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Table 2. Univariate Analysis of the Incidence of CH with the
Frequency and Probability of Developing CH by the Kaplan-
Meier Test

CH
Incidence, Probability,
Category N n (%) P Value® % P Value®
Total 68 28 (41.2) ©61.5%9.1
Sex
Female 33 16 (48.5) NS 709+ 11.2 NS
Male 35 12(343) 75.6 + 184
Primary disease
Malignant 44 26 (59.1) <001 756+86 <.001
Nonmalignant 24 2(83) 62+6.1
Type of transplantation
Autologous 7 4(57.1) NS 61.9%19.9 NS
Allogeneic 61 24(39.3) 61.7+ 108
Age at HSCT, years
<10 41 14 (342) NS 56.8+ 128 <.05
=10 27 14(51.9) 721 £ 113
Age at first radiation,
years
<10 28 16 (57.1) NS 68.1 £ 11.0 NS
=10 21 12(57.0) 758+ 118
Total cranial radiation
dose, Gy
0 19 0(0) <.001 0 <.001
6-12 39 18 (46.2) 62.0 £ 10.1
18-30 10 10 (100) 100

NS indicates not significant.
Pearson’s %, square test or Fisher exact test.
BLog-rank test (Kaplan-Meier).

a significantly higher probability of developing CH
(75.6% = 8.6% versus 6.2% = 6.1%; P < .001).

Age at HSCT showed a marginally significant
effect. Patients who underwent HSCT atage =15 years
had a slightly higher probability of developing CH than
did younger patients (56.8% * 12.8% versus 72.1% =
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11.3%; P < .05). The mean total cranial radiation dose
was 8.8 * 8.4 Gy in patients aged 0 to 9 years and
12.8 = 8.5 Gy in those aged =10 years (P = .058).

The patients were divided into three groups ac-
cording to total cranial radiation dose: group A, none
(n = 19); group B, 6 to 12 Gy (n = 39); and group
C, 18 to 36 Gy (n = 10). CH was not detected in any
of the group A patients but was found in 46.2% of
the group B patients and in 100% of the group C pa-
tients; the intragroup differences were highly signifi-
cant (P < .001) (Table 2). The probability of CH
was 0% in group A, 62.0% = 10.1% in group B, and
100% in group C (P < .001) (Table 2 and Figure 2B).

The results of Cox multivariate regression analysis
for developing CH are presented in Table 3. Of the
covariates shown to be significant in univariate analy-
sis, only cranial radiation dose was found to be signif-
icantly associated with CH risk (P < .001).

CH Score and Grade

In the 28 patients with CH, the total CH score
at the latest MRI ranged from 1 to 19 points (median,
5 points). The total number of CH lesions in these pa-
tients was 115, including 75 lesions with a CH score of
1, 27 with a CH score of 2, four with a CH score of 3,
and four with a CH score of 5. Only 21 of the 115 le-
sions that were identified by T2*-weighted MRI
(18.3%) were visible on conventional T2-weighted
MRL. In particular, conventional T2-weighted MRI
could identify all nine lesions with a CH score of 3
or 4 but none of lesions with a CH score of 1 or 2.

The most common location of CH was supra-
tentorial (n = 102; 88.7%), particularly in the
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Figure 2. Probabilty of developing CH after HSCT. (A) The probability of developing CH in the 68 study patients was 61.5% * 9.1% at 25 years after
HSCT. (B) Based on total cranial radiation dose, the probability was 0% in the patients who did not receive irradiation to the head before and/or during
the conditioning treatment for HSCT, 62.0% = 10.1% in those with a total cranial radiation dose of 6 to 12 Gy, and 100% in those with a total dose of 18

to 36 Gy. These differences are highly significant (P <.001).
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Table 3. Cox Muitivariate Regression Analysis for Developing
CH

RICH after HSCT 5

Table 5. Localization of Infratentorial and Basal Ganglia CH
Lesions

HR? 95% Cl P Value

CH Score Basal Ganglia Thalamus Midbrain Pons Cerebellum Total

2.02 0.45-9.05 .360
1.37 0.62-3.02 435

Disease (malignant versus nonmalignant)

Age at transplantation (<10 years versus
=10 years)

Cranial radiation dose (0 versus 6-12 versus  10.02  3.65-27.49 <.001
19-36 Gy)

| | ! 2 4
2 4 4
3 2 2
4 I 2 3
Total | | 0 | 10 13

*Hazard ratio.

frontal and parietal lobes, and CH was prevalent in
subcortical and deep white matter (Table 4). Only 13
infratentorial and basal ganglia lesions (11.3%) were
identified, most of which were in the cerebellum
(10 of 13; 76.9%) (Table 5).

A significant correlation was found between the
latest total CH score and the total cranial radiation
dose (Figure 3). Neither age at HSCT nor age at the
first irradiation treatment were correlated with CH
score (data not shown). CH grade was 0 in 40 patients,
Iin 14 patients, Il in eight patients, IIT in four patients,
and IV in one patient.

Changes in CH Score During the 5-Year
Observation Period

CH was identified on the initial MRI in 22 pa-
tients, and was newly identified in six patients during
the 5-year observation period. Mixed high and low

Table 4. Supratentorial Localization of CH Lesions

Frontal Temporal Parietal Occipital

CH Score Lobe Lobe Lobe Lobe  Total

Cerebral cortex

1 1 2 3 3 9

2 3 2 | 6

3

4 | |

Subtotal 4 3 5 4 16
Subcortical white matter

[ 15 5 12 3 35

2 6 5 11

3 1 |

4 | |

Subtotal 21 6 18 3 48
Deep white matter

| 12 3 7 2 24

2 I | ! | 4

3

4

Subtotal 13 4 8 3 28
Periventricular white matter

| 4 2 | 7

2 2 2

3 | |

4

Subtotal 7 0 2 i 10
Total

| 32 10 24 9 75

2 12 I 8 2 23

3 | | 2

4 2 2

Total 45 13 33 Il 102

signals on T'1- and T2-weighted imaging with or with-
out surrounding edema that had been absent in previ-
ous MRI images were newly identified in six patients.

Changes in total CH score according to time after
initial brain irradiation treatment are shown in
Figure 4. Over the 5-year observation period, 23 of
the 28 patients (82.1%) had an increase in total CH
score, by 1-10 points. Three patients exhibited a tran-
sient increase in total CH score, possibly reflecting ar-
tifacts of T2*-weighted MRI. In terms of grading
classification, three patents progressed from grade I
to grade I1, and three progressed from grade I1 to grade
IIT during the 5-year observation period.

Clinical Symptoms

Two patients experienced episodes of vertigo and
headache and bleeding from CH at the cerebellum
that was diagnosed by conventional MRI at other hos-
pitals. CH grade was I (total score 4) in one of these pa-
tients and III (total score 15) in the other. One patient
had frequent headaches and CH (grade III; total score
15) detected just before enrolling in this study. An-
other patient had hand numbness and was diagnosed
with CH (grade IV, total score 6) at our hospital, where
MRI and computed tomography (CT) scan revealed
a giant CH in the right basal ganglia (Figure 5). Con-
sultation with a neurosurgeon resulted in periodical
MRI examinations and careful follow-up. Exacerba-
tion of symptoms has not been observed during the
subsequent 5 years, but the patient’s total CH score in-
creased from 6 to 7 because of a new lesion found in the
left frontal lobe. All other patients with CH lesions de-
tected in this study were asymptomatic throughout the
follow-up period.

Venous Angioma

Venous malformation or angioma was not de-
tected on contrast MRI with gadolinium-chelates in
any of the patients with or without CH changes.

DISCUSSION

RICH of the brain was first recognized as a late ef-
fect of radiation therapy for brain tumors using high-
dose irradiation (50-60 Gy). This effect is commonly
seen in children treated with radiation therapy for rea-
sons other than brain tumors. Progress in diagnostic
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Figure 3. Total CH scores according to total cranial radiation dose be-
fore and/or during conditioning treatment for HSCT. Total CH scores
between 0 Gy and 6-12 Gy, between 0 Gy and 18-36 Gy, and between
6-12 Gy and 18-36 Gy were statistically significantly different. *P <
.001, Mann-Whitney U test.

techniques, such as MRI, has contributed to the early
detection of RICH. However, little is known about
the incidence, dose relationship, localization, natural
course, and clinical symptoms in HSCT recipients,
in whom radiation is often used as a part of chemother-
apy for leukemia or as TBI in conditioning.

Strenger et al [15] reported that eight of 171 pedi-
atric patients who underwent cranial radiation at 9 to
85.6 Gy at age 10.5 months to 38.5 years (median,
8.3 years) developed CH at 2.9 to 18.4 years after irra-
diation, with a cumulative incidence of 6.74% at 20
years after radiation therapy. In that study, CT or con-
ventional MRI without T2*-weighted imaging was
used to diagnose CH. Koike et al [16] reported that
18 of 90 children (20%) who had received 18 to 66
Gy of cranial radiation at age 0-17 years (mean, 7.2
+ 4.5 years) developed CH at 2 to 10 years after the
initial irradiation.

In the present study, 28 of 68 long-term adult sur-
vivors of childhood HSCT (41.2%) were diagnosed
with CH, and the probability of developing CH by
25 years after HSCT was 61.5% = 9.1%. Given that
the incidence of intracranial cavernous malformations
is approximately 0.5% in the general population, the
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frequency and probability in our series apparently ex-
ceed this range. Because CH was not found in patients
who had not received radiation to the head before and/
or during the conditioning regimen for HSCT, radia-
tion was considered the cause of CH in those survivors.

CH was found in no patents who did not receive
cranial radiation (n = 19), in 46.2% of those who
received 6 to 12 Gy (n = 39), and in 100% of those
who received 18 to 36 Gy (n = 10). Thus, 6 to 12
Gy might be considered the threshold level for devel-
opment of RICH, and higher radiation dose was sig-
nificantly associated with a higher frequency of RICH.

Younger age has been reported as a risk factor for
RICH by several authors. However, this association
with younger age was not found in the present study,
and CH developed at a slightly higher frequency in
children aged >15 years at the time of radiation ther-
apy. This higher incidence in the oldest age group was
considered related to the higher total cranial radiation
dose received by this group.

Naturally occurring CH is known to be associated
with developmental venous malformation (DVM) or
angioma (DVA), which is usually occult and detected
during surgery or at autopsy, with a crude detection
rate of 0.43 per 100,000 adults per year [17]. Abdulrauf
et al [18] reported DVM in 24% of patients with
CH, and DVA is reportedly associated with cavernous
malformation in 8% to 33 % of cases [19]. DVA wasnot
found in our patients on contrast MRI; susceptibility-
weighted MRI might be more sensitive for detecting
DVA. Thus, the causative association of DVM and
CH is less likely in our patients.

Cox multivariate regression analysis identified cra-
nial radiation dose as the sole factor affecting the devel-
opment of CH in our analysis. However, other factors,
such as intrathecal therapy or certain chemotherapies,
might have contributed to the development of late
changes in neurologic function and may be related to
the imaging changes to some extent. We could not
analyze such factors, however, because we could not
collect all of these data from the referring hospitals.

T2*-weighted MRI was sensitive and useful in
the early detection of CH. Maeda et al [20] judged
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Figure 4. Changes in total CH scores during the 5-year observation period in the patients who developed RICH.
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Figure 5. MRl and CT images in a patient with a giant CH. (A) T!-weighted MRI. (B) T2-weighted MRI. (C) T2*-weighted MRI. (D) CT.

T2*-weighted MRI superior to conventional T2-
weighted MRI in detecting the number and distribu-
tion of lesions in CH. In our analysis, small lesions
were identified only on T2*-weighted imaging, not
on conventional T2-weighted imaging, likely contrib-
uting to the higher incidence in the present study com-
pared with previous reports.

The onset of CH detected by T2*-weighted MRI
ranged from 9 to 24 years after HSCT and also from
9 to 24 years after the first radiation treatment, whereas
diagnosis of CH by conventional T2-weighted MRI
was delayed or not possible in most cases. Because
CH changes were already present in most survivors
at the time of initial MRI, actual onset was considered
to be earlier. Thus, the present study has a limited abil-
ity to precisely detect the onset of RICH.

As in previous reports of RICH, the most common
localization of hemangioma was supratentorial, partic-
ularly in the subcortical and deep white matter. Infra-
tentorial lesions were found predominantly in the
cerebellum, which might have caused clinical symp-
toms, such as vertigo or headache, in a few patients.

The CH scoring system that we have developed is
useful for quantifying lesions and evaluating changes
occurring during the follow-up period. Increased
CH scores were seen in 23 of 28 patients (82.1%)

during the 5-year observation period. Thus, this study
reveals details of the course and speed of CH growth
through annual follow-up examinations. The use of
this scoring method could also provide insight into
the pathogenesis and natural course of RICH,
although the method’s clinical relevance remains un-
certain given the small number of patients and short
follow-up period of the present study.

In general, RICH lesions neither disappear nor
diminish over their natural course. However, a de-
crease in CH score after a transient increase was seen
in three patients during the study period. This tran-
sient increase in CH score was considered related to
an artifact of T2*-weighted MRI. Evaluation by
single-time point MRI may carry a risk of overestima-
tion, and thus careful evaluation by serial MRI over
sufficient intervals is necessary.

Despite the progression of some CH lesions, most
patients remained asymptomatic, as in previous re-
ports. Newly recognized signal changes on T1- and
T2-weighted MRI with or without surrounding edema
of preexisting CH are considered to reflect bleeding
episodes during the intervals between examinations,
and repeated bleeding may finally form a mass lesion.
Symptomatic bleeding may occur with or without
triggers that cause a rapid increase in blood pressure,
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however. Pregnancy and labor are known risk factors
for such bleeding [21], probably because the angio-
genic process is initiated by growth factors, such as
vascular endothelial growth factor, basic fibroblast
growth factor, and placental growth factor [22]. We
treated a case of seizure caused by CH bleeding during
labor in a 31-year-old female who had a history of
cranial radiation of 18 Gy for acute lymphoblastic leu-
kemia in childhood. Her CH grade was IV with a mass
effect at the right parahippocampal gyrus, and her total
CH score was 23. This patient was not included in the
present study because she had no history of HSCT.

We suggest that MRI, including T2*-weighted
imaging, should be routinely and serially performed
over the long term in those who have received radiation
to the head during childhood or adolescence. Attention
should also be given to patents in whom RICH was
identified, especially those with grade III/IV CH,
regardless of the localization of lesions, or those with
grade I/Il CH with infratentorial lesions, given that
infratentorial CH is more closely associated with symp-
tomatic bleeding compared with supratentorial CH
[23,24]. Information on.the presence of RICH will
aid accurate diagnosis in those survivors and facilitate
proper management in the event of clinical bleeding
episodes. Surgical indications in those with repeated
bleeding episodes and progressive neurologic symp-
toms should be discussed with a neurosurgeon.

Routine and serial MR1 is useful for early detection
of other well-recognized brain imaging changes, such
as mineralizing microangiopathy, leukoencephalop-
athy, and brain tumors [25]. Meningioma was detected
in eight patients with cranial radiation (five with RICH
and three without RICH), and oligoastrocytoma was
detected in one patient with cranial radiation and
RICH and will be reported separately.

Although we have clarified the high incidence and
the importance of RICH in adult long-term survivors
of HSCT performed during childhood in a single-
center study, the mechanisms of RICH remain un-
known. Retrospective and multicenter studies using
sensitive T2*-weighted MRI on long-term survivors
of childhood cancer who received radiation to the skull
should be planned to confirm the actual incidence of
RICH in a larger population. Prospective and long-
term studies on those who received radiation to the
head during treatment are needed to examine the onset
and natural course of RICH.

In conclusion, because all of our patients with CH
had a history of radiation therapy to the brain, and
because none of the patients who did not receive radi-
ation therapy developed CH, the cause of CH in those
adult survivors of childhood HSCT was considered to
be radiation. We found a dose-reponse relationship
between total cranial radiation and the development
of CH and determined that the radiation dose of 6 to
12 Gy commonly used in patients undergoing
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HSCT could cause RICH. Careful and long-term
evaluation with MRI, including T2*-weighted imag-
ing, is strongly recommended in HSCT recipients
who received radiation therapy before and/or during
HSCT. This is the first report of a high prevalence
of RICH among long-term HSCT survivors, in which
radiologic changes were quantitatively and longit-
udinally evaluated by annual MRI, including
T2*-weighted imaging.
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X-linked lymphoproliferative disease
(XLP1)is a rare immunodeficiency charac-
terized by severe immune dysregulation
and caused by mutations in the SH2D1A/
SAP gene. Clinical manifestations are
varied and include hemophagocytic lym-
phohistiocytosis (HLH), lymphoma and
dysgammaglobulinemia, often triggered
by Epstein-Barr virus infection. Historical
data published before improved treat-
ment regimens shows very poor out-
come. We describe a large cohort of 91 ge-
netically defined XLP1 patients collected
from centers worldwide and report char-

Introduction

acteristics and outcome data for 43 pa-
tients receiving hematopoietic stem cell
transplant (HSCT) and 48 untransplanted
patients. The advent of better treatment
strategies for HLH and malignancy has
greatly reduced mortality for these pa-
tients, but HLH still remains the most
severe feature of XLP1. Survival after
allogeneic HSCT is 81.4% with good im-
mune reconstitution in the large majority
of patients and little evidence of posttrans-
plant lymphoproliferative disease. How-
ever, survival falls to 50% in patients with
HLH as a feature of disease. Untrans-

planted patients have an overall survival
of 62.5% with the majority on immuno-
globulin replacement therapy, but the out-
come for those untransplanted after HLH
is extremely poor (18.8%). HSCT should
be undertaken in all patients with HLH,
because outcome without transplant is
extremely poor. The outcome of HSCT for
other manifestations of XLP1 is very good,
and if HSCT is not undertaken immedi-
ately, patients must be monitored closely
for evidence of disease progression.
(Blood. 2011;117(1):53-62)

X-linked lymphoproliferative disease (XLP) is a rare primary
immunodeficiency first described in 1975 by Purtilo’ and character-

ized by severe immune dysregulation often after viral infection
(typically with Epstein-Barr virus [EBV]). Since XLP was first
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described, our understanding of the molecular and cellular patho-
genesis of the disease has greatly improved. However, clinically, it
is still difficult to determine optimal management and prognosis for
patients due to the variability of clinical presentation, lack of
genotype-phenotype correlation, and rarity of the disease. Purtilo
established an XLP registry in 1980, and by 1995 more than
270 boys had been identified in 80 kindreds.? To date this registry
has provided the only data on clinical phenotype and prognosis for
this patient group. Overall mortality in this group was 75%, with
70% of boys succumbing before 10 years of age. However, current
outcomes for XLP may be very different due to the availability of
unambiguous molecular diagnosis, improved viral monitoring, and
the improvement in treatment regimens for disease manifestations.

XLP affects 1 to 3 million boys,** and most commonly presents
in childhood or early adolescence. Presentation may be acute in the
case of fulminant infectious mononucleosis (FIM)/hemophago-
cytic lymphohistiocytosis (HLH) or lymphoma or less aggressive
with dysgammaglobulinemia or recurrent infections. Patients often
manifest more than one phenotype and may progress from one
phenotype to another, for example presenting with hypogam-
maglobulinemia and progressing to lymphoma, and different
clinical features are often present in families highlighting the lack
of genotype-phenotype correlation. Other rare but well-described
presenting features include aplastic anemia, vasculitis, and chronic
gastritis.>># It is now known that the clinical syndrome of XLP
arises from 2 different genetic defects in SH2DIA (XLP1, by far
the most common and the focus of this report) and the BIRC/XIAP
gene (XLP2). The gene responsible for XLP1 is the SH2DIA gene
found on the X chromosome at position Xg25,°!! which encodes
the cytoplasmic protein SAP (signaling lymphocyte activation
molecule or SLAM-associated protein). SAP is a key regulator of
normal immune function in T cells,'>! natural killer (NK)
cells,’>18 NKT cells,'®? and possibly B cells,?! and defects in
this protein lead to the varied immune defects described in
XLP1 patients.?22 Humoral defects seen in this disease are thought
to arise from impaired CD4* T-cell interaction with B cells and not
an intrinsic B-cell deficit.?

Although it has always been presumed that EBV infection
plays a crucial role in the development of clinical features in
XLP1 patients, it is now clear that a proportion of boys are EBV
negative at presentation and remain so. Indeed, 10% of patients
have immunological abnormalities before any evidence of EBV
exposure.*?* XLP1 is therefore a disorder of immune dysregulation
rather than a disorder specifically associated with EBV infection.

Before 1994, acute management of FIM and HLH included
antiviral medications, high-dose intravenous immunoglobulin (Ig),
immunosuppressants, and other immune modulators such as inter-
feron-a.. These treatments proved disappointing?® and the XLP
registry data showed a survival of only 4% for boys presenting with
these manifestations. Improved chemotherapy regimes for lym-
phoma and immunosuppressive protocols to treat HLH (including
rituximab) may reduce the mortality rate for XLP1 patients and
allow stabilization before hematopoietic stem cell transplant
(HSCT).?¢ Our report provides valuable outcome data collected
since the introduction of current HLH treatment protocols, focusing
on XLP1 patients with mutations in the SH2DIA gene.

Allogeneic HSCT remains the only curative option for XLP1 at
present although large scale outcome studies are not available.
Recently, Lankester et al reviewed 14 cases in the literature who
had undergone HSCT and found an overall survival of 71% (10/14)
with little evidence of EBV reactivation and posttransplant lym-
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phoproliferative disease.?’” We describe here outcome data for a
much larger cohort of patients transplanted since 1997.

There is no consensus on whether clinically stable XI.P1 patients
should undergo HSCT as the natural history of the disease is so variable,
even within the same family. Treatment and management of the disease
is severely hampered by the lack of data of a large cohort of patients and
previously published outcome data are based on historical data,
which may represent patients with conditions other than XLP1 as
inclusion was based on clinical and not genetic diagnosis. Also,
little recent data exist for patients who remain untransplanted. Hence, we
describe a large cohort of genetically defined XIP1 patients collected
from centers worldwide. The data presented will allow for better
counseling of affected families regarding prognosis and management
options, particularly in relation to timing of transplant.

Methods

Data collection

Questionnaires regarding patient demographics, transplant characteristics,
and outcome were sent to centers worldwide identified through the
European Society for Immunodeficiencies/European Bone Marrow Trans-
plantation Registry, published case reports or centers known to perform
pediatric HSCT. Retrospective analysis was performed using data collected
for 91 patients from 32 centers worldwide. The number of cases from each
center varied between 1 and 27 but was on average 1-2 cases. Patients
included in this study were born between 1941 and 2005; 63 were born in or
after 1990 (24 untransplanted patients and 39 transplanted patients). Only
patients with a confirmed mutation in the SH2DIA gene were included in
this series. Patients with mutations in other XLP-associated genes such as
XIAP/BIRC-4 were excluded, as were patients with abnormal SAP
expression but no confirmed mutation in SH2DIA. EBV status was
determined by polymerase chain reaction to avoid variable serology results
in XL.P1 patients and especially in those with dysgammaglobulinemia.
Questionnaires offered reporting of FIM and HLH separately; thus, some
centers with experience in this area reported patient data accordingly, and it
is presented as such.

Data in various forms from 11 patients have been previously pub-
lished®?7-32 but standardized information was recollected in this study and
added to the series.

Management of HLH and lymphoma

Patients who presented with HLH were managed predominantly in
accordance with HLH 94 or HLH 2004 protocols. Additional or alternative
treatment included antiviral therapy (aciclovir, ganciclovir, or foscarnet,
n = 6), high-dose intravenous immunoglobulin (n = 9), immunosuppres-
sion (steroids, cyclosporine, and etoposide, n = 12), or anti-CD20 antibody
(rituximab, n = 10). Intrathecal therapy was used where central nervous
system involvement was suspected. Ten patients who proceeded to trans-
plant received rituximab therapy before transplant, either as treatment for
HLH or during conditioning.

Regimes for the treatment of lymphoma varied in line with appropriate
national guidelines (eg, COPAD [cyclophosphamide, vincristine, predni-
sone, and doxorubicin]) study, Berlin-Frankfurt-Munster Group, Associazi-
one Italiana Ematologia Oncologia Pediatrica, or United Kingdom Chil-
dren’s Cancer Study Group guidelines) and only occasionally involved
surgical management.

Statistical analysis

Kaplan-Meier curves were used to analyze survival figures. The log rank
test (Mantel-Cox) and Gehan-Breslow-Wilcoxon tests were used to com-
pare survival between different groups. Statistical analysis including hazard
ratio calculation was performed using GraphPad Prism Version 5.00 for
Windows.
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Table 1. Presenting symptoms and features of XLP1 patients with
associated mortality

Incidence

Mortality

Presenting symptom

HLH 31.9%

" Férniiy tstofy of '
XLP1 alone

Dysgammaglobulinemia 50.5%

Results

Data from 91 patients (64 pedigrees) in 32 centers worldwide were
included in this report. The overall survival of XLP1 patients was
71.4% (65/91), and patients displayed a heterogeneous clinical
phenotype. Due to the heterogeneity of the group, data were
analyzed according to presentation with HLH, EBV status, and
whether patients had received HSCT, allowing characterization of
outcome after transplant.

Spectrum of XLP1 mutations

In keeping with previous publications, no genotype/phenotype
correlation was evident, and the most frequently reported mutation
involved the arginine residue at position 55 (exon 2) found in
11 patients from 9 different families. Detailed genetic information
was available for 62 patients (50 pedigrees; supplemental Table 1,
available on the Blood Web site; see the Supplemental Materials
link at the top of the online article). Exon 2 had the most mutations
with missense mutations accounting for the majority but nonsense,
frameshift, and splice site mutations were also reported. Large gene
deletions (up to 11 Mb) including those involving the whole gene
were identified in 5 families. Three of these larger deletions were
associated with gastrointestinal symptoms of colitis and gastritis.
Such symptoms were not found in patients with other mutations
apart from a patient with diarrhea as a feature (missense mutation
exon 1, 62 T> C). In a further 29 patients, detailed genetic data
were not supplied but a SAP/SH2DIA gene defect was confirmed
by the documenting center.

Clinical manifestations of XLP1

Table 1 shows the presenting features of disease as well as features
of disease manifesting throughout the course of the condition. HLH
remained the most common presenting feature (39.6%), although
dysgammaglobulinemia was the manifestation seen most com-
monly in patients during the course of the illness.

Although clinical features have remained similar to previously
published data,? the survival associated with XLP1 is 71.4%, which
is significantly improved over historical survival of 25%. The
survival associated with different phenotypes has also changed
significantly with mortality associated with HLH decreased from
96% to 65%, lymphoproliferative disease from 35% to 8%, and
dysgammaglobulinemia from 55% to 5%.
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Twenty-two patients suffered from malignant lymphoprolifera-
tive disease, with eighteen patients (81.8%) diagnosed with B-cell
non-Hodgkin lymphoma mainly of the abdomen and cervical
region. In 5 patients the disease was recurrent, with 1 patient
experiencing a cerebral tumor. Only 1 patient was reported with
cerebral T-cell lymphoma. Data on tumor histology is lacking in
3 patients.

Immunological abnormalities at diagnosis

Details of immune function were available for 57 patients, although
in some cases, data were only available after the onset of disease
manifestations that may have influenced immunoglobulin and
lymphocyte subset levels. Immunoglobulin levels were recorded
in 49 patients, and 32 of these showed varying degrees of
abnormal immunoglobulin levels. Twelve children presented with
neutropenia. Lymphocyte subset data were available for 47 pa-
tients; 19 showed a reduced percentage of B cells, 26 showed low
NK cell numbers, and 12 had a reversed CD4:CDS ratio.

Presentation with HLH

The mortality for patients presenting with HLH was 65.6%, with a
median age at presentation of 3 years 2 months (range 8 months to
9 years). Of the 32 patients with HLH, 16 underwent transplant, of
whom 8 survived (50%; Figure 1). Of those who did not receive a
transplant, only 3 survived (18.8%), confirming previous reports
that the prognosis for patients with HLH associated with a genetic
defect is extremely poor and that HSCT is necessary.

EBV status

EBV status was documented in 79 patients showing that 51 (64.6%)
were EBV positive at presentation or diagnosis (Table 2 and supplemen-
tal Figure 1). The median age of presentation in this group was
4 years (range 8 months to 40 years), and the overall mortality was
35.2% (18/51). There was no significant difference in mortality between
patients with (35.2%) and without (28.6%) documented EBV infection.

20+ v
- 15~
2 40l
= 4
g 10—+ A v
T %
b 61 oo —— v
et
o 4- h .4
S .®? L L . v’
< 24 » 1 vy
» oo vy
G T ’ L ¥
& & @ &
S
& Qo"‘ & &5
‘\oq” ‘\o“
H . i i ]
Transplanted Untransplanted

Figure 1. Outcome of patients with HLH during course of disease. Survival of
patients who present with HLH—patients who remain untransplanted have a poor
survival outcome with only 18.8% survival. By contrast the survival of those who
undergo transplant is higher at 50%.
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Figure 2. Survival in XLP1 related to different variables. (A) Overall survival of transplanted versus untransplanted patients. In the transplanted group this represents time
from presentation and not transplant. (B) Survival according to donor source. (C) Survival after HSCT with relation to presence of HLH before transplant. (D) Survival according

to age at transplant.

HLH/FIM was the most common feature in this group being seen in
35 patients (68.6%), with lymphoma present in 10 patients (19.6%), and
dysgammaglobulinemia in 19 (37.2%). Nine EB V-positive patients had
a family history of XLP1, and two others had a family history suggestive
of an X-linked immunodeficiency. Of the 18 EBV-positive patients who
died, the majority (14/18) died within 2 months of presentation due to
disease progression. Three died in the early posttransplant period of
infective complications and disease progression, and 1 died during
treatment for lymphoma.

Twenty-eight patients were EBV negative at presentation or
diagnosis. The median age of presentation for this group was
3 years (range birth to 31 years). Family history of XLP1 was the
presenting feature for 12 patients, and a further 7 patients described
a family history suggestive of an X-linked immunodeficiency or
lymphoma. There was a higher rate of dysgammaglobulinemia
(51.8%) in this group. Lymphoma was present in 7 patients. Fewer

Table 2. Characteristics of EBV-positive and EBV-negative
XLP1 patients

EBV positive

EBV negative

Median age at presentation
Family history of XLP1

FIM

Lymphoma o
Dysgammaglobulinemia .

Motalty, . %% meR
Median age at death 3yémo (14 mo-21y) 5y 11 mo (20 mo-31vy)

EBYV negative patients presented with HLH/FIM, and this may
suggest that at least for this manifestation a viral trigger is
important. Information was sought on other viral infectious agents
including cytomegalovirus and adenovirus, but data were not
available for most patients. Other clinical features included aplastic
anemia in 3 patients and vasculitis in 2 patients. The mortality for
this EBV negative group was 28.6% (8/28); 3 patients died shortly
after presentation before HSCT with central nervous system
vasculitis (2) and HLH with enterococcal sepsis (1). One patient
died 11 years after presentation following a complex course, and
a further 4 patients died in the early posttransplant period (de-
scribed in Table 5).

HSCT for XLP1

HSCT was undertaken in 22 centers (range of patients/center: 1-7)
between 1997 and 2009 (Table 3). Forty-six transplants were
performed on 43 patients, and the median age at transplant was
6.25 years (range 8 months to 19 years); 1 patient who had
undergone a haploidentical transplant received a CD34% selected
boost 1 year after initial transplant. One patient received an
allogeneic HSCT to treat lymphoma before a diagnosis of XLP1
was established. Most patients received bone marrow or peripheral
blood stem cells, and only 2 patients received umbilical cord
HSCT. Donor grafts were from human leukocyte antigen-matched
family donors in 14 cases, mismatched family donors or matched
unrelated grafts in 28 cases, and haploidentical donors in 4 cases.
Half of the transplant procedures (23/46) were performed using
myeloablative conditioning regimes including combinations of
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Table 3. Characteristics of XLP1 patients receiving allogeneic HSCT
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Percentage

Number

1-y survival HR 95% Cl 4

*Data missing on 5 transplants, 1 died during conditioning.

1Three patients < 1 year after transplant.

Clindicates confidence interval; HR, hazard ratio; MSD, matched sibling donor; MFD, matched family donor; MUD, matched unrelated donor; mMFD, mismatched family
donor; mMUD, mismatched unrelated donor; Haplo, haploidentical transplant; MA, myeloablative; and NMA, nonmyeloablative.

busulfan 12-20 mg/kg, cyclophosphamide 50-200 mg/kg, and total
body irradiation 5-12 Gy. The other half of procedures used
nonmyeloablative conditioning regimes consisting of fludarabine
(30 mg/kg), melphalan (70-140 mg/kg), busulphan (4-12 mg/kg),
or total body irradiation (3-5 Gy). Twenty-six patients received
additional serotherapy with alemtuzumab, anti-thymocyte globu-
lin, anti-CD3 antibody, and anti-CD20 antibody (rituximab). Graft-
versus-host disease (GVHD) prophylaxis regimes differed between
centers, but mostly involved combinations of cyclosporin with
methotrexate, mycophenolate mofetil, steroids, and tacrolimus.
T-cell depletion of the graft was used in 1 case.

Outcome for XLP1 patients who received allogeneic HSCT
was good with 81.4% surviving the procedure (35/43) with a median
follow up of 52 months. The majority of these patients (28/35 survivors)
required no ongoing immunoglobulin replacement therapy. Tables 3 and
4 highlight details of transplanted patients, and Figure 2 describes
survival according to several factors.

Sixteen patients were diagnosed with HLH before transplant
and 12 patients had some form of lymphoproliferative disease
(lymphoma). Only 51.2% of the cohort had documented evidence
of EBYV infection (by polymerase chain reaction) with survival

rates in EBV™ patients similar to those without EBV infection
(75% vs 80%). Most patients experienced some delay from first
symptoms to diagnosis (average delay 2 years 7 months) but once a
diagnosis of XLP1 was established time to transplant was generally
less than 1 year. Median age at transplant was 6.25 years with a
range of 8 months to 19 years.

Univariate analysis was performed to identify the major risk
factors for survival after HSCT. The most important risk factor was
prior HLH, which significantly decreased the survival outcome to
50%. A previous diagnosis of lymphoma had a near significant
effect, but other variables were not shown to have a significant
effect including importantly, previous evidence of EBV infection,
the age at transplant, donor type, or the conditioning regime. It is
also important to note that only patients who had HLH at some
point before or during transplant died. Conversely, all patients
without HLH (n = 27) survived the transplant procedure.

Half of the patients underwent a nonmyeloablative conditioning
regime before HSCT and this did not impact on survival (nonmyelo-
ablative vs myeloablative, 78.9% vs 82.9%) or long-term chimer-
ism. More than 90% of patients achieved full donor chimerism, and
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Table 4. Details of XLP1 patients surviving allogeneic HSCT
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Year of
HSCT

Age at

EBV HLH HSCT Donor

Buy, Cy, ATG
Bu, Cy, VP-16 (NHL)
Thio, Flu, ATG
Bu, Cy, ATG

19y

Conditioning/serotherapy/
graft manipulation

GVHD
prophylaxis

Follow up

GVHD Chimerism

(mo) Ig

MTX, CSA, P

MTX, CSA

MTX, CSA 100%

p
Flu, Melph, Campath

Bu, Cy, ATG, 34*,top up 1 year

Bu, Flu, Campath

Bu, Cy, Campath

*Chronic GVHD.

MTX, CSA 20% PBMC 66

2-38, Gl 100%

88% PBMC 97% M

PBMC indicates peripheral blood mononuclear cell; Flu, fludarabine; Melph, melphalan; 34+, CD34* stem cell infusion; Bu, busulfan; Cy, cyclophosphamide;
Thio, thiotepa; TBI, total body irradiation; CSA, cyclosporin A; MMF, mycophenaiate mofetil; MTX, methotrexate; P, prednisolone; TAC, tacrolimus; S, skin; G, gastrointestinal;

L, lung; and g, replacement immunoglobulin.

those with a mixed or falling chimerism remained well with 1
patient still receiving replacement immunoglobulin.

Data were also collected on common posttransplant com-
plications such as GVHD, infectious complications and toxicity
attributable to chemotherapy. Half of the patients (50%) suffered
from some form of GVHD; the majority of cases were grade
1-3 affecting the skin, liver, and gut. Two patients suffered grade
4 disease (of skin and liver), and 1 of these children died. Only
2 patients went on to develop chronic GVHD (see Table 3). One
patient experienced both veno-occlusive disease and renal toxicity
due to conditioning (busulfan, cyclophosphamide, and antithymo-
cyte globulin), and this patient succumbed shortly after a haploiden-
tical transplant.

In 3 patients with mixed chimerism in peripheral blood
mononuclear cells, this remained stable in all but 1 patient, in
whom it fell from 92% to 5%. However, this patient remains well
3 years posttransplant and does not require replacement immuno-
globulin therapy. From this series, there is little evidence of viral
reactivation posttransplant. Thirty-five patients are alive with
5 suffering some long-term effects including EBV viremia (man-
aged with rituximab), bronchiectasis, autoimmune disease, chronic
psoriasis, and neutropenia.

Eight patients did not survive after HSCT (see Table 5). Seven
patients who died presented with HLH before HSCT (4/7 EBV™)
compared with 8 of 35 survivors, but HLH was a feature of disease
in all 8 nonsurvivors. The majority of nonsurvivors were < 3 years
old (5/8), and conditioning regime did not appear to play a role as
5/8 patients received a full myeloablative regime. The main cause
of death in this group was sepsis, but disease progression accounted
for 2 deaths. The 2 children dying with disease progression went
into transplant with active disease; 1 died during conditioning and
the other 3 days after HSCT. One further patient died 3 weeks after
HSCT (7 months after presentation) from veno-occlusive disease
(VOD), multiorgan failure, and renal toxicity attributable to
chemotherapy. The remaining 5 patients died of sepsis (2 pseu-
domonal sepsis, 1 parainfluenza Il infection, 1 with disseminated
adenoviral infection, and 1 with EBV and fungal infection) within
3 months of HSCT. )

Untransplanted patients

Data were available for 48 patients who did not receive HSCT
(Table 6); 30 are alive, 4 of whom are actively awaiting transplant,
and 3 who refused HSCT. One patient had received an autologous
HSCT before diagnosis with XLP1, and this patient’s data were
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Table 5. Details of XLP1 patients not surviving allogeneic HSCT
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Age at

EBV

Conditioning/serotherapy/

GVHD

GVHD Chimerism Cause of death

HLH HSCT,y Yearof HSCT

Donor

graft manipulation

prophylaxis

+ Yes 3 2003

Bu, Flu, Campath, Rituximab

Died 3 d after HSCT disease
progression

+ Yes 3

Flu, Melph

Died 3 wk after HSCT VOD,

MOF renal toxicity

Yes 1 2007 MUD

Fiu, Melph, ATG, 34+

Died 3 mo after HSCT
paraflu lli sepsis

CSA 2-38,L 100%

PBSC indicates peripheral blood stem cell; Flu, fludarabine; Melph, melphalan; 34*, CD34* stem cell infusion; Bu, busulphan; Cy, cyclophosphamide; Thio, thiotepa;
TBI, total body irradiation; CSA, cyclosporine A; MMF, mycophenalate mofetil; MTX, methotrexate; P, prednisolone; TAC, tacrolimus; TCD, T-cell depletion; S, skin; L, lung;
VOD, veno-occlusive disease; MOF, mullti-organ failure; MDR, multidrug resistant; and PCP, Pneumocystis jiroveci.

analyzed as though untransplanted. Less detailed information was
available for this set of patients compared with those receiving
HSCT. This may be because some patients died before EBV status
and immune function could be established and any first symptoms
may not have been recognized as a manifestation of XLP1. From
data available, median age at presentation was 5 years, and delay in
diagnosis ranged from a few weeks to 32 years.

Table 6. Characteristics of XLP1 patients not receiving HSCT

Presentation was highly variable but as expected included
HLH/FIM, dysgammaglobulinemia, and recurrent infection. More
unusual presentations included 1 patient with central nervous
system vasculitis, intracranial hemorrhage and myocardial fibrosis,
and peripheral eosinophilia. The course of XLP1, both temporal
and clinical, was extremely variable without any apparent correla-
tion to family history or genetic mutation.

Number

y 8mo (6 mo—40y
7. 5y(1-31 Y

7.3 mo (1 NK) 9 d-18

(1NK) 1-39y

‘ Lymphoma

;Dysgammag!obulmem:a
Gut

EBV status

EBV-
© Unknown
Mortallty
 AssociatedwithHLH

Associated with FIM
l ssomated wﬂh lymphoma -

evi us H H,and dled dunng
chemothera 1 had recurrent Iyr

and many other problem

Immunoglobulin replacement

No " " . " . P 23'30/0
R T s

e ﬁ': 21/30
o
cemBo.
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Figure 3. Outcome of patients with SAP/SH2D1A mutations.

60 BOOTHetal use only.
91 patients
43 transplanted 48 untransplanted
47.3% 82.7%
18 died
8 died -
1B.6% 37.5%
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335 survivors *3 awaiting
61.4% transplant
3 rafuse HSCT
82.5%
28 off IVig 7 receive Vg f [ I
80% 20% 21 receive iVig 7 off Vig 2 unknown
0% 23.3%

Survival 81.4% Survival 62.5%

As with transplanted patients the significant mortality associ-
ated with HLH is evident in untransplanted patients (81.3%).
Presentation or manifestation of HLH (n = 15 and 16, respec-
tively) was associated with a rapid decline and death within
6 weeks, especially in patients less than 5 years of age. Of the
48 patients, 32 did not have manifestations of HLH, and in this
group 5 died, thereby giving a survival of 84.4% with a mean
follow-up in this group of 11.6 years. For those untransplanted
patients who survive, 70% received replacement immunoglobulin
therapy, with few suffering from long-term complications. Only
5 patients have recorded complications, including 1 with recurrent
infection, 1 with neutropenia, 1 with bronchiectasis, and 2 boys
with gastrointestinal disease and growth delay.

Supplemental Table 2 compares the demographics between
transplanted and untransplanted patients. No significant differences
were seen between the 2 populations other than mortality, which
was twice as high in the untransplanted cohort (P < .05). Age of
death was lower in transplanted patients and may reflect the more
severe course that may have led to the need for HSCT.

Discussion

This report summarizes data on 91 patients from 64 families
worldwide with a genetic diagnosis of XLP1 and provides informa-
tion on outcome with and without allogeneic HSCT using current
treatment protocols (summarized in Figure 3). This report is the
first large-scale analysis of XLP1 patients since the report by the
XLP1 registry in 1995 and has for the first time gathered patients
who have confirmed SAP/SH2DIA mutations. Therefore this
report represents a genetically homogeneous cohort and avoids
possible phenotypic variability through inclusion of other patients
with genetic defects such as XIAP/BIRC 4 mutations.

The clinical features of the disease are similar to those reported
by the XLP1 Registry, with HLH and FIM remaining the most
common and most lethal complication. With the advent of more
accessible genetic screening and mutation analysis confirming the
diagnosis, more patients have been diagnosed early on the basis of
family history and increased awareness of the disease has also led
to patients being diagnosed after presentation with immune dysregu-
lation and more unusual presenting features such as vasculitis.

A diagnosis of XLP1 is still a difficult one to make, and it is
possible that some patients mistakenly fall under the umbrella of
common variable immunodeficiency, although previous genetic
screening studies suggest that the incidence of XLP1 patients in

common variable immunodeficiency cohorts is low.3? It is also
possible that there are older individuals who present in adulthood
and have not been identified and included in this study, and this
may result in a bias in the method of data collection as the majority
of centers approached to contribute data were specialist pediatric
centers. For example, a recent case report describes a 41-year-old
man who presented with an EBV-induced central nervous system
B-cell lymphoma and absent B cells.>* The oldest surviving patient
from this cohort presented at the age of 7 years with recurrent
infections and hypogammaglobulinemia, but remains well without
transplant and is receiving replacement immunoglobulin therapy at
46 years of age.

The prognosis for XLP1 has greatly improved since 1995, when
Seemayer et al? reported an overall survival of 25% survival with
71.4% of patients in this cohort alive at the time of data analysis.
Indeed, the mortality in untransplanted patients was lower than we
expected, with 62.5% surviving, including 3 boys who presented
with HLH, but the mortality in this group secondary to HLH
remains high at 81.3%. It is also interesting to note that a
considerable mortality of 28.6% is seen in EBV-negative patients
who do not receive HSCT and is related to HLH, sepsis, and
vasculitis, suggesting that underlying immunological abnormalities
in XIL.P1, and not only EBV-driven disease, can be fatal. Few complica-
tions from recurrent infection and immune dysregulation were reported,
suggesting that early diagnosis and good supportive care with replace-
ment immunoglobulin and prophylactic antibiotics can improve the
outcome for untransplanted patients. Although over 60% of patients
survive without HSCT, it will be important to follow patients carefully,
since there is the potential for more severe manifestations to arise, and
the options for transplant should be explored.

The mortality associated with the different clinical phenotypes
has changed over time, with an improved survival for both HLH
(34.5% vs 4%) and lymphoma (91% vs 35%).2 This most likely
reflects improved treatment strategies for both HLH (especially the
use of agreed protocols such as HLH 94% and 2004%¢) and malignancy.
Although these figures represent survival with either HLH or lymphoma
as features of XLP1 at any stage, they are very similar to the survival
seen if patients present with these features (44.5% and 92% for
HLH/FIM and lymphoma, respectively). A mortality of 13% in patients
who exhibit dysgammaglobulinemia is associated with HLH, infection,
vasculitis, and hemorrhage and highlights that although clinically this
phenotype may be milder, it is not an innocuous phenotype, and
progression to further fatal symptoms is not uncommon.

The outcome data following allogeneic HSCT from this report
is encouraging. The outcome data presented is the largest ever
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gathered and shows that approximately 80% of patients survive the
procedure with complete cellular and humoral reconstitution in the
large majority of cases. In this series, there is little evidence of
problematic EBV reactivation adversely affecting transplant out-
come and no increased incidence of long-term complicating
features such as autoimmunity in comparison to transplant for other
conditions.3”3 Although donor chimerism in the majority of
patients was complete, even low level chimerism in 2 patients with
5% and 20% donor chimerism was associated with good immune
recovery. Conversely however, when the patients who required
ongoing immunoglobulin support are analyzed, all but 1 have
100% donor engraftment. Further detailed lineage-specific analysis
and study of T- and B-cell function in these patients is necessary to
determine why humoral function has not been established. The
availability of a fully matched donor is associated with an
improved survival outcome (approximately 92%), although with
the present low numbers this is not statistically significant.
Haploidentical grafts show a good outcome in this cohort, but the
numbers are extremely low (only 4 transplants performed), and
therefore this information needs to be interpreted with caution.

The most important factor affecting survival after transplant is a
manifestation of HLH, which significantly reduces survival to
50%. Indeed all 8 patients who died had a complication of HLH at
some point in their clinical course. This may reflect the effects of
HLH itself or HLH chemotherapy and immunosuppression on the
transplant process, including increased organ related toxicity and
increased susceptibility to pathogens. In comparison to data
reported on cohorts of patients undergoing transplant for HLH
associated with other gene defects (eg, perforin and munc 13-4)3-4
it appears that the outcome for HLH associated with XLP1 is worse
and may relate to the multiple immune deficits associated with SAP
deficiency. By contrast all XLP1 patients who had no HLH
manifestations (n = 27) survived the HSCT procedure.

These data may now allow more informed recommendations to
be made regarding transplantation in XLP1. It is clear from this
report that HLH in XLP1 has a very poor prognosis if left
untransplanted. Therefore any individual with HLH as a manifesta-
tion of XLP1 should undergo allogeneic HSCT.

For patients who are newly diagnosed because of a family
history but with no clinical features or for those who present with
manifestations other than HLH/FIM, the decision to transplant a
relatively well child has been more challenging. An important
observation from this report is that all patients (n = 27) who went
into transplant without prior HLH survived the procedure in
comparison to 84.4% survival for those who are untransplanted and
have not manifested with HLH. Since progression to HLH without
transplant may occur at a later stage, there is a strong argument to
transplant all individuals with a diagnosis of XLP1.

However, there is a counter argument to such a recommenda-
tion. As with other immunodeficiencies, the data collected and
presented here may not give a complete picture of the natural
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course of XLP1 and is a historical cohort study conducted before
the advent of recent improved therapies. Further, milder patients
may also remain undiagnosed having been labeled with a diagnosis
of common variable immunodeficiency. It is also the case that HLH
is most often seen in younger patients (median age of presentation
3.2 years) and older individuals are less likely to manifest with
HLH. There may also be reluctance on the part of families and
physicians to undertake a transplant in a well child given that, even
in the best-case scenario, there will be a certain mortality associ-
ated with any allogeneic transplant procedure.

A more pragmatic recommendation would be to undertake
transplant in all patients presenting or manifesting with HLH.
Similarly for newly diagnosed or young children without any HLH,
if a well-matched donor is available, HSCT should be undertaken,
since a manifestation of HLH may be catastrophic or may severely
compromise transplant outcome. For older individuals, we would
still recommend that HSCT be undertaken, but this decision to
transplant should be based on available donor status, wellbeing of
the patient, and the attitude of family and physician to the risk of
transplant. If HSCT is not undertaken immediately, it is recom-
mended that a donor source is identified and that all patients
are followed very carefully in case of disease progression and
onset of other manifestations, at which point HSCT could be
performed rapidly.
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X-linked lymphoproliferative syndromes
(XLP) are primary immunodeficiencies
characterized by a particular vulnerability
toward Epstein-Barr virus infection,
frequently resulting in hemophagocytic
lymphohistiocytosis (HLH). XLP type 1
(XLP-1) is caused by mutations in the
gene SH2D1A (also named SAP), whereas
mutations in the gene XIAP underlie XL.P
type 2 (XLP-2). Here, a comparison of the
clinical phenotypes associated with XLP-1
and XLP-2 was performed in cohorts of 33

and 30 patients, respectively. HLH (XLP-1,
55%; XLP-2, 76%) and hypogammaglobu-
linemia (XLP-1, 67%; XLP-2, 33%) oc-
curred in both groups. Epstein-Barr virus
infection in XLP-1 and XLP-2 was the
common trigger of HLH (XLP-1, 92%;
XLP-2, 83%). Survival rates and mean
ages at the first HLH episode did not
differ for both groups, but HLH was more
severe with lethal outcome in XLP-1
(XLP-1, 61%; XLP-2, 23%). Although only
XLP-1 patients developed lymphomas

(30%), XLP-2 patients (17%) had chronic
hemorrhagic colitis as documented by
histopathology. Recurrent splenomegaly
often associated with cytopenia and fever
was preferentially observed in XLP-2
(XLP-1, 7%; XLP-2, 87%) and probably
represents minimal forms of HLH as docu-
mented by histopathology. This first phe-
notypic comparison of XLP subtypes
should help to improve the diagnosis and
the care of patients with XLP conditions.
(Blood. 2011;117(5):1522-1529)

Introduction

X-linked lymphoproliferative syndrome (XLP) is a rare immunode-
ficiency condition characterized by an extreme vulnerability to
Epstein-Barr virus (EBV) infection, frequently resulting in hemoph-
agocytic lymphohistiocytosis (HLH) or virus-associated hemoph-
agocytic syndrome (VAHS).!* HLH is caused by overwhelming
T-cell and macrophage activation, leading to fever, splenomegaly,
cytopenia, hypofibrinogenemia, or hypertriglyceridemia, hyperfer-
ritinemia, and hemophagocytosis.*

XLP belongs to the group of familial hemophagocytic lympho-
histiocytosis (FHL) as originally proposed by Purtilo et al.! In the
original description, the term “lymphoproliferative disease” in the

Duncan kindred! was used for benign or malignant lymphoprolif-
eration but also for the diffuse organ “infiltrates composed of
lymphocytes, plasma cells, and histiocytes, some containing eryth-
rocytes,” describing histologic features of HLH. Thus, the term
“X-linked lymphoproliferative disease or syndrome” used thereaf-
ter to name this condition refers not only to malignant lymphomas
but also to HLH. Two genetic causes are responsible for XLP. XLP
type 1 (XLP-1) is caused by hemizygous mutations in the gene
SH2DIA encoding the signaling lymphocyte activation molecule
(SLAM)-associated protein (SAP) (MIM no. 308240).>¢ Hemizy-
gous mutations in the gene encoding the X-linked inhibitor of
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apoptosis protein (XIAP; also termed BIRC4; MIM no. 300635)
have been discovered in a cohort of patients with clinical XLP
without any identified mutations in SH2DIA and normal SAP
protein expression.” Thus, mutations in X/AP define the XLP
type 2 (XLP-2). These findings were confirmed by the identifica-
tion of additional patients with XIAP deficiency.®® After EBV
infection in most (but not all) cases, patients bearing mutations
in SH2DIA (hereafter denoted SAP-deficient patients) may
experience variable manifestations such as fulminant infectious
mononucleosis corresponding pathophysiologically to HLH,
malignant lymphoma, and hypogammaglobulinemia.>!%11 Less
common findings are dysgammaglobulinemia, bone marrow
hypoplasia, especially aplastic anemia, and lymphocytic vascu-
litis.!>13 However, although HLH is almost always triggered by
EBYV, the other manifestations can be present even in SAP-
deficient patients who have never encountered EBV.2310.11 The
clinical features of the 12 patients with mutations in X/AP
(hereafter denoted XIAP-deficient patients) initially described,
slightly differed from the features described above. In some
XIAP-deficient patients, splenomegaly was noticed as the first
clinical symptom, and chronic colitis occurred during the
disease course in 2 patients.”

The gene product affected in XLP-1 patients, SAP, is a small
SH2-containing adaptor protein that is expressed in T, natural killer
(NK), and invariant NKT (iNKT) cells.>* SAP binds with high
affinity and specificity to tyrosine-based motifs located in the
cytoplasmic domains of the transmembrane receptors of the SLAM
family. SAP couples SLAM family receptors to downstream
signaling pathways and thereby enables SLAM receptors to
mediate an array of activating or regulatory signals. In SAP-
deficient humans and mice, multiple cellular defects have been
documented, including altered CD8* T- and NK-cell cytotoxicity
responses, CD4* T helper cell cytokine production and function,
block of CD1d-restricted iNKT-cell development, defective anti-
body production associated with reduced numbers of switched
memory B cells and defects in germinal center formation.!l-14
Studies of SAP-deficient humans and mice support the notion that
the immune dysfunctions seen in SAP-deficiency are mostly
caused by alterations in the signal transduction of SLAM family
receptors.

The XLP-2 gene product, XIAP, belongs to the family of
inhibitor of apoptosis proteins and is well known to be a potent
physiologic inhibitor of caspases 3, 7, and 9.15 XIAP is ubiqui-
tously expressed.” In addition to its antiapoptotic role, XIAP is also
involved in multiple signaling pathways, including copper metabo-
lism, activation of the nuclear factor kB and the mitogen-activated
protein kinases pathways and the transforming growth factor-B-
receptor and bone morphogenetic protein-receptor signal transduc-
tion.!® In XIAP-deficient patients, lymphocytes are characterized
by an increased susceptibility to apoptosis in response to CD95 and
tumor necrosis factor receptor-related apoptosis-inducing ligand
receptor stimulation as well as enhanced activation-induced cell
death.” XIAP-deficient patients also display low but detectable
numbers of iNKT cells in blood although a recent study indicated
that they can have normal numbers of iNKT cells.” NK cell-
mediated cytotoxicity is apparently normal in XIAP-deficient
patients.”?

Our knowledge of the immune dysfunctions underlying the
clinical manifestations in SAP-deficient patients has been largely
improved in the past decade. However, this is not the case for
X1AP-deficient patients. A better characterization of the clinical
similarities and the differences between XLP-1 and XLP-2 could
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provide hints for a better understanding of the pathogenesis of these
conditions and, furthermore, improve diagnostic and therapeutic
procedures for these patients. Therefore, we performed a retrospec-
tive analysis of the clinical features observed in cohorts of 33 SAP-
and 30 XIAP-deficient patients.

Methods

Patients and diagnosis

We performed a retrospective analysis of the clinical and laboratory
features of SAP- and XIAP-deficient patients in whom confirmative
molecular diagnosis had been performed at the Necker Children’s Hospital.
Patient conditions were diagnosed as XLP-1 and XLP-2 on the basis of
molecular results or on the basis of clinical features when disease had been
molecularly proven in male relatives on the mother’s side (supplemental
Methods and Results, available on the Blood Web site; see the Supplemen-
tal Materials link at the top of the online article). Patients and families
provided informed consent for genetic and immunologic studies in accor-
dance to the 1975 Declaration of Helsinki, and the study was approved by
the local ethics regulations (Necker-Enfants Malades Ethical Board
Committee).

Protein expression

Expression of SAP and XIAP was analyzed by Western blotting or flow
cytometry or both after intracellular staining in phytohemagglutinin-
induced T-cell blasts or peripheral blood mononuclear cells or both as
described.” The monoclonal antibody (mAb) anti-SAP was kindly provided
by Dr A. Veillette, IRCM, Montréal. Intracellular SAP was stained by
fluorescein isothiocyanate— or phycoerythrin-coupled anti-SAP mAb
and XIAP detected with noncoupled anti-XIAP mouse mAb (clone 48;
BD Biosciences) revealed with fluorescein isothiocyanate-coupled anti—
mouse antibodies (Jackson ImmunoResearch Laboratories Inc) after cell
permeabilization with Perm 2 (BD Biosciences).

Histology and immunohistochemistry

All diagnostic specimens were fixed in 10% buffered formalin and stained
with hematoxylin and eosin, Giemsa, or trichrome dyes (for the liver).
Immunohistochemistry was performed on fixed tissues with a peroxidase-
based method (Dako). Antibodies used were raised against CD20, CD3,
CD8, and latent membrane protein 1 (LMP-1) (Dako); CD25 (Novocastra);
and T-cell intracellular antigen-1 (Immunotech). EVB-encoded RNA
(EBER) was probed on some specimen with the use of in situ hybridization
technique. Slides were observed using a Leica DM LB microscope with
X20, X40, and X100 objectives and a 10X eyepiece. Acquisition of images
was with IM50 software (Leica Microsystems). All slides were analyzed
by the same pathologist (D.C.), and an independent review was also
performed (F.H.).

Clinical assessment
The patients’ clinical events and laboratory features were assessed retrospec-
tively by retrieval of data from medical records.

Statistical analysis

The statistical analyses were performed with Fisher exact tests or log-rank
tests (for comparison of survival curves) with the use of the PRISM
software (GraphPad Software Inc).

Results

XLP-1 was diagnosed in 33 patients from 19 families, and
mutations of SH2DIA were found in 18 families, and XLP-2 was
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Table 1. Characteristics of patients with mutations in SH2D1A/SAP (XLP-1)

HLH
relapses Lymphoma Other
HLH (age in (age in SM (age in Hypo-y (age in (age in manifestations
Patient SH2D1A/SAP SAP years at EBV at years at years at years at years at (age in years at

ID* mutation protein diagnosis) first HLH relapse)

diagnosis)

diagnosis) diagnosis) diagnosis) Qutcome (age in years)

R55X - NA -

del. of exon 1 2.2 + — .

i

X129RfsX141 - 2.4 + +(9)

R55Q 14

del. of exon 3
del

Died (4, HLH)

Alive, well (42)
i HLH

Died (2.2, HLH)

irst (9); second HSCT
(10); died (10.2)
Died (2, HLH

Died (14, HLH)

Alive, T, IVIG (23
Died (21, lymphoma)

+ (10)t
+ (191

e
+(15)

SM indicates recurrent splenomegaly or hepatosplenomegaly; Hypo-y, hypogammaglobulinemia; NA, not applicable; del., deletion; ?, unknown; IM, infectious
mononucleosis; ND, not done; HSCT, hematopoietic stem cell transplantation; N, neutropenia; T, thrombocytopenia; and HUS, hemolytic uremic syndrome.
*Patient identification: S indicates SAP-deficiency, the first number corresponds to the family and the second to the individual patient.

1With recurrent respiratory infections; + indicates yes or positive; —, no or negative.

$Recurrent splenomegaly or hepatosplenomegaly associated with intermittent fever, anemia, and cytopenia.

§Diagnosed as incomplete HLH.

diagnosed in 30 patients from 11 families (Tables 1 and 2). In one patient
(PS18.1), no mutation in SH2D1A was found; however, no SAP protein
expression was detected.!” Six and 7 mutations in SH2DIA and XIAP
were novel and not reported, respectively (supplemental Methods and
Results). .

Clinical manifestations included HLH, splenomegaly and incom-
plete forms of HLH, lymphoma, dysgammaglobulinemia, colitis,
and rare clinical manifestations.

HLH

The mean age at first episode of HLH was 7.35 years (range,
2.0-19.0 years) in SAP-deficient and 6.5 years (range, 0.1-
23.0 years) in XIAP-deficient patients (P = .89). The occur-

rence of HLH in SAP-deficient (18 of 33, 55%) and in
XIAP-deficient (22 of 29, 76%, one unknown) patients did not
differ significantly (P = .112) (Figure 1A; Table 3). XIAP-
deficient patients with null mutations (families X1 to X7 and
X11) more frequently developed HLH (19 of 20, 95%) com-
pared with XI1AP-deficient patients expressing non-null muta-
tions (families X8, X9, and X10; 3 of 9, 33%; **P = .0011;
supplemental Figure 1A).

Overall, 11 of the 33 SAP-deficient patients (33%) and 5 of 30
the X1AP-deficient patients (17%) succumbed to HLH (P = .1563).
Among patients with HLH, HLH-associated lethality was signifi-
cantly higher in SAP-deficient patients (11 of 18, 61%) than in
XIAP-deficient patients (5 of 22, 23%) (*P = .0230). HLH
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Table 2. Characteristics of patients with mutations in XIAP (XLP-2)
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HLH (age
in HLH relapses
Patient XiapP XIAP years at EBV at first (age in years
ID* mutation protein  diagnosis) HLH at relapse)

Chronic
Hypo-y colitis Other
SM (age in (age in (agein manifestations
years at years at years at (age inyears at Outcome (age in
diagnosis) diagnosis) diagnosis) diagnosis) years)

X2  I1397FfsX414 - 12 + +

s L @1ERVY)
(11, EBV+)

. of exon
del. of exon 2 - 10 ?

X4.2

HSCT (1.6), died

(d+13, HLH)

X8.1 E434AfsX457 +/- 15.5 + -

X10.1 — (HSV-1+) -

- @y -

Alive, well (16)

Cryptoooécbss

@)

Alive, well, IVIG (8)

SM indicates recurrent splenomegaly or hepatosplenomegaly; Hypo-y, hypogammaglobulinemia; ?, unknown; HSCT, hematopoietic stem cell transplantation; ND, not
done; NA, not applicable; and del., deletion.
*Patient identification: X indicates XIAP deficiency, the first number corresponds to the family and the second to the individual patient; + indicates yes or positive; —, no or
negative; and +/~—, weakly positive.
tDiagnosed as incomplete HLH. .
FRecurrent splenomegaly or hepatosplenomegaly associated with intermittent fever, anemia, and cytopenia.
§With recurrent respiratory infections.

relapsed in 2 of 7 SAP-deficient HLH-survivors (29%), whereas
11 of 14 XIAP-deficient HLH-survivors (79%, 3 unknown) had
= 1 relapse of HLH (P = .055).

Six of the 18 SAP-deficient patients with HLH (33%) had
proven neurologic involvement with mostly (5 of 6, 83%) lethal
outcome, whereas 2 of 22 of XIAP-deficient patients with HLH
(9%) had neurologic involvement with less mortality (1 of 2, 50%).

EBYV infection was the most-frequent identified trigger of the
first HLH episode in the SAP-deficient (11 of 12, 92%, 6 unknown)
and XIAP-deficient (15 of 18, 83%, 4 unknown) patients (P = .63)
(Table 3). Only PS13.1, PX1.6, PX10.1, and PX11.1 had a first
HLH episode in the absence of a proven EBV-infection, whereas
the EBV status of 6 SAP-deficient patients and 4 XIAP-deficient
patients is not known. PX1.6 and PX4.2 subsequently experienced
an HLH-relapse with positive EBV polymerase chain reaction. In
2 patients, herpes simplex virus type 1 (HSV-1) and human
herpesvirus type 6 (HHV-6) were detected in the blood by

polymerase chain reaction in the course of their first HLH episode.
Of note, in several XIAP-deficient patients, other viruses than EBV
were tested, including cytomegalovirus, parvovirus B19, HSV,
HHV-6, HHV-8, HIV, human T-cell leukemia virus, adenovirus,
and varicella-zoster virus. All were negative.

Splenomegaly and incomplete forms of HLH

Recurrent splenomegaly occurring in the absence of systemic HLH
and often associated with fever and cytopenia (consisting of
pancytopenia, bicytopenia, thrombocytopenia, and anemia) was
frequently observed in XIAP-deficient patients (20 of 23, 87%,
7 unknown), whereas it was only found in 2 of 29 SAP-deficient
patients (7%, 4 unknown; ***P < .0001; Table 3). In 8 XIAP-
deficient patients, episodes of splenomegaly occurred before they
developed HLH and were the first clinical sign of the disease.
Overall, although 3 patients with splenomegaly up to now did not
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