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NATURAL KILLER CELLS

(NK cells). Lymphocytes that
confer innate immunity. They
were originally defined on the
basis of their cytolytic activity
against tumour targets, but it is
now recognized that they have a
broader role in host defence
against invading pathogens.

XSCID

X-linked severe combined
immunodeficiency disease.
This is a profound
immunodeficiency that
accounts for approximately half
of the cases of SCID. It is
characterized by an absence of
T cells and natural killer cells.
B cells are normal in number
but are non-functional.
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Severe combined immunodeficiency disease (SCID) refers to a spectrum of inherited
immunodeficiencies that together represent the most severe forms of primary
immunodeficiency in humans. Recent work has shown that many of these diseases, as well

as other forms of immunodeficiency, result from defects in cytokine signalling pathways.

Such defects can prevent normal development of lymphoid lineages and/or compromise
cytokine signalling by these cells. These natural ‘experiments’ in human genetics have shown
the non-redundant role for several cytokines or cytokine signalling molecules. Moreover,

a comparison of the phenotypes of humans with SCID to analogous mouse-knockout models
has shown not only expected similarities, but also unexpected differences in cytokine signalling

between humans and mice.

Severe combined immunodeficiency diseases (SCIDs)
represent a spectrum of illnesses with similar clinical
manifestations', which can be subdivided into several
categories on the basis of the presence or absence of
T cells, B cells and naturarL kiLLer (NK) cells. These are
relatively rare diseases, collectively occurring in ~1 in
80,000 live births'*. Affected individuals have defects
in both T- and B-cell function. Without effective
treatment, patients typically die of opportunistic
infections before 1 year of age. Fortunately, SCID
can be cured by bone marrow transplantation in
most instances’. In addition, there is active work
on the development of gene therapy, particularly
for the most common form of SCID, X-linked
SCID (xscip)>~.

In 1993, it was shown that XSCID results from
mutations in the COMMON CYTOKINE RECEPTOR y-CHAIN, Y.
(REE.8). This observation immediately established that
defective cytokine signalling was the underlying cause of
many cases of human SCID. Here, I review the forms
of SCID that result from defects in cytokine signalling,
as well as the cytokines and relevant signalling pathways
that are affected. In addition, several other forms of
immunodeficiency that result from defective cytokine
signalling will be discussed.

X-linked SCID

As mentioned above, XSCID is the most common form
of SCID, accounting for approximately half of all
cases'*. XSCID, formally designated as SCIDX1, is gen-
erally known to the lay public as the ‘Bubble Boy
Disease’, named after a boy who lived in a protective
sterile ‘bubble’ for more than a decade before his death
after an unsuccessful bone marrow transplant. XSCID is
the main form of T-B*NK- SCID, in which T cells and
NK cells are absent or profoundly diminished in num-
ber, whereas B-cell number is normal. However, consis-
tent with this being a ‘combined’ immunodeficiency, the
B cells do not function; presumably this is owing, in
part, to the lack of T-cell help combined with an intrinsic
defect in B-cell signalling.

Many investigations were carried out to identify the
genetic cause of XSCID, and the gene was mapped to
Xq13 (REFS 9,10). Eventually, the genetic basis was identi-
fied, not by positional cloning, but by studies on the
interleukin-2 receptor (IL-2R)®. One component of this
receptor, a protein that was originally designated as the
IL-2Ry chain, was cloned", and its gene was found to be
located on chromosome Xq13, at or near the SCIDX1
locus®. It was then shown that patients with XSCID had
mutations in the gene that encodes IL-2Ry (the gene
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COMMON CYTOKINE
RECEPTOR y-CHAIN

(v.)- A type I cytokine receptor

chain that is shared by the
receptors for interleukin
(IL)-2,1L-4,1L-7,IL-9,
IL-15and IL-21.

JAK
Janus-activated kinase. There
are four JAKs — JAK1, JAK2,
JAK3 and TYK2 — which are
activated by cytokines and
interferons, inducing the
phosphorylation of the
cytokine/interferon receptors
and other cellular substrates,
including STAT proteins.
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designation is IL2RG), establishing the basis for the dis-
ease®. However, this discovery presented researchers
with a major dilemma, as mice'? and humans'*'* that
lack IL-2 expression had normal T-cell and NK-cell
development. Because the clinical/immunological
deficits that result from a defect in the cytokine (IL-2)
were less severe than those that result from mutation in
a component of the cytokine receptor (IL-2Ry), it was
proposed that the y-chain must be part of additional
cytokine receptors®. Indeed, it was subsequently shown
that the y-chain was also a component of the receptors
for IL-4 (REFS 15,16), IL-7 (REFS 17,18), IL-9 (REFS 19,20),
IL-15 (REF.21) and IL-21 (REE. 22) (FIG. 1), consistent with
its current name y , for the common cytokine receptor
y-chain®.

Cytokine signalling

To understand the basis for the defects in XSCID, it is
important that several aspects of cytokine signalling are
introduced. Cytokines are broadly defined as molecules
that are made by one cell and act on another?. Two
main classes of cytokines, type I and type II, have been
defined (see BOX 1 and TABLE 1),
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Figure 1 | Actions of cytokines whose receptors share Y. Mutation of the common
cytokine receptor y-chain (y ) results in X-linked severe combined immunodeficiency disease
(XSCID). v, is a component of the receptors (R) for interleukin (IL)-2, IL-4, IL-7, IL-9, IL-15 and
IL-21. It is conceivable that additional cytokine receptors might also share y,, as indicated by
‘7. y, can be individually targeted to the cell membrane and can exist independently of
associated chains. y, can be recruited into different cytokine receptor complexes. If y_ is limiting,
it is conceivable that different cytokines might compete for a limited ‘resource’, whereas under
conditions in which v, is in excess, cells might be able to respond simultaneously to several
Y,-dependent cytokines. The main actions of each of the cytokines are shown — these are
potentially disrupted in patients with XSCID. NK, natural killer; T2, T helper 2.

A common feature of type I and type II cytokines is
that their receptors lack intrinsic tyrosine kinase activity
(with rare exceptions, such as stem-cell factor, a type I
cytokine whose receptor is c-kit) and that they signal, at
least in part, by the Janus-activated kinase (jak)/signal
transducer and activator of transcription (star) pathway.

The JAK/STAT pathway. The JAK/STAT pathway was
originally discovered in the context of interferons
(IFNs), but was subsequently also found to be broadly
used by type I cytokines®?#. JAKs are cytoplasmic tyro-
sine kinases that are either constitutively associated with
cytokine receptors or, in some instances, recruited to
receptors after ligand binding. In either case, stimula-
tion with the ligand results in the catalytic activation of
the receptor-associated JAKs. This activation results, in
turn, in the tyrosine phosphorylation of cellular sub-
strates, including the JAK-associated cytokine receptor
chains. Some of these phosphorylated tyrosines can
serve as docking sites for STAT proteins, which bind to
the phosphotyrosines by their SRC-homology 2 (SH2)
domains®?’. STAT proteins are also phosphorylated on
a conserved tyrosine residue, resulting in their dimeriza-
tion and acquisition of high-affinity DNA-binding
activity, which facilitates their action as nuclear tran-
scription factors (FIG.2). However, STAT proteins can
function as transcription factors even in the absence of
cytokine/IFN-mediated activation, participating in the
constitutive expression of some genes”. Along with
nuclear factor-kB (NF-xB)***!, nuclear factor of activated
T cells (NF-AT)?? and SMAD?*-related pathways, the
JAK/STAT pathway serves as one of the most rapid cyto-
plasmic-to-nuclear signalling mechanisms*~*’. The JAK
and STAT proteins that are activated by the various
cytokines and IFNs are summarized in TABLE 1.

There are a total of four JAK (JAK1-3 and tyrosine
kinase 2; TYK2) and seven STAT proteins (STAT1-4,
STATS5A, STAT5B and STAT6)*-%". JAKs are relatively
large cytoplasmic kinases (see BOX 2 for structural
details) ~1,100 amino acids in length, and range in size
from ~116 kDa to 140 kDa. Whereas JAK1, JAK2 and
TYK?2 are ubiquitously expressed, expression of JAK3 is
inducible and restricted to haematopoietic cells**.

Several negative regulators of STAT proteins have
been described. For example, a set of proteins variably
known as CIS (cytokine-inducible SH2-containing pro-
tein), SOCS (suppressor of cytokine signalling) and SSI
(STAT-induced STAT inhibitor)-family proteins can
negatively regulate JAK/STAT signalling. CIS, the first
such protein to be identified, can negatively regulate sig-
nalling in response to IL-2, IL-3 and erythropoietin, and
can bind to receptors. Some other members of the family,
such as SOCS1, SSI-1 and JAB (JAK-binding protein),
directly bind to and negatively regulate JAKs*7.

JAKS3-deficient SCID

As summarized in TABLE 1, all six y -dependent cytokines
(IL-2,1L-4,1IL-7,IL-9,IL-15 and IL-21) can activate
both JAK1 and JAK3 (REFS 19,34,35). Although many
other cytokines can also activate JAK1, the y -dependent
cytokines are the only ones that activate JAK3.
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Box 1 | Type I and type Il cytokines

Short-chain cytokine

Type | cytokines

Long-chain cytokine

The type I/type II cytokine classification relates to the three-dimensional structure
formed by these proteins. Type I cytokines have a four a-helical bundle structure,
with an ‘up-up-down-down’ configuration®*!°%1%%, These cytokines can be further

divided into short-chain and long-chain four a-helical bundle cytokines

24,93,94 on

the basis of the length of the a-helices as well as some other structural/topological
considerations (see figure)?*1°>1%, In the short-chain cytokines, the helices are
typically ~15 amino acids in length versus 25 amino acids for the long-chain
cytokines. In the short-chain cytokines, the AB loop is ‘under’ the CD loop, whereas
itis ‘over’ the CD loop in the long-chain cytokines. Another distinctive feature is
that only short-chain cytokines have (3-sheet structures within the AB and CD loops.
Interleukin (IL)-5 and macrophage colony-stimulating factor (M-CSF) are distinctive
in that they bind as dimers, whereas other type I cytokines bind as monomers.
IL-5 and M-CSF nevertheless differ from each other in that only IL-5 ‘exchanges’ helix
D so that each monomer contributes helix D to the other monomer.

Type II cytokines have different structures. For example, interferon (IFN)-f has an
extra helix in place of the CD strand'*, IFN-y binds as an a-dimer of six

helices/dimer'%®

,and IL-10 binds to its receptor as two sets of dimers, with each IL-10

domain consisting of six o-helices assembled from two intertwined peptide chains,
with helices A-D being derived from one chain, and helices E and F derived from

the twofold related chain'®.

STAT

Signal transducer and activator
of transcription. These are
proteins that are recruited to
cytokine and interferon
receptors following ligand
binding to the receptor. STAT
proteins are ‘activated’ by
tyrosine phosphorylation so
that they can form dimers and
translocate to the nucleus,
where they function as
transcription factors.

This y ~JAK3 connection was explained by the fact that
JAK3 directly associates with Yo and is therefore imme-
diately ‘downstream’ of y '***%. Accordingly, it was pro-
posed that mutations in JAK3 might cause a syndrome
that was clinically and immunologically indisting-
uishable from that found in patients with XSCID".
This, hypothesis was subsequently confirmed; JAK3-
deficient patients also have a T"B*NK- SCID pheno-
type*®#!. The principal difference between XSCID and
JAK3-deficient SCID is that the mode of inheritance in
the latter is autosomal recessive, which is consistent with
the location of JAK3 on human chromosome 19 (REF 42).
So, mutations in either y_or in JAK3 result in T-B*NK~
SCID. Numerous mutations in both XSCID and JAK3-
deficiency have been identified (see online links to the
X-Linked SCID Mutation Database and JAK3base). The
identification of several mutations in each protein has
provided insights into structure—function relationships;
for example, helping to define residues in y_that are

important for ligand binding and residues in JAK3 that
are important for catalytic activity. Corresponding to
the similarity in humans, mutations in either y_or JAK3,
the phenotypes of mice lacking 112rg**=*, Jak3 (REFs
46,47),or I12rgand Jak3 (REE 48) are also similar.

Given that patients with XSCID and JAK3-deficient
SCID have defects in both T-cell and NK-cell develop-
ment, it was important to determine the identity of the
cytokine(s), the simultaneous inactivation of which
would result in this phenotype. As noted above, the
absence of IL-2 signalling did not explain the lack of
development of these lineages. Patients with mutations
in the IL-7Ra chain were found to have a T"B*NK*
form of SCID¥, and mice that lack either IL-15 (REE 50)
or IL-15Ro’! were devoid of NK cells. So, the IL-7 and
IL-15 signalling pathways, respectively, seemed to be
essential for T-cell and NK-cell development. Consistent
with the importance of IL-15 for NK-cell development,
mice that lack expression of IL-2Rf, which is a com-
ponent of both the IL-2 and IL-15 receptors, also lack
NK cells®. However, these mice, which effectively repre-
sent an IL-2/IL-15 ‘double knockout, show substantial
T-cell development, indicating that IL-2 and IL-15, even
in combination, are not crucial for T-cell development.
So far, patients with mutations in IL-15, IL-15Ra or
IL-7 have not been identified. Regarding IL-4 and IL-9,
the phenotypes of mice that lack IL-4 (REE 53) or IL-9
(REE 54) indicate that these cytokines are not essential for
T-/NK-lineage development. However, II9 transgenic
mice develop thymic lymphomas™, which indicates the
presence of IL-9 receptors in the thymus and suggests
that IL-9 might contribute to T-cell development, albeit
in a redundant way.

The most notable immunological difference
between humans and mice with mutations iny_or JAK3
is within the B-cell compartment. Although humans
with XSCID and JAK3 deficiency develop T-B*NK-~
SCID, mice that lack expression of either y_or Jak3 have
aT-B"NK- phenotype. These findings underscore the
fact that y_and JAK3-dependent signalling are not
required for B-cell development in humans, whereas in
mice they are essential. This striking observation
extends to the IL-7 system, in which IL-7Rao.-deficient
patients have a normal B-cell number*’, whereas the
corresponding IL-7Ra knockout mice are essentially
devoid of B cells®. Therefore, IL-7 signalling is essential
for B-cell development in mice, but in humans it either
does not contribute or instead has a redundant role.

The in vivo role of JAKs and STATs

As we have discussed, there is compelling evidence for
the role of IL-7 and IL-15 signalling pathways in T-cell
and NK-cell development, respectively. Although y,
and JAK3 are known to be essential components of
these developmental pathways in humans, the role of
JAK1 and other downstream molecules is less clear.
SCID patients with defects in such molecules have not
been identified, but the generation and analysis of
knockout mice has provided valuable clues on the role
of Jakl and downstream signalling molecules (see
TABLES 2 and 3).

202 | DECEMBER 2001 | VOLUME 1

www.nature.com/reviews/immunol

#2 © 2001 Macmillan Magazines Ltd



REVIEWS

Table 1 | JAKs and STATs activated by type I and type Il cytokines

Cytokines Activated JAKs Activated STATs

Type I cytokines

Short-chain cytokines

Cytokines that share y,

IL-2, IL-7, IL-9, IL-15, IL-21 JAK1, JAK3 STAT5A, STAT5B, STAT3
IL-4 JAK1, JAK3 STAT6

IL-13* JAKT, JAK2, TYK2 STAT6

TSLP* None STAT5A, STAT5B
Cytokines that share

IL-3, IL-5, GM-CSF JAK2 STAT5A, STATEB

Other short-chain type | cytokines

M-CSF$ JAKT1, TYK2 STAT1, STAT3, STAT5A, STAT5B
SCFI STAT5A, STAT5B

Long-chain cytokines
Cytokines that share gp130

IL-6, IL-11, OSM, CNTF, LIF, CT-1 JAK1, JAK2, TYK2 STAT3

Other long-chain type | cytokines

IL-12 JAK2, TYK2 STAT4

Growth hormone JAK2 STAT5A, STATSB, STAT3
Prolactin, EPO, TPO JAK2 STAT5A, STATEB

Leptin JAK2 STAT3

G-CSF JAK1, JAK2, TYK2 STAT1, STATS, STAT5A,STAT5B
Type Il cytokines

IFN-o/f3 JAK1, TYK2 STAT1, STAT2, STAT4T
IFN-y JAKT, JAK2 STATA

IL-10 JAKIT, TYK2 STAT3

IL-20 ? STAT3

IL-22 ? STAT3

*IL-13 does not share vy, (common cytokine receptor y-chain), but is related to IL-4 and shares IL-4Ra.. *The thymic stromal
lymphopoietin (TSLP) receptor consists of TSLPR and IL-7Ra; it is closely related to IL-7, the receptor of which contains y, and

IL-7Ra. SMacrophage colony-stimulating factor (M-CSF) and llstem-cell factor (SCF) are unusual in that they are short-chain cytokines,
but their receptors contain intrinsic tyrosine kinase domains. Some y,-dependent cytokines also activate STAT1. 1STAT4 is activated by
IFN-ov in humans, but not in mice. f_, common cytokine receptor B-chain, which is shared by IL-3, IL-5 and granulocyte-M-CSF
receptors; EPO, erythropoietin; gp130, a signal-transducing molecule that is part of the receptors for IL-6, IL-11, oncostatin M (OSM),
CNTF (ciliary neurotrophic factor), LIF (leukaemia-inhibitory factor) and CT-1 (cardiotrophin 1); JAK, Janus-activated kinase; STAT, signal
transducer and activator of transcription; TPO, thrombopoietin; TYK2, tyrosine kinase 2.

Which JAK mutations result in SCID? Consistent with
the importance of JAKI for signalling in response to y -
dependent cytokines, type 1 and type 2 IFNs and
cytokines the receptors of which contain gp130 (IL-6,
IL-11, ciliary neurotrophic factor, oncostatin M,
leukaemia-inhibitory factor and cardiotrophin 1), Jak1
knockout mice show perinatal lethality (see TABLE2)".
Similar to Jak3, Jakl seems to be important for T-cell and
NK-cell development. However, mutations in Jak1 lead
to such a severe phenotype in mice that JAK1-deficient
humans would probably die, rather than merely mani-
fest SCID. JAK2 deficiency is even more severe, resulting
in fetal rather than perinatal lethality*®®. This primarily
results from the profound anaemia due to defective ery-
thropoietin signalling. In humans, the lack of JAK2
would be predicted to diminish signalling by IFN-y and
other cytokines, but such immunological defects are
unlikely to develop given the prenatal lethality. The phe-
notype of humans with JAK3-deficient SCID***! is large-
ly recapitulated in Jak3-deficient mice***’, which have a
very small thymus and absent NK cells. Consistent with
the activation of Tyk2 by IFN-o/f and IL-12, signalling
in response to these cytokines is diminished, albeit not
abrogated, in Tyk2-deficient mice®*®'. Unexpectedly, it is

primarily Stat3 activation that is affected, even though
IFN-a/f primarily activate Stat] and Stat2, and IL-12
primarily activates Stat4. Moreover, signalling by IFN-y is
also diminished in these animals. So, although Tyk2 was
found to be essential for certain responses, such as
the ability to clear vaccinia virus, it is possible that
other JAKSs can serve a partially redundant function to
compensate for the absence of Tyk2.

Given the phenotypes of the various Jak knockout
mice, it seems unlikely that mutations in JAK1, JAK2
or TYK2 will result in SCID in humans — the former
two because the mutations would probably be too
severe; the latter one because it would not be severe
enough. However, it is conceivable that certain muta-
tions in JAK1 might selectively interfere with the ability
of JAK1 to be recruited to IL-7R, but not to other
cytokine receptors. If such a mutant JAK1 existed,
it could cause a selective T-cell defect that might
mimic an IL-7Ra-deficient T-B*NK* form of SCID.

Role of molecules downstream of JAKs

As noted above, STAT proteins are activated by the JAKs
after stimulation with appropriate cytokines. Mice defi-
cient in Statl, Stat2, Stat4 or Stat6 show phenotypes that
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correspond with selective inactivation of specific
cytokine pathways (TABLE 3). Although Stat1 is activated
in cell lines by many different cytokines, including IL-6-
family cytokines, IL-10, and epidermal growth factor,
the defects in Stat1-deficient mice can be explained by
defective signalling in response to IFN-o/f3 and IFN-
y626%, This indicates that the Stat1 activation by other
cytokines might not be essential in vivo. A naturally
occurring STAT1 mutation was found in two individu-
als that showed increased susceptibility to mycobacteri-
al, but not viral, disease (see below)%. The defects in
Stat2-deficient mice are related to defects in IFN-a/f3
signalling®, consistent with these being the only
cytokines that activate Stat2. Stat4 and Stat6 are activated
by IL-12 and IL-4/IL-13, respectively. Furthermore,

Accessory
transcription
factor

Gene

)
VP »
transcription
DNA

GAS motif Accessory N/ TATA [//
NGN_6as motit TN Accessen \JTATAYZN\

Figure 2 | Signalling by the JAK/STAT pathway for a typical type | cytokine. In this
schematic, the receptor is a three-subunit receptor (a, B and y); for example, interleukin (IL)-2
or IL-15. Many other cytokines have receptors that are homodimers or heterodimers. Binding
of the cytokine induces the activation of JAKs (Janus-activated kinases), which then can
phosphorylate cellular substrates, typically including at least one of the receptor chains.

This allows the recruitment of STAT (signal transducer and activator of transcription) proteins to
the phosphorylated receptor by their Src-homology 2 (SH2) domains, which, in turn, are also
phosphorylated. The STAT proteins can dimerize, translocate to the nucleus and bind DNA.
The TATA box allows the binding of basal transcription machinery by the transcription factor
TF-IID. The ‘accessory’ transcription factor is shown to indicate that STAT proteins do not
necessarily act alone, but that STAT-dependent responses can be differentially influenced by
other transcription factors. Shown are SOCS (suppressor of cytokine signalling) family proteins,
denoted as SOCS and CIS1 (cytokine-inducible SH2-containing protein 1), which can
negatively regulate JAK/STAT signalling. CIS1 is shown as bound to the receptor, inhibiting
STAT activation, and SOCS is shown as a JAK inhibitor*®3”. GAS motif, y-interferon activated
sequences (see BOX 2); P, phosphorylated tyrosine (Y).

&) Animated online

Stat4-deficient mice show defective T helper (T,)1
cell development®*’, whereas Stat6-deficient mice have
a defect in T2 cell differentiation’®®. On the basis of
these observations, although mutations in Statl, Stat2,
Stat4 or Stat6 in humans could result in immuno-
deficiency, it is unlikely to be a full SCID phenotype.

Stat3, Stat5a and Stat5b are activated by IL-2,IL-7,
IL-9 and IL-15, and therefore are candidate genes that,
when mutated, might result in a SCID phenotype.
However, consistent with the broad range of cytokines
that activate Stat3, Stat3 knockout mice show perinatal
lethality” (TABLE 3), making it unlikely that humans with
mutations in Stat3 will be identified.

Mice that lack Stat5a’!, Stat5b”? or both Stat5a and
Stat5b” have all been generated. Stat5a and Stat5b are
more than 90% identical at the amino-acid level™*7¢,
and the extent to which their actions are redundant ver-
sus distinctive has been the basis of considerable discus-
sion. On the basis of knockout models, there are both
overlapping and distinctive roles for these proteins
in vivo. However, it remains unclear whether these dif-
ferences are due to different specific actions or instead to
differences in the relative abundance of these proteins in
certain cell types.

Within the immune system, both Stat5a- and
Stat5b-deficient mice show defective IL-2-induced
IL-2Ra expression and defective IL-2-induced prolif-
eration in vitro’”’%, a finding now well understood in
view of the identification of two IL-2 response ele-
ments in the IL2RA gene”*. Moreover, in Stat5a-
deficient mice, there is a defect in vivo in the expansion
of VB8* T cells in response to superantigen’”’. The
Stat5b-deficient mice show a major defect in NK
cytolytic activity’®. Stat5a/Stat5b double-knockout
mice completely lack NK-cell development”, presum-
ably reflecting a crucial role for Stat5 proteins in IL-15
signalling, and show a greater defect in T-cell prolifera-
tion, which is associated with defective induction of
cyclin D2, cyclin D3 and cyclin-dependent kinase 6
(Cdko6) after stimulation with anti-CD3 (REE.82). It is
unclear whether the individual loss of STAT5A or
STAT5B would result in a SCID phenotype, but the
simultaneous deletion of both STAT5A and STAT5B
genes, which are tandem genes on human chromo-
some 17 (REE 76), would be more likely to be a cause of
SCID. However, such a mutation would be predicted
to cause severe anaemia, as has been observed in
Stat5a/Stat5b double-knockout mice®, so that affected
infants might have key problems beyond the immune
system. In addition to the lymphocyte-related effects
of Stat5a and Stat5Db, it has been shown in an antigen-
induced asthma model that these STAT proteins are
important for eosinophil recruitment into the lung®.

T-cell and NK-cell development in XSCID

As we have discussed, in XSCID and JAK3-deficient
SCID, defective IL-7Ra-dependent signalling accounts
for the disrupted T-cell development, whereas defective
IL-15-dependent signalling accounts for disrupted
NK-cell development. This is consistent with the find-
ing that mice® and humans® lacking IL-2Rf3, which is a
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Box 2 | Structural features of JAKs and STATs

The Janus-activated kinases (JAKs) are divided into JAK
homology (JH) regions (see figure). JH1 is the catalytic
true kinase domain, whereas JH2 is a pseudokinase domain.
The amino-terminal JH6 and JH7 regions are important
for the interaction of JAKs with cytokine receptors!*”!%,
Signal transducer and activator of transcription (STAT)
proteins contain several functional regions. At the
N-terminus, there is a region known as the N-domain,
which can mediate oligomerization of STAT proteins'®-',
This region forms a hook-like structure consisting of eight
a-helices. Within this region, a tryptophan residue that is
conserved in all STAT proteins is engaged in crucial polar
interactions between the interacting helices.
Oligomerization allows the dimerization of STAT
dimers to form STAT tetramers, which results in augmented
DNA-binding affinity and possibly provides greater
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target-sequence selectivity for different STAT proteins. This is followed by a coiled-coil domain, the DNA-binding domain, a linker region, the
Src-homology 2 (SH2) domain and a carboxy-terminal transactivation (TA) domain that contains a conserved tyrosine the phosphorylation of which
is important for STAT dimerization®*. STAT dimerization is mediated by a bivalent SH2—phosphotyrosine interaction between the SH2 domain of
one STAT monomer and the phosphotyrosine of a second STAT monomer. Most cytokines induce the formation of STAT homodimers or
heterodimers. These dimers bind to palindromic or semi-palindromic binding sites known as y-interferon activated-sequence (GAS) motifs
(TTCN3-4GAA)"2. Each STAT monomer is related to the other by a twofold axis of symmetry that passes through the centre of the DNA. The DNA-
binding domain contacts DNA in the major groove of DNA. IFN-a/3 are somewhat different in this regard: although they activate STAT1 and STAT2,
which can dimerize, these STAT1-STAT2 heterodimers only potently bind DNA when combined with a DNA-binding protein, p48, to form a complex
known as ISGF3 (REE 26). Instead of binding to GAS motifs, ISGF3 binds to motifs known as interferon-stimulated response-element (ISRE) motifs
(AGTTTNCNTTTCC)?*. The carboxy-terminal region also contains the transactivation domain that can interact with transcriptional co-activators
and that, in some STATS, such as STAT1, STAT3 and STAT4, contains a conserved serine the phosphorylation of which is required for maximal activity.

component of both the IL-2 and IL-15 receptors, show
defective NK-cell development. Our analysis of the
phenotypes of STAT-deficient mice strongly indicates
that the defect in NK-cell development and cytolytic
function can be further attributed to a defect in IL-15-
dependent Stat5a and Stat5b activation. One of the rel-
evant Stat5 target genes might be perforin, a gene the
expression of which is dependent on Stat5 due to the
presence of at least two independent Stat5-dependent

Table 2 | Mouse phenotypes that result from defective Jak expression

Jak
Jak1

Jak2

Jak3

Tyk2

Phenotype

Perinatal lethality; defective signal by gp130-dependent
cytokines (IL-6, IL-11, CNTF, OSM, LIF and CT-1); defective
signalling by vy,-dependent cytokines, including IL-2 and IL-7

Fetal lethality; profound anaemia due to defective
erythropoietin signalling

Defective signalling by IL-2, IL-4, IL-7, IL-9, IL-15 and
presumably IL-21; absent NK cells; greatly diminished T cells

in thymus and spleen, but increasing CD4* T cells with a
memory-activated phenotype that develop in an age-dependent
fashion; phenotype is indistinguishable from y_-deficient mice;
unlike humans with JAK3-deficient SCID***!, the Jak3-deficient
mice lack B cells, consistent with a defect in IL-7 signalling

Diminished, but not abrogated, signalling in response to
IFN-a/p and IL-12; unexpectedly, it is primarily Stat3

activation that is affected, even though IFN-a/f primarily
activate Stat1 and Stat2 and IL-12 primarily activates Stat4;
diminished IFN-y responses; defective clearing of vaccinia virus

References

57

58,59

46,47

60,61

CNTF, ciliary neurotrophic factor; CT-1, cardiotrophin 1; y_, common cytokine receptor y-chain;
IFN, interferon; IL, interleukin; Jak, Janus-activated kinase; LIF, leukaemia-inhibitory factor; NK,

natural killer; OSM, oncostatin M; SCID, severe combined immunodeficiency disease; STAT, signal

transducer and activator of transcription; Tyk2, tyrosine kinase 2.

response elements in the gene*” and is diminished in
Stat5b knockout mice”®. For T-cell development, the
picture remains less clear. IL-7 also activates Stat5a and
Stat5b. However, although the Stat5-deficient mice
show diminished numbers of lymphocytes” 7%, sub-
stantial T cells are still produced even in Stat5a/Stat5b
double-knockout mice®®. So, Stat5 proteins are impor-
tant signalling molecules activated by IL-7, but other
IL-7-activated pathways/molecules, such as phos-
phatidylinositol 3-kinase (PI3K), Bcl-2 and Pim-1
might also contribute®. Indeed, transgenic expression
of Bcl-2 increases the number of cells in IL-7 or y,
knockout mice®**, indicating the importance of this
survival factor for the optimal number of cells.
Similarly, transgenic expression of Pim-1 has been
shown to increase the number of T cells in such
mice®. Therefore, several pathways activated by IL-7
might contribute to normal T-cell development.

Defective signalling by IL-2R

As noted above, mutations in Y, cause XSCID in
humans and a broad spectrum of abnormalities
in mice. Defective expression of the other compo-
nents of IL-2R also result in severe phenotypes. Mice
that lack IL-2Rp show defective NK-cell develop-
ment, as well as severe autoimmunity and haemolytic
anaemia, dysregulated T-cell activation and B-cell
differentiation®. The one human patient with dimin-
ished IL-2RpP expression was also identified with
T+*B*NK- SCID?®*. IL-2Ra-deficient mice show mas-
sive enlargement of peripheral lymphoid organs,
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Table 3 | Mouse phenotypes that result from defective STAT expression

Stat
Stat1

Stat2

Stat3

Stat4

Stats

Statba

Statbb

Statba
and 5b

Stat6

References
62,63

Phenotype

Defective signalling in response to IFN-o/f and IFN-y;
defective responses to bacterial antigens and certain viruses

Defective IFN-a/f signalling; Stat2-deficient fibroblasts more 65
severely affected than Stat2-deficient macrophages

Perinatal lethality, consistent with the broad range of cytokines 70
that activate Stat3

Stat3-deficient T cells show defective IL-2-induced proliferation, 113
correlating with a defect in IL-2-induced IL-2Ra expression

and defective responses to IL-6 114
Stat3-deficient neutrophils and macrophages show

defective IL-10 signalling 115
Stat3 is also essential for normal involution of the mammary 115,116
epithelium, and for wound healing and normal hair cycle

processes

Defective T, 1-cell development 66,67
Defective IL-12-mediated augmentation of NK-cell function

Mice that lack Statba, Statbb, or both Statba and StatSb 71-73
have all been generated

Defective prolactin signalling 71
Defective IL-2-induced IL-2Ra expression and defects in 77
IL-2-induced proliferation in vitro

Defective in vivo expansion of VB8* T cells in response to 77
superantigen

Defective antigen-induced recruitment of eosinophils into the 85
lung and decreased antigen-induced production of IgG1

Defective growth hormone signalling 72
Defective IL-2-induced IL-2Ra expression and 78
severe defects in IL-2-induced proliferation in vitro

Defective NK cytolytic activity 78
Defective antigen-induced recruitment of eosinophils into the lung 85
Defective prolactin and growth hormone signalling 73
Defective NK-cell development 73
Major defect in T-cell proliferation 83
Severe anaemia 117
Defective T, 2 cell differentiation 68,69
Defective B-cell proliferation 68,69

IFN, interferon; IL, interleukin; NK, natural killer; Stat, signal transducer and activator of
transcription; T, cell, T helper cell.

polyclonal T-cell expansion and impaired antigen-
induced cell death®. Autoimmunity, characterized in
part by haemolytic anaemia, was also observed.
Humans that lack IL-2Ra expression show lympho-
cytic infiltration of many tissues, diminished apopto-
sis in the thymus, failure to downregulate Bcl-2 and
multiple autoreactive clones in the tissues®®*”. These
defects, coupled with those observed for y , under-
score the importance of each of the IL-2R compo-
nents for normal immune function.

Defects in clearing mycobacterial infections
Several immunodeficiencies have defects relating to the
clearance of mycobacterial infections. In different indi-
viduals with these problems, mutations in the genes that
encodes the IL-12 p40 subunit (IL12B)*, the IL-12
receptor 1 chain (IL12RBI)%, in the components of
the IFN-y receptor (IFNGRI and IFNGR2)"!%! and
STAT 1% have all been identified. The similar phenotypes
of patients with mutations in these different genes indi-
cates that IL-12-induced IFN-y-dependent signalling by
STAT1 is important for anti-mycobacterial defence in
humans. Interestingly, the STATI mutation that was
identified is a heterozygous dominant mutation that
causes greatly diminished binding of STAT1 dimers to
y-interferon activated-sequence (GAS) motifs, whereas
the binding of IFN-stimulated transcription factor 3y
(ISGE3) is relatively unaffected.

Concluding comments

This review has focused primarily on SCID as a syn-
drome with many causes, some of which are based on
defective cytokine signalling. The cytokines that are
clearly important are IL-7 and IL-15 for T-cell and NK-
cell development, respectively. Certain JAK/STAT-related
proteins, such as JAK1, JAK3, STAT3, STAT5A and
STAT5B, probably contribute to the development of
these lineages. It is evident, however, that many
cytokines activate the same JAKs and/or STAT proteins,
despite the fact that they exert different functions
in vivo. This, presumably, is at least partly explained by
the fact that cytokines use many pathways apart from
the JAK/STAT pathway for signalling. In addition, dif-
ferent cytokines can exert different effects owing to the
differential regulation of their production, as well as the
temporal expression and tissue distribution of their
receptors. Mouse knockout models are useful in poten-
tially predicting the defects that would be observed
when certain genes are mutated in humans. However,
caution is also required, as important differences can
exist between these animal models and human disease.
For example, in humans that lack expression of y, JAK3
or IL-7Ra, B-cell numbers are normal, whereas mice
that lack expression of the same proteins have virtually
no B cells. Despite these differences, the studies in both
humans and mice indicate the crucial role of cytokines
for both lineage development and signalling in cells as a
means of achieving normal immune function.
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