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Purpose of review

The recognition that apoptosis – programmed cell death – is an important mechanism in immune
homeostasis has led to the identification of human disorders associated with defects in the critical control
mechanism.

Recent findings

Patients have been identified with defects affecting the extrinsic apoptotic pathway mediated by the protein
receptor FAS which results in the autoimmune lymphoproliferative syndrome and more recently in defects
affecting the intrinsic apoptotic pathway mediated by RAS proteins resulting in the RAS-associated
autoimmune leukoproliferative disorder. This review summarizes the immunopathogenesis, clinical features
and diagnostic approaches to these human disorders.

Summary

Apoptotic pathways are critical in the maintenance of leukocyte homeostasis, and genetic defects
impacting these can result in clinical disease manifested as expansion of selected leukocyte populations,
autoimmunity, increased risk for malignancy and in some situations defects in host defense.
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The recognition that apoptosis – the process of
programmed cell death – plays an important role in
immune homeostasis has been complimented by
the identification of human defects of apoptosis
affecting the immune system [1]. These disorders
typically present with select immune cell expan-
sion, autoimmunity and increased risk for malig-
nancy, but also may be associated with increased
risk of infection [1]. The first description of this
group of disorders was the autoimmune lympho-
proliferative syndrome (ALPS), caused by genetic
defects affecting the extrinsic pathway of lympho-
cyte apoptosis [2,3]. This apoptotic pathway is con-
trolled by several receptor-ligand pairs of the tumor
necrosis factor (TNF) receptor superfamily, and in
the immune system provides one mechanism for
controlling the extent of antigen-specific lympho-
cyte responses [4]. Among these receptors, one that
is critically important for lymphocyte homeostasis
is the FAS receptor (CD95, Apo-1) and its specific
ligand (FASL) [4]. FAS is up-regulated upon T-cell
activation and appears to be a critical signaling
molecule for apoptosis associated with T-cell recep-
tor (TCR) restimulation; it is also involved in the
elimination of self-reactive lymphoid cells and pro-
vides one pathway for inducing immune-based
cytotoxicity directed against specific target cells
[4,5]. Since the initial description and investigation
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of FAS defects associated with ALPS, additional work
has uncovered other defects within the FAS–FASL
pathway that result in human disease [1]. More
recently, a new disorder that has some overlapping
features with ALPS as well as unique clinical features
has been identified that is associated with defects in
the RAS (rat sarcoma family) proteins (KRAS and
NRAS), ultimately affecting the intrinsic pathway of
apoptosis [6

&&

,7,8].
A link between lymphocyte cell death and auto-

immunity was first revealed by studies in the lpr and
gld murine models of systemic lupus erythematosus
demonstrating that the autoimmune disease was
associated with defective lymphocyte apoptosis
[9]. This was followed by work defining that
mutations in the genes encoding either Fas (lpr) or
FasL (gld) caused the autoimmunity and lympho-
proliferation observed in these murine models
[10,11]. Disease in these mice includes the develop-
ment of massive lymphadenopathy, antinuclear
horized reproduction of this article is prohibited.
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KEY POINTS

� Monogenic defects in apoptosis typically present with
lymphoaccumulation and specific autoimmunity.

� ALPS due to FAS mutations is associated with elevations
in circulating levels of interleukin (IL) -10, sFASL and
vitamin B12.

� Autoimmune lymphoproliferative syndrome due to
germline FAS mutations is associated with a significant
increase in the risk for developing lymphoma.

� RALD is associated with a monocytosis that is uniquely
seen in ALPS and is not observed in ALPS.

Primary immune deficiency disease
antibodies, circulating immune complexes with
resultant glomerulonephritis and a striking increase
in circulating CD3þCD4-CD8- T cells that express
the alpha-beta T-cell antigen receptor (a/b-TCR).
These findings are associated with homozygous
mutations in one of these two genes, but the extent
of disease is strain-dependent [10,11]. This work
established an important role of the FAS-dependent
extrinsic apoptotic pathway in controlling auto-
reactivity and paved the way for the discovery of
the genetic basis of disease in humans presenting
with a number of features in common with the
murine disorder.
AUTOIMMUNE LYMPHOPROLIFERATIVE
SYNDROME

In 1967, Canale and Smith [12] described a group
of patients who presented in early childhood
with generalized lymphadenopathy and hepato-
splenomegaly associated with autoimmune anemia,
thrombocytopenia and increased gammaglobulins.
In 1992, two additional patients were reported with
similar clinical features and a marked increase in
circulating a/b-TCRþ T cells that did not express
CD4 or CD8 [termed double-negative (DNT) cells],
that normally constitute less than 1.5% of peri-
pheral blood lymphocytes [13]. The investigators
then noted the similarity between the findings in
these patients and the lpr/gld murine models. The
hallmark features were presentation in childhood
with nonmalignant lymphoaccumulation and auto-
immunity, together with an expansion of ab-DNT
cells, and ultimately this disorder was defined as the
ALPS [13].
Genetics and pathophysiology

Following the discovery of the genetic defect in
the lpr mouse model, the corresponding gene in
pyright © Lippincott Williams & Wilkins. Unautho
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humans, FAS (TNFRSF6, APO1), was evaluated and
damaging heterozygous mutations were found in
many patients diagnosed with ALPS [2,3,14]. This
gene consists of nine exons, the first five of which
code for three cysteine-rich extracellular domains
characteristic of the TNF-receptor family [15]. The
sixth exon codes for a transmembrane domain, and
the last three (exons 7–9) codes for the intracellular
domain. The intracellular domain contains the
critical death domain coded for by exon 9, the
site of the protein that is directly involved in
the apoptotic signaling pathway. The majority of
ALPS patients have a heterozygous mutation in FAS
with an autosomal dominant inheritance pattern
due to a DNT effect, contrasting with the lpr model,
which is an autosomal recessive disorder [2,16

&

,17
&

].
This effect is explained by work demonstrating that
the functional FAS receptor is a preassembled homo-
trimer [18]. If 50% of FAS protein is abnormal, as is
the case for heterozygous mutations, the majority
(i.e. 7 of 8) of FAS homotrimers would contain at
least one mutant protein, rendering that complex
ineffective. A handful of ALPS cases caused by
homozygous or compound heterozygous germline
mutations in FAS have been reported and, as might
be expected, manifest more aggressive disease pre-
senting during the neonatal period [19,20].

A number of patients with typical clinical
features of ALPS were, however, found to have a
normal FAS gene leading to studies directed at the
genes encoding FASL and selected intracellular
proteins involved in this apoptotic pathway. This
work identified a minority of patients withmutations
in the FASL gene (TNFSF6) and the cystinyl-aspartate-
requiring proteinase (caspase) 10 gene (CASP10)
[21–24]. More recently, somatic mutations in FAS
have been identified and are now known to represent
the second most common genetic cause of ALPS
[25,26

&

]. Additionally, specific biomarkers including
elevation in FASL, IL-10 and vitamin B12 have been
identified as associated with ALPS due to either germ-
line or somatic mutations in FAS [27,28

&&

]. These
findings form the basis of the current diagnostic
criteria (given below) and classification scheme for
ALPS (Table 1) [29].

Diagnostic criteria for ALPS (A definitive diag-
nosis is based on the presence of both required
criteria and one primary accessory criterion. A
probable diagnosis is based on the presence of
both required criteria and one secondary accessory
criterion.):
(1)
rize
Required
(a) Chronic (>6 months), nonmalignant, non-

infectious lymphadenopathy or splenome-
galy or both
d re
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Table 1. Genetic classification of ALPS

ALPS-FAS Germline mutation in the gene
encoding FAS (TNFRSF6)

ALPS-sFAS Somatic mutation in the gene
encoding FAS (TNFRSF6)

ALPS-FASLG Mutation in the gene encoding
FASL (TNFSF6)

ALPS-CASP10 Mutation in the gene encoding
caspase 10 (CASP10)

ALPS-U No known mutation

ALPS, autoimmune lymphoproliferative syndrome.

Monogenic defects in lymphocyte apoptosis Fleisher and Oliveira
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(b) Elevated CD3þTCRabþCD4�CD8� DNT
cells (�1.5% of total lymphocytes or 2.5%
of CD3þ lymphocytes) in the setting of nor-
mal or elevated lymphocyte counts;
yrig

-405
ary accessory
Prim
(2)

(a) Defective lymphocyte apoptosis (in two

separate assays)
(b) Somatic or germline pathogenic mutation

in FAS, FASLG or CASP10;and
ndary accessory
Seco
(3)

(a) Elevated plasma sFASL levels (>200 pg/ml)

or elevated plasma IL-10 levels (>20 pg/ml)
or elevated serum or plasma vitamin B12
levels (>1500 ng/l) or elevated plasma IL-18
levels above 500 pg/ml

(b) Typical immunohistological findings as
reviewed by an experienced hematopatho-
logist

(c) Autoimmune cytopenias (hemolytic ane-
mia, thrombocytopenia or neutropenia)
and elevated immunoglobulin G levels
(polyclonal hypergammaglobulinemia)

(d) Family history of a nonmalignant/non-
infectious lymphoproliferation with or

without autoimmunity.
As the number of patients diagnosed with ALPS
has increased it has become very clear that family
members within individual pedigrees with identical
heterozygous mutations may have few, if any,
features of ALPS [30]. A review of the clinical and
genetic information revealed that the site of the FAS
mutation impacted the disease penetrance and
severity with mutations affecting the intracellular
domains (exons 7–9) associated with a higher inci-
dence of ALPS-associated features and greater
morbidity compared with those patients having
extracellular FAS mutations [31,32]. Consistent with
these differences is the finding that in many cases of
ALPS associated with extracellular mutations, the
mechanism involved is one of haploinsufficiency,
which may explain the decreased severity and
ht © Lippincott Williams & Wilkins. Unaut
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penetrance observed in these patients [17
&

,33].
Interestingly, Rieux-Laucat et al. have recently
demonstrated that the development of autoimmun-
ity in patients with less severe germline FAS
mutations may be induced by the appearance of
somatic mutations affecting the healthy FAS allele
[34].
Clinical and laboratory findings

The typical clinical course in ALPS begins with
nonmalignant, noninfectious-based peripheral
lymphadenopathy often associated with splenome-
galy that develops within the first 5 years of life
[16

&

,35,36]. However, many patients have been
diagnosed later including during adulthood. The
lymphoaccumulation usually fluctuates over time
and tends to improve after adolescence. Auto-
immunity is primarily directed at blood cells,
presenting as autoimmune hemolytic anemia,
thrombocytopenia and/or neutropenia that is often
exacerbated by hypersplenism. These findings are
associated with autoantibodies to the blood cells
commonly with a positive direct Coombs’ test
and antiplatelet or antineutrophil autoantibody
tests [37]. The immune cytopenias can be significant
and resistant to first-line treatment, requiring drugs
such as mophetil mycofenolate or rapamycin for
adequate control [38]. There have been infrequent
reports of other autoimmune manifestations includ-
ing uveitis, autoimmune hepatitis, Guillain-Barré
and systemic lupus erythematosus.

Another feature of ALPS is a dramatically
increased incidence of lymphoma in patients with
germline FAS mutations manifest as an increased
relative risk of 51-fold for Hodgkin disease and
14-fold for non-Hodgkin’s lymphoma [39]. These
lymphomas are typically of B-cell origin and
respond to conventional treatment regimens. There
is not sufficient data at this time as to whether or not
somatic FAS mutations are associated with an
increased risk for lymphoma.

The most remarkable laboratory finding is the
presence of an expanded population of ab-DNT cells
as measured by flow cytometry, and this finding
represents a required diagnostic criterion (listed
above under the ‘Genetics and pathophysiology’
subsection) [29]. Other common immunopheno-
typic findings include expansion of CD3þHLA-
DRþ cells, low memory B cells (CD20þCD27þ) and
increased CD20þCD5þ B cells, in the presence of
normal or elevated lymphocyte counts [40].
Additional laboratory findings seen commonly
include polyclonal hypergammaglobulinemia,
auto-antibodies to platelets, neutrophils and red
blood cells, elevation of serum vitamin B12, soluble
horized reproduction of this article is prohibited.

ins www.co-allergy.com 3



Co

CE: Namrta; ACI/6200; Total nos of Pages: 7;

ACI 6200

Primary immune deficiency disease
FASL, soluble CD25 (IL2R-alpha) and cytokines
including IL-10, IL-18 and BAFF ([27,28

&&

] and
unpublished data). Antinuclear antibodies and
rheumatoid factor are not commonly seen in ALPS.

Autoimmune lymphoproliferative syndrome
patients have enlarged lymph nodes with follicular
hyperplasia and marked paracortical expansion
involving immunoblasts and plasma cells [41]. In
addition, the paracortical areas demonstrate large
numbers of infiltrating ab-DNT cells. The DNT cells
in the lymph nodes and peripheral blood have the
same immunophenotypic characteristics, including
HLA-DR, CD57 and CD45RA expression [41,42].
Diagnostic approach

The diagnostic criteria required for a definitive diag-
nosis of ALPS include nonmalignant lymphocyte
accumulation, increased levels of ab-DNT cells
and either defective in-vitro FAS-mediated lympho-
cyte apoptosis or a gene mutation known to be
associated with ALPS (listed above under the
‘Genetics and pathophysiology’ subsection) [29].
During the diagnostic work-up, one should first
exclude cancer and infectious diseases as the cause
of the lymphoaccumulation before proceeding with
the investigation of possible ALPS. An initial screen-
ing with flow cytometric evaluation of peripheral
blood lymphocytes is necessary to detect the pres-
ence of increased levels of ab-DNT cells. As noted
previously, there is often a B-cell lymphocytosis, the
majority of which co-express CD5 but do not express
CD27 as well as decreased levels of CD4þCD25þ

T cells [40]. Next, it is important to establish the
site of the genetic defect. Mutations in FAS represent
the most common defect, and genomic DNA
sequencing of this gene should be the starting point.
However, if this is normal in the setting of an
elevation in ab-DNT cells and increased levels of
one or more biomarkers (sFASL, IL-10, vitamin B12),
then sequencing genomic DNA obtained from
highly purified DNT T cells would be the next step
to evaluate for a somatic FAS mutation. When these
studies are unrevealing, it is appropriate to then
sequence the genes encoding FASL and caspase
10. Despite this approach there remain ALPS
patients without defined genetic abnormalities with
proven defective lymphocyte apoptosis in vitro (i.e.
ALPS-U). In the presence of the two required criteria
but in ability to obtain in-vitro apoptosis testing or
genetic studies, a provisional diagnosis of ’probable
ALPS’ can be made if one of the secondary accessory
criterion is present [29]. This means that the patient
must be treated and monitored for development of
lymphoma as is done in patients with ALPS until a
definitive diagnosis can be determined.
pyright © Lippincott Williams & Wilkins. Unautho
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Treatment

The lymphoid expansion typically diminishes with
age; thus therapy directed at this feature of ALPS is
generally not necessary [38]. Splenomegaly is often
associated with hypersplenism and splenectomy has
been commonly used in ALPS patients. However,
owing to a high incidence of serious bacterial infec-
tions with resultant mortality postsplenectomy, this
is discouraged unless absolutely necessary [16

&

,38].
Autoimmune cytopenias typically respond to corti-
costeroids, and this therapy is also associated with a
decrease in lymphadenopathy; unfortunately the
latter rapidly reappears after discontinuation of cor-
ticosteroids. ITP exacerbations are not uncommon
and these may become resistant to conventional
therapy in some patients. ALPS thrombocytopenia
often does not respond to intravenous immuno-
globulin therapy in contrast to most childhood
ITP cases. Accumulating data suggest that myco-
phenolate mofetil can be useful in the treatment
of ALPS patients with unresponsive cytopenias
[43

&&

,44–46]. In addition, the use of rapamycin is
currently being evaluated in ALPS based on prelimi-
nary data demonstrating resolution of cytopenias,
decrease in lymphadenopathy and diminished
levels of ab-DNT cells while on therapy [47,48].
The potential for lymphoma appears to be a lifelong
risk in patients with germline FAS mutations (the
risk is not known in other categories of ALPS) that
warrants careful monitoring; to date it appears that
the treatment of lymphomas in ALPS patients
appears to follow standard response patterns.
CASPASE-8 DEFICIENCY SYNDROME

Two siblings with homozygous mutations in CASP8
were described in 2002 [49]. These patients pre-
sented findings suggestive of ALPS including
splenomegaly, lymphadenopathy, defective FAS
apoptosis in vitro and lymphocytosis, but had only
minimally elevated ab-DNTs and no clinical auto-
immune disease [43

&&

]. However, unlike other ALPS
patients, these individuals had clinical signs of a
mild combined immunodeficiency, with recurrent
sinopulmonary and mucocutaneous herpes simplex
infections together with mild hypogammaglobuli-
nemia (Fig. 1). In-vitro evaluation revealed defective
T, B and natural killer (NK)-cell activation, findings
that were later explained by the demonstration of
the importance of caspase-8 for the activation of
nuclear factor (NF)-kB downstream following cell
surface receptor activation [50]. More recently,
two additional CASP8-deficient patients were ident-
ified, distantly related to the original family, whose
disease manifested only in adulthood with spleno-
megaly, recurrent sinopulmonary infections, warts,
rized reproduction of this article is prohibited.
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– Lymphadenopathy and/or
splenomegaly

– Autoimmunity

ALPS CEDS

–Absolute or relative monocytosis
–JMML-like early in life

–Defective IL-2 withdrawal
induced apoptosis

–Viral and bacterial
infections

–Organ T cell infiltration
–T and B cell activation

defect

– High αβ-DNTs in blood
and lymph nodes

– FAS apoptosis defect

RALD

FIGURE 1. Venn diagram demonstrating the relationships between ALPS, RALD and CEDS. ALPS, autoimmune
lymphoproliferative syndrome; CEDS, caspase-8 deficiency disorder; JMML, juvenile myelomonocytic leukemia; RALD, RAS-
associated autoimmune leukoproliferative disorder.

Monogenic defects in lymphocyte apoptosis Fleisher and Oliveira
molluscum contagiosum and lymphocytic infiltra-
tion of multiple organs including brain, liver and
lungs (Oliveira and Rosenzweig, personal communi-
cation). Of note, ab-DNTs were within normal
ranges in both patients and these clinical findings
appear to expand the clinical spectrum of caspase-8
deficiency syndrome (CEDS).
RAS-ASSOCIATED AUTOIMMUNE
LEUKOPROLIFERATIVE DISORDER

In 2007, while investigating the genetic basis of dis-
ease in a group of patients with features of ALPS but
without mutation in known genes, the authors dis-
covered one patient with a somatic mutation in the
gene NRAS [7]. Although initially classified as ALPS
without a genetic basis, the patient had atypical
features such as a history of significant leukocytosis
early in life, persistent monocytosis and a low level of
ab-DNTs, which did not infiltrate lymph nodes.
Later, additional patients with an ALPS-like disease
and mutations in NRAS and KRAS were identified,
and the disease was named RAS-associated auto-
immune leukoproliferative disorder (RALD) [6

&&

,7,8].
Clinical and laboratory findings

The patients with RALD described to date have
several overlapping clinical and laboratory features
Copyright © Lippincott Williams & Wilkins. Unaut
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with ALPS (Fig. 1). They were diagnosed at ages
varying from 1 to 47 years of life, and presented
with some degree of peripheral lymphadenopathy
as well as splenomegaly and autoimmune phenom-
ena, including hemolytic anemia, immune throm-
bocytopenia and neutropenia. In some patients, a
history of recurrent mild upper and lower respira-
tory tract infections could be elicited, but this was
not consistent in all patients evaluated [6

&&

]. Incon-
sistent with ALPS was a history of transient or per-
sistent elevation in granulocytes and monocytes.
Some RALD patients had a clinical and laboratory
phenotype very similar to juvenile myelomonocytic
leukemia (JMML) early in life, with marked hepa-
tosplenomegaly and monocytosis. However, unlike
patients with JMML, the monocytosis improved
spontaneously (but did not disappear).

The immunophenotypic pattern in these
patients displayed mild to no elevation in ab-DNT
cells and a relative expansion of B cells. Total
lymphocyte numbers may be normal to modestly
decreased. In contrast, absolute or relative mono-
cytosis was noted in all patients. Auto-antibodies
are typically detected including, ANA, rheumatoid
factor as well as antiphospholipid, anticardiolipin
antiplatelet, antineutrophil and/or antired cell
antibodies [6

&&

,7,8]. Unlike patients with ALPS,
the biomarkers and in-vitro FAS-induced apoptosis
horized reproduction of this article is prohibited.
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are also normal. In contrast, the T cells are resistant
to IL-2 withdrawal-induced cell death pointing to a
fundamentally different apoptotic defect in RALD
[6

&&

,7,8]. The histopathological findings include
nonspecific polyclonal plasmacytosis with reactive
secondary follicles, but without the typical para-
cortical expansion by ab-DNT cells seen in ALPS.
Given the small number of patients diagnosed to
date, it is not known if these patients are at increased
risk for hematological malignancy. In summary,
RALD should be suspected in a patient with spleno-
megaly with or without lymphadenopathy associ-
ated with blood cell-directed autoimmunity and
relative or absolute monocytosis in whom a malig-
nancy or infection has been ruled out.
Genetics and pathophysiology

All patients with RALD described to date harbor
somatic, gain-of-function mutations inKRASorNRAS
[6

&&

,7,8]. As expected with somatic mutations the
family history is typically unrevealing and the
mutations are confined to blood cells. Somatic acti-
vating mutations in RAS have previously not been
described in nontumoral syndromes, but are present
in up to 30% of all human cancers [51]. Germline RAS
pathway mutations have been described as causing
the related Costello (HRAS), Noonan (PTPN11, KRAS,
SOS1, NRAS) and cardiofaciocutaneous syndromes
(KRAS, BRAF, MEK1, and MEK) [52].

The NRAS and KRAS mutations seen in RALD
patients are heterozygous and gain-of-function,
including p.G13D and p.G12V, similar to those
described in tumors. These mutations disrupt the
interaction of RAS with the GTPase-activating
proteins (GAPs), diminishing its GTPase activity
by over 300-fold, locking the molecule in an ‘on’
position [53,54]. This permanent activation state
increases cell signaling through several pathways
including the ERK pathway, inducing the phos-
phorylation and destruction of the proapoptotic
protein BIM [6

&&

,7]. Consequently, the cells become
resistant to certain kinds of apoptotic stimuli, such
as growth factor (IL-2) withdrawal. Additionally, the
persistent ERK signaling decreases the intracellular
levels of negative inhibitors of the cell cycle, namely
p27kip1, allowing increased proliferation in the face
of limiting IL-2 levels [6

&&

]. Given the multiple anti-
body-mediated autoimmune manifestations seen in
these patients, it is interesting to note that recent
work has suggested that adequate RAS signaling is
important for B-cell selection [55].
CONCLUSION

The results of 20 years of studies in patients with
ALPS have established the genetic basis for the
pyright © Lippincott Williams & Wilkins. Unautho
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majority of these patients and have provided the
first direct evidence for a human autoimmune dis-
ease linked to a genetic defect in lymphocyte apop-
tosis. The restricted nature of autoimmunity in ALPS
should help to better clarify immunoregulatory
pathways controlling autoreactivity to hemato-
poietic elements, as well as the role of FAS-mediated
apoptosis as a tumor-suppressor element associated
with the development of B-cell lymphomas. ALPS
represents an ‘experiment of nature’ involving
lymphocyte apoptosis that continues to provide
important insights into the role of apoptosis in
controlling lymphocyte expansion and homeosta-
sis, as well as providing opportunities for investi-
gating therapeutic approaches in managing disease-
associated manifestations. The identification of
RALD provides another chapter in our understand-
ing of apoptosis as a complex scheme involved in
lymphocyte (and leukocyte) homeostasis as well as
in the control of autoreactivity.
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