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Abstract 

Helminth infections are widely distributed around the world but the highest prevalence is found in 

developing countries where they constitute a major public health threat. Helminthiasis are mostly 

associated with chronic insidious pathologies profoundly impacting population health status and 

constitute a major concern for socio-economic development. 

Immune response elicited during helminth infection is a complex balance between effector type 2 

immunity mediating helminth expulsion, repair functions preserving integrity of tissues during parasite 

migration and regulatory elements allowing tolerance of chronic infection that cannot be cleared. 

Dysregulation of this equilibrium can generate extensive pathologies. Furthermore, as helminths 

profoundly impact their host’s immune system, they also alter immune response during bystander 

inflammatory/infectious processes.  

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

helminth infections on the immune response. 

The first study presented here examined the role of alternatively activated macrophages (aaMφ) as 

actors of anti-helminth response balance, more precisely during Schistosoma mansoni infection. During 

schistosomiasis, an important type 2 granulomatous inflammation is elicited by the eggs trapped in the 

tissue (liver or intestine). Type 2 immunity is essential for survival during the acute phase of 

schistosomiasis but the role of aaMφ, an important component of granulomas, remains unclear. Using 

Il4ra−/loxLyz2Cre and Il4ra− /− mice, we characterized the dynamics of monocytes/macrophage responses 

in the liver of S. mansoni infected mice and found that IL-4Rα signalling is dispensable for monocyte 

infiltration and differentiation. Accumulation of monocyte-derived macrophages was associated with 

progressive disappearance of resident macrophages. While resident macrophages did not seem to play 

a role in the regulation of egg-induced pathology, alternative activation of monocyte-derived 

macrophages was shown to modulate hepatic granulomatous inflammation. However, infiltrating 

monocytes likely display alternative activation in Il4ra−/loxLyz2Cre mice thus other functions of aaMφ in 

this pathology cannot be excluded. Thus, this work provided a better understanding of the role of aaMφ 

in schistosomiasis. 

The second study focused on the impact of helminth exposure on subsequent bystander immune 

responses and more particularly on anti-viral CD8+ T cell response. IL-4 is a canonical cytokine from 

type 2 immune response associated with helminth infection. Previous reports showed that IL-4 can 

condition CD8+ T cells by inducing expansion of antigen-inexperienced memory-like CD8+ T cell called 

virtual memory T cells (TVM). These cells have the particularity to display heightened effector functions, 
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similar to conventional memory cells. Our work showed that IL-4 can also induce expansion of TVM in 

the context of helminth infection, depending on direct IL-4 signalling on CD8+ T cells. Strikingly, 

helminth infection was also associated with IL-4-dependent enhanced protection against subsequent 

infection with the γ-herpesvirus MuHV-4 resulting from increased virus-specific CD8+ T cells effector 

response. We provide here a new mechanism by which helminth can modulate the immune response 

against bystander infections. 
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Preamble 

The work presented in this thesis focused on two independent but important aspects of immunity to 

helminths in the mouse model: (i) the role of IL-4Rα-dependent alternative macrophage activation 

during schistosomiasis, and (ii ) how helminth induced IL-4 can condition bystander memory CD8+ T 

cell responses.  

In a first study, we investigated the dynamics and the roles of the macrophage responses in the liver 

after Schistosoma mansoni infection. Macrophages are highly plastic cells. During type 2 immune 

responses like anti-helminth response, they adopt an anti-inflammatory and repair phenotype, called 

alternatively activated macrophages (aaMφ). Type 2 immune response mediates several crucial 

functions for the protection against helminth infection like parasite expulsion, impairment of parasite 

fitness or wound healing. Although aaMφ have been implicated in these functions, there exact role or 

whether they are essential for host protection remained unclear. 

In a second study, we have investigated the influence of helminth infection on subsequent bystander 

immunity by studying its impact on anti-viral CD8+ T cell responses through alteration of virtual 

memory CD8+ T cells (TVM). TCR-unrestricted and antigen-inexperienced memory-like CD8+ T cells 

(among which TVM) have been described in naive, pathogen-free or germ-free mice. These cells are 

believed to arise either in the thymus, instructed by IL-4 or high self-antigen reactivity, or in the 

periphery through lymphopenia-induced homeostatic proliferation. In the periphery, IL-4 and IL-15 can 

further expand the population in a mouse strain-specific manner. Helminth-induced immune response 

is dominated by IL-4 production and could therefore impact TVM reponses and the subsequent ability of 

CD8+ T cells to mount antigen-specific effector responses after a viral infection. 

The following introduction aims at presenting the different theoretical concepts and recent findings 

that could help the understanding of our work. With that objective in mind, chapter 1 describes important 

helminthiasis of humans, their epidemiology and examples of mouse models as well as the main features 

of anti-helminth immune response. Chapter 2 focuses on the origin, activation and roles of macrophages 

during helminthiasis, emphasizing their role in schistosomiasis. To understand the wide diversity of 

helminths effect on bystander immune processes, chapter 3 presents their influence on both 

immunopathologies and coinfections, in particular on viral coinfections. Finally, chapter 4 includes a 

description of the important characteristics of the CD8+ T cell response dynamic, from activation to 

memory formation and presents antigen-inexperienced memory CD8+ T cells, including innate, 

bystander and virtual memory CD8+ T cells.
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1 Helminth infections 

1.1 Taxonomy 

The term “helminth” is not associated with any particular phylogenetic classification. Helminths are 

described as complex multicellular eukaryotic invertebrates with tube-like or flattened bodies exhibiting 

bilateral symmetry mainly belonging to the unrelated Nematoda, Platyhelminths or Acanthocephala 

phyla (Cox, 2009). Species from the Nematoda and Platyhelminth phyla are either free-living or parasitic 

worms (including parasites of plants or vertebrates). The term “helminth” is sometimes used as a 

synonym of “worm” but, although there is no clear consensus, it is usually restricted to parasitic worms. 

Their common particularity as pathogens is that their life cycle is not usually completed in a single 

individual. Indeed, with some limited exceptions, they do not proliferate within their final host as 

opposed to other pathogens such as protozoans, bacterias or viruses that have a strong potential of in 

situ exponential population growth. Eggs or larvae are rather externalized to complete the life cycle and 

infect a new host.  

 

Nematoda are commonly called “roundworms” referring to their long tubular body. Along with 

arthropods, they belong to the Ecdysozoa clade which share the common characteristic of moulting 

during growth. Indeed, larvae will go through several maturation steps during their life cycle. Parasitic 

nematodes count a wide diversity of important pathogens of humans or other vertebrates such as Ascaris 

spp. , Anisakis spp., whipworms (e.g. Trichuris spp.), pinworms (e.g. Enterobius spp.), hookworms (e.g. 

Ancylostoma spp. and Necator spp.), filarial worms (e.g. Onchocerca spp.), Trichinella spp. or 

Strongyloides stercoralis. Infections with hookworms, whipworms, Ascaris spp. or Strongyloides 

stercoralis are refered to as “soil-transmitted helminthiasis” (STH) (Jourdan et al., 2017) because 

transmission occurs through contact with faecally contaminated water, soil or food: adult worms live in 

their host’s intestine and eggs excreted in the feces contaminate soil. To reach an infective stage, eggs 

need to mature in the environment, however these helminths do not need an intermediate host. Infection 

by Ascaris lumbricoides or whipworms occurs by faeco-oral transmission, while hookworm larvae can 

actively penetrates intact skin (Jourdan et al., 2017). On the contrary, filarial worms, Anisakis spp. and 

Trichinella spp. are not transmitted via the soil but are arthropod- or food-borne parasites. Adults filarial 

worms living in lymphatic vessels (Wurchereria bancrofti), serous cavities or subcutaneous tissue 

(Onchocerca volvulus) release larvae (microfilariae) which have to be taken up by an arthropod vector 

during a blood meal to be transmitted to another host. Trichinella spp. adult worms deliver larvae in 

intestinal mucosa. After migration through lymphatic and blood vessels, these larvae encyst in muscles 

and will infect a new host upon ingestion (Gottstein et al., 2009). Anisakis spp. have an indirect cycle 

which depends on predation involving fish and marine mammals and are therefore transmitted via 

seafood. 
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Because of their flattened shape, Platyhelminths are also called flatworms. Two main groups of 

parasitic worms of vertebrates are found in this Phylum: Cestoda and Trematoda.  

 

Cestodes (Taenia spp., Echinococcus spp.) are hermaphrodite segmented worms. These helminths 

are characterised by an indirect life cycle with production of encysted larvae (metacestode) in muscles 

or other tissues of the intermediate host and transmission to the final host via feeding on these tissues.  

 

Within Trematoda, the order Digenea contains the most important parasitic species. Digenea have 

indirect development with an asexual reproduction phase in their intermediate host, usually an 

invertebrate such as a gastropod. Infectious larvae (cercariae) are released from intermediate host and 

can encyst on aquatic weeds or in the tissues of a second intermediate host (e.g. a fish) (Fürst et al., 

2012a). In these cases, infections may be acquired by consumption of aquatic products (foodborne 

trematodiases). Concerning the members of the genus Schistosoma, cercariae are released in the water 

from a freshwater gastropod and actively penetrate the skin of their final host. The majority of members 

of the order Digenea are hermaphrodites, however schistosomes have separated genders with a clear 

dimorphism.  

 

Finally, Acanthocephala (thorny- or spiny-headed worms) are all parasites with complex life cycles 

including an encysted stage in an arthropod intermediate host. Transmission depends on predation and 

adult worms are hooked to the intestinal wall of their final host. 

1.2 Epidemiology 

Human helminths are widely distributed around the world but the highest prevalence is found in sub-

Saharan Africa, the Middle East, Asia, South and Central America and the Caribbean (Herricks et al., 

2017). Given their high prevalence in developing countries, the majority of helminthiases are considered 

as Neglected Tropical Diseases (NTDs) prioritised by the World Health Organization (WHO). Above 

all, helminthiasis account for the vast majority of NTDs cases (Herricks et al., 2017). As such, these 

infections are subjected to specific strategies aiming at their prevention, control or eradication (World 

Health Organization, 2018a). Efforts to control helminthiasis have been implemented by the WHO and 

include water safety, sanitation and hygiene improvement as well as mass drug administration and vector 

control (Albonico et al., 2006). 

 

Helminths may induce specific, significant morbidities: intestinal obstruction, volvulus and 

intussuception for Ascaris lumbricoides  (Jourdan et al., 2017), lymphedema/elephantiasis or blindness 

with filarial worms (Nutman, 2013), hypertension, ascites and digestive tract varices caused by 
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schistosome egg-induced granuloma and fibrosis (Colley et al., 2014), biliary obstruction and 

cholangitis in foodborne trematodiases (Keiser and Utzinger, 2009) or neurological symptoms due to 

development of cestode cysts in the brain (Coyle et al., 2012). Certain helminth infections are also 

associated with development of cancers (e.g. Schistosoma haematobium, Clonorchis sinensis, 

Opisthorchis viverrini) (Bouvard et al., 2009; Gryseels et al., 2006; Keiser and Utzinger, 2009). In 

addition, more insidious effects associated with low burden chronic infections cannot be overlooked 

(Hotez et al., 2008). These aspecific disabling morbidities are usually the consequences of an altered 

nutritional status linked to gut inflammation, diarrhea, intestinal bleeding and parasites feeding on 

tissues (World Health Organization, 2018c) leading to weakness and impaired development. Helminth 

infections thus have a profound impact on population health status based upon both their high prevalence 

and debilitating consequences. The “Disability-Adjusted Life Year” (DALY) parameter helps 

summarize and quantify this impact by integrating both mortality and morbidity. Calculated as the sum 

of years of life lost due to premature mortality and years of healthy life lost due to disability, DALY 

expresses the impact of a disease or injury on health status when compared to an ideal health status 

(Lopez et al., 2006; World Health Organization, 2014). For helminthiases, grade of disability depends 

on infection intensity and associated symptoms or sequelae (Pullan et al., 2014). 

The most prevalent helminth species belong to the STH group with A. lumbricoides infecting around 

800 million people and inducing 1.27 million DALYs followed by T. trichiura and hookworms with 

approximatively 480 and 470 million of cases and 0.58 and 2.18 million DALYs, respectively (Herricks 

et al., 2017) (Figure 1). The majority of cases occurs in Asia, mostly India and China, with a prevalence 

that can reach up to 50% or more in some Asian countries (Malaysia or the Philippines) or certain islands 

of Oceania. Sub-Saharan Africa and Latin America also have high absolute numbers of cases and/or 

high prevalences (Herricks et al., 2017; Pullan et al., 2014).  
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Figure 1. Distribution of soil-transmitted helminth infection prevalence in 2010 by species. (A) hookworm, 
(B) Ascaris lumbricoides and (C) Trichuris trichiura; based on geostatistical models for sub-Saharan Africa and 
available empirical information for all other regions. From (Pullan et al., 2014). 
 

Schistosomiasis is also a higly prevalent disease with 290 million cases reported around the world 

and 3.06 million DALYs (Herricks et al., 2017). The main species of schitsosomes infecting humans are 

S. mansoni, S. japonicum, S. mekongi, S. intercalatum (intestinal and hepatic schistosomiasis) and S. 

haematobium (uro-genital schistosomiasis) (Gryseels et al., 2006) (Figure 2). Ninety percent of 

schistosome infections occur in sub-Saharan Africa, but schistosomiasis is also present in the Arabian 

Peninsula, South-east Asia and South America (World Health Organization, 2018b). Schistosome 

species have an important specificity for their intermediate host, therefore their distribution correlates 

with that of the freshwater snail species that sustain their asexual replication (Gryseels et al., 2006). 
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Figure 2. Global distribution of schistosomiasis. Main foci: S mansoni -much of sub-Saharan Africa, northeast 
Brazil, Surinam, Venezuela, the Caribbean, lower and middle Egypt, the Arabic peninsula; S haematobium - much 
of sub-Saharan Africa, Nile valley in Egypt and Sudan, the Maghreb, the Arabian peninsula; S japonicum - along 
the central lakes and River Yangtze in China; Mindanao, Leyte, and some other islands in the Philippines; and 
small pockets in Indonesia; S mekongi - central Mekong Basin in Laos and Cambodia;  S. intercalatum - pockets 
in west and central Africa. From (Gryseels et al., 2006). 
 

Foodborne trematodiases comprise infections with liver flukes (C. sinensis, Fasciola hepatica, F. 

gigantica, O. felineus, O. viverrini), lung flukes (Paragonimus spp.) and intestinal flukes (Echinostoma 

spp., Fasciolopsis buski, Heterophyes spp., Metagonimus spp.) (Fürst et al., 2012b), concern 80 million 

people and induce 3.63 million DALYs  (Herricks et al., 2017). The geographical distribution of these 

infections, which are mostly found in Asia and South America, can be linked to eating habits such as 

consumption of raw fish products (Fürst et al., 2012a), however Fasciola spp. and Paragonimus spp. 

are more broadly distributed with cases reported in North America, Europe and Africa (Fürst et al., 

2012a; Keiser and Utzinger, 2009). 

 

Lymphatic filariasis is a mosquito-borne disease that affects 44 million people and induces 2.02 

million DALYs, mostly in sub-Saharan Africa and South and South-east Asia (Herricks et al., 2017). 

The majority of cases are caused by infection with W. bancrofti but two other filarial nematodes (Brugia 

malayi and B. timori) may also be the source of the infection (Taylor et al., 2010). Another species of 

filarial nematodes, O. volvulus, is responsible for onchocerciasis affecting 17 million people with 1.18 

million DALYs, mostly in sub-Saharan Africa (Herricks et al., 2017). 

 

Infections with cestodes are much less frequent but can have severe consequences. Indeed, while 

infection with adult worms is not associated with major complications, development of cystic larval 

stages in host tissues may have substantial health impacts. T. solium cysticercosis and cystic 
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echnicoccosis concern one and 0.8 million people and induce 0.34 and 0.18 million DALYs, respectively 

(Herricks et al., 2017). T. solium, E. granulosus and E. multilocularis were ranked as the top three food-

borne parasites based on multiple criteria including incidence, disease severity or trade relevance 

(Boireau, 2014) and therefore pose both human and veterinary medical challenges. T. solium is mostly 

found in sub-saharan Africa, Asia and Latin America (Devleesschauwer et al., 2017; World Health 

Organization, 2016), E. multilocularis distribution is limited to the Northern Hemisphere while E. 

granulosus is more widely distributed (Deplazes et al., 2017). Unlike infections with other helminths, 

cestode infections remain a public health concern in developed countries (Devleesschauwer et al., 2017; 

Gottstein et al., 2015), probably due to the important health risks and difficulties of treatment. 

Furthermore, data indicate that the presence of E. multilocularis in red foxes is spreading through Europe 

with a prevalence that can reach more than 10% in the most affected European countries such as Estonia, 

Latvia, Lithuania, France, Switzerland or Germany (Gottstein et al., 2015; Oksanen et al., 2016). 

 

Trichinella spp. is present all over the world, Antartica being the only continent where this parasite 

is not observed (Pozio and Darwin Murrell, 2006). However, the vast majority of human cases occur in 

Europe (mostly central and eastern countries) (Murrell and Pozio, 2011). Trichinellosis has a much 

lower global burden than other foodborne helminthiasis, with 500 DALYs  (Devleesschauwer et al., 

2015). 

1.3 Investigating anti-helminth immune response: experimental mouse models 

As presented in section 1.1, the term “helminth” encompasses a number of different families and 

genera from different Phylae and, correspondingly include a wide diversity of life cycles, from direct 

transmission between hosts to complex life cycles with intermediate hosts, including species with free-

living stage. This diversity is also reflected in the variety of organs impacted by helminth infections. 

Therefore, helminth models involve diverse interactions with the host that allow broad study of type 2 

immune responses in many different contexts. An adverse consequence of this feature is that, as opposed 

to viruses or bacteria, tools for in vitro study of helminths are very limited (White and Artavanis-

Tsakonas, 2012), although important advances are being made in uncovering full parasite genomes and 

should open new avenues for genome manipulation in the future (www.wormbase.org). 

 

An important majority of helminths target the gastro-intestinal tract and infect their host orally (soil-

transmitted or food-borne helminthiasis), however infection can also occur by direct penetration of the 

skin or even via mosquito bites. The most commonly used helminth models in research will be presented 

in the following sections. 
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1.3.1 Nematodes 

Three nematode models are frequently used to study the immune response against helminths in mice: 

hookworm-related Nippostrongylus brasiliensis and Heligmosomoides polygyrus and filarial worms 

(Litomosoides sigmodontis). Besides, other nematodes infecting humans are also patent in mice 

(Trichinella spiralis or T. pseudospiralis, B. malayi, A. suum or A. lumbricoides) or have mouse 

equivalent (Trichuris muris, Strongyloides venezuelensis) and are also used in experimental models. 

 

N. brasiliensis is a gastro-intestinal parasite of rodents (naturally infecting rats), similar to the human 

hookworms A. duodenale or N. americanus, with an extensive migratory phase. N. brasiliensis eggs are 

excreted in the faeces and release a free-living larva that needs a period of maturation in the environment 

before becoming infective: following hatching, the L1 larvae molt twice to produce the highly motile 

and infective L3 stage. Infection occurs through skin penetration, larvae reach blood vessels rapidly 

(from 11h post-infection) and are transported to the lung where a third molt produces L4 larvae. Larvae 

then cross the alveolo-capillary barrier, causing lung hemorrghages and chronic lesions leading to 

emphysema. They migrate up the respiratory tract, are coughed and swallowed to ultimately reach the 

intestine. After a fourth moult, adult worms mate and the females release eggs begining from day 6 post-

infection (Camberis et al., 2003) (Figure 3). Experimental infection of mice is usually performed via 

subcutaneous (sc) injection of L3 larvae. As opposed to rats, infected mice naturally clear N. brasiliensis 

infection by day 9-11 post-infection, with the exception of parasite strains adapted to the mouse. 

Nevertheless, full migration is completed and a strong systemic type 2 immune response is induced.  

 

H. polygyrus is a mouse gastro-intestinal helminth used to model hookworm infections. Its lifecycle 

differs from that of N. brasiliensis by being exclusively gastro-intestinal. Experimental infections are 

performed by gavage of infective L3 larvae. Importantly, as a mouse parasite, it can establish chronic 

infection in susceptible mice, even though a great variation in susceptibility exists between mouse strains 

(Reynolds et al., 2012). Eggs are excreted for months in the faeces and hatch in the environment. 

Similarly to N. brasiliensis, larvae moult twice before becoming infective L3. After faceo-oral 

transmission, L3 encyst in the duodenal serosa by day 1 or 2 post-infection and moult twice. Adults 

return to the intestinal lumen at day 10 to mate, and egg laying begins around day 14 (Camberis et al., 

2003; Johnston et al., 2015). The immune response during H. polygyrus infection is first dominated by 

a type 2 immune response before development of a regulatory response (Finney et al., 2007). 

 

As opposed to filarial nematode species such as Onchocerca spp. and Brugia spp. that do not 

complete their lifecycle in mice, the filarial nematode L. sigmodontis is a natural parasite of the cotton 

rat Sigmodon hispidus and succesfully completes its cycle in BALB/c mice. L. sigmodontis L3 larvae 
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are transmitted by mite bites but subcutaneous injection can also be used for infection. Larvae then 

migrate via lymphatic system and reach serous cavities (pleural cavity) in 3 to 6 days. There, they 

mature, molt and become adults by day 25-30 post-infection. Filarial worms are ovoviviparus, adults L. 

sigmodontis releasing microfilariae (the first larval stage) that will invade the blood circulation, 

whereupon they can be ingested by their intermediate host in which they then mature in L1 larvae and 

further develop to reach the infective L3 stage (Hoffmann et al., 2000). L. sigmodontis induces a type 2 

immune response, however, certain naturally infection-resistant strains develop a mixed type 1 – type 2 

response (Babayan et al., 2003).  The presence of a regulatory response in BALB/c mice drive their 

susceptibility (Taylor et al., 2005). 

 

 

Figure 3. Graphical representation of the life cycles of hookworms (human: Necator americanus or Ancylostoma 
duodenale; mouse: Nippostrongylus brasiliensis) and Schistosoma mansoni. From (Rolot and Dewals, 2018). 

1.3.2 Trematodes 

Studies of immune responses against trematodes have mostly focused on Schistosoma spp. parasites. 

S. mansoni is the species most studied within the genus Schistosoma. As a trematode, it has an indirect 

life cycle with a freshwater snail as its intermediate host. Eggs are excreted in the faeces of the final host 

and hatch in contact with water. The ciliated larvae, called miracidia, thus released reach and penetrate 

the intermediate host. The larvae then develop into sporocysts and begin to reproduce asexually. Four 

to 5 weeks after infection, the snail begin to release large numbers of cercariae, the larval infective stage 

for vertebrates. Cercariae penetrate the final host’s skin, transform into a schistosomula and reach the 
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circulation within 48 hours. They then migrate first through the lung and then within the systemic 

circulation to reach the portal system and the mesenteric vessels. There, adults live for up to 30 years as 

a a mating pair, the long and thin female lying within the gynaecophoric canal of the shorter but larger 

male. Egg laying begins 4 to 6 weeks after infection. Eggs are laid in the mesenteric vein and burrow 

their way through the intestinal wall to reach the lumen and be excreted in the faeces. However, a 

significant proportion of eggs are swept away by the blood flow and get trapped in the liver where they 

elicit a strong type 2 granulomatous inflammation (Allen and Wynn, 2011; Gryseels et al., 2006; Walker, 

2011) (Figure 3). Inflammation as well as tissue damage and remodeling elicited in reaction to the 

worms’ eggs are responsible for the main clinical signs including diarrhoea, hematochezia, 

hepatomegaly, splenomegaly, ascites or hematuria (Colley et al., 2014). In the first weeks of infection, 

the immune response is dominated by a type 1 response however with onset of egg laying, it is surpassed 

by the emergence of a strong type 2 immune response. Indeed, the eggs are strong inducers of type 2 

immune responses (Grzych et al., 1991; Pearce et al., 1991; Pearce and MacDonald, 2002; Vella and 

Pearce, 1992). More precisely, the secreted glycoprotein omega-1 (ω-1) from S. mansoni eggs and also 

found in solube egg antigens (SEA) mixture, is one of the main driver of type 2 immunity (Everts et al., 

2009; Steinfelder et al., 2009). After a peak at around 8 weeks post-infection, the type 2 immune 

response is then downmodulated. 

 

S. mansoni cercariae successfully infect mice percutaneously and complete the entire life cycle. S. 

mansoni infection of laboratory mouse is well-described and has previously been used as a model for 

human pathology (Fallon, 2000). To study the immune response restricted to S. mansoni eggs, eggs 

collected from infected livers can also be used for direct immunization. A first sensitization by 

intraperitoneal (ip) injection of eggs, followed by an intravenous injection 14 days later leads to a robust 

formation of granulomas in the lung (Joyce et al., 2012). Injections of SEA or ω-1 can also be used to 

induce strong type-2 immune responses in mice (Everts et al., 2009). 

1.3.3 Cestodes 

Cestodes have a strict indirect life cycle. Eggs eliminated in the faeces of the final host are ingested 

by the intermediate host (arthropod or vertebrate, depending on the species) and larvae (oncospheres) 

develop into metacestodes after tissue migration. Ingested metascestodes lead to the formation of adult 

worms in the intestine of the final host. Alternatively, when humans ingest eggs of T. solium or 

Ecchinococcus spp. they develop metacestodes in various tissues.  

 

The human parasites Hymenolepis diminuta and H. nana also productively infect mice. Both the 

intestinal adult and metacestode stages are studied. The intestinal adult stage is achieved by oral gavage 
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of metacestodes and metacestodes can be studied either following ingestion of eggs or by direct injection 

of metacestodes (Ito et al., 1988; McKay et al., 1990). 

 

Taenia solium is responsible for human cysticercosis, and mouse models include the intraperitoneal 

or intracranial injection of Mesocestoides corti or T. crassiceps metacestodes (Alvarez et al., 2010; 

Cardona et al., 1999; Terrazas, 2008). The particularity to reproduce asexually in the metacestode stage 

is used in biological models: T. crassiceps larvae injected in peritoneal cavity cause long-lasting 

infection and reproduce by asexual budding. An early type 1 immune response at the infection site is 

shifted to a mixed type 1/type 2 response with production of both IFN-γ and IL-4 (Toenjes and Kuhn, 

2003; Toenjes et al., 1999). 

 

Intraperitoneal injection of proscoleces extracted from E. multilocularis or E. granulosus hydatid 

cysts leads to formation of cysts and is used to study cystic echinococcosis (Ma et al., 2016; Wang et 

al., 2016). E. granulosus induce an initial type 2 immune response which changes 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 represent a challenge for the host immune system. First, 

the helminth size amply surpasses that of immune cells, making direct phagocytosis impossible. Instead, 

killing of helminth larvae has been shown to be achieved in vitro by accumulation of eosinophils around 

their target (Buys et al., 1981; Patnode et al., 2014). Secondly, the host immune system must be able to 

deal with the different life cycle stages of the parasite (eggs, larvae or adult worms) against which the 

development of different responses may be needed. In addition, as helminths often establish chronic 

infections in which elimination of the parasite is not possible, tolerance mechanisms often develop to 

dampen unsuccessful excessive inflammation and collateral damages. Furthermore, numerous helminths 

are characterized by a multi-organ migration phase which is often associated with tissue damage. 

Immune responses aimed at containing parasites and/or maintaining tissue integrity are therefore 

needed. For these reasons, immunity to helminth infections is a fine equilibrium between parasite 

containment and/or elimination (control) and minimization of collateral damages associated with 

inflammation (tolerance). 

  

The immune system is composed of numerous elements, either cells or molecules. These elements 

can be enrolled in an important variety of mechanisms. Thanks to this variety, the immune system 

response can be precisely shaped to face specific threats. As illustrated in figure 4, the orientations of 
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immune responses are classified based on CD4+ T lymphocyte polarizations, each orientation being 

characterized by typical cytokines and transcription factors and associated with particular pathological 

processes.  

 

Figure 4 : Polarization of T helper cell responses. Summary of the different orientations that CD4+ T cell can 
adopt during activation by their cognate antigens, in response to cytokine environment. Each subtype of CD4+ T 
cells expresses a specific transcription factor, produces a particular set of cytokines and displays specific effector 
functions. Adapted from (Bonelli et al., 2014) 

 
As rapidly replicating intracellular pathogens, viruses typically induce type 1 immunity that is based 

mostly on pro-inflammatory and cytotoxic factors. Such response appears unsuitable to deal with 

macroparasites for the reasons listed above. Instead and despite their wide diversity, helminth infections 

are consistently associated with type 2 immunity which major characteristics are anti-inflammatory and 

wound-healing properties. As discussed in the next section, the type 2 immune response is mostly 

associated with protection against helminth infection. A protective role for type 2 immune responses 

was also found against venoms (Marichal et al., 2013; Palm et al., 2013). However, similar responses 

may also be deleterious when they develop against normally harmless substances and mediate allergic 

pathologies (Holgate, 2012).  

 

In type 2 immunity, CD4+ T helper lymphocytes are commited towards a Th2 activation state 

characterized by the expression of transcription factor GATA-binding protein 3 (GATA-3) and signal 
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transducer and activator of trancription(STAT)-5 and -6 and by the production of type 2 cytokines 

interleukin(IL)-4, IL-13, IL-5 and IL-9. The type 2 immune response also involves secretion of 

immunoglobin(Ig)E and IgG1 by B lymphocytes and recruitment and activation of innate immune cells 

such as eosinophils, alternatively activated macrophages (aaMφ), basophils, mast cells or group 2 innate 

lymphoid cells (ILC). These elements will also produce type 2 cytokines, participate in initiation and 

maintenance of type 2 immune responses and, through their effector functions, induce typical 

pathological changes associated with type 2 immunity (e.g. 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 upon recognition of typical molecular patterns 

by pattern recognition receptors (PRR), amongst which membrane-bound toll-like receptors (TLR) or 

C-type lectin receptors (CLR). PRRs, harbored by innate immune cells, recognize various sets of foreign 

or anormal molecular patterns associated with infection with different classes of microorganisms. 

Recognition of these pathogen- or danger-associated molecule patterns (PAMPs or DAMPs) by innate 

immune cells will lead to production of signals that will tailor the immune response. These molecular 

features, their signalling pathways and the characteristics of the response they induce are well described 

for type 1/type 17 responses against viral, bacterial or fungal infections but much less is known about 

induction of type 2 immune responses, especially during helminth infections (Iwasaki and Medzhitov, 

2015). Nevertheless, several PRRs have been implicated in the recognition of helminth products and 

molecular patterns from both parasite surfaces and excretory-secretory (ES) products are susceptible to 

be recognised by PRRs (White and Artavanis-Tsakonas, 2012). Products from various helminth species 

such as S. mansoni, T. spiralis, N. brasiliensis or L. sigmodontis may notably signal through TLR2, 

TLR3 or TLR4 (Aksoy et al., 2005; Pellefigues et al., 2017; Rodrigo et al., 2016; van der Kleij et al., 

2002; Zhang et al., 2018). Shared motives in helminth glycans are not commonly found in vertebrates. 

They constitute targets for the host immune system and have been identified to drive type 2 immune 

responses (Okano et al., 1999; Prasanphanich et al., 2013; White and Artavanis-Tsakonas, 2012). Thus 

C-type lectin receptors (CLRs) have been suggested to represent major PRRs in the case of helminth 

infections (Vázquez-Mendoza et al., 2013). In accordance with this, numerous molecular patterns from 

helminth carbohydrates are recognized and internalized by CLRs, notably dendritic cell (DC)-specific 

intercellular molecule-3-grabbing non-integrin, macrophage galactose-type lectin or mannose receptor 

and trigger immune signals (deSchoolmeester et al., 2009; Everts et al., 2012; Hussaarts et al., 2014; 

van Die et al., 2003; van Liempt et al., 2007; van Vliet et al., 2005). 
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Antigen-presenting cells, amongst which DCs are the principal representant, are the link between 

the innate and the adaptive immune responses. Their role in presentation of captured foreign antigens to 

adaptive cells, along with production of costimulatiory signals, leads to activation and importantly 

polarization of lymphocytes that specifically recognize the pathogen against which the response is being 

mounted. Thus, DCs not only play a role in activation of the adaptive immune response, they also shape 

this response depending on the signals they receive and are thereby a key factor in its adequacy to the 

risks presented by a particular pathogen. To be able to induce a T cell response, DCs recognize, process 

and present foreign antigens sampled from their environment and undergo maturation events such as 

upregulation of class II major histocompatibility complexes (MHC), costimulatory molecules (CD40, 

80 and 86) and production of pro-inflammatory cytokines, which help drive T helper lymphocytes 

polarization. DCs clearly participate in the polarization of T lymphocytes during helminth infections, 

since it has been shown that the Th2 response against several helminth infections is impaired in mice 

devoid of CD11c+ cells (Phythian-Adams et al., 2010; Smith et al., 2012; Smith et al., 2011). Moreover, 

DCs stimulated with helminth products induce Th2 differentiation in vitro or in vivo, indicating that 

DCs are sufficient to drive Th2 polarization (Balic et al., 2004; MacDonald et al., 2001; Smith et al., 

2012; Whelan et al., 2000). On the contrary, the type 2 innate immune response is not affected by 

CD11c+ cells depletion (Smith et al., 2012). Surprisingly, helminth products mostly fail to induce 

classical signs of DCs maturation such as upregulation of CD40, 80 or 86 (MacDonald et al., 2001; 

Whelan et al., 2000). Helminth products rather appear to have a role in rendering DCs refractory to 

conventional type 1 stimulation. For example, they have a striking inhibitory effect on type-1 polarizing 

capacities of DCs, countering LPS-induced proinflammatory activation (Kane et al., 2004; Rodríguez et 

al., 2015; van Liempt et al., 2007) and suppressing IL-12 production from DCs (Balic et al., 2004; Cervi 

et al., 2004; Kane et al., 2004). It is thought that in absence of Th1 priming signals, DCs spontaneously 

induce Th2 differentiation. Consistent with an inhibitory role of helminth products on DCs, CLR 

detection of ω-1 from S. mansoni SEA is not sufficient to polarize towards a type 2 immune response 

but needs its RNase activity. After internalization, depending on its glycosylation, ω-1 impairs protein 

synthesis in DC in a RNase-dependent manner (Everts et al., 2012). However, the DC response to 

helminths is not limited to a « deactivation » state. Polarization of Th2 cells by DCs is associated with 

activation of several pathways. It was notably shown that NF-κB1 pathway, STAT-5, IRF4, upregulation 

of Notch ligand Jagged-2 or OX40L are involved in the ability of DCs to polarize Th2 differentiation 

(Artis et al., 2005; Gao et al., 2013; Ito et al., 2005).  

 

Helminths have an important damaging action on the host tissue. Injured barrier sites such as 

epithelial cells release cytokines named alarmins that act as potent inducers of type 2 immune 

responses. Moreover, induction of type 2 immune responses is typically observed in tissue or cellular 

damaging circumstances: physical wounds, exposition to allergens or venoms enzymes (Kheradmand et 
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al., 2002; Palm et al., 2013), inert particles (Mishra et al., 2011b) or adjuvants (alum) (Gause et al., 

2013; Kool et al., 2011). Early events in the induction of anti-helminth responses include the secretion 

of the epithelial cytokines thymic stromal lymphopoietin (TSLP), IL-33 and IL-25 which are involved 

in initiating type 2 immunity including stimulation of ILC2 and Th2 CD4+ lymphocytes to produce type 

2 cytokines (Fort et al., 2001; Ito et al., 2005; Schmitz et al., 2005). The relative importance of these 

cytokines in type 2 immune responses depends on the helminth species involved and on the localization 

of the response (Harris and Loke, 2017), in addition evidence indicates that they may have redundant or 

synergistic roles (Vannella et al., 2016). 

 

IL-33  is released during cellular necrosis, and is therefore relevant in helminth-induced tissue 

damage, but can also be secreted by living cells such as macrophages (Mirchandani et al., 2012; Ohno 

et al., 2009). Signalization via its receptor IL-33R/T1/ST2 has been shown to play a role in inducing an 

optimal type 2 immune response (Humphreys et al., 2008; Schmitz et al., 2005; Townsend et al., 2000). 

IL-33 is an actor in the protection against several helminth infections (Ajendra et al., 2014; Hung et al., 

2013; Scalfone et al., 2013) but could also be involved in exacerbation of type 2 pathologies associated 

with helminth infections (Du et al., 2013; Yu et al., 2015). Many cell types from both the innate and 

adaptive immune system express IL-33R and respond to IL-33 stimulation (Lott et al., 2015). Moreover, 

conditionning of DCs by IL-33 has been shown to induce Th2-like and Treg polarization in CD4+ T 

cells (Matta et al., 2014; Rank et al., 2009). Nonetheless, typical consequences of IL-33 in vivo injection, 

such as eosinophil infiltration, goblet cell hyperplasia and airway hyperreactivity, also occur in 

recombinant-activating gene(Rag)-deficient mice (Kondo et al., 2008), and are thus T cell/B cell 

independent. In line with these observations, the protective role of IL-33 in helminth infection has been 

shown to be mediated by ILC2 that express high levels of IL-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 type 2 cytokines (Fort et al., 2001) and is 

essential for protection against several nematode (Fallon et al., 2006; Owyang et al., 2006; Pei et al., 

2016; Price et al., 2010; Zaiss et al., 2013) or trematode infections (Muñoz-Antoli et al., 2016) 

independently of the presence of lymphocytes (Fallon et al., 2006). Initially, IL-25 was shown to be 

expressed by Th2 cells (Fort et al., 2001) but recent data comprehensively identified tuft cells, an 

intestinal epithelial cell subset as the main source of IL-25 in naive mice (Gerbe et al., 2016; Howitt et 

al., 2016; von Moltke et al., 2016). Tuft cells have been shown to constitutively produce IL-25 but not 

IL-33 or TSLP. Furthermore, during N. brasiliensis infection, tuft cells appear to be the main source of 

IL-25 in the intestine. At steady state, IL-25 secreted by intestinal tuft cell induces the production of IL-

13 by ILC2, which in turn maintains intestinal tuft cells numbers. This homeostatic mechanism is 

amplified by helminth infections, leading to increased production of IL-13 by ILC2 and intestinal tuft 
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cell accumulation. It has been shown that through production of IL-25, tuft cells are the central actor of 

the induction of type 2 immune response and the protection against intestinal nematodes (Gerbe et al., 

2016; von Moltke et al., 2016). Thus, it has been proposed that similarly to PRR-dependent activation 

of innate immune cells, tuft cells could be triggered by detection of parasite presence via their taste 

receptors (Howitt et al., 2016). Although the short chain fatty acid succinate produced during infection 

with the protozoan Tritrichomonas spp. is sufficient to induce tuft cell expansion, it however remains 

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

 

TSLP secretion by epithelial cells is induced by mechanical injuries or protease detection (Kouzaki 

et al., 2009; Oyoshi et al., 2010). Mast cells and basophils are also a potential source of TSLP during 

type 2 immune responses (Sokol et al., 2008; Soumelis et al., 2002). It is a central factor in induction of 

type 2 immune responses during allergic airway inflammation (Zhou et al., 2005) but its requirement 

for induction of type 2 immune responses during helminth infections is highly variable, from essential 

during T. muris infection (Taylor et al., 2009a) to dispensable against H. polygyrus (Massacand et al., 

2009). The main target of this cytokine are DCs (Liu et al., 2007). Signalling of TSLP on DCs involves 

the transcription factor STAT-5 (Bell et al., 2013), induces OX40L and prevents expression of type-1 

polarizing cytokines interferon(IFN)-γ and IL-12p40. OX40L expression by DCs trigger Th2 cells 

differentiation only if IL-12 is not present.Thus through increased OX40L expression and decreased IL-

12 production, TSLP-activated DCs allow commitment of T cells towards Th2 activation (Ito et al., 

2005). TSLP has been shown to be dispensable during H. polygyrus and N. brasiliensis infections, since 

they both secrete products with equivalent effects (Massacand et al., 2009). There is also evidence for a 

direct action of TSLP on CD4+ T cells for induction of Th2 cells (Omori and Ziegler, 2007).  

 

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

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

 

ILC2s can be activated by alarmins to secret large amounts of type 2 cytokines IL-5 and IL-13. The 

expansion of ILC2s is a hallmark of helminth infections (Nausch and Mutapi, 2018). Interestingly, rIL-

25 treatment of N. brasiliensis-infected Rag-deficient mice renders this susceptible strain resistant 

through an action on ILC2s (Fallon et al., 2006; Price et al., 2010). However, expulsion of N. brasiliensis 

requires the presence of both lymphocytes and IL-25 signalling on ILC2s in the absence of treatment 

with rIL-25 (Neill et al., 2010). Furthermore, IL-25 and IL-33 expression during H. polygyrus infection 

helps worms expulsion in wild-type (WT) but not Rag-deficient mice (Zaiss et al., 2013). Interestingly, 

while induction of IL-4 production by IL-25 required the presence of lymphocytes, IL-25 or IL-33 

treatment of  Rag-deficient mice still induces significant IL-5 and IL-13 production as well as 

histological changes (Fort et al., 2001; Moro et al., 2010). These data indicate that ILC2s play a central 
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role in the induction of the type 2 immunity against helminths but may not be sufficient to mediate 

critical effector functions leading to worm expulsion. 

 

A role in the induction of the type 2 immune response was also proposed for other immune and non-

immune cell types. In response to N. brasiliensis infection, neurons from the submucosal plexus secrete 

neuromedin U which is a strong and fast inducer of type 2 cytokines production by ILC2s and has been 

shown to play a role in efficient parasite expulsion (Cardoso et al., 2017; Klose et al., 2017). Mast cells 

are essential for induction of type 2 immune responses after H. polygyrus or T. muris infection, with the 

ability to respond to extracellular ATP and a link to production of IL-25 and IL-33 stimulating IL-13 

production from ILC2s (Hepworth et al., 2012; Shimokawa et al., 2017). Basophils may also represent 

an early source of IL-4 (Gessner et al., 2005). Indeed, besides the classical IgE-dependent activation, 

they also respond to IL-33, TSLP, proteases or IL-18 stimulation (Kondo et al., 2008; Phillips et al., 

2003; Siracusa et al., 2011; Yoshimoto et al., 1999). Similar to IL-33, IL-18 precursor is present in 

epithelial cells and can be released from dying cells. IL-18 is also expressed by macrophages and 

dendritic cells (Dinarello et al., 2013). Furthermore, eosinophils, basophils and mast cells might act as 

antigen presenting cells (Kambayashi and Laufer, 2014).  

 

The initiation of type 2 immunity involves an intricate network of interactions that is summarized in 

figure 5. The multiple paths leading to type 2 immunity induction reflect the variety of stimuli resulting 

in the initation of such response. Identifying the key factors involved in the initiation of type 2 immune 

responses during helminth infection is a complex task, mainly due to the redudancy within the immune 

system (Allen and Maizels, 2011). As an example, S. mansoni ω-1 has been identified as the main driver 

the Th2 response against S. mansoni eggs. However, despite an impaired capacity to condition DCs to 

induce Th2 differentiation in vitro, ω-1-depleted SEA was still able to induce type 2 immune responses 

in vivo, highlighting the existence of more complex mechanisms in vivo (Everts et al., 2009). 

Furthermore, induction mechanisms are likely to vary depending on helminth species and tissues 

involved.  



  Introduction 

27 

 

 

Figure 5 : Induction of type 2 immunity against helminths. Helminth infections can trigger several pathways 
leading to initiation of type 2 immunity. DCs play a central role in the initiation as they can directly detect helminth 
molecules, migrate to draining lymph nodes and instruct CD4+ T cells to adopt a Th2 phenotype. DCs capacity to 
stimulate Th2 differentiation is also influenced by alarmins such as TSLP. Th2 cells secrete large amounts of type 
2 cytokines IL-4, IL-13 and IL-5 and sustain B cells isotype switch towards production of IgE and IgG1. Alarmins 
induce activation of other type 2 immune mechanisms. ILC2, which produce IL-5, 13 and 4, are stimulated by IL-
33 released by damaged epithelia, IL-25 released by tuft cells or neuromedin U secreted by neurons, the latter two 
being able to sense helminth products. Other cell types such as mast cells or basophils also respond to alarmins 
(extracellular ATP, TSLP or IL-33) and are an early source of IL-4. ATP, also released during tissue damage, 
stimulates mast cells to produce IL-33, further activating ILC2. Mast cells degranulation is also stimulated by IgE 
binding or IL-9 secreted by both ILC2 and Th2 cells. IL-5 from ILC2 and Th2 cells attract and expand eosinophils 
that in turn (like basophils) secrete IL-4 to sustain Th2 responses. IL-4 and 13 promote differentiation of 
macrophages in alternatively activated macrophages (aaMφ). Cytokine and immune mediators secreted by all these 
cells promote parasite expulsion and wound healing. 
EC = epithelial cell; TC = tuft cell; GC = goblet cell; DC = dendritic cell; ILC2 = type 2 innate lymphoid cell; 
Baso = basophil; MC = mast cell; Eos = eosinophil; aaMφ = alternatively activated macrophage; TSLP = thymic 
stromal lymphoietin; NMU = neuromedin U; IL = interleukin; LN = lymph node. 
Based on (Gause et al., 2013; Hammad and Lambrecht, 2015; Harris and Loke, 2017) 

 

1.4.3 Effector functions of type 2 immune responses 

Anti-helminth immune responses are aimed at eliminating helminths (either by killing or expelling 

them) to reach sterile immunity whenever possible or, more frequently, to keep the parasite burden to a 

minimum and to mediate tolerance. Besides, anti-helminth immune responses must deal with tissue 
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damage. Canonical type 2 cytokines IL-4 and -13 are central players of maintenance and amplification 

of type 2 immune responses as well as mediation of effector functions. Signalling of both IL-4 and IL-

13 is dependent on expression of IL-4Rα (CD124), either in combination with common γ chain (γc, IL-

2Rγ or CD132) to form type I IL-4 receptor or with IL-13Rα1 to form type II IL-4 receptor, and is 

transduced via phosphorylation of STAT-6 (Figure 6). The common γ chain and therefore type I IL-4 

receptor is mainly expressed on hematopoietic cells and specifically binds IL-4. Non-hematopoietic cells 

express high levels of IL-13Rα1 and only low levels of γc, therefore mostly expressing the type II IL-4 

receptor which can bind both IL-4 and IL-13. Myeloid cells express both types of IL-4 receptor (Junttila, 

2018). IL-13 also bind IL-13Rα2 with high affinity. IL-13Rα2 can act as a secreted decoy receptor to 

neutralize IL-13 but also has a role as a cell surface receptor. Signaling of IL-13 on IL-13Rα2 induces 

activation of TGFB1 promoter and promotes fibrosis (Fichtner-Feigl et al., 2006). Thus, while these 

cytokines have overlapping functions, they also mediate specific functions. As proven in different 

settings using IL-4-antibody complexes (IL-4c) treatment or mice deficient for IL-4, IL-13, STAT-6, 

and/or IL-4Rα, protection against helminth infections requires the correct development of type 2 

immune responses with a central role for IL-4 and IL-13 (Bancroft et al., 1998; Brunet et al., 1997; 

Finkelman et al., 2004; Herbert et al., 2004; McKenzie et al., 1999; Urban et al., 1995; Urban et al., 

1998).  

 

Figure 6. IL-4Rα-dependent alternative macrophage 
activation during helminth infection. Type 2 innate and 
adaptive immune cells produce the cytokines IL-4 and 
IL-13 after exposure to parasitic helminths. In the 
laboratory mouse, these cytokines induce aaMφ which 
are characterized by the upregulation of signature genes. 
IL-4Rα, IL-4 receptor alpha chain; γc, common gamma 
chain; IL-13Rα1, IL-13 receptor alpha 1 chain, IL-
13Rα2, IL-13 receptor alpha 2 chain (sIL-13Rα2, 
secreted form); STAT-6, signal transducer and activator 
of transcription 6; Mrc1, mannose receptor (CD206); 
Arg1, arginase 1; Chil3, chitinase-like 3 (Ym1); Retnla, 
resistin-like molecule alpha (Relm-α), Pdcd1lg2, 
programmed cell death 1 ligand 2 (PD-L2). From (Rolot 
and Dewals, 2018). 

 
 
 

Cells from both innate and adaptive immune systems cooperate in a complexe network to sustain 

induction, maintenance and effector function of the type 2 immune response (Figure 5). Each 

contributing cell type produces cytokines and inflammatory mediators to activate or enhance other 

immune cell functions or to instruct non-haematopoietic cells such as epithelial or smooth muscle cells 

to mediate effector functions. While Th2 cells are seen as the central actor of type 2 immune response, 

innate immune cells do not only initiate Th2 differentiation, but they also directly participate in 
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protective effector functions, some of which can be mediated even in the absence of lymphocytes (Gause 

et al., 2013; Kondo et al., 2008). 

 

Different strategies are developed by the type 2 immune response to defeat helminth infection, 

including the so-called “weep and sweep” response, impairment of parasite fitness, wound repair (and 

parasite encapsulation) and regulation of excessive inflammation. 

 

In the digestive tract, parasite clearance is facilitated by the “weep and sweep” response, which 

includes increase of epithelium permeability, mucus production, epithelium turn over and smooth 

muscle contractility to sweep out the worms present in the lumen. The responsiveness of intestinal 

epithelial cellto type 2 cytokines IL-4 and -13 is crucial in this response (Gerbe et al., 2016; Herbert et 

al., 2009; Urban et al., 2001). IL-13 particularly has an important impact on worm expulsion, it 

stimulates goblet cell hyperplasia and drives overproduction of mucus (McKenzie et al., 1998). Increase 

of permeability of intestinal epithelium, induced by type 2 cytokines, also contributes to the “weep and 

sweep” response (Finkelman et al., 2004; Madden et al., 2004). Through secretion of immune mediators 

containing proteases, mast cells mediate the degradation of tight junctions and modify epithelium 

permeability (McDermott et al., 2003). Mast cells are critically involved in the expulsion of certain 

helminth species (Knight et al., 2000; Sasaki et al., 2005). IL-13-driven increase in intestinal epithelial 

cells proliferation and migration along crypts during T. muris infection is associated with increased 

resistance to the parasite. This process is especially relevant for a parasite such as T. muris which lives 

partially buried in the intestinal epithelium (Cliffe et al., 2005). IL-4 and IL-13 increase the contractile 

capacity of smooth muscle cells favoring intestinal helminth expulsion (Horsnell et al., 2007; Zhao et 

al., 2003). Interestingly, during helminth infection smooth muscle cells interact with other component 

of type 2 immunity and impact on goblet cell hyperplasia and type 2 cytokines production (Horsnell et 

al., 2007). 

 

Type 2 cytokines stimulate the intestinal epithelium to produced effector molecules that impair 

parasite fitness. While Muc2 is physiologically produced in the intestine, Muc5ac is only produced 

during inflammation. When Muc5ac is produced, the porosity of the mucus network is decreased and 

affects worm viability in T. muris infection (Hasnain et al., 2011). Modification in the composition of 

mucus can increase the barrier between luminal worms and the intestinal epithelium, impairing the 

capacity of worms to feed on epithelial cells (Bansemir and Sukhdeo, 2001). However, Muc5ac appears 

to directly act on the parasite to alter its viability (Hasnain et al., 2011). Resistin-like molecule(Relm)-

β is expressed by goblet cells in response to IL-4 and IL-13 and interferes with a worm’s chemosensory 

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

Impairment of worm fitness is also mediated by arginase(Arg)-1, secreted by aaMφ. Arg-1 metabolizes 
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L-arginine and produces L-ornithine which helps in trapping H. polygyrus larvae by directly impacting 

their motility (Anthony et al., 2006; Esser-von Bieren et al., 2013). 

 

Eosinophils, neutrophils and macrophages are able to mediate an antibody-dependent cellular 

cytotoxic reaction. Antibody-coated worms are recognized by the Fc receptor of these cells and 

mediates release of toxic molecules which directly kill larvae by secretion (O'Connell et al., 2011; 

Venturiello et al., 1993, 1995). Release of extracellular traps by these cells has also been proposed to 

help with the killing process by trapping larvae (Bonne-Année et al., 2014). The role of eosinophils in 

protection is not straigthfoward, some evidence indicates a role for protection (Huang et al., 2015; Shin 

et al., 1997; Vallance et al., 2000), however eosinophils may not be an absolute requirement and, on the 

contrary, may sometimes protect larvae (Gebreselassie et al., 2012). 

 

The type 2 immune response is associated with wound healing (Gause et al., 2013; Seno et al., 2009) 

which is essential to maintain tissue integrity during helminth infection. Type 2 immune response-

mediated tissue healing is especially important against damaging migrating larvae (Chen et al., 2012a) 

or to avoid bacterial contamination from the intestine (Herbert et al., 2004). In addition, production of 

toxic enzymes may need to be contained by the formation of granulomas to protect the healthy 

surrounding tissue (Herbert et al., 2004). Wound healing critically depends on IL-13 through induction 

of fibrosis (Fallon et al., 2000; Fichtner-Feigl et al., 2006). Macrophages respond to IL-13 and secrete 

various effector molecules involved in fibrosis. During metabolization of L-arginine, Arg1 secreted by 

aaMφ produce proline, a component of collagen (Wynn, 2004). Matrix metalloproteinases regulate 

matrix degradation. Other aaMφ-derived products, such as TGF-β and Relm-α act directly on fibroblasts 

to stimulate collagen formation (Gieseck et al., 2018). It is noteworthy that direct IL-4Rα signalling on 

fibroblasts may be critical for fibrosis (Gieseck et al., 2016). Insulin-like growth factor 1 expressed by 

aaMφ has also been implicated in restoration of tissue integrity (Chen et al., 2012a).  

 

Amphiregulin has been shown to be important for epithelium integrity (Monticelli et al., 2011). This 

epidermal growth factor-like molecule can be secreted by various cell types (basophils, mast cells, 

neutrophils, ILC2, CD4+ T cells) in a context of type 2 immune responses and is a factor of T. muris 

resistance (Zaiss et al., 2006; Zaiss et al., 2015a) and H. polygyrus expulsion (Minutti et al., 2017b). 

 

Thus, the type 2 immunity is mostly associated with increased protection against helminth infection. 

However, some helminth-associated pathologies are linked to a deleterious aspect of the type 2 immune 

responses. Unlike in nematode infections, protection against S. mansoni infection is not dependent on 

parasite expulsion. S. mansoni adult worms persist for years within their host (Pearce and MacDonald, 

2002) and mice with higher survival rates can harbour a number of worms similar to more susceptible 
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strains but show decreased egg-induced inflammation (Herbert et al., 2008; Pesce et al., 2009a; Vannella 

et al., 2014). Thus, protection against schistosomiasis rather depends on the control of egg-induced 

inflammation. The type 2 immune response, notably via signalization through IL-4Rα, is essential for 

survival during schistosomiasis through its capacity of down-regulating the tissue-damaging type 1 

inflammatory immune response, supporting the suitable formation of granulomas around eggs that 

sequester toxins and promoting wound healing to ensure tissue integrity (Brunet et al., 1997; Herbert et 

al., 2004; Herbert et al., 2008; Jankovic et al., 1999). During chronicity however, type 2 immune 

responses and in particular IL-13 also lead to hepatic fibrosis which is an important complication in 

schistosomiasis and is responsible for major symptoms (Chiaramonte et al., 1999; Ramalingam et al., 

2008). When IL-13, but not IL-4, signalling is impaired, an important reduction of hepatic fibrosis is 

associated with increased long-term survival (Fallon et al., 2000; Ramalingam et al., 2008). However, 

given the counter-regulatory role of type 1 and type 2 immune response on each other, blocking of part 

of the type 2 immune response lead to deleterious increased in type 1 immune response. Blocking both 

IL-13 and IFN-γ avoids this problem. (Ramalingam et al., 2016).  

In some cases, a type 1 rather than a type 2 immune response is beneficial for the host. The immune 

response is skewed towards a type 1 immune response during the first weeks of S. mansoni infection 

and a strongly polarized type 1 immune response is associated with increased resistance to reinfection 

by S. mansoni cercariae (Wynn et al., 1996). The type 1 immune response also mediates protection 

against larval stages of T. crassiceps infection (Rodríguez-Sosa et al., 2004). 

1.4.4 Helminth induced immune modulation  

Numerous helminths establish chronic infection without inducing any overt pathology or killing their 

host. This coexistence is possible because helminths have developed immune-regulatory elements to 

bias immune responses and prevent elimination and immunopathologies. Indeed, asymptomatic but 

chronicaly infected patients harbor a strong regulatory response that is not present in patients that 

develop overt pathologies. Furthermore, development of pathology is associated with a strong and more 

effective type 2 immune response leading to a lower worm burden (McSorley and Maizels, 2012). In 

other words, regulatory immune responses may be beneficial for both the parasite and its host. 

Elimination of helminths by chemotherapy often rescued immune responsiveness, thus proving evidence 

for an active role of helminth in the suppression of immune responses (Grogan et al., 1996; Passeri et 

al., 2014; Sartono et al., 1995). 

 

With the need for controlling potential excessive amplification of type 2 immune response, leading 

to immunopathologies, helminths actually often elicit a “modified” type 2 immune response. This 

response combines type 2 with regulatory immune elements and is associated with chronic infections. 
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Helminths can, for example, induce expression of IL-10 and transforming growth factor-β (TGF-β), 

playing an important role in the control of inflammation and in the downregulation of type 2 (as well as 

type 1) immune responses, impairing helminth elimination (Worthington et al., 2013; Wynn et al., 1997). 

TGF-β has been shown to promote expansion of Foxp3+ regulatory T cells (Tregs) during helminth 

infection, Tregs being in turn a source of anti-inflammatory functions and their expansion is correlated 

with long-term persistence of helminth infections and control of immunopathologies (D'Elia et al., 2009; 

Taylor et al., 2009c; Turner et al., 2011). Strikingly, some helminths produce their own TGF-β 

homologues (Johnston et al., 2017). DCs are involved in the induction of Tregs, some helminth 

signalling pathways on DCs can lead to their ability to promote Tregs while some DC subpopulations 

appear to specifically induce Tregs (Rodríguez et al., 2017b; Smith et al., 2011; van der Kleij et al., 

2002). Induction of co-inhibitory molecules CTLA-4 or PD-1 on T cells is also associated with 

dampening Th2 cell responses and reduced helminth control (McCoy et al., 1997; van der Werf et al., 

2013). Development of an anergic phenotype in CD4+ T cells can also be mediated by repeated 

stimulation of these cells indicating a physiological response of immune cells to chronic antigen 

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

 

Likewise, regulatory elements can be triggered by helminths at the level of innate immunity as well. 

H. polygyrus elicits production of IL-1β, which decreases IL-25 and -33 production early during 

infection, impairing parasite expulsion (Zaiss et al., 2013). 

 

Besides induction of regulatory elements of the immune response, helminth products actively 

obstruct the immune response that they elicit: induction of immune cell apoptosis (Guasconi et al., 2012; 

Serradell et al., 2007), degradation of immunoglobulins (Berasain et al., 2000), alteration of antigen 

presentation competence of macrophages (Robinson et al., 2012), blocking of cytokine release and 

activation pathways, including small RNA delivery (Buck et al., 2014; Osbourn et al., 2017) or inhibition 

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

2.1 Origin of macrophages 

Macrophages are innate immune cells, which were initially described mainly by their phagocytic 

properties, although the function of these cells goes beyond a mere role of engulfing invading micro-

organisms and clearing dead cells and debris. Macrophages are highly plastic. They respond to their 

environment to adapt and ensure tissue homeostasis (both at steady state and during inflammatory 

processes), and sustain suitable immune responses. Typically, macrophages have been thought for 

decades to originate from circulating monocytes, themselves arising from bone marrow precursors (van 

Furth et al., 1972). However, it is now clear that not all macrophages populations comply with this 

general assumption. The existence of an alternative to bone marrow in the origin of macrophages was 

evidenced in two circumstances: the first one concerns tissue resident macrophages at steady state and 

the second one the origin of inflammatory macrophages during the type 2 immune responses. 

 

Fate mapping experiments in the mouse model have provided evidence that resident macrophages 

are established in the different tissues, including serous cavities, by embryonic hematopoiesis from yolk 

sac and fetal liver precursors during organogenesis and shortly after birth (Perdiguero et al., 2015; 

Schulz et al., 2012; Yona et al., 2013). They are characterized by their ability to self-renew by 

homeostatic proliferation that allows them to be maintained in their tissue niche independent of the input 

or circulating monocytes, as shown in several studies (Ajami et al., 2007; Hashimoto et al., 2013; Merad 

et al., 2002). However, the capacity of resident macrophages to be maintained in the long term without 

contribution of blood monocytes appears to be highly tissue-dependent. Evidence indicates their 

progressive replacement by bone-marrow derived monocytes in specific tissues such as heart, pancreas, 

peritoneal and pleural cavities, skin or the intestines (Bain et al., 2014; Bain et al., 2016; Calderon et al., 

2015; Molawi et al., 2014; Tamoutounour et al., 2013), while strain (Campbell et al., 2018) or sex (Bain 

et al., 2016) might be important confounding factors. The tissue-dependent variability of the kinetics 

and amplitude of yolk sac, fetal liver or bone marrow contributions to resident macrophage populations 

is illustrated in figure 7. In tissues like liver or lung, resident macrophages of embryonic origin are long-

lived and can be maintained long term with only limited contribution from infiltrating bone marrow-

derived monocytes. Experiments showed that bone-marrow derived monocytes can integrate the pool 

of resident macrophages in the liver during the first weeks of life, while their contribution was much 

more limited for alveolar macrophages in the lung. However, in adult mice, no evidence of integration 

of bone marrow-derived monocytes into an intact pool of resident macrophages in liver or lung was 

found over several weeks (Jakubzick et al., 2013; Scott et al., 2016). Nonetheless, as bone marrow-

derived monocytes progressively replace embryonically-derived resident macrophages in several tissue 
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with various kinetics, it remains possible that this replacement in liver or lung is so slow that it could 

only be observed on a longer term or in older subjects.  

 

Figure 7 : Tissue-dependent origin of tissue-resident macrophages at steady state. First, macrophages 
observed in embryonic tissues arise from the yolk sac. With the exception of the brain, a second wave of 
macrophages of fetal liver origin partially or completely replace yolk sac macrophages. After birth, organs are 
considered either as closed since monocytes do not contribute to the tissue-resident macrophage population, or 
open with a slow or fast replacement of macrophages of embryonic origin by monocyte recruitment and 
differentiation into macrophages. Low-level engraftment of circulating monocytes can still bu observed in some 
organs considered as “closed” like the liver. 
From (Ginhoux and Guilliams, 2016) 

 
Current theory propose that limited space in tissue is available for each population of resident 

macrophages (the niche) and bone marrow-derived monocytes do not dislodge macrophages that are 

already establiched in these niche to differentiate in macrophages. The increasing contribution of 

monocytes to the resident macrophage pool overtime in some organs might translate a impaired hability 

of resident macrophages to self-maintained in these organs (Guilliams and Scott, 2017). Inflammatory 

process or injury can render the niche available by inducing the disappearance of all or part of the 

resident macrophages that occupy it. In these cases, macrophages of bone-marrow origin can take over 

the niche and differentiate into resident macrophages, as observed in diphteria toxin (DT)-treated 

Clec4f-DTR mice, Kupffer cell (KC) necroptosis caused by L. monocytogenes infection or MuHV-4-

mediated depletion of lung alveolar macrophages (Bleriot et al., 2015; Machiels et al., 2017; Scott et al., 

2016). Critically, the tissue niche is highly important in defining the phenotypic and functional 

behaviour of resident macrophages as attested by transcriptomics data (Gautier et al., 2012; T'Jonck et 

al., 2018). Resident macrophages sustain the tissue functions in numerous different tissues and this 
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imply functionnal specialization to the tissue they reside in. Interestingly, monocytes-derived resident 

macrophages have been shown to be able to adopt a phenotypical and transcriptional profile very close 

to that of embryonic resident macrophages, including the ability to self-renew through proliferation 

(Scott et al., 2016). 

 

Macrophage populations present in a given tissue can dramatically expand during inflammation. 

Here again, circulating monocytes were thought to be the main source of additional macrophages. 

However several studies have pointed out that tissue-resident macrophages could expand beyond 

homeostatic levels through local proliferation in response to inflammatory conditions (Ajami et al., 

2011; Chorro et al., 2009; Jenkins et al., 2011). The type 2 immune responses, and IL-4 in particular, 

has been described as driving important local proliferation of tissue-resident macrophages which 

accumulate independently of circulating monocytes in the pleural cavity of mice infected with filarial 

nematode L. sigmodontis (Jenkins et al., 2011). Thioglycollate is a typical trigger for classical 

inflammation associated with monocyte infiltration. A mixed stimulation of thioglycollate and IL-4c 

administered together led to an accumulation of macrophages with characteristics of monocyte origin 

(low expression of F4/80), similar to the elicited population after thioglycollate injection alone. 

However, IL-4c/thioglycollate-elicited cells were able to proliferate whereas proliferation could hardly 

be detected with thioglycolatte only. Thus, both processes are likely to coexist in response to helminth 

infection which are likely to also induce classical inflammation, for example from invading bacteria due 

to compromise intestinal barrier. Indeed, monocyte infiltration has been observed in other helminth 

models. During schistosomiasis, macrophages are an important component of the granulomas that form 

around eggs. Despite significantly increased proliferation of tissue-resident macrophages during S. 

mansoni infection, expansion of macrophage populations was dominated by infiltration of monocytes 

which later differentiated into macrophages (Girgis et al., 2014; Nascimento et al., 2014), and, CCR2-

dependent-monocytes infiltration was shown to be critical for host protection in murine schistosomiasis 

(Nascimento et al., 2014). Thus, the origin of macrophages during helminth infection appears to be 

highly dependent on the helminth species and, more strikingly on the mouse strain studied, C57BL/6 

mice being much more prone to local proliferation of pleural resident macrophages than BALB/c mice 

during L. sigmodontis infection (Campbell et al., 2018).  

2.2 Alternative macrophage activation 

As mentioned in the previous section, macrophages are highly plastic. In response to canonical type 

2 cytokine IL-4, macrophages adopt a phenotype called “alternative activation”, aaMφ or M2 or M[IL-

4]. The work of Siamon Gordon first identified alternative activation of macrophages by opposition to 

classical activation (caMφ or M1) and reflects the type 2/type 1 immunity in macrophages as they are 
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induced by IL-4/IL-13 or IFN-γ/LPS, respectively (Stein et al., 1992; Taub and Cox, 1995). CaMφ 

macrophages have pro-inflammatory properties, secrete inflammatory cytokines and inducible NO 

synthase (iNOS). AaMφ however have anti-inflammatory properties, secrete IL-4 and IL-13 and express 

specific markers such as arginase 1 (Arg1), mannose receptor (MR or CD206), Relm-α or chitinase 3-

like 3 (Ym1) (Edwards et al., 2006; Stein et al., 1992) (Figure 6). However, besides these very clear and 

antagonistic polarizing conditions, macrophages can respond to a vast diversity of environmental cues 

and can adopt a spectrum of activation states defined by distinct patterns of gene and protein expression 

and therefore of effector functions (Murray et al., 2014). This highlights the need to use a combination 

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

 

In vivo characterization of macrophages may be complicated by the variety of potential activating 

mediators. Macrophages present at helminth infection sites share numerous properties with and are 

therefore assimilated to aaMφ (Jenkins and Allen, 2010). Indeed, their phenotype is driven by type 2 

cytokines IL-4 and -13 (Hesse et al., 2001; Linehan et al., 2003; Loke et al., 2002) and they harbor a 

phenotype associated with alternative activation with expression of Relm-α, Ym1 and Arg1. AaMφ can 

be consistently found in numerous helminth infections (Reyes and Terrazas, 2007). While aaMφ are 

generally activated through IL-4 and IL-13 signalling via type I or type II IL-4 receptors (Figure 6), 

similar phenotype can also by induced independently of IL-4Rα signalling. Helminth products can 

directly signal on macrophages and induce upregulation of aaMφ markers by an IL-4Rα-independent 

pathway (Du et al., 2014). Besides, during antibody-mediated adherence to H. polygyrus larvae, 

macrophages harbor certain features of alternative activation such as IL-4Rα-independent expression of 

Arg1 (Esser-von Bieren et al., 2013; Esser-von Bieren et al., 2015). In vivo, IL-4/13-dependent 

alternative macrophage activation has also been shown to be assisted and/or amplified by several 

additional local signals (Minutti et al., 2017b). IL-4-driven alternative macrophage activation could be 

enhanced in a tissue-specific way by IL-4-dependent expression of surfactant protein (SP)-A (in the 

lung) and the complement factor C1q (in the liver) and upregulation of their receptor, myosin 18A. 

During N. brasiliensis infection in absence of SP-A, lung aaMφ showed reduced levels of aaMφ markers 

and failed to proliferate, resulting in impaired control of worm burden. Consistent with a direct role of 

SP-A on macrophages to boost IL-4-mediated macrophage activation, in vitro treatment with SP-A and 

IL-4 increased proliferation and upregulation of aaMφ markers in wildtype but not Il4ra−/−  alveolar 

macrophages, compared to IL-4c treatment alone (Minutti et al., 2017b). Similarly, SP-D was also 

shown to interact with alveolar macrophages after N. brasiliensis infection and to increased aaMφ 

markers expression induced ex vivo by IL-4/IL-13 treatment (Thawer et al., 2016). IL-21 signalling was 

associated with increased expression of IL-4Rα and IL-13Rα1 on macrophages, resulting in 

amplification of alternative activation (Pesce et al., 2006). As already discussed, the type 2 immunity is 

strongly associated with tissue damage. Interestingly, sensing of dying cells has been involved in 
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alternative macrophage activation. Here, detection of apoptotic cells by bone marrow-derived 

macrophages potentiated the ability of IL-4 stimulation to upregulate the expression of genes associated 

with wound healing. Moreover, blocking phosphatidyl-serine receptor (involved in the detection of 

apoptotic cells) was also shown to downregulate some aaMφ markers in response to IL-4 stimulation or 

N. brasiliensis infection. Lung damage during N. brasiliensis infection was aggravated in the absence 

of detection of apoptotic cells (Bosurgi et al., 2017). Necroptosis in the liver after Listeria 

monocytogenes infection was associated with release of the alarmin IL-33 and this appeared to be 

involved in the anti-inflammatory roles of macrophages (Blériot et al., 2015). Furthermore, IL-33 

signalling has been shown to be required for alternative macrophage activation after L. sigmodontis 

infection (Jackson-Jones et al., 2016). Rather than acting directly on macrophages, IL-33 likely 

stimulates other IL-4-secreting innate immune cells such as basophils or ILC2s although a direct role 

for IL-33 and IL-25 in stimulating production of type 2 cytokines from macrophages has also been 

described (Yang et al., 2013). 

 

The origin of aaMφ could also have important consequences in their phenotype and functions. 

AaMφ derived from infiltrating monocytes or from proliferation of tissue-resident macrophages 

displayed distinct phenotypes, with monocyte-derived aaMφ being associated with immune regulation 

or suppresion properties (Campbell et al., 2018; Gundra et al., 2014). Macrophage origin can therefore 

influence how they contribute to a given pathology, as shown in bleomycin-induced lung fibrosis 

(Misharin et al., 2017) or protection against pathogens (Campbell et al., 2018). Interestingly, monocyte-

derived aaMφ can differentiate into tissue-resident macrophages. This process is dependent on vitamin 

A and is crucial for proper granuloma formation and survival during S. mansoni infection (Gundra et 

al., 2017). 

 

Alternative macrophage activation is characterized by the expression of several specific markers. 

Although several molecules identifying caMφ and aaMφ in mice do not have equivalents in humans, 

recent efforts have been made to provide characterization of a similar dichotomy in human macrophages 

(Beyer et al., 2012; Jaguin et al., 2013; Tarique et al., 2015; Xue et al., 2014). Molecules used as markers 

also mediate numerous effector function of aaMφ. 

 

Chitinase 3-like 3 (Chi3l3 or Ym1) belongs to family 18 of chitinases but has no chitinolytic activity. 

Enzymatically inactive, chitinase-like molecules have arisen from recent gene duplication events and 

are highly diverse despite being widely present in mammalian species (Bussink et al., 2007). They are 

mostly expressed by macrophages but also by lung epithelial cells (Homer et al., 2006) and antigen 

presenting cells (Nair et al., 2005). Ym1 was shown to contribute to the wound healing properties of 

aaMφ through binding to extracellular matrix components (Chang et al., 2001). Various roles in 
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modulation of the immune responses have also been attributed to Ym1. Evidence indicates that Ym1 

can promotes type 2 immune responses as it enhanced type 2 cytokine production by Th2 cells (Cai et 

al., 2009). A recent study found a role for Ym1 during N. brasiliensis infection in stimulating 

accumulation of neutrophilsthrough expansion of an IL-17-secreting population of γδ T cells 

(Sutherland et al., 2014), a mechanism described as a tradeoff between nematode killing and tissue 

damage. In addition, Ym1 is a potent chemoattractant of eosinophils (Owhashi et al., 2000). Finally, 

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

 

Resistin-like molecule α (Relmα) is another molecule associated with aaMφ but is also expressed 

by eosinophils (especially during S. mansoni infection) (Pesce et al., 2009b), epithelial cells (Nair et al., 

2009) and antigen presenting cells (Nair et al., 2005). Its main contribution seems to be in the modulation 

of immune responses. Relm-α notably inhibits type 2 immune responses by directly binding to Th2 cells 

and it impairs protection against N. brasiliensis, while reducing pathologies linked to excessive immune 

responses (Nair et al., 2009; Pesce et al., 2009b). In addition, Relm-α enhances Th17 and regulatory 

responses (Chen et al., 2014b; Cook et al., 2012). Suprisingly, while Relm-α could control fibrosis 

through modulation of Th2 responses in S. mansoni egg-induced inflammation, Relm-α also stimulated 

collagen production and differentiation of myofibroblasts during bleomycine-induced lung fibrosis (Liu 

et al., 2004). Indeed, Relm-α appeared to be a mediator of the tissue repair activity of aaMφ as absence 

of aaMφ-derived Relm-α in skin wounds of Il4ra−/loxLyz2cre mice was recently associated with impaired 

healing response (Knipper et al., 2015). Besides its action on the immune system, Relm-α also regulates 

metabolism (Lee et al., 2014; Munitz et al., 2009) and has angiogenic properties (Teng et al., 2003). 

 

As opposed to the two previous molecules, arginase 1 (Arg1) expression is mainly restricted to 

macrophages during helminth infection (Reese et al., 2007). IL-13, which is dispensable for induction 

of several features of IL-4-induced aaMφ, was required for Arg1 expression in the liver following S. 

mansoni infection (Ramalingam et al., 2008). Arg1 competes with caMφ enzyme iNOS for the 

metabolization of L-arginine. Metabolization of L-arginine by Arg1 results in production of ornithine 

and urea and can have several consequences. First, ornithine can be metabolized to proline, required for 

collagen deposition (proline and polyamine both playing roles in tissue repair and fibrosis) (Witte and 

Barbul, 2003). Second, by competing for its substrate, Arg1 inhibits the production of NO by iNOS 

(Munder et al., 1998). Third, L-ornithine and polyamines and their metabolites have deleterious effects 

on larvae fitness, impacting their motility (Esser-von Bieren et al., 2013). Fourth, L-arginine depletion 

from the surrounding environment leads to inhibition of T cell proliferation by amino acid starvation 

(Bronte et al., 2003). Inhibition of T cell proliferation by competition for L-arginine appears to be an 

important mechanism during chronic S. mansoni infection for aaMφ-mediated inhibition of Th2-induced 

fibrosis (Pesce et al., 2009a). During S. mansoni infection, Arg1 has also been shown to regulate 
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deleterious type 1 immune responses. Arg1 downregulated production of IL-12/IL-23p40 and 

maintained Treg/Th17 balance (Herbert et al., 2010). Thus, Arg1 acts both on the immune response and 

on parasite fitness.  

 

C-type lectins could represent an important PRR in the induction of immune response to helminth 

infection. The mannose receptor (MR or CD206) is upregulated on macrophages upon treatment with 

IL-4, IL-13, and IL-10 (Martinez-Pomares et al., 2003; Stein et al., 1992) as well as prostaglandins 

PGE1 and PGE2 (van Die and Cummings, 2017). S. mansoni egg secreted glycoprotein ω-1 is the main 

antigen responsible for the induction of type 2 immune responses (Everts et al., 2009; Steinfelder et al., 

2009) and is mainly recognized by CD206-expressing dendritic cells. Upon recognition, ω-1 is 

internalized and thereby impairs protein synthesis through its RNAse activity (Everts et al., 2012). In 

addition to S. mansoni, CD206 has been shown to bind other helminth species such as T. spiralis muscle 

larvae (Gruden-Movsesijan and Milosavljevic Lj, 2006), T. muris excretory/secretory products 

(deSchoolmeester et al., 2009) or F. hepatica tegumental proteins (Aldridge and O'Neill, 2016). 

Nonetheless, the role of aaMφ-specific CD206 expression remains elusive during helminth infection, 

although CD206 seems to be relevant surface marker for monocyte-derived aaMφ (Gundra et al., 2017). 

The macrophage galactose-type C-type lectin 2 (MGL2 or CD301b) is another C-type lectin upregulated 

in aaMφ in response to IL-4 and IL-13 or helminth triggers (Raes et al., 2005). While CD301b+ dendritic 

cells have been shown to be essential for the induction of optimal type 2 immune responses during 

ovalbumin (OVA) immunization or helminth infection (Kumamoto et al., 2013; Rodríguez et al., 2017a), 

CD301b-expressing macrophages appeared to play an important role in wound healing (Shook et al., 

2016).  

 

Programme death ligand 2 (PD-L2) is up-regulated in monocyte-derived aaMφ, whereas it is 

poorly expressed on IL-4-treated resident macrophages (Loke and Allison, 2003). PD-L2, a ligand of 

PD-1, a potent inhibitory receptor expressed on effector T cells and macrophages, has been shown to 

potently inhibit T cell proliferation (Huber et al., 2010). PD-L2 expression was upregulated in lung 

macrophages after N. brasiliensis infection whereas STAT-6 deficient mice displayed low levels of 

macrophage PD-L2 (Huber et al., 2010). In addition, in vivo blockade of PD-L2 during N. brasiliensis 

infection increased type 2 cell-mediated cytokine responses in the lung, further indicating that aaMφ inhibit 

Th2 cells by expression of PD-L2. PD-L2 is used as a relevant surface marker to distinguish between resident 

and monocyte-derived macrophages following antigenic stimulation or S. mansoni infection (Gundra et al., 

2017; Gundra et al., 2014). Thus, differences in the dynamics of macrophage responses between strains could 

explain difference in susceptibility. Recent work by Campbell and colleagues (2018) showed that 

macrophage responses against L. sigmodontis infection in susceptible BALB/c mice was dominated by 
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infiltration of monocytes with immunosuppressive PD-L2+ phenotype, as opposed to resistant C57BL/6 mice 

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

2.3 Effector functions of macrophages in helminth infections 

2.3.1 General functions 

Helminth-induced aaMφ are involved in effector functions of type 2 immunity against helminth 

infections described in section 1.4.3.  They are therefore important effectors in controlling helminth 

infection. However, the involved mechanisms depend on the helminth species. The following section 

will therefore give a more detailed overview of the effector functions of aaMφ during helminth infection. 

 

Tools available to study aaMφ functions specifically may fail to provide clear information on their 

specific role after helminth infection mainly due to the difficulty to directly target aaMφ without 

affecting other cell populations. Indeed, commonly used tools involve depletion of macrophages by 

administration of clodronate liposomes, hindrance of CCR2-dependent monocyte trafficking, total 

knockout for genes associated with alternative macrophage activation, or conditional cre/lox mouse 

strains targeting macrophage populations. Lyz2cre mice are commonly used as targeting myeloid cells. 

Lyz2 (encoding lysozyme M) is expressed in neutrophils and macrophages but, although it is used to 

impair alternative macrophage activation in Il4ra−/loxLyz2cre mice, studies have highlighted the presence 

of macrophages with features of alternative activation in these mice (Dewals et al., 2010; Vannella et 

al., 2014). Nevertheless, these various tools can help elucidate how aaMφ contribute to the protection 

against helminth infections.  

 

The “weep and sweep” response is an important element of the protection against intestinal 

nematodes. During primary N. brasiliensis infection, absence of macrophages has been shown to 

increase the number of worms recovered from the intestine, this being interpreted as a delayed expulsion. 

This observation was linked to an Arg1-dependent increase in smooth muscle contractility mediated by 

macrophages, although Arg1 blockade did not delay expulsion to the same extent as macrophages 

depletion (Zhao et al., 2008). However, using Il4ra−/loxLyz2cre mice, Herbert and colleagues showed that 

IL-4Rα signalling on macrophages was not required for expulsion of N. brasiliensis parasites (Herbert 

et al., 2004). During secondary infection with migrating nematodes such as N. brasiliensis and H. 

polygyrus, increased protection could be associated with enhanced trapping of migrating larvae in the 

skin or lung (for N. brasiliensis) or intestinal mucosae (for H. polygyrus). Macrophages accumulate 

around larvae in the tissue and impair their viability, preventing migration to the intestine lumen 

(Anthony et al., 2006; Chen et al., 2014a). These studies highlighted a role for Arg1. As already 

discussed, products of Arg1 activity have direct deleterious effect on larvae motility. This has 
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particularly been shown against H. polygyrus larvae (Esser-von Bieren et al., 2013). Furthermore, 

although the role of macrophages was initially demonstrated in the context of clodronate liposome 

mediated depletion, in vitro and adoptive cell transfer experiments have shown a crucial role of 

alternative activation, at least against N. brasiliensis infection (Bouchery et al., 2015; Chen et al., 2014a). 

Important damages are elicited by N. brasiliensis during its migration through the lung. Tissue damage 

has been associated with IL-17-dependent recruitment of neutrophils and resolved 7 days after N. 

brasiliensis inoculation. Lung macrophages express high levels of genes associated with wound healing 

such as Arg1, Igf1 and Mmp13 during N. brasiliensis infection and participate to the control of 

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

 

Macrophages elicited in response to helminth infection have also been shown to take part in 

immunoregulation. They may notably directly inhibit proliferation of T cells in vitro (Loke et al., 2000) 

through several mechanisms involving PD-1/PD-L1 (Smith et al., 2004; Terrazas et al., 2005), TGF-β 

(Taylor et al., 2006) or nutriment depletion (Pesce et al., 2009a). Although regulation of excessive 

immune responses is beneficial to avoid immunopathologies, immunosuppressive PD-L2+ monocyte-

derived macrophage populations elicited during L. sigmodontis infection in BALB/c mice drive the 

susceptibility of this strain to L. sigmodontis infection (Campbell et al., 2018). 

 

Control of infection with the cestode T. crassiceps is strikingly different from that of other nematodes 

or trematodes, with initial type 1 immune response described as critical for parasite resistance by 

controlling larval growth (Rodríguez-Sosa et al., 2004; Terrazas et al., 1998; Terrazas et al., 1999). 

Through NO production, caMφ are suggested to be key effectors in the control of T crassiceps infection. 

Indeed, blocking the enzyme NO synthase in susceptible wild-type BALB/c or even resistant Stat6−/− 

mice resulted in increased parasite loads (Alonso-Trujillo et al., 2007). Further supporting a role for 

caMφ in the control of T. crassiceps infection, mice lacking migration inhibitory factor (MIF) were 

shown to be highly susceptible despite similar IFN-γ levels. Their peritoneal macrophages failed to 

respond to ex vivo restimulation with LPS and IFN-γ and produced low levels of caMφ-associated 

molecules such as IL-12, TNF-α or NO upon ex vivo restimulation (Rodríguez-Sosa et al., 2003). 

Presence of aaMφ in these different cestode infections was mostly associated with an immunoregulatory 

role (Reyes and Terrazas, 2007; Terrazas et al., 2017; Terrazas et al., 2005). Regulation of immune 

responses might be essential to avoid deleterious inflammation of the healthy tissue surrounding the 

metacestode (Terrazas, 2008), however aaMφ presence and overexpression of aaMφ-associated 

molecules like PD-L1 and PD-L2 has also been associated with increased susceptibility to infection with 

T. crassiceps (Reyes et al., 2010; Togno-Peirce et al., 2013). This immunoregulatory role appears to 

have a more proemint role during M. corti infection as Il4−/−  or Stat6−/−  mice are highly susceptible and 

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

The outcome of S. mansoni infection critically depends on the establishment of an equilibrium 

between efficient granulomas formation around the parasite eggs to avoid tissue damage and regulatory 

mechanisms to avoid excessive fibrosis. Macrophages (along with CD4+ T cells and eosinophils) are the 

main cellular component of granulomas and important efforts have been made to dissect their role in the 

protection against S. mansoni (Hams et al., 2013).  

 

The main pathological outcomes of schistosomiasis develop in the chronic phase of schistosomiasis 

as consequences of excessive fibrosis. As previously reported, Arg1 has been associated with promotion 

of fibrosis through metabolization of L-arginine. However, it appears that liver fibrosis developing 

during S. mansoni infection is not dependent on Arg1 expression. S. mansoni infected Il13ra1−/−  mice 

displayed less hepatic fibrosis than wildtype mice in response to S. mansoni infection in spite of normal 

levels of aaMφ markers being expressed in the liver (Ramalingam et al., 2008), while neutralization of 

IL-13 by injection of a decoy receptor (sIL-13Rα2) attenuated S. mansoni induced hepatic fibrosis to a 

greater extent than suppression of IL-4 (Chiaramonte et al., 1999). These data indicated that IL-13 and 

not aaMφ is responsible for increased fibrosis. Furthermore, Arg1 deficient mice, specifically those 

deficient in macrophages and neutrophils (Arg1−/loxLyz2cre mice) or in all hematopoietic cells 

(Arg1−/loxTie2cre mice) have been shown to have enhanced fibrosis levels, larger granulomas and lower 

survival rates than wildtype controls (Pesce et al., 2009a). Arg1 could therefore reduce rather than 

increase fibrosis. In line with this role, data published by Pesce and colleagues suggested that through 

expression of Arg1, aaMφ competed with T cells for the use of L-arginine and leading to suppressive 

activity on T cell proliferation (Pesce et al., 2009a). Adding to these observations, Relm-α-deficient 

mice also developed increased granulomatous inflammation, fibrosis and type 2 immune response 

during schistosomiasis (Nair et al., 2009; Pesce et al., 2009b). Relm-α was shown to directly bind to 

CD4+ T cells and inhibit type 2 cytokines production, with no effect on activation or proliferation (Nair 

et al., 2009). During S. mansoni eggs-induced inflammation, Relm-α is also expressed by epithelial cells 

and eosinophils, but co-culture experiments have shown that Relm-α-dependent type 2 immune response 

inhibition can be supported by macrophages (Nair et al., 2009). However, in the liver of S. mansoni 

infected mice, eosinophils appear to be the main, if not the exclusive, source of Relm-α (Pesce et al., 

2009b).  

 

These data indicate a deleterious role for excessive type 2 responses and fibrosis in schistosomiasis. 

However, several deficiency models convincingly showed that the type 2 immunity, particularly through 

IL-4Rα signalling, is essential for survival during the acute phase of schistosomiasis by controlling 

severe intestinal and liver pathologies (Brunet et al., 1997; Herbert et al., 2004; Herbert et al., 2008; 
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Jankovic et al., 1999). AaMφ were initially described as the main contributors of this type 2 dependent 

protection against the acute schistosomiasis (Herbert et al., 2004). Herbert and colleagues studied S. 

mansoni infection in Il4ra−/loxLyz2cre mice which lack IL-4Rα specifically on macrophages and 

neutrophils. They observed that Il4ra−/loxLyz2cre did not have IL-4/13-dependent aaMφ while developing 

a normal type 2 immune response, but developed an acute wasting and lethal disease similar to Il4ra−/−  

mice, with evidence of hepatotoxicity and endotoxemia. But the role of aaMφ in schistosomiasis might 

not be so clear. In contradiction with results from the former studies, Vannella and colleagues (2014) 

did not observe increased mortality, nor hepatotoxicity in S. mansoni infected Il4ra−/loxLyz2cre mice 

compared to Il4ra−/lox controls. Instead, size of granulomas from S. mansoni infected Il4ra−/loxLyz2cre 

mice was increased compared control mice (Vannella et al., 2014). These results rather suggested a role 

for IL-4/13-dependent aaMφ in the control of granulomatous inflammation but less crucial role for 

survival. Interestingly, Vannella and colleagues highlighted an incomplete deletion of IL-4Rα among 

the heterogeneous macrophage population of S. mansoni infected Il4ra−/loxLyz2cre mice. They observed 

an insufficient expression of Lyz2, thereby of cre-recombinase, in newly-recruited, immature 

F4/80hiCD11bhi macrophages which retained features of alternative activation. Interestingly, these data 

further provide an alternate explanation to the presence of IL-10-dependent Ym1- and CD206-

expressing macrophages in the granulomas of Il4ra−/loxLyz2cre  mice (Dewals et al., 2010). Moreover, 

two recent studies demonstrated that aaMφ in the liver after S. mansoni infection resulted from the 

maturation of recruited Ly6Chi monocytes (Girgis et al., 2014; Nascimento et al., 2014). Thus, aaMφ 

protective roles during acute schistosomiasis and control of intestinal permeability remain unclear, and 

further urges for the development of new tools to investigate the functions of aaMφ during 

schistosomiasis. What is also less clear is the involvement of macrophage IL-4/IL-13 responsiveness in 

the dynamics of liver macrophage responses after S. mansoni infection, and whether Lyz2-expressing 

aaMφ in the liver (absent in Il4ra−/loxLyz2cre mice) could have a role in the control of excessive 

granulomatous inflammation . Taken together, these data about the role of aaMφ during S. mansoni 

infection revealed that distinct subsets of aaMφ could mediate distinct protective or pathologic 

functions. Further investigation could therefore be needed 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 immunopathologies 

Tolerance of chronic helminth infection means the existence of immunoregulatory mechanisms. 

Helminths have evolved several mechanisms discussed in section 1.4.4 that downregulate immune 

response allowing their persistence but also avoiding deleterious consequence of excessive and 

prolonged type 2 immune responses on the host. These mechanisms drew a lot of attention as they can 

also influence bystander effects notably by enhancing the control of excessive and harmful 

inflammation. Figure 8 illustrates the diversity of effect helminth infection may have on bystander 

immunity, either beneficial or deleterious.  

 

 

Figure 8. Immunoregulatory effects of helminths on bystander responses. Helminths can suppress a wide 
range of bystander immune responses, including those of both immunopathogenic and protective natures. 
Coinfection with helminths suppresses antibacterial, antiviral, and antiprotozoal immunity, leading to increased 
susceptibility and attenuated immunopathology or, in some cases, exacerbated pathology due to higher infection 
burdens. Antitumor immunity may be suppressed by helminth infections, which may also release directly 
carcinogenic factors, potentially leading to increased numbers of malignancies in infected individuals. Vaccine 
efficacy is compromised by helminth infections due to suppressed immune responses. Immunopathologies such 
as asthma, autoimmune diseases, and inflammatory bowel diseases are all reduced in prevalence in areas where 
helminth disease is endemic, and direct effects of helminth infections on the suppression of disease have been 
shown in clinical trials for inflammatory bowel diseases. From (McSorley and Maizels, 2012) 
 

Helminth infections have been shown to have beneficial effects on various immunopathologies. 

Increased prevalence of immune dysregulation observed in developed countries, correlating with 

improved sanitary situation, led to the formulation thirthy years ago of the “hygiene” or “old friends” 

hypotheses. These concepts suggest that exposure to microorganisms and parasites play a crucial role in 
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the proper development and balance of the immune system and that reduction in microbial exposure is 

one of the parameters explaining the increased prevalence of immunopathologies such as allergy or auto-

immune disorders in developed countries (Stiemsma et al., 2015; Strachan, 1989). In line with these 

hypotheses, prevalence of allergy has risen in urbanized area where helminth infections have declined, 

which supported the idea that helminth-host interactions are valuable for immune system equilibrium 

(Flohr et al., 2009). Experimental data in animal models confirmed the relationship between helminth 

infection status and immunopathologies and uncovered mechanisms involved. Studies have implicated 

various helminth species in the protection against different immunopathologies including allergiy, 

inflammatory bowel disease(IDB)-like colitis, type 1 diabetes or experimental autoimmune 

encephalomyelitis (modeling multiple sclerosis) (McSorley and Maizels, 2012). Protection is often 

correlated with worm burden (Smits et al., 2007) and is sometimes associated with a specific life cycle 

stage (He et al., 2010; Mangan et al., 2006; Smith et al., 2007). Immune mediators involved in the 

protection depend on the context and include IL-10 and TGF-β signalling (Ince et al., 2009; Kitagaki et 

al., 2006), Treg (Yang et al., 2007), B cells (indeed some B cells can also secrete IL-10) (Mangan et al., 

2006), DCs (Matisz et al., 2017), macrophages (including aaMφ) (Espinoza-Jiménez et al., 2017) or 

ILC2 (McSorley et al., 2014). Interestingly, numerous helminth products, either excretory/secretory 

products or recombinant molecules, successfully recapitulate protection induced by infection and could 

therefore be used as safer traitements for immunopathologies (Du et al., 2011; McSorley et al., 2012; 

Schnoeller et al., 2008). Furthermore, adoptive transfer of immune cells like macrophages (Ziegler et 

al., 2015), T cells (Grainger et al., 2010) or dendritic cells (Matisz et al., 2017), treated with helminth-

derived products has proven efficient in recapitulating the protection they induce. Effect of helminth on 

inflammatory disorders could also be mediated by an alteration of microbiota. In recent years, studies 

unraveled the important role of microbiota in the correct development and regulation of immune system. 

Modification of its composition dysregulates the crosstalk with the host and impact homeostasis of 

several system, including immune system favoring the development of chronic inflammatory diseases 

(Belkaid and Hand, 2014). Alteration of the composition of gut microbiota and prevention of the 

expansion of deleterous and pro-inflammatory bacteria species by helminth infections reduce 

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

 

However, despite the substantial amount of convincing data from animal models, observation of a 

clear protective effect of helminth infections or helminths products on immunopathologies in human is 

less straightforward. Epidemiological data do not always confirm an inverse correlation between 

infection and immunopathology status. Atopy, as studied by skin test reactivity to allergens, is the 

parameter which is the most consistently negatively correlated with helminth infections (Flohr et al., 

2009). But the trend is less clear when considering allergy. Some studies found a negative correlation 

between helminth infections and development of allergy, while other did not (Briggs et al., 2016; Feary 
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et al., 2011; Wammes et al., 2014). Yet, effects of helminth infections appear highly variable depending 

on the species involved, some of them, in particular A. lumbricoides, were even associated with 

increased risk of developing asthma (Leonardi-Bee et al., 2006). Still, several data support the idea of a 

beneficial role for helminth infection on immunopathologies. For example, patient suffering from 

multiple sclerosis who naturally acquire helminth infections show lower relapse rate (Correale and 

Farez, 2007). Studies of population in endemic area for helminths indicate that deworming might be 

associated with an increased inclination to develop immunopathology, as indicated by increased skin 

test reactivity to allergen or increased level of autoantibody (Flohr et al., 2010; Mutapi et al., 2011; van 

den Biggelaar et al., 2004). However effect on clinical allergies was either null or contradictory 

(Almeida et al., 2012; Flohr et al., 2010; Lynch et al., 1997).  

 

Besides, the role of helminths in inducing inflammatory diseases can not be overlooked. Migration 

of A. lumbricoides larvae in the lung affect tissue integrity and multiple exposures can be responsible of 

an asthma phenotype (Nogueira et al., 2016). Similarly, chronic trichuriasis in mice is associated with 

colitis that shares several features with Crohn’s disease (Briggs et al., 2016). Thus helminths might 

represent a cause of inflammatory disease as well as a protective agent. Futhermore, some helminth 

infections are also linked to carcinogenesis (Pastille et al., 2017) so extreme precautions must by taken 

when considering the use of helminth as a therapy. 

 

Nevertheless, treatment of inflammatory disorder with helminth products in mice yielded promising 

results and led to the investigation of the therapeutic use of helminth live infections or helminth products 

in humans. Again, this has brought conflicting results. Some studies showing an improvement in clinical 

signs or lesions, particularly the use of T. suis ova had positive outcomes in IBD or multiple sclerosis 

(Fleming et al., 2011; Summers et al., 2005a; Summers et al., 2005b). But again, other studies fail to 

assign a protective role to helminths (Bager et al., 2010; Daveson et al., 2011; Feary et al., 2010; 

Voldsgaard et al., 2015). Better understanding of how helminth manipulate the host immune response 

and identification of specific helminth molecules with potential for regulation of immunopathologies is 

required for future use of helminth products as a therapy. 

3.2 Coinfections 

3.2.1 Effect of helminthiasis on coinfections 

Immune responses required to handle extracellular helminths or intracellular micro-organisms are 

strikingly different and are characterized by mutual inhibition. Helminth infections elicit strong type 2 

and regulatory immune response, typically associated with a suppression of type 1 immune response 

and could therefore negatively impact protection against microbial pathogens. As distribution of 
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helminths often overlap that of major microbial threats, identifying the role of helminth infection in 

resistance to micro-organisms is crucial (Salgame et al., 2013). 

 

Although sometimes contradictory and dependent on helminth species considered, epidemiological 

data indicate association between helminth infection and microbial infection like Mycobacterium 

tuberculosis, human immunodeficiency virus-1 (HIV) or malaria (Salgame et al., 2013). Some studies 

associated helminth infection with development of active tuberculosis (Elias et al., 2006) while other 

did not (Chatterjee et al., 2014). However, helminth infections impair immune response against M. 

tuberculosis that could be restored by deworming (Babu et al., 2009; Babu and Nutman, 2016; Resende 

Co et al., 2007). Similarly, association of helminth infection and Plasmodium infection is inconsistent 

in the literature. S. mansoni and hookworm infection were often linked to increased prevalence and 

malaria clinical signs (Degarege and Erko, 2016). A. lumbricoides and T. trichiura however have been 

shown to decrease the risk of development of cerebral malaria (Abbate et al., 2018). Schistosomiasis 

has been shown to increase the probability of being infected by HIV and was associated with increased 

viral loads (Downs et al., 2017). Although a slower development of adverse HIV outcomes was also 

described in people coinfected with schistosomes (Colombe et al., 2018). Yet, erradication of ongoing 

helminth infections in HIV-positive people might have a little but beneficial impact on viral load and 

CD4+ T cell count (Means et al., 2016). 

 

Again, variability of data obtained from human epidemiological studies, besides reflecting 

differences in methodologies, might be explained by the complexity of the interactions between 

helminths, micro-organisms and their host. Helminth infections can affect host resistance to micro-

organisms in different ways. On one hand, inhibition of protective type 1 immunity can lead to decrease 

control of pathogen propagation (Helmby et al., 1998). Lesions induced by helminths can also promote 

host colonization by other pathogens. For example, urogenital schistosmiasis is associated with 

increased prevalence of HIV infection (Downs et al., 2011). On the other hand, regulatory responses 

elicited by helminths can be beneficial to lessen pathologies induced by inflammatory responses against 

micro-organisms (Furze et al., 2006). Type 2 immune response may also be beneficial to return to tissue 

homeostasis after microbial infection (Blériot et al., 2015). Effects of helminth infection on subsequent 

microbial infection is also dependent on the timing of coinfection (Salazar-Castañón et al., 2018). For 

example, a beneficial role of helminth infection for protection against infection by mycobacteria was 

observed when coinfection occured early after N. brasiliensis (5 days post-infection) and resulted in 

increased immune response and clearance of bacteria infection (du Plessis et al., 2013). Likewise, type 

2 immunity potentially impairs early stage of HIV infection, including viral entry and replication (Bailer 

et al., 2000; Creery et al., 2006; Denis and Ghadirian, 1994). Another confounding factor is the co-

existence of multiple parasite infections. Abbate and colleagues (2018) showed that presence of T. 
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trichiura in patients with hyperparasitemic malaria was associated with a reduced risk to develop 

cerebral malaria. However, when patients were coinfected with hookworms and T. trichiura, the 

protection conferred by the later was reduced, although infection with hookworms alone had no effect 

on cerebral malaria occurence (Abbate et al., 2018). Mouse models also showed variability in the effect 

of helminth infections on the outcome of microbial infections and highlighted that this variability is 

potentially dependent on mouse genetic background, timing of coinfection, identity of helminth and 

micro-organism involved (including difference between species of the same micro-organism genus) and 

inoculation route (Babu and Nutman, 2016; Salazar-Castañon et al., 2014). Helminth identity, and 

therefore its life cycle particularities, could influence the outcome of coinfections. First they may 

migrate through different organs and consequence of coinfection could be different if both players share 

the same niche or not (Moriyasu et al., 2018). Then, they are all characterized by a particular immune 

response dynamic, potentially including early type 1 immune response (which can limit micro-organism 

proliferation but can also be associated with increased inflammatory pathology) followed by type 2 and 

regulatory immune responses of variable strength (Babu and Nutman, 2016; Salazar-Castañon et al., 

2014). Thus, uncovering specific mechanisms that link helminth infections to modifications of the 

immune response against concurrent or subsequent micro-organisms is needed to better understand how 

coinfection could be beneficial or detrimental for the host. 

 

Furthermore, interaction of helminths with the host immune system might have prominent effects on 

efficacy of vaccination. Indeed, history of infection was shown to greatly impact vaccine response. 

Reese and colleagues (2016) developed a model of sequential infection of laboratory mice, including 

herpesviruses, influenza virus and helminths mimicking common infection history that humans could 

undergo. They showed that the response to a yellow fever virus vaccine was altered by this previous 

sequential exposition to pathogens (Reese et al., 2016). Adding to these observations, helminth 

infections have been associated with impairing vaccine efficacy. Unless dewormed before 

immunization, H. polygyrus or S. mansoni infected mice failed to develop protection against 

Plasmodium infection after immunization with plasmodium antigen or infection followed by treatment 

(Laranjeiras et al., 2008; Su et al., 2006). Interestingly, H. polygyrus similarly impact efficiency of 

DNA-based vaccine but did not impair protection conferred by irradiated sporozoïtes (Noland et al., 

2010). S. mansoni, but not H. polygyrus, infection impaired the protection induced by BCG vaccination 

against M. tuberculosis infection (Elias et al., 2005; Rafi et al., 2015). Hepatitis B vaccination was also 

impaired in S. japonicum infected mice (Chen et al., 2012b). However, results from Guan and colleagues 

indicated that different life cycle stade of the same parasite could have distinct influence on vaccine 

response (Guan et al., 2013). Furthermore, some helminth products were also used as vaccine adjuvant 

and increased type 1 immune response (Jiang et al., 2014). Still, these results might have important 

repercussion on vaccine efficacy in helminth-endemic regions and might explain lower efficacy 
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observed in developing countries (Cherian et al., 2012). Consistant with that, human studies show that 

deworming before vaccination ameliorates response to vaccination against tuberculosis (BCG) (Elias et 

al., 2008), tetanus (Nookala et al., 2004) or cholera (Cooper et al., 2001). 

3.2.2 Influence of helminth infections on anti-viral responses 

The present section will focus on the influence of helminth infection on anti-viral immunity. Viruses 

are typical inducers of type 1 immunity that is crucial for their control, including cytotoxic CD8+ T cell 

effector responses. This immune response can be considered as the integration of different components 

which can all be modified by bystander infections like helminthiasis as illustrated in figure 9 (Stelekati 

and Wherry, 2012).  

Figure 9 : Modification of immune response to unrelated antigen by bystander infection. 
This figure illustrates crucial steps of effective immune response against invading pathogens and how 

bystander infection like helminth infections may impact its different components. First, pathogen access to the 
organism may be modified due to changes at physical barriers (for example through altered epithelium integrity 
or mucus production), at target cells (by modifying their availability or susceptibility to viral entry or replication) 
or at early antimicrobial mediators. Availability, effector capacities or cytokine production of innate immune cells 
like macrophages, neutrophils, ILC or NK cells (not depicted here) may be impacted. Then, capacity of antigen 
presenting cells to prime suitable adaptive immune response may be altered, including expression of costimulatory 
molecules, cytokine production, presentation of antigen or support from other innate immune cells. Proliferative 
and cytokines production capacities of activated lymphocytes may be modifed together with differentiation of T 
helper cells, cytotoxic function of CD8+ T cells and humoral response from B cells, as a result of impairing priming 
by antigen presenting cells or intrinsic modification in lymphocytes. Finally, development, maintenance and recall 
responses from memory cells may be perturbated either by direct effect of helminth infection or as a consequence 
of altered effector responses. 

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

response can be impacted by helminth infections. Using H. polygyrus infection and S. mansoni egg 
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exposure, the first study revealed that helminth-induced type 2 immune response elicited reactivation of 

latent γ-herpesvirus through binding of STAT-6 to a viral gene controlling the switch between lytic and 

latent state. In this process, both IL-4 production and inhibition of IFN-γ were required. Furthermore, 

aaMφ were shown to be more permissive to γ-herpesvirus (Reese et al., 2014) and murine norovirus 

(Osborne et al., 2014) replication. Besides, intestinal tuft cells were recently described as the main 

cellular target of murine norovirus and IL-4 and IL-13 have been shown to stimulate proliferation of tuft 

cells (Gerbe et al., 2016). Thus type 2 cytokines production induced during helminth infections could 

enhance susceptibility to murine norovirus infection through expansion of tuft cells (Wilen et al., 2018). 

CD8+ T cells are a hallmark of adaptive immune response against viruses. Osborne and colleagues 

(2014) showed that type 2 immune response induced by T. spiralis or H. polygyrus infection impaired 

CD8+ T cell response against a subsequent viral infection with a murine norovirus, both in term of cell 

number and polyfunctional effector functions. Interestingly, anti-viral response was not only impaired 

locally (in the intestine) but also in distant organs such as the lung, as response against influenza 

infection was also reduced (Osborne et al., 2014). This modulation of adaptive anti-viral immune 

response involved Ym1 that is highly expressed by aaMφ during helminth infection. These mechanisms 

are summarized in figure 10. 

 

 

Figure 10 : Helminth-induced type 2 immune response alter anti-viral immune response. Top: Activated of 
STAT-6 transcription factor by IL-4 signalling pathway binds to γ-herpesvirus reactivation transactivator ORF50 
and stimulate reactivation of latent infection (Reese et al., 2014). Bottom: Alternatively-activated macrophages 
express high levels of the chitinase-like molecule Ym1 which directly inhibits CD8+ T cell proliferation during 
viral infection (Osborne et al., 2014). From  (Maizels and Gause, 2014). 

 
 
Although numerous data indicate that helminth infections are detrimental for anti-viral protection, 

several studies highlighted a protective role. Notably, S. mansoni chronic infection was associated with 

increased protection against pulmonary virus influenza A and pneumovirus of mice (Scheer et al., 2014). 
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H. polygyrus infection protected against respiratory syncytial virus (RSV) infection of mice, coinfected 

mice showing lower viral load and reduced lung inflammation. In this case, signalization through IL-

4Rα was not required for protection, neither was adaptive immune response but it was dependent on the 

presence of intestinal microbiota and type I IFN. The authors proposed that invading microbiota through 

H. polygyrus induced gut wall lesions induced a systemic anti-viral type I IFN response to control RSV 

infection (McFarlane et al., 2017). In another study, the protection induced by T. spiralis against 

influenza infection was strikingly different. Indeed, this protection was observed late during viral 

infection as an enhanced recovery rate in coinfected group. Here, no difference in lung viral load was 

observed between groups, instead protection was likely linked to decrease inflammation, independently 

of IL-10 production (Furze et al., 2006). Other data on the effect of filarial cystatin on RSV infection 

confirmed that helminth products are potent regulator of virus-induced excessive inflammation without 

impacting infection itself. In this study, modulation was mediated by macrophages (Schuijs et al., 2016). 

These results indicate that excessive inflammation during viral infection might be deleterious for the 

host without any beneficial counterpart in the control of the virus. Helminth infection could act 

independently in both control of viral load and inflammation. 

 

These data illustrate how helminth infections can act in various steps of both innate and adaptive 

mechanisms of anti-viral immune responses, even in distant organs, with either beneficial or detrimental 

effects for the host. Of course, numerous other mechanisms already discussed in previous sections could 

influence the outcome of viral infection in helminth-infected host. For example, helminth products could 

increased viral replication in vitro as it is the case for SEA on cell culture of hepatitis C virus (Bahgat 

et al., 2010). Helminth products can also condition DCs that become “refractory” to induction of type 1 

immune response (Everts et al., 2009; Metenou et al., 2012). Proliferation of effector T cells might also 

be compromised by helminth-induced expression inhibitory costimulation molecules like expression of 

PD-L2 on aaMφ (Huber et al., 2010). Finally, modification of the host’s microbiota by the presence of 

helminth could impact several parameters including immune system balance (Belkaid and Hand, 2014), 

epithelium composition (Wilen et al., 2018) or, by its interaction with incoming virus, alter 

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

4.1 Effector and memory CD8+ T lymphocytes 

4.1.1 Dynamics of CD8+ T lymphocyte responses 

The ability to “remember” a pathogen (or an antigen) against which an immune response has been 

mounted and to better react to a second encounter with this same pathogen is called “immunological 

memory”. Immunological memory represents one of the hallmarks of the adaptive immune system and 

differentiates it from innate immunity. Immunological memory is supported by the persistence, after 

resolution of infection, of memory T and B cells. As part of the adaptive immune system, CD8+ T 

lymphocytes are activated upon specific recognition of epitopes from foreign (non-self) molecular 

patterns (antigens). In secondary lymphoid organs, specific interactions between the unique T-cell 

receptor (TCR) from a CD8+ T lymphocyte and the MHC Class I-peptide complex presented by an 

antigen-presenting cell (signal 1), along with costimulatory signals (signal 2) associated with an 

inflammatory context (signal 3), induce the activation of a naive CD8+ T cell into an effector CD8+ T 

cell. The broad diversity of TCR receptors in the naive population of CD8+ T cells allow them to 

specifically recognize and react to an exceptionally wide variety of antigens. Antigens from intracellular 

pathogens such as viruses are processed in antigenic peptides to be bound to a MHC Class I molecule 

and exported to the surface of the infected cell, allowing the presentation of the MHC Class I-peptide 

complex to specific effector CD8+ T cells. Although MHC Class I are dedicated to the presentation of 

endogenous antigens, cross-presentation can occur in DCs to allow presentation of exogenous antigens 

in a context of MHC Class I (Joffre et al., 2012). Antigen-specific activation of CD8+ T cells results in 

the production of a greatly enlarged population of effector cells with the same antigenic specificity 

towards the pathogen, thanks to two mechanisms: clonal expansion and acquisition of functional and 

phenotypic effector features (Blattman et al., 2002). A mouse possesses about 25 million naive CD8+ T 

cells, among which about 100 to 1000 cells are specific to a given antigenic peptide (Jenkins and Allen, 

2010). Upon Ag recognition and activation, specific cells undergo clonal expansion and can produce up 

to 10 million effector CD8+ T cells in a week (expansion phase, Figure 11), which function to eradicate 

invading pathogens (Smith et al., 2018). Effector CD8+ T cells are also called cytotoxic T cells as their 

principal function is to recognize and kill infected cells. Beside their cell-killing role (i.e. through 

secretion of cytotoxic molecules such as granzymes and perforin or apoptosis-induction through Fas-

ligand), effector CD8+ T cells also secrete inflammatory cytokines such as IFN-γ and tumor necrosis 

factor (TNF)-α. Following elimination of the pathogen, 90 to 95% of the expanded CD8+ T cells pool 

undergo apoptosis (contraction phase, Figure 11) (Cui and Kaech, 2010) and a population of memory 

CD8+ T cells persists (memory phase, Figure 11). Memory T cells possess longterm survival potential 

and self-renewal capacities retaining a multipotent state with high proliferative and effector potential 
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(Kaech and Wherry, 2007). As for naive T cells, memory T cells have a stem cell-like behaviour by their 

ability to regenerate effector population diversity and provide immune-competence during secondary 

responses (Buchholz et al., 2016; Graef et al., 2014). They are more numerous than the initial naive 

population (Blattman et al., 2002) but are also characterized by altered distribution pattern (Gebhardt et 

al., 2009; Masopust et al., 2001; Sallusto et al., 1999) and enhanced effector capacities following TCR 

stimulation compared to naive T cells (Wolint et al., 2004). Thus, memory T cells can give rise to a 

faster and stronger effector response against a secondary encounter with the same pathogen. However, 

recent evidence indicates that memory T cells may be less responsive to their cognate antigen but more 

to inflammatory stimuli (including cytokines), which may lead in some circumstances to innate-like 

properties and control of pathogens in an antigen non-specific manner (Chu et al., 2013; Mehlhop-

Williams and Bevan, 2014). 

4.1.2 Diversity within CD8+ T cell responses  

Activation and clonal expansion of CD8+ T cells do not produce a homogeneous population of 

effector cells and transition to memory is not a random process (Figure 11). On the contrary, all activated 

CD8+ T cells during the acute phase of the infection (expansion phase) do not have an equivalent 

potential to participate to the memory pool. By focusing mainly on the expression of IL-7 receptor α 

(CD127) and killer-cell lectin like receptor G1 (KLRG1), short-lived effector cells (SLEC; CD127− 

KLRG1+) and memory precursor cells (MPEC; CD127+ KLRG1−) can be differentiated within the 

clonaly expanded population (Cui and Kaech, 2010; Kaech et al., 2003). Interestingly, effector and 

memory fate are not strictly separated as evidence indicates that memory precursor cells are able to 

produce (at least at one point during their ontogeny) the effector molecules IFN-γ or granzyme B 

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

 

Diversity of effector population might represent a continuum of intermediate states between 

terminally differentiated SLEC and memory precursors; thus a range of cells with high effector 

capacities but short half-live and cells with lower effector capacities but deeply increased life expectancy 

(Cui and Kaech, 2010). Memory precursor cells can further generate several subsets of memory cells 

(Arsenio et al., 2015; Obar and Lefrancois, 2010; Plumlee et al., 2015). Memory CD8+ T cells are usually 

divided in cell subsets based on surface antigen expression, longevity and effector, proliferative and 

migration characteristics. Central memory T cells (TCM ; CD62L+ CCR7+) are located in secondary 

lymphoid tissues, effector memory T cells (TEM ; CD62L- CCR7-) migrate through non-lymphoid tissues 

and tissue-resident memory T cells (TRM ; CD62L- CCR7- CD103hi CD69hi CD27lo) are present within 

the tissue and do not recirculate (Gebhardt et al., 2009; Halle et al., 2017; Jameson and Masopust, 2018; 

Masopust et al., 2010; Masopust et al., 2001; Mueller et al., 2013; Reinhardt et al., 2001; Sallusto et al., 
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1999). TEM and TRM act as a first line of defence against secondary infections as they can express 

immediate lytic functions (Masopust et al., 2001), as opposed to central memory T cells that do not show 

direct effector functions but rather present longer half-life and higher proliferative potential, thus are 

important for optimal secondary CD8+ T cell responses (Bachmann et al., 2005). Here again, with 

description of an increasing number of memory T cell subsets, it was recently proposed that it may be 

better represented as a continuum (Jameson and Masopust, 2018; Newell et al., 2012).  

 

 
Figure 11. Kinetics of a T cell response and 
distribution of memory cell potential. a. During an 
acute viral infection, antigen-specific T cells rapidly 
proliferate (expansion phase) and differentiate into 
cytotoxic T lymphocytes that mediate viral clearance. 
Most of these cells die over the next several weeks 
(contraction phase). b. The pool of effector T cells 
can be separated into multiple diverse subsets. Some 
cell-surface markers correlate with distinct effector 
and memory T cell fates: terminal effector T cells 
(shown in blue) are KLRG1hiIL-7RαlowCD27lowBCL-
2low, and long-lived memory (and memory precursor) 
cells (shown in red) are KLRG1lowIL-
7RαhiCD27hiBCL-2hi. However, other T cell subsets 
with intermediate differentiation states also exist that 
have mixed phenotypes as depicted by the yellow and 
green populations. Over time, there may also be some 
interconversion between these subsets. From (Kaech 
and Cui, 2012). 
 
 
 
 

4.1.3 Actors of memory formation and maintenance 

Several models were proposed concerning the mechanisms leading to the functionnal diversity of 

the T cell response. Despite the existence of the theory “one cell, one fate” suggesting that fate of T cells 

is already predetermined in naive cells, naive CD8+ T cells were shown to have a “stem-like” feature. 

Indeed, a single naive CD8+ T cell has been able to generate a phenotypically and functionnaly diverse 

offspring containing both effector and memory cells (Gerlach et al., 2010; Stemberger et al., 2007). 

However, optimal response still requires recruitment of several naive cells of the same specificity as 

individual cell does not always fully translate its diverse potential upon activation (Buchholz et al., 

2016). It is still unclear which and how elements of the immune response are integrated in the fate 

decision process and several models are proposed such as: strength and duration of TCR stimulation, 

inflammatory cytokines, transcriptional regulations, metabolic switches and uneven segregation of 

lineage-determining factors during division (Cui and Kaech, 2010). Prolonged exposure to antigen is 

not required for effective activation of CD8+ T cells (van Stipdonk et al., 2001), but strong cumulative 
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signals from antigen stimulation (depending on binding affinity to TCR and duration of TCR 

stimulation), costimulation and inflammation are important favouring factors for the expansion 

associated with increased short-lived fate (Joshi et al., 2007). Importantly, increased activation of T cells 

following excessive inflammation or TCR/costimulation signal may be associated with a deficient 

memory formation as more cells acquire terminaly differentiated states (Kaech and Cui, 2012). 

Integration of the overall strength of the signals received by CD8+ T cells is proposed to respond to one 

of the following models. First, in the “decreasing-potential” model, those signals are continuously 

integrated after initial priming, prolonged signals promoting terminally differentiated effector cells. 

Second, the “progressive differentiation” or “signal-strength” model suggests that those signals are 

integrated during initial priming and influence the phenotype at later timepoints. Besides, the 

“asymmetric cell fate” model proposes that assymetric cell division generates one cell that will adopt an 

effector fate and the other a memory fate (Buchholz et al., 2016; Kaech and Cui, 2012). Although these 

models propose that fate decision occurs following antigen stimulation, with all naive CD8+ T cell 

having the same differentiation potential, recent data indicate a diversity even within naive CD8+ T cells 

with a partially “pre-programmed” fate that is influenced by the life stage at which the cell was produced 

(Smith et al., 2018). To add another level of complexity, recent reports suggested that effector CD8+ T 

cells can dedifferentiate into long-lived memory cells (Herndler-Brandstetter et al., 2018; Youngblood 

et al., 2017). 

 

Several transcription factors have been shown to influence the fate decision process in CD8+ T 

cells. The T-box factors T-bet (T-box expressed in T cells) and Eomes (eomesodermin) act in concert 

to regulate the SLEC/MPEC fate (Cui and Kaech, 2010). Reports highlighted that they both participate 

to the formation of the effector response with partially redundant roles (Intlekofer et al., 2005; Pearce et 

al., 2003; Sullivan et al., 2003) and the presence of at least one of them was essential to avoid 

uncontrolled and deleterious type 17-like activation of CD8+ T cells (Intlekofer et al., 2008). T-bet 

expression peaked during acute infection, was associated with efficient formation of effector cells and 

declined after resolution of infection (Takemoto et al., 2006; Wiesel et al., 2012). Eomes expression was 

upregulated during the effector phase but increased further during the memory phase. In term of memory 

formation, it appeared that Eomes has a crucial role for optimal formation of TCM (Banerjee et al., 2010). 

In return, overexpression of T-bet was shown to be responsible for defective TCM formation (Intlekofer 

et al., 2007). However, both T-bet and Eomes enhanced IL-2/IL-15Rβ (CD122) expression, allowing 

cells to better respond to IL-15 which is important for the maintenance of memory cell population 

(Intlekofer et al., 2005). In accordance to a role for inflammation in promoting SLEC formation at the 

expense of memory formation, IL-12 enhanced T-bet but repressed Eomes expression in effector CD8+ 

T cells (Joshi et al., 2007; Takemoto et al., 2006). This mechanism appeared to by dependent on mTOR 

kinase activity. Indeed, when mTOR activity was blocked, IL-12 treatment of CD8+ T cells induced 
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Eomes expression and formation of memory precursors (Rao et al., 2010). Other inflammatory cytokines 

like type I IFN are implicated in T-bet upregulation and efficient production of effector cells (Wiesel et 

al., 2012).  

 

Other transcription factors like B lymphocyte-induced maturation protein-1 (Blimp-1), inhibitor of 

DNA binding (ID) 2 and STAT-4 are associated with terminal differentiation of SLEC in opposition to 

B-cell lymphoma (BCL) 6, ID3, T cell factor (TCF) 1, STAT-3 and frokhead box O (FOXO) 1 which 

are implicated in the maintenance of memory cells. These transcription factors regulate each other in a 

complexe network of interactions (Kaech and Cui, 2012).  

 

Although maintenance of memory CD8+ T cells is independent of antigen or tonic stimulation from 

self-antigen/MHC (Murali-Krishna et al., 1999) it requires cytokine signals. Both IL-7 and IL-15 have 

been involved in the optimal CD8+ T cell memory formation and maintenance by cooperatively 

regulating survival and proliferation of these cells (Becker et al., 2002; Buentke et al., 2006; Judge et 

al., 2002; Ku et al., 2000; Osborne et al., 2007; Schluns et al., 2000). IL-7  sustains survival of memory 

CD8+ T cells. As previously discussed, CD127 is used to differentiate SLEC and MPEC fate as CD127+ 

CD8+ T cells better survive when transferred in uninfected host than their CD127− counterparts (Kaech 

et al., 2003). CD127 is downregulated in the early time of the infection when a population of early 

effector CD8+ T cells (EEC; KLRG1− CD127−) is observed. EECs conserve the ability to give rise to 

both SLEC and MPEC (Obar et al., 2011). At the peak of the immune response, to majority of CD8+ T 

cells express low levels of CD127 but following resolution of infection, CD127 expression is 

upregulated within the population of activated cells, which can be explained by the fact that cells 

expressing higher levels of CD127 will better survive the contraction phase (Cui and Kaech, 2010; 

Kaech et al., 2003; Schluns et al., 2000). Concerning IL-15 , it was proved to be an important factor to 

sustain memory CD8+ T cell proliferation (Goldrath et al., 2002; Ku et al., 2000). IL-7 and IL-15 have 

a complementary role and differential migratory capacities of memory T cell subset may allow them to 

reach niche were either of these signals are available (Judge et al., 2002; Jung et al., 2016). Other 

cytokines signalling through the common gamma chain (γc), like IL-21 and IL-2, have also been 

implicated in the maintenance of memory CD8+ T cells (Mitchell et al., 2010; Zeng et al., 2005).  

 

Effector and memory CD8+ T cells are most commonly identified by their high expression of CD44, 

whereas naive CD8+ T cells are CD44low. While CD44 is widely acknowledged in mice to report 

activated/effector T cells, several other surface molecules (CD122, CXCR3, Ly6C or CD49d) or 

transcription factors (T-bet and Eomes) are also differentialy expressed between naive and activated 

CD8+ T cells (Figure 12, first two columns). 
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Figure 12. Overview of generation pathways and characteristics of innate and conventional memory T cell 
populations. Naive T cells can respond to a variety of endogenous and exogenous (or experimental) signals to 
produce memory-phenotype cells. Stimulation by foreign antigens, in a suitably immunogenic way, will produce 
“antigen- induced memory”, while there are two pathways that produce “Innate memory” T cells: these pathways 
involve the response to lymphopenia or the response to IL-4. Populations of T cells with innate memory properties 
are found in normal animals at steady state—these are termed virtual memory cells. Key factors involved in 
generation of these cells and major phenotypic characteristics that are shared or distinguished these different 
populations are indicated. From (Jameson et al., 2015).  

4.2 Antigen-inexperienced memory CD8+ T cells 

According to the conventional definition of T cell memory outlined in the previous section, memory 

CD8+ T cells were thought to be only present as the result of an immune reaction against a specific 

antigenic peptide. However, a number of studies over the last decade have comprehensively described 

the existence of “antigen-inexperienced” memory-like CD8+ T cells which highlighted alternative 

mechanisms that could be involved in the formation of T cell memory (Figure 12). As suggested by their 

name, these cells share most of functions with “true memory” cells (corresponding to antigen-

experienced memory T cells), including increased effector capacities against pathogens (Lee et al., 

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

 

Jameson and colleagues (2015) identified two main immunological contexts in which formation of 

antigen-inexperienced memory T cells could be observed in mice (Figure 12). First, “homeostatic” 

proliferation of T lymphocytes in a T-cell lymphopenic environment was associated with the acquisition 
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of memory characteristics. These cells were termed “ innate memory T cells”. Second, several gene-

deficiency models associated with IL-4-dominated environments favoured the appearance of memory-

like T cells also called “bystander memory T cells”. Besides these biased immunological contexts of 

deficiencies, memory-like T cells are also observed at steady-state in normal unimmunized mice and 

were given the name of “virtual memory T cells” (TVM). One possible explanation for the presence of 

memory T cells in naive animal is that they could arise following a response against environmental 

antigens. But the existence of alternative mechanisms leading to production of memory-like T cells is 

conforted by several observations. First, TVM were notably described in pathogen-free, germ-free or even 

antigen-free mice (Haluszczak et al., 2009). Moreover, enrichment of epitope-specific T cells allowed 

identification of memory-like T cells in numerous epitope-specific T cell populations making the 

hypothesis of a previous encounter with these various epitopes unlikely (Akue et al., 2012). A recent 

comparison between functional capabilities of “true memory” subsets and TVM cells has recently been 

published and is depicted in Figure 13.  

 

These antigen-inexperienced memory CD8+ T cell populations have to be distinguished from other 

innate T cell populations that also exhibit a memory-like/activated phenotype with ability to raise a rapid 

effector response upon activation, such as rapid cytokine secretion and cytotoxic activitiy. Indeed, 

unconventional T lymphocytes undergo a limited antigen receptor rearrangement process and therefore 

bear a restricted diversity of antigen receptors. Innate T cells include intraepithelial γδ T cells, mucosal-

associated invariant T cells (MAIT cells) and natural killer T cells (NKT cells). These cells are present 

in the periphery and are abundant compared to the limited number of antigen-specific naive conventional 

CD8+ T cells (Godfrey et al., 2015). According to these characteristics, innate T cells can take part in 

the first line of defense similarly to innate immune cells. Despite these confunding attributes, evidence 

indicates that bystander memory CD8+ T cells differ from innate T cells. For instance, absence of MHC 

Ia molecules greatly impedes the development of bystander memory CD8+ T cells, indicating that this 

population is unlikely to belong to a population of innate T cells whose low diversity TCR that rather 

recognize MHC Ib molecules. Additionally, unlike NKT cells, bystander memory CD8+ T cells do not 

bind CD1d tetramers (Atherly et al., 2006; Broussard et al., 2006). 
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Figure 13. Traits that distinguish naive and major memory T cell populations. The bars on the left indicate 
various characteristics, which can be used to distinguish the T cell subsets listed on the right. The first four bars 
indicate trafficking capabilities and stimulation history of the cells, providing rigid distinctions that can be used to 
define T cell populations, but note that there is only limited concordance between these traits. The other bars 
indicate gene expression or phenotypic characteristics, focused on molecules associated with trafficking, tissue 
retention, and “memory markers”. Grey shading in these bars indicates where phenotypic/gene-expression 
characteristics fail to clearly correlate with the red and green bars on the left. At the far right are T cell 
subsets typically associated with these combinations of traits and phenotypic/gene expression characteristics, note 
that the position of these identifiers is inherently vague, since the typical criteria for defining “subsets” use markers 
that may not faithfully correlate with the cells’ stimulation history or migration potential. The position of virtual 
memory T cells (TVM) in this classification is highlighted in blue. 
Abbreviations for T cells: Naive, Tn; Central Memory, Tcm; Effector Memory, Tem; Tissue-Resident Memory, 
Trm; Virtual Memory (also encompassing “Innate” memory), Tvm; Stem Cell Memory, Tscm; Memory T cells 
with Naive Phenotype, Tmnp; Peripheral Memory, Tpm; Long-Lived Effector Cells, Tllec; CD45RA+ Effector 
Memory (defined in humans), Temra; Exhausted T cells, Tex; Tfh Follicular Helpers). Color coding of the T cell 
subsets indicates whether they have been primarily described for CD8+ T cells (maroon), CD4+ T cells (gold) or 
both populations (black). From (Jameson and Masopust, 2018). 

4.2.1 Innate memory CD8+ T cells : lymphopenia-induced memory-like CD8+ T cells 

T cell formation process includes negative (elimination of cells with high self peptide/MHC affinity) 

and positive (survival of cells with lower but significant affinity to self peptide/MHC) selection in the 

thymus. At steady state, survival of resting naive CD8+ T cells still depends on the presence of self-

peptide/MHC signal, known as “tonic signal”, along with IL-7 stimulation (Sprent and Surh, 2011; 

Tanchot et al., 1997). The size of the T cell compartment occured to be tightly regulated and the number 

of cells is kept constant, apart from circumstance of immune reaction. Therefore, when CD8+ T cells are 

transfered in a T lymphocytopenic environment (induced notably by irraditation, Rag deficiency, or T 

cell antibody-based depletion), they undergo a slow homeostatic proliferation to regenerate the pool 

(Bell et al., 1987; Ernst et al., 1999; Rocha et al., 1989). The slow pace of “homeostatic” proliferation 
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is one of the parameters that differentiate it from true effector response that exhibit much higher rate of 

proliferation (Murali-Krishna and Ahmed, 2000). Homeostatic proliferation requires specific, low-

affinity interaction between TCR and self-peptide-MHC complexes (Goldrath and Bevan, 1999) and IL-

7 coming from non-hematopoietic cells (Goldrath et al., 2002; Schluns et al., 2000; Sprent and Surh, 

2011). Thus, the same stimuli sustaining survival of CD8+ T cells in a physiological environment can 

stimulate proliferation when the number of T cells is abnormally low. Proliferation induced by a depleted 

T cell compartment will ultimately stop if a normal number a T cell can be restored, indicating that this 

phenomenon is drove by the existence of an “empty space” in the T cell compartment (Goldrath et al., 

2000). The common explanation is that T lymphocytes compete for the factor sustaining their survival. 

In a lymphopenic environment, the competition for those factors will be reduced and individual 

lymphocytes will receive increased signals, notably from IL-7, leading to their proliferation (Jameson 

et al., 2015). Homeostatic proliferation is not observed homogeneously in the T cell pool as some TCR 

transgenic CD8+ T cells were shown to be more prone to homeostatic proliferation compared to others, 

and even within a same TCR transgenic cell population, only a proportion of them will actually undergo 

homeostatic proliferation. Thus, only a portion of the T cell pool proliferates in response to T-cell 

immunodeficiency (Ernst et al., 1999; Surh and Sprent, 2000). The extent of proliferation appeared to 

be correlated to the strength of the tonic TCR signal received by T cell, which is directly proportional 

to its CD5 expression level (Jameson et al., 2015; Kieper et al., 2004). CD5 expression level could also 

be correlated to CD127 expression level, thus to the capacity of the cell to proliferate in response to IL-

7 (Palmer et al., 2011) 

 

Strikingly, homeostatic proliferation of CD8+ T cells is associated with acquisition of a memory 

phenotype with upregulation of some memory markers (CD44, CD122, CD132) but maintain a naive 

phenotype for other markers of activation (CD49d, CD62L, CD69, CD71 or CD25), with CD49d often 

used as a discriminating marker (Ernst et al., 1999; Goldrath and Bevan, 1999; Kieper and Jameson, 

1999; Murali-Krishna and Ahmed, 2000) Most importantly, these lymphopenia-induced memory-like 

CD8+ T cells are also characterized by increased effector functions (including cytotoxic activities, IFN-

γ production and enhance response against their cognate antigen) compared to naive cells (Goldrath et 

al., 2000; Murali-Krishna and Ahmed, 2000; Oehen and Brduscha-Riem, 1999) although they are still 

less effector than conventional memory CD8+ T cells (Cheung et al., 2009; Goldrath and Bevan, 1999; 

Murali-Krishna and Ahmed, 2000).  

 

As explain above, IL-7 has a key role in homeostatic proliferation of CD8+ T cells and therefore in 

lymphopenia-induced memory formation. Supporting this concept, artificially increased levels of IL-7 

did not only accelerate homeostatic proliferation in lymphopenic environments but more importantly 

drove proliferation and memory conversion of naive CD8+ T cells in a lymphoreplete environment. This 
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was very similar to lymphopenia-induced proliferation and memory formation also required the presence 

of MHC molecules (Boyman et al., 2008). In addition, other cytokines like IL-2, IL-15, IL-4 also 

promoted proliferation and memory conversion of naive CD8+ T cells in lymphorepleted environment 

(Boyman et al., 2006; Kamimura and Bevan, 2007; Li et al., 2011; Morris et al., 2009).  

4.2.2 Bystander memory CD8+ T cells : IL-4-induced memory-like CD8+ T cells (gene-

deficiency setting) 

Lymphopenia-induced memory CD8+ T cells form in the periphery and originate from mature naive 

CD8+ T cells. In addition, deficiencies of various T cell development-associated genes have been shown 

to influence the phenotype of CD8+ T cells before they exit the thymus and increase the occurence of 

single positive CD8+ thymocytes with a memory phenotype. Memory-like CD8+ T cells developing in 

this mutant mouse models were given the name of “bystander memory CD8+ T cells” (Jameson et al., 

2015). A number of mouse strains deficient for genes like Itk, Klf2, Id3, Cbp, Tbet, Ndf1p, Ly9, Tcf1, 

Elk1 and 4, bearing gene mutations in Slp-76 or transgenic mice (plck-CIITATgpIV-/- mice) have all been 

associated with an altered thymic development of CD8+ T cells and emergence of bystander memory 

CD8+ thymocytes (Atherly et al., 2006; Broussard et al., 2006; Fukuyama et al., 2009; Lee et al., 2013b; 

Maurice et al., 2018; Min et al., 2011; Sharma et al., 2012; Sintes et al., 2013; Verykokakis et al., 2010b; 

Weinreich et al., 2009). These bystander memory CD8+ T cells display an impressively uniform 

phenotype in all the different conditions, with upregulation of CD44 and CD122, expression of the 

transcription factor Eomes but not Tbet and enhanced ability to produce IFN-γ upon restimulation. High 

expression of Eomes but low expression of T-bet is a chacarteristic feature of bystander memory CD8+ 

T cells, while innate memory CD8+ T cells rather express high levels of both transcription factors (Figure 

12) (Jameson et al., 2015). Initially arising from the thymus, bystander memory T cells have been shown 

to exit and contribute to peripheral memory-like CD8+ T cells (Gugasyan et al., 2012). Work by 

Weinreich and colleagues (2009 and 2010) highlighted the mechanisms underlying this recurrent change 

in CD8+ thymocyte phenotype. Using Kruppel-like factor(KLF) 2 deficient mice, they observed that the 

emergence of bystander memory CD8+ thymocytes was dependent on KLF2 deficient environment but 

independent of their intrinsic expression of KLF2. Such observation warranted the name of “bystander” 

memory CD8+ T cells. In addition, they identified increased production of IL-4 by an expanding 

promyelocytic leukemia zinc finger(PLZF)-expressing thymocyte population induced by KLF2 

deficiency. Such increase in IL-4 and expression of PZLF were both shown to be essential for the 

expansion of bystander memory CD8+ T cells. Phenotypic changes on CD8+ thymocytes due to KLF2 

deficiency were abrogated in absence of IL-4Rα expression or if truncated form of the PLZF protein 

was expressed. CD8+ T cells can directly respond to IL-4 and need Eomes to upregulate memory markers 

(Weinreich et al., 2010; Weinreich et al., 2009). Other models of bystander CD8+ T cells expansion were 
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confirmed to involve a cell extrinsic process crucially depending on the expansion or activation of an 

IL-4-secreting PLZF+ thymocytes (Felices et al., 2009; Gordon et al., 2011; Kurzweil et al., 2014; Lee 

et al., 2013b; Sintes et al., 2013; Verykokakis et al., 2010a). The majority of PLZF+ thymocytes 

expressed CD4 and were identified as invariant (i)NKT, γδT cells or αβ T cells (Felices et al., 2009; Lee 

et al., 2013b; Prince et al., 2014; Weinreich et al., 2010) depending on the model. Interestingly, PLZF 

is an essential transcription factor for normal development of iNKT cells (Kovalovsky et al., 2008), and 

regulate gene expression in iNKT cells, including a role in IL-4 production (Gleimer et al., 2012; Pereira 

and Boucontet, 2012).  

 

The induction of bystander memory CD8+ T cells is mostly described in the thymus. Yet, in a model 

involving Nedd4-family interacting protein 1 (Ndfip1) deficiency, memory-like CD8+ T cells with the 

same characteristics (increased CD44, CD122 and Eomes expression) were induced in the periphery 

without change neither in CD8+ thymocytes nor in iNKT cells or γδT cells. Nonetheless, the observed 

increased bystander memory T cells was associated with increased IL-4 production but originating from 

conventional peripheral CD4+ T cells (Kurzweil et al., 2014). 

 

CD8+ T cell intrinsic pathways have also been involved in the emergence of thymic memory-like 

CD8+ T cells, independently of IL-4 secreting PLZF+ cells but depending on Elk1 and 4, Nfκb1 or Bcl11b 

(Gugasyan et al., 2012; Hirose et al., 2015; Maurice et al., 2018).  

 

A number of these genes were shown to have profound impact on innate T cell populations, 

influencing development or commitement of iNKT towards IFN-, IL-4 or IL-17-producing iNTK cells 

that were subsequently identified as iNKT1, iNKT 2 or iNKT17 (as for CD4+ T lymphocytes Th1, Th2 

or Th17) (Lee et al., 2013b). Other targeted genes were also likely involved in post-TCR signalling 

(Cbp, Itk, Id3, Slp-76, Elk1 and 4) indicating that generation of bystander memory CD8+ T cells could 

be associated with an altered TCR signalling pathway (Jameson et al., 2015; Maurice et al., 2018). 

Consistent with that, CD8+ T cells susceptibility to engage a bystander memory phenotype was likely 

associated with the strength of positive selection signal. Indeed, differentiation of CD8+ T cells arising 

from strong positive selection signal are less impacted by Itk deficiency. Therefore, as in lymphopenia-

induced homeostatic proliferation, every CD8+ T cell clones did not seem to equally respond to this 

biaised environment (Atherly et al., 2006).  
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4.2.3 Virtual memory CD8+ T cells : antigen-inexperienced memory-like CD8+ T cells in 

normal physiology 

Following description of memory-like CD8+ T cell generation in transgenic/deficient contexts, a 

similar population has been described in the thymus of unimmunized wildtype mice, in particular in 

BALB/c mice (Weinreich et al., 2010). Existence of memory-like CD8+ T cells in the periphery of 

antigen-inexperienced mice had already been described for some time but pivotal work from Haluszczak 

and colleagues (2009) clarified the phenotype of these cells. They showed that like innate memory CD8+ 

T cells but unlike conventional memory CD8+ T cells, memory-like CD8+ T cells present in antigen-

inexperienced mice homogeneously express low level of the integrin α4 subunit (CD49d). They were 

also shown to express high level of CD44 and levels of CD122 that was even higher than antigen-

experienced memory CD8+ T cells (Sosinowski et al., 2013). Strikingly, antigen-inexperienced memory 

T cells can be found at the same frequency in germ-free mice compared to specific pathogen free (SPF) 

mice, among several TCR clones albeit a great variation in proportions can be observed in-between 

clones (Akue et al., 2012; Drobek et al., 2018; Haluszczak et al., 2009; Renkema et al., 2016). These 

observations therefore confirm that memory-like CD8+ T cells could arise independently of cognate 

antigen stimulation and present a diverse TCR repertoire (Rafei et al., 2011). In this unbiaised context 

and as introduced in the first section of this chapter, memory-like CD8+ T cells are given the name of 

“virtual memory CD8+ T cells” (TVM). 

 

TVM could originate from a combination of lymphopenia- and IL-4-induced mechanisms (Jameson 

et al., 2015). First, immune environment in neonatal mice is characterized as lymphopenic supporting 

lymphopenia-induced proliferation and acquisition of memory characteristics (Le Campion et al., 2002; 

Min et al., 2003; Schüler et al., 2004). Consistent with a role for lymphopenia-induced mechanisms for 

the emergence of TVM cells, these cells are absent at birth but progressively accumulate in the periphery 

during the period of neonatal lymphopenia. Their emergence in the thymus only occurs later and at 

lower proportion than in periphery (Akue et al., 2012). Second, IL-4-secreting PLZF+ innate CD4+ T 

cells population are found in unbiaised wildtype mice and could support the expansion of memory-like 

CD8+ T cell population (Lee et al., 2013b). Indeed, the role of IL-4-induced mechanims is evidenced by 

the significantly reduced proportions of TVM in Il4−/−, Il4ra−/− or iNKT-deficient mice. Similarly to 

bystander memory CD8+ T cells, direct signalling of IL-4 on CD8+ T cells was required. However, a 

population of TVM persist in Il4−/−, Il4ra−/− or iNKT-deficient mice mice, supporting the existence of 

complementary mechanisms (Akue et al., 2012; Renkema et al., 2016; Sosinowski et al., 2013; 

Weinreich et al., 2010). Development of TVM also required Eomes and IL-15 signalling (IL-15 and its 

transpresentation by CD8α+ dendritic cells). Furthermore, injection of IL-15 or IL-4 in vivo resulted in 

expansion of TVM cells (Park et al., 2016; Sosinowski et al., 2013; Ventre et al., 2012; White et al., 
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2016). Importantly, deficiency in both IL-4 and IL-15 did not lead to a complete abolition of the TVM 

compartment and other cytokines like type I IFN or IL-7 were also shown to be involved (Martinet et 

al., 2015; Tripathi et al., 2016).  

 

Virtual memory commitement may not be a stochastic event. Similar to a different propensity to 

respond to lymphopenia by homeostatic proliferation, CD8+ T cell affinity for self-ligands (tonic signal), 

proportional to its CD5 expression, correlates with its propensity to convert to virtual memory CD8+ T 

cell, probably through an increased sensitivity to IL-15 (White et al., 2016). In a recent study, this 

relation was shown to be cell intrinsic and observed only above a certain treshold of CD5 expression, 

indicating that cells must experienced a minimum level of self-reactivity to be able to form virtual 

memory (Drobek et al., 2018). This model is illustrated in figure 14.  

 

 

Figure 14 : Level of self-reactivity influence CD8+ T cell fate. Negative and positive selection occuring in the 
thymus is dependent on self-reactivity of T cells. A low level of self recognition is required for positive selection. 
Although highly self-reactive cells are eliminated (negative selection), cells displaying an increased level of self 
reactivity might acquire memory properties. From (Drobek et al., 2018) 

 

CD5 expression also correlates with TCR avidity to foreign antigens. Thus, the TVM TCR repertoire 

might be skewed towards higher avidity for foreign antigens. This is coherent with the existence of 

variation in the proportion of TVM cells among diverse antigen-specific T cell populations and with a 

difference of T cell clones among naive and TVM (Akue et al., 2012; Drobek et al., 2018).  

 

As memory-like CD8+ T cells, TVM displayed heightened effector capacities compared to naive CD8+ 

T cells (Lee et al., 2013a). Nonetheless, some of their functions turned out to be impaired compared to 
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conventional (“true”) memory CD8+ T cells. For example, they expressed much lower level of IFN-γ in 

response to in vivo or in vitro stimulation with their cognate antigen. IFN-γ production levels being 

similar in TVM compared to naive CD8+ T cells after infection with a pathogen bearing their cognate 

antigen. Still, TVM expansion following infection did not differ from conventional memory CD8+ T cells 

but occured earlier and to a greater extent than their naive counterpart. In addition, control of pathogen 

infection was as efficient by virtual memory T cells than by conventional memory T cells, and both 

outcompeted naive T cells (Haluszczak et al., 2009; Lee et al., 2013a; Sosinowski et al., 2013). 

Moreover, signals associated with promotion of virtual memory population, notably IL-4, also impact 

conventional effector and memory response (Tripathi et al., 2016). Strikingly, virtual memory CD8+ T 

cells also appear to raise unspecific, bystander effector response against pathogen in absence of cognate 

antigen recognition, a mechanism described as dependent on IL-15 (White et al., 2016). 

4.2.4 IL-15 or IL-4 shape virtual memory T cell responses according to the mouse strain 

Immunological differences exist between inbred mouse strains. Already mentioned in the section 

about bystander memory CD8+ T lymphocytes,  a difference in thymic PLZF+ cells proportion can be 

observed at the steady-state between BALB/c and C57BL/6 mice. BALB/c mice spontaneously produce 

an important population of IL-4-secreting PLZF+ iNKT that is absent from C57BL/6 mice. Such strain 

effect on physiological abundance of IL-4 secreting PLZF+ population directly correlates with the 

observed proportion of memory-like CD8+ T cells in the thymus of wildtype mice (Lee et al., 2013b; 

Pereira and Boucontet, 2012; Weinreich et al., 2010). Interestingly, KLF13 deficiency in BALB/c mice 

brought iNKT and memory-like CD8+ T cells down to levels comparable to C57BL/6 mice (Lai et al., 

2011).  

 

In parallel to these physiological differences of IL-4-induced virtual memory formation, several 

studies have noted discrepancies in cytokine-dependency of TVM cells. While some highlighted an 

essential role for IL-4 (Weinreich et al., 2010), others concluded for its limited function in this process 

and rather proved IL-15 to be the main driver of TVM formation (Akue et al., 2012; Sosinowski et al., 

2013). Strain-dependent variability could actually explain these conflicting observations. Indeed, when 

comparing TVM dependency on IL-4 or IL-15 in BALB/c vs. C57BL/6 mice, it came out that BALB/c 

TVM relied on IL-4 while IL-15 played a crucial role in C57BL/6 TVM (Tripathi et al., 2016). Such strain 

effect could also be translated by potential inconsistencies between studies regarding the kinetics of 

memory-like CD8+ T cells appearance after birth. As stated in the previous section, some studies 

reported that memory-like CD8+ T cells first appeared in the periphery during neonatal period, 

potentially excluding a role for bystander memory CD8+ T cells in the origin of TVM cells (Akue et al., 

2012). However, these studies were conducted with C57BL/6 mice that have scarce bystander CD8+ T 
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cells at steady state (Weinreich et al., 2010). Given their important dependency on IL-4, TVM of BALB/c 

mice could however mainly originate from bystander memory T cells (Renkema et al., 2016), while 

C57BL/6 TVM cells would rather be related to innate memory T cells, responding to IL-15 by 

homeostatic proliferation (Sosinowski et al., 2013). In addition, an important difference between these 

two subset lies in the T-box transcription factors induced. While homeostatic proliferation could be 

associated with upregulation of both T-bet and Eomes (Li et al., 2011). IL-4 responding CD8+ T cells 

upregulate Eomes and not T-bet (Renkema et al., 2016; Weinreich et al., 2009).  

 

Hence, when studying the functional behaviour of TVM cells, one must take into account the potential 

mouse strain effect in the interpretation. For instance, inflammatory settings where type 2 immunity is 

induced with high levels of IL-4 are produced could potentially have distinct effects on IL-4-responsive 

BALB/c TVM when compared to C57BL/6 mice
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Objectives 

Two separate studies are presented in the context of this thesis. Although they both aimed to 

investigate the impact of helminth infection on their host’s immune system, they pursued independent 

specific objectives. 

Although the role of type 2 immunity in helminthiasis and particularly in schistosomiasis is well 

described, how IL-4Rα-dependent alternatively activated macrophages (aaMφ) are involved in host 

protection remains uncertain. Therefore, the main objective of this study was to provide additional 

information on the functions of IL-4Rα-dependent aaMφ and the dynamics of the monocyte/macrophage 

responses after S. mansoni infection in the light of IL-4/IL-13 responsiveness. To help us in that purpose, 

we have used two mouse models: (i) Il4ra−/− mice unable to respond to IL-4/IL-13 and thus unable to 

mount typical type 2 immune responses, and (ii ) conditional knockdown Il4ra−/loxLyz2Cre mice lacking 

sensitivity to IL-4/IL-13 specifically on myeloid cells including lysozyme M-producing macrophages 

and neutrophils and thus unable to generate aaMφ. We also further investigated IL-4Rα deletion 

efficiency as some controversy existed concerning the efficiency of IL-4Rα deletion in different 

macrophage populations in Il4ra−/loxLyz2Cre mice. Finally, we aimed to investigate the contribution of 

monocyte-derived macrophages vs. resident macrophages in the response to S. mansoni infection. 

Virtual memory CD8+ T cells (TVM) are antigen-inexperienced memory-like CD8+ T cells. These 

cells display heightened effector function and can be induced through IL-4Rα signalling. Therefore, we 

hypothesized that helminth-induced IL-4-dominated immune response could expand the population of 

TVM responses. We used natural infection with different helminth species (S. mansoni, N. brasiliensis 

and H. polygyrus) or exposure to helminth-derived antigens to determine whether helminth-induced type 

2 inflammation with IL-4, could affect TVM responses. The potential expansion of TVM cells after 

helminth infection could result in a conditioning of CD8+ T cells to respond more effectively to a 

subsequent viral infection. Thus, we took advantage of a murine model of γ-herpesvirus infection: the 

murid herpesvirus 4 (MuHV-4) to address the impact of helminth-induced type 2 inflammation on 

subsequent anti-viral control by CD8+ T cells. Indeed, MuHV-4 provided a good model as the immune 

control of acute infection directly depends on effector CD8+ T cell responses. 
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Abstract 

Alternatively-activated macrophages (aaMφs) accumulate in hepatic granulomas during 

schistosomiasis and have been suggested to have a bone marrow origin. What is less understood is how 

these macrophage responses are regulated after S. mansoni infection. Here, we have investigated the 

role of IL-4 receptor α-chain (IL-4Rα)-signalling in the dynamics of liver macrophage responses. We 

observed that IL-4Rα signalling was dispensable for the recruitment and proliferation of Ly6Chi 

monocytes and for their conversion into F4/80+CD64+CD11bhi macrophages. Moreover, while lyz2-

dependent IL-4Rα provided an aaMφs phenotype to liver F4/80+CD64+CD11bhi macrophages that was 

associated with regulation of granuloma formation, it was dispensable for host survival. Resident 

F4/80+CD64+CD11blo macrophages did not upregulate signature genes of aaMφs. Rather, resident 

macrophages nearly disappeared by week 8 after infection and artificial ablation of resident 

macrophages in CD169DTR mice did not affect the response to S. mansoni infection. Interestingly, 

ablation of CD169+ cells in naive mice resulted in the accumulation of F4/80+CD64+CD11bhi 

macrophages, which was amplified when ablation occurred during schistosomiasis. Altogether, our 

results suggest the ablation of resident KCs after S. mansoni infection is associated with the recruitment 

and accumulation of F4/80+CD64+CD11bhi macrophages with lyz2-dependent IL-4Rα contributing to 

regulate granuloma inflammation but dispensable for host survival. 

 

Introduction  

Schistosomiasis is a severe parasitic disease with almost 240 million people infected worldwide and 

more than 200,000 deaths yearly in sub-Saharan Africa alone (Colley et al., 2014). In the murine model, 

mice infected with Schistosoma mansoni develop a severe liver pathology with granulomatous 

inflammatory responses directed towards the parasite eggs. During chronic infections, type 2 

inflammation in the liver results in fibrosis, which leads to portal hypertension, bleeding from collateral 

vessels and ultimately death (Barron and Wynn, 2011; Pearce and MacDonald, 2002). Macrophages 

accumulate in the liver and are a key cellular component in granuloma formation and host protection 

(Barron and Wynn, 2011; Gieseck et al., 2018).  

Macrophages are plastic cells that can be alternatively activated by IL-4 and IL-13 via the type I or 

type II IL-4 receptor, respectively (Van Dyken and Locksley, 2013). Both IL-4 receptors share the IL-4 

receptor α chain (IL-4Rα) and it has been demonstrated that mice deficient for IL-4Rα are highly 
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susceptible to Schistosoma mansoni infection (Herbert et al., 2004). Il4ra−/−  mice develop uncontrolled 

type 1-biased intestinal inflammation in response to S. mansoni eggs, do not develop granulomas in the 

liver and quickly succumb the acute phase of the infection when the parasite egg production reaches a 

peak by week 7-8 post-infection. In 2004, Herbert and colleagues generated Il4ra−/loxlyz2Cre mice to 

conditionally knockdown Il4ra expression in lysozyme M-expressing cells such as neutrophils and 

macrophages (Herbert et al., 2004). These mice produced bigger liver granulomas and succumbed to 

high dose S. mansoni acute infection due to a putative impaired control of type 1-biased gut 

inflammation similar to that observed in Il4ra−/−  mice. However, a more recent report by Vannella and 

colleagues reported that while Il4ra−/loxlyz2Cre mice developed increased liver inflammation upon low or 

high dose S. mansoni infection, the survival kinetics and gut inflammation was not significantly different 

to hemizygous Il4ra−/lox littermate control mice (Vannella et al., 2014). Instead, the macrophages 

population in liver granulomas was diverse with mature and immature cells expressing high or low levels 

of lyz2, respectively. These contradicting results left the role of IL-4Rα-dependent alternatively-

activated macrophages (aaMφs or M(IL-4)) unappreciated in schistosomiasis; although macrophages-

specific arginase 1 (Arg1) and resistin-like molecule α (Relm-α), two aaMφ signature genes, controlled 

type 2 inflammation and deleterious liver fibrosis during chronic schistosomiasis (Nair et al., 2009; 

Pesce et al., 2009a; Pesce et al., 2009b). IL-4 has been shown to induce local proliferation of resident 

macrophages after infection with the nematodes Litomosoides sigmodontis or Heligmosomoides 

polygyrus (Jenkins et al., 2011), and these cells acquired an aaMφ phenotype. However, this turned out 

not to be the case in schistosomiasis where the majority of granuloma aaMφs had a signature of recruited 

Ly6Chi monocytes (Girgis et al., 2014; Gundra et al., 2014; Nascimento et al., 2014). However, the role 

of IL-4Rα signalling on recruited or resident macrophages during type 2 cell-mediated immune 

responses to S. mansoni infection remains unknown. In the present study, the dynamics of 

monocytes/macrophages recruitment and activation in the liver during the first weeks after S. mansoni 

infection were investigated in relation to IL-4 signalling in lyz2-expressing cells. Our findings 

demonstrate that while Il4ra−/loxlyz2Cre were not more susceptible to S. mansoni infection than Il4ra−/lox 

mice, liver cell-mediated inflammation was significantly increased. We further observed that Ly6Chi 

monocytes severely proliferated and were recruited to the liver independently of IL-4Rα signalling by 

week 8 after infection; where they differentiated into CD11bhi aaMφs while CD11blo resident KCs nearly 

disappeared.   
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Results 

Ly6Chi monocytes recruitment to the liver is associated with the accumulation of CD11bhi 

macrophages independently of IL-4Rα. 

We used flow cytometry and the gating strategy depicted in Fig. S1 to investigate liver cellular-

mediated responses of Il4ra−/loxlyz2Cre, Il4ra−/lox or Il4ra−/−  mice after S. mansoni infection. At 0, 4, 6 

and 8 weeks post-infection, proportions of siglecF+CD11b+ eosinophils, Ly6G+CD11b+ neutrophils, 

CD3+ T cells, CD19+MHCII + B cells, F4/80−CD11c+ dendritic cells, Ly6ChiCD11b+ monocytes and 

F4/80+CD64+ macrophages were analysed (Fig. 1A). Eosinophils were the main cell population 

expanding by week 6 post-infection and did not expand in Il4ra−/−  mice. Consequently, other cell 

populations like neutrophils, lymphocytes and Ly6Chi monocytes, were proportionally increased in 

Il4ra−/−  mice at week 6 post-infection despite delayed response of T cells and Ly6Chi monocytes. Hence, 

the dynamics of the Ly6Chi monocytes and F4/80+CD64+ macrophages responses were investigated 

(Fig. 1B-C). We observed that the number of Ly6Chi monocytes significantly increased after infection 

in all mouse strains by week 8 post-infection, with a delay in Il4ra−/−  mice. F4/80+CD64+ macrophages 

tended to decrease in Il4ra−/lox mice but were not significantly affected in Il4ra−/loxlyz2Cre or Il4ra−/−  mice 

(Fig. 1B-C). As expected, resident liver F4/80+CD64+ macrophages in naive mice expressed low levels 

of CD11b. Thus, resident KCs were referred as CD11blo macrophages. However, a population 

expressing higher levels of CD11b progressively appeared and accumulated from week 4 post-infection 

in all mouse strains. The numbers and proportions of CD11blo macrophages were significantly reduced 

upon infection while a population of CD11bhi cells constituted the main F4/80+CD64+ macrophage 

population by week 8 post-infection (Fig. 1B-C). Although the numbers of CD11bhi macrophages were 

heightened in Il4ra−/loxlyz2Cre mice at week 8 post-infection, the lack of IL-4Rα did not affect the 

enrichment of these cells after S. mansoni infection (Fig. 1C-D). No data was available for Il4ra−/−  at 

week 8 post-infection as these mice succumbed the infection. Thus, recruitment of Ly6Chi monocytes to 

the liver after S. mansoni infection was associated with an accumulation of CD11bhi macrophages 

independently of IL-4Rα signalling. 

 

Ly6Chi monocytes convert into CD11bhi macrophages after S. mansoni infection 

As previously reported, granuloma macrophages in schistosomiasis have a signature of monocyte-

derived cells (Girgis et al., 2014; Gundra et al., 2014; Nascimento et al., 2014). We observed that Ly6Chi 

monocytes indeed overexpressed the macrophage marker CD64 independently of IL-4Rα-

responsiveness upon S. mansoni infection, and CD11bhi macrophages transiently expressed higher levels 
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of Ly6C (Fig. 2A-B). These results suggested that Ly6Chi monocytes are recruited to the liver upon 

infection and convert into CD11bhi macrophages. To address this hypothesis, we produced partial 

chimeric mice by shielding the liver during total body irradiation and engrafting congenic CD45.1.2+ 

bone marrow (BM) cells (Fig. 2C). Eight weeks later, mice were left uninfected or subjected to 

percutaneous infection with S. mansoni cercariae. Blood Ly6Chi monocytes were enriched in CD45.1+ 

cells in chimeric mice (mean chimerism of 46%) (Fig. 2D) and S. mansoni infection of these mice 

induced the appearance of CD11bhi macrophages in the liver (Fig. 2E). When analysing chimerism of 

CD11blo resident macrophages or CD11bhi macrophages in the liver of mice at week 0, 4, 6, 8 or 10 

post-infection (Fig. 2F-G), we observed that whereas resident CD11blo macrophages cells mainly 

retained a chimerism of resident liver cells, CD11bhi macrophages displayed a chimerism similar to 

blood Ly6Chi monocytes. Thus, these results demonstrated that liver CD11bhi macrophages have a BM 

origin, therefore emerging from recruited Ly6Chi monocytes. Interestingly, a small but significant 

fraction of CD11blo resident macrophages acquired a chimerism of BM origin which suggests, as 

recently proposed, that some recruited CD11bhi macrophages could convert into resident macrophages 

(Gundra et al., 2017).  

 

S. mansoni infection induces IL-4/13-independent proliferation of recruited Ly6Chi monocytes 

but not CD11bhi macrophages. 

IL-4 can induce proliferation of resident macrophages and H. polygyrus infection induced 

proliferation of KCs (Jenkins et al., 2011; Jenkins et al., 2013). To determine the dynamics of IL-4Rα-

dependent proliferation after S. mansoni infection, EdU was injected to Il4ra−/loxlyz2Cre, Il4ra−/lox or 

Il4ra−/−  mice at week 0, 4, 6 or 8 post-infection and the proportion of liver cells having undergone 

division and incorporated EdU was determined 4h later (Fig. 3A and B). We observed very low levels 

of cell division in Ly6Chi monocytes or F4/80+CD64+ macrophages in naive mice. Proliferation 

remained at basal levels for the first 6 weeks of infection in all mouse strains. By week 8 post-infection 

however, about 25 to 28% of liver Ly6Chi monocytes from both Il4ra−/loxlyz2Cre and Il4ra−/lox mice were 

actively proliferating. In addition, low but significant increased EdU incorporation in CD11blo resident 

macrophages was detected while no increased proliferation could be observed in CD11bhi macrophages 

after S. mansoni infection, suggesting that IL-4 does not induce strong macrophage proliferation in 

granulomas. Because CD11bhi macrophages are the most abundant population in the liver by week 8 

post-infection and are originating from Ly6Chi monocytes, it is likely that Ly6Chi monocytes stop 

dividing once differentiated into CD11bhi macrophages. 
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Il4ra −/loxlyz2Cre mice have increased liver inflammation but survive schistosomiasis. 

To revisit the susceptibility of Il4ra−/loxlyz2Cre BALB/c mice to schistosomiasis, mice were infected 

with either 100, 35 or 20 cercariae percutaneously. Clinical monitoring was performed and survival 

recorded over time. Compared to hemizygous Il4ra−/lox littermate controls, we did not detect increased 

susceptibility of Il4ra−/loxlyz2Cre mice to S. mansoni infection (Fig. 4A). Nonetheless, to further 

investigate the dynamics of IL-4Rα-dependent cellular responses in the liver during the first weeks after 

S. mansoni infection, leukocytes were isolated from livers of Il4ra−/loxlyz2Cre or Il4ra−/lox mice before 

infection and at weeks 4, 6 and 8 post-infection. We observed increased numbers of CD45+ leukocytes 

in the liver of Il4ra−/loxlyz2Cre by week 8 post-infection (Fig. 4B). Increased liver cellularity in 

Il4ra−/loxlyz2Cre mice was associated with the development of larger liver granulomas compared to 

Il4ra−/lox littermate controls (Fig. 4C-D). Nonetheless, increased granuloma size did not affect the 

cytokine responses with similar IL-4, IL-13, IL-5 and IFN-γ responses in liver and hepatic-draining LN 

after SEA restimulation (Fig. 4E). These results confirmed that lyz2-dependent IL-4Rα has no 

significant impact on host survival to schistosomiasis while regulating granuloma formation in the liver. 

 

S. mansoni infection induces an IL-4Rα-dependent aaMφ phenotype in CD11bhi macrophages. 

Vannella and colleagues suggested inefficient deletion of the Il4ra locus in ‘immature’ populations 

of F4/80+CD64+ macrophages in Il4ra−/loxlyz2Cre mice after S. mansoni infection (Vannella et al., 2014). 

Moreover, IL-4-driven proliferation in Il4ra−/loxlyz2Cre mice resulted in the positive selection of IL-4Rα-

expressing macrophages in these mice (Jenkins et al., 2013). Thus, we investigated the efficacy of Cre 

recombinase expression under the control of the lyz2 promoter by crossing lyz2Cre mice with lineage 

RosatdRFP reporter mice (Luche et al., 2007). These mice express the reported red fluorescent protein 

tdRFP following Cre-mediated excision of the floxed stop codon (Fig. S2A). Using the gating strategy 

as depicted in Fig. S1, the efficacy and selective expression of the tdRFP from naive or S. mansoni-

infected mice was analysed in liver lymphocytes, eosinophils, dendritic cells, neutrophils, monocytes 

and macrophages. We observed no expression in T or B cells, basal expression in some eosinophils 

(<7%) or dendritic cells (<25%) and around 30% of Ly6Chi monocytes expressing tdRFP irrespective 

of the infection with S. mansoni or not (Fig. S2B). As expected, we observed that the highest proportion 

of tdRFP+ cells were neutrophils and F4/80+CD64+ macrophages with 60 to 70% of the cells effectively 

expressing the reporter protein in naive and S. mansoni infected mice (Fig. S2B). Importantly, CD11blo 

and CD11bhi macrophages expressed significant levels of tdRFP (Fig. 5A). We further observed that IL-

4Rα (CD124) protein expression was significantly impaired in neutrophils, CD11blo macrophages and 

CD11bhi macrophages of S. mansoni-infected Il4ra−/loxlyz2Cre mice (Fig. 5B), confirming our previous 
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observations (Dewals et al., 2010). Thus, deletion of IL-4Rα in Il4ra−/loxlyz2Cre mice is similar between 

naive and S. mansoni-infected mice in term of efficacy and specificity. 

We further investigated protein expression levels of the chitinase-like molecule Ym1 over time after 

S. mansoni infection. Proportions of Ym1+ cells significantly increased after infection in CD11bhi 

macrophages whereas proportions of CD11blo macrophages expressing Ym1 remained low (Fig. 5C-

D). Thus, the majority of aaMφ expressing Ym1 were of BM origin in the liver of S. mansoni infected 

mice. Proportions of Ym1+ CD11bhi macrophages was significantly lower in Il4ra−/loxlyz2Cre mice 

compared to Il4ra−/lox mice but higher than in Il4ra−/−  mice. Likewise, upregulation of Relm-α was 

mainly observed in CD11bhi macrophages from Il4ra−/lox mice (Fig. 5E). These results demonstrate 

impaired aaMφs in the liver of S. mansoni infected Il4ra−/loxlyz2Cre mice and further suggest CD11bhi 

macrophages to be a main effector population in the liver for controlling granuloma formation. 

 

Resident liver CD11blo macrophages almost disappear after S. mansoni infection and are 

dispensable against schistosomiasis. 

We observed that monocyte-derived CD11bhi macrophages accumulate in the liver after S. mansoni 

infection and contribute to the majority of F4/80+CD64+ macrophages in the liver by week 8 post-

infection (Fig. 1). Nascimento and colleagues highlighted the protective role of CCR2-dependent 

recruitment of monocytes to the liver to control egg-induced inflammation (Nascimento et al., 2014), 

which further suggest that CD11bhi macrophages are recruited to the liver from blood monocytes and 

acquire an aaMφ phenotype for regulating granuloma formation. Although CD11bhi macrophages 

accumulated, we also observed that resident CD11blo macrophages nearly disappeared in term of 

proportion and numbers in the liver from week 6 post-infection (Fig. 1B-C). This observation was 

unexpected and could suggest resident CD11blo macrophages to be dispensable in schistosomiasis. Most 

resident macrophages express sialoadhesin (siglec-1 or CD169) (Gupta et al., 2016b) and diphtheria 

toxin (DT) treatment of CD169DTR/+ mice successfully depleted liver resident macrophages (Gupta et 

al., 2016b). Thus, we induced the depletion of resident macrophages in CD169DTR/+ mice by injecting 

DT at regular intervals from week 5.5 after S. mansoni infection (Fig. 6A). DT treatment successfully 

depleted F4/80+CD64+ CD11blo macrophages in naive (Fig. S3) and S. mansoni-infected (Fig. 6D) 

CD169DTR/+ mice but did not significantly affect survival, weight change, liver granuloma volumes (Fig. 

6B-C) or cellular responses in the liver (Fig. S4A). In addition, restimulation with soluble egg antigen 

(SEA) of hepatic LN and liver cells did not highlight significant differences in the liver although CD169+ 

cell depletion was associated with increased IL-5 and IL-13 responses in the draining LN at week 7 post-
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infection (Fig. S4B). Altogether, these results suggest resident CD11blo macrophages to be dispensable 

in the control of schistosomiasis. 

 

Ablation of resident CD11blo macrophages during S. mansoni infection results in recruitment 

of monocytes to the liver. 

Induction of KC death resulted in the recruitment of monocytes from the BM and these cells 

differentiated in KCs, filling in the empty niche (Scott et al., 2016). DT-mediated depletion of CD169+ 

cells induced the ablation of CD11blo macrophages after DT treatment (Chow et al., 2013; Gupta et al., 

2016b), and resulted in the recruitment of Ly6Chi monocytes expressing high levels of CD64 in the liver 

(Fig. S3B). In addition, the small population of F4/80+CD64+ macrophages in the liver of DT-treated 

mice displayed high levels of CD11b expression, suggesting that these cells might represent newly 

differentiated macrophages of monocyte origin (Fig. S3C). When mice were treated at 3-4 days interval 

from week 5.5 after S. mansoni infection (Fig. 6), recruited Ly6Chi monocytes displayed similar CD64 

expression in both CD169DTR/+ and WT (CD169+/+) mice at week 7 post-infection (Fig. 6F). Likewise, 

the majority of F4/80+CD64+ macrophages were CD11bhi after DT treatment of both CD169DTR/+ and 

WT (CD169+/+) mice (Fig. 6D and F). Taken together, these results suggest that recruitment of Ly6Chi 

monocytes after S. mansoni infection could results from the ablation of resident CD11blo macrophages. 
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Figure 1. S. mansoni infection induces Ly6Chi monocytes recruitment to the liver and expansion 
of a CD11bhi liver macrophages population independently of IL-4Rα signalling. 
Il4ra−/lox, Il4ra−/loxlyz2Cre, or Il4ra−/−  BALB/c mice were percutaneously infected with 35 S. mansoni 
cercariae. Liver leukocytes were analysed by flow cytometry at week 0, 4, 6 and 8 after S. mansoni 
infection. The gating strategy is outlined in Fig S1. 
(A) Flow cytometric quantification (as percentage of total CD45+ leukocytes) of liver eosinophils 
(SiglecF+), neutrophils (Ly6G+ CD11b+), T cells (CD3+), B cells (CD19+ MHCII+), dendritic cells 
(CD11c+F4/80- ; DCs), monocytes (Ly6ChiCD11b+ ; MOs) and macrophages (F4/80hi CD64hi ; Mφ). 
(B) Representative contour plots of Ly6Chi liver monocytes and F4/80+CD64+ liver macrophages 
obtained by flow cytometric analysis at the given time-points post-infection. Numbers on contour plot 
correspond to percent of positive events in each gate. 
(C) Numbers of Ly6Chi monocytes, F4/80+CD64+ macrophages, CD11blo or CD11bhi F4/80+CD64+ 
macrophages (from top to bottom) in the liver analysed by flow cytometry as in A and B. Symbols 
represent values from individual mice and bars show mean  SEM from one experiment representative 
of two independent experiment (n=4 to 5). Two-way ANOVA 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 genotype; #P<0.05, 
##P<0.01, ###P<0.001 compared to Il4ra−/lox mice at the same infection stage. 
(D) Proportions of CD11blo or CD11bhi cells in F4/80+CD64+ liver macrophages overtime after S. 
mansoni infection, analysed by flow cytometry as in A and B. Bars show mean  SEM of one 
experiment representative of two independent experiment (n=4 to 5). 
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Figure 2 
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Figure 2. Liver CD11bhi macrophages arise from recruited Ly6Chi blood monocytes during S. 
mansoni infection. 
(A and B) Il4ra−/lox, Il4ra−/loxlyz2Cre, or Il4ra−/−  BALB/c mice were percutaneously infected with 35 S. 
mansoni cercariae. Liver leukocytes were analysed by flow cytometry at week 0, 4, 6 and 8 after S. 
mansoni infection. The gating strategy is outlined in Fig S1.  
(A) Half offset representative histograms of CD64 and Ly6C expression in Ly6Chi liver monocytes and 
CD11bhi F4/80+CD64+ liver macrophages, respectively, as analysed by flow cytometry.  
(B) CD64 and Ly6C median fluorescence intensity (MFI) of Ly6Chi liver monocytes and CD11bhi 
F4/80+CD64+ liver macrophages respectively, as analysed by flow cytometry. Bars show mean  SEM 
from one experiment representative of two independent experiment (n=4-5). Two-way ANOVA with 
Sidak’s post-test. **P<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 liver area was performed on recipient CD45.2 BALB/c 
mice that were reconstituted with CD45.1.2 bone marrow (BM) cells. Chimeric mice were 
percutaneously infected with 35 S. mansoni cercariae and liver leukocytes were analysed by flow 
cytometry at week 0, 4, 6, 8 and 10 after S. mansoni infection. Donor cells were identified based on 
CD45.1 expression.  
(C) Experimental design.  
(D) Representative flow cytometry contour plots of the chimerism in blood Ly6Chi monocytes in naive 
and S. mansoni infected mice.  
(E) Representative flow cytometry contour plots of liver F4/80+CD64+ macrophages analysis by flow 
cytometry.  
(F) Representative flow cytometry contour plots of the chimerism in CD11bhi or CD11blo liver 
F4/80+CD64+ macrophages as gated in E.  
(G) Chimerism in Ly6Chi liver monocytes and CD11bhi or CD11blo F4/80+CD64+ liver macrophages 
analysed by flow cytometry as in F. Normalized chimerism is presented as CD45.1+:CD45.1− ratios of 
the population in the liver over CD45.1+:CD45.1− ratios of blood monocytes. Bars show mean  SEM 
(n=4-5). Two-way ANOVA with Sidak’s post-test. ****P<0.0001 compared to naive mice. 
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Figure 3. Proliferation of Ly6Chi liver monocytes independently of IL-4 receptor signalling. 
Il4ra−/lox, Il4ra−/loxlyz2Cre, or Il4ra−/−  BALB/c mice were percutaneously infected with 35 S. mansoni 
cercariae. Intraperitoneal injection of EdU (500 µg/mouse in PBS) was performed 4 hours before 
endpoint and liver leukocytes were analysed by flow cytometry at week 0, 4, 6 and 8 after S. mansoni 
infection. The gating strategy is outlined in Fig S1. 
(A) Representative flow cytometry contour plots of EdU incorporation in Ly6Chi liver monocytes (top) 
and F4/80+CD64+ liver macrophages (bottom) in naive and S. mansoni infected mice.  
(B) Proportion of EdU+ cells in Ly6Chi liver monocytes (MOs) and CD11bhi or CD11blo F4/80+CD64+ 

liver macrophages (Mϕ) analysed by flow cytometry as in A. Symbols represent values from individual 
mice and bars show mean  SEM (n=4-5). *P<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 after S. mansoni infection in Il4ra −/loxlyz2cre mice. 
Il4ra−/lox or Il4ra−/loxlyz2Cre BALB/c mice were percutaneously infected with 35 (unless otherwise 
specified) S. mansoni cercariae. Survival and liver inflammation were characterized. 
(A) Survival rate of Il4ra−/lox and Il4ra−/loxlyz2Cre mice for different infectious doses. P>0.05 (n=8-10); 
Log-rank (Mantel-Cox) test  
(B) Total numbers of CD45+ leukocytes per liver. Results are shown as pooled data from two 
independent experiments (n=4-5 per experiment). Two-way ANOVA with Sidak’s post-test. 
(C) Picrosirius red staining of liver histological section showing representative at 10 weeks post-S. 
mansoni infection. Arrows indicate S. mansoni eggs 
(D) Granulomas volumes as measured on picrosirius red-stained liver sections from mice at 10 weeks 
post-S. mansoni infection. Symbols represent individual granuloma volumes and bars show mean  
SEM (n=4). Mann-Whitney test. 
(E) Cytokines production as quantified by ELISA on supernatant after 72h S. mansoni soluble egg 
antigen (SEA) ex vivo restimulation of cells from liver or hepatic LN (hLN). Symbols and bars show 
mean  SEM from one experiment representative of two independent 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 CD11bhi liver macrophages in S. mansoni-infected 
Il4ra −/loxlyz2Cre mice 
(A) RosatdRFPlyz2Cre reporter mice and littermate controls were percutaneously infected with 35 S. 
mansoni cercariae. Liver leukocytes were analysed and tdRFP expression in liver CD11bhi or CD11blo 
F4/80+ macrophages was detected by flow cytometry at week 7 post-infection. Overlays of 
representative contour plots from RosatdRFPlyz2Cre mice (red) or littermate control (blue) and 
quantification of tdRFP+ cells in the gated populations. Numbers on contour plot correspond to mean 
percentage of cells in each quadrant of RosatdRFPlyz2Cre mice. Symbols represent values from individual 
mice and bars show mean  SEM (n=3 to 4 mice). 
(B-E) Il4ra−/lox, Il4ra−/loxlyz2Cre, or Il4ra−/−  BALB/c mice were percutaneously infected with 35 S. 
mansoni cercariae and liver leukocytes were analysed at the given time-point.  
(B) Representative histogram and median fluorescence intensity (MFI) of CD124 (IL-4Rα) in 
Ly6G+CD11b+ liver neutrophils and CD11bhi or CD11blo F4/80+ liver macrophages at week 8 post-
infection.  
(C) Representative flow cytometry contour plots of Ym1 expression in F4/80+ liver macrophages at 
week 6 post-infection. 
(D) Proportion of Ym1+ cells in CD11bhi or CD11blo F4/80+ liver macrophages analysed by flow 
cytometry as in C.  
(E) Proportion of Relm-α+ cells in CD11bhi or CD11blo F4/80+ liver macrophages at week 6 post-
infection, as detected by flow cytometry. 
Symbols represent values from individual mice and bars show mean  SEM (n= 4-5). Two-way 
ANOVA with Sidak’s post-test. ****P<0.0001 compared to naive mice of the same genotype; 
###P<0.001, ####P<0.001 compared to Il4ra−/lox mice at the same infection time-point. 
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Figure 6. Depletion of CD169+ cells in S. mansoni infected CD169DTR/+ mice.  
CD169DTR/+ and CD169+/+ littermate control C57BL/6 mice were percutaneously infected with 35 S. 
mansoni cercariae and received DT by i.p. injection (250 ng/mouse) at regular intervals.  
(A) Experimental design.  
(B) Weight change after first administration of DT.  
(C) Liver granuloma volumes measured on picrosirius red-stained liver histological section at 7 and 10 
weeks post-S. mansoni infection. Symbols represent individual granuloma volumes and bars show mean 

 SEM (n=4).  
(D) Representative flow cytometry contour plot gated on liver F4/80+CD64+ macrophages and 
quantification of the proportion of CD11bhi and CD11blo macrophages 7 weeks after S. mansoni 
infection.  
(E) Representative flow cytometry contour plot and total number of Ly6Chi liver monocytes and 
F4/80+CD64+ liver macrophages 7 weeks after S. mansoni infection.  
(F) Representative overlaid histogram and median fluorescence intensity (MFI) of CD64 and CD11b 
expression by Ly6Chi liver monocytes and F4/80+CD64+ liver macrophages respectively, 7 weeks after 
S. mansoni infection, as determined by flow cytometry.  
Numbers on contour plots correspond to percent in each gate. Symbols represent values from individual 
mice and bars show mean  SEM (n=4-5). Mann Whitney test (C, E-F) or two-way ANOVA with 
Sidak’s post-test (B and D) 
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Supplemental figures 

 
Figure S1. Gating strategy for flow cytometry analysis of liver leukocytes. 
Representative contour plot of mice at week 0 (naive) or week 8 after infection with 35 S. mansoni 
cercariae demonstrating the gating strategy for flow cytometric analysis of liver leukocytes. Single cell 
suspension was obtained from livers as described in the materials and methods and stained with 
fluorochrome-conjugated antibodies against CD45 (PE-Cy7), SiglecF (PE-CF594), CD3 (APC), CD19 
(APC), Ly6G (APC), F4/80 (BV711), CD11c (Alexa-Fluor 700), CD11b (FITC), Ly6C (BV786), CD64 
a and b alloantigens (PE) and MHCII (eF450) and stained with fixable viability stain 510. Lineage (Lin) 
chanel (APC): antibodies against CD3, CD19 and Ly6G were all used conjugated with the same 
fluorochrome (APC). Viable cells were selected based on their FSC-A properties and low viability dye 
staining and doublets were excluded by gating on SSC-A/SSC-W plot. Leukocytes were then identified 
by their CD45 expression, eosinophils (siglecF+), neutrophils (Lin+CD11b+), B and T cells (Lin+CD11b-

) and dendritic cells (CD11c+F4/80-) were identified and sequentially excluded from analysis. T and B 
cells were differentiated based on CD3 or CD19 and MHCII expression, respectively. Monocytes 
(CD11b+Ly6Chi) were identified and excluded from the remaining cells then macrophages were gated 
as F4/80+CD64+ cells. For each contour plot, represented population is specified in the upper left corner. 
When PE channel was used to analyse CD124 expression or when tdRFP expressing cells were present 
in the sample, CD64 antibody was omitted and the same gating strategy was used except for 
identification of macrophages which were gated as F4/80+. When PE-CF594 channels were used to 
detect tdRFP-expressing cells, the same gating strategy was used with Alexa Fluor 647 conjugated-
antibody against SiglecF and APC-Cy7 or APC-H7 conjugated antibodies against CD3, CD19 and 
Ly6G. In chimeric mice experiments, antibodies CD45.1 (BV421) and CD45.2 (PE-Cy7) were used and 
the same gating strategy was applied. 
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Figure S2. Cre expression in RosatdRFPlyz2Cre mice after S. mansoni infection. 
Rosa+/tdRFPlyz2+/Cre reporter mice and littermate control were percutaneously infected with 35 S. mansoni 
cercariae or left untreated and tdRFP expression measured in liver leukocytes populations by flow 
cytometry at 7 weeks post-infection. 
(A) Breeding strategy to obtain Rosa+/tdRFPlyz2+/Cre reporter mice. 
(B) Overlap of representative flow cytometry contour plots from Rosa+/tdRFPlyz2+/Cre mice (red) or 
littermate control (blue) and quantification of RFP+ cells in the different populations of liver leukocytes. 
Numbers on contour plot correspond to mean percentage of RFP+ cells in the corresponding leukocyte 
population of Rosa+/tdRFPlyz2+/Cre mice. Results are shown as pooled data from two independent 
experiments (n=3-4). Symbols represent values from individual mice and bars show mean +- SEM. 
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Figure S3. S. mansoni infection mimics artificial deletion of KCs in recruiting Ly6C hi monocytes to the 
liver. 
Naive CD169DTR/+ and CD169+/+ littermate control C57BL/6 mice were injected intraperitoneally (i.p.) with DT 
(250ng/mouse) on day 0 and 1 and liver leukocytes were analysed by flow cytometry on day 2. The gating 
strategy is outlined in Fig S1.  
(A) Experimental design.  
(B) Representative flow cytometry contour plot and total number of Ly6Chi liver monocytes and F4/80+CD64+ 
liver macrophages.  
(C) Representative overlaid histogram and median fluorescence intensity (MFI) of CD64 and CD11b expression 
from Ly6Chi liver monocytes and F4/80+CD64+ liver macrophages, respectively, as detected by flow cytometry. 
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Figure S4. Liver response in DT-treated S. mansoni infected CD169DTR mice. 
CD169DTR/+ and CD169+/+ littermate control C57BL/6 mice were percutaneously with 35 S. mansoni cercariae and 
received DT by i.p. injection (250ng/mouse) at regular intervals as depicted in Fig. 6A. 
(A) Liver leukocyte responses at 7 and 10 weeks post-S. mansoni infection according to the gating strategy in Fig. 
S1. 
(B) Cytokine production as quantified by ELISA on supernatant after 72h of S. mansoni soluble egg antigen (SEA) 
ex vivo restimulation of hepatic LN (hLN) and liver cells. Symbols represent values from individual mice and bars 
show mean +- SEM. Two-way ANOVA with Sidak’s post-test.  
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Discussion 

Macrophages are highly plastic and polyfunctional cells that can adopt an array of phenotypes and 

functions according to the inflammatory environment and the tissue they reside in (Murray et al., 2014). 

It is now clear that inflammatory stimuli, such as in helminth infection, lead to an array of macrophage 

responses going from local proliferation and activation of resident macrophages to the recruitment of 

BM derived monocytes to the inflamed tissue where they differentiate into resident cells (Ruckerl and 

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

During helminth infection, type 2 cell-mediated responses dominate with high production of 

cytokines IL-4 and IL-13 that leads to the polarization of macrophages into aaMφs. aaMφs have been at 

the foresight in helminth immunology for the last two decades as being essential for immunity against 

nematode infections (Anthony et al., 2007; Turner et al., 2018), but also modulate parasite egg-driven 

inflammation during schistosomiasis (Horsnell and Brombacher, 2007). Immunomodulation by aaMφs 

was described either during the peak of egg production to regulate intestinal inflammation during acute 

schistosomiasis (Herbert et al., 2004), or during the chronic phase of the infection by down-modulating 

pro-fibrotic type 2 responses (Nair et al., 2009; Pesce et al., 2009a; Pesce et al., 2009b). But while liver 

fibrosis was modulated by Relm-α- and Arg1-producing aaMφs, the role of IL-4Rα-responsive 

macrophages during acute or chronic schistosomiasis still remains unappreciated. Indeed, conflicting 

results exist after infection of conditional knockdown Il4ra−/loxlyz2Cre mice that use lysozyme M (lyz2)-

dependent Cre expression for cell-specific deletion of the Il4ra locus (Herbert et al., 2004; Vannella et 

al., 2014); which left a number of questions unanswered. In the present study, we aimed to investigate 

the IL-4Rα dynamics of monocyte/macrophage responses in the liver during schistosomiasis. Whereas 

infection with filarial or gastrointestinal nematodes such as L. sigmodontis or H. polygyrus induced IL-

4-dependent local proliferation of resident macrophages through IL-4Rα-responsiveness (Jenkins et al., 

2011; Jenkins et al., 2013; Ruckerl et al., 2017), liver granuloma formation during schistosomiasis was 

rather associated with recruitment of Ly6Chi monocytes giving rise to macrophages of a resident 

phenotype (Girgis et al., 2014; Gundra et al., 2017; Nascimento et al., 2014). But the role of IL-4/IL-

13-dependent responses in the dynamics of liver responses to S. mansoni remained unknown, as well as 

the role of liver KCs. Here we comprehensively showed that Ly6Chi monocytes of BM origin 

progressively upregulated the macrophage marker CD64 and strongly proliferated by week 8 post-

infection to populate the liver and give rise to CD11bhi F4/80+CD64+ macrophages independently of IL-

4Rα-responsiveness. From that time point CD11bhi macrophages were the main macrophage population 

in the liver while KCs almost disappeared. 



  Experimental section – study 1 

95 

 

By looking at the susceptibility to S. mansoni infection after a range of low to high dose of infectious 

cercariae, we observed that Il4ra−/loxlyz2Cre mice were not dying at a different rate than littermate control 

mice, which was similar to the results described by Vannella and colleagues (Vannella et al., 2014). 

Granulomatous inflammation was however affected with Il4ra−/loxlyz2Cre mice developing bigger liver 

granulomas containing significantly more CD45+ leukocytes by week 8 post-infection, without 

significant effect on the proportion of immune cells composing the granulomas nor cytokine responses. 

These results suggested that lyz2-specific knockdown of IL-4Rα results in heightened liver inflammation 

globally at the peak of egg production as previously suggested (Herbert et al., 2004; Vannella et al., 

2014). But it remained unclear how S. mansoni infection affected the selective excision of IL-4Rα in 

Il4ra−/loxlyz2Cre mice. A previous report investigated the efficiency and specificity of lyz2-driven Cre 

expression using Rosa-EYFP reporter mice (Abram et al., 2014). While YFP expression was mainly 

specific to neutrophils and macrophages, the efficacy was variable according to the tissue with the 

majority of alveolar and peritoneal macrophages expressing YFP but less than 40% of spleen 

macrophages expressed the reporter protein. We used a similar approach to investigate the efficacy and 

specificity of lyz2-driven Cre expression in the liver using reporter Rosa-tdRFP mice. Our results 

validated the specificity of Cre expression on neutrophils and macrophages with only minimal leaking 

in T or B lymphocytes, eosinophils or DCs. But the efficacy of Cre expression was not absolute with a 

significant proportion of neutrophils or macrophages that did not express the reporter protein. 

Nevertheless Il4ra−/loxlyz2Cre mice developed heightened liver inflammation, which confirm that even 

though these mice did not achieve 100% expression of Cre recombinase in neutrophils and macrophages, 

it was sufficient to affect their response to S. mansoni infection and significantly impair IL-4/13-driven 

Ym1 and Relm-α expression. An important additional observation was that S. mansoni infection did not 

significantly affect Cre expression in macrophages in term of percent of RFP-expressing cells, 

suggesting that S. mansoni infection does not necessarily induce positive selection of IL-4Rα+ 

macrophages as previously shown in IL-4-induced local proliferation of resident macrophages (Jenkins 

et al., 2013). Thus, we provide a more comprehensive view of the cell-specific Cre expression in lyz2Cre 

mice and how it is affected during schistosomiasis.  

Importantly, CD11bhi macrophages were the main IL-4Rα-responsive cells producing large amounts 

of Ym1 and Relm-α whereas the expression of these aaMφ signature proteins was significantly reduced 

in S. mansoni-infected Il4ra−/loxlyz2Cre mice throughout the course of the infection; but Ym1 or Relm-α 

were not upregulated in CD11blo KCs. Ablation of CCR2-dependent monocytes after DT treatment of 

CCR2DTR mice during schistosomiasis resulted in impaired granuloma formation, weight loss and death 

(Nascimento et al., 2014), further highlighting the essential role of recruited CD11bhi macrophages to 

the liver to regulate inflammation. We observed that alternative activation was impaired in liver CD11bhi 

macrophages of Il4ra−/loxlyz2Cre mice after S. mansoni infection whereas these mice developed increased 
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granulomatous inflammation, which suggest that these cells contribute to regulating granuloma 

formation in the liver while signalling through IL-4Rα is probably not determinant in the protective 

functions of CD11bhi macrophages. 

Resident CD11blo KCs nearly disappeared progressively after S. mansoni infection as early as week 

4 p.i and was independent of IL-4Rα. Ablation of KCs is reminiscent of the macrophage disappearance 

reaction phenomenon of peritoneal macrophages (Barth et al., 1995). This observation was interesting 

as it questioned the role of CD11blo KCs during schistosomiasis. Depletion of CD169+ cells resulted in 

the depletion of CD11blo KCs but did not significantly impact on host survival, granuloma volumes or 

cytokine responses in the liver after S. mansoni infection. Such result was unexpected and could suggest 

that monocyte-derived aaMφs recruited to the liver fill the empty KC niche and mediate immune 

regulatory functions as well as the metabolic functions of KCs. Whether KC disappearance is the cause 

or the consequence of monocyte recruitment is not clear but we observed that inducing KCs death in 

CD169DTR mice resulted in a severe expansion of Ly6Chi monocytes upregulating CD64 whereas the 

few F4/80+CD64+ macrophages in the liver expressed high levels of CD11b, signing their monocyte 

origin. These results correlate with a recent report showing that KC death induction in Clec4fDTR mice 

specifically targeting KCs resulted in their replacement by macrophages of BM origin (Scott et al., 

2016). DT treatment of CD169DTR from week 5.5 after S. mansoni infection further enhanced the 

recruitment of Ly6Chi monocytes and their differentiation into macrophages. But during S. mansoni, 

these macrophages maintained a high expression of CD11b, suggesting that their phenotype is divergent 

to KCs of naive mice. Thus, our results suggest that S. mansoni infection induces the contraction of KCs 

that is associated with repopulating CD11bhi macrophages of BM origin in the liver.  

In conclusion, our findings further highlight the role of monocyte-derived aaMφs in regulating liver 

inflammation after S. mansoni infection while demonstrate that CD169+ cells, including resident 

CD11blo macrophages, are dispensable to control schistosomiasis. 
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Materials and Methods 

Parasites and infection 

S. mansoni-exposed snails were provided by the Schistosome Research Reagent Resource Center for 

distribution by BEI Resources, NIAID, NIH: S. mansoni, Strain NMRI exposed Biomphalaria glabrata, 

Strain NMRI (NR-21962). S. mansoni cercariae were collected from S. mansoni-exposed B. glabrata, 

counted and used for percutaneous infection as described (Tucker et al., 2013). Briefly, every mouse 

abdomen was shaved using a disposable razor and mice anesthetized by intraperitoneal injection of 16 

mg/kg of xylazine and 100 mg/kg of ketamine. Anaesthetized mice were maintained on the back and a 

metal ring placed on the shaved abdomen before 1 mL of water containing the desired number of 

cercariae was applied to the skin during 30 min to allow the attachment and penetration of cercariae. 

Inocula were checked for the absence of cercariae after the incubation period of percutaneous exposure. 

Animals 

The experiments, maintenance and care of mice complied with the guidelines of the European 

Convention for the Protection of Vertebrate Animals used for Experimental and other Scientific 

Purposes (CETS n° 123). The protocol was approved by the Committee on the Ethics of Animal 

Experiments of the University of Liège, Belgium (Permit Number: 1357, 1713 and 1849). All efforts 

were made to minimize suffering. Female BALB/cOlaHsd wild-type mice, 6–8 weeks old were 

purchased from Envigo (Venray, Netherlands). BALB/c Cd45.1+ genitor mice were generously provided 

by Prof. U. Eriksson (Center for Molecular Cardiology, University of Zurich). BALB/c Cd45.1+Cd45.2+ 

were obtained by crossing Cd45.1+ BALB/c mice with wild-type BALBc/OlaHsd (Cd45.2+). BALB/c 

Il4ra−/− lyz2Cre, Il4ra lox/lox and Il4ra−/−  genitor mice were obtained from the Prof. F. Brombacher 

(University of Cape Town, South Africa). BALB/c Il4ra−/loxlyz2Cre and littermate control Il4ra−/lox were 

obtained by crossing Il4ra−/− lyz2Cre and Il4ra lox/lox genitors. C57BL/6 Rosa26flSTOP-tdRFP were obtained 

from Prof. H.J. Fehling (University of Ulm, Germany) were crossed to BALB/c Il4ra−/− lyz2Cre to obtain 

Il4ra−/+ lyz2CreRosa26flSTOP-tdRFP and littermate control Il4ra−/+ Rosa26flSTOP-tdRFP. CD169DTR (B6;129-

Siglec1<tm1(HBEGF)Mtka>) mice (Miyake et al., 2007; Saito et al., 2001) were provided by Prof. F. 

Bureau (GIGA institute, ULiege, Belgium). Six to 8 weeks old female littermates were randomly 

assigned to experimental groups. During experiments, 4 to 5 female mice were cohoused per cage, food 

and water was provided ad libitum. All the animals were bred and/or housed in the University of Liège, 

Department of Infectious Diseases. 
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 Description Use 
CD45.1 BALB/c 
mice 

BALB/c mice normally  bear the b allele of 
the protein tyrosine phosphatase receptor 
type C gene (Ptprc or Cd45). These mice are 
designated as CD45.2 as opposed to 
congenic CD45.1 mice bear the a variant of 
Ptprc. The transmembrane protein CD45 is 
expressed on nucleated cells of 
hematopoietic origin (Raschke et al., 1995). 

Expression of the a and b alleles of Ptprc 
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). 

Il4ra-/- mice These mice lake the α chain of the type I and 
type II IL-4 receptors (IL-4Rα) on all cells 
(hematopoietic and non hematopoietic). By 
consequence, signaling for both IL-4 and IL-
13 is impaired (see Introduction Figure 6). 

IL-4 and IL-13 are two canonical 
cytokines of type 2 immune responses, 
therefore Il4ra-/- mice have a diminished 
type 2 immune. These mice are used to 
study the role of type 2 immunity during 
helminth infections. 

Lyz2Cre mice The Cre recombinase (Cre) is a tyrosine 
recombinase that mediates recombination 
through palindromic recombinase target sites 
(loxP sites here) (Anastassiadis et al., 2010). 
The Cre-loxP system is used to carry out 
conditional mutagenesis in mice : the control 
of Cre expression by a specific promoter 
determine the cell types that will be 
impacted by the recombination. 

Expression of Cre recombinase under 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 Lyz2Cre mice are commonly 
used to perform mutagenesis in myeloid 
cells. 

Il4ra lox/lox mice LoxP sites flank exons 7-9 of the Il4ra locus 
(Herbert et al., 2004).  

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

Rosa26flSTOP-tdRFP These mice bear a stop sequence flanked by 
loxP sites (flSTOP) followed by a sequence 
coding for tandem-dimer red fluorscent 
protein (tdRFP), under the control of 
ROSA26 promoter. The ROSA26 promoter 
is ubiquitously expressed in mice cells. 

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

Cd169DTR These mice bear a sequence coding for the 
human diphteria toxin receptor (DTR) in 
exon 1 of the gene coding for CD169 
(Miyake et al., 2007). 

Diptheria toxin administration induces 
the depletion of CD169+ cells. These 
mice have been used to induce the 
depletion of resident macrophages in 
several organs (Gupta et al., 2016a). 

Partial bone 
marrow chimeras 

Partial body irradiation was performed on 
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 with 
bone marrow cells of CD45.1.2 congenic 
mice. 

Flow cytometric analysis of CD45.2 and 
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 exposing CD45.2+ BALB/c mice to partial body lethal 

irradiation as described elsewhere (Machiels et al., 2017). Briefly, mice received a dose of 7 Gy in one 
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fraction delivered to the whole body except on the liver with a dedicated small animal radiotherapy 

device (SmART Irradiator from Precision X-Ray Inc). Radiation was delivered using a photon beam 

(maximum energy of 225 kV and 13 mA), which provided a dose rate of 3 Gy/min. The planning system 

SmART-plan (version 1.3.9 Precision X-ray, North Branford, CT) was used to plan, to calculate and to 

deliver the treatment. The dose delivered was almost 0 Gy to the liver, 7.5 Gy to the soft tissue and 20.5 

Gy to the bone. Prior to irradiation, mice received continuous isoflurane gas anaesthesia via induction 

in a chamber (0.5 L/min oxygen with 4.0% isoflurane). During irradiation, mice received continuous 

isoflurane anaesthesia gas via a nose cone (0.4 L/min oxygen with 1.5% isoflurane). The next day, mice 

were reconstituted by intravenous injection of a total of 5 × 106 BM cells isolated from femurs and tibias 

of BALB/c donor mice. From 1 week before to 3 weeks after irradiation, mice were given broad-

spectrum antibiotherapy (0.27g Trimethoprimum and 1.33g Sulfadiazinum per liter of drinking water, 

Emdotrim 10%, Ecuphar). Mice were left untreated for 8 weeks to allow complete reconstitution and 

chimerism of the different blood leukocytes populations was then confirmed by flow cytometry. 

Tissue processing and cell preparation 

After euthanasia, portal vein was sectioned and livers were perfused by injection of 10ml of ice-cold 

PBS through the left heart ventricle. Livers were removed, cut into pieces with scissors and incubated 

in DMEM containing 3mg/ml of collagenase IV (Sigma) for 20 (naive mice) to 40 (infected mice) 

minutes at 37°C and mashed through metallic sieve. All the tissue was then incubated at 37°C for a 

second period of 15 (naive mice) to 30 (infected mice) minutes and filtered on a 100µm cell strainer 

(Falcon). The resulting suspension was washed with DMEM and erythrocytes were lysed in red cell 

lysis solution (155mM NH4CL, 0.12mM EDTA, 10mM KHCO3). 

Flow cytometry 

Incubations were performed in FACS buffer (PBS containing 0.5% BSA and 0.1% NaN3) at 4°C. 

Cells were first incubated with anti-mouse CD16/32 antibody (clone 93, BioLegend) before 

fluorochrome-conjugated antibodies against surface antigens were added and incubated during 20 min 

at 4°C. Panels included antibodies to mouse CD11b (clone M1/70; FITC conjugated), F4/80 (BM8; 

BV711), Ly6C (HK1.4; BV786), CD3 (145-2C11; APC or APCCy7), CD45.1 (A20; BV421) and 

CD45.2 (104; PECy7) all from Biolegend; antibodies to mouse CD19 (1D3; APCC7), Ly6G (1A8; APC 

or APCH7), CD64 a and b alloantigens (X54-5/7.1; PE), SiglecF (E50-2440; PECF594 or AF647) and 

CD124 (mIL4R-M1; PE), all from BD biosciences and antibodies to mouse CD11c (N418; AF700), 

CD45 (30-F11; PECy7), CD19 (MB19-1; APC) and MHCII (M5/114.15.2; eF450), all from 

eBioscience. Dead cells were stained using Fixable Viability Stain 510 (BD Biosciences). In 

experiments in which intracellular staining was needed, cells were fixed in 2% paraformaldehyde 
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overnight and washed with Permeabilization Buffer (eBioscience) before being incubated with 

biotinylated antibodies against mouse-Ym1/Chitinase 3-like 3 (polyclonal goat IgG) or isotype control 

(goat IgG control) from R&D Systems or biotinylated antibody against mouse Relm-α (polyclonal 

rabbit) from Peprotech in Permeabilization Buffer for 20 min at 4°C, detected with BV650-conjugated 

streptavidin (BD Biosciences). Samples were analysed on a BD LSR Fortessa X-20 flow cytometer, cell 

sorting was performed on a FACS Aria IIIu (BD biosciences). 

In vivo EdU incorporation 

Mice were injected ip with EdU (500 µg/mouse in PBS, ThermoFisher Scientific) 4 hours before 

endpoint. Mice were euthanized and livers were processed as described above. Surface staining was 

performed and cells were fixed, permeabilized and stained for EdU using Click-it Plus EdU Pacific Blue 

Flow Cytometry Assay Kit (Invitrogen) following manufacturer instructions. Samples were analysed on 

a BD LSR Fortessa X-20 flow cytometer (BD Biosciences). 

Histology 

Liver were collected from PBS-perfused animals and immediately fixed in 10% neutral buffered 

formalin. Tissues were embedded, sectioned and stained with Picrosirius Red. Granulomas area were 

delimited on ImageJ software v1.8. Granulomas volumes were estimated by the volume of the 

corresponding sphere (V=4/3πr3), with r being half of the geometric mean between Feret and MinFeret 

diameters of the delimited area. 

Cytokine ELISA 

Singlecell suspensions were prepared from hLN (Barbier et al., 2012) and livers and cultured at 

2×106 cells/ml with or without 20 μg/ml SEA in Iscove’s modified Dulbecco’s medium supplemented 

with 10% fetal calf serum (Gibco). Culture supernatants were harvested at 72h for cytokine analysis 

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

Statistical analyses 

Statistical evaluation of different groups was performed either by analysis of variance (ANOVA) 

followed by the Dunnett or Sidak multiple-comparison test or by non-parametric Mann-Whitney test, as 

indicated. A p-value < 0.05 was considered significant. Statistical analyses were performed using Prism 

v6 (Graphpad, La Jolla, CA).
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Abstract 

Infection with parasitic helminths can imprint the immune system to modulate bystander 

inflammatory processes. Bystander or virtual memory CD8+ T cells (TVM) are non-conventional T cells 

displaying memory properties that can be generated through responsiveness to interleukin (IL)-4. 

However, it is not clear if helminth-induced type 2 immunity functionally affects the TVM compartment. 

Here, we show that helminths expand CD44hiCD62LhiCXCR3hiCD49dlo TVM cells through direct IL-4 

signaling in CD8+ T cells. Importantly, helminth-mediated conditioning of TVM cells provided enhanced 

control of acute respiratory infection with the murid gammaherpesvirus 4 (MuHV-4). This enhanced 

control of MuHV-4 infection could further be explained by an increase in antigen-specific CD8+ T cell 

effector responses in the lung and was directly dependent on IL-4 signaling. These results demonstrate 

that IL-4 during helminth infection can non-specifically condition CD8+ T cells, leading to a 

subsequently raised antigen-specific CD8+ T cell activation that enhanced control of viral infection. 

 

Introduction 

Soil-transmitted helminths and schistosomes infect more than a quarter of the world population, 

essentially afflicting people who live in areas of poverty in the developing world (Pullan et al., 2014). 

Heavy parasite infections cause morbidity and mortality that can occur at levels high enough to delay 

socio-economic development (Hotez et al., 2006). Low burden infections with helminths while mostly 

asymptomatic can still have bystander effects on other diseases, especially in the case of autoimmunity 

and allergy (Osbourn et al., 2017; Ramanan et al., 2016), thus advocating the use of specific helminths 

or derived products as therapeutic strategies while encouraging guided deworming campaigns (Wammes 

et al., 2014). However, how bystander helminth infections modulate the control of heterologous 

pathogens such as viruses is understood in only a limited number of contexts and reports of both 

beneficial and detrimental effects on viral pathology exist (Furze et al., 2006; McFarlane et al., 2017; 

Osborne et al., 2014; Reese et al., 2014; Scheer et al., 2014). 

Memory establishment and maintenance is the hallmark of the adaptive immune system and essential 

for ultimate control of many pathogens. B and T lymphocytes are unique in their ability to acquire 

immune memory against specific antigens (Ag) in order to provide these high levels of protection. 

However, these lymphocytes can also launch less stringent but still effective responses to either antigen 

or host immune responses (Guo et al., 2015; Horsnell et al., 2013). Furthermore, conditioning of T cells 

can impart memory-like properties and functions in absence of encounter of their cognate Ag (White et 
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al., 2016), and also be important for priming CD4+ T cells for subsequent type 2 immunity (Minutti et 

al., 2017a). This is also the case for CD8+ T cells; “bystander” or “virtual memory” CD8+ T cells (TVM) 

emerge from early in life in naive mice (Jameson et al., 2015; Smith et al., 2018; White et al., 2017) and 

also humans (Jacomet et al., 2015; Min et al., 2011) in the absence of specific Ag stimulation and are 

thus Ag-inexperienced. TVM cells have a memory-like phenotype with more effective responses to Ag 

encounter compared to naïve cells and characterized by expression of high levels of CD44 and also 

CD62L but low levels of CD49d (α4 integrin). TVM emerge in naive mice with an unrestricted TCR 

repertoire and in response to various stimuli including IL-15, IFN-I and IL-4 (Martinet et al., 2015; 

Renkema et al., 2016; White et al., 2016). While TCR involvement remains to be fully deciphered, 

recent data suggest that TVM are favored by stronger TCR signals against self-antigens but maintain self-

tolerance (Drobek et al., 2018; Lee et al., 2013b; Martinet et al., 2015; Renkema et al., 2016; White et 

al., 2016). Whereas TVM development in C57BL/6 mice mostly depend on IL-15, IL-4 is the main driver 

of TVM expansion in BALB/c mice (Tripathi et al., 2016).  

Parasitic helminths induce type 2 immunity characterized by high levels of IL-4 (Harris and Loke, 

2017). Bystander consequences of this strong induction of IL-4 on memory CD8+ T cells is not well 

understood. In this study, we show that infection with helminths (Schistosoma mansoni, Nippostongylus 

brasiliensis and Heligmosomoides polygyrus) or immunization with S. mansoni Ags, expands bystander 

TVM cells in secondary lymphoid tissues via IL-4. This Ag-nonspecific conditioning of CD8+ T cells 

prior to encounter of their specific Ag provides early and enhanced control of a subsequent 

gammaherpesvirus acute infection. This enhanced protection was the result of higher levels of virus-

specific CD8+ T cell effector responses. Thus, during helminth infection IL-4 expands and conditions 

TVM cells for more rapid CD8 responses against subsequent cognate Ag encounter.  
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Results 

Immunization with S. mansoni eggs alters the memory CD8+ T cell response in peripheral 

lymphoid tissue by increased CD44hiCD49dlo TVM  cells. 

To investigate how the TVM cellular compartment is affected by helminth-induced inflammation, we 

first used a well-characterized experimental model for inducing type 2 inflammation by helminth Ags, 

in which eggs of the trematode parasite S. mansoni are injected intra-peritoneally (i.p.) to 6-8 week-old 

female BALB/c mice before intra-venous challenge (i.v.) 2 weeks later, and responses measured at d22 

after the first injection (Figure S1a) (Joyce et al., 2012). We confirmed that S. mansoni eggs induced 

eosinophilic granulomas in the lung (Figure S1b) and typical type 2 inflammation with high levels of 

soluble schistosome egg Ag (SEA)-specific IgG1 (Figure S1c) and IL-4 production upon SEA 

restimulation of the dLN (Figure S1d).  

The CD8+ T cell populations were initially compared from lung, dLN and spleen of BALB/c mice 

subjected to S. mansoni egg immunization or not and according to their expression of CD44, CD62L 

and CD49d (Figure S1e). S. mansoni-driven type 2 inflammation did not induce significant increase of 

lung or spleen cellularity while cell numbers in the dLN were increased (Figure 1a). There was no overt 

response in the lung, despite increased true memory CD44hiCD49dhi T cell (TTM) proportions (Figure 

1b-d). However, responses in dLN and spleen were significantly affected with strikingly increased 

numbers and proportions of CD44hiCD49dlo T cells, corresponding to the TVM compartment. Increased 

levels of eomesodermin (Eomes) were also found in TVM cells after S. mansoni egg immunization 

whereas TVM retained low expression levels of T-bet (Figure 1e-f), a typical feature of TVM cells 

(Renkema et al., 2016). 

 

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

We then investigated the implication of IL-4 responsiveness in the expansion of the TVM pool after 

S. mansoni egg immunization. We confirmed that treatment with IL-4 complexes (IL-4c) strikingly 

induced CD44hiCD49dlo TVM cells (Ventre et al., 2012) expressing high levels of Eomes (Figure 2a and 

b). IL-4 drives the expansion of TVM cells expressing CXCR3 (Weinreich et al., 2009). Thus, we further 

included CXCR3 surface expression in our analyses and observed that the main part of CD44hiCXCR3hi 

cells expressed high levels of CD62L and that population expressed low levels of CD49d, corresponding 

to TVM cells (Figure 2c). The expansion of CXCR3hi TVM cells was further observed after S. mansoni 

egg immunization restricted to i.p. injection (Figure S2a) or immunization with SEA or the Th2-driving 
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schistosome egg recombinant protein omega-1 (Figure S2b). TVM expansion and Eomes upregulation 

was also observed in mice at later time points after S. mansoni egg immunization (d29 and d43 after 

initial ip), suggesting that conditioning of TVM is long lasting (Figure S2c). Furthermore, we also 

observed TVM expansion during other helminth-driven IL-4 dominated responses such as natural 

infection with N. brasiliensis at d10 pi (Figure S2d), and a significant TVM expansion and Eomes 

upregulation could also be observed by d35 pi (Figure S2e). In addition, natural infection with H. 

polygyrus at d15 pi (Figure S2f and g), and S. mansoni at week 7 pi (Figure S2h) also caused increased 

TVM cell responses. These results further indicated that IL-4-dominated responses to helminth Ags can 

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

S. mansoni egg injection to Il4ra−/− BALB/c mice did not result in the expansion of TVM cells (Figure 

2d) and unbiased restimulation of splenocytes with PMA and ionomycin resulted in increased IFN-γ 

production by CD8+ T cells that was dependent on IL-4 receptor expression (Figure 2e). We further 

sought to determine whether TVM expansion was directly dependent upon IL-4 responsiveness of CD8+ 

T cells. Mixed chimeras were generated with congenically distinct BM from WT or Il4ra−/− BALB/c 

mice and subjected to S. mansoni egg immunization (Figure 2f) or S. mansoni natural infection (Figure 

S2i). Similar chimerism was observed in both S. mansoni egg- or PBS-treated mice. As in the intact 

mice, the frequency of TVM cells and Eomes expression levels in TVM cells were significantly increased 

in the WT compartment after exposure to the parasite (Figure 2f and S2g). However, CXCR3hiCD49dlo 

TVM cells of the Il4ra−/− genotype were significantly reduced in naive mice compared to WT 

compartment and did not expand after helminth exposure. These results demonstrated that IL-4 

responsiveness of CD8+ T cells conditions and expands TVM cells after S. mansoni egg immunization or 

natural infection.  

Next, in order to examine whether IL-4-dependent TVM expansion would not also result from an Ag-

specific response to S. mansoni eggs, a tetramer-based enrichment was performed on an unrelated and 

randomly chosen population of CD8+ T cells expressing a TCR specific to the H-2Kd-restricted 

SYVPSAEQI peptide of the circumsporozoite protein (CSP280-288) of Plamodium yoelii (Figure S2j). We 

observed that exposure to S. mansoni eggs also caused increased proportions of CD44hiCXCR3hi CSP280-

288-specific CD8+ T cells (Figure 2g). These results further support that expansion of TVM induced by 

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

Ag-inexperienced TVM cells respond more quickly to their cognate Ag than naive T cells (Lee et al., 

2013a) and IL-4 signaling in memory CD8+ T cells were previously suggested to reduce effector 

responses (Ventre et al., 2012). Thus, we investigated whether expanding the TVM pool through helminth 

exposure would affect effector CD8+ T cell responses against heterologous Ags.  

Murid herpesvirus 4 (MuHV-4) is a gammaherpesvirus that infects the laboratory mouse and 

establishes long term persistence (Barton et al., 2011). Interestingly, levels of primary MuHV-4 lytic 

infection are directly dependent on effective development of effector CD8+ T cells (Tan et al., 2017). 

MuHV-4 was therefore used to assess virus-specific CD8+ T cell responses after exposure to helminth 

Ags. We first immunized 8-week-old female BALB/c mice with S. mansoni eggs before their infection 

with 1 × 104 plaque-forming units (PFU) of MuHV-4 intranasally under general anesthesia (Figure 3a). 

A control group consisted of PBS-treated mice. Immunization with S. mansoni eggs protected against 

transient weight loss caused by MuHV-4 respiratory infection (Figure 3b) and was associated with 

reduced levels of infection at d7 post-viral infection (pvi) as determined by immunostaining on lung 

tissue (Figure 3c) and plaque assay (Figure 3e). We next measured the levels of infection over time 

using MuHV-4-luc recombinant virus for live imaging of light emission centered on the thorax at day 

2, 5, 7 and 9 pvi (Francois et al., 2013). S. mansoni egg treatment resulted in significantly reduced levels 

of light emission by d7 pvi (Figure 3d). There was a similar early control of respiratory MuHV-4 

infection when BALB/c mice were infected 49 days after percutaneous exposure to S. mansoni cercariae, 

a time point corresponding to the peak of the response against the parasite eggs (Figure S3a), whereas 

enhanced control of viral infection was not apparent when mice were coinfected at earlier time points 

of the parasite life cycle. Likewise, enhanced control of viral infection was also observed when mice 

were infected with MuHV-4 at d6 or d35 after infection with N. brasiliensis (Figure S3b and c). 

Colonization of the host by MuHV-4 after lytic respiratory infection was not significantly affected 

by prior exposure to S. mansoni eggs as attested by live imaging of light emission centered on the 

superficial cervical LN (scLN, Figure 3f) and qPCR for viral genome detection in the spleen at d5, 7, 

11 and 20 pvi (Figure 3g). These observations further supported a role of CD8-dependent viral control 

during lytic replication as effective MuHV-4-specific CD8+ T cell responses were shown to be unable 

to control the establishment of viral latency (Stevenson et al., 1999b). We further observed that 

increasing MuHV-4 infectious dose resulted in enhanced control (Figure 3h) and daily imaging of mice 

infected with 1 × 104 PFU showed similar infection levels up to d5-6 pvi before being controlled in S. 

mansoni-exposed mice (Figure 3i), suggesting enhanced adaptive immune responses rather than 

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

We next assessed the immune response against MuHV-4 in BALB/c mice that were exposed to S. 

mansoni eggs or not. We observed no significant difference in the antibody responses against MuHV-4 

(Figure S4a) and global cellularity in lungs at d7 pvi was not affected (Figure S4b). Whereas eosinophils 

and DC numbers were significantly increased in mice exposed to S. mansoni eggs, numbers of 

neutrophils, macrophages, monocytes, B or CD4+ T cells were not affected (Figure S4b). Strikingly, the 

frequency and number of lung CD8+ T cells was significantly increased at d7 pvi in mice immunized 

with S. mansoni eggs (Figure 4a-c) and mice infected percutaneously with S. mansoni cercariae 7 weeks 

before MuHV-4 infection (Figure 4d). Such enhanced CD8+ T cell response was associated with 

increased proportions of CD44hiCD62Llo effector T cells (Figure 4e). We further observed that effector 

CD44hiCD62LloCD49dhi CD8+ T cell responses were transiently but significantly increased by d7 pvi in 

the bronchoalveolar lavage fluid (BALF) and lungs of mice prior exposed to S. mansoni eggs (Figure 

4f), as well as short-lived effector T cells (KLRG1+CD127−) (Figure 4g). These results suggest that prior 

exposure to helminths enhances CD8+ T cell responses after MuHV-4 infection.  

 

Virus-specific effector CD8+ T cells responses are enhanced after exposure to helminths. 

We further sought to evaluate the effector role of CD8+ T cell responses against MuHV-4 infection 

in BALB/c mice after exposure to S. mansoni eggs. Interferon (IFN)-γ and granzyme B (GzmB) 

expression levels in BAL were significantly increased by d7 pvi (Figure 5a) and unbiased restimulation 

of lung cells with PMA and ionomycin caused significantly increased co-production of IFN-γ and TNF-

α by CD8+ T cells (Figure S5a and b).  

In order to assess the MuHV-4-specific CD8+ T cell response, we took advantage of H-2b congenic 

BALB/B mice in which the response against the well-established MuHV-4 immunodominant H-2Db-

restricted AGPHNDMEI (ORF6487-495) and H-2Kb-restricted SVYGFTGV (ORF61524-531) epitopes could 

be measured (Stevenson et al., 1999a). We initially measured thoracic light emission after MuHV-4-luc 

infection of BALB/B mice and observed similar enhanced control of viral infection at d7 pvi (Figure 

5b). Strikingly, tetramer staining (Figure 5c-d) and peptide restimulation (Figure 5e-f) revealed 

significantly increased MuHV-4-specific responses in the BALF and lung in BALB/B mice that were 

initially exposed to S. mansoni eggs. Similar increased MuHV-4-specific responses by d7 pvi were 

observed when mice where infected at d29 or d43 after the initial ip injection of S. mansoni eggs (Figure 

S5c). Moreover, infection of BALB/B mice with 1 × 104 PFU of MuHV-4 intranasally after their initial 
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infection with N. brasiliensis resulted in higher MuHV-4-specific CD8+ T cell responses at d7 pvi 

(Figure S5d-h).  

The results in Figure 2e showed that S. mansoni eggs induced expansion of TVM cells expressing a 

TCR able to recognize MHC tetramers presenting the P. yoelii CSP280-288 peptide, absent from S. 

mansoni Ags. In order to examine the development of effector Ag-specific responses from CSP280-288-

specific CD8+ T cells, we infected BALB/c mice with a MuHV-4-luc-CSP virus expressing a modified 

luciferase protein in which the H-2Kd-restricted CSP280-288 peptide was inserted in-frame (Figure S5i). 

We observed enhanced control of MuHV-4-luc-CSP infection in the lung by d7 pvi which was 

associated with an increased response of effector CSP280-288-specific CD8+ T responses (Figure 5g), 

further supporting that TVM are conditioned by exposure to helminths, which could explain the enhanced 

effector responses against their cognate Ag. 

To further investigate whether the enhanced Ag-specific CD8+ T cell response against MuHV-4 was 

responsible for the early viral control observed in mice treated with S. mansoni eggs, mice were treated 

with depleting antibodies against CD8 or CD4 one day before MuHV-4 infection and then at d1 and d4 

pvi (Figure 5h). While depletion of CD4 did not inhibit the early control of MuHV-4 infection observed 

in mice exposed to S. mansoni eggs, the absence of CD8+ cells resulted the total loss of such early 

control. These results demonstrate a CD8-dependent mechanism of enhanced control of viral infection 

and strongly suggest that S. mansoni egg immunization rendered CD8+ T cell responses more efficient 

to clear MuHV-4 infection, independently of CD4+ T cells. 

 

Exposure to helminths expands TVM  compartment with discrete phenotypic changes. 

To further investigate TVM phenotypic changes after exposure to S. mansoni eggs, we compared gene 

expression profiles between PBS- or S. mansoni egg-treated TVM cells by RNA sequencing of  

FACsorted TVM cells from the spleen (Figure S6). In total, we observed 29 differentially expressed (DE) 

genes (log2-fold change > ±0.5, P < 0.1) (Figure 6a and 6b) and principal-component analysis (PCA) 

revealed clustering of PBS- or S. mansoni egg-treated TVM cells (Figure 6c). Among genes upregulated 

in S. mansoni egg-induced TVM cells, we observed some genes related to cytotoxicity functions (Gzma, 

Ctla2a, Slc16a2), cytokine-cytokine receptor interaction (Ccr2, Ccr5) or IFN-I responses (Mx1) (Figure 

6b). Further analysis of molecular signatures with BubbleGUM (Spinelli et al., 2015), a tool allowing 

gene-set enrichment analysis of transcriptomic data, revealed that among the selected gene-sets exposure 

to S. mansoni eggs induced a shift toward higher expression of genes implicated in IFN-γ and IFN-I 

responses whereas reduced expression of genes involved in cholesterol homeostasis (Figure 6d). These 
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data demonstrate that naive or S. mansoni egg-induced TVM cells are phenotypically distinct and further 

suggest that this memory T cell population has enhanced capacity to initiate an anti-viral response. 

Besides affecting their transcriptomics phenotype, exposure to S. mansoni eggs leads to TVM expansion 

that could be due to IL-4 provoking their proliferation. However, EdU incorporation in vivo after S. 

mansoni egg immunization did not show overt proliferation in TVM cells but did so in TTM cells after a 

single EdU administration 4h before harvest (Figure 6e). After a single injection of S. mansoni eggs, we 

observed that levels of IL-4 response to SEA increased by day 4 after injection associated with the 

expansion of TVM cells (Figure 6f). However, only TTM cells showed significant proliferation and EdU 

incorporation over time after S. mansoni egg injection remained low in TN and TVM (Figure 6g). TVM 

expansion could also result from a recruitment to the secondary lymphoid organs. To address this 

hypothesis, we treated mice with the sphingosine-1 phosphate receptor signaling FTY720 to inhibit 

recruitment of lymphocytes to the spleen. FTY720 treatment did not impair the IL-4-dependent 

expansion of TVM in the spleen (Figure 6h), although the extent of the expansion was slightly affected 

by inhibition of lymphocyte trafficking. In addition, bulk CD8+ T lymphocytes isolated from the spleen 

of naive mice were transferred to congenic naive BALB/c mice before immunization with S. mansoni 

eggs. TVM expansion occurred irrespective of their donor or recipient origin (Figure 6i), further 

suggesting that helminth-induced TVM expansion can occur in peripheral CD8+ T lymphocytes. Thus, 

these results suggest that the observed TVM expansion likely result from the conversion from naive T 

cells rather than proliferation or recruitment of TVM cells. 

 

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

Next, we investigated the role of IL-4 responsiveness in the early control mediated by CD8+ T cells 

after exposure to helminth Ags. We first used S. mansoni eggs to immunize WT or Il4ra−/−  BALB/c 

mice before subjecting them to intranasal MuHV-4 infection (Figure 7a). Il4ra−/−  mice did not display 

the enhanced control of MuHV-4 infection observed in WT mice, with Il4ra−/−  mice exposed to S. 

mansoni eggs displaying similar to higher thoracic light signals. The lack of helminth-mediated early 

control of MuHV-4 infection in Il4ra−/−  mice was further associated with the absence of increased CD8+ 

T cells in the lung at d7 pvi (Figure 7b). These results suggest that IL-4 signaling during helminth-

elicited inflammation governs the early capacity of BALB/c mice to generate effector CD8+ T cells and 

control viral infection.  

To examine whether the presence of S. mansoni eggs in the pulmonary niche conditions the early 

control of MuHV-4 infection after exposure to helminth Ag, we injected S. mansoni eggs to 8-week-old 

female BALB/c mice twice via the i.p. route at 2 weeks interval before MuHV-4-luc infection 
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intranasally at d22 (Figure S7a). We found that the presence of S. mansoni eggs in the lung was 

dispensable for the early control of viral infection, with significantly reduced light emission signals by 

d7 pvi. In addition, treatment with IL-4c at 2 days interval (d0 and d2) before MuHV-4-luc infection 

intranasally at d4 reduced the levels of light emission reporting infection (Figure 7c), which was 

associated with enhanced effector CD8+ T cell responses in the lung after MuHV-4 infection (Figure 7d 

and e). These results further suggest the role of IL-4-induced TVM cells in contributing to the early 

effector CD8+ T cell responses against MuHV-4 infection.  

The impact of IL-4 sensitivity of CD8+ T cells after immunization with S. mansoni eggs on 

subsequent responses against MuHV-4 infection was further investigated by co-transfer of “TVM-rich” 

WT and “TVM-poor” Il4ra−/−  purified CD8+ T cells from PBS- or S. mansoni egg-treated mice cells in 

equivalent numbers to congenic PBS- or S. mansoni egg-treated BALB/c mice (Figure S7b). Mice were 

then infected or not with MuHV-4. The absolute numbers of donor WT and Il4ra−/−  CD8+ T cells 

localizing to the lung tended to increase at 7 day pvi (Figure 7f), and analysis of WT:Il4ra−/−  donor cell 

ratios normalized to uninfected mice demonstrated significant enrichment of donor WT CD8+ T cells 

compared to donor Il4ra−/−  CD8+ T cells when the mice were initially treated with S. mansoni eggs 

(Figure 7g). Importantly, IL-4 signaling in CD8+ T cells resulted in significantly increased IFN-γ 

production after unbiased restimulation of lung cells from S. mansoni egg-treated mice after MuHV-4 

infection, compared to the donor Il4ra−/−  CD8+ T cell compartment (Figure 7h). These results 

demonstrated that IL-4 signaling in CD8+ T cells, probably through expansion of TVM cells, contributes 

significantly to condition effective anti-viral CD8+ T cell responses and that IL-4Rα-dependent S. 

mansoni egg-induced inflammation in the lung environment alone is not sufficient to significantly 

enhance CD8+ T cell responses. Nonetheless, it was unclear whether S. mansoni egg-induced TVM cells 

could outcompete their naive counterparts. Thus, we adoptively co-transferred TVM cells FACsorted 

from PBS- and S. mansoni egg-treated mice cells in equivalent numbers to congenic naive BALB/c mice 

(Figure S7d). At d7 after MuHV-4 infection, effector T cells originating from transferred TVM cells could 

be detected in lungs and BALF demonstrating the contribution of TVM cells to the effector anti-viral 

CD8 response (Figure 7i). However, no significant differences could be observed between naive or Sm 

egg-induced TVM compartments (Figure 7j). Thus, although phenotypically distinct to naive TVM cells, 

preliminary expansion of TVM cells contributes to the early control of MuHV-4 infection. 
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Figure 1. S. mansoni eggs induce type 2 inflammation and CD44hiCD49dlo CD8+ T cell expansion 
in the draining LN and spleen. 
BALB/c mice were injected with S. mansoni (Sm) eggs i.p. and challenged i.v. (5,000/injection) at d14 
before analysis at d22 (experimental design outlined in Fig S1a ; gating strategy for flow cytometry 
analysis outlined in Fig S1e).  
(a) Absolute cell number at d22 in the indicated tissue.  
(b) Representative flow cytometry contour plots of gated CD8+ T cells from the indicated tissue at d22. 
Numbers indicate events percent in each gate. 
(c) Cell number of CD44lo (naive T cells, TN), CD44hiCD49dhi (true memory T cells, TTM) and 
CD44hiCD49dlo (virtual memory, TVM) CD8+ T cells in the indicated organ at d22, as determined by 
flow cytometry. 
(d) Percentage of CD44lo TN, CD44hiCD49dhi TTM and CD44hiCD49dlo TVM cells in CD8+ T cells in the 
indicated organ at d22, as determined by flow cytometry. 
(e) Representative flow cytometry histograms of Eomes and T-bet expression of PBS- or Sm egg-treated 
spleen CD8+ T cells populations, as analysed by flow cytometry. Gates were placed on CD44lo TN, 
CD44hiCD49dhi TTM and CD44hiCD49dlo TVM cells.  
(f) Median fluorescence intensities (MFI) of T-bet and Eomes at d22 from the indicated spleen CD8+ T 
cell populations. 
Statistical significance calculated using two-way analysis of variance (ANOVA) and Dunnett’s (PBS 
as reference mean) or Sidak’s multiple comparison-test (**P < 0.01, ***P < 0.001, ****P < 0.0001). 
Data are representative of three independent experiments with 4 mice per group (mean ± s.e.m. in a, c-
d, f). 
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 Figure 2 
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Figure 2. IL-4 signaling in CD8+ T cells drives CXCR3hi TVM  expansion after S. mansoni egg 
immunization. 
(a-b) IL-4c were injected to BALB/c mice at d0 and d2 before analysis at d4 (gating strategy outlined 
in Fig S1e).  
(a) Percentages of naive T cells (TN, CD44lo), true memory (TTM, CD44hiCD49dhi) and virtual memory 
(TVM, CD44hiCD49dlo) cell populations in spleen CD8+ T cells, as determined by flow cytometry. 
(b) Median fluorescent intensity (MFI) of Eomes in spleen TVM cells, as determined by flow cytometry.  
(c) BALB/c mice were injected with S. mansoni (Sm) eggs i.p. and challenged i.v. (5,000/injection) at 
d14 before analysis at d22. Representative flow cytometry contour plots gated on CD8+ T cells from the 
spleen. Gates were placed depending on CD44 and CXCR3 expression to define CD44loCXCR3lo TN, 
CD44hiCXCR3lo Tint, CD44hiCXCR3hiCD62LloCD49dhi TTM and CD44hiCXCR3hiCD62LhiCD49dlo TVM 
cells and the percentage of each population was graphed. Flow cytometry histogram overlay shows 
respective CD49d expression in each population.  
(d-e) WT and Il4ra-/- BALB/c mice received one single i.p. injection of S. mansoni (Sm) eggs before 
analysis at d7.  
(d) Percentages of spleen CD44hiCXCR3hiCD49dlo TVM cells in WT and Il4ra−/− mice, as determined by 
flow cytometry. 
(e) Percentage of IFN-γ producing splenic CD8+ T cells from WT and Il4ra−/− mice following ex vivo 
restimulation with PMA and ionomycin, as determined by flow cytometric analysis. 
(f) Mixed BM chimeras were generated by introducing WT CD45.1 and Il4ra−/− CD45.2 BALB/c donor 
bone marrow into lethally irradiated WT CD45.1.2 BALB/c hosts. Eight weeks later, chimeric mice 
were injected with S. mansoni (Sm) eggs i.p. and challenged i.v. (5,000/injection) at d14 before analysis 
at d22. Representative flow cytometry contour plots of both WT and Il4ra-/- compartment of the spleen 
of a Sm egg-treated mice are shown. Percentage of chimerism; percentage of CD44hiCD49dhi TTM and 
CXCR3hiCD49dlo TVM in CD8+ T cells; median fluorescent intensity (MFI) of Eomes in TVM for both 
donor populations in spleen are shown. 
(g) BALB/c mice were injected with S. mansoni (Sm) eggs i.p. and challenged i.v. (5,000/injection) at 
d14 before analysis at d22. Tetramer-based enrichment of P. yoelii CSP280-288-specific CD8+ T cells (Kb 
CSP280-288 tetramer) was performed on pooled spleen and lymph nodes from individual BALB/c mice. 
Total tetramer+ cells numbers, representative flow cytometry dot plots of tetramer+ cells (numbers 
indicating mean percent of each gated population) and percentages of the indicated populations from 
tetramer+ cells in the enriched fraction are shown. 
Statistical significance calculated using two-way analysis of variance (ANOVA) and Dunnett’s (PBS as 
reference mean) or Sidak’s multiple comparison-test (** P < 0.01, ***P < 0.001, ****P < 0.0001). Data 
are representative of two to three independent experiments with three to nine mice per group (mean ± 
s.e.m.). 
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Figure 3. S. mansoni egg immunization ameliorates the control of MuHV-4 lung infection. 
BALB/c mice were injected with S. mansoni (Sm) eggs i.p. and challenged i.v. (5,000/injection) at d14. 
At d22, MuHV-4-luc virus was administered i.n. (b-g and I : 104 PFU per mouse; h: 103, 104 or 105 PFU 
per mouse in 30 μL PBS).  
(a) Experimental design. 
(b) Body weight change as percentage of initial weight at d0 of the viral infection.  
(c) Immunostaining of lung section from MuHV-4-infected cells in a representative PBS- or Sm egg-
treated mouse at d7 post-MuHV-4 infection. Arrows indicate positive AEC signal. Dotted line shows 
boundaries of an egg-centered (#) granuloma. 
(d) Combined dorsal and ventral measurements by live imaging of thoracic light emission following D-
luciferin injection, overtime post-MuHV-4 infection. p/s = photons per second. Representative 
photographs of bioluminescence signals of two mice per group at d7 post-MuHV-4 infection are shown. 
(e) Lung viral titers at d7 post-MuHV-4 infection, as determined by plaque assay. 
(f) Ventral measurements by live imaging of superficial cervical lymph nodes (scLN) region light 
emission following D-luciferin injection, overtime post-MuHV-4 infection. p/s = photons per second.  
(g) Splenic MuHV-4 DNA copy numbers overtime post-MuHV-4 infection, as determined by qPCR. 
(h) Combined dorsal and ventral measurements by live imaging of thoracic light emission following D-
luciferin injection, overtime post-MuHV-4 infection with 3 different infectious dose. p/s = photons per 
second. 
(i) Combined dorsal and ventral measurements by daily live imaging of thoracic light emission following 
D-luciferin injection, overtime post-MuHV-4 infection. p/s = photons per second. 
Statistical significance calculated using two-way analysis of variance (ANOVA) and Sidak’s multiple 
comparison-test (**P < 0.01, ***P < 0.001, ****P < 0.0001). Data are representative of three 
independent experiments with five to ten mice per group (mean ± s.e.m. in b, e-i). 
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Figure 4. S. mansoni egg immunization augments effector/memory CD8+ T cell responses to 
MuHV-4 infection. 
BALB/c mice were injected with S. mansoni (Sm) eggs i.p. and challenged i.v. (5,000/injection) at d14 
as outlined in Figure 3a (a-c and e-g) or infected with S. mansoni cercariae (35 cercariae per mouse, 
percutaneous infection; d) before being infected i.n. with MuHV-4-luc virus at d22 (a-c and e-g) or d49 
(d) (104PFU per mouse in 30µl of PBS). 
(a) Representative flow cytometry contour plots of gated lung CD3+ T cells at d7 post-MuHV-4 
infection. Gated population and numbers indicates the percentage of CD8+ T cells.  
(b) Percentage and numbers of lung CD8+ T cells at d7 post-MuHV-4 infection, as determined by flow 
cytometry. 
(c) Percentage and numbers of CD8+ T cells at d7 post-MuHV-4 infection in the indicated organs, as 
determined by flow cytometry. 
(d) Number of lung CD8+ T cells at d7 post-MuHV-4 infection, of mice previously infected with S. 
mansoni cercariae, as determined by flow cytometry. 
(e) Percentage of lung effector/memory CD8+ T cells (CD44hiCD62Llo) as determined by flow 
cytometry. 
(f) Percentage of broncho-alveolar lavage fluid (BALF) and lung CD8+ T cells and effector/memory 
(CD44hiCD62LloCD49dhi) CD8+ T cells at the indicated time points after MuHV-4 infection, as 
determined by flow cytometry. 
(g) Percentage of broncho-alveolar lavage fluid (BALF) and lung short-lived (SLEC, KLRG1+CD127−) 
and memory precursor (MPEC, KLRG1−CD127+) effector CD8+ T cells after MuHV-4 infection. 
Statistical significance calculated using two-way analysis of variance (ANOVA) and Sidak’s multiple 
comparison-test (**P < 0.01, ***P < 0.001, ****P < 0.0001). Data are representative of two to three 
independent experiments with four to five mice per group (mean ± s.e.m. in b-g). 
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Figure 5. S. mansoni immunization augments specific anti-viral CD8+ T cell responses to control 
lytic MuHV-4 infection. 
BALB/c (a, b, g and h) or BALB/B (b-f) mice were injected with S. mansoni (Sm) eggs i.p. and 
challenged i.v. (5,000/injection) at d14 before being infected i.n. with MuHV-4-luc (a-f, h) or MuHV-
4-luc-CSP (g) virus at d22 (104PFU per mouse in 30µl of PBS) as outlined in Figure 3a. 
(a) IFN-γ and GzmB concentrations in the BALF overtime after MuHV-4 infection, as determined by 
ELISA. 
(b) Combined dorsal and ventral measurements by live imaging of thoracic light emission following D-
luciferin injection, of BALB/c and BALB/b mice, overtime post-MuHV-4 infection. p/s = photons per 
second. Representative photographs of bioluminescence signals of two mice per group at d7 post-
MuHV-4 infection are shown. 
(c) Representative flow cytometry contour plots of DbORF6487-495 and KbORF61524-531 MuHV-4-specific 
tetramer stainings of lung CD8+ T cells, at d7 post-MuHV-4 infection. Numbers in gate indicate 
percentage of tetramer-positive in CD8+ T cells. Mean ± s.e.m. are shown. 
(d) Number of tetramer+ (DbORF6487-495 or KbORF61524-531) MuHV-4-specific CD8+ T cells in the 
broncho-alveolar lavage fluid (BALF) and lung at d7 post-MuHV-4 infection, based on flow cytometry 
analysis as in c. 
(e) Representative flow cytometry contour plots of gated lung CD8+ T cells at day 7 post-MuHV-4 
infection showing IFN-γ and TNF-α production following ex vivo MuHV-4 ORF6487-495 or ORF61524-531 
peptide restimulation. Numbers indicate percentage in each quadrant.  
(f) Percentage of IFN-γ and TNF-α co-producing lung CD8+ T cells after MuHV-4 ORF6487-495 or 
ORF61524-531 peptide ex vivo restimulation, determined by flow cytometry analysis as in e. 
(g) Combined dorsal and ventral measurements by live imaging of thoracic light emission following D-
luciferin injection, overtime post-MuHV-4-luc-CSP infection and number of tetramer+ (KdCSP280-288) 
CD8+ T cells in the broncho-alveoler lavage fluid (BALF) and lung at d7 post-MuHV-4 infection. p/s = 
photons per second.  
(h) Anti-CD8 (YTS-169.4) or anti-CD4 (GK1.5) antibodies were injected i.p. at d-1, d1 and d4 after 
MuHV-4 infection. Combined dorsal and ventral measurements by live imaging of thoracic light 
emission following D-luciferin injection, overtime post-MuHV-4 infection. p/s = photons per second.  
Statistical significance calculated using two-way analysis 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 
independent experiments with four to five mice per group (mean ± s.e.m. in a, b, d-h). 
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Figure 6. Phenotypic changes in helminth-driven TVM  cells. 
(a-d) BALB/c mice were injected with S. mansoni (Sm) eggs i.p. and challenged i.v. (5,000/injection) 
at d14 before analysis at d22 (experimental design outlined in Fig S1a). Transcriptomics analysis was 
realized on FACS sorted spleen TVM. 
(a) Summary of differentially expressed (DE) genes (P<0.1) showing DE genes in red in volcano plot, 
showing the total number of DE genes outside the bidirectional arrows, and showing in the arrowheads 
the direction of upregulated expression for all, moderately (log 2-fold change ± 0.5-2) and highly (log 
2-fold change > 2) DE genes.  
(b) Heatmap of DE genes (P<0.1, change in expression of over 1.5-fold). Left margin shows hierarchical 
clustering and right annotation indicate gene symbols.  
(c) Principal component analysis. 
(d) Enrichment for transcriptomic fingerprints for selected hallmark gene sets from the MSigDB by 
gene-set-enrichment analysis with BubbleGUM software. WT_AND_STAT5A-/-_STAT5B+/- and 
WT_AND_STAT5A-/-_STAT5B+/- gene-sets were obtained from published data(Villarino et al., 
2016). Key color indicates cell subset showing enrichment for the gene set, and size of symbols and 
color intensity indicate significance of enrichment (surface area proportional to absolute value of the 
normalized enrichment score (NES); color intensity indicates the false-discovery rate (FDR)). Numbers 
in parentheses (above) indicate number of genes). NS, not significant. 
(e) BALB/c mice were injected with S. mansoni (Sm) eggs i.p. and challenged i.v. (5,000/injection) at 
d14 before analysis at d22 (experimental design outlined in Fig S1a). Mice were injected i.p. with EdU 
4h before harvest (1× EdU) or at d18, 19, 20 and 21 after Sm egg i.p. injection (4× EdU). Representative 
flow cytometry contour plot showing EdU incorporation in spleen CXCR3hiCD49dlo TVM and CD49dhi 
TTM cells and bar plot showing percentage of EdU+ cells from each population.  
(f,g) BALB/c mice received one single i.p. injection with S. mansoni (Sm) eggs (5,000 per injection, 
i.p.).  
(f) Percentages of TVM cells in the spleen, as determined by flow cytometry, and IL-4 levels in 
supernatant after SEA ex vivo restimulation of splenocytes as determined by ELISA, at the indicated 
time points post-Sm egg i.p. injection. 
(g) Mice were injected i.p. with EdU 4h before harvest. Percentage of EdU+ TTM, TVM, or TN cells in the 
spleen at the indicated time points post-Sm egg i.p. injection, as determined by flow cytometry. 
(h) IL-4c were injected at d0 and d2 and FTY720 was injected daily from d0 to BALB/c mice, before 
analysis at d4. Percentages of TVM cells in the spleen as determined by flow cytometry. 
(i) Spleen CD8+ T cells were adoptively transferred to congenic mice on d-1 before a single injection of 
Sm eggs (5,000/injection, i.p.) on d0 and analysis on d7. Percentages of spleen TVM cells and IFN-γ-
producing CD8+ T cells upon ex vivo restimulation with PMA and ionomycin of splenocytes are shown 
in recipient and donor cells. 
Statistical significance calculated using two-way analysis 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 
independent experiments with three to five mice per group (mean ± s.e.m. in e,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 Il4ra-/- BALB/c mice were injected with S. mansoni (Sm) eggs i.p. and challenged i.v. 
(5,000/injection) at d14. At d22, MuHV-4-luc virus was administered i.n. (104PFU per mouse in 30µl 
of PBS). 
(a) Combined dorsal and ventral measurements by live imaging of thoracic light emission following D-
luciferin injection, overtime post-MuHV-4 infection. p/s = photons per second. 
(b) Percentage and numbers of lung CD8+ T cells at d7 post-MuHV-4 infection, as determined by flow 
cytometry. 
(c-e) BALB/c mice were injected i.p. with IL-4c at d0 and d2 and infected with MuHV-4-luc at d4 
(104PFU per mouse in 30µl of PBS). 
(c) Combined dorsal and ventral measurements by live imaging of thoracic light emission following D-
luciferin injection, overtime post-MuHV-4 infection. p/s = photons per second. 
(d) Percentage and numbers of lung CD8+ T cells and proportions of lung CD44hiCD62LloCD49dhi 
effector CD8+ T cells at d7 post-MuHV-4 infection, as determined by flow cytometry. 
(e) Percentage of IFN-γ producing lung CD8+ T cells after ex vivo estimulation with PMA and ionomycin 
at d7 post-MuHV-4 infection, as determined by flow cytometry.  
(f-h) BALB/c mice were injected with S. mansoni (Sm) eggs i.p. and challenged i.v. (5,000/injection) at 
d14. At d22, CD8+ T cells were enriched by negative magnetic selection from spleen of WT CD45.1 or 
Il4ra−/−  CD45.2 mice treated with PBS or Sm eggs before co-transfer in PBS- or Sm egg-treated 
congenic CD45.1.2 WT recipient mice, followed by MuHV-4-luc i.n. infection (104PFU per mouse in 
30µl of PBS) as outlined in Figure S7b.  
(f) Numbers of donor cells from each origin recovered from lungs at d7 post-MuHV-4 infection, as 
determined by flow cytometry.  
(g) Ratio of WT over Il4ra-/- donor cells in lungs at d7 post-MuHV-4 infection, normalized on uninfected 
control group (PBS or Sm egg-treated uninfected mice respectively for PBS or Sm egg-treated MuHV-
4 infected mice), as determined by flow cytometry.  
(h) Percentage of IFN-γ producing donor CD8+ T cells following ex vivo restimulation with PMA and 
ionomycin as determined by flow cytometry. 
(i-j ) BALB/c mice were injected with S. mansoni (Sm) eggs i.p. and challenged i.v. (5,000/injection) at 
d14. At d22, CD44hiCXCR3hiCD62LhiCD49dlo TVM cells were FACS-sorted from spleen of PBS-treated 
BALB/c CD45.1.2 and Sm egg-treated CD45.1 mice, and equal numbers of cells were co-transferred 
into naive CD45.2 recipients. 1 d after adoptive transfer, recipients were infected i.n. with MuHV-4-luc 
(104PFU per mouse in 30µl of PBS).  
(i) Total numbers of donor cells of both origins recovered from spleen, lung and BALF at d7 post-
MuHV-4 infection, as determined by flow cytometry. Data from the same mice are connected. 
(j ) Ratio of TVM originated from Sm egg-exposed mice (CD45.1) over TVM originated from PBS-injected 
mice (CD45.1.2) in the indicated organs at d7 post-MuHV-4 infection, as determined in i. 
Statistical significance calculated using two-way analysis 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 eight mice per group (mean ± s.e.m. in a-f,h). Each 
symbol represents an individual mouse; small horizontal lines indicate the mean. 
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Figure S1. S. mansoni egg treatment and gating strategy 
BALB/c mice were injected with S. mansoni (Sm) eggs i.p. and challenged i.v. (5,000/injection) at d14 
before analysis at d22  
(a) Experimental design.  
(b) H&E staining of lung section with representative eosinophilic granuloma. Arrows show S. mansoni 
egg and dotted line the boundaries of the granuloma. 
(c) Antibody ELISA for detection of serum SEA-specific IgG1 and IgG2a. 
(d) IFN-γ and IL-4 levels in the supernatant after 72h of SEA ex vivo restimulation of mediastinal LN 
cells (20µg/mL), as determined by ELISA. 
(e) Gating strategy for flow cytometric analysis of memory CD8+ T cell responses  
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Figure S2. Induction of TVM  in response to helminth antigens or helminth infection. 
(a-i) Analysis of spleen CD8+ T cell populationby flow cytometry after different treatments, as gated in 
Figure 2c : naïve CD8+ T cells (TN CD44loCXCR3lo), true memory (TTM, CD44hiCD62LloCD49dhi), 
intermediate memory (TInt, CD44hiCXCR3lo) and virtual memory (TVM, 
CD44hiCXCR3hiCD62LhiCD49dlo). 
(a) S. mansoni eggs (5,000 per injection) were injected to BALB/c mice i.p. at d0 and d14 and analyses 
performed at d22.  
(b) S. mansoni soluble egg antigens (SEA) and omega-1 (ω-1) were injected i.p. at d0 and d14 and 
analysis performed at d22.  
(c) S. mansoni eggs (5,000 per injection) were injected i.p. at d0 and i.v. at d14 (as in Fig. S1a) and 
analysis performed at d22, 29 or 43 for spleen TVM (CD44hiCXCR3hiCD62LhiCD49dlo) and Eomes 
median fluorescence intensity (MFI) in TVM cells.  
(d) Mice were infected with N. brasiliensis (Nb, 500xL3 s.c.) and analysis performed at d10 post-
infection (dpi).  
(e) Mice were infected with N. brasiliensis (Nb, 500xL3 s.c.) and analysis performed at d35 post-
infection (dpi) for spleen TVM (CD44hiCXCR3hiCD62LhiCD49dlo) and Eomes median fluorescence 
intensity (MFI) in TVM. 
(f) Mice were infected with H. polygyrus bakeri (Hp, 200xL3, per os) and analysis performed at 15 dpi.  
(g) Median fluorescence intensity (MFI) of Eomes in TVM cells at 15 dpi with H. polygyrus. 
(h) Mice were infected with S. mansoni (35 cercariae, percutaneous infection) and analysis performed 
at 49dpi for CXCR3hi TVM and Eomes median fluorescence intensity (MFI) in TVM cells.  
(i) Mixed bone marrow chimeras were generated by introducing WT CD45.1 and Il4ra-/- CD45.2 
BALB/c donor bone marrow cells into lethally irradiated CD45.1.2 BALB/c hosts. Chimeric mice were 
infected with S. mansoni (35 cercariae, percutaneous infection) 8 weeks later and analysis performed at 
49 dpi. Percentage of CXCR3hi TVM and Eomes median fluorescence intensity (MFI) in TVM cells for 
both donor populations are shown.  
(j )  BALB/c mice were infected i.n. with MuHV-4-luc-CSP (104PFU per mouse in 30µl of PBS). 
Tetramer-based enrichment of P. yoelii CSP280-288-specific CD8+ T cells (Kb CSP280-288 tetramer) was 
performed on pooled spleen and lymph nodes from individual BALB/c mice at d7 post-MuHV-4 
infection. Flow cytometry gating strategy to analyze CD8+ T cells populations in Kd-CSP280-288 tetramer+ 
cells is shown. 
Statistical significance calculated using unpaired two-tailed Student’s t test (c, e, g, h) or two-way 
analysis of variance (ANOVA) and Sidak’s multiple-comparison test (**P<0.01, ***P<0.001, 
****P<0.0001). Data are representative of two to three 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 control of MuHV-4 lung infection. 
(a) BALB/c mice were infected with S. mansoni (Sm, 35 cercariae, percutaneous infection) before 
being infected with MuHV-4-luc virus (104 PFU per mouse in 30 µL PBS i.n.) at the indicated time 
points after Sm infection. Experimental designs (top), body weight changes after viral infection 
(middle) and combined dorsal and ventral measurements by live imaging of thoracic light emission 
following D-luciferin injection (bottom) are shown.  
(b) BALB/c mice were infected with N. brasiliensis (Nb, 500xL3, s.c.) before being infected with 
MuHV-4-luc virus (104 PFU per mouse in 30 µL PBS i.n.) after 6 days of Nb infection. Experimental 
design (top), body weight change after viral infection (middle) and combined dorsal and ventral 
measurements by live imaging of thoracic light emission following D-luciferin injection (bottom) are 
shown.  
(c) BALB/c mice were infected with N. brasiliensis (Nb, 500xL3, s.c.), treated with ivermectin 
between 14 and 21 dpi before being infected with MuHV-4-luc virus (104 PFU per mouse in 30 µL 
PBS i.n.) 35 days after Nb infection. Experimental design (top) and combined dorsal and ventral 
measurements by live imaging of thoracic light emission following D-luciferin injection  (bottom) are 
shown. 
p/s = photon per second 
Statistical significance calculated using two-way analysis 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 five mice per group (mean +- s.e.m.).  
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Figure S4. Antibody and lung cell responses. 
BALB/c mice were injected with S. mansoni (Sm) eggs i.p. and challenged i.v. (5,000/injection) at d14 
before being infected i.n. with MuHV-4-luc virus at d22 (104PFU per mouse in 30µl of PBS) as outlined 
in Figure 3a. 
(a) Antibody ELISA for detection of serum SEA- and MuHV-4-specific IgG1 and IgG2a overtime 
after MuHV-4 infection. 
(b) Number of cells in the lung at d7 post-MuHV-4 infection, as determined by flow cytometry. 
Neutrophils : CD11bhiLy6G+, eosinophils: CD11c-SiglecF+, macrophages; CD11c+SiglecF+, 
monocytes: CD11bhiLy6Chi, DCs: CD11c+MHC-II hi. 
Statistical significance calculated using two-way analysis of variance (ANOVA) and Sidak’s multiple-
comparison test (**P<0.01, ***P<0.001, ****P<0.0001). Data are representative of two to three 
independent experiments with three to five mice per group (mean +- s.e.m.) 
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Figure S5. S. mansoni egg immunization and N. brasiliensis infection augment anti-viral CD8+ T 
cell responses. 
(a-h) BALB/c (a-b) or BALB/B (c-h) mice were injected with S. mansoni (Sm) eggs i.p. and 
challenged i.v. (5,000/injection) at d14 before being infected i.n. with MuHV-4-luc at d22, unless 
stated otherwise (104PFU per mouse in 30µl of PBS) (a-c) as outlined in Fig. 3a or infected with N. 
brasiliensis (Nb, 500xL3, s.c.) being infected i.n. with MuHV-4-luc at d6 (104PFU per mouse in 30µl 
of PBS) (d-h)  as outlined in Fig. S3b. 
(a) Representative contour plots of CD8+ T cells showing IFN-γ and TNF-α intracellular stainings 
following PMA and ionomycin ex vivo restimulation of lung or broncho-alveolar lavage fluid (BALF) 
cells at d7 post-MuHV-4 infection, as determined by flow cytometry. Numbers indicate percentage in 
each quadrant. 
(b) Percentage of IFN-γ and TNF-α co-producing CD8+ T cells determined by flow cytometric 
analysis as in (a).  
(c) MuHV-4 intranasal infection was performed 22, 29 or 43 days after the first S. mansoni egg i.p. 
injection. Percentage of broncho-alveolar lavage fluid (BALF) and lung tetramer+ CD8+ T cells and 
percentage of IFN-γ-producing CD8+ T cells after ORF6487-495 and ORF61524-531 peptide ex vivo 
restimulation and intracellular staining of lung cells of BALB/B mice at d7 post-MuHV-4 infection, as 
determined by flow cytometry.  
(d) Number of lung CD8+ T cells at d7 post-MuHV-4 infection, as determined by flow cytometry. 
(e) Combined dorsal and ventral measurements by live imaging of thoracic light emission following D-
luciferin injection, overtime post-MuHV-4 infection. p/s = photons per second. Representative 
photographs of bioluminescence signals of two mice per group are shown. 
(f) Representative flow cytometry contour plots of DbORF6487-495 and KbORF61524-531 MuHV-4-
specific tetramer stainings of lung cells at d7 post-MuHV-4 infection. Numbers in gate indicate 
percentage of tetramer-positive cells in CD8+ T cells. Mean +- s.e.m. are shown. 
(g) Number of MuHV-4-specific CD8+ T cells in the broncho-alveolar lavage (BALF) and lung at d7 
post-MuHV-4 infection, based on flow cytometric analysis of tetramer stainings as in (f).  
(h) Percentage of IFN-γ and TNF-α co-producing CD8+ T cells after ORF6487-495 and ORF61524-531 

peptide ex vivo restimulation at d7 post-MuHV-4 infection, as determined by flow cytometry. 
(i) Strategy to insert the H-2d-restricted CSP280-288 sequence in-frame to the luciferase coding sequence 
in the MuHV-4-luc BAC clone. Endonuclease restriction profile (SpeI, EtBr) and southern blotting 
(SB) approach using CSP nucleotide sequence as probe. Kbp, kilobase pair; *, stop codon. 
Statistical significance calculated using Mann-Withney test (b,c) or two-way analysis of variance 
(ANOVA) and Sidak’s multiple-comparison test (c,d,f,g) (*P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001). Data are representative of two to three independent experiments with four to five 
mice per group (mean +- s.e.m. in b-e,g,h) 
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a. 

Treatment Repeat Total Reads No. unique  
mapped Reads % mapped 

No. reads in 
UCSC mm10 
annotation 

% Reads in 
UCSC mm10 
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. 
   PBS Sm eggs 
Subset marker Lineage Entrezid Repl. #1 Repl. #2 Repl. #3 Repl. #1 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) Naïve 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 
Ncr1 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. 

 
 

Figure S6. 
(a) Sequence and mapping statistics for raw Illumina data.  
(b) Validation of sample purity by assessing the expression of lineage-restricted marker genes for 
potential contaminants  
(c). Read count per million mapped reads for selected genes: Cd44, Sell (CD62L), Cxcr3, Il2rb (CD122), 
Itga4 (CD49d), Il4ra, Klrk1 (NKG2D), Eomes, Tbx21 (T-bet). Each symbol represents an individual 
mouse: small horizontal lines indicate the mean. 
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Figure S7. Helminth-induced early control of MuHV-4 infection and in vivo adoptive transfer of 
CD8+ T cells. 
(a) BALB/c mice were injected with S. mansoni (Sm) eggs i.p. and challenged i.v. or i.p. 
(5,000/injection) at d14 before being infected i.n. with MuHV-4-luc at d22 (104PFU per mouse in 30µl 
of PBS) as outlined. Combined dorsal and ventral measurements by live imaging of thoracic light 
emission following D-luciferin infection of BALB/c mice, overtime after MuHV-4 infection. p/s = 
photon per second 
(b-c) BALB/c mice were injected with S. mansoni (Sm) eggs i.p. and challenged i.v. (5,000/injection) 
at d14. At d22, CD8+ T cells were enriched by negative magnetic selection from spleen of WT CD45.1 
or Il4ra−/−  CD45.2 mice treated with PBS or Sm eggs before co-transfer in PBS- or Sm egg-treated 
congenic CD45.1.2 WT recipient mice, followed by MuHV-4-luc i.n. infection (104PFU per mouse in 
30µl of PBS) 
(b) Experimental outline. 
(c) Quantification by flow cytometry of TVM proportion in donor splenic CD8+ T cells used in (b). 
(d-e) BALB/c mice were injected with S. mansoni (Sm) eggs i.p. and challenged i.v. (5,000/injection) 
at d14. At d22, CD44hiCXCR3hiCD62LhiCD49dlo TVM cells were FACS-sorted from spleen of PBS-
treated BALB/c CD45.1.2 and Sm egg-treated CD45.1 mice, and equal numbers of cells were co-
transferred into naive CD45.2 recipients. 1 d after adoptive transfer, recipients were infected i.n. with 
MuHV-4-luc (104PFU per mouse in 30µl of PBS).  
(d) Experimental outline.  
(e) Quantification by flow cytometry of TVM proportion in donor splenic CD8+ T cells used in (d). 
 Statistical significance calculated using non-parametric Mann-Withney test or two-way analysis 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 seven 
mice per group (mean +- s.e.m. in a,c,e) 
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Discussion 

Helminth infections are highly prevalent and have been shown to modulate the immune system, 

sometimes leaving a long-lasting imprint on the ability of the helminth-exposed hosts to respond to 

heterologous Ags. Indeed, helminth infections can down-modulate allergy or inflammatory bowel 

disease through various mechanisms (Maizels and McSorley, 2016), but have also been involved in 

modulating the ability of the infected host to control virus infections. Several groups have shown using 

C57BL/6 mice that exposure to H. polygyrus or S. mansoni eggs enhanced reactivation from latency of 

MuHV-4 through changes in the IL-4/IFN-γ balance (Reese et al., 2014) and also that intestine dwelling 

helminths could alter effector CD8+ T cell responses against a subsequent viral (Osborne et al., 2014) 

or protozoal infection (Marple et al., 2016). Nevertheless, these studies did not investigate how 

helminths could affect bystander memory T cells such as the TVM compartment. Indeed, although TVM 

development can be highly dependent on IL-4 direct signaling in CD8+ T cells (Renkema et al., 2016; 

Tripathi et al., 2016), little was known on the ability of this cytokine to drive the expansion of TVM in 

settings dominated by type 2 immunity such as exposure to helminths. BALB/c mice provide an 

important opportunity to investigate sensitivity to IL-4 of CD8+ T cells after egress from the thymus as 

this strain show a particular sensitivity to IL-4 for driving TVM development (Tripathi et al., 2016). This 

aspect is of great importance as disregarding IL-4-responsive TVM cells could thwart the full 

understanding of the mechanism involved and how helminths can affect bystander memory T cells such 

as TVM cells. Our data reveal that exposure to helminths and derived products elicit Ag-nonspecific 

expansion of the TVM compartment through direct signaling of IL-4. Notably, we observed that such 

expansion was associated with Eomes upregulation in TVM cells with no alteration of T-bet expression 

levels, further characterizing these cells as IL-4-induced TVM (Jameson et al., 2015). Such conditioning 

was observed in several settings involving Th2-dominating responses such as immunization with 

helminth Ags or infection with systemic or intestinal helminths like S. mansoni, N. brasiliensis, or H. 

polygyrus. These observations are important as they demonstrated that helminths could actually 

condition bystander memory CD8+ T cells to respond more effectively to their cognate Ags to the benefit 

of the infected host.  

Indeed, our findings revealed that helminths induced Ag-nonspecific expansion of bystander TVM 

cells in secondary lymphoid organs via direct sensitivity to IL-4 that resulted in increased Ag-specific 

effector CD8+ T cell responses in the lungs of BALB/c mice to further enhance the control of MuHV-4 

lytic replication. These data are supported by previous reports showing that IL-4Rα deficiency 

compromises the Ag-specific CD8+ T cell response to lymphocytic choriomeningitis virus (LCMV) or 

influenza virus infections whereas the ability of effector IL-4Rα-deficient CD8+ T cells to kill was 

unaffected (Marsland et al., 2005; Renkema et al., 2016). Thus, the inability of Il4ra−/−  mice for early 
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control of MuHV-4 after S. mansoni egg exposure lies in the ineffective development of TVM cells and 

absence of IL-4 responsiveness of CD8+ T cells in these mice. Although IL-4 signaling in memory T 

cells was previously associated with downregulation of NKG2D expression and impaired killing 

capabilities (Ventre et al., 2012), we did not observe significant modulation of NKG2D mRNA 

expression levels after S. mansoni egg treatment in our experimental settings and we observed increased 

CD8+ antiviral effector responses in the lung. Our transcriptomics data rather indicated that S. mansoni 

egg-induced TVM were phenotypically distinct from naive TVM cells with increased IFN-γ and IFN-α 

gene signatures. Nonetheless, their ability to react against their cognate Ag and migrate to the infected 

lungs was not significantly different to naive TVM in a competitive adoptive transfer in naive congenic 

mice. These observations suggest that both expansion of the TVM compartment after exposure to 

helminths and alterations of their phenotype can explain the early response to MuHV-4 Ags and 

subsequent early control. In addition, the low proliferation levels in the TVM population after exposure 

to S. mansoni eggs together with the observation that FTY720 did not inhibit TVM expansion in the 

spleen after IL-4c treatment and TVM expansion in adoptively transferred congenic CD8+ T lymphocytes 

suggest that the expansion is likely due to conversion from naive CD44lo T cells while independent of 

proliferation or recruitment to the spleen. In consequence, expansion of the TVM pool is likely associated 

with an enrichment of the TCR repertoire in this bystander memory population rather than the 

proliferation of pre-existing TVM cells, a phenomenon that could significantly augment the probability 

of effective Ag priming together with the ability of TVM cells to outcompete their naive CD44lo T cell 

counterpart (Lee et al., 2013a). 

Whether helminth-induced bystander TVM cells is also associated with MuHV-4-specific true 

memory CD8+ T cells after lytic infection remains unknown, but the establishment of effective memory 

is rather suggested by a previous report demonstrating that establishment of effective memory against 

malaria requires IL-4Rα on CD8+ T cells (Morrot et al., 2005). This could have important implication 

for improved vaccination strategies and should further encourage investigators to unravel how TVM cells 

can be effectively expanded in multiple settings with various types of Ags. Latency during 

gammaherpesvirus infections such as Kaposi Sarcoma-associated herpesvirus or Epstein-Barr virus, is 

mainly responsible for malignancies such as lymphomas in human (Mesri et al., 2010; Thorley-Lawson 

and Gross, 2004), a phase during which virus-infected cells evade CD8+ T cell recognition (Blake, 

2010). However, reactivation events of lytic replication occur and are believed to maintain sufficient 

levels of infection in the host as well as for transmission (Francois et al., 2013). Thus, an effective 

memory T cell response to control these reactivation events is important. Understanding how helminth-

driven expansion of TVM cells impact on long term virus-specific memory is therefore essential. 
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In conclusion, we provide evidence that helminth-driven type 2 immune responses drives TVM 

expansion through IL-4 which could in turn positively condition effector Ag-specific CD8+ T cells 

responses and significantly enhance the control of viral infection such as lytic gammaherpesvirus 

infections. IL-4 and IFN-γ are usually considered antagonistic as hallmark cytokines of type 2 and type 

1 immunity, respectively. Nonetheless, IL-4 can drive Eomes expression in CD8+ T cells and lead to 

IFN-γ production (Carty et al., 2014; Lee et al., 2013b). We confirm here that this intriguing mechanism 

has functional consequences in vivo by providing evidence that IL-4 induced by helminths can have 

beneficial bystander consequences on IFN-γ-dependent anti-viral effector responses. Immunity against 

helminths could therefore have evolved a safety mechanism through induction of highly responding TVM 

cells to counterbalance negative effects of type 2 immunity on the development of effective anti-viral 

responses. 
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Materials and Methods 

Cells  

Baby Hamster Kidney (BHK)-21 [C13] fibroblasts (ATCC CCL-10) were purchased from ATCC 

(Manassas, VA, USA) and cultured in Dulbecco’s Modified Eagle Medium (DMEM, Sigma-Aldrich) 

supplemented with 2mM glutamine, 100 U/ml penicillin, 100mg/ml streptomycin and 10% fetal calf 

serum (FCS) at 37°C under 5% of CO2. Cells were free of mycoplasma contamination (PlasmoTest 

Mycoplasma Detection Kit, Invivogen).  

Viruses 

The MHV-68 strain of Murid Herpesvirus-4 (MuHV-4) expressing luciferase under the control of 

the M3 promoter (MuHV-4-Luc) (Milho et al., 2009) was propagated on BHK-21 cells. Cells and 

supernatant were harvested at about 4 days post-infection (~85% of lysis) and debris were removed by 

low-speed centrifugation (1000 × g, 10 min, 4°C). Virions present in the supernatant were harvested by 

ultracentrifugation (100,000 × g, 2h at 4°C) and purified through a 30% w/v sucrose cushion (100,000 

× g, 2h at 4°C), washed in PBS before being stored in PBS at −80°C. Viral titers were determined by 

plaque assay on BHK-21 cells (de Lima et al., 2004). Briefly, BHK-21 cells monolayers were incubated 

with 10-fold dilution of viral stock at 37°C, 5% CO2 for 3 hours. Inoculum was then replaced by semi-

solid medium containing 0.6% carboxymethylcellulose. Cells were further incubated for 4 days then 

fixed in 4% paraformaldehyde and stained for plaques counting.  

To assess antigen-specific CD8+ T cells responses in BALB/c mice, we modified the MuHV-4-luc 

virus to insert the H-2Kd-restricted SYVPSAEQI peptide of the circumsporozoite protein of P. yoelii 

(CSP280-288) in frame of the luciferase sequence to generate a MuHV-4-luc-CSP virus strain. First, 

primers PL451-HindIII -CSP-STOP-HindIII -Fwd (5’−gtcgacggtatcgataagctt-

agaggaccagggagagcatttgttacaatatcttatgtcccaagcgcggaacaaatataaaagcttgatatcgaattccga−3’) and PL451-

HindIII -STOP-CSP-HindIII -Rev (5’−tcggaattcgatatcaagcttttatatttgttccgcgcttggg-

acataagatattgtaacaaatgctctccctggtcctctaagcttatcgataccgtcgac−3’) were annealed and inserted in the 

HindIII site of the pL451 plasmid vector (http://redrecombineering.ncifcrf.gov/) using inFusion HD kit 

(Promega) to generate pL451-CSP. Plasmid pL451 contains an FRT-flanked expression cassette of the 

kanamycin/neomycin resistance gene (KanaR) as selection marker in Escherichia coli (Liu et al., 2003; 

Sorel et al., 2015). Then, the CSP sequence was inserted in frame to the carboxy-terminus of the 

luciferase coding sequence of the MuHV-4-luc BAC clone using an amplicon generated by PCR with 

primers MuHV-Luc-CSP-Fwd (5’-agatccgcgagattctcattaaggccaa-

gaagggcggcaagatcgccgtgagaggaccagggagagcatt-3’) and MuHV-Luc-CSP-Rev (5’-atgtatc-
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tatcatgtctgctcgaagcggccggccgccccgactctagaaatattatgtacctgactgat-3’) and pL451-CSP as template 

(Figure S5h). Phage λ-mediated recombineering in SW105 bacteria 

(http://redrecombineering.ncifcrf.gov/) followed by arabinose-induced FLP expression for excision of 

FRT-flanked sequence were used (Warming et al., 2005). The generated MuHV-4-luc-CSP BAC 

construct was verified by an endonuclease restriction and Southern blotting approach and sequencing of 

the recombination genomic region. The loxP-flanked BAC cassette was removed by virus growth in 

NIH 3T3-Cre cells to produce MuHV-4-luc-CSP BAC− virus (Zeippen et al., 2017). 

Parasites 

S. mansoni-exposed Swiss-Webster mice and snails were provided by the Schistosome Research 

Reagent Resource Center for distribution by BEI Resources, NIAID, NIH: Schistosoma mansoni, Strain 

NMRI exposed Biomphalaria glabrata, Strain NMRI (NR-21962), Schistosoma mansoni, Strain NMRI 

exposed Swiss-Webster mice (NR-21963). S. mansoni cercariae were collected from S. mansoni 

exposed B. glabrata, and used for natural infection. S. mansoni eggs used for egg immunization, were 

collected from S. mansoni-exposed Swiss-Webster mouse liver and stored in PBS at −80°C, as 

previously described with minor modifications (Joyce et al., 2012). Briefly, livers were cut into small 

pieces with scissors and incubated individually in 50-mL tubes overnight in 20 mL of PBS containing 

100 µg/ml collagenase IV (Sigma-Aldrich). The homogenates were then slowly poured onto strainers 

of decreasing mesh sizes (425 µm/180 µm/106 µm and 45 µm). Eggs present on top of the 45 µm strainer 

were collected with PBS and centrifuged for 5 min at 250 × g at RT. Pellets were suspended in 10 mL 

PBS and layered onto 20% Percoll in 0.25 M sucrose (Sigma-Aldrich) and centrifuged at 1850 rpm for 

10 min at RT. Pellets were then washed in PBS containing 1 mM EGTA and 1 mM EDTA before layered 

onto 25% Percoll in 0.25M sucrose and centrifuged at 1850 rpm for 10 min at RT. Pellets were further 

washed in PBS, counted and resuspended at 50,000 eggs/ml and stored in PBS at -80°C. Soluble Egg 

Antigen (SEA) from S. mansoni were prepared as previously described (Tucker et al., 2013). Eggs were 

suspended in PBS at a concentration of 100,000 eggs/ml and homogenized with a Potter-Elvehjem hand-

held homogenizer and centrifuged (2000 × g, 20 min at 4°C). The supernatant was ultra-centrifuged 

(100,000 × g, 90 min at 4°C) and the final supernatant was filter-sterilized before being stored at -80°C. 

Protein concentration was determined by BCA assay (Thermofisher, 23225). Recombinant ω-1 protein 

was generated in Nicotiana benthamiana and purified from the leaf extracellular space using POROS 

50 cation resin (Life Technologies) (Wilbers et al., 2017). 

N. brasiliensis was maintained in male Sprague-Dawley rats as described (Camberis et al., 2003). N. 

brasiliensis L3 larvae were isolated from d6 to d9 fecal cultures through a Baermann apparatus and used 

for subcutaneous infection. 
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H. polygyrus was maintained in male CBA mice as described (Johnston et al., 2015). H. polygyrus 

L3 larvae were isolated from fecal cultures and stored in distilled water at 4°C. 

Animals 

The experiments, maintenance and care of mice and rats complied with the guidelines of the 

European Convention for the Protection of Vertebrate Animals used for Experimental and other 

Scientific Purposes (CETS n° 123). The protocol was approved by the Committee on the Ethics of 

Animal Experiments of the University of Liège, Belgium (Permit Number: 1357, 1713 and 1849). All 

efforts were made to minimize suffering. Female BALB/cOlaHsd wild-type mice, 6–8 weeks old and 

Sprague Dawley male rats were purchased from Envigo (Venray, Netherlands). Female BALB/B mice, 

congenic for the C57BL/10-derived H-2b region, were maintained at the Scientific Institute of Public 

Health, Belgium and transferred to the University of Liege, Department of Infectious Diseases for 

experiments. BALB/c Cd45.1+ genitor mice were generously provided by Prof. U. Eriksson (Center for 

Molecular Cardiology, University of Zurich). BALB/c Cd45.1+Cd45.2+ were obtained by crossing 

Cd45.1+ BALB/c mice with wild-type BALBc/OlaHsd (Cd45.2+). Il4ra−/−  BALB/c mice were bred at 

the University of Liège, Department of Infectious Diseases. Six to 8 weeks old female littermates were 

randomly assigned to experimental groups. During experiences, 4 to 5 female mice were cohoused per 

cage, food and water was provided ad libitum. All the animals were bred and/or housed in the University 

of Liège, Department of Infectious Diseases.  

Mixed bone-marrow chimeric mice models 

Mixed bone-marrow chimeric mice were produced by exposing CD45.1+CD45.2+ BALB/c mice to 

a whole body lethal irradiation protocol (Gammacell 40 Exactor, 4.5 Gy, two expositions at 3h interval). 

The next day, mice were reconstituted by intravenous injection of 4.5 × 106 BM cells isolated from 

femurs and tibias of donor CD45.1+ WT and CD45.2+ Il4ra−/−  mice and mixed at a 1:1 ratio. From 1 

week before to 3 weeks after irradiation, mice were given broad-spectrum antibiotherapy (0.27g 

Trimethoprimum and 1.33g Sulfadiazinum per liter of drinking water, Emdotrim 10%, Ecuphar). Mice 

were left untreated for 8 weeks to allow complete reconstitution and chimerism of the different blood 

leukocytes populations was then confirmed by flow cytometry. 
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 Description Use 
CD45.1 BALB/c 
mice 

BALB/c mice normally  bear the b allele of 
the protein tyrosine phosphatase receptor 
type C gene (Ptprc or Cd45). These mice are 
designated as CD45.2 as opposed to 
congenic CD45.1 mice bear the a variant of 
Ptprc. The transmembrane protein CD45 is 
expressed on nucleated cells of 
hematopoietic origin (Raschke et al., 1995). 

Expression of the a and b alleles of Ptprc 
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 (for 
example when transfering cells from 
CD45.1 mice to CD45.2 mice). 

Il4ra-/- mice These mice lake the α chain of the type I and 
type II IL-4 receptors (IL-4Rα) on all cells 
(hematopoietic and non hematopoietic). By 
consequence, signaling for both IL-4 and IL-
13 is impaired (see Introduction Figure 6). 

IL-4 and IL-13 are two canonical 
cytokines of type 2 immune response, 
therefore Il4ra-/- mice have a diminished 
type 2 immune responses. These mice 
are used to study the role of type 2 
immunity during helminth infections. 

BALB/B mice MHC haplotypes differ between mice 
strains : C57BL/6 express the b haplotype 
while BALB/c mice express the d haplotype. 
BALB/B mice are BALB/c mice expressing 
the C57BL/10-derived H2b region 

BALB/B mice were used to study 
MuHV-4-specific CD8+ T cell response 
on a BALB/c model by taking advantage 
of the well described H2b-restricted 
MuHV-4 epitopes AGPHNDMEI and 
SVYGFTGV. 

Mixed bone 
marrow chimeras 

Total body irradiation was performed on 
CD45.1.2 BALBc mice to achieve 
destruction of the majority of hematopoietic 
cells. Mice were reconstituted with a 1 :1 
mix of bone marrow cells from CD45.1 WT 
and CD45.2 Il4ra-/- congenic mice. 

The hematopoietic cells of these mice are 
composed of 50% of WT cells and 50% 
of Il4ra-/- cells. Unlike Il4ra-/- mice, 
these mice retain the ability to mount a 
type 2 immune response and allow to 
study the direct impact of the absence of  
the IL-4Rα on the cell itself. 

Competitive 
adoptive transfer 
of WT and Il4ra-/- 
bulk CD8+ T cells 

Spleen CD8+ T cells isolated from CD45.1 
and CD45.2 Il4ra-/- mice were cotransfered 
to WT CD45.1.2 congenic mice, after S. 
mansoni egg treatment of both donor and 
recipient or not. 

These mice were used to analyse if S. 
mansoni egg treatment confer a 
competitive advantage to WT over Il4ra-

/- CD8+ T cells during MuHV-4 
infection. 

Competitive 
adoptive transfer 
of naive and S. 
mansoni egg-
treated WT TVM 
cells 

Spleen TVM from naive CD45.1.2 and S. 
mansoni egg-treated CD45.1 mice were 
cotransfered to WT CD45.2 congenic mice. 

These mice were used to analyse if TVM 
from S. mansoni egg-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 with S. mansoni, mice were anesthetized by intraperitoneal injection of 16mg/kg 

of xylazine and 100mg/kg of ketamine and infected by percutaneous exposure to 35 cercariae during 30 

min. Treatment with S. mansoni eggs consisted of an intraperitoneal immunization on day 0 (5,000 

eggs/mouse) followed by one intravenous injection of 5,000 eggs on day 14. In some experiments, mice 

received S. mansoni eggs (5,000 eggs/mouse), SEA (60 μg/mouse) or recombinant ω-1 (10 μg/mouse) 

intraperitoneally at 2 weeks interval. 
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Mice anesthetized by isoflurane inhalation were infected with N. brasiliensis by subcutaneous 

injection of 500 × L3 larvae. In some experiments, mice were treated with ivermectin (10mg/L of 

drinking water, Noromectin, Norbrook) from day 14 to 21 after N. brasiliensis infection. Mice were 

infected with H. polygyrus by gavage (200 × L3). 

IL-4 complex treatment 

Mice received 2 intraperitoneal injections of IL-4c: 5 µg of recombinant IL-4 (BioLegend, carrier-

free) and 25 µg of anti-IL-4 antibody (BioLegend, clone 11B11, LEAF purified) per mouse at d0 and 

d2.  

FTY720 treatment.  

In order to block lymphocyte trafficking, mice received daily i.p. administration of 1 mg/kg of 

FTY720 (Sigma-Aldrich) dissolved in 100 ml of sterile water as described elsewhere (Thawer et al., 

2014).  

Peptide-MHC class I tetramer enrichment 

Enrichment of Ag-specific naïve CD8+ T cells or P. yoelii circumsporozoite protein peptide after 

immunization was performed using an established protocol (Renkema et al., 2016). Combined spleen 

and lymph nodes were digested with collagenase D. Cells were then labeled with APC-conjugated H-

2Kd-CSP280-288 tetramer (SYVPSAEQI, NIH Tetramer Core Facility) for 30min at room temperature, 

followed by magnetic enrichment over LS columns using anti-APC microbeads (Miltenyi biotec). 

Enriched samples and unbound fractions were stained with surface antibodies, and Polybead polystyrene 

microspheres (Polyscience) were used for calculating cell number. 

Viral infection and quantification 

Mice were anesthetized with isoflurane and 104 plaque forming units (PFU) (103 or 105 PFU for some 

experiments) of MuHV-4-Luc or MuHV-4-Luc-CSP was administered intranasally in 30 µl of PBS. 

Light emission was then monitored by in vivo bioluminescence imaging using a IVIS Spectrum In Vivo 

Imaging System (Perkin Elmer) after D-luciferin intraperitoneal injection (75mg/kg, Perkin Elmer). 

Living Image v4.1 software (Perkin Elmer) was used to obtain the total flux (photons/seconds) using a 

fixed-sized region of interest or average radiance (photons/seconds/cm2/steradiants).  
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Infectious virus in lungs was quantified after homogenization using glass Potter-Elvehjem hand-held 

homogenizers after freezing (−80°C) in 6 ml complete medium prior to plaque assay(de Lima et al., 

2004).  

Viral genome loads were measured using a Taqman-based real-time PCR reaction (CFX) (Latif et 

al., 2015). DNA was extracted from spleens using Wizard genomic DNA purification kit (Promega) and 

100 ng per sample was used in iQ supermix (Biorad) to amplify a MuHV-4-specific sequence (genomic 

co-ordinates 43,015 to 43,138, NC_001826.2): gene ORF25 with primers ORF25fwd, 5′-

atggtatagccgcctttgtg-3′ and ORF25rev 5′-acaagtggatgaagggttgc-3′ and probe 5′-6-carboxyfluorescein 

[FAM]-caaccactggatcagcataaaacttatgaa-black hole quencher [BHQ1]-3′. Cellular DNA was quantified 

in parallel by amplifying the interstitial retinoid binding protein (IRBP) gene sequence using iQ SYBR 

Green supermix (Biorad) and IRBPfwd 5′-atccctatgtcatctcctacytg-3′ and IRBPrev 5′-

ccrctgccttcccatgtytg-3′ primers. Standard curves were obtained using pGEMT-easy (Promega) plasmid 

templates in which MuHV-4 ORF25 or mouse IRBP sequences were cloned, respectively. Amplified 

products were distinguished from paired primers by melting curve analysis and the correct sizes of the 

amplified products confirmed by electrophoresis and staining with ethidium bromide. 

Histology and immunohistochemistry 

Lungs were collected from PBS-perfused animals and immediately fixed in 10% neutral buffered 

formalin. Tissues were embedded and sectioned, and sections were stained with hematoxylin and eosin. 

Immunochemistry was performed using EnVision Detection Systems (DAKO) with anti-MHV-68 

rabbit polyserum or naive rabbit serum as primary antibodies. 

Antigen-specific antibody titers 

Nunc Maxisorp ELISA plates (Nalgene Nunc) were coated overnight at 4°C with MuHV-4 virions 

(106 PFU/ml of carbonate buffer pH 9.5 containing 0.1% Triton X-100), or SEA (10 µg/ml in carbonate 

buffer) before being incubated for 1h in wash/blocking buffer (0.1% Tween-20 and 3% BSA in PBS) at 

RT. Plates were then incubated with mouse sera (serial dilutions) in wash/blocking buffer for 2h at RT. 

Detection was performed using alkaline phosphatase-conjugated anti-mouse IgG1 or IgG2a (BD 

Biosciences) in wash/blocking buffer for 1h at RT. Chromogenic reaction was performed using p-

Nitrophenylphosphate (Sigma) and stopped in NaOH 1M before 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 with 1ml of ice cold PBS containing protease inhibitors 

(cOmplete, Roche) via catheterization of the trachea. Quantification of IL-4, IFN-γ and granzyme B was 

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

Tissue processing and cell preparation 

Airways were flushed twice with 1ml of ice cold PBS, cells were harvested by centrifugation of the 

BAL fluid. After section of the vena cava, lungs were perfused with 5ml of ice-cold PBS through the 

right ventricule. Lung were dissociated with the gentleMACS dissociator (Miltenyi Biotec) in C-tube 

(Miltenyi Biotec), incubated in HBSS (Gibco), 5% FCS, 1mg/ml of collagenase D (Roche) and 

0.1mg/ml of DNase I (Roche) for 30 min at 37°C under agitation and further dissociated with the 

gentleMACS dissociator. The resulting suspension was washed in cold PBS/2mM EDTA and filtered 

on a 100µm cell strainer (Falcon). Spleen and cranial and caudal mediastinal lymph nodes were 

disrupted using scissors and a sterile syringe plunger and filtered through a 70 µm filter. Erythrocytes 

were lysed in red cell lysis solution (155mM NH4CL, 0.12mM EDTA, 10mM KHCO3) and counted in 

a Neubauer cytometer chamber with trypan blue 0.4% dye exclusion of dead cells. 

Flow cytometry and cell sorting 

Incubations were performed in FACS buffer (PBS containing 0.5% BSA and 0.1% NaN3) at 4°C. 

Cells were first incubated with anti-mouse CD16/32 antibody (clone 93, BioLegend) before 

fluorochrome-conjugated antibodies against surface antigens were added and incubated during 20 min 

at 4°C. Various panels were used including antibodies to CD3e (clone 145-2C11, APC), CD19 (MB19-

1, APC), CD4 (RM4-5, PerCP-Cy5.5), CD44 (IM7, PE), CD49d (R1-2, biotinylated), CD62L (MEL-

14, eFluor 450), MHC class II (M5/114.15.2, PE-Cy7 or eFluor 450), Gr-1 (RB6-8C5, FITC), CD11c 

(N418, PerCP-Cy5.5 or APC-Alexa Fluor 700), Ly6C (HK1.4, PE-Cy7), CD11b (M1/70, APC-eFluor 

780) all from eBioscience/ThermoFisher Scientific ; antibodies to CD3 molecular complexe (17A2, 

v450), CD19 (1D3, APC-Cy7), CD8a (53-6.7, FITC), CD183 (CXCR3-173, PE), KLRG1 (2F1, PE), 

CD127 (SB/199, BV786), Siglec-F (E50-2440, PE or PE-CF594), CD45.1 (A20, APC), CD45.2 (104, 

v500) all from BD Biosciences and antibody to CD44 (IM7, PE-Cy7) from BioLegend. Biotinylated 

antibodies were detected using BV650-conjugated streptavidin (BD Biosciences). Dead cells were 

stained using Fixable Viability Stain 510 (BD Bioscience) or Fixable Viability Dye eFluor 780 

(eBioscience). In experiments in which intranuclear staining for transcription factors was needed, cells 

were fixed and permeabilized using Foxp3/Transcription factor staining buffer set (eBioscience) 

following manufaturer’s instruction and incubated 30 min at 4°C with antibody against either T-bet (O4-
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46, PE, BD Biosciences) or Eomes (Dan11mag, PE, eBioscience) diluted in permeabilization buffer. 

Samples were analyzed on a BD LSR Fortessa X-20 flow cytometer, cell sorting was performed on a 

FACS Aria IIIu (BD biosciences). 

In vivo EdU incorporation 

To assess the proliferation of virtual memory CD8+ T lymphocytes upon helminth exposure, S. 

mansoni eggs exposed mice were injected ip with EdU (500 µg/mouse in PBS, ThermoFisher Scientific) 

4 hours before endpoint (1×) or daily for 4 days before endpoint (4×). Mice were euthanized and spleen 

were processed as described above. Surface staining was performed with exception of PE-conjugated 

antibodies. After dead cells staining, cells were fixed for 15 min at room temperature in Click-It Fixative 

(ThermoFisher Scientific), washed with PBS/1%BSA and incubated 15 min at RT in Click-It Saponine-

Based Permeabilization Buffer (ThermoFisher Scientific). Cells were then resuspended in freshly 

prepared EdU staining cocktail [10µM Pacific Blue-azide, 1mM CuSO4, 10mM sodium ascorbate with 

1mM THPTA (tris((1-hydroxy-propyl-1H-1,2,3-triazol-4-yl)methyl)amine) and 10mM amino-

guanidine in PBS] and incubated 2h at RT (Wang et al., 2013). Cells were washed with Click-It 

Saponine-Based Permeabilization Buffer and incubated with PE-conjugated antibodies for 20 min at 

4°C. Samples were analyzed on a BD LSR Fortessa X-20 flow cytometer (BD Biosciences). 

MHC-tetramer stainings 

Lung and BAL cells were processed as described above from BALB/B mice (H-2b congenic 

BALB/c). Cells were incubated with BV421-conjugated tetramers H-2Db-ORF6487-495 (AGPHNDMEI, 

90 nM) or H-2Kb-ORF61521-531 (TSINFVKI, 45 nM), or APC-conjugated H-2Kd-CSP280-288 (80 nM) 

(NIH Tetramer Core Facility), respectively, for 30min at RT before further staining. Samples were 

analyzed on a BD LSR Fortessa X-20 flow cytometer (BD Biosciences). 

Ex vivo restimulation and cytokine production 

Cytokine production upon restimulation was assessed by intracellular cytokine staining (ICCS) and 

flow cytometry or by ELISA on culture supernatants. For ICCS, cells were cultured at 37°C, 5% CO2 

in IMDM complemented with 2 mM glutamine, 100 U penicillin ml −1, 100 mg streptomycin ml−1 and 

10% fetal calf serum for 4 hours in presence of brefeldin A (10 µg/mL, Sigma-Adlrich), monensin (2 

µM, eBioscience) and restimulating agent. For unbiased restimulation, cells were incubated with 

phorbol 12-myristate 13-acetate (PMA, 20 ng/mL, Sigma-Adlrich) and ionomycin (1 µg/mL, Sigma-

Adlrich). For antigen-specific restimulation, cells were incubated with H-2b-restricted MuHV-4 

ORF6487-495 (AGPHNDMEI) and ORF61521-531 (TSINFVKI) peptides (1 μM). Following surface and 
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viability stainings, cells were fixed in 2% paraformaldehyde overnight and washed with 

Permeabilization Buffer (eBioscience) before being incubated with antibodies against IFN-γ (clone 

XMG1.2, PE, BioLegend) and TNF-α (clone MP6-XT22, BV711, BD Biosciences) in Permeabilization 

Buffer for 20 min at 4°C. For ELISA, cells were cultured at 37°C, 5% CO2 in IMDM complemented 

with 2 mM glutamine, 100 U penicillin ml−1, 100 mg streptomycin ml−1 and 10% fetal calf serum for 72 

hours with SEA (20 µg/ml). Supernatant were collected and conserved at -20°C. Quantification of 

cytokines IL-4 and IFN-γ was performed using specific ELISA (Ready-SET-Go, eBioscience) following 

manufacturer’s instructions. 

In vivo CD8+ or CD4+ cells depletion 

For depletion experiments, mice were injected intraperitoneally with anti-CD8 (clone YTS-169.4, 

200 μg/injection) or anti-CD4 (clone GK1.5, 200 μg/injection) both obtained from BioXCell at d-1, 1 

and 4 after MuHV-4-Luc infection. Depletion was confirmed by flow cytometry analysis of blood cells 

on day 6.  

T cell enrichment and competitive adoptive transfer 

Spleen single-cell suspensions were obtained by forcing through a 70 μm cell strainer (Falcon) before 

cell counts determined. CD8+ T cells were then enriched using negative magnetic isolation (Miltenyi 

Biotec) and used either for adoptive transfer of bulk CD8+ T cells or for further TVM purification : 

enriched CD8+ T cells were then FACsorted to isolate CD44hiCXCR3hiCD62LhiCD49dlo TVM cells to 

high purity (>97%) before further analysis or adoptive transfer. Competitive adoptive transfer of naive 

and Sm egg-induced TVM cells consisted in the intravenous administration into WT naive BALB/c 

congenic recipients of equal numbers (4 × 106 cells total) of naive and Sm egg-induced TVM cells. For 

competitive transfer of WT and Il4ra−/−  bulk CD8+ T cells, equal number (4 × 106 cells total) of WT and 

Il4ra−/−  enriched CD8+ T cells from naïve or Sm egg-treated BALB/c mice were intravenously 

administered respectively into naive or Sm egg-treated WT naive BALB/c congenic recipients. 

RNA sequencing 

TVM cells were extracted as described in the previous section before RNA extraction with on-column 

DNase treatment (RNeasy Plus mini kit, Qiagen). Integrity of extracted RNAs was controlled on a 2100 

Agilent Bioanalyzer and samples with a RIN > 9 were processed for RNA sequencing. Libraries were 

prepared from 0.5 μg of RNA of three independent replicates per group, using the Illumina TruSeq 

Stranded mRNA library preparation kit. Libraries were then sequenced and bioinformatics analysis was 

performed. Approximately 30 million 75-base single-end reads were generated per sample. Quality 
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control checks on raw sequencing data for each sample were performed using FastQC (Babraham 

Bioinformatics). Reads were mapped to the mouse reference genome (mm10) using STAR (version 

3.4.0) (Dobin et al., 2013). Subsequently the analysis was performed with R Bioconductor packages 

(Gentleman et al., 2004): Rsamtools (version 1.18.3) and GenomicAlignments (version 1.2.2) were used 

to count the reads by exons, and gene count datasets were then analyzed to determine differentially 

expressed genes (DEGs) using DESeq2 (version 1.16.1). A gene 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 performed either by analysis of variance (ANOVA) 

followed by the Dunnett or Sidak multiple-comparison test or by non-parametric Mann-Whitney test, as 

indicated. A p-value < 0.05 was considered significant. Statistical analyses were performed using Prism 

v6 (Graphpad, La Jolla, CA). 
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Discussion 

 

The work presented as part of this thesis investigated mechanisms involved in the broad influence 

that helminths have on their host’s immune system. Two studies, that were not directly related, were 

performed in this thesis. The first study focused on the immune response to helminth infection itself, in 

particular on the dynamics of liver macrophages responses and how aaMφ can participate to the immune 

response against natural infection with S. mansoni. The second study investigated how helminth 

infections can impact subsequent anti-viral responses, in particular via conditioning of CD8+ T cell 

responses. The results generated in these two independent studies are discussed separately. 

 

The role of IL-4Rα-dependent aaMφ in schistosomiasis. 

 

Type 2 immunity is essential for survival during the acute phase of schistosomiasis (Brunet et al., 

1997; Herbert et al., 2004; Herbert et al., 2008; Jankovic et al., 1999). In 2004, aaMφ were described as 

the main cell type responsible for such protection by controlling intestinal egg-induced inflammation 

and endotoxemia due to increased gut permeability (Herbert et al., 2004). However, these results were 

recently challenged by Vannella and colleagues (2014) who couldn’t find any survival difference 

between Il4ra−/loxLyz2Cre mice (used in the first study) and littermate control. They also highlighted that 

Il4ra−/loxLyz2Cre mice fail to efficiently delete Il4ra in all macrophages population during S. mansoni 

infection precluding any conclusion about the global role of aaMφ in schistosomiasis (see Introduction 

2.3.2). Still, subpopulation of aaMφ expressing high levels of Lyz2 and thus efficiently deleted for Il4ra 

in Il4ra−/loxLyz2Cre mice play a role in regulation of granulomatous inflammation (Vannella et al., 2014). 

Our results confirmed those obtained by Vannella and colleagues (2014). Indeed, Il4ra-/loxLyz2Cre mice 

had survival rate comparable to control Il4ra-/lox mice, whatever the infectious dose used, but increased 

granulomatous inflammation during S. mansoni infection. To better understand which population of 

aaMφ is responsible for the modulation of liver inflammation, we dissected the dynamics of 

monocytes/macrophages responses in the liver at the light of IL-4Rα signalling and showed that resident 

macrophages (F4/80+CD64+) expressed low levels of CD11b and were progressively replaced by a 

population of macrophages expressing high levels of CD11b and arising from infiltrating Ly6Chi 

monocytes independently of IL-4Rα signalling. Proliferation of resident macrophages was observed but 

limited and was independent of IL-4Rα. The important contribution of Ly6Chi infiltrating monocytes 

could be anticipated from previous reports (Girgis et al., 2014; Nascimento et al., 2014) but contrary to 

those studies, we identified the presence of in situ proliferation within Ly6Chi monocytes population. 

This result makes sense in the light of the data from Jenkins and colleagues (2011). Besides their major 

description of local tissue-resident F4/80hi macrophage proliferation with no contribution of circulating 

monocytes during canonical type 2 inflammation (IL-4c injections), Jenkins and colleagues used another 
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model of “mixed” inflammation, using injection of both thioglycollate and IL-4c. Mixed IL-4c and 

thioglycollate administration induced in situ proliferation of inflammatory F4/80lo macrophages 

originating from circulating monocytes, while thioglycollate alone induced infiltration of monocytes 

with no proliferation. The presence of both type 1 and type 2 immune triggers is a more faithful reflection 

of the real situation observed during helminth infection as it is often associated with type 1 immune 

stimulation, for example from pathogenic bacteria’s translocating through helminth-induced tissue 

damage. 

 

Recently recruited immature macrophages were shown to express insufficient level of Lyz2 to be 

efficiently deleted for Il-4ra in Il4ra−/loxLyz2Cre mice (Vannella et al., 2014). Here, the use of 

RosatdRFPLyz2Cre lineage reporter mice allowed us to confirm that, consistent with previous report, both 

CD11bhi and CD11blo macrophages expressed high levels of cre recombinase but newly recruited Ly6Chi 

monocytes only expressed low levels. This has important implications for the interpretation of the data 

since this might imply that a large proportion of Ly6Chi monocytes retained expression of the IL-4Rα. 

First, Il4ra−/loxLyz2Cre mice can not give us answers concerning the requirement of IL-4Rα for monocyte 

infiltration in the liver and differentiation in CD11bhi macrophages during S. mansoni infection. 

However, since similar (but delayed) infiltration of monocytes and differentiation to macrophages was 

observed in Il4ra−/− mice (at least until 6 weeks post-infection, the last timepoint available before mice 

death), we concluded that IL-4Rα was neither necessary for monocyte infiltration, nor for 

differentiation. Second, as emphasized by Vannella and colleagues (2014), alternative activation could 

still be present during S. mansoni infection of Il4ra−/loxLyz2Cre therefore no general conclusion about the 

role (or absence thereof) of aaMφ could be drawn. Nevertheless, we identified CD11bhi aaMφ as central 

actors in the modulation of liver granulomatous inflammation during S. mansoni infection. Indeed, these 

cells, on contrary to CD11blo macrophages, showed signs of alternative activation at week 6 and 8 post-

S. mansoni infection, that were strongly and significantly reduced in Il4ra−/loxLyz2Cre mice. Monocyte 

infiltration was shown to be essential for survival during S. mansoni infection (Nascimento et al., 2014) 

but it remains unknown if their protective role is dependent on alternative activation. Nascimento and 

colleagues (2014) showed a strong expression of aaMφ markers in hepatic Ly6Chi monocytes during S. 

mansoni infection. Although it has to be confirmed, our data tend to be consistent with the presence of 

alternative activation within Ly6C+ monocytes (data not shown) in both Il4ra−/lox and Il4ra−/loxLyz2Cre 

mice, highlighting that through these cells, alternative activation of macrophages/monocytes could play 

additional roles than the role of granulomatous inflammation regulation attributed to CD11bhi aaMφ. 

Furthermore, a recent study reported the expansion of a population of Ym1-expressing Ly6Chi 

monocytes in the late phase of LPS-induced inflammation or during the tissue regeneration phase 

following dextran sodium sulfate administration in drinking water. These cells didn’t show other signs 

of alternative activation but harbour immunoregulatory properties and might play a role in the resolution 
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of inflammation and in tissue regeneration (Ikeda et al., 2018). Interestingly, Ikeda and colleagues 

(2018) showed that these cells could arise from maturation of common monocyte progenitor in the bone 

marrow rather than differentiation of mature monocytes and that granulocyte-macrophage colony-

stimulating factor or macrophage colony-stimulating factor and IL-3 rather than IL-4 or IL-10 were 

involved in this maturation. These data remind us that besides canonical Il-14/IL-13-induced alternative 

activation of macrophages, monocytes can display features and functions characteristic of aaMφ and 

participate to mechanisms usually attributed to aaMφ. Although we have identified 3 different 

populations of monocytes/macrophages in the liver of S. mansoni infected mice, the real diversity is 

likely to be more complex (Thomas et al., 2012). This diversity and role of different populations could 

be further revealed by single-cell RNAseq. Besides, future work could aim at identifying which effector 

pathways are elicited by CD11bhi aaMφ to downmodulate liver granulomatous inflammation. A broad 

and unbiased approach consist of RNAseq of FACS-sorted hepatic CD11bhi macrophages from 

Il4ra−/loxLyz2Cre and control Il4ra−/lox mice.  

 

We also highlighted that CD11bhi macrophages accumulation during S. mansoni infection was 

associated with the disappearance of hepatic resident CD11blo macrophages. Although we demonstrated 

that CD11blo macrophage population did not play a direct role in the pathology, as its depletion by DT 

injection in CD169DTR/+ mice during ongoing immune response did not influence granuloma formation 

nor survival, it could be interesting to investigate if their disappearance per se takes an active part in the 

dynamics of the response. Indeed, Blériot and colleagues identify KC death as a trigger to the switch 

from type 1 to type 2 immune responses following control of Listeria monocytogenes infection in the 

liver, by inducing IL-33 production by hepatocytes. Monocyte-derived macrophages that have 

contributed to bacterial clearance acquired an alternative activation phenotype through basophil-derived 

secretion of IL-4, allowing restoration of tissue homeostasis (Blériot et al., 2015). CD11blo macrophages 

disappearance might also be a stimulus for monocyte recruitment as their depletion in naive CD169DTR/+ 

mice induced monocyte recruitment (Guilliams and Scott, 2017). Interestingly, changes in hepatic 

monocyte/macrophage populations was observed as early as 4 weeks post-infection by S. mansoni, 

before the inflow of eggs in the liver and the induction of the dramatic granulomatous inflammation. 

These results indicates that the presence of worms in the blood circulation can be sufficient to induce 

liver inflammation and could be investigated using infection with monosexual S. mansoni infection. 

 

Within the monocytes/macrophage populations that we identified in the infected liver, CD11bhi cells 

might represent the part of infiltrating monocytes that differenciate in resident macrophages to replace 

the loss of CD11blo macrophages. Indeed, total F4/80+CD64+ macrophage number (consisting of both 

CD11bhi and CD11blo cells) in the liver remained relatively constant during S. mansoni infection, 

consistant with the concept of “niche”. Behind this concept is the hypothesis that a restricted space is 
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available for resident macrophages in the tissue, allowing the presence of a restricted and constant 

number of resident macrophages (Guilliams and Scott, 2017). Monocytes were shown to engraft and 

differentiate in KCs only when the existing pool of KCs is depleted and, whenever the niche is complete 

no new engraftment of monocytes is observed. Once established as resident KCs, monocyte-derived 

macrophages become long-lived and self-renewing cells with transcriptional profiles similar to the 

original resident KCs (Scott et al., 2016). How this niche concept is affected by inflammation requires 

further investigation. Still, during S. mansoni infection, progressive reduction of CD11blo macrophage 

numbers might increase the niche availability, allowing differentiation of infiltrating monocytes to fill 

the niche. To our knowledge, no reliable marker can differentiate between macrophages of embryonic 

or monocytic origin but our partial chimera experiments showed that CD11bhi macrophages originate 

from circulating monocytes while CD11blo macrophages remain of recipient phenotype during 

schistosomiasis. In this model monocyte-derived CD11bhi macrophages maintain a distinct phenotype 

from original tissue-resident macrophages, although our partial chimeras show a slight enrichment of 

monocyte-derived cells in CD11blo resident macrophages, indicating that some of the CD11bhi 

macrophages can further differentiate and acquire full resident phenotype. The investigation of later 

time points could give us insights concerning the ultimate fate of CD11bhi macrophages but it has to be 

kept in mind that schistosomiasis is a chronic disease, with new eggs constantly flooding in the liver 

and continuously eliciting inflammation. This constant inflammatory state might impede terminal 

differentiation of macrophages. Current view of monocyte contribution to resident macrophages suggest 

that environment rather than origin shape resident macrophage phenotype. As stated above, the gene-

expression profile of monocyte-derived KCs highly resemble that of embryonic-derived resident 

macrophages (Scott et al., 2016). It could be interesting to investigate if, during schistosomiasis,CD11bhi 

macrophages acquire a gene-expression profile close to CD11blo cells and assess their ability to replace 

CD11blo macrophages in homeostatic functions like iron or lipid metabolism (Scott et al., 2016). 

 

The investigation of molecular mechanisms underlying the acquisition, by monocytes and 

macrophages, of particular phenotypes associated with deleterious (e.g. excessive fibrosis) or beneficial 

(e.g. tissue regeneration) role attributed to aaMφ could bring to light potential therapeutical targets for 

disease involving macrophages. In that perspective, the identification of moncoyte/macrophage subsets 

and the understanding of their origin and response dynamics in various inflammatory setting is essential. 

Such studies for example recently bring more light to the complexity of this response by the 

identification of specialised population of monocytes involved in resolution of inflammation and tissue 

regeneration (Ikeda et al., 2018) or fibrosis (Satoh et al., 2017). Liver macrophages were shown to be 

involved in numerous pathologies (Ritz et al., 2018). S. mansoni infection can be used as a model of 

chronic liver inflammation and fibrosis and bring new understanding of how monocyte/macrophages 

complexity and plasticity contribute to pathology. 
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The main issue concerning the study of the role of aaMφ during schistosomiasis is the lack of suitable 

tools. Most of the tools available failed to efficiently and specifically target aaMφ (see Introduction 

2.3.1). Despite that, valuable advances on the understanding of macrophage- and aaMφ-associated 

molecules functions during schistosomiasis have been made using these tools (Nair et al., 2009; 

Nascimento et al., 2014; Pesce et al., 2009a; Pesce et al., 2009b; Vannella et al., 2014). In the absence 

of ubiquitous markers for macrophages populations, single cell RNAseq could help in identifying and 

targeting populations of interest. 

 

Helminth-induced IL-4 expands functional virtual memory T cells 

 

In the second study, we investigated how helminth infection could influence the pool of virtual 

memory CD8+ T cells and how this could impact on subsequent anti-viral effector CD8+ T cell responses. 

Previous reports indicated a role for IL-4 in the development and expansion of TVM cells, a population 

of non-conventional antigen-inexperienced CD8+ T cells displaying memory properties, particularly in 

BALB/c mice (Renkema et al., 2016; Weinreich et al., 2010) (see Introduction 4.2.4). Therefore, we 

hypothesized that helminth infection, through the IL-4-dominated immune response they elicit, might 

influence TVM compartment. We confirmed this hypothesis using various helminth infection models and 

provide for the first time evidence that helminth infections or exposure to helminth products induce Ag-

nonspecific expansion of CD8+ TVM population through direct IL-4 signaling on CD8+ T cells in BALB/c 

mice. Moreover, we could directly associate this helminth-induced expansion of TVM with an enhanced 

virus-specific CD8+ T cell effector responses, resulting in the better control of a subsequent acute 

infection with the γ-herpesvirus MuHV-4 (figure discussion 1). Importantly, we further demonstrated 

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

 

Our findings were recently consolidated by a study published by Lin and colleagues (2018). They 

observed a similar mechanism in which H. polygyrus infection induces IL-4-dependent TVM expansion 

associated with increased control of bacterial infection. However, their model slightly differs from ours 

in that helminth-induced increased control of bacterial load was observed as early as 3 days post-

bacterial infection. On the contrary in our model, increased viral control consistently occurs 7 days post-

MuHV-4 infection. Lin and colleagues (2018) attributed the protective potential of TVM to their innate 

bystander function while we hypothetized a contribution of TVM to MuHV-4-specific CD8+ T cell 

response. 
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Figure discussion 1: Proposed model of helminth-induced enhanced protection against MuHV-4 
acute infection. Immune response elicited by helminth infection is dominated by IL-4 production. IL-
4 directly signals on CD8+ T cells to mediate expansion of TVM pool, likely by conversion of naive CD8+ 
T cells in TVM cells. Upon subsequent MuHV-4 infection, anti-viral CD8+ T cell response is 
characterized by increased number of specific effector CD8+ T cells with increased effector responses 
and enhanced control of acute lung infection. 

 

The mechanisms underlying the IL-4-dependent expansion of CD8+ TVM are still not fully 

understood. Our data corroborate other reports indicating a direct role of IL-4 signaling on CD8+ T cells 

with a characteristic upregulation of Eomes but not Tbet expression. Subsequent pathways involved 

need to be further investigated but both STAT-6 and Akt pathways have been involved in IL-4-induced 

Eomes upregulation (Carty et al., 2014). Although our experiments did not allow us to comprehensively 

determine the origin of expanded CD8+ TVM, the more likely hypothesis remains conversion from naive 

T cells. Adoptive transfer of congenic bulk CD8+ T cells isolated from the spleen demonstrated that TVM 

expansion can occur from peripheral CD8+ T cells, thus potentially independently of cells from the 

thymus. Supporting this observation, inhibition of S1P-dependent trafficking by FTY720 treatment 

during IL-4c treatment did not impair TVM expansion. EdU incorporation remained low in TVM cells 

after S. mansoni egg injection, suggesting that S. mansoni egg treatment did not cause TVM proliferation. 

Thus, these observations strongly suggested that the observed expansion of TVM cells is due to 

conversion from CD44lo naive T cells while independent of proliferation or recruitment to the spleen. In 
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an attempt to determine whether S. mansoni could indeed induce conversion from CD44lo naïve T cells, 

these cells were FACsorted and adoptively transferred to naive congenic mice before S. mansoni egg 

treatment. Unfortunately, we could not observe significant induction of TVM cells in the transferred cells 

(data not shown). Previous reports using IL-4c injection in C57BL/6 mice to induce TVM expansion 

indicated that they can arise from both proliferation of existing TVM pool or conversion of naive cells 

(Park et al., 2016) while another report using the same model indicates that IL-4-induced upregulation 

of Eomes expression is observed in pre-existing memory CD8+ T cells but not in naïve cells (Carty et 

al., 2014). Interestingly, in this latter study, Eomes upregulation in naive CD8+ T cells in response to 

IL-4 stimulation was observed but only in the presence of low (but not high) TCR stimulation. However, 

IL-4c treatment does not exactly recapitulates what happens during helminth infection. Furthermore, 

TVM cells likely behave differently in C57BL/6 or in BALB/c mice. 

 

We observed that increased proportions of TVM are maintained for at least one month after the last S. 

mansoni egg injection. Changes in CD8+ T cells might therefore be longlasting, however, we observed 

a trend towards a decrease of CD8+ TVM proportion overtime. Data from Park and colleagues (2016) 

also indicated that IL-4c-induced CD44hiCXCR3+ CD8+ TVM population was maintained overtime, 

although Eomes expression rapidly declined (Park et al., 2016). This study performed on C57BL/6 mice 

also identified a non-persistent, intermediate population of CD44loCXCR3+ CD8+ TVM, which we did 

not observe in our model. 

 

TVM are known for their enhanced effector functions, and their ability to control pathogens bearing 

their cognate antigen in a comparable manner to conventional memory CD8+ T cells (Lee et al., 2013a; 

Weinreich et al., 2010). Here, we showed that IL-4-dependent expansion of bulk, not TCR-transgenic 

TVM population is associated with a better control of subsequent viral infection. In particular, helminth 

infection induced increased virus-specific effector CD8+ T cell response probably participating to the 

enhanced control of MuHV-4 infection. Several hypothesis could explain how expanded TVM contribute 

to the helminth-induced increased anti-viral response. TVM have been shown to maintain TCR diversity. 

Thus, an increased number of TVM cells through conversion from naïve cells is potentially associated 

with an enrichment of the TCR repertoire in this pool of TVM compared to naive T cells, a phenomenon 

that could significantly augment the probability of effective antigen priming. TVM cells were also shown 

to outcompete their naïve CD44lo T cell counterpart during response to their cognate antigen and could 

therefore establish a more rapide CD8+ T cell response (Lee et al., 2013a). Besides, we provided 

evidence that helminth-conditionned TVM had enhanced effector capacities, as evidenced by increased 

IFN-γ production from CD8+ T cells after helminth exposure. Consistent with that, RNAseq revealed 

limited but probably determinant differences between naive and S. mansoni egg-induced TVM since S. 
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mansoni egg-induced TVM showed increased IFN-γ and IFN-α gene signatures, evidence of increased 

effector capacities.  

 

Conditioning of bulk CD8+ T cells by S. mansoni eggs conferred migration and effector advantages 

to wildtype over Il4ra−/− CD8+ T cells during MuHV-4 infection, indicating that IL-4Rα-dependent 

mechanisms underlie enhanced anti-viral CD8+ T cell responses, consistent with the observation that 

helminth-induced TVM expansion depends on direct IL-4 signaling. However, adoptive transfer 

experiments did not show any competitive advantage of S. mansoni egg-induced TVM over naive TVM at 

the site of viral infection, indicating that expansion itself, along with altered effector phenotype, might 

explain the enhanced anti-viral CD8+ T cell response. 

 

In our coinfection model, we clearly identified that increased anti-viral CD8+ T cell responses was 

associated with an increased virus-specific response. But TVM have also been shown to mediate efficient 

bystander protective response (White et al., 2016) and this could be further investigated in our model. 

 

Our observations of helminth-induced enhanced protection against MuHV-4 acute infection could 

have been unexpected as it contrasts with previous reports rather suggesting a deleterious effect of 

helminth-induced Ym1 on subsequent anti-viral CD8+ T cell responses (Osborne et al., 2014). The most 

stricking difference between this study and ours, besides using a different viral model, comes from the 

strain of mouse used. Osborne and colleagues performed their experiments in C57BL/6 mice. Based on 

known difference between C57BL/6 and BALB/c mice concerning cytokines involved in TVM 

development, we chose BALB/c mice for our study as they appeared to be to most sensitive to IL-4 

(Tripathi et al., 2016). It would be interesting to study on one hand if Ym1 display the same inhibitory 

function on CD8+ T cells response against MuHV-4 infection, more particularly in BALB/c mice and 

on the other hand if helminth exposure could induce similar TVM expansion in C57BL/6 mice. Indeed, 

studies showed expansion of memory-like T cells, either from CD8+ single positive thymocyte or 

peripheral CD8+ T cells, in response to IL-4c injections in C57BL/6 mice (Carty et al., 2014; Park et al., 

2016). Our preliminary experiments showed that, although helminth exposure also induce expansion of 

TVM in C57BL/6 mice, the percentage of TVM among CD8+ T lymphocytes remain lower than in BALB/c 

mice. We also performed extensive coinfection experiments in C57BL/6 mice and strickingly observed 

a reversed phenotype compared to that observed in BALB/c mice (Figure discussion 2). These 

observations are consistent with a deleterious role of helminth exposure on anti-viral response. Indeed, 

luminescent signals reporting MuHV-4 lung infection in vivo were heavily increased in mice previously 

exposed with S. mansoni eggs. However, these results still differ from those obtained by Osborne and 

colleagues (2014) as in our experiments increased viral load was observed early during infection, 

associated with increased migration of antigen-loaded DCs to mediastinal lymph nodes and, 
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importantly, increased virus-specific CD8+ T cell effector response ultimately leading to similar control 

of MuHV-4 in mice exposed or not to S. mansoni eggs.  

 

Figure discussion 2 : S. mansoni egg immunization of C57BL/6 mice is associated with impaired control of 
acute infection with MuHV-4 but increased anti-viral CD8+ T cells response. 
Albino (a-c) or wild-type (d-h) C57BL/6 mice were injected with S. mansoni eggs i.p. and challenge i.v. 
(5,000/injection) at d14. At d22, MuHV-4-luc virus was administered i.n. (104 PFU per mouse in 30µl PBS) 
(a) Experimental design. 
(b) MuHV-4-luc lung infection was monitored daily by in vivo imaging following D-luciferine infection. Thoracic 
dorsal and ventral light emission was measured and combined. p/s = photons per second. 
(c) Representative photographs of bioluminescence signals of two mice per group at d7 pvi 
(d-e) DbORF6487-495 and KbORF61524-531 MuHV-4-specific tetramer+ CD8+ T cells percentage (d) and total numbers 
(e) in indicated organs at d7 pvi. 
(f) Percentage of IFN-γ-producing CD8+ T cells after 4h ex vivo restimulation with ORF6487-495 and ORF61524-531 
MuHV-4 peptides. 
(g) In vivo cytotoxic assay: CFSE-labeled peptide pulsed splenocytes were transferred to PBS- or S. mansoni egg-
treated mice at d7 pvi and target cell killing efficacy was measured. 
(h) OVA-FITC was administered in along with MuHV-4 infection. At d1 or d2 pvi, migration of antigen-loaded 
DCs in mediastinal lymph nodes was assessed. 

 
Thus, although helminth exposure increased C57BL/6 mice susceptibility to MuHV-4 infection, it 

did not impair CD8+ T cells responses. Furthermore, these results do not exclude a potential role of IL-

4-induced TVM in the control of MuHV-4 in C57BL/6 mice as helminth-induced increased viral 
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colonization occured really early during the infection, before the onset of adaptive immune response. 

On the contrary, the existence of a similar mechanism in C57BL6 mice was suggested by a recent study  

(Lin et al., 2018). Interestingly, Lin and colleagues also highlighted that while helminth-induced TVM 

expansion was strictly dependent on IL-4 signaling in BALB/c mice, this dependency was only partial 

in C57BL/6 mice and alternative mechanisms should exist, as expected based on available data (see 

Introduction 4.2). Despite expansion of TVM, other parameters modified by helminth infection in 

C57BL/6 but not BALB/c mice could explain the strong increased in viral load in helminth-exposed 

C57BL/6 mice at early timepoints post-infection. The mechanisms underlying the initial increased viral 

replication in helminth-exposed C57BL/6 mice could involve impaired innate immune responses, for 

example decreased production of type I IFN (Dutia et al., 1999) or increased MuHV-4 replication in 

aaMφ (Reese et al., 2014). Helminth-exposed BALB/c mice did not support similar increased viral 

replication despite alternative macrophage activation in the lung. Genetic variability between BALB/c 

and C57BL/6 mice have already been shown to influence the ability of Leishmania major to replicate 

in aaMφ (Sans-Fons et al., 2013). Similar phenomenon could explain differences in MuHV-4 

susceptibility of helminth-exposed BALB/c or C57BL/6 mice. Difference of MuHV-4 proliferation in 

aaMφ from BALB/c or C57BL/6 mice could be tested in vitro. Interestingly, colonization of C57BL/6 

and BALB/c mice by MuHV-4 already differs independently of helminth exposure, BALB/c mice 

harbour increased viral load compared to C57BL/6 mice during acute lung infection (Weinberg et al., 

2004 ; our own data, not shown). The mechanisms implicated in the control of MuHV-4 acute infection 

was also shown to be different between these two strains, IFN-γ being essential for viral clearance from 

the lung of BALB/c but not C57BL/6 mice (Tsai et al., 2011). These are just example of the impact of 

genetic variability on the immune response. In addition, immune responses elicited by helminth 

infections are highly complex and might vary depending on the context. Discrepancies exist in the 

litterature concerning coinfection outcomes or mechanisms involved. The high diversity of models used 

(e.g. mouse strain, pathogens, timing of coinfection, route of infection) at least partially explains these 

apparently inconsistent results. The difficulty to generalize results obtained from a particular model 

support the need for the understanding of underlying mechanisms. 

 

We described the possibility that exposure to helminth products condition CD8+ T cells resulting in 

increased anti-viral CD8+ T cell effector response and enhance control of subsequent viral infection. 

One obvious application of these findings could therefore be the use of helminths products as vaccine 

adjuvants. Indeed, despite being described as deleterious for vaccine-induced immunity by several 

studies, helminth products have already been tested as adjuvant for vaccines (Jiang et al., 2014). In 

particular, SEA was successfully shown to enhance long-lasting Th1 and cytotoxic CD8+ T cell response 

to a Listeria vector HIV-1 Gag vaccine. However ability to control challenge infection was not evaluated 

and underlying mechanism was not studied (Bui et al., 2014). Our study did not investigate the influence 
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of helminth exposure on true memory formation and maintenance after a first encounter with viral 

antigens, but we observed that during acute anti-viral immune response, percentage of MPEC within 

CD8+ T cell was transiently lower in mice exposed to helminth than in unexposed mice but reached 

similar levels by day 9 post-viral infection. How this observation influence memory formation would 

need to be further explored, especially when considering that IL-4 signaling has already been shown to 

be essential for efficient memory formation following Plasmodium yoelii immunization (Morrot et al., 

2005). However, other reports highlighted a deleterious role of IL-4 signaling for effector functions of 

memory CD8+ T cells (Ventre et al., 2012). Lee and colleagues (2013) described the enhanced effector 

capacity of TVM compared to naive cells during reaction against their cognate antigenic peptide and 

mostly attributed it to faster response of TVM cells. But ultimately naive cells expanded to similar 

numbers compared to TVM cells. This is consistent with our results since, in our study, MuHV-4 infection 

is ultimately controlled similarly in mice exposed or not to helminths. During a secondary response, 

expansion of CD8+ T cells originating from TVM or naive precursor cells followed a similar kinetics (Lee 

et al., 2013a), indicating that there was no improved or impaired true memory formation after antigen-

dependent activation of TVM despite observation of increased capacity of naive CD8+ T cells to 

differentiate in MPEC (Lee et al., 2013a). Importantly, testing the consequence of helminth-induced 

TVM in vaccine efficacy would only be clinically relevant if similar mechanisms exist in humans. Despite 

the difficulty to assert that innate memory-like T cells exist and do not arise from previous antigen 

encounter in humans, studies tend to confirm the existence of a comparable population of antigen-

inexperienced memory T cells. Innate memory-like T cells were notably identified in cord blood and 

spleen of premature children with characteristics that assimilate them to antigen-inexperienced memory 

CD8+ T cells (Jameson et al., 2015). These cells are being characterized more closely but more work is 

needed to understand if they respond to similar stimuli as mouse TVM and have similar functions. 

 

In this work, we focused on the impact of helminth infection on CD8+ T cell response against the 

acute phase of MuHV-4 infection as a model for helminth-induced enhanced anti-viral CD8+ T cell 

responses. However, when considering γ-herpesvirus infection which are characterized by establishment 

of latent infection, control of reactivation events is an important parameter. As a consequence, the 

“quality” of the immune response is assessed less by control of acute infection than by efficient memory 

formation controlling reactivation events. Helminth exposure have already been shown to induce 

reactivation of previously established latent MuHV-4 infection (Reese et al., 2014). However, the 

mechanisms involved in that particular study was a direct effect of STAT-6 on the switch from latency 

to viral lytic replication. Thus, effect of helminth infection on capacity of memory CD8+ T cells to 

control latent MuHV-4 infection remains to be investigated. 
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In conclusion, the first study provides additional data about the dynamics of hepatic 

monocytes/macrophage responses during S. mansoni natural infection at the light of IL-4Rα signalling 

and showed that IL-4Rα signalling was dispensable for monocyte infiltration and differentiation. Precise 

comprehension of this response would help understanding the still unelucidated role of aaMφ in S. 

mansoni induced pathology. Thereby, we identified a subpopulation of monocyte-derived aaMφ with a 

role in the regulation of hepatic granulomatous inflammation. On the contrary, resident macrophages 

appeared dispensable for the control of S. mansoni induced pathology. In the second study, we reported 

a beneficial outcome of helminth-virus coinfection. Type 2 immune responses initiated by helminth 

infections or helminth products induced TVM expansion through direct IL-4 signaling on CD8+ T cells 

that conditionned an increased effector potential of CD8+ T cells. This could in turn positively influence 

a subsequent anti-viral CD8+ T cell response and enhance the control of acute infection with the γ-

herpesvirus MuHV-4. Helminth-induced enhanced effector CD8+ T cell response was also dependent 

on IL-4Rα-signaling. IL-4 was already known to drive TVM expansion but whether these mechanisms 

also occur in pathologies dominated by type 2 immune response was not known. Thus, we provided 

evidence that type 1 and type 2 immune responses do not always antagonize each other and we identified 

a new mechanism of beneficial helminth-induced modulation of subsequent bystander immune 

response. 
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