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Abstract. Primary immune deficiency diseases (PID) comprise a genetically heterogeneous group of disor-
ders that affect distinct components of the innate and adaptive immune system, such as neutrophils,
macrophages, dendritic cells, complement proteins, natural killer cells, as well as T and B lymphocytes. Se-
vere combined immunodeficiency (SCID) is a group of disorders characterized by increased susceptibility to
severe infections and early death. The diagnosis of SCID is supported by the demonstration of low absolute
lymphocyte count and T cell lymphopenia (variably associated with numerical defects of B and NK cells). In
the last two decades, advances in the characterization of the molecular pathophysiology of SCID, have per-
mitted the development of novel diagnostic assays based on analysis of the expression of the disease-associ-
ated proteins and mutation analysis. More recently, pilot newborn screening programs for the identification
of infants with SCID have been initiated in the United States. Prompt and aggressive treatment of infec-
tions, antimicrobial prophylaxis (in particular against Pneumocystis jiroveci) and regular administration of im-
munoglobulins are essential to reduce the risk of early death. However, survival ultimately depends on re-
constitution of immune function, that is usually achieved by means of hematopoietic cell transplantation
(HCT). Gene therapy and enzyme replacement therapy have also been used successfully is selected forms of
SCID. Here we review the molecular and cellular pathophysiology and the mainstay of treatment of SCID.
(www.actabiomedica.it)
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Introduction

Primary immunodeficiencies (PIDs) comprise
more than 150 different disorders that affect the de-
velopment, function, or both of the immune system
(1). Most forms of PID are monogenic disorders that
follow a simple mendelian inheritance; however, some
PIDs are more complex. In such cases, genetic abnor-
malities confer susceptibility, but manifestation of the
clinical phenotype often depends also on environmen-
tal factors or on the effect of other disease modifying
genes. Furthermore, the heterogeneity of mutations
even within the same SCID-causing genes may result
in significant variability of the clinical and immuno-
logical phenotype (2).

Among PIDs, SCID comprises a heterogeneous
group of disorders with impaired development and/or
function of T lymphocytes, associated with defective
antibody responses that may result from intrinsic de-
fects in B lymphocytes or from lack of helper T cell
activity (3).

Typically, SCID is characterized by severe T cell
lymphopenia. In some cases, there is a residual num-
ber (and/or function) of circulating T lymphocytes.
These cases are also referred to as “atypical SCID” (3).

Until now, mutations in fifteen different genes
have been shown to account for SCID.

In spite of this extensive genetic heterogeneity,
patients with SCID present with a rather uniform
clinical phenotype, characterized by early-onset infec-
tions (often due to opportunistic pathogens) and
chronic diarrhea with failure to thrive. Skin rash, au-
toimmune manifestations, microcephaly, and sen-
sorineural deafness are other features that may associ-
ate with specific gene defects.

Severe infections and dystrophy are the major
causes of death, the usually occurs within the first two
years of life, unless immune reconstitution is achieved,
mainly by means of hematopoietic cell transplantation
(HCT) (3-5).

Pathogenesis and classification of SCID

The pathogenesis of SCID reflects distinct
mechanisms that affect various steps in T-cell devel-
opment (Fig. 1).

a) Increased death of early lymphocyte progenitor cells
Adenosine deaminase deficiency (ADA) results in

an accumulation of adenosine, deoxyadenosine, and
their phosphorylated derivatives, among which de-
oxyadenosine triphosphate (dATP) is toxic and causes
cell death by apoptosis. Lymphocyte precursors are ex-
quisitely sensitive to the effect of dATP (6). According-
ly, ADA deficiency is characterized by virtual absence
of circulating T, B and natural killer (NK) lymphocytes.

b) Defective signaling through the common γ-chain-
dependent cytokine receptors

Several cytokine receptors [interleukin-2 (IL-2),
IL-4, IL-7, IL-9, IL-15, and IL-21R] share the com-
mon γ-chain (γc) subunit (7). I The most frequent
form of SCID, X-linked SCID (SCID-X1), is caused
by mutations in the γc-encoding gene (8). SCID-X1
is characterized by the absence of both T and NK
lymphocytes. This phenotype is accounted for by im-
paired signaling through IL-7R and IL-15R. In par-
ticular, interaction of IL-7 with its receptor (IL-
7Rα/γc heterodimer) induces survival, proliferation,
and differentiation of thymocyte progenitors. Consis-
tent with this, mutations of IL7R (encoding for IL-
7Rα chain) also results in SCID with absence of pe-
ripheral T cells (9). NK cell deficiency in SCID-X1 is
thought to result from the defective IL-15 interaction
with IL-15R that is composed of a heterotrimer in-
cluding IL2Rα/IL-2Rβ/γc chains (7). B cell develop-
ment is unaffected in patients with SCID-X1, indi-
cating that in humans none of the cytokines that sig-
nal through γc-containing receptors is required for B
cell development. However, terminal differentiation of
B lymphocytes to antibody-secreting plasmablasts is
impaired, reflecting poor signaling through IL-21R.

All of the γc-containing cytokine receptors signal
through Janus Associated Kinases ( JAKs); in particu-
lar, γc is physically and functionally coupled to JAK3.

Consistent with this, JAK3 gene mutations result
in a SCID phenotype indistinguishable from SCID-
X1 (10, 11); however, JAK3 deficiency is inherited as
autosomal recessive trait.

c) Defective V(D)J recombination
A major step in T- and B-lymphocyte differenti-

ation is the somatic rearrangement of the genes en-
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coding for the T-cell antigen receptor (TCR) and the
B-cell antigen receptor (BCR), that ultimately results
in generation of a diversified repertoire of T and B
lymphocytes. This process, known as V(D)J recombi-
nation, is initiated by the recombination-activating
gene-1 (RAG-1) and RAG-2 proteins, which cleave
DNA at specific sequences surrounding the V, D, and
J elements of TCR and BCR genes. Mutations of ei-
ther RAG1 or RAG2 genes result in a faulty develop-
ment of both T and B cells, whereas NK cell differen-
tiation is spared (12). Hypomorphic mutations in ei-
ther gene may enable a limited generation of T cell
clones that undergo clonal expansion in the periphery
and tend to infiltrate tissues causing severe damage.
This phenotype is also known as Omenn syndrome
(13). In most cases, patients with Omenn syndrome
are severely B cell lymphopenic, however a proportion
of them develop autoantibodies, reflecting residual
and aberrant B cell development.

A series of proteins involved in the non-homolo-
gous end-joining (NHEJ) pathway of DNA repair

mediate the last steps of V(D)J recombination. Muta-
tions of some of these proteins (Artemis, DNA-PKcs,
DNA ligase IV, Cernunnos/XLF) are also responsible
of SCID with lack of T and B cells, but preserved
number of NK lymphocytes (T- B- NK+ SCID)
(14,15). However, Cernunnos/XLF deficiency is usu-
ally characterized by a leaky phenotype (with residual
presence of T and B lymphocytes), and heterogeneity
of the immunological phenotype has been observed in
patients with DNA ligase IV deficiency. Another dis-
tinctive feature of SCID associated with defects in
NHEJ is the frequent occurrence of microcephaly and
other extra-immune manifestations that reflect gener-
alized cellular deficiency of DNA repair.

Defective signaling through pre-TCR/TCR

Rare cases of SCID consisting of pure T-cell de-
ficiencies have been attributed to defects in key pro-
teins involved in pre-TCR/TCR signaling. Following
rearrangement of the TCR β locus, a TCR β chain is

Figure 1. Blocks in T-and B-cell development associated with SCID
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expressed on the cell surface of thymocytes in combi-
nation with a pre-Tα molecule and with the subunits
of the CD3 complex, forming the pre-TCR. Deficien-
cy in the genes encoding for the CD3δ, CD3ε, or
CD3ζ chains result in selective block of T cell devel-
opment. Remarkably, complete deficiency of CD3γ,
another subunit of the pre-TCR/TCR signaling com-
plex, leads to a milder immunodeficiency (18), show-
ing that the CD3 subunits exert different functions.

Signaling through the CD45 phosphatase is also
important in lymphocyte development. CD45 defi-
ciency has been reported in few cases of SCID in hu-
mans (16, 17).

Defects of the Zeta-Associated Protein of 70
kDa (ZAP-70) affect later stages in T cell develop-
ment, with complete block in generation of CD8+
lymphocytes; CD4+ T cells are produced and released
to the periphery, but are functionally impaired. Final-
ly, genetic defects that affect expression of HLA class
II molecules on the surface of thymic epithelial cells
prevent positive selection of CD4+ thymocytes; these
patients show a selective deficiency of CD4+ lympho-
cytes, usually associated with hypogammaglobuline-
mia and antibody deficiency. Since neither ZAP-70 or
HLA class II deficiency result in complete arrest in T
cell development, they are not classified under SCID,
but are considered other forms of combined immun-
odeficiency (3).

Clinical presentation and diagnostic approach to
SCID

Severe and/or recurrent infections, and chronic
diarrhea with failure to thrive are typical manifesta-
tions of SCID. Respiratory infections due to oppor-
tunistic pathogens (P. jiroveci) and viruses (RSV,
CMV, parainfluenzae virus type 3) are particularly
common and may lead to rapid deterioration of oxy-
gen saturation, requiring ventilation. Viral, bacterial
and protozoan (Giardia, Cryptosporidium) infections
are responsible for diarrhea. Of note, SCID infants
may develop severe diarrhea and failure to thrive also
following immunization with rotavirus vaccine. It is
important to emphasize that a single episode of se-
vere infection early in life, especially when associated

with growth failure, is enough to consider SCID as a
possible underlying cause. Persistent or recurrent oral
and perineal candida infection is also a common find-
ing.

The paucity of lymphoid tissue in patients with
SCID is reflected by the absence of tonsils and lack of
the thymic shadow at chest X-ray. Lymph nodes are
unusually small; however, lymphadenopathy may be
observed in patients with Omenn syndrome or with
maternal T cell engraftment.

In addition to infections, infants with SCID may
present also with various degrees of skin manifesta-
tions, ranging from generalized erythroderma to
eczema. Alopecia or sparse hair may also be present.

Microcephaly is typically present in SCID due to
defects of DNA repair (DNA ligase IV and Artemis
gene defects). On the other hand, facial dysmor-
phisms (anteroverted nostrils, short philtrum, low-set
ears, micrognatia, arched palate) characterize DiGe-
orge syndrome. In this disease, there is a variable de-
gree of T cell lymphopenia because of a developmen-
tal defect that involves the thymus. However, only 1%
of infants with DiGeorge syndrome have such a pro-
found T cell lymphopenia to cause severe susceptibil-
ity to infections and a SCID-like phenotype.

A high level of suspicion by the primary care
provider is key to a timely diagnosis of SCID. This is
extremely valuable to maximize the chances of success
of HCT and achieve permanent correction of the dis-
ease. Infants with SCID who undergo HCT in the
first 3.5 months of life have a 97% survival rate, which
is significantly higher than in those undergoing trans-
plantation later in life (19). Not infrequently, it is the
allergist, pulmonologist, gastroenterologist and/or the
intensive care physician who first comes in contact
with a child with SCID.

Medical history (with particular regard to type,
location, age at onset, and severity of infections) and
physical examination provide important hints to sus-
pect SCID. Family history is also important in the ap-
proach to SCIDs because of the monogenic nature of
most forms of these disorders (2). In particular, a his-
tory of early deaths in males on the maternal side is
suggestive of X-linked SCID, the most common form
of SCID in western countries. Parental consanguinity
and/or belonging to genetically and/or geographically



9Severe Combined Immunodeficiency

restricted populations is often observed in patients
with autosomal recessive forms of SCID.

The laboratory diagnosis of SCID is usually sim-
ple. T cells normally account for 70% of circulating
lymphocytes. Because most infants with (20) they are
typically lymphopenic. Correct interpretation of the
absolute lymphocyte count (ALC) requires compari-
son to age-specific reference values (21). The ALC
reference interval is 3,400 to 7,600 cells/mm3 for
healthy newborns. However, approximately 30% of
SCID infants do not show lymphopenia. This may re-
flect the presence of genetic defect that spare B and
NK cell development, associated with an expansion of
these cells. Alternatively, a normal ALC in infants
with SCID may reflect maternal T cell engraftment.
While it is known that transplacental passage of ma-
ternal lymphocytes is common during pregnancy, the
fetus is usually immunocompetent enough to reject
such cells. In contrast, maternally-derived T cells that
have crossed the placenta persist in infants with
SCID, and may even expand. The fact that in most
cases maternally-derived T lymphocytes are not
HLA-identical to the fetus, justifies the occurrence of
graft-versus-host disease (GvHD)-like manifestations
(skin rash, diarrhea, cytopenias, liver abnormalities)
that are often present in SCID infants with maternal
T-cell engraftment. However, as many as 30-50% of
these infants may not show any obvious signs of
GvHD, and just present typical manifestations of
SCID. Therefore, infants who present with clinical
features of SCID and a normal ALC must be evaluat-
ed for the possible presence of maternally-derived T
cells, which is virtually pathognomonic of SCID.

Immunological phenotype of circulating lympho-
cytes is very important to confirm the diagnosis of
SCID, and may provide significant hints to identify
the specific gene defect. Determination of T, B and
NK lymphocytes can be easily achieved by flow cy-
tometry, using monoclonal antibodies to CD3, CD19
and CD16/CD56, respectively. In most cases, CD3+

cells are virtually absent or severely reduced in num-
ber. This may not be the case in infants with hypo-
morphic mutations that allow for some partial T cell
development, or in SCID patients with maternal T
cell engraftment. In these situations, however, circu-
lating T cells have an aberrant phenotype, and largely

co-express CD45R0, a marker of activated T cells,
whereas early in life >80% of circulating CD3+ cells
express CD45RA, indicative of naïve T cells. Based on
the presence or absence of B and NK lymphocytes,
patients with SCID may be classified into various
groups (B+NK-, B+NK+, B-NK+, and B-NK- SCID).
Each of these groups may reflect some distinctive ge-
netic defects (Table 1).

In the approach to patients with possible SCID,
it is important to rule out other causes of severe T cell
lymphopenia, in particular HIV infection by searching
for HIV RNA.

Consistent with the severely reduced number of
circulating T cells, in vitro lymphocyte proliferative
responses to mitogens (phytoemagglutinin) are drasti-
cally diminished.

Although infants with SCID are often hypogam-
maglobulinemic and are unable to produce specific
antibodies, determination of serum immunoglobulins
has limited value to confirm the suspicion of SCID. In
particular, SCID infants may have normal IgG levels
early in life, because these are typically maternally-de-

Table 1. Fifteen abnormal genes in patients with SCID

Lymphocyte phenotype

Cytokine-receptor-mediated
signaling
IL2RG T−B+NK−

JAK3 T−B+NK−

IL7RA T−B+NK+

Assembly and expression of
antigen receptor genes
RAG1 T−B−NK+

RAG2 T−B−NK+

Artemis T−B−NK+

Ligase 4 T−B−NK+

DNA-PKcs T−B−NK+

CD3δ T−B+NK+

CD3ε T−B+NK+

CD3ζ T−B+NK+

Cernunnos/XLF T−B−NK+

Other genes
ADA T−B−NK−

CD45 T−B+NK+

AK2 T-B+NK+

AK2 Adelylate kinase 2; DNA-PKcs, DNA protein kinase cat-
alytic subunit; IL7RA, IL-7 receptor a chain; NK, natural killer
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rived IgG. Furthermore, some forms of SCID with B
lymphocytes (T-B+ SCID) may allow for residual pro-
duction of serum IgM. Finally, IgE are often elevated
in infants with some forms of SCID due to hypomor-
phic mutations (eg, Omenn syndrome) or in patients
with maternal T cell engraftment.

Antibody responses to immunizations are abro-
gated. Importantly, use of live vaccines should be
strictly avoided in infants with possible SCID, as this
might lead to disseminated infection. Once a possible
diagnosis of SCID has been considered by the prima-
ry care provider or the specialist who has first seen the
patient, the crucial next step is referral to an immune
deficiency specialist who is expert in the diagnosis,
treatment, and management of cellular immunodefi-
ciencies. This individual will have the knowledge to
quickly perform definitive and more sophisticated
tests to rule in or out the presence of SCID (22).

Neonatal screening programs for SCID

Results of HCT for infants with SCID are par-
ticularly good if the transplant is performed in the
neonatal period or within the first 3.5 months of life;
in such cases, survival exceeds 95% (19, 22, 24).

This notion has prompted the development of
newborn screening for SCID. At least 3 different
methods of newborn screening for SCID have been
proposed, including lymphocyte counts, quantitative
polymerase chain reaction for T-cell receptor excision
circles (TRECs), pieces of DNA produced only by T
cells, and analysis of IL-7 levels in dried blood spots
collected at birth.

Children with SCID have persistently low lym-
phocyte counts, which makes using such counts a po-
tential way to identify newborns with SCID. Howev-
er, the requirement for additional blood samples, the
costs and the relatively limited sensitivity (60-70% at
best) and poor specificity of the assay have prevented
the use of absolute lymphocyte count at birth as a
newborn screening assay for SCID. While sensitivity
and specificity would be improved by the addition of
flow-cytometric assessment of T lymphocytes, this
would require sophisticated instrumentation and a
significant increase in costs.

IL-7 is a key cytokine that promotes T cell devel-
opment. Impairment of generation of T cells in in-
fants with SCID is associated with markedly in-
creased serum levels of IL-7. This has prompted the
development of studies aiming to assess the possible
use of measurement of IL-7 levels at birth as a screen-
ing assay for SCID. A 2-tiered program has been pro-
posed, in which IL-7 levels are measured first on new-
born dried blood spots (Guthrie’s cards), followed by
determination of T-cell receptor excision circles
(TRECs), a byproduct of V(D)J recombination that is
detectable in newly generated T lymphocytes that
leave the thymus and hence represent a robust indica-
tor of T-cell lymphopoiesis. In one study, samples
from 13 children with SCID and 183 anonymized
dried blood spots were analyzed for IL-7 and TREC
levels. For the first tier (IL-7 measurement), the au-
thors calculated 96.1% specificity and 85% sensitivity
(confidence interval: 55%–98%); for the second tier
(TREC count) they calculated a specificity of 92.3%
and a sensitivity that approaches 100% (25).

Finally, assessment of TREC levels by poly-
merase chain reaction in DNA extracted from
Guthrie’s cards has been proposed as a newborn
screening for SCID, with no need to measure also IL-
7 levels. Preliminary studies have shown that no
TRECs are detected in peripheral blood from infants
with SCID (26). Based on this, a pilot study has been
started in Wisconsin and Massachusetts (27). In both
cases, infants with SCID have been successfully iden-
tified at birth (28, 29).

Additional States (California, New York) are now
attempting to detect SCID at birth by measuring
TREC levels.

Treatment of SCID

HCT represents a life-saving procedure in SCID,
because it induces functional and long-lasting recon-
stitution of immunity. Since 1968, when HCT was
successfully applied for the first time in humans in an
infant with SCID-X1 (1), hundreds of patients with
SCID have benefited worldwide from this procedure.
Because of the inability of SCID patients to reject
donor-derived cells (even when they are HLA-mis-
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matched to the recipient), pre-transplant myeloabla-
tive therapy is not required in patients with SCID to
enable donor T cell engraftment. This situation brings
about a significant clinical advantage, because it per-
mits to avoid a major toxicity (3).

Results of HCT for SCID are extremely good
(>95% survival) in infants who have an HLA-
matched family donor (30).

However, this option is available only to 15% of
the patients. Development of methods that allow de-
pletion of mature T cells from the bone marrow has
permitted since the early 1980s to exploit use of T-cell
depleted HCT from a haploidentical donor (typically,
the mother or the father) in infants with SCID who
do not have an HLA-matched sibling. This approach
gives optimal results when the transplant is performed
within the first 3.5 months of life (19, 22, 24). How-
ever, results are less favorable when T-cell depleted
haploidentical HCT is performed later in life.

Improvements in prevention of GvHD and de-
velopment of more effective preventive and therapeu-
tic regimens against infections have resulted in pro-
gressive improvement of outcome of HCT for SCID
(30). Nonetheless, significant differences remain in
survival rate after HCT for SCID, depending on the
degree of HLA matching between the donor and the
recipient. This different outcome reflects different ki-
netics of T-cell reconstitution (23).

HCT from HLA-identical donors is performed
without manipulating the graft. In these conditions,
mature T cells that are contained in the bone marrow
of the donor, undergo expansion in vivo after trans-
plantation into the SCID patient, and provide some
protection while donor-derived stem cells home to the
thymus, initiate and complete their maturation into
newly generated T lymphocytes. Therefore, T-cell re-
constitution after HLA-identical HCT for SCID fol-
lows a bimodal pattern: (i) early (10-15 days) expan-
sion of mature T cells resulting from both homeostat-
ic and antigen-driven expansion and (ii) neo-thy-
mopoiesis in host thymus leading to the late appear-
ance (3-6 months) of mature naive T cells. In contrast,
reconstitution following T-cell depleted HCT strictly
depends on the ability of donor-derived stem cells to
mature into T lymphocytes, a process that may take as
many as 3-6 months. During this interval, the recipi-

ent remains highly susceptible to severe infections (3).
HCT from matched unrelated donors has been re-
cently used with increased frequency in patients with
SCID (30,31). Results are intermediate between
HLA-identical and haploidentical HCT.

Although HCT may allow prolonged survival in
the majority of infants with SCID, several problems
remain to be addressed. In particular, a significant pro-
portion of patients develop complications, that may af-
fect quality of life (32, 33). The quality of immune re-
constitution and the nature of the underlying genetic
defect have been identified as critical risk factors. Poor
or delayed T cell reconstitution is associated with in-
creased risk of infections, inflammatory and autoim-
mune complications, and frequent need of nutritional
support following transplantation. SCID patients with
defects of NHEJ are at risk for growth/developmental
delay, teeth abnormalities, and poor nutritional status.
Patients with ADA deficiency often develop hearing
defects and behavioral abnormalities. Finally, patients
with SCID-X1 or with JAK3 deficiency are highly
prone to warts.

Besides HCT, other forms of treatment have
been developed to treat specific forms of SCID. Pa-
tients with ADA deficiency may benefit from intra-
muscular administration of bovine ADA conjugated
with polyethylenglycole (34). This treatment is usual-
ly effective in achieving detoxification, however it is
very expensive and has to be continued indefinitely.

Following the identification of SCID-causing
genes and the development of molecular tools to de-
liver genes into cells, gene therapy has become an at-
tractive therapeutic option for patients with SCID
who do not have an HLA-identical family donor. Ini-
tial attempts were performed in 1990 in patients with
ADA deficiency, using retroviral-mediated ADA gene
transfer into peripheral blood lymphocytes, but were
soon directed towards targeting of CD34+
hematopoietic stem cells. With use of non myeloabla-
tive chemotherapy, gene therapy represents a very ef-
fective treatment for patients with ADA deficiency, as
demonstrated by experience in Milan (35). Two
groups, in Paris and London, have used retrovirus-
mediated gene therapy in 20 patients with SCID-X1,
without using any chemotherapy. Seventeen of these
patients are currently alive and show good T-cell re-
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constitution, confirming the efficacy of the procedure.
However, 5 of the 20 patients have developed
leukemic proliferation due to insertional mutagenesis;
insertion of the retrovirus within a proto-oncogene
(LMO-2 in 4 of the 5 cases) has resulted in deregu-
lated expression of the oncogene and clonal prolifera-
tion. Four of these 5 patients have been successfully
cured, however one patient has died of treatment-re-
fractory leukemia (36). These serious adverse events
have prompted the development of novel, hopefully
safer vectors, in which the strong viral Long Terminal
Repeat enhancer sequences have been removed, and
expression of the γc-encoding gene is driven by a
weaker promoter. A new multi-center trial for SCID-
X1 with use of such self-inactivating retroviral vector
is currently underway in London, Paris, Boston, Los
Angeles and Cincinnati.

Sixty years after the first description (Glanzman
and Riniker, 1950), the study of patients with SCID
continues to inform our knowledge of the human im-
mune system. Furthermore, SCID has represented an
important clinical setting to test the efficacy of novel
preventive and therapeutic approaches to infectious
diseases, and has pioneered the development of gene
therapy. A fatal group of disorders has been turned in-
to a curable condition. However, important objectives
remain to be addressed, including the need of novel
strategies to speed-up and improve immune reconsti-
tution after HCT to prevent long-term complications,
and the development of innovative approaches to gene
therapy, possibly based on true gene correction “in
situ” or on targeting of regions of the genome that are
devoid of oncogenes and may thus serve as “safe har-
bors” for integration of the therapeutic gene.

References

1. Geha RS, Notarangelo LD, Casanova JL, et al. Primary im-
munodeficiency diseases: an update from the International
Union of Immunological Societies Primary Immunodefi-
ciency Diseases Classification Committee. J Allergy Clin Im-
munol 2007; 120 (4): 776-94.

2. Notarangelo LD. Primary immunodeficiencies. J Allergy Clin
Immunol 2010; 125 (2 Suppl 2): S182-94.

3. Fischer A, Le Deist F, Hacein-Bey-Abina S, et al. Severe
combined immunodeficiency. A model disease for molecular
immunology and therapy. Immunol Rev 2005; 203: 98-109.

4. Buckley RH, Schiff RI, Schiff SE, et al. Human severe
combined immunodeficiency: genetic, phenotypic, and
functional diversity in one hundred eight infants. J Pediatr
1997; 130 (3): 378-87.

5. Stephan JL, Vlekova V, Le Deist F, et al. Severe combined
immunodeficiency: a retrospective single-center study of
clinical presentation and outcome in 117 patients. J Pediatr
1993; 123 (4): 564-72.

6. Hershfield MS. Genotype is an important determinant of
phenotype in adenosine deaminase deficiency. Curr Opin
Immunol 2003; 15 (5): 571-7.

7. Leonard WJ. Cytokines and immunodeficiency diseases.
Nat Immunol 2002; 3 (7): 605-7.

8. Noguchi M, Yi H, Rosenblatt HM, Filipovich AH, et al.
Interleukin-2 receptor gamma chain mutation results in X-
linked severe combined immunodeficiency in humans. Cell
1993; 73 (1): 147-57.

9. Puel A, Ziegler SF, Buckley RH, Leonard WJ. Defective
IL7R expression in T(-)B(+)NK(+) severe combined im-
munodeficiency. Nat Genet 1998; 20 (4): 394-7.

10. Macchi P, Villa A, Giliani S, et al. Mutations of Jak-3 gene
in patients with autosomal severe combined immune defi-
ciency (SCID). Nature 1995; 377 (6544): 65-8.

11. Russell SM, Tayebi N, Nakajima H, et al. Mutation of Jak3
in a patient with SCID: essential role of Jak3 in lymphoid
development. Science 1995; 270 (5237): 797-800.

12. Schwarz K, Gauss GH, Ludwig L, et al. RAG mutations in
human B cell-negative SCID. Science 1996; 274 (5284): 97-9.

13. Villa A, Santagata S, Bozzi F, et al. Partial V(D)J recombi-
nation activity leads to Omenn syndrome. Cell 1998; 93 (5):
885-96.

14. Moshous D, Callebaut I, de Chasseval R, et al. Artemis, a
novel DNA double-strand break repair/V(D)J recombina-
tion protein is mutated in human severe combined immune
deficiency with increased radiosensitivity (RS-SCID). Cell
2001; 105 (2): 177-86.

15. O’Driscoll M, Cerosaletti KM, Girard PM, et al. DNA lig-
ase IV mutations identified in patients exhibiting develop-
mental delay and immunodeficiency. Mol Cell 2001; 8 (6):
1175-85.

16. Kung C, Pingel JT, Heikinheimo M, et al. Mutations in the
tyrosine phosphatase CD45 gene in a child with severe
combined immunodeficiency disease. Nat Med 2000; 6 (3):
343-5.

17. Tchilian EZ, Wallace DL, Wells RS, Flower DR, Morgan
G, Beverley PC. A deletion in the gene encoding the CD45
antigen in a patient with SCID. J Immunol 2001; 166 (2):
1308-13.

18. Arnaiz-Villena A, Timon M, Corell A, Perez-Aciego P,
Martin-Villa JM, Regueiro JR. Brief report: primary im-
munodeficiency caused by mutations in the gene encoding
the CD3-gamma subunit of the T-lymphocyte receptor. N
Engl J Med 1992; 327 (8): 529-33.

19. Myers LA, Patel DD, Puck JM, Buckley RH. Hematopoi-
etic stem cell transplantation for severe combined immun-
odeficiency in the neonatal period leads to superior thymic
output and improved survival. Blood 2002; 99 (3): 872-8.



13Severe Combined Immunodeficiency

20. Heather Finlayson. SCID lack T cells severe combined im-
munodeficiency (SCID)- advances in molecular diagnosis,
neonatal screening and long-term management. Current
Allergy & Clinical Immunology 2008; 21 (1): 20-4.

21. Malacarne F, Benicchi T, Notarangelo LD, et al. Reduced
thymic output, increased spontaneous apoptosis and
oligoclonal B cells in polyethylene glycol-adenosine
deaminase-treated patients. Eur J Immunol 2005; 35 (11):
3376-86.

22. William T. Shearer, Luigi D. Notarangelo, and Linda M.
Griffith. Treatment of immunodeficiency: Long-term out-
come and quality of life. J Allergy Clin Immunol 2008; 122
(6): 1065-8.

23. Antoine C, Muller S, Cant A, et al. Long-term survival and
transplantation of haemopoietic stem cells for immunodefi-
ciencies: report of the European experience 1968-99.
Lancet 2003; 361 (9357): 553-60.

24. Kane L, Gennery AR, Crooks BN, Flood TJ, Abinun M,
Cant AJ. Neonatal bone marrow transplantation for severe
combined immunodeficiency. Arch Dis Child Fetal Neonatal
2001; 85 (2): F110-3.

25. Ellen A. Lipstein, Sienna Vorono, Marsha F. Browning, et
al. Systematic Evidence Review of Newborn Screening and
Treatment of Severe Combined Immunodeficiency. Pedi-
atrics 2010; 125 (5): e1226-35.

26. Puck JM. SCID Newborn Screening Working Group. Pop-
ulation-based newborn screening for severe combined im-
munodeficiency: steps toward implementation. Immunol
Res 2007; 38 (1-3): 64-7.

27. Baker MW, Grossman WJ, Laessig RH, et al. Develop-
ment of a routine newborn screening protocol for severe
combined immunodeficiency. J Allergy Clin Immunol 2009;
124 (3): 522-7.

28. Chase NM, Verbsky JW, Routes JM. Newborn screening
for T-cell deficiency. Curr Opin Allergy Clin Immunol 2010;
10 (6): 521-5.

29. Hale JE, Bonilla FA, Pai SY, et al. Identification of an in-

fant with severe combined immunodeficiency by newborn
screening. J Allergy Clin Immunol 2010; 126 (5): 1073-4.

30. Gennery AR, Slatter MA, Grandin L et al. Transplantation
of hematopoietic stem cells and long-term survival for pri-
mary immunodeficiencies in Europe: Entering a new cen-
tury, do we do better? J Allergy Clin Immunol 2010; 126 (3):
602-10.e1-11.

31. Grunebaum E, Mazzolari E, Porta F, et al. Bone marrow
transplantation for severe combined immune deficiency.
JAMA 2006; 295 (5): 508-18.

32. Mazzolari E, Forino C, Guerci S, et al. Long-term immune
reconstitution and clinical outcome after stem cell trans-
plantation for severe T-cell immunodeficiency. J Allergy
Clin Immunol 2007; 120 (4): 892-9.

33. Neven B, Leroy S, Decaluwe H, et al. Long-term outcome
after hematopoietic stem cell transplantation of a single-
center cohort of 90 patients with severe combined immun-
odeficiency. Blood 2009; 113 (17): 4114-24.

34. Booth C, Hershfield M, Notarangelo L, et al. Management
options for adenosine deaminase deficiency; proceedings of
the EBMT satellite workshop (Hamburg, March 2006).
Clin Immunol 2007; 123 (2): 139-47.

35. Aiuti A, Cattaneo F, Galimberti S, et al. Gene therapy for
immunodeficiency due to adenosine deaminase deficiency.
N Engl J Med 2009; 360 (5): 447-58.

36. Fischer A, Hacein-Bey-Abina S, Cavazanna-Calvo M.
Gene therapy for primary immunodeficiencies. Immunol
Allergy Clin North Am 2010; 30 (2): 237-48.

Accepted: February 28th 2011
Correspondence: Ivonne Sponzilli
Division of Immunology, Children’s Hospital
Harvard Medical School
Boston, MA, USA
E-mail: ivonne.sponzilli@childrens.harvard.edu


