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POPULAR SCIENCE SUMMARY OF THE THESIS 

The immune system is a group of cells, tissues and organs all connected, working to defend 

our body against invaders, such as bacteria, virus, and parasites. We can imagine the immune 

system as an army in which their main purpose is to protect us against foreign bodies. In a 

healthy person, the army works in a coordinate way avoiding the person to get seriously ill; but 

sometimes the immune system does not work as it should. Immunodeficiency disorders occur 

when the body's immune response is reduced or absent. Immunodeficiencies can be primary or 

secondary depending how they are caused. When the cause of the deficiency is caused by other 

disease or environmental exposure to toxins, it is called secondary immunodeficiency disease 

but when the cause of this deficiency is genetic, it is called a primary immunodeficiency 

disease. Sometimes, a person carrying an immunodeficiency is also prone to develop other 

diseases, such as cancer and for that reason is very important to understand the mechanisms 

behind the disease. 

In paper I, we work with a protein called Wiskott-Aldrich Syndrome protein (or WASp), 

named after the two people that described it first: Dr. Alfred Wiskott and Dr. Robert Aldrich. 

This protein is extremely important since it produces actin, a component of the cell skeleton. 

WAS patients do not have this protein at all, so the actin produced to maintain the cells structure 

is much decreased compared to a healthy person. Mutations on this protein can also induce this 

protein to produce much more actin than necessary leading to a disease named X-linked 

neutropenia (or XLN). In this study, we focus on a specific cell type of our immune system: 

dendritic cells (DCs). Their main function is to surveille our body for intruders and due to their 

structure with long protrusions-looking arms, they are able to do that in a very efficient way. 

Here we found that, compared to normal (wildtype; WT) DCs, XLN DCs migrate in a defective 

way in artificial systems that mimic our body but not in the body itself, using mice as 

experimental model. Moreover, WASp-deficient DCs migrate as well as WT DCs but when 

looking at microscopic structures such as the cell feet, named podosomes, WASp-deficient 

DCs differ from WT cells. 

In paper II, we study how WASp-deficient DCs are able to process antigens. Antigens are 

small proteins released by pathogens after entering our body. Antigens are extremely important 

molecules since some of the cells in our immune system, such as DCs, can easily recognize 

them, starting an immune response to kill the pathogen. DCs cannot kill the pathogen 

themselves. Instead, they digest the antigen in a structure called phagosome (=cell stomach) 

and expose it to cytotoxic T cells, as in a relay race, if we imagine that the antigen is passed 

from DCs to cytotoxic T cells like a baton. After cytotoxic T cells have seen the antigen, they 

multiplicate/proliferate a lot and very quickly with the aim of fighting and kill the pathogen.  

Here we found that WASp-deficient DCs have their phagosome less acidic resulting in more 

cytotoxic T cell proliferation compared to WT DCs. 

In paper III, we use WASp inhibitor CK666. CK666 is a small molecule that is used so far to 

inhibit a variety of cell functions. In this study, we use this molecule to modify the DC skeleton 



to mimic the immune response seen on WASp-deficient DCs described in paper II as a strategy 

to kill cancer. Here, we show that CK666-treated DCs also have their phagosome less acidic 

resulting in more cytotoxic T cell proliferation compared to non-treated DCs. Moreover, mice 

that carry melanoma tumor and are later injected with CK666-treated DCs, survive longer, 

compared to mice that receive non-treated DCs or does not receive any immune cells. Mice 

survival is even prolonged when we combine CK666-treated DCs with another inhibitor 

molecule named anti-PD1. 

In paper IV, we study how important are NK cells in tumor killing. NK cells are short for 

natural killer cells and their main function is the release of cytotoxic granules that will quick 

kill infected or cancer cells. In this study, we were lucky enough to get some material from the 

rare XLN patients but to confirm the findings we used XLN mouse models since they are more 

available. Here, we found that XLN NK cells have an increased capacity to respond and kill 

tumor cells.  



 

 

ABSTRACT 

The immune system is a fine-tuned network of cells, tissues, organs and biological processes 

working together in order to protect our body.  Immunodeficiency disorders occur when the 

body’s immune system is reduced or absent and can be characterized as primary, if the cause 

of disease is genetic; or secondary, if the cause of disease are extrinsic factors. Primary 

immunodeficiencies (PID) are in general rare, severe, and in many cases lethal. During my 

PhD, I aimed to investigate the role of dendritic cells (DCs) and natural killer (NK) cells in a 

primary immunodeficiency named Wiskott-Aldrich Syndrome (WAS). Moreover, I aimed to 

translate the findings from WAS to cancer treatment. 

In paper I, we investigated how WAS protein (WASp) affects migration in DCs. In vitro 

assays, using microchannels and micropillars, showed that WASp-deficient DCs had increased 

migration speed while DCs expressing an overactive mutation in WASp, identified in X-linked 

neutropenia (XLN) patients, had similar average speed but increased speed fluctuations, 

reduced displacement, and atypical rounded morphology. Surprisingly, in vivo studies using 

an ear inflammation model, WT, WASp-deficient and XLN DCs migrated to the draining 

lymph nodes at the same extent, but deeper analysis by microscopy showed that WASp-

deficient and XLN DCs localize differently in the draining lymph nodes, compared to WT DCs. 

Microscopy analysis revealed that XLN DCs had reduced cell area but formed larger podosome 

structures when compared to WT DCs. These results suggest that WASp activity regulates DC 

migration and that DCs have a remarkable adaptation for migration under inflammatory 

conditions in vivo. 

In paper II, we examined how WASp affects DC cross-presentation to T cells. Using two 

different skin pathology models, challenge with Der p 2 or Leishmania major (L. major), we 

show that WASp-deficient mice had an accumulation of dendritic cells in the skin and 

increased expansion of interferon (IFN)γ-producing CD8+ T cells in the draining lymph node 

and spleen. Specific deletion of WASp in dendritic cells led to expansion of CD8+ T cells at 

the expense of CD4+ T cells. WASp-deficient dendritic cells induced increased cross-

presentation to CD8+ T cells by activating Rac2 that maintains a near neutral pH of 

phagosomes. Our data reveal an intricate balance between activation of WASp and Rac2 

signaling pathways in dendritic cells. 

In paper III, we used the findings from paper II to develop a DC-based vaccine for cancer 

therapy. Here, we used the small molecule CK666 to inhibit signaling via WASp and Actin 

related protein 2/3 (Arp2/3) to enhance DC mediated killing of tumor cells. Treating DCs with 

CK666 in vitro during antigen uptake and processing of ovalbumin (OVA), murine and human 

DCs showed decreased phagosomal acidification that induced increased proliferation of OVA-

specific OT-I CD8 T cells in vitro and in vivo. Furthermore, using the B16-mOVA melanoma 

tumor model, we show that mice injected with CK666-treated DCs and OVA-specific OT-I 

CD8 T cells showed higher rejection of tumor when compared to mice receiving non-treated 

DCs. This resulted in prolonged survival of tumor-bearing mice receiving CK666-treated DCs. 

Mice survival is extended when CK666-treated DCs are combined with checkpoint inhibitor 



anti-PD1. Our data suggests that the small molecule inhibitor CK666 is a good candidate to 

enhance DC cross-presentation for cancer therapy. 

In paper IV, we studied the anti-tumor responses of natural killer (NK) cells and T cells in 

XLN. Here, we examined NK and T cells from two XLN patients harboring the WASp L270P 

mutation. XLN patient NK and T cells had increased Granzyme B content and elevated 

degranulation and IFNγ production when compared to healthy control cells. Murine XLN T 

cells had normal degranulation and cytokine response whereas XLN NK cells showed an 

enhanced response. When compared to WT mice, XLN mice showed reduced growth of B16 

melanoma and increased capacity to reject MHC class I-deficient cells. Together, our data 

suggests that cytotoxic cells with constitutively active WASp have an increased capacity to 

respond to and kill tumor cells. 

In summary, the work presented in this thesis show that both DCs and NK cells are very 

important in starting an immune response and defects in their cytoskeleton dramatically affects 

their function. Still, cytoskeleton rearrangement and its outcome depend greatly on the context. 

Both WAS-deficiency and WASp-overactive patients suffer from negative effects however, 

we can learn from them and focus on the positive consequences in order to help cancer patients.  
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1 INTRODUCTION 

1.1 PRELUDE 

In this thesis I will present the work that I have done during my PhD. But first, I would like to 

give a personal introduction. What moved me to study immunology in the first place was my 

mother being diagnosed with fibromyalgia syndrome. At the time, I was shocked and a little 

bit angry of how the human body, supposed to be “the perfect machine”, could not work 

properly and inflict so much pain to someone. Fibromyalgia is a very poorly understood 

disease. Initially, it was thought that fibromyalgia was a brain pathology due to the patient’s 

increased sensibility to pain but very recently, several universities, including Karolinska 

Institutet, found that it is actually an autoimmune disease with defective IgG 1. Nowadays, after 

spending several years studying immunology, I have another vision of “the perfect machine”. 

In fact, I do not think it is perfect, but I am extremely amazed how more people do not feel ill 

and more often. Having a system that includes so many components interconnected and 

working in syntony it is a reason to be thankful. We should also be thankful to science and all 

the researchers that contribute to better understanding of diseases, allowing the patients to have 

a life with any or minimal pain. With the work presented, I hope to have helped to expand the 

understanding of immune diseases and how this knowledge can be translated to cancer 

treatment. 

 

1.2 THE IMMUNE SYSTEM 

Our body is a very complex organism. In order to work properly as a whole, it is divided in 

biological systems where each system comprises several cells, tissues, organs and biological 

processes that work jointly with one common purpose. The immune system’s main function is 

to identify and kill foreign bodies such as bacteria, virus and parasites that could cause us harm 

or even kill; but it can also defend us against own cell changes, as in the case of cancer.  

According to Dr. Aaron Glatt, spokesperson for the Infectious Diseases Society of America, 

“the human body are exposed to approximately 60 000 types of germs on a daily basis, although 

only about 1 to 2 percent are potentially dangerous to normal people with normal immunity” 2. 

From this statement, we can conclude that our immune system is extremely efficient. The 

human’s immune system is divided in two main branches: the innate or natural immune system 

and adaptive or acquired immune system. 

 

1.2.1 The innate immune system 

The innate immune system is considered the first line of defense and develops when the human 

body is exposed to a new pathogen. It is not specific to a particular pathogen and, considering 

how fast a pathogen reproduces, it must be quickly activated to protect us from infection 3. The 

innate immune system depends on pattern recognition receptors (PRRs) which recognize 
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conserved structures on pathogens, named pathogen-associated molecular patterns (PAMPs) 

or molecules released by damaged cells, named damage-associated molecular patterns 

(DAMPs) 4. Classes of PPRs include Toll-like receptors (TLRs) 5,6, C-type lectin receptors 

(CLRs) 7, retinoic acid inducible gene 1 (RIG-1)-like receptors (RLRs) 8,9, nucleotide binding 

oligomerization domain (NOD)-like receptors (NLRs) 10. PAMP or DAMP recognition by the 

PPRs initiates signaling cascades that trigger the expression of pro-inflammatory molecules 

that ultimately leads to the pathogen annihilation. Innate immune system consists of different 

components: physical barriers such as skin and mucosa; antimicrobial peptides; soluble 

mediators such as cytokines and serum proteins; cellular receptors; and effector cells such as 

endothelial/epithelial cells, neutrophils, mast cells, granulocytes, natural killer (NK) cells, 

monocytes, macrophages, dendritic cells (DCs) 11. Important for this thesis, I will focus on 

monocytes, DCs and NK cells. 

 

1.2.1.1 Monocytes 

Monocytes arise in the bone-marrow (BM) from hematopoietic stem and progenitor cells 

(HSPCs) – Figure 1. In both human and mouse, monocytes develop from oligopotent common 

myeloid progenitors (CMPs) 12,13, characterized by Lin-cKit+Sca1-(LKS-

)CD34+FcγRloFlt3+CD115lo, that differentiate to granulocyte-monocyte progenitors (GMPs), 

characterized by LKS-CD34+FcγRhiLy6C-; and to monocyte-DC progenitors (MDPs), 

characterized by LKS-CD34+FcγRloFlt3+CD115hi 14. Monocytes can be divided into two major 

classes: classical monocytes and non-classical monocytes. Classical monocytes are 

characterized by Ly6ChiCD43- in mice to what corresponds to CD14+CD16- in humans; and 

non-classical monocytes are characterized by Ly6CloCD43+ in mice corresponding to 

CD14loCD16+ monocytes in humans 15,16. Both types of monocytes can differentiate from both 

GMPs and MDPs, though showing differences in function 17. In case of an injury, classical 

monocytes that are stored in the BM and spleen, quickly differentiate into macrophages or 

monocyte-derived DCs 17,18. Non-classical monocytes are less understood. However, it is 

thought to have the ability to be recruited to non-inflamed and have the function of intravascular 

housekeepers by repairing endothelium during homeostasis, and remove cell debris 16,19–21. 

It was shown recently that mouse MDPs and GMPs differentiate from CMPs and both give rise 

to classical monocytes (Ly6Chi), however, through distinct pathways. Moreover, GMPs 

generated “neutrophil-like” monocytes while MDPs generated moDCs and their balance 

modulates cell repertoire during homeostasis and following infection 17. MDPs differentiate 

later into conventional DCs (cDCs) and plasmacytoid DCs (pDCs), via common DC 

progenitors (CDP); or into monocyte-derived DCs (moDCs), via common monocyte 

progenitors (cMoPs) 14,22. Although, myeloid precursors are the main source of DCs, lymphoid 

precursors can also give rise to cDCs. Transfer experiments show that T-precursors from 

thymus expressing low CD4 can differentiate into T, B and cDCs but not myeloid cells 23–25. 

Initial studies could only detect CLP-derived cDCs with high CD8α, however, using different 

transfer models, it was shown that CLP-derived cDCs can be CD8α+ or CD8α-26. 
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Figure 1. Dendritic cell differentiation pathways. Hematopoietic stem and progenitor cells (HSPCs) give rise to common 

myeloid progenitors (CMPs) and common lymphoid progenitors (CLPs). CLPs can differentiate into T cells, B cells, NK 

cells and conventional DCs (cDCs). CMPs differentiate into megakaryocyte, eosinophil, basophil, erythrocytes, granulocyte-

monocyte progenitors (GMPs) and monocyte-DC progenitors (MDPs). MDPs differentiate into cDCs, plasmacytoid DCs 

(pDCs) and monocytes where monocyte-derived DCs (moDCs) arise from. GMP differentiate into neutrophils and 

monocytes. Macrophages and non-classical monocytes differentiate both from GMP and MDP, depending on the stimuli 

received. Image created with BioRender.com 

 

1.2.1.2 Dendritic cells 

Dendritic cells (DCs) are one of the most efficient antigen-presenting cells (APC) that patrol 

our body to capture antigen, process and present them to effector cells initiating an immune 

response 27. DCs were identified by Steinman and Cohn in 1973 in the adherent cell populations 

derived from peripheral lymphoid organs such as spleen, lymph node and Peyer’s patches. 

Initially, these cells were morphologically characterized as having a variety of branching forms, 

and continuously extend and retract cell processes. For this reason, “dendritic cella” was the 

name suggested 28. DCs were later characterized as cells that express high levels of major 

histocompatibility class (MHC) II molecules and integrin cluster of differentiation (CD)11c on 

their surface 29,30. Finding that granulocyte-macrophage colony-stimulating factor (GM-CSF) 

can be produced by non-immune cells and mediate DC function and survival was a 

transforming step in the field, since it allows the differentiation of DCs in vitro 31. This helped 

 

a The word "dendritic" means "branched like a tree". It comes from the Greek " δένδρον/dendrón"=tree. 
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to find a suitable protocol for differentiation of human DCs by culturing CD14+ monocytes 

present in human blood using GM-CSF and interleukin (IL)-4 32,33.  

DCs subsets are equivalent in mouse and human but differ on expression markers – Figure 2. 

For both, mouse and human, DCs can be divided in steady-state DCs, Langerhans cells and 

inflammatory DCs. Steady-state DCs can further be divided in conventional DC1 (cDC1), 

conventional (cDC2) and plasmacytoid DC (pDC). In this work, I will only discuss mouse 

DCs. 

 

1.2.1.2.1 Mouse Dendritic Cell subtypes 

Conventional DC1s (cDC1s) are identified based on expression of MHC II, CD11c and CD8α 

or CD103, and lack of CD11b and B220. CD8α is expressed on cDC1s in spleen and other 

lymphoid organs 34–36, while CD103 is expressed on cDC1s in skin and other non-lymphoid 

organs such as intestine, lung, liver and kidney 37–41. cDC1s also express cell adhesion molecule 

1 (CADM1), c-type lectin domain containing (Clec)9a and X-C motif chemokine receptor 

(XCR)1  42–44. CD26 could be used as an additional marker; or macrophages marker such as 

F4/80, CD64, CD11b and signal regulatory protein α (SIRPα; CD172α) can be used as 

exclusion markers for cDC1s 42. 

cDC1s derive from HPSCs and its differentiation is modulated by interferon regulatory factor 

(IRF)8 that itself is regulated through nuclear factor regulated by IL-3 (Nfil3)/zinc finger E-

box binding homeobox (Zeb)2 /inhibitor of DNA binding (ID)2  pathway; and basic leucine 

zipper ATF-like transcription factor (BATF)3  45–47. PU.1 has also been shown to be vital for 

cDC1 differentiation, since it directly regulates Fms related receptor tyrosine kinase 3 (Flt3) in 

a concentration dependent manner 48. Intestinal IRF8-dependent cDC1s, characterized by 

CD103+CD11b-, are responsible to maintain T cell homeostasis. Additionally, mice lacking 

intestinal IRF8-dependent cDC1s, are not able to trigger T helper type (Th)1 responses to 

Trichuris muris infection 49. B cell lymphoma (Bcl)-6 was shown to drive the transcriptional 

program of intestinal CD103+CD11b- cDC1s 50. cDC1s express several TLRs. Murine cDC1s 

from spleen express TLR3 that lead to IL-12 and interferon-lambda (IFNλ) production upon 

polyinosinic:polycytidylic acid (poly I:C) stimulation 51; cDC1s express TLR4 upon 

lipopolysaccharide (LPS) activation 52,53; and cDC1s also express TLR11 upon contact with 

profilin like molecules from the protozoan parasite Toxoplasma gondii resulting in high levels 

of IL-12 production 54,55. Moreover, cDC1s express indoleamine 2,3-dioxygenase (IDO)1  and 

IDO2 that affect T cell responses 56; several Rab GTPases Rab11A 57, Rab7B 58, Rab43 59, 

SEPT3 60; and recently, WD repeat- and FYVE domain-containing protein (WDFY)4, was 

shown to be critical for cross-presentation in anti-viral and anti-tumor responses 61.   

The main function of cDC1 is cross-presentation. The exact mechanism of cross-presentation 

is not completely understood however, some factors and key-molecules are known to affect 

cross-presentation. The small GTPase Rac2 control the phagosomal oxidation and pH, 

controlling this way cross-presentation 62. Rab43-deficient DCs show normal viability but 
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defective in vivo and in vitro cross-presentation of cell-associated antigen 59. Studies done in 

transcription factor Batf3 knockout mice show lack of virus-specific CD8+ T cell responses to 

West Nile virus. Additionally, these mice showed impaired rejection of highly immunogenic 

syngeneic tumors. This was shown to be due to defective cross-presentation by dendritic cells 
63. Very importantly, cDC1s don’t express the CD47-SIRPα, known as the “don’t eat me” 

signal mainly expressed on cancer cells, avoiding a specific anti-tumor response. Besides DCs 

being professionals APCs, cDC1 can also induce strong humoral response and induce 

immunoglobulin (Ig)G class switching 64,65. They also secrete IL-15 that activates and induces 

proliferation of NK cells 66,67. Additionally, cDC1s can control the recruitment of neutrophils 

to the site of bacterial infection, including Staphylococcus aureus, bacillus Calmette-Guérin 

(BCG) and Escherichia coli. This mechanism is regulated by the cytokine vascular endothelial 

growth factor α (VEGF-α) 68. cDC1s are also able to develop memory T cells in vaccinia 

cutaneous-infected mice, upon influenza infection, and upon secondary infections with Listeria 

monocytogenes 69,70. In the intestine, cDC1s are required for FoxP3+CD8+ Tregs generation and 

suppressive function that is required for tolerance 71. 

In summary, cDC1s have been shown to play critical roles in both innate and adaptive immune 

responses to prevent different pathogens infections. 

 

Conventional DC2s (cDC2s) are identified based on expression of MHC II, CD11b, CD11c, 

CD1c and SIRPα. They can also express CD4 and CD26. cDC2s do not express CD8α, 

CD45RA, Clec9a, XCR1 and CD24. cDC2s from the spleen additionally express cell adhesion 

molecule (CADM)3  and cDC2s from the gut express specifically CD103, important to regulate 

T cells activity in the intestine 72. cDC2s from the spleen can be divided in two subsets based 

on expression of Clec12A and endothelial cell specific adhesion marker (ESAM). 

Clec12AloESAMhi differentiation is dependent on IRF4 and Zeb2 73–75. Intestinal 

CD103+CD11b+ cDC2s survival is dependent on IRF4 76. Moreover, cDC2s that express IRF4 

promote the generation of colitogenic CD4+ T cells, emphasizing the importance of cDC1 and 

cDC2 balance 77. It has been identified several transcription factors present on cDC2s, 

including CCAAT enhancer binding protein beta (C/EBPβ) and PU.1 78, the runt-related 

transcription factor (Runx)3  79, nuclear factor (NF)κB1 80,81, and basic helix-loop-helix family 

member (BHLH)E40  82.  Differentiation of cDC2s is also Notch2-dependent 83. Blimp-1 drives 

the transcriptional program of intestinal CD103+CD11b+ cDC2s 50. cDC2s express immune 

receptors such as RIG-I and melanoma differentiation-associated protein (MDA)-5 that trigger 

inflammatory responses upon detection of viral double-stranded ribonucleic acid (RNA) in the 

cytoplasm 84. cDC2s also express NLRs such as NOD1 and NLR family member X1 (NLRX1) 
85,86; and several TLRs including TLR3 87, TLR5 88–90, TLR7 87,91,92, TLR9 88 and TLR12 88. 

cDC2s secrete higher amounts of IL-6 and IL-8 starting inflammatory responses 93,94; they also 

produce higher amounts of IL-23 upon fungal infections, promoting this way Th17 response 
73. IRF4 deletion on intestine cDC2s result in reduced amount of Th17 cells in the draining LNs 
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(dLNs), following immunization 73,76. cDC2s are for this reason able of presenting antigen to 

activate CD4+ T cells. 

 

Plasmacytoid DCs (pDCs) are a unique type of DCs with important role in antiviral immunity 

due to their ability to produce very high amounts of IFN type I, mainly IFNα, upon activation 

with virus or methylated deoxyribonucleic acid (DNA). pDCs can also produce large amounts 

of IFN type III after stimulation with herpes simplex virus type 1 (HSV-1) or parapocvirus 53. 

Morphologically, pDCs are different from cDCs due to the presence of higher amounts of rough 

endoplasmic reticulum (ER). pDCs are characterized by expression of CD11c and high 

amounts of MHCII. pDCs also express sialic acid binding Ig-like lectin H (SiglecH) 95 and 

bone marrow stromal cell antigen 2 (BST2; also known as HM1.24, tetherin, or CD317) 96. 

BST2 is expressed specifically on IFN type I-producing cells but SiglecH can also be expressed 

on some macrophage’s subsets. Additional pDCs markers, when in periphery (not in bone 

marrow), include CCR9 97,98, SCA1 99 and Ly49Q 100. CCR9 is an important chemokine 

receptor since it mediates efficient pDCs homing and entry in the thymus. Additionally, pDCs 

take up antigen from the periphery and transport it to the thymus in CCR9-dependent way, 

contributing to immune tolerance 101. pDCs express high levels of TLR1, TLR7 and TLR9, and 

respond to the specific agonists by producing IFN type I. pDCs also express high levels of 

TLR2 although being poor in responding to its ligand. pDC development depends on Flt3L 
102,103 and some key genes are essential for its differentiation and function. Transcription factor 

Zeb2 regulates development of pDCs 104; Spi-B is also shown to control to control pDC 

development by not allowing progenitor cells to develop into other lymphoid lineages 105; 

deletion of IRF8 altered pDCs phenotype and decreased IFN type I production upon CpG-

stimulation 45; mice that express low levels of Ikaros lack peripheral pDCs 106. pDCs are key 

cells in mucosal immunity and colitis models 107,108; but they are also involved in malignancies. 

pDCs are known to be involved in various autoimmune diseases such as systemic lupus 

erythematosus 109,110; psoriasis 111; and type I diabetes 112. 

 

Langerhans cells (LCs) are a subset of DCs that reside in the skin epidermis and are mainly 

characterized by the presence of Birbeck granules and the expression of langerin (or CD207) 
113,114. LCs also express MHC II, epithelial cell adhesion molecule (EpCAM; also known as 

CD326), CD24, CD11b, F4/80 and CD205. LCs differentiation is mainly regulated by the 

transforming growth factor-beta (TGF-β), but other transcription factors are equally important. 

These include pU.1, ID2 and RUNX3 115–117. The p14 adaptor molecule is critical in for LCs 

homeostasis and p14 conditional knockout mouse show a complete loss of LCs in the epidermis 

early after birth 118. Activated LCs elongate their dendrites through keratinocyte tight junctions 

in order to have access to external antigen in the epidermis 119. LC then migrate to the lymph 

nodes to initiate an immune response. 
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Inflammatory DCs (infDCs) are derived from monocyte precursors upon infection or injury 

that are recruited to lymphoid tissues in a C-C chemokine receptor type (CCR)2-dependent 

manner. InfDCs are very similar to inflammatory macrophages, so there is a need for caution 

when characterizing these cells. InfDCs are phenotypically similar to cDC2 expressing high 

levels of MHC II, CD11b and CD11c. InfDCs also express Ly6C, F4/80, CD206, CD115, 

CD107b, FCERI and CD64 120; and are able to produce cytokines such as IL1α, IL1β, IL-12 

and IL-23. Although it can be difficult to distinguish infDCs from macrophages, they are 

functionally different. InfDCs are able to migrate to the lymph nodes in a CCR7-dependent 

manner and activate T cells, contrary to macrophages. 

 

Figure 2. Expression markers on different DC subsets. Image created with BioRender.com 

 

1.2.1.2.2 Cross-presentation 

DCs are professional antigen-presenting cells and can process both endogenous and exogenous 

antigens to start an immune response. Most DCs process endogenous antigens and then present 

it in MHC class I molecules, and process exogenous antigens and then present it in MHC class 
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II molecules. However, specific DCs are able to shuttle an exogenous antigen to MHC class I 

molecules in a process called cross-presentation 121,122. This phenomena is due to the ability of 

some DCs to keep their phagosomes at a neutral pH, limiting protein degradation by the 

proteosome 123–125. Among murine DCs, CD8α+ DCs present in spleen and other lymphoid 

organs; and CD103+ DCs present in skin and non-lymphoid organs, have higher capacity for 

cross-presentation.  CD8α- DCs can also cross-present but at lower extent 124,126,127. There are 

two main cross-presentation pathways by DCs: the endosome-to-cytosol pathway and the 

vacuolar pathway – Figure 3. 

The endosome-to-cytosolic pathway 

The endosome-to-cytosolic pathway is sensitive to proteasome inhibitors and is dependent of 

transporters associated with antigen processing (TAP) 128. Extracellular antigens are taken-up 

to the cytosol, where they are degraded by the proteasome. After being internalized by the DC, 

the antigen is stored in early endosomes (EE) or phagosomes, following by transportation by 

Sec61 to the cytosol. Sec61 is a trimeric translocator member of the ER associated degradation 

(ERAD) machinery 129. This translocation is supported by energy produced by ATPase p97, 

another ERAD-member 130. In the cytosol, the antigen is degraded into smaller immunogenic 

peptides by the proteasome before being translocated into the ER by TAP to be loaded on the 

newly formed MHC class I molecules 128. For optimal MHC class I loading and therefore cross-

presentation, the peptides are trimmed by the insulin-regulated aminopeptidase (IRAP) 131. 

Clec9A+CD141+ and CD1c+ pDCs have an inherent ability to cross-present exogenous antigens 

via the endosome-to-cytosolic pathway 132. This pathway has also been shown to be the only 

used by CD8α+ DCs for cross-presentation 133. 

 

The vacuolar pathway 

The vacuolar pathway is insensitive to proteasome inhibitors and is independent of TAP. Here, 

extracellular antigens are degraded by lysosomal proteases, mainly cathepsin S (Cat S) 134, in 

endocytic compartments and then transported to the cell surface by EE-associated vesicular 

transport. Some antigens such as viral proteins, virus-like particles and Escherichia coli-derived 

proteins are cross-presented via the vacuolar pathway 135–137. This is mainly due to activation 

of Cat S that is induced by IFNγ during viral infections 138. 

 

The pathway which an antigen is cross-presented depends mainly on its properties (particulate 

or soluble), under which physiological conditions it occurs and the level of degradation of the 

antigen. It is believed that most antigens are cross-presented via the endosome-to-cytosolic 

pathway in vivo however the transcription factor EB (TFEB) can negatively regulate cross-

presentation. TFEB regulates lysosomal activity promoting fast degradation of the antigen, 

shifting the presentation of an exogenous antigen on MHC class I molecules to presentation on 

MHC class II molecules 139. It is known that the right amount of degradation is needed for the 
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antigen to preserve their epitopes that will be recognized by MHC class I molecules 140,141.  

Endosomal pH is controlled by the vacuolar ATPase (V-ATPase) that transports protons into 

the cell lumen. This process results in activation of pH-dependent lysosomal proteases. 

Decreased V-ATPase activity prevents acidification of the internalized antigen 142. In synergy 

with the proton pump, DCs also recruit nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase (NOX)2 to the endosomal membrane. NOX2 produces reactive oxygen 

species (ROS) that capture protons produced by V-ATPase forming hydrogen peroxide. This 

process causes endosomal alkalization preventing rapid antigen degradation and promoting 

cross-presentation 143,144. 

 

Figure 3. Different cross-presentation pathways. In the endosome-to-cytosol pathway, extracellular antigens are 

internalized by DCs to be processed in the phagosome. In the phagosome, the antigen is translocated to the cytosol via 

Sec61/p97, following by proteosome degradation. The degraded peptides are translocated to the ER by TAP and loaded into 

MHC class I molecules. In the vacuolar pathway, extracellular antigens are internalized by DCs and processed in the 

endocytic compartments by enzymes such as cat S. degraded peptides are directly loaded on MHC class I molecules and 

transported to the cell membrane. Image created with BioRender.com 

 

Cross-presentation in tumor killing and DC-based cancer vaccines have become a hot topic in 

the past decades. The concept is based on the fact that DCs are efficient in activating tumor 

specific CD8+ T cells to become tumor-infiltrating lymphocytes (TILs) that will in turn, kill the 

tumor. However, DCs are only efficient in this process if cross-presenting DCs are activated 

and tolerogenic DCs are inhibited. Tolerogenic DCs are unfavorable to tumor therapy due to 

their capacity of activating regulatory T cells 145,146. Inducing DC cross-presentation and avoid 

tolerance was one of my thesis project’s aims. We think this can be achieved by modifying 
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patient-derived DCs in vitro, during uptake and presentation, before injecting back into the 

patient.  

 

1.2.1.3 NK cells 

Natural killer (NK) cells were first identified by Rolf Kiessling, Eva Klein and Hans Wigzell 

in 1975. They were described as “killer cells with rapid cytolytic, specific activity against in 

vitro grown mouse Moloney leukemia cells” 147. The hypothesis of “missing-self”, in which 

NK cells recognize and eliminate cells that do not express MHC class I molecules, was later 

elaborated by Klas Kärre and Hans-Gustaf Ljunggren in 1985 148. NK cells correspond to 5–

15% of circulating lymphocytes in humans 149 and 2-5% in the spleens and BMs of laboratory 

mice 150.  

Human NK cells rise from a oligopotent CLP that derive from HSPCs 151. Pre-NK cell 

precursors – stage 1 – start to express CD117 (c-Kit), CD7, CD127 IL-1R1 and CD122 – stage 

2 – becoming a NK cell progenitor. NK cell progenitors evolve to become immature NK (iNK) 

cells – stage 3 – by upregulating the expression of IL-1R1 and by starting to express NKG2D, 

NKp30 (CD337), NKp46 (CD335) and NK1.1 (CD161). iNKs develop into mature NK (mNK) 

cells – stage 4 – characterized by high expression of all stage 3 markers and by expressing very 

bright CD56 (CD56bright). On stage 5, mNK cells decrease expression of CD56 (CD56dim) 

and start expressing FcγRIIIA (CD16) and killer immunoglobulin-like receptor (KIR; CD158). 

Stage 6 mNK cells express high levels of NKG2C, KIR and CD57 152. 

Classically, murine NK cells are defined as CD3-NK1.1+NKp46+. As in human NK cells, 

murine NK cells rise from a oligopotent CLP that derive from HSPCs 151. CLPs give rise to 

CD122+ early NK cell progenitor (NKP) lineages 153. CD122+ NKPs will then express Natural 

killer group 2 member D (NKG2D)/DNAX-activating protein of 10kDa (DAP10) – stage A – 

and become iNK cells. This is followed by the expression of NK1.1 – stage B – and NCR1 – 

stage C. NK cells become mNK cells after expression of CD51 (Integrin αV) and CD49b (DX5, 

Integrin VLA-2α) – stage D. The final stage of mNK cells include the expression of CD43 

(leukosialin), CD11b (Mac-1) and Ly49 receptors – stage E. After full maturation, NK cells 

migrate to secondary lymphoid organs where they express killer cell lectin-like receptor G1 

(KLRG1) – stage F. Mature NK cells can also express CD27 and CD11b 152 – Figure 4. 

 

Figure 4. Murine NK cell maturation process. NK cells derive from CLPs that descend from HSPCs. NKPs only express 

CD122 that differentiate into iNKs by expressing NK1.1, NKG2D and NCR1 (stages A, B and C). iNK cells become mature 

after expression of CD51, DX5, CD43 and CD11b (stages D and E). After migrating to secondary lymphoid organs, mNK 

cells express KLRG1 (stage F). Image created with BioRender.com 
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NK cell biology is controlled in part by cytokines. Cytokine receptors start being expressed 

early in NK cell development and require signaling through common gamma (γc) chain for 

their function 154. The family of cytokines that share the γc are IL-2 155, IL-4 156, IL-7 157, IL-9, 

IL15 158 and IL-21 159,160. IL-15 receptor starts being expressed by NKPs and is crucial for 

generation of NK cells and is extremely important for their survival and proliferation 150,153. It 

also induces NK cell activation that results in production of pro-inflammatory cytokines and 

lytic granules. IL-15 binds to IL-15Rβ/γc on NK cell surface starting an activation cascade 

through JAK1/3 and STAT5 signaling pathways. Activation of these pathways induces STAT-

5 target genes including pro-survival gene myeloid cell leukemia 1 (Mcl1) and the negative 

regulator cytokine-inducible SH2 (CIS)-containing protein encoded by Cish 161. Both are 

essential for NK cell survival and homeostasis. Expression of other positive and negative 

regulators and dynamic balance between them allows NK cells sense changes in the 

environment – Figure 5. When needed, NK cells kill altered or infected cells through cytolytic 

mechanisms such as the release of granzymes and perforin, and activation of death receptors 
150. 

NK cells can be activated by several different types of cells, among those, DCs. DCs can 

activate NK cell through cell-cell contact between NKG2D-MICA and/or MICB (MHC class 

I polypeptide related sequence A/B); or by producing cytokines such as IFN-α, IFN-β, IL-2, 

IL-12, IL-15 and IL-18 152,162. 

 

Figure 5. Receptors expression on mouse and human NK cells. Expression of activating receptors (+), inhibitory receptors 

(-) and co-activating receptors (+/-) on mouse and human NK cells. All receptors are expressed on mouse and human NK 

cells except NKp30, NKp44, NKp80 and KIRDL/S that are exclusively expressed on human NK cells. Image created with 

BioRender.com 

 

1.2.2 The adaptive immune system 

The adaptive immune system assumes control when the innate immune system is not able to 

destroy the pathogen. It is specific for each pathogen and although being more effective, it 

takes longer to act. One benefit of a pathogen being destroyed by the adaptive immune system 

is that it gives memory. If the same pathogen invades the human body, that person’s immune 

system can respond immediately. This is the reason why some people only get ill from one 
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pathogen once in life. The adaptive immune system consists of: B lymphocytes, antibodies, 

and T lymphocytes 163. Important for this thesis, I will focus on T lymphocytes. 

 

1.2.2.1 T lymphocytes 

T lymphocytes (or T cells) maturation occurs in the thymus. T cell progenitors migrate from 

the bone-marrow to the thymus where they start the maturation process. Each maturation step 

is characterized based on the expression of CD4 and CD8 co-receptors on the progenitor cell. 

The most immature progenitor does not express neither CD4 or CD8 and it is denominated pro-

T cell. Pro-T cells undergo proliferation cycles induced by IL-7 produced in the thymus 164. A 

pro-T cell can be divided by the expression of the adhesion molecule CD44 and IL-2 receptor 

α chain CD25 165. Cells that are positive to CD25 but are negative to CD44, undergo random 

rearranges in variable (V), joining (J), and diversity (D) – VDJ – gene segments to assemble a 

TCRβ chain locus 166. The β chain couples with a surrogate α chain, pre-Tα, resulting in pre-T 

cell 167. If a cell is not able to express either β or α chain, it dies. After successful expression of 

αβ TCR, the cells acquire both CD4 and CD8 co-receptors giving rise to double positive 

immature T cells. Double positive immature T cells undergo rounds of selection to form mature 

CD4+ or mature CD8+ T cells the following way: 

• T cells whose TCRs recognize MHC class II-peptides complexes keep the CD4 co-

receptor → Mature CD4+ helper T cell; 

• T cells whose TCRs recognize MHC class I-peptides complexes keep the CD8 co-

receptor → Mature CD8+ cytotoxic T cell; 

• T cells whose TCRs do not recognize either complexes or strongly recognyze both 

complexes die by apoptosis. 

The majority of T cells become activated upon recognition of antigens presented on MHC 

molecules of antigen-presenting cells such as DCs. Once a T cell is activated, it undergoes 

clonal expansion and differentiation to become either effector or memory T cell. For correct T 

cell activation, 3 different signals are necessary: signal 1, through the TCR 168; signal 2, from 

co-stimulatory molecules 169,170; and signal 3, from cytokines 171. The TCR complex comprises 

the TCRα/β chains and the CD3 γ/δ/ε/ζ chains, linked through hydrophobic interactions 172. In 

total, CD3 subunits, that can be arranged in CD3γε, CD3δε, and CD3ζζ, contain 10 

immunoreceptor tyrosine-based activation motifs (ITAMs), that can be phosphorylated to start 

a signaling cascade in which T cells are activated 173,174. The best known co-stimulatory 

molecules for T cells are B7-1 (CD80) and B7-2 (CD86), both expressed on APCs and 

increased in expression upon encounter to pathogens. The B7 proteins are recognized by the 

CD28 receptor, present on T cells. Another co-stimulatory molecule is CD40 present on APCs 

that is recognized by CD40 ligand (CD40L or CD154).  CD70, OX40L and 4-1BBL are also 

stimulatory molecules that bind to the tumor necrosis factor receptor (TNFR) family members 

CD27, OX40 and 4-1BB, respectively 168,175. APCs such DCs and macrophages, secrete 

cytokines that stimulate and induce differentiation of T cells. IFN type I, including IFNα and 
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IFNβ, IL-1, IL-2 and IL-12 are among these cytokines. IFN type I and IL-12 are of high 

importance for the formation of antigen-specific effector and memory CD8+ T cells, since they 

fine-tune the antigen sensitivity of CD8+ T cells by boosting T cell receptor signaling  176,177. 

IL-12 is also important for CD4+ T cells once it shifts the responses to Th1. IL-1 produced by 

DCs act on CD4+ T cells to enhance their antigen-driven expansion and differentiation 178. IL-

2, that is widely used in in vitro T cell culture, was found to be important for survival of T 

regulatory (Treg) cells 179,180. 

 

Important for this thesis is the notion of cytotoxic T-lymphocyte associated protein 4 (CTLA-

4) and programmed cell death protein 1 (PD-1) act as T cell inhibitory signals. High expression 

of PD-1 might mean T cell exhaustion from a chronic infection 181. However, chronic viruses 

and tumors have the ability of decreasing the expression of co-stimulatory molecules and 

increasing the expression of co-inhibitory molecules, leading to anergic T cells 182. This is one 

of the causes of poor anti-tumor immunity. For this reason, a big step in medicine was the 

discovery of CTLA-4 and PD-1 blockades in cancer therapy with a shared Nobel Prize in 

Physiology or Medicine for James P. Allison and Tasuku Honjo in 2018 183–185. 

 

1.2.3 Dendritic cells, NK cells and T cells – together to kill tumors 

NK cells and DCs are considered the link between innate and adaptive immune system. NK 

cells and mainly cDC1s are important in modulating immune responses to cancer in both mice 

and humans. Tumors with infiltrated NK cells are positively correlated with survival of patients 

with different types of tumors, including melanoma 186, breast cancer 187, pulmonary 

adenocarcinoma 188, squamous cell lung cancer 189, non-small cell lung cancer 190, gastric 

carcinoma 191 and neuroblastoma 192. The same applies to DCs, besides being a rare but efficient 

population,  of patients with ovarian carcinoma 193, gastric cancer 194, hepatocellular carcinoma 
195, breast cancer 196 and melanoma 197. Studies suggest that NK cells and DCs work together 

in tumor killing. NK cells produce cDC1 chemoattractants C-C motif chemokine ligand 

(CCL)5, X-C motif chemokine ligand (XCL)1 and XCL2 leading to recruitment of DCs to 

tumors 198. Recent work found that NK cells and cDC1s cluster together in the tumor 

microenvironment enhancing T cell tumor responses. Moreover, this NK cell–cDC1 axis can 

be used as a prognostic tool for T cell-directed immunotherapy. Additionally, melanoma 

patients with higher frequencies of NK cells-cDC1s have increased overall survival due to 

improved responsiveness to anti-PD1 198. NK cells produce Flt3L in the tumor 

microenvironment (TME), a chemokine that controls the development of DCs. For this reason, 

presence of NK cells in the tumor, leads to recruitment of cDC1s that increases patient 

responsiveness to anti-PD1 and improves overall survival. This results were shown for both 

metastatic melanoma and neuroblastoma 192,199. On the other hand DCs also affect NK cell 

responses in tumors. DCs produce IL-12 upon activation, that in its turn stimulates NK cells 

and T cells for anti-tumor responses 200. Adhesion molecules such as CD112 and CD155 
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upregulated upon DC activation, interact with receptors CD96 and CD226 (or DNAX 

accessory molecule – DNAM – 1) expressed on NK cells. This interaction activates NK cells 

in the TME 201,202. All these data together suggest that NK cells, DCs and T cells work together 

to kill tumors and NK cell-cDC1 axis is an important mechanism in regulation immune 

responses in tumor.  

 

1.3 ACTIN CYTOSKELETON 

Actin is a structural protein present in eukaryotic cells. Its monomeric globular form (G-actin) 

can polymerize and assemble into actin filaments (F-actin). When actin structures organize into 

a dynamic network, is named cell actin cytoskeleton. Cell shape and mobility is defined by the 

actin cytoskeleton. G-actin polymerization into F-actin filaments relies on actin nucleator 

activity. Actin-related protein 2/3 (Arp2/3) – Figure 6 – and Formins are the most studied actin 

nucleators in hematopoietic cells 203–208. Together with Spire 209, Leiomodins 210,211 and 

Cordon-bleu (COBL) 212, these account for the five classes of actin nucleators described to 

date.   

 

Figure 6. Electron micrographs of single, negatively stained actin filaments. Absence (A) and presence (B) of Arp2/3 

complex. The diameter of actin filaments decorated with Arp2/3 complex is 24 ± 3 nm (n = 15), compared to 7.5 ± 0.8 nm (n 

= 15) for actin filaments alone. 204 

 

1.3.1 Formins 

The role of formins in actin assembly was discovered in 2002 by Charles Boone’s and David 

Pellman’s groups 213,214. Formins main function is to nucleate linear actin filaments from dimers 

of globular actin – Figure 7. Formins are a large family of proteins, being the first characterized 

formin is the yeast forming formin Bni1p 214. Mammalian homologous Diaphanous-related 

(mDia)1-3 proteins were later discovered. Formin structure consists of a highly conserved 

carboxyl-terminal formin homology (FH)2 and a proline-rich FH1 domain. Most formins 

contain also a FH3 domain coupled with a GTPase binding domain (GBD) in the amino-

terminal. Additionally, their structure can contain a WASp homology (WH)2 domain or a Dia 

autoregulatory domain (DAD). Functionally, the FH1 domain recruits profilin-actin complexes 

while FH2 initiates filament assembly. Profilin catalyzes the exchange of adenosine 

diphosphate (ADP) for adenosine triphosphate (ATP) in actin, increasing actin polymerization 

rate 215. FH2 remains attached to the actin filament fast-growing barbed end, protecting it from 
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capping proteins and allowing rapid assembly of actin monomers 208,216. Formins are activated 

by the binding of small Rho GTPases, such as RhoA/B/C and Cdc42 to the GBD 211. Formins 

participate in the formation of several actin structures such as filopodia 217–220, lamellipodia 218, 

stress fibers 221,222, microtubules 223–225, adherens junctions 226,227 and phagocytic cup 228,229. 

 

Figure 7. Formin-mediated actin polymerization. Image created with BioRender.com 

 

1.3.2 Actin-related protein 2/3 

Actin-related protein 2/3 (Arp2/3) complex structure and activity was first described in 1997 

by Thomas Pollard. The Arp2/3 complex comprises seven subunits including the actin-related 

Arp2 and Arp3.  The complex is also formed by five other polypeptides with molecular weight 

of 40, 35, 19, 18 and 14 kD named p40 (or ARPC1), p35 (or ARPC2), p19 (or ARPC3), p18 

(or ARPC4) and p14 (or ARPC5) respectively. Both Arp2 and Arp3 subunits are similar to 

actin with sequence identity of 40-50% and 30-40%, respectively 204. The Arp2/3 complex 

assembles G-actin into branched actin filaments and is activated by Wiskott-Aldrich Syndrome 

protein (WASp) family 211,230,231. 

 

1.3.3 Wiskott-Aldrich Syndrome protein (WASp) 

The Wiskott-Aldrich syndrome protein (WASp) is the first described member of an actin 

regulator family in hematopoietic cells implicated in actin polymerization, control of cell 

migration, adhesion, cell-cell interaction and intracellular signaling – Figure 8. WASp is a 501 

amino acid protein, and its structure comprises a carboxyl-terminal with a verpolin homology 

(V) domain, a cofilin homology (C) domain and an acidic region (A) – named VCA 232. Besides 

the VCA region, the WASp domain structure contains a polyproline rich region that binds to 

SRC Homology (SH)3 domain that contains the actin-binding protein profilin 233. This domain 

is therefore responsible for helping the Arp2/Arp3 complex in G-actin recruitment to produce 

a new actin filament 234. The new filament is synthesized with a 70 degrees angle from the 

already existing filament 235. Upstream of the polyproline region, there is the GBD where it 

binds the rho family GTPase cell division cycle 42 (Cdc42) and the transducer of Cdc42-
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dependent actin assembly 1 (TOCA1) 236; a basic region (BR) that interacts with 

phosphatidylinositol 4,5-bisphosphate (PIP2); and WASp homology 1 (WH1) domain, that 

when bound to the WASp-interaction protein (WIP) stabilizes WASp auto-inhibited 

configuration. Cdc42-GTP is the main WASp activator. It binds to the GBD causing allosteric 

release of the VCA region from this domain. However, WASp activation is a synergy between 

Cdc42 and PIP2 237,238.  

Besides WASp, the WASp family includes neuronal (N)-WASp 239, suppressor of the cyclic 

AMP receptor (SCAR) 1–3, also known as WASp-family verprolin-homologous protein 

(WAVE) 240–243, WASp and SCAR homolog (WASH) 244, WASp homolog associated with 

actin, membranes, and microtubules (WHAMM) 245 and junction-mediating and regulatory 

protein (JMY) 246. The WAVE/SCAR complex remains inactive in steady-state and can be 

activated by interaction with GTP-bound Rac1/Rac2 247. Important to mention that WASp and 

N-WASp are homologous proteins and the VCA domain is highly conserved among the WASp 

family members. 

 

Figure 8. Domain structure of WASp. At steady-state, WASp remains in an inactive conformation. WASp is activated by 

the binding of Cdc42-GTP to the GBD domain, causing allosteric release of the VCA domain. VCA domain is now available 

to the Arp2/3 complex binding that recruits monomeric actin to assemble actin filaments. Image created with BioRender.com 

 

1.3.4 Wiskott-Aldrich Syndrome 

Wiskott-Aldrich syndrome (WAS) in an X-linked immunodeficiency characterized by loss-of-

function mutations in WASp – Figure 9. Phenotypically, WAS patients are susceptible to 

develop eczema, autoimmune disease and malignancies of poor prognosis, and suffer from 

immunodeficiency with reduced ability to clear pathogens 248–255. WAS gene is located on the 

short arm of the X chromosome at Xp11.22-p11.23 site 232. Gain-of-function mutations in the 

GBD domain of WASp cause X-linked congenital neutropenia (XLN) – Figure 9 – and are 

characterized by constitutively active protein expression 254,256–259. XLN is considered an 

attenuated WAS-related syndrome, besides XLN patients suffer from severe neutropenia and 
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monocytopenia 259. To date, it is reported four different mutations in WASp GBD domain that 

lead to XLN, including I290T, L270P, S272P and I294T reported in 18 patients from 5 families 
256–258. WASp is crucial for correct function of lymphocytes and, interestingly, WASp-deficient 

and XLN are often detected as opposing phenotypes. WASp-deficient B cells show reduced 

adhesion, migration, and homing, and a delayed humoral immune response in vitro culture 251; 

WASp-deficient DCs and Langerhans cells show defects in redistribution to T-cell areas in the 

spleen after LPS challenge 260; leukocyte directed migration is also impaired 261. On the other 

hand, murine XLN neutrophils are hyperactive and with increased migration into tissues 259; 

NK and T cells from XLN patients have increased granzyme B levels, as well as higher 

degranulation capacity and increased IFNγ production compared to control cells 262. 

 

Figure 9. WASp-associated mutations. Cells from a normal patient have both inactive and active form of WASp; while 

WAS patients do not have neither form; XLN patients carry mutations in the WASp GBD domain leading to constitutively 

active protein. Mutations in GBD domain reported in XLN patients to date are I290T, L270P, S272P and I294T. Image 

created with BioRender.com 

 

1.4 LESSONS FROM PRIMARY IMMUNODEFICIENCIES 

Immunodeficiency disorders occur when the body’s immune system is reduced or absent. Most 

cases of immunodeficiency are acquired due to extrinsic factors. In this case, it is called 

secondary immunodeficiency. When the cause of this deficiency is genetic, it is called primary 

immunodeficiency (PID). PIDs are a group of heterogeneous disorders characterized by 

defective immunity that leads to increased susceptibility to infections. These diseases are in 

general rare, severe, and in many cases lethal. The only curative treatment today is stem cell 

transplantation 263–266. When it is not possible to find a match donor, other treatments can be 

done to alleviate the symptoms, including immunoglobulin therapy 267,268; and cytokine therapy 
269–271. Determining the disease mechanism in patients and in animal models has revealed how 

the immune system functions in both health and disease. Besides learning more about rare and 

severe diseases, we can also translate this knowledge to other diseases. For instance, basic 

studies from autoimmune regulator (AIRE) protein animal models together with 

epidemiological studies from patients with monogenic disorder autoimmune 

polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED), significantly improved the 

understanding of immune mechanisms that avoid the development of autoimmune disease 272. 

Studies from megakaryoblastic leukemia 1 (MKL1) deficiency or MKL(1/2)-dependent SRF-

target genes allowed to better understand immune cell function, mainly on leukocyte adhesion 

and migration mechanisms 273. Also, understanding the cause of one autoimmune disease can 
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help finding the mechanisms to treat other diseases with the same cause. Patients with 

autoimmunity in the hyper-IgM syndromes can be diagnosed with X-linked hyper IgM 

syndrome (XHIM) or hyper IgM syndrome type (HIGM). Besides all belonging to the same 

superfamily, patients show a wide range of symptoms 274. Therefore, by studying one syndrome 

can give insights into other related syndromes. 
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2 RESEARCH AIMS 

The overall aim of this study was to understand how WASp regulates DC and NK cell function 

and to apply findings for cancer therapy. 

 

Specifically, the aims for each paper were: 

Paper I – To examine WASp activity in DC migratory response and adhesion. 

Paper II – To understand the implication of WASp in skin pathology and DC cross-

presentation. 

Paper III – To study inhibition of WASp function to promote cross-presentation and tumor 

killing. 

Paper IV – To investigate the role of WASp in NK cell and T cell cytotoxic capacity in tumor 

killing. 
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3 MATERIALS AND METHODS 

All methodology used in this study is described in the individual papers. However, I would like 

to better explain novel methods used. 

3.1 MICROCHANNELS AND MICROPILLARS CHIP (PAPER I) 

Microchannel chips were developed by Ana-Maria Lennon-Duménil and Matthieu Piel at the 

Curie Institute in order study immune cell migration in complex 3D environments that mimic 

a biological tissue. Seeing this as an opportunity to better study WASp-deficient and WASp 

overactive DCs, I did a 3-month internship in Dr Lennon-Duménil’s laboratory. Our laboratory 

bred wildtype (WT), WASp knockout (KO) and WASp L272P mice (an XLN mouse model 

that corresponds to the human XLN WASP L270P) with LifeAct-green fluorescent protein 

(GFP) mice to be able to visualize the DCs under a fluorescent microscope; and DCs derived 

from these mice were used in these experiments.  

A summary of the microchannel chips fabrication protocol is here explained 275. The chip 

production has three major steps: 1. mask design; 2. wafer fabrication; and 3. chamber 

fabrication and assembly. The steps 1 and 2 require specialized machines and were therefore 

ordered to specific companies. For the chamber fabrication, we first prepared a mixture of 

uncured silicon rubber polydimethylsiloxane (PDMS) and curing agent at 10:1 ratio. This 

mixture was poured into an epoxy mold where the microchannels and micropillars are design 

(Figure 10-A). Each epoxy petri dish can contain more than one mold, so it is possible to 

produce several chips at the same time. Bubbles that formed during the mixing were removed 

using a vacuum bell jar (Figure 10-B). The molds were then placed in an oven at 65°C to allow 

PDMS curation. After this process, the chips are ready to be cut out from the mold and 

assembled (Figure 10-C). In each chip and using a core sample cutter, a hole where the cells 

were loaded was made (Figure 10-D). The chip is thoroughly cleaned using tape and ethanol 

before assembled on a glass-bottom petri dish. For the PDMS chip to adhere to the glass, both 

pieces were plasma activated (Figure 10-E). The chip is now ready to be coated with 

fibronectin and loaded with cells (Figure 10-F).    

 

Figure 10. Microchannel 

and micropillar chip 

fabrication. A) PDMS 

polymer was poured into 

the customized epoxy 

mold; B) air bubbles are 

removed by incubation into 

a vacuum bell jar; C) chips 

are removed with the help 

of a surgical blade; D) 

holes for cell loading are 

made using a core sample 

cutter; E) chip and glass 

subtract are plasma 

activated and F) assembled. 

Images from 276. 
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Some technical issues are important to have in consideration when using the chips. One aspect 

is that the chip thickness needs to be just right. If the chip is too thick, it will be difficult to 

remain emerged in medium during the 16 hours of imaging acquisition; if it is too thin, the chip 

can collapse, preventing the cells to migrate. Collapse of the chips happens often, and this is 

not always noticed until we start the cell acquisition at the microscope. Due to the importance 

of comparing different genotypes or conditions in the same experiment, it is recommended to 

have extra chips with loaded cells ready to be used. In the chip-glass assembly step it is 

extremely important that both the chip and the glass are clean. Any dust will prevent chip 

adherence to the glass, resulting in cell leaking from the microchannel and random migration 

by the cell. This issue is also not always detected before cell acquisition. Cleaning the chip is 

especially important since dust or debris of PDMS can clog the channel causing the cell to 

migrate back. Not all these issues are easy to address when using this technique, however it is 

important to consider them in the data analysis.  

3.2 DC-BEAD ASSAYS TO TRACK ANTIGEN PROCESSING (PAPER II AND 
PAPER III) 

As mentioned before, DCs are professional phagocytes. This feature allows us to perform 

particulate assays on DCs to examine antigen fate. To better understand antigen processing and 

presentation, we have optimized assays in which aldehyde/sulfate 3 µm latex beads are coated 

with different probes. These assays were based on studies from Sebastian Amigorena’s group 
62,144. To study phagosomal acidification, we coated ovalbumin-latex beads with pHrodo, a pH-

sensitive probe that emits bright fluorescence at pH 5-3. To study ROS production, we coated 

latex beads with dihydrorhodamine 123 (DHR). DHR is non-fluorescent neutral indicator that 

senses free radicals. DHR becomes fluorescence in its cationic form after being oxidized by 

ROS. To investigate ovalbumin (OVA) degradation, we used the fluorogenic substrate for 

proteases DQ-OVA. DQ-OVA it is a self-quenched conjugate of OVA that emits fluorescence 

after proteolytic degradation. Increased DQ-ovalbumin mean fluorescence intensity indicates 

increased degradation. By using the 3 µm latex beads coupled sensor system, we can study a 

number of phagocytic characteristics. The results of acidification, ROS production and OVA 

degradation were assessed by flow cytometry. We consider this technique being robust since 

we can distinguish clearly, by flow cytometry, DCs containing different number of beads. 

According to FSC versus SSC parameters, we can distinguish DCs that did not phagocytized 

beads during the assay, DCs that phagocytized 1 bead, DCs that phagocytized 2 beads and 

onwards. We also used latex beads (not sensor coupled) to study Rac2 localization at the 

phagosome by microscopy. – Figure 11.   
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Figure 11. Latex-beads system coupled with different probes. Phagocytized beads reveal DC phagosome by microscopy 

allowing localization of phagosomal proteins; DC uptake can be quantified by OVA-Alexa594; OVA degradation by DC can 

be monitored by DQ-OVA quenching sensor; DC phagosomal acidification can be monitored by pHrodo probe. By flow 

cytometry, it is clearly seen different populations of DCs that phagocytized different amounts of beads. Image created with 

BioRender.com 

 

3.3 TUMOR MODEL (PAPER III) 

Tumor models often require ample optimization due to different growth rates of tumor cells, 

often having exponential growth rates such as the commonly used B16 melanoma tumor. Some 

tumors are more aggressive than others and that is a critical factor when choosing the working 

tumor model. The B16-mOVA tumor model that we set up in Paper III required some months 

of optimization. The protocol involves several steps, including subcutaneous tumor injection 

and subsequent tumor growth, OVA-primed CK666-treated or non-treated bone-marrow 

derived DCs (BMDCs) injection via footpad, and OT-I CD8 T cells injection intravenously. 

The idea behind this experiment was to mimic a real-life situation in which a patient goes to 

the hospital after realizing he/she has what can be a tumor, either because a lump can be 

palpated, or there are changes in the skin morphology; only after that, a treatment is applied. 

B16 melanoma is an aggressive tumor characterized by exponential growth, and for that reason, 

we aimed to inject the immune cells before the exponential phase of the curve. Considering 

that BMDCs were cultured for seven days, the tumor size needs to be predictable. I started by 

doing a B16-mOVA tumor titration in vivo. Different batches of tumors would grow at 

different rates in mouse. To be the most accurate when performing the experiment, I massively 

expanded several batches and used only one batch of tumor cells per testing. B16-mOVA tumor 

cells were titrated in at least 2 different experiments with 5 mice per group with concentrations 

ranging 50 000-300 000 cells. The right concentration was achieved when the tumors were 

approximately 0.1 cm3 on day 14 of the protocol. Titration of DCs injected in the footpad was 

also done. Very low DC density or very high DC density injected into the footpad could not be 

detected in the draining LNs. We believe that high DC density creates a crowded area for the 

cells to be able to migrate. And last, anti-PD1 titration was also needed. Most protocols using 

anti-PD1 in cancer therapy, inject the anti-PD1 before or right after tumor injection. Since our 

aim is to treat the tumor after it is visible, the best time and concentration of anti-PD1 to be 

applied became a challenge. Anti-PD1 was titrated from 100-300 µg/mouse within the 

following settings: 1 anti-PD1 injection together with OT-I CD8 T cells; 2 injections with one 

week apart starting the day of OT-I CD8 T cell injection; 3 injections every 2 days starting the 
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day of OT-I CD8 T cell injection; and last 3 injections for 3 consecutive days starting the day 

of OT-I CD8 T cell injection. At least 5 mice/condition and 2 different experiments were 

performed. Figure 12 represents the final optimized protocol to study tumor rejection using a 

DC-based vaccine combined with the Arp2/3 inhibitor CK666 and anti-PD1 as a checkpoint 

blockade inhibitor. In the future, other tumor models with a more stable growth and less 

complex aggressive can be used using the same protocol. 

 

Figure 12. DC-based vaccination in B16-mOVA tumor model. Image created with BioRender.com 

 

To be able to translate animal findings to human in a more physiological approach, we set up 

a model using the NOD-scid IL-2Rγnull (NSG) mice – Figure 13. Preliminary data will be 

discussed in “Results and Discussion” section. The protocol used to humanize the mouse model 

is the following:  

 

Figure 13. Humanized mouse model. Human peripheral blood mononuclear cells (PBMCs) were injected intravenously into 

NSG mice. MoDCs were differentiate for 7 days from the same donor PBMCs and injected on days 14 and 21 after PBMC 

engraftment. Mouse was sacrificed and spleen collected on day 28 for human cell reconstitution analysis. Image created with 

BioRender.com 

 

3.4 ETHICAL CONSIDERATIONS 

Research always raises ethical concerns. We try to find a balance between what is reasonable 

to do in research and the number of lives that we might save in the future. When working with 

animals, it is important to acknowledge that they are also living beings. Of course, if I do 

research, I am optimistic in finding some mechanism or treatment that will improve someone’s 



 

24 

daily life. But it is important to reflect: “is it worth to sacrifice some lives to the benefit of other 

lives?” Maybe yes, maybe not. And that is the reason why a balance should be found.  

Nowadays there are strict rules for animal research. To work with animals, it is needed an 

approved ethical permit from Jordbruksverket (the Swedish Agriculture Board) in which we 

specify several experimental parameters including purpose of the animal experiment, the 

choice of specie, breed and strain, severity of the experiment, endpoint of the experiment and 

a thoroughly description of the procedures. All parameters are written focusing on the animal 

welfare. Additional questions that we need to address are what benefits are expected from the 

experiment (what scientific progress will be achieved; how can people or animals benefit from 

the experiment?), what species should be used and the number of individuals? what are the 

expected adverse effects on the animals and what is the expected severity? The animals should 

be monitored by the researcher, animal facility staff and veterinary. 

Apart from the ethical permit, it is important to consider the 3R’s policy: replace, reduce, refine. 

In fact, this rule should be applied in everything, even in our daily life in a laboratory. We 

should try to replace and reduce material that we use very often and refine our experiments to 

save time and money. According to the replacing rule, we should think if we can use other 

model than animals to perform our experiments. In my case, mouse is the most suitable species 

but, when possible, cell lines and in vitro experiments were used. However, it is currently 

impossible to recreate a complete immune response in vitro. To reduce the number of animals 

used, our group coordinate experiments. Very often it is possible to use control mice from one 

experiment for another experiment, use several organs from the same mouse and even split 

organs if not working with rare cell populations.  Refine the methods and techniques that we 

use is extremely important so in vitro methods should be used when possible. 

Mice are priceless for biomedical research due to the possibility of having many different 

genetically modified lines; also, animal facilities keep mice in pathogen-free environment, so 

the interfering effects of environmental impact on the immune response are minimal. Mice are 

priceless for biomedical research however, “is it worth to sacrifice some lives (mice) to save 

other lives (humans)?” 
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4 RESULTS AND DISCUSSION 

4.1 WASP ACTIVITY REGULATES DC MIGRATORY BEHAVIOR AND 
PODOSOME FORMATION 

The main function of a DC is to scan the environment for pathogens following migration to the 

draining LNs to start an immune response. DC migration is characterized by amoeboid type in 

which a cell leading edge is formed by actin polymerization followed by retraction of the cell 

rear due to myosin II-dependent contraction of the actin cytoskeleton. Different DC maturation 

status requires adjustments in the cytoskeleton; and impaired regulation of the actin 

cytoskeleton reflects in impaired DC migration to the draining LNs and consequently altered 

immune responses 277–280. DCs that lack the actin regulator WASp display reduced directed 

migration and decreased podosomes formation. However, how different activation status of 

WASp influences DC migration and adhesion remains unknown. In paper I we aim to 

investigate how loss-of-function mutation and gain-of-function mutation in WAS affects DC 

migration behavior. 

To understand how WASp regulates DC migration, we studied WT, WASp KO and WASp 

L272P LifeAct-GFP DC migration in microchannels for 16 hours. In this experimental setting, 

DCs are confined and can only migrate in one direction (1D); and due to channel size, only one 

DC at the time can enter the channel. DCs derived from WASp KO mice showed decreased F-

actin front/back ratio. This can be interpreted as WASp KO DCs having higher content of F-

actin in the cell rear or WASp KO DCs having less F-actin content at the front of the cell, 

compared to WT and WASp L272P DCs. Previous work shows that DCs patrolling the 

environment and searching for antigen decrease their migration speed at the same time that 

their actin pool is relocated to the front of the cell; on the contrary, when DCs migrate to the 

draining LNs, they increase migration speed and their actin content is relocated to the back of 

the cell 281. We evaluated immature and LPS-activated DC migration average speed in 

microchannels. LPS-activated WASp KO DCs migrated at a higher average speed compared 

to WT and WASp L272P that migrated at similar average speed. Immature DCs migrated at 

similar average speed among phenotypes. Strikingly, WASp L272P DCs had an unusual 

migration pattern, compared to WT DCs. While DCs from WT and WASp KO mice migrated 

at a constant speed, WASp L272P DCs had moments of very high and moments of very low 

migration speed. Moreover, some DCs from WASp L272P mice would turn and migrate back, 

a behavior rarely seen in WT and WASp KO DCs. This behavior was quantified as migration 

speed fluctuations (Figure 1E and F). 

To better study this phenomenon, we used the pillar area of the microchannel chip. In this 

region, cells can migrate in two directions (2D) through a pillar maze that mimics the intricate 

and complex geometry of interstitial matrices but controlled and accessed for imaging. Here, 

WASp KO DCs have increased average migration speed and path persistent compared to WT 

and WASp L272P DCs. Our lab recently showed that neutrophils from XLN mice have 

increased actin dynamics that results in hyperactivity and increased migration into tissues 259. 

Surprisingly, in micropillar setting, DCs from WASp L272P mice had much reduced migration 
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displacement and increased cell roundness. We noticed that increased cell roundness is 

accompanied by other morphological changes in DCs. We observed that WT DCs and WASp 

KO DCs extend and retract their body during migration. On the contrary, DCs from WASp 

L272P mice seem to have higher number of small protrusions surrounding the whole cell body; 

and their migration behavior looks confused. Here we conclude that WASp-dependent actin 

structures are critical for DCs to perceive the environment and migrate in a directed way. 

Due to all the migration defects observed in vitro from WASp L272P DCs, we tested whether 

DCs from WASp L272P mice also had impaired migration in vivo.  We used an ear 

inflammation model where the TLR7 agonist imiquimod is applied epicutaneously on the mice 

ears 282. Imiquimod induces Langerhans cells from the ear, characterized by CD8-

DEC205+CCR7+, to migrate to the cervival LNs. Cell number was accessed 48 hours after 

imiquimod application and assessed by flow cytometry. Here, we wanted mainly to test the in 

vivo migration capacity of WASp L272P DCs. Using a similar model, we had previously 

showed that WASp KO DCs have impaired migration to the draining LNs 127. Surprisingly, by 

flow cytometry, we found that WT, WASp KO and WASp L272P DCs were able to migrate 

in vivo upon inflammation at the same rate. As a complementary technique, we performed 

histology of the draining LNs from WT, WASp KO and WASp L272P mice after fluorescein 

isothiocyanate (FITC) painting. We found that besides DCs from all phenotypes being able to 

migrate in vivo, their localization within the LNs was different. While WT DCs entered the 

LNs, WASp KO and WASp L272P DCs were retained in the collagen capsule surrounding the 

LNs. As a result, quantification of the number of DCs inside the draining LNs was reduced in 

WASp KO and WASp L272P mice compared to WT mice. Due to different results in DC 

quantification using different techniques, we highlight the importance of histology as a 

complementary technique to flow cytometry. By flow cytometry, we were able to quantify total 

number of migratory DCs in the draining LNs due to the use of collagenase treatment. 

However, we lost the information that the migratory DCs from WASp KO and WASp L272P 

mice were not inside the draining LN. 

To clarify the differences in DC migration in vitro and in vivo, we analyzed ultrastructural 

features of cell adhesion by interference reflection microscopy (IRM) and podosome formation 

by confocal microscopy after DC adhesion on fibronectin coated glass slides. WASp L272P 

DCs showed reduced cell area and reduced adhesion area compared to WT and WASp KO 

DCs. It is known that macrophages and DCs from WAS patients do not form podosomes and 

have impaired cell polarization 283,284. Surprisingly, approximately half of the WASp KO DCs 

acquired were able to form podosomes. However, among the WASp KO DCs that form 

podosomes, only half formed normal podosomes whereas the other half formed ring-shaped 

podosomes or incomplete podosomes that resemble those in healthy immature osteoclasts 285. 

Nearly all WT and WASp L272P DCs formed podosomes. Interestingly, WASp L272P DCs 

had enlarged podosome area. In conclusion, these data showed that WASp activity is critical 

for environment sensing and therefore directed migration. Moreover, we and others showed 

that WASp is essential in podosome formation of different types of immune cells. Reduction 



 

 27 

in WASp L272P DCs cell area and adhesion area together with increased podosome area 

formation might be a compensation mechanism to support migration in vivo. 

 

4.2 WASP-DEFICIENT DCS HAVE ENHANCED CAPACITY FOR CROSS-
PRESENTATION DUE TO ACTIVATION OF RAC2 PATHWAY 

According to the Genetic and Rare Diseases Information Center (GARD) funded partially by 

the National Institutes of Health (NIH), 80% of WAS patients have eczema that can be mild to 

severe. This can be due to accumulation of DCs in the skin that can lead to inflammatory 

processes. The development of eczema in WAS patients is not understood. In paper II, we 

mimicked an eczema-like phenotype in mouse by patching Der p 2, a major dust mite allergen 

from Dermatophagoides pteronyssinus, for 3 × 4 days on the back of shaved animals on week 

1, 4 and 7 286. Fifty days later, a punch biopsy from inflamed skin was taken and analyzed. 

Treated WT mice showed increased epidermal thickness, also known as epidermal hyperplasia, 

while WASp KO mice had less epidermal hyperplasia with levels almost to the unchallenged 

mice. Epidermal sheets were prepared for histology and with the aim of discriminating different 

skin DCs subsets, CD11c+EpCAM+, CD11c+EpCAM-Langerin-, or Langerin+ populations 

were quantified. Der p 2 challenged WASp KO mice showed accumulation of DCs and CD8+ 

T cells in the dermis compared to WT mice. By flow cytometry, dermal DC number was 

increased after Der p 2 challenge but CD4+ and CD8+ T cell populations were similar in 

unchallenged and challenged WT and WASp KO mice. Analysis of draining LNs and spleen 

showed a decreased CD4+/CD8+ T cell ratio in WASp KO mice. WASp KO mice also had 

increased effector/memory CD8+ T cells, characterized by CD44high/CD62L-, in the spleen after 

Der p 2 challenge, associated with increased IFNγ production. 

We next used an infection model to address WASp KO responses. Leishmania major (L. major) 

infection triggers Th1 responses in dermal macrophages that result in IFNγ production by CD4+ 

T cells 287,288. L. major was injected intradermally in both ears and animals were sacrificed 2 

or 6 weeks later. Ears and retromaxillar dLNs were collected for analysis. By the images on 

Figure 3a, it is possible to see that after 6 weeks of L. major infection, the ears of WT and 

WASp KO mice were inflamed and, in case of WASp KO mice, also bleeding. Ear analysis by 

flow cytometry showed MHC class IIhi DCs, CD4+ T cells and CD8+ T cells infiltration in WT 

and WASp KO mice, however, WASp KO mice had a significant lower number of cells 

compared to WT mice. The same tendency was found in the draining LNs. CD4+/CD8+ T cell 

ratio was much decreased in the draining LNs in both control and L. major infected mice. 

Surprisingly, after 6 weeks of infection, WASp KO mice had increased number of IFNγ-

producing CD4+ T and CD8+ T cells compared to WT mice. 

To understand why there was an increase of CD8+ T cells in WASp KO mice, we used the 

Cre/loxP system to generate a mouse model where WASp was deleted in CD11c+ cells, mostly 

corresponding to the DC population – referred to as DC/cWKO mice. Results showed that LN 

and spleen from DC/cWKO had decreased CD4+ T cells number and increased CD8+ T cells 
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number. Additionally, the effector/memory CD8+ T cell population was increased in spleen 

and LN of DC/cWKO mice. Together, this data suggested that CD11c+ WASp-deficient DCs 

induced increased number and activation of CD8+ T cells. 

To understand if WASp KO DCs had superior capacity of cross-presentation, we performed 

co-culture in vitro experiments with enriched CD8α+ and CD8α- DCs from Flt3L tumor-

injected mice and OT-I CD8 T cells that specifically recognize the SIINFEKL peptide, derived 

from OVA. First, we measured if increased CD8+ T cells were directly related with SIINFEKL 

presentation on MHC class I molecules, but OT-I CD8 T cell proliferation induced by CD8α+ 

and CD8α- DCs was similar among WASp KO and WT DCs. Second, we incubated CD8α+ 

DCs and CD8α- DCs from WT and WASp KO mice with OT-I CD8 T cells and full-length 

OVA. Results showed an increased capacity of CD8α- DCs from WASp KO mice to induce 

CD8+ T cell proliferation, compared to WT DCs. As mentioned in the introduction, for efficient 

antigen cross-presentation, the phagosomal pH needs to be kept neutral 62. To measure DC 

phagosomal pH, we coupled OVA with the pH sensor pHrodo (OVA-pHrodo), that emits 

fluorescence at low pH. By flow cytometry, we showed that CD8α- DCs from WASp KO mice 

had decreased phagosomal acidification compared to WT DCs at different incubation time 

points. No difference was detected between WT and WASp KO CD8α+ DCs. 

Carboxyfluorescein succinimidyl ester (CFSE)-labeled OT-I CD8 T cells also proliferated 

more in the presence of WASp KO CD8α- DCs, compared to WT CD8α- DCs. 

It is known that the small GTPase Rac2 is critical for antigen cross-presentation capacity of 

CD8+ DCs 62. In the presence of Rac2, the production of ROS, more specifically superoxide 

anion radical (O2·-), in the DC phagosome increases and neutralizes the protons from the V-

ATPase pump. This mechanism maintains a neutral phagosomal pH and favors cross-

presentation 62. By microscopy and flow cytometry, we showed that Rac2 levels were increased 

in CD8α- WASp KO DCs. ROS production, measured by the probe DHR was also increased 

in CD8α+ and CD8α- WASp KO DCs. 

To confirm that decreased acidification, increased cross-presentation capacity, and CD8+ T cell 

proliferation was due to WASp activity, we transfected WASp WT-GFP into WASp KO DCs. 

Successfully transfected DCs rescued the WT phenotype as seen by increased acidification and 

decreased OT-I CD8 T cell proliferation. The same results were showed with DCs transfected 

with WASp lacking the VCA domain (WASpΔVCA).  

This study showed that DCs that lack WASp had decreased phagosomal acidification that 

resulted in increased capacity of cross-presentation which in turn increases CD8+ T cell 

proliferation, compared to DCs that contain WASp. We also showed an accumulation of 

different DC subsets and CD8+ T cells in the dermis of WASp KO mice.  Studies show that 

Langerhans cells from WASp-deficient mice have compromised emigration from the skin after 

oxazolone-induced contact hypersensitivity 289. Additionally, WASp-deficient DCs have 

impaired migration capacity and reduced CD4+ and CD8+ T cell priming ability 289. For that 

reason, WASp is seen as the master regulator of these responses. In health, Langerhans cells 

and CD103+ DCs in the skin had increased capacity of cross-presentation to cytotoxic T cells. 
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Together this could explain the eczema pathology in WAS patients where accumulation of skin 

DCs and CD8+ T cells may induce skin pathology. Other mutations can regulate DC capacity 

for cross-presentation – Figure 14. Rac2 GTPase is needed for NADPH complex function. 

Rac2-deficient and gp91phox (a NADPH complex subunit)-deficient CD8α+ DCs have 

decreased ROS production that leads to increased phagosomal acidification, decreased antigen 

cross-presentation and lower CD8+ T cell proliferation 62,144. The same applies to BMDCs with 

mutated endoplasmic reticulum molecule UNC93B 290.  Our study suggested that WASp 

activity in healthy, downregulated cross-presentation to avoid CD8+ T cells over proliferation. 

Together, higher phagosomal pH in DCs that lack WASp can also be interpreted as a 

compensatory mechanism by N-WASp or WAVE2. Compensatory mechanisms among WASp 

family members have been seen in B, T and NK cells lacking WASp 291–296. 

 

Figure 14. Mutations in actin cytoskeleton regulators affect DC cross-presentation. Rac2 -/-, gp91phox -/- and Unc93b1 

3d/3d abolishes DC cross-presentation. WASp -/- and CK666-treated DCs favors DC cross-presentation pathway. Image 

adapted from 297. Image created with BioRender.com 

 

Increased cross-presentation and therefore increased cytotoxic T cell proliferation by DCs is 

the final goal in cancer immunotherapy. Hence, we saw this study as a concept to investigate a 

mechanism that could be applied in tumor therapy. 

 

4.3 THE USE OF ARP2/3 INHIBITOR CK666 ACTIVATES CROSS-
PRESENTATION PATHWAY IN DCS FOR CANCER THERAPY 

To date, reversible actin inhibitors, such as CK666, Wiskostatin or ML141, are used only to 

inhibit or destroy cancer cells 298–303. DC being a professional antigen presenting cell, one 

would expect that they are good candidates for cancer immunotherapy. Several research groups 

invested in DC studies with the aim of better understanding a mechanism that induced tumor 

regression. However, and besides promising results in vitro, DC vaccines have been 

disappointing with a success rate of approximately 3% 304. This is believed to be due to 

activation of CD4 regulatory T cells by DCs in vivo that have the adverse effect of tumor killing 
305. Nowadays, one promising treatment in tumor therapy is the use of autologous tumor-

specific CD8+ T cells from the patient. In paper III we aim to promote antigens into the cross-
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presentation pathway in vitro by treating patient-derived DCs with WASp small molecule 

inhibitors. 

Since WASp inhibitors are mainly reported for cell death, we first did an inhibitor titration for 

12 hours, that would be the maximum time of DC exposure to the drug. DCs tolerated CK666 

and Wiskostatin inhibitor with concentrations up to 40 µM of inhibitor. ML141 inhibitor was 

toxic to DCs even at low concentrations so it was discarded for further experiments. F-actin 

was reduced on treated DCs, as expected. Since the cross-presentation pathway and 

phagosomal acidification are tightly related, we next performed an acidification assay in 

combination and CD8+ T cell proliferation assays to compared non-treated and CK666-treated 

DCs. CK666-treated DCs had considerable decreased acidification compared to non-treated 

DCs. This was accompanied with increased OT-I CD8 T cell proliferation when using 0,5 

mg/ml OVA.  

Since the final goal is to apply the treatment in human cells, we also tested if monocyte-derived 

DCs (moDCs) isolated from healthy donors blood or buffycoat, could tolerate the same 

amounts of CK666 and Wiskostatin. Indeed, CK666-treated moDCs showed decreased 

phagosomal acidification when compared to non-treated moDCs. 

Activation markers are an indication of CD8+ T cell efficiency. For this reason, we co-cultured 

BMDCs with OT-I CD8 T cells for 48 hours and measured CD69, IFNγ and IL-2 levels. CD69 

is a c-type lectin receptor and is expressed during early activated T cells, while IFNγ and IL-2 

are secreted upon T cell activation. We detected similar levels of CD69 and IFNγ production 

from T cells cultured with CK666-treated and non-treated BMDCs. However, IL-2 secretion 

was increased on T cells activated by CK666-treated DCs compared with non-treated BMDCs. 

Since we wanted to translate this approach to in vivo models, we tested weather CK666-treated 

BMDCs would have impaired migration to the draining LN. We treated or not ex-vivo BMDCs 

derived from CD45.1 mice with 10 µM of CK666 and injected them into the footpad of CD45.2 

mice. CK666-treated DCs were extensively washed before injection to ensure that the inhibitor 

would not interfere with other immune cells and with DC migration. 48 hours later, we 

collected the popliteal LNs and measured DC population. Results showed that CK666-treated 

BMDCs migrated at a normal rate compared to non-treated BMDCs. Interestingly, CK666-

treated OVA-primed BMDCs induced increased OT-I CD8 T cell activation and proliferation 

in vivo, compared to non-treated BMDCs. 

Finally, we wanted to test if increased OT-I CD8 T cell proliferation resulted in B16 melanoma 

tumor rejection in vivo. We used B16 melanoma cells that express ovalbumin on their 

membrane (B16-mOVA) and are recognized specifically by OT-I CD8 T cells. In summary, 

we injected B16-mOVA subcutaneously into mice and let it grow for 14 days before injecting 

CK666-treated or non-treated BMDCs via footpad. OT-I CD8 T cells were isolated and 

injected intravenously into the same recipient mice. Tumor measurement was assessed every 

two days. As result, we saw higher B16-mOVA rejection and prolonged survival of mice-

bearing tumors after CK666 DC treatment. Together, our data suggested that the small Arp2/3 
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inhibitor molecule CK666 is a good candidate to activate the DC cross-presentation pathway 

in cancer therapy. 

Cancer therapy is usually a combination of treatments. Among treatments used nowadays are 

surgery, chemotherapy, radiotherapy and immunotherapy. Patient-specific cancer 

immunotherapies have been given special importance due to the reduction of side effects and 

enhanced efficacy in tumor killing. The use of immune checkpoint blockades such as anti-

CTLA-4 and anti-PD-1/PD-L1 antibodies have been found useful in cancer therapies 183,306,307. 

We have started a set of experiments where we combine, using the same tumor model, CK666-

treated DC injection together with anti-PD1 injection in mice. So far, results showed that anti-

PD1 synergized with the CK666 inhibitor and enhanced B16-mOVA tumor rejection. We think 

that the possibility of using reversible actin inhibitors to modify DC function may improve DC-

based cancer immunotherapy. Besides, several inhibitors can be used in combination, for 

instance CK666 and Wiskostatin together. 

Since the main aim of this approach is the translation of DC-based vaccination to human cancer 

therapy, we started to set up a humanized mouse model to test the feasibility of the approach. 

The following data is preliminary and is not included in the manuscript. 

NSG mice are very immunodeficient animals that carry several mutation including scid 

mutation that impairs the DNA repair complex protein Prkdc resulting in B and T cell 

deficiency; it also has a mutated IL-2Rγ that results in abolished NK cell function 308.  These 

mice have NOD background that results in reduced function of DCs and macrophages. NSG 

mice have a Sirpα polymorphism that has high affinity for human CD47, which results in better 

engraftment. Mice engraftment was done as the protocol above (methods section) and tested 

by using healthy donor PBMCs isolated from buffy coats or by using the leukapheresis fraction 

of a recovered melanoma patient, obtained from the Karolinska University Hospital. 

Commercially available leukopaks consist of approximately 50% T cells, 20% monocytes, 

10% B cells, 10% NK cells, 3% granulocytes, and 3% hematocrit. We are not sure which type 

of cells and how many were in the leukapheresis fraction that we obtained for this experiment, 

but we were able to reconstitute the NSG mouse with human cells as seen in the Figure 15.  

 

 

 

 

 
Figure 15. Human cell reconstitution after NSG engraftment. 

Total PBMCs from healthy donor (black bars) or leukapheresis 

fraction from a patient recovered from melanoma (red bars) were 

injected into NSG mice. Percentage of different immune cells in 

the spleen was assessed by flow cytometry. Results are pooled 

from 2 experiments with technical triplicates in healthy donor; and 

1 experiment with technical triplicates in patient. 
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In our protocol, we also tested the priming of moDCs with MART-1 protein (melanoma-

derived protein) and with the help of a custom-made tetramer, we could detect a percentage of 

MART-1-specific CD8+ T cells. The protocol used was the following – Figure 16: 

 

Figure 16. Melanoma specific T cells detected in humanized mouse model. Mice were reconstituted with total PBMCs 

positive for HLA-A2, followed by injection of MART-1-primed moDCs on days 14 and 21. On day 28 mice were sacrificed 

and spleen analyzed for the presence of MART-1 specific T cells. Image created with BioRender.com 

 

4.4 XLN NK CELLS AND T CELLS HAVE INCREASED TUMOR KILLING 
CAPACITY 

NK cells with WASp deficiency have reduced capacity of forming lytic immunological 

synapses and therefore impaired ability in tumor killing in vitro and in vivo 295,296,309–311. 

However, tumor killing capacity of WAS patients NK cells can be corrected by IL-2 treatment 
312,313. XLN patients have low number of NK cells and the role of overactive WASp protein in 

tumor remains unknown 258. In paper IV we aim to understand if XLN NK cells and cytotoxic 

T cells have altered tumor killing capacity.  

We collected blood from a XLN family, including 2 brothers with the XLN mutation WASp 

L270P (corresponding to the mouse mutation WASp L272P), their mother and sister 

(mother/sister), and 2 healthy donors. PBMCs were isolated and analyzed by flow cytometry. 

The total NK cell population, defined by CD3-CD56+, was decreased in XLN patients, as well 

as CD56dim and CD56bright, compared to the healthy donors. Total T cell percentage was 

increased in XLN patients, with CD4+ T cell population being similar and CD8+ T cell 

population being increased. A double positive cell population, characterized by CD4+CD8low 

was seen in PBMCs from the XLN brothers. To examine the cytotoxic capacity of different 

cell populations, granzyme B content was measured. Granzyme B was increased in CD56dim 

NK cells, CD4+ T cells, CD8+ T cells and CD4+CD8low T cells. ImageStream imaging flow 

cytometry on NK cells confirmed these data. 

We studied the NK cell capacity to respond to stimulation, degranulation, and cytokine 

production from co-cultures of K562 myelogenous leukemia cells using isolated NK cells from 

the patients, their mother and sister and healthy controls. Patient NK cells stimulated with 
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phorbol 12-myristate 13-acetate (PMA)/ionomycin had increased IFNγ and CD107 production, 

compared to healthy controls. The same is showed for patient CD4+ and CD8+ T cells. 

To investigate NK cell and T cells function in peripheral organs, we used the XLN mouse 

model carrying the WASp L272P mutation. Murine WASp L272P mutation corresponds to 

human L270P mutation 259. WASp L272P NK cells had correct education in vivo compared to 

WT NK cells, according to inhibitory receptor expression. WASp L272P showed increased 

degranulation and IFNγ production upon activation of the receptors NKp46 and NK1.1, 

compared to WT NK cells. The lytic NK cell immunological synapse is characterized by actin 

reorganization with F-actin accumulation at the synapse interface and docking of granzyme B 

lytic granules that also accumulate at the synapse site 314. To examine synapse formation, YAC-

1 lymphoma cells were co-cultured with NK cell from WT, WASp KO and WASp L272P 

mice. YAC-1 cells:NK cells conjugates were analyzed by ImageStream imaging flow 

cytometry and results showed that WASp KO NK cells had impaired synapse formation while 

WASp L272P NK cells had normal synapse formation, compared to WT NK cells. Together 

the data showed that XLN NK cells are functional and show signs of hyperactivity, opposed to 

WASp-deficient NK cells. 

We investigated how WASp L272P T cells respond to stimulus. T cells were stimulated either 

with plate-bound anti-CD3 and anti-CD28 antibodies or PMA/ionomycin and results showed 

similar degranulation and IFNγ production to WT T cells. To understand if WASp L272P T 

cells were able to accumulate F-actin at the synapse, we incubated CD4+ and CD8+ T cells with 

anti-CD3/anti-CD8-coated beads. Results showed that while CD4+ and CD8+ T cells from 

WASp KO mice had impaired synapse formation, CD4+ and CD8+ T cells from WASp L272P 

mice had normal synapse formation compared to WT cells. WASp L272P T cells also had 

similar capacity as WT T cells in TCR-mediated killing of A20 lymphoma cells. 

To understand if WASp L272P NK and CD8+ T cells are able to polarize F-actin and spread 

on coated glass slides, we used ligand-coated surfaces and quantitative confocal microscopy. 

We tested weather the cells would adhere to a simple positively charged glass surface, when 

coated with poly-L-lysine (PLL) or via intercellular adhesion molecule(ICAM)-1/leukocyte 

function-associated antigen (LFA)-1, important for efficient activation of T cells and NK cells 
315,316. Upon NKp46 activation, WASp KO NK cells showed reduced spreading while WASp 

L272P NK cells had similar spreading to WT NK cells. WASp L272P NK cells did not respond 

to ICAM-1 coated surface. Additionally, WASp L272P NK cells showed increased 

accumulation of adhesion and F-actin content towards glass lacking anti-NKp46. This 

suggested that WASp L272P NK cells had dysregulated actin dynamics during cell spreading 

and adhesion. Analyzing T cells responses, CD8+ T cells from WASp KO mice spread less and 

accumulated less actin in response to ICAM-1 signaling. On the contrary, CD8+ T cells from 

WASp L272P mice had increased spreading area and actin accumulation, compared to WT 

CD8+ T cells, indicating altered actin dynamics in response to CD3/CD28 and LFA-1 signaling. 

In summary, the data suggested that constitutively activated WASp enhanced actin responses 

at lytic synapses formed by CD8+ T cells but not NK cells. 
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Notably, WASp-deficient (WASp KO) and constitutively active WASp (WASp L272P) often 

have opposite phenotypes. Our group showed previously that mutations in WASp that result in 

constitutively active protein result, in vivo and in vitro, in increased actin dynamics and 

migratory capacity of neutrophils 259,317. To study the competitive behavior of WASp L272P 

NK and T cells we used a bone marrow chimeric mouse model. In this model, CD45.1 WASp 

L272P/WASp KO cells and CD45.2 WT cells in a ratio 1:1 were injected into a lethally 

irradiated recipient mouse. NK cells and T cells from WASp L272P mice had a reconstitution 

advantage to WT cells while WASp KO cells showed a disadvantage. Spleenocytes of the 

recipient mice were analyzed. IFNγ production and granulation in response to NKp46 

stimulation was accessed and results showed that WASp L272P spleenocytes had higher 

responding NK cells compared to WT spleenocytes. To better study the NK cell function in 

vivo, we did a competitive assay where a recipient mouse was injected with spleenocytes that 

express MHC class I molecule and spleenocytes that lack MHC class I molecule, named β2m-

/- at a 1:1 ratio. β2m-/- mice have very little or any MHC class I molecules expression and very 

few CD8+ T cells. By performing this competitive assay, we could study how the absence of 

MHC class I affects NK cells and their “missing-self” rejection capacity. To track the cells, 

WT and β2m-/- spleenocytes were labelled with different concentrations of CFSE. WASp 

L272P NK cells showed higher rejection capacity of β2m–/– cells, compared to WT NK cells, 

meaning they had higher capacity of “missing self” rejection. 

To confirm the previous results in tumor-bearing mice, we used the B16 melanoma model, 

which cells have low expression of MHC class I molecules 318. By examining B16 tumor 

growth among WT, WASp KO and WASp L272P mice, we showed that tumors injected in 

WASp KO mice grew much faster compared to tumors injected in WT mice, whereas tumors 

growing in WASp L272P mice grew slower. To address the role of NK cells in tumor control, 

we depleted NK cells from WT, WASp KO and WASp L272P mice by intraperitoneal injection 

of anti-NK1.1 antibodies. In WASp L272P mice that lack NK cells, the B16 tumor grew at the 

same rate as WT mice, suggesting that WASp L272P NK cells were important for tumor 

killing. CD8+ T cells may be responsible for controlling tumor growth in WT mice, since WT 

mice had similar tumor size in non-depleted and NK cell depleted mice. By analyzing the 

tumors, we could detect a higher percentage of NK cells and CD3+CD8+ T cells in tumors from 

WASp L272P mice. Tumor-infiltrating WASp L272P NK cells showed higher CD69, 

indicating higher activation. Together, the data suggested that WASp L272P NK cells had high 

capacity to reject the aggressive B16 melanoma tumor. 

In conclusion, given the question whether increased actin polymerization would permit T cells 

and NK cells in performing their cytotoxic functions, our data showed that this phenotype is 

beneficial for cytotoxic cell functionality. 
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5 CONCLUSIONS AND FUTURE PERSPECTIVES 

In this thesis, I have investigated the role of the actin cytoskeleton regulator WASp in DC 

migration and cross-presentation; Additionally, I have explored how WASp activity regulates 

cytotoxic DC and NK cell function in tumor killing. The main conclusions are here 

summarized. 

In paper I, we used the innovative microchannel and micropillar system to study DC migration 

in vitro. By using DCs from LifeAct-GFPxWT, LifeAct-GFPxWASp KO and LifeAct-

GFPxWASp L272P mice, we were able to study actin dynamics in vitro in a model resembling 

3D migration in vivo. Here we found that WASp KO DCs migrated faster compared to WT 

DCs, however, WASp L272P DCs had a different behavior resembling of “confused” DCs. In 

vivo migration stimulated by an inflammatory response, WT, WASp KO and WASp L272P 

migrated to the draining LNs at the same extent. Deeper analysis by fluorescence microscopy 

on the draining LNs of TLR7 agonist-treated mice, revealed that while WT DCs entered the 

LNs, the WASp KO DCs and the WASp L272P DCs were stuck in the LN capsule and very 

little DCs managed to enter the LNs. By combining IRM with fluorescence microscopy on 

DCs attached to fibronectin coated slides, we found differences in podosome formation. While 

WT DCs formed normal podosomes, WASp KO formed ring-like podosomes resembling of 

an immature state, and WASp L272P DCs formed more podosomes resulting in enlarged 

podosome area. We think that differences in podosome formation by DCs might be a 

mechanism to compensate for impaired migration capacity. 

In paper II, we aimed to understand the mechanisms of eczema formation in WAS patients. It 

is thought that the eczema formation is a result of immune cells that accumulate in the patients’ 

skin and induce inflammatory responses, however the mechanism is not understood. Here, we 

found that WASp-deficient DCs characterized by CD11c expression induced proliferation of 

CD8+ T cells. Moreover, we found that this activation is Rac2 dependent. Rac2 maintains a 

neutral phagosomal pH that promotes the antigen into the cross-presentation pathway of WASp 

KO DCs. 

In paper III, we applied the WASp-deficiency phenotype of increased cytotoxic T cell 

proliferation to tumor immunotherapy. By using the reversible Arp2/3 inhibitor CK666, we 

showed that DCs increase their phagosomal pH, shuttling the antigen into the cross-

presentation pathway, resulting in increased cytotoxic T cells proliferation. CD8+ cytotoxic T 

cell proliferation was specific for the antigen given to the DC, in our case, OVA. Additionally, 

activated CD8+ T cells were able to delay melanoma growth observed by increased survival of 

CK666-DCs-treated mice. 

In paper IV, we studied NK cell cytotoxic capacity to kill tumors. It is known that WASp-

deficient NK cells have reduced ability to kill tumors due to impaired capacity of forming lytic 

immunological synapses. How overactive activity of WASp in cytotoxic cells respond to tumor 

killing was not known. By studying NK cells and T cells from a family of patients carrying a 

mutation that leads to XLN and animal models, we found that XLN NK cells and T cells are 
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hyperactive in many cytotoxic functions. Furthermore, XLN NK cytotoxic cells showed better 

rejection of B16 tumors. As a result, XLN phenotype may be beneficial for cytotoxic cell 

function. 

Although WAS patient’s life expectancy is 3.5 years if not received any treatment and 20 years 

if treated 319, short time actin remodeling in specific immune cells might be useful in cancer 

therapy. Cytoskeleton inhibitors are already being used in tumor therapy. The 

microtubule‑depolymerizing agents dolastatin 10 and ansamitocin P3 remodel DCs 

cytoskeleton and improve anti‑tumor immunity 297,320,321. Dolastatin 10-treated DCs results in 

increased capacity in antigen uptake and migration to the tumor draining lymph nodes. The 

efficacy of the treatment is exacerbated by combination with checkpoint inhibitors anti-CTLA4 

and anti-PD1 treatment. Ansamitocin P3 induces DC maturation that result in anti-

inflammatory cytokine production such as IL-1β, IL-6 and IL-12, in vitro and in vivo. 

Treatment of patients with ansamitocin P3 led to DC-mediated activation of tumor infiltrating 

lymphocyte and MC38 colon adenocarcinoma rejection. Combination of anti-PD1 and anti-

CTLA4 treatment enhanced tumor rejection function. Not being a cytoskeleton regulator 

inhibitor, but being already studied in human pancreatic cancer, calcipotriol, a vitamin D 

analogue, promotes anti-tumorigenesis 322. Low levels of vitamin D are common in palliative 

cancer patients and are associated with increased opioid consumption by the patients to 

alleviate pain 323,324. Although calcipotriol upregulates PDL-1 and reduces T cell effector 

function, it could be combined with actin inhibitors and used in cancer therapy. 

Actin cytoskeleton remodeling can have innumerous outcomes. By temporarily modifying the 

actin cytoskeleton of cells involved in tumor therapy, we might enhance their efficacy.  The 

inhibitors can be combined and, from our own experience, being used at very low 

concentrations. The best benefit of using this type of inhibitors is that we can use it when 

wanted and then wash the inhibitor away, not to influence necessary cytoskeletal 

rearrangements for in vivo migration for example. Nowadays, by using live-cell imaging, it is 

also possible to do high-throughput whole-cell screening to find new drugs candidates and test 

them in a efficient and automated way 325. Table 1 contains a list of actin inhibitors that might 

enhance DC-based vaccine therapy in cancer. 

Table 1. Actin inhibitors that can be used in DC-cancer therapy. Adapted from 297. 

Compound Target Mechanism 

CK-636 Arp2/3 Binds to a pocket between Arp2 and Arp3. 

CK-666 Stabilizes the inactive form of the complex by blocking movement of the Arp2 and Arp3 

subunits into short pitch conformation. 

CK-548 Allosterically destabilizes the short pitch Arp3-Arp2 interface by binding to a 

hydrophobic cleft in subdomain 1 of Arp3. CK-548 and CK-869 use the same 

inhibition mechanism. CK-869 

CDDO-Im Docked to Arp2/3 in the same hydrophobic pocket as CK-869. CDDO-Im and CDDO-

Me use the same inhibition mechanism. CDDO-Me 

Wiskostatin N-WASp 

WASp 

Binds within a pocket in the GBD regulatory domain that maintains WASp and N-WASp 

in an autoinhibited conformation. 

187-1 N-WASp Inhibits allosteric actin assembly induced by PIP2. 
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However, DCs do not work alone in tumor killing. As mentioned in the introduction NK cell 

and DCs work together in the tumor environment and this notion is becoming more and more 

important when creating cancer vaccines. Additionally, the discovery of immune checkpoint 

blockades, improved tremendously the cancer field. Aside their proved efficacy, we faced a 

surprising issue when searching this subject for our own research project. Several studies report 

checkpoint inhibitors injection, such as anti-PD1 and anti-CTLA4, immediately after or even 

before tumor inoculation 326–328. In my opinion, this cannot be used as a DC-based vaccine 

protocol because it cannot be applied in a real-life situation. 

During my PhD I learned how important it is to study rare primary immunodeficiencies. I also 

learned that many of the features that characterize one disease, are present in other diseases. 

By the end of my studies, Lisa, my supervisor, asked what would I do if I get an unlimited 

research grant and/or start a biotech company? And my answer is that I would definitely invest 

in immunodeficiencies, both primary and secondary. Everyone, every single person that I met 

outside the medical field have asked me why do I study such rare diseases? Well, people with 

rare diseases also deserve to live and have quality of life. Apart from what people think, I 

believe that with more investment in immunodeficiencies, we could have different and 

improved protocols to study the diseases and making the patient’s life better. One of the reasons 

why is so difficult to study primary immunodeficiencies is because, being them so rare, patient 

material is also rare. Patient material is the limiting factor of our work and although we have 

animal models that mimic the disease, they not always mimic the phenotype of the disease. 

WASp KO mice do not develop spontaneous eczema, for instance. In our lab we are trying to 

Epstein-Barr virus (EBV) transform patient cells, so we could perform more tests with them. 

This type of procedure takes time to be optimized and needs trained personal. Collaborations 

are the best way so far to get access to as much patient material as possible. And that we have. 

Because primary deficiencies matter and the kids deserve to enjoy life. And we can learn so 

much from them! 
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