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Editorial on the Research Topic

EBV Infection and Human Primary Immune Deficiencies

Epstein-Barr virus (EBV) is a human herpes virus that infects nearly 95% of individuals worldwide
and most persons are unaware that they are infected and never have disease associated with
the infection. If infection is delayed until adolescence or early adulthood, most of these persons
will develop infectious mononucleosis. Persons with certain congenital immunodeficiencies [e.g.,
X-linked lymphoproliferative disease 1 (XLP1)], acquired immunodeficiencies (e.g., AIDS), or
iatrogenic immunodeficiencies (e.g., organ transplant recipients) can develop severe or even
fatal EBV disease associated with primary infection or reactivation of the virus. These diseases
include EBV B cell or T cell lymphoma, lymphoproliferative disease (LPD), hemophagocytic
lymphohistiocytosis (HLH), or EBV smooth muscle tumors. Genetic disorders associated with
severe EBV disease include those that predispose to infections with multiple viruses, bacteria, or
fungi (e.g., GATA2 deficiency) or infection primarily associated with EBV alone (XLP1). These
disorders primarily affect the function of T cells and NK cells which are important for immune
surveillance against EBV-infected cells, rather than B cells that the virus infects, establishes latency
in, and can drive to LPD. Identification of genetic disorders associated with EBV has furthered
our knowledge of the role of the functions of cellular proteins important for signaling and effector
activity of T cells and NK cells.

The collection of articles on EBV Infectious and Human Primary Immune Deficiencies begins
with an overview of T cell responses to the virus by Long et al. This review emphasizes
the importance of T cell responses to EBV during symptomatic and asymptomatic primary
infection and during persistent infection. The authors also describe the contributions of tissue
resident memory T cells, γδ T cells, and NKT cells for control of EBV infection. Latour
and Winter provide an overview of immune deficiencies that predispose to EBV LPD. These
include mutations in proteins that impair T cell proliferation, B cell-T cell interactions, and
T cell and NK-cell cytotoxicity. Additional articles in this collection focus on specific immune
deficiencies associated with severe EBV disease. Ghosh et al. report on IL-2 inducible kinase
(ITK) deficiency which is critical for T cell signaling. Patients with defects in ITK can
present with EBV-positive Hodgkin and non-Hodgkin lymphoma, LPD, and HLH. Panchal
et al. review findings in patients with XLP1 who have loss-of-function mutations in SAP
that present with B cell lymphoma, HLH, and/or dysgammaglobulinemia. SAP is an adapter
protein important for activation of SLAM family members and signaling in T and NK
cells. Patients with mutations in SAP have impaired T and NK cell function. Arjunaraja
et al. report on B cell expansion with NF-κB and T cell anergy (BENTA) disease which is
associated with gain-of-function mutations in CARD11. These patients have B cell lymphocytosis,
reduced numbers of T and NK cells, low grade persistent EBV viremia, and constitutive
activation of NF-κB. Caorsi et al. describe a patient with CD70 deficiency who presented
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with periodic fever, tonsillitis, cervical lymphadenitis, and EBV
viremia. CD70 is expressed on antigen presenting cells (including
B cells) and is the ligand for CD27 which is expressed on T
cells; this interaction is important for cytotoxic T cell activation.
Hoeger et al. report that nuclear factor kappa-light-chain-
enhancer of activated B cells 1 (NF-κB1) haploinsufficiency
is associated with common variable immunodeficiency-like B
cell disease, recurrent pulmonary infections, and EBV LPD.
NF-κB1 is important for NF-κB signaling in both cytotoxic
T cells and in B cells. Carpier and Lucas review activated
PI3Kδ syndrome (APDS) which is due to gain-of-function
mutations in PI3K3CD or PIK3R or loss-of-function mutations
in PTEN. These mutations result in constitutive activation of
PI3K with senescent CD8T cells and increased numbers of
terminal effector CD8T cells. Patients present with frequent
sinopulmonary infections, EBV viremia, LPD, and lymphoma,
as well as cytomegalovirus viremia and lymphadenitis. Kimura
and Cohen describe chronic active EBV disease in which patients
have high levels of EBV in circulating T or NK cells (or less
commonly in B cells) which infiltrate the tissues and often result
in EBV lymphoma or HLH. Some of these patients have somatic
mutations in their EBV-positive T or NK cells, usually associated
with driver mutations in genes such as DDX3X and BCOR.

Patients with genetic disorders associated with severe EBV

can develop HLH. Marsh reports that patients with HLH present

with fever, splenomegaly, reduced numbers of erythrocytes,
leukocytes, or platelets, and often hepatitis. Cytotoxic T cells or

NK cells from patients with HLH have impaired degranulation or

cytotoxicity, and persistent hyperinflammation is present. HLH
with severe EBV disease has been associated with mutations in

SH2D1A, BIRC4, CD27, ITK, and MAGT1. While EBV-positive

smooth muscle tumors were initially reported in solid organ

transplant recipients or patients with AIDS, Magg et al. report
that these tumors have been reported in immune deficiencies

associated with EBV, including GATA2 or CARMIL2 deficiency,
ataxia telangiectasia, and severe combined immune deficiency

associated with mutations in ADA, ZAP70, or IL2RG. While

hematopoietic stem cell transplantation (HSCT) has been used
to correct many EBV-associated genetic disorders, many of these

patients have severe viral infections prior to transplant which

increases the morbidity associated with HSCT, and some may
have relapses of EBV disease after HSCT.McLaughlin et al. report
that the use of EBV-specific cytotoxic T cells either before HSCT
to gain better control of infections, or after transplant to treat
persistent EBV disease, has been effective. EBV-specific T cells
derived from the HSCT donor or third-party HLA-matched cells
have been effective.

The articles in this collection describe many of the genetic
disorders associated with EBV; new disorders continue to be
discovered. These diseases continue to inform us about the
importance of interactions between T or NK cells and EBV-
infected B cells and how the only human virus that establishes
latency in B cells and induces B cell lymphoproliferation is
controlled by our immune system. Better understanding of the
role of individual T and NK cell proteins in controlling EBV may
lead to improved immunologic-based treatments for both EBV
disease as well as for cancer. In addition, identification of key
proteins important for T cell and NK cell function could lead to
novel targets for immune suppressive medications.
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epstein–Barr virus-Specific immune 
Control by innate Lymphocytes
Christian Münz*

Viral Immunobiology, Institute of Experimental Immunology, University of Zürich, Zürich, Switzerland

Epstein–Barr virus (EBV) is a potent B cell transforming pathogen in humans. In most 
persistently EBV-infected individuals, potent cytotoxic lymphocyte responses prevent 
EBV-associated pathologies. In addition to comprehensive adaptive T cell responses, 
several innate lymphocyte populations seem to target different stages of EBV infection 
and are compromised in primary immunodeficiencies that render individuals susceptible 
to symptomatic EBV infection. In this mini-review, I will highlight the functions of natural 
killer, γδ T cells, and natural killer T cells during innate immune responses to EBV. These 
innate lymphocyte populations seem to restrict both lytic replication and transforming 
latent EBV antigen expression. The mechanisms underlying the recognition of these 
different EBV infection programs by the respective innate lymphocytes are just starting to 
become unraveled, but will provide immunotherapeutic strategies to target pathologies 
that are associated with the different EBV infection programs.

Keywords: natural killer cells, natural killer T cells, vγ9vδ2 T cells, lytic replication, infectious mononucleosis, 
nKG2D, CD27/CD70

inTRODUCTiOn On innATe LYMPHOCYTeS

Epstein–Barr virus (EBV) is a common human γ-herpesvirus that persistently infects more than 
90% of the human adult population. At the same time, it was the first human candidate tumor 
virus that was discovered (1, 2) and remains to date the only human pathogen that can readily 
transform human B  cells into immortal continuously growing lymphoblastoid cell lines (LCLs) 
(3). Even so EBV contributes with 1–2% to the overall tumor burden in humans (4), the majority 
of infected individuals carry EBV for life without symptoms. This peaceful coexistence is thought 
to be maintained by cytotoxic lymphocytes, which massively expand during symptomatic primary 
EBV infection, called infectious mononucleosis (IM), can be used to treat some EBV-associated 
malignancies and are affected by primary or secondary immunodeficiencies that predispose for 
EBV-driven pathologies, such as human immunodeficiency virus-associated lymphomas (5–7).

Among these cytotoxic lymphocytes, adaptive CD8+ T cell responses to EBV have been best 
characterized and single peptide epitope specificities against early lytic EBV antigens constitute 
in some individuals up to 40% of the massively expanded CD8+ T cell compartment during IM 
(8). Much less is known about innate cytotoxic lymphocyte compartments during EBV infection, 
including natural killer (NK), natural killer T (NKT), and γδ T cells. Nevertheless, they can utilize 
the same eomesodermin-dependent perforin, granzymes, and death receptor ligands to eliminate 
EBV-infected cells by cytotoxicity (9). Furthermore, they exist at much higher frequencies than 
individual CD8+ T cell clones at sites of primary EBV infection, like tonsils (more than 1010 more 
frequent), and therefore can more rapidly respond to pathogen encounter, ensuring the survival 
of the infected individual until specific T cells have been clonally expanded. However, their target 
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cell recognition is not directed against EBV protein-derived 
peptides presented on major histocompatibility complex (MHC) 
molecules, but instead they recognize infected targets with 
their germ line encoded receptors or invariant T cell receptors. 
Activation of innate lymphocytes depend on loss of MHC class I 
molecules from the surface, stress induced ligand upregulation, 
glycolipid presentation on non-classical MHC class I molecules, 
or mevalonate metabolite recognition in the context of buty-
rophilin (BTN) family members (10–14). As I will discuss below, 
these different target recognition mechanisms seem to be used 
to target different stages of EBV infection, thereby achieving a 
similarly comprehensive immune control over all EBV infection 
programs as T cells that target antigens of the different EBV life 
cycles. Thereby, primary immunodeficiencies that affect NK, 
NKT, or γδ T cells might manifest with different EBV-associated 
pathologies. A better understanding of which EBV pathology 
might be targeted by which innate lymphocyte compartment 
might enable us to utilize these innate cytotoxic lymphocytes 
in addition to classical T cells for respective immunotherapies.

nK CeLLS in THe PRevenTiOn OF 
SYMPTOMATiC PRiMARY eBv inFeCTiOn

Natural killer cells are the preeminent cytotoxic innate 
lymphocytes, which have been originally described for their 
spontaneous cytotoxicity against infected and tumor targets 
(15–17). In particular, deficiencies in NK  cells predispose in 
humans for herpesvirus-driven pathologies (18). It was indeed 
described early on that NK cells also expand during IM (19–22). 
IM symptoms are thought to be caused by the associated lym-
phocytosis of CD8+ T cells, which primarily recognize lytic EBV 
antigens that are expressed during infectious virus production 
(23). Indeed, NK  cells also preferentially recognize lytically 
EBV-replicating cells (22, 24, 25). Depletion of NK cells in mice 
with reconstituted human immune system components (HIS 
mice) increases viral loads and CD8+ T cell lymphocytosis only 
for wild-type (wt), but not lytic EBV replication incompetent 
BZLF1-deficient EBV (25). The respective NK cell-depleted and 
wt EBV-infected HIS mice also develop more EBV-associated 
B cell lymphomas and need to be sacrificed due to weight loss 
6 weeks after infection (25). HIS mice share an early differenti-
ated NK cell compartment with newborns and young children 
(26). The respective NKG2A+killer immunoglobulin-like recep-
tor (KIR)− NK cells preferentially expand during IM and recog-
nize lytically EBV-replicating cells (21, 22). Interestingly, these 
early differentiated NK  cells are continuously lost during the 
first decade of life and get successively replaced by KIR+ NK cell 
accumulation (22, 27). This coincides with an increased risk to 
develop IM when primary infection is delayed into adolescence 
(5). Recognition of lytic EBV replication might be mediated by 
the downregulation of MHC class I molecules and upregulation 
of NKG2D and DNAM-1 ligands on lytically EBV-replicating 
B  cells (24, 28), tilting the balance of inhibitory, and activat-
ing NK  cell receptor signaling toward activation. In contrast, 
EBV transformed B cells with the expression of all latent EBV 
antigens (LCLs) are only efficiently recognized by NK cells in 
the allogeneic MHC class I mismatched setting. This allows 

the recruitment of KIR+ NK  cells to the response and can be 
harnessed in mixed MHC class I mismatched human immune 
system reconstitution from two hematopoietic progenitor cell 
donors in HIS mice (29). Although NK  cells in these mixed 
reconstituted HIS mice have a decreased cytotoxicity against 
MHC class I negative target cells and are therefore less licensed, 
they control EBV infection better by NK cells (29). This results 
presumably from NK cell recognition of the MHC class I mis-
matched EBV-infected B cells, recruiting KIR+ NK cells to the 
innate immune response to EBV. Such allorecognition is cur-
rently being harnessed for NK cell-dependent immunotherapies 
of acute myeloid leukemias (30), but could also be harnessed 
against persistent infections that reactivate during bone marrow 
transplantation and home to the hematopoietic lineage. Thus, 
NK cells preferentially target lytic EBV replication, but might 
be therapeutically beneficial to target also other stages of EBV 
infection in the allogeneic setting.

γδ T CeLLS AnD THeiR ReSTRiCTiOn  
OF eBv LATenCY

Natural killer cells are by far not the only cytotoxic innate lym-
phocytes that react to EBV infection. In a subset of EBV-positive 
children (25–50%), Vγ9Vδ2 T cells are also expanded (31). These 
human T cells with an invariant γδ T cell receptor do not exist 
in mice and recognize pyrophosphate-containing molecules that 
are generated in the mevalonate metabolism (32). Interestingly, 
Vγ9Vδ2 T  cell recognition of these phosphoantigens (pAgs) 
depends on the BTN 3A1 molecule (CD277), but how BTN3A1 
supports pAg recognition, remains unclear (32). In addition, 
γδ T  cells can utilize the NK  cell receptor NKG2D for target 
cell recognition (32), which has previously been described to be 
important in lytic EBV replication recognition by NK  cells (24, 
28). Interestingly, these Vγ9Vδ2 T  cells seem to preferentially 
recognize EBV-infected B  cell lines that express the nuclear 
antigen 1 of EBV (EBNA1) as the sole viral protein, so-called 
EBV latency I (31). This latency I is found in Burkitt’s lymphoma 
(BL), the most common childhood tumor in Sub-Saharan Africa 
and homeostatically proliferating EBV-infected memory B cells 
(33). Interestingly, such non-transformed EBV-infected memory 
B cells are thought to be the reservoir of EBV persistence (34), 
accumulate in the peripheral blood of IM patients (35), and might 
drive Vγ9Vδ2 T  cell expansion in children, which sometimes 
have viral loads as high as IM patients (36). Indeed, BTN3A1 and 
NKG2D are required to expand Vγ9Vδ2 T cells with BL cell lines 
in donors who are susceptible for this expansion (31). Similarly, 
pAg stimulation of Vγ9Vδ2 T cells in HIS mice was able to pre-
vent outgrowth of adoptively transferred EBV transformed LCLs 
in vivo (37). These activated Vγ9Vδ2 T cells also required their 
invariant T cell receptor and NKG2D for LCL recognition. In this 
study, Vγ9Vδ2 T cells seem to eliminate EBV transformed LCLs 
primarily by FasL- and TRAIL-mediated programmed cell death 
induction. Moreover, adoptive transfer of Vγ9Vδ2 T  cells into 
HIS mice, in which EBV-associated lymphoma formation was 
induced by EBV infection, prevented tumorigenesis (38). Even 
3  weeks after infection, adoptive transfer of activated Vγ9Vδ2 
T cells was still able to reduce tumor burden substantially. These 
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data suggest that Vγ9Vδ2 T cells preferentially expand to EBV 
latency I-infected B cells, but, once activated, can also target other 
EBV latencies, including latency III carrying EBV transformed 
LCLs. However, it remains unclear why this Vγ9Vδ2 T cell expan-
sion can only be achieved in some donors and how pAg presenta-
tion or mevalonate metabolism is regulated during the different 
EBV latency programs. Nevertheless, Vγ9Vδ2 T  cells seem to 
complement NK cells by recognizing latent EBV infection, while 
the latter innate lymphocyte subset preferentially controls lytic 
EBV replication. A combination of both cytotoxic innate lympho-
cyte subsets could be beneficial to target EBV infection.

nKT CeLL-MeDiATeD iMMUne COnTROL 
OF eBv-DRiven B CeLL 
TRAnSFORMATiOn

Similar to our lack of understanding of how EBV regulates the 
mevalonate metabolism for Vγ9Vδ2 T  cell recognition, also 
NKT  cell recognition of EBV-infected B and epithelial cells is 
poorly understood, even so cytotoxicity of CD8+ NKT  cells 
against EBV latency II Hodgkin lymphoma (HL) and naso-
pharyngeal carcinoma (NPC) cells was previously reported (39). 
NKT  cells carry the invariant Vα24-Jα18/Vβ11 T  cell receptor 
and recognize glycolipids that are presented on the non-classical 
MHC class I molecule CD1d (11). CD1d has been reported to be 
downregulated on fully EBV transformed LCLs (40). Nevertheless, 
EBV infection of primary human B cells and LCL outgrowth can 
be restricted by NKT  cells, and restoring CD1d expression on 
LCLs allows NKT cells to recognize EBV latency III (40). These 
data suggest that during B  cell infection and transformation 
CD1d ligands are produced and presented on CD1d that allow 
for NKT cell recognition. Therefore, NKT cells can also restrict 
EBV-induced tumorigenesis in  vivo (39). In particular, CD8+ 
NKT cells can directly lyse EBV positive HL and NPC cells and 
produce IFN-γ, which augments protective Th1 responses against 
EBV infection (39). CD4+ NKT cells, which mainly produce IL-4 
and bias immune responses toward Th2 polarization, do not seem 
to be able to control EBV on their own, but synergize with CD8+ 
NKT cells for improved immune control (39). While NKT cells 
are reduced in the peripheral blood of HL patients (39), they seem 
to be enriched in the tumor tissue (41). The HL and NPC associ-
ated EBV latency II with expression of three EBV latent antigens, 
namely EBNA1 and the two latent membrane proteins 1 and 2 
(LMP1 and 2), can also be found in germinal center (GC) B cells 
of healthy EBV carriers (42). Therefore, NKT cells might play a 
role in restricting EBV latency II in GC B cells and epithelial cells. 
The latter might, however, only occur during NPC tumorigenesis, 
because EBV seems to mainly induce lytic replication in epithelial 
cells of healthy EBV carriers (43).

PRiMARY iMMUnODeFiCienCieS THAT 
COMPROMiSe eBv-SPeCiFiC iMMUne 
COnTROL

The above discussed studies seem to indicate that several human 
innate lymphocyte subsets target different stages of EBV infection 

with NK cells recognizing lytic replication, Vγ9Vδ2 T cells react-
ing to EBV latency I and maybe III, and NKT  cells providing 
restriction of EBV latency II. Can further evidence for this dif-
ferential targeting of EBV by innate lymphocytes be gleaned from 
primary immunodeficiencies that predispose for EBV-associated 
pathologies (7, 44) and compromise these innate lymphocyte 
compartments?

The selective loss of NK, NKT, or γδ T cells is rare in primary 
immunodeficiencies. Usually, the respective mutations affect 
multiple immune compartments like the GATA2 mutation that 
was later characterized in the original patient with susceptibility 
to herpesvirus infections and decreased NK cell activity (18, 45). 
This mutation results in low numbers of B, CD4+ T, NK, dendritic, 
and monocytic cells. The associated uncontrolled EBV infection 
manifests in fulminant IM, hemophagocytic lymphohistiocytosis 
(HLH), and chronic active EBV (CAEBV). Similarly, mutations 
in the cytotoxic machinery (perforin, Munc13-4, and Munc18-2) 
that predispose for HLH and CAEBV affect all cytotoxic lympho-
cytes (46–48). Furthermore, the mutations in SLAM-associated 
protein (SAP) and X-linked inhibitor of apoptosis that result in 
X-linked lymphoproliferative diseases (XLP) 1 and 2 affect many 
lymphocytes and also result in fulminant IM and HLH (49–53), 
even so also NKT  cell development is compromised in XLP1 
patients (54, 55). Therefore, overall loss of cytotoxic lymphocyte 
control of EBV infection seems to result in uncontrolled IM, 
CAEBV, and HLH. However, other primary immunodeficiencies 
seem to be more selective, both with respect to clinical manifesta-
tion and loss of cytotoxic lymphocytes. In this regard, patients 
with mutations in IL-2 inducible T  cell kinase (ITK) lack all 
NKT  cells and present sometimes with HL (56–63). Similarly, 
CD70 deficiency predisposes for HL (64, 65), but so far only 
the deficiency of CD8+ T cells in recognizing EBV transformed 
B cells has been characterized. While in four of the five patients 
with CD70 deficiency no information about NKT cell numbers 
were given (64), in one patient NKT cell numbers were at least 
fivefold decreased. Thus, it is tempting to speculate that primary 
immunodeficiences, resulting from ITK and CD70 mutations, 
more prominently predispose for loss of NKT  cell-mediated 
innate immune control and thereby favor uncontrolled EBV 
latency II, as in HL.

Even so CD70 is so far the only known ligand of CD27, 
CD27 mutations predispose for a much larger spectrum of 
EBV-associated pathologies, including HLH and different 
EBV-associated lymphomas, and also increase the mortality of 
affected individuals (66–68). It has been speculated that this 
results from ligand-independent signaling events of CD27 that 
are compromised in addition to T and NK  cell recognition of 
LCLs (44). In addition to CD27, mutations in the magnesium 
transporter MagT1 and the transcription factor NFκB1 com-
promise NK  cell recognition and predispose for EBV-induced 
lymphoproliferations and lymphomas (28, 69–74). These 
have been suggested to compromise NKG2D, TNF receptor  
(e.g., CD27), and SLAM receptor family (SAP dependent) signal-
ing (28, 73). These receptors are crucial costimulatory molecules 
and activating receptors on CD8+ T and NK cells, respectively. 
More selective NK cell deficiencies have been reported for muta-
tions in the minichromosome maintenance complex component 
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FiGURe 1 | Innate lymphocytes target different stages of Epstein–Barr virus 
(EBV) infection. EBV was suggested to drive B cell differentiation by 
expressing all eight latent EBV proteins (latency III) in tonsillar naïve B cells 
and rescuing germinal center (GC) B cells with the expression of three latent 
EBV proteins (latency II) toward memory B cells. In homeostatically 
proliferating memory B cells, only one latent EBV protein is expressed for viral 
genome maintenance (latency I). From this infected memory B cell pool, EBV 
can reactivate into virus producing lytic replication, most likely after B cell 
receptor engagement. Natural killer (NK) cells have been shown to 
preferentially recognize lytic EBV replication and NKG2D has been suggested 
as an activating receptor involved in this recognition after upregulation of its 
MICA/B and ULBP ligands. In a subgroup of infected individuals, Vγ9Vδ2 
T cells can be stimulated by EBV latency I Burkitt’s lymphoma cell lines and 
recognize these by mevalonate metabolite recognition in a butyrophilin (BTN) 
3A1-dependent fashion. Finally, natural killer T (NKT) cells have been 
suggested to recognize EBV latency II in Hodgkin’s lymphoma cell lines, 
presumably by recognizing glycolipid presentation on CD1d. Thus, cytotoxic 
innate lymphocytes can target different stages of EBV infection.

TABLe 1 | Primary immunodeficiencies that are associated with loss of immune 
control by innate lymphocytes and EBV-associated pathologies.

Affected protein eBv-associated 
pathology

Affected innate 
lymphocytes

Reference

Cytotoxic machinery
Perforin CAEBV, HLH NK, NKT, γδT (46)
Munc13-4 CAEBV, HLH NK, NKT, γδT (47)
Munc18-2 CAEBV, HLH NK, NKT, γδT (48)

DnA-binding proteins
GATA2 CAEBV, HLH NK (18, 45)
MCM4 EBV lymphoma NK (75, 76)
NF-κB1 EBV lymphoma NK (73, 74)

Costimulatory receptors and their ligands
CD27 EBV lymphoma NKT (66–68)
CD70 EBV-positive 

Hodgkin’s lymphoma
NKT (64, 65)

CD16 EBV-positive 
Castleman’s disease

NK (77, 78)

NKG2D and TCR 
(because of MagT1 
deficiency)

EBV lymphoma NK, γδT (69–72)

Signaling molecules
SAP EBV lymphoma, IM, 

HLH
NKT (49–51, 54, 55)

ITK EBV lymphoma NKT (56–63)
RasGRP1 EBV lymphoma NKT (79)
PI3K 110δ EBV viremia NK (82)

Others
XIAP IM, HLH NKT (52, 53)
Coronin 1A EBV lymphoma NKT (80)
CTP synthase 1 IM, EBV lymphoma NKT (81)

CAEBV, chronic active EBV; HLH, hemophagocytic lymphohistiocytosis; IM, infectious 
mononucleosis; NK, natural killer; EBV, Epstein–Barr virus; NKT, natural killer T; 
SAP, SLAM-associated protein; XIAP, X-linked inhibitor of apoptosis; ITK, inducible 
T cell kinase; MCM4, minichromosome maintenance complex component 4; PI3K, 
phosphatidylinositol-3-kinase.
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4 (MCM4) and the Fcγ receptor 3A (CD16) (75–78). Both types 
of mutations diminish or functionally impair the CD56dimCD16+ 
NK  cell compartment, which contributes to the early dif-
ferentiated NKG2A+KIR− NK  cells that were found to restrict 
lytic EBV replication (22, 25). In addition, they could mediate 
further restriction of lytic EBV replication by CD16-mediated 
antibody-dependent cellular cytotoxicity against late lytic viral 
glycoproteins. Patients with MCM4 and CD16 mutations present 
with EBV-induced lymphoproliferative diseases, including EBV-
positive Castleman’s disease in the case of CD16 mutations. These 
selective NK  cell deficiencies could point toward ill controlled 
lytic EBV infection that stimulates these lymphoproliferations.

In contrast to NKT and NK  cells, Vγ9Vδ2 T  cells have not 
received much attention in the characterization of primary 
immunodeficiencies that predispose for EBV pathologies. 
However, from the above described pathways that are affected 
by these, several are predicted to affect also Vγ9Vδ2 T cell func-
tion. Downstream of the TCR signaling, which in the case of 
Vγ9Vδ2 T  cells engages pAgs in the context of BTN3A1, ITK 
phosphorylates PLCγ1, which elicits Ca2+ flux and phosphati-
dylinositol-4,5-bisphosphate cleavage to release diacylglycerol 
that in turn activates the guanine nucleotide exchange factor 

RasGRP1, whose mutations also predispose for EBV-associated 
B cell lymphomas (79). PLCγ1 activation is also Mg2+ dependent 
and thereby influenced by MagT1 function. Thus, mutations 
in ITK, MagT1, and RasGRP1 affect T  cell receptor signaling 
and predispose for EBV-associated pathologies. Furthermore, 
NKG2D is a prominent coreceptor on Vγ9Vδ2 T cells and elicits 
NFκB1-dependent gene transcription (31). NKG2D and NFκB1 
are affected by primary immunodeficiencies with EBV patholo-
gies that result from mutations in the magnesium transporter 
MagT1 and the transcription factor NFκB1, respectively (28, 73). 
Finally, cytotoxicity of Vγ9Vδ2 T cells is also affected by the per-
forin, Munc13-4, and Munc18-2 mutations. These considerations 
suggest that T cell receptor signaling, costimulation, and effector 
functions of Vγ9Vδ2 T cells are compromised in some primary 
immunodeficiencies that predispose for EBV pathologies.

Apart from these immunodeficiencies whose genes can 
be related to innate lymphocyte function, other more general 
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deficiencies like the mutations in the actin-binding protein coro nin  
1A and CTP synthase 1 are associated with NKT cell loss and EBV-
associated lymphoproliferative diseases (80, 81). Furthermore, 
loss-of-function mutations in phosphatidylinositol-3-kinase 
subunit 110δ diminish NK cell killing and results in EBV viremia 
(82). Thus, primary immunodeficiences in the perforin machin-
ery of cytotoxic lymphocytes, their costimulatory molecules, 
DNA-binding proteins that are required for their differentiation, 
and some less well-mechanistically understood gene products 
diminish innate lymphocyte activity and predispose for EBV-
associated pathologies. These are summarized in Table 1.

COnCLUSiOn AnD OUTLOOK

The above outlined arguments suggest a division of labor 
among innate lymphocytes in targeting different programs of 
EBV infection. While NK  cells might preferentially eliminate 
lytically EBV replicating cells, and immunodeficiencies that 
affect them could primary result in lymphoproliferations, 
NKT cells might be superior in restricting Hodgkin’s lymphoma 
and especially affected by ITK and CD70 deficiencies. Finally, 
Vγ9Vδ2 T  cells might be able to target BL cells and LCLs.  
In combination, NK, NKT, and Vγ9Vδ2 T cells could therefore 
restrict EBV latencies I–III and lytic replication (Figure 1). This 
comprehensive immune control by innate lymphocytes might 
be especially important during early primary infection before 

protective CD8+ T  cell responses have been primed. A better 
understanding of how these innate lymphocyte subsets colla-
borate during primary EBV infection could provide insights why 
IM preferentially develops in adolescence and which subgroup 
of these are especially at risk. Furthermore, characterizing how 
NK, NKT, and Vγ9Vδ2 T  cells recognize EBV-infected cells 
and which infection programs in virus-associated malignan-
cies are especially susceptible to this recognition could suggest 
immunotherapeutic approaches against the respective tumors, 
harnessing these innate lymphocytes.
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GATA2 is a transcription factor that binds to the promoter of hematopoietic genes. 
Mutations in one copy of the gene are associated with haploinsufficiency and reduced 
levels of protein. This results in reduced numbers of several cell types important for 
immune surveillance including dendritic cells, monocytes, CD4, and NK cells, as well as 
impaired NK cell function. Recently, GATA2 has been associated with several different 
presentations of severe Epstein–Barr virus (EBV) disease including primary infection 
requiring repeated hospitalizations, chronic active EBV disease, EBV-associated hydroa 
vacciniforme with hemophagocytosis, and EBV-positive smooth muscle tumors. EBV 
was found predominantly in B cells in each of the cases in which it was studied, unlike 
most cases of chronic active EBV disease in which the virus is usually present in T or 
NK cells. The variety of EBV-associated diseases seen in patients with GATA2 deficiency 
suggest that additional forms of severe EBV disease may be found in patients with 
GATA2 deficiency in the future.

Keywords: GATA2, epstein–Barr, chronic active epstein–Barr virus, infectious mononucleosis, hydroa vacciniforme, 
smooth muscle tumors

THe GATA FAMiLY OF TRAnSCRiPTiOn FACTORS

The GATA family of transcription factors consist of six proteins (GATA1 to GATA6) that contain 
two zinc finger-binding domains that bind to GATA sites on DNA (1, 2). GATA1 and GATA2 
are important for hematopoiesis, with GATA1 important for development of red blood cells and 
platelets, and GATA2 for development of hematopoietic stem cells and progenitor cells. GATA3 is 
important for development of T cells. In contrast, GATA4 to GATA6 have critical roles in cardiac 
embryogenesis.

The GATA2 gene contains seven exons, five of which are translated. In addition to two zinc 
finger domains, the protein contains two transcriptional activation domains, a negative regulatory 
domain, and a nuclear localization signal (3). The protein undergoes a number of posttranslational 
modifications including phosphorylation, ubiquitination, SUMOylation, and acetylation (3). Mice 
that are homozygous knockouts for GATA2 die in utero due to a failure of hematopoiesis (4); in 
contrast, mice that are heterozygous for GATA-2 deficiency have reduced numbers of hematopoietic 
progenitor cells (5).

GATA2 is necessary for survival and renewal of hematopoietic stem cells and interacts with mul-
tiple transcription factors that regulate gene expression in hematopoietic stem cells. The quantity of 
GATA2 is critical for its activity, thus, reduced levels due to haploinsufficiency can have a profound 
phenotype. GATA2+/- mice have fewer functional hematopoietic stem cells and granulocyte– 
macrophage progenitors in the bone marrow and the cells are impaired for self-renewal (6, 7).
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FiGuRe 1 | Structure of GATA2 and mutations described with GATA2 insufficiency and in patients with severe Epstein–Barr virus (EBV) disease [adapted from data 
in Ref. (8)]. Numbers in green represent mutations associated with severe EBV disease.
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GATA2 DeFiCienCY PHenOTYPe AnD 
MuTATiOnS

GATA2 deficiency in humans, due to haploinsufficiency, has been 
associated with a wide array of diseases (8–11). These include 
hematologic disorders such as myelodysplastic syndrome, acute 
myelogenous leukemia, chronic myelomonocytic leukemia, aplas-
tic anemia, as well as low numbers of monocytes, B cells, NK cells, 
dendritic cells, and neutrophils. Infectious complications include 
viral, bacterial, and fungal infections. Virus infections include 
human papillomavirus virus (HPV) infection that can transition 
to HPV-positive squamous cell carcinoma, or severe molluscum 
contagiosum, herpes simplex virus, varicella-zoster virus, 
cytomegalovirus, or Epstein–Barr virus (EBV) infection. Severe 
nontuberculous mycobacteria infections are commonly seen  
with GATA2 deficiency, while fungal infections include invasive 
aspergillosis, disseminated histoplasmosis, and recurrent can-
didiasis. Other complications reported in patients with GATA2 
deficiency include pulmonary alveolar proteinosis, congenital 
lymphedema, panniculitis, erythema nodosum, venous throm-
boses, and deafness.

Many mutations have been detected in GATA (Figure  1), 
most of which are germ line, while somatic mutations have been 
reported in patients with leukemia (10). While most mutations 
have been reported in the coding region of the gene, mutations 
in regulatory regions such as in the enhancer region of intron 
5 and the 5′ leader sequence result in reduced transcription 
(12). Mutations associated with disease are most often in one 
of the two zinc finger-binding domains; these include amino 
acid substitutions, frameshift mutations, and insertions and 
deletions. These result in either protein dysfunction or reduced 

transcription from one of the two alleles. Thus, deletion of one 
allele, mutations in non-coding regulatory regions of the gene,  
or mutations in one allele can result in haploinsufficiency due 
to reduced transcription, loss of protein expression, or expres-
sion of a non-functional protein. Most cases are due to de novo 
mutations while about one-third are inherited as an autosomal 
dominant condition. In some cases, mutations have not been 
identified, but transcription of only one of the two alleles has 
been demonstrated.

HeMATOLOGiC FinDinGS in GATA2 
DeFiCienCY iMPORTAnT FOR COnTROL 
OF viRuS inFeCTiOnS

The mechanism for the predilection of patients to severe EBV 
infections is almost certainly multifactorial (Figure 2). Absence or 
reduction in the numbers of dendritic cells with GATA2 insuffi-
ciency (13) can reduce recognition of EBV by the immune system. 
Dendritic cells are critical for presentation of EBV antigens to 
T cells (14) and EBV in turn inhibits dendritic cell maturation (15).

Reduction in the number of monocytes in patients with 
GATA deficiency (11, 16) reduces cytokine responses with 
reduced IFN-γ and IL-12. EBV inhibits MHC class I, class II, 
ICAM1, CD80, and CD86 expression on monocytes, which 
inhibit T cell proliferation and antigen presentation by the cells 
(17, 18). Patients with GATA2 deficiency have a decrease in the 
number of hematogones (precursor B cells) and B cells including 
naïve B cells, with a relative increase in the number of memory 
B  cells (19, 20). B  cells are important for antigen presentation  
and help to activate T cells.
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GATA2 deficiency is associated with a reduction in the number 
of NK cells and reduced NK cell-mediated cytotoxicity (11, 16, 21). 
 In addition, there is a reduction in the number of immature 
(CD56bright) NK cells (21), while other NK cell markers indicative 
of maturity, such as killer cell immunoglobulin-like receptors, 
are increased (14). NK  cells are critical for control of primary 
infection with EBV (22) as well as to inhibit transformation of 
B cells by the virus (23).

Like NK cells, CD8 T cells in patients with GATA2 deficiency 
are skewed toward a more mature, terminally differentiated 
phenotype (16). The reduction in naïve T cells may also impair 
control of EBV. These patients also have a reduction in the number 
of CD4 cells with an inverted CD4/CD8 ratio. Both CD4 and CD8 
cells are important for control of EBV infection. During primary 
infection, there is a massive expansion of CD8 cells and these 
cells recognize both lytic and latent viral antigens (14). CD4 cells 
are important for control of primary infection, but there is less 
proliferation of CD4 than CD8 cells. During convalescence, up 
to 5% of CD8 cells are directed against EBV antigens, while less 
than 1% of CD4 cells recognize EBV proteins.

GATA2 may also affect herpesvirus latency. GATA2 controls 
the expression of at least two latency associated genes in human 
cytomegalovirus, UL144 and LUNA (24). GATA2 also increases 
expression of cellular IL-10 (25), which is important for CMV 
latency (26). At least two EBV latency associated genes, EBV-
encoded RNA and latent membrane protein 1 (LMP1), upregu-
late cellular IL-10. Both CMV (27) and EBV (28) encode IL-10 
homologs, which are important for immune evasion.

Studies of gene transcription in EBV-transformed B  cells 
from patients with GATA2 deficiency due to haploinsufficiency 
compared with controls showed significant differences in 
expression of 102 genes (12). Several genes known to have an 
important role in EBV transformation, including NOTCH1, 
TRAF2, and TRAF3, were downregulated in EBV-transformed 

B cells derived from GATA2-deficient patients compared with 
controls. EBNA2, which is essential for EBV latency, is a func-
tional homolog of a constitutive NOTCH receptor and LMP2, 
which also has a critical role in EBV latency, activates NOTCH 
to increase survival of B  cells. Therefore, reduced expression 
of NOTCH1 in cells from patients with GATA2 deficiency 
may reduce the ability of the virus to maintain latency. LMP1, 
which is essential for EBV latency, interacts with TRAF2 and 
3 to activate the NF-κB pathway and maintain latency. Thus, 
impaired expression of NOTCH1, TRAF2, and TRAF3 in cells 
from patients with GATA2 deficiency may reduce the ability of 
the virus to maintain latency. This could result in increased virus 
replication resulting in a higher viral load, more severe primary 
infection (infectious mononucleosis), and increased infection of 
additional cells resulting in more severe EBV disease.

eBv DiSeASe ASSOCiATeD wiTH  
GATA2 DeFiCienCY

Patients with GATA2 deficiency may present with a variety of 
EBV-associated diseases. These patients may have severe compli-
cations with EBV infectious mononucleosis. Identical twins with 
GATA2 insufficiency, due to a stop codon (R330X) in one allele, 
presented with symptoms of infectious mononucleosis; one had 
three hospitalizations for anorexia and dehydration accompa-
nied by anemia, fatigue, weight loss, and fever for 3  months 
with 20,600 copies of EBV DNA/ml of blood (29). Her course 
was complicated by numerous infections including Neisseria 
meningitditis bacteremia and Salmonella enteritis. Her sister also 
presented with EBV infectious mononucleosis complicated by 
fatigue, weight loss, anemia, thrombocytopenia, and hypoten-
sion with 8,900 copies of EBV DNA/ml of blood. Both sisters had 
reduced numbers of monocytes and CD4, CD8, B, and NK cells. 
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They had a persistently elevated EBV load in the blood after their 
symptoms of primary infection resolved. Both had a history 
of herpes stomatitis and severe warts and both did well after  
hematopoietic stem cell transplant. A third patient with a mis-
sense mutation (R396Q) in one allele of GATA2 presented with 
EBV infectious mononucleosis and was hospitalized twice, once 
for severe fatigue with headache and rash, and a second time for 
dehydration and malaise with 44,000 copies of EBV DNA/ml of 
blood. She had a history of herpes stomatitis and Staphylococcus 
aureus cellulitis and reduced numbers of monocytes and CD4, 
CD8, B, and NK cells. Both the bone marrow and a lymph node 
contained EBV-positive lymphocytes. She also had persistently 
elevated EBV DNA in the blood after resolution of her infectious 
mononucleosis symptoms.

A 29-year-old woman with GATA2 insufficiency with null 
allelic loss of one copy of the gene and a positive EBV IgM viral 
capsid antibody in the serum and cerebrospinal fluid, indicative 
of acute infection, developed a demyelinating polyradiculopathy 
(30). EBV DNA was found in the cerebrospinal fluid, but no EBV 
DNA was detected in a sural nerve biopsy. She had a history of 
recurrent pneumonia, severe varicella, and severe genital warts 
with cervical dysplasia. Her neurological disease responded to 
intravenous immunoglobulin and corticosteroid therapy.

A 22-year-old man with GATA2 insufficiency due to a mis-
sense mutation (T354M) in one allele of GATA2 presented with 
chronic active EBV disease (29). This is a very rare disorder 
characterized by infiltration of tissues with EBV-positive  
lymphocytes, a high level of EBV in the blood, and persistent or 
intermittent symptoms lasting 6  months or more. He had evi-
dence for a primary EBV infection and persistent splenomegaly 
and pancytopenia and both the spleen and an adjacent lymph 
node showed EBV-positive B cells. He had 2,770 copies of EBV 
DNA/ml of blood. He had reduced numbers of monocytes and 
CD4, B, and NK  cells, but normal numbers of CD8 cells. The 
patient also had Mycobacterium abscessus and died from his 
mycobacterial infection.

A 24-year-old woman who expressed only one allele of GATA2, 
but had no definite mutation in the gene, presented with EBV 
hydroa vacciniforme (29, 31). This EBV disorder is characterized 
by a vesicular rash and infiltration of the skin with EBV-infected 
lymphocytes in response to sun exposure; it may progress to a 
systemic disease with EBV-positive T or NK cell lymphoma. The 
patient had large skin lesions that were EBV-positive as well as 
EBV in the lung, intestine, skeletal muscle, and cerebrospinal 
fluid. There were 6.4 million copies of EBV DNA/ml of blood. 
Her course was complicated by multiple infections including 
Mycobacterium avium complex, histoplasmosis, and entero-
coccus bacteremia. She had reduced numbers of monocytes 
and CD4, B, and NK cells, but normal numbers of CD8 cells. 
She developed an EBV-positive T cell lymphoma of the lung, 
gastrointestinal tract, and skin as well as hemophagocytic 
lymphohistiocytosis. She did well after hematopoietic stem cell 
transplant.

Two patients with GATA2 insufficiency have been reported 
with EBV-positive smooth muscle tumors (29, 32, 33). One had 
a missense mutation (R398W) in GATA2 and EBV-positive 
leiomyosarcomas involving the posterior orbit, liver, colon, and 

uterus. She had a history of disseminated M. avium involving the 
skin, blood, and intestine, herpes simplex esophagitis, warts, and 
chronic myelomonocytic leukemia. She had reduced numbers 
of monocytes and CD4, B, and NK  cells, but normal numbers 
of CD8 cells. She underwent hematopoietic stem cell transplant 
for the leukemia, but died of a respiratory tract infection. The 
second patient also had a missense in GATA2 (R396W) and 
an EBV-positive spindle cell tumor involving the liver with 
3,350 copies of EBV DNA/ml of blood. A positron emission 
tomographic scan showed multiple metabolically active lesions 
in the liver, spleen, mediastinum, hilum, scapula, vertebrae, and 
pelvis. He had a history of recurrent pneumonia, Mycobacterium 
szulgai pneumonia, and M. avium in a bronchoalveolar lavage. 
He had reduced numbers of monocytes and CD4, CD8, B, and 
NK cells. He underwent hematopoietic stem cell transplant and 
his immunologic abnormalities resolved and his lesions resolved 
or remained stable.

A patient with a frameshift (G28fs) and missense mutation 
(H26P) in exon 2 of GATA2 had myelodysplastic syndrome, pro-
gressive pancytopenia, and an EBV-positive T-cell non-Hodgkin 
lymphoma of the nasopharynx (34). He died despite therapy with 
corticosteroids and rituximab.

STuDieS OF eBv DiSeASe in PATienTS 
wiTH GATA2 DeFiCienCY

Analysis of 51 patients with GATA2 deficiency showed that the 
median level of EBV DNA in the blood of EBV seropositive 
patients without EBV disease was 117 copies/ml, while the level 
was 14,750 copies/ml in persons with EBV disease (29). An addi-
tional patient has been reported with GATA2 deficiency, diffuse 
parenchymal lung disease, acute EBV infection and persistent 
viremia, but no other EBV complications (35). Patients with 
GATA2 deficiency and severe EBV disease have different pat-
terns of EBV latency gene expression in their peripheral blood 
and some have expression of EBV BZLF1 indicating that the 
virus is undergoing lytic gene expression. Patients with severe 
EBV disease and GATA2 deficiency have high plasma levels of 
IP-10 (an interferon response gene) and TNF-α, and low levels of 
IL-1-β compared with normal controls. IP-10 and TNF-α are Th1 
cytokines important for cellular immunity.

TReATMenT FOR eBv DiSeASe 
ASSOCiATeD wiTH GATA2 DeFiCienCY

Definitive treatment for GATA2 deficiency requires hematopoi-
etic stem cell transplant (36). In the largest series to date, 14 
patients underwent non-myeloablative allogeneic hematopoietic 
stem cell transplant (31). Eight of the 14 were alive a median 
of 3.5  years later with reconstitution of their immune system. 
Survivors received peripheral blood stem cells from matched 
related, unrelated, or haploidentical related donors, or umbili-
cal cord blood. The latter group had the lowest survival rate. 
Deaths were often due to sepsis, graft-versus-host disease, acute 
myelogenous leukemia, or acute respiratory distress syndrome. 
Transplantation can be especially challenging in this disease due 
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to concurrent infections and preexisting leukemia or transfor-
mation of myelodysplastic syndrome into leukemia. Cases of 
relapsed disease after hematopoietic stem cell transplant and 
graft rejection suggests that myeloablative conditioning may be 
preferred, although preexisting comorbidities including severe 
infections may make myeloablation challenging in these patients.

Antiviral therapy is generally ineffective for EBV disease 
associated with GATA2 deficiency. EBV malignancies are due 
to proliferation of latently infected lymphocytes or epithelial 
cells. The viral DNA replicates in these cells using the host cell 
polymerase, which is insensitive to antivirals; in contrast, lytic 
virus replication in epithelial cells, which occurs during virus 
shedding in healthy persons or in those with oral hairy leuko-
plakia is sensitive to antivirals.

Treatment of some patients with GATA2 insufficiency with 
IFN-α resulted in increased numbers of NK cells and/or function 
of the cells, but did not increase the number of CD56bright cells (21). 
Rituximab may have a role for EBV-positive B cell tumors, but in 
the absence of reconstitution of the immune system, the disease 
can recur with CD20-negative B  cell tumors (37). Treatment 
with third party EBV-specific T cells might provide temporizing 
therapy prior to hematopoietic stem cell transplant (38).

FuTuRe DiReCTiOnS

GATA2 deficiency has been associated with a large number of 
diseases particularly hematologic and infectious diseases. At 
present, it is unclear why certain patients present with specific 
complications associated with GATA2 deficiency while others do 
not. While severe viral infections are significantly more common 
in persons with GATA2 null mutations (11), these infections 
were also associated with missense and regulatory mutations. 
However, within large families, different family members with 
the same mutation can have very different presentations (34). 
In our patients with severe EBV disease, a variety of mutations 
in GATA2 including missense mutations, stop codons, null 

allelic loss of one copy, and unialleleic gene expression were all 
observed. Some patients have high levels of EBV in the blood 
and complications of EBV, while others have levels of EBV that 
are seen in healthy controls. This does not appear to be specific 
to particular mutations in GATA2, but likely reflects the effects 
of polymorphisms, mutations, or epigenetic changes in other 
genes that might modify the phenotype of patients with GATA2 
deficiency. This phenomenon of modifier genes has been well 
described in other genetic disorders (39) and with increasing 
resources and expertise in computation and bioinformatics, 
the role of modifier genes affecting GATA2 function may help 
to explain the different EBV phenotypes observed with GATA2 
deficiency. In addition, environmental differences, the immune 
status of the patient, or coinfections at the time of primary EBV 
infection might also affect whether some patients with GATA2 
deficiency develop severe EBV disease.

GATA2 deficiency is a relatively newly described disorder, 
and the wide array of severe EBV diseases observed in patients 
with this disorder suggest that additional presentations of EBV 
disease may be associated with GATA2 deficiency in the future. 
In addition, polymorphisms in the GATA2 gene or its regulatory 
elements might be associated with less severe presentations of 
EBV disease. Thus, additional studies of GATA2 should provide 
insights into the role of this gene in control of EBV and other 
infectious diseases.
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Chronic active Epstein–Barr virus (CAEBV) disease is a rare disorder in which persons 
are unable to control infection with the virus. The disease is progressive with markedly 
elevated levels of EBV DNA in the blood and infiltration of organs by EBV-positive 
lymphocytes. Patients often present with fever, lymphadenopathy, splenomegaly, EBV 
hepatitis, or pancytopenia. Over time, these patients develop progressive immunode-
ficiency and if not treated, succumb to opportunistic infections, hemophagocytosis, 
multiorgan failure, or EBV-positive lymphomas. Patients with CAEBV in the United 
States most often present with disease involving B or T cells, while in Asia, the disease 
usually involves T or NK cells. The only proven effective treatment for the disease is 
hematopoietic stem cell transplantation. Current studies to find a cause of this disease 
focus on immune defects and genetic abnormalities associated with the disease.

Keywords: chronic active epstein–Barr virus, epstein–Barr virus lymphoma, infectious mononucleosis, 
hemophagocytosis, DDX3X

inTRODUCTiOn

Primary infection of adolescents and young adults often results in infectious mononucleosis with 
fever, lymphadenopathy, and sore throat (1). Additional signs and symptoms include splenomegaly, 
hepatomegaly, lymphocytosis, and liver dysfunction. Fever and lymphadenopathy usually resolve 
within 2 weeks after onset but can persist for a month, or in rare cases even longer. EBV is present 
in circulating B cells, and the level of EBV DNA is elevated in the blood for the first month of the 
illness. Both the innate immune response (especially NK cells) and the acquired immune response 
(virus-specific CD4 and CD8 cells) have a critical role in clearing the infection (2).

Initial control of EBV in healthy persons involves NK cells that can kill virus-infected cells 
(3, 4) and secrete IFN-γ, which inhibits B  cell proliferation, and monocytes, which release 
chemokines in response to virus infection (5). A large clonal or oligoclonal expansion of CD8 
cells is observed during infectious mononucleosis (6). Most CD8 cells are directed to lytic 
antigens initially, and these cells rapidly undergo apoptosis (7). These patients have modestly 
elevated antibodies to EBV lytic antigens as well as antibodies to the EBV nuclear antigens 
(EBNAs), including EBNA1.

Rare patients who become infected with EBV, or reactivate EBV, develop disease that does not 
resolve. Some of these patients develop fulminant infectious mononucleosis and die within days or 
weeks of primary infection. Others develop a more chronic course with persistent or intermittent 
infectious mononucleosis-like symptoms including fever, persistent lymphadenopathy, spleno-
megaly, and EBV hepatitis. These patients are unable to control EBV infection and have infiltration 
of tissues by EBV positive T, NK, or less often B cells. They have markedly elevated levels of EBV 
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FigURe 1 | Histopathologic features of a 47-year-old female patient with T cell chronic active Epstein–Barr virus (EBV) disease. (A) Hematoxylin and eosin stain. 
Small- to medium-sized lymphocytes without significant atypia infiltrate the bone marrow clot. (B) EBV-encoded RNA in situ hybridization. The brown staining 
lymphocytes are positive for EBV RNA.
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that persist in the blood. This entity is referred to as chronic active 
EBV (CAEBV) disease.

Some patients with CAEBV have been reported to have 
impaired NK  cell (8) or T  cell activity (9–13) against EBV-
infected cells. In addition, reduced numbers of EBV-specific 
T cells have been described in patients with CAEBV disease (10). 
Unlike healthy persons with infectious mononucleosis, patients 
with CAEBV disease often have low numbers of EBV-specific 
CD8 cells (10). A recent study showed that patients with CAEBV 
or infectious mononucleosis have a decrease in the TCR-beta 
repertoire and expanded T cell clones in their peripheral blood 
compared with healthy carriers of EBV (14). Many have extremely 
high levels of antibodies to EBV lytic proteins and lack antibody 
to EBNA1 (13).

CAeBv DeFiniTiOn AnD FeATUReS

Chronic active Epstein–Barr virus disease is usually defined 
as a chronic illness lasting at least 6 months, an increased EBV 
level in either the tissue or the blood, and lack of evidence of 
a known underlying immunodeficiency (15). Other authors, 
particularly when defining severe CAEBV disease, require both 
an elevated level of EBV in the blood as well as infiltration of 
tissues by EBV-positive lymphocytes (16). Recently, the duration 
of illness required for defining the disease has been shortened 
to 3 months (17). Former definitions required elevated levels of 
antibody to EBV viral capsid or early antigen in the blood (18); 
however, we have found that elevated levels of EBV DNA in the 
blood are more specific for CAEBV than elevated levels of EBV 
antibodies. Most laboratories now perform ELISA  tests for EBV 
antibodies, and these are often less helpful than the previously 
used quantitative immunofluorescent assay using endpoint dilu-
tion of serum. It is important that DNA PCR is done using either 
whole blood or peripheral blood mononuclear cells, rather than 
plasma or serum which is much less sensitive for diagnosis of 
CAEBV disease.

Chronic active Epstein–Barr virus disease was originally 
reported in children during primary infection, but in recent 
years, perhaps with increasing recognition of the disease, CAEBV 
disease has been reported in adults as well (19). CAEBV disease 
may be indolent with episodic fever, lymphadenopathy, and viral 

hepatitis followed by periods that are nearly asymptomatic; how-
ever, during these asymptomatic periods, the Epstein–Barr viral 
load remains very elevated. Alternatively, the disease can have a 
persistent or even fulminant presentation with death occurring 
in a few weeks. CAEBV disease is more frequent in Asians and in 
persons from South and Central America and Mexico. In these 
patients, EBV is predominantly present in T cells (Figure 1) or 
NK cells (20). In contrast, patients from the United States with 
CAEBV more often have EBV in B or T cells (16). In most healthy 
persons, EBV is latent in B cells; however, EBV can sometimes 
be detected in T and NK cells in the tonsils (21), and virus has 
been detected in T  cells in persons with HIV (22) and other 
lymphoproliferative diseases (23, 24). At present, it is unclear how 
the virus enters T and NK cells; these cells do not express CD21, 
the EBV receptor.

Epstein–Barr virus gene expression in patients with CAEBV 
disease varies. There are four patterns of EBV gene expression, 
ranging from type 0 with no viral proteins expressed, although 
EBV EBV-encoded RNA and BART RNAs are expressed, to 
type 3 with all the latent viral proteins expressed including the 
EBV nuclear antigens (EBNAs) 1, 2, 3A–C, and LP, and latent 
membrane proteins (LMP) 1 and 2. Type 1 latency involves 
expression of EBNA1 and no other proteins; with type 2 latency, 
EBNA1, LMP1, and LMP2 are expressed. Patients with infec-
tious mononucleosis have type 3 latency, whereas healthy EBV 
carriers have type 0 latency. Type 1 latency is seen in Burkitt 
lymphoma and type 2 in nasopharyngeal carcinoma, Hodgkin 
lymphoma, peripheral T cell lymphoma, angioimmunoblastic 
T cell lymphoma, and extranodal NK/T cell lymphoma (25). 
Most patients with CAEBV disease express a limited number 
of EBV latency genes. Although many patients have been 
reported with a type 2 latency pattern (26, 27), other patterns 
of EBV gene expression have also been reported, including 
type 3 (28). Thus, patients with T and NK cell CAEBV have a 
latency pattern that resembles that seen in EBV-positive T cell 
and NK cell lymphomas. These findings are consistent with a 
recent study showing that the cellular gene expression profile 
in patients with NK cell CAEBV is similar to that in NK cell 
lymphoma (29).

Epstein–Barr virus can be clonal, oligoclonal, or polyclonal 
in peripheral blood mononuclear cells of patients with CAEBV 
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disease. Clonality for CAEBV has been based on PCR of the 
T cell receptor genes (for T cell CAEBV) or IgH genes (for EBV 
B  cell disease) (16) or on the terminal repeat structure of the 
EBV genome (20). In one study of 17 patients, most patients had 
clonal EBV (27). Clonality does not necessarily indicate a worse 
prognosis (20).

Cells from patients with CAEBV can express both T-helper 
(TH1) (e.g., interferon-γ, IL-1β, IL-2) and TH2 (IL-4, IL-10, IL-13) 
cytokines (30). This failure to express a predominantly antiviral 
TH1 pattern has been referred to as an “unbalanced cytokine pro-
file.” Patients with NK cell CAEBV disease were reported to have 
higher levels of IL-13 than those with T cell disease (27). Plasma 
levels of certain EBV microRNAs expressed from the BamH1 A 
fragment rightward transcript (BART) are higher in persons with 
CAEBV disease than in those with infectious mononucleosis or 
healthy controls (31). These findings suggest that these may be 
biomarkers useful for following these patients.

eTiOLOgY

Initial reports suggested that CAEBV disease may be due to 
an unusual strain of EBV that results in lytic replication, but is 
impaired for transformation (32, 33), or a strain with a deletion 
in the viral genome (34). However, a subsequent study by one of 
these groups (35) showed that the unaffected father of the patient 
with CAEBV disease and some healthy controls had the same 
lytic strain of the virus as the patient with CAEBV, indicating that 
the unusual strain of EBV was not the cause of the disease.

Several features of CAEBV suggest that there is likely a genetic 
etiology. First, the impaired cytotoxic activity of T or NK cells 
(cited above) suggests that the disease could be due to an immu-
nodeficiency. Second, the increased rate of the disease in Asians 
or natives of Central or South America suggests that the genetic 
background may play a role in the disease.

One study reported CAEBV in family members (36); however 
most recent cases do not describe multiple family members with 
the disease (16, 37). Studies have not found a consistent cause for 
CAEBV disease. Patients with meeting the definition of CAEBV 
B  cell disease were subsequently found to have compound 
heterozygous mutations in perforin (38), compound heterozy-
gous mutations in Munc13-4 (39), homozygous or compound 
heterozygous mutations in Munc 18-2 (39, 40), a heterozygous 
gain-of-function mutation in phosphoinositide 3-kinase p110δ 
(41), a mutation in MAGT1 (42), a mutation in GATA2 (43), and 
homozygous mutations in CTPS1 (44). In each of the patients 
tested, EBV was predominantly in B cells. At present, no single 
genetic defect has been associated with a large proportion of 
patients with CAEBV disease.

Recent comprehensive genetic analysis by whole-exome 
sequencing showed that germline mutations are rare in CAEBV, 
but somatic driver mutations are frequently found in EBV-infected 
cells (45). Driver mutations including DDX3X and other genes 
associated with hematologic malignancies have been shown to 
accumulate in EBV-infected T/NK cells. In a case in which serial 
samples were obtained, clonal evolution of EBV-infected cells was 
confirmed with branching mutations in DDX3X. Mutations in 
DDX3X are frequently seen in Burkitt lymphoma and extranodal 

NK/T cell lymphoma (46, 47). These results indicate that serial 
acquisition of mutations in EBV-infected NK or T cells have the 
potential to result in transformation of the cells and may contrib-
ute to lymphomagenesis in this disease.

Although no single genetic defect has been identified in 
CAEBV disease, a positive association with human leukocyte 
antigen (HLA) A26 and a negative association with B52 were 
observed (48). Interestingly, both the A26 and B52 alleles are fre-
quently seen in East Asia and Mexico, where the prevalence of the 
disease is high. Associations with HLA loci have been reported 
in other EBV-associated malignancies that show geographically 
distinct distributions (49, 50).

CAeBv in THe UniTeD STATeS

In the largest series of CAEBV reported in the United States, 
EBV was often detected in B cells in tissues from patients, with 
cases of T and NK  cell disease less common (16). The age of 
onset ranged from 4 to 51 years (mean 19 years). Patients with 
T cell disease were younger (mean age 7 years) than those with 
B cell disease (mean age 23 years). Lymphadenopathy and sple-
nomegaly were the most frequent signs and symptoms, followed 
by fever, hepatitis, hypogammaglobulinemia, pancytopenia, 
hemophagocytosis, and hepatomegaly. Less common symptoms 
included pneumonitis, central nervous system disease, and 
periphery neuropathy. Some patients had B cell lymphopenia, 
others had reduced numbers of NK  cells, and some had low 
numbers of both cells. Deaths were most often due to progressive 
EBV lymphoproliferative disease or opportunistic infections.

CAeBv in ASiA

T or NK  cell CAEBV has a geographical predisposition, with 
most cases occurring in East Asians and some cases in Native 
American populations in the Western hemisphere (16). This dis-
tribution is analogous to that of extranodal NK/T cell lymphoma, 
also referred to as nasal NK/T-cell lymphoma. In Japan, nearly 
60% of cases of CAEBV are T cell type, while 40% are NK cell 
type (37). EBV-infected T cells are variable: CD4+ T cells, CD8+ 
T  cells, CD4+ and CD8+ T  cells, CD4− and CD8− T  cells, and 
γδ T  cells have all been reported as the predominant cell type 
in individual patients with CAEBV. EBV-infected T or NK cells 
usually express cytotoxic molecules, such as perforin, granzyme, 
and T-cell intracytoplasmic antigen (TIA)-1 (51, 52), indicating 
that they have a cytotoxic cell phenotype.

The age at the onset of CAEBV in Asia ranged from 9 months 
to 53  years (mean, 11.3  years) (20). The signs and symptoms 
of CAEBV differ in frequency in the US and in Asia (Table 1). 
Typically in Asia, patients develop fever, hepatosplenomegaly, 
and lymphadenopathy; other common symptoms are throm-
bocytopenia, anemia, skin rash, diarrhea, and uveitis (20). The 
disease is sometimes complicated by hemophagocytic syndrome, 
coagulopathy, digestive tract ulcer/perforation, central nervous 
system involvement, myocarditis, interstitial pneumonia, multi-
organ failure and sepsis (20). Interstitial pneumonia, calcifications 
in basal ganglia, and coronary aneurysms are occasionally seen 
without any symptoms. Some patients may have skin symptoms, 
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TABLe 1 | Comparison of signs and symptoms of CAEBV disease in the US and 
Japan.

Sign or symptom US (%)a Japan (%)b

Lymphadenopathy 79 40
Splenomegaly 68 73
Fever 47 93
Hepatitis 47 67
Pancytopenia 42 NR
Hypogammaglobulinemia 42 NR
Hepatomegaly 32 79
Hemophagocytosis 32 24
Interstitial pneumonia 26 5
CNS disease 21 9
Neuropathy 21 NR
Rash 21 26
Hypersensitivity to mosquito bite 0 13
Hydroa vacciniforme 5 10

NR, not reported.
aRef. (16).
bRef. (20). 

4

Kimura and Cohen CAEBV Disease

Frontiers in Immunology | www.frontiersin.org December 2017 | Volume 8 | Article 1867

such as hypersensitivity to mosquito bites and hydroa vaccini-
forme. Patients with severe mosquito bite allergy generally have 
EBV-infected NK cells, whereas those with hydroa vacciniforme 
often have EBV-infected γδ T  cells (37). Patients with CAEBV 
sometimes develop T or NK cell neoplasms such as extranodal 
NK/T cell lymphoma, aggressive NK cell leukemia, and periph-
eral T cell lymphoma (37).

TReATMenT AnD PROgnOSiS

In the absence of treatment, patients with CAEBV develop 
progressive cellular and humoral immunodeficiencies and 

develop opportunistic infections, hemophagocytosis, multi-
organ failure, or EBV-positive B, T, or NK cell lymphomas (53). 
CAEBV is refractory to antiviral therapy, interferon, intrave-
nous immunoglobulin, and conventional chemotherapy and 
thus has a poor prognosis. Many other treatments have been 
tried including immunosuppressive agents such as cyclosporine 
or corticosteroids, autologous EBV-specific cytotoxic T  cells, 
rituximab in the case of B  cell CAEV, and the combination 
of bortezomib and ganciclovir. In some cases, these other 
treatments have resulted in transient reductions in systemic 
symptoms with improvement in laboratory abnormalities; 
however, the disease eventually returns and patients succumb 
to their disease if they do not undergo hematopoietic stem cell 
transplantation.

The survival of patients with T  cell-type CAEBV is sig-
nificantly lower, compared with that of patients with NK cell-type 
CAEBV (20). Hematopoietic stem cell transplantation alone is 
a curative treatment for the disease, although the incidence of 
transplantation-related complications is high (54, 55).
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Epstein–Barr virus (EBV) is a ubiquitous virus that infects nearly all people worldwide 
without serious sequela. However, for patients who have genetic diseases which pre-
dispose them to the development of hemophagocytic lymphohistiocytosis (HLH), EBV 
infection is a life-threatening problem. As a part of a themed collection of articles on EBV 
infection and human primary immune deficiencies, we will review key concepts related 
to the understanding and treatment of HLH.

Keywords: epstein–Barr virus, hemophagocytic lymphohistiocytosis, primary immunodeficiency, X-linked 
Lymphoproliferative Disease, Mononucleosis

iNTRODUCTiON

Epstein–Barr virus (EBV) is a ubiquitous virus that infects nearly all people worldwide without 
serious sequela (1). However, EBV can cause serious disease complications in patients with primary 
immune deficiencies. In particular, for patients who have genetic diseases which predispose them 
to the development of hemophagocytic lymphohistiocytosis (HLH), EBV infection is often an 
immediately life-threatening problem due to the development of HLH. HLH is a syndrome of 
severe, life-threatening hyperinflammation (discussed below). Though it is difficult to quantify 
the association of EBV with HLH in North America and Europe, it is generally agreed that EBV 
is the most common infection observed to be associated with HLH. In one U.S. series, EBV was 
associated with HLH in approximately 1/3 of patients (2). For somewhat unclear reasons, EBV 
is highly associated with HLH in Asia, were it has been observed to be associated with HLH in 
almost 3/4 of patients in one report (3). It is important to note that HLH also develops in patients 
with genetic HLH in response to many other infections besides EBV, and it is also common for 
HLH to develop in these patients without an identified infectious trigger. Patients with X-linked 
lymphoproliferative disease type 1 (XLP1) are an exception to this statement. XLP1 is caused by 
mutations in SH2D1A (4–6), and HLH is these patients is nearly exclusively associated with EBV.

wHeN TO SUSPeCT HLH iN PATieNTS wiTH eBv

Hemophagocytic lymphohistiocytosis should be suspected when any of the characteristic 
signs and symptoms of HLH are present (Table  1), which include fever, splenomegaly, blood 
cytopenias, hepatitis and/or hepatomegaly, coagulopathy, central nervous system disturbances, 
and other more rare complications. However, the distinction between HLH and primary EBV 
infection can be very difficult, as patients with primary EBV infection may develop some of the 
hallmarks of HLH as part of natural infection. The timing and severity of these manifestations 
can help distinguish routine EBV infection from HLH complicating EBV infection. Most patients 
with routine EBV infection are non-toxic appearing. Fever typically dissipates over time, and 
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TABLe 1 | Commonly used diagnostic criteria for HLH, adapted from Henter 
et al. (8).

A diagnosis is consistent with HLH if 5/8 of the below criteria are met, or 
if the patient has a molecular diagnosis of genetic HLH (including: PRF1, 
UNC13D, STX11, STXBP2, RAB27A, LYST, SH2D1A, or XIAP/BIRC4)

1. Fever ≥38.5°C
2. Splenomegaly
3. Cytopenias (affecting at least 2 lineages)

Hemoglobin <9 g/dL (in infants <4 weeks: hemoglobin <10 g/dL)
Platelets <100 × 103/mL
Neutrophils <1 × 103/mL

4. Hypertriglyceridemia (fasting, >265 mg/dL) and/or hypofibrinogenemia 
(<150 mg/dL)
5. Hemophagocytosis in bone marrow, spleen, lymph nodes, liver, or other tissue
6. Low or absent NK cell activity
7. Ferritin >500 ng/mL
8. Elevated sCD25 (soluble IL-2 receptor): >2,400 U/mL or elevated based on 
the laboratory-defined normal range
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splenomegaly should gradually improve. Thrombocytopenia 
develops in up to approximately 50% of patients, and neutrope-
nia develops in up to 80% of patients with EBV, but cytopenias 
are generally mild and largely resolve by 4  weeks following 
infection (7). Mild hepatitis is common with EBV infection and 
develops in 50–80% of cases, but elevations of liver enzymes are 
generally mild and improve within a few weeks (7). Jaundice 
is observed in some cases, but coagulopathy is not typical. By 
contrast, patients who develop HLH in association with EBV, 
in association with other triggers, or with spontaneous HLH, 
are generally ill appearing. Fevers are typically profound and do 
not improve. Cytopenias are generally life-threatening. Patients 
usually need transfusion support and are often initially evalu-
ated for hematologic malignancies. Hepatitis can be severe; 
coagulopathy is common and acute liver failure necessitating a 
liver transplant can occur. Central nervous system involvement 
can be profound. Patients may develop focal or global deficits, 
seizures, and altered mental status. There are not firm clinical 
diagnostic thresholds that can distinguish routine primary 
EBV infection from HLH, but good clinical judgment can 
often help identify patients who are experiencing more severe 
manifestations of disease and warrant further evaluations for 
possible HLH. Blood levels of fibrinogen, triglycerides, ferritin, 
and soluble IL-2 receptor can be measured to help differentiate 
HLH in appropriate cases, as these markers are typically used 
to support or refute a diagnosis of HLH.

DiAGNOSiNG HLH

It is important to first recognize that HLH is a hyperinflamma-
tory syndrome, which is clinically diagnosed. A clinical diag-
nosis of HLH should be suspected in patients with a variety of 
hyperinflammatory clinical presentations, such as patients who 
seem to be having a hyperinflammatory process in the setting 
of EBV infection. Most clinicians use the diagnostic criteria 
developed by the Histiocyte Society for the HLH-1994 and 
HLH-2004 clinical trials to help establish a clinical diagnosis of 
HLH (Table 1) (8). The “classic” clinical presentation is that of 

an infant or young child with unremitting fevers, pancytopenia, 
and hepatosplenomegaly. The patient may have a rash, jaundice, 
or bleeding problems. However, HLH can present at any age, 
and can present with a variety of other clinical manifestations 
including hepatitis or acute liver failure, or altered levels of 
consciousness or seizures if there is central nervous system 
involvement with HLH. Blood levels of the classic inflammatory 
markers ferritin and soluble IL-2 receptor are typically high in 
patients with HLH and are used to help make a diagnosis of 
HLH. Abnormalities in triglycerides (high) and fibrinogen (low) 
can also be supportive. Recent evidence strongly suggests that 
quantification of HLA-DR and other phenotypic markers on 
T cells can help distinguish patients with HLH (9). Of course, 
there are exceptions to these generalities, especially in the rare 
cases of isolated CNS disease in patients who lack any systemic 
illness. Newer markers of interferon gamma pathway activity 
or inflammasome activation such as CXCL9 and IL-18, respec-
tively, are also starting to gain in use.

While the criteria in Table  1 can be very useful while 
considering a diagnosis of HLH, they should be considered 
to be a guideline only. Some patients with HLH lack 5/8 cri-
teria at presentation, or even throughout their clinical course. 
Particularly, many patients lack hemophagocytosis in marrow or 
tissue samples. Additionally, the NK cell function assay has been 
recently found to be inferior to newer diagnostic screening tests 
for genetic HLH (10) (discussed later). Another shortfall of the 
criteria are that some patients who meet 5/8 criteria are ultimately 
found to have disorders other than HLH, and physicians should 
be careful to consider alternative diagnoses such as malignancies, 
infections, auto-immune, and rheumatologic diseases (though 
these problems can of course be complicated by HLH).

PRiMARY veRSUS SeCONDARY HLH

Once a clinical diagnosis of HLH is established, it is important to 
perform proper evaluations to check patients for genetic diseases 
which cause HLH (discussed below). HLH can be classified as 
“primary” HLH, in which case a patient has a proven genetic 
etiology or has repeatedly developed HLH or has a family history 
which supports that a genetic disease is very likely. These patients 
are typically infants or young children. HLH in patients who lack 
a known or strongly suspected genetic etiology can be classified 
as having “secondary” HLH. Patients with secondary HLH tend 
to be older, develop HLH in the setting of strong immunologic 
triggers such as infections (such as EBV) or malignancies, or in 
the setting of rheumatologic conditions. HLH that occurs in the 
setting of a rheumatologic disease is often termed macrophage 
activation syndrome. Sometimes, treating the underlying trigger 
of HLH in patients with secondary HLH will lead to resolution 
of HLH, but varying intensities of HLH-directed treatment are 
often needed.

GeNeTiCS AND DeFeCTS OF HLH

It was first recognized that HLH could have a hereditary basis in 
some patients in the 1950s (11, 12). Almost 50 years later, Stepp 
et al. reported that defects in perforin were responsible for HLH 
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TABLe 2 | Genetic causes of hemophagocytic lymphohistiocytosis (HLH) and associated rapid flow cytometric screening tests.

Disease Gene Protein Rapid screening test

Familial HLH 2 PRF1 Perforin Perforin expression
Familial hemophagocytic lymphohistiocytosis (FHL) 3 UNC13D Munc13-4 CD107a
FHL 4 STX11 Syntaxin 11 CD107a
FHL 5 STXBP2 Munc18-2 CD107a
X-linked lymphoproliferative disease type 1 (XLP1) SH2D1A Signaling lymphocytic activation molecule-associated 

protein (SAP)
SAP expression

X-linked lymphoproliferative disease type 2 (XLP2) XIAP/BIRC4 X-linked inhibitor of apoptosis (XIAP) XIAP expression, NOD2 
Signaling, IL-18 levels

Griscelli syndrome RAB27A Rab27a CD107a
Chediak–Higashi syndrome LYST LYST CD107a
Hermansky–Pudlak syndrome type 2 AP3B1 AP3 CD107a
NLRC4 mutation NLRC4 NLR family, CARD domain-containing protein 4 (NLRC4) IL-18 levels
CD27 deficiency CD27 CD27
ITK deficiency ITK IL-2 Inducible T-Cell Kinase (ITK)
X-linked immunodeficiency with magnesium defect, Epstein–Barr 
virus infection, and neoplasia disease (XMEN disease)

MAGT1 Magnesium transporter 1 (MAGT1)
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in eight unrelated families (13). The last few decades have seen 
a tremendous advance in the basic scientific understanding of 
HLH through the discovery of many additional genetic causes 
of HLH (Table 2). It is now clear that many genetic causes of 
HLH essentially cripple cytotoxic lymphocyte granule-mediated 
cytotoxicity (Figure  1). An exception to this is that patients 
with X-linked lymphoproliferative disease type 2 (XLP2) due to 
mutations in XIAP/BIRC4 appear to have normal cytotoxicity 
(14, 15), and instead may have dysregulated TNFR and inflam-
masome function (16). Very recently, activating mutations in 
NLRC4 have been found to cause HLH, which also represents 
another exception to the rule as pathophysiology relates to 
inflammasome activation.

Many genetic forms of HLH are classified together as familial 
HLH (FHL). FHL2 is due to mutations in PRF1. FHL3-5 are 
due to mutations in UNC13D, STX11, and STXBP2, respectively 
(17–20). Related genetic diseases that are associated with HLH 
and also pigmentary disorders are Griscelli syndrome, due to 
mutations in RAB27A, Chediak–Higashi syndrome, due to 
mutations in LYST, and Hermansky–Pudlak syndrome type 
2, due to mutations in AP3B1 (21–23). Of note, patients with 
RAB27A mutations do not always have abnormal pigmentation. 
NK cells and T cells from patients with mutations in UNC13D, 
STX11, STXBP2, RAB27A, LYST, and AP3B1 all fail to degranu-
late normally, because these proteins are critical for the process 
of normal cytotoxic granule trafficking, docking, or fusion with 
the outer cell membrane (Figure 1). The extrusion of cytotoxic 
granule contents from NK cells and T cells toward their intended 
target is an important method of elimination of virus infected 
cells or malignant cells, and also serves to regulate immune 
homeostasis (24). When the machinery required for this pro-
cess is broken, intended target cells fail to die and continue to 
stimulate immune cells, which leads to continued activation and 
proliferation of immune cells, and a vicious hyperinflammatory 
cycle ensues.

NK cells and T cells from patients with PRF1 mutations lack 
functional perforin. Perforin is normally contained within the 
cytotoxic granules of NK  cells and T  cells that were discussed 
above. Perforin is a unique protein that oligomerizes after release 

from cytotoxic granules and the complexes create pores in the 
surface membrane of the intended target cells, which allows 
cytotoxic granule contents to enter the target cell and ultimately 
results in target cell death (Figure 1) (25, 26). Lack of functional 
perforin results in the same pathophysiologic abnormality as 
other causes of FHL: defective cytotoxic lymphocyte granule-
mediated cytotoxicity.

As mentioned above, there are other diseases which are asso-
ciated with HLH that have different (and perhaps more com-
plicated) mechanisms of disease. XLP1 is caused by mutations 
in SH2D1A, which leads to dysfunctional SLAM-associated 
protein (SAP) (4–6). SAP is a small SH2 domain-containing 
protein which is involved in signaling of the signaling lym-
phocytic activation molecule (SLAM) family of receptors. 
Lack of normal SAP function leads to several immunologic 
abnormalities including defective 2B4-mediated cytotoxicity, 
absence of invariant NKT  cell development, defective T  cell 
restimulation-induced cell death, and other humoral and cel-
lular abnormalities (27–30). XLP2 is caused by mutations in 
X-linked inhibitor of apoptosis (XIAP)/baculoviral inhibitor of 
apoptosis repeat-containing 4 (BIRC4) (14). Defects in XIAP 
also lead to several immunologic abnormalities, but cytotoxicity 
is normal (14, 15). Many cells have an increased susceptibility 
to cell death, NOD2 signaling is defective, and TNF receptor 
signaling and inflammasome function are dysregulated (14–16, 
31, 32). The development of HLH in these patients is multifacto-
rial, but dysregulation of the NLRP3 inflammasome likely plays 
a key role in the development of disease. Patients with activating 
mutations in NLRC4 also develop HLH, associated with consti-
tutive activation of the NLRC4 inflammasome (33, 34). Thus 
far, there does not seem to be a strong association with EBV 
infection, as reported patients have not had an identified trigger 
of hyperinflammation (33–35). Still other genetic diseases that 
can be associated with EBV-associated HLH, or chronic active 
EBV or lymphoproliferative diseases, include ITK deficiency, 
CD27 deficiency, CD70 deficiency, and magnesium transporter 
1 (MAGT1) deficiency which is called X-linked immunodefi-
ciency with magnesium defect, EBV infection, and neoplasia or 
XMEN disease (36–45).
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FiGURe 1 | Illustration of involvement of selected primary hemophagocytic lymphohistiocytosis proteins in cytotoxic lymphocyte degranulation and target cell killing. 
Antibodies against markers used in selected screening diagnostics are also shown (perforin and CD107a).
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OTHeR MANiFeSTATiONS OF  
HLH-ASSOCiATeD DiSeASeS

The FHL disorders are primarily associated with HLH but are 
often also associated with atypical hyperinflammatory syn-
dromes that lack the full spectrum of HLH, as well as acute liver 

failure or isolated central nervous system disease in the absence 
of systemic inflammation. They may uncommonly be associated 
with atypical chronic active EBV infection, hypogammaglobu-
linemia, vasculitis, gastrointestinal inflammation, recurrent 
infections, and very rarely, lymphoproliferative complications 
(46–48). XLP1 is commonly associated with lymphoma or 
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hypogammaglobulinemia, and has more rare presentations 
that include aplastic anemia, vasculitis, and gastrointestinal 
inflammation. XLP2 is associated with a variety of other disease 
manifestations including atypical/mild HLH-like episodes, 
inflammatory bowel disease, recurrent infections, hypogamma-
globulinemia, uveitis, fistulating skin disease, granulomatous 
hepatitis, granulomatous, and lymphocytic interstitial lung 
disease (14, 15, 49–52). CD70 deficiency, CD27 deficiency, ITK 
deficiency, and MAGT1 all share a strong predisposition to 
lymphoma.

SCReeNiNG TeSTS FOR GeNeTiC HLH

While the diagnosis of HLH is a clinical diagnosis based on 
clinical manifestations and laboratory findings, there are 
several specialized tests which can quickly screen patients for 
genetic forms of HLH (Table  2; Figure  1). Flow cytometric 
screening of perforin expression by NK cells and CD8+ T cells 
serves as a quick screening test for perforin deficiency, and has 
been found to be highly sensitive (53). A flow cytometric assay 
to detect abnormal degranulation of NK cells is also available, 
which quantifies the surface upregulation of CD107a following 
exposure of NK  cells to K562 target cells (or upregulation of 
CD107a on NK cells or T cells following other appropriate trig-
gers). CD107a is normally expressed within cytotoxic granule 
membranes, and very little is found on the surface of NK cells 
or CD8+ T Cells at rest. Hence, one can measure CD107a on 
the surface of NK cells before and following exposure to target 
cells as a marker of degranulation. This method has been shown 
to have good diagnostic accuracy for the detection of patients 
with mutations in the HLH genes associated with abnormal 
degranulation (UNC13D, STX11, STXBP2, RAB27A, LYST, 
and AP3B1) (54). Using both perforin and CD107a testing is 
more accurate for the identification of patients with genetic 
forms of HLH compared to traditional NK cell function testing 
(10). Of note, flow cytometric screening tests are also available 
to screen patients for XLP1 and XLP2 (55). XLP1 and XLP2 
should be considered in male patients with HLH, and even in 
female patients in whom other genetic causes of HLH have been 
excluded, due to the observation that females with abnormal 
skewing of lionization toward XIAP-deficient cells can be 
symptomatic (56, 57). A functional screen for XIAP deficiency 
is available via evaluation of NOD2 signaling (58), and IL-18 
levels can be helpful as a screening tool for patients with XIAP 
deficiency or NLRC4 mutations.

TReATMeNT OF HLH, iNCLUDiNG  
eBv–HLH

Once HLH has been diagnosed, therapy should be started as soon 
as possible. Of note, however, therapy should not be started until 
complete evaluations for lymphoma and leukemia have been 
performed. The treatment of HLH generally includes a variety 
of potent immunosuppressive regimens. In North America and 
most of Europe, a regimen of dexamethasone and etoposide has 
been the mainstay of treatment, based on the HLH-1994 and 

HLH-2004 study protocols (8, 59, 60). The HLH-2004 protocol 
incorporated the addition of cyclosporine, but there has been 
no clear benefit related to early administration of cyclosporine 
(60), and it should be noted that cyclosporine can be associated 
with notable complications including hypertension, renal injury, 
and posterior reversible encephalopathy syndrome. CNS HLH 
is typically treated with targeted therapy if patients are stable 
enough to undergo lumbar punctures and administration of 
intrathecal steroids and methotrexate. Approximately 50% of 
patients can be expected to achieve a complete response, and 
approximately 30% of patients will experience a partial response 
(59). The incidence of death prior to allogeneic hematopoietic 
cell transplant was observed to be 19–27% in the HLH 2004 and 
1994 studies, respectively.

In France, an alternative regimen containing steroids and 
ATG has been used. Seventy-three percent of patients were 
reported to achieve a complete response with the regimen, and 
24% of patients achieved a partial response (61). In general, either 
approach is appropriate, though there has been more widespread 
experience with dexamethasone and etoposide treatment. The 
dexamethasone and etoposide regimen offers avoidance of the 
risk of severe reactions that can be associated with ATG, and 
may be less T cell immunosuppressive. ATG offers avoidance of 
chemotherapy exposure and the risk of marrow suppression asso-
ciated with etoposide. There has been a recent trial of a Hybrid 
Immunotherapy approach for HLH1 and a European sister trial, 
but results are not yet available.

Many additional agents have been reported in single patients 
or small collections of patients. There have been several seem-
ingly beneficial reports of anti-interleukin-1 directed therapies 
such as anakinra and canakinumab (62–71), and anti-tumor 
necrosis factor alpha-directed agents such as etanercept and 
infliximab (72–81), but there are no large data series on which 
to judge effectiveness. Likewise, plasma exchange has been 
reported in small numbers of patients, and while some authors 
report benefit (82, 83), it is difficult to draw conclusions about 
its effectiveness. More recently, newer agents are under formal 
investigation for the treatment of HLH. An anti-interferon 
gamma monoclonal antibody is actively being investigated in 
the U.S.A. and Europe.2 Ruxolitinib is being trialed at a single 
center in North America for secondary HLH.3 Both agents have 
strong mouse data to support their potential efficacy (84–86). 
Alemtuzumab is being trialed for up-front therapy in France4 
and has had reasonable success when used in the salvage setting 
(below) (87).

For cases of refractory HLH, “salvage” therapy is sometimes 
needed. Unfortunately, there are very little data on which to base 
decisions about salvage therapy. The Histiocyte Society Salvage 
Therapy Working Group recently reviewed the literature, and 
found that there was evidence for only three agents which had 
been used in HLH refractory to steroids and either etoposide or 
ATG: anakinra, ATG, and alemtuzumab, as well as a regimen 

1 https://clinicaltrials.gov/ct2/show/NCT01104025.
2 https://clinicaltrials.gov/ct2/show/NCT01818492.
3 https://clinicaltrials.gov/ct2/show/NCT02400463.
4 https://clinicaltrials.gov/ct2/show/NCT02472054.
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that combined liposomal doxorubicin with steroids and etopo-
side (88).

In patients with EBV–HLH, the addition of rituximab can be 
useful to deplete EBV-harboring B cells and improve HLH. In a 
retrospective multi-center study, Chellapandian et  al. observed 
that rituximab (given with other HLH therapies) resulted in 
significant reductions in EBV load within 1 month of use and was 
also associated with significant decreases in ferritin levels (89).

In addition to these HLH-directed therapies, good sup-
portive care, treatment of underlying triggers, anti-microbial 
prophylaxis, and close monitoring are usually needed. Anti-
fungal prophylaxis, anti-pneumocystis jirovecii prophylaxis, 
anti-viral prophylaxis, and IVIG replacement during the active 
treatment period should all be considered. If patients have active 
virus infections that are associated with HLH such as EBV, 
CMV, adenovirus, influenza, etc., treatments targeting those 
infections should be initiated including rituximab for EBV, 
and anti-viral agents such ganciclovir, cidofovir, oseltamivir, 
and others as appropriate. The same is true for other infections 
such as histoplasmosis, tuberculosis, tick-borne diseases, etc. 
Routine monitoring of laboratory tests such as complete blood 
counts, liver panels, fibrinogen, and/or coagulation studies 
should be performed. Weekly or twice weekly monitoring of 
inflammatory markers such as soluble IL-2 receptor can help 
with identifying response to therapy or relapse of disease. 
Monitoring of ferritin can also be helpful, though it is often 
hindered by changes associated with blood transfusions, and 
is typically slow to normalize. Newer indicators of pathologic 
interferon gamma activity such as CXCL9 are gaining favor in 
use (90), and elevated levels of IL-18 have been found to be 
a good marker of XLP2/XIAP deficiency and disease activity 
in those patients (91). Markers of T  cell activation such as 
HLA-DR can also be useful (9). For patients with EBV–HLH, 
EBV blood polymerase chain reaction (PCR) monitoring can be 
useful to monitor response to rituximab (89), and also watch for 
increasing viral loads following rituximab with B cell recovery. 
Persistently high EBV PCRs following rituximab in the setting 
of proven B cell depletion can suggest EBV infection of T and/
or NK cells.

DeFiNiTive TReATMeNT

For patients with secondary HLH, good medical management 
and follow-up following HLH resolution is needed. Depending 
on the underlying trigger of HLH in these patients, they may 
need indefinite care for management of chronic problems. For 
patients with proven or strongly suspected primary HLH, hemat-
opoietic cell transplantation (HCT) is generally recommended. 
Historic outcomes of HCT using myeloablative regimens were 
poor due to high rates of toxicities that resulted in early deaths. 
Many groups reported survival of only 45–65% (59, 92–97). 
More recent reduced intensity conditioning (RIC) approaches 
have resulted in increased patient survival rates of 75% or higher 
(2, 98, 99). However, these approaches can be associated with 
the unique challenge of mixed donor and recipient chimerism, 
which somewhat limits this success of this approach. Patients 
with HLH do not require 100% donor chimerism for cure, but 
risk of HLH relapse increases as donor contribution to hemat-
opoiesis (or cytotoxic lymphocyte development) decreases to less 
than 20–30% (100). Continued efforts to improve stable donor 
contribution to hematopoiesis will likely lead to increased success 
with RIC HCT approaches.

CONCLUSiON

Hemophagocytic lymphohistiocytosis in response to EBV 
or otherwise remains a life-threatening problem for patients 
with genetic disorders that cause HLH. Discoveries made in 
recent decades have yielded extraordinary advances in our 
understanding of HLH. Early recognition and initiation of 
HLH-directed therapy remain key for patient survival. The next 
decade promises to yield even further advances in diagnostics 
and treatment breakthroughs which will continue to improve 
patient outcomes.
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epstein–Barr virus Susceptibility in 
Activated Pi3Kδ Syndrome (APDS) 
immunodeficiency
Jean-Marie Carpier and Carrie L. Lucas*

Immunobiology Department, Yale University School of Medicine, New Haven, CT, United States

Activated PI3Kδ Syndrome (APDS) is an inherited immune disorder caused by heterozy-
gous, gain-of-function mutations in the genes encoding the phosphoinositide 3-kinase 
delta (PI3Kδ) subunits p110δ or p85δ. This recently described primary immunodeficiency 
disease (PID) is characterized by recurrent sinopulmonary infections, lymphoproliferation, 
and susceptibility to herpesviruses, with Epstein–Barr virus (EBV) infection being most 
notable. A broad range of PIDs having disparate, molecularly defined genetic etiology 
can cause susceptibility to EBV, lymphoproliferative disease, and lymphoma. Historically, 
PID patients with loss-of-function mutations causing defective cell-mediated cytotoxicity 
or antigen receptor signaling were found to be highly susceptible to pathological EBV 
infection. By contrast, the gain of function in PI3K signaling observed in APDS patients 
paradoxically renders these patients susceptible to EBV, though the underlying mecha-
nisms are incompletely understood. At a cellular level, APDS patients exhibit deranged 
B lymphocyte development and defects in class switch recombination, which generally 
lead to defective immunoglobulin production. Moreover, APDS patients also demon-
strate an abnormal skewing of T cells toward terminal effectors with short telomeres and 
senescence markers. Here, we review APDS with a particular focus on how the altered 
lymphocyte biology in these patients may confer EBV susceptibility.

Keywords: Activated Pi3Kδ Syndrome, PASLi, Pi3K/AKT/mTOR, epstein–Barr virus, immunodeficiency, B cell, T cell

inTRODUCTiOn

Epstein–Barr virus (EBV) is a gammaherpesvirus carried by ~95% of the world population. EBV has a 
tropism for oronasopharyngeal epithelial cells (site of lytic replication) and B lymphocytes (reservoir 
of latent virus) and is well controlled throughout life in most people. However, immunocompromised 
patients often show persistent EBV viremia, putting them at risk for B-cell transformation due to 
viral oncogenes. Indeed, the virus was first identified in a Burkitt’s lymphoma in the 1960s (1) and 
is also associated with nasopharyngeal (2, 3) and gastric (4–7) cancer. Thus, inherited gene defects 
causing primary immunodeficiency diseases (PIDs) are often associated with recurrent or persistent 
EBV infections and related malignancies, and unraveling the genetic and molecular mechanisms 
underlying PIDs has led to better knowledge of the cellular and molecular components of the 
immune system that control herpesviruses. Here, we review the features of the recently described 
PID called Activated PI3Kδ Syndrome (APDS) and discuss the immunological abnormalities that 
may confer susceptibility to EBV and elucidate the cellular and molecular immune mechanisms 
normally controlling EBV.

The Class IA phosphoinositide 3-kinase delta (PI3Kδ) complex is recruited to phosphoty-
rosines and catalyzes the phosphorylation of phosphatidylinositol-4,5-bisphosphate to generate 
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phosphatidylinositol-(3,4,5)-trisphosphate (PIP3) that acts as a 
second messenger recruiting downstream signaling molecules. 
As a negative regulator of this signaling, the phosphatase 
PTEN can reverse this reaction and reduce levels of PIP3. 
PI3Kδ is a heterodimer of the p110δ catalytic subunit and the 
p85α, p55α, or p50α regulatory subunit and is known to play 
a major role in cell survival, cell growth, and cell-cycle entry 
through downstream mediators including AKT and mTORC1 
(8). Loss of PI3Kδ catalytic activity has been described in a 
single PID patient with severe disease, but EBV susceptibility 
was not reported (9). Gain-of-function (GoF) mutations in the 
PIK3CD or PIK3R1 gene encoding p110δ or p85α, respectively, 
have been identified by us and others in PID patients with a 
disorder now known as PASLI Disease (PI3Kδ-Activating 
mutation causing Senescent T  cells, Lymphadenopathy, and 
Immunodeficiency), or APDS for short. In the following 
sections, we will briefly review the discovery of APDS and its 
genetic and molecular basis, the clinical and immunological 
features of APDS, and possible contributors to poor control of 
EBV in APDS patients.

GeneTiC AnD MOLeCULAR BASiS  
OF APDS

Activated PI3Kδ Syndrome and causative PIK3CD mutations 
were initially described in two reports with a total of 26 patients 
in 14 unrelated families (10, 11). Prior to these initial reports, 
there had been one description of the most frequent mutation 
in PIK3CD (causing E1021K p110δ) in a single individual being 
studied for B-cell immunodeficiency, but no causative relation-
ship was established (12). Shortly after discovery of APDS and 
underlying PIK3CD mutations, two additional reports with 
eight patients from six unrelated families with similar clinical 
findings described splice site mutations in PIK3R1 as a second 
genetic cause for APDS (13, 14). Thus, APDS1 (or PASLI-CD) 
has been established to denote patients with PIK3CD mutations, 
and APDS2 (or PASLI-R1) denotes those with PIK3R1 mutations. 
Another more recent phenocopy of APDS has been called APDS-
like (APDS-L) and is caused by loss-of-function PTEN mutations 
(15, 16). Since the description of APDS in 2013, approximately 
214 patients have been described with a spectrum of clinical 
features described below (10, 11, 13–41).

The PI3Kδ complex forms when p110δ and p85α bind at a 
1:1 ratio. This constitutive complex remains stable due to tight 
binding interactions between the adaptor-binding domain 
(ABD) of p110δ and the inter-SH2 domain of p85α. To date, 
all activating APDS mutations affecting p110δ (E81K, G124D, 
N334K, R405C, C416R, E525K, E525A, R929C, E1021K, 
E1025G) and p85α (delE11, N564K) have been found or are 
expected to maintain some level of protein–protein interaction 
to form a hyperactive PI3Kδ complex, as free p110δ or p85α 
is unstable and would likely be degraded (Figure  1A). Each 
evaluated mutant has been found to hyperactivate signaling 
by disrupting inter- or intra-molecular inhibitory contacts, as 
observed for tumor-associated GoF mutations in the related 
PIK3CA (Figure 1A) (42, 43).

CLiniCAL AnD CeLLULAR FeATUReS  
OF APDS

The clinical spectrum of APDS1, APDS2, and APDS-L is largely 
overlapping and consists mostly of immunological abnor-
malities (Table 1), although growth retardation has also been 
reported APDS2 and, less frequently, APDS1 (10, 12–14, 17, 21, 
24, 26, 27, 29–33, 37). Recurrent upper and lower respiratory 
tract infections are the most common clinical features affecting 
98% of APDS patients and often resulting in progressive airway 
damage. APDS is associated with lymphoproliferative disease 
(71%), which commonly presents as lymphoid hyperplasia, 
splenomegaly, and/or lymphadenopathy. Autoinflammatory 
disease also occurs in 29% of cases. Importantly, recurrent 
infection with herpesviruses, such as EBV or cytomegalovirus 
(CMV), is observed in about 47% of cases but has not been 
associated with hemophagocytic lymphohistiocytosis (HLH). 
We hypothesize that HLH does not occur in APDS patients 
because, as described below, hyperactive PI3K drives polyclonal 
T-cell senescence, which limits homing, expansion, and sur-
vival of EBV-specific T cells and thereby prevents the cytokine 
storm that causes HLH (Figure 1B). EBV infection is found in 
30% of APDS patients and represents an important risk factor 
for the development of B-cell lymphoma (occurring in 20% 
of EBV-infected APDS patients). However, the occurrence of 
EBV-negative lymphomas has overall been reported as higher 
(19%) than EBV-positive lymphomas (6%), which likely reflects 
the oncogenic potential of hyperactive PI3K signaling. Thus, 
intrinsically hyperactive PI3K (rather than EBV infection) 
appears to be the more dominant driver of B-cell transforma-
tion in APDS.

The susceptibility to infections displayed by APDS patients 
is associated with deficiencies in both T and B lymphocyte 
function, a feature that categorizes APDS as a combined immu-
nodeficiency (Table 1). B-cell compartment abnormalities have 
been universally described in both APDS1 and APDS2. B-cell 
lymphopenia is found in 74% of patients and may be due to 
a developmental defect at the transitional stage, as IgD+CD10+ 
B cells are consistently increased in APDS patient blood (81%). 
Additionally, humoral defects have been observed in the major-
ity of APDS patients, leading to poor vaccine responses in some 
patients. Serum concentrations of IgM are increased in 65% 
of cases, while IgA and at least one IgG isotype are decreased 
(68%). This phenotype suggests a defect in class-switch recom-
bination (CSR), and in vitro studies have not yet provided a clear 
conclusion about whether this defect arises predominantly from 
B-cell-intrinsic or -extrinsic effects of PI3Kδ hyperactivation 
(11, 17, 22, 44). Although immunodeficiency is a major feature 
of APDS, expansion of CD8 T cells is commonly observed (70%) 
and, together with CD4 lymphopenia, explains the inverted 
CD4:CD8 ratios found in the disease (71%). In addition, the 
constitutive activation of PI3K is also linked to the progressive 
differentiation of T cells toward effector memory and terminally 
differentiated (TEMRA) subtypes. Consistently, CD8 T cells from 
APDS patients exhibit normal degranulation activity (induced 
by anti-CD3 stimulation) and TNF/IFNγ production (11) with 
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FiGURe 1 | Continued

reduced secretion of IL-2, weak proliferative responses, and 
enhanced restimulation-induced cell death (RICD) (10, 11, 
14, 22).

Thus, APDS is characterized by a complex spectrum of clinical, 
immunological, and cellular features. Elucidation of the genetic 
and molecular defects has improved diagnosis and care of APDS 
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FiGURe 1 | Activated PI3Kδ Syndrome (APDS) GoF mutations in the PI3Kδ complex and associated immune dysfunction responsible for Epstein–Barr virus (EBV) 
susceptibility. (A) Schematic representation of p110δ and p85α protein domains and APDS mutations reported in patients. The black line depicts the stabilizing 
interaction, and the blue lines show the inhibitory contacts within the PI3Kδ complex. ABD, adaptor-binding domain; BH, breakpoint-cluster region homology 
domain; P, proline-rich region; SH, SRC-homology domain; N, amino-terminal; i, inter; C, carboxy-terminal. (B) Schematic representation of the current 
understanding for the immune control of EBV in healthy subjects (left) and proposed hypothesis for EBV susceptibility in APDS (middle) and XLP1 (right) patients. 
APDS mutations cause abnormal polyclonal expansion of CD8 T cells that become senescent. Senescent CD8 T cells show an impaired EBV-specific response due 
to limited homing, expansion, and survival. In conjunction with CD8 T-cell defects, APDS patients exhibit an elevated frequency of transitional B cells, a major cell 
type for cell entry of EBV, and have defective humoral immunity that may further contribute to EBV susceptibility. In comparison, XLP1 patients, who are susceptible 
to EBV and develop HLH, are deficient in the SAP adaptor and exhibit defective EBV-specific T cell: B-cell interactions, causing a lack of CD4 help and a failure of 
CD8 T-cell cytotoxicity. As opposed to APDS, viral persistence in XLP1 patients causes a recurring stimulation/expansion of EBV-specific CD8 T cells and results in a 
cytokine storm underlying hemophagocytic lymphohistiocytosis (HLH). Antibodies depiction: taken from SMART (Servier Medical Art) licensed under a Creative 
Commons Attribution 3.0 Unported License.
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patients (45). Because of the recurrent sinopulmonary infections, 
antibiotics are often given prophylactically, and immunoglobulin 
replacement is commonly used, although recurrent infections 
have been reported despite this treatment (15, 20, 26). Chemo- 
and/or radiotherapy are often used for lymphomas, a major cause 
of death in APDS patients (about 62% of deaths) (11, 14, 17–19, 
24, 30, 31, 37). Beyond the treatment of these specific symptoms, 
hematopoietic stem-cell transplantation has proven beneficial for 
restoration of immune function in 67% of APDS patients receiv-
ing this therapy, which requires availability of an HLA-compatible 
donor and is particularly risky in the setting of EBV infection 
(10, 14, 15, 18, 24, 31, 34, 36). Identification of the genetic and 
molecular etiology of APDS has also led to more specific treat-
ments, such as the use of the mTORC1 inhibitor (rapamycin) (10, 
11, 23, 24, 26, 28, 34, 40) and specific p110δ inhibitors, which are 
currently being evaluated for APDS treatment in clinical trials.

eBv SUSCePTiBiLiTY in APDS PATienTS

B-Cell Dysfunction
Epstein–Barr virus is usually acquired during childhood and is 
asymptomatic throughout life, while primary infection in young 
adulthood can (in ~30–70% of cases) cause infectious mono-
nucleosis (IM) (46). Although control of EBV infection by the 
immune system has been mainly attributed to CD8 T cells and 
to a lesser extent to NK  cells, a role for humoral immunity in 
protecting from EBV infection has recently been reevaluated with 
a focus on IM patients (46–48). Although a neutralizing antibody 
response against several viral proteins such as gp350, a particularly 
immunogenic EBV protein, is detectable in these patients (47), 
the peak of this antibody response occurs after disappearance of 
IM symptoms and clearance of the virus, and this delay has been 
attributed to B-cell dysfunction in acutely infected patients (46). 
Several vaccination strategies have focused on the gp350 protein 
(49–51) since it acts as a major mediator for entry of EBV into 
B  cells through its interaction with CD21 (52). Interestingly, 
vaccination using recombinant gp350 in phase-I and-II trials 
correlated with a gp350-specific antibody response and showed 
a protective effect in IM development but not in asymptomatic 
EBV infections (50, 51). Thus, the role of neutralizing antibodies 
in protecting B cells from infection and lowering the extent of 
infection during primary exposure can be considered in asymp-
tomatic individuals and especially in children who might carry 
maternal EBV-specific antibodies. This protection might also be 

crucial to prevent disease upon reexposure to EBV. As such, the 
defects in B-cell development and function observed in APDS 
patients might help explain their increased susceptibility to EBV.

Changes in B-cell differentiation and intrinsic B-cell dysregu-
lation may also be relevant contributors to EBV susceptibility 
in APDS. The nature of the B-cell compartment primarily 
infected by EBV has been a matter of debate, and it was first 
proposed that IgD−CD27+ memory B cells are the major entry 
point (53). However, in vitro observations as well as data from 
IM patients suggested that primary infection of B  cells occurs 
in naïve IgD+CD27 cells, which then undergo differentiation in 
germinal center reactions, resulting in the emergence of class-
switched memory B cells carrying EBV (54, 55). The observation 
that APDS patients exhibit an increased frequency of immature 
transitional CD10+ B cells and have a low frequency of memory 
CD27+ B cells (11) while remaining highly susceptible to EBV 
may support the possibility that EBV can also infect developing 
B cells. Indeed, several studies performed in mice have reported 
the ability of developing B cells to be infected by EBV (56) or 
the homologous γ-herpesvirus MHV68 (57, 58). The idea that 
transitional B cells might be a critical entry point and reservoir 
for EBV has been proposed before and fits with a model in 
which recurrent seeding of the developing B-cell compartment 
with EBV virions promotes establishment of long-term B-cell 
infection (57). In agreement with this hypothesis, depletion of 
transitional B  cells in mice reduces EBV in the mature B-cell 
compartment (58). Therefore, it is possible that persistent EBV 
infection is facilitated in APDS patients by the predominant 
transitional B-cell compartment that would provide a pathologi-
cally increased reservoir of EBV, although additional studies are 
required to evaluate this hypothesis.

The EBV latency proteins LMP2a and LMP1 are thought to 
be key players in hijacking B-cell maturation by EBV since they 
mimic B-cell receptor and CD40 signaling, respectively (59, 60). 
LMP1 in particular is sufficient to transform several cell types, 
activates PI3K signaling, and promotes B-cell survival, growth, 
and proliferation programs (59–61). As p110δ is the main Class 
IA PI3K isoform expressed in EBV-positive B-cell lymphomas, 
this isoform might be a major target for LMP1 (62), and EBV-
driven lymphomas in APDS may thus be facilitated in B  cells 
expressing hyperactive forms of PI3Kδ. Moreover, several studies 
have demonstrated that PI3K inhibition reduces EBV reactivation  
(59, 63, 64), suggesting that the increased PI3Kδ activity displayed 
by APDS patients would favor a constitutive lytic program and 
may contribute to persistent viremia.
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TABLe 1 | Summary of clinical and immunological features of APDS patients.

Clinical features immunological features

Reference Gene Mutationa number 
of 

patients

Respiratory 
infectionsb

Lympho-
proliferationc

eBv 
viremia

Other 
herpesviruses

B 
lymphoma

eBv + B 
lymphoma

increased 
immature/
transitional 

B cells

Decreased 
igA and/or 
igG titers

increased 
igM titers

Defect in 
memory 
B celld

increased CD8 
differentiatione

Jou et al. (12) PIK3CD E1021K 1 1/1 n.d. n.d. 1/1 (VZV) n.d. n.d. n.d. 1/1 1/1 n.d. n.d.

Angulo et al. (10) PIK3CD E1021K 17 17/17 10/17 1/17 4/17 1/17 n.d. 14/16 10/11 14/17 8/16 5/5

Lucas et al. (11) PIK3CD E1021K 3 3/3 3/3 3/3 1/2 1/3 1/3 3/3 2/3 2/3 2/2 2/2

PIK3CD E525K 5 5/5 3/5 5/5 4/5 1/5 1/5 5/5 3/5 0/5 3/5 1/1

PIK3CD N334K 1 1/1 1/1 1/1 0/1 0/1 0/1 1/1 1/1 1/1 1/1 1/1

Crank et al. (17) PIK3CD E1021K 1 1/1 1/1 0/1 0/1 1/1 0/1 1/1 1/1 1/1 n.d. n.d.

PIK3CD C416R 2 2/2 2/2 1/2 1/2 (HSV) 2/2 0/2 2/2 1/2 2/2 n.d. n.d.

Deau et al. (13) PIK3R1 delE11 4 4/4 1/4 1/4 1/4 (CMV) n.d. n.d. 3/4 4/4 3/4 2/4 2/3

Kracker et al. (18) PIK3CD E1021K 8 8/8 6/8 0/8 0/8 2/8 0/8 0/1 5/8 7/8 2/2 n.d.

Lucas et al. (14) PIK3R1 delE11 4 4/4 3/4 0/3 1/3 (CMV) 1/4 n.d. n.d. 4/4 1/3 n.d. Majority

Hartman et al. (19) PIK3CD E1021K 5 5/5 1/5 0/3 2/5 (HSV1, VZV) n.d. n.d. n.d. 1/5 4/5 4/5 n.d.

Kannan et al. (20) PIK3CD E1021K 1 1/1 1/1 1/1 0/1 0/1 0/1 1/1 1/1 1/1 1/1 1/1

Lougaris et al. (21) PIK3R1 delE11 4 4/4 4/4 n.d. n.d. n.d. n.d. 2/2 4/4 4/4 3/3 n.d.

Elgizouli et al. (23) PIK3CD E1021K 5 5/5 5/5 1/5 1/5 (CMV) 0/5 0/5 2/4 5/5 1/5 2/4 n.d.

Elkaim et al. (24) PIK3R1 delE11 36 36/36 22/36 8/36 6/35 (CMV), 2 
(VZV)

10/36 1/36 14/15 27/35 18/31 11/19 10/10

Kuhlen et al. (29) PIK3R1 delE11 1 1/1 1/1 0/1 1/1 (CMV) n.d. n.d. n.d. 1/1 1/1 1/1 1/1

Martínez-Saavedra 
et al. (25)

PIK3R1 delE11 1 1/1 0/1 n.d. n.d. n.d. n.d. 1/1 1/1 1/1 1/1 1/1

Olbrich et al. (26) PIK3R1 delE11 2 1/2 2/2 2/2 2/2 n.d. n.d. 1/1 2/2 2/2 2/2 1/1

Petrovski et al. (27) PIK3R1 delE11 4 4/4 4/4 0/4 0/4 0/4 0/4 2/4 4/4 2/4 4/4 1/4

Rae et al. (28) PIK3CD E1021K 1 1/1 1/1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1/1 1/1

Tsujita et al. (15) PIK3CD E1021K 2 2/2 2/2 0/2 1/2 (HSV) 0/2 0/2 2/3 2/2 0/2 2/2 n.d.

PIK3CD E525A 3 2/3 2/3 0/3 1/3 (Herpes 
zoster)

0/3 0/3 3/3 3/3 1/3 0/3 n.d.

Bravo García-Morato 
et al. (30)

PIK3R1 delE11 2 2/2 2/2 1/2 1/2 (herpetic 
lesions)

1/2 0/2 1/1 2/2 1/2 0/1 1/1

Chiriaco et al. (22) PIK3CD E1021K 1 1/1 1/1 1/1 0/1 0/1 0/1 1/1 1/1 1/1 0/1 1/1

Coulter et al. (31) PIK3CD E1021K or 
E525K

50 + 3 51/53 39/53 14/53 49% including 
EBV +  (human 
herpesvirus 6, 

VZV, HSV)

7/53 3/53 24/32 21/49 38/50 17/30 17/18
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Clinical features immunological features

Reference Gene Mutationa number 
of 

patients

Respiratory 
infectionsb

Lympho-
proliferationc

eBv 
viremia

Other 
herpesviruses

B 
lymphoma

eBv + B 
lymphoma

increased 
immature/
transitional 

B cells

Decreased 
igA and/or 
igG titers

increased 
igM titers

Defect in 
memory 
B celld

increased CD8 
differentiatione

Dulau et al. (35) PIK3CD E1021K 5 5/5 5/5 4/5 4/5 (CMV, HSV, 
VZV)

2/5 n.d. 4/5 3/5 4/5 5/5 n.d.

PIK3CD E525K 3 3/3 3/3 3/3 2/3 (CMV) 1/3 n.d. 3/3 2/3 1/3 2/3 n.d.

PIK3CD N334K 1 1/1 1/1 1/1 0/1 0/1 n.d. 1/1 1/1 1/1 0/1 n.d.

PIK3CD E1025G 1 1/1 1/1 1/1 1/1 (VZV) 0/1 n.d. 0/1 1/1 1/1 1/1 n.d.

Mettman et al. (41) PIK3CD E1021K 1 1/1 1/1 n.d. n.d. 0/1 0/1 n.d. 0/1 1/1 1/1 n.d.

Goto et al. (40) PIK3CD E1021K 1 n.d. 1/1 1/1 1/1 (CMV) 0/1 0/1 1/1 1/1 1/1 1/1 1/1

Hauck et al. (37) PIK3R1 delE11 3 3/3 2/3 1/3 0/3 1/3 1/3 0/2 2/3 2/3 n.d. 2/2

Wentink et al. (34) PIK3CD E1021K 9 9/9 3/9 2/9 n.d. 2/9 n.d. Increased 5/11 5/11 Decreased n.d.

PIK3CD E525K 1 1/1 1/1 0/1 n.d. 0/1 n.d. 0/1 0/1 n.d.

PIK3CD R929C 1 1/1 0/1 0/1 n.d. 0/1 n.d. 1/1 0/1 n.d.

PIK3R1 N564K 1 1/1 0/1 0/1 n.d. 0/1 n.d. 0/1 0/1 n.d.

PIK3R1 delE11 1 1/1 1/1 0/1 n.d. 0/1 n.d. 0/0 0/0 n.d.

Nademi et al. (36) PIK3CD E1021K 10 10/10 8/10 2/10 5/10 1/11 n.d. n.d. n.d. n.d. n.d. n.d.

PIK3R1 delE11 1 1/1 0/1 0/1 0/1 n.d. n.d. n.d. n.d. n.d. n.d.

Takeda et al (33) PIK3CD G124D 2 2/2 2/2 2/2 2/2 (Herpes 
zoster, labialis)

1/2 1/2 1/1 2/2 2/2 0/1 1/1

PIK3CD E81K 1 1/1 1/1 1/1 0/0 1/1 n.d. 0/1 0/0 0/0 1/1 0/0

Heurtier et al. (32) PIK3CD E81K 1 1/1 1/1 n.d. n.d. n.d. n.d. 1/1 1/1 0/1 1/1 1/1

PIK3CD G124D 2 2/2 2/2 n.d. n.d. n.d. n.d. 1/1 2/2 1/2 2/2 2/2

Rae et al. (38) PIK3CD R405C 1 1/1 0/1 0/1 0/1 0/1 0/1 n.d. 1/1 0/1 1/1 0/1

Saettini et al. (39) PIK3CD E1021K 1 1/1 1/1 1/1 0/1 0/1 0/1 1/1 1/1 0/1 1/1 1/1

214 98.1% 70.9% 29.5% 32.10% 18.80% 5.80% 80.7% 68.1% 65.3% 65.4% 70.3%

aFrequencies of activating PI3Kδ mutations among APDS1 and APDS2 patients: E1021K, 58%; C416R, 1%; R405C, 0.5%; E525K, 6%; E525A, 1%; N334K, 1%; E81K, 1%; G124D, 2%; R929C, 0.5%; E1025G, 0.5%; delE11, 29%; 
N564K, 0.5%.
bIncludes upper and lower respiratory tracts.
cIncludes splenomegaly and lymphadenopathy.
dAssessment of cell counts, frequency or B-cell memory class switch.
eFrequencies of effector/memory cells, CD57 expression, telomere lengths.
n.d., not determined; CMV, cytomegalovirus; EBV, Epstein–Barr virus; HSV, herpes simplex virus; VZV, varicella zoster virus.
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Thus, APDS patients harbor abnormal B  cells that likely 
promote EBV susceptibility through several mechanisms. These 
may include, among others, poor anti-EBV antibody responses, 
increased transitional B  cells serving as an EBV reservoir, and 
heightened cell-intrinsic PI3K signaling that may promote EBV-
driven B-cell transformation and/or EBV reactivation.

T-Cell Dysfunction
T  lymphocytes are a crucial immune cell type for control of 
EBV infection (65, 66). Substantial expansion of EBV-specific 
CD8 T cells has been observed in IM patients (67), and EBV 
control in healthy carriers has been correlated with the pres-
ence of functional EBV-specific CD8 T cells (68). However, the 
major arguments supporting a functional role for CD8 T cells 
in controlling EBV in vivo come from immunocompromised 
patients. Indeed, post-transplant lymphoproliferative disease 
(PTLD) is an important clinical concern in immunosup-
pressed transplant patients. In these patients, PTLD is caused 
by EBV-driven B-cell expansion and can be overcome by 
infusing EBV-specific cytotoxic T  cells (69–72). Moreover, 
immunodeficiency syndromes, particularly HLH and X-linked 
lymphoproliferative diseases, have also provided valuable 
lessons and advanced our understanding of the role for CD8 
T cells in EBV immunity (73, 74).

Monogenic causes of EBV-associated HLH have demon-
strated that defective cytotoxicity machinery most commonly 
underlies disease (66, 75). However, these more general defects 
are not present in APDS patients, highlighting a more nuanced 
mechanism conferring EBV susceptibility when PI3K signal-
ing is hyperactive. XLP1 patients deficient in the signaling 
lymphocytic activation molecule-associated protein (SAP) 
adaptor exhibit a very specific vulnerability to EBV viremia, 
and uncovering the genetic mutations responsible for disease 
contributed to defining crucial and non-redundant molecular 
pathways for EBV control by cytotoxic cells (76–79). Indeed, 
mutations in SH2D1A encoding SAP result in failure of T cell: 
B-cell interactions and inability to propagate 2B4- and NTBA-
mediated signals promoting cytotoxicity and instead favor an 
inflammatory cytokine storm that drives HLH (77, 80–84). 
Although XLP1 and APDS patients fail to control EBV infec-
tion, both patient cohorts harbor EBV-specific T  cells and 
their CD8 T  cells show normal in  vitro effector functions in 
response to SAP-independent stimuli (82, 85). Interestingly, 
positive signaling for cytotoxicity induced by receptors of the 
SLAM family (e.g., 2B4 and NTBA) that utilize the SAP adap-
tor involves PI3K/AKT activity (86, 87). Thus, both APDS and 
XLP1 share the feature of EBV susceptibility; however, unlike 
XLP1 patients, APDS patients are not susceptible to HLH. We 
hypothesize that hyperactive PI3K T-cell intrinsically drives 
polyclonal senescence and prevents a cytokine storm and HLH 
by limiting homing, expansion, and survival of EBV-specific 
T cells, as described further below (Figure 1B). Indeed, T cells 
from APDS patients exhibit enhanced stimulation-induced 
apoptosis (10), which is a feature shared with patients deficient 
in the anti-apoptotic factor XIAP who are susceptible to EBV 
and HLH (88, 89). Poor survival of EBV-reactive T cells may 
be a common underlying feature of EBV susceptibility in both 

XIAP deficiency and APDS, although the HLH phenotype in 
XIAP deficiency is poorly understood (90, 91).

The PI3K-driven expansion of effector CD8 T cells in APDS 
(11, 14) raises the question of why they cannot control EBV 
infection. The answer might come from the differentiation state 
of CD8 T cells since peripheral blood T cells in APDS patients 
are terminally differentiated with characteristics of senescence 
(92) (Table 1), including low IL-2 secretion, shortened telom-
eres, and poor proliferative capacity. Studies in mouse tumor 
models have similarly shown that senescent T  cells exhibit 
in  vivo defects including reduced survival, proliferation, IL-2 
production, lymphoid homing, and tumor rejection (Figure 1B) 
(93, 94). Replicative senescence occurs when telomere erosion 
that occurs with each cell division reaches a critical point, lead-
ing to irreversible cell-cycle arrest through activation of the 
DNA damage response that is thought to protect from cellular 
transformation by preventing genomic instability and infinite 
proliferation (95). CD8 and CD4 T-cell immunosenescence 
has been observed in elderly individuals (96), and numerous 
studies demonstrate a high correlation between T-cell aging 
and persistent infections (e.g., CMV, EBV and HIV) (97–99) or 
the development of tumors (100, 101). A closer look at CMV-
specific T cells has revealed a link between aging and increased 
frequency of CMV-specific CD8 T cells with a senescent phe-
notype (102, 103), suggesting that chronic antigen stimulation 
might drive T-cell senescence. Consistent with this hypothesis, 
the expression of the telomerase reverse transcriptase (TERT) 
that regulates the length of telomeres drastically declines in 
CD8 T cells after repeated antigen stimulation and acquisition 
of a senescent phenotype (104). Interestingly, overexpression of 
TERT increases the proliferative capacity of stimulated T cells 
(105), and using a pharmacological activator of TERT enhances 
CD8 T-cell-mediated control HIV infection in vitro (106).

Thus, immunosenescence represents a plausible contribu-
tor to defective EBV control in APDS patients, as CD8 T  cells 
might not be able to clonally expand and mount a robust and 
specific response against EBV despite their prominent effector 
phenotype (11). While repeated EBV antigen stimulation seems 
to be an attractive hypothesis for driving T-cell immunosenes-
cence in APDS, patients without active herpesviruses still have 
a high frequency of senescent T cells (Table 1), indicating that 
immunosenescence is likely not restricted to antigen-specific 
T cells. Instead, the hyperactivation of PI3K, a signaling pathway 
known to play multiple roles in survival, metabolism, cell growth, 
and cell-cycle progression (107–109), likely drives senescence 
by promoting exuberant in  vivo CD8 T-cell proliferation (and 
resulting in clinical features of lymphoproliferation). Moreover, 
several studies have linked increased PI3K/AKT/mTORC1 activ-
ity with senescence in immortalized and primary cells (110–115). 
Interestingly, studies in cells with hyperactive PI3K signaling 
or mTORC1 inhibition with rapamycin have led to a model in 
which PI3K/AKT/mTORC1 signaling plays an early role in cell 
senescence induction without hyperproliferation as a prerequisite 
(110). While this latter set of data suggests that DNA damage is 
not a driving factor for PI3K-dependent senescence, other studies 
further proposed that PI3K/AKT contributes to reactive oxygen 
species production to cause irreparable chromosomal damage 
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and irreversible cell-cycle arrest (111, 116). Although it is clear 
that the PI3K pathway plays an important role in senescence, 
further investigation is required to fully understand senescence 
of CD8 T  cells in APDS patients. As such, APDS provides an 
invaluable opportunity to study immunosenescence and roles for 
PI3K in its regulation in humans.

Thus, hyperactive PI3Kδ may drive CD8 T-cell growth, termi-
nal differentiation, and immunosenescence, although the detailed 
molecular basis of T-cell senescence in APDS patients remains to 
be fully elucidated. This state is associated with altered CD8 T-cell 
functions, including decreased proliferation and increased TCR 
restimulation-induced cell death, that might contribute to failure 
of APDS patients to adequately control EBV.

COnCLUSiOn

Genomics has greatly advanced studies of PIDs (117, 118), shed-
ding light on genes critical for human immunity. The recently 
solved PID called APDS highlights important roles for regulated 

PI3Kδ signaling in control of EBV through effects on B- and 
T-cell development and function.
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Nuclear factor kappa-light-chain-enhancer of activated B cells 1 (NF-κB1)-related human 
primary immune deficiencies have initially been characterized as defining a subgroup of 
common variable immunodeficiencies (CVIDs), representing intrinsic B-cell disorders with 
antibody deficiency and recurrent infections of various kind. Recent evidence indicates 
that NF-κB1 haploinsufficiency underlies a variable type of combined immunodeficiency 
(CID) affecting both B and T lymphocyte compartments, with a broadened spectrum of 
disease manifestations, including Epstein–Barr virus (EBV)-induced lymphoproliferative 
disease and immediate life-threatening consequences. As part of this review series 
focused on EBV-related primary immunodeficiencies, we discuss the current clinical and 
molecular understanding of monoallelic NFKB1 germline mutations with special focus on 
the emerging context of EBV-associated disease. We outline mechanistic implications 
of dysfunctional NF-κB1 in B and T cells and discuss the fatal relation of impaired T-cell 
function with the inability to clear EBV infections. Finally, we compare common and 
suggested treatment angles in the context of this complex disease.

Keywords: nuclear factor kappa-light-chain-enhancer of activated B cells 1, haploinsufficiency, common variable 
immunodeficiency, combined immunodeficiency, epstein–Barr virus, lymphoproliferation, T cells, B cells

Abbreviations: aHSCT, allogeneic hematopoietic stem cell transplantation; AKT, AKT serine/threonine kinase; ATM, ataxia 
telangiectasia mutated serine/threonine kinase; BAFF(-R), B-cell activating factor (receptor); BCL10, B-cell CLL/lymphoma 10; 
BCR, B-cell receptor; BIRC4, Baculoviral IAP-repeat containing protein 4; CARD11, caspase recruitment domain family mem-
ber 11; CARMA, CARD-containing MAGUK protein 1; CD40L, CD40 ligand; CID, combined immunodeficiency; CTPS1, 
CTP synthase 1; CORO1A, Coronin 1A; CVID, common variable immunodeficiency; DD, death domain; EBV, Epstein–Barr 
virus; FCGR3A, Fc fragment of IgG receptor 3A; GATA2, GATA binding protein 2; GRR, glycine-rich region; IκB, inhibitor 
of NF-κB; IKK, inhibitor of NF-κB kinase; IL-1, interleukin-1; IL1R, interleukin-1 receptor; IRAK, interleukin-1 receptor-
associated kinase 1; ITK, IL2-inducible T-cell kinase; LMP1, latent membrane protein 1; LPD, lymphoproliferative disease; 
LPS, lipopolysaccharide; LTβ(R), lymphotoxin β (receptor); MAGT1, magnesium transporter 1; MALT1, mucosa-associated 
lymphoid tissue lymphoma translocation protein 1; MAPK, mitogen-activated protein kinase; MCM4, minichromosome 
maintenance protein 4; NEMO, NF-κB essential modulator; NF-κB1/NF-κB2, nuclear factor kappa-light-chain-enhancer of 
activated B  cells-1/-2; NIK, NF-κB inducing kinase; NLS, nuclear localization sequence; PID, primary immunodeficiency; 
PI3K, phosphatidylinositol 3-kinase; PIK3CD, phosphatidylinositol 3-kinase catalytic delta; PIK3R1, phosphatidylinositol 
3-kinase receptor 1; PKC, protein kinase C; RASGRP1, rat-sarcoma guanyl releasing protein 1; RHD, rel-homology domain; 
SAP, signaling lymphocytic activation molecule-associated protein; S. pneumoniae, Streptococcus pneumoniae; STK4, serine/
threonine protein kinase 4; TCR, T-cell receptor; TES1/TES2, transformation effector site 1/2; TIR, toll-like/interleukin-1 
receptor; TLR, toll-like receptor; TRIF, TIR-domain containing adaptor-inducing interferon-β; TNFα, tumor necrosis factor-α; 
TNFR, tumor necrosis factor receptor; TRADD, tumor necrosis factor receptor type 1-associated DEATH domain protein; 
TRAF, tumor necrosis factor receptor-associated factor; WASP, Wiskott–Aldrich syndrome protein.
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iNTRODUCTiON

Nuclear factor kappa-light-chain-enhancer of activated B  cells 
(NF-κB) represents a key node in propagation of cellular signals, 
driving cell fate decisions toward proliferation, or apoptotic 
clearance. Due to their highly adaptable nature, immune cells 
in particular rely on NF-κB processes for their development, 
function and inflammatory responses. Both the innate and adap-
tive immune axes are critically dependent on functional NF-κB 
signaling networks (1). Owing to its name, NF-κB-derived 
programming of target genes particularly manages B-cell fates 
including their maturation, survival, differentiation and (T-cell 
independent) class switching processes (2, 3). Its importance for 
maintaining B-cell development and integrity has been under-
lined by studying murine knockout models (4) and the identi-
fication of human NFKB1 and NFKB2 gene defects with B-cell 
deficiency-related clinical manifestations initially classified as 
common variable immunodeficiencies (CVIDs) (5–18). Beyond 
its role in B-cell intrinsic processes, NF-κB1 defects presenting 
with recurrent or chronic Epstein–Barr virus (EBV) infection (6, 
8) or fatal EBV-driven lymphoproliferative disease (7) suggest a 
broadened phenotypic spectrum, including combined immuno-
deficiency (CID) with B- and T-cell dysfunction (7). In addition, 
NF-κB1 has been shown to regulate human NK-cell maturation 
and effector function in  vitro, with yet unclear consequences 
for human health (13). Together, these studies highlight the 
relevance of identifying human genetic defects for studying key 
processes in immune cell function and deciphering the spectrum 
of phenotypic consequences of newly emerging disorders. In this 
review article, we focus on discussing EBV-associated disease in 
the context of genetic predisposition to NF-κB1 dysfunction. A 
general review of NF-κB mechanisms in and beyond B cells and 
EBV pathogenesis has been discussed elsewhere (1–3, 19, 20) and 
is outlined here in comparing B- and T-cell functions related to 
the emergence of NF-κB-related EBV infectious disease.

NF-κB SiGNALiNG

Proteins of the NF-κB family of transcription factors are broadly 
expressed in cells of the immune system. The family consists of the 
two large precursor proteins NF-κB1 (p105) and NF-κB2 (p100), 
which can be processed to their smaller mature subunits p50 and 
p52, respectively, and their dimerization partners RelA (p65), 
RelB, and c-Rel (21). Upon NF-κB pathway activation, p105 and 
p100 are post-translationally processed for nuclear translocation 
of the resulting mature NF-κB dimers (22) (Figure 1). In resting 
state, NF-κB shows cytoplasmic localization. This is achieved 
through masking the nuclear localization sequence, either by 
binding of inhibitor of NF-κB (IκB) proteins to p50 dimers, or 
through in-cis binding of the C-terminal part of p105 (23).

Activation of the NF-κB pathway occurs through two dis-
tinct routes, the canonical and the non-canonical pathway, by 
distinct stimuli-receptor pairs (21, 24) as described in Figure 1. 
Specifically, in canonical signaling, binding of TNFα to TNF 
receptors results in the recruitment of the adaptor protein 
TRADD to the intracellular part of the TNFR which in turn acti-
vates the kinase RIP1 and subsequently IKK (25, 26). IL-1 or LPS 

binding to their respective receptors (IL-1 receptors and Toll-like 
receptors, respectively) results in the recruitment of adaptor pro-
teins MyD88 and TRIF to the TIR (TLR/interleukin-1 receptor) 
domain. This induces IRAK1/4-dependent recruitment of IKK to 
the complex, and its subsequent activation through TRAF6 (27, 
28). BCR and TCR signaling also result in the activation of IKK, 
which happens through the recruitment of the CARMA, BCL10, 
and MALT1 complex by PKCβ in B  cells and PKCθ in T  cells 
(29, 30). Stimulation of IKK (IκB-kinase)-α, IKKβ, and NEMO 
(IKKγ) induces phosphorylation and degradation of IκB (inhibi-
tor of κB) proteins (23), with subsequent release of NF-κB dimers 
for nuclear translocation. By contrast, non-canonical NF-κB 
signaling induced by TNF receptor family ligands CD40L, BAFF 
or lymphotoxin-β (24) inhibits TRAF3-induced NIK degrada-
tion, leading to NIK kinase-dependent activation of primarily 
IKKα (31). Activated IKKα in turn phosphorylates NF-κB2/
p100 which results in processing to its active form p52, and its 
nuclear translocation (32). Target genes are modulated by either 
activating or repressing interactions with κB DNA-binding sites 
(33). As the transactivation domain is provided by the Rel bind-
ing partners, NF-κB homodimers exert a repressive function. 
Substantial crosstalk between the canonical and non-canonical 
NF-κB signaling axes has been uncovered, forming the basis for 
a complex and tightly regulated signaling network that shapes 
cell-type and cell-state-specific functions (34).

In the modulation of immune-relevant processes, transcrip-
tional activity of NF-κB is required during negative selection 
in T-cell development. This has been elucidated through the 
analysis of Relb−/− mice which develop spontaneous autoim-
mune dermatitis (35). Furthermore, NF-κB-mediated tran-
scription is important for the development and maturation of 
NK and NKT cells in mice (36, 37). Most importantly, NF-κB 
transcriptional activity is required during B-cell development, 
maturation and survival. Already at the pre-BCR stage in 
B-cell development, NF-κB provides pro-survival signals (38). 
Deletion of IKK specifically from B cells results in reduced num-
bers of transitional and mature B cells in mice (39). Similarly, 
primary immunodeficiency (PID) diseases caused by mutations 
in the genes encoding family or pathway members of NF-κB 
predominantly present with B-cell deficiencies, as discussed 
below.

HUMAN GeRMLiNe MUTATiONS iN 
NFKB1 AND THeiR CONSeQUeNCeS iN 
B- AND T-CeLL FUNCTiON

NF-κB1 Defects with CviD-Like 
Presentation
Common variable immunodeficiency denotes a heterogeneous 
group of B-cell disorders characterized by pronounced antibody 
deficiency and recurrent infections. It is considered the most 
prevalent symptomatic PID for which an underlying monogenic 
origin has been identified in only ~10% of cases (40–42). The 
first clinical manifestations of NF-κB1 haploinsufficiency and 
CVID-like presentation were reported in 2015 (5). Ever since, 
further cases of NFKB1 defects with monoallelic inheritance have 
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FiGURe 1 | Canonical and non-canonical NF-κB signaling in humans. Activation of the canonical NF-κB pathway is triggered by a broad range of 
proinflammatory cytokines such as TNFα or IL-1, bacterial pattern recognition molecules such as LPS, or antigen stimulation. Non-canonical signaling is 
triggered by TNF family receptors and their ligands, resulting in activation of NIK kinase activity. Both pathways cumulate in the activation of IKK (IκB-kinases) 
which phosphorylate inhibitory IκB binding partners for their poly-ubiquitination and proteosomal degradation (canonical axis) or the processing of p100 into its 
active form (non-canonical axis). Resulting NF-κB dimers translocate to the nucleus. Depending on their assembly into activating hetero- or repressive 
homo-dimeric conformations, NF-κB signaling regulates the expression of hundreds of target genes. TNF(R), tumor necrosis factor (receptor); IL-1(R), 
interleukin-1 (receptor); LPS, lipopolysaccharide; BAFF(-R), B-cell activating factor (receptor); LTβ(R), lymphotoxin β (receptor); TLR, toll-like receptor; TCR/BCR, 
T-cell/B-cell receptor; NIK, NF-κB inducing kinase; NEMO, NF-κB essential modulator; IKK, IκB kinase; IκB, Inhibitor of NF-κB; NF-κB, nuclear factor 
kappa-light-chain-enhancer of activated B cells.
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been reported (6–13), broadening our understanding of NF-κB1 
as critical factor in B-cell function. As appreciated from murine 
studies, mice deficient in NF-κB were shown defective in B-cell 
maturation, isotype switching, class-switch recombination, anti-
body response, and humoral immune response with increased 
susceptibility to infection, especially of the S. pneumoniae type 
(4, 43–46). T  cells have been reported with abnormal prolif-
eration responses. Intriguingly, development and reproduction 
of Nfkb1−/− mice is unaffected (43).

The initial report on NF-κB1 haploinsufficiency in humans 
describes three unrelated kindreds with 20 affected individuals 
presenting with CVID and/or hypogammaglobulinemia (5). 
Subsequent studies on patients haploinsufficient for NF-κB1 
have reported an extended clinical phenotype and a predominant 
CVID-like presentation (6–13). Among the affected individuals, 
clinical manifestations were highly variable as summarized in 
Table  1. Immunoglobulins were mildly to severely decreased, 
and infections ranged from common sinusitis to progressive 
pulmonary disease. Autoimmune episodes were evident in some 
individuals, including autoimmune hypothyroidism, autoim-
mune anemia, cytopenias, and/or splenomegaly. Partly severe 
autoinflammatory conditions were apparent in a fraction of 
described patients (Table 1). A recent study on the consequences 
of NF-κB1 haploinsufficiency on the B-cell compartment revealed 
low numbers of peripheral B cells with normal T-cell counts, low 
numbers of CD27+ switched-memory B cells and an expansion 
of CD21lo B cells (6). Furthermore, an impairment of early stages 
of B-cell differentiation upon monoallelic loss of NFKB1 was 
detected, with partial maturational arrest at the pre-BI stage (6). 
Investigation of T-cell compositions in another study reported 
low CD4+ effector memory T-cell as well as Th17 memory subsets 
in the respective individuals (9). Schipp and coworkers have 
observed decreased naïve CD4 and memory T-cell states, and 
increased double-negative T cells for an affected individual, with 
defective FasL-mediated apoptosis (8).

Overall, monoallelic mutations in NFKB1 have been shown 
to impose B-cell dysfunction including immunoglobulin and 
antibody deficiencies often accompanied by autoimmune and 
also autoinflammatory responses. Detailed investigations of 
B-cell differentiation and function have been initiated based on 
the reported findings, and would benefit from further studies 
in human cell systems. As generally seen with monoallelic and 
especially haploinsufficient immunodeficiencies, penetrance of 
disease manifestation is below 100% and age of onset is variable 
in individuals with NFKB1 mutations (5).

NF-κB1 Haploinsufficiency and 
Predisposition to eBv infection and  
eBv-Lymphoproliferative Disease
The first notions of importance of NF-κB1 signaling in defense 
against EBV in humans were published in 2016. Schipp and 
coworkers reported a patient with a novel NFKB1 frame-shift 
mutation that presented with chronic EBV infection in context 
of a complex and severe multi-system CVID-like disease (8). In 
2017, two additional CVID patients with heterozygous NFKB1 

loss were reported with low-grade or reactivating EBV (see 
Table 1) (13).

Recently, we reported a novel case of NF-κB1 haploinsuf-
ficiency broadening the spectrum of disease manifestation by 
T-cell defects with severe EBV-associated lymphoproliferative 
disease (7). The patient presented with recurrent infections, auto-
immunity manifestation, and with two severe episodes of EBV-
associated lymphoproliferative disease (Table 1). In addition to 
low CD19+ B cells, reduced non-switched and switched memory 
B cells and low immunoglobulin levels, T-cell proliferation was 
impaired. Referring to NF-κB1 haploinsufficiency primarily 
known as B-cell disorder, the severe EBV-lymphoproliferative 
episodes were interpreted as a new feature of this disease and 
attributed to the apparent T-cell dysfunction (7).

Interestingly, EBV infections have not been reported among 
the common NFKB2 mutations with functional p52 haploinsuffi-
ciency causing CVID (12, 16–18, 47–49). By contrast, an NF-κB2 
mutant (p.R635*) with constitutive nuclear localization has 
been shown associated with multiple infections, including EBV 
viremia in one of three affected individuals (14).

Consequences of NFKB1 Mutations on 
Protein Function
The comparison of the consequences of the various NFKB1 
mutations for protein integrity and function represents a first-line 
consideration of similarities and differences of NF-κB1-related 
disease manifestations. The distinct disease-associated monoal-
lelic mutations in NFKB1 that have been identified to date (6–13) 
span intronic and exonic alterations, non-sense mutations, splice-
site donors and frameshift mutations, all resulting in NF-κB1 
haploinsufficiency, as well as heterozygous missense mutations 
with functional haploinsufficiency (Table  1). Mapping these 
within the genetic locus and within the NF-κB1 protein domains 
depicts an accumulation of mutations especially in the Rel-
homology domain (RHD) of p105/p50 (Figure 2). This domain 
is responsible for dimerization and DNA-binding abilities of the 
mature p50 subunit. This local accumulation includes a frameshift 
mutation with premature termination at position p.G165Afs*32 
in the central part of the RHD, which has been associated with 
EBV lymphoproliferative disease (7), as well as further EBV-
associated mutations in close proximity (p.R157*, p.I47Yfs*2) 
(8, 13) (Figure  2). Still, other mutations introducing early stop 
codons have been identified in the RHD domain lacking an asso-
ciation with EBV infection (5, 6, 9, 10, 12). In addition, mutation 
p.R157* that has been reported with EBV reactivation episodes 
(13) has been identified in unrelated patients without apparent 
EBV infection (8, 9, 11). Similarly, other clinical manifestations 
such as autoinflammatory syndromes do not correlate with clus-
tering of mutations on protein domains (Figure 2). In conclusion, 
a rational genotype–phenotype relationship between NF-κB1-
related disease manifestations cannot be found. Even though to 
date more than 55 NFKB1 germline mutation carriers have been 
identified, larger case series should be established to perform 
meaningful phenotypic correlation studies. Also, the presence of 
modifying factors, such as secondary mutations and epigenetic 
alterations, could be addressed in such enlarged cohorts.
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TABLe 1 | Clinical presentation of monoallelic loss of nuclear factor kappa-light-chain-enhancer of activated B cells 1 (NF-κB1) function. A comparison of phenotypes of affected individuals shows various occurrences 
and degrees of infections, autoimmunity and autoinflammatory syndromes, and varying manifestations of Epstein–Barr virus (EBV). Genetic information, diagnosis and clinical symptoms were extracted from the 
respective studies. Individuals are listed according to study reference, respective patient code, and type of mutation. Information about treatment and surgery is shown, if indicated in the respective publications. 
Asymptomatic mutation carriers are not listed.

Reference Patient G Mutation AoO Diagn. Symptoms igG 
(g/L)

igA igM Treatment Surgery

infection Autoimmunity/
Autoinflammation

Other

(5) FamNL1_16 ♀ c.730+4A>G
p.D191_K244
delinsE

29 years Common  
variable 
immunodeficiency 
(CVID)

Respiratory 
tract infections, 
pansinusitis, atrophic 
gastritis, pneumonia

COPD Pyoderma gangrenosum, 
squamous cell 
carcinoma, pulmonary 
insufficiency

2.76 0.30 0.16 IVIG,  
etanercept

n/a

FamNL1_18 ♀ c.730+4A>G
p.D191_K244
delinsE

65 years CVID Sinopulmonary 
infections, 
Campylobacter 
enteritis

Splenomegaly, 
lymphadenopathy

Ischemic heart disease, 
lung adenocarcinoma, 
thrombocytopenia

2.49 0.13 0.53 n/a n/a

FamNL1_19 ♀ n/a 46 years – Bronchitis, 
pneumonias  
(H. influenzae)

COPD Coronary insufficiency, 
impaired pulmonary 
function

3.0 0.4 0.4 IVIG n/a

FamNL1_21 ♂ c.730+4A>G
p.D191_K244 
delinsE

31 years CVID pneumonias, 
recurrent sinusitis, 
bronchiectasis

COPD Lung fibrosis, respiratory 
insufficiency

6.0 1.26 0.4 IVIG Appendectomy

FamNL1_23 ♀ n/a n/a – Recurrent lower 
airway infections

COPD Defective vaccination 
response

HGG n/a n/a IVIG n/a

FamNL1_24 ♀ n/a n/a Recurrent lower 
airway infections

COPD with pulmonary 
insufficiency

Defective vaccination 
response, mannose-
binding lectin deficiency

HGG n/a n/a IVIG n/a

FamNL1_25 ♀ c.730+4A>G
p.D191_K244 
delinsE

52 years CVID Pulmonary infection COPD Respiratory insufficiency, 
pulmonary hypertension

4.6 1.0 0.4 IVIG n/a

FamNL1_34 ♂ c.730+4A>G
p.D191_K244 
delinsE

44 years CVID Recurrent respiratory 
infections

Hypothyroidism Alopecia areata, 
pyoderma gangrenosum

8.0 0.83 0.25 IVIG Surgery for  
VSD

FamNL1_36 
[P.2 (6),  
P.4 (13)]

♀ c.730+4A>G
p.D191_K244 
delinsE

30 years CVID Pneumonia, recurrent 
sinusitis, otitis media, 
Salmonella enteritis

– – 1.81 0.06 0.48 IVIG n/a

FamNL1_40 ♀ c.730+4A>G
p.D191_K244 
delinsE

34 years CVID Recurrent upper 
airway infection, 
sporadic lower 
respiratory tract 
infections

COPD – 5.1 <0.5 0.65 IVIG n/a

FamNL1_42 ♀ c.730+4A>G
p.D191_K244 
delinsE

n/a HGG Recurrent paronychia, 
superficial skin 
infections

– – n/a n/a n/a n/a n/a

(Continued )
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Reference Patient G Mutation AoO Diagn. Symptoms igG 
(g/L)

igA igM Treatment Surgery

infection Autoimmunity/
Autoinflammation

Other

FamNL1_48 ♀ c.730+4A>G
p.D191_K244 
delinsE

15 years HGG Folliculitis,  
furunculosis

Thyroiditis Aortic stenosis 3.72 0.59 0.74 Levothyroxine n/a

FamNL1_49 ♀ c.730+4A>G
p.D191_K244 
delinsE

9 months CVID Giardiasis, recurrent  
respiratory tract  
infections, trichophyton 
skin infections

Thyroiditis – 9.1a 1.41 0.11 IVIG n/a

FamNL1_57 ♀ c.730+4A>G 
p.D191_K244 
delinsE

39 years CVID Lymphocytic interstitial 
pneumonitis, recurrent 
sinopulmonary 
infections

– Nodular regenerative 
hyperplasia, ongoing 
diarrhea, reticunodular 
and lymphocytic 
infiltrates, liver 
eosinophilic and 
lymphocytic infiltrates

1.3 <0.04 0.3 IVIG, 
IV-antibiotics, 
ursodeoxycholic 
acid

n/a

FamNL1_62 ♀ c.730+4A>G
p.D191_K244 
delinsE

30 years CVID Recurrent sinus 
infections

– – 4.7 0.4 0.3 IVIG n/a

Fam089_I1 ♂ c.835+2T>G
p.K244_D279
delinsN

64 years CVID Severe pneumonia 
with pleural empyema

– Multiple liver 
hemangiomas

1.42 0.08 0.4 IVIG n/a

Fam089_II2 
[P.5 (13)]

♀ c.835+2T>G
p.K244_D279
delinsN

16 years CVID Recurrent pulmonary  
infections, pneumonia

Hemolytic anemia, 
hepatomegaly, 
lymphadenopathy

Idiopathic 
thrombocytopenic 
purpura, infection-
induced neutropenia, 
intermittent diarrhea, 
recurrent arthralgias

6.29 <0.3 <0.3 IVIG, rhG-CSF n/a

Fam089_III2 ♀ c.835+2T>G
p.K244_D279
delinsN

14 months HGG – – Transient 
hypogammaglobulinemia

1.94 <0.07 0.29 n/a n/a

FamNZ_I2 ♀ c.465dupA
p.A156Sfs*12

n/a – – – Alopecia, 
thrombocytopenia

9.9 0.58 0.8 n/a n/a

FamNZ_II1 ♂ c.465dupA
p.A156Sfs*12

2 years CVID – Hemolytic anemia Thrombocytopenia, 
neutropenia

5.17 0.07 0.53 IVIG Splenectomy

FamNZ_II2 ♀ c.465dupA
p.A156Sfs*12

20 years CVID Bronchiectasis, 
recurrent infections

– Alopecia, marginal zone 
non-Hodgkin lymphoma, 
nodular regenerative 
hyperplasia

n/a n/a n/a Rituximab, 
chlorambucil, 
IVIG

n/a

(6) Patient 1 ♂ c.1517delC 
p.A506Vfs*17

7 years CVID Recurrent respiratory 
infections, pneumonia, 
sinusitis

Thyroiditis, 
enteropathy

Gastric adenoma 1.6 0.14 0.14 IVIG, 
budesonide

n/a
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Reference Patient G Mutation AoO Diagn. Symptoms igG 
(g/L)

igA igM Treatment Surgery

infection Autoimmunity/
Autoinflammation

Other

(7) Index patient ♀ c.494delG
p.G165Afs*32

2 years CID with  
EBV-LPD

Recurrent respiratory 
infections, recurrent 
EBV infection with 
EBV-LPD

Hepatosplenomegaly, 
esophagitis, 
cervical/anxillary/
supraclavicular 
lymphadenopathy

Bacterial parapharyngeal 
abscess, chronic 
abscess-forming 
inflammation, 
neutropenia, leukopenia, 
thrombocytopenia

2.32 <0.05 0.012 IVIG, antibiotics, 
corticosteroids, 
rituximab

Tonsillectomy, 
adenectomy

Father ♂ c.494delG
p.G165Afs*32

n/a – Non-respiratory tract 
infections

– – 4.09 0.23 0.41 – n/a

(8) Patient 1 ♀ c.139delA
p.I47Yfs*2

n/a CVID Recurrent 
pneumonias, upper 
respiratory tract 
infection, fever, chronic 
otitis, mastoiditis, 
sinusitis, vulvovaginitis; 
recurrent viral (chronic 
EBV, recurrent herpes 
zoster, HPV38, 
HSV, RSV), bacterial 
(Gardnerella  
and group  
A Streptococcus, 
C. braakii), Candida 
(C. lusitaniae) 
infections

Hemolytic 
anemia, idiopathic 
thrombocytopenia, 
pancytopenia, 
autoantibodies, organ 
infiltration (liver, lung, 
spleen, kidney) with 
hepatosplenomegaly, 
pancolitis, generalized 
mucositis, recurrent 
aphthae and painful 
ulcers of mouth, 
esophagus, and 
genitalia

Recurrent idiopathic 
diarrhea, abdominal pain, 
bloody stools, ascites, 
intermittent proteinuria, 
latent hypothyreosis, 
multiple ovarian cysts, 
lack of calcium and 
vitamin D, recurrent 
headaches with vertigo, 
numbness and paresis of 
left arm and hand

4.85 <0.06 0.24 Steroids, 
mycophenolate, 
IVIG, mofetil, 
antibiotics, 
antiviral 
medication, 
calcium,  
vitamin D

Cholecystectomy, 
colectomy, 
mastoidectomy, 
ulcer excision, 
myringotomy, 
tympanostomy

Patient 2 ♀ c.469C>T 
p.R157*

n/a CVID Recurrent 
pneumonias  
(S. pneumoniae), 
upper respiratory  
tract infection,  
H. influenzae,  
Salmonella infections

Hemolytic 
anemia, idiopathic 
thrombocytopenia, 
leukopenia, 
splenomegaly

Recurrent diarrhea 10.9 <0.05 3.62 IVIG, steroids n/a

(9) F1.II-4 ♀ c.200A>G 
p.H67R

n/a Behçet-like;  
AB def

Upper respiratory tract 
infection

Recurrent 
monoarthritis, complex 
aphthae (mouth, 
genitalia), small vessel 
vasculitis

Periodic abdominal 
pain, chronic idiopathic 
diarrhea

HGG n/a n/a IVIG n/a

F1.III-2 ♀ c.200A>G 
p.H67R

n/a Behçet-like;  
AB def

– – Benign kidney tumor HGG n/a n/a n/a n/a

F1.III-3 ♂ c.200A>G 
p.H67R

n/a Behçet-like;  
AB def

Upper respiratory  
tract infection

Complex aphthae 
(esophagus)

Rudimentary left kidney, 
febrile attacks

HGG n/a n/a IVIG n/a

F1.III-6 ♀ c.200A>G 
p.H67R

n/a Behçet-like;  
AB def

Upper respiratory  
tract infection

Complex aphthae 
(mouth)

– HGG n/a n/a IVIG n/a
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Reference Patient G Mutation AoO Diagn. Symptoms igG 
(g/L)

igA igM Treatment Surgery

infection Autoimmunity/
Autoinflammation

Other

F1.III-7 ♀ c.200A>G 
p.H67R

n/a Behçet-like Upper respiratory  
tract infection

Recurrent 
monoarthritis, 
hyperinflammatory 
response to tooth 
excision, complex 
aphthae (mouth, 
genitalia)

Febrile attacks, periodic 
abdominal pain, keratitis

n/a n/a n/a n/a n/a

F1.III-8 ♀ c.200A>G 
p.H67R

n/a Behçet-like;  
AB def

Upper respiratory  
tract infection

Recurrent 
monoarthritis, 
microscopic colitis, 
complex aphthae 
(mouth)

Febrile attacks, periodic 
abdominal pain

HGG n/a n/a IVIG n/a

F1.IV-2 ♀ c.200A>G 
p.H67R

n/a Behçet-like;  
AB def

Upper respiratory  
tract infection

Complex aphthae 
(mouth, genitalia)

Febrile attacks, periodic 
abdominal pain

HGG n/a n/a n/a n/a

F2.II-3 ♀ c.1659C>G
p.I553M

n/a CVID Respiratory tract 
infection, autoimmune 
hypothyroiditis

Spondyloarthropathy 
oligoarthritis

Chronic idiopathic 
diarrhea, asthma

HGG n/a n/a IVIG n/a

F2.III-2 ♂ c.1659C>G
p.I553M

n/a CVID Respiratory tract 
infection

Celiac disease, 
asthma

– n/a n/a n/a n/a n/a

F3.II-1 ♂ c.469C>T
p.R157*

n/a FNC Respiratory tract 
infection

Postoperative 
necrotizing cellulitis

– n/a n/a n/a n/a Yes (unknown)

F3.II-5 ♂ c.469C>T
p.R157*

n/a FNC – Postoperative 
necrotizing cellulitis

– n/a n/a n/a n/a Yes (unknown)

(10) Patient 1 ♂ c.1301-1G>A
(intronic)

42 years CVID Pneumonias, chronic 
sinusitis, conjunctivitis, 
otitis, shingles

Lymphoid hyperplasia, 
aphthous ulcers, 
hypersplenism

Lung granulomas, 
enteropathy, neutropenia

Tx <0.07 <0.11 n/a Splenectomy

Patient 2 ♀ c.1301-1G>A 
(intronic)

19 years CVID Pneumonias, chronic 
sinusitis, conjunctivitis, 
otitis, shingles, 
C. difficile colitis

– Morphea <0.51 <0.05 <0.05 n/a n/a

Patient 3 ♂ c.259-4A>G 
(intronic)

21 years CVID Pneumonias, 
empyema, chronic 
sinusitis

Bronchiectasis, 
hypothyroidism, vitiligo

– Tx <0.01 <0.05 n/a Lobectomy

Patient 4 ♀ c.957T>A 
p.Y319*

19 years CVID MAl, pneumonia, lung 
abscesses, PML

Autoimmune hemolytic 
anemia, immune 
thrombocytopenia

Aplastic bone marrow Tx <0.07 <0.l7 n/a Splenectomy

Patient 5 ♀ c.1375delT 
p.F459Lfs*26

7 years CVID Pneumonias, otitis, 
giardiasis, C. difficile 
colitis, HSV infection, 
cellulitis, MAI

Bronchiectasis Enteropathy, osteopenia, 
poor growth

Tx <0.02 <0.02 n/a n/a

(11) Patient 26 ♀ n/a n/a CVID n/a n/a n/a n/a n/a n/a n/a n/a

H
oeger et al.

N
F-κB

1 H
aploinsufficiency and E

B
V-A

ssociated D
isease

Frontiers in Im
m

unology | w
w

w
.frontiersin.org

January 2018 | Volum
e 8 | A

rticle 1978

TABLe 1 | Continued

(Continued )
52

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


H
oeger et al.

N
F-κB

1 H
aploinsufficiency and E

B
V-A

ssociated D
isease

Frontiers in Im
m

unology | w
w

w
.frontiersin.org

January 2018 | Volum
e 8 | A

rticle 1978

Reference Patient G Mutation AoO Diagn. Symptoms igG 
(g/L)

igA igM Treatment Surgery

infection Autoimmunity/
Autoinflammation

Other

Patient 27 
[P.6 (13)]

♂ c.469C>T 
p.R157*

n/a CVID n/a n/a n/a n/a n/a n/a n/a n/a

Patient 28 ♀ n/a n/a CVID n/a n/a n/a n/a n/a n/a n/a n/a

(12) P9.1 c.904dupT 
p.S302Ffs*7

n/a AB def H. influenzae, 
pulmonary fibrosis

Autoimmune  
hemolytic anemia

– n/a n/a n/a Prednisol., 
rituximab

n/a

P9.2 c.904dupT 
p.S302Ffs*7

n/a AB def – Autoimmune hemolytic 
anemia, immune 
thrombocytopenia, 
autoimmune 
neutropenia

– n/a n/a n/a Prednisol., Ig n/a

(13) Patient 1 ♂ c.1517delC 
p.A506Vfs*17

13 years CVID Recurrent pulmonary 
infections

Autoimmune 
thyroiditis, autoimmune 
enteropathy

Gastric adenoma 1.6 0.1 0.1 n/a n/a

Patient 2 ♀ c.1365delT 
p.V456*

33 years CVID Pneumonias, 
necrotizing tonsillitis, 
periodontitis, infections 
(h. zoster, CMV 
viremia, intermittent 
low-grade EBV)

Autoimmune 
cytopenia, 
splenomegaly, 
lymphadenopathy, 
interstitial lung disease

Multiple liver 
hemangiomas

6.7 0.3 0.3 n/a n/a

Patient 3 ♂ c.1365delT 
p.V456*

43 years CVID Recurrent sinusitis 
and otitis, pneumonia, 
Salmonella enteritis

Autoimmune 
cytopenia, arthritis, 
splenomegaly, vitiligo, 
lymphadenopathy, 
granulomatous lung 
disease

– 0.08 0.05 0.05 n/a n/a

Patient 6  
[p.27 (11)]

♂ c.469C>T 
p.R157*

47 years CVID Chronic sinusitis, 
recurrent otitis, 
pneumonia, JC 
virus encephalitis, 
norovirus, EBV 
reactivation

Skin abscesses, 
atopic dermatitis, 
autoimmune 
enteropathy, 
nodular regenerative 
hyperplasia, 
splenomegaly, 
lymphadenopathy, 
thrombocytopenia

– 2.7 <0.06 0.21 n/a n/a

Patient 7 ♀ c.295C>T 
p.Q99*

20 years CVID Recurrent bronchitis, 
sinusitis

Enteropathy, 
splenomegaly

Basal cell carcinoma, 
osteoporosis

n/a n/a n/a n/a n/a

G, gender; AoO, Age of onset (diagnosis); Diagn., diagnosis; COPD, chronic obstructive pulmonary disease; IVIG, intravenous immunoglobulin; HGG,hypogammaglobulinemia; VSD, ventricular septal defect; EBV-LPD, Epstein–Barr 
virus-associated lymphoproliferative disease; AB def, antibody deficiency; FNC, familial necrotizing cellulitis; prednisol., prednisolone; MAI, mycobacterium avium intracellulare; PML, progressive multifocal leukoencephalopathy; n/a, not 
applicable.
aAfter IVIG.
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FiGURe 2 | Mapping of human nuclear factor kappa-light-chain enhancer of activated B cells 1 (NF-κB1) mutations on the protein’s domain architecture. 
Comparison of identified NF-κB1 mutations and their clinical presentation reveals no obvious genotype–phenotype correlation. Individual mutations in either p105 or 
p105/p50 protein subunits of NF-κB1 are depicted by black bars. Stop codons are depicted by asterisks. NF-κB1 haploinsufficiency results from intronic mutations, 
non-sense mutations and frameshift mutations with premature truncations. Similarly, two identified splice-site mutations result in NF-κB1 haploinsufficiency due to 
loss of mutated precursors. Missense exchange p.I553M results in enhanced degradation of both p105 and p50, while p.H67R leads to reduced nuclear entry of 
the affected mutant p50 and, hence, to functional haploinsufficiency. NLS, nuclear localization sequence; RHD, Rel homology domain; GRR, glycine-rich region; DD, 
death domain. NF-κB1 mutations are referenced according to Roman numbering: (I) Kaustio et al. (9); (II) Schipp et al. (8); (III) Boztug et al. (7); (IV) Fliegauf et al. (5); 
(V) Lougaris, Moratto et al. (6); (VI) Maffucci et al. (10); (VII) Rae et al. (12); (VIII) Lougaris, Patrizi et al. (13) (IX) Keller et al. (11). Clinical presentations are indicated by 
the following symbols: #, common variable immunodeficiencies (CVID) (incl. autoimmunity); $, autoinflammation; §, chronic EBV/EBV-lymphoproliferation; 
ρ, combined immunodeficiency (CID).
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MOLeCULAR MeCHANiSMS OF NF-κB1 
DeFeCTS AND eBv-iNDUCeD DiSeASe

Epstein–Barr virus infections pose a huge challenge to immu-
nocompromised individuals, given the virus’ wide prevalence 
in the adult population and its concomitant risk to induce 
life-threatening lymphoproliferative and malignant disease (50). 
EBV belonging to the herpesvirus family, was the first human 
tumor virus associated with B-cell and T-cell lymphoprolifera-
tive disease and related lymphoma (20, 50). Its mechanisms and 
implications for human health have been discussed by numer-
ous studies [see, for example, reviews authored by Hatton and 
coworkers (19) or Thorley-Lawson (20)]. EBV primarily infects 
B  cells and drives their proliferation by expressing a small 
number of latency genes that mimic growth, transcription, and 
anti-apoptotic markers, followed by a lytic replication phase to 
produce infectious virus (20). Successfully cleared by cytotoxic T 
and NK cells that interfere with different stages of infected B cells 
in healthy individuals (20, 51–53), immunodeficient humans fail 
to manage and eliminate these. As a consequence of cytotoxic 
T-cell dysfunction, accumulation of EBV-infected autoreactive 
B  cells in target organs induces a concomitant infiltration of 
autoreactive T  cells that results in harsh autoimmune episodes 
(54). EBV-associated disease is, thus, a phenomenon of infected 
B cells but their compromised elimination results from mainly 
T-cell intrinsic mechanisms.

As recent cases of NF-κB1 haploinsufficiency have been 
shown associated with EBV infection (8, 13) and EBV-
lymphoproliferative disease with T-cell dysfunction (7), we 
compare NF-κB1 haploinsufficiency with other EBV-associated 
PIDs, discuss combined immunodeficiencies related to NF-κB 
by shared signaling pathways but without sign of EBV-associated 
disease, and outline the consequences of NF-κB1 dysfunction 
for T-cell integrity resulting in a proposed impairment of EBV 
clearance.

Comparison of eBv-Associated PiDs and 
what to Learn from Them
Epstein–Barr virus-driven lymphoproliferative disease is com-
monly understood as consequence of impaired cytotoxic T- or 
NK-cell function. Several PIDs have been clearly associated with 
EBV-induced disease and reviewed on various occasions (55–59). 
The investigation of how these PIDs disturb T-cell function to 
affect virus elimination abilities is of critical relevance for under-
standing disease mechanisms.

Among the PIDs predisposing to severe infections, some 
predispose to a single, while others respond to a multitude of 
pathogens (60, 61). Specific EBV-associated disease has been 
reported for X-linked lymphoproliferative syndrome (XLP)-1 and 
-2 [BIRC4 and SAP deficiency, respectively (62, 63)], ITK (64), 
CD27 (65), CD70 (66, 67), CORO1A (68), RASGRP1 (69), and 
MAGT1 (X-MEN syndrome) (70) deficiencies, as summarized by 
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FiGURe 3 | NF-κB1-related immunodeficiencies affecting T-cell mediated 
clearance of EBV-infected B cells. Proposed scenario for NF-κB1 signaling 
induced in cytotoxic T cells downstream of B-cell recognition events. Proteins 
for which primary immunodeficiencies (PIDs) with EBV-associated disease 
have been identified are named in blue. NF-κB1, nuclear factor kappa-light-
chain enhancer of activated B cells-1; SAP, SLAM-associated protein.
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various studies (55, 56, 59, 71). Clinically, these manifest in CID 
with antibody deficiencies and autoimmune episodes, including 
lymphoproliferative disease (55). Among the PIDs associated 
with risk of infections of various kinds, mutations of ATM, WASP, 
STK4, PIK3CD, PIK3R1, CTPS1, CARD11, FCGR3A, MCM4, 
and GATA2 have been reported with severe EBV infections (59).

Although impaired B- and NK-cell function were shown 
involved in EBV-associated diseases, it is primarily the cytotoxic 
T  cells that initiate an effective—or defective—EBV-directed 
immune response (57, 60, 61, 71). A related disease state mani-
fests through either a loss of effective T cells in the circulation, or 
through defective T-cell function (57).

NF-κB1 plays a critical role in cytotoxic T-cell function. A 
comparison with EBV disease-associated proteins and their 
canonical pathways underlines the importance of NF-κB1 signal-
ing in recognition of EBV-infected B cells and their targeting for 
elimination. As recently reviewed by Tangye and coworkers (55), 
defined EBV-associated PID genes do share common pathways 
upstream of NF-κB1 in this specific process. NF-κB1 has been 
shown a relevant effector of B-cell recognition by cytotoxic T cells 
(Figure  3). CD70, a surface marker on (EBV-infected) B  cells, 
binds to the CD27 receptor on T cells which triggers an NF-κB1-
mediated response for expansion of cytotoxic T  cells directed 
against the infected target cells (66, 67, 72). Loss of both CD70 
and CD27 have been reported with CID-like syndromes, includ-
ing EBV-driven malignancy and life-threatening EBV infection, 
respectively (65–67). Similarly, CD48/2B4 receptor pairing by 
infected B  cells in contact with cytotoxic T  cells, respectively, 
may trigger NF-κB1 activation via the 2B4-binding partner SAP. 
Loss of SAP or its function has been similarly reported with 
EBV disease manifestation (62). Future identification of further 
immunodeficiency-causing genes related in these processes 
might shed additional light on NF-κB1-related mechanisms in 
EBV-directed cytotoxic T-cell response.

Combined immunodeficiencies 
Associated with NF-κB Pathways
Among the immediate NF-κB pathway-associated immunode-
ficiencies, NF-κB1 haploinsufficiency itself has been reported 
with EBV-driven lymphoproliferative disease or recurrent EBV 
infection (7, 8, 13). In addition, a recent study reported a patient 
with a constitutively active mutant of NF-κB2 and EBV viremia 
(14). NF-κB-related immunodeficiencies harbor the potential to 
develop EBV-driven disease in a predisposing environment, and 
thus should be considered at risk. The hitherto identified defi-
ciencies of upstream components of NF-κB have yet not been 
reported with EBV-related disease. These include homozygous 
deficiencies of IKK2, NIK, RELB, and X-linked deficiency of 
NEMO (see Figure  1). NEMO mutations were reported with 
susceptibility to pyrogenic and myco-bacterial infections, due to 
specific defects of NK-cell cytotoxicity. Selected affected patients 
presented with viral infections of molluscum contagiosum or 
human papillomavirus (73). Homozygous loss-of-function 
affecting NIK has been shown to affect various B cell compart-
ments, with additional perturbation of NK  cell and memory/
follicular helper T-cell activity, but lacking evidence of EBV-
linked episodes (74). Biallelic loss of RELB resulted in a CID 
with unresponsive T  cells and impaired humoral immunity, 
presenting with respiratory infections but no report of EBV 
manifestation (75). Both NIK and RelB are crucial players in 
non-canonical NF-κB2-mediated signaling. NEMO deficiency 
was reported with severe CID-like characteristics including 
impaired B- and T-cell activation response through various 
stimuli, and generally absent regulatory and gamma-delta 
T cells. Alongside multi-pathogenic infections, viral infections 
were only reported for parainfluenza type 1 (76, 77).

Lastly, with the CD40/CD40L signaling system, an NF-κB-
related mechanism itself is of relevance for successful EBV 
infection in B cells. CD40 expression by B cells and its engage-
ment with its receptor CD40L on the surface of T lymphocytes 
is involved in the formation of memory B cells and Ig isotype 
switching (78). Homozygous mutations affecting either CD40 
or CD40L have been shown to cause hyper-IgM syndrome 
(79–81). In EBV-infected B lymphocytes, CD40/CD40L signal-
ing is induced by a mimicking mechanism, and critical for B-cell 
transformation (55).

Molecular Considerations of eBv-Driven 
Disease in NF-κB1 Haploinsufficiency
The persistent exposure to EBV that is present in over 90% of the 
human population causes a considerable threat to dysfunctional 
NF-κB signaling systems. Accumulating evidence enabled by 
studies on CD27, CD70, and SAP deficiencies points to NF-κB1 
being involved in T-cell intrinsic mechanisms downstream of 
their recognition of EBV-infected B  cells (see Figure  3). Due 
to the only recent discovery of EBV disease and T-cell dysfunc-
tions in NF-κB1 haploinsufficiency, comprehensive studies of 
T-cell functionalities have not been systematically explored. For 
example, the T-cell related target gene expression sets modified 
by the various identified NF-κB1 haploinsufficient conditions 
should be addressed in a comparative manner. Similarly, it would 
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be necessary to explore detailed T-cell responses, including cyto-
toxicity and proliferation studies in larger cohorts, to evaluate 
genotype–phenotype relationships.

Numerous target genes have been found differentially expressed 
by the NF-κB signaling systems and summarized in their whole 
on a web resource at Boston University (http://www.bu.edu/
nf-kb/gene-resources/target-genes/). Collectively, such affected 
targets include cytokines and chemokines, T-cell receptor and 
toll-like receptor subunits, T-cell activation and differentiation 
markers, cell adhesion molecules, stress response factors, growth 
factors and regulators of apoptosis, and numerous transcription 
factors and signaling molecules. Expression profiling would need 
to clarify which of these could contribute to T-cell-related EBV 
disease in NF-κB1 haploinsufficiency.

NF-κB signaling itself is critically relevant for EBV replication 
in B cells. EBV infects B cells by binding of glycoprotein gp350 
and upregulation of latency genes such as LMP1 that mimics 
CD40 and B-cell receptor signaling (55). Subsequent induction of 
NF-κB signaling upregulates the B-cell reproductive machinery. 
Still, partial loss of the NF-κB signaling system through NF-κB1 
haploinsufficiency has been shown associated with severe EBV 
proliferative disease (7). Due to the monoallelic nature of the 
disease, haploinsufficient NF-κB1 signaling might be sufficient 
for EBV to successfully reproduce in B cells, while at the same 
time the dysfunctional T cells are rendered unable to clear such 
infection. In addition, in case of disrupted canonical NF-κB1 
signaling, the remaining NF-κB2 axis could sufficiently induce 
(infected) B-cell replication. EBV protein LMP1 has been shown 
to activate both the canonical and non-canonical NF-κB signal-
ing networks by using specific domains termed TES1 and TES2, 
respectively (82). A recent report describes a patient with a het-
erozygous NF-κB2 precursor-skipping mutation that resulted in 
a constitutive presence of p52. The mutation was shown to cause 
CID with severe EBV infection (14). Through pathway crosstalk, 
NF-κB2 can inhibit NF-κB1 activation by direct interaction of 
respective subunits (82), and thus potentially lead to similar 
functional NF-κB1 defects.

Treatment Considerations for NF-κB- and 
eBv-Related immune Deficiencies
Lymphoproliferation by EBV infection causes life-threatening 
autoimmune-like infiltration into target organs that demands 
aggressive treatment. Given this pressing urgency, the fatal cor-
relation of EBV-associated disease occurring predominantly in 
immunodeficient individuals causes a discrepancy in the choice 
of treatment—simply spoken, a fully satisfactory therapy recom-
mendation is still elusive. Virus-induced lymphocyte expansion 
is tackled by application of various immunosuppressants. Yet 
the use of immune-suppressing agents themselves additionally 
dampens the genetically compromised immune cell function. 
EBV infection and/or reactivation can be managed by combined 
application of rituximab and corticosteroids for depletion of 
(infected) B cells and infiltrating T cells (7). Allogeneic hemat-
opoietic stem cell transplantation (aHSCT) should be considered 
in severe cases with recurring EBV disease (7). Still, such meas-
ures often fail to protect against viral infections (55).

In addition to unspecific B-cell depletion with CD20- or 
CD19-directed monoclonal antibodies, EBV-T  cell-specific 
antibody therapy against viral proteins such as LMP1 is currently 
being discussed (52). Boosting immunity against EBV is similarly 
considered (54). This includes vaccination with the viral gp350 
glycoprotein, or an elaborate T-cell boost by in vitro expansion 
of virus-specific T cells followed by re-infusion into the patient’s 
circulation (54). In addition, administration of interleukin-7 was 
reported to expand virus-specific cytotoxic T cells (83).

Targeting virus expansion directly at its core would manage 
EBV-driven autoimmunity, especially when administered in 
combination with rituximab or other eliminators of infected 
B  cells (54). Currently available antiviral therapeutics such as 
acyclovir only target the lytic/replicative state of viral infections, 
leaving the latently infected cells intact for breakout at a later stage 
(52, 54). Inhibitors of viral proteins such as LMP1 might prove 
beneficial in future studies, but are still in developmental stage. 
Drugs acting downstream of the EBV pathway, including PI3K, 
AKT and MAPK inhibitors, are in turn not specific in targeting 
only the virus-carrying host cells. Proteasome inhibitors are simi-
larly non-specific. Zou and coworkers reported that bortezomib 
induced apoptosis in EBV-transformed B cells by interfering with 
NF-κB signals, prolonging survival in mice (84).

Proteasome inhibitors are as well being discussed in context 
of NF-κB deficiencies (85) and might hence be worth investigat-
ing in specific NF-κB1 disorders, especially in combination with 
EBV-induced disease. NF-κB1 dysfunction as consequence of 
accelerated degradation of mutated protein might be tackled by 
blocking the proteasome with specific inhibitors. On the other 
hand, proteasome inhibitors could also hinder IκB clearance 
and in turn inhibit NF-κB function, hence a dedicated study 
of affected NF-κB1 haploinsufficiency would be necessary to 
investigate a possible outcome. Drugs targeting the transcription 
machinery to restore or enhance NFKB1 transcription, or to block 
IκB expression, are currently being discussed at a research level, 
though raise the concern of specificity. Targeted degradation of 
IκB seems an attractive novel approach. The recent advances in the 
development of degradation-directing therapeutics (86) might 
prove relevant for NF-κB-related disorders. When considering 
therapeutic induction or stabilization of NF-κB, it needs to be 
clarified to which extent excessively active NF-κB could increase 
the risk for hematological malignancies (87). Similar concerns 
apply for general kinase activators.

Among the reported drugs to interfere with NF-κB pathways, 
the chemotherapeutic etoposide has been reported to increase 
NF-κB (85, 88). Intriguingly, etoposide is part of the current 
HLH2004 protocol for treating hemophagocytic lymphohistio-
cytosis, a disease that is often triggered by EBV infection (89). 
In light of chemotherapy being considered for EBV-driven 
disease (52), a combined rationale in case of NF-κB dysfunction 
might prove beneficial. On the other hand, numerous agents 
have been shown to downregulate NF-κB activation by various 
mechanisms and are summarized by Yamamoto and Gaynor (85). 
These include anti-inflammatory steroids and glucocorticoids, 
such as prednisone and dexamethasone, as well as non-steroidal 
anti-inflammatory drugs, such as aspirin and sodium salicylate. 
Similarly, the common immunosuppressants cyclosporine A and 
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tacrolimus were reported to inhibit calcineurin and, thus, NF-κB 
pathways (85), although calcineurin can also exhibit positive 
modulatory activity for NF-κB (90).

On a larger scale, whether general or specific indications for 
invasive aHSCT are being met is only starting to be discussed in 
expert communities. Severe or recurrent disease manifestation 
with EBV-lymphoproliferative disease may represent an indica-
tion for such invasive treatment strategy, though owing to the lack 
of (published) data, it is currently not clear what the outcome of 
aHSCT in NF-κB1-mutant PID is with regard to long-term mor-
bidity and survival. To define improved guidelines and assistance 
in therapeutic decisions, it will be necessary in the upcoming 
years to collect comprehensive data revealing phenotype–geno-
type relationships and long-term surveillance of this rather novel 
disease.

Altogether, EBV infectious disease and chronic EBV infec-
tions as a consequence of NF-κB1 (7, 8, 13) and also NF-κB2 (14) 
dysfunction deserve special consideration. Though initiated in 
early stages, personalized approaches for immune deficiencies 
with viral predisposition remain a challenge that will direct future 
considerations regarding cellular, genetic, immune, and drug 
therapies. The continuing urgent demand for virus-targeting 
therapeutics, and the increasing emergence of NF-κB-related 
immunodeficiencies within the past and coming years, will 
enable new lines of discussions.

CONCLUSiON

Among the primary immunodeficiencies, haploinsufficiencies 
are considered inherently diverse in disease manifestation and 
penetrance (91). Similarly, CVIDs have been grouped based on 
a very heterogeneous collection of diseases (40–42). Monoallelic 
mutations in NFKB1 causing genetic or functional NF-κB1 
haploinsufficiency have recently been reported to not only 
account for CVID-like B-cell deficiency, but a rather complex 
immunodeficiency-like profile including the emergence of 

combined B- and T-cell dysfunction (5–13). As a consequence 
of affected T-cell integrity, NF-κB1 haploinsufficiency has been 
shown to coincide with recurrent EBV and life-threatening EBV-
driven lymphoproliferative disease (7, 8, 13). The latter poses a 
challenge due to immediate urge and yet often unsatisfactory 
treatment options in immunodeficient individuals. Especially 
when facing a disease with broad clinical manifestation and 
highly individual genotype–phenotype presentation, defining 
tailor-made treatment options will be highly relevant. Based 
on the currently available clinical and immunological data, the 
causative relation between defined NFKB1 mutations and EBV 
infections or associated disease remains unclarified. Larger 
cohorts and a broad investigation of cellular and genetic function-
alities will be necessary to decipher this relationship. Comparison 
of EBV-associated mechanisms of immunodeficiencies and the 
NF-κB signaling system suggests that dysfunctional T-cell core 
processes underlie a particular vulnerability to EBV infection. 
It will, thus, be of urgent relevance to further investigate T-cell 
functions affected by NF-κB1 haploinsufficiencies, in order to 
understand this highly heterogeneous disorder and its relevance 
to EBV-associated lymphoproliferative disease.
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Chronic eBV Infection presenting 
as a periodic Fever

 

Roberta Caorsi1†, Marta Rusmini2†, Stefano Volpi1, Sabrina Chiesa1, Claudia Pastorino1, 
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1 Clinica Pediatria e Reumatologia, Istituto Giannina Gaslini, Genova, Italy, 2 Division of Human Genetics, Istituto Giannina 
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Primary immunodeficiencies with selective susceptibility to EBV infection are rare 
conditions associated with severe lymphoproliferation. We followed a patient, son of 
consanguineous parents, referred to our center for recurrent periodic episodes of fever 
associated with tonsillitis and adenitis started after an infectious mononucleosis and 
responsive to oral steroid. An initial diagnosis of periodic fever, aphthous stomatitis, 
pharyngitis, cervical adenitis syndrome was done. In the following months, recurrent 
respiratory infections and episodes of keratitis were also observed, together with a 
progressive reduction of immunoglobulin levels and an increase of CD20+ cells. Cell 
sorting and EBV PCR showed 25,000 copies for 100,000 leukocytes with predominant 
infection of B lymphocytes. Lymph node’s biopsy revealed reactive lymphadenopathy 
with paracortical involvement consistent with a chronic EBV infection. Molecular analy-
sis of XIAP, SHA2D1A, ITK, and CD27 genes did not detect any pathogenic mutation. 
The patients underwent repeated courses of anti-CD20 therapy with only a partial 
control of the disease, followed by stem cell transplantation with a complete normal-
ization of clinical and immunological features. Whole exome sequencing of the trio 
was performed. Among the variants identified, a novel loss of function homozygous c. 
163-2A>G mutation of the CD70 gene, affecting the exon 2 AG-acceptor splice site, 
fit the expected recessive model of inheritance. Indeed, deficiency of both CD27, and, 
more recently, of its ligand CD70, has been reported as a cause of EBV-driven lymph-
oproliferation and hypogammaglobulinemia. Cell surface analysis of patient-derived 
PHA-T cell blasts and EBV-transformed lymphoblastoid cell lines confirmed absence 
of CD70 expression. In conclusion, we describe a case of severe chronic EBV infection 
caused by a novel mutation of CD70 presenting with recurrent periodic fever.

Keywords: CD70 deficiency, periodic fever, aphthous stomatitis, pharyngitis, cervical adenitis syndrome, periodic 
fever, ebstein–Barr virus, hematopoietic stem cell transplantation
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A number of different conditions are associated with the chronic 
activation of an EBV infection. Chronic active EBV (CABEV) 
was first described in 1975 (1), to describe a condition character-
ized by the presence of chronic symptoms of EBV infection in 
the absence of malignancy, autoimmunity, or a known immuno-
deficiency (2–4). This condition is heterogeneous from both the 
clinical and immunological point of view: in fact, while in some 
patients, EBV is nearly only detected in T or NK  cells [more 
frequently in the Asian population (1–4)], in other patients, it 
is mostly detected in B cells [more common in the Caucasian 
population (5)].

However, during the past years, it became evident that a 
relevant proportion of chronic EBV infections were secondary 
to genetic defects leading to a selective susceptibility to EBV-
induced diseases. X-linked diseases caused by mutations in 
SH2D1A (6) (XLP), XIAP (7), and MAGT1 (8) or autosomal 
recessive diseases caused by mutation in ITK (9), CORO1A (10), 
and FCGR3A (11) are such an example. In this condition, patients 
develop various degrees of lymphoproliferation and immunode-
ficiency, with hemophagocytic lymphohistiocytosis, hypogam-
maglobulinemia, and/or lymphoid malignancy secondary to 
chronic EBV infection as part of the clinical picture. Biallelic 
mutations of CD27, a tumor necrosis factor (TNF) receptor  
superfamily member expressed on cells of adaptive immunity and 
NK cells cause an EBV-associate lymphoproliferative disease with 
hypogammaglobulinemia (12–14). More recently, an autosomal 
recessive deficiency of CD70, the ligand of CD27, has been associ-
ated to a combined immunodeficiency with EBV-induced B-cell 
malignancy in humans (15, 16).

Though presenting with a wide heterogeneity, most of 
the patients with chronic EBV infection share severe clinical 
manifestations with early onset and poor prognosis: common 
immunosuppressive and antiviral therapies are usually not 
effective, and most of the patients not treated with bone mar-
row transplantation die due to lymphoid malignancies (5). 
Here, we describe the genetic characterization of a patient 
with a severe chronic EBV infection due to a novel mutation of 
CD70, whose initial clinical picture resembled a periodic fever  
syndrome.

The patient, born to consanguineous parents, presented at 
the age of 15 months with a not-complicated infectious mono-
nucleosis followed by the onset of recurrent episodes of fever 
associated with exudative tonsillitis, adenitis, splenomegaly, 
and sweating, lasting 3–5 days and treated with NSAIDS or, in 
some occasions, with antibiotics. Blood examination revealed 
neutrophilic leukocytosis and elevation of acute phase reactants, 
while serum immunoglobulins were within the normal range. 
An autoinflammatory condition, consistent with periodic fever, 
aphthosis stomatitis, pharyngitis, cervical adenitis (PFAPA) 
syndrome was suspected and on-demand steroidal treatment was 
suggested with a prompt response. In the following months, the 
child continued to present periodic fever episodes with a more 
clear association with respiratory viral and bacterial infections 
and more frequent use of antibiotics. Three episodes of anterior 
uveitis were also observed. The patient presented several destruc-
tive dental caries (Figure 1A) and hyper sensibility to mosquitoes’ 
bites was reported.

At the age of 3, immunologic tests revealed a reduction in the 
level of serum immunoglobulins and a reduction of both T (in 
particular CD3+CD8+ cells) and B lymphocytes populations 
(Table 1). Quantitative PCR for EBV DNA revealed 21,935 copies 
for 100,000 leukocytes with prevalence of infection in the B cells 
(Table 2). Whole body positron emission tomography revealed 
a retroperitoneal formation of about 35 mm with an increased 
metabolism. At biopsy, staining was compatible with reactive 
lymphadenopathy with paracortical involvement associated with 
EBV infection (Figure 1B). No signs of lymphoma were observed. 
The cytofluorimetric characterization of the immunophenotype 
enlightened the presence of a mixed lymphocyte population 
composed of polyclonal T and B lymphocytes.

Most common genetic conditions possibly associated with 
chronic EBV infection and hypogammaglobulinemia were 
ruled out by molecular analysis of the coding sequence of target 
genes (SHA2D1A, XIAP, BAFF-R, and ICOS). In addition, the 
cytofluorimetric analysis of perforin, CD107, and 2B4 receptor 
was normal (data not shown). In light of these findings, a severe 
chronic EBV infection was suspected.

Taking into consideration, the overall satisfactory general 
conditions and in light of the prevalent involvement of CD20+ 
lymphocytes, after informed consent approved by G. Gaslini ethi-
cal board, treatment with rituximab (375 mg/m2/dose) was started 
with a good clinical response and a dramatic reduction of viral load 
(Figure 1C). The patient was followed longitudinally with the indi-
cation to repeat rituximab whenever the viral load exceeded 20,000 
copies/100,000 lymphomonocytic cells and/or the re-appearance 
of fever and other manifestations associated with EBV. During the 
following 2  years, the patient received only two administrations 
of rituximab, in association with i.v. immunoglobulin substitutive 
treatment every 6 weeks. The patient presented a general wellbeing 
with a regular growth, without severe infections, and with persistent 
control of the viral load and of the number of CD20 cells (Figure 1C). 
However, 3  years after the diagnosis a clear progression of the 

taBle 1 | lymphocytes population detected in the patient.

lymphocytes’ population percentage of lymphocytes 
(absolute count/mmc)

CD3+ 76 % (4071)

CD3+ CD4+ 42.5 % (2246)

CD3+ CD8+ 26.2 % (134)

CD19+ 15.4 % (814)

CD20+ 15 % (800)

CD3– CD16+ CD56+ 7 % (370)

taBle 2 | EBV DNA quantitative PCR in different lymphocytes populations.

lymphocytes’ 
population

eBV DNa quantitative pCR % of infected cells

CD3+ CD8+ 8100 copies / 1812200 cells 0.4 %

CD3+ CD4+ 10700 copies / 4584300 cells 0.2 %

CD3– CD16+ CD56+ 1700 copies / 367000 cells 0.5 %

CD19+ 386540 copies / 4500000 cells 8.6 %
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FIguRe 1 | (a) Multiple caries in CD70 deficient patient. (B) Histologic analysis of patient’s lymph node showing follicular hyperplasia with paracortical expansion 
(top left), germinal centers with normal appearance (top right), follicular lysis (lower panels). (C) Copies of EBV DNA (above) and number of CD20 cells (below) 
detected in the patient. Arrows represent the infusions of rituximab. (D) Family pedigree with the c.163-2A>G variant of the CD70 gene, heterozygous in carriers, 
and homozygous in the patient. (e) CD70 genomic region and cDNA sequence of the first 3 exons in the patient is depicted, revealing the exon 2 skipping in the 
electropherogram at the bottom.
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disease was observed, with subsequent elevations of the viral load 
and an increase in the frequency and severity of respiratory tract 
infections requiring, in some cases, prolonged hospitalization. In 
this period, the patient received three consecutive administrations 
of rituximab, with only a transient clinical response. On these bases, 
hematopoietic stem cell transplantation (HSCT) was planned.

The conditioning regimen consisted of Thiotepa (8  mg/kg,  
day −7), Fludarabine (40 mg/m2/day, from day −6 to day −3), 
and Treosulfan (14  gr/m2 from day −6 to day −4). Rabbit 
anti-thymocyte globulin (ATG, 30 mg/kg from day −4 to −2), 
micophenolyc acid (30  mg/kg from day 0), and cyclosporine 
(1 mg/kg until day −2 and 3 mg/kg from day −1) were adminis-
tered as Graft-versus-Host Disease (GvHD) prophylaxis, whereas 

a single dose of rituximab (200 mg/sqm) was administered on day 
0 for prevention of EBV-related lymphoprolipherative disease.

A total of 2.88 × 108/kg mononuclear bone marrow cells were 
infused from an 8/10, EBV positive HLA-matched unrelated 
female donor (1 antigenic HLA-C mismatch in host-versus-graft 
direction, 1 bidirectional HLA-DQB1 mismatch). Neutrophils 
and platelets engraftment occurred on day +24 and +18 after 
HSCT, respectively. At first evaluation, chimerism analysis 
revealed a mixed pattern (88% donor cell), shown to be of full 
donor origin, which persisted at all subsequent evaluations. The 
early post-transplant phase was complicated by mild mucositis, 
multiple CMV reactivations successfully treated by Foscarnet 
and/or Gancyclovir, grade 2 acute GvHD (grade 2) responsive to 
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FIguRe 2 | CD70 expression. (a) FACS histograms showing CD70 expression detected with anti-CD70 antibody on PHA-stimulated CD3+ T cell blasts from 
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corticosteroids. Immunosuppression was progressively tapered 
and eventually discontinued 16 months after HSCT in the absence 
of any manifestation of chronic GvHD. Blood EBV DNA never 
positivized after HSCT, and specific antibodies were detected since 
month +9. After 2  years and 6  months from HSCT, the patient 
persists in good health in the absence of any sign of the disease.

Having excluded some of the most common genetic causes 
of genetic susceptibility to EBV infections, and in light of the 
severity of the clinical picture, and the consanguinity of the 
parents (Figure 1D), a whole exome sequencing (WES) approach 
was undertaken in the patients and their parents. Variants were 
prioritized with a custom pipeline to identify the genetic cause of 
patient’s condition. In particular, only variants either unreported or 
already reported in the general population with a frequency lower 
than 1% were considered. Moreover, synonymous, intronic, and 
UTR variants were excluded, in addition to splicing variants not 
specifically affecting the donor and acceptor splice sites. Among the 
homozygous variants, thus identified (Table S1 in Supplementary 
Material), a splicing variant of the CD70 gene, fitting the expected 
recessive model of inheritance, with the parents being heterozygous 

for the same mutation (Figure 1D), was further investigated. In 
particular, the variant c.163-2A>G affects the exon 2AG-acceptor 
splice site of the CD70 gene (NM_001252). To analyze the effect of 
the mutation on the transcription of the gene, we sequenced the 
complementary DNA, revealing the skipping of exon 2 (Figure 1E).

Flow cytometry analysis of CD70 expression of patient’s 
PHA-T cell blasts at 7 and 23 days of stimulation failed to detect 
even low amounts of CD70 protein. In contrast, expression of 
CD70 was detected on a fraction of PHA-stimulated T cells from 
healthy donors (Figure 2A). Similarly, CD70 was not detected on 
EBV-trasformed lymphoblastoid cells lines (EBV-LCL) derived 
from the patient, in contrast to EBV-LCL from healthy donors 
that expressed high levels of CD70 on their surface (Figure 2B). 
After HSCT, the expression of CD70 in patient’s PHA-T cell blasts 
at 12 days of culture was comparable to healthy donor (Figure 2C). 
These data demonstrate that c.163-2A>G mutation causes exon 
skipping and absence of CD70 protein expression in patient’s cells.

CD70 is the ligand of the TNF superfamily member CD27 and 
is expressed by antigen-presenting cells upon triggering of CD40 
and toll-like receptors (TLR), by T  cells upon TCR activation, 
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CD28 cross-linking, and cytokine exposure, and constitutively 
by thymic epithelial cells (17). CD27–CD70 binding provides a 
costimulatory signal for CD4 and CD8 activation (18, 19), and 
studies in mice have provided evidences for its role in memory 
expansion and protection upon reinfection (20, 21). Inborn 
errors of CD27 are a well-known cause of persistent symptomatic 
EBV viremia and hypogammaglobulinemia, thus making CD70 
mutations the likely cause of our patient’s phenotype.

While our characterization of this novel immune defect 
was on-going, two groups reported the association of CD70 
mutations with combined immunodeficiency in a total of five 
patients affected by EBV-associated Hodking’s lymphoma and 
hypogammaglobulinemia (15, 16). The groups demonstrated that 
CD70 deficiency (16) causes a reduction of in  vitro-generated 
EBV-specific cytotoxic T cell activity and to a decreased expres-
sion of 2B4 and NKG2D, receptors implicated in controlling 
EBV infection, on memory CD8+ T cells, consistent with their 
impaired capability to kill EBV-infected cells (15).

Four of the five reported patients suffered by EBV-associated 
Hodgkin’s lymphoma with an onset at 2.5, 3 (two patients), 
and 17  years of age and hypogammaglobulinemia. The initial 
presentation was a severe varicella infection with pneumonia in 
one case, encephalitis of unknown cause in another one, and HL 
in the other three cases. Our patient uniquely presented with a 
subtle history of recurrent fever and inflammatory symptoms 
was similar to PFAPA syndrome. Of note, the patient reported 
by Izawa et al. following treatment for HL, also presented with 
recurrent fever and lymphoadenopathy, while P1 in Abolhassani 
et al. presented oral aphthous ulcers.

In conclusion, we report an early diagnosed case of CD70 
deficiency with an onset of periodic fever, suggesting that in 
EBV positive patients with signs of PFAPA syndrome molecular 
analysis of CD70 gene should be performed.

MateRIals aND MetHoDs

Informed Consent
Experiments and molecular genetic analysis were performed, 
following informed consent and approval by the institute review 
board. The family gave permission for publication of clinical and 
laboratory data and photographic images.

Cell Culture
Whole blood samples were collected from the patient and healthy 
donors. Peripheral blood mononuclear cells (PBMC) were iso-
lated by Ficoll-Paque density gradient from blood samples using 
standard procedures. Expansion of T cell blasts were obtained by 
incubating PBMCs for 48 h with 1 µg/ml of phytohemagglutinin 
(PHA) (Sigma-Aldrich) in RPMI supplemented with 10% FBS 
serum, 1% penicillin, and 1% streptomycin. After 2 days, PHA-
blasts were maintained in culture with 100 U/ml IL-2.

EBV-trasformed cell lines were generated from the patient and 
control healthy donors with standard technique.

lymph Node Histology
Lymph nodes from diagnostic biopsies were fixed in 4% formalin, 
paraffin embedded and sectioned for H&E staining with standard 

techniques. Images were recorded using a Zeiss Axioskop plus 
microscope mounting a digital microscopy camera AxioCam ICc5.

Flow Cytometry
Cell staining and phenotype analyses of blast T cells and cell lines 
were performed according to standard flow cytometry methods.

Expression of CD70 on PHA-T cell blasts pre- and post-HSCT 
and lymphoblastoid cell lines derived from the patient and four 
healthy donors was evaluated by flow cytometry. Anti-CD70 
PE monoclonal antibody (clone: Ki-24, isotype: mouse IgG3, k, 
BD Biosciences), PeCy7 mouse anti-human CD3 (clone: SK7, 
isotype: mouse BALB/c IgG1, k, BD Biosciences), APC mouse 
anti-human CD4 (clone: RPA-T4, isotype: mouse IgG, k, BD 
Biosciences), and PC7 mouse anti-human CD19 (clone: J3-119, 
isotype: IgG1, mouse, Beckman Coulter) were used.

Wes and sanger sequencing Validation
Molecular analysis of SHA2D1A, XIAP, BAFF-R, and ICOS genes 
was performed through Sanger sequencing in a CLIA certified 
laboratory.

Whole exome sequencing consisted of several steps. Exome 
capture was performed on genomic DNA using the Nextera Rapid 
Capture Expanded Exome Kit (Illumina Inc., San Diego, CA, USA) 
according to manufacturer instructions. The enriched libraries 
were sequenced on the Hiseq3000 instrument with 100 bp paired-
end reads. This approach achieved an 86× average coverage over 
the 62Mb of target regions sequenced, with more than 95% regions 
covered. Data analysis has been performed using an analysis 
pipeline implemented in Orione (22). Briefly, paired-end sequence 
reads were aligned to the human genome (hg19) with BWA-MEM 
[v.0.7.9a (23)]. Initial mappings were processed using the GATK 
framework [version 2.8.1 (24)], according to the GATK best prac-
tices recommendations (25, 26). Variants were classified as known 
or novel based on dbSNP146 and annotated using KGGSeq (27).

Annotations included positions in UCSC, RefGene, GENCODE 
and ENSEMBL transcripts, OMIM and ClinVar annotations, 
potential false positive signals, allele frequency in dbSNP, ESP6500, 
1000 Genome Project (release 05/2013), and ExAC, functional 
predictions for the amino acid changes according to different 
models (SIFT, Polyphen2, LRT, MutationTaster, MutationAssessor, 
and FATHMM) retrieved from dbNSFP v 2.9 (database of human 
nonsynonymous SNPs and their functional predictions) (28).

Homozygous missense and splicing mutations at ±2bp were 
taken into account and selected based on their allele frequency 
(variants unreported or reported with a frequency of <1% in the 
general population were selected). The identified CD70 variant was 
validated by Sanger sequencing both in the proband and in his par-
ents. PCR products were purified by ExoSAP-IT (GE Healthcare) 
and directly sequenced using Big Dye v1.1 and an ABI3130 auto-
mated sequencer (Applied Biosystems, Foster City, CA, USA).

CD70 transcript Characterization
Total RNA from patient’s T cells and from three-unrelated con-
trols was isolated by a commercial RNA purification kit (RNeasy 
Mini kit, Qiagen, GmbH, Germany) and 1 µg of total RNA was 
reverse transcribed by iScript cDNA synthesis kit (Bio-Rad 
Laboratories) according to the manufacturer’s protocol. DNA 
amplification followed by Sanger sequencing was carried out on 
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the cDNA, thus obtained using CD70 specific primers designed 
on exon 1 (5′- GTGATCTGCCTCGTGGTGT-3′) and exon 3 
(5′-AGGCAATGGTACAACCTTGG-3′).
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All subjects gave written informed consent in accordance with 
the Declaration of Helsinki. The protocol was approved by the 
Regional Ethical Committee.
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B-cell expansion with NF-κB and T-cell anergy (BENTA) disease is a B-cell-specific 
lymphoproliferative disorder caused by germline gain-of-function mutations in CARD11. 
These mutations force the CARD11 scaffold into an open conformation capable of 
stimulating constitutive NF-κB activation in lymphocytes, without requiring antigen 
receptor engagement. Many BENTA patients also suffer from recurrent infections, with 7 
out of 16 patients exhibiting chronic, low-grade Epstein–Barr virus (EBV) viremia. In this 
mini-review, we discuss EBV infection in the pathogenesis and clinical management of 
BENTA disease, and speculate on mechanisms that could explain inadequate control of 
viral infection in BENTA patients.

Keywords: epstein–Barr virus, B-cell expansion with nF-κB and T-cell anergy, CARD11, nF-κB, primary immune 
deficiency

inTRODUCTiOn

Epstein–Barr virus (EBV) is a ubiquitous human herpesvirus that establishes life-long infection 
in ~90% of individuals (1). Primary EBV infection in childhood is usually asymptomatic in 
immunocompetent hosts, while acquisition of EBV during adolescence can result in infectious 
mononucleosis (IM) that usually resolves within days to weeks. However, EBV infections can also 
trigger lymphoproliferative disease, lymphoma, fulminant infectious mononucleosis (FIM), and/or 
hemophagocytic lymphohistiocytosis (HLH) in genetically or iatrogenically immunocompromised 
patients (2–4). These conditions clearly suggest that EBV has co-evolved with its host under constant 
immune surveillance to ensure that virus–host homeostasis is maintained (5, 6).

The transmission, circulation, and persistence of EBV in the human host have been reviewed 
extensively (1, 4, 7–9). EBV initially establishes lytic infection in both B lymphocytes and epithelial 
cells of the oropharynx. The EBV lytic gene program ensures both viral replication and evasion from 
early detection by either natural killer (NK) cells or CD8+ T cells (10). EBV then switches to a latent 
infection program that expands the pool of infected B cells considerably (11). This is achieved in part 
through the expression of key latent membrane proteins 1 and 2A, which mimic constitutive CD40 
and B cell receptor signaling, respectively. Evidence suggests that this “growth” program of latency 
(i.e., latency III) provides the proliferative and pro-survival signals necessary to drive the EBV-
infected B cell through a germinal center-like reaction and eventually into the memory B cell pool, 
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all without requiring cognate antigen recognition. At the same 
time, latent proteins such as LMP2 and EBNA3A/B/C contain 
potent immunodominant class I MHC peptide epitopes for CD8+ 
T cell recognition, ensuring the destruction of most EBV-infected 
B cells at this stage (3). CD8+ T (and NK) cell-mediated killing is 
also aided by the robust upregulation of ligands for both NKG2D 
and signaling lymphocyte activation molecule (SLAM) family 
receptors on EBV-infected B cells, which participate in signaling 
for cytotoxic functions (see below) (5). Surviving EBV+ memory 
B cells remain quiescently infected without expressing viral anti-
gens (latency 0) for the lifetime of the individual, with occasional 
rounds of viral reactivation thought to occur as these cells traffic 
back through the oropharynx (12). EBV-specific cellular immu-
nity maintains tight control throughout these cycles (5).

In this manner, EBV has evolved an elegant strategy for ensur-
ing initial colonization followed by persistent, benign infection 
in the immunocompetent host, in which a sizable portion of the 
memory CD8+ T cell pool (~2–5%) is dedicated to maintaining 
EBV-specific immunosurveillance (3, 13). Indeed, cytolytic kill-
ing of EBV-infected B cells by effector CD8+ T cells occurs during 
acute IM, comprising up to 50% of the CD8+ T cell compartment 
(4, 14). EBV-specific CD4+ T cells are also important for robust 
CD8+ cellular immunity and can also participate directly in cyto-
toxic killing of infected B  cells (15, 16). During asymptomatic 
infection, NK cells help to restrict viral load by inhibiting their 
replication and can reduce the likelihood of EBV transformation 
of B cells (10, 17, 18). Furthermore, other innate effectors such 
as invariant natural killer T cells are also known to play a role in 
killing of infected B cells and can limit EBV transformation of 
B cells in vitro (19).

The advent of next-generation sequencing technology has 
enabled us to characterize primary immune deficiency (PID) 
states in humans caused by mutations in single immune-related 
genes that predispose them to certain pathogens. Indeed, several 
PIDs have now been recognized for their specific susceptibility 
to uncontrolled EBV infection and associated disease, sometimes 
referred to collectively as “EBV-opathies” (5, 20–22). In this 
review, we focus our attention on the incidence and severity of 
EBV infection in a recently characterized PID known as B-cell 
expansion with NF-κB and T-cell anergy (BENTA). Mechanistic 
insights into possible immunological shortcomings surrounding 
EBV infections in BENTA patients are provided below.

BenTA DiSeASe

Our group discovered a B-cell-specific lymphoproliferative 
congenital human disorder termed BENTA (23). BENTA disease 
is caused by heterozygous, germline-encoded gain-of-function 
mutations in the gene CARD11, which encodes a lymphocyte-
specific scaffold protein (CARD11) also known as CARMA1. 
The CARD11 protein bridges the antigen receptor ligation in B 
or T cells with multiple downstream signaling pathways such as 
canonical NF-κB, c-Jun N-terminal kinase (JNK), and mechanis-
tic target of rapamycin (mTOR) (24–26). Subsequent to antigen 
receptor ligation in lymphocytes, CARD11 is phosphorylated 
to facilitate BCL10 and MALT1 binding to form the CARD11–
BCL10–MALT1 (CBM) complex, which further nucleates the 

dynamic signalosomes that activate inhibitor of κB kinase (IKK) 
and culminate in NF-κB translocation into the nucleus (27–30) 
to activate the canonical NF-κB pathway. The NF-κB family of 
transcription factors is critical for the induction of genes involved 
in cell survival, proliferation, and immune effector functions (31). 
GOF mutations in CARD11 render the protein in an open, active 
state irrespective of antigen receptor engagement, resulting in 
constitutive NF-κB activation (31–33).

To date, 16 different BENTA patients have been identified 
and definitively diagnosed, with five distinct CARD11 mutations. 
Polyclonal B cell lymphocytosis in early childhood is a hallmark 
of BENTA disease, often accompanied by splenomegaly and 
lymphadenopathy (23, 34–40). Immunologic phenotyping reveals 
the remarkable accumulation of both CD10+CD24hiCD38hi transi-
tional and IgM+IgD+ mature naïve polyclonal B cells, even though 
T cell numbers frequently fall within the normal range (Table 1). 
Many BENTA patients also present with several signs of primary 
immunodeficiency despite the absence of any autoimmune dis-
ease symptoms. Recurrent ear and sinopulmonary infections are 
common in all patients, with other opportunistic viral infections 
such as molluscum contagiosum, BK virus, and EBV observed in 
some patients. In most patients, inadequate antibody responses 
against T-cell independent pneumococcal and meningococcal 
polysaccharide-based vaccines are noted. Some patients also show 
poor responses to T-cell-dependent vaccines such as Varicella 
Zoster virus and measles. Poor humoral immune responses in 
these patients are also reflected in very low frequencies of circulat-
ing class-switched and memory B cells, as well as low levels of IgM 
and IgA in the serum. Impaired humoral immunity in BENTA is 
evidenced by intrinsic defects in plasma cell differentiation and 
antibody secretion upon stimulation of naïve patient B cells in vitro, 
despite normal proliferation and enhanced survival (41). The 
hyporesponsiveness of BENTA patient T cells to in vitro stimula-
tion, including poor proliferation and reduced IL-2 secretion, may 
also contribute to defective class-switched Ab responses (23, 35).

Eight out of 16 patients are seropositive for EBV (Table  1). 
While EBV viral load is generally undetectable in healthy carriers, 
almost all BENTA patients (7/8) exposed to EBV are demonstra-
bly viremic as measured by their DNA copy number (Table 1). 
However, EBV viral loads in BENTA patients are not nearly as high 
as seen in chronic active EBV (CA-EBV) patients and other PIDs 
(46). These data suggest that EBV-specific immunity is impaired 
in BENTA patients, but pales in comparison to other PIDs such 
as X-linked lymphoproliferative syndrome (XLP) or MAGT1/
CD27/CD70/ITK or Coronin1A deficiency diseases featuring 
exquisite susceptibility to severe EBV infection and disease (5, 
20–22). In the next section, we speculate on why gain-of-function 
CARD11 mutations might confer susceptibility to moderate EBV 
viremia in BENTA disease.

MeCHAniSMS UnDeRLYinG BenTA 
SUSCePTiBiLiTY TO eBv

Too Many B Cells, Too Few T/nK Cells?
The consequences of distorted antigen receptor signaling in the 
presence of GOF CARD11 mutations reverberate throughout 
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TABLe 1 | Phenotypic analysis of BENTA patients.

Ageb eBv 
vCA-igG

eBv LOAD CD8+ T CD4/CD8 
ratio

nK CD3+ nKT CD19+ B

Log10 iU/ml % #/µl Ratio % #/µl % #/µl % #/µl

Healthy control  
ref ranges

>18 years Neg UD 11.2–34.8 178–853 1.17–5.17 6.2–34.6 126–729 2.2–12.4 29–299 3–19 59–329
6–18 years Neg UD 18–35 330–1,100 1.34–1.72 3–22 70–480 0.49–15c 12–350c 6–27 110–860

BenTA patients
G123S
P4 11 Pos 3.35 19 868 0.51 4.9 224 2.7 123 62.2 2,843
P7 43 Pos UD 2 300 5 nD nD nD nD 52 7,900
P14 20 Pos 4.6 3.3 200 1.5 nD nD Low Low 83 5,000
G123D
P6 15 Pos 2.07a 3.3 2,853 0.64 3.5 3,026 1.6 1,383 89.4 77,286
H234L Δ235-8
P10 80 ND ND ND ND ND ND ND ND ND ND ND
P11 57 Pos 3.13 31.7 970 1.11 8.9 272 10 306 20 612
P12 32 Pos 4.45 16.3 535 2.48 6.5 213 6 197 32.5 1,066
P13 6 ND Neg 13.7 507 2.55 4.1 152 3.6 133 43.3 1,602
C49Y
P5 21 ND Neg 10.7 322 1.8 2 60 2.2 66 66.4 1,938
P8 53 ND Neg 8 152 3.37 10 190 ND ND 48 912
P9 20 ND Neg 11 418 2.6 6 228 ND ND 50 1,900
P15 43 Pos 2.07 14.6 298 1.28 4.7 96 1.6 33 56 1,142
P16 16 Pos 3.13 20.7 271 2.12 3.8 50 2.9 38 21.3 279
E134G
P1 55 Neg Neg 34.1 1,449 1.09 5.6 238 15.5 659 18.9 803
P2 13 Neg Neg 10.2 585 1.67 4.1 235 1.6 92 65.4 3,754
P3 11 Neg Neg 10.6 409 1.99 3.6 139 2.1 81 61.9 2,389

Values in blue and red color indicate lower and higher range, respectively, compared with adult (>18 years) or pediatric (6–18 years) healthy control range (42, 43) as specified in 
the subheader column. Adult ranges are derived from the NIH Clinical Center (Department of Laboratory Medicine). EBV seropositive carriers are in bold. Several patients have been 
described in published reports, including P1–P4 (23, 44), P6 (35), P7 (38), P5, P8, and P9 (36), P14 (37), and P16 (36). Other patients (P10–P13, P15) have been evaluated at the 
NIH Clinical Center but have not been published to date.
ND, not determined; UD, undetectable; Pos, positive; Neg, negative; EBV, Epstein–Barr virus; NK, natural killer; BENTA, B-cell expansion with NF-κB and T-cell anergy.
aMeasurement taken while P6 was 14 years old, but for reasons unknown his EBV load was undetectable at age 15.
bPatient’s age at the time of measurement.
cMeasurement range for 5- to 16-year-old healthy controls (45).
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the lymphoid lineage in BENTA patients. Indeed, the size and 
makeup of lymphocyte compartments may influence EBV status 
in certain patients. Most notably, constitutive, canonical NF-κB 
activity induced by GOF CARD11 signaling in B cells drives exces-
sive B cell accumulation in BENTA patients and may predispose 
them to malignant transformation as additional mutations are 
acquired over time. In fact, two patients in our cohort developed 
B-cell tumors in adulthood (P1 and P11), although neither was 
associated with EBV infection. Transgenic expression of a con-
stitutively active form of IKKβ (caIKKβ) promotes the survival 
of mature murine B  cells in  vivo, though it is not sufficient to 
induce lymphomagenesis (47). Indeed, NF-κB-induced tumor 
suppressor genes such as A20 and IκB provide important nega-
tive feedback on NF-κB signaling, which must be overcome to 
promote lymphomagenesis (48). This negative feedback remains 
intact in primary BENTA B  cells and may explain why only a 
fraction of BENTA B cells exhibit p65 nuclear localization at any 
given time (23).

Epstein–Barr virus itself is not likely a contributing factor for 
B-cell lymphocytosis in BENTA, as EBV-negative patients also 
have high B cell numbers. Although NF-κB actively represses lytic 
infection (49), the proliferation of latently infected EBV+ B cells 
relies on NF-κB signaling through viral proteins such as LMP1 

and LMP2A, which mimic CD40 and BCR signaling, respectively 
(5). Hence, constitutive NF-κB activity in BENTA patient B cells 
could better enable EBV to expand the pool of latently infected 
B cells. Perhaps this could manifest in increased viral reactivation 
and viremia as CARD11-dependent NF-κB activity oscillates in 
infected BENTA B  cells. Regardless, the presence of EBV may 
increase the risk of B cell malignancy later in life, simply given 
the increased size of target B  cell compartment. An expanded 
pool of naïve B  cells may simply support an increased level of 
lytic infection at any given time in EBV-infected BENTA patients, 
contributing to consistently higher viral loads. In support of this 
notion, there is an unconfirmed case of EBV-driven Hodgkin 
lymphoma in the maternal grandfather of patient P16.

Could relative reductions in the T and NK cell compartments 
also compromise immunity to EBV? In addition to the critical role 
served by CD8+ T cells, CD4+ T cells, NK cells, and NKT cells are 
also implicated in clearing EBV infection (16, 17, 19). As shown 
in Table 1, the absolute number of CD8+ T cells and the ratio 
of CD4+/CD8+ T cells are within normal range in most patients 
reported thus far. Nevertheless, the low number of NK/NKT cells 
observed in certain patients (e.g., P14, P15, and P16) could con-
tribute to persistent EBV viremia in those individuals. Patient 
P5 also has a lower percentage and absolute number of NK cells, 
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FiGURe 1 | Possible determinants of impaired Epstein–Barr virus (EBV) control in B-cell expansion with NF-κB and T-cell anergy (BENTA) disease. Schematic 
diagram summarizing key receptor–ligand interactions that govern CD8+ T cell recognition and killing of EBV-infected B cells, based on our knowledge of primary 
immune deficiencies featuring enhanced susceptibility to EBV-driven disease. CARD11 GOF signaling could perturb several molecular signals required for optimal 
cytolysis of EBV-infected B cells, including signaling lymphocyte activation molecule receptors (2B4, NTB-A), NKG2D, and CD27. For example, decreased CD70 
expression on BENTA B cells could impair CD27 signaling and contribute to reduced NKG2D or 2B4 expression on BENTA T cells. Alternatively, attenuated TCR 
signaling (e.g., reduced Ca++ flux) likely contributes to BENTA patient T cell hyporesponsiveness, which could disrupt generation of CD8+ effector T cells with optimal 
cytotoxic function. Finally, elevated NF-κB signaling in B cells could accelerate the expansion of latently infected EBV+ B cells, contributing to detectable viremia as 
the virus continuously reactivates.
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presenting a potential culprit for her frequent susceptibility to 
other viral infections.

impaired T/nK Cell Function
A more likely explanation for uncontrolled EBV infection con-
cerns impaired T cell function described in BENTA disease. In 
vitro, we observed poor proliferation and reduced IL-2 secretion 
from BENTA patient T cells stimulated with anti-CD3/anti-CD28 
antibodies. This “anergic” response correlated with defects in 
TCR-mediated MAPK signaling and Ca++ flux (23, 35). Although 
the biochemical mechanisms remain nebulous, these defects 
are almost certainly linked to constitutive canonical NF-κB 
activation induced by GOF CARD11 signaling. Indeed, Krishna 
et  al  showed that restricting expression of constitutively active 
IKKβ (caIKKβ) to murine T  cells also rendered them hypore-
sponsive to TCR/CD28 stimulation, marked by proximal TCR 
signaling defects and attenuated responses to bacterial infection 
(50). The authors connected some of these defects to enhanced 
expression of the transcriptional repressor Blimp-1, which has 
been shown to promote T cell exhaustion. Although we have not 
measured Blimp-1 in BENTA T cells, we recently characterized a 
profound, intrinsic defect in patient B cell differentiation linked 
to failed induction of Blimp-1 (41). Clearly much more work is 
required to understand how elevated NF-κB activation perturbs 

seemingly independent pathways downstream of TCR signaling. 
Regardless, it is tempting to speculate that any flaw in PLCγ1-
mediated Ca++ flux underlies poor T cell-dependent control of 
EBV, as observed in more dramatic fashion in both ITK and 
MAGT1 deficiency (51–55).

Inactivation of CARD11 has also been shown to inhibit 
NK cell development and function (56). Although it is not clear 
how GOF CARD11 signaling may affect NK cells in BENTA, poor 
IL-2 secretion by anergic T cells upon stimulation could certainly 
weaken the NK  cell response to viral infection. As mentioned 
earlier, some patients also display lower frequencies of NK and 
NKT cells, although EBV viremia is observed in several patients 
with normal NK/NKT counts. Thus, the increased susceptibility 
of BENTA patients to EBV could be linked to both excessive poly-
clonal B cell lymphocytosis and hyporesponsive T cells/NK cells 
that help in combating the viral infection.

Dysregulation of Key Receptor–Ligand 
Signals Required for eBv Control
The removal of latently infected B  cells by cytotoxic T and 
NK  cells requires several receptor–ligand interactions for 
recognition, cell–cell conjugation, and cytolysis, some of which 
may be weakened in BENTA patients (Figure 1). For example, 
cognate engagement of EBV-infected B cells by T cells requires 
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SAP-dependent signaling through two receptors belonging to the 
SLAM family: 2B4 and NTB-A (57–60). Whereas most SLAM 
receptors participate in homotypic interactions in trans, 2B4 
recognizes a distinct ligand on target cells known as CD48. The 
expression of both NTB-A and CD48 is dramatically upregulated 
on the B cell surface upon EBV infection, which promotes T cell 
and NK cell activation during asymptomatic infection and acute 
infection, respectively (5, 61). Recruitment of SAP, a small SH2 
adaptor protein, to the cytoplasmic tails of NTB-A and 2B4 upon 
ligand binding is required for conveying downstream signals that 
ensure strong T:B cell conjugation and B cell killing (62). In this 
regard, SAP deficiency in XLP-1 patients makes them exquisitely 
susceptible to severe, uncontrolled EBV infection due to debili-
tated 2B4 and NTB-A signaling, presenting as FIM/HLH (63, 64). 
Based on our published RNA-Seq data, BENTA B cells activated 
in vitro with polyclonal stimuli display normal expression of CD48 
and NTB-A compared with healthy human donors (41). Whether 
perturbed 2B4 and/or NTB-A signaling in BENTA patient T cells 
may influence EBV predisposition remains unclear, but warrants 
further investigation.

Upon activation, the C-type lectin-like receptor NKG2D is 
also expressed on NK cells and CD8+ T cells and plays a major 
role in cytotoxic elimination of transformed and virally infected 
cells (65). The importance of NKG2D in EBV immunity was 
recently revealed by the discovery of X-linked immunodeficiency 
with magnesium defect, EBV infection, and neoplasia (XMEN) 
disease, caused by deficiency of the magnesium transporter 
MAGT1. Although NK cell and CD8+ T cell numbers are normal 
in XMEN patients, reduced intracellular Mg++ abrogates NKG2D 
receptor expression on activated NK  cells and CD8+ T  cells, 
which compromises cytolytic responses against EBV+ B  cells 
(51, 66–68). Similarly, GOF CARD11 signaling may diminish 
NKG2D expression on BENTA NK cells or CD8+ T cells, perhaps 
linked to a Ca++ flux defect similar to that noted in XMEN T cells 
(54). On the other hand, there is no evidence for transcriptional 
upregulation of NKG2D receptor ligands MICA, MICB, and 
ULBPs on activated BENTA B cells compared with healthy con-
trol B cells. Simultaneous engagement of SAP-dependent 2B4 and 
SAP-independent NKG2D signaling is indispensable for CD8+ 
T cell-mediated killing of EBV-infected B cells (69), explaining 
why neither receptor (NKG2D or 2B4) can compensate for the 
absence of the other to maintain normal CTL activity in XMEN 
and XLP-1 patients. If constitutive CARD11 signaling indirectly 
impedes NKG2D or 2B4 signaling in BENTA CD8+ T  cells/
NK cells, this could jeopardize their ability to completely control 
EBV infection.

CD27, a costimulatory molecule belonging to the tumor 
necrosis factor receptor superfamily, is constitutively expressed 
on memory B cells and most T cells. CD27 engagement in B cells 
is known to play a key role in B  cell activation and immuno-
globulin synthesis (70). Our recent in vitro studies with BENTA 
B cells revealed an intrinsic defect in plasma cell differentiation 
and antibody production that correlated with poor induction of 
several genes related to plasma cell commitment, including CD27 
(41), although CD27 expression is readily detected on patient 
T cells (data not shown). CD27 interacts with the ligand CD70, 
expressed transiently on activated B cells, T cells, and dendritic 

cells. EBV infection upregulates CD70 expression to greater levels 
on B cells (20). Recently described human patients with CD27 
or CD70 deficiency present with similar disease phenotypes, 
including hypogammaglobulinemia, reduced memory B  cells, 
increased viral infection, and EBV-induced lymphoproliferation 
and lymphoma. Heightened susceptibility to EBV-driven disease 
in these patients, despite normal numbers of T and NK cells, high-
lights a critical, non-redundant role for CD27–CD70 interactions 
in driving Ab responses and ensuring optimal cellular control of 
EBV (44, 71–74). Intriguingly, we recently discovered a significant 
reduction in CD70 expression on activated BENTA B cells in vitro 
compared with healthy control B cells (data not shown). Thereby, 
an impaired CD27–CD70 signaling axis in BENTA could sig-
nificantly contribute to both specific Ab deficiency and impaired 
priming and function of EBV-specific CD8+ T  cells. The latter 
could also be related to decreased NKG2D and 2B4 expression 
on memory CD8+ T cells, similar to CD70-deficient patients (44). 
Further exploration of a potential CD27-CD70 signaling deficit 
in BENTA patients is therefore warranted to elucidate a plausible 
mechanism to explain the inability of BENTA T and NK cells to 
fully contain EBV.

CLiniCAL MAnAGeMenT  
OF eBv in BenTA PATienTS

Assuming B cell lymphocytosis may predispose BENTA patients 
to greater risk of B cell malignancy later in life, patients are moni-
tored closely for any evidence of B cell clonal outgrowth, using 
flow cytometry and Ig heavy chain rearrangement analysis. EBV 
viral load is also measured regularly, as increases in detectable 
viremia may reflect further debilitation of CD8+ T cell and NK cell 
function and could theoretically contribute to B cell transforma-
tion. However, viral loads in most EBV+ BENTA patients remain 
comparatively low relative to CA-EBV and other PIDs (46).

To the best of our knowledge, only one patient (P6) was actively 
treated for EBV-related complications (35). This patient was hos-
pitalized at age 4 with acute EBV infection, featuring profound 
adenopathy and splenomegaly, as well as immune thrombocytic 
purpura. Lymph node biopsies revealed substantial polyclonal 
B cell accumulation in follicular and parafollicular areas, mixed 
with moderate numbers of CD8+ and CD4+ T cells. At this time, 
years before the causative CARD11 mutation was discovered, the 
patient was treated aggressively with intravenous immunoglobu-
lin, rituximab, corticosteroids, and acyclovir. Symptoms resolved 
with treatment, and plasma EBV load was rendered undetectable 
by PCR. CD4+/CD8+ T cell ratio, which had dropped significantly 
during acute EBV infection, also recovered once infection was 
cleared. Following elective splenectomy 3 years later, his circulat-
ing B cell, T cell, and NK cell counts increased dramatically. This 
phenomenon has been observed in other patients following spleen 
removal (40) and likely reflects the loss of an important second-
ary lymphoid tissue niche for excess lymphocytes. Nevertheless, 
B  cell counts in this patient remained 5–10 times higher than 
those noted in other BENTA patients. To control lymphocytosis, 
P6 was treated with methotrexate for 4 years until his lymphocyte 
count was reduced below 80 × 103/μl (35).
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This distinctive case provides an illustrative example of suc-
cessful treatment for acute EBV infection and may represent a 
blueprint for care if EBV viremia or lymphocytosis increases 
rapidly in any BENTA patient. Unlike CA-EBV patients, BENTA 
patients should not require more radical clinical interventions, 
such as hematopoietic stem cell transplantation or administration 
of autologous cytotoxic T cells to combat EBV infection (46). In 
the future, pharmacological inhibitors of NF-κB activation may 
be an attractive therapeutic tool for reducing B cell numbers in 
BENTA patients but must be approached with caution to avoid 
exacerbating underlying T/NK cell immunodeficiency. Inhibitors 
of MALT1 protease, which dampen canonical NF-κB activity 
without completely blocking it, may be a more attractive option 
and have recently yielded promising results for treatment of B cell 
lymphoma and autoimmune disease (75–78). Future clinical 
management will ultimately be guided by more basic research 
into possible aforementioned mechanisms that might explain 
impaired CTL and NK  cell function and compromised EBV 
control in BENTA disease.

COnCLUSiOn

Although the current cohort of patients remains small, impaired 
control of EBV infection has emerged as a recurring problem in 
BENTA disease. In contrast to PIDs involving severe EBV-related 
complications (e.g., fulminant hepatitis and HLH) and complete 
deficiency of aforementioned receptors and signaling proteins 
required for EBV immunity, lower viremia in BENTA patients 
likely reflects attenuation, but not complete abrogation, of T and 
NK cell functions (Figure 1). Further research is required to con-
nect CARD11 GOF signaling mechanistically to these moderate 
functional defects, which may involve aberrant signaling through 
NF-κB as well as other downstream signaling nodes, including 
JNK and mTORC1. Indeed, severe atopic disease observed in 
patients carrying CARD11 loss-of-function mutations can be 
attributed to defects in both NF-κB and mTORC1 activation in 

T cells (79), although none of these patients have presented with 
significant EBV infections. Continued identification and careful 
characterization of additional patients harboring novel CARD11 
variants should yield further insights into how CARD11 signaling 
ultimately governs the immune response against EBV.
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Epstein–Barr virus positive (EBV+) smooth muscle tumors (SMTs) constitute a very rare 
oncological entity. They usually develop in the context of secondary immunodeficiency 
caused by human immunodeficiency virus infection or immunosuppressive treatment 
after solid organ transplantation. However, in a small fraction of predominantly pediatric 
patients, EBV+ SMTs may occur in patients with primary immunodeficiency disorders 
(PIDs), such as GATA2 and CARMIL2 deficiency. In secondary immunodeficiencies and 
when the underlying condition can not be cured, the treatment of EBV+ SMTs is based 
on surgery in combination with antiretroviral and reduced or altered immunosuppressive 
pharmacotherapy, respectively. Importantly, without definitive reconstitution of cellular 
immunity, long-term survival is poor. This is particularly relevant for patients with EBV+ 
SMTs on the basis of PIDs. Recently, allogeneic hematopoietic stem cell transplantation 
resulted in cure of immunodeficiency and EBV+ SMTs in a GATA2-deficient patient. We 
propose that in the absence of secondary immunodeficiency disorders patients present-
ing with EBV+ SMTs should be thoroughly evaluated for PIDs. Allogeneic hematopoietic 
stem cell transplantation should be taken into consideration, ideally in the setting of a 
prospective clinical trial.

Keywords: epstein–Barr virus, smooth muscle tumor, primary immunodeficiency disorder, secondary immuno- 
deficiency disorder, allogeneic hematopoietic stem cell transplantation, CARMiL2, GATA2

inTRODUCTiOn

Epstein–Barr virus (EBV) is a gamma 1 herpes virus that preferentially infects human epithelial cells 
of the oropharynx and B cells of the adaptive immune system to establish lifelong latency (1). Rarely, 
EBV can cause ectopic infections and has been found in NK, T, gastric epithelial, and smooth muscle 
cells as well (1, 2). In the majority of cases, primary EBV infection is asymptomatic. However, EBV 
infection can cause lymphoproliferative phenotypes ranging from common infectious mononucleosis 
to rare hemophagocytic lymphohistiocytosis (3). Additionally, EBV infection presents as chronic 
active infection and is associated with autoimmune disorders, such as multiple sclerosis (4, 5).

Epstein–Barr virus has an inherent capacity of immortalization and malignant transformation 
especially of its B cell target (6). In the laboratory, this is used to generate lymphoblastoid cell lines. In 
vivo, this can lead to post transplant lymphoproliferative disorder (PTLD) and malignant lymphoma, 
such as Hodgkin’s lymphoma, Burkitt’s lymphoma, and diffuse large B cell lymphoma (7–9).
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FiGURe 1 | Radiology and histology of Epstein–Barr virus positive (EBV+) smooth muscle tumors. (A) Abdominal magnetic resonance image (T1 fat-sat post 
contrast medium) shows solid liver tumors involving segments I and V–VIII (arrows). (B) Cranial magnetic resonance image (T2 sagittal) displays a tumor in the 
medulla oblongata (arrow). (C) Low-power (50×) examination of a colon biopsy shows a prominent nodular cellular proliferation in the mucosa and submucosa  
(D) High-power (400×) magnification displays fascicles of fusiform spindle cells with abundant eosinophilic cytoplasm and elongated or ovoid nuclei without 
significant atypia or mitoses suggesting a mesenchymal neoplasia of smooth muscle origin (e). Immunohistochemistry for smooth muscle actin (200×) confirms  
the smooth muscle nature of the tumor (F). EBV association is demonstrated by in situ hybridization for EBV-encoded RNA (EBER) in the same lesion (200×).  
Inlet displays positive cells with EBER in darkly stained basophilic nuclei (arrows) and negative cells with faint eosinophilic nuclei (arrowheads).
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While the underlying conditions for the more frequent 
lymphoproliferative phenotypes seem to be heterogeneous and 
combinatorial, especially the rare and severe phenotypes are 
associated with secondary immunodeficiency disorders (SIDs) or 
predisposing genotypes, such as hemizygous SH2D1A mutations 
that cause X-linked lymphoproliferative syndrome (1, 3).

Smooth muscle tumors (SMTs) represent a heterogeneous 
group of disorders with a broad pathological spectrum ranging 
from very common and benign uterine leiomyoma to malignant 
leiomyosarcoma. The latter is characterized by hypercellularity, 
nuclear atypia, high mitotic rate, and tumor cell necrosis (10). 
EBV+ SMTs are a distinct subset of SMTs and have often been 
named leiomyoma or leiomyosarcoma because of their close 
histological appearance to common SMTs. EBV+ SMTs are very 
rare and can be encountered at any age in the context of SIDs 
and in a small fraction of predominantly pediatric patients with 
primary immunodeficiency disorders (PIDs) (2, 11).

Here, we review the current knowledge on EBV+ SMTs in 
general and present it as an emerging manifestation of PIDs that 
might be targeted by allogeneic hematopoietic stem cell trans-
plantation (alloHSCT).

PReSenTATiOn, PATHOGeneSiS, AnD 
TReATMenT OF eBv+ SMTs

Most EBV+ SMTs develop at any age in patients with SIDs due 
to uncontrolled human immunodeficiency virus infection (HIV 
EBV+ SMTs) and organ transplantation-associated immunosup-
pressive treatment (PT EBV+ SMTs) (2, 12). Additionally, they 
rarely present in pediatric patients with proven or suspected PID 
(PID EBV+ SMTs) (11). Overall the prevalence of EBV+ SMTs 
is estimated to be <1–5% for each patient group. Particularly, 
in the PT EBV+ SMTs group they present as late complications 
(median 48 months, range 5–348 months) (12, 13). The clinical 
manifestation of EBV+ SMTs is unspecific and mainly depends on 
the tumor localization, the tumor size, and the particular organ 
displacement and/or disruption (12, 13). The majority of EBV+ 
SMTs is located in the liver, but virtually every other organ can 
be affected and frequently the lungs, the gastrointestinal tract, 
the central nervous system, and the adrenal glands are involved 
(Figures 1A,B) (12, 13). Importantly, radiological imaging can 
not establish the diagnosis of EBV+ SMTs as there are no pathog-
nomonic findings. EBV+ SMTs can occur at single or multiple sites 
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synchronously or metachronously, grow per continuitatem and 
do not metastasize (12, 13). They are believed to originate from 
myogenous venous wall cells and can be of recipient or donor 
origin in the setting of solid organ transplantation (12, 14, 15). 
Molecular genetic studies have shown that multiple EBV+ SMTs 
frequently constitute independent clones rather than metastases 
of a single tumor (16).

EBV+ SMTs have a spindle-shaped cell morphology with 
eosinophilic cytoplasm and elongated nuclei, but frequently lack 
histological atypia, elevated mitotic activity, and tumor necrosis 
(Figures 1C,D). Especially in association with HIV they can pre-
sent with sarcoma-like histological features and frequently infil-
trating lymphocytes and histiocytes can be detected. Expression 
of smooth muscle differentiation markers, such as smooth muscle 
actin, caldesmon, vimentin, and desmin, and transcriptional 
activity of EBV are demonstrated by immunohistochemistry and 
EBV-encoded small RNA (EBER) in  situ hybridization (ISH), 
respectively (Figures  1E,F). Immunohistochemistry alone can 
lead to false negative results (17, 18). Importantly, histopathol-
ogy findings do neither correlate with tumorbiology nor disease 
activity, but are mandatory to establish the diagnosis of EBV+ 
SMTs (11, 12).

In general in EBV+ SMTs, EBV achieves a latency type III-like 
pattern, i.e., cells are positive for EBV nuclear antigen 2 (EBNA2), 
EBNA3, and late membrane protein 1 (19–22). The majority of 
HIV EBV+ SMTs are positive for complement receptor 2 (CR2 or 
CD21) that is bound by EBV during B cell infection, while a sub-
stantial number of PT EBV+ SMTs and all analyzed cases of PID 
EBV+ SMTs are CD21 negative (21, 23, 24). Thus, the precise EBV 
entry mechanism into the tumor progenitor cells is unknown. 
It is possible that several entry routes exist. Also the molecular 
pathophysiology of tumorigenesis remains poorly understood. 
The activated mTOR/AKT-pathway seems to be involved and 
increased v-myc expression has been found (12, 25, 26).

The diagnosis of EBV+ SMTs is suspected in the context of 
SID and PID and, because there is no pathognomonic radio-
logical morphology, biopsy based histopathology, immunohisto-
chemistry, and EBER ISH are mandatory to formally establish 
the diagnosis (13).

The treatment of EBV+ SMTs is based on the principle of 
re-establishing efficient T  cell immunity. In patients with HIV 
infection, appropriate antiretroviral treatment should be given. 
Patients with iatrogenic immunosuppression following organ 
transplantation may benefit from reduction of immunosuppres-
sive treatment. It remains a matter of debate whether switching 
immunosuppression toward a mTOR inhibitor, such as sirolimus 
might lead to a more favorable outcome (27). Surgery should be 
performed whenever tumor masses compromise organ functions. 
Chemotherapy and radiotherapy can be applied but in general 
neither of these approaches is markedly improving the disease 
course (13). Prognostic data are derived from retrospective analy-
ses of case records and show a five-year overall survival (OS) of 
approximately 50% for HIV EBV+ SMTs and PT EBV+ SMTs, 
while OS of PID EBV+ SMTs tends to be 0% (13). Especially, 
multiorgan involvement (n = 33/68, OS = 48.5%) and intracra-
nial manifestations (n = 7/68, OS = 10%) are contributing to the 
dismal prognosis (13).

PiDs UnDeRLYinG eBv+ SMTs

The first description of PT EBV+ SMTs dates back to 1970, but it 
was not until 1995 that the first systematic studies on HIV EBV+ 
SMTs and PID EBV+ SMTs were published (2, 28, 29). Up to date 
only very few cases of PID EBV+ SMTs have been reported and a 
substantial proportion of these patients lack a precise molecular 
PID diagnosis (Table 1) (19–21, 30–37).

The first report by Mierau et al. dates to 1997 and describes a 
14-year-old female with primary leiomyosarcoma of the brain in 
the context of common variable immunodeficiency (CVID) (31).  
The authors emphasize the need for proper histopathological 
work-up of unusual tumor entities in immunocompromised 
patients. In view of a positive family history, the authors conclude 
that EBV+ SMTs are caused by an inherited rather than acquired 
disorder (31).

In 1999, Tulbah and colleagues published another case of a 
child with a genetically undefined congenital immunodeficiency 
presenting with multifocal EBV+ SMTs located to the thyroid 
gland, liver, and lung, and stated that they are unaware of com-
parable cases (36).

The first report of a genetically proven PID, namely ataxia 
telangiectasia (AT), associated with EBV+ laryngeal leiomyo-
sarcoma and jejunal cellular leiomyoma is published by Reyes 
et al. in 2002 (20). The authors conclude that EBV+ SMTs are 
related to the immunosuppressive consequences of AT and that 
searching for infectious causes is important as SMTs have been 
reported in AT without subsequent evaluation of underlying 
EBV infection (20).

In 2003, Monforte-Muñoz et al. published the case of an 8-year-
old female with severe combined immunodeficiency (SCID) caused 
by adenosine deaminase (ADA) deficiency. The patient develops 
EBV+ SMTs in the gallbladder, spleen, pancreas, intestinal tract, 
and lung after alloHSCT. Additionally, the patient presents 
with EBV+ PTLD, pulmonary and gastric adenovirus, and large 
intestine cryptosporidum infections all of which are indicative 
of poor immune reconstitution and/or recurrences of the ADA-
SCID (32). The authors state that the occurrence of EBV+ SMTs 
and EBV+ PTLD suggests a common pathogenesis that may have 
therapeutic and prognostic implications (32).

In 2006, Hatano et al. reported a 6-year-old male with an EBV+ 
SMT in the right bronchus that leads to atelectasis and abscess 
in the right upper and middle lobe (19). They find reduced num-
bers of T cells and impaired T cell proliferation after stimulation 
with phytohemagglutinin. As the patient has additional recurrent 
infections, they conclude that he has an undefined cellular immu-
nodeficiency (19). We are currently investigating the precise 
molecular cause of the suspected PID.

In 2007, Atluri et al. published an IL2RG SCID patient who is 
treated with haploidentical alloHSCT and 8 years thereafter pre-
sents with renal and pulmonary EBV+ SMTs in the context of mixed 
donor T cell chimerism (30). Importantly, after donor lymphocyte 
infusion the EBV+ SMTs rest stable during a 2-year follow up and 
the authors conclude that EBV+ SMTs after partial immunore-
constitution may not require surgery or chemotherapy (30).

In 2012, Shaw et al. reported a 12-year-old female with quanti-
tative classic NK cell deficiency presenting with bilateral adrenal 
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TABLe 1 | Epstein–Barr virus positive (EBV+) smooth muscle tumors (SMTs) in patients with primary immunodeficiency disorders (PIDs).

Publication no. 
patient

Reported 
histologya

Reported type of PiD (Gene) Preceeding 
stem cell 

transplantation

SMT location eBv 
viremia

PTLD Treatment Outcome

Mierau et al. (31) 1 Leiomyosarcoma Common variable 
immunodeficiency

No Brain n.a. No Surgery Tumor-free for 18 months

Tulbah et al. (36) 1 Leiomyosarcoma Congenital T cell 
immunodeficiency

No Thyroid, liver and lung n.a. No Unclear Lost to follow up

Reyes et al. (20) 1 Leiomyosarcoma Ataxia telangiectasia (ATM) No Larynx, small bowel n.a. No Surgery Not reported

Monforte-Muñoz 
et al. (32)

1 Leiomyomatosis Severe combined 
immunodeficiency (SCID) 
(ADA)

Yes Gall bladder, liver, spleen, 
pancreas, intestinal tract 
and lung

n.a. Yes Unclear Unclear

Hatano et al. (19) 1 Leiomyoma Cellular and complement 
immunodeficiency

No Lung n.a. No Surgery Tumor-free for >2 years

Atluri et al. (30) 1 Leiomyomatosis SCID (IL2RG) Yes Lung, bilateral renal Negative Yes Donor lymphocyte 
infusion

Tumor stable for >2 years

Vinh et al (37) 1 Leiomyosarcoma GATA2 haploinsufficiency 
(GATA2)

No Orbit, liver, colon, and 
uterus

n.a. No Surgery and stem cell 
transplantation

Died of post transplant viral infections

Shaw et al. (35) 1 Smooth muscle 
tumor

NK cell deficiency No Bilateral adrenal n.a. No Surgery Tumor-free for 26 months

Petrilli et al. (34) 1 Smooth muscle 
tumor

SCID (ZAP70) No Bilateral adrenal n.a. Yes Surgery and stem cell 
transplantation

Died of EBV+ multifocal diffuse large 
B cell lymphoma five years after 
unsuccessful allogeneic hematopoietic 
stem cell transplantation (alloHSCT)

Parta et al. (33) 1 Smooth muscle 
tumor

GATA2 haploinsufficiency 
(GATA2)

No Liver, vertebral Positive No Stem cell 
transplantation

Cured with a three year follow up after 
alloHSCT

Schober et al. (21) 4 Smooth muscle 
tumor

CID (CARMIL2) No Gut, liver, lung, spleen, 
kidney, brain

Positive in 
1/4

No Surgery and 
chemotherapy

Died of EBV+ SMT-induced multi-organ 
failure

aEBV+ SMTs were originally divided into EBV-associated leiomyomas and leiomyosarcomas, but current classification holds them all collectively as EBV+ SMTs.
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EBV+ SMTs that are treated by successful surgery with an event 
free follow up of 26 months (35). They perform intensive immu-
nological analysis and document a marked deficiency of absolute 
numbers and cytotoxicity of CD3−CD16+CD56+ NK cells at four 
separate timepoints over 18 months. The authors do not report 
an underlying genetic condition, but as NK cells are known to 
participate in protective EBV immunity, they speculate that the 
severe NK cell deficiency contributes to the development of EBV+ 
SMTs (35).

In 2014, Petrilli et al. reported a 7-year-old female with bilateral 
adrenal EBV+ SMTs and as the patient has recurrent respiratory 
tract infections, including tuberculosis, reduced immunoglobu-
lins, and impaired T cell proliferation after mitogenic stimulation, 
they perform alloHSCT. Five years after unsuccessful alloHSCT, 
the patient develops lethal EBV+ multifocal diffuse large B cell 
lymphoma (34). The two different tumor entities are caused by 
independent EBV transformations and the EBV+ SMTs infiltrat-
ing lymphocytes are predominantly CD3+CD5+CD8+ T  cells 
(34). In 2016 and in collaboration with Petrilli and coworkers 
we find a homozygous autosomal recessive mutation in ZAP70 
(c.1765G > A, p.Val589Met) that could explain the patient’s PID 
phenotype and would modify the diagnosis into (CID, Schober 
et al., unpublished data).

GATA2 haploinsufficiency is a recently identified polymor-
phic PID that manifests with a variety of infectious complica-
tions especially caused by mycobacteria, but as well by viral, 
bacterial, and fungal pathogens (38). In 2010, Vinh et al reported 
a 41-year-old female with multiple infections in the context of 
GATA2 haploinsufficiency and EBV+ SMTs located to the orbit, 
liver, colon, and uterus. The patient is treated with alloHSCT, but 
succumbs to post transplant viral infections (37).

In 2016, Parta et al. reported a 24-year-old male with GATA2 
haploinsufficiency causing a polymorphic PID including EBV+ 
SMTs of the liver and possibly the spleen and the bones (33). They 
perform alloHSCT with a myeloablative conditioning regimen 
and peripheral blood hematopoietic stem cells from a matched 
sibling donor. After a 3-year follow up GATA2 haploinsufficiency 
and EBV+ SMTs are resolved and the authors conclude that at 
least in the context of GATA2 haploinsufficiency alloHSCT can 
lead to reconstitution of immunologic function and thereby cure 
of EBV-associated malignancy (33).

In 2017, our group reports four patients with EBV+ SMTs on 
the background of a novel CID caused by homozygous auto-
somal recessive CARMIL2 mutations (21). Two of the patients 
initially are reported as cases of infantile myofibromatosis, but 
extensive immunobiological analyses reveal a profound regula-
tory T  cell deficiency, defective CD28 co-signaling associated 
with impaired T  cell activation, differentiation and function, 
as well as perturbed cytoskeletal organization associated with 
T cell polarity and migration disorders (21, 39, 40). Two patients 
decease before the PID diagnosis is established and the other two 
patients succumb to disease complications while being prepared 
for alloHSCT (21).

In summary, we are aware of 14 PID cases with EBV+ SMTs 
(Table  1). Twelve of them develop EBV+ SMTs as a primary 
PID manifestation and two of them develop the tumors after 
alloHSCT. Four of the cases are published without and ten with 

a genetic diagnosis confined to the ATM, ADA, IL2RG, GATA2, 
and CARMIL2 genes. In one of the genetically undefined cases, 
we are able to retrospectively identify a mutation in the ZAP70 
gene. All of the genetically and immunologically defined PIDs 
impair T and/or NK cell immunity. Four of the reported cases 
are treated with alloHSCT in the presence of EBV+ SMTs and two 
of them decease because of viral infections or B cell lymphoma, 
while one develops stable disease after donor lymphocyte infu-
sion and one is cured from PID and EBV+ SMTs.

COnCLUSiOn

EBV+ SMTs constitute very rare tumors seen in the context of 
SIDs caused by human immunodeficiency virus infection or 
immunosuppressive treatment after solid organ transplanta-
tion (11). The pathogenesis of EBV+ SMTs remains largely 
unknown, but it is evident that an immunocompromised host 
is a conditio sine qua non and that especially T and NK  cell 
immunity is important to prevent the disease (11, 21, 35). 
Later, EBV+ SMTs emerge as possible manifestations of PIDs 
and up to now have been linked to mutations in ATM, ADA, 
IL2RG, ZAP70, GATA2, and CARMIL2 (19–21, 30, 32–34, 37). 
Additionally, they have been found in genetically undefined 
PIDs and based on the clinical and immunological findings 
and our growing understanding of their pathogenesis these 
PIDs should at best be named CID and classic NK  cell defi-
ciency (31, 35, 36). At present, a particular molecular signaling 
or effector pathway has not been identified as a prerequisite 
to develop EBV+ SMTs. Given the multitude of CID causing 
gene defects, we thus propose an unbiased genetic work-up, 
such as whole exome sequencing to search for molecular PID 
causes in patients with EBV+ SMTs of unknown origin (41). In 
order to treat EBV+ SMTs, whenever possible, HIV infection 
should be addressed and post transplant immunosuppressive 
treatment should be reduced. AlloHSCT is a well-established 
curative treatment for CID and other PID and, therefore, seems 
a promising therapeutic approach for PID that is present with 
EBV+ SMTs (13, 33, 42).

Four major conclusions can be drawn at present. First, unusual 
SMTs should be screened for the presence of EBV preferentially 
by using EBER ISH. Second, in patients presenting with EBV+ 
SMTs without obvious SIDs, PIDs have to be considered strongly, 
necessitating appropriate investigation. Third, in PID patients 
presenting with solid tumors, EBV+ SMTs are a differential diag-
nosis. Fourth, PID patients manifesting with EBV+ SMTs might 
be treated with up front alloHSCT ideally in the setting of a 
prospective clinical trial yet to be initiated.

We envision that with increased awareness toward EBV+ SMTs 
as a manifestation of PIDs the rate of proper diagnosis of this 
association will increase and the outcome of curative alloHSCT will 
improve.
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Patients with primary immunodeficiency disorders (PID) have an increased risk from acute 
and chronic Epstein–Barr Virus (EBV) viral infections and EBV-associated malignancies. 
Hematopoietic stem cell transplantation (HSCT) is a curative strategy for many patients 
with PID, but EBV-related complications are common in the immediate post-transplant 
period due to delayed reconstitution of T  cell immunity. Adoptive T  cell therapy with 
EBV-specific T cells is a promising therapeutic strategy for patients with PID both before 
and after HSCT. Here we review the methods used to manufacture EBV-specific T cells, 
the clinical outcomes, and the ongoing challenges for future development of the strategy.

Keywords: primary immunodeficiency disorders, epstein–barr virus, adoptive T  cell therapy, immunotherapy, 
hematopoietic stem cell transplantation

BACKGROUND

Epstein–Barr Virus (EBV) is a herpes virus that typically causes a mild to moderate self-limiting 
viral illness in healthy individuals. During primary infection, EBV establishes latency in B lympho-
cytes and oral epithelial cells. The level of B lymphocytes latently infected is maintained at a very 
low level through a potent cell-mediated immune response by EBV-specific T  lymphocytes (1). 
However, individuals with moderate to severe forms of primary immunodeficiency disorders (PID) 
have weakened T-cell immunity with diminished immunosurveillance. PID patients are at risk 
from EBV-related complications which include acute and chronic infections and EBV-associated 
malignancies. EBV is also a frequent inciting factor for hemophagocytic lymphohistiocytosis (HLH) 
in PID with impaired cell-mediated cytotoxicity.

Hematopoietic stem cell transplantation (HSCT) has been used as curative approach for severe 
combined immunodeficiency (SCID) for over 50 years, and the approach is increasingly being used 
for other PIDs (2, 3). However, reconstitution of T cell immunity, needed to control both acquired 
viral infections reactivating viruses, is delayed for up to 6  months after transplantation. During 
this period patients remain extremely vulnerable to viral complications. While antiviral pharma-
cotherapy is available for many of the viruses that contribute to pre- and post-HSCT morbidity 
and mortality, their use is limited by toxicities and emerging resistance. Rituximab, a monoclonal 
antibody targeting CD20, has good efficacy against EBV. However, Rituximab targets not only the 
EBV-infected B cells, but also the healthy B cell compartments, which further weakens the immune 
system. Resistance to rituximab has also been described (4). Given these limitations, adoptive 
therapy with EBV-specific T cells has emerged as a promising therapeutic strategy for PID patients 
with EBV-related complications.
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Adoptive therapy with viral-specific T cells (VSTs) has been 
used for over 20 years (5, 6). Earliest experience using cellular 
therapy for EBV-related post-transplant lymphoproliferative 
disease (PTLD) after HSCT included using unmanipulated donor 
lymphocyte infusions, which was often effective, but carried a 
high risk of graft-versus-host disease (GVHD) (7). Subsequently, 
VSTs have been developed that show safety and efficacy in treat-
ing EBV infections while minimizing the risk of GVHD (8–13). 
While previous reviews have primarily examined the use of all 
forms of VSTs for patients with PID (14, 15), this review focuses 
specifically on the development of and clinical use of EBV-specific 
T cells for patients with PID.

eBv-SPeCiFiC T CeLL GeNeRATiON 
MeTHODS

Several methods have been developed to generate EBV-specific 
T  cell products with minimally alloreactive T  cells to decrease 
the risk of GVHD. These techniques include ex vivo expansion, 
multimer selection, and IFN-γ capture. To date, ex vivo expansion 
is the most commonly used method.

Many ex vivo expansion methods use EBV-transformed 
lymphoblastoid cell lines (LCL) as antigen presenting cells 
(APCs). LCLs are advantageous APCs as they express all 10 EBV 
latency antigens (type III latency), but also high levels of class I 
and II HLA and co-stimulatory molecules (16). Either activated 
monocytes or dendritic cells are used in the first stimulation, 
with LCLs used for subsequent stimulations. To further refine 
this technique, groups have developed methods for modifying 
LCL by either pulsing with synthetic peptide pools encompassing 
viral antigens, or transducing LCLs with adenovirus vectors that 
overexpress either latent membrane protein (LMP) 2 or LMP1 
and LMP2. These strategies enhance T cell specificities for the less 
immunogenic EBV antigens LMP1 and LMP2 increasing their 
efficacy for EBV-related lymphomas that only express LMP1 and 
LMP2 (type II latency). While this method has proven to be safe 
and efficacious, it takes at least 8  weeks to generate a product 
suitable for clinical use as LCL take 3–4 weeks to manufacture. 
This has spurred the development of rapid ex vivo culture meth-
ods using a single stimulation with APC pulsed with synthetic 
peptide pools, or direct stimulation of PBMCs with synthetic 
peptide pools. These methods reduce the manufacturing time to 
10–14 days. Rapid ex vivo culture methods have been used for 
multivirus specific T cells, but not for T cell products specific for 
EBV only.

Additional techniques, such as multimer selection or IFN-γ 
capture, can produce VSTs even more readily than rapid ex vivo 
culture (17–19). Multimer selection uses magnetically labeled 
peptide multimers to isolate T  cells specific for the relevant 
peptide/MHC multimers. IFN-γ capture uses an immunomag-
netic separation device to isolate T  cells that produce IFN-γ 
when stimulated by viral antigens. Although these techniques 
produce a clinical grade product within 48  h, they require 
donors not only to be seropositive to the virus of interest, but 
also to have a detectable level of circulating virus specific T cells. 
Leukapheresis is typically needed to collect enough T cells for 

clinical use. While IFN-γ capture is not HLA-restricted and 
produces a polyclonal and polyfunctional product containing 
CD4+ and CD8+ T cells, multimer selection is an HLA-restricted 
process, and generally yields only CD8+ T cells.

PReviOUS CLiNiCAL USAGe OF eBv-
SPeCiFiC T CeLLS FOR PiD DiSORDeRS

Donor-Derived eBv-Specific T Cells
As PID is one of the most common non-malignant indications 
for referral to HSCT in pediatrics and is associated with high 
risk for viral complications, patients with PID constitute a 
sizeable proportion of patients in VST clinical trials (Table 1).  
A large, multi-center study with a median follow-up of 10 years 
treated 114 patients with EBV-specific T cells after HSCT, either 
for prophylaxis (n = 101) or treatment (n = 13) and included 
13 patients with PID. All patients treated as prophylaxis had 
no subsequent EBV viremia, while three patients with active 
disease attained a complete response (CR) and three additional 
patients achieved a PR (10). Papadopoulou et al. included four 
patients with PID in their clinical trial of multivirus-specific 
T cells (CMV, EBV, AdV, HHV6, BK), two of whom received 
T  cells for EBV-related complications and both of whom 
obtained a CR (20).

In a large retrospective review of 36 PID patients receiving 
VSTs, Naik et  al. included four patients with IL2RG-SCID as 
well as patients with Wiscott–Aldrich and combined immuno-
deficiency disorder (CID) who received donor-derived-specific 
T cells for prophylaxis. All patients remained free of EBV viremia 
after receiving T cells (14). Additionally, one patient with HLH 
received donor-derived trivirus VSTs (CMV, EBV, Adv) for CMV 
and EBV viremia with clearance of both viruses.

Third Party eBv-Specific T Cells
To make cellular therapy more readily available, there is growing 
interest in establishing third-party banks of VSTs. Such T  cell 
therapeutics produced from healthy donors are available for 
“off-the-shelf ” use, eliminating the time and cost associated with 
custom-made products. These would be particularly beneficial 
in the setting of T-cell depleted transplantation, or when EBV-
naive donors are the sole option for an EBV-seropositive patient, 
which would impart high risk of viral reactivation particularly in 
those with prior EBV-associated disease. While there is limited 
experience with third party banks to date, the results have been 
promising, particularly in patients with PID (Table 2).

Vickers et  al. established a large third party bank of EBV-
specific T  cells to treat patients with PTLD and other EBV 
complications after HSCT or solid organ transplantation. To date, 
they have treated three patients with PIDs, including combined 
immune deficiency and chronic granulomatous disease (CGD). 
One patient had a CR, but the other two died from progressive 
disease (PD). At the time of publication, one additional patient 
with CGD had not undergone HSCT, but had EBV-specific T cells 
matched for use after transplantation (22). Two patients with CTP 
synthase 1 (CTPS1) deficiency have been treated with third party 
EBV-specific T cells for EBV-LPD and primary CNS lymphoma, 
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TABLe 1 | Previous clinical use of donor-derived EBV-specific T cells.

Reference Primary 
immunodeficiency 
disorders diagnosis

indication Specificity Generation method Source Cell Dose Outcomes

Leen et al. (21) SCID Prophylaxis EBV, AdV Culture, 
lymphoblastoid 
cell lines (LCL) with 
Ad5f35 vector

Hematopoietic stem cell 
transplantation (HSCT) donor, 
peripheral blood

1.35 × 108/m2 Alive, no active 
infections

Papadopoulos  
et al. (7)

GATA2 deficiency EBV, BK CMV, EBV, 
AdV, HHV6, 
BK

Culture, peptide HSCT donor, peripheral blood 2 × 107/m2 CR

SCID variant BK, EBV CMV, EBV, 
AdV, HHV6, 
BK

Culture, peptide HSCT donor, peripheral blood 2 × 107/m2 CR

HLH HHV6, BK; 
subsequent  
EBV reactivation

CMV, EBV, 
AdV, HHV6, 
BK

Culture, peptide HSCT donor, peripheral blood 1 × 107/m2 HHV6: CR; BK: 
NR; EBV: CR

Heslop  
et al. (10)

XLP Prophylaxis EBV Culture, LCL HSCT donor, peripheral blood 2 × 107/m2 No viremia

CID Prophylaxis EBV Culture, LCL HSCT donor, peripheral blood 2.5 × 107/m2 No viremia

WAS Prophylaxis EBV Culture, LCL HSCT donor, peripheral blood 2.5 × 107/m2 No viremia

XLP Prophylaxis EBV Culture, LCL HSCT donor, peripheral blood 2 × 107/m2 No viremia

XLP-like Prophylaxis EBV Culture, LCL HSCT donor, peripheral blood 2 × 107/m2 No viremia

WAS EBV viremia EBV Culture, LCL HSCT donor, peripheral blood 2 × 107/m2 CR

SCAEBV/NK defect EBV viremia EBV Culture, LCL HSCT donor, peripheral blood 1 × 108/m2 CR

SCAEBV EBV viremia EBV Culture, LCL HSCT donor, peripheral blood 2 × 107/m2 PR; died of 
progressive 
lymphoma

SCAEBV EBV viremia EBV Culture, LCL HSCT donor, peripheral blood 2 × 107/m2 No further EBV 
reactivation

XLP (SLAM mutation) EBV viremia EBV Culture, LCL HSCT donor, peripheral blood 2 × 107/m2 CR

XLP EBV viremia EBV Culture, LCL HSCT donor, peripheral blood 2 × 107/m2 PR

XLP EBV viremia EBV Culture, LCL HSCT donor, peripheral blood 2 × 107/m2 CR

XLP EBV viremia EBV Culture, LCL HSCT donor, peripheral blood 2 × 107/m2 PR

Doubrovina 
et al. (12)

XLP EBV-LPD EBV Culture, LCL HSCT donor, peripheral blood 1 × 106/kg × 3 
doses

PD; died

ALPS EBV-LPD EBV Culture, LCL HSCT donor, peripheral blood 1 × 106/kg NE; died

Naik et al. (14) IL2RG-SCID Prophylaxis CMV, EBV, 
AdV

Culture, DC, and 
LCL with Ad5f35f-
CMVpp65 vector

HSCT donor, umbilical cord 1.5 × 107/m2 No viremia

IL2RG-SCID Prophylaxis CMV, EBV, 
AdV

Culture, DC, and 
LCL with Ad5f35f-
CMVpp65 vector

HSCT donor, umbilical cord 2.5 × 107/m2 No viremia

IL2RG-SCID Prophylaxis CMV, EBV, 
AdV

Culture, DC, and 
LCL with Ad5f35f-
CMVpp65 vector

HSCT donor, umbilical cord 1 × 107/m2 No viremia

IL2RG-SCID Prophylaxis CMV, EBV, 
AdV

Culture, DC, and 
LCL with Ad5f35f-
CMVpp65 vector

HSCT donor, umbilical cord 1 × 107/m2 No viremia

WAS Prophylaxis CMV, EBV, 
AdV

Culture, DC, and 
LCL with Ad5f35f-
CMVpp65 vector

HSCT donor 1 × 107/m2 No viremia
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TABLe 2 | Previous clinical use of third party Epstein–Barr Virus (EBV)-specific T cells.

Reference Primary immunodeficiency 
disorders diagnosis

indication Specificity Generation 
method

Source Cell dose Outcomes

Vickers  
et al. (22)

Combined immunodeficiency 
disorder (CID)

PTLD EBV Culture, LCL Third party 1–2 × 106/kg/dose; 4 doses 
given weekly

CR

CGD PTLD EBV Culture, LCL Third party 1–2 × 106/kg/dose; 4 doses 
given weekly

PD; died

CID PTLD EBV Culture, LCL Third party 1–2 × 106/kg/dose; 4 doses 
given weekly

PD; died

Wynn  
et al. (23)

CTPS1 deficiency Primary CNS 
lymphoma

EBV Culture, LCL Third party 2 × 106/kg/dose; 7 doses given 
weekly; 2 additional doses after 
re-emergence of EBV disease

CR

Doubrovina  
et al. (12)

Hemophagocytic 
lymphohistiocytosis (HLH)

EBV-LPD EBV Culture, LCL Third party 1 × 106/kg x 3 doses CR

Naik  
et al. (14)

ADA-severe combined 
immunodeficiency

EBV-LPD CMV, EBV, 
AdV

Culture Third party, pre-
hematopoietic 
stem cell 
transplantation

5 × 106/m2 NR, died from 
EBV-LPD

HLH EBV EBV Culture Third party 2 × 106/kg x 3 doses PR; died of PTLD

CTPS1 deficiency EBV-LPD EBV Culture Third party 2 × 106/kg x 2 doses CR

Withers  
et al. (24)

SCAEBV EBV EBV Culture Third party 2 × 107/m2 EBV: NR; Died

CGD, chronic granulomatous disease; PTLD, post-transplant lymphoproliferative disease; PD, progressive disease; CTPS1, CTP synthase 1 deficiency; EBV-LPD,  
EBV-lymphoproliferative disease; PR, partial response.

Reference Primary 
immunodeficiency 
disorders diagnosis

indication Specificity Generation method Source Cell Dose Outcomes

CID Prophylaxis EBV Culture, peptide HSCT donor 2.5 × 107/m2 No viremia

HLH (STXBP2) CMV, EBV CMV, EBV, 
AdV

Culture HSCT donor 1 × 107/m2 × 2 
doses

CMV: CR; EBV: 
CR

WAS Prophylaxis CMV, EBV, 
AdV

Culture HSCT donor 2 × 107/m2 No viremia

SCID, severe combine immunodeficiency; EBV, Epstein–barr virus; AdV, adenovirus; CMV, cytomegalovirus; HHV6, human herpesvirus 6; CR, complete response, HLH, 
hemophagocytic lymphohistiocytosis; NR, no response; XLP, X-linked lymphoproliferative disease; CID, combined immune deficiency; WAS, Wiskott–Aldrich syndrome; SCAEBV, 
severe chronic active EBV; ALPS, autoimmune lymphoproliferative syndrome; DC, dendritic cell.
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and both had CRs after T cell therapy (14, 23). Third party EBV-
specific T cells have also been used in HLH as discussed below.

SPeCiAL CASeS

Pretransplantation
As patients with PID are particularly vulnerable to chronic and 
refractory viral infections even prior to HSCT (25–27), another 
benefit of third party T cells is the ability to treat patients prior 
to transplant. This would not only minimize mortality associated 
with transplant, but could allow more patients to be referred to 
transplant. Naik et al. described two patients with PID (one with 
SCID and another with CTPS1 deficiency) with partially HLA-
matched third-party T  cells prior to HSCT for EBV-LPD, one 
of whom achieved a CR (14, 22, 23). A patient with ADA-SCID 
who developed EBV viremia and CMV colitis while on enzyme 

replacement therapy was treated with trivirus VSTs (CMV, 
EBV, AdV) that were 5/10 HLA matched with the patient, but 
no response was seen and the patient died of EBV-associated 
lymphoma. It was unclear if VST expansion may have been 
compromised in this case by the underlying inherent lympho-
toxicity of ADA deficiency, as patients remain lymphopenic even 
in the setting of optimal enzyme replacement therapy. However, 
the patient with CTPS1 deficiency received 2 doses (2 ×  10E6/
kg/dose) of 9/10 HLA match EBV-specific T cells and attained 
a CR, and underwent subsequent HSCT without further viral 
complications.

HLH with eBv viremia
Hemophagocytic lymphohistiocytosis is condition of hyperin-
flammation associated with immune dysregulation secondary 
to defects in cytotoxic T  lymphocyte and NK  cell function.  

TABLe 1 | Continued
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HLH can be either primary (associated with a known muta-
tion) or secondary, and EBV viremia is a common trigger. In 
particular, familial HLH due to mutations in STXBP2 and PRF1 
have been associated with chronic EBV viremia (28). Other 
PIDs have an increased risk of developing HLH, and several are 
associated with EBV viremia as well as including SAP deficiency, 
XIAP deficiency, ITK deficiency, and CD27 deficiency. While 
EBV typically infects B  cells, EBV-related HLH is frequently 
associated with EBV-infected T cells, which presents therapeutic 
challenges (29). As familial HLH is universally fatal without 
HSCT as definitive treatment, these patients may benefit from 
EBV-directed cell therapy to restore EBV-specific immunity 
early after transplant.

A series of 49 patients who were treated for EBV-LPD follow-
ing HSCT with donor lymphocyte infusion and/or EBV-specific 
VST included three patients with PID: one with autoimmune 
lymphoproliferative syndrome, one with x-linked lymphopro-
liferative disease, and another had primary HLH. There was an 
overall response of 68% following EBV-specific VST infusion, 
including a CR in the patient with HLH who received third party 
EBV-specific T cells (12). Similarly, Papadopoulou et al. reported 
a patient with HLH initially treated with multivirus VSTs for 
HHV6 and BK viremia who subsequently developed EBV reac-
tivation and attained complete clearance of EBV viremia without 
other EBV-directed therapy after T cell infusion (20). The review 
by Naik et al. included two patients with HLH and EBV viremia, 
one of whom attained a CR while the other died of progressive 
EBV-PTLD (14).

Severe Chronic Active eBv
Severe chronic active EBV (SCAEBV) infection is a lymphopro-
liferative disorder characterized by markedly high levels of EBV in 
blood and tissue that often presents with fever, lymphadenopathy, 
hepatic dysfunction, and thrombocytopenia (30). In SCAEBV, 
EBV can infect T and NK cells in addition to B cells. While the 
etiology of SCAEBV is often unknown, the underlying defect may 
represent a type of immunodeficiency. To date, HSCT has shown 
to be the most effective treatment for SCAEBV. As the primary 
problem in SCAEBV is an ineffective immune response to EBV, 
adoptive T  cell therapy with EBV-specific T  cells may be very 
advantageous in this patient population after HSCT. Heslop et al. 
included three patients with SCAEBV (one of whom had a known 
NK cell deficiency) in their trial of 114 patients receiving EBV-
specific T cells. One patient was treated on the prophylactic arm 
and remained free of EBV viremia. Of the two patients with active 
disease at the time of T cell infusion, one patient attained a CR 
while the other died of progressive EBV-associated lymphoma 
(10). Withers et al. reported a patient with SCAEBV who received 
third party EBV-specific T cells but died Day + 14 after infusion 
of PD (24).

CHALLeNGeS AND FUTURe DiReCTiONS

In spite of the successes with EBV-specific T-cells, there remain 
limitations in this approach for treatment of PID. Resistance to 
EBV-specific cellular therapy has been described in several prior 

studies, which may in some cases relate to viral escape mutations. 
In one study, a mutation in EBNA-3B enabled viral escape post-
T-cell therapy (31). The targeted EBV antigens differ slightly 
between trials, and further studies of the lability of targeted 
epitopes will be crucial to improve the efficacy of EBV-specific 
T-cell therapy, particularly in the third-party setting. Best meth-
ods of partial HLA matching of third-party EBV-specific T-cells 
is also unclear, particularly in the setting of rare HLA alleles that 
are not known to mediate recognition of immunodominant EBV 
epitopes. EBV-specific T-cells are also subject to inactivation or 
killing by immunosuppressive therapies, such as corticosteroids, 
which limits their use in the setting of GVHD following HCT. 
Genetic modification of antigen-specific T-cells to render 
them resistant to glucocorticoids and calcineurin inhibitors 
may enable treatment of PTLD in spite of immunosuppressive 
therapy (32, 33).

It is also unclear if adoptive T-cell therapy will be effective 
prior to HCT in forms of PID in which APCs are impaired or 
absent. In a recent study, defects in the costimulatory receptor 
CD70 resulted in EBV-associated disease (34). CD70 defects 
could theoretically impair the ability of allogeneic T-cells to lyse 
infected target cells. EBV-specific T-cells have not been explored 
in patients with EBV-driven HLH prior to HCT, and is unclear 
whether partial restoration of cytotoxicity would be of any benefit 
in this hyper-inflammatory disorder.

Currently, manufacturing of EBV-specific T-cells requires 
a facility with the ability to meet regulatory guidelines for 
production of immune effector cells for clinical use. Selection 
methods allow make use of automated-closed systems, but 
are expensive and yield low cell numbers. Ex vivo expan-
sion yields higher cell numbers, but requires expertise in 
more than minimal product manipulation. In both settings, 
an EBV-seropositive donor would need to be identified for 
product manufacturing. Third party T-cells circumvent these 
limitations, but similarly are limited by cost of bank generation 
and regulatory hurdles that limit widespread availability. New 
multicenter trials using regional banks will improve accessibil-
ity to studies using EBV-specific T-cells. With the recent FDA 
approval of two chimeric antigen receptor T-cell products, it is 
hoped that the use of antigen-specific T-cells may similarly be 
approved in the near future, enabling widespread accessibility 
to these products.
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X-linked lymphoproliferative disease (XLP) was first described in the 1970s as a fatal 
lymphoproliferative syndrome associated with infection with Epstein–Barr virus (EBV). 
Features include hemophagocytic lymphohistiocytosis (HLH), lymphomas, and dys-
gammaglobulinemias. Molecular cloning of the causative gene, SH2D1A, has provided 
insight into the nature of disease, as well as helped characterize multiple features of 
normal immune cell function. Although XLP type 1 (XLP1) provides an example of a 
primary immunodeficiency in which patients have problems clearing primarily one infec-
tious agent, it is clear that XLP1 is also a disease of severe immune dysregulation, even 
independent of EBV infection. Here, we describe clinical features of XLP1, how molecular 
and biological studies of the gene product, SAP, and the associated signaling lymphocyte 
activation molecule family receptors have provided insight into disease pathogenesis 
including specific immune cell defects, and current therapeutic approaches including the 
potential use of gene therapy. Together, these studies have helped change the outcome 
of this once almost uniformly fatal disease.

Keywords: X-linked lymphoproliferative disease 1, epstein–Barr virus, SAP (signaling lymphocyte activation 
molecule-associated protein), signaling lymphocytic activation molecule, primary immunodeficiency disease, 
hemophagocytic lymphohistiocytosis, hematopoietic stem cell transfer, gene therapy

iNTRODUCTiON

Epstein–Barr virus (EBV) is a highly prevalent human gamma herpes virus that is spread via saliva 
and primarily infects the oropharyngeal epithelium and B cells (1). Infection in children is usually 
very mild, whereas in teenager and adults, it can result in a picture of infectious mononucleosis (IM) 
with fevers, flu-like symptoms, and even systemic lymphoproliferative disease. Studies suggest that 
EBV has infected approximately 90% of adults. After infection, EBV remains latent in B cells for the 
remainder of the life of the host, and although most people remain asymptomatic, it can cause B cell 
and T cell lymphomas, Hodgkin lymphoma, and Burkitt’s lymphoma in certain groups, particularly 
in immunocompromised patients (2).

A major and critical issue with EBV arises in the case of such immunocompromised individuals, 
including those presenting with monogenic deficiencies, where EBV infection leads to a wide range 
of clinical complications and acquired disease phenotypes (3). In this review article, we will explore 
the disease pathologies arising in patients with a rare form of primary immunodeficiency (PID), 
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X-linked lymphoproliferative disease type 1 (XLP1), which is 
perhaps the classic example of a PID associated with an inability 
to clear EBV (3–5).

eBv iN XLP DiSeASe

Characterization of early Cases
X-linked lymphoproliferative disease or Duncan’s disease 
was described in the mid-1970s by Purtilo and colleagues in 
the Duncan kindred, where 6 out of 18 young males died of a 
lymphoproliferative disorder (6, 7). Three of these males had IM 
either immediately prior to or concurrent with the development 
of disease, which included fatal IM, hemophagocytic syndrome, 
and B  cell malignancies, as well as humoral immune defects 
such as dysgammaglobulinemia. The observation of EBV-driven 
manifestations associated with a primary immune-deficiency 
catalyzed the recognition of XLP. Of note, two other contempo-
rary reports also described families with males who succumbed 
to lymphoproliferative disorders and/or agammaglobulinemia 
associated with EBV infection, who may have had the same 
syndrome (8, 9).

Early investigations carried out by Purtilo and his team 
aimed to understand why EBV infection led to such aggressive 
and often fatal clinical phenotypes in these patients. In 1980, an 
XLP registry was established (7), which tracked presumed XLP 
patients with regard to disease onset and progression. The study 
revealed that the majority of patients had succumbed to IM due 
to extensive liver pathology and lymphoid infiltration of organs. 
However, those who did survive, as well as some EBV-negative 
male relatives, still progressed to develop dysgammaglobulinemia 
and/or B cell malignancies (10, 11). By 1995, over 270 boys were 
registered from over 80 kindreds (12); the overall mortality was 
reported as 75% with the majority of boys dying before 10 years 
of age, proving the severity of this condition.

The cloning of the gene, SH2D1A, responsible for this dis-
ease both revealed phenotypes in family members before they 
presented with the classic picture of EBV-induced pathology and 
allowed further molecular understanding of what is now called 
XLP type 1 (XLP1) (13–15). Clinical manifestations of XLP1 are 
now recognized to include a wider range of phenotypes associated 
with immune dysregulation even independent of EBV infection 
(5, 16). It should be noted that mutations in a second gene, BIRC4, 
encoding the X-linked inhibitor of apoptosis, XIAP, have been 
described in a subset of XLP patients who did not carry mutations 
in SH2D1A (now referred to as having XLP2) (17). However, 
XLP2 is more closely associated with EBV-driven hemophago-
cytic lymphohistiocytosis (HLH), as well as other clinical features 
not found consistently in XLP1 such as splenomegaly and colitis 
and will not be discussed further in this review (17, 18).

Clinical Features
The main clinical features of XLP1 remain HLH, dysgamma-
globulinemia, and lymphoma but other described manifestations 
include aplastic anemia, vasculitis, chronic gastritis, and skin 
lesions (12, 19–24). HLH is the most common and lethal pres-
entation, tending to occur early in childhood and associated with 

significant mortality, with a proportion of patients succumbing 
before hematopoietic stem cell transplant (HSCT) (16). HLH is 
a multisystem syndrome caused by hyperinflammation resulting 
in immune dysregulation, tissue damage, and often multiorgan 
failure. The main features are fever, cytopenias, and hepatospleno-
megaly but involvement of other organs is often seen. Diagnostic 
criteria are available (25).

Up to 50% of patients demonstrate a range of humoral 
immune abnormalities, ranging from impaired vaccine 
responses to generalized hypo-gammaglobulinemia (10, 12, 16). 
These may be incidental findings during diagnostic workup or 
lead to recurrent infections, particularly respiratory infections. 
Almost a third of patients develop lymphoma with the most 
common form being abdominal B cell non-Hodgkin lymphoma 
in both EBV+ and EBV− patients; prognosis has dramatically 
improved over the decades due to improved chemotherapy 
protocols.

Analyses of mutations have revealed deletions, splice site, 
nonsense, and missense changes in SH2D1A, but so far, there has 
not been a clear correlation between mutations and the severity 
of phenotypes identified (16, 26). Patients can progress from one 
phenotype to another, and different clinical features are seen 
within members of the same family. However, in some cases, 
second-site reversions of missense and nonsense mutations have 
been found, which were associated with restored CD8 cell func-
tion in a small fraction of cells and less severe phenotypes (27).

It is important to highlight that up to 35% of patients have no 
evidence of previous EBV infection; many of these patients are 
diagnosed based on family history (16, 28, 29). In EBV− patients, 
XLP1 is associated with higher rates of dysgammaglobulinemia 
(51.8 vs 37.2% for EBV+) and lymphoma [25 vs 19.6% for EBV+, 
see Table 2 from Ref. (16)]. However, EBV-negative boys with 
XLP1 can still develop HLH, although less frequently than those 
with EBV infection (21.4 vs 51% for EBV+) (16), and the trig-
ger is unknown. Thus, XLP1 must be thought of as a disorder of 
immune dysregulation not only triggered by EBV. Nonetheless, 
there are no reports in the literature of a specific pathogen other 
than EBV being linked to HLH or other clinical features, arguing 
that XLP1 patients are specifically susceptible to EBV rather than 
other pathogens.

The overall mortality of the disease has reduced significantly 
since first reports from the registry, from 75 to 29% (16), largely 
due to improved chemotherapy and HSCT protocols, as well as 
improved monitoring and supportive care (which will be dis-
cussed later in this review). However, patients diagnosed at birth 
through family history still risk significant mortality despite close 
monitoring, highlighting the severity of this PID.

MOLeCULAR iNSiGHT iNTO 
PHeNOTYPeS OF XLP1

Improved description of patient cohorts combined with the evo-
lution of molecular techniques has widened our understanding of 
XLP1. However, equally important has been the investigation of 
the genetic cause of XLP1 and how lymphocyte development and 
function are affected by mutations of SH2D1A (4, 30).
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Cloning of the Gene and Studies of  
SAP-Mediated Signaling
In 1998, three groups identified a gene, now known as SH2D1A, 
that was mutated in patients with XLP. While two groups iden-
tified this gene by positional cloning (13, 31), a third group 
independently identified the same gene as encoding a small 
adaptor molecule that bound to the cytoplasmic tail of a T cell 
costimulatory protein, signaling lymphocyte activation mol-
ecule (SLAM) (14). Genetic mapping and sequencing revealed 
that this gene was mutated in samples from several XLP patients 
(14). The identification of SH2D1A has helped identify patients 
with the disease, but has also led to new insight into the signal-
ing pathways regulated by SLAM family members and how they 
contribute to the pathophysiology of XLP1 (4, 5, 32).

The evaluation of the predicted gene product revealed that 
SH2D1A encodes a small (14  kDa/128 aa) protein that is now 
known as SAP, or SLAM-associated protein (14). Intriguingly, SAP 
consists almost entirely of a single Src Homology 2 (SH2) domain, 
a conserved protein interaction module that binds to phospho-
tyrosine-based motifs. SH2 domains are usually part of larger 
multi-domain proteins involved in signaling pathways, including 
adaptor molecules that contain multiple protein–protein and/or 
protein–lipid interaction domains and enzymes such as kinases 
and phosphatases that are regulated by intra- and intermolecular 
SH2-protein interactions (33). Further experiments demonstrated 
that the SH2 domain of SAP bound specific tyrosines on the intra-
cellular tail of SLAM and related receptors (34, 35). However, these 
observations raised questions on how a single protein interaction 
domain could regulate signaling and how the disruption of SAP 
expression led to phenotypes associated with XLP1.

Although SAP was first identified by virtue of its association 
with SLAM, a costimulatory receptor that helps regulate inter-
feron gamma cytokine production by T cells, SAP is now known 
to bind to a series of related receptors, the SLAM family, which 
include SLAM/CD150 (SLAMF1), LY9/CD229 (SLAMF3), 2B4/
CD244 (SLAMF4), CD84 (SLAMF5), NTB-A/Ly108/CD352 
(SLAMF6), and CRACC/CD319 (SLAMF7) (36). These receptors 
are encoded in a highly polymorphic gene cluster on human and 
mouse chromosome 1, variants of which have been associated 
with predispositions to autoimmunity (37). With the exception 
of 2B4, these receptors are self-ligands and are activated by 
homophilic interactions (30, 36). The SLAM family also has 
homology to the larger CD2 superfamily of immunoglobulin 
domain containing receptors, which include CD48/SLAMF2 
(the ligand for 2B4/SLAMF4). SLAM receptors exhibit a broad 
expression on hematopoietic cells; however, several members are 
most highly expressed on B cells (38–41), a feature that likely con-
tributes to some of the B cell-specific phenotypes of XLP1 (42). By 
contrast, although some B cell expression has also been reported 
(35, 43, 44), SAP is most highly expressed in T and NK cells and 
is therefore most likely to affect SLAM family function in these 
cells (14, 45). Several of the SLAM family members, including 
2B4/SLAMF4, NTB-A/SLAMF6, and CRACC/SLAMF7, have 
been implicated as cytotoxic receptors in NK and CD8 cells (30).

Extensive work on SAP-mediated signaling pathways pro-
vided evidence that SAP serves as a molecular switch allowing 
SLAM family members to act as either activating receptors in the 

presence of SAP or inhibitory receptors in the absence of SAP 
(Figure 1) (30, 35, 36, 46, 47). Thus, when SAP is present, it can 
recruit the FYN tyrosine kinase, leading to further tyrosine phos-
phorylation of SLAM family members (48–50) and interactions 
with other signaling molecules, including RasGAP, Shc, Dok1, 
and Dok2 in the case of SLAM (51) and Vav1 and c-Cbl in the 
case of 2B4 and Ly108 (41, 45, 52). Notably, Fyn deficiency can 
phenocopy some features of SAP deficiency including defects in 
2B4-mediated killing (50). SAP has also been shown to inhibit 
diacylglycerol kinase-α (DGKα), a molecule that negatively 
affects TCR signaling (53). However, when SAP is not expressed, 
the same tyrosines on SLAM family members bind a number of 
strong inhibitory molecules, including the tyrosine phosphatases 
SHP1 and SHP2, as well as the lipid phosphatase SHIP (35, 41, 46, 
47, 54). These inhibitory molecules essentially block aspects of T 
and NK cell activation, development and function when SLAM 
family members are engaged in the absence of SAP. Accordingly, 
the tyrosine-based motif that SAP recognizes has been coined an 
“ImmunoTyrosine Switch Motif ” or ITSM (35).

Early data provided evidence that NK and CD8 cells from 
XLP patients exhibited defective killing of EBV-infected B cells 
(55, 56); this was linked to impaired killing via 2B4/SLAMF4 and 
NTB-A/SLAMF6 (57–60). Intriguingly, some data demonstrated 
that in the absence of SAP, 2B4/SLAMF4 prevented the killing 
of EBV-infected cells, providing further evidence that the SLAM 
family could act as inhibitory receptors (58). Combined with the 
biochemical evidence for the inhibitory function of SLAM family 
receptors, these results provided insight into why XLP1 patients 
have specific susceptibility to EBV infection. More recently, 
T cells from XLP1 patients have been found to exhibit defects in 
reactivation-induced cell death (RICD), resulting from inhibitory 
signaling from NTB-A/SLAMF6. This defect has been proposed 
to contribute to lymphoproliferation seen in XLP1 (61).

insight From Mouse Models
The generation and study of SAP-deficient mice (62–64) has 
provided insight into additional phenotypes associated with SAP 
deficiency, some of which have subsequently been confirmed in 
XLP1 patients. One of these is a lack of invariant NKT cells, a 
rare innate type of T lymphocyte that rapidly responds to infec-
tion and may be involved in tumor surveillance—this defect was 
recognized due to the connection with Fyn, which also affects 
NKT cell development in mice (65–67). Whether and how the 
absence of NKT  cells contributes to manifestations of XLP1 
remains less well understood, but it is now appreciated that XLP1 
patients exhibit an absolute lack of iNKT cells, independent of EBV 
infection status. The critical role of SAP in iNKT development is 
supported by studies of SH2D1A carriers demonstrating random 
X-inactivation in T and B cells but non-random X-inactivation 
in iNKT cells, suggesting an absolute requirement of SAP for the 
development of this population (66).

Another major phenotype is the lack of long-term humoral 
(antibody) responses and memory B  cells, which have been 
observed both in response to infection and to immunization in 
SAP-deficient mice (62, 64, 68–70). These phenotypes were T cell 
intrinsic and associated with impaired formation of germinal cent-
ers (GCs) (68, 70), the site where B cells undergo immunoglobulin 
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FiGURe 1 | Signaling through the signaling lymphocyte activation molecule (SLAM) family receptors: (A) upon engagement, SLAM family members recruit the SAP 
SH2 domain to immunotyrosine switch (ITSM) motifs on their intracellular tails. This leads to the recruitment of Src family kinases, further phosphorylation of SLAM 
family receptors, and recruitment of downstream signaling molecules. Recruitment of SAP also prevents recruitment of the phosphatases SHP1, SHP2, and the lipid 
phosphatase SHIP (50). (B) In the absence of SAP, the engagement of SLAM family receptors leads to SH2-mediated recruitment of SHP1, SHP2, and SHIP, which 
are associated with strong inhibitory signals that affect T and NK cell function and cell death, as well as NKT cell development.
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gene class-switching and hypermutation in response to antigen 
in the context of contact-dependent signals from specific CD4 
T helper lymphocytes, now known as follicular T helper (Tfh) 
cells (71). The GC is also the site where most memory B cells and 
long-lived plasma cells are derived. Subsequent evaluation of 
XLP1 patients revealed that they also lacked IgG+ memory (CD 
27+) B cells, and an autopsy confirmed a lack of GCs in lymph 
nodes from an XLP1 patient (72). Interestingly, in addition to 
the well-documented dysgammaglobulinemia in XLP1 patients, 
 evidence of impaired responses to protein immunization had 
been reported (73). However, the characterization of SAP-
deficient mice has provided a clearer picture of the nature of these 
humoral defects (74).

Further insight into these phenotypes came from intravital 
microscopy in mice, which revealed that SAP-deficient T  cells 
exhibited impaired adhesion to B cells, a defect that was confirmed 
using in vitro flow-based cell conjugation assays (75). This defect 
was relatively specific, as that adhesion to antigen-presenting 
dendritic cells was less affected. The B cell specificity correlated 
with very high levels of the expression of multiple SLAM family 
members including SLAMF6 (Ly108/NTB-A), SLAMF5 (CD84), 
and CD48 (the ligand for 2B4) on activated B cells (38, 40, 42). 
In the absence of SAP, some of these ligands trigger an inhibitory 
response in SAP-deficient T  cells, preventing full activation by 
and adhesion to B cells, likely by affecting TCR-induced inside-
out signaling to integrins (76, 77).

Consistent with these observations, SAP-deficient T cells 
are initially activated normally by antigen-presenting dendritic 
cells in response to immunization and infection, but fail to form 
mature Tfh cells, a process now recognized to require B cell inter-
actions (75, 78, 79). Indeed, insight into the critical role of Tfh 
cells in humoral immunity has been greatly advanced by studies 
of SAP-deficient mice. Such findings further suggested that defec-
tive adhesion to B cells was likely to contribute to the inability 
of SAP-deficient T  cells to provide contact-dependent help for 
GC generation and long-term humoral immunity and thus the 
dysgammaglobulinemias seen in XLP1 (42, 75).

Moreover, the observation of defective interactions with B cells 
has provided mechanistic insight into other phenotypes of XLP1, 
many of which share a common feature of B  cell involvement 
(Figure  2). SAP-deficient CD8 cells exhibit defective adhesion 
to and killing of activated B  cell targets (39–41, 80), especially 
EBV-transformed cells, which express high levels of certain 
SLAM family members and CD48. Thus, the sensitivity to EBV 
may occur because EBV primarily infects B  cells. Impaired 
immunosurveillance of B cell malignancies may contribute to the 
increased incidence of lymphomas, even in the absence of EBV 
infection (16, 42). Since defective CD8 and NK cell cytolysis have 
been linked to HLH, defects in killing EBV-infected B cells may 
trigger this phenotype as well (81), although the exact mechanism 
by which HLH develops in this population is yet to be elucidated. 
Moreover, since other hematopoietic cells also express SLAM 
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FiGURe 2 | Defects seen in X-linked lymphoproliferative disease (XLP)1. XLP1 is associated with multiple T and NK cellular defects, many of which may result from 
impaired interactions with B cells and other cells that express high levels of signaling lymphocyte activation molecule (SLAM) family members. These defects 
contribute to the phenotypes observed in the disease, including the inability to clear Epstein–Barr virus (EBV), lymphoproliferation and lymphoma, hemophagocytic 
lymphohistiocytosis (HLH), and antibody defects.
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family members, defects may be extended to cytolysis of other 
hematopoietic targets; defects in NK  cell cytolysis of multiple 
hematopoietic cell tumor lines that express SLAM family mem-
bers have been observed (82). Nonetheless, it is also of note that 
NK cells deficient in SAP can kill non-hematopoietic cell targets 
better, perhaps accounting for the lack of increases in other types 
of cancer in XLP1 (83). Finally, the absence of NKT  cells may 
result from impaired interactions between lymphocytes, as that 
NKT cells are not selected on the thymic stroma, but rather on 
double-positive thymocytes that express high levels of SLAM 
family members (84).

It is of note that the effects of SLAM family receptor mutations 
for the most part do not phenocopy those of SAP deficiency (85). 
Moreover, although polymorphisms of SLAM family members are 
associated with autoimmunity in lupus-prone mouse strains and 
humans (37), and with alterations in NKT cell numbers in NOD 
(non-obese diabetic) mice (86), to date, there have been no reports 
of immunodeficiency or EBV susceptibility associated with muta-
tions of other SLAM family members in humans (36). Instead, 
many of the phenotypes of SAP deficiency appear to be related 
to inhibitory signals generated by SLAM family members in the 
absence of SAP (39, 76, 85), which are most strongly triggered by 
B cell interactions, either as targets (for cytolysis) or as antigen 
presentation (GC formation). Notably, unlike positive signaling, 
these inhibitory signals would not be expected to rely on the abil-
ity of SAP to recruit Fyn. Indeed, several phenotypes associated 
with SAP deficiency can be rescued by the expression of a mutant 
of SAP that cannot recruit Fyn but can still block the recruitment 
of inhibitory molecules. These include humoral defects, NK cell 

killing, and NK cell education (54, 70, 78, 83), although some phe-
notypes such as 2B4-mediated killing and NKT cell development 
may result from defects in both positive and negative signals since 
Fyn deficiency also impairs these processes (50, 87). Importantly, 
unlike positive signaling, these negative signals require the 
presence of SLAM family members to recruit phosphatases and 
manifest their inhibitory function (Figure  1). Thus, inhibiting 
interactions of the SLAM family members 2B4/SLAMF4 and 
NTB-A/SLAMF6 with their ligands actually improves cytolysis 
of B cells by SAP-deficient CD8 cells and NK cells (39, 41, 58). 
These observations suggest the intriguing possibility that blocking 
antibodies to SLAM family receptors might ameliorate some of 
the clinical manifestations of this disorder, raising the possibility 
of tailored SLAM family-based pharmacological approaches to 
XLP1 (see below). Support for this hypothesis can be found in 
murine genetic studies where mutations disrupting the expres-
sion of Ly108/SLAMF6 improved both the GC defect and NKT 
development in SAP-deficient mice (76).

CURReNT TReATMeNT AND 
MANAGeMeNT OPTiONS FOR XLP1

Given the severe morbidity and high rates of mortality in XLP1, 
it is strongly recommended that genetic screening and counseling 
be carried out in families with a history of XLP1 (5). Diagnosis 
is confirmed using flow cytometric analyses of SAP expres-
sion (88) followed by Sanger sequencing of the SH2D1A gene. 
Immunological status is assessed with focus on immunoglobulin 
levels and response to vaccines.
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Currently, the only definitive treatment available for XLP1 
patients is allogeneic HSCT (16). However, depending on clinical 
features, less aggressive treatments may be adopted, particularly if 
a suitable donor for transplant is not available. As many patients 
do not present with all symptoms simultaneously or at varying 
severity, there are a number of treatment options that target 
specific clinical phenotypes.

Treatment Approaches
Treatment of XLP1 is tailored to particular clinical symptoms and 
supportive care. However, close monitoring (e.g., of EBV viral 
loads) is important in this patient cohort to allow the prevention 
of recurrent infections, organ damage such as bronchiectasis, 
and permit early treatment of EBV infection and more serious 
complications. If there is evidence of EBV-driven disease, includ-
ing HLH, treatment with a monoclonal anti-CD20 antibody 
(rituximab) can be used to deplete the B cell population harbor-
ing the virus (89). This approach is effective at reducing and 
often clearing the viremia but risks the effects of B cell depletion, 
including exacerbating long-term hypo-gammaglobulinemia. 
Antiviral agents are poorly effective against EBV but acyclovir 
has been used in some circumstances. Infection of T cells with 
EBV is also seen in XLP1 patients (unpublished data) and the use 
of rituximab in this situation may not be helpful.

Hemophagocytic lymphohistiocytosis is treated according to 
standardized protocols (HLH 94 and 2004) based on the use of 
dexamethasone, etoposide, and cyclosporin with the addition 
of intrathecal methotrexate and steroids if there is neurological 
involvement (90, 91). This is a highly suppressive regime and 
can be associated with significant toxicity. The protocol follows 
different stages, starting with an intense period of treatment ini-
tially, with reducing doses of steroids and frequency of etoposide 
over time if a response is seen. Re-intensification of therapy is 
occasionally required. This protocol aims to achieve remission of 
HLH, usually prior to moving swiftly to HSCT, but the mortality 
associated with this presentation is still over 60% (16). Other 
immunosuppressive agents have been used to control HLH, 
either in combination with steroids or as rescue therapy, including 
ATG (anti-thymocyte globulin) in combination with etoposide in 
the HIT (hybrid ImmunoTherapy)-HLH trial (NCT01104025), 
or Alemtuzumab (Campath/anti CD52 antibody). In addition, 
newer biologics are now available, and some are being tested 
in HLH including Toculizumab (anti-IL6R antibody). An anti-
interferon gamma monoclonal antibody (Novimmune NI-0501) 
is now in trial in the USA and Europe with results eagerly awaited. 
The JAK1/2 inhibitor Ruxolitinib has shown promise in preclini-
cal murine studies and is now also moving toward the clinic (92).

These more targeted therapies could offer an improved toxic-
ity profile, which may be extremely beneficial to help transition 
patients rapidly to HSCT with as little organ damage and infectious 
complications as possible and thereby afford better outcomes post 
transplant. Lymphoma is also treated according to standardized 
protocols, and again mortality associated with this presentation 
has reduced over the years.

Patients with dysgammaglobulinemia or recurrent infections 
may benefit from immunoglobulin replacement therapy which 

can be delivered via intravenous route every few weeks, or subcu-
taneously every week, which is usually performed at home. Other 
manifestations of dysregulation such as aplastic anemia or vasculitis 
may respond to steroid therapy or other immunosuppressive agents.

Stem Cell Transplantation
Bone marrow (BM) or HSC transplantation (which includes the 
transfer of BM, mobilized CD34+ cells from peripheral blood or 
umbilical cord-derived CD34+ cells) is currently the only defini-
tive treatment for XLP1; survival for untransplanted patients is 
below 20% (16). However, success is dependent on the availability 
of an appropriate donor who is human leukocyte antigen matched 
(16). There are a number of factors to consider prior to HSCT, 
including the disease status, previous treatments, and the type of 
pre-conditioning regimen. An EBV-positive donor is preferred in 
patients with EBV-driven disease.

Several studies have evaluated the clinical outcomes of patients 
undergoing HSCT using either myeloablative-conditioning regi-
mens or reduced-intensity-conditioning (RIC) regimens (16, 93, 
94). These studies revealed similar overall patient survival rates 
post transplantation between RIC and myeloablative protocols, 
with both averaging ~80% (16, 94). However, success rates drop 
depending on the presence of active HLH at the time of transplant 
(falling to 50%) and in the context of a mismatched donor (16). 
From this large cohort, all patients who died post HSCT had 
evidence of HLH.

Thus, although the survival in XLP1 has improved sig-
nificantly over time, it remains a potentially fatal condition. 
The decision to undertake an HSCT in an asymptomatic patient 
requires intensive discussion with the family to understand both 
risks and benefits, especially when a mismatched donor is the 
available choice. However, many families are faced with severe 
complications at presentation, such as HLH or lymphoma, which 
necessitate a rapid move to HSCT.

Potential Future Therapies
SLAM Family Inhibitors
In the absence of SAP, the recruitment of phosphatases and other 
inhibitory signaling molecules convert SLAM family members 
into inhibitory receptors (4). This is particularly relevant for 
SLAMF4/2B4/CD244 and SLAMF6/NTB-A, which strongly inhibit 
CD8 and NK  cell killing of B  cell targets in the absence of SAP. 
Preventing SLAMF4/2B4 and/or SLAMF6/NTB-A engagement, 
either through genetic knockouts of these receptors in mice or 
through the use of blocking antibodies with human cells, can rescue 
phenotypes associated with SAP deficiency, including the defective 
killing of B  cell targets, the absence of GC formation, defective 
NKT cell development, NK cell education, and impaired RICD (39, 
41, 61, 76, 83). Limiting the homophilic interactions of SLAM fam-
ily receptors (or in the case of SLAMF4/2B4, interactions with its 
ligand, CD48) in XLP1 patients may therefore prevent lymphopro-
liferation and other phenotypes of XLP1. In vitro experiments 
have provided evidence that blocking antibodies against CD48 
and NTB-A rescue killing of EBV-infected targets, supporting the 
concept of humanized blocking antibodies as a potentially useful 
therapy (39). Alternatively, peptide(s) or small molecules with a 
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high affinity for the different SLAM receptors might block SLAM 
family interactions and the initiation of a negative signal.

Other potential therapeutic approaches include the use of small 
molecule inhibitors of signaling pathways affected by SAP and 
SLAM family members. The inhibition of SHP1/SHP2 rescued 
cytolysis of B cell targets in vitro using murine cells (41). Other 
data suggest that the inhibition of DGKα, another negative regula-
tor of T cell activation that is affected by SAP, can rescue certain 
phenotypes associated with SAP deficiency, including RICD and 
hyperproliferative responses to lymphochoriomeningitis virus in 
mice (53, 95). However, none of these approaches are curative, and 
toxicity may be a major issue, particularly for long-term treatment.

Gene Therapy
Over the last few years, there have been great strides develop-
ing effective and safe hematopoietic stem cell gene therapy as a 
viable alternative to BM transplantation for a number of PIDs. 
Gene therapy also offers the advantages of reduced toxicity from 
conditioning as, in general, less chemotherapy is required and 
the use of autologous cells removes the risk of graft versus host 
disease which causes significant morbidity and mortality post 
HSCT (96, 97). Although several first-generation gene therapy 
trials were marred by the integration of gammaretroviral vectors 
near proto-oncogenes leading to leukemia and myelodysplasia, 
newer self-inactivating (16) retroviruses and lentiviruses have 
been developed that use internal mammalian promoters to drive 
transgene expression. Numerous clinical trials are underway 
using these later generation vectors, and no insertional events 
have been reported to date.

A proof of concept for gene therapy for XLP1 was established 
using such a second-generation lentiviral vector containing 
the human elongation factor 1 alpha promoter to drive codon-
optimized SAP gene expression (98). This study utilized a SAP-
deficient murine model into which gene-corrected hematopoietic 
progenitor cells were infused following lethal irradiation. The 
transfer of gene-corrected cells led to the restoration of NK and 
CD8 T  cell cytotoxicity, NKT development, as well as GC for-
mation and function upon immunological challenge. However, 
although no adverse effects of SAP expression at the stem cell 
level were seen in these studies, SAP is a tightly regulated signal-
ing protein that is predominately expressed in T cells (14, 45), and 
the use of a ubiquitous human promoter that can drive expression 
in all hematopoietic cells may not be optimal.

An alternative approach to more directly address the T  cell-
dependent clinical manifestations of XLP1 is to develop a therapeu-
tic strategy using gene-corrected autologous patient T cells. Murine 
studies utilizing gene-modified T cell transfers into Sh2d1a−/y mice 
demonstrated the correction of Tfh cell function, the restoration 
of GCs, and the improvement in baseline immunoglobulin levels 
(Panchal et al., in press). In addition, the correction of CD8+ T cell 
function was shown using an in  vivo tumor model. These data 
provide a strong case that adoptive T gene therapy may be a useful 
therapeutic option.

Gene Editing
Along with developments in gene therapy, the latter part of this 
decade has seen great advancements in the use of gene-editing 

platforms for therapeutic benefits (96, 99–101). Zinc finger 
nucleases have been established to be effective in eliminating 
CCR5 expression on T  cells from HIV-infected individuals 
in order to prevent viral spread (102, 103). Transcription 
activator-like effector nucleases and CRISPR/Cas9 nuclease 
systems have been used for TCR knockdowns as part of 
CAR-T  cell therapy, to produce an “off the shelf ” donor 
T  cell product for the treatment of CD19+ B  cell leukemias 
(104, 105). Gene-editing platforms hold great promise for the 
effective correction of endogenous genes using corrected DNA 
copies as donor templates, utilizing the cell’s own DNA repair 
machinery. This approach may be particularly beneficial for 
monogenic diseases such as XLP1 that can present with point 
mutations in the gene. Gene editing also offers a resolution 
to the issue of gene regulation and the risk of overexpression 
in anomalous hematopoietic compartments and could sig-
nificantly improve the safety profile of genetically engineered 
cellular therapy (100, 106). However, this type of therapy needs 
to be custom-designed to repair the genetic defect of each 
patient and may not be useful for patients with gene deletions. 
Potential off-target effects also need to be carefully evaluated. 
Nonetheless, such approaches hold high potential for the treat-
ment of PIDs.

SUMMARY

Over the last 30  years, the outcome for patients with XLP1 
has significantly improved, mainly due to improvements in 
the treatment of clinical manifestations such as HLH and 
lymphoma. Survival post HSCT has also improved, but mor-
tality associated with active disease at the time of transplant 
and mismatched donor settings remains significant. As our 
understanding of the molecular and cellular pathology in XLP1 
continues to expand, novel treatments, including gene therapy, 
will continue to be developed, hopefully leading to even greater 
improved outcomes for patients with this devastating disease.
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Patients with primary immunodeficiency can be prone to severe Epstein–Barr virus 
(EBV) associated immune dysregulation. Individuals with mutations in the interleukin-2- 
inducible T-cell kinase (ITK) gene experience Hodgkin and non-Hodgkin lymphoma, EBV 
lymphoproliferative disease, hemophagocytic lymphohistiocytosis, and dysgammaglo-
bulinemia. In this review, we give an update on further reported patients. We believe 
that current clinical data advocate early definitive treatment by hematopoietic stem cell 
transplantation, as transplant outcome in primary immunodeficiency disorders in general 
has gradually improved in recent years. Furthermore, we summarize experimental data in 
the murine model to provide further insight of pathophysiology in ITK deficiency.

Keywords: primary immunodeficiency, combined immunodeficiency, interleukin-2-inducible t-cell kinase, 
epstein–Barr virus-related malignancies, lymphoproliferative disorders

iNtrODUctiON

Epstein–Barr virus (EBV) is recognized to cause infectious mononucleosis. More than 90% of the 
global population carries the latent virus life-long and most individuals acquire the gammaherpes-
virus by silent infection at young age. Several malignancies are associated with EBV and in the last 
decades patients with genetic defects of T cell signaling or cytotoxic pathway have demonstrated 
susceptibility to severe immune dysregulation upon EBV infection or reactivation. They usually 
present with fatal infectious mononucleosis, lymphoma and lymphoproliferative disease (LPD), 
hemophagocytic lymphohistiocytosis (HLH), and dysgammaglobulinemia (1, 2).

While many combined immunodeficiencies (e.g., defects of antigen receptor recombination 
RAG1/2) can lead to EBV immune dysregulation beside other infectious complications, there are 
diseases, which confer a higher propensity only of EBV associated disease. Several genes have 
been linked to EBV lymphoproliferation (SH2D1A, STK4, CD27, CD70, LAT, RASGRP1, MAGT1, 
Coronin-1A, and CTPS1) in recent years (2). Our group and others reported alterations in the 
interleukin-2-inducible T-cell kinase (ITK) gene in patients presenting with severe EBV associated 
dysregulation (3, 4). At least one decade earlier, murine studies had already shown that ITK is essen-
tial for various T cell functions, especially during a Th2 response. In this mini review, we update on 
clinical and immunological aspects in reported individuals and highlight the extensively investigated 
murine itk−/− model.
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itK DeFicieNcY—cLiNicAL 
PreseNtAtiON AND DiAGNOsis

The first patients were reported in 2009 by our group. Two sisters 
from consanguineous Turkish parents presented with EBV-
driven lymphoproliferative disease (3). At age of 6  years, one 
developed pneumocystis pneumonitis, severe candida stomatitis, 
cytopenia, progressive hypogammaglobulinemia, and oligoclonal 
polymorphic B cell lymphoproliferation.

Eighteen months later, she presented with Hodgkin lym-
phoma (HL), which was successfully treated with chemotherapy. 
However, T  lymphocytes were further declining and at age 
of 10  years the girl succumbed to pneumocystis pneumonia. 
The younger sister presented with pancytopenia and severely 
impaired hepatic function due to EBV-associated HL. Due to 
rapid clinical deterioration haploidentical peripheral blood stem 
cell transplantation (SCT) was performed as a salvage therapy, 
but unfortunately the patient died due to airway obstruction 
during aplasia. Genome-wide linkage analysis identified ITK, in 
which the causative homozygous R335W mutation was revealed. 
To date, we are aware of ITK mutations in 17 patients originating 
from Greece, India, Italy, Iran, Morocco, Pakistan, Palestine, and 
Turkey (16 patients described in Table 1) (5–12). These patients 
manifested between 2.5 months and 13 years of age and presented 
with fever, hepatosplenomegaly, lymphadenopathy, and EBV 
viremia. One patient was diagnosed at birth due to family history 
of disease in the older brother. Thirteen patients presented either 
with HL or with EBV-driven B cell lymphoproliferative disease 
(in some cases developing to Hodgkin or large B cell lymphoma), 
only two showed a classical non-HL histology. In a few patients, 
other viral infections including CMV and VZV were seen. Given 
the severe immune dysregulation, at least three patients devel-
oped autoimmune phenomena and two patients developed HLH.

The number of ITK patients is too few to deduce valid 
statistics. However, it appears that HLH occurs less frequent in 
ITK deficiency than, e.g., in SLAM-associated protein (SAP) 
deficiency (30%) (13).

As known from other disorders with EBV predisposition, 
pulmonary interstitial nodules were seen in most patients. 
Further more, progressive hypogammaglobulinemia and loss of 
CD4+ T cells was detected, in particular naive CD45RA+ CD4+ 
T cells were decreased. In parallel with other EBV prone disorders 
(e.g., SAP deficiency), peripheral NKT cells [determined as CD3+, 
T cell receptor (TCR) Vbeta11+, TCR Valpha24+] were decreased 
in ITK-deficient patients supporting observations in transformed 
cell lines that NKT cells might be essential for anti EBV immunity 
(14). However, there is some evidence that EBV infection itself 
might decrease the number of NKT  cells in these patients, as 
normal numbers of NKT  cells are demonstrated in EBV-naive 
patients, e.g. in patients with XIAP deficiency (15). Furthermore, 
there are disorders with a global lack of NKT  cells, in which 
individuals are rather susceptible to Mycobacteria, but not to EBV  
infection (16).

Peak EBV viremia in ITK-deficient patients was quite 
heterogeneous in reported patients (104–108 copies/μg DNA). 
Unfortunately, we obtained incomplete information on sero-
logical phenotype at time of manifestation to predict the time 

between infection and clinical exacerbation; EBV-VCA-IgM was 
detected in one patient only. In contrast to one of the most similar 
immunological disorders—SAP deficiency—there is not a single 
reported EBV-VCA-IgG seronegative symptomatic EBV-LPD 
patient highlighting the paramount importance of EBV infec-
tion and maybe specificity in the disease setting. Interestingly 
the spectrum of histopathological diagnosis is quite variable 
in reported patients. Bienemann et al analyzed seven of the 16 
patients presented here. In six events, a classic mixed-cellular 
HL histology was shown, while the other lymphoproliferative 
events were rather heterogeneous (polymorphic: three events, 
borderline polymorphic to monomorphic blast-rich B-cell LPD: 
two events, HL-like B-cell proliferation: two events and large 
B-cell lymphoma like LPD: two events). In contrast to many 
immunocompromised patients (who rather demonstrate latency 
type III), ITK-deficient patients had predominantly EBV latency 
type II and presented often with nodal and extranodal manifesta-
tions simultaneously (6). One patient with ITK deficiency differs 
from the other patients in several points. An 18-year-old male 
Turkish patient suffered from recurrent progressive pulmonary 
infections and bronchiectasis, but no lymphoproliferative disease. 
He remained EBV seronegative although PCR could detect a low 
EBV viral load of 1,000–2,000 copies/μl (11).

MANAGeMeNt AND OUtcOMe

As previously demonstrated in other EBV-LPD cases, a few 
patients with ITK deficiency were treated with Rituximab 
with some improvement. IgG substitution has conferred only 
temporary benefit, especially to partially ameliorate immune 
dysregulation manifesting as lymphoproliferation and autoim-
munity; corticosteroids were not helpful in the reported cases. 
Eight patients died between 1 and 15 years after diagnosis (mostly 
due to malignancies), seven within 2 years from diagnosis. Nine 
patients did not receive definitive treatment. Most had a fatal 
outcome. Six patients died due to lymphoproliferation, while 
only two patients remained in remission after chemotherapy for 
HL. However, eight patients underwent hematopoietic SCT. Two 
patients died after HSCT. While one of the initial patients died 
during aplasia with hemorrhagic acute airway obstruction after 
receiving haploidentical PBSCT, another patient succumbed to 
severe graft-versus-host disease. Recently, three more patients 
have been reported at two different centers (Newcastle, UK and 
Paris, France), which have been presented orally at the Annual 
Meeting of the European Society for Immunodeficiencies in 
Edinburgh, September 2017. All three patients were diagnosed 
with Hodgkin-like lymphoma or diffuse B  cell lymphoma like 
lymphoproliferation and were subject to HSCT. Remarkably, the 
Paris patient was treated with five courses of Rituximab and two 
injections of Brentuximab to achieve clinical remission before 
haploidentical T replete HSCT. We can learn from those cases 
that immunotherapy with Rituximab or Brentuximab can lead to 
partial or even complete remission and at least bridge to definitive 
cure. We strongly suggest that each patient should be carefully 
considered for early HSCT, once the diagnosis of ITK deficiency 
has been established.
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FiGUre 1 | Interleukin-2-inducible T-cell kinase (ITK)—structure and signaling—(A) domain organization of ITK and corresponding protein mutants in patients with 
ITK deficiency. N-terminal pleckstrin homology (PH), Tec homology, Src homology 3 (SH3), Src homology 2 (SH2), and C-terminal catalytic kinase domain. Pattern 
recognition receptors. In one patient, a compound heterozygous mutation is predicted to encode Q17X and A308LfS*24 mutant. (B) Following engagement of the 
T cell receptor (TCR) with an MHC bound foreign antigen, several intracellular signals are activated. Lck is recruited and phosphorylates immunoreceptor tyrosine-
based activation motifs (ITAM) at the zeta chain of the TCR. ZAP70 binds double-phosphorylated ITAM residues and phosphorylates LAT, which is recruited to the 
TCR complex. Phosphorylated LAT recruits SLP76, which together with Itk, activates PLCγ1. Subsequently phosphatidylinositol 4,5-bisphosphate (PIP2) is 
catalyzed into inositol 1,4,5-trisphosphate (IP3), which leads to intracellular calcium release and diacylglycerol (DAG). DAG itself can recruit PKCδ and RASGRP, 
which induce the NFκB and MAPK/ERK pathways.
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iNterLeUKiN-2-iNDUciBLe t-ceLL 
KiNAse

Interleukin-2-inducible T-cell kinase is one of five mammal 
TEC family kinases. All five proteins are involved in lymphocyte 
signaling and development (17). Years before the first patient 
with ITK deficiency was diagnosed, ITK-SYK translocations 
were found in individuals with T cell lymphoma (18). The ITK 
gene on chromosome 5q consists of 17 exons and 112 kbp, the 
protein (71 kDa) is formed by 620 amino acids. ITK is composed 
of an N-terminal pleckstrin homology (PH), a Tec homology 

(TH), an Src homology 3 (SH3), an Src homology 2 (SH2), and 
a C-terminal catalytic kinase domain (Figure  1A) (19). Upon 
activation of the TCR several phosphorylation events recruit ITK 
to the cell membrane (for details, see Figure 1B). ITK activates 
PLCγ1, generating inositol 1,4,5-trisphosphate (IP3), which leads 
to intracellular calcium release and diacylglycerol, which, via 
RASGRP and PKCδ, ultimately results in activation/induction of 
the NFκB, mTOR, and MAPK/ERK pathways.

Mutations were found in the kinase, SH2 and PH domain. 
Most patients demonstrated an autosomal-recessive trait, while 
in one individual a compound-heterozygous inheritance from 
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two different ethnicities (Greek–Italian) was revealed (5). 
Interestingly there are corresponding mutations in residues of 
the “sister” Tec kinase BTK (known to cause X-linked agamma-
globulinemia), which are homologous to the mutations observed 
in our patients (9). Our group transformed Herpesvirus saimiri 
cell lines to reveal functional impairment in corresponding ITK 
mutations.

The alterations did not greatly change the amount of ITK 
mRNA expression, nevertheless immunoblot investigations 
showed several variants of endogenous ITK. Most importantly, 
we analyzed calcium response with flow cytometric flux studies 
and revealed a highly decreased release of calcium ions into the 
cytosol in most patients. With regards to functional complemen-
tation our group restored TCR-mediated calcium flux in murine 
itk−/− thymocytes by means of wild type ITK transduction.

Interestingly since the publication of our last review two new 
EBV prone diseases have been discovered in the proximity of ITK 
(with respect to location in the pathway). Linker for activation 
of T  cells (LAT) is a transmembrane adapter molecule, which 
is phosphorylated after TCR triggering. It contains no intrinsic 
enzymatic activity and couples the TCR to downstream pathways 
as a scaffolding protein. PLCy1 phosphorylation is highly depend-
ent on the assembly of the LAT-SLP76 signalosome. However, the 
two initial reports on two kindreds with LAT deficiency show dif-
ferent phenotypes and ambiguous results (20, 21). One kindred 
presented with a typical (severe) immunodeficiency phenotype 
with failure to thrive and recurrent infections. The other report 
describes a family with infants with increased autoimmunity due 
to combined immunodeficiency with a higher number of residual 
T lymphocytes. All three siblings suffered from CMV and EBV 
infection before autoimmunity developed. Similar to our investi-
gations in ITK-deficient cell lines, both of these new reports dem-
onstrate decreased Ca2+ mobilization and other downstream 
signaling in LAT-deficient Jurkat cell lines (J.CaM2.5, ANJ3), and 
although, ITK phosphorylation of ITK, is reported to be depend-
ent on LAT, it was not affected in J.CaM2.5. However, the same 
group (with the higher number of residual T  lymphocytes and 
autoimmunity) had the opportunity to examine calcium flux in 
CD45RO patient lymphocytes, which was surprisingly within the 
range of healthy controls 21. Interestingly, all these patients had 
infectious (often CMV-relate) and autoimmune problems, rather 
than emerging lymphoproliferation. RASGRP1 is a guanine 
nucleotide exchange factor, which is downstream of the PLCγ1-
mediated cleavage of phosphatidylinositol 4,5-bisphosphate. 
Mutations in RASGRP1 have also been associated with CD4 T 
lymphopenia, EBV-driven B cell lymphoma, and lymphoprolif-
erative disease (22, 23).

Itk−/− MUriNe PHeNOtYPe

The murine itk−/− phenotype has been investigated for more 
than 25 years now, 15 years before the first patients were reported. 
Most studies had focused on Th1 skewing especially in infectious 
models; recent data further suggests that itk−/− CTLs harbor 
defects in expansion, degranulation and thus cytotoxicity. In 
the next chapter we will briefly summarize the itk−/− murine 
phenotype.

Itk−/− mice show an altered development of thymocytes with 
elevated numbers of innate single positive CD8+ (CD8SP) cells. 
These thymocytes parallel antigen-experienced T  cells with a 
CD122+ CD44hiCXCR3+ phenotype and increased production 
of Eomesodermin and IFNγ, if stimulated. Similarly splenocytes 
(having decreased CD4 and CD8 expression in total) resemble 
a more differentiated phenotype (CD44+) mirroring peripheral 
CD8 cells of ITK-deficient patients (24–29). NKT cells have an 
impaired development, are dysfunctional and have a decreased 
survival in the periphery (30). Most studies, addressing the Th1 
and Th2 paradigm suggest that ITK plays a role in a correct Th2 
response (19). Upon TCR stimulation, itk−/− T  cells have an 
impaired proliferation, less intracellular calcium release and a 
reduced production of effector cytokines (31).

Few epidemiological studies have observed asthma predis-
position and variants in the ITK gene (32, 33). Several papers 
investigated the T  lymphocytes dependent airway hyporespon-
siveness in itk−/− mice. Pathophysiology of asthma usually 
involves pulmonary infiltration of Th2 cells. Due to an impaired 
Th2 response itk−/− mice show a reduced airway inflammation 
upon challenge with allergens (32, 34, 35). One group tried to 
administer an ITK inhibitor as a pharmacologic agent to suppress 
inflammation in already ovalbumin-induced hyperresponsive 
airways. Paradoxically, inhibition of ITK induced lymphoid 
hyperplasia, an observation they attributed to impaired cell 
death in the absence of cell death (32). Two studies have further 
focused on the impaired cell death in itk−/− mice, which might 
be at least one explanation for the lymphoproliferation seen in the 
patients. One study found reduced activation-induced cell death, 
evidenced by defective FasL upregulation upon activation and 
elevated T cell proliferation (36).

In recent years, Th17, Treg, and Th9 differentiation have been 
extensively addressed as well (37–39).

Infections show the impact of ITK on T cell differentiation and 
T cell effector function. In one of the first studies itk−/− mice on 
a BALB/c background failed to generate the usual Th2 response 
upon infection with Leishmania major, but rather mounted a Th1 
dependent IFNγ response, which cleared the infection (31). In fur-
ther studies itk−/− mice showed decreased granuloma formation 
after challenge with Schistosoma mansoni eggs or the nematode 
Nippostrongylus brasiliensis. Both helminths usually induce a Th2 
response (31, 40). Upon S. mansoni infection compared to WT 
the size of granuloma and draining lymph nodes was significantly 
decreased and production of the Th2 cytokines IL-4, IL-5 and 
IL-10 was markedly reduced in itk−/− mice. Again, IFNγ levels 
were significantly higher suggesting Th1 skewing. If infected 
with N. brasiliensis, wild type BALB/c mice were able to fight the 
intestinal infection, while itk−/− mice showed a decrease in IL-4 
and were incapable to clear the worm.

Toxoplasma gondii, on the other hand, promotes Th1 mediated-
immunity. Although itk−/− mice do succumb to this infection, 
they are only slightly more susceptible to T. gondii than wild type 
mice (41). Serum IFN-y levels 5 days after infection and splenic 
IFN-y production upon stimulation after 30 days show similar 
values as wild type mice. Only few studies have addressed the 
CD8 T cell response in itk−/− mice. It was reported that, although 
itk−/− mice do mount protective responses to lymphocytic 
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choriomeningitis virus Armstrong, vaccinia virus, and vesicular 
stomatitis virus, viral clearance is delayed, most likely due to 
poor activation of CD8 T lymphocytes (42, 43). Given the clinical 
phenotype of the reported patients, a potential role for ITK in 
CTL function seems highly likely. Recently, the effect of ITK on 
cytotoxicity and degranulation of CTLs was demonstrated. ITK-
deficient CTLs showed decreased expansion and a more naïve 
phenotype after activation. The authors revealed that in murine 
itk−/− deficient lymphocytes, early stages of cytotoxicity were 
intact, while defects in degranulation were the bigger concern 
(44).

As far as we know there has not been any study in which an 
infection model of the murine gammaherpesvirus 68 (MHV-68) has 
been investigated in itk−/− mice, although murine MHV-68 infec-
tion resembles human EBV infection quite a bit. MHV-68 spreads 
naturally by the respiratory route and is genetically related to EBV 
(45). Both EBV and MHV-68 have the ability to cause infectious 
mononucleosis. Following intranasal inoculation the virus causes 
an acute infection in the lungs and remains in a latent form 
within B cells. Depending on CD8 T cell function, MHV-68 can 
further infect other splenic B cells and circulate in other organs. 
MHV-68 infection has already been investigated in SAP deficient 
mice (Sh2d1a−/−) leading to hypogammaglobulinemia and 
organ damage (46, 47). Clinically, patients with SAP deficiency 
have shared features with patients with ITK deficiency, hence we 
decided to explore the natural course of MHV-68 infection in 
itk−/− mice in some preliminary experiments. B6 and itk−/− mice 
were intranasally infected with MHV-68. There was no difference 
in the lytic viral tire in lungs between B6 and itk−/− infected mice; 
furthermore, there was no difference in the splenic genomic viral 
load between B6 and itk−/− mice at day 17. Clinically the mice 
did not behave differently. Similarly to Sh2d1a−/− mice after 
3 months in total itk−/− mice spleens were enlarged, and we could 

verify a Vbeta4 expansion in all infected mice, similar to other 
mouse models after MHV-68 infection. Interestingly, we saw a 
relative decrease in CD4 cells in itk−/− mice; on the other hand, 
CD8 numbers were similar in both groups. Most importantly we 
saw a bigger expansion of Vbeta4 cells within in the itk−/− group 
(own preliminary results). The expansion of this clone is line with 
reports in Sh2d1a−/− deficient mice, and further experiments are 
ongoing to evaluate a potential use of this model to investigate 
ITK deficiency.

sUMMArY

Since our last review the reported patient number with ITK 
deficiency has nearly doubled. All patients with previous EBV 
infection, developed EBV-associated malignancies, like Hodgkin 
and non-HL and lymphoproliferative diseases, while pulmonary 
involvement is one of the extranodal key features. Although 
the number of patients is limited, a curative treatment should 
be considered. In settings in which an HLA-matched donor is 
lacking, a haploidentical donor in conjunction with advanced 
T-depleting and adoptive T cell transfer strategies have improved 
the outcome. Immunotherapy with anti-CD20 or anti-CD30 can 
bridge to definitive cure. EBV-negative patients (without any 
viremia) have not been reported yet, so we are unaware of any 
problems in these individuals. However, an early transplant might 
improve outcome. Prospective data collection on HSCT in ITK 
deficiency and other EBV prone primary immunodeficiencies, as 
CD27 or CD70 deficiency is highly warranted.
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Epstein–Barr Virus (EBV) is a gamma-herpes virus that infects 90% of humans without 
any symptoms in most cases, but has an oncogenic potential, especially in immuno-
compromised individuals. In the past 30  years, several primary immunodeficiencies 
(PIDs) associated with a high risk to develop EBV-associated lymphoproliferative dis-
orders (LPDs), essentially consisting of virus-associated hemophagocytic syndrome, 
non-malignant and malignant B-cell LPDs including non-Hodgkin and Hodgkin’s types 
of B lymphomas have been characterized. Among them are SH2D1A (SAP), XIAP, ITK, 
MAGT1, CD27, CD70, CTPS1, RASGRP1, and CORO1A deficiencies. Penetrance of 
EBV infection ranges from 50 to 100% in those PIDs. Description of large cohorts and 
case reports has refined the specific phenotypes associated with these PIDs helping to 
the diagnosis. Specific pathways required for protective immunity to EBV have emerged 
from studies of these PIDs. SLAM-associated protein-dependent SLAM receptors and 
MAGT1-dependent NKG2D pathways are important for T and NK-cell cytotoxicity 
toward EBV-infected B-cells, while CD27–CD70 interactions are critical to drive the 
expansion of EBV-specific T-cells. CTPS1 and RASGRP1 deficiencies further strengthen 
that T-lymphocyte expansion is a key step in the immune response to EBV. These  
pathways appear to be also important for the anti-tumoral immune surveillance of  
abnormal B  cells. Monogenic PIDs should be thus considered in case of any EBV-
associated LPDs.

Keywords: immunodeficiencies, epstein–Barr virus, lymphoproliferative disorders, genetic predisposition to 
disease, T lymphocytes, T lymphocyte activation

The Epstein–Barr virus (EBV) is a gamma-herpes family virus that infects most of humans with a 
marked tropism for B lymphocytes. EBV is an oncogenic virus known to be the causative agent of 
several types of neoplasms, including B, T, and NK cell lymphomas, nasopharyngeal and gastric car-
cinomas, and Epstein–Barr virus-associated smooth muscle tumors (EBV-SMT). 110,000–200,000 
cancer cases per year are attributable to EBV worldwide (1).

The reservoir of EBV is strictly human. After the age of 35 years, the incidence of the infection 
in the general population is more than 90%. The primary infection occurs in the oropharynx where 
EBV virions infect epithelial cells and B lymphocytes via the CD21 molecule. During the primary 
infection, EBV drives the activation and the expansion of latently infected B lymphoblasts (2, 3). These 
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proliferating B  cells express EBV latent growth-transforming 
genes that establish EBV persistence (latency III program) and are 
mainly eliminated by specific CD8+ T cells that strongly expand 
during the immune response. Innate cytotoxic lymphocytes like 
NK cells, γδ T cells, and iNKT cells, specifically early differentiated 
KIR-negative NK cells and Vγ9Vδ2 T cells, are also thought to 
play an important role in the early phase of the primary infec-
tion by recognition of lytically and latently EBV-replicating cells, 
respectively (2, 4, 5). Some EBV-infected B  cells escape to the 
immune response by downregulating latent genes expression 
(latency 0 program) and acquire a memory phenotype, becoming 
invisible to the immune system and establishing a reservoir for 
EBV. Subsequent stimulations of these EBV-containing “reservoir” 
memory B cells will lead to reactivation of EBV from latency into 
the lytic cycle, thus promoting infections of new B cells and their 
expansion. Ultimately, EBV-transformed lymphoblasts can lead to 
lymphoma. In some very rare cases, EBV can also infect T cells 
and NK cells. This peculiar profile of infection is rather observed 
in Asian and South American populations and is associated with 
a chronic viremia, infiltration of organs with by EBV-positive 
lymphocytes, and life-threatening lymphoproliferative disorders 
(LPDs) including hemophagocytic syndrome or/and EBV-positive 
T/NK cell lymphoma. The mechanisms underlying the pathogen-
esis of this infection are not clearly known, as well as its genetic 
determinants that are thought to be oligogenic or polygenic (6, 7).  
This unusual EBV infection will not be covered in this review.

The first encounter with EBV usually happens during infancy 
and adolescence by oral transmission and is largely asympto-
matic. However, in some immunocompetent individuals par-
ticularly during adolescence, primary infection causes infectious 
mononucleosis (IM), a self-limiting lymphoproliferative disease 
clinically characterized by fever, sore throat, body aches, swollen 
lymph nodes, and general fatigue (3). The lymphoproliferation 
consists of a robust and sustained expansion of CD8+ T cells and 
infected B cells reflecting a strong immune response to the virus. 
Notably, CD8+ EBV-specific T cells can represent more than 40% 
of circulating T cells in some subjects (8).

In immunocompromised individuals, reactivations of EBV 
and persistence of proliferating latent growth-transforming EBV-
infected B  cells are associated with severe pathologies that can 
have fatal outcome. Those include hemophagocytic lymphohis-
tiocytosis (HLH), also termed virus-associated hemophagocytic 
syndrome, non-malignant B-cell LPDs, and B-cell lymphomas 
including Hodgkin’s lymphomas and non-Hodgkin’s lym-
phomas such as Burkitt’s lymphoma and diffuse large B-cell 
lymphoma (DLBCL) (1). Such disorders defined as posttransplant  
lymproliferative disorders are often observed in patients with 
organ transplantation under immunosuppressive treatment. 
Similarly, HIV-infected patients with acquired immunodefi-
ciency syndrome (AIDS) often experience lymphoproliferation 
disorders driven by EBV, that represent one of the most frequent 
cause of death in patients with AIDS (9). Those observations 
highlight that reactivations of EBV from latently EBV-infected 
B cells occur frequently in normal individuals throughout life and 
need to be tightly controlled by the adaptative immune response.

Beside acquired forms, several inherited combined immuno-
deficiencies (CIDs) leading to a particular susceptibility to EBV 

infection and to develop EBV-driven diseases have been identified 
over the last 20 years (10–12). Those genetic defects include muta-
tions in SH2D1A, ITK, MAGT1, CTPS1, CD27, CD70, CORO1A, 
and RASGRP1 (Table 1). In these genetically determined forms, 
the penetrance of the EBV susceptibility is high with more than 
50% patients having presented at least one severe episode of EBV-
driven LPD including Hodgkin and non-Hodgkin lymphomas 
(Table 2). However, a number of carriers of these gene defects can 
also experience other severe viral infections caused by CMV, VZV, 
HSV, HHV-6, or HPV. This is particularly true for CTPS1 and 
CORO1A deficiencies since patients often presented VZV and 
HPV infections, respectively. Bacterial infections, in particular 
recurrent lung infections are noticed in a number of patients 
and can be the initial clinical presentation. This may be related 
to the hypogammaglobulinemia and/or dysgammaglobulinemia 
associated with low number of CD27+ memory B cells that are 
frequently observed in these defects. These phenotypes likely 
result or have been proven to result from abnormalities in T-cell 
help to B cells due to defects in T-helper cell maturation and/or 
activation. Intrinsic defects in B cell development and function 
may also contribute directly to the hypo/dysgammaglobulinemia, 
like in RASGRP1, CTPS1, CD27 deficiencies, for which there 
is clear evidence that these genes are directly involved in B-cell 
development and/or function. However, these B-cell defects do 
not to interfere with the ability to EBV to infect B cells and its 
oncogenic activity. CD4+ T  cell lymphopenia and/or decrease 
naïve T cells is also a frequent phenotype, which can be consid-
ered as an immunological hallmark of a T-cell defect (13, 14). 
NK cells and iNKT cells are also often found to be diminished 
or absent. Finally, several of these deficiencies are associated 
with very unique features, independently of the high risk to 
develop EBV-driven lymphoproliferations, helping to the diag-
nosis, such as autoimmunity, inflammatory bowel disease (IBD), 
lung involvement, and neurological disorders that develop in 
RASGRP1, XIAP-, ITK-, and CORO1A-deficiency, respectively 
(Table 1).

Over the last two decades, these inherited defects have rep-
resented very unique in natura models to decipher the immune 
response to EBV. Molecular and genetic characterization of these 
disorders and their study have revealed several unexpected and 
novel pathways required for an efficient immunity to EBV, but 
also more generally involved in cancer immune surveillance of  
B lymphocytes, and adaptative immune responses.

SH2D1A/SLAM-ASSOCiATeD PROTeiN 
(SAP) DeFiCieNCY

SH2D1A/SAP deficiency (also known as the X-linked lym-
phoproliferative syndrome type 1-XLP-1 or Purtilo syndrome) is 
caused by hemizygous mutations in the X-linked gene SH2D1A 
(15–19). More than 100 patients with hemizygous deleterious 
mutations in SH2D1A have been reported, but if considering 
the literature before the discovery of the gene, this is probably 
more than 200 cases (20–22). Clinical features of XLP-1 are EBV-
driven fulminant or severe mononucleosis with all the clinical 
features of HLH including fulminant hepatitis, hepatic necrosis, 
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TABLe 1 | Lymphoma subtypes in primary immunodeficiencies associated with high susceptibility to develop EBV-driven lymphoproliferative diseases.

Mutated gene 
number of 
patients (n)

Age of 
onset 
(years)

eBv-associated 
diseases

infections Other clinical features immunological features Outcome Defective pathways/ 
functions

T-cells B-cells NK-cells

SH2D1A (XLP-1)
n > 100

0.5–40 SIM/HLH 50–60% 
(neurological inv. 
25%)
B lymphoma 
25–30%
Vasculitis 3–4%

eBv 60–70%
HHV-6 (1)
HHV-7 (1)
LCMV (1)

Lung infections 15%
Diss. aspergillosis (1)
E. coli sepsis (1)

Aplastic anemia 3–4%
EBV-negative lymphoma
EBV-negative vasculitis

Absence iNKT Dys-γ, hypo-γ 
50%

↓ NK HSCT 
10–40% 
Mortality 
20–50%

SLAMR/SAP pathway  
(T and NK cytotoxicity  
and AICD)

XiAP (XLP-2)
n > 100

0.5–40 SIM/HLH 50% eBv 35–40%
CMV 10–20%
HHV-6 (1)

IBD 25–40%
Inflammatory disorders  
5% (uveitis, skin  
abcesses, etc.)
Cholangitis 1–2%

↓ MAIT
↓ iNKT

Hypo-γ 15–20% HSCT 
10–30%
Mortality 
5–30%

Excess of apoptosis  
(AICD, TRAIL-R, Fas)
NOD1/2 signaling/ 
function

iTK
n = 13

2.5–18 LPD/B lymphoma 
13/13
HLH 1/13
SMT 1/13

eBv 13/13
CMV 1/13
VZV 1/13
BK-virus 2/13

Lung infections 9/13
PCP 2/13

Lung involvement 11/13
Kidney involvement 3/13
Al cytopenias 3/13

↓ CD4+ 8/13
↓ iNKT 5/5

Hypo-γ 8/13 HSCT 4/13
Death 7/13

TCR induced calcium flux
T-cell proliferation

MAGT1
n = 11

3–45 LPD/B lymphoma 
7/11

eBv 11/11
HSV 2/11, VZV 1/11
JC virus (PML) 1/11
HHV-8 (KS) 1/11

Lung infections 9/11 Al cytopenias 3/11 ↓ CD4+

↓ NKG2D
Dys-γ, hypo-γ 
8/11
Lymphocytosis

HSCT 2/11
Death 3/11

NKG2D-dependent  
cytotoxicity

CORO1A
n = 9

0.5–7 LPD/B lymphoma 
5/9

eBv 5/9
HPV 4/9, VZV 5/9
HSV 2/9
Parvovirus B19 1/9

Lung infections 7/9
Cutaneous leprosy 1/9
Visceral leishmaniasis 
1/9

Neurological involvement 
(cognitive impairment) 3/9

↓ CD4+ 8/9
↓ MAIT 1/1
↓ iNKT 1/1

High IgE level 4/5 HSCT 2/9
Death 4/9

Actin regulation
T-cell survival
NK cytotoxicity

CD27
n = 18

1–22 LPD/B lymphoma 
12/18
T-cell lymphoma 
1/18
SIM/HLH 5/18
Meningitis 1/18

eBv 18/18
VZV 2/18
CMV 1/18

Lung infections 4/18
Gram-positive sepsis 
1/18
Giardiasis 1/18

Aplastic anemia 1/18
Uveitis 5/18
Oral anal ulcers 5/18

↓ iNKT 3/10 Hypo-γ 13/18 ↓ NK HSCT 4/18
Death 3/18

CD27–CD70 pathway  
(T-cell proliferation)
NK cytotoxicity

CTPS1
n = 12

0–5 LPD/B lymphoma 
5/12
SIM 5/12

eBv 11/12
VZV 6/12
Norovirus 3/12
CMV 2/12, HHV-6 
2/12

Lung infections 7/12
Meningitis 3/12

Eczema 2/12 ↓ MAIT
↓ iNKT

↓ lgG2 5/5
↓ CD27+ B-cells

↓ NK HSCT 9/12
Death 3/12

De novo pyrimidine  
synthesis
T- and B-cell  
proliferation

RASGRP1
n = 6

5–12 LPD/B lymphoma 
4/6
SMT 2/6

eBv 5/6
HSV 1/6
HPV (EV) 1/6
CMV 1/6

Lung infections 5/6
Diss. tuberculosis 1/6
LN tuberculosis 1/6
PCP 1/6

AI cytopenias 3/6
EBV-negative  
LPD 2/6

↓ CD4+ 4/6
↓ MAIT 2/2
↓ iNKT 2/2

Hypo-γ 1/6
Hyper-γ 2/6
↓ CD27+ B-cells 
2/4

↓ NK 3/6 HSCT 2/6
Death 2/6

MAPK pathway  
(ERK1/2, T-, B-cell  
proliferation)
Actin/cytoskeleton  
dynamics
NK cytotoxicity

(Continued)
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bone marrow hypoplasia, neurological involvement in 20–30% 
of cases, hypogammaglobulinemia (50%), and B-cell lymphoma 
(25–30%) which often have abdominal localization. Few other 
rare phenotypes can be also observed such as vasculitis (2–5%), 
aplastic anemia (2–5%), and chronic gastritis (18, 23–26).  
All phenotypes can occur independently and some develop 
without any evidence of EBV infection (10–20%) or prior to 
EBV infection like HLH, hypogammaglobulinemia, lymphoma, 
aplastic anemia, and vasculitis (24–26). Some rare cases of T-cell 
lymphoma have also been reported (23, 27). However, a significant 
proportion of patients initially presented with combined variable 
immunodeficiency (CVID) associated with severe recurrent bac-
terial infections including disseminated aspergillosis and E. coli 
sepsis (28–31). Only five cases of other severe viral infections by 
HHV-6, HHV-7, and LCMV or HLH without EBV trigger have 
been reported in the recent literature (22, 26, 32, 33). This high-
lights that SAP has a very unique role in immunity to EBV, when it 
is not required for other viral infections except in very rare cases.

SH2D1A encodes a small adaptor protein of 128 amino 
acids named SAP, uniquely expressed in T and NK  cells. SAP 
is only made of a unique SH2 domain that specifically binds to 
the intracytoplasmic domain of receptors of the SLAM family 
(SLAMF), which are self-ligands and are involved in homotypic 
cell–cell interactions with the exception of 2B4 (also known as 
CD244 or SLAMF4) that binds CD48 (34–36). On the one hand, 
SAP functions as a real adapter protein by its ability to recruit 
the tyrosine kinase FynT to SLAMF receptors, thus coupling 
those to downstream signaling pathways. On the other hand, 
SAP acts also as a blocker protein by inhibiting the recruitment 
of SH2-containing phosphatases to SLAMF (15, 35, 37–39). 
Early studies have documented NK-cell cytotoxicity defects 
toward EBV-infected B cells in XLP-1 patients (40, 41). Further 
investigations revealed that these defects involved two SLAM 
receptors, 2B4 and SLAMF6 (also known as NTB-A or Ly108) 
which have the capacity to trigger and activate NK- and CD8+ 
T-cell cytotoxicity toward EBV-infected B  cells or transformed 
B cells when SAP is normally expressed (42–46). B-cell lympho-
mas and EBV-infected B cells are known to express high levels 
of ligands for SLAMF-R, including CD48 the ligand of 2B4 (47). 
This expression might signal abnormal “dangerous” proliferat-
ing B  cells to NK  cells and T  lymphocytes. Following studies 
demonstrated that the stimulatory function of 2B4 and SLAMF6, 
which is dependent of FynT was not only lost in the absence of 
SAP but also shifted toward an inhibition of other stimulatory 
pathways of cell cytotoxicity in NK- and CD8+ T-cells (43, 48, 49). 
Additional findings in mice indicated that this inhibitory effect 
was independent of FynT, but depends of the blocking activity of 
SAP, and leads to decreased conjugate formation between CD8+ 
T or NK cells and SLAMF-expressing target cells like B cells (50, 
51). In this context, other activation pathways of cytotoxicity such 
as NKG2D may not compensate for the defective function of 2B4 
and SLAMF6. The inhibitory activity of 2B4 and SLAMF6 in the 
absence of SAP may have a trans-inhibitory effect on activating 
receptors (such as NKG2D and/or killer cell activating receptors) 
when co-engaged at the cytotoxic synapse.

Importantly, NK-cell and CD8+ T-cell cytotoxicity toward other 
APCs or target cells than B  cells including non-hematopoietic 
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TABLe 2 | Lymphoma subtypes in primary immunodeficiencies associated with high susceptibility to develop EBV-driven lymphoproliferative diseases.

Mutated gene number of 
patients/total

Hodgkin lymphoma (subtype) B-cell NHL T-cell 
lymphoma

DLBCL Burkitt lymphoma Not specified

SH2D1A
25–30%

30–40%: abdominal 
(40–50%), cervical 
(30–40%), spinal 
(10–20%)

40–60%: abominal 
(50–60%), cervical 
(20%)

20–30% 1 patient (CNS)

iTK 6 patients (1 mixed cellularity) 1 patient 1 patient 1 patient
9/13

MAGT1 2 patients 1 patient 1 patient 1 patient
5/11

COR01A 4 patients
4/9

CD27 3 patients (2 scleronodular and 1 mixed cellularity) 2 patients 1 patient
6/18

CTPS1
2/12

2 patients  
(CNS 2/2)

RASGRP1 2 patients (1 scleronodular and 1 mixed cellularity) 2 patients
4/6

CD70 4 patients (1 scleronodular and 1 mixed cellularity)
4/6

CNS, central nervous system; NHL, non-Hodgkin lymphoma; DLBCL, diffuse large B-cell lymphoma; EBV, Epstein–Barr virus.
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cells or/and SLAMF-negative target cells was preserved, and even 
augmented for NK-cell cytotoxicity (47, 52, 53). Recent studies in 
mice indicate that this excessive NK-cell cytotoxicity is depend-
ent of a role of SAP and SLAMF6 in NK cell licensing/education 
(52). In the absence of SAP, NK-cell responsiveness toward 
SLAM-negative cells is increased. In XLP-1 patients, increased 
NK cytotoxicity toward the SLAMF-negative target cells K562 
was documented (54), associated with increased CD16- and 
NKp46-dependent cytotoxicity (52). Thus, extra-hematopoietic 
manifestations associated with HLH seen in XLP-1 patients, like 
extensive liver damage may be caused by this increased NK-cell 
cytotoxicity toward non-hematopoietic cells.

Beside its function in NK- and CD8+ T cell-cytotoxicity, SAP 
is also important to limit CD8+ T-cell expansion. SAP-deficient 
T cells both in mice and human exhibited increased survival due 
to impaired activation-induced cell death (AICD), an important 
pathway involves in the contraction of the pool of Ag-specific 
T-cells during immune responses (55, 56). The positive role of 
SAP on AICD is dependent of SLAMF6 that delivers signals for 
the expression of the pro-apoptotic molecules Bim and FasL 
(55). In concert, these distinct defects certainly contribute to the 
inability of EBV-specific T cells to eliminate EBV-infected B cells 
and to their uncontrolled expansion and activity during primary 
infection leading to fulminant mononucleosis or HLH. The fact 
that patients also frequently develop non-EBV B cell lymphoma 
argues for an important role of the SLAM–SAP pathway in the 
immune surveillance of B cells.

XiAP DeFiCieNCY

XIAP deficiency (also known as the X-linked lymphoproliferative 
syndrome type 2/XLP-2) is caused by hemizygous mutations in 

the XIAP gene coding the X-linked Inhibitor of Apoptosis Protein 
XIAP (54, 57). XIAP is an anti-apoptotic molecule member of 
the inhibitor of apoptosis protein family (IAP). XIAP is a potent 
inhibitor of program cell death, but it is also required for the func-
tion of (NOD)-like pattern recognition receptors (NLRs) NOD 1 
and 2 and the regulation of the inflammasome activity of NLRP3 
(58–61). More than 100 patients have been now reported with a 
XIAP deficiency. Initially reported in 2006 in a cohort of patients 
with a clinical phenotype close to that of SH2D1A-deficient 
patients (XLP-1), XIAP deficiency was further denominated XLP-
2, since XIAP is located in the immediate vicinity of SH2D1A on 
the X chromosome (57). However, during the last 10 years, there 
were cumulative observations that the two diseases differ by many 
aspects, in particular, there is no evidence that they are functionally 
related. The main clinical phenotypes of the XIAP deficiency are 
the susceptibility to develop HLH in the context of EBV infection 
(36%), the recurrent splenomegaly corresponding to a minimal 
form of HLH (57%), and the IBD (26%) with features of Crohn’s 
disease (57, 62, 63). The HLH is often less severe than in the XLP-1 
deficiency with very rare neurological involvement (24). Some 
patients also developed variable auto-inflammatory symptoms 
like uveitis, arthritis, skin abscesses, erythema nodosum, and 
nephritis (62, 63). Thus, today although the susceptibility to EBV 
remains one important and severe clinical manifestation of the 
XIAP deficiency, more than half of the patients never experienced 
a peculiar EBV susceptibility (57, 62). XIAP-deficient patients also 
never experience lymphoma in contrast to patients with SAP defi-
ciency, likely related to the anti-apoptotic function of XIAP, which 
may protect patients from cancer, and XIAP is now considered as 
a promising therapeutic target for cancer treatment (64).

T lymphocytes from XLP-2 patients have been shown to exhibit 
increased AICD in response to T-cell receptor (TCR) activation 
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and increased apoptosis to FAS/CD95 and TRAIL-R stimula-
tions (54). On the other hand, monocytes from patients displayed 
impaired production of cytokines and chemokines (TNF-α, 
IL-10, IL-8, and MCP-1) to stimulation with NOD2 ligands  
(63, 65). Although the mechanisms of EBV-driven HLH in XIAP 
deficiency remains unclear, it is proposed that excessive AICD 
might compromise the expansion and proliferation of activated 
EBV-specific T cells like in CTPS1, CD27, or CD70 deficiencies 
(see below)(58). In this setting, accumulation of apoptotic cells 
and persistence of EBV-infected B cells could result in abnormal 
inflammation amplified by impaired inflammasome regulation 
and/or defective NOD1/2 activation of myeloid cell populations. 
In concert, T lymphocytes and myeloid defects may contribute 
to EBV-driven HLH in XIAP-deficient patients.

iTK DeFiCieNCY

ITK deficiency is an autosomal recessive disorder caused by bi-
allelic mutations in ITK. Until now, 13 patients from 8 families 
have been reported in the literature (66–72). All experienced 
EBV-associated recurrent non-malignant LPD or malignant 
B-cell lymphoproliferations including Hodgkin lymphoma in 
five, and one develop an EBV-SMT (69). B-cell lymphoprolif-
erations have often a pulmonary localization and more than 50% 
also develop pulmonary infections. ITK (IL-2-inducible tyrosine 
kinase) is a well-characterized protein tyrosine kinase of the TEC/
BTK family specifically expressed in T lymphocytes and NK cells. 
ITK is involved in TCR signaling by its capacity to phosphorylate 
and activate the PLC-γ1, a key enzyme that stimulates Ca++ fluxes 
through the production of IP3, both being critical second mes-
sengers of T-cell activation (73, 74). ITK has been also involved 
in CXCR4 signaling (75). Mice studies demonstrated the impor-
tance of ITK in immunity particularly in CD4+ T-cell responses 
(73, 76). A recent report showed that ITK is also required for 
efficient CD8+ T-cell responses in mouse (77). In the absence of 
ITK, CD8+ T-cell expansion and maturation into cytolytic effector 
T  cells is impaired leading to decreased CD8+ T-cell cytotoxic 
responses. Very few studies have been made to characterize ITK-
deficient T  cells from patients, albeit-derived T-cell lines from 
ITK-deficient patients have been obtained and studied showing 
decreased Ca++ mobilization (67). Defective T-cell proliferation 
in response to TCR engagement was documented in one patient 
(69). Although the exact mechanism(s) underlying EBV suscep-
tibility in ITK deficiency need to be established, the recent study 
of CD8+ T cells from ITK-deficient mice (77), strongly supports 
that in T cells from ITK-deficient patients, TCR activation signals 
are impaired resulting in defective expansion and maturation of 
EBV-specific CD8+ T cells like in CD70 and CD27 deficiencies 
(see below).

MAGT1 DeFiCieNCY

MAGT1 deficiency also termed XMEN disease (for X-linked 
immunodeficiency, magnesium defect, EBV infection, and 
neoplasia syndrome) is caused by hemizygous mutations in 
MAGT1. To date, 11 male patients with MAGT1 deficiency have 
been identified and all developed susceptibility to EBV infection 

with chronic viremia and B-cell lymphomas including Hodgkin 
and DLBCL (78–82). In one patient, the initial clinical pres-
entation was a HHV-8-associated Kaposi sarcoma (80). One 
particular trait of this disease is the B-cell lymphocytosis associ-
ated with a CD4 lymphopenia (83). MAGT1 encodes a ubiq-
uitously expressed transmembrane Mg++ transporter involved 
in the maintenance of free basal intracellular Mg++ pools. 
However, MAGT1 also associates with the N-oligosaccharyl 
transferase complex, and therefore may have a role in protein 
N-glycosylation (84). Following the discovery of the MAGT1 
immunodeficiency, MAGT1-dependent Mg++ influx was docu-
mented in T cells upon TCR engagement. Importantly, this Mg++ 
mobilization was shown to be involved in PLC-γ1 activation and 
subsequent dependent Ca++ influx (78). Notably, all these events 
were markedly impaired in activated MAGT1-deficient T cells 
in response to TCR, but T-cell proliferation has been considered 
to be normal or diminished (85). Based on these findings, it was 
proposed that MAGT1 might be necessary to activate PLC-γ1 
possibly by acting on ITK. In a recent study, intriguingly, Ca++ 
mobilization was found to be only moderately decreased and 
delayed in T cells from a patient carrier of a deletion encom-
passing MAGT1 (80). Along these lines, an other recent report 
showed that MAGT1-deficient T  cells from mice exhibited 
normal calcium flux upon TCR activation, while calcium flux 
was impaired in B  cells in response to BCR stimulation (86). 
The discrepancy between these recent observations and earlier 
studies is not known. In any case, MAGT1 was further shown 
to be required for expression and function of NKG2D and its 
signaling adapter DAP10 (79). NKG2D is an activating NK-cell 
receptor expressed on NK cells, γδ T cells, and CD8+ T cells, 
that recognizes MHC class I-homologous proteins induced by 
cellular stress in response to infection or neoplasia. Importantly, 
ligands of NKG2D are upregulated on EBV-infected B cells and 
EBV-associated lymphoproliferations (87, 88). Consistent with 
defective NKG2D expression, MAGT1-deficient CD8+ T  cells 
displayed impaired cytotoxic activity against autologous EBV-
transformed B cells. Importantly, magnesium supplementation 
treatment in  vivo and in  vitro restored basal intracellular 
Mg++ concentration, NKG2D expression, cell cytotoxicity, and 
immunity to EBV in MAGT1-deficient patients (79). Defective 
N-glycosylation of NKG2D associated with increased ubiq-
uitinylation leading to accelerated protein turnover might be 
considered as the main mechanism explaining the impaired 
NKG2D function. Thus, these observations highlight the essen-
tial role of the NKG2D pathway in immunity to EBV, albeit the 
exact role of MAGT1 in TCR signaling remains to be clarified.

CD27 DeFiCieNCY

This deficiency is caused by bi-allelic mutations in CD27 that 
encodes a protein belonging to the super family of TNF receptors 
(TNFSFR), also known as TNFSFR7. Until today, 18 patients 
have been reported and all developed EBV-associated LPDs 
including malignant B-cell proliferations, Hodgkin’s lymphoma, 
B lymphoma, and few patients developed HLH triggered by EBV 
(89–92). Some patients also experienced inflammatory symptoms 
such as uveitis and oral ulcers. CD27 binds to CD70 (also named 
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TNFSF7), a member of the TNF superfamily ligands. CD27 is 
highly expressed by T cells including resting T cells and a small 
fraction of B cells corresponding to memory B cells (93–95). CD27 
is a co-stimulatory molecule of T-cell activation and CD27–CD70 
interactions in mice have been shown to enhance T-cell survival, 
effector functions, and memory T-cell expansion, in particular 
CD8+ T  cells during anti-viral immune responses (96, 97). 
Insights to the mechanism underlying the high susceptibility to 
EBV in CD27 deficiency was recently given by the identification 
of CD70-deficient patients (see below).

CD70 DeFiCieNCY

Five patients with homozygous deleterious mutations in CD70 
have been reported in 2017 and one in 2018 (91, 98, 99). Five out of 
six patients developed EBV-Hodgkin’s lymphoma and recurrent 
B-cell lymphoproliferations, and one initially presented clinical 
signs evoking a Behçet-like syndrome and had uncharacterized 
viral encephalitis. All patients had dysgammaglobulinemia and 
two patients developed other infections. By many aspects CD70-
deficiency appears to be a phenocopy of the CD27 deficiency.  
In peripheral blood mononuclear cells, CD70 is only expressed by 
a very small fraction of B cells (91), but its expression is strongly 
upregulated on activated B  cells and EBV-infected B  cells dur-
ing primary infection in tonsils of patients with IM (91). B-cell 
lymphomas and several other cancers such as solid carcinomas 
are also known to express CD70 (94). Izawa et al. demonstrated 
that CD70 expression on EBV-infected B cells drives the expan-
sion of EBV-specific cytolytic T cells via a TCR-CD27-dependent 
co-stimulation. When CD70 is absent on EBV-infected B cells, or 
CD27 on T cells, EBV-specific T cells failed to expand leading to 
reduced cytotoxicity responses toward EBV-infected B cells (91). 
Decreased expression of 2B4 and NKG2D on memory CD8+ 
T cells of CD70-deficient patients was also noticed and may also 
contribute to the inability of T  cells to eliminate EBV-infected 
B cells (98). These findings demonstrate that the CD70–CD27 axis 
represents a key component of the protective immunity to EBV. 
Furthermore, the implication of the CD27–CD70 axis in anti-
tumoral immune surveillance of abnormal B cells is supported by 
the observations that CD70 is often found somatically mutated in 
B lymphomas, perhaps to escape to the immune surveillance (91).

CTPS1 DeFiCieNCY

CTPS1 deficiency is an autosomal recessive immunodeficiency 
caused by a unique homozygous deleterious mutation in CTPS1 
with a founder effect in the population of the North West of 
England. Until now, 12 patients have been reported and all 
but 1 presented EBV susceptibility including severe infectious 
mononucleosis, LPD, and B-cell lymphoma, which was the 
initial clinical presentation in 40% of cases (100–102). Half of 
them also developed other viral infections including CMV, VZV, 
and HHV-6. Some also experienced recurrent bacterial infections 
with Haemophilus influenza, Streptococcus pneumonia, and/or 
Neisseria meningitis. CTPS1 codes for the CTP synthetase or 
synthase 1, a key enzyme of the de novo synthesis of the CTP 
nucleotide, which is the limiting nucleotide in cells (103). CTP 

is a critical precursor in the metabolism of nucleic acids. CTP 
is produced by two pathways, a salvage pathway and a de novo 
synthesis pathway. The salvage pathway utilizes cytidine, a degra-
dation product from nucleic acids. The “de novo” CTP synthesis 
is dependent of two enzymes CTPS1 and CTPS2, which catalyze 
ATP-dependent amination of UTP to CTP with ammonia 
(-NH3) transfer from hydrolyzed glutamine. In normal tissues, 
CTPS activity is rather low, while it is high in proliferating cells 
like cancer cells including lymphoma. Importantly, CTPS1 is very 
low in resting T cells and is rapidly and strongly upregulated in 
response to TCR stimulation (100). In CTPS1-deficient patients, 
the proliferation of T  cells in response to TCR engagement 
is markedly impaired, while other T-cell responses including 
cytokines production, AICD, and cytotoxicity are not affected, 
and T cells normally proliferate in response to IL-2. Addition of 
CTP or cytidine in the culture medium restored T-cell prolifera-
tion of activated T cells. CTPS1 expression is also upregulated in 
activated B cells. However, the role of CTPS1 in B cells may be 
less important than in T cells as patients developed rather infec-
tions associated with a T-cell defect and the absence of CTPS1 
has no effect on proliferation of EBV-infected B cells and their 
transformation by EBV. The discovery of the CTPS1 deficiency 
emphasizes the importance of T-cell expansion during anti-viral 
responses, specifically in primary infection to EBV, since 40% 
T cells of circulating can be specific to EBV (8).

CORO1A DeFiCieNCY

Deficiency in the actin regulator CORO1A (Coronin-1A) 
has been identified in nine patients (104–108). Patients pre-
sented with severe infections, and five developed EBV-driven 
B  cell lymphoma. Four patients had severe mucocutaneous-
immunodeficiency manifestations including epidermodysplasia 
verruciformis-HPV (EV-HPV) (104, 108). Three patients also 
exhibited neurological abnormalities including autism-like 
symptoms. Patients with CORO1A deficiency are characterized 
by a profound T  cell lymphopenia with strongly decreased or 
nearly absent naïve cells associated with defective thymic output. 
CORO1A-deficient T cells from patients showed increased spon-
taneous in vitro apoptosis, delayed ERK1/2 activation, increased 
filamentous actin, but normal or reduced T cell proliferation to 
mitogens and antigens and normal calcium flux and cytotoxic-
ity. It is proposed that CORO1A deficiency is primarily a T-cell 
immunodeficiency caused by impaired thymic egress, migration, 
and survival of mature T  cells, thereby affecting lymphocyte 
homeostasis, repertoire selection, and lineage commitment 
(109). CORO1A belongs to the family of Coronins that are 
evolutionarily conserved intracellular actin-binding proteins 
expressed at high level in most of leukocyte populations (110). 
In T cells, CORO1A has been shown to be a negative regulator 
of branched F-actin formation and be required for chemokine-
mediated migration and lymphocyte survival given the fact 
that accumulation of F-actin is known to be toxic for cells (108, 
111). However, CORO1A in T  cells has been also involved in 
a variety of pathways including TCR and TGF-β signaling and 
immunologic synapse (IS) formation (112–115). Along these 
lines, defective NK cell degranulation was reported in one patient 
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in association with increased density of F-actin at the cytotoxic 
synapse (113). Neurological abnormalities found in patients are 
likely explained by the role of coronin-1A in neurodevelopment 
that has been reported in mice (116). Finally, Coronin 1A was 
recently shown to be required for neutrophil trafficking. These 
observations suggest that the immune defects in patients may not 
only be restricted to T cells (117). While it is not clearly estab-
lished why patients with CORO1A deficiency are susceptible 
to EBV, it is very likely that the poor T-cell survival may result 
in defective expansion of EBV-specific CD8+ T-cells leading 
to impaired control of EBV-infected B  cells. Interestingly, four 
patients developed EV-HPV, which could bring closer CORO1A 
deficiency to primary immunodeficiencies (PIDs) associated with 
frequent and extensive HPV infections, especially those such as 
MST1/STK4 and DOCK8 deficiencies, that are characterized by 
CD4 lymphopenia, defective T cell migration, and/or abnormal 
F-actin polymerization and IS formation (118).

RASGRP1 DeFiCieNCY

RASGRP1 deficiency is caused by bi-allelic mutations in 
RASGRP1. So far, three different null homozygous muta-
tions have been identified in four patients having developed 
severe EBV-driven LPDs including two Hodgkin lymphoma. 
One had also an EBV-SMT (119–121). RASGRP1 codes for a 
diacylglycerol-regulated guanidine exchange factor preferen-
tially expressed in T and NK cells (122, 123), which acts as an 
activator of the small G protein RAS and the downstream RAF-
MEK-ERK kinases cascade (also known as the MAP kinases 
pathway). In T lymphocytes, RASGRP1 is the main activator of 
the MAP kinases pathway (124, 125). RASGRP1-deficient T cells 
showed impaired ERK/MAPK activation and decreased T-cell 
proliferation in response to mitogens and antigens (119, 120).  
In the first report, RASGRP1-deficient T cells were also shown to 
have diminished cell cytotoxicity and migration capacity (120). 
NK cells also exhibited decreased cell cytotoxicity. A direct role 
of RASGRP1 in cytoskeletal dynamics during exocytosis of lytic 
granules in NK and T cells and in T-cell migration is suggested 
by its ability to interact with the dynein light chain DYNLL1 and 
to activate RhoA, respectively (120). This role may explain the 
impaired cytotoxic responses seen in RASGRP1-deficient T and 
NK cells. In a recent report by Winter et al., RASGRP1-deficient 
NK cells and CD8+ T cells were nonetheless found to have normal 
degranulation when stimulated (119). The discrepancy between 
these studies is not known. However, in the different reports, low 
numbers of NK  cells were consistently noticed in RASGRP1-
deficient patients that might contribute to the decreased 
NK cell cytotoxicity. Winter et al. further analyzed the possible 
mechanisms underlying the EBV susceptibility in RASGRP1 
deficiency and showed that RASGRP1-deficient T cells failed to 
expand normally (119). In particular, RASGRP1-deficient T cells 
had impaired CD27-dependent proliferation toward CD70-
expressing EBV-transformed B cells, a critical pathway to expand 
EBV-specific T cells (see above). Interestingly, the impaired pro-
liferation of activated RASGRP1-deficient T cells correlated with 
their inability to upregulate CTPS1 protein expression, suggestive 
of a role of RASGRP1/MAPK pathway in CTPS1 expression, but 

also in other factors involved in T-cell proliferation, as CTP or 
cytidine failed to restore impaired proliferation of RASGRP1-
deficient T cells (119).

Two RASGRP1 heterozygous compound mutations with no 
effect on RASGRP1 protein expression have been also recently 
identified in two siblings with multiple fungal, bacterial, and 
viral infections including EBV and CMV, and both also devel-
oped autoimmunity signs evoking autoimmune lymphoprolif-
erative syndrome (126). Along these lines, RASGRP1-deficient 
mice developed autoimmune LPD resembling systemic lupus 
erythematous when getting older (127, 128) and RASGRP1 is 
considered as a risk locus for autoimmunity (129–131). T cells  
from the two patients showed defective TCR activation associated 
with impaired proliferation and AICD. However, complementa-
tion experiments with wild-type RASGRP1 were unsuccessful, 
leaving the possibility that other or additional genetic events 
contribute to this particular phenotype and/or these mutations 
do not behave as loss-of-function mutations. These observations 
could suggest a genotype–phenotype correlation.

PATHwAYS iN THe CONTROL  
OF eBv iNFeCTiON

Several key pathways required for an efficient immunity to 
EBV have emerged from studies of these genetic disorders (11). 
Interestingly, these pathways are involved in the cell–cell interac-
tion and cross-talk between T and B cells and appear to play a 
critical role in the immune surveillance of B cells by T cells, which 
is consistent with B cells as the privileged target of EBV infec-
tion and the reservoir of EBV. These pathways implicate pairs of  
receptor–ligand expressed by T and B cells, respectively (Figure 1). 
The best known and in depth studied is the SLAMR–SAP pathway, 
which is defective in the SAP deficiency/XLP-1 syndrome and 
mainly involves two SLAM receptors, 2B4 and NTB-A; however, 
other SLAMR such as CD229 may be also implicated as suggested 
from mice and human studies (47, 49). These pathways appear to 
be important in the recognition of EBV-infected B cells by T cells 
and in the activation of the T- and NK-cell cytotoxicity responses 
toward EBV-infected B  cells. Another important pathway is 
dependent of the NKG2D receptor, well known to activate T- and 
NK-cell cytotoxic responses. In the absence of MAGT1, NKG2D 
expression on CD8+ T  cells and NK  cells is impaired leading 
to defective killing of EBV-infected B  cells (79). Nevertheless, 
it would be interesting to know whether EBV-specific T  cells 
expand normally in MAGT1-deficient patients as NKG2D has 
been also involved in the survival and expansion of CD8+ T cells 
during viral infections. The pair CD27–CD70 molecules forms a 
critical axis required for survival and expansion of EBV-specific 
T  cells (91). The key role of T-cell expansion/proliferation to 
control EBV-infected B cells is also highlighted by the CTPS1 and 
RASGRP1 deficiencies, in which the capacity of T lymphocytes 
to proliferate in response to antigenic stimulation is specifically 
impaired.

Most of these deficiencies are characterized by a marked 
decreased or absence of invariant T cell populations iNKT and 
mucosal-associated invariant T (MAIT) cells, which raises the 
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question of the role of these cells in immunity to EBV. iNKT cells 
are characterized by innate-like properties including prompt 
activation and production of large amounts of cytokines. These 
cells have been involved in a variety of immune responses 
including anti-viral immunity. Mice models have provided the 
evidence that SAP, ITK, and RASGRP1 are directly implicated in 
the development/homeostasis/function of iNKT cells (132–137). 
Analysis of XIAP-deficient patients also indicated that these cel-
lular defects can be secondary to the EBV infection, leading to cell 
exhaustion in relation with the peculiar high sensitivity of iNKT 
and MAIT  cells to AICD (138). There are only limited studies 
that assessed the role of iNKT cells in EBV infection, though it 
was shown that iNKT cells, in particular CD8+ iNKT cells have 
the capacity to directly lyse EBV-infected B cells expressing CD1d 
and to limit expansion of EBV-transformed B cells both in vitro 
and in vivo (139–141). However, RORC-deficient patients, who 
lack iNKT and MAIT cells are not particularly susceptible to EBV, 
indicating that these cells are not playing a critical role in immunity 
to EBV (142). Altered functions and decreased counts of NK cells 
are also often observed in a number of these immunodeficien-
cies. The role of NK cells might be particularly important during 
childhood, since KIR-negative early differentiated NK cells that  
expanded preferentially during IM and targeted lytically EBV-
replicating B cells, progressively disappeared in the first decade 
of life (143). Recent data indicated that patients with severe 
combined immunodeficiency (SCID) who received bone mar-
row transplanted, although devoided of NK cells after immune 
reconstitution display an efficient immunity to EBV since none 
of them developed EBV-driven lymphoproliferation disorders, 
even 39 years after the transplantation (144). This suggests that 
NK cells are not essential for EBV immunity throughout the life. 
In any event, although they are not key components, accumula-
tion of these different cellular defects might participate to the 
susceptibility to EBV in these genetic settings, particularly during 

childhood. CD4 T cell lymphopenia that is observed in several of 
these disease may also participate to EBV susceptibility, although 
the role of CD4+ T cells in the control of EBV infection is not 
clearly established (3). Arguing against a relevant role of CD4+ 
T cells, patients with MHC class II deficiency have a severe CD4 
lymphopenia and do not develop EBV-driven LPDs and they 
have normal B cell counts. Although not really considered, some 
of these defects could also have intrinsic B-cell consequences 
that would further favor proliferation and/or lymphomagenesis 
of EBV-infected B  cells in addition to the immune deficiency.  
In that respect, CD70 was shown to elicit reverse signaling involved 
in apoptosis of B cells and the recent study of MAGT1-deficient 
mice revealed a regulatory role of MAGT1 in B-cell development 
and proliferation that may explain the B lymphocytosis found in 
MAGT1-deficient patients (86, 145).

DiFFeReNTiAL DiAGNOSiS

Given the importance of the CD8+ T-cell response in immunity to 
EBV, it is not surprising that EBV-driven LPDs are also found 
in other PIDs associated with T-cell defects, but with a lower 
frequency. Herpes virus, in particular EBV, are often the trigger of 
HLH in patients with familial haemophagocytic lymphohistiocy-
tosis (FHL), a group of diseases associated with impaired cytolytic 
activity of CD8+ T cells and NK cells. These diseases are caused by 
gene defects in the perforin gene and in the components of lytic 
granule exocytosis machinery (146). Patients with CVID or CID, 
particularly those affecting T-cell survival, migration, and F-actin 
mobilization in T cells, can also develop EBV-associated disorders 
(12). Those include, among others, deficiencies in NFκB1 (147), 
MST1/STK4 (148, 149), WASP (150), DOCK8 (151), GATA2 
(152), and gain-of-function mutations in PIK3CD known to 
cause activated PI3K-delta syndrome (153). Patients with hypo-
morphic mutations in genes involved in T-cell development such 
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as RAG1/2, DCLRE1C (ARTEMIS), or ZAP-70 can also experi-
ence EBV susceptibility (154–156). It should be considered that 
patients with the most severe T-cell defects will never present EBV 
problems since they develop very early-onset severe infections 
(other than EBV), requiring rapid bone marrow transplantation 
before they encounter EBV. At last, some of these immunodefi-
ciencies (SCID) are also associated with a severe block in B-cell 
development, a cellular context that in all likelihood does not 
allow EBV infection establishment and dissemination.

THeRAPeuTiCS

So far, the only curative treatment for these PIDs is hematopoi-
etic stem cell transplantation (HSCT). The first studies on large 
cohorts of XLP-1 and XLP-2 patients reported poor survival with 
or without HSCT (23, 157). This pejorative prognosis was partly 
linked to the use of full conditioning regimens associated with 
a high toxicity in patients (XIAP) and/or the absence of HLH 
remission at the time of HSCT. In the last few years, the use of 
reduced intensity conditionings and the development of new 
therapies like alemtuzumab (anti-CD52 antibody) has strongly 
improved the management of these diseases (33, 158, 159). 
Furthermore, rituximab (anti-CD20 antibody) has now a major 
role in the management of LPDs associated with these PIDs with 
patients being in remission after having received this treatment.

CONCLuDiNG ReMARKS

Molecular characterization of familial forms of EBV susceptibil-
ity has provided over the last 20 years, novel diagnostic tools for 
these disorders. Analysis of large cohorts and case reports have 
underlined non-EBV phenotypes associated with these PIDs 

such as IBD, pulmonary involvement, neurological disorders, 
or other typical infections (such as HPV), that can further help 
to the diagnosis. However, there are still a number of patients 
with a high susceptibility to EBV, in whom the molecular/genetic 
basis of their disease is not known and remains to be determined. 
In the light of the knowledge gained throughout the studies of 
the genetically determined forms of EBV susceptibility, we can 
speculate that these uncharacterized forms are caused by defects 
in molecules/components involved in T–B cell interactions and 
required for T-cell cytolytic responses and/or T-cell expansion.
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Epstein-Barr virus (EBV) infects most people and establishes life-long infection controlled

by the host’s immune system. The genetic stability of the virus, deep understanding of

the viral antigens and immune epitopes recognized by the host’s T-cell system and the

fact that recent infection can be identified by the development of symptomatic infectious

mononucleosis makes EBV a powerful system in which to study human immunology. The

association between EBV and multiple cancers also means that the lessons learned have

strong translational potential. Increasing evidence of a role for resident memory T-cells

and non-conventional γδ T-cells in controlling EBV infection suggests new opportunities

for research andmeans the virus will continue to provide exciting new insights into human

biology and immunology into the future.

Keywords: resident memory, nasopharyngeal carcinoma (NPC), tumor virus, DLBCL - Diffuse large B cell

lymphoma, Burkitt lymphoma, gamma delta T cells, cytotoxic CD4 T cell, Hodgkin Lymphoma

INTRODUCTION

Epstein-Barr virus (EBV) was first identified in 1964 in a biopsy from a patient with Burkitt
Lymphoma (1). This gammaherpesvirus has co-evolved with humans for millennia and is a highly
successful pathogen, infecting 90–95% of people worldwide who then carry the virus for life. EBV
infection normally occurs in young children with few if any symptoms (2). However, if acquisition
is delayed to adolescence then 25–75% of those infected develop infectious mononucleosis (IM).
This is an acute syndrome characterized by a tetrad of symptoms: fever, fatigue, sore throat, and
lymphadenopathy (3, 4). The acute symptoms of IM usually resolve by themselves, but serious rare
complications may occur which include airway obstruction and splenic rupture (2). Longer term,
a history of IM is associated with a raised incidence of Hodgkin lymphoma (HL) in the decade
following infection and an increased risk of developing multiple sclerosis (5, 6).

EBV transmission occurs orally. Initial infection and replication of the virus most likely occurs
in epithelial cells and locally infiltrating B-cells, resulting in high levels of virus shedding in the
oropharynx (7–9). This lytic stage of viral replication is driven by up to 80 viral genes expressed
in a temporally regulated manner (7). At the same time, the virus drives a proliferation of B-
cells by activating its growth transforming programme. Here, viral gene expression comprises six
Epstein-Barr Nuclear Antigens (EBNAs: EBNA1, EBNA2, EBNA3A, EBNA3B, EBNA3C, EBNA-
LP), two latent membrane proteins (LMPs: LMP1, LMP2) and the viral anti-apoptotic protein
BHRF1 (7, 10). This programme leads to the expansion of EBV-infected B cells in the oropharyngeal
lymphoid tissue and the appearance of infected B cells in the blood. In some infected B-cells the
virus downregulates its growth transforming program allowing the cells to enter the memory B-cell
pool with the virus persisting as a truly latent infection lacking viral gene expression (11). These
infected B-cells circulate between the blood and oropharyngeal lymphoid tissue and, in the latter,
may occasionally switch into lytic cycle, releasing infectious virus for transmission to new hosts and
for infection of new local B cells to maintain the viral reservoir (7).
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EBV has potent growth transforming activity, as
demonstrated in vitro by its ability to efficiently transform
B-cells into immortalized lymphoblastoid cells lines (LCLs) (12).
This property of the virus is used by laboratories worldwide
to simply and reliably generate permanently growing B cell
lines for research (13). The virus also has oncogenic potential,
as demonstrated by its association with several malignancies
that together total almost 200,000 cases of cancer each year
worldwide (14). Nevertheless, the large majority of people
infected by EBV do not suffer any long-term ill effects from
the virus. This is due to the anti-viral immune response which,
although unable to eliminate the virus, counters primary EBV
infection and then maintains subsequent lifelong control to
enable mutual co-existence of the virus and its host (8). Early
control of EBV infection is associated with expansion of innate
immune cells (primarily NK cells, described by Professor Munz
in this review series) and of CD8+ and CD4+ T-cells specific
for a broad range of EBV proteins expressed during the lytic
and latent stages of viral infection (8). Over time, these T-cell
responses decrease in magnitude but persist for the life time of
the host. Low frequencies of latently EBV-infected B-cells can,
nevertheless, be detected in the circulation (15) and infectious
virus is periodically produced in the oropharynx and secreted
in saliva (16, 17). Therefore, despite the exuberant primary
immune response that occurs immediately after infection,
and subsequent long-term immune surveillance, the virus
is able to successfully persist for life. This apparent détente
can, however, be broken if the balance between the virus
and its host’s immune response is disrupted. The clearest
demonstration of this is in immunosuppressed patients, where
loss of immune control of EBV can allow virus reactivation
and the accumulation of EBV-transformed B cells, leading to
post-transplant lymphoproliferative disease (PTLD) (18).

THE EBV-SPECIFIC T-CELL RESPONSE

DURING SYMPTOMATIC PRIMARY

INFECTION

Most work studying T-cell responses during primary infection
has investigated people identified as having been recently infected
with EBV through the overt symptoms of IM. The results of such
studies are valuable but need to be interpreted with two caveats.
First, in contrast to the vast majority of individuals who acquire
EBV asymptomatically in early childhood, IM represents an
atypical pathological state. Second, viral infection occurs several
weeks prior to symptoms developing and samples being taken
(19). On presentation, IM patients have unusually high numbers
of atypical lymphocytes in the blood, the magnitude of which can
resemble leukemia (20). Detailed analysis of blood from these
patients shows that the majority of the expanded lymphocytes
are EBV-specific T-cells (8). These largely comprise CD8+ T-cells
specific for the EBV lytic cycle proteins with a clearly defined
hierarchy. Most are specific for immediate early EBV lytic cycle
proteins, a smaller number are specific for early proteins with
few specific for late proteins (21–24). CD8+ T-cells specific for
latent cycle proteins are also expanded but to a smaller degree.

Of these, most are specific for the EBNA3A, 3B, and 3C proteins
with a lower frequency of LMP2-specific T-cells also present
(25, 26). Responses to the EBNA1 protein occur sporadically in
IM patients bearing particular HLA alleles, such as HLA-B∗3501;
that are uncommon in the general population. In people with
these alleles, however, the EBNA1-specific CD8 T-cell response
is strong (27). The phenotype of the CD8+ T-cell response has
been explored using HLA-class I tetramers. As might be expected
the EBV-specific CD8+ T cells are proliferating and highly
activated, expressing HLA-DR, CD38, and CD69 (28). They also
express the CD45RO isoform, lack expression of the lymphoid
homing markers CCR7 and CD62-L (26, 29), and are highly
susceptible to apoptosis, likely due to low expression of the anti-
apoptotic protein bcl-2 (30, 31). Given their extreme sensitivity
to apoptosis in vitro, with significant cell death occurring within
just a few hours, measurement of response size using directly
ex vivo methods such as HLA tetramer staining provide the
most accurate enumeration. Studies in IM patients using HLA
tetramers report that CD8+ T-cells specific for individual EBV
lytic and latent epitopes can account for 1–40 and 0.1–5% of total
CD8+ T cells, respectively (25, 26, 28).

Regarding the EBV-specific CD4 T-cell response, during IM
weak responses to lytic and latent cycle antigens are present
with the former observed more frequently (32, 33). This early
research utilized cytokine secretion assays to detect T-cells
reactive to recombinant antigens or lysates of EBV-infected cells.
As described above, the propensity of EBV-specific T-cells from
IM patients to undergo apoptosis in vitro may have limited
the sensitivity of this work. The recent development of HLA
class II tetramers has allowed this obstacle to be overcome and
the CD4+ T-cell response has now been accurately measured
(34). Ex vivo HLA tetramer staining and flow cytometry has
revealed that, although the overall size of the CD4+ T cell
compartment does not appear to be expanded (3), the early EBV-
specific CD4+ T-cell response is much stronger than previously
appreciated. Responses to individual epitopes can reach as high
as 1.5% of total CD4+ T-cells (34). Unlike the CD8+ T-
cell response, for CD4+ T-cells the latent antigen responses
numerically dominate the lytic. The exception is EBNA1, where
CD4+ T cell responses are undetectable or low in the blood
of patients with IM for several months before they develop
(34, 35). Interestingly, this delayed appearance is in line with the
previously documented but unexplained delay in EBNA1-specific
IgG antibodies (36, 37). Akin to the CD8+ T cell response, EBV-
specific CD4+ T cells express high levels of CD38 and CD45RO
and lack the lymphoid homing markers CCR7 and CD62L (34).
Considering the magnitude of the T-cell response to individual
antigens, CD4+T cells are smaller in number than CD8+T-cells.
However, the CD4+ T cell response is broader and targets more
epitopes (8, 38–40). The breadth of the CD4+ T-cell response
means that the total EBV-specific expansion is substantial and the
overall activation status and phenotype of the total CD4+ T cell
pool is altered within IM (34).

The functional profile of EBV-specific CD4+ T cells is
consistent with Th1-like cells: most express T-bet and the
predominant cytokine produced in ex vivo stimulation assays
is IFNg. Some cells also produce TNFα and/or IL-2, either in
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combination with IFNg or alone (41, 42). Early observations
of raised perforin expression within the total CD4+ T cells of
IM patients suggested that cytotoxic CD4+ T cells are present
during primary EBV infection (43). Recent ex vivo HLA class
II tetramer analysis has now shown that in fact the majority
of activated EBV-specific CD4+ T cells express both perforin
and granzyme B. Importantly, these cytotoxic proteins were not
detected in co-existing influenza A-specific memory CD4+ T
cells demonstrating that such expression was not due to non-
specific bystander activation (42). Testing with EBV peptides
has shown that some EBV-specific CD4+ T cells upregulate cell
surface CD107a indicating degranulation and release of perforin
and granzyme is possible (41). These observations strongly
suggest that EBV-specific CD4+ T cells can exert cytotoxic
function in vivo; if this is the case they could be highly effective
against MHC-II positive EBV infected B cells.

Over time the symptoms of IM resolve with a concomitant
decrease of both EBV DNA load and the frequency of EBV-
specific CD8+ and CD4+ T-cells in the peripheral blood to
values typical of life-long virus carriage (23, 34, 44, 45). All
specificities decrease in magnitude although the predominant
lytic antigen-specific CD8+ T-cell responses decline the most
(25, 26, 34). The phenotype of the T-cells also changes. Activation
marker expression decreases and anti-apoptotic proteins such
as bcl-2 are upregulated (46). Latent antigen-specific CD8+ T-
cells also begin to upregulate lymphoid homing markers allowing
them to begin entering the tonsil, followed later and to a lesser
extent by lytic antigen-specific CD8+ T cells (23).

THE EBV-SPECIFIC T CELL RESPONSE

DURING ASYMPTOMATIC PRIMARY

INFECTION

Although the above studies have informed our understanding
of primary infection, most EBV infections occur in the absence
of IM (2). Identifying newly-infected asymptomatic individuals
is extremely challenging but has been achieved by several
longitudinal studies that tracked EBV seronegative individuals
over time. Together these studies provide an insight into the
immunological events occurring in response to EBV infection
in the absence of any clinical manifestation of disease. Early
studies of newly infected infants showed no perturbations of
the lymphoid compartment or febrile illness (47, 48). Newly
infected African children had high levels of EBV DNA in the
blood but no change in the overall size of the CD8 compartment.
High frequencies of activated EBV-specific CD8+ T-cells could
nevertheless be detected (49). Similarly, newly infected young
adults also had high EBV DNA load in their blood but
lacked lymphocytosis and the size of their T-cell compartment
was unchanged (50). A recent prospective study of University
students in the United Kingdom identified several individuals
undergoing silent infection (51). Each had high EBV viral loads in
the blood, reminiscent of IM, but no marked disturbance of total
T cell or NK cell frequencies. Of three individuals with the highest
viral loads, two had concurrent expansions of EBV-specific
CD8+ T cells. In the third individual, EBV-specific T cells did

not appear in the blood for several months until the peripheral
viral load had decreased (51). Taken together, these studies
strongly suggest that in asymptomatic individuals EBV infection
elicits a virus-specific CD8+ T cell response. Although lower in
magnitude than that seen in IM, this response is nevertheless
sufficient to control the infection. The overall conclusion from
this body of work is that the characteristic symptoms of IM
result from the globally large expansions of highly-activated
EBV-specific T-cells, which are predominantly CD8+.

THE EBV-SPECIFIC T-CELL RESPONSE

DURING PERSISTENT INFECTION

EBV-specific T-cell responses are readily detected in the blood
of healthy EBV carriers and are present at similar frequencies
regardless of whether an individual experienced symptomatic or
asymptomatic primary infection (8). CD8+ T-cell responses to
lytic and latent cycle antigens are present, the former occurring
at higher frequency. Individual lytic epitope-specific responses
can account for up to 2% of the total CD8+ T-cell population.
The lytic antigen hierarchy seen in IM patients is broadly
maintained in memory: responses to immediate early antigens
dominate those to early antigens and responses to late-expressed
antigens are rare (22, 24). For latent antigen-specific responses,
CD8+ T-cells targeting the EBNA3A, 3B, and 3C proteins are
dominant. Fewer sub-dominant responses specific for EBNA1,
EBNA2, and LMP2 are present; responses against EBNA-LP
and LMP1 are rare (8). This general rule is, however, not
observed in individuals possessing particular HLA types. Thus,
individuals carrying HLA-B∗3801 possess strong responses to an
EBNA2 epitope and those carrying HLA-A∗0203 possess strong
responses to an epitope from EBNA-LP (30, 52). Phenotyping of
HLA-I class tetramer-stained cells shows that the EBV-specific
T-cell repertoire in persistently infected individuals contains
resting antigen-experienced T-cells that are neither activated nor
proliferating (30, 52). However, upon antigen challenge these
cells exhibit potent effector functions including cytotoxicity and
cytokine secretion (29, 52). Expression of lymphoid homing
markers, such as CCR7 and CD62L, are variable but are generally
expressed more frequently on T-cells specific for latent antigen
compared to lytic antigens (52). The phenotype, functional
profile and TCR clonotype composition of the virus-specific
CD8+ T-cells is stable over many years (53, 54).

Compared to the CD8+ T cell response, the EBV-specific
CD4+ T-cell response in healthy carriers is much smaller but
the greater diversity of epitopes targeted by these cells in IM is
maintained (34, 38–40, 55). Considering responses to individual
epitopes, the CD4+ T-cell response is often 10-fold lower than
the CD8+ T cell response to the same antigen (33, 34, 38, 39,
56). Across different antigens, latent antigen-specific responses
outnumber lytic antigen-specific responses in magnitude. Lytic
antigen-specific CD4+ T-cells are equally distributed against
the immediate early, early and late antigens (39, 40); the heavy
skewing exhibited by CD8+ T-cells is absent. HLA class II
tetramer analysis shows that EBV-specific memory CD4+ T cells
have the same phenotype regardless of whether they target latent
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or lytic antigens. They do not express activation markers and
are evenly distributed between the CCR7+ central memory and
CCR7- effector memory subsets (34). Compared to CD4+ T-cells
in IM patients, they no longer express perforin and granzyme,
and upon ex vivo stimulation their cytokine polyfunctionality
is increased with TNFa being the most predominant cytokine
produced (41, 42, 57).

LOCATION, LOCATION, LOCATION: THE

EMERGING IMPORTANCE OF RESIDENT

T-CELL MEMORY

Much of our understanding of EBV-specific T cell immunity
has come from studying circulating virus-specific T cells because
sampling blood lymphocytes is convenient and minimally
invasive. However, such analyses do not provide a complete
picture of overall immune control. Recent studies in mice have
highlighted the vital role of local immune responses, including
virus-specific tissue resident memory T-cells (Trm cells), in
providing long-term protective immunity against viral infection
(58). Trm cells reside at sites of infection, where they enable
rapid local immune responses against reactivation or secondary
infection. Studying immunity in human tissues naturally presents
a far greater challenge. Nevertheless, CD8+ and CD4+ Trm
cells have been detected in a range of lymphoid and non-
lymphoid tissues (59). These cells are transcriptionally distinct
from circulating memory T cell populations (60).

Investigation of local EBV-specific T cell responses within
tissues has been achieved by analysis of tonsils, which represent
one of the major oropharyngeal sites of EBV infection and
reactivation. In IM patients EBV loads in the tonsils are high
yet EBV-specific CD8+ and CD4+ T cells are markedly lower in
frequency at this site than in the blood of the same individual (23,
34, 42). Unlike lymph nodes, where T-cells may enter passively
via afferent lymph vessels, entry into tonsils is dependent on
transition across high endothelial venules (61). Expression of the
lymphoid homing markers required for this process, CCR7 and
CD62L, is highly downregulated on EBV-specific T cells in IM
patients (26, 28, 34). This likely explains why EBV infection in
the oropharynx is inefficiently targeted by virus-specific T cells
during IM. As the symptoms of IM resolve, latent antigen-specific
CD8+ T cells in the blood re-express CCR7 and CD62L and
this coincides with their increasing frequency in the tonsil. At
this time, some tonsillar latent antigen-specific CD8+ T cells
express high levels of the activation marker CD38, consistent
with encountering antigen at that site. In contrast, lytic antigen-
specific CD8+ T cells remain CCR7-negative in the blood for
several months after IM and their accumulation in the tonsils
is correspondingly delayed. This delay may explain why lytic
infection is not controlled in the throat of IM patients who
continue to shed virus in saliva for many months after primary
infection (23, 44).

In long-term EBV carriers the picture is reversed. Latent
and lytic antigen-specific CD8+ T cells are higher in frequency
in the tonsils than in the blood and the accumulated tonsillar
EBV-specific CD8+ T cells no longer express the activation

marker CD38. The degree of enrichment in the tonsils varies
for latent vs. lytic antigen specific T-cells, with the former
preferentially enriched compared to the latter (10-fold and 4-
fold enrichment in the tonsil respectively) (23). This variable
enrichment reflects the expression of CCR7 and CD62L on T-
cells in the blood (26, 28) but other factors are likely involved.
Thus, enrichment of EBV-specific CD8+ T-cells occurs only
in the tonsils (and presumably other oropharyngeal lymphoid
tissues) but not lymph nodes from other anatomical sites nor
bonemarrow (62, 63). The TCR repertoire of EBV-specific CD8+
T-cells within tonsils and blood of the same individual shows little
difference (31) suggesting that tonsillar T-cell enrichment is not
the result of selective recruitment or clonal expansion with the
tonsil site.

Most EBV-specific CD8+ T cells in the tonsils of long-
term EBV carriers express CD69 (64), one of the distinguishing
markers of Trm cells (60). CD69 is a C-type lectin that mediates T
cell retention in tissues and secondary lymphoid organs through
sequestration of sphingosine-1-phosphate receptor (S1PR), a
key molecule required for egress (65, 66). Although CD69 is
also transiently expressed upon T cell activation (67) there
is no concurrent raised expression of other cellular activation
markers, including CD38 and HLA-DR, suggesting that CD69
expression in this context reflects active T cell retention rather
than activation. In long-term EBV carriers, many tonsillar
EBV-specific CD8+ T cells also express CD103 (αEβ7), an
integrin that binds to E-cadherin and mediates retention
at epithelial sites (23, 64). In contrast, this protein is not
detected on the lower frequency EBV-specific CD8+ cells
present in the tonsils of IM patients (23). Importantly, the
CD103+ CD8+ subset of T cells from long-term EBV carrier
tonsils show greater sensitivity in vitro to stimulation with
cognate antigen (68). Elegant immunofluorescence microscopy
of human tonsils has revealed that CD69+CD103+CD8+T cells
preferentially localize at or near the tonsillar lymphoepithelial
barrier (64). Although analysis of antigen specific T cells was
not possible in this study, this observation suggests that EBV-
specific CD8+ T cells of this phenotype may be retained
in close proximity to the tonsillar epithelium, the region
of the tonsils where EBV-positive B cells are predominantly
found (69, 70).

BEYOND αβ: ACCUMULATING EVIDENCE

OF A ROLE FOR γδ T-CELLS

All of the research described above has studied the αβ subset of
T-cells and how these respond to EBV in primary and persistent
infection. These T-cells express T-cell receptors composed of a
heterodimeric α and β chain which enables them to recognize
peptide epitopes presented by HLA molecules (8). A second
subset of T-cells exists that express a different T-cell receptor
formed from a heterodimeric γ and δ chain. These γδ T-cells
can, in humans, be broadly divided into two groups based on
the type of δ chain they express. T-cells expressing the Vδ2 chain
are more abundant in the blood, where they comprise 90% of
the circulating γδ T-cell pool (71). Cells expressing the Vδ1 chain
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occur at low levels in the blood but comprise the bulk of γδT-cells
in tissues (72).

There is good evidence from mouse studies that γδ T-cells
are involved in protection from herpesviruses such as murine
cytomegalovirus (73, 74). A role for γδ T-cells in cancer is also
suggested both by studies in mouse cancer models (75) and in
humans by associations observed between intratumoural γδ T-
cell frequency and prognosis (76). Several lines of evidence now
show that γδ T-cells also play an important role in controlling
EBV infection and transformation.

γδ T-CELLS IN INFECTIOUS

MONONUCLEOSIS

Only a small number of studies have examined γδ T-cell during
IM. Two studies, each analyzing 10 IM patients and a number
of matched controls, showed an increased frequency of γδ T-
cells in the blood by flow cytometry, with up to a 4-fold
increase in absolute number (77, 78). The majority of γδ T-
cells in IM patients were positive for the cell surface activation
marker CD38 whereas this marker was absent from γδ T-
cells in healthy donors (77) A larger study detected increased
αβ and γδ TCR gene expression in the blood of IM patients
by transcriptional analysis. Based on a deeper analysis of the
transcriptome the authors suggest that both the Vδ1 and Vδ2
subsets are increased in IM (79). Because increases in RNA levels
may not necessarily reflect changes in cell frequency the authors
performed confirmatory flow cytometry analysis of a subset of
patients which demonstrated a 3.4-fold increase in γδ T-cell
frequency in IM (79). Note that the antibody used for this work
was unable to differentiate between the two γδ T-cell subsets so
the relative contribution each makes to the overall expansion of
γδ T-cells in IM requires further investigation.

The above observational studies cannot determine whether
the increases in γδ frequency that occur in IM are an indirect
result of bystander activation or represent direct recognition
of EBV infected cells. An experiment of nature suggests
the latter may be the case. An EBV-negative recipient of
a cord blood transplant, who acquired EBV 31 days after
transplantation, experienced prolonged high-level EBV viremia
yet did not develop any clinical manifestations of EBV-
associated disease. This patient lacked detectable EBV-specific
αβ T-cells by HLA class I tetramer staining and interferon-
gamma ELISpot assays (80) but had large expansions of γδ

T-cells that reached almost 50% of total T-cells. These cells
were mostly Vδ1 T-cells but a smaller number of Vδ2 T-
cells were also present. The Vδ1 T-cells were predominantly
CD45RA- CD27+ central memory cells and, based on their
expression of CD57, the authors concluded they were activated.
Interestingly, the γδ T-cells were able to degranulate when
exposed to an EBV+ve cell line in vitro suggesting direct
recognition of EBV+ve cells was possible. In a separate study,
an abundant Vδ1 T-cell clone isolated from a recipient of an
allogeneic stem cell transplant killed autologous and allogeneic
LCLs but not the EBV-ve Raji Burkitt Lymphoma (BL) cell
line (81).

γδ T-CELLS AND EBV-ASSOCIATED

NEOPLASMS

EBV is associated with malignancies arising in different cell
backgrounds. Examples include BL, a tumor of B cells that occurs
predominantly in Sub Saharan Africa, and nasopharyngeal
carcinoma (NPC) an epithelial carcinoma that occurs at high
incidence throughout South East Asia. γδ T-cells are altered in
patients with these EBV+ve malignancies. Two papers studying
patients with NPC both report that while the frequency of γδ T-
cells in patients is unaltered their functional capacity is impaired.
Following in vitro culture, peripheral blood mononuclear cells
(PBMCs) from NPC patients yielded smaller numbers of γδ

cells compared to control donors and were unable to kill an
NPC cell line (82). When tested in cytotoxicity assays, γδ T-
cells from patients lacked the ability to kill CNE-2, a tumor
cell line established from an NPC patient (82). Interestingly,
this deficit in NPC cell killing was found only in patients
with active NPC since γδ T-cells from successfully-treated NPC
patients exhibited the same level of cytotoxicity against CNE2
as those from control donors. Similarly, another research group
found that Vγ9Vδ2 T-cells from NPC patients, but not healthy
donors, were unable to lyse the NPC cell line HK1 or the
control cell line K562 when tested directly ex vivo (83). In this
study Vγ9Vδ2 T-cells from NPC patients also produced less
interferon-gamma and TNFα than cells from control donors
when exposed to HMBPP, a phosphoantigen that is a potent
stimulator of Vγ9Vδ2 T-cell activity. Flow cytometry analysis
showed that Vγ9Vδ2 T-cells in NPC patients were more highly
differentiated, with a smaller proportion of central memory and
higher proportion of terminally differentiated TEMRA cells. A
study in BL patients in Ghana reports that patients have lower
Vγ9Vδ2 T-cell frequency than healthy donors (84). Whether the
functional capacity of Vγ9Vδ2 T-cell in BL patients is impaired
is unknown.

In several of the above papers, γδ T-cells were reported
to be capable of recognizing EBV+ LCLs (80–82), the NPC
cell line HK1 (83) or the NPC cell line CNE2 (82); note
that experiments using CNE2 need cautious interpretation
as it has been shown to be contaminated with HeLa (85).
These observations raise the question of which cellular targets
render EBV+ve cells visible to γδ T-cells. In this regard
it is important to point out that γδ T-cell recognition of
target cells is complex and can involve the T-cell receptor
and/or ligands for natural killer receptors they express, such as
NKG2D (86, 87).

γδ T-CELL RECOGNITION OF EBV+VE

CELLS

The BL line Daudi (88) is a reliable stimulator of Vγ9Vδ2
T-cells and has been used for many years for this purpose
(89–99). These studies also often included other BL cell
lines which in contrast showed lower or indeed no γδ T-
cell stimulatory activity. Indeed, the BL line Raji, as well as
LCLs, were often used as a negative controls in such work.
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It is now known that Daudi overproduces endogenous non-
peptidic phosphorylated metabolites due to upregulation of the
mevalonate pathway (96) resulting in intracellular accumulation
of IPP, a host phosphoantigen counterpart of HMBPP (100).
Vγ9Vδ2 T-cell phosphoantigen sensing is dependent on: (i)
target cell exposure to/accumulation of HMBPP and IPP
and (ii) target cell expression of BTN3A1, which binds
phosphoantigens via its intracellular B30.2 domain (101). It
is currently unclear why most BL cell lines are unable to
generate Vγ9Vδ2 T-cell lines when co-cultured with PBMCs,
however, this potentially could reflect deficient expression of
BTN3A1 or insufficient IPP production. These possibilities
require further investigation.

Interestingly, being able to generate Vγ9Vδ2 T-cell lines
and being able to be recognized by those same cells appear
to be distinct properties. Thus, Daudi-stimulated Vγ9Vδ2
T-cells are able to recognize and kill multiple BL lines
that themselves lack stimulatory activity for Vγ9Vδ2 T-
cells (94). This difference between the ability to generate
Vγ9Vδ2 T-cells and being sensitive to γδ T-cell recognition
could be due to: (i) activated Vγ9Vδ2 T-cells possessing
increased sensitivity to a lower level of phosphoantigens and/or
BTN3A1 (ii) Daudi stimulated Vγ9Vδ2 T-cells being able
to utilize alternative target recognition mechanisms that are
independent of phosphoantigens. For example, Vγ9Vδ2 T-
cells expressing NKg2D can recognize target cells expressing
ULBP4, a protein upregulated upon EBV infection of B-
cells (102).

Additional complexity is suggested by a recent report of
a fundamental population-level difference in the response to
BL lines (99). After co-culturing PBMCs from 24 donors with
EBV+ve Akata BL cells for 10 days in vitro, Djaoud and
colleagues found that 13 co-cultures had large expansions of
Vγ9Vδ2 T-cells and NK cells. In contrast, the other 11 co-
cultures had a large expansion of NK cells but only very small
increases in Vγ9Vδ2 T-cells. Vγ9Vδ2 T-cell expansion was
sensitive to an anti-BTN3A1 blocking antibody or mevastatin,
an inhibitor of the mevalonate pathway that generates the
intracellular phosphoantigens recognized by Vg9Vd2 T-cells.
Interestingly, the authors reported that Vγ9Vδ2 T-cell expansion
did not occur when the EBV-ve derivative of the Akata BL
cell line was used instead. The authors extended their work
to include a larger range of EBV+ve stimulator cells. These
experiments used the EBV+ve Akata BL cell line as well as
the EBV+ve BL cell lines Daudi and Kem-I (all three are type
I BL lines expressing EBNA1), Sal (a Wp-restricted BL line
that expresses EBNA1 but also EBNAs 3A, 3B, and 3C along
with a truncated form of EBNA-LP) and Raji and Jijoye (the
EBV+ve variants of these two lines express all EBV latent cycle
proteins). Only the type I BL cells (Akata, Daudi, and Kem-
I) stimulated Vγ9Vδ2 T-cell expansion (99). This result led the
authors to conclude that Vγ9Vδ2 T-cell expansion was a property
of type-I BL cells only. Independent confirmation of these results
and testing of a larger range of B-cell lines is now needed to
determine if Vγ9Vδ2 T-cell recognition is indeed limited solely
to type I BL lines and to reveal the underpinning biological
mechanisms responsible.

γδ T-CELLS IN MOUSE MODELS OF EBV

Further support for a role of Vγ9Vδ2 T-cells in the control
of EBV comes from studies in mice. Growth of CNE2 cells
injected subcutaneously into nude mice was slowed following
intravenous administration of Vγ9Vδ2 T-cells (103). More
advanced mouse models now exist including mice reconstituted
with human immune components which, arguably, are better
models in which to study EBV immunology (104). Work using
an early form of this model, CB.17scid/scid mice [severe combined
immunodeficient (SCID) mice] injected intraperitoneally with
peripheral blood lymphocytes, showed increases in γδ T-cells
following administration of irradiated Daudi cells. These mice
were protected against subsequent challenge with non-irradiated
Daudi cells but not non-irradiated Raji BL cells which developed
into disseminated lymphoma (105).

Control of EBV-driven lymphoproliferations and lymphomas
has been demonstrated by two studies that used more
advanced mouse models. The first used EBV-transformed
LCLs as targets of Vγ9Vδ2T-cells (106). In preliminary in
vitro work, phosphoantigen-specific Vγ9Vδ2T-cells were
unable to recognize LCLs, a result consistent with previous
publications. However, when the same Vγ9Vδ2 T-cells
were positively selected using magnetic beads they then
recognized and killed LCL cells. The authors suggested
that binding of the anti-γδ antibody-loaded beads to the
Vγ9Vδ2 T-cell receptor may have activated the cells thereby
allowing them to recognize LCLs. Cytotoxicity of the T-cells
was inhibited by concanamycin A, a widely-used inhibitor
of perforin-mediated cytotoxicity. A somewhat surprising
observation, however, was that purified bcl-2 protein also
inhibited cytotoxicity: how an extracellular protein was able to
enter the LCLs to inhibit intracellular granzyme activity was
not discussed.

Initial in vivo experiments, using immunodeficient Rag2−/−

γc−/− mice injected with LCLs, then showed that adoptive
transfer of magnetically enriched Vγ9Vδ2 T-cells could prevent
LCL-induced lymphoproliferative disease and eliminated
established LCL tumors (106). Extending the work to Rag2−/−

γc−/− mice carrying human immune components (established
by injection of PBMC) showed these mice carried human
Vγ9Vδ2 T–cells and that LCL tumors were rejected after the
mice were treated with pamidronate, a drug that stimulates
Vγ9Vδ2 T-cells (106). The reasons why Vγ9Vδ2 T-cells in
these mice did not require activation via bead selection in order
to recognize and kill LCLs was not explored. Pamidronate-
induced tumor rejection was, however, clearly Vγ9Vδ2 T-cell
dependent. These results raise the interesting possibility that
patients with PTLD could one day be treated using small
molecular agents to activate their own Vγ9Vδ2 T-cells. Several
ways to achieve this in the clinic can be envisaged (107)
including using zoledronate, a drug licensed to treat bone
diseases but which also exhibits potent Vγ9Vδ2 stimulatory
activity (96).

Work by another group also suggests that Vγ9Vδ2 T-cells may
be able to eliminate LCLs in vivo without requiring activation
via bead selection. Here the model used was the Rag2−/−
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γc−/− system but now using human cord blood to reconstituted
the mice with human immune components (108). Spontaneous
EBV-driven lymphoproliferations could be induced in the mice
by infecting the cord blood with EBV immediately prior to
injection. Adoptive transfer of Vγ9Vδ2 T-cells (generated in vitro
but without magnetic bead selection) soon after reconstitution
prevented lymphoma development. Delaying adoptive transfer of
Vγ9Vδ2 T-cells until tumors were evident retarded tumor growth
but did not eliminate them.

Finally, although far fewer studies have investigated Vδ1 T-
cell recognition of EBV targets, the available data clearly shows
marked differences exists between the Vδ1 andVδ2 T-cell subsets.
Thus, Vδ1 T-cells are not stimulated by Daudi BL cells but
are instead stimulated by LCLs (109–111). Regarding other BL
lines, in one study, Daudi, Raji, Ramos, BL41, and BL57 did
not stimulate Vδ1 T-cells (111) whereas Raji was reported to
be stimulatory by another (109). These disparate results may
reflect the fact that Vδ1 cells employ a range of target recognition
mechanisms (72).

Collectively the above results clearly show that both γδ T-
cell subsets warrant far greater attention then has been the case
in the past. Which subset will prove to be more important in
controlling EBV remains to be determined. Indeed, the critical
effector subset may vary as individuals progress from primary
infection into the long term carrier state and, for a minority,
develop an EBV+ cancer.

A ROLE FOR NATURAL KILLER T (NKT)

CELLS IN CONTROLLING EBV?

A limited number of studies have examined the contribution
of NKT cells to EBV immunity. NKT cells are a conserved
population of innate-like T cells that express the semi-invariant
Vα24-Jα18/Vβ11 T cell receptor. Unlike conventional αβ T cells,
NKT cells recognize glycolipid antigens presented by the non-
polymorphic MHC class I-like molecule, CD1d (112). Only one
study has assessed the frequency of NKT cells in the blood
during EBV infection (113). Using flow cytometry, no expansion
of CD3+CD56+CD244+ NKT cells was detected in 11 acute
IM patients compared to age-matched healthy carriers. A larger
study to assess the frequency and function of Vα24-Jα18/Vβ11+
NKT cells is required to confirm this observation. Nevertheless,
a possible role for NKT cells in immune control of EBV is
supported by the following lines of evidence. (i) NKT cells
are significantly lower in frequency in the blood of EBV+ HL
and NPC patients than in healthy carriers (114). Furthermore,
NKT cells derived from these patients were less functional upon
stimulation with the synthetic glycolipid α-GalCer in vitro. (ii)
In patients with primary immunodeficiency, individuals with

genetic mutations that affect the NKT cell lineage are predisposed
to develop EBV-associated disease (reviewed by Professor Munz
in this series). Importantly, however, such mutations rarely affect
NKT cells in isolation and most patients have coexisting defects
in NK and/or T cell development and/or function. Therefore,
deciphering the precise contribution of NKT cell deficiency to
the lack of overall immune control of EBV in these patients

is extremely challenging (115). (iii) The presence of NKT cells
reduces EBV transformation of B cells in vitro. Upon infection
of PBMCs with EBV, prior depletion of NKT cells led to both
increased numbers of EBV-infected B cells and raised overall
viral titers in the cultures (116). Interestingly CD1d expression
was lost from the B cell surface during transformation, and NKT
cells were subsequently unable to recognize fully transformed
LCL cell lines. The authors therefore suggest that NKT cells
may be important for early immune recognition of newly EBV-
infected B cells, and exert their function prior to EBV-driven
downregulation of CD1d (116). Note that similar downregulation
of CD1d has been reported in KSHV and HSV-1 infected cells
(117, 118), suggesting that evasion of NKT cell surveillance may
be a common strategy of herpesviruses.

CONCLUSIONS

Research on EBV continues to reveal new tricks employed
by the human T cell immune system to control infection
with this ancient virus. Novel techniques have enabled deeper
understanding of the targets, function and evolution of the CD8+
and CD4+ T cell responses, and the potential contributions
of previously neglected unconventional T cell subsets are
increasingly coming to light. Although it is challenging to obtain
tissue samples from people, studying EBV-specific immunity at
the site of infection is vital if we are to fully understand the
interplay between the virus and its host. With this in mind,
we note the current dearth of information on intra-tumoural
EBV-specific immunity and highlight this area as a priority for
future research.
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