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Sepsis remains a significant cause of morbidity and mortality
in the intensive care unit (68), affecting more than 500,000
patients per year in the United States (39). The incidence is
increasing despite the major advances in the development of
antimicrobial agents and other supportive treatments (56).
Septic patients often succumb to a systemic inflammatory re-
sponse, of which multiple organ failure is a main complication.
There is no definitive treatment for multiple organ failure
other than supportive treatment, such as assisted ventilation or
renal dialysis. Research efforts now heavily focus on the mech-
anisms of multiple organ failure, with the hope that treatment
options can be identified through a better understanding of
these mechanisms. One current theory implicates an inappro-
priate cytokine response as the main protagonist in the devel-
opment of multiple organ failure following an inflammatory
stimulus (35, 48).

Cytokines are low-molecular-weight polypeptides or glyco-
proteins that regulate numerous cellular functions and allow
both autocrine and paracrine signaling. Cytokines regulate
many of the pathways involved in the host inflammatory
response to sepsis. They influence cell differentiation, prolif-
eration, and activation and modulate proinflammatory and
anti-inflammatory responses to allow the host to react appro-
priately to pathogens.

The binding of a cytokine to a corresponding receptor ini-
tiates intracellular signal cascades, ultimately leading to
changes in gene expression. These signals must rapidly trans-
duce an extracellular signal to the nucleus. The Janus-kinase/
signal transducers and activators of transcription (Jak/STAT)
pathway is employed in the signaling of many cytokines. Cyto-
kine receptors do not, in general, have intrinsic tyrosine kinase
activity and therefore require association with receptor-asso-
ciated kinases in order to propagate a phosphorylation cas-
cade. Jaks fulfill this function by their ability to associate with
many of the cytokine receptors that are involved in regulatory
pathways during a sepsis response. Cytokines bind to their
receptors and cause receptor dimerization. This enables Jaks
to phosphorylate each other as well as the cytokine receptors.
Cytokine receptor phosphorylation allows binding of STATs
via a specific binding domain. Once bound to the receptor,
STATs are also phosphorylated by Jaks. STATs then dissociate
from the receptors and dimerize. Dimerization enables trans-
location of STAT into the nucleus and binding to DNA in
order to alter transcription (Fig. 1). Four Jaks and seven
STATs have been identified to date in mammalian cells. Mul-

tiple Jaks and STATs, as well as the ability of STATs to homo-
or hetero-dimerize, allow for cytokine-specific cellular re-
sponses (47).

This minireview describes a number of important cytokines
involved in regulating the inflammatory response to sepsis, the
importance of the Jak/STAT pathways, and how these path-
ways are regulated.

CYTOKINE STRUCTURE

Cytokines can be classified according to structure as well as
function (19). Type I cytokines form the largest group and are
classified mainly according to their structure, which includes
four �-helices, and also according to the fact that they signal
via type I cytokine receptors. Type I cytokines include many of
the interleukins (ILs), such as IL-2, IL-4, IL-5, IL-7, IL-9,
IL-11, IL-13, and IL-15. These cytokines are often referred to
as hematopoietins because they tend to induce growth and
differentiation of red blood cells and leukocytes, especially B
and T lymphocytes (19). Type I cytokine receptors also have
many conserved structural features. There are conserved ex-
tracellular domains, together with a proline-rich intracellular
domain, that allow association with Jaks (27).

Type II cytokines include alpha interferon (IFN-�), IFN-�,
and IFN-�. Interferons enhance cell-mediated immune re-
sponses, especially to viral infection, as well as increase acti-
vation of macrophages (19). Two other cytokine families have
been described based on similarities in their receptor structure.
These are the tumor necrosis factor (TNF) family, which in-
cludes TNF-�, TNF-�, CD40 ligand, and Fas ligand, and the
immunoglobulin superfamily, which includes B7.1 and B7.2
that are responsible for costimulation of T cells. TNF family
receptors are trimers and provide signal transduction through
pathways leading to B- and T-cell activation, as well as impor-
tant regulatory signals for apoptosis.

A number of cytokines cannot be directly included in any of
the four cytokine families described above, although several
have been categorized as belonging to these families in the
past. These cytokines remain unclassified at present. They in-
clude transforming growth factor �, IL-1, IL-10, IL-12, and
IL-18, all of which have been shown to be important in either
the pro- or anti-inflammatory immune response to sepsis.

TH1 AND TH2 CYTOKINES

Cytokines may also be classified in terms of their production
by T-helper (TH) lymphocytes (5). TH1 cytokines are primar-
ily involved in promoting a cell-mediated immune response.
These cytokines are generally proinflammatory and include
primarily IFN-� and IL-2 (37). TH2 cytokines are those pri-
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marily involved in humoral immune responses and responses
to disseminated infection. These cytokines are generally anti-
inflammatory and include IL-4, IL-10, and IL-13. Both TH1
and TH2 cytokines are required for an appropriate immune
response to a septic challenge (37).

CYTOKINE REGULATION

There is considerable antagonism and regulation between
the TH1 and TH2 cytokines (30, 37, 51). This regulation is
required for an appropriate immune response to sepsis. If
either proinflammatory or anti-inflammatory cytokines are al-
lowed to predominate without appropriate regulation, there is
great potential for tissue and organ damage. In this way, it has
been proposed that an overexuberant proinflammatory re-
sponse, or an equally overexuberant anti-inflammatory re-
sponse, can lead to early and late onset of multiple organ
failure, respectively (35, 48). Patients with severe sepsis pro-
duce predominantly a TH2 response, and this correlates with a
poor outcome, possibly secondary to the resulting immunosup-
pression (10).

There are, therefore, many regulatory systems that have
evolved in an attempt to maintain the cytokine balance during
sepsis. The regulation and mechanism of TH1 and TH2 dif-
ferentiation remains a major source of immunological investi-
gation, and these mechanisms are far from being fully under-
stood. Differentiation is, to some degree, reliant on correct

Jak/STAT activation. Other signaling pathways are also in-
volved. Differential regulation of TH1 and TH2 responses in a
sepsis model was found to be regulated in part by p38 mitogen-
activated protein kinase (53). p38 mitogen-activated protein
kinase also appears to be important in IL-12-induced STAT4
phosphorylation and transcriptional activation (65).

CYTOKINES IN INFECTION

Cytokine responses are, of course, a necessary part of the
host response. There are many studies investigating the effects
of individual cytokines during sepsis. Those experiments and
studies described below relate to cytokines that have been
shown to involve one of the Jak/STAT pathways, either directly
via signaling or via regulatory control of these pathways.

IL-12. The importance of IL-12 in sepsis was highlighted in
a recent study of surgical patients (67). This study showed that
decreased IL-12 levels before surgery were a positive predictor
of lethal outcome if subsequent postoperative sepsis devel-
oped. This confirms many studies performed in mice. IL-12-
deficient mice are unable to produce adequate IFN-� re-
sponses and therefore are unable to produce good TH1
differentiation (31). In other studies, blocking antibodies to
IL-12 were administered to mice at the time of peritonitis
induced either by cecal ligation and puncture (CLP) (54) or by
intraperitoneal Escherichia coli injection (72). Both studies re-
sulted in decreased clearance of bacteria in the treated animals

FIG. 1. Pathway of signal transduction from cytokine binding to a receptor to the nucleus via the Jak/STAT pathway. Y, tyrosine residue able
to be phosphorylated.
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compared with controls and had a detrimental effect on sur-
vival. However, in an endotoxin model of sepsis, anti-IL-12
antibodies were protective (72). Treatment of mice with IL-12
also improved outcome after CLP (42).

IFN-�. Another important proinflammatory cytokine during
sepsis is IFN-�. This cytokine increases TH1 differentiation
and cell-mediated immune responses (44). Treatment of hu-
man monocytes with IFN-� increases monocyte human leuko-
cyte antigen DR (HLA-DR) expression (16). Trauma patients
also express lower levels of HLA-DR on their blood monocytes
compared with a control population, and lower HLA-DR ex-
pression is related to worsened outcome (17) as well as an
increasing incidence of sepsis (4). A clinical trial for treatment
with IFN-� in trauma patients was undertaken in the early
1990s based on this and other research, with the hope that
there would be increased antigen presentation by monocytes
and augmentation of the proinflammatory immune response.
Treatment did improve HLA-DR levels in these patients, but
no overall improvement in outcome was shown by this study
(43).

IL-4. This is another important cytokine that serves to in-
crease TH2 differentiation and promote humoral immunity
(37). DiPiro et al. (8) found that IL-4 levels correlated directly
with increased severity of trauma as well as with subsequent
development of sepsis. The same study, however, showed that
low IL-4 levels in these patients at the time of admission
correlated with an increased incidence of nosocomial pneumo-
nia. Administration of anti-IL-4 antibodies restored sup-
pressed TH1 cytokine production in splenocytes of mice after
CLP, and this was associated with decreased STAT6 phosphor-
ylation (52). In a Staphylococcus aureus infection model, IL-4-
deficient mice had conflicting survival results, depending on
the original background strain of the mice (18). Survival was
improved in IL-4-deficient mice with 129SV background,
which tend to produce predominantly TH2 responses, but de-
creased in IL-4-deficient mice with C57BL/6 background,
which produce mainly a TH1 response. Treatment with IL-4
decreased survival in a Pseudomonas aeruginosa infection
model when administered 24 h prior to infection but increased
survival when administered at the time of infection (12). These
studies emphasize the importance of the natural tendency of
some inbred mice to produce a predominant either TH1 or
TH2 response, as well as the importance of temporal produc-
tion of cytokines in order to achieve desirable responses.

IL-10. This potent anti-inflammatory cytokine suppresses
macrophage inflammatory functions during sepsis (36). In-
creased IL-10 in patients with sepsis is related to an adverse
outcome (40). In mice, administration of IL-10 decreases the
inflammatory response to sepsis and is also detrimental (40). A
separate study (23) confirmed the importance of IL-10 in burn
injury. In this study, the decreased TH1 function commonly
found after burns was reversed by the administration of anti-
IL-10 antibodies in mice. Neutralizing anti-IL-10 antibodies
also increased survival in a Klebsiella pneumoniae model of
lung infection (15).

Jak STRUCTURE AND FUNCTION

As stated above, the Jak/STAT signaling pathway is one of
the major pathways for many cytokine signals. Four Jaks have

been identified in mammals (28): Jak1, Jak2, Jak3, and Tyk2.
They have molecular masses ranging from 120 to 140 kDa and
a conserved structure with distinct regions. Two of these re-
gions possess kinase-like activity; one is a functional catalytic
kinase domain, and the other is a pseudokinase domain. From
these two domains Jaks were named after the Roman two-
faced god, Janus. The function of the pseudokinase domain is
still under investigation, but it is thought that it may be a
potential regulatory site (64) or a docking site for STATs (11).
Initial experiments showed that Jak1 and Tyk2 were important
in IFN-�/� signaling. Subsequently, it was shown that kinase
activity could be induced in Jak family members by a wide
range of cytokines. Two Jaks of the same or different class must
be in close proximity for phosphorylation to occur. If one Jak
is absent, then no signal will be propagated. However, Jak
kinases are not solely responsible for specificity of signaling, as
many cytokines activate the same Jak (Table 1).

STAT STRUCTURE AND FUNCTION

Seven STAT proteins have currently been identified in mam-
malian cells (28): STAT1, -2, -3, -4, -5a, -5b, and -6, with
molecular masses between 750 and 950 kDa (Fig. 2). Their
arrangement on three separate chromosomes suggests that
there was duplication of a common ancestral gene (7). STATs
also share functional structural domains. An SH2 (Src homol-
ogy) domain allows the STAT to associate with an appropri-
ately phosphorylated cytokine receptor; it is this domain that
may contribute to selectivity of response to cytokines (47).
There is also a conserved tyrosine residue approximately 700
amino acids from the N terminus. This tyrosine residue is
phosphorylated by Jaks to allow the STAT dimerization that is
essential for its ability to enter the nucleus and achieve its
effects. STATs are also able to homo- or heterodimerize, thus
likely contributing to specificity of action, by perhaps binding
to different transcription regulation sites. The inherent redun-
dancy of cytokines and the fact that cytokines can be grouped

TABLE 1. STAT activation and function in response to infection

Protein Cytokine
activator Jaks activated Response to infection

STAT1 IFN-� Jak1, Jak2 TH1 response, monocyte/
macrophage activation

IFN-�/� Jak1, Tyk2

STAT2 IFN-�/� Jak1, Tyk2 Viral neutralization

STAT3 IL-6 Jak1/2, Tyk2 Anti-inflammatory
regulatory actions,
monocyte/macrophage
suppression

IL-10 Jak1, Tyk2

STAT4 IL-12 Jak2, Tyk2 TH1 response, NK cell
function, intracellular
pathogen neutralization

STAT6 IL-4 Jak1, Jak3 TH2 response,
immunoglobulin E class
switching, parasite
neutralization

IL-13 Jak1/2, Tyk2
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into functionally related subclasses must surely play a role in
the diverse response observed despite only a limited combina-
tion of signaling molecules.

EFFECTS OF STAT DEFICIENCY IN MICE

The function of each STAT has been elucidated mainly
through the use of genetic knockout mice deficient in these
proteins. These studies have revealed their critical role, par-
ticularly in host defense against many forms of sepsis. STAT1-
deficient mice have reduced IFN-�/�/� signaling as well as
reduced amounts of growth factors such as IL-6, IL-10, and
growth hormone. Lack of STAT1 leaves these mice susceptible
to viruses and many microbial pathogens (34). STAT2-defi-
cient mice also have reduced responses to IFN-� as well as
IFN-� and IFN-� signaling and therefore have similar suscep-
tibilities to multiple bacterial and viral pathogens. STAT3-
deficient mice die at an early fetal stage, although there is
indirect evidence to show the importance of STAT3 in T-cell
proliferation (58) and responsiveness to IL-10 (57) and IL-6
(1), all of which are important during sepsis. IL-18 has also
been shown to activate STAT3 to produce IFN-� in natural
killer (NK) cells (20). STAT4 appears to be acted on almost
exclusively by IL-12, one of the major regulators of TH1-
lymphocyte development; however, IL-2 has been shown to
activate STAT4 in NK cells but not in T cells (66). Mice lacking
STAT4 show decreased TH1 cytokine production, other defi-
ciencies within the innate immune system, and increased sus-
ceptibilities to intracellular pathogens (21, 62). STAT5a- and
-5b-deficient mice show closely related defects, reflecting the
closely related primary structure of the two proteins. In terms
of responses to infection, there are major decreases in NK cell
number and function, together with marked IL-2 hyporespon-
siveness in these deficient mice (38). Finally, STAT6 deficiency
results in severely decreased IL-4 and IL-13 responses (59).
There is a defect in TH2 development as well as a lack of
immunoglobulin E class switching (49). Therefore, mice with
STAT6 deficiency are susceptible to parasites as well as many
bacterial pathogens.

REGULATION OF Jak/STAT SIGNALING

Regulation of Jak/STAT signaling is important in controlling
the immune response to sepsis. Pathways can be regulated in a
number of ways. STATs themselves can be dephosphorylated
by tyrosine phosphatases or degraded by a ubiquitin-protea-
some pathway. One example of this is the degradation of
STAT1 in order to regulate the actions of IFN-� during sepsis
(24). There are also a number of dominant negative forms of

the STAT proteins that are formed by alternative splicing of
mRNA. Another major pathway of regulation is through the
suppressors of cytokine signaling (SOCS) proteins. These pro-
teins are a relatively recent discovery but have already under-
gone several changes in nomenclature based on their original
discovery and different actions. Eight separate SOCS family
proteins have been identified and are most easily classified as
SOCS 1 through 7 and CIS 1 (6, 70). The structure of SOCS
proteins includes a kinase inhibitory region and an extended
SH2 subdomain, which allows SOCS members to act in a
number of ways to suppress Jak/STAT signaling. SOCS 1 and
3 directly bind to Jaks to inhibit their function, whereas others
act on the receptor to prevent STAT binding or receptor phos-
phorylation. SOCS 3 is induced by IL-10; this is one of the
mechanisms responsible for IL-10-mediated inhibition of
proinflammatory macrophage function (2). The production of
SOCS proteins is regulated in a classical feedback loop, as
SOCS gene expression is induced by STATs themselves and
their respective cytokines.

Jak AND STAT IN SEPSIS

As stated earlier, the balance of TH1 and TH2 cytokines is
crucial to the host response to infection. Many different models
of sepsis have been used to investigate the role of STATs and
Jaks in response to infection and the subsequent TH1/TH2
balance. These models range from clinically relevant models,
such as polymicrobial peritonitis after CLP (50) and K. pneu-
moniae lung infection (15), to intraperitoneal injection of
pathogens or their infectious components, such as endotoxin or
lipopolysaccharide (72). The results from studies using these
models of infection have all contributed to current knowledge
on the mechanism and function of Jak/STAT signaling in sep-
sis (Table 1).

STAT4 and STAT6. Two of the most important STAT path-
ways in the immune response to sepsis are STAT4 and STAT6
(69), primarily because of their effect on TH-cell differentia-
tion. They are also the most widely investigated in sepsis mod-
els, due in part to the availability of the genetic knockout mice.
In one study, survival of both STAT4-deficient and STAT6-
deficient mice was improved after CLP, compared with that of
wild-type controls, and survival was greater in STAT4-deficient
mice compared with STAT6-deficient mice (32). Bacterial lev-
els in STAT6-deficient mice after CLP were also lower than
those in wild-type mice, which was proposed to be associated
with increased IL-12 levels in these mice from activated mac-
rophages (32). However, paradoxically, STAT4-deficient mice
had higher bacterial levels after CLP, despite their significantly
improved survival (13). The survival benefit with STAT4 defi-

FIG. 2. Generalized structure of STAT proteins. Conserved tyrosine (Y) and serine (S) amino acids are indicated. These provide potential sites
for phosphorylation and regulation of STAT activity.
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ciency may result from their blunted IL-12 levels in peritoneal
washout as well as serum, which may prevent an overwhelming
proinflammatory response to the bacterial challenge (13). In-
terestingly, STAT4-deficient mice had increased levels of he-
patic IL-10 and IL-13, combined with decreased indices for
hepatic injury after CLP (32). Matsukawa et al. speculate that
this finding links STAT4 with multiple organ failure, as the
liver is the organ most commonly affected.

IL-4-activated STAT6 is essential for TH2 differentiation
(21, 49, 60). Negative regulation of STAT6 can be achieved by
the TH1-inducing cytokine IFN-� (69). STAT4 is also ex-
tremely important for TH1 responses, although there are
STAT-independent pathways (3, 22). A recent study provided
evidence that levels and activation of STAT4 are partly respon-
sible for the TH1-shifted host responses found in some inbred
strains of mice, such as C57BL/6, and for the TH2-shifted
immune response exhibited by BALB/c mice (26). This sup-
ports other studies that investigated the role of STAT4 and
STAT6 in resolution of infection with intracellular pathogens
such as Toxoplasma gondii (3) and Trypanosoma cruzi (61).
BALB/c mice are more susceptible to infection by these intra-
cellular pathogens, as they are unable to mount an appropriate
TH1-cell-mediated immune response required for effective im-
mune control of organisms. TH2 responses develop later in the
course of infection to combat organism persistence. Similarly,
STAT4-deficient patients tend to develop atypical mycobacte-
rial and staphylococcal infections (14). STAT6, but not
STAT4, plays a role in TH1 and TH2 differential chemokine
responses (71). Chemokines are, of course, also extremely im-
portant during sepsis for appropriate recruitment of leukocytes
to sites of infection. Different chemokines regulate the speci-
ficity of leukocyte recruitment (33), and it seems likely that
TH2 cells produce chemokines to attract other TH2 lympho-
cytes, rather than TH1 lymphocytes (71).

STAT3 and STAT1. In a CLP model in rats, increased he-
patic STAT3 activation correlated with a survival advantage
(1). A concurrent loss of serum and intrahepatic IL-6 activity,
which signals via STAT3, correlated with increased mortality.
One possibility for this is that during sepsis hepatocytes can
become hyporesponsive to IL-6, therefore decreasing STAT3
phosphorylation. The ability to produce adequate amounts of
IL-6 during sepsis is important, and levels of this cytokine have
been shown to be a predictor of final outcome both in murine
models of sepsis and in trauma patients (45).

STAT1 forms part of the major signaling pathway for IFN-�,
which is critical in the activation of macrophages and mono-
cytes. STAT1 plays a role in combining IFN-� signals with
other stimulatory signals, usually derived from microbial prod-
ucts such as LPS, in order to fully activate macrophages. This
effect is achieved by alteration of phosphorylation of both the
serine and tyrosine phosphorylation sites on STAT1 (25).
STAT1 is also required for LPS-induced gene expression (41).
Mycobacterium tuberculosis is able to prevent its phagocytosis
by IFN-�-activated human macrophages by specifically target-
ing the interaction of STAT1 with transcriptional activators
responsible for upregulating IFN-�-dependent gene expression
(63). Many viruses are similarly able to inhibit STAT1 (29).
Clinically, it has also been demonstrated that mutations of
STAT1 or IFN-� receptors affect outcome after mycobacterial
infection (9). Other pathogens, such as Listeria monocytogenes,

are able to decrease STAT1 phosphorylation in an attempt to
limit the host immune response (55). Listeria is also able to
increase mRNA expression of SOCS 3 (55). There is further
evidence that STAT1 may be an important immunoregulatory
protein, as it also appears to be involved in the induction of
apoptosis (46). These findings are currently under further in-
vestigation.

CONCLUSION

STAT proteins and Jak/STAT intracellular signaling form
some of the most important pathways involved in producing
both cell-mediated and acquired immune responses. Many im-
portant cytokines that are required to combat a wide range of
infectious agents exert their effects through them. They are
also integral to the differentiation of T lymphocytes to produce
TH1 or TH2 cytokines in response to infection. This review
focused on the role of Jak/STAT signaling in sepsis, but these
pathways are equally important in many other immune pro-
cesses, such as allergic and autoimmune responses. It is, there-
fore, not surprising that these molecules are currently under
intense experimental scrutiny. Recognition of their importance
to the understanding of many different immunological mech-
anisms is likely to increase as more studies are published. This
recognition has the potential to provide new therapies for a
wide range of diseases and clinical problems in the future.
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