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Innate lymphoid cells in sepsis and trained immunity 

Summary 

Innate immune cells are the first line of defense against infections. A recent breakthrough in 

immunology has been the description of the acquisition of memory by innate immune cells and their 

progenitors, a process called “trained immunity”. Trained immunity is induced by microbial or danger 

signals. Trained innate immune cells show an enhanced response to a secondary hit. Many aspects of 

trained immunity remain open, particularly in the field of infections. Here, we developed a model of 

training induced by challenging mice with yeast-derived β-glucans to characterize the impact of trained 

immunity on infections. 

Here we first investigated: 1) the breadth and 2) the persistence of protection conferred by trained 

immunity. Using a large panel of preclinical models, we show that training protected mice from 

systemic, peritoneal, gastrointestinal and pulmonary infections induced by Staphylococcus aureus, 

Listeria monocytogenes, Escherichia coli, Citrobacter rodentium, Pseudomonas aeruginosa and 

Streptococcus pneumoniae. Training increased bone marrow myeloid progenitors, blood inflammatory 

monocytes and neutrophils, peritoneal antimicrobial macrophages, and lung monocytes and 

neutrophils. Monocytes/macrophages and IL-1 signaling were essential for protecting trained mice 

from systemic listeriosis. Most of the cellular alterations persisted over time. Accordingly, mice trained 

9 weeks earlier were protected from lethal listeriosis. Thus, trained immunity confers broad, long-

lasting protection from bacterial infections. 

Innate lymphoid cells (ILCs) are tissue-resident cells and important sources of cytokines shaping 

immune responses. Thus, we explored ILC subpopulations (ILC1/2/3) during pneumococcal 

pneumoniae. In trained mice, the number of ILCs remained stable, but the proportion of ILCs shifted 

toward ILC2 involved in tissue repair. Thus, training promotes antimicrobial defense mechanisms and 

possibly resolution/repair mechanisms following bacterial pneumonia. 

ILCs were identified recently. The expression of ILCs in humans suffering from sepsis is not known. 

Using two cohorts of patients constituted during this thesis, we questioned whether ILCs circulate at 

different levels in the blood of patients with ventilator-associated pneumoniae (VAP) and Covid-19 

pneumonia. ILCs blood counts were not affected upon VAP. On the contrary, ILCs numbers decreased 

in patients hospitalized with Covid-19, an effect associated with disease severity. Therefore, ILCs may 

represent biomarkers for Covid-19 but apparently not for VAP sepsis. 

Overall, our studies suggest that trained immunity could be used to enhance antimicrobial host 

defenses, for example by designing new vaccine adjuvants, or targeted to counter-balance the 

deleterious effects associated with enhanced inflammatory responses. Moreover, ILCs may represent 

an attractive biomarker for sepsis patients suffering from Covid-19. 



 

 

 



 

Innate lymphoid cells in sepsis and trained immunity 

Résumé 

Les cellules immunitaires innées constituent la première ligne de défense contre les infections. La 

description de l'acquisition d'une mémoire par les cellules immunitaires innées constitue une percée 

récente en immunologie. Ce processus est appelé « trained immunity ou immunité entraînée ». 

L'immunité entraînée est induite par des signaux microbiens ou de danger. Elle fournit des cellules 

immunitaires innées répondant de manière accrue à un contact ultérieur avec ces mêmes types de 

signaux. Dans ce travail, nous avons développé un modèle préclinique d’entrainement par injection de 

paroi de levure à des souris, puis caractérisé l'impact de l'immunité entraînée sur les infections. 

Dans un premier temps, nous avons étudié le spectre et la persistance de la protection conférée par 

l'immunité entraînée. L'entraînement protégeait les souris d’infections systémiques, péritonéales, 

gastro-intestinales et pulmonaires induites par des bactéries telles Staphylocoque, Listeria, Escherichia 

coli, Pseudomonas et Streptocoque. L'entraînement augmentait le nombre de cellules souches 

myéloïdes ainsi que les monocytes et neutrophiles du sang, de la cavité péritonéale et des poumons. 

Les monocytes et la signalisation induite par l'IL-1 étaient essentiels pour protéger les souris entraînées 

contre la listériose. La plupart des altérations cellulaires persistaient dans le temps, et les souris 

entraînées neuf semaines plus tôt étaient protégées contre la listériose. Ainsi, l'immunité entraînée 

confère une protection large et durable contre les infections bactériennes. 

Les cellules lymphoïdes innées (ILCs) sont des cellules résidant dans les tissus et une source importante 

de cytokines qui façonnent les réponses immunitaires. Nous avons exploré les sous-populations d’ILCs 

(ILC1/2/3) au cours de la pneumonie à pneumocoque. Chez les souris entraînées, le nombre d'ILCs 

restait stable mais la proportion des ILC2, qui promeuvent la réparation tissulaire, augmentait chez les 

souris survivantes. Ainsi, l'entraînement favorise les mécanismes de défense antimicrobienne et peut-

être les mécanismes de cicatrisation lors d’une pneumonie bactérienne. 

Finalement, nous avons questionné si les ILCs circulent à des niveaux différents dans le sang de patients 

souffrant de pneumonie associée à la ventilation mécanique (PAVM) et de Covid-19. Le nombre d’ILCs 

n’était pas affecté par la PAVM. Au contraire, le nombre d'ILCs diminuait drastiquement chez les 

patients hospitalisés pour Covid-19. Par conséquent, les ILCs peuvent représenter des biomarqueurs 

pour la septicémie de Covid-19 mais pas pour la PVA. 

Globalement, notre étude suggère que l'immunité entraînée pourrait être utilisée pour renforcer les 

défenses antimicrobiennes de l'hôte, par exemple en concevant de nouveaux adjuvants vaccinaux, ou 

en ciblant des inhibiteurs pour contrebalancer les effets délétères associés à l’inflammation. En outre, 

les ILCs pourraient servir de biomarqueur pour les patients atteints de Covid-19. 

 



 

 

 



 

Innate lymphoid cells in sepsis and trained immunity 

Résumé destiné à un large public 

Le système immunitaire est un système de défense qui nous protège notamment contre les infections. 

Il est divisé en deux parties: 1) le système immunitaire inné composé de globules blancs qui 

reconnaissent de manière non-spécifique toutes sortes de microbes, et 2) le système immunitaire 

adaptatif qui génère des lymphocytes mémoires qui réagissent beaucoup plus vite et de manière plus 

intense lors d’une réinfection avec un même pathogène. Cette capacité de mémorisation est utilisée 

dans le principe des vaccins qui nous protègent contre les infections. 

Le dogme selon lequel la mémoire immunitaire est l’apanage des lymphocytes et du système 

immunitaire adaptatif a été remis en question récemment. Ainsi, il a été démontré que le système 

immunitaire innée préalablement exposé à un microbe (le plus souvent un fragment de levure ou le 

vaccin BCG) fait preuve de mémoire en ce sens qu’il peut augmenter sa réponse lors d’une réinfection 

par l’intermédiaire de globules blancs appelés monocytes et neutrophiles. 

Dans ce projet, nous avons cherché à définir si la mémoire du système immunitaire inné: 1) permet de 

protéger de toute sorte d’infections, et 2) persiste dans le temps. Nous rapportons en utilisant des 

modèles précliniques utilisant la souris que le développement de mémoire immunitaire innée protège 

les souris contre un grand nombre d’infections incluant la septicémie, péritonite, gastro-entérite et 

pneumonie. Par ailleurs la protection est durable au cours du temps. 

Les cellules lymphoïdes innées (ILCs) sont des cellules découvertes récemment. Elles résident dans les 

tissus et sont une source importante de molécules solubles qui façonnent les réponses immunitaires 

(i.e. des cytokines, qui s’apparentent à des hormones du système immunitaire). Vu ces 

caractéristiques, nous avons exploré l’expression des ILCs au cours de la pneumonie à pneumocoque 

en relation avec l’instauration de la mémoire du système immunitaire inné. Nos résultats suggèrent 

que les ILCs ne sont pas affectées de par leur nombre mais possiblement de par leur fonction lors de 

l’acquisition de la mémoire innée, favorisant les mécanismes de défense antimicrobienne et peut-être 

les mécanismes de cicatrisation après une pneumonie bactérienne. 

Pour terminer, nous avons questionné si les ILCs présentes dans le sang sont affectées chez les patients 

souffrant de pneumonie à bactérie associée à la ventilation mécanique ou de pneumonie à virus, en 

l’occurrence de Covid-19. Le nombre des ILCs diminuait drastiquement chez les patients hospitalisés 

pour Covid-19 mais pas chez les patients souffrant de pneumonie bactérienne, suggérant que les ILCs 

pourraient être utilisées pour estimer la sévérité de la Covid-19. 

Globalement, ces travaux suggèrent que la mémoire de l'immunité innée pourrait être utilisée pour 

renforcer les défenses antimicrobiennes de l'hôte, par exemple en concevant de nouveaux types de 

vaccins. En outre, les ILCs pourraient servir de marqueur pour les patients atteints de Covid-19. 
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HCMV Human cytomegalovirus 
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IFN Interferon 
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ILCreg regulatory ILC 

i.d. Intradermally 

i.n. Intranasally 

lncRNA Long non-coding RNA 

iNOS Inducible nitric oxide synthase 

i.p. Intraperitoneally  

IRF Interferon regulatory factor 

IRAK Interleukin-1 receptor-associated kinase 1 

i.t. Intratracheally 

i.v. Intravenously  

  

KDM5 Lysine demethylase 5 
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M. bovis Mycobacterium bovis 

M1 macrophage Classically activated macrophage 
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MAMP Microbial-associated molecular pattern 

MAC Membrane attack complex 

MAPK Mitogen-activated protein kinases 
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MDA5 Melanoma differentiation-associated protein 5 

MDSC Myeloid derived suppressor cell 

MDP Muramyl dipeptide 

Me Methyl 

MHC Major histocompatibility 

MHC-I Class I MHC 

MHC-II Class II MHC  
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MIP-1α Macrophage inflammatory protein-1α 

miRNA MicroRNA 
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PRR Pattern recognition receptor 

PD-1 Programmed cell death protein 1 
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PDGF Platelet-derived growth factor 

PGD2 Prostaglandin D2 
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21 1.1 Innate immunity 

1. INTRODUCTION 

1.1. Innate immunity 

The immune system is a host defense system that protects against infection. It is divided into 
two parts: the innate immune system and the adaptive immune system [1]. These two parts have been 
for a long time oppositely described as follows: the innate immune system is present in, all alive 
organisms, with an immediate and broad specificity response and no memory, while the adaptive 
immune system is absent from lower organisms, has a higher and fine specificity response, with a 
memory. However, recent findings are beginning to reconsider this dichotomy. Indeed, innate and 
adaptive immunity exhibit a range of interactions that is more complex than what was initially thought. 
In this section, we will focus on the innate immune response. 

 

1.1.1. Inflammatory response during lung infection 

The air we inhale carry microorganisms, which can cause respiratory infections like 
pneumonia. To prevent this, microorganisms have to be quickly eliminated by the immune system, 
through a process involving an inflammatory response (Figure 1). At the tissue level, inflammation is 
characterized by redness, swelling, pain and warmth at the site of infection, characteristic of a 
vasodilatation which purpose is to facilitate leukocyte extravasation [2]. The first line of defense during 
lung infection are the epithelial cells, which are composed of four main types: the ciliated cells, the 
goblet cells, the club cells and the basal cells [3]. They provide a physical barrier to pathogen invasion 
and secrete mucus to trap and to facilitate pathogen’s expulsion. When a pathogen breaches the first 
line of defense, pattern recognition receptors (PRRs) on resident cells, also called sensor cells, 
recognize microbial-associated molecular patterns (MAMPs) and danger-associated molecular 
patterns (DAMPs) released by injured, dying cells or foreign agents (like bacteria or viruses) (Figure 1) 
[4, 5]. The expression of different PRRs at the cell surface allows to sense the broadest possible range 
of signals, as detailed in Table 1 [6, 7]. Among those PRRs are the families of Toll-like receptors (TLRs), 
C-type lectin receptors (CLRs), NOD-like receptors (NLRs), RIG-I like receptors (RLRs)/DExD/H-box 
helicases RNA sensors, and cytosolic DNA sensors (CDSs). When PRRs bind their ligands, it triggers 
intracellular signaling pathways that culminate in the activation of the NF-κB (nuclear factor-kappa B), 
MAPK (mitogen-activated protein kinases) and IRF (interferon regulatory factors) pathways. It also 
enhances the activation of the receptor-related multiprotein complex called inflammasome (among 
which the best known are NLRC4 (NLR-CARD domain-containing 4) and NLRP3 (NLR family primary 
domain containing 3) [8]. These activations result in the production of the first-order mediators (a 
classification proposed by Akiko Iwasaki et al. [9]) among which cytokines (e.g. IL-1β, IL-6 and tumor 
necrosis factor-TNF) and chemokines (e.g. CXCR1, CXCL8 and CCL2). 

Among sensor cells, monocytes and macrophages serve as key sentinels of lungs. Macrophages are 
primarily self-sustained resident macrophages that derive from fetal liver progenitors [10]. Later on, 
they differentiate in the lungs, into bronchial macrophages, alveolar macrophages [11] and interstitial 
macrophages [12]. In parallel to the concept of T-helper (Th) cell polarization [13], two phenotypes of 
alveolar macrophages have been proposed: classically activated macrophage (M1 macrophage) and 
alternatively activated macrophage (M2 macrophage). M1 macrophages, as type 1 Th cells, respond 

to inflammatory microbial factors and Th1 pro-inflammatory cytokines (LPS, interferon (IFN), TNF). 
They display inflammatory activities, engulf and kill invading microorganisms through phagocytosis, 
and enhance recruitment of immune cells into the lungs [2]. M2 macrophages, as Th2 cells, are induced 
by Th2/anti-inflammatory cytokines (IL-4, TGF (transforming growth factor)-β) to undergo 
phagocytosis of apoptotic cells, resolution of inflammation and repair of tissue damage [14-16]. 
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Figure 1: Inflammatory response in the lungs 
Top) Epithelial cells form a physical barrier against microorganisms. Epithelial cells produce mucus that traps 
pathogens and facilitates expulsion. Epithelial cell injury is recognized by sensor cells that produce first order 
cytokines to activate resident cells. Resident cells produce second order cytokines that enhance permeability, 
and recruitment and activation of effector cells [9]. Bottom) PRRs like TLR2/TLR4 recognize MAMPs such as 
lipoprotein on the surface of S. pneumoniae. DNA of S. pneumoniae can be recognized by TLR9 and CDSs. 
These interactions activate the NF-κB, MAPK and IRF pathways, enhancing production of pro-inflammatory 
cytokines and neutrophil recruitment. 

DC: dendritic cells; EET: eosinophil extracellular trap; ILCs: innate lymphoid cells; IRAK: interleukin-1 receptor-
associated kinase 1; IRF: interferon regulatory factors; MAMP: microbial-associated molecular pattern; 
MAPK: mitogen-associated protein kinase; NLR: NOD-like receptor; NK cell: natural killer cell; NF-κB: nuclear 
factor-kappa B; ROS: reactive oxygen species; TRM: tissue resident memory cell; TLR: toll-like receptor; TRAF-
6: tumor necrosis factor receptor (TNFR)-associated factor-6. 
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Lung-resident dendritic cells (DCs) are recruited from the bone marrow and remain in an immature 
state in the lungs, until they capture an antigen and undergo a maturation process [17, 18]. There are 
multiple DC subsets in the lungs: conventional DCs (cDCs), plasmacytoid DCs (pDCs) and monocyte-
derived DCs (moDCs) [17]. They have a central role in orchestrating both innate and adaptive immune 
responses, which major function is antigen presentation [19]. Indeed, the DCs primary role is to 
capture antigen through several pathways such as micropinocytosis, endocytosis and phagocytosis. 
They subsequently migrate to secondary lymphoid organs, where they present antigen to naive T cells, 
thereby initiating adaptive immune responses [20-22]. This migration can be modulated by 
complement subcomponents. The complement system is a set of plasma and cell surface proteins 
triggered through different routes (classical, lectin or alternative), that aid antibodies and phagocytes 
to clear invading pathogens (through opsonization), promote inflammation (through anaphylatoxins), 
and lyse pathogen (through the membrane attack complex (MAC)) [2, 23, 24]. 

Production of the first-order cytokines induces the activation of resident cells such as innate lymphoid 
cells (ILCs), natural killer (NK) cells and tissue-resident memory cells (TRM) [9]. ILCs, which will be more 
described in the section 1.2, are tissue-resident cells that are locally renewed and expended in 
inflammatory conditions. They are important producers of cytokines after a rapid stimulation by 
surrounding sensor cells. They have an important role in maintaining tissue homeostasis within the 
lungs, and provide an initial response to pathogen challenge. NK cells, member of the ILC family, are 
rapidly recruited from the bone marrow to the lungs [25] where they recognize and bind infected host 
cells to induce their apoptosis through the secretion of perforin and granzyme B [19, 26, 27]. 

The activation of these resident cells enhances the production of second-order cytokine, leading to 
increased permeability and recruitment of effector cells such as monocytes, neutrophils and 
eosinophils [9, 28, 29]. Monocytes are recruited to the lungs in response to CCL2 and CCL7 where they 
can differentiate into macrophages [30]. Monocytes/macrophages initiate phagocytosis and antigen 
presentation. Indeed, microbial fragments remaining from phagocytosis can be presented to T 
lymphocytes through a complex of proteins expressed on the cell surface called major 
histocompatibility complex (MHC) [19].  MHC are glycoproteins that bind antigenic peptide fragments 
of proteins that have been synthesized within the cell (class I MHC or MHC-I) or that have been 
ingested by phagocytes and proteolytically process (class II MHC or MHC-II). Once in lungs, monocytes 
can differentiate into DCs [31]. DCs are the most adapted cells to present antigen to activated naïve T 
cells in the lymph nodes, making them crucial for the initiation of adaptive immune responses [20]. 

TNF and IL-6 produced by monocytes enhance acute phase response and recruitment of neutrophils 
to the lungs [32, 33]. Neutrophils contribute to pathogen eradication through phagocytosis, 
degranulation of toxic molecules, reactive oxygen and nitrogen species (ROS, RNS) generation and 
NETosis. NETosis reflects the release of neutrophil extracellular traps (NET), which are composed of 
chromatin scaffolds containing histones. NETs contain antimicrobial peptides and enzymes that 
immobilize and kill pathogens [34]. Neutrophils influence the activity and migration of other immune 
cells through the production of cytokines (IL-1, IL-12, IL-17, IL-23, IL-27, TGF-β) and chemokines (CCL2, 
CCL20, CXCL10) [19]. IL-5 is a cytokine involved in the expansion and mobilization of eosinophils into 
the lungs [35, 36]. This eosinophil migration is suggested to be induced by ILC2 and Th2 cells, two 
important producers of IL-5 [37, 38]. DCs are also acknowledged in eosinophils recruitment in lungs 
during allergen challenge [39]. Eosinophils possess antimicrobial properties against a broad range of 
pathogens. Indeed, eosinophils release cytotoxic secondary granules, cytokines (TGF-β, TGF-α), growth 
factors (epidermal growth factor (EGF), fibroblast growth factor (FGF), platelet-derived growth factor 
(PDGF), vascular endothelial growth factor (VEGF)), ROS and other mediators associated with host 
defense and tissue repair. 
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Table 1: PRRs and their ligands 
PRRs Localization MAMPs/DAMPs Origin of the ligand 

TLR 

TLR1 Plasma membrane Triacyl lipoprotein  Bacteria 

TLR2 Plasma membrane Lipoprotein, peptidoglycan, LTA and 
β-glucans 

Bacteria, viruses, parasites, fungi 
and self 

TLR3 Endolysosome dsRNA  Viruses 

TLR4 Plasma membrane LPS, RSV and MMTV fusion protein, 
mannan, and glycol-
inositolphosphate from 
Trypanosoma spp. 

Gram-negative bacteria, viruses, 
self 

TLR5 Plasma membrane Flagellin Bacteria 

TLR6 Plasma membrane Diacyl lipoprotein, LTA and β-glucans Bacteria, viruses and fungi 

TLR7 Endolysosome ssRNA and short dsRNA Viruses, bacteria, self 

TLR8 Endolysosome ssRNA, short dsRNA and bacterial 
RNA 

Viruses, bacteria 

TLR9 Endolysosome CpG-ODN  and hemozoin from 
Plasmodium spp.  

Viruses, bacteria, protozoan 
parasites, fungi  and self  

TLR10 Endolysosome Unknown Unknown 

TLR11 Plasma membrane Profilin-like molecule, and flagellin Apicomplexan parasites and 
bacteria 

TLR12 Endolysosome Profilin Apicomplexan parasites 

TLR13 Endolysosome Bacterial rRNA Gram-negative and gram-positive 
bacteria 

RLR 

RIG-I Cytoplasm Short dsRNA, 5’triphosphate dsRNA  RNA and DNA viruses, bacteria 

MDA5 Cytoplasm Long dsRNA RNA viruses, bacteria 

LGP2 Cytoplasm dsRNA RNA viruses 

NLR 

NOD1 Cytoplasm iE-DAP Bacteria  

NOD2 Cytoplasm MDP Bacteria 

NAIP5 Cytoplasm Flagellin Bacteria 

NLRC4 Cytoplasm Flagellin Bacteria 

NLRP3 Cytoplasm ATP, crystals, pore forming toxins, K+ 
efflux, Ca2+ mobilization, cathepsin, 
ROS 

Bacteria, viruses, self 

CLR 

DC-SIGN Plasma membrane Mannose, Mannan HIV, fungi 

Dectin-1 Plasma membrane β-glucans Fungi, mycobacteria 

Dectin-2 Plasma membrane α-mannans, glycoproteins Fungi, mycobacteria 

MINCLE Plasma membrane α-mannans Self, fungi, mycobacteria 

ATP: adenosine triphosphate; CARD: caspase activation and recruitment domains; CLR: C-type lectin receptor; 
CpG ODN: CpG oligodeoxynucleotide; DAMP: danger-associated molecular pattern; DC-SIGN: dendritic cell-
specific intercellular adhesion molecule-3-grabbing non-integrin; dsRNA: double-stranded RNA; iE-DAP: gamma-
D-glutanyl-meso-diaminopimelic acid; LPS: lipopolysaccharide; LTA: lipotechoic acid; LGP2: Laboratory of 
Genetics and Physiology 2; MAMP: microbial-associated molecular pattern; MMTV: mouse mammary tumor 
virus; MDP: muramyl dipeptide; MINCLE: macrophage inducible Ca2+-dependent lectin receptor; MDA5: 
melanoma differentiation-associated protein 5; NLR: NOD-like receptor; NOD: nucleotide oligomerization 
domain; NAIP5: neuronal apoptosis inhibitory protein 5; NLRP3: NLR family primary domain containing 3; NLRC4: 
NLR-CARD domain-containing 4; PRR: pathogen recognition receptor; rRNA: ribosomal RNA; RSV: respiratory 
syncytial virus; RIG-I: retinoic acid-inducible gene I; RLR: RIG-I receptor; ROS: reactive oxygen species; TLR: Toll-
like receptor; ssRNA: single-stranded RNA. 
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Like DCs and macrophages, eosinophils can present antigen thanks to the expression of MHC-II 
molecules and co-stimulatory receptors (e.g. CD80, CD86 and CD40L3). Furthermore, like neutrophils, 
eosinophils display antibacterial activity that involves the release of cytotoxic proteins such as major 
basic protein (MBP-1) and of eosinophil extracellular traps (EET) made of mitochondrial DNA-
containing bactericidal trap [19, 40, 41]. Tissue injury and infection activate the coagulation cascade 
[28], initiate local clotting, decrease the activity of anticoagulant mechanisms and impair fibrinolytic 
system. These events prevent blood loss and entry of infectious microorganisms into the blood stream 
[2, 42, 43]. During the immune response to respiratory pathogens, primed, activated T cells migrate to 
the lungs where they persist as tissue resident T cells (TRM) mediating optimal protective to a secondary 
challenge [44]. The role of adaptive immunity will not be developed further.  

 

1.1.2. Resolution of inflammation 

An uncontrolled or unresolved inflammation can lead to tissue damage, sepsis and chronic 
inflammation diseases like allergic asthma, psoriasis or Crohn’s diseases [45-47]. Thus, the 
inflammatory response must be resolved to promote tissue repair and restore homeostasis. This 
process called resolution phase or resolution of inflammation (Figure 2) is initiated shortly after the 
beginning of the inflammatory response [48]. 

During initiation of inflammation, leukocytes traffic from bloodstream to the site of infection, forming 
the inflammatory exudate. This exudate contains key players of the resolution phase, the families of 
specialized pro-resolving mediators (SPMs) and include lipid mediators (lipoxins, resolvins, protectins 
and maresins), proteins and peptides (like annexin A1 (AnxA1), adrenocorticotropic hormone, 
chemerin peptides and galectin-1), gaseous mediators (hydrogen sulfilde (H2S) and carbon monoxide 
(CO)), a purine (adenosine), and neuromodulators (acetylcholine and other neuropeptides) [46, 49]. 
These SPMs enhance the shutdown of neutrophil recruitment through a phenomenon called lipid 
mediator class switching. SPMs also reduce vascular permeability, promote apoptosis, activate 
clearance of apoptotic cells and play a role in macrophage reprogramming [48, 50-52]. All these events 
prevent excessive inflammation. 

Once neutrophils influx ends, the remained neutrophils are trapped in the exudate and generate 
membrane-borne microvesicles called microparticles or ectosomes that inhibit the inflammatory 
response of macrophages [53]. These apoptotic neutrophils then attract macrophages to induce their 
clearance by efferocytosis [54]. This uptake reprograms macrophages from a pro-inflammatory (M1) 
to an anti-inflammatory (M2) phenotype characterized by the release of IL-1 receptor antagonist (IL-
1RA), IL-10, TGF-β and VEGF [55, 56], promoting cell proliferation, tissue regeneration and wound 
repair [46, 50, 57]. Tissue repair and reestablishment of tissue functionality require tight interactions 
between macrophages, stem cells, progenitor cells and stromal cells [58]. After resolution, 
macrophages migrate to the draining lymph node where they present antigens from the inflamed 
tissue [59, 60]. Overall, inflammatory cells are eliminated from the site of inflammation through 
migration into the systemic circulation, lymphatic drainage or cell death (autophagy, NETosis, and 
caspase-mediated apoptosis) [61].  

NF-κB plays a crucial role driving the inflammatory response. This signaling pathway can be inhibited 
through different processes. For example, the transmembrane molecule leucine-rich repeat-
containing protein 33 (LRRC33) negatively regulates TLR signaling and subsequent NF-κB activation 
[62]. Additionally, micro RNAs (miR-126, miR-146a/b, miR-200b/c), long non-coding RNAs (lncRNA-
Cox2, Morrbid, PACER, Lethe, NRON) induced during the immune response act as negative modulators 
of NF-κB signaling [63, 64]. More recently, myeloid-derived suppressor cells (MDSCs) [65, 66] and T 
regulatory cells (Tregs) [67] have emerged as important players of the resolution phase, linking innate 
and adaptive immune systems. MDSCs are immature myeloid cells characterized by their 
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immunosuppressive functions. Depletion of MDSCs increased the production of pro-inflammatory 
cytokines [68], showing the important role of MDSCs in the resolution of inflammation. Tregs are IL-10 
producing T cells that regulate or suppress other immune cells. Tregs are essential for maintaining 
peripheral tolerance, suppressing sterilizing immunity, limiting antitumor immunity. Tregs promote 
repair and regeneration of various organ systems by controlling neutrophils and macrophages 
functions [69]. During infection, the barrier integrity of the airway epithelium can be damaged, leading 
to release of alarmins such as IL-33. ILC2 respond rapidly to IL-33 by producing TSLP (thymic stromal 
lymphopoietin) and IL-25, thus initiating epithelial cell repair and lung tissue homeostasis [70]. 

 

 

 

 

Figure 2: Resolution of inflammation 
The inflammatory exudate is formed when leukocytes travel from the bloodstream to the site of infection. 
This exudate accumulates pro-resolving mediators called SPMs and lipid mediators such as lipoxins, resolvins, 
protectins and maresins. Lipid mediator class switching enhances the shutdown of neutrophils and other 
leukocytes recruitment. Apoptotic immune cells are eliminated by efferocytosis by M1 macrophages. M1 
macrophages are reprogrammed into M2 macrophages, migrate to draining lymph node and present 
antigens from the inflamed tissue. Concomitantly, NF-κB pathway is inhibited, reducing inflammatory 
response. When the barrier integrity of the airway epithelium is damaged, epithelial cells activate ILC2 by 
producing alarmins, to enhance homeostasis and tissue repair. 

ILCs: innate lymphoid cells; LRRC33: leucine-rich repeat-containing protein 33; miRNA: microRNA; M1 
macrophage: Classically activated macrophage; NF-κB: nuclear factor-kappa B; NLRP3: NLR family primary 
domain containing 3; TGF-β: transforming growth factor beta; VEGF: vascular endothelial growth factor. 
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1.2. Innate lymphoid cells 

ILCs have a lymphoid morphology, lack recombination activating gene and do not express cell 
surface markers associated with myeloid cells, DCs and conventional B and T lymphocytes, which 
explains why these cells were overlooked up to recently [71]. ILCs are present through the body where 
they play a role of environmental sensors. ILCs in both lymphoid and non-lymphoid organs are tissue-
resident cells, locally renewed, expanded and activated by surrounding cells, in response to acute 
environmental challenges [72, 73]. Once activated, ILCs produce cytokines that shape innate and 
adaptive immune responses [74, 75]. Based on the cytokine they produce, the transcription factors 
and interleukins that regulate their development and functions, ILCs have been subcategorized into 
three groups: ILC1, ILC2 and ILC3, that mirror CD4+ Th1, Th2 and Th17 cells, and NK cells that mirror 
CD8+ cytotoxic T cells [27, 76-78] (Figure 3 and Figure 4). 

 

1.2.1. Development and regulation of ILCs 

ILCs initially develop in the fetal liver and later develop in the adult bone marrow [79, 80]. They 
arise from common lymphoid precursors (CLPs) [81], which take their origin from hematopoietic stem 
cells (HSCs) (Figure 3). CLP are CD127+ (IL-7 receptor subunit) and Flt3+ (Fms-like tyrosine kinase 3). 
Under the expression of nuclear factor IL-3 regulated (NFIL3) [82], and thymocyte selection-associated 
high-mobility group box protein (TOX) [83], the CLP can differentiate into early ILC precursor (EILP) that 
express the transcription factor T cell factor 1 (TCF-1). This latter give rise to all ILC subsets: ILC1, ILC2, 
ILC3 and NK cells [84]. The differentiation of common helper innate lymphoid precursors (CHILPs) from 
EILP depends on inhibitor of DNA binding 2 (ID2) [85]. CHILP have a similar surface phenotype to CLP, 
but do not express Flt3. CHILPs, under the expression of ID2, TOX and RORγt (Retinoid-related orphan 
receptor γt) gives rise to the lymphoid tissue inducer precursor (LTiP), that can differentiate into 
lymphoid tissue inducer (LTi) under the expression of AHR (aryl hydrocarbon receptor) and RORγt [86]. 
LTi are also described as ILC3 CCR6+ [87]. CHILP give rise to ILC progenitors (ILCPs), which are CD127+ 
and PD-1+ (programmed cell death protein 1) [88], through the expression of promyelocytic leukemia 
zinc finger (PLZF) and ID2 [73, 89]. However, ILCs can develop also in the absence of CD127 [90, 91]. 
Transcription factors such as TCF-1, ID2, PLZF, NFIL3, TOX, BCL11B (B-cell lymphoma/leukemia 11B), 
GFi1 (transcription factor growth factor independence 1), AHR, RORγt and GATA-3 are key elements 
for ILC fate commitment leading to ILC1, ILC2 and ILC3. A more recent study used CRISPR/Cas9-
generated combinatorial reporter approach to study ILC development in fetal liver and adult bone 
marrow, confirmed the key role of GATA3 and RORγt and reported distinct origins of ILC and LTi 
lineages [92]. For now, it remains unclear whether ILCPs infiltrate peripheral tissues during 
development and differentiate locally to commit to ILC lineages. However, IL-33 signaling negatively 
regulates CXCR4 expression to promote ILC2 progenitors exit from the bone marrow [93]. In addition, 
allergic airway inflammation induced by the fungal allergen Alternaria alternata drives the egress of 
ILC2 progenitors from the bone marrow [93]. 

ILC1 development is strictly dependent on T-bet, on the contrary, to NK cells that rely on both T-bet 
and Eomes (Figure 3). ILC1 respond to IL-12, IL-15 and IL-18 and produce IFNγ and TNF (Figure 4) [76, 
94]. The development of ILC2 depends on GATA-3, Gfi1 and BCL11B (Figure 3). They respond to IL-25, 
IL-33, prostaglandin D2 (PGD2) and TSLP, constitutively express GATA-3 and produce IL-4, IL-5, IL-9, IL-
13, arginase 1 (Arg1) and amphiregulin (AREG) (Figure 4) [76]. ILC3 are subdivided into three groups: 
natural cytotoxic receptor negative (NCR-) and natural cytotoxic receptor positive (NCR+) cells, 
according to the expression of natural cytotoxicity receptors (such as NKp46 and NKp44) and LTi cells. 
Additionally, LTi express CCR6 and/or CD4 and secrete IL-17, IL-22 and lymphotoxin [87]. Their 
development requires AHR (Figure 3). The role of LTi resides mainly in the formation of secondary 
lymphoid structures, and for this reason, they will not be described further [95]. The ILC3 NCR- and 
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NCR+ respond to IL-1β, IL-6, and IL-23, constitutively express RORγt, and produce IL-17A and IL-22 
(Figure 4) [71, 73, 96]. 

 

 

 
Figure 3: Development of ILCs 
ILCs arise from CLP, which arise from HSC. CLP can differentiate into EILP under the expression of TOX and NFIL3. 
TOX and Eomes expression give rise to NK cells, while ID2 give rise to CHILP. ILC1, ILC2 and ILC3 CCR6- take their 
origin from ICLP that develop from CHILP, while ILC3 CCR6+ take their origin directly from CHILP. Finally, LTi take 
their origin from CHILP that differentiate into LTiP. 

AHR: aryl hydrocarbon receptor; BCL11B: B-cell lymphoma/leukemia 11B; CD127: IL-7 receptor subunit; CLP: 
common lymphoid precursors; CHILP: common helper innate lymphoid precursors; EILP: early ILC precursors; 
Eomes: eomesodermin; FLT3: fms-like tyrosine kinase 3; GATA-3: gata binding protein 3; GFi1: transcription 
factor growth factor independence 1; HSC: hematopoietic stem cells; ILCP: ILC progenitors; ID2: Inhibitor of DNA 
binding 2; LTi: lymphoid tissue inducer; LTiP: LTi precursors; NCR: natural cytotoxicity receptor; NFIL3: nuclear 
factor interleukin-3 regulated; PLZF: promyelocytic leukemia zinc finger; PD-1: programmed cell death 1; RORγt: 
retinoid-related orphan receptor γt; ST2: suppression of tumorigenicity 2; TOX: high-mobility group box protein; 
TCF-1: T cell factor 1. 
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Figure 4: Regulation of ILCs 
ILC1 respond to IL-12, IL-15 and IL-18 and 
produce IFNγ and TNF. ILC2 respond to IL-25, 
IL-33, TSLP and PGD2 and produce IL-4, IL-5, 
IL-9, IL-13, Arg1 and AREG. ILC3 respond to IL-
1β and IL-23 and produce IL-17A and IL-22.  

AREG: amphiregulin; Arg1: arginase 1; GATA-
3: gata binding protein 3; IFNγ: interferon 
gamma; PGD2: prostaglandin D2; RORγt: 
retinoid-related orphan receptor γt; TSLP: 
thymic stromal lymphopoietin; TNF: tumor 
necrosis factor. 

 

 

1.2.2. Localization and phenotype of ILCs 

ILCPs and all ILCs are defined as lineage (i.e. CD3, CD14, CD16, CD19 and CD20) negative in 
mouse and human. Furthermore, ILCs are CD3ε-, CD5-, CD8α-, CD11b-, CD11c-, CD19-, B220-, CD49b-, 
Ter119-, FcɛRI-, TCRα/β-, TCRγ/δ- in mouse [94], and CD1a-, CD3-, CD14-, CD19-, CD34-, CD94-, CD123-, 
TCRα/β-, TCRγ/δ, NKG2A- and FcɛRI- in human [97]. It is important to notice that accumulating evidence 
demonstrate that ILCs are shaped by the microenvironment, reflected by the distinct ILC profiles in 
different tissues. The different phenotypes will be described in this section. 

Murine ILCPs are defined as α4β7+, CD127+, ID2+, PD-1+ and PLZF+, as reviewed in [98] and [99]. This 
population can differentiate in all ILC subsets [79]. They have been described in bone marrow, liver 
and small intestine as described in Table 2. Furthermore, ILC2 progenitors, defined as CD45+, IL25R+, 
CD127+, CXCR4+ cells, have also been described in lungs, and in adults and perinatal bone marrow [93, 
100, 101]. In human, ILCPs are defined as CD7+, CD127+, CD117+ cells [102]. They were described in 
lymph nodes, spleen, tonsils, peripheral and cord blood (Table 3). 

Murine ILCs are defined as CD45+, CD90.2+ and CD127+ cells [94]. In human, ILCs are defined as CD45+ 
and CD127+ cells [97]. However, recent studies have shown that CD127 expression is down regulated 
from the cell surface of activated ILCS [94]. 

ILC1 are NK1.1+, NKp46+, T-bet+ cells and express CD49a and TRAIL in both humans and mice, but 
expression of these markers is often lost upon activation and can be tissue-dependent (Table 4 and 
Table 5). ILC1 express C-C chemokine receptor 5, 7 and 9 (CCR5-7), CD62L (L-selectin), CXCR4 and α4β7 
that regulate their migration [98, 103]. Murine ILC1 are found in various tissues and organs. In the 
blood, they represent the most prevalent subset of ILCs, probably representing an immature precursor 
that will later on differentiate in mature subset in tissues [104]. In both mouse and human, ILC1 are 
found in the decidua and uterus, where they dominate before puberty and increase during pregnancy, 
especially during second pregnancies [105-107]. 
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Table 2: Murine ILCP localization and phenotype in organs and tissues 

Organs & tissues CD25 CD117 Flt3 GATA-3 RORγt Sca-1 ST2 T-bet Ref. 

Bone marrow - + - n.d. n.d. +/- n.d. n.d. [79, 93, 100, 108] 

Livera - + - + - +/- - - [79, 80, 100, 108] 

Small intestinea - n.d. - n.d. + n.d. n.d. n.d. [100, 108] 

Flt3: fms-like tyrosine kinase 3; GATA-3: gata binding protein 3; RORγt: retinoid-related orphan γt; Sca-1: Stem cells antigen-1; ST2: suppression of tumorigenicity 2 = IL-1 

receptor-like 1; a: also detected in fetus. 

 
 
 
Table 3: Human ILCP localization and phenotype in organs and tissues 

Organs & tissues CD34 CD45RA CCR6 GATA-3 IFNγ IL-1R1 NKp44 NRP-1 PLZF RORγt T-bet Ref. 

Cord blood n.d. + - lo n.d. n.d. - - n.d. - + [102] 

LN + + n.d. n.d. n.d. +/- n.d. n.d. n.d. + n.d. [109] 

PB n.d. + n.d. +/- - + - n.d. +/- - - [102, 110] 

Spleen + + n.d. n.d. n.d. +/- n.d. n.d. n.d. + n.d. [109] 

Tonsils + + n.d. n.d. n.d. +/- n.d. n.d. n.d. + n.d. [109] 

CCR6: C-C chemokine receptor type 6; GATA-3: gata binding protein 3; IFNγ: interferon gamma; LN: lymph nodes; NRP-1: neuropilin-1; PB: peripheral blood; PLZF: 

promyelocytic leukemia zinc finger; RORγt: retinoid-related orphan γt. 
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Table 4: Murine ILC1 localization and phenotype in organs and tissues 

Organs & tissues CD16 CD49b CD61 CD69 CD103 CD127 CD200r1 CXCR6 GATA-3 Ref. 

Adipose tissue n.d. n.d. n.d. n.d. n.d. + n.d. n.d. - [111] 

Bone marrow n.d. n.d. n.d. n.d. n.d. + n.d. n.d. - [100, 111] 

Colon n.d. n.d. n.d. n.d. n.d. + n.d. n.d. - [100] 

Decidua, uterusc n.d. - n.d. + + +/- n.d. + int [106, 107, 112, 113] 

IEL n.d. n.d. + n.d. n.d. +/- n.d. n.d. - [79, 114] 

Kidney n.d. n.d. n.d. n.d. n.d. + n.d. n.d. - [115] 

Lungs n.d. n.d. n.d. n.d. n.d. + n.d. n.d. - [100, 116-118] 

Livera + - n.d. + - +/- + + - [79, 100, 107, 108, 111, 119, 120] 

LN n.d. n.d. n.d. n.d. n.d. + n.d. n.d. - [100, 116] 

Peyer’s patches n.d. n.d. n.d. n.d. n.d. + n.d. n.d. - [100] 

PB* n.d. n.d. n.d. n.d. n.d. - n.d. n.d. - [104] 

Small intestinea n.d. - + + - + + +/- - [72, 100, 108, 111, 114, 116, 121-

123] 

Salivary gland + + n.d. + +/- + + + - [72] 

Spleen*b n.d. - n.d. +/- - + + + - [100, 108, 116, 124, 125] 

Thymus n.d. n.d. n.d. n.d. n.d. + n.d. n.d. - [100] 

GATA-3: gata binding protein 3; IEL: intraepithelial; LN: lymph nodes; n.d.: not determined; PB: peripheral blood; RORγt: retinoid-related orphan γt; TRAIL: tumor necrosis 

ligand superfamily member 10; *: main ILCs subset; a: detected in fetus, b: detected in neonates; c: detected during pregnancy.  
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Table 5: Human ILC1 localization and phenotype in organs and tissues 

Organs & tissues CD49a CD56 CD69 CD103 CD117 CD161 CCR6 Eomes Nkp44 IFNγ Ref. 

Adipose tissue* - +/- +/- - - n.d. n.d. +/- +/- n.d. [111, 116] 

Cord blood n.d. n.d. n.d. n.d. - - n.d. n.d. n.d. n.d. [126, 127] 

Decidua, uterusc - +/- +/- +/- - n.d. n.d. +/- +/- + [105, 113, 128, 129] 

Colon* n.d. n.d. n.d. n.d. - n.d. n.d. n.d. +/- n.d. [116] 

Heart n.d. - n.d. n.d. n.d. n.d. n.d. n.d. - n.d. [130] 

Kidney n.d. n.d. n.d. n.d. - + n.d. n.d. - n.d. [115] 

Livera + + + n.d. +/- n.d. n.d. - +/- n.d. [131] 

Lungs* - +/- +/- - n.d. n.d. n.d. +/- +/- n.d. [116, 132] 

LN* n.d. n.d. n.d. + - n.d. n.d. n.d. +/- n.d. [116, 133] 

PBc - +/- +/- - - n.d. n.d. +/- +/- n.d. [110, 118, 127, 134] 

Small intestinea - +/- +/- +/- - + - +/- +/- n.d. [114, 116, 131, 133, 135, 136] 

Spleen* - +/- +/- - - n.d. n.d. +/- +/- n.d. [116, 134] 

Skin n.d.   n.d. - n.d. n.d. n.d. n.d. n.d. [137] 

Tonsils n.d. +/- +/- +/- - + n.d. +/- +/- n.d. [97, 102, 114, 131, 133, 135, 

138] 

LN: lymph nodes; n.d.: not determined; PB: peripheral blood; *: main ILCs subset; a: detected in fetus, b: detected in neonates; c: detected during pregnancy. 
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In mouse, ILC2 are ST2+ and GATA-3+ cells (Table 6) [94]. ILC2 can be separated into tissue-resident 
natural ILC2 (nILC2) and transient circulating inflammatory ILC2 (iILC2) [139, 140]. nILC2 are IL-33 
responsive, KLRG1int, Arg1hi, and CD90hi. iILC2 are IL-25 responsive, KLRG1hi, Arg1lo, CD90lo cells and 
have been found in murine lungs after infections with Nippostrongylus brasiliensis or IL-25 
administration [139, 140]. nILC2 are tissue-resident cells that are self-renewed and proliferate locally, 
while iILC2 are migratory cells that travel from the intestine to the lungs [72, 93, 101]. In addition, 
pulmonary ILC2 are a heterogeneous population, where mouse strain and in vivo treatment influence 
surface marker, i.e. phenotype. Thereby, ILC2 should be defined as a lineage negative cells expressing 
CD45 and the transcription factor GATA-3 [141]. Lungs, kidneys, small and large intestine, and adipose 
tissues of mice are composed of, almost exclusively, ILC2 subset [115, 116]. ILC2 are a relatively rare 
population, comprising 2-3 x 104 cells in the lungs of naïve mouse, representing 0.4-1% of total 
leukocytes [142]. Contrary to human, ILC2 could not be found in mouse decidual tissues. Few ILC2 
could be detected in uterus [112, 143]. 

In human, ILC2 are CD127+, CD161+, ST2+ and CRTH2+ cells (Table 7) [144, 145]. The presence of ILC2 
in decidual tissues is debated and may depend on the gestation phase. Indeed, during gestation, 
decidual ILC2 increase gradually (reaching up to ~ 80% of ILCs), and become the major ILC subset during 
the third trimester [129]. Finally, ILC2 predominate in ischemic cardiomyopathy and myocarditis of 
human heart, representing ~ 65% of ILCs [130]. 

In both human and mouse ILC3 are defined as CD117+ and RORγt+ cells (Table 8 and Table 9). In mice, 
ILC3 NCR+/- are nearly exclusively located the intestine [146, 147]. Like ILC2, decidual ILC3 are higher in 
virgin mice and during pregnancy [112, 148]. However, human lung ILCs are composed of 
approximately 50-60% ILC3, together with ILC1 [73, 116]. Additionally, during asthma ILC3-like cells 
are observed in the bronchoalveolar lavage fluid [149]. ILC3 also increase in the skin during 
inflammatory diseases such as psoriasis [150, 151]. 

Recently, a new subpopulation of ILCs, called regulatory ILC (ILCreg) have been described in both 
mouse and human intestine [152, 153]. ILCreg produce IL-10. They derive from CHILP, express ID3 and 
SOX4, but they lack other transcription factors that are essential for the development of ILCs (such as 
Nfil3, ROR, GATA-3 and AHR). Mice intestines contain around 4.5 x 104 ILCregs [152]. 
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Table 6: Murine ILC2 localization and phenotype in organs and tissues 

Organs & tissues CD25 CD69 CD117 CCR4 CCR8 CRTH2 ICOS IL-17Rβ KLRG1 NMUR1 Sca1 Ref. 

Adipose tissue* + + n.d. + + n.d. + + + n.d. n.d. [101, 116, 154-157] 

Bone marrowb + - n.d. - - n.d. + + +/- n.d. n.d. [79, 93, 101, 140, 158] 

Kidney* n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. [115] 

Lungs*a,b + + +/- + + n.d. + +/- +/- + +/- [72, 79, 93, 101, 115, 116, 118, 140, 

142, 143, 157, 159-167] 

Liver n.d. + + n.d. n.d. n.d. n.d. + + n.d. + [140, 160] 

LN + + + n.d. n.d. n.d. n.d. + + n.d. - [93, 116, 140, 158, 160, 168, 169] 

Peritoneum n.d. n.d. + n.d. n.d. n.d. n.d. n.d. n.d. n.d. + [160, 169, 170] 

Salivary glands n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. [72] 

Skinb + + n.d. + + n.d. + lo + n.d. n.d. [93, 101, 157, 168] 

Small intestine*a,b + + - hi +/- n.d. n.d. hi +/hi + + [72, 79, 101, 108, 115, 116, 121-

123, 133, 136, 147, 157, 162, 168, 

170-177] 

Spleen n.d. + + n.d. n.d. n.d. + + + n.d. - [116, 140, 158, 160, 169, 170] 

Uterus* +  + n.d. n.d. n.d. + + n.d. n.d. + [112, 143] 

CRTH2: PGD2 receptor; ICOS: inducible T cell co-stimulator; KLRG1: killer cell lectin-like receptor subfamily G member; LN: lymph nodes; n.d.: not determined; NMUR1: 

neuromedin-U receptor 1; Sca-1: stem cells antigen-1; *: main ILCs subset; a: detected in fetus, b: detected in neonates. 
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Table 7: Human ILC2 localization and phenotype in organs and tissues 

Organs & tissues CD25 CD49a CD117 CD161 CCR4 CCR6 CRTH2 ICOS IL-1R1 IL-17Rβ KLRG1 NKp30 Ref. 

Adenoid + +/- +/- + +/- + + +/- n.d. n.d. +/- - [178] 

Adipose tissue +/- n.d. +/- n.d. +/- +/- + +/- n.d. n.d. +/- - [116, 154] 

Colon + n.d. + + n.d. n.d. + n.d. n.d. n.d. + + [116, 178] 

Cord blood + - +/- + +/- +/- + +/- n.d. n.d. +/- +/- [126, 127, 178] 

Decidua, uterus*c n.d. n.d. n.d. n.d. n.d. n.d. + n.d. n.d. n.d. n.d. n.d. [112, 129] 

Heart* n.d. n.d. n.d. n.d. n.d. n.d. + n.d. n.d. n.d. n.d. n.d. [130] 

Kidney n.d. n.d. n.d. + n.d. n.d. + n.d. n.d. n.d. n.d. n.d. [115] 

Livera n.d. n.d. +/- + n.d. n.d. + n.d. n.d. n.d. n.d. n.d. [131] 

Lungsa,b +/- +/- +/- + +/- +/- +/- +/- + + +/- - [116, 132, 142, 144, 

178, 179] 

LN n.d. n.d. n.d. n.d. n.d. n.d. + n.d. n.d. n.d. n.d. n.d. [116] 

PB*d + - +/- + + +/- + - + + +/- +/- [102, 110, 118, 127, 

134, 144, 180, 181] 

Small intestinea +/- n.d. +/- + + +/- + n.d. n.d. n.d. + n.d. [116, 131, 133, 136, 

144, 180] 

Skin +/- +/- +/- + +/- +/- + +/- n.d. n.d. +/- - [137, 178, 182, 183] 

Spleen +/- +/- +/- + +/- +/- + +/- n.d. n.d. +/- - [116, 134] 

Tonsils +/- n.d. +/- + n.d. n.d. + n.d. n.d. n.d. + + [97, 102, 131, 135] 

ICOS: inducible T cell co-stimulator; KLRG1: killer cell lectin-like receptor subfamily G member; LN: lymph nodes; n.d.: not determined; PB: peripheral blood; *: main ILCs 

subset; a: detected in fetus, b: detected in neonates, c: detected during pregnancy. 
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Table 8: Murine ILC3 localization and phenotype in organs and tissues 

Organs & tissues CD4 CD25 CCR4 CCR6 CCR7 CCR9 CXCR5 CXCR6 MHC-II NK1.1 NKp44 NKp46 Ref. 

Adipose tissue n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. [116] 

Bone marrow n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. + + n.d. [100] 

Decidua or uterusc n.d. n.d. n.d. +/- n.d. n.d. n.d. n.d. n.d. + n.d. +/- [105, 112, 129] 

Colon n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. [100, 184-187] 

Kidney n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. [115] 

Livera n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. + n.d. + [100, 131, 171, 188] 

Lungs - n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. + n.d. + [100, 116, 118, 188, 189] 

LN* n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. + n.d. + [100, 116, 185, 188] 

Peyer’s patches n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. + n.d. + [100] 

Salivary glands - n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. + n.d. + [72] 

Skin n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. [151] 

Small intestine*a +/- - + + hi hi - +/- + +/- +/- +/- [72, 79, 87, 100, 114, 116, 121-123, 133, 

144, 147, 171, 184, 187, 188, 190-198] 

Spleen n.d. n.d. n.d. n.d. + - + n.d. + + +/- +/- [100, 116, 188, 199] 

Thymus n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. + n.d. + [100] 

MHC-II: class II major histocompatibility; LN: lymph nodes; *: main ILCs subset; a: detected in fetus, b: detected in neonates, c: detected during pregnancy. 
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Table 9: Human ILC3 localization and phenotype in organs and tissues 

Organs & tissues CD39 CD56 CD69 CD161 CCR7 CXCR5 HLA-DR ICOS NKp30 NKp44 Nkp46 NRP1 Ref. 

Adenoid n.d. n.d. n.d. + n.d. n.d. n.d. n.d. +/- +/- +/- n.d. [178] 

Adipose tissue n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. +/- n.d. n.d. [116] 

Colon n.d. n.d. n.d. + n.d. n.d. n.d. n.d. +/- n.d. +/- n.d. [116, 178] 

Cord blood n.d. n.d. n.d. + n.d. n.d. n.d. n.d. +/- n.d. +/- n.d. [126, 127, 178] 

Decidua or uterus* n.d. +/- n.d. n.d. n.d. n.d. n.d. n.d. n.d. +/- n.d. n.d. [105, 112, 113, 128, 129, 200] 

Heart n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. [130] 

Liver*a n.d. +/- n.d. +/- n.d. n.d. n.d. n.d. n.d. +/- n.d. n.d. [131, 201] 

Lungs*a +/- n.d. +/- n.d. n.d. n.d. +/- +/- n.d. +/- n.d. +/- [116, 132, 178, 201] 

LNa n.d. +/- +/- n.d. +/- +/- - n.d. +/- +/- +/- +/- [116, 202, 203] 

PB*c - n.d. +/- +/- - - n.d. n.d. n.d. - n.d. - [102, 118, 127, 134, 201, 202] 

Skin +/- n.d. +/- +/- - n.d. +/- +/- n.d. +/- n.d. - [137, 150, 178, 183] 

Small intestine*a +/- n.d. +/- +/- - n.d. +/- +/- n.d. + n.d. - [114, 133, 135, 136, 144, 201, 

203] 

Spleen +/- +/- +/- n.d. +/- +/- - - +/- +/- +/- n.d. [116, 134, 202, 203] 

Tonsils +/- +/- +/- + +/- n.d. +/- +/- +/- +/- +/- +/- [102, 114, 135, 138, 178, 202, 

203] 

ICOS: inducible T cell co-stimulator; NRP1: neuropilin-1; *: main ILCs subset; a: detected in fetus. 
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1.2.3. Plasticity of ILCs 

There are evidences that ILCs subsets are not stable, and modulate their phenotype upon local 
environmental cues (Figure 5). This phenomenon is called plasticity [204]. Human ILC1 can convert 
into ILC3-like cells producing IL-17 in vitro when co-cultured with pulmonary squamous cell carcinoma 
[205]. Conversion of NK cells into ILC1 also occurs in tumors upon stimulation with TGF-β and IL-12 
[206, 207] and during Toxoplasma gondii infection [125]. The plasticity of ILC2 towards ILC1-like cells 
was described upon in vitro stimulation and in lungs of mice infected with influenza virus and of 
patients with chronic obstructive pulmonary diseases (COPD) [208-210]. Interestingly, this conversion 
can be reversed by IL-4 [209]. iILC2 can differentiate into nILC2 and vice versa, upon stimulation with 
a combination of IL-33 with IL-1β, IL-23, TGFβ and Notch signal [211]. In addition, mouse iILC2 produce 
IL-17 in vitro, after IL-1β, IL-6, IL-23 and TGFβ stimulation. ILC2 also have the capability to convert into 
ILC3-like cells producing IL-13 and IL-17, when co-cultured with Candida albicans, in the context of 
psoriasis or in the nasal polyps of patients with cystic fibrosis [140, 151, 212, 213]. 

 

 

Figure 5: Plasticity of ILCs 
NK cells can convert into ILC1 upon 
stimulation with TGF-β, IL-12, 
Toxoplasma gondii or in tumors. ILC1 
can convert into ILC3 during 
carcinoma. ILC2 can convert into ILC1 
when stimulated with IL-1β, IL-12, 
influenza or during chronic obstructive 
pulmonary disease (COPD). They can 
also convert into ILC3 upon 
stimulation with IL-1β, IL-23, TGF-β, 
Candida albicans or during Cystic 
fibrosis and psoriasis. These two 
conversions can reverse upon 
exposure to IL-4. ILC3 can convert into 
ILC1 during Salmonella enterica 
infection or during Crohn’s disease. 
This conversation is reversible with 
exposure to vitamin A, IL-1β, IL-12 or 
IL-23. 

In mice, ILC3 that downregulate RORγt and upregulate T-bet acquire the capacity to produce IFNγ in 
response to Salmonella enterica or IL-12 and IL-23 in the intestine, showing a conversion into ILC1-like 
cells [87, 133, 214]. Patients with Crohn’s disease showed increased numbers of ILC1 at the expense 
of ILC3, suggesting that chronic inflammation might enhance conversion from an ILC3 to an ILC1 
phenotype [133, 215]. In another study, the conversion from ILC3 to ILC1 phenotype in response to IL-
12 was reversible following exposure to the vitamin A metabolite retinoic acid [133]. Bal et al., 
hypothesized that, upon acute inflammation, ILC3 rapidly convert into ILC1 and that, after resolution 
of the inflammation, these ILC1 reconvert into ILC3 [204]. 

The transcriptional networks controlling the plasticity of ILCs start to be revealed, showing an 
important role of transcription factors such as Ikaros, Aiolos, MAF, SMAD4, BCL-11B and BCL-6 [204, 
207, 216]. However, it remains to understand how environmental cues control these transcriptional 
networks. It is suggested that this plasticity occurs for rapid immune responses to various infections 
or inflammatory environment [98]. 
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1.2.4. Functions and interactions with other immune cells 

ILCs act as a bridge between innate and adaptive immunity, behaving as immune regulators 
connected to their anatomical localization and cytokine profile. ILCs have a pathogenic role in cancer, 
metabolic and skin diseases [217]. On the contrary, they have a beneficial role in physiological 
processes like tissue repair, organ development and in the control of infections (Table 10) [74, 96]. We 
will describe the latter more precisely in this chapter.  

 
Table 10: ILCs and infections 
ILCs Pathogen Reference 

ILC1 Clostridium difficile [193] 

Cytomegalovirus [119, 120, 124, 218] 

Influenza [117, 124] 

Listeria monocytogenes [185, 195] 

Salmonella enterica Typhimurium [87, 219] 

Sendai virus [124] 

Toxoplasma gondii [125, 220] 

ILC2 COVID-19 [110, 181] 

Heligmosomoides polygyrus [174-177] 

Influenza [142, 165, 166] 

Litomosoides sigmodontis [163] 

Nippostrongylus brasiliensis [158, 161, 162, 168, 169, 173, 221-223] 

Plasmodium berghei [224] 

Rhinovirus [225] 

Schistosoma mansoni [164, 174] 

Staphylococcus aureus [167] 

Trichuris muris [122, 157] 

Trichinella spiralis [226] 

ILC3 Candida albicans  [190, 192] 

Citrobacter rodentium [186, 187, 191, 196] 

Clostridium difficile [123, 193] 

Helicobacter hepaticus [147, 197, 198] 

Listeria monocytogenes [185, 188, 195] 

Mycobacterium tuberculosis [118, 132] 

Rotavirus [184] 

Salmonella enterica Typhimurium [87] 

Streptococcus pneumoniae [189] 

Yersina enterocolitica [194] 

 

ILC1. ILC1 (Figure 6) are key cells involved in the clearance of Toxoplasma gondii [220]. The transfer of 
ILC1 into alymphoid mice sustained IFNγ production, the recruitment of monocytes, and the 
elimination of T. gondii. Using Rag1-/- mice lacking T and B cells and Rag2-/- Il2rg-/- mice lacking T and B 
cells and ILCs, Abt et al. showed that ILC1 are the major cells producing IFNγ and required to clear 
Clostridium difficile [193]. Upon L. monocytogenes infection by oral gavage, ILC1 are the main producer 
of IFNγ [195], participating to bacterial clearance. Following murine cytomegalovirus (MCMV) 
intraperitoneal (i.p.) infection, Sendai virus, S. enterica Typhimurium, L. monocytogenes or influenza 
intranasal (i.n.) infection, ILC1 rapidly produce IFNγ in response to IL-12 produced locally by DCs [87, 
117, 119, 120, 124, 185, 195, 219]. Also, during sepsis, ILC1 counts are higher in peripheral blood of 
septic patients than healthy subjects [227]. 
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Figure 6: ILC1 and infection 

In the lungs, ILC1 are activated by 
IL-12 produced by resident DCs. 
They produce IFNγ, which was 
associated with clearance of 
Sendai and influenza virus. In the 
intestine, IFNγ production by ILC1 
was associated with increased 
production of mucus by goblet 
cells and activation of monocytes, 
killing Toxoplasma gondii. 
Activation of monocytes by ILC1 
was also associated to bacterial or 
viral killing of L. monocytogenes, 
S. enterica Typhimurium and C. 
difficile. 

ILC2. ILC2 (Figure 7) have been mostly studied during intestinal and lungs helminth infections [228-
230] by Nippostrongylus brasiliensis [158, 161, 162, 168, 169, 173, 221-223], Trichuris muris [122, 157], 
Heligmosomoides polygyrus [174, 175], Litomosoides sigmodontis [163], and Schistosoma mansoni 
[164]. The adoptive transfer of ILC2 into infected mice deficient in IL-13 or IL-25 and IL-33 signaling 
demonstrated that ILC2 are sufficient to control infection by N. brasiliensis [158, 168, 221]. Following 
infection, epithelial cells and Tuft cells release stress mediators (like IL-25, IL-33 and TSLP) maintaining 
ILC2 homeostasis and activation [175-177]. IL-13 and amphiregulin (AREG) derived from ILC2 increase 
goblet cell hyperplasia, mucus production and activate smooth muscle cells to limit worm 
development and enhance worm expulsion. After subcutaneous injection of N. brasiliensis larvae, 
accumulation of eosinophils and alternatively activated (M2) macrophages in lungs results from IL-5 
production by ILC2. The production of AREG, Arg1 and polarization of macrophage toward an M2 
phenotype highlight the contribution of ILC2 into tissue repair [142, 166, 231, 232]. During Trichuris 
muris infection, mice treated with a lipase inhibitor or Rag1-/- mice have a significant reduction of ILC2 
accumulation and ILC2-derived cytokines (IL-5 and IL-13). This is associated with an increased worm 
burden [157]. During H. polygyrus and S. mansoni infection, ILC2-derived cytokines correlate with 
worm clearance [174]. The administration of IL-33 prevents cerebral malaria of mice infected with 
Plasmodium berghei, which is associated with an expansion of splenic ILC2, the activation of M2 
macrophages and the recruitment of Tregs [224]. ILC2 express MHC-II and therefore are able to directly 
interact with T cells, as demonstrated during helminth infections [169]. ILC2 express co-stimulatory 
molecules such as ICOS ligand (ICOSL) [161, 233, 234] and programmed cell death ligand 1 (PD-L1) 
[235-237] that is reported to provide a second signal for T cell activation. In a mouse model of influenza 
infection [142, 165, 166], ILC2 orchestrate immune response and regulate lung inflammation. ILC2 are 
activated by tissue-resident alveolar macrophages to produce IL-5 and IL-13 implicated in the 
accumulation of eosinophils during the recovery phase of infection [142, 166]. Potentially, ILC2 activate 
DCs and M2 macrophages as shown elsewhere [238, 239]. ILC2 also protect mice from lethal infection 
caused by Staphylococcus aureus [167], through the secretion of type 2 cytokines, promoting 
eosinophilia and preventing a lethal neutrophilic response. TSLP and IL-33 produced by alveolar cells 
induce ILC2 to produce IL-9 to coordinate epithelial cell maintenance. Autocrine IL-9 promotes IL-5 and 
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IL-13 production and lung homeostasis [240]. ILC2 response is induced by cytokines or growth factors 
produced by a variety of cells, such as IL-4 produced by basophils [241], PGD2 by mast cells [242], TGF-
β and/or IL-33 by epithelial cells, endothelial cells, macrophages, NKT cells, and mast cells [165, 166, 
243, 244]. IL-33 produced by DCs [245] and mast cells [246] also play a role in the activation of ILC2. In 
vitro, lung ILC2 enhance CD4+ T cell proliferation and the production of Th2 cytokines [158]. IL-2 
produced by T cells and B cells is associated with IL-9 production by ILC2 in papain-induced lung 
inflammation [247]. ILC2 expand locally in the lungs in response to L. sigmodontis [163]. More recently, 
ILC2 were described in peripheral blood of COVID-19 patients, where they oppositely showed an 
overall increase or decreased of ILC2 in severely ill COVID-19 patients [110, 181].  

ILC3. ILC3 contribute to oral, intestinal and lung defenses. ILC3 are the predominant source of IL-22 
and IL-17 during oropharyngeal candidiasis [192], Citrobacter rodentium colonic infection [191, 196] 
and Streptococcus pneumoniae lung infection [189] (Figure 8). During C. rodentium infection, secretion 
of IL-22 by ILC3 triggers epithelial cells to produce antimicrobial peptides and regulate T cell responses 
through the expression of MHC-II [190], protecting against intestinal infection. Later, it was shown that 
NCR+ ILC3 are to some extent redundant for the control of the infection in the presence of T cells, but 
essential for cecal homeostasis [191]. The production of IL-22 by ILC3 is promoted by the expression 
of β2-integrin on intestinal macrophages [187]. ILCs can act in concert as shown for ILC1 and ILC3 
during C. difficile infection via oral gavage [193]. ILC3-derived IFNγ is required for early protection 
during Y. enterocolitica infection [194]. During rotavirus infection, IL-1α induces IL-22 and IFNγ 
production by ILC3, thus curtailing replication of rotavirus [184]. In a model of S. enterica Typhimurium 
enteric infection, Klose et al. demonstrated that intestine ILC1-like ILC3 are the main producers of IFNγ, 
which is required to increase the production of mucus by goblet cells [87]. Oral infection with L. 
monocytogenes induces an IL-22 response by ILC3 in the intestine. However, it does not contribute to 
control bacteria dissemination [185, 188, 195]. ILC3 not only protect against invasive bacterial 
infection, they also play a role in the confinement of intestinal commensal bacteria [248]. Previous 
studies identified a role for ILC3 in regulating adaptive immunity, and specifically CD4+ T cells in the 
large intestine through granulocyte-macrophage colony-stimulating factor (GM-CSF) and MHC-II. 
Production of IL-2 by ILC3 is significantly reduced in the small intestine of patients with Crohn’s disease, 
and this correlates with lower frequencies of Treg cells [249]. It is speculated that ILC3 may present 
microbiota-derived antigens to CD4 T cells [146]. In opposition to these beneficial roles of ILC3, ILC3 
contribute to Helicobacter hepaticus-mediated colitis through the production of IL-22 and IL-17, and 
the upregulated expression of costimulatory molecules such as OX40L [147, 199, 250]. This indicates 
that ILCs can have a pathogenic role. During S. pneumoniae lungs infection, ILC3 produce IL-17 and IL-
22 in response to DCs-derived IL-23 and IL-1β, which promotes the recruitment of neutrophils. More 
recently, ILC3 were shown to accumulate in lungs of patients infected with Mycobacterium 
tuberculosis. ILC3 upregulate CXCR5, involved in the accumulation of alveolar macrophages, mediating 
early immune protection against tuberculosis [118]. In addition, in some inflammatory conditions, IL-
22 and GM-CSF derived ILC3 may induce epithelial cells to generate neutrophil chemoattractants, 
leading to the accumulation of neutrophils and tissue destruction [251, 252]. ILC3 count are 
underrepresented in patients with septic shock, compared to ILC1 [227]. 

Lastly, ILCreg were described in both mouse and human intestines [152], where they contributed to 
the resolution of intestinal inflammation through the suppression of ILC1 and ILC3 activation via 
secretion of IL-10. 

Taken together, ILCs are pivotal regulators of both innate and adaptive immune cells, being able to 
either promote or dampen the immune response depending on the environmental context. They have 
been shown to express PRRs on their surface [253, 254]. It remains unclear whether ILCs can regulate 
adaptive immune response through presentation of peptide-MHC. However, in lymph nodes, ILC3 
antigen presentation is critical to regulate T and B cell responses and maintain tissue homeostasis and 
mutualism with the commensal microbiota [198]. 
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Figure 7: ILC2 and infections 
In the lungs, ILC2 are activated by surrounding resident myeloid cells such as alveolar macrophages. This 
activation leads to a cascade of events such as the activation of T cells, macrophages, DCs, eosinophils and 
neutrophils leading to the killing of pathogens, tissue repair and lungs homeostasis. In the intestine, ILC2 leads 
activate T cells, Tregs, eosinophils and M2 macrophages promoting parasite clearance and tissue repair. 
Furthermore, the production of AREG, Arg1, IL-5 and IL-13 leads to the production of mucus hyper secretion 
and goblet cells hyperplasia, supporting parasite clearance. 

AREG: amphiregulin; Arg1: arginase 1; PGD2: prostaglandin D2; M2: alternatively activated macrophages; Th2: 
type 2 T helper cells; TSLP: thymic stromal lymphopoietin; Treg: T regulatory cells 

 

Figure 8: ILC3 and 
infections 
In lungs, ILC3 are implicated 
in protection against S. 
pneumoniae and M. 
tuberculosis infection, 
through the recruitment of 
neutrophils and alveolar 
macrophages. In intestine, 
ILC3 are implicated in the 
protection against infection 
by stimulating the 
production of antibacterial 
peptides (defensins) and 
mucus, and promoting 
neutrophils recruitment. 
However, they also 
contribute to Helicobacter 
hepaticus-mediated colitis. 
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1.3. Innate immune memory and trained immunity 

Since the demonstration by Jenner in 1796 that an infection with a mild cowpox virus 
protected from deadly smallpox virus, what we now call vaccination, it has become clear that the 
immune system can keep a memory of the pathogens it has encountered. This characteristic was 
attributed to the adaptive immune system through the generation of memory T and B cells [255, 256]. 
However, this dogma has been challenged (Figure 9). Pioneer studies in the 60’s described that plants, 
that do not have an adaptive immune system, develop after a first hit a resistance to a secondary 
infection against a broad spectrum of microorganisms in a manner similar to immunization in 
mammals (reviewed in [257]), a process called systemic acquired resistance. In 2003, studies showed 
that invertebrates are capable of specific memory even though invertebrates do not have an adaptive 
immune system [258]. In the 80’s, mice injected intravenously (i.v.) with a low dose of Candida albicans 
were shown to be protected against a lethal dose of Staphylococcus aureus injected i.v [259]. Later on, 
studies in mice showed that β-glucans, a cell wall component of C. albicans, protected T and B cells 
deficient mice against an infection with C. albicans ([260] and reviewed in [261]). Epidemiological 
studies in humans showed that Bacillus Calmette-Guérin (BCG) vaccine, an attenuated strain of 
Mycobacterium bovis protects not only against tuberculosis, but also against other infectious diseases, 
in a T- and B-lymphocytes independent manner [262], suggesting nonspecific protective effects of the 
vaccine ([263-265] and reviewed in [266]). 

 

 

Figure 9: Reconsidering 

immune memory 

First studies that helped 
reconsider the immune 
memory were study done in 
plants and invertebrates. 
They both develop a specific 
memory even though those 
organisms do not have an 
adaptive immune system. 
Later on, Rag-/- mice treated 
with β-glucans showed 
protection against C. 
albicans infection. Finally, 
recent studies demonstrate 
that BCG vaccination 
enhances protection against 
various infections. BCG: 
Bacillus Calmette-Guérin. 

 

These observations were put together by Mihai Netea and colleagues (Radboud University Medical 
Center, Nijmegen, The Netherlands) who proposed in 2011 the concept of trained immunity that 
defines a “heightened response to a secondary infection that can be exerted both toward the same 
microorganism and a different one” [267]. Thus, trained immunity, also called innate immune memory, 
reflects the capacity of the innate immune system to be reprogramed after a primary stimulation, in 
order to mount a stronger response upon a secondary stimulation (Figure 10). The first stimulation 
induces metabolic and epigenetic changes, which stimulate and imprint hematopoiesis [268, 269]. The 
metabolic and epigenetic changes result in the production of trained innate immune cells with an 
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increased capacity to respond to a secondary trigger, infectious or not infectious (for example by 
transformed cells). Thus, trained immunity may add inflammation in pathological situations.  

 

 

Figure 10: Innate immune memory (Adapted from [270]) 
A primary stimulation by BCG or β-glucans activate innate immune cells ( monocytes, NK cells, ILCs) and induce 
metabolic and epigenetic changes which promote myelopoiesis and the generation of trained innate immune 
cells with an increased responsiveness to heterologous secondary stimulation. While contributing to long-
term nonspecific protection against infections or prevention of certain forms of cancers, trained immunity 
may also promotes inflammation and increase susceptibility to inflammatory diseases. IBD: Inflammatory 
bowel disease; ILCs: innate lymphoid cells; NK cells: natural killer cells. 

 

1.3.1. Inducers of training 

Various agents induce trained immunity, but they do not all reprogram the same cells in the 
same way. The nature, dose and duration of exposure to MAMPs/DAMPs influence the reprograming 
of innate immune cells. Actually, a stimulus can induce either training or tolerance depending on its 
concentration [271]. As an example, LPS, a well-recognized inducer of tolerance, can confer trained 
immunity [272]. BCG and β-glucans are the two most used priming agents in studies on trained 
immunity, but heterologous protection occurs with many microbial components, inactivated whole 
organisms, live whole organisms and non-microbial components as detailed in Table 11.  
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Table 11: Inducers of trained immunity 

Primary stimulation Secondary stimulation Ref. 

Microbial product 
Adenovirus i.n. Streptococcus pneumoniae i.t. [273] 
β-glucans i.p. Candida albicans i.v. [274] 
β-glucans i.p. Escherichia coli i.p. [275] 
β-glucans i.p. Citrobacter rodentium i.t. [275] 
β-glucans i.p. Staphylococcus aureus i.v. [274-277] 
β-glucans i.p. Listeria monocytogenes i.v. [275] 
β-glucans i.p. Pseudomonas aeruginosa i.n. [275] 
β-glucans i.p. Leishmania braziliensis s.c. [278] 
Chitin from S. cerevisiae i.p. Candida albicans i.v. [279] 
CpG-ODN i.p. Listeria monocytogenes i.p. [280] 
CpG-ODN i.p. Escherichia coli neocortex [281] 
Lipid A mimetics i.n. Yersinia pestis i.n. [282] 
LPS (2 injections) i.p. GBS i.v. [283] 
LPS i.p. Staphylococcus aureus i.p. [272] 
LPS i.p. Pseudomonas aeruginosa i.p. [284] 
LPS i.p. LPS i.p. [285] 
MPLA i.v. Staphylococcus aureus i.t. [286] 
Pseudomonas aeruginosa flagellin in vitro Aspergillus fumigatus in vitro [287] 
S. enterica Typhimurium flagellin i.p. S. enterica Typhimurium, rotavirus i.t. [288, 289] 
Inactivated whole organisms 
BCG vaccine i.v. Candida albicans i.v. [262] 
BCG vaccine i.p. Plasmodium yoelii i.p. [290] 
BCG vaccine i.d. Yellow fever virus i.d. [291] 
BCG vaccine i.d. Mycobacterium tuberculosis ex vivo [292] 
BCG vaccine i.d. Staphylococcus aureus ex vivo [292] 
BCG vaccine i.d. Candida albicans ex vivo [292] 
BCG vaccine in vitro Pam3CSK4, LPS, TNF in vitro [293] 
Candida albicans i.p. GBS i.v. [294] 
Propionibacterium acnes i.v. Salmonella typhimurium i.v. [295] 
Live whole organisms 
Candida albicans i.n. Pseudomonas aeruginosa i.n. [296] 
Candida albicans i.v. Staphylococcus aureus i.v. [259] 
Herpesvirus i.n. Listeria monocytogenes i.p. [297] 
Influenza virus i.n. Influenza virus i.n. [298] 
Lactobacillus plantarum i.n. Pneumovirus i.n. [299] 
S. enterica Typhimurium i.p. LPS i.p. [285] 

Strongyloides venezuelensis s.c. Nippostrongylus brasiliensis s.c. [300] 

Staphylococcus aureus  s.c. Staphylococcus aureus s.c. [301] 

Vaccinia virus in vitro Vaccinia virus in vitro [302] 

Trichinella spiralis in vivo Trichinella spiralis in vivo [226] 

Synthetic & non-microbial products 

Combination Pam3CSK4, muramyl 

dipeptide, and flagellin 

in vitro S. enterica Typhimurium in vitro [303] 

Ox-LDL in vitro Pam3CSK4, LPS, TNF in vitro [293] 

Muramyl dipeptide s.c. Toxoplasma gondii i.p. [304] 
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Imiquimod (TLR7 and NLRP3 agonist) Topical Vitamin D analogue calcipotriol, 

topical TPA (induces hyperplasia), 

epidermal abrasion wounding, 

Candida albicans 

- [305] 

CpG-ODN: CpG oligodeoxynucleotide; GBS: Group B streptococci; i.d.: intradermally; i.n.: intranasally; i.p.: 
intraperitoneally; i.v.: intravenously; i.t.: intratracheally; MPLA: monophosphoryl lipid A; NLRP3: NLR family 
primary domain containing 3; Ox-LDL: oxidized low-density lipoprotein; s.c.: subcutaneously; TPA: 12-O-
tetradecanoylphorbol 13-acetate. 

Many studies described innate immune memory characteristics of monocytes and macrophages 
following in vitro re-simulation with PAMPs or DAMPs. However, considering that mature myeloid cells 
are usually short-lived, quickly raised the question how innate immune memory could be maintained 
over time. The conundrum was resolved when β-glucans and BCG were reported to reprogram bone 
marrow (BM) hematopoietic stem cells (HSCs) to intensify hematopoiesis and generate circulating 
trained myeloid cells [268, 269, 306, 307]. 

1.3.2. Mechanisms of trained immunity 

The molecular mechanisms underlying the acquisition of a trained immune phenotype include 
metabolic and epigenetic modifications associated with the functional reprogramming of cells [270, 
308] (Figure 11). Functional reprogramming of cells is induced by activation of PRRs, and leads to the 
activation of intracellular signaling cascades (like PI3K (phosphoinositol 3-kinase)/AKT/mTOR 
(mammalian target of rapamycin) and MAP kinase pathways) and in fine metabolic and epigenetic 
changes [274, 309-311]. Metabolic changes usually include a shift from oxidative phosphorylation 
(OXPHOS) to aerobic glycolysis, a phenomenon known as the Warburg effect. The shift is regulated by 
the mTOR/HIF-1α (hypoxia-inducible factor-1α), mevalonate and glutamate pathways [312-314]. It 
activates the cholesterol synthesis pathway and glutaminolysis that refills the TCA cycle, and it blocks 
the itaconate pathway. Metabolites such as fumarate, mevalonate and succinate accumulate, assist 
epigenetic modifiers and enhance trained immunity. For example, fumarate inhibits the histone lysine 
demethylase KDM5, while succinate activates HIF-1α that controls glycolysis and the transcription of 
the Il1b gene. Accordingly, IL-1β has been involved in the establishment of trained immunity induced 
by BCG, β-glucans and Western diet [269, 291, 307, 315]. The metabolic adaptation generates rapidly 
energy to support secretory and bactericidal functions of innate immune cells. Indeed, increase of 
glucose consumption concomitant to activation of glycolysis is observed during trained immunity 
[268]. In monocytes/macrophages, high concentrations of β-glucans sensing through dectin-1 
activates an AKT/mTOR/HIF-1α pathway driving the Warburg effect. However, low concentrations of 
β-glucans, BCG or oxidized LDL (Ox-LDL) can activate both OXPHOS and glycolysis [274, 310, 316]. 
Furthermore, the anti-inflammatory metabolite itaconate regulates the balance between tolerance 
and trained immunity [317]. 

Metabolites affect the activity of epigenetic modifiers. For example, acetyl-CoA is a group donor to 
histone acetyltransferase, S-adenosylmethionine (SAM) is a methyl group donor to DNA and histone 
methyltransferases, α-ketoglutarate (α-KG) a cofactor of DNA and histone demethylases and NAD+ a 
cofactor of histone deacetylase. Genome-wide comparison of the epigenetic landscapes of trained and 
non-trained PBMCs, monocytes, macrophages and HSCs revealed numerous differentially regulated 
sites. The establishment of trained immunity is associated with an increase in marks of open chromatin 
including mono and tri-methylation of histone 3 and lysine 4 (H3K4me1 and H3K4me3), and acetylation 
of H3K27 or H3K18 (H3K27ac or H3K18ac) at enhancers and promoters of genes associated with 
metabolic, immune and host defense pathways [260, 261, 291, 311, 318, 319]. Assay for transposase-
accessible chromatin using sequencing (ATAC-seq) confirmed increased chromatin accessibility at sites 
encompassing genes associated with inflammation, immune response and myeloid differentiation in 
trained conditions [268, 269, 284, 306]. Consequently, these genes are more robustly transcribed. As 
mentioned above, IL-1β contributes to trained immunity induced by BCG, β-glucans and Western diet.  
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Figure 11: Mechanisms involved in trained immunity 

Priming: A priming agent such as β-glucans activates a signaling pathway leading to the activation of NF-κB. 
Akt, mTOR and HIF-1α pathways. Metabolism: Trained cells exhibit an overall upregulation of glycolysis, TCA, 
OxPHOS and glutaminolysis metabolism. Glycolysis provides pyruvate that is metabolized into acetyl-CoA or 
lactate and be used in the TCA cycle. Acetyl-CoA can also derived from fatty acids through β-oxidation. The 
conversation of glutamate into α-ketoglutarate by glutaminolysis can also replenish the TCA cycle in carbon. 
Succinate can inhibit the degradation of HIF-1α, promoting transcription of proinflammatory genes. It can also 
inhibit the enzymatic activity of KDM5. Acetyl-CoA can provide acetyl for histone acetyl transferases. The 
oxidation of succinate to fumarate enhance production of ATP by the OxPHOS pathway [322, 323]. 
Epigenetics: Metabolites working as cofactors of epigenetic enzymes or donors of epigenetic modifications 
promote epigenetic changes, facilitating the transcription of proinflammatory genes such as IL1b, IL6 and TNF. 
Immune response: This production leads to increase immune responses.  

Ac: acetyl; CARD9: caspase recruitment domain family member 9; KDM5: lysine demethylase 5; HIF-1α: 
hypoxia-inducible factor 1-α; H3K4me: methylation of histone 3 at lysine 4; H3K27/18ac: acetylation of histone 
3 at lysine 27 or 18; Me: methyl; mTOR: mechanistic target of rapamycin; NF-κB: nuclear factor-kappa B; 
OxPHOS: oxidative phosphorylation; Syk: Spleen tyrosine kinase; TCA: tricarboxylic acid. 
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Among others, IL-1β signaling promotes glycolytic activity and the proliferation of HSPCs [269, 291, 
307, 315]. Hence, IL-1β is considered as a central regulator of trained immunity. 

Overall, induction of trained immunity by β-glucans and BCG acts at the level of BM progenitors with 
a shift towards myelopoiesis through induction of persistent transcriptional and epigenetic changes in 
HSCs. Interestingly, β-glucans also trigger nuclear factor of activated T cells (NFAT) to increase the 
transcription of gene-priming IncRNAs. IncRNAs are key modulators of gene activity, linking nuclear 
organization to gene regulation [320]. This epigenetic memory is not only present in mature cells, but 
is also transmitted to HSCs and progenitors of innate immune cells, leading to the generation of trained 
monocytes and macrophages [268, 269, 321]. Overall, these modifications promote heightened 
immune responses as reported in numerous articles and described in the next section. 

1.3.3. Innate immune cells and memory 

NK cells were the first non-T, non-B cells reported to have memory features lasting up to 4 
weeks [324]. The acquisition of memory features by NK cells follows phases that parallel those of T 
cells and B cells (expansion, contraction and memory). Additionally, NK cells and CD8+ T cells share 
epigenetic and transcriptional programs underlying immunological memory properties [325]. Memory 
NK cells differentially express inhibitory and activating NK receptors. Memory NK cells are induced in 
various conditions listed in Table 12. 

Table 12: NK cells in trained immunity 

Condition Host Effect Ref. 

BCG vaccination Human  Increased production of IL-1β and IL-6 by NK cells upon 

secondary ex vivo challenges in BCG vaccinated volunteers 

[292] 

Cytokines Mouse  Increased production of IFNγ [326] 

Haptens Mouse  NK cell accumulation [324] 

 NK cell memory property depend on CXCR6 expression [327] 

Hantavirus Human  Rapid expansion of NK cells 

 NK cells detected up to 60 days after infection 

 Expression of NKG2C by NK cells 

[328] 

HCMV Human  Rapid degranulation and release of cytokines 

 Increased production of cytokines 

[329-331] 

HIV Mice  NK cell memory property depend on CXCR6 expression [327] 

Influenza Mice  NK cell memory property depend on CXCR6 expression [327] 

Mice  Liver memory NK cells protected mice against secondary 

influenza infection 

[298] 

MCMV Mouse Memory NK cells: 

 Detected up to 70 days post-infection 

 With an increased production of cytokines by NK cells 

 Undergo a rapid degranulation 

[332, 333] 

 Antigen specificity for MCMV-encoded glycoprotein [334, 335] 

 Clonal proliferation of NK cells [336, 337] 

 Persistence of NK cells during contraction and memory phases [338] 

Pregnancies Mouse  NK cells highly express the memory cell marker CXCR6 [107] 

Vaccinia virus Mouse  NK memory cells protect against secondary vaccinia virus 

infection 

[302] 

VSV Mouse  NK cell memory property depend on CXCR6 expression [327] 

BCG: Bacillus Calmette–Guérin; HCMV: human cytomegalovirus; HIV: human immunodeficiency virus; MCMV: 

murine cytomegalovirus; VSV: vesicular stomatitis virus. 
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Multiple studies reported that exposure of monocytes or macrophages to diverse products enhance 
their response towards an unrelated pathogen, as described in Table 13 and discussed in previous 
sections. Alveolar macrophages were described with a long-term memory property in murine lungs. 
Indeed, during adenoviral infection, alveolar macrophages up-regulate MHC-II molecules, glycolysis 
and expression of genes implicated in immune defenses [273]. These memory alveolar macrophages 
exposed to adenoviral infection confer long-lasting protection against S. pneumoniae and E. coli 
infections through increased production of chemokines and neutrophils recruitment to the lungs. 
Resident macrophages of the brain (microglia) can be primed during inflammatory processes and have 
an amplified response during a second insult [339-341]. Exposure of pregnant mice or neonatal mice 
to an inflammatory stimulus (LPS, poly (I:C), and live bacteria) causes alterations in microglial response 
to a second stimulus given in adulthood [342-345]. In addition, after axonal injury, the microglia 
exhibits an excessive production of IL-1 and phagocytic response in the optic nerve in response to LPS 
challenge [346]. A single i.p. injection of LPS suppressed the release of IL-1β in the brain in response to 
a second LPS challenge. In this article, the authors showed that the first LPS challenge leads to 
epigenetic silencing of Il1b promoter in microglia [285]. 

Few reports suggested that ILCs and DCs display some kind of memory properties. For ILCs, this has 
been proposed for ILC1 and ILC2 in response to MCMV, allergens, N. brasiliensis and T. spiralis (Table 
14). Murine DCs exposed to Cryptococcus neoformans show an increased production of IFNγ and TNF 
upon ex vivo challenge with C. neoformans, 70 days after a first infection [347]. This shows possible 
memory property of DCs. Neutrophils from BCG vaccinated healthy volunteers show long-term 
epigenetic and immunophenotypic changes associated with increased activation, and increase activity 
against M. tuberculosis, C. albicans and LPS [348]. The acquisition of a trained phenotype is widely 
described for circulating leukocytes with short half-lives, while monocytes with trained features are 
found up to 1 year after BCG vaccination [292, 319]. This is explained by the fact that the induction of 
trained immunity affects stem cells, among which hematopoietic stem and progenitor cells (HSPCs) in 
the bone marrow (Table 15). Priming with β-glucans, BCG vaccination and Western diet promote 
hematopoiesis, with a bias towards myelopoiesis [268, 269, 306, 307]. Most importantly, memory 
property is not restricted to immune cells, and has been described in non-immune cells such as 
endothelial cells, skin epithelial cells and vascular smooth muscle cells (Table 16). While this may have 
huge consequences for host responses, unfortunately little has been reported in the literature. The 
concept of “extended trained immunity” has been proposed to include all cell types with the potential 
of memorizing microbial encounters [349]. 
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Table 13: Monocytes/macrophages and trained immunity 

Condition Host Effect Ref. 

Adenovirus Mouse Alveolar macrophages: 

 Up-regulation of MHC-II molecules 

 Long lasting protection against S. pneumoniae and E. coli 

 Increased production of chemokines 

 Increased neutrophils recruitment to the site of infection 

[273] 

C. albicans Mouse  Enhanced cytokines production by monocytes 

 β-glucans enhance stable changes of trimethylation at H4K4 

[260] 

E. coli Mouse  Increase of monocytes 

 Increased cytokine production 

[275] 

Rat  Rats treated postnatally with E.coli show microglial memory cell marker at 16 months of age [342] 

Influenza virus Mice  Increased production of IL-6 by alveolar macrophages 

 Increased protection against a secondary infection by S. pneumoniae infection 1 month after influenza challenge 

[350] 

L. monocytogenes Mouse  Increase of monocytes 

 Increased cytokines production 

[275] 

LPS Human  Epigenetic changes with increased H3K4m1 and H3K27ac marks. [311] 

Mouse  Dramatic increase expression of IL-1β, PTX3, iNOS in the brain 

 Neutrophil infiltration in the brain 

 Expression of IL-1β by microglial cells 

[344] 

 IL-1β and IL-6 transcripts in microglial cells [346] 

 Increased brain IL-1β, TNF and IL-12 levels [345] 

 LPS injection in the brain suppress IL-1β release in response to a secondary LPS challenge [285] 

N. brasiliensis Mouse  Macrophages isolated 45 days after infection show accelerated parasite clearance when transfer to naïve recipients mice 

 Primed macrophages increase mortality of parasite in vitro 

 Macrophages primed by neutrophils 

[351] 

Poly (I:C) Mouse  Altered microglial transcriptome and phagocytic function [343] 

S. pneumoniae Mouse  Long-lasting remodeling of alveolar macrophages with enhanced protection against another pneumococcal serotype up to 6 

months 

 Trained alveolar macrophages have an altered metabolism 

[352] 

Human  Alveolar macrophages from S. pneumoniae-colonized individuals show increased opsonophagocytosis to pneumococcus up to 

3 months after experimental pneumococcal colonization 

[353] 
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 Increased response against S. pyogenes, S. aureus and E. coli 

S. enterica 

Typhimurium 

Mouse  Increased brain IL-1β, TNF and IL-12 levels 

 Microglia display an activated phenotype 

[345] 

 

 

  

Table 14: ILCs and trained immunity 

Cell Condition Host Effect Ref. 

ILC1 MCMV Mouse  Transcriptional and epigenetic modification 

 Increased production of inflammatory cytokines and antigen specificity 

 Migration properties 

[120] 

Allergen-immuno therapy Human  Stable increase of ILC1 at the expense of ILC2, for up to 3 years of allergen-immuno therapy 

 High expression of CD25 

[354] 

ILC2 Allergens Mouse  High production of IL-5 and IL-13 [355] 

BrdU Mouse  High production of IL-13 [356] 

N. brasiliensis Mouse  Increased production of IL-5 and IL-13, which enhances eosinophils accumulation in lungs [300] 

T. spiralis Mouse  ILC2s primed mucus production  [226] 

BrdU: bromodeoxyuridine; MCMV: murine cytomegalovirus. 
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Table 15: Stem cells and trained immunity 

Condition Host Effect Ref. 

Allergy Human  Basal cell hyperplasia  

 Phenotypic shifts in secretory cell antimicrobial expression of respiratory epithelial stem cells 

 Intrinsic memory of IL-4/IL-13 exposure 

[357] 

Arthritis Both  Persistence of inflammation controlled by epigenetic changes in fibroblasts [358] 

BCG vaccination Mouse  Increased myelopoiesis, dependently on IFNγ [268] 

Human  Persistent myeloid transcriptomic bias on HSCs, regulated by HNF1a and HNF1b 

 Resulted in persistent training of monocytes 

[306] 

β-glucans Mouse  Increased myelopoiesis, dependently on IL-1β [269] 

Cecal ligation and puncture Mouse  Increased myelopoiesis 

 Increased production of IL-6 

 Transcriptional reprogramming 

[359] 

LPS Rat  Epigenetic modifications 

 Increased expression of IL-6 and IL-8 

[360] 

L. monocytogenes Mouse  Increase of HSCs [275] 

P. aeruginosa Mouse  LPS-exposed HSCs show long-term protection against P. aeruginosa infection 

 LPS-exposed HSCs have an increased inflammatory response 

 LPS induce persisting epigenetic changes in HSCs 

[284] 

PRR stimulation Human  Intestinal stromal cells produced prolonged pro-inflammatory cytokines 

 Epigenetic modifications and immuno-metabolic mechanisms 

[303] 

S. aureus Mouse  Increased phagocytic killing capacity by bone marrow-derived macrophages in vitro [361] 

M. leprae Mouse  Epigenetic modifications of progenitor Shwann cells [362] 

PRR: pathogen recognition receptor. 
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Table 16: Non-immune cells and trained immunity 

Cell Condition Host Effect Ref. 

Endothelial cells LPS Human  Increased expression of TLR-4 [363] 

 Increased production of CCL2 [364] 

 Increased production of IL-8 [365] 

 Increased production of IL-1α and IL-1β [366] 

LPS or IFNγ Human  Increased expression of TLR2 [367] 

Ox-LDL Human  Pro-inflammatory memory profile 

 Metabolic and epigenetic reprogramming 

 Increased expression of TLR2 

[368] 

Skin epithelial cells Skin inflammation Mouse  Long lived epithelial cells 

 Increased wound-healing 

 Memory capacity dependent on IL-1β 

[305] 

Vascular smooth muscle cells Ox-LDL or BCG 

treatment 

Human  Increased production of IL-6, IL-8, CCL2 

 Metabolic and epigenetic modifications 

[293] 

BCG: Bacillus Calmette-Guérin; OxLDL: oxidized low-density lipoprotein; TLR: Toll-like receptor. 
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1.3.4. Clinical implications of trained immunity 

Understanding the mechanisms of trained immunity opens a broad range of therapeutic 
possibilities. First, trained immunity confers protection from infections. However, it should be noted 
that most mouse studies tested one single microorganism using one single training agent, making it 
difficult to drive broad conclusions about protection. This is why, as we will see in section 3.1 [275], 
we initiated a program to characterize more broadly the interplay between trained immunity and 
sepsis. Second, in the field of vaccination, trained immunity could provide improve vaccine efficacy or 
increase the immune response in poor vaccine responders. Trained immunity can be induced by 
adjuvants (such as TLR agonists and cytokines) [369]. A recent study showed that injection of BCG 
vaccination to health volunteers increase the protection against viremia induced by yellow fever 
vaccination [291]. As an example of therapeutic strategy, trained immunity-based treatments could be 
administered to increased efficiency of the current COVID-19 vaccines. Third, improving immune 
responses by trained immunity may be beneficial to fight against oncologic diseases. Indeed, BCG is a 
modulator of immune system during cancer [370]. The FDA approved intravesical BCG instillation as 
an adjuvant immunotherapy for the treatment of bladder cancer in 1990, making BCG the first FDA-
approved immunotherapy treatment [371, 372]. Still today, BCG remains the gold-standard for 
patients with high-risk non-muscle-invasive bladder cancer, and it has been proposed that BCG 
immunotherapy relies on trained immunity [373]. Immune paralysis is observed in tumor 
microenvironment where MDSCs develop [374]. MDSCs undergo temporary epigenetic modification 
to carry out their functions [375]. This could be used in the design of new trained immunity-based 
immunotherapy [376]. However, excessive activation of the immune system may promote 
tumorigenesis or tumor progression through local inflammation, and because cancer cells rely on 
glycolytic metabolism or transcription factors such as HIF-1α. Hence, trained immunity can be either 
beneficial or detrimental during oncologic processes. Besides cancer, low-grade persistent 
inflammation may favor the development of inflammatory, age-associated disorders such as familial 
fever syndromes, neurological diseases, arthritis, atherosclerosis, type 2 diabetes and systemic lupus 
erythematosus [349]. Going along with this assumption, recent studies showed that a Western diet, 
rich in fats, sugars, salt and low in fiber, promotes the establishment of trained phenotype [307, 377]. 
Therefore, trained immunity might be fine-tuned in order to improve or to dampen the immune 
system according to the environmental situation.  

 

1.4. Sepsis 

While trained immunity protects from infections, conversely, infections and sepsis may induce 
trained immunity as suggested in a model of cecal ligation and puncture induced sepsis [359]. Sepsis 
may be caused by highly virulent pathogens or genetic predispositions impairing the mounting of 
appropriate inflammatory responses. Inappropriate inflammatory and immune responses, by default 
or by excess, can result in uncontrolled microbial growth, tissue injury, vascular collapse and 
multiorgan failure. Indeed, the latest definition of sepsis published in 2016, Sepsis-3, defines sepsis as 
“a life-threatening organ dysfunction caused by a dysregulated host response to infection” [378]. 
Septic shock is a subset of sepsis with circulatory, cellular and metabolic abnormalities profound 
enough to substantially increase mortality [378]. From an immuno-pathogenetic point of view, sepsis 
is characterized by an exacerbation of antimicrobial defense mechanisms, culminating into the so-
called “cytokine storm” liable of tissue injury, organ dysfunctions and early mortality. The early 
inflammatory response is associated with a parallel shift towards resolution of inflammation and tissue 
repair. While necessary for restoring homeostasis, this change is involved in sepsis-induced immuno-
paralysis or immunosuppression responsible for long-term immune disabilities and the development 
of secondary, nosocomial infections accounting for late mortality. Community-acquired pneumonia 
(CAP) and ventilator-associated pneumonia (VAP) are among the most common infections responsible 
of sepsis [379-381]. Some patients surviving sepsis develop chronic critical illness (CCI) characterized 
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by long-lasting immunosuppression. This state, characterized by persistent low-grade inflammation 
associated with catabolism and malnutrition, is known as persistent inflammation immunosuppression 
and catabolism syndrome (PICS). PICS is associated with long-term morbidity, late organ failures and 
late mortality [66]. 

1.4.1. Epidemiology 

Sepsis is among the leading causes of mortality with around fifty million cases per year, 
resulting in over eleven million deaths and huge costs for society [382]. Sepsis is a primary cause of 
death from infection and of preventable deaths, representing 19.7% of all global deaths. Neonates, 
infants, seniors and immunosuppressed patients are at high risk of developing sepsis [383]. Both 
incidence and case-fatality rates of sepsis are higher in males than females [384]. The incidence and 
mortality of sepsis are higher in sub-Saharan Africa, Oceania and Southeast Asia. This is mainly due to 
a lack of improved medical care and hygiene, contaminated drinking water [385].  

The most common sites of infection are the lungs (60% of adult and 40% of pediatric sepsis cases), 
abdomen, urinary tract, bloodstream and skin/soft tissue [382]. The etiologic infectious organism is 
identified in about 60-65% of patients with sepsis [386-389]. Bacteria are predominant, with 35-45% 
gram negative bacteria and 30-40% are gram positive bacteria, followed by fungi in 12-16% of the cases 
[382]. Most common microorganisms isolated from children and adults with sepsis include Escherichia 
coli, Klebsiella spp., Enterobacter, Pseudomonas spp., Proteus fragilis, Bacteroides fragilis, 
Staphylococcus aureus, Streptococcus pneumoniae and pyogenes, Enterococcus and Candida spp. [386-
388, 390]. 

1.4.2. Immune response in lungs during sepsis 

Lung is the most common site of infection leading to sepsis (i.e. pneumosepsis). During sepsis, 
the host response to infection is disturbed and can results into acute lung injury and acute respiratory 
distress syndrome (ARDS), causing irreversible damage to the lungs (Figure 12) [391, 392]. The initial 
inflammatory phase of sepsis can be accompanied by fever, hypotension, tachycardia and tachypnea 
[393]. Many biological pathways are (over) activated, such as the complement, the coagulation, the 
kinin and inflammatory signaling (MAPK, IRFs, NF-κB) pathways. Consequently, elevated amounts of 
pro-inflammatory cytokines (TNF, IL-6, IL-12, IFNγ), chemokines and anaphylatoxins are produced 
[394]. C5a anaphylatoxin is a chemoattractant for neutrophils, monocytes and macrophages [395]. C5a 
enhances the generation of ROS, granular enzymes, pro-inflammatory cytokines and chemokines by 
neutrophils and the production of pro-inflammatory cytokines by macrophages, amplifying the 
inflammatory response [395]. Additionally, bronchoalveolar epithelial cells increase the expression of 
complement receptors C3aR and C5aR, which further contribute to neutrophil, basophil, monocyte 
and lymphocyte infiltration and participates to severe acute lung injury [396, 397].  

Neutrophil infiltration into the lungs depends on the expression of adhesion molecules like intracellular 
adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1/VCAM-1, integrins, whose 
expression increases on endothelial cells, together with pro-inflammatory cytokines and chemokines 
(CXCL1, CXCL2, CXCL8, CXCL10, CCL-3, macrophage inflammatory protein-1α/MIP-1α) [398-403]. As 
aforementioned, the endothelial barrier function, which is maintained by cell cytoskeleton (actin) and 
tight junctions, is impaired. This is partly due to a disruption in the integrity of the endothelium in 
response to neutrophil adhesion and release of pro-inflammatory and oxidative mediators (reviewed 
in [404]). This enhances vascular fluid leakage, creating a massive loss of intravascular proteins and 
plasma fluids into the extravascular space [405]. Moreover, coagulation promoted by inflammatory 
cytokines and complement activation cause damage to the endothelium [406, 407]. Platelets become 
a source of P-selectin for neutrophils attachment, which in turn produce NETs [47]. This is accompanied 
with vasodilation that leads to tissue edema [407]. The major threat is that breakdown of the 
endothelial barrier leads to uncontrolled bleeding and organ dysfunction [408-410]. Exposure of 
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neutrophils to a systemic inflammatory environment increases their life span due to suppression of 
apoptosis [411, 412]. 

 

 

Figure 12: The host immune response in 

lungs during sepsis 

Sepsis is characterized by both on overwhelming 

inflammation and immunosuppression. Indeed, 

increased recruitment, activation and production 

of pro-inflammatory cytokines and chemokines 

occur which lead to vasodilatation, tissue damage 

and multiple organ failure. On the other side, T 

cells can be suppressed, production of anti-

inflammatory cytokines is enhanced, and th2 

polarization is activated, leading to 

immunosuppression.  

HMGB1: high–mobility group box 1; iNOS: 

inducible nitric oxide synthase; NET: neutrophil 

extracellular trap; ROS: reactive oxygen species. 
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Alveolar macrophages promote neutrophil infiltration into the lungs [413]. In addition, high–mobility 
group box 1 (HMGB1) released by alveolar macrophages upregulates ICAM-1 and VCAM-1 [414] and 
promotes pyroptosis of macrophages and endothelial cells [415]. HMGB1 activates the NLRP3 
inflammasome and subsequent IL-1β release. IL-1β reduces cyclic adenosine monophosphate (cAMP) 
and cAMP response element-binding (CREB) in pulmonary endothelial cells, inducing pulmonary 
vascular endothelial damage and leakage [416], which is exacerbated by the production of inducible 
NOS (iNOS) by alveolar macrophages [417]. In the resolution phase, macrophages undergo 
reprogramming (M1 to M2) towards the production of anti-inflammatory mediators [418, 419]. 

DCs are depleted in the acute inflammatory phase of sepsis, and as a consequence produce less IL-12 
for T cell help [420, 421]. Surviving DCs express reduced levels of HLA-DR and produce more IL-10, 
enhancing immunosuppression [422]. DCs can also be responsible for T cell anergy or proliferation of 
Tregs [423]. NK cells participate in hyper-inflammation state observed during sepsis [424, 425] but they 
can also participate in the immunosuppressive stage by producing IL-10 when stimulated by DCs [426]. 

Parallel to inflammation, immunosuppression occurs during sepsis [427]. It is marked by an increase 
expression of C-reactive protein (CRP), the most important marker for PIICS [428], neutrophilia and 
release of immature myeloid cells [429-431]. Immature neutrophils induce T cell suppression and Th2 
polarization [432, 433], a loss of monocyte inflammatory cytokine production and antigen presentation 
[434] and an increase in MDSCs [435]. Both immature neutrophils and MDSCs secrete anti-
inflammatory cytokines such as IL-10 and TGF-β. An increase of PD-L1 is also observed during sepsis, 
suppressing T cell function [436]. Additionally, the suppressor activity of Tregs is increase and 
subsequently causes T cell anergy [437, 438]. 

1.4.3. Immuno-regulatory therapies 

Current therapies of sepsis are based on control of the infection, adequate antibiotic 
prescription and supportive measures, as reviewed elsewhere [439]. The first clinical study in sepsis 
dates back to 1982, and tested the activity of endotoxin (LPS) antiserum. Since then, around 100 phase 
II or phase III clinical trials testing more than 20 targets of microbial or host origin have been 
performed, unfortunately with overall negative results [440-442]. Thus, there is no sepsis-specific drug 
on the market. Despite intensive research, management of sepsis continues to carry controversy [443]. 
A major issue with sepsis management is the lack of effective tools for early diagnosis and treatment 
decision-making [439]. Attempts at developing effective therapies to prevent sepsis have proven to be 
difficult. In 2017, the World Health Assembly and the WHO adopted a resolution to improve the 
prevention, diagnosis and management of sepsis.  

Therapeutic approaches have targeted hyper-inflammation or immunosuppression in sepsis, (Table 
17, reviewed in [444]), up to now without real success. Two main reasons account for the failures of 
the clinical trials testing immunotherapy in sepsis: 1) partial knowledge of the pathophysiological 
mechanisms of sepsis, and 2) heterogeneity of the disease, which reflects heterogeneous and evolutive 
immune status of patients [427, 445-447]. Hence, theranostics approaches have to be implemented 
to follow-up the immune status and select the most suitable host-directed immunotherapy 
(stimulatory or inhibitory) to be initiated in a personalized manner [448-450]. This is the goal of 
ongoing national and international initiatives, among which the H2020 ImmunoSep (Personalized 
immuno-therapy in sepsis: a precision medicine-based approach) and HDM-FUN (Host directed 
medicine in invasive fungal infection) consortia for which our Service is a partner. This was also an 
objective of the H2020 Marie Skłodowska-Curie “European Sepsis Academy: towards new biomarkers 
to improve sepsis management” consortium in which I was recruited to perform my PhD. 
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Table 17: Past and future host-targeted therapies in sepsis 

Target Ref. 

Targets to dampen immune over-activation and related organ failure 

Inhibition of innate 

immune response 

TNF [451-459] 

TLR signaling [451-459] 

Inflammasome/IL-1 targeting [460-466] 

Pyroptosis [467-470] 

cGAS-STING signaling [471-474] 

C3a and C5a blockage [475-480] 

Immunothrombosis Activated protein C (APC) [481-483] 

Endothelial 

dysfunction 

Angiopoietin 1 and 2 [484, 485] 

Adrenomedullin [486-489] 

Pleiotropic drugs Hydrocortisone, ascorbic acid, thiamine, antibiotics [490-501] 

Target for stimulation/restoration of immune responses 

 FLT3L, GM-CSF, IFNγ, IL-7, IL-15 [502-504] 

Anti-IL-10 [505, 506] 

Anti-CD40, anti-OX40 [507-513] 

Mesenchymal stem cells [514, 515] 

Immune checkpoint inhibitors (anti-PD1/PDL1 and -CTLA4) [516-520] 

We will comment on some of the host-directed therapies that have been tested and/or developed for 
sepsis (Table 17). Studies in the early 90’s investigating the role of TNF during sepsis showed that it is 
highly increased and associated with sepsis pathogenesis [521, 522]. This prompted the development 
of anti-TNF monoclonal antibodies, which were among the first immunomodulatory therapy tested in 
clinical trials. While some studies have shown that neutralizing TNF increased mortality [452, 453], 
others have shown that it could reduce mortality [454]. A systematic meta-analysis of 17 studies with 
8971 patients suggest that, in the most severely ill patients, anti-TNF therapy may improve survival 
[523]. Targeting the TLR pathways is promising for cancer but possibly also sepsis, either through 
inhibition of TLR pathways during the acute inflammatory phase or by using TLR agonists as adjuvants 
to reverse immunosuppression [455, 524]. However, clinical trials with the TLR4 antagonist Eritoran 
(Esai company) did not meet primary endpoints in a large clinical study and was abandoned as a sepsis 
therapy [525]. Inhibition of inflammasome pathways has also been proposed as an interesting target, 
with a focus on NLRP3, IL-1β and IL-18. In fact, the recombinant IL-1R antagonist (IL-1RA) anakinra is 
being tested to dampen inflammatory responses in sepsis patients preselected based on their immune 
profile. As previously discussed, pyroptosis is an inflammatory lytic programmed cell death associated 
with sepsis. As such, targeting pyroptosis may improve sepsis survival. cGAS-STING pathways is 
triggered in response to DNA in the cytoplasm [526], leading to phosphorylation and activation of IRF3 
and TBK1. STING, TBK1 and IRF3 have all been found significantly increased in PBMCs of septic patients. 
This makes the cGAS-STING pathway a good target for sepsis therapy [527]. Blocking C5a and C3a has 
also improved survival in various clinical studies [475-480]. 

During sepsis, the coagulation system is strongly activated and there is growing evidence suggesting 
that thrombosis has a major impact on immune defenses. In this direction, the role of activated protein 
C (rhAPC) has been discussed. Recombinant human APC (rhAPC, trademark Xigris®, Eli Lilly) has been 
approved in 2001 as a sepsis-specific drug. Unfortunately, 10 years later it was withdrawn from the 
market following a large randomized, double-blind, placebo-controlled, multicenter trial showing no 
beneficial effect of the drug [528]. Following the coagulation system impairment, endothelial 
impairment is also targeted in sepsis therapy. In this interest, angiopoietin reduces leukocyte 
transmigration and cytokine production [529, 530] and hold promises. Additionally, adrenomedullin 
possess anti-inflammatory properties by regulating endothelial cells [531]. 
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Pleiotropic drugs such as antibiotics, hydrocortisone and vitamins have been investigated for their 
immunomodulatory functions [490-498]. Low-dose corticosteroids may reduce mortality of sepsis, 
however, several studies suggest that corticosteroid could have no or even negative effects [498, 532, 
533]. On the contrary, a relatively novel strategy is to restore immune responses in patients with 
immunosuppression. One of the possibilities for that is to use immuno-stimulatory cytokines and 
growth factors such as IFNγ [505, 506], GM-CSF [502-504] and IL-7 [507-513]. Additionally, 
mesenchymal stem cells are known to reduce organ injury and mortality in animal model of sepsis, 
increasing their function could also be beneficial in human sepsis [514, 515]. Finally, targeting immune 
checkpoint pathways using anti-PD1/PDL1 and anti-CTLA4 have more recently gained a lot of attention 
in order to prevent apoptotic cell death and restore the function of primarily lymphocytes. The use of 
checkpoint inhibitors is being investigating in sepsis treatment [516-520]. 
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2. AIMS 

When we started this work, trained immunity had just been shown to protect from candidiasis and 
staphylococcal infection, and myeloid progenitors, monocyte and macrophages to be the main drivers 
of innate immune training. Numerous questions were open, such as the breadth and the length of 
protection conferred by trained immunity, as well as the implication or cell types beyond 
monocytes/macrophages. To start addressing these questions, we defined four objectives, the first 
three ones being based on the usage of preclinical mouse models of infection/sepsis, and the fourth 
one based on human studies: 

1. The first objective was to determine the range of infections against which training is 
protective, the cells and the functions involved in this protection (Section 3.1). 

2. The second objective was to investigate whether training induced by β-glucans protect from 
pneumococcal infection and the dynamic of lung ILCs (Section 3.2). 

3. The third objective was to evaluate whether trained immunity induced by β-glucans confers 
long-lasting protection against listeriosis (Section 3.3). 

4. The fourth objective was to investigate the modulation of peripheral ILCs during airway 
infections in humans, in order to address whether ILCs could be used as (bio) markers of 
disease severity (Section 3.4). 
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3. RESULTS 

This part is divided into four sections: 

1. Trained immunity confers broad-spectrum long-term protection against infections 

2. Trained immunity increases lung phagocytes and protects from pneumococcal pneumonia 

3. Trained immunity confers long lasting protection from listeriosis 

4. ILCs in human infections 
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3.1. Trained immunity confers broad-spectrum long-term protection against infections 
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Summary 

Induction of trained immunity is associated with metabolic, epigenetic and functional reprograming of 
innate immune cells. Yet, the overall impact of trained immunity on host defenses and ability to survive 
infections remains largely unknown. To address that question, we developed a model of training 
induction by zymosan, a cell-wall preparation rich in b-glucans. Here we show that priming trained 
immunity through a unique protocol protected mice from an amazingly large panel of infections with 
leading etiologic agents of sepsis, including systemic infections, peritonitis, enteritis and pneumonia. 
Trained immunity increased bone marrow myeloid progenitors and circulating Ly6Chigh (antimicrobial) 
monocytes and PMNs, and amplified blood antimicrobial responses. Monocytes/macrophages and IL-
1 signaling were required to protect trained mice from listeriosis. Thus, trained immunity confers 
broad-spectrum protection against lethal infections, including at anatomical sites distant from the 
priming site. These observations support the development of trained immunity-based strategies to 
improve host defenses against infections. 

 

Contribution to the work: I participated to the cell population analysis. I helped with in vivo 

experiments. I revised the paper.
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Supplementary information 

Flow cytometry 
Blood. Twenty µl of whole blood were incubated for 30 minutes in the dark at room 
temperature with 50 µl of antibodies diluted in cell staining medium (CSM: PBS+0.5% BSA). 
Reaction mixture was diluted with 500 µl of red blood cell lysis buffer (0.65 M ammonium 
chloride, 10 mM sodium bicarbonate, 0.1 mM EDTA, pH 7.4). After 10 minutes, cells were 
washed, incubated for 5 minutes with 5% paraformaldehyde (Thermo Fisher Scientific), 
washed and re-suspended in 1 ml CSM. Samples were kept at 4°C until acquisition. Peritoneal 
cells and bone marrow (BM) cells. Peritoneal cells were obtained by a peritoneal lavage. 
BM cells obtained from femurs were incubated for 5 minutes on ice with 3 ml ice cold lysis 
buffer. Peritoneal and BM cells were washed and enumerated, and 5 x 105 or 106 cells were 
incubated for 30 minutes in the dark at 4°C with 50 μl live/dead dye (Fixable Viability Dye 
eFluor™ 450 or LIVE/DEAD™ Fixable Violet, Thermo Fisher Scientific), then with 50 µl 2.4G2 
monoclonal antibody, and finally with 50 µl of antibodies diluted in CSM. Cells were fixed and 
kept as detailed for blood. Eight hundred μl of cell suspensions were acquired using an Attune 
NxT Flow Cytometer (Thermo Fisher scientific). Flow cytometry data were analyzed using 
FlowJo_V10_CL software (FlowJo LLC, Ashland OR). Gating strategies are presented in 
Figure S1. The antibody mixtures to stain blood cells contained anti-CD3, CD11b, CD45, Ly6C 
and Ly6G or anti-CD19 and CD45. The antibody mixtures to stain peritoneal cells contained 
anti-CD11c, CD19, F4/80 and MHC II or anti-CD3 and CD45. The antibody mixtures to stain 
BM cells contained a lineage cocktail (anti-B220, CD3, CD11b, CD19, Ly-76 and Ly6C/G), 
anti-CD16/32, CD34, CD117/c-kit and Ly6A/E/Sca-1. 
Whole blood bactericidal assay and cytokine production 
For bactericidal assay, 20 µl blood were added to 130 μl RPMI GlutaMAX™ containing 1.2 x 
103 CFU/ml L. monocytogenes and incubated for 2 hours. Reaction mixtures were plated on 
blood agar plates. For cytokine production, 20 µl blood were diluted 1:5 in RPMI GlutaMAX™ 
and incubated for 6 or 24 hours with 10 ng/ml LPS, 10 μM CpG ODN, 100 ng/ml Pam3CSK4, 
and 107 heat killed L. monocytogenes. Supernatants were collected. Dots are mean of 
technical triplicates obtained with one mouse. 
Isolation of BM monocytes and chromatin immunoprecipitation (ChIP) 
Bone marrow (BM) cells were obtained from tibias and femurs of mice. Bone marrow 
monocytes were isolated with the Monocyte Isolation Kit (BM) (Miltenyi Biotec, Bergisch 
Gladbach, Germany) following manufacturer’s protocol. Briefly, 5×10⁷ cells were sequentially 
incubated with FcR Blocking Reagent, Biotin-Antibody Cocktail (targeting non-monocytic 
cells), and Anti-Biotin MicroBeads. Magnetic separation was performed trough LS columns. 
Purity was assessed by flow cytometry. Monocytes were identified according to FSC/SSC 
parameters as lineage negative (Ter119, B220, CD19, CD3, NK1.1, Ly6G, TCRgd), CD11b+ 
and CD115+ cells. Purity was above 80% for all samples. One million monocytes were used 
for each ChIP recation. Chomatin Immunoprecipitation was performed using the MAGnify™ 
Chromatin Immunoprecipitation System (Invitrogen by Life Technologies, Carlsbad, CA) 
following manufacturer’s recommendations. Cells were cross-linked with 1% formaldehyde for 
10 minutes and lysed with the lysis buffer. Shearing of the chromatin was achieved by 
sonication (8 cycles, amplitude: 30%, 30 s on, 30 s off; using a Branson Digital Sonifier 450, 
Branson Ultrasonics, Danbury, CT). Chromatin was diluted in Dilution Buffer containing 
protease Inhibitors. Amounts of material corresponding to 105 cells were used for 
immunoprecipitations using magnetic beads coupled to anti-H3K4me1, anti-H3K4me3, anti-
H3K27Ac, anti-Rpb1 NTD or anti-rabbit negative controls. Chromatin was washed. 
Crosslinking was reversed and DNA purified with DNA Purification Magnetic Beads. PCRs 
were performed in duplicate with 1.25 μl DNA, 1.25 μl H2O, 0.62 μl of primers (10 nM) targeting 
the IL1b promoter (Forward: TCAGTTTTGTTGTGAAATCAGT, Reverse: 
CAGGGTTTGTTGTCCAACTT; from Kaushik et al., Journal of Neurochemistry 2013; PMID 
23895397) and 3.12 μl KAPA SYBR Green Fast (Kapa Biosystems, Wilmington, MA) using a 
QuantStudio™ 12K Flex system (Life Technologies, Carlsbad, CA). Data were normalized to 
input controls and express as % input.  
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Supplementary Table 1 

Reagent  Brand/origin Identifier/reference 

Antibodies and chemicals 

Anti mouse CD11b, APC eFluor 780 (clone M1/70) eBioscience RRID: AB_1603193; Cat #47-0112-82 

Anti mouse CD11c APC (clone N418) BioLegend RRID: AB_313779; Cat #117310 

Anti mouse CD11c PE-eFluor610 (clone N418) eBioscience RRID: AB_2574530; Cat #61-0114 

Anti mouse CD19  PE-Cy7 (clone 1D3) eBioscience RRID: AB_657663; Cat #25-0193 

Anti mouse CD3e  PE (clone 145-2C11) eBioscience RRID: AB_465496; Cat #12-0031 

Anti mouse CD4 BV711 (clone GK1.5) BioLegend RRID:AB_2564586; Cat #100447 

Anti mouse CD45, FITC (clone 30-F11)  eBioscience RRID: AB_465050; Cat #11-0451 

Anti mouse CD8a  AlexaFluor700 (clone 53-6.7) eBioscience RRID: AB_494005; Cat #56-0081 

Anti mouse F4/80 AlexaFluor700  (clone BM8)  eBioscience RRID: AB_2574503; Cat #56-4801 

Anti mouse F4/80 APC (clone BM8) eBioscience RRID: AB_469452; Cat #17-4801 

Anti mouse Ly6C PerCpCy5.5 (clone HK1.4) eBioscience RRID: AB_2723343; Cat #45-5932-82 

Anti mouse Ly6G  BV605 (clone 1A8) BD Biosciences Cat #563005 

Anti mouse Ly6G PE (clone 1A8) BD Biosciences Cat #551461 

Anti mouse MHC Class II (IA/IE), PE (clone M5/114.15.2) eBioscience RRID: AB_465928; Cat #12-5321-81 

Anti-mouse B220, PE-Cy7 (clone RA3-6B2) BioLegend RRID: AB_313005; Cat #103222 

Anti-mouse CD117 (c-Kit), APC (clone2B8) BioLegend RRID: AB_313221; Cat #105812 

Anti-mouse CD11b, PE-Cy7 (clone M1/70) BioLegend RRID: AB_312799; Cat #101216 

Anti-mouse CD150 (SLAM), PerCP-Cy5.5 (clone TC15-
12F12.2) 

BioLegend RRID: AB_2303663; Cat #115922 

Anti-mouse CD135 (Flt3), PE (clone A2F10) eBioscience RRID: AB_465859; Cat #12-1351 

Anti-mouse CD16/CD32, Alexa Fluor 700 (clone 93) eBioscience RRID: AB_493994; Cat #56-0161 

Anti-mouse CD3, PE-Cy7 (clone 17A2) BioLegend RRID: AB_1732057; Cat #100220 

Anti-mouse CD3, APC (clone 17A2) eBioscience RRID: AB_10597589; Cat # 17-0032-82 

Anti-mouse CD48, APC-Cy7 (clone HM48-1) BioLegend RRID: AB_2561463; Cat #103432 

Anti-mouse Ly6A/E (Sca-1), Super Bright 600 (clone D7) eBioscence RRID: AB_2663622; Cat #63-5981 

Anti-mouse Ly6C/G, PE-Cy7 (clone RB6-8C5) BioLegend RRID: AB_313381; Cat #108416 

Anti-mouse Ly-76, PE-Cy7 (clone TER-119) BioLegend RRID: AB_2281408; Cat #116222 

Anti-mouse Gr-1, PE-Cy7 (clone RB6-8C5) BioLegend RRID: AB_313381; Cat #108416 

Anti-mouse CD115 BV421 (clone AFS98) BioLegend RRID: AB_2562667; Cat # 135513 

Anti-mouse CD11b APC (clone M1/70) eBioscience RRID: AB_469343; Cat # 17-0112-82 

Anti-mouse CD3 PE-Cy7 (clone 145-2C11) eBioscience RRID: AB_469572; Cat #25-0031-82 

Anti-mouse TCR gamma/delta PE-Cy7 (clone GL3) eBioscience RRID: AB_2573464; Cat #25-5711-82 

Anti-mouse Ly6G PE-Cy7 (clone 1A8) BioLegend RRID: AB_1877261; Cat # 127618 

Anti-mouse NK1.1 PE-Cy7 (clone PK136) BD Biosciences Cat #552878 

Anti-mouse B220 PE-Cy7 (clone RA3-6B2) eBioscience RRID: AB_469627; Cat # 25-0452-82 

Anti-mouse CD19 PE-Cy7 (clone 6D5) BioLegend RRID: AB_313655; Cat # 115520 

Anti-mouse Ter 119 PE-Cy7 (clone TER-119) BioLegend RRID: AB_2281408; Cat # 116222 

Anti-mouse Ly6G (clone 1A8) Bio X Cell RRID: AB_1107721; Cat #BE0075 

Anti-mouse trinitrophenol, IgG2a isotype control (clone 2A3) Bio X Cell RRID: AB_1107769; Cat #BE0089 

Rabbit polyclonal anti-H3K4me1  Diagenode Cat #C15410037 

Rabbit polyclonal anti-H3K4me3 Diagenode Cat #C15410003 

Rabbit polyclonal anti-H3K27Ac Diagenode Cat #C15410196 

Rabbit monoclonal anti-Rpb1 NTD (D8L4Y) Cell Signaling Technology Cat #14958 

2-mercaptoethanol Gibco 31350010 

96-well Clear Polystyrene Microplates Corning 3799 

Ammonium chloride Sigma-Aldrich Merck  A0171 

Brain Heart Infusion broth Oxoid CM1135 

BSA Sigma-Aldrich Merck  A7906 

Clodronate Liposomes & Control Liposomes (PBS) LIPOSOMA reserarch CP-020-020 
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Columbia III Agar with 5% Sheep Blood BD Biosciences 254098 

EDTA, Titriplex® III Merck 1.08418 

FBS Superior Biochrom, Merck group S 0615 

Fixable Viability Dye eFluor™ 450 Invitrogen 65-0863 

IMDM, GlutaMAXTM Gibco 31980 

Kineret® (Anakinra) Sobi  

LB Broth Base Lennox Invitrogen 12780052 

LIVE/DEAD™ Fixable Violet Invitrogen L34955 

M Tubes Miltenyi Biotec 130-096-335 

M-CSF ImmunoTools 12343115 

Microvette® CB 300 K2E SARSTEDT 16.444 

Penicillin/streptomycin Gibco 15140122 

PFA, Pierce™ 16% Formaldehyde (w/v) Thermo Fisher scientific 28908 

RPMI Medium 1640 - GlutaMAX™-I Gibco 61870 

Sodium bicarbonate Sigma-Aldrich Merck  S6014 

Ultrapure LPS from Salmonella minnesota List Biological Laboratories #434 

Versene Solution Gibco 15040033 

Yeast Extract-Peptone-Dextrose broth BD Biosciences 242820 

Zymosan A from Saccharomyces cerevisiae Sigma-Aldrich Merck Z4250 

Mouse Custom ProcartaPlex 17-plex Invitrogen PPX-17-MX7DPRR 

Mouse IL-6 DuoSet ELISA R&D Systems DY406 

Mouse TNF-alpha DuoSet ELISA R&D Systems DY410 

ProcartaPlex Mix&Match Mouse 15-plex (IFNγ, IL-1β, IL-2, IL-4, 

IL-6, IL-10, IL-12p70, IL-17A, IL-18, IL-22, IL-23, CXCL10, CCL3, 
CCL4, TNF) 

Invitrogen PPX-15-MXDJXJ4 

ProcartaPlex Mix&Match Mouse 17-plex (ENA-78/CXCL5, G-

CSF, Gro-α/KC, IFNγ, IL-1α, IL-1β, IL-3, IL-6, IL-10, IL-12p40, IL-
17A, IL-18, CXCL10, CCL2, CCL3, CXCL2, TNF) 

Invitrogen PPX-17-MX7DPRR 

MAGnify™ Chromatin Immunoprecipitation System Life Technologies #49-2024 

Monocyte Isolation Kit (BM), mouse Miltenyi Biotec #130-100-629 

Bacteria and yeasts 

Candida albicans 5102 Isolated from a septic patient 
hospitalized at CHUV 

doi.org/10.1093/infdis/jis673 

Citrobacter rodentium DBS100  ATCC 51459 

Escherichia coli O18:K1:H7 Isolated from a septic patient 
hospitalized at CHUV 

doi.org/10.1093/infdis/jis673 

Listeria monocytogenes 10403S BEI RESOURCES (Gift from 
Prof. Zehn, Technical University 
of Munich, Freising, Germany) 

NR-13223 

Pseudomonas aeruginosa PAO1 ATCC HER-1018 [PAO1] 

Staphylococcus aureus AW7 Isolated from a septic patient 
hospitalized at CHUV 

doi.org/10.1093/infdis/jis673 

Mice 

C57BL/6J Charles River Laboratories 632 

BALB/cByJ Charles River Laboratories 627 

C57BL/6J MyD88-/- Prof. Shizuo Akira, Osaka 
University, Osaka, Japan 

doi.org/10.1016/S1074-7613(00)80596-8 

C57BL/6J TLR2-/- Prof. Shizuo Akira, Osaka 
University, Osaka, Japan 

doi.org/10.1016/S1074-7613(00)80119-3 

Software 

Prism 8 GraphPad Software  

FlowJo_V10_CL 10 FlowJo LLC  

Others 

Feeding tube for rodents, 1.1 x 50 mm, for 1 ml serine ECIMED, Boissy-Saint-
Léger, France 

V0104050 
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Supplementary Figure Legends 

Figure S1. A, Gating strategy for the analysis of blood and bone marrow by flow cytometry. 
The figure shows examples obtained using control and trained mice, analyzed just before 
infection (day 0) and 2 days post-infection (day +2) with L. monocytogenes. B, Gating strategy 
for the analysis of bone marrow long-term and short-term hematopoietic stem cells (LT-HSCs 
and ST-HSCs), multipotent progenitors (MPPs), MPP2, MPP3 and MPP4 by flow cytometry. 
C, Gating strategy for the analysis of peritoneal cells by flow cytometry. LPMs: large peritoneal 
macrophages; SPMs: small peritoneal macrophages. 

Figure S2. A, Control and trained BALB/cBy mice were challenged i.v. with 2.2 x 107 CFU 
methicillin-resistant S. aureus (MRSA). Survival was recorded. B, Control and trained 
C57BL/6J mice were challenged i.v. with 9 x 104 CFU L. monocytogenes. Blood was collected 
2 days after infection to quantify bacteria. The dashed line indicates the lower limit of detection. 
Each dot represents one mouse. ***, P ≤ .001. 

Figure S3. Mean fluorescence intensity (MFI) of CD11b expressed by blood Ly6Clow, Ly6Cint 
and Ly6Chigh monocytes and PMNs in control and trained mice. Each dot represents one 
mouse. *, P ≤ .05; **, P ≤ .01. 

Figure S4. Leukocytes in blood from MyD88-/- mice challenged 7 and 3 days earlier with 
zymosan (trained) or PBS (control). Each dot represents one mouse. 
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Summary 

Trained immunity confers broad-spectrum protection against lethal infections, including at anatomical 
sites distant from the priming site, such as the lungs. Yet, the overall impact of trained immunity on 
host lung defenses and ability to survive against lethal pneumococcal infection remains largely 
unknown. To address that question, we trained mice with zymosan, a cell-wall preparation rich in β-
glucans, as previously described. Here, we show that priming protected mice from a lethal 
pneumococcal infection by S. pneumoniae. Trained immunity increases lungs neutrophils and 
monocytes Ly6Chigh prior to or during early time point of the infection. Furthermore, phagocytosis was 
increased in bone marrow derived neutrophils. All of which contributed to the protection against lethal 
pneumococcal infections. These observations support the development of trained immunity-based 
therapies to improve defenses against infections.  

 

Contribution to the work: I participated to or performed all experiments. I co-write and revised the 
paper. 
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ABSTRACT 

Trained immunity is defined by the capacity of the immune system to develop an enhanced innate 
immune response against a secondary infection. The induction of trained immunity protects from 
various types of bacterial infections. Yet, whether trained immunity impact on lethal pneumococcal 
infection remains to be defined. To address this question, we evaluated the impact of training on innate 
immune defenses in the lungs of mice challenged with Streptococcus pneumoniae. Training was 

associated with an increase of lung polymorphonuclear neutrophils (PMNs) and Ly6Chigh monocytes. 
While all control mice died from pneumococcal pneumonia, trained mice controlled bacterial burden in 
lungs and spleen, had reduced lung injury, and were protected from lethal infection. The resolution of 
infection in trained mice was associated with a reduction of lung PMNs. PMNs from trained mice 
showed increased phagocytosis and NETosis, and increased metabolic activity oriented towards 
mitochondrial respiration. Altogether, these data indicate that trained immunity confers protection against 
lethal pneumococcal infection. 

Keywords: Trained immunity, innate immunity, Streptococcus pneumoniae, neutrophils, 
monocytes, innate lymphoid cells, NETs, metabolism 

 

INTRODUCTION 

Streptococcus pneumoniae is responsible of infections ranging from otitis media to severe invasive 
diseases such as pneumonia, meningitis and bacteremia. Pneumococcal severe infections are a 
major public health issue, accentuated by the problematic of antibiotic resistance and the rise of 
infections due to serotypes uncovered by current vaccines [1-3]. Overall, S. pneumoniae infections 
account for around 2.5 million death annually, primarily in children and elderlies [4, 5]. The World 
Health Organization published in 2017 a list of 12 global priority pathogens including S. pneumoniae to 
fight against. 

S. pneumoniae colonizes the mucosal surfaces of the upper airways, but under certain 
circumstances evades host immune control allowing invasion of sterile sites like middle ear spaces, 
lungs, bloodstream and meninges [6]. Among innate immune cells, polymorphonuclear neutrophils 
(PMNs) represent an essential component of the host response to pulmonary infection, through the 
production of granules, serine proteases, antimicrobial peptides, neutrophil extracellular traps (NETs), 
reactive oxygen species (ROS), and phagocytosis (reviewed in [7]). During acute otitis media caused by S. 
pneumoniae, PMNs are the most predominant innate immune cells recruited to the focus of infection [8]. 
Phagocytosis, degranulation of antimicrobial mediators and production of NETs were implicated in 
elimination of S. pneumoniae [9]. Similarly, elastase, a serine protease produced by PMNs is critical to 
fight S. pneumoniae lung infection [10, 11]. However, the antimicrobial activities of PMNs are harmful to 
lung tissues. While early PMNs influx is essential to control pneumococcal infection, the extended 
presence of PMNs in lungs is responsible of pulmonary damage and poor outcome [12]. Macrophages 
sense S. pneumoniae through TLR2/TLR4 and TLR9, phagocytose and kill the bacteria before undergoing 
apoptosis [13-15]. Innate lymphoid cells (ILCs) are tissue-resident cells that can renew locally, and that 
are expanding and being activated by cues released by surrounding tissue cells responding to acute 
environmental challenges [16, 17]. ILC1, ILC2 and ILC3, which mirror CD4+ Th1, Th2 and Th17 cells 
[18], have been implicated in inflammatory or recovery phases following infection with influenza virus 
and S. pneumoniae and airway hyper-reactivity [19-24]. 

Vaccination is based on the fact that the immune system can keep a memory of the pathogens 
it has encountered, a characteristic attributed to the adaptive immune system through memory T and 
B cells [25, 26]. However, pioneer studies described in plants a process called systemic acquired 
resistance, reflecting the fact that plants expose to a pathogen could develop resistance to a secondary 
infection [27]. In 2003, studies showed that invertebrates develop specific memory, without owning 
adaptive immune system [28]. Mice infected with a low dose of Candida albicans or β-glucans, a cell 
wall component of C. albicans, were protected from a lethal dose of Staphylococcus aureus [29, 30]. 
Later on, human vaccinated with Bacillus Calmette-Guérin (BCG) vaccine showed protection not only 
against tuberculosis, but also against other infectious diseases, in a T- and B- cells independent manner 
[31-34]. The term “trained immunity” was proposed to define a “heightened response to a secondary 
infection that can be exerted both toward the same microorganism and a different one” [35]. The 
molecular mechanisms involved in trained immunity include metabolic, epigenetic and functional 
reprogramming of monocytes, macrophages and NK cells [36, 37]. While trained immunity may protect 
from infections, it may participate to the development of inflammatory pathological situations [38]. 
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We have recently shown that trained immunity protects from bacterial infections [39], but whether 
it protects from pneumococcal infections remains unknown. Here we developed a model of 
pneumococcal pneumonia to address the protective role of trained immunity. We report that trained 
immunity increased lung PMNs and monocytes, increased the anti- bactericidal activity of PMNs, and 
protected from lethal pneumococcal pneumonia. 

 

MATERIALS AND METHODS 

Products used in this study are described in Supplementary Table 1. 
 
Ethics statement 
Animal experiments performed in Lausanne were approved by the Service des Affaires Vétérinaires, 
Direction Générale de l’Agriculture, de la Viticulture et des Affaires Vétérinaires, état de Vaud (Epalinges, 
Switzerland) under authorizations 3287, 876.9 and 877.9 and performed according to Swiss and 
ARRIVE guidelines. Animal experiments performed in Milano were conformed to protocols approved by 
the Humanitas Clinical and Research Center (Rozzano, Milan, Italy) in compliance with national (4D.L. 
N.116, G.U., suppl. 40, 18-2-1992) and international law and policies (2010/63/EU, and National Institutes 
of Health Guide for the Care and Use of Laboratory Animals, U.S. National Research Council, 2011). 
 
Bacteria preparation 
S. pneumoniae serotype 3 (American Type Collection 6303™) was grown on 5% sheep blood agar plates. 

Colonies were used to inoculate Todd Hewitt yeast broth (THYB, Sigma-Aldrich). Cultures were incubated 

at 37°C until an OD600 of 0.7-0.9. A green fluorescent protein (GFP) expressing strain of S. pneumoniae 

was constructed as described previously [40]. Clinical isolate E1586 was grown in THYB until an OD600 
of 0.1, and incubated for 12 min at 37°C with 100 ng/ml of synthetic competence-stimulating peptide 1 
(Eurogentec), and for 20 min at 30°C with PhlpA-hlpA-gfp_Camr DNA fragment (gift from Jan-Willem 
Veening, UNIL, Lausanne). Bacteria were diluted 10 x in THYB, incubated 1.5 hours at 37°C and platted 
on Tryptic Soy Agar plates (BD Biosciences) containing 5% sheep blood and 4.5 µg/mL 
chloramphenicol. Colony forming units (CFU) were determined by plating serial dilution of the inoculum on 
blood agar plates. Cultures stored for up to 3 months at -80°C in THYB containing 12% glycerol. 
 
Mice and in vivo model of infection 
C57BL/6J mice (Charles River Laboratories) were 8-10 weeks old. Mice were housed under specific 
pathogen-free conditions in the animal facility of Epalinges, Switzerland (license VD-H04) or in the animal 
facility of the Humanitas Clinical and research center IRCCS. Mice were kept in a temperature-controlled 
environment with a 12 hours light/dark cycle in air-conditioned room and with free access to food and 
water. Age-matched female mice were randomly divided into groups and injected intraperitoneally (i.p.) 
with PBS (control) or 1 mg of zymosan (trained) 7 and 3 days before usage [39]. Mice were anesthetized 
by an i.p. injection of 1.25 g/kg ketamine and 12.5 mg/kg xylazine. Mice were infected by an intranasal 

(i.n.) challenge with 5 x 104 CFU S. pneumoniae. Body weight, severity score, and survival were recorded 

at least once daily [41]. Mice were sacrificed at selected times by CO2 to collect organs. Lungs were 
homogenized as described in Flow cytometry section. Spleen were homogenized with an UltraTurrax 
homogenizer (IKA-Werke, Staufen, Germany). 
 
Cell population analyses by flow cytometry 
Bronchoalveolar lavages (BALs) were performed as previously described [42]. Briefly, a catheter 
was inserted in the trachea, PBS was instilled and then gently retracted. Following BAL collection, 
lungs were collected and added to a solution containing collagenase D (2 mg/mL) and DNAse (80 
U/mL), fetal calf serum (FCS), and HEPES (10 mM, pH 7.0). Samples were transferred into GentleMACS 
C-tube, and dissociated for 30 min using gentleMACS Octo Dissociator with heaters on program 
37C_m_LDK_1. Cell suspensions were incubated for 3 min with 3 mL of red blood cell (RBC) lysis buffer 
(0.65 M ammonium chloride, 10 mM sodium bicarbonate, 0.1 mM EDTA, pH 7.4). Cells from BALs and 
lungs were washed, resuspended in cell staining medium (CSM: PBS containing 0.5% BSA), enumerated, 
and incubated for 30 min at 4°C in the dark with 50 µL live/dead dye, then 50 µL 2.4G2 monoclonal 
antibody (Ab), and finally 50 µL of Abs diluted in CSM. For intracellular staining, cells were first 
permeabilized by for 30 min at room temperature in 200 µL 1 x fixation/permeabilization solution 
(eBioscience). Antibodies in 50 µL 1 x permeabilization buffer were added to the cells, and incubation 
for 30 min at room temperature protected from light. The Ab mix to stain leukocytes in lungs and BAL 
contained anti-CD45, Siglec-F, CD11b, Ly6G and Ly6C Abs. Gating strategies for lungs and BALs are 
presented in Figure 1 and Figure S2. The Ab mix to stain ILCs contained a lineage antibody cocktail 
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(Lin: anti-CD8, CD3, CD5, CD11b, CD19, CD45R/B220, CD49b, TCRγδ, Ter119, CD11c, TCRβ and 
FcεRIα Abs), anti-CD45, CD90, CD127, ROR-γt, and GATA3 Abs. Gating strategy is presented in Figure 
3. For ILC1 staining, the Ab mix contained Lin, anti-CD45, CD90, CD127, IFN-γ and T-bet Abs. For ILC2 
staining, the Ab mix contained Lin, anti-CD45, CD90, CD127, GATA3, IL-4 and IL-5 Abs. Gating strategy 
of ILC1 and ILC2 are presented Figure S3. Ab mixes to stain lung progenitors contained a lineage 
antibody cocktail (anti-CD19, B220, CD3e, CD11b, Gr-1 and Ter119 Abs). Panel 1 contained anti-Sca-1, 
CD150, CD135, CD48 and CD117 Abs. Panel 2 contained anti-Sca-1, CD127, CD117, CD16/32 and 
CD34 Abs. Gating strategies are presented in Figure S4. Antibodies are described in Supplementary 
Table 1. Data were acquired on an Attune NxT Flow Cytometer (Thermo Fisher Scientific) or a BD 
LSRFortessa (BD Biosciences) and analyzed using FlowJo_V10_CL (FlowJo LLC, Ashland, OR) or BD 
FACSDiva software. 
 
Cytokine measurements 
Cytokines were quantified by ELISA or a multiplex Mouse Custom ProcartaPlex (Thermo Fisher 
Scientific) using a Bio-Plex 200 system (Bio-Rad, Hercules, CA) [43]. 
 
In vivo bioluminescence imaging 
Mice were injected i.p. with 200 mg/kg luminol (Carbosynth) and imaged using an In-Vivo XtremeTM 
II SPF animal chamber with high-efficiency particulate air filters (Bruker, Billerica, MA) as previously 
described [44]. Bioluminescence imaging was analyzed using Molecular Imaging software (Bruker). 
Regions of interest (ROI) were set on the lungs and peritoneum and the bioluminescent signals were 
expressed in units of photons per second (P/s). 
 
Lungs histology 
Lungs were excised, fixed in 4% paraformaldehyde and embedded in paraffin. Three tissues sections of 
3 µm thickness collected at a distance of 150 µm were stained with hematoxylin and eosin (H&E). A blind 
histological evaluation evaluated the number of small (<0.5 mm) and large (>0.5 mm) foci in each section. 
The total number of foci were determined, and a total score (calculated as follows: [(foci <0.5 mm x 
1) + (foci >0.5 mm) x 3] were calculated. Additionally, intravascular leukocyte rolling/adhesion, 
bronchiolar damage, perivascular edema and hemorrhage, and intra-alveolar hemorrhages  were 
scored according to the histological grading system reported in Supplementary Table 2. 
 
Bacteria phagocytosis and killing assays 
Polymorphonuclear neutrophils (PMNs) were isolated from the bone marrow of femurs and tibias using 
the mouse Neutrophil Isolation Kit (Miltenyi, Bergisch Gladbach, Germany) as previously described 
[45]. For phagocytosis assays, PMNs at 2.5 x 105/mL were incubated for 1 hour at 37°C in RPMI medium 
containing 106 CFU/mL GFP-expressing S. pneumoniae. Extracellular fluorescence was quenched by 
incubation for 1 min with 0.25 mg/mL trypan blue. Cells were analyzed flow cytometry using an Attune 
NxT Flow Cytometer. For killing assay, PMNs at 5 x 108/mL were incubated for 1 hour at 37°C in RPMI 
medium containing 106 CFU/mL S. pneumoniae. Serial dilutions of reaction mixtures were plated on 
blood agar plates (BD Biosciences), and colonies enumerated 24 hours later. 
 
NETosis and ROS production by PMNs 

To measure NETosis, 2.5 x 105 PMNs/mL were incubated for 1 hour at 37°C in RPMI medium containing 

106 CFU/mL S. pneumoniae and 5 μM Sytox green. Fluorescence (Em504, Ex523) was recorded using 
a Synergy plate reader (BioTek, Winooski, VT). NETs were observed using a EVOS M7000 Imaging 
System (Thermo Fisher Scientific) with Plan Apochromat 2x and 10x objectives. To measure ROS 

production, 2.5 x 105 PMNs/mL were incubated for 1 hour at 37°C in RPMI medium containing 0.1 mM 

M H2O2 (Sigma Aldrich) or 106 CFU/mL S. pneumoniae. MitoSOX (Thermofisher) was added at 5 μM 
during the last 10 min of incubation. Signals were detected by flow cytometry using an Attune NxT Flow 
Cytometer. 
 
Metabolic activity 
The metabolic activity of PMNs was measured on a 96-well format using a Seahorse XFe96 Analyzer 
(Agilent, Santa Clara, CA) [47, 48]. PMNs were seeded at 1.5 x 105 cells/well at in Seahorse XFe96 
plates pre-coated with Cell-Tak (Corning). PMNs were pre-incubated in 180 µl of assay medium (Seahorse 

XF DMEM pH 7.4 supplemented with 2 mM L-glutamine, 1 mM pyruvate and 25 mM glucose (Gibco™)) 

for 1 hour at 37°C in a CO2-free incubator. Oxygen consumption rate (OCR) was recorded using the 
Seahorse Cell Mito Stress Test protocol, which relies on the sequential addition of 1 µM oligomycin, 
2 µM carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) and 0.5/0.5 µM rotenone + 
antimycin A (Rot/AA) (Sigma-Aldrich). Glycolytic proton efflux rates (GlycoPER) was recorded using 
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Seahorse Glycolytic Rate Test protocol which relies on the sequential addition of 0.5/0.5 µM Rot/AA and 
50 µM 2-deoxyglucose (2-DG) (Sigma-Aldrich). Results were analysed using the Wave Desktop 
software (Agilent). At the end of measurements, cells were lysed with a mixture of 1 x RIPA Lysis and 
Extraction Buffer IV (Bio Basic, Toronto, Canada) and cOmplete Protease Inhibitor Cocktail (Merck, 
Darmstadt, Germany) in PBS. Protein concentrations were determined using a Pierce BCA Protein 
Assay Kit (Thermofisher Scientific) and used to normalize results according to protein concentration 
per well. 
 
Statistical analyses 
Graphics represent data obtained from individual mice, or violin plots. Data were analyzed for normal 
distribution and homogeneity of variances and compared with the appropriate parametric (2-tailed 
unpaired Student t test) or nonparametric (2-tailed Mann-Whitney test) statistical test. The Kaplan-
Meier method was used for building survival curves, and differences were analyzed using the log-rank 
sum test. P values were 2 sided. Analyses were performed using PRISM version 8.0.1 software 
(GraphPad Software). 

 

 

RESULTS 

Trained immunity increases lung PMNs and Ly6Chigh monocytes 
The induction of trained immunity increased bone marrow hematopoiesis and blood leukocytes [39]. 
To study whether trained immunity affected additional compartments, we evaluated the immune cell 
status in the lungs of control and trained mice (Figure 1A). Macrophages, eosinophils, PMNs and 
monocytes were detected in lungs of control and trained mice (Figure 1B). t-SNE plots showed an 
overall increase of myeloid cells in trained mice when compared to control mice (Figure 1C). This was 
reflected by a 2.7 and 3.5-fold increase of PMNs and Ly6Chigh monocytes (P < .01 and P < .001 vs 
control) (Figure 1D). Eosinophils were increased 1.7-fold in trained mice (P = .05), and expressed 1.1-
fold less of the inhibitory receptor Siglec-F (P < .05) (Figure S1). Macrophages counts were slightly 
decreased in trained mice (P < .05). Myeloid cell counts were similar in BALs from control trained 
mice (Figure S2). A multiplex cytokine assay (G-CSF, IFNγ, IL-1α, IL-1β, IL-6, IL-10, IL-12p40, IL-18, 
TNF, CCL2, CCL3, CXCL2, CXCL5 and CXCL10) showed increased concentrations of G-CSF, IL-1β, 
IL-6 and CXCL2 in the lungs of trained mice (Figure 2A). Whole body inflammation was assessed by 
luminol-generated bioluminescence (Figure 2B). Bioluminescence signals were not detected in control 
mice, nor in the lungs of trained mice. As expected, a strong signal was detected in the region of the 
peritoneal cavity of trained mice (P < .01). 

ILCs are tissue resident cells that play an important role in lung inflammation and innate 
immune responses, and lung ILC2 have been suggested to acquire memory capacity. Thus, we 

measured total ILCs and ILC1, ILC2 and ILC3 in lungs (Figure 3A). We detected 2.3-11.2 x 104 ILCs 
in lungs. ILC1, ILC2 and ILC3 represented 76-95%, 3.4-20.2% and 0.1- 2.5% of all ILCs. Total ILCs 
were slightly reduced in trained mice (Figure 3B), which mainly resulted from a 2-fold decreased in ILC2 
(P <.05). ILC1 proportion was higher in trained than in control mice at the expense of ILC2 proportion (ILC1 
and ILC2 in control vs trained: 89 ± 6.1% vs 94 ± 1.6% and 10 ± 4.8 vs 6±1.4%). The expression levels 
(depicted by the mean fluorescence intensity) of GATA3 in ILC2 were similar in control and trained mice 
while we observed a slight increase of ROR-γt in ILC3 (Figure S3A). The proportions of ILCs positive 
for IFNγ, IL-4 and IL-5 were low (0.5-5% of ILCs). Yet we detected a trend for more IFNγ+ ILC1 (P = .095) 
(Figure S3B) and more IL-4+ and IL-5+ ILC2 (3.9 and 1.7-fold increase, P <.05 and P < .01 vs control, 
respectively) (Figure S3C) in the lungs of trained mice. Training increased central myelopoiesis [39], 
and lungs can be a reservoir for hematopoietic progenitors [46-48]. However, training did not increase 
hematopoietic progenitors in lungs (Figure S4). This observation suggested that PMNs were recruited 
to the lungs following the induction of trained immunity, while macrophages might expand locally. 

 
Trained immunity protects from pneumococcal infection 
The rise of phagocytes in the lungs of trained mice suggested that training might protect from lung 
infection. To address that possibility, we developed a model of pneumonia induced by intranasal 
instillation of 5x104 CFU S pneumoniae serotype 3 (Figure 4A). All control mice died within 5 days. In 
sharp contrast, 53% of trained mice survived infection (P < 10-4) (Figure 4B). Accordingly, trained mice 
had 120- and 44-fold less bacteria in lungs and spleen 36 hours post-infection. Histological evaluation of 
lungs collected 24-48 hours after infection showed stronger inflammation and the presence of 
abscesses in control mice (Figure 4C). The numbers of large bronchopneumonia foci and the lung 
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histological scores were reduced in trained mice compared to control mice (Figure 4D). 
 
Dynamics of immune cells in lungs during pneumococcal infection 
We then investigated the dynamics of immune cells in the lungs of mice undergoing pneumonia, focusing 
first on PMNs, macrophages, monocytes and eosinophils. t-SNE plots showed an overall increase of 
myeloid cells in trained mice compared to control mice (Figure 5A). This was reflected by 1.5-, 2.9 and 2-
fold more PMNs, Ly6Clow monocytes and eosinophils at 12 hours post-infection (P < 0.05, P < .01 and 
P < .05, respectively) (Figure 5B). At 36 hours post-infection, 5-fold more eosinophils were detected in 
the lungs of trained mice (P < .001), while PMNs counts were 2.6-fold lower. This evolution was mainly 
due to PMNs raising 5.3-fold in control mice while they remained pretty constant in trained mice. 
Macrophages counts did not change over time in control and trained mice. However, while 
macrophages from controlled mice decreased Siglec-F expression during the course of infection, 
macrophages from trained mice kept stable expression levels (Siglec-F MFI median in control vs trained 
macrophages at 12 and 36 hours: 4826 vs 4263 and 3777 vs 4439, P <0.05 for both) (Figure S5). Going 
well along these data, lung cytokines levels were globally lower in trained mice than in control mice 
36 hours after infection (Figure 6A). Moreover, bioluminescence imaging 36 hours post-infection 
showed lower bioluminescence signals in the area of the lungs of trained mice than control mice (Figure 
6B). The numbers of PMNs, macrophages and monocytes were much lower in BALs than in lungs, 
while eosinophils were not detected (Figure S6). None of these populations were different between control 
and trained mice except for PMNs measured 36 post-infection. Indeed, similar to the situation observed 
in lungs, PMNs increased much more strongly in BALs from control than trained mice (control vs trained 
macrophages at 12 and 36 hours: 2285 vs 2465 and 18200 vs 6235 PMNs/BAL, P = 0.4 and P < 0.01) 
(Figure S6). 

We then focused on ILCs since ILC1 are important players involved in anti-bacterial defenses, 
while ILC2 have an important role in tissue repair. Total ILCs, ILC1 and ILC3 did not differ between 
control and trained mice 12 hours and 36 hours post-infection. ILC2 (total number and % of ILCs) 
decreased in control mice, while they slightly increased in trained mice (control vs trained at 12 and 36 
hours: 4010 vs 2725 and 1210 vs 2890 ILC2/lungs, P = 0.2 and P = 0.03) (Figure 7A). As a result of 
these modifications, between 12 hours and 36 hours post-infection, the ILC1/ILC2 ratio increased 1.6-
fold in control mice while it decreased by around two times in trained mice. No differences of expression 
of GATA3 in ILC2 and ROR-γt in ILC3 were detected at any time point (Figure 7B). Additionally, no 
differences in the proportions of IFNγ producing ILC1 and IL-4 and IL-5 producing ILC2 were observed 
(Figure S7A-7B). 
 
Trained immunity increases phagocytosis, NETosis and ROS production by PMNs 
PMNs play an important role in early defense mechanisms against pneumococcal infection. The fact 
that PMNs were upregulated in the lungs of trained mice before infection suggested that these cells could 
participate in protecting from pneumococcal pneumoniae. To get clues about mechanisms through 
which PMNs may hold that role, we compared phagocytosis, NETosis and ROS production by control 
and trained PMNs. 

To assess phagocytosis, PMNs were incubated for  1 hour with S. pneumoniae engineered to 
express GFP. As shown in Figure 8A, 38% of PMNs from trained mice phagocytosed S. 
pneumoniae, while only 20% of PMNs from control mice did (P < 0.001). The production of NETs was 
quantified using a Sytox Green assay and visualized by fluorescent microscopy (Figure 8B). NETs 
were not detected when PMNs were cultured in medium. Incubation of PMNs with S. pneumoniae 
stimulated NETosis to a greater extent by trained than by control PMNs, as attested by a 2.6-fold higher 
Sytox Green assay signal using trained PMNs (P < 0.001). Accordingly, more numerous NETs were 
observed by imaging trained PMNs. Finally, the production of mitochondrial ROS was quantified by 

flow cytometry using MitoSOX dye (Figure 8C). H2O2 used as a positive control of measurement gave 

a strong fluorescent signal (MFI in control vs trained PMNs: 35.4 vs 41.4, P < 0.001). A weak signal 
was detected in PMNs cultured with medium, which was 2.0-fold higher using trained than control 
PMNs (P = 0.01). The addition of S. pneumoniae amplified 2.5-6-fold baseline signal, but the production 
of mitochondrial ROS production was similar using control and trained PMNs. Overall, these data 
suggested that trained PMNs were better armed to control S pneumoniae burden. 

 
Trained immunity increases mitochondrial respiration of PMNs 
Metabolic rewiring of innate immune cells accompany the development of host defense mechanisms. 
Thus we analyzed glycolysis and mitochondrial respiration in control and trained PMNs using the SeaHorse 
technology (Figure 9A). No differences of basal and compensatory glycolysis were observed between 
control and trained PMNs (Figure 9A). In contrast, trained PMNs showed 2.5-fold higher oxygen 
consumption rate (OCR), which reflects mitochondrial respiration, when compared to control PMNs (P 
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< 0.0001) (Figure 9B). Trained neutrophils also showed 1.7-fold increased space respiratory capacity, 
reflecting the capability of the cells to respond to an energetic demand (P < 0.05). Lastly, trained 
PMNs had 2.4-fold higher mitochondrial-derived ATP production than control neutrophils (P < 0.0001). 
Thus, trained neutrophils showed an overall shift towards mitochondrial respiration, which was also 
documented by measuring the mitoOCR/glycoPER ratio (P < 0.05). 

 

 

DISCUSSION 

We report that the induction of trained immunity increased lung phagocytes, antimicrobial activity of 
PMNs and protected from pneumococcal infection. Taken together with our previous observations [39], 
these results indicate that trained immunity confers broad-spectrum protection against lethal bacterial 
infections. 

Bacterial dissemination was controlled in trained mice, resulting from the accumulation of PMNs 

and Ly6Chigh monocytes in lungs. We have previously shown that monocytes were required to protect 
trained mice from listeriosis. Confirming the important role of monocytes in pneumococcal infection 
protection induced by trained immunity. Nevertheless, another recent study demonstrated that alveolar 
macrophages were the only cells showing adaptive characteristics after resolution of mild bacterial 
pneumoniae. These modifications were lasting up to 6 months after infection [49]. Our results suggested 
that an early influx of PMNs was essential to control the infection, while an excessive and extended influx 
of PMNs was harmful to host lung tissue [12]. 

Pneumococcal capsule protected against phagocytosis by PMNs [40] and pneumolysin, a 
toxin secreted by S. pneumoniae was associated with killing of PMNs [50]. Phagocytosis by trained 
PMNs was increased compared to untrained PMNs, showing that pneumococcal capsule was not 
efficient enough to protect against trained neutrophils. Whether trained immunity was implicated in 
pneumolysin secretion by S. pneumoniae or susceptibility towards their killing effect on PMNs remains 
to be determined. S. pneumoniae regularly encounters toxic oxygen radical on the airway surfaces 
from the host metabolism and immune system. As such, S. pneumoniae developed defenses to 
cope with oxygen radicals [51]. This could explain the fact that we did not observed differences 
of ROS production between trained and untrained PMNs, when cells were stimulated with S. 
pneumoniae. 

NETs have been involved in the elimination of S. pneumoniae mediated otitis media [9]. We 

observed an increased capacity to produce NETs by trained PMNs, which may participate to limit 
bacterial dissemination. Interestingly, lungs of trained mice contained more CXCL1 and CXCL2, two 
neutrophils chemoattractants expressed by macrophages [52], of IL- 1β and IL-6 that are pro-
inflammatory cytokines implicated in PMNs survival and recruitment [53, 54]. These data could explain 
why we observe an accumulation of neutrophils in lungs of trained mice. After training, eosinophils had 
lower expression of Siglec-F in lungs of trained mice, a mouse function paralog of the human Siglec-
8 that induces apoptosis in eosinophils [55], justifying the accumulation of eosinophils in lungs of 
trained mice before and after S. pneumoniae infection. IL-6 is also responsible for iron sequestration 
by macrophages, limiting iron availability to bacteria. This could contribute to the decreased of bacterial 
burden and dissemination observed in lungs of trained mice [56]. 

The significant differences observed 36 hours post-infection, particularly with regard to ILC2 cell 
counts were probably subsequent to the reduced bacterial burden and dissemination observed. ILC2 
increase in lungs of trained mice at late time point after the infection might be a consequence of reduced 
lung injury. Indeed, ILC2 are known to promote tissue repair during influenza virus infection [19, 21], 
parasite infections [57, 58], and allergy [59] by production of amphiregulin (AREG) and arginase (ARG1). 
Additionally, ILC2-producing IL-4, IL-5 and IL-13 cells have been implicated in the recruitment and 
maintenance of eosinophils during the recovery phase of influenza infection [19, 21]. ILC2 producing 
IL-4 and IL-5 cells increased drastically during the infection, which could explain the significant increase 
of eosinophils, as well as the reduced lungs injury observed in trained mice. 

Eosinophils are traditionally perceived as detrimental cells, causing lung tissue damage via 
the release of cytotoxic granules [60]. However, some reports suggested that eosinophils can have 
homeostatic functions. As such, production of IL-4 or IL-10 by activated eosinophils was necessary for 
hepatocyte [61] and muscle regeneration [62] and resolution of lung-allergic responses [63]. Additionally, 
eosinophils directly contributed to coagulation, an important process during epithelial injury and 
remodeling, since they produce key factors of coagulation (tissue factor thrombin) and fibrinolysis 
(plasminogen) [64]. These observations provide evidence that eosinophils contribute to tissue repair, a 
concept elaborated in the Local Immunity And Remodeling/repair (LIAR) hypothesis [65]. 
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Mucociliary clearance is one of the primary innate defense mechanisms of the lungs. Mucous 
trap inhaled pathogens, while the cilia beat in metachronal waves to expel pathogens. Abnormal cilia result 
in a deficient mucociliary clearance and chronic lung diseases and observed in patients with primary 
cilia dyskinesia, cystic fibrosis, or asthma [66, 67]. Recently, two groups reported that ILC2 mediated 
mucous production during helminth [68] and rhinovirus [69] infections. Interestingly, a first 
gastrointestinal helminths infection induced an innate mucin response driven by ILC2, priming peripheral 
barrier sites, including the lungs, for protection against a secondary helminth infection. This could also 
be related to the accumulation of ILC2 in the lungs of trained mice. Similarly, lungs exposed to C. albicans 
led to the recruitment and activation of ILCs. This recruitment was associated by the secretion of IL-22 
and protection from a secondary infection with Pseudomonas aeruginosa [70]. 

Trained PMNs acquired energy mainly through oxidative metabolism under steady state, 
confirming the metabolic rewiring observed elsewhere [36]. Considering the major problematic of 
antibiotic resistance and the emergence of infection by serotypes of S. pneumoniae uncovered by 
current vaccines, trained immunity could be used to increase vaccine efficacy or increase the 
resistance to pathogens. Currently, BCG-mediated trained immunity strategies have been proposed 
to improve host defenses against severe acute respiratory syndrome coronavirus 2 (SARS-CoV2) 
infection [71-83]. This follows reports showing that BCG vaccination of health volunteers reduced 
viremia induced by yellow fever vaccination [84]. 

In summary, induction of trained immunity increased lungs phagocytes, providing efficient 
barrier against Streptococcus pneumoniae infection. These data support the idea of trained-immunity-
based therapy against lethal pneumococcal infection. 
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FIGURES 

 

Figure 1. Trained immunity increases myeloid cells in the lungs. A. Experimental model to study effect 
of trained immunity. B. Gating strategy used for flow cytometry analysis of leukocytes in the lungs. C. t-
SNE plots of leukocyte subpopulations in the lungs of control and trained mice. D. Number of PMNs, 
macrophages, Ly6Clow, Ly6Cint and Ly6Chigh monocytes and eosinophils in the lungs of control and 
trained mice. Each dot represents one mouse (n=8-11 mice). * P < 0.05, ** P < 0.01, *** P < 0.001. 
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Figure 2. Trained immunity increases inflammation in lungs. A. Lungs were collected from control and 
trained mice to quantify cytokines by Luminex technology (n=4 mice). B. Bioluminescence was 
quantified in control and trained mice using In vivo Xtreme II technology. CCL, C-C motif chemokine 
ligand; CXCL, C-X-C motif chemokine ligand; IFN, interferon; IL-, interleukin. * P < 0.05, ** P < 0.01, *** 
P < 0.001.  

 

Figure 3. ILCs in lungs of trained mice. A. Gating strategy used for flow cytometry analysis of ILCs in 
lungs. B. Numbers and proportions of ILCs, ILC1, ILC2, ILC3 in the lungs of control and trained mice 
(n=8-11 mice). * P < 0.05. 
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Figure 4. Trained immunity protects from pneumococcal infection. A. Experimental model. Mice were 
infected i.n. with 5 x 104 CFU S. pneumoniae. B. Mouse survival was recorded up to 14 days after 
infection. Lungs and spleen were collected 12 and 36 hours after infection to quantify bacteria. C. 
Hematoxylin and eosin (H&E) staining of lungs sections of control and trained mice at 10x magnification, 
and image of lungs. D. The number of foci was determined, and total score calculated (n=4 mice). Each 
dot represents one mouse. * P < 0.05. 
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Figure 5. PMNs increase in lungs of control but not trained mice with pneumococcal infection. A. t-SNE 
plot of lung leukocytes from control and trained mouse 12 and 36 hours post-infection. B. Number of 
PMNs, macrophages, Ly6Clow, Ly6Cint and Ly6Chigh monocytes and eosinophils in the lungs of control 
and trained mice (n=12-20 mice). * P < 0.05, ** P < 0.01, *** P < 0.001. 
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Figure 6. Reduced inflammation in the lungs of trained mice following pneumococcal infection. A. Lungs 

were collected 36 hours after infection. Cytokines were quantified by Luminex (n=3 mice). B. 

Bioluminescence was quantified in control and trained mice 36 hours after infection using In vivo Xtreme 

II technology. Each dot represents one mouse. * P < 0.05. 

 

 

 

 

Figure 7. Modulation of 
lung ILCs during 

pneumococcal 
infection. A. ILCs in the 
lungs of control and 
trained mice 12 and 36 
hours post-infection 
(n=13-20 mice). B. 
Mean fluorescence 
intensity (MFI) of 
GATA3 expressed by 
ILC2 and ROR-γt 
expressed by ILC3 in 
control and trained 
mice 12 and 36 hours 
post infection (n=7-10 
mice). 
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Figure 8. Trained immunity increases phagocytosis and by trained PMNs. A. PMNs were incubating for 
1 hour with 106 CFU/mL GFP-expressing S. pneumoniae and analyzed by flow cytometry to quantify 
the percentage of PMNs phagocytosing bacteria (n=7-9 mice). B. NETs production by PMNs from 
control and trained mice after 1 hour of culture with 106 CFU/mL S. pneumoniae. NETs were quantified 
using the Sytox Green assay. Results were expressed relative to values obtained using PMNs cultured 
in medium set at 1. NETs were visualized by fluorescent microscopy (40 and 160 x magnification). C. 
Median fluorescence intensity (MFI) of PMNs cultured 1 hour with medium, 0.1 mM H2O2 or 106 CFU/mL 
S. pneumoniae and stained with MitoSOX determined by flow cytometry. (n=7-10 mice). * P < 0.05, ** 
P < 0.01, *** P < 0.001. 
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Figure 9. Trained immunity increases mitochondrial respiration by PMNs. A. Glycolysis was represented 
as glycolytic proton efflux rate (GlycoPER). B. Mitochondrial respiration was represented as oxidative 
consumption rate (OCR). Measurements were performed using a Seahorse XFe96 Analyzer. 2-DG, 2-
deoxy-D-glucose; ECAR, extracellular acidification rate; FCCP, carbonyl cyanide-p-trifluoromethox- 
yphenyl-hydrazon; Olig, oligomycin; Rot/AA, rotenone and antimycin A. Each dot represents one mouse. 
* P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.  
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SUPPLEMENTARY Figures 

 

Figure supplementary 1. Mean fluorescence intensity (MFI), determined by flowcytometry, of Siglec-F 
expressed by lung macrophages and eosinophils and CD11b expressed by lungs monocytes, 
eosinophils and PMNs in control and trained mice (n= 8-11 mice). * P < 0.05. 

 

 

Figure supplementary 2. A. Gating strategy for the analysis by flow cytometry of leukocytes in BALs. 
B. PMNs and macrophages in BALs of control and trained mice (n=8-11 mice).  
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Figure supplementary 3. A. MFI of GATA3 expressed by lung ILC2 and ROR-γt expressed by lung 
ILC3. B. Gating strategy for the analysis of ILC1 producing IFNγ by flow cytometry. C. Gating strategy 
for the analysis of ILC2 producing IL-4 and IL-5 by flow cytometry. Each dot represents one mouse. * P 
< 0.05; ** P < 0.01. 
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Figure supplementary 4. A. Gating strategy for the analysis of LT-HSC, ST-HSC, MPP4, MPP3 and 
MPP2 in lungs. B. Gating strategy for the analysis of CLP, GMP, MyP and CMP in lungs. C. Lungs 
progenitors in control and trained mice (n=5 mice). CLP, common lymphoid progenitors; CMP, common 
myeloid progenitors; GMP, granulocyte-monocyte progenitors; LT-HSC, long-term hematopoietic stem 
cells; LSK, lineage Sca1+Kit+; MPP, multipotent progenitors; MyP, myeloid progenitors; ST-HSC, short-
term hematopoietic stem cells. 
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Figure supplementary 5. MFI of Siglec-F expressed by lung macrophages and eosinophils and CD11b 
expressed by lung monocytes, eosinophils and PMNs in control and trained mice 12 and 36 hours post-
infection with S. pneumoniae (n= 12-20 mice). * P < 0.05.  

 

 

 

Figure supplementary 6. PMNs, macrophages and monocytes in BALs of control and trained mice 12 
and 36 hours post-infection with S. pneumoniae (n=12-20 mice). 
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Figure supplementary 7. Lungs were collected from control and trained mice (n=5/group) 12 and 36 
hours post-infection with S. pneumoniae. A. ILC1 producing IFNγ determined by flow cytometry. B. 
ILC2 producing IL-4 and IL-5 determined by flow cytometry. 
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Supplementary Table 1 

Reagent Brand/origin Identifier/catalog reference # 

Antibodies 

Anti-mouse CD3, APC (clone 17A2) eBioscience RRID: AB_10597589; #17-0032-
82 

Anti-mouse CD3, FITC (clone 17A2) eBioscience RRID: AB_11-0032-82; 
#2572431 

Anti-mouse CD3, PE-Cy7 (clone 17A2) BioLegend RRID: AB_1732057; #100220 

Anti-mouse CD5, FITC (clone 53-7.3) eBioscience RRID: AB_464908; #11-0051-82 

Anti-mouse CD8a, FITC (clone  53-6.7) BioLegend RRID: AB_312745; #100706 

Anti-mouse CD11b, APC-Cy7 (clone M1/70) BD Biosciences RRID: AB_2033993; #561039 

Anti-mouse CD11b, FITC (clone M1/70.15.11.5) Miltenyi Biotec RRID: AB_244270; #130-081-
201 

Anti-mouse CD11b, PE-Cy7 (clone M1/70) BioLegend RRID: AB_312799; #101216 

Anti-mouse CD11c, FITC (clone N418) eBioscience RRID: AB_464940; #11-0114-82 

Anti-mouse CD16/CD32, Alexa Fluor 700 (clone 
93) 

eBioscience RRID: AB_493994; #56-0161 

Anti-mouse CD19, FITC (clone 1D3) eBioscience RRID:AB_657666; #11-0193-82 

Anti-mouse CD19, FITC (clone 1D3) eBioscience RRID: AB_657663; #25-0193-82 

Anti-mouse CD34, PE-Cy7 (clone RAM34) eBioscience RRID: AB_465021; #11-0341-82 

Anti-mouse CD45, Brilliant violet 605 (clone 30-
F11) 

BD Biosciences RRID:AB_2737976; #563053 

Anti-mouse CD45, AlexaFluor700 (clone 30-F11) eBioscience RRID:AB_891454; #56-0451-82 

Anti-mouse CD45R (B220), FITC (clone RA3-6B2) eBioscience RRID:AB_465054; #11-0452-82 

Anti-mouse CD45R (B220), PE-Cy7 (clone RA3-
6B2) 

BioLegend RRID: AB_313005; #103222 

Anti-mouse CD48, APC-Cy7 (clone HM48-1) BioLegend RRID: AB_2561463; #103432 

Anti-mouse CD49b, FITC (clone DX5) Miltenyi Biotec RRID:AB_2660456; #130-102-
258 

Anti-mouse CD90/Thy1.2, APC-Cy7 (clone 53-
2.1) 

eBioscience RRID:AB_469422; #17-0902-82 

Anti-mouse CD117 (c-Kit), APC (clone2B8) BioLegend RRID: AB_313221; #105812 

Anti-mouse CD127, PE-Cyanine7 (clone A7R34) eBioscience RRID:AB_469649; #25-1271-82 

Anti-mouse CD127, PE (clone A7R34) eBioscience RRID:AB_465843; #12-1271-81 

Anti-mouse CD135 (Flt3),  PE (clone A2F10) eBioscience RRID:AB_465859; #12-1351-82 

Anti-mouse CD150 (SLAM), PerCP/Cyanine5.5 
(clone TC15-12F12.2) 

BioLegend RRID:AB_2303663; #115922 

Anti-mouse CD170 (Siglec F), eFluor 660 (clone 
1RNM44N) 

eBioscience RRID:AB_2574186; #50-1702-80 

Anti-mouse FcεRIα, FITC (clone MAR-1) Miltenyi Biotec RRID:AB_2660610; #130-102-
264 

Anti-mouse GATA3, Brilliant violet 711 (clone L50-
823) 

BD Biosciences RRID: AB_2739242; #565449 

Anti-mouse Gr-1, PE-Cy7 (clone RB6-8C5) BioLegend RRID: AB_313381; #108416 

Anti-mouse IFN-gamma, PE (clone XMG1.2) BD Biosciences RRID:AB_395376; #554412 

Anti-mouse IL-4, Brilliant violet 421 (clone 11B11) BD Biosciences RRID:AB_2737889; #562915 

Anti-mouse IL-5, APC (clone TRFK5) BD Biosciences RRID:AB_398548; #554396 

Anti-mouse Ly6A/E (Sca-1), Super Bright 600 
(clone D7) 

eBioscence RRID: AB_2663622; #63-5981 

Anti-mouse Ly6A/E (Sca-1), FITC (clone D7) eBioscence RRID: AB_465333; #11-5981-82 
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Anti-mouse Ly6C, FITC (clone AL-21 (RUO)) BD Biosciences RRID:AB_10584332; #561085 

Anti-mouse Ly6G, PE-CF594 (clone 1A8) BD Biosciences RRID:AB_2737730; #562700 

Anti-mouse MHC Class II (IA/IE), PE (clone 

M5/114.15.2) 

eBioscience RRID: AB_465928; #12-5321-81 

Anti-mouse ROR gamma (t), APC (clone AFKJS-

9) 

eBioscience RRID: AB_1633425; 17-6988-80 

Anti-mouse T-bet, APC (clone 4B10) BioLegend RRID: AB_10901173; #644814 

Anti-mouse TCR beta, FITC (clone H57-597) Invitrogen RRID: AB_2539041; MA5-17651 

Anti-mouse TCR gamma/delta, FITC (clone GL3) eBioscience RRID: AB_465238; #11-5711-82 

Anti-mouse Ter119, PE-Cy7 (clone TER-119) BioLegend RRID: AB_2281408; #116222 

Anti-mouse Ter119, FITC (clone Ter119) Miltenyi Biotec RRID: AB_2660080; #130-102-
257 

Fixable Viability Dye eFluor™ 450 Invitrogen 65-0863 

LIVE/DEAD™ Fixable Violet Invitrogen L34955 

Zombie Yellow™ Fixable Viability Kit BioLegend 423103 

Chemicals 

2-deoxyglucose Sigma-Aldrich D6134 

5x RIPA Buffer IV with Triton-X-100 (pH 7.4) Bio Basic RB4478 

Ammonium chloride Sigma-Aldrich Merck A0171 

Antimycin A from Streptomyces sp.  Sigma-Aldrich A8674 

Carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP) 

Sigma-Aldrich C2910 

Celltak Corning  354240 

Collagenase D Sigma-Aldrich Merck 11088866001 

cOmplete, Mini, EDTA-free Protease Inhibitor 
Cocktail  

Roche 11836170001 

DAPI (4',6-Diamidino-2-Phenylindole, 
Dihydrochloride) 

Invitrogen D1306 

DNAse I Sigma-Aldrich Merck 11284932001 

EDTA, Titriplex® III Merck 1.08418 

Fetal calf serum (FCS) Bioconcept 2-01F30-I 

Fixation/Permeabilization concentrate eBioscience 00-5123-43 

Fixation/Permeabilization diluent eBioscience 00-5223-56 

HEPES Bioconcept 5-31F00-H 

Hydrogen peroxide (H2O2) solution 30% (w/w) in 
H2O 

Sigma-Aldrich H1009 

Luminol sodium salt Carbosynth 20666-12-0 

Neutrophil isolation kit (mouse)  Miltenyi 130-097-658 

Oligomycin Sigma-Aldrich A8674 

ProcartaPlex Mix&Match Mouse 17-plex (ENA-
78/CXCL5, G-CSF, Gro-α/KC, IFNγ, IL-1α, IL-1β, 
IL-3, IL-6, IL-10, IL-12p40, IL-17A, IL-18, IP-
10/CXCL10, MCP-1/CCL2, MIP-1α/CCL3, MIP-
2/CXCL2, TNF 

Invitrogen PPX-17-MX7DPRR 

PFA, Pierce™ 16% Formaldehyde (w/v) Thermo Fisher 
scientific 

28908 

Permeabilization buffer eBioscience 00-8333 

Phosphate buffered saline (PBS) GROSSE 
APOTHEKE 

100 0 324 00 
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Pierce BCA Protein Assay Kit Thermofisher 
Scientific 

23227 

RPMI 1640 Medium, GlutaMAX Gibco 
(ThermoFisher) 

61870-010 

Seahorse XFp Fluk Pak Agilent 103025 

Sodium bicarbonate solution (7.5%) Sigma-Aldrich Merck S8761 

SYTOX Green Nucleic Acid Stain Invitrogen S7020 

Todd Hewitt Broth Sigma-Aldrich Merck T1438 

Triton X-100 Bio-Rad  161-0407 

Rotenone Sigma-Aldrich R8875 

XF 1.0 M Glucose solution Agilent 103577 

XF 100 mM Pyruvate solution Agilent 103578 

XF 200 mM Glutamine solution Agilent 103579 

Yeast extract Sigma-Aldrich Merck 70161 

Zymosan A from Saccharomyces cerevisiae Sigma-Aldrich Merck Z4250 

Materials 

96-well Clear Polystyrene Microplates Corning 3799 

Columbia III Agar with 5% Sheep Blood BD Biosciences 254098 

GentleMACS C Tube Miltenyi Biotec 130-096-334 

Bacteria 

Streptococcus pneumoniae  ATCC 6303 

Mice   

C57BL/6J Charles River 
Laboratories 

632 

Software   

Adope Photoshop Adope 22.3  

BD FACSDiva software. BD  

FlowJo_V10_CL 10 FlowJo LLC  

Molecular Imaging (MI) software BRUKER  

Prism 8 GraphPad Software  

R RStudio Team (2020)  

SeaHorse Analytics Agilent  
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Supplementary Table 2: Grading system 

Finding Score 

0 1 2 3 4 

Leukocyte 
rolling/ adhesion 

Absent Minimal (rare 
cells, 
occasional 
blood 
vessels) 

Mild (small 
number of 
cells, multiple 
blood 
vessels) 

Moderate 
(moderate 
number of 
cells, multiple 
blood 
vessels)  

Marked (large 
number of 
cells, multiple 
blood 
vessels) 

Peribronchial/ 
Perivascular 
Interstitial 
leukocyte 
infiltration 

Absent Minimal Mild Moderate Marked 

Bronchiolar 
damage 

Absent Occasional 
degenerated 
epithelial cells 
(vacuolar, 
swollen) 

Multifocal 
degenerated 
epithelial cells 
(vacuolar 
swollen) 

Numerous 
degenerated 
epithelial cells 
+ sloughing 

Numerous 
degenerated 
epithelial cells 
+ sloughing + 
intraluminal 
inflammatory 
cells 

Intralesional 
bacteria 

Absent Present    

Intralesional 
foreign body 
material 0-1 

Absent Present    

Perivascular 
edema; 
perivascular 
hemorrhage 

Absent Minimal (or 
focal) 

Mild (or 
multifocal, < 
10% of blood 
vessels) 

Moderate (or 
multifocal, 10-
50% of blood 
vessels) 

 

Intra-alveolar 
hemorrhage 

Absent Minimal (or 
focal) 

Mild (or 
multifocal, < 
10% of lung 
parenchyma) 

Moderate (or 
multifocal, 10-
50% of lung 
parenchyma) 
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Summary 

Trained immunity characterizes the capacity of memory of the innate immune system. Its induction is 
associated with epigenetic, metabolic and functional reprograming of innate immune cells. Following 
our demonstration that the induction of trained immunity protects from a broad-range of infectious 
insults, we questioned whether these protective effects last long after induction. To address that 
question, mice were trained with β-glucans and challenged 1-9 weeks later with Listeria 
monocytogenes. Blood, bone marrow and spleen were collected to quantify hematopoietic 
progenitors, leukocytes, bacteria and antimicrobial activity. Mice trained for 9 weeks showed 
increased myelopoiesis. Their blood contained 2-fold more Ly6Chigh monocytes and neutrophils, 
produced more G-CSF, IFNγ, IL-1α, IL-1β, IL-6, IL-10, TNF and CXCL2 in response to LPS, and controlled 
better the growth of L. monocytogenes. In line with these observations, while control mice were 
bacteremic and died from listeriosis, mice trained 9 weeks earlier were sterile and survived infection. 
Listeriosis induced the depletion of leukocytes, which was counterbalanced by trained immunity. 
Overall, our results support long-lasting protection afforded by trained immunity against systemic 
listeriosis. We are currently running experiments to better define the window of protection conferred 
by trained immunity. 

 

Contribution to the work: I participated to or performed the cell population analysis. I helped with in 

vivo experiments. I revised the paper 
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Supplementary Information 
Reagents 

Reagent Source Identifier 

2-Deoxyglucose Sigma-Aldrich D6134 

Antimycin A from Streptomyces sp. Sigma-Aldrich A8674 

Brain Heart Infusion Oxoid CM1135 

Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone Sigma-Aldrich C2910 

Celltak Corning 354240 

Columbia III Agar with 5% Sheep Blood BD 254098 

cOmplete, EDTA-free Protease Inhibitor Cocktail Roche 11836170001 

CpG: G*GGTCAACGTTGAG*G*G*G*G*G Microsynth  

Fetal bovine serum Biochrom AG (Merck) S 0615 

HBSS no phenol red no Ca+ no Mg+ ThermoFisher 88284 

IMDM, GlutaMAX ThermoFisher 31980-022 

KAPA SYBR Green Fast ROX low Kapa Biosystems KK4620 

LPS ultrapure from Salmonella minnesota List Biologicals 434 

LS columns Miltenyi Biotec 130-042-401 

Luminol sodium salt Carbosynth FL02733 

Mouse Custom ProcartaPlex Invitrogen PPX-MX7DPRR 

Mouse IL-10 ELISA development kit Mabtech 3432-1H-20 

Mouse IL-1b Elisa Ready-SET-Go! eBioscience 88-7013-88 

Mouse IL-6 DuoSet ELISA R&D Systems DY406 

Mouse TNF-α DuoSet ELISA R&D Systems DY410 

Neutrophil Isolation Kit, mouse Miltenyi Biotec 130-097-658 

Oligomycin from Streptomyces diastatochromogenes Sigma-Aldrich A4876 

Pam3CSK4 EMC microcollections L2000 

Penicillin-streptomycin ThermoFisher 15140-122 

Phytohemagglutinin, M form (PHA) ThermoFisher 10576015 

QuantiTect reverse transcription kit Qiagen 205313 

Rotenone Sigma-Aldrich R8875 

RPMI 1640 Medium, GlutaMAX  ThermoFisher 61870-010 

XF 100 mM Pyruvate solution Agilent 103578 

XF 200 mM Glutamine solution Agilent 103579 

Seahorse XFp Fluk Pak Agilent 103025 

XF 1.0 M Glucose solution  Agilent 103577 

5x RIPA Buffer IV with Triton-X-100 (pH 7.4) Bio Basic RB4478 

Seahorse XF DMEM Medium, pH 7.4 Agilent 103575 

Sodium Bicarbonate solution (7.5%) Sigma-Aldrich S8761 

Mouse strains 

Name Source Identifier 

C57BL/6J mice Charles River 632 

Microorganisms 

Species Strain Reference 

C. albicans 5102  

L. monocytogenes 10403s NCBI:txid393133 

Antibodies and viability dyes used for flow cytometry 

Target Clone name Coupling Brand Reference 

B220 RA3-6B2 PE-Cy7 BioLegend 103222 

B220 RA-6B2 Brilliant Violet 570 BioLegend 103237 

CD117 2B8 APC BioLegend 105812 

CD11b M1/70 APC-eFluor780 eBioscience 47-0112 

CD11b M1/70 PE-Cy7 BioLegend 101216 

CD11b M1/70 PercCP-Cy5.5 eBioscience 45-0112 

CD11c N418 APC BioLegend 117310 

CD11c N418 PE BioLegend 117307 

CD135 A2F10 PE eBioscience 12-1351 

CD150 TC15-12F12.2 PerCP-Cy5.5 BioLegend 115922 

CD19 1D3 PE-Cy7 eBioscience 25-0193 

CD3e 17A2 APC eBioscience 17-0032 

CD3e 17A2 PE-Cy7 BioLegend 100220 

CD4 GK1.5 APC-Cy7 BioLegend 100414 

CD41 MWReg30 eFluor450 eBioscience 48-0411 
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CD45 30-F11 FITC BD Biosciences 553079 

CD48 HM48-1 APC-Cy7 BioLegend 103432 

CD8a 53-6.7 FITC BioLegend 100706 

Fixable Aqua - - ThermoFisher L34957 

Fixable Violet - - ThermoFisher L34955 

Ly6C HK1.4 PerCP-Cy5.5 eBioscience 45-5932 

Ly6C/G RB6-8C5 PE-Cy7 BioLegend 108416 

Ly6G 1A8 eFluor450 eBioscience 48-9668 

Ly-76 TER119 PE-Cy7 BioLegend 116222 

MHCII M5/114.15.2 PE eBioscience 12-5321 

Sca-1 D7 FITC eBioscience 11-5981 

Zombie - - BioLegend 77168 
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Figure 1. Training for 9 weeks promotes myelopoiesis. 

(A) Experimental model to study trained immunity. (B-D) Bone marrow cells were collected from 
control mice and mice trained for 9 weeks (n = 4/group) and analyzed by flow cytometry for 
hematopoietic progenitors (LSK), long-term hematopoietic stem cells (LT-HSC), short-term HSC (ST-
HSC), multipotent progenitors (MMP) 2, MPP3 and MPP4 (B), common myeloid progenitors (CMP) and 
granulocyte-monocyte progenitors (GMP) (C) as well as CD45+ leukocytes, Ly6Clow, Ly6Clint and Ly6Chigh 
monocytes (CD11b+Ly6G-), PMNs (Ly6G+), T cells (CD3+) and B cells (B220+) (D). Each dot represents a 
mouse. Lines represent mean and SD. P values are given in the graphs. 
  



 

 

133 

 
Figure 2. Training for 9 weeks increases blood inflammatory monocytes and PMNs. 

(A) Blood counts of CD45+ leukocytes, Ly6Clow, Ly6Clint and Ly6Chigh monocytes (CD11b+Ly6G-), PMNs 
(Ly6G+), T cells (CD3+) and B cells (B220+) in control mice (n = 10) and mice trained for 9 weeks (n = 8). 

(B) Blood concentrations of IL-1β, IL-6, IL-12p40 and TNF in control mice (and mice trained for 1-9 
weeks (n = 6/group). Each dot represents a mouse. Lines represent mean and SD. P values are given in 
the graphs. 
 

 

 
Figure 3: Training for 9 weeks promotes whole blood antimicrobial responses. 

Blood was collected from control mice and mice trained for 9 weeks (n = 4/group). (A-B) Blood was 
incubated for 6 h with 10 ng/ml LPS, 1 μg/ml PHA, 10 μM CpG and 108 heat-killed L. monocytogenes 
and C. albicans. The concentrations of IL-6 in blood supernatants were quantified by ELISA. Each dot 
represents a mouse, and the horizontal lines the mean. *, P < 0.05 (A). The concentrations of G-CSF, 
IFNγ, IL-1α, IL-1β, IL-6, IL-10, IL-12p40, IL-17A, IL-18, TNF, CCL2, CCL3, CXCL1, CXCL2, CXCL5 and CXCL10 
in blood supernatants were quantified by multiplex immunoassay (Luminex). Heatmap and hierarchical 
clustering of cytokine levels was performed using Z-score normalization (B). (C) Blood was incubated 
for 2 h with 6 x 104 CFU L. monocytogenes. Bacteria were enumerated by plating serial dilutions of 
blood on blood agar plates and incubation for 24 h. Each dot represents a mouse. The horizontal lines 
represent the mean and SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001 vs. control. 
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Figure 4. Training for 9 weeks limits leukocyte depletion induced by listeriosis. 

Control mice and mice trained for 1 week and 9 weeks were challenged i.v. with 1.7 x 105 CFU L. 
monocytogenes. Blood was collected 2 days after infection to quantify CD45+ leukocytes, Ly6Clow, 
Ly6Clint and Ly6Chigh monocytes (CD11b+Ly6G-), PMNs (Ly6G+), T cells (CD3+) and B cells (B220+). Graphs 
represent boxplots with min-to-max whiskers. The horizontal line shows the mean. n = 8-9 mice/group. 
*, P < 0.05; **, P < 0.01; ***, P < 0.001. 
 

 

 

 
Figure 5. Training for 9 weeks increases the metabolism of PMNs. 

PMNs were isolated from the bone marrow of control (n=5) and trained (n=4) mice infected with 2 x 
105 CFU L. monocytogenes for 48 h. PMNs were incubated for 30 min with or without 108 heat-killed L 
monocytogenes and metabolic activity was analyzed using the SeahorseXFe96 analyzer. (A) Glycolytic 
activity was determined using Glycolytic Rate kit, which consisted of consecutive injections of 0.5/0.5 
μM Rot/AA (rotenone/antimycin A) and 50 mM 2-DG (2-deoxyglucose). Glycolytic activity is depicted 
by means of proton efflux rate (glycoPER) adjusted to protein concentration per condition. (B) 
Mitochondrial respiration was analyzed using Mito Stress kit, which consisted of consecutive injections 
of 1 µM oligo (oligomycin), 2 µM FCCP (carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone) and 
0.5/0.5 μM Rot/AA. Mitochondrial respiration is depicted by means of oxygen consumption rate (OCR) 
adjusted to protein concentration per condition and represented as OCR. Data are means ± SEM from 
5-4 mice aged 10–12 weeks analyzed in quadruplicate. 
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Figure 6. Training for 9 weeks reduces Listeria-induced inflammation measured by bioluminescence 

imaging. 

Control mice and mice trained for 9 weeks were challenged i.v. with 1.7 x 105 CFU L. monocytogenes. 
One day and 2 days post infection, inflammatory levels were measured by luminol-generated 
bioluminescence using an Xtreme II (BRUKER) imaging system. Bioluminescence was recorded by 
imaging. (A) Quantification of bioluminescent signals. Each dot represents a mouse. Lines connect 
results obtained from one animal analyzed 1 and 2 days post infection (p.i.). (B) Representative images 
of control and trained mice analyzed 2 days p days p.i. displayed as an overlay of luminescent and X 
Ray modalities. 
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Figure 7. Training for 9 weeks prevents Listeria burden and dissemination. 
Control mice and mice trained for 9 weeks were challenged i.v. with 1.7-2 x 105 CFU L. monocytogenes. 
(A) Blood was collected 2 days p.i. to quantify bacteria. Each dot represents a mouse. The plain and 
dotted horizontal lines represent median and limit of detection, respectively. (B-D) Liver were 
collected 2 days p.i. and liver sections stained with hematoxylin and eosin. Naïve mice were used as 
negative control. The number of foci per liver section (B) and the size of the foci (C) were determined 
by quantified using EVOS Analysis software. Representative images of liver sections imaged at 2x and 
10x using an EVOS M7000 microscope (C). Nuclei (dark purple) and cytoplasm components (pink) are 
represented. Scale bar represents 750 µm or 150 µm for 2x and 10x images, respectively. Arrows point 
to foci and the doted square to the area zoomed 10x. *, P < 0.05; ***, P < 0.001; ****, P < 0.0001 vs. 
control. 
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Figure 8. Training for 9 weeks increase mice survival from lethal listeriosis. 
Control mice and mice trained for 1 week and 9 weeks were challenged i.v. with 1.7 x 105 CFU L. 
monocytogenes. (A) Blood was collected 2 days after infection to quantify cytokines (IL-1β, IL-6, IL-10, 
IL-12p40, IL-17A, IL-18, IFNγ, TNF, CCL2, CXCL1, and CXCL5). Each dot represents a mouse. The plain 
and dotted horizontal lines represent median and limit of detection, respectively. Heatmap and 
hierarchical clustering of cytokine levels was performed using Z-score normalization. (B-C) Weight loss 
and survival of mice. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 vs. control. 
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3.4. ILCs in human infections: the PIPOVAP and IMMUNO-SARS-CoV-2 studies 

We poorly understand what is responsible for the dysregulated host response in sepsis 
patients. Considering that ILCs sense environmental cues and regulate inflammation and host 
defenses, we hypothesized that ILCs might be involved in immune dysregulation occurring in sepsis, 
and may represent biomarkers for human sepsis. To test this hypothesis, we studied blood ILCs in 
septic patients from two clinical studies: PIPOVAP and IMMUNO-SARS-CoV-2. 

Method. Blood samples were collected in EDTA tubes at CHUV and transferred to the laboratory within 
2 hours. One hundred μl blood in round bottom tube were mixed with 50 μl of an antibody assortment 
(containing a lineage cocktail made of antibodies directed against CD5, CD14, CD16, CD19, CD34, CD94, 
CD123, CD303, FCɛRI, TCRαβ and TCRγδ) (Table 18). Blood was stained for 20 minutes on ice in the 
dark. Cells were fixed and lysed by adding 1.5 ml 1-step Fix/Lyse Solution (eBioscience™ Cat # 00-5333-
54) and incubation 15-60 minutes at room temperature. Samples were washed with cell staining 
medium (CSM: PBS containing 0.5% BSA (Sigma-Aldrich, Darmstadt, Germany) centrifuged at 500g for 
5 minutes at room temperature and re-suspended in 1ml CSM for acquisition on an Attune NxT Flow 
cytometer (Thermo Fisher scientific). Alternatively, samples were stored in buffer for up to 48 hours 
at 2-8°C and protected from light before washing and acquisition. The gating strategy used to identify 
ILCs subpopulations is presented in Figure 13. 

 

Table 18: Antibodies used for detection of ILC in peripheral blood samples 

Target Clone Fluorochrome Brand Reference 
TCRab T10B9.1A-31 FITC BD 555547 
CD3 UCHT1 AlexaFluor 700 eBioscience 56-0038-42 
CD16 HI16a FITC ImmunoTools 21810163 
CD127 HIL-7R-M21 PE-Cy7 BD 560822 
CD14 18D11 FITC ImmunoTools 21620143 
CD45 2D1 APC-H7 BD 560178 
CD303 AC144 FITC Miltenyi Biotec 130-090-510 
CD336 p44-8 PE BD 558563 
TCRgd B1 FITC BD 559878 
CD34 581 FITC Biolegend 343504 
CD56 B159 PerCP-Cy5.5 BD 560842 
CD123 6H6 FITC BD 11-1239-42 
CD294 BM16 AlexaFluor 647 BD 558042 
CD335 9-E2 BV 421 BD 564065 
FceRI AER-37 FITC eBioscience 11-5899-42 
CD19 HIB19 FITC ImmunoTools 21810193 
CD5 UCHT2 FITC eBioscience 11-0059-41 
CD94 HP-3D9 FITC BD 555888 
CD117 104D2 BV 605 Biolegend 313218 

 

 

Figure 13: Gating strategy of ILCs in blood 
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PIPOVAP study. PIPOVAP stands for Profile, Interaction and PrOgnosis in Ventilator Associated 
Pneumoniae (Table 19). PIPOVAP is a prospective, two-center (CHUV and Lille University Hospital), 
observational research project assessing the consequences of using carbapenems in ventilator-
associated-pneumoniae (VAP). Within the PIPOVA study, we embedded a study of blood cell study in 
peripheral blood. Here we report the analysis of circulating ILCs in patients at inclusion, one day, and 
five days after infection, before extubation and after exit from Intensive Care Unit (ICU) (Figure 14). 
Twenty-seven ICU patients were enrolled in the PIPOVAP study by CHUV. Unfortunately, we did not 
get any sample from the Lille site. Males represented 59% of the cohort, median age was 63 years and 
SOFA score 11.5 (Table 19). Among the 27 patients, 8 controls were patients that did not develop VAP 
and did not receive antibiotics, 10 patients developed VAP, and 9 patients developed another type of 
infection (urinary infections or unknown). 

 

Figure 14: Overview of sample collection for the PIPOVAP study. 

 

Table 19: Descriptive characteristics of PIPOVAP cohort study (medians (IQR) or N (%)). 

General information 

Number of subjects/patients 27 

Gender, Male 16 (59%) 

Age (years) 63 [51-68] 

Severity of illness (at admission) 

SOFA score 11.5 [10-14] 

 

Results are presented in Figure 15. In controls, ILCs represented around 0.5 x 106 cells/ml blood. More 
than 90% of ILCs were ILC1, while ILC2 and ILCP represented a small proportion of blood ILCs. Although 
numbers are small and caution advised, ILCs counts and repartition seemed to be similar in controls 
and infected patients, before and after extubation (Figure 15). 
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Figure 15: ILCs in peripheral blood of VAP patients (PIPOVAP study). 

SARS-CoV-2 study. The SARS-CoV-2 study is an ongoing collaborative study between the Departments 
of Immunology and Allergy, Internal Medicine, Intensive Care and Infectious Diseases of CHUV. The 
study called “Defining the immune signatures associated with ICU and non-ICU hospitalized SARS-CoV-
2 infected individuals at the time of admission/diagnosis and longitudinally” aims, among other 
objectives, to characterize immune signatures associated with ICU and non-ICU hospitalized SARS-CoV-
2 infected individuals, and to define whether immune signatures are associated with the outcome of 
infected patients. Fifty-six patients were enrolled (Table 20). Males represented 70% of the cohort, 
the median age was 62 years. Fifty patients (89%) were intubated and 22 patients (39%) were admitted 
in ICU. Samples were obtained from 20 patients (36%) 3 months after admission. 

Table 20: Descriptive characteristics of IMMUNO-SARS-CoV-2 study (medians (IQR) or N (%)). 

General information 

Number of subjects/patients 56 

Gender, Male 39 (70%) 

Age (years) 62 [54-75] 

Number of samples 3 months after admission 20 (36%) 

Severity of illness 

Intubated 50 (89%) 

ICU admission 22 (39%) 
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White cell counts were in the normal range, yet increased in ICU versus non-ICU patients (8.3 versus 
6.7 x 109 cells per liter). Lymphocytes counts were similar (0.9 x 109 cells per L) in both groups. NK cells 
and ILCs counts (data not showed) and proportions were significantly lower in patients when compared 
to healthy volunteers (Figure 16). These observations were in line with results obtained in another 
clinical study [181]. Furthermore, severely ill patients that required intubation or an ICU admission had 
significantly less NK cells, ILC1s and ILC2s. Three months after admission, patients showed an increase 
of ILCs when compared to levels measured at admission, which reached levels measured in healthy 
controls. In contrast, patients had still lower proportions of NK cells compared to healthy control. This 
was more significant for severely ill patients. Interestingly, no differences in ILCs ratio were observed 
in this study, meaning ILCs subpopulations were similarly affected. 

These two clinical studies suggest that ILCs are dynamic cell populations, which systemic levels respond 
to organ specific injury. Despite the disappointingly, identical ILCs counts in patients suffering from 
VAP, preliminary data observed in IMMUNO-SARS-CoV-2 study showed the potential role of ILCs in 
immune responses against SARS-CoV-2, and particularly to the severity of COVID-19. In this direction, 
peripheral blood proportions of ILCs could be used as biomarkers for disease severity. Additionally, 
considering that NK cells and ILC1 are mainly implicated in pro-inflammatory responses toward 
infection a rapid restoration to their initial proportion could improve patients’ outcome. 
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Figure 16: ILCs in blood of SARS-CoV-2 infected patients (IMMUNO-SARS-coV-2 study). 
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4. GENERAL DISCUSSION AND PERSPECTIVES 

4.1. Trained immunity and infections 

Looking backwards, innate immune memory gets its roots in the description more than 50 
years ago of systemic acquired resistance in plants. Acquired memory protecting from reinfections was 
then reported in Macrocyclops albidus and insects lacking an adaptive immune system [258, 534, 535]. 
Pioneer mouse studies in the 70’s-90’s and early reports describing the non-specific protection from 
infectious diseases by vaccines were the basis of the belief that trained immunity would protect from 
any kind of infection. Yet, experimental designs analyzed one training agent and one single infectious 
microorganism, making difficult to draw general conclusions about the antimicrobial effectiveness of 
experimental trained immunity. Additionally, when we started this work, the nature of the cells 
underlying trained immunity was largely unknown, as well as the persistence of innate immune 
memory. Here we aimed addressing these questions. 

4.1.1. Breadth of protection 

To question about the breadth of protection conferred by trained immunity induced by β-
glucans (zymosan), mice were tested using a large panel of infections. Remarkably, training protected 
mice from E. coli peritonitis, systemic blood infections by S. aureus and L. monocytogenes, C. rodentium 
enteritis and P. aeruginosa pneumonia. In a subsequent study, we showed that an identical training 
protocol protected from lethal S. pneumoniae pneumonia. Altogether, trained immunity confers 
broad-spectrum protection against heterologous microbial infections (see Table 21), even when 
infection initiates at anatomical sites distant from the priming/training site. We extended our 
observations in a model of flu induced by H1N1 virus. In a pilot experiment, trained mice did not lose 
weight following infection, suggesting that training may protect from viral infection as well (Figure 17). 
We are currently challenging further this hypothesis in models of infection with H1N1 and mouse 
hepatitis virus (MHV) (using as readouts systemic and local cytokines concentrations and leukocytes 
counts, lung and liver histopathology and damage, mouse morbidity and mortality). 

 

 

Figure 17 : Trained immunity protects from 
H1N1 infection.  

Control and trained C57BL/6 mice (n=5 
mice/group) were challenged i.n. with 100 
pfu H1N1. Weight was recoded and 
expressed relative to initial weight set at 
100% (n=5 per group). *, P ≤ 0.05; ***, P ≤ 
10-3. 

The clinical relevance of these observations gets credits from the results from the phase III ACTIVATE, 
a randomized clinical trial for enhanced trained immune responses through BCG vaccination to prevent 
infections of the elderly, which revealed that BCG vaccination increases the time to first infection and 
protects against viral respiratory infections [536]. Moreover, a few weeks ago, results from an 
investigator-blind randomized controlled trial in Uganda demonstrated that BCG-induced non-specific 
effects on heterologous infectious in neonates [537]. 

Trained immunity-based strategies might be used to fight severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV2). Supporting this assumption, epidemiological studies reported non-specific 
effects of live vaccines and proof of principle studies showed that BCG vaccination protects healthy 
volunteers from controlled infection by YF and malaria [290, 291, 538-540]. Quadrivalent inactivated 
influenza vaccine induces trained immunity responses against SARS-CoV-2, and SARS-CoV-2 infection 
was less frequently detected in Dutch hospital employees vaccinated against influenza in the 
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2019/2020 winter season (Debisarun et al. https://doi.org/10.1101/2020.10.14.20212498). While 
debated, BCG vaccination was proposed to protect health care workers and to lower the incidence 
and/or severity of SARS-CoV2. [541-553]. Clinical trials are addressing that question in Australia, 
Denmark, France, Greece, South Africa and The Netherlands (https://www.clinicaltrials.gov/). This is 
of particular interest since HSCs, which are targeted during BCG-induced training, develop a memory 
phenotype and pass their memory to their progeny. This could be an advantageous target for the 
development of prevention or therapeutic treatments. However, while administration of BCG or β-
glucans confers protections against M. tuberculosis infection [268, 306], a first administration of M. 
tuberculosis suppresses myelopoiesis and impairs development of protective immunity against a 
secondary infection with M. tuberculosis [554]. Whether this phenomenon is restricted to M. 
tuberculosis or occurs with other pathogens is unknown. 

Experimental studies in the field of trained immunity mainly use as a training agent β-glucans that 
stimulate T helper (Th)1/Th17 proinflammatory responses critical to fight against bacteria, viruses and 
fungi. However, adaptive traits are acquired by the innate system exposed to a broad range of 
microbial products including β-glucans, chitin, peptidoglycan and muramyldipeptide, LPS and lipid A, 
CpG ODN, flagellin, as well as microorganisms (C. albicans, BCG, herpes virus, adenovirus, Lactobacillus 
plantarum). Not surprisingly, nematode-infected mice also acquired resistance to a subsequent 
infection with an unrelated nematode, suggesting that trained immunity can be skewed towards Th2 
immune responses beneficial during parasitic infections [300]. This is important in the perspective of a 
possible role of trained immunity in the development of disorders linked to either Th1 or Th2 
pathogenic responses (Table 21). 

 

Table 21: Clinical implications of trained immunity (including our observations) 

Effect Condition/infectious agent Ref. 

Infectious diseases 

Protection  Candidiasis [262, 292] 

C. rodentium [275] 

COVID-19 [541-553] 

E. coli [273, 275, 353] 

Influenza [298] 

Leprosy [555] 

L. monocytogenes [275] 

Malaria [290, 538, 539] 

Measles [556] 

Meningitis [557] 

M. tuberculosis [265, 321, 558] 

N. brasiliensis [351] 

P. aeruginosa [275, 284] 

Sepsis [376] 

S. pneumoniae [273, 350, 352] 

S. pyogenes [353] 

S. mansoni [559] 

S. aureus [275-277, 353, 361, 560, 561] 

Vaccinia virus [302] 

Impaired protection M. tuberculosis [554] 

Vaccination 

Increase efficacy of 
vaccination 

AIDS [369] 

Yellow fever vaccination [291] 

Cancer 

Prevention Bladder cancer [371, 562] 

Leukemia [563] 

https://doi.org/10.1101/2020.10.14.20212498
https://www.clinicaltrials.gov/
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4.1.2. Cellular basis of infectious control by trained immunity 

Initial reports identified PBMCs and blood derived monocytes/macrophages as trainable cells 
[260]. However, it became quickly evident that training should be sustained by cell renewal considering 
the short half-life of myeloid cells. We hypothesized that training affects bone marrow progenitors 
through epigenetic modifications. Indeed, we observed that training increased hematopoietic 
progenitors (LSKs), CMPs, GMPs and MMP3. In the meantime, millstone publications by Kaufmann et 
al. and Mitroulis et al. in Cell reported comprehensive analyses of the impact of trained immunity on 
bone marrow myeloid progenitors [268, 269].  

During emergency myelopoiesis, HSCs migrate through the blood to induce extramedullary 
hematopoiesis. Interestingly, we observed that the size of the spleen increased twice up to 2 months 
after training. At that time point, the spleen contained more hematopoietic progenitors, including 
long-term and short-term HSCs, MMP2 and MMP3 (Figure 18). These data advocate for a role of 
extramedullary (splenic) hematopoiesis supporting trained immunity. Thus, it would be interesting to 
compare the transcriptome and epigenome of bone marrow and spleen HSCs to define whether 
common mechanisms are engaged in distant organs. Of note, training did not increase hematopoietic 
progenitors in lungs, suggesting that lung PMNs might be recruited while lung macrophages might 
expand locally during training (unpublished data). 

 

Figure 18 : Trained immunity stimulates extramedullamry hematopoiesis.  
Mice were trained or not with zymosan as described in [275]. A) Splenocytes counts; B) spleen size; C) 
spleen weight; and D) spleen hematopoietic progenitors. *, P ≤ 0.05; **, P ≤ 10-2; ****, P ≤ 10-4. 

The peripheral blood as well as lungs of trained mice contained more leukocytes especially PMNs and 
Ly6Chigh monocytes. Depletion and blocking experiments demonstrated that IL-1 signaling and 
monocytes/macrophages were required to protect trained mice from listeriosis, while PMNs were not 
required. These data are in agreement with the fact that IL-1β stimulates myelopoiesis and has been 
involved in the establishment of trained immunity [269, 291, 307, 315]. Although PMNs were 
dispensable during listeriosis, mature neutrophils are subjected to functional reprogramming by BCG-
induced trained immunity [348], and β-glucan-induced trained immunity was associated with 
neutrophil reprogramming toward an anti-tumor phenotype [575].  

Interestingly, the lungs of trained mice also contained more eosinophils. While these cells are 
traditionally perceived as detrimental, causing lung tissue damage via the release of cytotoxic granules 
[576], they also mediate homeostatic functions. As such, production of IL-4 or IL-10 by activated 

Lymphoma [370] 

Melanoma [564] 

Other inflammatory diseases 

Hyper-inflammation Atherosclerosis [565-568] 

Allergies [569] 

IBD [570] 

Neurological diseases [341, 571] 

Transplant rejection [572] 

Reduced inflammation Multiple sclerosis [573, 574] 
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eosinophils was necessary for hepatocyte and muscle regeneration and resolution of lung-allergic 
responses [577-579]. Additionally, they contribute to tissue remodeling and repair by producing key 
factors of coagulation (tissue factor thrombin) and fibrinolysis (plasminogen) (reviewed in [580]). 
These observations have been put together by Lee et al. who proposed the hypothesis “local immunity 
and remodeling/repair” (LIAR) [581]. 

The total number and subtypes proportions of lung ILCs were not modulated by training. In trained 
mice surviving infection, the number of ILCs also remained stable, but the proportion of ILCs shifted 
toward ILC2 probably subsequent to reduced bacterial burden. ILC2 accumulation in lungs of trained 
mice at late time point after the infection might reflect the ongoing repair mechanisms and/or be a 
consequence of reduced lung injury. Indeed, ILC2 promote tissue repair during influenza viral and 
parasitic infections [142, 166, 231, 232], and allergy [582] by production of amphiregulin (AREG) and 
arginase 1 (ARG1). Memory characteristics of ILCs have been reported in the literature. Memory ILC1 
were identified in lymph nodes, where they acquire properties to migrate and reside in the liver via a 
CXCR6-CXCL16 axis [583]. Additionally, ILC1 expand in mice following MCMV infection. Those ILC1 
acquire transcriptional and epigenetic modifications and demonstrate an enhanced protective 
response following a secondary challenge with MCMV [120]. In a recent article, ILC2s mediated 
systemic innate protection during T. spiralis infection by priming mucus production at distal mucosal 
sites [226]. Following allergen inhalation, ILC2 adopt a memory-like phenotype [355]. Memory ILC2 
produce higher levels of IL-5 and IL-13 and initiate more efficiently Th2 responses during recall 
responses, in an unspecific manner. In neonatal lungs, ILC2 activation by endogenous IL-33 has 
significant effects on ILC2 functions in adulthood. Steer et al., showed that neonatal ILC2 persist in 
adulthood and respond more intensely to IL-33 [356], suggesting that memory ILC2 respond more 
efficiently to challenges later in life. Thus, while our data do not demonstrate a direct effect of training 
induction on lung ILCs, additional experiments are required, for example to check whether ILCs from 
trained mice produce more mediators that those from control mice. Additionaly, we plan to perform 
scRNA-seq and scATAC-seq on lungs of control and trained mice to pinpoint on cell to cell interactions 
and mechanisms accounting for protective effects of training in pneumococcal pneumonia [584]. 

4.1.3. Persistence of trained immunity 

From a pathophysiological perspective, a central question is whether trained immunity has 
persistent effects on the immune system. Indeed, as we will discuss later, whether the immune system 
returns to homeostatic level or promotes the development of inflammatory diseases is unknown. 

We analyzed mice trained for up to 9 weeks. In these mice, blood monocytes and PMNs as well as 
bone marrow CMPs and GMPs were increased. The blood from mice trained for 9 weeks produced 
increased levels of cytokines in response to microbial products and limited the growth of Listeria. 
Impressively, mice trained 9 weeks earlier controlled bacterial burden and survived listeriosis while all 
control mice died. These data suggest that increased myelopoiesis accounts for prolonged protection 
from infection conferred by trained immunity [275]. Others have shown that training durably affects 
the innate immunity system. For example, the adoptive transfer in naive mice of long-term HSCs or 
bone marrow cells collected from mice trained 4 weeks earlier increased the proportion of blood 
Gr1+CD11b+ myeloid cells and protected from pulmonary tuberculosis [268, 269]. Alveolar 
macrophages showed marks of trained immunity 16 weeks after an i.n. challenge of adenovirus [273]. 
Interestingly, adaptive immune cells such as effector CD8+ lymphocytes were necessary to initiate this 
process, unravelling an adaptive to innate immunity signaling for the induction of trained immunity. 
Moreover, i.p. delivery of LPS into mice mediated epigenetic reprogramming of microglia (i.e. brain-
resident macrophages) and brain immune training and tolerance that persisted for 6 months [341]. In 
the same vein, some weeks ago the group from Yasmine Belkaid (NIH, Bethesda, MD) showed that 
mice infected with Yersinia pseudotuberculosis were protected against intestinal Klebsiella 
pneumoniae infection up to 15 weeks after primary infection [585]. BCG vaccination induced changes 
in bone marrow HSPCs and blood CD14+ monocytes detected 90 days after vaccination [306], and 
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protected healthy volunteers from experimental infection with the YF vaccine given 4 weeks after BCG 
vaccination [291]. In adult humans, BCG vaccination increased the response of PBMCs and circulating 
monocytes to unrelated pathogens 3 months post-vaccination, a phenomenon that largely vanished 1 
year post-vaccination [319]. 

We started to test whether training initiated for up to 18 months confers a protective advantage 
towards bacterial infections. Unfortunately, these experiments had to be stopped earlier than planned 
due to restrictions imposed because of COVID-19, and all animals had to be used promptly or scarified. 
In that context, we decided to perform pilot experiments with mice analyzed 1 week and 1, 3 and 7 
months after training induction (Figure 19A). In the peritoneal cavity, training induced a massive 
accumulation of antimicrobial small peritoneal macrophages (SMPs) that persisted for at least 1 
month, and a less pronounced rise of PMNs. Cellularity returned to control levels within 3-7 months 
(Figure 19B). Peritoneal cells collected 7 months after training produced more IL-6 in response to LPS, 
CpG and bacteria, suggesting long-term effects on cell reactivity (Figure 19C). Mice trained 7 months 
earlier coped with E. coli peritonitis better than control mice, showing a trend for increased survival 
(Figure 19D). We then analyzed the blood compartment of trained mice. Training increased blood 
leukocytes, monocytes and PMNs early after induction. Numbers decreased at 3 months and returned 
to normal after 7 months (Figure 20A). The blood from mice trained for 3 months controlled better 
the growth of Listeria, and produced more cytokines (results reaching statistical significance for 8 
cytokines) in response to LPS stimulation (Figure 20B). Accordingly, mice trained for 3 months survived 
better systemic listeriosis (Figure 20C). Impressively, mice trained for 7 months resisted better to 
listeriosis as shown by reduced weight loss, and a trend towards increased survival (Figure 20D).  

 

 

 
Figure 19: Trained immunity confers long-term protection from peritonitis 

A) Experimental model. B) Leukocytes in the peritoneal cavity. SPMs/LPMs: Small/large peritoneal 
macrophages. C) IL-6 production by peritoneal cells collected 7 months after training and stimulated ex vivo 
for 6 h with LPS (100 ng/ml), CpG (0.5 µM), E. coli and S. pneumoniae (106 and 107 bacteria/ml). D) Bacteremia 
(in % of sterile mice, n=10 and 9) and survival (n=5) of mice trained for 7 months and challenged i.p. with E. 
coli. *, P ≤ 0.05; **, P ≤ 10-2; ***, P ≤ 10-3; ****, P ≤ 10-4. 
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Figure 20: Trained immunity confers long-term protection from listeriosis 
A) Blood leukocyte counts. Blood collected 3 months after training was incubated for 2 h with L. monocytogenes 
before enumerating bacteria (B) and for 6 h with 10 ng/ml LPS before measuring cytokines (n=9) (C). D-E) Weight 
lost, bacteremia and survival of mice trained for 3 months (D) and 7 months (E) and challenged i.v. with L. 
monocytogenes. *, P ≤ 0.05; **, P ≤ 10-2; ***, P ≤ 10-3; ****, P ≤ 10-4. 

 

Overall, these studies suggested that trained immunity have prolonged effects on innate immune 
responses. However, while BCG vaccination protected neonates from sepsis in a mouse model of 
neonatal polymicrobial sepsis, the effect was time limited and disappeared when infection was delayed 
for 10 days [586]. This could indicate that the effectiveness of trained immunity generation is age-
dependent, which will require further studies for confirmation. The observations discussed in this 
chapter suggest that training has persistent effects that impede a prompt return at homeostasis of the 
innate immune system once challenged. Consequently, it interrogates about the possible deleterious 
impact of training on developing inflammatory and autoimmune disorders, especially age-associated 
diseases. Long-term follow-up of trained mice could indicate whether they are prone to develop auto-
inflammatory or autoimmune diseases.  

Going one-step further persistence of trained immunity, one may question whether trained immunity 
has intergenerational i.e. can be transmitted from parents to their progeny. Indeed, strong data 
indicate that phenotypes and disease risks can be transmitted through sperm and oocytes in the 
absence of DNA variations [587]. While the term intergenerational is self-explanatory, 
transgenerational inheritance characterizes mechanisms unrelated to a direct effect on the affected 
descendent, so that the definition excludes mechanisms possibly affecting oocytes carried by a female 
embryo. Transgenerational inheritance effects are responsible for the phenotypes observed in the F2 
and F3 generations for male and female transmission, respectively. Evidences of intergenerational and 
transgenerational inheritance have been reported for invertebrates and vertebrates including rodents 
and humans [587]. Non-DNA sequence-based inheritance mechanisms transmitted through gametes 
include DNA methylation, histone post-translational modifications and miRNAs, sncRNAs, piRNAs and 
tsRNAs [588-595]. Additionally, nutrition, microbiome, metabolome and behavioral traits of parents 

B 
C 

D E 



 
 

Innate lymphoid cells in sepsis and trained immunity 

151 4.2 Trained immunity and non-infectious inflammatory diseases 

may affect phenotypes and disease susceptibility of progeny. Intergenerational inheritance of immune 
traits was observed in plants and insects, rarely in mammals [587, 596-598]. Amazingly, maternally 
transferred IgA influenced gut RORγ+ Treg numbers through multiple generations [599]. Male mice 
surviving lethal sepsis produced sperm with an altered methylome, and gave rise to offspring with 
impaired cytokine response to LPS challenge [600]. The exposure of female mice (pregnant or prior to 
matting) to Aspergillus fumigatus, LPS, probiotics, allergens and diesel exhaust particles had a strong 
impact on the immune response of offspring [601-608]. These observations support the hypothesis 
that trained immunity has an intergenerational part. To challenge this assumption, F1 mice obtained 
by crossing naïve or trained males with naïve females were challenged with L. monocytogenes. 
Amazingly, F1 progeny from trained males resisted infection (data not shown) indicating that 
protection from lethal listeriosis conferred by trained immunity is heritable. Ongoing experiments are 
analyzing sperm DNA methylome and bone marrow monocyte transcriptome and epigenome to 
unravel molecular pathways and mechanisms involved in training inheritance through males. 

 

4.2. Trained immunity and non-infectious inflammatory diseases 

A possible downside of trained immunity is the development of sterile inflammatory diseases 
such as familial fever syndromes, neurological diseases, arthritis, atherosclerosis, type 2 diabetes and 
systemic lupus erythematosus [307, 341, 376, 565, 570, 609-611]. Although this has not been firmly 
demonstrated, numerous arguments support this assumption besides the fact that the induction of 
training increases the response of innate immune cells. For example, monocytes from patients with 
hyperimmunoglobulin D syndrome, who are mevalonate kinase deficient and accumulate mevalonate, 
have a trained phenotype [313]. Western diet feeding of Ldr-/- atherosclerotic mice induced an oxidized 
low-density lipoprotein/NLRP3/IL-1 axis leading to the establishment of trained immunity [307, 377], 
and Western diet likely underlies so-called modern civilization diseases including obesity, diabetes, 
hypertension, Crohn's disease, coronary heart disease, autoimmune diseases, and cancer. Innate 
immune specific memory dependent on paired immunoglobulin-like receptors (PIR-A) was responsible 
of graft rejection mediated by monocytes and macrophages [612]. In a mouse model of Alzheimer 
disease, trained immunity affecting microglia exacerbated cerebral β-amyloidosis [273, 341]. Lastly, a 
recent study performed in Tanzania showed that urban living is associated with an inflammatory status 
resembling immune status observed during training [613]. Therefore, we can speculate that allergy or 
asthma could be the result from a training effect due to urban living. 

To start challenging the possible involvement of trained immunity in sterile inflammatory diseases, we 
analyzed leukocyte content in the heart of control and trained mice. Interestingly, while heart/body 
weight ratio was similar in control and trained mice (as a control spleen weight was increased in trained 
mice), PMN counts increased 3-fold and there was a shift towards inflammatory monocytes in the 
pericardium of mice trained for 1 week (Figure 21). These preliminary results obtained in collaboration 
with Dr. Jérôme Lugrin (Services of Adult Intensive Care Medicine & Thoracic Surgery, CHUV) deserve 
deeper investigations. For example, we can analyze the impact of training in a model of myocardial 
infarction that closely mimics myocardial infarction in humans [614]. This might reveal cross-
compartment communications, since myocardial infarction induced epigenetic reprograming of BM 
myeloid cells toward an immunosuppressive state that translate into tumor-associated monocyte 
myeloid derived suppressor cells (MDSCs) [615]. Going well along, our preliminary data showed an 
increase in monocytes MDSCs in bone marrow of trained mice (data not shown). 
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Considering that patients with hyper immunoglobulin D syndrome are susceptible to skin rash [616], 
we hypothesized that training impacts on skin inflammation. We collaborated with Dr Jeremy Di 
Domizio (Service of Dermatology, CHUV) to test training in a model of skin inflammation and wounding 
induced by tape stripping [617]. We observed that trained mice had, visually, a lower inflammatory 
status 18 hours after the initial skin insult (Figure 22).  

Biopsies were obtained from lesional skin and lesion-free skin to analyze leukocytes. Contrary to our 
expectations, the number of monocytes and neutrophils were similar in uninjured skin from control 
and trained mice, while lesional regions from trained mice contained more monocytes. The model of 
tape stripping was originally developed to study wound healing in sterile conditions. However, most 

 
Figure 21: Training increases inflammatory cells in heart 
C57BL/6 mice were trained or not with zymosan as described in [275] and sacrificed 1 week later for analysis. 
A) Spleen weight and heart/body weight ratio. B) Gating strategy to analyze heart immune cells. C) Absolute 
counts of leukocytes in the heart. M1 and M2 cells were defined as CD206+ / Ly6C- and CD206- / Ly6C+, 
respectively. *, P ≤ 0.05; **, P ≤ 10-2; ***, P ≤ 10-3; ****, P ≤ 10-4. 
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Figure 22: Trained immunity in skin inflammation 
C57BL/6 mice were trained or not with zymosan as described in [275] and used 1 week later. Mice were 
anesthetized and shaved and depilated. Inflammation was induced by 10 tape stripping. After 18 h, mice were 
sacrificed, pictured, and 30 mg of injured dorsal skin was excised and digested with a mixture of 1 dispase and 
collagenase for 1 h at 37°C before analyzing leukocytes by flow cytometry. A) Photography showing inflamed 
skin. B) Absolute counts of monocytes and neutrophils per cm2 of skin. *, P ≤ 0.05; ***, P ≤ 10-3. 
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recent observations indicate that commensal bacteria colonizing skin wounds (mimicked by S. 
epidermidis recolonization in germ-free mice) activate neutrophils to produce CXCL10 involved in the 
recruitment and activation of plasmacytoid DCs (pDCs). In turn, activated produce type I IFNs which 
promote wound closure through acting on macrophages and fibroblasts that produce growth factors 
required for healing among which FGF2 (basic fibroblast growth factor/FGF-β) and TGF-β [618]. Of 
note, 1 week after injury, lesions healed better in trained than in control mice (data not shown). 
Therefore, we may postulate that trained immunity might favor wound healing in this model. To 
challenge this hypothesis, we should look at the actors involved in healing, i.e. neutrophils- CXCL10-
pDCs-IFNs-macrophages-fibroblast-growth factors. 

A provoking question is whether trained immunity is advantageous or disadvantageous during 
tumorigenesis. The answer will likely depend on the onset of training and the onset of tumorigenesis, 
possibly on the type and localization of the tumor. As mentioned above, myocardial infarction, which 
can be titled by trained immunity, accelerates breast cancer via innate immune reprogramming [615]. 
Trained immunity reprogrammed neutrophils enhancing their anti-tumor phenotype [575]. Overall, 
we need to better understand the beneficial or potentially deleterious consequences of trained 
immunity in order to advance towards therapeutic applications of trained immunity. 

 

4.3. Therapeutic perspectives in trained immunity 

Because of its impact on immune parameters, trained immunity may promote beneficial or harmful 
effects on the host (Table 21). As possible beneficial effects, trained immunity can be used to improve 
host defenses against infections or cancer development as already shown with BCG instillation in 
patients with bladder cancer. Deciphering training agents and training routes would be important in 
order to develop new adjuvants to improve vaccine efficacy. Among others, caution must be taken to 
the effects of training induced by vaccination. Indeed, the use of non-live vaccine was associated with 
overall increase mortality [619] while the use of live-attenuated vaccines was associated with 
significantly lower mortality [620], especially in girls [621]. Moreover, maternal priming with BCG 
affects outcome in BCG vaccinated newborns with a reduction in mortality of 66% [540].  

A possible downside of trained immunity is the development of sterile inflammatory diseases. In these 
conditions, reverting the training phenotype by targeting immune, metabolic or epigenetic alterations 
might be an effective therapy. For example, inhibitors of the mTOR pathway, hydroxyl methylglutaryl-
CoA inhibitors that prevent mevalonate synthesis or NLRP3 inflammasome inhibitors are drugs that 
may be used to revert or modulate trained phenotypes [274, 312, 376, 622]. Targeting specific innate 
immune cells using a nanoparticle delivery approach may improve the specificity of the drugs and 
prevent off-target effects [376]. In a mouse model of heart transplantation, donor allografts have a 
local training of graft-infiltrating monocytes-derived cells, which was associated with allograft rejection 
[572]. A nano-immunotherapeutic approach inhibiting co-stimulation between CD40 and TRAF6 
inhibited CD8 T cells and promoted Tregs. This improved allograft survival [610]. 

Western diet promotes the establishment of trained phenotype [307, 377]. In addition to be strongly 
associated with obesity and related metabolic diseases, evidences show that Western diet can also 
promotes inflammation due to the structural and behavioral changes of the microbiome [623]. A first 
study showed that mice harboring a microbiota derived from a wild mouse population were protected 
against lethal viral infection [624]. Recently, Stacy et al. reported that colonization resistance was not 
only dependent on host microbiota interaction but also on previous intestinal infection [585]. The 
microbiota was trained to prevent colonization by heterologous infection. Pilot experiments 
performed in our laboratory indicated that trained immunity modified gut microbiota. Additionally, 
trained immunity was less efficient at protecting from infections mice pre-treated with antibiotics 
(data not shown). In these conditions, we can imagine using fecal or  microbial community 
transplantation to modulate trained immunity and fight the threat of antibiotic resistance [625]. 
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Sepsis being characterized by both an excessive inflammatory response and immunosuppression 
[626], patients with sepsis might not react similarly to the same treatment. Our training models 
showed that mice survived different models of infection. Single cell studies combining transcriptome 
and mass cytometry analyses in these models could give clues about the mechanisms regulating 
immune responses during training and explain how mice control an infection and simultaneously give 
hints to find better biomarkers to diagnose or treat sepsis. Training agents could, for example provide 
therapeutic benefit during the immunoparalysis phase of sepsis [376]. 

 

4.4. ILCs in airway diseases 

We developed clinical trials to look at ILCs in patients with pulmonary infections. The goal was 
to determine whether we could use peripheral blood counts of ILCs (and more globally other immune 
cell populations among which myeloid derived suppressor cells or MDSCs) as biomarkers, for example 
of disease severity. Disappointingly, ILCs counts and proportions were identical in patients suffering 
from VAP. However, patients suffering from SARS-CoV-2 infections had fewer ILCs compared to healthy 
controls, and this was associated with worse outcomes.  

Patients infected by SARS-CoV-2 responsible of COVID-19 disease pandemic can develop severe illness 
with a high fatality rate due to lung damage. As such, ILC2 involvement in immune responses to COVID-
19 has also been recently investigated [181]. ILCs were reduced in severely ill patients, while showing 
an increase proportion of the ILC2 sub-population. An increase in IL-5 and IL-13 was observed in 
patients compared to healthy donors, which may be attributed to a cytokine secretion by ILC2. 
Additionally, NKG2D+ ILC2 population increased in severely ill patients compared to mildly ill patients 
or control, while CD25 and KLRG1 decreased. This is in line with the known up-regulation of NKG2D 
receptor upon viral infections [627]. However, NKG2D+ ILC2 population was associated with a 
significantly reduced proportion of patients requiring mechanical ventilation. This may indicate a 
protective role of this cell subset during SARS-CoV-2 infection. In another recent article, ILCs were 
largely depleted from the circulation of COVID-19 patients when compared with healthy controls [110]. 
ILC2 frequency decreased in severe COVID-19 patients. Lastly, a study confirmed a significant 
decreased of ILCs in COVID-19 patients compared to uninfected controls [628]. In addition, higher ILC 
counts were associated with faster hospital discharge. The differences obtained between the different 
studies, as well as our own study, might be explained by the phenotype used to identify ILCs as well as 
the donor characteristics.  

ILCs were dramatically impaired in peripheral blood of HIV-1 infected patients [629-631]. In a primary 
study, HIV-1 infection induced persistent activation of pDCs, production of type I IFNs, increase CD95 
expression on ILC3s, and ILC3 apoptosis. This depletion could explain the impaired intestinal barrier 
function driven by IL-17/IL-22 loss [632], resulting from chronic HIV-1 infection [633]. Under these 
conditions, therapies targeting pDCs or type I IFN might restore the function of ILC3 and improve the 
intestinal barrier integrity of HIV-1 infected patients. In a second study, circulating ILCs were severely 
depleted during acute phase of HIV-1 infection, despite antiretroviral t and resolution of viremia peak 
[634]. However, when administrated during acute infection, antiretroviral therapy preserved ILC 
numbers. A study from 2020 demonstrated that children infected with HIV-1 at birth have a depletion 
in circulating and tonsil resident ILCs [631]. An early in utero or up to 2-3 years old antiretroviral 
therapy could preserve ILCs, while a late treatment was inefficient. Finally, another study showed that 
ILCs depletion in HIV-1 infected patient was associated with neutrophil infiltration of the gut lamina 
propria, type 1 interferon activation and NK cells skewing towards a pro-inflammatory state, explaining 
chronic inflammation observed in people infected with HIV-1 [635]. 

Blood counts of ILC1 and ILC3 decreased in patients with sepsis due to an increase apoptosis, while 
ILCs showed a decreased in HLA-DR expression [636]. The lower expression of MHC-II recalls that 
observed in peripheral blood monocytes and used as a biomarker of sepsis [637]. Newborns ingested 
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ILCs through breast milk, of which ILC1 were the largest population with high levels of IFNɣ, possibly 
shaping the oral and intestinal microbiome of newborns to adapt to the post-delivery environment. 
Thus, ILC1 may play a significant role in neonatal sepsis [638]. However another study showed that 
ILC1 counts were higher in septic patients than in healthy subjects, while ILC2 and ILC3 counts were 
lower [227]. Interestingly, ILC3 within total ILCs counts were overrepresented in patients with severe 
sepsis. ILC2 migrated to the lungs in response to S1P [639], where they could be activated by IL-33 
released by surrounding cells has seen during cecal ligation and puncture sepsis [170, 640]. IL-33 was 
associated with acute lung injury and cecal ligation and puncture increased the production of IL-5 by 
pulmonary ILC2, leading to neutrophil infiltration and acute lung injury [640]. Conversely, pulmonary 
ILC2 produced IL-9 in response to IL-33, preventing pyroptosis of pulmonary endothelial cells and lung 
injury [641]. Therefore, therapies targeting ILCs can be developed in to dampen or to increase ILC’s 
inflammatory properties according to patient status. New therapeutic tools could explore ILCs 
homeostasis properties to fine tune inflammation during by infections. 

 

4.5. Perspectives 

Follow-up studies have been mentioned in this discussion. To sum-up, our principal working hypothesis 
for the training project are that:  

1. Trained immunity has long-lasting effects on central and peripheral hematopoiesis as well as on 
circulating and tissue myeloid cells that confer protection from severe infections, 

2. Intergenerational inheritance, and possibly transgenerational inheritance, of epigenetic 
characters is associated with trained immunity confers protection from severe infections, 

3. Induction of trained immunity is associated with changes of the gut microbiome that might be 
exploited to modulate antimicrobial host defenses. 

Overall, targeting trained immunity may have important therapeutic implications, ranging from the 
design of vaccines that stimulate adaptive and innate immune memory to the development of inducers 
of trained immunity to counter-balance immuno-paralysis observed in cancer and sepsis, and to avoid 
the possible deleterious impact of trained immunity on the development of age-associated 
pathologies. Finally, considering the usage of peripheral ILCs counts or distribution as disease 
biomarkers for pulmonary infections, our results were not satisfying enough to deepen further this 
axis of research. A main reason could be that tissue ILCs more than peripheral blood ILCs could be 
interesting targets of study, with all ethical and technical associated difficulties. Thus, we will envisage 
focusing on bacteremic patients. 
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6. APPENDIX 

This part is divided into five sections: 

6.1  Sirtuin 2 Deficiency Increases Bacterial Phagocytosis by Macrophages and Protects from 

Chronic Staphylococcal Infection 

6.2  Sirtuin 5 Deficiency Does Not Compromise Innate Immune Responses to Bacterial Infections 

6.3  Regulation of inflammation and protection against invasive pneumococcal infection by the 

long pentraxin PTX3 

6.4  Myeloid-Derived Suppressor Cells in Sepsis 

6.5  Macrophage migration inhibitory factor promotes the migration of dendritic cells through 

CD74 and the activation of the Src/PI3K/myosin II pathway 

6.6  The big sepsis game



 
 

 

  



 
 

 

187 

6.1. Sirtuin 2 Deficiency Increases Bacterial Phagocytosis by Macrophages and Protects 

from Chronic Staphylococcal Infection 

Eleonora Ciarlo 1, Tytti Heinonen 1, Charlotte Théroude 1, Jacobus Herderschee 1, Matteo Mombelli 1, 
Jérôme Lugrin 1, Marc Pfefferlé 1, Beatrice Tyrrell 1, Sarah Lensch 1, Hans Acha-Orbea 2, Didier Le Roy 1, 
Johan Auwerx 3, Thierry Roger 1 

 

 

1Infectious Diseases Service, Department of Medicine, Lausanne University Hospital and University of 

Lausanne, Epalinges, Switzerland 

2 Department of Biochemistry, University of Lausanne, Epalinges, Switzerland. 

3 Laboratory for Integrative and Systems Physiology, Ecole Polytechnique Fédérale de Lausanne, 

Lausanne, Switzerland. 

 

 

Front Immunol. 2017 Aug 28;8:1037. doi: 10.3389/fimmu.2017.01037. eCollection 2017. 

 

 

Contribution to the work: I participated to in vivo experiments. 

 



 
 

 

188 6. Appendix 

 



 
 

 

189 

 



 
 

 

190 6. Appendix 

 



 
 

 

191 

 



 
 

 

192 6. Appendix 

 



 
 

 

193 

 



 
 

 

194 6. Appendix 

 



 
 

 

195 

 



 
 

 

196 6. Appendix 

 



 
 

 

197 

 



 
 

 

198 6. Appendix 

 



 
 

 

199 

 



 
 

 

200 6. Appendix 

 



 
 

 

201 

 



 
 

 

202 6. Appendix 

 



 
 

 

203 

Supplementary Table S1. Oligonucleotides used to quantify Sirt1-7 mRNA levels by RT-PCR 

Target Forward (5’-3’) Reverse (5’-3’) 

Sirt1 agggaacctttgcctcatct gaggtgttggtggcaactct 

Sirt2 gaggtggcatggattttgac agatggtagtgctggggttg 

Sirt3 acagctacatgcacggtctg gggaggtcccaagaatgagt 

Sirt4 cgagcaaaagctcccaatag gatcttgagcagcggaactc 

Sirt5 ggccgagtttaacatggaga ccgttagtgccctgctttag 

Sirt6 acctgcaacccacaaaacat ggctcagccttgagtgctac 

Sirt7 cacatgagcatcacccgttt agcccatcacagttctgagaca 

 

Supplementary Table S2. Antibodies used for flow cytometry analyses 

Purpose Target Clone name Coupling/reference 

Flow cytometry B220 RA3-6B2 eFluor® 450 
 CD3 145-2C11 PE, eFluor® 450 
 CD4 RM4-5 PE, FITC 
 CD8 53-6.7 APC-eFluor® 780, APC-Cy7 
 CD11b M1/710 PE, APC 
 CD11c HL3 PE, APC 
 CD14 Sa2-8 PE-Cy7 
 CD23 B3B4 PE 
 CD25 PC61.5 APC 
 CD36 72-1 PE 
 CD44 IM7 APC, eFluor® 450 
 CD62L MEL-14 FITC 
 CD93 AA4.1 APC 
 CD204 2F8 FITC 
 IgD AMS 9.1 FITC 
 MHC-II 114.15.2 FITC 
    
Western blot α-tubulin B-5-1-2 T5168 
 Acetylated α-tubulin 6-11B-1 sc-23950 
 ERK1/2 polyclonal 9102 
 JNK polyclonal 9252 
 NF-κBp65 D14E12 8242 
 Phospho-NF-κBp65 93H1 3033 
 p38 polyclonal 9212 
 Phospho-ERK1/2 polyclonal 9101 
 Phospho-JNK polyclonal 9251 
 Phospho-p38 polyclonal 9211 
 SIRT2 polyclonal ab67299 
 TBP polyclonal 8515 

PE: phycoerythrin; FITC: fluorescein isothiocyanate; APC: allophycocyanin. Antibodies for flow 

cytometry were from eBioscience, except the anti-CD204 and anti-IgD, which were from Bio-Rad and 

BD Biosciences (Pharmingen), respectively. Antibodies for Western blot were from Cell Signaling 

Technology, except the anti-α tubulin, anti-acetylated α tubulin and  anti-SIRT2, which were from 

Sigma-Aldrich, Santa Cruz Biotechnology (Dallas, TX) and Abcam, (Cambridge, UK), respectively. 
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6.2. Sirtuin 5 Deficiency Does Not Compromise Innate Immune Responses to Bacterial 

Infections 
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Supplementary Table S1. Antibodies used for flow cytometry analyses 

Target Clone Coupling Company 

B220 RA3-6B2 eFluor® 450 eBioscience 

CD3 145-2C11 PE, eFluor® 450 eBioscience 

CD4 RM4-5 PE, FITC eBioscience 

CD8 53-6.7 APC-eFluor® 780, APC-Cy7 eBioscience 

CD11b M1/710 PE, APC eBioscience 

CD11c HL3 PE, APC eBioscience 

CD14 Sa2-8 PE-Cy7 eBioscience 

CD23 B3B4 PE eBioscience 

CD25 PC61.5 APC eBioscience 

CD44 IM7 APC, eFluor® 450 eBioscience 

CD62L MEL-14 FITC eBioscience 

CD93 AA4.1 APC eBioscience 

IgD AMS 9.1 FITC BD Biosciences 

MHC-II 114.15.2 FITC eBioscience 

PE: phycoerythrin; FITC: fluorescein isothiocyanate; APC: allophycocyanin. 

 

Supplementary Table S2. Oligonucleotides used in RT-PCR analyses. 

Target Forward primer (5’->3’) Reverse primer (5’->3’) 

Actin CGCAAAGACCTGTATGCCAAT GGGCTGTGATCTCCTTCTGC 

Cd36 TCCCTCACTGGAGGAAACTG TGT GAT ATC TGG CCT TGC TG 

Cd40 ATGGCCAGTGCTGTGATTTG GTGGCATTGGGTCTTCTCAAG 

Cxcl1 CTTGAAGGTGTTGCCCTCAG TCTCCGTTACTTGGGGACAC 

Cxcl10 GGATGGCTGTCCTAGCTCTGTAC TGGGCATGGCACATGGT 

Il6 CCGGAGAGGAGACTTCACAG CAGAATTGCCATTGCACAAC 

Tlr1 CAGGCGAGCAGAGGCAAT ATTCCTGAGGTCCCTGCTATTCT 

Tlr2 CTTTTCGTTCATCTCTGGAGCAT GATTTGACGCTTTGTCTGAGGTT 

Tlr4 TCAGCAAAGTCCCTGATGACAT ATGCCATGCCTTGTCTTCAAT 

Tlr9 AGGGAGCCTCGGGAGAATC CCCAGGGCCAGAGTCTCA 

Tnf CCAGGCGGTGCCTATGTCT GGCCATTTGGGAACTTCTCAT 
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6.3. Regulation of inflammation and protection against invasive pneumococcal infection by 

the long pentraxin PTX3 
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ABSTRACT 

Streptococcus pneumoniae is a major pathogen in children, elderly subjects and immunodeficient 
patients. PTX3 is a fluid phase pattern recognition molecule (PRM) involved in resistance against 
selected microbial agents and in the regulation of inflammation. The present study was designed to 
assess the role of PTX3 in invasive pneumococcal infection. PTX3 was strongly induced during invasive 
pneumococcal infection in mice, and non-hematopoietic cells, endothelial cells in particular, were a 
major source of this PRM. The IL-1β/Myd88 pathways played a major role in induction. Ptx3-/- mice 
were more susceptible to invasive pneumococcal infection. Although high concentrations of PTX3 had 
opsonic activity in vitro, no evidence of PTX3-enhanced phagocytosis was obtained in vivo. In contrast, 
Ptx3-deficient mice showed enhanced recruitment of neutrophils and inflammation. Using Selp-/- 
mice, deficient in P-selectin, we found that protection against pneumococcus was dependent upon 
PTX3-mediated regulation of neutrophil inflammation. In humans, PTX3 genetic polymorphisms were 
associated with invasive pneumococcal infections. Thus, the fluid phase PRM plays an important role 
in tuning inflammation and resistance against invasive pneumococcal infection. 

 

INTRODUCTION 

Streptococcus pneumoniae (or pneumococcus) is a major leading cause of bacterial 
pneumonia, meningitis and sepsis in children, elders and immunodeficient patients. This pathogen is 
estimated to be responsible for most of the lower respiratory infections, causing around 2.5 million 
deaths annually worldwide [1]. Despite the widespread use of pneumococcal conjugate vaccines and 
antibiotic treatments, the combination of high carriage rate, its ability to become pathogenic to the 
host, and genetic adaptability, pneumococcus remains a significant cause of community- and hospital-
acquired infections [2]. Since 2017, S. pneumoniae is classified as one of the 12 priority pathogens by 
World Health Organization.  

S. pneumoniae is a Gram-positive extracellular opportunistic pathogen which colonizes the respiratory 
mucosa of the upper respiratory tract. Depending on the virulence factors expressed by the pathogen 
and host factors, the disease can evolve to pneumococcal invasive infection, where pneumococcus 
invade the lower respiratory tract and translocate through the blood stream into the systemic 
compartment [2]. The introduction over the years of pneumococcal vaccines able to protect against a 
variable and increasing number of different serotypes, was able to reduce the impact of the infection 
in susceptible populations [1,3]. However, protection was only partial for some serotypes. In particular, 
infection by serotype 3, associated with complicated disease course and increased risk of death [4], 
has not been demonstrated to be reduced by the 13-valent pneumococcal conjugate vaccine [3]. 

As a first line of defense against respiratory pathogens, innate immune Pattern Recognition Molecules 
(PRMs) recognize microbial components and modulate immune response to control infections. Among 
conserved PRMs, pentraxin 3 (PTX3), is a member of the pentraxin family characterized by 
multifunctional properties, including regulation of innate immunity during infections [5]. PTX3 is 
expressed by various hematopoietic and non-hematopoietic cells in response to microbial moieties 
and inflammatory cytokines (i.e IL-1β and TNF), and has been associated with the control of various 
infections by promoting different anti-microbial processes. Indeed, PTX3 participates to the 
elimination of microorganisms by promoting phagocytosis, activating the complement cascade and as 
a component of Neutrophil Extracellular Traps (NET) [6–10]. Furthermore PTX3 is described to 
modulate tissue remodeling [11] and inflammation via neutrophil recruitment processes (i.e 
complement activation and P-selectin-dependent transmigration) [12,13], both involved in the 
evolution of respiratory tract infections [14].  

In humans, PTX3 plasma level increases in the context of inflammation and particular infectious 
diseases, including pneumococcal associated pathologies (i.e community-acquired pneumonia, 
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ventilator associated pneumonia, pneumococcal exacerbated chronic obstructive pulmonary disease), 
correlating with the severity of the disease and predicting the risk of mortality [8,15–21]. Single 
nucleotide polymorphisms (SNPs) in the PTX3 gene have been associated with patient susceptibility to 
respiratory infections [22–28]. 

The involvement of PTX3 in the control of selected respiratory pathogens and in the modulation of 
infection prompted us to determine the role of PTX3 in the control of pneumococcal infections. In a 
murine model of invasive pneumococcal infection, we observed that PTX3 genetic deficiency is 
associated with higher susceptibility to infection and higher respiratory tract inflammation. We also 
observed that PTX3, mainly produced by stromal non-hematopoietic cells during pneumococcal 
infection, modulates neutrophil recruitment by dampening P-selectin dependent neutrophil 
migration. Hence, PTX3 plays a non-redundant role in the control of S. pneumoniae infection, 
modulating neutrophil associated respiratory tissue damage and pneumococcal systemic 
dissemination.  

 

MATERIALS AND METHODS 

Mice 
All mice used in this study were on a C57BL/6J genetic background [29]. PTX3-deficient mice were 
generated as described in [29]. Ptx3-/- and P-selectin (Selp-/-) double deficient mice were generated 
as described in [11]. Wild-type mice were obtained from Charles River Laboratories(Calco, Italy) or 
were cohoused littermates of the gene-deficient mice used in the study. Ptx3-/-, Csfr3r-/-, 
Ptx3loxP+/+Cdh5cre+/+, Ptx3loxP+/+Cdh5cre-/-, Selp-/-, Ptx3-/-Selp-/- and WT mice were bred and 
housed in individually ventilated cages in the SPF animal facility of Humanitas Clinical and Research 
Center or purchased from Charles River (Milan) and acclimated in the local animal facility for at least 
one weeks prior to infection. All animals were handled in a vertical laminar flow cabinet. Procedures 
involving animals handling and care were conformed to protocols approved by the Humanitas Clinical 
and Research Center (Rozzano, Milan, Italy) in compliance with national (4D.L. N.116, G.U., suppl. 40, 
18-2-1992) and international law and policies (European Economic Community Council Directive 
2010/63/EU, OJ L 276/33, 22.09.2010; National Institutes of Health Guide for the Care and Use of 
Laboratory Animals, U.S. National Research Council, 2011). All efforts were made to minimize the 
number of animals used and their suffering. The study was approved by the Italian Ministry of Health 
(742/2016-PR). Experiments were performed using sex- and age-matched mice. 

Bone marrow transplantation 
C57BL/6J wild-type or Ptx3-deficient mice were lethally irradiated with a total dose of 900 cGy. Then, 
2h later, mice were injected in the retro-orbital plexus with 4x106 nucleated bone marrow cells 
obtained by flushing of the cavity of a freshly dissected femur from wild-type or Ptx3-deficient donors. 
Recipient mice received gentamycin (0.8 mg/ml in drinking water) starting 10 days before irradiation 
and maintained for 2 weeks. At 8 weeks after bone marrow transplantation, animals were infected. 

Bacterial preparation 
Each S. pneumoniae strain (supplementary Table 1) was cultured and stored has previously described 
[30]. Briefly, Todd-Hewitt yeast broth (THYB) (Sigma-Aldrich) was inoculated with fresh colonies grown 
in blood agar plates and incubated at 37°C until an optical density at 600 nm (OD600) of 0.7 to 0.9 units 
was reached. Cultures were stored at -80°C in THYB with 12% glycerol for up to 3 months. GFP-
expressing serotype 1 was constructed as described previously [31]. Clinical isolate E1586 was grown 
at 37°C in THYE until an OD600 of 0.1, then 100 ng/ml of synthetic competence-stimulating peptide 1 
(CSP-1; Eurogentec) was added for 12min at 37°C to activate transformation machinery. PhlpA-hlpA-
gfp_Camr DNA fragment provided by Jan-Willem Veening’s group [31] was added to the activated cells 
and incubated 20min at 30°C. Growth medium was diluted 10 times with fresh THYB medium and 
incubated 1.5h at 37°C. Transformants were selected by plating 5% sheep blood Tryptic Soy Agar plates 
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(TSA; BD Biosciences) containing 4.5 µg/ml of chloramphenicol, then cultured and stored as described 
above. 

Recombinant PTX3 
Recombinant human PTX3 was purified from culture supernatant of stably transfected Chinese 
hamster ovary (CHO) cells by immunoaffinity as previously described [32]. Purity of the recombinant 
protein was assessed by SDS-PAGE followed by silver staining. Biotinylated PTX3 (bPTX3) was obtained 
following standard protocols. Recombinant PTX3 contained <0.125 endotoxin units/ml as checked by 
the Limulus amebocyte lysate assay (BioWhittaker, Inc.). For in vivo experiments recombinant PTX3 
was diluted in PBS. 

Mouse model of infection 
S. pneumoniae serotype 3 and serotype 1 were used to induce pneumococcal invasive infection as 
described previously [30,33]. For induction of pneumonia, each mouse was anesthetized by 
intraperitoneal injection of 100 mg/kg of ketamine plus 10 mg/kg of xylazine in 200µl of PBS. Then 
5x104 or 106 colony-forming units (CFU) in 30 µL were inoculated intranasally to induce lethal infection 
by serotype 3 and serotype 1 respectively. Mouse survival was recorded every 12h. To rescue Ptx3 
deficient mice, they were treated intraperitoneally with 10 µg/200 µl of recombinant PTX3 prior and 
24h after infection. Prophylaxis or treatment have been done by intranasal instillation of 1 µg/30 µl 
recombinant PTX3 prior and 12h after infection respectively. Neutrophil recruitment modulation has 
been performed by treating intraperitoneally with  200 µg/200 µl of anti-Ly6G depleting antibody 
(InVivoPlus 1A8; BioXcell) or control isotype (InVivoPlus rat IgG2a; BioXcell). Blocking of P-selectin was 
realized by treating intraperitoneally with 50 µg/100 µl of anti-CD62P depleting antibody (rat RB40.34 
NA/LE; BD Biosciences) or control isotype (rat IgG1 λ; BD Biosciences). 

At indicated time, mice were sacrificed with CO2, bronchoalveolar lavage fluid (BAL), serum, lungs, and 
spleen were harvested and homogenated in PBS for CFU counting or in isotonic buffer (Tris HCl 50 nM, 
EDTA 2 mM, PMSF 1 mM [Roche Diagnostics GmbH], Triton™ X-100 1% [Merck Life Science], 
cOmplete™ EDTA-free protease inhibitor cocktail [Roche Diagnostics GmbH]) for protein measurement 
on the supernatant. Bacterial loads per organ were counted by serial dilution plated on 5% sheep blood 
TSA plates after 12h 37°C 5% CO2. For histological analysis, the entire lung was collected in organ 
cassette and fixed overnight in 4% paraformaldehyde (immunostaining) or in 4% formalin (hematoxylin 
eosin staining).  

Lung histology and immunostaining 
Immunostaining was realized on 8 µm sections from 4% paraformaldehyde (PFA)-fixed, dehydrate in 
sucrose solution and mounted in OCT embedding compound and stored at -80°C. PTX3 staining was 
performed as described previously [6]. Briefly, sections were stained with 5 µg/ml of rabbit polyclonal 
antibody anti-human PTX3 as a primary antibody and with MACH 1™ universal polymer (Biocare 
Medical) as a secondary antibody. Staining was revealed with 3,3'Diaminobenzidine (DAB; Biocare 
Medical) and counterstained with hematoxylin and eosin. Slides were scanned and analyzed with 
Image-pro (Media Cybernetics) to evaluate the percentage of stained area normalized by analyzing the 
same area for all animals corresponding to about 25% of the section. 

Lung histological analysis was performed on fixed lungs included in paraffin and 3 µm sections were 
stained with hematoxylin and eosin. A blind analysis was done on 3 sections per animal distant at least 
of  150 µm and inflammatory foci were measured determining the area of foci and scores. Scores were 
determined separating small foci (<0.5 mm) and large foci (>0.5 mm) and then calculating as 
“Histological score = small foci + large foci x 3”. 

Binding assay 
The binding of PTX3 on S. pneumoniae was assessed as described previously [34]. Briefly, 106 CFU S. 
pneumoniae were washed in PBS+/+ and suspend with 10 µg/ml, 50 µg/ml or 500 µg/ml of biotinylated 
recombinant PTX3 for 40min at room temperature. Bacteria were washed with PBS+/+ and stained 
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with streptavidin-Alexa Fluor 647 (4 µg/ml, Invitrogen) for 30min at 4°C. Washed bacteria were then 
fixed with 4% formalin for 15min at 4°C. Bacteria were then read by flow cytometry using FACSCanto™ 
II (BD Bioscience). Unstained S. pneumoniae were used as negative control.  

Cell culture and stimulation 
Human and murine endothelial cell lines were cultivated to have a confluent monolayer in 12-well 
culture plates (about 105 cells/well). Human Umbilical Vein Endothelial Cells (HUVEC) were grown in 
1% gelatin coated wells in M199 medium (Sigma-Aldrich) containing 20% fetal bovine serum (FBS), 100 
µg/ml of Endothelial Cell Growth Supplement (ECGS, Sigma-Aldrich), 100 µg/ml of heparin (Veracer; 
Medic Italia) and 1% penicillin and streptomycin (Pen/Strep). Murine lung capillary endothelial cell line 
(1G11) was grown in 1% gelatin coated wells in DMEM with 20% FBS, 100 µg/ml of ECGS, 100 µg/ml of 
heparin and 1% Pen/Strep.  

Human neutrophils were purified from freshly collected peripheral blood in Lithium Heparin 
Vacutainer (BD Bioscience) and separated by a two-steps gradient separation as previously described 
by Kremaserova and Nauseef [35]. Briefly leukocytes and erythrocytes were separated by a 3% Dextran 
from Leuconostoc spp. (Sigma-Aldrich) sedimentation for 40min, then leukocytes in the supernatant 
were separated with Lympholyte-H Cell Separation Media (Cerdalane) and cells from the lower liquid 
interphase were rinsed with RPMI. 

Cells were stimulated after a wash with the same culture media without Pen/Strep and then incubated 
with the corresponding medium containing 106 CFU S. pneumoniae, 20 ng/ml recombinant IL-1β 
(Preprotech) or 100 ng/ml lipopolysaccharide from Escherichia coli O55:B5 (LPS, Sigma-Aldrich) for 6h 
at 37°C. Cells were then lysate with 300 μl of PureZOL RNA isolation reagent (Bio-Rad). Human 
neutrophils were stimulated with 107 CFU/ml of S. pneumoniae serotype 3 or 10 ng/ml of phorbol 
myristate acetate (PMA) during 6h at 37°C, PTX3 released in the supernatant was measured by ELISA, 
as described below. 

Neutrophil transmigration assay 
Neutrophil migration assay across an endothelium monolayer was performed as previously described 
by Bou Ghanem and collaborators [36]. Briefly, basolateral sides of HUVEC monolayer grown 4 days 
on a 3 µm polyester membrane Transwell (Corning) was infected with S. pneumoniae (106 CFU/ml in 
RPMI) added the lower chamber, whereas 100 µl PBS+/+ containing 20 ng/ml recombinant IL-1β 
supplemented with  100 µg/ml PTX3 and/or  100 µg/ml mouse anti-human CD62P (clone AK-4, BD 
Bioscience) was added to the apical side (upper chamber). After 2.5h at 37˚C, 5x105 human neutrophils 
(in 100 µl RPMI) were added to the basolateral side. After 2.5h at 37˚C, neutrophils in the lower 
chamber were counted in triplicate. Neutrophil transmigration without infection was performed in 
parallel as negative control.  

Gene expression quantification by real-time RT-PCR  
Organs homogenated in PureZOL RNA isolation reagent (Bio-Rad) and cell lysate RNAs were extracted 
with the Direct-zol RNA Miniprep (Zymo Research) and reverse transcribed with the high-capacity 
cDNA archive kit (Applied Biosystems) following the manufacturer’s instructions. cDNA was amplified 
using the Fast SYBR Green Master Mix on a QuantStudio 7 Flex Real Time PCR Systems (Applied 
Biosystems). The sequences of primer pairs (Sigma-Aldrich) specific for murine Gapdh (Forward, 5’-
GCAAAGTGGAGATTGTTGCCAT-3’, Reverse, 5’-CCTTGACTGTGCCGTTGAATTT-3’) and Ptx3 (Forward, 5’-
CGAAATAGACAATGGACTCCATCC-3’, Reverse, 5’-CAGGCGCACGGCGT-3’) were used to evaluated their 
expression. Relative mRNA levels (2-ΔΔCT) were determined by comparing first the PCR cycle 
thresholds (CT) for Ptx3 and Gapdh (ΔCT), and second, the ΔCT values for the infected/treated and 
uninfected/untreated (mock/control) groups (ΔΔCT). All amplifications were performed in triplicates. 

ELISA 
Lung homogenates and serum levels of murine C3a, C5a, CXCL1, CXCL2, IL-1β, MPO and PTX3 were 
determined by enzyme-linked immunosorbent assay (DuoSet ELISA Development; R&D Systems and 
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Cloud-Clone corp) following the manufacturer’s instructions. Human PTX3 was determined with an in-
house ELISA as previously described by Jaillon and collaborators [6]. Briefly, anti-PTX3 monoclonal 
antibody (1 µg/ml, clone MNB4) in carbonate buffer (carbonate buffer 15 mM pH 9.6) was coated 
overnight at 4°C in 96 well ELISA plates (Nunc). Wells were then blocked with 5% dry milk for 2h at 
room temperature. Cell culture supernatants, were incubated for 2h at room temperature. Biotin-
labeled polyclonal rabbit anti-PTX3 antibody ( 100 µl/ml, clone 6B11) was used for the detection and 
incubated 1h at 37°C. Plates were incubated with peroxidase-labeled streptavidin (SB01-61; Biospa) 
for 1h at 37°C. Bound antibodies were revealed using the TMB substrate (Sigma Aldrich) and 450 nm 
absorbance values were read with an automatic ELISA reader (VersaMax; Molecular Devices). 

Flow cytometry 
BAL fluid samples were obtained after intratracheal injection of 1 ml of PBS supplemented with 5% 
FBS. Lung cells were isolated after digestion in PBS, supplemented with 20% FBS, 2 mM HEPES (Lonza),  
100 µg/ml collagenase from Clostridium histolyticum type IV (Sigma-Aldrich) and 20 µg/ml of DNAse 
(Roche Diagnostics GmbH) in C-tubes processed with gentleMACS Octo Dissociator with heaters 
according to the manufacturer's instructions (Miltenyi Biotec). Lysate were pellet ( 500 g 8min) and 
red blood cells were lysate with  500 µl of ACK lysing buffer (Lonza) for 5min. Reaction were stopped 
with PBS, the cell suspensions were filtered through a 70 μm filter, count using Türk solution (Sigma-
Aldrich) and 106 cells were pelleted by centrifugation (500 g, 8 min). Live/dead fixable aqua 
(Invitrogen) staining were realized following manufacturer’s instruction and stopped in FACS buffer 
(PBS, 2% FBS, 2 mM EDTA, 0.05% NaN3). Fc-receptors were blocked with anti-mouse CD16/CD32 (20 
µg/ml, clone 93; Invitrogen) for 20min. Cells were stained with an antibody panel able to distinguish 
macrophages (CD45+, CD11b-, SiglecF+), neutrophils (CD45+, CD11b+, SiglecF-, Ly6C+, Ly6G+), 
monocytes (CD45+, CD11b+, SiglecF-, Ly6Clow/moderate/high, Ly6G-) and eosinophils (CD45+, 
CD11b+, SiglecF+): anti-CD45-Brilliant Violet 605 (2 µg/ml, clone 30-F11; BD Bioscience), anti-CD11b 

APC-Cy7 (1 µg/ml, clone M1/70; BD Bioscience), anti-SiglecF-eFluor 660 (1.2 µg/ml, clone 

1RNM44N; Invitrogen), anti-Ly6C-FITC (3 µg/ml, clone AL-21; BD Bioscience), anti-Ly6G-

PE-CF594 (0.4 µg/ml, clone 1A8; BD Bioscience). Flow cytometric analysis was performed 

on BD LSR Fortessa and analyzed with the BD FACSDiva software. 

Genotyping 
DNA was obtained from 57 patients with invasive pulmonary disease (IPD) and 521 age- and sex-
matched healthy controls from the cohort described by Garcia-Laorden and collaborators [37]. The 
genotyping was performed as previously described by Barbati and collaborators [38]. Briefly, genomic 
DNAs extracted from frozen EDTA-whole blood were genotyped by real time-PCR, using TaqMan. In 
particular, 5 µl samples containing TaqMan Genotyping Master Mix, and specific TaqMan SNP 
genotyping probes (rs1840680, rs2305619 and rs3816527) were mixed with 20 ng of genomic DNA and 
genotyped using a Quantstudio 6 Flex System according to the manufacturer’s instruction (Applied 
Biosystems).  

Statistical analysis 
Results were expressed as median or mean ± SEM as indicated. Statistical differences were analyzed 
using the Mann-Whitney test; survival analysis was performed with the logrank test with Mantel-Cox 
method. All the analyses were performed with GraphPad Prism 8.0; P values <0.05 were considered 
significant. 

As for SNP association analyses, these were performed using the PLINK v1.07 program [39]. All 
polymorphisms had a call rate of 100%, and were tested for Hardy-Weinberg equilibrium (HWE) in 
controls before inclusion in the analyses (P-HWE >0.05). In detail, deviations from HWE were tested 
using the exact test [40] implemented in the PLINK software. For each SNP, a standard case-control 
analysis using allelic chi-square test was used to provide asymptotic P values, odds ratio (OR), and 95% 
confidence interval (CI), always referring to the minor allele. Haplotype analysis and phasing was 
performed considering either all three SNPs together or by using the sliding-window option offered by 
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PLINK. All P values are presented as not corrected; however, in the relevant tables, Bonferroni-
corrected thresholds for significance are indicated in the footnote. 

 

RESULTS 

PTX3 expression during Pneumococcal invasive infection  
In order to define the relevance of PTX3 in pneumococcal respiratory disease, we first 

investigated whether PTX3 is induced during infection. Thus, we used a murine model of pneumococcal 
invasive infection induced by S. pneumoniae serotype 3. Mice were challenged intranasally with 5x104 
CFU and sacrificed at different time points. As already described, S. pneumoniae serotype 3 causes 
bacterial colonization of the respiratory tract, then disseminates through the blood circulation and 
infects other organs like the spleen, resulting in death within 3 to 4 days (Fig S1A-B) [33]. As early as 
6h post-infection, we detected a local expression of PTX3 in the alveolar and bronchiolar compartment 
near the pulmonary veins (Fig 1A-B). At 12h post-infection, we were able to detect the PTX3 specific 
staining in the area where we can appreciate inflammatory cells infiltration. This association was 
confirmed 24h post-infection, when a strong PTX3 staining was present near the recruitment site of 
inflammatory cells forming inflammatory foci (Fig 1A). The kinetic of PTX3 production was confirmed 
by the quantification of PTX3+ area (Fig 1B) and by analysis of mRNA in the lung (Fig S1C). Interestingly, 
local and systemic production of PTX3 was highly induced by the infection during the invasive phase 
(Fig 1C). During this invasive infection we observed that PTX3 was upregulated mainly in the lung, aorta 
and heart, while other organs like brain, kidneys and liver did not show higher PTX3 expression 
compared to the uninfected mice (Fig S1D). 

Induction of PTX3 by IL-1β during S. pneumoniae infection 
PTX3 has been described to be induced by primary inflammatory cytokines, i.e. IL-1β and TNF 

[5,8]. In this pneumococcal invasive infection model we observed a rapid induction of IL-1 β (Fig 2A), 
and a strong correlation between the levels of IL-1β expressed in the respiratory tract with the levels 
of lung PTX3 (Fig 2B). Moreover, Il1r-/- mice infected by S. pneumoniae showed lower PTX3 levels, 
locally and systemically (i.e in the lung and the serum respectively) (Fig 2C-D). S. pneumoniae infected 
Myd88-/- mice were not able to produce PTX3 in the lung and presented the same impairment of PTX3 
production as Il1r-/- mice (Fig 2C-D). These data suggest that IL-1β is a major driver of PTX3 during 
pneumococcal infection. 

Non-hematopoietic cells are a major source of PTX3 during pneumococcal infection  
It has been previously reported that neutrophils contain preformed PTX3, representing an 

important source of the protein, rapidly released in response to proinflammatory cytokines or 
microbial recognition [9]. In agreement, we observed that human neutrophils release PTX3 upon 
stimulation with S. pneumoniae (Fig S2A). To investigate the involvement of neutrophils in the 
production of PTX3 in our model, we used mice lacking granulocyte colony-stimulating factor receptor 
(Csf3r-/-). These mice are characterized by a chronic neutropenia, granulocyte and macrophage 
progenitor cell deficiency and impaired neutrophil mobilization [29,41]. Following pneumococcal 
infection, Csf3r-/- mice presented lower levels of myeloperoxidase (MPO), an important marker of 
neutrophil recruitment, in lung homogenates at 36h post-infection (Fig S2B). By contrast, even though 
these mice presented a lower amount of neutrophils recruited in response to the infection, they 
expressed the same pulmonary levels of PTX3 as the WT mice (Fig S2B). These results suggest that 
neutrophils are not the main source of PTX3 in our murine model of pneumococcal invasive infection.  

Since PTX3 can be produced by hematopoietic and non-hematopoietic cells, bone marrow chimeras 
were used to evaluate the cellular compartment responsible for PTX3 production. During 
pneumococcal infection, we did not observe any difference in the levels of PTX3 found in the 
respiratory tract and in the serum of WT mice receiving bone marrow from Ptx3-/- or WT animals, 
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while no PTX3 was measured in Ptx3-/- mice receiving WT or Ptx3-/-  bone marrow (Fig 3A-B). These 
results suggest that PTX3 is mainly produced by the non-hematopoietic compartment after 
pneumococcal infection. Endothelial cells were described as an important source of PTX3 [5], thus we 
evaluated their contribution on PTX3 production during pneumococcal infection. To this aim we 
crossed conditional Ptx3 deficient mice (Ptx3LoxP+/+) with Cdh5-Cre mice to generate animals with 
the deletion of PTX3 in endothelial cells. When Ptx3LoxP+/+/Cdh5Cre+/+ mice were infected with S. 
pneumoniae, they presented approximately 50% reduction of PTX3 levels compared to PTX3-
competent mice (Fig 3C-D). In-vitro experiments confirmed the ability of both murine and human 
endothelial cells to produce PTX3 after stimulation with S. pneumoniae (Fig S2C). Thus non-
hematopoietic cells, mainly endothelial cells, are a major source of PTX3. 

Non-redundant role of PTX3 in resistance to pneumococcal infection. 
Next we evaluated the role of PTX3 in resistance against pneumococcus. When Ptx3-/- mice 

were infected with S. pneumoniae (5x104 CFU), a significant increase of the bacterial load in the lung 
was observed starting from 24h of infection onwards, compared to WT mice (Fig 4A). Interestingly 
there is no difference at earlier time points (6-18h), suggesting that PTX3 exerts a role in the control 
of pneumococcal infection mainly during the invasive phase. Defective local control of bacterial growth 
was followed by an increase of bacterial load in the systemic compartment starting at 36h post-
infection (Fig 4B), which was also associated with an acceleration of the infection kinetic. Indeed, using 
a high dose (5x104 CFU) of pneumococcus Ptx3-/- mice had a shorted survival time compared to 
control (Fig 4C). Furthermore, using a lower bacterial dose (5x103 CFU) inducing around 30% mortality 
in WT animals, Ptx3-/- mice showed a significant higher mortality (83.3%; P<0.001) (Fig 4C). This 
phenotype is not restricted to serotype 3 pneumococcus. In fact, when mice were infected with S. 
pneumoniae serotype 1, we observed a strong PTX3 production during the invasive phase of the 
infection (Fig S3A) and a correlation with IL-1β levels (Fig S3B). Ptx3-/- mice infected by serotype 1 
presented a higher sensitivity to the infection compared to WT animals, with a higher number of 
bacteria at the local site of infection and also in the systemic compartment 24h post-infection (Fig S3C-
D). Overall, these data confirmed that the phenotype observed in our model of S. pneumoniae invasive 
infection is not dependent of a specific pneumococcal serotype. 

The involvement of Ptx3 deficiency was confirmed by reconstituting Ptx3-/- mice with two systemic 
administrations of recombinant PTX3, before and 24h after the infection. As reported in Fig 4D, PTX3 
administration in Ptx3-/- mice reduced lung colonization at the same level observed in WT mice. We 
then evaluated the antibacterial activity of PTX3 on S. pneumoniae serotype 3. WT animals were 
treated locally with 1µg of recombinant protein before infection, as a prophylaxis model, or 12h post-
infection, as an on-demand model. Interestingly, in both models we observed a significant reduction, 
44% and 57% respectively (P<0.01), of the pulmonary bacterial load compared with the CFU found in 
mice treated with vehicle alone (Fig 4E).   

Lack of effective opsonic activity of PTX3  
In an effort to explore the mechanism responsible for PTX3-mediated resistance, we first 

explored the effect of the recombinant protein on the in-vitro growth of S. pneumoniae. The incubation 
of S. pneumoniae with 25-250 µg/ml of recombinant PTX3 did not have any effect on the growth rate 
of the bacteria (Fig S4). 

PTX3 has the capability to act as an opsonin binding selected pathogens and increasing their removal 
by phagocytosis [6,7,42]. To assess whether the control of the pneumococcal infection by PTX3 was 
due to the opsonic activity, we first analyzed PTX3 binding to S. pneumoniae. By using a flow cytometry 
assay, we analyzed PTX3 binding to S. pneumoniae serotype 3 mimicking the bacteria/PTX3 ratio found 
in the infected lung (106 CFU/100 ng PTX3). Under these conditions, we did not observe any interaction 
of PTX3 with bacteria and, even with an amount of PTX3 5- to 10-fold higher than the one produced in 
the entire lung, less than 1% of the bacteria were bound (Fig 5A). At 500 µg/ml of PTX3 (5000-fold 
higher than in the lung homogenates) we observed binding to only 36.4% of bacteria (Fig 5A).  



 
 

 

231 

We then performed a series of experiments of phagocytosis in vitro and in vivo using GFP-expressing 
S. pneumoniae serotype 1 (S. pneumoniae-GFP). In a first set of experiments, human neutrophils were 
incubated with PTX3-opsonized S. pneumoniae-GFP. We confirmed that PTX3 exerts opsonic effects, 
increasing the phagocytosis of pneumococcus by neutrophils, but only at very high concentrations, i.e. 
higher than 100 µg/ml (Fig 5B). We then moved to an in vivo setting. Since the instillation of as low as 
1µg of PTX3 was sufficient to induce an antibacterial effect when administrated locally just before the 
infection (Fig 4E), we incubated 5x104 CFU of S. pneumoniae serotype 3 (i.e. the inoculum normally 
used for a lethal infection in our model) with 33.3 µg/ml of recombinant PTX3. Mice infected with 
PTX3-opsonized S. pneumoniae showed the same local bacterial burden at 6h to 36h after infection as 
mice infected with pneumococcus incubated with PBS (Fig 5C). Finally, we evaluated the phagocyting 
ability of neutrophils recruited in-vivo during the infection comparing WT and Ptx3 deficient mice. 
Interestingly, we did not observe any difference in the percentage of neutrophils phagocyting S. 
pneumoniae-GFP neither in the BAL nor in the lung (Fig 5D). These results suggest that the role of PTX3 
in resistance to invasive pneumococcus infection is not accounted for by its opsonic activity of this 
pathogen. 

Regulation of inflammation by PTX3 
In pneumococcal invasive disease induced by S. pneumoniae serotype 3, infection was 

characterized by a perivascular infiltration of inflammatory cells, mainly neutrophils, around 
pulmonary veins and bronchioles, forming important foci (Fig S5A). The main inflammatory cell 
recruitment was observed during the invasive phase of the infection (starting from 24h after infection), 
when the pulmonary MPO was dramatically increased, (Fig S5B). We analyzed more accurately 
neutrophil recruitment in the lung and in the BAL of infected mice and we observed two phases of 
neutrophil recruitment. An initial recruitment, characterized by an increased (i.e. 3-fold compared to 
uninfected lung) number of neutrophils both in the BAL and in the lung parenchyma, was observed 
during the first 6h of infection. In the next 12h to 24h of infection we observed an important 
recruitment of neutrophils in the lung (i.e. 4-fold compared to uninfected lung) that translocated into 
the alveolar space (up to 50-fold compared to uninfected BAL) (Fig S5C-D). These two steps of 
recruitment have been described to have two opposite roles during the infection [36]. Indeed, the first 
phase is important for the early control of the infection, reducing the number of colonizing bacteria. 
In contrast the second phase has been associated with the development of the inflammatory 
environment, leading to tissue damage that could promote growth and invasion of the bacteria [36]. 
Given the mild expression of PTX3 during the first hours (Fig 1A), we investigated the second phase of 
neutrophil recruitment, comparing Ptx3 deficient and WT mice 18h after infection. At this time point 
Ptx3 deficiency was not associated to a higher respiratory bacterial load (Fig 4A). Interestingly, the 
inflammatory profile was significantly increased in Ptx3-/- mice, as shown by an increased 
development of foci in the lung induced by a higher inflammatory cell recruitment (Fig 6A-C). 
Moreover, looking at the time course of the development of pneumococcal-induced respiratory 
inflammation, we observed that Ptx3-/- mice had a quicker and more severe formation of 
inflammatory foci compared to the WT (Fig 6B-C). Flow cytometry analysis revealed that the higher 
inflammation in Ptx3 deficient mice was due to a significant increase of neutrophil recruitment in the 
BAL and the lung (Fig 6D). Moreover, we did not observe any change in the recruitment of other 
myeloid immune cells, i.e. macrophages, eosinophils and monocytes (Data not shown). This phenotype 
was also observed with the serotype 1 model of invasive pneumococcal infection (Fig S5E).  

Finally, we observed that the intranasal treatment with recombinant PTX3 was also associated with a 
decrease in the neutrophil number in BAL and lungs, demonstrating that PTX3 has a direct role in 
neutrophil migration in the respiratory tract (Fig 6E). 

Regulation of neutrophil recruitment by PTX3 during pneumococcal invasive infection. 
It has been shown that neutrophil depletion during the invasive phase resulted in protection 

against infection [36]. Accordingly, neutrophil depletion by anti-Ly6G was used to assess the role of 
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these cells in PTX3-mediated protection against pneumococcal infection. In WT mice infected 
intranasally with S. pneumoniae, treatment with anti-Ly6G significantly reduced neutrophils infiltration 
in the lungs (Fig S6A). In addition, treatment with anti-Ly6G completely abolished the increased 
accumulation of neutrophils observed in Ptx3-/- mice (Fig S6A-B). The reduction of neutrophil 
recruitment in both WT and Ptx3-/- mice treated with anti-Ly6G resulted in a significant reduction of 
the local and systemic bacterial load, compared to mice treated with the isotype control (Fig 7A-B). In 
addition, Ptx3-/- mice treated with neutrophil depleting antibody were not more infected than the WT 
treated mice (Fig 7A-B). These results suggest that taming pneumococcus-promoting neutrophil 
recruitment underlies the role of PTX3 in resistance against this bacterial pathogen. 

To dissect the mechanism by which PTX3 orchestrates the modulation of inflammation during 
pneumococcal infection, we first evaluated the level of neutrophil chemoattractants. At 18h post-
infection, even though there was a higher amount of neutrophils in the airways of Ptx3-/- mice, we did 
not detect any differences in the levels of CXCL1 and CXCL2 between Ptx3 deficient and WT mice (Fig 
S6C). Since PTX3 is a well-known regulator of complement activation [43], we investigated the levels 
of the two anaphylatoxins C3a and C5a in the lung homogenates of infected mice. No difference in the 
levels of C3a and C5a, potent chemoattractants, was observed (Fig S6C). The levels of C3d, a C3 
degradation product deposited on the surface of cells and a marker of complement activation in lung 
homogenates was similar in Ptx3 deficient and WT mice (Fig S6D). 

PTX3 has been described to directly regulate inflammation by binding P-selectin and reducing 
neutrophil recruitment, damping the rolling on the endothelium [12,13]. We therefore investigated 
whether the interaction with P-selectin could be relevant in the regulation of neutrophil recruitment 
into the lung. We investigated the ability of PTX3 to damp the neutrophil transmigration through 
endothelial cell layer in vitro, using S. pneumoniae as the attractive signal. We observed that PTX3 
could block 40% of the neutrophil migration induced by S. pneumoniae (Fig 7C). Moreover, the 
treatment of endothelial cells with anti-CD62P (P-selectin) antibody induced the same blocking effect. 
However, we did not observe any additional blocking effect of PTX3 in association with anti-CD62P, 
suggesting that PTX3 exerts its blocking effect through P-selectin. To confirm that PTX3 protects 
infected mice by blocking P-selectin, we used P-selectin deficient mice (Selp-/-). We observed that 
Selp-/- mice were partially protected from pneumococcal infection, showing a bacterial load lower 
than WT mice (P<0.01). In Selp-/- mice PTX3 treatment did not reduce the bacterial load (Fig 7D). 
Moreover, we treated WT and Ptx3 deficient mice with anti-P-selectin antibody (anti-CD62P), to block 
P-selectin-dependent neutrophil transmigration during the invasive phase of infection. Anti-CD62P 
treatment completely abolished the higher neutrophils recruitment in Ptx3 deficient mice (Fig S6E-F). 
This result suggests that the higher neutrophil infiltration observed during pneumococcal pneumonia 
in the absence of PTX3 is dependent on P-selectin. Importantly, the reduction of neutrophil 
recruitment in Ptx3 deficient mice treated with anti-CD62P is associated with a significant reduction of 
the local and systemic bacterial load reaching the same level observed in WT mice treated with anti-
CD62P (Fig 7E-F). 

Finally, to assess the role of the P-selectin pathway in PTX3-mediated resistance against invasive 
pneumococcus infection, we took advantage of Ptx3-/-Selp-/- double deficient mice. As shown in Fig 
7G-H, genetic deficiency in P-selectin and PTX3 completely rescued the increased infection phenotype 
observed in Ptx3-/- mice. Thus, the defective control of invasive pneumococcal infection observed in 
Ptx3-/- mice is due to unleashing P-selectin-dependent recruitment of pneumococcus-promoting 
neutrophils. 

PTX3 polymorphisms  
To explore the significance of these results to human disease, we analyzed the association of 

human PTX3 gene polymorphisms with pneumococcal invasive disease (IPD) in a cohort of 57 patients 
and 521 matched healthy controls. We focused in particular on two intronic SNPs (rs2305619 and 
rs1840680) and a third polymorphism (rs3816527) in the coding region of the protein determining an 
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amino-acid substitution in position 48 (+734A/C). These SNPs are associated with increased 
susceptibility to infection to selected microorganisms [22,25–27]. In addition, the +734A allele was 
associated in various studies to decreased PTX3 levels [22,38,44].  

We did not observe any difference in the frequency of the +734A allele in this cohort of patients versus 
controls (67.54% and 61.58%, respectively, P=0.213, Table 1). However, when we compared the 
frequencies of haplotypes determined by these three SNPs (rs2305619, rs3816527, rs1840680) in IPD 
patients and control subjects, we found that the frequency of the AAA haplotype is doubled in patients 
with IPD (9.67% and 4.26% respectively, P=0.0102, Table 2). The association is even more significant 
when considering only two SNPs (+281A and +734A), including the one associated with lower levels of 
the protein (11.4% and 4.94% respectively, P=0.0044, Table 2). These observations suggest that also in 
humans PTX3 could play a role in the control of S. pneumoniae infection. 

DISCUSSION 

S. pneumoniae is the most common cause of a range of infections, including community-
acquired pneumonia, a pathological condition that affects mainly adults aged 65 years or older and 
infants under one year of age. It is well known that inflammation plays a crucial role during lung 
infections and dictates the resolution of pneumonia, but at the same time, exaggerated inflammation 
can be detrimental. Therefore, a strict control of the inflammatory response is essential. 

The present study was aimed at assessing the role of PTX3 in invasive pneumococcal infection. PTX3 is 
a member of the pentraxin family highly conserved in evolution and locally produced by different cell 
types in response to pro-inflammatory stimuli and microbial components. The protein has 
multifunctional properties, including in particular a regulatory role on inflammation [5]. In a well-
characterized murine model of invasive pneumococcal infection, PTX3 expression was rapidly 
upregulated in the alveolar and bronchiolar compartments of the lungs. The systemic dissemination of 
pneumococcus was associated with an increase of PTX3 serum levels. As expected, PTX3 levels were 
at least in part induced by IL-1β, massively produced in response to the pneumococcus.  

Both myeloid and endothelial cells can produce PTX3 in response to inflammatory cytokines. 
Polymorphonuclear leukocytes were able to release PTX3 after stimulation with S. pneumoniae, 
however levels of the protein were similar in wild type and in neutropenic Csfr3-/- animals infected 
with S. pneumoniae. Bone marrow chimeras and conditional mice definitely demonstrated that 
stromal cells, and in particular endothelial cells, were a major source of PTX3 in our model of 
pneumococcal infection. Production of PTX3 by non-hematopoietic cells has been previously reported 
in other experimental settings. In a murine model of arterial thrombosis induced by FeCl3, PTX3 was 
only expressed by vascular cells [45]. Similarly, in a murine model of skin wound-healing, non-
hematopoietic cells were the major producers of PTX3 whereas neutrophils showed a minor 
contribution [11].  

Ptx3 genetic deficiency was associated with a higher susceptibility to S. pneumoniae. A defective 
control of bacterial load, associated with a higher mortality rate, was observed during the invasive 
phase of the infection, and PTX3 administration rescued the phenotype. In humans, PTX3 gene 
polymorphisms were already described to have an impact on the susceptibility to selected infections, 
in particular Mycobacterium tuberculosis, Pseudomonas aeruginosa and urinary tract infections 
[6,26,27]. In addition, PTX3 genetic variants are associated with the risk to develop invasive 
aspergillosis or Cytomegalovirus reactivation in patients undergoing allogeneic stem cell transplant 
[22,46]. Thus, genetic deficiency in mice and genetic polymorphisms in humans suggest that PTX3 plays 
an important role in the control of invasive pneumococcal infection.  In the present study, in a cohort 
of 57 patients with IPD and 521 healthy controls haplotypes determined by PTX3 gene polymorphisms 
were associated with S. pneumoniae infection.  
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Various mechanisms are potentially involved in the protective role of PTX3 against infectious agents. 
In most cases PTX3-mediated protection has been related to the pro-phagocytic activity of the protein 
[6,7,42,47]. PTX3 binds selected fungal, bacterial and viral pathogens, including Aspergillus fumigatus, 
Pseudomonas aeruginosa, Shigella flexneri, uropathogenic Escherichia coli, Influenza virus and murine 
cytomegalovirus [8], acting as an opsonin and amplifying the phagocytosis of recognized 
microorganisms [6,7,42]. These microorganisms are naturally susceptible to phagocytosis [48–50] 
whereas virulent S. pneumoniae developed various mechanisms preventing phagocytosis [2,51]. In this 
study, we observed that PTX3 could bind S. pneumoniae, promoting its phagocytosis in vitro by human 
neutrophils, only at very high concentrations. Ptx3 deficiency did not affect the local phagocytosis by 
recruiting neutrophils and pre-opsonisation of the inoculum did not modify the kinetic of infection. 
Thus PTX3-mediated contribution to resistance to S. pneumoniae is independent of enhanced 
phagocytosis. 

The short pentraxin CRP, distantly related to PTX3, acts as an opsonin for various microorganisms, 
including pneumococcus [52,53]. However, this effect is dependent on the serotype, specifically on the 
expression of phosphatidylcholine in the capsule. PTX3 does not interact with phosphatidylcholine 
[32]. In addition, serotypes 1 and 3 gave similar results in terms of kinetic of PTX3 production after 
infection and bacterial load in Ptx3-/- mice. These results suggest that the short pentraxin CRP and the 
long pentraxin PTX3 have distinct spectra of microbial recognition and role in antimicrobial resistance. 

PTX3 exerts regulatory roles on complement activation by interacting with components of all the three 
pathways, i.e. the classical, alternative and lectin pathways. In all cases, PTX3 leads to a reduced 
activation of the complement cascades, thereby reducing the tissue damage associated with an 
activation out of control [43]. The higher susceptibility to pneumococcus infection observed in Ptx3-
deficient mice was not related to failed regulation of complement activity. In fact, similar levels of 
complement fragments, in particular of the two anaphylatoxins C3a and C5a, were found in lung 
homogenates of wild type and Ptx3-/- infected mice.  

In invasive pneumococcal infection neutrophils represent a double edged sword. Several lines of 
evidence, including depletion using anti-Ly6G antibody, suggest that in early phases of infection 
neutrophils are an essential component of resistance to S. pneumoniae as expected [36]. In contrast, 
during the invasive phase neutrophil depletion was protective, limiting tissue damage and associated 
bacterial invasion. In the present study, Ptx3 genetic deficiency was associated with uncontrolled 
inflammation and bacterial invasion sustained by enhanced neutrophil accumulation. These results are 
consistent with a yin/yang role of neutrophils in invasive pneumococcus infection. 

Neutrophil infiltration at sites of bacterial invasion and inflammation is driven by chemoattractants 
and adhesion molecules [54]. Neutrophil attracting chemokines and complement C5a and C3a were 
no different in Ptx3-/- and WT mice. PTX3 has been shown to serve as a negative regulator of 
neutrophil recruitment by interacting with P-selectin [12,13]. In-vitro studies and in-vivo experiments 
which took advantage of P-selectin-deficient Selp-/- mice and Ptx3-/-Selp-/- double deficient mice 
were designed to assess the relevance of this pathway. The results obtained indicated that the 
defective control of invasive pneumococcal infection observed in Ptx3-/- mice is due to unleashing of 
P-selectin-dependent recruitment of neutrophils which promote bacterial invasion. Thus, by taming 
uncontrolled P-selectin dependent recruitment of neutrophils the fluid phase pattern recognition 
molecule PTX3 plays an essential role in tuning inflammation and resistance against invasive 
pneumococcus infection.   
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Figures 
Fig 1. Pneumococcal invasive infection induces PTX3 expression. 

WT mice were infected intranasally with 
5x104 CFU of S. pneumoniae serotype 3 
and sacrificed at the indicated time points 
for tissue collection. (A-B) 
Immunohistochemical analysis of PTX3 
expression in lung sections (magnification 
x10) from uninfected mice and mice 
sacrificed 6h, 12h and 24h post-infection 
(n=3-6). (A) One representative images of 
at least three biological replicates for each 
condition is reported. Inflammatory cell 
infiltrates are indicated by arrows. (B) 
Sections were scanned and analyzed to 
determine the percentage of PTX3+ area 
at the indicated time points. (C) PTX3 
protein levels determined by ELISA in 
serum and lung homogenates collected at 
the indicated time points (n=4-10). 
Results are reported as mean ± SEM. 
Statistical significance was determined 
using the Mann-Whitney test comparing 
results to uninfected mice (φ or *P<0.05 
and **P<0.01).  
 
 

 
Fig 2. Role of IL-1β in induction of PTX3 
during S. pneumoniae infection.  
WT mice were infected intranasally with 
5x104 CFU of S. pneumoniae serotype 3 and 
sacrificed at the indicated time points for 
tissue collection. (A) IL-1β protein levels in 
lung homogenates collected at the indicated 
time points determined by ELISA (n=3-4). (B) 
Correlation between PTX3 and IL-1β protein 
levels in lung homogenates of all infected 
mice sacrificed from 2h to 48h post-infection 
(n=60). PTX3 protein levels determined by 
ELISA in lung homogenates (C) and serum (D) 
collected 36h post-infection in WT, Il1r-/- and 
Myd88-/- mice (n=7-8). Results are reported 
as mean ± SEM. Statistical significance was 
determined using the Mann-Whitney test 
comparing results to uninfected mice (A-B) 
or WT infected mice (C-D) (*P<0.05 and 
***P<0.001). 
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Fig 3. Non-hematopoietic cells are a major source of PTX3 during pneumococcal infections. 
Mice were infected intranasally with 5x104 CFU of S. pneumoniae serotype 3 and sacrificed at indicated 
time point for tissue collection. (A-B) PTX3 protein levels determined by ELISA in lung homogenates (A) 
and serum (B) collected 36h post-infection from chimeric mice (n=23-26). (C-D) PTX3 protein levels 
determined by ELISA in lung homogenates (C) and serum (D) collected 36h post-infection of 
Ptx3LoxP+/+Cdh5-cre-/-, Ptx3LoxP+/+Cdh5-cre+/+. Results are reported as mean ± SEM; (A-B) PTX3 
detection limit is 2 ng/ml represented by a dotted line. Statistical significance was determined using 
the Mann-Whitney test (*P<0.05, **P<0.01, ***P<0.001 and **** P<0.0001). 
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Fig 4. Defective resistance of PTX3-deficient mice to invasive pneumococcal infections. 
Mice were infected intranasally with different doses of S. pneumoniae serotype 3 and sacrificed at the 
indicated time points for tissue collection. (A-B) WT and Ptx3-/- mice were infected with 5x104 CFU and 
bacterial load in lung (A) and spleen (B) was analyzed at the indicated time points (n=10-36). (C) 
Survival of WT and Ptx3-/- mice (n=17-33) was monitored every 6h after infection with 5x103 CFU (low 
dose) or 5x104 CFU (high dose). (D) Bacterial load was analyzed in lungs collected 36h post-infection 
from WT, Ptx3-/- and Ptx3-/- mice treated intraperitoneally with recombinant PTX3 (10µg/100µl) before 
the infection and 24h post-infection (n=18-23). (E) Bacterial load in lungs collected 36h post-infection 
from WT mice treated intranasally before the infection (prophylaxis, n=22-26) or 12h post-infection 
(treatment, n=37-40) with 1µg/30µl of recombinant PTX3 or PBS. Results are reported as median. CFU 
detection limits in the spleen is 5 CFU represented by a dotted line. Statistical significance was 
determined using the Mann-Whitney test for bacterial load and Log-rank (Mantel-Cox) test for survival 
(*P<0.05, **P<0.01, ***P<0.001 and **** P<0.0001). 
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Fig 5. Role of enhanced phagocytosis in PTX3-mediated resistance to S. pneumoniae 
(A) Binding of recombinant PTX3-biot at the indicated concentration with 106 CFU of S. pneumoniae 
serotype 3. PTX3 binding to S. pneumoniae was analyzed by flow cytometry after incubation with 
Streptavidin-Alexa Fluor 647. (B) S. pneumoniae serotype 1 expressing GFP (106 CFU) was pre-
opsonized with indicated concentration of recombinant PTX3 and incubated 30 min with 105 purified 
human neutrophils from 6 independent donors. GFP positive neutrophils were analyzed by flow 
cytometry. (C) Bacterial load in lung collected at indicated time points from WT mice infected 
intranasally with S. pneumoniae serotype 3 pre-opsonized with 33µg/ml of recombinant PTX3 or non-
opsonized. (n=11-17). (D) Neutrophil phagocytosis of S. pneumoniae serotype 1 expressing GFP was 
analyze by flow cytometry. BAL and lungs from WT and Ptx3-/- mice were collected 24h after infection 
with a lethal inoculum of PTX3 (n=9-14). Results are expressed as mean of 5 technical replicate for each 
time point and donor (B), median (C) and mean ± SD (D). Statistical significance was determined using 
a one-way ANOVA with Sidak’s multiple comparison test (B) and the Mann-Whitney test (C-D) 
(**P<0.01). 
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Fig 6. PTX3 regulates inflammation during pneumococcus infection. 
Mice were infected intranasally with 5x104 CFU of S. pneumoniae serotype 3 and sacrificed at the 
indicated time points for tissue collection. (A) Hematoxylin and Eosin (H&E) staining of formalin-fixed 
histological sections from the lungs of WT and Ptx3-/- mice at 10x magnification. One representative 
image from at least ten biological replicates of WT and Ptx3-/- mice. Inflammatory cell foci are indicated 
by arrows. (B) Area of inflammatory cells foci measured in lungs collected 18h and 36h post-infection 
from WT and Ptx3-/- mice. Areas were measured on three H&E stained lung sections per mice at 
different depth separated by at least 100µm each (n=6-10). (C) Inflammatory histological score 
measured in lungs collected 18h and 36h post-infection from WT and Ptx3-/- mice. Scores (detailed in 
the Material and Methods section) were determined on three H&E stained lung sections per mice at 
different depth separated by at least 100µm each (n=6-10). (D) Neutrophil number determined by flow 
cytometry in BAL and lungs collected 18h post-infection from WT and Ptx3-/- mice (n=11-18). 
(E) Neutrophil number determined by flow cytometry in the BAL and lung collected 18h post-infection 
from WT mice treated intranasally 12h post-infection with recombinant PTX3 or PBS (n=11-18). Results 
represent the mean ± SEM. Statistical significance was determined using the Mann-Whitney test 
comparing results to uninfected mice (*P<0.05, **P<0.01 and ***P<0.001).  
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Fig 7. PTX3-mediated regulation of neutrophil recruitment. 
Mice were infected intranasally with 5x104 CFU of S. pneumoniae serotype 3 and sacrificed at the 
indicated time points for tissue collection. (A-B) Bacterial load in lung (A) and spleen (B) collected 36h 
post-infection from WT and Ptx3-/- mice treated intraperitoneally 12h post-infection with 200µg/100µl 
of anti-Ly6G or isotype control antibodies (n=26-37). (C) Transmigration of human purified neutrophil 
towards S. pneumoniae (n=11). Results are reported as percentage of transmigrated neutrophils 
considering as 100% the number of transmigrated neutrophils in the control condition (i.e 
S. pneumoniae in the lower chamber and no treatment in the upper chamber). (D) Bacterial load in 
lungs collected 36h post-infection from WT and Selp-/- mice treated intranasally 12h post-infection with 
1µg/30µl of recombinant PTX3 or PBS (n=10-11). (E-F) Bacterial load in lungs (E) and spleens (F) 
collected 36h post-infection from WT and Ptx3-/- mice treated intravenously 12h post-infection with 
50µg/100µl of anti-CD62P or isotype control antibodies (n=12-13). (G-H) Bacterial load in lungs (G) and 
spleens (H) collected 36h post-infection from WT, Ptx3-/-, Selp-/- and Ptx3-/-Selp-/- mice (n=8-12). Results 
are reported as median (A-B, D-H) and mean ± SEM. CFU detection limits in the spleen is 5 CFU 
represented by a dotted line. Statistical significance was determined using the Mann-Whitney test 
(*P<0.05, **P<0.01, ***P<0.001 and **** P<0.0001). 
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Fig S1. Pneumococcal invasive infection induces PTX3 expression. 
Mice were infected intranasally with 5x104 CFU of S. pneumoniae serotype 3 and sacrificed at the 
indicated time points for tissue collection. (A) Bacterial load in lung (●) and spleen (■) collected at 
indicated time points after infection of WT mice (n=10-21). (B) Survival of WT mice infected with a 
lethal inoculum of S. pneumoniae serotype 3. Mice were monitored every 6h (n=33) (C) Relative Ptx3 
mRNA expression determined by Real-Time quantitative PCR in lung homogenates collected at the 
indicated time points and normalized on uninfected mice (n=3). (D) Relative Ptx3 mRNA expression 
determined by Real-Time quantitative PCR in the indicated organ homogenates collected 48h post-
infection and compared to uninfected mice (n=4-5). Results are reported as the mean ± SEM. CFU 
detection limits in the spleen is 5 CFU represented by a dotted line. Statistical significance was 
determined using the Mann-Whitney test comparing results to uninfected mice (*P<0.05 and 
**P<0.01).  
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Fig S2. Cellular sources of PTX3 after 
stimulation with S. pneumoniae. 
(A) PTX3 protein levels, measured by 
ELISA, released by 106 human purified 
neutrophils/100µl stimulated for 6h at 
37°C with 107 CFU/ml of S. 
pneumoniae serotype 3 or 10 ng/ml of 
phorbol myristate acetate (PMA). (B) 
MPO and PTX3 protein levels 
determined by ELISA in lung 
homogenates collected 36h post 
intranasal infection of WT and Csfr3-/- 
mice with 5x104 CFU of S. pneumoniae 
serotype 3 (n=18). (C) Relative Ptx3 
mRNA expression determined by Real-
Time quantitative PCR in human and 
murine endothelial cells after 6h 
stimulation with 106 CFU 
S. pneumoniae, 20 ng/ml IL-1β or 
100 ng/ml LPS (n=3-6). Results are 
reported as mean ± SEM. Statistical 
significance was determined using the 
Mann-Whitney test compared to 
control group (A, C) or to infected WT 
mice (B) (*P<0.05, **P<0.01 and **** 
P<0.0001). 

 
Fig S3. Infection with S. pneumoniae 
serotype 1 and bacterial growth rate in 
presence of PTX3. 
Mice were infected intranasally with 106 
CFU of S. pneumoniae serotype 1 and 
sacrificed at the indicated time points for 
tissue collection. (A) PTX3 protein levels 
determined by ELISA in lung 
homogenates and serum collected at the 
indicated time points (n=4-5). (B) 
Correlation between PTX3 and IL-1β 
protein levels in lung homogenates of all 
infected mice sacrificed from 18 to 24 
hours post-infection (n=8). (C-D) 
Bacterial load in lung (C) and spleen (D) 
collected at the indicated time points 
after infection of WT and Ptx3-/- mice 
with S. pneumoniae serotype 1 (n=12). 
Results are reported as the mean ± SEM 
(A). Solid bars represent the median. CFU 
detection limits in the spleen is 5 CFU 
represented by a dotted line. Statistical 
significance was determined using the 
Mann-Whitney test for bacterial load 

compared to uninfected mice (A) and to WT infected mice (C-D) (*P<0.05, **P<0.01 and ***P<0.001).  
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Fig S4. Lack of effect of PTX3 on S. pneumoniae 
growth rate. 
Growth rate of S. pneumoniae serotype 3 non-
opsonized or pre-opsonized with recombinant 
PTX3 (25-250 µg/ml for 40 min) was measured in 
the culture condition reported in the Material & 
Methods section. Absorbance (600 nm) was 
measured at the indicated time points (n=3) and is 
reported as mean ± SEM.  

 

 

 
Fig S5. Neutrophil recruitment during 
pneumococcus invasive infection. 
Mice were infected intranasally with 
5x104 CFU of S. pneumoniae serotype 3 
(A-D) or with 106 CFU of serotype 1 (E) 
and sacrificed at the indicated time 
points for tissue collection. (A) 
Hematoxylin and Eosin (H&E) staining of 
formalin-fixed lung sections from WT 
mice uninfected and 36h after infection 
at 10x magnification. (B) MPO levels 
determined by ELISA in lung 
homogenates collected at the indicated 
time points (n=4). (C-D) Neutrophil 
number determined by flow cytometry 
in the BAL (C) and lung (D) collected at 
the indicated time points from WT mice 
(n=4-8). (E) Neutrophil number 
determined by flow cytometry in the 
BAL and lung collected 18h post-
infection from WT and Ptx3-/- mice 
(n=10-13). Results are reported as mean 
± SEM. Statistical significance was 
determined using the Mann-Whitney 
test comparing results to uninfected 
mice (*P<0.05, **P<0.01 and 
***P<0.001).  
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Fig S6. PTX3 modulates neutrophil recruitment. 
Mice were infected intranasally with 5x104 CFU of S. pneumoniae serotype 3 and sacrificed at the 
indicated time points for tissue collection. (A-B) Neutrophil number determined by flow cytometry in 
the lung (A) and BAL (B) collected 18h post-infection from WT and Ptx3-/-  mice treated intraperitoneally 
12h post-infection with 200µg/100µl of anti-Ly6G or isotype control antibodies (n=9-12). (C) 
Chemokines (CXCL1/CXCL2) and anaphylatoxins (C3a/C5a) levels measured by ELISA in lung 
homogenates collected 18h post-infection from WT and Ptx3-/- mice (n=20). (D) C3d level in lung 
homogenates collected 36h post-infection from WT and Ptx3-/- (KO) mice, detected by western blot 
and normalized with vinculin expression (n=8). (E-F) Neutrophil number determined by flow cytometry 
in the BAL (E) and lung (F) collected 18h post-infection from WT and Ptx3-/- mice treated 
intraperitoneally 12h post-infection with 50µg/100µl of anti-CD62P or isotype control antibodies (n=8). 
Results are reported as mean ± SEM. Statistical significance was determined using the Mann-Whitney 
test (*P<0.05 and **P<0.01). 
  



 
 

 

245 

Tables 

Table 1. Frequency distribution of PTX3 gene single nucleotide polymorphisms (SNPs) in IPD 

patients and controls. 

SNP Alleles 
Peptide 

shift 
Associated 

allele 

Frequency (%) 

χ2 OR (95%) 
P-

value* 
IPD patients 

(n=57) 
Controls 
(n=521) 

rs2305619 
+281 
A/G 

 A 43.86 43.44 
0.007 

1.02 
(0.69-1.50) 

0.931 
 G 56.14 56.56 

rs3816527 
+734 
C/A 

AlaAsp 
C 32.46 38.42 

1.552 
0.77 

(0.51-1.16) 
0.213 

A 67.54 61.58 

rs1840680 
+1149 

A/G 
 A 42.11 42.49 

0.006 
0.98 

(0.67-1.46) 
0.938 

 G 57.89 57.51 

* Bonferroni-corrected threshold for significance: 0.017. 
 

 
Table 2. Haplotype analysis for PTX3 gene in IPD patients and controls. 

rs2305619 rs3816527 rs1840680 

Frequency (%) 

χ2 P-value * 
IPD patients 

(n=57) 
Controls 
(n=521) 

G A G 56.15 56.51 0.005 0.9409 
G A  56.14 56.59 0.008 0.9269 
 A G 57.89 57.41 0.010 0.9202 

A C A 32.44 38.28 1.488 0.2226 
A C  32.46 38.47 1.577 0.2091 
 C A 32.46 38.33 1.51 0.2191 

A A A 9.67 4.26 6.604 0.0102 
A A  11.4 4.94 8.129 0.0044 
 A A 9.65 4.26 6.533 0.0106 

A A G 1.73 0.95 0.610 0.4348 

 

* Bonferroni-corrected threshold for significance: 0.017. 

Significant P values, surviving the Bonferroni correction for multiple testing, are indicated in bold. 
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6.6. The big sepsis game 


