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Abstract
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The aim of cancer immunotherapy is to eradicate tumours by inducing a tumour-specific
immune response. This thesis focuses on how antibodies and peptides can improve antigen
presentation and the subsequent tumour-specific T cell response. Tumour recognition by the
immune system can be promoted through delivery of antigen in the form of a vaccine. One
example is the development of a therapeutic peptide vaccine containing both CD4+ and CD8+
T cell epitopes. So far, peptide vaccinations have shown limited success in clinical trials and
further improvements are needed, such as choice of adjuvant and T cell epitopes, as well as
targeted delivery of peptides and adjuvants to the same DC.

In paper I, we describe the development of a peptide-peptide conjugate (with a tumour T cell
epitope) that, via immune complex formation and FcγR binding, enhance antigen uptake and
activation of DCs. The conjugate consists of three tetanus toxin-derived linear B cell epitopes
(MTTE) that were identified based on specific IgG antibodies in human serum. Three MTTE
peptide sequences were conjugated to a synthetic long peptide (SLP) that consists of a T cell
epitope derived from the desired target tumour.

In paper II, the conjugate was evaluated in a modified Chandler loop model containing
human blood, mimicking blood in circulation. The conjugate was internalised by human
monocytes in an antibody-dependent manner. A conjugate containing the model CMV-derived
T cell epitope pp65NLV generated recall T cell responses dependent on MTTE-specific
antibodies and the covalent conjugation of the three MTTE with the SLP.

In paper III, a CD40-specific antibody was characterised for local treatment of solid tumours.
The antibody eradicated bladder tumours in mice and induced T cell-mediated immunological
memory against the tumour.

In paper IV, we characterised the Chandler loop model (used in paper II) for its potential use
in predicting cytokine release syndrome (CRS) in response to monoclonal antibodies (mAbs).
Superagonistic antibodies (e.g., OKT3) induced rapid cytokine release whereas no cytokine
release was induced by antibodies (e.g., cetuximab) associated with low incidence of CRS in
the clinic.

In conclusion, this thesis work demonstrates proof-of-concept of improved strategies for
antibody- and peptides-based cancer immunotherapies and their potential use in multiple cancer
indications.
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Populärvetenskaplig sammanfattning 

Cancer är en sjukdom som drabbar ungefär en av tre personer och är ett 
världsomfattande hälsoproblem. Cancer uppstår genom mutationer i vårt 
DNA som gör att celler i vår kropp delar sig okontrollerat. Mutationer kan 
man antingen ärva eller erhålla via påverkan från miljön såsom rökning och 
solljus. Det är oftast en samling av mutationer som orsakar cancer och inte 
en enda mutation, vilket är en av anledningarna till att cancer oftast drabbar 
äldre personer. Mutationer gör att cancern kan växa men mutationer skapar 
även försvarsmekanismer för att undgå igenkänning av vårt immunförsvar. 
Vårt immunförsvar består av celler och proteiner som tillsammans känner 
igen och dödar sjukdomsalstrande bakterier och virus. Vårt immunförsvar är 
även en del av vårt underhållsystem som städar undan celler som har dött 
men även celler som förändrats såsom cancerceller. Mutationer i cancercel-
ler gör att de har andra typer av proteiner (så kallad tumörantigen) på ytan 
jämfört med normala celler vilket gör att immunförsvaret kan känna igen 
dem och genom en immunaktivering eliminera cellen. Den här typen av im-
munresponser är det man försöker skapa med immunterapi mot cancer. Im-
munterapi mot cancer ämnar att utveckla ett försvar som är tumör-specifikt 
vilket betyder att det selektivt kan döda cancerceller utan att skada normala 
celler och därför skiljer sig terapin från traditionella behandlingsformer 
såsom cytostatika och strålning som generellt dödar även andra celler som 
växer snabbt.  

Immunceller arbetar tillsammans och genererar både positiva och nega-
tiva signaler för att kunna reagera och eliminera farliga celler utan att skada 
normala celler. Dendriter är en celltyp som dammsuger vår kropp efter anti-
gener (både normala och farliga) och när de blir aktiverade av positiva signa-
ler visar de upp antigen som de har hittat, för T-cellen. Dendriten klyver 
proteiner i mindre fragment (peptider) vilket är vad den visar upp för T-
celler på ytan. Den här processen kallas för antigen presentation och i en 
miljö med positiva signaler stimulerar det en immunrespons mot celler (tu-
mörer eller virusinfekterade celler) som har antigenet på ytan, men utan po-
sitiva signaler aktiveras inte T-cellen vilket är viktigt för att T-cellen inte ska 
skada normala celler. Det finns två viktiga subtyper av T celler: T hjälpar-
celler (Th) och cytotoxiska T-celler (CTL). När dendriter presenterar antigen 
till Th-celler skickas signaler via bindningen av proteinerna CD40L på Th 
och CD40 på dendriten vilket gör att dendritcellen blir optimalt aktiverad. 
När dendriten är optimalt aktiverad är den som bäst på att presentera antige-
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ner till CTL:er som migrerar till celler som har antigenet på ytan och elimi-
nerar den cellen. Th-celler binder även till B-celler och stimulerar dem att 
producera antikroppar. Antikroppar är proteiner som med en så kallad Fab-
del specifikt binder antigenet och kan inducera immunresponser med en 
annan så kallad Fc-del. Fc-delen känns igen av receptorer (FcγRs) som finns 
på ytan av dendriter, vilket är ett sätt att flagga för att detta protein/denna 
cell ska dendriten äta upp.  

I den här avhandlingen ligger fokusuet på två typer av immunterapier som 
har som mål att förbättra antigenpresentation för att aktivera vårt cellulära 
immunförsvar mot tumörer. I delarbete I beskriver vi utvecklingen av en ny 
strategi för att specifikt leverera tumörantigen till dendritceller. Det görs 
genom att kemiskt konjugera ihop fyra peptidsekvenser och skapa ett pep-
tidkonjugat. En av sekvenserna (MTTE) kommer från tetanustoxin (ett pro-
tein från viruset som orsakar stelkramp) och den är vald baserat på att majo-
riteten av människor har vaccinerats mot stelkramp och därför har antikrop-
par specifikt för den här peptiden i blodet. Den är sen länkad till en peptid 
(SLP) som kan designas utefter ett tumörantigen som man vill generera en 
T-cells respons mot. 

Målet är att när konjugatet injiceras i en patient, så kommer stelkramps-
specifika antikroppar binda till MTTE sekvensen via sin Fab-del, och den 
fria Fc-delen kan bli igenkänd av FcγRs, eller andra receptorer, på dend-
ritcellens yta. Antikroppsbindningen till receptorer på dendritcellen ökar 
upptaget av det antikroppstäckta antigenet, detta aktiverar även dendriten 
som kan presentera delar av SLP-peptiden till T-celler. I delarbete II, karak-
teriserar vi konjugatet i ett blodloopssystem med mänskligt blod donerat av 
friska frivilliga personer. Blodloopsystemet är designat att efterlikna vår 
blodcirkulation. I blodloopsystemet visar vi att konjugatet tas upp av FcγR-
positiva celler men inte av FcγR-negativa celler. Med vårt MTTE-konjugat 
kunde vi påvisa potent aktivering av antigen-specifika T celler. Dessa re-
sponser var högre när vi jämförde blod från samma donator före och efter en 
stelkrampsvaccination vilket visar på vikten av närvaro av MTTE-specifika 
antikroppar för att generera den här responsen.  

I delarbete III utvecklade vi en antikropp specifik för CD40 på dendriter. 
Den här antikroppen ger positiva signaler till dendriten som gör att de kan 
aktivera tumör-specifika T-celler. Antikroppen botade cancer i möss, vilket 
var beroende av T celler. Behandlingen generade immunologiskt minne (likt 
det vi genererar när vi vaccinerar oss mot virusinfektioner) eftersom botade 
möss inte utvecklade cancer en andra gång efter injicering med tumörceller. 
Det finns andra CD40-specifika antikroppar i kliniska studier men det som 
skiljer den här studien är att den här är utvecklad för lokal behandling vid 
tumören, vilket har potential att ge mindre biverkningar. Den lokala behand-
lingen har ändå en potential att klara av en spridd sjukdom, då immunförsva-
ret är rörligt i kroppen.   
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I delarbete IV har vi karakteriserat blodloopsystemet (samma som i paper 
II) för dess potential att detektera farliga immunresponser som vissa anti-
kroppar kan orsaka. För att förutse dessa responser genomgår antikroppar 
tester i mus- och humant blod innan de får ges till människa. Alla dessa me-
toder har för- och nackdelar. Vi karakteriserade ett system som historiskt 
använts för att analysera interaktionen mellan blod och materialytor som 
avses användas som implantat. I loopsystemet genererade antikropparna 
samma immunologiska effekter som när de har getts till patienter i kliniken, 
vilket validerar systemets noggrannhet för att vara förutseende för farliga 
responser. 
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Introduction 

Cancer is a disease that involves transformation of normal cells. Many inher-
ited and environmental factors, such as smoking and sunlight exposure, are 
known to be involved in the pathogenesis of cancer. These factors alter the 
DNA of normal cells that make them multiply out of control and grow into 
malignant tumour lesions. In most cases, accumulation of multiple mutations 
in several genes is the key feature of malignant tumour development. This is 
one of the reasons why many cancer forms affect the elderly. Cancer is a 
heterogeneous disease, which means that tumours can have very diverse 
genetic mutations and can develop in many different locations in the body. 
Tumours can arise in various parts of the body; for example, lung, breast, 
prostate, liver, skin, stomach and bladder are common sites for malignancy. 
Cancer is a worldwide healthcare problem affecting one out of three. The 
standard treatments involve surgery, chemotherapy and radiation, which in 
general target rapidly growing cells but lack the specificity for tumour cells. 
This means that normal cells are also affected by these treatment modalities, 
leading to adverse events/toxicity. 

Cancer cells evade recognition by the immune system via multiple mech-
anisms, eventually growing into a tumour mass. The aim of cancer immuno-
therapy is to eliminate cancer by inducing a tumour-specific immune re-
sponse, in a fashion similar to how our immune system naturally recognises 
and eliminates invading microorganisms. Cancer immunotherapy is more 
specific than conventional therapies and has the potential of being less toxic, 
if the proper selective immune response is induced. Immunotherapy of can-
cer is attractive since in theory, only a primary local anti-tumour response is 
needed to induce systemic anti-tumour responses. Thus, it may not be the 
drug dose and exposure time that determines the outcome, but rather the 
potential of activated immune cells to home to metastatic lesions and target 
the spreading disease. This uniqueness in that a local immune response can 
become effective against metastatic diseases, is a key difference compared to 
both chemotherapy and targeted therapies. The first famous case of immuno-
therapy of cancer patients was a vaccine consisting of inactivated S. pyro-
genes and Serratia marcescens bacteria, which the surgeon William Coley 
successfully treated sarcoma patients with in the 1890s [1]. Furthermore, the 
Nobel Prize awarded to Köhler and Milstein in 1975 for the development of 
the hybridoma technology was the first step towards the generation of human 
monoclonal antibodies. The therapeutic success of metastatic disease with 
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the human monoclonal antibodies ipilimumab [2] and nivolumab, together 
with genetically engineered T cells (known as CAR T cells), resulted in the 
announcement of cancer immunotherapy as the “Breakthrough of the year” 
in 2013 by the leading scientific journal Science.  

The promise and potential of earlier established cancer therapies and their 
effect on the immune response is becoming more and more widely recog-
nised. Timing and dose of cytostatic drugs, as well as radiation, may influ-
ence certain types of immune cells and can work in synergy with immuno-
therapies to reduce tumour burden.  The future will most likely focus on how 
to combine various therapies to treat a specific cancer patient based on the 
molecular signature of this or her tumour to be able to realise the goal of 
individualised cancer therapy. 

This thesis focuses on characterising new antibody and peptide drug can-
didates in model systems, with the aim of developing novel cancer therapies 
to be used in the clinic. 
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Overview of the immune system 
Our body’s immune system is composed of a great variety of cells and pro-
teins that cooperatively defend us against infectious microorganisms such as 
bacteria and viruses. The immune system is also essential for clearing the 
body of abnormal (e.g., tumour cells) and dead cells. Immune cells are de-
rived from the bone marrow and originate from haematopoietic stem cells 
that differentiate into either a lymphoid or myeloid progenitor. Lymphoid 
progenitors differentiate into natural killer (NK) cells, T cells and B cells, 
whereas myeloid progenitors differentiate into granulocytes, monocytes, 
erythrocytes and platelets. The immune system is divided into the innate and 
adaptive immune response. The innate immune response is in general quick 
to respond and gives the same response during the first and the second infec-
tion with the same microorganism. In contrast, the adaptive immune re-
sponse acts faster upon re-exposure, since the first infection generates an 
immunological memory to the specific microorganism. 

The innate response 
The innate arm of the immune system is the first line of defence that consists 
of physical barriers (skin and mucosa), immune cells including NK cells, 
granulocytes and monocytes, and soluble plasma proteins that make up the 
cascade systems. The cells and proteins of the innate immune system recog-
nise damage-associated molecular patterns (DAMPs) that are released by 
damaged cells and pathogen-associated molecular patterns (PAMPs) on mi-
croorganisms such as microbial nucleic acids and surface glycoproteins.  The 
recognition of DAMPs and PAMPs induce the elimination of non-self-
intruders, as well as stimulate the release of signals that attract and activate 
cells of the adaptive immune system, which is the second line of defence.  

The adaptive response 
The adaptive arm of the immune system is executed by B and T cells, de-
rived from the bone marrow. B cells recognise macromolecular antigens 
directly with their B cell receptor (BCR) whereas the T cell receptor (TCR) 
on T cells recognise antigens presented by major histocompatibility complex 
(MHC) molecules on the cell surface. After antigen recognition and activa-
tion, B cells and T cells undergo clonal expansion and affinity maturation of 
their antigen-specific receptor, which promotes the immune response against 
the antigen. B cells produce antibodies that coat the antigen to prevent entry 
into host cells and label it for destruction by other immune cells (i.e., humor-
al immunity). Activated T cells can help the B cell response (helper CD4+ T 
cells) or migrate to the periphery and directly kill the recognised pathogen 
(executed by CD8+ T cells via cell-mediated immunity). When the target 
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antigen is cleared, a small fraction of B and T cells remain as memory cells 
that can respond more quickly the second time to the same pathogen. 
Memory, specificity and recognition diversity are the major characteristics 
that distinguish the adaptive from the innate immune response. However, the 
interplay between the two is great, and the dendritic cell (DC) plays a central 
role as a major cellular link. DCs are an essential part of this thesis and will 
be discussed in more detail below, with a special focus on antigen presenta-
tion capacities. 

Antigen presentation 
Antigen presenting cells 
All nucleated cells can present intracellular-derived antigens such as viral 
and self-proteins on their external surface. Additionally, professional antigen 
presenting cells (APCs), including dendritic cells (DCs) and B cells, can 
present both intracellular- and extracellular-derived antigens to T cells. 
APCs can present extracellular antigens to CD4+ T cells, and through a 
mechanism called cross-presentation, to CD8+ T cells. The focus of this 
section is on DCs and how they present antigens to T cells. 

The discovery of DCs by Steinman and Cohn [3] in 1973 was awarded 
the Nobel Prize in Physiology or Medicine in 2011. DCs are a heterogeneous 
cell population that can differentiate from both myeloid and lymphoid pro-
genitors [4]. The heterogeneity of DCs means that they do not express only 
one lineage surface marker like T cells, which are defined by the expression 
of CD3. Adding further complexity, the surface markers defining different 
DC populations are not the same in mouse and human, making it hard to 
generalise and apply findings derived from one species to the other.  There 
are two major subpopulations of DCs called conventional (cDCs) and 
plasmacytoid DCs (pDCs). cDCs are found in blood and lymphoid tissues, 
and can be further divided into CD141+ and CD1c+ DCs. These human DC 
subsets are functionally equivalent to mouse CD8α+ and CD8α- cDCs [5, 6]. 
Mouse CD8α+ are superior cross-presenters [7, 8]; however, whether or not 
the human counterpart CD141+ are superior over the other human DC sub-
sets is unclear [9]. pDCs promote anti-viral responses by migrating to in-
flamed lymph nodes (LNs) and secreting type I IFN [10]. In the skin, there 
are resident Langerhans cells (DCs of skin and mucosa) and dermal DCs 
(CD1a+ or CD14+) that migrate to skin-draining LNs for antigen presenta-
tion. Monocytes can differentiate into DCs [11] and a more recently discov-
ered blood DC expressing surface CD16 (SlanDCs) [12, 13]. 

DCs are scavenger cells that, in an immature state, search and internalise 
antigens in the periphery (e.g., skin, tissues and blood) with the help of mul-
tiple surface receptors including CD91, DEC205, CD36, integrins and Fcγ 
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receptors (FcγRs) [14-16]. In the presence of danger signals such as DAMPs 
and PAMPs, or immune stimulatory signals such as cytokines, DCs down-
regulate and upregulate receptors, improving their antigen presentation ca-
pacity and making them less efficient in antigen uptake. DAMPs and 
PAMPs are recognised by toll-like receptors (TLRs) expressed on DCs [17]. 
Additionally, when DCs are activated, they express the chemokine receptor 
CCR-7 which promotes their migration to secondary lymph nodes where 
they present antigens to T cells [18].  

The presentation of antigens to T cells requires three types of signals for 
optimal T cell activation (Figure 1; reviewed in [19]). Signal 1 is the en-
gagement of the peptide-loaded MHC molecule on the DC with the TCR on 
the T cell. Signal 2 is the engagement of costimulatory molecules (CD70, 
CD80/86, and CD40) with the respective ligands/receptors on T cells (CD27, 
CD28 and CD40L). Signal 3 is the release of immune stimulatory cytokines 
by DCs including IL-12, TNFα and IL-6.  Furthermore, DCs can produce 
immunosuppressive cytokines (e.g., IL-10 and TGF-β) which can induce T 
cells to become anergic, further described in the section T cells. 

 
Figure 1. Antigen presentation of APC to T cells requires three signals for optimal 
T cell activation: (1) TCR recognition of the presented peptide in MHCI/II, (2), 
costimulatory signals such as CD28 interaction with CD80/86, and (3) IL-12 secret-
ed by DCs promoting T cell activation.  

CD40 and DC licensing 
The costimulatory receptor CD40 is a member of the TNF receptor super-
family and is expressed on APCs (e.g., DCs and B cells), as well as on tu-
mours such as bladder, breast and ovary [20]. CD40 binds CD40L, ex-
pressed on activated CD4+ T cells, B cells, epithelial cell, endothelial and 
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platelets [21-24]. CD40-CD40L engagement results in the trimerisation of 
CD40 resulting in intracellular signalling of the CD40-expressing cell, apop-
tosis of CD40+ tumours, activation of CD40+ DCs, and stimulation of 
CD40+ B cells to become IgG-producing plasma cells (see section B cells). 
Activated CD4+ T cells licence DCs, via CD40-CD40L engagement, to ex-
press MHCII, CD80 and CD86, and secrete IL-12. Licensed DCs promote 
antigen-specific CD8+ responses and tilt the T cell response towards a Th1 
response (see section T cell), which is associated with a strong anti-tumour 
response [25]. The CD40-CD40L interaction is essential for generating fully 
mature DCs; therefore, CD40 is a potential target in tumour immunotherapy 
(discussed in the section CD40-specific mAbs).  

MHC class I presentation 
The antigens presented to T cells are protein antigens that require processing 
into shorter peptides before they fit optimally in the MHC molecule. There 
are two major MHC subtypes referred to as MHC class I (MHCI) and MHC 
class II (MHCII) that present peptides to CD8+ and CD4+ T cells, respec-
tively (reviewed in [26]). MHC class I molecules are encoded by three allelic 
polymorphic genes (HLA-A, HLA-B and HLA-C in human) and consist of a 
transmembrane heavy chain and a supporting light chain (β-microglobulin). 
Intracellular proteins are processed by the proteasome and peptides are sub-
sequently translocated to the endoplasmic reticulum (ER) by the transporter 
associated with antigen processing (TAP). In the ER, the stability of MHCI 
molecules are supported by chaperones that are released when a peptide fits 
into the MHC groove. Peptide-loaded MHCI molecules are subsequently 
transported to the surface for antigen presentation to CD8+ T cells. The 
presentation of intracellular antigen to CD8+ T cells can result in destruction 
of the presenting cell or peripheral tolerance, further described in the section 
T cells. 

MHC class II presentation 
In contrast to MHCI, the expression of MHCII is mainly found on profes-
sional APCs that present extracellular peptides to CD4+ T cells. However, 
MHCII expression can be induced on endothelial cells by IFNγ stimulation 
[27]. MHC class II molecules are encoded by three allelic polymorphic 
genes (HLA-DR, HLA-DQ and HLA-DP in humans) and consist of two 
transmembrane domains, one α- and one β-chain. The two chains are assem-
bled and stabilised by the invariant chain (Ii) in the ER. The assembled 
MHCII is transported to the late endosomal compartment (MIIC) where Ii is 
digested, leaving only a small peptide fragment (CLIP) in the peptide-
binding groove. In the MIIC, the MHCII encounters exogenous antigens that 
are degraded by proteases and replace CLIP to form a peptide-loaded MHCII 
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complex which is transported to the surface for presentation to CD4+ T cells. 
Antigen presentation to CD4+ T cells generates T cells that orchestrate a 
broad range of immune responses, including CD8+ T cell responses. 

Cross-presentation 
Exogenous antigens can also be presented by MHCI on DCs through a 
mechanism called cross-presentation (Figure 2) [28]. Cross-presentation of 
exogenous antigens has two proposed intracellular pathways, the cytosolic 
and the vacuolar pathway. In the cytosolic pathway, phagocytosed antigens 
enter the cytosol, are processed by the proteasome and are either loaded on 
MHCI in the ER via transport through TAP, or transported back into the 
phagosome for MHCI loading [29, 30]. In the vacuolar pathway, antigens 
are degraded by proteases and loaded on MHCI in the phagosome [31]. Alt-
hough the mechanisms of cross-presentation are poorly understood, the im-
portance of cross-presentation for tumour and viral destruction is well-
recognised from many studies [32-36]. Cross-presentation of antibody-
coated antigens is further discussed in the section FcγRs. 

 
Figure 2. Schematic representation of antigen presentation by DCs. The figure is 
reprinted with permission from [37]. See text above for pathway description.  
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T cells 
T cells are the effector cells of the adaptive immune response that, after en-
countering proper antigen presentation by DCs, orchestrate the elimination 
of microorganisms and/or cells. Precursor T cells migrate from the bone 
marrow to the thymus where they start to express the α- and β-chain of the 
TCR and the dual expression of two CD4 and CD8 co-receptors. The TCR 
associates with CD3 that upon antigen recognition sends intracellular signals 
via immunoreceptor tyrosine-based activating motifs (ITAMs). Genetic re-
arrangements of the antigen binding portions of the TCR generate a large 
pool of T cells with different specificities. T cells are then educated in the 
thymus by positive and negative selection, which ensures that no self-
reactive T cells enter circulation (a selection process called central tolerance) 
[38]. In the thymus, thymic epithelial cells present self-antigens and the T 
cells that bind the peptide-loaded MHC complex weakly are promoted to 
survive by receiving survival signals (positive selection); however, cells that 
do not bind are eliminated by apoptosis. The recognition of either MHCI or 
MHCII induces the loss of either CD4 or CD8 expression. In negative selec-
tion, T cells that bind strongly either die through apoptosis or are induced to 
differentiate into regulatory T cells (Tregs). The education of T cells in the 
thymus results in the release of naïve T cells into the circulation with low 
TCR avidity for MHC molecules presenting self-antigens. 

Naïve T cells are activated when recognising antigens presented by APCs, 
and in the presence of sufficient co-stimulation, they undergo clonal expan-
sion (see section Antigen presenting cells and Figure 1). In the absence of 
co-stimulation, antigen recognition can render T cells anergic and unrespon-
sive to antigenic stimuli (peripheral tolerance). Activated T cells also express 
inhibitory molecules, including cytotoxic T-lymphocyte-associated antigen 4 
(CTLA-4) and programmed death 1 (PD1) receptor. CTLA-4 is upregulated 
early in T cell priming and inhibits immune responses by either sending in-
hibitory intracellular signals that block T cell activation, or by binding 
CD80/86 with higher affinity and therefore competing out CD28 co-
stimulation [39]. PD-1 bind its ligand PD-L1/PD-L2 on APCs or target cells, 
and is important for peripheral tolerance [40]. 

T cells are grouped into CD8+ cytotoxic T lymphocytes (CTLs) and 
CD4+ helper T cells (Th). CTLs are effector T cells that, upon antigen 
recognition, kill target cells through the release of perforin and granzymes. 
Additionally, CTLs express death receptors such as FasL on their surface, 
which induces apoptosis of the target cell when engaging Fas on the cell 
surface [41]. Th cells are broadly divided into Th1, Th2, Th17 and Tregs 
based on their cytokine release profile and function; there are also more sub-
types that will not be further described herein. Th1 cells are associated with 
the production of IFNγ, IL-2 and TNFα, and are important for CTL activa-
tion and anti-tumour responses. Th2 cells are associated with the production 
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of IL-4, IL-5 and IL-10, and function to eliminate extracellular pathogens 
such as parasitic worms (helminths). Th17 cells produce IL-17, induce in-
flammation and are linked to autoimmunity, and it is currently being debated 
whether they have pro- or anti-tumour effects (reviewed in [42]).  

Antigen recognition and T cell activation generate, in addition to the ef-
fector T cells described above, a small number of antigen-specific memory 
cells that are either located in lymph nodes (central memory [CM] T cells) or 
in the periphery (effector memory [EM] T cells). CM cells express, like na-
ïve T cells, CD62L and CCR7, while EM cells have low surface expression 
of these markers [43]. Upon antigen recognition splice variants of the CD45 
gene are generated making it possible to distinguish naïve T cells (CD45RA) 
from antigen experienced T cells (CD45RO) [44]. Upon re-challenge with 
the same pathogen, memory T cells can differentiate to effector T cells re-
sponding much faster than during the first encounter with the same patho-
gen. 

B cells 
Similarly to T cells, B cells generate memory cells allowing a rapid immune 
response upon re-infection with the same pathogen. Immature B cells mi-
grate from the bone marrow to secondary lymphoid organs for maturation. 
Immature B cells are permitted to leave the bone marrow after re-
arrangement of the immunoglobulin (Ig) genes that generate a heavy and 
light chain that, together as a heterodimer, form the antigen-specific BCR 
[45]. The complete BCR additionally contains one α- and one β-chain with 
the intracellular signalling domain ITAM that upon antigen-recognition 
stimulates downstream signalling that promotes B cell activation. 

In contrast to T cells, B cells directly bind their antigen without MHC 
presentation and can therefore recognise a wide range of epitopes such as 
proteins, macromolecules, carbohydrates and nucleic acids. When B cells 
interact with an antigen they migrate to germinal centres in secondary lymph 
nodes and undergo a series of changes resulting in a highly antigen-specific 
immune response. The changes include: clonal expansion (generating Ig-
producing plasma cells and memory cells), somatic hypermutation (enhanc-
ing specificity to the same antigen in a mechanism called affinity matura-
tion), and gene recombination of the heavy chain (class-switch) [46]. The B 
cell response against many antigens requires help from CD4+ T cells. There-
fore, activated B cells internalise the antigen and present the antigen on 
MHCII molecules to activate CD4+ T cells, which in turn help to enhance 
the capacity of B cells to become Ig-producing plasma cells [47]. 

There are five different Ig classes including IgM, IgD, IgG, IgA and IgE 
(referred to as the Ig isotype). When activated, the surface-bound BCR is 
exchanged for secreted Igs (also known as antibodies) and in a primary in-
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fection these mainly consist of IgM antibodies; whereas during a secondary 
infection with the same pathogen, IgG antibodies are mainly produced [46].  
The structure of an antibody is divided into an antigen-binding part called 
Fab and an effector fragment called Fc. Secreted IgM are decavalent consist-
ing of five heterodimers that create 10 antigen binding sites, whereas IgG are 
bivalent consisting of two heterodimers that together create two antigen-
binding sites (Figure 3) [48]. As a result of this, IgMs bind their target with 
high avidity; however, often with lower affinity than IgGs which are prod-
ucts of an affinity maturation process. IgG antibodies are further divided into 
IgG1-4 isotypes (in human) which is further described in the section Fcγ 
Receptors. 

Released antibodies circulate in the bloodstream and coat the target anti-
gen to for example, prevent microorganisms from entering and infecting host 
cells (also known as neutralisation). In addition, the coating mechanism also 
functions as a way of recruiting phagocytes (see section Fcγ Receptors). 
Additionally, both IgM and IgG antibodies are recognised by the comple-
ment component C1q (described in the section The complement system). 

 
Figure 3. Schematic drawing of the structure of a pentameric IgM and a monomeric 
IgG antibody. IgM is viewed from above and IgG from the side. A pentameric IgM 
antibody is approx. 970 kDa and an IgG antibody is approx. 150kDa. The antigen 
binding sites on IgM/IgG (and FcγRs on IgG) are roughly indicated with arrows.  

Fcγ Receptors 
IgG antibodies are divided into four subclasses (IgG1-IgG4) that are induced 
by different immunological stimuli. In general, protein antigens stimulate 
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IgG1 and IgG3, polysaccharide antigens stimulate IgG2, and repeated anti-
gen exposure stimulates IgG4 production [49].  

The Fc-part of IgG antibodies are ligands of a receptor family called 
FcγRs, which are expressed on a wide variety of haematopoietic cells, in-
cluding DCs [50]. There are two major groups of human FcγRs, the activat-
ing (FcγRI, FcγRIIA, FcγRIIC, FcγRIIIA and FcγRIIIB) and the inhibitory 
(FcγRIIB) receptors (Figure 4). FcγRs are also known as CD64 (FcγRI), 
CD32 (FcγRII) and CD16 (FcγRIII). FcγRn is an intracellular receptor in-
volved in recycling and transport of IgGs [51]. FcγRI is a high affinity IgG 
receptor that can bind monomeric IgGs, whereas the majority of the other 
FcγRs require multimeric IgGs (immune complexes [ICs]) for binding [52]. 
The binding of FcγRs to complexed IgGs results in crosslinking of multiple 
receptors which promote intracellular signalling via ITAMs on activating 
FcγRs and ITIM on the inhibitory FcγR. NK cells express almost exclusively 
the activating FcγRIIIA and when binding complexed IgGs, the target cell 
expressing the antigen is killed through a process called antibody-dependent 
cellular cytotoxicity (ADCC) [53]. The activating and inhibitory FcγRs are 
co-expressed on many cell types (monocytes, DCs and neutrophils) and me-
diate opposing functions where the balance between the two determines the 
outcome of the immune response (immune activation or tolerance) [54, 55]. 
The different isotypes (IgG1, IgG2, IgG3 and IgG4) bind FcγRs with differ-
ent affinities. All FcγRs bind complexed IgG1 and IgG3, FcγRIIA and 
FcγRIIIA bind complexed IgG2, and complexed IgG4 was recently shown to 
bind several FcγRs (FcγRI, FcγRIIA, FcγRIIB,  FcγRIIC and FcγRIIIA) [50, 
52]. Furthermore, the different isotypes can induce different biological re-
sponses depending on what FcγR they bind, which is an important consid-
eration in monoclonal antibody therapy (see section Therapeutic monoclonal 
antibodies). 

Immune complexes 
Antibodies bind antigens on the cell surface, but can also bind soluble anti-
gens and thereby form immune complexes (ICs). ICs can be recognised by 
FcγRs promoting antigen uptake and APC activation through crosslinking of 
activating FcγRs. In fact, antibodies enhance antigen uptake up to a factor of 
100 compared to antigen alone [56, 57]. Furthermore, complexed antigens 
promote DC maturation and are more efficiently cross-presented by DCs 
both in vitro and in vivo compared to soluble antigen alone [56, 57]. Com-
plexed antigens are proposed protected against degradation in an antigen 
storage compartment facilitating long-term CTL priming [58]. The uptake of 
ICs by human moDCs stimulates DC activation through FcγRIIA crosslink-
ing [59, 60]. Therapeutic IgG1 antibodies can induce ADCC via FcγRIIIA 
and have been proposed by DiLillo et. al. [61] to secondarily induce tumour-
specific memory T cells (i.e., an anti-tumour vaccinal effect). In theory, this 
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occurs by release of IC of the therapeutic antibody bound to tumour material 
that is targeted to DCs in an FcRIIA-dependent manner. A similar Fc-
mediated vaccination effect has been documented previously [62].  

 
Figure 4. Human FcγR structure, binding affinity for IgG subclasses when in com-
plexed form and their cellular expression patterns. The figure was adapted from 
[50] and the binding IgG binding affinities were obtained from [63]. The expression 
pattern distribution is derived from [50]. There is also a high affinity receptor 
FcγRn that binds monomeric IgGs and is involved in antibody transporta-
tion/recycling (not included in the figure). * Two polymorphic variants of FcγRIIA 
(H131 / R131) ** Two polymorphic variants of FcγRIIIA (V158 / F158). Mo=monocytes, 
MQ= macrophages, DC= dendritic cells, Neu= neutrophils, MC= mast cells, Bas= 
basophils, Eosi= Eosinophils, Endo= endothelial cells and syn= syncytiotropho-
blasts. Neu+ and MC+ indicate inducible expression on these cell types. (Neu) and 
(Mo/MQ) indicates receptor expression on a low percentage of cells or certain sub-
sets. The “+” indicates binding and the number of  “+” indicates the magnitude 
with a scale from “+ to +++”. “–“means no binding. 

A brief focus on selected innate immune cells 
Monocytes and Macrophages 
Monocytes are myeloid-derived cells of the innate immune system. Mono-
cytes circulate in the bloodstream and are mainly characterised by their ex-
pression of CD14. Monocytes can give rise to multiple types of mature cell 
types. Monocytes migrate into tissues, differentiate into various forms of 
macrophages (or DCs), and release pro-inflammatory cytokines such as 
TNFα, IL-1β and IL-6. The differentiation into macrophages is dependent on 
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the local environment where IFNγ induces pro-inflammatory macrophages 
(referred to as M1), and IL-4 and IL-10 induce a more immunosuppressive 
macrophage subtype (referred to as M2) [64]. The pro-inflammatory M1 
macrophage secretes TNFα, IL-6 and IL-12 and thereby promotes Th1 re-
sponses, which are important for anti-tumour responses and clearing intra-
cellular pathogens. In contrast, M2 macrophages are immunosuppressive, 
secreting TGF-β and thereby promoting Th2 responses. 

NK cells 
Natural killer cells (NK cells) are lymphocytes of the innate immune system 
that are identified by their surface expression of CD56 and lack of CD3 (in 
humans). NK cells are derived from the bone marrow and mature in second-
ary lymphoid organs. NK cells can kill target cells directly by secreting per-
forin or cytokines (IFNγ) that promote Th1 responses. The activation of NK 
cells is tightly controlled by inhibitory and activating receptors. For exam-
ple, human NK cells express the inhibitory receptor KIR (Killer cell Ig-like 
receptors) which recognises MHCI on the cell surface of neighbouring cells. 
MHCI is downregulated on virus infected cells and tumour cells [65], re-
moving the inhibition generated by KIR and enabling the NK cell to kill the 
infected cells or tumour cells, while leaving MHCI expressing uninfect-
ed/non-tumour self-cells intact [66]. However, for NK activation to occur, 
stimulation via activating receptors such as FcγRIIIA and NKG2D is re-
quired [67, 68]. FcγRIIIA recognises IgG-coated cells and kills by ADCC. 
The induction of ADCC stimulates NK release of cytotoxic granule content 
(e.g., perforin and granzymes) and IFNγ secretion, promoting adaptive re-
sponses such as antigen presentation [69]. 

The complement system 
Definition 
In addition to cells, the innate immune system consists of more than 30 
plasma proteins and glycoproteins that together make up the complement 
system. Some of the complement proteins are proteases that after an initial 
activation generate cleavage products in a sequential cascade. The cleavage 
products either attach to the surface and tag the target cells for elimination, 
or are released as soluble molecules that attract immune cells to the site of 
complement activation. The complement components are mainly produced 
by the liver; however, upon stimulation by IL-6, TNFα and IFNγ macro-
phages can produce complement components in tissues [70]. The comple-
ment system has many important functions including defence against intrud-
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ing microorganisms, removal of dead/modified cells, clearing circulating 
immune complexes (ICs), tissue regeneration and lipid metabolism [71]. 

Activation pathways and the TCC 
The complement system can be activated through three main pathways: the 
alternative, the classical and the lectin pathway (outlined in Figure 5). The 
alternative pathway is spontaneously activated by hydrolysis of the com-
plement component C3 [72] creating an initial soluble C3 convertase that 
cleaves C3 into C3a and C3b. C3b molecules attach to the target surface and 
form C3 convertase with factor B (C3bBb). 

The classical pathway is activated by the complement component C1q 
that recognises complexed IgG, complexed IgM [73] or pentraxins (e.g. C-
reactive protein; CRP) [74]. The binding of C1q to its ligand causes a con-
formational change that activates the proteases C1r and C1s, which together 
with C1q form the C1 complex (C1qr2s2). The protease C1s cleaves C4 and 
C2 into their cleavage products C4a, C4b, C2a and C2b. C4b attaches to the 
surface and together with 2b creates C3 convertase (C4b2b). The same C3 
convertase is generated by the lectin pathway where the mannose binding 
lectin (MBL) recognises carbohydrate patterns, and together with MBL-
associated serine proteases (MASPs), form a complex that cleaves C4 and 
C2 [75]. 

Independent of the initial activation pathway, further C3 cleavage and 
build-up of C3b on the target cell results in the formation of C5 convertases 
(C3bBb3b or C4b2b3b) that cleave C5 into C5a and C5b. The C5b fragment 
associates with the hydrophilic glycoproteins C6, C7, C8 and C9, which 
together form the cytolytic terminal complement complex (TCC) [76]. The 
TCC forms a lethal pore in the membrane of the target cell. 
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Figure 5. Schematic representation of the three activation pathways of the proteo-
lytic complement cascade. The classical pathway is activated by C1q recognising 
IgM or IgG coated antigens and the lectin pathway by MBL recognising carbohy-
drates on bacteria. The alternative pathway is activated by spontaneous hydrolysis 
of C3 which can in its hydrolysed form associate with Factor B. Factor D can then 
cleave Factor B forming Factor Ba and the C3 convertase C3bBb. Reprinted with 
permission from [77].  

Anaphylatoxins and regulation 
Complement activation, in addition to the formation of the TTC, result in 
release of the soluble anaphylatoxins (C3a and C5a) that recruit neutrophils, 
monocytes and macrophages to the site of complement activation [78]. The 
phagocytes recognise C3b, C4b and C1q on the target cell via their comple-
ment receptors CR1-4 and eliminate the target cell through phagocytosis 
[79].  

The destructive nature of the complement system requires strict regulation 
to prevent tissue damage and the development of autoimmune diseases. 
Apoptotic cells are recognised by C-reactive protein (CRP) that together 
with C1q and factor H inhibit C5 convertase and TCC formation, thereby 
limiting complement activation to phagocytosis of the apoptotic cell without 
inducing inflammation [80]. Additionally, the classical and lectin pathways 
are inhibited by the C1 inhibitor (C1INH) which inhibits the proteases C1r, 
C1s and MASP [81]. The alternative pathway is inhibited by the membrane 
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bound regulators CD46 and CD55 that promote C3 degradation [82]. Both 
soluble (CFHR1) and surface bound (CD59) regulators inhibit C5 convertase 
and assembly of the TCC [83, 84].  

C1q on monocytes 
The C1q molecule not only activates the classical pathway, but it is also an 
important component in a great number of mechanisms; for example, auto-
immunity, wound repair, as well as regulation of B cells, T cells and DCs 
(reviewed in [85]). Complement proteins are mainly synthesised by the liver, 
whereas C1q is additionally synthesised by monocytes [86], macrophages, 
DCs [87], epithelial and endothelial cells [64]. In response to IL-6 and TNF, 
macrophages can produce early complement components including C1, C3 
and C4 [88]. C1q of the classical pathway binds IgG-coated antigens, pro-
moting IC clearance from the circulation [89] and enhancing IC phagocyto-
sis by human monocytes [90]. The recent discovery of C1q on the cell sur-
face of monocytes is thought to be important for the regulation of the mono-
cyte to DC transition [91]. Ghebrehiwet et. al. [92] speculates that unoccu-
pied C1q have a regulatory role in maintaining immature monocytes 
(CD14high and CD11chigh) in a steady state, and when C1q binds ICs, matura-
tion is induced leading to expression of HLA-DRhigh and CD86high. In agree-
ment, monocyte-derived DCs (MoDCs) maintained their immature status 
when co-cultured with soluble C1q [91] whereas they mature (expressing 
CD83, CD86 and MHCII)  when cultured on surface immobilised C1q [93], 
which mimics C1q crosslinking on the cell surface after binding soluble ICs.  

Tumour immunology 
The existence of immunity against tumours is supported by: the existence of 
tumour-infiltrating T cells (TILs) [94, 95] and the good overall survival that 
has been associated with tumour-specific TILs in the tumour [96, 97]. In 
1957, Burnet described the immune surveillance theory which propose that 
immune cells search our body for abnormal cells and eliminate them [98]. 
This theory has over the years been re-evaluated to the immunoediting theo-
ry which consists of three phases: elimination, equilibrium and escape (re-
viewed in [99]). During the elimination phase, abnormal cells are recognised 
and removed by the immune system presumably by both innate and adaptive 
responses. During equilibrium, the immune system controls tumour growth 
without eliminating all tumour cells. The genetic instability of tumours and 
the selective pressure provided by the immune system may result in tumour 
cells that can escape recognition and therefore grow into tumour lesions, 
which is the final phase referred to as the escape phase. Tumours avoid 
recognition by several mechanisms such as secreting immunosuppressive 



 32 

cytokines (e.g., TGF-β and IL-10) [100] or surface receptors (e.g., PD-L1) 
[101, 102], down-regulating MHC expression (or hampering with the anti-
gen-presentation machinery) to reduce presentation and recognition [103, 
104], and increasing the expression of complement inhibitors [105]. 

Tumour associated antigens 
Tumour cells represent transformed normal cells that have undergone genet-
ic mutations causing them to multiply out of control. Tumour cells are 
caused by both inherited and environmentally acquired genetic mutations. 
The genetic instability of cancer cells results in high mutation frequency and 
production of proteins that are different from endogenous proteins, also 
known as tumour-associated antigens (TAAs). TAAs can be divided into 
self-proteins that are overexpressed or abnormally expressed (e.g., expres-
sion of lineage-specific genes or developmental genes expressed in adult) 
and non-self proteins (e.g., generated through mutations; also known as neo-
antigens or virally acquired) [106] (see Table 1 for examples of TAAs).  

The immunogenicity of neoantigens is presumed to be greater than ab-
normally expressed proteins as the T cells that recognise neoantigens have 
not undergone central tolerance [107] (the same applies to virally acquired 
antigens). Another type of proposed TAAs is phosphopeptides that are gen-
erated by abnormal phosphorylation during malignant transformation. Mo-
hammed et. al. [108] show that deregulated phosphorylation by malignant 
cells can enhance the affinity for MHC molecules or alter the repertoire of T 
cells that can recognise the presented peptide, thereby creating neoantigens 
in the form of phosphopeptides. Similarly, aberrant posttranslational modifi-
cations can create neoantigens in the form of glycopeptides [109].  

For presentation of TAAs by MHCI, antigen processing by the pro-
teasome is required. Antigen processing is also performed by an alternative 
proteasome referred to as the immunoproteasome, further described in the 
next section. 
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Table 1. Examples of TAAs 
Origin Type of TAA TAA Cancer type Ref 

Mutated self-
antigens 

Neoantigen/Unique 
tumour antigen 

Source can vary 
e.g., Ras and p53 

Often high presence in 
cancer forms induced by 

known mutagens 

[110] 

Non-self (Viral) Virally-derived HPV E6/E7 Cervical cancer, H&N [111] 
  EBV Burkitts lymphoma [112] 

Self-antigens Lineage specific NY-ESO-1 Bladder, melanoma 
among multiple other 

tumour types 

[113] 

  MAGE Multiple tumour types [114] 
 Tissue differentiation gp100 Malignant melanoma [115] 
  Melan-A/Mart-1 Malignant melanoma [116] 
  PSA and PAP Prostate cancer [117] 
 Overexpressed Her-2/Neu Breast cancer among 

multiple other tumour 
types 

[118] 

  hTERT Multiple tumour types [119] 
 Oncofetal CEA Colorectal carcinoma [120] 
 Posttranslationally 

altered 
Glyco- and phospho-

peptides 
Leukaemia [108, 109, 

121] 
Abbreviations: HPV= human papillomavirus, H&N= Head and neck, EBV= Epstein-Barr virus, MAGE= 
melanoma antigen E, gp100= glycoprotein100, Mart-1= melanoma antigen recognised by T cells-1, 
PSA= prostate specific antigen, PAP= prostatic acid phosphatase, Her-2/Neu= human epidermal growth 
factor receptor-2, hTERT= human telomerase reverse transcriptase and CEA carcinoembryonic antigen. 

The immunoproteasome 
The proteasome is a large protein complex that cleaves intracellular antigens 
into peptides for MHCI presentation. The core of the proteasome consists of 
β-subunits (β1, β2 and β5) with proteolytic capacity [122]. A set of three 
alternative forms of the β-subunits (β1i, β2i and β5i) are constitutively ex-
pressed in DCs and lymphocytes; however, they can be induced in other 
cells by IFNγ, and together form the immunoproteasome [123, 124]. The 
immunoproteasome cleaves peptides preferentially different from the consti-
tutively expressed proteasome and thereby generate a different set of peptide 
products [125]. The alternative repertoire of peptides results in the presenta-
tion of many unique peptides, though at the expense of others [126]. Pro-
teasomes containing only one or two of the alternative β-subunits generate 
different peptides and are referred to as intermediate proteasomes. 
Guillaume et. al. [127] showed that two tumour-associated antigens (TAAs) 
were exclusively cleaved by the intermediate proteasomes, but were de-
stroyed by the immunoproteasome. Although the intermediate proteasome 
was expressed at only a low percentage, the antigens generated were suffi-
cient for inducing CTL responses. This highlights that tumour expression of 
multiple proteasomes generate a diverse repertoire of antigens which may be 
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essential for successful cancer immunotherapies that are dependent on tu-
mour MHCI presentation of TAAs.  

Cancer immunotherapy  
In the last few decades the field of cancer immunotherapy has expanded 
enormously, with drugs and candidate drugs targeting both the innate and 
adaptive branches of the immune system. In addition, tumour-targeting drugs 
can induce long-lived immune responses through a combination of innate 
and adaptive responses following the cytolysis induced through ADCC/CDC 
or via antibody-drug conjugates. The aim of cancer immunotherapy is to 
eliminate tumours by inducing a tumour-specific immune response. Tumours 
are endogenously-derived and their recognition by T cells is therefore lim-
ited by central and peripheral tolerance to prevent autoimmunity. Breaking 
immune tolerance is therefore essential for successful immunotherapy. Im-
portant immunotherapies that boost tumour-specific T cells include adoptive 
T cell transfer (ACT), genetically engineered CAR T cells, activat-
ing/blocking antibodies (e.g., anti-CD40, anti-CTLA-4 and anti-PD-1) and 
therapeutic vaccines (e.g., tumour cells, viruses, proteins and peptides) 
[128].  

Therapeutic cancer vaccination 
Therapeutic cancer vaccination induces cellular immune responses against 
an existing disease, which differs from classical prophylactic vaccination 
that mainly induces the production of neutralising antibodies thereby pre-
venting primary infection/tumour induction. Cancer vaccine strategies aim to 
deliver tumour-related material (e.g., irradiated tumour, cell line, proteins or 
peptides) and adjuvants to patients to generate sufficient tumour-specific 
responses (reviewed in [129]). Tumour-cell based vaccines can be in the 
form of autologous tumour cells or cell lines. The advantage of using the 
autologous vaccination strategy is that all TAAs of the specific tumour is 
used; however, the disadvantage is that the treatment is dependent upon the 
tumour providing sufficient tumour material and therefore may limit the 
types of tumours/patients that can be treated. On the contrary, by using cell 
lines as the tumour material it is possible to create a cost effective off-the-
shelf vaccine, although with the disadvantage of not including sufficient 
TAAs required for certain tumours.  

Another type of cell-based vaccine is the autologous administration of 
DCs that are loaded with antigen and activated ex vivo. The advantage is that 
the loading and activation of the DCs is controlled, however, the procedure 
is laborious and expensive. Another strategy is to deliver TAAs in vivo 
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through DNA/RNA- and virus-based strategies that provide at least some 
adjuvant properties by themselves; however, so far limited efficacy has been 
seen in the clinic. A more cost-effective vaccination strategy for in vivo de-
livery is via peptide/protein vaccines, which require additional adjuvants and 
where the disadvantage is that prior knowledge of TAAs is required.  

Peptide vaccination 
Therapeutic short peptide vaccines originally consisted of TAA-derived pep-
tides of approximately 8-10 amino acids that directly bind MHCI for presen-
tation to CD8+ T cells [130, 131]. However, short peptide vaccines can have 
limited use as they are designed for a specific HLA allele. Additionally, 
short peptides are presented by cells other than professional APCs and this 
may, in the absence of co-stimulation, result in immunological tolerance 
instead of immunity against the immunised TAA peptides/tumour [132]. 
Vaccines with longer peptides require internalisation, processing and presen-
tation on MHCI by DCs and can thereby induce greater CD8+ T cell re-
sponses than short peptides [133, 134], and promote the eradication of estab-
lished tumours in mice [132]. Longer peptides can also include multiple 
HLA epitopes, enabling treatment of a less selected patient population (de-
pending on what epitopes are present in the peptide stretch). 

Strict HLA allele dependence is avoided by using long overlapping pep-
tides (spanning a whole protein) or mixtures of synthetic long peptides 
(SLPs), spanning several TAAs, and thereby expanding the number of pa-
tients that can be treated. Although the selection of SLP sequences for a pep-
tide vaccine requires prior knowledge of the MHC epitopes of a TAA com-
pared to whole protein vaccines (which contain all MHC epitopes), SLPs 
have been suggested as preferable to whole protein vaccines since DCs are 
superior in processing and presenting SLP-derived epitopes compared to 
whole protein-derived epitopes [135]. The limitation of peptide vaccines is 
their poor half-life in vivo along with the possible need for multiple synthetic 
peptides to induce proper immune activation, thereby challenging GMP pro-
duction as compared to producing one defined molecule (e.g., a protein). 

One other perspective is that longer peptide stretches, as well as proteins, can 
harbour CD4+ Th epitopes that are known to greatly enhance the induction of 
protective CD8+ T cell immunity [136] through licensing of DCs via CD40-
CD40L signalling [137, 138]. In clinical trials, SLP vaccines induced low toxici-
ty in cervical cancer patients [139] and have shown promising results when 
treating HPV-induced pre-cancerous lesions [139, 140]. However, there is clear-
ly room for improvements in peptide vaccination; for example by enhancing DC 
maturation [141]  as well as the delivery method, and possibly ensuring that the 
vaccine contains sufficient numbers of both Th and CTL epitopes. Successful 
development of alternative adjuvants is essential for the future use of therapeutic 
vaccination, which is the topic of the next section. 
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Peptide vaccine formulations 
The ability of vaccines to generate potent antigen-specific T cell responses is 
highly dependent on the type of adjuvant that is used. Peptide vaccines are 
most commonly administrated in oil-based adjuvants like incomplete 
Freund’s adjuvant (IFA; also known as Montanide-ISA 51) that protect pep-
tides from degradation and allow for a slow release formulation, while in-
ducing an inflammatory response [142]. Despite induction of tumour-
specific CD8+ T cells, the lack of therapeutic effect of Montanide-based 
vaccines is possibly due to sequestering of T cells at the vaccination site 
where they become dysfunctional [143]. To improve peptide vaccination, 
attempts have been made to combine or replace Montanide ISA-51 with one 
or several adjuvants (see Table 2) such as cytokines (GM-CSF, IL-2 and 
IFNα) [144-146], TLR agonists (Picibanil® and Hiltonol®) [147, 148] and 
CD40 agonists [149-151].  

Table 2. Examples of peptide vaccine formulations that have entered clinical trials 
Peptide Formulation Study Indication TAAs Notes Ref 

Short 
peptide(s) 

 

M-ISA-51 
GM-CSF 

Phase 
II 

Metastatic melanoma MART-1 
Gp100 

Tyrosinase 

No enhanced immuno-
genicity with low dose 

GM-CSF 

[152] 

(8-10 aa) DepoVax Phase 
I 

Advanced breast, 
ovarian and prostate 

cancer 

e.g., 
TOPO2A 
and JUP 

Ag-specific T cell 
responses 

[153, 
154] 

Long 
Peptide(s) 

 

M-ISA-51 Phase 
I 

Cervical cancer 
patients 

HPV16 
E6 E7 

Ag-specific CD4+ and 
CD8+ responses 

[139, 
140] 

(20-30 aa) M-ISA-51 
PolyICLC 

 

Phase 
I 

Advanced ovarian 
cancer 

NY-ESO-1 Ag-specific Th1 re-
sponses 

[148, 
155] 

 M-ISA-51 
OK-432 

Phase 
I 

Advanced cancer 
patients with NY-
ESO-1+ tumours 

NY-ESO-1 Ag-specific cellular and 
humoral responses 

[147] 

 PolyICLC 
Resiquimod 

Phase 
I/II 

Melanoma LPV7 NCT02126579 
(Clinicaltrials.gov) 

- 

 PolyICLC Phase 
I 

Newly diagnosed 
glioblastoma 

Personal-
ised  neo-
antigen 

NCT02510950 
(Clinicaltrials.gov) 

- 

 GM-CSF Phase 
I/IIa 

 

Metastatic hormone-
naïve prostate cancer 

hTERT Few adverse events, Ag-
specific T cell responses 

[156] 

 M-ISA-51 
pIFNα 

Phase 
I/II 

Colorectal cancer p53 Ag-specific T cell 
responses 

[157] 

       

Abbreviations: TAAs= tumour-associated antigens, m-ISA-51 = Montanide-ISA-51, GM-CSF= granulo-
cyte macrophage colony-stimulating factor, Mart-1= melanoms-associated antigen recognised by T cells, 
pg100= glycoprotein100, TOPO2A= topoisomerase 2α, Ag= antigen, HPV= human papillomavirus, 
PolyICLC= Hiltonol®, OK-432= Picibanil®, LPV= long peptide vaccine, pIFNα = PEGylated IFNα. 

 

GM-CSF is a DC maturing cytokine that failed to provide additional effects 
of Montanide ISA-51 in a clinical trial with metastatic melanoma patients 
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[152]. However, with a higher dose GM-CSF, and as the only adjuvant, mi-
nor responses could be seen in prostate cancer patients [156]. IFNα is an 
interesting cytokine to combine with peptide vaccines as it stimulates DC 
maturation, cross-presentation to CTLs, and is proposed to induce the third 
signal required (such as IL-12) for CTLs to clonally expand and produce 
IFNγ [158]. In mice, IFNα promotes proliferation and accumulation of anti-
gen-specific T cells, which subsequently inhibit tumour growth [159]. The 
efficacy of a peptide vaccine with p53-derived epitopes to activate antigen-
specific T cells was greatly enhanced in combination with IFNα in a Phase 
I/II clinical trial with colorectal cancer patients [157].  

An alternative way to enhance DC maturation is through TLR stimula-
tion, mimicking the danger signal present during an infection. Peptide vac-
cines with TLR agonists generate anti-tumour responses [160] and can have 
a synergistic effect when several TLR agonists are combined [161]. Syner-
gistic effects have also been seen by combining TLR agonists with a CD40 
agonist that provide the licensing signal required to generate fully mature 
DCs, which subsequently induce tumour-specific CTL responses [150, 151].  

Although preclinical studies with peptide vaccines are promising, the lev-
el of clinical responses is disappointing so far [162, 163]. The peptide vac-
cines described above are all mixtures of peptides and adjuvant co-injected 
at the same site which does not fully ensure targeting of the peptide and ad-
juvant to the same cell. Co-targeting of peptide and adjuvants to the same 
cell is possible through covalent conjugations, further described in the next 
section. 

Conjugate vaccines 
A DC should take up antigen and be induced to become activated/mature for 
being able to trigger a potent antigen-specific T cell responses. To assure co-
targeting of antigen and adjuvant to the same DC, antigen-adjuvant conju-
gates have been developed such as TLR agonist-peptide conjugates [164] 
(see Table 3 for examples of conjugate vaccines that have reached clinical 
trials). TLR agonist-peptide conjugates promote DC maturation and efficient 
anti-tumour responses in mice [164-166]. The responses induced by these 
conjugates are more efficient than when adjuvant and peptide are adminis-
tered as a mixture [164], which may be due to both receptor-mediated uptake 
and the adjuvant signal to the cell that receives the material. Furthermore, 
Zom et. al. [167] describes efficient DC maturation and subsequent T cell 
activation of cervical cancer patient-derived cells ex vivo, in response to a 
TLR agonist-peptide conjugate that is currently in a Phase I clinical trial 
(NCT02821494).  

Another strategy to specifically target peptides to DCs has been to conju-
gate the peptides to a monoclonal antibody (mAb) specific for receptors 
expressed on the cell surface of DCs, such as DEC205 and the mannose re-



 38 

ceptor (MR) (amongst many others) [168]. DEC205 is an endocytic receptor 
that can be targeted with antibody-protein conjugates resulting in cross-
presentation [169]; however, additional adjuvants are required to avoid pe-
ripheral tolerance and generate anti-tumour responses [170, 171]. In clinical 
trials, these strategies have generated both antigen-specific cellular and hu-
moral responses [172, 173].  

Table 3. Examples of clinical trials with conjugate vaccines 
Pep-
tide 

Conjugate Study Indication TAAs Notes Ref 

long 
 

Peptide-
Amplivant (TLR 

agonist) 

Phase 
I 

HPV16 positive 
tumours 

HPV16 
E6 

NCT02821494 
(Clinicaltrials.gov) 

- 

long PEP-3-KLH Phase 
I 

Glioblastoma 
multiforme 

 

EGFRvIII NCT00626015 
(Clinicaltrials.gov) 

- 

full-
length 
protein 

Protein-DEC205-
mAb 

Resiquimod 
polyICLC 

Phase 
I 

Advanced malig-
nancies 

NY-ESO-1 Ag-specific cellular and 
humoral responses 

[173] 

full-
length 
protein 

Protein-MR-mAb 
GM-CSF 

Resiquimod 
polyICLC 

Phase 
I 

Advanced epithe-
lial malignancies 

hCG-β Ag-specific cellular and 
humoral responses 

[172] 

long Oil-emulsion 
hCG-DT 

Phase 
II 

Metastatic colo-
rectal cancer 

hCG- β hCG and DT-specific 
antibody responses 

[174] 

Car-
bohy-
drate 

STn-KLH Phase 
III 

Metastatic breast 
cancerr 

STn 
(carbohy-

drate) 

Safe, humoral respons-
es, no overall benefit 

[175] 

 
Abbreviations: MR= mannose receptor, hCG-β= beta-human chorionic gonadotropin, STn-KLH= Sialyl-
Tn-keyhole limpet hemocyanin, mAb = monoclonal antibody, Ag = antigen, GM-CSF= granulocyte-
macrophage colony-stimulating factor, DT= diphtheria toxin, HPV= human papillomavirus, TLR= Toll-
like receptor, EGFR= epidermal growth factor 

The inclusion of a helper epitope in peptide vaccines is essential for inducing 
potent anti-tumour CTL responses [136]. Helper epitopes can be in the form 
of tumour epitopes, but also as non-specific helper sequences such as the 
tetanus toxoid helper sequence [176, 177] and keyhole limpet hemocyanin 
(KLH) [178-180]. KLH is a known carrier protein used to induce both hu-
moral and cellular immune responses against a conjugated molecule, such as 
peptides, proteins or carbohydrates [181]. KLH conjugated to the carbohy-
drate STn (Theratope®) generated promising results in phase I and II clinical 
trials, however, was disappointing in a large Phase III trial with metastatic 
breast cancer patients [175]. This vaccine contained a carbohydrate antigen, 
so only humoral responses were induced; it is possible that additional T cell 
responses could give a better outcome in future vaccine designs. Another 
weakness of this trial was the lack of selecting patients based on the antigen 
expression on the tumour (i.e., patient stratification). Accurate patient strati-
fication has given clinical success when applied to small molecules, for ex-
ample for epidermal growth factor receptor (EGFR) targeted therapies that 
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are effective in lung cancer patients with a mutated EGFR [182]. Indeed, 
immunotherapies, along with tumour vaccines, may benefit from improved 
patient selection for improved clinical success rates. This is because the 
therapeutic effect of peptide vaccines requires not only induction of strong 
cellular responses against tumour antigens, but it also requires that the target 
tumour presents the tumour antigen on MHC molecules for recognition and 
killing by CTLs. 

Therapeutic monoclonal antibodies 
Monoclonal antibodies (mAbs) represent another promising strategy of how 
the immune system can be modulated to treat human disease. Murine mAbs 
were initially generated in 1975 by Köhler and Milstein when they devel-
oped hybridoma technology [183]. In 1992, muromonab (OKT3) was the 
first mAb approved by the FDA to suppress renal allograft rejection [184] 
and since then more than 40 mAbs are FDA approved and over 300 are cur-
rently under development [185]. The first therapeutic mAbs, including 
muromonab, were mouse antibodies that are greatly limited by the genera-
tion of human anti-mouse antibodies which reduce their half-life, thereby 
reducing therapeutic efficacy [186]. Therefore, enormous efforts to improve 
recombinant DNA technology were made to generate less immunogenic 
chimeric [187] and humanised antibodies with longer half-life and improved 
efficacy [188, 189]. Today, fully human antibodies can be made through 
phage display libraries [188]. 

The therapeutic effect of monoclonal antibodies can be generated directly 
by the Fab fragment binding its target, inducing an agonistic effect (e.g., 
anti-CD40 and TGN1412) or antagonistically by blocking the binding of 
natural ligands (e.g., natalizumab) (Figure 6). Additionally, mAbs can act 
indirectly by inducing Fc-mediated effector functions including antibody-
mediated-cytotoxicity (ADCC) and complement-dependent-cytotoxicity 
(CDC). In addition, the high target specificity of mAb make them useful as 
vehicles for targeting other immunotherapeutics to the tumour; for example, 
liposomes loaded with a radiolabelled derivative of daunorubicin [190] and 
T cells engineered with a tumour-specific chimeric antigen receptor (CAR)  
[191]. 
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Figure 6. Different effector functions of monoclonal antibodies. By binding the 
target, antibodies can either compete for binding with the natural ligand or can 
agonistically induce intracellular signals in the absence of the natural ligand. Fc-
mediated effects are CDC (IgG1, IgG3 and IgM) and ADCC (IgG1 and IgG3). Re-
printed with permission from [192]. 

The choice of the Fc part (isotype) of an IgG antibody requires careful con-
sideration depending on the therapeutic application, as this can either en-
hance or limit effector functions such as ADCC and complement-dependent 
cytotoxicity (CDC), but also downstream signalling induced by the anti-
body/target interaction. Different IgG isotypes bind FcγRs and complement 
components with different affinity. IgG1 and IgG3 have high affinity for 
FcγRs and C1q, making them suitable candidates when ADCC and CDC 
effector functions are desired [53]. The direct killing via ADCC and CDC is 
of great interest when targeting cancer cells, which is the reason that many 
anti-cancer mAbs are generated as an IgG1 antibody (e.g., rituximab [53] 
and alemtuzumab). IgG1 is often preferred over IgG3 since the latter binds 
weakly to FcRn and therefore has a shorter serum half-life. IgG2 and IgG4 
have less ability to induce ADCC and CDC due to their generally low or 
lack of affinity for FcγRs and C1q [50, 193], and they are therefore often 
chosen when treating inflammatory diseases where the induction of ADCC 
and CDC is not desired (as with natalizumab). IgG4 was, however, recently 
discovered to bind FcγRI, FcγRIIA, FcγRIIB, FcγRIIC and FcγRIIIA [50, 
52] which should be kept in mind when designing new mAbs. Fc-mediated 
effects other than ADCC and CDC potentiate the therapeutic effect of CD40-
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specific mAbs and the superagonistic effect of TGN1412, and this is de-
scribed in the next few sections below.  

CD40-specific mAbs 
The central role of CD40 to mediate DC licensing makes the receptor an 
interesting target for cancer immunotherapy. In preclinical studies, CD40-
specific agonists induce anti-tumour CTL responses with promising thera-
peutic results [194-196]. The main goal of CD40-specific agonists is to over-
ride the need for T helper cell-induced licensing of DCs, thereby allowing 
for a drug-induced optimisation of antigen presentation to stimulate tumour-
specific CTLs. This is also dependent on the presence of TAAs that DCs can 
process and present to T cells. Therefore, treatment with CD40 agonists in 
preclinical studies has been combined with tumour vaccines [197] as a 
source of TAAs, or chemotherapeutics that induce tumour cell death and 
thereby cause the release of TAAs [36, 198]. In addition, murine models 
have shown that CD40 agonistic antibodies work well in close proximity to 
the tumour/tumour-draining lymph node, and depend on antigen release for 
proper induction of CTLs [199-201]. CD40 agonists have also been com-
bined with IL-2 and TLR agonists, where other cell types have been pro-
posed to exert an anti-tumour effect such as B cells [202] and macrophages 
[203]. 

CD40 is expressed on many cell types and adverse events caused by sys-
temically delivered CD40 agonists in mice include liver damage [204]. Via 
local administration of CD40 agonists it is possible to reduce the dose, and 
thereby toxicity, without compromising efficient anti-tumour responses of 
both local and disseminated tumours [199, 200]. In humans, systemic deliv-
ery of CD40 agonists is dose-limited by adverse events such as liver toxicity 
as well as CRS [205, 206]. Johnson et. al. [207] reported that CRS-induced 
by treatment with a CD40 agonist could be managed with corticosteroids 
without hampering the therapeutic effect.  

The first CD40 agonist in a clinical trial was a fully human IgG2 antibody 
given to patients with advanced solid malignancies [206]. The results were 
promising, showing a safe profile and observed clinical activity with a 14% 
response rate. The potency of CD40 agonists in transgenic mice was later 
found to be greatly enhanced by modifying their Fc part from IgG2 to IgG1 
[208-210]. IgG1 antibodies have greater affinity for FcγRIIB than IgG2 [63], 
which ensure crosslinking of the antibody and therefore the CD40 receptor. 
However, whether crosslinking of CD40 agonists is required for therapeutic 
effect in humans is being debated [211, 212]. 

Most clinical trials are with anti-CD40 IgG1 antibodies, but there is also 
one with an IgG2 antibody. These CD40-specific antibodies are assessed in 
combination with anti-PD-1 antibody (NCT2706353), chemotherapeutics 
(NCT02588443), or alone (NCT02482168). In paper III of this thesis, we 
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describe the development and preclinical proof-of-concept of a CD40-
specific antibody (ADC-1013) specifically created for local administration. 
The first clinical trial of ADC-1013 was recently completed. This trial in-
cluded patients diagnosed with advanced solid tumours (NCT02379741). 

Cytokine release syndrome (CRS) 
Therapeutic mAbs are most commonly administrated intravenously and can 
induce several different infusion reactions such as anaphylaxis, anaphylac-
toid reactions, complement activation-related pseudoallergy (CARPRA), and 
cytokine release syndrome (CRS) (reviewed in [213]).  The cause of a rapid 
anaphylaxis reaction can be pre-existing IgE antibodies that result in the 
release of vasoactive mediators from mast cells. Cetuximab is an example of 
where IgE antibodies against a carbohydrate on the antibody cause an ana-
phylactic reaction in sensitised individuals [214]. Anaphylactoid reactions 
are also caused by mast cells but in an IgE-independent manner. CARPRA is 
caused by complement activation which causes the release of anaphylatoxins 
and subsequent release of vasoactive mediators from phagocytes such as 
mast cells and basophils (e. g., rituximab) [215].  

CRS is generally characterised by the induction of TNFα and IFNγ after 
1-2 hours, followed by IL-6 and other cytokines, such as IL-2 and IL-8, de-
pending on the target cell and Fc-mediated effects. CRS is graded 1-5 with 
the following criteria [213]: 

 
1. Mild reactions where the infusion continues 
2. CRS symptoms, where the infusion is stopped and the patient re-

sponds to symptomatic treatments 
3. Prolonged CRS symptoms where hospitalization is required 
4. Life-threatening symptoms that require ventilator support 
5. Death 

 
The first report of CRS caused by an mAb was the CD3-specific mAb 
muromonab (OKT3) [184], and more recently, the focus on improving pre-
diction and management of CRS induced by mAbs has exploded since the 
incidence with TGN1412 in 2006 [216]. 

TGN1412 
The humanized IgG4 mAb TGN1412 targets the costimulatory molecule 
CD28 expressed on T cells. TGN1412 is a superagonistic antibody, meaning 
that it can activate T cells without engaging the T cell receptor [217]. It was 
initially postulated to only activate and expand T regulatory cells [218]  for 
the treatment of autoimmune disorders [219]. After extensive pre-clinical 
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safety tests, TGN1412 was approved for a Phase I clinical trial in healthy 
volunteers by both the German and UK regulatory agencies [220].  

In March 2006 the trial was initiated with 6 volunteers, who after 90 
minutes post TGN1412 infusion experienced severe headache, lumbar myal-
gia, hypotension, fever and tachycardia amongst many other side effects 
over the following few hours. The volunteers eventually experienced multi-
organ failure and despite the severity all individuals survived [216]. The 
cause of the severity of TGN1412 infusion in these volunteers was the in-
duction of an immediate CRS with high levels of IL-2, TNFα, IFNγ, IL-6, 
IL-8, IL-1β and IL-10 [216]. Additionally, the severe CRS was not predicta-
ble by the standard pre-clinical safety tests performed prior to the clinical 
trial, emphasising that a more optimal strategy was required for in vitro and 
in vivo toxicology prior to a first-in-human clinical trial.  

Why did the safety tests fail? 
The failure of the safety tests for mAbs may depend on several reasons in-
cluding: an unexpected effect of binding its target, cross-reaction with an-
other target, target expression by unknown cells/tissues, lack of homology in 
structure/function of target molecule in the animal model [221] and unex-
pected Fc-mediated effects (ADCC or CDC). Historically, many therapeutic 
mAbs targeting tumour cells were generally considered safe in human, how-
ever, the range of different targets has rapidly increased and new toxicity 
problems need careful consideration when, for example, the mAb is an im-
munomodulating antibody. In vitro safety tests of mAbs for the prediction of 
immediate cytokine release in humans are commonly performed with human 
peripheral blood mononuclear cells (PBMCs) or whole blood, as this biolog-
ical material is more accessible than tissue samples. The problem with the in 
vitro safety tests performed with TGN1412 was later revealed to be connect-
ed to the aqueous display of the antibody, which means that there is an ab-
sence of cytokine production in the previously standard whole blood and 
PBMC assays used. Afterwards, when TGN1412 was coated by air-drying, 
to allow the solvent to evaporate, TGN1412 was found capable of stimulat-
ing PBMCs to produce IL-2, TNFα, IFNγ and IL-6 with similarities to the 
cytokine profile of the volunteers in the clinical trial [222]. Later, aqueous 
TGN1412 was shown to induce cytokine release by PBMCs in high-density 
cultures [223] in an FcγRIIB-dependent manner [224, 225]. 

The choice of in vivo model depends strongly on the structure and func-
tional homology of the target molecule with its human counterpart. The ami-
no acid sequence of human CD28 is 100% homologous with the CD28 of 
cynomolgus monkey and was therefore chosen as the in vivo animal model 
for toxicity studies [226]. In agreement, in vitro studies showed that 
TGN1412 had similar affinity for the human and cynomolgus monkey CD28 
molecule [226]. The cytokine release in cynomolgus money was very low in 
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response to 500x higher TGN1412 dose than the dose given to the volunteers 
(0.1 mg/kg) in the clinical trial [220, 227]. This species difference was ini-
tially postulated to depend on differences in function and/or intracellular 
signaling pathways [222]. However, Eastwood et al [228] proposed a likely 
explanation for this species difference by the difference in expression pattern 
of CD28 by CD4+ effector memory T cells. It was shown that expression of 
CD28 was absent on effector memory T helper cells in cynomolgus monkey 
but present in humans. Therefore, the importance of biological knowledge of 
a mAb and its target molecule is essential when choosing the right in vitro 
and in vivo tests for safety prediction. 
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Aims of the current investigation 

Paper I 
Since immune complexes can be used to deliver material into antigen pre-
senting cells and at the same time induce their activation, we investigated the 
potential of synthetic peptide vaccines via an immune complex-delivery 
approach. The aim was initially to identify a linear B cell epitope that could 
be conjugated to synthetic peptides harbouring T cell epitopes and to study 
the effect of this conjugate on DC and T cell activation. Our prerequisite for 
this peptide was that most donors should have antibodies to this sequence 
and be of an IgG isotype. Additionally, we aimed to identify a method by 
which peptides could be linked to each other with a chemistry allowing for 
GMP production. 

Paper II 
The aim of this paper was to study if human T cell responses could be im-
proved by the conjugation of the MTTE-sequence (identified in paper I) to a 
peptide containing the model CMV-derived T cell epitope (pp65NLV). Ini-
tially, we set out to study the uptake of the conjugate in human cells along 
with T cell activation. Ultimately, we aimed to identify a possible mecha-
nism of action of uptake/T cell activation and to determine if antibody titres 
would affect T cell activation. 

Paper III 
Several anti-CD40 agonistic antibodies have been developed over the years 
with the intention for clinical use. Herein we set out to modify an existing 
anti-CD40 antibody to make it suitable for local tumour immunotherapy and 
to validate this antibody in a preclinical model system. 

Paper IV 
PBMC and whole blood assays are used to investigate cytokine release in-
duced by mAbs. The limitations in these systems are lack of immunoglobu-
lins as well as functional cascade systems. Modified Chandler loop models 
have historically been used to study the interaction of foreign surfaces with 
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blood and later autologous cell/blood interactions. However, the system has 
great potential in evaluating cytokine release in response to mAbs. Here we 
aimed to assess a modified Chandler loop model for its potential in predict-
ing cytokine release and mechanism-of-action of immunotherapeutics. 
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Methods 
Therapeutic vaccination strategy 
Our vaccination strategy presented herein aims to improve therapeutic SLP 
vaccination with the help of endogenous circulating antibodies [229]. A 
model peptide conjugate vaccine, referred to as [MTTE]3-SLP, was devel-
oped and validated in murine model systems (Paper I). The model conjugate 
used herein consists of a linear SLP designed according to the target of inter-
est (with one or more T cell epitopes, albeit the final aim is to build a vac-
cine containing a mixture of multiple SLPs [i.e., multiple T cell epitopes]). 
The SLP is linked to a B cell epitope consisting of three identical linear min-
imal tetanus toxoid-epitope (MTTE) peptides. The MTTE peptide was cho-
sen based on the majority of humans having MTTE-specific circulating IgG 
antibodies as a result of standard tetanus toxoid vaccination programs. On a 
linker molecule, the SLP and three MTTE peptides are conjugated (Figure 7) 
by copper-free click chemistry to limit copper-induced toxicity. The peptide-
peptide conjugate can form soluble ICs with endogenous circulating antibod-
ies, thereby enhancing peptide uptake by DCs via FcγR and/or complement 
receptors (Figure 7 [1]). The ICs stimulate DCs to secrete IL-12 and express 
costimulatory molecules (e.g., CD86 and MHCII) on the cell surface (Figure 
7 [2]). The SLPs are processed and presented to both CD4+ and CD8+ T 
cells (Figure 7 [3]). CD4+ T cells promote CD8+ T cell killing ability via 
CD40L-CD40 ligation, enhancing DC maturation. As a result, activated 
CD8+ T cells migrate to and kill the target cells (e.g., tumour cells) (Figure 7 
[4]). 
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Figure 7. Schematic illustration of the vaccination strategy. The SLP conjugate, 
with the help of endogenous circulating antibodies, is delivered to (1) and activates 
DCs (2) that promote T cell-mediated killing of tumour cells (3 and 4). The figure is 
taken from Figure 6 in paper I). MTTE= minimal tetanus toxoid-epitope, SLP= 
synthetic long peptide, Ag= antigen. 

The circulating whole blood loop assay 
In the blood loop assay, whole blood from a healthy individual is collected 
in an open system where the donor blood flow rate and gravity determine the 
acquisition rate, in contrast to the classically used closed vacutainer blood 
acquisition method where the vacuum sucks the blood into the tube. The 
open system of blood acquisition that exerts less pressure on the blood, com-
pared to the closed system, minimises the required amount of anti-coagulant 
and therefore preserves complement cascade proteins. The blood is immedi-
ately mixed with the thrombin-specific inhibitor hirudin (Paper II) or low 
concentration of heparin (Paper IV), at doses that ensure a preserved com-
plement system [230] when blood circulation is maintained. The blood circu-
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lates within loops made of PVC-tubing that are connected with hollow metal 
connectors. The loops rotate on a wheel maintained within a 37°C incubator 
to mimic human blood circulation (Figure 8). All materials in direct contact 
with the blood are surface heparinised to prevent coagulation and comple-
ment activation. By adding molecules of interest (e.g., peptides and antibod-
ies), their interaction with complement intact whole blood is feasible over 
time by sampling blood at different time points. By immediately mixing 
blood aliquots with the chelating agent EDTA, which terminates coagulation 
and complement activation, the desired analyses of both blood cells and 
plasma, (e.g., complement activation, cytokine release, immune cell activa-
tion and cellular distribution of labelled molecules) can be performed. 

 
Figure 8. Schematic drawing of the circulating blood loop assay. Whole blood cir-
culates in loops that rotate on a wheel at 37°C to mimic human blood circulation 
[231, 232]. 
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Summary of papers 
Paper I 
A tetanus toxin-derived linear peptide (MTTE) was identified by screening 
serum from 17 donors for antibodies specific for tetanus toxin-derived over-
lapping peptides. The majority of donors had IgG but not IgM MTTE-
specific antibodies. To identify the optimal peptide for antibody binding, 
different peptide versions (single amino acid changes and free C- or N-
terminus) of the originally identified peptide were made, and screened for 
antibody binding with ELISA using serum from high-titre donors. None of 
the amino acid changes improved antibody binding; thus, the original se-
quence was deemed optimal candidate peptide and a free N-terminus was 
found required for antibody binding. The C-terminus was therefore used to 
create peptide-peptide conjugates. The formation of conjugates was possible 
by the development of a chemical protocol with the possibility to link four 
peptides (three MTTE sequences and one peptide containing T cell epitopes) 
to a core linker molecule. Conjugates with three MTTE sequences and an 
SLP (containing a surrogate T cell epitope [SIINFEKL]) activated mouse 
DCs (surface expression of MHCII and CD40, and secretion of IL-12p40) 
and enhanced T cell priming in the presence of MTTE-specific antibodies in 
vitro. Conjugates with one MTTE sequence failed to activate DCs and prime 
T cells, whereas conjugates with two or three MTTE sequences per T cell 
epitope performed equally well in inducing DC activation and T cell prim-
ing. 

Paper II 
In the modified Chandler loop, a conjugate with three MTTE sequences la-
belled with an Alexa Fluor488® was taken up by human blood monocytes 
and CD1c+ DCs in an antibody-dependent manner; this was not detected 
when studying cells that do not express Fc receptors (e.g., T cells and eryth-
rocytes). The classical complement component C1q was partly found to be 
involved in the uptake mechanisms rather than FcγRs, and in one instance, a 
C1q block abolished T cell activation. A surrogate conjugate with three 
MTTE sequences and an SLP containing the CMV-derived model T cell 
epitope (pp65NLV) resulted in improved CD8+ T cell recall responses com-
pared to conjugates with one and two MTTE sequences. It was required to 
have the SLP linked to the MTTE sequences in order to induce recall T cell 
responses, as no T cell responses were induced when three MTTE were at-
tached to the core molecule and the SLP were administered in an unconju-
gated state. The low anti-MTTE titres in some donors could be boosted with 
a DTP vaccination mainly generating MTTE-specific IgG1 antibodies; this 
was followed by an increase in CD8+ T cell recall responses. 
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Paper III 
The ADC-1013 antibody was developed for local cancer immunotherapy, 
and was therefore optimised with a high affinity for its target CD40 at low 
pH to mimic the tumour milieu. ADC-1013 stimulated human DCs in vitro 
to express the costimulatory molecules CD80 and CD86, and to secrete IL-
12. The effect of ADC1013 on tumour growth was evaluated using two 
mouse models; first with immunodeficient NSG mice that were transplanted 
with a human bladder cancer cell line, and secondly, with immunocompetent 
human CD40 transgenic (hCD40tg) mice transplanted with a mouse bladder 
cancer cell line (hCD40 negative). In the NSG model, ADC1013 induced 
killing of CD40-positive tumour cells, and in the hCD40tg model, ADC1013 
induced killing of CD40-negative tumour cells. This demonstrates a dual 
mechanism of action of killing CD40 expressing tumour cells directly or by 
licensing APCs to cross-present tumour antigen to T cells.  Furthermore, 
long-term tumour-specific T cell-mediated immunological memory was 
induced by ADC-1013 in the immunocompetent hCD40tg model. 

In conclusion, local administration of ADC1013 eradicates bladder cancer 
in mice models and induces long-term immunological memory. 

Paper IV 
We evaluated a modified Chandler loop model for its potential use in pre-
dicting cytokine release syndrome (CRS) induced by therapeutic monoclonal 
antibodies (mAbs). The agonistic antibodies anti-CD3 (OKT3) and anti-
CD28 (ANC28.1) induced cytokine release in the loop assay after only 4 
hours of incubation. In contrast, non-agonistic antibodies such as cetuximab 
and natalizumab were unable to induce cytokine release in the loop assay, in 
line with the low incidence of CRS in patients. A TGN1412-like antibody 
induced CD4+ memory cells to produce IL-2, consistent with the healthy 
controls in the clinical trial in London [216]. By blocking different compo-
nents of the CDC and ADCC pathways, we could identify that alemtuzumab 
kills CD3+ cells via CDC and B cells via ADCC in human whole blood. 

Future perspective 
Paper I and II 
We are in the revision process of these submitted papers. Currently, we are 
incorporating more donors into the analysis of the one, two and three MTTE 
comparison to further investigate how many MTTEs are needed to form 
optimal immune complexes and thereby improve antigen uptake and antigen 
presentation. The current human data in paper II include recall responses 
with one antigen derived from the CMV pp65 protein and we are currently in 
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the process of amending another antigen by generating conjugates with T 
cell epitopes derived from the influenza virus and Epstein-Barr virus. We 
also aim to perform further in vivo studies in animal models.   

The peptide conjugate vaccine project was awarded funding from the 
BIO-X programme (Uppsala BIO) and the funded project was initiated in 
2014 through collaboration between our academic group and our collabora-
tors at the LUMC, Leiden, The Netherlands. This project also gave the impe-
tus to establish Immuneed AB, founded to enable the project to work to-
wards a clinical trial. The funded project aimed to characterise the concept 
further in model systems, to prepare a GMP batch of [MTTE]3-SLPs from 
prostate cancer (PC)-specific TAAs, and to test the toxicity of the drug can-
didate. With an ethical permit, we have been able to obtain blood samples 
from prostate cancer patients before and after they have received a DTP 
booster vaccination. For proof-of-concept, we ran blood loop experiments to 
look at recall responses generated by the vaccine in a similar fashion to the 
surrogate conjugate in Paper II. The data is under analysis (at the time of 
printing this thesis) and the conjugate vaccine has generated a recall re-
sponse in blood from some patients, which we are currently correlating with 
the patients’ level/isotype of MTTE-specific IgG antibodies, HLA-type and 
clinical data. 

For this peptide conjugate strategy and other therapeutic vaccination 
strategies to be successful in clinical trials, three important factors need to be 
carefully considered; (1) patient stratification (i.e., selecting patients whose 
tumour presents the TAAs on their MHC), (2) whether additional adjuvants 
are required or if Fc-mediated DC activation is sufficient, and (3) whether 
there is a need to combine with checkpoint blockers or other agents to main-
tain activated T cells in the immunosuppressive environment in the tumour 
milieu. Lessons from other DC-targeting conjugates include, for example, 
the DEC205-specific antibody conjugated to hCG-β where additional adju-
vants are required to avoid tolerance [170, 171]. However, the difference is 
that DCs are activated by FcγR-targeting of immune complex but not by 
DEC205-targeting of specific antibodies. 

Paper III 
The first clinical trial with locally injected ADC-1013 was completed in 
March 2017. Prior to completion, the trial had been amended with an intra-
venous administration arm. Results are expected to be reported late 2017. 
CD40 agonistic antibodies are a focus for many companies and the great 
interest in Fc receptor cross-linking for optimal efficacy of anti-CD40 anti-
bodies has spurred new interest in the development of this field. Biotechnol-
ogy advances have allowed for innovative designs of antibodies that can 
enable improved CD40 cross-linking and thereby enhanced efficacy. An 
example is the development of hexavalent single-chain receptor-binding 
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domains (e.g., anti-TNFR drug candidates by Apogenix). However, it still 
remains to be understood how to handle the administration as increased effi-
cacy through these innovative approaches may lead to both liver toxicity and 
cytokine release. As anti-CD40 antibodies are mediating improved antigen 
presentation, the co-evolution of CD40 agonistic therapies with tumour vac-
cine development is natural and may lead to new drug candidates over time. 
Furthermore, the interesting synergistic effect of CD40 agonistic antibodies 
and TLR agonists to boost therapeutic vaccination and thereby anti-tumour 
responses in mice is an interesting concept for future clinical trials. 

Paper IV 
The in-depth characterisation of the whole blood loop system as a cytokine 
release assessment tool allows the assay to be used for preclinical safety 
studies. Companies have also used the system for this purpose and we fore-
see that a publication will allow expansion of its use. The opportunity to 
study cellular biodistribution (paper II) is also of interest in the preclinical 
and clinical development phase of monoclonal antibodies and we foresee 
that this system can be useful to understand the interplay between on-target 
(antigen-specific) and off-target (Fc-mediated effects) interactions that mon-
oclonal antibodies have, along with how bispecific antibodies behave in 
circulation.  In addition, the system has been useful for studying the vaccine 
candidate in patient blood, see section Paper I and Paper II above.  
 



 54 

Acknowledgements 

This thesis was carried out at the Department of Immunology, Genetics and 
Pathology at Rudbeck Laboratory, Uppsala University. This work was pos-
sible by funding from The Swedish Research Council, Swedish state support 
for clinical research (ALF), The Swedish Cancer Society, Göran Gustafssons 
Stiftelse, Swedish Society for Medical Research, and through collaborative 
work funded by BIO-X (Vinnova) and the Dutch Technology Foundation 
STW, between Immuneed AB, Leiden University Medical Center, and Upp-
sala University.  
 
I would like to thank all the blood donors and the people helping me with 
blood acquisition, this work was not possible without you. 

 
Jag vill tacka GH nation för resestipendiumet som sponsrade min resa och 
deltagande på konferensen ”Second CRI-CIMT-EATI-AACR” New York 
september 2016. 
 
Sara, stort tack för att du har varit en fantastisk handledare under min dokto-
randtid. Din energi och prestationsförmåga är väldigt inspirerande. Tack för 
alla fina skid och cykelturer, men även för dem mindre fina turerna; så som 
seedningslopp i regn och slask, och cykelturen som slutade med att vi fick i 
mörker utan cykellampor gå med cykeln på armen i diket längs Gävlevägen. 
Tack för din tålmodighet och att du alltid har funnits där för mig. Thomas, 
tack för att du alltid är tillgänglig för feedback och att du utmanar mig att se 
saker ur en annan synvinkel. Angelica och Magnus, tack för att ni fick mig 
att upptäcka den fantasktiskt spännande världen av immunterapi genom in-
spirerande föreläsningar under mitt masterprogram. Angelica för att var en 
bra handledare under mitt masterprojekt och att ni båda alltid har haft en 
öppen dörr för frågor under min doktorandtid. 
 
Stort tack till er alla som skapar en så fin och inspirerande arbetsmiljö på 
Immuneed; Justyna, Frida, Gunilla T, Gunilla E, Göran, Camilla och alla 
styrelseledamöter. Justyna, tack för att du är en så fantasktisk förebild och 
allt arbete du la ner på att få vårat manus klart till min bok. Frida, tack för 
att du är en så positiv person och att du alltid gör mig så glad. Gunilla T, 
tack för alla trevliga fika/lunch stunder och tack för att du har stått ut med 



 55 

mig som en virrighönshjärna under ditt första år på Immuneed. Gunilla E 
och Camilla, tack för att ni är så fina kvinnliga förebilder, och Göran för att 
du balaserar den kvinnodominerade miljön på Immuneed.  
 
Jag vill tacka alla medförfattare på CD40 pappret för fint samarbete och för 
att jag fick vara delaktig i skapandet av vår fina publikation. 
 
I would like to thank all co-authors on the vaccine papers with special thanks 
to: Jan Wouter, Ferry, Kees, Wendy and Robert. Wendy and Robert, thank 
you for taking such good care of me when I came to Leiden to present the 
loop model and thank you for making all peptides, conjugates and antibod-
ies. Jan Wouter, Ferry and Kees, thank you for great collaboration and 
feedback on our manuscripts. 
 
Emma, tack för att du är en så fin person and alltid lugnar ner mig när jag 
behöver det. Jag har haft en en underbar master/doktorandtid och mycket 
tackvare att jag fick uppleva det tillsammans med dig. Tack för alla livsupp-
leverser och utmaningar vi har mött tillsammans så som F-ledighet och tjej-
klassikern. Lotta, tack för ditt fina sällskap under fika/lunch stunder och ditt 
tålamod och hjälp med laborativt arbete. Pella, tack för att du är en så om-
tänksam person som alltid ställer upp vad det än gäller. Tack för all hjälp på 
labbet med celler och loop expt, vi saknar dig jättemycket. Berith, tack för 
att du alltid var så hjälpsam på labb och jag hoppas att du nu njuter av din 
väl värda pension. Jessica och Tanja, tack för att ni skapar en så trevlig 
arbetsmiljö och bidrar med roligt sällskap under luncherna. Hannah tack för 
du sprider sån glädje och energi med din personlighet, jag har saknat dig sen 
du lämnade labbet. Lisa, tack för all hjälp och stöd, du är saknad på labbet. 
Linda, tack för alla otroligt roliga lunchstunder och för att du är en fin före-
bild. Lina, tack för ditt sällskap och så många otroligt goda bakverk. Jo-
acim, tack för alla dina underhållande historier du har bjudit på under lunch-
stunder. Tack alla andra fd-gigers för att ni var så underbara och hjälp-
samma. 
 
Tack alla på IGPs administration för att ni alltid är så hjälpsamma, med ett 
extra stort tack till Christina och Helene. 
 
Chuan, Di, Mohan, Kiki, Tina, Jing and all the rest of the Essand group 
thank you all for all your help and support. Luuk and Maria, thank you for 
your help and company during lunchtime. Oscar and Jonas G, thank you for 
being good students and helping me in various projects. Jonas R, thank you 
for all the lab work you did for our paper and putting up with me being 
stressed out during writing my thesis. And thanks to all other students that 
have joined the group; Sedi and Nimet amongst many others. Inken, thank 



 56 

you for all your help with lab work and proofreading my writing. You have 
together with Iliana and Mohamed created such a nice working environment 
since you all started. Iliana, thank you for your nice company during breaks 
and for always sharing your positive energy. Mohamed, thank you for al-
ways being so helpful and for all the work you have done with our paper.  
 
Franziska, my dear friend, I really enjoyed your company during the master 
program and the short time we lived together. I value that we are still friends 
even though we don’t see each other that often. 
 
Hannah and Sophie, thank you for all the good times in Edinburgh, study-
ing, playing football and all the nice dinners we had together. I miss you. 
 
Sara, Hanna och Jenny, tack för att ni var så bra lagkamrater och alla ro-
liga resor vi har gjort sen dess. Snart dax igen tycker jag! 

 
Sara, Hanna och Elén, tack för att ni är så fina vänner, och för att ni tog 
steget och flyttade till Edinburgh med mig! Sara, tack för att du alltid har 
varit min bästa vän! Du är en så fin och omtänksam person som alltid ställer 
upp vad det än gäller. Jag längtar tills dagen då vi bor ännu närmare 
varandra. 
 
Tack till hela min stora släkt för att ni är så fina människor! 
 
Mamma och pappa, tack för att ni är så omtänksamma och alltid ställer upp 
för mig. Tack för att ni är dem bästa förebilder en dotter kan önska sig och 
att ni har gett mig en så fin uppväxt. Sara och Moa ni är dem bästa stora-
systrar en lillasyster kan önska sig. Tack för att ni alltid ställer upp för mig 
och jag uppskattar verkligen att vi skapar egentid för bara oss tre. Björn och 
Micke, tack för att ni gör mina systrar så lyckliga och är så fina pappor till 
era barn. 
 
Libby, Eric and Keely, thank you for welcoming me into your family. 

 
Kevin, thank you for always supporting me no matter what, and making me 
a better person. I’m looking forward to spend the rest of my life with you. 
Joni, our world completely changed for the better when you came. You are a 
wonderful little daughter and I’m looking forward to see you grow up to the 
self-confident and amazing person you are. I love you both very much♥ 



 57 

References 

[1] S.A. Hoption Cann, J.P. van Netten, C. van Netten, Dr William Coley and tu-
mour regression: a place in history or in the future, Postgrad Med J 79(938) 
(2003) 672-80. 

[2] F.S. Hodi, S.J. O'Day, D.F. McDermott, R.W. Weber, J.A. Sosman, J.B. Haanen, 
R. Gonzalez, C. Robert, D. Schadendorf, J.C. Hassel, W. Akerley, A.J. van den 
Eertwegh, J. Lutzky, P. Lorigan, J.M. Vaubel, G.P. Linette, D. Hogg, C.H. Ot-
tensmeier, C. Lebbe, C. Peschel, I. Quirt, J.I. Clark, J.D. Wolchok, J.S. Weber, 
J. Tian, M.J. Yellin, G.M. Nichol, A. Hoos, W.J. Urba, Improved survival with 
ipilimumab in patients with metastatic melanoma, N Engl J Med 363(8) (2010) 
711-23. 

[3] R.M. Steinman, Z.A. Cohn, Identification of a novel cell type in peripheral lym-
phoid organs of mice. I. Morphology, quantitation, tissue distribution, J Exp 
Med 137(5) (1973) 1142-62. 

[4] M.G. Manz, D. Traver, T. Miyamoto, I.L. Weissman, K. Akashi, Dendritic cell 
potentials of early lymphoid and myeloid progenitors, Blood 97(11) (2001) 
3333-41. 

[5] S.H. Robbins, T. Walzer, D. Dembele, C. Thibault, A. Defays, G. Bessou, H. 
Xu, E. Vivier, M. Sellars, P. Pierre, F.R. Sharp, S. Chan, P. Kastner, M. Dalod, 
Novel insights into the relationships between dendritic cell subsets in human 
and mouse revealed by genome-wide expression profiling, Genome Biol 9(1) 
(2008) R17. 

[6] K. Crozat, R. Guiton, M. Guilliams, S. Henri, T. Baranek, I. Schwartz-Cornil, B. 
Malissen, M. Dalod, Comparative genomics as a tool to reveal functional equiv-
alences between human and mouse dendritic cell subsets, Immunol Rev 234(1) 
(2010) 177-98. 

[7] J.M. den Haan, S.M. Lehar, M.J. Bevan, CD8(+) but not CD8(-) dendritic cells 
cross-prime cytotoxic T cells in vivo, J Exp Med 192(12) (2000) 1685-96. 

[8] T. Iyoda, S. Shimoyama, K. Liu, Y. Omatsu, Y. Akiyama, Y. Maeda, K. Takaha-
ra, R.M. Steinman, K. Inaba, The CD8+ dendritic cell subset selectively endocy-
toses dying cells in culture and in vivo, J Exp Med 195(10) (2002) 1289-302. 

[9] E. Segura, M. Durand, S. Amigorena, Similar antigen cross-presentation capacity 
and phagocytic functions in all freshly isolated human lymphoid organ-resident 
dendritic cells, J Exp Med 210(5) (2013) 1035-47. 

[10] M. Cella, D. Jarrossay, F. Facchetti, O. Alebardi, H. Nakajima, A. Lanzavec-
chia, M. Colonna, Plasmacytoid monocytes migrate to inflamed lymph nodes 
and produce large amounts of type I interferon, Nat Med 5(8) (1999) 919-23. 

[11] F. Chapuis, M. Rosenzwajg, M. Yagello, M. Ekman, P. Biberfeld, J.C. Gluck-
man, Differentiation of human dendritic cells from monocytes in vitro, Eur J 
Immunol 27(2) (1997) 431-41. 

  



 58 

[12] K. Schakel, M. von Kietzell, A. Hansel, A. Ebling, L. Schulze, M. Haase, C. 
Semmler, M. Sarfati, A.N. Barclay, G.J. Randolph, M. Meurer, E.P. Rieber, 
Human 6-sulfo LacNAc-expressing dendritic cells are principal producers of 
early interleukin-12 and are controlled by erythrocytes, Immunity 24(6) (2006) 
767-77. 

[13] T. Dobel, A. Kunze, J. Babatz, K. Trankner, A. Ludwig, M. Schmitz, A. Enk, 
K. Schakel, FcgammaRIII (CD16) equips immature 6-sulfo LacNAc-expressing 
dendritic cells (slanDCs) with a unique capacity to handle IgG-complexed anti-
gens, Blood 121(18) (2013) 3609-18. 

[14] N. Fischer, M. Haug, W.W. Kwok, H. Kalbacher, D. Wernet, G.E. Dannecker, 
U. Holzer, Involvement of CD91 and scavenger receptors in Hsp70-facilitated 
activation of human antigen-specific CD4+ memory T cells, Eur J Immunol 
40(4) (2010) 986-97. 

[15] R.E. Shrimpton, M. Butler, A.S. Morel, E. Eren, S.S. Hue, M.A. Ritter, CD205 
(DEC-205): a recognition receptor for apoptotic and necrotic self, Mol Immunol 
46(6) (2009) 1229-39. 

[16] R.L. Silverstein, M. Febbraio, CD36, a scavenger receptor involved in immuni-
ty, metabolism, angiogenesis, and behavior, Sci Signal 2(72) (2009) re3. 

[17] H. Hemmi, S. Akira, TLR signalling and the function of dendritic cells, Chem 
Immunol Allergy 86 (2005) 120-35. 

[18] M.D. Gunn, S. Kyuwa, C. Tam, T. Kakiuchi, A. Matsuzawa, L.T. Williams, H. 
Nakano, Mice lacking expression of secondary lymphoid organ chemokine have 
defects in lymphocyte homing and dendritic cell localization, J Exp Med 189(3) 
(1999) 451-60. 

[19] A.M. Dudek, S. Martin, A.D. Garg, P. Agostinis, Immature, Semi-Mature, and 
Fully Mature Dendritic Cells: Toward a DC-Cancer Cells Interface That Aug-
ments Anticancer Immunity, Front Immunol 4 (2013) 438. 

[20] N.M. Bereznaya, V.F. Chekhun, Expression of CD40 and CD40L on tumor 
cells: the role of their interaction and new approach to immunotherapy, Exp On-
col 29(1) (2007) 2-12. 

[21] S. Lederman, M.J. Yellin, A. Krichevsky, J. Belko, J.J. Lee, L. Chess, Identifi-
cation of a novel surface protein on activated CD4+ T cells that induces contact-
dependent B cell differentiation (help), J Exp Med 175(4) (1992) 1091-101. 

[22] A.C. Grammer, M.C. Bergman, Y. Miura, K. Fujita, L.S. Davis, P.E. Lipsky, 
The CD40 ligand expressed by human B cells costimulates B cell responses, J 
Immunol 154(10) (1995) 4996-5010. 

[23] V. Henn, J.R. Slupsky, M. Grafe, I. Anagnostopoulos, R. Forster, G. Muller-
Berghaus, R.A. Kroczek, CD40 ligand on activated platelets triggers an inflam-
matory reaction of endothelial cells, Nature 391(6667) (1998) 591-4. 

[24] F. Mach, U. Schonbeck, G.K. Sukhova, T. Bourcier, J.Y. Bonnefoy, J.S. Pober, 
P. Libby, Functional CD40 ligand is expressed on human vascular endothelial 
cells, smooth muscle cells, and macrophages: implications for CD40-CD40 lig-
and signaling in atherosclerosis, Proc Natl Acad Sci U S A 94(5) (1997) 1931-6. 

[25] M.F. Mackey, J.R. Gunn, C. Maliszewsky, H. Kikutani, R.J. Noelle, R.J. Barth, 
Jr., Dendritic cells require maturation via CD40 to generate protective antitumor 
immunity, J Immunol 161(5) (1998) 2094-8. 

[26] J. Neefjes, M.L. Jongsma, P. Paul, O. Bakke, Towards a systems understanding 
of MHC class I and MHC class II antigen presentation, Nat Rev Immunol 
11(12) (2011) 823-36. 

[27] P. Mattila, R. Renkonen, Protein kinase C regulates MHC-class II expression 
on endothelial cells, Scand J Immunol 34(2) (1991) 153-60. 



 59 

[28] M.J. Bevan, Minor H antigens introduced on H-2 different stimulating cells 
cross-react at the cytotoxic T cell level during in vivo priming, J Immunol 
117(6) (1976) 2233-8. 

[29] O.P. Joffre, E. Segura, A. Savina, S. Amigorena, Cross-presentation by dendrit-
ic cells, Nat Rev Immunol 12(8) (2012) 557-69. 

[30] P. Guermonprez, L. Saveanu, M. Kleijmeer, J. Davoust, P. Van Endert, S. 
Amigorena, ER-phagosome fusion defines an MHC class I cross-presentation 
compartment in dendritic cells, Nature 425(6956) (2003) 397-402. 

[31] M. Houde, S. Bertholet, E. Gagnon, S. Brunet, G. Goyette, A. Laplante, M.F. 
Princiotta, P. Thibault, D. Sacks, M. Desjardins, Phagosomes are competent or-
ganelles for antigen cross-presentation, Nature 425(6956) (2003) 402-6. 

[32] B.M. Andersen, J.R. Ohlfest, Increasing the efficacy of tumor cell vaccines by 
enhancing cross priming, Cancer Lett 325(2) (2012) 155-64. 

[33] F. Winau, S. Weber, S. Sad, J. de Diego, S.L. Hoops, B. Breiden, K. Sandhoff, 
V. Brinkmann, S.H. Kaufmann, U.E. Schaible, Apoptotic vesicles crossprime 
CD8 T cells and protect against tuberculosis, Immunity 24(1) (2006) 105-17. 

[34] L.J. Sigal, S. Crotty, R. Andino, K.L. Rock, Cytotoxic T-cell immunity to vi-
rus-infected non-haematopoietic cells requires presentation of exogenous anti-
gen, Nature 398(6722) (1999) 77-80. 

[35] G.J. van Mierlo, Z.F. Boonman, H.M. Dumortier, A.T. den Boer, M.F. Fransen, 
J. Nouta, E.I. van der Voort, R. Offringa, R.E. Toes, C.J. Melief, Activation of 
dendritic cells that cross-present tumor-derived antigen licenses CD8+ CTL to 
cause tumor eradication, J Immunol 173(11) (2004) 6753-9. 

[36] A.K. Nowak, R.A. Lake, A.L. Marzo, B. Scott, W.R. Heath, E.J. Collins, J.A. 
Frelinger, B.W. Robinson, Induction of tumor cell apoptosis in vivo increases 
tumor antigen cross-presentation, cross-priming rather than cross-tolerizing host 
tumor-specific CD8 T cells, J Immunol 170(10) (2003) 4905-13. 

[37] J.A. Villadangos, P. Schnorrer, Intrinsic and cooperative antigen-presenting 
functions of dendritic-cell subsets in vivo, Nat Rev Immunol 7(7) (2007) 543-
55. 

[38] J. Sprent, H. Kishimoto, The thymus and central tolerance, Philos Trans R Soc 
Lond B Biol Sci 356(1409) (2001) 609-16. 

[39] B.M. Carreno, F. Bennett, T.A. Chau, V. Ling, D. Luxenberg, J. Jussif, M.L. 
Baroja, J. Madrenas, CTLA-4 (CD152) can inhibit T cell activation by two dif-
ferent mechanisms depending on its level of cell surface expression, J Immunol 
165(3) (2000) 1352-6. 

[40] T. Okazaki, T. Honjo, The PD-1-PD-L pathway in immunological tolerance, 
Trends Immunol 27(4) (2006) 195-201. 

[41] M. Rode, S. Balkow, V. Sobek, R. Brehm, P. Martin, A. Kersten, T. Dumrese, 
T. Stehle, A. Mullbacher, R. Wallich, M.M. Simon, Perforin and Fas act togeth-
er in the induction of apoptosis, and both are critical in the clearance of lympho-
cytic choriomeningitis virus infection, J Virol 78(22) (2004) 12395-405. 

[42] G. Murugaiyan, B. Saha, Protumor vs antitumor functions of IL-17, J Immunol 
183(7) (2009) 4169-75. 

[43] J. Sprent, C.D. Surh, Normal T cell homeostasis: the conversion of naive cells 
into memory-phenotype cells, Nat Immunol 12(6) (2011) 478-84. 

[44] Y.D. Mahnke, T.M. Brodie, F. Sallusto, M. Roederer, E. Lugli, The who's who 
of T-cell differentiation: human memory T-cell subsets, Eur J Immunol 43(11) 
(2013) 2797-809. 

[45] C. Brack, M. Hirama, R. Lenhard-Schuller, S. Tonegawa, A complete immuno-
globulin gene is created by somatic recombination, Cell 15(1) (1978) 1-14. 



 60 

[46] M. Siekevitz, C. Kocks, K. Rajewsky, R. Dildrop, Analysis of somatic mutation 
and class switching in naive and memory B cells generating adoptive primary 
and secondary responses, Cell 48(5) (1987) 757-70. 

[47] P.D. Hodgkin, L.C. Yamashita, R.L. Coffman, M.R. Kehry, Separation of 
events mediating B cell proliferation and Ig production by using T cell mem-
branes and lymphokines, J Immunol 145(7) (1990) 2025-34. 

[48] H.W. Schroeder, Jr., L. Cavacini, Structure and function of immunoglobulins, J 
Allergy Clin Immunol 125(2 Suppl 2) (2010) S41-52. 

[49] R.C. Aalberse, S.O. Stapel, J. Schuurman, T. Rispens, Immunoglobulin G4: an 
odd antibody, Clin Exp Allergy 39(4) (2009) 469-77. 

[50] P. Bruhns, Properties of mouse and human IgG receptors and their contribution 
to disease models, Blood 119(24) (2012) 5640-9. 

[51] K. Baker, T. Rath, M. Pyzik, R.S. Blumberg, The Role of FcRn in Antigen 
Presentation, Front Immunol 5 (2014) 408. 

[52] P. Bruhns, B. Iannascoli, P. England, D.A. Mancardi, N. Fernandez, S. Jorieux, 
M. Daeron, Specificity and affinity of human Fcgamma receptors and their pol-
ymorphic variants for human IgG subclasses, Blood 113(16) (2009) 3716-25. 

[53] U.J. Seidel, P. Schlegel, P. Lang, Natural killer cell mediated antibody-
dependent cellular cytotoxicity in tumor immunotherapy with therapeutic anti-
bodies, Front Immunol 4 (2013) 76. 

[54] A.M. Boruchov, G. Heller, M.C. Veri, E. Bonvini, J.V. Ravetch, J.W. Young, 
Activating and inhibitory IgG Fc receptors on human DCs mediate opposing 
functions, J Clin Invest 115(10) (2005) 2914-23. 

[55] A.M. Kalergis, J.V. Ravetch, Inducing tumor immunity through the selective 
engagement of activating Fcgamma receptors on dendritic cells, J Exp Med 
195(12) (2002) 1653-9. 

[56] A. Regnault, D. Lankar, V. Lacabanne, A. Rodriguez, C. Thery, M. Rescigno, 
T. Saito, S. Verbeek, C. Bonnerot, P. Ricciardi-Castagnoli, S. Amigorena, 
Fcgamma receptor-mediated induction of dendritic cell maturation and major 
histocompatibility complex class I-restricted antigen presentation after immune 
complex internalization, J Exp Med 189(2) (1999) 371-80. 

[57] D.H. Schuurhuis, A. Ioan-Facsinay, B. Nagelkerken, J.J. van Schip, C. Sedlik, 
C.J. Melief, J.S. Verbeek, F. Ossendorp, Antigen-antibody immune complexes 
empower dendritic cells to efficiently prime specific CD8+ CTL responses in 
vivo, J Immunol 168(5) (2002) 2240-6. 

[58] M.N. van, M.G. Camps, S. Khan, D.V. Filippov, J.J. Weterings, J.M. Griffith, 
H.J. Geuze, H.T. van, J.S. Verbeek, C.J. Melief, F. Ossendorp, Antigen storage 
compartments in mature dendritic cells facilitate prolonged cytotoxic T lympho-
cyte cross-priming capacity, Proc. Natl. Acad. Sci. U. S. A 106(16) (2009) 
6730-6735. 

[59] Z. Banki, L. Kacani, B. Mullauer, D. Wilflingseder, G. Obermoser, H. Nie-
deregger, H. Schennach, G.M. Sprinzl, N. Sepp, A. Erdei, M.P. Dierich, H. 
Stoiber, Cross-linking of CD32 induces maturation of human monocyte-derived 
dendritic cells via NF-kappa B signaling pathway, J Immunol 170(8) (2003) 
3963-70. 

[60] N.A. Fanger, K. Wardwell, L. Shen, T.F. Tedder, P.M. Guyre, Type I (CD64) 
and type II (CD32) Fc gamma receptor-mediated phagocytosis by human blood 
dendritic cells, J Immunol 157(2) (1996) 541-8. 

[61] D.J. DiLillo, J.V. Ravetch, Differential Fc-Receptor Engagement Drives an 
Anti-tumor Vaccinal Effect, Cell 161(5) (2015) 1035-45. 



 61 

[62] N. Eissler, P. Ruf, J. Mysliwietz, H. Lindhofer, R. Mocikat, Trifunctional 
bispecific antibodies induce tumor-specific T cells and elicit a vaccination ef-
fect, Cancer Res 72(16) (2012) 3958-66. 

[63] P. Bruhns, B. Iannascoli, P. England, D.A. Mancardi, N. Fernandez, S. Jorieux, 
M. Daeron, Specificity and affinity of human Fcgamma receptors and their pol-
ymorphic variants for human IgG subclasses, Blood 113(16) (2009) 3716-3725. 

[64] R. Bulla, C. Agostinis, F. Bossi, L. Rizzi, A. Debeus, C. Tripodo, O. Radillo, F. 
De Seta, B. Ghebrehiwet, F. Tedesco, Decidual endothelial cells express sur-
face-bound C1q as a molecular bridge between endovascular trophoblast and 
decidual endothelium, Mol Immunol 45(9) (2008) 2629-40. 

[65] D.J. Hicklin, F.M. Marincola, S. Ferrone, HLA class I antigen downregulation 
in human cancers: T-cell immunotherapy revives an old story, Mol Med Today 
5(4) (1999) 178-86. 

[66] N. Anfossi, P. Andre, S. Guia, C.S. Falk, S. Roetynck, C.A. Stewart, V. Breso, 
C. Frassati, D. Reviron, D. Middleton, F. Romagne, S. Ugolini, E. Vivier, Hu-
man NK cell education by inhibitory receptors for MHC class I, Immunity 25(2) 
(2006) 331-42. 

[67] J. Wu, Y. Song, A.B. Bakker, S. Bauer, T. Spies, L.L. Lanier, J.H. Phillips, An 
activating immunoreceptor complex formed by NKG2D and DAP10, Science 
285(5428) (1999) 730-2. 

[68] J.M. Roda, R. Parihar, C. Magro, G.J. Nuovo, S. Tridandapani, W.E. Carson, 
3rd, Natural killer cells produce T cell-recruiting chemokines in response to an-
tibody-coated tumor cells, Cancer Res 66(1) (2006) 517-26. 

[69] R.M. Srivastava, S.C. Lee, P.A. Andrade Filho, C.A. Lord, H.B. Jie, H.C. Da-
vidson, A. Lopez-Albaitero, S.P. Gibson, W.E. Gooding, S. Ferrone, R.L. Fer-
ris, Cetuximab-activated natural killer and dendritic cells collaborate to trigger 
tumor antigen-specific T-cell immunity in head and neck cancer patients, Clin 
Cancer Res 19(7) (2013) 1858-72. 

[70] W. Schwaeble, M.K. Schafer, F. Petry, T. Fink, D. Knebel, E. Weihe, M. Loos, 
Follicular dendritic cells, interdigitating cells, and cells of the monocyte-
macrophage lineage are the C1q-producing sources in the spleen. Identification 
of specific cell types by in situ hybridization and immunohistochemical analy-
sis, J Immunol 155(10) (1995) 4971-8. 

[71] D. Ricklin, G. Hajishengallis, K. Yang, J.D. Lambris, Complement: a key sys-
tem for immune surveillance and homeostasis, Nat Immunol 11(9) (2010) 785-
97. 

[72] M.K. Pangburn, R.D. Schreiber, H.J. Muller-Eberhard, Formation of the initial 
C3 convertase of the alternative complement pathway. Acquisition of C3b-like 
activities by spontaneous hydrolysis of the putative thioester in native C3, J Exp 
Med 154(3) (1981) 856-67. 

[73] A.S. Zlatarova, M. Rouseva, L.T. Roumenina, M. Gadjeva, M. Kolev, I. Do-
brev, N. Olova, R. Ghai, J.C. Jensenius, K.B. Reid, U. Kishore, M.S. Kojouha-
rova, Existence of different but overlapping IgG- and IgM-binding sites on the 
globular domain of human C1q, Biochemistry 45(33) (2006) 9979-88. 

[74] L.T. Roumenina, M.M. Ruseva, A. Zlatarova, R. Ghai, M. Kolev, N. Olova, M. 
Gadjeva, A. Agrawal, B. Bottazzi, A. Mantovani, K.B. Reid, U. Kishore, M.S. 
Kojouharova, Interaction of C1q with IgG1, C-reactive protein and pentraxin 3: 
mutational studies using recombinant globular head modules of human C1q A, 
B, and C chains, Biochemistry 45(13) (2006) 4093-104. 

  



 62 

[75] S. Thiel, T. Vorup-Jensen, C.M. Stover, W. Schwaeble, S.B. Laursen, K. 
Poulsen, A.C. Willis, P. Eggleton, S. Hansen, U. Holmskov, K.B. Reid, J.C. 
Jensenius, A second serine protease associated with mannan-binding lectin that 
activates complement, Nature 386(6624) (1997) 506-10. 

[76] J.L. Stewart, W.P. Kolb, J.M. Sodetz, Evidence that C5b recognizes and medi-
ates C8 incorporation into the cytolytic complex of complement, J Immunol 
139(6) (1987) 1960-4. 

[77] T.A. Rettig, J.N. Harbin, A. Harrington, L. Dohmen, S.D. Fleming, Evasion 
and interactions of the humoral innate immune response in pathogen invasion, 
autoimmune disease, and cancer, Clin Immunol 160(2) (2015) 244-54. 

[78] A. Klos, A.J. Tenner, K.O. Johswich, R.R. Ager, E.S. Reis, J. Kohl, The role of 
the anaphylatoxins in health and disease, Mol Immunol 46(14) (2009) 2753-66. 

[79] M. Noris, G. Remuzzi, Overview of complement activation and regulation, 
Semin Nephrol 33(6) (2013) 479-92. 

[80] D. Gershov, S. Kim, N. Brot, K.B. Elkon, C-Reactive protein binds to apoptotic 
cells, protects the cells from assembly of the terminal complement components, 
and sustains an antiinflammatory innate immune response: implications for sys-
temic autoimmunity, J Exp Med 192(9) (2000) 1353-64. 

[81] R.B. Sim, A. Reboul, G.J. Arlaud, C.L. Villiers, M.G. Colomb, Interaction of 
125I-labelled complement subcomponents C-1r and C-1s with protease inhibi-
tors in plasma, FEBS Lett 97(1) (1979) 111-5. 

[82] A. Kojima, K. Iwata, T. Seya, M. Matsumoto, H. Ariga, J.P. Atkinson, S. Naga-
sawa, Membrane cofactor protein (CD46) protects cells predominantly from al-
ternative complement pathway-mediated C3-fragment deposition and cytolysis, 
J Immunol 151(3) (1993) 1519-27. 

[83] S. Heinen, A. Hartmann, N. Lauer, U. Wiehl, H.M. Dahse, S. Schirmer, K. 
Gropp, T. Enghardt, R. Wallich, S. Halbich, M. Mihlan, U. Schlotzer-
Schrehardt, P.F. Zipfel, C. Skerka, Factor H-related protein 1 (CFHR-1) inhibits 
complement C5 convertase activity and terminal complex formation, Blood 
114(12) (2009) 2439-47. 

[84] I. Farkas, L. Baranyi, Y. Ishikawa, N. Okada, C. Bohata, D. Budai, A. Fukuda, 
M. Imai, H. Okada, CD59 blocks not only the insertion of C9 into MAC but in-
hibits ion channel formation by homologous C5b-8 as well as C5b-9, J Physiol 
539(Pt 2) (2002) 537-45. 

[85] B. Ghebrehiwet, K.K. Hosszu, A. Valentino, E.I. Peerschke, The C1q family of 
proteins: insights into the emerging non-traditional functions, Front Immunol 3 
(2012). 

[86] K.K. Hosszu, A. Valentino, Y. Ji, M. Matkovic, L. Pednekar, N. Rehage, N. 
Tumma, E.I. Peerschke, B. Ghebrehiwet, Cell surface expression and function 
of the macromolecular c1 complex on the surface of human monocytes, Front 
Immunol 3 (2012) 38. 

[87] Z. Vegh, E.C. Goyarts, K. Rozengarten, A. Mazumder, B. Ghebrehiwet, Matu-
ration-dependent expression of C1q-binding proteins on the cell surface of hu-
man monocyte-derived dendritic cells, Int Immunopharmacol 3(3) (2003) 345-
57. 

[88] M.C. Carroll, The complement system in regulation of adaptive immunity, Nat 
Immunol 5(10) (2004) 981-6. 

[89] J.T. Nash, P.R. Taylor, M. Botto, P.J. Norsworthy, K.A. Davies, M.J. Walport, 
Immune complex processing in C1q-deficient mice, Clin Exp Immunol 123(2) 
(2001) 196-202. 

  



 63 

[90] D.A. Bobak, T.A. Gaither, M.M. Frank, A.J. Tenner, Modulation of FcR func-
tion by complement: subcomponent C1q enhances the phagocytosis of IgG-
opsonized targets by human monocytes and culture-derived macrophages, J 
Immunol 138(4) (1987) 1150-6. 

[91] K.K. Hosszu, F. Santiago-Schwarz, E.I. Peerschke, B. Ghebrehiwet, Evidence 
that a C1q/C1qR system regulates monocyte-derived dendritic cell differentia-
tion at the interface of innate and acquired immunity, Innate Immun 16(2) 
(2010) 115-27. 

[92] B. Ghebrehiwet, K.K. Hosszu, A. Valentino, Y. Ji, E.I. Peerschke, Monocyte 
Expressed Macromolecular C1 and C1q Receptors as Molecular Sensors of 
Danger: Implications in SLE, Front Immunol 5 (2014) 278. 

[93] E. Csomor, Z. Bajtay, N. Sandor, K. Kristof, G.J. Arlaud, S. Thiel, A. Erdei, 
Complement protein C1q induces maturation of human dendritic cells, Mol Im-
munol 44(13) (2007) 3389-97. 

[94] C.N. Baxevanis, G.V. Dedoussis, N.G. Papadopoulos, I. Missitzis, G.P. Statho-
poulos, M. Papamichail, Tumor specific cytolysis by tumor infiltrating lympho-
cytes in breast cancer, Cancer 74(4) (1994) 1275-82. 

[95] S.L. Topalian, D. Solomon, S.A. Rosenberg, Tumor-specific cytolysis by lym-
phocytes infiltrating human melanomas, J Immunol 142(10) (1989) 3714-25. 

[96] W.T. Hwang, S.F. Adams, E. Tahirovic, I.S. Hagemann, G. Coukos, Prognostic 
significance of tumor-infiltrating T cells in ovarian cancer: a meta-analysis, Gy-
necol Oncol 124(2) (2012) 192-8. 

[97] S.M. Mahmoud, E.C. Paish, D.G. Powe, R.D. Macmillan, M.J. Grainge, A.H. 
Lee, I.O. Ellis, A.R. Green, Tumor-infiltrating CD8+ lymphocytes predict clini-
cal outcome in breast cancer, J Clin Oncol 29(15) (2011) 1949-55. 

[98] M. Burnet, Cancer; a biological approach. I. The processes of control, Br Med J 
1(5022) (1957) 779-86. 

[99] G.P. Dunn, A.T. Bruce, H. Ikeda, L.J. Old, R.D. Schreiber, Cancer immuno-
editing: from immunosurveillance to tumor escape, Nat Immunol 3(11) (2002) 
991-8. 

[100] A.G. Jarnicki, J. Lysaght, S. Todryk, K.H. Mills, Suppression of antitumor 
immunity by IL-10 and TGF-beta-producing T cells infiltrating the growing tu-
mor: influence of tumor environment on the induction of CD4+ and CD8+ regu-
latory T cells, J Immunol 177(2) (2006) 896-904. 

[101] K. Kosemehmetoglu, E. Ozogul, B. Babaoglu, G.G. Tezel, G. Gedikoglu, 
Programmed Death Ligand 1 (PD-L1) Expression in Malignant Mesenchymal 
Tumors, Turk Patoloji Derg 1(1) (2017) 1-6. 

[102] S. Taghiloo, E. Allahmoradi, R. Ebadi, M. Tehrani, Z. Hosseini-Khah, G. 
Janbabaei, R. Shekarriz, H. Asgarian-Omran, Upregulation of Galectin-9 and 
PD-L1 Immune Checkpoints Molecules in Patients with Chronic Lymphocytic 
Leukemia, Asian Pac J Cancer Prev 18(8) (2017) 2269-2274. 

[103] S. Ferrone, F.M. Marincola, Loss of HLA class I antigens by melanoma cells: 
molecular mechanisms, functional significance and clinical relevance, Immunol 
Today 16(10) (1995) 487-94. 

[104] F. Garrido, F. Ruiz-Cabello, T. Cabrera, J.J. Perez-Villar, M. Lopez-Botet, M. 
Duggan-Keen, P.L. Stern, Implications for immunosurveillance of altered HLA 
class I phenotypes in human tumours, Immunol Today 18(2) (1997) 89-95. 

[105] J.C. Varela, C. Atkinson, R. Woolson, T.E. Keane, S. Tomlinson, Upregulated 
expression of complement inhibitory proteins on bladder cancer cells and anti-
MUC1 antibody immune selection, Int J Cancer 123(6) (2008) 1357-63. 

[106] T.N. Schumacher, R.D. Schreiber, Neoantigens in cancer immunotherapy, 
Science 348(6230) (2015) 69-74. 



 64 

[107] E. Gilboa, The makings of a tumor rejection antigen, Immunity 11(3) (1999) 
263-70. 

[108] F. Mohammed, M. Cobbold, A.L. Zarling, M. Salim, G.A. Barrett-Wilt, J. 
Shabanowitz, D.F. Hunt, V.H. Engelhard, B.E. Willcox, Phosphorylation-
dependent interaction between antigenic peptides and MHC class I: a molecular 
basis for the presentation of transformed self, Nat Immunol 9(11) (2008) 1236-
43. 

[109] S.A. Malaker, S.A. Penny, L.G. Steadman, P.T. Myers, J.C. Loke, M. 
Raghavan, D.L. Bai, J. Shabanowitz, D.F. Hunt, M. Cobbold, Identification of 
Glycopeptides as Posttranslationally Modified Neoantigens in Leukemia, Can-
cer Immunol Res 5(5) (2017) 376-384. 

[110] B. Vogelstein, N. Papadopoulos, V.E. Velculescu, S. Zhou, L.A. Diaz, Jr., 
K.W. Kinzler, Cancer genome landscapes, Science 339(6127) (2013) 1546-58. 

[111] S. Duensing, K. Munger, The human papillomavirus type 16 E6 and E7 onco-
proteins independently induce numerical and structural chromosome instability, 
Cancer Res 62(23) (2002) 7075-82. 

[112] G. Brady, G.J. MacArthur, P.J. Farrell, Epstein-Barr virus and Burkitt lym-
phoma, J Clin Pathol 60(12) (2007) 1397-402. 

[113] A.A. Jungbluth, Y.T. Chen, E. Stockert, K.J. Busam, D. Kolb, K. Iversen, K. 
Coplan, B. Williamson, N. Altorki, L.J. Old, Immunohistochemical analysis of 
NY-ESO-1 antigen expression in normal and malignant human tissues, Int J 
Cancer 92(6) (2001) 856-60. 

[114] O. Hofmann, O.L. Caballero, B.J. Stevenson, Y.T. Chen, T. Cohen, R. Chua, 
C.A. Maher, S. Panji, U. Schaefer, A. Kruger, M. Lehvaslaiho, P. Carninci, Y. 
Hayashizaki, C.V. Jongeneel, A.J. Simpson, L.J. Old, W. Hide, Genome-wide 
analysis of cancer/testis gene expression, Proc Natl Acad Sci U S A 105(51) 
(2008) 20422-7. 

[115] S.N. Wagner, C. Wagner, T. Schultewolter, M. Goos, Analysis of 
Pmel17/gp100 expression in primary human tissue specimens: implications for 
melanoma immuno- and gene-therapy, Cancer Immunol Immunother 44(4) 
(1997) 239-47. 

[116] K.J. Busam, Y.T. Chen, L.J. Old, E. Stockert, K. Iversen, K.A. Coplan, J. 
Rosai, R.L. Barnhill, A.A. Jungbluth, Expression of melan-A (MART1) in be-
nign melanocytic nevi and primary cutaneous malignant melanoma, Am J Surg 
Pathol 22(8) (1998) 976-82. 

[117] A. Kirschenbaum, X.H. Liu, S. Yao, A. Leiter, A.C. Levine, Prostatic acid 
phosphatase is expressed in human prostate cancer bone metastases and pro-
motes osteoblast differentiation, Ann N Y Acad Sci 1237 (2011) 64-70. 

[118] T.W. Jacobs, A.M. Gown, H. Yaziji, M.J. Barnes, S.J. Schnitt, HER-2/neu 
protein expression in breast cancer evaluated by immunohistochemistry. A 
study of interlaboratory agreement, Am J Clin Pathol 113(2) (2000) 251-8. 

[119] L.E. Crocitto, D. Korns, L. Kretzner, T. Shevchuk, S.L. Blair, T.G. Wilson, 
S.A. Ramin, M.H. Kawachi, S.S. Smith, Prostate cancer molecular markers 
GSTP1 and hTERT in expressed prostatic secretions as predictors of biopsy re-
sults, Urology 64(4) (2004) 821-5. 

[120] M.S. Hockey, H.J. Stokes, H. Thompson, C.S. Woodhouse, F. Macdonald, 
J.W. Fielding, C.H. Ford, Carcinoembryonic antigen (CEA) expression and het-
erogeneity in primary and autologous metastatic gastric tumours demonstrated 
by a monoclonal antibody, Br J Cancer 49(2) (1984) 129-33. 

  



 65 

[121] M. Cobbold, H. De La Pena, A. Norris, J.M. Polefrone, J. Qian, A.M. English, 
K.L. Cummings, S. Penny, J.E. Turner, J. Cottine, J.G. Abelin, S.A. Malaker, 
A.L. Zarling, H.W. Huang, O. Goodyear, S.D. Freeman, J. Shabanowitz, G. 
Pratt, C. Craddock, M.E. Williams, D.F. Hunt, V.H. Engelhard, MHC class I-
associated phosphopeptides are the targets of memory-like immunity in leuke-
mia, Sci Transl Med 5(203) (2013) 203ra125. 

[122] K.L. Rock, E. Reits, J. Neefjes, Present Yourself! By MHC Class I and MHC 
Class II Molecules, Trends Immunol 37(11) (2016) 724-737. 

[123] M. Groettrup, R. Kraft, S. Kostka, S. Standera, R. Stohwasser, P.M. Kloetzel, 
A third interferon-gamma-induced subunit exchange in the 20S proteasome, Eur 
J Immunol 26(4) (1996) 863-9. 

[124] M. Gaczynska, K.L. Rock, A.L. Goldberg, Gamma-interferon and expression 
of MHC genes regulate peptide hydrolysis by proteasomes, Nature 365(6443) 
(1993) 264-7. 

[125] R.E. Toes, A.K. Nussbaum, S. Degermann, M. Schirle, N.P. Emmerich, M. 
Kraft, C. Laplace, A. Zwinderman, T.P. Dick, J. Muller, B. Schonfisch, C. 
Schmid, H.J. Fehling, S. Stevanovic, H.G. Rammensee, H. Schild, Discrete 
cleavage motifs of constitutive and immunoproteasomes revealed by quantita-
tive analysis of cleavage products, J Exp Med 194(1) (2001) 1-12. 

[126] F. Ossendorp, M. Eggers, A. Neisig, T. Ruppert, M. Groettrup, A. Sijts, E. 
Mengede, P.M. Kloetzel, J. Neefjes, U. Koszinowski, C. Melief, A single resi-
due exchange within a viral CTL epitope alters proteasome-mediated degrada-
tion resulting in lack of antigen presentation, Immunity 5(2) (1996) 115-24. 

[127] B. Guillaume, J. Chapiro, V. Stroobant, D. Colau, B. Van Holle, G. Parvizi, 
M.P. Bousquet-Dubouch, I. Theate, N. Parmentier, B.J. Van den Eynde, Two 
abundant proteasome subtypes that uniquely process some antigens presented by 
HLA class I molecules, Proc Natl Acad Sci U S A 107(43) (2010) 18599-604. 

[128] A. Makkouk, G.J. Weiner, Cancer immunotherapy and breaking immune 
tolerance: new approaches to an old challenge, Cancer Res 75(1) (2015) 5-10. 

[129] C. Guo, M.H. Manjili, J.R. Subjeck, D. Sarkar, P.B. Fisher, X.Y. Wang, Ther-
apeutic cancer vaccines: past, present, and future, Adv Cancer Res 119 (2013) 
421-75. 

[130] M. Schulz, P. Aichele, R. Schneider, T.H. Hansen, R.M. Zinkernagel, H. 
Hengartner, Major histocompatibility complex binding and T cell recognition of 
a viral nonapeptide containing a minimal tetrapeptide, Eur J Immunol 21(5) 
(1991) 1181-5. 

[131] C.J. Melief, S.H. van der Burg, Immunotherapy of established (pre)malignant 
disease by synthetic long peptide vaccines, Nat Rev Cancer 8(5) (2008) 351-60. 

[132] M.S. Bijker, S.J. van den Eeden, K.L. Franken, C.J. Melief, R. Offringa, S.H. 
van der Burg, CD8+ CTL priming by exact peptide epitopes in incomplete 
Freund's adjuvant induces a vanishing CTL response, whereas long peptides in-
duce sustained CTL reactivity, J. Immunol 179(8) (2007) 5033-5040. 

[133] M.S. Bijker, S.J. van den Eeden, K.L. Franken, C.J. Melief, S.H. van der 
Burg, R. Offringa, Superior induction of anti-tumor CTL immunity by extended 
peptide vaccines involves prolonged, DC-focused antigen presentation, Eur J 
Immunol 38(4) (2008) 1033-42. 

[134] F. Faure, A. Mantegazza, C. Sadaka, C. Sedlik, F. Jotereau, S. Amigorena, 
Long-lasting cross-presentation of tumor antigen in human DC, Eur J Immunol 
39(2) (2009) 380-90. 

  



 66 

[135] R.A. Rosalia, E.D. Quakkelaar, A. Redeker, S. Khan, M. Camps, J.W. Drijf-
hout, A.L. Silva, W. Jiskoot, T. van Hall, P.A. van Veelen, G. Janssen, K. 
Franken, L.J. Cruz, A. Tromp, J. Oostendorp, S.H. van derBurg, F. Ossendorp, 
C.J.M. Melief, Dendritic cells process synthetic long peptides better than whole 
protein, improving antigen presentation and T-cell activation, European Journal 
of Immunology 43(10) (2013) 2554-2565. 

[136] N. Casares, J.J. Lasarte, A.L. de Cerio, P. Sarobe, M. Ruiz, I. Melero, J. Prie-
to, F. Borras-Cuesta, Immunization with a tumor-associated CTL epitope plus a 
tumor-related or unrelated Th1 helper peptide elicits protective CTL immunity, 
Eur J Immunol 31(6) (2001) 1780-9. 

[137] S.R. Bennett, F.R. Carbone, F. Karamalis, R.A. Flavell, J.F. Miller, W.R. 
Heath, Help for cytotoxic-T-cell responses is mediated by CD40 signalling, Na-
ture 393(6684) (1998) 478-80. 

[138] S.P. Schoenberger, R.E. Toes, E.I. van der Voort, R. Offringa, C.J. Melief, T-
cell help for cytotoxic T lymphocytes is mediated by CD40-CD40L interactions, 
Nature 393(6684) (1998) 480-3. 

[139] G.G. Kenter, M.J. Welters, A.R. Valentijn, M.J. Lowik, B.-v.d.M. DM, A.P. 
Vloon, J.W. Drijfhout, A.R. Wafelman, J. Oostendorp, G.J. Fleuren, R. Offrin-
ga, S.H. van der Burg, C.J. Melief, Phase I immunotherapeutic trial with long 
peptides spanning the E6 and E7 sequences of high-risk human papillomavirus 
16 in end-stage cervical cancer patients shows low toxicity and robust immuno-
genicity, Clin. Cancer Res 14(1) (2008) 169-177. 

[140] G.G. Kenter, M.J. Welters, A.R. Valentijn, M.J. Lowik, D.M. Berends-van der 
Meer, A.P. Vloon, F. Essahsah, L.M. Fathers, R. Offringa, J.W. Drijfhout, A.R. 
Wafelman, J. Oostendorp, G.J. Fleuren, S.H. van der Burg, C.J. Melief, Vac-
cination against HPV-16 oncoproteins for vulvar intraepithelial neoplasia, N 
Engl J Med 361(19) (2009) 1838-47. 

[141] A.T. den Boer, L. Diehl, G.J. van Mierlo, E.I. van der Voort, M.F. Fransen, P. 
Krimpenfort, C.J. Melief, R. Offringa, R.E. Toes, Longevity of antigen presen-
tation and activation status of APC are decisive factors in the balance between 
CTL immunity versus tolerance, J Immunol 167(5) (2001) 2522-8. 

[142] J. Aucouturier, L. Dupuis, S. Deville, S. Ascarateil, V. Ganne, Montanide ISA 
720 and 51: a new generation of water in oil emulsions as adjuvants for human 
vaccines, Expert Rev Vaccines 1(1) (2002) 111-8. 

[143] Y. Hailemichael, Z. Dai, N. Jaffarzad, Y. Ye, M.A. Medina, X.F. Huang, S.M. 
Dorta-Estremera, N.R. Greeley, G. Nitti, W. Peng, C. Liu, Y. Lou, Z. Wang, W. 
Ma, B. Rabinovich, R.T. Sowell, K.S. Schluns, R.E. Davis, P. Hwu, W.W. 
Overwijk, Persistent antigen at vaccination sites induces tumor-specific CD8(+) 
T cell sequestration, dysfunction and deletion, Nat Med 19(4) (2013) 465-72. 

[144] K.A. Chianese-Bullock, J. Pressley, C. Garbee, S. Hibbitts, C. Murphy, G. 
Yamshchikov, G.R. Petroni, E.A. Bissonette, P.Y. Neese, W.W. Grosh, P. Mer-
rill, R. Fink, E.M. Woodson, C.J. Wiernasz, J.W. Patterson, C.L. Slingluff, Jr., 
MAGE-A1-, MAGE-A10-, and gp100-derived peptides are immunogenic when 
combined with granulocyte-macrophage colony-stimulating factor and monta-
nide ISA-51 adjuvant and administered as part of a multipeptide vaccine for 
melanoma, J Immunol 174(5) (2005) 3080-6. 

[145] T. Tanaka, H. Kitamura, R. Inoue, S. Nishida, A. Takahashi-Takaya, S. Ka-
wami, T. Torigoe, Y. Hirohashi, T. Tsukamoto, N. Sato, N. Masumori, Potential 
survival benefit of anti-apoptosis protein: survivin-derived peptide vaccine with 
and without interferon alpha therapy for patients with advanced or recurrent 
urothelial cancer--results from phase I clinical trials, Clin Dev Immunol 2013 
(2013) 262967. 



 67 

[146] O.E. Rahma, J.M. Hamilton, M. Wojtowicz, O. Dakheel, S. Bernstein, D.J. 
Liewehr, S.M. Steinberg, S.N. Khleif, The immunological and clinical effects of 
mutated ras peptide vaccine in combination with IL-2, GM-CSF, or both in pa-
tients with solid tumors, J Transl Med 12 (2014) 55. 

[147] H. Wada, M. Isobe, K. Kakimi, Y. Mizote, S. Eikawa, E. Sato, N. Takigawa, 
K. Kiura, K. Tsuji, K. Iwatsuki, M. Yamasaki, H. Miyata, H. Matsushita, H. 
Udono, Y. Seto, K. Yamada, H. Nishikawa, L. Pan, R. Venhaus, M. Oka, Y. 
Doki, E. Nakayama, Vaccination with NY-ESO-1 overlapping peptides mixed 
with Picibanil OK-432 and montanide ISA-51 in patients with cancers express-
ing the NY-ESO-1 antigen, J Immunother 37(2) (2014) 84-92. 

[148] P. Sabbatini, T. Tsuji, L. Ferran, E. Ritter, C. Sedrak, K. Tuballes, A.A. 
Jungbluth, G. Ritter, C. Aghajanian, K. Bell-McGuinn, M.L. Hensley, J. Kon-
ner, W. Tew, D.R. Spriggs, E.W. Hoffman, R. Venhaus, L. Pan, A.M. Salazar, 
C.M. Diefenbach, L.J. Old, S. Gnjatic, Phase I trial of overlapping long peptides 
from a tumor self-antigen and poly-ICLC shows rapid induction of integrated 
immune response in ovarian cancer patients, Clin Cancer Res 18(23) (2012) 
6497-508. 

[149] K. Barrios, E. Celis, TriVax-HPV: an improved peptide-based therapeutic 
vaccination strategy against human papillomavirus-induced cancers, Cancer 
Immunol Immunother 61(8) (2012) 1307-17. 

[150] C.L. Ahonen, C.L. Doxsee, S.M. McGurran, T.R. Riter, W.F. Wade, R.J. 
Barth, J.P. Vasilakos, R.J. Noelle, R.M. Kedl, Combined TLR and CD40 trig-
gering induces potent CD8+ T cell expansion with variable dependence on type 
I IFN, J Exp Med 199(6) (2004) 775-84. 

[151] H.I. Cho, E. Celis, Optimized peptide vaccines eliciting extensive CD8 T-cell 
responses with therapeutic antitumor effects, Cancer Res 69(23) (2009) 9012-9. 

[152] S.N. Markovic, V.J. Suman, J.N. Ingle, J.S. Kaur, H.C. Pitot, C.L. Loprinzi, 
R.D. Rao, E.T. Creagan, M.R. Pittelkow, J.B. Allred, W.K. Nevala, E. Celis, 
Peptide vaccination of patients with metastatic melanoma: improved clinical 
outcome in patients demonstrating effective immunization, Am J Clin Oncol 
29(4) (2006) 352-60. 

[153] N.L. Berinstein, M. Karkada, M.A. Morse, J.J. Nemunaitis, G. Chatta, H. 
Kaufman, K. Odunsi, R. Nigam, L. Sammatur, L.D. MacDonald, G.M. Weir, 
M.M. Stanford, M. Mansour, First-in-man application of a novel therapeutic 
cancer vaccine formulation with the capacity to induce multi-functional T cell 
responses in ovarian, breast and prostate cancer patients, J Transl Med 10 
(2012) 156. 

[154] M. Karkada, G.M. Weir, T. Quinton, L. Sammatur, L.D. MacDonald, A. 
Grant, R. Liwski, R. Juskevicius, G. Sinnathamby, R. Philip, M. Mansour, A 
novel breast/ovarian cancer peptide vaccine platform that promotes specific 
type-1 but not Treg/Tr1-type responses, J Immunother 33(3) (2010) 250-61. 

[155] T. Tsuji, P. Sabbatini, A.A. Jungbluth, E. Ritter, L. Pan, G. Ritter, L. Ferran, 
D. Spriggs, A.M. Salazar, S. Gnjatic, Effect of Montanide and poly-ICLC adju-
vant on human self/tumor antigen-specific CD4+ T cells in phase I overlapping 
long peptide vaccine trial, Cancer Immunol Res 1(5) (2013) 340-50. 

[156] W. Lilleby, G. Gaudernack, P.F. Brunsvig, L. Vlatkovic, M. Schulz, K. Mills, 
K.H. Hole, E.M. Inderberg, Phase I/IIa clinical trial of a novel hTERT peptide 
vaccine in men with metastatic hormone-naive prostate cancer, Cancer Immunol 
Immunother 66(7) (2017) 891-901. 

  



 68 

[157] E.C. Zeestraten, F.M. Speetjens, M.J. Welters, S. Saadatmand, L.F. 
Stynenbosch, R. Jongen, E. Kapiteijn, H. Gelderblom, H.W. Nijman, A.R. 
Valentijn, J. Oostendorp, L.M. Fathers, J.W. Drijfhout, C.J. van de Velde, P.J. 
Kuppen, S.H. van der Burg, C.J. Melief, Addition of interferon-alpha to the p53-
SLP(R) vaccine results in increased production of interferon-gamma in vac-
cinated colorectal cancer patients: a phase I/II clinical trial, Int J Cancer 132(7) 
(2013) 1581-91. 

[158] J.M. Curtsinger, J.O. Valenzuela, P. Agarwal, D. Lins, M.F. Mescher, Type I 
IFNs provide a third signal to CD8 T cells to stimulate clonal expansion and dif-
ferentiation, J Immunol 174(8) (2005) 4465-9. 

[159] A.G. Sikora, N. Jaffarzad, Y. Hailemichael, A. Gelbard, S.W. Stonier, K.S. 
Schluns, L. Frasca, Y. Lou, C. Liu, H.A. Andersson, P. Hwu, W.W. Overwijk, 
IFN-alpha enhances peptide vaccine-induced CD8+ T cell numbers, effector 
function, and antitumor activity, J Immunol 182(12) (2009) 7398-407. 

[160] D.E. Speiser, D. Lienard, N. Rufer, V. Rubio-Godoy, D. Rimoldi, F. Lejeune, 
A.M. Krieg, J.C. Cerottini, P. Romero, Rapid and strong human CD8+ T cell re-
sponses to vaccination with peptide, IFA, and CpG oligodeoxynucleotide 7909, 
J Clin Invest 115(3) (2005) 739-46. 

[161] S.M. Makela, M. Strengell, T.E. Pietila, P. Osterlund, I. Julkunen, Multiple 
signaling pathways contribute to synergistic TLR ligand-dependent cytokine 
gene expression in human monocyte-derived macrophages and dendritic cells, J 
Leukoc Biol 85(4) (2009) 664-72. 

[162] C.L. Slingluff, Jr., The present and future of peptide vaccines for cancer: sin-
gle or multiple, long or short, alone or in combination?, Cancer J 17(5) (2011) 
343-50. 

[163] C.L. Slingluff, Jr., G.R. Petroni, G.V. Yamshchikov, S. Hibbitts, W.W. Grosh, 
K.A. Chianese-Bullock, E.A. Bissonette, D.L. Barnd, D.H. Deacon, J.W. Patter-
son, J. Parekh, P.Y. Neese, E.M. Woodson, C.J. Wiernasz, P. Merrill, Immuno-
logic and clinical outcomes of vaccination with a multiepitope melanoma pep-
tide vaccine plus low-dose interleukin-2 administered either concurrently or on 
a delayed schedule, J Clin Oncol 22(22) (2004) 4474-85. 

[164] G.G. Zom, S. Khan, C.M. Britten, V. Sommandas, M.G. Camps, N.M. Loof, 
C.F. Budden, N.J. Meeuwenoord, D.V. Filippov, G.A. van der Marel, H.S. 
Overkleeft, C.J. Melief, F. Ossendorp, Efficient induction of antitumor immuni-
ty by synthetic toll-like receptor ligand-peptide conjugates, Cancer Immunol 
Res 2(8) (2014) 756-64. 

[165] J.Z. Oh, R.M. Kedl, The capacity to induce cross-presentation dictates the 
success of a TLR7 agonist-conjugate vaccine for eliciting cellular immunity, J 
Immunol 185(8) (2010) 4602-8. 

[166] D.C. Jackson, Y.F. Lau, T. Le, A. Suhrbier, G. Deliyannis, C. Cheers, C. 
Smith, W. Zeng, L.E. Brown, A totally synthetic vaccine of generic structure 
that targets Toll-like receptor 2 on dendritic cells and promotes antibody or cy-
totoxic T cell responses, Proc Natl Acad Sci U S A 101(43) (2004) 15440-5. 

[167] G.G. Zom, M.J. Welters, N.M. Loof, R. Goedemans, S. Lougheed, R.R. 
Valentijn, M.L. Zandvliet, N.J. Meeuwenoord, C.J. Melief, T.D. de Gruijl, G.A. 
Van der Marel, D.V. Filippov, F. Ossendorp, S.H. Van der Burg, TLR2 ligand-
synthetic long peptide conjugates effectively stimulate tumor-draining lymph 
node T cells of cervical cancer patients, Oncotarget 7(41) (2016) 67087-67100. 

[168] P.J. Tacken, I.J. de Vries, R. Torensma, C.G. Figdor, Dendritic-cell immuno-
therapy: from ex vivo loading to in vivo targeting, Nat Rev Immunol 7(10) 
(2007) 790-802. 



 69 

[169] L. Bozzacco, C. Trumpfheller, F.P. Siegal, S. Mehandru, M. Markowitz, M. 
Carrington, M.C. Nussenzweig, A.G. Piperno, R.M. Steinman, DEC-205 recep-
tor on dendritic cells mediates presentation of HIV gag protein to CD8+ T cells 
in a spectrum of human MHC I haplotypes, Proc Natl Acad Sci U S A 104(4) 
(2007) 1289-94. 

[170] L. Bonifaz, D. Bonnyay, K. Mahnke, M. Rivera, M.C. Nussenzweig, R.M. 
Steinman, Efficient targeting of protein antigen to the dendritic cell receptor 
DEC-205 in the steady state leads to antigen presentation on major histocompat-
ibility complex class I products and peripheral CD8+ T cell tolerance, J Exp 
Med 196(12) (2002) 1627-38. 

[171] L.C. Bonifaz, D.P. Bonnyay, A. Charalambous, D.I. Darguste, S. Fujii, H. 
Soares, M.K. Brimnes, B. Moltedo, T.M. Moran, R.M. Steinman, In vivo target-
ing of antigens to maturing dendritic cells via the DEC-205 receptor improves T 
cell vaccination, J Exp Med 199(6) (2004) 815-24. 

[172] M.A. Morse, R. Chapman, J. Powderly, K. Blackwell, T. Keler, J. Green, R. 
Riggs, L.Z. He, V. Ramakrishna, L. Vitale, B. Zhao, S.A. Butler, A. Hobeika, T. 
Osada, T. Davis, T. Clay, H.K. Lyerly, Phase I study utilizing a novel antigen-
presenting cell-targeted vaccine with Toll-like receptor stimulation to induce 
immunity to self-antigens in cancer patients, Clin Cancer Res 17(14) (2011) 
4844-53. 

[173] M.V. Dhodapkar, M. Sznol, B. Zhao, D. Wang, R.D. Carvajal, M.L. Keohan, 
E. Chuang, R.E. Sanborn, J. Lutzky, J. Powderly, H. Kluger, S. Tejwani, J. 
Green, V. Ramakrishna, A. Crocker, L. Vitale, M. Yellin, T. Davis, T. Keler, 
Induction of antigen-specific immunity with a vaccine targeting NY-ESO-1 to 
the dendritic cell receptor DEC-205, Sci Transl Med 6(232) (2014) 232ra51. 

[174] H.M. Moulton, P.H. Yoshihara, D.H. Mason, P.L. Iversen, P.L. Triozzi, Ac-
tive specific immunotherapy with a beta-human chorionic gonadotropin peptide 
vaccine in patients with metastatic colorectal cancer: antibody response is asso-
ciated with improved survival, Clin Cancer Res 8(7) (2002) 2044-51. 

[175] D. Miles, H. Roche, M. Martin, T.J. Perren, D.A. Cameron, J. Glaspy, D. 
Dodwell, J. Parker, J. Mayordomo, A. Tres, J.L. Murray, N.K. Ibrahim, Phase 
III multicenter clinical trial of the sialyl-TN (STn)-keyhole limpet hemocyanin 
(KLH) vaccine for metastatic breast cancer, Oncologist 16(8) (2011) 1092-100. 

[176] S. Demotz, A. Lanzavecchia, U. Eisel, H. Niemann, C. Widmann, G. Cor-
radin, Delineation of Several Dr-Restricted Tetanus Toxin T-Cell Epitopes, 
Journal of Immunology 142(2) (1989) 394-402. 

[177] D. Valmori, A. Pessi, E. Bianchi, G. Corradin, Use of human universally anti-
genic tetanus toxin T cell epitopes as carriers for human vaccination, J Immunol 
149(2) (1992) 717-21. 

[178] F. Helling, S. Zhang, A. Shang, S. Adluri, M. Calves, R. Koganty, B.M. 
Longenecker, T.J. Yao, H.F. Oettgen, P.O. Livingston, G(M2)-Klh Conjugate 
Vaccine - Increased Immunogenicity in Melanoma Patients after Administration 
with Immunological Adjuvant Qs-21, Cancer Research 55(13) (1995) 2783-
2788. 

[179] I.K. Na, U. Keilholz, A. Letsch, S. Bauer, A.M. Asemissen, D. Nagorsen, E. 
Thiel, C. Scheibenbogen, Addition of GM-CSF to a peptide/KLH vaccine re-
sults in increased frequencies of CXCR3-expressing KLH-specific T cells, Can-
cer Immunol Immunother 56(3) (2007) 391-6. 

  



 70 

[180] C. Scheibenbogen, D. Schadendorf, N.E. Bechrakis, D. Nagorsen, U. Hof-
mann, F. Servetopoulou, A. Letsch, A. Philipp, M.H. Foerster, A. Schmittel, E. 
Thiel, U. Keilholz, Effects of granulocyte-macrophage colony-stimulating factor 
and foreign helper protein as immunologic adjuvants on the T-cell response to 
vaccination with tyrosinase peptides, Int J Cancer 104(2) (2003) 188-94. 

[181] J.R. Harris, J. Markl, Keyhole limpet hemocyanin (KLH): a biomedical re-
view, Micron 30(6) (1999) 597-623. 

[182] M. Varella-Garcia, Stratification of non-small cell lung cancer patients for 
therapy with epidermal growth factor receptor inhibitors: the EGFR fluores-
cence in situ hybridization assay, Diagn Pathol 1 (2006) 19. 

[183] G. Kohler, C. Milstein, Continuous cultures of fused cells secreting antibody 
of predefined specificity. 1975, J Immunol 174(5) (2005) 2453-5. 

[184] C. Sgro, Side-effects of a monoclonal antibody, muromonab CD3/orthoclone 
OKT3: bibliographic review, Toxicology 105(1) (1995) 23-9. 

[185] D.M. Ecker, S.D. Jones, H.L. Levine, The therapeutic monoclonal antibody 
market, MAbs 7(1) (2015) 9-14. 

[186] R.W. Schroff, K.A. Foon, S.M. Beatty, R.K. Oldham, A.C. Morgan, Jr., Hu-
man anti-murine immunoglobulin responses in patients receiving monoclonal 
antibody therapy, Cancer Res 45(2) (1985) 879-85. 

[187] G.L. Boulianne, N. Hozumi, M.J. Shulman, Production of functional chimae-
ric mouse/human antibody, Nature 312(5995) (1984) 643-6. 

[188] P.T. Jones, P.H. Dear, J. Foote, M.S. Neuberger, G. Winter, Replacing the 
complementarity-determining regions in a human antibody with those from a 
mouse, Nature 321(6069) (1986) 522-5. 

[189] C. Queen, W.P. Schneider, H.E. Selick, P.W. Payne, N.F. Landolfi, J.F. Dun-
can, N.M. Avdalovic, M. Levitt, R.P. Junghans, T.A. Waldmann, A humanized 
antibody that binds to the interleukin 2 receptor, Proc Natl Acad Sci U S A 
86(24) (1989) 10029-33. 

[190] A. Fondell, K. Edwards, L.M. Ickenstein, S. Sjoberg, J. Carlsson, L. Gedda, 
Nuclisome: a novel concept for radionuclide therapy using targeting liposomes, 
Eur J Nucl Med Mol Imaging 37(1) (2010) 114-23. 

[191] J.N. Kochenderfer, W.H. Wilson, J.E. Janik, M.E. Dudley, M. Stetler-
Stevenson, S.A. Feldman, I. Maric, M. Raffeld, D.A. Nathan, B.J. Lanier, R.A. 
Morgan, S.A. Rosenberg, Eradication of B-lineage cells and regression of lym-
phoma in a patient treated with autologous T cells genetically engineered to rec-
ognize CD19, Blood 116(20) (2010) 4099-102. 

[192] T.T. Hansel, H. Kropshofer, T. Singer, J.A. Mitchell, A.J. George, The safety 
and side effects of monoclonal antibodies, Nat Rev Drug Discov 9(4) (2010) 
325-38. 

[193] M.H. Tao, R.I. Smith, S.L. Morrison, Structural features of human immuno-
globulin G that determine isotype-specific differences in complement activation, 
J Exp Med 178(2) (1993) 661-7. 

[194] R.R. French, H.T. Chan, A.L. Tutt, M.J. Glennie, CD40 antibody evokes a 
cytotoxic T-cell response that eradicates lymphoma and bypasses T-cell help, 
Nat Med 5(5) (1999) 548-53. 

[195] A.L. Tutt, L. O'Brien, A. Hussain, G.R. Crowther, R.R. French, M.J. Glennie, 
T cell immunity to lymphoma following treatment with anti-CD40 monoclonal 
antibody, J Immunol 168(6) (2002) 2720-8. 

[196] G.J. van Mierlo, A.T. den Boer, J.P. Medema, E.I. van der Voort, M.F. Fran-
sen, R. Offringa, C.J. Melief, R.E. Toes, CD40 stimulation leads to effective 
therapy of CD40(-) tumors through induction of strong systemic cytotoxic T 
lymphocyte immunity, Proc Natl Acad Sci U S A 99(8) (2002) 5561-6. 



 71 

[197] L. Diehl, A.T. den Boer, S.P. Schoenberger, E.I. van der Voort, T.N. Schu-
macher, C.J. Melief, R. Offringa, R.E. Toes, CD40 activation in vivo overcomes 
peptide-induced peripheral cytotoxic T-lymphocyte tolerance and augments an-
ti-tumor vaccine efficacy, Nat Med 5(7) (1999) 774-9. 

[198] A.K. Nowak, B.W. Robinson, R.A. Lake, Synergy between chemotherapy and 
immunotherapy in the treatment of established murine solid tumors, Cancer Res 
63(15) (2003) 4490-6. 

[199] L.C. Sandin, A. Orlova, E. Gustafsson, P. Ellmark, V. Tolmachev, T.H. Tot-
terman, S.M. Mangsbo, Locally delivered CD40 agonist antibody accumulates 
in secondary lymphoid organs and eradicates experimental disseminated bladder 
cancer, Cancer Immunol Res 2(1) (2014) 80-90. 

[200] M.F. Fransen, M. Sluijter, H. Morreau, R. Arens, C.J. Melief, Local activation 
of CD8 T cells and systemic tumor eradication without toxicity via slow release 
and local delivery of agonistic CD40 antibody, Clin Cancer Res 17(8) (2011) 
2270-80. 

[201] S.M. Mangsbo, S. Broos, E. Fletcher, N. Veitonmaki, C. Furebring, E. Dahlen, 
P. Norlen, M. Lindstedt, T.H. Totterman, P. Ellmark, The human agonistic 
CD40 antibody ADC-1013 eradicates bladder tumors and generates T-cell-
dependent tumor immunity, Clin Cancer Res 21(5) (2015) 1115-26. 

[202] C. Jackaman, D.J. Nelson, Intratumoral interleukin-2/agonist CD40 antibody 
drives CD4+ -independent resolution of treated-tumors and CD4+ -dependent 
systemic and memory responses, Cancer Immunol Immunother 61(4) (2012) 
549-60. 

[203] T.J. Van De Voort, M.A. Felder, R.K. Yang, P.M. Sondel, A.L. Rakhmilevich, 
Intratumoral delivery of low doses of anti-CD40 mAb combined with mono-
phosphoryl lipid a induces local and systemic antitumor effects in immunocom-
petent and T cell-deficient mice, J Immunother 36(1) (2013) 29-40. 

[204] J. Medina-Echeverz, C. Ma, A.G. Duffy, T. Eggert, N. Hawk, D.E. Kleiner, F. 
Korangy, T.F. Greten, Systemic Agonistic Anti-CD40 Treatment of Tumor-
Bearing Mice Modulates Hepatic Myeloid-Suppressive Cells and Causes Im-
mune-Mediated Liver Damage, Cancer Immunol Res 3(5) (2015) 557-66. 

[205] M. Hussein, J.R. Berenson, R. Niesvizky, N. Munshi, J. Matous, R. Sobecks, 
K. Harrop, J.G. Drachman, N. Whiting, A phase I multidose study of 
dacetuzumab (SGN-40; humanized anti-CD40 monoclonal antibody) in patients 
with multiple myeloma, Haematologica 95(5) (2010) 845-8. 

[206] R.H. Vonderheide, K.T. Flaherty, M. Khalil, M.S. Stumacher, D.L. Bajor, 
N.A. Hutnick, P. Sullivan, J.J. Mahany, M. Gallagher, A. Kramer, S.J. Green, 
P.J. O'Dwyer, K.L. Running, R.D. Huhn, S.J. Antonia, Clinical activity and im-
mune modulation in cancer patients treated with CP-870,893, a novel CD40 ag-
onist monoclonal antibody, J Clin Oncol 25(7) (2007) 876-83. 

[207] P. Johnson, R. Challis, F. Chowdhury, Y. Gao, M. Harvey, T. Geldart, P. Kerr, 
C. Chan, A. Smith, N. Steven, C. Edwards, M. Ashton-Key, E. Hodges, A. Tutt, 
C. Ottensmeier, M. Glennie, A. Williams, Clinical and biological effects of an 
agonist anti-CD40 antibody: a Cancer Research UK phase I study, Clin Cancer 
Res 21(6) (2015) 1321-8. 

[208] F. Li, J.V. Ravetch, Inhibitory Fcgamma receptor engagement drives adjuvant 
and anti-tumor activities of agonistic CD40 antibodies, Science 333(6045) 
(2011) 1030-4. 

[209] A.L. White, H.T. Chan, A. Roghanian, R.R. French, C.I. Mockridge, A.L. 
Tutt, S.V. Dixon, D. Ajona, J.S. Verbeek, A. Al-Shamkhani, M.S. Cragg, S.A. 
Beers, M.J. Glennie, Interaction with FcgammaRIIB is critical for the agonistic 
activity of anti-CD40 monoclonal antibody, J Immunol 187(4) (2011) 1754-63. 



 72 

[210] R. Dahan, B.C. Barnhart, F. Li, A.P. Yamniuk, A.J. Korman, J.V. Ravetch, 
Therapeutic Activity of Agonistic, Human Anti-CD40 Monoclonal Antibodies 
Requires Selective FcgammaR Engagement, Cancer Cell 29(6) (2016) 820-831. 

[211] L.P. Richman, R.H. Vonderheide, Role of crosslinking for agonistic CD40 
monoclonal antibodies as immune therapy of cancer, Cancer Immunol Res 2(1) 
(2014) 19-26. 

[212] P. Ellmark, S.M. Mangsbo, M. Lindstedt, Selective Fc gamma R engagement 
by human agonistic anti-CD40 antibodies, Translational Cancer Research 5 
(2016) S839-S841. 

[213] L. Doessegger, M.L. Banholzer, Clinical development methodology for infu-
sion-related reactions with monoclonal antibodies, Clin Transl Immunology 4(7) 
(2015) e39. 

[214] C.H. Chung, B. Mirakhur, E. Chan, Q.T. Le, J. Berlin, M. Morse, B.A. Mur-
phy, S.M. Satinover, J. Hosen, D. Mauro, R.J. Slebos, Q. Zhou, D. Gold, T. Hat-
ley, D.J. Hicklin, T.A. Platts-Mills, Cetuximab-induced anaphylaxis and IgE 
specific for galactose-alpha-1,3-galactose, N Engl J Med 358(11) (2008) 1109-
17. 

[215] J. Szebeni, Complement activation-related pseudoallergy: a new class of drug-
induced acute immune toxicity, Toxicology 216(2-3) (2005) 106-21. 

[216] G. Suntharalingam, M.R. Perry, S. Ward, S.J. Brett, A. Castello-Cortes, M.D. 
Brunner, N. Panoskaltsis, Cytokine storm in a phase 1 trial of the anti-CD28 
monoclonal antibody TGN1412, N Engl J Med 355(10) (2006) 1018-28. 

[217] F. Luhder, Y. Huang, K.M. Dennehy, C. Guntermann, I. Muller, E. Winkler, 
T. Kerkau, S. Ikemizu, S.J. Davis, T. Hanke, T. Hunig, Topological require-
ments and signaling properties of T cell-activating, anti-CD28 antibody super-
agonists, J Exp Med 197(8) (2003) 955-66. 

[218] C.H. Lin, T. Hunig, Efficient expansion of regulatory T cells in vitro and in 
vivo with a CD28 superagonist, Eur J Immunol 33(3) (2003) 626-38. 

[219] N. Beyersdorf, S. Gaupp, K. Balbach, J. Schmidt, K.V. Toyka, C.H. Lin, T. 
Hanke, T. Hunig, T. Kerkau, R. Gold, Selective targeting of regulatory T cells 
with CD28 superagonists allows effective therapy of experimental autoimmune 
encephalomyelitis, J Exp Med 202(3) (2005) 445-55. 

[220] R. Stebbings, D. Eastwood, S. Poole, R. Thorpe, After TGN1412: recent de-
velopments in cytokine release assays, J Immunotoxicol 10(1) (2013) 75-82. 

[221] F.R. Brennan, L.D. Morton, S. Spindeldreher, A. Kiessling, R. Allenspach, A. 
Hey, P.Y. Muller, W. Frings, J. Sims, Safety and immunotoxicity assessment of 
immunomodulatory monoclonal antibodies, MAbs 2(3) (2010) 233-55. 

[222] R. Stebbings, L. Findlay, C. Edwards, D. Eastwood, C. Bird, D. North, Y. 
Mistry, P. Dilger, E. Liefooghe, I. Cludts, B. Fox, G. Tarrant, J. Robinson, T. 
Meager, C. Dolman, S.J. Thorpe, A. Bristow, M. Wadhwa, R. Thorpe, S. Poole, 
"Cytokine storm" in the phase I trial of monoclonal antibody TGN1412: better 
understanding the causes to improve preclinical testing of immunotherapeutics, 
J Immunol 179(5) (2007) 3325-31. 

[223] P.S. Romer, S. Berr, E. Avota, S.Y. Na, M. Battaglia, I. ten Berge, H. Einsele, 
T. Hunig, Preculture of PBMCs at high cell density increases sensitivity of T-
cell responses, revealing cytokine release by CD28 superagonist TGN1412, 
Blood 118(26) (2011) 6772-82. 

[224] P. Bartholomaeus, L.Y. Semmler, T. Bukur, V. Boisguerin, P.S. Romer, P. 
Tabares, S. Chuvpilo, D.Y. Tyrsin, A. Matskevich, H. Hengel, J. Castle, T. Hu-
nig, U. Kalinke, Cell contact-dependent priming and Fc interaction with CD32+ 
immune cells contribute to the TGN1412-triggered cytokine response, J Immu-
nol 192(5) (2014) 2091-8. 



 73 

[225] K. Hussain, C.E. Hargreaves, A. Roghanian, R.J. Oldham, H.T. Chan, C.I. 
Mockridge, F. Chowdhury, B. Frendeus, K.S. Harper, J.C. Strefford, M.S. 
Cragg, M.J. Glennie, A.P. Williams, R.R. French, Upregulation of FcgammaR-
IIb on monocytes is necessary to promote the superagonist activity of 
TGN1412, Blood 125(1) (2015) 102-10. 

[226] T. Hanke, Lessons from TGN1412, Lancet 368(9547) (2006) 1569-70; author 
reply 1570. 

[227] H. Attarwala, TGN1412: From Discovery to Disaster, J Young Pharm 2(3) 
(2010) 332-6. 

[228] D. Eastwood, C. Bird, P. Dilger, J. Hockley, L. Findlay, S. Poole, S.J. Thorpe, 
M. Wadhwa, R. Thorpe, R. Stebbings, Severity of the TGN1412 trial disaster 
cytokine storm correlated with IL-2 release, Br J Clin Pharmacol 76(2) (2013) 
299-315. 

[229] N. van Montfoort, S.M. Mangsbo, M.G. Camps, W.W. van Maren, I.E. Ver-
haart, A. Waisman, J.W. Drijfhout, C.J. Melief, J.S. Verbeek, F. Ossendorp, 
Circulating specific antibodies enhance systemic cross-priming by delivery of 
complexed antigen to dendritic cells in vivo, Eur J Immunol 42(3) (2012) 598-
606. 

[230] F. Bexborn, A.E. Engberg, K. Sandholm, T.E. Mollnes, J. Hong, K. Nilsson 
Ekdahl, Hirudin versus heparin for use in whole blood in vitro biocompatibility 
models, J Biomed Mater Res A 89(4) (2009) 951-9. 

[231] S.M. Mangsbo, J. Sanchez, K. Anger, J.D. Lambris, K.N. Ekdahl, A.S. Los-
kog, B. Nilsson, T.H. Totterman, Complement activation by CpG in a human 
whole blood loop system: mechanisms and immunomodulatory effects, J Im-
munol 183(10) (2009) 6724-32. 

[232] A. Danielsson, G. Elgue, B.M. Nilsson, B. Nilsson, J.D. Lambris, T.H. Tot-
terman, S. Kochanek, F. Kreppel, M. Essand, An ex vivo loop system models 
the toxicity and efficacy of PEGylated and unmodified adenovirus serotype 5 in 
whole human blood, Gene Ther 17(6) (2010) 752-62. 

 



Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1370

Editor: The Dean of the Faculty of Medicine

A doctoral dissertation from the Faculty of Medicine, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Medicine. (Prior to January, 2005, the series was published
under the title “Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Medicine”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-329038

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2017


	Abstract
	List of Papers
	Contents
	Abbreviations
	Populärvetenskaplig sammanfattning
	Introduction
	Overview of the immune system
	The innate response
	The adaptive response

	Antigen presentation
	Antigen presenting cells
	CD40 and DC licensing
	MHC class I presentation
	MHC class II presentation
	Cross-presentation

	T cells
	B cells
	Fcγ Receptors
	Immune complexes

	A brief focus on selected innate immune cells
	Monocytes and Macrophages
	NK cells

	The complement system
	Definition
	Activation pathways and the TCC
	Anaphylatoxins and regulation
	C1q on monocytes

	Tumour immunology
	Tumour associated antigens
	The immunoproteasome

	Cancer immunotherapy
	Therapeutic cancer vaccination
	Peptide vaccination
	Peptide vaccine formulations
	Conjugate vaccines

	Therapeutic monoclonal antibodies
	CD40-specific mAbs
	Cytokine release syndrome (CRS)
	TGN1412
	Why did the safety tests fail?


	Aims of the current investigation
	-
	Paper I
	Paper II
	Paper III
	Paper IV

	Methods
	Therapeutic vaccination strategy
	The circulating whole blood loop assay

	Summary of papers
	Paper I
	Paper II
	Paper III
	Paper IV

	Future perspective
	Paper I and II
	Paper III
	Paper IV


	Acknowledgements
	References



