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Interleukin-12 family members and type I interferons in
Th17-mediated inflammatory disorders

Cytokines produced by antigen-presenting cells govern the fate of helper

T-cell responses. Herein, we review the impact of interleukin (IL)-23 and IL-27
on the outcome of T-helper (Th) 17 cell responses and discuss their impact in
the pathogenesis of T-cell-mediated inflammatory disorders of autoimmune or
allergic origin. We then discuss how type I interferons might influence the course
of autoimmune diseases by tipping the balance between IL-12 family members.
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The functional subdivision of CD4 T-helper subsets in
Thl and Th2 cells has dominated T-cell biology during
the last two decades. The Th2 subset, characterized by the
secretion of interleukin (IL)-4, IL-5 and IL-13, mediates
anti-helminth response and allergic reactions. In contrast,
the Thl subset, which produces interferon (IFN)-vy,
mediates cellular response against intracellular patho-
gens. Until recently, Thl effector cells were held respon-
sible for the development of the most cell-mediated
inflammatory disorders (1). This concept has largely been
revisited since the discovery of the new Thl7 effector
subset. Indeed, several experimental studies and clinical
investigations confirmed that IL-23/Th17 axis rather than
IL-12/Thl subset mediates inflammation of autoimmune
or infectious origin (2). The generation of IL-23p19~/~
mice clearly indicated that IL-23 rather than IL-12 plays a
crucial role in the development of a growing number of
autoimmune and inflammatory models, including exper-
imental allergic encephalomyelitis (EAE), collagen-
induced arthritis (CIA), psoriasis and chronic intestinal
inflammation (3-6). These studies have questioned the
role of IL-12-mediated Thl response in autoimmune
inflammation. As extensively reviewed (7-9), our knowl-
edge on the cytokine networks responsible for the
differentiation of Thl7 from naive mouse or human
precursors has rapidly evolved. In the mouse, both
transforming growth factor (TGF)- and IL-6 are critical
for the commitment of the Th17 pathway (10-12). Both
factors synergize for the induction of the transcription
factor RORyt (13). In addition, other inflammatory
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cytokines, such as IL-1f and TNF-o further enhance
Th17 differentiation. Autocrine production of IL-21, a
cytokine that is implicated in the generation of
T follicular helper cells, also plays an important role in
RORyt and IL-17 expression (14, 15). The same cytokines
contribute to the differentiation of human Thl7 cells,
although to different extend. IL-1f3 was found to be an
important inducer of Th17 cells (16, 17). The direct role
of TGF-p is still controversial and may depend on the
origin of T cells and culture conditions. As TGF-8
strongly inhibits the development of both Thl and Th2
cells, it might indirectly favour the expansion of Thl7
cells. Interestingly, combination of IL-1f and IL-23
promotes IL-17 production and leads to the development
of both Th17 and Th1/Th17 cells. The latter cells express
both RORyt and T-bet and are also largely found when
derived from patients with Crohn’s disease (18). Thus,
unlike mouse cells, human Th17 cells might share some
developmental features with Thl cells. Th17 differentia-
tion is tightly controlled; IL-12, IFN-y and IL-4 inhibit
Th17 differentiation for both mouse and human cells (16,
18, 19). Strategies that augment regulatory T cell (Treg)
activity are considered for treatment of autoimmune
disease. However, unlike Thl and Th2 cells, once
differentiated, recent evidence suggests that Thl7 cells
are poorly responsive to the suppressive action of Tregs
(18, 20, 21). Thus, for the development of therapies that
would target differentiated cells, it is critical to decipher
how effector functions of memory Thl7 cells can be
modulated. In the light of these recent findings, we review



the complex role of IL-12/IFN-vy, IL-27 and type I IFN in
promoting and counterbalancing autoimmune inflamma-
tion.

Th17 cells and IL-12 family members: revisiting the role
of inflammatory cytokines in autoimmunity and allergy

The discovery of Thl7 cells has questioned the patho-
genic role of the Thl cells in autoimmunity. It is still
unclear whether the pathogenic role previously attributed
to the IL-12/IFN-y axis is solely mediated by the 1L-23/
IL-17 pathway or if both Thl and Thl7 effectors
contribute to inflammation. Most evident findings on
the exclusive pathogenic role of Th17 effectors have been
obtained from animal models using immunization in
complete Freund adjuvant. Adoptive transfer of Th cell
lines or the use of other immunization protocols indicates
that Thl cells can also promote inflammation of Th17
effectors independently (22, 23). Furthermore, despite
in vitro mouse data, it is also clear that at the site of
inflammation, e.g. in the course of EAE or active Crohn’s
disease, Th cells can produce both IL-17 and IFN-y (11,
18, 24). In keeping with this notion, in Helicobacter
hepaticus-induced T-cell-dependent colitis, both IL-17
and IFN-vy responses synergize to drive maximal intesti-
nal inflammation (25). Interestingly, myelin-reactive Th17
cells were unable to access the central nervous system
(CNS) unless inflammation was previously established by
Thl cells (26). Thus, in various settings, Thl and Th17
effectors seem to collaborate to the development of
autoimmunity. Although the involvement of the IL-23/
IL-17 axis in allergic disorders remains to be clarified,
there is evidence that Thl7 cells participate in the
pathogenesis of bronchial asthma — especially when
associated with neutrophilic inflammation — in allergic
rhinitis and contact dermatitis (reviewed in 27).

It is clear that IFN-y also displays immunomodulatory
functions. Deletion of the IL-12p35, IFN-y or IL-12Rp2
genes or administration of anti-IFN-y antibodies leads to
increased severity of EAE and CIA, suggesting a protective
rather than a causative role of the IL-12p70/IFN-vy axis in
this type of inflammatory disorders (3, 28, 29). Several
mechanisms have been implicated in the protective effect of
IFN-y. Th17 lineage commitment requires the presence of
TGF-B, IL-6 and autocrine IL-21 production (12, 30).
Interferon-y was shown to inhibit directly Th17 differen-
tiation (19). Along the same line, production of IFN-y by
CD8 T-cells dampens 1L-17-mediated experimental auto-
immune myocarditis (31). In addition, during EAE, IFN-y
was found to be required for the conversion of
CD4"CD25 T cells into CD4™ Tregs (29). Interferon-y
also directly acts on oligodendrocytes, leading to the
induction of the endoplasmic reticular stress response
pathway, and allowing the cells to maintain functional
myelin sheaths (32). In the context of alloreactivity, rapid
and transient production of IFN-y by Treg themselves
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Figure 1. 1L-12 family members and Th subsets. IL-12 induces
secretion of IFN-y by Thl cells (expressing the transcription
factor T-bet). IL-23 is critically involved in the inflammatory
properties of the Th17 subset (expressing the orphan receptor
RORyt). While IL-27 induces T-bet expression and initial Thl
commitment, it also inhibits Th17 differentiation. Furthermore,
IL-27 promotes IL-10 production by differentiated Th
cells. Finally, this cytokine also inhibits TGF-B-dependent
development of induced Tregs.

contributes to their suppressive function (33, 34). The anti-
inflammatory properties of IFN-y involve induction of
nitric oxide synthase and indoleamine-2,3-dioxygenase in
antigen-presenting cells (34).

The divergent roles of IL-27

Cytokines produced by antigen-presenting cells, such as
IL-12 or IL-23 greatly affect the outcome of autoimmune
inflammation. Another related cytokine, IL-27, recently
emerged as a critical player in the control of inflamma-
tion. Its role is complex as IL-27 favours initial commit-
ment into Thl cells but also displays immunosuppressive
properties (Fig. 1). Initial works on IL-27 focused on its
pro-inflammatory roles in the context of infection or
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cancer. Unexpectedly, IL-27R ™~ mice were subsequently
shown to develop severe inflammatory pathologies in the
course of infection with intracellular pathogens or in
allergen-induced airway hypersensitivity model (35-38).
In addition, IL-27 was shown to limit IL-17-cell-driven
inflammation in the CNS (39, 40), and administration of
IL-27 has a strong suppressive effect during active EAE
and CIA (41, 42). Interleukin-27 might also limit Th17-
mediated uveitis and scleritis in humans (43). Transgenic
overexpression of IL27R in T cells of lupus-prone MRL/
Ipr mice increases survival rate and limits the develop-
ment of autoimmune glomerulonephritis (44).

In vitro, 1L-27 inhibits IL-2 secretion by CD4 " T cells
and directly antagonizes 1L-6 + TGFpB-mediated differ-
entiation into Th17 cells (39, 40, 45). Furthermore, I1L-27
promotes the production of IL-10 by CD4" and CD8"
T cells. By doing so, IL-27 promotes the emergence of Tr1
cells, which produce both IFN-y and IL-10 and express
T-bet (46-49). This effect contributes to the anti-inflam-
matory action of IL-27 in the course of EAE. Another
function of IL-27 might be to regulate early inflammatory
events during acute infections, as IL-27 neutralization
protects mice against lethal septic peritonitis by enhanc-
ing the influx and oxidative burst capacity of neutrophils
(50). Taken together, IL-27 seems to be able to limit overt
activation of T cells irrespectively of their lineage. In the
light of these observations, IL-27 appears as a good
candidate for the treatment of autoimmune diseases.

Interleukin-27 itself or IL-27-inducing agents could be
of interest to control allergic disorders as this cytokine
promotes the differentiation of helper T-cells secreting
both IL-10 and IFN-y, a type of response which proved
to be associated with protection against allergic inflam-
mation in experimental models (51, 52), to differentiate
healthy humans from allergic individuals (53) and to
expand upon sublingual immunotherapy (54).

As for other cytokines, 1L-27 also displays pro-inflam-
matory properties that should be cautiously evaluated.
Indeed, IL-27R ™/~ mice are resistant to the development
of experimental colitis induced by dextran sulphate
sodium (DSS) (55). Similarly, IL.-27 signalling contributes
to chronic intestinal inflammation in IL-10~" mice (56).
Furthermore, IL-27 displays a key pathogenic role in
concanavalin A-induced hepatitis (57). Interleukin-27 has
also been implicated in the development of inflammation
in proteoglycan-induced arthritis (58). Finally, IL-27 was
also shown to inhibit peripheral conversion of T cells into
inducible Treg (59).

Type | IFNs in autoimmune disorders: foes or friends?

Type 1 IFNs have initially been described for their
antiviral activities. The best characterized type I IFNs are
IFN-a subtypes and IFN-B. They are produced by most
cells upon viral infection. They are also produced upon
contact with viral or bacterial products by innate immune
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Figure 2. Impact of type I IFNs on Th17 responses: a role for
IL-27. Several mechanisms may account for the anti-inflam-
matory properties of type I IFNs. Type I IFNs directly antag-
onize differentiation of naive Th cells into Th17 effectors. Type I
IFN signalling in antigen-presenting cells directly inhibits the
production of inflammatory mediators and impairs antigen
presentation. Furthermore, it also promotes the production
of IL-27. This cytokine, in turn, negatively regulates Thl17
development and promotes the expression of IL-10 by Th cells.

cells such as dendritic cells (DC) upon activation of
transcription factors from the interferon regulatory factor
family. They regulate multiple aspects of both innate and
adaptive immune responses. As for IFN-vy, type I IFN
signalling leads to the activation of immune cells (such as
DC, macrophages, natural killer cells and B lympho-
cytes), production of pro-inflammatory chemokines and
affect T-cell survival and proliferation. Hence, it is
not surprising that type I IFNs have been linked to
the pathogenesis of autoimmunity. Unexpectedly, several
lines of evidence indicate that type I IFN also exert
regulatory and beneficial effects in organ-specific
autoimmune diseases.

As reviewed extensively, type I IFNs are now consid-
ered as the major players in the development of systemic
lupus erythematosus (SLE) and type I diabetes (60).
Disease severity of SLE patients correlates with increased
blood cells and glomeruli expression of interferon-
stimulated genes (61). The contribution of type I IFN
signalling in SLE was further confirmed in different
lupus-prone mice models. Noteworthily, in another
mouse model (MRL/Ipr mice), type I IFN receptor and
toll-like receptor (TLR) 9 deficiencies lead to exacerba-
tion of the disease, highlighting the contrasting effects of
these cytokines and signalling pathways in lupus (62, 63).

Plasmacytoid dendritic cells (pDC) probably represent
the source of this sustained IFN-o production in SLE
patients (64, 65). These cells possess a unique ability to
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secrete large amounts of type I IFN. In SLE patients,
pDCs migrate into the skin at the site of lesions. While
they represent less than 0.1% of human blood cells, pDCs
are the major source of IFN-o upon exposure to TLR7
and TLRY ligands (66, 67). Toll-like receptor 9 senses
2" deoxyribose backbone-containing natural DNA, irre-
spective of their unmethylated CpG content (68-70).
Toll-like receptor 7 is specialized in the recognition of
single-stranded viral RNA (71). The endosomal location
of these TLRs limits the recognition of host-derived self
nucleic acids. However, recent studies have indicated that
the self-DNA containing immune complexes that are
encountered in SLE could represent endogenous trigger
for TLRY, through the interaction with soluble high-
mobility group box 1 protein and the receptor for
advanced glycation end product on pDCs (72). Further-
more, in psoriatic skin, an antimicrobial peptide, LL37,
secreted by damaged epithelial cells was shown to bind
extracellular sel-DNA fragments to form aggregated
structures (73). These particles will cause extended
retention of DNA in the early endosomes and promote
type I IFN synthesis. LL37 could play a similar role in
SLE. The IFN-of containing sera from SLE patients
were shown to promote DC maturation from monocytes,
an event that might lead to the breakdown of tolerance
towards self-antigens (74).

Type I IFNs display pathogenic role in other autoim-
mune models or diseases. For example, induction of type
I IFN by viral infection or administration of the TLR3
ligand polyl:C promotes tissue destruction in autoim-
mune diabetes or hepatitis (75, 76). For hepatitis, this
effect was dependent on the production of CXCL9, which
serves as chemoattractant for autoimmune T cells into the
target organ. Local overproduction of type I IFN in
transgenic systems leads to inflammation and destruction
of pancreatic f cells (77). In sharp contrast, other studies
have reported a protective role of IFN-o or type I
IFN-inducing agents in diabetes models (78, 79).

In other clinical settings or animal models of autoim-
munity, type I IFN displays anti-inflammatory properties
(80). Treatment of multiple sclerosis patients with IFN-o3
has proven to be beneficial in terms of prolonged
remission and lower relapse rate (81). In the EAE model,
IFNB™~, TRIF”~ and IFNAR™™ mice display more
severe disease, and administration of polyl:C was found
to be beneficial (82-84). Interestingly, while activated
pDCs are associated with lupus or psoriasis, CNS pDC
was recently shown to regulate negatively pathogenic
CD4" T-cell responses in EAE (85). In collagen-induced
arthritis models, administration of type I IFN reduces
inflammation and bone destruction (86). As for EAE,
activation of TLR3 by systemic treatment with polyl:C
suppresses the inflammatory phase of experimental
arthritis in an IFN-dependent fashion (87). Along the
same line, triggering of TLRY in the course of experi-
mental colitis dampens intestinal inflammation via the
induction of type I IFNs (88). However, when adminis-
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tered therapeutically, CpG ODN worsens DSS-induced
colitis (89). Thus, multiple parameters including genetic
background, targeted organ, stage of the disease, impor-
tance of local inflammation, dose and site of exposure
might determine the balance between promoting/regula-
tory effects of type I IFNs on autoimmunity. Further-
more, when endogenous production of type I IFNs is
triggered, the cellular source (e.g. plasmacytoid vs
myeloid DC) could play an important role in dictating
the local and systemic effects of these mediators.

Several cellular/molecular mechanisms have been
incriminated for the anti-inflammatory action of type I
IFN. As previously mentioned, type I IFN receptor is
broadly expressed at the surface of immune and nonim-
mune cells. Type I IFN can directly affect Th cells,
leading to modulation of survival, proliferation and
differentiation into effector cells. Indeed, recent studies
by Harrington et al. have shown that type I IFN can
inhibit the differentiation of naive Th cells into Th17 cells,
and earlier works suggested that it favoured production
of type 2 cytokines (19, 90). Relevant to the arthritis
models, type I IFNs were also shown to inhibit the
generation of osteoclasts (91, 92) and synovial cell
proliferation (87). Through inhibition of matrix metallo-
protease 9 synthesis, type I IFN could also affect the rate
of extracellular proteolysis, thereby limiting tissue dam-
age and leucocyte infiltration. However, in the EAE
model, Prinz et al. (93) showed that the beneficial role of
endogenous and locally produced type I IFN requires
signalling in myeloid cells rather than in B, T or
neuroectodermal CNS cells. Type I IFN signalling in
macrophages and microglial cells led to a reduction in
chemokine production, phagocytosis and major histo-
compatibility complex class II expression. Other potential
mechanisms could contribute to the anti-inflammatory
effects of type I IFN on myeloid cells (Fig. 2). Induction
of type I IFN is required for lipopolysaccharide-induced
IL-10 and IL-27 production (94-96). Two recent articles
demonstrated the in vivo relevance of the type I IFNs—
IL-27 axis. Indeed, Guo et al. (83) showed that the
beneficial role of the TRIF/IFN pathway in the course of
EAE was mediated by IL-27. In these experiments, type I
IFN-dependent induction of IL-27 negatively regulated
Th17 development and inflammation. Along this line,
type I IFN signalling also regulates the expression of
intracellular osteopontin, which was shown to influence
the production of IL-27 by DC (97).

Concluding remark

The balance between IL-23 and IL-27 is critical for the
induction of Thl7-mediated inflammatory responses.
Indeed, biopharmaceuticals approved or under develop-
ment might act by tipping this balance. Whereas type I
IFNs used in multiple sclerosis promote IL-27 synthesis,
monoclonal antibodies against 1L-23/IL-12p40 or
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IL-23p19 are currently administered in clinical trials
for multiple sclerosis, inflammatory bowel diseases or
psoriasis. One might anticipate that monoclonal antibod-
ies against IL-17 will also become part of this armamen-
tarium. As IL-17 appears to play a role in certain allergic
disorders, therapies suppressing Thl7 responses might
prove beneficial in such settings as well.
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