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Christian Schindler, Series Editor

JAK-STAT signaling in human disease

Numerous examples indicate that mammalian devel-
opment can be entirely normal in the absence of the
immune system; indeed, prior to birth, individuals
with even very severe immunodeficiencies are devel-
opmentally unaffected. Perhaps it is not surprising,
therefore, that more than 95 different primary
immunodeficiency syndromes have been identified,
encompassing defects in lymphocytes, phagocytes,
and complement proteins. Indeed, within the past
several years, more than 70 separate genes have been
identified whose mutations cause immunodeficien-
cy. These discoveries have been made both by using
candidate gene approaches and by positional
cloning. In some cases, the generation of gene-tar-
geted mice preceded the identification of human
mutations, whereas in other cases, the reverse was
true. Therapy for these disorders, ranging from
replacement therapy to bone marrow transplanta-
tion and gene therapy, has also moved at a rapid
pace. This field therefore provides outstanding
examples of the power of molecular medicine, with
tremendous opportunities for interplay between
basic and clinical science.

Many of the processes that govern development of
lymphoid and hematopoietic cells are now under-
stood in some detail. We know that the growth and
development of hematopoietic precursors, which
develop in the fetal liver and bone marrow, are
dependent upon a panoply of cytokines. In addition,
lymphocytes require appropriate signals from anti-
gen receptors to mature properly (Figure 1). Addi-
tionally, other receptors and counter-receptors on
lymphoid and antigen-presenting cells are critical for
initiating immune responses (Figure 2). We will pro-
vide examples in which mutations affect each of
these steps and consequently result in immunodefi-
ciency (Table 1). Several excellent reviews provide
comprehensive discussion of the genetic basis of pri-
mary immunodeficiencies (1, 2). Our goal is not to

summarize this field in its entirety; rather, a major
focus of this review will be the role of cytokines and
their receptors in the pathogenesis of primary
immunodeficiencies. Additionally, the identification
of new genes associated with immunodeficiency dis-
orders, insights from patient-derived mutations, the
heterogeneity of clinical presentations, the signifi-
cance of revertants, and advances in gene therapy will
be highlighted. To an extent, the areas emphasized
are also a reflection of our interests, but in general
the lessons are applicable to most of the diseases
encompassed by primary immunodeficiencies.

Disorders of cytokines and cytokine receptors
Cytokines and receptors of different classes are impor-
tant in lymphoid development and function. We will
briefly consider cytokines that bind the common γ
chain, γc; cytokines involved in cell-mediated immuni-
ty; and members of the TNF superfamily.

γc cytokines, Jak3, and lymphocyte development
IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21 bind γc in asso-
ciation with a unique ligand-specific receptor chain.
The involvement in signaling via multiple cytokines
and its mapping to the X-chromosome led to the
identification of mutations of γc in boys with 
X-linked severe combined immunodeficiency (SCID).
The disease is now termed SCIDX1 and is the most
common type of SCID, accounting for about 50% of
cases (2, 3). Through the generation of knockout
mice, one γc cytokine, IL-7, was shown to be an essen-
tial cytokine for T cell development; SCID patients
with IL-7 receptor (IL-7R) mutations were subse-
quently identified (4). However, absence of γc inter-
feres with both IL-7 and IL-15 signaling; loss of IL-15
or its receptor abrogates NK cell development. Thus,
IL-7R deficiency is associated with absence of T cells
and residual NK cells, whereas γc deficiency typically
results in absence of both lymphoid subsets.
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Intracellularly, these receptor subunits associate with
the Janus kinases Jak1 and Jak3. Jak1 is widely
expressed and is used by many different cytokine recep-
tors, and its knockout is perinatally lethal. In contrast,
Jak3 is predominantly expressed in hematopoietic cells
and uniquely binds γc. Consequently, JAK3 deficiency,
the second most common cause of T–B+ SCID, has a
phenotype identical to that of SCIDX1 (5, 6). More
than 30 patients with more than 35 different muta-
tions spanning the entire JAK3 gene have been identi-
fied (7). These mutations are stochastic, with no evi-
dence of founder effects or hot spots. About half of the
patients are compound heterozygotes, whereas half are
homozygous for their mutations, due to parental con-
sanguinity. These mutations appear to be fully reces-
sive in that the level of JAK3 protein is normal in het-
erozygotes; the factors that control JAK3 expression are
presently being investigated and likely include both
transcriptional and posttranscriptional mechanisms.

Most mutant JAK3 alleles fail to encode any stable
protein, but several missense or small in-frame deletion
alleles have been identified that permit near-normal
levels of expression of the mutant gene product. The
analysis of the effect of these mutations on JAK3 func-
tion has greatly improved our understanding of how

this tyrosine kinase works. Jaks comprise a C-terminal
catalytic domain, preceded by a unique “pseudokinase”
domain, which is a frequent site of mutations. Analysis
of these mutant alleles has demonstrated the critical
function of this domain (8). The pseudokinase domain
is not catalytically active but instead has important reg-
ulatory functions, perhaps through binding to the
kinase domain. The N-terminus of the Jaks has homol-
ogy to a conserved domain in band four point one,
ezrin, radixin, and moesin (FERM). Mutations in the
JAK3 FERM domain have two important conse-
quences: they disrupt binding to γc, and they interfere
with catalytic activity (9).

The clinical presentations associated with JAK3
mutations are surprisingly variable, with about one-
third of patients developing T cells. Similarly, a mis-
sense mutation of γc has been associated with normal
numbers of peripheral T and B cells, grossly normal T
cell receptor repertoire, normal response to mitogenic
stimuli, and the presence of a normal thymus (10).
Taken together with the identification a kindred with
a different missense mutation of γc that exhibited
attenuated immunodeficiency (11), this indicates that
clinical presentations associated with JAK3 and γc

mutations can be remarkably broad.
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Table 1
Defects leading to primary immune deficiency

Class of defect Gene Disease

Disorders of cytokines and
cytokine signaling γc, Jak3, IL-7R T–B+ SCID

IL-2Rα Lymphoproliferative disease
IFN-γR1, IFN-γR2, IL-12p40, IL-12Rβ1, Stat1 Atypical mycobacterial infection
TNFR1 TRAPS
Fas, caspase-10 ALPS
CD40, CD40L, AID HIGM
IKKγ Hypohidrotic ectodermal dysplasia
FOXP3 IPEX

Antigen presentation, 
receptors, and signaling Tap1, Tap2 Impaired MHC class I expression and CD8+ T cell development

RFXAP, CIITA, RFX5, RFXANK Impaired MHC class II expression and CD4+ T cell development
Rag1, Rag2 SCID
Artemis SCID with radiosensitivity
DNA ligase IV SCID
Nijmegen breakage syndrome Immunodeficiency
ATM Ataxia-telangiectasia
Igα, λ5, µ-chain Agammaglobulinemia
BLNK Agammaglobulinemia
Btk X-linked agammaglobulinemia
CD3γ, CD3ε, T cell deficiency
Lck SCID
Zap70 CD8+ T cell deficiency
CD45 SCID
WASP WAS

Accessory and adhesion molecules CD18 (β2 integrin) LAD I
GDP-fucose transporter LAD II
SH2D1A XLP

Metabolic ADA SCID
PNP CID



Lack of γc or Jak3 interferes with signaling by not only
IL-7 and IL-15 but also IL-2, a cytokine that acts in vivo
to constrain lymphoid growth by promoting activation-
induced cell death and maintaining peripheral toler-
ance. These effects are best illustrated in humans and
mice with a lymphoproliferative disease resulting from
mutations in the IL-2Rα and IL-2Rβ subunits (12).
Recently, we described a SCID kindred with mutations
in JAK3. One child in this family developed severe lym-
phoproliferative disease, but curiously, a sibling was
clinically nearly normal but had lymphopenia with
oligoclonal T cell expansion and increased numbers of
activated and memory T cells. These cells also had poor
expression of the proapoptotic molecule Fas ligand,
which is typically upregulated by IL-2. Indeed, the T
cells that develop in γc- and Jak3-deficient mice and
humans often express activation markers (13).

Thus, a feature of JAK3 deficiency appears to be
impaired lymphoid homeostasis, further complicating
the clinical phenotype. This disorder can range from
pure immunodeficiency to a mixed picture with varying
degrees of autoimmunity and immunodeficiency and,
in some cases, minimal clinical consequences. Indeed, it
is becoming increasingly clear that T–B+ SCID repre-
sents just one extreme of a range of clinical presenta-
tions associated with Jak3 and γc mutations. There are
other examples of syndromes with a mixed picture of
autoimmune and immunodeficiency disease — immune
dysregulation polyendocrinopathy X-link and syn-
drome (IPEX) and autoimmune polyendocrinopa-
thy–candidiasis–ectodermal dystrophy (APECED) being

examples. The former is due to mutations of the FOXP3
gene, which encodes a putative winged-helix/forkhead
transcription factor and is thought to serve as a tran-
scriptional repressor of cytokine genes (14). APECED is
associated with mutations of the AIRE (autoimmune
regulator) gene, which is also thought to be a transcrip-
tional regulator (15, 16).

IL-12 and IFN-γ: cytokines that regulate Th1
differentiation and cell-mediated immunity
After development in the thymus, naive CD4+ cells dif-
ferentiate to Th1 cells that produce IFN-γ, a cytokine
that promotes cell-mediated immunity; IFN-γ activates
the transcription factor Stat1 (signal transducer and
activator of transcription-1). One cytokine that regu-
lates this process, IL-12, is composed of two subunits,
IL-12p40 and IL-12p35. Its receptor is also a het-
erodimer, consisting of IL-12Rβ1 and IL-12Rβ2.
Patients with mutations in the genes for either IFN-γ
receptor subunit (IFNGR1 or IFNGR2), or for STAT1,
IL-12p40, or IL-12Rβ1, present with atypical mycobac-
terial and Salmonella infections (17, 18). Mice with
IFN-γ, IFN-γR, and Stat1 deficiencies show increased
incidence of tumors, but whether human mutations of
these constituents are associated with increased risk of
cancer remains to be determined.

The TNF and TNF receptor superfamilies
Another large family of cytokine receptors, with more
than 20 members that bind both soluble and cell-
bound ligands, is the TNF superfamily. Mutation of
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Figure 1
Schematic representation of lymphoid development and genetic lesions leading to immunodeficiency.



TNF receptor I (TNFRI or TNFSFRIA) is associated
with a periodic fever and autoinflammatory disease
termed TNFR-associated periodic syndrome (TRAPS)
(19). TRAPS is one of a group of heritable periodic
fever syndromes that also includes familial Mediter-
ranean fever, Muckle-Wells syndrome, and hyper-IgD
syndrome (20). Another receptor/ligand pair in the
TNFR family is Fas/FasL, which regulates lymphocyte
apoptosis through the activation of intracellular cas-
pases. Deficiency of Fas and FasL was first identified
in mice, where their essential proapoptotic functions
are evident. Later, humans with mutations of FAS and
CASP10 (which encodes another proptotic molecule,
caspase-10) were identified (21–23); these patients
have autoimmune lymphoproliferative disorder and
are at increased risk of developing lymphomas. In
terms of immunodeficiency, the TNF-family recep-
tor/ligand pair that is most relevant and best charac-
terized is CD40/CD40L (CD154).

CD40/CD40L and hyper-IgM syndrome
CD40L (CD154 or TNFSF5) is expressed on activated
CD4+ T cells, whereas its counter-receptor, CD40, is
widely expressed on B cells, macrophages, dendritic
cells (DCs), and other cells. Maturation of antibody
responses occurs in the germinal centers (GCs) and

involves the mechanisms of somatic hypermutation
(SHM) and class switch recombination (CSR).
Through SHM, B cells modify their rearranged Ig
genes, generating diversity and high-affinity antibod-
ies. With CSR, B lymphocytes modify their Ig constant
region and produce antibodies with distinct biological
properties. The cognate interaction between CD40 lig-
and (CD40L), expressed by activated CD4+ T cells, and
CD40 on B lymphocytes provides a key signal. This is
disrupted in patients with CD40L or CD40 mutations,
who suffer from X-linked immunodeficiency with
hyper-IgM (HIGM1) and autosomal-recessive hyper-
IgM, respectively (24, 25). HIGM1 is characterized by a
lack of GCs and impaired CSR due to lack of T cell
stimulation. The finding that SHM occurs normally in
affected individuals suggests that SHM is not strictly
dependent on CD40L-CD40 interaction and may occur
outside of the GCs. Unlike HIGM1, CSR is precluded
in CD40-deficient patients due to an intrinsic B cell
defect. The concerted action of genes expressed by T
and B lymphocytes and follicular DCs oversees the GC
reaction, thus exposing terminal B cell differentiation
to the consequences of inherited gene mutations.

Signaling through CD40 involves activation of TNF
receptor associated factor 6 (TRAF6), activation of the
inhibitor of κB kinase (IKK) complex, and induction
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Figure 2
The development of lymphoid cells is dependent upon the expression and signaling by cytokine receptors, antigen receptors, and adhesion/accessory mol-
ecules. Mutations of many different genes can interfere with proper lymphoid development and function and, consequently, can lead to immunodeficiency.



of NF-κB. Mutations of the γ chain of the IKK complex
(also known as NF-κB essential modulator, or NEMO)
have been shown to impair NF-κB signaling (26, 27).
Affected patients suffer from immune deficiency with
hyper-IgM Ig profile due to impaired CSR and hypo-
hidrotic ectodermal dysplasia.

Another form of autosomal-recessive hyper-IgM
(HIGM2) has been recently described in patients with
mutations of activation-induced cytidine deaminase
(AID), a novel enzyme that likely plays a main role in
the control of both CSR and SHM (28). AID is selec-
tively expressed in the GC and can be induced in B
cells following stimulation with LPS or CD40L and
appropriate cytokines. AID-deficient patients show
recurrent infections and enlarged GCs in lymph
nodes and tonsils containing abundant proliferating
IgM+ IgD+ CD38+ GC founder B cells.

Antigen receptors and receptor-mediated signaling
It is important to emphasize that in addition to
cytokine signals, signals provided by antigen receptors
represent a key event that allows lymphoid differentia-
tion to proceed to the production of mature T and B
lymphocytes. Accordingly, deficiencies of components
of T and B cell antigen receptors can result in failure to
develop these subsets. Multiple types of mutations can
interfere with antigen receptor signaling, ranging from
impairment antigen presentation and defects in the
assembly of the antigen receptor complex to deficiency
of signaling molecules.

Defective MHC class I and class II presentation
Most T cells require antigen to be presented by MHC
molecules, class I for CD8+ cells and class II for CD4+

cells. Mutation of TAP1 or TAP2 impairs expression of
HLA class I molecules on the cell surface; as predicted,
this interferes with the development of CD8+ but not
CD4+ T cells. Patients with TAP deficiency suffer from
recurrent infections and deep skin ulcers. A variety of
transcription factors, including RFXAP, CIITA, RFX5,
and RFXANK, control MHC class II expression, and
mutation of any these leads to combined immunode-
ficiency. Recently a missense mutation of CIITA was
identified in three sisters, one of whom was asympto-
matic despite a profound reduction in class II expres-
sion (29), a finding that underscores once again the
heterogeneity that can be seen in patients with primary
immunodeficiencies.

Defects of V(D)J recombination and DNA repair
Lymphoid antigen receptors comprise invariant sub-
units associated with gene products generated by the
rearrangement of single variable (V), diversity (D), and
joining (J) elements with constant region genes. The
invariant subunits are important for signal transduc-
tion, whereas the rearranged subunits are responsible
for antigen recognition; both, however, are required
for lymphoid development. A series of proteins encod-
ed by lymphoid-restricted recombinase-activating
genes 1 and 2 (RAG1 and RAG2) or ubiquitously
expressed genes (DNA-PKcs, Ku70, Ku80, XRCC4, and

DNA ligase IV) mediate the recombination process.
Inactivation of any of these gene products results in a
block in T and B cell development and profound
immune deficiency. In particular, disruption of either
Rag1 or Rag2 in mice and humans causes SCID with a
virtual lack of circulating mature T and B lymphocytes
(T–B– SCID) (30). Interestingly, mutations that impair
but do not abrogate RAG1 and RAG2 protein expres-
sion and function result in a distinct human pheno-
type (Omenn syndrome), characterized by a lack of cir-
culating B cells, with presence of a substantial number
of oligoclonal, activated, and poorly functioning T
lymphocytes, mimicking graft-versus-host disease
(31). In addition, background genetic or perhaps envi-
ronmental factors also seem to play a role in deter-
mining the clinical phenotype of RAG mutations, as
T–B– SCID, Omenn syndrome, and atypical forms of
SCID may coexist within the same family, or in dis-
tinct families with the same mutation.

Additionally, a newly identified player, ARTEMIS,
which complexes with DNA-PKcs and is thought to
provide hairpin-opening activity in V(D)J recombina-
tion, has been recently linked to the clinical subgroup
of patients with T–B– SCID associated with increased
radiosensitivity (32, 33). Interestingly, ARTEMIS maps
at 10p, in a region where the locus for a similar SCID
condition found in Athabascan-speaking Native Amer-
icans had been mapped. Whether defects in the
ARTEMIS gene account for all cases of radiation-sensi-
tive T–B– SCID in humans, and whether mutations that
allow residual expression of the ARTEMIS protein
result in a milder phenotype, remain to be established.

Although disruption of genes for DNA-PKcs, Ku70,
Ku80, or XRCC4 has been shown to cause SCID in
mice, mutations of the corresponding human genes
have not been identified thus far. However, DNA ligase
IV, which functions in DNA nonhomologous end-join-
ing and V(D)J recombination, was recently demon-
strated to be mutated in patients with features of
immunodeficiency and developmental delay (34), a
syndrome resembling that of the DNA damage
response disorder Nijmegen breakage syndrome.
Another related disorder, ataxia-telangiectasia (AT), is
an autosomal-recessive condition characterized by cere-
bellar ataxia and progressive neuromotor disability
associated with oculo-cutaneous telangiectasia,
immunodeficiency of variable degree with absence or
degeneration of the thymus, and high predisposition
to lymphoid malignancies. AT is also associated with
chromosomal instability and increased sensitivity to
ionizing radiation. The gene responsible for AT is des-
ignated ATM; the predicted ATM protein has homolo-
gy to mammalian phosphatidylinositol 3′-kinase and
DNA-dependent protein kinase (35, 36).

Mutations of invariant chains 
and signaling molecules
Both T and B cell antigen receptors employ invariant
chains to initiate signal transduction. For the T cell
receptor (TCR), CD3 proteins and TCRζ serve this
function; mutations of CD3γ and CD3ε have been
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identified. Similarly, the invariant chains for the B cell
receptor (BCR) are Igα (CD79a) and Igβ (CD79b), and
mutation of the former has been found in some
patients with agammaglobulinemia. These invariant
chains are phosphorylated in response to receptor
cross-linking on tyrosine residue motifs termed
ITAMs (immunoreceptor-based tyrosine activation
motif). In T cells, this is mediated by the protein tyro-
sine kinase (PTK) Lck, and phosphorylation of the
receptor allows recruitment of a second kinase,
Zap70; deficiency of both Lck and Zap70 is also asso-
ciated with SCID (37, 38). Zap70 deficiency is charac-
teristic in that CD4+ T cells are produced but CD8+ T
cells are absent. The tyrosine phosphatase CD45 is
also a key regulator of TCR signaling. Mutation of it
was recently demonstrated, and this leads to T–B+

SCID in humans (39).
Bruton’s tyrosine kinase (BTK), a key PTK

expressed in B cells, is mutated in X-linked agamma-
globulinemia (XLA), a severe immunodeficiency that
affects approximately 1 in 50,000 male live births
(40). Typically, XLA patients manifest a block in B
cell development at the pre-B cell stage and do not
produce Ig’s. However, the clinical presentations
associated with BTK mutations are quite heteroge-
neous. A considerable number of patients have a
milder disorder in which B cells develop and variable
amounts of Ig’s are produced. Here again, there is no
clear genotype-phenotype correlation, and a range of
clinical phenotypes can be found within a given fam-
ily. Roughly 10% of patients with agammaglobuline-
mia do not have mutations of BTK. Such patients
may have mutations in the autosomal genes for Ig
chains, such as the µ heavy chain or a surrogate light
chain gene (λ5). Still others carry mutations in
BLNK, an adapter molecule that contributes to BCR
signaling and is required for the development of pro-
B to pre-B cells (41).

Another X-linked disorder, Wiskott-Aldrich syn-
drome (WAS), is characterized by thrombocytopenia
with small-sized platelets, eczema, and immune defi-
ciency, leading to increased susceptibility to infection
from all classes of pathogens and high susceptibility
to lymphoid cancer. The disease gene was discovered
by positional cloning (42) and encodes the WAS pro-
tein (WASP), which is expressed in all nonerythroid
hematopoietic cells. Together with N-WASP and
WAVE, WASP is a member of a family of human pro-
teins responsible for the transduction of signals from
the cell membrane to the actin cytoskeleton. WASP
interactions with Rho family GTPases and the
Arp2/3 complex are critical for this function and
affected by WASP mutations, which provide an expla-
nation for several of the biological defects character-
istic of WAS hematopoietic cells, including abnormal
signaling, polarization, migration, and phagocytosis
(reviewed in ref. 43). Intramolecular interactions
maintain WASP in an autoinhibited status that is
relieved by binding of Cdc42 to the WASP GTPase-
binding domain. This event releases the C-terminal
region of the protein and enables its interaction 

with the Arp2/3 complex, thus resulting in localized 
polymerization of new actin filaments (44). Interest-
ingly, recent findings have shown that mutations of
WASP disrupting the autoinhibitory domain do not
result in the WAS phenotype, but in an X-linked
severe congenital neutropenia (45).

Accessory and adhesion molecules
In addition to antigen receptors, lymphocytes have an
array of accessory and adhesion molecules that are
important for providing costimulatory signals for T
cell activation. Some adhesion molecules are also
important for the function of phagocytic cells. Muta-
tions of CD18, a β2 integrin, have long been known to
result in the disorder leukocyte adhesion deficiency
(LAD I). Additionally, a second form of leukocyte
adhesion deficiency (LAD II) is caused by deficient
expression of sialyl Lewis X determinants, the neu-
trophil ligands for E- and P-selectins. Patients affect-
ed by LAD II present with less severe infections than
LAD I patients, along with developmental abnormal-
ities, short stature, and mental retardation. The trans-
port of GDP-fucose into isolated Golgi vesicles of
LAD II cells is reduced in patient cells, and a point
mutation in a GDP-fucose transporter has been
recently demonstrated to be responsible for the dis-
ease in one patient (46, 47).

The disorder X-linked lymphoproliferative disease
is characterized by fatal Epstein-Barr virus (EBV)
infection, lymphomas, immunodeficiency, aplastic
anemia, and lymphohistiocytic disorders. It appears
to result from the failure to control the proliferation
of cytotoxic T cells following EBV infection; as such,
it may be considered both an autoimmune and an
immunodeficiency disease. The gene underlying 
X-linked lymphoproliferative syndrome, SH2D1A
(SH2 domain–containing gene 1A), which is ex-
pressed in T and NK cells (48), encodes a small
adapter protein with a single SH2 domain. SH2D1A
binds SLAM (CD150), 2B4 (CD244), and perhaps
other lymphoid receptors. The ligand for CD244 is
CD48, which is upregulated with EBV infection.
Whether SH2D1A is a positive or a negative regulator
of signaling is still unclear, and the pathogenesis of this
disorder is still incompletely understood. The disease
has some features similar to familial hemophagocytic
lymphohistiocytosis, which results from mutations of
the gene encoding perforin (49), and Griscelli syn-
drome, which is due to RAB27A and MYO5A mutations
that interfere with granule exocytosis (50, 51).

Metabolic defects
Genetic deficiency of adenosine deaminase (ADA)
results in a clinical spectrum of immunodeficiency
that ranges from infants with classical SCID to adult-
onset presentation with milder combined immunod-
eficiency (CID) phenotype (reviewed in refs. 52, 53).
The molecular basis of ADA deficiency has been
known for three decades; however, important biolog-
ical and clinical challenges still exist that make inves-
tigation of this disease current and attractive. The
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pathogenic mechanisms responsible for immunode-
ficiency in ADA deficiency remain uncertain. In the
purine salvage pathway, ADA catalyzes the deamina-
tion of adenosine (Ado) and deoxyadenosine (dAdo)
to inosine and deoxyinosine, respectively. In the
absence of the enzyme, accumulation of dAdo results
in a massive increase of dATP levels in the patients’
red blood cells and lymphocytes. High concentra-
tions of dAdo and dATP have profound metabolic
consequences, including chromosome breakage, acti-
vation of apoptosis, inhibition of methylation reac-
tions and DNA synthesis, and activation of ATP
catabolism, all of which are thought to mediate lym-
photoxicity and account for the severe depletion of
both T and B lymphocytes in affected patients (T–B–

SCID). Recent studies in ADA knockout mice have
shown abundant T cell apoptosis in the thymus (but
not in the spleen and lymph nodes), accompanied by
reduction of tyrosine phosphorylation of TCR-asso-
ciated signaling molecules and block of TCR-medi-
ated calcium flux. These findings suggest that, in
addition to the direct apoptotic effects of dAdo and
dATP, blocks in TCR-driven thymocyte maturation
may play a role in the T cell depletion observed in
ADA deficiency.

Spontaneous revertants and gene therapy
Primary immunodeficiencies fully fit Lord Garrod’s
1924 definition of “Experiments of Nature” and have
recently provided fascinating examples of Nature’s
attempts to correct its own missteps. Reversion of
mutations to normal sequence has in fact been
demonstrated in a series of immunodeficient
patients with mild phenotype or progressive
improvement of their clinical presentation. In vivo
reversion to normal of an inherited mutation has
been described in an ADA-deficient child with pro-
gressive clinical improvement and unusually mild
biochemical and immunologic phenotype (54). A sec-
ond case of in vivo reversion in ADA deficiency was
recently identified in a subject with a relatively mild
biochemical and immunological phenotype, who had
acquired a deletion that abrogated the deleterious
effects of the original mutation (55).

A reversion of a point mutation to normal sequence
was also demonstrated in a boy with an attenuated
form of SCIDX1 (56). In this case, the reversion appears
to have occurred in a committed T cell progenitor, as
the patient presented with low-to-normal numbers of
circulating T cells expressing the normal γc molecule,
in contrast to B lymphocytes, monocytes, and granu-
locytes, which all carried the original point mutation
and had no detectable γc expression.

Somatic mosaicism sustained by true back muta-
tions in T lymphocytes has also been described in two
patients affected with WAS (57, 58). In both cases,
WASP-positive and WASP-negative circulating T lym-
phocytes coexisted, but no revertants could be detect-
ed among other lymphoid or myeloid populations. In
one case, the proband’s condition ameliorated. This
individual’s peripheral T cells were largely of the

revertant genotype, suggesting that the reversion
event had resulted in clinical improvement, although
this was ascertained retrospectively.

The observation of these immunodeficient patients
with attenuated phenotype and carrying reversions of
their original mutation adds a level of complexity to
the clinical interpretation of primary immunodefi-
ciencies as it broadens the spectrum of possible pres-
entation. Whenever normal cells enjoy a selective
advantage over cells with a mutant phenotype, rever-
sions to the wild type can lead to substantial somatic
mosaicism and relatively mild symptoms — a possibil-
ity that should be considered each time we are con-
fronted with atypical presentations of known immun-
odeficiency syndromes.

Such in vivo reversions can be considered as spon-
taneous forms of gene therapy and can provide
important information as to the legitimate chances of
success of genetic correction strategies for immunod-
eficiency. In particular, the above-described case of
somatic mosaicism due to reversion of γc mutation
had suggested that gene therapy should be an effi-
cient form of treatment for SCIDX1, a prediction that
was recently confirmed by the results of a successful
clinical trial (59). In this recent report, Cavazzana-
Calvo and coworkers reported on the results from five
patients treated with autologous CD34+ bone marrow
cells in which the cDNA encoding for human γc had
been transferred using a retroviral vector. This proce-
dure resulted in the appearance of normal numbers of
circulating T lymphocytes expressing γc in four out of
five patients. These T lymphocytes were polyclonal
and functionally competent, as demonstrated by nor-
mal responses to stimulation with mitogens and spe-
cific antigens. In addition, despite the fact that less
than 1% of the patients’ B cells became γc-positive, the
first two treated patients developed specific antibody
responses to tetanus and diphtheria toxins, as well as
polioviruses. Not surprisingly, based on the predicted
lack of selective advantage in myeloid lineages, only
0.01–1% of the patients’ monocytes and granulocytes
showed evidence of genetic correction. The observa-
tion of adequate humoral immune responses in the
presence of very low numbers of gene-corrected B lym-
phocytes may indicate that the humoral immunode-
ficiency observed in untreated SCIDX1 patients is due
mostly to lack of T cell helper function and less to
intrinsic deficiencies of their B lymphocytes.

These results are regarded as sensational, especially
when compared with previous outcomes of hematopoi-
etic stem gene therapy for such other immunodeficien-
cy diseases as ADA deficiency (60, 61), chronic granulo-
matous disease (62), and LAD I (63), which failed to
demonstrate clear clinical benefit. There is now high
hope that the application of the same technical progress
— including the use of fibronectin cell culture support,
novel cytokines, and modern vector design — will lead
to similar successes in gene therapy for other immun-
odeficiencies. Indeed, novel gene therapy approaches for
ADA deficiency have generated promising preliminary
results (A.S. Aiuti, personal communication).
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Conclusions
In this review, we have tried to emphasize several
themes. First, since most genes that regulate immune
responses are not essential for normal organogenesis
and development, mutations of numerous compo-
nents can be found in the population. Many more
such mutations are likely to be found affecting innate
and adaptive immune response. It would not be sur-
prising at all if the present number of seventy-odd
immunodeficiency-related genes doubled in the next
few years. Mutations in other TNF receptors, Toll
receptors, and the numerous chemokine receptors
may well be found. It is intriguing to speculate how
such mutations might present in humans.

Our second point is that the clinical phenotype asso-
ciated with these mutations is amazingly unpre-
dictable. While knockout mice have been useful in pro-
viding clues to the importance of a given gene, the
clinical significance of the corresponding human
mutations vary even within a single family. Thus, more
than one gene can cause similar immunodeficiency,
and a single gene can have rather variable clinical pres-
entation. Given the surprisingly atypical presentations
associated with these disorders, mutations may be far
more common than we think. Improvements in
sequencing technology will permit easier and more
rapid analysis of larger numbers of patients. It will be
of great interest to determine just how frequent muta-
tions and polymorphisms are. It will be important as
well to try to determine what modifier genes influence
the severity of primary immunodeficiencies.

Third, immunodeficiency and autoimmunity are not
the opposites that one might think them to be a priori;
indeed, mixed pictures of autoimmunity and immun-
odeficiency are quite common. The more we learn
about the immune system, the more apparent are the
complex functions of many of its components, which
often play both positive and negative roles. IL-2 is an
outstanding example, but TNF and other cytokines can
also be proinflammatory and immunosuppressive in
different contexts. Consequently, it is not surprising
that primary immunodeficiency and autoimmunity
can go hand in hand. The common autoimmune dis-
eases are not simple mendelian disorders but rather are
polygenic. It is tempting to speculate that we will ulti-
mately recognize a continuum of diseases that encom-
passes primary immunodeficiencies, autoimmune dis-
orders, and autoinflammatory disorders, which might
share subsets of genetic lesions.

Primary immunodeficiency diseases have played a
main role in the development of novel therapeutic strate-
gies. In 1968, SCIDX1 was the first disease to be cured by
bone marrow transplantation (64), and in 2000 the same
disease was the first true success of gene therapy. It is
foreseeable that gene therapy will soon achieve further
therapeutic successes in those immunodeficiencies
where corrected cells have a strong selective advantage
over unmodified populations. On the other hand, gene
therapy involving molecules not providing such selective
advantage will certainly be more challenging and will
require more efficient targeting systems.
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