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Summary

T helper type 2 (Th2)-characterized inflammatory responses are highly
dynamic processes initiated by epithelial cell damage resulting in remodel-
ling of the tissue architecture to prevent further harm caused by a dysfunc-
tional epithelial barrier or migrating parasites. This process is a temporal
and spatial response which requires communication between immobile cells
such as epithelial, endothelial, fibroblast and muscle cells and the highly
mobile cells of the innate and adaptive immunity. It is further characterized
by a high cellular plasticity that enables the cells to adapt to a specific inflam-
matory milieu. Incipiently, this milieu is shaped by cytokines released from
epithelial cells, which stimulate Th2, innate lymphoid and invariant natural
killer (NK) T cells to secrete Th2 cytokines and to activate dendritic cells
which results in the further differentiation of Th2 cells. This milieu promotes
wound-healing processes which are beneficial in parasitic infections or toxin
exposure but account for increasingly dysfunctional vital organs, such as the
lung in the case of asthma and the colon in ulcerative colitis. A better under-
standing of the dynamics underlying relapses and remissions might lead ulti-
mately to improved therapeutics for chronic inflammatory diseases adapted
to individual needs and to different phases of the inflammation.
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T helper type 2 (Th2)-characterized immunological
responses

Parasitic worms such as helminths elicit strong immuno-
logical responses by engagement of both the innate
(macrophages and eosinophils) and adaptive (antigen-
presenting and Th2 cells) immune system [1]. These immu-
nological reactions have most probably co-evolved with
these parasites and specifically aim to expel and kill the
parasites, protect the hosts from the toxicity of certain egg
proteins and initiate wound healing and remodelling of the
colon and liver architecture where migration and coloniza-
tion had caused tissue damage. When infections become
chronic parasites, in turn, have the capacity to dampen the
immune response to prevent the killing of the host by
excessive activation, thereby allowing for co-existence with
the host. Unlike bacteria, viruses and fungi, which elicit
immunological responses via recognition by pathogen-
associated molecular patterns (PAMPs), the mechanism by
which helminths and worms instruct Th2 immune

responses has not yet been elucidated. Surprisingly, the
research of allergic reactions has provided a novel insight
into how these highly specific reactions occur [2]. Allergic
reactions have long been thought to be a manifestation of
an uncontrolled immune system reacting to a false alarm,
which somehow mimicked a parasitic infection. Recent
observations, however, suggest that allergen-driven reac-
tions might not only be pathological and a nuisance, but
also provide protection to tissue damage induced by
venoms, and might be instrumental in detoxification; these
reactions might even protect against future venom exposure
[3]. For example, venoms such as bee venom are a mixture
of enzymes, cell lytic peptides, proteases and bioactive
amines [4]. One of the major components is phospholipase
A2 (PLA2), an enzyme that leads to damage of cellular
membranes and is at the same time considered the major
allergen in bee venom [5]. In addition, Amb a from ragweed
pollen [6], Bla g from cockroach [7], Asp f 5, f 6 and f 11
from Aspergillus [8] and Der p 1, p 3 and p 9 from house
dust mites [8], are proteases which damage the tight junc-
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tions of epithelial cells and lead to barrier dysfunction. It is
the thought that this dual role of allergens is not accidental
but of biological importance which might also change the
perspective of Th2-characterized chronic inflammatory dis-
eases such as asthma, atopic dermatitis (AD) and ulcerative
colitis (UC).

Cells of the inflammatory milieu

Asthma, UC and AD are chronic diseases in which relapses
are followed by periods of remission; as in helminthic infec-
tions, the immunological responses are highly dynamic and
involve epithelial cells, cells of the adaptive and innate
immune system, muscle cells and fibroblasts. The keywords
are communication, integration of signalling, cellular
mobility and plasticity. Cellular plasticity and ‘multi-
tasking’ of cells in particular challenges our view of cellular
development as a rigid and one-dimensional process, in
which cells execute a function to which they seem assigned
by their phenotypical features and location; for example,
epithelial cells evolved from being passive bystanders to
important immune regulators.

Epithelial cells as initiators of the immunological
response

The foremost function of an epithelial cell has been
described as a physical barrier to seal the body from the
environment and to protect it from pathogens, aiming to
feast on the body’s rich nutritional sources and from envi-
ronmental toxins that damage the barrier. However, we now
know that epithelial cells lining the skin, colon and airways
take an active part in the immunological response. They
relay the signals triggered by epithelial cell damage to
dendritic cells (DC), innate lymphoid cells (ILC), invariant
natural killer (iNK) T cells and Th2 cells and thereby pivot-
ally initiate and direct the immunological response (Fig. 1).
Chemokines released by epithelial cells are responsible for
the recruitment and influx of immune cells to sites of
action [9], while the secreted cytokines direct and shape the
adaptive and innate immune cell responses. The central
mediators between the innate and adaptive immunity are
the cytokines thymic stromal lymphopoietin (TSLP), inter-
leukin (IL)-25 and IL-33.

TSLP, IL-33 and IL-25 relay signals received by
epithelial cells

TSLP is a novel IL-7-like cytokine that was identified origi-
nally as a growth factor in the supernatant of thymic
stromal cells which supported the development of B cells
[10]. TSLP is expressed primarily in epithelial cells of the
skin, lung and intestine, and the expression is induced by
proteases which are, for example, secreted by helminths or
are components of allergens such as Amb a from ragweed

pollen [6], Bla g from cockroach [7], Asp f 5, f 6 and f 11
from Aspergillus [8] and Der p 1, p 3 and p 9 from house
dust mites [11]. These serine proteases activate the protease
activated receptor (PAR)-2 resulting in increased expression
of TSLP [12].

Additionally, epithelial cells can be triggered to produce
TSLP upon sensing microbial products over Toll-like recep-
tors (TLR). Several studies described increased TSLP pro-
duction upon TLR ligation [13–18] in epithelial cells and
introduced the idea that the TLR–TSLP relationship may
promote the Th2 response and chronic infection beneficial
to the pathogen. In rhinoviral infections dsRNA activates
TLR-3, which supports viral clearance by promoting
enhanced mucus production and tips the balance towards a
Th2 response to keep the viral-induced Th1 response in
check [19]. In asthma, however, this might be the beginning
of a vicious cycle in which rhinoviral infections induce
asthma exacerbations, creating a milieu that facilitates
further viral infections. Similarly, diacetylated lipoproteins
from Staphylococcus aureus membrane activate TLR-2–
TLR-6 and induce TSLP production, extending the vicious
cycle between the S. aureus colonization and atopic derma-
titis [13]. Moreover, TLR-mediated TSLP production has
been proposed to play a role in gut tolerance towards com-
mensal microbiota [20].

Monocytes and DC exhibit the highest co-expression of
the TSLP receptor and IL-7Rα, and are therefore the pre-
ferred targets of TSLP [21]. TSLP promotes the Th2
response by activating CD11c+ (myeloid) DC that, in turn,
attract and stimulate naive CD4+ cells towards the Th2 phe-
notype characterized by the expression of IL-4, IL-5 and
IL-13 [22]. Besides usual DC priming and activation,
TSLP induces OX40 ligand expression in DC, therefore
promoting inflammatory [tumour necrosis factor (TNF)-
α-characterized)] instead of the conventional (IL-10-
characterized) Th2 response. Furthermore, TSLP-activated
DC provide signals essential for maintenance of Th2
memory cells [23].

In mouse CD4+ cells TSLP has been shown to induce
IL-2-independent IL-4 secretion [24–26] and to directly
induce the secretion of IL-13 from NK T cells [27]. In addi-
tion, TSLP acts on eosinophils and mast cells and is thereby
able to induce AD-like pathologies in the absence of
increased immunoglobulin (Ig)E levels [28,29]. It directly
activates mast cells to secrete IL-4, IL-5 and IL-13. Finally,
TSLP seems to be the missing link between AD and itch, as
it has been shown that it activates primary sensory afferents
to evoke itch [30,31].

The signalling of TSLP follows a common pathway
observed in the heterodimeric interleukin receptor family.
The initial binding to the specific receptor, also termed
‘driver receptor’, occurs with low affinity. This binary
complex then recruits the so-called trigger receptor which,
by itself, is not capable of binding to the respective cytokine
but which turns the assembled ternary complex into a high-
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Fig. 1. The route to pathologies in T helper type 2 (Th2)-characterized chronic inflammatory diseases. The inflammatory cascade is initiated by the

cytokines interleukin (IL)-25, IL-33 and thymic stromal lymphopoietin (TSLP) released from epithelial cells experiencing damage by allergens with

proteolytic activity or toxins. The first addresses of these signals are MutT homologue 2 (mTh2) cells, innate lymphoid cells (ILCs) and invariant

natural killer T2 (iNK T2) cells. These cells secrete the typical Th2 cytokines IL-4, IL-5 and IL-13 responsible for perpetuation of the inflammation

and for pathological changes. TSLP also activates dendritic cells to enforce the differentiation of naive T cells to Th2 cells and thus further promotes

the Th2 inflammatory process. In addition, TSLP activates mast cells which, in turn, release IL-4, IL5 and IL-13. This axis might be responsible for

mast cell activation in the absence of immunoglobulin (Ig)E as it is sometimes observed in atopic dermatitis and is common in ulcerative colitis

(UC). IL-4 and granulocye–macrophage colony-stimulating factor (GM-CSF) induce the differentiation of monocytes to dendritic cells which

instruct more naive T cells to become Th2 cells. In concert with periostin, IL-13 induces the differentiation of monocytes to alternatively activated

macrophages which release components of the extracellular matrix. Periostin also promotes the differentiation of monocytes to fibrocytes which are

considered as crucial for the manifestation of fibrosis. Fibrosis is the pathological phenotype shared by all three diseases and the outcome of the

activity of various cell types. IL-5 activates eosionohils and TSLP stimulate eosinophils to secrete transforming growth factor (TGF)-β, an important

cytokine to induce fibrosis by stimulating the secretion of extracellular matrix proteins from myofibroblasts. Upon interaction of eosionophils with

epithelial cells, epithelial cells undergo epithelial mesenchymal transition and turn into myofibroblasts. In addition, resident fibroblasts and

monocyte-derived fibrocytes become myofibroblasts. Although the pathologies in all three diseases differ according to the affected organ, it is

obvious that epithelial cells are simultaneously activator and target of the inflammatory response. They secrete periostin in response to exposure to

IL-13, which induces barrier dysfunction and respond to to periostin by secreting TGF-β. There are some differences in all three diseases which

might reflect different molecular mechanisms underlying the disease. In asthma, IL-4 and IL-5 in concert with periostin promote the clonal

expansion and maturation of B cells and induces the IgM/IgE switch. Released IgE activate mast cells to secrete IL-4, IL-5 and IL-13 and histamines

and chemokines which promote the influx of inflammatory cells into the tissue. IL-13 induces goblet cell hyperplasia resulting in increased mucus

production and smooth muscle cell hyperplasia and hyperactivity which are prominent pathological features of asthma. In atopic dermatitis, IgE

release signifies the disease in many cases; however, it does not seem to be a prerequisite for the manifestation of the disease. In atopic dermatitis,

IL-13 induces epithelial hyperplasia resulting in the thickening of the skin, and TSLP is most probably the cytokine responsible for itch. Colitis is

characterized by severe epithelial damage responsible for diarrhoea and extensive fibrosis, which accounts for the loss of function of the colon. IL-13

is considered the key effector cytokine responsible for barrier dysfunction of the gut epithelia and fibrosis. Another specificity of UC is that the colon

hosts the microflora, which has no contact with the apical side of the gut epithelia in a healthy condition, but which can invade the tissue when the

barrier is defective.
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affinity complex. In the case of the TSLP complex, IL-7αR is
the driver receptor, whereas the TSPL receptor (TSPLR) is
required for high-affinity binding and is thus considered the
trigger receptor [32–34]. The complex activates the Janus
kinase–signal transducer and activator of transcription
(JAK–STAT) pathway by inducing phosphorylation of the
Janus kinase family, JAK1 and JAK2, and six members of the
STAT transcription factor family, STAT-1, -3, -4, -5a, -5b
and -6, STAT-5 and/or STAT-6, depending on the targeted
cell [35,36]. In DC, STAT-5 binds to the promoter of the
chemokine gene CCL17 and thus might be responsible for
secretion of the Th2-attracting cytokine CCL17 [35].

IL-25 is a cytokine with high homology to IL-1 which is,
like TSLP, secreted by epithelial cells upon damage, expo-
sure to protease allergens and activation of PAR2 [37]. IL-25
binds to the IL-17-RA and IL-17RB receptor complex [38],
expressed on type 2 innate lymphoid cells (ILC2), which
respond immediately to secrete the Th2 cytokines. In addi-
tion, IL-25 promotes the development of multi-potent pro-
genitor cells from circulating haematopoietic stem cells that
accumulate in the mucosa and give rise to mast cells,
basophils and macrophages [39]. Thus, the release of Th2
cytokines and the promotion of antigen-presenting cells
and granulocytes ensure an immediate response to epithe-
lial cell damage prior to T lymphocyte activation.

Furthermore, a recent study by Petersen et al. has
reported a type 2 myeloid population induced by IL-25,
playing an important role in steroid-resistant airway disease
[40]. IL-25 exerts its activity in T cells by inducing the
phosphorylation of STAT-6 [41].

IL-33 belongs to the IL-1 family, which is expressed in the
epithelial lining of the skin, gut mucosa and lung, in fibro-
blasts, endothelial cells, adipocytes, astrocytes, DCs and
macrophages [41]. Unlike the other members of the family,
which are activated by the inflammasome by proteolytic
cleavage, IL-33 is active in its full-length form and released
from epithelial cells upon cellular damage. Therefore, it is
thought to act like an ‘alarmin’ to induce responses which
lead ultimately to wound healing. The prominent target
cells of IL-33 are ILC2, which reside in the skin and sense
the necrotic skin cells [42]. Upon exposure to IL-33, ILC2
release type 2 cytokines and thus direct the inflammation
towards a type 2 phenotype. IL-33 binds to the heterodimer
ST2/IL-1RAP receptor complex on mast cells, basophils,
eosinophils, Th2 cells and ILC2 and activates these cells to
release their specific cytokines [43]. Of note, in contrast to
the activation of mast cells by TSLP, the presence of IgE is
required for mast cell degranulation by IL-33 [44]. Upon
activation, myeloid differentiation primary response gene
88 (MyD88) and IL-1 receptor-associated kinase (IRAK)-
1/4 are recruited, leading to activation of the transcription
factor, nuclear factor-κB (NF-κB), and the mitogen-
activated protein kinase (MAPK) pathway, which is
mediated by the activation of the MAPKs extracellular
signal-regulated kinase (ERK), p38 and c-Jun N-terminal

kinase (JNK), and ultimately to the production of Th2
cytokines and chemokines [45].

Granulocyte–macrophage colony-stimulating factor
(GM-CSF)

Another important actor during inflammation is GM-CSF,
which is released by epithelial cells and stimulates the pro-
liferation, maturation and function of antigen-presenting
cells. GM-CSF promotes the secretion of IL-33 from epithe-
lial cells and might be responsible for the increased suscep-
tibility to allergens during infections [46]. In concert with
IL-4, GM-CSF induces the differentiation of monocytes to
DC which, in turn, drive more naive T cells to differentiate
to Th2 cells [47]. GM-CSF shares its driver receptor with
IL-3 and IL-5 and signals towards Akt, Erk and JNK activa-
tion [48].

Innate lymphoid cells as primary target cells of IL-25
and IL-33

Recently, a novel type of lymphocyte in epithelial locations
has been identified, pushing T cells from the centre of
immune orchestration [49,50]. To date, these so-called
innate lymphoid cells (ILC) comprise three groups (ILC1, 2
and 3) that provide an important source of inflammatory
cytokines. As they do not express a T cell receptor, they
react in an antigen-independent manner. ILC2 are a novel,
lineage-negative cell population residing in the skin, liver,
respiratory and gastrointestinal tissues characterized by
production of Th2-cytokines IL-4, IL-5, IL-10 and IL-13.
Several studies discovered this innate Th2-like population
independently, all of them describing them as cells respond-
ing independently of and prior to any adoptive Th2
immune response [51–53]. ILC2 are stimulated by IL-25
and IL-33, and thus respond directly to the damage signals
released by epithelial cells and prime the system for a type 2
response before T lymphocyte activation [40].

Epithelial cells as effector cells of pathological changes

In addition to their role in barrier formation, epithelial cells
are actively involved in tissue remodelling and fibrosis. First,
they exhibit an enormous plasticity upon injury, termed
epithelial to mesenchymal transition (EMT), and turn into
myofibroblasts to take an active role in the wound-healing
process [54]. The EMT process is promoted by diverse cell
types of innate immunity, such as eosinophils and
macrophages, in direct interaction with epithelial cells [54].
Eosinophils also have the capacity to sense danger signals
from stressed and necrotic epithelial cells [55] and promote
EMT, thereby supporting fibrosis [54]. This process is
enhanced further by the release of transforming growth
factor (TGF)-β by eosinophils upon exposure to IL-5 [56].
Thus, eosinophils are instrumental in tissue repair and
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remodelling and it is therefore not surprising that elevated
levels of eosinophils are also found in phases of remission
on colonic tissue of UC patients [57]. In contrast to the
eosinophils detected in the acute phase, they are not signi-
fied by the degranulation marker CD66b, and thus may
contribute ‘silently’ to tissue remodelling [58]. They also
seem to be the gatekeepers of plasma cells in the niches of
the bone marrow by providing the proliferation-inducing
ligand (APRIL) and IL-6 [59].

TSLP is also involved in fibrosis, as it induces the secre-
tion of collagen 1 by fibrocytes [60]. Together with IL-13,
TGF-β, IL-4 and various growth factors, it also induces the
differentiation of monocytes into alternatively activated
macrophages, which seem to have an ambiguous role in
fibrosis. On one hand, they promote fibrosis by recruiting
fibroblasts and promote their proliferation [61]; on the
other hand, M2 macrophages seem to be required for sup-
pression and resolution of fibrosis. In response to IL-4 and
IL-13, M2 macrophages express elevated levels of arginase I,
which is essential for converting L-arginine into ornithine,
which is metabolized further to proline. Thus, it was
thought initially that M2 macrophages promote fibrosis by
providing an additional source of proline, the major com-
ponent of collagen. However, depleting arginase I in alter-
natively M2 macrophages exacerbated liver fibrosis
following infection with Schistosoma mansoni in mice, sug-
gesting an alternative role for M2 macrophages [62].
Depleting the pool of arginine M2 macrophages might limit
the capacity of myofibroblasts to produce collagen and thus
keep the wound-healing process in check.

The cytokine milieu promoting fibrosis is influenced by
the production of TGF-β by injured epithelial cells. TGF-β
secretion is initiated by periostin and induces extracellular
matrix protein secretion by myofibroblasts [63]. Periostin is
a matricellular protein which interacts with several integrin
molecules such as αvβ1, αvβ3 and αvβ5, inducing remodelling
and enhancing fibrosis by binding to other proteins of the
extracellular matrix [64–66]. Periostin is not only secreted
by epithelial cells but acts on them, and enhances prolifera-
tion and differentiation in keratinocytes and induces TSLP
secretion in epithelial keratinocytes, thus perpetuating the
inflammatory process [67]. In addition to epithelial cells,
periostin is expressed by fibroblasts and fibrocytes [68].
Periostin gene expression is under the control of IL-13, and
periostin serum levels have been identified as a biomarker
for patients susceptible to treatment with lebrikizumab, a
monoclonal antibody trapping IL-13 [69].

T cells as effector cells to perpetuate the immunological
response and pathological changes

T cells have long been assigned the key position to orches-
trate immunological responses. Indeed, the plasticity of T
cells results in a repertoire of functions covering the entire
process of acute and chronic inflammation. The cytokine

signature directs the type of inflammation, regulates the
response and develops memory subsets for future immu-
nity. This also certainly applies to Th2-driven inflammatory
responses. Upon receiving the damage signal from the epi-
thelial cells, DC drive naive T cells to differentiate into a
Th2 phenotype and to secrete the crucial cytokines IL-4,
IL-5 and IL-13 that are responsible for development and
perpetuation of the inflammation, tissue repair and patho-
logical manifestations of chronic inflammatory diseases.
These include abnormal mucus production, fibrosis, tissue
remodelling, smooth muscle cell hyperplasia and
hyperreactivity.

Invariant NK T cells

Another important source of Th2 cytokines in inflamma-
tory diseases are iNK T cells, which are also considered part
of the innate immunity. They express an invariant T cell
receptor (Vα14-Jα281 in mice and Vα24-Jα18 in humans)
linked to a restricted repertoire of Vβ chains, which enables
them to recognize glycolipid antigens presented by highly
conserved major histocompatibility complex (MHC) class I
molecules (CD1 in mice and CD1d in humans) presented
to them by CD4+/CD8+-positive thymocytes in the thymus
[70,71]. While some NK T cells mature in the thymus, most
of them mature in the periphery. CD1d is expressed on the
apical side of epithelial cells [72], and could directly present
glycolipid antigens to iNK T cells. Activation of the iNK T
cells is dependent upon the inflammatory milieu, and in the
case of Th2-instructed immunological responses a sub-
group of iNK T cells (CD4+ IL-17RB+), also referred to as
NK T2 cells, produce IL-4, IL-13, IL-9, IL-10, IL-17A and
IL-22 upon exposure to IL-25 [73]. Thus, like ILC, iNK T
cells respond directly to damage signals released by epithe-
lial cells.

IL-4 and IL-13 are key cytokines secreted by T cells,
innate lymphoid cells and NK T cells

Although IL-4 and IL-13 are structurally analogous and
share functional receptors, their function is quite different.
It is now assumed that IL-4 acts mainly as a regulatory
cytokine and IL-13 as an effector cytokine [74]. The alloca-
tion to these specific roles is facilitated by the IL-4/IL-13
signalling pathways, which are fine-tuned by spatial, tempo-
ral and cell-specific expression of receptors and ligands
[75]. Signalling by IL-4 is mediated by type I and type II
receptor complexes [76]. Expression of the type I complex is
restricted to haematopoietic cells, whereas type II is
expressed ubiquitously but not in haematopoietic cells, with
the exception of human B cells which also express the type
II receptor [77]. According to this effector function, IL-13 is
responsible for epithelial barrier dysfunction [78,79], goblet
cell metaplasia in asthma [79,80], epithelial hyperplasia
[81,82], fibrosis [60,83] and smooth muscle cell hyperplasia
[84].
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Signalling through IL-13 is modulated further by the
expression of IL-13Rα2 in macrophages. IL-4 and IL-13, in
concert with TNF-α, induce the expression of IL-13Rα2
which is then activated by IL-13 to promote the secretion of
TGF-β [85,86].

IL-5

IL-5 plays a key role in eosinophil proliferation, differentia-
tion, maturation, migration to tissue sites and survival, as
well as prevention of eosinophil apoptosis [87,88]. The
driver receptor in this signalling complex is IL-5Rα, the
trigger receptor of the common βc receptor [89].

Animal models: oxazolone-induced inflammatory
diseases

Oxazolone-induced colitis and dermatitis in mice have
become recognized models in the study of the immunologi-
cal mechanisms underlying the diseases [90,91]. Oxazolone
is considered a haptenizing agent which penetrates the
mucosal or epithelial barrier and triggers an immunological
response, mimicking the described diseases [92]. When
applied to the skin of hairless mice (hr/hr) in low doses for
a period of 3 weeks, mice develop symptoms characteristic
for AD to include barrier dysfunction, secretion of IgE, epi-
thelial cell hyperplasia, fibrosis and influx of inflammatory
cells into the dermis and epidermis and secretion of Th2-
characterized interleukins [90]. Similarly, when oxazolone is
applied rectally, C57BI/10 or BALB/c mice develop colitis-
like symptoms. The clinical activity score increases and the
histological inspection of the colon reveals an influx of
inflammatory cells into the lamina propria, destruction of
the mucosa, fibrosis and secretion of IL-4 and IL-13 by
CD4+ cells and NK T cells [91]. In our mouse models for
UC [93], which rely upon immune-incompetent non-obese
diabetic (NOD)-severe combined immunodeficiency
(SCID) IL-2Rγ null mice engrafted with human peripheral
blood mononuclear cells (hPBMC) derived from patients
suffering from UC or AD, we observed some unexpected
results which were not consistent with the idea that the
capacity of oxazolone to modify proteins and thus turn
them into allergens is the trigger for the immunological
reactions. First, oxazolone applied to non-engrafted animals
proved to be highly toxic in our UC model, and the pres-
ence of PBMCs seemed to mitigate the effect. This result
contradicted the assumption that the observed pathology in
immunocompetent mice resulted solely from an inflamma-
tory cascade initiated by an allergen-like trigger. Secondly,
we observed the same pathological manifestations when we
applied 50% ethanol to the engrafted mice. This was simi-
larly surprising, as this experiment was also considered as a
control experiment. In light of the hypothesis that one bio-
logical important function of Th2-driven inflammatory
responses is to protect the organism from toxic agents and

to support detoxification, however, both results become
consistent with the hypothesis. In the presence of lympho-
cytes, as in engrafted animals or immune-competent mice,
oxazolone and ethanol damage the epithelial cells, which
initiate a detoxification and healing process which in many
aspects mimics colitis.

The Th2 inflammatory milieu and cancer

Tumours are characterized by infiltrates of cells of the adap-
tive and innate immune system; understanding of the
mechanisms of how cancer cells can escape from immune
recognition and destruction is crucial for cancer therapy in
general and specifically for immunotherapy. It has been
shown that Th2 inflammatory markers such as TSLP or
IL-33 are associated with poor prognosis in pancreatic,
hepatocellular, non-small cell lung carcinoma, gastric and
breast cancer [94–97], and it is now assumed that the
inflammatory cascade which ultimately favours immune
protection follows the scheme observed in the inflamma-
tory milieu in Th2-characterized inflammatory diseases.
Tumour cells are stressed due to a variety of reasons to
include metabolic stress caused by malnutrition and
hypoxia, leading ultimately to the release of the epithelial
damage signals IL-33 and TSLP. As in the Th2-driven
inflammatory milieu, both cytokines induce the release of
IL-13 by ILC2s patrolling the tumour and the activation of
DC to further instruct Th2 cells, respectively. As in chronic
inflammatory diseases, IL-13 and TSLP seem to be key
effector cytokines which promote the proliferation of
tumour cells and the deposition of collagen, which creates a
physical barrier impairing the infiltration of lymphocytes.
IL-13 is also responsible for the proliferation of myeloid-
derived suppressor cells (MDSC), which strongly suppress
immune recognition [98]. In addition, TGF-β released by
epithelial cells promotes the generation and infiltration of
regulatory T cells, which further dampens the inflammatory
response.

A further fatal trait of cancer cells is the capacity to dis-
seminate to different organs. Dissemination requires EMT
or stemness features of cancer cells, both of which are
induced or maintained by periostin. Periostin induces a
mesenchymal phenotype in epithelial cells and breast
cancer cells resulting in increased invasion and multi-
lineage differentiation [99]. It also contributes to creating a
microenvironment favouring cancer stem cell maintenance.
This is achieved by invasion of bone marrow-derived
mesenchymal stem cells (BM MCS) to become part of the
tumour microenvironment. These cells highly express
periostin and thus might contribute to tumour progression
and metastasis. MCS also migrate to sites of inflammation
and their immunomodulatory activities have been the basis
for using them as therapeutics in UC [100]. In light of their
ability to promote cancer progression, however, they might
be one of the reasons why the incidence of the development
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of cancer in UC patients is elevated. A milieu which pro-
motes EMT and simultaneously provides niches for the
maintenance of cells with potential stemness-like features
might favour the development of cancer. Thus, as in chronic
inflammatory diseases, tumour cells shape and are shaped
by the inflammatory milieu. Therapeutically targeting this
milieu might provide a double-edged sword to render the
tumour cell vulnerable to cytotoxic T cells and simultane-
ously to preventing the development of cancer cells with
stem-like features.

Therapeutics in development

Therapeutic programmes increasingly reflect the dynamics
of the immunological response and acknowledge the speci-
ficity of Th2-characterized inflammatory diseases. Interven-
tion points of novel therapeutics do not aim to generally
dampen the immunological response, but to block the ini-
tiation, perpetuation and the pathological changes which
specifically characterize Th2 inflammatory diseases. TSLP
and its receptor have become targets of interest to interrupt
the danger signals released by epithelial cells. Most pro-
grammes are in preclinical development, except for AMG
157, which is currently being tested for asthma and atopic
dermatitis. Another important intervention point is the
influx of T cells into the site of inflammation. This is being
studied using inhibitors developed against the chemokine
receptor ThCR2, also referred to as prostaglandin receptor
D2, which is expressed on Th2 cells and responds to
chemokines released by epithelial cells. In order to specifi-
cally abolish the influx of inflammatory cells to the colon,
antibodies against the integrin a4β7 have been developed.
IL-4, and especially IL-13, as important cytokines responsi-
ble for perpetuation and pathological manifestation, are
addressed by therapeutics targeting the cytokines them-
selves by trapping them with an antibody or by inhibiting
the IL-4Ra or IL-13Ra1 receptors. As IgE is instrumental in
initiating and perpetuating the disease, the IgE signalling is
blocked by antibody traps. Finally, as IL-5R and IL-5 are
instrumental in the activation and proliferation of
eosinophils, both are addressed by antibodies to trap the
ligand or inhibit signalling. Table 1 depicts the therapeutics
in clinical development.

Concluding remarks

Most of our knowledge relies upon in-vitro analysis of cel-
lular responses in the presence or absence of respective sig-
nalling molecules, followed by verification of assumptions
in vivo by respective mouse models or by analysis of distinct
proteins in a disease setting. Although each single piece of
information leads to the composition of the inflammatory
puzzle and to a better understanding of diseases, we might
fail to understand the dynamics of the inflammatory milieu
in individual disease manifestations and the dynamics

underlying relapse and remission if methods are not devel-
oped to analyse multi-cellular interactions. As in
Vexierbildern (picture puzzles), scientists seem to focus
upon single important aspects, and the angle they are
looking from determines the focus of the scientific
approaches. This might be misleading, as every single cell
involved is an activator and responder subjected to the tem-
poral milieu by which it is shaped and which it shapes. The
presence and concentration of cytokines and their respec-
tive receptors might be influenced by the immunological
challenge that each patient is currently experiencing
and/or by the individual genetic setting. That specific
molecular signatures are now attributed to different phases
of each disease is an important improvement, and a better
understanding of the inflammatory milieu will lead ulti-
mately to dynamic therapies that constantly adapt to the
demands of the respective phase that the patient is currently
experiencing.
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