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Natural killer T cells and X-linke
d lymphoproliferative syndrome
Sylvain Latour
Purpose of review

Recent progress in elucidating the physiopathology of

X-linked lymphoproliferative syndrome (XLP) has raised

novel and important issues regarding the biology of natural

killer T cells. Here I will review this information and discuss

the issues involved.

Recent findings

XLP is a rare inherited immunodeficiency characterized by a

high susceptibility to severe infection by the Epstein–Barr

virus. Mutations in the gene SH2D1A (or alternatively SAP)

underlie 80% of familial XLP (XLP-1) cases. Recently the

remaining 20% of familial XLP (XLP-2) cases were shown to

harbor mutations in the gene XIAP (X-linked inhibitor of

apoptosis protein). Both SAP and XIAP deficiencies are

associated with a defect in the development and/or

homeostasis of natural killer T cells.

Summary

It can be hypothesized that the susceptibility to Epstein–

Barr virus in XLP might result from the defect of natural killer

T cells. The role of these cells in viral infection is unclear, but

several herpes viruses have developed strategies to escape

natural killer T cells. The discovery that SAP and XIAP

deficiency leads to a defect in natural killer T cells has also

shed light on novel signaling pathways required for natural

killer T cell development and/or homeostasis.
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AICD a
rized repr
ctivation-induced cell death

APC a
ntigen-presenting cell

DP thymocyte d
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pstein–Barr virus

HLH h
emophagocytic lymphohistiocytosis
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IAP In
hibitor-of-apoptosis family protein

NF-kB n
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ignalling lymphocyte activation molecule-associated protein
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XIAP X
-linked inhibitor of apoptosis protein

XLP X
-linked lymphoproliferative syndrome
� 2007 Wolters Kluwer Health | Lippincott Williams & Wilkins
1528-4050
Introduction
Natural killer T (NKT) lymphocytes represent a special-

ized T-lymphocyte subpopulation with unique features

distinct from conventional T cells [1�,2�]. NKT cells

expressed an invariant (in human) or semi-invariant

(in mice) T-cell receptor (TCR) that recognized self

and microbacterial glycosphingolipid antigens presented

by the major histocompatibility complex (MHC) class

I-like molecule CD1d. The development of NKT cells

is also distinct from conventional T cells, as NKT cell

precursors are positively selected by CD4þCD8þ cortical

thymocytes (called DP thymocytes, for double positive)

and the signaling pathways involved differ from those of

conventional T lymphocytes. Functionally, when acti-

vated, NKT cells very rapidly produce large amounts of

TH1 and TH2 cytokines that transactivate other immune

cells. These properties account for their capacity to

participate to both innate and adaptative immune

responses. Although NKT cells have been implicated

in a broad variety of pathological conditions, the signifi-

cance of their role is still partly unclear, as discussed

below.

X-Linked lymphoproliferative syndrome
X-Linked lymphoproliferative syndrome (XLP) or

Purtilo syndrome is a rare inherited immunodeficiency

that belongs to the family of genetic diseases causing

hemophagocytic lymphohistiocytosis (HLH) [3]. XLP is

characterized by a high susceptibility to Epstein–Barr

virus (EBV) infection that triggers a severe infectious

mononucleosis with the features of an HLH in 60% of

cases [4,5�,6]. In contrast to the orchestrated immune
oduction of this article is prohibited.
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response to EBV seen in normal individuals, affected

boys exhibit an uncontrolled TH1-type immune response

with an excessive expansion of polyclonal activated T

cells, EBV-infected B cells and activated macrophages.

Patients who do not develop HLH could present other

aggressive lymphoproliferative and inflammatory mani-

festations such as lymphoma, lymphoid vasculitis and

colitis. The other hallmark of XLP is dysgammaglobu-

nemia, found in 30% of patients. On a molecular basis,

XLP is divided in two distinct diseases, XLP-1 and

XLP-2, which represent 80 and 20% of cases of familial

XLP respectively. XLP-1 is caused by mutations in the

gene SH2D1A, or SAP [SLAM (signalling lymphocyte

activation molecule)-associated protein] whereas muta-

tions in the gene XIAP (X-linked inhibitor of apoptosis

protein) underlie XLP-2 [5�]. Intriguingly, the loci of

these two genes are located at nearby positions on

chromosome Xq25, suggesting a possible functional link

between the genes. XLP-1 and XLP-2 have very similar

clinical manifestations, although until now lymphomas

have been reported in XLP-1 patients but not in XLP-2

patients. Also, splenomegaly is noticed in XLP-2 patients

before they encounter EBV in contrast to XLP-1 patients.

SAP deficiency
The gene SAP encodes a small signaling adapter protein

that is expressed in T, natural killer (NK) and NKT cells.

SAP is composed of a single Src-homology 2 (SH2)

domain that binds to tyrosine-based motifs in the intra-

cytoplasmic domain of the SLAM family immunorecep-

tors, including CD84, Ly-9, CD84, NTB-A, 2B4 and

CRACC [4]. The SLAM receptors (SLAM-Rs) are

broadly expressed on hematopoetic cells and interact

with ligands via homotypic associations with the excep-

tion of 2B4. SAP is required for the functions of SLAM

receptors by its capacity to recruit the Src-related protein

tyrosine kinase Fyn, allowing SLAM receptors to trans-

duce tyrosine phosphorylation signals [7,8]. In T cells,

the SLAM–SAP–Fyn signaling module regulates cyto-

kine production by activating at least two pathways: one

involves the SH2–containing inositol phosphatase SHIP,

the adaptors Dok1, Dok2 and Shc, and the Ras-GTPase-

activating protein RasGAP [9], and the other one consists

of the protein kinase Cu (PKCu), Bcl10 and nuclear factor

kB (NF-kB) [10]. In NK cells, a 2B4–SAP–Fyn module

triggers a pathway involving SHIP, Vav-2, c-Cbl and

phospholipase Cg1 that activates cell cytoxicity [11].

Recently, it was shown that SAP has also the capacity

to promote the recruitment of the PAK-interacting

exchange factors (PIX), a family of guanine-exchange

factors for Rac/Cdc42 small GTPases [12�]. This pathway

may be required for full activation of nuclear factor of

activated T–cells (NFAT) in activated T cells.

To date, it is proposed that dysfunctions of SLAM-Rs in

the absence of SAP may underlie the pathophysiology of
opyright © Lippincott Williams & Wilkins. Unauth
XLP and explain most of the clinical manifestations found

in XLP [4]. In particular, the appearance of HLH is

thought to be caused by impaired 2B4 and NTB-A func-

tions in cytotoxic T and NK cells [3]. However, the

susceptibility to EBV infection, which is the triggering

event of the disease, is still not clearly understood.

SAP signaling pathways in natural killer T cell
development
The observations that SAP-deficient mice and humans

are devoid of NKT cells were of a considerable interest

because they shed light on unique signaling pathways

involved in the NKT cell lineage commitment and

development [13–15]. Data obtained with SAP-deficient

mice indicate that SAP is strictly required for the positive

selection step of NKT cell precursors in the thymus [13].

A similar block of NKT cell maturation is also observed in

Fyn-deficient mice [16,17]. As the function of SAP is to

couple SLAM-Rs to the protein tyrosine kinase Fyn, one

or several SLAM receptors are very likely to be involved

in the ontogenesis of NKT cells. The homotypic nature

of the SLAM-R ligands/interactions is in favor of specific

roles of these receptors during NKT cell development

which requires homotypic cellular contacts between cor-

tical DP thymocytes rather than heterotypic interactions

with thymic epithelial cells [2�]. Different SLAM-

R-deficient mice (SLAM, 2B4, Ly-108 and Ly-9) are

available, but until now only Ly-9-deficient mice have

been analyzed for NKT cells and no obvious deficiency

was reported [18]. Recently, a more direct attestation for

the importance of SLAM-R in NKT cell development

was given by the report that the slam locus is a potential

candidate for the defect in NKT cell development found

in nonobese diabetic (NOD) mice [19�]. NOD mice

exhibit very low amounts of SLAM in DP thymocytes

as well as a two-fold decrease in the expression of Ly-108.

Current studies have established that NF-kB factors are

strictly required for NKT cell development in striking

contrast to conventional T cells for which these are only

necessary for T-cell activation in the periphery [1�,2�].

Moreover, signals leading to NF-kB activation in devel-

oping NKT cell precursors seem to be less dependent on

the TCR and/or different from those in conventional T

cells. Indeed, Carma1- and Malt1-deficient mice exhibit

normal NKT cell numbers whereas PKCu- and Bcl10-

deficient mice have impaired NKT cell development

[20,21]. Thus, the report that the SLAM–SAP–Fyn

signaling module activates NF-kB in conventional T

cells through a PKCu-dependent pathway prompted

speculation that SLAM receptors may provide signals

for NF-kB activation required for NKT cell develop-

ment. The exact nature of the SLAM-R–SAP–Fyn

modules involved and the signaling pathways that they

trigger during NKT cell differentiation remain to be

established.
orized reproduction of this article is prohibited.



C

512 Primary immune deficiency disease
XIAP deficiency
XIAP encodes an antiapoptotic molecule that belongs to

the Inhibitor-of-Apoptosis family proteins (IAPs), which

are composed of three BIR protein–protein interaction

domains and a C-terminal RING domain with an E3

ubiquitin ligase activity. XIAP is broadly expressed in

cells from the hematopoetic system including lympho-

cytes, myeloid cells and NK cells. The main function

ascribed to XIAP is the suppression of apoptosis through

its direct interaction with caspases via its BIR domains.

XIAP inhibits caspases 3, 7 and 9 in response to various

apoptotic stimuli [22–24]. Based on its antiapoptotic

function, studies using XIAP inhibitors have indicated

that XIAP is a potent target for the treatment of cancer

[25]. Therefore, the absence of XIAP may protect

patients from cancer, explaining why XIAP-deficient

patients do not develop lymphomas in contrast to

SAP-deficient patients. However, XIAP is also involved

in transforming growth factor-b receptor and Notch

signaling as well as pathways that participate in c–Jun

N–terminal kinase (JNK) and NF-kB activation, although

the functional implications of these interactions are not

clear [23,24,26].

As expected, lymphocytes from XIAP-deficient patients

are more prone to CD95- and TRAIL-R (tumor–necro-

sis–factor–related apoptosis–inducing ligand receptor)-

mediated apoptosis [5�]. The excess of lymphocyte

apoptosis in XIAP-deficient patients might account for

the abnormal immune response to EBV. It is difficult to

understand, however, how a defect in a molecule mainly

involved in antiapoptotic pathways leads to lymphopro-

liferative disorders such as HLH and splenomegaly.

Signaling pathways other than apoptosis may be affected

by the lack of XIAP and might explain the appearance of

the hemophagocytic syndrome and splenomegaly. XIAP-

deficient mice have been reported with no obvious

phenotype, although these mice have not been triggered

with a virus [27].

XIAP in homeostasis of natural killer T cells
XIAP-deficient patients do not show T-, B- or NK-cell

lymphopenia with the exception of NKT cells, numbers

of which are markedly reduced. This suggests that NKT

cells are more dependent on XIAP for their survival

and/or development in contrast to other leukocytes.

However, XIAP may have a function in other types of

immune cell, as nonrandom X-chromosome inactivation

has been observed not only in NKT cells but also in T, B

and NK cells of XIAP-mutated female carriers [5�]. The

defect in NKT cells in XIAP deficiency is very likely to

differ from that in SAP deficiency as few NKT cells are

clearly detected in the blood of XIAP-deficient patients

and XIAP-deficient mice have normal NKT cell num-

bers. XIAP might be involved in the peripheral homeo-

stasis and/or in the late stages of NKT cell development.
opyright © Lippincott Williams & Wilkins. Unautho
The homeostatic requirements of NKT cells resemble

those of memory CD8þ T cells as NKT cell survival

and/or expansion is not dependent on CD1d expression

and requires IL-15 [1�,2�]. After TCR-mediated acti-

vation, NKT cells rapidly become undetectable due to

a rapid down-regulation of surface TCR and not to a

massive activation-induced cell death (AICD), as postu-

lated in earlier studies [28,29]. Instead, NKT cells were

found to be more resistant to AICD compared to con-

ventional T cells [30]. This feature may be related to the

autoreactive nature of NKT cells protecting them to

recurrent AICD caused by stimulation by self glyco-

sphingolipids. In the absence of XIAP, NKT cells might

progressively disappear by lack of resistance to AICD.

Furthermore, this process might be amplified during

EBV infection. Whether the NKT cell defect seen in

XIAP-deficient patients could in part be a consequence of

the infection by EBV remains to be determined.

XIAP-deficient mice have normal numbers of NKT cells

and did not show abnormal responses to apoptotic stimuli

[5�,27]. One obvious explanation is that the function of

XIAP differs between mice and humans. Alternatively,

the two XIAP-related proteins, IAP-1 and IAP-2, may

compensate for XIAP deficiency in mice but not in

humans. However, apoptosis of NKT cells has not

been analyzed in these mice. Also, maintenance of mice

in free-pathogen conditions might explain the normal

numbers of NKT cells found in these mice in contrast to

XIAP-deficient humans. Examination of NKT cells

following infection with pathogens known to activate

NKT cells should help to clarify these issues.

Natural killer T cells in antiviral responses
Recent studies in mice have provided compelling

evidence that NKT cells are activated during bacterial

infections and participate in the bacterial clearance.

Given the importance of this role, it is intriguing that

XLP patients do not develop susceptibility to bacterial

infections. The role of NKT cells in the control of viral

infections is less clear and remains controversial. In

mouse models deficient for NKT cells, the outcome of

infections with numerous viruses including the murine

cytomegalovirus LCMV, Coxsackie virus, encephalo-

myocarditis virus, influenza A virus and respiratory

syncytial virus is not modified, or revealed only a modest

effect on the clearance of the virus [31–36]. In spite of the

lack of a direct involvement of NKT cells in the control of

these viral infections, therapeutic activation of NKT cells

by aGalCer – a strong glycosphingolipid agonist derived

from marine sponges [2�] – results in enhanced antiviral

responses and/or improves the issue of the disease in a

number of these models [31–33]. So far, the clearest

evidence in support for a role of NKT cells in antiviral

responses is given by the recent studies with human

herpesviruses. Herpes simplex virus (HSV)-1 and
rized reproduction of this article is prohibited.
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HSV-2 infections result in a much more severe disease in

CD1�/� NKT-deficient mice, with impaired virus clear-

ance [37,38]. Also, supporting the importance of NKT

cells in controlling herpesvirus infections, HSV-1 and

Kaposi sarcoma-associated herpesvirus have developed

immune-evasion strategies that target NKT cells and/or

CD1d. HSV-1 strongly reduces CD1d expression on

antigen-presenting cells (APCs) by disrupting the

CD1d endosomal and/or lysosomal trafficking pathway

that is required for loading glycosphingolipids on CD1d

[39�]. This results in impaired NKT cell activation by

APCs. The genome of Kaposi sarcoma-associated herpes-

virus encodes two modulator of immune recognition

(MIR) proteins that mediate ubiquitylation of a lysine

residue in the CD1d intracytoplasmic tail which triggers

CD1d endocytosis resulting in inhibition of CD1d

expression [40]. In addition, the findings of NKT cell

defects in humans with XLP strengthen the hypothesis

that NKT cells in humans may have an essential role in

antiviral immunity. This is also supported by the report of

a patient with disseminated varicella-zoster virus infec-

tion to whom a deficiency in NKT cells was detected

without any other apparent defects [41].

Several mechanisms underlying the activation of NKT

cells during bacterial infections in mice have been ident-

ified. Glycosphingolipids found in the cell wall of Gram-

negative lipopolysaccharide-negative bacteria such as

Sphingomonas and Ehrlichia directly activate NKT cells

when presented by dendritic cells [42,43]. In the case of

Gram-negative lipopolysaccharide-positive bacteria such

as Salmonella, NKT cell responses are triggered via an

autoreactive process that involve endogeneous/self glyco-

sphingolipids such as isoglobotrihexosylceramide (iGb3)

[43,44]. This response required TLR-signaling and IL-12

production by APCs that amplify the stimulation of NKT

cells [2�,44]. There is no evidence for virally encoded

CD1d ligands, so it is very likely that virus-infected cells

also activate NKT cells via an autoreactive mechanism

involving self glycosphingolipids. These self glycosphin-

golipids could be induced by a stress-activated pathway

following viral infection. The nature of endogeneous

glycosphingolipids is probably diverse and remains to

be determined, as indicated by the recent studies of

Speak et al. [45�] and Porubsky et al. [46�]. However,

herpes viruses are known to disrupt endosomal/lysosomal

trafficking, leading endosomal proteins to be redistribu-

ted to the plasma membrane of infected cells. Based on

this feature, it is proposed that herpes viruses induce

CD1d loaded with self glycosphingolipids to relocalize

from endosomes to the plasma membrane [47]. This

increased CD1d expression on the cell surface might

signal the presence of viruses, allowing activation of

NKT cells. The balance between virus recognition and

virus immune evasion could depend of the viral load, as it

was suggested for HSV-1 infection that low titers of virus
opyright © Lippincott Williams & Wilkins. Unauth
increased CD1d expression on APCs while high titers

inhibited the expression [48�].

On the basis of their innate function, the function of

NKT cells during EBV infection might take place at the

first steps of the infection to control growth-transforming

infection of mucosal B lymphocytes [49]. Besides a role

in the early stages of the infection, it should also be

considered that NKT cells might participate to the con-

traction of the pool of activated T cells that normally

occur once the triggering pathogen is eliminated. This

homeostatic process depends on the cytolytic activity of

T cells and it is impaired in patients with XLP [3]. This is

suggested by the observations that CD4�CD8aa NKT

cells suppress the proliferation and the expansion of

activated T cells via CD1d-dependent killing of T cells

and APCs [50].

Conclusion
SAP and XIAP deficiencies represent unique models to

better understand the function of NKT cells in humans.

The physiopathology of XLP favors a significant role

of NKT cells in immunity against EBV rather in anti-

bacterial immunity. Further investigations are now

needed to determine the exact role of NKT cells in

EBV infection: do EBV-infected cells activate NKT cells

and what are the ligands and mechanisms involved?

Also, the signaling pathways in NKT cells that depend

on SAP and XIAP still require molecular and functional

characterization.
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