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R:cently, we demonstrated a novel
ole for gastrointestinal mast cells
(MC:s) in the early events that lead to the
generation of Th2 immunity to helminth
infection.! Mice lacking MCs (Kit"/
Kit"" and Kit"5") showed a significant
inhibition of Th2 cell priming follow-
ing infection with the parasitic helminth
Heligmosomoides polygyrus bakeri (Hp).
We showed that MCs degranulate dur-
ing the early stages of infection when the
helminth larvae invade the small intes-
tinal tissue. Furthermore, MC degranu-
lation was required for the enhanced
expression and n of the tissue-derived
cytokines IL-25, IL-33 and TSLP, which
are required for the optimal orchestra-
tion and priming of type 2 immunity. In
this addendum we aim to address several
questions raised by our findings—in par-
ticular, the mechanisms through which
MCs may recognize helminth exposure
in the early stages of infection and by
which they may enhance expression of
critical tissue cytokines thus, enabling
Th2 priming. Furthermore, we will
discuss these findings in the context of
recently described novel innate immune
cells, such as type 2 hematopoietic pro-
genitors and type 2 innate lymphoid
cells.
Introduction

Infections with gastrointestinal  hel-
minths remain highly prevalent, par-
ticularly in developing countries, with
over one billion humans estimated to be
infected worldwide.>? Helminth infection
results in nutrient malabsorption, intes-

tinal inflammation, impaired growth and
development and reduced educational
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performance in the host.? Conversely, hel-
minth infections have been shown to play
key roles in the suppression and modula-
tion of inappropriate inflammation, and
loss of helminths as a result of increased
hygiene or drug treatments results in an
increased rate of autoimmune, inflamma-
tory and allergic disorders (reviewed in
ref. 3). Furthermore, experimental treat-
ments with live helminths are currently
undergoing clinical trials to test their
efficacy as novel therapeutics in a variety
of human disease settings.> Thus, under-
standing the pathways that generate,
modulate and regulate the host immune
response during helminth infection is of
significant clinical relevance.

Mast cells (MCs) are a potent arm of
the innate immune system and can be
found in barrier tissues throughout the
body. MCs are induced by cytokines such
as stem cell factor (SCF), IL-3, IL-4 and
IL-9 and accumulate in the inflamed tis-
sue. In response to a wide range of infec-
tions MCs rapidly release a multitude of
inflammatory mediators including hista-
mine, proteases and cytokines (reviewed in
ref. 4). During gastrointestinal helminth
infections MCs are traditionally consid-
ered a key effector cell during late stage T
helper 2 (Th2) associated inflammation,
where they cross-link antigen specific IgE
via the surface high affinity FceRI and
degranulate. The effector role for MCs
during helminth infection has been shown
to be important for the expulsion of many
helminth species from the gastrointesti-
nal tract (reviewed in ref. 5). In contrast,
the innate IgE-independent role of tis-
sue resident MCs during the early stages
of helminth exposure is relatively poorly
understood. MCs possess a wide range
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Figure 1. Potential mechanisms of IgE-independent mast cell activation and tissue-derived cytokine induction during intestinal helminth infection.
Activation (left panel): helinth derived antigens, immunomodulators and proteases along with concurrent stimulation by commensal derived mol-
ecules and/or dangers signals can be recognized by mast cells through a variety or receptors including Toll-like receptors (TLRs), NOD-like receptors
(NLRs) and “alarmin” receptors (e.g., IL-33R). Response (right panel): following stimulation mast cells respond via degranulation and/or the synthesis of
cytokines, possibly include IL-25, IL-33 and TSLP. Moreover, mast cell inflammatory mediators have the ability to cross talk with other cells, such as epi-
thelial cells, to induce the production of tissue-derived cytokines that are ultimately required for the optimal orchestration, amplification and priming
of Th2 responses toward gastrointestinal helminths.

of receptors that enable them to innately
sense pathogen associated molecules and
to respond rapidly. Recent studies have
suggested that tissue resident MCs provide
critical adjuvant signals following antigen
exposure that amplifies the priming of the
adaptive immune response.® In particular,
rapid MC degranulation and histamine
release immediately following allergen
exposure was required for the induction
of early inflammation and migration of
dendritic cells to the lymph node to prime
adaptive immune responses in a model of
contact hypersensitivity.®

Similarly, in our recent study we dem-
onstrated that within the first days of
Hp infection in the small intestine MCs
degranulate in an IgE-independent man-
ner and that MC mediator release was
required for the upregulation of tissue-
derived cytokines (IL-25, IL-33 and
TSLP) and optimal migration of den-
dritic cells required for Th2 cell priming.!
However, to date the mechanisms through
which MCs sense worm infection and the
specific mediators released by MCs that
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mediate enhanced orchestration of tissue
cytokine production and type 2 immu-
nity are unknown. Below, we speculate on
some of the candidate pathways through
which MCs may mediate their effects dur-
ing gastrointestinal helminth infection.

How Do Mast Cells Sense
Gastrointestinal Helminth
Infection?

MCs, like many cells of the innate
immune system, are equipped with a
wide range of pathogen sensing receptors
that allow them to recognize danger and
are often referred to as “sentinels” of the
immune system (Fig. 1; left panel). In our
recent study we showed that MCs degran-
ulate within the first days of a helminth
infection in an IgE-independent man-
ner—but the way in which MCs recognize
intestinal worm infections are unknown.
Attempts to delineate these pathways are
complicated because helminth infections
in the gastrointestinal mucosa also inevi-
tably lead to exposure of intestinal MCs
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to signals derived from the abundant com-
mensal bacteria. As such, we hypothesize
that MCs may (1) recognize helminth
derived products directly; (2) recognize
invading commensal bacteria signals
with concurrent bystander effects on the
anti-helminth response; (3) require dual
signals from both commensals and hel-
minths. In addition to pathogen derived
signals, infection also leads to significant
tissue damage and thus, intestinal MCs
are also likely to be exposed to a range of
danger signals.

Helminth excretory/secretory (E/S)
products represent an abundant source
of stimulatory molecules that can be
recognized by MCs. For example, it was
recently shown that Hp E/S is dominated
by a group of venom-allergen like proteins
(VAL) and similar proteins are found to
be produced by a wide range of parasitic
worms.” Interestingly, one of the main
roles of MCs in barrier tissues has been
shown to be to recognize venom proteins
from pathogens and to release mediators
that inhibit their toxicity to the host.®
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Similarly, helminths secrete a variety of
proteases that can be recognized by pro-
tease-activated receptors (PARs) on MCs,
resulting in degranulation. Many parasitic
helminths have evolved protease inhibitors
in order to facilitate their persistence in
the host via the degradation of proteases,
although little is known about the role
of MCs in recognizing helminth derived
proteases.’

In addition MCs express a wide range
of toll-like receptors (TLRs) which sense
pathogen derived molecules.”” TLR rec-
ognition of signals derived from the
commensal flora have a critical role in
maintaining immune homeostasis and
TLR ligands also provide adjuvant signals
following tissue damage."" Interestingly,
although TLRs are traditionally consid-
ered to recognize microbial signals there
is also evidence that the host may rec-
ognize stimulatory helminth molecules
through TLRs and helminths can co-
opt TLR signaling for immunomodula-
tion."> Signaling via TLR-4 appears to
be required for the generation of inflam-
mation following infection with Trichuris
muris, suggesting that TLR-4 signaling
plays a role in the induction of immunity
to helminths.”” Co-stimulation of MCs
via TLR-4 also enhances their ability to
promote Th2 responses and eosinophilia
and thus, TLR-4 co-stimulation may be
important in the context of helminth
infection.!

MC:s also express NOD-like receptors
(NLRs)—a family of cytoplasmic pro-
teins involved in sensing microbial stim-
uli and implicated in the induction and
amplification of immunity. Activation of
MCs with NOD agonists results in the
release of pro-inflammarory cytokines and
inflammation in the intestine.® MC acti-
vation via NOD receptors has been linked
to the development of inflammation dur-
ing Crohn’s disease and NOD2 expressing
MC:s are found in high numbers in the
intestines of inflammatory bowel disease
patients.' Interestingly, it has been shown
that NOD ligands are not only derived
from microbial pathogens but also from
parasitic helminths and that these ligands
help to drive Th2 immunity.”” Recognition
of NOD ligands is required for optimal
Th2 priming via the regulation of TSLP
and subsequent modulation of dendritic
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cells to express OX40-L.** Although direct
recognition of NOD ligands by stromal
cells was found to be sufficient for TSLP
production and Th2 priming, signaling
through the hematopoietic compartment
was needed for optimal responses.” In
this study, dendritic cells were found to
be the major hematopoietic cell popula-
tion required. However, it is still possible
that MCs may contribute to optimal Th2
orchestration via NOD signaling in other
settings.

Interestingly, MCs could theoreti-
cally regulate tissue-derived cytokines
via a positive feedback mechanism. For
example, IL-33 is constitutively expressed
and acts as an “alarmin” at epithelial bar-
riers. Under steady-state conditions IL-33
regulates gene expression in the nucleus
via interactions with NF-kB,?*?! however,
upon tissue damage it is released following
and MCs appear to be one of the main tar-
gets of IL-33.2%%2 MCs express the IL-33R
(ST-2 + IL-1RACcP) and become activated
upon IL-33 stimulation resulting in the
release of inflammatory mediators.”
Thus, one possibility to be explored is
that MCs sense signals derived from tissue
damage such as IL-33 during the initial
stages of helminth invasion and enhance
tissue cytokine expression, including
IL-33 itself, via a novel positive feedback
mechanism.

How Do Mast Cells Contribute
to Enhanced Tissue-Derived
Cytokine Production?

Tissue-derived cytokines such as IL-25,
IL-33 and TSLP have been shown to have
essential roles during helminth infection,
and mice lacking any of the three cytokines
show abrogated priming of Th2 cells and
reduced anti-parasitic responses.?2¢ All
three cytokines are produced by epithelial
cells at mucosal barriers,?” although many
other cell sources for these cytokines have
been reported. As addressed above tissue-
derived cytokines can be constitutively
expressed in the tissues although their
expression is rapidly upregulated upon
infection. Indeed, we found an enhanced
expression of these cytokines during the
early stages of Hp infection in WT mice,
which was absent in MC deficient mice.!

The mechanism(s) through which MCs
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can enhance the production of tissue-
derived cytokines are poorly defined.

It has been reported that MCs are able
to produce all three cytokines,®3° thus,
one possibility is that MCs themselves
contribute to the enhanced expression
of these factors following Hp infection.
However, it is unlikely that MCs—a rela-
tively rare population in the steady-state/
early-infected intestine—produce suffi-
cient quantities of these cytokines alone.
Another possibility is that activation and/
or degranulation of MCs results in the
release of cytokines and inflammatory
mediators that cross talk with bystander
cells (e.g., epithelial cells) in the intestine
to upregulate the production of IL-25,
IL-33 and TSLP. Indeed in line with our
findings it was previously reported that
induction of TSLP in airway epithelial
cells is abolished in mice lacking MCs
during allergic rhinitis.*!

MGC:s are able to produce a plethora of
mediators upon their activation (reviewed
in ref. 10). MCs are characterized by their
high number of granules that contain pre-
stored inflammatory mediators, although
MCs may also synthesize many products
upon stimulation. Thus, MCs are highly
immunocompetent and produce a range of
stimulatory molecules with the potential
to activate bystander cells and induce tis-
sue-derived cytokines (Fig. 1; right panel).
For example, MC derived TNF-a attracts
inflammatory cells including T cells, neu-
trophils and DCs to barrier tissues during
the early stages of infection and potently
induces lymph node hypertrophy.?>4
MC derived TNF-a is required for the
generation of optimal Th2 immunity
and worm expulsion during Trichinella
spiralis infection and generation of Th2
responses in a mouse model of asthma.*3¢
Moreover, TNF-a can regulate expres-
sion of IL-25, IL-33%® and TSLP¥ in
human and murine diseases. TNF-a acts
in synergy with either pro-inflammatory
or type 2 cytokines to regulate expression
of tissue-derived cytokines and it is likely
important that the predominant cyto-
kine milieu will determine the impact of
TNF-a in this regard.

As well as recognizing foreign proteases
(see above) MCs are themselves an abun-
dant source of proteases with immunos-
timulatory capacities (e.g., chymase and
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tryptase) that signal via protease-activated
receptors i.e., PAR-2.4104" Release of MC
proteases during helminth infection has
been shown to alter epithelial barrier
function whereas conversely, absence of
MC proteases can result in reduced Th2
responses or delayed onset of immu-
nity.""*? Protease signaling via protease-
activated receptor 2 (PAR-2) has recently
been shown to be required for release of
IL-25 and TSLP by epithelial cells during
Trichinella spiralis infection and airway
allergic responses.®* Thus, MC derived
proteases represent prime candidates for
the cross talk between MCs and epithelial
cells and the induction of tissue-derived
cytokines.

Control of Type 2 Innate
Populations Via a Mast Cell-IL-25/
IL-33 Axis?

Fully differentiated mature MCs are
only found in the tissues that are popu-
lated by bone marrow derived popula-
tions of MC-precursors that circulate in
the blood. The exact signals that attract
MC-precursors to the tissues and stimu-
late them to undergo differentiation are
not fully elucidated, although SCF and
IL-3 are known to play critical roles. As
detailed above we identified a role for MCs
in regulating the tissue-derived cytokines
IL-25 and IL-33 in the intestine during
the early stages of helminth infection.
These cytokines have been shown to play
critical roles in orchestrating innate type 2
immunity, including the recruitment of
Lin" progenitors with the capacity to dif-
ferentiate to MCs. In our recent study we
observed the expansion of a Lin" cell pop-
ulation in the small intestine during Hp
infection in WT mice, but not MC defi-
cient mice, that expressed the hematopoi-
etic markers CD34 and Sca-1. When these
cells were isolated and cultured with SCF
and IL-3 they upregulated the expression
of the c-kit and FceRI, indicative of a MC
phenotype.! In line with previous reports
these progenitors could be partially
restored in MC deficient mice (that lack
tissue IL-25 following infection) upon
treatment with exogenous rIL-25. Thus,
this leads to the intriguing hypothesis that
MC degranulation following infection
plays an important role in repopulating
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barrier tissues with MC progenitors by the
regulation of an IL-25 driven axis.

In addition, many recent studies have
identified populations of type 2 innate
lymphoid cells (iLCs) in the lymph node
and tissues that produce IL-13 during hel-
minth infection and allergy. Expansion of
these cell types is also critically regulated
by IL-25 and/or IL-33 production in the
inflamed tissue and these cells have all
been characterized by their lack of con-
ventional immune lineage markers (Lin’),
as well as their expression of a range of
other surface markers including IL-33R
(ST-2), the IL-7Ra subunit (CD127),
the activation molecule ICOS and inter-
mediate expression of c-kit, among oth-
ers. In several independent studies a range
of similar cell types were identified and
differentially termed natural helper cell
(NHC),% nuocyte?” or innate helper 2
cell.®® Collectively these cells are referred
to as type 2 iLCs as they share the ability
to produce type 2 cytokines but also share
similarities with pro-inflammatory innate
lymphoid lineages that produce IFN-y,
IL-17A and IL-22.%

Given the expression of IL-25 and IL-33
following Hp infection we hypothesized
that type 2 iLCs may expand in the drain-
ing lymph node during the early stages of
infection. Administration of exogenous
tIL-25 to Hp infected mice during the first
four days of Hp infection elicited a popula-
tion of Lin" cells in the MLN, whereas only
a negligible increase in the same cells could
be seen during Hp infection alone in WT
mice compared with naive WT mice and
MC deficient mice that lack upregulated
expression of IL-25 and IL-33 (Fig. 2A).
rIL-25 induced Lin cells expressed ST-2,
CD127, ICOS and were c-kit™ in line with
previous descriptions of type 2 innate lym-
phoid cells (Fig. 2A and B). The population
resembling type 2 iLCs were also found to
express high levels of IL-13, in contrast
to other Lin cells in the lymph node
(Fig. 2C), suggesting these cells truly
resemble type 2 iLCS. Interestingly, we
reported that administration of exogenous
IL-25 in WT mice during Hp infection
resulted in significant worm expulsion in
this otherwise chronic model of helminth
infection. Thus, it is possible that high
numbers of type 2 iLCs can drive expul-
sion during Hp infection as reported in
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other infections such as Nippostrongylus
brasiliensis. "4

Thus, it is not yet clear why we could
detect a significant induction of Lin® MC
progenitors in Hp infected WT mice that
expressed both endogenous IL-25 and
IL-33 but only a small induction of type
2 iLC cells. One possibility is that a higher
threshold of IL-25 expression is required
for the induction of type 2 iLC popula-
tions than is needed for the recruitment of
the MC-progenitor population. Indeed the
concentrations of exogenous rIL-25 that
were systemically administered are fairly
high (0.4pg/injection) and it is not yet
clear if this truly resembles physiological
expression levels. Another possibility is that
the action of endogenous IL-25 and IL-33
elicited during Hp infection is restricted to
the tissues and has only limited systemic
effects. Alternatively, induction of type 2
iLCs may be selectively dependent on other
cellular sources of IL-25 and IL-33 out-
side of the inflamed tissue. For example,
radio-resistant cells in the spleen can pro-
duce IL-33 following viral infection in the
lung>® Furthermore, as reconstitution of
MC deficient mice with IL-25 also restored
the expression of IL-33 and TSLP, we can-
not rule out that the recruitment of such
progenitor is not directly dependent upon
IL-25 itself, in contrast to type 2 iLCs,
and rather on the downstream induction
of other signals. Further work is needed
to delineate the pathways that orchestrate
these responses in the tissues and periphery
following helminth infections.

Impact and Outlook

MCs are distributed throughout barrier
tissues and are highly immunocompetent
cells that express the required machinery
to sense pathogenic stimuli and to rap-
idly respond via release of a multitude of
inflammatory mediators. MCs have been
described to have key early roles in the
induction and amplification of immune
responses in a wide range of diseases and
increasing evidence suggests one way in
which they contribute to this process is via
the regulation of tissue-derived cytokines
such as IL-25, IL-33 and TSLP. The precise
mechanisms through which MCs may ful-
fill this function during intestinal helminth
infections are yet to be elucidated. Future
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Figure 2. Type 2 innate lymphoid cells are rare in the MLN during the early stages of Hp infection but can be induced by exogenous rlL-25 treatment.
C57BL/6 mice were infected with 200 Hp L3 and Mesenteric Lymph Node (MLN) derived lymphocytes isolated and stained for a population resembling
type 2 innate lymphoid cells via flow cytometry. (A) Total numbers of type 2 innate lymphoid cells were quantified at day 6 post infection (p.i.) in the
MLN of WT (black bars) and mast cell deficient Kit"/Kit"* mice (white bars) following Hp infection alone or Hp infection with rlL-25 treatment (0.4 g

i.p. on days 0-4 p.i.). (B) Cells were gated as low/negative for a lineage cocktail (CD3/CD4/CD19/CD11b/CD11c) (shaded gate) and expressed the surface
markers ST-2 (IL-33R), CD127 (IL-7Ra), ICOS and were c-kit low/int. C) Expression of IL-13 in Lineage low/negative gated ST-2+ or ST-2- populations in Hp
infected, rIL-25 treated mice. Data are representative of two independent experiments with n = 4 to 6 mice per group.

work should focus on dissecting the con-
tribution of MCs as sensors and amplifiers
during the early stages of tissue immune
responses. Recently developed inducible
MC specific knockout mice should allow
for significant advances in this field.
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