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Summary
Advances in cytokine biology have helped us understand the complex communication that takes
place between antigen-presenting cells and cells of the adaptive immune system, such as T cells,
which collectively mediate an appropriate immune response to a plethora of pathogens while
maintaining tolerance to self-antigens. The interleukin-12 (IL-12) cytokine family remains one of
the most important and includes IL-12, IL-23, IL-27, and the recently identified IL-35. All four are
heterodimeric cytokines, composed of an α chain (p19, p28, or p35) and a β chain (p40 or Ebi3),
and signal through unique pairings of five receptor chains (IL-12Rβ1, IL-12Rβ2, IL-23R, gp130,
and WSX-1). Despite the interrelationship between the cytokines themselves and their receptors,
their source, activity, and kinetics of expression are quite different. Studies using genetically
deficient mice have greatly enhanced our understanding of the biology of these cytokines.
However, interpretation of these data has been complicated by the recent realization that p40−/−,
p35−/−, and Ebi3−/− mice all lack more than one cytokine (IL-12/IL-23, IL-12/IL-35, IL-27/IL-35,
respectively). In this review, we compare and contrast the biology of this expanded IL-12 family
and re-evaluate data derived from the analysis of these dual cytokine-deficient mice. We also
discuss how the opposing characteristics of the IL-12 family siblings may help to promote a
balanced immune response.
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Getting to know the interleukin-12 family
The interleukin-12 (IL-12) family, which is evolutionarily linked to the IL-6 cytokine
superfamily, is composed of IL-12, IL-23, IL-27, and the newly identified IL-35(1). The
IL-12- related cytokines are heterodimeric proteins comprised of an α chain (p19, p28 or
p35) and a β chain (p40 or Ebi3) (Fig. 1). The α chain has a four α helix bundle structure
typical of cytokines such as IL-6, granulocyte/macrophage colony-stimulating factor (GM-
CSF), while the β chain shares homology with soluble cytokine receptor chains. The
patriarch of the family, IL-12, is a disulfide-linked 70 kDa protein composed of p40 and p35
(2–4): the p40 chain can also heterodimerize with p19 to form IL-23 (5), providing the first
insight into the extensive chain sharing that has become a characteristic of this cytokine
family. Over 10 years ago, a second β chain, Ebi3 was identified in Epstein-Barr virus-
infected B cells (6). The α chain partner for Ebi3 remained elusive until the discovery of the
p35- and p19-related α chain p28, which pairs with Ebi3 to form IL-27 (7). The newest
member of the IL-12 family, IL-35, is composed of the IL-27 β chain Ebi3 and the IL-12 α
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chain p35 (1). Given the multiple α and β chains and their unique pairings, it is fitting that
their expression patterns are quite distinct as well.

Differential expression of the IL-12 family siblings
While these cytokines share binding partners and structural features, there are notable
differences in their pattern of expression and secretion (Fig. 1). IL-12, IL-23, and IL-27 are
all primarily produced by antigen-presenting cells (APCs), such as macrophages,
monocytes, and dendritic cells (DCs), following their activation by recognition of pathogen-
specific patterns (7–9). In contrast, secretion of bioactive IL-35 has been described only in
forkhead box protein 3 (Foxp3)+ regulatory T cells (Tregs). Analysis of other hematopoietic
populations also suggests that Ebi3 and p35 are co-expressed in peripheral γδ T cells, CD8+

T cells, and placental trophoblasts (1,10). However, secretion of a bioactive heterodimer
from these cell types has yet to be demonstrated. Moreover, given the fact that APCs
produce both IL-12 and IL-27, it is possible that IL-35 is produced by a subset, or under
certain circumstances, by APCs.

Production of each of the four heterodimeric proteins is limited by expression of the α chain.
IL-12 and IL-35 assembly is limited because p35 is expressed at lower levels than that of
Ebi3 and p40, and co-expression of the α and β chains is required for secretion of the
bioactive cytokine (11). Similarly, secretion of IL-23 is limited primarily by the tissue and
cell-restricted expression of p19 (5,11). In cells that secrete IL-12, IL-23, and IL-35, the
Ebi3 and p40 subunits are expressed in greater quantities than that required for heterodimer
formation. Reports indicate that p40 homodimers, independent of IL-12, signal in DCs and
that treatment of p40−/− DCs with a p40 homodimer restores their ability to activate naive T
cells (reviewed by Cooper and colleagues in this issue). In addition, free p40 can be secreted
from cells alone or as a homodimer, and the homodimer has been reported to function as an
antagonist of IL-12 but not IL-23 activity(12) Therefore, it is possible that free Ebi3 or Ebi3
homodimers may antagonize IL-35 or IL-27 activity, although this has not been well
studied.

A common feature of all α and β chains of the family is their expression in APCs in response
to bacteria or purified bacterial products. However, not all IL-12 family chains are induced
to the same degree or by the same types of pathogens. Stimulation of macrophages or DCs
with TLR ligands such as lipopolysaccharide (LPS), peptidoglycan, and polyinosinic-
polycytidylic acid (Poly I:C) induces significant production of IL-12 (13–15). Although
intact Gram-negative bacteria modestly induce p19 expression, purified LPS, a cell-wall
component of Gram-negative bacteria, fails to induce expression(16). In fact, the strongest
induction of p19 expression is seen in response to Gram-positive bacteria. Moreover, LPS-
activated macrophages express the highest level of p28 and Ebi3 in any tissue or cell type
described (7,8,17). Another interesting difference between the IL-12 family member protein
subunits is the kinetics of their expression. Using LPS-activated monocytes, p28, p35, and
p40 expression occurs first, with p28 peaking at 4–6 h, p35/p40 peaking at approximately
10–12 h, and all levels restored to background after 24 h (7). However, transcription of EBI3
peaks between 12 and 24 h post-LPS activation and was maintained above background even
after 72 h. p19 induction was not measured in these studies. However, based on the
differential induction and duration of expression within the same cell type under identical
conditions, this observation indicates that these proteins are tightly regulated. Therefore, it is
likely that the relative amounts of each chain produced, and thus which cytokine is secreted,
may be determined by subtle differences in stimuli, kinetics of stimulation, and relative
affinities of each chain for one another.
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Divergent function of the IL-12 cytokine family
Synonymous with differential expression, the IL-12 cytokine family also exhibits distinct
functional differences (Fig. 1). While IL-12, IL-23, and IL-27 share the common feature of
inducing interferon-γ (IFNγ) production and promoting T-helper 1 (Th1) cell differentiation
and proliferation, they act differentially on subsets of T cells and with different kinetics. In
contrast, IL-35 appears to function solely in an anti-inflammatory fashion by inhibiting T-
cell proliferation and perhaps other parameters (1). Therefore, understanding the unique
features of IL-12, IL-23, IL-27, and IL-35 and potential synergy and/or competition between
the members of the IL-12 cytokine family is of great importance.

IL-12 is a pro-inflammatory cytokine, necessary for cell-mediated immunity and Th1
differentiation (18). The production of IL-12 initiates a complex positive feedback loop
involving both APCs and naive T cells. APCs recognize microbial pathogens, which in turn
results in the activation and secretion of IL-12. IL-12 secretion by APCs induces IFNγ
production, which primes additional APCs for IL-12 production while at the same time
initiates the cascade needed to differentiate naive T cells into Th1 cells (9,19) While T cells
do not generate IL-12 themselves, activated T cells induce IL-12 production by monocytes
and DCs via CD40-CD40 ligand interaction (20,21). In combination with IL-27, the Th1
polarizing effect of IL-12 is enhanced. Interestingly, one effect of IL-12 on APCs is to
increase p19 (IL-23α) expression (19,22), suggesting that IL-12, IL-23, and IL-27 may
synergize to provide an optimal response to microbial pathogens. IL-12 also promotes IFNγ
secretion and cytolytic activity of natural killer (NK) cells, a process which is augmented by
costimulation with IL-18 or IL-2 (11,23,24).

IL-12 expression and function is regulated by cell-intrinsic and cell-extrinsic factors. IL-12
is positively regulated by IFNγ (9) and negatively regulated by IL-4, IL-10, IL-11, IL-13,
and type 1 IFNs (13,25).The use of various murine models of infection has highlighted the
importance of IL-12 in the immune system. The indispensible role of IL-12 in Th1
development and maintenance is evident in infectious models that are dependent upon a
robust Th1 response. In this regard, clearance of intracellular bacteria through production of
IFNγ, direct lysis of infected cells by NK cells, and induction of anti-bacterial macrophage
responses are entirely dependent upon IL-12 (26–28). However, the activity of IL-12 can be
antagonized. For example, in patients with systemic lupus erythematosus (SLE), a Th2-
driven pathology, ex vivo-stimulated mononuclear cells secrete low levels of IL-2 and IFNγ
and high levels of IL-4 and IL-10, consistent with the skewing of cells towards a Th2
response (29). However, despite their predisposition to a Th2-like response, SLE patients
possess increased levels of serum IL-12 and IFNγ (30). This highlights two important issues.
First, SLE is a complex disease where the Th1/Th2 balance may shift depending upon the
disease state or severity. Second, it indicates that the ability of IL-12 to induce a Th1
response can be abrogated by excessive Th2-like cytokines. Similarly, based upon the ability
of IL-12 to directly antagonize IL-4 secretion and block Th2 cell responses, the use of IL-12
to inhibit Th2-mediated diseases such as allergy and asthma may have therapeutic potential
(31,32).

Additional support for the importance of IL-12 in the Th1 response also initially came from
the observation that anti-IL-12 p40 monoclonal antibody treatment significantly reduces
disease in experimental autoimmune encephalomyelitis (EAE), which is induced by
pathogenic Th1 cells. In fact, IL-12 p40 neutralization blocks both superantigen-induced and
subsequent relapses of EAE (33). The original conclusion was that IL-12 blockade could
prevent or reverse disease; however, in light of the discovery of IL-23 and consequent
studies, it appears that antip40 antibodies in fact block the IL-23-driven pathogenic Th17
cells, which are instrumental in EAE progression. In support of these observations,
macrophages in mice that are genetically susceptible to EAE (SJL mice) and type 1 diabetes
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[nonobese diabetic (NOD) mice] express aberrantly elevated levels of IL-12 p40, whereas
expression of IL-12 p35 remains that same as in non-disease prone strains of mice. This
further supports the importance of IL-23 and not IL-12 in susceptibility to disease.

IL-23, like IL-12, is a pro-inflammatory cytokine, which induces IFNγ production and
promotes the Th1 response. While a great deal is known about the regulation of IL-12, much
less is known about IL-23. One known immunomodulator that appears to regulate
expression of IL-23 is prostaglandin E2, which enhances IL-23 expression (34). IL-23
participates in a positive feedback loop promoting IL-12 production by DCs to enhance p19
transcription and further IL-23 production. However, in the absence of IL-23, IFNγ
production and Th1 differentiation are normal (35–37), indicating that while IL-12 and
IL-23 can synergize for maximal Th1 induction, IL-23 is not absolutely required for Th1
differentiation. In addition, the cell type that is responsive to IL-23 is not conventional naive
(CD4+CD45RBhi) T cells, which proliferate predominantly in response to IL-12, but rather
memory (CD4+CD45RBlo) T cells (22). Moreover, IL-23 has a role in promoting NK cell
activity, in that IL-23 synergizes with IL-12, IL-18, and IL-2 to promotes IFNγ production
by NK cells (38). These results suggest responsiveness to the IL-12 cytokines is not static
but rather is modified during the course of an inflammatory response. Recently another
novel Th1-independent function of IL-23 has been elucidated. Unlike the other IL-12 family
cytokines, IL-23 promotes the survival of Th17 cells induced by TGFβ and IL-6 (22). In
fact, exposure to IL-23 and IL-1 is necessary for full effector differentiation and function of
Th17 cells (35,39). IL-23 is preferentially expressed by intestinal APCs and appears to drive
intestinal inflammation (16). In support of this observation, stimulation via CD40 induces a
dramatic increase in IL-23 expression by colonic DCs but only a modest increase by
monocyte-derived DCs (16). This elevated IL-23 occurs in DCs of mice with colitis but not
in control mice. Moreover, expression of IL-23 was also recently described in psoriatic
lesions, where p40 and p19 are preferentially expressed, in the absence of p35 (40). Taken
together, these data suggest that in addition to its role in Th1 cell function, IL-23 plays a
significant role in Th17 cell development and may exacerbate Th17-driven pathologies.

All three of the original family members, IL-12, IL-23, and IL-27, were initially described
as pro-inflammatory/stimulatory cytokines, promoting T-cell proliferation and cytokine
production. Interestingly, CD40L-CD40 interactions between T cells and DCs augment
production of IL-12, IL-23, and IL-27 (41). Following the discovery of IL-27, initial reports
indicated that IL-27, in combination with IL-12, enhanced the production of IFNγ by naive
T cells and NK cells by promoting expression of T-bet and IL-12Rβ2 (8,42). This
observation suggests that IL-27 sensitizes T cells to the effects of IL-12 and is critical for the
early events leading to Th1 cell polarization. However more recently, a host of
immunomodulatory functions have been ascribed to IL-27 in addition to its role in Th1
development (reviewed in 43). Similar to results seen with anti-IL-12 p40 monoclonal
antibodies, it has been suggested that anti-IL-27 p28 antibodies are also capable of reducing
the severity of EAE, a Th1-driven disease (44,45). This function of IL-27 appears to be
dependent, in part, on IL-10 (43). New reports indicate that IL-27 can inhibit Th1-driven
infections (46,47), limit Th2 activity towards Leishmania major (48), and block the
development of Th17 and transforming growth factor-β (TGFβ)-driven induced Treg
formation (49–51). Like IL-12, IL-27 can directly inhibit secretion of IL-4 and antagonize
IL-2 production, hence limiting Th2 cell differentiation and effector cell function (48). In
addition, compared to normal adult blood, umbilical cord blood has significantly higher
mRNA expression levels of both Ebi3 and p28 (52), which suggests enhanced IL-27
expression during fetal development and implicates a role for IL-27 in feto-maternal
tolerance. In this regard, IL-27 was the first member of the IL-12 family to be shown to have
both inflammatory and immunomodulatory activity by skewing development of effector cell
lineages.

Collison and Vignali Page 4

Immunol Rev. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



IL-35, the newest member of the IL-12 family, is distinct from its siblings in several ways.
Within the CD4+ T-cell population, IL-35 is expressed by resting and activated Tregs but
not effector T (Teff) cells (1). Maximal expression and secretion of IL-35 by Tregs requires
contact with Teff cells, which potentiates the suppressive capacity of Tregs (LWC and
DAAV, unpublished observations). In addition, previous work indicated that Ebi3 and p35
are highly expressed in placental trophoblasts, which suggests that, like IL-27, IL-35 may be
an immunomodulator at the feto-maternal border (10). Whether this effect is due to Treg-
mediated suppression of maternal responses to the fetus or due to the suppressive capacity of
other cell types that might secrete IL-35 remains to be determined. Although many of the
biological effects of IL-35 are still being elucidated, it is clear that IL-35 directly suppresses
Teff cell proliferation in vitro, in an APC-free culture. Moreover, loss of IL-35 expression
results in reduced in vivo suppressive capacity of Tregs (1). IL-35-deficient Tregs fail to
control the homeostatic expansion of effector T cells and are less able to cure established
colitis when compared to wildtype Tregs (Fig. 2). In addition, it has been suggested that
IL-35 can suppress in vivo Th17 development and ameliorate collagen-induced arthritis (53);
however, the mechanism by which this occurs requires further study.

Transducing the signal: receptors and intracellular signaling
Chain sharing has become an established hallmark of the IL-12 cytokine family, a feature
that may also extend to their receptors (Fig. 1). IL-12Rβ1 and IL-12Rβ2 form the functional
IL-12 signaling receptor (54,55). IL-23 also signals through IL-12Rβ1 which paired with the
novel IL-23R (38). In contrast, IL-27 utilizes gp130 and WSX-1 (56) The receptor for IL-35
is currently unknown. However, in light of this propensity for chain sharing, it seems
reasonable to propose that IL-35 signals through a combination of receptor chains that are
utilized by other family members. Alternatively, a unique receptor chain may be used.

The biological effects of IL-12, IL-23, IL-27, and presumably IL-35 are mediated through
their interaction with their receptor chains which bind to and induce phosphorylation of the
Janus kinase (Jak) family proteins (38,57) (Fig. 1). Jak proteins then phosphorylate tyrosine
residues on the intracellular domains of the receptor chains, which act as docking sites for
various members of the signal transducer and activator of transcription (STAT) family.
Phosphorylated STAT proteins form intramolecular complexes that translocate into the
nucleus and bind DNA to initiate the gene expression profile and cellular response that
typifies the given cytokine.

For IL-12 signaling, the IL-12 p40 subunit interacts primarily with IL-12Rβ1, while p35
binds to IL-12Rβ2 (58–61). Both receptor chains are required to mediate maximal signaling;
however, the two chains have independent roles. IL-12Rβ1 is required for high affinity
binding to IL-12, and IL-12Rβ2 is required for signal transduction through three tyrosine
residues (59). Not surprisingly, both receptor chains are expressed on IL-12-responsive cell
types; T cells, NK cells and DCs (62). The IL-12 receptor chains are expressed at very low
levels on resting T cells but are induced upon cell activation (63,64). Consistent with the
role of IL-12 in promoting the Th1 response, IFNγ increases T-bet activity that leads to the
upregulation of IL-12Rβ2 surface expression and allows for Th1 cell responsiveness to
IL-12 (63,64). On the contrary, the Th2 cytokine IL-4 reduces IL-12Rβ2 expression and thus
renders Th2 cells non-responsive (65). This control of receptor expression helps maintain
the fidelity of the Th1-Th2 axis and underlies the sensitivity of polarized cells to various
cytokines. Binding of IL-12 to the IL-12 receptor induces phosphorylation of Jak2 and Tyk2
proteins (38,57). STAT1, STAT3, STAT4, and STAT5 have all been reported to be
activated by IL-12 signaling; however, only STAT4 is critical and indispensible (57,66–68).
Consistent with the importance of IL-12 signaling in Th1 polarization, direct STAT4
binding to the IFNγ promoter has been shown (69). Moreover, Lck and mitogen-activated
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protein kinase (MAPK) p38 signaling appears to be critical, as mutation in S721 on STAT4,
the target of p38, blocks Th1 differentiation (70).

The IL-23 receptor is composed of IL-12Rβ1 and the novel receptor chain IL-23R (5,38).
Similar to IL-12 signaling, IL-12Rβ1 is required for high affinity binding, while the IL-23R
is the signal transducing component signaling through three intracellular tyrosine residues.
While the IL-12Rβ1 chain is expressed on many cell types, the IL-23R is weakly expressed
on T cells, NK cells, monocytes, and DCs (38), cells that are primarily responsive to IL-12
and generally unresponsive to IL-23. The IL-23R is highly expressed on memory T cells
(CD4+CD45RBlo) but is not expressed on naive T cells (CD4+CD45RBhi). Instead, naive T
cells secrete IL-2 and IFNγ, which induce expression of IL-12Rβ2 to allow IL-12 signaling
in IFNγ-producing, newly activated T cells (38). Naive cells mature and clonally expand to
become memory cells which express the IL-23R chain and thus confer responsiveness to
IL-23. In addition to memory T cells, IL-23R expression is highly upregulated on Th17
cells, which is consistent with a central role for IL-23 in the maintenance and homeostasis of
Th17 cells. The STAT phosphorylation pattern elicited by IL-23 is similar to that seen with
IL-12 (STAT1, STAT3, STAT4, and STAT5)(38). However, STAT4 phosphorylation is
much weaker than that seen following IL-12R signaling. Instead, STAT3 appears to be the
primary mediator of IL-23 signaling.

IL-27 signals through a heterodimeric pairing of gp130 and the previously orphaned
receptor chain, WSX-1 (also known as IL-27R, TCCR)(22,71,72). The gp130 chain is
ubiquitously expressed and is a component of receptors for many cytokines including IL-6,
IL-11, and leukocyte inhibitory factor (LIF) (73). In contrast, WSX-1 is primarily expressed
on T cells and increases upon activation (43). Initial reports indicated that WSX-1−/− mice
have impaired Th1 development, reduced IFNγ production, and are susceptible to
intracellular pathogens, commensurate with its central role in mediating IL-27 signal
transduction (47,74). However, more recent reports suggest that WSX-1−/− mice have
enhanced resistance to Listeria monocytogenes and EAE (75), which emphasizes the
dichotomy of IL-27 functions. The signaling pathway initiated by IL-27 activates JAK1 and
JAK2, resulting in phosphorylation of STAT1, STAT2, STAT3, and STAT5 in naive CD4+

T cells. However, only STAT1 and STAT3 are critical to IL-27 bioactivity, as demonstrated
by the loss of IL-27 activity in STAT1 and STAT3-deficient mice. Moreover, IL-27 induces
T-bet, IL-12Rβ2, and major histocompatibility complex (MHC) class I expression in a
STAT1-dependent fashion. However, STAT1 is not required for IL-27-induced
proliferation, which instead appears to be dependent on STAT3 (76). Additionally, small
interfering RNA (siRNA) knockdown experiments suggest that the suppressive effects of
IL-27 are partially dependent upon STAT3, while they are antagonized by STAT1 (77).

Although the IL-35 receptor and signaling pathway are still unknown, it is reasonable to
hypothesize that IL-35, like its siblings, will signal through the pairing of known receptor
chains utilized by the IL-12 cytokine family. One might deduce that IL-35, being composed
of Ebi3 and p35, might signal through receptors that are known to interact with each of these
subunits in IL-27 and IL-12, respectively. Since the p35 subunit of IL-12 binds to IL-12Rβ2
to initiate signaling, this chain may be a part of the IL-35 receptor. IL-27 signaling requires
both gp130 and WSX-1, however direct binding studies to determine which subunit of the
cytokine interacts with the individual receptor chains have not been performed. Therefore, it
is possible that either gp130 or WSX-1 may be members of the IL-35 receptor. Whether
these pairings are possible and can transduce the IL-35 signal is still under investigation. In
addition, it is interesting to speculate, based on the known signaling pathways involved in
IL-12 and IL-27 activity, that STAT4 and perhaps STAT1 and STAT3 might be involved in
the IL-35 signaling pathway. Moreover, as STAT1 signaling has been shown to induce
expression of IL-12Rβ2, if IL-12Rβ2 is a component of the IL-35 receptor, IL-35 might
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induce expression of its own receptor in a STAT1-dependent manner. If IL-35 does utilize
receptor chains and STATs that are similar to those used by its siblings, this would raise an
important question: how do T cells translate potentially similar signals into quite contrasting
biological outcomes (i.e. proliferation versus suppression)? Of course, given the opposing
activities of IL-35 compared with IL-12, IL-23, and IL-27, it remains possible that a unique
receptor chain and signaling pathway is utilized that could mediate the distinct biological
consequences of IL-35. Resolving these questions remains an important challenge.

What do knockout mice tell us about the function of the IL-12 family
cytokines?

The use of genetically deficient mice to determine functions of specific proteins has been
extremely useful in defining in vivo protein function. However for the IL-12 family, this
approach is less straightforward due to their heterodimeric structure and the frequency of
chain sharing. For example, mice that lack p40 fail to produce both IL-12 and IL-23.
Consequently, any observed phenotype could be due to the lack of one or both of these
cytokines. This was evident from the analysis of models for EAE and collagen-induced
arthritis (CIA), as the p35−/− and p40−/− mice have significantly different susceptibilities to
disease. Upon discovery of IL-23, conclusions based upon p40 knockout mice or using p40
neutralizing antibodies had to be re-evaluated. Comparing responses in the newly generated
p19−/− mice (lacking only IL-23) to responses generated in p35−/− (lacking only IL-12) and
p40−/− (lacking both IL-12 and IL-23) has shed new light on the relative contributions of
IL-12 and IL-23 to a variety of immune responses. However, inexplicable differences
between p35−/− and p40−/− mice still exist.

The recent discovery of IL-35 has significantly complicated this analysis, as it has become
clear that p35−/− mice lack IL-35 and IL-12 while Ebi3−/− lack IL-35 and IL-27. The
opposing activities of these cytokine pairs (IL-12 vs. IL35; IL-27 vs. IL-35) serve to further
complicate analysis, as the loss of one may mitigate the loss of the other, which may
underlie the rather mild phenotype see in these mice. For example, if an Ebi3−/− mouse were
challenged with a bacterial pathogen, their Th1 response might be diminished due to the lack
of IL-27. However, the suppressive effect of IL-35 would also be lost, therefore the net
effect might be that the knockout and wildtype mice are equally susceptible to infection.
This is likely to be the case for all T-cell-mediated diseases (protective or pathogenic).
Therefore, in light of the advent of IL-35, a careful re-evaluation of studies utilizing these
mutant mice is warranted. Indeed, it is interesting to ask whether observations and
characteristics derived from the analysis of these mice that were previously attributed to
IL-27 and IL-12 may in fact be features of IL-35.

IL-12 family cytokines in autoimmune and inflammatory diseases
Mice deficient in either p35 or p40 exhibit reduced IFNγ secretion, impaired Th1
development, enhanced Th2 development, and increased NK cell lytic activity (70,78).
IL-12 secreted by APCs skews the Teff cell population towards Th1 and away from Th2
development, owing to the need for IL-12 in both pathogenic and protective Th1 responses.
However, in the context of many diseases and infectious models, p35−/− and p40−/− do not
phenocopy one another; therefore, the goal of this section is to reevaluate these studies to
determine what differences cannot be explained by the IL-12/IL-23 axis and thus might be
attributed to IL-35. In models of T-cell-mediated chronic inflammation such as EAE, CIA,
and autoimmune myocarditis, pathogenic T-cell populations drive the inflammatory
response. In each of these disease models, the severity or kinetics of infection vary between
p35−/− and p40−/− mice, therefore, a reevaluation of these mice in each disease context is
warranted. Unfortunately, the Ebi3−/− mice have been evaluated in only a few disease
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models limiting their comparison with p35−/− mice. Nevertheless, we compare below the
susceptibility and responsiveness of each knockout mouse to provide greater insight into the
role of IL-12, IL-23, IL-27, and IL-35 in these autoimmune inflammatory disease models.

EAE
EAE is a murine model for the human disease multiple sclerosis characterized by
lymphocyte infiltration into the central nervous system (CNS), demyelination of axons, and
progressive paralysis (79). Autoreactive Th1 cells, which aberrantly respond to neuro-
autoantigens such as myelin basic protein, are considered to be the initiators of EAE (80).
Early reports suggested that IL-12 was essential for the pathogenesis of EAE in myelin
oligodendrocyte glycopeptide (MOG)-immunized mice (81,82). In fact, EAE can be
prevented by antibodies against IL-12 p40 (33,83) or by transfer of MOG-specific T cells
retrovirally transduced to express IL-12 p40 (84). However, a recent reevaluation of the role
of the IL-12 subunits in EAE indicated that while p35−/− and wildtype mice are equally
susceptible, p40−/− mice are completely resistant to EAE development (36,85,86). No
studies have been performed to determine the susceptibility of Ebi3−/− mice to EAE. To
determine the relative importance of IL-12 and IL-23 in the EAE model, the susceptibility of
p19−/−, p35−/−, and p40−/− mice was compared. These experiments suggested that only
p19−/− and p40−/− mice were resistant to EAE and that exogenous IL-23 could render these
mice susceptible to EAE (36). The conclusion that was drawn is that IL-23 and not IL-12 is
responsible for the T-cell-mediated autoimmune inflammation seen in EAE. However, in
light of the recent identification of IL-35, it is noteworthy that p35−/− mice lack both IL-12,
which is important to Th1 development and effector function, and IL-35, which suppresses
T-cell proliferation. Importantly, Tregs are involved in modulating EAE pathogenesis. In
experimentally induced EAE, Tregs co-cultured at high suppressor to responder ratios were
found to inhibit both IFNγ production and proliferation of encephalitogenic cells from MOG
(35–55)-immunized mice in vitro and limit disease severity in vivo (87). In contrast,
depletion of Tregs with anti-CD25 monoclonal antibody significantly reduces the threshold
for EAE development (88) and increases the severity of disease(89,90). Treg depletion also
renders naturally resistant B10.S mice susceptible to actively-induced EAE (90). Thus, one
cannot exclude a role for Treg-derived IL-35 when interpreting these results.

The p40−/− mice lack two pro-inflammatory cytokines, IL-12 and IL-23. Therefore, in the
absence of IL-12 and IL-23 (p40−/− and p19−/−), T cells may be unable to infiltrate and
cause disease, while in the absence of IL-12 and IL-35 (p35−/−) the suppressive effects of
IL-35 upon T-cell proliferation are released, and IL-23-driven T cells alone are pathogenic.
Although p35/p19−/− (double knockout) mice are susceptible to EAE initiated by adoptive
transfer of encephalitogenic cells from MOG-immunized mice, this only indicates that IL-23
is not critical for the effector phase of EAE (91). The contribution of IL-35 could be
assessed by comparing EAE in p40−/− mice, which lack IL-12 and IL-23, with p35/p19−/−

mice, which lack all three cytokines.

CIA
CIA is a murine model of rheumatoid arthritis that can be induced experimentally by
immunization with type II collagen (92). CIA is characterized by destruction of bone and
cartilage in joints and swelling due to cellular infiltration and secretion of inflammatory
mediators such as IL-17 and tumor necrosis factor α (TNFα) (93,94). After induction of
CIA, mice lacking IL-23 (p19−/−) and p40−/− mice generate collagen-specific T cells that
produce IFNγ but no IL-17 and are resistant to all CIA pathology. On the contrary, p35−/−

mice lacking both IL-12 and IL-35 have heightened IL-17 production and are highly
susceptible to CIA, with 80% of mice showing clinical signs of disease. Histological
examination revealed disease indistinguishable from that of wildtype infected mice(37).
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When initially reported, these results were interpreted as indicating that IL-23 is essential for
the promotion of CIA, whereas IL-12 is paradoxically protective(37). However, similar to
the observations with EAE, in the light of the identification of IL-35, it is possible that IL-35
protects against the inflammatory response initiated by IL-23, but in its absence mice are
susceptible to CIA. In support of this hypothesis, similar to their role in EAE, Tregs can both
prevent and treat active CIA (95). Interestingly, effective treatments for CIA including
delivery of vasoactive intestinal peptide (96), galectin-9 (97), and urocortin (98) suppress
CIA by promoting the induction or expansion of Tregs. Moreover, the heightened
susceptibility of IFNγR-deficient mice to CIA is associated with functionally impaired
Tregs.

Although no studies have been performed to determine the susceptibility of Ebi3−/− mice to
CIA, two more recent reports support this hypothesis. First, it was shown that T cells from
Ebi3−/− mice (IL-35 and IL-27 deficient) secrete high levels of IL-17 and that there is a
greater frequency of IL17-producing cells when polarized toward a Th17 phenotype (99). In
addition, an IL-35 fusion protein was recently suggested to inhibit the differentiation of
Th17 cells in vitro and to attenuate CIA and suppress IL17 production in vivo (53). These
data suggest that IL-35 may suppress the pathogenic T-cell response and protect mice from
disease.

Myocarditis
Experimental myocarditis is another T-cell-mediated autoimmune disease, which is induced
experimentally by immunization with cardiac myosin (100). Similar to CIA, IL-17-
producing T cells appear to promote autoimmune myocarditis. Utilizing a vaccination
approach based on VLPs (virus-like particles) to generate IL-17 neutralizing antibodies,
neutralization of IL-17 has been shown to completely protect mice from disease (101).
Wildtype Balb/c and p35−/− mice are equally susceptible to CIA, producing substantial
amounts of IL-17. However, p40−/− mice are completely resistant to disease, and
neutralizing IL-23 (p19 monoclonal antibody) treatment reduces disease severity by
approximately 75%. Taken together, these data indicate that in addition to IL-23
involvement, susceptibility of p35−/− mice to CIA and autoimmune myocarditis may be a
result of the loss of the protective effect of IL-35 through its inhibition of IL-17 production.
In addition, although the number of studies is limited, one report indicates that autoimmune
myocarditis can be controlled by Tregs. Transfer of glucocorticoid induced tumor necrosis
factor receptor (GITR)hi Treg-depleted T cells or thymocytes into BALB/c nude mice results
in the development of severe multiorgan inflammation that includes fatal autoimmune
myocarditis, suggesting that Tregs may be involved in protection against myocarditis.
Analysis of experimental myocarditis in Ebi3−/− mice might help assess the relative
importance of IL-35 in this disease.

Inflammatory bowel diseases
Crohn’s disease and ulcerative colitis are inflammatory disorders of the gastrointestinal
tract, collectively referred to as inflammatory bowel disease or colitis. These disorders are
caused, in part, by deregulated immune responses to commensal gut bacteria that result in
the destruction of gut architecture by infiltrating lymphocytes. IL-12 and IL-23 are highly
expressed in the gut of mice and patients with inflammatory bowel diseases (102,103) and
anti-p40 monoclonal antibody treatment can reduce inflammation (104–106). Colitis can be
induced acutely by rectal administration of haptens trinitrobenzene sulfonic acid (TNBS) or
oxazolone. In hapten-induced colitis, p35−/− mice develop a mild form of the disease,
whereas p40−/− mice develop a more severe disease. Treatment of p35−/− mice with anti-
p40 monoclonal antibody resulted in a disease severity similar to that seen in p40−/− mice
(107). More recently, colitis was induced by dextran sodium sulfate (DSS) or TNBS in
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p19−/− mice (108). Results indicate that p19−/− mice are highly susceptible to colitis and,
compared to wildtype control mice, bone marrow-derived DCs express much higher levels
of both p35 and p40, indicating that in the absence of IL-23, IL-12 is overexpressed, yet it is
unable to protect mice from disease. In fact, IL-12 appears to drive the pathogenesis of
colitis as anti-p40 monoclonal antibody treatment could rescue mice from lethal disease
(108). Interestingly, the susceptibility of Ebi3−/− mice to colitis appears to be determined by
the cell type that drives disease. For instance, Ebi3−/− mice are resistant to oxazolone-
induced colitis, which is driven by invariant NKT cells and Th2 cells (109). However,
Ebi3−/− mice are indistinguishable from wildtype control mice in TNBS-induced colitis, a
Th1-mediated colitis model. Collectively, data from Ebi3−/− and p35−/− mice indicate that
in the absence of IL-35, susceptibility to chemically induced colitis is not enhanced. At first,
this result may seem contradictory to the necessity of IL-35 for Treg function; however,
Tregs are required only for protection against experimental models of colitis in lymphopenic
mice (110). Infection with Helicobacter hepaticus, which causes colitis in lymphopenic
mice and is cured by Tregs, does not induce immune pathology in wildtype mice,
underlining the ability of non-T cells with regulatory capacity, including innate cells and
CD8+ or TCRγδ+ T cells to prevent disease (reviewed in 111). Although hapten-mediated
colitis is believed to be mediated primarily by Th1 cells, when intact knockout mice are used
to determine the affect of various cytokines, it is difficult to determine which cell type is
responsible for the phenotype observed. Until recently, this issue could not have been
appreciated as a confounding variable as IL-12, IL-23, and IL-27 are produced solely by
APCs, not T cells. Therefore, the deficiencies observed were a direct consequence of
dysfunctional antigen presentation to T cells or the environment created by these APCs.

However, the identification of IL-35, which is secreted by Tregs, makes interpretation of
data derived from Ebi3−/−, p35−/−, and p40−/− mice less clear. Hence, we recently utilized
the recovery model of inflammatory bowel disease, a model which is highly dependent on
T-cell function (112), to determine the contribution of Treg-derived IL-35 in the cure of
colitis (1). In this model, lymphopenic RAG−/− mice develop colitis when they are
reconstituted with naive T cells. Approximately 4 weeks later, clinical signs of sickness are
evident and Tregs (wildtype, Ebi3−/−, or p35−/−) are injected into mice in an attempt to cure
their colitis. Mice that receive IL-35- deficient Tregs (Ebi3−/− or p35−/−) do not resume
weight gain and fail to recover from disease as determined by histological scoring of colons
(1). To determine the relative contribution of IL-12 and IL-23 to T-cell-mediated colitis,
IL10−/− mice (which spontaneously develop disease) were crossed onto either p19−/− or
p35−/− background, and the incidence of colitis was monitored. Interestingly, p35−/−IL10−/−

mice had accelerated colitis developing by 7 weeks of age, compared to IL10−/− mice,
which developed disease by 3 months of age (113). Conversely, p19−/−IL10−/− were still
free of colitis at 12 months of age. It was also shown in this study that recombinant IL-23
accelerates colitis by promoting IL17 secretion. From these results, it was concluded that
IL-23 and not IL-12 is essential for T-cell-mediated colitis. Similarly, results indicate that in
Helicobacter hepaticus-mediated T-cell-dependent colitis, anti-IL10R monoclonal antibody
treatment results in severe colitis in p35−/− but not p40−/− mice, suggesting that IL-23 drives
intestinal disease (114). Considering that IL-35-deficent Tregs fail to cure established colitis,
an alternate or additional interpretation is that the spontaneous colitis arising in IL10−/−

mice is exacerbated in the presence of Tregs that lack IL-35 and thus are unable to control
development of disease. In this manner, the lack of p35 expression reduces both the pro-
inflammatory T-cell cytokine IL-12 and the suppressive Treg cytokine IL-35, resulting in
colitis that can still be driven by IL-23 but cannot be inhibited by IL-35. The role of Tregs in
controlling inflammatory bowel disease is well documented and reviewed elsewhere (115).
Prevention and cure of colitis by Tregs is not limited to disease induced by T cells. In fact,
colitis triggered by H. hepaticus can also be suppressed by Tregs, indicating that they can
directly suppress pathogenic activation of the adaptive and the innate immune response.
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Taken together, these studies suggest that while diseases such as EAE, CIA, myocarditis,
and inflammatory bowel disease are enhanced by the pathogenic expansion of T cells, which
in some instances may be exacerbated by IL-12, IL-23, and IL-27, Treg-derived IL-35 may
play an important suppressive role.

IL-12 family cytokines in infectious diseases
Pro-inflammatory effector T-cell responses are necessary for host survival of infectious
agents. IL-12 is known to be required for the Th1 response to host infection by many
bacteria [Listeria monocytogenes (116), Mycobacterium tuberculosis (117,118), Francisella
tularensis (119), and Mycobacterium bovis (120)], fungi [Cryptococcus neoformans (121)],
and parasites [Toxoplasma gondii (122,123), Schistosomiasis mansoni (124), and
Leishmania major (125,126)]. Mice lacking either the p35 or the p40 subunit differ in their
ability to control various infectious agents; however, regardless of the type of infectious
agent, p35−/− mice are less susceptible to infections than p40−/− mice.

Bacterial infections
A number of studies have compared the relative susceptibility of p35−/− and p40−/− mice. In
Listeria monocytogenes infection, p35−/− mice resisted up to 1000 colony-forming units
(cfu) and were able to eliminate Listeria to an even greater degree than wildtype mice (116).
In another bacterial infection, Mycobacterium tuberculosis, clearance is elicited by IFNγ-
producing T cells. In aerogenically delivered M. tuberculosis, p35−/− mice exhibit antigen-
specific responses far superior to those observed in p40−/− mice; however, neither were as
capable of controlling the infection as wildtype mice (117). In addition, vaccination elicits a
protective response in wildtype and p35−/− mice, characterized by increased secretion of
IFNγ and IL-17. However, p40−/− mice fail to accumulate antigen-specific IFNγ- and IL-17-
producing T cells and have elevated bacterial burden (118). Francisella tularensis is an
intracellular bacterium to which resistance is dependent upon production of IFNγ- and
TNFα-producing Th1 cells (119). As reported with other bacterial infections, p35−/− mice
displayed enhanced resistance to infection, both in the primary and secondary challenges,
whereas p40−/− mice never cleared the bacterium and established a chronic infection (119).
In another bacterial infection, Mycobacterium bovis, both p40−/− and p35−/− mice fail to
control infection, with p35−/− mice exhibiting elevated bacterial burdens when compared to
p40−/− mice. However, despite their lack of IL-17 production, p19−/− mice control
Mycobacterium bovis infection to the same degree as wildtype mice (120). Moreover,
treatment of mice with an IL-23 p19 specific neutralizing antibody has no affect on M. bovis
clearance indicating that IL-23 is not required for control of M. bovis infection.
Unfortunately, there are currently no studies that have addressed the impact of bacterial
infections upon Ebi3−/− mice.

Fungal and parasitic infections
In the fungal infection Cryptococcus neoformans, the inflammatory response associated with
protection is elicited by T cells and macrophages that produce IFNγ, TNFα, and nitric oxide
synthase, respectively. Following infection, both p40−/− and p19−/− mice were more
susceptible to disease than p35−/− mice. Additionally, recombinant IL-23 treatment
enhanced the response of p40−/− mice such that they were as resistant as and had
comparable survival to p35−/− mice (121). These results suggest that IL-23 enhances the
inflammatory response to C. neoformans. However, p35−/− and p40−/− mice have opposing
resistance to disease in two parasitic infections; Schistosomiasis mansoni (124) and
Toxoplasma gondii (122,123). In S. mansoni-infected mice, p35−/− and wildtype mice
exhibited equally enhanced lesion size and accelerated death in comparison to p40−/− mice,
which appeared nearly entirely resistant to infection. In contrast, similar to that seen with all
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other infectious agents, in Toxoplasma gondii infection, p40−/− mice succumb to infection
more rapidly than p35−/− mice. Indeed, p19−/− mice controlled parasite replication to the
same extent as wildtype mice. Interestingly, treatment of p40−/− mice with recombinant
IL-23 reduces the parasite burden and enhances survival in T. gondii-infected mice in an
IFNγ-independent manner (123). The conclusion that was drawn from these results is that in
the absence of IL-12, IL-23 can compensate, albeit suboptimally, for resistance to infection.
Another possible interpretation of the results is that in the absence of IL-12 and IL-23
(p40−/−), T cells are unable to control the infection; however in the absence of IL-12 and
IL-35 (p35−/−), IL- 35-deficient Tregs are incapable of suppressing the T-cell proliferation
mediated by IL-23. Thus, the mice are modestly resistant to disease. This conclusion is
supported by the data indicating that rIL-23-treated p40−/− mice exhibit enhanced survival.
Additional support for the role of Treg-derived IL-35 in controlling infectious agents comes
from experiments using Ebi3−/− mice. Following Leishmania major infection, Ebi3−/− mice
were more susceptible than wildtype mice during the early phase of infection, displaying
significantly increased lesion size, greater parasite load, and impaired IFNγ production when
compared to wildtype mice (126). However, this susceptibility is transient, and Ebi3−/− mice
eventually clear the infection. Ebi3 deficiency resulted in skewed cytokine responses away
from the protective Th1 response and toward the Th2 response marked by enhanced IL-4,
IL-10, and IL-13. The assumption made following these results was that IL-27 derived from
DCs was critical for the parasite clearance, although, if true, this effect is clearly not
mediated by IL-10. However, similar to p35−/− mice, which lack both IL-12 and IL-35,
Ebi3−/− mice lack both IL-27 and IL-35. Therefore, if IL-27 is important for anti-parasite
immunity against L. major and IL-35 suppresses this immunity, the net affect of losing both
IL-27 and IL-35 might be susceptibility to the infection, at least during the early phase of
infection. In fact, there is a growing body of literature that suggests that Tregs are
fundamentally involved in the persistence of L. major (125).

Host survival of many infectious agents requires a robust effector T-cell response. However,
the reaction must be controlled to prevent excessive tissue damage during pathogen
clearance. One of the mechanisms by which the host limits the damage to self-tissues and
restores balance following infection is by generating Tregs, which control the intensity of
effector cell responses. The induction of Tregs is critical to the host equilibrium but
detrimental to the pathogen’s survival and transmission. For this reason, Tregs may be
generated by the host to suppress the inflammatory response or may be induced by the
pathogen to promote their survival (127). However, recent studies have also shown that
Tregs can facilitate the initial protective responses to local viral infections by allowing the
timely entry of NK cells, DCs, and T cells into infected tissues (128). It is currently not
possible to discern whether Treg generation and thus secretion of IL-35 is the result of the
host’s attempt to restore equilibrium and facilitate the early immune response or the
pathogen’s attempt to ensure its own survival and transmission. However, re-evaluation of
key studies using existing and new mutant mouse models will provide further insight into
the potential role of IL-35 in autoimmune and infectious diseases.

Balance epitomizes the immune system: exemplified by the IL-12 family?
In reconsidering the title of this review, it seems that IL-35 is both part of the family and the
odd one out. It shares many structural features with other members of this family, which
may well extend to its receptor and the signaling process it mediates, and yet its biological
function and the cells that produce IL-35 contrast sharply with the characteristics of IL-12,
IL-23, and IL-27. While IL-35 is an exciting addition to the IL-12 family, there is still much
that needs to be determined about IL-35 biology and the role of the IL-12 family cytokines
in general. There are four sets of questions that need to be addressed.
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First, while it is known that IL-35 can suppress naive CD4+ T cells, it remains to be
determined if IL-35 can inhibit other T-cell (Th1, Th2, Th17, CD8+, etc) and non-T-cell
(DCs, macrophages, NK cells, neutrophils, etc) populations. It is also unclear if IL-35 can
inhibit functions other than proliferation, such as cytokine production, cytolysis, migration,
and kinesis. Lastly, it remains to be determined if IL-35 synergizes with or antagonizes the
function of other cytokines. In this regard, any interactions it has with its siblings (IL-12,
IL-23, IL-27) or other inhibitory cytokines (IL-10, TGFβ) would be particularly interesting.

Second, as discussed above, the composition of the IL-35 receptor and the signaling cascade
it initiates is still unclear. Obviously the expression pattern of this receptor will also provide
insight into target cell types. We anticipate some commonality between the receptor chains
and STATs utilized by IL-35 and its siblings. If this is true, it will raise the interesting
question of how such dramatically contrasting biological outcomes can be mediated by such
similar signaling cascades. Similarly interesting problems have been tackled with other
receptors that use the same STAT but mediate quite different responses, such as the use of
STAT3 by the IL-10R, IL-6R, and IL-22R (129).

Third, while we have shown that Tregs produce IL-35 but no other IL-12 family member, it
is possible that other cell types also make IL-35. Indeed, we have shown that some Ebi3 and
p35 mRNA is expressed by CD8+, γδ T-cell, and NK cell populations (1). Whether this
represents low level possibly mosaic expression that does not confer regulatory potential or
expression that is restricted to a specific sub-population of cells that actually secretes bio-
active IL-35 remains to be determined. An IL-35-specific reporter mouse in which only the
Ebi3:p35 heterodimer, but not IL-12, IL-27, or Ebi3 or p35 alone, is genetically traceable
would certainly be valuable. Given that DCs and macrophages can make IL-12 and IL-27, it
is interesting to question whether they might also make IL-35. Indeed, its expression may be
characteristic of specific sub-types of APCs with regulatory or tolerogenic potential.
Additional work is clearly needed to discern whether DCs and macrophages can secrete
IL-35 and whether this contributes to a tolerogenic phenotype. A better understanding of the
relative pairing affinities and any mechanisms/chaperones that control pairing between the
various IL-12 family chains would obviously be valuable here.

Fourth, given that many of the current knockout mice in fact lack production of two
cytokines, new mutant mouse models are clearly required. Specifically, a genetic approach
is needed that deletes/abrogates only a single cytokine leaving all others unaffected. Purified
Treg transfers (either IL-35 sufficient or deficient) have allowed us to better understand the
role of Treg-derived IL-35 in various in vivo models (1). Ebi3 or p35 conditional knockout
mice, where IL-35 expression is absent in Tregs but IL-12, IL-23, and IL-27 expression is
normal in all APCs, would allow one to assess the relative contribution of Treg-derived
IL-35 in most disease contexts. As Ebi3 and p35 mRNA is detectible in other non-Treg
populations, such as CD8+, γδ T cells, and NK cells, this approach would also facilitate the
analysis of IL-35 function in these cell types. Likewise, such mutant mouse models would
also help to determine the contribution of any IL-35 produced by potentially tolerogenic
DCs and macrophages.

The potency of the immune system to both protect and destroy is clear. As such, the immune
system likely had to co-evolve mechanisms to both initiate and dampen immune responses.
In this regard, there are several examples of related genes that perform opposing functions,
such as CD4 and LAG-3, and CD28 and CTLA4. It seems that the IL-12 family has not
ignored the importance of immune balance and contributes cytokines that can both enhance
and suppress immune responses. So while IL-12 and IL-27 can have significant suppressive
effects, they do have predominantly proinflammatory/prostimulatory functions and are made
by APCs. In contrast, IL-35 is produced by Tregs and perhaps other T-cell populations with
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regulatory capacity and seems to have an exclusively inhibitory capacity. So by comparison,
IL-35 seems the odd one out. However, it may be very much part of the immunological
family that helps to maintain balance.
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Fig. 1. The IL-12 cytokine family; structural and biological characteristics
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Fig. 2. IL-35-deficient Tregs fail to cure inflammatory bowel disease
Rag1−/− mice received naive effector T cells via the tail vein. After 3–4 weeks, mice
developed clinical symptoms of inflammatory bowel disease and were either untreated or
given wildtype or Ebi3−/− (IL-35 deficient) Tregs. Histological sections of representative
colons were stained with Alcian blue/PAS (Periodic acid Schiff) (1).
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