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Abstract

Abstract

Helminth infections are widely distributed aroume tworld but the highest prevalence is found in
developing countries where they constitute a majablic health threat. Helminthiasis are mostly
associated with chronic insidious pathologies puoflly impacting population health status and

constitute a major concern for socio-economic dgwelent.

Immune response elicited during helminth infecti®ra complex balance between effector type 2
immunity mediating helminth expulsion, repair funas preserving integrity of tissues during pasasit
migration and regulatory elements allowing toleemt chronic infection that cannot be cleared.
Dysregulation of this equilibrium can generate Bsiee pathologies. Furthermore, as helminths
profoundly impact their host's immune system, ttadgo alter immune response during bystander

inflammatory/infectious processes.

Two studies are presented in this thesis, bothpieddently addressing questions on the impact of

helminth infections on the immune response.

The first study presented here examined the rokdtefnatively activated macrophages (ggMs
actors of anti-helminth response balance, moregeloduringSchistosoma mansoinifection. During
schistosomiasis, an important type 2 granulomaitgiiesnmation is elicited by the eggs trapped in the
tissue (liver or intestine). Type 2 immunity is essal for survival during the acute phase of
schistosomiasis but the role of aaMan important component of granulomas, remainseancUsing
ll4ra™LyzZ" andll4ra™"~ mice, we characterized the dynamics of monocyt@siaphage responses
in the liver ofS. mansoninfected mice and found that IL-4Rsignalling is dispensable for monocyte
infiltration and differentiation. Accumulation of anocyte-derived macrophages was associated with
progressive disappearance of resident macroph@dgie resident macrophages did not seem to play
a role in the regulation of egg-induced pathologjternative activation of monocyte-derived
macrophages was shown to modulate hepatic grantdomanflammation. However, infiltrating
monocytes likely display alternative activationildra**LyzZ" mice thus other functions of aghin
this pathology cannot be excluded. Thus, this wwdvided a better understanding of the role of @aM

in schistosomiasis.

The second study focused on the impact of helméxiosure on subsequent bystander immune
responses and more particularly on anti-viral CD&ell response. IL-4 is a canonical cytokine from
type 2 immune response associated with helmintictitn. Previous reports showed that IL-4 can
condition CD8 T cells by inducing expansion of antigen-inexpeci&d memory-like CD8T cell called

virtual memory T cells (ym). These cells have the particularity to displaightened effector functions,

3



Abstract

similar to conventional memory cells. Our work sleohthat IL-4 can also induce expansion @ Th

the context of helminth infection, depending orediriL-4 signalling on CD8T cells. Strikingly,
helminth infection was also associated with IL-peledent enhanced protection against subsequent
infection with they-herpesvirus MuHV-4 resulting from increased vigpecific CD8 T cells effector
response. We provide here a new mechanism by wigbhinth can modulate the immune response

against bystander infections.
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Preamble

The work presented in this thesis focused on twlefendent but important aspects of immunity to
helminths in the mouse model) the role of IL-4Ri-dependent alternative macrophage activation
during schistosomiasis, aniil) (how helminth induced IL-4 can condition bystandeemory CD8 T

cell responses.

In a first study, we investigated the dynamics @iredroles of the macrophage responses in the liver
after Schistosoma mansomfection. Macrophages are highly plastic cellsiribg type 2 immune
responses like anti-helminth response, they adogrdi-inflammatory and repair phenotype, called
alternatively activated macrophages (@@MType 2 immune response mediates several crucial
functions for the protection against helminth itifec like parasite expulsion, impairment of pamsit
fitness or wound healing. Although aaNhave been implicated in these functions, theretexde or

whether they are essential for host protection neethunclear.

In a second study, we have investigated the inflae helminth infection on subsequent bystander
immunity by studying its impact on anti-viral CD& cell responses through alteration of virtual
memory CD8 T cells (Tym). TCR-unrestricted and antigen-inexperienced mgrtike CD8" T cells
(among which Tm) have been described in naive, pathogen-free un-firee mice. These cells are
believed to arise either in the thymus, instrudbgdiL-4 or high self-antigen reactivity, or in the
periphery through lymphopenia-induced homeostattifpration. In the periphery, IL-4 and IL-15 can
further expand the population in a mouse straircifipenanner. Helminth-induced immune response
is dominated by IL-4 production and could therefionpact Tvm reponses and the subsequent ability of
CD8' T cells to mount antigen-specific effector resmanafter a viral infection.

The following introduction aims at presenting th#fedent theoretical concepts and recent findings
that could help the understanding of our work. Whidit objective in mind, chapter 1 describes imgoatrt
helminthiasis of humans, their epidemiology anchesias of mouse models as well as the main features
of anti-helminth immune response. Chapter 2 focosdte origin, activation and roles of macrophages
during helminthiasis, emphasizing their role inistttsomiasis. To understand the wide diversity of
helminths effect on bystander immune processesptehad presents their influence on both
immunopathologies and coinfections, in particularviral coinfections. Finally, chapter 4 includes a
description of the important characteristics of @28 T cell response dynamic, from activation to
memory formation and presents antigen-inexperiencesinory CD8 T cells, including innate,

bystander and virtual memory CDB cells.
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Introduction

1 Helminth infections

1.1 Taxonomy

The term “helminth” is not associated with any mautar phylogenetic classification. Helminths are
described as complex multicellular eukaryotic inebrates with tube-like or flattened bodies eximigit
bilateral symmetry mainly belonging to the unretatéematoda, Platyhelminths or Acanthocephala
phyla (Cox, 2009). Species from the Nematoda aatyRé¢lminth phyla are either free-living or pariasit
worms (including parasites of plants or vertebnat&e term “helminth” is sometimes used as a
synonym of “worm” but, although there is no cleansensus, it is usually restricted to parasiticrasor
Their common particularity as pathogens is thairtlifle cycle is not usually completed in a single
individual. Indeed, with some limited exceptionBey do not proliferate within their final host as
opposed to other pathogens such as protozoangribacdr viruses that have a strong potentiah of
situ exponential population growth. Eggs or larvaeratber externalized to complete the life cycle and

infect a new host.

Nematoda are commonly called “roundworms” referring to thking tubular body. Along with
arthropods, they belong to the Ecdysozoa cladewkiare the common characteristic of moulting
during growth. Indeed, larvae will go through sedenaturation steps during their life cycle. Paiasi
nematodes count a wide diversity of important pgéms of humans or other vertebrates sudksaaris
spp. JAnisakisspp., whipworms (e.g.richurisspp.), pinworms (e.denterobiusspp.), hookworms (e.g.
Ancylostomaspp. andNecator spp.), filarial worms (e.gOnchocercaspp.), Trichinella spp. or
Strongyloides stercoralisinfections with hookworms, whipworm#scaris spp. or Strongyloides
stercoralis are refered to as “soil-transmitted helminthiagiSTH) (Jourdan et al., 2017) because
transmission occurs through contact with faecadiytaminated water, soil or food: adult worms lime i
their host’s intestine and eggs excreted in thedeontaminate soil. To reach an infective staggs e
need to mature in the environment, however thekeihihs do not need an intermediate host. Infection
by Ascaris lumbricoidesr whipworms occurs by faeco-oral transmissionijeMiookworm larvae can
actively penetrates intact skin (Jourdan et all,7200n the contrary, filarial worm#nisakisspp. and
Trichinellaspp. are not transmitteth the soil but are arthropod- or food-borne parasielults filarial
worms living in lymphatic vesselsMurchereria bancrof}i serous cavities or subcutaneous tissue
(Onchocerca volvulygelease larvae (microfilariae) which have to &leeth up by an arthropod vector
during a blood meal to be transmitted to anothest.Aaichinella spp. adult worms deliver larvae in
intestinal mucosa. After migration through lymphatnd blood vessels, these larvae encyst in muscles
and will infect a new host upon ingestion (Gottstei al., 2009)Anisakisspp. have an indirect cycle
which depends on predation involving fish and manmammals and are therefore transmitted

seafood.
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Because of their flattened shapdatyhelminths are also called flatworms. Two main groups of
parasitic worms of vertebrates are found in thigli?h: CestodaandTrematoda.

Cestodes(Taeniaspp.,Echinococcuspp.) are hermaphrodite segmented worms. Thesédrttegn
are characterised by an indirect life cycle withdurction of encysted larvae (metacestode) in mascle

or other tissues of the intermediate host and mnéson to the final hostia feeding on these tissues.

Within Trematoda, the order Digenea contains the most importardagic species. Digenea have
indirect development with an asexual reproductidrage in their intermediate host, usually an
invertebrate such as a gastropod. Infectious lafsaecariae) are released from intermediate ha$t an
can encyst on aquatic weeds or in the tissuessaeitand intermediate host (e.g. a fish) (Furst .et al
2012a). In these cases, infections may be acqliyedonsumption of aquatic products (foodborne
trematodiases). Concerning the members of the géchistosomacercariae are released in the water
from a freshwater gastropod and actively penethageskin of their final host. The majority of membe
of the order Digenea are hermaphrodites, howeudstesomes have separated genders with a clear

dimorphism.

Finally, Acanthocephala(thorny- or spiny-headed worms) are all parasitéis complex life cycles
including an encysted stage in an arthropod intdrate host. Transmission depends on predation and
adult worms are hooked to the intestinal wall @ittinal host.

1.2 Epidemiology

Human helminths are widely distributed around tloelevbut the highest prevalence is found in sub-
Saharan Africa, the Middle East, Asia, South andt@é America and the Caribbean (Herricks et al.,
2017). Given their high prevalence in developingriddes, the majority of helminthiases are congder
as Neglected Tropical Diseases (NTDs) prioritisgdhe World Health Organization (WHO). Above
all, helminthiasis account for the vast majorityNfDs cases (Herricks et al., 2017). As such, these
infections are subjected to specific strategiedraymat their prevention, control or eradication (Wdo
Health Organization, 2018a). Efforts to controlrhigithiasis have been implemented by the WHO and
include water safety, sanitation and hygiene impnognt as well as mass drug administration and vecto
control (Albonico et al., 2006).

Helminths may induce specific, significant morhielt intestinal obstruction, volvulus and
intussuception foAscaris lumbricoidegJourdan et al., 2017), lymphedema/elephantiadidiredness
with filarial worms (Nutman, 2013), hypertensiorsciies and digestive tract varices caused by
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schistosome egg-induced granuloma and fibrosis [€Zoét al., 2014), biliary obstruction and
cholangitis in foodborne trematodiases (Keiser diinger, 2009) or neurological symptoms due to
development of cestode cysts in the brain (Coylalet2012). Certain helminth infections are also
associated with development of cancers (e&ghistosoma haematobiunClonorchis sinensjs
Opisthorchis viverrini (Bouvard et al., 2009; Gryseels et al., 2006;sKeiand Utzinger, 2009). In
addition, more insidious effects associated with lmurden chronic infections cannot be overlooked
(Hotez et al., 2008). These aspecific disablingbittities are usually the consequences of an altered
nutritional status linked to gut inflammation, diz@a, intestinal bleeding and parasites feeding on
tissues (World Health Organization, 2018c) leadmgveakness and impaired development. Helminth
infections thus have a profound impact on poputetiealth status based upon both their high pregalen
and debilitating consequences. The “Disability-Asdpd Life Year” (DALY) parameter helps
summarize and quantify this impact by integratioghbmortality and morbidity. Calculated as the sum
of years of life lost due to premature mortalitydarears of healthy life lost due to disability, DXL
expresses the impact of a disease or injury orntthetdtus when compared to an ideal health status
(Lopez et al., 2006; World Health Organization, 20For helminthiases, grade of disability depends
on infection intensity and associated symptomsequslae (Pullan et al., 2014).

The most prevalent helminth species belong to ¢ §oup withA. lumbricoidesnfecting around
800 million people and inducing 1.27 million DALYsllowed by T. trichiura and hookworms with
approximatively 480 and 470 million of cases arsB@nd 2.18 million DALYSs, respectively (Herricks
et al., 2017) (Figure 1). The majority of casesunsdn Asia, mostly India and China, with a prevake
that can reach up to 50% or more in some Asiantdagr(Malaysia or the Philippines) or certain igla
of Oceania. Sub-Saharan Africa and Latin America &lave high absolute numbers of cases and/or

high prevalences (Herricks et al., 2017; Pullaale2014).
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Figure 1. Distribution of soil-transmitted helminth infection prevalence in 2010 by speciegA) hookworm,
(B) Ascaris lumbricoidesind (C)Trichuris trichiura; based on geostatistical models for sub-Saharainadéind
available empirical information for all other reg® From(Pullan et al., 2014)

Schistosomiasis is also a higly prevalent disea#® 200 million cases reported around the world
and 3.06 million DALYs (Herricks et al., 2017). Tirain species of schitsosomes infecting humans are
S. mansoniS. japonicumS. mekongiS. intercalatum(intestinal and hepatic schistosomiasis) &nd
haematobium(uro-genital schistosomiasis) (Gryseels et alQ&0(Figure 2). Ninety percent of
schistosome infections occur in sub-Saharan Affica,schistosomiasis is also present in the Arabian
Peninsula, South-east Asia and South America (Wbidglth Organization, 2018b). Schistosome
species have an important specificity for theieintediate host, therefore their distribution cates

with that of the freshwater snail species thatanogheir asexual replication (Gryseels et al.,&00
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S mansoni

S haematobium
M Sintercalatum

S japonicum
M S mekongi

Mixed S hadematobium/S mansoni
[ Great rivers and lakes

Figure 2. Global distribution of schistosomiasisMain foci: S mansonimuch of sub-Saharan Africa, northeast
Brazil, Surinam, Venezuela, the Caribbean, lowerraitlle Egypt, the Arabic peninsuahaematobiummuch

of sub-Saharan Africa, Nile valley in Egypt and Sudhe Maghreb, the Arabian peninsuajaponicunt along
the central lakes and River Yangtze in China; Mivadg Leyte, and some other islands in the Philiggimnd
small pockets in Indonesi&; mekongi eentral Mekong Basin in Laos and Cambodga;intercalatum pockets

in west and central Africa. Frof@Gryseels et al., 2006)

Foodborne trematodiases comprise infections withr [flukes C. sinensisFasciola hepaticaF.
giganticag O. felineusO. viverrini), lung flukes Paragonimusspp.) and intestinal flukeg&¢hinostoma
spp.,Fasciolopsis buskHeterophyespp.,Metagonimuspp.) (Furst et al., 2012b), concern 80 million
people and induce 3.63 million DALYs (Herricksagt 2017). The geographical distribution of these
infections, which are mostly found in Asia and $oAimerica, can be linked to eating habits such as
consumption of raw fish products (Furst et al., 281 howevelFasciolaspp. andParagonimusspp.
are more broadly distributed with cases reportetlanth America, Europe and Africa (Furst et al.,

2012a; Keiser and Utzinger, 2009).

Lymphatic filariasis is a mosquito-borne diseasat thifects 44 million people and induces 2.02
million DALYs, mostly in sub-Saharan Africa and $lowand South-east Asia (Herricks et al., 2017).
The majority of cases are caused by infection Withbancroftibut two other filarial nematodeBrugia
malayiandB. timori) may also be the source of the infection (Taytoale 2010). Another species of
filarial nematodes). volvulus is responsible for onchocerciasis affecting 1lioni people with 1.18
million DALYs, mostly in sub-Saharan Africa (Herkg et al., 2017).

Infections with cestodes are much less frequentchathave severe consequences. Indeed, while
infection with adult worms is not associated witljor complications, development of cystic larval
stages in host tissues may have substantial héaltfacts. T. solium cysticercosis and cystic
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echnicoccosis concern one and 0.8 million peopdiergaiuce 0.34 and 0.18 million DALY, respectively
(Herricks et al., 2017). solium E. granulosugndE. multiloculariswere ranked as the top three food-
borne parasites based on multiple criteria inclgdimcidence, disease severity or trade relevance
(Boireau, 2014) and therefore pose both human aetetimary medical challenge€B. soliumis mostly
found in sub-saharan Africa, Asia and Latin Amerjevleesschauwer et al., 2017; World Health
Organization, 2016)E. multilocularis distribution is limited to the Northern Hemisphestile E.
granulosusis more widely distributed (Deplazes et al., 201W)like infections with other helminths,
cestode infections remain a public health conaedeiveloped countries (Devleesschauwer et al.,;2017
Gottstein et al., 2015), probably due to the imgatrthealth risks and difficulties of treatment.
Furthermore, data indicate that the presené&e pfultilocularisin red foxes is spreading through Europe
with a prevalence that can reach more than 10#eimiost affected European countries such as Estonia

Latvia, Lithuania, France, Switzerland or Germa@pftstein et al., 2015; Oksanen et al., 2016).

Trichinella spp. is present all over the world, Antartica lpeime only continent where this parasite
is not observed (Pozio and Darwin Murrell, 2006pwever, the vast majority of human cases occur in
Europe (mostly central and eastern countries) (Muend Pozio, 2011). Trichinellosis has a much
lower global burden than other foodborne helmirdisiawith 500 DALYs (Devleesschauwer et al.,
2015).

1.3 Investigating anti-helminth immune response: experital mouse models

As presented in section 1.1, the term “helminthé@npasses a humber of different families and
genera from different Phylae and, correspondingtjuide a wide diversity of life cycles, from direct
transmission between hosts to complex life cyclils intermediate hosts, including species with free
living stage. This diversity is also reflected hretvariety of organs impacted by helminth infecsion
Therefore, helminth models involve diverse inteatd with the host that allow broad study of type 2
immune responses in many different contexts. Areeslyconsequence of this feature is that, as ogpose
to viruses or bacteria, tools far vitro study of helminths are very limited (White and a@vanis-
Tsakonas, 2012), although important advances ang beade in uncovering full parasite genomes and

should open new avenues for genome manipulatitimeifiuture (www.wormbase.org).

An important majority of helminths target the gastntestinal tract and infect their host orallyi{so
transmitted or food-borne helminthiasis), howewdedtion can also occur by direct penetration ef th
skin or evervia mosquito bites. The most commonly used helmintdefsin research will be presented

in the following sections.
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1.3.1 Nematodes

Three nematode models are frequently used to stiedynmune response against helminths in mice:
hookworm-relatedNippostrongylus brasiliensiand Heligmosomoides polygyruend filarial worms
(Litomosoides sigmodonjisBesides, other nematodes infecting humans ae patent in mice
(Trichinella spiralisor T. pseudospiralisB. malayj A. suumor A. lumbricoide¥y or have mouse

equivalent Trichuris muris Strongyloides venezuelensimd are also used in experimental models.

N. brasiliensids a gastro-intestinal parasite of rodents (ndlfuirafecting rats), similar to the human
hookwormsA. duodenal®r N. americanuswith an extensive migratory pha$é.brasiliensiseggs are
excreted in the faeces and release a free-living ldnat needs a period of maturation in the emvirent
before becoming infective: following hatching, the larvae molt twice to produce the highly motile
and infective L3 stage. Infection occurs througim gfenetration, larvae reach blood vessels rapidly
(from 11h post-infection) and are transported ®lting where a third molt produces L4 larvae. Larva
then cross the alveolo-capillary barrier, causinggl hemorrghages and chronic lesions leading to
emphysema. They migrate up the respiratory traetcaughed and swallowed to ultimately reach the
intestine. After a fourth moult, adult worms matel ahe females release eggs begining from day® pos
infection (Camberis et al., 2003) (Figure 3). Expental infection of mice is usually performeii
subcutaneous (sc) injection of L3 larvae. As opgdseats, infected mice naturally clédrbrasiliensis
infection by day 9-11 post-infection, with the eptien of parasite strains adapted to the mouse.

Nevertheless, full migration is completed and argjrsystemic type 2 immune response is induced.

H. polygyrusis a mouse gastro-intestinal helminth used to mieolekworm infections. Its lifecycle
differs from that ofN. brasiliensisby being exclusively gastro-intestinal. Experinatninfections are
performed by gavage of infective L3 larvae. Impottig as a mouse parasite, it can establish chronic
infection in susceptible mice, even though a gvadation in susceptibility exists between mouseiss
(Reynolds et al., 2012). Eggs are excreted for hwim the faeces and hatch in the environment.
Similarly to N. brasiliensis larvae moult twice before becoming infective L&fter faceo-oral
transmission, L3 encyst in the duodenal serosaayyldor 2 post-infection and moult twice. Adults
return to the intestinal lumen at day 10 to mate, @gg laying begins around day 14 (Camberis gt al.
2003; Johnston et al., 2015). The immune respoasegH. polygyrusinfection is first dominated by
a type 2 immune response before development ajdatry response (Finney et al., 2007).

As opposed to filarial nematode species suclDashocercaspp. andBrugia spp. that do not
complete their lifecycle in mice, the filarial netodelL. sigmodontiss a natural parasite of the cotton

rat Sigmodon hispiduand succesfully completes its cycle in BALB/c micesigmodontid 3 larvae
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are transmitted by mite bites but subcutaneoustioj can also be used for infection. Larvae then
migrate via lymphatic system and reach serous ieav{pleural cavity) in 3 to 6 days. There, they
mature, molt and become adults by day 25-30 pdestiion. Filarial worms are ovoviviparus, adults
sigmodontisreleasing microfilariae (the first larval stagdjat will invade the blood circulation,
whereupon they can be ingested by their intermedtiast in which they then mature in L1 larvae and
further develop to reach the infective L3 stageffidann et al., 2000).. sigmodontisnduces a type 2
immune response, however, certain naturally ind@etesistant strains develop a mixed type 1 — 8/pe
response (Babayan et al., 2003). The presenceagdatory response in BALB/c mice drive their

susceptibility (Taylor et al., 2005).
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Figure 3. Graphical representation of the life cycles obkworms (humanNecator americanusr Ancylostoma
duodenalemouseNippostrongylus brasiliensisndSchistosoma mansorirom (Rolot and Dewals, 2018).
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1.3.2 Trematodes

Studies of immune responses against trematodesmastty focused oSchistosomapp. parasites.
S. mansonis the species most studied within the gebcisistosomaAs a trematode, it has an indirect
life cycle with a freshwater snail as its internagdihost. Eggs are excreted in the faeces ofrihkHbst
and hatch in contact with water. The ciliated lavealled miracidia, thus released reach and paeetr
the intermediate host. The larvae then developsptrocysts and begin to reproduce asexually. Four
to 5 weeks after infection, the snail begin toaskelarge numbers of cercariae, the larval infecttage

for vertebrates. Cercariae penetrate the finalfig&in, transform into a schistosomula and reaeh t
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circulation within 48 hours. They then migrate ffiterough the lung and then within the systemic
circulation to reach the portal system and the miesie vessels. There, adults live for up to 30ryes

a a mating pair, the long and thin female lyingmwitthe gynaecophoric canal of the shorter butgarg
male. Egg laying begins 4 to 6 weeks after infectiéggs are laid in the mesenteric vein and burrow
their way through the intestinal wall to reach thmen and be excreted in the faeces. However, a
significant proportion of eggs are swept away kgy/titood flow and get trapped in the liver whereythe
elicit a strong type 2 granulomatous inflammatiéhgh and Wynn, 2011; Gryseels et al., 2006; Walker
2011) (Figure 3). Inflammation as well as tissuendge and remodeling elicited in reaction to the
worms’ eggs are responsible for the main clinicans including diarrhoea, hematochezia,
hepatomegaly, splenomegaly, ascites or hematudbefCet al., 2014)In the first weeks of infection,
the immune response is dominated by a type 1 regguowever with onset of egg laying, it is surpdsse
by the emergence of a strong type 2 immune respdmdeed, the eggs are strong inducers of type 2
immune responses (Grzych et al., 1991; Pearce,et%1; Pearce and MacDonald, 2002; Vella and
Pearce, 1992). More precisely, the secreted glytejpr omega-1u§-1) from S. mansonéggs and also
found in solube egg antigens (SEA) mixture, is ofithe main driver of type 2 immunity (Everts et al
2009; Steinfelder et al., 2009). After a peak atuad 8 weeks post-infection, the type 2 immune

response is then downmodulated.

S. mansoncercariae successfully infect mice percutaneoasty complete the entire life cycls.
mansoniinfection of laboratory mouse is well-described &xas previously been used as a model for
human pathology (Fallon, 2000). To study the immtesponse restricted ®. mansoneggs, eggs
collected from infected livers can also be used doect immunization. A first sensitization by
intraperitoneal (ip) injection of eggs, followed &y intravenous injection 14 days later leadsrtubast
formation of granulomas in the lung (Joyce et2012). Injections of SEA an-1 can also be used to

induce strong type-2 immune responses in mice (getral., 2009).

1.3.3 Cestodes

Cestodes have a strict indirect life cycle. Eggmiekated in the faeces of the final host are inggst
by the intermediate host (arthropod or vertebrdgpending on the species) and larvae (oncospheres)
develop into metacestodes after tissue migratimgedted metascestodes lead to the formation of adul
worms in the intestine of the final host. Alternaty, when humans ingest eggs Df soliumor
Ecchinococcuspp. they develop metacestodes in various tissues.

The human parasitddymenolepis diminutandH. nanaalso productively infect mice. Both the

intestinal adult and metacestode stages are stubhedntestinal adult stage is achieved by orahge
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of metacestodes and metacestodes can be studiedfeltowing ingestion of eggs or by direct inject
of metacestodes (Ito et al., 1988; McKay et al9@)9

Taenia soliums responsible for human cysticercosis, and mousdels include the intraperitoneal
or intracranial injection oMesocestoides cortir T. crassicepsnetacestodes (Alvarez et al., 2010;
Cardona et al., 1999; Terrazas, 2008). The paatiitylto reproduce asexually in the metacestodgesta
is used in biological modelst. crassicepdarvae injected in peritoneal cavity cause lorgjHey
infection and reproduce by asexual budding. Anyeigghe 1 immune response at the infection site is
shifted to a mixed type l/type 2 response with potion of both IFNy and IL-4 (Toenjes and Kuhn,
2003; Toenjes et al., 1999).

Intraperitoneal injection of proscoleces extradi@in E. multilocularisor E. granulosushydatid
cysts leads to formation of cysts and is usedudystystic echinococcosis (Ma et al., 2016; Wang et
al., 2016) E. granulosusnduce an initial type 2 immune response whichngiea to a more mixed type
1/2 later on (Dematteis et al., 1999).

1.4 Immune response to helminths

1.4.1 Orientation of the immune response

For several reasons, helminth infections may remtess challenge for the host immune system. First,
the helminth size amply surpasses that of immulg, ceaking direct phagocytosis impossible. Instead
killing of helminth larvae has been shown to bei@eddin vitro by accumulation of eosinophils around
their target (Buys et al., 1981; Patnode et all420Secondly, the host immune system must betable
deal with the different life cycle stages of thegsite (eggs, larvae or adult worms) against wtheh
development of different responses may be neededddlition, as helminths often establish chronic
infections in which elimination of the parasitenist possible, tolerance mechanisms often develop to
dampen unsuccessful excessive inflammation andteddll damages. Furthermore, numerous helminths
are characterized by a multi-organ migration phabe&h is often associated with tissue damage.
Immune responses aimed at containing parasiterantiintaining tissue integrity are therefore
needed. For these reasons, immunity to helmintbctidns is a fine equilibrium between parasite
containment and/or elimination (control) and mirdation of collateral damages associated with

inflammation (tolerance).

The immune system is composed of numerous elengittigr cells or molecules. These elements
can be enrolled in an important variety of mechasisThanks to this variety, the immune system

response can be precisely shaped to face spduifiats. As illustrated in figure 4, the orientatiaf
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immune responses are classified based on*D¥mphocyte polarizations, each orientation being
characterized by typical cytokines and transcripfectors and associated with particular pathokgic

Functions
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Figure 4 : Polarization of T helper cell responsessummary of the different orientations that CO4cell can
adopt during activation by their cognate antigémsesponse to cytokine environment. Each subtypgelst" T
cells expresses a specific transcription factaydpces a particular set of cytokines and displagsific effector
functions. Adapted from (Bonelli et al., 2014)

As rapidly replicating intracellular pathogens,uges typically induce type 1 immunity that is based
mostly on pro-inflammatory and cytotoxic factoraucB response appears unsuitable to deal with
macroparasites for the reasons listed above. lhstead despite their wide diversity, helminth infeas
are consistently associated with type 2 immunityclWwimajor characteristics are anti-inflammatory and
wound-healing properties. As discussed in the sextion, the type 2 immune response is mostly
associated with protection against helminth infactiA protective role for type 2 immune responses
was also found against venoms (Marichal et al. 32@hIm et al., 2013). However, similar responses
may also be deleterious when they develop agaorstailly harmless substances and mediate allergic

pathologies (Holgate, 2012).

In type 2 immunity, CD4 T helper lymphocytes are commited towards a Th/a&@n state
characterized by the expression of transcripti@iofaGATA-binding protein 3 (GATA-3) and signal
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transducer and activator of trancription(STAT)-5a6 and by the production of type 2 cytokines
interleukin(IL)-4, IL-13, IL-5 and IL-9. The type Bmmune response also involves secretion of
immunoglobin(lg)E and IgG1 by B lymphocytes andu@enent and activation of innate immune cells
such as eosinophils, alternatively activated matagps (aald), basophils, mast cells or group 2 innate
lymphoid cells (ILC). These elements will also puod type 2 cytokines, participate in initiation and
maintenance of type 2 immune responses and, thrahbgin effector functions, induce typical

pathological changes associated with type 2 immu(étg. smooth muscle contractility, mucus

hyperseretion, tissue remodeling).
1.4.2 Initiation of helminth-induced type 2 immunity

An immune response against a pathogen is induced rgrognition of typical molecular patterns
by pattern recognition receptors (PRR), amongstiwimembrane-bound toll-like receptors (TLR) or
C-type lectin receptors (CLR). PRRs, harbored bgia immune cells, recognize various sets of foreig
or anormal molecular patterns associated with trdacwith different classes of microorganisms.
Recognition of these pathogen- or danger-associatdécule patterns (PAMPs or DAMPS) by innate
immune cells will lead to production of signalsttiall tailor the immune response. These molecular
features, their signalling pathways and the charatics of the response they induce are well desdr
for type 1/type 17 responses against viral, baadteri fungal infections but much less is known abou
induction of type 2 immune responses, especialinduhelminth infections (lwasaki and Medzhitov,
2015). Nevertheless, several PRRs have been ingdiéa the recognition of helminth products and
molecular patterns from both parasite surfaceseantetory-secretory (ES) products are susceptible t
be recognised by PRRs (White and Artavanis-Tsak@td?). Products from various helminth species
such asS. mansoniT. spiralis N. brasiliensisor L. sigmodontianay notably signal through TLR2,
TLR3 or TLR4 (Aksoy et al., 2005; Pellefigues et &017; Rodrigo et al., 2016; van der Kleij et al.
2002; Zhang et al., 2018). Shared motives in helmgtycans are not commonly found in vertebrates.
They constitute targets for the host immune systamh have been identified to drive type 2 immune
responses (Okano et al., 1999; Prasanphanich @0aB; White and Artavanis-Tsakonas, 2012). Thus
C-type lectin receptors (CLRs) have been suggdstedpresent major PRRs in the case of helminth
infections (Vazquez-Mendoza et al., 2013). In adaoce with this, numerous molecular patterns from
helminth carbohydrates are recognized and inte®@lby CLRs, notably dendritic cell (DC)-specific
intercellular molecule-3-grabbing non-integrin, mgahage galactose-type lectin or mannose receptor
and trigger immune signals (deSchoolmeester eR@Q9; Everts et al., 2012; Hussaarts et al., 2014;
van Die et al., 2003; van Liempt et al., 2007; Vdiet et al., 2005).
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Antigen-presenting cells amongst which DCs are the principal representaetthe link between
the innate and the adaptive immune responses. fidieiin presentation of captured foreign antigens
adaptive cells, along with production of costimigat signals, leads to activation and importantly
polarization of lymphocytes that specifically reatzg the pathogen against which the responserig bei
mounted. Thus, DCs not only play a role in actmatf the adaptive immune response, they also shape
this response depending on the signals they reegigeare thereby a key factor in its adequacyédo th
risks presented by a particular pathogen. To betalkdhduce a T cell response, DCs recognize, pgoce
and present foreign antigens sampled from theirenment and undergo maturation events such as
upregulation of class Il major histocompatibilityraplexes (MHC), costimulatory molecules (CD40,
80 and 86) and production of pro-inflammatory cymels, which help drive T helper lymphocytes
polarization. DCs clearly participate in the patation of T lymphocytes during helminth infections,
since it has been shown that the Th2 responsesiganmeral helminth infections is impaired in mice
devoid of CD11¢cells (Phythian-Adams et al., 2010; Smith et2012; Smith et al., 2011). Moreover,
DCs stimulated with helminth products induce Thi2edéntiation in vitro or in vivo, indicating that
DCs are sufficient to drive Th2 polarization (Badital., 2004; MacDonald et al., 2001; Smith et al.
2012; Whelan et al., 2000). On the contrary, theet innate immune response is not affected by
CD11c¢ cells depletion (Smith et al., 2012). Surprisinghelminth products mostly fail to induce
classical signs of DCs maturation such as upreigulaif CD40, 80 or 86 (MacDonald et al., 2001;
Whelan et al., 2000). Helminth products rather apge have a role in rendering DCs refractory to
conventional type 1 stimulation. For example, thaye a striking inhibitory effect on type-1 polang
capacities of DCs, countering LPS-induced proinftatory activation (Kane et al., 2004; Rodriguez et
al., 2015; van Liempt et al., 2007) and suppreskintY production from DCs (Balic et al., 2004; @er
et al., 2004; Kane et al., 2004). It is thought thaabsence of Thl priming signals, DCs spontaskou
induce Th2 differentiation. Consistent with an hitory role of helminth products on DCs, CLR
detection ofw-1 from S. mansonBEA is not sufficient to polarize towards a typarZnune response
but needs its RNase activity. After internalizatidepending on its glycosylation;1 impairs protein
synthesis in DC in a RNase-dependent manner (Eeerdd., 2012). However, the DC response to
helminths is not limited to a « deactivation » std&olarization of Th2 cells by DCs is associatét w
activation of several pathways. It was notably shtvat NFkB1 pathway, STAT-5, IRF4, upregulation
of Notch ligand Jagged-2 or OX40L are involvedhe ability of DCs to polarize Th2 differentiation
(Artis et al., 2005; Gao et al., 2013; Ito et 2005).

Helminths have an important damaging action onhbst tissue. Injured barrier sites such as
epithelial cells release cytokines namadrmins that act as potent inducers of type 2 immune
responses. Moreover, induction of type 2 immuneaoases is typically observed in tissue or cellular
damaging circumstances: physical wounds, expositi@liergens or venoms enzymes (Kheradmand et
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al.,, 2002; Palm et al., 2013), inert particles (M&et al., 2011b) or adjuvants (alum) (Gause .et al
2013; Kool et al., 2011). Early events in the indut of anti-helminth responses include the seoreti
of the epithelial cytokines thymic stromal lymphagion (TSLP), IL-33 and IL-25 which are involved
in initiating type 2 immunity including stimulatiasf ILC2 and Th2 CD4lymphocytes to produce type

2 cytokines (Fort et al., 2001; Ito et al., 2008h®itz et al., 2005). The relative importance afsi
cytokines in type 2 immune responses depends dmelih@nth species involved and on the localization
of the response (Harris and Loke, 2017), in addigieidence indicates that they may have redundant o

synergistic roles (Vannella et al., 2016).

IL-33 is released during cellular necrosis, and is foeeerelevant in helminth-induced tissue
damage, but can also be secreted by living cetls as8 macrophages (Mirchandani et al., 2012; Ohno
et al., 2009). Signalizatiovia its receptor IL-33R/T1/ST2 has been shown to plagle in inducing an
optimal type 2 immune response (Humphreys et @082Schmitz et al., 2005; Townsend et al., 2000).
IL-33 is an actor in the protection against sevhedininth infections (Ajendra et al., 2014; Hungkt
2013; Scalfone et al., 2013) but could also beliraabin exacerbation of type 2 pathologies assediat
with helminth infections (Du et al., 2013; Yu et,&015). Many cell types from both the innate and
adaptive immune system express IL-33R and respphid33 stimulation (Lott et al., 2015). Moreover,
conditionning of DCs by IL-33 has been shown touicel Th2-like and Treg polarization in CD%
cells (Matta et al., 2014; Rank et al., 2009). Nbakess, typical consequences of ILi38ivoinjection,
such as eosinophil infiltration, goblet cell hypegia and airway hyperreactivity, also occur in
recombinant-activating gene(Rag)-deficient mice @ et al., 2008), and are thus T cell/B cell
independent. In line with these observations, tlo¢egtive role of IL-33 in helminth infection hasdnm
shown to be mediated by ILC2 that express highl$eokIL-33R (Bouchery et al., 2015; Neill et al.,
2010) and macrophages (Yang et al., 2013).

IL-25 (or IL-17E) is involved in early production of tg@2 cytokines (Fort et al., 2001) and is
essential for protection against several nematbd#oh et al., 2006; Owyang et al., 2006; Pei et al
2016; Price et al., 2010; Zaiss et al., 2013) emttode infections (Mufioz-Antoli et al., 2016)
independently of the presence of lymphocytes (Radibal., 2006). Initially, IL-25 was shown to be
expressed by Th2 cells (Fort et al., 2001) but meckata comprehensively identified tuft cells, an
intestinal epithelial cell subset as the main sewflL-25 in naive mice (Gerbe et al., 2016; Hawit
al., 2016; von Moltke et al., 2016). Tuft cells bdween shown to constitutively produce IL-25 but no
IL-33 or TSLP. Furthermore, during. brasiliensisnfection, tuft cells appear to be the main sowfte
IL-25 in the intestine. At steady state, IL-25 s#ed by intestinal tuft cell induces the producidml-

13 by ILC2, which in turn maintains intestinal tufells numbers. This homeostatic mechanism is
amplified by helminth infections, leading to incsed production of IL-13 by ILC2 and intestinal tuft
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cell accumulation. It has been shown that througldyction of IL-25, tuft cells are the central acvd

the induction of type 2 immune response and th&eption against intestinal nematodes (Gerbe et al.,
2016; von Moltke et al., 2016). Thus, it has besyppsed that similarly to PRR-dependent activation
of innate immune cells, tuft cells could be trigggeby detection of parasite presenie their taste
receptors (Howitt et al., 2016). Although the statrain fatty acid succinate produced during infecti
with the protozoarritrichomonasspp. is sufficient to induce tuft cell expansidrhowever remains

unknown how helminths do trigger tuft cells activat(Nadjsombati et al., 2018; Schneider et al1L0

TSLP secretion by epithelial cells is induced by medterinjuries or protease detection (Kouzaki
et al., 2009; Oyoshi et al., 2010). Mast cells badophils are also a potential source of TSLP durin
type 2 immune responses (Sokol et al., 2008; Sdaraedal., 2002). It is a central factor in indoctiof
type 2 immune responses during allergic airwayamfhation (Zhou et al., 2005) but its requirement
for induction of type 2 immune responses duringrtiedh infections is highly variable, from essential
during T. murisinfection (Taylor et al., 2009a) to dispensablaiagtH. polygyrus(Massacand et al.,
2009). The main target of this cytokine are DCs (&f al., 2007). Signalling of TSLP on DCs involves
the transcription factor STAT-5 (Bell et al., 201B)duces OX40L and prevents expression of type-1
polarizing cytokines interferon(IFN)-and IL-12p40. OX40L expression by DCs trigger Td¢ells
differentiation only if IL-12 is not present. Thuwough increased OX40L expression and decreased IL-
12 production, TSLP-activated DCs allow commitmehil cells towards Th2 activation (Ito et al.,
2005). TSLP has been shown to be dispensable ddripglygyrusandN. brasiliensignfections, since
they both secrete products with equivalent eff@disssacand et al., 2009). There is also evidencea fo
direct action of TSLP on CD4 cells for induction of Th2 cells (Omori and Zieg 2007).

Other molecules such as uric acid or extracellAlBP are associated with tissue damages and are

potent inducers of type 2 immune responses (Koal.e2011; Kouzaki et al., 2011).

ILC2s can be activated by alarmins to secret large atsafriype 2 cytokines IL-5 and IL-13. The
expansion of ILC2s is a hallmark of helminth infens (Nausch and Mutapi, 2018). Interestingly, riL-
25 treatment olN. brasiliensisinfected Rag-deficient mice renders this suscéptitrain resistant
through an action on ILC2s (Fallon et al., 2006¢éet al., 2010). However, expulsionnfbrasiliensis
requires the presence of both lymphocytes and lisigballing on ILC2s in the absence of treatment
with rIL-25 (Neill et al., 2010). Furthermore, IL52and IL-33 expression durird, polygyrusinfection
helps worms expulsion in wild-type (WT) but not Raeficient mice (Zaiss et al., 2013). Interestingly
while induction of IL-4 production by IL-25 requitethe presence of lymphocytes, IL-25 or IL-33
treatment of Rag-deficient mice still induces figant IL-5 and IL-13 production as well as

histological changes (Fort et al., 2001; Moro et2010). These data indicate that ILC2s play draén
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role in the induction of the type 2 immunity agaihglminths but may not be sufficient to mediate
critical effector functions leading to worm expuisi

A role in the induction of the type 2 immune resg®mwas also proposed for other immune and non-
immune cell types. In responseNobrasiliensignfection, neurons from the submucosal plexusetecr
neuromedin U which is a strong and fast inducdypé 2 cytokines production by ILC2s and has been
shown to play a role in efficient parasite expulsi@ardoso et al., 2017; Klose et al., 2017). Mad#is
are essential for induction of type 2 immune resgsrafteH. polygyrusor T. murisinfection, with the
ability to respond to extracellular ATP and a ltakproduction of IL-25 and IL-33 stimulating 1L-13
production from ILC2s (Hepworth et al., 2012; Shkawa et al., 2017). Basophils may also represent
an early source of IL-4 (Gessner et al., 2005)eétj besides the classical IgE-dependent activation
they also respond to IL-33, TSLP, proteases or8Lstimulation (Kondo et al., 2008; Phillips et al.,
2003; Siracusa et al., 2011; Yoshimoto et al., J98#milar to IL-33, IL-18 precursor is present in
epithelial cells and can be released from dyindscdll-18 is also expressed by macrophages and
dendritic cells (Dinarello et al., 2013). Furthemeoeosinophils, basophils and mast cells mighaact

antigen presenting cells (Kambayashi and Laufet420

The initiation of type 2 immunity involves an irdate network of interactions that is summarized in
figure 5. The multiple paths leading to type 2 inmityiinduction reflect the variety of stimuli resalg
in the initation of such response. Identifying kKey factors involved in the initiation of type 2nmune
responses during helminth infection is a complek tanainly due to the redudancy within the immune
system (Allen and Maizels, 2011). As an examBlenansonb-1 has been identified as the main driver
the Th2 response agair$st mansoneggs. However, despite an impaired capacity tdition DCs to
induce Th2 differentiatioin vitro, o-1-depleted SEA was still able to induce type 2 imeresponses
in vivo, highlighting the existence of more complex meddm@s in vivo (Everts et al., 2009).
Furthermore, induction mechanisms are likely toyvdepending on helminth species and tissues

involved.
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Figure 5 : Induction of type 2 immunity against helminths.Helminth infections can trigger several pathways
leading to initiation of type 2 immunity. DCs playcentral role in the initiation as they can diyedetect helminth
molecules, migrate to draining lymph nodes andurestCD4 T cells to adopt a Th2 phenotype. DCs capacity to
stimulate Th2 differentiation is also influencedadgrmins such as TSLP. Th2 cells secrete large araad type

2 cytokines IL-4, IL-13 and IL-5 and sustain B safiotype switch towards production of IgE and Ig&larmins
induce activation of other type 2 immune mechanisk32, which produce IL-5, 13 and 4, are stimutalbey IL-

33 released by damaged epithelia, IL-25 releasadfbgells or neuromedin U secreted by neurores|atter two
being able to sense helminth products. Other gpég such as mast cells or basophils also respoathtmins
(extracellular ATP, TSLP or IL-33) and are an earlyrse of IL-4. ATP, also released during tissue damag
stimulates mast cells to produce IL-33, furtheivating ILC2. Mast cells degranulation is also stlated by IgE
binding or IL-9 secreted by both ILC2 and Th2 cdlls5 from ILC2 and Th2 cells attract and expandiaophils
that in turn (like basophils) secrete IL-4 to sust®h2 responses. IL-4 and 13 promote differerdiatof
macrophages in alternatively activated macrophéagdp). Cytokine and immune mediators secreted by afieh
cells promote parasite expulsion and wound healing.

EC = epithelial cell; TC = tuft cell; GC = gobletlt DC = dendritic cell; ILC2 = type 2 innate lymgid cell;
Baso = basophil; MC = mast cell; Eos = eosinogalp = alternatively activated macrophage; TSLP = thymic
stromal lymphoietin; NMU = neuromedin U; IL = inkeukin; LN = lymph node.

Based on (Gause et al., 2013; Hammad and Lamb@@h®, Harris and Loke, 2017)

1.4.3 Effector functions of type 2 immune responses

Anti-helminth immune responses are aimed at elitimgahelminths (either by killing or expelling
them) to reach sterile immunity whenever possilo)emmre frequently, to keep the parasite burdem to

minimum and to mediate tolerance. Besides, antisimith immune responses must deal with tissue

27



Introduction

damage. Canonical type 2 cytokines IL-4 and -13cardral players of maintenance and amplification
of type 2 immune responses as well as mediati@ifettor functions. Signalling of both IL-4 and IL-
13 is dependent on expression of ILeM€D124), either in combination with commechain §c, IL-
2Ry or CD132) to form type | IL-4 receptor or with I3Rul to form type Il IL-4 receptor, and is
transduced via phosphorylation of STAT-6 (Figure®)e commory chain and therefore type | IL-4
receptor is mainly expressed on hematopoietic aallisspecifically binds IL-4. Non-hematopoietidsel
express high levels of IL-13R and only low levels ofc, therefore mostly expressing the type Il IL-4
receptor which can bind both IL-4 and IL-13. Myeéla@kells express both types of IL-4 receptor (Jlatti
2018). IL-13 also bind IL-13&2 with high affinity. IL-13Ri2 can act as a secreted decoy receptor to
neutralize IL-13 but also has a role as a cellaagfreceptor. Signaling of IL-13 on IL-18Rinduces
activation of TGFB1 promoter and promotes fibrosis (Fichtner-Feighlet 2006). Thus, while these
cytokines have overlapping functions, they also iatedspecific functions. As proven in different
settings using IL-4-antibody complexes (IL-4c) treant or mice deficient for IL-4, IL-13, STAT-6,
and/or IL-4Ry, protection against helminth infections requirbe torrect development of type 2
immune responses with a central role for IL-4 abd 3 (Bancroft et al., 1998; Brunet et al., 1997;
Finkelman et al., 2004; Herbert et al., 2004; McKeret al., 1999; Urban et al., 1995; Urban et al.,
1998).

IL-4@ IL-13@ ) )
Figure 6. IL-4Ra-dependent alternative macrophage

activation during helminth infection. Type 2 innate and
adaptive immune cells produce the cytokines IL-d an
IL-13 after exposure to parasitic helminths. In the
laboratory mouse, these cytokines induce @aihich
are characterized by the upregulation of signagerees.
IL-4Ra, IL-4 receptor alpha chaing, common gamma
chain; IL-13Ru1, IL-13 receptor alpha 1 chain, IL-
13Ru2, IL-13 receptor alpha 2 chain (sIL-18R
secreted form); STAT-6, signal transducer and aitiva

stare [ Argt of transcription 6;Mrcl, mannose receptor (CD206);
,gg'tl:,a Argl, arginase 1Chil3, chitinase-like 3 (Ym1)Retnlg
Pdcd1lg2 resistin-like molecule alpha (Relo); Pdcdllg2

programmed cell death 1 ligand 2 (PD-L2). From (Rolot
and Dewals, 2018).

Response
to parasitic helminths

Cells from both innate and adaptive immune systeomperate in a complexe network to sustain
induction, maintenance and effector function of tigpe 2 immune response (Figure 5). Each
contributing cell type produces cytokines and imilaatory mediators to activate or enhance other
immune cell functions or to instruct non-haematepoicells such as epithelial or smooth musclescell
to mediate effector functions. While Th2 cells seen as the central actor of type 2 immune response
innate immune cells do not only initiate Th2 diffetiation, but they also directly participate in
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protective effector functions, some of which camzliated even in the absence of lymphocytes (Gause
et al., 2013; Kondo et al., 2008).

Different strategies are developed by the type éhime response to defeat helminth infection,
including the so-called “weep and sweep” respoimpairment of parasite fithess, wound repair (and

parasite encapsulation) and regulation of excessflammation.

In the digestive tract, parasite clearance is ifat#d by the'weep and sweep”response, which
includes increase of epithelium permeability, mupusduction, epithelium turn over and smooth
muscle contractility to sweep out the worms preserthe lumen. The responsiveness of intestinal
epithelial cellto type 2 cytokines IL-4 and -1Zcisicial in this response (Gerbe et al., 2016; Hirdste
al., 2009; Urban et al., 2001). IL-13 particulatas an important impact on worm expulsion, it
stimulates goblet cell hyperplasia and drives onatpction of mucus (McKenzie et al., 1998). Inceeas
of permeability of intestinal epithelium, induced type 2 cytokines, also contributes to the “werg@ a
sweep” response (Finkelman et al., 2004; Maddah,£2004). Through secretion of immune mediators
containing proteases, mast cells mediate the datjoamdof tight junctions and modify epithelium
permeability (McDermott et al., 2003). Mast cellg aritically involved in the expulsion of certain
helminth species (Knight et al., 2000; Sasaki £t24105). IL-13-driven increase in intestinal epltal
cells proliferation and migration along crypts agyiT. murisinfection is associated with increased
resistance to the parasite. This process is edlya@kevant for a parasite such &smuriswhich lives
partially buried in the intestinal epithelium (Géfet al., 2005). IL-4 and IL-13 increase the cadctite
capacity of smooth muscle cells favoring intestimalminth expulsion (Horsnell et al., 2007; Zhao et
al., 2003). Interestingly, during helminth infeetismooth muscle cells interact with other component
of type 2 immunity and impact on goblet cell hypagma and type 2 cytokines production (Horsnell et
al., 2007).

Type 2 cytokines stimulate the intestinal epith@lito produced effector molecules thiatpair
parasite fithess While Muc?2 is physiologically produced in thedatine, Muc5ac is only produced
during inflammation. When Mucbac is produced, tbeopity of the mucus network is decreased and
affects worm viability inT. murisinfection (Hasnain et al., 2011). Modificationtine composition of
mucus can increase the barrier between luminal waand the intestinal epithelium, impairing the
capacity of worms to feed on epithelial cells (Bams and Sukhdeo, 2001). However, Mucbac appears
to directly act on the parasite to alter its vidpi(Hasnain et al., 2011). Resistin-like molecRelm)-

B is expressed by goblet cells in response to Ibdlla-13 and interferes with a worm’s chemosensory

organs hampering its nutrition, fecundity and Jiapi(Artis et al., 2004; Herbert et al., 2009).

Impairment of worm fitness is also mediated byage(Arg)-1, secreted by aaMArg-1 metabolizes
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L-arginine and produces L-ornithine which helpsrappingH. polygyruslarvae by directly impacting
their motility (Anthony et al., 2006; Esser-von Bia et al., 2013).

Eosinophils, neutrophils and macrophages are abimddiate arantibody-dependent cellular
cytotoxic reaction. Antibody-coated worms are recognized by the Fepwtor of these cells and
mediates release of toxic molecules which direkillylarvae by secretion (O'Connell et al., 2011;
Venturiello et al., 1993, 1995). Release of extitata traps by these cells has also been proptsed
help with the killing process by trapping larvae(Be-Année et al., 2014). The role of eosinophils i
protection is not straigthfoward, some evidencécitgs a role for protection (Huang et al., 201inS
et al., 1997; Vallance et al., 2000), however emsiils may not be an absolute requirement anchen t

contrary, may sometimes protect larvae (Gebreselassil., 2012).

The type 2 immune response is associatedwattnd healing(Gause et al., 2013; Seno et al., 2009)
which is essential to maintain tissue integrityidgrhelminth infection. Type 2 immune response-
mediated tissue healing is especially importantresj@amaging migrating larvae (Chen et al., 2012a)
or to avoid bacterial contamination from the intest(Herbert et al., 2004). In addition, productafn
toxic enzymes may need to be contained by the fiiomaof granulomas to protect the healthy
surrounding tissue (Herbert et al., 2004). Wouralihg critically depends on IL-13 through induction
of fibrosis (Fallon et al., 2000; Fichtner-Feiglatt, 2006). Macrophages respond to IL-13 and secre
various effector molecules involved in fibrosis.rig metabolization of L-arginine, Argl secreted by
aaMp produce proline, a component of collagen (Wynm40 Matrix metalloproteinases regulate
matrix degradation. Other aavterived products, such as T@Rand Relme, act directly on fibroblasts
to stimulate collagen formation (Gieseck et al1&0 It is noteworthy that direct IL-4Rsignalling on
fibroblasts may be critical for fibrosis (Giesedkag, 2016). Insulin-like growth factor 1 expreddsy

aaMp has also been implicated in restoration of tisetegrity (Chen et al., 2012a).

Amphiregulin has been shown to be important fotregium integrity (Monticelli et al., 2011). This
epidermal growth factor-like molecule can be sextdby various cell types (basophils, mast cells,
neutrophils, ILC2, CD4T cells) in a context of type 2 immune responsebia a factor off. muris

resistance (Zaiss et al., 2006; Zaiss et al., 2045aH. polygyrusexpulsion (Minutti et al., 2017b).

Thus, the type 2 immunity is mostly associated witlieased protection against helminth infection.
However, some helminth-associated pathologiedrated to a deleterious aspect of the type 2 immune
responses. Unlike in nematode infections, protaciigainstS. mansoninfection is not dependent on
parasite expulsiors. mansonadult worms persist for years within their hostgdRee and MacDonald,
2002) and mice with higher survival rates can harldonumber of worms similar to more susceptible
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strains but show decreased egg-induced inflammé@tierbert et al., 2008; Pesce et al., 2009a; Vanel
et al., 2014). Thus, protection against schistoasimirather depends on the control of egg-induced
inflammation. The type 2 immune response, not&idysignalization through IL-4& is essential for
survival during schistosomiasis through its cagaoit down-regulating the tissue-damaging type 1
inflammatory immune response, supporting the sldtédrmation of granulomas around eggs that
sequester toxins and promoting wound healing tarertissue integrity (Brunet et al., 1997; Herlsrt
al., 2004; Herbert et al., 2008; Jankovic et a99). During chronicity however, type 2 immune
responses and in particular IL-13 also lead to tiefirosis which is an important complication in
schistosomiasis and is responsible for major symptChiaramonte et al., 1999; Ramalingam et al.,
2008). When IL-13, but not IL-4, signalling is impad, an important reduction of hepatic fibrosis is
associated with increased long-term survival (Fadlbal., 2000; Ramalingam et al., 2008). However,
given the counter-regulatory role of type 1 ancetZammune response on each other, blocking of part
of the type 2 immune response lead to deleteriocreased in type 1 immune response. Blocking both
IL-13 and IFNy avoids this problem. (Ramalingam et al., 2016).

In some cases, a type 1 rather than a type 2 immaspense is beneficial for the host. The immune
response is skewed towards a type 1 immune resphunms® the first weeks db. mansoninfection
and a strongly polarized type 1 immune responssssciated with increased resistance to reinfection
by S. mansoncercariae (Wynn et al., 1996). The type 1 immursponse also mediates protection

against larval stages of crassicepinfection (Rodriguez-Sosa et al., 2004).

1.4.4 Helminth induced immune modulation

Numerous helminths establish chronic infection withinducing any overt pathology or killing their
host. This coexistence is possible because helmimive developed immune-regulatory elements to
bias immune responses and prevent elimination amdunopathologies. Indeed, asymptomatic but
chronicaly infected patients harbor a strong redgwaresponse that is not present in patients that
develop overt pathologies. Furthermore, developrokpathology is associated with a strong and more
effective type 2 immune response leading to a lom@m burden (McSorley and Maizels, 2012). In
other words, regulatory immune responses may befioéa for both the parasite and its host.
Elimination of helminths by chemotherapy often testimmune responsiveness, thus proving evidence
for an active role of helminth in the suppressiéinomune responses (Grogan et al., 1996; Passeri et
al., 2014; Sartono et al., 1995).

With the need for controlling potential excessivepdification of type 2 immune response, leading
to immunopathologies, helminths actually often iel&c “modified” type 2 immune response. This

response combines type 2 with regulatory immunmetes and is associated with chronic infections.
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Helminths can, for example, induce expression ef0Land transforming growth factfr{TGF{§),
playing an important role in the control of inflaration and in the downregulation of type 2 (as wasl!
type 1) immune responses, impairing helminth elation (Worthington et al., 2013; Wynn et al., 1997)
TGF has been shown to promote expansion of Foxp8ulatory T cells (Tregs) during helminth
infection, Tregs being in turn a source of antlanfmatory functions and their expansion is coreslat
with long-term persistence of helminth infectionsl@ontrol of immunopathologies (D'Elia et al., 200
Taylor et al.,, 2009c; Turner et al.,, 2011). Stritin some helminths produce their own TGF-
homologues (Johnston et al., 2017). DCs are indolivethe induction of Tregs, some helminth
signalling pathways on DCs can lead to their abtlit promote Tregs while some DC subpopulations
appear to specifically induce Tregs (Rodriguezl.et2@17b; Smith et al., 2011; van der Kleij et al.
2002). Induction of co-inhibitory molecules CTLA@ PD-1 on T cells is also associated with
dampening Th2 cell responses and reduced helmamttiat (McCoy et al., 1997; van der Werf et al.,
2013). Development of an anergic phenotype in CD4cells can also be mediated by repeated
stimulation of these cells indicating a physiol@jicesponse of immune cells to chronic antigen

stimulation rather than any specific effect of gahogen (Taylor et al., 2009b).

Likewise, regulatory elements can be triggeredddynimths at the level of innate immunity as well.
H. polygyruselicits production of IL-B, which decreases IL-25 and -33 production earlyindu
infection, impairing parasite expulsion (Zaisslet2013).

Besides induction of regulatory elements of the ims response, helminth products actively
obstruct the immune response that they elicit: @tidn of immune cell apoptosis (Guasconi et al1,20
Serradell et al., 2007), degradation of immunoglioisu(Berasain et al., 2000), alteration of antigen
presentation competence of macrophages (Robinsah,2012), blocking of cytokine release and
activation pathways, including small RNA deliveBugck et al., 2014; Osbourn et al., 2017) or inldiit

of mast cell degranulation (Melendez et al., 2007).
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2 Macrophage activation and functions during helminthinfection

2.1 Origin of macrophages

Macrophages are innate immune cells, which wetéilyi described mainly by their phagocytic
properties, although the function of these cellesgbeyond a mere role of engulfing invading micro-
organisms and clearing dead cells and debris. Ndhages are highly plastic. They respond to their
environment to adapt and ensure tissue homeogtastis at steady state and during inflammatory
processes), and sustain suitable immune respomgpially, macrophages have been thought for
decades to originate from circulating monocytesntbelves arising from bone marrow precursors (van
Furth et al., 1972). However, it is now clear that all macrophages populations comply with this
general assumption. The existence of an altern&il®mne marrow in the origin of macrophages was
evidenced in two circumstances: the first one comgetissue resident macrophages at steady state and

the second one the origin of inflammatory macrogisaduring the type 2 immune responses.

Fate mapping experiments in the mouse model haaxédad evidence thaesident macrophages
are established in the different tissues, includi@gpus cavities, by embryonic hematopoiesis frotk y
sac and fetal liver precursors during organogenasit shortly after birth (Perdiguero et al., 2015;
Schulz et al.,, 2012; Yona et al., 2013). They dnaracterized by their ability to self-renew by
homeostatic proliferation that allows them to béntaned in their tissue niche independent of tpit
or circulating monocytes, as shown in several ssifi\jami et al., 2007; Hashimoto et al., 2013; &er
et al., 2002). However, the capacity of residentnmhages to be maintained in the long term without
contribution of blood monocytes appears to be Rigidsue-dependent. Evidence indicates their
progressive replacement by bone-marrow derived imdase in specific tissues such as heart, pancreas,
peritoneal and pleural cavities, skin or the intest (Bain et al., 2014; Bain et al., 2016; Caldezbal.,
2015; Molawi et al., 2014; Tamoutounour et al., 20While strain (Campbell et al., 2018) or sexi(Ba
et al., 2016) might be important confounding fastdrhe tissue-dependent variability of the kinetics
and amplitude of yolk sac, fetal liver or bone raricontributions to resident macrophage populations
is illustrated in figure 7. In tissues like liverlang, resident macrophages of embryonic origelang-
lived and can be maintained long term with onlyitéd contribution from infiltrating bone marrow-
derived monocytes. Experiments showed that boneemvaderived monocytes can integrate the pool
of resident macrophages in the liver during thst fiveeks of life, while their contribution was much
more limited for alveolar macrophages in the ludgwever, in adult mice, no evidence of integration
of bone marrow-derived monocytes into an intactl mdaesident macrophages in liver or lung was
found over several weeks (Jakubzick et al., 20E®ttSet al., 2016). Nonetheless, as bone marrow-

derived monocytes progressively replace embryadyickrived resident macrophages in several tissue
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with various kinetics, it remains possible thastreplacement in liver or lung is so slow thatatlcl
only be observed on a longer term or in older sibje
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Figure 7 : Tissue-dependent origin of tissue-resident macrophageat steady stateFirst, macrophages
observed in embryonic tissues arise from the yal& dVith the exception of the brain, a second walve
macrophages of fetal liver origin partially or cdetply replace yolk sac macrophages. After birtigaos are
considered either as closed since monocytes deoamitibute to the tissue-resident macrophage ptipalaor
open with a slow or fast replacement of macrophagfeembryonic origin by monocyte recruitment and
differentiation into macrophages. Low-level engraht of circulating monocytes can still bu obseriredome
organs considered as “closed” like the liver.

From (Ginhoux and Guilliams, 2016)

Current theory propose that limited space in tissuavailable for each population of resident
macrophages (the niche) and bone marrow-derivecbaytes do not dislodge macrophages that are
already establiched in these niche to differentiatenacrophages. The increasing contribution of
monocytes to the resident macrophage pool oveitirmeme organs might translate a impaired hability
of resident macrophages to self-maintained in tloegans (Guilliams and Scott, 2017). Inflammatory
process or injury can render the niche availablanblyicing the disappearance of all or part of the
resident macrophages that occupy it. In these casgophages of bone-marrow origin can take over
the niche and differentiate into resident macropsags observed in diphteria toxin (DT)-treated
Clec4f-DTR mice, Kupffer cell (KC) necroptosis cadsbyL. monocytogeneimfection or MuHV-4-
mediated depletion of lung alveolar macrophagesr{@ et al., 2015; Machiels et al., 2017; Scotlet
2016). Critically, the tissue niche is highly imgaort in defining the phenotypic and functional
behaviour of resident macrophages as attestechbgdriptomics data (Gautier et al., 2012; T'Jorck e

al., 2018). Resident macrophages sustain the tifssw@ions in numerous different tissues and this
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imply functionnal specialization to the tissue thegide in. Interestingly, monocytes-derived reside
macrophages have been shown to be able to adbgr@typical and transcriptional profile very close
to that of embryonic resident macrophages, inclgidive ability to self-renew through proliferation
(Scott et al., 2016).

Macrophage populations present in a given tissmedramatically expand during inflammation.
Here again, circulating monocytes were thought gothile main source of additional macrophages.
However several studies have pointed out that disesident macrophages could expand beyond
homeostatic levels through local proliferation @sponse to inflammatory conditions (Ajami et al.,
2011; Chorro et al., 2009; Jenkins et al., 201hE fype 2 immune responses, and IL-4 in particular,
has been described as driving important local fen@ition of tissue-resident macrophages which
accumulate independently of circulating monocytethe pleural cavity of mice infected with filarial
nematodeL. sigmodontis(Jenkins et al., 2011). Thioglycollate is a typitagger for classical
inflammation associated with monocyte infiltratioh.mixed stimulation of thioglycollate and IL-4c
administered together led to an accumulation ofrotages with characteristics of monocyte origin
(low expression of F4/80), similar to the elicitpdpulation after thioglycollate injection alone.
However, IL-4c/thioglycollate-elicited cells werbla to proliferate whereas proliferation could hgard
be detected with thioglycolatte only. Thus, bothgasses are likely to coexist in response to héfmin
infection which are likely to also induce classicdlammation, for example from invading bacteriged
to compromise intestinal barrier. Indeed, monodgfitration has been observed in other helminth
models. During schistosomiasis, macrophages aim@artant component of the granulomas that form
around eggs. Despite significantly increased prdifion of tissue-resident macrophages dufing
mansoniinfection, expansion of macrophage populations é@sinated by infiltration of monocytes
which later differentiated into macrophages (Girgfisl., 2014; Nascimento et al., 2014), and, CCR2-
dependent-monocytes infiltration was shown to litecal for host protection in murine schistosomgasi
(Nascimento et al., 2014). Thus, the origin of mabages during helminth infection appears to be
highly dependent on the helminth species and, maikingly on the mouse strain studied, C57BL/6
mice being much more prone to local proliferatiémpleural resident macrophages than BALB/c mice

duringL. sigmodontignfection (Campbell et al., 2018).

2.2 Alternative macrophage activation

As mentioned in the previous section, macrophagesighly plastic. In response to canonical type
2 cytokine IL-4, macrophages adopt a phenotypeddilternative activation'gaMe or M2 or MJ[IL-
4]. The work of Siamon Gordon first identified aftative activation of macrophages by opposition to
classical activation (caior M1) and reflects the type 2/type 1 immunityniacrophages as they are
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induced by IL-4/IL-13 or IFNY/LPS, respectively (Stein et al., 1992; Taub and,d®95). CaM
macrophages have pro-inflammatory properties, s=ardlammatory cytokines and inducible NO
synthase (iINOS). Aallhowever have anti-inflammatory properties, sedtetéand IL-13 and express
specific markers such as arginase 1 (Argl), manrexsptor (MR or CD206), Relm-or chitinase 3-
like 3 (Ym1) (Edwards et al., 2006; Stein et a8092) (Figure 6). However, besides these very dedr
antagonistic polarizing conditions, macrophagesreapond to a vast diversity of environmental cues
and can adopt a spectrum of activation states ety distinct patterns of gene and protein exjpass
and therefore of effector functions (Murray et 2D;14). This highlights the need to use a combinati

of markers to clearly defines the population of mmpbages in question.

In vivo characterization of macrophagesnay be complicated by the variety of potentiaivating
mediators. Macrophages present at helminth infectites share numerous properties with and are
therefore assimilated to agMJenkins and Allen, 2010). Indeed, their phenotigpériven by type 2
cytokines IL-4 and -13 (Hesse et al., 2001; Linebkaal., 2003; Loke et al., 2002) and they harbor a
phenotype associated with alternative activaticth wkpression of Relm; Ym1 and Argl. AaM can
be consistently found in numerous helminth infattigReyes and Terrazas, 2007). While aadfe
generally activated through IL-4 and IL-13 signadlivia type | or type Il IL-4 receptors (Figure 6),
similar phenotype can also by induced independeuitiL-4Ra signalling. Helminth products can
directly signal on macrophages and induce upreigulaif aaMp markers by an IL-4&independent
pathway (Du et al., 2014). Besides, during antibowdiated adherence td. polygyruslarvae,
macrophages harbor certain features of alternatitieation such as IL-4iRindependent expression of
Argl (Esser-von Bieren et al.,, 2013; Esser-von dieet al., 2015)In vivo, IL-4/13-dependent
alternative macrophage activation has also beewrsho be assisted and/or amplified by several
additional local signals (Minutti et al., 2017hl)-4-driven alternative macrophage activation cdutd
enhanced in a tissue-specific way by IL-4-dependepression of surfactant protein (SP)-A (in the
lung) and the complement factor C1q (in the liveng upregulation of their receptor, myosin 18A.
DuringN. brasiliensignfection in absence of SP-A, lung aahowed reduced levels of aavharkers
and failed to proliferate, resulting in impairechtml of worm burden. Consistent with a direct rofe
SP-A on macrophages to boost IL-4-mediated macigghativationin vitro treatment with SP-A and
IL-4 increased proliferation and upregulation oMaamarkers in wildtype but ndt4ra™ alveolar
macrophages, compared to IL-4c treatment alone tiet al., 2017b). Similarly, SP-D was also
shown to interact with alveolar macrophages aiembrasiliensisinfection and to increased agM
markers expression induces vivoby IL-4/IL-13 treatment (Thawer et al., 2016). 2l1-signalling was
associated with increased expression of lle4Bnd IL-13Ril on macrophages, resulting in
amplification of alternative activation (Pesce let2006). As already discussed, the type 2 imnyusit
strongly associated with tissue damage. Interdgtirggnsing of dying cells has been involved in
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alternative macrophage activation. Here, detectdnapoptotic cells by bone marrow-derived
macrophages potentiated the ability of IL-4 stimiolato upregulate the expression of genes assatiat
with wound healing. Moreover, blocking phosphatidgtine receptor (involved in the detection of
apoptotic cells) was also shown to downregulateesaaMp markers in response to IL-4 stimulation or
N. brasiliensisinfection. Lung damage during. brasiliensisinfection was aggravated in the absence
of detection of apoptotic cells (Bosurgi et al., 12D Necroptosis in the liver afteristeria
monocytogenegfection was associated with release of the dlanin-33 and this appeared to be
involved in the anti-inflammatory roles of macrogka (Blériot et al., 2015). Furthermore, IL-33
signalling has been shown to be required for adttitra macrophage activation aftier sigmodontis
infection (Jackson-Jones et al., 2016). Rather thetmg directly on macrophages, IL-33 likely
stimulates other IL-4-secreting innate immune celish as basophils or ILC2s although a direct role
for IL-33 and IL-25 in stimulating production ofgg 2 cytokines from macrophages has also been
described (Yang et al., 2013).

The origin of aaM¢ could also have important consequences in thengtype and functions.
AaMo derived from infiltrating monocytes or from pra@rhtion of tissue-resident macrophages
displayed distinct phenotypes, with monocyte-detigaMp being associated with immune regulation
or suppresion properties (Campbell et al., 201&)dea et al., 2014). Macrophage origin can therefore
influence how they contribute to a given pathologyg, shown in bleomycin-induced lung fibrosis
(Misharin et al., 2017) or protection against pgtrs (Campbell et al., 2018). Interestingly, monecy
derived aaM can differentiate into tissue-resident macrophagks process is dependent on vitamin
A and is crucial for proper granuloma formation auoavival duringS. mansoninfection (Gundra et
al., 2017).

Alternative macrophage activation is characterizgdhe expression of severigecific markers
Although several molecules identifying caMind aaM in mice do not have equivalents in humans,
recent efforts have been made to provide charaat@n of a similar dichotomy in human macrophages
(Beyer et al., 2012; Jaguin et al., 2013; Tariquad.e2015; Xue et al., 2014). Molecules used agkers

also mediate numerous effector function of @aM

Chitinase 3-like 3(Chi3I3 or Ym1) belongs to family 18 of chitinases but haghitinolytic activity.
Enzymatically inactive, chitinase-like moleculesrdarisen from recent gene duplication events and
are highly diverse despite being widely presemhammalian species (Bussink et al., 2007). They are
mostly expressed by macrophages but also by luitbedipl cells (Homer et al., 2006) and antigen
presenting cells (Nair et al., 2005). Ym1 was shaavcontribute to the wound healing properties of
aaMp through binding to extracellular matrix compone(@hang et al., 2001). Various roles in
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modulation of the immune responses have also biédouged to Ym1. Evidence indicates that Ym1
can promotes type 2 immune responses as it enh@ype@ cytokine production by Th2 cells (Cai et
al., 2009). A recent study found a role for Ym1 idgrN. brasiliensisinfection in stimulating
accumulation of neutrophilsthrough expansion of larl7-secreting population ofd T cells
(Sutherland et al., 2014), a mechanism described aadeoff between nematode killing and tissue
damage. In addition, Ym1 is a potent chemoattractéreosinophils (Owhashi et al., 2000). Finally,

Ym1 was also found to directly impair anti-virafeftor CD8 T cell responses (Osborne et al., 2014).

Resistin-like moleculea (Relmy) is another molecule associated with aabt is also expressed
by eosinophils (especially durirgy mansoninfection) (Pesce et al., 2009b), epithelial céMair et al.,
2009) and antigen presenting cells (Nair et aD520Its main contribution seems to be in the matioih
of immune responses. Relimotably inhibits type 2 immune responses by diydainding to Th2 cells
and it impairs protection agairist brasiliensiswhile reducing pathologies linked to excessive imm
responses (Nair et al., 2009; Pesce et al., 200@@ddition, Relms enhances Th17 and regulatory
responses (Chen et al., 2014b; Cook et al., 2@)risingly, while Relmx could control fibrosis
through modulation of Th2 responsesSirmansonegg-induced inflammation, Relmalso stimulated
collagen production and differentiation of myofiblasts during bleomycine-induced lung fibrosis (Liu
et al., 2004). Indeed, Relmappeared to be a mediator of the tissue repauitgadf aaMe as absence
of aaMp-derived Relme. in skin wounds ofi4ra™*LyzZ"™ mice was recently associated with impaired
healing response (Knipper et al., 2015). Besideadtion on the immune system, Realralso regulates
metabolism (Lee et al., 2014; Munitz et al., 20889 has angiogenic properties (Teng et al., 2003).

As opposed to the two previous moleculaginase 1(Argl) expression is mainly restricted to
macrophages during helminth infection (Reese e@D7). IL-13, which is dispensable for induction
of several features of IL-4-induced a@Mwas required for Argl expression in the livedldeling S.
mansoniinfection (Ramalingam et al., 2008). Argl competdth caMp enzyme iNOS for the
metabolization of L-arginine. Metabolization of kgimine by Argl results in production of ornithine
and urea and can have several consequencesoFiighjne can be metabolized to proline, requitad f
collagen deposition (proline and polyamine bottyiplg roles in tissue repair and fibrosis) (Wittedan
Barbul, 2003). Second, by competing for its substrArgl inhibits the production of NO by iNOS
(Munder et al., 1998). Third, L-ornithine and patyiaes and their metabolites have deleterious effect
on larvae fitness, impacting their motility (Ess®n Bieren et al., 2013). Fourth, L-arginine deplet
from the surrounding environment leads to inhilitaf T cell proliferation by amino acid starvation
(Bronte et al., 2003). Inhibition of T cell prolitgion by competition for L-arginine appears todme
important mechanism during chrol@cmansoninfection for aahp-mediated inhibition of Th2-induced
fibrosis (Pesce et al., 2009a). DuriBg mansoninfection, Argl has also been shown to regulate
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deleterious type 1 immune responses. Argl downageml production of IL-12/IL-23p40 and
maintained Treg/Th17 balance (Herbert et al., 20LB)is, Arg1l acts both on the immune response and

on parasite fitness.

C-type lectinscould represent an important PRR in the inductibimmune response to helminth
infection. The mannose receptor (MR or CD206) iregplated on macrophages upon treatment with
IL-4, IL-13, and IL-10 (Martinez-Pomares et al.,03) Stein et al., 1992) as well as prostaglandins
PGE1 and PGE2 (van Die and Cummings, 20%7inansonégg secreted glycoproteistl is the main
antigen responsible for the induction of type 2 inm@ responses (Everts et al., 2009; Steinfeldal,et
2009) and is mainly recognized by CD206-expresgiegdritic cells. Upon recognitiory-1 is
internalized and thereby impairs protein synth#ésisugh its RNAse activity (Everts et al., 2012). |
addition toS. mansoniCD206 has been shown to bind other helminth sgestich a$. spiralismuscle
larvae (Gruden-Movsesijan and Milosavljevic Lj, B)0T. muris excretory/secretory products
(deSchoolmeester et al., 2009) Br hepaticategumental proteins (Aldridge and O'Neill, 2016).
Nonetheless, the role of aaMspecific CD206 expression remains elusive duriafgnimth infection,
although CD206 seems to be relevant surface méokaeronocyte-derived aap(Gundra et al., 2017).
The macrophage galactose-type C-type lectin 2 (M@L2D301b) is another C-type lectin upregulated
in aaMyp in response to IL-4 and IL-13 or helminth triggéRaes et al., 2005). While CD301dendritic
cells have been shown to be essential for the tfmuof optimal type 2 immune responses during
ovalbumin (OVA) immunization or helminth infectigddumamoto et al., 2013; Rodriguez et al., 2017a),
CD301b-expressing macrophages appeared to plap@ortant role in wound healing (Shook et al.,
2016).

Programme death ligand 2(PD-L2) is up-regulated in monocyte-derived agMvhereas it is
poorly expressed on IL-4-treated resident macropbdgoke and Allison, 2003). PD-L2, a ligand of
PD-1, a potent inhibitory receptor expressed oactdir T cells and macrophages, has been shown to
potently inhibit T cell proliferation (Huber et aR010). PD-L2 expression was upregulated in lung
macrophages afteM. brasiliensisinfection whereas STAT-6 deficient mice displayed levels of
macrophage PD-L2 (Huber et al., 2010). In additionsivo blockade of PD-L2 duringj. brasiliensis
infection increased type 2 cell-mediated cytokine respdndée lung, further indicating thaiaMp inhibit
Th2 cells by expression of PD-L2. PD-L2 is used as aaelesurface marker to distinguish between resident
and monocyte-derived macrophages following antigenic stimulati® mansoninfection (Gundra et al.,
2017; Gundra et al., 2014). Thus, differences in thewhjos of macrophage responses between strains could
explain difference in susceptibility. Recent work by Camplagitl colleagues (2018) showed that

macrophage responses agaibstsigmodontisinfection in susceptible BALB/c mice was dominated by
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infiltration of monocytes with immunosuppressive PD-pRenotype, as opposed to resistant C57BL/6 mice

in which expansion of resident cells was the main sourcgaafophages (Campbell et al., 2018).

2.3 Effector functions of macrophages in helminth inifeas

2.3.1 General functions

Helminth-induced aaM are involved in effector functions of type 2 imnitynagainst helminth
infections described in section 1.4.3. They aerdfore important effectors in controlling helminth
infection. However, the involved mechanisms depemdhe helminth species. The following section

will therefore give a more detailed overview of #fector functions of aalduring helminth infection.

Tools available to study aapfunctions specifically may fail to provide cleaformation on their
specific role after helminth infection mainly due the difficulty to directly target aad without
affecting other cell populations. Indeed, commonded tools involve depletion of macrophages by
administration of clodronate liposomes, hindranteC@€R2-dependent monocyte trafficking, total
knockout for genes associated with alternative ppatage activation, or conditional cre/lox mouse
strains targeting macrophage populatidngZ™ mice are commonly used as targeting myeloid cells.
Lyz2 (encoding lysozyme M) is expressed in neutropduild macrophages but, although it is used to
impair alternative macrophage activatiorléra™*LyzZ" mice, studies have highlighted the presence
of macrophages with features of alternative adtivain these mice (Dewals et al., 2010; Vannella et
al., 2014). Nevertheless, these various tools edm élucidate how aad contribute to the protection
against helminth infections.

The “weep and sweep” response is an important elerok the protection against intestinal
nematodes. During primarM. brasiliensisinfection, absence of macrophages has been shown t
increase the number of worms recovered from tlesiimte, this being interpreted as a delayed exguulsi
This observation was linked to an Argl-dependerrei@se in smooth muscle contractility mediated by
macrophages, although Argl blockade did not delaulsion to the same extent as macrophages
depletion (Zhao et al., 2008). However, udidga "*LyzZ" mice, Herbert and colleagues showed that
IL-4Ra signalling on macrophages was not required foukskpn ofN. brasiliensisparasites (Herbert
et al., 2004). During secondary infection with naigng nematodes such &k brasiliensisand H.
polygyrus increased protection could be associated wittaeodd trapping of migrating larvae in the
skin or lung (forN. brasiliensi} or intestinal mucosae (fdd. polygyru3. Macrophages accumulate
around larvae in the tissue and impair their vighilpreventing migration to the intestine lumen
(Anthony et al., 2006; Chen et al., 2014a). Theseliss highlighted a role for Argl. As already
discussed, products of Argl activity have directetigious effect on larvae motility. This has
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particularly been shown against polygyruslarvae (Esser-von Bieren et al., 2013). Furtheanor
although the role of macrophages was initially desti@ted in the context of clodronate liposome
mediated depletionin vitro and adoptive cell transfer experiments have shawerucial role of
alternative activation, at least agaiNsbrasiliensisnfection (Bouchery et al., 2015; Chen et al.,£4)1
Important damages are elicited Ry brasiliensiduring its migration through the lung. Tissue dgma
has been associated with IL-17-dependent recruitraEmeutrophils and resolved 7 days afier
brasiliensisinoculation. Lung macrophages express high lesfedenes associated with wound healing
such asArgl, Igfl and Mmp13 during N. brasiliensisinfection and participate to the control of

hemorrhages and inflammation (Chen et al., 2012a).

Macrophages elicited in response to helminth imdachave also been shown to take part in
immunoregulation. They may notably directly inhipibliferation of T cellsn vitro (Loke et al., 2000)
through several mechanisms involving PD-1/PD-L1i(Bret al., 2004; Terrazas et al., 2005), TEBF-
(Taylor et al., 2006) or nutriment depletion (Pesteal., 2009a). Although regulation of excessive
immune responses is beneficial to avoid immunopaties, immunosuppressive PD-Léhonocyte-
derived macrophage populations elicited duringsigmodontisinfection in BALB/c mice drive the

susceptibility of this strain th. sigmodontisnfection (Campbell et al., 2018).

Control of infection with the cestode crassicepss strikingly different from that of other nematsdl
or trematodes, with initial type 1 immune respodsscribed as critical for parasite resistance by
controlling larval growth (Rodriguez-Sosa et aDQ2; Terrazas et al., 1998; Terrazas et al., 1999).
Through NO production, capare suggested to be key effectors in the contrblavassicepinfection.
Indeed, blocking the enzyme NO synthase in suddepiild-type BALB/c or even resistaStat6’
mice resulted in increased parasite loads (Alonsgilb et al., 2007). Further supporting a role fo
caMp in the control ofT. crassicepsnfection, mice lacking migration inhibitory factgMIF) were
shown to be highly susceptible despite similar f-Mwvels. Their peritoneal macrophages failed to
respond toex vivorestimulation with LPS and IFM-and produced low levels of calMassociated
molecules such as IL-12, TNE-or NO uponex vivorestimulation (Rodriguez-Sosa et al., 2003).
Presence of aaiin these different cestode infections was mostioaiated with an immunoregulatory
role (Reyes and Terrazas, 2007; Terrazas et dl;2Derrazas et al., 2005). Regulation of immune
responses might be essential to avoid deleteriaflenmimation of the healthy tissue surrounding the
metacestode (Terrazas, 2008), however @ablesence and overexpression of aalésociated
molecules like PD-L1 and PD-L2 has also been aastivith increased susceptibility to infectiontwit
T. crassicepgReyes et al., 2010; Togno-Peirce et al., 2018js Tmmunoregulatory role appears to
have a more proemint role duridy corti infection adl4 ™~ or Stat6’~ mice are highly susceptible and

die from infection (Mishra et al., 2011a; O'Conretlal., 2009).
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2.3.2 Schistosomiasis

The outcome ofS. mansoninfection critically depends on the establishmehtan equilibrium
between efficient granulomas formation around th@gite eggs to avoid tissue damage and regulatory
mechanisms to avoid excessive fibrosis. Macroph@esg with CD4 T cells and eosinophils) are the
main cellular component of granulomas and imponedfiorts have been made to dissect their roleén th

protection againss. mansonfHams et al., 2013).

The main pathological outcomes of schistosomiasi®idp in the chronic phase of schistosomiasis
as consequences of excessive fibrosis. As preyioepbrted, Argl has been associated with promotion
of fibrosis through metabolization of L-arginineowever, it appears that liver fibrosis developing
during S. mansoninfection is not dependent on Argl express®nmansoninfectedll13ral™ mice
displayed less hepatic fibrosis than wildtype nilceesponse t&. mansoninfection in spite of normal
levels of aaMp markers being expressed in the lil@amalingam et al., 2008yhile neutralization of
IL-13 by injection of a decoy receptor (sIL-18R attenuate®. mansoninduced hepatic fibrosis to a
greater extent than suppression of IL-4 (Chiaramental., 1999). These data indicated that IL-18 an
not aaMp is responsible for increased fibrosis. Furthermémgl deficient mice, specifically those
deficient in macrophages and neutrophilsrgl ™ LyzZ™ mice) or in all hematopoietic cells
(Arg1"*TieZ"® mice) have been shown to have enhanced fibrogigslgarger granulomas and lower
survival rates than wildtype controls (Pesce et2009a). Argl could therefore reduce rather than
increase fibrosis. In line with this role, data fistired by Pesce and colleagues suggested thagthrou
expression of Argl, aadMcompeted with T cells for the use of L-argininel d@ading to suppressive
activity on T cell proliferation (Pesce et al., 2a). Adding to these observations, Relrdeficient
mice also developed increased granulomatous inflaiom fibrosis and type 2 immune response
during schistosomiasis (Nair et al., 2009; Pescal.eR009b). Reln: was shown to directly bind to
CD4" T cells and inhibit type 2 cytokines productionthano effect on activation or proliferation (Nair
et al., 2009). During. mansoneggs-induced inflammation, Relonis also expressed by epithelial cells
and eosinophils, but co-culture experiments haegvalthat Relme-dependent type 2 immune response
inhibition can be supported by macrophages (Naal.et2009). However, in the liver & mansoni
infected mice, eosinophils appear to be the méimgti the exclusive, source of ReknPesce et al.,
2009b).

These data indicate a deleterious role for exceggjpe 2 responses and fibrosis in schistosomiasis.
However, several deficiency models convincinglyvséd that the type 2 immunity, particularly through
IL-4Ra signalling, is essential for survival during theute phase of schistosomiasis by controlling
severe intestinal and liver pathologies (Brunealet1997; Herbert et al., 2004; Herbert et alQ&0
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Jankovic et al., 1999). AagMwere initially described as the main contributoirshis type 2 dependent
protection against the acute schistosomiasis (Hedteal., 2004). Herbert and colleagues studed
mansoniinfection in ll4ra™*LyzZ™ mice which lack IL-4R specifically on macrophages and
neutrophils. They observed thidra™**LyzZ" did not have IL-4/13-dependent agMhile developing

a normal type 2 immune response, but developeduate avasting and lethal disease similaii4ca™"
mice, with evidence of hepatotoxicity and endotoderBut the role of aalin schistosomiasis might
not be so clear. In contradiction with results frima former studies, Vannella and colleagues (2014)
did not observe increased mortality, nor hepataitkin S. mansoninfected ll4ra™*LyzZ"™ mice
compared tdl4ra™°* controls. Instead, size of granulomas frémmansoninfectedll4ra*LyzZ"
mice was increased compared control mice (Vanetld, 2014). These results rather suggesteda rol
for IL-4/13-dependent aaMin the control of granulomatous inflammation besd crucial role for
survival. Interestingly, Vannella and colleagueghtighted an incomplete deletion of IL-dRimong
the heterogeneous macrophage populatid®. shansoninfectedll4ra™LyzZ™ mice. They observed
an insufficient expression ofyz2 thereby of cre-recombinase, in newly-recruitechmiature
F4/83"CD118" macrophages which retained features of alternatitieation. Interestingly, these data
further provide an alternate explanation to thesenee of IL-10-dependent Yml- and CD206-
expressing macrophages in the granuloma#tod "*LyzZ™ mice (Dewals et al., 2010). Moreover,
two recent studies demonstrated that @alilthe liver afterS. mansoninfection resulted from the
maturation of recruited Ly6Cmonocytes (Girgis et al., 2014; Nascimento et24114). Thus, aail
protective roles during acute schistosomiasis amdiral of intestinal permeability remain uncleanda
further urges for the development of new tools mwestigate the functions of aaMduring
schistosomiasis. What is also less clear is thelwevnent of macrophage IL-4/IL-13 responsiveness in
the dynamics of liver macrophage responses &ftenansoninfection, and whether Lyz2-expressing
aaMp in the liver (absent ifl4ra™*LyzZ™ mice) could have a role in the control of excessiv
granulomatous inflammatianTaken together, these data about the role ofpadiving S. mansoni
infection revealed that distinct subsets of gakbuld mediate distinct protective or pathologic
functions. Further investigation could therefore teeded to reveal which specific macrophage

population and mechanisms are involved.
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3 Bystander effects of helminthiasis

3.1 Immunomodulation and consequences on immunopatiesiog

Tolerance of chronic helminth infection means theéstence of immunoregulatory mechanisms.
Helminths have evolved several mechanisms discugsedction 1.4.4 that downregulate immune
response allowing their persistence but also amgidieleterious consequence of excessive and
prolonged type 2 immune responses on the hosteTmeshanisms drew a lot of attention as they can
also influence bystander effects notably by enhancihe control of excessive and harmful
inflammation. Figure 8 illustrates the diversity effect helminth infection may have on bystander

immunity, either beneficial or deleterious.

Bacterial/viral/protozoal infections Tumors Vaccine immunity
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Figure 8. Immunoregulatory effects of helminths on bystander &sponsesHelminths can suppress a wide
range of bystander immune responses, includingetrasboth immunopathogenic and protective natures.
Coinfection with helminths suppresses antibacteaativiral, and antiprotozoal immunity, leadingitezreased
susceptibility and attenuated immunopathology misame cases, exacerbated pathology due to higfieetion
burdens. Antitumor immunity may be suppressed binimth infections, which may also release directly
carcinogenic factors, potentially leading to ins®é numbers of malignancies in infected individuslisccine
efficacy is compromised by helminth infections doaesuppressed immune responses. Immunopathologiés s
as asthma, autoimmune diseases, and inflammataevgllthseases are all reduced in prevalence in avbase
helminth disease is endemic, and direct effectisedrninth infections on the suppression of diseasee tbeen
shown in clinical trials for inflammatory bowel diases. From (McSorley and Maizels, 2012)

Helminth infections have been shown to have bemfaffects on various immunopathologies.
Increased prevalence of immune dysregulation obsein developed countries, correlating with
improved sanitary situation, led to the formulatibirthy years ago of the “hygiene” or “old frierids

hypotheses. These concepts suggest that expoguiertmrganisms and parasites play a crucial role i
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the proper development and balance of the immusiesyand that reduction in microbial exposure is
one of the parameters explaining the increasedafgeee of immunopathologies such as allergy or-auto
immune disorders in developed countries (Stiemsial. €2015; Strachan, 1989). In line with these
hypotheses, prevalence of allergy has risen innizkd area where helminth infections have declined,
which supported the idea that helminth-host intéoas are valuable for immune system equilibrium
(Flohr et al., 2009). Experimental data in animaldels confirmed the relationship between helminth
infection status and immunopathologies and uncaverechanisms involved. Studies have implicated
various helminth species in the protection agadifferent immunopathologies including allergiy,
inflammatory bowel disease(IDB)-like colitis, typ& diabetes or experimental autoimmune
encephalomyelitis (modeling multiple sclerosis) @aécley and Maizels, 2012). Protection is often
correlated with worm burden (Smits et al., 20074 eEnsometimes associated with a specific life eycl
stage (He et al., 2010; Mangan et al., 2006; Swtithl., 2007). Immune mediators involved in the
protection depend on the context and include Ilad® TGFB signalling (Ince et al., 2009; Kitagaki et
al., 2006), Treg (Yang et al., 2007), B cells (iledsome B cells can also secrete IL-10) (Mangaih et
2006), DCs (Matisz et al., 2017), macrophages (oliolgy aaMy) (Espinoza-Jiménez et al., 2017) or
ILC2 (McSorley et al., 2014). Interestingly, numesohelminth products, either excretory/secretory
products or recombinant molecules, successfullgpitglate protection induced by infection and could
therefore be used as safer traitements for immuhofmies (Du et al., 2011; McSorley et al., 2012;
Schnoeller et al., 2008). Furthermore, adoptivadier of immune cells like macrophages (Ziegler et
al., 2015), T cells (Grainger et al., 2010) or dém@cells (Matisz et al., 2017), treated with imahth-
derived products has proven efficient in recapitntathe protection they induce. Effect of helmiotin
inflammatory disorders could also be mediated bwlgaration of microbiota. In recent years, studies
unraveled the important role of microbiota in tleerect development and regulation of immune system.
Modification of its composition dysregulates thesstalk with the host and impact homeostasis of
several system, including immune system favorirgdavelopment of chronic inflammatory diseases
(Belkaid and Hand, 2014). Alteration of the comgiosi of gut microbiota and prevention of the
expansion of deleterous and pro-inflammatory bé&ctepecies by helminth infections reduce

immunopathologies like allergic asthma or IBD (Raaraet al., 2016; Zaiss et al., 2015b).

However, despite the substantial amount of conmmpciata from animal models, observation of a
clear protective effect of helminth infections @lminths products on immunopathologies in human is
less straightforward. Epidemiological data do nbtags confirm an inverse correlation between
infection and immunopathology status. Atopy, aglig by skin test reactivity to allergens, is the
parameter which is the most consistently negatieelyelated with helminth infections (Flohr et al.,
2009). But the trend is less clear when consideaileygy. Some studies found a negative correlation
between helminth infections and development ofgylewhile other did not (Briggs et al., 2016; Rear
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etal., 2011; Wammes et al., 2014). Yet, effectsediinth infections appear highly variable depagdi
on the species involved, some of them, in particélalumbricoides were even associated with
increased risk of developing asthma (Leonardi-Bex#. £2006). Still, several data support the idea
beneficial role for helminth infection on immunopakogies. For example, patient suffering from
multiple sclerosis who naturally acquire helmintifiections show lower relapse rate (Correale and
Farez, 2007). Studies of population in endemic éwedelminths indicate that deworming might be
associated with an increased inclination to dev@lamunopathology, as indicated by increased skin
test reactivity to allergen or increased levelwbantibody (Flohr et al., 2010; Mutapi et al., 20¢an
den Biggelaar et al., 2004). However effect onicéih allergies was either null or contradictory
(Almeida et al., 2012; Flohr et al., 2010; Lynchakt 1997).

Besides, the role of helminths in inducing inflantarg diseases can not be overlooked. Migration
of A. lumbricoidedarvae in the lung affect tissue integrity and tiplg exposures can be responsible of
an asthma phenotype (Nogueira et al., 2016). Silyilehronic trichuriasis in mice is associatedhwit
colitis that shares several features with Crohimégabke (Briggs et al., 2016). Thus helminths might
represent a cause of inflammatory disease as well jprotective agent. Futhermore, some helminth
infections are also linked to carcinogenesis (Pagtt al., 2017) so extreme precautions must kgrta

when considering the use of helminth as a therapy.

Nevertheless, treatment of inflammatory disordehwielminth products in mice yielded promising

results and led to the investigation of the themtipaise of helminth live infections or helminttoducts

in humans. Again, this has brought conflicting fessitbome studies showing an improvement in clinica
signs or lesions, particularly the useTofsuisova had positive outcomes in IBD or multiple sckis
(Fleming et al., 2011; Summers et al., 2005a; Sursraeal., 2005b). But again, other studies fail to
assign a protective role to helminths (Bager et2010; Daveson et al., 2011; Feary et al., 2010;
Voldsgaard et al., 2015). Better understandingoef helminth manipulate the host immune response
and identification of specific helminth moleculeighwpotential for regulation of immunopathologiss i

required for future use of helminth products akeadpy.

3.2 Coinfections

3.2.1 Effect of helminthiasis on coinfections

Immune responses required to handle extracell@lmihths or intracellular micro-organisms are
strikingly different and are characterized by muinhibition. Helminth infections elicit strong tep2
and regulatory immune response, typically assatiat¢h a suppression of type 1 immune response

and could therefore negatively impact protectiomiagt microbial pathogens. As distribution of
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helminths often overlap that of major microbialgts, identifying the role of helminth infection in
resistance to micro-organisms is crucial (Salgana. £€2013).

Although sometimes contradictory and dependentedminth species considered, epidemiological
data indicate association between helminth infacémd microbial infection likeMlycobacterium
tuberculosis human immunodeficiency virus-1 (HIV) or malarsa{game et al., 2013). Some studies
associated helminth infection with development aifve tuberculosis (Elias et al., 2006) while other
did not (Chatterjee et al., 2014). However, heliimtfections impair immune response agaiMst
tuberculosighat could be restored by deworming (Babu e28l09; Babu and Nutman, 2016; Resende
Co et al., 2007). Similarly, association of helrhiimifection andPlasmodiuninfection is inconsistent
in the literatureS. mansonand hookworm infection were often linked to insed prevalence and
malaria clinical signs (Degarege and Erko, 2086)umbricoidesandT. trichiura however have been
shown to decrease the risk of development of catebalaria (Abbate et al., 2018). Schistosomiasis
has been shown to increase the probability of bieifeggted by HIV and was associated with increased
viral loads (Downs et al., 2017). Although a slowlevelopment of adverse HIV outcomes was also
described in people coinfected with schistosomedof@be et al., 2018). Yet, erradication of ongoing
helminth infections in HIV-positive people mightyeaa little but beneficial impact on viral load and
CD4" T cell count (Means et al., 2016).

Again, variability of data obtained frorhuman epidemiological studies besides reflecting
differences in methodologies, might be explainedtiyy complexity of the interactions between
helminths, micro-organisms and their host. Helmimifections can affect host resistance to micro-
organisms in different ways. On one hand, inhihitd protective type 1 immunity can lead to deceeas
control of pathogen propagation (Helmby et al.,8)98@esions induced by helminths can also promote
host colonization by other pathogens. For examptegenital schistosmiasis is associated with
increased prevalence of HIV infection (Downs et 2011). On the other hand, regulatory responses
elicited by helminths can be beneficial to lessatiplogies induced by inflammatory responses agains
micro-organisms (Furze et al., 2006). Type 2 imm@sponse may also be beneficial to return togissu
homeostasis after microbial infection (Blériot bt 2015). Effects of helminth infection on subsenu
microbial infection is also dependent on the timiigoinfection (Salazar-Castafién et al., 2018J. Fo
example, a beneficial role of helminth infectiom fivotection against infection by mycobacteria was
observed when coinfection occured early aMerbrasiliensis(5 days post-infection) and resulted in
increased immune response and clearance of bartf@dion (du Plessis et al., 2013). Likewise,ayp
2 immunity potentially impairs early stage of HINMéction, including viral entry and replication (st
et al., 2000; Creery et al., 2006; Denis and Gleadirl994). Another confounding factor is the co-
existence of multiple parasite infections. Abbatel @olleagues (2018) showed that presencé. of
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trichiura in patients with hyperparasitemic malaria was eis$ed with a reduced risk to develop
cerebral malaria. However, when patients were eciefl with hookworms andl. trichiura, the
protection conferred by the later was reducedpalgh infection with hookworms alone had no effect
on cerebral malaria occurence (Abbate et al., 20M8use models also showed variability in the dffec
of helminth infections on the outcome of microkiaflections and highlighted that this variability is
potentially dependent on mouse genetic backgrotimilag of coinfection, identity of helminth and
micro-organism involved (including difference betmespecies of the same micro-organism genus) and
inoculation route (Babu and Nutman, 2016; Salazzstélion et al., 2014). Helminth identity, and
therefore its life cycle particularities, could ludnce the outcome of coinfections. First they may
migrate through different organs and consequenceinfection could be different if both players sha
the same niche or not (Moriyasu et al., 2018). Thieey are all characterized by a particular immune
response dynamic, potentially including early tfgmmune response (which can limit micro-organism
proliferation but can also be associated with iasegl inflammatory pathology) followed by type 2 and
regulatory immune responses of variable strengtb(Band Nutman, 2016; Salazar-Castafion et al.,
2014). Thus, uncovering specific mechanisms thd¢ helminth infections to modifications of the
immune response against concurrent or subsequerg-ariganisms is needed to better understand how

coinfection could be beneficial or detrimental floe host.

Furthermore, interaction of helminths with the Hostune system might have prominent effects on
efficacy ofvaccination. Indeed, history of infection was shown to greathpact vaccine response.
Reese and colleagues (2016) developed a modehaéstal infection of laboratory mice, including
herpesviruses, influenza virus and helminths mimiglcommon infection history that humans could
undergo. They showed that the response to a yddwer virus vaccine was altered by this previous
sequential exposition to pathogens (Reese et @ll6)2 Adding to these observations, helminth
infections have been associated with impairing weccefficacy. Unless dewormed before
immunization, H. polygyrus or S. mansoniinfected mice failed to develop protection against
Plasmodiuminfection after immunization with plasmodium amtigor infection followed by treatment
(Laranjeiras et al., 2008; Su et al., 2006). Iratingly, H. polygyrussimilarly impact efficiency of
DNA-based vaccine but did not impair protection feored by irradiated sporozoites (Noland et al.,
2010).S. mansonibut notH. polygyrus infection impaired the protection induced by BZ&&cination
againstM. tuberculosisnfection (Elias et al., 2005; Rafi et al., 2018gpatitis B vaccination was also
impaired inS. japonicuninfected mice (Chen et al., 2012b). However, tisfubm Guan and colleagues
indicated that different life cycle stade of thengsaparasite could have distinct influence on vaecin
response (Guan et al., 2013). Furthermore, sormaitidél products were also used as vaccine adjuvant
and increased type 1 immune response (Jiang €2(dl4). Still, these results might have important
repercussion on vaccine efficacy in helminth-endemngigions and might explain lower efficacy

48



Introduction

observed in developing countries (Cherian et 8l1,22. Consistant with that, human studies show that
deworming before vaccination ameliorates respoms@dcination against tuberculosis (BCG) (Elias et
al., 2008), tetanus (Nookala et al., 2004) or atao{€ooper et al., 2001).

3.2.2 Influence of helminth infections on anti-viral resises

The present section will focus on the influencéelminth infection on anti-viral immunity. Viruses
are typical inducers of type 1 immunity that isaial for their control, including cytotoxic CDg cell
effector responses. This immune response can Isdewad as the integration of different components
which can all be modified by bystander infectioike helminthiasis as illustrated in figure 9 (Skelg
and Wherry, 2012).
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Figure 9 : Modification of immune response to unrelated antige by bystander infection.

This figure illustrates crucial steps of effectimamune response against invading pathogens and how
bystander infection like helminth infections maypiact its different components. First, pathogen acteshe
organism may be modified due to changes at phybaaiers (for example through altered epitheliumegrity
or mucus production), at target cells (by modifythgir availability or susceptibility to viral egtor replication)
or at early antimicrobial mediators. Availabiligffector capacities or cytokine production of irmehmune cells
like macrophages, neutrophils, ILC or NK cells (depicted here) may be impacted. Then, capacigntfen
presenting cells to prime suitable adaptive imnm@sponse may be altered, including expressiongifroalatory
molecules, cytokine production, presentation ofgemt or support from other innate immune cells. iRn@tive
and cytokines production capacities of activateddiiocytes may be modifed together with differemabf T
helper cells, cytotoxic function of CD& cells and humoral response from B cells, asaltref impairing priming
by antigen presenting cells or intrinsic modificatin lymphocytes. Finally, development, maintenaare recall

responses from memory cells may be perturbatedrdihdirect effect of helminth infection or asansequence
of altered effector responses.

From (Stelekati and Wherry, 2012)
Recent studies in mice highlighted that both inaaitg adaptive components of the anti-viral immune

response can be impacted by helminth infectionsndJd. polygyrusinfection andS. mansoniegg
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exposure, the first study revealed that helminthuged type 2 immune response elicited reactivation
latenty-herpesvirus through binding of STAT-6 to a virahg controlling the switch between lytic and
latent state. In this process, both IL-4 productamal inhibition of IFNy were required. Furthermore,
aaMp were shown to be more permissiveytberpesvirus (Reese et al., 2014) and murine nsVi
(Osborne et al., 2014) replication. Besides, iimattuft cells were recently described as the main
cellular target of murine norovirus and IL-4 and18 have been shown to stimulate proliferatiorudif t
cells (Gerbe et al., 2016). Thus type 2 cytokinexlpction induced during helminth infections could
enhance susceptibility to murine norovirus infectiborough expansion of tuft cells (Wilen et al. 18D
CDS8' T cells are a hallmark of adaptive immune respagnst viruses. Osborne and colleagues
(2014) showed that type 2 immune response indugéd bpiralisor H. polygyrusinfection impaired
CD8' T cell response against a subsequent viral imfieatith a murine norovirus, both in term of cell
number and polyfunctional effector functions. letingly, anti-viral response was not only impaired
locally (in the intestine) but also in distant angasuch as the lung, as response against influenza
infection was also reduced (Osborne et al., 20TH#)s modulation of adaptive anti-viral immune
response involved Ym1 that is highly expresseddi@during helminth infection. These mechanisms

are summarized in figure 10.
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Figure 10 : Helminth-induced type 2 immune response alter antriral immune response.Top: Activated of
STAT-6 transcription factor by IL-4 signalling pathwbinds toy-herpesvirus reactivation transactivator ORF50
and stimulate reactivation of latent infection (Reet al., 2014Bottom: Alternatively-activated macrophages
express high levels of the chitinase-like molectel which directly inhibits CD8T cell proliferation during
viral infection (Osborne et al., 2014). From (Mdszand Gause, 2014).

Although numerous data indicate that helminth itifers are detrimental for anti-viral protection,
several studies highlighted a protective role. KiyteS. mansonghronic infection was associated with

increased protection against pulmonary virus infageA and pneumovirus of mice (Scheer et al., 2014)
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H. polygyrusinfection protected against respiratory syncwials (RSV) infection of mice, coinfected
mice showing lower viral load and reduced lunganfmation. In this case, signalization through IL-
4Ra was not required for protection, neither was aglapmmune response but it was dependent on the
presence of intestinal microbiota and type | IFReButhors proposed that invading microbiota thinoug
H. polygyrusinduced gut wall lesions induced a systemic ainéibtype | IFN response to control RSV
infection (McFarlane et al., 2017). In another gtuthe protection induced by. spiralis against
influenza infection was strikingly different. Ind&ethis protection was observed late during viral
infection as an enhanced recovery rate in coinfegteup. Here, no difference in lung viral load was
observed between groups, instead protection waly lilnked to decrease inflammation, independently
of IL-10 production (Furze et al., 2006). Otheradah the effect of filarial cystatin on RSV infexti
confirmed that helminth products are potent regulaf virus-induced excessive inflammation without
impacting infection itself. In this study, modutatiwas mediated by macrophages (Schuijs et alg)201
These results indicate that excessive inflammatianing viral infection might be deleterious for the
host without any beneficial counterpart in the coinbf the virus. Helminth infection could act

independently in both control of viral load andamimation.

These data illustrate how helminth infections cenia various steps of both innate and adaptive
mechanisms of anti-viral immune responses, eveistant organs, with either beneficial or detrinaént
effects for the host. Of course, numerous othetagisms already discussed in previous sectionsicoul
influence the outcome of viral infection in helnfirihfected host. For example, helminth productdatou
increased viral replicatiom vitro as it is the case for SEA on cell culture of higjsa€ virus (Bahgat
et al., 2010). Helminth products can also condi@s that become “refractory” to induction of type
immune response (Everts et al., 2009; Metenou,e2@12). Proliferation of effector T cells mighsa
be compromised by helminth-induced expression itdrip costimulation molecules like expression of
PD-L2 on aah (Huber et al., 2010). Finally, modification of thest’'s microbiota by the presence of
helminth could impact several parameters includimgune system balance (Belkaid and Hand, 2014),
epithelium composition (Wilen et al.,, 2018) or, litg interaction with incoming virus, alter

establishment of viral infections (Pfeiffer and §fir, 2016).
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4 Antigen-inexperienced memory CD8 T lymphocytes

4.1 Effector and memory CD8I lymphocytes

4.1.1 Dynamics of CDBT lymphocyte responses

The ability to “remember” a pathogen (or an antjgegainst which an immune response has been
mounted and to better react to a second encouiitteitvis same pathogen is calledhmunological
memory”. Immunological memory represents one of the hatka of the adaptive immune system and
differentiates it from innate immunity. Immunologleomemory is supported by the persistence, after
resolution of infection, of memory T and B cellss part of the adaptive immune system, CD8
lymphocytes are activated upon specific recognitibrepitopes from foreign (non-self) molecular
patterns (antigens). In secondary lymphoid orgapscific interactions between the unique T-cell
receptor (TCR) from a CD8T lymphocyte and the MHC Class I-peptide compleaspnted by an
antigen-presenting cell (signal 1), along with guostatory signals (signal 2) associated with an
inflammatory context (signal 3), induce the aciivatof a naive CDBT cell into an effector CD8T
cell. The broad diversity of TCR receptors in thave population of CD8T cells allow them to
specifically recognize and react to an exceptignaitle variety of antigens. Antigens from intracédir
pathogens such as viruses are processed in actigepiides to be bound to a MHC Class | molecule
and exported to the surface of the infected ctiwéng the presentation of the MHC Class I-peptide
complex to specific effector CD& cells. Although MHC Class | are dedicated to phesentation of
endogenous antigens, cross-presentation can ot@(s to allow presentation of exogenous antigens
in a context of MHC Class | (Joffre et al., 201&htigen-specific activation of COS8T cells results in
the production of a greatly enlarged populatiorefféctor cells with the same antigenic specificity
towards the pathogen, thanks to two mechanismeatkexpansion and acquisition of functional and
phenotypic effector features (Blattman et al., 2082mouse possesses about 25 million naive CTD8
cells, among which about 100 to 1000 cells areifipéc a given antigenic peptide (Jenkins and Alle
2010). Upon Ag recognition and activation, spedifils undergo clonal expansion and can produce up
to 10 million effector CD8T cells in a week (expansion phase, Figure 11ijhvfunction to eradicate
invading pathogens (Smith et al., 2018). Effect®8CT cells are also called cytotoxic T cells as their
principal function is to recognize and Kill infedteells. Beside their cell-killing role (i.e. thrgh
secretion of cytotoxic molecules such as granzyamesperforin or apoptosis-induction through Fas-
ligand), effector CD8T cells also secrete inflammatory cytokines sushFNy and tumor necrosis
factor (TNF)e. Following elimination of the pathogen, 90 to 98%the expanded CDS8T cells pool
undergo apoptosis (contraction phase, Figure 1) 46d Kaech, 2010) and a population of memory
CD8" T cells persists (memory phase, Figure 11). Mendoecglls possess longterm survival potential
and self-renewal capacities retaining a multipostate with high proliferative and effector potahti
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(Kaech and Wherry, 2007). As for naive T cells, menT cells have a stem cell-like behaviour by thei
ability to regenerate effector population diverstyd provide immune-competence during secondary
responses (Buchholz et al., 2016; Graef et al.4R0lhey are more numerous than the initial naive
population (Blattman et al., 2002) but are alsaatirized by altered distribution pattern (Gebhatd
al., 2009; Masopust et al., 2001; Sallusto et1l®99) and enhanced effector capacities followingRTC
stimulation compared to naive T cells (Wolint et @004). Thus, memory T cells can give rise to a
faster and stronger effector response againstandacy encounter with the same pathogen. However,
recent evidence indicates that memory T cells neale$s responsive to their cognate antigen but more
to inflammatory stimuli (including cytokines), whianay lead in some circumstances to innate-like
properties and control of pathogens in an antigemspecific manner (Chu et al., 2013; Mehlhop-
Williams and Bevan, 2014).

4.1.2 Diversity within CD8 T cell responses

Activation and clonal expansion of CD& cells do not produce a homogeneous population of
effector cells and transition to memory is notred@m process (Figure 11). On the contrary, alvatéd
CDS8' T cells during the acute phase of the infectioxpé@sion phase) do not have an equivalent
potential to participate to the memory pool. Byusing mainly on the expression of IL-7 recepdor
(CD127) and killer-cell lectin like receptor G1 (RIG1), short-lived effector cells (SLEC; CD127
KLRG1") and memory precursor cells (MPEC; CD12Z1L.RG1) can be differentiated within the
clonaly expanded population (Cui and Kaech, 2018edh et al., 2003). Interestingly, effector and
memory fate are not strictly separated as evidémtieates that memory precursor cells are able to
produce (at least at one point during their ontgyehe effector molecules IFM-or granzyme B

(Bannard et al., 2009; Harrington et al., 2008).

Diversity of effector population might representcantinuum of intermediate states between
terminally differentiated SLEC and memory precussahus a range of cells with high effector
capacities but short half-live and cells with loweéfector capacities but deeply increased life etqecy
(Cui and Kaech, 2010). Memory precursor cells eathér generate several subsets of memory cells
(Arsenio et al., 2015; Obar and Lefrancois, 2010pfRee et al., 2015). Memory CD cells are usually
divided in cell subsets based on surface antigg@nession, longevity and effector, proliferative and
migration characteristics. Central memory T cells\(; CD62L" CCR7) are located in secondary
lymphoid tissues, effector memory T cellg(T; CD62L CCR7) migrate through non-lymphoid tissues
and tissue-resident memory T cells¢T, CD62L CCR7 CD103' CD69" CD27°) are present within
the tissue and do not recirculate (Gebhardt e2@09; Halle et al., 2017; Jameson and Masopu$8g;20
Masopust et al., 2010; Masopust et al., 2001; Mueil al., 2013; Reinhardt et al., 2001; Sallustal.e
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1999). m and Trm act as a first line of defence against secondafigciions as they can express
immediate Iytic functions (Masopust et al., 20@k)ppposed to central memory T cells that do mowsh
direct effector functions but rather present lonigaif-life and higher proliferative potential, thase
important for optimal secondary CD& cell responses (Bachmann et al., 2005). Herénagath
description of an increasing number of memory T sighsets, it was recently proposed that it may be

better represented as a continuum (Jameson andoikts@018; Newell et al., 2012).

a Expansion Contraction Memory

Figure 11. Kinetics of a T cell response and
distribution of memory cell potential. a. During an
acute viral infection, antigen-specific T cells idip
proliferate (expansion phase) and differentiat® int
cytotoxic T lymphocytes that mediate viral cleamanc

Population size

; T ; " m "— Most of these cells die over the next several weeks
Days post infection (contraction phasep. The pool of effector T cells
b , ‘ can be separated into multiple diverse subsets. Some
s cell-surface markers correlate with distinct effect
L s and memory T cell fates: terminal effector T cells

(shown in blue) are KLRG1L-7Ra'°“CD27°“BCL-
2w and long-lived memory (and memory precursor)
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. 1 Mermory T cells cells (shown in red) are KLR®GYIL-
| ——— 7RoMCD27"BCL-2". However, other T cell subsets
| \\\ with intermediate differentiation states also egsit
1 5 8 15 06 have mixed phenotypes as depicted by the yellow and
PR pustinfiction green populations. Over time, there may also beesom
Edfeceor Teelb interconversion between these subsets. From (Kaech

and Cui, 2012)

4.1.3 Actors of memory formation and maintenance

Severalmodelswere proposed concerning the mechanisms leaditigetéunctionnal diversity of
the T cell response. Despite the existence ottbert “one cell, one fate” suggesting that faté otlls
is already predetermined in naive cells, naive CD@&ells were shown to have a “stem-like” feature.
Indeed, a single naive CDJ cell has been able to generate a phenotypiaallifunctionnaly diverse
offspring containing both effector and memory cé®erlach et al., 2010; Stemberger et al., 2007).
However, optimal response still requires recruit@nseveral naive cells of the same specificity as
individual cell does not always fully translate diwverse potential upon activation (Buchholz et al.
2016). It is still unclear which and how elementgh® immune response are integrated in the fate
decision process and several models are proposédasu strength and duration of TCR stimulation,
inflammatory cytokines, transcriptional regulatipmsetabolic switches and uneven segregation of
lineage-determining factors during division (Cudakaech, 2010). Prolonged exposure to antigen is

not required for effective activation of CD8 cells (van Stipdonk et al., 2001), but strongnolative
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signals from antigen stimulation (depending on Ilgdaffinity to TCR and duration of TCR
stimulation), costimulation and inflammation arepwntant favouring factors for the expansion
associated with increased short-lived fate (Jasdli £2007). Importantly, increased activatiom afells
following excessive inflammation or TCR/costimutati signal may be associated with a deficient
memory formation as more cells acquire terminalffedéntiated states (Kaech and Cui, 2012).
Integration of the overall strength of the signalseived by CD8T cells is proposed to respond to one
of the following models. First, in the “decreasipgtential” model, those signals are continuously
integrated after initial priming, prolonged signaisomoting terminally differentiated effector cells
Second, the “progressive differentiation” or “siggrength” model suggests that those signals are
integrated during initial priming and influence thehenotype at later timepoints. Besides, the
“asymmetric cell fate” model proposes that assyimegll division generates one cell that will adapt
effector fate and the other a memory fate (Buchbkokl., 2016; Kaech and Cui, 2012). Although these
models propose that fate decision occurs follonangjgen stimulation, with all naive CDg cell
having the same differentiation potential, recetaidndicate a diversity even within naive CO8cells
with a partially “pre-programmed” fate that is inéinced by the life stage at which the cell was pced
(Smith et al., 2018). To add another level of camijty, recent reports suggested that effector CD8
cells can dedifferentiate into long-lived memorjiséHerndler-Brandstetter et al., 2018; Youngblood
et al., 2017).

Severaltranscription factors have been shown to influence the fate decisiocge®in CD8 T
cells. The T-box factorg-bet (T-box expressed in T cells) aB®mes(eomesodermin) act in concert
to regulate the SLEC/MPEC fate (Cui and Kaech, 20R6ports highlighted that they both participate
to the formation of the effector response with ipdiyt redundant roles (Intlekofer et al., 2005; Reset
al., 2003; Sullivan et al., 2003) and the preseoicat least one of them was essential to avoid
uncontrolled and deleterious type 17-like activataf CD8 T cells (Intlekofer et al., 2008). T-bet
expression peaked during acute infection, was &gsocwith efficient formation of effector cells@n
declined after resolution of infection (Takemot@kt 2006; Wiesel et al., 2012). Eomes expressias
upregulated during the effector phase but increigélaer during the memory phase. In term of memory
formation, it appeared that Eomes has a crucialfasloptimal formation of du (Banerjee et al., 2010).

In return, overexpression of T-bet was shown todsponsible for defectivech formation (Intlekofer
et al., 2007). However, both T-bet and Eomes ergwaiic-2/IL-15R3 (CD122) expression, allowing
cells to better respond to IL-15 which is importémot the maintenance of memory cell population
(Intlekofer et al., 2005). In accordance to a foleinflammation in promoting SLEC formation at the
expense of memory formation, IL-12 enhanced T-betr&pressed Eomes expression in effector CD8
T cells (Joshi et al., 2007; Takemoto et al., 2008)s mechanism appeared to by dependent on mTOR
kinase activity. Indeed, when mTOR activity wasdied, IL-12 treatment of CD8T cells induced
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Eomes expression and formation of memory precuf&as et al., 2010). Other inflammatory cytokines
like type | IFN are implicated in T-bet upregulatiand efficient production of effector cells (Wikse
al., 2012).

Other transcription factors like B lymphocyte-inddcmaturation protein-1 (Blimp-1), inhibitor of
DNA binding (ID) 2 and STAT-4 are associated wethniinal differentiation of SLEC in opposition to
B-cell lymphoma (BCL) 6, ID3, T cell factor (TCF) $TAT-3 and frokhead box O (FOXO) 1 which
are implicated in the maintenance of memory célese transcription factors regulate each othar in

complexe network of interactions (Kaech and Cul,20

Althoughmaintenance of memory CD8T cellsis independent of antigen or tonic stimulatiomiro
self-antigen/MHC (Murali-Krishna et al., 1999) @quires cytokine signals. Both IL-7 and IL-15 have
been involved in the optimal CD8T cell memory formation and maintenance by codperky
regulating survival and proliferation of these sdBecker et al., 2002; Buentke et al., 2006; Jwatge
al., 2002; Ku et al., 2000; Osborne et al., 20@hI@s et al., 2000)L-7 sustains survival of memory
CD8' T cells. As previously discussed, CD127 is usedifferentiate SLEC and MPEC fate as CD127
CD8' T cells better survive when transferred in unitédchost than their CD12¢ounterparts (Kaech
et al., 2003). CD127 is downregulated in the etime of the infection when a population of early
effector CD8 T cells (EEC; KLRG1 CD127) is observed. EECs conserve the ability to gige tb
both SLEC and MPEC (Obar et al., 2011). At the pefake immune response, to majority of CO8
cells express low levels of CD127 but following aksion of infection, CD127 expression is
upregulated within the population of activated seWhich can be explained by the fact that cells
expressing higher levels of CD127 will better suevihe contraction phase (Cui and Kaech, 2010;
Kaech et al., 2003; Schluns et al., 2000). Conogrti-15, it was proved to be an important factor to
sustain memory CD8T cell proliferation (Goldrath et al., 2002; Kuadt, 2000). IL-7 and IL-15 have
a complementary role and differential migratoryagpes of memory T cell subset may allow them to
reach niche were either of these signals are dlail@udge et al., 2002; Jung et al., 2016). Other
cytokines signalling through the common gamma cligin, like IL-21 and IL-2, have also been

implicated in the maintenance of memory CD8cells (Mitchell et al., 2010; Zeng et al., 2005)

Effector and memory CD8T cells are most commonly identified by their higtpression of CD44,
whereas naive CDS8T cells are CD42". While CD44 is widely acknowledged in mice to repo
activated/effector T cells, several other surfacglecules (CD122, CXCR3, Ly6C or CD49d) or
transcription factors (T-bet and Eomes) are al$ierdintialy expressed between naive and activated

CD8' T cells (Figure 12, first two columns).
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Figure 12. Overview of generation pathways and charactettiss of innate and conventional memory T cell
populations. Naive T cells can respond to a variety of endogsrand exogenous (or experimental) signals to
produce memory-phenotype cells. Stimulation by fpreantigens, in a suitably immunogenic way, withguce
“antigen- induced memory”, while there are two pedls that produce “Innate memory” T cells: thesinways
involve the response to lymphopenia or the resptine4. Populations of T cells with innate mema@rpperties
are found in normal animals at steady state—thesdesimed virtual memory cells. Key factors invalvie
generation of these cells and major phenotypicattaristics that are shared or distinguished tliifferent
populations are indicated. From (Jameson et al5201

4.2 Antigen-inexperienced memory CDB cells

According to the conventional definition of T celemory outlined in the previous section, memory
CD8' T cells were thought to be only present as thaltred an immune reaction against a specific
antigenic peptide. However, a number of studies twe last decade have comprehensively described
the existence ofdntigen-inexperienced” memory-like CD8 T cells which highlighted alternative
mechanisms that could be involved in the formatibhi cell memory (Figure 12). As suggested by their
name, these cells share most of functions withe‘traemory” cells (corresponding to antigen-
experienced memory T cells), including increasddoctdr capacities against pathogens (Lee et al.,

2013a), independently of the encounter of a speaiitigen (Jameson et al., 2015).

Jameson and colleagues (2015) identified two mmaimunological contexts in which formation of
antigen-inexperienced memory T cells could be ofegkin mice (Figure 12). First, “homeostatic”
proliferation of T lymphocytes in a T-cell ymphaope environment was associated with the acquisition
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of memory characteristics. These cells were tertiraate memory T cell$. Second, several gene-
deficiency models associated with IL-4-dominatedimmments favoured the appearance of memory-
like T cells also calledbystander memory T cell§. Besides these biased immunological contexts of
deficiencies, memory-like T cells are also obseratdteady-state in normal unimmunized mice and
were given the name ofittual memory T cells” (Tvm). One possible explanation for the presence of
memory T cells in naive animal is that they coulide following a response against environmental
antigens. But the existence of alternative mechasieading to production of memory-like T cells is
conforted by several observations. Firsty Were notably described in pathogen-free, germdresven
antigen-free mice (Haluszczak et al., 2009). Moegpenrichment of epitope-specific T cells allowed
identification of memory-like T cells in numerougpitepe-specific T cell populations making the
hypothesis of a previous encounter with these uaripitopes unlikely (Akue et al., 2012). A recent
comparison between functional capabilities of “traemory” subsets andal cells has recently been

published and is depicted in Figure 13.

These antigen-inexperienced memory CD&ell populations have to be distinguished fraimeo
innate T cell populations that also exhibit a meyrdwe/activated phenotype with ability to raiseagid
effector response upon activation, such as rapidkaye secretion and cytotoxic activitiy. Indeed,
unconventional T lymphocytes undergo a limitedgentireceptor rearrangement process and therefore
bear a restricted diversity of antigen receptamnsate T cells include intraepithelid T cells, mucosal-
associated invariant T cells (MAIT cells) and natwiller T cells (NKT cells). These cells are prat
in the periphery and are abundant compared tarttietl number of antigen-specific naive conventiona
CD8' T cells (Godfrey et al., 2015). According to thebaracteristics, innate T cells can take part in
the first line of defense similarly to innate imneucells. Despite these confunding attributes, exide
indicates that bystander memory CDOBcells differ from innate T cells. For instanabsence of MHC
la molecules greatly impedes the development ofamgier memory CDS8T cells, indicating that this
population is unlikely to belong to a populationimfate T cells whose low diversity TCR that rather
recognize MHC Ib molecules. Additionally, unlike NKcells, bystander memory CD® cells do not
bind CD1d tetramers (Atherly et al., 2006; Broudsatral., 2006).
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Figure 13. Traits that distinguish naive and major memory Tcell populations. The bars on the left indicate
various characteristics, which can be used tordjatsh the T cell subsets listed on the right. fitst four bars
indicate trafficking capabilities and stimulatioistiory of the cells, providing rigid distinctionisat can be used to
define T cell populations, but note that there idydimited concordance between these traits. Ttmerobars
indicate gene expression or phenotypic charadtjdbocused on molecules associated with traffigkiissue
retention, and “memory markers”. Grey shading iesth bars indicates where phenotypic/gene-expression
characteristics fail to clearly correlate with thed and green bars on the left. At the far rigte Bcell
subsets typically associated with these combinatdrraits and phenotypic/gene expression chaiatts, note
that the position of these identifiers is inhergrtigue, since the typical criteria for definingibsets” use markers
that may not faithfully correlate with the cellgirsulation history or migration potential. The posn of virtual
memory T cells (¥m) in this classification is highlighted in blue.

Abbreviations for T cells: Naive, Tn; Central Mempi cm; Effector Memory, Tem; Tissue-Resident Meynor
Trm; Virtual Memory (also encompassing “Innate” nwy), Tvm; Stem Cell Memory, Tscm; Memory T cells
with Naive Phenotype, Tmnp; Peripheral Memory, Tprondg-Lived Effector Cells, Tllec; CD45RAEffector
Memory (defined in humans), Temra; Exhausted Tsc@kx; Tth Follicular Helpers). Color coding of thecell
subsets indicates whether they have been primdegribed for CD8T cells (maroon), CD4T cells (gold) or
both populations (black). From (Jameson and Maspp048).

4.2.1 Innate memory CD8T cells : lymphopenia-induced memory-like CO8cells

T cell formation process includes negative (elirtioraof cells with high self peptide/MHC affinity)
and positive (survival of cells with lower but sificant affinity to self peptide/MHC) selection the
thymus. At steady state, survival of resting naB®8" T cells still depends on the presence of self-
peptide/MHC signal, known as “tonic signal”, alomgth IL-7 stimulation (Sprent and Surh, 2011,
Tanchot et al., 1997). The size of the T cell cortipant occured to be tightly regulated and the nermb
of cells is kept constant, apart from circumstasfdenmune reaction. Therefore, when CDO8cells are
transfered in a T lymphocytopenic environment (cetl notably by irraditation, Rag deficiency, or T
cell antibody-based depletion), they undergo a dhameostatic proliferation to regenerate the pool
(Bell et al., 1987; Ernst et al., 1999; Rocha etE89). The slow pace of “homeostatic” prolifeyat
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is one of the parameters that differentiate it fiome effector response that exhibit much hightr o&
proliferation (Murali-Krishna and Ahmed, 2000). Heastatic proliferation requires specific, low-
affinity interaction between TCR and self-peptid&t® complexes (Goldrath and Bevan, 1999) and IL-
7 coming from non-hematopoietic cells (Goldrattaket 2002; Schluns et al., 2000; Sprent and Surh,
2011). Thus, the same stimuli sustaining survifaCDB8" T cells in a physiological environment can
stimulate proliferation when the number of T cédlabnormally low. Proliferation induced by a dépte

T cell compartment will ultimately stop if a normalmber a T cell can be restored, indicating thiat t
phenomenon is drove by the existence of an “empages’ in the T cell compartment (Goldrath et al.,
2000). The common explanation is that T lymphocgtaapete for the factor sustaining their survival.
In a lymphopenic environment, the competition fbode factors will be reduced and individual
lymphocytes will receive increased signals, notdldyn IL-7, leading to their proliferation (Jameson
et al., 2015). Homeostatic proliferation is notetyed homogeneously in the T cell pool as some TCR
transgenic CD8T cells were shown to be more prone to homeogpatiliferation compared to others,
and even within a same TCR transgenic cell pomratnly a proportion of them will actually undergo
homeostatic proliferation. Thus, only a portiontbé T cell pool proliferates in response to T-cell
immunodeficiency (Ernst et al., 1999; Surh and 8{pr2000). The extent of proliferation appeared to
be correlated to the strength of the tonic TCRaligaceived by T cell, which is directly proportain

to its CD5 expression level (Jameson et al., 28déper et al., 2004). CD5 expression level coutmbal
be correlated to CD127 expression level, thuseatpacity of the cell to proliferate in resporsé_t

7 (Palmer et al., 2011)

Strikingly, homeostatic proliferation of CDg cells is associated with acquisition of a memory
phenotype with upregulation of some memory mark€id44, CD122, CD132) but maintain a naive
phenotype for other markers of activation (CD49D6€L, CD69, CD71 or CD25), with CD49d often
used as a discriminating marker (Ernst et al., 1928drath and Bevan, 1999; Kieper and Jameson,
1999; Murali-Krishna and Ahmed, 2000) Most impothanthese lymphopenia-induced memory-like
CD8' T cells are also characterized by increased efféehctions (including cytotoxic activities, IFN-

y production and enhance response against theimt®gmtigen) compared to naive cells (Goldrath et
al., 2000; Murali-Krishna and Ahmed, 2000; Oehed Bnduscha-Riem, 1999) although they are still
less effector than conventional memory CD8cells (Cheung et al., 2009; Goldrath and Bel&99;
Murali-Krishna and Ahmed, 2000).

As explain above, IL-7 has a key role in homeostatoliferation of CD8 T cells and therefore in
lymphopenia-induced memory formation. Supporting toncept, artificially increased levels of IL-7
did not only accelerate homeostatic proliferatioymphopenic environments but more importantly

drove proliferation and memory conversion of naB28" T cells in a lymphoreplete environment. This
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was very similar to lymphopenia-induced prolifesatand memory formation also required the presence
of MHC molecules (Boyman et al., 2008). In addifiather cytokines like IL-2, IL-15, IL-4 also
promoted proliferation and memory conversion of/eaCD8 T cells in lymphorepleted environment
(Boyman et al., 2006; Kamimura and Bevan, 200&tlal., 2011; Morris et al., 2009).

4.2.2 Bystander memory CD8 cells : IL-4-induced memory-like CD¥ cells (gene-

deficiency setting)

Lymphopenia-induced memory CD® cells form in the periphery and originate froratore naive
CD8' T cells. In addition, deficiencies of various Tl ckevelopment-associated genes have been shown
to influence the phenotype of CD¥ cells before they exit the thymus and increasedccurence of
single positive CD8thymocytes with a memory phenotype. Memory-like8ZD cells developing in
this mutant mouse models were given the name dftéoygler memory CD8T cells” (Jameson et al.,
2015). A number of mouse strains deficient for gelilee Itk, KIf2, 1d3, Cbp, ThetNdflp Ly9, Tcfl,
Elk1and4, bearing gene mutations $p-760r transgenic micegp(ck-CIITA™pIV-/- mice) have all been
associated with an altered thymic development 08 CDcells and emergence of bystander memory
CD8'" thymocytes (Atherly et al., 2006; Broussard et2006; Fukuyama et al., 2009; Lee et al., 2013b;
Maurice et al., 2018; Min et al., 2011; Sharmd.e812; Sintes et al., 2013; Verykokakis et2010b;
Weinreich et al., 2009). These bystander memory ‘CD&sells display an impressively uniform
phenotype in all the different conditions, with egulation of CD44 and CD122, expression of the
transcription factor Eomes but not Tbet and enhduabdity to produce IFN+upon restimulation. High
expression of Eomes but low expression of T-batdékacarteristic feature of bystander memory TD8
T cells, while innate memory CD§ cells rather express high levels of both traipsion factors (Figure
12) (Jameson et al., 2015). Initially arising frdm thymus, bystander memory T cells have beenishow
to exit and contribute to peripheral memory-like €O cells (Gugasyan et al., 2012). Work by
Weinreich and colleagues (2009 and 2010) highldjtiie mechanisms underlying this recurrent change
in CD8' thymocyte phenotype. Using Kruppel-like factor(KLZFdeficient mice, they observed that the
emergence of bystander memory CEt8/mocytes was dependent on KLF2 deficient envirent but
independent of their intrinsic expression of KLB2ch observation warranted the name of “bystander”
memory CD8 T cells. In addition, they identified increasedguction of IL-4 by an expanding
promyelocytic leukemia zinc finger(PLZF)-expressitlgymocyte population induced by KLF2
deficiency. Such increase in IL-4 and expressioPB8ELF were both shown to be essential for the
expansion of bystander memory CDBcells. Phenotypic changes on CRBBymocytes due to KLF2
deficiency were abrogated in absence of IladRpression or if truncated form of the PLZF protei
was expressed. CDJ cells can directly respond to IL-4 and need E®tonaipregulate memory markers

(Weinreich et al., 2010; Weinreich et al., 200%h& models of bystander CDB8 cells expansion were
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confirmed to involve a cell extrinsic process caligi depending on the expansion or activation of an
IL-4-secreting PLZFthymocytes (Felices et al., 2009; Gordon et &1,12 Kurzweil et al., 2014; Lee
et al., 2013b; Sintes et al., 2013; Verykokakisakt 2010a). The majority of PLZRhymocytes
expressed CD4 and were identified as invarigt{T, y3T cells orap T cells (Felices et al., 2009; Lee
et al., 2013b; Prince et al., 2014; Weinreich gt2010) depending on the model. Interestingly, PLZ
is an essential transcription factor for normalelepment oiNKT cells (Kovalovsky et al., 2008), and
regulate gene expression MKT cells, including a role in IL-4 production (Gieer et al., 2012; Pereira
and Boucontet, 2012).

The induction of bystander memory CDBcells is mostly described in the thymus. Yetaimodel
involving Nedd4-family interacting protein 1 (Ndfip deficiency, memory-like CD8T cells with the
same characteristics (increased CD44, CD122 anceEa@xpression) were induced in the periphery
without change neither in CD8ymocytes nor inNKT cells ory8T cells. Nonetheless, the observed
increased bystander memory T cells was associatbhdnereased IL-4 production but originating from

conventional peripheral CDJ cells (Kurzweil et al., 2014).

CD8" T cell intrinsic pathways have also been involiedhe emergence of thymic memory-like
CD8' T cells, independently of IL-4 secreting PLZfells but depending dilk1and4, Nfkb1orBcll1lb
(Gugasyan et al., 2012; Hirose et al., 2015; Maueical., 2018).

A number of these genes were shown to have profamnpéct on innate T cell populations,
influencing development or commitementiNKT towards IFN-, IL-4 or IL-17-producindNTK cells
that were subsequently identifiedid8KT1, iINKT 2 oriNKT17 (as for CDA4 T lymphocytes Thl, Th2
or Th17) (Lee et al., 2013b). Other targeted geme® also likely involved in post-TCR signalling
(Cbp ltk, 1d3, Slp-76, Elkland4) indicating that generation of bystander memory8CD cells could
be associated with an altered TCR signalling payh@dameson et al., 2015; Maurice et al., 2018).
Consistent with that, CD8T cells susceptibility to engage a bystander mgmbenotype was likely
associated with the strength of positive selecsignal. Indeed, differentiation of CD& cells arising
from strong positive selection signal are less iotgpd byltk deficiency. Therefore, as in lymphopenia-
induced homeostatic proliferation, every CDBcell clones did not seem to equally responchis t

biaised environment (Atherly et al., 2006).
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4.2.3 Virtual memory CD8T cells : antigen-inexperienced memory-like CD&ells in

normal physiology

Following description of memory-like CD8I cell generation in transgenic/deficient contess
similar population has been described in the thyofusnimmunized wildtype mice, in particular in
BALB/c mice (Weinreich et al., 2010). Existence mémory-like CD8 T cells in the periphery of
antigen-inexperienced mice had already been destfidy some time but pivotal work from Haluszczak
and colleagues (2009) clarified the phenotype edércells. They showed that like innate memory TD8
T cells but unlike conventional memory CDB cells, memory-like CD8T cells present in antigen-
inexperienced mice homogeneously express low lefvite integrina4 subunit (CD49d). They were
also shown to express high level of CD44 and leeél€D122 that was even higher than antigen-
experienced memory CDE cells (Sosinowski et al., 2013). Strikingly, igein-inexperienced memory
T cells can be found at the same frequency in dgezmmice compared to specific pathogen free (SPF)
mice, among several TCR clones albeit a great tiamian proportions can be observed in-between
clones (Akue et al., 2012; Drobek et al., 2018;udatzak et al., 2009; Renkema et al., 2016). These
observations therefore confirm that memory-like CD8cells could arise independently of cognate
antigen stimulation and present a diverse TCR teper(Rafei et al., 2011). In this unbiaised canhte
and as introduced in the first section of this ¢egpnemory-like CD8T cells are given the name of

“virtual memory CD8 T cells” (Tum).

Tvm could originate from a combination of lymphoperdad IL-4-induced mechanisms (Jameson
et al., 2015). First, immune environment in neohatige is characterized as lymphopenic supporting
lymphopenia-induced proliferation and acquisitiém@mory characteristics (Le Campion et al., 2002;
Min et al., 2003; Schiler et al., 2004). Consisteitih a role for lymphopenia-induced mechanisms for
the emergence ofyly cells, these cells are absent at birth but pregrely accumulate in the periphery
during the period of neonatal lymphopenia. Theiesgence in the thymus only occurs later and at
lower proportion than in periphery (Akue et al.12). Second, IL-4-secreting PLZknate CD4 T
cells population are found in unbiaised wildtypeenand could support the expansion of memory-like
CD8' T cell population (Lee et al., 2013b). Indeed,rble of IL-4-induced mechanims is evidenced by
the significantly reduced proportions ofnfin 11477, ll4ra™ or INKT-deficient mice. Similarly to
bystander memory CD8T cells, direct signalling of IL-4 on CD8T cells was required. However, a
population of T persist inll4™", ll4ra™ or iINKT-deficient mice mice, supporting the existende o
complementary mechanisms (Akue et al.,, 2012; Reakemal., 2016; Sosinowski et al., 2013;
Weinreich et al., 2010). Development afulalso required Eomes and IL-15 signalling (IL-1%l &S
transpresentation by C8dendritic cells). Furthermore, injection of IL-05 IL-4 in vivo resulted in

expansion of ¥m cells (Park et al., 2016; Sosinowski et al., 208ntre et al., 2012; White et al.,
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2016). Importantly, deficiency in both IL-4 and 115 did not lead to a complete abolition of thes T
compartment and other cytokines like type | IFNLoi7 were also shown to be involved (Martinet et
al., 2015; Tripathi et al., 2016).

Virtual memory commitement may not be a stochastient. Similar to a different propensity to
respond to lymphopenia by homeostatic proliferat®@n8" T cell affinity for self-ligands (tonic signal),
proportional to its CD5 expression, correlates wihpropensity to convert to virtual memory CDB
cell, probably through an increased sensitivityltel5 (White et al., 2016). In a recent study, this
relation was shown to be cell intrinsic and obséreely above a certain treshold of CD5 expression,
indicating that cells must experienced a minimunelef self-reactivity to be able to form virtual
memory (Drobek et al., 2018). This model is illastd in figure 14.

Self-reactivity (determined by TCR specificity)

T-cell clones ‘ i -

Negative selection Positive selection Death by neglect

((*9_\“
£
L

s
% |

Fate decision at the periphery Virtual memory fate Naive phenotype
(differentiation) (maintenance)
Mechanism of self-tolerance Compensatory mechanisms TCR poorly binds to

(low CD25 and CD49d upregulation) self-antigens
(low self-reactivity)

Figure 14 : Level of self-reactivity influence CD8T cell fate. Negative and positive selection occuring in the
thymus is dependent on self-reactivity of T celldow level of self recognition is required for pibge selection.
Although highly self-reactive cells are eliminat@g@dgative selection), cells displaying an incredsedl of self
reactivity might acquire memory properties. Fromdiek et al., 2018)

CD5 expression also correlates with TCR aviditjoi@ign antigens. Thus, the TCR repertoire
might be skewed towards higher avidity for foremmigens. This is coherent with the existence of
variation in the proportion of s cells among diverse antigen-specific T cell pofiotes and with a

difference of T cell clones among naive angh TAkue et al., 2012; Drobek et al., 2018).

As memory-like CD8T cells, T displayed heightened effector capacities comptaredive CD8

T cells (Lee et al., 2013a). Nonetheless, sombaf functions turned out to be impaired compaped t
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conventional (“true”) memory CDO8T cells. For example, they expressed much lowedl lef IFN-y in
response ton vivo or in vitro stimulation with their cognate antigen. IRN\production levels being
similar in Tym compared to naive CD& cells after infection with a pathogen bearingititognate
antigen. Still, Tm expansion following infection did not differ frooonventional memory CO8 cells
but occured earlier and to a greater extent thain ttaive counterpart. In addition, control of pagbn
infection was as efficient by virtual memory T eethan by conventional memory T cells, and both
outcompeted naive T cells (Haluszczak et al., 2005 et al.,, 2013a; Sosinowski et al., 2013).
Moreover, signals associated with promotion ofuattmemory population, notably IL-4, also impact
conventional effector and memory response (Tripettlal., 2016). Strikingly, virtual memory CD8
cells also appear to raise unspecific, bystandectir response against pathogen in absence oatogn

antigen recognition, a mechanism described as diep¢on IL-15 (White et al., 2016).
4.2.4 IL-15 or IL-4 shape virtual memory T cell responaesording to the mouse strain

Immunological differences exist between inbred meosisains. Already mentioned in the section
about bystander memory CD8 lymphocytes, a difference in thymic PLZ&ells proportion can be
observed at the steady-state between BALB/c andC/&/mice. BALB/c mice spontaneously produce
an important population of IL-4-secreting PLZRNKT that is absent from C57BL/6 mice. Such strain
effect on physiological abundance of IL-4 secretfigZF population directly correlates with the
observed proportion of memory-like CD8 cells in the thymus of wildtype mice (Lee et &013b;
Pereira and Boucontet, 2012; Weinreich et al., 20b@erestingly, KLF13 deficiency in BALB/c mice
broughtiNKT and memory-like CD8T cells down to levels comparable to C57BL/6 n{icai et al.,
2011).

In parallel to these physiological differences bfdkinduced virtual memory formation, several
studies have noted discrepancies in cytokine-degrenydof Tm cells. While some highlighted an
essential role for IL-4 (Weinreich et al., 2010hers concluded for its limited function in thiopess
and rather proved IL-15 to be the main driver of Tormation (Akue et al., 2012; Sosinowski et al.,
2013). Strain-dependent variability could actuatkplain these conflicting observations. Indeed, whe
comparing Tm dependency on IL-4 or IL-15 in BALBAs. C57BL/6 mice, it came out that BALB/c
Tvm relied on IL-4 while IL-15 played a crucial role C57BL/6 Tym (Tripathi et al., 2016). Such strain
effect could also be translated by potential incsiracies between studies regarding the kinetics of
memory-like CD8 T cells appearance after birth. As stated in thevipus section, some studies
reported that memory-like CDS8T cells first appeared in the periphery during matal period,
potentially excluding a role for bystander memoB8C T cells in the origin of Jv cells (Akue et al.,

2012). However, these studies were conducted WB{FBC/6 mice that have scarce bystander CD8
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cells at steady state (Weinreich et al., 2010)e6Githeir important dependency on IL-4,Tof BALB/c
mice could however mainly originate from bystandemory T cells (Renkema et al., 2016), while
C57BL/6 Twm cells would rather be related to innate memory €lls¢ responding to IL-15 by
homeostatic proliferation (Sosinowski et al., 2018)addition, an important difference between ¢hes
two subset lies in the T-box transcription factorduced. While homeostatic proliferation could be
associated with upregulation of both T-bet and Eohéet al., 2011). IL-4 responding CD¥ cells
upregulate Eomes and not T-bet (Renkema et alg;2@&inreich et al., 2009).

Hence, when studying the functional behaviouraf €ells, one must take into account the potential
mouse strain effect in the interpretation. Foranse, inflammatory settings where type 2 immursty i
induced with high levels of IL-4 are produced coptdentially have distinct effects on IL-4-respoesi
BALB/c Tvm when compared to C57BL/6 mice
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Objectives

Two separate studies are presented in the confettiio thesis. Although they both aimed to
investigate the impact of helminth infection onithest’'s immune system, they pursued independent

specific objectives.

Although the role of type 2 immunity in helminthims&nd particularly in schistosomiasis is well
described, how IL-4B-dependent alternatively activated macrophages ¢advke involved in host
protection remains uncertain. Therefore, the mdijeaive of this study was to provide additional
information on the functions of IL-4Rdependent aalpland the dynamics of the monocyte/macrophage
responses aft&. mansoninfection in the light of IL-4/IL-13 responsivereed o help us in that purpose,
we have used two mouse model¥:iéra™ mice unable to respond to IL-4/IL-13 and thus uedb
mount typical type 2 immune responses, drdconditional knockdowl4ra™**LyzZ"™ mice lacking
sensitivity to IL-4/IL-13 specifically on myeloidetls including lysozyme M-producing macrophages
and neutrophils and thus unable to generategaaMe also further investigated IL-4Rdeletion
efficiency as some controversy existed concernhmgy dfficiency of IL-4R deletion in different
macrophage populations idraLyzZ"™ mice. Finally, we aimed to investigate the conttibn of

monocyte-derived macrophagesresident macrophages in the response. tmansoninfection.

Virtual memory CD8 T cells (Twm) are antigen-inexperienced memory-like CO8cells. These
cells display heightened effector function and lsannduced through IL-4d&rsignalling. Therefore, we
hypothesized that helminth-induced IL-4-dominat@thiune response could expand the population of
Tvm responses. We used natural infection with differeximinth speciesS; mansoniN. brasiliensis
andH. polygyru$ or exposure to helminth-derived antigens to aeiee whether helminth-induced type
2 inflammation with IL-4, could affect vlx responses. The potential expansion @f Tells after
helminth infection could result in a conditioning @D8" T cells to respond more effectively to a
subsequent viral infection. Thus, we took advantige murine model of-herpesvirus infection: the
murid herpesvirus 4 (MuHV-4) to address the impaichelminth-induced type 2 inflammation on
subsequent anti-viral control by CDB cells. Indeed, MuHV-4 provided a good modeltasimmune

control of acute infection directly depends on etibfe CD8 T cell responses.

69






Experimental section







Experimental section

15t study :

Recruitment of hepatic granuloma macrophages from mnocytes is
independent of IL-4Ra but is associated with ablation of resident

macrophages in schistosomiasis

Marion Rolot, Annette Dougall, Justine Javaux, Ems Lallemand, Bénédicte Machiels,

Philippe Martinive, Laurent Gillet, Benjamin G. Dals

Manuscript under revision iBuropean Journal of Immunology






Experimental section — study 1

Abstract

Alternatively-activated macrophages (agd)l accumulate in hepatic granulomas during
schistosomiasis and have been suggested to hareararrow origin. What is less understood is how
these macrophage responses are regulatedSafteansoninfection. Here, we have investigated the
role of IL-4 receptor-chain (IL-4Rx)-signalling in the dynamics of liver macrophagspenses. We
observed that IL-4R signalling was dispensable for the recruitment andliferation of Ly6C
monocytes and for their conversion into F4BD64'CD118" macrophages. Moreover, whibgz2-
dependentL-4Ra provided an aals phenotype to liver F4/80D64'CD118" macrophages that was
associated with regulation of granuloma formatitrwas dispensable for host survival. Resident
F4/80CD64'CD11H° macrophages did not upregulate signature genesmaldps. Rather, resident
macrophages nearly disappeared by week 8 aftectiofe and artificial ablation of resident
macrophages in CD18% mice did not affect the response $o mansoninfection. Interestingly,
ablation of CD169 cells in naive mice resulted in the accumulatidn Fé/80°CD64'CD11b"
macrophages, which was amplified when ablation weduduring schistosomiasis. Altogether, our
results suggest the ablation of resident KCs &tenansoninfection is associated with the recruitment
and accumulation of F4/80D64'CD118" macrophages witlyz2-dependentL-4Ro. contributing to

regulate granuloma inflammation but dispensabldémt survival.

Introduction

Schistosomiasis is a severe parasitic diseaseaimithst 240 million people infected worldwide and
more than 200,000 deaths yearly in sub-Saharanaflone (Colley et al., 2014). In the murine model
mice infected withSchistosoma mansordevelop a severe liver pathology with granulomatou
inflammatory responses directed towards the parasdgs. During chronic infections, type 2
inflammation in the liver results in fibrosis, whigeads to portal hypertension, bleeding from ¢etk
vessels and ultimately death (Barron and Wynn, 2@Ehrce and MacDonald, 2002). Macrophages
accumulate in the liver and are a key cellular congmt in granuloma formation and host protection
(Barron and Wynn, 2011; Gieseck et al., 2018).

Macrophages are plastic cells that can be alteigitactivated by IL-4 and IL-18ia the type | or
type Il IL-4 receptor, respectively (Van Dyken dratcksley, 2013). Both IL-4 receptors share the IL-4

receptora chain (IL-4Rx) and it has been demonstrated that mice defid@ntL-4Ra are highly
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susceptible t@&chistosoma mansoinifection (Herbert et al., 2004)4ra™ mice develop uncontrolled
type 1-biased intestinal inflammation in resporms8.tmansonéggs, do not develop granulomas in the
liver and quickly succumb the acute phase of tfection when the parasite egg production reaches a
peak by week 7-8 post-infection. In 2004, Herbewd aolleagues generatdidra"lyz*™ mice to
conditionally knockdownll4ra expression in lysozyme M-expressing cells sucmegrophils and
macrophages (Herbert et al., 2004). These miceupemtibigger liver granulomas and succumbed to
high doseS. mansoniacute infection due to a putative impaired contbltype 1-biased gut
inflammation similar to that observedlidra™ mice. However, a more recent report by Vannelth an
colleagues reported that whiléra™°*lyz2"® mice developed increased liver inflammation up br
high doses. mansorinfection, the survival kinetics and gut inflammoatwas not significantly different
to hemizygousll4ra™* littermate control mice (Vannella et al., 2014)stead, the macrophages
population in liver granulomas was diverse withunatnd immature cells expressing high or low kevel
of lyz2 respectively. These contradicting results left tiole of IL-4Ri-dependent alternatively-
activated macrophages (a@Mor M(IL-4)) unappreciated in schistosomiasish@ligh macrophages-
specific arginase 1 (Argl) and resistin-like moleau(Relm-v), two aaMp signature genes, controlled
type 2 inflammation and deleterious liver fibrodigring chronic schistosomiasis (Nair et al., 2009;
Pesce et al., 2009a; Pesce et al., 2009b). IL-dbas shown to induce local proliferation of reaide
macrophages after infection with the nematod@smosoides sigmodontier Heligmosomoides
polygyrus(Jenkins et al., 2011), and these cells acquineabdvlp phenotype. However, this turned out
not to be the case in schistosomiasis where therityapf granuloma aalds had a signature of recruited
Ly6C" monocytes (Girgis et al., 2014; Gundra et al. £2Mascimento et al., 2014). However, the role
of IL-4Ra signalling on recruited or resident macrophagesndutype 2 cell-mediated immune
responses toS. mansoniinfection remains unknown. In the present studye thynamics of
monocytes/macrophages recruitment and activatigheiver during the first weeks aft& mansoni
infection were investigated in relation to IL-4 s#ling in lyz2expressing cells. Our findings
demonstrate that whilkdra™*lyz*" were not more susceptible $0 mansoninfection thanil4ra
mice, liver cell-mediated inflammation was sigréfitly increased. We further observed that L}6C
monocytes severely proliferated and were recruiethe liver independently of IL-4Rsignalling by
week 8 after infection; where they differentiatetbiCD1185' aaMps while CD118 resident KCs nearly

disappeared.
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Results

Ly6C" monocytes recruitment to the liver is associated it the accumulation of CD11H"

macrophages independently of IL-4f.

We used flow cytometry and the gating strategy atedi inFig. S1to investigate liver cellular-
mediated responses dra™lyz*", ll4ra™ or ll4ra™ mice afterS. mansoninfection. At 0, 4, 6
and 8 weeks post-infection, proportions of sigl€iB11b” eosinophils, Ly6@CD11b neutrophils,
CD3' T cells, CD19MHCII* B cells, F4/80CD11¢ dendritic cells, Ly6€@CD115 monocytes and
F4/80CD64" macrophages were analyseeig( 1A). Eosinophils were the main cell population
expanding by week 6 post-infection and did not expan ll4ra™ mice. Consequently, other cell
populations like neutrophils, lymphocytes and L{/6@onocytes, were proportionally increased in
ll4ra™ mice at week 6 post-infection despite delayedarse of T cells and Ly8tmonocytes. Hence,
the dynamics of the Ly6Cmonocytes and F4/88D64" macrophages responses were investigated
(Fig. 1B-C). We observed that the number of Ly6@onocytes significantly increased after infection
in all mouse strains by week 8 post-infection, vattielay inl4ra™ mice. F4/80CD64" macrophages
tended to decreaselidra™ mice but were not significantly affectedlidra™lyzZ" orll4ra™ mice
(Fig. 1B-C). As expected, resident liver FA/8D64 macrophages in naive mice expressed low levels
of CD11b. Thus, resident KCs were referred as CBldiacrophages. However, a population
expressing higher levels of CD11b progressivelyeappd and accumulated from week 4 post-infection
in all mouse strains. The numbers and proportiér®Di 15° macrophages were significantly reduced
upon infection while a population of CDIMlzells constituted the main F4/€&D64" macrophage
population by week 8 post-infectioRig. 1B-C). Although the numbers of CD11Imacrophages were
heightened inll4ra™lyz*™ mice at week 8 post-infection, the lack of ILe4Rid not affect the
enrichment of these cells aft8r mansoninfection Fig. 1C-D). No data was available féidra™ at
week 8 post-infection as these mice succumbedhfietion. Thus, recruitment of Ly6Gnonocytes to
the liver afterS. mansoninfection was associated with an accumulation oflCiY macrophages

independently of IL-4R signalling.

Ly6C" monocytes convert into CD118 macrophages afterS. mansoninfection

As previously reported, granuloma macrophages limsgtsomiasis have a signature of monocyte-
derived cells (Girgis et al., 2014; Gundra et2014; Nascimento et al., 2014). We observed that'y
monocytes indeed overexpressed the macrophage m&Zk®4 independently of IL-4dr

responsiveness up& mansorinfection, and CD11bmacrophages transiently expressed higher levels
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of Ly6C (Fig. 2A-B). These results suggested that L{aBonocytes are recruited to the liver upon
infection and convert into CD1Tbmacrophages. To address this hypothesis, we peddpartial
chimeric mice by shielding the liver during totaldy irradiation and engrafting congenic CD45%1.2
bone marrow (BM) cellsHig. 2C). Eight weeks later, mice were left uninfected sobjected to
percutaneous infection with. mansoncercariae. Blood Ly6€monocytes were enriched in CD45.1
cells in chimeric mice (mean chimerism of 46%)g( 2D) andS. mansoninfection of these mice
induced the appearance of CD1'Ihacrophages in the liveFif. 2E). When analysing chimerism of
CD11K° resident macrophages or CDYlimacrophages in the liver of mice at week 0, 48 6y 10
post-infection Fig. 2F-G), we observed that whereas resident C[¥1fiacrophages cells mainly
retained a chimerism of resident liver cells, CO1hbacrophages displayed a chimerism similar to
blood Ly6C" monocytes. Thus, these results demonstratediveatCD118' macrophages have a BM
origin, therefore emerging from recruited Lyb6@onocytes. Interestingly, a small but significant
fraction of CD11B resident macrophages acquired a chimerism of Bigirowhich suggests, as
recently proposed, that some recruited CO'1timcrophages could convert into resident macroghage
(Gundra et al., 2017).

S. mansoniinfection induces IL-4/13-independent proliferation of recruited Ly6C" monocytes

but not CD11b" macrophages.

IL-4 can induce proliferation of resident macropbsgandH. polygyrus infection induced
proliferation of KCs (Jenkins et al., 2011; Jenkensl., 2013). To determine the dynamics of ILe4R
dependent proliferation afte. mansoninfection, EdU was injected tiddra™"lyz*™, ll4ra™* or
ll4ra™ mice at week 0, 4, 6 or 8 post-infection and thapprtion of liver cells having undergone
division and incorporated EdU was determined 4érIftig. 3A and B). We observed very low levels
of cell division in Ly6C' monocytes or F4/8CD64 macrophages in naive mice. Proliferation
remained at basal levels for the first 6 weeksfddtion in all mouse strains. By week 8 post-itifat
however, about 25 to 28% of liver LyB@onocytes from both4ra™lyzX" andll4ra™° mice were
actively proliferating. In addition, low but sigitént increased EdU incorporation in CD'Iiesident
macrophages was detected while no increased patlifa could be observed in CDf.tmacrophages
after S. mansoninfection, suggesting that IL-4 does not inducersgr macrophage proliferation in
granulomas. Because CD1'limacrophages are the most abundant populatioreitiier by week 8
post-infection and are originating from LyB@nonocytes, it is likely that LyBCmonocytes stop

dividing once differentiated into CD1%9macrophages.
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ll4ra™"lyz*" mice have increased liver inflammation but surviveschistosomiasis.

To revisit the susceptibility df4ra™°*lyz*"™ BALB/c mice to schistosomiasis, mice were infected
with either 100, 35 or 20 cercariae percutaneouSlinical monitoring was performed and survival
recorded over time. Compared to hemizyghisa " littermate controls, we did not detect increased
susceptibility of ll4ra™lyzZ*™ mice to S. mansoninfection Fig. 4A). Nonetheless, to further
investigate the dynamics of IL-4Rlependent cellular responses in the liver duttirfirst weeks after
S. mansoninfection, leukocytes were isolated from liverslidira "X lyzZ" or ll4ra™ mice before
infection and at weeks 4, 6 and 8 post-infectioe. Mdserved increased numbers of CDiébkocytes
in the liver of ll4ra™lyz*"™ by week 8 post-infectionF{g. 4B). Increased liver cellularity in
ll4ra™lyz*"™ mice was associated with the development of laliger granulomas compared to
ll4ra™ littermate controls Kig. 4C-D). Nonetheless, increased granuloma size did rfettathe
cytokine responses with similar IL-4, IL-13, IL-B&IFN-y responses in liver and hepatic-draining LN
after SEA restimulation Fijg. 4E). These results confirmed thitz2-dependent IL-4R has no

significant impact on host survival to schistosastgavhile regulating granuloma formation in theshv

S. mansoninfection induces an IL-4Ru-dependent aaMp phenotype in CD11B' macrophages.

Vannella and colleagues suggested inefficient ieledf thell4ra locus in ‘immature’ populations
of F4/80CD64" macrophages i¥ra™"lyz*" mice afterS. mansorinfection (Vannella et al., 2014).
Moreover, IL-4-driven proliferation il4ra™lyzZ" mice resulted in the positive selection of ILe4R
expressing macrophages in these mice (Jenking @04l3). Thus, we investigated the efficacy of Cre
recombinase expression under the control oflyh2 promoter by crossintyzZ™ mice with lineage
Ros&R™ reporter mice (Luche et al., 2007). These micaesgthe reported red fluorescent protein
tdRFP following Cre-mediated excision of the flox&dp codonKig. S2A). Using the gating strategy
as depicted ifFig. S1, the efficacy and selective expression of the IRBmM naive o0IS. mansoni
infected mice was analysed in liver lymphocytesimaphils, dendritic cells, neutrophils, monocytes
and macrophages. We observed no expression inBl aalls, basal expression in some eosinophils
(<7%) or dendritic cells (<25%) and around 30% g6C" monocytes expressing tdRFP irrespective
of the infection withS. mansondr not Fig. S2B). As expected, we observed that the highest ptigpor
of tdRFP cells were neutrophils and F4/8D64" macrophages with 60 to 70% of the cells effecyivel
expressing the reporter protein in naive 8ndhansoninfected miceFig. S2B. Importantly, CD118
and CD118 macrophages expressed significant levels of tdRfeR 5A). We further observed that IL-
4R, (CD124) protein expression was significantly impdiin neutrophils, CD11bmacrophages and
CD111" macrophages @. mansoninfectedll4ra™lyzZ" mice ig. 5B), confirming our previous
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observations (Dewals et al., 2010). Thus, delatioih-4Ro. in ll4ra™*lyzZ™ mice is similar between

naive andS. mansoninfected mice in term of efficacy and specificity.

We further investigated protein expression levélhe chitinase-like molecule Ym1 over time after
S. mansoninfection. Proportions of Ynilcells significantly increased after infection irDC1b"
macrophages whereas proportions of CI¥ldtacrophages expressing Ym1 remained IBig.(5C-
D). Thus, the majority of aalMexpressing Ym1 were of BM origin in the liver 8 mansoninfected
mice. Proportions of Ynf1CD118" macrophages was significantly lower lidra™lyzX" mice
compared tdl4ra™* mice but higher than il4ra” mice. Likewise, upregulation of Relmwas
mainly observed in CD1Ibmacrophages froti4ra™°* mice Fig. 5E). These results demonstrate
impaired aaMs in the liver ofS. mansoninfectedll4ra™lyz" mice and further suggest CD1'b

macrophages to be a main effector population iditiee for controlling granuloma formation.

Resident liver CD11° macrophages almost disappear afteS. mansoniinfection and are

dispensable against schistosomiasis.

We observed that monocyte-derived CD1Lhacrophages accumulate in the liver aBemansoni
infection and contribute to the majority of F4/8ID64  macrophages in the liver by week 8 post-
infection (ig. 1). Nascimento and colleagues highlighted the ptvteaole of CCR2-dependent
recruitment of monocytes to the liver to controgégduced inflammation (Nascimento et al., 2014),
which further suggest that CD1"imacrophages are recruited to the liver from blomhocytes and
acquire an aaM phenotype for regulating granuloma formation. Aligh CD118 macrophages
accumulated, we also observed that resident CBMacrophages nearly disappeared in term of
proportion and numbers in the liver from week 6tpofection Fig. 1B-C). This observation was
unexpected and could suggest resident CBacrophages to be dispensable in schistosomidsst.
resident macrophages express sialoadhesin (sigleccD169) (Gupta et al., 2016b) and diphtheria
toxin (DT) treatment of CD1E3~* mice successfully depleted liver resident macrgebdGupta et
al., 2016b). Thus, we induced the depletion ofd@si macrophages in CD188* mice by injecting
DT at regular intervals from week 5.5 afrmansoninfection Fig. 6A). DT treatment successfully
depleted F4/8D64 CD11K° macrophages in naivéif. S3 and S. mansoninfected Fig. 6D)
CD169™* mice but did not significantly affect survival, ight change, liver granuloma volumésd.
6B-C) or cellular responses in the livéfig. S4A). In addition, restimulation with soluble egg antigen
(SEA) of hepatic LN and liver cells did not highiigsignificant differences in the liver although OFY
cell depletion was associated with increased Ilndla-13 responses in the draining LN at week #pos
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infection Fig. S4B). Altogether, these results suggest resident CPhddcrophages to be dispensable

in the control of schistosomiasis.

Ablation of resident CD11B° macrophages duringS. mansoniinfection results in recruitment

of monocytes to the liver.

Induction of KC death resulted in the recruitmefhtnmonocytes from the BM and these cells
differentiated in KCs, filling in the empty nich8dott et al., 2016). DT-mediated depletion of CD169
cells induced the ablation of CD11macrophages after DT treatment (Chow et al., 2G1gita et al.,
2016b), and resulted in the recruitment of L{dGonocytes expressing high levels of CD64 in therli
(Fig. S3B. In addition, the small population of F4/&D64 macrophages in the liver of DT-treated
mice displayed high levels of CD11b expressiongesting that these cells might represent newly
differentiated macrophages of monocyte origiig( S30. When mice were treated at 3-4 days interval
from week 5.5 afteB. mansoninfection §ig. 6), recruited Ly6€ monocytes displayed similar CD64
expression in both CD18%* and WT (CD169") mice at week 7 post-infectiofif). 6F). Likewise,
the majority of F4/80CD64" macrophages were CDIafter DT treatment of both CD18%* and
WT (CD169™) mice Fig. 6D and B. Taken together, these results suggest thatiteent of Ly6C"

monocytes afte. mansoninfection could results from the ablation of resit CD118 macrophages.
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Figure 1. S. mansoniinfection induces Ly6C" monocytes recruitment to the liver and expansion
of a CD11B" liver macrophages population independently of IL-Ra signalling.

ll4ra™*, llara™¥lyzZ"™, or ll4ra™~ BALB/c mice were percutaneously infected with 85mansoni
cercariae. Liver leukocytes were analysed by flgtometry at week 0, 4, 6 and 8 after mansoni
infection. The gating strategy is outlinedrig S1

(A) Flow cytometric quantification (as percentagetatil CD45 leukocytes) of liver eosinophils
(SiglecF), neutrophils (Ly6G CD11bE), T cells (CD3), B cells (CD19 MHCII"), dendritic cells
(CD11¢F4/80 ; DCs), monocytes (LyBtCD11b ; MOs) and macrophages (F4780D64" ; Mg).

(B) Representative contour plots of Ly&diver monocytes and F4/80D64" liver macrophages
obtained by flow cytometric analysis at the givienet-points post-infection. Numbers on contour plot
correspond to percent of positive events in eath. ga

(C) Numbers of Ly6¢& monocytes, F4/8€CD64" macrophages, CD1%bor CD11B' F4/80CD64"
macrophages (from top to bottom) in the liver asatly by flow cytometry as in A and B. Symbols
represent values from individual mice and bars sheant SEM from one experiment representative
of two independent experiment (n=4 to 5). Two-walN@VA with Sidak’s post-test. P<0.05,

** P<0.01, **P<0.001 and ***P<0.0001 compared to naive mice of the same genpt{s®.05,
#P<0.01,"P<0.001 compared tidra* mice at the same infection stage.

(D) Proportions of CD11bor CD118' cells in F4/80CD64" liver macrophages overtime aftsr
mansoniinfection, analysed by flow cytometry as in A aBd Bars show mear SEM of one
experiment representative of two independent expant (n=4 to 5).
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Figure 2
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Figure 2. Liver CD11b" macrophages arise from recruited Ly6¢' blood monocytes duringS.
mansoniinfection.

(A and B) ll4ra™, ll4ra™¥lyzZE™, orll4ra™ BALB/c mice were percutaneously infected with@5
mansonicercariae. Liver leukocytes were analysed by ftywometry at week 0, 4, 6 and 8 after
mansoninfection. The gating strategy is outlinedrig S1

(A) Half offset representative histograms of CD64 BpéC expression in Ly6Cliver monocytes and
CD118" F4/80CD64" liver macrophages, respectively, as analyseddwy élytometry.

(B) CD64 and Ly6C median fluorescence intensity (M&1)Ly6C" liver monocytes and CD11b
F4/80CD64' liver macrophages respectively, as analysed hy ¢igtometry. Bars show mean SEM
from one experiment representative of two indepehdgperiment (n=4-5). Two-way ANOVA with
Sidak’s post-test. #<0.01, **P<0.001 and ****P<0.0001 compared to naive mice of the same
genotype.

(C-G) Field irradiation with protection of the liveresr was performed on recipient CD45.2 BALB/c
mice that were reconstituted with CD45.1.2 bone ravar (BM) cells. Chimeric mice were
percutaneously infected with 35. mansoncercariae and liver leukocytes were analysed bw fl
cytometry at week 0, 4, 6, 8 and 10 affermansoninfection. Donor cells were identified based on
CD45.1 expression.

(C) Experimental design.

(D) Representative flow cytometry contour plots @ tthimerism in blood Ly6tmonocytes in naive
andS. mansoninfected mice.

(E) Representative flow cytometry contour plots okti F4/80CD64" macrophages analysis by flow
cytometry.

(F) Representative flow cytometry contour plots oé tbhimerism in CD11b or CD11¥ liver
F4/80CD64" macrophages as gated in E.

(G) Chimerism in Ly6¢ liver monocytes and CD11tor CD118® F4/80CD64" liver macrophages
analysed by flow cytometry as in F. Normalized ofiiem is presented as CD45@D45.1 ratios of
the population in the liver over CD45:€D45.T ratios of blood monocytes. Bars show mgaSEM
(n=4-5). Two-way ANOVA with Sidak’s post-test. **£<0.0001 compared to naive mice.
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Figure 3. Proliferation of Ly6C" liver monocytes independently of IL-4 receptor sigalling.

ll4ra™o%, llara™¥lyzZ*™, or ll4ra”~ BALB/c mice were percutaneously infected with 85mansoni
cercariae. Intraperitoneal injection of EAU (500maguse in PBS) was performed 4 hours before
endpoint and liver leukocytes were analysed by ftgtometry at week 0, 4, 6 and 8 af®ermansoni
infection. The gating strategy is outlinedrig S1
(A) Representative flow cytometry contour plots of Edcorporation in Ly6€ liver monocytes (top)
and F4/80CD64' liver macrophages (bottom) in naive @dmansoninfected mice.

(B) Proportion of EdUcells in Ly6C' liver monocytes (MOs) and CD11tor CD111f F4/80CD64"
liver macrophages (i) analysed by flow cytometry as in A. Symbols regrd values from individual
mice and bars show meanSEM (n=4-5). <0.05, **P<0.01, **** P<0.0001 compared to naive mice
of the same genotype.
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Figure 4. Increased granuloma size afteB. mansoninfection in ll4ralyzZ" mice.

ll4ra™ or ll4ra™lyz*"™ BALB/c mice were percutaneously infected with 3mléss otherwise
specified)S. mansoncercariae. Survival and liver inflammation werauctcterized.

(A) Survival rate ofl4ra™°* andll4ra™°*lyzX" mice for different infectious doseR®>0.05 (n=8-10);
Log-rank (Mantel-Cox) test

(B) Total numbers of CD45leukocytes per liver. Results are shown as poadlath from two
independent experiments (n=4-5 per experiment).-ap ANOVA with Sidak’s post-test.

(C) Picrosirius red staining of liver histologicalc§en showing representative at 10 weeks [gst-
mansoninfection. Arrows indicat&. mansonéggs

(D) Granulomas volumes as measured on picrosiriusteded liver sections from mice at 10 weeks
postS. mansoninfection. Symbols represent individual granulomsdumes and bars show mean
SEM (n=4). Mann-Whitney test.

(E) Cytokines production as quantified by ELISA orpematant after 728. mansonsoluble egg
antigen (SEAXkXx vivorestimulation of cells from liver or hepatic LNL(H). Symbols and bars show
meant SEM from one experiment representative of two paielent experiments with 4 to 5 mice per
group.

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001
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Figure 5. Impaired alternative activation of CD11H" liver macrophages inS. mansoniinfected
ll4ra"Xlyz X" mice

(A) Ros&RFAyzX™ reporter mice and littermate controls were permetasly infected with 3%.
mansonicercariae. Liver leukocytes were analysed and RiIBEpression in liver CD1%or CD1119
F4/80° macrophages was detected by flow cytometry at w@&ebpost-infection. Overlays of
representative contour plots froRos&R™lyzX"™ mice (red) or littermate control (blue) and
guantification of tdRFPcells in the gated populations. Numbers on conpbaoir correspond to mean
percentage of cells in each quadranRos&" yz*™ mice. Symbols represent values from individual
mice and bars show medanSEM (n=3 to 4 mice).

(B-E) ll4ra™*, ll4ra™lyzZ*", or ll4ra™ BALB/c mice were percutaneously infected with 85
mansonicercariae and liver leukocytes were analysedeagiven time-point.

(B) Representative histogram and median fluorescenmmnsity (MFI) of CD124 (IL-4R) in
Ly6G'CD110 liver neutrophils and CD1bor CD11Y F4/80 liver macrophages at week 8 post-
infection.

(C) Representative flow cytometry contour plots of Y expression in F4/8diver macrophages at
week 6 post-infection.

(D) Proportion of Ym1 cells in CD118 or CD11l¥ F4/80 liver macrophages analysed by flow
cytometry as in C.

(E) Proportion of Relmx* cells in CD11B or CD11¥ F4/80 liver macrophages at week 6 post-
infection, as detected by flow cytometry.

Symbols represent values from individual mice amagsbshow meart SEM (n= 4-5). Two-way
ANOVA with Sidak's post-test. ***P<0.0001 compared to naive mice of the same genptype
##P<0.001,"P<0.001 compared tidra™* mice at the same infection time-point.
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Figure 6. Depletion of CD169 cells inS. mansoninfected CD16$™* mice.

CD169™"* and CD169" littermate control C57BL/6 mice were percutaneptsfected with 35S.
mansonicercariae and received DT by i.p. injection (2§0mouse) at regular intervals.

(A) Experimental design.

(B) Weight change after first administration of DT.

(C) Liver granuloma volumes measured on picrosiragsstained liver histological section at 7 and 10
weeks post. mansoninfection. Symbols represent individual granulomlumes and bars show mean
+ SEM (n=4).

(D) Representative flow cytometry contour plot gatd liver F4/80CD64" macrophages and
quantification of the proportion of CD1%band CD118 macrophages 7 weeks aft8r mansoni
infection.

(E) Representative flow cytometry contour plot antataiumber of Ly6€ liver monocytes and
F4/80CD64' liver macrophages 7 weeks affermansoninfection.

(F) Representative overlaid histogram and medianrdésmence intensity (MFI) of CD64 and CD11b
expression by Ly6Cliver monocytes and F4/80D64" liver macrophages respectively, 7 weeks after
S. mansoninfection, as determined by flow cytometry.

Numbers on contour plots correspond to perceradh gate. Symbols represent values from individual
mice and bars show mean SEM (n=4-5). Mann Whitney test (C, E-F) or two-wANOVA with
Sidak’s post-test (B and D)
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Supplemental figures
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Figure S1. Gating strategy for flow cytometry analgis of liver leukocytes.
Representative contour plot of mice at week 0 @atr week 8 after infection with 35. mansoni
cercariae demonstrating the gating strategy fav figtometric analysis of liver leukocytes. Singtdl c
suspension was obtained from livers as describethénmaterials and methods and stained with
fluorochrome-conjugated antibodies against CD45(RE), SiglecF (PE-CF594), CD3 (APC), CD19
(APC), Ly6G (APC), F4/80 (BV711), CD11c (Alexa-Fhit00), CD11b (FITC), Ly6C (BV786), CD64

a and b alloantigens (PE) and MHCII (eF450) anithethwith fixable viability stain 510. Lineage (in
chanel (APC): antibodies against CD3, CD19 and Ly@&e all used conjugated with the same
fluorochrome (APC). Viable cells were selected Hame their FSC-A properties and low viability dye
staining and doublets were excluded by gating cB-85SC-W plot. Leukocytes were then identified
by their CD45 expression, eosinophils (sigl§cReutrophils (LINCD11b), B and T cells (LinCD11b

) and dendritic cells (CD11E4/80) were identified and sequentially excluded fromalgsis. T and B
cells were differentiated based on CD3 or CD19 BHAICII expression, respectively. Monocytes
(CD11bLy6C") were identified and excluded from the remainiejscthen macrophages were gated
as F4/80CD64 cells. For each contour plot, represented pomuiasi specified in the upper left corner.
When PE channel was used to analyse CD124 expnessishen tdRFP expressing cells were present
in the sample, CD64 antibody was omitted and thmesagating strategy was used except for
identification of macrophages which were gated 48®. When PE-CF594 channels were used to
detect tdRFP-expressing cells, the same gatingegiravas used with Alexa Fluor 647 conjugated-
antibody against SiglecF and APC-Cy7 or APC-H7 ggajed antibodies against CD3, CD19 and
Ly6G. In chimeric mice experiments, antibodies CD4ABV421) and CD45.2 (PE-Cy7) were used and
the same gating strategy was applied.
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Figure S2. Cre expression ilRosa™™ lyzZ*" mice after S. mansoninfection.

Rosd""“RFPyz2"/C" reporter mice and littermate control were percetarsly infected with 35. mansoni
cercariae or left untreated and tdRFP expressioasured in liver leukocytes populations by flow
cytometry at 7 weeks post-infection.

(A) Breeding strategy to obtalRosd" "R Flyz2""® reporter mice.

(B) Overlap of representative flow cytometry contglots from Rosd"¥RFFlyz27C" mice (red) or
littermate control (blue) and quantification of RFfells in the different populations of liver leukoes.
Numbers on contour plot correspond to mean pergerddRFP cells in the corresponding leukocyte
population of Rosd"RPlyz2"C™ mice. Results are shown as pooled data from twiegendent
experiments (n=3-4). Symbols represent values fratividual mice and bars show mean +- SEM.
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Figure S3. S. mansoni infection mimics artificial deletion oKCs in recruiting Ly6C " monocytes to the

liver.

Naive CD169™* and CD169" littermate control C57BL/6 mice were injected aperitoneally (i.p.) with DT
(250ng/mouse) on day 0 and 1 and liver leukocyi®wnalysed by flow cytometry on day 2. The gating

strategy is outlined in Fig S1.
(A) Experimental design.

(B) Representative flow cytometry contour plot an@ditaumber of Ly6€ liver monocytes and F4/80D64
liver macrophages.
(C) Representative overlaid histogram and mediarrdlsmence intensity (MFI) of CD64 and CD11b expressio
from Ly6C" liver monocytes and F4/80D64' liver macrophages, respectively, as detecteddy @lytometry.
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Figure S4. Liver response in DT-treated5. mansoninfected CD16%™ mice.

CD169™R* and CD169" littermate control C57BL/6 mice were percutanepusath 35S. mansontercariae and
received DT by i.p. injection (250ng/mouse) at tagintervals as depicted in Fig. 6A.

(A) Liver leukocyte responses at 7 and 10 weeks$omansoninfection according to the gating strategy in Fig.
S1.

(B) Cytokine production as quantified by ELISA arpsrnatant after 72h &. mansonsoluble egg antigen (SEA)
ex vivorestimulation of hepatic LN (hLN) and liver celymbols represent values from individual mice asu b
show mean +- SEM. Two-way ANOVA with Sidak’s possite
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Discussion

Macrophages are highly plastic and polyfunctioredlscthat can adopt an array of phenotypes and
functions according to the inflammatory environmamd the tissue they reside in (Murray et al., 2014
It is now clear that inflammatory stimuli, suchiagelminth infection, lead to an array of macropha
responses going from local proliferation and adtbraof resident macrophages to the recruitment of
BM derived monocytes to the inflamed tissue whaey tdifferentiate into resident cells (Ruckerl and

Allen, 2014), leaving an underestimated completitthe macrophages responses to helminth infection.

During helminth infection, type 2 cell-mediated pesses dominate with high production of
cytokines IL-4 and IL-13 that leads to the polatiza of macrophages into aaid. aaMps have been at
the foresight in helminth immunology for the lasbtdecades as being essential for immunity against
nematode infections (Anthony et al., 2007; Turrtealg 2018), but also modulate parasite egg-driven
inflammation during schistosomiasis (Horsnell amdrBbacher, 2007). Immunomodulation by agM
was described either during the peak of egg prastutd regulate intestinal inflammation during acut
schistosomiasis (Herbert et al., 2004), or duriregahronic phase of the infection by down-modugatin
pro-fibrotic type 2 responses (Nair et al., 2008s¢® et al., 2009a; Pesce et al., 2009b). But Wwhde
fibrosis was modulated by Relm- and Argl-producing aabs, the role of IL-4R-responsive
macrophages during acute or chronic schistosoméidisemains unappreciated. Indeed, conflicting
results exist after infection of conditional knookeh l14ra™¥lyz*™ mice that use lysozyme Ny¢2)-
dependent Cre expression for cell-specific deletibthell4ra locus (Herbert et al., 2004; Vannella et
al., 2014); which left a number of questions unasred. In the present study, we aimed to investigate
the IL-4Rx dynamics of monocyte/macrophage responses inviireduring schistosomiasigvhereas
infection with filarial or gastrointestinal nematxisuch ak. sigmodontir H. polygyrusinduced IL-
4-dependent local proliferation of resident macag@s through IL-4&responsiveness (Jenkins et al.,
2011; Jenkins et al., 2013; Ruckerl et al., 20wy granuloma formation during schistosomiasiswa
rather associated with recruitment of Ly6@onocytes giving rise to macrophages of a resident
phenotype (Girgis et al., 2014; Gundra et al., 20d&scimento et al., 2014). But the role of IL-4/IL
13-dependent responses in the dynamics of livporeses t&. mansoniemained unknown, as well as
the role of liver KCs. Here we comprehensively shdwthat Ly6C' monocytes of BM origin
progressively upregulated the macrophage markerdC&ygi strongly proliferated by week 8 post-
infection to populate the liver and give rise to D" F4/80CD64" macrophages independently of IL-
4Ra-responsiveness. From that time point COUatacrophages were the main macrophage population

in the liver while KCs almost disappeared.
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By looking at the susceptibility 6. mansoninfection after a range of low to high dose of atfeus
cercariae, we observed thidtra"**lyz*™ mice were not dying at a different rate thaniitiate control
mice, which was similar to the results describedVlayinella and colleagues (Vannella et al., 2014).
Granulomatous inflammation was however affectedh Witra"**lyz*" mice developing bigger liver
granulomas containing significantly more CD4leukocytes by week 8 post-infection, without
significant effect on the proportion of immune sedbmposing the granulomas nor cytokine responses.
These results suggested tyal-specific knockdown of IL-4R results in heightened liver inflammation
globally at the peak of egg production as previpgsiggested (Herbert et al., 2004; Vannella et al.,
2014). But it remained unclear hdsv mansoninfection affected the selective excision of ILedR
ll4ra~"XlyzZ*"™ mice. A previous report investigated the efficigramd specificity ofyz2-driven Cre
expression using Rosa-EYFP reporter mice (Abraml.e014). While YFP expression was mainly
specific to neutrophils and macrophages, the efficaas variable according to the tissue with the
majority of alveolar and peritoneal macrophagesresging YFP but less than 40% of spleen
macrophages expressed the reporter protein. Weausiedlar approach to investigate the efficacy and
specificity of lyz2-driven Cre expression in the liver using repofasa-tdRFP mice. Our results
validated the specificity of Cre expression on rapliils and macrophages with only minimal leaking
in T or B lymphocytes, eosinophils or DCs. But #ificacy of Cre expression was not absolute with a
significant proportion of neutrophils or macrophagiat did not express the reporter protein.
Neverthelesdl4ra*lyz™ mice developed heightened liver inflammation, whéonfirm that even
though these mice did not achieve 100% express$i@neorecombinase in neutrophils and macrophages,
it was sufficient to affect their responseomansoninfection and significantly impair IL-4/13-driven
Ym1 and Relme expression. An important additional observatiors #eatS. mansoninfection did not
significantly affect Cre expression in macrophagesterm of percent of RFP-expressing cells,
suggesting thalS. mansoniinfection does not necessarily induce positiveect@n of IL-4Rx*
macrophages as previously shown in IL-4-inducedllpooliferation of resident macrophages (Jenkins
et al., 2013). Thus, we provide a more comprehengsw of the cell-specific Cre expressioryinZ"

mice and how it is affected during schistosomiasis.

Importantly, CD118 macrophages were the main ILe¢Responsive cells producing large amounts
of Ym1 and Relmz whereas the expression of these aaiginature proteins was significantly reduced
in S. mansoninfectedll4ra™*lyz2**® mice throughout the course of the infection; boilYor Relme.
were not upregulated in CD14Cs. Ablation of CCR2-dependent monocytes aftert@&tment of
CCR2™mice during schistosomiasis resulted in impairethgloma formation, weight loss and death
(Nascimento et al., 2014), further highlighting #ssential role of recruited CDIM macrophages to
the liver to regulate inflammation. We observed tigernative activation was impaired in liver Cb1'1

macrophages dfralyzX"™ mice afterS. mansorinfection whereas these mice developed increased
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granulomatous inflammation, which suggest that @heslls contribute to regulating granuloma
formation in the liver while signalling through KR is probably not determinant in the protective
functions of CD11B macrophages.

Resident CD11BKCs nearly disappeared progressively aftemansoninfection as early as week
4 p.i and was independent of IL-4RAblation of KCs is reminiscent of the macrophdigappearance
reaction phenomenon of peritoneal macrophageshiaral., 1995). This observation was interesting
as it questioned the role of CD11KCs during schistosomiasis. Depletion of CD.66lIs resulted in
the depletion of CD11bKCs but did not significantly impact on host swali granuloma volumes or
cytokine responses in the liver afermansoninfection. Such result was unexpected and coudesst
that monocyte-derived aapd recruited to the liver fill the empty KC nichedamediate immune
regulatory functions as well as the metabolic fiomg of KCs. Whether KC disappearance is the cause
or the consequence of monocyte recruitment is leatr dut we observed that inducing KCs death in
CD169™ mice resulted in a severe expansion of LY@@nocytes upregulating CD64 whereas the
few F4/80CD64" macrophages in the liver expressed high level8@1t1b, signing their monocyte
origin. These results correlate with a recent repoowing that KC death induction in Cle@4f mice
specifically targeting KCs resulted in their re@atent by macrophages of BM origin (Scott et al.,
2016). DT treatment of CD188 from week 5.5 aftelS. mansoninfection further enhanced the
recruitment of Ly6¢ monocytes and their differentiation into macropsagBut duringS. mansoni
these macrophages maintained a high expressioPbilg; suggesting that their phenotype is divergent
to KCs of naive mice. Thus, our results suggestShaansoninfection induces the contraction of KCs

that is associated with repopulating CD?Thacrophages of BM origin in the liver.

In conclusion, our findings further highlight thele of monocyte-derived aaps in regulating liver
inflammation afterS. mansoninfection while demonstrate that CD168ells, including resident

CD116° macrophages, are dispensable to control schisiassm
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Materials and Methods

Parasites and infection

S. mansonréexposed snails were provided by the Schistosorsedeh Reagent Resource Center for
distribution by BEI Resources, NIAID, NIKB. mansoniStrain NMRI exposeBiomphalaria glabrata
Strain NMRI (NR-21962)S. mansoncercariae were collected frofh mansorexposed. glabrata
counted and used for percutaneous infection agidedc(Tucker et al., 2013). Briefly, every mouse
abdomen was shaved using a disposable razor ardamésthetized by intraperitoneal injection of 16
mg/kg of xylazine and 100 mg/kg of ketamine. Anhested mice were maintained on the back and a
metal ring placed on the shaved abdomen before lofmkater containing the desired number of
cercariae was applied to the skin during 30 mialtow the attachment and penetration of cercariae.
Inocula were checked for the absence of cercafiaethe incubation period of percutaneous expasure

Animals

The experiments, maintenance and care of mice ¢edh@lith the guidelines of the European
Convention for the Protection of Vertebrate Animalksed for Experimental and other Scientific
Purposes (CETS n° 123). The protocol was approwethé Committee on the Ethics of Animal
Experiments of the University of Liege, Belgium (& Number: 1357, 1713 and 1849). All efforts
were made to minimize suffering. Female BALB/cOldHwsild-type mice, 6-8 weeks old were
purchased from Envigo (Venray, Netherlands). BALB(5.1 genitor mice were generously provided
by Prof. U. Eriksson (Center for Molecular CardmoUniversity of Zurich). BALB/c Cd45Td45.2
were obtained by crossing Cd45BALB/c mice with wild-type BALBc/OlaHsd (Cd45'2 BALB/c
ll4ra™"lyzZ™, 114ra'™"* and ll4ra™ genitor mice were obtained from the Prof. F. Brawtiier
(University of Cape Town, South Africa). BALBIra"*lyzZ*" and littermate contrdl4ra™* were
obtained by crossinti4ra™ lyzZ"™ andll4ra'®/°* genitors. C57BL/6 Rosa®8°F"R*Pwere obtained
from Prof. H.J. Fehling (University of UIm, Germarwere crossed to BALBMAra™ lyzZ" to obtain
ll4ra™™ lyzX"*Rosa28TOPRFP and littermate controll4ra™ Rosa285™°PRF? CcD16F ™R (B6;129-
Siglec1<tm1(HBEGF)Mtka) mice (Miyake et al., 2007; Saito et al., 200Br&vprovided by Prof. F.
Bureau (GIGA institute, ULiege, Belgium). Six tovBeeks old female littermates were randomly
assigned to experimental groups. During experimédntis 5 female mice were cohoused per cage, food
and water was provideat! libitum All the animals were bred and/or housed in thevélsity of Liege,

Department of Infectious Diseases.
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Description

Use

CD45.1 BALB/c
mice

BALB/c mice normally bear thie allele of
the protein tyrosine phosphatase receptor
type C geneRtprc or Cd45. These mice arg
designated as CD45.2 as opposed to
congenic CD45.1 mice bear thevariant of
Ptprc. The transmembrane protein CD45 i
expressed on nucleated cells of
hematopoietic origin (Raschke et al., 1995

Expression of tha andb alleles ofPtprc
does not affect the function of the
expressed protein but can be
differentiated using specific antibodies.
This allows tracking of cells from a
given origin in experiments involving
adoptive transfer of cells to mice or
production of chimeric mice (for
example when transfering cells from
CD45.1 mice to CD45.2 mice).

ll4ra” mice These mice lake the chain of the type | anq IL-4 and IL-13 are two canonical
type Il IL-4 receptors (IL-4R) on all cells | cytokines of type 2 immune responses
(hematopoietic and non hematopoietic). B] thereforell4ra’ mice have a diminished
consequence, signaling for both IL-4 and | type 2 immune. These mice are used tp
13 is impaired (see Introduction Figure 6).| study the role of type 2 immunity during
helminth infections.
LyzZX™mice The Cre recombinase (Cre) is a tyrosine | Expression of Cre recombinase under

recombinase that mediates recombination
through palindromic recombinase target si
(loxP sites here) (Anastassiadis et al., 201
The Cre-loxP system is used to carry out
conditional mutagenesis in mice : the cont
of Cre expression by a specific promoter
determine the cell types that will be
impacted by the recombination.

the
control of the Lyz2 promoter is described
in neutrophils, macrophages, monocytes
and neurons (Abram et al., 2014;
McCubbrey et al., 2017; Orthgiess et al.,
2016) and_yzZ" mice are commonly
used to perform mutagenesis in myeloid
cells.

[14ra'oxox mice

LoxP sites flank exons 7-9 of tlidra locus
(Herbert et al., 2004).

These mice are crossed with mice
expressing the Cre to produce mice that
are knockdown for IL-4R in specific
cell types, which therefore have impaired
IL-4 and IL-13 responses.

RosazgsTOP—thFP

These mice bear a stop sequence flanked
loxP sites (fISTOP) followed by a sequenc
coding for tandem-dimer red fluorscent
protein (tdRFP), under the control of
ROSA26 promoter. The ROSA26 promote
is ubiquitously expressed in mice cells.

When crossed with Cre-expressing micge,
these mice are used as reporter mice tp
identify the cell types in which the Cre s
expressed. Cre expression induce the
deletion of a stop codon to allow the
expression of tdRFP.

Cd16P™R These mice bear a sequence coding for th Diptheria toxin administration induces
human diphteria toxin receptor (DTR) in | the depletion of CD16%ells. These
exon 1 of the gene coding for CD169 mice have been used to induce the
(Miyake et al., 2007). depletion of resident macrophages in

several organs (Gupta et al., 2016a).

Partial bone Partial body irradiation was performed on | Flow cytometric analysis of CD45.2 and

marrow chimeras

CD45.2 BALBc mice sparing liver area to
achieve destruction of the majority of
hematopoietic cells with exception of liver
resident cells. Mice were reconstituted wit
bone marrow cells of CD45.1.2 congenic
mice.

CD45.1 expression on liver leukocytes
allow to define the origin of the cells.
Donor origin (CD45.1.2 cells) indicates
that cells have infiltrated the liver from
the periphery while recipient origin
(CD45.2 cells) indicates that cells
originate from liver resident cells.

Table 1. Description of mouse models used

Partial BM chimeric mouse model

Partial BM chimeric mice were produced by exposiign5.2 BALB/c mice to partial body lethal

irradiation as described elsewhere (Machiels R8Il 7). Briefly, mice received a dose of 7 Gy ineo
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fraction delivered to the whole body except on litier with a dedicated small animal radiotherapy
device (SmART Irradiator from Precision X-Ray InRadiation was delivered using a photon beam
(maximum energy of 225 kV and 13 mA), which prodaedose rate of 3 Gy/min. The planning system
SmART-plan (version 1.3.9 Precision X-ray, NortlaBford, CT) was used to plan, to calculate and to
deliver the treatment. The dose delivered was al&y to the liver, 7.5 Gy to the soft tissue &0

Gy to the bone. Prior to irradiation, mice receiwedtinuous isoflurane gas anaesthegdanduction

in a chamber (0.5 L/min oxygen with 4.0% isoflurar@uring irradiation, mice received continuous
isoflurane anaesthesia gaa a nose cone (0.4 L/min oxygen with 1.5% isoflujaii@e next day, mice
were reconstituted by intravenous injection oftaltof 5 x 1§ BM cells isolated from femurs and tibias
of BALB/c donor mice. From 1 week before to 3 weelfter irradiation, mice were given broad-
spectrum antibiotherapy (0.27g Trimethoprimum ar88d Sulfadiazinum per liter of drinking water,
Emdotrim 10%, Ecuphar). Mice were left untreated&oveeks to allow complete reconstitution and

chimerism of the different blood leukocytes popiolas was then confirmed by flow cytometry.
Tissue processing and cell preparation

After euthanasia, portal vein was sectioned aretdiwere perfused by injection of 10ml of ice-cold
PBS through the left heart ventricle. Livers weemoved, cut into pieces with scissors and incubated
in DMEM containing 3mg/ml of collagenase IV (Sigmfay 20 (naive mice) to 40 (infected mice)
minutes at 37°C and mashed through metallic sidilehe tissue was then incubated at 37°C for a
second period of 15 (naive mice) to 30 (infectedehiminutes and filtered on a 100um cell strainer
(Falcon). The resulting suspension was washed BMHEM and erythrocytes were lysed in red cell
lysis solution (155mM NECL, 0.12mM EDTA, 10mM KHCG).

Flow cytometry

Incubations were performed in FACS buffer (PBS aonihg 0.5% BSA and 0.1% NajNat 4°C.
Cells were first incubated with anti-mouse CD16/88tibody (clone 93, BiolLegend) before
fluorochrome-conjugated antibodies against surfatt@yens were added and incubated during 20 min
at 4°C. Panels included antibodies to mouse CDtldné¢ M1/70; FITC conjugated), F4/80 (BMS;
BV711), Ly6C (HK1.4; BV786), CD3 (145-2C11; APC &iPCCy7), CD45.1 (A20; BV421) and
CD45.2 (104; PECy7) all from Biolegend; antibodi@snouse CD19 (1D3; APCC7), Ly6G (1A8; APC
or APCH7), CD64 a and b alloantigens (X54-5/7.1),FHglecF (E50-2440; PECF594 or AF647) and
CD124 (mIL4R-M1; PE), all from BD biosciences amttibodies to mouse CD11c (N418; AF700),
CD45 (30-F11; PECy7), CD19 (MB19-1; APC) and MHQM5/114.15.2; eF450), all from
eBioscience. Dead cells were stained using Fixalikbility Stain 510 (BD Biosciences). In
experiments in which intracellular staining was dext cells were fixed in 2% paraformaldehyde
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overnight and washed with Permeabilization BuffeBifscience) before being incubated with
biotinylated antibodies against mouse-Ym1/Chitinadi&ke 3 (polyclonal goat IgG) or isotype control
(goat 1gG control) from R&D Systems or biotinylatadtibody against mouse Relm{polyclonal

rabbit) from Peprotech in Permeabilization Buffer 20 min at 4°C, detected with BV650-conjugated
streptavidin (BD Biosciences). Samples were andlgsea BD LSR Fortessa X-20 flow cytometer, cell

sorting was performed on a FACS Aria lllu (BD biestces).
In vivo EdU incorporation

Mice were injected ip with EAU (500 pg/mouse in PBSermoFisher Scientific) 4 hours before
endpoint. Mice were euthanized and livers were ggsed as described above. Surface staining was
performed and cells were fixed, permeabilized dahed for EAU using Click-it Plus EdU Pacific Blue
Flow Cytometry Assay Kit (Invitrogen) following mafacturer instructions. Samples were analysed on
a BD LSR Fortessa X-20 flow cytometer (BD Biosciesic

Histology

Liver were collected from PBS-perfused animals anohediately fixed in 10% neutral buffered
formalin. Tissues were embedded, sectioned andestawvith Picrosirius Red. Granulomas area were
delimited on ImageJ software v1.8. Granulomas vekinwere estimated by the volume of the
corresponding sphere (V=4#8), with r being half of the geometric mean betw&enet and MinFeret

diameters of the delimited area.
Cytokine ELISA

Singlecell suspensions were prepared from hLN (Barbieal.et2012) and livers and cultured at
2x1C cells/ml with or without 2Qug/ml SEA in Iscove’s modified Dulbecco’s medium plgmented
with 10% fetal calf serum (Gibco). Culture supeamés were harvested at 72h for cytokine analysis

using by specific ELISA (Ready-SET-Go, eBioscience)
Statistical analyses

Statistical evaluation of different groups was parfed either by analysis of variance (ANOVA)
followed by the Dunnett or Sidak multiple-comparigest or by non-parametric Mann-Whitney test, as
indicated. A p-value < 0.05 was considered sigaific Statistical analyses were performed usingrPris
v6 (Graphpad, La Jolla, CA).
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Abstract

Infection with parasitic helminths can imprint tieamune system to modulate bystander
inflammatory processes. Bystander or virtual men@Bg8" T cells (Tum) are non-conventional T cells
displaying memory properties that can be generétesugh responsiveness to interleukin (IL)-4.
However, it is not clear if helminth-induced typ@&@nunity functionally affects thevih compartment.
Here, we show that helminths expand CP@B62L"CXCR3"CD49d° Tym cells through direct IL-4
signaling in CD8T cells. Importantly, helminth-mediated conditiogiof Tum cells provided enhanced
control of acute respiratory infection with the mdugammaherpesvirus 4 (MuHV-4). This enhanced
control of MuHV-4 infection could further be expiad by an increase in antigen-specific CD&sell
effector responses in the lung and was directheddpnt on IL-4 signaling. These results demonstrate
that IL-4 during helminth infection can non-specifly condition CD8 T cells, leading to a

subsequently raised antigen-specific CD&ell activation that enhanced control of virseiction.

Introduction

Soil-transmitted helminths and schistosomes infeote than a quarter of the world population,
essentially afflicting people who live in areaspaiverty in the developing world (Pullan et al., 21
Heavy parasite infections cause morbidity and nligrtthat can occur at levels high enough to delay
socio-economic development (Hotez et al., 2006yv barden infections with helminths while mostly
asymptomatic can still have bystander effects beradiseases, especially in the case of autoimgunit
and allergy (Osbourn et al., 2017; Ramanan e2@l.6), thus advocating the use of specific helngsinth
or derived products as therapeutic strategies wehid®uraging guided deworming campaigns (Wammes
et al., 2014). However, how bystander helminth dtieas modulate the control of heterologous
pathogens such as viruses is understood in onignitkedd number of contexts and reports of both
beneficial and detrimental effects on viral patlggl@xist (Furze et al., 2006; McFarlane et al., 2201
Osborne et al., 2014; Reese et al., 2014; Schedr, 014).

Memory establishment and maintenance is the hallwfahe adaptive immune system and essential
for ultimate control of many pathogens. B and T pyrocytes are unique in their ability to acquire
immune memory against specific antigens (Ag) ineortb provide these high levels of protection.
However, these lymphocytes can also launch lesgstit but still effective responses to either genti
or host immune responses (Guo et al., 2015; Hdrshal., 2013). Furthermore, conditioning of Tlsel

can impart memory-like properties and functionalisence of encounter of their cognate Ag (White et
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al., 2016), and also be important for priming CD4cells for subsequent type 2 immunity (Minutti et
al., 2017a). This is also the case for CD&ells; “bystander” or “virtual memory” CD8I cells (Tym)
emerge from early in life in naive mice (Jamesoal e2015; Smith et al., 2018; White et al., 204ad
also humans (Jacomet et al., 2015; Min et al., R01ihe absence of specific Ag stimulation and are
thus Ag-inexperienced.vli cells have a memory-like phenotype with more eifecresponses to Ag
encounter compared to naive cells and characteligeskpression of high levels of CD44 and also
CD62L but low levels of CD49dué integrin). Trm emerge in naive mice with an unrestricted TCR
repertoire and in response to various stimuli idelg IL-15, IFN-I and IL-4 (Martinet et al., 2015;
Renkema et al., 2016; White et al., 2016). WhileRTi@volvement remains to be fully deciphered,
recent data suggest thatuTare favored by stronger TCR signals against sglffans but maintain self-
tolerance (Drobek et al., 2018; Lee et al., 20M\8artinet et al., 2015; Renkema et al., 2016; White
al., 2016). Whereasyli development in C57BL/6 mice mostly depend on IL1154 is the main driver
of Tym expansion in BALB/c mice (Tripathi et al., 2016).

Parasitic helminths induce type 2 immunity chanao¢el by high levels of IL-4 (Harris and Loke,
2017). Bystander consequences of this strong ifmuci IL-4 on memory CD8T cells is not well
understood. In this study, we show that infectidgtihluelminths Schistosoma mansgiippostongylus
brasiliensisandHeligmosomoides polygyrusr immunization withs. mansonigs, expands bystander
Twm cells in secondary lymphoid tissueia IL-4. This Ag-nonspecific conditioning of CD& cells
prior to encounter of their specific Ag providesrlgaand enhanced control of a subsequent
gammaherpesvirus acute infection. This enhancekgion was the result of higher levels of virus-
specific CD8 T cell effector responses. Thus, during helminfiedtion IL-4 expands and conditions

Twm cells for more rapid CD8 responses against sulesggqugnate Ag encounter.
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Results

Immunization with S. mansonieggs alters the memory CD8T cell response in peripheral
lymphoid tissue by increased CD44CD49d° Tym cells.

To investigate how thevl; cellular compartment is affected by helminth-inedienflammation, we
first used a well-characterized experimental mdoeinducing type 2 inflammation by helminth Ags,
in which eggs of the trematode paraSitenansonare injected intra-peritoneally (i.p.) to 6-8 weslk
female BALB/c mice before intra-venous challenge.)i2 weeks later, and responses measured at d22
after the first injection (Figure Sla) (Joyce et 2012). We confirmed th&. mansoneggs induced
eosinophilic granulomas in the lung (Figure S1kg typical type 2 inflammation with high levels of
soluble schistosome egg Ag (SEA)-specific IgG1l (Fég S1c) and IL-4 production upon SEA
restimulation of the dLN (Figure S1d).

The CD8 T cell populations were initially compared fromngy dLN and spleen of BALB/c mice
subjected td&B. mansonegg immunization or not and according to theirrezpion of CD44, CD62L
and CD49d (Figure S1€3. mansondriven type 2 inflammation did not induce sigréfit increase of
lung or spleen cellularity while cell numbers i LN were increased (Figure 1a). There was naover
response in the lung, despite increased true me@BAA'CD49d" T cell (Trm) proportions (Figure
1b-d). However, responses in dLN and spleen wegeifsiantly affected with strikingly increased
numbers and proportions of CD42D49d° T cells, corresponding to thes compartment. Increased
levels of eomesodermin (Eomes) were also found\in dells afterS. mansonegg immunization
whereas Im retained low expression levels of T-bet (Figuref)lea typical feature of Ju cells
(Renkema et al., 2016).

Interleukin 4 directs the expansion of Tu cells after exposure to helminths.

We then investigated the implication of IL-4 respiweness in the expansion of thasTpool after
S. mansonegg immunization. We confirmed that treatment withkd complexes (IL-4c) strikingly
induced CD434CD49d° Tyw cells (Ventre et al., 2012) expressing high lewélEomes (Figure 2a and
b). IL-4 drives the expansion ofal cells expressing CXCR3 (Weinreich et al., 2009u4g, we further
included CXCR3 surface expression in our analysdsofserved that the main part of CBH@&XCR3"
cells expressed high levels of CD62L and that patjpan expressed low levels of CD49d, corresponding
to Twm cells (Figure 2c). The expansion of CXCRBuw cells was further observed aft®r mansoni
egg immunization restricted to i.p. injection (Rigus2a) or immunization with SEA or the Th2-driving

105



Experimental section — study 2

schistosome egg recombinant protein omega-1 (Figai®. T expansion and Eomes upregulation
was also observed in mice at later time pointy &temansonegg immunization (d29 and d43 after
initial ip), suggesting that conditioning ofvM is long lasting (Figure S2c). Furthermore, we also
observed ¥ expansion during other helminth-driven IL-4 dontéth responses such as natural
infection with N. brasiliensisat d10 pi (Figure S2d), and a significanivTexpansion and Eomes
upregulation could also be observed by d35 pi (f€gb2e). In addition, natural infection with
polygyrusat d15 pi (Figure S2f and g), aBd mansonat week 7 pi (Figure S2h) also caused increased
Tum cell responses. These results further indicatatith4-dominated responses to helminth Ags can

drive a long-lasting expansion ofs cells in peripheral lymphoid tissue.

S. mansonggg injection tdl4ra™"

BALB/c mice did not result in the expansion aiIcells (Figure
2d) and unbiased restimulation of splenocytes ®WithA and ionomycin resulted in increased IF¥N-
production by CD8T cells that was dependent on IL-4 receptor exgiwes(Figure 2e). We further
sought to determine whethey expansion was directly dependent upon IL-4 respensss of CD8

T cells. Mixed chimeras were generated with congalyi distinct BM from WT orll4ra™ BALB/c
mice and subjected ®. mansonégg immunization (Figure 2f) &@. mansoninatural infection (Figure
S2i). Similar chimerism was observed in b&hmansonegg- or PBS-treated mice. As in the intact
mice, the frequency ofvn cells and Eomes expression levels i Tells were significantly increased
in the WT compartment after exposure to the padBigure 2f and S2g). However, CXCRRD49d°
Twm cells of thell4dra™ genotype were significantly reduced in naive mammpared to WT
compartment and did not expand after helminth exyposThese results demonstrated that IL-4
responsiveness of CD& cells conditions and expandsulcells afterS. mansongégg immunization or

natural infection.

Next, in order to examine whether IL-4-dependent &pansion would not also result from an Ag-
specific response t8. mansonéggs, a tetramer-based enrichment was performeah amrelated and
randomly chosen population of CDg cells expressing a TCR specific to the HiRKstricted
SYVPSAEQIpeptide of the circumsporozoite protein (E82* of Plamodium yoeli{Figure S2j). We
observed that exposureSomansongggs also caused increased proportions of DAXER3" CSP™
288 gpecific CD8 T cells (Figure 2g). These results further suppmat expansion of vy induced by

helminth exposure is Ag-nonspecific.
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Helminth exposure ameliorates the control of respatory MuHV-4 lytic infection.

Ag-inexperienced Ju cells respond more quickly to their cognate Agithaive T cells (Lee et al.,
2013a) and IL-4 signaling in memory CD& cells were previously suggested to reduce affect
responses (Ventre et al., 2012). Thus, we invesiibahether expanding thew pool through helminth

exposure would affect effector CD8 cell responses against heterologous Ags.

Murid herpesvirus 4 (MuHV-4) is a gammaherpesvitoat infects the laboratory mouse and
establishes long term persistence (Barton et @L1p Interestingly, levels of primary MuHV-4 lytic
infection are directly dependent on effective depeient of effector CD8T cells (Tan et al., 2017).
MuHV-4 was therefore used to assess virus-speCii8" T cell responses after exposure to helminth
Ags. We first immunized 8-week-old female BALB/camiwithS. mansonéggs before their infection
with 1 x 1d plaque-forming units (PFU) of MuHV-4 intranasaligder general anesthesia (Figure 3a).
A control group consisted of PBS-treated mice. Imipation withS. mansoneggs protected against
transient weight loss caused by MuHV-4 respiratofection (Figure 3b) and was associated with
reduced levels of infection at d7 post-viral infent(pvi) as determined by immunostaining on lung
tissue (Figure 3c) and plaque assay (Figure 3e)née measured the levels of infection over time
using MuHV-4-luc recombinant virus for live imagimd light emission centered on the thorax at day
2,5, 7 and 9 pvi (Francois et al., 2018)mansonégg treatment resulted in significantly reduceele
of light emission by d7 pvi (Figure 3d). There wasimilar early control of respiratory MuHV-4
infection when BALB/c mice were infected 49 dayteapercutaneous exposureslanansoniercariae,

a time point corresponding to the peak of the respagainst the parasite eggs (Figure S3a), whereas
enhanced control of viral infection was not apparenen mice were coinfected at earlier time points
of the parasite life cycle. Likewise, enhanced camnf viral infection was also observed when mice
were infected with MuHV-4 at d6 or d35 after infectwith N. brasiliensigFigure S3b and c).

Colonization of the host by MuHV-4 after lytic réigory infection was not significantly affected
by prior exposure t&. mansoniggs as attested by live imaging of light emissientered on the
superficial cervical LN (scLN, Figure 3f) and gP@ viral genome detection in the spleen at d5, 7,
11 and 20 pvi (Figure 3g). These observations @&urglupported a role of CD8-dependent viral control
during lytic replication as effective MuHV-4-specifCD8" T cell responses were shown to be unable
to control the establishment of viral latency (®teson et al., 1999b). We further observed that
increasing MuHV-4 infectious dose resulted in erdaeghcontrol (Figure 3h) and daily imaging of mice
infected with 1 x 1OPFU showed similar infection levels up to d5-6 pefore being controlled i8.
mansoriexposed mice (Figure 3i), suggesting enhanced t@dapnmune responses rather than

impaired viral growth.
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Helminths augment CD8 T cell responses in the respiratory tract after MuiHV-4 infection.

We next assessed the immune response against MUH\BALB/c mice that were exposed &
mansonieggs or not. We observed no significant differeinae antibody responses against MuHV-4
(Figure S4a) and global cellularity in lungs atm¥was not affected (Figure S4b). Whereas eosiit®ph
and DC numbers were significantly increased in nmégposed toS. mansonieggs, numbers of
neutrophils, macrophages, monocytes, B or CDdells were not affected (Figure S4b). Strikinghe
frequency and number of lung CDB cells was significantly increased at d7 pvi icenimmunized
with S. mansongeggs (Figure 4a-c) and mice infected percutangauigh S. mansoncercariae 7 weeks
before MuHV-4 infection (Figure 4d). Such enhanc@d8" T cell response was associated with
increased proportions of CD#@D62L° effector T cells (Figure 4e). We further obsertreat effector
CD44'CD62L°CD49d" CDS8' T cell responses were transiently but signifigaittreased by d7 pvi in
the bronchoalveolar lavage fluid (BALF) and lundsrice prior exposed t8. mansoneggs (Figure
4f), as well as short-lived effector T cells (KLR&D127) (Figure 4g). These results suggest that prior
exposure to helminths enhances CD&ell responses after MuHV-4 infection.

Virus-specific effector CD8 T cells responses are enhanced after exposure teliminths.

We further sought to evaluate the effector rol€Bi8" T cell responses against MuHV-4 infection
in BALB/c mice after exposure t8. mansonieggs. Interferon (IFNy-and granzyme B (GzmB)
expression levels in BAL were significantly incredsy d7 pvi (Figure 5a) and unbiased restimulation
of lung cells with PMA and ionomycin caused sigrafitly increased co-production of IFNand TNF-

a by CD8 T cells (Figure S5a and b).

In order to assess the MuHV-4-specific CO8cell response, we took advantage of H:@genic
BALB/B mice in which the response against the vesllablished MuHV-4 immunodominant H-2D
restricted AGPHNDMEI (ORF674% and H-2K-restricted SVYGFTGV (ORF61+°) epitopes could
be measured (Stevenson et al., 1999a). We initiadlgsured thoracic light emission after MuHV-4-luc
infection of BALB/B mice and observed similar enbad control of viral infection at d7 pvi (Figure
5b). Strikingly, tetramer staining (Figure 5c-d)dapeptide restimulation (Figure 5e-f) revealed
significantly increased MuHV-4-specific responseshie BALF and lung in BALB/B mice that were
initially exposed toS. mansonieggs. Similar increased MuHV-4-specific responsgsl7 pvi were
observed when mice where infected at d29 or d483 #fe initial ip injection 06. mansoneggs (Figure
S5c). Moreover, infection of BALB/Bnice with 1 x 16 PFU of MuHV-4 intranasally after their initial
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infection with N. brasiliensisresulted in higher MuHV-4-specific CD8 cell responses at d7 pvi
(Figure S5d-h).

The results in Figure 2e showed tlRatmansoneggs induced expansion ofml cells expressing a
TCR able to recognize MHC tetramers presentingRhgoelii CSP?2% peptide, absent frors.
mansoniAgs. In order to examine the development of effeétg-specific responses from C3p*2
specific CD8 T cells, we infected BALB/c mice with a MuHV-4-kESP virus expressing a modified
luciferase protein in which the H-8Kestricted CSB%28peptide was inserted in-frame (Figure S5i).
We observed enhanced control of MuHV-4-luc-CSP dmde in the lung by d7 pvi which was
associated with an increased response of effecg*€**2specific CD8 T responses (Figure 5g),
further supporting thatvls are conditioned by exposure to helminths, whialdexplain the enhanced

effector responses against their cognate Ag.

To further investigate whether the enhanced AgifipgeD8" T cell response against MuHV-4 was
responsible for the early viral control observedhiice treated witls. mansonéggs, mice were treated
with depleting antibodies against CD8 or CD4 ong lefore MuHV-4 infection and then at d1 and d4
pvi (Figure 5h). While depletion of CD4 did not ibh the early control of MuHV-4 infection observed
in mice exposed t&. mansonieggs, the absence of CD&ells resulted the total loss of such early
control. These results demonstrate a CD8-depemdechanism of enhanced control of viral infection
and strongly suggest th&t mansoneégg immunization rendered CD8 cell responses more efficient

to clear MuHV-4 infection, independently of CD# cells.

Exposure to helminths expands ¥ compartment with discrete phenotypic changes.

To further investigate i phenotypic changes after exposur&toansonéggs, we compared gene
expression profiles between PBS- 8r mansoniegg-treated Ju cells by RNA sequencing of
FACsorted Twm cells from the spleen (Figure S6). In total, wearved 29 differentially expressed (DE)
genes (logfold change > +0.5P < 0.1) (Figure 6a and 6b) and principal-componeratysis (PCA)
revealed clustering of PBS- 8t mansonegg-treated Ju cells (Figure 6¢). Among genes upregulated
in S. mansonégg-induced v cells, we observed some genes related to cytdtpfimctions (Gzma,
Ctla2a, Slcl6a2), cytokine-cytokine receptor int&om (Ccr2, Ccr5) or IFN-I responses (Mx1) (Figure
6b). Further analysis of molecular signatures \BititbbleGUM (Spinelli et al., 2015), a tool allowing
gene-set enrichment analysis of transcriptomic,datealed that among the selected gene-sets exposu
to S. mansonéeggs induced a shift toward higher expressioneofeg implicated in IFN-and [FN-|

responses whereas reduced expression of genegdnhvial cholesterol homeostasis (Figure ddiese
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data demonstrate that naiveSarmansonegg-induced Ju cells are phenotypically distinct and further
suggest that this memory T cell population has eoba capacity to initiate an anti-viral response.
Besides affecting their transcriptomics phenotypgosure t6. mansoneggs leads tovl expansion
that could be due to IL-4 provoking their proliféom. However, EdU incorporatioim vivo after S.
mansoniegg immunization did not show overt proliferationTvm cells but did so in 1y cells after a
single EdU administration 4h before harvest (Figigl After a single injection &. mansoneéggs, we
observed that levels of IL-4 response to SEA ineedaby day 4 after injection associated with the
expansion of ¥u cells (Figure 6f). However, onlyr# cells showed significant proliferation and EdU
incorporation over time afte8. mansonegg injection remained low inNTand Tm (Figure 6g). Tm
expansion could also result from a recruitmenth® $econdary lymphoid organs. To address this
hypothesis, we treated mice with the sphingosimpdtdsphate receptor signaling FTY720 to inhibit
recruitment of lymphocytes to the spleen. FTY728atment did not impair the IL-4-dependent
expansion of ¥ in the spleen (Figure 6h), although the exterthefexpansion was slightly affected
by inhibition of lymphocyte trafficking. In additig bulk CD8 T lymphocytes isolated from the spleen
of naive mice were transferred to congenic naive.B& mice before immunization witB. mansoni
eggs. Tm expansion occurred irrespective of their donorrexipient origin (Figure 6i), further
suggesting that helminth-inducegulexpansion can occur in peripheral COBlymphocytes. Thus,
these results suggest that the obserwgd éxpansion likely result from the conversion fromive T
cells rather than proliferation or recruitment @fsCells.

IL-4 signaling in CD8" T cells drives the early control of MuHV-4 acute espiratory infection.

Next, we investigated the role of IL-4 responsivenia the early control mediated by CDBcells
after exposure to helminth Ags. We first usdmansoneggs to immunize WT di4ra™ BALB/c
mice before subjecting them to intranasal MuHV4&dtion (Figure 7a)ll4ra™ mice did not display
the enhanced control of MuHV-4 infection observedNT mice, withll4ra”™ mice exposed t&.
mansonieggs displaying similar to higher thoracic ligigrals. The lack of helminth-mediated early
control of MuHV-4 infection ifl4ra™ mice was further associated with the absencecoéased CD8
T cells in the lung at d7 pvi (Figure 7b). Thessuits suggest that IL-4 signaling during helminth-
elicited inflammation governs the early capacityd#fLB/c mice to generate effector CD8 cells and

control viral infection.

To examine whether the presenceSofmansoneggs in the pulmonary niche conditions the early
control of MuHV-4 infection after exposure to hehthi Ag, we injecte®. mansonéggs to 8-week-old
female BALB/c mice twice via the i.p. route at 2 eke interval before MuHV-4-luc infection
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intranasally at d22 (Figure S7a). We found that phesence ofS. mansoneggs in the lung was
dispensable for the early control of viral infeatiavith significantly reduced light emission sigaaly
d7 pvi. In addition, treatment with IL-4c at 2 dapserval (dO and d2) before MuHV-4-luc infection
intranasally at d4 reduced the levels of light eois reporting infection (Figure 7c), which was
associated with enhanced effector CD&ell responses in the lung after MuHV-4 infent{&igure 7d
and e). These results further suggest the role-df-ihduced T cells in contributing to the early

effector CD8 T cell responses against MuHV-4 infection.

The impact of IL-4 sensitivity of CD8T cells after immunization witls. mansonieggs on
subsequent responses against MuHV-4 infection wakedr investigated by co-transfer ofys-rich”
WT and “Tum-poor” ll4ra™™ purified CD8 T cells from PBS- 06. mansonegg-treated mice cells in
equivalent numbers to congenic PBSSomansonegg-treated BALB/c mice (Figure S7b). Mice were
then infected or not with MuHV-4. The absolute nemsbof donor WT andl4ra™ CD8' T cells
localizing to the lung tended to increase at 7 play(Figure 7f), and analysis of WIira™" donor cell
ratios normalized to uninfected mice demonstratgdificant enrichment of donor WT CD& cells

compared to donaditdra™"

CDS8" T cells when the mice were initially treated wih mansoneggs
(Figure 7g). Importantly, IL-4 signaling in CD8 cells resulted in significantly increased IFN-
production after unbiased restimulation of lungscélom S. mansonegg-treated mice after MuHV-4

infection, compared to the dond#ra™"

CD8" T cell compartment (Figure 7h). These results
demonstrated that IL-4 signaling in CDB cells, probably through expansion afTcells, contributes
significantly to condition effective anti-viral CD8I cell responses and that IL-dfependentS.
mansoniegg-induced inflammation in the lung environmeltna is not sufficient to significantly
enhance CDS8T cell responses. Nonetheless, it was unclearheh&t mansonégg-induced Ju cells
could outcompete their naive counterparts. Thusadaptively co-transferredvii cells FACsorted
from PBS- an@&. mansonggg-treated mice cells in equivalent numbers t@eaic naive BALB/c mice
(Figure S7d). At d7 after MuHV-4 infection, effectbcells originating from transferredal cells could

be detected in lungs and BALF demonstrating thdridmriion of Tym cells to the effector anti-viral
CD8 response (Figure 7i). However, no significaffecences could be observed between naive or Sm
egg-induced ¥ compartments (Figure 7j). Thus, although phenaslfyi distinct to naive Ju cells,

preliminary expansion ofvs cells contributes to the early control of MuHV-4dation.
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Figure 1.S. mansonieggs induce type 2 inflammation and CD44CD49d° CD8' T cell expansion

in the draining LN and spleen.

BALB/c mice were injected witls. manson{Sm) eggs i.p. and challenged i.v. (5,000/injagtiat d14
before analysis at d22 (experimental design owtlimeFig Sla ; gating strategy for flow cytometry
analysis outlined in Fig Sle).

(a) Absolute cell number at d22 in the indicateduéss

(b) Representative flow cytometry contour plots aiegaCD8 T cells from the indicated tissue at d22.
Numbers indicate events percent in each gate.

(c) Cell number of CD4% (naive T cells, §), CD44'CD49d" (true memory T cells, ) and
CD44'CD49d° (virtual memory, Tm) CD8' T cells in the indicated organ at d22, as deteehiby
flow cytometry.

(d) Percentage of CD#4Ty, CD44'CD49d" T+ and CD44CD49d° Tym cells in CD8 T cells in the
indicated organ at d22, as determined by flow cyioyn

(e) Representative flow cytometry histograms of Eoares T-bet expression of PBS- or Sm egg-treated
spleen CD8 T cells populations, as analysed by flow cytome@gates were placed on CCUZy,
CD44'CD49d" Trv and CD44CD49d° Tuw cells.

(f) Median fluorescence intensities (MFI) of T-betldomes at d22 from the indicated spleen CD8
cell populations.

Statistical significance calculated using two-wawlgsis of variance (ANOVA) and Dunnett’s (PBS
as reference mean) or Sidak’s multiple comparissh{t*P < 0.01, ***P < 0.001, ****P < 0.0001).
Data are representative of three independent erpats with 4 mice per group (mean + s.e.na,in-

d, f).
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Figure 2. IL-4 signaling in CD8" T cells drives CXCR3' Tym expansion afterS. mansoniegg
immunization.

(a-b) IL-4c were injected to BALB/c mice at dO and d&dre analysis at d4 (gating strategy outlined
in Fig Sle).

(a) Percentages of naive T cellsy(TTD44°), true memory (fv, CD44'CD49d") and virtual memory
(Tvm, CD44'CD49d) cell populations in spleen CDF cells, as determined by flow cytometry.

(b) Median fluorescent intensity (MFI) of Eomes ilesm Tum cells, as determined by flow cytometry.
(c) BALB/c mice were injected witls. manson{Sm) eggs i.p. and challenged i.v. (5,000/injectiat
d14 before analysis at d22. Representative flowrgtry contour plots gated on CDBcells from the
spleen. Gates were placed depending on CD44 andRB@XRpression to define CD2@XCR3° Ty,
CD44"CXCR3° Tint, CD44'"CXCR3'CD62L°CD49d" Trv and CD4ACXCR3I'CD62L"CD49d° Tym
cells and the percentage of each population washgth Flow cytometry histogram overlay shows
respective CD49d expression in each population.

(d-e) WT andll4ra™ BALB/c mice received one single i.p. injection ®f manson{Sm) eggs before
analysis at d7.

(d) Percentages of spleen CIH'&XCR3"CD49d° Tym cells in WT andl4ra™ mice, as determined by
flow cytometry.

(e) Percentage of IFN-producing splenic CD8T cells from WT andl4ra™ mice followingex vivo
restimulation with PMA and ionomycin, as determirgdilow cytometric analysis.

(f) Mixed BM chimeras were generated by introducing @D45.1 andl4ra™ CD45.2 BALB/c donor
bone marrow into lethally irradiated WT CD45.1.2 [B3c hosts. Eight weeks later, chimeric mice
were injected witls. manson{Sm) eggs i.p. and challenged i.v. (5,000/injegtat d14 before analysis
at d22. Representative flow cytometry contour padtboth WT andl4ra’” compartment of the spleen
of a Sm egg-treated mice are shown. Percentageimedsm; percentage of CD%@D49d" Trw and
CXCR3'CD49d° Tyw in CD8' T cells; median fluorescent intensity (MFI) of Eesnin T for both
donor populations in spleen are shown.

(g) BALB/c mice were injected wits. manson{Sm) eggs i.p. and challenged i.v. (5,000/injegtiat
d14 before analysis at d22. Tetramer-based enrichai®. yoelii CSP-?8specific CD8 T cells (K
CSP®28tetramer) was performed on pooled spleen and lyngotes from individual BALB/c mice.
Total tetramef cells numbers, representative flow cytometry dotspof tetramer cells (numbers
indicating mean percent of each gated populatiod) @ercentages of the indicated populations from
tetramer cells in the enriched fraction are shown.

Statistical significance calculated using two-waglstsis of variance (ANOVA) and Dunnett’s (PBS as
reference mean) or Sidak’s multiple comparison{tgd® < 0.01, ***P < 0.001, ****P < 0.0001). Data
are representative of two to three independentrarpats with three to nine mice per group (mean +
s.e.m.).
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Figure 3. S. mansoniegg immunization ameliorates the control of MuHV-4ung infection.

BALB/c mice were injected witls. mansonfSm) eggs i.p. and challenged i.v. (5,000/injectiat d14.

At d22, MuHV-4-luc virus was administered i.b-@ andl: 10° PFU per mouséy: 10°, 1¢f or 1¢ PFU

per mouse in 3QL PBS).

(a) Experimental design.

(b) Body weight change as percentage of initial wegghd0 of the viral infection.

(c) Immunostaining of lung section from MuHV-4-infedtcells in a representative PBS- or Sm egg-
treated mouse at d7 post-MuHV-4 infection. Arrowdicate positive AEC signal. Dotted line shows
boundaries of an egg-centered (#) granuloma.

(d) Combined dorsal and ventral measurements byrfiaging of thoracic light emission following D-
luciferin injection, overtime post-MuHV-4 infectionp/s = photons per second. Representative
photographs of bioluminescence signals of two maregroup at d7 post-MuHV-4 infection are shown.
(e) Lung viral titers at d7 post-MuHV-4 infection, dstermined by plaque assay.

(f) Ventral measurements by live imaging of supeafigervical lymph nodes (scLN) region light
emission following D-luciferin injection, overtim@ost-MuHV-4 infection. p/s = photons per second.
(9) Splenic MuHV-4 DNA copy numbers overtime post-MiH4 infection, as determined by gPCR.

(h) Combined dorsal and ventral measurements byrtaging of thoracic light emission following D-
luciferin injection, overtime post-MuHV-4 infectiomith 3 different infectious dose. p/s = photons pe
second.

(i) Combined dorsal and ventral measurements by lila@lymaging of thoracic light emission following
D-luciferin injection, overtime post-MuHV-4 infecin. p/s = photons per second.

Statistical significance calculated using two-wamlgsis of variance (ANOVA) and Sidak’s multiple
comparison-test (*® < 0.01, **P < 0.001, ***P < 0.0001). Data are representative of three
independent experiments with five to ten mice peug (mean + s.e.m. in, e-i).
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Figure 4. S. mansoniegg immunization augments effector/memory CD8T cell responses to
MuHV-4 infection.

BALB/c mice were injected witls. manson{Sm) eggs i.p. and challenged i.v. (5,000/injegtiat d14
as outlined in Figure&(a-c ande-g or infected withS. mansoncercariae (35 cercariae per mouse,
percutaneous infectiod) before being infected i.n. with MuHV-4-luc viras d22 &-c ande-g) or d49
(d) (10'PFU per mouse in 30ul of PBS).

(a) Representative flow cytometry contour plots ofegalung CD3 T cells at d7 post-MuHV-4
infection. Gated population and numbers indicatespercentage of CDE cells.

(b) Percentage and numbers of lung CD&sells at d7 post-MuHV-4 infection, as determirgdfiiow
cytometry.

(c) Percentage and numbers of CO8cells at d7 post-MuHV-4 infection in the indiedtorgans, as
determined by flow cytometry.

(d) Number of lung CD8T cells at d7 post-MuHV-4 infection, of mice preusly infected withS.
mansonicercariae, as determined by flow cytometry.

(e) Percentage of lung effector/memory CDB cells (CD44CD62L"°) as determined by flow
cytometry.

(f) Percentage of broncho-alveolar lavage fluid (BAlRd lung CD8T cells and effector/memory
(CD44'CD62L°CD49d") CD8" T cells at the indicated time points after MuHViffection, as
determined by flow cytometry.

(g) Percentage of broncho-alveolar lavage fluid (BARRd lung short-lived (SLEC, KLRGED127)
and memory precursor (MPEC, KLRG@ID127) effector CD8 T cells after MuHV-4 infection.
Statistical significance calculated using two-wamlgsis of variance (ANOVA) and Sidak’s multiple
comparison-test (** < 0.01, **P < 0.001, **P < 0.0001). Data are representative of two to three
independent experiments with four to five mice geerup (mean £ s.e.m. lmg).
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Figure 5. S. mansoniimmunization augments specific anti-viral CD8 T cell responses to control
Iytic MuHV-4 infection.

BALB/c (a, b, g andh) or BALB/B (b-f) mice were injected witts. manson{Sm) eggs i.p. and
challenged i.v. (5,000/injection) at d14 beforenigeinfected i.n. with MuHV-4-lucg-f, h) or MuHV-
4-luc-CSP ¢) virus at d22 (1#PFU per mouse in 30ul of PBS) as outlined in Figare

(a) IFN-y and GzmB concentrations in the BALF overtime aierHV-4 infection, as determined by
ELISA.

(b) Combined dorsal and ventral measurements byrfieging of thoracic light emission following D-
luciferin injection, of BALB/c and BALB/b mice, ovéme post-MuHV-4 infection. p/s = photons per
second. Representative photographs of bioluminesceignals of two mice per group at d7 post-
MuHV-4 infection are shown.

(c) Representative flow cytometry contour plots 8ORF6%7***and KORF6F2*>**MuHV-4-specific
tetramer stainings of lung CD8T cells, at d7 post-MuHV-4 infection. Numbers iatg indicate
percentage of tetramer-positive in CDBcells. Mean + s.e.m. are shown.

(d) Number of tetramér(D’ORF6®74% or KPORF6F?***) MuHV-4-specific CD8 T cells in the
broncho-alveolar lavage fluid (BALF) and lung atptyst-MuHV-4 infection, based on flow cytometry
analysis as iq.

(e) Representative flow cytometry contour plots ofegalung CD8 T cells at day 7 post-MuHV-4
infection showing IFNy and TNFe production followingex vivoMuHV-4 ORF@%74%°or ORF61%4°3!
peptide restimulation. Numbers indicate percentagach quadrant.

(f) Percentage of IFN-and TNFe co-producing lung CD8T cells after MuHV-4 ORF§% or
ORF6$#*31peptideex vivorestimulation, determined by flow cytometry anayss ine.

(g) Combined dorsal and ventral measurements byrteging of thoracic light emission following D-
luciferin injection, overtime post-MuHV-4-luc-CSRfection and number of tetramigiKCSPe%-%9
CD8' T cells in the broncho-alveoler lavage fluid (BAL&nd lung at d7 post-MuHV-4 infection. p/s =
photons per second.

(h) Anti-CD8 (YTS-169.4) or anti-CD4 (GK1.5) antibedi were injected i.p. at d-1, d1 and d4 after
MuHV-4 infection. Combined dorsal and ventral measwents by live imaging of thoracic light
emission following D-luciferin injection, overtinf@st-MuHV-4 infection. p/s = photons per second.
Statistical significance calculated using two-wanalgisis of variance (ANOVA) and Sidak’s multiple
comparison-test @ < 0.05, *P < 0.01, ***P < 0.001, ****P < 0.0001). Data are representative of two
independent experiments with four to five mice geaup (mean = s.e.m. m b, d-h).
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Figure 6. Phenotypic changes in helminth-driven Jw cells.

(a-d) BALB/c mice were injected witls. manson{Sm) eggs i.p. and challenged i.v. (5,000/injagtio
at d14 before analysis at d22 (experimental desiglined in Fig S1a). Transcriptomics analysis was
realized on FACS sorted spleequT

(&) Summary of differentially expressed (DE) genés(.1) showing DE genes in red in volcano plot,
showing the total number of DE genes outside thgdwtional arrows, and showing in the arrowheads
the direction of upregulated expression for allderately (log 2-fold change + 0.5-2) and highlyg(lo
2-fold change > 2) DE genes.

(b) Heatmap of DE geneBR<£0.1, change in expression of over 1.5-fold). lnedirgin shows hierarchical
clustering and right annotation indicate gene symbo

(c) Principal component analysis.

(d) Enrichment for transcriptomic fingerprints forlessted hallmark gene sets from the MSigDB by
gene-set-enrichment analysis with BubbleGUM sofewalVT_AND_STAT5A-/-_STAT5B+/- and
WT_AND_STAT5A-/-_STAT5B+/- gene-sets were obtaindm published data(Villarino et al.,
2016). Key color indicates cell subset showing anrient for the gene set, and size of symbols and
color intensity indicate significance of enrichméstirface area proportional to absolute value ef th
normalized enrichment score (NES); color intengiticates the false-discovery rate (FDR)). Numbers
in parentheses (above) indicate number of gené&g)nbit significant.

(e) BALB/c mice were injected witls. manson{Sm) eggs i.p. and challenged i.v. (5,000/injetctiat
d14 before analysis at d22 (experimental desiglinedtin Fig S1a). Mice were injected i.p. with EJU
4h before harvest (1x EdU) or at d18, 19, 20 andfk Sm egg i.p. injection (4x EdU). Represewnati
flow cytometry contour plot showing EdU incorpomatiin spleen CXCRECD49d° Tyw and CD49Y

Tm cells and bar plot showing percentage of Edélls from each population.

(f,g) BALB/c mice received one single i.p. injectiontws. manson{Sm) eggs (5,000 per injection,
i.p.).

(f) Percentages ofvyli cells in the spleen, as determined by flow cytoyeand IL-4 levels in
supernatant after SE&x vivorestimulation of splenocytes as determined by BL I& the indicated
time points post-Sm egg i.p. injection.

(9) Mice were injected i.p. with EdU 4h before hatv&ercentage of EdU' v, Tum, or Ty cells in the
spleen at the indicated time points post-Sm egdnjgction, as determined by flow cytometry.

(h) IL-4c were injected at dO and d2 and FTY720 wesdted daily from dO to BALB/c mice, before
analysis at d4. Percentages oficells in the spleen as determined by flow cytognetr

(i) Spleen CD8T cells were adoptively transferred to congenicemin d-1 before a single injection of
Sm eggs (5,000/injection, i.p.) on dO and analgsisl7. Percentages of spleefsTcells and IFNy-
producing CD8T cells uporex vivorestimulation with PMA and ionomycin of splenocytre shown

in recipient and donor cells.

Statistical significance calculated using two-wamlgsis of variance (ANOVA) and Sidak’s multiple
comparison-test @ < 0.05, **P < 0.01, **P < 0.001, ****P < 0.0001). Data are representative of two
independent experiments with three to five micegreup (mean + s.e.m. @f).
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Figure 7. Helminth-induced IL-4 conditions CD8 T cells for early control of MuHV-4 infection.
(a,b) WT or ll4ra” BALB/c mice were injected witls. manson{Sm) eggs i.p. and challenged i.v.
(5,000/injection) at d14. At d22, MuHV-4-luc virugas administered i.n. (4BFU per mouse in 30ul
of PBS).

(a) Combined dorsal and ventral measurements byrtieging of thoracic light emission following D-
luciferin injection, overtime post-MuHV-4 infectiop/s = photons per second.

(b) Percentage and numbers of lung CD&ells at d7 post-MuHV-4 infection, as determitgdflow
cytometry.

(c-e) BALB/c mice were injected i.p. with IL-4c at ddhé d2 and infected with MuHV-4-luc at d4
(10°PFU per mouse in 30ul of PBS).

(c) Combined dorsal and ventral measurements byriiaging of thoracic light emission following D-
luciferin injection, overtime post-MuHV-4 infectiop/s = photons per second.

(d) Percentage and numbers of lung CDO8cells and proportions of lung CD*@D62L°CD49d"
effector CD8T cells at d7 post-MuHV-4 infection, as determitgdflow cytometry.

(e) Percentage of IFNproducing lung CD8T cells afteex vivoestimulation with PMA and ionomycin
at d7 post-MuHV-4 infection, as determined by floyjtometry.

(f-h) BALB/c mice were injected witB. manson{Sm) eggs i.p. and challenged i.v. (5,000/injegtiat
d14. At d22, CD8T cells were enriched by negative magnetic seladtiom spleen of WT CD45.1 or
ll4ra™ CD45.2 mice treated with PBS or Sm eggs befor¢ramsfer in PBS- or Sm egg-treated
congenic CD45.1.2 WT recipient mice, followed by W&+4-luc i.n. infection (16PFU per mouse in
30ul of PBS) as outlined in Figure S7b.

(f) Numbers of donor cells from each origin recoveiredn lungs at d7 post-MuHV-4 infection, as
determined by flow cytometry.

(0) Ratio of WT ovetl4ra™ donor cells in lungs at d7 post-MuHV-4 infectionymalized on uninfected
control group (PBS or Sm egg-treated uninfectecenmespectively for PBS or Sm egg-treated MuHV-
4 infected mice), as determined by flow cytometry.

(h) Percentage of IFN-producing donor CDS8T cells followingex vivorestimulation with PMA and
ionomycin as determined by flow cytometry.

(i-}) BALB/c mice were injected wit&. manson{Sm) eggs i.p. and challenged i.v. (5,000/injattiat
d14. At d22, CD4ACXCR3'CD62L"CD49d° Tum cells were FACS-sorted from spleen of PBS-treated
BALB/c CD45.1.2 and Sm egg-treated CD45.1 mice, equial numbers of cells were co-transferred
into naive CD45.2 recipients. 1 d after adoptiemsfer, recipients were infected i.n. with MuHVu&|
(10*PFU per mouse in 30ul of PBS).

(i) Total numbers of donor cells of both origins nem@d from spleen, lung and BALF at d7 post-
MuHV-4 infection, as determined by flow cytometBata from the same mice are connected.

(1) Ratio of Tym originated from Sm egg-exposed mice (CD45.1) dvgroriginated from PBS-injected
mice (CD45.1.2) in the indicated organs at d7 pdgHV-4 infection, as determined in i.

Statistical significance calculated using two-wanlgsis of variance (ANOVA) and Sidak’s multiple
comparison-test @ < 0.05, *P < 0.01, ***P < 0.001, ****P < 0.0001). Data are representative of two
to three independent experiments with three toteigie per group (mean + s.e.m.arf,h). Each
symbol represents an individual mouse; small hotaldines indicate the mean.
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Supplemental figures

Figure S1
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Figure S1.S. mansoniegg treatment and gating strategy

BALB/c mice were injected witls. manson{Sm) eggs i.p. and challenged i.v. (5,000/injactiat d14

before analysis at d22

(a) Experimental design.

(b) H&E staining of lung section with representataasinophilic granuloma. Arrows shdv mansoni
egg and dotted line the boundaries of the granuloma

(c) Antibody ELISA for detection of serum SEA-specifgG1 and IgG2a.

(d) IFN-y and IL-4 levels in the supernatant after 72h oA vivorestimulation of mediastinal LN
cells (20ug/mL), as determined by ELISA.

(e) Gating strategy for flow cytometric analysis oémory CD8 T cell responses
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Figure S2
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Figure S2. Induction of Tym in response to helminth antigens or helminth infei@n.

(a-i) Analysis of spleen COS8T cell populationby flow cytometry after differetneatments, as gated in
Figure 2c : naive CDS8T cells (v CD44°CXCR3°), true memory (Fu, CD44'CD62L°CD49d"),
intermediate memory Y CD44'CXCR3) and virtual memory (T,
CD44'CXCR3'CD62L"CD49d).

(a) S. mansonéggs (5,000 per injection) were injected to BALBIce i.p. at dO and d14 and analyses
performed at d22.

(b) S. mansongoluble egg antigens (SEA) and omeganil] were injected i.p. at dO and d14 and
analysis performed at d22.

(c) S. mansongeggs (5,000 per injection) were injected i.p. @Gtathd i.v. at d14 (as in Fig. Sla) and
analysis performed at d22, 29 or 43 for splegn TCD44'"CXCR3'CD62L"CD49d°) and Eomes
median fluorescence intensity (MFI) iR cells.

(d) Mice were infected withiN. brasiliensis(Nb, 500xL3 s.c.) and analysis performed at d16t-po
infection (dpi).

(e) Mice were infected witlN. brasiliensis(Nb, 500xL3 s.c.) and analysis performed at d35t{o
infection (dpi) for spleen v (CD44"CXCR3"'CD62L"CD49d°) and Eomes median fluorescence
intensity (MFI) in Tum.

(f) Mice were infected withl. polygyrus baker{Hp, 200xL3, per os) and analysis performed addi5
(g) Median fluorescence intensity (MFI) of Eomes imells at 15 dpi withH. polygyrus

(h) Mice were infected witts. manson(35 cercariae, percutaneous infection) and arejysiformed
at 49dpi for CXCR Tym and Eomes median fluorescence intensity (MFI)ia dells.

(i) Mixed bone marrow chimeras were generated bydhiring WT CD45.1 andl4ra”™ CD45.2
BALB/c donor bone marrow cells into lethally irratkd CD45.1.2 BALB/c hosts. Chimeric mice were
infected withS. manson{35 cercariae, percutaneous infection) 8 weeks &id analysis performed at
49 dpi. Percentage of CXCRJyy and Eomes median fluorescence intensity (MFI).n Tells for
both donor populations are shown.

() BALB/c mice were infected i.n. with MuHV-4-lucSP (16PFU per mouse in 30ul of PBS).
Tetramer-based enrichment ®f yoelii CSP%&specific CD8 T cells (K CSP828tetramer) was
performed on pooled spleen and lymph nodes fronivichsbl BALB/c mice at d7 post-MuHV-4
infection. Flow cytometry gating strategy to anayzD8 T cells populations in KCSP#-?%tetramef
cells is shown.

Statistical significance calculated using unpait@d-tailed Student's test (c, e, g, h) or two-way
analysis of variance (ANOVA) and Sidak’'s multiplersparison test (**P<0.01, ***P<0.001,
****%P<(0.0001). Data are representative of two togh independent experiments with three to five mice
per group (mean +- s.e.m. in a-g)
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Figure S3. Helminth infections ameliorates the comol of MuHV-4 lung infection.

(a) BALB/c mice were infected witls. manson{Sm, 35 cercariae, percutaneous infection) before
being infected with MuHV-4-luc virus (f@PFU per mouse in 30 pL PBS i.n.) at the indicéitae
points after Sm infection. Experimental designg)tdody weight changes after viral infection
(middle) and combined dorsal and ventral measur&rimnlive imaging of thoracic light emission
following D-luciferin injection (bottom) are shown.

(b) BALB/c mice were infected withl. brasiliensigNb, 500xL3, s.c.) before being infected with
MuHV-4-luc virus (18 PFU per mouse in 30 uL PBS i.n.) after 6 days loirection. Experimental
design (top), body weight change after viral inf@etmiddle) and combined dorsal and ventral
measurements by live imaging of thoracic light esiois following D-luciferin injection (bottom) are
shown.

(c) BALB/c mice were infected witN. brasiliensigNb, 500xL3, s.c.), treated with ivermectin
between 14 and 21 dpi before being infected wittHMw-luc virus (18 PFU per mouse in 30 pL
PBS i.n.) 35 days after Nb infection. Experimewui@sign (top) and combined dorsal and ventral
measurements by live imaging of thoracic light esiois following D-luciferin injection (bottom) are
shown.

p/s = photon per second

Statistical significance calculated using two-wawlgsis of variance (ANOVA) and Sidak’s multiple-
comparison test (*P<0.05, **P<0.01, ***P<0.001, *P<0.0001). Data are representative of two to
three independent experiments with three to fiveenpier group (mean +- s.e.m.).
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Figure S4. Antibody and lung cell responses.
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BALB/c mice were injected witls. manson{Sm) eggs i.p. and challenged i.v. (5,000/injegtiat d14
before being infected i.n. with MuHV-4-luc virusd22 (16PFU per mouse in 30ul of PBS) as outlined

in Figure &.

(a) Antibody ELISA for detection of serum SEA- and NM-4-specific IgG1 and IgG2a overtime
after MuHV-4 infection.
(b) Number of cells in the lung at d7 post-MuHV-4dation, as determined by flow cytometry.
Neutrophils : CD11#Ly6G", eosinophils: CD118iglecF, macrophages; CD11SiglecF,
monocytes: CD11H y6C", DCs: CD11&MHC-IIM.
Statistical significance calculated using two-waglgsis of variance (ANOVA) and Sidak’s multiple-
comparison test (**P<0.01, **P<0.001, ***P<0.0091Data are representative of two to three
independent experiments with three to five micegreup (mean +- s.e.m.)
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Figure S5.S. mansoniegg immunization andN. brasiliensisinfection augment anti-viral CD8+ T
cell responses.

(a-h) BALB/c (a-b) or BALB/B (c-h) mice were injected wit®. manson{Sm) eggs i.p. and
challenged i.v. (5,000/injection) at d14 beforenigeinfected i.n. with MuHV-4-luc at d22, unless
stated otherwise (1BFU per mouse in 30ul of PBS)-€) as outlined in Fig. 3a or infected with
brasiliensis(Nb, 500xL3, s.c.) being infected i.n. with MuHVkdc at d6 (16PFU per mouse in 30pl
of PBS) @-h) as outlined in Fig. S3b.

(a) Representative contour plots of CDBcells showing IFNr and TNFe intracellular stainings
following PMA and ionomycirex vivorestimulation of lung or broncho-alveolar lavalyed (BALF)
cells at d7 post-MuHV-4 infection, as determinedloy cytometry. Numbers indicate percentage in
each quadrant.

(b) Percentage of IFN-and TNFe co-producing CD8T cells determined by flow cytometric
analysis as ind).

(c) MuHV-4 intranasal infection was performed 22,2313 days after the fir&. mansonegg i.p.
injection. Percentage of broncho-alveolar lavag@ f(BALF) and lung tetramé&CD8" T cells and
percentage of IFN-producing CD8 T cells after ORF8"*%and ORF632***'peptideex vivo
restimulation and intracellular staining of lundls®f BALB/B mice at d7 post-MuHV-4 infection, as
determined by flow cytometry.

(d) Number of lung CD8T cells at d7 post-MuHV-4 infection, as determirgdflow cytometry.

(e) Combined dorsal and ventral measurements byrireging of thoracic light emission following D-
luciferin injection, overtime post-MuHV-4 infectionp/s = photons per second. Representative
photographs of bioluminescence signals of two miegroup are shown.

(f) Representative flow cytometry contour plots 6ORF6%"**®*and KORF6F% 531 MuHV-4-

specific tetramer stainings of lung cells at d7tpdaHV-4 infection. Numbers in gate indicate
percentage of tetramer-positive cells in CD&ells. Mean +- s.e.m. are shown.

(9) Number of MuHV-4-specific CD8+ T cells in the Ingho-alveolar lavage (BALF) and lung at d7
post-MuHV-4 infection, based on flow cytometric &isés of tetramer stainings as if).(

(h) Percentage of IFN-and TNFe co-producing CD8T cells after ORFE"*%®and ORF6%4°%*
peptideex vivorestimulation at d7 post-MuHV-4 infection, as daetmed by flow cytometry.

(i) Strategy to insert the H-2d-restricted 8P*sequence in-frame to the luciferase coding sequence
in the MuHV-4-luc BAC clone. Endonuclease restantprofile (Spel, EtBr) and southern blotting
(SB) approach using CSP nucleotide sequence as.gfbip, kilobase pair; *, stop codon.

Statistical significance calculated using Mann-Wéi test ¢,c) or two-way analysis of variance
(ANOVA) and Sidak’s multiple-comparison testd,f,g) (*P<0.05, **P<0.01, ***P<0.001,
****P<0.0001). Data are representative of two toeth independent experiments with four to five
mice per group (mean +- s.e.m. in b-e,g,h)
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No. unique No. reads in % Reads in
Treatment = Repeat | Total Reads mapped Reads % mapped UCsC rT_]mlO UCsC mmlO
annotation annotation
PBS 1 31111257 25531697 82 24194339 77.7671535
PBS 2 30197255 24913806 83 23226334 76.9153819
PBS 3 31303555 24792520 79 25532703 81.564867
Sm eggs 1 35153236 28928185 82 26040023 74.0757494
Sm eggs 2 30238693 24657512 82 23724067 78.4559935
Sm eggs 3 31613985 25578151 81 24620208 77.8775849
b.
Sm eggs
Subset marker Lineage Entrezid . Repl. #2  Repl. #3
Cd19 B cells 12478 0.00 0.00 0.08 0.14 0.08 0.04
Itgax (CD11c) Dendritic cells 16411 0.51 0.84 0.69 0.41 0.45 0.31
Lyz2 Macrophage 17105 0.04 0.00 0.04 0.03 0.04 0.00
Epx Eosinophils 13861 0.27 0.40 0.36 0.10 0.24 0.12
Cd3d T cells 12500 471.57 421.73 595.18 435.01 504.02 517.39
Cd3e T cells 12501 460.37 429.36 543.23 405.69 441.53 414.38
CD8a CD8+ T cells 12525 1365.60 | 1359.85 | 1534.78 | 1434.97 | 1432.46 | 1359.48
CD8b1 CD8+ T cells 12526 1261.22 | 1187.69 | 1650.50 | 1213.66 | 1276.24 | 1276.99
Sell (CD62L) Naive T cells 20343 1712.42 1681.44 | 2080.83 1761.53 2021.70 1982.47
Cd4 CD4+ T cells 12504 0.04 0.16 0.20 0.14 0.16 0.31
Ncrl Natural killer 17086 0.00 0.00 0.12 0.03 0.04 0.04
*Gene expression levels are RPM normalized == Read count per gene/ (total mapped reads/1000000)
C.
Cd44 Sell Cxcr3
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Figure S6.

(a) Sequence and mapping statistics for raw Illunciata.

(b) Validation of sample purity by assessing the egpion of lineage-restricted marker genes for
potential contaminants

(). Read count per million mapped reads for selegéees: Cd44, Sell (CD62L), Cxcr3, l12rb (CD122),

Itgad (CD49d), ll4ra, Kirkl (NKG2D), Eomes, Tbx2TI-bet). Each symbol represents an individual
mouse: small horizontal lines indicate the mean.

Counts
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Figure S7. Helminth-induced early control of MuHV-4 infection and in vivo adoptive transfer of

CDS8' T cells.

(a) BALB/c mice were injected witls. manson{Sm) eggs i.p. and challenged i.v. or i.p.
(5,000/injection) at d14 before being infected with MuHV-4-luc at d22 (1PFU per mouse in 30l
of PBS) as outlined. Combined dorsal and ventrasuements by live imaging of thoracic light
emission following D-luciferin infection of BALB/mice, overtime after MuHV-4 infection. p/s =

photon per second

(b-c) BALB/c mice were injected witls. manson{Sm) eggs i.p. and challenged i.v. (5,000/injattio
at d14. At d22, CD8T cells were enriched by negative magnetic seladtiom spleen of WT CD45.1
orll4ra™™ CD45.2 mice treated with PBS or Sm eggs beforgramsfer in PBS- or Sm egg-treated
congenic CD45.1.2 WT recipient mice, followed by W\+4-luc i.n. infection (16PFU per mouse in

30ul of PBS)
(b) Experimental outline.

(c) Quantification by flow cytometry of Jlu proportion in donor splenic CDF cells used inky).

(d-e) BALB/c mice were injected witls. manson{Sm) eggs i.p. and challenged i.v. (5,000/injegtio
at d14. At d22, CD4UCXCR3I'CD62L"CD49d® Tym cells were FACS-sorted from spleen of PBS-
treated BALB/c CD45.1.2 and Sm egg-treated CD45idejmand equal numbers of cells were co-
transferred into naive CD45.2 recipients. 1 d adidoptive transfer, recipients were infected i.ithw

MuHV-4-luc (10*PFU per mouse in 30ul of PBS).
(d) Experimental outline.

(e) Quantification by flow cytometry of lu proportion in donor splenic CDF cells used ind).
Statistical significance calculated using non-patic Mann-Withney test or two-way analysis of
variance (ANOVA) and Sidak’s multiple-comparisostté€P<0.05, **P<0.01, ***P<0.001,
****P<(0.0001). Data are representative of two toeih independent experiments with three to seven

mice per group (mean +- s.e.m. in a,c,e)
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Discussion

Helminth infections are highly prevalent and haeei shown to modulate the immune system,
sometimes leaving a long-lasting imprint on thdigbof the helminth-exposed hosts to respond to
heterologous Ags. Indeed, helminth infections cawrdmodulate allergy or inflammatory bowel
disease through various mechanisms (Maizels andoN®g 2016), but have also been involved in
modulating the ability of the infected host to qoht/irus infections. Several groups have showngisi
C57BL/6 mice that exposure k. polygyrusor S. mansoneggs enhanced reactivation from latency of
MuHV-4 through changes in the IL-4/IFNbalance (Reese et al., 2014) and also that ingedtvelling
helminths could alter effector CDg cell responses against a subsequent viral (@sbetral., 2014)
or protozoal infection (Marple et al., 2016). Ndhetess, these studies did not investigate how
helminths could affect bystander memory T cellshsag the ¥m compartment. Indeed, althoughmT
development can be highly dependent on IL-4 disegrialing in CD8 T cells (Renkema et al., 2016;
Tripathi et al., 2016), little was known on thel@piof this cytokine to drive the expansion ofml'in
settings dominated by type 2 immunity such as exyms$o helminths. BALB/c mice provide an
important opportunity to investigate sensitivitylte4 of CD8" T cells after egress from the thymus as
this strain show a particular sensitivity to ILa¥ driving Tvm development (Tripathi et al., 2016). This
aspect is of great importance as disregarding tesponsive ¥wu cells could thwart the full
understanding of the mechanism involved and howimths can affect bystander memory T cells such
as Twwm cells. Our data reveal thakposure to helminths and derived products eligjitnAnspecific
expansion of the viy compartment through direct signaling of IL-4. Nata we observed that such
expansion was associated with Eomes upregulatidiincells with no alteration of T-bet expression
levels, further characterizing these cells as lindiiced Tm (Jameson et al., 2015). Such conditioning
was observed in several settings involving Th2-d@ating responses such as immunization with
helminth Ags or infection with systemic or intestirhelminths likeS. mansoniN. brasiliensis or H.
polygyrus These observations are important as they denatedtrthat helminths could actually
condition bystander memory CDB cells to respond more effectively to their cagnags to the benefit

of the infected host.

Indeed, our findings revealed that helminths indudg-nonspecific expansion of bystandemT
cells in secondary lymphoid orgawis direct sensitivity to IL-4 that resulted in inceeal Ag-specific
effector CD8 T cell responses in the lungs of BALB/c mice tdlier enhance the control of MuHV-4
Iytic replication. These data are supported by iptev reports showing that IL-4Rdeficiency
compromises the Ag-specific CD8& cell response to lymphocytic choriomeningitisugi (LCMV) or
influenza virus infections whereas the ability dfeetor IL-4Ro-deficient CD8 T cells to kill was

unaffected (Marsland et al., 2005; Renkema eR@ll6). Thus, the inability df4ra™ mice for early
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control of MuHV-4 afterS. mansonéegg exposure lies in the ineffective developméritva cells and
absence of IL-4 responsiveness of CD8cells in these mice. Although IL-4 signalingriremory T
cells was previously associated with downregulatmdnNKG2D expression and impaired killing
capabilities (Ventre et al.,, 2012), we did not alsesignificant modulation of NKG2D mRNA
expression levels aft&. mansonégg treatmerin our experimental settings and we observed iseea
CD8" antiviral effector responses in the lung. Our $@iptomics data rather indicated tlatmansoni
egg-induced ¥ were phenotypically distinct from naived cells with increased IFN-and IFNe
gene signatures. Nonetheless, their ability totragainst their cognate Ag and migrate to the teféc
lungs was not significantly different to naiveuTin a competitive adoptive transfer in naive corigen
mice. These observations suggest that both expanmdidhe Tm compartment after exposure to
helminths and alterations of their phenotype caplawx the early response to MuHV-4 Ags and
subsequent early control. In addition, the low ibechtion levels in the Ju population after exposure
to S. mansoneggs together with the observation that FTY720mbd inhibit Tym expansion in the
spleen after IL-4c treatment angdulexpansion in adoptively transferred congenic CD8mphocytes
suggest that the expansion is likely due to comwerom naive CD44 T cells while independent of
proliferation or recruitment to the spleen. In aaosence, expansion of thewlpool is likely associated
with an enrichment of the TCR repertoire in thisstapder memory population rather than the
proliferation of pre-existing v cells, a phenomenon that could significantly augintiee probability
of effective Ag priming together with the abilitf ®ym cells to outcompete their naive CI#4% cell
counterpart (Lee et al., 2013a).

Whether helminth-induced bystandegmT cells is also associated with MuHV-4-specific true
memory CD8 T cells after lytic infection remains unknown, Il establishment of effective memory
is rather suggested by a previous report demoirgjrttat establishment of effective memory against
malaria requires IL-4R on CD8 T cells (Morrot et al., 2005). This could have wmjant implication
for improved vaccination strategies and shouldhieirencourage investigators to unravel hayy dells
can be effectively expanded in multiple settingghwvarious types of Ags. Latency during
gammaherpesvirus infections such as Kaposi Saram®s@eiated herpesvirus or Epstein-Barr virus, is
mainly responsible for malignancies such as lympi®m human (Mesri et al., 2010; Thorley-Lawson
and Gross, 2004), a phase during which virus-ieféaells evade CD8T cell recognition (Blake,
2010). However, reactivation events of lytic regtion occur and are believed to maintain sufficient
levels of infection in the host as well as for samission (Francois et al., 2013). Thus, an effectiv
memory T cell response to control these reactinagients is important. Understanding how helminth-

driven expansion of i cells impact on long term virus-specific memoryhisrefore essential.
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In conclusion, we provide evidence that helmintiv& type 2 immune responses driveg, T
expansion through IL-4 which could in turn positiveondition effector Ag-specific CD8T cells
responses and significantly enhance the controliral infection such as lytic gammaherpesvirus
infections. IL-4 and IFN¢ are usually considered antagonistic as hallmartkayes of type 2 and type
1 immunity, respectively. Nonetheless, IL-4 carverEomes expression in CD8 cells and lead to
IFN-y production (Carty et al., 2014; Lee et al., 20138 confirm here that this intriguing mechanism
has functional consequendesvivo by providing evidence that IL-4 induced by helmgitan have
beneficial bystander consequences on {Fiependent anti-viral effector responses. Immuagginst
helminths could therefore have evolved a safetyhrarism through induction of highly respondingy T
cells to counterbalance negative effects of typmr2unity on the development of effective anti-viral

responses.
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Materials and Methods

Cells

Baby Hamster Kidney (BHK)-21 [C13] fibroblasts (ATOCCL-10) were purchased from ATCC
(Manassas, VA, USA) and cultured in Dulbecco’s Miedi Eagle Medium (DMEM, Sigma-Aldrich)
supplemented with 2mM glutamine, 100 U/ml penigjllLOOmg/ml streptomycin and 10% fetal calf
serum (FCS) at 37°C under 5% of CO2. Cells were &emycoplasma contamination (PlasmoTest
Mycoplasma Detection Kit, Invivogen).

Viruses

The MHV-68 strain of Murid Herpesvirus-4 (MuHV-4x@ressing luciferase under the control of
the M3 promoter (MuHV-4-Luc) (Milho et al., 2009)aw propagated on BHK-21 cells. Cells and
supernatant were harvested at about 4 days pestiorh (~85% of lysis) and debris were removed by
low-speed centrifugation (1000 x g, 10 min, 4°Ciyidhs present in the supernatant were harvested by
ultracentrifugation (100,000 x g, 2h at 4°C) andifpad through a 30% w/v sucrose cushion (100,000
x g, 2h at 4°C), washed in PBS before being stordeBS at —80°C. Viral titers were determined by
plague assay on BHK-21 cells (de Lima et al., 20B4gfly, BHK-21 cells monolayers were incubated
with 10-fold dilution of viral stock at 37°C, 5% G@r 3 hours. Inoculum was then replaced by semi-
solid medium containing 0.6% carboxymethylcellulo8ells were further incubated for 4 days then

fixed in 4% paraformaldehyde and stained for plaquainting.

To assess antigen-specific CDB cells responses in BALB/c mice, we modified MeHV-4-luc
virus to insert the H-2Krestricted SYVPSAEQI peptide of the circumsportegirotein ofP. yoelii
(CSP®%89 in frame of the luciferase sequence to generakéullV-4-luc-CSP virus strain. First,
primers PL451Hindlll -CSP-STORHindIIl -Fwd (5’'-gtcgacggtatcgangctt-

agaggaccagggagagcatttgttacaatatcttatgtcccaagcgeggdata@agctyatatcgaattccga—3’) anBL451-
Hindlll-STOP-CSHHindlll -Rev (5'-tcggaattcgatag@gctttatatttgttccgcgcettggg-
acataagatattgtaacaaatgctctccctggtaemtiatcgataccgtcgac—3") were annealed and insertechén t
Hindlll site of the pL451 plasmid vector (http:Mrecombineering.ncifcrf.gov/) using inFusion HD kit
(Promega) to generate pL451-CSP. Plasmid pL45Jagmnan FRT-flanked expression cassette of the
kanamycin/neomycin resistance gene (KanaR) astgglenarker inEscherichia col(Liu et al., 2003;
Sorel et al., 2015). Then, the CSP sequence wastadsin frame to the carboxy-terminus of the
luciferase coding sequence of the MuHV-4-luc BAGn@ using an amplicon generated by PCR with
primers MuHV-Luc-CSP-Fwd (5’-agatccgcgagattctcajtpaa-

gaagggcggcaagatcgccgtgagaggaccagggagagcatt-3’) anduHV-Luc-CSP-Rev (5’-atgtatc-
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tatcatgtctgctcgaagcggcecggecgecccgactctagaaatattatgactgat-3') and pL451-CSP  as template
(Figure S5h). Phage X\-mediated recombineering in SW105 bacteria
(http://redrecombineering.ncifcrf.gov/) followed layabinose-induced FLP expression for excision of
FRT-flanked sequence were used (Warming et al.5200he generated MuHV-4-luc-CSP BAC
construct was verified by an endonuclease regiria@nd Southern blotting approach and sequencing of
the recombination genomic region. The loxP-flanB%C cassette was removed by virus growth in
NIH 3T3-Cre cells to produce MuHV-4-luc-CSP BAWrus (Zeippen et al., 2017).

Parasites

S. mansonexposed Swiss-Webster mice and snails were provigethe Schistosome Research
Reagent Resource Center for distribution by BEldReses, NIAID, NIH:Schistosoma mansgQi8train
NMRI exposed Biomphalaria glabrata, Strain NMRI @2E362),Schistosoma mansgr8train NMRI
exposed Swiss-Webster mice (NR-21968). mansonicercariae were collected fro®. mansoni
exposed. glabratg and used for natural infectioB. mansonéggs used for egg immunization, were
collected fromS. mansorexposed Swiss-Webster mouse liver and stored i BB -80°C, as
previously described with minor modifications (Jeyet al., 2012). Briefly, livers were cut into simal
pieces with scissors and incubated individuallp@mL tubes overnight in 20 mL of PBS containing
100 pg/ml collagenase IV (Sigma-Aldrich). The homogtes were then slowly poured onto strainers
of decreasing mesh sizes (425 um/180 um/106 umapd). Eggs present on top of the 45 yum strainer
were collected with PBS and centrifuged for 5 nti@%0 xg at RT. Pellets were suspended in 10 mL
PBS and layered onto 20% Percoll in 0.25 M suc(B8sgma-Aldrich) and centrifuged at 1850 rpm for
10 min at RT. Pellets were then washed in PBS atinthl mM EGTA and 1 mM EDTA before layered
onto 25% Percoll in 0.25M sucrose and centrifugetB&0 rpm for 10 min at RT. Pellets were further
washed in PBS, counted and resuspended at 50,@80@gnd stored in PBS at -80°C. Soluble Egg
Antigen (SEA) fromS. mansonivere prepared as previously described (Tucker e2@13). Eggs were
suspended in PBS at a concentration of 100,000rggad homogenized with a Potter-Elvehjem hand-
held homogenizer and centrifuged (2000 x g, 20 aid°C). The supernatant was ultra-centrifuged
(100,000 % g, 90 min at 4°C) and the final supemiatvas filter-sterilized before being stored &°@.
Protein concentration was determined by BCA as$agrfnofisher, 23225). Recombinawtl protein
was generated iNicotiana benthamianand purified from the leaf extracellular spacengdPOROS
50 cation resin (Life Technologies) (Wilbers et aD17).

N. brasiliensisvas maintained in male Sprague-Dawley rats agitbesic(Camberis et al., 2003.
brasiliensisL3 larvae were isolated from d6 to d9 fecal c@tuthrough a Baermann apparatus and used

for subcutaneous infection.
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H. polygyruswas maintained in male CBA mice as described (dohret al., 2015)H. polygyrus
L3 larvae were isolated from fecal cultures andeston distilled water at 4°C.

Animals

The experiments, maintenance and care of mice atsdcomplied with the guidelines of the
European Convention for the Protection of VertebrAnimals used for Experimental and other
Scientific Purposes (CETS n° 123). The protocol wpproved by the Committee on the Ethics of
Animal Experiments of the University of Liege, Bielgn (Permit Number: 1357, 1713 and 1849). All
efforts were made to minimize suffering. Female B#AtOlaHsd wild-type mice, 6—8 weeks old and
Sprague Dawley male rats were purchased from ErfMgoray, Netherlands). Female BALB/B mice,
congenic for the C57BL/10-derived H-ggion, were maintained at the Scientific Institof Public
Health, Belgium and transferred to the UniversifyL@ege, Department of Infectious Diseases for
experiments. BALB/c Cd45:genitor mice were generously provided by ProfEtikksson (Center for
Molecular Cardiology, University of Zurich). BALB/€d45.1Cd45.2 were obtained by crossing
Cd45.1 BALB/c mice with wild-type BALBc/OlaHsd (Cd45'R ll4ra™™ BALB/c mice were bred at
the University of Liege, Department of Infectious&ases. Six to 8 weeks old female littermates were
randomly assigned to experimental groups. Durirgeernces, 4 to 5 female mice were cohoused per
cage, food and water was providadllibitum All the animals were bred and/or housed in thivéhsity

of Liége, Department of Infectious Diseases.
Mixed bone-marrow chimeric mice models

Mixed bone-marrow chimeric mice were produced byosing CD45.1CD45.2 BALB/c mice to
a whole body lethal irradiation protocol (Gammad@lExactor, 4.5 Gy, two expositions at 3h intexval
The next day, mice were reconstituted by intraveniojection of 4.5 x 10BM cells isolated from
femurs and tibias of donor CD45.WT and CD45.21l14ra™ mice and mixed at a 1:1 ratio. From 1
week before to 3 weeks after irradiation, mice wgheen broad-spectrum antibiotherapy (0.279g
Trimethoprimum and 1.33g Sulfadiazinum per litedahking water, Emdotrim 10%, Ecuphar). Mice
were left untreated for 8 weeks to allow completeonstitution and chimerism of the different blood

leukocytes populations was then confirmed by flgtometry.
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Description

Use

CD45.1 BALB/c
mice

BALB/c mice normally bear the allele of
the protein tyrosine phosphatase receptor
type C geneRtprc or Cd45. These mice arg
designated as CD45.2 as opposed to
congenic CD45.1 mice bear thevariant of
Ptprc. The transmembrane protein CD45 i
expressed on nucleated cells of
hematopoietic origin (Raschke et al., 1995

Expression of tha andb alleles ofPtprc
can be differentiated using specific
antibodies. This allow tracking of cells
from a given origin in experiments
involving adoptive transfer of cells to
mice or production of chimeric mice (fg
example when transfering cells from
CD45.1 mice to CD45.2 mice).

=

ll4ra” mice These mice lake the chain of the type | anq IL-4 and IL-13 are two canonical
type Il IL-4 receptors (IL-4R) on all cells | cytokines of type 2 immune response,
(hematopoietic and non hematopoietic). B] thereforell4ra’ mice have a diminished
consequence, signaling for both IL-4 and || type 2 immune responses. These mice
13 is impaired (see Introduction Figure 6).| are used to study the role of type 2
immunity during helminth infections.
BALB/B mice MHC haplotypes differ between mice BALB/B mice were used to study
strains : C57BL/6 express thehaplotype MuHV-4-specific CD8 T cell response
while BALB/c mice express theé haplotype.| on a BALB/c model by taking advantage
BALB/B mice are BALB/c mice expressing of the well described H2restricted
the C57BL/10-derived H2region MuHV-4 epitopes AGPHNDMEI and
SVYGFTGV.
Mixed bone Total body irradiation was performed on | The hematopoietic cells of these mice

marrow chimeras

CD45.1.2 BALBc mice to achieve
destruction of the majority of hematopoieti
cells. Mice were reconstituted with a 1 :1
mix of bone marrow cells from CD45.1 W1
and CD45.3l4ra” congenic mice.

are
composed of 50% of WT cells and 50%
of ll4ra” cells. Unlikell4ra™ mice,
these mice retain the ability to mount a|
type 2 immune response and allow to
study the direct impact of the absence
the IL-4Rux on the cell itself.

Competitive

adoptive transfer
of WT andll4ra
bulk CD8 T cells

Spleen CDS8T cells isolated from CD45.1
and CD45.314ra” mice were cotransfered
to WT CD45.1.2 congenic mice, aftsr
mansoniegg treatment of both donor and
recipient or not.

These mice were used to analys8.if
mansoniegg treatment confer a
competitive advantage to WT ovétra
~CD8" T cells during MuHV-4
infection.

Competitive
adoptive transfer
of naive ands.
mansoniegg-
treated WT Tm
cells

Spleen Tm from naive CD45.1.2 an8.
mansoniegg-treated CD45.1 mice were
cotransfered to WT CD45.2 congenic mice

These mice were used to analysevifi T
from S. mansonégg-treated mice
display a competitive advantage over
Tvm from naive mice during MuHV-4
infection.

Table 1. Description of mouse models used

Helminth infections and immunization with helminth Ags

For natural infection witls. mansonimice were anesthetized by intraperitoneal ingectif 16mg/kg

of xylazine and 100mg/kg of ketamine and infectggh&rcutaneous exposure to 35 cercariae during 30

min. Treatment withS. mansonieggs consisted of an intraperitoneal immunizatanday 0 (5,000

eggs/mouse) followed by one intravenous injectioh,@00 eggs on day 14. In some experiments, mice

receivedS. mansonéggs (5,000 eggs/mouse), SEA (&fImouse) or recombinant1 (10pug/mouse)

intraperitoneally at 2 weeks interval.
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Mice anesthetized by isoflurane inhalation wereedtdéd withN. brasiliensisby subcutaneous
injection of 500 x L3 larvae. In some experimemsce were treated with ivermectin (10mg/L of
drinking water, Noromectin, Norbrook) from day 18121 afterN. brasiliensisinfection. Mice were

infected withH. polygyrusby gavage (200 x L3).
IL-4 complex treatment

Mice received 2 intraperitoneal injections of IL:4cug of recombinant IL-4 (BioLegend, carrier-
free) and 25 pg of anti-IL-4 antibody (BioLegenthne 11B11, LEAF purified) per mouse at dO and
d2.

FTY720 treatment.

In order to block lymphocyte trafficking, mice réasd daily i.p. administration of 1 mg/kg of
FTY720 (Sigma-Aldrich) dissolved in 100 ml of sterivater as described elsewhere (Thawer et al.,
2014).

Peptide-MHC class | tetramer enrichment

Enrichment of Ag-specific naive CDT cells orP. yoelii circumsporozoitgrotein peptide after
immunization was performed using an establishetbpod (Renkema et al., 2016). Combined spleen
and lymph nodes were digested with collagenasedls @ere then labeled with APC-conjugated H-
2Ke-CSP8?tetramer (SYVPSAEQI, NIH Tetramer Core Facilitgy 30min at room temperature,
followed by magnetic enrichment over LS columnsngsanti-APC microbeads (Miltenyi biotec).
Enriched samples and unbound fractions were staiitadurface antibodies, and Polybead polystyrene
microspheres (Polyscience) were used for calcgat@ll number.

Viral infection and quantification

Mice were anesthetized with isoflurane anéidlaque forming units (PFU) (30r 1¢ PFU for some
experiments) of MuHV-4-Luc or MuHV-4-Luc-CSP wasnaidistered intranasally in 30 pul of PBS.
Light emission was then monitored ioyvivo bioluminescence imaging using a IVIS Spectiarvivo
Imaging System (Perkin Elmer) after D-luciferinragteritoneal injection (75mg/kg, Perkin Elmer).
Living Image v4.1 software (Perkin EImer) was usedbtain the total flux (photons/seconds) using a

fixed-sized region of interest or average radigpt®tons/seconds/cm2/steradiants).
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Infectious virus in lungs was quantified after h@enization using glass Potter-Elvehjem hand-held
homogenizers after freezing (-80°C) in 6 ml completedium prior to plaque assay(de Lima et al.,
2004).

Viral genome loads were measured using a Tagmasdbasil-time PCR reaction (CFX) (Latif et
al., 2015). DNA was extracted from spleens usingail genomic DNA purification kit (Promega) and
100 ng per sample was used in iQ supermix (Bia@dmplify a MuHV-4-specific sequence (genomic
co-ordinates 43,015 to 43,138, NC_001826.2): gerRFZ3 with primers ORF25fwd, '5
atggtatagccgcctttgtg-aand ORF25rev 'Bacaagtggatgaagggttge-8nd probe 56-carboxyfluorescein
[FAM]-caaccactggatcagcataaaacttatgaa-black holadnes [BHQ1]-3. Cellular DNA was quantified
in parallel by amplifying the interstitial retinolinding protein (IRBP) gene sequence using iQ SYBR
Green supermix (Biorad) and IRBPfwd "-d&ccctatgtcatctcctacytg-3 and IRBPrev 5
ccrctgcecttcccatgtytg<Pprimers. Standard curves were obtained using pGElSY (Promega) plasmid
templates in which MuHV-4 ORF25 or mouse IRBP segas were cloned, respectively. Amplified
products were distinguished from paired primersrgjting curve analysis and the correct sizes of the

amplified products confirmed by electrophoresis staihing with ethidium bromide.
Histology and immunohistochemistry

Lungs were collected from PBS-perfused animalsiamdediately fixed in 10% neutral buffered
formalin. Tissues were embedded and sectionedsectibns were stained with hematoxylin and eosin.
Immunochemistry was performed using EnVision DeébeciSystems (DAKO) with anti-MHV-68
rabbit polyserum or naive rabbit serum as primatybadies.

Antigen-specific antibody titers

Nunc Maxisorp ELISA plates (Nalgene Nunc) were edatvernight at 4°C with MuHV-4 virions
(1P PFU/mlI of carbonate buffer pH 9.5 containing 0.Ifiton X-100), or SEA (10 pug/ml in carbonate
buffer) before being incubated for 1h in wash/blagkouffer (0.1% Tween-20 and 3% BSA in PBS) at
RT. Plates were then incubated with mouse ser&lsilutions) in wash/blocking buffer for 2h at RT
Detection was performed using alkaline phosphatas@igated anti-mouse IgG1l or IgG2a (BD
Biosciences) in wash/blocking buffer for 1h at ROhromogenic reaction was performed using p-
Nitrophenylphosphate (Sigma) and stopped in NaOHb#kdre absorbance was read at 405 nm using
a iMark ELISA plate reader (Biorad).
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BAL cytokines quantification

After euthanasia, airways were flushed twice withl &f ice cold PBS containing protease inhibitors
(cOmplete, Roche) via catheterization of the traciuantification of IL-4, IFNrand granzyme B was

performed using specific Ready-SET-Go kits (eBiesce) following the manufacturer’s instructions.

Tissue processing and cell preparation

Airways were flushed twice with 1ml of ice cold PB®Ils were harvested by centrifugation of the
BAL fluid. After section of the vena cava, lungsregerfused with 5ml of ice-cold PBS through the
right ventricule. Lung were dissociated with thegeMACS dissociator (Miltenyi Biotec) in C-tube
(Miltenyi Biotec), incubated in HBSS (Gibco), 5% &C1mg/ml of collagenase D (Roche) and
0.1mg/ml of DNase | (Roche) for 30 min at 37°C undgitation and further dissociated with the
gentleMACS dissociator. The resulting suspensios washed in cold PBS/2mM EDTA and filtered
on a 100um cell strainer (Falcon). Spleen and aleemd caudal mediastinal lymph nodes were
disrupted using scissors and a sterile syringegauand filtered through a 70 um filter. Erythraast
were lysed in red cell lysis solution (155mM ML, 0.12mM EDTA, 10mM KHCG@) and counted in

a Neubauer cytometer chamber with trypan blue Glg&cexclusion of dead cells.

Flow cytometry and cell sorting

Incubations were performed in FACS buffer (PBS aovihg 0.5% BSA and 0.1% NajNat 4°C.
Cells were first incubated with anti-mouse CD16/38tibody (clone 93, BioLegend) before
fluorochrome-conjugated antibodies against suréatt&ens were added and incubated during 20 min
at 4°C. Various panels were used including antié®thh CD3e (clone 145-2C11, APC), CD19 (MB19-
1, APC), CD4 (RM4-5, PerCP-Cy5.5), CD44 (IM7, PER49d (R1-2, biotinylated), CD62L (MEL-
14, eFluor 450), MHC class Il (M5/114.15.2, PE-Qy7eFluor 450), Gr-1 (RB6-8C5, FITC), CD11c
(N418, PerCP-Cy5.5 or APC-Alexa Fluor 700), Ly6K@#4, PE-Cy7), CD11b (M1/70, APC-eFluor
780) all from eBioscience/ThermoFisher Scientifentibodies to CD3 molecular complexe (17A2,
v450), CD19 (1D3, APC-Cy7), CD8a (53-6.7, FITC), Td3 (CXCR3-173, PE), KLRG1 (2F1, PE),
CD127 (SB/199, BV786), Siglec-F (E50-2440, PE orGH594), CD45.1 (A20, APC), CD45.2 (104,
v500) all from BD Biosciences and antibody to CO#M7, PE-Cy7) from BioLegend. Biotinylated
antibodies were detected using BV650-conjugategpttvidin (BD Biosciences). Dead cells were
stained using Fixable Viability Stain 510 (BD Biasuce) or Fixable Viability Dye eFluor 780
(eBioscience). In experiments in which intranuclkeaiining for transcription factors was neededscel
were fixed and permeabilized using Foxp3/Transioiiptfactor staining buffer set (eBioscience)

following manufaturer’s instruction and incubatédrBin at 4°C with antibody against either T-bet {04
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46, PE, BD Biosciences) or Eomes (Danllmag, PEseRince) diluted in permeabilization buffer.
Samples were analyzed on a BD LSR Fortessa X-20 digometer, cell sorting was performed on a
FACS Aria lllu (BD biosciences).

In vivo EdU incorporation

To assess the proliferation of virtual memory CO8lymphocytes upon helminth exposug,
mansonieggs exposed mice were injected ip with EJU (5§fnouse in PBS, ThermoFisher Scientific)
4 hours before endpoint (1x) or daily for 4 daybzendpoint (4x). Mice were euthanized and spleen
were processed as described above. Surface staiisigperformed with exception of PE-conjugated
antibodies. After dead cells staining, cells wexed for 15 min at room temperature in Click-It &iive
(ThermoFisher Scientific), washed with PBS/1%BSA arcubated 15 min at RT in Click-It Saponine-
Based Permeabilization Buffer (ThermoFisher Sdiehti Cells were then resuspended in freshly
prepared EdU staining cocktail [L0uM Pacific Blugdg, 1mM CuS@ 10mM sodium ascorbate with
ImM THPTA (tris((1-hydroxy-propyl-1H-1,2,3-triazdl-yl)methyl)amine) and 10mM amino-
guanidine in PBS] and incubated 2h at RT (Wanglet2813). Cells were washed with Click-It
Saponine-Based Permeabilization Buffer and incubatiéh PE-conjugated antibodies for 20 min at

4°C. Samples were analyzed on a BD LSR Fortess@ flo@ cytometer (BD Biosciences).
MHC-tetramer stainings

Lung and BAL cells were processed as described ealfimm BALB/B mice (H-2 congenic
BALB/c). Cells were incubated with BV421-conjugatetramers H-2BORF6'°74%°(AGPHNDMEI,
90 nM) or H-2K-ORF6P?153 (TSINFVKI, 45 nM), or APC-conjugated H-2KCSP8-288 (80 nM)
(NIH Tetramer Core Facility), respectively, for 3bnat RT before further staining. Samples were

analyzed on a BD LSR Fortessa X-20 flow cytomeB& Biosciences).
Ex vivorestimulation and cytokine production

Cytokine production upon restimulation was assebgedtracellular cytokine staining (ICCS) and
flow cytometry or by ELISA on culture supernatariisr ICCS, cells were cultured at 37°C, 5%,CO
in IMDM complemented with 2 mM glutamine, 100 U peifin ml~*, 100 mg streptomycin miand
10% fetal calf serum for 4 hours in presence ofdbdin A (10 pg/mL, Sigma-AdIrich), monensin (2
UM, eBioscience) and restimulating agent. For wddarestimulation, cells were incubated with
phorbol 12-myristate 13-acetai@MA, 20 ng/mL, Sigma-Adirich) and ionomycin (1 pd!, Sigma-
Adlrich). For antigen-specific restimulation, celgere incubated with Hestricted MuHV-4
ORF6%4% (AGPHNDMEI) and ORF6%°% (TSINFVKI) peptides (1uM). Following surface and
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viability stainings, cells were fixed in 2% parafmldehyde overnight and washed with
Permeabilization Buffer (eBioscience) before beimgubated with antibodies against IRN<clone
XMG1.2, PE, BioLegend) and TNé-{clone MP6-XT22, BV711, BD Biosciences) in Permigzdtion
Buffer for 20 min at 4°C. For ELISA, cells were wrked at 37°C, 5% COn IMDM complemented
with 2 mM glutamine, 100 U penicillin mi, 100 mg streptomycin mland 10% fetal calf serum for 72
hours with SEA (20 pg/ml). Supernatant were codldcand conserved at -20°C. Quantification of
cytokines IL-4 and IFNrwas performed using specific ELISA (Ready-SET-€Ripscience) following

manufacturer’s instructions.
In vivo CD8" or CD4" cells depletion

For depletion experiments, mice were injected pgrdoneally with anti-CD8 (clone YTS-169.4,
200 pg/injection) or anti-CD4 (clone GK1.5, 2Q@/injection) both obtained from BioXCell at d-1, 1
and 4 after MuHV-4-Luc infection. Depletion was &iomed by flow cytometry analysis of blood cells

on day 6.
T cell enrichment and competitive adoptive transfer

Spleen single-cell suspensions were obtained lpynigthrough a 7@m cell strainer (Falcon) before
cell counts determined. CDE cells were then enriched using negative magnsdiation (Miltenyi
Biotec) and used either for adoptive transfer dkDD8" T cells or for further ¥ purification :
enriched CD8 T cells were then FACsorted to isolate CP@XCR3"CD62L"CD49d° Tywm cells to
high purity (>97%) before further analysis or adeptransfer. Competitive adoptive transfer of maiv
and Sm egg-inducedw cells consisted in the intravenous administraiitn WT naive BALB/c
congenic recipients of equal numbers (4 % délis total) of naive and Sm egg-induceg Eells. For
competitive transfer of WT arlthra™ bulk CD8 T cells, equal number (4 x 46ells total) of WT and
ll4ra™ enriched CD8 T cells from naive or Sm egg-treated BALB/c micersv intravenously

administered respectively into naive or Sm eggteeb&VT naive BALB/c congenic recipients.
RNA sequencing

Tum cells were extracted as described in the prexdeaton before RNA extraction with on-column
DNase treatment (RNeasy Plus mini kit, Qiagengdrity of extracted RNAs was controlled on a 2100
Agilent Bioanalyzer and samples with a RIN > 9 wprecessed for RNA sequencing. Libraries were
prepared from 0.;g of RNA of three independent replicates per grawging the lllumina TruSeq
Stranded mRNA library preparation kit. Librariesreséhen sequenced and bioinformatics analysis was

performed. Approximately 30 million 75-base singled reads were generated per sample. Quality
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control checks on raw sequencing data for each Isamere performed using FastQC (Babraham
Bioinformatics). Reads were mapped to the mousereete genome (mm210) using STAR (version
3.4.0) (Dobin et al., 2013). Subsequently the aialwas performed with R Bioconductor packages
(Gentleman et al., 2004): Rsamtools (version 1)1&h8 GenomicAlignments (version 1.2.2) were used
to count the reads by exons, and gene count datasse then analyzed to determine differentially

expressed genes (DEGSs) using DESeq2 (version ). 26gkne was determined to be a DEG by passing
FDR<0.1 and log 2-fold change+0.5.

Statistical analysis

Statistical evaluation of different groups was parfed either by analysis of variance (ANOVA)
followed by the Dunnett or Sidak multiple-comparigest or by non-parametric Mann-Whitney test, as
indicated. A p-value < 0.05 was considered sigaific Statistical analyses were performed usingrPris
v6 (Graphpad, La Jolla, CA).
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Discussion

The work presented as part of this thesis invegiyanechanisms involved in the broad influence
that helminths have on their host’'s immune systéwo studies, that were not directly related, were
performed in this thesis. The first study focusadhe immune response to helminth infection itdelf,
particular on the dynamics of liver macrophagepoases and how aaptan participate to the immune
response against natural infection wiBh mansoni The second study investigated how helminth
infections can impact subsequent anti-viral respsni particulavia conditioning of CD8 T cell

responses. The results generated in these twoendept studies are discussed separately.

The role of IL-4R-dependent aallin schistosomiasis.

Type 2 immunity is essential for survival during tacute phase of schistosomiasis (Brunet et al.,
1997; Herbert et al., 2004; Herbert et al., 20@8kavic et al., 1999). In 2004, agMvere described as
the main cell type responsible for such protechgrcontrolling intestinal egg-induced inflammation
and endotoxemia due to increased gut permeabiigylert et al., 2004). However, these results were
recently challenged by Vannella and colleagues 420tho couldn’t find any survival difference
betweenll4ra*LyzZ" mice (used in the first study) and littermate cohfThey also highlighted that
ll4ra™LyzF" mice fail to efficiently deletél4ra in all macrophages population duriSg mansoni
infection precluding any conclusion about the glab& of aaMp in schistosomiasis (see Introduction
2.3.2). Still, subpopulation of aapexpressing high levels ayz2and thus efficiently deleted ftdra
in ll4ra™*LyzZ" mice play a role in regulation of granulomatoutaimmation (Vannella et al., 2014).
Our results confirmed those obtained by Vannelth @olleagues (2014). Indedthra”*LyzZ" mice
had survival rate comparable to contitdta”™ mice, whatever the infectious dose used, but isea
granulomatous inflammation duriry. mansoninfection. To better understand which populatidn o
aaMp is responsible for the modulation of liver inflaration, we dissected the dynamics of
monocytes/macrophages responses in the liver &gtiief IL-4Ra. signalling and showed that resident
macrophages (F4/80D64") expressed low levels of CD11b and were progressiteplaced by a
population of macrophages expressing high level€bfilb and arising from infiltrating Ly6C
monocytes independently of IL-4Rignalling. Proliferation of resident macrophages observed but
limited and was independent of IL-4RThe important contribution of Ly@Cinfiltrating monocytes
could be anticipated from previous reports (Giggial., 2014; Nascimento et al., 2014) but conttary
those studies, we identified the presencenditu proliferation within Ly6C¢' monocytes population.
This result makes sense in the light of the datanfdenkins and colleagues (2011). Besides themmaj
description of local tissue-resident F4¥8@acrophage proliferation with no contribution atalating

monocytes during canonical type 2 inflammation {it.injections), Jenkins and colleagues used another
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model of “mixed” inflammation, using injection ofoth thioglycollate and IL-4c. Mixed IL-4c and
thioglycollate administration induceih situ proliferation of inflammatory F4/80 macrophages
originating from circulating monocytes, while thlggollate alone induced infiltration of monocytes
with no proliferation. The presence of both typnd type 2 immune triggers is a more faithful retften

of the real situation observed during helminth dtifen as it is often associated with type 1 immune
stimulation, for example from pathogenic bacterii@nslocating through helminth-induced tissue

damage.

Recently recruited immature macrophages were shovaxpress insufficient level dfyz2to be
efficiently deleted forll-4ra in ll4ra™*LyzZF"™ mice (Vannella et al., 2014). Here, the use of
Ros#&RLyzZ*" lineage reporter mice allowed us to confirm tieapsistent with previous report, both
CD1118" and CD118 macrophages expressed high levels of cre recosmina newly recruited Ly6C
monocytes only expressed low levels. This has itapbimplications for the interpretation of the alat
since this might imply that a large proportion f6iC" monocytes retained expression of the ILe4R
First, ll4ra™°LyzZ" mice can not give us answers concerning the rexugnt of IL-4R: for monocyte
infiltration in the liver and differentiation in CLLB" macrophages during. mansoninfection.
However, since similar (but delayed) infiltratiohroonocytes and differentiation to macrophages was
observed irll4ra™ mice (at least until 6 weeks post-infection, thet timepoint available before mice
death), we concluded that IL-4Rwas neither necessary for monocyte infiltratiorgr rfor
differentiation. Second, as emphasized by Vanraithcolleagues (2014), alternative activation could
still be present durin§. mansoninfection ofll4ra™°*LyzZ" therefore no general conclusion about the
role (or absence thereof) of agMould be drawn. Nevertheless, we identified COM4#Mp as central
actors in the modulation of liver granulomatouganfmation during. mansorninfection. Indeed, these
cells, on contrary to CD1fumacrophages, showed signs of alternative activatioveek 6 and 8 post-
S. mansoninfection, that were strongly and significanthdueed inll4ra™LyzZ" mice. Monocyte
infiltration was shown to be essential for survigtatingS. mansoninfection (Nascimento et al., 2014)
but it remains unknown if their protective roledispendent on alternative activation. Nascimento and
colleagues (2014) showed a strong expression ofaaktkers in hepatic Ly6Cmonocytes durin.
mansoniinfection. Although it has to be confirmed, outalgend to be consistent with the presence of
alternative activation within Ly6Cmonocytes (data not shown) in bokira™* andll4ra™LyzZ*"
mice, highlighting that through these cells, altgive activation of macrophages/monocytes couly pla
additional roles than the role of granulomatousamination regulation attributed to CDT'haMp.
Furthermore, a recent study reported the expansfoa population of Ymi-expressing LyBC
monocytes in the late phase of LPS-induced inflatitomaor during the tissue regeneration phase
following dextran sodium sulfate administrationdinnking water. These cells didn’t show other signs
of alternative activation but harbour immunoregatgproperties and might play a role in the resotut
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of inflammation and in tissue regeneration (lketlaale 2018). Interestingly, lkeda and colleagues
(2018) showed that these cells could arise fronuratibn of common monocyte progenitor in the bone
marrow rather than differentiation of mature mortesyand that granulocyte-macrophage colony-
stimulating factor or macrophage colony-stimulatiagtor and IL-3 rather than IL-4 or IL-10 were
involved in this maturation. These data remindhag besides canonical 1I-14/IL-13-induced altensti
activation of macrophages, monocytes can displatufes and functions characteristic of gathd
participate to mechanisms usually attributed to @aMlthough we have identified 3 different
populations of monocytes/macrophages in the lifes.omansoninfected mice, the real diversity is
likely to be more complex (Thomas et al., 2012)isTdiversity and role of different populations adul
be further revealed by single-cell RNAseq. Besiflasire work could aim at identifying which effecto
pathways are elicited by CD1laaMp to downmodulate liver granulomatous inflammatiérbroad
and unbiased approach consist of RNAseq of FAC&dohepatic CD11b macrophages from

ll4ra™"yzZF"™ and controll4ra™ mice.

We also highlighted that CD17bmacrophages accumulation duriSg mansoninfection was
associated with the disappearance of hepatic r@s@R118 macrophages. Although we demonstrated
that CD116 macrophage population did not play a direct roléhe pathology, as its depletion by DT
injection in CD168™* mice during ongoing immune response did not imfagegranuloma formation
nor survival, it could be interesting to investigé#ttheir disappearangeer setakes an active part in the
dynamics of the response. Indeed, Blériot and aglies identify KC death as a trigger to the switch
from type 1 to type 2 immune responses followingtod of Listeria monocytogeneasfection in the
liver, by inducing IL-33 production by hepatocyteglonocyte-derived macrophages that have
contributed to bacterial clearance acquired amredte/e activation phenotype through basophil-deativ
secretion of IL-4, allowing restoration of tissumnteostasis (Blériot et al., 2015). CD*¥bhacrophages
disappearance might also be a stimulus for monaegteitment as their depletion in naive CDI69
mice induced monocyte recruitment (Guilliams an@t6c2017). Interestingly, changes in hepatic
monocyte/macrophage populations was observed &s aat weeks post-infection . mansoni
before the inflow of eggs in the liver and the iatilon of the dramatic granulomatous inflammation.
These results indicates that the presence of worrige blood circulation can be sufficient to induc

liver inflammation and could be investigated usimigction with monosexug. mansoninfection.

Within the monocytes/macrophage populations thaitemtified in the infected liver, CD1Ttzells
might represent the part of infiltrating monocytieat differenciate in resident macrophages to mepla
the loss of CD11p macrophages. Indeed, total F48D64" macrophage number (consisting of both
CD118" and CD118 cells) in the liver remained relatively constantridg S. mansoninfection,
consistant with the concept of “niche”. Behind tbancept is the hypothesis that a restricted sj{gce
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available for resident macrophages in the tissliewimg the presence of a restricted and constant
number of resident macrophages (Guilliams and S26i7). Monocytes were shown to engraft and
differentiate in KCs only when the existing poolkds is depleted and, whenever the niche is complet
no new engraftment of monocytes is observed. Ostabkshed as resident KCs, monocyte-derived
macrophages become long-lived and self-renewinly e@th transcriptional profiles similar to the
original resident KCs (Scott et al., 2016). Howsthiche concept is affected by inflammation require
further investigation. Still, durin. mansoninfection, progressive reduction of CD¥’limacrophage
numbers might increase the niche availability,\ailay differentiation of infiltrating monocytes tdlf

the niche. To our knowledge, no reliable marker diffierentiate between macrophages of embryonic
or monocytic origin but our partial chimera expegints showed that CD1%bmacrophages originate
from circulating monocytes while CD1'tbmacrophages remain of recipient phenotype during
schistosomiasis. In this model monocyte-derived Ty Imacrophages maintain a distinct phenotype
from original tissue-resident macrophages, althomghpartial chimeras show a slight enrichment of
monocyte-derived cells in CD1'%bresident macrophages, indicating that some of G 18"
macrophages can further differentiate and acquilerdsident phenotype. The investigation of later
time points could give us insights concerning thienate fate of CD11b macrophages but it has to be
kept in mind that schistosomiasis is a chronic akse with new eggs constantly flooding in the liver
and continuously eliciting inflammation. This caast inflammatory state might impede terminal
differentiation of macrophages. Current view of moyte contribution to resident macrophages suggest
that environment rather than origin shape residetrophage phenotype. As stated above, the gene-
expression profile of monocyte-derived KCs highBsemble that of embryonic-derived resident
macrophages (Scott et al., 2016). It could be éstimg to investigate if, during schistosomiasis]CH'
macrophages acquire a gene-expression profile oS®11 cells and assess their ability to replace

CD11B° macrophages in homeostatic functions like irotipsd metabolism (Scott et al., 2016).

The investigation of molecular mechanisms undegyie acquisition, by monocytes and
macrophages, of particular phenotypes associatibddeieterious (e.g. excessive fibrosis) or beirafic
(e.g. tissue regeneration) role attributed to @adduld bring to light potential therapeutical tasgyéor
disease involving macrophages. In that perspedtiecidentification of moncoyte/macrophage subsets
and the understanding of their origin and respdysamics in various inflammatory setting is essenti
Such studies for example recently bring more lightthe complexity of this response by the
identification of specialised population of monayinvolved in resolution of inflammation and tissu
regeneration (lkeda et al., 2018) or fibrosis (Batbal., 2017). Liver macrophages were shown to be
involved in numerous pathologies (Ritz et al., 208 mansoninfection can be used as a model of
chronic liver inflammation and fibrosis and bringw understanding of how monocyte/macrophages
complexity and plasticity contribute to pathology.
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The main issue concerning the study of the rokadhp during schistosomiasis is the lack of suitable
tools. Most of the tools available failed to eféintly and specifically target aa(see Introduction
2.3.1). Despite that, valuable advances on the ratadeding of macrophage- and agfdssociated
molecules functions during schistosomiasis havenhbmade using these tools (Nair et al., 2009;
Nascimento et al., 2014; Pesce et al., 2009a; Resade 2009b; Vannella et al., 2014). In the abse
of ubiquitous markers for macrophages populatisimgyle cell RNAseq could help in identifying and

targeting populations of interest.

Helminth-induced IL-4 expands functional virtualmmy T cells

In the second study, we investigated how helminflaction could influence the pool of virtual
memory CD8T cells and how this could impact on subsequetivvanal effector CD8 T cell responses.
Previous reports indicated a role for IL-4 in trevelopment and expansion oful cells, a population
of non-conventional antigen-inexperienced CD&ells displaying memory properties, particulany
BALB/c mice (Renkema et al., 2016; Weinreich et 2010) (see Introduction 4.2.4). Therefore, we
hypothesized that helminth infection, through thelt{dominated immune response they elicit, might
influence Trm compartment. We confirmed this hypothesis usirrgoua helminth infection models and
provide for the first time evidence that helmimfeictions or exposure to helminth products induge A
nonspecific expansion of CD&vm population through direct IL-4 signaling on CDBcells in BALB/c
mice. Moreover, we could directly associate thisnireth-induced expansion ofyfi with an enhanced
virus-specific CD8 T cell effector responses, resulting in the bettemtrol of a subsequent acute
infection with they-herpesvirus MuHV-4 (figure discussion 1). Impottanwe further demonstrated

that IL-4 signaling was required for helminth-inédcmediated enhanced viral control.

Our findings were recently consolidated by a stpdilished by Lin and colleagues (2018). They
observed a similar mechanism in whighpolygyrusinfection induces IL-4-dependenty expansion
associated with increased control of bacterialdtibem. However, their model slightly differs fronuis
in that helminth-induced increased control of baatdoad was observed as early as 3 days post-
bacterial infection. On the contrary in our modetreased viral control consistently occurs 7 dayst-
MuHV-4 infection. Lin and colleagues (2018) atttibd the protective potential of 4l to their innate
bystander function while we hypothetized a contitou of Tym to MuHV-4-specific CD8 T cell

response.
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Figure discussion 1: Proposed model of helminth-ineted enhanced protection against MuHV-4
acute infection.Immune response elicited by helminth infectiodasninated by IL-4 production. IL-

4 directly signals on CDS8T cells to mediate expansion afwlpool, likely by conversion of naive CD8

T cells in Tym cells. Upon subsequent MuHV-4 infection, anti-vi@D8" T cell response is
characterized by increased number of specific &ffe€D8" T cells with increased effector responses
and enhanced control of acute lung infection.

The mechanisms underlying the IL-4-dependent expansf CD8 Tym are still not fully
understood. Our data corroborate other reportgatitig a direct role of IL-4 signaling on CDB8 cells
with a characteristic upregulation of Eomes but fioét expression. Subsequent pathways involved
need to be further investigated but both STAT-6 Aktdpathways have been involved in IL-4-induced
Eomes upregulation (Carty et al., 2014). Althoughexperiments did not allow us to comprehensively
determine the origin of expanded CDRw, the more likely hypothesis remains conversiomfrmive
T cells. Adoptive transfer of congenic bulk CDBcells isolated from the spleen demonstratedTiat
expansion can occur from peripheral CDBcells, thus potentially independently of cellsnf the
thymus. Supporting this observation, inhibition $fP-dependent trafficking by FTY720 treatment
during IL-4c treatment did not impairy expansion. EdU incorporation remained low i Tcells
afterS. mansonggg injection, suggesting tHat mansonégg treatment did not causeulproliferation.
Thus, these observations strongly suggested tleatobdserved expansion ofvd cells is due to

conversion from CD4%naive T cells while independent of proliferatiarrecruitment to the spleen. In
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an attempt to determine whetl&rmansontould indeed induce conversion from Ci94#ive T cells,
these cells were FACsorted and adoptively transfieto naive congenic mice befdse mansonegg
treatment. Unfortunately, we could not observeificant induction of Tim cells in the transferred cells
(data not shown). Previous reports using IL-4cdtigm in C57BL/6 mice to inducevili expansion
indicated that they can arise from both prolifematof existing Tm pool or conversion of naive cells
(Park et al., 2016) while another report usingghme model indicates that IL-4-induced upregulation
of Eomes expression is observed in pre-existing angr@D8 T cells but not in naive cells (Carty et
al., 2014). Interestingly, in this latter study,r®s upregulation in naive CD§ cells in response to
IL-4 stimulation was observed but only in the preseof low (but not high) TCR stimulation. However,
IL-4c treatment does not exactly recapitulates wiagpens during helminth infection. Furthermore,
Tum cells likely behave differently in C57BL/6 or inARB/c mice.

We observed that increased proportions\gf @re maintained for at least one month after theSa
mansoniegg injection. Changes in CD¥ cells might therefore be longlasting, howevee, abserved
a trend towards a decrease of CO8u proportion overtime. Data from Park and colleag(26)
also indicated that IL-4c-induced CO42XCR3" CD8" Tyw population was maintained overtime,
although Eomes expression rapidly declined (Pask €2016). This study performed on C57BL/6 mice
also identified a non-persistent, intermediate pefmn of CD4#CXCR3 CD8' Tvm, Which we did

not observe in our model.

Tym are known for their enhanced effector functioms] their ability to control pathogens bearing
their cognate antigen in a comparable manner teastiional memory CDST cells (Lee et al., 2013a;
Weinreich et al., 2010). Here, we showed that Itlefpendent expansion of bulk, not TCR-transgenic
Tvm population is associated with a better contraduddsequent viral infection. In particular, helminth
infection induced increased virus-specific effed®8" T cell response probably participating to the
enhanced control of MuHV-4 infection. Several hypasis could explain how expanded,Tcontribute
to the helminth-induced increased anti-viral reggorfym have been shown to maintain TCR diversity.
Thus, an increased number afuTcells through conversion from naive cells is ptiédly associated
with an enrichment of the TCR repertoire in thislpaf Tym compared to naive T cells, a phenomenon
that could significantly augment the probabilityaffective antigen priming.vlx cells were also shown
to outcompete their naive CD%Z cell counterpart during response to their cogatigen and could
therefore establish a more rapide CDOBcell response (Lee et al.,, 2013a). Besides, weiged
evidence that helminth-conditionnegiyThad enhanced effector capacities, as evidenceacbyased
IFN-y production from CD8T cells after helminth exposure. Consistent whtatt RNAseq revealed

limited but probably determinant differences betweaive ands. mansonegg-induced v sinceS.
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mansoniegg-induced Ju showed increased IFNand IFNe. gene signatures, evidence of increased
effector capacities.

Conditioning of bulk CD8T cells byS. mansonéggs conferred migration and effector advantages
to wildtype overll4ra™ CD8" T cells during MuHV-4 infection, indicating that-¥Ra-dependent
mechanisms underlie enhanced anti-viral CD&ell responses, consistent with the observatian
helminth-induced ¥u expansion depends on direct IL-4 signaling. Howge\aoptive transfer
experiments did not show any competitive advantdg® mansonégg-induced Ju over naive Ty at
the site of viral infection, indicating that expansitself, along with altered effector phenotypéght

explain the enhanced anti-viral CDB cell response.

In our coinfection model, we clearly identified thacreased anti-viral CO8T cell responses was
associated with an increased virus-specific respdBist Tym have also been shown to mediate efficient

bystander protective response (White et al., 2@hé)this could be further investigated in our model

Our observations of helminth-induced enhanced ptiote against MuHV-4 acute infection could
have been unexpected as it contrasts with previepsrts rather suggesting a deleterious effect of
helminth-induced Ym1 on subsequent anti-viral CD&ell responses (Osborne et al., 2014). The most
stricking difference between this study and ouesides using a different viral model, comes from th
strain of mouse used. Osborne and colleagues patbtheir experiments in C57BL/6 mice. Based on
known difference between C57BL/6 and BALB/c micenoerning cytokines involved in v
development, we chose BALB/c mice for our studytreey appeared to be to most sensitive to IL-4
(Tripathi et al., 2016). It would be interestingsindy on one hand if Ym1 display the same inhilgito
function on CD8 T cells response against MuHV-4 infection, morgipalarly in BALB/c mice and
on the other hand if helminth exposure could indsicglar Tvm expansion in C57BL/6 mice. Indeed,
studies showed expansion of memory-like T cellthegifrom CD8 single positive thymocyte or
peripheral CD8T cells, in response to IL-4c injections in C578lInfice (Carty et al., 2014; Park et al.,
2016). Our preliminary experiments showed thahalgh helminth exposure also induce expansion of
Tvm in C57BL/6 mice, the percentage afisTamong CD8T lymphocytes remain lower than in BALB/c
mice. We also performed extensive coinfection erpents in C57BL/6 mice and strickingly observed
a reversed phenotype compared to that observedAIBBE mice (Figure discussion 2). These
observations are consistent with a deleteriousablelminth exposure on anti-viral response. lulee
luminescent signals reporting MuHV-4 lung infectiarvivowere heavily increased in mice previously
exposed withS. mansoneggs. However, these results still differ fromsh@btained by Osborne and
colleagues (2014) as in our experiments increased lad was observed early during infection,
associated with increased migration of antigend4odadCs to mediastinal lymph nodes and,
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importantly, increased virus-specific CDB cell effector response ultimately leading toitmcontrol
of MuHV-4 in mice exposed or not 8 mansonéggs.
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Figure discussion 2 S. mansoniegg immunization of C57BL/6 mice is associated with imji@d control of
acute infection with MuHV-4 but increased anti-viral CD8' T cells response.

Albino (a-c) or wild-type @-h) C57BL/6 mice were injected witls. mansonieggs i.p. and challenge i.v.
(5,000/injection) at d14. At d22, MuHV-4-luc virusas administered i.n. (1®FU per mouse in 30ul PBS)

(a) Experimental design.

(b) MuHV-4-luc lung infection was monitored daily byvivoimaging following D-luciferine infection. Thoracic
dorsal and ventral light emission was measureccantbined. p/s = photons per second.

(c) Representative photographs of bioluminescenceatsgf two mice per group at d7 pvi

(d-e) DPORF6®¥74%%and KORF6F?+53!MuHV-4-specific tetramérCD8" T cells percentagel) and total numbers
(e) in indicated organs at d7 pvi.

(f) Percentage of IFN-producing CD8 T cells after 4tex vivorestimulation with ORF&"%5and ORF6124-53!
MuHV-4 peptides.

(9) In vivo cytotoxic assay: CFSE-labeled peptide edlIsplenocytes were transferred to PBS- or S. maaggn
treated mice at d7 pvi and target cell killing edity was measured.

(h) OVA-FITC was administered in along with MuHV-4féation. At d1 or d2 pvi, migration of antigen-lasdtl
DCs in mediastinal lymph nodes was assessed.

Thus, although helminth exposure increased C57Btit& susceptibility to MuHV-4 infection, it
did not impair CD8T cells responses. Furthermore, these result®tlexclude a potential role of IL-

4-induced Twm in the control of MuHV-4 in C57BL/6 mice as helrtfirinduced increased viral
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colonization occured really early during the infent before the onset of adaptive immune response.
On the contrary, the existence of a similar medrann C57BL6 mice was suggested by a recent study
(Lin et al., 2018). Interestingly, Lin and colle&gualso highlighted that while helminth-inducegh T
expansion was strictly dependent on IL-4 signalin§ALB/c mice, this dependency was only partial
in C57BL/6 mice and alternative mechanisms shouldteas expected based on available data (see
Introduction 4.2). Despite expansion ofml other parameters modified by helminth infection i
C57BL/6 but not BALB/c mice could explain the stgoimcreased in viral load in helminth-exposed
C57BL/6 mice at early timepoints post-infectioneTinechanisms underlying the initial increased viral
replication in helminth-exposed C57BL/6 mice coindolve impaired innate immune responses, for
example decreased production of type | IFN (Dutiale 1999) or increased MuHV-4 replication in
aaMp (Reese et al., 2014). Helminth-exposed BALB/c nmdak not support similar increased viral
replication despite alternative macrophage activaith the lung. Genetic variability between BALB/c
and C57BL/6 mice have already been shown to inflaghe ability ofLeishmania majoto replicate

in aaMp (Sans-Fons et al., 2013). Similar phenomenon caxplain differences in MuHV-4
susceptibility of helminth-exposed BALB/c or C57BLice. Difference of MuHV-4 proliferation in
aaMp from BALB/c or C57BL/6 mice could be testedvitro. Interestingly, colonization of C57BL/6
and BALB/c mice by MuHV-4 already differs indepentlg of helminth exposure, BALB/c mice
harbour increased viral load compared to C57BL/6éenaiuring acute lung infection (Weinberg et al.,
2004 ; our own data, not shown). The mechanisméaatpd in the control of MuHV-4 acute infection
was also shown to be different between these twamnst IFNy being essential for viral clearance from
the lung of BALB/c but not C57BL/6 mice (Tsai et,&011). These are just example of the impact of
genetic variability on the immune response. In tholdj immune responses elicited by helminth
infections are highly complex and might vary depegdon the context. Discrepancies exist in the
litterature concerning coinfection outcomes or nagisms involved. The high diversity of models used
(e.g. mouse strain, pathogens, timing of coinfectioute of infection) at least partially explathese
apparently inconsistent results. The difficultygeneralize results obtained from a particular model

support the need for the understanding of undeglyilechanisms.

We described the possibility that exposure to heflmproducts condition CD8I cells resulting in
increased anti-viral CD8T cell effector response and enhance control bsguent viral infection.
One obvious application of these findings coulddfare be the use of helminths products as vaccine
adjuvants. Indeed, despite being described asedieles for vaccine-induced immunity by several
studies, helminth products have already been testeaidjuvant for vaccines (Jiang et al., 2014). In
particular, SEA was successfully shown to enhamieg-lasting Thl and cytotoxic CD& cell response
to aListeriavector HIV-1 Gag vaccine. However ability to catithallenge infection was not evaluated
and underlying mechanism was not studied (Bui.e@ll4). Our study did not investigate the inflcen
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of helminth exposure on true memory formation armimenance after a first encounter with viral
antigens, but we observed that during acute ardi-iinmune response, percentage of MPEC within
CD8" T cell was transiently lower in mice exposed téntieth than in unexposed mice but reached
similar levels by day 9 post-viral infection. Hotig observation influence memory formation would
need to be further explored, especially when camsid that IL-4 signaling has already been shown to
be essential for efficient memory formation follegiPlasmodium yoelimmunization (Morrot et al.,
2005). However, other reports highlighted a deieter role of IL-4 signaling for effector function$
memory CD8 T cells (Ventre et al., 2012). Lee and colleag2€4.3) described the enhanced effector
capacity of T,y compared to naive cells during reaction againsir tbognate antigenic peptide and
mostly attributed it to faster response afyTcells. But ultimately naive cells expanded to mi
numbers compared tanf cells. This is consistent with our results sine@ur study, MuHV-4 infection

is ultimately controlled similarly in mice exposed not to helminths. During a secondary response,
expansion of CD8T cells originating from ¥ or naive precursor cells followed a similar kiest{Lee

et al., 2013a), indicating that there was no impober impaired true memory formation after antigen-
dependent activation of i despite observation of increased capacity of n&\a8" T cells to
differentiate in MPEC (Lee et al., 2013a). Impothantesting the consequence of helminth-induced
Tvwm in vaccine efficacy would only be clinically rekavt if similar mechanisms exist in humans. Despite
the difficulty to assert that innate memory-likecé&lls exist and do not arise from previous antigen
encounter in humans, studies tend to confirm thistenxce of a comparable population of antigen-
inexperienced memory T cells. Innate memory-likeells were notably identified in cord blood and
spleen of premature children with characteristied assimilate them to antigen-inexperienced memory
CD8' T cells (Jameson et al., 2015). These cells drgylmharacterized more closely but more work is

needed to understand if they respond to similandtias mouse Jv and have similar functions.

In this work, we focused on the impact of helmiirtfection on CD8 T cell response against the
acute phase of MuHV-4 infection as a model for helinduced enhanced anti-viral CD8 cell
responses. However, when considetifigerpesvirus infection which are characterizeddtgdishment
of latent infection, control of reactivation everigsan important parameter. As a consequence, the
“quality” of the immune response is assessed lgs®btrol of acute infection than by efficient memyo
formation controlling reactivation events. Helmingxposure have already been shown to induce
reactivation of previously established latent MuHMnfection (Reese et al., 2014). However, the
mechanisms involved in that particular study waksrect effect of STAT-6 on the switch from latency
to viral lytic replication. Thus, effect of helmminfection on capacity of memory CD§ cells to

control latent MuHV-4 infection remains to be intigated.

161



Discussion

In conclusion, the first study provides additiondhta about the dynamics of hepatic
monocytes/macrophage responses dusinmansonnatural infection at the light of IL-4Rsignalling
and showed that IL-4dzsignalling was dispensable for monocyte infilwatand differentiation. Precise
comprehension of this response would help undaistgrthe still unelucidated role of agMn S.
mansoninduced pathology. Thereby, we identified a sulytajion of monocyte-derived aapwith a
role in the regulation of hepatic granulomatousamimation. On the contrary, resident macrophages
appeared dispensable for the contrdbofmansoninduced pathology. In the second study, we regdorte
a beneficial outcome of helminth-virus coinfectidrype 2 immune responses initiated by helminth
infections or helminth products induceduTexpansion through direct IL-4 signaling on CDO8cells
that conditionned an increased effector potenfi@l@8" T cells. This could in turn positively influence
a subsequent anti-viral CDg cell response and enhance the control of aciiéetion with they-
herpesvirus MuHV-4. Helminth-induced enhanced @ffe€D8 T cell response was also dependent
on IL-4Ro-signaling. IL-4 was already known to driveul expansion but whether these mechanisms
also occur in pathologies dominated by type 2 imentesponse was not known. Thus, we provided
evidence that type 1 and type 2 immune responseetddways antagonize each other and we identified
a new mechanism of beneficial helminth-induced ntatthn of subsequent bystander immune

response.
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