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Highlights:

e Alternatively activated macrophages (AAM) mediate host defense and tissue repair
during helminth infection

¢ Metabolic reprogramming enables AAM activation and effector functions

¢ Macrophages produce a diverse set of effector molecules driving host defense,
tissue repair and immune regulation during helminth infection

¢ Helminth molecules are powerful regulators of macrophage effector functions

Abstract

Macrophages are innate immune cells with essential roles in host defense, inflammation,
immune regulation and repair. During infection with multicellular helminth parasites,
macrophages contribute to pathogen trapping and killing as well as to tissue repair and the
resolution of type 2 inflammation. Macrophages produce a broad repertoire of effector
molecules, including enzymes, cytokines, chemokines and growth factors that govern anti-
helminth immunity and repair of parasite-induced tissue damage. Helminth infection and the

associated type 2 immune response induces an alternatively activated macrophage (AAM)
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phenotype that — beyond driving host defense - prevents aberrant Th2 cell activation and type
2 immunopathology. The immune regulatory potential of macrophages is exploited by helminth
parasites that induce the production of anti-inflammatory mediators such as interleukin 10 or
prostaglandin E, to evade host immunity. Here, we summarize current insights into the
mechanisms of macrophage-mediated host defense and repair during helminth infection and
highlight recent progress on the immune regulatory crosstalk between macrophages and
helminth parasites. We also point out important remaining questions such as the translation
of findings from murine models to human settings of helminth infection as well as long-term
consequences of helminth-induced macrophage reprogramming for subsequent host

immunity.

Keywords: alternatively activated macrophages, helminth infection, immune regulation,
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1. Introduction

Macrophages are plastic and versatile cells of the innate immune system that play essential
roles in homeostasis, host defense, tissue repair and the resolution of inflammation [1].
Helminths are large extracellular pathogens that - in contrast to bacterial or protozoan
pathogens - cannot be eliminated by phagocytosis. However, based on their exceptional
plasticity, macrophages have evolved multiple strategies to efficiently combat helminth

parasites and to limit parasite-induced tissue damage (Figure 1). Macrophage-mediated host
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defense against helminth parasites largely relies on the activation of an alternatively activated
macrophage (AAM) phenotype, which can trap and/ or kill helminth larvae or stimulate the
expulsion of adult parasites [2—7]. While AAM-mediated helminth trapping prevents extensive
injury of infected tissues [2,8], AAM also actively contribute to tissue repair by producing
growth factors, chemokines and building blocks for collagen synthesis [9—12]. In addition, key
AAM effector molecules, such as Arginase-1 (Arg1) or Resistin-like protein alpha (RELMa)
regulate the activation of Th2 cells and thus limit type 2 immunopathology during helminth

infection [13—15].

Besides triggering type 2 immune responses and AAM activation, helminth parasites exhibit
potent immune regulatory capacities, which are based on the production of a multitude of
immunomodulatory molecules that can regulate type 2 immunity (Figure 2) [16—19]. The
induction of regulatory macrophages producing anti-inflammatory mediators such as IL-10 or
PGE. by helminth proteins is of potential therapeutic relevance as it contributes to the

suppression of pathologic type 2 immune responses, e.g. in allergic asthma [16,20].

In addition, macrophage effector functions are regulated by host factors from the tissue
microenvironment, that e.g. promote tissue repair following helminth infection [9]. Thus,
macrophages are central players in helminth infection and their effector functions need to be
tightly regulated to prevent pathological type 2 responses that may e.g. trigger fibrosis or
increased susceptibility to infections or cancer. However, the mechanisms underlying
macrophage-mediated host defense, tissue repair and immune regulation during helminth
infection have only partially been defined. In particular, long-term effects of helminth infection
on macrophage activation and effector functions are in need of further investigation. This is
particularly relevant in human settings of helminth infection, in which macrophage functions
are poorly understood, partially as a result of distinct AAM activation programs in humans and

mice [21].

In this review, we summarize the current state of knowledge on macrophage-mediated host

defense against helminth parasites with particular emphasis on the mechanisms that induce
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and regulate macrophage activation in type 2 immunity. We highlight gaps in our current
understanding of macrophage functions in helminth infection and propose avenues for future
investigations that will hopefully foster our mechanistic understanding of macrophage-

helminth crosstalk and its translation into therapeutic approaches.

2. Macrophage functions in resistance to parasites

Data from various experimental infection models, including Schistosoma mansoni [22],
Nippostrongylus brasiliensis [8,23], Heligmosomoides polygyrus [2,24] and Litomosoides
sigmodontis [25], has highlighted the importance of macrophages in anti-helminth immunity
and tissue repair following helminth infection. Specific parameters of the infection, including
the species of helminth and host as well as repeated or chronic infections need to be
considered when deciphering the unique and versatile roles of macrophages in helminth

infection.

2.1 Macrophage mediated host defense against helminth parasites

2.1.1 Induction of anti-helminth effector functions in macrophages

IL-4-/ IL-13-induced macrophage effector functions in helminth infection

Multiple studies have shown crucial roles for host-derived IL-4 and IL-13 in AAM-mediated
anti-helminth immunity [3,5,9,24,26]. During infection with helminths that trigger a rapid innate
type 2 immune response, e.g. the rat parasite N. brasiliensis (Nb), type 2 activated
granulocytes [3,4] and innate lymphoid cells (ILC2s) [5] can drive early AAM activation, thus
enabling rapid parasite control. In addition, during re-infection with Nb, macrophages from
previously infected mice could trap larvae more efficiently as compared to macrophages from
naive mice [3]. This was linked to IL-13 production by neutrophils, which triggered the IL-4Ra.-

dependent induction of a long-lived AAM phenotype [3]. Thus, in addition to priming
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macrophages for the direct trapping or damage of helminth larvae, the induction of a long-
lived AAM phenotype may provide protection against reinfection independently of memory T
cells and B cells [7]. This suggests that macrophage-driven host defense against helminth
parasites may have features of trained immunity, which can provide protection against
bacterial or viral infection via reprogramming of myeloid cells [27]. It remains to be determined
as to whether the memory phenotype of macrophages that is induced during N. brasiliensis
infection requires a persistent type 2 cytokine milieu and how it may affect host defense to

distinct helminth parasites.

In addition to innate type 2 immunity, the adaptive immune response plays a crucial role in
inducing AAMs with anti-helminthic effector functions. IL-4 derived from Th2 cells has been
reported to induce Arg1 and CD206 expressing macrophages, which provide protection
against challenge infection with the murine parasite H. polygyrus bakeri (Hpb) [24]. Further
studies have confirmed a crucial role for type 2 cytokine production by T-cells and subsequent
AAM activation during N. brasiliensis infection [5]. However, while T-cell and ILC-2-derived IL-
13 was crucial for AAM-mediated larval killing in the lung [5], IL-4 and IL-13 production by CD4
T-cells was dispensable for parasite expulsion from the gut despite promoting AAM
differentiation [28]. These studies suggest that AAM are particularly involved in larval trapping
and killing within the tissue (e.g. intestine for Hpb or lung for Nb), while being largely
dispensable for the expulsion of adult parasites from the intestine. However, another study
has implicated AAM in IL4/IL-13-driven intestinal smooth muscle constriction, which depended
on Arg1 activity and correlated with parasite clearance during infection with Nb [29]. Thus, IL-
4/IL-13-induced AAM contribute to multiple crucial events of anti-helminth immunity and the
relative contribution of each of these host defense mechanisms likely depends on the parasite
and its specific lifecycle as well as the time point assessed after infection. In addition, AAM
induced during helminth infection can be of distinct origin (e.g. resident or monocyte-derived),

which may differentially affect parasite- and tissue-specific effector functions [30,31].
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Antibody-mediated macrophage functions in host defense and repair during helminth infection

In addition to producing IL-4 and IL-13 Th2 cells provide help to B-cells, thus driving the
production of helminth-specific antibodies, which represent an important component of anti-
helminth immunity [4,32,33]. Indeed, antibodies are commonly associated with low worm
burdens in humans and livestock [34—36] and they mediate host resistance in some (but not
all) settings of experimental helminth infection [37]. Multiple studies have shown that the
activation of macrophages via FcR- and/ or complement-dependent mechanisms represents
an integral component of antibody-mediated host defense against helminth parasites (Figure
1). For instance, helminth-specific IgG or IgE antibodies drive the activation of AAMs that trap
H. polygyrus or N. brasiliensis larvae in the gut or skin, respectively [2,4,38]. Of note, the
induction of Arg1-expressing AAMs by H. polygyrus specific antibodies was independent of
IL-4Ra signaling [2], but depended on complement and IgG2a binding to the high-affinity Fc
receptor CD64, which mediated adherence of macrophages to L3/L4 stage larvae and
induction of an AAM-like phenotype, respectively [38]. In contrast, Arg1-mediated trapping of
N. brasiliensis larvae by macrophages required the IgE/ FceR-driven activation of IL-4-
producing basophils [4]. Recently, an important role for antibody-activated macrophages in
larval trapping has also been shown for the human parasite Ascaris lumbricoides [6]. However,
in contrast to macrophage-mediated immunity to the rodent parasite H. polygyrus, antibody-
mediated trapping of Ascaris larvae was greatly enhanced in the presence of eosinophils,
which were recruited by immune serum-activated human macrophages [2,6]. Similarly, IL-
4Ro—-STAT6-activated AAMs attracted eosinophils during infection with N. brasiliensis [39].
AAM further work in concert with neutrophils to trap and kill larvae of Strongyloides stercoralis
or N. brasiliensis [3,40], suggesting highly coordinated and synergistic functions between
AAMs and granulocytes during infection with parasitic nematodes. On this note, parasite
infections can induce organized tissue structures (granulomas) that are largely composed of
eosinophils, neutrophils, AAM and Th2 cells, acting in concert to halt the development of larval

and/or egg stages of different helminths [41-43]. Antibody-activated macrophages drive the
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recruitment of myofibroblasts to these granulomas, thus mediating tissue repair in the intestine
of helminth infected mice [44]. A similar reparative function could be shown in a human model
of scratch wound closure, where macrophages activated by Ascaris larvae and immune serum
from A. suum-infected pigs triggered chemokine-driven myofibroblast recruitment [44]. Thus,
in addition to mediating parasite trapping, antibody-activated macrophages serve as important
mediators of tissue repair during helminth infection. The diverse contribution of different
isotypes and FcR pathways to antibody-induced effector functions of macrophages is likely

instrumental in meeting the specific requirements of trapping and repair in different tissues.

Helminth/C-type lectin-driven induction of anti-helminth effector functions

Besides lymphocyte-derived immune components such as IL-4, IL-13 and antibodies, multiple
macrophage intrinsic proteins can sense parasite molecules, leading to the induction of anti-
helminthic and reparative effector functions. Recognition of parasite glycoconjugates via
surfactant proteins A and D or galactose-type lectin was reported to drive macrophage
activation and parasite killing during infection with N. brasiliensis or Trypanosoma cruzi,
respectively [45,46]. Macrophages can further participate in the response to chitin, a
widespread environmental biopolymer of N-acetylglucosamine that is abundant in the eggs
and cuticle of helminth parasites. Recognition of chitin has been implicated in the induction of
an AAM phenotype that produces high levels of leukotriene Bs4, thus driving eosinophil
recruitment in the context of helminth infection [47]. In turn, chitin-induced chemotactic
macrophage functions can be negatively regulated by host-derived chitinases, which are

induced by type 2 cytokines [47].

Metabolic programs driving AAM effector functions

Upon type 2 activation macrophages undergo a specific metabolic switch that enables AAM

effector functions, e.g. in parasite trapping or tissue repair. While proinflammatory
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macrophages fighting bacterial or viral pathogens need high amounts of energy very quickly,
tissue remodeling and wound healing as typical functions of AAM require longer time frames

and thus depend on highly economic and effective cellular energy generation [48,49].

In contrast to M1 macrophages, AAM favor mitochondrial respiration and oxidative
phosphorylation to generate energy [48,50]. The AAM program is further fueled by multiple
metabolic pathways including glutaminolysis, lipolysis, mitohormesis and initially increased
glucose consumption [12,50-54]. In skin wound healing, time-dependent metabolic
reprogramming induces macrophage phenotypes with distinct functionalities adapted to the
different stages of the repair process [12]. Whether similar time-dependent metabolic
programs govern AAM activation and functions during helminth infection remains to be
investigated. Indeed, alternative activation and proliferation of resident peritoneal
macrophages during H. polygyrus infection is hampered when glycolysis is inhibited [54].
However, as 2-desoxyglucose (2-DG), a commonly used inhibitor of glycolysis, may also
impact cellular respiration [55], results from experiments using 2-DG should be interpreted
with caution. Inhibition of fatty acid oxidation (by etomoxir) or the electron transport chain (by
oligomycin) impacts several - but not all - aspects of the AAM polarization: For example,
RELMa and PD-L2 expression are reduced while CD36 induction remains intact [55]. Thus,
the exact AAM phenotype and function depends on metabolite availability in a given
immunological setting or tissue microenvironment. How helminth infection affects metabolite
availability and metabolic reprogramming to modulate macrophage effector functions remains

incompletely understood.

Importantly, the source and availability of fuels for macrophage respiration may vary [56]
depending on the tissue localization, which is particularly relevant during infection with
helminth parasites that migrate through multiple tissues. Indeed, during N. brasiliensis
passage through the lung, alveolar macrophages exhibit less AAM activation in comparison
to interstitial pulmonary macrophages due to reduced responsiveness to IL-4 [57]. This

exemplifies the relevance of the tissue environment and its specific metabolite supply in driving
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the metabolic programs that determine resident macrophage functions. However, the
functional consequences of tissue-specific bioenergetic macrophage reprogramming in

helminth infection remain to be elucidated.

Efficient bioenergetic reprogramming and its translation into anti-helminthic effector functions
requires kinase pathways, including AMP-activated protein kinase (AMPK), that sense the
macrophage metabolic state and drive energy supply. Mice lacking AMPKa in macrophages
(and myeloid DCs) show impaired type 2 immunity and increased lung damage during N.
brasiliensis infection, suggesting an integral role for AMPK in AAM-mediated host defense and

restriction of tissue injury [58].

In addition to energy (in the form of ATP), metabolism supplies building blocks for protein
modifications such as N-glycosylation, which contributes to enhanced generation of highly
glycosylated AAM effector molecules such as Relma, CD206 and CD301 [52]. Another AAM
effector molecule, Arg1 (see 2.1.2 and 2.2 for details on antiparasitic functions), produces
ornithine, which AAM metabolize to hypusine used to post-transcriptionally modify a
translation initiation factor, elF5A [59]. Hypusinated elF5A is necessary for mitochondrial
function and OXPHOS in AAM, and inhibition of hypusination led to reduced AAM polarisation
of peritoneal macrophages and increased worm burdens during H. polygyrus infection. This
suggested an important role for Arg1 in the metabolic and transcriptional activation of AAM
effector functions during helminth infection. An effect of hypusination on AAM was also shown
in human monocyte-derived macrophages in vitro [59], arguing that downstream metabolites
of Arg1 may contribute to AAM activation in humans although the role of macrophage-derived

Arg1 in host defense against human parasites is unclear.

Together, these studies suggest that parasite-derived molecules directly or indirectly induce
the metabolic programs that enable AAM activation and effector functions during helminth

infection.
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2.1.2 AAM effector molecules enabling host defense against helminths

Chitinases and chitinase-like proteins - macrophage-derived initiators of type 2 immunity

Several studies have shown that AAM can produce large amounts of chitinases, such as acidic
mammalian chitinase (AMCase) and the chitinase-like proteins (CLPs) BRP-39, Chil3 (Ym1)
and Ym2 and that these proteins represent key macrophage effector molecules in type 2
immunity [47,60-62]. AMCase, which is induced in epithelial cells and macrophages in
response to IL-13 has been associated with allergic airway inflammation (AAIl) [63]. Inhibition
of AMCase during OVA-induced AAI attenuated Th2 mediated, eosinophilic allergic airway
inflammation, but lead to an enhanced pathological neutrophil response [64]. In contrast,
during helminth infection AMCase is not required for type 2 immunity in the lung, while it
contributes to the initiation of host defense against H. polygyrus and N. brasiliensis in the
intestine. This suggests a tissue-dependent role of AMCase in helminth infection [60].
Importantly, increased expression of AMCase has been demonstrated in PBMCs from patients
infected with intestinal parasites, suggesting that AMCase may represent a conserved
mechanism of anti-helminth immunity between mice and humans [65]. In addition to the
enzymatically active AMCase, murine AAMs express high levels of chitinase-like proteins
(CLPs), which lack enzymatic activities, but show biological function. Of note, despite being
amongst the most highly expressed molecules in murine AAMs and neutrophils [62], no human
orthologs have been found for the murine chitinase-like proteins Chil3 (encoded by chitinase
3) and Ym2 (encoded by chitinase 4). In contrast, BRP-39 has a genetic orthologue in humans
named YKL-40, which seems to exert similar effects as those described for Chil3 [61]. In
Schistosoma haematobium infected children, serum levels of YKL-40 are increased [66],
suggesting a role for this CLP in human helminth infection. In murine models, Chil3 has been
implicated in the recruitment of eosinophils [67], which contribute to parasite killing in some
helminth infections [26]. In addition to their roles in eosinophil recruitment, CLPs may promote
the IL-17A-mediated chemotaxis of neutrophils, thus driving early type 2 inflammation in the

lung of N. brasiliensis-infected mice [61,68]. The wide occurrence of chitinases and CLPs in
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mammals suggests that they represent a conserved mechanism of resistance to chitin-rich

pathogens.

Arginase-1 enables trapping of helminth larvae and limits aberrant Th2 activation

The activation of AAMs with anti-helminthic effector functions depends on the activation of
multiple metabolic pathways, including increased oxidative phosphorylation (OXPHOS), fatty
acid oxidation (FAOQ), lipolysis and glycolysis [54,69,70]. However, in addition to this general
bioenergetic reprogramming, specific enzymatic pathways are required for macrophage-
mediated host defense against helminth parasites. A prime example of an enzyme involved in
macrophage-dependent anti-helminth immunity is Arg1. Arg1 converts L-arginine to L-
ornithine, polyamines and urea. Indeed, L-ornithine and the polyamines spermidine, spermine
and putrescine were shown to directly limit the motility of H. polygyrus larvae in vitro [2]. This
suggests that release of Arg1 metabolites by macrophages directly reduces larval fithess and
helminth-driven tissue disruption at the site of infection. Furthermore, Arg1 activity -
presumably in intestinal macrophages - contributed to parasite expulsion during N. brasiliensis
infection by increasing smooth muscle constriction [29], however the exact metabolite
mediating this effect remains to be identified. In addition to their roles in host defense, Arg1
expressing macrophages exert important immune regulatory functions during infection with
helminth parasites. During infection with S. mansoni, a parasite that can cause severe type 2
immunopathology, macrophage Arg1 activity limits inflammation and fibrosis by depleting
Arginine from CD4" T-cells. In contrast to murine AAMs, human monocyte derived AAMs
express low levels of Arg1 [71] and inhibition of Arg1 did not affect the immobilization of
Ascaris suum larvae by human macrophages [6]. Thus, control of human helminth parasites

appears to be largely independent of macrophage-derived Arg1.

Resistin like protein alpha (RELMa) — a pleiotropic requlator of host defense and type 2

immunopathology
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Resistin like molecules (RELMs) represent hallmark IL-4-induced genes [72], but their
functions in macrophage-mediated anti-helminth immunity have only partially been elucidated.
RELMs (resistin, RELMa, RELMB and RELMy) are a family of cysteine-rich proteins secreted
by many effector cells ranging from macrophages, dendritic cells and eosinophils to
specialized epithelial cells. During helminth infection, RELMa expression in macrophages is
induced in an IL-4Ra. and STAT6 dependent manner [72] and RELMa-expressing AAMs
contribute to host defense against challenge infection with N. brasiliensis [7]. However, while
macrophage-expressed RELMa appeared to promote larval trapping in the skin [7], RELMa
deficient lung macrophages exhibited an enhanced capacity to trap N. brasiliensis larvae in
vitro [73]. This may suggest that the function of RELMa-expressing macrophages depends
on the tissue microenvironment and the developmental stage of the parasite. While the exact
roles of RELMa in parasite trapping and killing remain to be resolved, immune regulatory
functions of RELMa-expressing AAMs are relatively well-understood and appear to be
conserved between different parasite species. Thus, mice with a global deficiency in RELMa
exhibit exaggerated Th2-cytokine responses and consequently develop liver, intestinal and
lung pathology after S. mansoni or N. brasiliensis infection [14,15,74]. In contrast, transgenic
mice expressing human resistin developed increased airway inflammation and exhibited
increased egg and worm burdens during infection with N. brasiliensis. Furthermore, in humans
infected with STHs or filarial nematodes, resistin levels correlated positively with parasite
burden [75]. In combination with recently reported antibacterial activities of RELMa [76] this
may suggest that the upregulation of resistin during helminth infection modulates immune
responses in order to prepare for possible co-infections that are common in real-life settings

[77].

Taken together, previous studies have revealed an elementary role for macrophage effector
molecules in mediating protective immunity against helminths; however, the molecular
mechanisms underlying macrophage-mediated parasite trapping, killing and expulsion are

only beginning to be understood. Taking the differences in AAM activation programs in
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humans and mice into account, future studies should close the current gap in our

understanding of macrophage-mediated host defense in human helminth infection.

2.2 Mechanisms and functions of AAM-mediated repair of helminth-induced damage

Induction of tissue reparative macrophages during helminth infection

Migration of parasites trough epithelial barriers and multiple organs can cause tissue
disruption and thus hemorrhage or translocation of microbiota. Therefore, the rapid and
efficient induction of repair mechanisms is essential to prevent inflammation, loss of tissue
function and bacterial dissemination. Indeed, several of the AAM effector molecules involved
in trapping and killing of helminth parasites (see 2.1) also play essential roles in tissue repair.
In addition, macrophages release a variety of growth factors (e.g. platelet-derived growth
factor (PDGF), vascular endothelial growth factor (VEGF), insulin-like growth factor 1 (IGF-1))
that promote the recruitment, proliferation and activation of fibroblasts and endothelial cells,

thus facilitating repair of helminth-induced tissue damage [78].

To enable tissue repair following Nippostrongylus or Taenia infection, macrophages undergo
a switch from a pro-inflammatory (M1-like) to an anti-inflammatory AAM state [79,80]. This is
exemplified by the IL-4Ra-dependent induction of IGF-1-, Arg1-, metalloproteinase 13-
(Mmp13) and IL-10-expressing macrophages that were essential for controlling lung damage
during N. brasiliensis infection [8]. While in line with reprogramming of wound macrophages
following skin wounding [12], such plastic temporal adaptations of macrophage polarization

have not been described for other helminthiases.

In addition to IL-4 (or IL-13) produced by recruited type 2 activated lymphocytes or basophils,
local tissue-derived signals may govern reparative functions of macrophages during helminth
infection. In the lung, SP-A derived from type Il pneumocytes promoted AAM polarization and
proliferation, resulting in the control of N. brasiliensis-induced inflammation, hemorrhage and

tissue damage [9]. In particular, lung-derived SP-A enhanced the induction of the AAM effector

13
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molecules RELMa and Chil3, which have both been implicated in the regulation of helminth-
induced inflammation and damage. Indeed, a significant amount of the damage found in
helminth-infected tissues can be attributed to the pro-inflammatory and tissue-disruptive
functions of infiltrating granulocytes. Thus, immune regulatory and anti-inflammatory effects
of AAM effector molecules are likely integral to their regenerative capacities in helminth

infection.

The functions of key AAM effector molecules in repairing helminth-induced tissue damage are

summarized below.

Chil3 as a mediator of lung repair during helminth infection

Several studies support a role for Chil3 in regulating tissue damage and repair during N.
brasiliensis infection [8,61,68], particularly at later time points following lung migration of N.
brasiliensis [81]. In keeping with these studies, the activation of Chil3, Arg1 and RELMa-
expressing AAMs correlated with lung repair in mice infected with Toxocara canis [82].
Although the Chil3-mediated induction of RELMa in epithelial cells has been implicated in
these reparative effects [81], the mechanisms underlying Chil3-induced repair during helminth

infection remain to be fully elucidated.

RELMa — a pleiotropic mediator of tissue repair and fibrosis

Besides its roles in helminth trapping, AAM-derived RELMa has been implicated in wound
healing responses based on its capacity to induce lysyl hydroxylase 2 in fibroblasts and thus
crosslinking of collagen fibrils [11]. In addition, while promoting rapid and homeostatic tissue
repair following nematode infection [7], RELMa negatively regulates type 2 immunopathology
and liver fibrosis triggered by S. mansoni eggs [14,15], further supporting its role as a key
regulator of tissue repair and remodeling during helminth infection. However, the precise roles
and molecular mechanisms of RELMa-mediated repair in different settings of helminth-

induced tissue damage remain to be investigated.
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Tissue reparative functions of Arg1

In addition to RELMa and Chil3, both Arg1 and IGF-1 were reported to contribute to the
prevention of hemorrhage and inflammation in the lung of N. brasiliensis infected mice [8]. As
discussed above, Arg1 converts arginine into ornithine which in turn can be converted into
proline and hydroxyproline, essential building blocks for collagen synthesis [78,83]. Similar to
RELMoa.,, AAM- specific expression of Arg1 functions as an inhibitor of inflammation and fibrosis

following infection with S. mansoni [13].

Thus, key AAM effector molecules have likely evolved to both prevent and repair parasite-
induced tissue damage by enabling larval trapping, reducing helminth fithess and stimulating

collagen synthesis while simultaneously preventing aberrant fibrotic remodeling.

Macrophage-derived chemokines as mediators of intestinal repair

While hallmark IL-4-induced AAM effector molecules such as RELMa, Ym-1 and Arg1 appear
to be particularly important for tissue repair during a rapid (full-blown) type 2 immune response
such as during infection with N. brasiliensis, alternative mechanisms may contribute to repair
in distinct settings of helminth infection. For example, macrophages activated by immune
complexes during challenge infection with H. polygyrus upregulate CXCR2 ligands (CXCL2/3)
that attract alpha smooth muscle actin (aSMA)-expressing myofibroblasts, thus promoting
intestinal repair [44]. A similar CXCR2-dependent repair mechanisms could be confirmed in
a human model of scratch wound closure, in which supernatant of helminth/ immune complex-
stimulated human macrophages accelerated myofibroblast migration [44]. Future studies
should thus investigate how chemokines that are typically associated with type 2 immune
responses (e.g. CCL17, CCL24) may affect macrophage-driven repair or fibrotic remodeling

during helminth infection.

Pathological consequences of AAM repair functions
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While the formation of AAM-rich granulomas likely contributes to helminth trapping and to
restoring tissue architecture following parasite-induced damage [14,15,41,84], they may also
cause liver fibrosis and subsequent portal hypertension or even death, e.g. in hosts chronically
infected with S. mansoni [85]. In addition, AAMs expressing high levels of MMP-12 have been
associated with the development of emphysema following infection with N. brasiliensis [86],
suggesting dual roles for AAMs in damage and repair even during infection with the same
parasite. As the aberrant activation of AAMs can lead to loss of tissue integrity, fibrosis and

impaired organ function, effector mechanisms of AAM must be tightly regulated.

3. Regulation of macrophage effector functions in type 2 immunity

As discussed above, macrophages exhibit potent effector functions that allow them to restrict
parasite burdens and tissue damage during infection with helminth parasites (Figure 1). To
ensure proper control of these functions and avoid pathology, a number of host-derived
regulatory factors are induced during helminth infection (Table 1). In turn, helminths have
developed a multitude of molecular tools to hijack these immune regulatory mechanisms and

evade host immunity (Table 1, Figure 2).

3.1 Macrophage-intrinsic regulation of anti-helminthic effector functions

Innate sensing pathways as negative requlators of AAM functions

While some helminth molecules induce type 2 cytokines and AAM effector functions, innate
sensing pathways that are typically associated with bacterial or viral infection often counter-
regulate AAM activation. This includes TLRs and C-type lectin receptors, which mediate the
induction of multiple type 2 suppressive mediators (e.g. IL-10, TGFpB, PGE,, IL-12, IL-1B)

during helminth infection or during treatment with helminth molecules (see below) [87-90].

16



413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

A recent study further identified the NLRP3 inflammasome, typically associated with M1
polarization, as a negative regulator of neutrophil recruitment and anti-helminthic immunity
during N. brasiliensis infection. NLRP3 deficient mice exhibited enhanced host defense
against the lung stage of N. brasiliensis, suggesting that inflammasome activation may
represent a macrophage-intrinsic mechanism that restricts type 2 immunity [91]. However,
the signaling and mediator pathways underlying the NLRP3-mediated regulation of AAM
effector functions remain to be defined. In addition, it will be important to define effects of PRR-
driven activation by bacteria or viruses on macrophage host defense and repair functions

during helminth infection.

Kinase pathways mediating immune requlatory effects in macrophages

Once macrophages have sensed external cues via a multitude of pattern recognition- and
cytokine receptors, these signals are integrated via an intricate network of intracellular
signaling pathways. These include MAP kinases (e.g. p38) and ERK, that have broad
implications in macrophage activation, host defense and immune regulation in diverse settings
of infection and inflammation. In the context of helminth infection, p38 and ERK appear to

participate in the modulation of type 2 immunity and immune evasion [16,89,92] .

P21-activated kinase 1 (PAK1), which is activated downstream of AMPK signaling in
macrophages [93], is another pleiotropic kinase that has been implicated in inflammation.
PAK1 was shown to trigger the activation of inflammatory macrophages, thus inducing IL-6-
dependent Ty17 differentiation and liver pathology in Schistosoma japonicum infection [94].
PAK1 also downregulated Arg7 expression, suggesting a suppressive effect on AAM

activation and type 2 immunity.

A better definition of the specific kinase pathways that regulate macrophage activation and
function in type 2 immunity may identify amenable drug targets as multiple approved kinase

inhibitors are in clinical use.
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Immune requlatory functions of macrophage-derived IL-10 in helminth infection

IL-10 is the prototypic IL-10 family cytokine and IL-10 expression in macrophages is induced
upon PRR ligation (TLR2, 3, 4, 9, dectin-1, DC-SIGN) by activation of ERK and p38 and
transcription factors C/EBPB and NFkb, among others (reviewed by Ouyang and O’Garra
[95]). During helminth infection, IL-10 is a widely studied mediator of parasite-induced

tolerance.

Notably, IL-10 antagonizes the proinflammatory metabolic activation of macrophages via
inhibition of glycolysis to the advantage of oxidative phosphorylation and by upregulating an
inhibitor of mMTOR signaling, DDIT4, and inducing autophagy [96]. However, whether IL-10-
induced metabolic reprogramming may similarly affect AAM activation and functions during
helminth infection remains to be investigated. While IL-13-induced alternative activation is
lost upon IL-10 exposure [97], in vitro stimulation of IL-4-induced AAM with IL-10 rather
enhanced type 2-inflammatory functions such as eosinophil chemotaxis [98]. Furthermore, IL-
10 shifts splenic AAM towards a regulatory phenotype in Brugia malayi-infected mice over
time [99], while peritoneal macrophages require IL-10 exposure to upregulate AAM markers
Mrec1 and Chil3/3 upon Schistosome egg exposure [100], suggesting that IL-10 has complex

effects on AAM functions, which still need to be fully resolved.

In addition to regulating inflammatory effector functions of macrophages, IL-10 acts as an
autocrine mediator of repair in the lungs and livers of helminth-infected mice [8,101]. The
reparative roles of IL-10-producing and IL-10-stimulated macrophages may translate to
human settings of helminth infection as IL-10 stimulated human macrophages (also termed
“M2c”) upregulate multiple genes related to extracellular matrix remodeling, angiogenesis,

blood clotting and phagocytosis, which are integral to tissue repair [102].

Given the conserved anti-inflammatory and reparative roles of IL-10 in helminth infection, it is
not surprising that IL-10 represents a key immune regulatory mechanism employed by

helminth parasites. Indeed, a multitude of helminth molecules induce IL-10 production in
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different subsets of immune cells (Tregs, Bregs, dendritic cells (DCs) and macrophages)
[16,20,87,103—-107] (see also 3.2). Of particular importance, helminth products have recently
been shown to induce a persistent anti-inflammatory epigenetic imprint, resulting in increased
macrophage IL-10 responses and suppression of auto-immunity [107]. It will be important to
further decipher the complex roles of IL-10 in helminth-induced immune regulation and innate
immune training and determine its contribution to macrophage-dependent tissue repair and

immune evasion during helminth infection.

Requlatory roles of macrophage-derived prostaglandin E. in type 2 immunity

Bioactive metabolites of arachidonic acid (eicosanoids), are upregulated in tissues as well as
in macrophages of helminth-infected mice [50,108,109]. This includes the cyclooxygenase
(COX)-derived mediator prostaglandin (PG)E2, which is upregulated in macrophages from
humans infected with Onchocerca volvulus, [110] or from mice infected with B. malayi [50]. In
addition to (helminth-) activated macrophages and epithelial cells, certain helminth parasites
themselves can produce PGE> [111]. Thus, during helminth infection in vivo, host cell- and
parasite-derived PGE; will likely act in concert to regulate inflammation, host defense and
repair. Indeed, helminth-induced PGE. produced by macrophages and DCs acts as a
regulator of type 2 immune responses both during helminth infection and in allergic airway
inflammation [16,112]. PGE; production is also necessary for AAM-mediated protection from
colitis following Taenia crassiceps infection in mice [113]. In addition, PGE, has been
implicated in immune evasion and liver fibrosis during infection with S. mansoni and S.
Japonicum [114,115]. While immunosuppressive effects of PGE: during helminth infection are
largely in line with findings in allergy, viral infection and cancer (for review see [116]), its effects
on helminth-induced fibrosis remain controversial as PGE: is usually considered as a potent
anti-fibrotic mediator [117]. However discrepant findings related to PGE>-mediated effects
may be explained by the existence of four different PGE; receptors (EP1-4) [116], which trigger
distinct downstream signaling events. Thus, depending on the EP receptor profiles of

individual cell types and tissues, PGE; can have diverse effects. For example, while EP2 and
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EP4 signaling suppresses inflammation in diverse models of airway disease [118], EP4 drives
joint inflammation [119]. In contrast, EP1 and EP3-signaling are predominantly involved in the

induction of pain or fever, e.g. during systemic inflammation [120].

However, the PGE; receptors mediating helminth-induced immunosuppression and immune
evasion remain to be defined. In addition, it will be important to decipher the roles of PGE; and
other macrophage-derived COX metabolites (e.g. thromboxane, 12-HHT) in host defense,
tissue repair and immune regulation during helminth infection, e.g. by studying mice with a

myeloid deletion of individual prostanoid receptors.

Type 2 suppressive effects of pro-inflammatory cytokines

In addition to IL-10 and PGE;, which exert broadly immunosuppressive effects during
infection, the PRR-mediated activation of macrophages triggers the induction of type-1
associated mediators, which can have suppressive effects on AAM activation. The TLR-driven
induction of IL-12 in macrophages and DCs promotes Tu1 differentiation and IFNy production
in T cells, thus reducing type 2 immune responses [121]. In a model of H. polygyrus/
Plasmodium-co-infection, a Plasmodium-induced switch from Tn2 to Tu1 led to IL-12 secretion
which antagonized antiparasitic immunity and AAM activation [122]. While early infection with
some species (e.g. Taenia, Schistosoma) may result in the activation of classically activated,
IL-12 producing macrophages, pro-longed or chronic helminth infection elicits alternatively
activated macrophages [123]. The efficient induction of a Tu2 response and subsequent
parasite clearance indeed requires the downregulation of macrophage-intrinsic IL-12
production, e.g. during infection with Trichuris muris [124]. The type 2 suppressive potential of
IL-12 is also harnessed by helminth parasites, which induce IL-12 production by macrophages
or DCs to evade host immunity (see below). Together this suggests a key role for IL-12 in

limiting AAM activation and functions during helminth infection.
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Further macrophage-derived pro-inflammatory cytokines with suppressive effects on type 2
immunity include IL-6 and IL-1p [125,126], although mast cell-derived IL-6 has been implicated
in AAM activation by upregulating IL4Ra on macrophages [127]. Surprisingly, TNFa has been
described to promote anti-helminth immunity [128] despite suppressive effects on AAM
differentiation [129]. Thus, future studies should clarify macrophage-intrinsic roles of key pro-
inflammatory cytokines in different settings of helminth infection and helminth-driven immune

regulation in inflammatory disease models.

Epigenetic reprogramming of macrophages in type 2 immunity

In addition to the acute regulation of macrophage activation during helminth infection, recent
studies have highlighted potential anti-inflammatory long-term effects of helminth-induced
macrophage reprogramming. Strikingly, subcutaneous treatment of mice with Fasciola
hepatica excretory-secretory products leads to long-term (>1.5 years) anti-inflammatory
reprogramming of hematopoietic precursors which commit to differentiation into
hyporesponsive, anti-inflammatory monocytes by mTOR-mediated metabolic and epigenetic
imprinting [130]. The F. hepatica-induced anti-inflammatory imprinting in monocytes enabled
protection from autoimmune encephalitis, an experimental model of multiple sclerosis, which
could be transferred to naive animals by adoptive transfer of HSC from F. hepatica extract-
treated mice. Similarly, S. mansoni infection of mice induces metabolically reprogrammed
macrophages which are hyporesponsive to LPS stimulation and can protect Apoe™ mice from
high fat-diet (HFD)-induced metabolic disease [131]. The effect of reprogrammed
macrophages was communicable via adoptive bone marrow transfer and lasted for 10 weeks.
Interestingly, the protective effect was not recapitulated by IL-4 complex injection, indicating
that additional factors beyond stereotypical type 2 activation confer helminth-induced anti-
inflammatory myeloid reprogramming. A similar myeloid reprogramming may occur in humans
as patients previously infected with Necator americanus developed monocytosis and exhibited

increased CD206 and IL-10 expression in monocytes [132].
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Thus, helminth infection may have profound effects on hematopoiesis, which can be long-
lasting as anti-inflammatory reprogramming may extend to macrophage progenitors. In
addition to having central effects on bone marrow (BM) progenitors, helminth infection may
impact on resident macrophage populations, which can self-renew, particularly in settings of
type 2 immunity [25,133]. As different types of infections elicit distinct types of macrophage
pools consisting of resident and/ or recruited populations [31], the functional capacities of BM-
derived vs. resident macrophages will differ depending on the pathogen(s) and the associated
immune response. In addition to macrophage origin, the site and duration of helminth infection
will determine macrophage reprogramming and its functional consequences [31]. Thus,
epigenetic reprogramming of BM-derived, recruited and resident proliferating macrophages
may result in diverse, persistent alterations of macrophage effector functions, particularly

following chronic helminth infection.

The exact epigenetic mechanisms and associated chromatin landscapes underlying helminth-
induced regulatory macrophage reprogramming remain to be defined. Histone demethylase
JMJD3 (KDM6B), implicated in macrophage differentiation, mediates AAM activation during
N. brasiliensis infection by removing methyl groups from H2K27, thus enabling expression of
AAM-related genes during helminth infection [134]. Of note, the contribution of individual
histone modifications to AAM gene expression may differ depending on the mouse strain and
the specific locus, exemplified by IL-4-triggered H3K27ac at enhancer regions of AAM genes
(e.g. Arg1, Mmp12) [135]. Another study implicated HDAC3 in the negative regulation of AAM
polarization [136], supporting a central role for H3K27 modifications in macrophage

polarization and functions during helminth infection.

Given the potent immune regulatory, reparative and anti-helminthic capacities of
macrophages, it will be important to decipher the mechanisms and consequences of long-term
helminth-induced epigenetic reprogramming, e.g. in the context of inflammatory disease or

susceptibility to subsequent infections with distinct pathogens.
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3.2 Regulation of macrophage effector functions by parasite molecules

To survive and thrive within the host organism, parasites have evolved a variety of successful
strategies to modulate the host immune response [19]. Chronic helminth infection frequently
results in clinically silent disease, but enhanced susceptibility to other infections and blunted
vaccine responses [137,138]. While many studies have identified immunosuppressive effects
of helminth infection, infections with some helminths can enhance anti-viral immunity or
exacerbate chronic inflammation, e.g. in asthma [139,140]. Thus, helminth infections are not
per se immunosuppressive and it is of utmost importance to identify the individual
immunomodulatory molecules in order to utilise their therapeutic potential in different settings

of infection and inflammation.

Several helminthic immunomodulatory molecules have been isolated and purified, some of
which are homologues of human signaling factors, while others are unrelated to human
molecules in regard to sequence or function. Macrophages and DCs are major targets of
helminthic immunomodulators and commonly mediate suppressive effects on type 2 immunity
[18,141]. In addition to soluble factors, helminth parasites release extracellular vesicles
containing immune regulatory miRNAs, which efficiently target macrophages potentially due

to the phagocytic potential of these cells.

Helminth-derived extracellular vesicles carrying immune regulatory miRNAs

Exosomes are small (30-100 nm) membrane-enclosed structures that shuttle sensitive cargo
such as proteins, metabolites or microRNAs (miRNA) between cells. Helminths release a
mixture of exosomes and microvesicles (EMVs) which can be taken up by host cells, including
epithelial cells and macrophages and function as means of communication [18,142,143]. In
particular, exosome-delivered helminthic miRNAs modify host cell gene expression by
targeting mRNAs involved in antiparasitic and proinflammatory actions. F. hepatica larvae-

derived miRNA fhe-miR-125b was identified to target and inhibit Traf in murine macrophages
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and thereby downregulate macrophage classical activation [144]. Based on their stability and
long-range actions helminth-derived exosomes may be particularly well suited to create an
environment permissive to infection, e.g. by modulating the early proinflammatory response
of macrophages towards the parasite. Macrophage classical activation is also suppressed by
Taenia pisiformis exosomes, which deliver miRNA let7-5p to inhibit macrophage Cebpd
mMRNA and thus reduce /12 and Nos2 gene expression [145]. Interestingly, exosomes
containing M1-suppressive miRNA were derived from cysticerci of T. pisiformis, suggesting
that it is indeed advantageous for early parasite stages to target classical activation of
macrophages. Correspondingly, suppression of classical proinflammatory mediators Nos2
and Tnf by exosomes from adult S. japonicum was described [146], although the mechanism
remains to be defined. Similarly, deactivation of AAM and reduction of IL-10 is mediated by
adult H. polygyrus-derived exosomes [18]. The specific cargo and immune regulatory effects
of exosomes from different parasite stages likely reflect the specific conditions that these

stages require in order to thrive in different tissues and settings of immune attack.

Cystatins interfere with antigen processing and induce IL-10 production in macrophages

Cystatins are cysteine protease inhibitors which have been described as immunomodulatory
molecules from multiple parasites, including A. viteae, S. japonicum, B. malayi, A.
lumbricoides and T. spiralis [104,147-151]. Cystatins appear to modulate multiple
macrophage effector functions, thus regulating host immunity and inflammation in

experimental models of allergic airway inflammation or colitis [20,152,153].

Similar to the role of endogenous human cystatins in antigen-presenting cells (APC) [154],
helminth-derived cystatins have been shown to interfere with APC functionality by inhibiting
invariant chain cleavage and antigen pre-processing prior to MHC Il complexation in
macrophages and dendritic cells [150,155]. To be effective in MHC Il regulation, parasitic
molecules must reach the endosomal pathway and it seems evolutionarily favorable to target
macrophages by harnessing their potent capacities for endocytosis. Uptake of cystatins was

indeed demonstrated for murine peritoneal macrophages in vivo and goat monocytes in vitro
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[17,156]. Moreover, cystatin-induced upregulation of IL-10 in macrophages is mediated by
MyD88 (via TLR2 and TLR4) [89] and computational modeling has suggested that cystatins
may bind to TLR4 [157]. This may suggest that TLR-signaling is likely involved in the cystatin-
triggered induction of IL-10 producing macrophages [17,103,147,151,158], which suppress

inflammation in experimental models of allergy and colitis [20].

In contrast to the well-defined effects of helminthic cystatins in inflammatory disease models,
their roles in macrophage-mediated host defense, repair and immune regulation during

helminth infection remain to be characterized.

TGF-B and MIF homologues — molecular mimicry of host immune requlators

Similar to the homologous function of helminthic cystatins in host immunomodulation,
parasites exhibit molecular mimicry of TGF-B, a potent immunosuppressive cytokine in both
humans and mice [159]. TGF-B mimics of H. polygyrus and F. hepatica act by inducing Tregs

and modulating macrophage responses [160-162].

Macrophage inhibitory factor (MIF), a pleiotropic cytokine with tissue- and cell-specific effects
in immunity, represents another example of helminthic molecular mimicry [163]. Host-derived
MIF contributes to protective immunity during H. polygyrus infection by inducing STAT3-
dependent alternative macrophage activation [164] and endogenous MIF provided control of
worm burdens in S. japonicum-infected mice [165]. Similar effects have been described for
helminth-derived MIF homologues (MIF-1 and -2), which promote the transcription of AAM
genes (Arg1, Retnla, Chil3) and synergized with endogenous MIF in inducing AAM activation

in vitro and in vivo [166,167].

Thus, helminth-derived immunomodulators that act as homologues of macrophage cytokines
can either suppress or promote AAM functions and type 2 immunity and it will be important to
determine whether different helminths employ specific or conserved molecular mimicry to

regulate macrophage functions according to their specific needs.
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Hpb glutamate dehydrogenase

The simultaneous induction of multiple immune regulatory factors such as IL-10 and PGE:
(3.1) and the suppression of type 2 inducing mediators can be expected to efficiently suppress
type 2 immune responses, thus enabling efficient parasite evasion. The enzyme glutamate
dehydrogenase (Hpb GDH), which has recently been identified as a major immune regulatory
component of Hpb L3 stage larvae, targets several key mechanisms of type 2 immunity [16].
While suppressing the production of leukotrienes (LTs), which play important roles in allergy
and helminth expulsion [168,169], Hpb GDH induces IL-10, PGEz and IL-13 production, thus
inducing a type 2 suppressive phenotype in both murine and human macrophages. When
administered to house dust mite-sensitized mice, recombinant Hpb GDH reduced allergic
airway inflammation (AAl), indicative of a type 2 suppressive potential in vivo [16]. However,
whether Hpb GDH predominantly exerts its immune regulatory functions by interfering with
macrophage metabolism or by activating surface receptors such as C-type lectins is currently
unclear. In addition, effects of Hpb GDH and related helminthic GDHs on host defense and

tissue repair during helminth infection remain to be investigated.

Neutralization of DAMPs and PAMPs

A broadly exploited mechanism of helminth-mediated host immunomodulation is neutralization
of danger signals related to tissue damage (DAMPs) or pathogen intrusion (PAMPSs). This is
exemplified by H. polygyrus secretion of HpARI which binds the epithelial alarmin IL-33, thus
either preventing IL-33 secretion or activation of the IL-33 receptor ST2 [170]. Due to a similar
structure as the human antimicrobial peptide LL-37, processed F.hepatica helminth defense
molecule 1 (FhHDM1) binds and deactivates LPS, thereby preventing TLR4 activation in
macrophages. In addition, FhHDM1 impairs antigen processing and presentation in
macrophages by inhibiting lysosomal acidification [171,172]. Similarly, A. vitea ES-62 was
reported to interfere with IL-33 and TLR4 signaling [173], which depended on the
phosphorylcholine moiety of the molecule [174]. TLR4 signaling is also targeted by F. hepatica

fatty acid binding protein Fh12, in part by downregulating the coreceptor CD14, thus
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dampening LPS-induced IL-1B and IL-12 production by macrophages [175]. In summary,
multiple helminth molecules have been shown to neutralize DAMPs and PAMPs in order to
modulate host immune responses and it will be important to further characterize the role of

macrophages in this immune regulatory strategy of helminths parasites.

Together, these studies highlight macrophages as prime targets and mediators of helminth-
induced immune regulation. The broad immune regulatory functions of macrophages during
helminth infection have likely evolved to prevent aberrant type 2 inflammation and fibrosis and
they rely on the unique plasticity, phagocytic capacity and broad expression of immune
regulatory molecules of macrophages. However, the mechanisms and functions of helminth-
driven macrophage regulation are incompletely understood, particularly in human settings,
thus limiting the therapeutic exploitation of this fascinating, evolutionary matured host-parasite

crosstalk.

Conclusions and future directions

A multitude of studies have shown key roles for macrophage effector- and regulatory functions
in helminth infection. However, most of the studies examining pathways involved in
macrophage-mediated host resistance and repair have been conducted in mice. In
comparison to commonly studied rodent models, anti-helminth immunity in humans often fails
or develops slower, potentially as a result of efficient immune evasion of human parasites.
Thus, it will be important to translate insights from mouse models into settings of human
helminth infection and to identify conserved mechanisms of macrophage-mediated chronicity,

host defense and repair.

While macrophages are key initiators of innate and adaptive immunity, e.g. by triggering the
recruitment and activation of granulocytes and T cells, they are also essential regulators of
inflammation and aberrant tissue remodeling during helminth infection. Future research should

thus define the heterogeneity underlying the functional diversity of macrophages in helminth
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infection. Such studies will benefit from recent single cell technologies and the availability of
new macrophage-specific deleters, which will help to determine the relative contribution of
individual macrophage subsets to host defense and immune regulation in type 2 immune

responses.

In addition to characterizing macrophage activation and heterogeneity by transcriptomic
approaches, macrophage reprogramming during and post helminth infection should be
defined by current metabolomic (LC-MS/MS-based) and epigenetic (ATACseq/ ChiIPseq)
analyses. This will provide important insights into the mechanisms and duration of
macrophage-mediated trained immunity in helminth infection, which remains poorly defined.
Studying long-term reprogramming of bone marrow (or monocyte)-derived and resident
macrophages from helminth infected mice and humans may also aid to predict and prevent
pathological responses to subsequent infectious or inflammatory insults. Given that monocyte
and macrophage epigenetic reprogramming has been implicated in chronic type 2 airway
inflammation [176] and the therapeutic effects of allergen specific immunotherapy [177], it will
be interesting to determine whether “trained type 2 immunity” is a common feature of

protective and pathological type 2 immune responses.

Ultimately, a better understanding of the mechanisms that govern macrophage functions in
host defense and tissue repair during helminth infection may guide the design of new anti-
helminthic treatments as well as of therapeutics targeting detrimental AAM functions in

asthma, fibrosis or cancer.

Figures and Tables
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Figure 1: Macrophage functions in helminth resistance and tissue repair.

Abbreviations: E¢ eosinophil, N¢ neutrophil granulocyte, M$¢ macrophage

29



epithelium v tissue injury

d{l'p'l”yl|||||II|I:}[’[|'\||,||I|U.lll|! ’|||I|:‘ "m.'.‘ '||w "Jl” "i'lI"““'h";lILE‘lJ. i : T:LI;‘ i I’l||""”L"?I'|||l'|.‘|r'ﬁ“.‘i M ‘,“h“ ||||[||?‘,I(l|" ‘EW‘ 'l‘{li‘l\lllﬂ'!" J"L.”h’ I""l‘“|ll»'l|"|' |,“||'
| |
OJOlOQhO< tjhooootpo
haing = =00

larvae

5 o

Oeeres O
@)

homologues

DAMP/PAMP
neutralizing moleculs
MIF
207

O from early stages )
\ L-ornithine

—
exosomes — + urea

from adults
Arg-1 hypusmatlon

frgmme @
+H0 ’ mltochondnal
% = respiration

o

31I1SVivd

SJd010Vd s31Nd3 10N
1SOH

apoptotic bodies
from tissue injury

731

732 Figure 2: Macrophage regulation by host factors and helminth molecules.

733  Abbreviations: M¢ macrophage, mPGES1 microsomal prostaglandin E synthase 1

734

735

736

737

738

739

740

30



741

742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789

References

(1]
(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

P.J. Murray, T.A. Wynn, Protective and pathogenic functions of macrophage subsets, Nat. Rev.
Immunol. 11 (2011) 723-737. https://doi.org/10.1038/nri3073.

J. Esser-von Bieren, |. Mosconi, R. Guiet, A. Piersgilli, B. Volpe, F. Chen, W.C. Gause, A. Seitz, J.S.
Verbeek, N.L. Harris, Antibodies trap tissue migrating helminth larvae and prevent tissue
damage by driving IL-4Ra-independent alternative differentiation of macrophages, PLoS
Pathog. 9 (2013) e1003771. https://doi.org/10.1371/journal.ppat.1003771.

F. Chen, W. Wu, A. Millman, J.F. Craft, E. Chen, N. Patel, J.L. Boucher, J.F. Urban, C.C. Kim, W.C.
Gause, Neutrophils prime a long-lived effector macrophage phenotype that mediates
accelerated helminth expulsion, Nat. Immunol. 15 (2014) 938-946.
https://doi.org/10.1038/ni.2984.

K. Obata-Ninomiya, K. Ishiwata, H. Tsutsui, Y. Nei, S. Yoshikawa, Y. Kawano, Y. Minegishi, N.
Ohta, N. Watanabe, H. Kanuka, H. Karasuyama, The skin is an important bulwark of acquired
immunity against intestinal helminths, J. Exp. Med. 210 (2013) 2583—2595.
https://doi.org/10.1084/jem.20130761.

T. Bouchery, R. Kyle, M. Camberis, A. Shepherd, K. Filbey, A. Smith, M. Harvie, G. Painter, K.
Johnston, P. Ferguson, R. Jain, B. Roediger, B. Delahunt, W. Weninger, E. Forbes-Blom, G. Le
Gros, ILC2s and T cells cooperate to ensure maintenance of M2 macrophages for lung
immunity against hookworms, Nat. Commun. 6 (2015) 6970.
https://doi.org/10.1038/ncomms7970.

G. Coakley, B. Volpe, T. Bouchery, K. Shah, A. Butler, P. Geldhof, M. Hatherill, W.G.C. Horsnell,
J. Esser-von Bieren, N.L. Harris, Immune serum-activated human macrophages coordinate with
eosinophils to immobilize Ascaris suum larvae, Parasite Immunol. 42 (2020) e12728.
https://doi.org/10.1111/pim.12728.

B. Krljanac, C. Schubart, R. Naumann, S. Wirtz, S. Culemann, G. Kronke, D. Voehringer, RELMa-
expressing macrophages protect against fatal lung damage and reduce parasite burden during
helminth infection, Sci. Immunol. 4 (2019). https://doi.org/10.1126/sciimmunol.aau3814.

F. Chen, Z. Liu, W. Wu, C. Rozo, S. Bowdridge, A. Millman, N. Van Rooijen, J.F. Urban, T.A.
Wynn, W.C. Gause, An essential role for TH2-type responses in limiting acute tissue damage
during experimental helminth infection, Nat. Med. 18 (2012) 260-266.
https://doi.org/10.1038/nm.2628.

C.M. Minutti, L.H. Jackson-Jones, B. Garcia-Fojeda, J.A. Knipper, T.E. Sutherland, N. Logan, E.
Ringqvist, R. Guillamat-Prats, D.A. Ferenbach, A. Artigas, C. Stamme, Z.C. Chroneos, D.M. Zaiss,
C. Casals, J.E. Allen, Local amplifiers of IL-4Ra-mediated macrophage activation promote repair
in lung and liver, Science. 356 (2017) 1076—1080. https://doi.org/10.1126/science.aaj2067.

L. Bosurgi, Y.G. Cao, M. Cabeza-Cabrerizo, A. Tucci, L.D. Hughes, Y. Kong, J.S. Weinstein, P.
Licona-Limon, E.T. Schmid, F. Pelorosso, N. Gagliani, J.E. Craft, R.A. Flavell, S. Ghosh, C.V.
Rothlin, Macrophage function in tissue repair and remodeling requires IL-4 or IL-13 with
apoptotic cells, Science. 356 (2017) 1072-1076. https://doi.org/10.1126/science.aai8132.

J.A. Knipper, S. Willenborg, J. Brinckmann, W. Bloch, T. Maal3, R. Wagener, T. Krieg, T.
Sutherland, A. Munitz, M.E. Rothenberg, A. Niehoff, R. Richardson, M. Hammerschmidt, J.E.
Allen, S.A. Eming, Interleukin-4 Receptor a Signaling in Myeloid Cells Controls Collagen Fibril
Assembly in Skin Repair, Immunity. 43 (2015) 803-816.
https://doi.org/10.1016/j.immuni.2015.09.005.

S. Willenborg, D.E. Sanin, A. Jais, X. Ding, T. Ulas, J. Niichel, M. Popovi¢, T. MacVicar, T. Langer,
J.L. Schultze, A. Gerbaulet, A. Roers, E.J. Pearce, J.C. Briining, A. Trifunovic, S.A. Eming,
Mitochondrial metabolism coordinates stage-specific repair processes in macrophages during
wound healing, Cell Metab. (2021) $1550-4131(21)00482—4.
https://doi.org/10.1016/j.cmet.2021.10.004.

31



790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

[21]

(22]

(23]

(24]

[25]

J.T. Pesce, T.R. Ramalingam, M.M. Mentink-Kane, M.S. Wilson, K.C. El Kasmi, A.M. Smith, R.W.
Thompson, A.W. Cheever, P.J. Murray, T.A. Wynn, Arginase-1-Expressing Macrophages
Suppress Th2 Cytokine—Driven Inflammation and Fibrosis, PLoS Pathog. 5 (2009) e1000371.
https://doi.org/10.1371/journal.ppat.1000371.

J.T. Pesce, T.R. Ramalingam, M.S. Wilson, M.M. Mentink-Kane, R.W. Thompson, A.W. Cheever,
J.F. Urban, T.A. Wynn, Retnla (Relma/Fizz1) Suppresses Helminth-Induced Th2-Type Immunity,
PLoS Pathog. 5 (2009) e1000393. https://doi.org/10.1371/journal.ppat.1000393.

M.G. Nair, Y. Du, J.G. Perrigoue, C. Zaph, J.J. Taylor, M. Goldschmidt, G.P. Swain, G.D.
Yancopoulos, D.M. Valenzuela, A. Murphy, M. Karow, S. Stevens, E.J. Pearce, D. Artis,
Alternatively activated macrophage-derived RELM-a is a negative regulator of type 2
inflammation in the lung, J. Exp. Med. 206 (2009) 937-952.
https://doi.org/10.1084/jem.20082048.

M. de Los Reyes Jiménez, A. Lechner, F. Alessandrini, S. Bohnacker, S. Schindela, A. Trompette,
P. Haimerl, D. Thomas, F. Henkel, A. Mourao, A. Geerlof, C.P. da Costa, A.M. Chaker, B. Briine,
R. Nusing, P.-J. Jakobsson, W.A. Nockher, M.J. Feige, M. Haslbeck, C. Ohnmacht, B.J. Marsland,
D. Voehringer, N.L. Harris, C.B. Schmidt-Weber, J. Esser-von Bieren, An anti-inflammatory
eicosanoid switch mediates the suppression of type-2 inflammation by helminth larval
products, Sci. Transl. Med. 12 (2020). https://doi.org/10.1126/scitransimed.aay0605.

C. Klotz, T. Ziegler, A.S. Figueiredo, S. Rausch, M.R. Hepworth, N. Obsivac, C. Sers, R. Lang, P.
Hammerstein, R. Lucius, S. Hartmann, A helminth immunomodulator exploits host signaling
events to regulate cytokine production in macrophages, PLoS Pathog. 7 (2011) e1001248.
https://doi.org/10.1371/journal.ppat.1001248.

G. Coakley, J.L. McCaskill, J.G. Borger, F. Simbari, E. Robertson, M. Millar, Y. Harcus, H.J.
McSorley, R.M. Maizels, A.H. Buck, Extracellular Vesicles from a Helminth Parasite Suppress
Macrophage Activation and Constitute an Effective Vaccine for Protective Immunity, Cell Rep.
19 (2017) 1545-1557. https://doi.org/10.1016/j.celrep.2017.05.001.

R.M. Maizels, H.H. Smits, H.J. McSorley, Modulation of Host Immunity by Helminths: The
Expanding Repertoire of Parasite Effector Molecules, Immunity. 49 (2018) 801-818.
https://doi.org/10.1016/j.immuni.2018.10.016.

C. Schnoeller, S. Rausch, S. Pillai, A. Avagyan, B.M. Wittig, C. Loddenkemper, A. Hamann, E.
Hamelmann, R. Lucius, S. Hartmann, A helminth immunomodulator reduces allergic and
inflammatory responses by induction of IL-10-producing macrophages, J. Immunol. Baltim. Md
1950. 180 (2008) 4265—4272. https://doi.org/10.4049/jimmunol.180.6.4265.

F.O. Martinez, L. Helming, R. Milde, A. Varin, B.N. Melgert, C. Draijer, B. Thomas, M. Fabbri, A.
Crawshaw, L.P. Ho, N.H. Ten Hacken, V. Cobos Jiménez, N.A. Kootstra, J. Hamann, D.R. Greaves,
M. Locati, A. Mantovani, S. Gordon, Genetic programs expressed in resting and IL-4
alternatively activated mouse and human macrophages: similarities and differences, Blood.
121 (2013) e57-69. https://doi.org/10.1182/blood-2012-06-436212.

D.R. Herbert, M. Mohrs, B. Arendse, A. Schwegmann, M. Radwanska, M. Leeto, R. Kirsch, P.
Hall, H. Mossmann, Alternative Macrophage Activation Is Essential for Survival during
Schistosomiasis and Downmodulates T Helper 1 Responses and Immunopathology, (n.d.) 13.
J.F. Urban, N. Noben-Trauth, D.D. Donaldson, K.B. Madden, S.C. Morris, M. Collins, F.D.
Finkelman, IL-13, IL-4Ralpha, and Stat6 are required for the expulsion of the gastrointestinal
nematode parasite Nippostrongylus brasiliensis, Immunity. 8 (1998) 255-264.

R.M. Anthony, J.F. Urban, F. Alem, H.A. Hamed, C.T. Rozo, J.-L. Boucher, N. Van Rooijen, W.C.
Gause, Memory TH2 cells induce alternatively activated macrophages to mediate protection
against nematode parasites, Nat. Med. 12 (2006) 955-960. https://doi.org/10.1038/nm1451.
S.J. Jenkins, D. Ruckerl, P.C. Cook, L.H. Jones, F.D. Finkelman, N. van Rooijen, A.S. MacDonald,
J.E. Allen, Local Macrophage Proliferation, Rather than Recruitment from the Blood, Is a
Signature of TH2 Inflammation, Science. 332 (2011) 1284-1288.
https://doi.org/10.1126/science.1204351.

32



841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

J.D. Turner, N. Pionnier, J. Furlong-Silva, H. Sjoberg, S. Cross, A. Halliday, A.F. Guimaraes, D.A.N.
Cook, A. Steven, N. Van Rooijen, J.E. Allen, S.J. Jenkins, M.J. Taylor, Interleukin-4 activated
macrophages mediate immunity to filarial helminth infection by sustaining CCR3-dependent
eosinophilia, PLoS Pathog. 14 (2018) e1006949. https://doi.org/10.1371/journal.ppat.1006949.
M.G. Netea, J. Dominguez-Andrés, L.B. Barreiro, T. Chavakis, M. Divangahi, E. Fuchs, L.A.B.
Joosten, J.W.M. van der Meer, M.M. Mhlanga, W.J.M. Mulder, N.P. Riksen, A. Schlitzer, J.L.
Schultze, C. Stabell Benn, J.C. Sun, R.J. Xavier, E. Latz, Defining trained immunity and its role in
health and disease, Nat. Rev. Immunol. (2020). https://doi.org/10.1038/s41577-020-0285-6.
K. Oeser, C. Schwartz, D. Voehringer, Conditional IL-4/IL-13-deficient mice reveal a critical role
of innate immune cells for protective immunity against gastrointestinal helminths, Mucosal
Immunol. 8 (2015) 672—682. https://doi.org/10.1038/mi.2014.101.

A. Zhao, J.F. Urban, R.M. Anthony, R. Sun, J. Stiltz, N. van Rooijen, T.A. Wynn, W.C. Gause, T.
Shea-Donohue, Th2 Cytokine-Induced Alterations in Intestinal Smooth Muscle Function
Depend on Alternatively Activated Macrophages, Gastroenterology. 135 (2008) 217-225.e1.
https://doi.org/10.1053/j.gastro.2008.03.077.

U.M. Gundra, N.M. Girgis, D. Ruckerl, S. Jenkins, L.N. Ward, Z.D. Kurtz, K.E. Wiens, M.S. Tang,
U. Basu-Roy, A. Mansukhani, J.E. Allen, P. Loke, Alternatively activated macrophages derived
from monocytes and tissue macrophages are phenotypically and functionally distinct, Blood.
123 (2014) e110-122. https://doi.org/10.1182/blood-2013-08-520619.

D. Rickerl, S.M. Campbell, S. Duncan, T.E. Sutherland, S.J. Jenkins, J.P. Hewitson, T.A. Barr, L.H.
Jackson-Jones, R.M. Maizels, J.E. Allen, Macrophage origin limits functional plasticity in
helminth-bacterial co-infection, PLoS Pathog. 13 (2017) e1006233.
https://doi.org/10.1371/journal.ppat.1006233.

K.D. McCoy, M. Stoel, R. Stettler, P. Merky, K. Fink, B.M. Senn, C. Schaer, J. Massacand, B.
Odermatt, H.C. Oettgen, R.M. Zinkernagel, N.A. Bos, H. Hengartner, A.J. Macpherson, N.L.
Harris, Polyclonal and specific antibodies mediate protective immunity against enteric
helminth infection, Cell Host Microbe. 4 (2008) 362-373.
https://doi.org/10.1016/j.chom.2008.08.014.

N.M. Blackwell, K.J. Else, B cells and antibodies are required for resistance to the parasitic
gastrointestinal nematode Trichuris muris, Infect. Immun. 69 (2001) 3860—-3868.
https://doi.org/10.1128/IA1.69.6.3860-3868.2001.

D.S. Hansen, D.G. Clery, S.E. Estuningsih, S. Widjajanti, S. Partoutomo, T.W. Spithill, Immune
responses in Indonesian thin tail and Merino sheep during a primary infection with Fasciola
gigantica: lack of a specific IgG2 antibody response is associated with increased resistance to
infection in Indonesian sheep, Int. J. Parasitol. 29 (1999) 1027-1035.
https://doi.org/10.1016/s0020-7519(99)00038-7.

C. Escribano, A. Saravia, M. Costa, D. Castells, G. Ciappesoni, F. Riet-Correa, T. Freire,
Resistance to Haemonchus contortus in Corriedale sheep is associated to high parasite-specific
IgA titer and a systemic Th2 immune response, Sci. Rep. 9 (2019) 19579.
https://doi.org/10.1038/s41598-019-55447-6.

C. McSharry, Y. Xia, C.V. Holland, M.W. Kennedy, Natural Immunity to Ascaris lumbricoides
Associated with Immunoglobulin E Antibody to ABA-1 Allergen and Inflammation Indicators in
Children, Infect. Immun. 67 (1999) 484—489.

Q. Liu, T. Kreider, S. Bowdridge, Z. Liu, Y. Song, A.G. Gaydo, J.F. Urban, W.C. Gause, B cells have
distinct roles in host protection against different nematode parasites, J. Immunol. Baltim. Md
1950. 184 (2010) 5213-5223. https://doi.org/10.4049/jimmunol.0902879.

J. Esser-von Bieren, B. Volpe, M. Kulagin, D.B. Sutherland, R. Guiet, A. Seitz, B.J. Marsland, J.S.
Verbeek, N.L. Harris, Antibody-mediated trapping of helminth larvae requires CD11b and Fcy
receptor I, J. Immunol. Baltim. Md 1950. 194 (2015) 1154-1163.
https://doi.org/10.4049/jimmunol.1401645.

33



891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941

(39]

[40]

[41]

[42]

(43]

[44]

(45]

[46]

[47]

(48]

(49]

(50]

(51]

(52]

(53]

D. Voehringer, N. van Rooijen, R.M. Locksley, Eosinophils develop in distinct stages and are
recruited to peripheral sites by alternatively activated macrophages, J. Leukoc. Biol. 81 (2007)
1434-1444. https://doi.org/10.1189/jlb.1106686.

S. Bonne-Année, L.A. Kerepesi, J.A. Hess, A.E. O’Connell, J.B. Lok, T.J. Nolan, D. Abraham,
Human and Mouse Macrophages Collaborate with Neutrophils To Kill Larval Strongyloides
stercoralis, Infect. Immun. 81 (2013) 3346—3355. https://doi.org/10.1128/1A1.00625-13.

N.M. Girgis, U.M. Gundra, L.N. Ward, M. Cabrera, U. Frevert, P. Loke, Ly6Chigh Monocytes
Become Alternatively Activated Macrophages in Schistosome Granulomas with Help from CD4+
Cells, PLoS Pathog. 10 (2014) e1004080. https://doi.org/10.1371/journal.ppat.1004080.

A. Ariyaratne, C.A.M. Finney, Eosinophils and Macrophages within the Th2-Induced
Granuloma: Balancing Killing and Healing in a Tight Space, Infect. Immun. 87 (2019) e00127-19,
/iai/87/10/1A1.00127-19.atom. https://doi.org/10.1128/1A1.00127-19.

M. Nascimento, S.C. Huang, A. Smith, B. Everts, W. Lam, E. Bassity, E.L. Gautier, G.J. Randolph,
E.J. Pearce, Ly6Chi Monocyte Recruitment Is Responsible for Th2 Associated Host-Protective
Macrophage Accumulation in Liver Inflammation due to Schistosomiasis, PLoS Pathog. 10
(2014) e1004282. https://doi.org/10.1371/journal.ppat.1004282.

J. Esser-von Bieren, B. Volpe, D.B. Sutherland, J. Birgi, J.S. Verbeek, B.J. Marsland, J.F. Urban,
N.L. Harris, Immune antibodies and helminth products drive CXCR2-dependent macrophage-
myofibroblast crosstalk to promote intestinal repair, PLoS Pathog. 11 (2015) e1004778.
https://doi.org/10.1371/journal.ppat.1004778.

S. Thawer, J. Auret, C. Schnoeller, A. Chetty, K. Smith, M. Darby, L. Roberts, R.-M. Mackay, H.J.
Whitwell, J.F. Timms, J. Madsen, M.E. Selkirk, F. Brombacher, H.W. Clark, W.G.C. Horsnell,
Surfactant Protein-D Is Essential for Immunity to Helminth Infection, PLOS Pathog. 12 (2016)
€1005461. https://doi.org/10.1371/journal.ppat.1005461.

A. Vazquez, J. de Dios Ruiz-Rosado, L.I. Terrazas, |. Juarez, L. Gomez-Garcia, E. Calleja, G.
Camacho, A. Chavez, M. Romero, T. Rodriguez, B. Espinoza, M. Rodriguez-Sosa, Mouse
Macrophage Galactose-type Lectin (mMGL) is Critical for Host Resistance against Trypanosoma
cruzi Infection, Int. J. Biol. Sci. 10 (2014) 909-920. https://doi.org/10.7150/ijbs.9214.

T.A. Reese, H.-E. Liang, A.M. Tager, A.D. Luster, N. Van Rooijen, D. Voehringer, R.M. Locksley,
Chitin induces accumulation in tissue of innate immune cells associated with allergy, Nature.
447 (2007) 92-96. https://doi.org/10.1038/nature05746.

E.L. Mills, L.A. O’Neill, Reprogramming mitochondrial metabolism in macrophages as an anti-
inflammatory signal: HIGHLIGHTS, Eur. J. Immunol. 46 (2016) 13-21.
https://doi.org/10.1002/eji.201445427.

S.A. Eming, P.J. Murray, E.J. Pearce, Metabolic orchestration of the wound healing response,
Cell Metab. 33 (2021) 1726-1743. https://doi.org/10.1016/j.cmet.2021.07.017.

G.D. Thomas, D. Riickerl, B.H. Maskrey, P.D. Whitfield, M.L. Blaxter, J.E. Allen, The biology of
nematode- and IL4Ra-dependent murine macrophage polarization in vivo as defined by RNA-
Seq and targeted lipidomics, Blood. 120 (2012) e93—e104. https://doi.org/10.1182/blood-
2012-07-442640.

V.L. Nelson, H.C.B. Nguyen, J.C. Garcia-Canaveras, E.R. Briggs, W.Y. Ho, J.R. DiSpirito, J.M.
Marinis, D.A. Hill, M.A. Lazar, PPARYy is a nexus controlling alternative activation of
macrophages via glutamine metabolism, Genes Dev. 32 (2018) 1035-1044.
https://doi.org/10.1101/gad.312355.118.

A.K. Jha, S.C.-C. Huang, A. Sergushichev, V. Lampropoulou, Y. Ivanova, E. Loginicheva, K.
Chmielewski, K.M. Stewart, J. Ashall, B. Everts, E.J. Pearce, E.M. Driggers, M.N. Artyomov,
Network integration of parallel metabolic and transcriptional data reveals metabolic modules
that regulate macrophage polarization, Immunity. 42 (2015) 419-430.
https://doi.org/10.1016/j.immuni.2015.02.005.

P.-S. Liu, H. Wang, X. Li, T. Chao, T. Teav, S. Christen, G. Di Conza, W.-C. Cheng, C.-H. Chou, M.
Vavakova, C. Muret, K. Debackere, M. Mazzone, H.-D. Huang, S.-M. Fendt, J. lvanisevic, P.-C.

34



942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990

(54]

(55]

(56]

(57]

(58]

(59]

(60]

(61]

(62]

(63]

(64]

(65]

Ho, a-ketoglutarate orchestrates macrophage activation through metabolic and epigenetic
reprogramming, Nat. Immunol. 18 (2017) 985-994. https://doi.org/10.1038/ni.3796.

S.C.-C. Huang, A.M. Smith, B. Everts, M. Colonna, E.L. Pearce, J.D. Schilling, E.J. Pearce,
Metabolic Reprogramming Mediated by the mTORC2-IRF4 Signaling Axis Is Essential for
Macrophage Alternative Activation, Immunity. 45 (2016) 817-830.
https://doi.org/10.1016/j.immuni.2016.09.016.

F. Wang, S. Zhang, |. Vuckovic, R. Jeon, A. Lerman, C.D. Folmes, P.P. Dzeja, J. Herrmann,
Glycolytic Stimulation Is Not a Requirement for M2 Macrophage Differentiation, Cell Metab. 28
(2018) 463-475.€4. https://doi.org/10.1016/j.cmet.2018.08.012.

L.A.J. O’Neill, R.J. Kishton, J. Rathmell, A guide to immunometabolism for immunologists, Nat.
Rev. Immunol. 16 (2016) 553-565. https://doi.org/10.1038/nri.2016.70.

F.R. Svedberg, S.L. Brown, M.Z. Krauss, L. Campbell, C. Sharpe, M. Clausen, G.J. Howell, H.
Clark, J. Madsen, C.M. Evans, T.E. Sutherland, A.C. Ivens, D.J. Thornton, R.K. Grencis, T. Hussell,
D.M. Cunoosamy, P.C. Cook, A.S. MacDonald, The lung environment controls alveolar
macrophage metabolism and responsiveness in type 2 inflammation, Nat. Immunol. 20 (2019)
571-580. https://doi.org/10.1038/s41590-019-0352-y.

W. Nieves, L.-Y. Hung, T.K. Oniskey, L. Boon, M. Foretz, B. Viollet, D.R. Herbert, Myeloid-
Restricted AMPKal Promotes Host Immunity and Protects against 1L-12/23p40-Dependent
Lung Injury during Hookworm Infection, J. Immunol. Baltim. Md 1950. 196 (2016) 4632-4640.
https://doi.org/10.4049/jimmunol.1502218.

D.J. Puleston, M.D. Buck, R.I. Klein Geltink, R.L. Kyle, G. Caputa, D. O’Sullivan, A.M. Cameron, A.
Castoldi, Y. Musa, A.M. Kabat, Y. Zhang, L.J. Flachsmann, C.S. Field, A.E. Patterson, S. Scherer, F.
Alfei, F. Baixauli, S.K. Austin, B. Kelly, M. Matsushita, J.D. Curtis, K.M. Grzes, M. Villa, M.
Corrado, D.E. Sanin, J. Qiu, N. Pallman, K. Paz, M.E. Maccari, B.R. Blazar, G. Mittler, J.M.
Buescher, D. Zehn, S. Rospert, E.J. Pearce, S. Balabanov, E.L. Pearce, Polyamines and elF5A
Hypusination Modulate Mitochondrial Respiration and Macrophage Activation, Cell Metab. 30
(2019) 352-363.€8. https://doi.org/10.1016/j.cmet.2019.05.003.

K.M. Vannella, T.R. Ramalingam, K.M. Hart, R. de Queiroz Prado, J. Sciurba, L. Barron, L.A.
Borthwick, A.D. Smith, M. Mentink-Kane, S. White, R.W. Thompson, A.W. Cheever, K. Bock, I.
Moore, L.J. Fitz, J.F. Urban, T.A. Wynn, Acidic chitinase primes the protective immune response
to gastrointestinal nematodes, Nat. Immunol. 17 (2016) 538-544.
https://doi.org/10.1038/ni.3417.

T.E. Sutherland, N. Logan, D. Riickerl, A.A. Humbles, S.M. Allan, V. Papayannopoulos, B.
Stockinger, R.M. Maizels, J.E. Allen, Chitinase-like proteins promote IL-17-mediated
neutrophilia in a tradeoff between nematode killing and host damage, Nat. Immunol. 15 (2014)
1116-1125. https://doi.org/10.1038/ni.3023.

M.G. Nair, I.J. Gallagher, M.D. Taylor, P. Loke, P.S. Coulson, R.A. Wilson, R.M. Maizels, J.E. Allen,
Chitinase and Fizz Family Members Are a Generalized Feature of Nematode Infection with
Selective Upregulation of Ym1 and Fizz1 by Antigen-Presenting Cells, Infect. Immun. 73 (2005)
385-394. https://doi.org/10.1128/IA1.73.1.385-394.2005.

Z. Zhu, Acidic Mammalian Chitinase in Asthmatic Th2 Inflammation and IL-13 Pathway
Activation, Science. 304 (2004) 1678-1682. https://doi.org/10.1126/science.1095336.

T.E. Sutherland, O.A. Andersen, M. Betou, I.M. Eggleston, R.M. Maizels, D. van Aalten, J.E.
Allen, Analyzing Airway Inflammation with Chemical Biology: Dissection of Acidic Mammalian
Chitinase Function with a Selective Drug-like Inhibitor, Chem. Biol. 18 (2011) 569-579.
https://doi.org/10.1016/j.chembiol.2011.02.017.

M.A. Hasby Saad, M. Watany, M. Tomoum, D. EI-Mehy, M. Elsheikh, R. Sharshar, Acidic
mammalian chitinase tuning after enteric helminths eradication in inflammatory respiratory
disease patients, Parasite Immunol. 40 (2018) e12583. https://doi.org/10.1111/pim.12583.

35



991

992

993

994

995

996

997

998

999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040

(66]

(67]

(68]

(69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

L.J. Appleby, N. Nausch, C.D. Bourke, N. Rujeni, N. Midzi, T. Mduluza, J.E. Allen, F. Mutapi,
Chitinase 3-Like 1 Protein Levels Are Elevated in Schistosoma haematobium Infected Children,
PLoS Negl. Trop. Dis. 6 (2012) e1898. https://doi.org/10.1371/journal.pntd.0001898.

M. Owhashi, H. Arita, N. Hayai, Identification of a Novel Eosinophil Chemotactic Cytokine (ECF-
L) as a Chitinase Family Protein, J. Biol. Chem. 275 (2000) 1279-1286.
https://doi.org/10.1074/jbc.275.2.1279.

J. Ajendra, A.L. Chenery, J.E. Parkinson, B.H.K. Chan, S. Pearson, S.A.P. Colombo, L. Boon, R.K.
Grencis, T.E. Sutherland, J.E. Allen, IL-17A both initiates, via IFNy suppression, and limits the
pulmonary type-2 immune response to nematode infection, Mucosal Immunol. 13 (2020) 958—
968. https://doi.org/10.1038/s41385-020-0318-2.

D. Vats, L. Mukundan, J.I. Odegaard, L. Zhang, K.L. Smith, C.R. Morel, R.A. Wagner, D.R.
Greaves, P.J. Murray, A. Chawla, Oxidative metabolism and PGC-1beta attenuate macrophage-
mediated inflammation, Cell Metab. 4 (2006) 13-24.
https://doi.org/10.1016/j.cmet.2006.05.011.

S.C.-C. Huang, B. Everts, Y. Ivanova, D. O’Sullivan, M. Nascimento, A.M. Smith, W. Beatty, L.
Love-Gregory, W.Y. Lam, C.M. O’Neill, C. Yan, H. Du, N.A. Abumrad, J.F. Urban, M.N. Artyomov,
E.L. Pearce, E.J. Pearce, Cell-intrinsic lysosomal lipolysis is essential for alternative activation of
macrophages, Nat. Immunol. 15 (2014) 846—855. https://doi.org/10.1038/ni.2956.

G. Raes, R. Van den Bergh, P. De Baetselier, G.H. Ghassabeh, Arginase-1 and Ym1 Are Markers
for Murine, but Not Human, Alternatively Activated Myeloid Cells, J. Immunol. 174 (2005)
6561-6562. https://doi.org/10.4049/jimmunol.174.11.6561.

P. Loke, M.G. Nair, J. Parkinson, D. Guiliano, M. Blaxter, J.E. Allen, IL-4 dependent alternatively-
activated macrophages have a distinctive in vivo gene expression phenotype, BMC Immunol.
(2002) 11.

H.M. Batugedara, J. Li, G. Chen, D. Lu, J.J. Patel, J.C. Jang, K.C. Radecki, A.C. Burr, D.D. Lo, A.R.
Dillman, M.G. Nair, Hematopoietic cell-derived RELMa regulates hookworm immunity through
effects on macrophages, J. Leukoc. Biol. 104 (2018) 855-869.
https://doi.org/10.1002/JLB.4A0917-369RR.

G. Chen, S.H. Wang, J.C. Jang, J.I. Odegaard, M.G. Nair, Comparison of RELMa and RELMf3
Single- and Double-Gene-Deficient Mice Reveals that RELMa Expression Dictates Inflammation
and Worm Expulsion in Hookworm Infection, Infect. Immun. 84 (2016) 1100-1111.
https://doi.org/10.1128/IA1.01479-15.

J.C. Jang, G. Chen, S.H. Wang, M.A. Barnes, J.I. Chung, M. Camberis, G. Le Gros, P.J. Cooper, C.
Steel, T.B. Nutman, M.A. Lazar, M.G. Nair, Macrophage-Derived Human Resistin Is Induced in
Multiple Helminth Infections and Promotes Inflammatory Monocytes and Increased Parasite
Burden, PLoS Pathog. 11 (2015) e1004579. https://doi.org/10.1371/journal.ppat.1004579.
T.A. Harris, S. Gattu, D.C. Propheter, Z. Kuang, S. Bel, K.A. Ruhn, A.L. Chara, M. Edwards, C.
Zhang, J.-H. Jo, P. Raj, C.C. Zouboulis, H.H. Kong, J.A. Segre, L.V. Hooper, Resistin-like Molecule
o Provides Vitamin-A-Dependent Antimicrobial Protection in the Skin, Cell Host Microbe. 25
(2019) 777-788.€8. https://doi.org/10.1016/j.chom.2019.04.004.

Y. Li, Q. Yang, D. Cai, H. Guo, J. Fang, H. Cui, L. Gou, J. Deng, Z. Wang, Z. Zuo, Resistin, a Novel
Host Defense Peptide of Innate Immunity, Front. Immunol. 12 (2021) 699807.
https://doi.org/10.3389/fimmu.2021.699807.

C.M. Minutti, J.A. Knipper, J.E. Allen, D.M.W. Zaiss, Tissue-specific contribution of macrophages
to wound healing, Semin. Cell Dev. Biol. 61 (2017) 3—-11.
https://doi.org/10.1016/j.semcdb.2016.08.006.

M.R. Spalinger, M. Crawford, S.D. Bobardst, J. Li, A. Sayoc-Becerra, A.N. Santos, A. Shawki, P.
Chatterjee, M.G. Nair, D.F. McCole, Loss of protein tyrosine phosphatase non-receptor type 2
reduces IL-4-driven alternative macrophage activation, Mucosal Immunol. (2021).
https://doi.org/10.1038/s41385-021-00441-3.

36



1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

(90]

[91]

[92]

(93]

V.T. Vega-Angeles, L.I. Terrazas, Y. Ledesma-Soto, L. Jiménez, A. Landa, Taenia solium
glutathione transferase fraction activates macrophages and favors the development of Th1-
type response, Biosci. Rep. 39 (2019) BSR20181132. https://doi.org/10.1042/BSR20181132.
T.E. Sutherland, D. Riickerl, N. Logan, S. Duncan, T.A. Wynn, J.E. Allen, Ym1 induces RELMa and
rescues IL-4Ra deficiency in lung repair during nematode infection, PLOS Pathog. 14 (2018)
€1007423. https://doi.org/10.1371/journal.ppat.1007423.

B. Faz-Lopez, H. Mayoral-Reyes, R. Hernandez-Pando, P. Martinez-Labat, D.M. McKay, I.
Medina-Andrade, J.E. Olguin, L.I. Terrazas, A Dual Role for Macrophages in Modulating Lung
Tissue Damage/Repair during L2 Toxocara canis Infection, Pathog. Basel Switz. 8 (2019) E280.
https://doi.org/10.3390/pathogens8040280.

S.M. Morris, Arginine Metabolism: Boundaries of Our Knowledge, J. Nutr. 137 (2007) 1602S-
1609S. https://doi.org/10.1093/jn/137.6.1602S.

U.M. Gundra, N.M. Girgis, M.A. Gonzalez, M. San Tang, H.J.P. Van Der Zande, J.-D. Lin, M.
Ouimet, L.J. Ma, J. Poles, N. Vozhilla, E.A. Fisher, K.J. Moore, P. Loke, Vitamin A mediates
conversion of monocyte-derived macrophages into tissue-resident macrophages during
alternative activation, Nat. Immunol. 18 (2017) 642-653. https://doi.org/10.1038/ni.3734.
T.A. Wynn, R.W. Thompson, A.W. Cheever, M.M. Mentink-Kane, Immunopathogenesis of
schistosomiasis, Immunol. Rev. 201 (2004) 156—167. https://doi.org/10.1111/j.0105-
2896.2004.00176.x.

B.J. Marsland, M. Kurrer, R. Reissmann, N.L. Harris, M. Kopf, Nippostrongylus brasiliensis
infection leads to the development of emphysema associated with the induction of
alternatively activated macrophages, Eur. J. Immunol. 38 (2008) 479-488.
https://doi.org/10.1002/eji.200737827.

C.Yan, F. Fang, Y.-Z. Zhang, X. Dong, J. Wu, H.-L. Liu, C.-Y. Fan, S. Koda, B.-B. Zhang, Q. Yu, L.
Wang, Y.-G. Wang, J.-X. Chen, K.-Y. Zheng, Recombinant CsHscB of carcinogenic liver fluke
Clonorchis sinensis induces IL-10 production by binding with TLR2, PLoS Negl. Trop. Dis. 14
(2020) e0008643. https://doi.org/10.1371/journal.pntd.0008643.

S. Zhou, Q. Qj, X. Wang, L. Zhang, L. Xu, L. Dong, J. Zhu, Y. Li, X. Wang, Z. Xu, F. Liu, W. Hu, L.
Zhou, X. Chen, C. Su, SjHSP60 induces CD4+ CD25+ Foxp3+ Tregs via TLR4-Mal-drived
production of TGF-B in macrophages, Immunol. Cell Biol. 96 (2018) 958—968.
https://doi.org/10.1111/imcb.12160.

D.E. Sanin, C.T. Prendergast, A.P. Mountford, IL-10 Production in Macrophages Is Regulated by
a TLR-Driven CREB-Mediated Mechanism That Is Linked to Genes Involved in Cell Metabolism,
J. Immunol. 195 (2015) 1218-1232. https://doi.org/10.4049/jimmunol.1500146.

L. Guasconi, M.C. Serradell, A.P. Garro, L. lacobelli, D.T. Masih, C-type lectins on macrophages
participate in the immunomodulatory response to Fasciola hepatica products, Immunology.
133 (2011) 386-396. https://doi.org/10.1111/j.1365-2567.2011.03449 x.

A.L. Chenery, R. Alhallaf, Z. Agha, J. Ajendra, J.E. Parkinson, M.M. Cooper, B.H.K. Chan, R.M.
Eichenberger, L.A. Dent, A.A.B. Robertson, A. Kupz, D. Brough, A. Loukas, T.E. Sutherland, J.E.
Allen, P.R. Giacomin, Inflammasome-Independent Role for NLRP3 in Controlling Innate
Antihelminth Immunity and Tissue Repair in the Lung, J. Immunol. Baltim. Md 1950. 203 (2019)
2724-2734. https://doi.org/10.4049/jimmunol.1900640.

L. Guasconi, V.L. Burstein, I. Beccacece, C. Mena, L.S. Chiapello, D.T. Masih, Dectin-1 on
macrophages modulates the immune response to Fasciola hepatica products through the ERK
signaling pathway, Immunobiology. 223 (2018) 834—838.
https://doi.org/10.1016/j.imbio.2018.08.004.

H.-B. Bae, J.W. Zmijewski, J.S. Deshane, J.-M. Tadie, D.D. Chaplin, S. Takashima, E. Abraham,
AMP-activated protein kinase enhances the phagocytic ability of macrophages and neutrophils,
FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 25 (2011) 4358-4368. https://doi.org/10.1096/fj.11-
190587.

37



1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140

[94] H. Chang, K.-Y. He, C. Li, Y.-Y. Ni, M.-N. Li, L. Chen, M. Hou, Z. Zhou, Z.-P. Xu, M.-J. Ji, P21
activated kinase-1 (PAK1) in macrophages is required for promotion of Th17 cell response
during helminth infection, J. Cell. Mol. Med. 24 (2020) 14325-14338.
https://doi.org/10.1111/jcmm.16050.

[95] W. Ouyang, A. O’Garra, IL-10 Family Cytokines IL-10 and IL-22: from Basic Science to Clinical
Translation, Immunity. 50 (2019) 871—-891. https://doi.org/10.1016/j.immuni.2019.03.020.

[96] W.K.E. Ip, N. Hoshi, D.S. Shouval, S. Snapper, R. Medzhitov, Anti-inflammatory effect of IL-10
mediated by metabolic reprogramming of macrophages, Science. 356 (2017) 513-519.
https://doi.org/10.1126/science.aal3535.

[97] L.P. Pradel, A. Franke, C.H. Ries, Effects of IL-10 and T 2 cytokines on human Md¢ phenotype
and response to CSF1R inhibitor, J. Leukoc. Biol. 103 (2018) 545-558.
https://doi.org/10.1002/JLB.5MAQ0717-282R.

[98] N. Makita, Y. Hizukuri, K. Yamashiro, M. Murakawa, Y. Hayashi, IL-10 enhances the phenotype
of M2 macrophages induced by IL-4 and confers the ability to increase eosinophil migration,
Int. Immunol. 27 (2015) 131-141. https://doi.org/10.1093/intimm/dxu090.

[99] A.Sharma, P. Sharma, L. Ganga, N. Satoeya, S. Mishra, A.L. Vishwakarma, M. Srivastava,
Infective Larvae of Brugia malayi Induce Polarization of Host Macrophages that Helps in
Immune Evasion, Front. Immunol. 9 (2018) 194. https://doi.org/10.3389/fimmu.2018.00194.

[100] B.G. Dewals, R.G. Marillier, J.C. Hoving, M. Leeto, A. Schwegmann, F. Brombacher, IL-4Ralpha-
independent expression of mannose receptor and Ym1 by macrophages depends on their IL-10
responsiveness, PLoS Negl. Trop. Dis. 4 (2010) e689.
https://doi.org/10.1371/journal.pntd.0000689.

[101] S.K. Bliss, A. Alcaraz, J.A. Appleton, IL-10 prevents liver necrosis during murine infection with
Trichinella spiralis, J. Immunol. Baltim. Md 1950. 171 (2003) 3142-3147.
https://doi.org/10.4049/jimmunol.171.6.3142.

[102] E.B. Lurier, D. Dalton, W. Dampier, P. Raman, S. Nassiri, N.M. Ferraro, R. Rajagopalan, M.
Sarmady, K.L. Spiller, Transcriptome analysis of IL-10-stimulated (M2c) macrophages by next-
generation sequencing, Immunobiology. 222 (2017) 847-856.
https://doi.org/10.1016/j.imbio.2017.02.006.

[103] M.J. Schuijs, S. Hartmann, M.E. Selkirk, L.B. Roberts, P.J.M. Openshaw, C. Schnoeller, The
Helminth-Derived Immunomodulator AvCystatin Reduces Virus Enhanced Inflammation by
Induction of Regulatory IL-10+ T Cells, PloS One. 11 (2016) e0161885.
https://doi.org/10.1371/journal.pone.0161885.

[104] S. Hartmann, B. Kyewski, B. Sonnenburg, R. Lucius, A filarial cysteine protease inhibitor down-
regulates T cell proliferation and enhances interleukin-10 production, Eur. J. Immunol. 27
(1997) 2253-2260. https://doi.org/10.1002/eji.1830270920.

[105] L.E.P.M. van der Vlugt, L.A. Labuda, A. Ozir-Fazalalikhan, E. Lievers, A.K. Gloudemans, K.-Y. Liu,
T.A. Barr, T. Sparwasser, L. Boon, U.A. Ngoa, E.N. Feugap, A.A. Adegnika, P.G. Kremsner, D.
Gray, M. Yazdanbakhsh, H.H. Smits, Schistosomes induce regulatory features in human and
mouse CD1d(hi) B cells: inhibition of allergic inflammation by IL-10 and regulatory T cells, PloS
One. 7 (2012) e30883. https://doi.org/10.1371/journal.pone.0030883.

[106] S. Haeberlein, K. Obieglo, A. Ozir-Fazalalikhan, M.A.M. Chayé, H. Veninga, L.E.P.M. van der
Vlugt, A. Voskamp, L. Boon, J.M.M. den Haan, L.B. Westerhof, R.H.P. Wilbers, A. Schots, G.
Schramm, C.H. Hokke, H.H. Smits, Schistosome egg antigens, including the glycoprotein
IPSE/alpha-1, trigger the development of regulatory B cells, PLoS Pathog. 13 (2017) e1006539.
https://doi.org/10.1371/journal.ppat.1006539.

[107] S.M. Quinn, K. Cunningham, M. Raverdeau, R.J. Walsh, L. Curham, A. Malara, K.H.G. Mills, Anti-
inflammatory Trained Immunity Mediated by Helminth Products Attenuates the Induction of T
Cell-Mediated Autoimmune Disease, Front. Immunol. 10 (2019) 1109.
https://doi.org/10.3389/fimmu.2019.01109.

38



1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191

[108] F.D.R. Henkel, A. Friedl, M. Haid, D. Thomas, T. Bouchery, P. Haimerl, M. de Los Reyes Jiménez,
F. Alessandrini, C.B. Schmidt-Weber, N.L. Harris, J. Adamski, J. Esser-von Bieren, House dust
mite drives proinflammatory eicosanoid reprogramming and macrophage effector functions,
Allergy. 74 (2019) 1090-1101. https://doi.org/10.1111/all.13700.

[109] C.S. Tripp, P. Needleman, J.T. Kassab, J.V. Weinstock, Macrophages isolated from liver
granulomas of murine Schistosoma mansoni synthesize predominantly TxA2 during the acute
and chronic phases of infection, J. Immunol. Baltim. Md 1950. 140 (1988) 3140-3143.

[110] N.W. Brattig, A. Schwohl, A. Hoerauf, D.W. Biittner, Identification of the lipid mediator
prostaglandin E2 in tissue immune cells of humans infected with the filaria Onchocerca
volvulus, Acta Trop. 112 (2009) 231-235. https://doi.org/10.1016/j.actatropica.2009.07.018.

[111] L.C. Laan, A.R. Williams, K. Stavenhagen, M. Giera, G. Kooij, I. Vlasakov, H. Kalay, H. Kringel, P.
Nejsum, S.M. Thamsborg, M. Wuhrer, C.D. Dijkstra, R.D. Cummings, |. van Die, The whipworm
(Trichuris suis) secretes prostaglandin E2 to suppress proinflammatory properties in human
dendritic cells, FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 31 (2017) 719-731.
https://doi.org/10.1096/fj.201600841R.

[112] M.M.M. Kaisar, M. Ritter, C. Del Fresno, H.S. Jonasdottir, A.J. van der Ham, L.R. Pelgrom, G.
Schramm, L.E. Layland, D. Sancho, C. Prazeres da Costa, M. Giera, M. Yazdanbakhsh, B. Everts,
Dectin-1/2-induced autocrine PGE2 signaling licenses dendritic cells to prime Th2 responses,
PLoS Biol. 16 (2018) e2005504. https://doi.org/10.1371/journal.pbio.2005504.

[113] Y. Ledesma-Soto, B.E. Callejas, C.A. Terrazas, J.L. Reyes, A. Espinoza-Jiménez, M.l. Gonzalez, S.
Leén-Cabrera, R. Morales, J.E. Olguin, R. Saavedra, S. Oghumu, A.R. Satoskar, L.I. Terrazas,
Extraintestinal Helminth Infection Limits Pathology and Proinflammatory Cytokine Expression
during DSS-Induced Ulcerative Colitis: A Role for Alternatively Activated Macrophages and
Prostaglandins, BioMed Res. Int. 2015 (2015) 1-17. https://doi.org/10.1155/2015/563425.

[114] K. Ramaswamy, P. Kumar, Y.X. He, A role for parasite-induced PGE2 in IL-10-mediated host
immunoregulation by skin stage schistosomula of Schistosoma mansoni, J. Immunol. Baltim.
Md 1950. 165 (2000) 4567—-4574.

[115] L. Chen, X. Ji, M. Wang, X. Liao, C. Liang, J. Tang, Z. Wen, F. Dominique, Z. Li, Involvement of
TLR4 signaling regulated-COX2/PGE?2 axis in liver fibrosis induced by Schistosoma japonicum
infection, Parasit. Vectors. 14 (2021) 279. https://doi.org/10.1186/s13071-021-04790-7.

[116] J. Esser-von Bieren, Immune-regulation and -functions of eicosanoid lipid mediators, Biol.
Chem. 398 (2017). https://doi.org/10.1515/hsz-2017-0146.

[117] R.T. Dackor, J. Cheng, J.W. Voltz, J.W. Card, C.D. Ferguson, R.C. Garrett, J.A. Bradbury, L.M.
DeGraff, F.B. Lih, K.B. Tomer, G.P. Flake, G.S. Travlos, R.W. Ramsey, M.L. Edin, D.L. Morgan,
D.C. Zeldin, Prostaglandin E, protects murine lungs from bleomycin-induced pulmonary fibrosis
and lung dysfunction, Am. J. Physiol. Lung Cell. Mol. Physiol. 301 (2011) L645-655.
https://doi.org/10.1152/ajplung.00176.2011.

[118] M.A. Birrell, S.A. Maher, B. Dekkak, V. Jones, S. Wong, P. Brook, M.G. Belvisi, Anti-inflammatory
effects of PGE2 in the lung: role of the EP4 receptor subtype, Thorax. 70 (2015) 740-747.
https://doi.org/10.1136/thoraxjnl-2014-206592.

[119] J.M. McCoy, J.R. Wicks, L.P. Audoly, The role of prostaglandin E2 receptors in the pathogenesis
of rheumatoid arthritis, J. Clin. Invest. 110 (2002) 651-658. https://doi.org/10.1172/JCI15528.

[120] T. Oka, K. Oka, T. Kobayashi, Y. Sugimoto, A. Ichikawa, F. Ushikubi, S. Narumiya, C.B. Saper,
Characteristics of thermoregulatory and febrile responses in mice deficient in prostaglandin
EP1 and EP3 receptors, J. Physiol. 551 (2003) 945-954.
https://doi.org/10.1113/jphysiol.2003.048140.

[121] E.D. Tait Wojno, C.A. Hunter, J.S. Stumhofer, The Immunobiology of the Interleukin-12 Family:
Room for Discovery, Immunity. 50 (2019) 851-870.
https://doi.org/10.1016/j.immuni.2019.03.011.

[122] S.M. Coomes, V.S. Pelly, Y. Kannan, I.S. Okoye, S. Czieso, L.J. Entwistle, J. Perez-Lloret, N.
Nikolov, A.J. Potocnik, J. Bird, J. Langhorne, M.S. Wilson, IFNy and IL-12 Restrict Th2 Responses

39



1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242

during Helminth/Plasmodium Co-Infection and Promote IFNy from Th2 Cells, PLoS Pathog. 11
(2015) e1004994. https://doi.org/10.1371/journal.ppat.1004994.

[123] M. Rodriguez-Sosa, A.R. Satoskar, R. Calderdn, L. Gomez-Garcia, R. Saavedra, R. Bojalil, L.I.
Terrazas, Chronic helminth infection induces alternatively activated macrophages expressing
high levels of CCR5 with low interleukin-12 production and Th2-biasing ability, Infect. Immun.
70 (2002) 3656—3664. https://doi.org/10.1128/1A1.70.7.3656-3664.2002.

[124]S. Hadidi, F. Antignano, M.R. Hughes, S.K.H. Wang, K. Snyder, G.M. Sammis, W.G. Kerr, K.M.
McNagny, C. Zaph, Myeloid cell-specific expression of Ship1 regulates IL-12 production and
immunity to helminth infection, Mucosal Immunol. 5 (2012) 535-543.
https://doi.org/10.1038/mi.2012.29.

[125] M.M. Zaiss, K.M. Maslowski, I. Mosconi, N. Guenat, B.J. Marsland, N.L. Harris, IL-1B suppresses
innate IL-25 and IL-33 production and maintains helminth chronicity, PLoS Pathog. 9 (2013)
€1003531. https://doi.org/10.1371/journal.ppat.1003531.

[126] K.A. Smith, R.M. Maizels, IL-6 controls susceptibility to helminth infection by impeding Th2
responsiveness and altering the Treg phenotype in vivo, Eur. J. Immunol. 44 (2014) 150-161.
https://doi.org/10.1002/eji.201343746.

[127] C.M. Finlay, K.T. Cunningham, B. Doyle, K.H.G. Mills, IL-33-Stimulated Murine Mast Cells
Polarize Alternatively Activated Macrophages, Which Suppress T Cells That Mediate
Experimental Autoimmune Encephalomyelitis, J. Immunol. Baltim. Md 1950. 205 (2020) 1909—
1919. https://doi.org/10.4049/jimmunol.1901321.

[128] D. Artis, N.E. Humphreys, A.J. Bancroft, N.J. Rothwell, C.S. Potten, R.K. Grencis, Tumor Necrosis
Factor a Is a Critical Component of Interleukin 13—Mediated Protective T Helper Cell Type 2
Responses during Helminth Infection, J. Exp. Med. 190 (1999) 953-962.

[129] U. Schleicher, K. Paduch, A. Debus, S. Obermeyer, T. Konig, J.C. Kling, E. Ribechini, D. Dudziak,
D. Mougiakakos, P.J. Murray, R. Ostuni, H. Kérner, C. Bogdan, TNF-Mediated Restriction of
Arginase 1 Expression in Myeloid Cells Triggers Type 2 NO Synthase Activity at the Site of
Infection, Cell Rep. 15 (2016) 1062—-1075. https://doi.org/10.1016/j.celrep.2016.04.001.

[130] K.T. Cunningham, C.M. Finlay, K.H.G. Mills, Helminth Imprinting of Hematopoietic Stem Cells
Sustains Anti-Inflammatory Trained Innate Immunity That Attenuates Autoimmune Disease, J.
Immunol. Baltim. Md 1950. 206 (2021) 1618-1630.
https://doi.org/10.4049/jimmunol.2001225.

[131] D. Cortes-Selva, L. Gibbs, J.A. Maschek, M. Nascimento, T. Van Ry, J.E. Cox, E. Amiel, K.C.
Fairfax, Metabolic reprogramming of the myeloid lineage by Schistosoma mansoni infection
persists independently of antigen exposure, PLoS Pathog. 17 (2021) e1009198.
https://doi.org/10.1371/journal.ppat.1009198.

[132] L.S.A. Passos, P.H. Gazzinelli-Guimaraes, T.A. de Oliveira Mendes, A.C.G. Guimaraes, D. da
Silveira Lemos, N.D. Ricci, R. Gongalves, D.C. Bartholomeu, R.T. Fujiwara, L.L. Bueno, Regulatory
monocytes in helminth infections: insights from the modulation during human hookworm
infection, BMC Infect. Dis. 17 (2017) 253. https://doi.org/10.1186/s12879-017-2366-0.

[133] L.H. Jackson-Jones, D. Riickerl, F. Svedberg, S. Duncan, R.M. Maizels, T.E. Sutherland, S.J.
Jenkins, H.J. McSorley, C. Bénézech, A.S. MacDonald, J.E. Allen, IL-33 delivery induces serous
cavity macrophage proliferation independent of interleukin-4 receptor alpha, Eur. J. Immunol.
46 (2016) 2311-2321. https://doi.org/10.1002/eji.201646442.

[134] T. Satoh, O. Takeuchi, A. Vandenbon, K. Yasuda, Y. Tanaka, Y. Kumagai, T. Miyake, K.
Matsushita, T. Okazaki, T. Saitoh, K. Honma, T. Matsuyama, K. Yui, T. Tsujimura, D.M. Standley,
K. Nakanishi, K. Nakai, S. Akira, The Jmjd3-Irf4 axis regulates M2 macrophage polarization and
host responses against helminth infection, Nat. Immunol. 11 (2010) 936—944.
https://doi.org/10.1038/ni.1920.

[135] M.A. Hoeksema, Z. Shen, I.R. Holtman, A. Zheng, N.J. Spann, I. Cobo, M. Gymrek, C.K. Glass,
Mechanisms underlying divergent responses of genetically distinct macrophages to IL-4, Sci.
Adv. 7 (2021) eabf9808. https://doi.org/10.1126/sciadv.abf9808.

40



1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288
1289
1290
1291
1292
1293

[136] S.E. Mullican, C.A. Gaddis, T. Alenghat, M.G. Nair, P.R. Giacomin, L.J. Everett, D. Feng, D.J.
Steger, J. Schug, D. Artis, M.A. Lazar, Histone deacetylase 3 is an epigenomic brake in
macrophage alternative activation, Genes Dev. 25 (2011) 2480-2488.
https://doi.org/10.1101/gad.175950.111.

[137] O. Nouatin, J.B. Mengue, J.C. Dejon-Agobé, R. Fendel, J. Ibafiez, U.A. Ngoa, J.R. Edoa, B.R.
Adégbité, Y.J. Honkpéhédji, J.F. Zinsou, A.B. Hounkpatin, K. Moutairou, A. Homoet, M. Esen, A.
Kreidenweiss, S.L. Hoffman, M. Theisen, A.J.F. Luty, B. Lell, S.T. Agnandji, G. Mombo-Ngoma,
M. Ramharter, P. Kremsner, B. Mordmdiller, A.A. Adegnika, Exploratory analysis of the effect of
helminth infection on the immunogenicity and efficacy of the asexual blood-stage malaria
vaccine candidate GMZ2, PLoS Negl. Trop. Dis. 15 (2021) e0009361.
https://doi.org/10.1371/journal.pntd.0009361.

[138] V. Gent, R. Waihenya, L. Kamau, R. Nyakundi, P. Ambala, T. Kariuki, L. Ochola, An investigation
into the role of chronic Schistosoma mansoni infection on Human Papillomavirus (HPV) vaccine
induced protective responses, PLoS Negl. Trop. Dis. 13 (2019) e0007704.
https://doi.org/10.1371/journal.pntd.0007704.

[139] M. Rolot, A.M. Dougall, A. Chetty, J. Javaux, T. Chen, X. Xiao, B. Machiels, M.E. Selkirk, R.M.
Maizels, C. Hokke, O. Denis, F. Brombacher, A. Vanderplasschen, L. Gillet, W.G.C. Horsnell, B.G.
Dewals, Helminth-induced IL-4 expands bystander memory CD8+ T cells for early control of
viral infection, Nat. Commun. 9 (2018) 4516. https://doi.org/10.1038/s41467-018-06978-5.

[140] N. Briggs, J. Weatherhead, K.J. Sastry, P.J. Hotez, The Hygiene Hypothesis and Its Inconvenient
Truths about Helminth Infections, PLoS Negl. Trop. Dis. 10 (2016) e0004944.
https://doi.org/10.1371/journal.pntd.0004944.

[141] A. Murphy, K. Cwiklinski, R. Lalor, B. O’Connell, M.W. Robinson, J. Gerlach, L. Joshi, M. Kilcoyne,
J.P. Dalton, S.M. O’Neill, Fasciola hepatica Extracellular Vesicles isolated from excretory-
secretory products using a gravity flow method modulate dendritic cell phenotype and activity,
PLoS Negl. Trop. Dis. 14 (2020) e0008626. https://doi.org/10.1371/journal.pntd.0008626.

[142] A. Marcilla, M. Trelis, A. Cortés, J. Sotillo, F. Cantalapiedra, M.T. Minguez, M.L. Valero, M.M.
Sanchez del Pino, C. Muioz-Antoli, R. Toledo, D. Bernal, Extracellular Vesicles from Parasitic
Helminths Contain Specific Excretory/Secretory Proteins and Are Internalized in Intestinal Host
Cells, PLoS ONE. 7 (2012) e45974. https://doi.org/10.1371/journal.pone.0045974.

[143] A.H. Buck, G. Coakley, F. Simbari, H.J. McSorley, J.F. Quintana, T. Le Bihan, S. Kumar, C. Abreu-
Goodger, M. Lear, Y. Harcus, A. Ceroni, S.A. Babayan, M. Blaxter, A. Ivens, R.M. Maizels,
Exosomes secreted by nematode parasites transfer small RNAs to mammalian cells and
modulate innate immunity, Nat. Commun. 5 (2014) 5488.
https://doi.org/10.1038/ncomms6488.

[144] N. Tran, A. Ricafrente, J. To, M. Lund, T.M. Marques, M. Gama-Carvalho, K. Cwiklinski, J.P.
Dalton, S. Donnelly, Fasciola hepatica hijacks host macrophage miRNA machinery to modulate
early innate immune responses, Sci. Rep. 11 (2021) 6712. https://doi.org/10.1038/s41598-021-
86125-1.

[145] L. Wang, T. Liu, G. Chen, Y. Li, S. Zhang, L. Mao, P. Liang, M. Fasihi Harandi, T. Li, X. Luo,
Exosomal microRNA let-7-5p from Taenia pisiformis Cysticercus Prompted Macrophage to M2
Polarization through Inhibiting the Expression of C/EBP &, Microorganisms. 9 (2021) 1403.
https://doi.org/10.3390/microorganisms9071403.

[146] L. Wang, Z. Li, J. Shen, Z. Liu, J. Liang, X. Wu, X. Sun, Z. Wu, Exosome-like vesicles derived by
Schistosoma japonicum adult worms mediates M1 type immune- activity of macrophage,
Parasitol. Res. 114 (2015) 1865-1873. https://doi.org/10.1007/s00436-015-4373-7.

[147] G. Venugopal, M. Mueller, S. Hartmann, S. Steinfelder, Differential immunomodulation in
human monocytes versus macrophages by filarial cystatin, PLOS ONE. 12 (2017) e0188138.
https://doi.org/10.1371/journal.pone.0188138.

[148] S. Coronado, J. Zakzuk, R. Regino, V. Ahumada, |. Benedetti, A. Angelina, O. Palomares, L.
Caraballo, Ascaris lumbricoides Cystatin Prevents Development of Allergic Airway Inflammation

41



1294
1295
1296
1297
1298
1299
1300
1301
1302
1303
1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337
1338
1339
1340
1341
1342
1343

in a Mouse Model, Front. Immunol. 10 (2019) 2280.
https://doi.org/10.3389/fimmu.2019.02280.

[149] P. Kobpornchai, R.J. Flynn, O. Reamtong, N. Rittisoonthorn, N. Kosoltanapiwat, K. Boonnak, U.
Boonyuen, S. Ampawong, M. Jiratanh, M. Tattiyapong, P. Adisakwattana, A novel cystatin
derived from Trichinella spiralis suppresses macrophage-mediated inflammatory responses,
PLoS Negl. Trop. Dis. 14 (2020) e0008192. https://doi.org/10.1371/journal.pntd.0008192.

[150] B. Manoury, W.F. Gregory, R.M. Maizels, C. Watts, Bm-CPI-2, a cystatin homolog secreted by
the filarial parasite Brugia malayi, inhibits class Il MHC-restricted antigen processing, Curr. Biol.
CB. 11 (2001) 447-451. https://doi.org/10.1016/s0960-9822(01)00118-x

[151] X. Yang, J. Liu, Y. Yue, W. Chen, M. Song, X. Zhan, Z. Wu, Cloning, expression and
characterisation of a type Il cystatin from Schistosoma japonicum, which could regulate
macrophage activation, Parasitol. Res. 113 (2014) 3985-3992. https://doi.org/10.1007/s00436-
014-4064-9.

[152] R.A. Whelan, S. Rausch, F. Ebner, D. Giinzel, J.F. Richter, N.A. Hering, J.-D. Schulzke, A.A. Kihl,
A. Keles, P. Janczyk, K. Nockler, L.H. Wieler, S. Hartmann, A transgenic probiotic secreting a
parasite immunomodulator for site-directed treatment of gut inflammation, Mol. Ther. J. Am.
Soc. Gene Ther. 22 (2014) 1730-1740. https://doi.org/10.1038/mt.2014.125.

[153] T. Ziegler, S. Rausch, S. Steinfelder, C. Klotz, M.R. Hepworth, A.A. Kiihl, P.-C. Burda, R. Lucius, S.
Hartmann, A novel regulatory macrophage induced by a helminth molecule instructs IL-10 in
CD4+ T cells and protects against mucosal inflammation, J. Immunol. Baltim. Md 1950. 194
(2015) 1555-1564. https://doi.org/10.4049/jimmunol.1401217.

[154] L.C. Hsing, A.Y. Rudensky, The lysosomal cysteine proteases in MHC class Il antigen
presentation, Immunol. Rev. 207 (2005) 229-241. https://doi.org/10.1111/j.0105-
2896.2005.00310.x.

[155] Y. Sun, G. Liu, Z. Li, Y. Chen, Y. Liu, B. Liu, Z. Su, Modulation of dendritic cell function and
immune response by cysteine protease inhibitor from murine nematode parasite
Heligmosomoides polygyrus, Immunology. 138 (2013) 370-381.
https://doi.org/10.1111/imm.12049.

[156] Y. Wang, L. Wu, X. Liu, S. Wang, M. Ehsan, R. Yan, X. Song, L. Xu, X. Li, Characterization of a
secreted cystatin of the parasitic nematode Haemonchus contortus and its immune-
modulatory effect on goat monocytes, Parasit. Vectors. 10 (2017) 425.
https://doi.org/10.1186/s13071-017-2368-1.

[157] N.C. Das, P.S. Sen Gupta, S. Biswal, R. Patra, M.K. Rana, S. Mukherjee, In-silico evidences on
filarial cystatin as a putative ligand of human TLR4, J. Biomol. Struct. Dyn. (2021) 1-17.
https://doi.org/10.1080/07391102.2021.1918252.

[158] A. Schénemeyer, R. Lucius, B. Sonnenburg, N. Brattig, R. Sabat, K. Schilling, J. Bradley, S.
Hartmann, Modulation of human T cell responses and macrophage functions by onchocystatin,
a secreted protein of the filarial nematode Onchocerca volvulus, J. Immunol. Baltim. Md 1950.
167 (2001) 3207-3215. https://doi.org/10.4049/jimmunol.167.6.3207.

[159] M. Morikawa, R. Derynck, K. Miyazono, TGF-f3 and the TGF- Family: Context-Dependent Roles
in Cell and Tissue Physiology, Cold Spring Harb. Perspect. Biol. 8 (2016) a021873.
https://doi.org/10.1101/cshperspect.a021873.

[160] J.R. Grainger, K.A. Smith, J.P. Hewitson, H.J. McSorley, Y. Harcus, K.J. Filbey, C.A.M. Finney,
E.J.D. Greenwood, D.P. Knox, M.S. Wilson, Y. Belkaid, A.Y. Rudensky, R.M. Maizels, Helminth
secretions induce de novo T cell Foxp3 expression and regulatory function through the TGF-8
pathway, J. Exp. Med. 207 (2010) 2331-2341. https://doi.org/10.1084/jem.20101074.

[161] A.A. Sulaiman, K. Zolnierczyk, O. Japa, J.P. Owen, B.C. Maddison, R.D. Emes, J.E. Hodgkinson,
K.C. Gough, R.J. Flynn, A Trematode Parasite Derived Growth Factor Binds and Exerts
Influences on Host Immune Functions via Host Cytokine Receptor Complexes, PLOS Pathog. 12
(2016) €1005991. https://doi.org/10.1371/journal.ppat.1005991.

42



1344
1345
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
1358
1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380
1381
1382
1383
1384
1385
1386
1387
1388
1389
1390
1391
1392
1393

[162] C.J.C. Johnston, D.J. Smyth, R.B. Kodali, M.P.J. White, Y. Harcus, K.J. Filbey, J.P. Hewitson, C.S.
Hinck, A. Ivens, A.M. Kemter, A.O. Kildemoes, T. Le Bihan, D.C. Soares, S.M. Anderton, T. Brenn,
S.J. Wigmore, H.V. Woodcock, R.C. Chambers, A.P. Hinck, H.J. McSorley, R.M. Maizels, A
structurally distinct TGF-B mimic from an intestinal helminth parasite potently induces
regulatory T cells, Nat. Commun. 8 (2017) 1741. https://doi.org/10.1038/s41467-017-01886-6.

[163] L. Florez-Sampedro, A. Soto-Gamez, G.J. Poelarends, B.N. Melgert, The role of MIF in chronic
lung diseases: looking beyond inflammation, Am. J. Physiol.-Lung Cell. Mol. Physiol. 318 (2020)
L1183-11197. https://doi.org/10.1152/ajplung.00521.2019.

[164] K.J. Filbey, F. Varyani, Y. Harcus, J.P. Hewitson, D.J. Smyth, H.J. McSorley, A. Ivens, S. Nylén, M.
Rottenberg, S. Loser, R.M. Maizels, Macrophage Migration Inhibitory Factor (MIF) Is Essential
for Type 2 Effector Cell Immunity to an Intestinal Helminth Parasite, Front. Immunol. 10 (2019)
2375. https://doi.org/10.3389/fimmu.2019.02375.

[165] A.B. Stavitsky, C. Metz, S. Liu, J. Xianli, R. Bucala, Blockade of macrophage migration inhibitory
factor (MIF) in Schistosoma japonicum-infected mice results in an increased adult worm
burden and reduced fecundity, Parasite Immunol. 25 (2003) 369-374.
https://doi.org/10.1046/j.1365-3024.2003.00641.x.

[166] F.H. Falcone, P. Loke, X. Zang, A.S. MacDonald, R.M. Maizels, J.E. Allen, A Brugia malayi
homolog of macrophage migration inhibitory factor reveals an important link between
macrophages and eosinophil recruitment during nematode infection, J. Immunol. Baltim. Md
1950. 167 (2001) 5348-5354. https://doi.org/10.4049/jimmunol.167.9.5348.

[167] L. Prieto-Lafuente, W.F. Gregory, J.E. Allen, R.M. Maizels, MIF homologues from a filarial
nematode parasite synergize with IL-4 to induce alternative activation of host macrophages, J.
Leukoc. Biol. 85 (2009) 844—854. https://doi.org/10.1189/jlb.0808459.

[168] N.A. Barrett, 0.M. Rahman, J.M. Fernandez, M.W. Parsons, W. Xing, K.F. Austen, Y. Kanaoka,
Dectin-2 mediates Th2 immunity through the generation of cysteinyl leukotrienes, J. Exp. Med.
208 (2011) 593—604. https://doi.org/10.1084/jem.20100793.

[169] J.W. McGinty, H.-A. Ting, T.E. Billipp, M.S. Nadjsombati, D.M. Khan, N.A. Barrett, H.-E. Liang, .
Matsumoto, J. von Moltke, Tuft-Cell-Derived Leukotrienes Drive Rapid Anti-helminth Immunity
in the Small Intestine but Are Dispensable for Anti-protist Immunity, Immunity. 52 (2020) 528-
541.e7. https://doi.org/10.1016/j.immuni.2020.02.005.

[170] M. Osbourn, D.C. Soares, F. Vacca, E.S. Cohen, I.C. Scott, W.F. Gregory, D.J. Smyth, M. Toivakka,
A.M. Kemter, T. le Bihan, M. Wear, D. Hoving, K.J. Filbey, J.P. Hewitson, H. Henderson, A.
Gonzalez-Ciscar, C. Errington, S. Vermeren, A.L. Astier, W.A. Wallace, J. Schwarze, A.C. lvens,
R.M. Maizels, H.J. McSorley, HpARI Protein Secreted by a Helminth Parasite Suppresses
Interleukin-33, Immunity. 47 (2017) 739-751.e5.
https://doi.org/10.1016/j.immuni.2017.09.015.

[171] M.W. Robinson, S. Donnelly, A.T. Hutchinson, J. To, N.L. Taylor, R.S. Norton, M.A. Perugini, J.P.
Dalton, A family of helminth molecules that modulate innate cell responses via molecular
mimicry of host antimicrobial peptides, PLoS Pathog. 7 (2011) e1002042.
https://doi.org/10.1371/journal.ppat.1002042.

[172] M.W. Robinson, R. Alvarado, J. To, A.T. Hutchinson, S.N. Dowdell, M. Lund, L. Turnbull, C.B.
Whitchurch, B.A. O’Brien, J.P. Dalton, S. Donnelly, A helminth cathelicidin-like protein
suppresses antigen processing and presentation in macrophages via inhibition of lysosomal
vATPase, FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 26 (2012) 4614-4627
https://doi.org/10.1096/fj.12-213876.

[173] D.H. Ball, L. Al-Riyami, W. Harnett, M.M. Harnett, IL-33/ST2 signalling and crosstalk with FceRI
and TLR4 is targeted by the parasitic worm product, ES-62, Sci. Rep. 8 (2018) 4497.
https://doi.org/10.1038/s41598-018-22716-9.

[174] H.S. Goodridge, S. McGuiness, K.M. Houston, C.A. Egan, L. Al-Riyami, M.J.C. Alcocer, M.M.
Harnett, W. Harnett, Phosphorylcholine mimics the effects of ES-62 on macrophages and

43



1394
1395
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406
1407
1408
1409
1410

dendritic cells, Parasite Immunol. 29 (2007) 127-137. https://doi.org/10.1111/j.1365-
3024.2006.00926.x.

[175] I. Martin, K. Caban-Herndndez, O. Figueroa-Santiago, A.M. Espino, Fasciola hepatica Fatty Acid
Binding Protein Inhibits TLR4 Activation and Suppresses the Inflammatory Cytokines Induced
by Lipopolysaccharide In Vitro and In Vivo, J. Immunol. 194 (2015) 3924-3936.
https://doi.org/10.4049/jimmunol.1401182.

[176] P. Haimerl, U. Bernhardt, S. Schindela, F.D.R. Henkel, A. Lechner, U.M. Zissler, X. Pastor, D.
Thomas, A. Cecil, Y. Ge, M. Haid, C. Prehn, J. Tokarz, M. Heinig, J. Adamski, C.B. Schmidt-
Weber, A.M. Chaker, J. Esser-von Bieren, Inflammatory macrophage memory in nonsteroidal
anti-inflammatory drug-exacerbated respiratory disease, J. Allergy Clin. Immunol. 147 (2021)
587-599. https://doi.org/10.1016/j.jaci.2020.04.064.

[177] A. Eljaszewicz, F. Ruchti, U. Radzikowska, A. Globinska, T. Boonpiyathad, A. Gschwend, H.
Morita, A. Helbling, S. Arasi, H. Kahlert, N. Berek, A. Nandy, M. Akdis, C. Willers, M. Moniuszko,
C.A. Akdis, M. Sokolowska, Trained immunity and tolerance in innate lymphoid cells,
monocytes, and dendritic cells during allergen-specific immunotherapy, J. Allergy Clin.
Immunol. 147 (2021) 1865-1877. https://doi.org/10.1016/].jaci.2020.08.042.

44



