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Type 2 cytokines: mechanisms and
therapeutic strategies

Thomas A. Wynn

Abstract | Type 2 immune responses are defined by the cytokines interleukin-4 (IL-4), IL-5, [L-9
and IL-13, which can either be host protective or have pathogenic activity. Type 2 immunity
promotes antihelminth immunity, suppresses type 1-driven autoimmune disease, neutralizes
toxins, maintains metabolic homeostasis, and regulates wound repair and tissue regeneration
pathways following infection or injury. Nevertheless, when type 2 responses are dysregulated,
they can become important drivers of disease. Type 2 immunity induces a complex inflammatory
response characterized by eosinophils, mast cells, basophils, type 2 innate lymphoid cells,
IL-4-and/or IL-13-conditioned macrophages and T helper 2 (T,,2) cells, which are crucial to the
pathogenesis of many allergic and fibrotic disorders. As chronic type 2 immune responses
promote disease, the mechanisms that regulate their maintenance are thought to function as
crucial disease modifiers. This Review discusses the many endogenous negative regulatory
mechanisms that antagonize type 2 immunity and highlights how therapies that target some
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of these pathways are being developed to treat type 2-mediated disease.

The type 2 immune response is characterized by T helper 2
(T42) cells, eosinophils, mast cells, basophils, group 2
innate lymphoid cells (ILC2s), interleukin-4 (IL-4) and/or
IL-13-induced macrophages, IgE, and the cytokines IL-4,
IL-5, IL-9 and IL-13. When the T,,1-T,;2 dichotomy was
first described', type 2 immunity was not thought of as
an important effector response but rather as a regulatory
mechanism, the primary function of which was to limit
the injurious consequences of type 1-mediated protec-
tive immunity?. Although this original limited defini-
tion remains true, our understanding of the role of type 2
immunity has greatly expanded over the past 15 years. In
addition to suppressing type 1 immunity and type 1-driven
inflammation, type 2 immunity has emerged as a major
effector response that has many important host-protective
and pathogenic activities (BOX 1).

One of the most important protective functions of
type 2 immunity is to promote resistance to large extra-
cellular helminth parasites’. These parasites are not
easily killed by type 1-mediated immune mechanisms
and so type 2 immunity is activated to improve barrier
defences®. Type 2 immunity increases mucus produc-
tion, smooth muscle contractility, intestinal epithelial
cell turnover and alternative macrophage activation,
which together help to facilitate the expulsion of gastro-
intestinal parasites from the gut>*. Furthermore, type 2
immunity has been identified as a major protective

mechanism in several autoimmune diseases’, including
arthritis, multiple sclerosis and Crohn disease'®"?, owing
to its ability to suppress type 1-driven inflammation.
In addition to suppressing the tissue-damaging effects
of sustained type 1-associated inflammation, type 2
immunity also shows direct protective activity by pro-
moting important tissue repair pathways'*~'*. Finally,
maintenance of crucial metabolic functions has also
been linked with type 2 immunity, including glucose
homeostasis, insulin sensitivity, adiposity and adaptive
thermogenesis'®?,

Although the type 2 cytokine response has impor-
tant host-protective functions, dysregulated, chronic
or hyperreactive type 2 immunity can contribute to the
development of disease. Perhaps the most widely recog-
nized diseases that are attributed to the overproduction
of type 2 cytokines are allergic disorders, such as asthma,
atopic dermatitis, allergic rhinitis, eosinophilic oesophagitis
and anaphylaxis, as well as allergies to drugs, toxins and
food®. As type 1 and type 2 immune responses cross-
regulate each other, type 2 cytokine responses also sup-
press the development of protective type 1 immunity to
a wide range of viral, bacterial and protozoan pathogens,
and thereby facilitate uncontrolled or persistent infec-
tion?'*. Suppression of type 1 immunity and cytotoxic
T cell development by type 2 immunity is also thought
to promote tumorigenesis and tumour cell growth>->.
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Box 1 | Definition of type 2 immunity

In this Review, type 1 and type 2 immunity refer to both the innate and the adaptive arms
of the immune response. | have intentionally limited the use of the terms T helper 1 (T,,1)
cellsand T, 2 cells, as this only refers to CD4* T, cell subsets. Type 1 effector responses
are defined by T,1 cellsand T ;17 cells, cytotoxic T cells, group 1 and group 3 innate
lymphoid cells (ILCs), and immunoglobulin M (IgM), IgA and specific IgG antibody
classes. This effector response mediates immunity to many microorganisms including
bacteria, viruses, fungi and protozoa. Elements of type 1 immunity also help to maintain
tumour immune surveillance. By contrast, type 2 immunity provides protection against
large extracellular parasites by boosting barrier defences. Elements of the type 2
immune response also help to maintain metabolic homeostasis and to promote tissue
remodelling following injury. Type 2 immune responses are characterized by CD4*

T,,2 cells, group 2 ILCs, eosinophils, basophils, mast cells, interleukin-4 (IL-4)- and/or
IL-13-activated macrophages, the IgE antibody subclass and the cytokines IL-4, IL-5,
IL-9, IL-13, thymic stromal lymphopoietin (TSLP), IL-25 and IL-33.

Adaptive thermogenesis
The thermic effect of factors
such as cold, fear, stress and
several drugs that can increase
the rate of energy expenditure
above normal levels. In
individuals with obesity,
adaptive thermogenesis
impedes weight loss,
compromises the maintenance
of weight loss and creates the
ideal metabolic response to
support rapid weight regain.

Eosinophilic oesophagitis
An allergic inflammatory
condition of the oesophagus
that involves eosinophils
and that can lead to
oesophageal narrowing,
impaired swallowing, food
impaction, dysphagia,
vomiting and weight loss.

Chronic schistosomiasis

A chronic disease caused by
parasitic worms of the genus
Schistosoma that in some
infected individuals leads to
the development of severe
interleukin-13-driven
eosinophilic inflammation and
hepatic fibrosis.

Immunostimulatory CpG
sequences

Short single-stranded synthetic
DNA molecules that contain a
cytosine triphosphate
deoxynucleotide (C) followed
by a guanine triphosphate
deoxynucleotide (C); they have
potent immunostimulatory
activity when recognized by
the pattern recognition
receptor Toll-like receptor 9.

In addition, the IL-4- and/or the IL-13-primed subset of
monocytes or macrophages is often expanded within the
tumour stroma and antagonizes the tumour-suppressing
activity of type l-activated macrophages®. Finally,
although the type 2 immune response facilitates tissue
repair?, chronic activation of wound-healing pathways
may also contribute to the development of pathological
fibrosis or organ scarring, as is observed in some hel-
minth infections, in severe asthma and in many chronic
fibroproliferative diseases™ (FIG. 1).

As persistent or dysregulated type 2 immune
responses are major drivers of disease, the mechanisms
that control the intensity, maintenance and resolution
of type 2 immunity are probably important regulators of
disease progression. Therefore, rather than focusing
on the mechanisms that initiate or that amplify type 2
immunity — a topic that has been extensively reviewed
by others®**'~%* — this Review highlights the many
endogenous regulatory mechanisms induced during an
immune response that primarily function to prevent or
limit the pathological consequences of sustained type 2
immunity. I also describe how many of these negative
regulatory or disease-tolerance mechanisms work col-
laboratively or synergistically to suppress type 2-driven
inflammatory responses and I briefly discuss how some
of these pathways and mediators, mostly discerned
from studies in mice, are being evaluated in the clinic as
potential therapies for type 2-driven disease.

Endogenous type 2 inhibitory mechanisms

Type 1-associated cytokines inhibit type 2 immunity.
The type 1 cytokines interferon-y (IFNy), IL-12 and
IL-18, which initiate and maintain type 1 immune
responses® %, are some of the most important media-
tors that suppress type 2 immunity***°. For example,
immunity to leishmaniasis is mediated by antigen-
specific IFNy-producing CD4" T ;1 cells, which activate
important antiparasite effector responses at the same
time as dampening disease-promoting type 2 immu-
nity*.. Similar cross-regulation of type 2 responses by
IFNy and IL-12 has also been reported in many hel-
minth infections®*>**; however, rather than increasing
resistance, the reduction in type 2 immunity medi-
ated by IFNy and IL-12 facilitates chronic infection

by reducing barrier defences and, in some cases, this
can lead to the development of severe type 1-driven
inflammation in the gut*%. T,;17 cell responses can also
suppress type 2 effector function by upregulating the
IL-13 decoy receptor IL-13Ra2 (REF. 45). Although there
are many additional examples in which cross-regula-
tion between type 1 and type 2 immunity has a major
effect on susceptibility to infection or inflammation,
the suppression of type 2 immunity by IFNy and IL-12
clearly has a beneficial role in some cases. Novel strate-
gies based on type 1-mediated immune deviation have
been proposed to ameliorate type 2-driven disease. For
example, the development of liver fibrosis in chronic
schistosomiasis is driven by an IL-13-dependent but
transforming growth factor-p1 (TGFp1)-independent
mechanism**¢, with IL-12 and IFNy having suppres-
sive roles in reducing the frequency of profibrotic
IL-13-producing CD4* T cells and eosinophils*’. IL-12
and CpG oligonucleotides, which promote IFNYy pro-
duction by T cells and natural killer (NK) cells*®, have
also been used as vaccine adjuvants to drive protec-
tive type 1 responses that reduce type 2-associated
inflammation and fibrosis during subsequent expo-
sures’*. Type 2 allergic asthma — which is charac-
terized by airway hyperresponsiveness, pulmonary
eosinophilia, excessive mucus production and type 2
cytokine expression — is also antagonized by IL-12
and IFNy®". Preclinical studies using immunostimulatory
CpG sequences to ‘desensitize’ or to ‘immune deviate’
individuals with established type 2-driven allergic dis-
orders have also been carried out, although they have
only had modest effects***. Finally, tumour-associated
macrophages, which are a major component of the can-
cer microenvironment, are under intense investigation
because they have an immunosuppressive IL-4- and/or
IL-13-activated phenotype that supports metastasis
and that suppresses antitumour immunity**. By con-
trast, T;;1 cells, IFNy and IFNy-stimulated macro-
phages often collaborate to reduce tumour growth?.
Therefore, therapeutic approaches that promote
IFNy production or that switch pro-tumoural type 2-
associated macrophages to a tumour-suppressive
classically activated phenotype might offer a rational
approach to augment cell-mediated immunity to a
range of cancers®".

Macrophages in the maintenance of type 2-driven dis-
ease. Conventional dendritic cells (DCs) and basophils
are crucial to the initiation of type 2 immunity®**, and
inflammatory monocytes and tissue macrophages have
emerged as important regulators of established type 2
immune responses®. Studies using mice lacking FMS-
like tyrosine kinase 3 (FIt37~), which lack conventional
DCs, showed that monocyte-derived DCs are sufficient
to induce T ;2 cell immunity following high-dose aller-
gen challenge®. These inflammatory DCs produce pro-
inflammatory chemokines and control type 2 immunity
by functioning as antigen-presenting cells in diseased
tissues. Whereas studies with clodronate liposomes sug-
gested that CD11b*F4/80" macrophages are not required
for the initiation of type 2 immune responses®, studies
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Clodronate liposomes
Liposome-encapsulated
clodronate is a commonly
used tool that is used to
deplete phagocytic cells
such as macrophages in vivo.
At a certain intracellular
concentration, clodronate
induces macrophage
apoptosis.

Cd11b—DTR mice
Cd11b-transgenic mice
that have a diphtheria
toxin-inducible system that
transiently depletes
macrophages in various
tissues. Intraperitoneal
injection of diphtheria toxin
ablates CD11b* monocytes
and/or macrophages.

Polarized type 2 immune
responses

Immune responses that are
dominated by the production
of interleukin-4 (IL-4), IL-5,
IL-9 and/or IL-13.

Cre recombinase

An enzyme that facilitates
site-specific recombination
events and is commonly used
in genome modification
strategies.

with Cd71b-DTR mice — which, following exposure to
diphtheria toxin, lack CD11b"F4/80* macrophages but
have conventional DCs — suggested that macrophages
are crucial for the maintenance of type 2 immunity
within affected tissues but not within secondary lym-
phoid organs®. Direct depletion of CD11b* monocytes
and macrophages with diphtheria toxin during the main-
tenance or resolution phases of secondary Schistosoma
mansoni egg-induced granuloma formation resulted in
a marked decrease in inflammation, fibrosis and type 2
cytokine expression in the lungs (FIC. 2). Depletion of
CD11b*F4/80* macrophages caused a similar reduction
in chronic house dust mite-induced allergic lung inflam-
mation and IL-13-dependent immunity to the nematode
parasite Nippostrongylus brasiliensis. However, experi-
ments using chimeric Cd11c-DTR mice and transgenic
mice with both Cd11b-DTR and CdlI1c-DTR sug-
gested that CD11b* monocytes and macrophages, but
not CD11c* DCs, are the crucial populations controlling
the maintenance of secondary type 2 immunity in non-
lymphoid tissues®. Strategies that disrupt the recruit-
ment®®, the expansion’’! or the maintenance'’? of
crucial myeloid cell populations in diseased tissues could
consequently emerge as novel therapeutic approaches for
arange of type 2-driven diseases.

IFNy-activated macrophages and nitric oxide. Although
monocyte-derived macrophages are important for the
maintenance of type 2 immune responses, there is
evidence that once macrophages develop an activated
phenotype”, they have important regulatory and sup-
pressive activities'. Macrophages can have a wide range
of activated-macrophage phenotypes”; IL-4- and/or
IL-13-activated macrophages and IFNy-activated
macrophages are believed to represent phenotypes at
opposite extremes*’, and these subsets show distinct
gene expression profiles and functional capabilities'*.
The IL-4- and/or IL-13-activated subset has important
homeostatic functions and is intimately involved in the
control of type 2-driven inflammation and immunity”.
Indeed, these cells produce a wide range of cytokines,
growth factors and chemokines that regulate cell
recruitment, vascular permeability, angiogenesis, meta-
bolic functions, atherosclerosis, malignancy and wound
repair’®. Although IFNy and IL-4 and/or IL-13 exert
antagonistic effects on macrophage activation by dif-
ferentially phosphorylating signal transducer and acti-
vator of transcription 1 (STAT1) and STAT®6 (REF. 77),
recent studies have also identified the transcription
factors IFN-regulatory factor 4 (IRF4) and IRF5 as
crucial regulators of macrophage development primed
by IL-4 and/or IL-13 and by IFNy, respectively”s”.
Importantly, IRF5 activates IL-12p40, IL-12p35, and
IL-23p19 expression and simultaneously represses IL-10
expression’®, which directly influences the development
of polarized type 2 immune responses®®®!, Thus, activation of
macrophages by IFNy can have a direct inhibitory
effect on type 2 immunity and M2 macrophage devel-
opment. Moreover, as many of the downstream func-
tions of IL-4- and/or IL-13-primed macrophages are
antagonized by IFNy-activated macrophages, a relative
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Figure 1| The yin and yang of type 2 immunity. The
detrimental (shaded) and the beneficial (open) sides of
type 2 immunity are shown.

increase in the frequency of IFNy-primed cells can also
lead to the suppression of type 2 effector function®.
The production of high concentrations of nitric oxide
by IFNy-primed macrophages has also been shown to
suppress the proliferation and development of both
Tyl cells and T,;2 cells**®. The anti-inflammatory
and antifibrotic effects of IL-12 are also dependent on
inducible nitric oxide synthase (NOS2)®. Studies have
suggested that NOS2-expressing IFNy-primed mac-
rophages suppress type 2-associated fibrosis by com-
peting with activated myofibroblasts that require the
metabolites L-arginine and L-proline for collagen syn-
thesis®. However, the timing and/or the dose of nitric
oxide may be important, as a related study suggested
that NOS2 might help to polarize T2 cell-driven dis-
ease by preferentially suppressing the development of
T, 1 cells®. Nevertheless, the prevailing dogma suggests
that IFNy-primed macrophages primarily antagonize
type 2 immunity and type 2-driven disease.

Inhibition by IL-4-primed macrophages and arginase 1.
Perhaps not surprisingly, IL-4- and/or IL-13-primed
macrophages also cross-regulate type 1 immunity
and suppress the activity of IFNy-stimulated macro-
phages®>¥”. In support of this conclusion, mice express-
ing Cre recombinase in the regulatory region of the
lysozyme M gene (LysM; also known as Lyz2) were
crossed to [L-4Ro*¥4!= mice to generate mice with a con-
ditional deletion of the IL-4 receptor a-chain (IL-4Ra)
in macrophages and neutrophils (Il4ra"¥*“LysM-Cre
mice)®. These mice developed normal type 2 immu-
nity in response to the nematode parasite N. brasilien-
sis but when infected with a high dose of S. mansoni
cercariae larvae — a parasite that establishes chronic
infections — the mice quickly succumbed to an over-
whelming type 1-driven inflammatory response®. This
confirms that IL-4- and/or IL-13-primed macrophages
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cross-regulate type 1 immunity. However, when the
conditional IL-4Ra-deficient mice were infected with a
smaller but a more physiological dose of parasites, no
type l-asssociated mortality was observed®®. Instead,
the mice developed much larger eosinophil-rich granu-
lomas at both acute and chronic time points, which
indicates that IL-4- and/or IL-13-activated macro-
phages also inhibit type 2-driven disease®. IL-4- and/or

IL-13-stimulated macrophages are defined by high
arginase 1 activity, and conditional deletion of Argl
(which encodes arginase 1) in macrophages con-
firmed an important suppressive role for IL-4- and/or
IL-13-primed macrophages in chronic type 2 cytokine-
driven inflammation and fibrosis in schistosomiasis®.
These data were surprising as wound repair and fibro-
sis have often been linked with increased arginase 1
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Figure 2 | Monocytes and macrophages contribute to the regulation
of type 2-driven repair and fibrosis. Following injury to tissues, the
alarmins thymic stromal lymphopoietin (TSLP), interleukin-25 (IL-25) and
IL-33, together with conventional and monocyte-derived dendritic cells
(DCs) initiate type 2 immunity. CD11b*F4/80* macrophages and
inflammatory monocytes help to maintain established type 2 immune
responses in damaged tissues by producing chemokines such as
CC-chemokine ligand 1(CCL1) and CCL22 that recruit T helper 2 (T;2) cells.
IL-4 and IL-13 produced by CD4* T,;2 cells, group 2 innate lymphoid cells
(ILC2s), basophils, mast cells and eosinophils stimulate local tissue
macrophages and recruited inflammatory monocytes to proliferate and to
differentiate into macrophages that have wound-healing and regulatory
phenotypes. The wound-healing IL-4- and/or IL-13-activated population
produces a range of growth factors that promote local tissue fibroblast
proliferation, differentiation and activation, as well as epithelial and
endothelial cell repair. However, IL-4- and/or IL-13-activated macrophages
can also suppress myofibroblast function by competing for the amino acids
L-arginine, L-ornithine and L-glutamate, which regulate the rate of L-proline

synthesis by neighbouring activated myofibroblasts. L-proline is required
for extracellular matrix (ECM) production by myofibroblasts. Local amino
acid competition between activated macrophages and T,;2 cells can also
ameliorate type 2 immunity in the local microenvironment by reducing
T,,2 cell proliferation. Similarly to IL-4- and/or IL-13-activated macrophages,
inducible nitric oxide synthase (NOS2)-expressing M1-like macrophages
may also suppress tissue repair and fibrosis by depleting local stores of
L-arginine (via solute carrier family 7 member 2 (SLC7A2)-mediated uptake)
and by suppressing expansion of the T,2 cell population. However, during
atype 2-skewed immune response, transforming growth factor-p1 (TGFp1)
production by macrophages suppresses type 1 immunity and the
development of interferon-y (IFNy)-primed macrophages. Therefore,
monocytes and macrophages that have an IL-4- and/or IL-13-activated
phenotype are the dominant suppressive myeloid cell populations during
a polarized or chronic type 2 immune response. FGF, fibroblast growth
factor; IGF1, insulin-like growth factor 1; IRF, IFN-regulatory factor; OX40L,
OX40 ligand (also known as TNFSF4); PDGF, platelet-derived growth factor;
STAT, signal transducer and activator of transcription; TCR, T cell receptor.
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Arg 1'>ta] yspM—Cre mice
Mice that lack expression of
arginase 1 (Arg 1) specifically in
monocytes and macrophages
(which express lysozyme M
(LysM).

Arg 1'™aTje2—Cre mice
Mice that lack expression of
arginase 1 (Arg1) specifically in
endothelial cells and most
haematopoietic cells, which
express the receptor tyrosine
kinase promoter/enhancer
(which is encoded by Tie2; also
known as Tek).

enzymatic activity’~*. The findings in the schistosomia-
sis model clearly show that arginase 1-expressing macro-
phages are not required for the development of fibrosis
or wound repair, but rather that they have an important
inhibitory role®. Studies with Arg 7= ysp—Cre mice
and Arg 1'¥@Tje2—Cre mice identified inflammatory
monocytes as the key IL-4- and/or IL-13-activated sub-
set that mediates the suppression of IL-13-driven fibro-
sis®. By contrast, studies with Il[4ra'=Lys)~Cre mice
identified mature LysM-expressing tissue macrophages
as the dominant IL-4- and/or IL-13-primed population
that mediates the inhibition of type 2 inflammation®.

IL-4- and/or IL-13-primed macrophages expressing
arginase 1 inhibit IL-13-driven fibrosis, at least partly,
by suppressing the expansion of the CD4* T2 cell
population®. It is also possible that IL-4- and/or
IL-13-activated macrophages, similarly to IFNy-
stimulated macrophages, directly suppress the collagen-
synthesizing activity of neighbouring myofibroblasts by
competing for the L-arginine that is available in the local
milieu®. This may be an explanation for why IL-4- and/or
IL-13-primed and arginase 1-expressing macrophages
show little or no regulatory activity in models of allergic
lung inflammation®*¢ but show substantial inhibitory
roles in granuloma formation and antitumour immu-
nity, in which local substrate competition between
macrophages, fibroblasts and T cells is probably more
robust®***”. Finally, related studies have shown that
inflammatory monocytes recruited to allergic skin rap-
idly acquire a suppressive IL-4-activated phenotype®.
Disruptions in other M2-associated genes, such as Retnla
(which encodes resistin-like molecule-a (RELMa)), have
also resulted in increased type 2-driven inflammation
during helminth infection®'®. Therefore, IL-4- and/or
IL-13-activated monocytes and macrophages prob-
ably have suppressive activity in many type 2-driven
inflammatory diseases®'® (FIC. 2).

Inhibitory activity by IL-10 and Ty, cells. IL-10 was orig-
inally described as an immunosuppressive cytokine that
inhibits cytokine production by T};1 cells'’. Although
some studies have shown that IL-10 helps to polarize
type 2 immune responses by preferentially suppressing
IL-12 and IFNy production® ', many additional
studies have shown that IL-10 also has a major inhibi-
tory role in type 2 immunity'®. For example, IL-10 was
identified as an endogenous inhibitor of type 2 cytokine
production and inflammation in a mouse model of aller-
gic bronchopulmonary aspergillosis'®. Suppression of
type 2 immunity was crucially dependent on the produc-
tion of IL-10 by DCs, which preferentially stimulate the
development of IL-10-producing regulatory T (T,,,) cells
in the lungs'”. Consistent with these observations, the
balance between allergen-specific T, cells and T, ;2 cells
is thought to have a decisive role in the development
of allergic inflammation in healthy individuals versus
individuals with allergies'®®, and persistent or high-dose
allergen challenge is associated with the emergence
of protective IL-10-producing Ty, cells that mediate tol-
erance to allergens in non-allergic individuals'®”. Indeed,
established airway inflammation and hyperreactivity
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is attenuated in mice receiving IL-10-producing
Ty, cells via adoptive transfer'’. IL-10 also suppresses
type 2-associated inflammation in chronic schistosomia-
sis'® and works collaboratively with IL-12 to antagonize
T,;2 cell differentiation following infection with a range
of helminth parasites®"'**. IL-27-IL-27 receptor a-chain
(IL-27RA) signalling was also identified as an important
inducer of IL-10 production by T cells'!*!*2, and mice
that are deficient in IL-27RA develop exacerbated type 2
immune responses when challenged with allergens or
following helminth infection'"*'"*. Although T, cells are
an important source of IL-10 and inhibit the develop-
ment of type 2 immunity*"'"®, additional studies have
suggested that IL-10 is produced by a range of cell types,
including macrophages, B cells and T ;2 cells, with each
population participating in the suppression of type 2
immunity during helminth infection''¢"%,

As IL-10 and T, cells antagonize type 2 immu-
nity, therapeutic strategies that preferentially expand
IL-10-producing Ty, cell populations could be used
as therapies for type 2-driven disease. For exam-
ple, in vivo expansion of forkhead box P3 (FOXP3)-
expressing CD4" T, cells that are induced by tumour
necrosis factor receptor superfamily member 25
(TNFRSF5; also known as CD40)has been shown to pro-
vide substantial protection from allergic inflammation
by reducing the frequency of effector T cells compared
with Ty, cells in the lungs'”. Interestingly, the immuno-
suppressive drug dexamethasone was also shown to
promote human and mouse naive CD4* T cells to dif-
ferentiate into IL-10-producing TReg cells in vitro, which
may partly explain the protective activity of corticoster-
oids in allergic inflammation'®. Hence, techniques that
expand Ty, cell populations in vitro could be developed
as adoptive immunotherapies for type 2-driven disease.
Finally, as helminths induce multiple immunoregula-
tory mechanisms and can confer protection against
allergies'?'"'#, helminth parasites and specific helminth
antigens are also being investigated as potential therapies
for a range of allergic diseases, including food allergy
and asthma'*2,

Type 2 inhibition by silencers of cytokine signalling.
Suppressors of cytokine signalling (SOCS) are pro-
teins that function as negative regulators of cytokine
signalling and that regulate the pathogenesis of many
inflammatory diseases'”. SOCS1 and SOCS3 have
both been identified as important regulators of type 2
immunity. However, they have divergent activity, with
SOCSI inhibiting and SOCS3 promoting type 2-driven
inflammatory disease. Although SOCS1 has a complex
role in the regulation of T cell activation, studies have
revealed important roles for SOCSI in the suppres-
sion of IL-4 function in vivo'**'*. SOCS1 antagonizes
IL-4-STAT6-mediated gene expression in macrophages,
and mice that are deficient in SOCS1 show exacerbated
T,;2 cell-driven allergic inflammation when exposed to
allergens'®'*, SOCS1 expression is also increased in
individuals with allergies, which suggests that it may
function as an important negative regulator of type 2
immunity in humans as well"'. Similarly to SOCS1,
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SOCS3 is expressed in individuals with allergies' but
rather than inhibiting type 2 immunity, SOCS3 pro-
motes type 2 immunity by suppressing the production
of the immunoregulatory cytokines TGFP1 and IL-10
(REF. 132). Transgenic mice that overexpress SOCS3
show increased type 2 responses and pathological fea-
tures that are characteristic of severe asthma when chal-
lenged with allergens'?. By contrast, transgenic mice
expressing dominant-negative mutant SOCS3, as well
as mice with a heterozygous deletion of SOCS3, show
decreased T ;2 cell development'?®. Mice lacking SOCS3
specifically in T cells also develop reduced type 2
immune responses'*?. In vitro, SOCS3-deficient CD4*
T cells produce more TGFP1 and IL-10 but less IL-4
than wild-type T cells'*?, which confirms that SOCS3
promotes type 2 immunity by suppressing the devel-
opment of IL-10- and TGFp1-producing T,,, cells.
These results suggest that negative regulation of the
type 2-mediated responses by dominant-negative
SOCS3 could be a target for therapeutic intervention
in type 2-driven disease'**!*.

Disease suppression by the IL-13Ra2 decoy receptor.
IL-4 and IL-13 are the major instructive cytokines of
the type 2 cytokine response. They have many similar
functional abilities because they share a common type 2
IL-4 receptor complex'*, but several important differ-
ences have been identified, which are probably owing
to variations in their production’, cellular source® and
pattern of receptor expression'*. The type 2 IL-4 recep-
tor complex binds both IL-4 and IL-13 with fairly equal
affinities and is expressed on macrophages and a wide
range of non-haematopoietic tissues, which is in con-
trast to the type 1 IL-4 receptor that is expressed on
haematopoietic cells and only binds IL-4 (REF. 137). In
addition to these two receptor types that signal through
STATS6, a second high-affinity decoy receptor for IL-13,
IL-13Ra2, is expressed by epithelial cells, fibroblasts and
smooth muscle cells. IL-13Ra2 lacks canonical Janus
kinase (JAK)-STAT signalling activity and quickly
internalizes IL-13, which prevents IL-13 from engag-
ing with its signalling receptor'**'*, IL-13Ra2 blocks
IL-13 effector function and has therefore been identi-
fied as a major suppressive mechanism in type 2-driven
disease'. For example, in schistosomiasis, development
of IL-13-dependent fibrosis is reduced when IL-13Ra2
expression is elevated in activated myofibroblasts'*'.
Granulomatous inflammation and mortality are also
reduced by the expression of IL-13Ra2 in mice that
are chronically infected with S. mansoni'*. Pulmonary
hypertension, which is a serious complication of chronic
schistosomiasis, is similarly ameliorated by the expres-
sion of IL-13Ra2 (REF. 143). Smooth muscle cell hyper-
contractility in the colon is also suppressed by IL-13Ra2
both at baseline and following gastrointestinal nematode
infection'**'**. In the lungs, IL-13 is a crucial regulator of
airway inflammation, mucus production, airway hyper-
responsiveness and lung remodelling, and increased
expression of IL-13Ra2 by bronchiolar epithelial cells
and fibroblasts has been shown to downregulate IL-13
activity in both mouse and human cells*¢'*, Finally,

studies investigating the function of IL-13Ra2 in mod-
els of allergic lung inflammation have shown that pul-
monary inflammation, mucus metaplasia, subepithelial
fibrosis and airway remodelling are all significantly
reduced when IL-13Ra2 expression increases'*'*. Thus,
therapeutic strategies that augment IL-13Ra2 activity
could be used to ameliorate type 2-driven disease.

Collaborating suppressive mechanisms
Cooperating inhibitory mechanisms in asthma. There
is evidence that many of the suppressive mechanisms
described above work together to slow the progression
of type 2-driven disease. For example, although T, cells
and IL-10 inhibit type 2 immunity, studies carried out
using IL-10-deficient mice have suggested that the
development and effector function of T, 2 cells are dif-
ferentially regulated by IL-10 (REF. 149). In the absence
of IL-10, allergen-induced inflammation is exacer-
bated but, paradoxically, Il10~”~ mice show reduced
type 2-associated airway hyperreactivity, mucus pro-
duction and lung remodelling'*'**3, which has been
attributed to elevated production of the IL-13Ra2
(REF. 149). Indeed, studies carried out using IL-10- and
IL-13Ra2-deficient mice showed that animals that are
deficient in both mediators are much more suscepti-
ble to the development of atopic asthma'*’. This con-
firms that IL-10 and IL-13Ra2 function collaboratively
to suppress the cardinal features asthma, with IL-10
dampening the intensity of the inflammatory response
and IL-13Ra2 blocking the downstream pathological
actions of IL-13 in the lungs (FIC. 3).

Collaboration in antihelminth immunity. IL-10- and
IL-13Ra2-coordinated regulation of type 2 immunity
has also been observed during gastrointestinal nematode
infection. In this case, IL-10 promotes type 2 immunity by
actively suppressing the expression of IL-13Ra2 and IL-12
(REFS 104,154), which antagonize the downstream protec-
tive effects of IL-13 (REFS 81,138). For example, I110~~ mice
infected with Trichuris muris show elevated IL-13Ra2
responses in the gut, which suppress the expression of the
IL-13-inducible mediators mucin 5AC (MUC5AC) and
RELMP, which are required for the expulsion of nema-
tode parasites from the gut”'**. II10~~ mice also quickly
succumb to T muris infection because they develop severe
IFNy- and IL-17A-mediated inflammation’*. In contrast
to the severe morbidity and mortality observed in 11107
mice, mice that are deficient in both IL-10 and IL-13Ra2
show little mortality when infected with T. muris,
and they show a marked restoration of IL-13-induced
MUCS5AC and RELMp expression'**. Thus, IL-13Ra2 is
a potent inhibitor of type 2 immunity in the gut as well
as in the lungs. IL-12 seems to have a similar suppressive
role because mice deficient for both IL-10 and IL-12p40
that are infected with T. muris develop substantially less
morbidity and mortality than 11107~ mice'®. Similarly to
mice deficient for both IL-10 and IL-13Ra2, mice lacking
both IL-10 and IL-12p40 show marked increases in mucin
and RELM expression, confirming that IL-12 and IL-10
collaboratively suppress type 2 immunity during intestinal
nematode infection (FIG. 3).
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Portal hypertension

An increase in the pressure
within the portal vein (the vein
that carries blood from the
digestive organs to the liver).
The increase in pressure is
caused by a blockage in the
blood flow through the liver,
which is commonly associated
with cirrhosis or scarring of the
liver.

Ascites

Abdominal fluid that
accumulates as a result of high
pressure in the blood vessels of
the liver, often a result of
chronic liver injury.

IL-12

IFNy

Macrophage) ———

—————

Redundancy in the suppression of type 2 fibrosis. IL-10,
IL-12 and IL-13Ra2 have also been shown to col-
laboratively suppress the progression of liver fibrosis
in schistosomiasis by limiting the production and
function of the profibrotic cytokine IL-13 (REF. 156).
Although the development of IL-13-dependent fibro-
sis increases when any one of the mediators is targeted
individually®"'4-1%, a substantial acceleration of liver
fibrosis is observed when all three inhibitory mecha-
nisms are simultaneously blocked, which indicates
that they function as both redundant and collaborative
inhibitors of wound healing and fibrosis'**. Indeed, in
contrast to infected wild-type mice, in which lethal
cirrhosis can take several months to develop, mice
with a combined deficiency of IL-10, IL-12p40 and
IL-13Ra2 develop lethal IL-13-dependent cirrhosis
as soon as 3-4 weeks following the establishment
of a patent infection. However, many of the serious
complications that are associated with advanced liver

J_IFN'y
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cirrhosis — including portal hypertension, ascites, vari-
ceal bleeding and mortality — are reduced when the
triple-deficient mice are treated with a neutralizing
monoclonal antibody specific for IL-13. This confirms
that IL-10, IL-12 and IL-13Ra2 suppress type 2-driven
fibrosis by inhibiting the expansion and activity of
the IL-13-producing lymphocyte population in the
liver (FIC. 3).

Therapies targeting type 2 immunity

Targeting IL-4 and/or IL-13 signalling. As the main-
tenance and the progression of type 2-driven inflam-
matory disease is greatly influenced by the cytokines
IL-4 and IL-13, it is not surprising that many of the
therapeutic strategies currently under development
for type 2-driven diseases are focused on disrupting
the activity of one or both of these cytokines (FIC. 4).
Although there is a great deal of functional over-
lap between these cytokines'®, there is substantial
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Figure 3 | Collaboration between interleukin-10, the IL-13 decoy
receptor and type 1 immunity in the suppression of type 2 immunity.
Interleukin-13 (IL-13) is crucial to the pathogenesis of asthma as it stimulates
mucus production, airway hyperreactivity and lung remodelling. In the
absence of the suppressive cytokine IL-10, which is produced by multiple cell
types, the frequency of T helper 2 (T,,2) cells increases, which leads to
exacerbated type 2-driven eosinophilic inflammation but also to increased
expression of the IL-13 decoy receptor IL-13Ra2 by fibroblasts, smooth
muscle cells and epithelial cells. Despite the increased IL-13 response, airway
hyperreactivity, mucus production and airway remodelling are reduced in
[110”- mice because of the increased IL-13Ra2 activity. Therefore, IL-10 and
IL-13Ra2 are both involved in the suppression of IL-13-driven asthma.

IL-13-dependent antinematode immunity is tightly regulated by the
combined inhibitory activities of IL-10, IL-12 and IL-13Ra2. In the absence of
IL-10, the production of IL-13Ra2 and IL-12 increases, which results in
reduced IL-13 effector function during helminth infection. However, if type 1
immunity or IL-13Ra2 expression is suppressed, IL-13-dependent immunity
is restored. IL-10, IL-12 and IL-13Ra2 have similar cross-regulatory and
suppressive activity during the development of IL-13-dependent fibrosis. If
all three inhibitory mediators are knocked out or simultaneously blocked,
IL-13-dependent liver fibrosis in chronic schistosomiasis progresses to lethal
cirrhosis much more rapidly. CTGF, connective tissue growth factor;
DC, dendritic cell; IFNy, interferon-y; RELMp, resistin-like molecule-f;
TGFB1, transforming growth factor-p1; T, _ cell, regulatory T cell.
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Figure 4 | Novel targeted therapies for type 2-driven disease. Several novel therapeutic strategies targeting type 2
cytokine signalling pathways, eosinophil development and recruitment, epithelial cell-derived alarmins, prostaglandins
and regulatory T (T, ) cell activity are at various stages of development for type 2-driven disease. yc, common y-chain;
CRTH2, prostaglandin D2 receptor 2; EMR1, EGF-like module receptor 1 (also known as F4/80); FceRI, high-affinity Fc
receptor for IgE; GATA3, GATA-binding protein 3; IL, interleukin; IL-4Ra, IL-4R a-chain; IL-5R, IL-5 receptor; ILC2, group 2
innate lymphoid cell; Siglec-8, sialic acid-binding immunoglobulin-like lectin 8; T,2 cell, T helper 2 cell; TSLP, thymic

stromal lymphopoietin.

evidence that IL-13 functions as a primary disease-
inducing effector cytokine, whereas IL-4 functions as
a key amplifier of type 2 immunity by facilitating the
expansion of the CD4* T, 2 cell population in second-
ary lymphoid organs®. Although there are situations in
which the disruption of both cytokines would probably
be more efficacious, some studies have suggested that it
might be better, and perhaps safer, to only disrupt IL-13
signalling'”’. This is certainly the case in chronic schis-
tosomiasis, in which combined depletion of IL-4 and
IL-13 results in the development of a highly skewed
and lethal type 1-driven inflammatory response in
the liver and intestines'*”'*. By contrast, IL-13 block-
ade preserves some features of the protective type 2
immune response but greatly diminishes the devel-
opment of pathological fibrosis, which results in less
morbidity and mortality during chronic infection®'*2,
Several antagonists, antisense oligonucleotides, micro-
RNAs and humanized monoclonal antibodies targeting
IL-4Ra, IL-13Ral, GATA-binding protein 3 (GATA3)
and IL-13 are being evaluated in clinical trials'.
Cytokine-specific vaccinations directed against IL-4,
IL-13 or other type 2 cytokines might also prove effi-
cacious in some settings'®*'¢!. Thus, as new results are
published'®* %, we should have a greater understanding
of the importance of targeting IL-13 or both IL-4 and
IL-13 signalling in several type 2-driven diseases.

Targeting IL-5 and eosinophils. Therapeutic strate-
gies that block the development, activation, recruit-
ment or maintenance of eosinophils in diseased tissues
are also being actively investigated as treatments for
type 2-associated disease (FIG. 4). Eosinophils are pre-
sent in high numbers in many type 2-driven diseases,
are important sources IL-4 and IL-13, and have cru-
cial roles in the pathophysiology of asthma, eosino-
philic oesophagitis and hypereosinophilic disorders'®.
Eosinophils are released into the blood as mature cells
and are quickly recruited to sites of inflammation, at
least partly, by the actions of the epithelial alarmins
thymic stromal lymphopoietin (TSLP), IL-25 and
IL-33, which stimulate the production of large quan-
tities of IL-5 from ILC2s'; IL-5 produced by CD4*
T, 2 cells amplifies the response during the development
of an adaptive immune response'®. As IL-5, together
with eosinophil-attracting chemokines, regulates the
development, recruitment and survival of eosinophils
in tissues, several humanized monoclonal antibodies
that block the binding of IL-5 to IL-5Ra are being inves-
tigated in Phase II and Phase III clinical trials'®. An
IL-5Ra-specific monoclonal antibody that eliminates
eosinophils by an antibody-dependent cellular cyto-
toxicity mechanism is also being examined. Although
preliminary findings look encouraging'?’, it will be
interesting to learn whether other cell types — such as

278 | MAY 2015 [ VOLUME 15

www.nature.com/reviews/immunol

© 2015 Macmillan Publishers Limited. All rights reserved



ILC2s, basophils, mast cells and T,;2 cells — will com-
pensate for the reduction in eosinophils, as has been
observed in some preclinical studies'®®'*’, or whether
lasting protection can be conferred by targeting IL-5
and eosinophils.

Targeting TSLP, IL-25, IL-33 and ILC2s. The epithelial
cell-derived alarmins TSLP, IL-25 and IL-33 are impor-
tant initiators of type 2 immunity'’*'72. They are released
when the epithelium is damaged by allergens or patho-
gens and they trigger the production of the canonical
type 2 cytokines IL-5, IL-9 and IL-13 by cells of the innate
immune system'%. TSLP targets DCs, basophils, mast
cells, monocytes and natural killer T cells, and has been
shown to be crucial to the initiation of CD4* T ;2 cell
responses in some settings'”’. IL-25 and IL-33 have simi-
lar T},2 cell-inducing activity but also promote type 2
immunity by targeting ILC2s'%. Although TSLP, IL-25
and IL-33 have all been shown to promote type 2 immu-
nity when overexpressed in mice'’*'”?, the requirement
for these cytokines in the initiation and maintenance of
type 2 immunity in response to allergens and helminth
parasites has been more variable, with some studies iden-
tifying little or no role for TSLP, IL-25 or IL-33 when they
are targeted individually'’*"7%. Nevertheless, functional
roles for TSLP, IL-25 IL-33 and ILC2s in type 2 immunity
are inferred from the observation that type 2 inflamma-
tion can develop in mice that are deficient in B cells and
T cells*. Therefore, it will be important to investigate the
contribution of ILC2s in established models of chronic
type 2-driven disease. It will also be important to test
the contributions of TSLP, IL-25 and IL-33 in patients
with asthma and other persistent type 2 cytokine-driven
disorders. Humanized monoclonal antibodies targeting
IL-25 and IL-33 have been developed and are currently
being tested in preclinical studies, whereas antibodies
specific for TSLP have been shown to reduce allergen-
induced bronchoconstriction and airway eosinophilia in
individuals with allergies both before and after allergen
challenge'”. However, whether blockade of TSLP, IL-25
or IL-33 will have clinical value remains unknown (FIC. 4).

Restoring effector cell and T, cell homeostasis. The bal-
ance between type 2 effector cells and T, cells tightly
controls the development of type 2-driven allergic dis-
ease'®. Therefore, several preclinical and clinical studies
are underway to determine whether modifying the ratio
of Ty, cells to effector T cells might represent a viable
therapeutic strategy for asthma and other type 2-driven
allergic diseases. Allergen immunotherapy is a well-
established procedure that desensitizes individuals with
allergies to specific allergens'®. Clinical studies are under-
way to determine whether the decrease in allergy-related
disease achieved by allergen immunotherapy is associ-
ated with increases in the number of IL-10-producing
FOXP3-expressing Ty, cells (Clinical Trials.gov identifier
NCT01028560). Another study is investigating whether a
specific type of immune-tolerizing DC can induce T cell
tolerance in allergic individuals. This study is examin-
ing whether in vitro-generated immune-tolerizing DCs
can induce antigen-specific Ty, cells and can suppress
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allergen-specific T cell function in vitro (ClinicalTrials.
gov identifier NCT01711593). A related study is investi-
gating the immunomodulatory potential of plasmacytoid
DCs (pDCs), which also control Ty, cell development.
As airway inflammation in asthma is associated with
increases in the number of activated CD25* T cells, IL-2
and soluble IL-2 receptors, a humanized monoclonal
antibody against the IL-2 receptor a-chain (CD25) is
being examined as a potential therapy for patients with
moderate to severe asthma. Preliminary results have
shown that CD25-directed therapy improves pulmo-
nary function in patients whose disease is not well con-
trolled with corticosteroids'®%. The authors concluded
that protection probably results from the decreased
production of pro-inflammatory cytokines by activated
effector T cells. However, CD25-directed therapy may
also diminish the number of ILC2s. Inhibitors target-
ing products of the arachidonic acid pathway may also
help to restore the ratio of effector T cells to Ty, cells in
allergy and asthma'®. Finally, a Phase I clinical study
recently assessed whether the eggs of the parasite
Trichuris suis can be safely delivered to adults and chil-
dren with peanut or tree nut allergy (ClinicalTrials.gov
identifier NCT0170498). The ultimate goal of these stud-
ies is to determine whether a harmless helminth parasite
can be used to restore the balance of Ty, cells and effec-
tor T cells in the intestines'®*. Thus, immunotherapeutic
approaches that expand the T, cell population and/or
that reduce the number of effector T cells in tissues hold
promise for type 2-driven disease (FIC. 4).

Conclusion and future directions

Although the type 2 response has important protective
activity as it suppresses type 1 inflammation, neutralizes
toxins, controls key metabolic functions and augments
tissue repair pathways, this Review discusses how a dys-
regulated type 2 response can also quickly evolve into
a disease-promoting mechanism. Consequently, there
is a range of endogenous regulatory mechanisms that
primarily function to reduce the intensity, duration and
pathogenesis of type 2 immunity. As highlighted above,
many of these regulatory mechanisms are being actively
investigated as novel therapeutic strategies for a range of
type 2-driven diseases. Therefore, it will be important
to identify patients who might benefit from a specific
strategy, as was recently shown in a study using lebriki-
zumab, which is a humanized monoclonal antibody spe-
cific for IL-13 (REF. 164). In this clinical study, patients
with asthma who showed the most improvement in
lung function following IL-13-directed therapy had
the highest pretreatment levels of the IL-13-inducible
serum biomarker periostin. Thus, the discovery of
unique biomarkers that can identify important patho-
biological mechanisms will probably be key to the suc-
cessful implementation of novel immunotherapies for
type 2-driven diseases'®. As type 2 immunity helps
to maintain immune homeostasis and to regulate key
metabolic functions'”'®, it will also be important to
fine tune these therapies so that unwanted side effects
— such as metabolic syndrome, obesity and type 1
inflammation — are avoided.

NATURE REVIEWS ‘ IMMUNOLOGY

VOLUME 15 | MAY 2015 [ 279

© 2015 Macmillan Publishers Limited. All rights reserved



http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov

REVIEWS

22.

23.

24.

25.

Mosmann, T. R. & Coffman, R. L. T, 1 and T,;2 cells:
different patterns of lymphokine secretion lead to
different functional properties. Annu. Rev. Immunol.
7, 145-173 (1989).

Abbas, A. K., Murphy, K. M. & Sher, A. Functional
diversity of helper T lymphocytes. Nature 383,
787-793 (1996).

Urban, J. F. Jret al. IL-13, IL-4Ro., and Stat6 are
required for the expulsion of the gastrointestinal
nematode parasite Nippostrongylus brasiliensis.
Immunity 8, 255-264 (1998).

Chiaramonte, M. G., Donaldson, D. D., Cheever, A. W.
&Wynn, T. A. An IL-13 inhibitor blocks the
development of hepatic fibrosis during a T-helper
type 2-dominated inflammatory response.

J. Clin. Invest. 104, 777-785 (1999).

Anthony, R. M. et al. Memory T,,2 cells induce
alternatively activated macrophages to mediate
protection against nematode parasites.

Nature Med. 12, 955-960 (2006).

Cliffe, L. J. et al. Accelerated intestinal epithelial cell
turnover: a new mechanism of parasite expulsion.
Science 308, 1463—1465 (2005).

Hasnain, S. Z. et al. Muc5ac: a critical component
mediating the rejection of enteric nematodes.

J. Exp. Med. 208, 893-900 (2011).

Zhao, A. et al. Dependence of IL-4, IL-13, and
nematode-induced alterations in murine small
intestinal smooth muscle contractility on Stat6 and
enteric nerves. J. Immunol. 171, 948-954 (2003).
Anthony, R. M., Kobayashi, T., Wermeling, F. &
Ravetch, J. V. Intravenous gammaglobulin suppresses
inflammation through a novel T,,2 pathway.

Nature 475, 110-113 (2011).

Lubberts, E. et al. IL-4 gene therapy for collagen
arthritis suppresses synovial IL-17 and
osteoprotegerin ligand and prevents bone erosion.
J. Clin. Invest. 105, 1697-1710 (2000).

Shaw, M. K. et al. Local delivery of interleukin 4 by
retrovirus-transduced T lymphocytes ameliorates
experimental autoimmune encephalomyelitis.

J. Exp. Med. 185, 1711-1714 (1997).

West, G. A., Matsuura, T, Levine, A. D., Klein, J. S. &
Fiocchi, C. Interleukin 4 in inflammatory bowel disease
and mucosal immune reactivity. Gastroenterology
110, 1683-1695 (1996).

Gause, W. C., Wynn, T. A. & Allen, J. E. Type 2
immunity and wound healing: evolutionary refinement
of adaptive immunity by helminths. Nature Rev.
Immunol. 13, 607614 (2013).

Wynn, T. A. Fibrotic disease and the T, 1/T,2
paradigm. Nature Rev. Immunol. 4, 583-594
(2004).

Heredia, J. E. et al. Type 2 innate signals stimulate
fibro/adipogenic progenitors to facilitate muscle
regeneration. Cell 153, 376-388 (2013).

Nguyen, K. D. et al. Alternatively activated
macrophages produce catecholamines to sustain
adaptive thermogenesis. Nature 480, 104—108
(2011).

Wu, D. et al. Eosinophils sustain adipose alternatively
activated macrophages associated with glucose
homeostasis. Science 332, 243-247 (2011).
Odegaard, J. I. et al. Macrophage-specific PPARy
controls alternative activation and improves insulin
resistance. Nature 447, 1116—-1120 (2007).

Wynn, T. A., Chawla, A. & Pollard, J. W.

Macrophage biology in development, homeostasis
and disease. Nature 496, 445-455 (2013).

Palm, N. W., Rosenstein, R. K. & Medzhitov, R.
Allergic host defences. Nature 484, 465-472 (2012).
Erb, K. J., Holloway, J. W., Sobeck, A., Moll, H. &

Le Gros, G. Infection of mice with Mycobacterium
bovis-Bacillus Calmette—Guerin (BCG) suppresses
allergen-induced airway eosinophilia. J. Exp. Med.
187,561-569 (1998).

Potian, J. A. et al. Preexisting helminth infection
induces inhibition of innate pulmonary anti-
tuberculosis defense by engaging the IL-4 receptor
pathway. J. Exp. Med. 208, 1863—-1874 (2011).
Osborne, L. C. et al. Coinfection. Virus-helminth
coinfection reveals a microbiota-independent
mechanism of immunomodulation. Science 345,
578-582 (2014).

Harris, J. et al. T helper 2 cytokines inhibit autophagic
control of intracellular Mycobacterium tuberculosis.
Immunity 27, 505-517 (2007).

Gocheva, V. et al. IL-4 induces cathepsin protease
activity in tumor-associated macrophages to promote
cancer growth and invasion. Genes Dev. 24, 241-255
(2010).

26.

27.

28.

29.

30.

32.

33.

34,

35.

36.

37.

38.

39.

40.

42.

43.

4.

45.

46.

47.

48.

49.

50.

Bronte, V. et al. IL-4-induced arginase 1 suppresses
alloreactive T cells in tumor-bearing mice.

J. Immunol. 170, 270-278 (2003).

Gallina, G. et al. Tumors induce a subset of
inflammatory monocytes with immunosuppressive
activity on CD8* T cells. J. Clin. Invest. 116,
2777-2790 (2006).

Gabrilovich, D. I., Ostrand-Rosenberg, S. & Bronte, V.
Coordinated regulation of myeloid cells by tumours.
Nature Rev. Immunol. 12, 253-268 (2012).

Allen, J. E. & Wynn, T. A. Evolution of Th2 immunity:
a rapid repair response to tissue destructive pathogens.
PLoS Pathog. 7,e1002003 (2011).

Wynn, T. A. & Ramalingam, T. R. Mechanisms of
fibrosis: therapeutic translation for fibrotic disease.
Nature Med. 18, 1028-1040 (2012).

Allen, J. E. & Maizels, R. M. Diversity and dialogue in
immunity to helminths. Nature Rev. Immunol. 11,
375-388 (2011).

Pulendran, B. & Artis, D. New paradigms in type 2
immunity. Science 337, 431-435 (2012).

Walker, J. A., Barlow, J. L. & McKenzie, A. N.

Innate lymphoid cells — how did we miss them?
Nature Rev. Immunol. 13, 75—-87 (2013).

Zhou, L., Chong, M. M. & Littman, D. R.

Plasticity of CD4* T cell lineage differentiation.
Immunity 30, 646—-655 (2009).

Paul, W. E. & Zhu, J. How are T,2-type immune
responses initiated and amplified? Nature Rev.
Immunol. 10, 225-235 (2010).

Manetti, R. et al. Natural killer cell stimulatory
factor (interleukin 12 [IL-12]) induces T helper type 1
(T 1)-specific immune responses and inhibits the
development of IL-4-producing T, cells.

J. Exp. Med. 177, 1199-1204 (1993).

Xu, D. et al. Selective expression and functions of
interleukin 18 receptor on T helper (T ) type 1 but
not T,2 cells. J. Exp. Med. 188, 1485-1492
(1998).

Okamura, H. et al. Cloning of a new cytokine that
induces IFN-y production by T cells. Nature 378,
88-91 (1995).

Szabo, S. J., Jacobson, N. G., Dighe, A. S., Gubler, U.
& Murphy, K. M. Developmental commitment to

the T,;2 lineage by extinction of IL-12 signaling.
Immunity 2, 665-675 (1995).

Kodama, T. et al. IL-18 deficiency selectively
enhances allergen-induced eosinophilia in mice.

J. Allergy Clin. Immunol. 105, 45-53 (2000).
Afonso, L. C. et al. The adjuvant effect of
interleukin-12 in a vaccine against Leishmania major.
Science 263, 235-237 (1994).

Else, K. J., Finkelman, F. D., Maliszewski, C. R. &
Grencis, R. K. Cytokine-mediated regulation of
chronic intestinal helminth infection. J. Exp. Med.
179, 347-351 (1994).

Finkelman, F. D. et al. Effects of interleukin 12 on
immune responses and host protection in mice
infected with intestinal nematode parasites.

J. Exp. Med. 179, 1563—1572 (1994).

Maizels, R. M., Pearce, E. J., Artis, D.,
Yazdanbakhsh, M. & Wynn, T. A. Regulation of
pathogenesis and immunity in helminth infections.

J. Exp. Med. 206, 2059-2066 (2009).

Badalyan, V. et al. TNF-0/IL-17 synergy inhibits IL-13
bioactivity via IL-13Ra.2 induction. J. Allergy Clin.
Immunol. 134, 975-978.e5 (2014).

Kaviratne, M. et al. IL-13 activates a mechanism of
tissue fibrosis that is completely TGF-B independent.
J. Immunol. 173, 4020-4029 (2004).

Wynn, T. A., Eltoum, I., Oswald, I. P., Cheever, A. W. &
Sher, A. Endogenous interleukin 12 (IL-12) regulates
granuloma formation induced by eggs of Schistosoma
mansoni and exogenous IL-12 both inhibits and
prophylactically immunizes against egg pathology.

J. Exp. Med. 179, 1551-1561 (1994).

Chu, R. S., Targoni, O. S., Krieg, A. M., Lehmann, P. V.
& Harding, C. V. CpG oligodeoxynucleotides act as
adjuvants that switch on T helper 1 (T,;1) immunity.
J. Exp. Med. 186, 1623—-1631 (1997).
Chiaramonte, M. G., Hesse, M., Cheever, A. W. &
Wynn, T. A. CpG oligonucleotides can prophylactically
immunize against T,,2-mediated schistosome egg-
induced pathology by an IL-12-independent
mechanism. J. Immunol. 164, 973-985 (2000).
Wynn, T. A. et al. An IL-12-based vaccination method
for preventing fibrosis induced by schistosome
infection. Nature 376, 594—596 (1995).

This study shows how vaccine-induced immune
deviation could be used to prevent the development
of type 2 cytokine-dependent disease.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Gavett, S. H. et al. Interleukin 12 inhibits antigen-
induced airway hyperresponsiveness, inflammation,
and T,,2 cytokine expression in mice. J. Exp. Med.
182, 1527-1536 (1995).

Hessel, E. M. et al. Inmunostimulatory
oligonucleotides block allergic airway inflammation by
inhibiting T,,2 cell activation and IgE-mediated cytokine
induction. J. Exp. Med. 202, 1563—-1573 (2005).
This study identifies the key mechanisms by which
immunostimulatory oligonucleotides suppress
type 2 immunity.

Campbell, J. D. et al. A limited CpG-containing
oligodeoxynucleotide therapy regimen induces
sustained suppression of allergic airway inflammation
in mice. Thorax 69, 565-573 (2014).

Colegio, O. R. et al. Functional polarization of tumour-
associated macrophages by tumour-derived lactic
acid. Nature 513, 559-563 (2014).

Noy, R. & Pollard, J. W. Tumor-associated
macrophages: from mechanisms to therapy.

Immunity 41, 49-61 (2014).

Weiss, J. M. et al. Macrophage-dependent nitric oxide
expression regulates tumor cell detachment and
metastasis after IL-2/anti-CD40 immunotherapy.

J. Exp. Med. 207, 2455-2467 (2010).

Murray, P. J. et al. Macrophage activation and
polarization: nomenclature and experimental
guidelines. Immunity 41, 14-20 (2014).

Rissoan, M. C. et al. Reciprocal control of T helper
cell and dendritic cell differentiation. Science 283,
1183-1186 (1999).

Iwasaki, A. & Kelsall, B. L. Freshly isolated Peyer’s
patch, but not spleen, dendritic cells produce
interleukin 10 and induce the differentiation of

T helper type 2 cells. J. Exp. Med. 190, 229-239
(1999).

Stumbles, P. A. et al. Resting respiratory tract
dendritic cells preferentially stimulate T helper cell
type 2 (T,2) responses and require obligatory
cytokine signals for induction of T, 1 immunity.

J. Exp. Med. 188, 2019-2031 (1998).

Lambrecht, B. N. & Hammad, H. Biology of lung
dendritic cells at the origin of asthma. Immunity 31,
412-424 (2009).

Yoshimoto, T. et al. Basophils contribute to T, 2—IgE
responses in vivo via IL-4 production and presentation
of peptide-MHC class Il complexes to CD4* T cells.
Nature Immunol. 10, 706-712 (2009).

Sokol, C. L. et al. Basophils function as antigen-
presenting cells for an allergen-induced T helper type 2
response. Nature Immunol. 10, 713-720 (2009).
Perrigoue, J. G. et al. MHC class ll-dependent
basophil-CD4* T cell interactions promote T2
cytokine-dependent immunity. Nature Immunol.

10, 697-705 (2009).

Guilliams, M. et al. Dendritic cells, monocytes and
macrophages: a unified nomenclature based on
ontogeny. Nature Rev. Inmunol. 14, 571-578 (2014).
Plantinga, M. et al. Conventional and monocyte-
derived CD11b~ dendritic cells initiate and maintain
T helper 2 cell-mediated immunity to house dust mite
allergen. Immunity 38, 322-335 (2013).

These authors identify conventional DCs as the
principal subset inducing T,;2 cell-mediated
immunity in the lymph nodes, whereas
monocyte-derived DCs control allergic
inflammation in the lungs.

Borthwick, L.A. et al. Macrophages are critical to the
maintenance of IL-13-dependent lung inflammation
and fibrosis. Mucosal Immunol. http://dx.doi.
org/10.1038/mi.2015.34 (2015).

Chensue, S. W. et al. Role of monocyte
chemoattractant protein-1 (MCP-1) in T;1
(mycobacterial) and T2 (schistosomal) antigen-
induced granuloma formation: relationship to local
inflammation, T, cell expression, and IL-12
production. J. Immunol. 157, 4602-4608 (1996).
Gu, L. et al. Control of T,2 polarization by the
chemokine monocyte chemoattractant protein-1.
Nature 404, 407-411 (2000).

Jenkins, S. J. et al. Local macrophage proliferation,
rather than recruitment from the blood, is a signature
of T,;2 inflammation. Science 332, 1284-1288 (2011).
Jenkins, S. J. et al. IL-4 directly signals tissue-resident
macrophages to proliferate beyond homeostatic levels
controlled by CSF-1. J. Exp. Med. 210, 2477-2491
(2013).

Julia, V. et al. A restricted subset of dendritic cells
captures airborne antigens and remains able to
activate specific T cells long after antigen exposure.
Immunity 16, 271-283 (2002).

280 | MAY 2015 [ VOLUME 15

© 2015 Macmillan Publishers Limited. All rights reserved

www.nature.com/reviews/immunol



73.

T4.

75.

76.

7.

78.

79.

80.

82.

83.

84.

85.

86.

87.

88.

89.

90.

92.

93.

94.

Mosser, D. M. & Edwards, J. P. Exploring the
full spectrum of macrophage activation.
Nature Rev. Immunol. 8, 958-969 (2008).
Martinez, F. O. & Gordon, S. The M1 and M2
paradigm of macrophage activation: time for
reassessment. F1000Prime Rep. 6, 13 (2014).
Gordon, S. Alternative activation of macrophages.
Nature Rev. Immunol. 3, 23—35 (2003).
Murray, P. J. & Wynn, T. A. Protective and pathogenic
functions of macrophage subsets. Nature Rev.
Immunol. 11, 723-737 (2011).
Murray, P. J. The JAK-STAT signaling pathway:
input and output integration. J. Immunol. 178,
2623-2629 (2007).
Krausgruber, T. et al. IRF5 promotes inflammatory
macrophage polarization and T, 1-T,,17 responses.
Nature Immunol. 12, 231-238 (2011).
Satoh, T. et al. The Jmjd3—Irf4 axis regulates
M2 macrophage polarization and host responses
against helminth infection. Nature Immunol. 11,
936-944 (2010).
Moore, K. W., de Waal Malefyt, R., Coffman, R. L. &
O’Garra, A. Interleukin-10 and the interleukin-10
receptor. Annu. Rev. Immunol. 19, 683-765 (2001).
Hoffmann, K. F.,, Cheever, A. W. & Wynn, T. A.
IL-10 and the dangers of immune polarization:
excessive type 1 and type 2 cytokine responses induce
distinct forms of lethal immunopathology in murine
schistosomiasis. J. Immunol. 164, 6406—6416 (2000).
Rutschman, R. et al. Cutting edge: Stat6-dependent
substrate depletion regulates nitric oxide production.
J. Immunol. 166, 2173-2177 (2001).
Obermajer, N. et al. Induction and stability of human
T, 17 cells require endogenous NOS2 and cGMP-
dependent NO signaling. J. Exp. Med. 210,
1433-1445 (2013).
Bronte, V., Serafini, P., Mazzoni, A., Segal, D. M. &
Zanovello, P. L-arginine metabolism in myeloid cells
controls Tlymphocyte functions. Trends Immunol. 24,
302-306 (2003).
Hesse, M., Cheever, A. W,, Jankovic, D. & Wynn, T. A.
NOS-2 mediates the protective anti-inflammatory
and antifibrotic effects of the T, 1-inducing adjuvant,
IL-12, in a T,;2 model of granulomatous disease.
Am. J. Pathol. 157, 945-955 (2000).
This study suggests a crucial role for IFNy-primed
NOS2-expressing macrophages in the suppression
of type 2-mediated inflammation and fibrosis.
Xiong, Y., Karupiah, G., Hogan, S. P., Foster, P. S. &
Ramsay, A. J. Inhibition of allergic airway
inflammation in mice lacking nitric oxide synthase 2.
J. Immunol. 162, 445-452 (1999).
El Kasmi, K. C. et al. Toll-like receptor-induced
arginase 1 in macrophages thwarts effective immunity
against intracellular pathogens. Nature Immunol.
9, 1399-1406 (2008).
Herbert, D. R. et al. Alternative macrophage
activation is essential for survival during
schistosomiasis and downmodulates T helper 1
responses and immunopathology. Immunity 20,
623-635 (2004).
Vannella, K. M. et al. Incomplete deletion of IL-4Ro
by LysM¢r reveals distinct subsets of M2
macrophages controlling inflammation and fibrosis in
chronic schistosomiasis. PLoS Pathog. 10,
e1004372 (2014).
This study suggests that distinct populations of
IL-13-primed arginase 1-expressing macrophages
are responsible for the suppression of
inflammation and fibrosis in chronic

chistosc which is a di associated with
dominant type 2 cytokine expression.
Pesce, J. T. et al. Arginase-1-expressing macrophages
suppress T,,2 cytokine-driven inflammation and
fibrosis. PLoS Pathog. 5, 1000371 (2009).
Albina, J. E., Mills, C. D., Henry, W. L. Jr &
Caldwell, M. D. Temporal expression of different
pathways of 1-arginine metabolism in healing wounds.
J. Immunol. 144, 3877-3880 (1990).
Sandler, N. G., Mentink-Kane, M. M., Cheever, A. W. &
Wynn, T. A. Global gene expression profiles during
acute pathogen-induced pulmonary inflammation
reveal divergent roles for T, 1 and T,,2 responses in
tissue repair. J. Immunol. 171, 3655-3667 (2003).
Witte, M. B. & Barbul, A. Arginine physiology and its
implication for wound healing. Wound Repair Regen.
11, 419-423 (2003).
Thompson, R. W. et al. Cationic amino acid
transporter-2 regulates immunity by modulating
arginase activity. PLoS Pathog. 4, e1000023
(2008).

95. Barron, L. et al. Role of arginase 1 from myeloid cells
in T,2-dominated lung inflammation. PLoS ONE
8,e61961 (2013).

96. Nieuwenhuizen, N. E. et al. Allergic airway disease
is unaffected by the absence of IL-4Ra-dependent
alternatively activated macrophages. J. Allergy Clin.
Immunol. 130, 743-750.e8 (2012).

97. Zea, A. H. et al. Arginase-producing myeloid
suppressor cells in renal cell carcinoma patients:
amechanism of tumor evasion. Cancer Res. 65,
3044-3048 (2005).

98. Egawa, M. et al. Inflammatory monocytes recruited
to allergic skin acquire an anti-inflammatory
M2 phenotype via basophil-derived interleukin-4.
Immunity 38, 570-580 (2013).

99. Nair, M. G. et al. Alternatively activated macrophage-
derived RELM-o. is a negative regulator of type 2
inflammation in the lung. J. Exp. Med. 206, 937-952
(2009).

100. Pesce, J. T. et al. Retnla (relmao/fizz1) suppresses
helminth-induced T,2-type immunity. PLoS Pathog.
5,e1000393 (2009).

101. Fiorentino, D. F. et al. IL-10 acts on the antigen-

presenting cell to inhibit cytokine production by

Ty 1 cells. J. Immunol. 146, 3444-3451 (1991).

Sher, A., Fiorentino, D., Caspar, P., Pearce, E. &

Mosmann, T. Production of IL-10 by CD4*

T lymphocytes correlates with down-regulation of

T, 1 cytokine synthesis in helminth infection.

J. Immunol. 147,2713-2716 (1991).

103. Wynn, T. A. et al. IL-10 regulates liver pathology in

acute murine Schistosomiasis mansoni but is not

required for immune down-modulation of chronic

disease. J. Immunol. 160, 4473-4480 (1998).

Schopf, L. R., Hoffmann, K. F, Cheever, A. W.,

Urban, J. F. Jr & Wynn, T. A. IL-10 is critical for host

resistance and survival during gastrointestinal helminth

infection. J. Immunol. 168, 2383-2392 (2002).

Del Prete, G. et al. Human IL-10 is produced by both

type 1 helper (T,1) and type 2 helper (T;2) T cell

clones and inhibits their antigen-specific proliferation

and cytokine production. J. Immunol. 150, 353-360

(1993).

106. Grunig, G. et al. Interleukin-10 is a natural suppressor

of cytokine production and inflammation in a murine

model of allergic bronchopulmonary aspergillosis.

J. Exp. Med. 185, 1089-1099 (1997).

Akbari, O., DeKruyff, R. H. & Umetsu, D. T.

Pulmonary dendritic cells producing IL-10 mediate

tolerance induced by respiratory exposure to antigen.

Nature Immunol. 2, 725-731 (2001).

108. Akdis, M. et al. Immune responses in healthy

and allergic individuals are characterized by a fine

balance between allergen-specific T regulatory 1

and T helper 2 cells. J. Exp. Med. 199, 1567-1575

(2004).

Meiler, F. et al. In vivo switch to IL-10-secreting

T regulatory cells in high dose allergen exposure.

J. Exp. Med. 205, 2887-2898 (2008).

Kearley, J., Barker, J. E., Robinson, D. S. &

Lloyd, C. M. Resolution of airway inflammation and

hyperreactivity after in vivo transfer of CD4+*CD25+*

regulatory T cells is interleukin 10 dependent.

J. Exp. Med. 202, 1539—-1547 (2005).

This study shows that T, cells can suppress

allergen-driven T2 cell responses by an

IL-10-dependent mechanism but that IL-10

production by the T, cells themselves was not

strictly required.

. Awasthi, A. et al. A dominant function for interleukin
27 in generating interleukin 10-producing anti-
inflammatory T cells. Nature Immunol. 8, 1380-1389
(2007).

. Stumhofer, J. S. et al. Interleukins 27 and 6 induce

STAT3-mediated T cell production of interleukin 10.

Nature Immunol. 8, 1363—1371 (2007).

Miyazaki, Y. et al. Exacerbation of experimental

allergic asthma by augmented T,,2 responses in

WSX-1-deficient mice. J. Immunol. 175, 2401-2407

(2005).

Artis, D. et al. The IL-27 receptor (WSX-1) is an

inhibitor of innate and adaptive elements of type 2

immunity. J. Immunol. 173, 5626-5634 (2004).

Taylor, M. D. et al. Early recruitment of natural

CD4* Foxp3+ Tg,, cells by infective larvae determines

the outcome of filarial infection. Eur. J. Immunol. 39,

192-206 (2009).

Hesse, M. et al. The pathogenesis of schistosomiasis

is controlled by cooperating IL-10-producing innate

effector and regulatory T cells. J. Immunol. 172,

3157-3166 (2004).

102.

104.

105.

107.

109.

110.

Reg

11

11

N

113.

114,

115.

120.

N

122.

123.

124.

125.

12

(o))

127.

128.

129.

130.

132.

133.

134.

13

[$2]

136.

13

~

. Mangan, N. E. et al. Helminth infection protects

. Wilson, M. S. et al. Helminth-induced CD19+CD23"

. Schreiber, T. H. et al. Therapeutic T,

REVIEWS

mice from anaphylaxis via IL-10-producing B cells.
J. Immunol. 173, 6346—-6356 (2004).

B cells modulate experimental allergic and
autoimmune inflammation. Eur. J. Immunol. 40,
1682-1696 (2010).

reg EXPANSION
in mice by TNFRSF25 prevents allergic lung
inflammation. J. Clin. Invest. 120, 3629-3640
(2010).

Barrat, F. J. et al. In vitro generation of interleukin
10-producing regulatory CD4* T cells is induced
by immunosuppressive drugs and inhibited by

T helper type 1 (T,,1)- and T,2-inducing cytokines.
J. Exp. Med. 195, 603-616 (2002).

. Yazdanbakhsh, M., Kremsner, P. G. & van Ree, R.

Allergy, parasites, and the hygiene hypothesis.
Science 296, 490-494 (2002).

Fallon, P. G. & Mangan, N. E. Suppression of
T,2-type allergic reactions by helminth infection.
Nature Rev. Immunol. 7, 220-230 (2007).

This is an excellent and comprehensive review
describing how helminth infections and helminth
antigens might be used in the treatment of
T,2-type allergic disorders.

Harnett, W. & Harnett, M. M. Helminth-derived
immunomodulators: can understanding the worm
produce the pill? Nature Rev. Immunol. 10, 278-284
(2010).

Bashir, M. E., Andersen, P., Fuss, I. J., Shi, H. N. &
Nagler-Anderson, C. An enteric helminth infection
protects against an allergic response to dietary
antigen. J. Immunol. 169, 3284-3292 (2002).
Wilson, M. S. et al. Suppression of allergic airway
inflammation by helminth-induced regulatory T cells.
J. Exp. Med. 202, 1199-1212 (2005).

This was a groundbreaking study showing that
helminth-induced Tk, cells could suppress allergic
airway inflammation in mice.

. Schnoeller, C. et al. A helminth immunomodulator

reduces allergic and inflammatory responses by
induction of IL-10-producing macrophages.

J. Immunol. 180, 4265-4272 (2008).

O’Shea, J. J. & Murray, P. J. Cytokine signaling
modules in inflammatory responses. Immunity 28,
477-487 (2008).

Seki, Y. et al. SOCS-3 regulates onset and
maintenance of T,2-mediated allergic responses.
Nature Med. 9, 1047-1054 (2003).

This study shows that SOCS3 regulates not

only the initiation but also the maintenance of
T,2 cell-mediated allergic disease, which suggests
that SOCS3 might represent a therapeutic target
for a range of T,;2 cell-driven diseases.
Dickensheets, H. et al. Suppressor of cytokine
signaling-1 is an IL-4-inducible gene in macrophages
and feedback inhibits IL-4 signaling. Genes Immun.
8,21-27 (2007).

Lee, C. et al. Suppressor of cytokine signalling 1
(SOCS1) is a physiological regulator of the asthma
response. Clin. Exp. Allergy 39, 897-907 (2009).
This study identifies SOCS1 is an imporant
inhibitor of allergic airway inflammation.

. Kim, T. H. et al. Expression of SOCS1 and SOCS3 is

altered in the nasal mucosa of patients with mild

and moderate/severe persistent allergic rhinitis.

Int. Arch. Allergy Immunol. 158, 387-396 (2012).
Kinjyo, I. et al. Loss of SOCS3 in T helper cells resulted
in reduced immune responses and hyperproduction of
interleukin 10 and transforming growth factor-p 1.

J. Exp. Med. 203, 1021-1031 (2006).

Ozaki, A., Seki, Y., Fukushima, A. & Kubo, M.

The control of allergic conjunctivitis by suppressor of
cytokine signaling (SOCS)3 and SOCS5 in a murine
model. J. Immunol. 175, 5489-5497 (2005).

Zafra, M. P. et al. Gene silencing of SOCS3 by siRNA
intranasal delivery inhibits asthma phenotype in mice.
PLoS ONE 9, €91996 (2014).

. Kelly-Welch, A. E., Hanson, E. M., Boothby, M. R. &

Keegan, A. D. Interleukin-4 and interleukin-13
signaling connections maps. Science 300,
1527-1528 (2003).

Munitz, A., Brandt, E. B., Mingler, M., Finkelman, F. D.
& Rothenberg, M. E. Distinct roles for IL-13 and IL-4
via IL-13 receptor a1 and the type Il IL-4 receptor in
asthma pathogenesis. Proc. Natl Acad. Sci. USA 105,
7240-7245 (2008).

. LaPorte, S. L. et al. Molecular and structural basis of

cytokine receptor pleiotropy in the interleukin-4/13
system. Cell 132, 259-272 (2008).

NATURE REVIEWS ‘ IMMUNOLOGY

© 2015 Macmillan Publishers Limited. All rights reserved

VOLUME 15 | MAY 2015 | 281



REVIEWS

138.

139.

140.

14

142.

143.

144,

145.

146.

147.

148.

149.

150.

15

152.

153.

154.

Wood, N. et al. Enhanced interleukin (IL)-13 responses
in mice lacking IL-13 receptor o. 2. J. Exp. Med. 197,
703-709 (2003).

Lupardus, P. J., Birnbaum, M. E. & Garcia, K. C.
Molecular basis for shared cytokine recognition
revealed in the structure of an unusually high affinity
complex between IL-13 and IL-13Ro.2. Structure 18,
332-342(2010).

Mentink-Kane, M. M. & Wynn, T. A. Opposing roles
for IL-13 and IL-13 receptor o2 in health and disease.
Immunol. Rev. 202, 191-202 (2004).

. Chiaramonte, M. G. et al. Regulation and function of

the interleukin 13 receptor o2 during a T helper cell
type 2-dominant immune response. J. Exp. Med. 197,
687-701 (2003).

Mentink-Kane, M. M. et al. IL-13 receptor 0.2
down-modulates granulomatous inflammation

and prolongs host survival in schistosomiasis.

Proc. Natl Acad. Sci. USA 101, 586-590 (2004).
Graham, B. B. et al. Schistosomiasis-induced
experimental pulmonary hypertension: role of
interleukin-13 signaling. Am. J. Pathol. 177,
1549-1561 (2010).

Morimoto, M. et al. Functional importance of regional
differences in localized gene expression of receptors
for IL-13 in murine gut. J. Immunol. 176, 491-495
(2006).

Morimoto, M. et al. IL-13 receptor o2 regulates the
immune and functional response to Nippostrongylus
brasiliensis infection. J. Immunol. 183, 1934-1939
(2009).

Yasunaga, S. et al. The negative-feedback regulation
of the IL-13 signal by the IL-13 receptor o2 chain in
bronchial epithelial cells. Cytokine 24, 293-303
(2003).

Zhao, Y. et al. Lysophosphatidic acid induces
interleukin-13 (IL-13) receptor a.2 expression and
inhibits IL-13 signaling in primary human bronchial
epithelial cells. J. Biol. Chem. 282, 10172-10179
(2007).

Andrews, A. L. et al. IL-13 receptor o.2: a regulator of
IL-13 and IL-4 signal transduction in primary human
fibroblasts. J. Allergy Clin. Inmunol. 118, 858-865
(2006).

Wilson, M. S. et al. IL-13Ra.2 and IL-10 coordinately
suppress airway inflammation, airway-hyperreactivity,
and fibrosis in mice. J. Clin. Invest. 117, 2941-2951
(2007).

This study shows that IL-13Ra2 and IL-10 are
both required for the suppression of airway
inflammation, airway hyperresponsiveness and
fibrosis in models of allergic asthma.

Zheng, T. et al. IL-13 receptor 0.2 selectively inhibits
IL-13-induced responses in the murine lung.

J. Immunol. 180, 522-529 (2008).

. van Scott, M. R. et al. IL-10 reduces T,;2 cytokine

production and eosinophilia but augments airway
reactivity in allergic mice. Am. J. Physiol. Lung Cell.
Mol. Physiol. 278, L667-L674 (2000).

Hadeiba, H. & Locksley, R. M. Lung CD25 CD4
regulatory T cells suppress type 2 immune responses
but not bronchial hyperreactivity. J. Immunol. 170,
5502-5510 (2003).

Makela, M. J. et al. IL-10 is necessary for the
expression of airway hyperresponsiveness but not
pulmonary inflammation after allergic sensitization.
Proc. Natl Acad. Sci. USA 97, 6007-6012

(2000).

Wilson, M. S. et al. Colitis and intestinal inflammation
in L7107~ mice results from IL-13Ro2-mediated
attenuation of IL-13 activity. Gastroenterology 140,
254-264 (2011).

156.

159.

160.

16

165.

16

()]

16

~

168.

-

. Herbert, D. R. et al. Intestinal epithelial cell secretion

of RELM-B protects against gastrointestinal worm
infection. J. Exp. Med. 206, 2947-2957 (2009).
Mentink-Kane, M. M. et al. Accelerated and
progressive and lethal liver fibrosis in mice that lack
interleukin (IL)-10, IL-12p40, and IL-13Ra.2.
Gastroenterology 141, 2200-2209 (2011).

This study shows that the progression of
IL-13-dependent liver cirrhosis is slowed
substantially by the combined inhibitory actions of
IL-10, IL-12 and IL-13Ra2.

. Fallon, P. G., Richardson, E. J., McKenzie, G. J. &

McKenzie, A. N. Schistosome infection of transgenic
mice defines distinct and contrasting pathogenic
roles for IL-4 and IL-13: IL-13 is a profibrotic agent.
J. Immunol. 164, 2585-2591 (2000).

. Ramalingam, T. R. et al. Unique functions of the type Il

interleukin 4 receptor identified in mice lacking the
interleukin 13 receptor a1 chain. Nature Immunol.
9, 25-33 (2008).

Agrawal, S. & Townley, R. G. Role of periostin, FENO,
IL-13, lebrikzumab, other IL-13 antagonist and dual
IL-4/1L-13 antagonist in asthma. Expert Opin. Biol.
Ther. 14, 165-181 (2014).

Zagury, D., Burny, A. & Gallo, R. C. Toward a new
generation of vaccines: the anti-cytokine therapeutic
vaccines. Proc. Natl Acad. Sci. USA 98, 8024-8029
(2001).

. Richard, M., Grencis, R. K., Humphreys, N. E.,

Renauld, J. C. & Van Snick, J. Anti-IL-9 vaccination
prevents worm expulsion and blood eosinophilia in
Trichuris muris-infected mice. Proc. Natl Acad. Sci.
USA 97, 767-772 (2000).

. Oh, C. K., Geba, G. P. & Molfino, N. Investigational

therapeutics targeting the IL-4/IL-13/STAT-6 pathway
for the treatment of asthma. Eur. Respir. Rev. 19,
46-54 (2010).

. Wenzel, S. et al. Dupilumab in persistent asthma with

elevated eosinophil levels. N. Engl. J. Med. 368,
2455-2466 (2013).

. Corren, J. et al. Lebrikizumab treatment in adults

with asthma. N. Engl. J. Med. 365, 1088-1098
(2011).

Rosenberg, H. F, Dyer, K. D. & Foster, P. S.
Eosinophils: changing perspectives in health and
disease. Nature Rev. Immunol. 13, 9-22 (2013).
This is a comprehensive review examining the
development, recruitment and activation of
eosinophils in homeostasis and in a range of
disease states.

. Licona-Limon, P., Kim, L. K., Palm, N. W. &

Flavell, R. A. T,;2, allergy and group 2 innate lymphoid
cells. Nature Immunol. 14, 536-542 (2013).

This is an excellent review examining the regulatory
roles of TSLP, IL-25, IL-33 and ILC2s in the type 2
response to helminths and allergens and in the
maintenance of homeostasis.

. Wenzel, S. E. Eosinophils in asthma — closing the

loop or opening the door? N. Engl. J. Med. 360,
1026-1028 (2009).

Reiman, R. M. et al. Interleukin-5 (IL-5) augments
the progression of liver fibrosis by regulating IL-13
activity. Infect. Immun. T4, 1471-1479 (2006).

. Swartz, J. M. et al. Schistosoma mansoni infection

in eosinophil lineage-ablated mice. Blood 108,
2420-2427 (2006).

. Fort, M. M. et al. IL-25 induces IL-4, IL-5, and IL-13

and T,,2-associated pathologies in vivo. Immunity 15,
985-995 (2001).

. Soumelis, V. et al. Human epithelial cells trigger

dendritic cell mediated allergic inflammation by

producing TSLP. Nature Immunol. 3, 673-680 (2002).

172.

173.

17

~

175.

176.

177.

179.

180.

@

182.

183.

184.

185.

186.

Schmitz, J. et al. IL-33, an interleukin-1-like cytokine
that signals via the IL-1 receptor-related protein ST2
and induces T helper type 2-associated cytokines.
Immunity 23, 479-490 (2005).

Comeau, M. R. & Ziegler, S. F. The influence of

TSLP on the allergic response. Mucosal Immunol.
3,138-147 (2010).

. Willart, M. A. et al. Interleukin-1o. controls allergic

sensitization to inhaled house dust mite via the
epithelial release of GM—CSF and IL-33. J. Exp. Med.
209, 1505-1517 (2012).

Jang, S., Morris, S. & Lukacs, N. W. TSLP promotes
induction of T,,2 differentiation but is not necessary
during established allergen-induced pulmonary
disease. PLoS ONE 8, e56433 (2013).

Ramalingam, T. R. et al. Regulation of helminth-
induced T,,2 responses by thymic stromal
lymphopoietin. J. Immunol. 182, 6452-6459 (2009).
Oboki, K. et al. IL-33 is a crucial amplifier of innate
rather than acquired immunity. Proc. Natl Acad. Sci.
USA 107, 18581-18586 (2010).

. Massacand, J. C. et al. Helminth products bypass the

need for TSLP in T,,2 immune responses by directly
modulating dendritic cell function. Proc. Natl Acad.
Sci. USA 106, 13968-13973 (2009).

Gauvreau, G. M. et al. Effects of an anti-TSLP
antibody on allergen-induced asthmatic responses.
N. Engl. J. Med. 370, 2102-2110 (2014).

This is an exciting clinical study showing

that antibodies specific for TSLP reduced
allergen-induced airway responses and
inflammation in patients with allergy who were
challenged with allergen.

Islam, S. A. & Luster, A. D. T cell homing to
epithelial barriers in allergic disease. Nature Med.
18, 705-715 (2012).

. Larche, M., Akdis, C. A. & Valenta, R. Immunological

mechanisms of allergen-specific immunotherapy.
Nature Rev. Inmunol. 6, 761-771 (2006).

Busse, W. W. et al. Daclizumab improves asthma
control in patients with moderate to severe persistent
asthma: a randomized, controlled trial. Am. J. Respir.
Crit. Care Med. 178, 1002—-1008 (2008).

Claar, D., Hartert, T. V. & Peebles, R. S. Jr.

The role of prostaglandins in allergic lung
inflammation and asthma. Expert Rev. Respir. Med.
9,55-72 (2015).

Wammes, L. J., Mpairwe, H., Elliott, A. M. &
Yazdanbakhsh, M. Helminth therapy or elimination:
epidemiological, immunological, and clinical
considerations. Lancet Infect. Dis. 14, 1150-1162
(2014).

Fahy, J. V. Type 2 inflammation in asthma — present in
most, absent in many. Nature Rev. Immunol. 15,
57-65 (2015).

Qiu, Y. et al. Eosinophils and type 2 cytokine
signaling in macrophages orchestrate development of
functional beige fat. Cell 157, 1292-1308 (2014).

Acknowledgements

The author is supported by the intramural research pro-
gramme of the National Institute of Allergy and Infectious
Diseases, US National Institutes of Health, Bethesda,
Maryland, USA.

Competing interests statement
The author declares no competing interests.

DATABASES
ClinicalTrials.gov: http://www.clinicaltrials.gov
ALL LINKS ARE ACTIVE IN THE ONLINE PDF

282 MAY 2015 [ VOLUME 15

© 2015 Macmillan Publishers Limited. All rights reserved

www.nature.com/reviews/immunol


http://www.clinicaltrials.gov

	Abstract | Type 2 immune responses are defined by the cytokines interleukin‑4 (IL‑4), IL‑5, IL‑9 and IL‑13, which can either be host protective or have pathogenic activity. Type 2 immunity promotes antihelminth immunity, suppresses type 1‑driven autoimmun
	Box 1 | Definition of type 2 immunity
	Endogenous type 2 inhibitory mechanisms
	Figure 1 | The yin and yang of type 2 immunity. The detrimental (shaded) and the beneficial (open) sides of type 2 immunity are shown.
	Figure 2 | Monocytes and macrophages contribute to the regulation of type 2‑driven repair and fibrosis. Following injury to tissues, the alarmins thymic stromal lymphopoietin (TSLP), interleukin‑25 (IL‑25) and IL‑33, together with conventional and monocyt
	Collaborating suppressive mechanisms
	Figure 3 | Collaboration between interleukin‑10, the IL‑13 decoy receptor and type 1 immunity in the suppression of type 2 immunity. 
Interleukin‑13 (IL‑13) is crucial to the pathogenesis of asthma as it stimulates mucus production, airway hyperreactivity
	Therapies targeting type 2 immunity
	Figure 4 | Novel targeted therapies for type 2-driven disease. Several novel therapeutic strategies targeting type 2 cytokine signalling pathways, eosinophil development and recruitment, epithelial cell-derived alarmins, prostaglandins and regulatory T (T
	Conclusion and future directions



