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Introduction

Summary

Mutations in the X-linked inhibitor of apoptosis (XIAP) gene have been
associated with XLP-like disease, including recurrent Epstein—Barr virus
(HLH), but the
immunopathogenic bases of EBV-related disease in XIAP deficiency is

(EBV)-related haemophagocytic lymphohystiocytosis

unknown. We present the first analysis of EBV-specific T cell responses in
functional XIAP deficiency. In a family of patients with a novel mutation in
XIAP (G466X) leading to a late-truncated protein and varying clinical fea-
tures, we identified gradual hypogammaglobulinaemia and large expansions
of T cell subsets, including a prominent CD4*CD8* population. Extensive
ex-vivo analyses showed that the expanded T cell subsets were dominated by
EBV-specific cells with conserved cytotoxic, proliferative and interferon
(IFN)-y secretion capacity. The EBV load in blood fluctuated and was occa-
sionally very high, indicating that the XIAP%**** mutation could impact upon
EBV latency. XIAP deficiency may unravel a new immunopathogenic mecha-
nism in EBV-associated disease.
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initially to lytic and gradually also to latent viral epitopes. A
less dramatic CD4* T cell response is also detected at this

Epstein—Barr virus (EBV) is a gamma herpesvirus that
co-exists with man through the establishment of a fine
balance between virus replicative infection and host
immune responses [1]. Primary infection of a naive host
leads to viral replication, increases in viral load and estab-
lishment of a lytic cycle within epithelial cells of the
oropharynx [2]. Coincidentally, mucosal B cells are
infected, in which non-replicative infection (latency) is
established [2]. A vigorous CD8" cytotoxic T lymphocyte
(CTL) response is induced during the primary infection,
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stage [3,4]. The immune response in healthy individuals
destroys the majority of EBV-infected cells, but the virus
achieves long-term persistence by down-regulating latent
viral protein expression and establishing a virtually silent
infection in some long-lived memory B cells [2]. The estab-
lishment of long-term silent latency decreases viral antigen
load, leading to waning of the T cell responses [4].

During long-term latency, sporadic reactivations of the
lytic cycle occur in infected B cells, triggered by B cell acti-
vation and plasma cell differentiation signals and leading to
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new cycles of infection. This elicits further T cell responses,
and EBV-specific memory T cells, reactive to both latent-
and lytic-cycle antigens, are maintained in the periphery
[4]. This long-term immunosurveillance of EBV infection
is critical, as clearly demonstrated by the malignant
EBV-driven lymphoproliferation associated with immuno-
suppression such as in late HIV infection or post-
transplantation [5].

EBV primary infection, occurring normally in infancy, is
asymptomatic. In the benign self-limited lymphopro-
liferative disease, infectious mononucleosis (IM) in young
persons [6], symptoms are associated with infiltrating
EBV-infected B cells and EBV-specific T cells. In infants
with non-functional T cells, EBV-associated haemo-
phagocytic lymphohistiocytosis (HLH) may be manifest in
different organs. The human primary immunodeficiency,
the X-linked lymphoproliferative disease type 1 (XLP1), is
associated with extreme sensitivity to EBV infection. The
causative gene, Src-homology 2 domain containing gene
1A (SH2DI1A), codes for the signalling lymphocyte activa-
tion molecule (SLAM)-associated protein (SAP) [7]
(OMIM#308240). SAP is an essential adapter molecule in
signalling pathways involved in cytotoxicity and approxi-
mately 50-60% of XLP patients present in childhood with
severe primary EBV infection, frequently with a fatal course
due to liver failure or HLH. A massive and dysregulated
proliferation of CD8" T cells incapable of exerting an effec-
tive cytotoxic response underlies the immunopathogenesis
associated with EBV infection in XLP1 [8-11]. Twenty to
30% of XLP1 patients go on to develop malignant or non-
malignant B cell lymphoproliferative disorders in relation
to impaired cytotoxicity and exhaustion of EBV-specific
T cells [7].

A different protein, X-linked inhibitor of apoptosis
(XIAP, also named BIRC4), has been implicated in XLP2.
This protein is absent or non-functional in patients with a
phenotype partially resembling XLP [12] (OMIM#300365).
XIAP is a member of the inhibitor of apoptosis (IAP)
family that inhibits apoptosis by preventing activation of
caspases 3, 7 and 9 [13]. XIAP deficiency may be associated
with EBV-related HLH that is often recurrent and associ-
ated with hepatosplenomegaly; in contrast with SAP defi-
ciency, so far no patients have developed lymphoma [12].
The impact of XIAP deficiency on EBV cytotoxic responses
and the natural course of EBV infection and the
immunopathogenic mechanisms of HLH in XIAP-deficient
patients are currently unknown.

In this paper we describe three kindred in a large English
family in which the clinical phenotypes in several male
patients are variable in type and severity [14]. One non-
sense mutation in XIAP, in association with a rare CD40LG

G29R " wwas identified in all affected males that

polymorphism
resulted in attenuated expression of a late truncated protein
(G466X) and a CD40LG protein with decreased capacity to

bind to CD40. One unaffected male was found to be a
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carrier of the XIAP®®X alone [14]. We performed an
exhaustive study of the EBV-specific cellular immunity in
several individuals harbouring the mutation and found a
massive expansion of memory EBV-specific CD4*, CD8"
and CD4"CD8" double-positive T cells several years after
EBV primary infection. Many epitope-specific responses
were identified among the responding T cells, but those to
lytic cycle antigens were particularly strong. Fluctuating and
occasionally very high viral loads in patients suggest that
this memory ‘inflation’ results from continuous
re-encounter with antigen by virus-specific T cells and that
silent long-term EBV infection is disturbed in XIAPS**
individuals. This study demonstrates the fine balance struck
by EBV and the immune system, and the key role of XIAP
in maintaining this equilibrium.

Mutations in XIAP also result in inflammatory condi-
tions, particularly of the gut, in children and young adults,
including female carriers. Although EBV-associated
haemophagocytic lymphohistiocytosis (HLH) was the
original predominant clinical phenotype, other conditions
rapidly became apparent [14]. Recently, 17 of 25 patients
were found to have presented with manifestations other
than HLH. As in our original oligogenic family, these
included severe infectious mononucleosis and Crohn’s-like
bowel disease as well as other features of a primary immu-
nodeficiency (PID), such as antibody deficiency.

In our families the truncated version of XIAP led to early
gut inflammation in one patient, late-onset Crohn’s disease
in one male patient and a Crohn’s-like colitis in one female
carrier [15]. It has been reported from another centre that
there are no correlations between genotype or protein
expression and clinical phenotypes [16], suggesting that
other genes may well be involved.

Here we update the findings on the original three fami-
lies, including new findings on their clinical phenotypes,
and concentrate on the anti-EBV mechanisms associated
with the CD40LG polymorphism found together with trun-
cated XIAP protein.

Methods

Case report

Initial details of five males from a large English family fol-
lowed for a suspected immunodeficiency (Fig. 1) were pub-
lished previously in 2011 [14]; more recent developments
are now reported. The index patient (II-7) had non-viral
acute hepatitis in childhood that evolved into idiopathic
chronic liver disease with hepatosplenomegaly. He also had
progressive panhypogammaglobulinaemia, though initially
only a specific antibody defect against pneumococci. He
then suffered from recurrent bacterial infections, developed
bronchiectasis and required immunoglobulin substitution.
His clinical picture was complicated by polyclonal lympho-
proliferation, consisting of persistent lymphadenopathy
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Fig. 1. Pedigree of the family. Filled squares indicate male relatives
harbouring the XIAP G466X mutation; shown in black are those with
clear clinical symptoms and shown in grey those without. Circles with

black centres indicate female carriers. Diagonal bars indicate deceased
individuals.

and suspected lymphoid interstitial pneumonitis (LIP). He
died at the age of 28 years due to liver failure, and later
studies showed that he had two polymorphisms in HFE
(homozygous for histidine at codon 63 and heterozygous
for cysteine and tyrosine at codon 282). His elder brother
(Fig. 1, 1I-5) remains clinically well, now aged 46 years.
Patient III-2 (Fig. 1) suffered from a primary infection
(EBV-IgM*) at the age of 7 years with hepatitis, spleno-
megaly and pancytopenia; he relapsed 9 months later. He
recovered clinically but has persistent splenomegaly and
mild hypogammaglobulinaemia with good antibody pro-
duction but reduced CD4 cells. His brother (III-1) had
moderate splenomegaly and mild panhypogammaglo-
bulinaemia, but has now developed recurrent abscesses and
a Crohn’s like colitis at the age of 33 years and is receiving
infliximab therapy. The youngest patient (III-6) presented
with complicated and recurrent skin vesicles, and developed
transient lymphadenopathy, splenomegaly, transient hyper-
gammaglobulinaemia and atypical inflammatory bowel
disease. He underwent haematopoietic stem cell transplan-
tation (HSCT) successfully 12 months ago. On several occa-
sions, all patients were found to be EBV immunoglobulin
(Ig)G* [anti-virus capsid antigen (VCA)] and cytomegalovi-
rus (CMV) IgG™. Another related male (I-5) had a history of
recurrent bacterial infections, lymphadenopathies and
hepatosplenomegaly in adulthood but normal serum
immunoglobulins. This patient’s brother had Crohn’s
disease (I-3) in childhood and died aged 23 years. Five of
the female carriers (1.2, 1.6, I1.2, I1.3, 11.6) are healthy, but
patient III.3 had pneumonia and erythema nodosum aged
14 years with hypergammaglobulinaemia and developed
recurrent skin abscesses and watery diarrhoea 14 years later.
She has random inactivation of her X chromosomes,
as does the other carrier with Crohn’s disease due to a XIAP
deficiency, in contrast to the healthy carriers [15]. Informed
consent was obtained from each patient and the study pro-
tocol conformed to the 1975 declaration of Helsinki and the
local ethics regulations. The major histocompatibility
complex (MHC) class I and class I haplotypes of the four
patients included in this study are depicted in the Support-
ing information (Table S1).

Cell culture

Peripheral blood mononuclear cells (PBMCs) were isolated
from whole blood by density gradient centrifugation
(Lymphoprep; Nycomed, Oslo, Norway). Naive B cells were
purified from healthy donor PMBCs by staining with anti-
CD19 and anti-CD27 followed by fluorescence activated cell
sorter (FACS) analysis (Dako, Glostrup, Denmark). EBV-
transformed lymphoblastoid cell lines (EBV-LCLs) were
generated from PBMCs in the presence of cyclosporin using
standard techniques.

Antibodies and reagents

Monoclonal antibodies used in flow cytometry and cell-
sorting experiments were anti-CD3-peridinin chlorophyll
(PerCP), CD4-allophycocyanin (APC), CD8-fluorescein
isothiocyanate (FITC), CD4-phycoerythrin (PE), CD8-
PerCP, CD45RA-FITC, CD45RO-PE, CD45RO-FITC,
CCR7-APC, CD27-FITC, CD28-APC, Ki-67 FITC,
granzyme B-APC, CD107a-FITC, interferon (IFN)y-APC,
and the corresponding isotype controls (all obtained from
BD Biosciencies, Oxford, UK). The B-35 EPL loaded
tetramer was obtained from the repository at the Weatherall
Institute of Molecular Medicine.

Carboxyfluorescein succinimidyl ester (CFSE)-based
proliferation assays

PBMCs were incubated at 1x 107 cells/ml in phosphate-
buffered saline (PBS) at 37°C for 10 min, with 1-0 M CFSE
(Molecular Probes, Eugene, OR, USA). The reaction was
terminated by washing the cells twice with RPMI-1640
(GiBco, Carlsbad, CA, USA) 10% human serum (R10). The
cells were then resuspended at 2 x 10°ml in R10. Labelled
cells (5 x 10°/well; 250 pl) were cultured in a 96-well flat-
bottomed plate with medium alone, phytohaemagglutinin
(PHA) (5 g/ml; Sigma, St Louis, MO, USA), anti-CD3/anti-
CD28/anti-CD2-coated beads (2 ul per well of 10" beads;
Miltenyi Biotech, Bergisch Gladbach, Germany) or tetanus
toxoid (Aventis Pasteur, Cary, NC, USA) as negative and
positive controls for proliferation in a cell incubator in 37°C
and 5% CO,. Viral antigens used were a cellular extract
from an EBV-infected B cell line stimulated to increase lytic
cycle antigens and enriched for viral proteins, and an EBV-
negative control extract from the same cell line (Virusys,
Sykesville, MD, USA), rubella (Advanced Biotechnologies
Inc., Columbia, MD, USA), CMV (East Coast Biologies,
North Berwick, ME, USA), Coxsackie (Institute Virion,
Zirich, Switzerland), wvaricella zoster virus (VZV)
(Advanced Biotechnologies), respiratory syncytial virus
(RSV) (Institute Virion), B19 (VP2 recombinant protein),
flu (Enzira influenza vaccine; ZLB Pharma GmbH,
Marburg, Germany) and adenovirus (hexon peptide
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sequence). After 6 days of culture, cells were washed with
PBS and stained with anti-human CD8-PE, CD4-APC and
Viaprobe [7-aminoactinomycin D (7-AAD)] to exclude
dead cells (BD Biosciences, San Jose, CA, USA). Flow
cytometric analysis was performed on a FACSCalibur (BD
Biosciences).

The number of cells that had proliferated was determined
by gating on the lineage-positive CFSE® and CFSE""
subsets. We calculated the stimulation index (SI) and con-
sidered positive responses as described previously [17]. The
final proliferative frequency (%) was obtained by subtract-
ing the proliferative frequency with the antigen from the
proliferative frequency without the antigen. Where the SI
was <2, the proliferative frequency was set as zero.

Enzyme-linked immunospot (ELISPOT) assay

PBMCs were tested by IFN-y ELISPOT assays (Mabtech,
Stockholm, Sweden), as per the manufacturer’s instructions
and as described previously [17]. PBMCs (2 x 10°/well)
were plated in anti-IFN-y precoated 96-well plates
(Millipore, Billerica, MA, USA). Medium was used as a
negative control and positive controls were as for the CFSE
assay, although 5 ul of anti-CD3/CD28/CD2-coated beads
were used. EBV* cell extract and controls were used as
before, but at 10 g/ml final concentration. EBV-derived
peptides were used at a 5 ug/ml final concentration (see
Supporting information, Table S2 for complete peptide
sequences) [4]. The plates were developed after 14-16 h
incubation using AP colour reagent (Biorad, Hercules, CA,
USA) and analysed for spot-forming cells (SFCs) using an
ELISPOT plate reader (ELISPOT 3:-1 SR program; AID
Reader System, Strasberg, Germany). Assays with high back-
ground (average 10 SFC/well in negative control wells) or
insufficient PHA or T cell-stimulating beads were excluded.
The frequency of IFN-y" T cells that were specific for each
antigen was calculated by subtracting the average SFC in
negative control duplicate wells from the average SFC in
stimulated duplicate wells and expressed as EBV-specific
IFN-y SECs/10° PBMC. A positive response was defined
assuming a Poisson distribution, as described previously
(Excel BINOMDIST statistics program; Microsoft) [17]. The
mean background in the negative control wells for the
control group was 1-75 spots per 200 000 cells [+ standard
deviation (s.d.) 1-94) and for the patients was 2:94 per
200 000 cells (£ s.d. 2-4). These were not significantly differ-
ent (P=0-22).

Ex-vivo intracellular cytokine production combined with
cytotoxic degranulation assay. PBMCs were resuspended at
4% 10°/ml in R10 to a final volume of 250 pul in 96-well
plates. Cells were stimulated with the EBV* cell extract and
the negative control (Virusys) and anti-CD3/CD28/CD2-
coated beads. Anti-CD107a FITC was added to the cells
during the stimulation as described previously [18]. After
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2h a Golgi blocker (brefeldin A; BD Biosciences) was
added. After a total of 6 h, cells were removed, stained with
CD4-PE and CD8-PerCP antibodies, fixed and per-
meabilized (Cytofix/cytoperm kit; BD Biosciencies). An
anti-IFN-y APC antibody (BD Biosciences) was used for
intracellular staining.

Flow cytometry-based cytotoxic assay. PBMCs from patient
III-6 were stained with the B35-EPL loaded tetramer
(Dako) and tetramer-positive (tetramer®) cells were isolated
by cell sorting. Cells were expanded in vitro by co-culture
with an irradiated control B35" EBV-LCL obtained from a
healthy donor and pulsed with the EPL peptide, in the pres-
ence of irradiated allogenic feeder cells, PHA and interleu-
kin (IL)-2. After 12 days, the cell line was confirmed to
contain exclusively (>99%) CD8" tetramer" cells. Specific
cytotoxicity towards EBV* B cells presenting the BZLF1-
derived EPL peptide was analysed, using the same B35*
EBV-LCL and a modified method described previously
[18]. Fewer than 2% of cells were positive for the lytic cycle
protein BZLF1 in the target cell line. Cells were labelled
with either CFSE (green) or tetramethylrhodamine, methyl
ester (TMRM) (red) (both from Molecular Probes). CFSE
staining was performed as described above. For TMRM
staining 2 X 10° cells/ml were incubated in prewarmed
RPMI-10% fetal calf serum (FCS) supplemented with 5 uM
TMRM at 37°C for 30 min, washed twice in prewarmed
R10 and then incubated in R10 alone for 1 h prior to a final
wash. Cells labelled with TMRM were pulsed with the B35-
restricted peptide (EPLPQGQLTAY) and washed three
times with R10, or mock-pulsed in parallel. For cytotoxic
assays 80 000 cells with a 2:3 TMRM-labelled versus CFSE-
labelled ratio of B35" EBV" cells were distributed in flat
96-well plates. CD8" B35-EPL tetramer™ cells were added to
the given effector : target (E:T) ratios and incubated for
6 h at 37°C 5% CO,. The decrease in the percentage of live
peptide-pulsed TMRM-labelled cells (red) relative to the
unpulsed CFSE-labelled cells (green) was measured as an
indication of specific CD8*-mediated cytotoxicity. Experi-
ments were performed in triplicate for each given E: T
ratio, including parallel assays with mock-pulsed TMRM-
labelled cells to control for non-specific toxicity of TMRM
on the EBV-LCL. Specific lysis on the TMRM-labelled cells
was calculated as follows:

9% survival = (mean alive % of pulsed cells)/(mean alive %
cells unpulsed cells) x100.

% specific lysis =100 — % survival.

EBV  viral  load  determination by  real-time—
quantitativepolymerase ~ chain  reaction  (RT-qPCR)
assay. DNA was extracted from PBMCs using DNeasy
Tissue kits (Qiagen Ltd, Crawley, UK). EBV load was deter-
mined using a multiplex real-time PCR assay as described
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Table 1. Immunological evaluation in X-linked inhibitor of apoptosis (XIAP)** patients and female carriers
Patients Carriers

TIT-14%* III-2 1II-6 II-5* 1I-2 TI1-3** 1I-3 1I-6 I-2 Normal range
T cells CD4* % 17 30 43 40 39 48 52 51 52 31-60%
T cells CD4" abs 442 691 857 801 866 1025 1071 1051 576 410-1590
CD4" (RA*/CCR7%) 9-98 597 56-23 13-54 29-6 36-09 11-59 2661 35-88 12-2-61-5
CD4" (RA7/CCR7%) 42-76 2291 21-05 62-:63 57-43 36-25 69-41 46-83 39-54 27-2-51-4
CD4" (RA7/CCR7") 46-39 70-58 20-3 23-63 12-74 27-4 13-99 25-4 22:09 7-4-35-6
T cells CD8" % 70 69 34 48 26 30 20 27 19 13-41%
T cells CD8" abs 1828 1592 677 961 583 640 409 547 204 190-1140
CD8" (CD28*/CD27") 586 69-1 69-7 626 82-58 70-05 87-66 7569 70-13 34-90-2
CD8" (CD287/CD27") 21-42 5-05 19-53 17-26 627 23-4 7-34 16-71 13-55 5:2-23-2
CD8" (CD287/CD27") 14-33 811 9-64 16:06 492 49 2-48 592 97 1-3-56-1
CD3" (CD4/CD8") 0 15 0 1 0 1 0 0 0 0-2-8-2%
CD4/CD8 ratio 0-24 0-43 1-3 0-83 15 1-6 2:6 19 27 0-9-4-5
CDI19" % 9 9 15 5 19 11 9 11 7 6-25%
CD19" abs 236 213 304 99 397 227 216 213 74 90-660
NK cells % 3 5 6 5 12 10 16 8 22 5-27%
NK cells abs 80 108 128 91 244 215 380 147 233 90-590

*11.5 is healthy, aged 48 years and lacks the CD40LG polymorphism

. **III-3 has developed atypical severe inflammatory bowel disease. ***1I1.1 has

developed a Crohn’s like disease and recurrent abscesses. NK = natural killer; % = percentage within the lymphocyte gate; abs = absolute number in

cells mm?®.

previously to amplify the EBV DNA polymerase gene and
the B2-microglobulin gene as an endogenous control to
allow determination of input cellular DNA [19]. A standard
curve for EBV genome copy number was determined by
analysis of serial dilutions of the diploid Namalwa cell line,
known to contain two copies of EBV per cell. All standards
and test samples were analysed in duplicate. The threshold
of detection for the viral genome using this assay is two
viral copies per PCR well. TagMan primers and probes used
were as follows: EBV POL (BALF5); forward: CTT TGG
CGC GGA TCC TG, reverse: AGT CCT TCT TGG CTA
GTC TGT TGA C, POL probe (FAM): CAT CAA GAA GCT
GCT GGC GGC C; 2 m; forward: GGA ATT GAT TTG
GGA GAG CAT G, reverse: CAG GTC CTG GCT CTA CAA
TTT ACT AA, POL probe (FAM): AGT GTG ACT GGG
CAG ATC ATC CAC CTT C.

Statistical analysis

Pooled data are presented as means and error bars represent
standard deviation. The unpaired t-test was performed
using Prism version 3 software (GraphPad, San Diego, CA,
USA). Differences were considered statistically significant
when P < 0-05 [20].

Results
Molecular studies of SAP and XIAP genes and
haplotype determination

Null mutations in the XIAP gene may lead to HLH, colitis
or hypogammaglobulinaemia [12,21]. Five males, including

the one deceased (II-7) and his unaffected brother, were
found to harbour a non-sense hemizygous guanosine to
thymidine transversion at position 1396 of the cDNA [14],
resulting in a premature stop codon at amino acid position
466 (G466X) of the XIAP sequence leading to the expres-
sion of a truncated XIAP. X-linked recessive inheritance
(Fig. 1) was confirmed by finding the same mutations in
their mothers and in a sixth carrier (sister — IIL.3), who has
since developed a Crohn’s like disease similar (although of
late onset) to her brother (II1.6). This mutation was found
in association with a rare polymorphism in CD40LG [14] in
all patients but not in healthy subject I1.5, who carried
XIAP%* alone. The absence of the CD40LG polymorphism
in this individual enabled the role of the truncated XIAP
protein alone to be tested in the unaffected male.

Effect on T cell distributions

Despite the variable clinical symptoms in the patients with
the XIAP“*** mutation, the immunological abnormalities
were similar in the patients who were more than 10 years
old. Persistently reduced or inverted CD4/CD8 ratios were
observed due to increased absolute numbers of CD8" T
cells; this was a markedly persistent feature in patients III-1
and III-2 (Table 1) and in the healthy brother II.5, who
lacked the CD40LG polymorphism. B and natural killer
(NK) cells were within normal limits [14]. NK T cell
numbers were marginally reduced (data not shown).
Further analysis of the CD4" subpopulations showed
reduced percentages of naive CD4" T cells (CD45RAY,
CCR7*) and increased effector memory cells (CD45RO",
CCR7") in patients III-1 and III-2. In addition, patient III-2
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maintained an expansion of CD3*CD4'CD8" double-
positive T cells over 10 years (up to 14% of the CD3* T
cells); the majority of these cells have a phenotype consist-
ent with antigen-experienced effector memory cells and
contain cytotoxic granules (granzyme B*) (Fig. 2).

EBV-specific responses by proliferation

Patients with null XIAP mutations present with variable
disease phenotypes after EBV infection, ranging from
hepatosplenomegaly to fatal haemophagocytic lympho-
histiocytosis (HLH) [22]. The role of EBV in these families
with truncated XIAP was examined to try to define the role
of XIAP in the immune response to EBV. The expanded
CD8" and CD4'CD8" T cells (Fig. 2) suggested an exagger-
ated immune response to a virus (or viruses), most likely to
be EBV. To confirm this, we used an assay that allows identi-
fication and measurement of T cells that proliferate in vitro
in response to a variety of recall antigens. PBMCs from
patient III-2 were activated with a panel of common viral
antigens or protein lysates from virus-infected cell lines, to
study both CD4" and CD8" responses simultaneously. As
seen in Fig. 3a, CD4" cells from patient III-2 responded by
proliferation to five viruses but an EBV* cell lysate was the
only one that induced a marked proliferation in all three
CD4, CD8" and CD4*CD8" subpopulations. This suggested
that EBV-specific cells were greatly over-represented within
these individual different T cell subpopulations compared
to cells specific for other viruses. This assay was repeated
with a different blood sample 4 months later, as well as
twice with independent samples from patient III-1: similar
results were obtained (data not shown). The CD4" pro-
liferative responses induced by the EBV* cell lysate in
patients III-1 and III-2 were compared to a control group of
EBV healthy carriers and found to be significantly higher
(P =0-00003) (Fig. 3b).

EBV-specific responses by IFN-y production

We also examined IFN-y secretion in response to EBV, to
determine if this was increased in parallel to the increased
in-vitro proliferative responses to EBV. PBMCs from the
four available XIAP“**** patients were stimulated with the
EBV* cell lysate and an EBV~ control lysate, and the ex-vivo
ability to release IFN-y was analysed by ELISPOT assay. A
positive response was detected in the four XIAP***** patients
in two separate samples; those using PBMCs from patients
III-1 and III-2 were much higher than with cells from indi-
viduals from the other two kindred (Fig. 3c). In order to
identify and enumerate the EBV-specific T cells producing
IFN-y in the ex-vivo ELISPOT assay, we performed an
ex-vivo intracellular cytokine staining assay (ICS) in
patients III-1 and III-2. Detection of surface expression of
CD107a was included to study the cytotoxic capacity of the
IFN-y producer cells [18], as this protein is present in the
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Fig. 2. Frequency and phenotype of persistently expanded
double-positive T cells in patient III-2. Phenotypical analysis of the
CD4"CD8" double-positive T cell subpopulation in patient III-2 (right
column) in comparison to one representative from a cohort of
Epstein—Barr virus (EBV)* healthy adult carriers (left column).
Percentages in the upper panel are within the CD3* lymphocyte gate;
in the lower three, double panels are within the CD4*CD8"
double-positive cells.
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membrane of cytotoxic granules and is detectable on the lysate. This indicates that these EBV-specific cells are not
cytoplasmic membrane upon degranulation. As shown in only able to proliferate (Fig.3a) but potentially exert
Fig.3d, a considerable proportion of the CD4'CD8* cytotoxic function. In comparison with healthy EBV carri-
double-positive T cells in patients III-2 expressed CD107a ers and patients with IM in similar experiments [23], CD4*
and/or produced IFN-y upon stimulation with the EBV* cell EBV-specific responses were strikingly strong in both
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Fig. 3. Epstein—Barr virus (EBV)-specific T cell responses in X-linked inhibitor of apoptosis (XIAP

XIAP deficiency inflates EBV T cell responses

)G466X patients. (a) Proliferation of lymphocytes

from patient III-2 in resting (negative) or stimulated conditions with different viral antigens. Numbers indicate percentages of cells with decreased

carboxyfluorescein succinimidyl ester (CFSE) staining. A representative example of one of two independent blood samples is shown. (b)

Comparison of EBV-induced proliferative responses between patients III-1 and III-2 and a group of 23 EBV* age-matched healthy carriers. The

percentage of cells with decreased CFSE staining in response to the EBV* lysate minus the percentage in the negative conditions is indicated. (c)

Ex-vivo interferon (IFN)-y release in response to 6 h stimulation with an EBV™ cell lysate in patients in comparison to a normal control group.

Results represent the number of spots per 10° cells after subtracting the spots identified with an EBV™ cell lysate. The means of two independent

blood samples from each of the patients are included in the analysis and a cohort of 41 age-matched controls used for comparison. (d) Ex-vivo IFN

production and cytotoxic degranulation (CD107a membrane expression) in peripheral blood mononuclear cells (PBMCs) in response to 6 h

stimulation with an EBV~ cell lysate (negative control), EBV* cell lysate or anti-CD3"CD28"CD2 coated beads (positive control) in patients ITI-1 and

III-2. Numbers in each quadrant indicate percentage of cells calculated within each T cell subpopulation. A representative example from one of three

independent blood samples obtained within a year is shown for each patient.

patients III-1 and III-2. The frequency of cells responding
by IFN-y production from patients III-1 and III-2 were 10-7
and 17-2% of CD4" T cells, respectively, compared with
0-04-5-2% (mean 1:4%) of CD4" T cells in 36 acute cases of
IM, and only 0-05-1-26% (mean 0-34%) of 23 responders of
28 healthy EBV carriers. Additionally, a significant propor-
tion of CD4" T cells also acquired membrane staining of
CD107a, suggesting cytotoxic capacity (Fig. 3d).

Definition of the EBV epitope-specific T cell responses

The results presented above indicate an ‘inflated” EBV spe-
cific T cell response in patients III-1 and III-2 analogous to
T cell responses observed in CMV chronic infections [24].
The type of EBV antigen preparation used above induces
CD4" T cell responses preferentially [23]. To examine the
CD8* and CD4" T cell responses more precisely, PBMCs
from all the XIAP®¢X patients were stimulated with a panel
of class I and II optimal viral epitopes from lytic and latent
proteins known to induce T cell responses in human leuco-
cyte antigen (HLA)-matched IM patients and/or healthy
EBV carriers [4]. The complete sequence of these peptides is
given in Supporting information, Table S2. The ability of a
given peptide to induce ex-vivo release of IFN-y was ana-
lysed using an ELISPOT assay in parallel with a number of
controls, including the whole EBV™ cell lysate. A number of
epitopes from lytic and latent cycle proteins induced signifi-
cant reactivity in all four XIAP%*** patients tested (Table 2).
The responses were particularly intense in comparison to
those in otherwise healthy EBV* individuals, in whom the
range of mean positive results for each individual peptide
was 50-693 spots per 10° cells in a similar study [25].

In patients III-6 and II-5, who share a B35 MHC class I
haplotype, particularly strong ELISPOT responses (>1400
spots per 10° cells) were elicited against the BZLF1-derived
epitope (EPL), known to be immunodominant in B35*
individuals [4]. To determine the exact percentage of CD8"
circulating T cells specific for this peptide in these patients,
B35-PE labelled class I tetramers loaded with the EPL
peptide were used in a flow cytometric analysis with fresh
PBMCs. Of the CD8" T cells, 5-9% (2-:6% of the total lym-
phocyte population) from the healthy individual II-5 were

stained by the tetramer, whereas in patient III-6 (with
recurrent viral infections and early-onset inflammatory
bowel disease), the percentages were even higher, 14-5%
(3-75% of the total lymphocyte population) (Fig. 4a). Indi-
vidual lytic-cycle epitope-specific subpopulations can
account for up to 40% of the CD8" cells in IM patients and
decrease to 0-2-2% CD8" cells in healthy long-term carriers
[4]. The immunophenotypical characteristics of tetramer-
positive cells from patient III-6 were analysed and shown to
be CD27"CD28", CD27 CD28, typical of intermediate and
late differentiated CD8 cells and CD45RO"CCR7", indicat-
ing effector-memory cells. Increased numbers of activated
(CD38" or DR*) and cytotoxic (granzyme B*) cells were also
observed within the tetramer-positive cells (Fig. 4b), con-
firming that tetramer-positive cells were activated and
antigen-experienced cells. A substantial proportion of CD8"
cells proliferated in response to the BZLF1-derived EPL
peptide, as demonstrated by a CFSE-based assay (Fig. 4c).
More importantly, there was a higher proportion of EPL-
specific cells that were potentially cytotoxic, as indicated by
the percentage of positive cells in an ex-vivo IFN-y ICS and
CD107a expression assay in which PBMCs were stimulated
with the EPL peptide (Fig. 4d).

Demonstration of killing capacity by XIAP*¢*%
CD8" T cells

We analysed the capacity of CD8 cells to kill using a flow
cytometry-based killing assay described previously [18].
XIAP®* CD8* T cells specific for the B35- restricted lytic
peptide EPL from patient III-6 were selected with tetramers
and expanded in vitro. B35" EBV-LCL cells were labelled
with either a green or red fluorochrome, and only red cells
were loaded with the EPL peptide. As shown in Fig. 5, upon
incubation with cells from a B35* EBV-LCL, XIAP*** CD8*
T cells are able to kill the target B cells in a peptide-specific
manner.

EBV viral load

The observed expansion of EBV-specific T cells and the
strong ex-vivo responses to lytic epitopes in the ELISPOT
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Table 2. Epstein—Barr virus (EBV) epitope-specific interferon (IFN)-y production measured by enzyme-linked immunospot (ELISPOT) assay in four

X-linked inhibitor of apoptosis (XIAP)%** patients

MHC class I
11-5 A 0201 A 0301 B 3501
Peptide GLC CLG FLY YVL RLR EPL YPL HPV
Protein BMLF1 LMP2 LMP2 BRLF1 EBNA3 BZLF1 EBNA3 EBNAIL
Cycle Lytic Latent Latent Lytic Latent Lytic Latent Latent
ELISPOT 25 88 88 15 63 1500 60 183
1I-1 B 4501 B 4001
Peptide AEN IED SEN
Protein BRLF1 LMP2 BZLF1
Cycle Lytic Latent Lytic
ELISPOT 1478 1478 133
1I1-2 B 4501 B 4001
Peptide AEN IED SEN
Protein BRLF1 LMP2 BZLF1
Cycle Lytic Latent Lytic
ELISPOT 1498 1498 73
II1-6 A 1101 B 3501
Peptide IVT AVF EPL YPL HPV
Protein EBNA3B EBNA 3B BZLF1 EBNA3 EBNA1
Cycle Latent Latent Lytic Latent Latent
ELISPOT 228 268 1493 28 60
MHC class 1T
1I-5 DRB1 0101 DQB1 0501
Peptide TSL GPW SDD
Protein EBNA1 EBNA3A EBNA3C
Cycle Latent Latent Latent
ELISPOT 0 0 0
III-1 DRBI 0401 DRBI1 0701 DQB1 0201
Peptide GQT TVV PYY PRS PPW
Protein EBNA2 BHRF1 BHRF1 EBNA2 EBNAIL
Cycle Latent Lytic Lytic Latent Latent
ELISPOT 220 193 225 273 203
1I1-2 DRB1 0401 DRB1 0701 DQB1 0201
Peptide GQT TVV PYY PRS PPW
Protein EBNA2 BHRF1 BHRF1 EBNA2 EBNA1
Cycle Latent Lytic Lytic Latent Latent
ELISPOT 150 120 148 250 170
I11-6 DRBI 0701 DQB1 0201
Peptide PRS PPW
Protein EBNA2 EBNAL1
Cycle Latent Latent
ELISPOT 80 55

ELISPOT = number of spots per 10° peripheral blood mononuclear cells (PBMCs); MHC = major histocompatibility complex.

assay suggested that the establishment of EBV latent carrier
status is disturbed in these patients. Serial analyses of EBV
viral load were performed in cells from stored peripheral
blood samples from all patients, including the index case, at
different times spanning 10 years of follow-up. The EBV-
polymerase gene was amplified by real-time quantitative
PCR in DNA isolated from 21 different samples of patients’
PBMCs. The EBV genome could be amplified in only four
samples (Table 3), although the level was within the normal
range observed in healthy carriers in three of these positive
results [26]. In patient III-2 a sample from 2006 showed no
positive amplification, but a subsequent sample taken in

2007 demonstrated a high viral load of 2-75 log copies/ug
DNA, well above the range in healthy EBV carriers when
detectable (0-9-1-8 log copies/ilg DNA) and within the
range observed in IM patients (1-6-3-8 log copies/iig DNA)
[26], without changes in his clinical condition.

Discussion

The impact of XIAP deficiency on the immune response to
EBV is unknown [12]. We have characterized extensively
the EBV-specific T cell responses in a family present-
ing a XIAP“*** mutation and have found evidence of an

478 © 2014 British Society for Immunology, Clinical and Experimental Immunology, 178: 470-482



XIAP deficiency inflates EBV T cell responses

(@) . (b) () cD8*
Patient 111-6 504 Negative
4
10 , CDS'TET  CD8'TET' , CDS'TET  CD'TET' . L .
3
10 o} 1 1_|M 10 i'@ 10 10 . 396 EFPL
Q102 Al 103 | 131[ 15 | 103} 2645642 108+ 1081 \;g [ .
8 2 2 % 2 fraie g 2
10; b 121' i :21' i |8 181' t 181' ; CFSE (log)
10 - 0 [97-8 3 0 [99-3]
10%0H0%0%04 1w3f Pl 100 PAR K 10° W.0.22100 ,0 1,07 Patient 111-6
Tetramer 10°10'10210°10* 10°10" 10%10°10* 10°10"10210%10* 10°10'10%10°10* 57753 10°
A ——— > cD27 — > CD8a —|—
10 104 10 10 > 02104 10°
ﬁl{iﬁl zgﬁFﬁﬁ 1&2P1§ §§+L§Z 0w 102
103} 77-3113-1| 103} 451195 103} 221138 103} 67-6127-2
Dg: 3 ~ = 10’
102F 102F . | & 102 1021 f
i [a) 0 L O
. A 10 10
Patient I1-5 10" Bl 10'EF T © 1o’ 10F 100107 10210°10° 10° 10" 10210° 10*
100 LB 100 N S 100 ) 10° . —>» CD107a
10°10"10210310% 10°10" 102103 10* 10°10"10210%10% 10°10' 10210%10* Negative EPL peptide
— CD348 — > CD445F{A \ Patient IJ{S
m| 10 262[04] 10 77419 10 53 o8] 10 319 10 0100 0473
(CD'8+) 8 10%F | 73103 atfo] 103+ 35-1[11-1| 103} 611 34 _ 103} | 988[12 | 103} | 41|82
100 5 ]| 102 @ 102 102 ET 102l | .
1001%)1102103104 Sl o 811 10" b Z |, ol
etramer o | % I
o 0 L 1 1 oL~ ! ! 100 E ! 1 Oﬁi g s W

10 10
10°10"10210%10* 10°10' 10210%10*
— > Pd1

10°

: i 1 100 .
10'10%210%10* 10°10"10210%10*
—— > CD45R0O

100 L ) 4q0
10°10"10210%10* 10°10"10210%10*
——>» CD107a

Negative EPL peptide

Fig. 4. Phenotype and function of CD8" T cells specific for lytic-cycle antigens. (a) Percentage of cells stained with a B35 class-I tetramer loaded
with the BZLF1-derived expressed protein ligation (EPL) peptide and conjugated with phycoerythrin (PE) in patients III-6 and II-6. Numbers
indicate percentage of positive cells within the lymphocyte gate and within the CD8"* T cell subpopulation. (b) Comparison of the phenotypical

characteristics of CD8" tetramer-positive and CD8" tetramer-negative cells from Fig. 4a in patient III-6. (c) In-vitro carboxyfluorescein succinimidyl
ester (CFSE)-based proliferation assay of peripheral blood mononuclear cells (PBMCs) from patient I1I-6 in response to the BZLF1-derived peptide
EPL gated to show the CD8" population. (d) Ex-vivo intracellular staining for interferon (IFN)-y production and cytotoxic degranulation (CD107a

surface expression) after 6 h of activation of PBMCs with the BZLF1-derived EPL peptide in patient III-6 and II-5. Numbers indicate percentage of

cells within the CD8" subpopulation.

abnormal course of latent infection with greatly increased
EBV-specific T cells with conserved cytotoxic capacity. A
major finding in the immune evaluation of this family was a
constant CD8" lymphocytosis in patients III-1 and III-2
over the years (Table 1) and even a high proportion of CD8"
cells in the otherwise healthy individual, highly suggestive
of abnormal control of viral infection. The differentially
strong proliferative response induced by EBV in different
lymphocyte subpopulations (Fig.3a,b) and the massive
IFN-y response in the ELISPOT assay (Fig. 3c) indicated
that EBV was responsible for this expansion.

These results reinforced the previous observation of par-
ticular susceptibility in XIAP- deficient patients to EBV [12]
and prompted us to study in detail the intensity and func-
tionality of EBV-specific T cell responses in XIAP“¢*
patients. Ex-vivo IFN-y-ICS and cytotoxic degranulation
(CD107a expression) assays showed how the persistent
expansion of antigen-experienced T cells, not only CD4*
and CD8" but also CD4"CD8" double-positive T cells
observed in patient III-2, were composed mainly of EBV-
responding cells (Fig. 3d). Double-positive T cells are
present in peripheral blood in healthy controls at very low
percentages, but this subpopulation is increased in persis-
tent viral infections [27], including acute EBV-IM [28]. Sec-

© 2014 British Society for Immunology, Clinical and Experimental Inmunology, 178: 470-482

ondly, a strikingly high proportion of CD4* T cells
responded to the whole EBV™ cell lysate with IFN-y produc-
tion and evidence of cytotoxic degranulation (Fig. 3d).
CD4" T cell responses are detectable in both the primary
and the latent EBV infection, albeit to a much lesser extent
than CD8" CTLs, and have been shown to exert cytolytic
action and IFN-y production against EBV-LCLs, suggesting
that CD4" T cells also contribute to the destruction of EBV-
infected cells in vivo [29-31]. Abnormally large
subpopulations of EBV-specific CD4* and CD4°CD8" T
cells were present in patients III-1 and III-2, in contrast to
surviving SAP-deficient patients. The ELISPOT assays
revealed responses to several MHC class I and II EBV-
epitopes, but a consistent feature in all the XIAP**X indi-
viduals was remarkably strong CD8" responses to BZLF1 or
BRLF1 early lytic antigens (Table 2). Although the IFN-y
response to the whole EBV™ cell lysate (an antigen prepara-
tion which is relatively inefficient at stimulation of CD8*
cells) had not been significantly high in patients II-5 and
III-6, the B35-restricted BZLF1-derived EPL peptide
induced a very strong response in the ELISPOT, later con-
firmed by CFSE-proliferation and ICS-degranulation assays
(Table 2, Fig. 4c,d). Although total numbers of CD8" T cells
are not as high as in their affected cousins III-1 and III-2,
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Fig. 5. Epstein—Barr virus (EBV)-specific cytotoxic activity of
X-linked inhibitor of apoptosis (XIAP)%* CD8" T cells.

(a) tetramethylrhodamine methyl ester (TMRM) and
carboxyfluorescein succinimidyl ester (CFSE)-labelled cells within the
forward-/side-scatter profile when increased numbers of
B35-expressed protein ligation (EPL) tetramer® CD8" T cells are added
to the co-culture. In the upper panel neither population was pulsed
with the EPL peptide, whereas in the lower panel TMRM* cells were
pulsed with the EPL peptide. A representative example of the results
obtained in one of the triplicates from one experiment is shown.

(b) Percentages of live cells for each experimental condition.
Decreased percentages of live EPL-loaded TMRM?* cells are observed
when increase ratios of EPL-specific CD8"* T cells are added to the cell
culture. The experiments were performed in triplicate. (c) Specific
lysis of B cells pulsed with B35-EPL peptide, at the effector : target

(E : T) ratios indicated on the graph, calculated as described in
Methods.

patients II-5 and III-6 show a significant disturbance in the
CD8" T cell repertoire, in which EBV-specific cells are over-
represented in comparison to healthy EBV carriers. A sub-
stantial CD4* T cell response to lytic cycle epitopes of

Table 3. Epstein—Barr virus (EBV) viral load* in X-linked inhibitor of
apoptosis (XTAP)“X patients (1998—2008)

1998 1999 2003 2004 2005 2006 2007 2008

Pat II-7 0 0

Pat II-5 0 0 0
Pat III-1 0 0-15 0 13
Pat III-2 0 0 0 275 0-82
Pat III-6 0 0 0 0

*Log copies/ug DNA [peripheral blood mononuclear cells
(PBMCs)].

BHRF1 in patients III-1 and III-2 (Table2) suggests
ongoing exposure to these antigens. EBV-specific CD4 and
CD8 responses are not identical in all individuals harbour-
ing the XIAP%*** mutation: not surprisingly, as the subjects
are from three different but related kindred, and therefore,
at the very least, MHC types differ.

We found no evidence of impaired function in EBV-
specific XIAP®X T cells, which are able to proliferate,
produce IFN-y and activate cytotoxic degranulation when
stimulated with EBV* cell lysates and EBV-derived peptides.
In contrast to SAP-deficient patients [10,11], XIAPS*®*
CD8" peptide-specific T cells are able to destroy peptide-
loaded EBV-LCL targets (Fig. 5). Normal percentages and
absolute numbers of NK cells are found in XIAP-deficient
patients. Furthermore, NK cytotoxicity mediated by 2B4
stimulation is conserved in XIAP-deficient patients [12].
More recently, cytotoxic degranulation in response to
typical NK target cells has been demonstrated to be normal
in XIAP-deficient patients [32] which, taken together with
this study, may help to explain the absence of lymphomas in
XIAP-deficient patients. However, longer follow-up of
XIAP-deficient patients is needed to exclude EBV-related
malignant complications.

EBV-specific T cell responses in XIA patients
revealed abnormally expanded T cell specific subpopulat-
ions with remarkably strong responses to peptides derived
from proteins of the EBV lytic cycle. In the absence of an
obvious functional defect in T cells, frequent chronic
antigen re-encounter leading to ‘memory inflation’ of the

PG466X

normal EBV™ responses seems a plausible mechanism.
Patient III-2 is a typical example in whom massive and per-
sistent expansion of EBV-T cells is found 18 years after well-
documented acute primary EBV infection with a fluctuant
EBV viral load.

The phenotypes of SAP- and XIAP-deficient mice are dif-
ferent [33], as in humans. XIAP-deficient cells were more
susceptible to death upon infection with the murine MHV-
68, a gammaherpes virus, and produced more infectious
virus than control cells in a XIAP-dependent manner. The
EBV latency mechanism induces resistance to apoptosis in
infected B cells by inducing increased expression of anti-
apoptotic proteins such as XIAP via up-regulation of basal
NE-kB activity [13,34]. Failure to induce EBV latency could
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underlie the increased availability of EBV antigens leading
to expanded T cell responses in XIAP-deficient patients.
Because concomitant infections can induce reactivation of
the EBV lytic cycle [35], it is tempting to speculate that epi-
sodes of increased EBV load could coincide with common
viral or bacterial infections inducing B cell activation in
XIAPS** patients. In a recent study, co-stimulation of cells
PBMCs with Toll-like receptor (TLR)-7/8 and TLR-9
agonists increased significantly the frequency of EBV trans-
formed B cells (P < 0-001) [36].

Not all individuals with the XIAP“**** mutations present
clinical symptoms, although we found abnormal EBV-
specific immunological findings in all. Of note is the fact
that a rare polymorphism in the CD40 ligand (CD154) gene
(CD40LG®*"R), described previously in healthy individuals
[37], is present in the symptomatic patients but not in the
asymptomatic individual II-5. Although the healthy indi-
vidual II-5, who had only the XIAP**** mutation, exhibited
some abnormalities in the EBV-specifc CD8" responses,
those are significantly weaker than in patients III-1, III-2
and III-6. This could suggest that the CD40L%"** polymor-
phism participates in the inflated T cell responses reported
in the patients. Our previous results suggested that both the
XIAP and CD40LG variants were needed for the expression
of the variable clinical phenotypes in this family, although
interplay with other genes or environmental factors will also
be a factor. Further analysis of these and other families
using next-generation sequencing will contribute further to
dissection of the clinical phenotype.
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