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Abstract
In the past 15 years, eleven monoclonal antibodies (mAbs) have been approved for cancer therapy by the Food and Drug Administration. It is an additional therapeutic option besides the conventional treatments of surgery, chemotherapy and radiation. However, cancer is still one of the most common causes of death, causing 13% of all deaths in the world. At present, mAbs function as a direct hit therapy for cancer, either by inhibiting tumor growth or by killing the malignant cells. However, often therapy is heterogeneous or relapses occur. The holy grail for immunotherapy for cancer is to induce a memory response. Memory T cells can recognize a tumor after re-encountering and induce anti-tumor immune responses up till years after treatment of the primary tumor. Improving mAbs to enhance the induction of adaptive immunity and generation of memory T cells is very promising. One suggested mAb therapy improvement is a combination with cytotoxic therapies. They induce apoptosis of tumor cells and the release of some molecules, in addition to their immunosuppressive action. These molecules promote phagocytosis of the apoptotic cells and antigen presentation in dendritic cells (DCs) to T cells. If timing of administration is correct, 24 hours before mAb treatment, the immunosuppressive function will be minimal and the induction of anti-tumor adaptive immune responses will be enhanced. Antigen presentation in DCs and T cell activation can also be promoted by combining mAb therapy with immunomodulatory molecules or vaccination strategies. Protein engineering of mAbs to increase affinity for their receptors (FcγRs), which are thought to influence for example antigen processing and presentation in DCs, may be an option too. While mAb therapy does not work optimally in all patients, I will describe in this thesis several suggested improvements which enhance the induction of adaptive immunity.
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OVA
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Transporter associated with antigen processing
Toll-like receptor
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Vascular endothelial growth factor




Introduction
Cancer is a worldwide problem and one of the most common causes of death. In 2008 7.6 million people died of a form of cancer. This accounts for around 13% of all deaths in the world. Most patients are treated with surgery, chemotherapy and/or radiation therapy [1]. However, these therapies are not always effective. The tumor might not be eradicated completely and regrow, or metastases are growing. As a result, the patient have to be treated again. A therapy which might overcome the problem of recurring tumors makes use of monoclonal antibodies (mAbs). Köhler and Milstein developed a technique to generate mAbs in 1975 [2]. By fusing B cells with myeloma cells, the formed hybridomas will produce high quantities of mAbs. This technique is still used to generate mAbs. Currently, 32 mAbs have been approved by the Food and Drug Administration (FDA) in the treatment of several diseases. The first one, Muromomab, is approved in 1986 and used to inhibit graft rejection in renal transplant patients. This CD3-specific mAb recognizes the T cell receptor-CD3-complex on the surface of T cells. It induces blockage of the complex and apoptosis of T cells, resulting in the inhibition of graft rejection [3]. Eleven years later, in 1997, the first mAb for the treatment of cancer was approved. This antibody, named Rituximab, recognizes the protein CD20 present on almost all B cells and by binding this antigen, it directs immune cells towards the tumor cells for tumor cell killing. It has shown to be effective in non-Hodgkin lymphoma patients. At present, eleven anti-tumor mAbs have been approved by the FDA in treatment of hematologic and solid cancers (Table 1) [4]. 	Comment by Lione: The patiënt has to
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Table 1: FDA
 approved monoclonal antibodies in cancer therapy
 
[5-9]
Antibody
Type
Target
Indication
Mechanisms of action
Rituximab
Chimeric IgG1
CD20
Non-Hodgkin lymphoma
Apoptosis, CDC, ADCC
Trastuzumab
Humaniz
ed IgG1
HER-2/
neu
Breast cancer
Signaling interference, ADCC
Gemtuzumab
     ozogamicin
*^
Humanized IgG4
CD33
Acute myelogenous leukemia
Delivery of toxin calicheamicin
Alemtuzumab
Humanized IgG1
CD52
Chronic lymphocytic leukemia
Apoptosis, CDC, ADCC
Ibritumomab
     tiuxetan
^
Murine IgG1
CD20
Non-Hodgkin lymphoma
Delivery of radio isotope yttrium-90
Tositumomab
^
Murine IgG2a
CD20
Non-Hodgkin lymphoma
Delivery of radio isotope iodine-131
Bevacizumab
Humanized IgG1
VEGF-A
Colorectal , breast and lung cancer
Signaling interference
Cetuximab
Chimeric IgG1
EGFR
Colorectal cancer
Signaling interference, ADCC
Panitumumab
Human IgG2
EGFR
Colorectal cancer
Signaling interference
Ofatumumab
Human IgG1
CD20
Chronic lymphocytic leukemia
CDC, ADCC
Ipilimumab
Human IgG1
CTLA-4
Metastatic melanoma
Stimulation of T cell activation
ADCC, antibody-dependent cell-mediated cytotoxicity; CDC, complement-dependent cytotoxicity; CTLA-4, cytotoxic T-lymphocyte antigen-4; EGFR, epidermal growth factor receptor; HER-2/
neu
, human epidermal growth factor receptor 2; VEGF-A, vascular endothelial growth factor A
*
 Withdrawal from the US market 
[10]
^
 Immunoconjugates
)

One great benefit of mAb therapy is that it might induce adaptive immune responses, involving antigen presentation in antigen presenting cells (APCs), activation of T cells and killing of tumor cells by CD8+ T cells [5, 11, 12]. Moreover, this may result in the generation of memory cells, which can lead to effective clearance of recurrent tumors. Nevertheless, the outcome of mAb therapy in patients varies from total cure to no response and relapses occur. In this thesis I describe possible improvements in this therapy that might enhance adaptive immunity in patients. First, I discuss the mechanisms of action of anti-tumor mAbs. Then I focus on the induction of adaptive immune responses by these antibodies, followed by the description of the possible improvements.


Mechanisms of action of mAbs
mAbs can be used to treat cancer. Different mechanisms of action are known and will be described in this section of my thesis. First signaling interference by mAbs, the recruitment of complement factors and the mechanism of action of immunoconjugates will be discussed, followed by the mechanisms involving receptors for the Fc region of mAbs (FcγRs). Figure 1 summarizes them. 
[image: ]
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Figure 1:
 
Mechanisms of action of mAbs
 
Anti-tumor mAbs may act in different ways: signaling interference (1), complement-dependent cytotoxicity (2) and in an FcγR-dependent manner through antibody-dependent cell-mediated cytotoxicity (ADCC) or phagocytosis (3). The mechanisms, especially the FcγR-dependent mechanisms, may also lead to the induction of adaptive immune responses against the tumor (4). Adapted from 
[5]
.
)






Signaling interference
Almost all mAbs used in the treatment of cancer recognizes receptors which are overexpressed on tumor cells. They compete with the ligand for receptor binding, which results in an inhibition of receptor activation and signaling. Moreover, they may also promote receptor internalization and degradation without activation. Less receptors will now be available for ligand binding at the surface of tumor cells, resulting in reduced intracellular signaling [6, 13]. 
Instead of interacting with a receptor, some mAbs recognize the ligand. Ligand-receptor interactions will be blocked in this way, which also results in the inhibition of receptor activation and signaling [6].
mAbs can also induce apoptosis in tumor cells, via crosslinking of the receptor. Induction of cell death have shown to be independent of caspases, which normally are cleaved in apoptosis. Instead, it have been suggested that tyrosine phosphorylation and activation of MAP kinases is involved [14, 15].




Complement-dependent cytotoxicity (CDC)
mAbs are capable of inducing innate immune responses via the activation of the classical complement pathway. When bound to their antigen on tumor cells, a high-affinity interaction can be formed between the Fc region of the antibody and complement factor C1q. Complement proteases will be activated and a cascade of complement factor cleavage and activation occurs, ending with the formation of the membrane attack complex (MAC). MAC forms pores on the surface of tumor cells, which results in tumor cell lysis [6].


Immunoconjugates
Immunoconjugates are mAbs conjugated to a radio isotope or a toxin. Radiolabeled mAbs deliver the radiation directly to the site of the tumor by interacting with their antigen, resulting in the death of tumor cells. Damage to surrounding healthy tissues will be limited, because they produce β radiation, which has a relatively short path length [16].
mAbs conjugated to a toxin are called antibody-drug conjugates (ADCs). After recognizing their target on the tumor cell, they will be internalized and delivered to a lysosome. In here, digestion of the linker between the mAb and the toxin occurs. The toxin will then be released into the cytoplasm where it induces cell cycle arrest and apoptosis, for example through the induction of DNA double-strand breaks or through depolimerization of microtubules [17].


FcγR-dependent mechanisms
Some effector functions of antibodies are mediated by cells of the immune system. These cells express Fc receptors (FcRs), which can bind the Fc region of antibodies. Each class of antibodies recognizes one type of the FcRs, including FcαR (IgA), FcδR (IgD), FcεR (IgE), FcγR (IgG) and FcμR (IgM). While mAbs used in cancer therapy are IgG antibodies, only FcγRs will be discussed in this thesis. Different classes of FcγRs exist (FcγRI, FcγRIIa, FcγRIIb, FcγRIIc, FcγRIIIa and FcγRIIIb), distributed on multiple leukocytic cells (Table 2). Monomeric IgG can bind FcγRI with high affinity, but bind with low affinity to FcγRII and FcγRIII. Instead, FcγRII and FcγRIII make high affinity bonds with IgG-antigen immune complexes. 
This ligand binding induces receptor functions which can be activating or inhibitory, depending on the FcγR class. FcγRI, FcγRIIa, FcγRIIc and FcγRIIIa are activating receptors due to an immunoreceptor tyrosine-based activation motif (ITAM) in the cytoplasmic tail (FcγRIIa and FcγRIIc) or due to association with ITAM containing signaling subunits (FcγRI and FcγRIIIa). FcγRIIb contains an immunoreceptor tyrosine-based inhibition motif (ITIM) in its cytoplasmic tail and has inhibitory functions, which counteract with the functions of activating FcγRs. FcγRIIIb is the only FcγR functioning without an ITAM or ITIM domain. This receptor is linked to a glycolipid, glycosylphosphatidylinositol (GPI). Functions of FcγRs are stimulation or inhibition of phagocytosis, endocytosis, ADCC, respiratory burst, and cytokine release [18-20].  
Another Fc receptor type for IgG is the neonatal Fc receptor (FcRn). FcRn is expressed in epithelial and endothelial cells and functions in IgG transfer from mother to newborn and in IgG homeostasis. When a baby drinks its mother’s milk, IgG antibodies will be transported through the enterocytes towards the systemic circulation of the newborn by binding to FcRn. In adults, FcRn regulates IgG catabolism. It has been shown that IgG antibodies are degraded in the lysosomes of endothelial cells after endocytosis. Expression of FcRn in early endosomes reduces IgG degradation in two ways. They can bind IgG and recycle the antibodies back in the circulation via recycling endosomes or transcytose the antibodies to the interstitial fluid from where it returns to the blood via the lymphatic system. The result is an increase in the half-life of IgG up to 23 days in humans [21].
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Table 2: Cellular
 distribution of human FcγRs
 
[18-21]
FcγRI
FcγRIIa
FcγRIIb
FcγRIIc
FcγRIIIa
FcγRIIIb
FcRn
Basophils 
-
+
+
-
-
-
-
B cells
 
-
-
+
-
-
-
-
Dendritic cells
 
+
+
+
-
+
-
+
Eosinophils 
+
+
+
-
+
+
-
Endothelium
-
-
-
-
-
-
+
Epithelium
-
-
-
-
-
-
+
Macrophages 
+
+
+
-
+
-
-
Mast cells
 
-
-
+
-
+
-
-
Monocytes
+
+
+
-
+
-
+
Neutrophils
inducible
+
+
-
+
+
-
NK cells
-
-
-
+
+
-
-
)















Antibody-dependent cell-mediated cytotoxicity (ADCC)
Through interacting with activating FcγRs on immune cells, mAbs can cause lysis of tumor cells via ADCC. They can activate natural killer cells (NK cells), monocytes, macrophages, neutrophils and eosinophils to kill the target cell. Target cell killing is achieved by the secretion of lytic enzymes and/or the induction of apoptosis via tumor necrosis factor (TNF) or Fas ligand (FasL). The activated immune cells may secrete lytic enzymes, which damage the plasma membrane of the target cell and result in tumor cell death. NK cells for example release the content of cytoplasmic granules with the proteins perforin and granzymes. Before, it was thought that perforin forms little pores in the plasma membrane of the target cell, through which granzymes enter the cell to activate caspases and induce apoptosis. However, it is suggested now that perforin induces endocytosis of perforin and granzymes into the target cell, followed by the formation of perforin pores in the endosomal membrane through which granzymes are delivered to the cytoplasm to induce caspase-dependent apoptosis [22]. Apoptosis may also be induced by the interaction of TNF or FasL to their receptor, TNF receptor (TNFR) and Fas respectively. TNF and FasL are secreted by activated monocytes, macrophages and NK cells. Binding to TNFR or Fas expressed on the tumor cell results in the activation of caspases and induction of apoptosis [23, 24].

Antibody-dependent cell-mediated phagocytosis (ADCP)
mAbs can coat tumor cells by binding to their target. When they also interact with activating FcγRs present on APCs, phagocytosis of a mAb-coated tumor cell may occur. A phagosome is formed in the APC and follows the endocytic pathway. After fusion with a lysosome, hydrolytic enzymes will digest the phagocytosed cell [23, 25].

ADCC and ADCP are mechanisms which might stimulate the initiation of adaptive immune responses. The destruction of tumor cells in ADCC results in the release of tumor antigens. They can be phagocytosed by APCs, followed by their processing and presentation to T cells [11]. In ADCP cells are partially degraded in the phagosomes. These degradation products can be used for presentation to T cells [25]. Activation of tumor-specific T cells may occur and anti-tumor adaptive immune responses are induced.


FDA approved anti-tumor mAbs
FDA approved anti-tumor mAbs are used in treatment of both hematologic and solid tumors (Table 1). After binding the target, they induce the above mentioned mechanisms of action resulting in tumor cell killing. Six of the mAbs are effective in hematologic tumors. Four of them (Rituximab, Ibritumomab tiuxetan, Tositumomab and Ofatumumab) recognize the protein CD20, which is present on almost all B cells. Rituximab is a chimeric antibody and is effective in non-Hodgkin lymphoma patients by inducing apoptosis (via crosslinking of CD20), CDC and ADCC [6, 15, 16, 26]. When patients do not respond (anymore) to Rituximab, Ibritumomab tiuxetan or Tositumomab can be used. Both antibodies are immunoconjugates. Ibritumomab tiuxetan is linked to the radio isotope yttrium-90 and Tositumomab is conjugated to iodine-131. They deliver the radiation directly to the site of the tumor cells, resulting in the death of tumor cells [16, 27]. 
Ofatumumab also is a CD20-specific mAb, but it is not FDA approved for the treatment of non-Hodgkin lymphoma. It has shown to be effective in chronic lymphocytic leukemia patients and acts by inducing CDC and ADCC [16, 28].
Another mAb which can be effective in the treatment of chronic lymphocytic leukemia is Alemtuzumab. Instead of recognizing CD20 it binds CD52, which is present on both B and T cells. Crosslinking of CD52 by this antibody induces apoptosis. Furthermore, Alemtuzumab can induce CDC and ADCC [6, 14-16, 29].
In acute myelogenous leukemia patients the ADC Gemtuzumab ozogamicin can be used. The antibody is specific for CD33, which is present on most leukemia cells, and is conjugated to the toxin calicheamicin. Upon binding to CD33, Gemtuzumab ozogamicin will be internalized into the cell and digested by proteases in a lysosome. Calicheamicin will be released into the cytoplasm. This toxin can bind to the minor groove in the DNA, resulting in DNA double-strand breaks and apoptosis [17, 30]. Unfortunately, due to low clinical efficacy in acute myelogenous leukemia, this mAb has been taken off the market [10].

Some solid tumor express large amounts of the epidermal growth factor receptor (EGFR) to promote their own growth and survival. Binding of its ligand epidermal growth factor (EGF) induces receptor dimerization, followed by receptor phosphorylation and intracellular signaling. This signaling includes stimulation of cell proliferation, loss of differentiation, angiogenesis and blocking of apoptosis, all characteristics of tumor cells. Expressing high numbers of EGFR therefore might be beneficial for the survival of tumors. mAbs Cetuximab and Panitumumab are developed to inhibit tumor growth in colorectal cancer by competing with EGF. Both antibodies block ligand binding, prevent dimerization and activation of the receptor and promote internalization and degradation of EGFR without activation. Furthermore, Cetuximab also induces ADCC [6, 13, 31].
Human epidermal growth factor receptor 2 (HER-2/neu) is a member of the EGFR family and is overexpressed in 25-30% of breast cancers. It has the same effects on cells as EGFR (proliferation, loss of differentiation etc.). However, in contrast with EGFR, overexpression of HER-2/neu can induce ligand-independent dimerization and activation. Blocking of ligand binding with mAbs therefore is not very useful. Instead, mAb Trastuzumab recognizes an extracellular part of the receptor different of the ligand binding site. Trastuzumab binding induces conformational changes in HER-2/neu, preventing phosphorylation and activation. This mAb is also thought to induce downregulation and degradation of the receptor, resulting in decreased receptor signaling. ADCC is another mechanisms which is probably induced by Trastuzumab [32-34].
Bevacizumab is a mAb which bind the ligand vascular endothelial growth factor A (VEGF-A). VEGFs stimulate angiogenesis through binding to their receptors on vascular endothelium. Many tumors express these ligands while inducing angiogenesis is an important requirement for tumor growth. By interacting with VEGF-A, Bevacizumab blocks the binding of ligand to receptor and thus inhibits angiogenesis and tumor growth. It is approved for the treatment of colorectal, breast and lung cancer [6].
In March of this year Ipilimumab is added to the list of FDA approved mAbs. This mAb also interferes with receptor signaling although not in tumor cells. Ipilimumab binds to the protein CTLA-4 (cytotoxic T-lymphocyte antigen-4), present at the surface of T cells, which leads to the activation of these immune cells. Activation of T cells requires not only interactions with the antigen, but also an extra co-stimulatory signal provided by APCs (Figure 2). This signal consists of an interaction between CD28 at the plasma membrane of T cells and B7 expressed by APCs. However, during activation T cells upregulate CTLA-4 expression. This protein competes with CD28 for binding to B7 and instead of delivering an activating signal it inhibits T cells. In normal situation this is necessary to prevent the induction of immune responses directed against self-antigens, but in case of a tumor it might delay the anti-tumor immune response. By preventing the formation of the B7-CTLA-4 interaction, Ipilimumab stimulates T cell activation and anti-tumor immune responses. This mAb is approved for the treatment of metastatic melanoma, however, stimulation of T cell activation through CTLA-4 blockade might also be effective in the treatment of other cancers [7, 35].

 (
Figure 2: 
Stimulation
 of T cell activation by Ipilimumab
Activation of T cells does not only depends on antigen recognition by the T cell receptor (TCR), but also depends on co-stimulatory signals. The molecule B7 expressed by APCs can bind with CD28 and CTLA-4 on T cells. Interacting with CTLA-4 will inhibit T cell activation (a.), while an interaction with CD28 stimulates T cell activation (b.). mAb Ipilimumab targets CTLA-4 to prevent the formation of an interaction between CTLA-4 and B7. This leads to the activation of T cells (c.).
)[image: ]



Inducing adaptive immunity
Since the development of a technique to generate mAbs in 1975 [2], most studies aimed at unraveling the short-term mechanisms of action of these therapeutic antibodies. However, in the past few years some in vitro and in vivo studies evidenced that mAbs might also induce long-term adaptive immune responses. By promoting antigen presentation in APCs, these mAb therapies are thought to improve anti-cancer T cell responses [5, 11, 36-38]. Antigens are presented to T cells (or other immune cells) via major histocompatibility complex (MHC) molecules. Two classes of MHC molecules are involved in antigen presentation to T cells. MHC-I molecules, which are expressed on almost all nucleated cells, present antigenic peptides to CD8+ T cells. Class II MHC molecules are only expressed on APCs and present antigens to CD4+ T cells. T cells will be activated and an immune response is started when a foreign antigen or a protein with an aberrant expression, for example tumor antigens, is recognized. A third class of MHC molecules, which include a few complement factors and cytokines, will also be activated then [23]. However, this class of MHC molecules will not be discussed in this thesis. 
In a patient with cancer, CD8+ T cells can directly kill tumor cells after recognizing peptide-MHC-I complexes at the surface of tumor cells. These peptides are made by incomplete degradation of endogenous proteins and generally only recognized by CD8+ T cells when the protein is for example mutated or upregulated in the tumor cells [39]. Activation of CD8+ T cells is assisted by CD4+ T cell function. The last recognizes peptide-MHC-II complexes expressed at the surface of APCs. The most important APCs are dendritic cells (DCs) [25], which are able to phagocytose tumor cells and, after degradation, present the exogenous peptides [5, 23]. DCs may also present exogenous peptides to CD8+ T cells. This process is called cross-presentation and interferes with the MHC-I pathway [23]. Both MHC-II pathway and cross-presentation in DCs is influenced by FcγRs and therefore might be important in mAb therapies [11, 40]. In order to improve these therapies, it is necessary to understand both processes.
I will give a short description of the MHC-I pathway and a bit more detailed description of the MHC-II pathway and the mechanism of cross-presentation. 


MHC-I pathway
Before endogenous proteins can be loaded onto MHC-I molecules, they need to be degraded and processed into peptides of 8 or 9 amino acids (Figure 3) [41]. First, proteins need to be marked for degradation by the conjugation of four or more ubiquitin molecules [42]. Degradation then takes place in an immunoproteasome, which is upregulated in most cells after interferon γ (IFNγ) stimulation [39, 43]. The immunoproteasome cleaves at different sites as the standard proteasome, with better MHC-I peptides as a consequence. It is especially required for the generation of a hydrophobic or basic C-terminus, while the standard proteasome generates peptides with acidic C-termini [39, 41]. The peptide N-terminus is processed by trimming in the endoplasmic reticulum (ER) after “transporter associated with antigen processing” (TAP) mediated import into ER. This trimming is performed by ER amino peptidase 1 (ERAP1), which is also induced by IFNγ [43], and result in peptides of proper length [39, 41, 44]. Loading of the peptides onto MHC-I molecules requires the formation of the peptide loading complex (PLC), consisting of calreticulin, ERp57, tapasin and TAP (Figure 3). Calreticulin is a chaperone and brings ERp57 to the MHC-I molecule. ERp57 is involved in the correcting of disulfide bonds in the MHC-I molecule and probably assists in peptide binding by ‘opening’ the peptide binding cleft. To facilitate peptide binding, tapasin bind ERp57 and TAP, bringing together all the PLC proteins. Formation of the PLC also facilitates transport of peptides into ER by TAP. This transport is followed by trimming of the peptide N-terminus by ERAP1 and peptide loading assisted by the PLC. PLC now dissociates and the peptide-MHC-I complex is transferred to the plasma membrane, where it may be recognized by CD8+ T cells [44-46]. 
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Figure 3: MHC
-I pathway
Endogenous proteins are degraded in cytosol by an immunoproteasome and transported into ER by TAP. Here, peptides are trimmed by ERAP1 into peptides of 8 or 9 amino acids. Loading of the peptides onto MHC-I molecules then needs the formation of the PLC. The chaperone calreticulin brings ERp57 to the MHC-I molecule. ERp57 is involved in correcting disulfide bonds in the MHC-I molecule and ‘opening’ of the peptide binding cleft. The MHC-I molecule is then brought to TAP by binding of tapasin to ERp57 and TAP. Peptides are now efficiently loaded onto MHC-I. After peptide loading, the MHC-I molecule is transferred to the plasma membrane to present peptides to CD8+ T cells. Adapted from
 
[46]
.
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MHC-II pathway
To present exogenous peptides to CD4+ T cells, cells or molecules are phagocytosed by APCs, partially degraded and loaded onto MHC-II molecules. DCs are the most important APCs [25]. They constitutively express MHC-II and costimulatory molecules to activate CD4+ T cells, while other APCs first have to be activated before expressing these molecules [23]. Moreover, APCs like macrophages (almost) completely degrade cells coated with antibodies, leading to peptides less suitable for loading onto MHC-II molecules. DCs, however, degrade antibody-coated cells incompletely, generating peptides useful for MHC-II loading [25].
MHC-II αβ dimers are synthesized in ER and assemble with the invariant chain (Ii) (Figure 4). The CLIP region of Ii is associated with the peptide binding site of the MHC-II molecule, thereby preventing the association of ER-resident proteins or other polypeptides onto the MHC-II molecule. The cytoplasmic tail of Ii contains a double leucine motif which signals for transport towards the endosomal compartments. In there, stepwise proteolysis of Ii occurs (Figure 4). First, generation of Iip10 is done by unknown proteases. Cleavage of this intermediate into CLIP is than mediated by cathepsin S. The MHC-II-CLIP complex can be transported to the plasma membrane. To prevent this, CLIP removal and peptide loading onto MHC-II should follow quickly after formation of the MHC-II-CLIP complex. Exogenous proteins are endocytosed and degraded in the endosomal compartments. However, in comparison with other APCs DCs only partially degrade endocytosed proteins due to reduced levels of proteases and less acidification of the endosomal compartments [25]. Peptides of several tens of amino acids displace the CLIP fragment. Binding of these peptides onto MHC-II molecules is facilitated by two MHC class II family members HLA-DM and HLA-DO, which induce the ‘opening’ of the peptide binding cleft. MHC-II bound peptides are then further processed into peptides of 13 to 18 amino acids [23, 25] and peptide-MHC-II complexes are transferred to the plasma membrane, where it may be recognized by CD4+ T cells [47, 48].
In immature DCs, uptake of antigen occurs constitutively via macropinocytosis and receptor-mediated endocytosis, for example via mAbs that bind to FcγRs [40, 49]. Peptide-MHC-II complexes are formed and continuously expressed at the plasma membrane. However, rapid internalization and degradation in lysosomes occur, resulting in unstable complexes. Antigen presentation capacities changes upon maturation triggered by toll-like receptor (TLR) ligands, inflammatory cytokines such as TNF-β or interleukin-1β (IL-1β), or antigen-mAb complexes associated with FcγRs [40, 50, 51]. First, endocytosis of antigen is upregulated during maturation, but downregulated later. Moreover, peptide-MHC-II complexes accumulate at the plasma membrane due to less internalization [40, 48].
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Figure 4:
 MHC-II pathway
Complexes of MHC-II and Ii are synthesized in ER and transported to endosomal compartments, where Ii will be degraded stepwise. Endocytosed proteins are degraded into peptides, which are loaded onto MHC-II with help of HLA-DM and HLA-DO. Peptide-MHC-II complexes are transported towards the plasma membrane for antigen presentation to CD4+ T cells. Adapted from
 
[48]
.
)





Cross-presentation
DCs have the ability of loading phagocytosed antigens onto MHC-I molecules instead of MHC-II molecules. They cross-present exogenous proteins to induce CD8+ T cell responses against, for example, tumors [52]. After phagocytosis, two pathways may be involved in MHC-I peptide loading, cytosolic and vacuolar pathway (Figure 5). In the cytosolic pathway proteins are translocated into cytosol probably through Sec61. Degradation in an immunoproteasome occurs and the products are transported into ER via TAP. Peptide processing and loading onto MHC-I now follows the normal MHC-I pathway. Several ER resident proteins like TAP, MHC-I and proteins of PLC, however, are present in early endosomes [53]. Suggesting that part of the immunoproteasome products are translocated back into endosomes via TAP for peptide loading onto MHC-I. Peptide-MHC-I complexes are then transported towards the plasma membrane (Figure 5). Degradation of certain antigens may also take place in the endosomes themselves. Lysosomal proteins may generate peptides useful for loading onto MHC-I molecules. This pathway is called the vacuolar pathway as antigenic proteins are not translocated into cytosol [54].
DCs use two ways to present exogenous protein, via MHC-II molecules and via cross-presentation onto MHC-I molecules. By controlling phagosomal pH, DCs are capable of inducing one of both pathways. At more neutral pH cross-presentation occurs, while MHC-II peptide loading occurs at more acidic pH [40]. Directly after phagocytosis, pH is maintained between 7 and 7,5. DCs now favor cross-presentation. After a few hours pH drops down and MHC-II presentation is induced [25, 40, 54].

[image: ]
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Figure 5: Cross
-presentation
Exogenous proteins may follow one of two different pathways of cross-presentation after phagocytosis. 
In the cytosolic pathway, proteins are translocated into cytosol and degraded in an immunoproteasome. Peptides can either be transported into the ER and follow the MHC-I pathway or, due to the presence of ER resident proteins, transported back into the early endosome to be loaded onto MHC-I molecules in this compartment.
In the vacuolar pathway, proteins are partially degraded by lysosomal proteases in the endosome and loaded onto MHC-I molecules without translocation to the cytosol.
The neutral pH in early endosomes drops a few hours after phagocytosis, resulting in increased MHC-II presentation. 
Adapted from
 
[54]
.
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How to improve current mAb therapies?
Antigen presentation by DCs is necessary to induce anti-tumor CD4+ and CD8+ T cell responses against tumor cells, but it also results in the generation of memory T cells. While CD4+ and CD8+ T cells have a short lifetime, memory cells can remain in the body for years. Like naïve T cells, memory cells are resting cells. However, they are activated more easily [23]. Upon re-encountering with the antigen, for examples tumor antigens, memory T cells recognize the antigen and quickly induce an adaptive immune response. So in a patient with cancer, inducing anti-tumor adaptive immunity might result in directly killing tumor cells, but also provide long-term protection against the tumor. mAbs have shown to induce adaptive immune responses [12]. Improving mAb therapies to enhance the induction of anti-tumor adaptive immunity might be very beneficial. Here I describe the following possible improvements: combination of mAb therapy with cytotoxic therapies, immunomodulatory molecules or vaccination strategies, and engineering of mAbs, including Fc region engineering and the generation of antibody-drug conjugates.


Combination with cytotoxic therapies
Traditionally cytotoxic therapies, such as chemotherapy and radiation, is thought to be immunosuppressive. It not only kills tumor cells, but all fast-dividing cells including those in bone marrow which develop into immune cells [23]. However, different studies combining a mAb with cytotoxic therapy suggest improved anti-tumor immune responses. Combining Rituximab and the chemotherapeutic regimen CHOP (cyclophosphamide, doxorubicin, vincristine and prednisone) to treat B-cell lymphoma in patients have been reported to increase progression-free survival and overall survival. These results were obtained after analyzing the patients for 10 years, thus showing the long-term benefit of this treatment over chemotherapy alone [55]. However, in this study the role of adaptive immune responses is not evaluated, which has been done in a study combining Trastuzumab and the chemotherapy agent paclitaxel. The breast cancer patients were able to induce anti-tumor adaptive immune responses. However, whether this resulted in an increase in survival was not evaluated [56]. The increased survival reported for the combination of a mAb with chemotherapy has also been found in patients treated with a combination of mAb and radiation. For example, the overall survival was improved in patients with head and neck carcinomas 5 years after treatment with Cetuximab and radiotherapy [57].
Despite the immunosuppressive effect of chemo- and radiotherapy by killing immune cells, there seems to be a stimulation of anti-tumor adaptive immune responses in the few remaining immune cells. TLR-dependent mechanisms are thought to be responsible for this effect (Figure 6). Cytotoxic therapies induce apoptosis of tumor cells, resulting in the release or expression of different molecules including proteins which act as ‘eat me’ and ‘danger’ signals. The ‘eat me’ signal comprises the expression of the chaperone calreticulin on the cell surface of dying cells. DCs will be licensed by this signal to phagocytose the apoptotic cells. However, to induce DC maturation and thus antigen presentation, the help of the ‘danger’ signal is needed. This signal consists of the release of a protein named HMGB1 from dying tumor cells. It acts as an agonist for toll-like receptor 4 and results in enhanced processing and (cross-)presentation of tumor antigens in DCs [58, 59]. Presentation of antigens is also enhanced by the use of mAbs. They can bind apoptotic cells and enhance the ‘eat me’ signal by simultaneously interacting with FcγR on DCs. Moreover, they can bind tumor antigens and induce their phagocytosis via FcγR [60]. Combining both mAbs and cytotoxic therapies thus might result in improved adaptive immune responses against the tumor.
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Figure 6:
 
Cytotoxic therapy induced activation of adaptive immunity
Chemotherapy (chemo) and radiotherapy (X-ray) induce apoptosis of tumor cells, resulting in the release of molecules like HMGB1 and tumor antigens. Tumor antigens are phagocytosed by DCs and presented to T cells via MHC-I (cross-presentation) or MHC-II (exogenous antigen presentation). HMGB1 provides a ‘danger’ signal by binding TLR4 on DCs and enhances processing and presentation of the antigens. T cells will be activated and induce adaptive immune responses against the 
tumor. Adapted from
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While most studies have shown that cytotoxic therapies can be improved by the addition of mAbs, just little is known about the influence of cytotoxic therapies on efficacy of treatment with mAbs. It has been reported that administration of some chemotherapy drugs three days after Trastuzumab treatment in mice induces more effective regression of the primary tumor than mice treated with the mAb alone. Nevertheless, it also resulted in less protection to tumor rechallenge, suggesting that chemotherapy inhibited the generation of anti-tumor memory cells. In the same study the effect of administration of chemotherapy drugs 24 hours before mAb treatment was examined as well with interesting results. Not only regression of the primary tumor was improved in these mice, but these mice were also able to clear a tumor after rechallenge [12]. All this suggests that the moment of chemotherapy drug administration is relevant for the generation of long-term adaptive immune responses. Moreover, it has been shown in the same study that when higher doses of chemotherapy drugs were used, the mice were less protected to tumor rechallenge. It might be possible that only low doses of chemotherapy drugs induce adaptive immunity in the way described above. More studies are needed to determine the role of administrating different doses and different moments when used in combination with mAbs.


Combination with immunomodulatory molecules 
Different molecules have been identified to stimulate antigen presentation or T cell activation. I will discuss the role of TLR agonists and the immunomodulatory cytokines IL-2, granulocyte-macrophage colony-stimulating factor (GM-CSF) and IFNα when combined with mAbs in cancer therapies.

TLR agonists
Stimulation of DCs with TLR ligands promotes maturation and antigen presentation [6, 61]. These ligands, therefore, might be useful in improving mAb therapy to cancer. Especially TLR4 and TLR9 ligands have shown to enhance anti-tumor adaptive immune responses [62]. Different ligands have been tested with promising results and some are already studied in clinical trials [59, 62]. Nevertheless, little is known about the mechanisms underlying enhancement of antigen presentation. One group reports that DCs produce IL-12 after stimulation with lipopolysaccharide (LPS; a TLR4 agonist), resulting in the enhancement in vitro [63]. As indicated in another in vitro study, LPS stimulation is necessary for the recruitment of TAP to early endosomes. This is essential for cross-presentation [64].
Oligonucleotides containing the unmethylated CpG motif stimulate TLR9 and, in this way, also promote cross-presentation in vitro. It has been shown that CpG delayed antigen degradation, what results in incompletely degraded proteins suitable for MHC-II and cross-presentation [65]. More research is needed to evaluate the role of TLR agonists when used in combination with mAb therapy.

Immunomodulatory cytokines
Association of mAbs with immunomodulatory cytokines, such as IL-2, GM-CSF and IFNα, seems to be a promising approach to improve anti-tumor therapy. IL-2, GM-CSF and IFNα are examples of such cytokines and are approved by the FDA. 
IL-2 is required for the activation of T cells. Administration of free IL-2 is approved in 1992 for the treatment of metastatic melanoma [16]. However, it has a very short half-life and induces side-effects. To overcome both problems, IL-2 can be associated with a mAb. IL-2 conjugated to different mAbs has shown increased half-life and probably is less toxic than free IL-2 due to direct targeting of tumor specific antigens. These immune complexes stimulated the activation of naïve CD8+ T cells in vitro and in vivo. Memory CD8+ T cells were also produced, which is necessary for inducing adaptive immune responses to recurrent tumors [66]. Important, IL-2 also stimulates the activity of regulatory T cells. This can lead to less clinical success through inhibition of CD8+ T cells. The use of IL-2 might therefore be effective just in tumors containing few regulatory T cells [5].
GM-CSF, approved in 1992 [16], is a cytokine that stimulates the production of granulocytes and monocytes, but also of myeloid-derived DCs [67, 68]. Producing more DCs and attracting them towards tumors might be beneficial in anti-tumor immunity by enhancing adaptive immune responses. Therefore, combining the use of mAbs and GM-CSF is evaluated. Clinical studies using Ipilimumab or Rituximab have been performed. In a study evaluating Ipilimumab and GM-CSF in patients with prostate cancer, anti-tumor responses were enhanced. They have shown an increase in the activation of CD8+ T cells, probably due to the higher amounts of DCs, which present antigens to T cells [69]. Clinical trials combining the biological functions of Rituximab and GM-CSF have also shown increased efficiency over Rituximab monotherapy [70, 71]. However, little research is performed determining the role of the adaptive immunity in this combination therapy. It is suggested that adaptive immunity may be triggered in the combination therapy by GM-CSF recruiting DCs and Rituximab enhancing antigen presentation in these DCs [71]. Indeed, treatment with Rituximab alone induces long-term protection against tumors [36]. 
In 1986 IFNα is accepted for the treatment of metastatic melanoma and lymphoma [16]. A recent study shows that this cytokine is involved in the activating of CD8+ T cells, by providing a strong activating signal to these cells [72]. Adaptive immune responses thus might be enhanced in IFNα treatment. Unfortunately, combination of IFNα with Rituximab or Bevacizumab did not lead to increased survival of patients in clinical trials. Only a prolongation of time without progression is seen [73, 74].


Combination with (DC) vaccination strategies
Inducing immunological memory to tumor cells can be very effective in anti-tumor therapies, as a patient’s immune system will be able to attack a tumor when it recurs. Different cancer vaccines have been developed to stimulate anti-tumor adaptive immune responses and thereby memory [75]. They can be composed of tumor cells or non-tumor cells genetically modified to express cytokines, co-stimulatory molecules and/or tumor antigens. These cells are phagocytosed by DCs, which will degrade them and present the cellular proteins, including the cytokines, co-stimulatory molecules and tumor antigens, to T cells. Other strategies directly use DCs. They are pulsed with RNA, peptide, proteins or cell lysates for antigen presentation or fused with tumor cells to present proteins expressed by the tumor cells [76]. 
Different vaccination strategies are evaluated in combination with mAb therapy. In vaccines composed of genetically modified (non-)tumor cells, mAbs specific for tumor antigens can coat the vaccine cells. Phagocytosis of the mAb-coated cells by DCs will be increased due to stimulation of activating FcγRs. This has been shown in vivo in HER-2/neu transgenic mice, which is a mouse model for breast cancer, using a neu vaccine and a murine analog of the mAb Trastuzumab [37]. Treatment with the neu vaccine and mAb also resulted in enhanced activation of CD8+ T cells and in the generation of tumor-specific memory T cells. This was also seen in another study. Here they used the same mice model and neu vaccine, composed of genetically modified fibroblastic cells to express HER-2/neu. They used two mAbs, which recognized different epitopes on HER-2/neu. Concurrent administration of neu vaccine and one of both mAbs resulted in improved adaptive immunity and an increase of tumor-free survival [77]. However, administration of this vaccine together with Trastuzumab is not evaluated in patients.


Protein engineering
[image: ]The last strategy I describe is the engineering of mAbs. Protein engineering is a technique used to develop proteins with novel activities or properties. Inducing mutations or shuffling genes or DNA are two examples of how protein structure and functions can be adjusted. The FDA approved mAbs described in this thesis are already engineered. Initially mAbs were murine, however, to enhance binding to human immune cells chimeric antibodies were made containing human constant domains (Figure 7). Later humanized mAbs were obtained by also partially replacing the variable domains by human portions. Eventually, all-human antibodies were generated [78]. To further improve anti-tumor mAb therapies, the Fc region might be engineered or the mAb can be conjugated to a drug. These improvements are discussed below.
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Fc region engineering of mAbs
Modifying mAbs to increase their affinity to FcγRs may be an interesting strategy to improve mAb therapy. Improving the formation of an interaction between FcγRs and complexes of antigen and mAb may enhance ADCC activity and antigen presentation in DCs [37, 49, 60], and therefore it might also enhance the induction of anti-tumor adaptive immune responses. These interactions are influenced by branching sugar residues present at the Fc region of mAbs (Figure 8). An oligosaccharide is attached at asparagine 297 in the Fc region of both heavy chains. The core of the oligosaccharide is composed of two N-acetylglucosamines (GlcNAc) and three mannoses. Different mAb glycoforms are formed by adding fucose, GlcNAc, galactose and/or sialic acid [79]. Removing fucose from the Abs increases their affinity to FcγRIIIa 10-50-fold. Interestingly, interactions with other activating FcγRs and the inhibitory FcγRIIb are not influenced [20, 80, 81]. It is thought that a sugar residue in FcγRIIIa is responsible for this change in affinity and only makes a high affinity interaction with the mAb when the latter is defucosylated [80]. This suggests anti-tumor immune responses will be enhanced in therapies using defucosylated mAbs compared with therapies using normal mAbs. Indeed, in vitro and in vivo studies confirm this. Anti-human IL-5R and anti-CD20 (Rituximab) antibodies without fucose contents both induced at least 50-fold higher ADCC in vitro than their counterparts with normal fucose contents. Changing the levels of the others sugar residues did not influenced ADCC activity [81]. Other groups have shown enhanced ADCC activity in vivo, using different mouse models and defucosylated mAbs [82-84]. Defucosylation of mAbs seems to be a promising strategy to improve anti-tumor immune responses. Some of these mAbs are even evaluated in clinical trials [5, 79, 84].
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An oligosaccharide is attached at asparagine 297 (Asn297) in the Fc region. The core consists of N-actetylglucosamines and mannoses and is modified by adding fucose, N-acetylglucosamine, galactose and/or sialic acid. Adapted 
from
 
[79]
.
)






Another method to improve mAb affinity to FcγRs is inducing mutations into the Fc region of the Ab. Little research have been done to define the effect on ADCC activity. Fc variants of different mAbs, containing combinations of several mutations, were tested in vitro and in vivo in a mouse model and in cynomolgus monkeys. Binding affinity to FcγRIIIa improved up to 100-fold and resulted in enhancement of ADCC activity in vitro [79, 85, 86]. One group also tested if the variants promoted phagocytosis and found a significant enhancement [86]. Whether this leads to better antigen presentation, is not known.
Although both methods of Fc region engineering are effective in improving anti-tumor immune responses, the influence at antigen presentation in DCs and adaptive immune responses is not known. More research is necessary to obtain this information.

Antibody-drug conjugates	
As already mentioned, Gemtuzumab ozogamicin is a mAb conjugated with the toxin calicheamicin. This antibody-drug conjugate (ADC) was approved by the FDA for treatment of acute myelogenous leukemia, but has been taken off the market due to low clinical efficacy [10]. This does not mean ADCs are useless in the treatment of cancer however. In fact, recently a study using the ADC Brentuximab vedotin reported tumor regression in as many as 86% of the evaluated patients with CD30-positive hematologic cancers, particularly Hodgkin lymphoma [87]. CD30 is an antigen present at the surface of malignant cells in (non-)Hodgkin lymphoma, anaplastic large-cell carcinomas, embryonal carcinomas and mature T cell lymphomas. mAbs specific for CD30 were reported to have very low clinical efficacy. To stimulate their anti-tumor activity, a drug named monomethyl auristatin E (MMAE) was attached to a CD30-specific mAb to generate Brentuximab vedotin. This ADC binds to CD30 present on tumor cells, will be internalized and transported to the lysosomes. Here, proteases cleave the peptide linker between the antibody and MMAE, resulting in the release of the drug into the cytosol. MMAE binds tubulin to induce cell cycle arrest and apoptosis [87]. 
Whether ADCs induce adaptive immune responses has to be investigated yet. Maybe it is possible to stimulate long-term adaptive immunity by using ADCs composed of a mAb which induces these responses. The drug might then be responsible for directly killing tumor cells, while the mAb helps to generate anti-tumor immunity for the long-term, so that recurring tumors will be cleared too.


Conclusion
Adaptive immune responses can be very useful in the treatment of cancer. By presenting tumor antigens in DCs, tumor specific CD8+ T cells can be activated and attack tumor cells. Moreover, memory T cells will be generated, which are able to recognize the tumor when it recurs up till years after eradication of the primary tumor. In this way, a long-lasting protection against the tumor is obtained. mAbs, which are used in cancer immunotherapy, have shown to stimulate adaptive immunity. By inducing ADCC or phagocytosis, tumor antigens or whole tumor cells are ingested in DCs which are able to present those antigens to T cells. T cells will be activated and attack tumor cells. mAbs may also enhance the process of antigen (cross-)presentation in DCs through binding FcγRs. Unfortunately, most FDA approved mAbs do not effectively stimulate adaptive immunity while they do not induce ADCC or phagocytosis for example. Combining mAb therapy with other therapies that have shown to induce anti-tumor adaptive immune responses, might be an option to extra stimulate the induction of these responses. One option is the use of the conventional cytotoxic therapies: chemotherapy and radiation. These therapies induce apoptosis of tumor cells, resulting in the release of molecules which provide ‘eat me’ and ‘danger’ signals. The ‘eat me’ signal license DCs to phagocytose apoptotic cells, while the ‘danger’ signal enhances antigen processing and presentation of the phagocytosed antigens. This ‘danger’ signal acts as a TLR4 agonist and after binding to TLR4 promotes DC maturation and antigen presentation. However, cytotoxic therapies do not only induce apoptosis of tumor cells, but also of other fast-dividing cells, including immune cells. If a patient is treated with a cytotoxic therapy and mAb simultaneously, the actions of mAbs will not be very effective due to this immunosuppressive effect. Indeed, reduced protection to tumor rechallenge was reported when chemotherapeutic drugs were administrated after mAb treatment. Administration 24 hours before mAb treatment resulted in enhanced long-term protection [12]. This suggests that the timing of administration of cytotoxic therapies is essential for mAb induced long-term adaptive immune responses. Further investigation is needed to determine the influence of the timing of administration and different doses of cytotoxic therapies.
Cytotoxic therapies improve mAb therapy due to the release of a TLR4 agonist from apoptotic tumor cells, which enhances antigen presentation in DCs. To improve mAb therapy, it might also be an option to simultaneously administrate TLR agonists together with mAbs. Administration of LPS (a TLR4 agonist) or CpG (a TLR9 agonist) have shown to promote DC maturation and, by recruiting TAP to early endosomes or delaying antigen degradation, enhance antigen presentation to T cells. Other immunomodulatory molecules assist in T cell activation (IL-2 and IFNα) or attract DCs towards the tumor (GM-CSF). 
The last combination therapy described in this thesis which might improve the induction of adaptive immunity is vaccination. Vaccines consist for example of (non-)tumor cells genetically modified to express cytokines, co-stimulatory molecules and/or tumor antigens. These vaccine cells can be coated by mAbs and phagocytosed by DCs to promote presentation of specific tumor antigens and activation of T cells.
mAbs act through binding to FcγRs present at the surface of immune cells. Depending on the immune cell, this interaction induces ADCC, ADCP or antigen presentation. Increasing affinity for FcγRs, through protein engineering of the mAbs, may improve the induction of adaptive immunity, due to a bigger chance of binding to its receptor and extended time of interaction. Removing fucose from or inducing mutations in the Fc region resulted in enhanced ADCC activity and antigen presentation in DCs. Another form of protein engineering is conjugating a drug to a mAb. This does not increase mAb affinity for FcγRs, but an ADC will be generated that have the ability to attack tumor cells and induce apoptosis. Phagocytosis of these apoptotic cells via mAbs and FcγRs might occur and result in adaptive immunity. However, whether this really occurs has to be investigated yet.
Whether the suggested improvements also result in better clinical outcome in comparison with mAb therapy alone has to be determined. Due to the experimental design it is not always possible to establish this. Most studies show an improvement when mAbs are added to the therapeutics, but it is not investigated in these studies whether the therapeutics influence the efficacy of mAb therapies. Moreover, as reported for cytotoxic therapies, the timing of administration is essential for the induction of adaptive immune responses. Further research is needed to determine the influence of different times of administration and different doses of therapeutics.
mAbs approved by the FDA for their use in cancer therapy all are IgG type antibodies. The potential of other mAb isotypes in cancer therapy is not known very well. However, EGFR specific IgA mAbs have shown to enhance ADCC activity when compared with ADCC activity induced by IgG mAbs. Triggering of other anti-tumor mechanisms was as effective as triggering by IgG mAbs [88]. Whether IgA also induces adaptive immunity has to be questioned. The IgA receptor is barely expressed at the surface of DCs, so induction of antigen presentation through this receptor might be very minimal. Appendix III describes an experiment I have done to compare the binding to EGFR of IgG mAb Cetuximab with two human IgA variants (IgA1 and IgA2) of Cetuximab. It shows that IgA1 has similar binding as Cetuximab, while IgA2 binding is lower. To determine whether IgA antibodies can induce anti-tumor adaptive immune responses, further in vitro and in vivo research is necessary.
Patients treated with a single mAb can develop resistance to this antibody, for example due to selection of tumor cells with a mutation that results in downregulation of the antigen [89, 90]. Treatment with this mAb will not work anymore in this patient, so mAbs recognizing other antigens or other therapies are needed to attack the tumor cells. However, the tumor cells may develop resistance to these therapies too. By using a mix of mAbs recognizing different tumor antigens, the chance of developing resistance might be reduced. Tumor cells now need several mutations at once to overcome the toxic effects of mAb therapies. When a tumor cell mutates and downregulates the expression of an antigen recognized by one of the mAbs, it is not simultaneously resistant to the other mAbs in the therapeutic mix. This mutated tumor cell therefore will be killed through the actions of the other mAbs and will have no chance to proliferate into a resistant tumor.
Presentation of antigens can result in the activation of CD4+ and CD8+ T cells, but also of a third subpopulation of T cells. These cells are called regulatory T cells and have the ability to suppress CD4+ and CD8+ T cell responses by inhibiting their proliferation [23]. This might thus influence the efficacy of anti-tumor adaptive immune responses induced by mAb therapy (with or without above described therapy improvements). For IL-2 therapy it has already been shown that it activates the inhibitory activity of regulatory T cells [5, 91]. It has to be examined to what extent regulatory T cells are induced in anti-cancer treatments and which options are available to reduce their inhibitory activity.
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Appendix I
Practical assignment

In addition to writing this thesis, I spent a few days in the Immunology lab. Together with another student, Arianne Brandsma, I have done some experiments to learn more about the work of a researcher and techniques used in research. These experiments are described in Appendix II-V.
A technique we have used in several experiments was fluorescence activated cell sorting (FACS). Cells in a sample will pass a laser beam and detector one by one to measure fluorescence and may be sorted depending on this fluorescent signal. Phenotyping of cells is possible by incubating them with fluorescently labeled antibodies, which recognize marker molecules. Markers are proteins present at the surface of specific cell types and by choosing the right antibodies it is possible to determine the different cell types in a sample. FACS is also used in binding assays to determine binding of for example fluorescently labeled antibodies or immune complexes to their targets. Fluorescent intensity is measured with FACS and corresponds to the binding.
In an ADCC assay we used 51Chrome (51Cr) to radioactively label tumor cells. 51Cr is taken up by the cells, followed by the incubation with blood containing neutrophils. Neutrophils have the ability to kill the tumor cells via ADCC, resulting in the release of 51Cr. Radioactivity is measured with a Cobra Counter and corresponds to the amount of cells killed through ADCC.
To determine whether immune complexes are degraded by DCs of three different types of mice, we used SDS-PAGE. In this gel electrophoresis technique proteins are separated according to the length of the polypeptide chain or their molecular weight. To make the proteins visible after running the gel, often the western blot technique is used. Proteins are transferred to a membrane and labeled with primary and secondary antibodies. The secondary antibodies often are linked to horseradish peroxidase, which cleaves a chemiluminiscent agent. A sheet of photographic film is then exposed to the luminescence produced by this reaction to create an image of the blot. Different bands corresponding to proteins or products of different molecular weights are visible on the image. Another technique to visualize these bands is with the Typhoon Variable Mode Imager. The SDS-PAGE gel is placed in this device, which detects fluorescent signals in the gel. For example, we used immune complexes labeled with the fluorescent dye Alexa488. Typhoon Variable Mode Imager can also be used to visualize proteins after 2D DIGE (2D differential gel electrophoresis).
Another technique we used at the lab is confocal microscopy. Proteins are labeled with fluorescent antibodies or dyes and microscopic pictures are made by measuring fluorescence at different wavelengths of light. With an overlay of these pictures it is possible to demonstrate colocalization of two or more proteins. Confocal microscopy is also used to create 3D pictures of cellular structures.
A technique I did not described in Appendix II-V is bioluminescence imaging. In experiments using this technique, cells expressing the enzyme luciferase are injected into mice and spread through the body. Cells are localized by injecting the substrate luciferin. Light is produced by the oxidation of luciferin. This reaction is catalyzed by luciferase, resulting in the emission of light at the location of injected cells. This technique is used, for example, to localize injected tumor cells and to see whether the amount of tumor cells is decreased when the mice are treated with a mAb.


Appendix II
Antibody-dependent cell-mediated cytotoxicity assay

Introduction
ADCC is a mechanism mAbs induce to lyse tumor cells. It can be induced in vitro by adding a mAb and mouse blood to a tumor cell line. The blood contains neutrophils (PMNs), which act as the effector cells. They recognize mAb-coated cells and kill them. 
ADCC assays are done with the human carcinoma cell line A431, which endogenously expresses high levels of EGFR. Here we will test whether ADCC can also be induced in a mouse pre-B cell line (Ba/F3) which is transfected with EGFR and expresses the EGFR on the cell surface (Ba/F3-EGFR). Both cell lines have pros and cons for their use in cancer research. The A431 cell line is human of origin and therefore a better model for human cancers, but it can only be used in immunodeficient mice. No correct adaptive immune responses can be generated in these mice. In contrast, Ba/F3 cells are mouse cells and grow in immunocompetent mice. Generation of adaptive immune responses is still possible in these mice.
The anti-EGFR mAb Cetuximab was added to the cells to induce ADCC. Mice were given PEG-G-CSF (recombinant G-CSF (granulocyte-colony stimulating factor)) coupled to polyethylene glycol (PEG). This increases the percentage of PMNs in the blood through recruitment from the bone marrow and therefore the enhances ADCC activity.


Materials & Methods
Tumor cell lysis is measured by the release of 51Chrome to the supernatant. First, cells are incubated with radioactively labeled chrome (51Cr), which is taken up by the cells. Second, mAb Cetuximab is added that bind EGFR on the target cells. Last, the cells are incubated with blood containing PMNs and the release of 51Chrome is measured, which corresponds to the amount of cells killed by PMNs. To measure the amount of PMNs in the blood of the mice, FACS analysis is used. The percentage of PMNs in the blood is determined by staining of whole mouse blood with antibodies (Abs) against surface molecules GR1 (expressed on PMNs and on a subpopulation of monocytes) and CD11b (expressed on both PMNs and monocytes). PMNs express both markers and therefore appear as double positive (CD11b+GR1+) cells.

51Chrome ADCC assay
· Collect Ba/F3-EGFR pre-B cells 
· Count tumor cells and wash cells with PBS
· Collect pellet in 80 μl PBS/ 1x106 cells 
· Label 1x106 cells with 100 μCi 51Cr, 2h in an incubator at 37oC, 5% CO2
· Plate out Cetuximab (1 mg/ml) in 96 wells plate in concentrations 0.1, 1, 10 μg/ml, dilute in medium to 125 l (in triplo)
· Use 5% triton as maximal release, 150 μl/well
· Use culture medium as minimal release, 150 μl well
· Add mouse blood to plate (in triplo):
· E:T ratio 25 l blood to 5x103 Ba/F3-EGFR cells
· E:T ratio 12,5 l blood to 5x103 Ba/F3-EGFR cells
· E:T ratio 6,25 l blood to 5x103 Ba/F3-EGFR cells
· Wash away excess 51Cr by washing 3 times with 10ml culture medium/1x106 cells
· Assume that you lose 10% cells during washing, collect pellet in 9ml culture medium/1x106 cells
· Use 50 μl cell suspension/well = 5x103 Ba/F3-EGFR cells
· Incubate ADCC for 4h in an incubator at 37oC, 5% CO2
· Collect supernatant with a skatron harvesting system
· Measure activity in a cobra counter, protocol 4
· Calculate % lysis as follow:
(exp count- min release)   x100
(max release- min release)  

FACS analysis
· Take 20 l blood in two tubes (1 unlabeled, 1 labeled sample)
· Add 50 l anti-mouse Ly-6G-FITC (Gr-1) diluted 1:100 in FACS buffer
· Add 50 l anti –mouse CD11B-APC diluted 1:100 in FACS buffer
· Incubate 20 min at room temperature (RT)
· Lyse erythrocytes with BD FACS lysing solution (dilute 1/10 in water)
· 950 l per tube, incubate 10 min at RT
· Spin tubes 1800 rpm, 3 min
· Discard supernatant, resuspend pellet in FACS buffer
· Measure with FACS Calibur


Results
The amount of PMNs in the blood was 24%, as measured with FACS analysis.
We measured very low radioactive signal with the cobra counter in all conditions. The positive control (triton) gave good, indicating that the labeling of the cells was optimal. 


Discussion
We observed no killing of Ba/F3-EGFR cells by PMN in this assay. One possible explanation is that the amount of PMNs in the blood was ~24%, which is very low in mice injected with PEG-G-CSF. Normally the amount of PMNs without stimulation is about 15% and after injection with PEG-G-CSF it is 60-70%. The reason for the low PMN percentage is unknown, the experiment should be repeated with mice newly injected with PEG-G-CSF.
Another explanation is that perhaps Ba/F3-EGFR cells cannot be killed by mouse PMNs. EGFR expression by Ba/F3-EGFR cells may not be high enough for potent killing by PMN. Moreover, Ba/F3-EGFR cells are more sensitive to 51Cr because around 50% of the cells is lost after labeling compared to 10% loss with other cell types.

Appendix III
Fluorescence activated cell sorting (FACS)

Introduction
All mAbs currently used in cancer immunotherapy are of the IgG isotype. However, killing of tumor cells is more effective in vitro by IgA mAbs. In this experiment the binding of Cetuximab (IgG1 EGFR Ab) to EGFR is compared with the binding of the IgA1 and IgA2 variants of Cetuximab. This is evaluated in the human carcinoma cell line A431 and in mouse pre-B cells (Ba/F3 cells) transfected to express this receptor (Ba/F3-EGFR). As a negative control normal Ba/F3 cells are used. 
Increasing concentrations of the mAbs were added to the cells, and after incubation and a washing-step the mAbs were detected with an α-Kappa-Light Chain Ab. This antibody is labeled with biotin and mixed with a fluorescent conjugate (SA-APC). Fluorescence is measured with FACS and is related to the levels of mAb bound to EGFR. 
To test whether EGFR antibodies and EGF bind to the same epitope, the competition for binding to EGFR between EGFR mAbs and EGF ligand was tested. A constant concentration of ligand and increasing concentrations of mAb was added to these cells. As a control, increasing concentrations of EGF and a constant concentration of mAb was added.


Materials & Methods
Methods
· Collect and count cells of interest, use 1x105 cells/ sample
· Wash the cells in FACS buffer (fb)
· Add Abs diluted in fb to the cells, 15 μl/sample, incubate 30’ at RT
· Wash away unbound Ab with fb; Add 100 μl of fb to the cells, spin down 1500 rpm 3’, discard the supernatant.
· Add secondary Abs diluted in fb to the cells, 15 μl/well, incubate 45’ at RT.
· Wash away unbound Ab with fb
· Add 150 μl fb/ well and measure on a FACS

Materials
· A431 cells
· Ba/F3-EGFR cells
· Ba/F3 cells
· α-EGFR Abs: 
· Cetuximab, hIgG1-α-EGFR
· hIgA1-EGFR, Gift from Thomas Valerius, Kiel, Germany
· hIgA2-EGFR, Gift from Thomas Valerius, Kiel, Germany
· Fb, PBS with 0.1% BSA and 0.1% sodium azide 
· SA-APC, eBioscience, 17-4317-82, 38D use 1:100
· α-Kappa-Light Chain-biotin, Southern biotech, 9230-08, use 1:100


Results
After FACS analysis graphs like in Figure 9 were obtained. These two examples correspond to the addition of different concentrations of IgG Cetuximab to A431 cells. Cells showing fluorescence are measured. Fluorescence lower than the cut-off (103 APC-A) is considered to be background signal, probably due to aspecific binding of α-Kappa-Light Chain and SA-APC. In the sample of Figure 9a no mAb was added, resulting in just a background signal. A peak higher than the cut-off (in quadrant P2) is equal to the levels of mAb bound to EGFR. When more mAb is bound, the peak will shift to the right. Figure 9b is the result of adding 0.02 μg/ml Cetuximab. The number of events and the percentage of cells with bound mAb are shown in row P2 of the tables.
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 Cetuximab.
)








In Figure 10 fluorescence (MFI, mean fluorescent intensity) is plotted against the mAb concentration for the A431 and Ba/F3-EGFR cell lines. An increase in fluorescence is seen due to an increase in the concentration of the mAbs. IgG1 and IgA1 have a similar binding for EGFR in A431 and Ba/F3-EGFR cell lines (Figure 10a and b). Binding of IgA2, however, is lower. Moreover, fluorescent intensity is 10 times lower in Ba/F3-EGFR cells than in A431 cells indicating lower EGFR expression.
The effect of competition between EGF ligand and mAb in Ba/F3-EGFR cells is shown in Figure 10c. By increasing EGFR mAb concentration, a similar increase in fluorescence was detected in samples with and without EGF. In Figure 10d the mAb concentration was kept constant and the concentration of EGF ligand was increased, resulting in a decrease in fluorescence indicating a reduced binding by the EGFR Ab.
Affinities of IgG1, IgA1 and IgA2 to EGFR should all be the same, since they have the same variable regions. To see whether the lower fluorescence of IgA2 was the result of a different recognition by α-Kappa-Light Chain of IgA2, the same experiment is also done with an α-IgA-PE Ab instead of α-Kappa-Light Chain. Figure 10e shows that both secondary detection antibodies α-Kappa-Light Chain and α-IgA-PE show lower staining with IgA2 compared to IgA1. Both secondary Abs thus recognize IgA2 equally well. Maybe there is reduced staining of IgA2 by secondary Abs caused by glycosylation differences between IgG1, IgA1 and IgA2.
IgA binding on Ba/F3-EGFR cells showed sudden drop in the fluorescence at lower concentration. The reason for this is not known, the assay should be repeated. 


Discussion
This experiment shows IgG1, IgA1 and IgA2 EGFR Abs all bind to both A431 and Ba/F3-EGFR cells. IgA2 binding is lower than IgA1 as detected by two different secondary antibodies. IgA1, therefore, might be more potent in cancer therapy. To see whether EGFR antibodies bind to the same epitope as EGF, a competition assay was performed on Ba/F3-EGFR cells. Adding a high concentration of EGF did not influence the binding of IgG, indicating that there is no competition between EGF and IgG. However, the second competition assay showed opposing results. A decrease in IgG binding was observed when adding increasing concentrations of EGF, suggesting competition. However the decrease in binding is very minimal and probably not significant. The assay should be repeated with A431 cells, which express much higher levels of EGFR, to see if the decrease in binding was significant or no competition between EGF and EGFR IgG occur.
In Ba/F3-EGFR cells, the expression of EGFR is 10 times lower than in A431 cells. Alternatively EGFR conformation in the membrane on Ba/F3-EGFR cells may be different to that on A431 cells, which may influence EGFR Ab binding.
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Binding 
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d.
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e.
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Appendix IV
Immune complex binding and degradation assay

Introduction
FcγRs are crucial for the immune system in recognizing IgG antibodies. In mice, DCs express all four types of FcγR. FcγRI, FcγRIII and FcγRIV are associated with the γ-chain present in the plasma membrane. The γ-chain contains an immunoreceptor tyrosine-based activation motif (ITAM) domain and generates activating signals in the cell after binding of IgG to the FcγR. FcγRIIb, on the other hand, is not associated with the γ-chain. The cytoplasmic tail of this receptor contains an immunoreceptor tyrosine-based inhibition motif (ITIM) and gives an inhibitory signal to the cell after binding the ligand. 
FcγR are required for efficient presentation of immune complex-derived antigens as shown by the FcγR-chain knock-out mouse (FcRγ-/-). However, due to the missing γ-chain these mice lack surface expression of FcγRI, FcγRIII and FcγRIV on DCs. This makes it unclear whether a defect in antigen presentation is a result of the lack of receptor expression or ITAM signaling. To investigate this, the NOTAM mice have been developed recently. In these mice the intracellular signaling via ITAM is abrogated by mutations in the ITAM motif. The mutant γ-chain is still able to provide surface expression of all FcγRs.
Here, we cultured bone-marrow derived DCs from three types of mice (wild type (WT), FcRγ-/- and NOTAM). Phenotyping of DCs was performed to check the quality of the DCs. We investigated binding and uptake of immune complexes. We used immune complexes made of an IgG antibody and the Alexa488-labeled antigen ovalbumin (OVA-IC). To distinguish between binding and uptake of OVA-IC and uptake only we used Trypan Blue (TB) to quench extracellular fluorescence. Furthermore, a degradation assay was done to measure the degradation of OVA after OVA-IC uptake in DCs. Proteinase K (ProtK) was used to remove all the OVA bound to the cells (but not internalized), to be able to distinguish between internalized OVA and OVA bound to the surface. Samples were analyzed with a SDS-PAGE gel and western blotting.


Materials & Methods
(Protocols can be found in Appendix VI)
· DCs were derived from the bone marrow of WT, FcRγ-/- and NOTAM mice after culturing bone marrow with GM-CSF for seven days (see Protocol 1)
· FACS analysis to phenotype the DCs 
· Counting of the DCs
· Immune complex binding assay (Protocol 2): DCs of different mouse genotypes and different concentrations of OVA-IC were incubated with or without TB
· Fluorescence was measured with FACS to determine if OVA-IC is internalized
· Degradation assay (Protocol 3): DCs were incubated with OVA or with OVA-IC at different temperatures and for different times, and with or without ProtK. Cells were lysed and samples run on a SDS-PAGE gel
· OVA fluorescence was measured with Typhoon Variable Mode Imager
· Western blot (Protocol 4): samples from SDS-PAGE were blotted on nitrocellulose blot and frozen for later analysis


Results
Phenotyping
[image: ]The amount of living cells is lower in FcRγ-/- and NOTAM mice compared to WT DCs (Figure 11a). Furthermore, these cells are slightly more activated than WT DCs, as can be seen by the higher percentage of CD40+/CD86+ cells (Figure 11b) and a higher MHC-I and MHC-II expression (Figure 11c). FcγR expression is as expected (Figure 11d): FcγRI, FcγRIII and FcγRIV expression in NOTAM mice is similar to the expression in WT mice. FcRγ-/- DCs have decreased expression of all three of these receptors; the differences are the least with FcγRIII.
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Figure 11: FACS analysis of bone marrow derived DCs
The results
 are described in the text.
a. 
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b.
 % of activated cells shown as CD40+/CD86+ cells of the three types of mice.
c. 
Fluorescence corresponding to MHCI or MHC-II expression in DCs of the three types of mice.
d. 
Expression of FcγRI-FcγRIV on the surface of DCs from the three types of mice.
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)Immune complex binding assay
Figure 12 shows the results of the FACS analysis of the immune complex binding assay. The filled dots are samples without TB, thus showing the total of binding and uptake of immune complexes. The open dots are with TB, representing only the uptake. The difference between a filled and an open dot is the amount of bound IC. Two stimuli, CpG (TLR9 ligand) and PMA (a general PKC ativator), are tested for their effect on immune complex binding or uptake. WT DCs show normal binding and uptake of ICs (Figure 12a and b). CpG or PMA do not have significant effects. The binding and uptake of ICs in FcRγ-/- mice DCs is, as expected, almost zero (Figure 12c and d). IC binding by NOTAM DCs, however, are unexpected (Figure 12e and f). It was shown before that NOTAM mice can bind and take up ICs, but to a lower extent compared to WT DCs. In this experiment NOTAM DCs show a very low binding compared to WT DCs. Uptake of ICs was not increased compared to FcRγ-/- DCs.
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Figure 12:
 Immune complex binding assay
The figure is described in the text.
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Degradation assay
To investigate the degradation of OVA after uptake in the presence and in the absence of FcγR ITAM signaling we have performed a degradation assay. In this assay OVA-Alexa488-ICs were incubated with DCs, excess IC was washed away and the cells were lysed. The lysate was analyzed on SDS-PAGE elecrophoresis and OVA degaradation products were detected by scanning of the gels for fluorescent signals. 
Figure 13 shows the results of the degradation assay. The most prominent lane is intact OVA. In WT mice a second lane right under intact OVA becomes clear over time, this represents degraded OVA. After 1 or 2 hrs degradation products of OVA are seen in WT cells. The FcRγ-/- DCs show no degradation, except at 24 hrs. This is probably due to non-specific uptake of OVA through mannose receptors. Samples from NOTAM DCs also lack the band of degraded OVA. However, the band of intact OVA is more prominent than in FcRγ-/- mice, which indicates that ICs are bound to the cell via FcγRs in NOTAM DCs. 
As a control, OVA without an antibody was added to cells of the three types of mice. Under these conditions uptake of OVA by the DCs is inefficient and only very little OVA is detected in these samples. 
In Figure 14 the results of another degradation assay are shown. In this experiment ProtK treatment is used in some samples to remove OVA-ICs from the cells, with the aim to only analyze OVA that is taken up by the DCs. The samples without ProtK are in accordance with the results of the degradation assay of Figure 5.
ProtK treatment was performed on 4˚C so cells are kept intact and only extracellular proteins are degraded. ProtK activity was not stopped at the end of the assay, therefore most likely at the time of the lysis of the cells some ProtK activity was still present. As a result of this probably internalized OVA is also degraded. The extra bands in the ProtK conditions therefore could be explained by partial degradation product of cell-bound OVA-IC or degradation of internalized OVA. The results are inconclusive and the experiment needs to be redone. 
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Figure 13: Degradation
 assay
The most prominent lane represents intact OVA in WT cells, FcRγ
-/-
 cells and NOTAM cells. The lane right under the OVA lane represents degraded OVA. The results are described in the text.
)



Discussion
The phenotyping results were as expected. FcγRI, FcγRIII and FcγRIV expression in NOTAM DCs was similar to the expression in WT mice, and absent in FcRγ-/- mice which is due to the lack of the γ-chain. The higher expression of CD40/CD86 and MHC-I and MHC-II in NOTAM and FcRγ-/- mice has been seen before. The exact cause of this ’more activated’ state of DCs is not clear. In the past however, this has not been a problem in the assays. These results show that the cultured DCs can be used in the assays. 
Binding and uptake of OVA-IC was normal in WT DCs and almost absent in FcRγ-/- DCs, as expected. However, binding and uptake in NOTAM DCs is also very low, while it has been seen previously that these DCs are as efficiently as WT DCs in binding and uptake of OVA-IC. The phenotyping results were good, so maybe something went wrong during the assay. The experiment should be repeated. Furthermore, addition of CpG has no effect on the binding and uptake of ICs. Addition of PMA increased IC binding by NOTAM DCs but decreased IC binding by WT DCs. 
As expected degradation was seen in DCs of WT mice over time, but not in FcRγ-/- DCs which lack the expression of the FcγRs necessary for OVA-IC binding and uptake. In NOTAM DCs also no degradation was observed. Whether this is due to reduced uptake or reduced degradation cannot be determined because this assay does not discriminate between extracellular and intracellular non-degraded OVA. A second degradation assay using also ProtK treatment has been performed to separate these two conditions. ProtK cleaves off OVA-IC bound to the surface of the DCs, so when OVA-IC is still present in the NOTAM samples after ProtK treatment this means that OVA-IC has been internalized. When degradation products are seen too, this means that the ITAM signaling is not necessary for the internalization and degradation of OVA-IC. Unfortunately, no conclusions can be drawn from this assay. Degradation products were visible in FcRγ-/- samples treated with ProtK, while no degradation was seen in these samples when not treated with ProtK. Probably ProtK activity was not stopped during the assay. After lysis of the cells, ProtK might have been able to cleave internalized OVA-IC, resulting in the presence of degradation products on the gel. This assay has to be repeated therefore.
 (
Figure 14:
 ProtK degradation assay
The figure is described in the text.
)[image: ]

Appendix V
Confocal microscopy

Introduction
To activate T cells, an antigen has to be phagocytosed by DCs and presented to these T cells via MHC molecules. Antibodies can enhance the process of antigen presentation by interacting with the antigen and FcγRs expressed on DCs. Some FcγRs contain an ITAM motif or associate with an FcR γ-chain that contains and ITAM motif. An ITAM motif is necessary to generate activating intracellular signals. As mentioned before, the exact role of ITAM in antigen presentation, however, is unknown. To study this, we use WT, NOTAM and FcRγ-/- mice. To test whether immune complexes made of OVA and IgG (OVA-IC) are internalized in DCs and presented via MHC-II confocal microscopy will be used. With this technique it is possible to demonstrate the colocalization of OVA-IC and MHC-II, which indicate the presentation of OVA by DCs.
Here we show the results of WT mice. The purpose of this experiment was to test different Abs used for fluorescent labeling of proteins to identify the best combination of Abs with less non-specific binding.


Materials & Methods
DCs were isolated from the bone marrow of WT, NOTAM and FcRγ-/- mice and incubated with OVA-IgG immune complexes (OVA-IC). One drop of cell suspension was placed on a cover slip and incubated on ice 45 minutes, allowing the cells to attach to the glass. Next, cells were fixed with paraformaldehyde and incubated with different Abs to fluorescently label endosomes. An anti-Transferrin receptor and anti-LAMP-1 were tested. OVA-IC was already fluorescently labeled by attaching Alexa594 to OVA. MHC-II molecules were labeled with Alexa647. To label the nuclei DAPI was used. 


Results
Figure 15 shows two DCs of WT mice incubated with an anti-LAMP-1 Ab. The LAMP-1 signal is strong and should correspond with the location of late endosomes. MHC-II molecules seem to be colocalized with this compartment, as the LAMP-1 and MHC-II signals overlap. The signal of OVA-IC overlap with MHC-II, suggesting that there is an interaction between these two molecules. Staining of nuclei with DAPI is very weak.
In Figure 16 staining of nuclei is very strong. These cells were incubated with an anti-Transferrin receptor, which signal is much weaker than that of LAMP-1 in Figure 15. However, it is still possible to see the staining of early endosomes by this Ab. Two or three cells are positive for MHC-II staining, the other cells are probably not DCs. OVA-IC in the MHC-II positive cells seems to be colocalized with the MHC molecules. OVA-IC staining is also seen in MHC-II negative cells. 


 (
Figure 
15: Confocal microscopy
Four different staining
s
 of DCs of WT mice: DAPI, LAMP-1, MHC-II and OVA-IC. 
LAMP-1 staining corresponds with late endosomes.
OVA-IC staining shows where immune
 
complexes of 
IgG
 and Alexa594 labeled OVA are located. They are colocalized with Alexa647 labeled MHC-II molecules
.
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 (
Figure 16: Confocal microscopy
Four different staining
s
 of DCs of WT mice: DAPI, Transferrin receptor, MHC-II and OVA-IC. 
Transferrin receptor staining corresponds with early endosomes.
As in Figure 15 OVA-IC
 staining 
overlaps the MHC-II staining.
)[image: ]




Discussion
The DAPI signal in Figure 15 is very weak in comparison with the signal in Figure 16. DAPI signal weakens in time and probably the sample of Figure 15 was a bit older.
Colocalization of OVA-IC and MHC-II is seen, probably for antigen presentation in DCs. OVA-IC also might be internalized by other cells than DCs, because OVA-IC signal is also present in MHC-II negative cells.
To locate the endosomes, probably anti-LAMP-1 is more useful than anti-Transferrin. The signal of anti-LAMP-1 is stronger and less scattered throughout the cell than the anti-Transferrin signal. Anti-LAMP-1 should be tested in DCs of FcRγ-/- and NOTAM mice too.

Appendix VI
Protocols of experiments described in Appendix IV

Protocol 1: Preparation of bone marrow DC/macrophages
Day 0
(GDL)
· Sacrifice the mouse by cervical dislocation (6-16 wks old B6 mouse; preferentially 8-12 wks old)
· Cut out femur and tibias and remove muscles with a tissue and tweezers
· Place bones in PBS to prevent dry-out
(Lab) 
· Cut the ends of the bones as far towards the ends as possible
· Flush the bone marrow into a 50 ml tube with PBS using a short needle (fill till 50 ml for washing)
· Suck isolated DM through an 18G needle to disaggregate larger BM pieces
· Spin down suspension (1200 rpm for 5 min)
· Lyse erythrocytes by adding 5 ml lysisbuffer pH 7.4 for 2 min at 4 degrees (on ice)
· Add up with PBS to 25 ml
· Put suspension through a cell strainer (100μm)
· Spin down suspension (1200 rpm for 5 min)
· (Re-suspend in PBS and filter to remove large BM pieces; spin down again)
· Re-suspend in 2 ml PBS (amount depends on size of pellet)
· Count cells
· Use Falcon 6-wells plates (not nunc plates!) and filtered medium to culture DC/macrophages (to prevent DC activation during culturing)
· Add GM-CSF (1μl stock (-20C, small lab) to 100ml) to medium to drive differentiation towards DC
· Refresh the GM-CSF in your medium stock each week (otherwise it is too old to function)
· Plate out 3x106 cells per well (a portion will adhere and differentiate towards macrophages, the rest will remain in suspension and differentiate towards DCs)

Day 1 (or day 2)
· Carefully aspirate 2,5 ml medium (progenitors will stay at the bottom)
· Add 3 ml fresh medium

Day 4 (or day 5)
· Refresh medium as on day 1

Day 7
· Suspension cells (DCs) can be harvested
· Check phenotype with CD11b+ CD11c+ double staining
· (Adherent cells (macrophages) can be harvested with 50 mM EDTA for 10min incubation at 37C and vigorous pipeting)


Protocol 2: Immune complex binding assay
· Distribute 10e5 cell/well (V-bottom plate) in 50 μl full medium
· Use apart plate for 4˚C and 37C
· Place it on ice for 20 min, cool plate with IC dilution too
· Pipette IC to cells at the indicated time points in 50 μl medium
· At the end wash with cold FACS buffer in cold centrifuge
· Stain with Abs on ice for 1hrs (CD11b and CD11c (and) a-r-FITC)
· Resuspend in 100 μl FACS
· Measure on FACS Calibur


Protocol 3: Degradation assay
· Distribute 1x10e5 DCs/Eppendorf
· Spin 3 min at 0,2 rcf, resuspend in 25 μl DC medium
· Add OVA or OVA-IC in 25 μl normal medium (2x dilution)
· Incubate for 0, 15 or 30 min or 1, 2, 4, 8 or 24 hrs at 4 or 37˚C

Stripping by ProtK treatment
· Repeat previous four steps
· Spin and resuspend cells on ice in ProtK buffer (or PBS but no detergent)
· Add ProtK (0.5 mg/ml) for 30 min on ice
· Add 1 volume of 2 mM PMSF in buffer to block the ProtK. Final concentration 1mM
· (Prepare 100 mM stock in EtOH. Add to buffer when constant vortexing to final concentration 2 mM. Just prior to use, even now some precipitation can occur.)

· Wash 2x with 800 μl cold PBS, spin in Eppendorf cup at 0,3 rcf
· Pellet lysed in 20 μl reducing Sample Buffer (2x) (cc 2x10e6 c/100ul)
· Cook for 5 min at 100˚C
· Store samples at -20˚C

· Run on 15% PAGE, 15 combs, 1.5 mm, 20 μl sample/slot
· Scan gel on Typhoon Variable Mode Imager at an excitation wavelength of 488 nm


Protocol 4: Western Blot Protocol
Making of gel 
· Make a 15% running gel. For composition use table (Add APS and TEMED together at the end!)
	15% running gel
	Stacking gel (4 ml)

	4.6 ml H2O
	2,7 ml H2O

	10 ml Acrylamide mix
	670 μl Acrylamide mix

	5 ml 1,5M Tris
	500 μl 1M Tris

	200 μl 10% SDS
	40 μl 10% SDS

	200 μl 10% APS
	40 μl 10% APS

	16 μl TEMED	
	8 μl TEMED



· Put some water on the gel, leave some gel in Falcon to see when polymerization complete
· When the gel polymerized, pour water off (use tissue if needed)
· Add staking gel 
· When the entire gel is polymerized, place it with wet tissue in foil in the fridge and can be kept for couple of days

SDS PAGE
· Cook samples for 5 min in heat block at 100˚C
· Place gel in holder and fill up with 1x Electrophoreses buffer
· Load wells using Biorad pipette tips
· If the middle compartment is leaking fill up the outer compartment totally with buffer
· Run for 1-1.5 hrs at 100-120 V

Blotting
· Wash nitrocellulose blot with 
· MethOH 	(10 sec)
· Water 		(2 min)
· Blot buffer 	(5 min)
· Soak sponges (2x) and Watman paper (3x) in blot buffer
· Prepare for blotting while the gel is running
· Black side down
· Sponge
· 3 pieces of Watman paper
· gel
· Nitrocellulose blot
· 3 pieces of Watman paper
· Sponge
· Loose gel with green piece of plastic, get rid of stacking gel, apply gel carefully to Watman paper
· Place gel in blot buffer before this (5 min)
· Place cooling elements in holder 
· Run 1-1,5 hr at 400 mA (or o/n at 25 mA in cold room in case of big proteins)

Block / Wash / Staining
· Wash 3x with PBST (PBS + Tween20)
· Wash 2x with PBS
· Wash with ECL
· Block with PBSP (PBS + 5% Protifar) for 1 hour at RT
· Incubate with the 1st antibody (rabbit anti-human-γ-chain (Upstate) 1:1000 in 90% PBST, 10% PBSP o/n)
· Incubate with the 2nd antibody (goat anti-rabbit-HRP (Pierce, 25D))

Blot stripping
· Place blot in 50ml Falcon with Strip buffer for 30\min-1h in 55˚C water bath
· Wash few times short with water
· Wash with a lot of TBS-T (or the washing buffer you use)
· After stripping you need to block the blot again and develop as in the protocol



Buffer compositions
Tris/HCl 1.5 M PH 8.9 – 9.1g Tris in 40 ml Tridest, set pH at 8.9, fill up to 50 ml, filter 0.45 μm 
Tris/HCl 0.5 M PH 6.9 – 3.03g Tris in 40 ml Tridest, set pH at 6.9, fill up to 50 ml, filter 0.45 μm

10x Electrophoreses buffer
30.3g Tris
144g Glycine
10g SDS
Fill up to 1l with tridest
pH 8.4

5x Blot buffer
56.5g Glycine
12.1g Tris
Fill up to 1l with bidest water
pH 8.4

1x Blot buffer
600 ml bidest water
200 ml 5x blot buffer
200 ml Methanol
Keep this order because of precipitation
Keep blot buffer in fridge and reuse it 3x

4x Sample buffer
25 ml Milli-Q Water
25 ml 1M Tris, pH 6.8
40 ml Glycerol
8g SDS
8 ml ß-Mercapto-ethanol (if reducing)
400 mg Bromophenol Blue
Once SDS and BB are dissolved, filter with a 0.2µm syringe filter.
Store aliquots in -20˚C

Strip buffer
36.5 ml water
3.1 ml 1M Tris pH 6.8
10 ml 10% SDS
0.39 ml -ME
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