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ABSTRACT 

 

Immune cells are susceptible to a variety of external stimuli that triggers cell surface 

receptors, leading to activation of intracellular proteins and changes in the actin cytoskeleton. 

The Rho-GTPases are a family of proteins that regulate several aspects of actin 

polymerization. They take part in an intricate network of other proteins and can therefore 

have a direct or indirect role in several cell functions. 

In this study I aimed to define the role of the Rho-GTPases Cdc42 and Rac2, as well as the 

effector proteins WASp and N-WASp in the adaptive immune system. 

In paper I the aim was to dissect the particular contribution of WASp-deficiency to the 

induction of skin pathology in Wiskott-Aldrich syndrome patients, using mouse models. Our 

study showed that WASp-deficient dendritic cells accumulate in the skin; were able to induce 

an increase in cross-presentation of exogenous antigen and therefore increased CD8+ T cell 

proliferation and activation in vivo and in vitro. This was caused by increased expression of 

Rac2 in the cytoplasm, which regulates the phagosomal pH and promotes loading of antigen 

on MHC class I molecules. In paper II we aimed to understand the role of Cdc42 for B cell 

activation using a mouse where we deleted Cdc42 conditionally in mature B cells. Mice with 

Cdc42-deficient B cells showed reduced marginal zone and follicular B cell numbers. 

Immunized mice had reduced germinal center B cells associated with reduced specific 

antibody titers in serum. In vitro assays revealed less spreading on antibody-coated surfaces 

and a skewed CD4+ T cell activation towards more production of IFN and less IL-2. In 

paper III we studied the combined contribution of WASp and N-WASp deficiency in B 

cells. A WASp KO mouse where N-WASp was conditionally deleted only in B cells (cDKO) 

was used. Compared to WT and WASp KO mice, the cDKO mouse had a large reduction in 

marginal zone B cells as well as decreased marginal zone B cell precursors and follicular B 

cells. B cells in cDKO mice also failed to mount a specific antibody response to both T-

dependent and T-independent antigens with reduced specific antibody titers, together with 

decreased antigen uptake by marginal zone B cells and transportation to the follicle. In paper 

IV we investigated the effect of the hyperactive mutated WASp, found in X-linked 

neutropenia patients, on murine B and T cells. XLN-WASp mutations induced increased 

polymerized actin in both T and B cells. We detected reduced spreading but normal 

chemotaxis toward specific chemokines by both cell types. We also observed reduced 

proliferation of B cells but not T cells and increased apoptosis of both cell types in vitro. The 

latter is probably due to increased genomic instability in B and T cells as observed by a 

FISH-telomere assay. 

Altogether, this study shows that Rho GTPases and their effector proteins are crucial for 

correct cell function and the cellular and humoral immune responses. Notably, the phenotypic 

severity can be increased by depletion of closely related intracellular proteins suggesting the 

existence of compensatory mechanisms and overlapping roles. The characterization of the 

Rho GTPases function may contribute to more precise interventions and therapeutic success. 
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1 INTRODUCTION 

 

1.1 The immune system 

 

The immune system is equipped with defense mechanisms and immunosurveilance 

competence to protect its host from infections and cancer. These functions belong mainly to 

the hematopoietic cells. They are short-lived cells that are constantly being replenished 

through a process called hematopoiesis. In the bone marrow we can find the hematopoietic 

stem cells - self-renewal cells that give rise to progenitor cells that become progressively 

restricted to several or single lineages through lineage-affiliated transcription factors, which 

leads to their loss of differentiation potential and self-renewal ability. Two cell lineages are 

generated through this process, the myeloid lineage that constitutes the innate immune 

system, and the lymphoid lineage, that constitutes the adaptive immune system. 

The main aim of this thesis is to understand how dendritic cells (DCs) and B cells overcome 

the absence of intracellular signaling proteins and their impact on the other cells of the 

immune system in health and disease. Therefore I will start by introducing and dissecting the 

immune system; the function of dendritic cells and B cells, especially as antigen-presenting 

cells (APCs), and their interplay with other cells; and will end by discussing intracellular 

proteins and their specific roles for DC and B cell function. 

 

 

1.2 The innate immune system 

 

Natural killer (NK) cells; macrophages and granulocytes (neutrophils, basophils, eosinophils 

and mast cells) are part of the innate immune system. Even though DCs are not clearly 

grouped in either myeloid or lymphoid lineage (because DCs can arise from either common 

lymphoid progenitors or common myeloid progenitors during hematopoiesis), in general they 

are considered to belong to the innate immune system. These cells are part of the first line of 

defense against pathogens and foreign antigens (such as tumors antigens) and are equipped 

with a set of germline-encoded pattern recognition receptors (PRRs) on the surface of their 

membranes. These PRRs give them specific functions that can be divided into three areas: 

recognition of microbial non-self; recognition of missing self; recognition of altered self. 

Innate immune responses are rapid and can efficiently kill a broad range of pathogens. It 

cannot, however, confer specificity or immunological memory to the host defense, two main 

features that distinguish innate from adaptive immune responses (Quintin, Cheng et al. 2014).  

 

The fact that innate responses lack memory characteristics has been questioned. Plants and 

invertebrates don’t have the adaptive branch of the immune system but are considered to have 
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memory mechanisms by either being able to build an enhanced innate response against a 

reinfection or through somatic diversification, the latter meaning that at the genomic level, 

rearrangements can occur on genes encoding proteins or surface receptors that provide specific 

pathogen recognition. Studies on vertebrates have shown that this innate memory, or “trained 

immunity”, also occurs for NK cells and macrophages. (Netea, Quintin et al. 2011). 

 

1.2.1 Pathogen recognition receptors (PRRs) 

 

Invading pathogens often get access to the host through the skin, respiratory or 

gastrointestinal tracts. There they can be detected by exposing certain conserved structures 

or molecular patterns non-encountered elsewhere in the host. These are known as pathogen-

associated molecular patterns (PAMPS) that include components of microbial membrane, 

cell walls, proteins and DNA (Janeway and Medzhitov 2002) and are recognized by PRRs. 

 

Toll-like receptors (TLRs) comprise a large family of PRRs that are expressed by DCs or 

macrophages as well as endothelial, epithelial and muscle tissues. They are expressed on the 

cell membrane and in endosomal and lysosomal compartments (Kawai and Akira 2010). 

TLR-3, -7, -8 and -9 are localized on endosomal compartments while TLR-2 and -4 are on the 

cytoplasmic membrane. TLRs are a transmembrane receptor composed of an extracellular N-

terminal leucine-rich repeat (LRR), a central transmembrane region, and a C-terminal 

cytoplasmic Toll/IL-1R (TIR, Toll interleukin 1 receptor) domain. The LRRs role is to 

recognize specific antigens while the TIR initiates intracelular signaling through interaction 

with cytoplasmic proteins such as MyD88 (myeloid differentiation factor 88), TRIF (TIR-

containing adaptor inducing interferon-β), and TIRAP (Toll-interleukin 1 receptor (TIR) 

domain-containing adaptor protein) (Horng, Barton et al. 2001; Kaisho, Takeuchi et al. 2001; 

Yamamoto, Sato et al. 2002). 

 

Different TLRs can act in synergy with other TLRs to induce different response profiles or to 

strengthen the immunogenic response. 

Triggering of TLRs, except TLR3, recruit the adaptor MyD88, which allows the nuclear factor 

kappa B (NF-kB) to translocate into the nucleus, and simultaneously activates the MAP 

kinase pathway leading to the activation of activator protein 1 (AP-1) (Stetson and Medzhitov 

2006; Bowie and Unterholzner 2008). Finally, NF-kB and AP-1 will ultimately induce the 

expression of pro-inflammatory cytokines. Upon viral ligand stimulation, TLR7 and TLR9 

associate with MyD88 leading to nuclear translocation of the transcription factor interferon 

regulatory factor 7 (IRF7). Stimulation of TLR3 and TLR4 permits nuclear translocation of 

IRF3. IRF3 or IRF7, along with NF-kB and AP-1, cooperate to induce the expression of type I 

interferons (IFNs), IFN- and IFN-, respectively. This likewise leads to the production of 

pro-inflammatory cytokines such as TNF- and IL-6. Furthermore, TLR triggering leads to 

DC maturation and upregulation of MHC and co-stimulatory molecules such as CD80 and 

CD86. CD14 and MD2 are known to act as co-receptors to some TLRs, enhancing the signal 
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(Stetson and Medzhitov 2006; Bowie and Unterholzner 2008). 

Skin cells are equipped with TLRs that when activated, for example, through viral ligands also 

produce IFNs. These IFNs will spread to the neighboring cells amplifying the signal and 

activating several IFN-stimulated genes leading to the production of antiviral responses 

(Kawamura, Ogawa et al. 2014). 

 

TLRs are mainly known to be essential for sensing and alerting APCs to the presence of viral 

or microbial antigens but it is not clear if they are actually capable of antigen capture and 

uptake (Dunzendorfer, Lee et al. 2004), whereas other PRRs such as CLRs and scavanger 

receptors do possess this ability. 

 

 

1.2.2 C-type lectin receptors 

 

CLRs are molecules expressed mainly by DCs, including Langerhans cells (LCs), and 

macrophages, and to a certain extent by endothelial cells, T cells and granulocytes (McGreal, 

Miller et al. 2005). They bind to carbohydrate molecules in a Ca2+-dependent manner. 

The CLRs expressed by DCs and macrophages are of type II, meaning they have one single 

carbohydrate recognition domain (CRD). The type II CLRs include SIGNR1 (or DC-SIGN in 

humans); dectin-2; CD207 (langerin) and blood DC antigen-2 (BCDA-2). Dectin-1 also 

belongs to the type II CLRs containing a single CRD domain, but it binds carbohydrates in a 

Ca2+-independent manner. Type I CLRs have multiple lectin domains but not all are functional 

as CRDs. These include the mannose receptor (MR) and DEC-205 (McGreal, Miller et al. 

2005). Other CLRs include the C-type lectin-like receptor (CLEC)-4A, -5A and -9A. 

 

These CLRs can mediate internalization of the viral ligand or the virus itself into intracellular 

compartments, leading to its degradation and subsequent antigen presentation by APCs 

(Geijtenbeek and Gringhuis 2009; Osorio and Reis e Sousa 2011). It is interesting to note that 

while TLRs can distinguish self and non-self, CLRs cannot. Certain viruses, such as HIV-1, 

gain access to the cells through CLRs (more specifically, DC-SIGN) and can avoid lysosomal 

degradation. Due to this, the DC will afterwards present and transmit the virus to a nearby T 

cell. Therefore these receptors can be seen as a double-edge sword contributing to immune 

escape of viruses. Besides leading to lysosomal degradation of viruses, CLR triggering can 

likewise signal via kinases, such as SYK and Src kinase, that modulate cytokine production 

(Geijtenbeek and Gringhuis 2009; Osorio and Reis e Sousa 2011). 

 

 

1.2.3 NOD-like receptors 

 

Nucleotide oligomerization domain (NOD)-like receptors (NLRs) are cytoplasmic PRRs 
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important for the recognition of viral PAMPs (Wilkins and Gale 2010; Kawamura, Ogawa et 

al. 2014). There are two main subfamilies: the NLRCs that contain a caspase activation and 

recruitment domain (CARD), which includes NOD2; and the NLRPs that possess a pyrin 

domain (PYD), which includes NALP3. Upon recognition of PAMPs, NLRs undergo 

conformational change resulting in the formation of an inflammasome complex. The 

inflammasome will trigger the signaling pathways that activate caspase-1, a protease that 

cleaves pro-interleukin (IL) 1- and pro-IL-18 to generate the active form of the cytokines for 

secretion. While NLRPs are involved in the activation of the inflammasome, the NLRCs have 

a prominent role in activation of the NF-kB and mitogen-activated protein (MAP) kinase 

pathways. NLRC activation together with TLR signaling has been shown to result in a 

different T cell activation and cytokine profile compared to NLRC activation alone (Wilkins 

and Gale 2010; Kawamura, Ogawa et al. 2014). 

 

 

1.2.4 Retinoic acid-inducible gene I (RIG-I)-like receptors and 
intracellular DNA sensors 

 

Retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) are cytoplasmic sensors that can 

detect viral double stranded RNA (dsRNA) and include three members:  RIG-I, MDA-5 and 

LGP2 (Loo and Gale 2011; Gack 2014; Rawling and Pyle 2014). Similar to NLRs, RIG-I and 

MDA-5 contain a CARD at their N-terminal normally found in a silent conformation. Upon 

ligation of dsRNA, this domain changes in conformation and can interact with the downstream 

protein MAVS, inducing its oligomerization. This will ultimately lead to downstream 

activation of transcription factors IRF3/7 followed by type I IFN production and anti-viral 

response. These receptors are mainly expressed by myeloid cells; epithelial cells; cells from 

the central nervous system, and at low levels by plasmacytoid DCs (pDCs). Viral infection as 

well as increased levels of type I IFN within the environment can increase expression of RLRs 

on these cells (Loo and Gale 2011; Gack 2014; Rawling and Pyle 2014).  

RLRs can crosstalk with TLRs. Studies have shown that RLRs can serve as initial sensors 

of viral RNA, initiating the innate response and leading to production of type I IFN. This 

will then induce increased expression of TLRs. TLRs role, on the other hand, will be to 

contribute with the induction of specific cytokine production, which will therefore initiate an 

adaptive immune response (Daffis, Suthar et al. 2009; Suthar, Ma et al. 2010). 

	
	

1.2.5 Scavanger receptors 

 

Scavanger receptors (SR) are a very heterogeneous family of membrane bound receptors 

generally known for their ability to recognize, bind and internalize self-modified lipids and 
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proteins, known as danger-associated molecular patterns (DAMPs). But their range of 

ligands extends to the capacity of binding to apoptotic cells; unmodified endogenous proteins 

and lipoproteins; and non-self microbial structures (PAMPs) which can characterize these 

receptors as a subclass of PRRs (Mukhopadhyay and Gordon 2004; Canton, Neculai et al. 

2013).  

SRs are classified into classes A to I according to their multi-domain structures (Canton, 

Neculai et al. 2013). Class A SRs contain a collagen-domain or a scavenger receptor 

cysteine-rich (SRCR) domain or CLEC domain; class B contain a CD36 domain; class D 

contain a mucin-like or lysosome-associated membrane glycoprotein (LAMP) domain; class 

E only have the CLEC domain; class F contain many epidermal growth factor (EGF) and 

EGF-like domains; class G only receptor has a CXC-chemokine domain; classes H and I 

contain EGF, fasciclin 1 (FAS1) and LINK (hyaluronan-binding) domains (Fig. 1). Only 

some of these domains have been characterized (Canton, Neculai et al. 2013). Curiously, 

where the scavenger properties of these receptors come from is not known, since these 

domains can be shared by many other proteins with divergent functions that do not include 

that of scavenger competence. 

 

 
Figure 1. The different domains of scavanger receptors and their respective division into eight classes (Canton, 

Neculai et al. 2013). 

 

Depending on the ligand and the cellular context, SRs can activate multiple intracellular 

pathways. For example, CD36 can partner with TLRs which will signal with MyD88 and 

NF-kB proteins for production of pro-inflammatory cytokines. In other cases, binding of 

oxLDL (oxidized low-density lipoprotein) will cause activation of LYN, which can lead to 

prolonged activation of focal adhesion kinase 1 (FAK1) and activation of Vav-1. The latter 
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will induce activation of Rac followed by both inhibition of myosin II and activation of the 

NADPH oxidase. This will result in actin polymerization, increase cell spreading and loss of 

cell polarity (Mukhopadhyay and Gordon 2004; Canton, Neculai et al. 2013). 

Expression of different sets of SRs on surface of macrophages also dictates their 

phenotypical function and polarization. For instance, M2 macrophages express SR-A1 and 

CD163 which gives them the capacity to take up apoptotic cells and TNF-like weak inducer 

of apoptosis (TWEAK) respectively, leading to production of anti-inflammatory cytokines. 

M1 macrophages express CD36, which, together with TLRs, gives them the capacity to 

produce pro-inflammatory cytokines (Mukhopadhyay and Gordon 2004; Canton, Neculai et 

al. 2013). MARCO is another SR similar to SR-A, well known for being expressed by 

marginal zone macrophages in the spleen and peritoneum (Elomaa, Kangas et al. 1995). What 

induces constitutive expression of MARCO on these macrophages is not known but TLR 

triggering can induce its upregulation (Mukhopadhyay, Peiser et al. 2004). 

 

1.2.6 Other DNA/RNA cytosolic sensors 

 

Another group of viral sensors has been implicated and proven to be crucial in anti-viral 

immune responses. These sensors have in common a DExD/H-box domain and are 

therefore known as DDX proteins. They can work as RNA sensors, and cooperate with 

other receptors especially from the RLR family; DNA sensors; or just contribute as 

signaling molecules. Besides sensing viral infections, they contribute to the production of 

cytokines such as TNFα and type I IFNs, through interaction with MyD88 or the adaptor 

TRIF (Goubau, Deddouche et al. 2013; Paludan and Bowie 2013).  

 

 

1.3 The adaptive immune system 

 

When the innate immune response is not enough and the infection is not resolved, then the 

adaptive system comes into play. Cytokines, chemokines and/or the DCs bridge the innate and 

the adaptive branches of the immune system. Peripheral DCs take up foreign antigens; 

migrate to secondary lymphoid organs (e.g. spleen or draining lymph nodes (dLN)) and 

present antigenic peptides on MHC molecules to adaptive immune cells such as T and B 

cells. If there is recognition of the MHC-bound peptide by these cells, they undergo clonal 

expansion and become active to mount the proper adaptive immune response to that antigen. 

Ultimately, the aim of an adaptive immune response is to generate memory T cells or high 

affinity antibody-producing B cells that confer lifelong protection and faster responses to re-

infections. 
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1.3.1 T cell development 

 

T cell progenitors, derived from HSC, leave the bone marrow and migrate to the thymus 

where T cell development occurs. In the thymus, these cells undergo three different stages, 

according to their surface markers: double negative (DN), double positive (DP) and single 

positive (SP) (Ciofani and Zuniga-Pflucker 2007).  

During the DN stage, they can be further divided into CD44+CD25- (DN1); CD44+CD25+ 

(DN2); CD44-CD25+ (DN3) and CD44-CD25- (DN4) (Ciofani and Zuniga-Pflucker 2007). 

Signals provided by the cortex thymic epithelial cells (cTECs) induce transition into DN2 and 

upregulation of CD25 (IL-2 receptor). At the DN2-DN3 stages, cells upregulate CD3 and IL-

7 receptors; the Rag-1 and Rag-2 proteins come into play and induce double-strand DNA 

breaks, which leads to V-DJ recombination. At this point gene rearrangements lead to the 

expression of T-cell receptor (TCR) chains. Those cells that fail to express TCR undergo 

apoptosis. Signaling through the TCR transitions the cells to the DP stage where they start to 

express CD4 and CD8 and TCR, acquiring a functional TCR complex . A fully functional 

TCRα complex allows these DP cells to interact with MHC class I or MHC class II 

complexes on cTECs or DCs. Those who show low affinity to self-peptides presented on 

MHC complexes will be positively selected and survive (Ciofani and Zuniga-Pflucker 2007). 

 

Signaling through CCR7 receptors will induce migration of DP cells from the cortex to the 

medulla (Ma, Wei et al. 2013). Here, TECs or DCs will show self-antigens on MHC 

complexes, and those cells that show high affinity for these will be negatively selected and 

undergo apoptosis. Afterwards, these cells will become SP and if they recognize peptides on 

TECs below a certain threshold on MHC class II or MHC class I they develop as CD4 or 

CD8 respectively. At this point the role of the receptor Notch1, expressed in developing 

thymocytes, is relevant. It has been shown that activation of Notch1 favors expression of 

CD8 rather than CD4. Moreover, it can also promote CD8 expression in the absence of MHC 

class I complexes, however Notch1 activity alone is not enough in this case (Robey, Chang et 

al. 1996). In another study it was revealed that signaling through Notch also determines the T 

cell lineage, favoring the expression of TCR, leaving out the TCR (Washburn, 

Schweighoffer et al. 1997). Mature SP cells will express CD62LhiCD69low and upregulate 

sphingosine-1-phosphate receptor 1 (S1PR1) that will lead to their egress into the periphery. 

Because in humans and mice the thymus involutes with age the T cell output decreases and 

therefore the T cell repertoire is generated early in life (Ciofani and Zuniga-Pflucker 2007; 

Ma, Wei et al. 2013; Yates 2014). The capacity of thymic TECs and DCs to promiscuously 

express a large array of self-proteins, that can be encountered anywhere in the host, is due 

to expression of the aire gene. Aire (autoimmune regulator) protein acts as a transcription 

factor by binding to other proteins that induce transcription of silent genes. Aire is 

expressed mainly by TECs (thymus) but also by DCs (spleen and LN) and mutations in the 
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gene encoding aire has been linked to development of autoimmune diseases (Mathis and 

Benoist 2009). However, not all proteins are expressed in the thymus and many self-

reactive T cells can escape this control, and therefore additional tolerance mechanisms 

provided by DCs and Foxp3+Tregs can be found in the periphery to help eliminate these 

now fully functional T cells. 

 

 

1.3.2 B cell development and B cell subsets 

 

While the T cells constitute the cellular immunity of the adaptive immune response, B cells 

are responsible for the humoral branch, which include the production of antibodies to mount a 

response against a specific antigen.  

 

B cells have their origin in the bone marrow. Here, hematopoietic stem cells receive signals 

from the stromal cells that induce their development into immature naïve B cells. These 

stromal cells are sources of cytokines such as IL-7, Flt-3L and TSLP that promote 

proliferation and transition from the CD34+CD19- hematopoietic stem cells to CD19+ B cell 

lineage cells (Sitnicka, Brakebusch et al. 2003; Vosshenrich, Cumano et al. 2003). B cell 

lineage restriction will depend on the expression of transcription factors such as Ikaros, 

E2A, EBF and Pax5 (Whitlock and Witte 1982; Barberis, Widenhorn et al. 1990; Jacobs, 

Xin et al. 1994; Zhuang, Cheng et al. 1996; Nutt, Heavey et al. 1999).  

In the bone marrow B cells undergo several stages: pro-B, pre-B and immature B.  During 

these stages B cells undergo V, D and J gene rearrangements of the  heavy chain through 

activity of the proteins Rag1 and Rag2 (Oettinger, Schatz et al. 1990). This will form the pre-

BCR (pre-B cell receptor) expressed on the surface. The same will follow for the light 

chains V and J segments ( or  light chains), which will associate to the pre-BCR forming 

the BCR (IgM) (Melchers, ten Boekel et al. 2000). The complete BCR also includes the 

chains Ig and Ig that are composed of a cytoplasmic domain rich in tyrosines and are the 

main responsibles for the signaling cascade upon antigen binding to the BCR (Tolar, Sohn 

et al. 2009). 

 

After undergoing many checkpoints, which include testing for correct assembly and 

signaling of the BCR and degree of auto-reactivity, immature B cells express a fully 

functional IgM and are ready to leave the bone marrow. This egress from the bone marrow 

is in part due to S1PR1 (Pereira, Xu et al. 2010). The ligand for the S1P receptor is the S1P 

molecule produced by platelets, erythrocytes and vascular endothelial cells. This molecule 

is a lipid found in higher concentrations in blood or lymph and lower concentrations in 

lymphoid tissues (Schwab, Pereira et al. 2005). Therefore, egress of B cells requires 

upregulation of S1P receptors.  

 

At this point, immature B cells migrate to the spleen as transitional (T) 1 B cells 
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expressing IgD-IgM+CD21lowCD23- (Pillai and Cariappa 2009). When they reach the spleen 

they can differentiate into follicular B cells (FOBs) or marginal zone (MZ) B cells. T1 B 

cells that enter the follicle acquire IgD and CD21 and become T2 B cells characterized as 

IgDhiIgMhiCD21midCD23+. T2 B cells will receive a signal through their BCR, which will 

signal through the intracellular protein BTK. The strength of this signal will determine the 

fate of these cells. Weak signaling through BCR leads to MZ B cell differentiation while 

strong signal leads to FOB development. However, strong signaling can lead to apoptosis. 

It has also been shown that the receptor Notch-2 is crucial for MZ B cell differentiation 

(Tanigaki, Han et al. 2002; Saito, Chiba et al. 2003) since Notch-2 KO mice fail to generate 

MZ B cells. Transcription factors also appear to play a role in B cell fate: lower levels of 

E2A promotes MZ B cell differentiation and the absence of its antagonist, ID3, leads to the 

generation of more FOBs (Quong, Martensson et al. 2004). 

 

MZ B cells development in the spleen is partly regulated by the Notch-2 ligand, delta-like 1 

(DL1), which is expressed at high concentrations in the venules of the spleen but not in the 

bone marrow (Tan, Xu et al. 2009). Fully differentiated MZ B cells are characterized as 

IgDlowIgMhiCD21hiCD1dhiCD23- and localize to the periphery of white pulp areas. MZ B 

cell retention to its specific region is aided by stromal cells in the MZ that express the 

lymphotoxin- receptor (LT-R), which binds to the MZ B cells expressing the ligand LT-

12. The integrins LFA-1 and α4β1-integrin expressed by MZ B cells that recognize 

ICAM-1 and VCAM-1, respectively, likewise have a role in retention of MZ B cells. In 

addition, these cells can regulate T cell trafficking, by producing S1P they induce T cell 

exit from lymphoid tissues (Allende, Dreier et al. 2004; Matloubian, Lo et al. 2004).  

High levels of CD1d and CD21 provide these cells with the ability to capture and present 

lipid antigens and immune complexes, respectively, derived from blood borne pathogens 

(Pillai and Cariappa 2009). Therefore, CD21-antigen loaded MZ B cells can facilitate 

antigen transport by being able to shuttle from the MZ to the follicle and deliver these 

antigens to CD35+ follicular dendritic cells (FDCs), which will present the antigens to 

follicular B cells (Cinamon, Zachariah et al. 2008). CD1d-loaded MZ B cells, on the other 

hand, are responsible to present lipids to invariant natural killer T (iNKT) cells (Barral, 

Eckl-Dorna et al. 2008; Leadbetter, Brigl et al. 2008). 

 

The follicular area of the white pulp is constituted of stromal cells capable of producing the 

chemokine CXCL13. B cells that upregulate the receptor CCR5 can recognize CXCL13 and 

are therefore able to migrate towards the follicles (Cyster 2010). FOBs reside in these areas 

(Fig. 2) and are characterized as IgDhiIgMlowCD21midCD23+. Large T cell areas can be 

located next to FOBs which eases the FOBs to migrate to the T-B interface zone (Fig. 2) to 

receive T cell help for activation and mounting of T cell-dependent immune responses 

against specific antigens.  
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Figure 2. Schematic figure of spleen architecture and cellular distribution. The follicular B cell area is surrounded 

by the marginal sinus and marginal zone B cells and macrophages and borders with T cell areas (Pillai and 

Cariappa 2009). 

 

Upon antigen recognition, APCs can migrate to T cell areas (Fig. 2) where they present the 

antigen and prime the T cells. T cells will down regulate CCR7 and upregulate CXCR5 

instead, enabling them to migrate towards the edge of B cell areas. On the other hand, if it 

is the B cell who first recognizes a T-dependent antigen, it will downregulate CXCR5 and 

upregulate CCR7 and migrate to the edge to T cell areas to receive co-stimulatory signals 

and become activated (Mebius and Kraal 2005). B cells are poor APCs compared to DCs, 

however, mice lacking B cells have shown that B cells are important for T cell activation 

but only if the B cells specifically recognize the antigen (Crawford, Macleod et al. 2006), 

implicating they do have an important role in regulating the cellular response of the 

adaptive immune system. 

Upon antigen binding and BCR signaling (together or not with CD40L) plus cytokine 

signaling provided by helper T cells, B cells undergo proliferation. These proliferating B cells 

cluster and form the germinal center (GC) B cells, which are known for expressing the 

activation-induced deaminase (AID). AID is required for somatic hypermutation and class 

switch recombination, two mechanisms necessary for production of IgM, IgG, IgA and IgE 

high affinity antibodies (Muramatsu, Kinoshita et al. 2000; Revy, Muto et al. 2000). The 

master regulator of GC B cells is the transcription factor Bcl6. GC B cells can afterwards 

become long-lived memory B cells or plasma cells and reside in lymphoid organs or migrate 
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to the bone marrow. This differentiation process is dependent on the upregulation of the 

transcription factor Blimp-1 (Nutt and Tarlinton 2011). 

 

 

1.3.3 Dendritic cells – the bridge between innate and adaptive systems 

 

Dendritic cells are a very heterogeneous family of cells that vary in localization, function and 

phenotypic surface markers. It has been assumed initially that CD8+DCs were derived from 

lymphoid progenitors but it is now accepted that all DCs can be derived from both myeloid 

and lymphoid progenitors (Traver, Akashi et al. 2000; Manz, Traver et al. 2001; Manz, 

Traver et al. 2001). The final maturation and phenotypic surface markers of the DCs will 

depend on the cocktail of chemokines and cytokines in the environment. Bone marrow Lin-

ckit+ progenitor cells, in culture with GM-CSF, TNFα and SCF will induce proliferation 

and cell differentiation into CD11b+ or CD11b- immature DCs; these can further differentiate 

and mature by prolongation of culture with GM-CSF and TNF which will give origin to 

lymphoid-like mature DCs or DEC205+ Langerhans’ cell-like cells. If M-CSF is added to 

immature DCs then the cells differentiate into macrophages. Similarly, by culturing bone 

marrow Lin- cells with Flt3L will originate immature DCs, and further addition of Flt3L and 

LPS or IFNα will induce both CD8α+ CD11blow DC and CD8α-CD11chiDCs. Mature DCs are 

characterized as being CD11c+ MHCIIhi CD86hi CD40+ (Ardavin, Martinez del Hoyo et al. 

2001). 

 

Macrophages and DCs are phenotypically very similar, and for many years scientists have 

tried to differentiate better these two cells based on surface markers. However, they are 

functionally quite different: while macrophages have a role in innate immunity, DCs constitute 

the interface between the innate and adaptive branches and can modulate cellular and humoral 

responses. Actually, one of the main differences between macrophages and DCs is the high 

phagocytic capacity of the firsts. Some macrophage subsets are specialized in killing 

pathogens (M1 macrophages) and others in production of anti-inflammatory cytokines and 

secretion of tissue repair molecules (M2 macrophages) (Murray and Wynn 2011). 

 

DC main characteristics include: a) capacity of antigen uptake, processing and presentation 

through MHC complexes to T cells and B cells (and other DCs); b) great capacity to activate 

and induce differentiation and proliferation of T cells through increased expression of the 

surface markers CD40, CD54, CD58 and CD86 and production of IL-12; c) migratory ability 

from peripheral organs to secondary lymphoid organs for initiation of adaptive immune 

responses (Steinman, Inaba et al. 1999). 

DC endocytic capacity is restricted to their immature state and MHC class II molecules are 

found within endosomes and lysosome vesicles called MIIC compartments where we can also 

find LAMP receptors. These MHC class II molecules have a quick turn-over time lapse and 

are quickly degraded. In mature stages MHC class II molecules can be found in peripheral 
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vesicles lacking LAMP receptors and will redistribute on the surface (Steinman, Inaba et al. 

1999). 

 

There are 5 major DC subsets in mice: Langerhans’ cells (LCs); CD8+DCs; CD11b+DCs (or 

CD8-DCs); plasmacytoid DCs (pDCs); and monocyte-derived inflammatory DCs. 

 

Based on the set of receptors that are part of each subset, one can realize that each subset has 

its own specific function (Dudziak, Kamphorst et al. 2007; Guilliams, Henri et al. 2010). LN 

and spleen DCs comprise of CD8+DCs and CD11b+DCs (or CD8-DCs). CD8+DC show 

high levels of TLR-3 but low levels of the cytosolic sensors RIG-I; MDA-5 and DAI. 

CD11b+DCs on the other hand show high levels of TLR-1 and -6, and certain lectin and 

NOD-like receptors. CD8+DCs express the C-type lectin DEC205 receptor while 

CD11b+DCs do not, but instead express the antigen recognized by the monoclonal antibody 

33D1. Ultimately, this implies that CD8+DC machinery makes these cells better at uptake of 

apoptotic cells (DEC205 function) and is important for resistance to viral infections through 

cross-presentation of antigens and induction of CD8+ T cells responses; CD11b+DCs are 

more programmed to protect the host from bacterial and fungi infections and induction of 

effector CD4+ T cells. These two subsets are physically localized in different areas of the 

spleen. DEC205+CD8+DCs can be found in the T cells areas whereas 33D1+CD11b+DCs are 

localized in the red pulp and marginal zone (Dudziak, Kamphorst et al. 2007; Guilliams, Henri 

et al. 2010). 

 

Plasmacytoid DCs will be described in this section, though they are part of the innate 

immune system. These DCs distinguish from the remaining subsets due to low expression of 

CD11c and expression of B220. They can be found in peripheral blood and tissues and are 

functionally known for being excellent at producing IFN, with poor capacity to activate T 

cells. However, they can indirectly contribute to CD8+ T cell cross-priming through 

production of type I IFNs and activation of other DCs for cross-presentation (Le Bon, Etchart 

et al. 2003; Colonna, Trinchieri et al. 2004). They are equipped with an array of TLR 

receptors, especially TLR-7 and -9, making them good at sensing viral pathogens and 

secreting pro-inflammatory cytokines and activating other cells from both the adaptive and 

innate immune system (Kapsenberg 2003; Villadangos and Young 2008). 

 

 

 

1.4 The skin 

 

The skin is composed by three main layers: epidermis, dermis and subcutaneous layers. The 

subcutaneous tissue is composed of fat to keep the body warm and protect from damage. The 

epidermis and dermis are populated by many types of cells with immunological properties.  
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The main cell type of the epidermis is the keratinocyte. Newly differentiated keratinocytes 

grow from the basal layer (which separates the dermis from epidermis) outwards to the skin 

surface where we find terminally differentiated keratinocytes and another layer called stratum 

corneum, composed of dead keratinocytes (Mischke, Korge et al. 1996). Intercalating the 

keratinocytes we can find the LCs; tissue-resident memory CD8+ T cells (CD8+TRM) and 

T cells, also known as dendritic epidermal T cells (DETCs) (Heath and Carbone 2013). 

Other non-immune cells are likewise found in the epidermis, including melanocytes and 

Merkel cells. 

 

Keratinocytes are involved in protection against pathogens. They express TLRs and it has 

been shown that HSV-1 infection induces TLR3 signaling on keratinocytes, which leads to 

production of type I IFNs (Zhang, Zhang et al. 2011). They are also capable of direct killing 

of pathogens through the production of cationic antimicrobial peptides such as -defensins 

and cathelicidins (Liang, Tan et al. 2006). Keratinocytes, under certain conditions, can 

require the function as non-professional APCs, by expressing MHC class II molecules on 

the surface and therefore become involved in T cell proliferation (Nickoloff and Turka 

1994). They are also equipped with NLRs, and can therefore activate the inflammasome 

and produce IL-1 and IL-18, which have been connected to the pathogenesis of allergic 

contact dermatitis (Watanabe, Gaide et al. 2007). 

 

DETCs are radioresistant cells, with slow division rate in homeostatic conditions that 

require IL-2R expression and exogenous IL-15 for proliferation and survival. They have 

also been implicated in wound-healing since their absence lead to slower wound closure 

due to low keratinocyte proliferation and reduced inflammation. They are equipped with 

TLRs, secretion of chemokines and cytokines that contribute to inflammation and 

recruitment of innate and adaptive cells, as well as production of IgE. DETCs have been 

implicated in psoriasis by being high producers of IL-17 and mice lacking these cells 

showed reduced dermatitis (reviewed in Heath and Carbone 2013). 

 

CD8+TRM can be found in the epidermis after an infection, for long periods of time. These 

cells are maintained in skin grafts and it has been shown that transfer of these cells into 

another host can lead to rejection and elimination if found in circulation but survival in the 

epidermis. They are phenotipically recognized as CD69+VLA-1+CD103+ (Heath and Carbone 

2013). 

 

In the dermis, in steady-state and memory conditions, we can find a higher variety of cells: 

Tregs; tissue resident memory and tissue effector memory CD4+ T cells (CD4+ TRM and 

CD4+ TEM respectively); innate lymphoid cells (ILCs) and different DC subtypes (Heath and 

Carbone 2013).  

 

Some CD4+T cells, known as CD4+TRM, were observed to remain in the dermis of the skin 
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and expressed the markers CD69 and CD103. Other CD4+ T cells, known as CD4+TEM, were 

found to be able to re-circulate from dermis into the blood circulation (Heath and Carbone 

2013). 

 

Five distinct DC subsets have been identified in steady-state conditions in the skin, however, 

for simplification reasons, they are often divided into 3 subsets: LCs (Langerhans’ cells); 

CD207+DCs and CD207-DCs. 

 

LCs are the only DC subset that occupies the epidermis. They are known for their high 

expression of the marker CD207, a C-type lectin found on the cell surface or intracellular 

organelles called Birbeck granules (Valladeau, Clair-Moninot et al. 2002). They are 

radioresistant and produce TGF in an autocrine manner for survival (Kaplan, Li et al. 

2007; Merad, Ginhoux et al. 2008). They possess a low proliferation rate in situ, and bone 

marrow cells are not able to replenish these cells (Vishwanath, Nishibu et al. 2006; Chorro, 

Sarde et al. 2009). Under inflammation conditions, LCs are able to migrate to dLNs, 

however they are slow migrators, and dermal DCs reach dLN faster to prime T cells 

(Kissenpfennig, Henri et al. 2005). Moreover, skin inflammation mouse models have 

shown that conditional ablation of LCs did not influence T cell activation and the intensity 

of the inflammatory phenotype in the skin. 

 

A subset of the CD207-DCs can lack CD103 expression. This CD207-CD103-CD11b+DC 

subset correspond to the majority of the dermal DCs and constitute the first line of defense 

against foreign pathogens. They are among the ones that are originated from infiltrated Ly6Chi 

monocytes (therefore known as monocyte-derived inflammatory DCs) that are recruited 

from the blood under inflammatory conditions. Because they do not express CCR7, these cells 

do not migrate to draining LNs (Bogunovic, Ginhoux et al. 2009; Schulz, Jaensson et al. 2009; 

Varol, Vallon-Eberhard et al. 2009). Another subset of DCs can expresses CD103 and 

migrate to dLNs (Henri, Guilliams et al. 2010). Overall, the CD207-DCs focus mainly on 

MHC class II antigen presentation and activation of CD4+ T cells. 

 

CD207+DCs are characterized as CD207+CD103+CD11blowDCs and similar to the lymphoid 

CD8+DCs can likewise cross-present antigens. These cells are the main dermal migratory 

DCs and antigen-presenters to T cells in the draining LNs. Since these cells can be found 

adjacent to hair follicles or intercalating follicular epidermal cells they are good at cross-

presenting epidermal self-proteins (Heath and Carbone 2009; Henri, Guilliams et al. 2010). 

 

1.5 T cell priming 

 

Depending on the cytokine pattern secreted by activated DCs and antigen-MHC complexes, 

distinct T cell responses and polarities can take place. Different cell subsets are specialized in 

certain cytokine production and therefore are responsible for priming naïve T cells and 
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inducing the development of Th1, Th2 or CTLs (see table 1 for a summary of different DC 

subsets and their respective tasks). 

 

Antigen-pulsed CD8+DCs are good at activating cells to secrete IL-2 and IFN and 

therefore induce Th1 response. This type of response is specific for cell-mediated killing of 

infected cells and correlates to tumor and viral infection. On the other hand, CD8-DCs were 

better at inducing production of IL-4, IL-5 and IL-10 characteristic of Th2 responses, which 

are correlated to parasitic and bacterial infections (Maldonado-Lopez, De Smedt et al. 1999). 

CD8+DCs are the major producers of IL-12 which seems to drive the Th1 responses, while 

CD8-DCs produced very little IL-12 (Maldonado-Lopez, De Smedt et al. 1999; Hochrein, 

Shortman et al. 2001). CD8+DCs were also reported to be able to produce IFN (similar to 

pDCs) and CD8-DCs to produce high amount of IFNγ as opposite to CD8+DCs (Hochrein, 

Shortman et al. 2001). 

 

Function \ DC subset CD8+DC CD8-DC pDCs LCs 

Antigen capture +/- + +/- + 

Antigen processing ++ ++ +/- ++ 

IL-12(p70) production ++++ +/- + ? 

CD4+T cell priming ++ ++++ + +++ 

CD8+T cell priming ++++ +++ + ++++ 

CTL ++ +++ ? ++++ 

IFN production + - ++++ - 
 

Table 1. Dendritic cell subsets and their functions (Redrawn and modified/updated table from (Pulendran 2004). 

 

Immature DCs are efficient in antigen uptake and can perform this role using different 

mechanisms: macropinocytosis; endocytosis via CLRs (e.g. mannose receptor and DEC-

205) or via Fcγ receptors (CD64 and CD32); and phagocytosis (Banchereau, Briere et al. 

2000). Upon activation, DCs mature and lose their endocytic properties. As professional 

antigen presenting cells (APCs), with 10-100-fold higher MHC-peptide complexes than 

other APCs, their role now is to focus on antigen processing and presentation to T cells. 

After antigen peptide loading on MHC class I or MHC class II complexes, DCs encounter 

with T cells, and T cells can recognize the MHC-peptide complex through their TCR if they 

are specific for that antigen. At this point, co-stimulatory signals are important to determine 

if the T cells will become anergic or activated. 

 

After antigen recognition, DC-T cells cluster through several adhesion molecules. T cells 

activate DCs through binding of CD40L (T cells) to CD40 (DCs). CD40-CD40L 

constitutes one potent form of activating both DCs and ultimately CD4+ and CD8+ T cells. 
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Studies have even revealed that, even though TLR signaling alone has a similar effect of 

CD40 stimulation (this is, signaling through NF-kB, upregulation of co-stimulatory 

molecules and production of cytokines), CD40 stimulation, through direct interaction 

between DC-CD8+T cells, gives the maximum response by CD8+ T cells (Hernandez, Shen 

et al. 2007). After CD40 engagement, the co-stimulatory molecules CD80 and CD86 are 

upregulated and both can bind to CD28 expressed on T cells (Banchereau, Briere et al. 

2000). This will lead to cytokine release including IL-1, TNF, and IL-12. Another surface 

marker that is upregulated upon CD40 signaling is OX40 ligand which induces IL-4 

secretion and expression of CXCR5 by T cells. The 4-1BB ligand molecule has also been 

identified to upregulate in mature DCs, and its main role has been connected to induction of 

CD8+ T cell proliferation and production of IFNγ. DCs can also secrete the cytokines IL-1, -

6 and -12 upon engagement of the receptor RANK to its ligand on T cells, 

RANKL/TRANCE (Banchereau, Briere et al. 2000). Moreover, CD8+DCs express the XC-

chemokine receptor 1, XCR1, which recognizes XC-chemokine ligand 1, XCL1, on CD8+ T 

cells which is involved in differentiation of CTLs (Dorner, Dorner et al. 2009).   

 

 
Figure 3. Dendritic cells activate T cells and contribute with signaling for T cells to polarize into Th1 or Th2 

cells. PAMPs bind to and activate PRRs which instigate 3 signals that are required to polarize T cells: 1) A 

signal provided by TCR recognition of antigen on MCH molecules on DCs; 2) co-stimulatory signal from 

CD28 on T cell surface through recognition of CD80 or CD86 on DCs; 3) polarizing factor secreted by DCs 

which include cytokines or chemokines. This polarizing factor will depend on the PAMP, tissue factor (TF) 

and activated PRR. After signal 1 and 2, CD40-CD40L engagement is necessary for signal 3 response by T 

cells (Kapsenberg 2003). 

 

 

Studies have shown that the set of receptors the DCs are equipped with, to sense the 

environment, play a role in the DC cytokine production and T helper cell polarization (Fig. 

3) (Kapsenberg 2003). As discussed earlier, DCs express specific sets of PRRs that differ 

between DC subsets. When it comes to tissue-associated DCs, TLRs play a role in 

determining the DC cytokine profile. For instance, TLR-3, -4, -7, -9 triggering induce IL-12 
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production and therefore Th1 responses. TLR2 induced increase of IL-23, which also 

promotes Th1 differentiation. However, TLR2-TLR6 heterodimer can induce production of 

IL-10 and this has been correlated to immunosupression. C-type lectins such as dectin-1 

and DC-SIGN (SIGNR1 homologous expressed in humans) also induce IL-10 secretion. 

TLR-7 in pDCs induce IL-12 and TLR-9 induce both IL-12 and IFN (Kapsenberg 2003). 

To my knowledge, how PRRs specifically induce Th2 responses is still unclear. It is known 

which cytokines can drive Th2 polarization (IL-4 and IL-10) but they are not absolutely 

required (MacDonald and Maizels 2008). TLRs mainly signal through MyD88 inducing pro-

inflammatory cytokines (such as IL-12 and IL-6). However TLR ligands are also 

acknowledged to drive Th2 responses. It was suggested that simultaneous CLR ligation 

probably contributes to IL-10 production through SYK thus counteracting the IL-12 

production by TLR ligation and leading to Th2 polarization (CLR and TLR mechanisms 

described above and Th2 induction discussed in MacDonald and Maizels 2008). 

 

1.6 DC roles in different skin pathology mouse models 

 

Contact hypersensitivity (CHS) can be induced by epicutaneous exposure to haptens such 

as dinitrofluorobenzene (DNFB). It was initially thought that this skin pathology was due to 

CD4+ T cell-mediated responses. However, further studies have shown that CD8+ T cells 

play a critical role while CD4+ T cells instead dampen this response (Gocinski and Tigelaar 

1990; Bour, Peyron et al. 1995; Xu, DiIulio et al. 1996). CD8+ T cell cytotoxicity can be 

mediated through release of perforin or upregulation of FasL on the surface that recognizes 

Fas on the targeting cell, leading to apoptosis of the latter (Kagi, Vignaux et al. 1994; 

Lowin, Hahne et al. 1994). Therefore, in CHS settings, CTLs recruited to the skin lead to 

keratinocyte apoptosis (skin edema) due to either FasL or perforin pathways as it was 

shown that in order to develop CHS phenotype you need at least one of these pathways to be 

active (Kehren, Desvignes et al. 1999). 

However CHS can be overcome through efficient induction of tolerogenic mechanisms. 

LCs have been shown in distinct skin models to be able to dampen skin immune responses 

(Mayerova, Parke et al. 2004; Waithman, Allan et al. 2007; Fukunaga, Khaskhely et al. 

2010; Yoshiki, Kabashima et al. 2010; Kautz-Neu, Noordegraaf et al. 2011). Through 

repeated epicutaneous exposure to DNTB (5,5'-dithiobis(2-nitrobenzoic acid), this hapten 

can induce a moderate CHS phenotype and is therefore weaker than the hapten DNFB, 

which can activate the inflammasome making it a stronger hapten (Gomez de Aguero, 

Vocanson et al. 2012). Exposure to DNTB also induces tolerogenesis to further exposure to 

DNFB. LCs were shown to promote this tolerogenic response. More effectively than other 

dermal DC subsets, these cells could efficientely present the antigen through MHC class I 

to CD8+ T cells and turn them into anergic unresponsive cells culminating into their 

deletion. It has also been shown that through MHC class II antigen presentation to pre-

existing Tregs, these LCs also induced an increase in a specific pool of ICOS+Treg cells 
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(but not an increase in total Tregs), which were fundamental for the hypo-responsiveness 

status observed in CTLs. 

A study where mice were infected with Candida albicans showed that different DC subsets 

originate distinct T cells responses (Igyarto, Haley et al. 2011). Mice infected with C. albicans 

generated both Th1 and Th17 T cell responses as well as CTL activation. However, by 

dissecting each DC subset function separately, the authors revealed that LCs were necessary 

and sufficient for the Th17 cell development, while CD207+ dermal DCs were the ones 

responsible for activation and development of Th1 cells and CTLs. Moreover, in the absence 

of dermal DCs, the Th17 response was enhanced, suggesting an opposing role to the LC 

function in this model. 

 

Atopic eczema (AE) is a chronic, relapsing skin disease with a worldwide prevalence of 

more than 10% in children. Lesional atopic eczema skin can be characterized by epidermal 

and dermal thickening and increased cell infiltration. It can be triggered by repetitive 

exposure to environmental allergens, or caused by genetic predispositions, such as loss of 

function of fillagrin; or increased levels of IgE and food allergy (Caubet and Eigenmann 

2010). AE is often associated to a Th2 type systemic response. Elevated number of 

eosinophils can be found in the dermis of lesional skin, together with increased levels of IL-

5. Other Th2 cytokines include IL-4 and IL-13 that induce immunoglobulin class switching 

to IgE on B cells, and increased serum titers of IgE is often found in AE patients. The 

increase in IgE can trigger other cells such as mast cells and LCs. Mast cells express the 

high affinity IgE receptor FcRI on the surface. The presence of allergen and cross-linking 

of IgE on mast cell surface leads to their activation and release of mediators such as tryptase, 

carboxypeptidase and histamine that are known to modulate the immune system through 

activation and recruitment of different cell types (Harvima and Nilsson 2011). LCs can also 

bind IgE on their surface for allergen capture. In this way the LCs become activated and can 

consequently activate memory Th2 cells locally or migrate into the draining lymph nodes 

and activate naïve T cells (Leung 2000).  

It has been proposed that AE is characterized by a biphasic switch from Th2, in the acute 

phase, to Th1, in the chronic phase (Thepen, Langeveld-Wildschut et al. 1996; Grewe, 

Bruijnzeel-Koomen et al. 1998). This switch is believed to be due to prolonged eosinophilia 

caused by increase in IL-5, together with increased production of GM-CSF by keratinocytes, 

responsible for maintaining survival and function of eosinophils, LCs and monocytes. An 

increase in IL-12, possibly produced by eosinophils and macrophages, and IFN is also seen 

in the chronic phase. IL-12 is known to induce Th1 cell activation while IFN is produced 

by Th1 cells. How these two different inflammatory responses, mediated by Th1 and Th2 

cells, give rise to the same clinical feature that is AE is still unclear, but the proposed model 

is that Th2 cells come first to induce inflammation in a rapid short-lasting manner and that 

Th1 takes over with prolonged kinetics. 
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1.7 Tolerogenic mechanisms 

 

CD103+DCs in the gut express retinaldehyde dehydrogenase (RALDH) that produce retinoic 

acid (RA) (Guilliams, Henri et al. 2010). RA is involved in the generation of induced Tregs 

(iTregs). RA, together with high levels of TGF and low doses of antigen and co-stimulation 

delivered by the DCs promotes the differentiation of naïve CD4+T cells into iTregs. This is a 

trait of tolerogenic DCs and the same was observed by a dermal DC subset. CD207-

CD11b+CD103-DCs in the dermis also produce RA, which could contribute to generation of 

iTregs to modulate/dampen the inflammatory response locally (Guilliams, Henri et al. 2010). 

iTregs are to be differentiated from natural Treg (nTreg) that have their origin in the thymus. 

 

Under non-inflammatory conditions skin derived DCs continuously migrate to dLN carrying 

self-peptides or innocuous antigens and present these to T cells. However T cell responses are, 

in this setting, aborted and do not lead to inflammation, a process denominated as tolerance 

(Steinman and Nussenzweig 2002). Interestingly, skin derived migratory DCs in both steady 

state and inflammatory conditions always show increased levels of MHC class II, CD86 and 

CD40 (Kissenpfennig, Henri et al. 2005; Stoitzner, Tripp et al. 2005). Then how can T cells 

distinguish tolerogenic from immunogenic conditions? It has been shown that DCs can be 

indirectly activated by neighbouring cells, trans-activation, or directly activated through their 

own TLR receptors, cis-activation (Sporri and Reis e Sousa 2005; Reis e Sousa 2006; 

Steinman 2007). Both cases led to upregulation of MHC class II, CD40 and CD86. However, 

opposite to cis-activation, trans-activated cells cannot produce IL-12, and therefore, this 

mature state of the DCs are not able to induce differentiation of CD4+ T cells into effector 

cells. 

 

 

1.8 DC migration: from skin to dLN 

 

Skin DCs, once activated, downregulate adhesion molecules, undergo cytokseletal 

reorganization and acquire cellular motility. However, the structural framework of the skin, 

composed of connective tissue which includes structural proteins (elastin and collagen); 

fibrilin, fibronectin, laminin and proteoglycans; is the first obstacle a DCs need to cross in 

order to initiate movement and egression from skin to LNs. In that regard, enzymatic 

digestion of skin tissue is the first step for migrating cells (Martin-Fontecha, Lanzavecchia et 

al. 2009). DCs are equipped with the ability of secreting metalloproteinases (MMPs). These 

MMPs are upregulated and expressed on the cell surface upon signaling of inflammatory 

cytokines such as TNF and IL-1. The polarized expression of MMPs on the cell surface 

associated with chemokine guidance allows DCs to draw their own pathway out of the skin 

and into the lymphatic vessels. The usage of MMP inhibitors has been shown to lead to 

retention of DCs. Chemokine and chemokine receptors are also a hallmark for DC migration. 
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The chemokines CCL19 and CCL21 contribute to the egress of cells from the skin and 

therefore mature DCs need to upregulate the receptors CCR7 and CXCR4. CCR7-deficient 

mice show reduced migration of skin DCs in dLNs, and to stress its importance, it has been 

reported that DCs themselves can secrete CCL19, possibly as an autocrine manner for CCR7-

dependent migration. All this process is, of course, accompanied by important morphological 

changes. When reaching the lymphatic vessels, adhesion molecules come into play. These 

molecules have been better studied in case of T and B cells, however ICAM-1 expressed by 

endothelial cells, and JAM-1 expressed by DCs have been shown to play a role in DC 

mobility and migration to LN (Martin-Fontecha, Lanzavecchia et al. 2009)..  

 

Extravasation of the DCs into dLNs is suggested to occur via high endothelial venules 

(HEVs), through firm adhesion to integrins expressed in the vessel walls (Martin-Fontecha, 

Lanzavecchia et al. 2009). This probably occurs similarly to T cells, through CCL19 

signaling transported to the HEV to induce integrin activation on rolling DCs. In case of T 

cells, the integrin LFA-1 is upregulated to bind to ICAM-1 and -2 on HEVs. In the case of 

pDCs, they express many chemokine receptors (such as CCR5) and the adhesion molecule L-

selectin (CD62L) that has been shown to be crucial for pDCs migration into secondary 

lymphoid organs. Other molecules, such as the adhesion molecule CD44, and 

chemoattractant proteins including MCP-1 and the cytokine CCL2 seem to play a role in 

DC and monocyte recruitment to dLNs. Antigen-carrying DCs have been localized in T cell 

areas nearby HEVs, for delivery of antigen to rare antigen-specific T cells. Interestingly, it 

has been shown that different DC subsets can occupy different areas within the same T cell 

regions. If the reason for this is to increase the probability of encounter with different T cell 

subsets remains unknown (Martin-Fontecha, Lanzavecchia et al. 2009). 

 

 

1.9 Antigen presentation and cross-presentation 

 

In a study by Nussenzweig et al, it was shown the DC subtypes are equipped with a specific 

machinery that promotes either MHC class II presentation or MHC class I cross-presentation 

(Dudziak, Kamphorst et al. 2007). This was independent of the receptor targeted for antigen 

uptake but rather due to intrinsic properties. CD8+DCs express DEC-205 while CD8-DCs 

express the 33D1 receptor. Targeting of DEC205 receptor with ovalbumin (OVA) lead to 

proliferation of OT-I T cells, and to a lesser extent OT-II T cells; on the other hand, 

targeting of 33D1 lead to OT-II proliferation and no detectable OT-I proliferation. These 

together with other data showed that 33D1 targeting lead to increased MHCII-peptide 

delivery on the cell surface, compared to targeting of DEC205. Using transgenic mice that 

expressed the human DEC205 receptor on both CD8+DCs and CD8-DCs, and then 

specific targeting of this human receptor (with no cross-reactivity with the mouse DEC205 

receptor on CD8+DCs) showed that the 33D1+CD8-DCs expressing the human DEC205 

were still better at MHCII-peptide delivery on the surface rather than MHCI-peptide 
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complexes, proving that this mechanism is independent of surface receptors (Dudziak, 

Kamphorst et al. 2007). 

 

1.9.1 A closer look at cross-presentation 

 

Cross-presentation has been correlated to low levels of degradation of antigen and the DCs 

seem to be the specialists on this function, contrary to other superior phagocytes such as 

macrophages and neutrophils. The exact mechanisms involved in this process are still unclear 

but two main pathways have been identified: the cytosolic pathway and the vacuolar pathway 

(Fig. 4). 

 

The cytosolic pathway was identified due to the fact that the usage of proteasome 

inhibithors decreased MHC class I loading (Kovacsovics-Bankowski and Rock 1995) and 

mice lacking the immunoproteasome subunit LMP7 reduced in vivo cross-presentation 

(Palmowski, Gileadi et al. 2006). The involvement of the endoplasmic reticulum (ER) in 

this process has been suggested through the evidence that cross-presentation can be TAP 

(transporter-associated protein) dependent (Huang, Bruce et al. 1996) but there is no 

specific evidence that MHC class I peptide loading occurs in the ER.  

 

However, cross-presentation could also occur via the vacuolar pathway. The fact that 

MHC class I peptide loading could occur independent of TAP and protease inhibitors but 

was dependent on lysosomal protease inhibitors, suggested that endocytic compartments 

alone were involved in this process (Shen, Sigal et al. 2004; Merzougui, Kratzer et al. 

2011).  

 

Antigen uptake through phagocytosis normally leads to cross-presentation. Moreover, 

antigens targeted to the mannose receptors end up in early endosomes which show less 

degradation of proteins, therefore favouring cross-presentation (Burgdorf, Kautz et al. 

2007). On the other hand, if antigen uptake is forced into late endosomes, which show more 

proteolytic activity, then MHC class I peptide loading is reduced (Belizaire and Unanue 

2009). This early endosomes, or phagosomes will fuse with other vesicles. The NADPH 

oxidase NOX2 is stored in vesicles that will fuse to the phagosomes under the control of 

RAB27A (Jancic, Savina et al. 2007). The presence of the NADPH oxidase together with 

the low activity of V-ATPase detected in DCs is important to keep a close to neutral pH of 

the phagosome. This high pH is crucial for low activity of proteases present in these 

vesicles, while acidic pH promotoes proteolytic activity and high protein degradation 

(Delamarre, Pack et al. 2005; Savina, Jancic et al. 2006). Fusion of phagosomes to other 

vesicles for endosomal maturation requires the presence of a family of proteins called 

SNAREs. These SNAREs are expressed on vesicles that transport cargo to be delivered to 

the phagosome or early endosomes. More specifically, the ER-resident SNARE known as 

SEC22B is required for cross-presentation, since mice deficient in SEC22B had lower 
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antigen levels in the cytosol and increased antigen degradation, suggesting an impaired 

maturation of the phagosome (Cebrian, Visentin et al. 2011). Interestingly, it has been 

shown that parasites can evade the immune system by blocking SNAREs function. 

Leishmania express a metalloprotease on the cell surface, GP63, that can cleave a particular 

SNARE, VAMP8, affecting the recruitment of the NADPH oxidase to the phagosome, and 

leading to reduced cross-presentation and T cell activity (Matheoud, Moradin et al. 2013).  

 

The next step is the export of proteins to the cytosol. Some degradation already occurred in 

the previous step, since the transportation in this step is more efficient for smaller molecules 

with lower mass. This step is still unclear but it has been suggested that ERAD (ER-

associated protein degration) proteins, SEC61 and p97 required for exportation of proteins 

from ER to cytosol, might be recruited to the phagosome and be involved the in exportation 

of the proteins from the phagosome to cytosol (Ackerman, Giodini et al. 2006).  

It is assumed that, in the cytosol, phagocytosed or exogenous antigens suffer the same fate as 

the endogenous antigens, this is, degradation by the proteasome, followed by transportation 

of the product peptide into the ER through the TAP proteins (Raghavan, Del Cid et al. 2008). 

An alternative would be that these same proteins instead of being transported into the ER, 

would be transported back to endosomes. Nonetheless, the ER contains an aminopeptidase, 

ERAP1, which trims the proteins transported into the lumen of the ER, which is relevant 

for efficient MHC class I loading of peptides (Firat, Saveanu et al. 2007). There is however 

an endosomal analogue of ERAP1 localized on endosomes, IRAP suggesting protein 

processing and MHCI-loading can occur within the endosome (Saveanu, Carroll et al. 

2009). Though it is not clear if this is related to the cytosolic or vacuolar pathways, CD74 

has been implicated in the trafficking of MHC class I molecules from the ER to endosomes 

(Basha, Omilusik et al. 2012).  

Some proteins could be loaded on MHC class I, independent of TAP and proteasome 

inhibitors, through the vacuolar pathway. For this pathways, the protease cathepsin S 

appeared as a protease essential for generation of peptides for MHC class I loading (Rock 

and Shen 2005). For the array of antigens studied, so far cathepsin S and TAP-dependent 

pathways seem to account for all the cross-presentation in vivo. 
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Figure 4. Cross-presentation mechanisms includes two pathways: the cytosolic pathway (1) derived from 

endogenous antigens and the vacuolar pathway (2) derived from exogenous antigens (Buckwalter and Albert 

2009). 

 

  

1.9.2 Taking a closer look at antigen presentation 

 

The role of professional APCs belongs to DCs, B cells and macrophages since these are the 

cells that constitutively express the MHC class II molecules (contrary to MHC class I 

molecules that are ubiquitously expressed). After the antigen is internalized degradation 

will follow within the endocytic compartment (Fig. 5) (Banchereau, Briere et al. 2000; 

Thery and Amigorena 2001; Savina and Amigorena 2007; Neefjes, Jongsma et al. 2011). 

Proteolysis in DCs is dependent on protesases such as cysteine proteases (cathepsisn S, B, 

H and L); aspartate proteases (cathepsins D and E) and asparagine endopeptidase (AEP). 

Not only are these proteases involved in proteolytic activity, some were even shown to also 

have a role in MHC class II transport and function (discussed below).  
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Another critical aspect for protein degradation is the pH of the endosome. The pH is 

regulated (as mentioned above) by the NADPH oxidase, Nox2, and V-ATPase. Nox2 has a 

role, though a minor one, as it is normally the first one to be recruited at low levels to the 

endosome, stabilizing the pH for a few hours, followed by the recruitment of V-ATPase, 

which lowers the pH to acidic levels, necessary for protein/antigen denaturation and 

enzymatic activity of the proteases. Macrophages and neutrophils are fast and efficient 

antigen processing cells compared to DCs due to the fact that they recruit higher 

concentrations of V-ATPase within a shorter period of time after NOX2 recruitment. 

Another reason for this is that DCs have lower protease concentrations within the endosome 

compared to macrophages (Banchereau, Briere et al. 2000; Thery and Amigorena 2001; 

Savina and Amigorena 2007; Neefjes, Jongsma et al. 2011). 

 

 
 
Figure 5. Antigen presentation can occur via exogenous antigens (1) or endogenous antigens (2) (Buckwalter and 
Albert 2009). 
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The next step is the recruitment of MHC class II molecules to the endosomes. Immature 

DCs contain high concentrations of MHC class II molecules within lysosomes known as 

MIIC compartments (Fig. 5). These MHC class II molecules are continuously being 

recycled. Maturation of the DCs induces MHC class II molecules redistribution to the 

surface membrane, followed by the DC loss of phagocytic capacity (this is due to Cdc42 

and Rac activity, discussed below). Within MIICs, the MHC class II molecules are 

associated with the invariant chain (Ii) forming a complex. When MIIC compartments fuse 

with late endosomes, the Ii is digested and the end product is a class-II-associated Ii peptide 

(CLIP) bound to the MHC class II groove that binds to antigen peptides. Association of 

MHC class II molecules to the chaperone H2-M (same as H2-DM; HLA-DM in humans) in 

DCs, or H2-O in B cells, catalyzes the exchange of CLIP for antigenic peptides. Loading of 

peptides on MHC class II molecules in the ER fails due to presence of Ii. In the cytoplasmic 

tail of Ii are two leucine motifs that can bind to the adaptors AP1 or AP2. AP1 is a trans-

Golgi adaptor and is responsible for MHC class II molecule transport from ER to MIICs, 

while AP2 is a plasma membrane adaptor and responsible for endocytosis of MHC class II 

molecules from the plasma membrane. Low digestion of Ii is normally associated with low 

activity of cathepsin S due to its inhibitor cystatin C. DC maturation correlates with 

increased activity of cathepsin S and downregulation of cystatin C (Banchereau, Briere et 

al. 2000; Thery and Amigorena 2001; Savina and Amigorena 2007; Neefjes, Jongsma et al. 

2011). 

 

 

1.10 The cytoskeleton 

 

Cells are composed of 3 types of filaments: actin filaments, intermediate filaments and 

microtubules. This thesis focuses mainly on actin filaments and actin dynamics, with some 

minor references to microtubules.  

Actin filaments are formed by several actin monomers rearranged in two-stranded helical 

polymers (Alberts 2008). Their main function is related to cell locomotion and shape, but they 

can be important for other functions discussed later. In order for actin filaments to be formed, 

actin nucleation is required through the Arp2/3 protein complex and formins. These filaments 

are polar, with the “minus end” directed towards the nucleus and the “plus end” towards the 

plasma membrane. The elongation of actin filaments occurs at the “plus end” where we find 

the formins attached. The motor proteins associated to the actin filaments are the myosins, 

whose activity is regulated through phosphorylation. These myosins are classified in different 

types and can be involved in contraction (as seen in muscle cells) or vesicle transportation.  

Microtubules are constituted by heterodimers of α-tubulin and β-tubulin forming hollow 

tubes, larger than actin filaments. They are also polarized, but both ends can either grow or 

shrink. Their main function is related to positioning of membrane-enclosed organelles within 

the cell, as well as intracellular transport. The latter involves the motor proteins dynein and 

kinesin which are regulated by phosphorylation. The “minus ends” of microtubules gather at 
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the centrosome also known as microtubule organizing center (MTOC). However, microtubule 

originated from the Golgi can be devoid of centrosome (Gurel, Hatch et al. 2014). MTOC can 

be reoriented. While changing position within the cytoplasm, MTOC can simultaneously 

relocalize organelles, such as the Golgi apparatus, towards the site of activity of the cell 

(Alberts 2008). This occurs, for example, during formation of an immune synapse or due to 

cell receptor triggering.  

Further below I will discuss in more detail the actin and MTOC dynamics and the proteins that 

regulate these mechanisms. 

 

To understand the role of cytoskeletal proteins in DC and B cells, my work was partially 

focused on the study of two primary immunodeficiencies, Wiskott-Aldrich syndrome 

(WAS) and X-linked neutropenia (XLN), both caused by mutations in the Wiskott-Aldrich 

syndrome protein (WASp). 

 

 

1.11 Wiskott-Aldrich syndrome 

 

WAS has an incidence of 1 to 10 cases per 1 million males born worldwide and is caused by 

loss-of-function mutations in the WASp gene. Studies of WAS patients and WASp-

deficient (WASp KO) mice, which serves as an experimental model for WAS, have defined 

that WASp coordinates upstream receptor signaling to changes in the actin cytoskeleton, 

thereby regulating migration, adhesion, and signaling of hematopoietic cells. In the 

beginning WAS was considered to be caused by T cell immunodeficiency, leading to an 

impaired B cell response caused by the lack of T cell help. Nowadays it is known that 

WASp affects different leukocyte populations individually. WAS patients have reduced 

numbers of circulating B and T cells. Studies of T cells have shown their incapacity to 

proliferate and respond to stimuli, perhaps due to the fact that they cannot form an optimal 

immune synapse (Calvez, Lafouresse et al. 2011). Tregs are also in lower numbers and show 

decreased suppressive function in both humans and mice, which could explain the 

propensity to development of autoimmunity (Humblet-Baron, Sather et al. 2007). WAS 

patients and WASp KO mice show reduced antibody responses upon antigen challenge. 

Moreover, WASp-deficient human and mouse B cells have reduced migratory response to 

CXCL12 and CXCL13, two chemokines that are critical for correct migration during the 

affinity maturation of B cells in GC (Westerberg, Larsson et al. 2005). Additionally WASp 

KO mice have altered splenic architecture with a severely reduced marginal zone (MZ) 

compartment, critical for proper clearance of blood-borne antigens (Meyer-Bahlburg, 

Becker-Herman et al. 2008). The underlying mechanism for impaired antibody response in 

WASp deficiency remains elusive. WAS patients develop early onset high-titer auto-

antibodies and are prone to developing a broad spectrum of autoimmune diseases. Likewise, 

WASp KO mice have increased serum titers of anti-DNA antibodies and spontaneously 

develop colitis that resembles autoimmune inflammatory bowel disease (Blundell, Worth et 
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al. 2010). NK and iNKT cells show impaired cytotoxicity and decreased cytokine secretion 

which can also contribute to increased malignancy in WAS (Orange, Ramesh et al. 2002).  

Because WASp is important for microvilli and podosome formation, which are important for 

cell motility and migration, WASp-deficiency leads to impaired migration of DCs and 

abrogated chemotactic responses by macrophages (Blundell, Worth et al. 2010). 

 

 

1.12 X-linked neutropenia 

 

WASp-related XLN is a very rare clinical condition (reported only within members of a few 

families) caused by gain-of-function mutations in WASp that destroy the intramolecular 

autoinhibition, thereby rendering WASp constitutively-active (Beel, Cotter et al. 2009); 

Moulding, Blundell et al. 2007; Moulding, Record et al. 2013). The main clinical feature is 

severe congenital neutropenia and recurrent major bacterial infections. It has also been 

reported monocytopenia, reduction of NK cells and a skewed CD4+/CD8+ T cell ratio. It 

remains elusive why activating mutations of WASp would mainly affect the myeloid lineage 

of cells since WASp deficiency affects hematopoietic cells broadly. Bone marrow cells from 

one XLN patient displayed slower progression through cell cycle and accumulating 

chromosomal aberrations (Moulding, Blundell et al. 2007; Moulding, Record et al. 2013). One 

patient in another XLN family has developed acute myeloid leukemia (Beel, Cotter et al. 

2009). Constitutively-active WASP may alter cell cycle progression and chromosomal 

segregation, thereby leading to malignant transformation. Genomic instability in XLN 

suggests an as yet uncharacterized role for WASP and the actin cytoskeleton during cell 

division. 

 

 

1.13 Small GTPases and WASp family members 

 

Small GTPases are a family of proteins that regulate several cytoplasmic functions by 

alternating between a GDP-bound form (inactive), to a GTP-bound form (active). This group 

includes the Ras; Rab; Rho; Ran, Arf and Arf-like subfamilies. All these proteins contain in 

one of their domains a conserved threonine that recognizes Mg2+ and the -phosphate of GTP. 

To switch between the inactive and active forms, small GTPases are auxiliated by GEFs 

(guanine nucleotide exchange factors) and GAPs (GTPase activating proteins). GEFs promote 

GDP dissociation from the small GTPase proteins, while GAPs promote GTP hydrolysis (Fig. 

6). It is to emphasize that small GTPases possess already an intrinsic but slow GTPase activity 

and GAPs function is to accelerate this process. 
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Figure 6. Interaction and roles of GEFs, GAPs and GTPases. 

 

The Rab and Arf subfamilies have a role in intracelular traffic, including budding of vesicles, 

transportation and targeting to subcellular organelles. 

 

Rho GTPases regulate actin dynamics and are therefore involved in vesicular trafficking, cell 

morphology and movement. The DOCK proteins are GEFs for Cdc42 and Rac proteins. 

They possess a specific domain (DHR1) that localizes them to membranes and another 

domain (DHR2) that stabilizes their binding to GTPases and prevents the latter to bind to 

nucleotides. Another well-known family of GEFs for Rac and Cdc42 are the Vav1-3 proteins. 

 

Another relevant group of proteins are the guanine dissociation inhibitors (GDIs) that interact 

with Rho GTPases and inhibit membrane binding, activation and interaction with effector 

proteins. This is due to the fact that some small GTPases carry a farnesyl or geranylgeranyl 

group in their C-terminal and therefore can localize in the cytosol in the inactive form, but 

localize to membranes upon GTP binding. In this case GDIs function to shield their lipid tail. 

GDIs can also bind to Rho-GTP, preventing GTP hydrolysis and possibly to maintain a pool 

of active Rho. Rho GDIs are regulated by phosphorylation on different amino acids, for 

instance, phosphorylation by PAK on Ser101 and Ser174 leads to Rac1 but not RhoA 

dissociation, while phosphorylation by PKC on Ser96 or Ser34 leads to RhoA dissociation. 

However, if PKA and PKG phosphorylate RhoA (instead of the RhoGDI) on Ser188, then it 

stabilizes its interaction with RhoGDI (Cherfils and Zeghouf 2013).  

 

The WASp family members are effector proteins for Rho-GTPases. This family includes 5 

proteins: WASp, N-WASp and WAVE-1, -2 and -3. N-WASp and WAVE2 are ubiquitously 

expressed, WAVE-1 and -3 are enriched in the skin and moderately expressed in some 

hematopoietic cells, and WASp is expressed in all hematopoietic cells (Kurisu and Takenawa 

2009). They share conserved domains and therefore possess similar function. In the C-

terminal they contain the verprolin (V) homology domain (or WASp –homology 

domain,WH2), the cofilin (C) homology (or central) domain and an acidic (A) region, which 

altogether constitute the VCA domain (Eden, Rohatgi et al. 2002; Bompard and Caron 2004; 

Kurisu and Takenawa 2009). The V region binds to actin monomers; the A region binds to 

Arp2/3 complex and C is responsible for conformational changes of the Arp2/3 complex to 

induce actin nucleation (Panchal, Kaiser et al. 2003; Bompard and Caron 2004). N-WASp and 
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WASp proteins contain a GTPase binding domain (GBD) that allows upstream binding of 

Cdc42-GTP. Just next to the N-terminal side of the GBD domain, both proteins contain a 

lysine-rich B domain, where upstream PIP2 binds. WAVE proteins lack the GBD domain but 

contain a wave-homology domain (WHD) known to bind the upstream Rac-GTP proteins. 

Inactive WASp and N-WASp exhibit an auto-inhibitory conformation where the VCA 

domain directly interacts with the GBD and B domain impeding the VCA to interact with the 

Arp2/3 complex. Activation occurs upon binding of Cdc42-GTP and PIP2 that releases the 

VCA domain from GBD. Nonetheless, the WAVE proteins that lack GBD require another 

inactivation mechanism. It has been shown that in the case of WAVE-2, Rac requires the 

protein, IRSp53, in order to activate WAVE. However, WAVE-1 and -3 do not bind to 

IRSp53. Other studies, that need further clarification, showed that a complex of four proteins 

bind to the WHD domain of WAVE-1 which include Nap125, PIR121, Abi2 and HSPC300. 

This protein complex increases WAVE stability; reduces actin polimerization and 

dissociates upon binding of active Rac (Eden, Rohatgi et al. 2002; Bompard and Caron 

2004; Kurisu and Takenawa 2009). 

 

 

1.13.1  Rho GTPases 

 

The Rho GTPase family include the proteins Cdc42, Rac1, Rac2 and RhoA. The Dbl and 

DOCK proteins form two GEF families for these GTPases. SWAP70 and IBP are GEFs 

specific for Rac GTPases; intersectin is specific for Cdc42 and Vav1-3 can interact with Rac1, 

RhoA, RhoG and Cdc42 (Cherfils and Zeghouf 2013). 

These GTPases are known to regulate the actin cytoskeleton through their effector proteins 

(Fig. 7). Cdc42 activates WASp and N-WASp and both these proteins interact with the Arp2/3 

complex to induce actin nucleation and branching of actin filaments, ultimately leading to 

filopodia structures. Rac is known to activate WAVE (WASp family member), which also 

activates Arp2/3 but instead induces lamelipodia structures.  Both Cdc42 and Rac1 can 

activate the kinase protein, PAK that activates LIM kinase that in turn inhibits cofilin (cofilin 

promotes depolymerization of actin filaments). RhoA activates ROCK, which also activates 

LIMK, therefore also stabilizing actin filaments (Cherfils and Zeghouf 2013). 
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Figure 7. The main effector proteins of Cdc42 and Rac. Rac-specific effectors include NADPH oxidase and 

WAVE, while Cdc42-specific effectors include WASP  (redrawn and modified from Cotteret and Chernoff 2002). 

 

 

1.13.2  Feedback loops by activated GTPases 

 

Along a signaling cascade, downstream activated proteins can interact with their own 

upstream activators to regulate the signaling strength. Interestingly, the same proteins can 

interact with proteins not involved in their activation pathway in order to activate/inhibit the 

status of other signaling pathways. In this section will follow some examples of protein 

interactions that show that signaling events do not occur in a straight sequence of proteins. 

  

Amplification mechanisms for increased activity of GEFs has been seen for the RasGEF 

known as SOS, through intramolecular interactions (Cherfils and Zeghouf 2013). To start, Ras 

activation would occur either by SOS or another GEF. Consequently, it has been shown that 

Ras-GTP can bind directly to a specific domain on SOS. This leads to activation of SOS and 

changes in its conformation, followed by recruitment to the membrane that can afterwards 

oblige SOS to act as a RacGEF. To summarize, Ras-GTP acts as a positive feedback loop 

which led to activation of an initial RasGEF, SOS, into a later RacGEF leading to increased 

Rac-GTP. 

 

Other feedback loops have been suggested. For instance, Cdc42-GTP can bind to its upstream 

GEF, Dock11, through a specific domain (PH domain) on its N-terminal. This binding lead to 

a more efficient GEF activity of Dock11 in cell extracts (Cherfils and Zeghouf 2013).  

Another example includes Cool-2/PIX, a GEF that binds to both Rac and Cdc42. As a 

monomer Cool-2/PIX binds to both Rac and Cdc42, but as a dimmer it binds only to Rac. 
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Studies have shown that Cdc42-GTP induces the dimmer formation of Cool-2/PIX, 

increasing the RacGEF activity at the expense of Cdc42 activity. However, the opposite is 

valid as well, increased Rac-GTP inhibits formation of the dimmer Cool-2/PIX, inducing 

instead a Cdc42GEF activity. This suggests an intricate balance between Cdc42 and Rac 

activity (Cherfils and Zeghouf 2013). 

 

 

1.13.3  Spatio-temporal interactions and the complexity of regulatory 
mechanisms 

 

The communication between GTPases, GEFs, GAPs and GDIs is more intrincate and complex 

than at first expected. 

Tiam is a RacGEF, and downstream of Rac we have the effector IRSp53. Tiam can interact 

directly with IRSp53 to enhance Rac-GTP interaction with this effector in lamellipodia 

formation (Cherfils and Zeghouf 2013). 

WASp can be a Rac effector protein that activates the Arp2/3 complex to induce actin 

polimerization. Interestingly, Tiam has also been shown to directly interact with Arp2/3 

suggesting a role for Tiam as a scaffold to promote an increase in the Rac-GTP pool at actin 

polymerization sites (Cherfils and Zeghouf 2013).  

Another example involves the Cdc42GEF known as intersectin. N-WASp is an effector 

protein of Cdc42 and, similar to WASp, it can also bind to the Arp2/3 complex (Fig. 8). 

Intersectin can bind directly to N-WASp and increase its own GEF activity through this 

interaction. Moreover, intersectin can inhibit the RacGAP activity of the protein CdGAP by 

binding to one of its domains (Cherfils and Zeghouf 2013). 

 

 
Figure 8. The role of intersectin and its interaction partners including the positive feedback loop between 

intersectin and N-WASp.  
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1.13.4  Rho GTPases and the cytoskeleton in APCs 

 

Cell morphology, receptor clustering, antigen internalization, vesicle trafficking for antigen 

processing are only some of the crucial cell mechanisms that require a fine regulation in terms 

of cytoskeleton dynamics where time and space matter. This section will cover examples of 

the importance of Rho GTPases and how much they influence the cytoskeleton and function 

of APCs. 

Changes in the plasma membrane morphology are required for targeting and extraction of the 

antigen, a process that was shown to be regulated by the actin cytoskeleton under the role of 

Rac1 and Rac2 in B cells (Brezski and Monroe 2007; Arana, Vehlow et al. 2008). Moreover, 

it has been shown that one of the reasons for reduced endocytic capacity in mature DCs is due 

to reduced macropinocytosis. Macropinocytosis is regulated by Rac1 in immature DCs and 

by Cdc42 in immature bone marrow derived dendritic cells (BMDCs) (Nobes and Marsh 

2000). To understand if maturation status of BMDCs influences Cdc42 activity and therefore 

macropinocytosis, mature BMDCs were injected with activated Cdc42 which restored the 

pinocytosis capacity. This suggests that maturation of these two cell types probably shuts 

down Rac1 and Cdc42. Contradictorily, injection of activated Rac1 failed to induce 

pinocytosis in mature spleen DCs. Moreover, there was no change in GTP-Rac levels post-

maturation in normal DCs to explain the suggested Rac1 inactivity. On the other hand, 

injection of dominant-negative Rac1 and activated Cdc42 restores mature DC pinocytosis 

suggesting alternative pathways to Rac1 through Cdc42 (Nobes and Marsh 2000). Together 

this data suggests that different proteins can share a function in different types of cells or 

maturation stages. 

 

The role of the cytoskeleton and Rho GTPases in B cell function as APC has been very nicely 

dissected. In the presence of an immobilized antigen specifically targeting the BCR, B cells 

are required to secrete proteases and to acidify the extracellular environment of the synapse for 

antigen proteolysis and subsequently internalization. In order to do this, B cells need to fuse 

lysosomes to the plasma membrane for release of proteases. Cdc42 regulates this process 

promoting MTOC polarization, which is crucial for endocytosis/exocytosis and formation of 

the immune synapse. Absence of Cdc42 results in failure to polarize MTOC, lysosomes are 

not recruited to the immune synapse and consequently antigen presentation to T cells is 

decreased (Yuseff, Reversat et al. 2011). 

 

Myosin is a motor protein responsible for transportation of cargo along actin filaments. In one 

study, the role of myosin II in B cells was dissected relative to its importance in antigen 

processing. It has been shown that BCR engagement is correlated to cell contraction and 

increased phosphorylation of the myosin light chain (MLC) responsible for activation of 

myosin II (Vascotto, Lankar et al. 2007). Inhibition of myosin II activity leads to reduced 

clustering of MHC class II and antigen-containing vesicles as well as no cell contraction or 
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spreading, ultimately leading to impaired maturation of lysosomes and reduced antigen 

presentation to T cells (Vascotto, Lankar et al. 2007). This suggests that myosin II is required 

for vesicle transportation and antigen degradation. Myosin activity is indirectly regulated by 

Rho GTPases. A RhoA-effector kinase is known to inhibit the MLC-phosphatase, which in 

turn causes increased levels of phosphorylated MLC and myosin activity. Inhibition of the 

RhoA-effector kinase leads to reduced MLC phosphorylation and myosin activity (Vascotto, 

Lankar et al. 2007). Altogether this reveals that actin filaments do not only act as a structural 

component of cell membranes but also provide a basic structure for binding of motor proteins 

that transport cargo necessary for accurate cell function. 
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2 AIMS 

 

The overall aim of this study was to understand the contribution of the GTPases Cdc42 and 

Rac2 and the effector proteins WASp and N-WASp for cell function in health and primary 

immunodeficiencies. 

 

More specifically the aims for each paper were as follows: 

Paper I – to study skin pathology and the role of the DCs in a WASp deficiency setting 

Paper II – to understand the specific role of Cdc42 for B cell activation and the humoral 

response 

Paper III – to understand the redundant activity of the proteins WASp and N-WASp for B 

cell function and development 

Paper IV – to understand the impact of XLN-WASp mutations on B and T cells 
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3 RESULTS AND DISCUSSION 

 

3.1 Results 

 

3.1.1 Deletion of Wiskott-Aldrich syndrome protein triggers Rac2 
activity and increased cross-presentation by dendritic cells (Paper I) 

Wiskott-Aldrich syndrome is a primary immunodeficiency where eczema is one of the 

characteristics that manifests itself in early childhood (Ozcan, Notarangelo et al. 2008; 

Bosticardo, Marangoni et al. 2009; Thrasher and Burns 2010; Massaad, Ramesh et al. 

2013). However, eczema development requires migration of DCs to dLN where they 

present the antigen and activate CD4+ and CD8+ T cells that will migrate to skin and exert 

their effector functions (described on page 23). WAS is characterized by impaired DC 

migration in vitro and in vivo (de Noronha, Hardy et al. 2005; Snapper, Meelu et al. 2005; 

Bouma, Burns et al. 2007), as well as impaired co-localization to the T cell areas in spleen 

and LNs (de Noronha, Hardy et al. 2005; Bouma, Burns et al. 2007). Moreover, T cells fail 

to respond to chemokine stimuli (Snapper, Meelu et al. 2005); have reduced homing to 

lymphoid organs and their priming by WASp KO DCs is impaired (Bouma, Burns et al. 

2007). Altogether, these constitute some of the findings that fail to explain the development 

of eczema seen in WAS patients. 

To this end we investigated skin pathology in WASp KO mice using an allergy model and 

an infection model. 

 

To induce an eczema-like phenotype, WT and WASp KO mice were shaved and patched 3 

x 4 days on the skin surface with the dust mite antigen Der p 2 on weeks 1, 4 and 7. We 

found that lesional skin from WASp KO mice had reduced epidermal hyperplasia (low 

keratinocyte proliferation) but had increased accumulation of DCs and CD8+ T cells in the 

dermis, compared to lesional skin from WT mice. Analysis of spleen and dLNs showed a 

consistent skewed CD4+/CD8+ T cell ratio associated with an increased effector/memory pool 

and IFN production by CD8+ T cells in WASp KO mice. 

 

We next injected mice intradermally in the ear with Leishmania major (L. major) and 

sacrificed mice at 2 or 6 weeks post-infection. Both WT and WASp KO mice showed major 

cellular infiltration and inflammation at 6 weeks (plus bleeding in WASp KO mice). 

However the response in WASp KO mice showed characteristics of delayed onset as seen by 

decreased numbers of macrophages, MHCIIhi DCs (data not shown in the manuscript) and 

CD4+ T cells in the ears at 2 weeks and decreased CD4+ T cells and migratory MHCIIhi DCs 

(and CD103+ DCs, data not shown in the manuscript) in dLN at 2 and/or 6 weeks. 

Interestingly, despite the reduced DC migration to dLN and reduced/delayed CD4+ T cell 
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response, we saw no difference in CD8+ T cell numbers at 2 or 6 weeks post-infection. In 

fact, IFNγ producing CD8+T cells were increased in dLNs, especially at week 6. 

 

To dissect the cause for increased activation/proliferation of CD8+ T cells we next used a 

mouse where WASp was exclusively deleted in DCs (DC/cWKO). Naive DC/cWKO mice 

(that have WASp deletion on CD11c+ cells, which corresponds mainly to the DC pool) 

showed normal CD3+ T cell numbers. However the CD4+ T cell pool was strikingly 

decreased while the CD8+ T cell pool was increased, leading to a pronounced skewed 

CD4+/CD8+ T cell ratio in spleen and dLNs. 

 

To understand why WASp KO and DC/cWKO mice show a prominent capacity towards 

CD8+ T cell expansion and activation, in vitro experiments were performed where enriched 

CD8+DCs and CD8-DCs were loaded with OVA and co-cultured with transgenic OT-I T 

cells for 3 days. We saw increased expansion of OT-I T cells with both WASp KO 

CD8+DCs and CD8-DCs as compared to WT DCs. 

Because acidification is a hallmark of antigen presentation (Delamarre, Pack et al. 2005; 

Savina, Jancic et al. 2006) DCs were incubated with pH-rodo linked to OVA (OVA pH-rodo) 

to determine their acidification capacity (higher pH-rodo fluorescence translates into lower 

pH). While there was no difference between WT and WASp KO CD8+DCs, we detected 

reduced OVA pH-rodo fluorescence in WASp KO CD8-DCs, suggesting decreased 

capacity to acidify. 

 

The small GTPase Rac2 regulates acidification in CD8+DCs. CD8+DCs are good cross-

presenters due to the fact that they have higher expression of Rac2 associated with 

increased capacity to co-localize Rac2 to phagosomes and endosomes. We, therefore, 

measured Rac2 expression and Rac2-GTP levels in the DCs. Our findings showed increased 

expression of Rac2 in WASp KO CD8-DCs compared to WT. This was associated with 

increased levels of Rac-GTP. In addition, we also saw increased capacity of Rac2 to co-

localize to the phagosome in WASp KO CD8-DCs (Savina, Peres et al. 2009). 

 

In conclusion, WASp KO CD8-DCs are better at cross-presenting antigen compared to 

WT CD8-DCs due to the fact that they express more Rac2 and can efficiently co-localize 

Rac2 to the phagosome and keep a near neutral pH. This is possibly due to an internal 

compensation mechanism, where the lack of WASp triggers the WAVE-2 pathway, which 

requires upstream activation of Rac proteins. 

Due to the fact that CD8-DCs became better at activating CD8+T cells in the WASp-

deficiency setting we cannot exclude the hypothesis that similar traits could occur regarding 

other DC subsets. Therefore, increased numbers of CD8+T cells in the skin could be caused 

by accumulation of CD103+DCs and Langerhans’ cells, which are known to activate 

CD8+T cells. CD8+ T cells and IFNγ production have been associated to different skin 

pathologies, including eczema and psoriasis (Kryczek, Bruce et al. 2008; Johnson-Huang, 
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Suarez-Farinas et al. 2012; Hijnen, Knol et al. 2013; Seltmann, Werfel et al. 2013) and 

therefore could likewise play a role in Wiskott-Aldrich Syndrorme-associated skin 

pathology. 

An alternative to increased CD8+T cell activation, already seen in naïve mice, can also be 

explained by reduced migration of DCs from peripheral organs to secondary lymphoid 

organs. As discussed previously in the introduction, DCs continuously migrate from the 

periphery to dLN to present innocuous antigens and self-peptides and induce anergy of 

responsive CD8+ T cells. Failure to do so, will lead to an excessive immune reaction to an 

otherwise non-immunogenic antigen. In the case of skin pathology seen in WAS patients 

and the increased CD8+T cells observed in the skin of WASp KO mice, these could be due 

to auto or hyper-reactive CD8+Tcells caused by the decreased capacity of DCs to migrate to 

induce tolerance. 

 

 

3.1.2 B cell devoid of the Rho GTPase Cdc42 are severely deficient in T 
cell dependent signaling (Paper II) 

Cdc42 is a GTPase that regulates the actin cytoskeleton through WASp and N-WASp and is 

therefore involved in several cellular mechanisms such as adhesion, migration and 

proliferation (Hall 2005). The biochemical role of Cdc42 in B cells in vitro has been studied, 

however, the specific role of Cdc42 and its importance in mature B cells in vivo lack some 

understanding. 

For Cdc42 depletion in mature B cells we used mb1-cre-ERT2 mice (cre is expressed under 

the mb-1 promotor) that were injected with tamoxifen for nuclear transportation of Cre and 

inducible Cdc42 deletion. 

 

Cdc42-depletion in B cells led to reduced numbers of follicular B cells (FOB) and almost 

absent MZ B cells in the spleen. This was likely due to reduced transitional (T)1 and T2 MZ 

precursors. 

To understand the impact of Cdc42 absence in B cells for mounting an immune response, 

Cdc42-sufficient and Cdc42-deficient mice were immunized with sheep red blood cells 

conjugated to the hapten trinitrophenol (TNP-SRBC). At day 6 post-immunization, we 

detected small size germinal centers (GCs) but a normal immune response with similar IgM 

and IgG antibody titers against TNP. Curiously, confocal microscopy pictures from spleen 

sections revealed that IgG1 antibody-producing plasma cells were found in greater numbers 

in the red pulp of Cdc42-deficient mice, whereas in Cdc42-sufficient mice these plasma cells 

were detected in follicular B cell areas. Further experiments in vitro confirmed that Cdc42-

deficiency in B cells does not impair class switching, suggesting that Cdc42 in B cells is not 

absolutely necessary for IgG1 switching. 
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To study the capacity to undergo affinity maturation of Cdc42-deficient B cells, mice were 

injected with NP-KLH. Affinity was measured by the antibody capacity to bind to the hapten 

NP. Data revealed that Cdc42-deficient B cells could produce antibodies with reduced 

affinity to those produced by Cdc42-sufficient B cells. Moreover, one week after the recall 

immunization of NP-KLH, Cdc42-deficient B cells failed to increase the antibody 

production. 

While Cdc42-deficient B cells migrated normally towards chemokines in vitro, adoptive 

transfer of CFSE-labeled B cells in vivo showed reduced homing to B cell follicles compared 

to WT B cells. 

 

To determine the effect of Cdc42-deficiency on the actin and microtubule cytoskeleton, B 

cells were activated with anti-CD40 + IL-4 and spreading on adhesion surfaces was analyzed. 

B cells lacking Cdc42 showed less spreading with shorter protrusions and more ruffled-

shaped membranes compared to normal B cells. Microtubule staining revealed normal 

formation of microtubule organizing centers (MTOCs). However, microtubuli and CIP4 

(which mediates interaction between WASp and microtubuli) staining was not detected in the 

short protrusions of Cdc42-deficient B cells, while it could be seen in the long protrusions of 

WT B cells. 

 

To investigate the capacity of antigen presentation and activation of T cells, B cells were 

targeted with OVA via the B cells receptor (BCR) and incubated in vitro with OT-II 

transgenic T cells. Cdc42-deficient B cells had reduced antigen uptake compared to WT B 

cells. Contradictorily, there was no difference in the capacity to induce T cell proliferation, 

since T cell numbers were similar. Furthermore, Cdc42-deficient B cells incited reduced 

capacity of IL-2 production but increased capacity of IFN production by T cells compared to 

the cytokine levels induced by WT B cells. 

 

In conclusion, Cdc42 is necessary for correct B cell morphology and antigen processing 

which could explain the requirement of Cdc42 for normal cytokine production by CD4+ T 

cells. 

 

 

3.1.3 Wiskott-Aldrich syndrome protein (WASP) and N-WASP are 
critical for peripheral B-cell development and function (Paper III) 

Studies have shown that the expression of both WASp and N-WASp is important for T cell 

development (Cotta-de-Almeida, Westerberg et al. 2007), while WASp expression alone is 

only necessary to regulate T cell function in the periphery (Ochs, Slichter et al. 1980; Molina, 

Sancho et al. 1993; Gallego, Santamaria et al. 1997; Snapper, Rosen et al. 1998; Zhang, 

Shehabeldin et al. 1999; Snapper, Meelu et al. 2005). WASp KO mice have shown normal B 

cell development but decreased MZ B cells (Snapper, Rosen et al. 1998; Westerberg, Larsson 
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et al. 2005; Meyer-Bahlburg, Becker-Herman et al. 2008; Westerberg, de la Fuente et al. 

2008). However, the combined role of WASp and N-WASp for B cell development has not 

been studied yet. To this end, a mouse where WASp is deleted in all hematopoietic cells but 

N-WASp is specifically deleted in B cells (cDKO, conditional double knockout) was 

generated. 

 

Naïve cDKO mice showed decreased numbers of FOB and T2-MZ B cells and a marked 

decrease in MZ B cells while T1 B cell numbers were normal. To understand if the MZ 

reduction was due to impaired retention capacity, we analyzed the expression of the 

adhesion molecule LFA-1, whose expression increases from T1 to MZ B cell stages, and 

we saw decreased expression in both WASp KO and cDKO mice. Analysis of the spleen 

architecture by confocal microscopy revealed lack of CD1d+ MZ B cells in both WASp KO 

and cDKO mice. Furthermore, MOMA+ macrophages were absent in cDKO but present in 

WASp KO suggesting that retention of B cells in the MZ is important for colonization by 

macrophages within the area. 

To investigate if the B cell number could be due to reduced proliferation or survival, mice 

were fed with BrdU. Necrotic and apoptotic B cell frequency revealed to be normal in all 

mice. MZ B cells were shown to proliferate more in WASp KO and cDKO mice probably 

to promote a homeostatic balance to maintain normal cell numbers.  

 

WASp and N-WASp have important roles in regulating the actin cytoskeleton, therefore, to 

unveil their combined importance, spreading of B cells was analyzed on anti-CD44 

antibody coated surfaces. Compared to WT B cells, WASp KO B cells had reduced 

spreading and cDKO B cells an even more pronounced spreading defect when it comes to 

the formation of long protrusions.  

 

Homing of B cells to lymphoid organs is dependent on the chemokine CXCL12. To 

evaluate the impact of WASp and N-WASp deletion on the migration ability of B cells 

towards chemokines, an in vitro assay was performed. The in vitro data revealed impaired 

migration capacity of both WASp KO and cDKO B towards CXCL12. This was further 

confirmed with an in vivo homing experiment, through adoptive transfer of CFSE labeled B 

cells, that showed reduced B cell homing to lymphoid organs and Peyer patches for both 

WASp KO and cDKO B cells. 

 

To investigate if cDKO mice are able to mount a normal immune response, mice were 

injected with different types of antigens. The T-independent antigen TNP-Ficoll was used 

to analyze both antigen uptake and the humoral response. Labeling of TNP-Ficoll on spleen 

sections revealed lower localization to the MZ in both WASp KO and cDKO mice at 30 

minutes, compared to WT. After 3 hours, TNP-Ficoll could be seen in the follicular areas of 

WT mice, while WASp KO mice showed reduced and cDKO mice no detectable antigen in 

the follicles. Seven days after TNP-Ficoll injection, mice were bled for antibody detection. 

Pre-immunized WT mice had low TNP-reactive IgM antibodies which were slightly 
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increased in WKO mice and markedly increased in cDKO mice. Seven days after injection 

of TNP-Ficoll, WT mice responded with increased TNP-reactive IgM antibodies, WASp 

KO showed a slight increase in IgM, while cDKO showed no increase in antibody levels. 

WT mice also responded to TNP-Ficoll with a great increase in TNP-reactive IgG3 

antibodies, however, both WASp KO and cDKO showed very low levels of IgG3. 

 

Mice were next injected with a T-dependent antigen, TNP-KLH. Pre-immunized mice 

showed the same traits seen in the case of TNP-Ficoll, this is, low levels of anti-TNP IgM 

antibodies for WT, slight increase for WASp KO mice, and significantly increase in cDKO 

mice. WT and WASp KO mice could respond to TPN-KLH injection with a slight increase 

in anti-TNP IgM antibodies, but cDKO mice were unable to increase IgM levels after 

injection. WT and WASp KO could respond to TNP-KLH with increased levels of TNP-

specific IgG1, but cDKO mice showed a marked reduction in TNP-specific IgG1 

antibodies. However, when the mice were given a second injection of TNP-KLH (3 weeks 

after the first injection) all mice responded equally with increased TNP-reactive IgM and 

IgG1. 

 

Immunohistochemistry data and flow cytometry data revealed that at day 28, after the 

second injection of TNP-KLH, cDKO mice responded to antigen challenge with reduced 

number of GC B cells compared to both WT and WASp KO mice. Altogether this suggests 

that the cDKO mice did not respond to the second immunization and rather increased their 

antibody levels due to a delayed primary immune response. 

 

In conclusion, the combined roles of WASp and N-WASp is important for B cell 

development, especially regarding the MZ B cell pool, which ultimately leads to lack of GC 

formation and an impaired capacity to mount a primary and secondary immune responses.  

 

 

3.1.4 Activating WASP mutations associated with X-linked neutropenia 
result in enhanced actin polymerization, altered cytoskeletal 
responses, and genomic instability in lymphocytes (Paper IV) 

X-linked neutropenia (XLN) is caused by mutations in the WASp gene that renders WASp 

constitutively active. So far 4 mutations have been identified in the GTPase domain of WASp 

that abrogates the auto-inhibitory conformation (L270P, S272P, I276S and I294T) (Massaad, 

Ramesh et al. 2013; Moulding, Record et al. 2013). The main features of XLN patients have 

been severe monocytopenia and neutropenia, which explain their suffering from recurrent 

bacterial infections (Devriendt, Kim et al. 2001; Ancliff, Blundell et al. 2006; Beel, Cotter 

et al. 2009). Since it has been shown that WASp deficiency affects myeloid and lymphoid 

cells alike, we reason that the same would be true for XLN-WASp mutations. Therefore, 
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this study aimed to clarify the impact of the XLN mutations I294T and L270P in B and T 

cells using two novel knockin mice. 

 

WASp in the steady state displays its auto-inhibited form, however XLN mutations destroy 

this auto-inhibited conformation rendering WASp constitutively active (Ancliff, Blundell et 

al. 2006). To test the activity of the two corresponding XLN-WASp mutations in mice 

(L272P and I296T) we coated beads with WASp-WT, WASp-L272P and WASp-I296T and 

by adding cell lysates analyzed actin polymerization (F-actin). Due to the fact that WASp-

WT in steady state exhibits its auto-inhibited configuration, we observed little or no actin 

polymerization. In contrast, both WASp-L272P and WASp-I296T showed increased 

polymerized actin. Their functionality was further confirmed by using N-WASp deficient 

fibroblast. Normal fibroblasts, when infected with vaccinia show actin-tail formation which is 

dependent on N-WASp activity. N-WASp deficient fibroblasts were transduced with WASp-

WT, WASp-L272P or WASp-I296T, followed by vaccinia infection which led to actin tail 

formation where the WASp protein were localized to the pole of actin tails. 

 

The active form of WASp is highly susceptible to degradation in vitro presumably as a form 

to regulate its activity (Blundell, Bouma et al. 2009). In B and T lymphocytes from generated 

mice WASp-I296T and WASp-L272P were stably expressed and showed the same levels of 

expression as in WT-WASp. Moreover, there was no obvious block in lymphocyte 

differentiation. To determine activity of WASp-I296T and WASp-L272P proteins, cells were 

stained with phalloidin for polymerized actin, and we detected increased actin polymerization 

in both naïve T and B cells from spleen and LNs.  

 

Due to the fact that WASp has been shown to be critical for cell homing, we performed a 

chemotaxis assay with the chemokines CCL19 and CXCL12, required for homing of T and B 

cells to lymphoid organs. WT and WASp-I296T B and T cells showed normal chemotaxis, 

contrary to WASp KO T and B cells that showed decreased migration. To mimic T cell 

receptor activation and analyze spreading capacity, T cells were incubated on surfaces coated 

with anti-CD3 and anti-CD28 antibodies. Both WASp KO and WASp-I296T spreading of T 

cells was reduced compared to WT. To test spreading capacity on B cells, these were 

incubated on surfaces coated with the anti-CD44 antibody. As expected WT B cells formed 

long protrusions while WASp KO B cells had a decreased spreading response. WASp-I296T 

B cells had a more pronounced defect in forming long protrusions, but some cells show many 

short protrusions.  

 

WASp has an important role in T cell but not B cell proliferation given that WASp KO T 

cells do not proliferate to TCR induced stimulation (Snapper, Rosen et al. 1998; Zhang, 

Shehabeldin et al. 1999; Cotta-de-Almeida, Westerberg et al. 2007).  Thus T and B cells were 

stimulated in vitro with different stimuli. WASp-I296T T cells responded well to stimuli 

similar to WT cells, however WASp-I296T B cells did not proliferate in vitro compared to 

WT and WASp KO B cells. To analyze class switching, B cells were stimulated with anti-
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CD40 + IL-4, and IgG2b and IgG1 were measured by ELISA. WASp-I296T B cells had 

reduced IgG2b and IgG1 secretion compared to WT and WASp KO B cells. 

 

Our data also showed that receptor-activated WASp-I296T T and B cells a more prone to 

apoptosis, which, together with increased polymerized actin, led us to investigate if this was 

correlated with genomic instability. To this end T and B cells were stimulated to induce 

proliferation and arrested at metaphase to perform a telomere-FISH assay. Compared to WT 

B and T cells, and WASp KO B cells (WASp KO T cells were not analyzed due to poor 

receptor-induced proliferation), WASp-I296T B and T cells show increased frequency of 

genomic instability that included chromosome breaks, fused chromosomes and tetraploidy. 

 

In conclusion, overactive WASp leads to changes in the cytoskeleton due to increased 

polymerized actin in B and T cells, which influences spreading, increases apoptosis 

frequency and leads to genomic instability. The in vivo impact of XLN-WASp in B and T 

cells remains to be elucidated. 
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3.2 Discussion / Future perspectives 

Primary immunodeficiencies constitute a set of diseases that can provide useful information 

to dissect the roles of proteins for correct cell function. Due to the fact that the immune 

system works as a complex network of cells, where the function of one cell can be dependent 

on another, mouse models become useful to study disease mutations in proteins on a per cell 

basis. In order to resolve an infection for example, time and space during protein-protein 

interactions are crucial for mounting the correct immune response for the specific cause of 

infection. 

Cells have been extensively studied and dissected into groups based on expression of specific 

surface markers and functions not shared with other groups of cells. These markers and 

functions are due to a specific set of genes/proteins expressed on a per cell basis. Therefore, 

the function of a cell relies on a complex network of expressed signaling proteins that start 

from the cell surface, spreads into the cytoplasm, then into the nucleus and backwards to the 

cell surface again. The activation/role of a protein is linked to the status of an 

upstream/downstream neighboring protein and failure to trigger the respective signaling 

cascade will lead to incorrect or absence of gene transcription, which will ultimately reflect 

on the cell function.  

In this thesis I studied the absence (or permanent activation) of 3 different cytoplasmic 

proteins (Cdc42, WASp and N-WASp) and their effects on cell function. 

Many studies have revealed that WASp and N-WASp are required for a diversity of cell 

functions that go from spreading/adhesion properties, to migration, formation of immune 

synapse and exocytosis. It is interesting to note that WASp and N-WASp share 50% 

homology. While N-WASp is ubiquitously expressed, WASp is expressed only in 

hematopoietic cells. What is the reason for this? The obvious explanation is that 

hematopoietic cells are highly motile and dynamic and therefore would require WASp, in 

addition to N-WASp, to increase the capacity of actin polymerization. But why couldn’t these 

cells express/activate more N-WASp, instead of expressing a new protein such as WASp? 

Indeed there are studies that show that by increasing N-WASp expression to physiological 

levels of WASp in WASp-deficient macrophages, impaired function can be restored. 

Moreover, WASp-deficient peritoneal macrophages have increased expression of N-WASp 

(Isaac, Ishihara et al. 2010).  

Interestingly, nature dictates that N-WASp and WASp should not substitute each other even 

though they have overlapping roles. And this is further confirmed, based on the fact that the 

activation degree of these proteins is different upon activation by the same GTPase. More 

specifically, N-WASp activity (as in the capacity to induce actin polimerization) is reduced 

when activated by Cdc42-GTP, compared to WASp activated by Cdc42-GTP. On the other 

hand, N-WASp activity is higher upon activation by Rac1-GTP, compared to WASp 

activated by Rac1-GTP (Tomasevic, Jia et al. 2007). This reveals that N-WASp and WASp 
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activities depend on the diverse upstream Rho GTPases despite their high homology. Which 

regions/domains are responsible for the different preferences in activity needs to be further 

characterized. While it is obvious that the CRIB domain is relevant for this, it alone is not 

enough (Tomasevic, Jia et al. 2007). Nck1 and Nck2 were both found to be equal potent 

activators for both N-WASp and WASp with the added advantage of not needing PIP2 

binding for their activation (Tomasevic, Jia et al. 2007).  

The actin cytoskeleton has been shown to be crucial for internal cell processes, which include 

endocytosis, exocytosis and trans-Golgi network activities (Anitei and Hoflack 2012). The 

role of actin and actin-related proteins includes membrane shaping by inducing physical 

tension and introducing curvature with the initial help of clathrin proteins. This is followed by 

elongation through actin polymerization, controlled by the intrinsic polarity of the actin 

filaments, and ends in membrane scission. Motor proteins, such as myosins, also modulate 

these processes by inducing mechanical force. N-WASp is mostly found regulating the 

secretory pathway and is detected on the Golgi, plasma membrane and endosomes. WASp 

also regulates some of these processes that include mainly the endocytic pathway, more 

specifically, clathrin-dependent endocytosis. With this in mind, one could state that N-WASp 

is mainly used for internal processes related to the secretory pathway and membrane shaping, 

functions that are shared by all cells, while WASp is probably mainly located by the plasma 

membrane influencing cell motility, membrane deformation, e.g. fillopodia structures and 

other functions in hematopoietic cells. 

With this last hypothesis in mind, we can now think what could happen in the WASp-

deficiency setting. We could consider a situation, where receptor triggering would lead to a 

series of events ultimately ending in activation of a Cdc42GEF and Cdc42-GTP with the aim 

of activating WASp. In this situation, if there is no WASp available, Cdc42-GTP will 

randomly activate the next protein available, which could be N-WASp and to a lesser extent 

WAVE. But cell activation would simultaneously lead to gene transcription and protein 

synthesis for cellular effector functions. The amount of cellular N-WASp would then be 

required to be divided between two cellular compartments. Two things could influence the 

poor activity of N-WASp (or WAVE) in this case: 1) Cdc42-GTP promotes higher activity of 

WASp and less activity of N-WASp, translating in less polymerized actin and impaired cell 

performance to respond to the stimuli; 2) N-WASp is mainly found in the inner part of the 

cell for protein synthesis, while in the absence of WASp it would need to be recruited to the 

cell surface for membrane changes. This will lead to less protein amount in the Golgi 

apparatus, and consequently less vesicular formation for exocytosis or antigen processing 

functions. 

Statement number 1) above could explain the slow response/activation so often seen by 

WASp-deficient cells. Statement number 2) brings an interesting perspective of a possible 

explanation for paper I. As explained in the introduction section, CD8-DCs endocytose 

antigens, and these endocytic vesicles will afterwards fuse with lysosomes loaded with 

enzymes or MHC class II molecules required for antigen presentation. However, if fusion of 
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vesicles never occurs due to poor vesicle formation from the ER or Golgi compartments, then 

the antigen will not be degraded, which increases the chances of it being transported to the 

cytoplasm and subsequently to be loaded on MHC class I.  

Coming back to the hypothesis that N-WASp compensates for WASp, another possibility 

could occur. Cdc42-GTP can activate WAVE proteins to a lower extent compared to 

WASp/N-WASp proteins. Furthermore, WAVE proteins could be candidates to compensate 

for the lack of WASp since these also localize to the plasma membrane. WAVE is known to 

become activated upon Rac-GTP binding. Interestingly Rac-1 induces good activation of both 

N-WASp and WAVE. If N-WASp is recruited to the membrane, then WAVE and N-WASp 

would compete for Rac1. Rac1 and Rac2 share 100% homology of their effector domain and 

while Rac1 is expressed ubiquitously, Rac2 is specific for hematopoietic cells. It has been 

shown that Rac1 and Rac2 need to be prenylated and combined with PIP3 or other acidic 

phospholipids in order to activate WAVE-2 (Lebensohn and Kirschner 2009). If N-WASp is 

now present at the membrane and takes up Rac-GTP proteins, then WAVE would become 

less activated. Possibly due to a feedback loop mechanism, this could lead to increased 

expression of Rac proteins to compensate for lack of WAVE activation. 

Increased Rac1/2 expression could influence other functions where Rac is also necessary, 

including the assembly of the NADPH oxidase Nox2 by Rac2. This could offer an 

explanation for increased Rac2 in CD8-DCs and the alkalinized pH found in the phagosomes. 

It is of interest to note that Rac2-GTP does not need intermediates when it comes to the 

NADPH oxidase assembly, while Rac activation of WAVE requires intermediate proteins, 

such as IRSp53. Altogether this suggests that while Rac1/2 are needed to activate WAVE 

proteins, these are instead activating N-WASp, which will lead to increased expression of 

more Rac proteins. The fact that paper I shows not only increased expression of Rac2 but 

also increased total Rac-GTP indicates that Rac-GTP is not being degraded by the 

proteasome and is probably bound to effector proteins. 

In conclusion, it would be interesting to analyze the set of genes activated or inhibited in each 

type of cell to determine if WASp deficiency triggers the transcription of other cytoskeleton 

proteins for compensatory purposes. On the other hand, a closer study of protein secretion 

and Golgi related budding of membranes and vesicle formation would be of interest, together 

with assays to determine N-WASp localization (Golgi versus plasma membrane) in steady-

state and during activation of the cell. 

Based on the above hypothesis, paper III confirms that if a cell type lacks both WASp and 

N-WASp a worse phenotype is expected compared to WASp absence alone. 

In paper IV we studied the impact of constitutively activated WASp (XLN-WASp) on T and 

B cells in vitro. In this setting it would be interesting to study how N-WASp, WAVE, Cdc42 

and Rac proteins are interacting and operating. One could postulate that in this situation, 

upstream GTPases for WASp, such as Cdc42-GTP, would readily bind to the open 

conformation of XLN-WASp, assuming Cdc42-GTP still binds with the same affinity to the 
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open conformation. On the other hand, since WASp is already active, feedback loops could 

lead to unnecessary activation of WASp related GTPases or GEFs and therefore Cdc42 

would remain inactive (Cdc42-GDP) and not bind to XLN-WASp. If the latter is the case, 

then XLN-WASp could become more susceptible to degradation by the proteasome as a 

regulation mechanism for WASp activity. Even if Cdc42 does not bind to XLN-WASp, 

WASp can still be stabilized through phosphorylation in the VCA and GBD domains by 

kinases (Blundell, Bouma et al. 2009). It has actually been shown that L272P-WASp has 

increased tyrosine phosphorylation in steady state (Park and Cox 2009). If this is the case, 

then this suggests that XLN-WASp is not only open in conformation but also active which 

confirms the increased polymerized actin in vitro and possibly in vivo as well. This likewise 

increases the possibility of Cdc42 not binding to XLN-WASp and instead, upon receptor 

triggering and signaling pathways, its activation would lead to binding of N-WASp and to a 

lesser extent WAVE proteins. Activation of these extra proteins would contribute to increased 

polymerized actin, especially in activated cells where Cdc42-GTP will increase.  

Another relevant aspect of the actin cytoskeleton is that it can directly influence gene 

transcription. It has been shown in fibroblasts that monomeric actin binds to the myocardin-

related transcription factors MAL/MRTF-A and MRTF-B. Polymerization of actin will 

remove actin monomers leading to the nuclear transportation of these transcription factors 

and activation of the serum response factor (SRF) (Leitner, Shaposhnikov et al. 2011). SRF is 

known to induce transcription of several genes that encode for signaling and cytoskeletal 

molecules such as actin genes, non-muscle myosins and vinculin (Schratt, Philippar et al. 

2002; Cen, Selvaraj et al. 2003). Active MAL induces cell flattening and spreading (Descot, 

Hoffmann et al. 2009). Many studies revealed that under serum starvation conditions 

fibroblasts spread and show actin stress fibers characterized by RhoA activity (Ridley and 

Hall 1992). RhoA activation is known to downregulate Rac and Cdc42 activity. In summary, 

RhoA activation and MAL/MRTFs inhibit migration. This suggests that during serum 

starvation MAL is activated due to increased actin polymerization induced by RhoA and 

formation of stress fibers leading to cell immobilization and adhesion. Strikingly, addition of 

serum reactivates the cell, leading to an increase in actin dynamics through activation of 

Cdc42 and Rac1, and this is correlated to an increase of MAL induced gene expression 

(Leitner, Shaposhnikov et al. 2011). 

In the setting of XLN-WASp, MAL represents a potential candidate to be studied, since 

overexpression of MAL is correlated to decreased cell proliferation and possibly increased 

apoptosis (Descot, Hoffmann et al. 2009; Shaposhnikov, Descot et al. 2012). To further 

confirm this, XLN-WASp has been shown to induce increased polymerized actin, and SRF 

activity has been shown to be higher when at increased ratio of “F-actin : monomeric actin” 

(Posern, Sotiropoulos et al. 2002). In the setting of WASp-deficiency (paper I) it has been 

reported no differences in polymerized actin between WT and WASp KO cells even though 

cells are lacking WASp. However, to my knowledge, it still needs to be determined how 

sensitive are the MAL and MRTFs transcription factors to changes in monomeric actin, in 

murine cells. Moreover, since we come across the possibility that changes in activation of 
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Rho GTPases might affect other signaling pathways, it would be of interest to analyze the 

Ras signaling pathway that is also involved in SRF activation through the MAPK and 

activation of the SRF co-activator TCF (Price, Rogers et al. 1995). It would be interesting to 

analyze if somehow, the activation (or inhibition) of SRF would also induce increase 

expression of signaling proteins such as Rac2 observed in paper I. In the setting of paper 

III, where we have deleted both WASp and N-WASp in B cells, we can raise the possibility 

of inhibition of SRF activity. It has been shown, in tumor cell lines, that SRF/MRTF 

depletion induced reduced spreading, adhesion and motility with no difference in 

proliferation and apoptosis. This was dependent on RhoA and RhoC activity (Medjkane, 

Perez-Sanchez et al. 2009). If one assumes that in cDKO mice, B cells would have decreased 

MAL/MRTF response, then possibly their function could also be a result of totally 

inactivation of SRF with reduced gene transcription of cytoskeletal proteins. 

In paper II we studied the absence of Cdc42, which interestingly correlates mainly to cellular 

functions similar to those seen in the absence of WASp, including decreased B cell 

cellularity, especially the MZ B cells, deficient antigen transportation into the follicle, 

impaired response to foreign antigens and other functions. This is expected if we think that by 

lacking Cdc42, WASp/N-WASp cannot be activated, which translates in decreased actin 

polymerization. How the cell counteracts the lack of Cdc42 is now dependent on the 

Cdc42GEFs that are only activated dependent on the receptor that received the external 

signaling. For example, antigen binding to BCR leads to activation of tyrosine kinase LYN 

and SYK, followed by activation of Vav1. Vav1 will act as a GEF for Rac1, which will 

promote cell-cell interaction and actin polymerization. Studies have shown similar defects in 

BCR signaling between B cells devoid of Vav1-2 proteins and B cells devoid of Rac1-2 

proteins, suggesting that Vav and Rac interact along the signaling cascade. BCR can also 

induce activation of PIX, which acts as a GEF for Rac1 (Tybulewicz and Henderson 2009). 

In this case, if a cell lacks Vav1, Rac1 can still be activated through PIX, but this is 

probably not enough, since BCR signaling defects are still seen in Vav1-deficient B cells. 

Altogether, these studies show that even though the intracellular proteins share similar 

functions and interact in a non-linear fashion, they are not able to fully compensate each 

other’s absence. This will lead to an impaired cell function, which will interfere with the role 

of other cells, finally reflecting on the quality of the immune response and causing disorders, 

such as primary immunodeficiencies. 
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