≤ 0.0001. 
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The functionalization strategy of lipoplexes optimizes the cellular uptake  

The effect of CpG is attributed its potential to provide systemic activation in connection with 

locally delivered therapy [225]. As such, the delivery platform must successfully associate and 

activate immune cells. Thus, we investigated the cellular internalization and colocalization of the 

lipoplex particles with the endosomes. For this purpose, we imaged the uptake of Atto488 labeled 

lipoplexes in RAW 264.7 cells stained with 30 PPC CellLight endosome-RFP using confocal 

microscopy after 2 and 24 hours of incubation (Figure 12.A, B). single stained controls can be seen 

in Supplementary Figure 4. The association with cells appeared comparable for LCOP and LCO after 

2 hours of incubation. However, after 24 hours of culture, LCO tended to have higher cell 

association but exhibited limited colocalization (yellow) of endosomes (red) with lipoplexes 

(green) compared to LCOP (Figure 11.B). Colocalized uptake of CpG and tumor antigens has 

previously been linked to enhanced tumor growth control in preclinical models [216]. To further 

investigate these observations, lipoplexes were formulated with FITC-labeled CpG and AF647-

labeled OVA to investigate separate uptake.  

The recovery of LCOP and LCO in the splenocytes was measured as the frequency of CpG 

or OVA single-positive cells and double-positive cells (Figure 12.C-E). Treatment with LCO resulted 

in higher frequencies of both double-positive cells and CpG or OVA single-positive cells compared 

to LCOP (Figure 12.C, D), indicating that OVA desorbs from the particle. When investigating the 

CpG/OVA double-positive population further, it was evident that LCOP and LCO lipoplexes had 

similar association patterns with macrophages and monocytes, while LCO associated significantly 

more with B cells and both dendritic cell (DC) subsets (Figure 12.F). Subsequently, we investigated 

the level of activation in the CpG and OVA double positive cells. Surprisingly, LCOP particles 

significantly enhanced the activation of monocytes, macrophages, classical DC (cDC) 1, and cDC2, 

while B cells exhibited significantly higher activation when stimulated by LCO particles (Figure 

12.G). Please refer to Supplementary Figure 5 for gating strategy of splenocytes.  
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Figure 12: The OVA functionalization strategy of CpG lipoplexes impacts the cellular uptake of CpG, and OVA in vitro. 
Uptake of A) LCOP and B) LCO in RAW.264.7 cells visualised by confocal microscopy. LCO particles have higher 
association with the cells after 24 hours, but low colocalization (yellow) of LCO (green) and endosomes (red). Scalebar 
= 20 µm.Confocal images are representative of two separate experiments. Uptake of C) CpG, D) OVA, or E) both, F) 
uptake in myeloid cells and G) activation of myeloid cells was investigated in mouse-derived splenocytes after 24 hours 
of treatment with LCOP or LCO. Data represents mean ± SD, n = 6. A two-way ANOVA was performed. A p-value of <0.05 
was considered significant. * p ≤ 0.01, ** p ≤ 0.001, *** p ≤ 0.0001, ****p ≤ 0.00001. 
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LCOP or LCO induces proinflammatory cytokines release in vitro 

CpG induce production of proinflammatory cytokines, causing an increase in tumor 

immunogenicity [20], [51], [72]. Hence, we examined whether the increase in activation of 

immune cells observed in conjunction with lipoplex treatment correlated with a proinflammatory 

cytokine profile. To this end, we analyzed the splenocyte culture-supernatants for cytokine 

release. Treatment with either LCOP or LCO equally induced a significantly increased, sustained 

release of IFN-b, IL-12p70, IL-6, and TNF-a during the 72 hours of co-culture compared to free 

CpG and OVA (Figure 13.A-D), whereas no significant induction of IL-10 was detected (data not 

shown). Collectively, the data indicates that treatment with CpG encapsulated in lipoplexes 

induces an increased proinflammatory response compared to the free substance [239], [248], 

[249].  

 

 
 

 
Figure 13: Inflammatory cytokine responses. A) IFN-b, B) IL-12p70, C) IL-6, and D) TNF-a from splenocytes treated with 
5 µg/mL and 0.146 mg/mL OVA. LCOP or LCO were evaluated in vitro by ELISA. Data represents mean ± SD, n = 6. A two-
way ANOVA corrected for Tukey’s multiple comparisons test was performed. A p-value of <0.005 was considered 
significant. ** p ≤ 0.001, *** p ≤ 0.0001, ****p ≤ 0.00001. 
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Immunization with LCOP generates endogenous T cells in C57BL/6 mice 

One of the critical factors to an effective anti-cancer immune response is the activation of an 

adaptive and cancer-specific immune response. To investigate the capacity of LCOP and LCO to 

activate B cells and induce local antigen-specific CD8+ T cells, we subcutaneously immunized 

C57BL/6 mice in the tail with CpG (50 µg/kg) and OVA (1.3 mg/kg) in free or encapsulated form 

with a two-week interval (Figure 14.A).  

 

The levels of antigen-specific CD8+ T cells in the spleen and lymph nodes of immunized mice were 

assessed by staining with an MHC class I Dextramer H-2Kb/OVA (257-265)/SIINFEKL and relevant 

fluorescently labeled antibodies by flow cytometry. Gating strategy is illustrated in Supplementary 

Figure 6. This resulted in robust dextramer staining in samples treated with LCOP or LCO. By sharp 

contrast, mice treated with OVA functionalized CpG lipoplexes exhibited a higher degree of 

converting the innate immune response into an adaptive immune response, as indicated by the 

higher degree of SIINFEKL-specific T cells, compared to free CpG and OVA (Figure 14.C-D). The 

lipoplex platform further induced higher titers of serum anti-OVA IgG by B cells (Figure 14.E). 

However, no significant difference between the two functionalization methods was observed. 

Even so, LCOP tended to induce greater amounts of cytotoxic T cells, while LCO induced slightly 

higher titers of anti-OVA IgG. The data indicates that the co-delivery of CpG and OVA in lipoplexes 

increases both T and B cell activation compared to free antigen and adjuvant. 



 

 

 

 

 

 

Figure 14: Endogenous immune response following subcutaneous immunization in the tail of C57BL/6 mice with OVA 
adjuvanted with CpG, LCOP, and LCO as evaluated one-week post final of two injections. Serum was collected from 
blood samples for anti-OVA IgG analysis and spleens and lymph nodes were investigated for the presence of SIINFEKL 
specific T cells. A) immunization strategy. B) representative strategy for analysis of samples. The amount of CD44+ 
SIINFEKL+ T cells measured in percent present in C) spleen and D) Lymph node. E) Immune activation of B cells measured 
by the presence of anti-OVA IgG1 in serum samples. A one-way ANOVA with Tukey’s multiple comparisons test was 
performed for Figure 5.C and D and a two-way ANOVA with Tukey’s multiple comparisons test was performed for Figure 
5.E. N = 6. A p-value of <0.005 was considered significant. * p ≤ 0.05 ** p ≤ 0.01, *** p ≤ 0.001, ****p ≤ 0.0001. 
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Anti-tumor efficacy of CpG lipoplexes functionalized with OVA 

To investigate the therapeutic impact of the developed platforms on radiotherapy, we injected 

EL4 or E.G7.OVA tumor-bearing C57BL/6 mice intratumorally with LCOP and LCO particles in 

combination with tumor directed radiotherapy. Treatment started once the tumors reached an 

average size of 100 mm3 at which tumor-bearing mice were exposed to 3 Gy radiation, beginning 

4 hours before the first dose of immunotherapy. Hereto, tumor-bearing mice were treated 

intratumorally with CpG (50 µg/kg) and OVA (1.3 mg/kg) in free or encapsulated form three times 

every three days from the study start (Figure 15.A).  

As a monotherapy, neither LCOP nor LCO exhibited curative effects but substantially 

enhanced tumor growth control compared treatment with free CpG and OVA (Supplementary 

Figure 7). When combined with radiotherapy, no increase in tumor control was observed in mice 

treated with free CpG, whereas treatment with LCOP and LCO in combination with radiotherapy 

increased survival time in both tumor models compared to radiotherapy alone or in combination 

with free CpG and OVA (Figure 15.B, C). In the antigen-specific E.G7-OVA model, LCOP treatment 

resulted in complete tumor rejection and protective immunity in 50% of the mice. The response 

differed significantly from that induced by combinatorial therapy with LCO. Surviving mice 

rejected cancer cell rechallenge, indicating long-term immunity (Figure 15.D). In the antigen-

negative EL4 model, both formulations slightly enhanced tumor growth control compared to 

treatment with free CpG and OVA (Figure 15.E). However, no significant difference in tumor 

growth delay was observed between the two formulations. These data indicate that the 

topography of the antigen availability caused by the radiation therapy might be decisive for the 

efficient induction of tumor regression upon treatment with LCOP or LCO and that subsequent 

tumor immunity is enhanced when particles are PEGylated.  



 

 

 

 
 

 
Figure 15: Efficacy of lipoplexes functionalized with OVA in combination with radiotherapy. A) dosing schedule for 
efficacy study: C57BL/6 mice were inoculated with 3x105 E.G7-OVA or EL4 thymoma cells on day 0, and once tumors 
reached an average size of 100 mm3, therapy was initiated. Radiation therapy commenced before immunotherapy and 
was delivered as 3 fractions of 1 Gy on day 7. Untreated mice were included as control mice. Tumor growth was 
continuously monitored, and results are presented as mean survival +/- SEM for both B) E.G7-OVA inoculated mice and 
D) EL4 inoculated mice and by C, E) individual tumor growth curves. CR = complete responders. Survival was analyzed 
using Log-rand (Mantel-Cox) test. A p-value of <0.05 was considered significant. ** p ≤ 0.01 
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Discussion  

In the current study we developed a delivery platform for CpG to enhance the therapeutic 

outcome of radiotherapy with two important modifications: 1) encapsulation into lipoplexes for 

enhanced delivery to, and activation of immune cells and 2) co-delivery with protein antigens to 

prolong exposure to immune cells within the tumor microenvironment (TME). 

 Compared to systemic administration, the results of local CpG treatments have been more 

promising [158]. Several clinical trials have demonstrated the synergistic effect of combining 

locally delivered CpG with radiotherapy [26], [227], [237]. A phase I/II clinical trial including 

combinatorial treatment with locally delivered CpG and radiotherapy showed that treatment was 

well tolerated and induced systemic anti-tumor responses even in patients with a significant 

tumor burden [227]. In another study, patients with untreated indolent lymphoma received 

repeated intratumoral injections of the CpG variant SD-101 following low-grade radiotherapy. 24 

of the 29 included patients experienced tumor regression, with one full responder [26]. Despite 

positive preclinical and clinical data, the application of free CpG still has several disadvantages. 

Free CpG ODNs display unfavorable pharmacokinetics, lack specificity, displays limited motility 

within tissues, leading to poor uptake by immune cells, and in some cases severe side effects 

(NCT00254891) [239], [250].  

As nanoparticles naturally are cleared by myeloid cells, including macrophages, dendritic 

cells, and other APCs, they make up potentially excellent carriers for immunomodulators like CpG 

[229], [230], [251]. In this study, successful encapsulation of CpG into lipoplexes occurred at 

nitrogen to phosphate (N:P) molar ratio of DOTAP:CpG of 8:1. Resulting particles formed stable 

colloids and exhibited great CpG encapsulation efficiency. For co-delivery of antigens, we 

functionalized the CpG lipoplexes with whole proteins (OVA) by engraftment of PEG 

bioconjugated OVA (LCOP) or protein adsorption (LCO) to the lipoplex surface. Both 

functionalization methods decreased particle surface charge as a result of the anionic nature of 

OVA, resulting in lower toxicity at higher doses compared to non-functionalized CpG lipoplexes 

(LNP-CpG) [252]. As the functionalization with OVA involves direct attractive electrostatic 

interaction, the adsorption of OVA directly competes with the condensed CpG. This opens the 

possibility that both OVA and OVA-PEG might desorb differently from the particle surface in vivo 

after injection as a result of dissociation or competition with interstitial proteins. Hence, the 

desorption kinetics likely play a vital role in the therapeutic outcome. In line with this, LCOP 

particles exhibited higher stability in the presence of serum proteins compared to LCO, possibly 

as a result of the steric hindrance effect generated by the surface engrafted PEG molecules, which 

excludes serum proteins from interacting with the surface of the lipoplex [253].  



 

 

 

Initial in vitro studies with both lipoplex formulations demonstrated fractionated uptake 

of LCO by immune cells. Nierkens et al. (2008) demonstrated superior anti-cancer efficacy when 

immune cells exhibited simultaneous uptake of CpG and antigenic material in preclinical studies, 

stressing the importance of the physicochemical characteristics of the particles [95], [148], [241], 

[254]. Much of the anti-tumor effect related to CpG treatment results from the induced cytokine 

secretion, as the production of IL-12 and type I IFNs are known to drive proliferation of both 

effector CD4+ and CD8+ T cells [25], [58], [214], [238], [239], [255]. Both OVA functionalized particle 

formulations enhanced the in vitro production of IL-6, IL-12p70, IFN-b, and TNF-a by immune cells 

compared to treatment with the free CpG and OVA. Treatment with LCOP and LCO significantly 

enhanced the number of antigen-specific CD8+ T cells in the spleen and lymph nodes of immunized 

mice compared to free CpG and OVA and also triggered B cell activation, as indicated by elevated 

levels of anti-OVA IgG. Furthermore, the combination of LCOP or LCO with radiotherapy 

substantially delayed tumor growth compared to free CpG and OVA in EL4 or E.G7-OVA tumor-

bearing mice. However, solely LCOP treatment led to complete tumor rejection in 50% of E.G7-

OVA bearing mice when combined with radiotherapy. The ability of LCOP to enhance the 

therapeutic efficacy of radiotherapy through simple alterations underline that lipoplexes are 

powerful carriers and the need to carefully consider particle design to provide optimal and durable 

therapeutic effects. As such, the results from our current preclinical studies provide strong 

rationale for further investigations of combining encapsulated CpG with radiotherapy. 
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Supplementary information  
 
 

 
 

Supplementary Figure 1: Condensation and release of CpG into (A) and from lipoplexes (B) visualized by gel 
electrophoresis. Identical amounts of CpG in all lanes. The efficiency of encapsulation was investigated in A) and 
lipoplexes formed stable colloids at N:P ratios above 8. Furthermore, CpG lipoplexes at N:P ratio 8 appeared stable in 
storage buffer and CpG was released upon exposure to SDS or FBS. The numbers below refer to N:P ratios, L = 20 bp 
dsDNA ladder.  

 

 

 
 

 

Supplementary Figure 2: Characteristics of LNP-CpG and LCOP over time. The stability of lipoplexes was measured over 
a period of 14 days. Stability was determined as a measure of A) Size and polydispersity index (PDI) of LNP-CpG and B) 
zeta-potential of LNP-CpG, C) size and polydispersity index (PDI) of LCOP and D) zeta-potential of LCOP over time. 



 

 

 

 
 

 

Supplementary Figure 3: Bioconjugation of PEG-NHS to OVA. DOPE-PEG2k-NHS was dissolved in phosphate buffer and 
immediately upon dissolving added to OVA at a ratio of 1.5-15.3 PEG to every lysine on A) OVA. OVA contain 21 Lysines 
(marked in red) to which PEG-NHS can be bioconjugated to, if N-terminus lysine is taken included. Bioconjugation vas 
confirmed by B) SDS-PAGE and C) MALDI-TOF. Bioconjugation of PEG to OVA occurred at ratio 15 as indicated by the 
protein smear on the SDS PAGE gel. The smear is caused by interaction between SDS micelles and PEG, however, PEG 
cannot move through the gel without SDS and therefore SDS-PAGE was applied for this study [256]. The images were 
created using PyMol Software (PyMol Molecular Graphics System, Version 2.0.7 Schrödinger, LLC) based on the pdb 
entry 1OVA. The OVA structure and MALDI data used to confirm bioconjugation of PEG was kindly provided by Matthias 
Fach.  
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Supplementary Figure 4: Confocal single stains of DAPI, Atto488, Cell Bright used for investigation of uptake of LCOP 
and LCO after 2 and 24 hours of treatment in RAW 264.7 cells. Overlays of the single stains can be seen to the right. 
Scalebar = 20 µm. Representative of two separate experiments. 

 

 

 

 

 

 

 

 



 

 

 

 

Supplementary table 1: Panel used for detection of lipoplex association with myeloid cells. 

Laser and filter Fluorochrome Target 

405|431/28|BV421 BV421 CD11c 
405|525/50|BV480 BV480 CD11b 
405|610/20|BV605 BV605 CD19 
405|780/50|BV786 BV786 IA-IE 
561|586/15|PE PE CD64 
561|610/20|PE-CF594 PE-CF594 CD3 
561|780/60|PC7 PE/Cy7 CD69 
640|780/60|APC-Cy7 eFlour780 VD 

 

 

 

Supplementary table 2: Panel used for detection of SIINFEKL+ CD44+ CD8+ T cells. 

Laser and filter Fluorochrome Target 
405|525/50|BV480 BV480 CD44 
405|710/50|BV711 BV711 CD8 
405|780/50|BV786 BV786 CD4 
561|586/15|PE PE CD3 
561|780/60|PC7 PE/Cy7 CD62L 
640|660/20|APC APC MHC:SIINFEKL Dextramer 
640|780/60|APC-Cy7 eFlour780 VD 
355|379/28|BUV395 BUV395 CD45 
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Supplementary Figure 5: Gating strategy for detection of uptake of LCOP and LCO in myeloid cells. All populations were 
gated on time, singlets, scatter, and viability. B cells were identified in the CD11b-low CD11c-low population as I-E/I-A 
high. Monocytes were identified as SSC-low IA-IE-int CD11b+ CD64-int. Macrophages were identified as I-A/I-E high 
CD64+. Finally, the cDC1 was identified in the SSC-high IA-IE-high population as CD11c+ CD11b- and cDC2 as CD11c+ 
CD11b+.  

 



 

 

 

 

 
 

Supplementary Figure 6: Gating strategy for detection of SIINFEKL specific T cells. All populations were gated on scatter, 
singlets, and viability. Antigen specific CD8+ T cells were identified as CD45+ CD3+ CD8+ SIINFEKL+ according to 
fluorescence minus one (FMO) control.  
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Figure legend on the next page 



 

 

 

Supplementary Figure 7: Efficacy of lipoplexes functionalized with OVA as monotherapy. A) dosing schedule for efficacy 
study: C57BL/6 mice were inoculated with 3x105 E.G7-OVA or EL4 thymoma cells on day 0 and therapy was initiated on 
day 7 as tumors reached an average size of 100 mm3. Mice received 3 doses of CpG and OVA in soluble or encapsulated 
form corresponding to 50 µg/kg CpG and 1.3 mg/kg OVA on day 7, 10 and 13. Untreated mice were included as control 
mice. Tumor growth was continuously monitored and results are presented for E.G7-OVA; B) mean survival ± SEM, C) 
mean tumor growth ± SEM and D) individual tumor growth curves and for EL4: E) mean survival ± SEM, F) mean tumor 
growth ± SEM and G) individual tumor growth curves. Survival was analyzed using Log-rand (Mantel-Cox). A p-value of 
<0.005 was considered significant.  
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Abstract 

Improving the persistence, expansion, and trafficking of adoptive cell transfer (ACT) products is 

central for optimizing their clinical performance in solid cancers. To achieve this, a lipoplex based 

system was designed for intratumoral co-delivery of CpG and protein antigens (OVA). In vitro, the 

lipoplex system, not only activated bone-marrow-derived dendritic cells but also provided antigen 

and co-stimulation for improved activation of antigen-specific CD8+ T cells during co-culture. The 

immune-activating properties of the lipoplex system provided, in combination with adoptive 

transfer of non-activated or expanded antigen-specific CD8+ T cells, increased tumor control in 

OVA expressing tumor models. Intratumoral delivery of lipoplexes augmented infiltration of 

adoptively transferred CD8+ T cells in tumors and tumor-draining lymph nodes. These studies 

demonstrate that the intratumoral delivery of the lipoplex system support immune-activation in 

tumors and, in combination with ACT, induce a robust anti-cancer immune response. The 

potentiating effect on ACT encompasses that the lipoplex system could be a broadly applicable 

technology for enhancing ACT therapies.  
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Introduction 

Adoptive T cell therapy (ACT) has become an attractive for cancer therapy, due to high specificity 

and promise of long-term immune protection. ACT is an innovative way to optimize and 

reconstitute the T cell immunity through reinfusion of modified and ex vivo expanded T cells [257]. 

So far, this treatment strategy has shown objective response rates ranging between 40% and 70% 

in lymphodepleted patients suffering from metastatic melanoma receiving adjuvant systemic 

interleukin (IL)-2 [111], [258], [259]. Despite these impressive results, many patients do not 

benefit from ACT, and the therapeutic outcome in solid tumors remains limited [97], [99]. The 

poor therapeutic efficacy is mainly attributed to the low capacity of the adoptively transferred T 

cells to persist long term in vivo [114], [260]–[262]. Younger, less differentiated T cells, like T 

central memory (TCM) or non-activated, naïve T cells, are associated with enhanced persistence 

and increased tumor control [114]–[116], [260]. Thus, strategies to enhance in vivo expansion and 

persistence are attractive for improving ACT-based cancer immunotherapy [114]. In vivo, the 

expansion is primarily mediated by dendritic cells (DCs), which motivates that vaccine strategies 

providing both immune-stimulating agents and antigens could serve as attractive technologies for 

improving post-infusion ACT performance [263]–[265].  

Synthetic unmethylated CG-rich CpG oligodeoxynucleotides (ODN) mimic prokaryotic 

DNA and activate the toll-like receptor 9 (TLR9), causing activation of innate signaling pathways, 

which leads to the production of proinflammatory cytokines, such as type I interferons (IFNs) and 

IL-12 [51], [266], [267]. Thereby, direct intratumoral injection of CpG can be used to stimulate APC 

activation, promote antigen presentation, and produce an environment that increases CD8+ and 

CD4+ T cell activation within the tumor microenvironment (TME) and tumor-draining lymph nodes 

(tdLN). Recent studies have demonstrated promising results with intratumorally delivered CpG in 

both preclinical and clinical studies [25], [26], [225]. Even so, the usage of soluble CpG remains 

limited by low retention, therapeutic efficacy, and systemic toxicities, which stresses the 

importance of delivery systems [267], [68].  

Lipid nanoparticle systems represent an attractive technology to improve efficacy and 

overcome associated toxicities [95], [137], [183], [231], [232]. To provide a physiologically adapted 

in vivo technology for selective ACT post-infusion expansion, we developed a lipoplex system for 

combined ODN and protein antigen (OVA) delivery directly in malignant tumors. Lipoplexes are 

self-assembling, biodegradable, stable colloids that excel in the delivery of nucleotides and can 

easily be modified to co-deliver protein antigens [146], [147], [268]. As such, we employed 

simultaneous delivery of CpG and the full OVA protein to provide activation of APCs, antigen for 

processing, and presentation on both major histocompatibility complex (MHC) class I and MHC 



 

 

 

class II to most efficiently support T cell activity [239], [241], [269], [270]. In the current study, we 

find that the developed lipoplex platform (LCOP) not only activated bone-marrow derived DCs 

(BMDC) but also provided antigen and co-stimulation for improved activation of antigen-specific 

CD8+ T cells more efficiently than soluble CpG and OVA in co-culture. LCOP further augmented 

tumor levels of adoptively transferred CD8+ OT-1 cells, inducing tumor regression, and therapeutic 

control in E.G7-OVA tumor-bearing mice. Importantly, LCOP also enhanced the expansion of the 

adoptively transferred CD8+ OT-1 cells in the tdLNs of mice with a less infiltrated tumor model 

(B16-OVA) [271]. These observations indicate that the lipoplexes provide a generalized 

intratumoral activation of endogenous anti-cancer immune cells even in tumors lacking the 

cognate T cell antigen.  

 

Materials and Methods 

Materials 

Cholesterol (Chol), bromide-1,2-dioleoyl-3-trimethyl-ammonium-propane (DOTAP), and 1,2-

dioleoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene-glycol)-2000] (DOPE-

PEG2000), were obtained from Avanti Polar Lipids (Alabaster, AL, USA) and used without further 

purification. DOPE-PEG-NHS (MW 2000) was purchased from Orion High Technologies (Spain). 

CpG ODN2395 and OVA were purchased from Invivogen (France).  

For experimental work with cell samples, Dulbecco’s Phosphate Buffered Saline (PBS), 

RPMI complete 1640, DMEM and fetal bovine serum were used from Th. Geyer (Roskilde, 

Denmark). Penicillin-Streptomycin (PenStrep) and G418 was obtained from Sigma Aldrich 

(Brøndby). For ELISA, Assay buffer was mixed by adding 1% Bovine serum albumin (BSA) (Sigma 

Aldrich) to PBS (Th. Geyer); wash buffer was mixed by adding 0.05% Tween20 (Sigma Aldrich) to 

PBS (Th. Geyer).  

 

Preparation and physicochemical characterization of OVA functionalized CpG lipoplexes 

Lipoplexes with the formulation Cholesterol:DOTAP:DOPE-PEG2000 50:49:1 mol% were prepared 

using the ethanol injection method followed by dialysis with two buffer changes [146], [147]. The 

lipid components of LNP-CpG were dissolved in absolute 99.9% ethanol (Sigma Aldrich) and mixed. 

Lipids were further diluted 1:2 in absolute 99.9% ethanol and mixed with CpG that had been 

diluted in 0.1 M citrate buffer (pH 5). The lipid solution was pipetted into a glass vial containing CpG 

at a nitrogen to phosphor molar ratio of DOTAP to CpG of 8:1 under vigorous vortexing. 

Immediately after mixing, the solution was diluted with 2 times the volume of buffered saline (0.3 
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M sodium chloride, 20 mM sodium citrate, pH 6.0). Subsequently, the solution was dialyzed for 

24 hours against two changes of 300 mM HEPES 5% Glucose buffer (HBG, pH 7.4, 1:400 v/v) using 

Slide-A-Lyzer cassettes with a 3.5K MWCO (Thermo Fisher Scientific, OR, USA) to remove excess 

ethanol. After dialysis, lipoplexes were centrifuged in amicon spin filters (MWCO 10K) at 4.000 g 

to remove excess CpG. CpG concentration was determined at 260 nm on a TECAN plate reader.  

 

Functionalization of lipoplexes 

DOPE-PEG-NHS (MW 2000) was dissolved in PBS to a concentration of 20 mM. The lipid stock was 

heated to 60°C until completely dissolved and immediately mixed with OVA at an NHS-PEG to NH2 

(lysine) molar ratio of 1:15. The reaction mixture was left to conjugate at 4-8°C overnight. 

Hereafter, reaction product was washed three times in PBS and centrifuged in Amicon spin filter 

tubes with a 3.5K MWCO (Sigma Aldrich, Germany) at 4000 g for 30 minutes to remove excess of 

unreacted PEG-NHS. Resulting particles were functionalized by post-inserting 10 mol% DOPE-

PEG2000 containing 10% OVA-NHS-PEG2000 at 40°C for at least 1 hour under constant mixing. 

Lipoplexes were allowed to equilibrate to room temperature before further investigations.  

 

Size, polydispersity, and zeta-potential 

Lipoplexes were diluted to a lipid concentration of 1 mM in 300 mM HEPES 150 mM NaCl buffer 

(pH 7.4) or HBG buffer (pH 7.4) and characterized using dynamic light scattering (DLS) for 

determination of size and zeta-potential, respectively, on a Malvern zetasizer. CpG concentration 

was determined at 260 nm in PBS on a TECAN plate reader. 

 

HPLC ELSD 

The lipid concentration was determined using a Shimadzu Nexera – i system fitted with an Xterra 

C8 reverse phase column (5 µM, 4.6 x 150 mm) with a flow rate of 1 mL per minute. The detection 

of lipid concentration was performed using a low-temperature evaporative light scattering 

detector (ELSD) with a Shimadzu SEDEX LT-ELSD detector (Sedere, Alfortville, France). The mobile 

phase consisted of A) 5% MeCN in MilliQ water with 0.1% TFA and B) MeCN + 0.1% TFA filtered 

through a 0.5 µm filter. Samples were run by applying a linear gradient from 25-95% B over 25 

minutes. The aliquots of sample and lipid stocks were extracted in DMSO and loading volume was 

50 µL. 

 

 

 



 

 

 

Animals and cell lines 

All animal experiments were approved by the Danish Animal Experiment Inspectorate. Female six-

week-old C57BL/6 mice were purchased from Janvier. Six-week-old TCR transgenic OT-1 mice 

(C57BL/6 -Tg(TcraTcrb)100Mjb/J) were obtained from Charles River and subsequently bred in 

house. 

E.G7-OVA thymoma cell line was purchased from American Type Culture Collection 

(ATCC). The murine cell line B16.OVA was a kind gift from Dr. Marianne Hokland, Aarhus 

University, Denmark. OVA cell lines were maintained in complete RPMI medium 1640 medium 

supplemented with 0.4 mg/ml geneticin selective antibiotic (G418). 

 

In vitro BMDC antigen presentation assay 

Bone marrow-derived DCs (BMDC) were differentiated in vitro by purifying bone marrow cells 

from the tibia and femur from 6-8-week-old female C57BL/6 mice obtained from Janvier SAS. Mice 

were sacrificed by cervical dislocation and bones were isolated and stored in tissue storage 

solution (MACS Milteny). After sterilization, the femur and tibia were flushed with PBS using a 29G 

insulin syringe. The resulting cells were washed and cultured in complete RPMI medium 

complemented with 10% heat-inactivated FBS and 1% Penicillin-Streptomycin (P/S) in the 

presence of 20 ng/mL GM-CSF at a final density of 2x106 cells/petri dish. On day 3, fresh medium 

substituted with 20 ng/mL GM-CSF was added. On day 6, non-adherent BMDCs were transferred 

to a 6 well plate and treated with lipoplexes with concentrations of CpG and OVA corresponding 

to 5 µg/mL and 0.146 µg/mL, respectively. 450 µg of OVA corresponds to approximately 10 µg of 

SIINFEKL peptide [84]. On day 9, BMDCs were either analyzed for antigen presentation or co-

cultured with antigen-specific CD8+ OT-1 cells. 

Antigen presentation by BMDCs following treatment with lipoplexes was investigated 

after 24, 48, and 72 hours of culture. Supernatants were collected at all timepoints for ELISA, 

centrifuged at 10.000 g, and stored at -180°C until further use. Upon harvest, BMDCs were washed 

and resuspended in PBS containing 0.5% BSA and 0.1% NaN3 (FACS buffer). The BMDCs were then 

counted and plated in a 96-well round-bottomed plate at a density of 1x106 cells/well and blocked 

with FC block (CD16/32) for 10 minutes on ice. Following blocking, the BMDCs were stained with 

VD eflour780, anti-CD11c BV786, MHC: SIINFEKL H2-Kb APC, anti-CD86 PE, anti-CD40 BV605, and 

anti-I-A/I-E BV480 and incubated on ice for 30 minutes. Samples were washed three times, 

resuspended in FACS buffer, and kept on ice before acquisition on a BD LSRFortessa X-20 (BD 

Biosciences). 100.000 events per sample were acquired.  
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In vitro proliferation assay 

For co-culture, 1x106 BMDCs were plated in a 6 well flat bottom tissue culture plate in warm 

complete 1640 RPMI medium with 1% Insulin Transferrin Selenium (ITS) solution and allowed to 

adhere overnight. BMDCs were stimulated with LCOP, LCO, or soluble CpG and OVA at doses 

corresponding to 5 µg/mL CpG and 0.15 µg/mL, respectively, and incubated for 24 hours. The 

following day, mice were euthanized by cervical dislocation and the spleens were isolated and 

stored in MACS tissue storage solution. The spleens were passed through a mesh strainer (70 µM) 

and erythrocytes were lysed using VersaLyse for 10 minutes followed by a second passaging 

trough a 70 µm mesh strainer. Cells were incubated with a biotin-antibody cocktail for selection 

of non-activated CD8a+ T cells followed by incubation with anti-biotin. Negative selection was 

performed on a MACS magnet using a LS column (Milteny biotech). CD8+ T cells were then stained 

with 2.5 µM CellTrace Violet at a concentration of 5x106 cells/mL in warm PBS and incubated at 

37°C for 20 minutes. T cells were washed in 5 times the staining volume in complete medium 

before co-culture with BMDCs. The co-culture (plated 1:3) proceeded for up to 96 hours and 

supernatants were collected at all timepoints for ELISA. The cells were cultured in a total volume 

of 3 mL in a 6-well cell culture plate. After 24 and 72 hours, the T cells were analyzed for 

proliferation by flow cytometry. For this purpose, the cells were blocked with Fc Block (Anti-

CD16/32) for 10 minutes on ice and stained with VD eflour780, CD69 PE-Cy7, CD3 PE, CD11c FITC 

and CD8 BV711 for 30 minutes on ice. After staining, the cells were washed three times in FACS 

buffer and acquired on a BD LSRFortessa X-20 (BD Biosciences). 100.000 events per sample were 

acquired. 

 

Cytokine analysis following treatment with LCOP 

The levels of cytokine production of IL-6, IL-12p70, TNF-a, or IFN-g were determined from culture 

supernatants using mouse Duoset ELISAs (R&D Systems). ELISA was prepared according to the 

manufacturer’s instructions. 50 µL of detection antibody was added to 96-well Nunc Flat-

bottomed plates (Thermo Fisher) and left to incubate overnight at 4-8°C. The plates were washed 

three times in wash buffer (PBS + 0.05% Tween20) and blocked in reagent diluent (PBS + 0.5% 

BSA) for 1 hour. The wash cycle was repeated, and 50 µL of standard or diluted sample was added 

to each well. Supernatants for analysis of IL-12p70 was left undiluted, while supernatants for 

analysis of IL-6, TNF-a, IFN-g, IL-2, and IL-4 was diluted in reagent diluent: 1:2 for IL-6 and TNF-a, 

1:1.5 for IFN-g, 3.33x for IL-2 and IL-4. After incubation, the plates were washed and 50 µL of 

detection antibody in reagent diluent was added. The plates were incubated at room temperature 

for 2 hours, followed by washing, and addition of 50 µL of a working dilution of Streptavidin-HRP 



 

 

 

to each well. Plates were incubated at room temperature for 20 minutes, washed, and added 50 

µL of substrate solution. Following 7-20 minutes of incubation, 50 µL of stop solution was added 

to each well. Plates were read on a TECAN plate reader at 450 nm and 540 nm to determine the 

optical density of each well.  

 

Preparation of OT-1 cells for adoptive transfer 

For splenic CD8+ T cell isolation, OT-1 cell receptor (TCR) transgenic mice were euthanized by 

cervical dislocation and the spleens were isolated and placed in MACS tissue storage fluid on ice. 

The spleens were dissociated by passaging through a 70 µm cell strainer. The cell suspension was 

then centrifuged and resuspended in 1 mL VersaLyse for 10 minutes to remove erythrocytes. 

Following this step, cells were either expanded in cell culture or stained with CellTrace Violet and 

used directly for adoptive transfer.  

For adoptive transfer of expanded CD8+ OT-1 cells, a negative selection for CD8+ T cells as 

previously described was performed. T cells were counted and resuspended at a concentration of 

106 cells/mL and plated in a precoated 6 well plate containing a-CD3 and a-CD28 at a 

concentration of 0.5 µg/mL and 5 µg/mL, respectively. On day two, T cells were primed by adding 

IL-2 (0.02 µg/mL) and IL-7 (0.005 µg/mL) (R&D systems) followed by incubation overnight. T cells 

were then harvested, split, and moved to flasks for IL-21 priming on day three (0.0025 µg/mL) 

(R&D systems). T cells were split a second time the following day and additional media containing 

IL-21 was added before harvest on day four and adoptive transfer in E.G7-OVA tumor-bearing 

C57BL/6 mice.  

 

Tumor treatment and monitoring 

C57BL/6 mice were subcutaneously inoculated on day -7 with 3x106 E.G7-OVA cells on the right 

flank. The tumors were grown until they reached an average size of 100 mm3, randomized into 

treatment groups, and allocated according to size-dependent randomization (n = 8 per group). For 

efficacy and TME studies, tumor-bearing mice were treated on day 0 by i.t. injection with either 

soluble CpG and OVA or LCOP to precondition the TME, followed by adoptive transfer on day 1, 

and tumor growth was monitored until an endpoint of 1500 mm3. Treatment with CpG and OVA 

was performed as i.t. injection of 50 µL CpG (50 µg/kg) and OVA (1.3 mg/kg) in 300 mM HEPES 5% 

Glucose buffer, pH 7.4 using a 0.5 mL 19G insulin syringe. ACT was given as 0.1 mL intravenous 

(i.v.) injection using a 27G needle and mice received a total dose of 1x106 expanded OT-1 cells or 

5x106 spleenocytes corresponding to approximately 0.5x106 non-activatedCD8+ T cells. Tumor 
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growth progression was monitored by external caliper measurements three times a week and the 

tumor volume were calculated as (length x (width)2)/2. The weight of the mice was monitored to 

monitor toxicity as a weight loss beyond 15% was considered an endpoint.  

 

Analysis of E.G7-OVA and B16.OVA tumors and tdLNs 

For TME investigation of B16.OVA tumors, tumors were preconditioned with 100 mg/kg CPX in 

100 µL administered intravenously once tumors reached an average of 100 mm3, which occurred 

7 days after inoculation. The following day, mice received i.t. injections of soluble CpG and OVA 

or LCOP, as described above. Mice received adoptive transfer of non-activated T cells on day 10 

after inoculation and tumors were harvested for analysis on day 14. 

For TME investigation, tumors and tumor-draining lymph nodes (tdLNs) were isolated and 

stored in MACS tissue storage on ice before resection and enzymatic digestion using Murine 

Tumor Dissociation kit (Milteny Biotec). Tumors were dissociated by shaking for 40 minutes at 

37°C in a water bath. After enzymatic digestion, the tumors were passed through a 70 µm cell 

strainer twice to obtain single-cell suspensions. Single-cell suspensions of the LNs were prepared 

by passaging the organs through a nylon mesh strainer (70 µm) followed by washing in phosphate 

buffered saline. 

Cells were diluted in PBS and counted using the MUSE cell count and Viability Assay on a 

MUSE cell Analyzer (MERCK Millipore) according to manufacturers’ instructions. Hereafter, tumor 

and lymph node samples were pooled, washed in FACS buffer and prepared for flow cytometric 

analysis in which 10-20x106 cells per sample was blocked with murine FC-block (CD16/32) 

monoclonal antibodies for 10 minutes on ice before staining with antibodies. Samples were 

stained with an MHC class I Dextramer H-2Kb/OVA (257-265)/SIINFEKL for 10 minutes on ice, 

followed by staining with VD eflour780, anti-CD4 BV786, anti-CD8 BB515, anti-CD3 PE, and anti-

CD45 for detection of tumor-infiltrating T cells. All samples were kept on ice before acquisition on 

a BD LSRFortessa X-20. 1x106 events for lymph node samples and 10x106 events for tumor samples 

were acquired.  

 

Sample analysis and Statistics 

Statistical analysis was performed using GraphPad Prism 8 (GraphPad Software) and flow 

cytometric data were analyzed using FlowJo v10.6.1 with subsequent analysis in Prism. For 

statistical analysis of antigen presentation, BMDC maturation, T cell proliferation, or ELISA, an 

ordinary one-way ANOVA with correction for multiple comparisons by Tukey’s test was 

performed. Survival was analyzed using Log-Rank (Mantel Cox) test. For TME investigation, an 



 

 

 

unpaired t-test was performed for proliferation index and percent divided, while proliferation and 

infiltration were analyzed using a one-way ANOVA with correction for multiple comparisons by 

Tukey’s test. A p-value <0.05 was considered statistically significant. No data points were excluded 

in any of the conducted studies.  

 

Results 

Preparation and physicochemical characterization of lipoplexes 

To potentiate the effect of ACT of minimally activated T cells directly in the host, we formulated 

protein functionalized CpG lipoplexes for direct intratumoral (i.t.) delivery. The lipoplex 

technology was employed to deliver concise and potent stimulation aiming to enhance in vivo 

expansion of adoptively transferred T cells. For this purpose, CpG Lipoplexes (LNP-CpG) were 

prepared by ethanol injection method with the formulation Cholesterol:DOTAP:DOPE-PEG2000 

50:49:1 mol% [146], [147]. Cholesterol and DOPE-PEG2000 were included to stabilize the 

complexation between CpG and DOTAP and to avoid aggregation during formation [146], [151], 

[170], [272]. Before functionalization, all lipoplexes carried cationic charges, had diameters 

around 120 nm, exhibited no tendencies to aggregate, and had an average CpG encapsulation 

efficiency of 91.2% (Table 2).  

To enhance the availability of antigenic material within the TME, the whole model protein 

ovalbumin (OVA) was bioconjugated to DOPE-PEG2000-NHS at a ratio of 1:15 and post-inserted 

in the pre-formed cationic CpG lipoplexes [243]. Resulting particles exhibited a slight reduction in 

size, while an increase in polydispersity. The insertion of OVA-PEG shielded the cationic charge 

and provided the lipoplexes with an overall neutral charge, which indicated that engraftment was 

successful. From here on, CpG lipoplexes functionalized with OVA-PEG will be denominated LCOP: 

lipoplex-CpG-OVA-PEG. 

 

Table 2: Physicochemical characterization of lipoplexes. Diameter and polydispersity (PDI (10 mM HEPES, 150 mM NaCl, 
pH 7.4). Zeta potential (10 mM HEPES, 300 mM Glucose, pH 7.4). The concentration of lipids was measured by HPLC 
using an evaporative light scattering detector (ELSD) while the concentration of CpG and ovalbumin (OVA) was 
determined by measuring fluorescence at 488 nm (CpG-FITC) or 640 nm (OVA-AF647). Values are representative of 
three separate experiments and presented as mean ± SD. 

Type of lipoplex Particle 
 Diameter 
(nm) 

Polydispersity  
index (PDI) 

Zeta- 
potential 
(mV) 

CpG conc. 
(µg/mL) 
 

OVA conc. 
(mg/mL) 

Lipid 
conc. 
(mM) 

LNP-CpG 
 

121.0 
± 12.5 
 

0.167 
± 0.012 

8.67 
± 1.31 

44.45 
± 2.38 

- 9.71 

Lipoplex CpG-OVA-PEG 
(LCOP) 

116.8 
± 12.1 

0.192 
± 0.025 

0.98 
± 2.96 

44.45 
± 2.38 

2.67  
±0.015 

9.71 
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Treatment with OVA functionalized CpG lipoplexes mature and activate BMDCs and promotes 

T cell proliferation in vitro  

Effective priming and subsequent expansion of T cells rely on tumor antigen uptake, processing, 

and presentation on MHC class I and II by DCs. To confirm the immunogenic potential of the 

lipoplex platform, we stimulated BMDCs with CpG (5 µg/mL) and OVA (0.146 mg/mL) in soluble 

or encapsulated form. Hereto, we measured BMDC activation, antigen-presentation, and 

subsequent capacity to mediate proliferation of antigen-specific CD8+ T cells isolated from TCR-

transgenic ‘OT-1’ mice (C57BL/6 Tg(TcraTcrb)100Mjb/J). The activation of BMDCs was interpreted 

from the surface expression of MHC class II (I-A/I-E), CD40, and CD86, which are central for DC 

activation, maturation, and thus antigen presentation [273]. To quantify the antigen presentation, 

we measured the SIINFEKL presentation on CD11c+ BM-DCs by flow cytometry and compared the 

level of presentation to soluble CpG and OVA.  

Stimulation with LCOP significantly increased the presentation of SIINFEKL, which 

persisted throughout the 72 hours in culture as opposed to soluble CpG and OVA (Figure 16.A). 

The antigen presentation peaked after 72 hours in culture, indicating delayed antigen processing 

kinetics. Extended antigen presentation has previously been associated to elicit full expansion, 

effector cytokine production, and memory cell-differentiation in naïve T cells [274]. LCOP 

treatment further increased expression of MHC class II, CD40, and CD86 in a time-dependent 

manner (Figure 16.B-D). However, the expression of maturation markers was not significantly 

different from treatment with soluble CpG and OVA. After 24 hours, treatment with LCOP induced 

high immediate surface expression of MHC class II and CD40, which decreased over the evaluation 

period. CD86 tended to have a continuous upregulation, which peaked after 72 hours in culture, 

indicating that the BMDCs remained active over the entire time course. Gating strategy for 

detection of BMDCs can be seen in Supplementary Figure 8. 

 



 

 

 

 
 

 

Figure 16: Immune stimulation and maturation of BMDCs by LCOP. LCOP effectively delivers CpG and OVA to and 
activates BMDCs in vitro. A) Assessment of SIINFEKL antigen presentation in CD11c+ BMDCs 24-72 hours after treatment 
with soluble CpG and OVA or LCOP. Antigen presentation is presented as fold change to untreated control and shift in 
MFI (right). Expression of activation markers B) IA-IE, C) CD40, D) CD86 in response to treatment. Results are presented 
as mean of triplicates ± SD. The figure is representative of three separate experiments. A two-way ANOVA was 
performed. A p-value of <0.005 was considered significant. ****p ≤ 0.0001. 

 

To further confirm the immunogenicity of LCOP, we measured the level of cytokine 

production by the BMDCs after stimulation by ELISA. Treatment with LCOP significantly increased 

production of the proinflammatory cytokines IL-6, IL-12p70, and TNF-a throughout the entire 

measured time-period compared to soluble CpG and OVA (Figure 17.A-C). When the BMDCs were 

co-cultured with T cells, we further observed elevated production of IL-2 and IFN-g (Figure 17.D-

E). Neither LCOP nor soluble CpG and OVA was found to induce production of IL-4 (data not 

shown). Although IL-2 is not required for clonal expansion of newly primed CD8+ T cells, it is 

produced soon after priming and was detectable after 24 hours of incubation, peaking after 72 

hours, while a gradual increase in IFN-g secretion was observed [275].  
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Figure 17: Treatment with LCOP induces a proinflammatory environment through cytokine secretion. Inflammatory 
cytokines secreted in A-C) BMDCs or D-E) co-culture of BMDCs and T cells as measured by ELISA 24, 48, or 72 hours after 
treatment with unadjuvated CpG and OVA or CpG lipoplexes with PEG bioconjugated OVA. Results are presented as 
mean of triplicates ± SD. The figure is representative of four different experiments. A two-way ANOVA corrected for 
multiple comparisons by Tukey’s test was performed. A p-value of <0.05 was considered significant. *p ≤ 0.05, ** p ≤ 
0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 

 

The increased antigen presentation and maturation marker expression by BMDCs, 

indicates efficient uptake and internalization of LCOP, which implies that LCOP may serve as a 

potential vehicle of immune-stimulatory components to APCs. However, to generate strong T cell-

mediated immune responses, DCs need to effectively be able to present antigens and provide co-

stimulation to T cells (Figure 18.A) [276]. To investigate this, we examined T cell proliferation using 

CellTrace Violet stained CD8+ OT-1 cells co-cultured with LCOP pulsed BMDCs at a ratio of 1:3. 

Proliferation was assessed after 72 hours of co-culture by quantifying the dilution of the CellTrace 

dye (Figure 18.A, right). Compared to soluble CpG and OVA, treatment with LCOP increased the 

proliferation and expansion index of CD8+ OT-1 cells (Figure 18.B-D). Please refer to 

Supplementary Figure 9 for the gating strategy for detection of T cells. 
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Figure 18: In vitro proliferation of CD8+ OT-1 cells in co-culture with BMDCs in response to LCOP stimulation. BMDCs 
were pulsed with soluble CpG and OVA or LCOP for 24 hours before co-culture. The response to stimulation is presented 
as a reduction in A) median fluorescent intensity (MFI) of Cell Trace Violet, which indicates cell division and thus dye 
dilution. Proliferation of T cells results from antigen presentation and stimulation by dendritic cells, as illustrated in B) 
and by increased C) expansion index, D) proliferation index, and E) percent divided cells. An ordinary one-way ANOVA 
with Dunnett’s multiple comparisons test was performed. A p-value of <0.005 was considered significant. *p ≤ 0.05, ** 
p ≤ 0.01. 

 

Intratumoral injection of LCOP initiates tumor growth control  

Based on the superior in vitro antigen presentation and T cell proliferation observed after 

treatment with LCOP, we hypothesized that combinatorial therapy with ACT would enhance 

treatment efficacy of minimally activated CD8+ T cells. To address this, we compared the effect of 

i.t. injection of LCOP with CpG and OVA in E.G7-OVA tumor-bearing C57BL/6 mice in combination 

with ACT of either expanded CD8+ OT-1 cells or non-activated CD8+ OT-1 cells (Figure 19). The 

dosage regimen is described in Figure 19.A. Administration of LCOP and ACT occurred without 

significant weight loss and with no clinical observable symptoms (Supplementary Figure 10). 
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Figure 19: Treatment with LCOP in combination with adoptive cell transfer delays tumor growth. A) C57BL/6 mice were 
inoculated with E.G7-OVA or EL4 cells (day 0) and once tumors reached an average size of 100 mm3 (day 7), mice 
received one treatment with soluble CpG and OVA or LCOP followed by adoptive transfer (day 8) with either (B-D) non-
activated or (E-G) expanded OT-1 cells. Tumor growth was monitored over time and results are presented as (B, E) 
percent survival, (C, F) mean tumor growth ± SEM, and individual tumor growth for EL4 and E.G7-OVA tumor-bearing 
mice. CR = complete responders. Data are representative of two replicate experiments; n = 8 mice per group). Survival 
data were analyzed using the log-rank test. Tumor growth data were analyzed using one-way ANOVA corrected for 
Bonferroni’s test. A p-value of <0.05 was considered significant. *p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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A single i.t. injection of LCOP in combination with ACT of either expanded or non-activated 

CD8+ OT-1 cells led to significant inhibition of tumor growth (Figure 19.C, F), and significantly 

increased median survival time (Figure 19.B, E). The combinatorial therapy with LCOP and non-

activated CD8+ OT-1 cells induced a greater number of complete responders, with 3 out of 16 

survivors, compared to only one survivor when combined with expanded CD8+ OT-1 cells (Figure 

19.D, G). All complete responders rejected cancer cell (E.G7-OVA) rechallenge on the opposite 

flank on day 50, which demonstrate the establishment of immunological memory (Figure 19.D, 

G).  

 

Treatment with LCOP causes proinflammatory changes to the tumor microenvironment and the 

draining lymph nodes 

The mechanistic background for the observed immune-activating properties of LCOP was 

investigated by flow cytometric analysis of tumors and tdLN from treated E.G7-OVA tumor-

bearing mice. Mice received i.t. injection of soluble CpG and OVA or LCOP in combination with 

ACT of non-activated CD8+ OT-1 cells. For the analyses, tdLN and tumor samples were stained with 

a H-2Kb/SIINFEKL Dextramer followed by staining of CD45, CD3, CD4, and CD8 to provide a more 

quantitative assessment of TILs in the tdLN and the tumor 4 days after ACT (Figure 20). In the 

group receiving non-activated CD8+ OT-1 cells and LCOP, a significantly higher proportion of 

adoptively transferred CD8+ OT-1 cells were observed in both the tdLN and tumor (Figure 20.A, 

B). This was further reflected in a reduction in tumor weight (Figure 20.C). LCOP injected tumors 

also displayed increased presence of CD8+ OT-1 cells (SIINFEKL+) per gram tumor compared to 

control groups (Figure 20.D). Furthermore, an increased CD8+ to CD4+ T cell ratio was observed in 

the LCOP injected tumors, although only significantly enlarged in comparison to mice solely 

receiving ACT (Figure 20.E). The observed differences indicate that both soluble CpG and OVA and 

LCOP can induce a local immune response after i.t., but only LCOP provides sufficient stimulation 

to improve therapeutic efficacy in E.G7-OVA tumor-bearing mice. Gating of SIINFEKL+ CD8+ T cells 

and respective FMOs is illustrated in Figure 20.F, while the gating strategy is illustrated in 

Supplementary Figure 11Supplementary Figure 12. 
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Figure 20: Intratumoral LCOP treatment increases CD8+ OT-1 cell infiltration. E.G7-OVA tumor-bearing mice received 50 
µg/kg CpG and 1.46 mg/tumor OVA by intratumoral injection. Four days after adoptive cell transfer with non-activated 
CD8+ OT-1 cells, tumors and tdLNs were resected and analyzed for CD8+ OT-1 cell infiltration in the A) tumor draining 
lymph nodes and B) tumors, C) CD4+ to CD8+ T cell ratio, D) Percent SIINFEKL+ CD8+ T cells per gram tumor, and E) Tumor 
weight. F) gating of CD8+ SIINFEKL+ T cells including fluorescence minus one (FMO) controls with tdLN samples illustrated 
to the left and tumor samples illustrated to the right. n = 6, data does stem from the pooling of 12 tumors and tdLNs. 
An ordinary one-way ANOVA corrected for Tukey’s test was performed. A p-value of <0.05 was considered significant. 
*p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. 
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Next, it was evaluated whether the positive therapeutic effect observed in the E.G7-OVA tumor 

model was comparable in a less T cell infiltrated OVA-expressing model (B16.OVA). Mice were 

preconditioned with 100 mg/kg CPX on day 7, followed by i.t. injection of LCOP and subsequent 

ACT of CellTrace Violet stained non-activated CD8+ OT-1 cells. Treatment with LCOP did not 

increase the presence of CD8+ OT-1 cells in the TME (Supplementary Figure 13) but was found to 

increase the amount of CD8+ OT-1 cells within the tdLNs of B16.OVA tumor-bearing mice (Figure 

21.A). CD8+ OT-1 cells present in the tdLN of LCOP treated tumors displayed significantly increased 

expansion and evidenced by the proliferation index compared to adoptive transfer of CD8+ OT-1 

cells without prior LCOP treatment (Figure 21.B-C).  

 

 
 

 

Figure 21: The proliferation of CD8+ OT-1 cells residing in the tumor-draining lymph nodes of mice who received 
combined treatment of LCOP and adoptive cell transfer. CD8+ T cells were isolated from OT-1 donor mice and stained 
with CellTrace Violet and adoptively transferred to B16.OVA. A) Percentage of CD8+ OT-1 cells residing in the tumor-
draining lymph node of B16.OVA tumors. Proliferation was indicated as an increase in B) expansion index and C) 
proliferation index, which were calculated using FlowJo Software V.10. D) gating of CD8+ SIINFEKL+ T cells including 
fluorescence minus one (FMO) controls. n = 4, graphs represent data from the pooling of 8 tdLNs. An ordinary one-way 
ANOVA corrected for Tukey’s test was performed for B16.OVA samples. A p-value of <0.05 was considered significant. 
*p ≤ 0.05. 
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Discussion 

Adoptive cell transfer (ACT) has the potential to become a standard cancer therapy. However, 

several aspects remain to be addressed to define the key factors required for effective ACT with 

a broader application [97], [277]. The use of minimally differentiated T cells is associated with 

enhanced in vivo persistence and efficacy of adoptively transferred T cells but remains to exhibit 

clinical success [12], [15], [17]. To this point, the question of which immunostimulatory pathways 

to activate to attain T cells with superior anti-tumor effect and long-term persistence in vivo is yet 

to be solved.  

 Multiple preclinical and clinical studies have validated the use of intratumoral (I.t.) 

immunization with CpG that stimulate innate immunity via the toll-like receptor 9 (TLR9) [25], 

[26], [158], [180], [181]. Thereby, adjuvant administration of CpG might overcome some of the 

challenges related to ACT, but these drugs are often limited by systemic toxicities and low 

retention times [267], [68]. Here, we demonstrated a lipoplex-based co-delivery strategy for CpG 

and whole proteins (OVA) for enhanced in vivo proliferation of minimally activated T cells to 

enhance therapeutic efficacy of ACT. In vitro, co-delivery of CpG and OVA improved the duration 

and degree of antigen presentation by bone-marrow-derived dendritic cells (BMDC) and 

correlated with enhanced production of the proinflammatory cytokines IL-6, IL-12p70, and TNF-

a. LCOP-activated BMDCs further augmented proliferation of antigen-specific CD8+ OT-1 T cells in 

co-culture, leading to significantly increased IL-2 and IFN-g production compared to soluble CpG 

and OVA. In combination, IL-12p70, IL-2, and IFN-g are considered very important for the 

expansion, survival, and effector functions of CD8+ T cells and thus important components in the 

anti-cancer immune response [22], [279], [280].  

A preclinical study showed that ACT with antigen-specific OT-1 cells expressing the 

homing receptor CD62L provided greater anti-tumor efficacy compared to ACT of cells lacking 

CD62L expression [281]. For this reason, we investigated the therapeutic efficacy of LCOP in 

combination with either ex vivo expanded CD8+ OT-1 cells or non-activated OT-1 cells. A single 

injection of LCOP in combination with expanded or non-activated antigen-specific CD8+ T cells 

increased therapeutic efficacy and significantly prolonged survival time of E.G7-OVA tumor-

bearing mice. However, the combination with non-activated OT-1 cells exhibited a tendency for 

improved survival (CR 3/16) compared to expanded CD8+ OT-1 cells (CR 1/16). Combined with 

non-activated CD8+ OT-1 cells, LCOP treatment rapidly induced tumor control indicating that LCOP 

is capable of inducing expansion without ex vivo modifications. Analysis of tumors and tdLNs from 

mice receiving LCOP combined with ACT of non-activated OT-1 cells further demonstrated a 

significant increase in the presence of adoptively transferred CD8+ OT-1 cells within both tumors 



 

 

 

and the tdLNs compared to treatment with ACT of non-activated CD8+ OT-1 cells alone or 

combined with soluble CpG and OVA. Furthermore, treatment with LCOP further increased the 

presence and proliferation of OT-1 cells within the tdLNs of B16.OVA tumor-bearing mice. The 

increased level of CD8+ OT-1 cells within the tdLN could be caused by lymphatic drainage of LCOP 

particles to the tdLN or immune cells that have migrated from the tumor to the tdLN upon 

stimulation [172]. However, from the presented data, it is not possible to determine this. 

Notwithstanding the observation in tdLN, no infiltration of CD8+ OT-1 cells was detectable within 

the TME, maybe as a result of the low levels of myeloid immune cells present within the TME of 

B16 tumors [271]. Altogether, these studies demonstrate that the LCOP platform exhibits 

synergistic effects in combination with ACT, which emphasize the potential of the delivery 

platform. 

Despite the positive findings with LCOP, the majority of the treated tumors relapsed over 

time, which could be a result of the strong immunogenicity of the OVA antigen leading to a 

predominant immune response to OVA-expressing cancer cells and thereby weakening the 

endogenous response to other tumor antigens. However, the bioconjugation strategy of the 

lipoplex systems allows for insertion of various proteins or peptides [25], [282]. This is a crucial 

point, as it allows for the inclusion of different and multiple antigens on the lipoplex surface for 

more coordinated therapy and diverse T cell responses in order to avoid tumor antigen-escape 

[283], [284]. Recent preclinical studies have shown that i.t. injection of non-tumor related 

peptides can mobilize and repurpose virus-specific memory T cells to restore tumor 

immunogenicity. These T cells were found to patrol the TME upon activation and act as 

intratumoral cytokine factories, which initiated bystander effects on immune cells to restart the 

cancer immunity cycle [282]. As such, including various antigens in the LCOP platform may 

potentially initiate a positive feed-back loop of T cell-mediated anti-cancer immune responses for 

recognition and adaptation in cases of antigen-escape.  
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Supplementary information 

 

 
 

 

Supplementary Figure 8: Gating strategy for detection of CD11c+ IA-IE+ BMDCs. BMDCs were gated in the live population 
as CD11c+ IA-IE+ and investigated for SIINFEKL presentation.  

 

 

 

 

 

 



 

 

 

 
 

 

Supplementary Figure 9: Gating strategy for detection of T cell proliferation using flow cytometry. T cells were gated as 
CD3+ CD8+ CD11c- in the live population. Proliferation was detected by the dilution of Cell Trace Violet in the CD3+ CD8+ 
CD11c- population.  
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Supplementary Figure 10: Mouse weight change during efficacy study with E.G7-OVA tumor-bearing C57BL/6 mice 
treated with CpG and OVA or LCOP in combination with adoptive cell transfer. A) Weight change to baseline for mice 
receiving non-activated OT-1 cells. B) Weight change between measurements for mice receiving non-activated OT-1 
cells. C) Weight change to baseline for mice receiving expanded OT-1 cells D) Weight change between measurements 
for mice receiving expanded OT-1 cells. A weight-change below 15% was set as an indication of grieve toxicities. No 
severe toxicities were observed with any of the treatments.  

 



 

 

 

 
 

 

Supplementary Figure 11: Exemplified gating strategy for detection of CD8+ OT-1 cells in tumor-draining lymph nodes. 
tdLNs from female C57BL/6 mice were excised and stained for flow cytometric analysis. CD8+ OT-1 cells were identified 
as CD8+ Dextramer-SIINFEKL APC+ cells in the VD- CD45+ CD3+ population. Data was analyzed using FlowJo V10. 
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Supplementary Figure 12: Exemplified gating strategy for detection of CD8+ OT-1 cells in tumor samples. Tumors from 
female C57BL/6 mice were excised and stained for flow cytometric analysis. CD8+ OT-1 cells were identified as CD8+ 
Dextramer SIINFEKL APC+ cells in the VD- CD45+ CD3+ population. Data was analyzed using FlowJo V10. 

 
 

Supplementary Figure 13: Infiltration of CD8+ OT-1 cells in B16.OVA tumors treated with CpG and OVA or LCOP in 
combination with adoptive transfer. Samples were analyzed by flow cytometry but no sufficient infiltration of CD8+ 
Dextramer SIINFEKL+ T cells that met study criteria for analysis was observed. A total of 10x106 events was recorded for 
this analysis.   



 

 

 

 

 

Chapter 6  

 Epilogue 
 

The research presented in this thesis is tied together by the development of a novel drug delivery 

system for safe and efficacious delivery of the toll-like receptor 9 (TLR9) agonist, CpG 

oligodeoxynucleotide (ODN), in conjunction with protein antigens. The development of the 

delivery platform was an attempt to co-deliver immunomodulators and antigens to prolong 

exposure to immune cells to thereby promise high specificity through the exploitation of 

endogenous mechanisms intended for the regulation of innate immunity. In the enclosed 

manuscripts, the delivery platform was applied to mediate an anti-cancer immune response and 

investigate the implications of this particular platform in a combinatorial setting with radiotherapy 

(manuscript I) or adoptive T cell transfer (ACT) (manuscript II) in preclinical mouse models.  

 

6.1 Overview of main findings 

In manuscript I, we present the concept of enhancing radiotherapy through direct intratumoral 

immunotherapy with a lipoplex based platform for co-delivery of CpG and protein antigens. 

Lipoplexes have previously been used for gene therapy but are also suitable for delivery of ODNs, 

i.e. CpG. Lipoplexes with the formulation Cholesterol:DOTAP:DOPE-PEG2000 50:49:1 mol% 

formed stable, multilamellar particles in the nanometer-range at a nitrogen to phosphate (N:P) 

ratio of 8:1 (DOTAP to CpG). In general, cancer vaccination contends with low specificity and 

efficacy [73], [285]. Tumor-related antigens have inherently low immunogenicity, and therefore, 

cancer vaccination has traditionally relied on defined highly immunogenic antigens, including 

Melan-A, MAGE3 A1, and NY-ESO-1, to evoke a broader immune response [209]–[211]. However, 

the antigenic topography of the tumor is not just limited to one antigen [240], [286]. In manuscript 

I, we addressed this challenge by functionalizing the lipoplex particles with whole proteins as 

opposed to minimal peptides, since proteins contain both MHC class I and II epitopes embedded 

in their amino acid sequence. By utilizing the entire protein we aimed to induce broad immune 

cell activation [84]. We further highlighted the importance of formulation optimization by 
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applying two different functionalization methods; engraftment of polyethylene glycol (PEG) 

bioconjugated OVA (LCOP) or via OVA protein adsorption to the particle surface (LCO). The 

introduction of OVA was a major determinant for particle stability as the protein adsorbed 

particles quickly shed OVA and agglomerated, while PEGylated particles persisted longer in the 

presence of serum proteins. Because radiotherapy induces slow antigen release from tumor cells 

via immunogenic cell death, prolonged persistence and distribution within the tumor is assumable 

beneficial. It is commonly known that PEGylation increases stealth-like behavior and increases the 

persistence of nanoparticles in vivo [163].  

Independent of functionalization strategy, the investigated formulations exhibited low 

toxicity and led to significantly increased production of proinflammatory cytokines IL-6, IL-12, IFN-

b, and TNF-a by immune cells compared to what was observed with delivery of soluble adjuvant 

and antigen. The protein adsorbed formulation appeared to associate more with immune cells 

both as a whole formulation and as fractions. However, these particles did not appear to co-

localize within the endosomes, as observed with the PEGylated counterpart. Furthermore, 

immunization with the particle formulations stimulated the generation of endogenous antigen-

specific CD8+ T cells and the PEGylated formulation was associated with high tumor control and 

increased survival in E.G7-OVA tumor bearing mice when combined with radiotherapy. As a 

monotherapy, the formulations both induced tumor growth delay, but the tumors relapsed.  

In manuscript II, we presented the concept of performing ACT by priming minimally 

activated, antigen-specific CD8+ T cells in vivo by direct intratumoral injection of the same 

PEGylated protein-CpG-lipoplex platform (LCOP) as presented in manuscript I. Several studies 

have concluded that CpG ODN has a broad application profile and is efficacious in several other 

combinatorial settings with regards to enhancing T cell responses, including checkpoint blockade 

therapy [158], [221], [225]. However, the benefits of CpG in combination with ACT remains to be 

thoroughly explored. In vitro, LCOP induced high levels of maturation and antigen presentation by 

dendritic cells, which translated into T cell proliferation in co-culture. This was supported by the 

secretion of cytokines IL-2, IL-6, IL-12, TNF-a, and IFN-g, but not IL-4, from cells in the co-culture. 

The secretion of IL-2 is known to maintain T cell proliferation and activation, whereas IFN-g 

secretion translates into increased T cell effector functions [97], [276], [287], [288]. The exposure 

to IL-4 during activation of naïve CD8+ T cells is linked to the generation of a T cell subset with 

poorer effector function, mediated through downregulation of CD8, low perforin and granzyme 

B, accompanied by poor cytolytic functions. The lack of IL-4 in response to treatment with the 

protein-CpG-lipoplexes underlines the commitment of the induced T cells toward the effector 

phenotype [191], [289], [290].  



 

 

 

For the treatment of solid tumors, the transferred T cells need to engraft the tumor, which 

is highly dependent on the phenotype of the T cell as well as the immunogenic state of the tumor. 

Interestingly, we observed a significant increase in survival of E.G7-OVA tumor-bearing mice 

treated with LCOP compared to ACT alone. Intratumoral injection of the lipoplex formulation was 

capable of enhancing the endogenous response to such a level, that adoptively transferred, non-

activated, CD8+ T cells were primed, and expanded in vivo, which was followed by T cell infiltration 

and tumor control. The same was observed in the less immunogenic B16 tumor model, albeit only 

in the tumor-draining lymph nodes [271]. The results demonstrated that the therapeutic effect of 

post-infusion priming was more pronounced with the lipoplex formulation compared to 

vaccination with soluble CpG and antigen. 

 

6.2 Perspectivation and discussion 

Cancer arises due to genetic instability within the cancer cells and thus cannot be considered as 

one disease but rather a collection of diseases with related functional traits. Therefore, more 

complex treatment strategies are often required to obtain clinical efficacy. A notion supported by 

the data presented in this thesis, as none of the presented therapies were capable of eradicating 

cancer as monotherapies but exhibited curative effects when combined. The combination of LCOP 

with radiotherapy drastically reduced the tumor growth and prolonged survival of treated mice 

significantly. The data presented in this thesis provide evidence that direct intratumoral injection 

of LCOP results in synergistic, curative effects and offers optimal conditions for other therapies to 

work. The enhanced immunogenicity of the tumor caused by LCOP further led to infiltration of 

adoptively transferred antigen-specific CD8+ T cells and caused in vivo priming and expansion at a 

level not observed when CpG and proteins were delivered in soluble form. In the E.G7-OVA tumor 

model, most tumors were observed to relapse when treating with LCOP and ACT, consistent with 

recent findings on CAR T cell therapy with vaccination [291]. As such, it would be interesting to 

elaborate further on dosing schedule to investigate if it would be possible to negate the tumor 

recurrence through multiple dosing of LCOP before and during relapse. Possibly, another way to 

negate the tumor growth in weakly immunogenic tumors could be by strengthening the response 

towards certain antigens or by repurposing of already existing memory cells T cells [282].  

A recent preclinical study by Rosato et al. (2019) showed that intratumoral injection of 

viral peptides could mobilize and repurpose virus-specific memory T cells to restore the 

immunogenicity of tumors despite not being tumor specific [282]. This effect was attributed to 
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the ability of these cells to patrol the TME and function as intratumoral cytokine producers and 

thereby kickstarting the cancer immunity cycle [2]. Another therapy employing viral immunity is 

the CMP-001 [25], [292]. The CMP-001 viroid capsid is a 30 nm assembly of Qb proteins 

encapsulating CpG. By intratumoral injection of CMP-001, cells are not only stimulated with CpG 

but also the Qb proteins, which enhances the viral immunity. Thereby, both strategies involve 

vaccination with viral peptides and proteins that can activate the immune system simultaneously 

with CpG. Potentially, to effectively eradicate cancer, one will have to combine activation of 

memory cells, ensure prolonged antigen exposure, and activation of the innate immune system. 

For future work, this poses as a possibility for the LCOP platform. Replacing the model antigen 

OVA with common viral proteins widens the usage of this platform and could be pivotal to a 

broader application of ACT.  

Another factor that impacts the therapeutic outcome significantly is the TME. Tumor 

relapse is a common phenomenon in cancer caused by a number of factors, including the loss of 

tumor-reactivity of T cells. Even sufficiently primed T cells can lose their reactivity due to escape 

mechanisms adapted by the tumor, e.g. downregulation of the cognate antigen or MHC complex 

molecules. Despite strong anti-cancer effects mediated by combinatorial treatment with LCOP, 

the therapeutic effect diminishes, which results in tumor relapse by the majority of the treated 

mice. As described in both manuscripts, LCOP treatment was related to high levels of cytokine 

secretion from immune cells, including autocrine signaling by T cells, and mediated induction of 

antigen-specific CD8+ T cells along with tumor infiltration. However, the observed tumor 

recurrence indicates that the therapy is overrun by a suppressive repercussion that ultimately 

inhibits the immune-mediated tumor reactivity. In the described studies, we exclusively relied on 

the functions of the immune cells to evoke a broader immune response. However, it might be 

required to utilize other factors to modulate the TME, such as immune checkpoint blockade. A 

recent study by Sagiv-Barfi et al. (2018) demonstrated striking activity of intratumorally injected 

CpG when combined with anti-OX40 immune checkpoint antibody in murine models that 

represent various human cancers [225]. Furthermore, a small clinical trial exhibited good results 

for patients with metastatic melanoma, in which 78% of treated patients had durable responses 

to treatment with the CpG variant SD-101 in combination with intravenous anti-PD-1 immune 

checkpoint blockade [180]. As such, it would be interesting to elaborate further on the benefits of 

combining the LCOP platform with checkpoint blockade therapy, especially since anti-OX40 

therapy also impacts the CD4+ T cell subset, which is further impacted by the delivery of MHC class 

II antigens as with the LCOP platform.  

 



 

 

 

In manuscript II, tumor-bearing mice received treatment with either expanded antigen-

specific CD8+ T cells or splenocyte suspensions, including minimally activated T cells from MHC-

matched donor mice. ACT usually involves several steps, including T cell isolation and ex vivo 

expansion before reinjection. This process is both costly and time consuming, while the outcome 

of therapy highly depends on the ability of T cells to survive and persist within the biological 

system. Thus, there is an unmet need for improving ACT for cancer therapy [70]. Furthermore, 

preclinical studies showed that infusion of naïve TILs brought better tumor reactivity in tumor-

bearing mice compared to effector T cells derived from central memory subsets [114]. The donor 

T cells are unhindered by peripheral and central selection mechanisms, which allows them to react 

to antigens that are neglected by the host T cell repertoire and thereby represent a potential 

expansion of the tumor-reactive T cell subsets [293]. Furthermore, the application of minimally 

activated T cells allows us to bypass some of the expansion time, and in combination with 

immunomodulators, such as LCOP, it broadens the use of the therapy.  

 In relation to this, the application of naïve T cells for neoepitope vaccination appears to 

be promising. In a recent study, T cells derived from healthy donors exhibited reactivity towards 

melanoma-derived neoepitopes. The patient specific neoepitopes were identified through whole 

exome and RNA sequencing of tumor material and showed that donor T cells responded to 11 out 

of the 57 predicted epitopes, which were highly ignored by patient-isolated TILs [294]. 

Furthermore, the advantage of using TLR agonists in conjunction with neoepitopes, has already 

been reported in preclinical models [295], [296].  

 

6.3 Conclusions 

Altogether, this thesis investigates the application of the novel protein-CpG-lipoplex-based 

system, LCOP, for potentiation of radiotherapy and ACT in preclinical settings. Encouragingly, the 

platform was able to improve both therapies through the initiation of proinflammatory responses 

upon increased uptake in APCs. The innate immune responses that were induced further 

enhanced adaptive immune responses by endogenous and adoptively transferred T cells. The 

positive findings warrant additional research and development of this platform to increasingly 

potentiate these therapies even further.  

Thereby, nanomedicines addressing the complexity of the cellular and molecular 

networks within tumors can provide new avenues for more precise and effective therapeutic 

modalities.  
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Chapter 7  

 Abbreviations 
 

ACT  Adoptive T cell transfer 
AP1 Activator protein 1 
APC Antigen presenting cell 
cAMP Cyclic Adenosine monophosphate 
CAR Chimeric antigen receptor 
CD Cluster of differentiation 
cDC Classical dendritic cell 
CpG Cytosine-phosphate-Guanine 
CTL Cytotoxic T lymphocyte  
CTLA4 Cytotoxic T lymphocyte antigen 4 
CTV Cell trace violet 
DAMP Damage-associated molecular pattern 
DC Dendritic cell 
DLS Dynamic light scattering 
DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 
DOTAP 1,2-dioleoyl-3-trimethylammonium-propane 
ds Double stranded 
ECM Extracellular matrix 
ELSD Evaporative light scattering detector 
EPR Enhanced permeability and retention 
ER Endoplasmic reticulum 
FBS Fetal bovine serum 
FDA Food and Drug Administration  
GITR Glucocorticoid-induced TNF receptor  
GM-CSF Granulocyte-macrophage colony stimulating factor 
HPLC High performance liquid chromatography 
IFN Interferon 
IL Interleukin 
IRAK IL-1R-associated kinases 
IRF Interferon-regulatory factors 
JNK JUN N-terminal kinase 
LAG3 Lymphocyte activation gene 3  
LCO Lipoplex-CpG-OVA 



 

 

 

LCOP Lipoplex-CpG-OVA-PEG 
LDH Lactate dehydrogenase 
LNP-CpG lipoplex-CpG 
MAL MYD88-adaptor-like protein 
MAPK Mitogen-activated protein kinases 
MDSC Myeloid derived suppressor cell 
MHC Major histocompatibility complex 
MPL Monophosphoryl lipid  
NF-κB Nuclear factor-κB 
NHS N-hydroxysuccimide  
NO Nitric oxide 
NOD Nucleotide-binding oligomerization domain-like receptors  
ODN Oligodeoxynucleotide 
OVA Ovalbumin 
PAMP Pathogen associated molecular pattern 
PD-1 Programmed cell death 1 
PD-L1 Programmed cell death ligand 1 
pDC Plasmacytoid dendritic cell 
PDI Polydispersity index 
PEG Polyethylene glycol 
pI Isoelectric point 
PLGA Poly(lactic-co-glycolic acid)  
PRR Pathogen recognition receptors 
PS Phosphorothioated 
R848 Resiquimod 
RES Reticuloendothelial system  
RIG Retinoic acid-inducible gene 
ROS Reactive oxygen species 
RT Radiotherapy 
ss Single stranded 
STING Stimulator of interferon genes 
TAA Tumor associated antigen 
TAM Tumor associated macrophage 
TCR T cell receptor 
tdLN Tumor draining lymph node 
TEM Transmission electron microscopy 
TGF Tumor growth factor 
Th T helper 
TIL Tumor infiltrating lymphocytes 
TIR Toll–IL-1-resistence 
TLR Toll like receptor 
TME Tumor microenvironment 
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TNF Tumor necrosis factor 
TRAF TNF receptor-associated factors 
TRAM TRIF-related adaptor molecule  
Treg T regulatory 
TRIF TIR domain-containing adaptor protein inducing IFNβ 
VLP Viroid like particle 
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