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1. ABSTRACT 
 

WAS protein (WASp) is a key regulator of actin cytoskeleton in hematopoietic cells. 

Mutations of WAS gene cause the Wiskott-Aldrich Syndrome (WAS). Although 

WASp is involved in various immune cell functions, its role in invariant NKT cells 

(iNKT) has never been investigated. Defects of iNKT cells could contribute to the 

pathogenesis of several WAS features, such as recurrent infections and high tumor 

incidence. Indeed, we found a profound reduction of circulating iNKT cells in WAS 

patients, directly correlating with the severity of clinical phenotype. To better 

characterize iNKT cell defect in the absence of WASp, we analyzed was-/- mice. 

iNKT cell number is significantly reduced in thymus and periphery of was-/- mice as 

compared to wt controls. Moreover analysis of was-/- iNKT cell maturation reveals a 

complete arrest at the CD44+NK1.1- intermediate stage. Notably, generation of BM 

chimeras demonstrated a was-/- iNKT cell autonomous developmental defect. The lack 

of WASp does not affect IL-15 signaling, which is important in iNKT cell 

development. Conversely WASp is required for the control of homeostatic 

proliferation. was-/- iNKT cells are also functionally impaired, as suggested by the 

lower expansion and reduced secretion of IL-4 and IFN-γ upon in vivo activation. 

Furthermore, in vitro assays suggest that the functional defect of WASp null iNKT 

cells is TCR-mediated and indicated that the defective IL-4 production is due to a 

was-/- iNKT cell autonomous defect, whereas the lower IFN-γ production is caused by 

an inefficient crosstalk between was-/- iNKT cells and was-/- DCs. Altogether, these 

results demonstrate the relevance of WASp in integrating signals critical for 

development and functional differentiation of iNKT cells, and suggest that defects in 

these cells may play a role in WAS pathology.  
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1. ITALIAN ABSTRACT  
WASp è una proteina che regola il rimodellamento dell’actina del citoscheletro nelle 

cellule ematopoietiche. Mutazioni nel gene che codifica per WASp (WAS) causano la 

Sindrome di Wiskott-Aldrich (WAS). Sebbene WASp sia coinvolto in svariate 

funzioni delle cellule del sistema immunitario, il suo ruolo nei linfociti invarianti 

NKT (iNKT) non è mai stato investigato. Difetti delle cellule iNKT potrebbero infatti 

contribuire allo sviluppo di alcune caratteristiche dei pazienti WAS quali le infezioni 

ricorrenti e l’alta incidenza tumorale. Infatti il nostro studio ha rivelato una profonda 

riduzione numerica dei linfociti iNKT periferici nei pazienti WAS, direttamente 

correlata con la severità del fenotipo clinico dei pazienti. Per definire ulteriormente il 

fenotipo delle cellule iNKT prive di WASp, abbiamo esteso l’analisi ai topi was-/-. Le 

cellule iNKT sono significativamente ridotte anche nel timo e negli organi linfoidi 

periferici dei topi was-/- rispetto ai controlli wt. Inoltre l’analisi dello sviluppo delle 

cellule was-/- iNKT cell ha messo in luce un completo blocco maturativo allo stadio 

intermedio CD44+NK1.1-. In particolare, la generazione di chimere di midollo osseo, 

ha dimostrato un difetto maturativo intrinseco delle cellule was-/- iNKT. L’assenza di 

WASp non altera la stimolazione indotta dall’IL-15, che è importante nello sviluppo 

delle cellule iNKT. Contrariamente, WASp è coinvolto nel controllo della 

proliferazione omeostatica di questa tipologia cellulare. Le cellule iNKT prive di 

WASp presentano anche un difetto funzionale, come messo in evidenza dalla ridotta 

secrezione di IL-4 e IFN-γ dopo la loro attivazione in vivo. In aggiunta, saggi 

funzionali condotti in vitro, suggeriscono che il difetto funzionale delle cellule iNKT 

prive di WASp sia mediato dal TCR e che la ridotta produzione di IL-4 sia causata da 

un difetto funzionale intrinseco alle cellule iNKT, mentre la minor produzione di IFN-

γ sembra derivare da un’interazione non efficiente tra le cellule was-/- iNKT cells e le 

cellule dendritiche was-/-. Nel loro insieme questi risultati dimostrano il ruolo 

rilevante di WASp nell’integrare segnali critici per lo sviluppo e la funzione delle 

cellule iNKT, e suggeriscono che i difetti di questa popolazione linfocitaria possano 

contribuire alla patologia della Sindrome di Wiskott-Aldrich.  
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2. INTRODUCTION 
 
 

2.1 THE WISKOTT-ALDRICH SYNDROME 

In 1937, Alfred Wiskott, a German paediatrician, described a “familial and innate 

thrombopathia” affecting three brothers. The pathology was characterized by 

thrombocytopenia, bloody diarrhea, eczema, recurrent ear infections, and eventually 

led to the death of the patients because of intestinal hemorrhages and sepsis (1). In 

1954, Aldrich and colleagues demonstrated the X-linked inheritance of this syndrome 

by analyzing the pedigree of a family in which 16 out of 40 males -but no females- 

were affected (2).  

Nowadays, Wiskott-Aldrich Syndrome (WAS, OMIM 301000) is known as a 

complex and severe X-linked disorder characterized by micro-thrombocytopenia, 

eczema, immunodeficiency and increased risk to develop autoimmunity and 

lymphomas. WAS affects 1 to 10 out of a million male newborns (3), whose life 

expectancy is about 15 years (4).  

The identification of the gene whose function is lost in WAS (WAS gene) has been 

achieved In 1994 through a positional cloning strategy (5). The protein encoded by 

the WAS gene (Wiskott-Aldrich Syndrome protein, or WASp) is a hematopoietic 

specific (6) regulator of actin nucleation in response to signals arising at the cell 

membrane (7).  

The discovery of the WAS gene has allowed to link other diseases to alterations in this 

locus. Mutations impairing but not abolishing WASp expression, can cause X-linked 

thrombocytopenia (XLT). This disease can be chronic (8) or intermittent (9), and is 

considered an attenuated form of WAS since it is characterized by low platelet counts 

with minimal or no immunodeficiency. Recently, gain-of-function mutations in the 

WAS gene giving rise to a constitutively active protein, were found to cause a distinct 

pathology, X-linked neutropenia (XLN). It is characterized by low neutrophil counts 

and predisposition to myelodysplasia in the absence of thrombocytopenia and T-cell 

immunodeficiency (10, 11).  
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2.2. CLINICAL MANIFESTATIONS OF WAS  

 

2.2.1. Hemorrhages  

Hemorrhages are frequent (>80% incidence) in WAS patients, and range from non-

life threatening (epistaxis, petechiae, purpura, oral bleeding) to severe manifestations 

such as intestine and intracranial bleeding. Death of WAS patients is caused, in 25% 

of the cases, by hemorrhages (12). Bleeding is due to severe thrombocytopenia 

(ranging from 6000 to 70000 per µl (4)) with reduced platelet size. This is the most 

common finding in WAS and XLT patients (100% incidence) and is due to the lack of 

WASp in platelets irrespectively of the severity of the mutation, possibly as a 

consequence of instability of the mutated protein (13).  

Despite intensive research, the mechanisms underlying WASp-related 

thrombocytopenia and hemorrhages are incompletely understood. Indeed, defective 

thrombopoiesis, accelerated platelet destruction, and platelet dysfunction have been 

hypothesized, but their relationship with WASp deficiency is unclear.  

Whether defective thrombopoiesis contributes to thrombocytopenia in WAS patients 

is controversial. Indeed, the number and cytological appearance of megakaryocytes in 

the bone marrow of XLT and WAS patients can be normal (4, 8, 14). On the other 

hand, defective platelet production has been suggested based on accelerated platelet 

turnover in WAS patients (14), and decreased in vitro proplatelet formation by 

megakaryocytes derived from WAS patients (15). These latter results were challenged 

by another study demonstrating that in vitro proplatelet formation by megakaryocytes 

derived from WAS patients was normal (16). An alternative hypothesis reconciling 

normal thrombopoiesis with decreased platelet release in the blood has recently 

proposed. Indeed, in vivo studies performed in was-/- mice showed that ectopic platelet 

shedding within the bone marrow can occur, hampering the platelet release in the 

peripheral blood despite normal platelet production by megakaryocytes (17). These 

studies, however, await confirmation on bone marrow specimens isolated from WAS 

patients.  

There is more general agreement on a role of peripheral platelet destruction in the 

pathogenesis of WAS-related thrombocytopenia. Indeed, decreased half-life of 

circulating platelets is a common finding in WAS patients (14, 18, 19), and can be due 
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to intrinsic platelet abnormalities (20) or to autoantibodies (4, 21, 22), finally leading 

to splenic sequestration (20). Accordingly, splenectomy can correct both platelet 

numbers and size (21, 23), but it is usually discouraged since it exposes the patient to 

a high risk of sepsis (23). Moreover, some splenectomised WAS patients suffer a 

thrombocytopenia relapse, which is usually immune-mediated (21) and predicts a 

severe prognosis (24).  

Platelet dysfunction can also contribute to the hemorrhages frequently observed in 

WAS patients. Indeed, patients having normal number of platelets after splenectomy 

are not completely protected from bleeding episodes (23). The mechanisms proposed 

are defective platelet activation after stimulation with thrombin (22), and defective 

platelet adhesion to fibrinogen through the αIIbβIII integrin (25).  

 

2.2.2. Eczema  

The typical skin lesions in WAS and XLT patients resemble acute or chronic eczema 

in appearance and distribution. Eczema develops in 80% of the patients (4, 26), and is 

heterogeneous in severity and persistence. Indeed, in its most severe form, eczema is 

resistant to therapy, persists into adulthood, and facilitates opportunistic skin 

infections (molluscum contagiosum, herpes simplex, or bacteria). Severity of eczema 

is significantly lower in patients with residual WASp expression (4).  

The causes of eczema in WAS patients are currently unknown. WAS patients often 

have elevated IgE levels (4), therefore suggesting an atopic origin. Indeed, WAS 

patients often develop allergy (4). Recently, an imbalance in cytokine production 

towards the Th2 type has been described in WAS patients’ T cell lines (27), and might 

contribute to the pathogenesis of eczema and allergy. Abnormal priming of antigen-

specific T cells in the skin caused by defective chemotaxis of DCs and Langerhans 

cells may also play a role (3).  

 

2.2.3. Immunodeficiency  

WAS patients have often symptomatic infections caused by various microorganisms 

including bacteria, viruses and fungi. Frequency and severity of infections are higher 

in WASp-negative patients, as compared to WAS patients with residual WASp 
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expression (4), and cause nearly 50% of death cases (12). Most common bacterial 

infections affect the respiratory tract, the ear, the gut, the skin, and the urinary tract. 

Systemic infections, such as meningitis and sepsis, are also reported (4). Bacterial 

infections are mainly due to encapsulated bacteria, probably because of the inability 

to produce antibodies against polysaccharide antigens (14). Viral infections are 

mostly due to Herpes simplex (can be severe and disseminated) and to 

Cytomegalovirus spp. (encephalitis and hepatitis). WAS patients also develop 

Molluscum contagiosum and Papillomavirus infections. Fungal infections due to 

Candida spp. and Aspergillus spp. as well as opportunistic pulmonary infections due 

to Pneumocystis carinii are also frequent in these patients (4).  

The complex immunodeficiency caused by the lack of WASp results from the 

dysfunction of many immune cell types. Indeed, absence of WASp impairs T cell 

activation (27-29), NK lytic activity (30, 31), B cell function (32), phagocytosis (33, 

34) and antigen presentation by DCs (35), and microbial killing by neutrophils (36). 

In addition, migration of WASp-deficient hematopoietic stem cells (37) and 

leukocytes (38) is globally defective. Finally, WAS patients, especially young ones, 

can suffer from T and B lymphopenia (39). For a schematic summary of the reported 

cellular defects refer to Figure I.  
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Figure I: Cellular functions altered by WASp deficiency.  
Abbreviations used: HSC: hematopoietic stem cell; B: B lymphocyte; NK: natural killer 
lymphocyte; T: T lymphocyte; Th: T helper lymphocyte; CTL: cytotoxic T lymphocyte; iDC: 
immature dendritic cell; mDC: mature dendritic cell. Modified from Trifari et al (40).  
 

 

2.2.4. Autoimmunity  

WAS-associated autoimmune complications are frequently observed. They have been 

reported to affect from 25% to 72% of the patients (4, 24, 26), irrespectively of WASp 

expression and overall disease severity (4). The most common manifestations are 

autoimmune hemolytic anemia, cutaneous vasculitis, arthritis and nephropathy. Less 

common autoimmune manifestations include inflammatory bowel disease, idiopathic 

purpura thrombocytopenia and neutropenia. Patients frequently suffer from multiple 

autoimmune manifestations at the same time (24).  

Development of autoimmunity can have a prognostic value. Indeed, it has been 

reported that WAS patients who develop autoimmune hemolytic anemia or 

autoimmune thrombocytopenia early (<180 days) after splenectomy, have a poor 

prognosis (24). Moreover, autoimmunity is associated with a higher risk of a later 
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development of tumors and with an increased risk of mortality (26).  

Until now, the mechanisms of WAS-associated autoimmunity have not been clarified. 

It has been proposed that autoimmunity could be the result of a bystander tissue 

damage originating from the chronic inflammatory state that is established after 

incomplete pathogen clearance (12). Another possible cause of autoimmunity is the 

loss of central or peripheral tolerance to self-antigens. Given the role of WASp in 

TCR signaling, it is possible that WASp deficiency impairs negative selection of 

thymocytes, leading to recirculation of abnormal proportions of potentially self-

reactive T cells. It is also possible that WASp absence impairs localization or function 

of regulatory T cells, which can no longer suppress the activation of autoreactive T 

cells in the periphery. Indeed, several groups including ours have recently described a 

defective localization and function of naturally occurring CD4+CD25+FOXP3+ 

regulatory T cells in the absence of WASp (41-44).  

 

2.2.5. Tumors  

Two distinct surveys report a tumor incidence of 13% and 22% (4, 26) in WAS 

patients. Tumors can arise during childhood (especially myelodysplasia) but are more 

frequent in adolescents and young adults. WAS-associated tumors are mainly 

lymphoreticular malignancies, since leukemia, myelodysplasia, and lymphoma (often 

EBV-positive) cover 90% of the cases. WAS-associated malignancies have a poor 

prognosis, as less than 5% of patients survive 2 years after diagnosis (26), and cover 

up to the 25% of the death cases (12).  

The observation that a consistent proportion of malignancies is associated to EBV 

infection, leads to the hypothesis that immune deficiency can contribute to the genesis 

of tumors. Defective NK cell functions, as well as other alterations of immune 

surveillance, may play a key role in the susceptibility to tumor development. 

However, other mechanisms can be involved, since the highest lymphoma incidence 

(44%) can be conferred by a single splice site mutation that is otherwise associated 

with a mild clinical phenotype (45). To this regard, it has been recently reported that 

WASp regulates cytokinesis and genomic stability in human cells (46), leading to the 

hypothesis that WASp mutations may directly alter cellular homeostasis.  
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2.2.6. Scoring system  

The severity of WAS-associated symptoms can be estimated through a scoring system 

originally developed by Zhu and colleagues (47), and slightly refined in subsequent 

works (4, 9).  

A score of 0.5 or 1, assigned to patients with intermittent or chronic 

thrombocytopenia and small platelets, and a score of 2, assigned to patients with 

additional findings of mild, transient eczema or minor infections, identify XLT 

patients. Those with treatment-resistant eczema and recurrent infections in spite of 

optimal treatment receive a score of 3 (mild WAS) or 4 (severe WAS). Regardless of 

the original score, if a patient develops autoimmune disease or malignancy, a score of 

5 is attributed. For a schematic summary of the scoring system, refer to Table I.  

 

 

 

 

 

 
 
Table I: WAS scoring system according to Zhu and colleagues (47), with subsequent 
refinements (4, 9).  
 
 
 
 
 
 
 
 
 
 
 
 

XLT  WAS  
Clinical scores  0.5  1  2  3  4  5  

Thrombocytopenia  +/-  +  +  +  +  +  
Eczema  -  -  +/-  +  ++  ++/-  

Immunodeficiency  -  -  +/-  +  ++  ++/-  
Autoimmunity or 

tumors  -  -  -  -  -  +  
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2.3. MOLECULAR DEFECT CAUSING WAS  

 

2.3.1. Identification and characterization of the gene 

By taking advantage of a previous mapping study which localized the WAS gene to 

the region Xp11.22-Xp11.3 (48), Derry and colleagues isolated the WAS gene by 

positional cloning and demonstrated mutations in lymphoblastoid cell lines derived 

from patients with WAS or XLT (5). The WAS gene encompasses 12 exons, and 

encodes a 502-aminoacid intracellular protein (WASp). WASp is expressed in all 

non-erythroid hematopoietic cells (6, 13).  

The mouse was gene was identified in parallel to the human WAS gene. The mouse 

was gene resides on the X chromosome, and encodes a 520-aminoacid protein which 

shares 86% identity with the human counterpart (5). Two was knock-out (was-/-) 

mouse strains were constructed by disruption of the was gene by deletion of exons 4 

to 11 (49), or by a large insertion in exon 7 (50). In both cases WASp expression was 

completely abrogated. These mouse strains have been validated as relevant models of 

WAS, since they carry many of the cellular defects originally described in WAS 

patients (49, 50), and are immunodeficient (51).  

 

2.3.2. Molecular functions of WASp  

WASp is the founding member of a family of proteins whose function is to integrate 

the signals from many input pathways to promote actin cytoskeleton remodeling. The 

other members of the WASp family in mammals are the neural-WAS protein (N-

WASP) and the scar/WAVE proteins (WAVE1, WAVE2, and WAVE3) (52) (Figure 

IIA). All these proteins share a highly similar C-terminal portion composed by a 

polyproline-rich region (PPT), and a Verprolin/Cofilin/Acidic (VCA) domain. In 

particular, the VCA domain can bind and activate the Arp2/3 complex, one of the 

most powerful activators of nucleation of new F-actin filaments stemming from pre-

existing ones (“branching” process). On the other hand, the N-terminal portion of the 

WASp family proteins, which actually controls their activation, is less conserved. 

Indeed, WASp and N-WASp contain an EVH1 (Ena/VASP homology 1) domain, a 

basic region (BR), a CDC42 and Rac interactive binding domain (CRIB), while the 
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WAVE proteins lack such a structure, retaining the basic region only. WASp and N-

WASp have a very similar domain structure, but differ for the expression pattern, 

since the former is hematopoietic-specific and the latter is ubiquitous, but more 

abundant in the nervous system. The very high structural similarities between WASp 

and N-WASp have led to the speculation that the molecular activation processes, as 

well as the binding partners, demonstrated for either of the two proteins, are actually 

relevant for both. This is illustrated by the recent demonstration of the redundancy of 

WASp and N-WASp for T cell differentiation (53). For a schematic summary of 

proteins interacting with WASp, see Figure IIB.  

Constitutive interaction between the WASp EVH1 domain and the WASp interacting 

protein (WIP) stabilizes WASp through inhibition of calpain and proteasome 

degradation (54-56). Moreover, it could also inhibit spontaneous WASp activation 

(demonstrated experimentally for N-WASp (57)). It has been hypothesized that the 

dissociation of the WIP/WASp complex is key for WASp activation in T cells 

stimulated through the TCR (58). However, evidences confuting this hypothesis have 

been reported very recently. Indeed, Dong and colleagues demonstrated that a 

WIP/WASp fusion protein is functional in TCR-stimulated T cells (59).  
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Figure II: Structure of WASp family proteins.  
A. Schematic representation of the WASp family proteins in mammals. B. Proteins 
interacting with WASp. The interactions shown experimentally for N-WASp are reported in 
red. Modified from Thrasher et al (60).  
 
 



  19 

 
The actin-remodeling activity of WASp is mediated by the C-terminal VCA domain, 

which directly binds and activates the actin nucleation complex Arp2/3. In resting 

conditions, WASp assumes an auto-inhibited conformation characterized by the 

folding of the VCA domain on the CRIB domain through hydrophobic interactions 

(61). As a consequence, the VCA domain of WASp is unable to bind the Arp2/3 

complex and promotes actin nucleation. The molecular activation of WASp can be 

achieved by cooperative binding of multiple interactors. Binding of 

phosphatidylinositol (4,5) bi-phosphate (PIP2) to the N-terminal basic region of 

WASP can synergize with the binding of GTP-loaded CDC42 to the CRIB domain 

(62), or the binding of SH3 domain containing proteins (such as Grb2, Nck) to the 

PPT region (63), to release auto-inhibition and promote actin nucleation. Binding of 

other SH3 domain containing proteins to WASp PPT region mediates a number of 

other important functions. Indeed, interaction with TOCA-1 amplifies the activatory 

signal mediated by PIP2 and GTP-CDC42 (shown experimentally for N-WASp (64)); 

the Intersectin-2 (65) and Sorting Nexin 9 (66) can recruit WASp to endocytotic 

vesicles; binding of CIP4 could mediate interaction with the microtubule cytoskeleton 

(67); interaction with VASP could facilitate filopodia formation (68). In addition, 

several kinases and phosphatases can interact with WASp SH3 domain, and regulate 

its activation through phosphorylation and dephosphorylation of a single tyrosine 

residue (Y291). Phosphorylation of Y291 (Y293 in murine WASp), achieved by Fyn 

(in T cells) (69), Btk (in B cells) (70), and Hck (in phagocytes) (71), increases the 

basal activity of WASp conferring sensitivity to input signals through SH2-domain 

containing proteins (72), and leading to cell activation (69). In some circumstances 

tyrosine phosphorylation may occur independently of binding to GTP-bound CDC42 

(69, 71). In addition, a recent finding underlines the absolute requirement for WASp 

phosphorilation during multiple cellular task, including migration, phagocytosis and 

proliferation (73). Dephosphorylation of Y291 is achieved by the PTP-PEST 

phosphatase, which is recruited to WASp through the adaptor protein PSTPIP (69). 

Moreover, constitutive phosphorylation at residues S483 and S484 by CK2 kinase is 

required for optimal activation of the Arp2/3 complex (74). A simplified model for 

WASp activation is depicted in Figure III.  
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Figure III: Model depicting the mechanism of WASp activation.  
A. Autoinhibited conformation by hydrophobic interactions between the CRIB domain and 
the VCA domain. B. By cooperative binding of PIP2 to the basic region, GTP-CDC42 to the 
CRIB domain, and several SH3 domain-containing proteins to the poly-proline region, 
autoinhibition is released. C. WASp activation is further stabilized by tyrosine 291 
phosphorylation, and the VCA domain can bind the ARP2/3 complex leading to actin 
polymerization. Modified from Ochs et al (3).  
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Besides being key to actin cytoskeleton remodeling, WASp can also control gene 

transcription. Indeed, WASp N-terminal EVH-1 domain controls NFAT-mediated 

transcription in a way unrelated to actin polymerization, as demonstrated by studies 

performed on T cell lines transfected with different domains of WASp (75). Studies 

conducted on more relevant cell types gave further support to this hypothesis. Indeed, 

CD4+ and CD8+ untransformed T cell lines derived from WAS patients showed a 

delayed kinetic of NFAT-1 nuclear translocation, and a defective transcription of T-

bet and Th1 cytokine genes, following TCR stimulation (27). Similarly, in primary T 

cells isolated from was-/- mice, a delayed kinetic of NFAT-1 nuclear translocation 

after TCR engagement was described. In addition, a defective nuclear localization of 

p-Erk, the consequent lack of Elk-1 phosphorylation, and c-fos transcription, led to 

impaired AP-1 DNA-binding activity. These defects were likely causative of impaired 

IL-2 gene transcription (76). In line with this hypothesis, it has recently been reported 

that WASp deficiency in NK cells delays nuclear translocation of NFAT-2 and RelA, 

a subunit of NFκB, in a way independent from actin polymerization (77).  

In conclusion, WASp is a molecule whose stability and function is tightly regulated, 

and which is able to integrate a wide array of different inputs to activate actin 

polymerization, and gene transcription.  

 

2.3.3. WAS gene mutations and genotype/phenotype correlation  

Approximately 300 unique mutations have been reported in the WAS gene, spanning 

all 12 exons (http://homepage.mac.com/kohsukeimai/WASp/WASPbase.html). It has 

been demonstrated that the genotype of WAS mutations largely determines WASp 

expression levels (78), which in turn determines disease severity (4, 79). Indeed, 

missense mutations usually resulting in residual expression of a mutated protein are 

associated with XLT (disease score 0.5-2, see Figure IV). In contrast, nonsense 

mutations, deletions or insertions abolishing WASp expression are associated with a 

full-blown WAS phenotype (disease score 3-5, see Figure IV). However, about 20% 

of the WASp-expressing patients have a severe clinical phenotype (Figure IV). 

Moreover, it has been reported that WASp-expressing patients can progress to a score 

of 5 due to autoimmunity (4) or malignancy (45). Therefore, long-term prognosis 

cannot be precisely predicted on the basis of mutation and protein expression analysis.  
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Figure IV: Genotype/phenotype correlation.  
A. Correlation between mutation type and WASp expression. Data are derived from Jin et al 
(79). B. Correlation between WASp expression and clinical score. Data are derived from 
Notarangelo et al (80).  
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2.4. CELLULAR FUNCTIONS REGULATED BY WASp  
 

2.4.1. Hematopoietic stem cells  
Early studies conducted on human samples have demonstrated that WAS RNA is 

transcribed already at the stage of CD34+ hematopoietic stem cells (HSC), and its 

expression is kept along hematopoietic differentiation (81). Despite this, the 

cytological appearance of bone marrow of WAS patients is often normal (14), and 

CD34+ cells isolated from a WAS patient can differentiate into a normal number of 

myeloid colonies in vitro (82). Therefore, WASp might be dispensable in early 

haematopoiesis.  

The study of obligate female carriers of a mutated WAS allele shed light on the 

function of WASp in hematopoietic stem cells. Indeed, a non-random X-inactivation 

in CD34+ cells and in mature hematopoietic cells was observed in these individuals, 

leading to the hypothesis that WASp can play a role in the lyonization process (83). 

However, a direct role for WASp in X-chromosome methylation has never been 

demonstrated. Alternatively, non-random X-inactivation in the bone marrow can be 

explained by a migratory defect of WASp-null HSC. Analysis of heterozygous was+/- 

mice, and competitive transplantation experiments, demonstrated that WASp is 

crucial for transition of hematopoietic stem cells from the fetal liver to the bone 

marrow, and for their engraftment (37). Besides providing a possible explanation to 

the non-random X-inactivation, these findings are highly relevant for WAS gene 

therapy, as they predict the preferential engraftment of gene corrected hematopoietic 

stem cells.  

 

2.4.2. T lymphocytes  

T cell defects, affecting effector, helper and regulatory functions, are thought to play a 

key role in WAS-associated immunodeficiency.  

WASp plays a key role in T cell activation and actin cytoskeleton remodeling after the 

engagement of the T cell receptor (TCR) (29, 49, 50, 84), and the co-stimulatory 

molecules CD28 (66) and CD2 (85). T cell activation is regulated by the formation of 

the immunological synapse (IS), a polarized cluster of the TCR, co-stimulatory 
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molecules, signaling molecules, and integrins to the T cell:APC interface. The IS is a 

symmetrical structure organized in concentric rings, with the TCR, the TCR- 

associated molecules, and co-stimulatory molecules residing in the centre, while 

integrins are localized in a concentric ring. Larger molecules such as CD45 and 

CD43, which may interfere with synapse assembly through steric hindrance, are 

actively excluded from the IS. To promote their lateral movement on the plasma 

membrane, the molecules being recruited to the IS are associated with specific 

cholesterol-enriched membrane microdomains, called lipid rafts. Following TCR 

engagement, WASp is promptly recruited to the lipid rafts and the IS through Nck 

(86), which can directly interact with WASp, and/or by the adaptor protein CrkL, 

which binds WIP and recruits the WIP-WASp complex (58). In addition, WASp 

recruitment to the IS could be mediated by CD2 through the adaptor molecules 

CD2AP and PSTPIP1(85). TCR ligation also causes PKCθ-dependent 

phosphorylation of WIP and disengagement of WASp from the WIP-WASp complex 

(58). In parallel the Tec tyrosine kinase Itk mediates the TCR-induced recruitment of 

Vav to the IS (87, 88), which in turn activates CDC42. GTP-CDC42 finally activates 

WASp in situ (86, 89). Alternatively, as mentioned above, Fyn-mediated tyrosine 

phosphorylation might activate WASp independently of binding to GTP-bound 

CDC42 (69, 71). For a schematic representation of the mechanisms leading to the 

recruitment of WASp to the IS, refer to Figure V. In the absence of WASp, IS can be 

formed only after strong TCR stimulation (90). In addition, lipid raft dynamics during 

IS formation (28), and IS stability (91) are compromised. Another level of regulation 

of T cell activation is achieved by prompt internalization of the TCR and the CD28 

co-stimulatory molecule after specific engagement, functions that are defective in 

WASp deficient cells (65, 66). As a consequence of impaired signaling through the 

TCR and co-stimulatory molecules, T cells from WAS patients and was-/- mice show 

defective proliferation as well as impaired production of IL-2 (27, 29, 49, 50). The 

inability of was-/- cells to proliferate upon initial stimulation precludes the ability in 

the following downstream events such as Th differentiation and the production of 

effector cytokines. Indeed human WASp deficient T cells display an impaired 

production of IFN-γ, while the murine counterpart can produce Th1 cytokines but are 

defective in their secretion (27, 29, 49, 50, 92). These defects are associated with 

delayed NFAT-1 nuclear translocation and defective T-bet induction (27, 76). Very 
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recently WASp was also shown, in mice but not in humans, to control the Th2 

effector function of CD4 T cells. Morales-Tirado et al. in fact demonstrated a post-

transcriptional requirement for WASp in IL-4 production (93).  

Notably even natural occurring regulatory T cells (nTreg), a key population in the 

control of autoimmunity, are dysfunctional in the absence of WASp (42-44). Indeed, 

similar as for the other T cell subsets, WASp is required for the TCR/CD28-triggered 

proliferation, for TGF-β production and for the suppressive function of nTreg. 

In addition to its role in T cell activation and cytokine production, WASp is also 

critical for T cell chemotaxis in vitro in response to SDF-1α (94) and in vivo homing 

to secondary lymphoid organs (95).  

A reduction in the numbers of circulating naïve CD4+ and CD8+ T cells may be 

present in WAS patients, especially at young age, contributing to the 

immunodeficiency (39). A decreased thymic output has been hypothesized based on 

the description of abnormal thymic involution in a limited number of histological 

studies (96, 97). On the other hand, recent studies have highlighted that WASp is 

dispensable for thymic generation of T cells in mice. Indeed, was-/- mice have a 

relatively normal thymic development, but abrogation of both WASp and N-WASp 

function through a dominant negative portion of WASp (98), or simultaneous knock-

out of N-Was (53), cause the block of thymocyte maturation at the DN3 stage. Thus, 

N-WASp can complement WASp deficiency to promote the generation of normal 

numbers of T cells. In addition, the observation that the TCR Vβ repertoire is normal 

in young WAS patients, indicates that WASP absence does not impair thymopoiesis 

qualitatively (99). In the same study, it has been observed that the TCR Vβ repertoire 

of WAS patients becomes skewed after 15 years of age (99). This finding supports the 

hypothesis of defective T cell survival in the periphery. Accordingly, T lymphocytes 

isolated from the blood of WAS patients are abnormally prone to spontaneous in vitro 

apoptosis due to decreased Bcl-2 (100), or increased Fas levels (101).  

Despite the above information, the precise relationship between T cell abnormalities 

and WAS-associated immune deficiency, autoimmunity and cancer remains to be 

elucidated. 
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Figure V: Mechanisms of WASp recruitment to the IS in T lymphocytes.  
A. Recruitment through WIP and Nck (58, 86, 89). B. Recruitment through PSTPIP1, CD2AP 
and CD26 (69, 85). SH2 and SH3 domains are indicated by “2” and “3”, respectively. P 
indicates phosphorylation. Modified from Burns et al (102).  
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2.4.3. B Lymphocytes  

WAS is also characterized by impaired humoral immunity. Indeed, WAS patients 

often have elevated IgA and IgE titers. Serum IgM levels are decreased in some 

patients, but in other ones they are elevated and predict a poor prognosis (24). In 

addition, WAS patients present a specific defect in the production of Abs against 

polysaccharide antigens (14).  

In contrast to what observed in T lymphocytes, activation of WASp-deficient B 

lymphocytes can occur normally. Indeed, measurements of calcium fluxes after BCR 

engagement highlighted a mild defect in WASp-deficient EBV-transformed B cell 

lines (103), but not in primary B cells isolated from WAS patients (104). Moreover, B 

cells isolated from was-/- mice did not show any activation defect (49, 50). In addition, 

in vitro immunoglobulin class-switching (32, 105) and presentation of soluble 

antigens (35) do not appear to depend on WASp.  

On the other hand, WASp-deficient B cells show alterations of the cytoskeleton (32, 

106) likely due to defective F-actin nucleation (107), impaired cell polarization (32, 

106), decreased chemotaxis in vitro (32), and decreased homing to B cell areas in the 

spleen in vivo (32). In addition, an abnormal splenic architecture characterized by 

involution of T and B cell areas, and marginal zone, has been described in both was-/- 

mice (32) and WAS patients (108). Germinal centre reaction can also be impaired 

(32). This finding is in agreement with the observation that WAS patients may have 

an increased proportion of circulating germinal centre precursors, and a decreased 

percentage of CD27+ post-germinal centre B cells (105).  

WAS patients may also suffer from B cell lymphopenia (105). The underlying causes 

are unknown, but increased spontaneous apoptosis of WASp-deficient B lymphocytes 

might cause peripheral destruction (100). In contrast with this hypothesis, two recent 

studies performed in was-/- mice clearly indicate a role for WASp in peripheral 

homeostasis of mature B cell subsets rather than in apoptosis (109). Alternatively, B 

cell ontogenesis might be affected by the absence of WASp.  

In conclusion, B cell intrinsic defects may act in concert with defective T cell help to 

generate the impaired humoral immunity observed in WAS patients.  
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2.4.4. Natural Killer lymphocytes  

The high susceptibility of WAS patients to viral infections and lympho-reticular 

malignancies suggests an impairment of NK cell-mediated cytotoxicity and immune 

surveillance.  

Even though WAS patients have a normal or increased percentage of circulating NK 

cells (30, 31), these cells have a reduced ability to form conjugates, and fail to 

polarize actin towards the target cells in vitro. Consequently, both direct and CD16-

mediated cytolysis (a model of ADCC) are impaired (30, 31). In addition, secretion of 

GM-CSF is defective in WASp-deficient NK cells (77).  

WASp is physiologically recruited to the contact area between NK cells and their 

targets (the lytic synapse) (31), and is activated by GTP-CDC42 and by tyrosine 

phosphorylation after CD16 or β2-integrin engagement (30). WASp deficiency in NK 

cells alters significantly the molecular composition of the lytic synapse, and delays 

the nuclear translocation of NFκB and NFAT-2 (77).  

In addition, defects in other cell types can contribute to the dysfunction of NK cells in 

WAS patients. To this regard, it has been demonstrated that in vitro lytic activity of 

NK cells isolated from WAS patients can be rescued by treatment with exogenous IL-

2 (30), leading to the hypothesis that impaired IL-2 production by WASp-deficient T 

cells might play a role in overall NK cell dysfunction in WAS. Moreover, it has been 

shown that was-/- mature DCs are unable to activate NK cells in vitro (110). 

Therefore, WASp deficiency triggers mechanisms intrinsic or extrinsic to NK cells, 

which can cooperate in causing the profound impairment of NK lymphocyte function 

observed in WAS patients.  

 

2.4.5. Myeloid cells  

Defects in myeloid cell functions, such as pathogen clearance and antigen 

presentation, can contribute to the immunodeficiency in WAS patients.  

WASp absence impairs F-actin reorganization and polarization of monocytes (111), 

macrophages (112), and DCs (113), leading to defects in directional chemotaxis in 

vitro. In macrophages and DCs, migration depends on the formation of podosomes, 

peculiar cell adhesion structures characterized by an actin core surrounded by an 

integrin ring. WASp localizes to podosomes through WIP (54), and is absolutely 
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required for their formation (114).  

WASp is also key for efficient phagocytic cup formation in human macrophages, and 

its deficiency impairs the uptake of opsonised bacteria and apoptotic cells (33, 34, 

115).  

Impaired DC function in the absence of WASp can result in defective priming of T 

cells. Indeed, studies on was-/- mice have shown that was-/- DCs home inefficiently to 

secondary lymphoid organs (116) and cause defective in vivo priming of CD4 and 

CD8 T cells (117, 118). Moreover, was-/- DCs are impaired in presenting particulate 

antigens to T cells in vitro (35). In addition to the above findings, in vitro activation of 

NK lymphocytes by was-/- DCs is inefficient (110).  

WASp is also key for neutrophil function, as testified by defective cell adhesion, 

migration, and oxidative burst in WASp-deficient neutrophils activated through the 

β1, β2, and β3 integrins (36). In a separate study, defective phagocytosis of yeast 

zymosan particles by was-/- granulocytes has been observed (49). WASp is also 

required for mast cell degranulation and cytokine production after FcεRI engagement 

(119).  

In conclusion, the defects described above are likely to impair pathogen recognition 

and clearance, which in turn may contribute to WAS-associated immunodeficiency, 

chronic inflammation, and development of autoimmunity.  

 

2.4.6. Megakaryocytes and platelets  

Platelet defects are observed in all WAS patients irrespectively of the severity of the 

mutation, likely as a consequence of specific protein instability and degradation (13). 

Whether thrombopoiesis is defective in WAS patients is still a matter of debate. 

Indeed, the number of megakaryocytes in the bone marrow of WAS patients is 

generally normal (4, 14), and defective proplatelet production by megakaryocytes 

derived from WAS patients was reported in one study(15), but excluded by another 

one (16). To be efficiently released into the blood stream, platelets must be generated 

in close proximity to, or even within, the blood vessels in the bone marrow. In 

contrast, a recent study reported that platelets are ectopically released and accumulate 

within the bone marrow stroma of was-/- mice, because was-/- megakaryocytes lack 

negative regulation of proplatelet formation by the collagen receptor α2β1 integrin 
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(17). This aspect might contribute to defective platelet release in the circulation, but 

awaits confirmation on human samples.  

Peripheral destruction of platelets by the reticulo-endothelial system is thought to play 

a major role in the pathogenesis of the thrombocytopenia. Indeed, the half-life of 

WASp-negative platelets is decreased (14, 18, 19, 42), the frequency of platelets co-

localizing with macrophages in the spleen of WAS patients is abnormally high (20), 

and splenectomy can ameliorate WAS-related thrombocytopenia (23). However, how 

WASp regulates platelet lifespan is largely unknown. Since platelet-associated IgG 

have been found in some but not all patients (4), it is likely that the general cause of 

thrombocytopenia is not related to autoreactive antibodies-dependent elimination. To 

this regard, it has been reported that platelets isolated from WAS patients abnormally 

expose at their surface the phospholipid phosphatidylserine (PS), a signal for 

engulfment by macrophages. The underlying mechanism has not been investigated yet 

(20).  

Platelet function is also dependent on WASp. Indeed, WAS patients with normal 

platelet counts after splenectomy are not completely protected from hemorrhages 

(23). In platelets, WASp is activated by phosphorylation after engagement of the 

collagen receptor GPVI (120). In addition, WASp-null platelets show impaired 

activation after thrombin stimulation (22), and decreased adhesion to fibrinogen 

through the αIIbβIII integrin (25). Nonetheless, defective in vitro aggregation of 

platelets isolated from WAS patients is an inconsistent finding (14, 18, 120, 121).  

Therefore, despite intensive research, the cellular mechanisms causing 

thrombocytopenia and platelet dysfunction in WAS patients are still largely unknown.  
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2.5 INVARIANT NATURAL KILLER T (iNKT) CELLS 
 
 

2.5.1 Identification of invariant Natural Killer T (iNKT) cells  

Invariant Natural Killer T (iNKT) cells are narrowly defined as a T cell lineage 

expressing NK lineage receptors, including CD161 in human and its murine 

homologue NK1.1 in the C57BL/6 background, in addition to semi-invariant CD1d-

restricted αβ T cell receptors (TCRs) (122). 

Several lines of research indicated NKT cells as a separate lineage of T lymphocytes. 

The first observation included the identification of a canonical Vα14-Jα18 

rearrangement in a set of hybridoma derived from mouse KLH (keyhole limpet 

hemocyanin)-specific suppressor T cells (123-125), and later in cDNA extracted from 

lymphoid organs of unimmunized mice (126, 127). In parallel, other independent 

studies leaded to the identification of a murine CD4-CD8- double negative T cell 

subset with a Vβ8 usage bias (128, 129) and of a recurrent Vα24Jα18 rearrangement 

in human DN peripheral blood lymphocytes (130, 131). These observations were 

pieced together when a subset of CD4 and DN IL-4 producing thymocytes co-

expressing NK lineage receptors was independently identified and shown to express a 

biased set of Vβ8, Vβ7 and Vβ2 TCR β chains (132-135) combined with a canonical 

Vα14-Jα18 chain in mouse (136), and with the homologous Vα24-Jα18/Vβ11 pair in 

human (136, 137).  

The finding that mouse and human NKT cells were autoreactive to cells expressing 

CD1d (137-140), a member of the CD1 family of MHC-like molecules, completed the 

initial characterization of this lineage and raised new question regarding their 

specificity, development and function.   

 

2.5.2 Distinctive features of iNKT cells 

One of the most important features distinguishing iNKT cells from conventional T 

cells is the TCR composition, which is semi-invariant in mouse and invariant in 

human (122). More than 80% of these TCR are Vα14-Jα18/Vβ8, Vβ7 and Vβ2 in 

mouse (or Vα24-Jα18/Vβ11 in human), while the remaining 20% represents a 
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collection of rare Vα3.2-Jα9/Vβ8, Vα8/Vβ8 and other TCRs (141, 142). Although 

both the Vα14 and the non-Vα14 iNKT cells exhibit autoreactivity to CD1d 

expressing cells, particularly thymocytes, their antigen specificity does not overlap. 

Thus, mVα14 and hVα24 iNKT cells, irrespective of their Vβ-Dβ-Jβ chain usage, 

recognize a marine sponge-derived α−GalactosylCeramide (αGalCer) (143, 144) and 

closely relate microbial α-glycuronylceramides (145-147), as well as the self-antigen 

isoglobotrihexosylceramide (iGb3) (148). In contrast, the self and foreign antigens 

recognized by non-Vα14 NKT cells remain to be identified. Thereon I will focus on 

the canonical mVα14 and hVα24 iNKT cells, which I will simply refer as iNKT cells, 

because they are the best-characterized elements of the NKT cell family. Indeed the 

generation of αGalCer loaded CD1d tetramers (149), the golden tool for iNKT cell 

detection, allowed the achievement of new important findings in iNKT cell biology. 

 Many iNKT cells in human and mice express CD161, a cell surface molecule usually 

observed on NK cells that correspond to the NK1.1 antigen, and that is the reason 

why they are referred as Natural Killer T cells. Nevertheless not all αGalCer/CD1d 

tetramers+ T cells express CD161 (150). Murine and human iNKT cells express 

additional receptor commonly found in NK cells.  iNKT cells in C57/BL6 mice 

express intermediate level of IL-2 receptor β (CD122). Moreover the expression of 

the inhibitory NK receptor Ly49A and Ly49G2 has been reported on iNKT cells 

(151), as well as the expression of other NK markers as NKG2D and DX5 (CD49b) 

(122, 152). 

A striking feature of most murine and human iNKT cells is their expression of marker 

associated with recently activated or memory T cells. In mice, most iNKT cells are 

CD44hiCD69intCD45RhiBCD62LloCCR7neg, while in humans CD45RO+CD45RA-

CD25+CD62L-CCR7-, and only 5%-15% express CD69 (153-155). Interestingly, 

iNKT cells in human cord blood and in germ-free mice display this activated/memory 

surface phenotype, suggesting that previous exposure to foreign microbial antigens is 

not the reason for this phenotype and that stimulation by CD1d-presented self ligands 

is likely to be sufficient (154-156). 

In addition iNKT cells in mice, and to a lesser extent in humans, express intermediate 

levels of TCR at the cell surface, which may be the consequence of continuous low-
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level TCR stimulation provided by recognition of self antigens that are constitutively 

presented by CD1d (150). 

Based on CD4 expression, two different iNKT cell subset, with different functional 

properties, surface markers expression and tissue distribution, can be distinguished: 

the CD4+CD8- (CD4+) and the CD4-CD8- (double negative, DN) iNKT cells (157). In 

general, in mice the majority of iNKT cells is CD4+, while in humans a mean of 50% 

of αGalCer/CD1d tetramers+ T cells is CD4+, with high donor-to-donor variability 

(150). However a depth analysis of different subsets revealed marked differences in 

tissue distribution and cytokine production. For instance whereas CD4+ iNKT cells 

represent the major subset in thymus, spleen and liver, they are a relatively minor 

subset in lymph nodes and bone marrow (157). In human, but less clearly in mice, this 

classification provides an important functional distinction, since CD4+ iNKT cell 

make both Th1 and Th2 cytokines, whereas CD4- iNKT cells mainly make Th1 

cytokines (158). 

 

2.5.3 Tissue Distribution and Localization of iNKT cells 

In mice, αGalCer/CD1d tetramers+ T cells are approximately 0.5-1% in thymus, 1-2% 

in spleen, 0.5% in lymph nodes, 10-50% in liver, 0.5% in bone marrow and 1% of 

intestinal intraepithelial lymphocytes (IEL) of the total lymphocytes per organ (149, 

159). In humans, iNKT cells account for a mean of 0.2% of peripheral blood T cells, 

as determined by the use of both Vα24Vβ11 antibodies and αGalCer/CD1d tetramers 

(131, 158). Moreover the number of iNKT cells in human liver is lower than in the 

murine counterpart.  

Many iNKT cells display chemokine receptor and homing molecule profiles which 

are more similar to those of effector (memory) T cells than naïve T cells. For instance 

in humans the majority of iNKT cells express CCR5, CXCR3 and CXCR6, 

chemokine receptors associated with Th1 responses and migration to sites of 

inflammation. Only a small fraction of human iNKT cells express CCR7 and no 

circulating iNKT cells express CXCR5, receptors required for migration into T and B 

cell zones of lymphoid organs (158, 160, 161). In mice most iNKT cells express 

CXCR3 and migrate robustly to MIG/CXCL9. Although a large proportion of murine 

iNKT cells express also the chemokine receptor CXCR6, they weakly migrate to the 
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CXCR6 ligand (CXCL16) (162). Their expression of CXCR6 matches the expression 

of CXCL16 on the endothelial cells lining the liver sinusoids and appears to be 

important for survival rather than for migration to the liver (163). 

Only murine splenic NK1.1- iNKT cells, considered immature cells recently released 

from the thymus (164, 165), migrate in response to the CCR7 ligand 

SLC/CCL21(162). Interestingly only iNKT cells from the spleen, but not liver, 

migrate in response to the CXCR5 ligand BCA-1/CXCL13, suggesting that these cells 

could be recruited to B cell-rich areas in the spleen and thus modulating the follicular 

B cell responses (162).  

Only a small fraction of human and murine iNKT cells expresses high level of L-

selectin (CD62L), that would allow entry into secondary lymphoid organs via high 

endothelial venules (HEVs), suggesting that iNKT cells recirculate through peripheral 

tissue and enter lymph nodes most likely through the afferent lymphatics rather than 

HEVs (150).  

Moreover CD4+ and DN iNKT cell subsets can present differences in chemokine 

receptor expression (160, 161) and in chemotactic responses (162), indicating that 

they may be recruited to different sites. 

 

 

2.5.4 Ligands of iNKT cells 

There is nowadays a general consensus that CD1d, like other CD1 family members, 

evolved to present lipid to T cells (150). However the nature and the source of the 

various lipids naturally binding to CD1d remain poorly elucidated. 

Kirin Pharmaceuticals identified the first ligand of iNKT cells during a screening for 

the identification of antitumoral compounds. During this study, they found that 

extracts from the marine sponge Agelas mauritianus prolonged the survival of mice 

bearing B16 melanoma (166). The active principle was an α-branched 

galactosylceramide and it was slightly modified to produce the compound commonly 

known as αGalCer (Figure VI) (167). The lipid nature of this compound was 

demonstrated to induce a strong CD1d-restricted and TCR-dependent activation of 

iNKT cells (143). 
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The αGalCer structure resembles mammalian ceramides since it contains a 

sphingosine-like base, an amide linked acyl chain and an O-linked pyranose (Figure 

VI). However the anomeric carbon of the sugar is in the α-linkage to the oxygen, 

whereas in mammals the corresponding linkage is of the β-anomeric type (150). 

Although αGalCer has no physiological function in mammalian immunity, it has been 

broadly used as a tool to study iNKT cell activation. Irrespective of their variable 

CDR3 β sequence, most of mouse and human iNKT cells recognize αGalCer, and the 

mouse CD1d-αGalCer tetramers stain mouse, human and non human primate iNKT 

cells as well, providing a clear evidence of the high degree of conservation of this 

recognition system (144). 

Several independent groups reported that also some microbial glycolipid antigens 

could directly activate iNKT cells by engaging their invariant TCR. Indeed in 2005 

three reports described glycosphingolipid antigens from Sphingomonas spp, activating 

essentially all iNKT cells (figure VI) (145-147). Glycosylceramides from the cell wall 

of Sphingomonas spp display structural features similar to αGalCer, including the 

unusual α-linkage of the sugar to the sphingosine-containing lipid. They can bind 

CD1d and specifically activate mouse and human iNKT cells (145-147). Moreover 

direct recognition by the invariant TCR was confirmed by staining with CD1d 

tetramers loaded with glycosphingolipid from Sphingomonas spp. 

Glycosphingolipids expressed by another bacterium, the causative agent of Lyme 

disease Borrelia burgdorferi, can directly stimulate iNKT cells (168). However 

recognition of intact or heat-killed bacteria could not be demonstrated and only one 

isolate report has suggested defective bacterial clearance in vivo in mice lacking iNKT 

cells (169). 

In addition, various CD1d-expressing cell types can stimulate mouse and human 

iNKT cells at low-level, in the absence of foreign microbial antigens (137, 139, 170). 

This autoreactivity, together with the presence of IL-12 induced by TLR engagement, 

was shown to be required for iNKT cell activation during immune responses against 

Gram negative, LPS positive bacteria (145, 171). Moreover autoreactivity may 

explain the thymic development of iNKT cells (140), which includes an expansion 

phase following the positive selection (164) and the acquisition of a memory 

phenotype independent of microbial exposure or TLR signaling (156).  The 

endogenous glycosphingolipid iGb3 (Figure VI) induces a weak activation of mouse 
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and human iNKT cells upon presentation by DC or plastic-bound CD1d/iGb3 

preformed complexes (148, 172). iGb3 was hypothesized  to be the endogenous 

ligand essential for the positive selection of mouse iNKT cells in the thymus. Indeed 

mice deficient in the β-subunit of β-hexosaminidase, an enzyme involved in the 

metabolism of lysosomal glycosphingolipid including iGb3, exhibit greatly reduced 

frequency of iNKT cells (148). However a normal iNKT cell frequency was found in 

mice lacking iGb3 synthase (iGb3S), which had no detectable isoglobo-series (iGb3, -

4, and-5) (173), suggesting that the loss of iNKT cells in the previous model probably 

results from lipid storage alterations per se rather than the specific absence of iGb3.  

Further studies will be required to unravel the identity of the endogenous ligand/s 

involved in iNKT cell positive selection and peripheral activation. 
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Figure VI: Self and microbial glycosphingolipid ligands (GSL) of NKT cells.  
A. Marine sponge αGalCer (KRN7000) with carbon atom number assignments on 
sphingosine (C), acyl (C’), and carbohydrate (C’’). B. Sphingomonas GSL-1 through GSL-4. 
C. Mammalian isoglobotrihexosylceramide (iGb3), or Galα1,3Galβ1,4Glcβ1,1Cer. Note that 
the proximal glucose of the mammalian glycosphingolipid has a β-anomeric linkage to 
ceramide, in contrast with the α-branched galactose of αGalCer or glucuronyl of 
Sphingomonas GSLs. Modified from Bendelac et al (122). 
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2.5.5 Cell biology of lipid presentation by CD1d 

CD1d is constitutively expressed by APCs. In fact DCs, macrophages and B cells (in 

particular marginal zone B cells) express CD1d at high level (174, 175).  

Also cortical thymocytes express CD1d, and this expression is mandatory for the 

development of iNKT cells (140). Moreover CD1d is expressed on hepatocytes, 

Kupffer and endothelial cells lining liver sinusoids, where iNKT cells are most 

abundant in mice (163). However in the liver CD1d expression is not required for 

iNKT cell homing (176). In addition, similar to the MHC class II molecules, most 

other solid tissue cells and non-antigen-presenting hematopoietic cells express low or 

undetectable levels of CD1d.  

Within the lumen of the endoplasmic reticulum (ER), newly synthesized CD1d 

molecules interact with the chaperone proteins calnexin, calreticulin and the thiol 

oxidoreductase ERp57 (177), which are involved in the association of CD1d with β2-

microglobulin (β2-m). CD1d molecules can traffic to the cell surface in the absence of 

β2-m. Mutation analysis revealed that the loss of glycan-2, at the interface between 

CD1d and β2-m, results in faster CD1d egress from the ER and reduced stability at 

the cell surface (178). Supporting the hypothesis that lipid ligand binding to CD1d can 

occur in the ER, it was shown that CD1d molecules engineered to be retained in the 

ER bound phosphatidylinositol (179).  

From the ER, CD1d molecules traffic to the cell surface through the secretory 

pathway before being reinternalized into the endo-lysosomal compartment. This 

recycling between the plasma membrane and the endo-lysosomal compartment is 

dependent on a tyrosine motif encoded in the CD1d cytoplasmic tail (180, 181). The 

tyrosine motifs allow CD1d to bind to the specific adaptors protein (AP) complexes 

AP-2 and AP-3, which in turn direct CD1d trafficking. The intracellular localization 

of human CD1d is different in mice and in humans: although both are found within 

early and late endosome as a result of binding AP-2, murine CD1d also binds AP-3, 

explaining why most murine CD1d molecules are found within lysosome (182-184).  

Mutations or deletions of the cytoplasmic tail motif and modifications of CD1d 

trafficking to acidified lysosomes in mice with a defect in AP-3 impair antigen 

presentation and iNKT cell development (180, 185, 186), indicating the importance of 

trafficking within endosome and lysosome for the presentation of endogenous ligand 
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and, consequently, the thymic generation of iNKT cells. See figure VII for an 

overview of CD1d trafficking. 

A number of endosomal proteins are involved in the processing and loading of 

glycolipids onto CD1d molecules (187). These proteins include saposins, Niemann-

Pick type C2 (NPC2) protein, and microsomal triglyceride transfer protein (MTP). 

Saposins A, B, C, and D are produced from the proteolytic cleavage of prosaposin 

within the endosome. Prosaposin-deficient mice have defective iNKT cell 

development and reduced ability to process and present glycolipid antigens (188). 

Loading of human CD1d with αGalCer in the absence of saposins is similarly 

impaired (189). Individual saposins differ in their ability to load particular lipid, 

indeed saposin B is the most efficient of the saposins in transferring glycolipids onto 

CD1d for presentation. Mice lacking the NPC2 protein, a lysosomal lipid transfer 

protein, have impaired presentation of glycolipids and impaired selection of iNKT 

cells in the thymus (190). It was shown that NPC2 dimers can bind iGb3 and facilitate 

its loading onto CD1d molecules.  Finally MTP, another lipid transfer protein 

expressed in the ER was found to co-precipitate with CD1d and genetic or drug-

induced inhibition of MTP was associated with defect in lipid antigen presentation. 

Interestingly a recent report from Im J.S. and colleagues demonstrated that not all the 

glycosphingolipid antigens display the same requirement for endosomal loading 

(191). Indeed they found that αGalCer analogues, able to induce biased Th2 cell type 

responses, were presented with rapid kinetics and without a requirement for 

intracellular loading of CD1d, apparently as a result of their ability to rapidly 

associate with CD1d molecules directly at the cell surface. This was in marked 

contrast to classical αGalCer, which underwent intracellular loading and was 

presented more slowly. 
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Figure VII: Intracellular trafficking of CD1d.  
Newly synthesized CD1d molecules may or may not assemble with β2-microglobulin in the 
ER, acquire self-lipids (open circle with zigzag tail), and traffic to the plasma membrane 
along the secretory route. CD1d molecules are internalized from the plasma membrane and 
traffic through the early and late endosomal compartment and are delivered to lysosomes in 
an AP3-dependent manner. CD1d then acquires distinct self-lipid antigens (filled circle and 
zigzag tail) in late endosomal/lysosomal compartments. Human CD1d traffics mainly in early 
and late endosomes but not in recycling endosomes and only partially localizes in lysosomes. 
Moreover human CD1d does not associate with the adaptor protein AP3. Modified from Brigl 
and Brenner (150). 
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2.5.6 iNKT cell development 

For many years the developmental origin of iNKT cells was a matter of debate (152). 

Although iNKT cells are present in the thymus, their origin has remained 

controversial mostly because these cells were first identified by using surrogate 

markers such as NK1.1, which are also expressed by other cells. 

Some studies suggested that iNKT cells develop very early in ontogeny, 

independently from the thymus, and before the appearance of conventional T cells 

(192, 193). However, there are now compelling evidences that iNKT cells are a 

thymus-dependent population. Indeed they are absent in nude mice (165, 194); do not 

develop in thymectomized mice (195-197) and are detectable in the thymus shortly 

later than other T-cell subsets (164, 165, 198-200).  

Different models that explained the basis of the iNKT cell lineage were initially 

hypothesized (150). The “committed precursor” model suggests that iNKT cells 

originate from precursors committed prior to T cell receptor (TCR) expression. On the 

contrary the “selective” model proposes that the development of iNKT cells is a 

selective event stemming from the random production of a TCR that recognize CD1d 

(152). Convincing evidences support the last model. Indeed although iNKT cells 

always express the invariant TCR Vα14-Jα18 chain (136), their non-transcribed 

TCRα allele shows clear evidence of random recombination (201). Furthermore, 

although the complementarity-determining region 3 (CDR3) of the α-chain is 

invariant at the aminoacid level, this is not the case at the nucleotide level, in which 

non-templated nucleotide additions contribute to the invariant amino-acid sequence 

(136). 

It is so far commonly accepted that iNKT cell lineage in mice branches from the 

developmental pathway of conventional T cells at the CD4+CD8+ DP stage (200, 202, 

203) (Figure VIII). This event occurs when DP thymocytes, bearing the randomly 

generated TCR of iNKT cells, undergo to positive selection (152). The positive 

selection of iNKT cells requires their ligation to endogenous glycolipid antigens 

presented by CD1d on DP cortical thymocytes. This was shown using bone marrow 

chimeras or transgenic restoration of CD1d expression in CD1d-/- mice, to restrict the 

expression of CD1d to the hematopoietic or stromal compartment of mice. iNKT cells 

were selected only when CD1d was expressed by hematopoietic cells, and more 
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specifically by DP thymocytes (140, 176, 196). Of note the presence of CD1d alone is 

not sufficient to sustain iNKT cell selection. In fact several studies have shown that 

CD1d also needs to be able to recycle through the intracellular endo-lysosomal 

pathway (122). In the absence of this trafficking CD1d can be expressed on the cell 

surface, but iNKT cell selection is absent or deeply impaired. This finding strongly 

suggest that iNKT cell selection requires CD1d to be loaded with an endogenous 

endosome- or lysosome-derived antigen(s). 

An interesting issue about the positive selection of iNKT cells is related to their 

biased usage of TCR Vβ chains (Vβ8, Vβ7 and Vβ2 in mice, Vβ11 in humans). 

Indeed it is tempting to speculate that it is caused by the inability of the invariant Vα 

chain to pair with other Vβ chains. However a recent study on TCR transgenic CD1d-

/- mice revealed that the invariant Vα14-Jα18 TCR could paired with many different 

Vβ chains (204). By contrast the Vβ8.2, Vβ7 and Vβ2 chains were required for the 

recognition of iGb3, suggesting that the selecting glycolipid antigen determines the 

TCRβ usage. Even among the selected Vβ chains some appear to confer higher 

affinity for antigen presented by CD1d. Indeed Vβ8.2 is expressed by the majority of 

iNKT cells and provides the highest affinity for αGalCer-CD1d recognition (205) 

whereas Vβ7+ iNKT cells  are preferentially selected under competitive conditions (in 

CD1d+/- mice) and preferentially expanded by DP thymocytes unpulsed (presumably 

presenting an undefined self-antigen) or pulsed with iGb3 (206). 

Some evidences suggested that iNKT cells, as conventional T cells, might be 

susceptible to negative selection. Supporting this hypothesis αGalCer administration 

during iNKT cell development abrogated in vitro or in vivo iNKT cell development 

(207, 208). In addition, even in the absence of exogenously added ligands, over-

expression of CD1d on DCs prevents iNKT cell development (207). These data 

indicate that the avidity for a self-ligand presented in the context of higher levels of 

CD1d hampers iNKT cell development. Nevertheless, up to now, there is no direct 

demonstration of the deletion of iNKT cell precursors and no CD1d tetramer positive 

iNKT cell subset has been directly shown to be susceptible to negative selection. 

The developmental stages of mouse iNKT cells can be followed based on CD24, 

CD44 and NK1.1 expressions (122, 152) (Figure VIII). The first detectable stage of 

iNKT cell development (Stage 0) has a CD24high phenotype and includes a  



  43 

 
Figure VIII: Developmental pathway of murine iNKT cells.  
NKT cell precursors diverge from mainstream thymocyte development at the CD4+CD8+ 
double-positive (DP) stage. Upon expression of their canonical TCRα chain, which requires 
survival signals induced by RORγt, NKT cell precursors interact with endogenous agonist 
ligands such as iGb3, presented by CD1d expressed on other DP thymocytes in the cortex. 
Accessory signals provided through homotypic interactions between SLAM family members 
recruit SAP and Fyn to activate the NF-κB cascade. DP precursors downregulate CD8 to 
produce CD4+ cells, and a subset later downregulates CD4 to produce CD4−CD8− double-
negative (DN) cells. Unlike mainstream T cells, NKT cell precursors undergo several rounds 
of cell division and acquire a memory/effector phenotype prior to thymic emigration. 
Acquisition of NK lineage receptors, including NK1.1, occurs after emigration to peripheral 
tissues, except for a minor subset of thymic NKT cell residents. The transcription factor T-bet 
is required for induction of the IL-15 receptor β chain and survival at the late-memory and 
NK1.1 stages. EC, epithelial cell; DC, dendritic cell. Modified from Bendelac (122). 
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CD4intermediateCD8intermediate DP stage, followed by a CD4highCD8neg stage. These 

developmental intermediates immediately follow positive selection, as they express 

CD69 and are not found in the thymus of CD1d-/- mice. However at Stage 0 iNKT 

cells are present at very low frequency (10-6), they are small and apparently non 

dividing, suggesting that the extensive post-selection expansion of iNKT cells occurs 

later in the development (198). As cells progress in the maturation, they down-

regulate CD24 becoming CD24low. Three more developmental stages of CD24low 

iNKT cells have been described: a CD44lowNK1.1neg stage (Stage 1), followed by a 

CD44highNK1.1neg stage (Stage 2) and finally by the mature stage CD44highNK1.1pos 

(Stage 3) (122, 164, 165). This sequence is characterized by a massive cellular 

expansion between Stage 1 and Stage 2 (122). Furthermore during these stages a DN 

population arises by down regulation of CD4, as shown in cell transfer experiments 

(198) and by genetic fate mapping in ROSA26R reporter mice crossed to CD4-cre 

deleter mice (202). However little is known about the precise timing of this branch 

point because DN iNKT cells can be found within both immature (NK1.1-) and 

mature (NK1.1+) iNKT cell subsets (165, 198), although in mice most DN iNKT cells 

are immature.  

Most of CD44highNK1.1neg iNKT cells leave the thymus and migrate to peripheral 

tissue, where they stop proliferating and rapidly express NK1.1 and other NK lineage 

receptors (164, 165, 209). Indeed it was unexpectedly found that the most recent 

thymic emigrant iNKT cells do not express NK1.1 (164, 165), which implies that the 

final developmental step can take place in the thymus or in periphery. Moreover, 

confirming the precursor status of NK1.1- cells, adoptively transferred NK1.1- iNKT 

cells could progress to NK1.1+ stage but not vice versa (164, 165, 199). Interestingly, 

some CD44highNK1.1neg iNKT cells do not migrate to the periphery but undergo to 

further maturation inside the thymus, where they become long-term resident cells 

(210). It still remains unclear why the majority of immature iNKT cells are exported 

to the periphery, since a fraction of iNKT cells can complete the maturation in the 

thymus. A possible explanation of this phenomenon derives from a recent study, 

which suggests that peripheral NK1.1- cells could be a peculiar mature iNKT cell 

subset, rather than a developmental phase. In fact, using adult thymectomized mice, it 

has been shown that the size of peripheral NK1.1- cells is maintained independently 

from thymic export (211). 
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The iNKT cell developmental stages are associated with sharply defined functional 

changes. Thus CD44lowNK1.1neg iNKT cells display a Th2 cytokine profile, since they 

produce exclusively IL-4 upon in vitro TCR triggering, whereas the CD44highNK1.1neg 

iNKT cells produce both IL-4 and IFN-γ and NK1.1+ mature iNKT cells produce 

more IFN-γ than IL-4 (164, 165). 

In humans the study of iNKT cell development was much more difficult than in mice, 

due to the lower frequency of human iNKT cells. Despite the paucity of information 

available on human iNKT cell development, it has been identified some interesting 

parallels with mice. In humans, as in mice, iNKT cells are a population of thymic 

origin, which migrate from the thymus to the periphery at the CD161low stage (212, 

213). However, in contrast to mice, only a minority of thymic iNKT cells expresses 

CD161, suggesting that in human the final step of maturation occurs in the periphery.  

 

2.5.7 Intracellular signaling pathway regulating iNKT cell development  

Over the past years, compelling evidences confirmed the hypothesis that the 

intracellular signaling requirements for iNKT cell development are different from 

those of mainstream T cells. This was expected because these two different T cell 

types are developmentally and functionally distinct. 

As discussed above, the interaction with CD1d is mandatory for iNKT cell positive 

selection in the thymus. However when CD1d is expressed exclusively by DP 

thymocytes, iNKT cell can pass through positive selection and migrate to the 

periphery in almost normal numbers, but less of these cells can upregulate the NK1.1 

maturation marker (176). In addition adoptively transferred NK1.1- iNKT cell were 

not able to complete their maturation when transferred in a CD1d-/- recipient (209). 

Together these findings indicate that, beside its role in positive selection, CD1d is also 

required for the final step of iNKT cell differentiation, which suggests that ongoing 

TCR ligation with CD1d is part of this process. 

Many players regulating iNKT cell development are molecules involved in the TCR 

signaling. iNKT cell are reduced in numbers and  present a more immature phenotype 

when they lack PKCθ, a signal transduction molecule playing an important role in the 

TCR induced NF-κB pathway (214). Thus, unlike conventional T cells, which do not 

require PKCθ for their development and maturation, the ontogeny of iNKT cells 
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requires PKCθ. 

Although the members of the nuclear factor-κB (NF-κB) family have been 

demonstrated to have a key role in thymic iNKT cell development (214-216), they 

seem to be dispensable for the ontogeny of conventional T cells. For instance mice 

expressing an IκBα (inhibitor of NF-κBα) dominant-negative transgene have almost 

no iNKT cells, revealing a fundamental defect at a very early stage (215). However 

NF-κB1 deficient mice have a less severe defect in the mature NK1.1+ iNKT cell 

compartment (215). Defects in alternative NF-κB pathways inhibit the development 

of iNKT cells with different extents according to which components are targeted. NF-

κB2 deficiency causes a two-three-fold reduction in iNKT cell pool (217). However, 

differently from NF-κB1, which is required in hematopoietic cells, NF-κB2 is 

required in radiation-resistant non-hematopoietic cells for a proper iNKT cell 

development (217). The NF-κB family member RelB is necessary in iNKT cell 

development, as demonstrated by the severe reduction (20 fold) of iNKT cells in RelB 

deficient mice (217) corresponding with a block in the earliest developmental stages. 

As for NF-κB2, RelB is required in radiation-resistant non-hematopoietic cells for a 

proper iNKT cell development (217). In addition a recent study provided evidences 

that also the NF-κB family member RelA, but not c-Rel, contributes to the regulation 

of iNKT cell development (218). 

Another TCR-induced signaling pathway involved in the regulation of earliest phases 

of iNKT cell development is that of calcineurin-NFAT-Egr2 (219). Anyway, 

differently from NF-κB, this signaling pathway is not selectively required by iNKT 

cells because the disruption of calcineurin B1 and NFAT target Egr gene affects also 

the development of mainstream T cells. 

Moreover the over-expression of BATF, an inhibitor of the TCR-induced 

transcriptional factor AP1, causes a decreased progression from developmental stage 

2 to stage 3, whereas it does not significantly alter conventional T cell development 

(220). 

A severe block in terminal iNKT cell maturation was observed in mice lacking T-bet, 

a transcriptional factor selectively expressed by Th1 but not Th2 cells via a 

combination of signaling from the TCR and the IFN-γ/STAT1 pathway (221, 222). 

When iNKT cells lack T-bet, they can upregulate CD44 but fail to express NK1.1 and 
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complete the maturation program (221). On the other hand normal iNKT cells 

upregulate T-bet during the progression from stage 2 to stage 3 of development (221). 

T-bet is strictly required by stage 2 iNKT cells to upregulate IL-15R, which in turn is 

necessary for IL-15 induced proliferation (221, 222). 

The Tec tyrosine kinase Itk, which is important in conventional T cells for the TCR 

induced Calcium flux generation and NFAT and AP1 activation, was also shown to 

regulate the generation of a normal pool of iNKT cells as well as the their final 

maturation steps (223).  

Furthermore, a crucial role in the regulation of mature NK1.1+ iNKT cell expansion is 

played by the costimulatory signal arising from B7-CD28 interaction (224, 225) and 

by the ICOS/ICOSL interaction (226). 

Besides requirement for TCR-induced signals, iNKT cell development is totally 

dependent on the signaling lymphocytic activation molecule (SLAM)-associated 

protein (SAP) (227, 228). Indeed iNKT cell development is completely abrogated in 

SAP deficient mice and strongly impaired in individuals suffering from X-linked 

lymphoproliferative syndrome (XLP), caused by mutation in SAP (227, 228). SAP 

signals downstream SLAM family of receptor and homotypic interaction between 

SLAM family members on iNKT cell precursors and DP thymocytes were shown to 

be required for the transition between positive selection and the subsequent expansion 

and differentiation of the NKT cell lineage (229). When SLAM molecule are engaged 

at the cell surface, SAP recruits Fyn, thus initiating signaling cascades leading to NF-

kB activation and inhibition of MAPK pathway (152). Of note also Fyn, which is a 

potent intermediate in the TCR-NF-κB pathway, is required for the development of 

iNKT cells (230, 231). 

Finally a proper iNKT cell development needs the IL-15 induced signaling (232). 

iNKT cells upregulate the expression of the IL-2/IL-15 receptor β chain (CD122) as 

they progress from the NK1.1- to the NK1.1+ stage in the thymus. However IL-15, but 

not IL-2, is involved in this late developmental stage. In addition IL-15 is crucial for 

normal iNKT cell turnover and homeostasis (232). 

The most representative signaling pathways, which control iNKT cell development, 

are depicted in Figure IX. 
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Figure IX: Intracellular signaling pathways that regulate iNKT cell development. 
iNKT cell selection and maturation requires a range of signaling events that are not essential 
for conventional T-cell development, in addition to factors that are common to both T-cell 
and NKT-cell development. The unique signaling requirements of iNKT cells are not fully 
understood, but the three main intrinsic pathways that link most of the known mutants that 
affect NKT-cell development are depicted. These include the SLAM–SAP–FYN pathway, the 
T-cell receptor (TCR)-signaling cascade (particularly the classical nuclear factor-'B (NF-'B) 
pathway) and the interleukin-15 (IL-15) pathway. 
AP1, activating protein 1; γc, common cytokine-receptor γ-chain; DOK, docking protein; 
IκBα, inhibitor of NF-κBα; IKK2, IκB kinase 2; JAK, Janus kinase; MAPK, mitogen-
activated protein kinase; PKCθ, protein kinase Cθ; RASGAP, RAS GTPase-activating 
protein; SAP, SLAM-associated protein; SHIP, SRC-homology-2-domain-containing 
inositol-5- phosphatase; SLAM, signaling lymphocytic activation molecule; STAT, signal 
transducer and activator of transcription; ZAP70, ζ-chain associated protein kinase of 70kDa. 
Modified from Godfrey and Berzins (152). 
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2.5.8 Activation and effector functions of iNKT cells 

Most of the information on the mechanisms leading to iNKT cell activation derives 

from studies based on the usage of the agonist αGalCer. The events required for 

αGalCer-induced activation involve TCR ligation by the αGalCer/CD1d complex on 

APC (e.g. DCs) and interaction of costimulatory molecules, resulting in cytokine 

secretion and increased CD40L expression on iNKT cells (233). In mice, iNKT cells 

constitutively express CD28, and its interactions with B7.1 and B7.2 increase IL-4 

and IFN-γ secretion upon TCR triggering (234, 235). Through CD40/CD40L 

interaction and IFN-γ stimulation, DCs are then activated (233, 236, 237). During this 

cross talk, activated DCs upregulate CD40, B7.1 and B7.2 and produce IL-12, 

enhancing iNKT cell activation and cytokine production (233, 237). Indeed iNKT 

cells constitutively express IL-12R, and its expression is upregulated in an IL-12 and 

IFN-γ dependent manner (233, 238). Although IL-12Rβ2 expression on iNKT cells 

and CD40 expression on APC are not required for the immediate IL-4 and IFN-

γ production by iNKT cells, following stimulation, IL-12 produced by DCs can in turn 

amplify iNKT cell activation and increase their IFN-γ secretion (233, 235, 237, 239). 

However, since αGalCer is neither a microbial nor a self natural antigen of iNKT 

cells, other mechanisms of iNKT cell activation were unraveled in the last years. As 

in the case of αGalCer, some microbial glycosphingolipid antigen (e.g. 

glycosphingolipid from Sphingomonas spp. and galactosyl-diacylglicerols from 

Borrellia burgdorferi) can be presented by CD1d and directly activate iNKT cells by 

engaging their TCR (240) (Figure X). TLR-mediated DC activation, inflammatory 

cytokines as IL-12 or recognition of endogenous antigen are not involved in this 

response (240). However it has been described also the existence of indirect activation 

mechanisms, which do not depend on iNKT cell recognition of microbial antigens. 

For instance, as demonstrated for Salmonella typhimurium, iNKT cells can be 

activated by the combination of IL-12 produced by LPS stimulated DCs and 

recognition of endogenous antigen presented by CD1d (171, 240). In addition, another 

mechanism of indirect iNKT cell activation was shown in a study of the response to 

Schistosoma mansoni (240, 241). Indeed Schistosoma mansoni egg sensitized-DCs 

induce IFN-γ and IL-4 production by iNKT cells. In this response, TLR-mediated 

activation of DCs is not involved, whereas recognition of endogenous antigen is 
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required. Finally, it recently emerged a third indirect activation mechanism based on 

IL-12 and IL-18 production by LPS-activated DCs (242). This mechanism does not 

require endogenous antigen presentation by CD1d. iNKT cell activation mechanism 

are represented in Figure X. 

 In mice and humans iNKT cells secrete large amounts of IFN-γ, IL-4, IL-2, IL-5, IL-

10, IL-13, GM-CSF and TNF-α within minutes after TCR stimulation (158, 234, 

243), a property that distinguishes these cells from conventional T cells that acquire 

their ability to secrete cytokine after primary stimulation. IL-4 and IFN-γ protein can 

be detected in activated, but not in resting iNKT cells (149). However abundant 

mRNA transcript for IL-4 and IFN-γ are present in resting iNKT cells (244, 245). 

Indeed iNKT cells activate IL-4 and IFN-γ transcription already during thymic 

development and this constitutive cytokine mRNA expression may allow the rapid 

cytokine production and secretion. In addition to the prompt cytokine secretion, iNKT 

cells have a strong cytolitic activity as they release perforin and granzymes and 

express membrane-bound members of the TNF family (150). 

iNKT cells show a very peculiar kinetics of cytokine production and expansion upon 

activation (246). In fact, as demonstrated by αGalCer in vivo administration, shortly 

after their activation, iNKT cells produce mainly IL-4. Anyway at later time points 

cytokine production shifts toward a Th1 profile. Within two hours from the activation, 

iNKT cells start to downregulate their TCR as well as NK1.1 marker. TCR 

downregulation reaches the peak after 8-12 hours from stimulation but after 24 hours 

TCR is upregulated and iNKT cells can be detected again by flow cytometry (246). 

As consequence of their activation, iNKT cells undergo to a robust cellular expansion. 

This expansion peaks at day three upon αGalCer administration and it is follows by a 

contraction phase after 7-14 days (246). 

Thanks to their ability to upregulate costimulatory molecules and to produce 

cytokines, iNKT cells can give rise to a network of activation involving cells from 

innate and adaptive immune system compartment. For instance IFN-γ and IL-2 

produced by iNKT cells, in combination with IL-12 produced by DCs can lead to 

activation of NK cells and memory CD4+ and CD8+ T cells (247-250). This activation 

seems to increase IFN-γ production and cytotoxicity by these cells. Moreover, through 

the production of IFN-γ, iNKT cells may also contribute to the activation of 
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macrophage (251). On the other hand, IL-4 secretion and likely CD40/CD40L 

interaction, mediate B cell activation and immunoglobulin production (247, 252). In 

addition, when activated during mice immunization with protein antigens, iNKT cells 

were shown to help antigen specific antibody production, even in the absence of 

conventional T cells (253). 

 

  
 
 
 

Figure X: The in vivo response of iNKT cells to stimulation with αGalCer.  
Soon after administration of αGalCer to mice, this reagent binds CD1d at the cell surface of 
APCs and is presented to iNKT cells. Within hours, iNKT cells become activated and start to 
secrete IL-4 and IFN-γ. αGalCer-activated iNKT cells also rapidly downregulate cell-surface-
expressed TCR and NK1.1, rendering these cells undetectable with flow-cytometric reagents 
that bind these markers. TCR expression levels return to almost normal at 24 hours (hr) after 
injection of αGalCer. iNKT cells then rapidly proliferate, clonally expanding 10- to 15-fold in 
the spleen and less extensively in other organs. Most iNKT cells subsequently die, to maintain 
homeostatic numbers. The cell-surface expression levels of NK1.1 remain suppressed for an 
extended period. Early (2 hr) during the response to αGalCer, iNKT cells mainly produce IL-
4. At 24 hr, these cells mainly produce IFN- γ, and at 3 days after injection of αGalCer, when 
iNKT-cell numbers are maximal, these cells produce few cytokines. Modified from Van Kaer 
(246). 
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2.5.9 Signaling pathways involved in iNKT cell function 

As discussed for iNKT cell development, important signaling pathways, arising from 

the CD1d mediated TCR triggering, have been demonstrated to be crucial in the 

function of this peculiar T cell subset. 

TCR engagement activates PKCθ, which relays signals to downstream effectors, and 

PKCθ was shown to be required not only for the development but also for the 

function of iNKT cells (214). In conventional T cells, the Tec kinase Itk plays a 

significant role in signaling downstream the TCR by mediating the activation NFAT 

and AP-1 transcriptional factors. The lack of Itk in iNKT cells leads to a severe 

reduction in both Th1 and Th2 cytokine production upon in vivo activation (223). 

NF-κB and NFAT as well, which are two of the most relevant transcriptional factors 

activated following TCR triggering, have been involved in the regulation of iNKT cell 

function. Indeed in the absence of NF-κB, iNKT cells are not able to produce 

detectable levels of neither IL-4 nor IFN-γ upon in vivo and in vitro activation (214). 

The member of the NFAT family NFAT2 seems to regulate Th2 but not Th1 

responses in iNKT cells, as suggested by the increased nuclear translocation upon 

iNKT cell activation and by the enhanced IL-4 production after iNKT cell infection 

with a retrovirus construct expressing NFAT2 (254). 

In addition, iNKT cells lacking the Th1 master regulator T-bet, as expected exhibited 

a decreased IFN-γ production (221). By contrast GATA-3, which in conventional T 

cells serves as a direct transcriptional factor for several Th2 cytokine genes, was 

shown to be required for the in vivo production of both IL-4 and IFN-γ production 

(255). 

 

 

2.5.10 iNKT cells in antimicrobial immunity 

iNKT cells contribute to antimicrobial host responses in bacterial, parasitic, viral and 

fungal infection (240). 

The protective role of iNKT cells in response to bacteria was shown in an acute 

pneumonia model following Streptococcus pneumoniae infection (256). Upon 

infection with S. pneumoniae, mice lacking iNKT cells displayed more bacteria in the 

lung and died within several days from the infection. iNKT cells seem also to be 



  53 

involved in protective responses toward some kind of parasites, as suggested by the 

increases susceptibility to visceral Leishmania major infection of iNKT cell null mice 

(257). iNKT cells also participate in the responses to viruses, although differently 

from bacteria and parasites, viruses contain only host lipids. In a skin infection model 

with a virulent strain of herpes simplex virus type 1 (HSV-1), it was shown that mice 

lacking iNKT cells are more susceptible to infections and present a delayed virus 

clearance (258). Although another group was not able to reproduce these data using a 

less virulent HSV-1 strain (259), the protective role of iNKT cells in HSV infection 

was further supported by the evidence that iNKT cell null mice are more susceptible 

to genital HSV-2 infection (260). Upon infection, several viruses can downregulate 

the expression of CD1d. This finding suggests the existence of an immune evasion 

mechanism that prevents CD1d mediated antigen presentation to iNKT cells (240). 

In some microbial infection model, iNKT cells were anyway demonstrated to be not 

protective, but on the contrary to exert a detrimental activity, as in the case of 

Chlamydia trachomatis infection (261). The proposed mechanism indicates that iNKT 

cells enhance Chlamydia infection through the augmentation of Th2 responses, 

although for unknown reason, in other infections they can promote Th1 responses and 

pathogen clearance. 

 

2.5.11 iNKT cells in antitumor immunity 

iNKT cells can potently promote tumor rejection in murine models that use αGalCer 

as stimulus, but they also contribute to the natural antitumor immune surveillance in 

the absence of exogenous stimulation. 

αGalCer was initially purified from marine sponges on the basis of its antitumor 

properties (166). Antitumor effects of αGalCer have been observed against different 

tumors and their metastasis, including melanoma, carcinomas and lymphomas (166) 

(262-264). The mechanism hypothesized for this antitumor activity relays on capacity 

of the activated iNKT cells to induce, by their IFN-γ production and CD40L 

upregulation, the production of IL-12 by DCs and the activation of NK and CD8 

cytotoxic T lymphocytes that function as directs antitumor effectors (263-266). 

Studies using chemical mutagenesis with methylchlorantrene (MCA) suggested that 

iNKT cells contribute to natural tumor immunosurveillance, in the absence of 
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exogenous stimulation by αGalCer (267). Natural host immunity against MCA-

induced sarcoma requires endogenous IL-12 production, early IFN-γ produced by 

iNKT cells and other cells, such as NK cells and CD8 T cells (268). Tumor rejection 

is then mediated by NK cells and CD8 T and is perforin-dependent, whereas iNKT 

cells are required but exert their antitumoral activity in a perforin-independent 

manner. Moreover, adoptive transfer experiments demonstrated that CD1d expression 

was essential, thus suggesting that recognition of CD1d presented antigens may be 

required for the natural antitumoral activity of iNKT cells (269). 

Additional evidences that strengthen the role of iNKT cells in antitumoral immunity 

derive from the observation of numerical deficiencies of iNKT cells and their loss of 

IFN-γ production in patients with advanced cancers (e.g. advanced prostate cancer or 

myelodisplastic syndrome) (270, 271). In advanced prostate cancer patients, iNKT 

cells were impaired in their ability to secrete IFN-γ, but not IL-4, thus generating a 

Th2 bias that was hypothesized to mediate the suppression of antitumor responses 

(270). 

 

2.5.12 iNKT cells in autoimmunity 

In some autoimmune disease model, iNKT cells help to maintain tolerance to self-

antigen and thereby prevent autoimmune disease. However in other models iNKT 

cells can also play a pathogenic role. 

A numerical deficiency of iNKT cells was found in nonobese diabetic (NOD) mice, a 

mouse strain that spontaneously develops a form of autoimmune diabetes similar to 

human type I diabetes (159, 272). Moreover CD1d deficient NOD mice, thus lacking 

iNKT cells, had earlier diabetes onset, higher disease penetrance, and more severe 

disease, suggesting that the deficiency of iNKT cells might be linked to the 

development of diabetes in NOD mice (273-275). In addition, the development of 

diabetes in NOD mice was ameliorated by adoptive transfer of normal iNKT cells 

(276) and by the transgenic expression of the invariant Vα14Jα18 TCR (277). 

Protection from diabetes conferred by iNKT cells was associated to a Th2 shift within 

pancreatic islet since IL-4 is as a key mediator of the immunoregulation induced by 

iNKT cells (276). However the mechanism of action and the target cells of IL-4 have 

not been determined. In addition to a role in natural course of type I diabetes, 
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stimulation of iNKT cells by αGalCer in NOD mice prevented the onset of diabetes 

and prolonged the survival of pancreatic islet transplanted into newly diabetic NOD 

mice (272, 273, 275, 278). This protection from diabetes was associated with 

suppression of both T and B cell autoimmunity and IFN-γ production, and the 

generation of tolerogenic islet autoantigen-specific T cells with a protective cytokine 

production profile (272, 278). 

 iNKT cells were found to be decreased in number also in patients with multiple 

sclerosis (MS), a chronic inflammatory disease of the central nervous system (CNS) 

(279). Other data, linking iNKT cells to MS, derive from EAE, an animal model of 

MS that is induced by immunizing susceptible rodent strains with CNS antigens. 

However, the results obtained from αGalCer treatment of EAE have likewise 

generated conflicting results. Injections of αGalCer were found either to prevent 

disease (280, 281), to have no effect (282, 283) or, in one protocol, to accelerate 

disease (280). This could be due to differences in the models used, which include 

different antigens, different mouse strains and different timing of αGalCer injection 

(246, 279). Similar to the NOD model of diabetes, when αGalCer was effective, it 

usually prevented EAE by shifting the balance from a pathogenic Th1 towards a 

protective Th2 response to CNS antigens (280, 281). In keeping with this finding, the 

glycosphigolipid antigen OCH, which favors IL-4 production by iNKT cells, was 

more effective than αGalCer in preventing EAE in C57BL/6 mice (283). 

Similarly, OCH was effective also in protecting mice against the development of 

collagen-induce arthritis and disease protection correlated with the capacity of OCH 

to promote the production of Th2 cytokines by iNKT cells and to bias collagen-

specific T cells for production of Th2 cytokines (246). 

 iNKT cells have been hypothesized to play a pathogenic role in NZB/NZW mice, a 

strain that develops lupus spontaneously, because some studies showed that the 

transfer of activated iNKT cells in NZB/NZW mice induced an autoimmune-like 

inflammation (284). In addition hyper reactive iNKT cells were found to accumulate 

in aging NZB/NZW mice (285), and suggested to help B cell in the production of 

anti-DNA antibodies (284). However, studies on CD1d deficient lupus-prone mice 

have not yielded concordant results (286-288) and injection of αGalCer ameliorated 

or aggravated the disease (289). 

 



  56 

2.5.13 iNKT cells in primary immunodeficiencies 

X-Linked lymphoproliferative syndrome (XLP) is a rare inherited immunodeficiency, 

characterized by a high susceptibility to Epstein–Barr virus (EBV) infection that 

triggers a severe infectious mononucleosis, with the features of a hemophagocytic 

lymphohistiocytosis (HLH) in 60% of cases (290). Patients who do not develop HLH 

could present other aggressive lymphoproliferative and inflammatory manifestations 

such as lymphoma, lymphoid vasculitis and colitis. XLP is caused by mutation in 

SAP (SLAM-associated protein) or in XIAP (X-linked inhibitor of apoptosis protein) 

genes. In 2005 two independent studies shown that SAP deficient mice and humans 

are devoid of iNKT cells (227, 228), thus revealing a pivotal role for SAP molecule in 

the development of this particular T cell subset as discussed above. In addition this 

finding suggested a role of iNKT cells in the successful immune responses against 

EBV infection. 

XIAP-deficient patients do not show T-, B- or NK-cell lymphopenia, with the 

exception of iNKT cells, which are markedly reduced. The defect of iNKT cells in 

XIAP deficiency is different from that observed in SAP deficiency since few iNKT 

cells are clearly detected in the blood of XIAP-deficient patients while XIAP-

deficient mice have normal iNKT cell numbers (290, 291). Indeed XIAP might be 

involved in the peripheral homeostasis and/or in the late stages of NKT cell 

development. 

Moreover, in keeping with iNKT cell immunoregulatory role, it has been recently 

described the absence of this cellular population in another primary 

immunodeficiency associated with autoimmunity, the Omenn syndrome, 

characterized by the presence of autoreactive oligoclonal T cells and severe 

autoimmune manifestations (292).  
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3. SPECIFIC AIMS 
The Wiskott-Aldrich Syndrome is a complex genetic disease, caused by mutation in 

the gene encoding for WASp, with a major involvement of the immune system. WAS 

patients are more susceptible to develop infection and malignancies than healthy 

individual. WASp is expressed in all hematopoietic cells, where it regulates actin 

polymerization in response to signals arising at the plasma membrane. Although 

WASp deficiency impairs several cellular functions, thereby affecting both innate and 

adaptive immune response, its role in the biology of iNKT cells has never been 

defined. iNKT lymphocytes are important immunoregulatory elements involved in the 

control of pathogen infections and in tumor immunosurveillance. Thus alteration in 

iNKT cell compartment might contribute to the immune dysregulation of WAS.  

The present thesis aims at characterizing such defect that could contribute to explain 

defective response to bacteria and high tumor incidence observed in these in WAS 

patients. Indeed, full comprehension of the alterations caused by the lack of WASp 

will allow a better evaluation of the efficacy of the current therapeutical approaches. 

We therefore investigated i) the phenotype of iNKT cells isolated from WAS and 

XLT patients, ii) the phenotype and the tissue distribution of iNKT cells in was-/- 

mice, iii) the development of murine was-/- iNKT cells and iv) the effector function of 

murine was-/- iNKT cells.  
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4. MATERIALS AND METHODS 
 

4.1 PATIENTS 

Peripheral blood samples from patients and age matched HDs were obtained 

following standard ethical procedures in accordance with San Raffaele Scientific 

Institute Internal Review Board. Clinical phenotype of the patients is summarized in 

Table I in the Result Section.  

 

4.2 MICE 

C57BL/6 (B6) was-/- mice were kindly provided by K.A. Siminovitch. CD45.1 was-/- 

mice were generated in our facility. B6 CD45.2 wt mice were purchased from Charles 

River Laboratories. All mice, unless that specifically indicated, were from 8 to 12 

weeks of age. Mouse studies were performed under the San Raffaele Institutional 

Animal Care and Use guidelines. 

 

 

4.3 CELL PREPARATION AND FLOW CYTOMETRY 
 

4.3.1 Human cells 

PBMCs were purified from peripheral blood on Lymphoprep gradient (Axis-Shield 

PoC AS). For FACS detection of iNKT cells, PBMC were stained with: anti-CD3 

(UCHT1) from BD Biosciences; anti-TCRVα24 (C15) and anti-TCRVβ11 (C21) 

from Immunotech. Alternatively for the measure human iNKT cells, PBMC were 

stained with anti-CD3 (UCHT1) and either αGalCer loaded human CD1d dimers or 

tetramers. Human CD1d dimers (DimerX I) were purchased from BD Biosciences 

while human CD1d tetramers were a gift of Dr. Badolato. For lipid loading CD1d 

dimers were incubated overnight with a 9 molar excess of αGalCer (Axxora) while 

human CD1d tetramers were already pre-loaded with αGalCer. Anti-WASp Ab was 

kindly provided by Prof. H. Ochs. TCR Vβ repertoire was performed on PBMCs from 

XLT and WAS patients using the IOTest beta Mark from Beckman Coulter.  All 
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flow cytometric staining were performed in FACS buffer (PBS 0,3% BSA 0,1% 

NaN3). 

 

4.3.2 Murine cells 

For mouse studies, single cell suspensions were obtained from liver, spleen and 

thymus. Hepatic leukocytes were purified using a Percoll (Sigma-Aldrich) gradient. 

All the flow cytometric staining were performed in FACS buffer (PBS 0,3% BSA 

0,1% NaN3), unless that specifically indicated. Before antibody staining FcR was 

blocked using anti-CD16/32 mAb (BD Bioscience). The following mAbs were used 

for iNKT cell staining: anti-B220 (RA3-6B2) and anti-CD8a (53-6.7) from BD 

Biosciences; anti-CD3 (17A2) fromBioLegend and CD1d tetramers from Proimmune. 

For lipid loading, CD1d tetramers were incubated overnight with a 12 molar excess of 

αGalCer (Axxora).  

For TCR Vβ analysis cells were stained with anti-TCR Vβ mAbs from TCR Vβ 

Screening Panel (BD Bioscience). Screening of TCR Vα was performed using anti-

TCR Vα2 (B20.1), anti-TCR Vα3.2 (RR3-16) and anti-TCR Vα 8.3 (B21.14) mAbs, 

all from BD Bioscience. The following mAbs were used for the study of iNKT cell 

phenotype: anti-CD4 (RM4-5); anti-TCR Vβ7 (TR310); anti-TCR Vβ8 (F23.1); anti-

CD44 (IM7); anti-CD25 (PC61); anti-CD69 (H1.2F3), all from BD Bioscience; anti-

CD49b (DX5) and anti-NK1.1 (PK136) from BioLegend. Anti-CD1d (1B1); anti-

CD8 (53-6.7); anti-CD19 (1D3) and anti-CD11c (HL3) mAbs, used for the analysis of 

CD1d expression, were purchased from BD Bioscience. For Bone Marrow Chimera 

studies it was utilized anti-CD45.2 (104) mAb from BD Biosciences. For the 

evaluation of IL-2Rβ chain receptor was used anti-CD122 (5HA) mAb from BD 

Biosciences. L363 Ab, used for the evaluation of the aGalCer-CD1d complexes was 

kindly provided by Steven Porcelli. Intracytoplasmic WASp staining was performed, 

following surface staining, using the Cytofix/Cytoperm kit (BD Biosciences). Anti-

WASp Ab was kindly provided by Prof. H. Ochs. For the evaluation of intracellular 

cytokine production, cells were fixed in 1% paraformaldheyde and after the fixation 

were permeabilized by 15 minute incubation in FACS buffer supplemented in 0,5% 

Saponin (Sigma-Aldrich). Permeabilized cells were incubated in FACS buffer with 

0,5% Saponin and 2% rat serum in the presence of the following mAbs: anti-IFNγ 
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(XMG1.2) and anti-IL-4 (11B11) (BD Biosciences). After washing, cells were 

acquired on a FACS CANTO (BD Biosciences) and analyzed with FlowJo Software 

(TreeStar Inc.). 

For iNKT cell sorting, splenic B220- cells were purified by immunomagnetic 

techniques using anti-CD45R (B220) magnetic beads  (Miltenyi Biotech) to enrich 

iNKT cell fraction. B220- cells were stained with anti-TCRβ mAb and PBS57 loaded 

CD1d tetramers. CD1d tetramers loaded with PBS57 were kindly provided from NIH 

Tetramer Core Facility. iNKT cells (TCRβ+CD1d tetramers+) were then sorted by 

MoFlo Fluorescence Activated Cell Sorter (Dako Cytomation).  

 

 

4.4 IN VITRO EXPANSION OF HUMAN Vα24 Vβ11 iNKT CELLS 

The protocol for the in vitro expansion of human Vα24 Vβ11 iNKT cells was 

previously described by Rogers P. et al (293). Briefly for the initial stimulation 

PBMC were cultured at 1x106 cells/ml in a 24-well plate in X-VIVO™ 15 (Lonza) 

supplemented with 10% normal human serum, 2mM glutamine, 100 IU/ml penicillin 

+ 100 IU/ml streptomycin (Invitrogen). αGalCer (Axxora) was added at the start of 

culture and rhIL-2 100 U/ml (Chiron) was added 16 hours later. For restimulation, 

remaining cells were cultured at 2x105-1x106 cells/ml with 1x106 cells/ml irradiated 

(3000 Rads) αGalCer pulsed PBMCs. PBMCs were pulsed in complete medium 

supplemented with αGalCer 100ng/ml for 4-5 hours at 37°C before irradiation.  rhIL-

2 100 U/ml was added one day later. Cells were restimulated weekly for two times 

and then sorted by MACS using anti-Vα24 PE conjugated antibody and anti-PE 

microbeads (Miltenyi Biotec).  After sorting Vα24+ cells were stimulated three times 

with irradiated αGalCer pulsed PBMC and rhIL-2 before the evaluation of iNKT cell 

expansion. Cells were analyzed 10-11 days following the last stimulation.  
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4.5 GENERATION OF MIXED BONE MARROW CHIMERAS 

BM lineage marker-depleted (lin-) cells from CD45.2 B6 wt or was-/- mice were 

purified using the murine hematopoietic progenitor enrichment kit (Stem Cell 

Technologies). Recipient was-/- mice (CD45.1) were irradiated (900 rad) before 

receiving i.v. 2.5x105 lin- cells. Reconstitution was monitored by flow cytometry on 

circulating cells. Mice were sacrificed 7-9 weeks after transplantation for the analysis 

of iNKT cells in thymus and liver. Thymocytes were depleted of CD8+ cells by anti-

CD8 magnetic beads (Miltenyi Biotec) to enrich iNKT cell fraction. 

 

 

4.6 ACTIVATED CASPASES ASSAY 

To measure the level of activated Caspases, 1x106 hepatic leukocytes or thymocytes 

depleted of CD8+ cells were incubated for 20’ at 37°C with PBS supplemented with 

CaspACE FITC-VAD-FMK in situ marker (5µM, Promega Corporation). After the 

incubation cells were washed and stained for flow cytometric analysis of iNKT cells 

as described in CELL PREPARATION AND FLOW CYTOMETRY paragraph. 

 

 

4.7 EVALUATION OF HOMEOSTATIC PROLIFERATION BY BrdU 

LABELLING 

For the evaluation of 5-bromo-2-deoxyuridine (BrdU) incorporation, 5 weeks old 

mice were intraperitoneally injected with 100 µl of a 10 mg/ml solution of BrdU 

(Sigma) in PBS at the onset of the experiment. At the same time, BrdU (0,8 mg/ml) 

was placed in drinking water supplemented with 5% saccarose (w/v). This water was 

changed following 3 days from the beginning of the experiment.  At day 6 mice were 

sacrificed and cells were stained with a BrdU flow kit (BD Bioscience) following the 

manufacturer’s instruction for flow cytometric analysis. 
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4.8 IN VITRO CYTOKINE STIMULATION 

IL-15 induce proliferation was evaluated in thymocytes depleted of CD8+ cells by 

anti-CD8 magnetic beads (Miltenyi Biotec). After CD8 depletion, thymocytes were 

labeled with CFSE (Molecular Probes). CFSE labeling was performed by incubating 

the cells with CFSE 1,5 µM for 8’ RT and then adding an equal volume of FCS to 

block CFSE staining. Labeled thymocytes were then plated in 24-well culture plates 

at the concentration of 2x106 cells/well in complete RPMI 1640 medium (RPMI 10% 

FCS, 2mM glutamine, 100 IU/ml penicillin + 100 IU/ml streptomycin) containing 

recombinant human IL-15 (R&D System) at 100ng/ml. Each condition was done in 

duplicate, with cells from the two wells pooled for analysis after 4 days in culture. 

 

 

4.9 FUNCTIONAL CHARACTERIZATION OF was-/- iNKT CELLS 

 

4.9.1 In vivo activation and cytokine production 

wt and was-/- mice were injected i.v with 1 µg of αGalCer in PBS or not injected as 

controls. To measure the in vivo IL-4 and IFN-γ production, blood samples were 

collected after 3, 6, 12 and 24 hours. Serum cytokine levels were measured by Bio-

Plex Technology (BIO-RAD) following manufacture’s instruction.  

To test the ex vivo IL-4 and IFN-γ intracellular production by liver iNKT cells, mice 

were injected i.v with 1 µg of αGalCer in PBS or not injected as controls. Mice were 

then sacrificed 45’ after αGalCer injection and livers collected. IL-4 and IFN-γ 

production by hepatic iNKT cells was determined by intracellular FACS staining. 

 

4.9.2 In vivo iNKT cell expansion following αGalCer stimulation 

Mice were injected i.v with 1 µg of αGalCer in PBS or not injected as controls. To 

evaluate iNKT cell expansion, wt and was-/- mice were sacrificed at day 3, 7 and 11 

after the injection and livers were collected. Absolute numbers of live hepatic 

leukocyte were determined and iNKT cell expansion was measured by Flow 

Cytometry. 
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4.9.3 Mice immunization and antigen-specific Ab titer measurement 

Mice were immunized with TNP-KLH antigen (Biosearch Technologies Inc, 20 µg 

per dose).  Immunizations were performed on day 0 and 15 and groups of 5 mice were 

injected i.p. with antigen in 100 µl of PBS alone, with αGalCer (1 µg per dose) or 

with Lypopolysaccharide (LPS) from E.Coli 055:B5 (25mg/dose, Sigma Aldrich). 

Circulating antigen specific antibodies were titrated by endpoint ELISA. Serial 1:3 

dilutions of sera were plated onto ELISA plate (Nunc) previously coated with TNP-

KLH antigen. Bound antibodies were detected with alkaline phosphatase-conjugated 

goat anti-mouse IgG (Sigma Aldrich) followed by the pNPP substrate (Sigma 

Aldrich). Antibody titers are expressed as reciprocal dilution giving an OD405 > OD405 

plus 3SD. Blanks consistently displayed OD405 < 0,1 and < 10% variability. 

 

4.9.4 In vitro activation of iNKT cells by αGalCer loaded DCs 

Splenic iNKT cells from wt and was-/- mice were sorted by FACS as described in 

CELL PREPARATION AND FLOW CYTOMETRY section. To isolate wt and was-/- 

DCs, the cellular fraction containing DCs was first enriched by OptiPrep® Density 

Gradient Medium (Axis Shield). DCs were then purified by immunomagnetic 

techniques using anti-CD11c magnetic beads  (N418, Miltenyi Biotech) and DC 

purity was assessed by Flow Cytometry. For αGalCer pulsing, DCs were incubated 

overnight at 37°C with αGalCer 100 ng/ml. Following washing, αGalCer pulsed DCs 

were seeded at 3,5 x 105 cells/well in a 96-well plate in RPMI 1640 supplemented 

with 10% FBS, glutamine and penicillin/streptomycin. iNKT cells were co-culture 

with DCs in a 1:1 ratio. After 48 hours of co-culture cytokine production was 

evaluated on supernatants by Bio-Plex Technology (BIO-RAD) following 

manufacture’s instruction.  

 

4.9.5 αGalCer presentation by Bone Marrow derived DCs (BM DCs) 

For the generation of BM DCs, bone marrow cells from wt and was-/- mice were 

plated in 100 MM plate (Sterilin Limited) at 4 x 105 cells/ ml in IMDM supplemented 

with 10% FCS, 2mM glutamine, 100 IU/ml penicillin + 100 IU/ml streptomycin, 

β Μercaptoethanol 50 µM and a 30% of supernatant from a granulocytes-macrophage 
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colony stimulating factor (GM-CSF)-expressing cell line (BV06) (20-30 ng/ml GM-

CSF/ml). Every three days cells were split and medium replaced. BM DC 

differentiation was evaluated at day ten by Flow Cytometry. Pool of BM DCs from wt 

and was-/- mice were incubated for 18 hours at 37°C with IMDM complete medium 

supplemented with αGalCer 100 ng/ml. αGalCer presentation was analyzed by Flow 

Cytometry using L363 Abs.  

 

4.9.6 In vitro cytokine production by stimulated iNKT cells 

To enrich the iNKT cell containing fraction, CD90+ cells were purified by anti-

CD90.2 magnetic beads  (Miltenyi Biotech) from total wt and was-/- splenocytes. 

Following isolation, CD90+ cells were plated at 1x 106 cells/ well (48 well plate) in 

complete RPMI 1640 medium (RPMI 10% FCS, 2mM glutamine, 100 IU/ml 

penicillin + 100 IU/ml streptomycin) supplemented with 12-O-tetradecanoylphorbol-

13-acetate (TPA, 50 ng/ml) and ionomycin (1µg/ml). After 1 hour of incubation at 

37°C, Brefeldin A was added and cells were incubated for another hours. Following 

incubation cells were extensively washed and intracellularly stained for IFN-γ and IL-

4 production by FACS.  

To test cytokine production upon stimulation with anti-CD3 and anti-CD28 mAbs 

(BD Bioscience), splenic iNKT cells from wt and was-/- mice were sorted by FACS as 

described in CELL PREPARATION AND FLOW CYTOMETRY section. iNKT 

cells were then put in culture at 5 x 105  cells/well in a 96-well round bottom plate in 

RPMI 1640 supplemented with 10% FBS, glutamine and penicillin/streptomycin in 

the presence of immobilized anti-CD3 mAb (2µg/ml) and soluble anti-CD28 mAb 

(2µg/ml) or with TPA (50 ng/ml) and ionomycin (1µg/ml). Following 48 hours of 

stimulation at 37°C, supernatants were collected and cytokines measured by Bio-Plex 

Technology (BIO-RAD) following manufacture’s instruction.  

 

4.9.7 Measurement of TCR Avidity 

For the evaluation of iNKT cell TCR avidity, total splenocytes were incubated for 30’ 

with different concentration of PBS57-loaded CD1d tetramers (0.25, 0.5, 1, 2.5 and 5 
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nM), with anti-B220 and anti-CD3 mAbs in FACS buffer. TCR avidity was measured 

by Flow Cytometry.  

 

4.10 STATISTICAL ANALYSIS 

All the data were analyzed with a two-tailed Mann-Whitney test. P values of less than 

0,05 were considered significant. 
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5. RESULTS 
 
 

5.1 CHARACTERIZATION OF Vα24 Vβ11 iNKT CELLS FROM WISKOTT-

ALDRICH SYNDROME PATIENTS 

 

5.1.1 Lack of Vα24 Vβ11 iNKT cells in WAS, but not in XLT patients 
 

To unravel the potential requirement of the Wiskott-Aldrich Syndrome protein 

(WASp) by human Vα24 Vβ11 iNKT cells, we evaluated what happens to iNKT cells 

in the case of WASp deficiency. To this aim, we totally collected and examined 

peripheral blood samples from three patients with a mild clinical score (score 1-2, 

XLT), six patients with severe WAS (score 3-5) and 13 age matched HD controls. 

The molecular and clinical features of all the patients analyzed are reported in Table I. 

The flow cytometric analysis of the invariants Vα24 and Vβ11 chains revealed, as 

displayed in the representative density plot of Figure 1A, that iNKT cells are nearly 

undetectable in WAS patients with a severe clinical phenotype. On the contrary, XLT 

patients presented a detectable number of Vα24 Vβ11 iNKT cells. The graph 

summarizing the results from all the patients (Figure 1B), shows that in WAS patients 

the iNKT cell population is almost completely absent, while in XLT patients the level 

of iNKT cells, even in the lower range, is not significantly different from HD 

controls. Thus impairment in the amount of circulating iNKT cells correlates with 

severity of the disease. 

As alternative approach, human iNKT cells can be detected by αGalCer loaded CD1d 

dimers/tetramers. To confirm the specificity of anti-TCR-Vα24 and anti-TCR-Vβ11 

mAbs in detecting human iNKT cells, we compared Vα24+ Vβ11+ cells with the 

population detected by αGalCer-loaded hCD1dimers. In parallel, to verify unspecific 

binding of dimers, the sample was labeled with unloaded CD1d dimers. As displayed 

in Figure 2A, consistently with previously published data (227, 294) the two technical 

approaches detected comparable percentages of iNKT cells in HD controls. 

Furthermore, the staining of XLT and WAS patients with CD1d tetramers (Figure 2B) 

confirmed the absence of iNKT cells in severe WAS as well as the presence of a small 
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iNKT cell population in XLT patients. Altogether these data demonstrate that WAS, 

but not XLT patients lack Vα24 Vβ11 iNKT cells. 

 

 
 
 
 
 

 
Table I.   Molecular and clinical data of WAS patients 
 
del, deletion; IVS, intervening sequence (intron); ND, not determined; NR, not reported. 
aAge refers to the time of blood sampling. 
bMutation is going to be published separately. 
cDisease score is given according to the classification reported previously (4) 
dSplenectomized. 
eUndergoing platelet transfusion. 
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Figure 1: Frequency of iNKT cells in XLT and WAS patients. (A) 
Representative flow cytometric analysis of peripheral blood iNKT cells from an 
age matched Healthy Donor control (HD), an XLT patient (XLT) and a WAS 
patient (WAS). Cells in the density plots are gated on CD3+ cells. Percentages of 
iNKT cells (TCRVβ11+TCRVα24+) are indicated. (B) Frequency of iNKT cells 
from 13 controls, 3 XLT and 6 WAS patients. Bars represent the median value of 
each group. ns = p>0.05, * = p<0.05 and *** = p<0.001. 
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Figure 2: iNKT cell detection with αGalCer loaded CD1d dimers/tetramers. (A) 
Comparison of iNKT cells stained with anti-Vα24 and anti-Vβ11 Abs or with 
αGalCer CD1d dimers. PBL from the same HD control were stained with anti-Vα24 
and anti-Vβ11 Abs or with anti-CD3 Ab and CD1d dimers loaded with αGalCer or 
unloaded as control. (B) Representative FACS analysis of frozen PBL stained with 
anti CD3 Ab and CD1d tetramers unloaded (background control) or loaded with 
αGalCer. Cells in the plot are gated on CD3+ cells. 
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5.1.2 Presence of all TCR Vβ families in T lymphocytes of WAS patients 

The complete absence of Vα24Vβ11 double positive T cells in WAS patients, raises 

the hypothesis that the lack of WASp can also impact the usage of some TCR Vα and 

Vβ chains by conventional T lymphocytes. To address this issue we analyzed by flow 

cytometry the TCR Vβ repertoire in the following patients: WAS1 (score 5), WAS 31 

(score 3), WAS33 (score 4), WAS28 (score 3) and in one XLT case, WAS30. The 

analysis of 24 TCR Vβ families was performed on frozen PBMCs obtained from 

WAS patients (Table II). We were unable to detect any significant abnormalities in 

the TCR Vβ gene usage by WASp deficient T cells, indeed CD3+ cells expressed all 

Vβ families. Nonetheless some TCR Vβ families were found expanded in comparison 

to the healthy donor range, probably due to concurrent infections, which are usually 

frequent in these immunodeficient patients.  

Moreover, we measured the percentage of T (CD3+) cells expressing either Vα24 or 

Vβ11 in XLT, WAS and normal donors (Figure 3). The frequency of T cells 

expressing either TCR Vα24 or Vβ11 in severe WAS patients lacking iNKT cells 

was, although variable, in the range of HDs, suggesting that these TCR V regions 

could be utilized without specific impairments by mainstream T cells of WAS 

patients. These data indicate that the absence of normal WASp causes a strong defect 

in the frequency of circulating iNKT cells in spite of minor alteration of conventional 

T lymphocytes.  
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 HDa HDa HDa WAS 1 WAS 28 WAS 30 WAS 33 
Vbeta Meanb Minb Maxb %b %b %b %b 

Vb1 3,53 1,89 11,7 3,18 1,73 8,31 0,8 
Vb2 8,30 4,03 23,48 4,30 2,44 6,87 1,19 
Vb3 4,68 0,52 15,71 0,15 0,31 1 0,54 
Vb4 1,91 0,79 3,26 0,07 1,19 1,05 0,22 
Vb5.1 5,45 3,19 14,93 3,34 1,26 3,98 0,56 
Vb5.2 1,33 0,49 4,98 1,24 4,86 1,63 1,17 
Vb5.3 1,08 0,37 2,98 0,03 1,82 5,08 0,67 
Vb7.1 2,56 0,64 20,01 0,65 3,9 2,09 0,38 
Vb7.2 1,47 0,05 5,45 1,46 1,35 3,29 0,22 
Vb8 4,68 2,26 29,47 6,09 3,93 8,52 0,95 
Vb9 3,13 1,1 9,3 0,28 4,55 1,55 0,2 
Vb11 1,04 0,25 5,11 0,25 2,24 3,56 0,49 
Vb12 1,66 1 4,76 1,89 1,84 1,07 1,10 
Vb13.1 3,83 1,62 8,16 2,02 6,07 2,23 0,23 
Vb13.2 2,80 0,8 5,28 0,27 3,37 2 1,29 
Vb13.6 1,86 0,84 8,8 8,03 0,26 1,09 1,58 
Vb14 3,49 1,33 8,03 0,95 1,88 4,63 13,44 
Vb16 0,92 0,42 1,9 1,40 1,62 2,07 1,69 
Vb17 5,15 2,28 12,61 1,62 2,37 5,16 0,54 
Vb18 1,49 0,58 5,23 0,94 1,06 1,77 0,25 
Vb20 2,52 0 9,73 0,9 0,79 0,94 1,10 
Vb21.3 2,38 1,08 5,97 0,9 7,50 1,03 0,5 
Vb22 3,84 1,99 9,89 2,02 1,37 2,88 14,57 
Vb23 0,85 0,28 4,76 8,16 1,82 1,37 0,58 

 
 
 

Table II.   TCR Vbeta Repertoire of WAS patients 
Min, minimum value obtained; Max, maximum value obtained. 
a Healthy Donor values are reported in “Quick Reference Card” of TCR V beta Repertoire Kit by 
Beckman Coulter 
 bAll the values represents the percentage of CD3+ lymphocytes.  
TCR Vbeta repertoire was performed on PBMCs from XLT and WAS patients using the IOTest® beta 
Mark from Beckman Coulter. 
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Figure 3: TCRVα24 and TCRVβ11 expression. TCRVα24 and TCRVβ11 
expressions were analyzed on CD3+ lymphocytes obtained from 13 healthy 
donors (HD), 3 XLT and 6 WAS patients. The graph shows the percentage of 
TCRVα24 and Vβ11 single positive cells excluding double positive (TCRVα24+ 
Vβ11+) cells. Bars represent the median value of each group,  * = p<0.05  
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5.1.3 Failure of WASp deficient iNKT cell expansion 

Next we wanted to assess whether WASp deficiency causes alteration in iNKT cell 

function. To this aim we tried to expand in vitro iNKT cells from XLT and WAS 

patients, in order to perform, in case of a successful expansion, functional studies on 

this cellular population. To this end Vα24 Vβ11 iNKT cells were expanded from 

peripheral blood lymphocytes (PBL) of 6 Healthy Donor (HD) controls, 2 XLT 

(WAS26 and WAS 27) and 3 WAS (WAS1, WAS 28 and WAS 29) patients, by 

stimulating them several times with IL-2 and irradiated PBL pulsed with αGalCer 

(293), the specific iNKT cell stimulus, as shown in Figure 4A. As shown in Figure 

4B, after several rounds of stimulation with αGalCer loaded irradiated PBL, iNKT 

cells from HD controls, XLT and WAS patients did expand and become measurable. 

Nevertheless the percentages of WASp deficient iNKT cells were between 0.2 and 

9% of total expanded population. On the contrary normal iNKT cells were, with only 

one exception, the totality of the harvested population (Figure 4C). This result 

suggests that WASp deficiency alters iNKT cell ability to selectively expand in 

response to the specific stimulus αGalCer. Moreover, since the expansion of iNKT 

cells from the XLT/WAS group did not allow us to achieve enough iNKT cells, it was 

not possible to perform any functional assay on these cells. 
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Figure 4: WASp deficient iNKT cell in vitro expansion. (A) PBL from WAS/XLT 
patients and normal donors were put in culture with αGalCer (100 ng/ml); IL-2 (100 
U/ml) was added 16 hours later. αGalCer pulsed irradiated PBLs plus IL-2 were added 
after one and two weeks. Subsequently, TCR Vα24+ cells were sorted by MACS 
microbeads and were stimulated three times with irradiated PBL pulsed with αGalCer in 
presence of IL-2. (B) iNKT cells were expanded as described above, from PBL of 6 HD 
controls, 2 XLT and 3 WAS patients. Eight-eleven days from the last stimulation, cells 
were stained with anti-CD3, anti-TCR Vβ11 and anti-TCR Vα24 Abs to evaluate iNKT 
cell expansion. The graph depicts iNKT cell fold increase calculated as the ratio 
between total number of iNKT cell put in culture at time zero and after the expansion. 
(C) iNKT cell percentage on total lymphoid population (left graph) and absolute number 
(right graph) after the expansion. The graphs summarize the results of three independent 
experiments and bars represent the median value of each group,  * = p<0.05  
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5.1.4 WASp is expressed by all human Vα24 Vβ11 iNKT cells 

WASp is a cytosolic protein normally expressed by all hematopoietic cells, in which 

controls many important activities, as migration and effector function. In order to 

support the direct role of WASp in human iNKT cells, it was essential to confirm 

WASp expression on this peculiar T cell subset. Since Vα24 Vβ11 iNKT cells are 

present in human peripheral blood at very low and variable amounts (213), it was 

necessary to expand iNKT cells in vitro, as described above, before measuring WASp 

expression level by intracellular staining. The analysis of WASp expression in the 

expanded population revealed that, like all hematopoietic cells, the entire Vα24 Vβ11 

iNKT cell population expresses WASp (Fig.1B). This finding confirms that, like in 

conventional T cells and in NK cells, WASp regulates crucial immune functions in 

iNKT cells.   

Figure 5: WASp expression by human Vα24 Vβ11 iNKT cells expanded in 
vitro. HD iNKT cells, in vitro expanded as described in Figure Legend 4A, were 
stained with anti-CD3, anti-TCR Vβ11, anti-TCR Vα24 and anti-WASp Abs eleven 
days from the last stimulation. The graph shows WASp expression by a negative 
control (blue empty histogram) and by CD3+ Vα24 Vβ11 iNKT cells (green filled 
histogram) from a representative HD.  
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5.2 PHENOTYPICAL CHARACTERIZATION OF iNKT CELLS FROM was-/- 

MICE 

 
 

5.2.1 WASp is expressed by murine iNKT cells 

Given the paucity of material derived from WAS patients, we further investigated the 

role of WASp in the development and function of iNKT cells in was-/- mice (49). This 

mouse model recapitulates important immune system alterations of the human WAS. 

We first verified WASp expression also in normal murine iNKT cells. The flow 

cytometric analysis confirmed that almost the totality of wt iNKT cells, as their 

human counterpart, expresses WASp (Figure 6).   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 

 

Figure 6: WASp expression by murine wt iNKT cells. Hepatic leukocytes from 
wt mice were stained with anti-B220, anti-CD3, anti-WASp Abs and with αGalCer 
loaded CD1d tetramers. The graph displays the flow cytometric analysis of WASp 
expression in a negative control (blue histogram) and in B220-CD3+CD1d tetramers+ 

wt iNKT cells (purple histogram).  
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5.2.2 Reduced iNKT cell frequency and number in was-/- mice 

We next investigated the distribution of iNKT cells in the thymus, liver and spleen of 

was-/- mice by flow cytometric analysis. In mice iNKT cells can be easily detected by 

FACS using αGalCer loaded CD1d tetramers, which are specifically bound only by 

the semi-invariant TCR of iNKT cells.  As displayed in Figure 7A and 7B, the 

percentage of iNKT cells specifically stained with αGalCer loaded CD1d tetramers 

was not significantly decreased in was-/- thymi. On the contrary, a lower iNKT cell 

proportion was found in the periphery of WASp deficient mice since iNKT cell 

percentages were 2 and 3 fold reduced in spleen and liver, respectively, of was-/- 

animals compared to wt controls. However, the absolute number of iNKT cells was 

significantly reduced in all three compartments of was-/- mice in comparison to wt 

mice (Figure 7C). Thus, we can conclude that the lack of WASp causes a mild 

decrease in the thymus together with a stronger reduction in the amount of iNKT cells 

in the periphery. 

In order to understand whether WASp deficiency might affect the usage of certain 

TCR Vα and Vβ chains, altering in turn the frequency of other T cell population, we 

evaluated by FACS analysis the TCR Vβ repertoire and some families of TCRVα. 

The analysis was performed on CD3+ cells obtained from the spleens of 4 was-/- mice 

and C57 Bl6 controls (Figure 8A and 8B). From the data obtained, it emerged that the 

expression of TCR Vα or Vβ genes by was-/- and wt T cells was comparable, with the 

only exception of Vα2 that is significantly less expressed by was-/- T cells. Taken 

together these data demonstrate a consistent reduction in the pool of TCR+ iNKT cells 

as opposite to normal generation and usage of different TCR Vα and Vβ chains by 

was-/- T cells. 
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Figure 7. iNKT cell frequencies and number in was-/- mice. (A) iNKT cells were 
analyzed by FACS in thymus, liver and spleen of C57BL/6 wild type (wt) and was-

/- mice. Thymocytes were stained with anti-CD8, anti-CD3 mAbs and CD1d 
tetramers (αGalCer loaded or unloaded) while hepatic leukocytes and splenocytes 
were stained with anti-B220, anti-CD3 mAbs and CD1d tetramers (αGalCer 
loaded or unloaded). After gating on CD8- or B220- cells, iNKT cells were 
identified as CD3+ CD1d tetramers+ cells. The percentage of iNKT cells is 
indicated in each plot. The data are representative of at least ten mice per group 
analyzed in three independent experiments, which are all summarized in (B) and in 
(C). (C) Absolute numbers of iNKT cells were determined multiplying their 
percentage for the absolute cell count within each sample. For (B) and (C), bars 
represent median and interquartile range. * = p<0.05, *** = p<0.001.  
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Figure 8. TCR Vβ  and Vα  expression in was-/- T lymphocytes. (A) TCR Vβ 
Repertoire was analyzed by FACS. Splenocytes from wt and was-/- mice were 
stained with anti-CD3 and with anti-TCR Vβ mAbs from TCR Vβ Screening Panel 
(BD). The percentages of the each different TCR Vβ+ CD3+ cells are depicted in the 
graph.(B) Splenocytes from wt and was-/- mice were stained with anti-CD3 and with 
anti-TCR Vα2,  anti-TCR Vα3.2 and anti-TCR Vα8.3 mAbs. The percentages of 
the each different TCR Vα+ CD3+ cells are depicted in the graph. In (A) and (B) the 
data are representative of four mice per group and bars represent median and 
interquartile range. * = p<0.05.  
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5.2.3 Regular phenotype and subset distribution of was-/- iNKT cells 

Based on CD4 expression, it is possible to distinguish two iNKT cell subsets: 

CD4+CD8- and CD4-CD8-, respectively referred as CD4+ and DN (Double Negative) 

iNKT cells. CD4+ and DN iNKT cells are characterized by peculiar tissue distribution 

and cytokine profile (157, 158). We next investigated whether one of them is 

selectively altered in the absence of WASp. However, with the only exception of DN 

splenic iNKT cells, both CD4+ and DN iNKT cells were found reduced in the thymus, 

liver and spleen of was-/- mice in comparison to the normal controls (Figure 9) and no 

skewing toward one particular subset was observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Analysis of iNKT cell subsets in WASp null mice. (A) iNKT cells 
were analyzed by flow cytometry as described in Figure legend 7 and further 
stained with anti-CD4 antibodies. Comparison of the absolute number of CD4+ or 
CD4- (DN) iNKT cells in the Thymus, Liver and Spleen in wt versus was-/- mice is 
shown. Bars represent median and interquartile range of eight mice per group.  ** 
= P<0,005, ***  = P<0.001 
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Other subtypes of murine iNKT cells, with different avidity for CD1d-glycolipid 

complexes, can be identified on the basis of TCR Vβ chain usage (205, 206). Indeed, 

the majority of iNKT cells expresses a Vα14-Jα18 TCRα chain, which pairs 

preferentially with either Vβ8 or Vβ7 TCRβ chains. As shown in Fig 10A, we found 

a normal frequency of thymic TCR Vβ7 positive was-/- iNKT cells. In spite of that, we 

observed a small but significant reduction of was-/- iNKT cells bearing  TCR Vβ8 

chain. Moreover TCR Vβ8 positive, but not TCR Vβ7 positive was-/- iNKT cells, 

displayed a lower surface expression level of the respective TCR Vβ chain in 

comparison to wt iNKT cells, as suggested by the analysis of MFI.  Altogether these 

data demonstrate that the lack of WASp causes a significant overall decrease in the 

iNKT cell population.  

An important hallmark of murine iNKT cells is the surface expression of the 

activation markers (149). To assess whether WASp is involved in the acquisition of 

this mature phenotype we analyzed CD25, CD44 and CD69 expression on wt and 

was-/- iNKT cells. Our analysis revealed a frequency of CD25+, CD44+ and CD69+ 

was-/- iNKT cells similar to that of the wt counterpart (Fig 10B). Nonetheless the lack 

of WASp causes a significant decrease in the expression level of the CD44 molecule, 

both in thymus and in the periphery. 

Overall these results demonstrate a normal activated phenotype of was-/- iNKT cells. 
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Figure 10. TCR Vβ  and Activation Markers expression in was-/- iNKT cells. (A) 
Thymic iNKT cells from wt and was-/- mice were analyzed by flow cytometry as 
described in Figure legend 7 and further stained with anti-TCR Vβ7 or Vβ8 mAbs. 
The graph shows the percentages and Mean Fluorescence Intensity (MFI) of TCR Vβ7 
and Vβ8 positive iNKT (CD8-CD3+CD1d tetramers+) cells. Bars represent median and 
interquartile range of six mice per group. 
(B) Thymic and hepatic iNKT cells were also stained with anti-CD25, anti-CD44 and 
with anti-CD69 mAbs. The percentages and MFI of CD25+, CD44+ and CD69+ wt and 
was-/- iNKT cells are depicted in the graph. Data are representative of six mice per 
group and bars represent median value of each group. * = p<0.05 and ** = P<0,005.  
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5.2.4 Developmental block of was-/- iNKT cells 

In order to understand whether the decreased iNKT cell frequency and number of 

iNKT cells in was-/- mice was caused by an altered thymic development, we first 

analyzed the expression of CD1d on DP thymocytes, whose expression is required for 

iNKT cell positive selection (140). As displayed in Fig.11, DP thymocytes from was-/- 

mice express CD1d molecules identically to wt control. 
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Figure 11. CD1d expression in was-/- mice. CD1d expression was analyzed in 
thymic CD4+CD8+ lymphocytes (upper) and in splenic CD19+ B cells and CD19-, 
CD3-, CD11c+ DC in wt (thick line) and was-/- mice (thin line). Data are 
representative of six mice per group. 
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We next investigated the maturation steps of iNKT cells following positive selection, 

using CD44 and NK1.1 markers (152). As shown in Fig. 12A, was-/- iNKT cells were 

mainly arrested at CD44+ NK1.1- stage and only a minor fraction became NK1.1+ 

both in the thymus and in periphery. The analysis of the absolute number of iNKT 

cells during the different maturation steps confirmed that WASp does not affect the 

earliest developmental phase, where was-/- iNKT cells are normally present (Fig. 

12B). Conversely was-/- iNKT cells accumulate at stage 2 (CD44+ NK1.1-) without 

progressing to stage 3 (CD44+ NK1.1+), suggesting a potential role of WASp in 

regulating the late phases of the differentiation process. 

In the thymus, CD44+ NK1.1- iNKT cells can upregulate another NK cell marker, the 

DX5 molecule (152). DX5 expression defines one more developmental phase 

occurring before NK1.1 upregulation. However was-/- iNKT cells were not defective 

in DX5 upregulation (Fig. 12C) indicating that WASp requirement is crucial only in 

the final stage of iNKT cell development. 

Different events can contribute to the final maturation of iNKT cells in the periphery. 

Among these a very important role is played by CD1d recognition, since NK1.1- iNKT 

cells fail to properly complete their maturation in the absence of CD1d (209). To 

address this point, we examined CD1d expression in the periphery of was-/- mice, 

finding expression levels comparable to that of the wt (Fig. 11). These data rule out 

the possibility that an altered CD1d expression in the periphery may have a role in 

developmental block of was-/- iNKT cells.  

 As next we wanted to assess whether the developmental defect of iNKT cells in was-/- 

mice is cell autonomous. To unravel this issue we generated mixed BM chimeras by 

reconstituting irradiated CD45.1 mice with a mixture of equal number of CD45.2 

lineage negative (lin–) cells obtained from BM of was-/- and wt mice. In this model, 

CD45.2 was-/- iNKT cell precursors develop in the presence of donor-derived CD45.2 

DP thymocytes and hematopoietic cells from either was-/- or wt mice. In case of an 

iNKT cell intrinsic defect, the presence of wt cells would not be sufficient to rescue 

the development of was-/- iNKT cells. BM chimeras were analyzed 7-9 weeks post 

transplantation and evaluated for the expansion and maturation of iNKT cells derived 

from either was-/- or wt hematopoietic precursors. As shown in Fig. 13, the percentage 

of iNKT cells developing in was-/- mice reconstituted with was-/- lin- cells (ko→ko 

control) was reduced both in the thymus and more markedly in the periphery in 
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comparison to that observed in wt recipients transplanted with wt precursors (wt→wt 

control). Both mixed BM chimeras generated in was-/- and wt recipients displayed a 

level of iNKT cells very similar to wt→wt control, suggesting the same capacity of wt 

and was-/- recipients to support iNKT cell generation. The analysis of maturation of 

donor iNKT cells based on NK1.1 expression confirmed the complete developmental 

block of was-/- iNKT cells in ko→ko controls as opposed to successful maturation of 

WASp+ iNKT cells in wt→wt control (Fig.13B). In the BM chimeras, whereas WASp+ 

iNKT cells could acquire the mature phenotype in both recipients, WASp- iNKT cells 

were unable to upregulate NK1.1 even in the presence of hematopoietic cells derived 

from wt progenitors.  

Altogether, these findings demonstrate that the lack of WASp determines an iNKT cell 

autonomous defect that impairs the maturation, survival and/or expansion of these 

cells. 
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Figure 12. iNKT cell maturation in the absence of WASp. (A) Thymocytes and 
hepatic leukocytes from wt and was-/- mice were stained with anti-CD8 or anti-B220, 
anti-CD3, anti-CD44, anti-NK1.1 mAbs and αGalCer loaded CD1d tetramers. 
Maturation of iNKT cells (CD1d tetramer+, CD3+, CD8-) was assessed based on the 
expression of CD44 and NK1.1.Data are representative of six mice per group 
analyzed in two independent experiments. (B) Absolute numbers of iNKT cells 
(CD1d tetramer+, CD3+, CD8-) in thymus and liver of wt and was-/- mice. Bars 
represent median and interquartile range of six mice per group. ** = p<0.005 . (C) 
DX5 expression by iNKT cells (CD1d tetramer+, CD3+, CD8-/B220-). Data are 
representative of six mice per group analyzed in two independent experiments.  Bars 
represent median value of each group. 
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Figure 13. Generation of Mixed Bone Marrow Chimeras. (A) iNKT cells were 
analyzed by flow cytometry in thymus and liver of wt or was-/- recipient mice 
(CD45.1) transplanted with was-/- lin- cells,  wt lin- cells or with a mixture of 50% 
wt and 50% was-/- lin- obtained from CD45.2 mice. Thymocytes and hepatic 
leukocytes were surface stained with αGalCer loaded CD1d tetramers, with anti-
CD3 and anti-CD8 (thymocytes) or anti-B220 (hepatic leukocytes) mAbs. The 
percentage of iNKT cells (CD8- or B220- CD3+CD1d tetramers+ cells) is indicated 
in each plot. (B) Maturation of iNKT cells in thymus and liver of BM chimera 
mice. After gating on donor CD45.2+ iNKT cells were further analyzed for NK1.1 
and WASp expression. The percentages of mature (NK1.1+) and immature 
(NK1.1-) iNKT cells from wt donors (WASp+) or was-/- donors (WASp-) are 
indicated in each plot. Data are representative of at least three mice per group from 
a single experiment. 
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5.2.5 Evaluation of apoptotic cell death and homeostatic proliferation in murine 

iNKT cells 

A possible explanation for the reduced pool of mature iNKT cells in was-/- mice could 

be the increase of apoptotic cell death and/or the impaired homeostatic proliferation of 

iNKT cells lacking WASp.  

Among the different ways to measure apoptosis one efficient approach is to evaluate 

the activity of caspases, key mediators of the programmed cell death process. To this 

aim, thymocytes and hepatic leukocytes from wt and was-/- mice were incubated with 

CaspACE, a fluorescent analog of the pan caspase inhibitor Z-VAD-FMK 

(carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone) able to bind to 

activated caspases. Our monitoring of CaspACE positive cells by fluorescence 

detection did not reveal any remarkable increment of caspase activity in was-/- iNKT 

cells (Fig.14A). Even the comparison between immature NK1.1- iNKT cells from wt 

and was-/- mice did not show any significant difference in activated caspase levels 

(Fig. 14B). 

To find out if a reduced homeostatic proliferation of iNKT cells accounts for the 

lower iNKT cell number of was-/- mice, we evaluated the in vivo turnover of iNKT 

cells. To this aim we adopted a labeling method based on the usage of 

Bromodeoxyuridine (5-bromo-2-deoxyuridine, BrdU), a synthetic nucleoside 

analogue of thymidine. Indeed as previously published following in vivo 

administration of BrdU for 6 days (232) many thymic and peripheral iNKT cells 

normally proliferate, incorporating BrdU. As expected a detectable wt iNKT cell 

fraction was BrdU+ at day 6 (Fig. 15A). Of note, even if normally proliferating in the 

periphery, was-/- iNKT cells presented a significantly higher turnover in the thymus. 

Faster BrdU labeling of thymic iNKT cells most likely reflected the increased 

proportion of immature iNKT cells in was-/- mice, as NK1.1- iNKT cells were 

demonstrated to be the iNKT cell fraction most actively proliferating (164). 

Nevertheless when the proliferation analysis was restricted to the NK1.1- iNKT cell 

fraction it disclosed homeostatic proliferation ability severely compromised in cells 

lacking WASp (Fig. 15B). 

Altogether these results indicated the impaired proliferation capacity of was-/- iNKT 

cells as the responsible for reduced iNKT cell pool in was-/- mice.  

 



 89 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

% of Caspase+  NKT cells

0

10

20

30
ns ns

WT liver

WAS-/- Liver

wt 

was-/- 

Thymus Liver 

%
 o

f i
N

K
T 

ce
lls

 

CaspACE+ iNKT cells 

0 102 103 104 105

<FITC-A>: Caspace

0

20

40

60

80

100

%
 o

f 
M

a
x

0 10
2

10
3

10
4

10
5

<FITC-A>: Caspace

0

20

40

60

80

100

%
 o

f 
M

a
x

CaspACE 

%
 o

f M
ax

 

Thymus Liver 

wt NK1.1- iNKT cells 
was-/- NK1.1- iNKT cells 

% of NK1.1-caspases+ cells

0

10

20

30

40

ns

ns
WT liver
WAS-/- Liver

%
 o

f N
K

1.
1-

 iN
K

T 
ce

lls
 

Thymus Liver 

wt 
was-/- 

CaspACE+ NK1.1- iNKT 
cells 

B 

A 

Figure 14. Activated caspase expression in was-/- iNKT cells. (A) Flow cytometric 
analysis of activated caspase levels by iNKT cells. Thymocytes and hepatic leukocytes 
from wt and was-/- mice were stained with CaspACE,  αGalCer loaded CD1d 
tetramers, with anti-CD3 and anti-CD8 (thymocytes) or anti-B220 (hepatic 
leukocytes) mAbs. The graph shows percentages of CaspACE+ iNKT cells (CD8- or 
B220- CD3+CD1d tetramers+ cells) from 7 mice. (B) Evaluation of activated caspase 
levels by NK1.1- iNKT cells. After gating on iNKT population, the cells were further 
analyzed for NK1.1 and CaspACE expression. On the left a representative CaspACE 
expression by NK1.1- iNKT cells from wt (blue) and was-/-  (purple) mice In the graph 
(on the right) the percentages of CaspACE+ NK1.1- iNKT cells from 7 mice are 
depicted. Bars represent the median value and the interquartile range.  
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Figure 15. Homeostatic iNKT cells proliferation in was-/- mice. (A) Flow 
cytometric analysis of BrdU incorporation by iNKT cells. BrdU was injected 
intraperitoneally and given in drinking water daily. Mice were analyzed at day 6. 
The graph shows percentages of BrdU+ iNKT cells (CD8- or B220- CD3+CD1d 
tetramers+ cells) from thymus and liver of 7 mice. (B) Evaluation of BrdU 
incorporation by NK1.1- iNKT cells. On the left a representative BrdU uptake by 
NK1.1- iNKT cells from wt (blue) and was-/-  (purple) mice. In the graph (on the 
right) the percentages of BrdU+ NK1.1- iNKT cells from 7 mice are depicted. Bars 
represent the median value and the interquartile range.  
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5.2.6 Proliferation of was-/- iNKT cells in response to IL-15 

Among the requirement for iNKT cell expansion and/or survival, a crucial role seems 

to be played by the cytokine IL-15. Indeed, impaired IL-15 receptor signaling results 

into significant reduction of thymic and peripheral iNKT cell numbers (232). 

Therefore we first measured on wt and was-/- iNKT cells the expression of IL-

2Rβ chain (CD122), which is a component of the signaling complex for IL-15. As 

shown in Figure 16A, the absence of WASp did not alter the ability to express CD122 

on iNKT cells.  

Moreover we analyzed the proliferative response of was-/- iNKT cells to IL-15. To 

this aim, CD8 depleted thymocytes from wt and was-/- mice were labeled with CSFE 

and put in culture with human recombinant IL-15 (Fig.16B). After 4 days of culture in 

the presence of IL-15, almost the totality of was-/- iNKT cells, as well as wt controls, 

underwent to cellular proliferation, as demonstrated by the similar dilution of CSFE.  

Overall these data ruled out a deficient IL-15 signaling as the responsible of the 

reduced iNKT cell pool in was-/- mice. 
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Figure 16. IL-15 receptor receptor signaling in was-/- mice. (A) Flow cytometric 
analysis of IL-2Rβ chain (CD122) expression by thymic iNKT cells. The graph 
summarizes data from two independent experiments. Bar represents the median value 
of each group. (B) In vitro iNKT cell proliferation in response to IL-15. CD8 depleted 
thymocytes from wt and was-/- mice were labeled with CFSE and put in culture for 4 
days with 100 ng/ml human recombinant IL-15. The graph shows CFSE dilution of wt 
(blue) and was-/- (green) iNKT cells. The red empty histogram represents CFSE 
dilution of cells put in culture without IL-15. Data are representative of three 
independent experiments.  
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5.3 FUNCTIONAL CHARACTERIZATION OF MURINE was-/- iNKT CELLS 

 

5.3.1 Reduced in vivo cytokine production upon αGalCer injection in was-/- mice 

To determine whether WASp plays a role also in the effector function of iNKT cells 

we evaluated the in vivo response to αGalCer, a synthetic glycosphingolipid that 

elicits a prompt and selective activation of iNKT cells through the CD1d molecule. 

Indeed after αGalCer stimulation, iNKT cells produce huge amounts of Th1 and Th2 

cytokines. We injected αGalCer into was-/- mice and wt controls and measured the 

cytokine production in the sera of treated animals 3, 6, 12 and 24 hours from the 

stimulation. As expected, the in vivo activation of wt iNKT cells resulted in consistent 

production of the prototypical IL-4 and IFN-γ cytokines. Although in was-/- mice the 

kinetics of cytokine production was similar to that of wt mice, the amount of IL-4 and 

IFN-γ in  was-/- sera was significantly reduced at every time-point tested (Fig.17A). 

Similar results were also found for other cytokines produced by activated iNKT cells, 

as the growth factor IL-2 and GM-CSF, which were consistently reduced in was-/- 

mice at the time of maximum production (Fig.17B). Furthermore we detected a drop 

in the levels of IL-10, TNFα and IL-6 in  was-/- sera in comparison to wt at the earliest 

time point following αGalCer stimulation. Collectively these results demonstrate a 

profound decrease in the amount of different cytokines produced upon αGalCer 

injection in was-/- mice.  
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Figure 17. Cytokine production by was-/- mice upon αGalCer injection. (A) In 
vivo IL-4 and IFN-γ production upon αGalCer administration in wt and was-/- mice. 
Sera were analyzed by Bioplex Technology at 3, 6, 12 and 24 hours upon injection. 
(B) At 3, 6, 12 and 24 hours upon αGalCer injection it was also measured the level of 
IL-2, GM-CSF, IL-10, TNFa and IL-6  in the sera of treated animals. In (A) and in (B) 
the graphs show the amount of cytokines produced by 6 wt and 6 was-/- mice. Blue 
square and green triangle represent respectively the median value of wt and was-/- 
mice group. The vertical bars represent interquartile range of each group. * = p<0.05 
and ** = p<0.005.  
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5.3.2 Functional impairment of in vivo activated was-/- iNKT cells 

The lower cytokine levels described above could be caused by the reduced iNKT cell 

number of was-/- mice, but also by the impaired ability of was-/- iNKT cells to produce 

cytokines. To address this issue, we administered αGalCer to was-/- or wt mice to in 

vivo activate iNKT cells and we analyzed ex vivo the intracellular level of the most 

representative cytokines produced by iNKT cells. Forty-five minutes after αGalCer 

injection, a significant fraction of wt iNKT cells produced considerable amount of 

intracellular IL-4 and IFN-γ, whereas was-/- iNKT cells showed an impaired 

production of both cytokines (Fig. 18). 
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Figure 18. Cytokine production by was-/- iNKT cells upon in vivo stimulation. 
IL-4 and IFN-γ production were measured in wt and was-/- mice at the single iNKT 
cell level. wt and was-/- mice were injected with αGalCer and after 45 minutes 
hepatic leukocytes were isolated and stained with αGalCer loaded CD1d tetramers, 
anti-CD3, anti-IL-4 and anti-IFN-γ mAbs. Representative analysis of IL-4 and IFN-
γ intracellular production by iNKT cells (CD3+, CD1d tetramers+) from wt (blue 
line) and was-/- (purple line) mice. Violet histograms represent IL-4 or IFN-γ 
production by untreated wt mice. Data are from one experiment representative of 
three. 
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Another measure of iNKT cell functional ability is given by their capacity to in vivo 

expand following αGalCer stimulation (295). To check this ability, wt and was-/- mice 

were treated with αGalCer and iNKT cell expansion was evaluated by flow cytometry 

at day 3, 7 and 11 after the injection. The analysis of iNKT cell percentage and 

absolute number at the different time-points revealed, as expected, a peak of 

expansion of wt iNKT cell at day 3 followed by a contraction at day 7. Conversely, 

was-/- iNKT cells showed a delayed kinetics, with the maximum expansion at day 7, 

followed by a contraction at day 11 (Fig.19A). Of note the absence of WASp seems to 

cause a delay likewise in the surface upregulation of TCR upon iNKT cell 

stimulation, since the percentage of was-/- iNKT cells at day 3 is significantly 

decreased in comparison to that at day 0.  

The increase in absolute numbers of was-/- iNKT cells induced by the αGalCer was 

significant compared to the untreated mice, however, the capacity of was-/- iNKT cells 

to expand was substantially lower than that of wt iNKT cells, as shown by the 

differences in the fold increase values (Fig.19B). 

Altogether, these results provide proof of evidence that in vivo activated was-/- iNKT 

cells are not properly functional. 
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Figure 19. was-/- iNKT cell in vivo expansion upon αGalCer stimulation. (A) wt 
and was-/-  mice were injected with αGalCer and iNKT cell in vivo expansion was 
measured by flow cytometry at 3, 7 and 11 days following the injection. To 
evaluate iNKT cell expansion hepatic leukocytes were stained with anti-B220, anti-
CD3 mAbs and with αGalCer loaded CD1d tetramers. iNKT cell percentages and 
absolute numbers of iNKT cells were determined as described in Figure Legend 7. 
The graph shows iNKT cell number of 5 wt and 5 was-/- mice/group with the 
exception of day 11 (3 wt and 4 was-/- mice). Statistic significance is referred to the 
difference between each group and its relative untreated control. ** = p<0.005 of 
each group compared to untreated mice (Day 0) (B) Fold increase of iNKT cell 
number at day 3, day 7 and day 11 was calculated as ratio of, respectively, the mean 
value of iNKT cell number at day 3, day 7 or day 11 and the mean value of iNKT 
cell number from untreated mice.  
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5.3.3 Reduced help to antigen specific humoral responses by in vivo activated 

was-/- iNKT cells 

We next checked the in vivo ability of was-/- iNKT cells to support antigen specific T 

cell dependent antibody responses. It was indeed demonstrated that the activation of 

iNKT cells at the moment of immunization with protein antigens results in an 

enhanced secretion of antigen specific immunoglobulin (253).  

To this aim wt and was-/- mice were immunized with the protein antigen TNP-KLH 

alone or admixed with αGalCer and after two weeks mice were boosted using the 

same vaccine formulation.  Serum antibody levels were then evaluated two weeks 

following the second immunization (2wp2). As shown in Fig.20, the in vivo activation 

of iNKT cells caused, as expected, a significant increase of TNP-KLH specific IgG in 

wt mice. On the contrary activated was-/- iNKT cells were not able to support a 

relevant augmentation of specific IgG titer. Nonetheless other adjuvant as LPS 

significantly enhanced specific humoral responses in both wt and was-/- mice. 

These results further confirm the in vivo functional deficiency of was-/- iNKT cells. 

 

Figure 20.  In vivo help of activated was-/- iNKT cell to specific B cell 
responses. wt and was-/- mice were immunized twice with TNP-KLH alone,  with 
αGalCer or with LPS. The figure shows the antigen specific IgG titer at two weeks 
post second immunization (2wp2). Results are from one experiment representative 
of two, in which 4-5 mice were tested.  ns = p>0.05, * = p<0.05. 
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5.3.4 Contribution of was-/- DCs to was-/- iNKT cell functional defect 

The functional impairment of was-/- iNKT cells upon in vivo activation may be caused 

by a cell autonomous defect and/or by alterations in antigen presentation. In fact 

iNKT cells require, to be activated, the interaction of TCR with an antigen loaded 

CD1d molecule on the surface of the APC. 

It seems possible that a reduced antigen presentation ability of was-/- APCs may 

contribute to the in vivo reduced functionality of was-/- iNKT cells, since was-/- DCs 

have a reduced ability to migrate, assemble podosomes and process particulate 

antigens (109). 

To dissect the role of was-/- DCs in was-/- iNKT cell functional defect we performed an 

in vitro functional assay by putting in culture wt or was-/- αGalCer-pulsed DCs 

together with wt or was-/- iNKT cells in all possible combinations.  

After 48 hours of co-culture the amount of IL-4 and IFN-γ produced by wt iNKT cells 

activated by wt DCs were significantly higher than that released by was-/- iNKT cells 

activated by was-/- DCs, thus reproducing in vitro what we previously found in vivo 

(Fig. 21). was-/- DCs were not relevantly defective in driving IL-4 and IFN-γ 

production by wt iNKT cells, suggesting that was-/- DCs are competent in antigen 

presentation to iNKT cells. Anyway was-/- iNKT cells produced more abundant levels 

of IFN-γ, but not of IL-4, when they were activated by wt DCs rather than by was-/- 

DCs, indicating a partial contribution of was-/- DCs to the defective IFN-γ production 

by was-/- iNKT cells.  

On the other hand when was-/- iNKT cells were activated by wt DCs, they secreted 

IFN-γ at the same level of wt iNKT cells but failed to produce normal amount of IL-4.  

Overall these results indicated an intrinsic functional defect of was-/- iNKT cells in the 

pathway leading to IL-4 production. In contrast the contribution of an altered 

crosstalk between was-/- DCs and was-/- iNKT cells might account for the reduced 

IFN-γ production found upon in vivo activation of was-/- iNKT cells. 
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Figure 21. In vitro activation of wt or was-/- iNKT cells by αGalCer loaded wt 
or was-/- DCs. DCs from spleen of wt and was-/- mice were purified and pulsed 
overnight with αGalCer 100 ng/ml. αGalCer pulsed wt or was-/- DCs were put in 
culture with FACS sorted splenic wt or was-/- iNKT cells in 1:1 ratio. After 
48hours of co-culture supernatants were collected for cytokine measurement by 
Bioplex technology. The graph shows the results from three independent 
experiments and for each experiment cells from at least 5 mice/group were 
pooled. Bars are mean and SEM for each group. *=p<0.05; ** = p<0.005  
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5.3.5 Normal ability of was-/- DCs to present αGalCer 

Taking advantage of a recently developed antibody specific for the complex formed 

by the binding of αGalCer to murine CD1d (L363), the kinetics of αGalCer has been 

described (191). This study clearly shows that αGalCer is internalized in the 

endosomal compartment and later on presented by CD1d on APC surface. Because 

was-/- DCs might present alteration in antigen uptake and presentation (109), we 

evaluated by flow cytometry their ability to present αGalCer. Bone Marrow derived 

DCs (BM DCs) from wt and was-/- mice were incubated for 18 hours with αGalCer 

and then stained with L363 Abs (Fig.22). This analysis did not reveal any remarkable 

change in the presence of αGalCer-CD1d complexes on the surface of wt and was-/- 

BM DCs thus excluding defect in αGalCer presentation by was-/- DCs.  
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Figure 22. αGalCer presentation by was-/- DCs. BM DCs from wt and was-/- 
mice were incubated for 18 hours with medium alone (unpulsed) or αGalCer 
100ng/ml (αGalCer pulsed) and then stained with L363 Ab. The figure shows 
one representative result from three independent experiments.  
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5.3.6 In vitro cytokine production ability of was-/- iNKT cells 

The in vitro functional experiments of co-culture between DCs and iNKT cells 

described above suggested a cell autonomous defect in cytokine production of WASp 

deficient iNKT cells, especially in IL-4 production. 

To further confirm the intrinsic defect of was-/- iNKT cells in cytokine production, we 

in vitro stimulated sorted wt and was-/- iNKT cells with anti-CD3 and anti-CD28 

mAbs. Moreover, in order to understand whether the was-/- iNKT cell functional 

defect is dependent on TCR triggering, we stimulated wt and was-/- iNKT cells with 

the phorbol ester 12-O-tetradecanoylphorbol-13-acetate (TPA) and the calcium 

ionophore Ionomycin, which activates respectively signal transduction enzyme 

protein kinase C bypassing TCR engagement and opens Ca++ channels. Following 48h 

of stimulation, the amount of both IL-4 and IFN-γ secreted by was-/- iNKT cells, was 

dramatically decreased in comparison to the wt control (Fig 23). However, upon TPA 

and Ionomycin stimulation, was-/- iNKT cells produced sustained cytokine levels. In 

addition, to further define the relevance of the TCR-induced proximal signals, we 

stimulated total wt and was-/- splenocytes with TPA and Ionomycin. After 1hour of 

incubation, Brefeldin A was added to the cells to avoid cytokine secretion and the 

cells were incubated for another hour. IL-4 and IFN-γ production were then measured 

at the single-cell level by intra-cellular FACS analysis (Fig.24A and 24B). When TCR 

triggering was bypassed we could detect, as expected for was-/- conventional T cells, 

normal percentages and MFI of IFN-γ producing was-/- iNKT cells. Upon activation 

with TPA/Ionomycin, was-/- iNKT cells still retained the capacity to produce 

detectable levels of IL-4, even if they displayed a concrete impairment in the ability to 

secrete IL-4 when compared to normal controls. Together these data represent a proof 

of the importance of TCR engagement in determining the defect of was-/- iNKT cells 

in producing both IFN-γ and IL-4. 

An indirect measure of TCR functionality in iNKT cells is the avidity by which the 

semi-invariant TCR of NKT binds to the αGalCer-CD1d complex. This can be easily 

determined by staining iNKT cells with different concentration of CD1d tetramers 

loaded with PBS57, an analog of αGalCer. In line with the reduced functionality of 

was-/- iNKT cells, the lack of WASp leads to an impaired TCR avidity in iNKT cells, 

which presented a reduced capacity to bind low and high amount of the PB57-CD1d 

complexes in comparison with wt controls (Fig. 25). 
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Figure 23. In vitro stimulation of was-/- iNKT cells with anti-CD3 and anti-
CD28 mAbs. Splenic iNKT cells from wt and was-/- mice were sorted out by FACS 
and put in culture with medium alone or in the the presence of anti-CD3 (2µg/ml) 
and anti-CD28 (2µg/ml) mAbs or with medium supplemented with TPA (50 ng/ml) 
and Ionomycin (1µg/ml). After 48hours supernatants were collected for cytokine 
measurement by Bioplex technology. The graph shows the results from two 
independent experiments and for each experiment cells from at least 5 mice/group 
were pooled. Bars are mean and SEM for each group. *=p<0.05; *** = p<0.001  
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Figure 24. In vitro stimulation of was-/- iNKT cells with TPA and Ionomycin. Total 
splenocytes from wt and was-/- mice were stimulated with TPA (50 ng/ml) and 
Ionomycin (1µg/ml) for 2 hours at 37°C. In the last hour of incubation Brefeldin A (10 
µg/ml) was added to the culture. After the stimulation cells were surface stained with 
anti-B220, anti-CD3 and PBS57-CD1d tetramers to detect iNKT cells. Splenocytes 
were then intracellularly stained with anti-IFN-γ and anti-IL-4. (A) The figure shows 
the percentage of IFN-γ and IL-4 producing iNKT cells (left) and conventional T cells 
(right) from three independent experiments. Bars are the median value for each group. 
(B) Among the same samples it was also measured the MFI of IFN-γ and IL-4 
producing iNKT cells. Bars represent median and interquartile range. . *=p<0.05 
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Figure 25. TCR Avidity of was-/- iNKT cells. Total splenocytes from wt and was-/- 
mice were incubated with different concentrations of PBS57-loaded CD1d tetramers 
(0.25, 0.5, 1, 2.5 and 5 nM). Cells were also stained as described in Figure legend 22 
to detect iNKT cells by flow cytometry. The graph shows data from one experiment 
representative of three. Blue square and green triangle represent respectively the 
median value of wt and was-/- mice group. The vertical bars represent interquartile 
range of each group. *=p<0.05 
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6. DISCUSSION 

 
The results obtained during the course of this PhD project allowed the achievement of 

new insight on the role of WASp in immune system regulation. We pointed out the 

crucial role of WASp in the biology of invariant Natural Killer T  (iNKT) cells. 

Indeed we demonstrated for the first time that WAS patients are devoid of iNKT cells. 

In addition WASp is required for the normal development and tissue distribution of 

murine iNKT cells, as revealed by studies on was-/- mice. Similar to conventional T 

cells, WASp is strictly required for the effector function of iNKT cells, as was-/- iNKT 

cells fail to properly proliferate in vivo and to produce cytokine following in vivo and 

in vitro stimulation. Given the key role of iNKT cells in immune responses against 

some pathogens and in antitumoral immune responses, our data suggest that iNKT 

cell dysfunction might contribute to the recurrent infections and to the high tumor 

incidence observed in WAS patients. 

 
 

6.1 WAS PATIENTS ARE DEVOID OF iNKT CELLS 

Mature iNKT cells are strong immunoregulatory elements, since they promptly 

produce a wide range of cytokines upon TCR triggering and thus activate different 

immune cell type (122, 150). Thanks to this functional feature, iNKT cells are 

involved in the control of pathogen infection (240), in cancer immunosurveillance 

(150) and play a protective role in many autoimmune diseases (150, 246). In keeping 

with their immunoregulatory role, a complete lack of iNKT cells was found in X 

linked lymphoproliferative disease (XLP) (290) and in the Omenn syndrome (292), 

two different primary immunodeficiencies characterized, respectively, by 

inappropriate response to EBV infection (usually leading to B cell lymphoma), and 

severe autoimmune manifestations. All these evidences have prompted us to 

investigate iNKT cells in the Wiskott Aldrich Syndrome (WAS), a primary 

immunodeficiency associated with recurrent infections, increased risk to develop 

cancer, mainly B cell lymphoma EBV associated, and autoimmunity (3). We found 

that WASp deficiency dramatically impacts on the amount of circulating human 

iNKT cells since, by flow cytometry, iNKT cells were nearly undetectable in WAS 

patients with severe score (Fig. 1A). Interestingly, three patients with XLT, a milder 

form of WAS, presented a detectable number of iNKT cells (Fig. 1B). Therefore, 
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impairment in iNKT cell number correlates with the severity of disease. In severe 

WAS patients lacking iNKT cells, the frequency of T cells expressing either TCR 

Vα24 or Vβ11, although variable, was in the range of healthy donors, suggesting that 

these TCR V regions can be utilized by WASp deficient T cells (Fig.3). Moreover, the 

analysis of TCR V beta repertoire in WAS and XLT patients revealed the presence of 

all TCR Vβ families, with some alterations probably due to concurrent infections, 

frequent in these patients (Table II). Our findings are in line with previously published 

data showing that TCR Vβ repertoire is normal in young WAS patients and become 

skewed after 15 years of age (99). Thus, these data indicate a profound defect in 

iNKT cell population in spite of minor alterations in the TCR repertoire of 

mainstream T cells.  

Overall, these data suggest that the absence of iNKT cells might contribute to the 

increased susceptibility of patients to pathogen infections. Indeed, lack of iNKT cells 

can cause impaired immune protection against viral, bacterial, and fungal infections. 

For instance, iNKT cells were demonstrated to exert a protective role in immune 

response against pathogens as Streptococcus pneumoniae and herpes simplex virus 

(HSV) (240). Interestingly pneumonia and HSV infection are among the most 

common recurring events in WAS patients (4). Moreover, as suggested for XLP, we 

hypothesize that the absence of iNKT cells might contribute to the high susceptibility 

to develop EBV+ B cell lymphoma observed in WAS patients. iNKT cells play a key 

role also in tumor immunosurveillance, as suggested by the increased susceptibility to 

develop cancer in NKT cell deficient mice and a decreased iNKT cell number and 

function in patients with advanced cancer (270, 271). Thus we speculate that the 

increase of tumor development in WAS patients might be a consequence of the 

reduced functionality of WASp null NK and CD8 T cells, together with the lack of 

immunosurveillance operated by iNKT cells. According to this hypothesis, XLT 

patients, who have a detectable population of iNKT cells, are usually more resistant to 

infections and tumor development (4). 

iNKT cells are under the level of detection in WAS patients, but this observation does 

not exclude the presence of few not measurable iNKT cells that still retain functional 

activity. To address this issue, iNKT cells from PBMCs of HDs, XLT and WAS 

patients, were expanded in vitro for several weeks (Figure 4). Following this long-

term stimulation, iNKT cells from XLT and WAS patients became measurable. 
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However, while healthy donor iNKT cells selectively responded to the specific 

stimulus αGalCer becoming almost the totality of the expanded population, iNKT 

cells lacking normal WASp did not, as they were only a minority of the finally 

harvested population. In addition, the expansion did not generate a sufficient number 

of iNKT cells from XLT/WAS patients to perform further functional studies. 

Nonetheless, the lack of a specific expansion to αGalCer is by itself a proof of 

functional abnormality of WASp deficient iNKT cells. 

Altogether these findings demonstrate the crucial role of WASp in the 

development/homeostasis and expansion of human iNKT cells and suggest the 

contribution of this cell subset in the control of infection and cancer progression. 

 

6.2 IMPAIRED DEVELOPMENT OF MURINE was-/- iNKT CELLS 

The lack of a detectable iNKT population in WAS patients did not allow us to 

establish how WASp controls the development and/or the peripheral homeostasis of 

human iNKT cells. Thus we moved to the was-/- murine model to better define the 

role of WASp in the biology of iNKT cells. Differently from humans, in mice WASp 

deficiency is not associated with complete lack of iNKT cells. However was-/- iNKT 

cell numbers were significantly reduced in thymus and in periphery (Figure 7). The 

requirement for WASp is similar for the different subset of iNKT cells and does not 

cause relevant skewing toward a particular iNKT cell type. Indeed we observed an 

equal reduction of CD4+ and DN iNKT cells in all the organs analyzed and a normal 

frequency of was-/- iNKT cells bearing the most representative Vβ TCRs (Figure 9 

and 10). 

Of note, the effect of WASp deficiency on iNKT cell frequency is more severe in 

periphery than in the thymus, where iNKT cells are mildly decreased in comparison to 

wt mice (Figure 7). This observation was confirmed by another group (296) and likely 

reflects inefficient egress and resultant accumulation of thymic iNKT cells. 

Emigration of thymic iNKT cells is regulated by S1P signaling (297), which on the 

other hand was shown to be mediated by WASp in marginal zone B cells (298, 299). 

Thus was-/- iNKT cells might present a defective S1P signaling and consequently an 

impaired migration in periphery. However CD69, which acts as negative regulator of 

this event and is downregulated upon S1P-receptor engagement (300), is normally 

expressed on thymic and peripheral was-/- iNKT cells (Figure 10). Astrakhan and 
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colleagues, claimed that was-/- iNKT cells might present a reduced migration to the 

liver because their lower expression of CD11a (296). However it is not clear why the 

reduced CD11a expression on was-/- iNKT cells should be relevant for their migration 

to the liver since it was demonstrated that LFA-1 (CD11a/CD18) expression on other 

liver cells is required for the accumulation of CD4+ iNKT cells (301). 

A possible explanation for the reduction of iNKT cells in was-/- mice might be an 

altered thymic development. A normal expression of CD1d on DP lymphocytes, 

which is required for iNKT cell positive selection (152), was shown in was-/- mice in 

comparison to wild type mice (Fig. 11). In support of the hypothesis that a normal 

iNKT cell positive selection occurs in the thymus of was-/- mice, we did not observe 

gross alteration in TCR Vβ distribution of was-/- iNKT cells (Fig 10). In line with this 

observation, using CD44 and NK1.1 markers, we found that was-/- iNKT cells can 

pass through the positive selection, but are blocked in the late developmental stage 2 

(CD44+NK1.1-) (Fig.12), suggesting a potential role of WASp in regulating the late 

phases of the differentiation process. This hypothesis is further supported by the 

expression of DX5 by thymic was-/- iNKT cells (Fig.12), since DX5 is a late 

maturation marker expressed before the progression from stage 2 (CD44+NK1.1-) to 

stage 3 (CD44+NK1.1+) (152). 

Among the events contributing to the final maturation of iNKT cells in the periphery, 

a crucial is played by CD1d recognition, since NK1.1- iNKT cells fail to properly 

complete their maturation in the absence of CD1d (209). Our data rule out the 

possibility that an altered CD1d expression in the periphery might cause the 

developmental block of was-/- iNKT cells (Fig.11). However, this finding does not 

exclude that was-/- iNKT cells might not properly interact with CD1d-expressing 

APCs. The lack of WASp indeed induces a cell autonomous developmental arrest, as 

demonstrated by the generation of mixed BM chimeras, in which was-/- iNKT cells 

were not able to acquire the mature phenotype, even in the presence of wt APCs 

(Fig.13). 

Many players regulating iNKT cell terminal maturation are molecules involved in the 

TCR signaling. For instance a lower iNKT generation and maturation was observed in 

the absence of PKCθ, a signal transduction molecule known to play an important role 

in the TCR / NF-κB pathway (214). Of note, PKCθ−mediated  phosphorylation can 

activate WASp at the IS (58). Thus, in iNKT cell development, WASp might be a 
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relevant target of the activated PKCθ in the TCR / NF-κB pathway. In addition, iNKT 

cell development requires TCR-induced transcriptional factors, such as NF-κB, AP-1 

and T-bet (152), whose expression or function are altered in the absence of WASp 

(27, 76, 77). Indeed, a reduced iNKT cell generation and maturation is associated with 

the absence of the transcriptional factor NF-κB (215). Moreover WASp has been 

demonstrated, at least in NK cells, to be involved in the regulation of NF-κB nuclear 

translocation (77). In addition, transgenic mice over-expressing BATF, a negative 

regulator of AP-1 activity, show defective maturation of iNKT cells (220). 

Interestingly WASp absence is associated with a lower AP-1 binding activity in 

murine T cells (76). A severe block in NK1.1 expression is also reported in mice 

lacking T-bet (221), a transcriptional factor associated to Th1 immunity. A possible 

role for WASp in the regulation of T-bet is supported by a recent study from our 

group showing a reduced T-bet expression in TCR stimulated CD4+ T cell lines from 

WAS patients (27).  

Furthermore, very recent evidences have highlighted the critical role of costimulatory 

signals arising from B7-CD28 interaction in promoting the expansion of mature 

NK1.1+ iNKT cells (224, 225). Interestingly, WASp was demonstrated to be required 

for a normal ligation-induced CD28 endocytosis, a process relevant to CD28 

costimulatory functions (66). These evidences support the hypothesis that WASp acts 

as an important component in the downstream events of TCR pathway during iNKT 

cell terminal maturation.  

In our was-/- murine model iNKT cells are arrested in a developmental stage 

characterized by a massive cellular expansion and egression from the thymus (152).  

Thus this late developmental block does not explain why iNKT cells, even if 

immature, are less abundant in the thymus and in the periphery of was-/- mice. The 

analysis of the in vivo thymic turnover revealed that was-/- iNKT cells display a 

proliferative rate significantly higher than wt counterpart (Fig.15). These data are 

consistent with the increased proportion of immature iNKT cells in was-/- mice, as 

NK1.1- iNKT cells are the iNKT cell fraction most actively proliferating (164). 

Indeed when the analysis was restricted to the immature iNKT cell fraction, the 

frequency of proliferating thymic iNKT cells increased from 25% to 75% in wt iNKT 

cells, whereas it remained around 20-40% in was-/- iNKT cells. This observation 

discloses a severely compromised homeostatic proliferation ability of was-/- iNKT 
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cells in the thymus and in the periphery as well, thus explaining the reason of the 

smaller was-/- iNKT cell pool. 

WASp is important in driving the homeostatic process in different immune cell types. 

In a distinct WASp deficient murine model, Maillard and coworkers found decreased 

number of naturally occurring T regulatory cells (nTreg) (43), suggesting a defective 

nTreg homeostasis. In parallel, another group shown that signal mediated by WASp is 

important for nTreg peripheral expansion and survival (42). By using BrdU labeling 

assay, it was also highlighted the involvement of WASp in the regulation of B cell 

homeostasis. Mature was-/- B cells are characterized by an abnormal turnover rate but, 

differently from iNKT cells, they displayed an increased BrdU incorporation (298, 

299), thus underlying different requirement for peripheral homeostasis in B and iNKT 

cells. 

Among the requirement for the homeostasis of iNKT cells, IL-15 signaling plays a 

key role.  Indeed Matsuda et al demonstrated that the proliferation and maintenance of 

iNKT cells is highly dependent on IL-15 (232), because IL15-/- mice have reduced in 

vivo turnover. Moreover IL-15 is also important for the progression from 

developmental stage 2 to stage 3, as revealed by the reduced maturation of iNKT cells 

in IL15-/- mice and the upregulation of IL-2/IL-15 receptor β chain (CD122) on iNKT 

cells when they progress through the latest developmental step (232). However, our 

study revealed that was-/- iNKT cells normally express CD122 and in vitro proliferate 

in response to IL-15 (Fig.16), thus ruling out a defective IL-15 signaling as the cause 

of the developmental block and reduced homeostatic proliferation. Supporting our 

results, similar findings were achieved independently in the other was-/- murine model 

(296). 

It remains an open issue which signaling pathway, leading to the homeostatic 

proliferation of iNKT cells, may be normally controlled by WASp. Even if a thorough 

comprehension of the signaling pathways involved in the homeostatic regulation of 

iNKT cells still needs to be achieved, it is known that IL-7, to a lesser extent than IL-

15, regulates the size of peripheral iNKT cell pool (232). However, since no data are 

reported in literature, is difficult to predict whether WASp is required for IL-7 

induced signaling or IL-7 production. 

Although TCR-CD1d interaction is crucial for the development and activation of 

iNKT cells, it seems to be less important for the homeostatic regulation. Indeed, there 

are evidences that mature iNKT cells can survive for many weeks in the absence of 
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CD1d (209) and that iNKT cells undergo cell divisions upon adoptive transfer in 

CD1d-/- mice (232).  

Costimulatory signal delivered through ICOS/ICOSL interaction can contribute to the 

peripheral survival of these cells, and when this interaction is disrupted iNKT cells 

display an higher apoptosis rate (226). Another important requirement for iNKT cell 

homeostasis in the liver, but not in the spleen, relies on the interaction between 

CXCR6 on iNKT cells and CXCL16 on liver sinusoidal cells. When this interaction is 

interrupted, hepatic iNKT cells undergo to apoptosis to higher extent within the liver 

(163). Although the role of WASp in ICOS and CXCR6 signaling, has not been 

established yet, it seems unlikely that this signaling accounts for the abnormal 

turnover of was-/- iNKT cells, since we did not detect any increase in apoptotic cell 

death in these cells (Fig.14).  

Nevertheless, many studies on iNKT cell homeostasis focused on the pool of mature 

iNKT cells, and thus it is not clear whether immature NK1.1- iNKT cells (as the was-/- 

iNKT cells) can present homeostatic requirements different from those of the mature 

counterpart or if the reduced homeostatic proliferation of was-/- iNKT cells is related 

to their inability to complete the maturation process.  

 

6.3 REDUCED FUNCTION OF MURINE was-/- iNKT CELLS 

We showed that murine WASp deficient iNKT cells are impaired in the effector 

function upon in vivo activation. Indeed upon in vivo injection of the specific stimulus 

αGalCer, we detected a delayed and reduced expansion of was-/- iNKT cells (Fig. 19). 

Moreover we observed a lower Th1 and Th2 cytokine production in the sera of was-/- 

mice in comparison to wt controls following αGalCer administration (Fig.17). We 

demonstrated, by an ex-vivo analysis at the single iNKT cell level, that this reduction 

was not caused only by the lower number of iNKT cell in was-/- mice, but also by the 

impaired ability of was-/- iNKT cells to produce cytokines upon in vivo activation 

(Fig. 18). In addition, the functional deficiency of was-/- iNKT cells was further 

confirmed by their inability to help antigen specific B cell responses in vivo (Fig.20), 

in comparison to what wild type activated iNKT cells were shown to do (253). 

The functional impairment of was-/- iNKT cells upon in vivo activation may not be 

due to their arrest at the immature stage 2 of differentiation, since peripheral wt iNKT 

cells with immature phenotype are able to produce both Th1 and Th2 cytokines (211). 
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The decreased functionality of was-/- iNKT cells upon in vivo activation may instead 

result from various factors such as alterations in antigen presentation, an improper 

interaction between NKT cells and APCs or a cell autonomous defect. 

Indeed the activation of iNKT cells requires TCR recognition of glycolipid 

antigens/CD1d complex on the surface of APCs (122). It is possible that a reduced 

antigen presentation ability of was-/- APCs may contribute to the in vivo impaired 

functionality of was-/- iNKT cells, since was-/- DCs have a reduced ability to migrate, 

assemble podosomes and process particulate antigens (3). Our analysis revealed that 

following in vitro incubation, was-/- bone marrow–derived DCs are not defective in 

presenting on the surface the αGalCer/CD1d complex (Fig.22). However, a proper 

presentation of αGalCer requires the localization of the αGalCer/CD1d complex on 

the lipid rafts (191). Of note, the treatment of αGalCer pulsed DCs with MβCD, 

which disrupts lipid raft microdomain structures, markedly reduces their ability to 

stimulate IFN-γ production by splenocytes, whereas it has no effect on stimulation of 

IL-4 (191). Because of its involvement in the regulation of lipid raft dynamic (28), it 

seems possible that αGalCer/CD1d complex does not co-localize with lipid raft in 

was-/- DCs. However, further experiments are required to address this issue.  

Moreover, it is tempting to speculate that, like conventional T lymphocytes, iNKT 

cells require IS formation with an APC to achieve a proper activation. In the absence 

of WASp, this process has been demonstrated to be defective (28, 91) and WASp was 

shown to be crucial for the generation of a long-lived IS (91).  Although there in no 

direct proof of a defective IS formation between was-/- DCs and was-/- iNKT cells, an 

indirect evidence of abnormal cross talk, causing the reduced IFN-γ production (Fig. 

21), derives from in vitro studies. On the contrary, the same experiments indicate an 

intrinsic functional defect of was-/- iNKT cells in the pathway leading to IL-4 

production. Interestingly, these data fit with the evidence discussed above, that a 

proper antigen presentation by DCs is required for αGalCer-induced IFN-γ, but for 

IL-4 production. 

When sorted was-/- iNKT cells are stimulated in vitro with anti-CD3 and anti-CD28 

mAbs, they are severely compromised in their capacity to produce both IL-4 and IFN-

γ (Fig.23). However, when WASp deficient iNKT cells are activated bypassing 

proximal events downstream TCR triggering, they produce sustained level of both 

cytokines (Fig 23 and Fig.24), suggesting a TCR-mediated functional impairment of 
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these cells. Supporting this hypothesis was-/- iNKT cells present a decreased TCR 

avidity (Fig.25). Altogether these results demonstrate the relevance of WASp in TCR-

mediated effector function of iNKT cells. On the other hand, important TCR-induced 

signaling pathways, in which WASp is involved, have been demonstrated to be 

crucial for the function of iNKT cells. As discussed for the development, TCR 

engagement activates PKCθ, which relays signals to downstream effectors and 

mediates WASp activation at IS (58). PKCθ was shown to be required not only for 

the development but also for the function of iNKT cells (214). In conventional T cells, 

the Tec kinase Itk plays a significant role in signaling downstream the TCR by 

mediating the activation NFAT and AP-1 transcriptional factors. The lack of Itk in 

iNKT cells leads to a severe reduction in both Th1 and Th2 cytokine production upon 

in vivo activation (223). Itk was also shown to regulate CDC42 and WASp localized 

activation at IS upon TCR triggering (87, 88), thus the TCR/Itk/WASp axis might be 

crucial in the regulation of iNKT cell function. Furthermore, altered activation of 

transcriptional factors, NF-κB (77) and NFAT (27) (76) occurring in the absence of 

WASp, may affect not only the development as discussed above, but also iNKT cell 

function. Indeed in iNKT cells, NF-κB regulates Th1 and Th2 cytokine production 

(214), whereas NFAT2 seems to control Th2 but not Th1 responses (254). Finally the 

Th1 master regulator T-bet, which in iNKT cells is involved in IFN-γ production 

(221), is defectively activated in the absence of WASp, as demonstrated by the 

reduced T-bet expression in TCR-stimulated CD4 T cells from WAS patients (27).  

 

6.4 CONCLUDING REMARKS 

Overall, these results show that the lack of WASp leads to profound alterations in 

iNKT cells, which are absent in patients with severe clinical phenotype and severely 

reduced in the was-/- mouse model. In was-/- mice, accumulation of immature iNKT 

cells (CD44+ NK1.1-), together with the lack of mature subset, suggests a key role for 

WASp in iNKT cell maturation process. Moreover, analysis of in vivo and in vitro 

stimulation and cytokine production reveals that peripheral iNKT cells are 

functionally impaired in was-/- mice. WASp is known as a central player in T cell 

activation by controlling actin polymerization, which in turn favors the generation of 

a long lived IS between T cells and APCs (28, 91). We hypothesize that the 

differentiation process and the effector function of iNKT cells require the formation 
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of a proper IS between iNKT cells and CD1d-expressing cells. The stable IS may 

allow iNKT cells to receive and integrate various agonist signals, originating from 

invariant TCR engagement and co-stimulatory molecules in order to achieve full 

differentiation and proper functional activity. Indeed, the defective was-/- iNKT cells 

resemble the ones generated in the absence of signal transduction molecules or 

transcription factors, such as PKCθ, NF-κB, or T-bet (214, 215, 221). These 

molecules belong to the complex cascade of events generated upon TCR triggering 

and IS formation in conventional T cells, and regulate iNKT cell expansion or 

survival, maturation and cytokine production. Furthermore, the genetic deletion of 

costimulatory molecules such as CD28 affects expansion and phenotypic and 

functional differentiation of iNKT cells (224, 225).  

In conclusion, these findings provide the first evidence that WASp acts as an 

important player for the generation of mature and functional iNKT cells. Moreover, 

our data add a new perspective in the comprehension of the complex immune 

dysregulation and tumor susceptibility characterizing the Wiskott Aldrich syndrome. 
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Invariant natural killer T (iNKT) cells consti-
tute a peculiar T lymphocyte subset, which is 
characterized by the coexpression of NK mark-
ers and an invariant TCR- chain (V14J18 
in mouse or V24J18 in human), which pairs 
with a restricted number of TCR- chains (V8, 
V7, and V2 in mice and V11 in human). 
iNKT cells recognize glycolipid antigens, such 
as -galactosylceramide (-GalCer), presented 

in the context of CD1d molecules (1). iNKT 
cells develop in the thymus from CD4+ CD8+ 
double-positive (DP) cells that have randomly 
rearranged the semiinvariant TCR and are 
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The Wiskott-Aldrich syndrome (WAS) protein (WASp) is a regulator of actin cytoskeleton 
in hematopoietic cells. Mutations of the WASp gene cause WAS. Although WASp is in-
volved in various immune cell functions, its role in invariant natural killer T (iNKT) cells has 
never been investigated. Defects of iNKT cells could indeed contribute to several WAS 
features, such as recurrent infections and high tumor incidence. We found a profound 
reduction of circulating iNKT cells in WAS patients, directly correlating with the severity of 
clinical phenotype. To better characterize iNKT cell defect in the absence of WASp, we 
analyzed was/ mice. iNKT cell numbers were significantly reduced in the thymus and 
periphery of was/ mice as compared with wild-type controls. Moreover analysis of was/ 
iNKT cell maturation revealed a complete arrest at the CD44+ NK1.1 intermediate stage. 
Notably, generation of BM chimeras demonstrated a was/ iNKT cell-autonomous devel-
opmental defect. was/ iNKT cells were also functionally impaired, as suggested by the 
reduced secretion of interleukin 4 and interferon  upon in vivo activation. Altogether, 
these results demonstrate the relevance of WASp in integrating signals critical for develop-
ment and functional differentiation of iNKT cells and suggest that defects in these cells 
may play a role in WAS pathology.
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Thus far, many cellular defects resulting from the absence 
of WASp have been described, revealing the involvement of 
this protein in regulation of migration, cell trafficking and 
immunological synapse (IS) formation in distinct immune cell 
types (9). Aside from its role in actin cytoskeleton remodeling, 
WASp is required in signaling pathways downstream from 
NK and T cell activation (10–12). Although impaired innate 
and adaptive immune cell function can account for infections 
and partially explain the increased susceptibility to developing 
cancer and autoimmunity, a full comprehension of the cellular 
mechanisms underlying the pathogenesis of this syndrome still 
needs to be achieved (9, 13).

In the present work, we provide evidence that iNKT cells 
are absent in full-blown WAS patients. Moreover, analysis of 
iNKT cells in was/ mice revealed defects in iNKT cell mat-
uration and function. Our data point to a new role for WASp 
as an important regulator of iNKT cell development and 
function and lead to the hypothesis that these defects could 
contribute to the immune dysregulation in WAS.

RESULTS AND DISCUSSION
WAS patients, but not XLT patients, lack circulating iNKT cells
To investigate whether WASp deficiency has an impact on the 
amount of circulating human iNKT cells, we examined pe-
ripheral blood from three patients with a mild clinical pheno-
type (score of 1–2, XLT), six patients with severe WAS (score 
3–5), and 13 age-matched healthy donors (HDs; Table S1). By 
flow cytometry, iNKT cells were nearly undetectable in WAS 
patients with a severe score (Fig. 1 A). Interestingly, three pa-
tients with XLT presented a detectable number of iNKT cells, 
even though their median value was within the lower range 
of HDs (Fig. 1 B). Therefore, impairment in iNKT cell num-
ber correlates with the severity of disease. In severe WAS pa-
tients lacking iNKT cells, the frequency of T cells expressing 
either TCR V24 or V11, although variable, was in the 
range of HDs, suggesting that these TCR V regions can be 
used by WASp-deficient T cells (Fig. S1). Moreover, the 
analysis of the TCR V repertoire in three WAS patients 
(WAS1, WAS28, and WAS33) and one case of  XLT (WAS30) 
revealed the presence of all TCR V families, with some  

positively selected by recognition of CD1d molecules on DP 
thymocytes. After positive selection, the most immature iNKT 
cells (stage 1, CD44 NK1.1) first differentiate into CD44+ 
NK1.1 (stage 2) and then are either exported into the pe-
riphery or remain in the thymus. In both compartments, iNKT 
cells complete their maturation, becoming CD44+ NK1.1+ 
mature cells (stage 3) (2). This differentiation program re-
quires signaling molecules, adapters, and transcription factors 
that selectively control the development of iNKT and not of 
mainstream T cells (2).

Mature iNKT cells are strong immunoregulatory ele-
ments because they promptly produce a wide range of cyto-
kines upon TCR triggering (1). iNKT cells are indeed 
involved in the control of pathogen infection and cancer 
immunosurveillance (3, 4) and play a protective role in many 
autoimmune diseases, although in some autoimmune mouse 
models they can exert a detrimental activity (5).

Interestingly, a complete lack of iNKT cells was found in 
the X-linked lymphoproliferative disease (XLP) (6), a primary 
immunodeficiency which is caused by mutations in SAP and 
XIAP genes and characterized by inappropriate response to 
EBV infection, usually leading to B cell lymphoma. The ab-
sence of iNKT cells reveals a role for SAP and XIAP in the reg-
ulation of iNKT cell development and implies the contribution 
of this cell subset to the control of infections and cancer pro-
gression. In keeping with the iNKT cell immunoregulatory 
role, their absence has been recently described in the Omenn 
syndrome, a primary immunodeficiency characterized by se-
vere autoimmune manifestations (7). All these evidences have 
prompted us to investigate iNKT cells in Wiskott-Aldrich syn-
drome (WAS), a primary immunodeficiency associated with 
thrombocytopenia, recurrent infections, increased risk of devel-
oping cancer (mainly B cell lymphoma EBV associated), and 
autoimmunity (8, 9). WAS is caused by mutations in the gene 
encoding for the WAS protein (WASp), a key regulator of ac-
tin-dependent processes in hematopoietic cells (9). In humans, 
complete lack of WASp gives rise to the severe WAS pheno-
type, whereas hypomorphic mutations allowing residual WASp 
expression usually lead to X-linked thrombocytopenia (XLT), 
a milder disease characterized by marginal immune defects (8).

Figure 1. Lack of iNKT cells in WAS patients. (A) Representative flow cytometric analysis of peripheral blood iNKT cells from an age-matched HD control (HD), 
an XLT patient (XLT), and a WAS patient (WAS). Cells in the density plots are gated on CD3+ cells. Percentages of iNKT cells (TCR-V11+ TCR-V24+) are indicated.  
(B) Frequency of iNKT cells from 13 controls, 3 XLT, and 6 WAS patients. Bars represent the median value of each group. ns, P > 0.05; *, P < 0.05; ***, P < 0.001.
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stained specifically with -GalCer–loaded CD1d tetramers 
was not significantly decreased in was/ thymi, whereas it was 
two- and threefold reduced in spleen and liver, respectively, of 
was/ animals compared with WT controls (Fig. 2 A and not 
depicted). However, the absolute number of iNKT cells was 
significantly reduced in all three compartments of was/ 
mice in comparison with WT mice (Fig. 2 B).

Based on CD4 expression, two iNKT cell subsets can be dis-
tinguished: CD4+ and CD4 CD8 double-negative (DN) cells 
(1). We analyzed whether the lack of WASp could affect the de-
velopment and/or tissue distribution of one particular iNKT cell 
subset. Comparison of the absolute number of iNKT cells in 
was/ and WT animals revealed a significant reduction of both 
CD4+ and DN iNKT cells in was/ mice in all tissues, with the 
exception of DN cells in the spleen. However no skewing to-
ward one particular subset was observed (Fig. 2 C).

These findings indicate that the lack of WASp causes a 
significant decrease of iNKT cell number. We thus investi-
gated whether the reduction of iNKT cells in was/ mice 
might be the result of an altered thymic development. We 
first analyzed the expression of CD1d, which is required for 
iNKT cell positive selection (17), on DP lymphocytes with-
out finding any alteration in was/ mice in comparison with 
WT mice (Fig. S2).

alterations probably caused by infections, which are frequent 
in these patients (Table S2). These findings indicate a pro-
found defect in iNKT cell population, despite minor altera-
tions in the TCR repertoire of mainstream T cells.

iNKT cell absence could contribute to the increased sus-
ceptibility of patients to pathogen infections. Indeed, lack of 
iNKT cells can impair the immune protection against viral, 
bacterial, and fungal infections (3). Furthermore, iNKT cells 
play a key role in tumor immunosurveillance, as suggested by 
the increased susceptibility of NKT-deficient mice to develop-
ing cancer (4) and a decreased iNKT cell number in patients 
with advanced cancer (14, 15). Therefore, we hypothesize that 
the absence of iNKT cells might contribute to the high suscep-
tibility to develop EBV+ B cell lymphoma observed in WAS 
patients, as has also been suggested for XLP (6).

Impaired iNKT cell development in was/ mice
Given the paucity of material derived from WAS patients, we 
further investigated the role of WASp in the development 
and function of iNKT cells in was/ mice (16). This mouse 
model recapitulates important immune system alterations of 
the human WAS (16). We first investigated the number and 
distribution of iNKT cells in the thymus, liver, and spleen by 
flow cytometric analysis. The percentage of iNKT cells 

Figure 2. Reduced iNKT cell number in was/ mice. (A) iNKT cells were analyzed by flow cytometry in thymus, liver, and spleen of C57BL/6 WT and 
was/ mice (was/). Thymocytes were stained with anti-CD8, anti-CD3 mAbs, and CD1d tetramers (-GalCer loaded or unloaded), whereas hepatic leuko-
cytes and splenocytes were stained with anti-B220 and anti-CD3 mAbs and CD1d tetramers (-GalCer loaded or unloaded). After gating on CD8 or B220 
cells, iNKT cells were identified as CD3+ CD1d tetramers+ cells. (B) Absolute numbers of iNKT cells were determined by multiplying their percentage by the 
absolute cell count within each sample. In A and B, data are representative of at least 10 mice per group analyzed in three independent experiments. (C) iNKT 
cells were stained with anti-CD4 antibodies. Comparison of the absolute number of CD4+ or CD4 (DN) iNKT cells in thymus, liver, and spleen in WT versus 
was/ mice is shown. In B and C, error bars represent the median and interquartile ranges of eight mice per group. *, P < 0.05; **, P < 0.005; ***, P < 0.001.
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BM chimeras by reconstituting irradiated CD45.1 mice with a 
mixture of equal numbers of CD45.2 lineage-negative (lin) cells 
from the BM of was/ and WT mice. This way, CD45.2 was/ 
iNKT cell precursors would develop in the presence of donor-
derived CD45.2 DP thymocytes and hematopoietic cells from 
either was/ or WT mice. In case of an iNKT cell-intrinsic de-
fect, the presence of WT cells would not be sufficient to rescue 
the development of was/ iNKT cells. BM chimeras were an-
alyzed 7–9 wk after transplantation and evaluated for the expan-
sion and maturation of iNKT cells derived from either was/ 
or WT hematopoietic precursors. As shown in Fig. 4 A, the 
percentage of iNKT cells developing in was/ mice reconsti-
tuted with was/ lin cells (WAS/→WAS/ control) was 
reduced both in the thymus and, more markedly, in the periph-
ery when compared with that observed in WT recipients trans-
planted with WT precursors (WT→WT control). Both mixed 
BM chimeras generated in was/ and WT recipients displayed 
a level of iNKT cells similar to the WT→WT control, suggest-
ing the same capacity of WT and was/ recipients to support 
iNKT cell generation. The analysis of maturation of donor 
iNKT cells based on NK1.1 expression confirmed the com-
plete developmental block of was/ iNKT cells in WAS/→
WAS/ controls as opposed to successful maturation of 
WASp+ iNKT cells in the WT→WT control (Fig. 4 B). In the 

We next investigated the maturation steps of iNKT cells 
after positive selection, using CD44 and NK1.1 markers. As 
shown in Fig. 3 A, was/ iNKT cells were mainly arrested at 
CD44+ NK1.1 stage, and only a minor fraction became 
NK1.1+ both in the thymus and in periphery. The analysis of 
the absolute number of iNKT cells during the different matu-
ration steps confirmed that WASp does not affect the earliest 
developmental phase, when was/ iNKT cells are normally 
present (Fig. 3 B). Conversely was/ iNKT cells accumulate 
at stage 2 (CD44+ NK1.1) without progressing to stage 3 
(CD44+NK1.1+), suggesting a potential role of WASp in reg-
ulating the late phases of the differentiation process.

Among the events contributing to the final maturation 
of iNKT cells in the periphery, a crucial role seems to be 
played by CD1d recognition because NK1.1 iNKT cells 
fail to properly complete their maturation in the absence of 
CD1d (18). To address this point, we examined CD1d ex-
pression in the periphery of was/ mice, finding expression 
levels comparable to those of the WT (Fig. S2). These data 
rule out the possibility that an altered CD1d expression in 
the periphery may have a role in developmental block of 
was/ iNKT cells.

Next, to assess whether the developmental defect of iNKT 
cells in was/ mice is cell autonomous, we generated mixed 

Figure 3. Block iNKT cell maturation in the absence of WASp. (A) Thymocytes and hepatic leukocytes from WT and was/ mice were stained with 
anti-CD8, anti-CD3, anti-CD44, and anti-NK1.1 mAbs and -GalCer–loaded CD1d tetramers. Maturation of iNKT cells (CD1d tetramer+, CD3+, and CD8) 
was assessed by CD44 and NK1.1 expression. Data are representative of six mice per group analyzed in two independent experiments. (B) Absolute num-
bers of iNKT cells (CD1d tetramer+, CD3+, and CD8) in thymus and liver of WT and was/ mice. Error bars represent median and interquartile range of 
six mice per group. **, P < 0.005.
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Many players regulating iNKT cell terminal maturation are 
molecules involved in the TCR signaling. For instance, a lower 
iNKT generation and maturation was observed in the absence 
of PKC-, a signal transduction molecule which is known to 
play an important role in the TCR–NF-B pathway (19). It is 
of note that PKC-–mediated phosphorylation can activate 
WASp at the IS (20). Thus, in iNKT cell development, WASp 

BM chimeras, although WASp+ iNKT cells could acquire the 
mature phenotype in both recipients, WASp iNKT cells were 
unable to up-regulate NK1.1, even in the presence of hemato-
poietic cells derived from WT progenitors. Altogether, these 
findings demonstrate that the lack of WASp determines an 
iNKT cell–autonomous defect that impairs the maturation, sur-
vival, and/or expansion of these cells.

Figure 4. Cell-autonomous developmental defect of was/ iNKT cells. (A) iNKT cells were analyzed by flow cytometry in thymus and liver of WT 
or was/ recipient mice (CD45.1) transplanted with was/ lin cells, WT lin cells, or a mixture of 50% WT and 50% was/ lin obtained from CD45.2 
mice. Thymocytes and hepatic leukocytes were surface stained with -GalCer–loaded CD1d tetramers, with anti-CD3 and anti-CD8 (thymocytes) or anti-
B220 (hepatic leukocytes) mAbs. The percentage of iNKT cells (CD8 or B220 CD3+CD1d tetramer+ cells) is indicated in each plot. (B) Maturation of iNKT 
cells in thymus and liver of BM chimera mice. After gating on donor CD45.2+, iNKT cells were further analyzed for NK1.1 and WASp expression. The per-
centage of mature (NK1.1+) and immature (NK1.1) iNKT cells from WT donors (WASp+) or from was/ donors (WASp) is indicated in each plot. Data 
are representative of at least three mice per group from two independent experiments.
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support the hypothesis that WASp acts as an important com-
ponent in the downstream events of TCR pathway during 
iNKT cell terminal maturation.

Impaired function of was/ iNKT cells
To investigate whether iNKT cells also exhibit functional 
defects in the absence of WASp, we evaluated the in vivo re-
sponse to -GalCer, a synthetic glycosphingolipid that elicits 
a prompt and selective activation of iNKT cells through the 
CD1d molecule. Upon -GalCer stimulation, iNKT cells 
quickly produce huge amounts of Th1 and Th2 cytokines. 
We injected 1 µg -GalCer i.v. into was/ mice and WT 
controls and evaluated IL-4 and IFN- production in the sera 
of treated animals 3, 6, 12, and 24 h after stimulation. Al-
though in was/ mice the kinetics of cytokine production 
was similar to that in WT mice, the amount of IL-4 and IFN-
 in was/ sera was significantly reduced at every time point 
that was tested (Fig. 5 A). The lower cytokine levels could be 
a result of the reduced iNKT cell number in was/ mice but 
also of the impaired ability of was/ iNKT cells to produce 
cytokines. To address this issue, we administered -GalCer 
to was/ or WT mice and analyzed ex vivo the intracellular 
cytokine production by iNKT cells. 45 min after -GalCer 
injection, a significant fraction of WT iNKT cells produced 
a considerable amount of intracellular IL-4 and IFN-, 

might be a relevant target of the activated PKC- in the 
TCR–NF-B pathway. In addition, iNKT cell development 
requires TCR-induced transcriptional factors, such as NF-
B, AP-1, and T-bet (2), whose expression or function are 
altered in the absence of WASp (10–12). Indeed, a reduced 
iNKT cell generation and maturation was associated with the 
absence of the transcriptional factor NF-B (21), and WASp 
was demonstrated, at least in NK cells, to be involved in the 
regulation of NF-B nuclear translocation (10). Moreover, 
transgenic mice overexpressing BATF, a negative regulator 
of AP-1 activity, showed defective maturation of iNKT cells 
(22, 23). Interestingly, WASp absence was associated with a 
lower AP-1 binding activity in mouse T cells (12). A severe 
block in NK1.1 expression was also reported in mice lacking 
T-bet, a transcriptional factor associated to Th1 immunity 
(24). A possible role for WASp in the regulation of T-bet is 
supported by a recent study from our group showing a re-
duced T-bet expression in TCR-stimulated CD4+ T cell 
lines from WAS patients (11). Furthermore, very recent evi-
dences have highlighted the critical role of costimulatory sig-
nals arising from B7–CD28 interaction in promoting the 
expansion of mature NK1.1+ iNKT cells (25, 26). Interest-
ingly, WASp was demonstrated to be required for a normal 
ligation-induced CD28 endocytosis, a process which is rele-
vant to CD28 costimulatory functions (27). These evidences 

Figure 5. Impaired cytokine production by was/ iNKT cells. (A) In vivo IL-4 and IFN- production upon -GalCer administration in WT and was/ 
mice. Sera were analyzed at 3, 6, 12, and 24 h upon injection. The graphs show the amount of cytokines produced by six WT and six was/ mice. Black and 
white squares represent the median values of WT and was/ mice groups, respectively. The vertical bars represent the interquartile range of each group. *, 
P < 0.05; **, P < 0.005. (B) IL-4 and IFN- production in WT and was/ mice at the single iNKT cell level. WT and was/ mice were injected with -GalCer 
and, after 45 min, hepatic leukocytes were isolated and stained with -GalCer–loaded CD1d tetramers and anti-CD3, anti–IL-4, and anti–IFN- mAbs. Rep-
resentative analysis of IL-4 and IFN- intracellular production by iNKT cells (CD3+ and CD1d tetramer+) from WT (thick line) and was/ (thin line) mice is 
shown. Filled histograms represent IL-4 or IFN- production by untreated WT mice. Data are from one representative experiment of three.
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expressing cells. The stable IS may allow developing iNKT 
cells to receive and integrate various agonist signals, originating 
from invariant TCR engagement and costimulatory molecules, 
to achieve full differentiation. Indeed, the defective was/ 
iNKT cells resemble the ones generated in the absence of 
signal transduction molecules or transcription factors, such as 
PKC-, NF-B, or T-bet. These molecules belong to the 
complex cascade of events generated upon TCR triggering and 
IS formation in conventional T cells and regulate iNKT cell 
expansion or survival, maturation, and cytokine production 
(19, 21, 24). Furthermore, the genetic deletion of costimula-
tory molecules, such as CD28, affects expansion and pheno-
typic and functional differentiation of iNKT cells (25, 26).

In conclusion, these findings provide the first evidence that 
WASp acts as an important player for the generation of mature 
and functional iNKT cells. Moreover, our data add a new per-
spective in the comprehension of the complex immune dys-
regulation and tumor susceptibility characterizing WAS.

MATERIALS AND METHODS
Patients. Blood samples from patients and age-matched HDs were obtained 
according to standard ethical procedures and with the approval of the San 
Raffaele Scientific Institute Internal Review Board (TIGET02).

Mice. C57BL/6 (B6) was/ mice were provided by K.A. Siminovitch (Samuel 
Lunenfeld Research Institute, Mount Sinai Hospital, Toronto, Canada) (16). 
CD45.1 was/ mice were generated in our facility. B6 WT mice were pur-
chased from Charles River Laboratories. All mice were 8–12 wk old. Experi-
ments were performed according to protocols approved by the Animal Care and 
Use Committee of the San Raffaele Scientific Institute (IACUC318).

Cell preparation and flow cytometry. Human PBMCs were purified on 
Ficoll gradient (PoC; Axis-Shield) and stained with anti-CD4 (RPAT4; BD), 
anti-CD3 (UCHT1; BD), anti–TCR-V24 (C15; Beckman Coulter), and 
anti–TCR-V11 (C21; Beckman Coulter) antibodies. For mouse studies, sin-
gle cell suspensions were obtained from liver, spleen, and thymus. Hepatic leu-
kocytes were purified using a Percoll (Sigma-Aldrich) gradient. The following 
mAbs were used for surface staining: anti-B220 (RA3-6B2), anti-CD8a (53–
6.7), anti-CD4 (RM4-5), anti-CD44 (IM7), and anti-CD45.2 (104; all pur-
chased from BD); anti-CD3 (17A2) and anti-NK1.1 (PK136; both purchased 
from BioLegend); and CD1d tetramers (ProImmune). For lipid loading, CD1d 
tetramers were incubated overnight with a 12 molar excess of -GalCer (Axx-
ora). Intracytoplasmic staining was performed using the Cytofix/Cytoperm kit 
(BD) and the following mAbs: anti–IFN- (XMG1.2) and anti–IL-4 (11B11; 
BD). Anti-WASp antibody was provided by H. Ochs (Research Center for 
Immunity and Immunotherapies, Seattle Children’s Research Institute, Uni-
versity of Washington, Seattle, WA). Cells were acquired on a FACS CANTO 
(BD) and analyzed with FlowJo Software (Tree Star, Inc.).

Generation of BM chimeras. BM lin cells from CD45.2 B6 WT or 
was/ mice were purified with the mouse hematopoietic progenitor en-
richment kit (StemCell Technologies Inc.). Was/ recipient mice (CD45.1) 
were irradiated (900 rad) before receiving i.v. 2.5 × 105 lin cells. Reconsti-
tution was monitored by flow cytometry on blood cells. Mice were sacri-
ficed 7–9 wk after transplantation for the analysis of iNKT cells in thymus 
and liver. Thymocytes were depleted of CD8+ cells by magnetic beads 
(Miltenyi Biotec) to enrich iNKT cell fraction.

In vivo activation and cytokine production. WT and was/ mice 
were i.v injected with 1 µg -GalCer in PBS or not injected as controls. To 
measure the in vivo IL-4 and IFN- production, blood samples were col-
lected 3, 6, 12, and 24 h after injection. Serum cytokine levels were mea-
sured by Bio-Plex Technology (Bio-Rad Laboratories). To test the ex vivo 

whereas was/ iNKT cells showed an impaired production 
of both cytokines (Fig. 5 B). In parallel, we evaluated the in 
vivo iNKT cell expansion induced by -GalCer injection. 
The analysis of iNKT cell number at different time points (3, 
7, and 11 d) revealed, as expected, a peak of expansion of WT 
iNKT cell at day 3 followed by a contraction at day 7. Con-
versely, was/ iNKT cells showed a delayed kinetics with 
maximum expansion at day 7 followed by a contraction at day 
11 (Fig. S3 A). The increase of was/ iNKT cell absolute 
number induced by -GalCer was significant compared with 
the untreated mice. However, the capacity of was/ iNKT 
cells to expand was substantially lower than WT iNKT cells, as 
shown by the differences in fold increase values (Fig. S3 B).

The functional defect of was/ iNKT cells was further con-
firmed by their inability to help antigen-specific B cell responses 
in vivo compared with WT-activated iNKT cells (28). The 
functional impairment of was/ iNKT cells upon in vivo acti-
vation may not be caused by their arrest at the immature stage  
2 of differentiation because peripheral WT iNKT with imma-
ture phenotype are able to produce both Th1 and Th2 cytokines 
(29). On the contrary, it may result from various factors such as 
alterations in antigen presentation, an improper interaction be-
tween iNKT cells and APC, or a cell-autonomous defect.

Indeed, the activation of iNKT cells requires TCR recogni-
tion of a glycolipid antigens–CD1d complex on the surface of 
APCs (1). It is possible that a reduced antigen presentation ability 
of was/ APC may contribute to the in vivo impaired function-
ality of was/ iNKT cells because was/ DC have a reduced 
ability to migrate, assemble podosomes, and process particulate 
antigens (9). Moreover, it is tempting to speculate that iNKT 
cells, like conventional T lymphocytes, require IS formation to 
achieve a proper activation. In the absence of WASp, this process 
has been demonstrated to be defective (30). Furthermore, altered 
activation of transcriptional factors NF-AT and AP-1, occurring 
in the absence of WASp (11, 12), may affect not only the devel-
opment, as discussed in previous paragraphs, but also iNKT cell 
function. In particular, reduction in NF-AT activation and alter-
ation in nuclear translocation correlates with the impaired IL-2 
production observed in was/ T lymphocytes (11, 12). In agree-
ment with this hypothesis, mouse models carrying defects in 
molecules involved in the activation of AP-1 present alteration 
in iNKT cells including a perturbed cytokine profile (22).

Altogether, these results show that the lack of WASp leads 
to profound alterations in iNKT cells, which are absent in se-
vere WAS patients and reduced in the was/ mouse model. In 
was/ mice, accumulation of immature iNKT cells (CD44+ 
NK1.1), together with the lack of mature subset, suggests a 
key role for WASp in iNKT cell maturation process. More-
over, analysis of in vivo stimulation and cytokine production 
reveals that peripheral iNKT cells are functionally impaired in 
was/ mice. WASp is known as a central player in T cell acti-
vation by controlling actin polymerization, which in turn fa-
vors the generation of a long-lived IS between T cells and 
APCs (30, 31). We hypothesize that the postselection expan-
sion and differentiation of iNKT cells requires the formation of 
a proper IS between developing iNKT cells and CD1d- 
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IL-4 and IFN- intracellular production by liver iNKT cells, mice were sac-
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Statistical analysis. All data were analyzed with a two-tailed Mann- 
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clinical status of patients. Table S2 shows the TCR-V repertoire of HD and 
WAS patients. Fig. S1 displays the analysis of TCR-V24 and TCR-V11 
single-positive cells in HD, XLT, and WAS patients. Fig. S2 depicts CD1d 
expression in DP thymocytes and in splenic B cells and DCs. Fig. S3 shows 
iNKT cell in vivo expansion upon -GalCer injection. Fig. S4 describes iNKT 
cell help to antigen-specific antibody responses. Online supplemental material 
is available at http://www.jem.org/cgi/content/full/jem.20081773/DC1.
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