N
N

N

HAL

open science

Innate immune memory: An evolutionary perspective

Benjamin Gourbal, Silvain Pinaud, Gerold Beckers, Jos W. M. van Der Meer,
Uwe Conrath, Mihai G. Netea

» To cite this version:

Benjamin Gourbal, Silvain Pinaud, Gerold Beckers, Jos W. M. van Der Meer, Uwe Conrath, et al..
Innate immune memory: An evolutionary perspective. Immunological Reviews, 2018, Immunologic

Memory, 283 (1), pp.21-40. 10.1111/imr.12647 . hal-01792968

HAL Id: hal-01792968
https://hal.science/hal-01792968
Submitted on 8 Feb 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-01792968
https://hal.archives-ouvertes.fr

Innate immune memory: An evolutionary perspective

Benjamin Gourball, Silvain Pinaud1*, Gerold J. M. Beckers2, Jos W. M. Van Der Meer3, Uwe Conrath2,
Mihai G. Netea3,4

linteractions Hosts Pathogens Environments UMR 5244, University of Perpignan Via Domitia, CNRS,
IFREMER, Univ. Montpellier, Perpignan, France

2 Department of Plant Physiology, RWTH Aachen University, Aachen, Germany

3 Department of Internal Medicine and Radboud Center for Infectious Diseases, Radboud University
Medical Center, Nijmegen, The Netherlands

4 Department for Genomics & Immunoregulation, Life and Medical Sciences Institute (LIMES),
University of Bonn, Bonn, Germany

*Present address Silvain Pinaud, Welcome Trust Sanger Institute, Hinxton, UK

Corresponding authors

Benjamin Gourbal, PhD, UMR5244 |HPE, Université de Perpignan, Perpignan, France. Email:
benjamin.gourbal@univ-perp.fr

and

Mihai G. Netea, MD, PhD, Department of Internal Medicine, Radboud University Nijmegen Medical
Centre, Nijmegen, The Netherlands. Email: mihai.netea@radboudumc.nl

Abstract

Over the last decades, there was increasing evidence for the presence of innate immune memory in
living organisms. In this review, we compare the innate immune memory of various organisms
with a focus on phylogenetics. We discuss the acquisition and molecular basis of immune
memory and we describe the innate immune memory paradigm and its role in host defense
during evolution. The molecular characterization of innate immunological memory in diverse
organisms and host-parasite systems reconciles mechanisms with phenomena and paves the
way to molecular comprehension of innate immune memory. We also revise the traditional
classification of innate and adaptive immunity in jawed vertebrates. We emphasize that innate
immune responses have the capacity to be “primed” or “trained”, thereby exerting a yet
unknown type of immunological memory upon re-infection.
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1 | EVOLUTIONARY SUCCESS OF INNATE IMMUNE MEMORY

All living organisms face biotic and abiotic stress in their environments. Pathogens for example cause
substantial deleterious effects on their hosts, and thus represent a major driving force for host
evolution.1 Interactions between hosts and pathogens are thus dynamic biological systems in
which the host’s defense mechanisms face the pathogen’s infectivity mechanisms.2,3 Therefore,
all living organisms have evolved defense systems capable of recognizing and control/contain
and/or eliminate most of the pathogens encountered during their life span.4,5 In vertebrates,
adaptive immunity is considered as the ultimate outcome of this evolution. Therefore, when
considering immunological memory as an important survival trait, it is difficult to envision that
immune memory evolved only in vertebrates, which represent only about 1%6 of all living
species (Figure 1). Moreover, immunological memory within the vertebrate lineage evolved not
just once, but twice. First, jawless vertebrates have evolved an alternative antigen recognition
system, the variable lymphocyte receptor (VLR) via somatic gene assembly comprising leucine-
rich repeat (LRR) motifs.7 Second, cartilaginous, bony fishes (jawed fish), amphibians, reptiles,
birds, and mammals developed the major histocompatibility complex, T-cell receptors, and B-
cell receptors (immunoglobulins) as an adaptive Ig-based memory.7

An evolution of immunological memory solely in vertebrates,8,9 but no in other metazoans, makes
little evolutionary sense considering the evolutionary success of adaptive immunity-free
organisms that represent 99% of the total Earth biodiversity (Figure 1). Indeed, plants and
invertebrate organisms are also confronted with environments full of complex changing
populations of microorganisms and potential pathogens, engendering selective pressures
similar to those experienced by vertebrates.2,8,10,11 Therefore, one can expect that plants and
invertebrates should also possess mechanisms to adapt their host defense for the interaction
with these pathogens. Over the past two decades, several interesting studies have provided
evidence that the immune system of plants and invertebrates may be “primed” in a sustainable
manner, leading to a protection against subsequent infections.12-14 Interestingly, these
observations were re-inforced by the recent discovery of memory capacities for the innate
immune system of vertebrates that reacts in an adaptive manner to secondary infections, a
process that has been termed “trained immunity”.15 Memory of innate immune responses
evolved from ancient precursors and still plays a vital and basic role even in vertebrates in which
adaptive characteristics are prominent.16

1.1 | A complexterminology for a simple phenotype

The immune response of living organisms traditionally group into innate and the adaptive immune
responses, the latter exclusively expressing exquisite specificity. This paradigm of differential
presence of adaptation (memory) in innate vs adaptive immunity has been challenged recently
by the discovery in different phylogenetic groups of a new aspect of immunological memory also
in the innate immune system.12-15,17

In these organisms, the demonstration of a memory response of the innate immune defense system
remains very elementary. It has been shown that following a first encounter with a pathogen,
the innate immune system acquired new capacities that protect the organism against further
infection with related or unrelated pathogens.13,18-20 A growing number of studies have
reported memory properties of innate immune responses throughout invertebrate phylogeny.
Microbiota induce an innate immune memory response to protect mosquitoes from
Plasmodium,21 the buff-tailed bumblebee (Bombus terrestris) displays innate immune memory
against different pathogens,22 the tapeworm Schistocephalus solidus induces immune memory
in the copepod crustacean,23 and the fresh water snail Biomphalaria glabrata possesses a
complex immune memory responses against the agent of human schistosomiasis.24



Consistently, multiple studies disclosed that plants, which lack mobile immune cells and the bona-fide

adaptive immune system, upon recognition of infectious microbes build immunological memory
12 that enables a boosted defense response on re-infection.

In addition to the studies in invertebrate animals and plants, there is a growing body of evidence for

innate immune responses in vertebrates also exhibiting adaptive characteristics.15,25 It is
therefore reasonable to conclude that immunological memory is a general characteristic of the
entire living kingdom.12,13,15,26 However, the main challenge encountered in the literature is
the heterogeneity of experimental models and protocols used to demonstrate the existence of
innate immune memory.13 The diversity of approaches causes confusing terminology: innate
immune memory has been described as acquired/inducible resistance, protection, sustained
immune responses, and has been designated as “immune priming” or “innate immune memory”
for invertebrates.13 In plants, “defence priming” (a state of alert that represents immunological
memory) was associated mainly with plant immune responses termed “Systemic Acquired
Resistance” (SAR),14 “Induced Systemic Resistance” (ISR),27 and B-aminobutyric acid-induced
resistance (BABA-IR).28 SAR is induced by necrotizing plant pathogens,29 whereas ISR is
activated by beneficial rhizobacteria and rhizofungi.27 BABA-IR is activated by the non-protein
amino acid BABA.30 Finally, in vertebrates the innate immune memory response was termed
“trained immunity”.31 Moreover, when pathogens were not totally eliminated by the innate
immune recall response, but the host rather adapts to limit tissue damage upon infection with
the invading “microorganisms”, one additional term process has been used, the innate immune
tolerance.32

An important aspect of immune memory is specificity, which may be considered a hallmark of classical

adaptive immune memory. Indeed, vertebrates possess an extraordinary system able to
somatically generate an exceptional diversity of antigen- specific receptors,33-35 in which a set
of gene segments is randomly assembled during lymphocyte ontogeny to generate diverse
receptors.36

This adaptive immune system can recognize most pathogens and/ or antigens and initiate a protective

Until

response. Gnathostomes and Agnathans seem to generate a highly diverse repertoire of
lymphocytes, each bearing a different cell surface antigen receptor.37,38 The interaction of
lymphocyte receptors with antigens triggers signal transduction, eventually leading to an
effector phase that neutralizes or destroys the pathogen/antigen. These diversified immune
receptors can differ between vertebrate lineages. In Gnathostomes, they are members of the
immunoglobulin superfamily for B- or T-cell receptors, whereas in Agnathans, they are members
of the LRR or VLR families. Regardless of that, however, they are generated through
recombinatorial processes that occur somatically during lymphocyte differentiation and
proliferation. In all vertebrates, these genes have undergone convergent evolution leading to a
vast repertoire of somatically generated receptors, proving the high selective value of this
mechanism in vertebrates and suggesting that it might be found elsewhere.

recently, such highly variable receptors have not been identified in Agnathans, or in
Deuterostome or Protostome invertebrates.39 However, some immune receptors belonging to
invariable germline-encoded factor of Pathogen-recognition receptor (PRR) and other effector
molecules are able in these phyla to recognize antigens with an apparently low specificity. These
PRRs are believed to recognized a limited set of microbial antigens via their PAMPs to limit
pathogen invasion.40 However, recent reports have challenged this paradigm by revealing the
existence of diversified immune receptors in several invertebrates. These receptors can be
somatically diversified in a manner similar to vertebrate immunoglobulins or T and B cell
receptors (ectopic recombination and hot spots of mutations) but are not associated with clonal
cell selection. These studies indicated the existence of polymorphic and/or diversified putative



immune receptor variants that vary considerably between individuals, yielding an enlarged
repertoire of putative recognition molecules. These diversified and somatically generated
receptors have been identified in echinoderms (SRCR or Sp185/333 of sea urchin 41), insects
(Dscam of Drosophila melanogaster and Anopheles gambiae42,43), crustaceans,44 and mollusks
(FREPs of Biomphalaria glabrata45).

Invertebrates possess sophisticated recognition systems for dealing with pathogens. One can
speculate that large and individual repertoires of immune receptors might confer the specificity
of invertebrate immune systems. New results suggest that polymorphic set of canonical immune
sensors (PRRs) must be supplemented by non-canonical immune sensors such as actin and
collagen 46 or enzymes like GAPDH and a-amylase.47 Such non-canonical immune sensors
enlarge immune sensor factors and thus increase the PRR repertoire that participates in
pathogen recognition. It has been proposed that such PRRs possessed the ability to combine
each other into multiheteromeric complexes to generate an enhanced capacity of pathogen
sensing in invertebrate organisms.47,48 Indeed, specific recognition has been observed in
experiments dedicated to self vs non- self discrimination in invertebrates. Early studies of graph
rejection constitute examples of allorecognition in diverse invertebrate phyla (Porifera, Cnidaria,
Annelida, Echinodermata).26,49-52 It can be speculated that this specific recognition has
evolved not only from the identification and control of self-aberrant cells by the immune system,
but also as a specific defense against pathogens.19 If invertebrates possess diversified immune
receptors involved in the specific recognition of pathogens, it is realistic to envisage that they
can also adapt after infection, a de facto immune memory, especially for long-lived species that
might encounter the same pathogens on multiple occasions. Indeed, several lines of evidences
supporting such memory have been reported in invertebrates (see 19,21-23,53 for details).

Different from jawed vertebrates, plants evolved neither mobile immune cells nor an adaptive immune
system. They rather possess a multilayered immune system of constitutive (eg, the waxy cuticle
or corky periderm atop their shoot) and inducible defense responses. The activation of inducible
plant defense is triggered, for example, on activation of cell surface-localized PRRs by
evolutionary conserved PAMPs. This rather unspecific type of inducible plant immune response
is referred to as PAMP-triggered immunity (PTI) or microbe-associated molecular pattern
(MAMP)-triggered immunity (MTI; because not all microbes are pathogens). One of the most
prominent examples of PAMP/PRR interaction in plants is the activation of the LRR receptor
kinase (LRR-RK) FLAGELLIN-SENSING2 (FLS2) by bacterial flagellin.54,55 FLS2 recognizes a N-
terminal, immunogenic epitope of 22 amino acids in flagellin, referred to as flg22.54,55 Upon
recognition of flg22, FLS2 recruits BAK1, a LRR-RK that acts as aco-receptor for flg22. This then
leads to full activation of flg22-triggered immunity.56 Other prominent PAMP/PRR pairs with a
role in plant immunity are the bacterial elongation factor Tu (EF- Tu)/EFR (another LRR-RK duo),
the fungal chitin/CERK1 (in the thale cress reference plant Arabidopsis thaliana, subsequently
referred to as Arabidopsis) and the bacterial lipopolysaccharide (LPS)/ LORE, chitin/CEBIP (in
rice) pairs.56,57 PTI is unspecific in that it typically fends off multiple microbes, whether
infectious or not, likely because of the conserved nature of PAMPs across diverse species,
genera, families, orders, and even classes of pathogens.4,58

Another type of inducible plant immunity is based on the direct or indirect recognition of pathogen
effectors, previously called avirulence (Avr) proteins, by appropriate plant resistance (R)
proteins. The interaction of effectors with R proteins leads to so-called gene-forgene
immunity.59,60 In the indirect recognition of pathogen effectors, watchdog R proteins guard
the integrity of cellular proteins, and when they sense modification or degradation of these
proteins by appropriate pathogen effectors, they will initiate plant defence.61-64



No matter whether pathogen effectors are recognized directly or indirectly, their perception is very
specific and leads to effectortriggered immunity (ETI). ETl is highly robust and often associated
with a localized programmed cell death response called the hypersensitive response (HR).65-67
The HR is assumed to prevent the spread of biotroph pathogens to the healthy tissue. PTI and
ETI are both associated with complex defense signaling which includes the release of reactive
oxygen species (ROS), mitogen-activated protein kinase (MPK) activity, plant hormone synthesis
and function, metabolic changes, excessive transcriptional reprogramming, and the synthesis
and accumulation of defensive secondary metabolites (so-called phytoalexins).62,68-70 PTl and
ETI trigger very similar transcriptional reprogramming in the plant, independent of the origin of
the MAMP or effector.71,72 However, the transcriptional ETI response typically is faster,
stronger, and/or more prolonged than PTl-associated gene expression.68,69,71,73 Very recent
studies suggested strong similarity of defense responses associated with PTI and ETI in both
animals and plants. Although in plants ETl is known since many years, studies in the animal field
just recently provided some mechanistic insight into ETI in animals.60,74-79 Despite many
similarities in the defense responses associated with PTI and ETI in animals and plants, the latter
do not possess classical adaptive immunity. The lack of an adaptive immune response likely
forced plants to evolve a multiplicity of PRRs, whereas animals elaborated fewer PRRs for
recognizing PAMPs.56,76 Both PTI and ETI can activate SAR (see Box 1). The systemic immune
response is characterized by its capacity to memorize previous infection 12,14 and by its broad-
spectrum of activity to microbial pathogens.29 Both these characteristics also mark ISR, which
is promoted upon colonization of plant roots with beneficial rhizobacteria and rhizofungi (see
Box 1).27 Whereas SAR wards off mainly biotroph pathogens, ISR is typically effective against
necrotrophic plant pathogens.27

In vertebrates, trained immunity has been defined as the epigenetically driven rewiring of the
transcriptional programs of innate immune cells, leading to an enhanced antimicrobial
response.80 At the level of myeloid cells such as monocytes and macrophages, exposure to
certain microbial components (eg, beta-glucan) or vaccination (eg, with bacilli Calmette-Guerin,
BCG) leads to changes in chromatin architecture as revealed by genome-wide changes in histone
marks such as H3K4mel, H3K4me3 and H3K27Ac.81 These changes are accompanied by
increased cytokine production upon re-stimulation: this response is essentially non-specific to
heterologous stimuli and infection. Subsequently, a large number of epidemiological studies
have demonstrated that certain vaccination such as bacilli CalmetteGuerin (BCG), measles or
oral polio vaccine lead to protection against heterologous infections.82 Interestingly, while
memory characteristics have also been clearly demonstrated for NK-cells as well, in their case a
specificity of the response independently of classical gene recombination mechanisms has been
reported: after murine cytomegalovirus (mCMV), induced NK memory appears to protect
against mCMV but not against the related virus EBV.83 At the same time there was impaired
heterologous immunity against influenza and L. monocytogenes. 84,85 After mCMV infection,
NK cells bearing the virus-specific Ly49H receptor proliferate 100-fold in the spleen and 1,000-
fold in the liver after infection.86 Additional evidence for the specificity of NK-induced memory
is represented by the identification of antigen-specific memory toward haptens,85 with CXCR6-
positive NK-cells in the liver reported to mediate these specific responses.85 All in all, these data
suggest that the mechanisms involved in NK-mediated innate immune memory are complex and
involve both specific and non-specific effects. The precise mechanisms that mediate the
specificity of NK cell memory responses in vertebrates remain however to be fully deciphered.

Would specificity of innate immune memory in invertebrates and plants be an ancestral character that
has been secondary partially hidden or lost in Gnathostomes that were the first to supplement
innate responses with adaptive elements? Did variable lymphocyte receptors as LRRs or T-cell



and B-cell receptors represent additional highly specific adaptive weapons while assisting innate
response results in the loss of innate immune memory specificity?

These questions show how delicate it is to come up with a universal definition of innate immune
memory. However, the overall definition of the phenotype should be simple: a partial or total
resistance upon re-exposure to pathogens, that can be either specific or not, supported by the
innate immune system. Deciphering the cellular and molecular basis of immune responses from
an increasing variety of phylogenetically distant models will shed light on the nature and origin
of these evolutionary innovations, including different types of immune memory.

1.2 | Innate immune cells, the ancestral support of innate immune memory

Host responses against invading pathogens are mainly linked with cellular response activation. Since
the appearance of the first eukaryotic cells, defense mechanisms have evolved to secure cellular
integrity, homeostasis, and so survival. For example, unicellular amoebae developed the ability
to phagocyte foreign material as a part of their food uptake mechanisms.87 This basic phagocyte
function is conserved in higher plants, invertebrates and vertebrates.88 Interestingly, it is now
clearly demonstrated that innate immune cells are highly conserved among vertebrates and
various invertebrate phyla.8,88 In the lower deuterostome (echinoderms, hemichordates,
urochordates) as well as in the cephalochordates, hemocyte classes with characteristics very
similar to those of lophotrochozoans and ecdysozoans have been reported.88 Even if those cells
have been named differently (amebocytes, hemocytes, coelomocytes, granulocytes,
monocytes, macrophages), they have basically a macrophagelike appearance and have, to a
certain extent, similar phagocyte functions.8 The main function of these cells is based on
autonomous recognition of self or non-self, allowing the host organism to bind, engulf or
encapsulate, and eliminate self-aberrant cells or foreign pathogens. This basic phagocytic ability
is shared from unicellular and most groups of multicellular (porifera, cnidarians, annelids,
arthropods, mollusks, echinoderms) to vertebrate organisms.8,89 This has led to a renewed
interest regarding homologies between innate immune cell types and their developmental
origin, believe to diverge from a common type of progenitor cell, the hemocytoblast among
vertebrates and invertebrates alike.88

Interestingly, plants lack specialized mobile immune cells. Instead, every plant cell is thought to be
capable of launching an effective immune response. This observation prefers convergence
rather than conservation in the evolution of the immune systems of plants and animals.

The presence of immune memory characteristics in innate host defense of plants and different animal
lineages suggests that innate immune memory should be an ancient trait that appeared early in
evolution or is the result of convergent evolution or homoplasy. Recent findings strongly suggest
that the molecular pathways involved in the development and function of innate immune cells
are highly conserved among vertebrates and various invertebrate phyla. These assumptions
open the way to hypothesis and identify similar ancestral mechanisms and genes shared by living
organisms. Capabilities given by such innate immune cells would be conserved in the
evolutionary time scale. It is thus likely to suggest that memory characteristics of innate host
defense in mammals would have similar molecular support in the plant and/ or animal lineages.

2 | TOWARD A UNIF YING MODEL FOR INNATE IMMUNE MEMORY

When trying to understand the evolution of innate immune memory, a logical start point may be that
every living organism, which displays an acquired resistance or innate immune memory capacity,
is likely to share common molecular features of theirimmune response that represents the basis
of innate immune memory. However, the presence of clonal selection, antibodies, or mobile
immune-specialized cells is not universal in the living kingdom.



To defend against pathogens, hosts activate a wide range of immune responses aimed to clear the
exogenous intruder. If these pathogens were being met again in the future, expression of the
same wide range immune response would be expected to eliminate it. This can be attained only
if the host was able to conserve a trace of the first encounter with the pathogen and thus
activate the best-adapted response to clear it. Remembering the previous encounter with a
pathogen would thus be the best way to clear a pathogen attack at lower cost. While immune
memory can thus be easy understood, the pattern of immune memory can be far different
depending of the host or pathogen concerned. Sustained response (Box 1) may seem the
simplest way to attain long-time resistance, but this approach may be very costly.90 After it has
select the best way to clear the pathogens, like an antimicrobial peptide or a toxin,91,92 host
can conserve a high level of expression for this immune weapon from very long time93 up to the
whole lifespan.94

To save costs and side effects associated with the auto-immunity induced by the high expression of an
immune response, evolution has selected another way to produce an immune memory
response. Following the first encounter with a pathogen, a generalized immune response is
produced up to the clearance of the pathogen. If hosts can then develop an immune memory
response, the information how to deploy efficiently key factors needed to clear the pathogens
can be saved in memory to be used later when a secondary encounter occurs. Following the
secondary encounter, the enhanced features selected by the primary encounter are employed
both more rapid and stronger, leading to a very efficient elimination of the pathogenic agent.
From bacteria kingdom to plants and animals, even to vertebrates, all living organisms display
their own ways of acquired innate immune resistance after a primary exposition to a pathogen.

2.1 | Molecular events associated with innate immune memory in prokaryotes (Figure 2)

Prokaryotic organisms face an enormous diversity of pathogens in their environments and have
developed distinct defense strategies, including innate immunity; recall immunity; and
dormancy induction, or programmed cell death. In bacteria and archaea, numerous studies have
discussed clustered regularly interspaced short palindromic repeats (CRISPR)-cas-associated
genes as an adaptive immunity system that functions via a distinct endogenous-exogenous
genome recognition mechanism that is partially similar to the mechanism of eukaryotic RNA
interference (RNAIi).94-97 Upon viral injection, the CRISPR-cas system incorporates a small
sequence of the viral genome or plasmid DNA into the CRISPR repeat cassettes and employs the
processed transcripts of these spacers as guide RNAs to cleave the cognate foreign viral DNA or
RNA by cas nucleases.95 The CRISPR-cas system is considered to be an adaptive immunity or
immunization process.94-97 This immunization through spacer acquisition enables a unique
form of evolution whereby a population not only rapidly acquires resistance to its pathogens
but was also able to transfer this resistance mechanism vertically to its progeny.97

2.2 | Molecular events associated with innate immune memory in vertebrates (Figure 2)

Important clues that vertebrate innate immunity has adaptive characteristics can be found in
experimental studies in mice. A large number of such studies, both old and new, have shown
that priming or training mice with microbial ligands can protect against lethal infection. For
example, trained immunity induced by B-glucan (derived from fungi) induces protection against
bacterial infection with Staphylococcus aureus. 98 Similarly, the bacterial peptidoglycan
component muramyl dipeptide induces protection against Toxoplasma,99 and CpG
oligodeoxynucleotide administration protects against sepsis and Escherichia coli meningitis.100
Furthermore, flagellin from gram-negative bacteria can induce protection against the gram-
positive bacterium Streptococcus pneumonialOl and rotavirus,102 independent of adaptive



immunity and induced by dendritic cell-derived IL-18, which drives production of IL-22 from
epithelial cells. In addition to microbial ligands, there is evidence that certain proinflammatory
cytokines may induce trained immunity: injection of mice with one dose of recombinant IL-1a 3
days before an infection with Pseudomonas aeruginosa protected the mice against
mortality.103 The non-specific character of trained immunity argues against a classical memory
effect mediated by adaptive immunity, and suggests activation of non-specific innate immune
mechanisms.

The molecular basis of vertebrate innate immune memory has been only partially defined, but this
likely includes multiple regulatory layers related to chromatin organization and the persistence
of microRNAs (miRNAs) induced by the primary stimulus. Upon primary stimulation of myeloid
cells, a significant gain in accessibility, increased acetylation, and RNA polymerase Il recruitment
result in the activation of gene expression hundreds of times higher than baseline in a short
window of time. These changes are driven by the recruitment of stimulation-responsive
transcription factors (eg, NF-kB, AP-1, and STAT family members) to enhancers and gene
promoters.104 Maintenance of such enhanced accessibility underlies the more efficient
induction of genes ‘primed’ or ‘trained’ by the initial stimulation.105 It has been shown that
histone modifications are specifically bound by recognition domains contained in various
proteins implicated in transcriptional control (eg, the bromodomainacetyl lysine
interaction),106 and the persistence of histone modifications deposited at promoters or
enhancers after the initial stimulus is thus impacting the secondary response.31

One interesting paradigm is provided by latent or de novo enhancers,107,108 which are genomic
regulatory elements that are unmarked or lowly marked in unstimulated cells but gain histone
modifications characteristic of enhancers (such as monomethylation of histone H3 at K4,
H3K4me1l) only in response to specific stimuli. In vitro, upon removal of the initial stimulus, a
fraction of latent enhancers retains their modified histones and can undergo a stronger
activation in response to re-stimulation. Recent studies have investigated epigenetic changes in
vertebrate immune cells during induction of trained immunity. One early study proposed that
changes in epigenetic status underlie the repression of inflammatory genes during LPS tolerance
inmammalian cells, whereas genes mainly involved in antimicrobial responses were not affected
or even increased.105 Similarly, exposure of monocytes/macrophages to Candida albicans or -
glucan modulated their subsequent response to stimulation with unrelated pathogens or
PAMPs, and the changed functional landscape of the trained monocytes was accompanied by
epigenetic reprogramming.31,81 Activation of trained immunity in mammalian myeloid cells is
accompanied by increased markers of open chromatin such as H3K4mel, H3K4me3, and
H3K27ac,81 whereas the repressor chromatin mark H3K9me was decreased. Pathway analysis
identified important immunological (cAMP-PKA activation) and metabolic (aerobic glycolysis)
pathways that play crucial roles in induction of trained immunity.81 In addition, both LPS and
beta—glucan induce innate immune memory through a MAPK-dependent pathway that
phosphorylates ATF7, subsequently reducing the repressor mark H3K9me2.109 Recently,
changes in DNA methylation have been also reported after BCG vaccination.110 Changesin non-
coding RNAs have been also suggested to affect trained immunity, but this remains to be
demonstrated.

Compelling evidence that trained immunity may mediate at least some of the protective effects of
vaccination has come from studies showing that vaccination of animals with bacillus Calmette
Guerin (BCG), the tuberculosis vaccine that is also the most commonly used vaccine worldwide,
induces T-cell independent protection against secondary infections with C. albicans or
Schistosoma mansoni. 111,112 These data are complemented by studies investigating the
mechanism of protection against disseminated candidiasis conferred by attenuated strains of C.



albicans. For example, when an attenuated PCA-2 strain of C. albicans that is incapable of
germination is injected in mice, protection is induced against the virulent strain CA-6.113
Importantly, this protection was also induced in athymic mice and Ragl-deficient animals,
demonstrating a T-cell independent mechanism.31,114 In contrast, the cellular substrate of the
protection against re-infection in these models was dependent on macrophages113 which had
an increased pro-inflammatory cytokine production,115 both prototypical innate immune
components. Extensive studies have explored the molecular mechanisms that enable myeloid
cells to display memory characteristics. Inductions of immunological signals through pattern-
recognition receptors such as TLRs, C-type lectin receptors or NOD-like receptors induce
metabolic and especially epigenetic rewiring of innate immune cells ;

In addition, some viral and parasitic organisms can also exert protective effects through mechanisms
independent of adaptive immunity. Herpes virus latency increases resistance to the bacterial
pathogens Listeria monocytogenes and Yersinia pestis, 116 with protection achieved through
enhanced production of IFNy and systemic activation of macrophages. Similarly, infection with
the helminthic parasite Nippostrongylus brasiliensis induces a long-term macrophage
phenotype that damages the parasite and induces protection from re-infection independently
of Tand B lymphocytes.117

Although macrophage-dependent secondary protection from infection is apparently non- specific,
natural killer (NK) cell-mediated immune memory may provide increased specificity. Consistent
with this idea, several recent studies have reported that NK cells develop adaptive immune
characteristics after infection with mCMV.86,118- 120 After infection, NK cells bearing the
Ly49H receptor proliferate, and these cells persist in lymphoid and non-lymphoid organs during
the contraction phase of the NK cell response. Upon re-infection, these “memory” NK cells
undergo a secondary expansion, rapidly degranulating and releasing cytokines, thus inducing a
protective immune response.86 Interestingly, it has been also recently shown that NK-cells can
prime monocytes in the bone marrow during infection.121 A number of possible mechanisms
have been put forward to explain the memory properties of NK cells, involving either the IL-
12/IFNy axis 120 and the activation of the co-stimulatory molecule DNAM-1 (DNAX accessory
molecule-1, CD226).122

2.3 | Molecular events associated with innate immune memory in plants (Figure 2)

Accumulation of PRRs and dormant signaling proteins. The plant hormone salicylate and its synthetic
analogue benzothiadiazole (BTH) both activate defense priming (the seeming plant equivalent
of trained immunity) and SAR in plants.123,124 In Arabidopsis, treatment with BTH enhances
the level of FLS2 and its co-receptor BAK1 in microsomal preparations associated with enhanced
responsiveness of the plants to flg22125. The BTH-primed plants also have higher levels of the
chitin receptor and peptidoglycan co-receptor kinase CERK1.126 These findings provide a
possible explanation for why primed plants express enhanced defense and broad-spectrum
immunity upon perception of diverse PAMPs. Consistently, when compared to wild-type plants
the priming-deficient ald1 mutant of Arabidopsis has reduced FLS2 and BAK1 levels and is more
susceptible to infectious Pseudomonas bacteria.127 Therefore, defense priming and SAR are
associated with enhanced PRR and co-receptor levels and PRR and co-receptor reduction
attenuates plant immunity

A previous hypothesis proposed that defense priming involved accumulation of dormant enzymes with
importance to cellular signal amplification.12 In Arabidopsis, perception of flg22 by FLS2
activates a mitogen-activated protein kinase (MPK) cascade that presumably is composed of
MPK kinase kinase MEKK1, MPK kinases MKK4/5, and MPK3/6.128-132 Because the cascade
serves to amplify the flg22 signal, MPK3/6 and other cascade members represent excellent



candidates for cellular signaling enzymes that mediate defense priming. In 2009, Conrath et
al123demonstrated that in Arabidopsis, defense priming leads to an enhanced cellular level of
MPK3/6 mRNA transcript and protein. MPK3/6 is still kept inactive in primed cells but is ready-
to-go on re-challenge. Upon re-infection, more MPK3/6 proteins were activated in primed when
compared to unprimed plants and this was associated with enhanced defense and systemic
immunity. Accumulation of inactive protein in Arabidopsis leaves with systemic immunity was
also reported for NPR1, a key immune regulator in plants.29,133,134 Thus, the accumulation of
dormant PRRs, MPK3/6, NPR1, and probably other proteins important to cellular signaling seems
to provide a memory to previous infection by priming the cell for enhanced defense and
immunity.123,135 Consistent with this hypothesis, priming and systemic immunity were
reduced or absent in the Arabidopsis mpk3, mpk6, nprl, and ald1l mutants with reduced levels
of MPK3, MPK6, NPR1, or ALD1, respectively.123,127 Thus, accumulation of PRRs and latent
cellular signaling enzymes seem to mediate defense priming in plants.

2.3.1 | Chromatin dynamics

Chromatin remodelling and modification or replacement of histone control gene transcription in all
eukaryotes.136-138 In plants, these events control flowering time and organ development.139
In the last few years, it became evident that histone modification, histone replacement, and
chromatin remodelling can provide a memory that augments the later transcription of
genes, 137,140 including those with a role in defense and systemic plant immunity. Access of the
transcriptional machinery to DNA is regulated by nucleosome positioning and chromatin
architecture.141 In fact, DNA and histones can both become covalently modified. Cytosine bases
in DNA can be methylated, and this typically attenuates transcriptional activity, whereas the N-
terminal histone tails can be subject to various post-translational modifications, which include
acetylation and methylation.140,142,143 It is generally accepted that the pattern of histone
modifications in the 5’ leader sequence and coding region of a given gene and their spatial
relationship defines chromatin structure and transcriptional competence of that specific
locus.144-146

Unfortunately, the role of most histone modifications in transcriptional regulation is unclear, as is the
identity of enzymes that write, read, or erase a given modification. However, it is generally
accepted that acetylation of histone lysine residues lacks the interaction of nucleosome
neighbors, loosens the ionic DNA-histone interaction, and provides docking sites for regulatory
proteins with bromodomains (eg, transcription factor IID [TFIID] and the SWI/SNF
chromatinremodelling complex).147,148 The so-called histone code also claims that modified
histones recruit regulatory enzymes to discrete sites in chromatin.149 For example, histone
acetylation seems to facilitate site-specific recruitment of the general transcription machinery,
including TFIID, the SWI/SNF chromatin-remodelling complex and the RNA polymerase Il
(RNAPII) complex. Accordingly, in eukaryotes there is close correlation of histone H3 and H4
acetylation and gene transcription.147

The role of histone methylation in transcriptional regulation is less clear because lysine and arginine
residues can be methylated. In addition, up to three methyl groups can stick to a same lysine
residue.150,151 The closest correlation between histone methylation and gene transcription
was shown for tri-methylation of lysine 4 in histone H3 (H3K4me3) in the promoter and coding
region of gene.152 In 2007, H3K4me3 was uncoupled from PR1 defense gene transcription in
Arabidopsis.153 H3K4me3 has instead been associated with a permissive state of PR1
transcription. The authors assumed that this was to prepare for rapid changes in gene
transcription in times of stress.153 Another study revealed that in Arabidopsis priming the
promoter of the defense-related transcription factor gene WRKY29 by BTH is associated with



H3K4me3, H3K4me2, and acetylation of H3K9 (H3K9ac), H4K5ac, H4K8ac, andH4K12ac.154 Yet,
these modifications did not activate WRKY29 until the plants were re-challenged [171]. Thus,
specific histone marks that have been associated with gene activity are induced during defense
priming before actual gene transcription.153,155 Similar observations were made for the
related defense genes WRKY6 and WRKY53 in Arabidopsis.154 Together the findings
demonstrated that priming certain WRKY genes for enhanced transcription involves histone
modifications on the gene promoter that seems to facilitate WRKY gene transcription on re-
challenge. These promoter histone modifications could either slack the interaction of
nucleosome neighbors, loosen the ionic DNA-histone interaction, destabilize chromatin
structure, and/or provide docking sites for transcription co-activators, chromatin-remodelling
factors, and other effector proteins in chromatin.148,156-158 Together these processes could
facilitate recruitment of components of the transcription pre-initiation complex and/or the
general transcription machinery (eg, the RNAPII complex, TFIID), thus supporting transcription
initiation and gene transcription. In a bona-fide SAR experiment localized inoculation of
Arabidopsis leaves with infectious Pseudomonas in systemic leaves primed WRKY6, WRKY29,
and WRKY53 for enhanced transcription upon re-infection.154 The systemic WRKY6/29/53
priming was associated with enhanced H3K4me3 and H3K4me2 on the WRKY6/29/53 promoters
and with augmented H4K5ac, H4K8ac, and H4K12ac on the promoter of WRKY29. These histone
marks were induced in the systemic leaves after local infection but before re-challenge.154
Thus, it seems that information about the localized infection is spread throughout the plant and
stored as modification to histones on the promoter of defense genes in systemic leaves. Hence,
primingassociated chromatin modification seems to provide a memory for priming in the
systemic plant immune response. Correlation of WRKY29 priming and promoter H3K4me3 in
various Arabidopsis mutants pointed to this particular histone mark as being important to WRKY
priming and systemic immunity in this species of plant.154

2.4 | Molecular events associated with innate immune memory in invertebrates (Figure 2)

Despite accumulating phenotypic evidence of innate immune memory in invertebrates, knowledge of
its mechanistic underpinnings is currently very limited. Invertebrate immune memory was
believed to rely on two main processes: (i) a sustained response, involving the long-lasting up-
regulation of the same immune effectors after an initial immune challenge; or (ii) a recalled
response, involving the activation and clearance of the immune response following a first
encounter and neutralization of a pathogen and the faster and stronger activation of the same
immune defense compounds in response to a secondary encounter.17 Interestingly a new and
unexpected regulatory process has been described recently for invertebrates. Two recent
studies reveal that the primary and the secondary immune responses, developed against the
same parasite, involve different immune effector systems resulting in a transcriptional
shift.17,24,159 This transcriptional shift was highlighted in mollusk and insect and involved a
substantial set of differentially expressed transcripts that were over or under-represented
exclusively following the secondary immune challenge. In Biomphalaria snails, this immune shift
will changed the immune cellular encapsulation response toward a humoral immune
response24 while in the coleopteran Tribolium, immune shift results in an enhanced pleiotropic
immune capabilities.159

These studies evidence a so-far unreported process of immune memory response in invertebrates.
Hemocytes can acquire a new phenotype toward a previously encountered pathogen, in
anticipation of potential secondary encounter. In invertebrates, the activation of a subset of
hemocyte immune cells was expected to be the main support of innate immune memory.
Following infection by a virus, a bacteria or a protozoa, insects are able to select and activate a



competent subpopulation of cells with enhance capacities of lysis or phagocytosis.21,160,161
Hemocytes in Drosophila acquire their function through multistep events of differentiation,
which involve the regulatory interaction of evolutionarily conserved transcription and epigenetic
factors.162 It is thus possible to imagine that such mechanisms would also occur in the
acquisition of innate immune memory for invertebrates ;

The shift in gene expression demonstrates the activation of targeted transcript clusters exclusively
following challenge, demonstrating a complex transcriptional reprogramming. We hypothesis,
that this transcriptional reprogramming would be supported by an epigenetic reprogramming
of hemocytes, based on remodelling of DNA methylation patterns, changes in histone marks,
modifications of chromatin structure, or changes in miRNA, or IncRNA expression patterns.

Interestingly, it has been demonstrated that most of the invertebrates possess the epigenetic
machinery needed to master physiological or biological life history traits including development,
reproduction or immune response.163,164 Anopheles, for example, is able to regulate a
microRNA aga-miR-305 to master the antiplasmodium response thanks to post-transcriptional
modification of immune effector genes.165,166 Same results for other miRNA candidates were
depicted following infection by metazoan 661 parasites in other invertebrate organisms.167-
169 These results of miRNA regulation for immune-related gene following infection probe the
evidence that host can activate a complete new pathway to address a new pattern of response
for a secondary challenge with pathogen. Concerning chromatin structure pattern and the
associate histone mark modification, or DNA methylation patterns few evidences exist
concerning their potential involvement in innate immune response.169-173

In vertebrates similar epigenetic and transcriptional reprogramming have been described for trained
immunity.15,80,174 These changes are driven by the recruitment of stimulation-responsive
transcription factors like NF-kB, AP-1, and STAT family members. It is to note that such major
immune signaling pathways (ie, IMD, Toll, JAK/STAT, NF-kB) are also well conserved across
invertebrate phyla 92,175-177 re-inforcing the chance to highlight an overall ancestral
mechanism of innate immune memory from plants to vertebrates.17,159 Further research is
now needed to test if whether epigenetic reprogramming appeared as an overall molecular
process that can be found in invertebrates displaying innate immune memory phenotype .

To summarize, vertebrate immunologists view immune memory as a property of lymphocyte
populations that arise through gene recombination. However, this traditional view of immune
memory would probably need to be rethinking with the help of plant and invertebrate
immunologists, which showed that immune memory can be supported by innate immune cell
populations and epigenetic reprogramming. Epigenetic processes appeared as the efficient
mechanism of innate immune memory that is shared by distant phylogenetic phyla and involved
in all processes of within generation of trained immunity (Figure 2). We defined innate immune
memory as a more or less specificimmunological memory resulting from rewiring the epigenetic
program and the functional state of the innate immune cells, resulting in protection against
secondary infections. Functional epigenetic reprogramming would thus be the main process for
innate immune cells to acquire, store and recall new immune capacities. Would memory of the
pathogen exposure be written in the epigenome?

3 | INNATE IMMUNE MEMORY TRANSFER

3.1 | Cell-to-cell communication and systemic acquisition of memory phenotype

An important aspect that deserves increased efforts in the coming years is to understand the inter-
cellular dialogue, which is needed to spread the resistance signal from periphery throughout the
entire host, to insure a systemic increase in the resistance to infection.



These studies need to explain the mechanisms through which just few immune cells that encounter a
pathogen could induce resistance of the entire metazoan organisms against already
encountered intruders.

In vertebrates, little knowledge is available regarding the transfer of the innate immune memory. This
is however extremely relevant, as these mechanisms are necessary to explain the strong non-
specific effects of vaccination. An important aspect to be considered regarding trained immunity
induced in monocytes is the lifespan of these cells. Monocytes are cells with a short halflife in
circulation, with recent studies suggesting it to be up to 1 day.178 The observation that trained
monocytes have been identified in the circulation of BCG-vaccinated individuals for at least 3
months after vaccination179 suggests that reprogramming must take place at the level of
progenitor cells of the innate immune cells as well. Indeed, recent evidence has emerged that
innate immune memory can be transferred via hematopoietic stem and progenitor cells.
Macrophages derived from hematopoietic stem and progenitor cells rendered tolerant by TLR2
exposure and transferred to irradiated mice retain a tolerant phenotype and produce lower
amounts of inflammatory cytokines and reactive oxygen species.180 Similarly, beta-glucan
induces trained immunity through effects on myeloid bone marrow progenitors.181
Furthermore, exposure of the skin of mice to UV radiation induces epigenetic reprogramming
and a long-lasting effect on dendritic cell progenitors in the bone marrow that altered the
function of their differentiated progeny.182 In addition, recent studies have suggested that
microbiota can induce long-term functional reprogramming of bone marrow progenitors, and
subsequently dendritic cells, to induce protection against Entamoeba histolytica.183 Which are
the signals mediating the transfer of innate immune memory from the periphery to the bone
marrow is not yet known in detail, although 1L-13181,184 and GM-CSF 185 have been proposed
as candidates. More studies are needed to understand in detail these processes.

In plants, various chemicals, amino acids, peptides and proteins were associated with systemic
signaling in SAR, ISR, and BABA-IR. They comprise salicylate and methyl salicylate,186 jasmonate
187 the dicarboxylic acid azelaic acid,188 the abietane diterpenoid,189 a glycerol-3-phosphate
derivative,190 the predicted lipid transfer proteins DIR1, DIR1-like, AZI1, and its closest paralog
EARLI1,191,192 the non-protein amino acids pipecolic acid127 and BABA,193 and
monoterpenes.194 Many of these molecules are assumed to act in concert with salicylate when
inducing SAR, and it seems that different combinations of these signals interact in the SAR
response. Some of these signals seem to even serve as alarm signals between plants.194
Although jasmonate is likely involved in the systemic signaling of both SAR and ISR,187 the plant
hormone ethylene was associated with systemic signaling only in ISR so far.195 Whether
enhanced presence of PRRs, accumulation of dormant signaling enzymes, and modification to
histones are induced by systemic signaling compounds other than salicylate and its biologically
active analogues remains to be investigated.

In invertebrates, the sole example of systemic transfer of innate immune memory was demonstrated
recently for Drosophila, in which a sophisticated systemic RNAi-based antiviral immunity
mediated by hemocytes have been demonstrated.196 The fly use immune cells to generate
immunological memory in the form of a stable systemic immunity, mediated by RNAi-containing
exosomes.196 Except for this example, nothing else is known regarding the transfer or systemic
acquisition of innate immune memory in invertebrates. However hemocyte-to-hemocyte
communications following pathogen encounter have been described for numerous taxa.

The first pathway mediating cell-to-cell communication of immune information is microRNA (miRNAs).
Many results were published on the role of small non-coding RNAs in the immunerelated gene
regulation in insects, crustaceans and mollusks. In Anopheles gambiae miRNAs are involved in
regulating the antiPlasmodium defence.165



In crustacean miRNAs regulate innate immune response against bacteria in Procambarus clarkial97
and against white spot syndrome virus in shrimps.198 In the oyster Crassostrea gigas miRNAs
were demonstrated to modulate immunity and regulate hemocyte migration.199 On the basis
of these observations, we hypothesis, that miRNAs may be involved in systemic transfer of
innate immune memory in invertebrates.

The second pathway mediating cell-to-cell communication of immune information in invertebrates is
cytokines. Some families were identified 200 such as interleukins, Granulin, Macrophage
inhibitory factor (Mif), Tumor Necrosis Factor (TNF),163,201-204 or alsoUpd2, Upd3, spatzle in
Drosophila melanogaster,92 astakine in Pacifastacus leniusculus, 205 or coelomic cytolytic
factor (CCF) in Eisenia foetida.206

Interleukins have been identified in several invertebrates, including the sea urchin,207 oysters 208,209
and snails163 and act as immune defense mediators. Interestingly, in the snail Biomphalaria
glabrata interleukin treatment changes the cellular encapsulation process toward a humoral
clearance mechanism,210 this phenotypic shift being similar to the one observed in innate
immune memory.24

Granulins are evolutionarily conserved growth factors described from plants to vertebrates. In
invertebrates (mollusk and insect), granulins drive proliferation or differentiation of immune
cells and participate in the hemocyte activation of the anti-pathogen defense response.202,204

Macrophage Migration Inhibitory Factor (MIF) has been described in snail to activate hemocyte
proliferation and differentiation.201 In Aphids, MIF cytokine was secreted with salivary
compounds during feeding and was shown to repress plant immune response.203

In Drosophila melanogaster several signaling pathways, including the JAK/STAT, spéazle and Toll
pathways, are known to activate hemocytes. Following parasitoid wasp infection hemocytes
secreted Upd2 and Upd3, two important cytokines leading to JAK/STAT activation that is
required for an efficient encapsulation of wasp eggs. Toll signaling initiates a systemic response
in which hemocytes are mobilized and activated211

Understanding how innate immune memory systemic acquisition is mediated ininvertebrates and how
memory is stored or recorded in hemocytes, hematopoietic organ or other progenitor cells-
producing tissues is an issue of future investigations.

3.2 | Offspring transfer of innate immune memory phenotype:

An abiding question in biology is whether acquired characteristics can be inherited.212 One fascinating
observation in invertebrate immune priming involves the transfer of an acquired protective
effect from one parent to its offspring. This phenomenon is called trans-generational immune
priming (TGIP). TGIP is considered a form of innate immune “memory.” During the induction of
this process, immune priming of the parental generation leads to stronger immune reactions or
improved resistance of the offspring.

3.2.1 | Trans-generational immune priming in plants

Several recent studies reported on trans-generational defense priming and SAR in Arabidopsis and
inherited anti-herbivore defense in tomato.213-215 One study showed that progeny of
Pseudomonas-infected Arabidopsis plants was primed for enhanced activation of defense genes
and for immunity to the infectious oomycete Hyaloperonospora arabidopsidis and to pathogenic
Pseudomonads.213 Because transgenerational priming and SAR continued for more than one
generation, the authors proposed an epigenetic basis of the phenomenon. Supporting this,
H3K9ac, an epigenetic tag of a permissive state of transcription, was enhanced in the 5’ leader
sequence of defense genes PR1, WRKY6, and WRKY53 in the offspring of Pseudomonasinfected
Arabidopsis plants. Consistently, the trans-generational phenotype was not observed in the



priming/SAR-deficient nprl mutant.133,213,216 In addition, the Arabidopsis drm1drm2cmt3
triple mutant with reduced non-CpG DNA methylation mimicked the transgenerational
priming/SAR phenotype.213 Furthermore, Pseudomonas infection caused DNA hypo-
methylation in Arabidopsis. 217 Therefore, it was proposed that next-generation priming and
SAR were mediated by DNA hypo-methylation.213 However, the genome of many organisms
with trans-generational memory (eg, Drosophila, Caenorhabditis elegans) does not encode DNA
methyl-transferases.218 Therefore, DNA methylation cannot provide a universal epigenetic
immune memory. It could be limited to plants.

Another study disclosed that progeny of BABA-treated or Pseudomonas-inoculated Arabidopsis
mounted enhanced defense gene expression associated with immunity to Pseudomonas and H.
arabidopsidis. 215 It seems that even the capacity for expressing priming can be inherited
because offspring of primed Arabidopsis plants show more robust priming than progeny of the
un-primed control (so-called primed-for-priming phenotype).215 Interestingly, it was reported
recently that Arabidopsis and tomato plants are capable also of inheriting resistance to
herbivory.214 The enhanced resistance to caterpillar feeding in the progeny of primed
Arabidopsis plants was found to depend on functional DICER-like enzymes. This finding suggests
involvement of small RNAs (sRNAs) in nextgenerational defense priming.

3.2.2 | Trans-generational immune priming in invertebrates

In invertebrates, TGIP specifically refers to the vertical transmission of the immunological experience
from the parent(s) to the offspring.219,220 The first evidence of TGIP in invertebrates was
described in 1999 for the crustacean Penaeusmonodon with mothers transfer offspring
protection against the white spot syndrome virus (WSSV).219 Since then, TGIP has been
demonstrated in numerous invertebrate species belonging mainly to arthropods.13,221

TGIP in insects was suspected to be associated with prophenoloxidase, antimicrobial peptides (AMP)
and vitellogenin pathways. AMPs transfer and storage from mothers into the eggs have been
demonstrated222-224 and recently AMPs were found over- expressed in bumblebee worker
offspring hatched by queens injected with the bacteria Arthrobacter globiformis.225
Vitellogenin, the major egg storage resource for embryo nutrition, has been demonstrated to
display multiple immune functions. Vitellogenin can act as a multivalent pattern recognition
receptor (PRR) with an opsonin and antibacterial activity.226 Vitellogenin can recognize bacteria
by specifically binding to pathogen-associated molecular patterns (PAMPs), such as PGN and
LPS, and mediate the translocation of bacterial proteins to the eggs.227 This transfer was
associated with an increased expression of immune genes in the eggs.227-229

In invertebrates, modifications of gene methylation and histone acetylation are the major epigenetic
factors that could regulate immune response toward bacteria, viruses or fungi 845.170,230
However solely two studies have investigated the role of epigenetics in TGIP, one on histone
acetylation in the response of the crustacean Artemia sp. to Vibrio campbelli231 and the other
on gene methylation after bacterial exposure of T. Castaneum.229 Unfortunately, none has
succeeded to highlight a link between those epigenetic modifications and TGIP. The involvement
of microRNA, IncRNA, and changes in chromatin structure has not been investigated in TGIP,
despite their known role in invertebrate immunity and host-pathogens interaction.232,233
Interestingly a recent study has demonstrated in the greater wax moth Galleria mellonella that
experimental resistance selection to Bacillus thuringiensis (Bt) results in the modification of
acetylation of specific histones and DNA methylation as well as transcription of genes encoding
the enzymatic writers and erasers of these epigenetic mechanisms in the offspring.234



Thus, considering the prominent role of epigenetics in many transgenerational adaptation process in
animals and its implication in the modulation of several immune response pathways, its
involvement in TGIP must be now more deeply and widely investigated.169,235

3.2.3 | Trans-generational immune priming in vertebrates

Only very few, if any, data are available regarding transgenerational transmission of infection
resistance in vertebrates. Trans-generational parental effect has been identified in vertebrates
in which offspring enhanced immunity can be mediated by maternal antibodies, hormones and
nutrients provided via placenta and milk in mammals and via the egg yolk in birds and
reptiles.236 It has been also demonstrated that experience of stressful, toxic or polluted
environment encountered by the parents can be transfer to the offspring by an epigenetic
reprogramming of the fetus that can last for several generations.237 Indeed, trans-generational
transmission of epigenetic marks, including H3K9me and H3K27me induced by metabolic
factors, toxins, or stress has been reported.238-240 But no studies have investigated the
transmission of resistance to infections between generations. However, a very recent study
reported that BCG vaccination of the mother improves the response of the child to BCG,241 an
indirect argument for trans-generational transmission of resistance traits. These observations
may suggest that trained immunity is also transmitted trans-generationally in vertebrates, and
more studies are warranted to investigate it. The trans-generational transmission of epigenetic
traits is under much debated in vertebrates, and it remains to be demonstrated in the case of
innate immune memory.

4 | POST-LAMARCKISM/NEO-DARWINISM SELECTION

Acquisition of innate immune memory can be interpreted as a within-generation resistance
mechanism described by Lamarck as non-Darwinian resistance process. Innate immune memory
even has trans-generational Lamarckian characteristics, Lamarckian property may have
important advantages during severe pandemic events when Darwinian evolution based on
genetic variation and selection may be too slow to achieve survival of the species (Figures 3 and
4).

Following a primary infection or vaccination, a thymectomized mouse, an invertebrate animal, or a
plant, can built innate immune memory. This innate immune memory represents an important
mechanism through which resistance to disease can hi can be mediated by epigenetic
reprogramming of innate immune cells. Moreover, the acquisition of homologous or
heterologous rapid resistance to infections by innate immune memory process can select for
the transmission in the progeny of increased patterns of transcription of host defense genes
through a TGIP mechanism (Figure 4). The patterns to be transmitted trans-generationally are
then chosen through the selective filter caused by the initial infection and may spread rapidly in
the next generation.

Future studies will likely identify the precise mechanisms mediating these trans- generational effects.
The process of the transgenerational epigenetic reprogramming likely mediated by soluble
regulators such as cytokines, growth factors or non-coding RNAs (miRNA or IncRNA) remains to
be demonstrated. These regulators need to target not solely to somatic but also to germinal
cells to induce specific epigenetic regulations that may lead to changes in immune function that
can be transmitted to the next generation, and subsequently confer an increased resistance to
infections. If that occurs in the n + 1 generation the individuals and more precisely theirimmune
system may well possess both, an acquired resistance from the trans-generational trained
immunity, but can also be trained once more through epigenetic reprogramming following an



encounter with new pathogens (Figure 4). This resistance phenotype that is inherited is
reminiscent of the acquired phenotype proposed by Lamarck (1744-1829). This de facto
infection- induced, epigenetically mediated Lamarckian evolution will complement the much
better known selection of the resistant individuals through the natural selection process
described by Darwin (1809-1882). Both processes, which reconcile Lamarckian and Darwinian
evolutionary selection, may diversify the sources of selective value and can be intimately
associated in the evolution of eukaryotes.

5 | CONCLUDING REMARKS AND FUTURE CHALLENGES OF RESE ARCH IN THE FIELD OF INNATE
IMMUNE MEMORY

There is increasing body of evidence for innate immune responses exhibiting adaptive
characteristics.15,25 In plants and invertebrates, despite the absence of adaptive immune cells
and the lack of clonal selection, adaptation within the innate immune response has been
described, leading to innate immune memory and resistance against re-infection.12,26 In
addition previous and recent studies in mammals have demonstrated that certain mild
infections or vaccination with attenuated microorganisms lead to the induction of cross-
protection against infections with different pathogens.174 It is thus apparent that innate
immunity can be modulated by previous encounters with pathogens or their products. Several
terminologies have been proposed to describe innate immune memory, depending of the type
of infection and model host studied: in plants, the term defense priming describes the immune
memory in SAR, ISR, and BABA-IR, the immune priming in invertebrates, or the trained immunity
in the vertebrates. Compared to adaptive immunity, trained immunity is exerted by innate
immune cells (eg, monocyte or NK in vertebrates, hemocytes in invertebrates), which are no
specific and have a short-lived response, or by every single cell in plants. Innate immune memory
can be mediated partially through epigenetic modifications induced by signal transduction
impinging on transcription factors. Such epigenetic reprogramming does not involve permanent
genetic changes such as mutations and recombination; by changing the accessibility of
chromatin for transcription, gene expression is changed with consequences for cell functions
and acquisition of new immune capabilities that can be related to a Neo-Lamarckian inheritance
system. The similarity of these processes from prokaryotes to vertebrates (Figure 2) argues for
the possibility that innate immune memory is an ancestral biological process that evolved for
protection of multicellular organisms lacking adaptive immune responses.

The arguments presented above suggest that innate immune memory is a fundamental characteristic
of host defense. Much remains to be learned in this field that gather together immunology
across living kingdoms in the upcoming years. The field of innate immunological memory is very
active, and it is on the brink of new discoveries: this progress will come from both the proposal
of novel concepts, as well as from a revolution in the tools available. We have just started to
understand the impact of tissue environment on the induction of immune memory, and we
expect this to be a very fruitful area of research. Similarly, induction of innate immune memory
at tissue level, rather than only in the bone marrow and circulation, will likely revolutionize our
understanding of local immune responses. A very recent study demonstrating epigenetically
mediated inflammation-induced memory in skin cell progenitors is just a first step in that
direction.242 Our understanding of the impact of external factors, such as the host microbiome,
onimmune memory is currently in its infancy, but we believe that crucial discoveries will emerge
from this area in the years to come. These discoveries will be enabled by the availability of large
cohorts of individuals whose detailed immunological phenotyping has been performed, and the
use of a system biology approach and cutting-edge ‘omics’ technologies will also contribute
greatly. A key question to answer in the future concerns our understanding of the induction of



immune memory at the single cell level, and identifying the cell subpopulations which should
initiate the immune memory phenotype. Finally, a key goal for the infant field of innate immune
memory is to identify the detailed mechanisms mediating these processes and the overall
impact of innate memory in physiology and disease. Only when these aims will be achieved we
will have a comprehensive view of the impact of innate immune memory on resistance to
infections and its implications for human diseases, leading to both a better biological
understanding of host defense and the identification of novel approaches for diagnosis and
therapy in human diseases or plant and animal pathologies.
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FIGURE 1

Evolutionary success of innate immune memory. Since LUCA (for Last Universal Common Ancestor),
organisms evolved into a couple of major phylogenetic groups: bacteria, plants and animals.
Animals can be divided into vertebrates and invertebrates. Ninetynine percent of living
organisms are related to invertebrates, plants and microorganisms, while vertebrates represent
solely 1% of such biodiversity. Thus on earth solely 1% of the organisms possessed an adaptive
immunity based on immunoglobulin and clonal selection. Other organisms lack this kind of
adaptive immune memory but they met as vertebrates an incredible evolutionary success. This
success can be related to the acquisition of a memory capability of the innate immune system
that could compensate the lack of classical adaptive immune memory. Innate immune memory
or trained immunity appeared as a real evolutionary success that enables all organisms to
respond efficiently against pathogen infections
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FIGURE 2

Molecular characteristics of innate immune response shared between bacteria, plants, invertebrates
and vertebrates. From prokaryotes, to plants, invertebrates, and vertebrates, some similarities
in molecular mechanisms can be particularly pinpointed based on non-exhaustive approaches
in the way to sense, acquire and clear an immune response. The activation of primed/trained
immunity starts with a naive state (Naive) where cells hold few immune sensors. After activation
of immune response (Primed) via several specific surface receptors, the intracellular signals are
translated into long-term epigenetic reprogramming, or enhanced levels of PRRs, or
accumulation of dormant cellular signaling enzymes of innate immune-specialized cell in animals
and essentially all cells in plants. Together, these events provide a memory state of resistance
(Trained) that supports deep molecular and metabolic modifications to confer immunity to re-
infection in these phylogenetically distant taxa
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FIGURE 3

Innate immune memory transmission to progeny. Following primary infection, some living organisms
are able to generate a specific and competent immune response with potential memory
capacities. Plants and invertebrates undergo epigenetic modifications following infection that
support an innate immune memory or trained immunity response. Interestingly, insects and
plants are capable of transferring stress-induced epigenetic modifications (histone marks, DNA
hypo-methylation) to the next generation and cases of transgenerational immune priming (TGIP)
have been described for such organisms. Altogether, these observations lead to the hypothesis
that the transfer of epigenetic modifications to the offspring may support trans-generational
trained immunity (TGTI) that appeared as an overall general evolutionary process associated
with trained immunity or innate immune memory
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FIGURE 4

Potential selection through innate immune memory-based resistance during lifespan. Trained
immunity enables individuals to acquire enhanced resistance through an innate immune
memory pathway. Trans-generational transmission of trained immunity by the off-target
reprogramming of germinal cell line suggests a Lamarckian process of resistance able to go
through a resistance filter caused by a potential primary infection. Encountering many
homologous or heterologous pathogens can activate both Lamarckian and Darwinian resistance
acquisition, complementary processes that will finally positively influence the survival of a
species. Future works are needed to evaluate the modification of selective values or fitness for
N-+n generations following primary encounter with pathogen and activation of trained immunity
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BOX
Key concepts of immunological memory

Immune memory

Ability of the immune system to store information of a primary infection and to recall the infection for
an earlier, sometimes faster, and often more robust response against subsequent exposure to
the same or an unrelated pathogen.

Trained immunity

Long-term enhancement of anti-pathogenic functions within the innate immune host defense after
vaccination or infection, which is mediated by metabolic, epigenetic and transcriptional
reprogramming of specific innate immune cell populations.

Systemic acquired resistance (SAR)

State of enhanced defense readiness in plants. SAR is activated upon infection by necrotizing
pathogens and establishes throughout the plant. SAR provides unspecific broad-spectrum
resistance to (hemi)biotroph microbial pathogens.

Induced systemic resistance (ISR)

State of enhanced defense readiness in plants. ISR establishes upon colonization of the root with
growth-promoting rhizobacteria and rhizofungi. ISR is expressed throughout the plant and
provides unspecific broad-spectrum resistance to necrotroph microbial pathogens. The
spectrum of pathogenic microbes against which ISR provides resistance is nearly, but not
completely identical to that of SAR.

Immune/Defense priming

Activation of the innate immune system following encounter with a dead pathogen, a sub- lethal dose
of a live pathogen, a pathogen-associated molecular pattern (PAMP) or an effector of pathogen
origin. Immune priming can be associated with a strong protective effect against a subsequent
challenge with an otherwise lethal dose of pathogen.

Sustained immune response

Long-lasting protection against later pathogen challenges that persists even if the pathogen is
neutralized. The protection is maintained by the continuous production of relevant immune
effectors that can be specific or non-specific regarding the pathogen encountered.

Innate immune tolerance

State of immunological insensitivity to exogenous (pathogens) and/or endogenous ligands that have
the capacity to elicit animmune response in the host. Peripheral tolerance is a key to preventing
hypersensitivity of the immune system to various environmental entities, and to limit tissue
damage during infection. Tolerance allows for some pathogenic organisms to successfully infect
a host and avoid elimination.



