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Preface

Approximately five thousand years ago, on a late afternoon in early spring, a middle-
aged man was hiking in the Alps, in a region called Otztal, between what is now
Austria and ltaly. He was clad in thick leather, as the weather was still very chilly at
high altitudes. Among other things, he carried a copper axe, flint and tinder, some
medicinal herbs, and he had packed provisions consisting of dried ibex meat, wheat
bread, sloan berries and flax seeds. However, unbeknownst to him, he also carried
an infectious parasite in his large intestine; the whipworm Trichuris trichiura. In any
case, the man had worse things to worry about, as he would die later that day from
a violent encounter with a stranger. The man I've described is of course the Tyrolean
iceman, colloquially known as Otzi, who was discovered mummified in ice in 1991.

Otzi is interesting in many ways, and the analyses of his remarkably well-preserved
remains have given us great insight into our past as a species, not the least of which
is that we have been hosting parasites throughout our evolutionary history. So, why
do | bring this up? Well, parasites can usually survive for many years within their
hosts, as they are often capable of manipulating the immune system in their favor
to avoid being killed. However, we are in a unique transition in human history. After
evolving alongside our worms for countless millennia, we have finally managed to
rid ourselves of these unwelcome guests with the advent of water sanitation and
proper waste disposal, thus preventing their spread. Furthermore, in rare cases
of infection we are quick to treat it with anti-helminthic drugs. The result though,
is that allergies, diabetes, inflammatory bowel disease and many other immune-
associated disorders are more common than ever before. Perhaps we need these
parasites just like they need us, as without their influence on our bodies the immune
system is missing a key signal, which tells it that everything is all right.

During my brief time at the section for immunology I've studied how the body
interacts with parasites, to better understand the fundamental workings of our
immune system, in the hopes that someday we will be able to get all the benefits they
provide without having to carry an actual infection. Having the cake, and eating it
too, if you will. Our group has studied how chronic infections affect the composition
of intestinal bacteria, we've assessed what happens to the immune system after
an infection is cleared, and slowly begun to elucidate how immune cells recognize
and respond to the presence of parasitic worms. It's been a joy working with these
disgusting little creatures, and | hope that you find some pleasure in reading what
we discovered.

Daniel Sorobetea
Lund, February 2017
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Popularized summary in Swedish

Tarmens immunforsvar &r oumbarligt for var halsa da det maste kunna bekédmpa
farliga mikroorganismer utan att skada den egna kroppsvévnaden eller de nyttiga
bakterierna i tarmkanalen. Nar denna balans rubbas okar risken fér att utveckla
diverse immunrelaterade sjukdomar, sa som allergier eller diabetes. Vi star darfér
infor ett problem. Samtidigt som omgivningenivar del avvérlden har blivit alltrenare,
och vi har lyckats gora oss av med parasitmaskar, sa drabbas allt fler ménniskor av
inflammatoriska sjukdomar, vilket skulle kunna tyda pa att immunférsvaret saknar
en viktig signal eller kanske inte far ratt tréning under dess utveckling tidigt i livet.
Maskinfektioner har saledes féreslagits som mojlig terapi for att behandla vissa
typer av inflammatoriska sjukdomar.

Syftet med denna avhandling har varit att undersdka hur parasitmaskar paverkar
miljén i tarmen, bade under och efter infektion, i hopp om att kunskapen kan
komma att bidra till utvecklingen av botemedel for de ovan ndmnda sjukdomarna.
Min forskning har kretsat kring tarmparasiten Trichuris muris som infekterar moss
och &r néra beslaktad med mansklig piskmask. | avhandlingens férsta studie
upptéckte vi att T. muris-infektion ledde till en stor ansamling av mastceller i tarmen,
som stannade kvar i vdvnaden langt efter att maskarna stotts ut och méssen blivit
friska igen. Mastceller ar tatt forknippade med allergiska reaktioner, vilket skulle
kunna tyda pa att maskinfektionen &kar risken for att utveckla matallergi eller
andra inflammatoriska tarmsjukdomar. | den andra studien analyserade vi huruvida
kronisk infektion med T. muris paverkar sammansattningen av tarmens godartade
bakterier, och vilka eventuella konsekvenser detta har pa kroppens immunforsvar.
Vi upptackte att tarmens bakterier andrades drastiskt inom loppet av ett par veckor
efter infektion. Bland annat sa fann vi att ett antal bakteriefamiljer hade dkat i antal,
speciellt Lactobacilli, som tros vara viktiga for att bibehalla en frisk tarm. Daremot
sa minskade andra bakterier avsevart i antal, sa pass att den totala mangfalden av
bakterier paverkades negativt, nagot som sker dven i patienter med inflammatoriska
tarmsjukdomar. Dessutom kunde vi visa att balansen mellan inflammatoriska och
dampande immunceller skiftat till férman foér de inflammatoriska cellerna. | den
tredje studien ville vi ga pa djupet kring hur immunférsvaret kdnner av nérvaron av
parasiter, och upptéckte att molekyler som utséndras av T. muris under infektion kan
aktivera immunceller till att producera inflammationsdrivande proteiner. Slutligen
s& studerade vi funktionen av eosinofiler som befinner sig i den fettvdv som
omgardar tarmen. Eosinofiler associeras vanligtvis med maskinfektioner, men till var
dverraskning sa fann vi att de har en roll i att reglera funktionen hos blodkérl, och
att de pa sa satt har inverkan pa kroppens blodtryck, dven under normalférhallande.

Det &r i nuldget oklart hur vara resultat relaterar till ménniskor, och mer forskning
behovs for att i detalj forsta de langsiktiga konsekvenser som parasitinfektioner har
pa var hélsa. Min férhoppning &r att vara studier har hjalpt oss en bit pa vagen.






Thesis summary

The intestinal immune system is of fundamental importance to human health as it
must be able to eradicate pathogens, while remaining tolerant to harmless dietary
antigens and the countless microorganisms that make up the gut microbiota. A
collapse in this balance might result in various immune-associated disorders, such
as inflammatory bowel disease and food allergies. Interestingly, as our exposure to
intestinal parasites has diminished, the incidence of these disorders has steadily
risen. Humans have harbored parasitic worms throughout history, and their
continued survival is thought to depend upon their ability to modulate the immune
system of their host. Thus, the lack of worm infections, particularly early in life, might
contribute to the rising incidence of inflammatory disorders.

The aim of this thesis was to characterize the influence of intestinal parasite infection
on the mucosal environment using the murine large-intestinal nematode Trichuris
muris, a close relative to the human parasite Trichuris trichiura. In the first paper, we
found that acute T. muris infection resulted in the accumulation of mucosal mast
cells in the intestinal epithelium, which persisted several months beyond expulsion
and had a notable impact on epithelial homeostasis, but without affecting the
intestinal microbiota. By contrast, in the second paper, we demonstrated that
chronic infection led to decreased bacterial diversity and an increase in the relative
abundance of Lactobacilli, as well as a skewed balance between inflammatory and
regulatory T cells in favor of inflammatory cells. In the third paper, we investigated
how secreted antigens from T. muris are recognized by the innate immune system
and found that worm-derived molecules were capable of licensing macrophages for
the activation of a non-conventional inflammasome. Lastly, we extended our studies
into the mesentery to assess the role of eosinophils in adipose tissue and surprisingly
discovered that eosinophils contribute to regulation of vascular function.

In conclusion, our results suggest that T. muris has a considerable influence on
both the mucosal immune system and the commensal microbiota, with potential
consequences on the development of immune-associated disorders, although
further studies are required to determine the extent to which these findings apply
to humans.
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Introduction

Fromthe momentwe are born, ourbodies are constantly exposed to microorganisms.
Most of these creatures do us little or no harm, but a significant portion like nothing
better than to devour our blood and feast on our flesh. Nature is rife with parasitism,
and it has been estimated that one fifth of the world population is hosting one
or more species of parasite'. Although the majority of these organisms reside in
our intestines, symptoms vary significantly depending on the species, ranging from
abdominal pain and mild anemia to stunted development, cognitive disability and,
in rare cases, death. As with many other pathogens, parasitic worm infections are
most common among children in developing countries where hygienic conditions
are poor. The tragedy is that most parasites are easily avoided by access to clean
water, which is evident in the industrialized parts of the world. Efforts to treat infected
individuals with anti-helminthic drugs are thus rendered useless, since people are
prone to reinfection due to continued exposure to infective eggs and larvae in their
immediate environment.

With that being said, there are reasons to believe that some parasites could incur
benefits as well. Epidemiological data indicate that over the past decades, as
certain countries have experienced high rates of economic development, both the
prevalence and incidence of immunological disorders has risen steadily?*, while the
occurrence of parasite infections has decreased dramatically. This inverse correlation
has given rise to the hygiene hypothesis, which as the name implies proposes that
excessive cleanliness might alter the balance of the immune system, in part due
to the lack of parasite exposure, thus resulting in aberrant reactions to harmless
environmental molecules like enzymes from cat saliva, plant pollen and peanuts, or
to the body’s own cells and proteins, as in the case of type 1 diabetes, rheumatoid
arthritis and multiple sclerosis. Given that our species evolved in close contact with
a diverse array of pathogens, this explanation is certainly plausible. Furthermore,
the literature on the topic is extensive and has gained more credence in recent
years®¢, so much so that some have considered using worm infections as treatment
for the disorders mentioned above’. Regardless, it is clear that parasites have had,
and will continue to have, a significant impact on our species in the foreseeable
future.

During my studies, | have explored the interaction between intestinal parasites and
the mucosal immune system using the nematode Trichuris muris, a natural model of
murine infection. In the following chapters | will attempt to summarize the current
state of the field, as well as contextualize our own findings within this topic.



The intestinal milieu

It goes without saying that the intestinal tract is responsible for digestion and uptake
of nutrients. However, its massive surface area also provides a convenient route
of entry for potential pathogens and must therefore be continuously guarded by
the mucosal immune system, which is burdened with the difficult task of mounting
protective immunity toward invading pathogens, while simultaneously remaining
tolerant toward harmless environmental stimuli, food-derived molecules and
commensal microbes. This balancing act is highly intricate, and if perturbed might
result in food allergies, inflammatory bowel disease and other immune-associated
disorders, although the precise causes of these conditions are unknown. While the
function of the mucosal immune system is relatively well characterized, it is only
in recent years that we have begun to unravel the complex nature of the myriad
of microbial species that populate the intestinal lumen. Our understanding of this
microenvironment thus remains fairly limited and will likely be revised in coming
years as technologies improve and our abilities to process large amounts of data
become more sophisticated. Nevertheless, the intestinal environment clearly has a
profound influence on both health and disease.

The intestinal barrier

Before discussing mucosal immunity, it is important that we familiarize ourselves with
the structure, organization and function of the intestinal barrier®. The gastrointestinal
tract encompasses the stomach, as well as the small and large intestines. Food
is digested mainly in the stomach and is subsequently passed on to the small
intestine, which is the main site of nutrient absorption. This uptake is facilitated by
the countless folds of the epithelium known as villi and microvilli, which dramatically
increase the total surface area available for nutrient absorption. By contrast, the
large-intestinal epithelium is devoid of villi, instead being important for reabsorption
of water. Both barriers are composed of a single layer of epithelial cells lined with
mucus on the luminal side. In addition to these structural barriers, vast numbers of
immune cells reside in the epithelium and the underlying lamina propria, to guard
against the multitude of commensal microorganisms that make up the microbiota,
as well as potential pathogens. Given this close interaction, the intestinal barrier
is also interspersed with secondary lymphoid organs, such as Peyer's patches and
isolated lymphoid follicles, and is richly supplied with lymphatic vessels that drain
into mesenteric lymph nodes where adaptive immune responses are initiated. The
lymph nodes, in turn, are coated in adipose tissue, which contains immune cells
that have been implicated in both metabolic and immune regulation. Collectively,
these organs and tissues are responsible for generating both protective immunity
and oral tolerance.

The intestinal epithelium is composed of at least five distinct cell types, including
absorptive enterocytes, enteroendocrine cells, tuft cells, Paneth cells, goblet
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cells, as well as the pluripotent stem cells that generate them?. Unsurprisingly,
enterocytes make up the vast majority of epithelial cells given their role in nutrient
uptake. Similarly, enteroendocrine cells are responsible for hormonal regulation
of various digestive functions, thus forming a link between the gastrointestinal
tract and the pancreas. Tuft cells appear to have a unique function in regulating
immunity to parasites, as will be discussed in the next chapter. Paneth and goblet
cells, on the other hand, are heavily implicated in maintaining the physical barrier
by release of anti-microbial peptides and mucus, respectively. Paneth cells are
most abundant in the small-intestinal epithelium, but unlike other epithelial cells
do not shift outward as the stem cells proliferate, instead residing in the crypts
where they release defensins, lysozyme, Regllly and other bactericidal molecules
that maintain a sterile niche to protect the epithelial stem cells. By contrast, goblet
cells increase along the intestinal tract and are most abundant in the large intestine
where they secrete numerous glycoproteins, most importantly mucins, which form
a gel-like matrix that coats the luminal side of the epithelium, thereby forming a
barrier toward invading microbes™. This is particularly evident in the large intestine
where the bacterial load is the highest and the mucus layer is the thickest. Indeed,
whereas the small intestine is covered by a single mucus layer, the large-intestinal
mucus is composed of two distinct layers, with commensal bacteria residing in
the outer layer, but rarely penetrating the dense network of the inner layer under
normal circumstances’®, although some pathogens have evolved specific strategies
to breach the barrier. Furthermore, a certain degree of interaction between the
epithelium and microbiota is of critical importance for immune development and
oral tolerance’ . The importance of mucus is further emphasized by the fact
that defects in mucin production enables entry of commensal microbes into the
mucosa'® and predisposes to inflammatory bowel disease and cancer''®. Together,
these cells and molecules effectively maintain a physical barrier between the outside
world and us.

The microbiota

The adult human gastrointestinal tract is colonized by approximately 10
microorganisms, collectively referred to as the intestinal microbiota. Composed
mainly of bacteria, the microbiota outnumbers our own cells by at least two-fold,
and has a substantial impact on both health and disease. Given that most luminal
bacteria are anaerobic and difficult to culture, the complexity of the intestinal
microbiota was not fully recognized until modern genetic sequencing became
widely available. Since then however, we have come to appreciate the intricate
nature of intestinal microbes and slowly begun to elucidate their profound influence
on important physiological and developmental processes in the body, including
nutrient digestion and metabolic regulation’??, bone?, blood vessel*? and
immune development??’, as well as out-competing pathogens®*?!, maintaining
tissue homeostasis'*? and influencing brain function®-".



While the precise number is unclear, there are somewhere between four hundred®
and one thousand¥ different bacterial species presentin the intestinal tract. However,
most of these belong to only two phyla, namely Firmicutes and Bacteroidetes®<’,
with minor contributions from Actinobacteria and Proteobacteria, which instead
are abundant on the skin®, likely due to differences in oxygen and moisture
content. Thus, each tissue can be viewed as a unique habitat with its own physical
characteristics and niches. Microbial diversity is therefore equally important for
providing stability in the intestinal tract as in any ecological habitat. The composition
of the microbiota is nevertheless not rigid, but fluctuates over time, and is under
the influence of several factors, including host genetics and immunity, as well as
diet and other environmental factors. Indeed, humans are presumed to be sterile
prior to birth, but are rapidly colonized by bacteria from the mother’s vagina*'. The
microbiota thus becomes established in the neonatal period and evolves over the
course of several years. This process is genetically regulated and partly determined
by the mucosal immune system*, as illustrated by the fact that family members
have similar microbiota, with monozygotic twins being the most alike®. However,
host factors are insufficient to fully explain the variability between people, which is
more pronounced than within any given individual®44, despite that most people
have a core set of species in common®“. Diet, in particular, appears to have an
important role in shaping the microbiota®*-. For instance, children in rural Africa
have a different microbial composition than children in Europe, characterized by
lower abundance of Firmicutes, as well as the presence of certain phyla that are
absent in European children, largely due to the plant-rich diet in rural communities®.
Our commensal microbes thus digest complex plant-derived carbohydrates for
which we lack the enzymatic machinery? and are susceptible to changes in diet as
specialized communities expand and contract in response to their preferred energy
source®. As a result, the microbiota also has a strong impact on obesity*>™,
which is associated with increases in Firmicutes*>"%. This inherent plasticity in the
composition of commensal microbes has likely been advantageous throughout
human evolution. Thus, whereas obesity has become a major health issue in modern
times, the efficient uptake and utilization of lipids and polysaccharides might have
been a selective advantage in nutrient-scarce environments. In situations where
food is limited, growth of bacterial communities that are able to maximize energy
harvest for the host might increase the likelihood of survival. This is further illustrated
by the observation that cold temperatures, which are associated with periods of
food scarcity, have a significant impact on the abundance of certain microbial
groups that promote nutrient uptake and expenditure®, notably Firmicutes,
which mirrors the microbiota during obesity”*"*. Similar changes can be seen in
pregnant women, notably in the third trimester, where demand for caloric intake is
highest™. Unfortunately, this plasticity comes at a price. Given their important role
in immune development, dysregulated microbial communities are thought to have
a substantial impact on the development of several immune-associated disorders,
notably type 1 diabetes®> and inflammatory bowel disease. Indeed, patients with
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inflammatory bowel disease have altered bacterial communities®®¢?, which are less
diverse®!, despite having higher bacterial loads than healthy controls®¢, although
it is unclear whether this shift is a direct cause or simply a consequence of disease.
Nevertheless, these findings have prompted therapeutic use of various bacteria,
notably Lactobacilli®®, and in some cases complete fecal transplants from healthy
individuals, to ameliorate disease. However, it remains to be determined whether
certain microbial populations can be manipulated to effectively prevent or cure
these disorders.

The mucosal immune system

Unlike most other peripheral tissues, the intestine is continuously exposed to foreign
material; some of it harmful, but most of it innocuous. It is perhaps not surprising
then that many of the cell types in the intestinal tract are suppressive in nature,
leading to a collective state of immunological tolerance in the steady state mucosa.
However, when faced with an invasive microbe, the mucosal immune system must
rapidly initiate inflammation and eliminate the pathogen. The intestinal mucosa is
thus composed of a highly diverse set of cell types, some of which are vital for
the maintenance of homeostasis by acting as tissue sentinels, whereas others are
recruited or expanded upon inflammation.

Homeostasis

The maintenance of tissue homeostasis is largely dependent on resident antigen-
presenting cells and regulatory helper T cells, which are most abundant in the large
intestine (likely reflecting the high microbial load), with contributions from various
innate cells including ILCs and eosinophils. Hence, in contrast to inflammatory
monocytes, and most other tissue-resident macrophages, which respondto microbial
stimuli with the production of inflammatory cytokines, intestinal macrophages are
generally suppressive® and act mainly to limit inflammation, partly via recognition
of the cytokine IL-10¢70. Likewise, dendritic cells are necessary for the uptake of
both luminal and tissue-derived antigens’'~”’, migration to mesenteric lymph nodes
and the subsequent induction of regulatory T cells’378%, which suppress immune
responses at mucosal surfaces®®? predominantly via production of IL-10%%. In
addition, ILCs have been implicated in regulating barrier function®#®, maintaining
secondary lymphoid organs®# and facilitating IgA secretion®, largely in response
to the microbiota” %, thus being strongly implicated in the maintenance of intestinal
homeostasis. Eosinophils, which make up only a fraction of circulating leukocytes,
are relatively abundant in the intestinal tract”™ and have traditionally been associated
with combating parasites. However, recent findings instead suggest that intestinal
eosinophils are also important for promoting tissue homeostasis, through the
maintenance of both regulatory T cells™” and IgA-secreting plasma cells”%, as
will be discussed in greater detail in the subsequent chapter. Moreover, eosinophils
accumulate in mesenteric lymph nodes upon parasite infection” and are also
present in adipose tissue”™, where they have been implicated in the maintenance
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of alternatively activated macrophages and glucose homeostasis, highlighting their
potential role in both metabolic and immune regulation.

Inflammation

As a consequence of these mechanisms, the mucosal immune system is able to
effectively maintain intestinal homeostasis and oral tolerance. However, from time
to time, a pathogen is able to breach the barrier and infect the tissue, resulting
in inflammation, which serves to contain the spread of invading microbes, recruit
additional immune effector cells, and initiate the adaptive immune response to
generate long-term memory. The first step of the inflammatory cascade is pathogen
recognition, which relies on a broad group of cytosolic and membrane-bound
receptors that recognize evolutionarily conserved microbial structures, as well as
endogenous stress molecules. These include the TLRs, NLRs, CLRs and RLRs, which
are expressed by both hematopoietic cells, mainly of the innate immune system,
as well as by non-hematopoietic cells, notably intestinal epithelial cells. Once
triggered, these receptors initiate intracellular signaling cascades that lead to the
production of inflammatory cytokines and mediators. Perhaps the most prominent
example is TLR4, which is ubiquitously expressed and signals in response to LPS, a
major component of the Gram-negative bacterial cell membrane, as well as certain
damage-associated molecules”. With the help of several accessory proteins, TLR4
transmits its signal through the adaptor proteins MyD88 and TRIF, resulting in the
phosphorylation of a series of kinases and scaffolding proteins, culminating in
the activation of NF-xB and IRF3, respectively'®™. These transcription factors, in
turn, translocate to the nucleus and promote increased migratory or phagocytic
capacity of dendritic cells and macrophages, respectively, as well as expression of
several inflammatory genes, such as TNF and IL-6, which enable the recruitment of
effector cells, including neutrophils and monocytes, as well as adaptive immune
cells. Consequently, neutralizing antibodies against TNF (infliximab) are, along with
corticosteroids, the predominant treatment for patients with inflammatory bowel
disease.

Another important feature of the inflammatory response is the formation of large
cytosolic protein complexes called inflammasomes'®, which serve to activate and
release the highly potent cytokines IL-1B and IL-18. Unlike most other cytokines, IL-
1B and IL-18 are translated as inactive pro-forms upon NF-kB and AP-1 activation,
and must be cleaved prior to being released. This process occurs predominantly
in dendritic cells, macrophages, neutrophils and epithelial cells, and is mainly
accomplished by the enzyme caspase-1'®. Several distinct inflammasomes have
been identified based on the pattern-recognition receptors that govern their
activation. For instance, Naip5, which activates the Nlrc4 inflammasome’®1%
in response to flagellin™®'% is highly expressed in the large intestine’® and is
important for protection against Salmonella infection'. Likewise, Aim2, which is
activated upon binding of cytosolic double-stranded DNA, is required for protection
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against certain intracellular bacteria, such as Francisella tularensis'?"'®. However,
the most studied inflammasome contains the sensor Nlrp3, which unlike the other
inflammasomes mentioned is activated in response to a broad spectrum of both
endogenous "*""® and pathogen-derived''®'% molecules. Given the diverse nature
of these triggers, it is unlikely that they are all sensed directly by the NIrp3 protein
itself, but rather that several different physiological mechanisms converge on a signal
that enables Nlrp3 to bind the adaptor protein Asc, which can recruit caspase-1
and form the inflammasome. A number of mechanisms have been proposed to
explain this phenomenon, most of which pertain to inherent signs of stress, such
as organelle dysfunction, membrane destabilization and ion imbalance. These
include cathepsin release from ruptured lysosomes', decreased concentration
of cytosolic potassium''?* and accumulation of damaged mitochondria due to
impaired autophagy'®'%, as well as leakage of mitochondrial DNA'#/128, ROS'27127
and cardiolipin™ into the cytosol. By contrast, mitochondrial apoptosis itself does
not seem to affect inflammasome activation'®', indicating that dying mitochondria
or defective organelles are not inherently inflammatory if recycled under controlled
conditions. The exact contribution of each pathway in vivo is largely unexplored
and likely depends on the nature of the trigger and cell type in question. However,
what is clear is that not all pathways are required at any given time; for instance,
NIrp3 activation can occur independently of potassium efflux'*2'3 or mitochondrial
ROS production™, highlighting the complex and context-dependent nature of
inflammasome activation. Another possible explanation for the wide range of
Nlrp3-inducing stimuli is the convergence of post-translational modifications of
inflammasome components. Indeed, NlIrp3 activation is a rapid process that does
not require de novo transcription, instead relying on deubiquitination of Nlrp3,
as well as Asc ubiquitination and phosphorylation'*'%*, lending credence to this
hypothesis. Furthermore, intestinal macrophages, which are largely unresponsive
to Nlrp3 stimuli, appear to be so due to continuous ubiquitination and degradation
of NIrp3 mRNA™. Similarly, IL-1B is also regulated at the post-translational level by
ubiquitination via the protein A20, which suppresses inflammasome activation'?,
illustrating the importance of post-transcriptional and post-translational processes
in the regulation of inflammasome activation.

A feature often associated with inflammasome activation is a controlled form of lytic
cell death called pyroptosis. While inflammasome activation and subsequent IL-1p
release have been tightly associated with pyroptosis, it has become increasingly
evident that these are separate events that do not necessarily occur in unison,
or depend upon the same factors'®2'®. Caspase-1, which was presumed to be
essential for both IL-1p maturation and the induction of pyroptosis, does not appear
to be critical for either, depending on the circumstance. Instead, other caspases
can provide these functions in a redundant fashion. Caspase-8, which is mainly
associated with apoptosis, has several additional inflammasome-related functions,
including indirect regulation of Nlrp3 and IL-18 mRNA via effects on NF-xB
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activation"1¥-14 direct cleavage of both IL-1B'3814+14 and caspase-1'%, as well as
scaffolding properties™ and formation of a Rip kinase-dependent type of cell death
termed necroptosis'#'481%0151 in both the presence or absence of caspase-1, and in
some cases without NLR-involvement'®'#_Similarly, a non-canonical inflammasome
dependent on caspase-11 has been shown to be involved in the pyroptotic response
to cytosolic LPS™#' further complicating the process.

Once the inflammasome complex has been assembled, pro-IL-1p and pro-IL-18
are proteolytically cleaved into their mature forms, which are released into the
extracellular space by an unknown mechanism. Interestingly, the functions of these
cytokines in the intestinal environment appear to be somewhat opposing, with
IL-1B mainly promoting inflammation™>", whereas IL-18 appears to be involved
in more anti-inflammatory processes, notably epithelial repair’™'®', as well as
promoting type 1 immunity™? and being strongly associated with inflammatory
bowel disease’'¢*. Due to these conflicting functions, the role of inflammasomes
in intestinal homeostasis and inflammation is still largely unclear’™'1%-1¢7 and the
precise role for each inflammasome, as well as possible redundancy between them,
remains to be determined.

In summary, the intestinal immune system plays a central role in the generation of
both protective immunity to invading pathogens, as well as tolerance to commensal
microbes and harmless environmental and dietary antigens. This delicate balance
is regulated by both the immune system and the microbiota, and is crucial for
human health. Now that the basic mechanisms that govern this process have been
established, we can turn our attention to the interaction between intestinal parasites
and the host, which is the main focus of this thesis.
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Host-parasite interactions

Parasite biology

In contrast to various parasites, most pathogens are too small to be seen with the
unaided eye, and so for a long time were completely unknown. In fact, prior to the
discovery of microscopic life forms by Antonie van Leeuwenhoek, it was assumed
that most diseases were caused by parasitic worms, many of which belong to
the nematode family. Indeed, nematodes are so abundant that it led the notable
nematologist Nathan Augustus Cobb to proclaim that:

."if all the matter in the universe except the nematodes were
swept away, our world would still be dimly recognizable, and if, as
disembodied spirits, we could then investigate it, we should find its
mountains, hills, vales, rivers, lakes, and oceans represented by a film
of nematodes. The location of towns would be decipherable, since
for every massing of human beings there would be a corresponding
massing of certain nematodes. Trees would still stand in ghostly rows
representing our streets and highways. The location of the various
plants and animals would still be decipherable, and, had we sufficient
knowledge, in many cases even their species could be determined by
an examination of their erstwhile nematode parasites.”%®

Roundworms, hookworms, pinworms, whipworms and filarial worms all belong to
the nematode family, and are further grouped into the ecdysozoan superfamily due
to their ability to undergo ecdysis, or molting. Nematodes need to molt several
times in their lifespan in order to grow and mature, as they are covered in an
exoskeleton known as a cuticle, primarily composed of collagen and chitin. The
cuticle not only affords protection, but also is critical to maintain body pressure, and
functions both as an absorptive and excretory organ. Life cycles vary substantially
between different parasitic nematode species. However, most reproduce sexually,
whereby eggs are shed, which after a period of embryonation become infective.
Furthermore, each species is fairly specific to its host, suggesting a long coevolution
between parasite and host. Given that nematodes are found in every biotope and
can parasitize both animals (including humans) and plants, they are of tremendous
scientific, medical and economical importance; so much so that one of the major
model organisms in biology, Caenorhabditis elegans, is a roundworm. My work has
focused on the parasitic whipworm T. muris, a close relative of the important human
pathogen Trichuris trichiura.

T. muris

Research conducted with T. muris dates back over sixty years'. Many of the core
findings are common to other extracellular parasites and have thus provided
substantial insight into the interaction between nematodes and the immune system.
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As with other Trichuris species, T. muris infection begins with ingestion of infective
eggs by the host, with larvae hatching mainly in the cecum of the large intestine
within a few hours of infection'70. Hatching is sensitive to temperature, pH and the
presence of both commensal and pathogenic bacteria, including Escherichia coli,
Lactobacillus reuteri, Pseudomonas aeruginosa and Staphylococcus aureus"'172,
which in some cases appears to involve direct contact between eggs and bacterial
fimbriae""73, although this might vary between T. muris strains* and species
of Trichuris'’?. Larvae subsequently penetrate the mucus and burrow into the
epithelium (without breaching the basal lamina) where they remain embedded
throughout their lifespan. Trichuris worms are presumed to accomplish this feat
by releasing a mixture of molecules termed E/S antigens, which aid in degrading
mucins'® and extracellular matrix proteins®, as well as weakening epithelial
membrane integrity””78. Worms reach patency and mate approximately five weeks
later (unless expelled by the host), then females release eggs into the lumen that
are shed with the feces, which after a period of embryonation become infective and
can complete the life cycle.

The outcome of T. muris infection is determined by several factors, which converge
to render mice resistant or susceptible. The first is genetic diversity among worms,
which is made evident by the observation that different strains have varying
infectivity'’?'%. For instance, most studies (including ours) have employed a strain
initially derived from wild mice in Scotland'®’, whereas a more recent strain was
obtained in Portugal, which is less efficiently expelled?'®. The second determining
factor is genetic diversity among hosts, which is reflected by varying susceptibility
between different mouse strains'’, as well as humans'®'8, with similar patterns
observed for other parasites''%. The underlying cause for these discrepancies has
been attributed to the MHC alleles' ', which strongly implies that resistance and
susceptibility is governed by adaptive immunity. Thus, while BALB/c mice (H-2d) are
inherently resistant, expelling within two to three weeks after infection, AKR mice (H-
2k) are fully susceptible and do not expel at all. The third factor is the sex of the host,
as males tend to be more susceptible than females within some mouse strains'".
These differences are also under genetic control, and are largely due to inherent
variation in cytokine production'?, which will be discussed in more detail further
on. The fourth and final factor is egg dose, where interestingly, high infection doses
promote worm expulsion whereas infection with low doses results in chronicity'.
Thus, C57BL/6 mice (H-2b), which lie in-between BALB/c and AKR mice in the
spectrum of resistance and susceptibility, are generally not capable of expelling
less than 40 worms, but efficiently clear over 400. This dose-response phenomenon
is not unique to T. muris, as infection with the intracellular protozoan Leishmania is
expelled at high but not low doses', also being associated with infection-induced
adaptive immune responses, similar to T. muris infections. The fact that low-dose
infections with T. muris result in chronicity, whereas high doses are efficiently cleared,
might seem counterintuitive but speaks to the coevolution of parasites and their
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hosts'”. High-dose parasite infections are probably rare in the wild""*'”, and mice
are rather more prone to be exposed to several low doses, amounting to higher
doses over time. This phenomenon can also be observed under experimental
conditions, where several consecutive low-dose infections give rise to a high-dose
infection, which is not as efficiently expelled as a single high dose'®. The reason
why one high dose does not elicit more of the same inefficient response is unclear,
but might be due to a particular threshold being crossed, perhaps of tissue damage
caused by increasing numbers of worms. Consistently, engagement of the tissue-
repair arm of the immune system is, as we shall see, tightly associated with the
response required to successfully combat parasites. Together, these four factors
form the basis of resistance and susceptibility by shaping the innate and adaptive
immune response into one of three types, which ultimately dictates the outcome of
infection. Resistant mice are consequently characterized by the induction of type 2
immunity, with expulsion primarily driven by IL-13'%19-201 which will be discussed
at length in the subsequent section. The importance of the immune system can
be further illustrated by the fact that genetically susceptible mice that have been
infected with a low dose of T. muris eggs, which under normal circumstances would
amount to chronicity, are able to clear the infection if there is appropriate immune
intervention. Accordingly, if recombinant cytokines or neutralizing antibodies that
promote protective immunity are administered, mice can be rendered resistant (and
vice versa), a pattern which holds true for several parasites'”"?>2%_|n other words,
what ultimately determines whether the host will expel the parasite or be chronically
infected is the immune system.

Immunity toward T. muris is generated during the first few weeks after infection,
before worms reach patency, given that parasite-specific cytokine responses can be
detected within this period, and that expulsion can occur during the earlier larval
stages in some mouse strains”. Moreover, cortisone treatment can prevent worm
clearance in normally resistant mice if administered early after infection?”'°, clearly
implicating the immune system. Indeed, T cells play a critical role in protection, as
is evident from athymic mice?'?'2. Furthermore, immunity is mediated by helper T
cells rather than cytotoxic T cells, as shown by the neutralization of CD4* but not
CD8* cells?'®, and by adoptive transfer of CD4* T cells from a previously infected
resistant strain, which confers protection in normally susceptible lymphopenic
mice?™. By contrast, the role of B cells in the immune response to T. muris is
somewhat complicated. Adoptive transfer of B cells alone from previously infected
mice is insufficient to confer resistance?’>. However, mice that lack mature B cells
appear to have less efficient expulsion?'®, and transfer of IgA?"” or IgG?'® antibodies
from resistant mice confers partial resistance, most likely due to their neutralizing
effect on secreted parasite antigens, or by trapping larvae, which is mirrored by
other parasite models?’*?". These findings suggest that B cells might play a role
in promoting the generation and/or polarization of the T cell response, either by
antigen-presentation or cytokine secretion. Whether or not antibodies generated
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by long-lived plasma cells or memory cells can be protective upon secondary T.
muris challenge has yet to be determined.

Clearly, the expulsion of parasitic worms is a complicated event involving more than
just one cell type, and likely dependent on several distinct mechanisms. | therefore
want to discuss the intricate process from infection to expulsion in more detail.

Parasite immunology

Extracellular parasite infections are fundamentally different from other pathogen
encounters. While the average bacterium is around two micrometers in length,
multicellular organisms like T. muris can be upwards of two centimeters in length
when fully mature, and although the mental image is amusing, a macrophage
cannot degrade, let alone phagocytose, a parasite several hundred times its own
size. Thus, it is not surprising that the fundamental physiological and immunological
mechanisms required to deal with these infections are completely different from
those involved in response to bacterial, fungal or viral infections. This inherent
difference between groups of pathogens has given rise to the idea that immunity
can be categorized into several arms; each highly specialized for particular types of
microorganisms, and able to counteract one another. Type 1 immunity for instance,
which is characterized by the production of IFN-y, is critical for combating small
intracellular pathogens like viruses and bacteria, but is essentially useless against
large multicellular organisms such as parasitic worms?*. Similarly, extracellular
bacteria and fungi elicit a related form of immunity, characterized by the production
of IL-17, which for simplicity will be referred to as type 3 immunity. The inefficiency of
these types of immunity against parasitic infections is not due to proportion, where
if anything, the stronger the response the less likely the host will be to expel any
worms. Moreover, an improper immune response is not only ineffective, but can also
be dangerous by causing chronic inflammation and increased tissue destruction??2%3,
Instead, a wholly different set of mechanisms is required for expulsion of parasitic
worms, which has been termed type 2 immunity.

The type 2 response entails several biological processes that serve to disrupt the
parasite niche, and revolve around strengthening the physical barrier and promoting
tissue-repair. These mechanisms are highly coordinated and involve many different
cell types and molecules, which have been implicated at various stages in the
generation and execution of this response. Indeed, immunity to gastrointestinal
parasites can be categorized into five distinct steps: detection, transmission,
induction, execution and resolution. Each step is critical and involves unique cell
types and effector molecules, which are essential for protective immunity. In this
chapter, | will attempt to summarize our current understanding of the inflammatory
cascade elicited upon parasite infection. Several model organisms besides T. muris
have been frequently used and will be included in the discussion where possible to
highlight general trends or unique exceptions in the field.
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Detection

Although the early events after T. muris infection are poorly understood, epithelial
cells are clearly the first cells to come in contact with T. muris larvae once the mucus
barrier has been breached. However, whether or not infected epithelial cells remain
alive and are capable of recognizing and responding to parasite-derived antigens
is unknown. Alternatively, uninfected epithelial cells adjacent to infected cells
might sense the ongoing infection and respond. Regardless, mice in which NF-
kB signaling is abrogated specifically in epithelial cells are incapable of mediating
worm expulsion?, strongly indicating that there is need for epithelial activation.
Recent evidence from several other models of nematode infection, including
Heligmosomoides polygyrus, Nippostrongylus brasiliensis and Trichinella spiralis,
indicate that specialized chemosensory cells called tuft cells are critical for providing
the early signals that drive type 2 immunity?*??. However, it is unclear whether the
worms are sensed directly by tuft cells or indirectly via signals from other epithelial
cell subsets prior to activation. Also, it should be noted that in contrast to T. muris,
the parasites mentioned all infect the small intestine at some point in their life cycle,
and so it remains to be determined whether tuft cells are involved in large-intestinal
immunity to parasite infection as well. Nevertheless, mice that lack tuft cells do
not expel N. brasiliensis?® thus implicating tuft cells in the generation of protective
immunity.

What epithelial cells are actually recognizing is still largely unknown. In the case
of T. muris, it is clear that IgA?” and 1gG12'® antibodies, both of which can confer
protection, bind to proteins within the E/S antigens. However, these antigens
are not necessarily recognized by epithelial cells, but rather by dendritic cells or
macrophages?®, and thus might not serve as the initial trigger of type 2 immunity.
Interestingly, chitin induces strong type 2 immunity in the lungs of mice infected
with N. brasiliensis?®?. In line with these data, acidic chitinase, which is expressed
in both intestinal and pulmonary epithelial cells and macrophages?*?%, and serves
to break down chitin, is required for optimal protection against both N. brasiliensis
and H. polygyrus?®. However, chitin alone is an insufficient explanation for the
induction of type 2 immunity, as it is also a major component of the fungal cell wall,
which normally induces type 3 immunity?**?®. Given that multicellular parasites tend
to cause more tissue destruction than other pathogens (due to their sheer size and
invasiveness) it is perhaps more likely that type 2 immunity results from combined
recognition of both endogenous damage-associated alarmins and worm-derived
molecules that become available for uptake after molting, including chitin, as well
as parasite-derived antigens that are continuously secreted throughout infection.

Transmission

Once a parasite has been detected by the epithelium, the signal must be transmitted
to cells of the innate immune system so that an appropriate inflammatory cascade
can be initiated, along with the induction of adaptive immunity. The main epithelial-
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derived cytokines implicated in the early generation of type 2 immunity are IL-
2522522236237 ||| -33238-240 gnd TSLP?4241242 which strongly synergize and prompt the
release of IL-4, IL-5, IL-9 and IL-13 from various innate immune cells, notably ILC2s,
which appear to play a prominent role early after infection??>-227:236243-247 \While ILC2s
share many characteristics with Th2 cells, for instance the requirement of GATA-3
expression during their differentiation®822, they are primarily activated by cytokines
rather than antigen, in contrast to T cells. Epithelium-derived IL-25 and IL-33, in
particular, are important for driving IL-5 and IL-13 production from ILCs, the latter
of which induces a number of responses, including goblet and tuft cell expansion,
thus resulting in a strong positive feedback loop with increased production of IL-25
by epithelial cellg?5-227:2490243-2% |ndeed, mice lacking IL-25 have less efficient worm
expulsion, T. muris included?¢¥72532%4 Fyrthermore, exogenous administration of
IL-25 fails to restore expulsion in IL-13-deficient mice?®*?>, whereas the reverse
is true??>?, illustrating that IL-25 acts upstream of IL-13 rather than directly on
expulsion. Strikingly, exogenous administration of IL-25 in the early stages of N.
brasiliensis infection results in worm expulsion in both wild-type and lymphopenic
mice, strongly suggesting that at high enough concentrations, IL-25-mediated
ILC2 activation can overcome T and B cell deficiency, which normally is associated
with chronicity?. Also, it should be noted that while epithelial tuft cells appear to
be the main producers of IL-25 in mice??>?, human eosinophils and basophils are
capable of secreting this cytokine as well®®. Nevertheless, mice that lack the IL-25-
regulating protein Act1 specifically in epithelial cells cannot expel N. brasiliensis?*,
further emphasizing the importance of epithelial-derived IL-25 in mediating type 2
immunity.

Whereas IL-25 is predominantly tuft cell-derived, IL-33 is expressed by several
epithelial cell subsets?, as well as some dendritic cells?”, and functions in a slightly
different way. It belongs to the IL-1 family of cytokines and is thus translated in a
pro-form that can be further processed. However, in contrast to IL-1B and IL-18,
IL-33 is biologically active prior to cleavage and localizes to the nucleus where
it binds chromatin, although its precise function is unclear®®, but appears to be
inactivated rather than activated upon cleavage by caspase-1%7, thus preventing
its function as an epithelial-derived alarmin under normal conditions. By contrast,
once IL-33 is released in the setting of tissue damage, it can be further activated
by granulocyte-derived proteases to exert its function??'. Much like IL-25, it is
important for driving IL-13-production by ILC2s during infection?%2*, and can also
be recognized by other cell types, including granulocytes®??¢3, dendritic cells®*, as
well as activated helper T cells®®. Furthermore, while exogenous administration of
IL-33 at early time points after T. muris infection promotes worm clearance, injection
at later stages of infection does not induce expulsion?®, suggesting that there is an
early window of opportunity in which it exerts its effects. In addition, neither IL-25
nor IL-33 alone is sufficient to drive expansion or activation of ILCs?*#, indicating that
there is a concerted activity between the two cytokines.
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Another function of IL-33 is to induce the expression of TSLP in the epithelium?®. The
data on TSLP are sparse, but unlike IL-25 and IL-33, which are critical for the expulsion
of multiple parasites, TSLP appears to be involved only during T. muris, but not N.
brasiliensis or H. polygyrus infections??#?1:%%2 which is understandable given that
TSLP is mainly expressed in the large intestine??. TSLP can be directly recognized
by dendritic cells?¢, as well as basophils?’, again suggesting that epithelial-derived
cytokines can bypass ILCs. Indeed, although the main target of IL-25, IL-33 and TSLP
appear to be ILC2s, it should be noted that both murine and human memory T cells
are strongly activated by IL-25%°265 ||-33%5266.267 and TSLP?>270, without the need for
T cell-receptor engagement®”?", unlike their naive counterparts, thus being able to
respond antigen non-specifically. Hence it remains to be determined whether ILCs
are truly critical for anti-parasitic immunity in previously challenged hosts.

In contrast to epithelial-derived cytokines and alarmins, the hematopoietic-derived
type 2 cytokines are likely involved during both early and late stages of infection,
but while there is considerable functional redundancy between IL-4, IL-5, IL-9 and
IL-13, they have unique characteristics in driving the type 2 response. IL-13 is by
all accounts the most pivotal, being required, at least in the skin and lungs, for the
recruitment of dendritic cells, which subsequently drive adaptive immunity?2273, |L-
13 is also critical for inducing many of the expulsion mechanisms in the intestine,
which will be discussed further on. This redundancy is revealed by the fact that
even in the absence of IL-4, IL-13 can compensate in some cases. For instance,
while IL-4 deficiency strongly affects the expulsion of T. spiralis in C57BL/6 mice,
BALB/c mice are not affected by the lack of this cytokine, whereas IL-13 deficiency
is equally debilitating in both strains'. Similarly, IL-4-deficient female mice are still
resistant to T. muris infection, in contrast to their male counterparts, mostly due to
a stronger propensity for IL-13 production''. Furthermore, with the exception of
in the skin?4, IL-4 appears to be dispensable for N. brasiliensis expulsion®®?°, The
redundancy between IL-4 and IL-13 likely stems from their shared usage of the IL-
4Ra subunit?>?”, although interestingly, IL-4Ra deficiency in T cells has no impact
on worm expulsion during either T. spiralis?’8, H. polygyrus?? or N. brasiliensis?®'
infections, in contrast to total IL-4Ra ablation'™ #9281 |nstead, IL-4 might need to
be produced by T cells, rather than being recognized, as it is mostly secreted by
follicular helper T cells to promote IgG1 class switching of B cells?®®. Nonetheless,
IL-4 production by ILC2s has recently been critically linked to H. polygyrus expulsion,
and interestingly was dependent on leukotriene D4?82. However, leukotriene D4 did
not induce IL-13 or IL-5 expression, which as mentioned is mainly promoted by
IL-25 and IL-33, illustrating a compartmentalized activation mechanism. IL-4 is also
produced by basophils?*028328 which is also more likely to be important for humoral
immunity.

IL-5 has a complicated and context-dependent role in type 2 immunity. As with
IL-13, it is secreted mainly by ILCs, but functions predominantly as an eosinophil
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recruitment and growth factor®2%. There is little data, however, to suggest that
deficiency in either IL-5 or eosinophils has an effect on parasite expulsion, despite
that eosinophil-derived mediators can skew dendritic cells to promote type 2
immunity?’2%, Thus, eosinophils do not appear to be critical for the generation of
Th2immunity or clearance of T. muris”, and blocking IL-5 does not affect H. polygyrus
expulsion despite significantly decreasing eosinophil numbers®2. However, mice
that overexpress IL-5 have massive eosinophilia and are less susceptible to N.
brasiliensis?®’. By contrast, eosinophil-deficient mice are unimpaired in their ability
to expel N. brasiliensis?®®, illustrating that IL-5 has additional unknown functions
beyond those associated with eosinophils.

As with the role of IL-5 in promoting eosinophil responses, IL-9 acts mainly as a
maturation factor for mucosal mast cells®'?3, and is largely T cell-derived?*2%,
although it can be secreted by ILC2s?7, as well as by mast cells themselves?%2%,
which in turn promote enhanced secretion of IL-25, IL-33 and TSLP from epithelial
cells®®. As a result, T. muris and H. polygyrus expulsion are impaired in mast cell-
deficient mice®®*" aswell as upon administration of neutralizing IL-9 antibodies®¥23%,
Furthermore, mast cells might contribute to worm expulsion through the release
of various proteases, which serve to loosen tight junctions between epithelial
cells, thus aiding in the shedding of embedded worms, notably during T. spiralis
infection®3%, However, mast cells appear to be dispensable for the expulsion of
N. brasiliensis infection®”=%, illustrating the context-specific nature of mast cell
responses.

Clearly, there is substantial complexity and functional redundancy within the
innate immune system given that the same type of response is elicited in various
tissues upon different stimuli, such as parasites and allergens. However, the precise
sequential mechanisms that govern type 2 immunity remain to be elucidated.

Induction

Once the innate immune system has been alerted to the presence of an infectious
parasite, it must propagate the signal further and engage the adaptive immune
system; a task mainly accomplished by dendritic cells. During T. muris infection,
dendritic cells accumulate in the intestinal mucosa, preferentially in resistant mouse
strains, where they localize in vicinity of the epithelium®'%*"". Intestinal dendritic
cells can be divided into three distinct subsets based on the sole or combined
expression of CD11b and CD103, all of which are capable of migrating to intestinal-
draining mesenteric lymph nodes upon activation, as well as priming naive T cells.
Our unpublished data (courtesy of Mimoza Demiri) indicate that IRF4-dependent
CD11b* dendritic cells are crucial for expulsion of acute T. muris infection.
Consistently, migratory IRF4-dependent dendritic cells in both the skin and the
lungs are required for the generation of Th2 responses to infection with the parasitic
trematode Schistosoma mansonif'?*® and N. brasiliensis®'*3®, as well as to allergic
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challenge in the lungs®*31231331¢ and the skin®". Conversely, IRF8-dependent CD103*
dendritic cells are important for the generation of type 1 helper®'®*? and cytotoxic’”’
T cell responses, thus promoting T. muris®? and H. polygyrus®® chronicity. Together,
these data illustrate that a specialized subset of dendritic cells is responsible for
the induction of Th2 responses in various tissues. However, the precise mechanisms
behind this compartmentalization are not clear, but might involve cell-intrinsic
signals that actively suppress the generation of type 1 immunity, and vice versa.
One such example is the phosphatase SHIP-1, which if specifically deleted from
dendritic cells results in impaired T. muris expulsion via enhanced production of
[L-12%2', Similarly, the notch ligand jagged appears to be important for dendritic
cells to prime effective Th2 responses in vitro®??, as is the expression of CD40 in
response to S. mansoni egg-derived antigens®?. Furthermore, different dendritic
cell subsets likely have divergent expression of certain cytokine and pattern-
recognition receptors, and might thus be inherently more or less prone to respond
to specific pathogens and cytokines®?. These types of signals, in combination
with cell-extrinsic signals, including those from ILCs?”3, could determine which
type of dendritic cell that gets activated upon parasite infection. Furthermore, the
nature of the initial stimulus is likely to have an impact on the resulting response.
For instance, dendritic cells in the skin of mice that are exposed to N. brasiliensis
infection or the contact sensitizer dibutyl phthalate, both of which induce type 2
immunity, acquire completely distinct transcriptional profiles, revealing a novel
role for type 1 interferons during N. brasiliensis infection®®, and highlighting the
complicated nature of pathogen recognition by the innate immune system.

Interestingly, some studies suggestthatboth basophils®??=33" and [LCs*23% can express
MHC-II and directly prime Th2 responses, including toward T. muris®?, without the
need for dendritic cells. However, neither of these cell types typically migrate to
draining lymph nodes upon infection, and given that Th2 immunity is abolished
in mice where dendritic cells have been depleted®**®, it is perhaps more likely
that basophils and ILCs contribute to local tissue immunity by promoting dendritic
cell activation, or by further enhancing the cytokine response of mature T cells
that have migrated to the infected tissue®®. Furthermore, the common strategies
hitherto employed to deplete ILCs are not as specific as previously thought, and
mice deficient in activated ILC2s are equally capable of expelling N. brasiliensis
from the intestine of lymphopenic mice that have been reconstituted with naive
CD4* T cells, regardless of whether or not the ILCs expressed MHC-I1%®, indicating
that naive T cells can be primed in the absence of ILCs. Moreover, dendritic cells
are responsive not only to ILC-derived cytokines, but also to epithelium-derived
cytokines, including TSLP%® and IL-33%*, thus possibly bypassing the innate immune
system completely.

Execution
Once adaptive immunity has been induced in the local lymph nodes, activated
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T cells must home back to the site of infection where expulsion can take place.
T. muris expulsion depends on a combination of physiological mechanisms that
include enhanced mucus secretion by goblet cells, release of neutralizing proteins
by granulocytes and epithelial cells, as well as epithelial hyper-proliferation and
intestinal peristalsis via increased smooth-muscle contractility. The first, and perhaps
most important, mechanism is increased production of mucins, which trap worms
and impede motility, thus preventing further burrowing into the epithelium. Mice
lacking mucin 2, the major component of the mucus layer, are rendered susceptible
and cannot expel T. muris®®, illustrating the importance of this barrier. Nonetheless,
T. muris larvae are still able to penetrate the mucus layer of normal mice upon
hatching, indicating that they have evolved strategies to circumvent this obstacle.
Indeed, one of the main E/S components is a serine protease with the capacity to
degrade mucin 2'°. The type 2 immune response however, acts not only to increase
goblet cell proliferation and mucus production, but also by switching to secretion
of mucin 5ac, which is resistant to degradation by the E/S antigens'>. In addition,
the host can produce serine-protease inhibitors that prevent further loss of mucin
2'75. Consistent with these data, mucin 5ac is only up-regulated in resistant mouse
strains®* and mucin 5ac-deficient mice have impaired expulsion of T. muris, N.
brasiliensis and T. spiralis®®. Increased mucus production and the mucin switch are
largely driven by IL-13%¥, 1L-43% and IL-22%¥, all of which render mice susceptible
when ablated genetically. The principle of physical obstruction provided by mucus
layers can also be extended to other mucosal sites like the lungs where the lectin
surfactant protein-D, which acts as a lubricant, is needed for optimal protection
against N. brasiliensis*®.

The second, and often overlooked, expulsion mechanism is the release of various
compounds by activated granulocytes and epithelial cells, most of which are toxic to
parasites. The relative contribution of each molecule is highly context-dependent.
For instance, although eosinophils release a plethora of toxic compounds, which are
potent in killing worms in vitro*'*%, eosinophils appear to be dispensable during
most worm infections, as was mentioned. However, eosinophil-deficient mice
appear to have a thinner mucus layer”, which might impact on their susceptibility
to infection rather than on subsequent expulsion given the protective nature of
mucus. Goblet cells, by contrast, secrete several molecules besides mucins that
could contribute to defense against parasites®*=%. The RELMs, in particular, appear
to prevent worms from feeding by effectively coating their cuticle, thus hampering
growth, as well as blocking motility and attachment to the host epithelium3#3%. For
instance, RELMB expression is highly increased in the intestinal epithelium during
several parasite infections®?, likely induced by ILC-derived type 2 cytokines*®, and
might be required for efficient expulsion of N. brasiliensis, although the data are
conflicting®®3%. By contrast, there seems to be no role for RELMB in the expulsion of
H. polygyrus or T. muris®**3%. RELMa, on the other hand, is mainly expressed in the
pulmonary epithelium and might be important for N. brasiliensis expulsion*¢. RELMa.
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is further implicated in the functioning of alternatively activated macrophages,
which although not critical during T. muris infection®**, have been implicated in
the expulsion of H. polygyrus®*®and N. brasiliensis**, highlighting its role in type 2
immune responses.

After being trapped in mucus and coated by various toxic proteins and neutralizing
antibodies, worms are expelled by a combination of increased epithelial proliferation
and intestinal peristalsis. Given that the epithelium has a rapid turnover, worms need
to continuously burrow in order to remain within their niche. Accordingly, epithelial
hyper-proliferation serves to shift the epithelium outward from the crypts, whereas
peristalsis could aid in shedding the infected cells. Increased epithelial turnover
seems to occur mainly in resistant mouse strains, largely driven by IL-13%%. However,
IFN-y also induces crypt hyperplasia in susceptible strains, but is insufficient in
driving expulsion®', likely due to the absence of appropriate mucus secretion, and
perhaps because of increased apoptosis of epithelial cells**?, which might impede
the outward epithelial movement or just extend crypt length without affecting
turnover. Intestinal peristalsis is mediated by contraction of smooth muscle cells,
and is induced by both IL-9%3, as well as IL-4 and IL-13%32793% and seems to be
controlled mainly by T cells. While highly correlative, it appears to play a role during
T. muris infection®® but is dispensable for N. brasiliensis?? and T. spiralis®® infection.
Together however, these mechanisms effectively expel the invading parasite.

Both innate and adaptive immune cells secrete many of the cytokines implicated in
the execution of type 2 immunity. Which is the more important source is not entirely
clear, and likely depends on both the parasite in question and precise timing after
infection. Whereas the role for Th2 cells in parasite expulsion is paramount, some
data suggest that T cell-derived IL-4 and IL-13 are dispensable for parasite expulsion,
at least in the case of N. brasiliensis infection®3%, and can likely be provided by
ILCs. However, given that T cells represent a much larger pool of effector cells in
most infectious contexts, the two populations probably amplify each other in a
concerted effort to expel the invading parasite.

Resolution

Once a parasite has been expelled, the affected tissue must be repaired. This
process is partly orchestrated by type 2 cytokines and involves several cell types,
including eosinophils and alternatively activated macrophages. Thus, despite
being redundant for T. muris expulsion?”, eosinophils might be important for wound
healing and tissue regeneration in which they have been implicated in non-mucosal
tissues®43%. Similarly, whereas macrophages are mostly unresponsive to pathogen
stimulation, as was discussed in the previous chapter, type 2 cytokines give rise to
alternatively activated macrophages, which might be involved in the expulsion of
certain parasites®'*8. Furthermore, resident macrophages in the intestinal mucosa
are also likely to play an important role in tissue repair, as has been shown in various
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settings of inflammation37-%2. Thus, eosinophil or macrophage depletion might not
necessarily have any visible impact on worm expulsion, but rather on tissue healing
after clearance. Eosinophils have also been shown to promote the survival of long-
lived plasma cells in the bone marrow®, as well as the generation of IgA-secreting
plasma cells in the gastrointestinal tract’? (at least in the small intestine®*) via the
production of IL-1B, suggesting that they might impact on secondary challenge
infections where antibodies presumably play a larger role. Indeed, both IL-5 and
eosinophil-deficient mice have increased N. brasiliensis larvae after secondary
infection®®, with similar results during secondary T. spiralis infection®. Furthermore,
eosinophils negatively regulate Th17 cells*®, and promote the expansion of
regulatory T cells in the steady state™, which might impact on overall inflammation,
illustrating their complex contribution to tissue homeostasis.

Consequences

Whereas most research on host-parasite interactions has focused on the underlying
factors that govern resistance and susceptibility, the long-term consequences of
both acute and chronic worm infections are still largely unknown. Given the inverse
correlation between parasite exposure and the occurrence of immune-associated
disorders, itis quite surprising that so little attention has been devoted to this subject,
particularly in the case of Trichuris infections that have been in clinical trial for the
treatment of various inflammatory disorders®”3%. Chronically infected mice do not
display any overt symptoms of disease, but are by no means unaffected considering
that persistent T. muris infections are lethal in the absence of IL-10%%, indicating that
there is ongoing inflammation beyond the spontaneous inflammation inherent to
IL-10-deficient mice. Indeed, chronic T. muris infection results in the accumulation
of IFN-y* T cells in the bone marrow®’, and does not appear to protect against the
development of colitis¥%¥", but rather exacerbates disease (our own unpublished
data). Furthermore, depending on the strain, chronically infected mice gain less
weight than their uninfected counterparts®?, and in some cases even acquire colitis-
like symptoms, thus losing weight??®, mirroring the malnutrition and wasting of
some infected humans. By contrast, lung pathology appears to be decreased in
response to papain challenge®3, illustrating that worm-induced protection against
inflammatory disorders is highly context-specific. Data on the long-term effects
of acute T. muris infection are even sparser. Alternatively activated macrophages
seem to increase in number after expulsion®4, likely being involved in tissue repair.
However, other potential long-lasting consequences of acute T. muris infection
remain largely unexplored.

In summary, parasitic nematodes are found in essentially every biotope, and have
played an important role in the evolution of the intestinal immune system. Their
presence leads to the induction of the type 2 response, which involves a vast array
of cell types and molecules that work in concert to promote protective immunity
to a wide range of extracellular parasites at mucosal surfaces. While some worm
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infections might be beneficial to human health, the long-term consequences of
chronic or acute infections remain poorly understood.
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Paper 1

Acute infection with the intestinal nematode Trichuris muris has long-
term consequences on mucosal mast cell homeostasis and barrier
integrity

Daniel Sorobetea, Jacob Bak Holm, Henrietta Henningsson, Karsten Kristiansen
and Marcus Svensson-Frej

European Journal of Immunology, 47, 257-268 (2017)

Background

Whereas host-parasite interactions are frequently studied during the course of
infection, the long-term consequences of acute parasite infections beyond expulsion
have been largely overlooked. Trichuris infections, in particular, are of substantial
importance given their proposed use for the treatment of inflammatory disorders.
The aim of this study was therefore to characterize the long-term consequences
of acute T. muris infection on intestinal homeostasis, with a particular emphasis on
innate immunity.

Results

e Mucosal mast cells accumulated in the large-intestinal epithelium upon acute T.
muris infection, and persisted for several months after worm expulsion.

e Accumulation was due to a combination of increased output from mast cell
progenitors in the lamina propria and prolonged mast cell survival in the
epithelium, largely driven by the type 2 immune response.

e Epithelial mast cells acquired a unique phenotype as compared to their lamina
propria counterparts, notably expressing Siglec-F, a lectin previously associated
mainly with eosinophils.

e Highlevels of the mucosal mast cell-derived chymase MCPt-1 could be detected
both locally in the tissue, as well as systemically in the circulation, indicating that
the cells were activated.

e The integrity of the intestinal barrier was compromised, which was reversed by
mast cell depletion.

Discussion

During recovery from an acute infection or inflammatory process, inflammation is
resolved and the affected tissues are presumed to return to their previous steady
state. Our data strongly indicate that this is not always the case however; rather, a
new steady state can be formed after pathogen clearance, with drastically altered
proportions of effector cells in the intestinal mucosa. Accordingly, after acute T.
muris infection, we observed a large increase in mucosal mast cell numbers in the
large-intestinal epithelium. These cells appeared to be activated, as judged by their
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granular appearance and the high levels of mast cell-derived MCPt-1 being released
upon ex vivo culture, despite the lack of parasite-derived antigens present or any
overt signs of inflammation. While type 2 immunity appeared to be of importance,
the driving factor behind the accumulation and activation of epithelial mast cells
remains unclear, although TGFB might be involved given its documented role in
promoting the induction of CD103 and IgE-independent MCPt-1 expression in
mucosal mast cells¥>¥¢. Regardless, the intestinal epithelium was more permeable
after infection, indicating that tissue homeostasis had been affected long-term as
a result of acute T. muris infection. Moreover, while the prolonged accumulation
of mucosal mast cells was specific to the site of infection, MCPt-1 could also be
detected in the circulation, suggesting that acute T. muris infection might have long-
lasting systemic effects as well, which might influence the outcome of subsequent
immune challenge in other peripheral tissues, perhaps in settings of allergy. Indeed,
while mast cells and their secreted products are implicated in type 2 immunity to
certain parasites, they are also tightly associated with hypersensitivity reactions?*?%
and are still the main therapeutic target in the form of anti-histamines.

It is difficult to reconcile our findings with the hygiene hypothesis, which as
mentioned suggests that parasite exposure might prevent the development of
immune-associated disorders. However, the possible protective nature of parasite
infection might depend on the precise timing of infection, and the pathogen
itself might be of crucial importance in this scenario. Whereas the E/S products
from some other parasites have been shown to induce regulatory T cells*’="7 and
suppress inflammation®%38 no such protein has yet been characterized within T.
muris-derived antigens. Furthermore, out of the various parasite models in use, only
T. muris infects the large intestine specifically. Due to the higher bacterial load, a
disturbed barrier at this site might enable bacterial translocation into the tissue
and thus counteract the possible anti-inflammatory effects of the worm itself. It
thus remains to be determined whether the long-term consequences of T. muris
infection are protective against or predispose to experimental food allergy.

Another interesting observation following acute T. muris infection is that we did not
detect any striking effects on adaptive immune cells, but rather on mast cells. It is
well established that acute infections generate long-lasting memory mediated by T
and B cells. Our findings that acute T. muris infection has long-term consequences
specifically on mucosal mast cells is therefore somewhat surprising and suggests that
immunological memory in some form or another might apply to innate cells as well.
Indeed, some recent studies have shown that monocytes and macrophages acquire
epigenetic changes upon pathogen stimuli, which are long-lasting and result in
enhanced responsiveness to subsequent infectious challenge®*%>, indicating that
the concept of immunological memory might need to be revised. Given that the
mucosal mast cells observed in the epithelium were essentially absent prior to T.
muris infection, innate memory (if any) likely resides within the progenitors found in
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the lamina propria, as they seemed to be the main source of mature epithelial mast
cells.

In conclusion, our results suggest that acute T. muris infection has a profound long-

term effect on tissue homeostasis and might influence the response to subsequent
immune challenge.
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Paper 2

Chronic Trichuris muris Infection Decreases Diversity of the Intestinal
Microbiota and Concomitantly Increases the Abundance of Lactobacilli

Jacob Bak Holm, Daniel Sorobetea, Pia Kiilerich, Yuliaxis Ramayo-Caldas, Jordi
Estellé, Tao Ma, Lise Madsen, Karsten Kristiansen and Marcus Svensson-Frej

PLOS ONE, 10, e0125495

Background

Parasitic nematodes come in close contact with the intestinal microbiota of the host
upon infection, thus allowing for possible interaction. However, whereas infection-
induced changes to microbial populations have been demonstrated in pigs and
humans, the effect of Trichuris parasites on the intestinal microbiota is unclear, due to
conflicting data®%. We therefore sought to assess the influence of chronic T. muris
infection on the intestinal microbiota of mice, under controlled conditions, to gain
a better understanding of its downstream consequences, which is of importance
given the substantial impact of bacterial communities on intestinal homeostasis, the
inverse correlation between parasite exposure and immune-associated disorders,
as well as the potential use of nematode infections for therapeutic purposes.

Results

e Chronic T. muris infection resulted in a drastically altered intestinal microbiota
composition, which became apparent after approximately three weeks of
infection.

e Bacterial diversity was decreased as a consequence of infection, both within
individual mice and the group as a whole.

e Several bacterial families were affected, with a notable increase in the relative
abundance of Lactobacilli.

e Chronic infection was associated with a shift in the ratio between inflammatory
and regulatory T cells in favor of inflammatory cells.

Discussion

In the present study, we found that chronic T. muris infection had strong effects on
the intestinal microbiota, resulting in decreased bacterial diversity and increased
relative abundance of Lactobacilli. These data illustrate that chronic parasite
infections do not occur in isolation, but might have profound impact on host
physiology, perhaps in positive ways, via indirect effects on commensal microbes.
As such, worm infections have been inversely correlated with immune-associated
disorders, including inflammatory bowel disease. A noteworthy case study reported
how a man with ulcerative colitis self-medicated with T. trichiura eggs and went
into remission for a lengthy period of time’. His symptoms returned after a couple

44



of years and a colonoscopy found that the parasites had largely disappeared,
presumably due to their limited lifespan. He then proceeded to take another dose
of eggs and went into remission again. While this was an isolated study involving
only one person, it illustrates that worm therapy might be a possible alternative
under controlled conditions. However, clinical trials with Trichuris eggs have been
performed using Trichuris suis eggs (the porcine-equivalent), the fear being that
a patent human parasite might cause too much tissue damage in severe cases of
disease. T. suis is not well adapted to the human intestinal tract and only transiently
infects the epithelium before being shed, thus leading patients to have to undergo
repeated and costly egg treatments. Furthermore, the rationale for using Trichuris
eggs was that they infect the large intestine, which is the primary site of inflammation
in patients with ulcerative colitis. However, the clinical trials conducted have been
for Crohn’s disease®®, which although able to afflict any part of the gastrointestinal
tract, affects mainly the terminal ileum, and so the infection is not situated at the
site of inflammation. Thus, the overall evidence does not currently support the idea
of a protective role for this particular parasite®®. Furthermore, no Trichuris-derived
antigen has yet been shown to induce regulatory T cells, which presumably is
one major contributing factor underlying the hygiene hypothesis. Accordingly, in
our model we saw a shift in the balance between inflammatory and regulatory T
cells, in favor of IFN-y* T cells. Thus, despite the increase in Lactobacilli, which are
thought to have dampening effects on some types of inflammation, this is likely
not enough to offset the overall inflammatory response. Moreover, parallel studies
from another group suggest that these changes in microbial communities reverted
upon administration of anti-helminthic drugs®?, indicating that infection-induced
microbial alterations are transient. We, in turn, have shown that acute infection does
not result in any changes to the microbiota; thus, patients with ulcerative colitis
would have to carry persistent parasite infections to remain healthy.

What also speaks against the therapeutic use of Trichuris parasites is their effects on
microbial diversity. Decreased bacterial diversity has been associated with several
immune-associated disorders, including inflammatory bowel disease, indicating that
chronic T. muris infection in fact might impact negatively on the outcome of disease
due to its negative effects on microbial diversity. Accordingly, our unpublished data
suggest that T. muris infection exacerbates disease in a chronic model of colitis,
and many of the features of chronic T. muris infection resemble the inflammatory
environment of ulcerative colitis®”®, such as high levels of IFN-y, thus questioning
whether this particular parasite is protective against the disease development.
There is no inherent reason why all human parasites must have some protective
quality, but instead might depend on how well adapted the parasite is to the host.
After all, parasites are still pathogens and come with disease symptoms, some quite
dangerous, and thus what ultimately matters is perhaps the balance between harm
and good, where some parasites tip the scale in favor of immune modulation and
suppression of inflammation, whereas others cause excessive tissue damage.
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In conclusion, further studies are required to determine whether Trichuris parasites,
in particular, are capable of modulating the immune system and protecting against
inflammatory diseases.
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Paper 3

Secreted antigens from the parasite Trichuris muris facilitate
inflammasome activation by modulating Toll-like receptor signaling

Daniel Sorobetea, Déra Hancz, Henrietta Henningsson, Christine Valfridsson,
Marcus Svensson-Frej and Jenny J. Persson

Manuscript

Background

While the role of inflammasomes per se during parasite infection is unclear, some
studies have assessed the contribution of the inflammasome-associated cytokines
IL-18 and IL-18. Thus, IL-1B seems to promote protective immunity toward T. muris
infection®®, whereas it inhibits H. polygyrus expulsion®'. By contrast, IL-18 appears
to be detrimental during both T. muris?® and T. spiralis*? infection, suggesting a
complex and context-dependent role of inflammasome-derived cytokines during
worm infections. Moreover, the cellular source of these cytokines in vivo, and which
inflammasomes that are involved, have not been addressed. By contrast, some
studies have investigated the potential of parasite-derived antigens to activate the
inflammasome in vitro. For instance, S. mansoni and H. polygyrus-derived products
have been shown to induce IL-1B secretion by antigen-presenting cells®'*733% via a
Nlrp3-dependent mechanism. T. muris-derived E/S antigens are known to stimulate
production of inflammatory cytokines by macrophages?®, however the potential
involvement of the inflammasome in this process has been largely overlooked. We
therefore sought to investigate the mechanisms by which macrophages recognize
T. muris-derived antigens and its consequences on inflammasome activation.

Results

e E/S antigens were capable of priming bone marrow-derived macrophages for
canonical Nlrp3 inflammasome activation in a TLR4-dependent manner.

e E/S antigens licensed macrophages for Nlrp3 inflammasome activation via
subsequent TLR ligation, which mas mediated by a protein within the E/S
mixture.

e TLR-induced NIrp3 inflammasome activation was slower than conventional
activation, did not involve pyroptosis and was caspase-8 dependent.

Discussion

In this preliminary study, we have demonstrated that T. muris-derived E/S antigens
can license bone marrow-derived macrophages to induce NlIrp3 inflammasome
activation upon TLR ligation, a process that normally does not occur. Bone marrow-
derived macrophages are a useful tool to study inflammasome activation, but are
not equivalent to tissue-resident macrophages in the lamina propria of the large
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intestine, which do not induce inflammation upon TLR ligation, as mentioned
previously. Instead, our data are more likely to apply to inflammatory monocytes
rather than tissue-resident macrophages. Inflammatory monocytes exit the bone
marrow in a CCR2-dependent manner, due to its interaction with CCL2. Accordingly,
CCL2is up-regulated upon T. muris infection and mice deficientin CCL2 do not expel
a normally acute infection®”, illustrating that inflammatory monocytes might be of
importance in the generation of protective immunity. Indeed, human monocytes
respond to LPS stimulation with a very similar form of Nlrp3 activation'2. Whether
TLR-induced inflammasome activation upon E/S antigen-stimulation occurs in
vivo remains to be determined. Furthermore, epithelial-associated inflammasome
activation is also likely to be involved in the response to T. muris infection, due to
the important role of epithelial cells in the generation of protective immunity, which
was discusses earlier, thus adding another layer of complexity to the contribution
of inflammasomes. Regardless, given our results showing that T. muris infection
can alter the permeability of the epithelial barrier, it is plausible that bacteria can
translocate into the lamina propria, thus providing the TLR ligands capable of
inducing inflammasome activation after E/S antigen recognition also to immune
cells situated in the lamina propria.

The precise mechanism through which E/S antigens mediate their effects is
currently under investigation. We are thus in the process of characterizing and
comparing intracellular signaling between macrophages primed with either LPS or
E/S products in an attempt to dissect the potential pathway involved in the licensing
effect mediated by E/S antigens. Moreover, we recently discovered endogenous
proteins capable of facilitating the same kind of TLR-induced Nlrp3 activation as
the E/S antigens. Thus, whereas E/S products are a mix of many different proteins,
it appears that a single ligand is sufficient, which could narrow down the potential
receptors involved.

In conclusion, E/S antigens license macrophages to release IL-1p upon TLR ligation,
and further experiments are needed to determine the precise mechanism.

48



Paper 4

Eosinophils are key regulators of perivascular adipose tissue and
vascular functionality

Sarah Withers, Ruth Forman, Selene Meza-Perez, Daniel Sorobetea, Kasia Sitnik,
Thomas Hopwood, Catherine B. Lawrence, William W. Agace, Kathryn J. Else,
Anthony M. Heagerty, Marcus Svensson-Frej and Sheena M. Cruickshank

Scientific Reports (2017; in press)

Background

Most peripheral vessels, including mesenteric arteries, are insulated in a sheath of
perivascular adipose tissue that supports the vessel and plays an important role
in modulating its contractile function, thus indirectly contributing to regulation of
blood pressure®®. This perivascular adipose tissue is also populated by various
immune cells under homeostatic conditions, notably eosinophils®, which are
recruited into the tissue by ILC2-derived IL-5%° and, in turn, control differentiation
and maintenance of alternatively activate macrophages that have an important
role in regulating glucose homeostasis®. Interestingly, adipose tissue eosinophils
are significantly fewer during obesity”. However, the potential involvement of
eosinophils in directly regulating adipocytes has been largely ignored. We thus
sought to study the possible role of adipose tissue eosinophils in regulating
perivascular adipose tissue function during homeostasis.

Results
e Perivascular adipose tissue exerts an anti-contractile effect on mesenteric
arteries.

® The anti-contractile effect is lost in eosinophil-deficient mice, as well as in obese
mice, which have a reduction in adipose tissue eosinophils, thus implicating
eosinophils in the regulation of vascular function.

e FEosinophil reconstitution in vitro and in vivo can restore the anti-contractile
effect, largely via indirect effects on adiponectin and nitric oxide production in
the adipose tissue.

e FEosinophil-mediated effects are rapidly induced upon norepinephrine
stimulation and involve the release of catecholamines, which exert their effects
on B3-adreno receptors.

Discussion

In this study, we were able to show for the first time that eosinophils play a non-
redundant role in promoting the function of mesenteric arteries via the release of
catecholamines. These data hence expand the growing literature on the versatility
of eosinophil function, in regulation of immune and non-immune processes.
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As previously discussed, eosinophils have a number of homeostatic functions in
several organs, and so we hypothesized that they likely served a homeostatic role in
adipose tissue as well. Indeed, eosinophils appeared to have considerable effect on
vascular function via indirect effects on adipocytes, with downstream consequences
on mean arterial blood pressure, which was lost during obesity. This finding
strengthens the idea that obesity has an inherent inflammatory component and
might have important implications for the treatment of various obesity-associated
diseases, such as type 2 diabetes.

In conclusion, adipose tissue eosinophils have an important role in the regulation of
perivascular adipose tissue, with possible implications on blood pressure function.
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Concluding remarks

Mucosal immunology has come to the forefront of biomedical research in recent
years, and rightly so. The complex interactions between the immune system,
our commensal microorganisms and the various pathogens that afflict us are of
fundamental importance for our well-being. However, whereas the microbiota
has received significant attention, parasite immunity was until recently a largely
neglected part of immunology. Indeed, the World Health Organization refers to
these pathogens as neglected tropical diseases, as they have all but been eradicated
in the industrialized world. However, parasitic worm infections are an integral part
of the mucosal milieu and an important part of our evolutionary history. Given the
rise in immune-associated disorders around the world, it is important that we do not
forget these creatures, or the influence they have on our bodies and the immune
system in particular, whether direct or indirect.

My studies suggest that the intestinal parasite T. muris has a substantial impact
on the intestinal environment, upon both acute and chronic infections. Chronic
infection, in particular, which is supposed to mimic patent infection in humans,
had drastic effects on the intestinal microbiota, as well as on the adaptive immune
system. By contrast, acute infection did not affect the composition of commensal
bacteria, but rather had long-term consequences on innate immunity, highlighting
that even a temporary infection might influence the response to subsequent
immune challenge. However, whereas the hygiene hypothesis would indicate that
parasite exposure could protect against the development of immune-associated
disorders, our preliminary data suggest the opposite. Thus, the hygiene hypothesis
might be context-specific and depend on a number of factors, including parasite
species and dose, timing and length of exposure, previous infections, composition
of commensal microbes, and so on. It is important to take all these factors into
account, especially given the proposed use for parasites as treatment for some of
the diseases attributed to the lack of parasite exposure.

As one might expect, our results have generated more questions than they have
answered. For instance, why does the host mount different immune responses to
varying doses of the same pathogen? To what extent are parasites able to directly
manipulate the immune system, and what are the effects on responses to concurrent
infections or inflammatory disorders? What are the long-term consequences
of chronic or acute infections? How does early parasite exposure affect the
development of the immune system? What is the contribution of the microbiota in
regulating immune responses to extracellular parasites? One can only hope that,
unlike the parasites, these important questions will not be neglected.
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Acute infection with the intestinal parasite Trichuris
muris has long-term consequences on mucosal mast
cell homeostasis and epithelial integrity
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A hallmark of parasite infection is the accumulation of innate immune cells, notably gran-
ulocytes and mast cells, at the site of infection. While this is typically viewed as a transient
response, with the tissue returning to steady state once the infection is cleared, we found
that mast cells accumulated in the large-intestinal epithelium following infection with
the nematode Trichuris muris and persisted at this site for several months after worm
expulsion. Mast cell accumulation in the epithelium was associated with the induction of
type-2 immunity and appeared to be driven by increased maturation of local progenitors
in the intestinal lamina propria. Furthermore, we also detected increased local and sys-
temic levels of the mucosal mast cell protease MCPt-1, which correlated highly with the
persistent epithelial mast cell population. Finally, the mast cells appeared to have strik-
ing consequences on epithelial barrier integrity, by regulation of gut permeability long
after worm expulsion. These findings highlight the importance of mast cells not only in
the early phases of infection but also at later stages, which has functional implications
on the mucosal tissue.

Keywords: Acute parasite infection - Large-intestinal epithelium - MCPt-1 - Mucosal mast cell
« Trichuris muris

Additional supporting information may be found in the online version of this article at the
publisher’s web-site

Introduction

The intestinal epithelium acts as a barrier to invading pathogens,
thus being important for host defense and maintenance of home-
ostasis. Critical for this process is the intestinal immune system,
which populates both the lamina propria and the epithelium.

Dr. Marcus Svensson-Frej
e-mail: marcus.svensson_frej@med.lu.se
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Reciprocal interaction between immune cells and the epithelium
is of paramount importance as improperly regulated immune
responses can result in inflammatory bowel disease (IBD), food
allergies, and other immune-associated disorders [1-3]. Innate
immune cells, including granulocytes and mast cells, are crucial
components of this defense as they are often the first to respond
to epithelial breach; however, the possible role for granulocytes in
maintaining barrier integrity at later stages of immune responses
remains unclear.
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The murine-specific parasitic nematode Trichuris muris has
been an invaluable tool to study intestinal immunity for nearly
50 years [4]. Once eggs are ingested, Trichuris-larvae hatch and
burrow into the large-intestinal epithelium without penetrating
the basal lamina, and remain in this niche unless expelled. Acute
infections with T. muris are characterized by an early innate
inflammatory response, accompanied by the induction of adaptive
Th2 immunity and subsequent worm clearance [4]. After expul-
sion, the host immune system undergoes a complex and coordi-
nated homeostatic event whereby inflammation is resolved and
the infected tissue returns to steady state; a process characterized
by immune contraction, clearance of apoptotic cells, and tissue
repair. However, little attention has been focused to this latter
part of the immune response to T. muris.

Utilizing T. muris, we have investigated the long-term conse-
quences of acute intestinal nematode infection on innate immu-
nity, specifically granulocytes and mast cells. Mast cells, which
are present only at very low numbers in the large intestine at
steady state, accumulated in high numbers after infection, notably
in the epithelium, and persisted for several months after worm
expulsion. The epithelial mast cells displayed a unique surface
phenotype and were relatively long-lived, being maintained by
maturation of local progenitors. Furthermore, mast cell-derived
proteases were detected both locally and systemically long after
pathogen clearance, indicative of the mast cells being activated.
Finally, accumulation of epithelial mast cells appeared to have
striking consequences on barrier integrity by regulation of gut
permeability well after worm expulsion. These findings highlight
the importance of granulocytes not only in the early phases of
infection but also at later stages, with functional implications on
the mucosal tissue.

Results

Accumulation of granular cells in the large-intestinal
epithelium upon acute T. muris infection

Granulocytes and mast cells are rapidly recruited to sites of inflam-
mation, notably during parasite infections. We infected C57BL/6
mice with a high dose of T. muris eggs and monitored the accu-
mulation of granular cells in the intestinal mucosa over time.
As expected, infection with T. muris brought about an increase
of granular cells in the large intestine, particularly the epithe-
lium (Fig. 1A), the majority of which expressed Siglec-F, a lectin
most commonly associated with eosinophils. Upon further assess-
ment of the epithelial granulocytes, two distinct Siglec-F™ pop-
ulations became apparent; one high in both Siglec-F and the
integrin CD11b (resembling true eosinophils), and the other inter-
mediate in Siglec-F and negative for CD11b (Fig. 1B). Conversely,
the Siglec-F population expressed high levels of the epithelium-
associated integrin CD103, whereas all Siglec-F" cells lacked
CD103 (Fig. 1B). Neither population displayed phenotypic char-
acteristics pertaining to T cells, B cells, monocytes, macrophages,
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dendritic cells, natural killer cells, or neutrophils (Supporting
Information Fig. 1A).

High-dose infection with T. muris elicits strong type-2 immu-
nity in genetically resistant mouse strains, resulting in worm expul-
sion between days 14 and 21 postinfection (Supporting Informa-
tion Fig. 1B). We therefore performed a series of experiments to
address the recruitment kinetics of the two granular cell popula-
tions and noted that they followed distinct patterns of accumu-
lation (Fig. 1C). While there was only a modest change in total
cell numbers of the large-intestinal lamina propria and epithelium
(Supporting Information Fig. 1C), the Siglec-F" cells increased
markedly in the epithelium during infection and peaked at the
time of worm expulsion, followed by a slow decline as inflamma-
tion abated (Fig. 1C). On the other hand, the Siglec-F"t cells accu-
mulated toward the end of infection, peaked after worm expul-
sion had occurred and remained at a stable level for at least 2
more months (Fig. 1C). In the small-intestinal epithelium, by con-
trast, there was no accumulation of Siglec-F" cells postinfection,
whereas the Siglec-F" population increased dramatically during
infection, but disappeared rapidly after worm clearance (Sup-
porting Information Fig. 1D). We did not observe any remain-
ing worms at these late time points, and as expected did not
detect parasite-specific IgG2c serum antibodies that are associated
with chronic infections (Supporting Information Fig. 1E). Taken
together, the phenotypic and kinetic analyses indicated that the
two Siglec-F* populations might represent unique cell types, and
perhaps serve different functions.

To conclusively rule out that both populations were eosinophils
we infected eosinophil-deficient AdbIGATA-1 mice [5], and mon-
itored the accumulation of Siglec-F* cells in the large-intestinal
epithelium. While we failed to detect any Siglec-F" cells in the
large intestine of AdbIGATA-1 mice (confirming their eosinophilic
identity), the Siglec-F™ population accumulated with equal effi-
ciency in AdbIGATA-1 as in littermate control mice (Fig. 1D).
Furthermore, we found that the Siglec-F™ population expressed
c-kit (CD117), the receptor for stem cell factor, indicating that they
might be of mast cell origin (Fig. 1D). Consistent with this hypoth-
esis, Siglec-F" CD117* cells also expressed the high-affinity
IgE receptor (FceRla), and interleukin-33 receptor (IL-33Ra)
(Fig. 1E), both of which are commonly found on mast cells [6]. To
confirm that the Siglec-F™ population consisted of mast cells, we
isolated CD45* Siglec-F" CD103+ CD117+ FceRla™ cells from the
large-intestinal epithelium at day 49 postinfection and performed
PCR analysis for mast cell protease-1 (mcpt1) and mept5 (specific
to mucosal and connective-tissue mast cells, respectively [7, 81),
as well as eosinophil peroxidase (epx). As expected, sorted cells
expressed mcptl, but had no detectable mcpt5 or epx mRNA, con-
firming that these cells were de facto mucosal mast cells (Fig. 1F).
Finally, to verify their epithelial localization, we stained paraffin-
embedded biopsies from the cecal-colonic junction with toluidine
blue. There was a distinct accumulation of toluidine-stained cells
in the large intestine of infected mice, many of which were in
close proximity to, or in direct contact with, the epithelial layer,
corroborating the flow-cytometry data (Supporting Information
Fig. 1F). Taken together, these data demonstrate that a population

www.eji-journal.eu



Eur. J. Immunol. 2017. 47: 257-268

Innate immunity

A large intestine B large intestine c large-intestinal epithelium
lamina propria epithelium lamina propria epithelium 100
-
10 = $
< v sHF L L2
5 2l 13 @10 ™ *&a%
T al . i e %
il 8 ~ 9
] g 3 01
- <
@' agu.m
- 3 0
3 -
@ s Q & L
4 = 2 " Segéo
g o 3] <
i - - R L
e = . %
- = 01 z N 2
Siglec-F Siglec-F h
D E
large-intestinal epithelium
wild-type AdbIGATA-1 large-intestinal epithelium meptl mept5 epx
16

CD117

(6 Aep) sunw |
cp117

0

Siglec-F

(6 Aep) sunw |

IL-33Ra

Figure 1. Accumulation of granular cells in the large-intestinal epithelium after acute T. muris infection. C57BL/6 mice were infected with a
high dose of T. muris eggs and monitored over time for accumulation of granular cells in the large intestine. (A-C) Flow-cytometry analysis of
hematopoietic cells and quantification of granular cell populations in the large-intestinal lamina propria and epithelium of (A) uninfected and (A
and B) T. muris-infected mice at day 14 postinfection. Data are from a single experiment representative of three experiments with three individual
mice/experiment. (C) Quantification of Siglec-F™ (top) and Siglec-Fi™* (bottom) cells in the large-intestinal epithelium after infection. Lines depict
the mean frequency of cells, with each symbol representing individual mice (n = 6-19, from three to seven individual experiments with three to
five mice/time point). (D-E) Flow-cytometry analysis of hematopoietic cells in the large-intestinal epithelium of T. muris-infected (D) AdbIGATA-1
and (D-E) C57BL/6 mice at day 49 postinfection. Dark gray = isotype control. Data are from a single experiment representative of one (D) and three
(E) experiments with three to five mice/experiment. (F) Gene-expression analysis of mcpt1, mcpt5, and epx in sorted viable CD45* Siglec-Fi"t CD103+
CD117" FceRIa™ cells from the large-intestinal epithelium of T. muris-infected mice at day 49 postinfection. Data are from a single experiment with

three pooled mice.

of mucosal mast cells appeared in the large-intestinal epithelium
of T. muris-infected mice, displaying an unexpected phenotype
and accumulation at later stages of infection.

Type-2 inflammation-associated accumulation
of epithelial mast cells

We next sought to determine whether the accumulation of epithe-
lial mast cells was a direct response to the presence of T. muris
worms, or rather driven by the type-2 response associated with
acute T. muris infection. To this end, mice were infected with a low
dose of T. muris eggs, which in C57BL/6 mice results in a chronic
infection characterized by a strong type-1 response [4]. Interest-
ingly, there was no specific accumulation of epithelial mast cells
in mice infected with a low dose of T. muris eggs at day 35 postin-
fection (Fig. 2A), a time point corresponding to the peak of mast
cell accumulation during high-dose infection (Fig. 1C), despite
a robust increase in both eosinophils and neutrophils (Support-
ing Information Fig. 2A). This suggested that the accumulation
of mast cells during high-dose infections likely was an indirect
consequence of the strong type-2 response induced upon infection
rather than being directly worm-driven.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

We [9], and others [10], have shown that chronic T. muris
infection causes a shift in microbial communities of the large intes-
tine. However, it remains unknown whether acute T. muris infec-
tion can have long-lasting effects on the intestinal microbiota that
persist after worm expulsion. Since the composition of the micro-
biota can have a significant impact on immune cells in the gastroin-
testinal tract [11], it was plausible that the long-term accumula-
tion of mast cells in the intestinal epithelium was a consequence of
altered bacterial populations. We therefore performed 168S riboso-
mal gene-based sequencing on the fecal microbiota and analyzed
the composition of microbial communities over time. As reported
[91, chronic infection with T. muris led to massive alterations
in bacterial families of the large intestine, notably Lactobacil-
laceae (Fig. 2B). By contrast, although minor changes occurred
upon acute T. muris infection around the time of worm expul-
sion, these were quickly restored to normal, whereas the micro-
biota of chronically infected mice continued to diverge (Fig. 2B
and Supporting Information Fig. 2B). It is therefore unlikely that
the persistence of epithelial mast cells is due indirectly to any
long-lasting effects of the nematode on the microbiota.

As it appeared that the driving force behind the accumula-
tion of mucosal mast cells was the type-2 response, we next
set up ex vivo cultures of intestinal cells with T. muris-derived
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Figure 2. Epithelial mast cell accumulation occurs under type-2 inflammation. (A and B) C57BL/6 mice were infected with a high (acute) or low
(chronic) dose of T. muris eggs and monitored for accumulation of granular cells in the large intestine and changes in microbiota composition.
(A) Identification (left) and quantification (right) of mast cells in the large-intestinal epithelium at day 35 after acute (top) or chronic (bottom)
infection. Data are representative of >3 (acute) and one (chronic) experiment with three to five mice/experiment. (B) Bar graph depicting the
relative abundance of bacterial families in the colonic microbiota of uninfected and T. muris-infected mice at day 49 postinfection (n = 5-10),
with indicated keys. “Other” = families that were identified at higher taxonomical level, but not at family level. “No match” = unidentified in
database. Data represent mean relative abundance from a single experiment with 30 mice/experiment. (C and D) Cytokines (measured by CBA)
from the supernatants of ex vivo-cultured cells (48 h) isolated from the large (top) and small-intestinal (bottom) lamina propria of uninfected and
high-dose-infected mice at day 49 postinfection, in the presence or absence of T. muris-derived E/S antigens. (C) IL-4, IL-5, and IL-13, and (D) IL-3
and IL-9 (n = 4). ND: not detected. Bars represent mean + SD of 4-5 biological replicates and are from a single experiment representative of two
experiments. Data were analyzed with Mann-Whitney U-test comparing E/S-stimulated cells from infected mice with uninfected mice as control.

*p < 0.05.

excretory/secretory (E/S) antigens and measured the secretion of
a panel of cytokines associated with type-2 responses, as well as
with mast cell maturation. While uninfected mice displayed little
to no type-2 cytokines, previously infected mice showed enhanced
levels of antigen-specific IL-4, IL-5, and IL-13 in both the large and
small intestine at day 49 postinfection (Fig. 2C), albeit expectedly
with higher levels in the large intestine. The levels of general
inflammatory cytokines such as IL-6 and TNF-a were not substan-
tially altered in the large intestine at this time point (Supporting
Information Fig. 2C). In addition, there was a clear induction
of IL-3 and IL-9 (Fig. 2D), both of which have been implicated
during mast cell maturation [12, 13]. In summary, accumulation
of epithelial mast cells is unrelated to infection-induced changes
to the intestinal microbiota, but appears to be driven by type-2
inflammation.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Epithelial mast cells are sustained by increased
maturation of lamina propria progenitors

Given that mast cells were detected in the large-intestinal epithe-
lium for at least 2 months after worm expulsion we next wanted to
assess whether the cells had accumulated early after infection and
persisted long term, or were continuously recruited and replaced
as the response to infection progressed. To this end, we fed mice
with the thymidine analog 5-bromo-2’-deoxyuridine (BrdU) via
the drinking water between days 17 and 24 after high-dose infec-
tion (thus overlapping with worm expulsion) to allow for BrdU
incorporation in dividing cells, and tracked its decay over time
(Fig. 3A). Approximately half of the epithelial mast cells were
labeled with BrdU after 1 week of administration (Fig. 3B). The
BrdU-labeled mast cells remained positive for several weeks after
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Figure 3. Maturation of local mast cell progenitors maintains the epithelial mast cell pool. (A-C) BrdU-incorporation assay evaluating the lifespan
of mast cells in the large-intestinal epithelium following infection with a high dose of T. muris eggs. (A) Schematic depiction of the experimental
setup; mice were infected with T. muris, given BrdU via the drinking water between days 17 and 24 postinfection, and sacrificed at various
time points after BrdU administration to assess BrdU decay. (B) Representative flow-cytometry plots of BrdU™ mast cells compared to control.
(C) Logarithmic graph depicting BrdU-decay in epithelial mast cells, with each dot representing the mean frequency of BrdU* cells (n = 3-6).
Nonlinear regression (black line) with 95% confidence-interval bands (dotted lines) was calculated using a one-phase decay equation. Data are
pooled from two individual experiments with ten mice/experiment. (D-G) Identification and quantification of mast cell progenitors and mast cells
in the large-intestinal lamina propria of mice infected with a high dose of T. muris eggs. (D) Schematic overview of mast cell maturation in the
intestinal mucosa. (E) Kinetics depicting the frequency of mast cell progenitors (Pla gate in Supporting Information Fig. 3A). (F) Identification
and quantification of 04p7~ CD117" FceRla" mast cells (P2b gate in Supporting Information Fig. 3A) at day 21 postinfection. (G) Representative

flow-cytometry plots of «487~ mast cells at day 21 postinfection. Data are from a single experiment with four to five mice/time point.

BrdU administration, with only a slow decline in the frequency
of labeled cells over time (Fig. 3B). Nonlinear-regression analysis
indicated that the BrdU-labeled epithelial mast cells disappeared
rapidly immediately after BrdU withdrawal, but had a highly pro-
longed survival at later stages in the kinetic (Fig. 3C). Consider-
ing that the number of epithelial mast cells was stable for sev-
eral months after pathogen clearance (Fig. 1C) this suggests that
although relatively long-lived, the epithelial mast cells were to
some extent also being continuously replaced by newly recruited
cells.

Unlike classical granulocytes, which circulate as mature effec-
tor cells, mast cells leave the bone marrow as agranular progeni-
tors and mature in peripheral tissues in response to local factors,
predominantly at mucosal sites and the skin. While connective-
tissue mast cells are mostly self-maintained, the maturation of

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

mucosal mast cells is largely dependent on T-cell-derived IL-9
[14, 15], which also plays an important role in the protective
response to some parasites, including T. muris [16]. We hypoth-
esized that the accumulation of epithelial mast cells was a con-
sequence of increased bone marrow output, recruitment, and/or
differentiation of local progenitors driven by the type-2 response,
notably IL-9 (Fig. 2D). As mentioned previously, the epithelial
mast cells were uniform in their phenotype prompting us to more
closely investigate mast cells and their progenitors in the lamina
propria. Consistent with previous reports [6, 17-20], we could
detect a small population of agranular lineage~ CD117" FceRla™
a4p7" IL-33Ra* FcyRII/IIT mast cell progenitors (population
“P1a”) in the large-intestinal lamina propria of both uninfected
and T. muris-infected mice, none of which expressed Siglec-F
or CD103 (Supporting Information Fig. 3A). Upon entry into
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the intestinal mucosa, mast cell progenitors undergo a series
of maturation steps (Fig. 3D) by first upregulating FceRla and
downregulating a4p7 that is crucial for their entry into the intesti-
nal tissue [21, 22]. There was no accumulation of mast cell progen-
itors in the lamina propria of infected mice postinfection (Fig. 3E).
Similarly, no increase could be detected in either the bone marrow
or spleen, but rather a decrease (Supporting Information Fig. 3B).
By contrast, in infected mice, a vast majority of the intestinal pro-
genitors had given rise to partially granular FceRla™ 047~ mast
cells (population “P2b” in Supporting Information Fig. 3A), peak-
ing in number at day 21 postinfection (Fig. 3F), i.e. prior to the
accumulation of mast cells in the epithelium (Fig. 1C). Similar to
epithelial mast cells, lamina propria mast cells remained elevated
in number after worm clearance (Fig. 3F). Consistent with the
possibility that lamina propria mast cells can be further activated
during infection, a proportion of the cells (P2b) became Siglec-F*
CD103" (Fig. 3G), resembling the phenotype of epithelial mast
cells. This suggests that instead of an accumulation of circulating
progenitors, local mast cell progenitors were giving rise to more
mature cells after infection leading to the observed increase in
epithelial mast cells.

Altered epithelial permeability after acute T. muris
infection

Mast cells have been implicated in the generation of type-2
responses against several parasites [23], including T. muris [24].
However, as the bulk of epithelial mast cells accumulated after
expulsion, we hypothesized that they might serve additional func-
tions, possibly regulating epithelial barrier function given their
localization. Consistent with such a possibility, mast cell-derived
proteases (notably including MCPt-1) have been shown to regu-
late epithelial permeability [25]. As mucosal mast cells are char-
acterized by the specific production of MCPt-1, we measured the
levels of MCPt-1 locally in the large intestine, distally in the small
intestine, as well as systemically in the serum. Although absent in
uninfected mice, serum concentrations of MCPt-1 increased dra-
matically during infection and remained elevated throughout the
experimental kinetic (Fig. 4A). We did not detect any substantial
MCPt-1 secretion by cells isolated from the small intestine (Sup-
porting Information Fig. 4A), nor by cells from the large-intestinal
lamina propria at day 49 postinfection (Fig. 4B). By contrast,
high levels of MCPt-1 were secreted by cells isolated from the
large-intestinal epithelium (Fig. 4B), correlating with the mature
granular phenotype of epithelial mast cells (Fig. 1A and Support-
ing Information Fig. 4B). The serum levels of MCPt-1 correlated
strongly with the frequency of mast cells in the large-intestinal
epithelium regardless of time point postinfection, as determined
by Spearman-correlation analysis (Fig. 4C). Furthermore, as there
was no prolonged accumulation of mast cells at other mucosal
sites, such as the small intestine (Supporting Information Fig. 1C)
or lungs (data not shown), it is likely that the elevated serum levels
of MCPt-1 at later stages in the kinetic derive from large-intestinal
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mast cells, although we cannot exclude a possible contribution
from mast cells at other peripheral tissues.

To address the role of mast cells on intestinal permeability
postinfection we gave repeated intraperitoneal injections of either
depleting anti-CD117 [16, 26], or isotype-control antibodies, and
measured the uptake of FITC-dextran administered by oral gavage
at day 49 postinfection (Fig. 4D). Interestingly, previously infected
mice had higher serum levels of FITC-dextran than their unin-
fected counterparts (Fig. 4E), consistent with increased intestinal
permeability in response to prior infection. Strikingly, despite only
a partial reduction of large-intestinal mast cells (Supporting Infor-
mation Fig. 4C), this effect was reversed in mice treated with anti-
CD117 (Fig. 4E). Importantly, the increased permeability after
infection correlated with increased serum levels of MCPt-1, which
were also reduced following mast cell depletion (Fig. 4F). Taken
together, these results suggest that mast cells accumulating in the
large intestine in response to T. muris infection may have func-
tional implications on intestinal barrier integrity, and that this
effect appears to persist long after the infection has been cleared.

Discussion

Here, we demonstrate that acute T. muris infection leads to
the accumulation of a long-lived mast cell population in the
large-intestinal epithelium. This accumulation was associated with
induction of a type-2 response, and correlated with increased lev-
els of the mucosal mast cell-specific protease MCPt-1 in the serum
and locally in the intestine, as well as increased epithelial per-
meability, suggesting that prior infection may have long-lasting
consequences on the local environment as well as influence on
subsequent responses.

Mast cells have previously been shown to localize to epithelial
surfaces in several models of intestinal inflammation [7, 26]. For
example, infection with the small-intestinal nematode T richinella.
spiralis induces a robust accumulation of mast cells in the jeju-
nal epithelium during active infection [7]. Similarly, mice that
transgenically overexpress IL-9, systemically [16, 26] or restricted
to the intestinal epithelium (iFABPp-IL-9Tg mice) [27], have
increased numbers of mast cells in the small-intestinal epithelium.
In contrast to our findings in the large-intestinal epithelium during
T. muris infection however, T. spiralis-infection fails to cause
epithelial mastocytosis beyond expulsion of the parasite [7]. The
reasons for this disparity could be several, and could be linked to
the different nature of the small and large intestine, or relate to
differences between infection models. Although one may suspect
regional differences in microbiota composition to be involved, our
data suggest that changes to microbial communities most likely
play little part in the accumulation of epithelial mast cells. Instead,
our results indicate that induction of type-2 immunity is crucial
in driving epithelial mast cell accumulation. Thus, we failed to
detect epithelial mast cells following type-1-dominated low-dose
T. muris infection. By contrast, high-dose infection with T. muris
resulted in mast cell accumulation associated with high levels of
type-2 cytokines in the large-intestinal lamina propria.
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Figure 4. Altered epithelial permeability after T. muris infection. (A-C) C57BL/6 mice were infected with a high dose of T. muris eggs and monitored
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(B) Cells were isolated from the large-intestinal lamina propria and epithelium of uninfected and T. muris-infected mice at day 49 postinfection
and cultured ex vivo, followed by analysis of MCPt-1 in the culture supernatants. Each bar represents the concentration of MCPt-1 in pooled cell
suspensions from four to five mice. Data are from one representative experiment of two performed. (C) Scatter plot depicting the correlation
(Spearman’s p) between the frequency of mast cells in the large-intestinal epithelium and serum levels of MCPt-1. Dots represent individual
mice (from two experiments with 15 mice/experiment). (D-F) Mast cell depletion affects epithelial barrier permeability. (D) Schematic depiction
of the experimental setup; mice were infected with T. muris and administered anti-CD117 or isotype-control antibodies intraperitoneally at three
time points postinfection, after which mice were starved overnight, given FITC-dextran orally in the morning and sacrificed 4 h later for analysis
of FITC-dextran uptake. (E) Serum concentrations of FITC-dextran (measured by spectrophotometry). Dots represent individual mice, with the
line depicting the mean concentration. Sera from untreated mice were used as blank controls for FITC-dextran measurements. Data are pooled
from two individual experiments with 15 mice/experiment and analyzed with one-way ANOVA and Tukey’s posttest for multiple comparison.
*p < 0.01, NS: not significant. (F) Serum concentration of MCPt-1 (mean + SD, n = 10). Data are pooled from two individual experiments with 15

mice/experiment and analyzed with one-way ANOVA and Tukey’s posttest for multiple comparison. *p < 0.01, NS: not significant.

The earliest mast cell progenitors in the lamina propria have
been described as agranular CD117" FceRla~ a4p7" IL-33Ra™
FeyRII/ITT cells [6, 17-20]. Under the influence of local factors,
these cells upregulate FeeRIa while downregulating 047 [6]. Our
results suggest that a proportion of these cells can go through addi-
tional maturation steps in response to infection, characterized by
induction of Siglec-F and CD103, translocation to the intestinal
epithelium and acquisition of a more granular appearance (sum-
marized in Fig. 3D). Interestingly, while we detected dramatically
increased numbers of epithelial mast cells, there was no accumu-
lation of mast cell progenitors in the lamina propria. These data
are consistent with those observed in iFABPp-IL-9Tg mice, where
intestinal mastocytosis occurred despite unchanged numbers of
mast cell progenitors [27], and suggest that accumulation relies
on increased maturation and/or survival rather than recruitment
of progenitors. While the factors that promote induction of epithe-
lial mast cells remain to be identified, it is interesting to note that
TGF-B has been implicated in regulation of several aspects of mast
cell biology, including expression of CD103 and MCPt-1 [28, 29].
CD103 (the integrin aE) pairs with f7, together forming the ligand

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

for E-cadherin that is expressed by intestinal epithelial cells, and
might therefore facilitate the interaction between mast cells and
the epithelium. Thus, we hypothesize that TGF-p could be one of
the important factors that promote transition of lamina propria
mast cells into their epithelial counterpart.

The observation that epithelial mast cells are uniformly posi-
tive for Siglec-F is to our knowledge the first report on expression
of this receptor by mast cells. Thus, expression of Siglec-F has
been documented on murine eosinophils, and now on mast cells,
similar to its human ortholog Siglec-8 [30]. In addition, Siglec-F
expression has also been described on alveolar macrophages [31],
intestinal epithelial tuft cells [32], as well as on a subpopulation of
CD11b" CD103" dendritic cells in the small intestine (our unpub-
lished observation).

While our BrdU experiments indicated that the epithelial mast
cells had a relatively short lifespan immediately after expulsion,
BrdU™ cells displayed a much longer half-life at later stages after
infection. A possible explanation for this pattern may be the tim-
ing of BrdU administration, which took place during the peak
inflammatory response and overlapping with worm expulsion
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(complete at day 21 postinfection). Hence, mast cells labeled at
the early stages of BrdU administration, prior to worm expul-
sion, will likely have encountered parasite-derived antigens, cel-
lular debris from damaged epithelial cells, and a more inflamed
tissue in general. In contrast, mast cells that developed and
were labeled after parasite expulsion might have been exposed
to a less inflamed environment, which could reflect on their
lifespan.

Mast cells have been implicated in regulation of epithelial bar-
rier function [25, 27, 33], at least in part via release of MCPt-
1 [25]. Therefore, given the sustained presence of mast cells in
the epithelium, as well as the high levels of MCPt-1 in the serum,
we assessed epithelial permeability by measuring uptake of FITC-
dextran in the serum upon oral administration in mice injected
with anti-CD117 antibodies. Similar to our observations in mice
following chronic T. muris infection (unpublished observation),
previously infected mice had more permeable intestines. Interest-
ingly, despite only partial mast cell depletion following antibody
treatment, we observed a robust reduction in permeability follow-
ing anti-CD117 injections, consistent with a role for mast cells in
regulating epithelial barrier integrity. While the underlying mech-
anism remains to be established it may be related to regulation
of the tight-junction protein occludin, which has been identified
as a target of mast cell-derived proteases [25], or via activation
of protease-activated receptor-2 by mast cell-derived tryptases,
which have been demonstrated to regulate tight-junction integrity
[34].

The consequences of increased epithelial permeability associ-
ated with long-term epithelial mastocytosis remain to be inves-
tigated. Increased leakiness at epithelial surfaces, particularly in
the gastrointestinal tract, is linked to higher risk of developing
IBD [35] and food allergies [36]. Indeed, although infection with
some parasites has proven beneficial in treating various murine
models of IBD [37, 38], the data on T. muris (including our
unpublished data) seem to suggest the opposite [39]. Further-
more, whether the long-term effects observed have any bearing
on the risk of developing food allergies remains to be determined.
Interestingly, several reports strongly link overexpression of IL-
9, intestinal mastocytosis and increased epithelial permeability
to a predisposition to oral-antigen hypersensitivity [22, 27], and
vice versa in IL-9-deficient mice [40], suggesting that mice that
have undergone acute T. muris infection could be more prone to
develop food allergy. Finally, our preliminary data suggest that
acute T. muris infection might also have systemic consequences.
Thus, we observed effects on both the number and phenotype of
granulocytes in the lungs, as well as on the local cytokine envi-
ronment (data not shown). In addition, if the observed epithelial
leakiness is indeed due to circulating MCPt-1, one might expect
to see similar effects on the lung epithelium, which could have
consequences on the outcome of allergic challenge also at this
site.

In summary, acute T. muris infection results in accumulation
of a population of long-lived mucosal mast cells in the large-
intestinal epithelium. Epithelial mastocytosis appears to be asso-
ciated with type-2 responses, and have long-lasting consequences
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on the intestinal environment, including regulation of epithelial
barrier permeability.

Materials and methods
Mice

C57BL/6 mice were obtained from ENVIGO (An Venray, the
Netherlands). AdblGATA-1 mice were bred in the BMC barrier
facility, Lund University, and were a kind gift from Professors Ali-
son Humbles (MedImmune, LLC, Gaithersburg, USA) and Avery
August (Cornell University, Ithaca, USA). Experiments were con-
ducted with age-matched male/female mice (6-8 weeks old), in
strict accordance with animal welfare laws determined by Swedish
authorities (Swedish Board of Agriculture, Act 1988:534). The
protocol was approved by Malmé,/Lund Ethical Board for Animal
Research, Lund/Malmo, Sweden (permit: M14-16), and all efforts
were made to minimize animal suffering.

Trichuris muris

Trichuris muris (strain E) was maintained as previously described
[41]. Mice were infected with a high (350-400) or low (20) dose
of eggs in sterile-filtered (0.2 wm) tap water by oral gavage to
obtain acute or chronic infection, respectively. To assess the worm
burden of infected mice, large intestines were excised and frozen
at —20°C. Intestines were opened longitudinally upon analysis,
and scraped free of worms that were counted under a reverse
phase-contrast microscope.

Parasite-derived antigens

Mice of a susceptible strain were infected with approximately
150 T. muris eggs and killed 6 weeks later. Large intestines were
excised, opened longitudinally, and rinsed thrice with sterile Dul-
becco’s phosphate-buffered saline (DPBS; Thermo-Fisher Scien-
tific) supplemented with 500 U/mL penicillin + 500 pg/mL strep-
tomycin (Thermo-Fisher Scientific). Adult worms were pulled out
with forceps, placed in sterile RPMI 1640 (Thermo-Fisher Scien-
tific) supplemented with antibiotics as described above and incu-
bated at 37°C for 20 min, followed by a 24-h incubation in fresh
medium. The medium was collected the following day and cen-
trifuged at 500 x g for 10 min to pellet the eggs. E/S antigens
were concentrated in a series of 10-30 min centrifugation steps
in centriprep-centrifugal columns with 10 000 NMWL (Merck-
Millipore) at 2000 x g, and dialyzed to DPBS in a series of cen-
trifugation steps in Amicon Ultracel-3K Centrifugal Filters with
3000 NMWL (Merck-Millipore) at 14 000 x g. The resulting pro-
tein concentration was measured by Bradford’s assay (280 nm) on
a SPECTROstar Nano plate reader (BMG Labtech). The antigens
were frozen at -80°C.
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Tissue preparation and cell isolation

Spleens were mashed in DPBS and passed through 70 pm cell
strainers (Thermo-Fisher Scientific). Femurs were flushed through
with DPBS to obtain the bone marrow, which was homog-
enized and filtered through 70 pum cell strainers. Intestines
were stripped of adipose tissue, opened longitudinally and
washed thoroughly in DPBS to remove the feces. To iso-
late immune cells from the large- and small-intestinal epithe-
lium, intestines were cut into approximately 1 cm pieces,
and incubated thrice in epithelial-dissociation buffer consist-
ing of Hank’s balanced salt solution (Thermo-Fisher Scientific)
supplemented with 15 mM N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid (HEPES; Thermo-Fisher scientific), 2%
fetal bovine serum (FBS; Sigma-Aldrich), 5 mM ethylenedi-
aminetetraacetic acid (Merck-Millipore), 100 U/mL penicillin +
100 pg/mL streptomycin, 50 pg/mL gentamicin (Thermo-Fisher
Scientific), and 1.25 pg/mL Fungizone (Thermo-Fisher Scientific)
for 15 min at 37°C, on continuous shaking. The loosened epithe-
lium was subjected to density-gradient centrifugation using Percoll
(GE Healthcare). Briefly, cells were suspended in 40% Percoll and
centrifuged over a 70% Percoll layer for 20 min, 600 x g with-
out brake at room temperature. Cells collected between the 40/70
phases were washed with DPBS. To isolate cells from the lamina
propria remaining tissue pieces were enzymatically digested in
R10 buffer consisting of RPMI 1640 supplemented with 10 mM
HEPES, 10% FBS, 2 mM L-glutamine (Thermo-Fisher Scientific), 1
mM sodium pyruvate (Thermo-Fisher Scientific), 100 U/mL peni-
cillin + 100 wg/mL streptomycin, 50 jLg/mL gentamicin, and 1.25
wg/mL Fungizone, along with 0.3 Wiinsch units/mL liberase TM
(Roche), 30 pg/mL DNase I (Roche), and 5 mM CaCl, for 45
min at 37°C with magnetic stirring. The resulting cell suspensions
were filtered through 100 pum cell strainers (Fisher Scientific), and
subjected to density-gradient centrifugation as described above.
Lung cells were obtained by first perfusing the mice with DPBS;
lungs were subsequently excised, minced into small pieces, and
digested in R10 buffer for 45 min at 37°C, on continuous shak-
ing. The resulting cell suspension was filtered through a 70 um
cell strainer, and subjected to density-gradient centrifugation as
described above. Cells were enumerated using a KX-21N auto-
mated hematology analyzer (Sysmex).

Flow cytometry

Cells were fluorescently labeled for 30 min on ice with the
following antibodies and reagents: AF700-conjugated mouse
(SJL) anti-mouse CD45.2 (clone 104; BioLegend), APC-
eF780-conjugated rat anti-mouse CD11b (M1/70; eBioscience),
APC-conjugated Armenian hamster anti-mouse FceRla (MARI;
BioLegend), PerCP-eF710-conjugated rat anti-mouse CD117
(2B8; eBioscience), PE-CF594-conjugated rat anti-mouse a4f7
(DATK32; BD Biosciences), PE-conjugated rat anti-mouse Siglec-
F (E50-2440; BD Biosciences), FITC-conjugated rat anti-mouse
Ly-6G (1A8; BD Biosciences), BV786-conjugated rat anti-mouse
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CD103 (M290; BD Biosciences), BV711-conjugated rat anti-mouse
FeyRII/II (93; BioLegend), BV650-conjugated rat anti-mouse
I-A/I-E (M5/114.15.2; BD Biosciences), BV605-conjugated rat
anti-mouse CD3 (17A2; BD Biosciences), rat anti-mouse CD19
(1D3; BD Biosciences), and mouse (CH3xXxBALB/c) anti-mouse
NK1.1 (PK136; BD Biosciences), BV421-conjugated rat anti-
mouse IL-33Ra (DIH9; BioLegend) along with Aqua-Live/Dead
(Thermo-Fisher Scientific) according to manufacturer’s instruc-
tions. Cells were analyzed on an LSR II flow cytometer (BD Bio-
sciences), and data analyzed with FlowJo software v9.7 (Tree Star
Inc.).

Ex vivo-cell stimulations and protein analyses

For cytokine secretion analyses, cells were suspended in R10
buffer, seeded at 2.5 x 10° cells/mL in TC-MicroWell 96U-
Nunclon plates (Thermo-Fisher Scientific), and incubated with 25
ng/mL E/S antigens for 48 h at 37°C, 5% CO,. Cell-free super-
natants were collected and frozen at —20°C for subsequent anal-
yses. Cytokines were measured with cytometric bead array (BD
Biosciences) according to manufacturer’s instructions with the
following modification: the amount of capture beads, detection
reagents, and sample volumes was scaled down fivefold. Data was
collected on an Accuri (BD Biosciences) and analyzed with FCAP
array v3.0 (SoftFlow Inc.). For MCPt-1 secretion analyses, cells
were suspended in R10 buffer, seeded at 10° cells/mL in TC-
MicroWell 96U-Nunclon plates (Thermo-Fisher Scientific), and
incubated for 30 min at 37°C, 5% CO,. MCPt-1 was measured
using a commercial ELISA kit (eBioscience) according to manufac-
turer’s instructions with the following modification: standard and
sample volumes were reduced to 50 pL/well. E/S-specific anti-
bodies were measured by a standard ELISA with biotin-conjugated
anti-mouse IgG2c antibodies (RMG2a-62; BioLegend), and HRP-
conjugated streptavidin (BioLegend).

Mast cell depletion

Anti-CD117 antibodies were generated from a hybridoma (clone;
ACK2); a kind gift from Professor Kathryn Else (University
of Manchester, Manchester, UK). Once confluent, hybrido-
mas were cultured in growth medium containing 2% FBS to
minimize nonspecific immunoglobulins. IgG antibodies were
purified on a protein-A/G column and dialyzed to DPBS by
consecutive centrifugation and washing steps using Amicon
Ultracel-3K Centrifugal Filters (Merck-Millipore). The concentra-
tion was determined by Bradford’s assay (280 nm absorbance)
with 1.4 extinction coefficient for IgG. Rat IgG2b isotype con-
trol was purchased from BioXcell. Antibodies were injected
intraperitoneally on days 42, 45, and 47 postinfection (0.5
mg/mouse for the first injection, and 0.25 mg for subsequent time
points).
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BrdU-incorporation assay

Mice were given 0.8 mg/mL BrdU (Sigma-Aldrich) via the drink-
ing water between days 17 and 24. Cells were isolated at vary-
ing time points after BrdU removal, and BrdU-incorporation mea-
sured by staining with FITC-conjugated anti-BrdU antibodies from
a commercially available kit (BD Biosciences), according to man-
ufacturer’s instructions. Data were collected on an LSR II flow
cytometer.

Assessment of intestinal permeability by
FITC-dextran feeding

Mice were starved overnight, fed the following morning with
0.4 mg/g body weight FITC-dextran (4 kDa; Sigma-Aldrich) dis-
solved in water, and sacrificed 4 h later. Blood was collected into
Microtainer-SST tubes (BD Biosciences) and centrifuged at 12 000
x g for 5 min to obtain serum. FITC-dextran measurements were
performed using 488 + 12 nm excitation and 525 + 12 nm emis-
sion on a Varioskan LUX Multimode-Microplate Reader (Thermo-
Fisher Scientific).

Mast cell isolation and validation

Cells were isolated as described from the large-intestinal epithe-
lium of three mice on day 49 postinfection. Approximately 10*
mast cells were sorted to high purity on a FACSaria II (BD Bio-
sciences) based on surface expression of CD45, CD117, FceRla,
Siglec-F, and CD103, with dead cells excluded by propidium
iodide staining. Sorted cells were centrifuged, suspended in 100
uL lysis buffer (Absolutely RNA Microprep Kit; Agilent Tech-
nologies), and frozen at —80°C for RNA isolation. RNA was iso-
lated using Absolutely RNA Microprep Kit according to manufac-
turer’s instructions (including optional DNase treatment). cDNA
synthesis was performed with SuperScript III First-Strand Syn-
thesis System (Thermo-Fisher Scientific) according to manufac-
turer’s instructions (using random hexamers). The cDNA was
amplified with SsoFast EvaGreen Supermix (Bio-Rad Labora-
tories) using the following primers (purchased from Eurofins
Genomics): epx (forward:5-CCTTTTGACAACCTGCATGA-3/, reve
rse:5'-CCCAGATGTCAATGTTGTCG-3'), meptl (forward:5'-GCT
GGAGCTGAGGAGATT-3/, reverse:5-GGTGAAGACTGCAGGGG-
3), and mcpt5 (forward:5'-GAACTACCTGTCGGCCTGCAG-3/,
reverse:5'-AGAACCTTCTGGAAGCTCAGG-3').

Microbiota analyses and bioinformatics

Fresh fecal samples were collected and immediately frozen in lig-
uid nitrogen. DNA extraction (NucleoSpin Soil; Macherey-Nagel)
and PCR-based library formation and sequencing were performed
as described [9]. Raw sequencing data were processed using
QIIME including de novo-OTU picking, chimera-checking, and
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taxonomical assignment using the Greengenes database v13.8
[42]. Subsequent analyses were performed in R using the pack-
ages Vegan [43] and PhyloSeq [44]. Data were filtered for low-
abundance OTUs by removal of OTUs present in <three of the sam-
ples, or with a relative abundance across all samples of <0.005%
resulting in 33 991 + 12 378 (mean + SD) reads/sample.

Histology

Biopsies (approximately 0.5 cm in size) from the cecal-colonic
junction were collected in Carnoy’s solution (60% ethanol, 30%
chloroform, 10% acetic acid) and stored at room temperature until
further processed. Tissue pieces were embedded in paraffin by
standard histological techniques and cut into 5 pm sections using
a Leica microtome. Sections were stained with toluidine blue and
mounted in standard fashion. Slides were scanned and analyzed
with Aperio ImageScope (Leica Biosystems).

Statistical analyses

All statistical analyses were performed using Prism v5.0 (Graph-
Pad software).
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Figure S1.

C57BL/6 mice were infected with a high dose of T. muris and monitored over time for granulocyte
accumulation in the small and large intestine.

(A) Representative flow-cytometry plots of total viable hematopoietic cells in the large-intestinal
epithelium of T. muris-infected mice at day 14 after infection.

(B) Worm burden of T. muris-infected mice. Lines depict the mean worm burden, with symbols
representing individual mice (n = 5-6).

(C) Kinetics depicting total hematopoietic cell number (cellularity) in the large-intestinal lamina
propria (top graph) and epithelium (bottom graph) after T. muris infection. Lines depict the mean
frequency of cells, with symbols representing individual mice (n = 6-19, from 3-7 individual
experiments).

(D) Kinetics depicting frequency of Siglec-Fhi (top graph) and Siglec-F™ (bottom graph) cells in the
small-intestinal epithelium after T. muris infection. Lines depict the mean frequency of cells, with
symbols representing individual mice (n = 3-11, from 1-2 individual experiments).

(E) E/S antigen-specific IgG2c (measured by ELISA) in the serum of uninfected, as well as T. muris-
infected mice at day 49 post acute or day 35 post chronic infection (n = 3-5 per group).

(F) Toluidine blue-stained histology sections of paraffin-embedded tissue (cecal-colonic junction)
from uninfected (left) and T. muris-infected (right) mice at day 49 after infection. Mast cell
granules appear purple. Abbreviations: ep = epithelium, Ip = lamina propria, lu = lumen. Scale bars
=50 pm
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Figure S2.

C57BL/6 mice were infected with either a high (acute) or low (chronic) dose of T. muris eggs and
monitored over time in the large intestine.

(A) Graphs depicting the frequency of eosinophils (left) and neutrophils (right) in the large-
intestinal epithelium of uninfected and T. muris-infected mice at day 35 after infection. Lines
depict the mean frequency of cells, with symbols representing individual mice (n = 3-5).

(B) Principal Component Analysis (PCoA) plot depicting fecal microbiota from mice sampled at
various time points (denoted in weeks) after acute (dark gray circles) or chronic (light gray
triangles) T. muris infection.

(C) Bar graphs depicting the concentration of IL-6 (left) and TNF-a (right) in the supernatant of ex
vivo-cultured cells from the large-intestinal lamina propria from uninfected and T. muris-infected
mice at day 49 after infection. Dark gray = unstimulated, light gray = E/S-stimulated.
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Figure S3.

C57BL/6 mice were infected with a high dose of T. muris and monitored over time for mast cell
accumulation in the large intestine, bone marrow and spleen.

(A) Representative flow-cytometry plots depicting the gating strategy used to identify mast cell
progenitors in the large-intestinal lamina propria. Lineage = CD3, CD19, NK1.1.

(B) Kinetics depicting the frequency of mast cell progenitors in the bone marrow (left) and spleen
(right) of mice infected with T. muris. Lines depict the mean frequency of cells, with symbols
representing individual mice (n = 4-5, from one experiment).
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Figure S4.

C57BL/6 mice were infected with a high dose of T. muris and monitored over time for mast cell
accumulation in the large intestine and MCPt-1 in the small intestine.

(A) Graph depicting the concentration of MCPt-1 in the supernatant of ex vivo-cultured small-
intestinal lamina propria (black) and epithelial (gray) cells of uninfected and T. muris-infected mice
at day 49 after infection. Values represent pooled cell suspensions from 4-5 mice.

(B) Graph depicting the SSC mean fluorescence intensity (MFI) of mast cells and mast cell
progenitors in the large intestine of uninfected and T. muris-infected mice at day 49 after
infection.

(C) Graph depicting the frequency of mast cells in the large-intestinal lamina propria (left) and
epithelium (right) of mice treated with depleting anti-CD117 antibody, according to Figure 4D.
Data are pooled from two individual experiments and analyzed with one-way ANOVA and Tukey’s
post-test for multiple comparison. *** (p < 0.001), NS (not significant).
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Abstract

The intestinal microbiota is vital for shaping the local intestinal environment as well as host
immunity and metabolism. At the same time, epidemiological and experimental evidence
suggest an important role for parasitic worm infections in maintaining the inflammatory and
regulatory balance of the immune system. In line with this, the prevalence of persistent
worm infections is inversely correlated with the incidence of immune-associated diseases,
prompting the use of controlled parasite infections for therapeutic purposes. Despite this,
the impact of parasite infection on the intestinal microbiota, as well as potential downstream
effects on the immune system, remain largely unknown. We have assessed the influence of
chronic infection with the large-intestinal nematode Trichuris muris, a close relative of the
human pathogen Trichuris trichiura, on the composition of the murine intestinal microbiota
by 16S ribosomal-RNA gene-based sequencing. Our results demonstrate that persistent T.
muris infection dramatically affects the large-intestinal microbiota, most notably with a drop
in the diversity of bacterial communities, as well as a marked increase in the relative abun-
dance of the Lactobacillus genus. In parallel, chronic T. muris infection resulted in a signifi-
cant shift in the balance between regulatory and inflammatory T cells in the intestinal
adaptive immune system, in favour of inflammatory cells. Together, these data demonstrate
that chronic parasite infection strongly influences the intestinal microbiota and the adaptive
immune system. Our results illustrate the complex interactions between these factors in the
intestinal tract, and contribute to furthering the understanding of this interplay, which is of
crucial importance considering that 500 million people globally are suffering from these in-
fections and their potential use for therapeutic purposes.
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Introduction

The gastrointestinal tract harbours a myriad of microorganisms, collectively termed the micro-
biota, which have evolved complex interdependent relationships with the host[1, 2]. The
microbiota is critical to the health of the host by metabolising nutrients[3, 4], maturing the im-
mune system[5-7] and competing out pathogens|[8, 9], as evidenced by studies utilising mice
raised under germ free conditions devoid of commensal organisms. Thus, resident bacteria
shape the host immune system and small disturbances in the balance between different micro-
bial communities can have adverse effects on its integrity. Likewise, activation of the immune
system, for example during infection, may lead to alterations in the composition of the micro-
biota[10, 11], and thereby affect the balance of the intestinal microenvironment. An imbalance
in this host-microbial relationship is thought to contribute to multiple inflammatory and auto-
immune diseases[6, 12].

Parasitic worms are among the most prevalent pathogens that afflict humans, and they
share a long evolutionary history with us. Hence, worm infections are rarely lethal but can
nonetheless cause a wide variety of health issues such as abdominal pain, anaemia, stunted
growth and impaired cognitive development[13, 14]. On the other hand, parasites may incur
benefits to the host by educating the immune system early in life and providing signals that
serve to dampen inflammation and strengthen the regulatory immune response[15]. Signs of
this may be seen in developed countries, where the absence of worm infections has been corre-
lated with an increased incidence of various immune-associated diseases including allergies, in-
flammatory bowel disease (IBD), multiple sclerosis, rheumatoid arthritis (RA) and type 1
diabetes (T1D)[16-18]. Encouraged by results from various laboratory models[19-24], much
emphasis has been placed on the potential therapeutic value of parasitic infections in treating
human diseases[25-28]. Indeed, therapeutic infection with the porcine nematode Trichuris
suis is currently in clinical trial for treatment of IBD[29]. Interestingly, diseases that have been
associated with the absence of parasitic worms, including IBD, RA and T1D, have also been
correlated with alterations in the intestinal microbiota[30]. It is therefore plausible that the lack
of parasitic worm infections, via modulation of the intestinal microbiota, might confer protec-
tion against these disorders.

Trichuris muris is the murine-specific counterpart to the human pathogen Trichuris tri-
chiura that infects approximately 500 million people globally[31]. Its life cycle follows a strict
faecal-oral route. Thus, following infection of the large intestine, T. muris worms remain in the
caecal and colonic epithelium throughout their lifespan. During the first three weeks after
hatching, the larvae reside embedded in syncytial tunnels formed through adjacent intestinal
epithelial cells, but from the L2-L3 moulting stage, worms start protruding out into the intesti-
nal lumen, reaching adulthood five weeks after infection. In line with other intestinal parasites,
protective immunity to T. muris infection is dependent on induction of a T helper cell type 2
(Th2) response[32]. However, at sufficiently low doses, T. muris establishes a chronic infection
by invoking a Th1 response characterised by the production of the cytokine interferon-y (IFN-
Y[33].

Given that T. muris larvae occupy the same niche as the majority of the intestinal microbiota
it is plausible that these organisms influence each other, which may subsequently affect the
intestinal microenvironment of the host. Interestingly, oral administration of Lactobacillus
casei can increase the susceptibility to T. muris infections[34] and intestinal luminal bacteria
are important for enabling the T. muris larvae to hatch during the initial infection[35], further
illustrating the complex inter-species relationships that characterise the intestinal microenvi-
ronment. However, data on the influence of Trichuris parasites on intestinal bacterial commu-
nities is limited. Studies in pigs infected with T. suis have demonstrated changes in bacterial
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diversity and metabolic networks after infection[36, 37], whereas studies in humans infected
with T. trichiura have yielded conflicting data[38, 39], emphasising the need for
further research.

We set out to study the effect of chronic T. muris infection on the gut microbiota and im-
mune response. Here, we provide evidence that persistent T. muris infection resulted in dra-
matic alterations in microbial communities, in both the caecum and colon, which became
apparent approximately three weeks after infection and became increasingly established with
time. Overall, these changes resulted in a less diverse microbiota, and were characterised by a
marked increase in the relative abundance of the bacterial family Lactobacillaceae. In addition,
chronic T. muris infection affected the balance between inflammatory and regulatory immune
cells in the intestinal mucosa, although this seemed to occur prior to the increase in Lactobacil-
laceae. These findings highlight the importance of understanding the intricate interactions of
the microbiota, particularly with regard to parasitic worm infections, and their contribution to
health and disease.

Materials and Methods
Mice
Mice were obtained from Harlan Laboratories (An Venray, Netherlands). Experiments were

conducted with age-matched, male C57BL/6 mice that were eight weeks old at the start of the
experimentation. Mice were sacrificed by cervical dislocation.

Ethics Statement

All experiments were conducted in strict accordance with animal welfare laws, as determined
by Swedish authorities (Swedish Board of Agriculture, Act 1988:534). The protocol was ap-
proved by Malmé/Lund Ethical Board for Animal Research, Lund/Malmo, Sweden (permit no.
M467-12), and all efforts were made to minimize suffering of the mice. Mice were monitored
daily for signs of stress or disease, such as condition of fur and general movement. None of the
mice developed diarrhoea or other intestinal-related issues.

Trichuris muris

T. muris (strain E) was maintained, and worm-derived excretory/secretory (E/S) antigens were
generated and purified as previously described[40]. To obtain a chronic T. muris infection,
mice were infected with a low dose of approximately twenty infective eggs in sterile-filtered
(0.2 um) tap water by oral gavage. To assess the worm burden of infected mice, large intestines
were excised and frozen at -20°C. During the analysis, intestines were cut longitudinally, and
scraped free of worms, which were subsequently counted under a reverse phase-contrast
microscope.

Experimental Outline

Mice were co-housed for at least two weeks prior to experimentation to ensure normalisation
of their microbiota, and were subsequently placed in individual cages during experiments to
avoid cross-contamination. Experiments were conducted according to the scheme in S1 Fig 10
mice were infected at day 0 with a low dose T. muris eggs and 20 mice were left uninfected. 10
of the uninfected were sacrificed at day 0 while the remaining 10 were sampled over a 35 days
period alongside with the 10 infected mice. Fresh faeces were sampled regularly throughout the
experiment, after each larval moulting stage: L2 (day 13), L3 (day 20) and L4 (day 27). The fae-
cal samples were immediately frozen on dry ice upon collection. At the end point (day 35),
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luminal contents were collected from both the caecum and colon. We sampled the luminal
colon content distally, to make them correspond to the fresh faeces samples. For simplicity, lu-
minal colon content sampled upon termination and fresh faeces sampled throughout the infec-
tion are collectively referred to as “faecal samples”. Finally, to ensure that mice had been
properly infected, a separate group of five mice was infected and sacrificed at day 35 for assess-
ment of their worm burden.

Cell Isolation

Mesenteric lymph nodes (MLN) were stripped of surrounding adipose tissue and mashed in
Dulbecco’s phosphate-buffered saline (DPBS; Life Technologies), followed by filtration
through 70 pum cell strainers (Fisher Scientific). The large intestines were stripped of attached
adipose tissue, opened longitudinally and washed thoroughly in DPBS to remove the faeces. To
isolate cells from the large-intestinal lamina propria (LI LP) the intestines were cut into ap-
proximately one cm pieces, and incubated thrice in epithelial dissociation buffer consisting

of Hank’s balanced salt solution (HBSS; Life Technologies) supplemented with 15 mM 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; Life Technologies), 2% foetal bo-
vine serum (FBS; Sigma-Aldrich), 5 mM ethylenediaminetetraacetic acid (EDTA; Merck-Milli-
pore), 100 U/ml penicillin + 100 pg/ml streptomycin (Life Technologies), 50 pg/ml gentamicin
(Life Technologies) and 1.25 pg/ml Fungizone (Life Technologies) for 15 minutes at 37°C, on
continuous shaking. For the first round of treatment, 1 mM DL-dithiothreitol (DTT; Sigma-Al-
drich) was added to aid the removal of mucous. After a brief wash, the remaining tissue pieces
were subsequently enzymatically digested in R10 buffer consisting of RPMI 1640 (Life Tech-
nologies) supplemented with 10 mM HEPES, 10% FBS, 2 mM L-glutamine (Life Technologies),
1 mM sodium pyruvate (Life Technologies), 100 U/ml penicillin + 100 pg/ml streptomycin,

50 pg/ml gentamicin and 1.25 ug/ml Fungizone, along with 0.3 Wiinsch-units/ml liberase TM
(Roche), 30 pg/ml DNase I (Roche) and 5 mM CaCl, for 45 minutes at 37°C with magnetic
stirring. The resulting cell suspension was filtered through 100 pm cell strainers (Fisher Scien-
tific), and subjected to a density gradient centrifugation using Percoll (GE Healthcare) accord-
ing to manufacturer’s instructions. Briefly, cells were suspended in 40% Percoll and centrifuged
over a 70% Percoll layer for 20 minutes, 600 g without brake at room temperature. Cells were
collected from the 40/70 interphase and washed with R10 buffer. Cell numbers were assessed
with a KX-2IN automated hematology analyzer (Sysmex).

Ex vivo Cell Stimulations and Cytokine Analyses

For cytokine secretion analyses, cells were suspended in R10 buffer, seeded at 2.5 x 10° cells/ml
in TC MicroWell 96U Nunclon plates (Thermo Fisher Scientific), and incubated with 50 pg/ml
E/S antigens for 48 hours at 37°C, 5% CO,. Cell-free supernatants were collected and frozen at
-20°C for subsequent analyses. Cytokine secretion was measured with BD cytometric bead
array (BD Biosciences) according to manufacturer’s instructions with the following modifica-
tion: the amount of capture beads and detection reagents as well as sample volumes was scaled
down five-fold. Samples were acquired on a BD LSR II flow cytometer (BD Biosciences) and
data analysed with FCAP Array v3.0 (SoftFlow Inc.).

For intracellular cytokine analyses, cells were suspended in R10 buffer, seeded at 5 x 10°
cells/ml in 5 ml polystyrene round-bottom tubes (BD Falcon), and incubated with 250 ng/ml
phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich), 500 ng/ml ionomycin (Sigma-Al-
drich) and 10 pg/ml brefeldin A (Sigma-Aldrich), or brefeldin A alone as a negative control,
for 3 hours at 37°C, 5% CO,. Cells were then washed with R10 buffer followed by staining for
flow cytometry analysis.
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Flow Cytometry

Cells were fluorescently labelled for 30-60 minutes on ice with the following antibodies and re-
agents: BV510-conjugated rat anti-mouse CD45 (clone 30-F11; BioLegend), BV605—c0njugated
Armenian hamster anti-mouse TCRp (H57-597; BD Biosciences), PE-conjugated rat anti-
mouse IL-10 (JES5-16E3; eBioscience), PE-CF594-conjugated rat anti-mouse CD4 (RM4-5;
BD Biosciences), PerCP-Cy5.5-conjugated mouse anti-human/mouse T-bet (4B10;
eBioscience), PE-Cy7-conjugated rat anti-mouse IFN-y (XMG1.2; BioLegend), APC-conjugat-
ed rat anti-mouse/rat FoxP3 (FJK-16s; eBioscience), AF700-conjugated rat anti-mouse CD19
(6D5; BioLegend), AF700-conjugated rat anti-human/mouse B220 (RA3-6B2; eBioscience),
AF700-conjugated mouse anti-mouse NK1.1 (PK136; BioLegend), AF700-conjugated rat anti-
mouse Ter-119 (TER-119; BioLegend), biotin-conjugated rat anti-mouse CD8a. (53-6.7; Bio-
Legend), APC-eF780-conjugated streptavidin (eBioscience), along with Violet Live/Dead (Life
Technologies) according to manufacturer’s instructions to label dead cells. Cells were stained
intracellularly with FoxP3/Transcription factor staining buffer set (eBioscience) according to
manufacturer’s instructions. Cells were analysed on a BD LSRII flow cytometer, and data ana-
lysed with Flow]Jo software v9.7 (Tree Star Inc.). Dead cells and aggregates were excluded from
all analyses.

Amplicon Sequencing

Bacterial DNA from caecal and faecal samples were extracted using a NucleoSpin soil kit
(Macherey-Nagel) according to manufacturer’s instructions. DNA yield and integrity were as-
sessed using a Nanodrop and agarose gel electrophoresis, respectively. The PCR-based library
formation was performed using 10 ng bacterial DNA, 0.2 uM of each barcoded forward and re-
verse primer, 0.2 mM dNTPs and 0.5 units Phusion high fidelity DNA polymerase (Thermo
Scientific) in a total volume of 25 yl. To target the 16S rRNA gene’s variable region 4 (V4) a for-
ward primer 515F (5> AATGATACGGCGACCACCGAGATCTACAC NNNNNNNN
TATGGTAATTGTGTGCCAGCMGCCGCGGTAA 3’; “N” indicates the nucleotides of the
barcode sequence) and a reverse primer 806R (5 CAAGCAGAAGACGGCATACGAGAT
NNNNNNNNNNNN AGTCAGTCAG CC GGACTACHVGGGTWTCTAAT 3’) were used,
both with Illumina adaptor sequences in the 5" end [41, 42]. Cycling condition was as follows:
98°C for 30 seconds followed by 35 cycles of 98°C for 5 s, 56°C for 20 s and 70°C for 20 s. PCR
products were purified and normalised to 1-2 ng/pl using the SequalPrep Normalisation Plate
kit (Life Technologies Europe). Subsequently, samples were pooled (2 pl of each sample) and
quantified using a KAPA Library Quantification Kit (KAPA Biosystems) on a Stratagene
Mx3000 (Agilent Technologies Denmark). 6.65 pM library and 0.35 pM PhiX Control v3 (Illu-
mina) was sequenced using an Illumina MiSeq V2 PE500 cartridge (500 cycles) on an Illumina
MiSeq.

Bioinformatics

Generated sequences were analysed using giime_pipe (https://github.com/maasha/qiime_
pipe) using QIIME v1.7.0 with default settings, which performs quality-based sequence trim-
ming, primer removal and assembly of paired-end sequences followed by the execution of a
QIIME workflow including chimera checking[41]. De novo OTU-picking was performed
using UCLUST[43] with 97% sequence similarity. Representative sequences were assigned tax-
onomy against the Greengenes database v11_2[44] using the RDP-classifier[45] with an 80%
confidence threshold. Subsequent analyses were performed in R v3.1.1 using the metagenome-
Seq[46], PhyloSeq[47], Vegan[48] and GGplot2[49] packages. Data was filtered for low-abun-
dance OTUs by removal of OTUs present in fewer than 3 of the 140 samples and with a
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relative abundance across all samples <0.005%. A single day 35 faecal sample from one of the
infected mice and a single day 0 caecal sample from one of the uninfected mice were left out
due to our cut off of at least 10,000 sequences per sample after filtering. Analyses in R were per-
formed with an average of 25,060 + 6,480 (SD) sequences per sample before, and with

20,912 + 5,091 (SD) sequences per sample after filtering. Alpha and gamma diversity were esti-
mated using unfiltered data. Beta diversity was performed using filtered data and calculated for
time point/treatment using Vegan. Read counts were normalised with metagenomeSeq([46]
that uses a cumulative-sum scaling in which raw counts are divided by the cumulative sum of
counts up to a particular quantile. Statistical analyses for Table 1 and S2 Table comparing unin-
fected with infected were performed on data filtered based on effective sample sizes. Taxa were
not included if they had fewer than X effective number of positive samples, where X is the me-
dian of estimated effective samples per feature calculated using metagenomeSeq. Phylogenetic
analyses were conducted using 16S rRNA gene sequences from the given family downloaded
from The Ribosomal Database Project (RDP)[50]. The representative sequences, from the
OTUs classified to be members of the given family were combined with the RDP sequences. Se-
quence-alignment using MUSCLE[51] and phylogenetic tree building using the Maximum
Likelihood method based on the Tamura-Nei model[52] were performed using MEGA v6.06
[50]. All sequence data is available from the European Nucleotide Archive (ENA) with study
accession number: PRJEB6560. Immunological raw data is available from Dryad Digital Repos-
itory (doi:10.5061/dryad.md0vg).

Results
Chronic T. muris Infection Induces Major Changes in the Gut Microbiota

To examine whether chronic T. muris infection affects the composition of the intestinal micro-
biota, we infected male C57BL/6 mice with a low dose of T. muris eggs by oral gavage, and col-
lected faecal samples at various time points after infection, coinciding with the different larval
developmental stages (S1 Fig). Five weeks after infection, the experiment was terminated and
the caecum and colon contents were collected. To confirm the chronic nature of the infection,
we assessed the intestinal worm burden of a parallel group of mice infected at the same time.
As expected, none of the mice had cleared the infection after five weeks, harbouring 20 + 3
worms (mean * SD; n = 5) and were thus, by definition, chronically infected.

Next, we investigated the composition of the intestinal microbiota utilising 16S rRNA gene-
based sequencing and found that chronic T. muris-infection induced clear changes in microbial
communities of the large intestine (Fig 1). While minor alterations were seen at early time
points after infection, the first substantial microbial changes appeared from day 20 (Fig 1 and
S2 Fig and S1 Table for statistical summary). The changes became more pronounced with time
(Fig 1 and S2 Fig and S3 Fig) and were very distinct at day 35 after infection, compared to the
uninfected mice (Fig 1 and S2 Fig and S1 Table for statistical summary). The infection had
similar effects on the faecal and caecal microbiota (S4 Fig). Importantly, we detected only very
minor changes over time in the microbial composition of the uninfected mice (S5 Fig),
demonstrating that differences observed in the infected mice reflected infection-dependent
changes. Thus, chronic infection with T. muris is associated with pronounced changes in the
microbiota.
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Fig 1. Time-dependent changes of the microbiota diversity due to chronic T. muris infection. Non-metric Multi-Dimensional Scaling (NMDS) plot using
Bray-Curtis dissimilarity indices from (A) faecal microbiota from 10 infected mice sampled at various time points from day 0 to day 35, and (B) caecal
microbiota from uninfected mice at day 0 and uninfected/infected mice at day 35. Ellipses are labelled according to the corresponding day of analysis.
Relative abundance at family level was fitted as vectors based on 9999 permutations and scaled by their correlation coefficient.

doi:10.1371/journal.pone.0125495.g001

Chronic T. muris Infection Decreases Alpha and Gamma, but Increases
Beta Diversity of the Microbiota

In order to examine whether chronic T. muris infection influenced the diversity of the intesti-
nal microbiota we determined alpha (within sample) and beta (between samples) diversity for
each sample and group, respectively. Alpha diversity analysis was performed on unfiltered data
using Shannon index (Fig 2A). The alpha diversity of the faecal samples from the infected mice
was significantly decreased after 27 days of infection, and even further decreased after 35 days,
while no decrease was observed in the uninfected mice. Similarly, a significant decrease in the
alpha diversity in caecal samples was evident after 35 days of infection (Fig 2A). By contrast,
beta diversity between the faecal samples from the infected mice was increased after 27 and

35 days, and similarly, increased beta diversity was observed in caecal samples after 35 days
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Fig 2. Chronic T. muris infection results in decreased alpha but increased beta diversity of the microbiota. (A) Median alpha diversity based on
Shannon index of unfiltered microbiota data for faecal and caecal samples. The upper and lower whiskers correspond to the 25" and 75" percentiles. (B)
Median beta diversity based on Serensen index for faecal and caecal samples. The whiskers correspond to the 25 and 75™ percentiles. Statistical analyses
were performed with one-way ANOVA, followed by Tukey’s post-test for multiple comparisons using Prism (GraphPad software). The light blue colour for
uninfected caecal samples indicates the ten mice sacrificed at day 0, and therefore not repeated sampling as for the faecal samples. The following definitions
were used to denote statistical significance: * (p<0.05), ** (p<0.01), *** (p<0.001), while p>0.05 was considered not significant (NS).

doi:10.1371/journal.pone.0125495.g002
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(Fig 2B). We therefore investigated whether there was an overall gain or loss of diversity by ex-
amining the combined microbiota from all infected mice (gamma diversity) compared to all
the uninfected mice. Thus, all untrimmed data were pooled according to treatment and the
gamma diversity (between groups) of the infected and uninfected pools was compared using
the Shannon index. In accordance with the alpha diversity, we found a decline in gamma diver-
sity at day 27 and 35 after infection in the faecal samples and at day 35 for the caecal samples
(S6 Fig). Together, these data demonstrate that chronic T. muris infection causes an overall de-
crease in microbial diversity of the large intestine.

T. muris Infection Alters the Composition of the Faecal and Caecal
Microbiota

Next, we examined the alterations in intestinal microbial composition following T. muris infec-
tion by taking taxonomical classifications of operational taxonomic units (OTU) into account.
At the phylum level, T. muris infection led to increased abundance of Firmicutes (day 27 and
35) and Proteobacteria (day 35) while decreasing Bacteroidetes (day 27 and 35) in the faecal
samples (p<0.05, repeated-measures ANOVA, S7 Fig). Firmicutes, Proteobacteria and Bacter-
oidetes accounted for more than 90% of the microbiota at all time points. The T. muris infec-
tion increased the relative abundance of Firmicutes in faecal samples from 37 + 3% to 43 + 6%
between day 0 and 35. Likewise, the caecal samples from the infected mice contained 58 + 6%
Firmicutes at day 35 compared to 30 + 2% and 36 + 2% in the uninfected mice sacrificed at day
0 and 35, respectively. Proteobacteria and Bacteroidetes are traditionally lipopolysaccharide-
containing gram-negative bacteria whereas Firmicutes are, with minor exceptions, gram-posi-
tive bacteria, thus, the microbiota was characterised by an increased proportion of gram-posi-
tive bacteria after infection due to the increase in Firmicutes.

To further investigate the changes in the microbiota composition following the T. muris in-
fection, we analysed the microbiota composition in a taxa summary plot on family level (Fig 3),
statistical analysis on multiple taxonomic ranks (Table 1), heat-mapping at genus level, includ-
ing hierarchical cluster analysis (Fig 4), and phylogenetic tree analysis to identify candidates at
species level (S8 Fig). Hierarchical cluster analysis of Bray-Curtis dissimilarity indices identi-
fied day 0 and day 13 to be the most similar, with day 20 as the closest relative, while day 27
and 35 were distinctly clustered on two separated branches (Fig 4), indicating that major
changes in the microbiota occurred from day 20 after the infection with T. muris.

Using metagenomeSeq [46] we identified bacteria that were significantly altered due to in-
fection at any given time point. We focused on the most common effects of the infection,
which we defined as affected taxa detected in at least as many or more samples compared to
the median of the estimated effective sample size, as calculated by MetagenomeSeq. With an in-
crease at day 13 after infection, Bifidobacterium was identified as the only significantly affected
genus before the major changes to the microbiota occurring at day 20 and onward (Table 1).
The most notable change observed was an increase in the relative abundance of the bacterial
family Lactobacillaceae that remained relatively unaltered until day 20, after which it gradually
increased in abundance from <5% between day 0 and 20, to 11% and 15% after days 27 and
35, respectively (Table 1 and Fig 3). While the increase in Lactobacillaceae occurred in 8 out of
9 mice, other changes were less general (S9 Fig), further illustrating the variability between in-
dividual mice as reflected by the increase in beta diversity described earlier. Interestingly, some
genera were affected only at certain time points after infection and then remained stable (Fig 4
and Table 1). Among these we detected an increase in the relative abundance of Alistipes and
Odoribacter from the Bacteroidales family at day 20, as well as a decrease in Allobaculum and
Barnesiella and a sharp increase in Parasutterella at day 35 (Fig 4 and Table 1). The abundance
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of Lactobacillus, Allobaculum and Barnesiella were also found to be significantly affected in the
caecal samples by the infection with the addition of a >10-fold increased abundance of Mucis-
pirillum and a decrease of the low-abundant Sporobacter selectively in the caecal samples (52
Table).

By phylogenetic tree analysis, comparing the representative sequences for the OTUs classi-
fied within each family and 16S rRNA gene sequences downloaded from the Ribosomal Data-
base Project[50], we identified candidate species for the Lactobacillaceae family affected by T.
muris infection. A single OTU (L#1 in S8 Fig) accounted for more than 80% of the relative
abundance in faecal samples 35 days after infection, the sequence of which was identical to that
of L. apodemi, L. murinus and L. animalis (S8 Fig). The second most abundant OTU was iden-
tical to L. gasseri and L. taiwanensis. The same OTUs and similar relative abundance within
families were found for caecal samples (data not shown).

A Skewed Intestinal Regulatory/Inflammatory T Cell Balance is Induced
upon Chronic T. muris Infection

Finally, we wanted to investigate whether the profound changes observed in the microbiota
composition correlated with infection-driven responses in the intestinal immune
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Fig 3. Chronic T. muris infection affects the composition of the microbiota. Taxa summary plots at family level showing (A) changes in microbiota
composition of faecal samples from the infected mice from day 0 to day 35, and (B) the microbiota composition of uninfected and infected mice at day 35 for
faecal and caecal samples. “Unknown” refers to OTUs that we were unable to classify. Data represent mean relative abundance.

doi:10.1371/journal.pone.0125495.g003
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doi:10.1371/journal.pone.0125495.9004

compartment, which could indicate a potential causal link between these processes. CD4" T
cells are crucial effector cells during acute T. muris infections. At low doses of infection both
CD4" and CD8" T cells polarise into IFN-y-secreting effector cells, resulting in the host being
unable to expel the worms[53]. In order to confirm that the low infection dose resulted in in-
duction of a Th1 response we therefore tracked and profiled the accumulation of adaptive im-
mune cells in the large-intestinal lamina propria (LI LP) and draining mesenteric lymph nodes
(MLN) following chronic T. muris infection. Initial experimentation indicated that there were
substantial changes to the intestinal immune system at day 35 after infection, leading us to con-
duct an additional experiment, with analysis at key time points concurrent with the kinetics of
the observed alterations in the microbiota. Moreover given the established capacity of certain
bacterial species[54-56], as well as some parasites[57, 58], to promote induction of regulatory
T cells (Treg), we also assessed the generation of these cells during chronic T. muris infection.
As expected, mice chronically infected with T. muris developed intestinal inflammation
with an accumulation of haematopoietic cells, both in the LI LP (Fig 5A) and MLN (S10A Fig).
This was apparent at day 20 and persisted throughout the course of infection. Similarly, the
proportion of CD4" T cells in the LI LP was also increased at day 20 and remained stable with
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infected and uninfected mice. (D) Representative flow cytometry plots of FoxP3, IFN-y and IL-10-expressing CD4" T cells in the LI LP. Numbers indicate
frequencies of CD4" T cells. Blue = uninfected, red = T. muris-infected (day 20). (E) T. muris-derived E/S antigen-specific secretion of IFN-y by cells isolated
from the LI LP of T. muris-infected and uninfected mice after ex vivo stimulation for 48 h. (F) Proportion of FoxP3* CD4" T cells in the LI LP of T. muris-
infected and uninfected mice. (G) Ratio between FoxP3" and IFN-y* T-bet” CD4" T cells in the LI LP of T. muris-infected and uninfected mice. (H) Proportion
of IL-10* FoxP3" CD4* T cells in the LI LP of T. muris-infected and uninfected mice. Bar graphs are displayed as mean (n = 6) with standard deviation.
Statistical analyses were performed with one-way ANOVA, followed by Tukey’s post-test for multiple comparisons using Prism (GraphPad software). The
following definitions were used to denote statistical significance: * (p<0.05), ** (p<0.01), *** (p<0.001), while p>0.05 was considered not significant (NS).

doi:10.1371/journal.pone.0125495.g005

time (Fig 5B), with a similar trend for CD8" T cells (S10B Fig). In order to investigate potential
driving forces from the microbiota on the nature of the adaptive immune response after infec-
tion, we focused our analysis on time points either prior to (at day 20) or after (at day 35) the
major alterations observed in microbial communities, most notably the Lactobacillaceae. Con-
sistent with our expectations, a large fraction of the total CD4" T cells in the LI LP expressed
classical markers of inflammatory Th1 cells; the cytokine IFN-y (Fig 5C and 5D) and the tran-
scriptional regulator T-bet (S10C Fig) after infection. The Th1 response was established early
after infection (at latest day 20) but interestingly abated as T. muris reached adulthood (Fig
5C). CD8" T cells, although fewer in numbers relative to CD4" T cells, were also positive for
IFN-y and T-bet to a similar extent (S10D Fig). Consistent with the T cell response, single-cell
suspensions of both LI LP (Fig 5E) and MLN (S10E Fig) from infected mice showed a dramatic
IFN-y secretion upon stimulation with T. muris-derived excretory/secretory (E/S) antigens.
Moreover, we detected a slight induction of FoxP3" Tregs in the MLN as the infection pro-
gressed (S10F Fig). However, contrary to what has been reported in other parasite models, we
did not detect an increased proportion of FoxP3" CD4+ T cells in the LI LP at this infection
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dose, but rather a substantial decrease (Figs 5D and 5F), a change that was apparent already at
day 20 and remained as the infection progressed (Fig 5F). Strikingly, the ratio between regula-
tory and inflammatory CD4" T cells was reduced almost 16-fold in the LI LP as a consequence
of infection (Fig 5G). Treg cells were not only fewer in proportion, but also seemed less prone
to produce interleukin-10 (IL-10) at day 35 (Fig 5H and S10C Fig), a cytokine known to be in-
volved in tolerogenic and anti-inflammatory responses. In fact, most of the T cell-derived IL-
10 during infection was produced by FoxP3™ IEN-y" cells (Fig 5D and S10G Fig), and was re-
flected by IL-10 secretion from E/S-stimulated LI LP cells (S10H Fig). Taken together, these re-
sults demonstrate that low dose infection with T. muris led to chronic inflammation of the
large intestine, with a decreased ratio between regulatory and inflammatory CD4" T cells,
which was clearly manifested after 20 days of infection and remained as the

infection progressed.

Discussion

We have performed a comprehensive study analysing the influence of chronic T. muris infec-
tion on the murine gut microbiota using 16S rRNA gene-based sequencing. By infecting mice
with T. muris, we have been able to longitudinally study the effect of chronic nematode infec-
tion in a highly controlled manner, with sampling at multiple time points. We found that per-
sistent worm infection led to a decrease in bacterial diversity of the large-intestinal microbiota
as compared to uninfected mice, with an associated increase in the relative abundance of Lacto-
bacillaceae. In parallel, we detected an overall change in the intestinal regulatory/inflammatory
T cell balance following chronic T. muris infection.

Two recent publications describe the effect of T. trichiura infection on the intestinal micro-
biota of infected humans[38, 39]. Compared with the effects of T. muris infection reported
here, the effect of T. trichiura infection in humans appeared less drastic. Cooper et al. found no
decrease in the alpha diversity in T. trichiura-infected children compared to an uninfected con-
trol group, and similarly no apparent difference was detected following curative treatment[38].
In contrast, Lee et al. detected a minor increase in alpha diversity of the intestinal microbiota in
infected individuals, which included combinations of T. trichiura, Ascaris lumbricoides and
hookworm co-infections[39]. However apart from likely species-related differences, human
field studies are often less controlled compared to laboratory-based studies in mice (e.g. varia-
tion in infection dose, duration and timing of infection), and many additional environmental
factors will undoubtedly influence the results, e.g. lifestyle, gender, age, hygiene and/or previ-
ous pathogen exposure.

We found that chronic T. muris infection had a strong effect on the alpha, beta and gamma
diversity of both the faecal and caecal microbiota. The decreased alpha diversity suggests that
the microbiota became less diverse within each individual mouse, whereas the concurrent in-
crease in beta diversity illustrates that each individual mouse responded differently to infection,
resulting in a larger diversity between the mice. Nevertheless, overall we found the gamma di-
versity to be decreased, indicating that the total number of different species of bacteria existing
in an infected population of mice is reduced compared to an uninfected population. Besides
parasite infection, a reduced microbial diversity has been observed in patients suffering from
IBD[59], indicating that this phenomenon may be a by-product of the inflammatory process it-
self rather than being a specific outcome of the parasite infection. On the other hand, Toxoplas-
ma gondii infection was recently found to induce antigen- as well as commensal-specific T cell
responses[60]; it is therefore conceivable that T. muris infection per se also results in bacteria-
specific responses, which may be driving at least some of the observed changes.
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It remains to be established what drives the pronounced and significant changes in the com-
position of the intestinal microbiota, especially those occurring from day 20 after infection.
Several possibilities can be envisaged, which may involve direct as well as indirect mechanisms
via the immune system. The time point for the major changes observed in microbial composi-
tion coincides with the larvae progressing from the L2 to the L3 developmental stage, a transi-
tion that is associated with the worms increasing in size and starting to protrude from the
syncytial tunnels into the intestinal lumen. Thus, the physical presence of larvae in the intesti-
nal lumen may be associated with a larger influence on the intestinal environment that may
alter the intestinal microbiota. Coincidentally, the parasite may influence its microenvironment
by secreting effector molecules that affect the microbiota directly or indirectly via stimulation
of host immune cells. A large fraction of the E/S components secreted by the parasite during in-
fection is made up of serine proteases that have a documented capacity to degrade the major
intestinal mucin, muc2[61]. Given that many of the intestinal microbes actively attach to the
mucous layer it is plausible that the worms, by affecting the integrity of the mucous layer in
order to promote their own survival in the intestine, may indirectly also affect the capacity of
mucous-adhering bacteria to remain in their intestinal niche[62]. In fact, consistent with such
a mechanism, a recent study showed that immune-driven alterations to goblet cell-mediated
mucous production led to reduced bacterial attachment to the mucous during T. trichiura in-
fection in macaques[63]. Finally, there are indications that the parasite itself may be driving the
changes to the microbiota independent of the adaptive immune response. Along these lines,
Rausch et al. found that mice infected with the hookworm Heligmosomoides polygyrus re-
sponded with a Th2 response and had altered intestinal microbiota composition[10]. However
following infection of IL-4Ra.”” mice, which are compromised in their capacity to generate a
Th2 response, they found similar changes in the gut microbiota composition, indicating that
the hookworm was able to alter the microbiota independently of the IL-4-regulated adaptive
Th2 response[10].

The most notable change of the microbiota following the T. muris infection was an in-
creased abundance of the gram-positive, facultative anaerobic family Lactobacillaceae, suggest-
ing a positive correlation between these bacteria and the nematode infection. This is in
agreement with Walk et al, who found the abundance of the Lactobacillus genus to be increased
following infection with H. polygyrus, and speculated that the increase in lactobacilli could be
an immune-modulating effect of H. polygyrus infection as part of a mutualistic relationship
with the resident bacteria[11]. Moreover, Reynolds et al. identified the species L. taiwanensis to
be increased by H. polygyrus infection, and showed that administration of L. taiwanensis to
BALB/c mice facilitated subsequent infection with the nematode[64]. Furthermore, Dea-
Avyuela et al. found that treating mice orally with either viable or dead L. casei enhanced the
susceptibility of B10Br mice to T. muris infection[34], and that viable L. casei abrogated the
IFN-y response in MLN after infection. We found a similarly decreased IFN-y response in both
the LI LP and MLN between day 20 to 35, concurrent with an increase in relative abundance of
lactobacilli, indicating a possible negative correlation between the IFN-y response and the pres-
ence of lactobacilli. Taken together, this may indicate that the increase in lactobacilli during in-
fection is a process that favours the survival of T. muris, and vice versa, lending credence to the
mutualism hypothesis.

Despite prior studies having demonstrated that the microbiota can influence the develop-
ment and function of the host’s immune system, we detected little correlation between the ki-
netics of microbial changes and the development of the adaptive immune response. Treg cells
play a critical role in controlling immune responses toward both pathogens and the gut micro-
biota[65], as well as preventing autoimmunity[66]. Furthermore, some parasitic infections are
known to induce Treg cells that dampen effector responses[57, 58], in part serving as the
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rationale for therapeutic worm infection as treatment for human diseases. Our data suggests
that this does not seem to be the case for chronic T. muris infection. Rather, the infection dras-
tically reversed the regulatory/inflammatory balance of the intestinal immune system, with the
ratio of regulatory to inflammatory T cells going from ~ 4:1 in uninfected mice to ~ 1:4 follow-
ing infection. These findings are surprising also given the documented ability of several Lacto-
bacillus species to promote the induction or expansion of Treg cells in various tissues, under
different conditions, including parasite infection[64, 67-69]. The change in the balance be-
tween regulatory/inflammatory cells was established at an early time point after infection, prior
to the observed increase in Lactobacillaceae, and remained relatively stable over time, leading
us to conclude that other mechanisms control the differentiation and development of the adap-
tive immune response. We cannot however rule out that the altered microbiota may influence
on the immune response at later stages of the infection.

The Treg cells in our experiments appeared less prone to produce IL-10 as the infection pro-
gressed. Nonetheless, we did observe an early burst in IL-10 production by FoxP3" IFN-y*
cells, possibly as a compensatory mechanism. However, this also abated with time, as did pro-
duction of IFN-y" and the inflammatory response in general. It is therefore possible that T.
muris causes immune exhaustion at later stages of chronic infection. Together, this implies a
strategy adopted by the immune system to prevent pathology rather than a direct mechanism
by the worm to prevent expulsion, as expulsion cannot take place at these low doses without
immune intervention, such as blockade of IFN-y. It is important to note however that these
findings only apply to low dose infections. High dose infections are cleared within 2-3 weeks
in most mouse strains [70], and it is possible that Treg cell induction occurs by a different ki-
netic and plays a different role under these conditions.

In summary, our data demonstrate that chronic infection with the nematode T. muris re-
sults in an altered intestinal microbiota as well as a perturbed immune regulatory/inflammato-
ry balance. Our results are largely consistent and complementary to those of Houlden et al.
published simultaneously to this paper([71], highlighting the reliability of our findings. These
studies are of fundamental importance and considerable relevance, especially given the high in-
cidence of worm infections worldwide and current efforts to use parasitic nematodes to amelio-
rate disorders associated with perturbations in the immune system.

Supporting Information

S1 Fig. Experimental outline of chronic T. muris infection. Thirty mice were divided into
three groups, each consisting of ten individuals. The first group of ten mice was sacrificed at
day 0, and caecal and faecal samples were collected as reference. Of the remaining two groups
of then mice, one was infected (“Infected”) with approximately twenty infective T. muris eggs,
while the other was left uninfected (“Uninfected”). Fresh faeces were sampled regularly from
mice of both groups and the mice were monitored over time until day 35 after infection, when
the mice were sacrificed. Caecum and colon contents were collected and analysed for micro-
biota composition. * These caecal samples are from ten mice sacrificed at day 0 and do there-
fore not represent repeated sampling as for the faecal samples.

(EPS)

S2 Fig. Early grouping visualised when comparing infected with uninfected faecal samples.
NMDS plots using Bray-Curtis dissimilarity indices of faecal microbiota samples from 10
chronically infected and 10 uninfected mice sampled from day 0 to day 35. Ellipses are col-
oured according to treatment (infected/uninfected). Relative abundance at family level are fit-
ted as vectors-based 9999 permutations and scaled by their correlation coefficient.

(EPS)

PLOS ONE | DOI:10.1371/journal.pone.0125495 May 5, 2015 16/22



@' PLOS ‘ ONE

Chronic Trichuris muris Infection and the Intestinal Microbiota

S3 Fig. Early grouping visualised when comparing faecal samples at different time points
after infection. NMDS plots using Bray-Curtis dissimilarity indices of faecal microbiota sam-
ples from 10 chronically infected mice sampled from day 0 to day 35. Ellipses are labelled ac-
cording to the corresponding day of analysis. Relative abundance at family level are fitted as
vectors-based 9999 permutations and scaled by their correlation coefficient.

(EPS)

S4 Fig. Microbiota samples at day 35 after infection illustrate similar effects of chronic T.
muris on both the faecal and caecal microbiota. NMDS plot using Bray-Curtis dissimilarity
indices of colonic and caecal microbiota samples from day 35. Mouse ID numbers are indicated
with numbers inside the data points. Faecal and caecal samples are indicated with triangle and
circle, respectively. Dotted line separates infected from uninfected samples.

(EPS)

S5 Fig. No grouping was apparent as effect of time in the uninfected faecal samples. NMDS
plot using Bray-Curtis dissimilarity indices of faecal microbiota samples from 10 uninfected
mice sampled from day 0 to day 35.

(EPS)

S6 Fig. Chronic T. muris infection results in decreased gamma diversity of the microbiota.
Gamma diversity (measurement of overall diversity of pooled data) based on Shannon index of
untrimmed microbiota data for faecal and caecal samples. Data were pooled group- and time
point-wise. The light blue colour for caecal samples from uninfected mice indicates the ten
mice sacrificed at day 0, and therefore not repeatedly sampled as for the faecal samples. No sta-
tistics were applied as the samples were pooled and thereby only provide one single value per
time point and treatment.

(EPS)

S7 Fig. The microbiota composition is highly affected by chronic T. muris infection at the
phylum level. Taxa summary plots at phylum level showing (A) changes in microbiota compo-
sition of faecal samples from the infected mice from day 0 to day 35 and (B) the different
microbiota composition between uninfected and infected mice at day 35 for faecal and caecal
samples. “Unknown” refers to OTUs that we were unable to classify. Data represents mean
relative abundance.

(EPS)

S8 Fig. Phylogenetic analysis of Lactobacillaceae by Maximum Likelihood-method illus-
trates species candidates affected by chronic T. muris infection. The bar-plot illustrates the
relative abundance of the OTUs classified within the Lactobacillaceae family in day 35 faecal
samples from infected mice. Phylogenetic analyses were conducted using the representative se-
quences from the given OTUs (shown in red) and classified 16S rRNA gene sequences from
the Lactobacillaceae family downloaded from The Ribosomal Database Project (RDP)[50]. The
branch labels contain the RDP sequence identifier number, species name and information on
the strain from which the sequence was obtained. The tree with the highest log likelihood
(-2535,1977) is shown. The tree is drawn to scale, with branch lengths measured in the number
of substitutions per site.

(EPS)

S9 Fig. Distinct responses to chronic T. muris infection in the faecal microbiota at the fami-
ly level. Taxa summary plots at family level showing changes in microbiota composition at day
35 of faecal samples from each individual (A) uninfected and (B) infected mouse. “Unknown”
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refers to OTUs that we were unable to classify.
(EPS)

S10 Fig. Effects of chronic T. muris infection on inflammatory and regulatory T cell popu-
lations in the LT LP and MLN. (A) Haematopoietic cell numbers (cellularity) in the MLN of T.
muris-infected and uninfected mice. (B) Proportion of CD8¢." TCRB" cells in the LI LP of T.
muris-infected and uninfected mice. (C) Histograms of T-bet (left) and IL-10 (right) expres-
sion by IFN-y* and FoxP3* CD4" T cells, respectively, in the LI LP of T. muris-infected and un-
infected mice. Blue = uninfected, red = T. muris-infected (day 35), grey = staining control. (D)
Proportion of IFN-y* T-bet” CD8c." T cells, in the LI LP of T. muris-infected and uninfected
mice. (E) T. muris-derived E/S antigen-specific secretion of IFN-y by cells isolated from the
MLN of T. muris-infected and uninfected mice after ex vivo stimulation for 48 h. (F-G) Propor-
tion of (F) FoxP3" CD4" T cells, and (G) IL-10" IFN-y" FoxP3™ CD4" T cells in the MLN and
LI LP, respectively of T. muris-infected and uninfected mice. (H) E/S antigen-specific secretion
of IL-10 by cells isolated from the LI LP of T. muris-infected and uninfected mice after ex vivo
stimulation for 48 h. Bar graphs are displayed as mean (n = 6) with standard deviation. Statisti-
cal analyses were performed with one-way ANOVA, followed by Tukey’s post-test for multiple
comparisons, using Prism (GraphPad software). The following definitions were used to denote
statistical significance: * (p<0.05), ** (p<0.01), *** (p<0.001), while p>0.05 was considered
not significant (NS).

(EPS)

S1 Table. Adonis test of significance illustrates a significant effect of chronic T. muris on
the microbiota. Adonis test of significance performed using Bray-Curtis distance matrix. The
following definitions were used to denote statistical significance: * (p<0.05), ** (p<0.01), ***
(p<0.001), while p>0.05 was considered not significant.

(DOCX)

S2 Table. Bacterial taxa that differed significantly within caecal samples after T. muris in-
fection. List of significantly (adj. p-value <0.05) increased or decreased abundance of bacteria
at multiple taxonomic ranks when comparing infected with uninfected samples at the given
timepoints. Statistics were performed using metagenomeSeq[46]. Data are given with the prev-
alence for the given bacteria, absolute counts, and relative abundance.

(EPS)

$3 Table. The Representative Sequences for the OTUs classified in the Lactobacillaceae
family and used for the Phylogenetic analysis to identify species candidates affected by
chronic T. muris infection . The 9 OTUs named L#1 to L#9 were classified in the Lactobacilla-
ceae family according to Greengenes database v11_2 [44] using the RDP-classifier [45] with an
80% confidence threshold.

(DOCX)
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Abstract

Inflammasome activation is a key feature of innate immunity with important
consequences on health and disease. Pathogens, including helminthic parasites,
have evolved strategies to manipulate host immunity, often at the innate level.
However, the impact of intestinal helminths on inflammasome function is largely
unexplored. In this study, we demonstrate that secreted antigens from the large-
intestinal nematode Trichuris muris reprogram murine innate immune cells, allowing
subsequent Nlrp3 inflammasome activation and release of IL-1p downstream of Toll-
like receptor ligation. This activation proceeded with slower kinetics than canonical
Nlrp3 activation, did not induce pyroptosis and relied on caspase-8 activity. Our
findings thus suggest that these secreted antigens may have significant impact
on the inflammatory potential in tissues after helminth infection, conceivably with
important consequences for both host and parasite.



Introduction

Upon pathogen encounter the host must be able to rapidly initiate an acute
inflammatory response. Much of this vital task falls onto cells of the innate
immune system such as neutrophils, dendritic cells and macrophages. An integral
component of this process is the formation of large cytosolic protein complexes
known as inflammasomes, which are important for the activation of the highly potent
inflammatory cytokines IL-18 and IL-18, as well as propagating inflammation through
a process of cell death called pyroptosis [1]. Several inflammasomes have been
identified to date, characterized by the pattern-recognition receptors that govern
their activation, with the Nlrp3 inflammasome being the most extensively studied.
In contrast to other inflammasomes, which can be activated by a relatively limited
spectrum of antigens, the Nlrp3 inflammasome is activated by a wide variety of
molecules of both endogenous and microbial origin [2]. In macrophages, the unifying
feature of these stimuli is the requirement for a two-step activation mechanism,
wherein the first signal consists of priming by a ligand capable of triggering the
transcription factor NF-«xB, such as LPS, which ultimately leads to expression of
the inactive pro-form of IL-1B, in addition to components of the inflammasome
itself in conjunction with essential post-translational modifications. Signal two, the
inflammasome activating trigger, can be provided by pathogen-derived as well as
endogenous molecules that are usually not found in the extracellular space, such as
ATP, indicative of cell and tissue damage [2]. Inflammasomes have been intensely
studied in the context of bacterial infections, but little is known with regards to
whether multicellular parasites and their secreted products are capable of inducing
inflammasome activation, and its downstream consequences.

Trichuris muris is a mouse-specific large-intestinal nematode, closely related to
the human pathogen Trichuris trichiura, which is estimated to infect approximately
500 million people [3]. T. muris infection is mediated by ingestion of eggs, and
once hatched in the cecum, larvae penetrate the mucus barrier and burrow into
the epithelial layer, forming tunnels through epithelial cells. Trichuris worms are
thought to achieve this feat at least in part by producing a complex mixture of
molecules termed excretory/secretory (E/S) antigens, which aid in degrading
mucins [4] and extracellular matrix proteins [5], as well as weakening epithelial
membrane integrity [6,7]. Immunity is presumed to result from recognition of
E/S antigens by innate antigen-presenting cells and the subsequent priming of
appropriate adaptive responses, although the mechanisms are poorly understood.
Mice lacking the pattern-recognition receptor TLR4 or its adaptor protein MyD88
will clear an otherwise chronic infection [8], suggesting that signaling via TLR4 in
the host might be critical for the worms to maintain their niche. More recently it
was shown that expression of the intracellular receptor NOD2 in epithelial cells
is required for efficient worm expulsion and thus host resistance [9], highlighting
the importance also of intracellular recognition pathways in mediating protective
immune responses against this pathogen. The position of inflammasomes in



such processes remains enigmatic, and little is known about the mechanisms and
consequences of inflammasome activation during T. muris infection. In addition,
the role of IL-1B and IL-18 in these infections is complex. While IL-1B-deficient mice
are unable to expel T muris due to an impaired capability of generating type 2
immunity [10], IL-18-deficient mice cannot induce type 1 immunity and are therefore
resistant [11], suggesting a context-dependent role for these often inflammasome-
dependent cytokines.

We set out to study the molecular pathways involved in the recognition of T.
muris-derived antigens and found that E/S antigens modulated macrophages
in a TLR4-dependent manner to respond to subsequent TLR-stimulation with
Nlrp3-inflammasome activation, which normally does not occur. This TLR-induced
inflammasome assembly was slower than conventional activation, devoid of
pyroptosis and dependent on caspase-8 activity. Our findings indicate that parasite-
derived antigens can alter downstream responses to microbial triggers with
potentially important consequences on health and disease.



Results

T. muris-derived E/S antigens prime for canonical inflammasome activation
Macrophages make up a major portion of the antigen-presenting cells in the
intestinal tract and are known to activate the inflammasome upon certain stimuli.
While studies in other infection models have demonstrated that some extracellular
intestinal parasites can activate the canonical NIrp3 inflammasome in macrophages
and dendritic cells via release of parasite-derived antigens [12-14], it remains to
be established whether antigens released by T. muris could have similar effects.
To address this question, we utilized the well-established in vitro system of bone
marrow-derived macrophages.

Stimulation of bone marrow-derived macrophages with E/S antigens resulted in a
distinct pattern of cytokine secretion, characterized by secretion of TNF and IL-6
but not IL-10, thus partially resembling LPS-induced activation (Figure 1A). While T.
muris is a known inducer of both type 1 and type 2 immunity in vivo, E/S-stimulated
macrophages did not secrete any detectable IFN-y, IL-4, IL-5, IL-9 or IL-13 (data not
shown). As expected, neither E/S nor LPS stimulation alone was sufficient to drive
IL-B secretion (Figure 1A). Like LPS, E/S antigens were able to prime macrophages
for caspase-1-dependent inflammasome activation, as judged by the release of IL-
1B upon subsequent ATP stimulation (Figure 1B). Release of lactate dehydrogenase
(LDH) into the culture medium indicated that there was substantial cell death
accompanied with ATP stimulation of both E/S and LPS-primed cells (Figure 1C).
Interestingly, IL-1B release after E/S and ATP stimulation was abolished in TLR4
and Myd88-deficient mice (Figure 1D), and moderately reduced in cells lacking the
adapter protein TRIF (Figure 1E).

E/S antigens released by T. muris contain multiple proteins. Notably, while LPS
was resistant to heat inactivation, E/S-mediated priming was blocked by overnight
treatment at 50°C (Figure 1F). This indicates that the priming effect of E/S is
mediated by a heat-labile component, most likely a protein. Importantly, these data
also exclude the possibility that a potential endotoxin contamination in the E/S
antigen preparation is responsible for the priming effect observed with E/S. Taken
together, these results demonstrate that E/S, similar to LPS, can mediate priming
for inflammasome activation and suggest that this priming proceed via a TLR4- and
MyD88-dependent, and potentially partially TRIF-dependent pathway.

E/S antigens license macrophages for LPS-mediated inflammasome activation

Epithelial cells and innate immune cells in the intestinal mucosa are continuously
exposed to microbial antigens from the microbiota. We therefore assessed whether
E/S-stimulation would alter the downstream response of macrophages to microbial
triggers, such as LPS. Indeed, while LPS by itself normally does not activate the
inflammasome in murine macrophages, E/S-stimulated macrophages exposed to
LPS induced robust dose-dependent IL-B secretion (Figure 2A). The E/S-mediated



activation did not result in any detectable IL-18 secretion (data not shown). By
contrast, no other combination of E/S or LPS-mediated priming and/or activation
led to any substantial IL-1B secretion (Figure 2B). As observed for E/S-mediated
priming for inflammasome activation (Figure 1F), this effect was also abrogated by
heat inactivation of the E/S (Figure 2C).

While ATP-induced inflammasome activation was associated with massive cell
death in E/S-stimulated cells (Figure 1C), LPS-induced inflammasome activation
did not affect cell viability (data not shown). LPS-induced inflammasome activation
after E/S-mediated licensing was ablated in caspase-1/11-, Asc- and Nlrp3-deficient
macrophages, while no reduction was observed in cells devoid of Nlrc4 and Naip5,
implicating the Nlrp3 inflammasome (Figure 2D). One of the major components
of T muris E/S is a 43 kDa protein with a known capacity to affect membrane
integrity, potentially by formation of membrane pores [6]. Because cytosolic LPS
has been shown to induce the activation of a caspase-11-dependent non-canonical
inflammasome [15-17], and the macrophages used herein to establish caspase-
dependency in inflammasome activation lack both caspase-1 and caspase-11
(Figure 2D), we examined whether E/S-licensed inflammasome activation by
LPS was dependent on caspase-11. However, since E/S-stimulated caspase-11-
deficient macrophages were equally capable of secreting IL-1B upon LPS-induced
inflammasome activation (Figure 2E), we conclude that the observed inflammasome
activation is dependent on caspase-1 but not caspase-11.

Finally, potassium efflux and production of mitochondrial reactive-oxygen species
(mROS) along with other mitochondrial components have been linked to activation
of Nlrp3 and may in part explain how such a vast array of different stimuli can
converge onto Nlrp3 activation [18-23]. We therefore examined the role for these
pathways in E/S-licensed inflammasome activation by LPS and found that similar to
canonical NIrp3 activation, LPS-induced Nlrp3 activation in E/S-stimulated cells was
dependent on both potassium efflux and mROS activity (Figure 2F), as determined
by the addition of high extracellular concentrations of potassium chloride and the
mROS blocker MitoTEMPO, respectively. Thus, our data suggest that E/S antigens
can modulate bone marrow-derived macrophages to respond to subsequent LPS
stimulation with inflammasome-dependent IL-1B release. Notably, although this
inflammasome activation is induced by an unconventional stimulus, it involves many
features of canonical Nlrp3 inflammasome activation.

TLR-dependence of unconventional inflammasome activation

Because both E/S and LPS signal through TLR4, the potential dependency on this
receptor in the E/S priming versus the LPS activating steps can not be separated
by analysis of TLR4-deficient cells only. Thus we next addressed whether signals
via other TLRs could elicit a similar Nlrp3 activation. This was indeed the case as
the synthetic TLR7/8 ligand R848 and the TLR1/2 ligand Pam3CSK4 also induced



inflammasome activation in E/S-treated cells, in a similar manner to LPS (Figure 3A).
By contrast, poly(l:C), which signals through TLR3, did not induce inflammasome
activation in E/S-stimulated cells (Figure 3A), despite a robust type I-interferon
response (Figure 3B). To confirm that the inflammasome activation observed in
E/S-treated cells stimulated with different TLR ligands was indeed dependent on
each respective TLR, we stimulated TLR2-, TLR4- and TLR7-deficient macrophages
with E/S, followed by either Pam3CSK4, LPS or R848 to address the contribution of
the different receptors. As E/S antigens primarily signal through TLR4 (Figure 1D)
and E/S-induced licensing thus can be predicted to not occur in absence of this
receptor, all other ligands were unable to induce IL-1B release in TLR4-deficient cells
(Figure 3C). Importantly, neither of the TLR ligands were able to induce substantial
inflammasome activation in their respective receptor-deficient cells, demonstrating
that cognate TLR signaling through several TLRs can drive the activation step in
E/S stimulated cells (Figure 3C). TLR signaling is mainly propagated through
the adaptor protein Myd88, but can occur also via TRIF in the case of TLR3 and
endosomal TLR4. We therefore assessed whether TLR-induced inflammasome
activation depended on these pathways and found that Myd88-deficient cells were
incapable of activating any TLR-induced inflammasome (Figure 3D), probably due
to deficiency in both the priming (Figure 1D) and activating steps. However, TRIF-
deficient cells did not secrete IL-1B upon LPS-induced activation (Figure 3E), despite
being only partially required for ATP-induced inflammasome activation upon E/S
priming (Figure 1E), suggesting a prominent role for TRIF-mediated signaling in
the LPS-induced inflammasome activating step. TRIF-deficient macrophages also
displayed strongly reduced (but not absent) IL-18 secretion upon Pam3CSK4 and
R848-induced inflammasome activation, possibly due to the partial contribution
of TRIF in the priming phase (Figure 1D) although a role for TRIF also in the
inflammasome activation step downstream of TLR2 and TLR7 can not be excluded.
In conclusion, E/S antigens can modify the signaling networks in macrophages
thus allowing inflammasome activation upon subsequent ligation of several MyD88
dependent TLRs.

TLR-mediated inflammasome activation in E/S-licensed cells is caspase-8-
dependent

Since TLRs are receptors driving transcriptional responses, it was plausible that
transcription (and translation) were required for TLR-induced inflammasome
assembly. We first examined the kinetics with which IL-1p was being released upon
TLR-induced inflammasome activation. As compared to ATP-induced activation,
which is substantial already after 30 minutes (Figure 1B), TLR-induced activation
only resulted in detectable IL-1B after four hours of LPS stimulation (Figure 4A),
consistent with the possibility of new transcription and translation being induced
upon TLR ligation. However, whereas addition of the translation inhibitor
cycloheximide during E/S stimulation efficiently prevented successive TLR-induced
inflammasome activation, addition during the activation step failed to inhibit IL-1p



release (Figure 4B), suggesting that TLR-induced activation of the inflammasome
after E/S stimulation is independent of translational responses.

Inflammasome activation proceeding with slow kinetics has been described under
certain settings [24], especially in the context of caspase-8-mediated activation
[25]. We therefore assessed whether caspase-8 was involved in the TLR-mediated
inflammasome activation and found that chemical inhibition of caspase-8 activity
prevented IL-1B release (Figure 4C). Furthermore, Rip3 kinase and caspase-8
double-deficient mice (caspase-8 single-deficient mice are embryonically lethal)
had substantially reduced IL-1B release (Figure 4D), implicating caspase-8 in
E/S-mediated inflammasome-activation. Importantly, Rip3 kinase deficient
macrophages responded to E/S and LPS stimulation similarly to wild-type cells
(Figure 4D). Furthermore, as Rip1 kinase activity has been linked to caspase-8-
mediated inflammasome assembly [26], we also assessed a potential contribution
of Rip1 kinases. Indeed, Rip1 kinase inhibition reduced the amount of IL-1p released
following E/S-stimulation and LPS-activation (Figure 4E), implicating Rip1 kinases in
the pathway of TLR-mediated inflammasome activation.

In summary, TLR-induced inflammasome activation subsequent to E/S stimulation
of macrophages is independent of transcriptional and translational responses but
dependent on caspase-8 and Rip1 kinase activity.



Discussion

In this study, we have demonstrated that T. muris-derived E/S antigens modulate
the signaling networks in murine macrophages, thus allowing Nlrp3 inflammasome
activation upon successive TLR ligation. The E/S-licensed TLR-induced
inflammasome activation has properties similar to classical NIrp3 inflammasome
activation, such as dependency on the presence of caspase-1, Asc and Nlrp3,
an important role for potassium efflux and mROS production, as well as the
requirement for two consecutive signals prior to activation. However, it also differs
from classical inflammasome activation in key respects: first of all, it did not result
in IL-18 secretion or pyroptosis. Furthermore, it proceeded with slower kinetics and
was dependent on caspase-8 activity and, to a certain extent, Rip1-kinase activity.
These features of inflammasome activation have been described before (albeit
in separate studies) in some cell types in response to certain activating stimuli
[24,25,27-29]. More importantly, this study is also the first to show that E/S (and
potentially other TLR4 ligands) can reprogram bone marrow-derived macrophages
to allow for inflammasome activation in response to common TLR ligands signaling
through MyD88. With regard to inflammasome biology, TLR ligands have hitherto
been considered to provide only the first priming step in murine cells, but our data
suggest that they can facilitate inflammasome activation when applied as the second
activating signal in specific settings. A similar phenotype has been observed in
human monocytes, where LPS was shown to mediate inflammasome activation in a
single step [29]. Since the reprogramming ability of E/S relies on TLR4 engagement,
we hypothesize that other TLR4 ligands, including damage-associated molecules,
could have similar properties, in effect decreasing the threshold for inflammasome
activation and IL-1pB secretion in response to invading pathogens following tissue
damage and the release of numerous damage-associated molecules.

While most Trichuris research has focused on the murine system, one study evaluated
the effect of the related porcine-specific whipworm and found that Trichuris suis-
derived E/S antigens (in conjunction with LPS) dampened LPS-induced IL-1pB release
from human macrophages in a TLR4-dependent manner, and was associated with
down-regulation of inflammasome-related genes, including the P2X7 receptor [30].
As mentioned above, human monocytes can activate the Nlrp3 inflammasome in
only one step [29], and so the discrepancies between these data and ours are most
likely due to experimental setup and species used. Furthermore, our data relied on
antigens derived from the natural murine-specific parasite and so are not affected
by inter-species disparities.

The potential contribution of E/S-mediated inflammasome activation in vivo
is currently unclear. While other studies have concentrated on the products of
inflammasome activation (IL-1p and IL-18), neither have addressed whether the
inflammasome activation is E/S-driven, nor what cell types are involved. The
context of antigen dose has also been ignored. High-dose T. muris infections



naturally increase the availability of E/S antigens, and cause more tissue damage as
compared to low-dose infections, and so may be associated with different patterns
of inflammasome activation. Furthermore, colonic macrophages are in a tolerized
state due to the presence of the microbiota and downstream IL-10 signaling [31,32].
The Nlrp3 inflammasome, in particular, is actively suppressed at the mRNA level via
ubiquitination resulting in the macrophages being less responsive to Nlrp3 stimuli,
including LPS [33]. Nonetheless, our data would suggest that E/S stimulation could
alter the subsequent response to LPS and allow an unconventional form of Nlrp3
inflammasome activation, thus possibly breaking the tolerance. Whether Nlrp3-
deficient mice are susceptible to T. muris infection remains to be established.
However, this question is somewhat complicated by the finding that NIrp3 acts as
an intrinsic modulator of Th2 cells [34], likely compromising adaptive immunity as
well as innate inflammasome activation.

In conclusion, while TLR signaling is traditionally regarded as driving transcriptional
responses, and thus prime murine macrophages for inflammasome activation, we
have shown that TLR-Myd88 signaling can also induce inflammasome activation
upon E/S stimulation, profoundly altering our basic understanding of the flexibility
of the signaling networks in innate immune cells.



Materials and methods

Mice

C57BL/6 mice were purchased from ENVIGO (An Venray, Netherlands).
Caspase-1/117 [35], caspase-117 [15], Nlrp3” [36], Asc” [37], Nlrc4” [37], Naip5”
[38] on C57BL/6 background were kindly provided by Professor Russell E Vance
(University of California, Berkeley, California, U.S.A.), Bengt Johansson-Lindbom
(Lund University) and Genentech Inc., and were bred and maintained in the BMC
barrier facility at Lund University. Egil Lien (University of Massachusetts Medical
School, Massachusetts, U.S.A.) kindly provided bones from Rip3 [39] and Rip3/
caspase-8" [40] mice. TLR2” mice were obtained from the MTG facility (Karolinska
Institute, Stockholm, Sweden). TRIF”, TRIF** control mice (on mixed background),
TLR77 and Myd88”- were bred in the MIG facility at Lund University. Experiments
were conducted in strict accordance with animal welfare laws, as determined by
Swedish authorities (Swedish Board of Agriculture, Act 1988:534). The protocol was
approved by Malmé/Lund Ethical Board for Animal Research, Lund/Malmé, Sweden
(permit: M14-16), and all efforts were made to minimize animal suffering.

Bone marrow-derived macrophages

Femurs were excised in a sterile fashion and bone marrow was flushed out with a
syringe containing culture medium consisting of RPMI 1640 (Thermo Fisher Scientific)
supplemented with 10% fetal bovine serum (Thermo Fisher Scientific), 10% L929
cell-conditioned medium, 2 mM L-glutamine (Thermo Fisher Scientific) and 100 U/
ml penicillin + 100 pg/ml streptomycin (Thermo Fisher Scientific). Bone fragments
and larger debris were removed by centrifugation at 50 x g for one minute. Next,
cells were pelleted by centrifugation at 200 x g for 10 minutes, suspended in 30 ml
culture medium, plated in 15 cm Petri dishes (three plates/femur) and subsequently
incubated for seven days at 37°C, 5% CO2, with an additional 10 ml culture medium
being added after four days. On the seventh day, the culture medium was removed
and 10 ml cold PBS was added to loosen the cells. Cells were detached with a
cell scraper and centrifuged for 7 min at 200 x g. Cells were enumerated in Blrker
chambers by Trypan blue exclusion and suspended in freezing buffer consisting of
95% fetal bovine serum and 5% dimethyl sulfoxide, frozen in aliquots of 5 x 10¢ cells
per cryovial at -80°C overnight then transferred to -150°C.

In vitro assays and cytokine analyses

Macrophages were thawed, briefly washed, suspended in culture medium, seeded
at 10° cells/ml (75 x 10° cells per well) in uncoated Microtest 96F plates (Sarstedt)
and left to adhere. Cells were primed with 25 ug/ml E/S antigens for four hours and
given fresh medium for subsequent stimulations with either LPS (1 ug/ml; Sigma-
Aldrich), R848 (1 ug/ml; Roche), Pam3CKS4 (1 pg/ml; Invivogen), poly(l:C) (5 pg/ml;
Invivogen) or ATP (5 uM; Sigma-Aldrich) with the following reagents and inhibitors:
cycloheximide (20 pg/ml; Sigma-Aldrich), Z-IETD-FMK (12.5 pM; BD Biosciences),
necrostatin-1 (75 uM; Sigma-Aldrich), mitoTEMPO (5 mM Thermo-Fisher Scientific)



or KCI (50 mM; Sigma-Aldrich). Cell-free supernatants were frozen at -20°C. IL-18,
IL-6 and TNF were measured with cytometric bead array (BD Biosciences) according
to manufacturer's instructions with the following modification: the amount of capture
beads, detection reagent and sample sizes were scaled down five-fold. Samples
were acquired on a BD Accuri C6 flow cytometer (BD Biosciences) and data analyzed
with FCAP Array v3.0 (SoftFlow Inc.). Type | interferons were measured using the
VeriKine ELISA kit (PBL Assay Science) according to manufacturer’s instructions.

Cytotoxicity assays

Cell death was assessed by indirect measurement of lactate dehydrogenase
release into the culture medium using CytoTox 96 assay (Promega) according to
manufacturer’s instructions. Untreated cells were used to determine background
levels and lysed cells were used as a reference for maximal cytotoxicity.

Trichuris muris

T. muris (strain E) was maintained [41] as previously described. To generate E/S
antigens, mice of a susceptible strain were infected with approximately 150 T. muris
eggs, and killed 6 weeks later. Large intestines were excised, opened longitudinally,
and rinsed thrice with sterile Dulbecco’s phosphate-buffered saline (DPBS; Thermo-
Fisher Scientific) supplemented with 500 U/mL penicillin + 500 ug/mL streptomycin.
Adult worms were pulled out with forceps, placed in sterile RPMI 1640 supplemented
with antibiotics as described above and incubated at 37°C for 20 minutes, followed
by a 24-hour incubation in fresh medium. The medium was collected the following
day and centrifuged at 500 x g for 10 minutes to pellet the eggs. E/S antigens
were concentrated in a series of centrifugation steps (10-30 minutes) in centriprep-
centrifugal columns with 10 000 NMWL (Merck-Millipore) at 2000 x g, and dialyzed
to DPBS in a series of centrifugation steps in Amicon Ultracel-3K Centrifugal Filters
with 3000 NMWL (Merck-Millipore) at 14 000 x g. The resulting protein concentration
was measured at 280 nm on a SPECTROstar Nano plate reader (BMG Labtech). The
antigens were frozen at —-80°C.

Statistics

Statistical analyses were performed with Prism v5.0 (GraphPad software). Data were
analyzed using unpaired t-test (two groups), one-way ANOVA followed by Dunnett’s
post-test (three or more groups with one categorical variable) or two-way ANOVA
followed by Bonferroni's post-test (three or more groups with two categorical
variables) and are displayed as mean of three biological replicates plus standard
deviation. T (below assay detection limit), *** (p<0.001), ** (p<0.01), * (p<0.05).
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Figure 1. T. muris-derived E/S antigens mediate ATP-induced inflammasome
activation

(A) Cytokine

secretion by wild-type bone marrow-derived macrophages upon

stimulation with either LPS (1 pg/ml) or T. muris-derived E/S antigens (25 pg/ml).
(B) IL-1B secretion by wild-type and caspase-1/11-deficient macrophages upon
ATP-induced inflammasome activation after LPS or E/S stimulation. (C) Assessment
of cell death by measurement of lactate dehydrogenase (LDH) release upon ATP-
induced inflammasome activation after LPS or E/S stimulation. (D-E) IL-1B secretion
by wild-type and gene-deficient macrophages upon ATP-induced inflammasome
activation after E/S stimulation. (F) IL-1B secretion by wild-type macrophages upon

ATP-induced

inflammasome activation after stimulation with heat-treated (50°C for

8-12 hours) and untreated LPS or E/S. Graphs are representative of at least three
independent experiments. Statistical analyses were performed as described in the
materials and methods.
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Figure 2. E/S antigens mediate LPS-induced Nlrp3 inflammasome activation

(A) IL-1B secretion by wild-type bone marrow-derived macrophages upon stimulation
with 1°) E/S, and 2°) increasing concentrations of LPS. (B) IL-1B secretion by wild-type
macrophages upon stimulation with different combinations of LPS and E/S. (C) IL-1B
secretion by wild-type macrophages upon LPS-induced inflammasome activation
after stimulation with heat-treated (50°C for 8-12 hours) or untreated E/S. (D-E) IL-1B
secretion by wild-type and various inflammasome-deficient macrophages upon LPS-
induced inflammasome activation after E/S stimulation. (F) IL-1B secretion by wild-
type macrophages upon LPS-induced inflammasome activation in the presence of
mitoTEMPO (mT, 5 mM) or extracellular KCI (50 mM) in step 2 to assess the role of
mROS and potassium efflux, respectively. Graphs are representative of three to five
independent experiments.
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Figure 3. E/S-mediated inflammasome activation is TLR dependent

(A-E) Cytokine secretion by wild-type and gene-deficient bone marrow-derived
macrophages stimulated in two consecutive steps with 1°) E/S, and 2°) various
synthetic or pathogen-derived TLR-ligands. Graphs are representative of two to
four independent experiments.
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Figure 4. LPS-induced inflammasome activation is slow and caspase-8 dependent
IL-1B secretion by wild-type and gene-deficient bone marrow-derived macrophages
upon stimulation with 1°) E/S and 2°) LPS, in the presence of specific inhibitors.
(A) Kinetic of LPS-induced inflammasome activation. (B) Addition of the translation
inhibitor cycloheximide (CH; 20 ug/ml) during step 1 or 2. (C) Addition of the
caspase-8-specificinhibitor Z-IETD-FMK (c8i; 12.5 uM) during step 2. (D) Comparison
between wild-type, RIP3-deficient and RIP3/caspase-8 double-deficient cells. (E)
Addition of Rip1-kinase inhibitor necrostatin-1 (Nec1; 75 uM) during step 2. Graphs
are representative of (A) one and (B-E) three to five independent experiments.
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Abstract

Obesity impairs the relaxant capacity of adipose tissue surrounding the vasculature
(PVAT) and has been implicated in resultant obesity-related hypertension and
impaired glucose intolerance. Resident immune cells are thought to regulate
adipocyte activity. We investigated the role of eosinophils in mediating normal PVAT
function. Healthy PVAT elicits an anti-contractile effect, which was lost in mice deficient
in eosinophils, mimicking the obese phenotype, and was restored upon eosinophil
reconstitution. Ex vivo studies demonstrated that the loss of PVAT function was due
to reduced bioavailability of adiponectin and adipocyte-derived nitric oxide, which
was restored after eosinophil reconstitution. Mechanistic studies demonstrated that
adiponectin and nitric oxide are released after activation of adipocyte-expressed
B3 adrenoceptors by catecholamines, and identified eosinophils a novel source of
these mediators. We conclude that adipose tissue eosinophils play a key role in the
regulation of normal PVAT anti-contractile function.



Introduction

Most of the peripheral circulation is invested by a layer of perivascular adipose
tissue (PVAT) [1], which comprises adipocytes, stromal cells and immune cells. In
health, PVAT confers an anti-contractile effect on the vasculature through a balance
of adipocyte-derived pro- and anti-contractile factors (including adiponectin
[2]) and immune cell populations [3], as well as contributing to the regulation of
physiological processes, including glucose homeostasis and lipid metabolism. In
response to sustained caloric excess, there is adipocyte enlargement, hypoxia and
subsequent PVAT inflammation leading to increased arterial tone [4], which has
profound effects on peripheral resistance [5] and nutritive flow [6], thereby linking
obesity-associated hypertension [7] and type 2 diabetes with vascular dysfunction

(8].

The involvement of immune cells in metabolic events in adipose tissue has come to
the forefront of obesity research (reviewed in [9]). The contribution of eosinophils
to the regulation of physiological events in these tissues, under steady state and in
the inflammatory setting, is undefined; increased knowledge in this area is an unmet
need with important implications for the treatment of obesity-associated disorders.
Historically, eosinophils have been viewed as end-stage effector cells associated
with Th2 inflammatory disorders such as parasitic infections and allergies, where
they become activated and release cytotoxic granule proteins [10]. However,
recent reports demonstrate that eosinophils are steady state constituents of the
cellular pool in several organs, including the gastrointestinal tract [11] and adipose
tissue, and play a role in metabolic homeostasis [12]. Despite this, little attention
has been paid to the direct role that eosinophils may play in adipose tissue
function. We employed mouse models of eosinophil-deficiency and reconstitution,
complemented by in vitro studies, to address the significance of eosinophils on PVAT
function and vascular reactivity. For the first time, we have identified a central role
for eosinophils in the maintenance of healthy PVAT functionality. Mechanistically,
we define the release of nitric oxide as well as adiponectin, as central in regulation
of PVAT anti-contractile function, and importantly identify the eosinophil as a key
cell type controlling the release of these mediators via catecholamine mediated-
activation of adipocyte-expressed B3 adrenoceptors.



Results

Healthy PVAT exerts an anti-contractile effect that is lost in obesity

Initially, we compared the vascular reactivity in healthy twelve-week old C57BL/6
mice fed standard chow to mice on a high fat diet (HFD). In mice on standard
chow, contractile responses of small mesenteric arteries (approximately 200 pm
internal diameter) to cumulative doses of norepinephrine (NE) showed that vascular
constriction was reduced in the presence of PVAT, compared with vessels from
the same mouse in the absence of PVAT (P=0.001; Fig. 1a). In contrast, in age-
matched obese C57BL/6 mice fed a HFD, the anti-contractile capacity of PVAT was
completely abolished, with no difference in contractility to NE whether PVAT was
intact or removed (Fig. 1a).

Histological analyses of PVAT demonstrated significant adipocyte hypertrophy in
HFD mice compared with standard chow fed control mice (P<0.0001; Fig. 1b,c).
Furthermore, immunohistochemical and flow cytometric analyses of enzymatically
digested mesenteric adipose tissue demonstrated a significant reduction in the
number of eosinophils present in HFD mice compared with chow fed age-matched
controls (P=0.0113; Fig. 1d, and data not shown), consistent with previous reports
12. Thus, impaired vascular function in HFD mice is associated with a dramatic
reduction in the number of adipose tissue eosinophils.

Eosinophils contribute directly to the regulation of vascular tone
Anti-contractile PVAT function is lost in eosinophil-deficient AdbIGATA-1 mice

To further investigate the role of eosinophils in vascular function we analyzed
eosinophil-deficient AdbIGATA-1 mice [13]. Flow cytometric analysis confirmed that
eosinophils reside constitutively within mesenteric adipose tissue of wildtype (WT)
mice (mean: 4.5% of all CD45* cells, £SD: 2.9%; n=11), but are absent in AdblGATA-1
mice (Fig. 2a). As changes in perivascular adipose tissue has been shown to alter
vascular function [14] we examined the contractile and dilator response of small
mesenteric arteries of AdblGATA-1 mice and their WT littermate controls by
wire myography. In contrast with WT mice, in which there was a significant anti-
contractile effect of PVAT (WT mice, PVAT vs. no PVAT: P<0.0001, n=15) (Fig. 2b),
there was no PVAT-mediated anti-contractile effect to cumulative doses of NE in
AdbIGATA-1 mice (AdbIGATA-1 mice, PVAT vs. no PVAT: P=NS, n=15) (Fig. 2b). We
additionally analyzed vessels with and without PVAT from IL-5 Tg mice that have
excessive numbers of eosinophils and showed that IL-5 Tg arteries with or without
PVAT responded in the same manner as WT arteries (Fig S1a,b). Additionally, we
observed that AdbIGATA-1 mice had increased peripheral mean arterial blood
pressure by an occlusion tail-cuff system (CODA) (P<0.046; Fig. S1c) and elevated
fasting blood glucose (P=0.0106; Fig. S1d) compared with their littermate controls.
Overall our data suggest that eosinophils are required for the PVAT-mediated
regulation of vascular function.



Eosinophil reconstitution restores normal PVAT function

To confirm that changes in PVAT function in AdblGATA-1 mice were attributable
to eosinophil-deficiency we performed eosinophil reconstitution (AdBac) by
intravenous injection of purified eosinophils. Flow cytometric analysis confirmed
that donor eosinophils localized to the adipose tissue of the mesenteric bed (Fig.
2a), as well as perigonadal adipose tissue and the small and large intestine (data
not shown). Thirty days after eosinophil reconstitution functional evaluation of
mesenteric vessels with and without PVAT to NE-stimulation further demonstrated
that reconstitution of eosinophils completely restored the loss of PVAT-associated
anti-contractile capacity (P=0.0023; Fig. 2¢) to levels comparable with WT controls
(data not shown). The restoration of the anti-contractile capacity of PVAT following
eosinophil reconstitution was independent of effects on smooth muscle, because
neither AdBacnor AdblGATA-1 vessels devoid of PVAT had any significant differences
in response to NE stimulation (Fig. 2c), demonstrating that the effect of eosinophils
is mediated via PVAT. Moreover, a restoration of both peripheral MAP and blood
glucose to WT levels was observed in AdbIGATA-1 following reconstitution with
eosinophils (MAP: WT vs. AdbIGATA-1, P=0.025; WT vs. AdBac: P=NS) (Fig. Ste;
data not shown).

Eosinophils do not influence SMA* pericytes or other immune populations

Further analysis of AdbIGATA-1 mice showed no differences in the proportion
of splenic or blood dendritic cells, neutrophils and monocytes compared with
WT animals (Fig. S2b and ¢). In addition, we examined hemoglobulin (HGB) and
hematocrit (HCT) levels and red blood cell (RBC) counts in AdbIGATA-1 and age-
and sex-matched littermate control mice, as these parameters were reported to
be affected in eosinophil-deficient mice [13]. While the levels of RBCs (RBC (WT
vs AdbIGATA-1): 9.7+0.2 vs. 8.8+0.2 /107 cells/mL; P=0.0338) were reduced in
AdbIGATA-1 mice, consistent with previous reports [13], we detected no significant
difference in the hemoglobulin (HGB: 140.6+3.6 vs. 130.0+3.3 g/L) or hematocrit
(HCT: 0.51+0.01 vs. 0.48+0.01 L/L) levels.

Pericytes, including smooth muscle actin (SMA)* contractile pericytes, are localized
in the perivascular area, and are thought to be involved in vascular maintenance
and function, including regulation of vascular constriction [15,16]. We therefore
determined the frequency of pericytes in enzymatically digested mesenteric
adipose tissue from WT and AdblGATA-1 mice. We detected no difference in the
frequency of total or SMA* contractile pericytes in AdblGATA-1 compared with WT
mice (Fig. 2d and Fig. S2a). Similarly, we observed no difference in the total weight
of the mesenteric adipose tissue between WT and AdbIGATA-1 mice (Fig. 2e).
Eosinophils have also been shown to affect macrophage functionality in adipose
tissue [12], and adipose tissue macrophages have in turn been shown to influence
PVAT function [14]. To ascertain whether the altered vascular function in AdblGATA-1
mice could be attributed indirectly to a loss of eosinophil-mediated modulation



of macrophage activation, we performed flow cytometry analysis of enzymatically
digested mesenteric adipose tissue from AdbIGATA-1 and WT mice. Macrophages
were defined as live CD45* F4/80* CD11b* CDé4* MHC-II* Lyb6G- cells, and were
further examined for expression of markers associated with alternatively activated
macrophages (AAM), RELMa/FIZZ-1 and CD206 [17,18] (Fig. S2d). We detected
no difference in the frequency and number of total CD45* CDé64* CD11b* MHC-II*
Ly6G- macrophages in the mesenteric adipose tissue between WT and AdbIGATA-1
mice (Fig. 2f) and, similarly, found no difference in the number of macrophages
expressing RELMa and CD206, two markers associated with alternatively activated
macrophages [17,18] (defined as CD45* F4/80* CDé4* CD11b* MHC-II* Lyb6G
RELMa+ CD206" cells) (Fig. 2g). Analysis of adipose tissue by gPCR also revealed
no differences in levels of the AAM markers arginase-1, fizz-1 and ym-1 between
AdbIGATA-1 and WT mice (Fig. S2e-g). Taken together, these data suggest that
alterations in pericyte or macrophage composition, or adipose tissue hypertrophy,
do not explain the impaired vascular reactivity in AdbIGATA-1 mice, indicating that
eosinophils may be directly involved in the regulation of PVAT function rather than
acting via other cell populations.

Eosinophils influence vascular reactivity via PVAT-mediated release of soluble
mediators

To determine whether eosinophils directly influence PVAT function to modulate
downstream vascular reactivity, purified eosinophils were added to pre-constricted
(1x10°> M NE) mesenteric arteries = PVAT from AdblGATA-1 mice. The addition of
purified eosinophils (100 to 30,000 cells) was associated with a significantly greater
dose dependent relaxation in vessels with PVAT compared with vessels without
PVAT (P<0.0001) (Fig. 3a). Relaxation occurred within 30 seconds of addition of
eosinophils to the organ bath, demonstrating a rapid effect of eosinophils at both
the vascular and perivascular level in vitro (Fig. 3b). In contrast, addition of 10,000
purified macrophages had no PVAT-dependent relaxant effect (data not shown).

To establish whether eosinophils promoted the release of a soluble anti-contractile
factor(s) from PVAT, organ bath solution transfer experiments were performed. Total
organ bath solution from pre-constricted (1x10° M NE) small mesenteric arteries
was transferred from donor arteries (with PVAT) to recipient arteries (without
PVAT). These experiments demonstrated that healthy WT PVAT secretes a soluble
relaxing factor (Fig. 3c) 19. However, relaxation was impaired when solution from
AdbIGATA-1 donor arteries was transferred to WT recipient arteries (AdbIGATA-1 to
WT, P=0.049; Fig. 3c). Furthermore, transfer studies between WT donor arteries and
AdbIGATA-1 recipient arteries demonstrated reduced relaxation compared with
WT control solution transfer (data not shown). Importantly, in vivo reconstitution
with eosinophils restored normal PVAT function. Thus, vessel relaxation was
restored to the same levels as WT to WT transfer in both donor and recipient AdBac
transfers with WT vessels (Fig. 3c and data not shown). These data implicate a role



for eosinophils in mediating the secretion of a soluble relaxant factor(s) by PVAT.

To determine whether the relaxant effect of eosinophils was due to the release
of eosinophil-derived soluble factors or via direct eosinophil interaction with
PVAT, relaxation of C57BL/6 mesenteric arteries + PVAT was compared following
application of 10,000 NE-stimulated eosinophils or the filtered supernatant from
10,000 NE-stimulated eosinophils. The filtered eosinophil supernatant was capable
of inducing relaxation of mesenteric vessels to the same extent as the addition
of eosinophils (Fig. 3d). Furthermore, to ensure that our results were not due to
an effect of NE-dilution when eosinophils are added to NE-preconstricted arteries,
eosinophils were added in a buffer containing 1x10° M NE. However, as eosinophils
express adrenergic receptors 20 and could potentially respond to NE; we examined
the effect of NE-treatment on eosinophils. Supernatant from 10,000 eosinophils
stimulated with 1x10° M NE or supernatant from unstimulated eosinophils
supplemented with 1x10° M NE was added to AdblGATA-1 arteries with PVAT. The
NE-supplemented supernatant from unstimulated eosinophilsinduced a significantly
reduced relaxation of the mesenteric vessels in comparison with NE-stimulated
eosinophils (P=0.0068; Fig. 3d), suggesting that eosinophil stimulation with NE is
important in mediating eosinophil-induced vascular relaxation. Collectively, these
data implicate a soluble factor released from NE-stimulated eosinophils, rather than
cell to cell contact, in mediating eosinophil-induced PVAT function.

Eosinophils act via adrenergic stimulation of nitric oxide and adiponectin release

Our previous data have shown that adiponectin [4,19] and nitric oxide [21] are
important in mediating normal PVAT relaxing function. Furthermore, IL-4 is a
previously recognised eosinophil-derived effector molecule. Therefore, we tested
the functional role of these putative mediators on the vascular reactivity of vessels
in response to the addition of 10,000 eosinophils. To this end, mesenteric vessels +
PVAT isolated from AdbIGATA-1 mice and/or purified eosinophils were incubated
with the NO-signalling inhibitor L-NMMA (1x10° M) [21], adiponectin blocking
peptide (ABP; a soluble fragment of the Type-1 adiponectin receptor; 5 pg/ml)
4 or anti-IL-4 antibody (0.4 ug/ml) for 30 minutes before pre-constriction of the
vessels with 10° M NE and addition of 10,000 stimulated eosinophils (1x10° M
NE). Incubation of vessel + PVAT alone with ABP and L-NMMA, but not anti-IL-4,
reduced eosinophil-induced relaxation (ABP vs control, P<0.01; L-NMMA vs control,
P<0.05; Fig. 4a), whereas incubation of eosinophils alone with the inhibitors had
no effect on relaxation (data not shown). There was also a significant reduction
in relaxation observed following incubation of both vessels and eosinophils with
L-NMMA and ABP, but not anti-IL-4, compared with the addition of stimulated
eosinophils alone (L-NMMA vs. control: P<0.01; ABP vs. control: P<0.001; Fig. 4b).
In contrast, incubation of eosinophils, vessel or eosinophils and vessels with the
inhibitors in the absence of PVAT failed to alter relaxation of the arteries to NE-
stimulated eosinophils (data not shown). Similarly, addition of D-NMMA, 1gG or a



control peptide (the negative controls for L-NMMA, anti-IL-4 and ABP, respectively)
to vessels + PVAT had no effect on PVAT function (data not shown).

To examine if eosinophils could act as source of NO or adiponectin, we performed
eosinophil reconstitution experiments using bone marrow-derived eosinophils from
WT, iINOS” or adiponectin’ mice. PVAT vessels from reconstituted mice showed
a loss of anti-contractile function following reconstitution with adiponectin”
eosinophils, but not INOS” or WT eosinophils (adipo” vs WT: P=0.0085; Fig. 4c and
d). Collectively, these data suggest that adiponectin and NO signalling are critical
components of the regulation of vascular activity, and further, that eosinophils
may act as a source of adiponectin, as well as inducing the release of downstream
adiponectin from PVAT, resulting in relaxation of vessels via NO-dependent
mechanisms.

Given the rapid effect on PVAT function following addition of eosinophils (Fig. 3b),
we hypothesized that eosinophils may directly exert their effect via adrenoreceptors.
To explore this idea, we incubated mesenteric vessels + PVAT with eosinophils
in the presence or absence of antagonists of B1-B3, a1 or B3 adrenoreceptors.
After addition of antagonists against B1-B3 or al adrenoreceptors, there was no
inhibition of relaxation in the presence of exogenous PVAT or exogenous PVAT
with eosinophils (Fig. 5a). In contrast, a specific B3 adrenoreceptor antagonist
(SR-592,30A) [22] significantly reduced relaxation in the presence of exogenous
PVAT or exogenous PVAT with eosinophils (B3 adrenoreceptor antagonist vs. time
control, P<0.001 and B3 adrenoreceptor antagonist vs. vessel control, P<0.05; Fig.
5a). Moreover, the direct addition of the B3 adrenoreceptor agonist (CL-316,243)
[23] to AdbIGATA-1 arteries with PVAT resulted in a significant relaxation of these
vessels in comparison to control AdbIGATA-1 arteries with PVAT (P<0.001; Fig 5b),
suggesting that this elicits the same response as the addition of eosinophils. The
only known agonists of B3 adrenoreceptors are catecholamines, the production of
which is critically dependent on the enzyme tyrosine hydroxylase [24]. As our data
demonstrated that eosinophils secrete a soluble factor that mediates a relaxant
effect on PVAT, we hypothesised that eosinophils may be a source of catecholamines.
Immunocytochemical staining revealed high expression of tyrosine hydroxylase in
eosinophil granules (Fig. 5c). To examine the functional significance of this, 10,000
eosinophils were incubated with or without a tyrosine hydroxylase inhibitor (AMPT).
Addition of eosinophils pre-incubated with AMPT to mesenteric vessels + PVAT
isolated from AdbIGATA-1 mice resulted in a significantly decreased relaxation
compared to untreated eosinophils (P=0.0472; Fig 5d). Finally, we demonstrated
that eosinophils are able to constitutively produce epinephrine, NE and dopamine,
and with a trend towards increased NE and dopamine secretion following activation
of eosinophils with IL-5 and eotaxin (Fig 5d). Together these data demonstrate
that PVAT functionality depends on tyrosine hydroxylase-dependent eosinophil
production of catecholamines that signal via PVAT-located B3 adrenoreceptors.



Discussion

The anti-contractile function of perivascular adipose tissue (PVAT) is lost in obesity,
a disorder with an underlying immunological component [?,25] that has been
linked with increased peripheral vascular resistance and elevated peripheral blood
pressure [5,7]. While a role of eosinophils in regulation of these events have not
previously been recognized, our data identify mechanisms by which obesity-
induced alterations to the eosinophil population may perturb the influence from
PVAT on small arteries and the physiological consequences thereof [4,6]. Thus, for
the first time, we demonstrate that eosinophils play a central role in the release
of vasorelaxing factors from healthy PVAT, via the release of eosinophil-derived
catecholamines, to mediate adipocyte-localised B3 adrenoceptor activation and
downstream adiponectin- and nitric oxide-signalling. Loss of PVAT function was
also associated with increased arterial tone, with a potential role of eosinophils in
the regulation of these processes being further supported by our observations that
hypertensive eosinophil-deficient mice recovered upon eosinophil reconstitution.
Furthermore, the loss of a vasodilatory paracrine effect from adipose tissue has
been suggested to limit downstream microcirculatory nutritive flow [6], thereby
contributing to insulin resistance and metabolic dysregulation. It is clear from
these studies that eosinophils play a vital role in sustaining normal PVAT function in
health to maintain adipose tissue homeostasis, which have important downstream
physiological consequences.

Previous work to understand the mechanisms responsible for the anti-contractile
effect of PVAT have focused attention on the macrophage [14], whilst other
leukocyte populations have largely been ignored. Eosinophils have previously
been shown to be indirectly involved in regulation of events in adipose tissue by
controlling adipose tissue macrophage functionality [12], which in turn can influence
PVAT function in inflammation [14]. For example in obesity, factors such as tissue
hypoxia and aldosterone signaling are thought to alter macrophage activation,
which subsequently impacts on PVAT anti-contractile function, manifesting in
hypertension [14]. Macrophages have also been shown to play a role in beiging of
fat and thermoregulation [26]. A recent report implicated eosinophils in regulation
of the polarization of white adipose tissue macrophages to an AAM phenotype.
Thus, Wu et al [12] detected a decrease in a subpopulation of YFP* macrophages
expressing high levels of CD11b and F4/80 in the perigonadal adipose tissue of
AdbIGATA-1 BALB/c mice crossed with mice expressing YFP under the arginase-1
promoter. In apparent contrast to these results, we detected no change in
the frequency of total or AAM in the mesenteric adipose tissue of AdbIGATA-1
compared with WT mice. Although the reason for this discrepancy is not entirely
clear, we speculate that differences in the source of adipose tissue or analysis
may underlie the difference. Thus, while Wu et al examined a population of GFP-
positive cells among a population of F4/80" CD11b" perigonadal adipose tissue
macrophages in arginase-reporter mice [12], we analyzed expression of RELMa and



CD206 on total CD11b* CD6é4* mesenteric adipose tissue macrophages. Consistent
with our flow cytometry analysis, gPCR analysis of mesenteric adipose tissue from
WT or AdbIGATA-1 mice revealed no differences in the expression of arginase-1,
fizz-1 or ym-1. Finally, we also addressed a potential role of IL-4 in PVAT function,
as IL-4 secretion from eosinophils has been proposed to be a key mechanism by
which eosinophils sustain AAM and regulate glucose homeostasis [12]. However,
neutralization of IL-4 had no impact on vessel reactivity in our system. Although we
cannot exclude the possibility that macrophages may indirectly contribute to PVAT
function, the current study demonstrate that eosinophils contribute to regulation
of vascular function directly, by release of catecholamines that act rapidly via PVAT
to promote vessel relaxation. This appears to be a unique function of eosinophils,
and cannot be mediated by other immune cells, including macrophages. Taken
together we conclude that eosinophils exert an effect on healthy PVAT function
directly, and independently of other immune cell populations.

Adipocytes and eosinophils are known to secrete a number of adipokines and
cytokines, which influence downstream biological responses [10,12,27]. The
balance of pro- and anti-inflammatory adipokines is important in mediating the
anti-contractile capacity, energy homeostasis and inflammatory status of PVAT.
Ours and others’ previous data in humans and rodent species (rats and mice) have
shown that adiponectin [4,19] and nitric oxide signaling [21,28] are important in
mediating normal PVAT function. Thus, adiponectin-deficient mice demonstrate
a loss of PVAT function in response to adrenergic stimulation [19] and have been
shown to be hypertensive [29]. Furthermore, healthy PVAT-induced vascular
relaxation is attenuated by inhibition of NO, and NO signaling is dysregulated in a
rat model of the metabolic syndrome associated with enhanced vasoconstriction to
norepinephrine [28]. Indeed in line with this, we confirmed that adiponectin and NO
signaling were essential for the anti-contractile function of PVAT also in mice, and
that eosinophils were necessary for promoting the adiponectin- and NO-dependent
anti-contractile function of PVAT. Furthermore, to examine if eosinophils could
act as a direct source of NO or adiponectin, we performed in vivo reconstitution
experiments using eosinophils generated from WT, iNOS” or adiponectin’ mice.
Interestingly, our experiments revealed that eosinophil-derived adiponectin, but
not NO, contributed to the anti-contractile capacity of PVAT. Thus, our data suggest
that eosinophils may act as a source of adiponectin as well as inducing the release
of downstream adiponectin from PVAT, resulting in relaxation of vessels via NO-
dependent mechanisms.

The eosinophil cytoplasm contains numerous preformed granules containing a
variety of effector molecules; therefore we hypothesized that eosinophils may act
on PVAT via secreted factors. In support of this hypothesis, addition of filtered
eosinophil supernatant to vessels + PVAT mimicked the relaxant effect of eosinophil
addition. Moreover, as the eosinophil-dependent effect was so rapid, we focused



our studies on adrenoreceptor-mediated activation of PVAT rather than genomic
manifestations of eosinophil-deficiency. Addition of a panel of adrenoreceptor
inhibitors in our experimental model demonstrated that the vessel-relaxing
interaction of eosinophils with PVAT occurred via the B3 adrenoreceptor, supporting
a previous study that identified a role for B3 adrenoreceptors in mediating the
adipocyte-derived hyperpolarizing factor (ADRF)-induced hyperpolarization of
smooth muscle [23]. Catecholamines are the only known activators of the B3
adrenoreceptor, and depend on the enzyme tyrosine hydroxylase for their production
[24]. Immunocytochemical analysis of purified eosinophils demonstrated that
eosinophils indeed express this enzyme, which was necessary for the eosinophil-
mediated effect on vascular reactivity. Furthermore, we showed that eosinophils
constitutively secrete catecholamines. To our knowledge, this is the first time
that eosinophils have been reported to express tyrosine hydroxylase and secrete
catecholamines.

In conclusion, our data demonstrate for the first time a direct role for eosinophils
in regulation of adipose tissue functionality, further emphasizing the surprising
contribution of eosinophils to physiological processes beyond immune function.
We have demonstrated that eosinophils play a crucial role in mediating normal
PVAT function, the dysfunction of which is associated with conditions such as
hypertension and type 2 diabetes. Thus, eosinophil-deficiency within adipose tissue
led to physiological consequences on vascular reactivity, independent of other
immune cell populations. The effects on PVAT and vascular function are mediated
via regulation of NO-signaling and release of adiponectin, following secretion of
catecholamines that promote B3 adrenoreceptor-dependent PVAT anti-contractile
function (Fig. 7). Taken together, our data identifies eosinophils as novel targets for
the development of therapies for obesity and related cardiovascular complications.



Materials and Methods

AdbIGATA-1, IL-5 Tg and littermate control mouse details, standard experimental
procedures, and more detailed descriptions of protocols and analyses are presented
in the Supplemental Experimental Procedures-section.

Eosinophil purification and transfer

Eosinophils were purified from IL-5 Tg mice by negative selection using MACS
columns or by cell sorting, and were approximately 95% pure irrespective of
purification method (data not shown), as assessed by flow cytometry of CD11b*
SiglecF* SSCheh cells. For adoptive transfers, eosinophils were resuspended in sterile
phosphate buffered saline (PBS), and 100-150 million cells injected intravenously,
and recipient mice analysed 30 days after transfer. Bone marrow-derived eosinophils
were grown as described previously [30]. After 12-14 days in culture the cells were
>90% pure as determined by flow cytometry analysis; cells were resuspended in
sterile PBS, and 1-3 million cells injected intravenously per mouse, and recipient
mice analysed five days after transfer.

Adipose tissue digest

For isolation of the adipose stromal vascular fraction (SVF), white mesenteric
adipose tissue was finely minced and incubated in medium containing Tmg/mL
type | collagenase and 30pg/mL DNase | at 37°C for 45 min with magnetic stirring
at 350rpm. The resulting cell suspension was spun to separate floating adipocytes
from the SVF pellet, and passed through 40 pm filters to generate a single-cell
suspension. Leukocytes were further enriched by density centrifugation using
Percoll, followed by phenotypic and quantitative analysis by flow cytometry.

Pharmacological assessment of vascular reactivity by wire myography

The mesenteric bed was removed and placed in ice-cold physiological salt solution
(PSS); first-order arteries were identified and dissected clean of PVAT or left with
surrounding PVAT intact as indicated. Vessels were mounted on a wire myograph,
equilibrated, normalised and viability assessed as previously described [4,21,31].
Vascular contractility was assessed in vessels to increasing concentrations of
norepinephrine (NE).

Solution transfer experiments were performed between wildtype (WT), IL-5 Tg,
AdbIGATA-1 and eosinophil-reconstituted AdblGATA-1 (AdBac) mice. Arteries were
preconstricted with NE and a stable constriction established; next, total myograph
bath solution (6mLs) taken from donor arteries with PVAT were used to replace the
solution from a recipient artery devoid of PVAT.

In order to investigate the direct effect of eosinophils on vascular contractility, the
exogenous addition of (1x10% to 1x10%) eosinophils to preconstricted mesenteric
arteries (1x10°M NE) from AdbIGATA-1 mice was assessed in the presence and



absence of PVAT. To establish whether eosinophils interacted directly or indirectly,
the supernatant from NE-stimulated eosinophils was added to preconstricted
vessels.

Adiponectin blocking peptide, L-NMMA, anti-IL-4, propranolol and SR-592,30A or
appropriate controls were incubated for 30 minutes at 37°C with either eosinophils
only, arteries£PVAT, or both eosinophils and arteries (+ PVAT). Both eosinophils and
vessels were treated with NA (1x10°M) before addition of eosinophils to the vessels.
The response to eosinophil addition was measured as a percentage relaxation.

Ethical approval

Procedures were performed in accordance with the United Kingdom Animals
(Scientific Procedures) Act of 1986, and conformed to the Directive 2010/63/EY of
the European Parliament. Ethical permission was obtained from the Local Ethical
Committee at Lund University, Sweden, and the University of Manchester Animal
Welfare and Ethical Review Board and performed under a Home Office approved
grant.
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Figure 1. Obese mice have impaired vascular reactivity and increased blood
pressure. (a) The anti-contractile effect of PVAT observed in WT mice is lost in HFD
mice (mean+SEM from one experiment; n=8 (WT) and 5 (HFD); P=NS, two-way
ANOVA) (no PVAT (closed symbols) and PVAT (open symbols)). (b) Representative
H&E staining of mesenteric adipose tissue from control and HFD m