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Summary
The Janus family kinases (Jaks), Jak1, Jak2, Jak3, and Tyk2, form one subgroup of the non-
receptor protein tyrosine kinases. They are involved in cell growth, survival, development, and
differentiation of a variety of cells but are critically important for immune cells and hematopoietic
cells. Data from experimental mice and clinical observations have unraveled multiple signaling
events mediated by Jak in innate and adaptive immunity. Deficiency of Jak3 or Tyk2 results in
defined clinical disorders, which are also evident in mouse models. A striking phenotype
associated with inactivating Jak3 mutations is severe combined immunodeficiency syndrome,
whereas mutation of Tyk2 results in another primary immunodeficiency termed autosomal
recessive hyperimmunoglobulin E syndrome. In contrast, complete deletion of Jak1 or Jak2 in the
mouse are not compatible with life and, unsurprisingly, do not have counterparts in human
disease. However, activating mutations of each of the Jaks are found in association with malignant
transformation, the most common being gain-of-function mutations of Jak2 in polycythemia vera
and other myeloproliferative disorders. Our existing knowledge on Jak signaling pathways and
fundamental work on their biochemical structure and intracellular interactions allow us to develop
new strategies for controlling autoimmune diseases or malignancies by developing selective Jak
inhibitors, which are now coming into clinical use. Despite the fact that Jaks were discovered only
a little more than a decade ago, at the time of writing there are 20 clinical trials underway testing
the safety and efficacy of Jak inhibitors.
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Introduction
The human genome documented the existence of 518 protein kinases and 90 members of the
kinase family that form the major group of protein tyrosine kinases (PTKs) (1). PTKs are
enzymes responsible for the transfer of the γ phosphate of a purine nucleotide tripohosphate,
such as adenosine triphosphate (ATP) or guanosine triphosphate (GTP), to hydroxyl groups
of specific tyrosine residues of their protein substrates. In contrast to the serine/threonine
kinases, the substrates of PTKs are tyrosine residues; although, so-called dual kinases can
catalyze phosphorylation of both serine/threonine and tyrosine residues. Tyrosine
phosphorylation activates enzymatic activity but also allows the recruitment of downstream
signaling proteins by changing the conformation and creating binding sites for proteins with
Src homology 2 (SH2) domains. In principle, PTK can be divided into two classes,
depending on their cellular localization. Receptor tyrosine kinases are transmembrane
receptors that have intrinsic kinase domains within the intracellular portions of the receptor.
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Ligand binding induces receptor dimerization, and autophosphorylation in trans or in cis
results in kinase activation and initiates downstream signaling. Epidermal growth factor
receptor (EGFR), fms-like tyrosine kinase-3 (FLT-3), or KIT are typical members of the 58
existing receptor PTKs, which are divided into 16 subgroups. In contrast, the cytoplasmic,
non-receptor PTK subfamily is composed of 9 subgroups with 32 members. The non-
receptor PTKs also transmit signals from extracellular stimuli. After binding to their specific
ligand, the stimulated receptors activate associated cytoplasmic PTK, and tyrosine
phosphorylation subsequently recruits additional signaling proteins by providing binding
sites. The four members of the Janus family kinases (Jaks), Jak1, Jak2, Jak3, and Tyk2, form
one subgroup of the non-receptor PTK. Whereas Jak1, Jak2, and Tyk2 are expressed
ubiquitously in mammals, Jak3 is primarily expressed in hematopoietic cells (2,3). Since
hematopoietic cytokines and growth factors use the members of the Jak family for signal
transduction, Jaks are critically involved in cell growth, survival, development, and
differentiation of immune cells. Effective innate and adaptive immune responses require
functional Jak signaling to protect the organism from infections or tumors and mutations
leading to loss of function make up some of the commonest inherited severe
immunodeficiencies. Conversely, activating mutations or mutations leading to functional
loss of Jak members cause malignant transformation of lymphocytes or myeloid cells. We
now know that a major but not exclusive means by which Jaks exert their effect is through
the activation of a relatively small number of latent, cytosolic DNA-binding proteins term
the STATs (signal transducers and activators of transcription). Given the importance of what
has come to be known as the Jak-STAT pathway, this field has been the subject of
numerous, comprehensive reviews (4–8). In this review, we discuss the functional role of
Jak-mediated signaling pathways in immune cell differentiation and associated immune
diseases, focusing on the many advances that have occurred in the last few years.

Jak protein structure and regulatory mechanisms
The genes of the four Jak family members in mammals are located on three different
chromosomes. The first Jak family member originally identified as a novel class of PTK in
human, Tyk2, is located on chromosome 19p13.2 clustered together with the Jak3 gene at
19p13.1 (9,10). The genes coding for Jak1 and Jak2 are located at chromosome 1p31.3 and
9p24 (11). In mice, the Jak1 gene is located on chromosome 4, Jak2 on chromosome 19, and
Jak3 and Tyk2 on chromosome 8. Jaks are relatively large proteins containing more than
1,000 amino acids. Seven distinct Jak homology regions (JH) have been identified (JH1 to
JH7), and these form the putative structural domains of the Jak family members (Fig. 1).
The catalytically active kinase domain (JH1) is located at the carboxyl-terminus, and at its
amino-terminal site, it is directly followed by the enzymatically inactive pseudokinase
domain, a unique feature of Jaks among PTKs. Despite the lack of intrinsic kinase activity,
the JH2 pseudokinase provides critical regulatory functions. Artificial and disease-
associated mutations in the JH2 domain have been shown to positively and negatively
regulate Jak kinase activity (12–14). Importantly, a single point mutation (Val617Phe or
V617F) within the JH2 pseudokinase domain of Jak2 has been shown to be present in almost
all patients with polycythemia vera (PV), as well as high percentages also in patients with
essential thrombocythemia (ET), and idiopathic myelofibrosis (15–18). These disorders
vividly illustrate the regulatory function of the JH2 domain in human Jak signaling (17).
Genetic analysis of families with cases of myeloproliferative disorders (MPD) suggests that
the V617F JAK2 mutation is acquired (19). The amino-terminus of Jak contains a SH2-like
domain (JH3-JH4) and a 4.1, ezrin, radixin, moesin (FERM) homology domain (JH6 and
JH7) (Fig. 1). Mutations within the FERM domain of Jak3 have been reported to impair
kinase activity (20). In contrast with its role on the kinase activity, the FERM domain seems
to be essential for binding of Jak to its receptor. Chimeric constructs containing the amino-
terminal domain of Jak3 conferred to Jak3 or mutated Jak3 proteins containing only the
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FERM domains JH6 and JH7 but not the other Jak3 domains effectively bind the common γ
(γc) chain (21). Similarly, mutation of the hydrophobic residues of the FERM domain led to
structural changes, inhibited Jak1 binding to the interferon-γ (IFN-γ) receptor, and impaired
inhibition of Jak phosphorylation (22). Mutation of a tyrosine residue within the FERM
domain (Y613) of Jak2 results in constitutive Jak2 activation, even in the absence of
erythropoietin (Epo) stimulation and even though the site is not phosphorylated (23). Thus,
the FERM domain mediates interactions of Jak with its cognate transmembrane cytokine
receptor proteins and regulates kinase activity. The role of the SH2 domain (JH3 and JH4) in
Jak is not yet clarified, although in other kinases this domain has a key role. The generation
of a mutated SH2 domain of Jak1 did not affect its kinase activity and did not interfere with
its receptor association (24). The internal regulation of Jak protein kinase activity by the
pseudokinase domain and the FERM unit can be further altered during cytokine stimulation.

Regulation of Jaks by phosphorylation—Like other tyrosine kinases, Jak family
members are also regulated by protein phosphorylation. For instance, growth hormone (GH)
stimulation results in autophosphorylation of Y813 of Jak2, which enables the binding of the
SH2 domain- containing adaptor protein SH2-Bβ. Similarly, SH2-Bβ binding to Jak3
requires autophosphorylation of Y785, which is induced by interleukin-2 (IL-2) stimulation
(25). For most kinases, autophosphorylation within the activation loop is a critical aspect of
positive regulation; although the catalytic activity of Jak3 has been reported to be positively
or negatively regulated by tyrosine phosphorylation of tyrosine residues in the activation
loop of Jak3 (26). Recently, two new tyrosine phosphorylation sites within the Jak3 protein,
Y904 and Y939, were identified, that positively regulate Jak3 activity (27). These tyrosine
residues are located within the JH1 kinase domain and undergo phosphorylation after
stimulation by cytokines that signal through the Jak3 associated γc chain receptors like IL-2,
and also promote kinase activity. The tyrosine residue Y913 of Jak2 is an example of
negative regulation of Jak activity. Epo signaling induces phosphorylation of Y913, which is
located within the JH1 domain of Jak2, and limits kinase activity of Jak2 and downstream
STAT5 activation (28). Autophosphorylation of a tyrosine residue within the FERM domain
(Y119) initiates Jak2 dissociation from the Epo receptor and subsequent kinase degradation
(29). These examples demonstrate the opposing roles of distinct tyrosine residues within the
Jak family members, and the complexity of regulation of Jak kinase activity. Moreover, Jak
phosphorylation is regulated by tyrosine phosphatases such as CD45 and SHP-1 (30–32). In
contrast, little is known regarding the role of serine phosphorylation sites of Jak. A few
reports suggest that Jak kinase activity can also be modified by phosphorylation of serine
residues, as shown by S523 phosphorylation of Jak2, inhibiting its kinase activity (33,34).

A further regulatory mechanism of Jak signaling is mediated by a family of eight
intracellular proteins with mainly negative feedback regulation of cytokine signal
transduction. These include the suppressor of cytokine signaling (SOCS) proteins and
cytokine inducible SH2-domain-containing proteins (CIS). SOCS1 to SOCS7 and CIS all
are composed of a central SH2 domain, a carboxy-terminal SOCS box, and an amino-
terminal variable domain. SOCS-box containing proteins seem to function as E3 ubiquitin
ligases. The amino-terminal region seems to be responsible for protein degradation. Two
SOCS proteins, SOCS1 and SOCS3 contain an additional domain inhibiting Jak activity by
interaction with their kinase inhibitory region (KIR) that may act as pseudosubstrate (35,36).
Thus, several regulatory mechanisms integrated within the Jak protein or provided by
interaction with other proteins exist to control Jak activation.

Functional consequences of cytokine signaling through Jaks
Type I and type II cytokine receptors depend on signal transmission by cytoplasmic, non-
receptor PTK like Jak, since they do not have receptor-bound kinase activity. A single Jak or
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combinations of Jak members selectively associate with different cytokine receptors for
transmitting their signals after specific receptor activation. Type II cytokine receptors like
receptors for IL-10, IL-19, IL-20, and IL-22 as well gp130 subunit sharing receptors for IL-6
and IL-11 mainly signal through Jak1 but also associate with Jak2 and Tyk2. Receptors for
hormone-like cytokines such as GH, prolactin (Prl), Epo, thrombopoietin (Tpo), and
cytokine receptors involved in hematopoietic cell development, such as IL-3 or granulocyte-
macrophage colony-stimulating factor (GM-CSF) use Jak2 (37,38). Tyk2 associates with
cytokine receptors that signal through various combinations with Jak1 and Jak2 but not with
Jak3. The type I IFNs use a combination of Jak1 and Tyk2, and the p40-containing
cytokines IL-12 and IL-23 mediate their signals via the combination of Jak2 and Tyk2 (39–
41). The IFN-γ receptor activates Jak1 and Jak2, whereas γc chain containing receptors,
including the receptors for IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21, use Jak1 and Jak3
(39,42). Tyrosine phosphorylation of cytokine receptors provides binding sites for signaling
molecules. The main family of DNA-binding signaling proteins with transcription activity
responsible for mediating signals derived from cytokine receptors is the STAT family.
STATs bind phosphorylated receptors and in turn are substrates of the Jaks. Phosphorylated
STAT can interact, dimerize, traffic into the nucleus, and regulate gene expression. The
mechanisms by which cytokine activation of the restricted number of single Jak or Jak
combinations results in such different and specific downstream signaling events are still not
understood. A large number of cytokines uses only four PTK and seven STAT proteins for
their specific signaling transmission. Therefore, not only lymphocyte development, survival,
and proliferation but also the outcome of an immune response by signals derived from T-
helper (Th) cell lineage-defining cytokines all depend on Jak activation as initial step.
Genetic analysis of Jaks in human with certain immune diseases and the generation of Jak-
specific knockout (KO) mice help us to understand the exact role of Jaks in immune cell
signaling.

Role of Jak family members in immune cell signaling and related diseases
Tyk2 signaling—By screening T-cell cDNA libraries, the Tyk2 gene was originally
described as prototype of a new PTK gene subfamily (9,43). Subsequently, extensive studies
unraveled the functional role of Tyk2 as first non-receptor PTK of the Jak family to be
essential in mediating cytokine signals. A mutant human cell line with a defect in
responding to type I IFNs was transfected with a large number of different genomic DNA
constructs. Type I IFN-responsiveness was restored in one transfectant, which was
complemented with the Tyk2 gene (44). Thus, Tyk2 was the first Jak family member
identified to be essential for cytokine signaling. Following studies investigated the
downstream signaling events and transcription factors regulated by Tyk2 after IFN
stimulation (4). Whereas type I IFN receptors require Tyk2 and Jak1, IFN-γ signaling
depends on the combination of Tyk2 and Jak2 (39,45). The combination of Tyk2 with Jak2
is not only required for IFN-γ signaling but also for the differentiation of IFN-γ-producing
Th1 cells from naive Th cells. IL-12 is the lineage-specific cytokine responsible for Th1
generation (46,47). IL-12 receptor (IL-12R) is associated with Tyk2 and Jak2 and activates
mainly the transcription factor STAT4 (40,48,49). Phosphorylation of STAT4 in conjunction
with signals derived from TCR stimulation induces the expression of T-bet, the master
transcriptional regulator of IFN-γproducing Th1 cells (50). Interestingly, the Tyk2-
associated IL-12Rβ1 chain is also used by IL-23 signaling. IL-12Rβ1 is also part of the
IL-23R and associates with Tyk2, whereas the second IL-23R subunit associates with Jak2.
Both IL-12 and IL-23 have common features. As heterodimeric cytokines, they share the
p40 subunit and their receptors share the IL-12Rβ1 subunit. Moreover, IL-12 and IL-23
signal through Tyk2 and Jak2. But whereas Tyk2-dependent STAT4 activation is the main
signaling event after IL-12 stimulation, Jak2-mediated STAT3 phosphorylation seems to be
dominated by IL-23 (41,51,52). Thus, Tyk2 seems to be indispensible for the IFN/Th1 axis
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but also immune responses mediated by IL-17-producing Th17 cells, which are promoted by
IL-23 may also depend on Tyk2. Since signals from numerous cytokines that are mainly
involved in pro-inflammatory immune responses are mediated by Tyk2, mutations leading
to loss of function of Tyk2 will be expected to lead to striking immunological phenotypes.

Consequences of Tyk2 deficiency—Since Tyk2-deficient mice are viable the
consequences of Tyk2 deficiency in lymphocyte biology have been intensively studied.
Lymphocyte development and proliferation are not affected in these mice, but signaling by
cytokines that are important for host defense is impaired (Table 1). IL-12 signaling is
strongly impaired in the absence of Tyk2, downstream activation of STAT3 and STAT4 are
clearly reduced resulting in the inability of IFN-γ production by T cells. Moreover, IFN
signaling itself is also dependent on functional Tyk2 expression. Both STAT3 and STAT1
activation by type I and type II IFNs are reduced in Tyk2 KO mice. Therefore, Tyk2-
deficient splenocytes are impaired in their ability to respond to low concentrations of IFN-α
(up to 10 U/ml), although signaling events using high concentrations of IFN-α (1000 U/ml)
seem not to be affected (53). Consequently, Tyk2-deficient mice are more susceptible to
viral or bacterial infections (53,54). This susceptibility can be explained by impaired Th1
lineage development, but also Th17 differentiation seems to be affected in the absence of
Tyk2. A recent experimental report showed that the production of IL-17 by γδ T cells in an
infectious model of Escherichia coli was impaired in Tyk2 KO mice, without affecting
IL-23 levels but IL-23-mediated IL-17 induction (55). Further studies will show to what
extent IL-23-mediated maintenance of Th17 cells is Tyk2 dependent. While antigen-specific
Th1 and possibly also Th17 responses that are both important for host defense are inhibited
in Tyk2 KO mice, Th2 responses are enhanced. Th2 cell generation depends on IL-4
signaling that is independent from Tyk2. Th2 cell differentiation can be inhibited by Tyk2-
mediated signals derived from IL-12 or IFNs. As expected, Th2-dominated diseases like
allergic lung inflammation was enhanced in a mouse asthma model, using ovalbumin TCR-
transgenic Tyk2-deficient T lymphocytes. Pronounced lung inflammation was due to an
enhanced Th2 response with an increase of IL-4 production, increased IgE levels, and
recruitment of eosinophils (56).

Tyk2 is not only important in effector Th cell signaling but also in dendritic cells (DCs).
Adoptive transfer experiments implicated that the presence of Tyk2 in DCs is required to
prime protective, IFN-γ-producing CD8+ T-cell responses, as shown by using a model of
Listeria monocytogenes infection (57). A recent report focused on the role of Tyk2 in TLR-
stimulated DC activation. Activation of Tyk2-deficient DCs by Toll-like receptor 9 (TLR9)
or TLR4 resulted in a strongly reduced production of IL-12 and IL-23 compared to Tyk2-
competent DCs (58). These findings from Tyk2-deficient DCs also contribute to explain the
impaired Th1 and Th17 differentiation observed in infected Tyk2 KO mice. The exact
mechanism by which Tyk2 regulates TLR-mediated signals in DCs is still unclear. Negative
or positive feedback loops provided by IL-12 or IFNs may be involved. The role of type I
IFNs has to be further investigated in this context to understand the findings. In addition to
DC modulation by IFNs, IL-12 has been shown to activate STAT4 in DCs and
macrophages, and IL-12 may induce IFN-γ production in DCs. Although the possibility of
DCs to produce IFN-γ is still discussed controversially, autocrine IL-12 production has been
suggested to activate DCs in a Jak2 and Tyk2-dependent manner (52,59,60).

Innate immune responses by natural killer (NK) cells are affected by Tyk2 deficiency. IL-18
synergizes with IL-12 to activate NK cells. Although IL-18 signaling per se is not Tyk2-
dependent, the effect of IL-12 in concert with IL-18 was absent in Tyk2-deficient
splenocytes. Part of the unresponsiveness of Tyk2-deficient splenocytes and NK cells was
related to impairment of IL-18R expression, since IL-12-induced upregulation of IL-18R
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also requires Tyk2. Thus, in the absence of Tyk2, Th1 differentiation and IFN-γ production
of NK cells is abrogated, while T-cell proliferation is not affected (61).

Tyk2 deficiency in humans—Only a single patient with a Tyk2 deficiency has been
identified. The mutation was found to be a homozygous deletion of four nucleotides,
resulting in a frame-shift and generation of a premature stop codon 5′ to the regions of Tyk2
gene that encode the major structural parts of the enzyme including the FERM, SH2,
pseudokinase, and kinase domains. The patient described experienced multiple,
opportunistic infections of various organs with viruses, bacteria, and fungi (62) (Table 1).
Interestingly, very similar defects in cytokine signaling, as evidenced by Tyk2 KO mouse
models, were observed in the patient described with Tyk2 deficiency. Absence of Tyk2 in
the patients’ T cells interfered with multiple cytokine signaling pathways. Activation of
STAT1, STAT2, STAT3, and STAT4 after stimulation with type I IFNs was absent. When
the patients’ T cells were stimulated with IL-12 or IL-23, STAT4 activation was not
detected. Moreover, IL-6 and IL-10 signaling resulted only in poor induction of SOCS3.
Development of IFN-γ-producing Th1 cells was abrogated when stimulated with anti-T-cell
receptor antibodies in the presence of IL-12 and anti-IL-4. The observed IFN-γ suppression
was not caused by impaired T-cell activation, since Th2 cell development was strongly
enhanced, even under non-polarizing cytokine conditions (62). In addition to the patients’
susceptibility to infections and impaired Th1 responses, the patient suffered from severe
atopic dermatitis and elevated serum immunoglobulin E (IgE), interpreted as hyper-IgE
syndrome (HIES) (Table 1). Acute atopic dermatitis and high IgE production are primarily
associated with IL-4-dominated Th2 responses. Thus, the clinical and immunological
observations of the described patient are in concert with the reports on impaired Th1 and
enhanced Th2 responses in Tyk2 KO mice (Table 1).

More extended analysis of Tyk2 mutations in patients with HIES (or Job’s syndrome) and
other diseases like atopic diseases or inflammatory autoimmune diseases are required to
precise the relevance of Tyk2 mutations in human. Immune dysfunction due to Tyk2
deficiency has been reported only in one patient, and Tyk2 mutations have not been found in
further patients with Job’s syndrome (63).

Independent groups have reported recently that mutations in signaling proteins downstream
from Jak1 or Tyk2 are responsible for the immune defects observed in Job’s syndrome.
Mutations in STAT3 are present in patients with sporadic and dominant forms of HIES
(64,65). One explanation for the increased susceptibility of patients with Job’s syndrome for
infectious diseases seems to be explained by their inability for the generation of IL-17-
producing Th17 cells, a pro-inflammatory Th cell lineage dependent on functional STAT3
as major driving transcription factor (66–68). The HIES-like phenotype in the described
Tyk2-deficient patient might also be due to impaired Th17 responses. This could be due to
impaired IL-6 and IL-23 signaling. In addition, as indicated above, Tyk2-deficient mice
have a defect in IL-23 production by DCs (55,58). Even though the clinical phenotype as
well as the molecular and immunological analysis of the patient with Tyk2 deficiency was
highly impressive, only one case has been reported. In contrast, a deficiency of a different
Jak family member, Jak3, has been reported more frequently in humans, and the first report
was published only one year after its cloning in 1994 (69–71). Jak3 deficiency is the best
investigated functional Jak deficiency in humans and causes a severe phenotype that is also
observed in experimental Jak3 KO mice (72–74).

Jak3 deficiency—Defects in several different genes can cause a disorder of B and T-
lymphocytes known as severe combined immunodeficiency (SCID). Patients with SCID
typically suffer from severe recurrent or opportunistic infections in early life. Uncontrolled
progression of bacterial, viral, or fungal diseases usually result in a life-limiting outcome,
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with bone marrow transplantation being the lifesaving therapy. Since in early reports SCID
was mainly observed in boys, the disease was linked to be X chromosome related (X-SCID).
Indeed, in most cases the disease is caused due to mutations of the γc chain, encoded by the
X-lined gene designated IL-2 receptor γ (IL2Rγ) (75). Phenotypically, patients with X-SCID
lack T cells and NK cells. B cells are present but are impaired in function (T B+NK SCID).
The finding that T-cell numbers are normal in IL-2- deficient patients and IL-2 KO mice but
T cells were absent in patients with mutations of the IL-2R γ suggested that the IL-2R γ
might have additional functions apart from IL-2 signaling. The IL-2R γ chain was
subsequently described to be a functional component of the IL-7R and of the IL-4R (76–78).
In the following years, the list of γc-containing cytokine receptors was completed by the
receptors for IL-9, IL-15, and IL-21. The fact that the IL-2R γ chain is commonly used by a
set of cytokines explained the severe consequences for T and NK cell development as well
as the impaired function of B cells in patients with γc mutations. IL-2, IL-7, IL-9, and IL-15
are crucial for lymphocyte and NK cell proliferation and survival, whereas IL-4 and IL-21
mainly regulate B- cell function, including Ig production. Cases of non-X-linked autosomal
recessive forms of T B+NK SCID suggested that other proteins that are in close functional
relation to the γc chain might be involved in disease pathogenesis. Analysis of patients with
autosomal recessive forms of SCID unraveled that homozygous mutations of Jak3 can cause
the disease (71,79). Since patients with Jak3-SCID have only disease limited to immune
cells, transplantation of hematopoietic stem cells is the treatment of choice with high
survival rates. The immune abnormalities observed in Jak3 mutated SCID patients were
recapitulated by the generation of Jak3 KO mice.

Lessons from Jak3-deficient mice—All four Jak family members are crucially
involved in transmitting the signals from cytokines that are responsible either for T-cell
development, proliferation, or differentiation. Jak3 is the only Jak family member that is
involved in all of these central functions, and therefore, lymphocyte biology is best studied
in context of Jak3. In contrast to Tyk2 deletion, Jak3 deficiency results in deficits of
lymphocyte development and proliferation and early studies on Jak3-deficient mice focused
on these issues (Table 1). The development of T and B lymphocytes from hematopoietic
progenitor cells is strictly dependent on IL-7 signaling. IL-7R is one of the γc chain-
containing receptors that associate with Jak3. So it is not surprising that fetal thymus and
thymi of young mice express high levels of Jak3 and Jak3-deficient mice have typically a
small thymus with deficits in thymic progenitor cells (80–82). However, T cells were not
totally absent but strongly inhibited in function (83,84).

A further Jak3-associated γc chain containing receptor, IL-15R, is essential for NK cell
development and intestinal γδ T cells. This explains why NK cells are absent in the
periphery of Jak3-deficient mice and also in patients with Jak3 mutation-based SCID (85).
Selective reconstitution of Jak3 in the thymus had no impact on B-cell development but
restored T-cell development in mice. Even subpopulations like γδ T cells or NK cells that
were absent in total Jak3 KO mice they reappeared after thymic Jak3 expression.
Proliferation and cytokine responsiveness of peripheral Jak3-deficient T cells was still
strongly impaired. Interestingly, the peripheral T cells showed an activated memory
phenotype and did not respond to further activating stimuli (81,86). Although Jak3-deficient
T cells could be activated through their T-cell receptor using anti-CD3 and anti-CD28
antibodies, they failed to proliferate and in contrast were more susceptible to undergo
apoptosis (87). The memory phenotype of CD4+ Th cells in Jak3 KO mice is likely the
result of peripheral lymphopenia coupled to the reduction in regulatory forkhead box protein
3 (FoxP3)-expressing Th cells in Jak3 KO mice. Since IL-2 signaling and STAT5 activation
cannot occur in the absence of Jak3, no CD25 or FoxP3 expression is detectable in these
mice (88). The proliferation failure of Jak3-deficient CD4+ T cells is based on several
features. Signaling of IL-2 and IL-7, two major cytokines involved in T-cell proliferation
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and homeostatic expansion, are disrupted in Jak3 KO mice. Moreover, Jak3 KO Th cells
express surface markers like programmed death-1 (PD-1) and LAG-3, characterizing anergic
T cells and produce anti-proliferative cytokines such as IL-10 and transforming growth
factor- β (TGF-β) (88). Comparing analysis of Jak3-deficient mice with γc-deficient and
Jak3/γc double KO mice unraveled their indistinguishable phenotype and also showed that
Jak3 cannot be replaced by another Jak to transduce γc signals (89). Interestingly, a similar
phenotype is observed by total deletion of the Jak3 downstream signaling proteins STAT5a
and STAT5b (90).

Jak3 signaling influences not only T-cell development and survival but Th cell
differentiation. As a γc chain-associated PTKs, Jak3 is crucial for the differentiation of
classical Th2 cells. The most critical cytokine steering Th2 cell differentiation is IL-4, and
IL-4 depends on Jak3 for signal transmission after binding to its γc chain containing
receptor. Thus, the absence of Jak3 disrupts IL-4 signaling leading to STAT6 activation and
GATA3 induction and consequently Th2 cell differentiation is blocked (Table 1).
Surprisingly, Th1 cell differentiation seems also to be impaired in the absence of Jak3. In
contrast to direct signaling effects, Jak3 has been suggested to influence Th1 cell
differentiation by epigenetic modifications (Table 1). A very recent study reports that Jak3-
mediated STAT5 activation contributes to chromatin remodeling of the IFN-γ locus. In the
absence of Jak3 the binding of T-bet to the IFN-γ promoter is diminished and the generation
of IFN-γ-producing Th1 cells is impaired (91). Further studies should allow better
understanding the impact of Jak signaling on epigenetic modifications during Th cell lineage
determination.

Given its crucial role in lymphocyte biology, it was notable that Jak3 is highly inducible in
myeloid cells (92). Since myeloid and erythroid cells do not show abnormalities in Jak3 KO
mice, although with time, Jak3-deficient mice develop a T-cell-mediated autoimmune
disease that results in myeloid cell expansion. Although abundantly expressed, the
functional role of Jak3 in DCs is less clear than the functional differences observed in Tyk2-
deficient DCs (Table 1). When Jak3 KO DCs were stimulated in vitro by TLR4 or TLR9
ligands, a more pronounced production of IL-12p70 and IL-10 was observed compared to
stimulated DCs from wildtype, Jak3-competent mice. These effects were even more
enhanced by addition of IFN-γ during activation with TLR ligands (93). Jak3 is also
involved in the enhanced production of IL12p70 by TLR-activated DCs in the presence of
IL-4, a γc cytokine using Jak3 as PTK for signal transduction (94).

Jak1 deficiency—Whereas Tyk2 and Jak3 deficiencies have been investigated in human
and mice, individuals with a deficiency in Jak1 have not been described. This is in
accordance with the perinatal lethal phenotype of Jak1 KO mice, probably due to
neurological deficits. In addition, Jak1 KO mice have major deficits in lymphopoiesis and a
failure to respond to signals from class II cytokine receptors, γc cytokine receptors, and
cytokine receptors that contain the gp130 subunit (95). By using a mutant cell line, U4A, the
role of Jak1 in IFN signaling was evaluated. U4A cells are Jak1-deficient and do not
respond to type I or type II IFNs. Transfecting U4A cells with a Jak1 construct restored
tyrosine phosphorylation of Jak1 in response to IFN stimulation and allowed downstream
induction of IFN-responsive genes. Moreover, these in vitro studies unraveled that only in
the presence of functional Jak1 the other Jak family members Tyk2 and Jak2 can be
activated by IFNs. Whereas Jak1 and Tyk2 are activated by type I IFNs, IFN-γ induces Jak1
and Jak2 activation. Since no upstream or downstream regulation was described, the
combined activation of the Jak family members seems to occur at the same level within the
receptor complex (39).
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Jak2 deficiency—Similar to Jak1, Jak2 deficiency is lethal, and thus reports on
individuals with Jak2 mutations resulting in loss of function are also missing. Generation of
Jak2 KO mice led to embryonic lethality due to defective erythropoiesis. Epo receptor
stimulation induces tyrosine phosphorylation of Jak2, required for the biological activity of
Epo (96). Although primitive erythrocytes are found in Jak2-deleted mice, the number of c-
kit Ter119+ cells is dramatically reduced, resulting in the absence of definitive
erythropoiesis. Disruption of Epo signaling and signal transduction of other hormone-like
cytokines that require functional Jak2 seems to be responsible for the embryonic lethality
observed in Jak2 KO mice (97). Six years after the first description of conventional Jak2 KO
mice with lethal phenotype, conditional Jak2 KO mice were generated (98). Surprisingly,
subsequent studies concentrated only on Prl receptor signaling and the biology of mammary
epithelial cells in the absence of Jak2. Thus, the functional analysis on the role of Jak2 in
immune cell signaling in vivo has yet to be evaluated. In contrast to the limited data on Jak2
deficiency and its consequences for innate and adaptive immune responses, a myriad of
reports exists on the consequences of Jak2 mutations leading to gain of function of this PTK
and tumor development.

Jak2 mutations in human malignancies
The Jak family of non-receptor PTKs is not only essential for receptor cytokine signaling
during differentiation of immune responses but also mediates signals for growth,
proliferation, and formation of hematopoietic cells and other tissues. Activating as well as
non-activating mutations of Jaks have been described to be present in different types of
hematopoietic malignancies and solid tumors. In 2005, a number of independent groups
identified the importance of Jak2 in MPD (15–18). MPD make up a group of hematologic
malignancies that are characterized by excess proliferation of one or more myeloid lineages.
Often the disease is only manifest in a single lineage although clonal studies using X-
chromosome lionization have identified that multi-lineage clonal hematopoiesis is observed
in these disorders (99,100). In contrast to acute myeloid leukemia (AML), the excess cells
are differentiated and functional. MPD include primary PV, ET, primary myelofibrosis
(PMF), and chronic myeloid leukemia (CML). CML has become the first cancer to be linked
to a specific oncogene: BCR-Abl, in most cases caused by a reciprocal translocation of
chromosomes 9 and 22 (101). In contrast, the other MPD have no association with Abl
kinase activation, instead there is an association with mutations in Jak2, most commonly a
V617F point mutation that results in a constitutively active kinase (102) (Fig. 2A). The
V617F mutation lies within the JH2 autoinhibitory domain and this mutated kinase has been
shown to autophosphorylate and become spontaneously active, rendering transfected
hematopoietic cells independent of cytokines for growth and survival (15,18), exacerbating
this is the recent report that the V617F mutation may render the Jak2 protein resistant to the
effect of SOCS3 binding (103) (Fig. 2A). JAK2V617F has been identified in 95% of patients
with PV and over 50% of patients with ET and PMF (15–18). The very high incidence of
JAK2V617F in PV may result in the disease becoming defined by the oncogenic mutation
much as Abl kinase mutations define CML, with the rare cases of BCR-Abl negative CML
renamed as atypical-CML.

A number of fusion proteins comprising transcription factors and Jak2 have been recognized
in lymphoproliferative and myeloproliferative disorders. Analogous to the activating
JAK2V617F mutation, these fusion proteins are also constitutively activated kinases. The
first fusion protein identified was TEL-Jak2, which comprises the oligomerization domain
of ETS family transcription, TEL (translocated ETS leukemia), linked to the JH1 kinase
domain of Jak2 (104). The fusion event is responsible for constitutive Jak2 activation. By
generating TEL-Jak2 transgenic mice the striking role of unopposed Jak2 activation in the
pathogenesis of T-cell leukemia was demonstrated. TEL-Jak2 transgenic mice developed a
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fatal leukemia, mediated by uncontrolled expansion of CD8+ T cells with activated Jak2 and
downstream activation of STAT1 and STAT5 as observed in leukemic tissue (105) (Fig.
2B). Transfection of a hematopoietic pro-B cell line (Ba/F3) with TEL-Jak2 resulted in an
IL-3-independent proliferation based on constitutive STAT3 and STAT5 (106). Retroviral
transfection of human hematopoietic cells with a TEL-Jak2 fusion protein led to Epo-
independent STAT5 activation, erythroid differentiation in vitro, and myelofibrosis in vivo
upon transplantation into nonobese diabetic (NOD)/SCID mice (107). In addition to Tel-
Jak2, other Jak2 fusion proteins have been noted in patients with atypical CML, including
PCM1-Jak2 or BCR-Jak2 fusions. Similarly, in the setting of acute leukemia, Jak2 fusion
proteins have been reported (108–111). Experimental generation of Tel-Jak1, Tel-Jak3, and
Tel-Tyk2 fusion proteins also results in transformation of Ba/F3 cells by cytokine-
independent activation of STAT5 and in case of Tel-Jak3 and Tel-Tyk2 also STAT1 and
STAT3 (112). The oncogenic potential of PTK fusion proteins is further underlined by
translocations leading to TEL-PDGFR or TEL-Abl as observed in some patients with
chronic myelomonocytic leukemia or acute lymphoblastic leukemia (ALL), respectively
(113,114).

The crucial role of active Jak2 in tumor cell transformation and proliferation was underlined
by kinase-targeting strategies to inhibit Jak2 activity. Retroviral expression of SOCS1 in
TEL-Jak2 transformed Ba/F3 cells abrogated Jak2 activation and downstream
phosphorylation of STAT1, STAT3, and STAT5. Silencing Jak2 activation by ectopic
expression of SOCS1 inhibited cell proliferation and survival in vitro. More importantly, in
vivo, immuno-compromised mice were protected from developing TEL-Jak2-driven tumors,
when the transplanted tumor cells were retrovirally infected with SOCS1 (115). Importantly,
the mutation-based constitutive activation of Jak can still be controlled by induced
expression of specific Jak phosphatases such as SOCS1 or by kinase inhibitors that are
currently used in clinical trials (116,117) (Fig. 2B). In addition the TEL-Jak2 transgenic
mouse model allows the interaction of Jak family members to be investigated during tumor
development. Crossing TEL-Jak2 transgenic mice with Tyk2 KO mice unraveled that the
onset of T-lymphoid leukemia is accelerated in the absence of Tyk2 (118) (Fig. 2B). This
model shows that while one Jak family member drives malignant transformation and tumor
growth, a second Jak still can limit disease progression to a certain extent by mediating
cytokine signaling of IFN-γ producing cytotoxic T cells or NK cells and thus providing
tumor surveillance.

Since their initial discovery, Jak2 mutations are frequently found in patients with PV, ET,
PMF, and other myeloproliferative diseases. Jak2 mutations have also been reported in
patients with ALL, acute myelogenous leukemia (AML), and acute megakaryoblastic
leukemia (AMKL). Point mutations like V617F in Jak2 result in constitutive tyrosine
phosphorylation of Jak2 and promote cell survival and proliferation independently from
signals received by cytokine binding. In contrast to the numerous numbers of patients with
genetic Jak2 alterations in hematological malignancies, only rare cases of point mutations of
Jak3 and constitutive Jak3 activation and downstream STAT5 phosphorylation causing
AMKL have been reported. Recently, the first patients with AML and Jak1 mutations have
been identified, whereas Tyk2 mutations have not been described in patients with
hematological malignancies (119). From published data, it appears that Jak gene mutations
are rare events in solid cancer (120,121). Interestingly, Jak3 mutations have been reported in
single patients with solid cancer, i.e. breast cancer or gastric cancer (122). Large scale
screening of patients are required to identify the role of Jak mutations and downstream
signaling events in the pathogenesis of malignancies and immune diseases for establishing
new therapeutic approaches using specific kinase inhibitors.
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Pharmacological targeting of Jaks
Although at one point it was unclear whether protein kinases would be therapeutically useful
targets, there are now eight PTK inhibitors (imatinib, gefitinib, dasatinib, sunitinib, erlotinib,
nilotinib, lapatinib, sorafenib) approved by the Food and Drug Administration (FDA) for the
therapy of several malignancies, including myeloproliferative as well as lymphoproliferative
diseases and solid cancers. The first FDA-approved kinase inhibitor, imatinib, an inhibitor of
Abl kinase, is indicated for the treatment of CML (123). However, it is now clear that
imatinib also inhibits other unrelated tyrosine kinases. This function is advantageous, in that
it is efficacious in the treatment of solid cancers such as gastrointestinal stromal tumors and
breast cancer. Other PTK inhibitors already approved or used in current clinical trials target
the EGFR, vascular endothelial growth factor receptor, platelet-derived growth factor
receptor, FLT-3, and Src family kinases. Yet, others are known to inhibit activity of multiple
PTK as well as serine/threonine kinases. Interestingly, even kinase inhibitors with less
specificity and inhibitory activity on multiple protein kinases (e.g. dasatinib and sunitinib)
show clinical efficacy with tolerable toxicity. PTK inhibitors are even being tested in
combination (e.g. dasatinib and imatinib or dasatinib and erlotinib).

Targeting Jak3—Conceptually, all Jak family members might be targets in different
settings; however, given the very limited function of Jak3, as exemplified in Jak3-SCID
patients, the first efforts to generate Jak-selective inhibitors for therapeutic use focused on
this kinase. Several advantages favor Jak3 as reasonable target to generate new
immunosuppressive agents. In contrast to the other members of the Jak family, Jak3
expression appears to be most highly expressed in hematopoietic cells. Not only is Jak3
expression limited but also Jak3 function seems to be quite restricted due to its selective
association with cytokine receptors. Among the Jak family members, Jak3 has an unique
characteristic in that it only associates with one receptor, the γc chain, a subunit of the
receptors for IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21. As a result, Jak3 mutations in human
or germline deletion of Jak3 in mice result in immunodeficiency but not other abnormalities.
Consequently, deficits are only present within lymphoid cells but have not been described in
other organs.

Ten years ago, the quinazoline derivatives WHI-P131 and WHI-P154 were initially noted to
have activity against glioblastoma, presumably due to activity against the EGFR (124).
These inhibitors were also thought to have activity against Jak3 kinase activity (125), but in
retrospect the compounds were neither selective nor potent Jak3 inhibitors (126). Other
compounds like tyrphostin AG490 or PNU156804 have been reported to inhibit Jak3
(127,128). However, their selectivity has not been firmly established.

Potent and reasonably selective Jak3 inhibitors have been developed. Furthest along in
development and clinical testing is the compound CP-690,550. A recent independent study
showed that CP-690,550 has high affinity for Jak3, with little binding to unrelated kinases
(129). The in vivo effect of CP-690,550 was first investigated in animal models of organ
graft rejection. Efficacy could be shown for preventing heart or kidney rejection after
transplantation without observing metabolic abnormalities or severe side effects due to
immunosuppression (130). Marked reduction in lymphocyte subsets was observed in a dose-
dependent manner but was transient since after dosing cessation lymphocyte numbers began
to normalize (131). In cynomolgus monkeys, oral dosing of Jak3 mainly reduced numbers of
NK cells and effector memory CD8+ T cells (132). Prevention of graft rejection and
prolongation of kidney allograft survival in cynomolgus monkeys has been suggested to be
related to the decrease of NK cells and T cells and lower production levels of IFN-γ in
CP-690,550-treated animals (133,134). Jak3 inhibition with this compound was also
effective in a transplantation setup in rodents and prevented allograft vasculopathy of
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transplanted aortas in rats (135). In addition to the effects of Jak3 inhibition in
transplantation models, CP-690,550 was recently shown to be effective in inflammatory
diseases in rodents. Jak3 inhibition also prevented cartilage damage in a model of collagen-
induced arthritis in mice and adjuvant-induced arthritis in rats. The main immunologic effect
observed in the animals with experimental rheumatoid arthritis was the reduction of IL-6
production when treated with CP-690,550 (136). The exact mechanism by which Jak3
inhibition inhibits IL-6 production, a critical cytokine that drives inflammatory destruction
in rheumatoid arthritis, remains to be determined.

Since Jak3 affects the γc cytokine IL-4, it was reasonable to test CP-690,550 in asthma. In a
mouse model of Th2-mediated asthma, treatment with CP-690,550 could effectively inhibit
pulmonary eosinophilia. IL-4 is the central cytokine in this model of pulmonary disease and
is dependent on functional association of Jak3 to the γc chain-containing IL-4R. CP-690,550
abrogated IL-4-mediated signals and inhibited IL-13, eotaxin, and the eosinophilic influx
into the lungs (137).

CP-690,550 is under current investigation in phase II clinical trials for the therapy of
rheumatoid arthritis, psoriasis, and the prevention of renal transplant rejection. Preliminary
data from first trials are promising, showing efficacy with acceptable toxicity. In a phase II
study for rheumatoid arthritis, 70% to 81% of patients responded with an ACR20
improvement compared to 29% in the placebo group. ACR70 was achieved by 13 to 28% in
the CP-690,550 group, whereas only in 3% of the patients in the placebo cohort an ACR70
response was observed (138). Notably, these responses were achieved in patients that failed
with standard of care therapies including methotrexate or biologics like tumor necrosis
factor antagonists. Similarly, in psoriasis, a significant and dose-dependent reduction of
inflammation and scaling was observed as measured by a modified PASI score (139). A first
phase I dose escalation study of CP-690,550 has also been performed in the setting of
kidney transplantation. Twenty-eight patients were included in the study, 22 received
CP-690,550 divided in different groups of 5 mg BID, 15 mg BID, and 30 mg BID, with 6
patients were in the placebo group. No graft loss was reported. At present there are more
than a dozen clinical trials underway testing CP 690,550 in rheumatoid arthritis, psoriasis,
and renal transplantation.

Although Jak3 is crucial for lymphocyte survival and proliferation and Jak3 deficiency
results in severe lymphopenia in mice and human, no changes of the major CD4+ or CD8+

T-lymphocyte subsets have been observed in clinical studies. Consistent with preclinical
studies, a decrease of the absolute CD16+ and CD56+ NK cell numbers has been observed in
patients receiving CP-690,550 therapy (140).

An important adverse event in the study of renal transplantation was an increased incidence
of infections, although in this setting, the patients also received other immunosuppressive
drugs. Laboratory parameters also revealed a significant reduction of hemoglobin
concentration in the low and high dose group compared to the patients receiving placebo
(140). In this study, no major changes were observed in total or relative numbers of
neutrophils, lymphocytes, eosinophils, basohphils, monocytes, or platelets. In contrast, dose-
dependent neutropenia was noted in the rheumatoid arthritis study. A likely explanation for
the effects of CP-690,550 on hemoglobulin concentrations and neutrophil counts might be
related to the effect of this drug on Jak2. As discussed above, Jak2 signaling is important for
Epo, although the importance of this kinase for granulocyte colony-stimulating factor
signaling is less clear (38). In vitro, CP-690,550 has been reported to have considerable
affinity for Jak2 and to a lesser extent for Tyk2 (129). The ability of CP-690,550 to inhibit
these other Jaks will be an important issue to study in the future. Because of the
attractiveness of Jak3 as a target, a variety of companies have generated Jak3 inhibitors,
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which are at different levels of development. These include Rigel (R-348, Phase I),
Pharmacopeia/Wyeth (PS-608504, preclinical), Vertex (VX-509, preclinical), and Cytopia/
Novartis (preclinical).

Targeting Jak2 in MPD—The dramatic discovery that the mutations of Jak2 underlie
nearly all cases of PV and many cases of ET and MPD provided a rationale for the use of
Jak2 inhibitors in this setting (15). At present, there are at least 15 clinical trials underway
using various PTK inhibitors in the setting of MPD. Several companies have generated
putatively selective Jak2 inhibitors, which are being tested in these disorders including
S*BIO (SB1518), Exelixis (XL019), Incyte (INCB018424), TargeGen (TG101348), and
Cephalon (lestaurtinib) (141,142). The extent to which these compounds are truly Jak2
selective needs to be independently assessed. With respect to this issue, it is notable that the
Incyte compound has been reported to inhibit both Jak1 and Jak2. Despite the fact that
germline deletion of Jak1 and Jak2 are embryonically lethal, INCB018424 is presently being
studied in rheumatoid arthritis and psoriasis. Moreover, the drug is also being tested in
prostate cancer, multiple myeloma, AML, and CML. From all these trials, we will learn
much about the consequences of inhibiting Jaks in human and the necessity for achieving
specificity.

Lestaurtinib (CEP-701) is FDA designated as orphan drug for AML, which was originally
thought to target FLT-3 and TrkA. However, lestaurtinib has also been reported to inhibit
Jak2 and is therefore being tested in patients with Jak2 mutations (143). Furthemore,
dasatinib, a PTK inhibitor approved for use in CML, is an inhibitor of Src family PTKs and
BCR-Abl. Dasatinib was not efficacious in an animal model of Jak2V617F-induced PV, but
in vitro dasatinib was able to inhibit myeloid and erythroid colony growth of peripheral
blood cells from PV patients (144,145). A recent analysis showed that at least at high doses
(1μM), dasatinib can inhibit Jak2 activity in vitro (129). How dasatinib inhibits Jak2V617F-
driven proliferation is unclear, but clinical trials are underway. Finally, although imatinib
has little activity towards Jak2, efficacy of imatinib is currently tested in phase II clinical
trials for PV. It is very clear that the importance of selectively inhibiting PTKs is a moving
target.

CP-690,550 has been reported to preferentially inhibit the signaling pathways activated by
mutated Jak2 (146). Interestingly, the inhibition observed with CP-690,550 on mutated Jak2
cells was more pronounced than in cells expressing wildtype Jak2. In vitro, CP-690,550 at
concentrations of 1μM induced apoptosis in erythroid progenitor cells of patients with PV
but not from healthy controls (146). The nanomolar binding capacity of CP-690,550 to Jak2
is very similar to the activity against the main target Jak3, and clinical trials have to show
the efficacy of this primary Jak3 inhibitor in PV (129).

Concluding remarks
During the last two decades, remarkable advances have been made in the field of cytokine
biology, starting with the elucidation of the principal pathways of cytokine signaling and
culminating in the transfer from basic science to the introduction of new therapeutic drugs.
The generation and investigation of KO mice as well as intensive observations from several
human diseases have helped to delineate the signaling pathways that derive from cytokine
stimulation. Loss-of-function mutations of Jak3 are responsible for a subgroup of SCID
patients and a patient with a HIES-like syndrome caused by Tyk2 deficiency has been
described. Gain-of-function mutations of Jak2 and Jak2 fusion proteins are responsible for a
number of lymphoproliferative and myeloproliferative diseases. In the past decade, we have
identified the structure of Jak proteins, and this has led to our improved understanding of the
regulatory mechanisms that control these kinases including the JH domains, phosphorylation
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sites, and associated regulatory proteins. However, we are still quite ignorant about the
detailed structure of Jaks and many aspects of the cell biology of Jaks and their cognate
receptors. Much remains to be learned about how Jaks transduce signals from numerous
cytokine receptors and how they are regulated. Nonetheless, numerous clinical trials using
Jak and other PTK inhibitors are underway and a great deal of new information about the
consequence of inhibiting Jaks in humans is likely to be revealed in the near future.
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Fig. 1. Schematic structure of Jaks
The Jak family comprises four structurally related kinases: Jak1, Jak2, Jak3, and Tyk2.
Seven Jak homology regions (JH) containing the catalytically active kinase domain (JH1),
the enzymatically inactive pseudokinase domain (JH2), the SH2 domain (JH3, JH4), and a
FERM domain (JH6, JH7) form the Jak protein. The FERM domain mediates Jak binding to
the transmembrane cytokine receptor and regulates kinase activity.
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Fig. 2. Development of hematopoietic malignancies by Jaks and possible control mechanisms
Lymphoproliferative and myeloproliferative diseases may be caused by different Jak
activating mutations (A) or fusion proteins based on chromosomal translocation (B). Both
genetic changes result in constitutive activation of Jak2 and downstream STAT activation
responsible for cell transformation and uncontrolled proliferation. The regulatory functions
of SOCS can either not cope with the constitutive activation or are silenced by Jak2V617F
hyperphosphorylation (A). The generation and use of selective Jak2 or Jak2V617F inhibitors
may interrupt the signaling cascade and prevent tumor progression. When tumor-protective
IFN-γ-dominated immune responses are impaired due to the absence of Tyk2, the
development of TEL-Jak2-mediated T-lymphoid leukemia is accelerated in mice (B).
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Table 1

Characteristic immune phenotypes of Jak deficiencies

Tyk2 deficiency Jak3 deficiency

Lymphocyte development and
proliferation

Not affected T cell development ↓↓
T cell proliferation ↓↓

DC differentiation IL-12 ↓, IL-23 ↓(in response to TLR4 or TLR9
activation)

Number of CD11c+ DC ↓
IL-12 ↑, IL-10 ↑(in response to TLR4 or TLR9
activation)

Pro-inflammatory Th cell
responses

IL-12 signaling ↓
IFN signaling ↓
Susceptibility to viral infections ↑

IFN-g production ↓(by epigenetic modification of the
IFN-g locus)

Th2 responses IL-4 ↑
IgE ↑

IL-4 signaling ↓

Phenotype in humans Susceptibility to infections ↑
HIES-like disease

SCID

The only viable Jak deficiencies, Tyk2 and Jak3, show distinct immune phenotypes. Whereas in the absence of Tyk2 pro-inflammatory immune
responses are impaired and Th2 responses enhanced, Jak3-deficient individuals are primarily characterized by severe immunodeficiency.
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