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Abbreviations used throughout this chapter 
 
 
AID: Activation induced (cytidine) deaminase. 
AMP: Anti microbial peptides. 
APC: Antigen presenting cell. 
 
BM: Bone marrow. 
 
C’ : Complement.  
CDA: Cytidine deaminase. 
Comb.: combinatorial.  
CTL: Cytotoxic T lymphocytes. 
EGF: Epithelial growth factor.  
 
Fc Receptor: Receptor binding the crystalisable fragment of the Ig molecule (Fc).  
Fn3: Fibronectin3.  
 
GALT Gut associated lymphoid tissue.  
Gen. conv. gene  conversion.  
GRP Beta1-3 glucan receptor. 
 
IFN: Interferon.  
Ig: Immunoglobulin. 
IgSF: Immunoglobulin superfamily. 
Il: Interleukin. 
IL1-R : Receptor for Interleukin 1. 
ITIM: Immunoreceptor tyrosine-based inhibitory motif 
 
LRR : Leucine rich receptor. 
 
MACPF: Membrane attack perforin. 
MASP: Mannan-binding lectin-Associated Serine Protease. 
MBL: Mannose binding lectin. 
MHC: Major histocompatibility complex. 
 
NK: Natural killer cells. 
NLR: Nod-like receptor (NOD = nucleotide binding oligomerization domain). 
 
PDC: Plasmacytoid dendritic cells. 
PGRP: Peptidoglycan recognizing protein. 
PKR: Protein kinase R.   
PLA2: Phospholipase 2.  
 
RAG: Recombination activating gene. 
RIG-1: Retinoid inducible gene 1. 
RNAi: RNA interference. 
 
SARM1: Sterile a motif (SAM) and an Armadillo repeat motif TIR motif–containing 
protein. 
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Scav. R: Scavenger receptor. 
SRCR: Scavenger receptor cysteine-rich.  
 
TCR: Tcell receptor.  
TEP: Thioesterbond containing proteins. 
TGF: Transforming growth factor. 
TH1 and 2:T helper cells 1 and 2.  
TICAM2: TIR domain-containing adapter molecule 2.  
TIR: Toll/Interleukin 1 receptor.  
TIRAP: TIR adaptor protein.  
TLR: Toll-like receptor.  
TNF: regulatory T-cells. 
TRIM: Tripartite motif-containing molecule.  
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Introduction 
 
"At some stage of evolution one or more species must have made the momentous 
discovery that a very convenient source of food consists of the tissues of other 
organisms. And whatever the first form of life on earth may have been we find at the 
present time that all organisms have provided themselves with some membrane or 
shield to protect themselves against invasion from the outside."  
 
(William C Boyd, Fundamentals of Immunology 1956)  
 
 Immunity being of such an importance, it is understandable that it is not provided to 
our body by a single system. Nowadays one often reads that the human immune 
system (fig.1) consists in  an innate arm, inherited from primitive species that 
provides a first line of defense, and in an adaptive arm, restricted to vertebrates and 
responsible for specificity and memory. In fact innate immunity is provided by a 
constellation of different systems. These are often not related to each other, they may 
operate at quite different “topographical” levels in the body, intracellularly or 
extracellularly and they were probably selected independently and they coevolved in a 
complex way with the  adaptive arm of the system. 
 
 
 

 
 

Schematic representation of immunity in man 
 

Figure 1 
Abs Antibodies   
AID Activation induced deaminase  
AMP Anti microbial peptides 
APC Antigen presenting cell  
BM Bone marrow 
C' complement RNAi RNA interference  
CTL cytotoxic T lymphocytes  
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IFN Interferon ITIM immunoreceptor tyrosine-based inhibition motif 
IgSf immunoglobulin superfamily  
Il1.R Interleukin 1 receptor PKR protein kinase R 
LRR Leucine rich repeat  
MHC Major histocompatibility complex  
NLR Nod like receptors 
RAG1 -2 Recombination activating genes  
RIG1 retinoic acid-inducible gene  
TLR Toll-like receptors 
TRIM Tripartite motif containing receptors 
 
 
 
Therefore a comparative study of our immune system with an attempt at 
reconstituting its build-up during the evolution of Metazoa, helps distinguish the 
essential from the accessory in the complex assembly of its elements.  
 
 

Recruitment of receptors, establishment of signal 
transduction towards an effector mechanism. 

 
   

Some of the selection pressures and constraints that shaped the evolution of 
immune systems of Metazoa (Figure 2) are presented in Table 1: One can see (in 
italics) that some of the pressures will be met better by innate or adaptive 
characteristics of the immune system.  
 
	

Selection	pressures	applied	on	immune	systems	
	
Should	be	rapid	and	efficient	at	eliminating	the	danger	
Innate	,		constitutive	elements.	
	
Should	confer	to	each	individual	within	a	species	the	best	chances	of	survival	
under	changing	environment	conditions.	
	Somatic	adaptations	
	
Should	have	diversity	and	flexibility,		
Many	solutions:	gene	families,		many	molecular	categories,		somatic	adaptations,	
	
Should	be	regulated	(up	and	down	regulation)	
Regulatory		networks.	
	
	Should	be	specific	
Somatic	adaptations,	large	repertoires.	
	
Should	be	economical	i.e.	should	not	use	too	much	genetic	material,	too	many	
cells.	
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Somatic	adaptations,	combinatorial	usage	of	elements.	
	
Memory,	transfer	of	protection	to	the	progeny	could	be	useful.	
Clonal	selection.	Inheritable	specificities.		Maternal	transfer	of	antibodies	
	
Should	not	react	with	self.	Should	allow	symbiotic	organims.	
Selection.	
Central	and		peripheral	tolerance.	
	
Modulations		of	the	above	are	likely	to	be	observed	under	the	influence	of	many	
traits	of		the	life	histories	of	the	organisms,	genome	size,	level	of	genomic	
instability,	metabolic	rates,	progeny	size,	age	at	reproduction,	lifespan,	
acquisition	or	not	of	symbionts,	etc.	
	

Table 1 
	
 

 
 

 
 

A simplified classification of the Metazoa 
 

Figure 2 
 
Oceans, a major source of microorganisms, were plausibly the environment in which 
the first Metazoa appeared. Therefore, several hundred million years ago, they must 
have been exposed to multiple and simultaneous threats to their individualities: 
Bacteria, Viruses, Protozoa, Fungi, Archea, competing individuals of the same 
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species. In addition they were exposed to putatively dangerous variants of their own 
self due to mutations. Such a situation must have favored  the early development of a 
diversified immune system. 
If avoiding contact with pathogens is impossible, immunity can be achieved inside 
our body in the humoral environment (e.g. soluble mediators with complement or 
complement-like cascade table 2, other enzymatic  cascades such as the 
prophenoloxiase pathway) or locally within each cell of the organism, thanks to cell-
autonomous processes following endocytosis.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Conservation of complement  elements across Metazoa 

Table 2 
 

 
MASP: Mannan-binding lectin-Associated Serine Protease 
MACPF: Membrane attack perforin 
TEP: thioesterbond containing proteins 
MBL: Mannose binding lectin 

Thioester C3, from diploblastic 
C4, in Gnathostomes 
Alpha2M, all Metazoa 
TEP, in Protostomes 

Function Inflammation 
in Gnathostomes 
 
Opsonization 
via C3b from Diploblastic 
via TEP in Protostomes 
 
Cell lysis 
via MAC C5b-C9 in Gnathostomes 
via MACPF Metazoa 

Homologies C2, Deuterostomes 
C3, Bf  from Diploblastic 
 
C1r, C1s, MASP 
C1q MBL 
Deuterostomes 
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 In complex metazoans immunity can be the result of several other mechanisms 
involving specialized tissues and mobile cells. Those mobile cells, the hemocytes or 
lymphocytes, are usually coming from the mesoderm-derived hemopoietic 
compartment. They are often able to phagocytosis pathogens. They patrol the body 
and therefore they exert a surveillance and, later in the response, they help launching 
a systemic reaction. The first event in which these cells participate is the recognition 
of the environment by receptors on their membrane, followed by a signal transduction 
and an effector phase in the nucleus.  
 

Recruitment of receptors 
 

Modern protozoa having a metazoan phase like Dictyostelium may suggest 
how some elements of the immune systems were recruited. Dictyostelium exhibits 
sorting capacity that are indicative of self-recognition mechanisms governing 
phagocytosis. During the sexual cycle of this species, zygote giant cells chemoattract 
and phagocytose hundreds of local amoebae. This sexual phagocytosis is species- and 
developmental stage- specific and the process is mediated by receptors able to 
distinguish self from non-self. Metazoa may have profited from this distinction 
capacity and adapted it to protection of the individual. Indeed  protozoa and 
invertebrates share related phagocyte receptors of the type found in Dictyostelium 
(PHG1-like for instance), but sharing is more conspicuous when comparing phyla 
within Metazoa. During Drosophila development apoptotic cells are phagocytozed 
after recognition by evolutionarily conserved scavenger receptors, of  the family 
Draper, Eater, Nimrod, (homolog of C. elegans'  Ced1) with multiple Epithelial 
Growth Factor (EGF) domains. This family has homologs in the vertebrate MEGF 10 
molecules. The scavenger receptor B, Croquemort, of the vertebrate CD36 family, is 
expressed on fly and other invertebrates macrophages.  
Finally the adaptation of phagocytosis to Metazoa immune system ended up 
equipping the surface of phagocytic cells with a diversity of receptors, allowing the 
multiple recognition events imposed by the above mentioned challenges. This 
diversity also offers the possibility of combinatorial usage of elements, which 
multiplies the number of recognition possibilities. 
The molecules recruited as receptors have to obey certain criteria: to be resistant to 
proteolysis and to pH changes, to have certain binding capacities, to be able to stand 
on the outside of a cell,  to transduce a signal, or to be part of an enzymatic cascade in 
solution etc. 
Under such constraints the actual number of protein categories recruited is restricted 
compared to the available number of protein folds (figure 3). Lectins, Leucine Rich 
Repeats, Immunoglobulin superfamily (Igsf), epithelial growth factor receptor, 
members of the complement family, all with different structures and properties were 
among the most successful receptor/sensor families. In line with the working 
hypothesis proposed above, according to which from the onset of Metazoa immune 
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system could be already complex, Sponges (Placozoa have not yet been investigated), 
do have an available diversity of elements similar, even homologous  to that of 
vertebrates, although they may not use them in an analogous way. 
 
 
 
 
 

 
 
 

Presence of protein domains used in immunoreceptors across Metazoa 
Figure 3 

 
C’ Complement.  
EGF Epithelial growth factor.  
Fn3 Fibronectin3.  
GRP Beta1-3 glucan receptor. 
IgSf Immunoglobulin superfamily. 
LRR Leucine rich repeats.  
PGRP Peptidoglycan recognizing protein 
SRCR Scavenger receptor cysteine-rich.  
TIR Toll-Il1 receptor. 
+** absent in C. elegans 

 
In term of specificity innate immunity uses predominantly a set of receptors 

generally known as pattern recognition receptors (PRR) that have been selected 
because they recognize a relatively small number of epitopes but distributed on 
essential molecules  of the pathogens  that cannot not vary without threatening the 
survival of the pathogen. These are called "pathogen associated molecular 
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patterns"(PAMP). In adaptive immune systems with the introduction of somatic 
adaptations and the possibility to create large repertoires of receptors this restriction 
will disappear.  
 
 

 
 
 
 

Signal transduction 
 
In order to be of any use, a receptor with “antigen” binding capacity  has to lead to an 
effector phase.  For this the receptor molecule can participate in a cascade of 
enzymatic events in solution, ending in the generation of a product directly  or 
indirectly detrimental for the pathogen. This is the case with, for instance, the 
complement component cascades  or melanization pathways.  
  But many metazoan immune effector phases depends on direct cell activation. 
The binding of an epitope to a membrane bound receptor is followed by phagocytosis, 
or proliferation, or secretion of a mediator. Again, phagocytosis being “ancient”, one 
can imagine that its signaling pathways in Metazoa could share elements with that of  
Protozoa. Indeed some common mediator are used in to modulate phagocytosis in  
Dictyostelium and in macrophages such as cyclic AMP and adenosine.  
Other pathways leading to effector phases  had some of their elements present in 
plants, like TIR domains and leucin rich repeats ( Fig ). 

 Signal transduction involves several intermediates, the acquisition of which 
through evolution  remains a mystery.  On can imagine that if one successful pathway 
is generated it will be preserved and used under different conditions in different 
organisms. This is why the elements of those cascades are often shared not only 
among all Metazoa but across kingdoms. Many intracellular protein kinases such as 
PKA, PKC, FAK and MAPK, small G proteins such as Ras, and second messengers 
like intracellular free calcium,  all known to play a role in vertebrates, regulate many 
hemocyte immune functions in invertebrates. This is also why these signaling 
cascades are shared among different physiological systems: the NF Kappa B related 
cascades are shared by developmental pathways and immune pathways (Toll). 
This conservation might be the Achilles’ heel of the host’s immune system when 
confronted to a parasite. Indeed, from the parasite view point, the signal transduction 
could represents an ideal target to eliminate responses from the host : jamming any 
intermediary in the pathway would ruin the cascade. However those mechanisms, that 
one considers intuitively as stable, are made of elements that do precisely evolve fast 
and probably escape parasite influence in this way.  
 
The conservation of intracelluar cascades across the animal kingdom (figure 4 ) does 
not mean automatically conservation of function. For instance (fig) the Toll pathway 
used in insect shares homologous elements at the structural and signaling levels with 
the Toll Like Receptor (TLR) pathway, yet the principle of recognition is quite 
different in the two cases. Toll recognizes a cytokine (spaetzle) whereas TLRs 
recognize pathogens directly.  
 
Multiple  effector phases can follow gene activation: up regulation of transcription of 
genes coding for diverse anti-pathogen molecules (case of antimicrobial peptide 
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prodution), overproduction of the receptor itself (case of the antibody synthesis), 
induction of migration, and, in some organisms, of proliferation,  etc. 

 
 
 

 
 

innate immune response inductions in Vertebrates and Drosophila 
Innate Immune response induction in Drosophila and vertebrates 

 
 
d Drosophila 
FADD Fas-Associated Death Domain 
IKK Ikb kinase 
IRAK Interleukin-1 rcptor associated kinase 
IMD immunodeficient 
MEKK MEK kinase  
MEK mitogen-activated protein kinase/extracellular signal-related kinase kinase 
Myd88 myeloid differentiation factor 88 
NFKB Nuclear factor kappa B 
PGN Peptidoglycan  
PGRP peptidoglycan recognizing protein Sa or d shortform a or d, L C longfrom C  
R receptor  
RIP Receptor interacting protein kinase 
SPE spaetzle processing enzyme 
TAK1 transforming growth factor β-activated kinase 1  
TLR toll like receptor 
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TNF tumor necrosis factor  
 

Figure 4 
 
 
 

 
Multiplication  of receptors and effectors mechanisms 

 
 

Multigene families 
 

The pressure for diversity must have affected differently the evolution of 
receptors families in function of the ligands they recognize. To oversimplify, if they 
recognize "constant" PAMPs the PRR can also remain "constant". Conversely a 
rapidly changing or a highly polymorphic pathogen epitope may be better met by a 
rapidly expanding family of  host receptors  and effectors. Diversification within a 
population can be due to polymorphism but, this mode of diversification  does not 
match well the selection pressure  requiring individual protection (see table1). 
So another way  to increase diversity has been the creation of multigene families by 
gene duplication. Duplication can be due to tandem duplication of a gene involved in 
recognition or effector phase. Duplication can also be due to whole genome 
duplication without particular pressure exerted over a specific immunity gene. This 
may create evolutionary conditions different from the latter one, since  in the absence 
of  a specific pressure the consequences might be major but less predictable. Such 
duplications of which signatures are seen in the various paralogues of immunity genes 
in vertebrates may have played an essential role in shaping the gnathostome immune 
system. Example of multigene families are presented in figure 5 
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Duplication of sensors, adaptors and effectors in the immune system of 

invertebrates compared to human 
figure 5 

 
ITIM: immunoreceptor tyrosine-based inhibition motif 
NLR: NOD Like receptor  
PLA2: Phospholipase 2  
RIG1 : Retinoid inducible gene 1 
SARM1:Sterile a motif (SAM) and an Armadillo repeat motif TIR motif–containing 1 
protein 
TICAM2: TIR domain-containing adapter molecule 2 
TIRAP: TIR adaptor protein  
TLR: Toll like receptor  
 
 
 
Diversity  is also  seen at the level of effectors, different principles being used to 
damage pathogens: production of reactive oxygen,  diverse antimicrobial peptides 
families exploited and amplified differently according to the organisms. 
 

Cell types involved in immunity 
 
 As Metazoa bauplans complexified from Placozoa to vertebrates, immunity has been 
progressively devoted to more mechanisms. Division of the work became important. 
From the surface and cytoplasm of each cell, from epithelia, immunity has been 
delegated to some specialized cells and organs of the hemopoietic system : hemocytes 
or coelomocytes in invertebrates; various leukocytes and the unicommited  
lymphocytes in vertebrates. These cells became the patrolling units of the immune 
system. Among those, the granulocytes, monocytes and macrophages are mainly 
involved in rapid innate immune responses and tissue repair, and cells with similar 
morphological and functional characteristics (e.g. granulocytes secreting 
antimicrobial peptides) can be found in most Metazoa. Among the vertebrate 
lymphocytes, some exert innate immunity function like the newly characterized and 
evolutionarily conserved innate lymphocyte compartment, the others: the T and B 
cells  or their equivalents, are in charge of the adaptive responses. Expressing only 
one receptor specificity, able to proliferate upon stimulation by antigen, dividing  with 
a shorter generation time than the organisms to which they belong (a few hours versus 
month or years) the "adaptive"  lymphocytes offer the possibility to fill in the 
generation time  gap with the fast dividing invading pathogens. 
These cells do share transcription factors with each other, across lineages and across 
species, indicating at some point an ancient common origin. (Figure 6) 
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Blood cell differentiation in vertebrates (left) and Drosophila (right) 

showing the conservation of some transcription factors. Redrawn and modified from 
Hartenstein Hartenstein V.   Annu. Rev. Cell Dev .Biol. 2006 22:677-712 

 
 

figure 6 
 
 

Towards more products than genes. 
Combinatorial associations and somatic adaptations. 

 
Under continuous pressure to diversify their receptor repertoires organisms 

have selected a simple solution that increases the diversity without unduly increasing 
the number of genes devoted to immunity: the combinatorial associations of elements. 

 
 At the protein level: multimeric receptors can be made by assembly of 

different polypeptide chains (example PGRPs, TLR, VL /VH, TCR chains). The final 
number of receptors is equal to the product of the number of each constituent.  

At the nucleic acid level: Combinatorial associations of exons “save” genetic 
material fulfilling the economy constraint (table). They permit  to  build  
economically a large repertoire from  a small number of genetic elements. Occuring 
somatically and at random, they create during one's life an individual repertoire,  the 
basis for an adaptive response. 
This evolutionary strategy has been selected several times in evolution (in agnathans 
and in gnathostome, arthropods, molluscs, perhaps echinoderms) with variations on 
the theme: mutually exclusive alternative splicing, or DNA rearrangements with or 



	 15	

without random somatic mutation,  somatic gene conversion. There is a considerable 
difference between events due to splicing (not inheritable) and those due to DNA 
rearrangement or mutation (transmittable to cellular progenies). 
 
 
 

RNA alternative splicing. 
 

Alternative splicing  is used widely across metazoa and modifies the signaling 
intracytoplasmic moiety of a receptor. But it can also be used to modifiy its 
extracellular recognition capacity. The  best example of such a case is that of DSCAM 
in  crustaceans and insects.  There, mutually exclusive alternative RNA splicing 
involving large numbers of immunoglobulin superfamily duplicated exons, generates 
thousands of isotypes of the molecule, the role of which in immunity seems important 
but not yet fully characterized. A role in phagocytosis is confirmed (in addition to a 
role in the genesis of the nervous system).  
In Tunicates alternative splicing leads also to a large repertoire of Fester products , the 
putative receptors of a highly polymorphic tunicate Fu/Hc  locus presumably involved 
in allorecognition. 
Other not understood  somatic events probably at the RNA and  postranslational level 
(?)diversify the family 185 /333 of glycine and histidine rich effectors, strongly up 
regulated after LPS treatment in the sea urchin.  
 

With the mechanisms described until here the responses remain essentially 
innate with limited and not always well understood somatic adaptations. An example 
of a sophisticated response using such mechanisms is that of Drosophila presented in 
figure 7  
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Innate immune system of an Insect, Drosophila 
 Figure 7 

AMP ant microbial peptides 
DUOX Dual oxidase  
JAK/STAT Janus Kinase/Signal Transducer and Activator of Transcription 
PPO Prophenoloxidase 
ROS Reactive oxygen species 
Other abbreviations: see Fig 4 
 
 
A nagging question is whether immunity based only on innate mechanism can 
generate specific memory. Some  immune response of long lived insects like bumble 
bee have phenotypically the features of a memory response with increased specificity. 
Yet whether it is  a second induction a long lasting response a re-initiation is unclear. 
Normally immune response in  invertebrates  studied so far have not shown any 
specific proliferation except the renewal of used population of hemolytic by feed 
back. 
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No clonally selection has been demonstrated in any invertebrate so far and specific 
memory investigation in the case in allograft rejection has always led to ambiguous 
results.  One key question,  curiously rarely addressed directly, is: does any 
invertebrate response involve cell proliferation in response to a challenge (by 
opposition to a simple up regulation of  gene expression)? 
 

Modifications at the DNA level 
 
This step is essential for the development of an adaptive immune system because the 
changes introduced become inheritable and allow a Darwinian variation/selection 
inside one individual’s during its ontogeny. The two known modalities of such DNA 
modification used in vertebrates are represented in figure 8.  

 
One enzyme, a cytidine-deaminase, (Activation induced deaminase AID in 
gnathostomes)  achieves several somatic modifications of the genes of the vertebrate 
lymphocyte receptors.  Interestingly this enzyme, or  its homologue, acts  on genes of 
very different families of receptor, causing the deamination of a cytidine  and its 
transformation into an non acceptable uridine in the DNA segment affected. This is 
followed by repairs, breaks  etc.  all sources of either mutation , class switch or gene 
conversion or copy choice variations. When applied to cassettes of Leucine rich 
repeat subunits of the variable lymphocyte receptor of agnathans it can create a 
potential repertoire of immuno receptors just as vast as that of antibody or TCR in the 
IgSF of gnathostomes. The same enzyme is responsible for  the hypermutation and 
the heavy chain class switch in gnathostomes. When applied to the avian Ig locus, it 
generate the B cell repertoire by gene conversion.  
 

 
 
Rearrangement of gnathostomes immunoglobuin genes (left) and copy choice  of 

agnathan Leucine rich repeats immunoreceptor genes. 
Figure 8 

 
AID Activation induced deaminase D diversity J junction 
LRR Leucine rich repeat  
V  Variable  
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RAG recombination activating gene 
VLR Lamprey variable lymphocyte receptors 

 
Apparently mollusks too can achieve somatic mutation of their FREP genes (made of 
two Igs plus one fibronogen domain and involved in anti- Schistosoma immunity). It 
will be interesting to investigate whether this is due to an homolog of AID.  
 
 In Gnathostomes an extra enzyme set, RAG 1 and 2, plays a role in generating 
somatically a repertoire of receptors. These enzymes contribute to the somatic 
rearrangement,  via combinatorial usage, of scattered Variable, Diversity, Joining,  
(V,D,J) segments that build up a variable domain of a BCR or a TCR. This enzyme 
pair is conserved,  being detectable in sea urchin (where its function is not elucidated) 
and apparently inherited from transposons of invertebrates (Transib and N-RAG-TP  
would be candidates). RAG 1 and 2 are not present in lamprey, neither  in amphioxus 
or Ciona.  
 
 

Emergence of the gnathostome adaptive immune system 
Necessity of selection. 

 
Some phylogenetically distant organisms,  under selection pressure favoring 

diversification, have incorporated somatic adaptations in their immune system.  These 
create randomly a giant repertoire of immuno-receptors, some of which might interact 
with self. This means that such specificities could be used to monitor oneself's 
integrity (immune surveillance hypothesis) but it means also that there will be a risk 
of autoimmunity. A selection process is necessary. Therefore, for them to be useful, 
somatic adaptations, had to occur in a context providing a convenient  unit of 
selection. In vertebrates this unit turned out to be the unicommitted lymphocyte, i.e. a 
cell expressing only one antigen specific receptor and exposed to selection by self 
antigens in a special topographical location, the lymphoid organs’ stromas and 
epithelia.  In this way if the cell expresses an auto reactive dangerous receptor, only 
that cell has to be eliminated, it will not influence the fate of other useful 
lymphocytes. This requirement is strong, it was invented twice at least in evolution: in 
the agnathans and in the gnathostomes, independently.  

 
The Origin of lymphocytes 

Some invertebrate hemocyte transcription factors are homologous to those of 
vertebrate leukocytes in general, and lymphocytes in particular (fig). We can 
oversimplify by considering the myeloid lineage homologous to the various 
hemocytes lineages of invertebrates. But what about lymphocyte lineages T and B? 
The discovery of T cell and B cell markers in agnathans  suggests that these two 
lineages were ancient and predated the split agnathan /gnathostomes. The genesis of 
these two sets of lymphocytes could have therefore preceded the acquisition of the 
specific antigen receptor associated with them: the TCR and BCR of gnathostomes 
and the VLRA and B of agnathans.  
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The selection of repertoires in agnathans and gnathostomes 

 
  For the agnathans, the presence of a homolog of the thymus, the “thymoid” of 
the lamprey, rich in sterile transcripts of the VLRA genes could suggest that selection 
happens there. No one knows whether it is due to a presented peptide or to the 
recognition of native epitopes. So far neither class I/II nor immunoproteasome/TAP 
have been isolated from neither hagfish nor lampreys, but an MHC analog is not 
excluded.   

In gnathostomes the specialized cells are selected following interaction with 
MHC class I –II molecules+peptide complexes in the thymus (T cells ) or native 
antigen epitopes in lymphoid organ stroma (B cells). Some T cells, the gamma delta, 
are selected in a similar way. The presentation of peptides rather than native epitopes 
allows to monitor oneself's constituents in a way almost as precise as checking one's 
DNA sequence. It might have been another selective advantage of the process.  
 

History of the MHC 
 

The MHC backbone must be ancient because 4 MHC paralogs have been 
detected in vertebrates. Because of the two genome duplications that presumably 
occurred in the ancestors of vertebrates, it means that this region stemmed from a 
single ancient linkage  group. Indeed such a region has been identified in Amphioxus 
and in Drosophila but it does not contain class I or II. It looks as if this region 
acquired the class I and  II genes late. And indeed IgSF domains used in those 
molecules are of the rare C1 type, only encountered in the rearranging receptors of 
gnathostomes those using RAG1 and 2, with perhaps some homologous domain in the 
B7 family of which only distant homologs exist in invertebrates. Within the MHC 
class I genes, found on two or three of the paralogs, may have predated class II (found 
only on one chromosome). The MHC contain class I processing genes, like the 
immune proteasomes lmp2 and lmp7 and the TAP genes. These genes are 
functionally part of the class I presentation pathway and it makes sense to imagine a 
cosegregation of genes belonging to the same pathway. In that sense the breaking of 
linkage seen in mammals is a unique accident. Even in teleost fish where the MHC 
has been split into many fragments, the class I pathway gene linkage is maintained. 
The other genes forming the class III region, like complement, HSP, etc. have 
homologs detectable in invertebrates. It has been proposed that, immunologically 
speaking,  the original function of MHC before presentation was to "process" 
invaders, intracellularly. In this context the presence in the MHC or in the MHC 
paralogs of many anti viral TRIMs genes whose products target virus towards the 
proteasome, could suggest what was  the ancient MHC linkage group before the 
existence of Class I and II: an intracellular system for antiviral defense. The 
adaptation of the proteasome to peptide presentation would come later.  
         
   

Another line of thought to  consider MHC evolution could be through the MHC 
linked marker heatschock protein HSP70. HSPs derived from human tumors have been 
shown to mediate the re-presentation of their chaperoned peptides complexes and lead to 
the in vitro activation of tumor-specific T cells. This ability extends to other classes and 
perhaps phyla. It may have been at some point an alternative presenting pathway placing 
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this genetic region under selection. It would be interesting to examine this issue in 
agnathans. In addition if we have no clues as to where the peptide-binding region of class I 
and II come from, the old proposal that it might be related to HSP remains intellectually 
one of the most attractive hypothesis. 

 
The thymus 

 
Tanks to specific marker expression studies, the region anatomically homologous to 
the thymus of gnathostomes, that of pharyngeal pouches, has been shown to be 
involved in the production of VLRA "T-like" cells like in agnathans, leading to the 
hypothesis that perhaps selection of the repertoires was occurring there. The presence 
of many sterile transcripts in the lymphocytes present in this region reinforces the 
hypothesis. 
The gnathostome thymus where central selection takes place  is the first organ to 
become lymphoid during ontogeny. It originates from pharyngeal pouches, but not 
always from the same, unlike the thyroid. Not only the position but the number of 
pouches involved can vary from 5 in elasmobranchs to 1 in mammals). Several 
species retain more than one thymus, for instance the urodele axolotl has three.  
Finally selection based on affinity of interaction between the TCR and peptide MHC 
class I class II ligands eliminates the dangerous (central deletion) keeps the useful 
(positive selection) useful and ignores the mediocre and shape the T cell repertoire of 
CD8and CD4 Tcells. This is achieved centrally in the medulla where the repertoire is 
probed against the self. The thymus of gnathostomes conserved its cortex medulla 
architecture from cartilaginous fish to mammals. If central deletion is not complete 
mechanisms of peripheral tolerance with suppression of lymphocyte activity by the 
regulatory T cells, are also at work. An analogous process, not mediated by MHC, 
takes place for B cells in lymphoid organs. The other lymphoid organs of vertebrates 
are represented in fg 11.  
 

Evolution of the immune system within gnathostomes 
 

Let us first compare the set up of genes TCR, BCR, MHC genes, the lymphoid 
organs, the innate components and then the influences of the variations noticed on the 
immune responses. 

TCR 
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Figure 9 
TCR organization in Teleoesti (Danio) and  mammals ( Homo) 

 
C constant, D diversity, J junction, V variable .TR A,D, B,G, T-cell reptor alpha delta 
beta and gamma 

 
 Genes encoding the two types of TCR, a/b and g/d have existed since the earliest 
jawed vertebrates where their assembly and diversification is due to somatic 
rearrangement of gene segments mediated by RAG1 and RAG2 enzymes. We do not 
have a complete picture of TCR genes in all vertebrates but an organization similar to 
mouse/humana/δ locus, with an interspersion of alpha and delta elements in the same 
chromosomal can be seen in teleostei (figure 9). 
So far all a loci in vertebrates have many J segments and all beta loci have a large 
number of Vb. There can be variation within classes: in humans and mice, g/d T cells 
constitute limited portion of the T cell population whereas larger repertoires are seen 
in chicken, sheep, cattle, and rabbits, so-called ‘GALT species’ (see explanation 
below). The g/d TCR can either be used “adaptively” or for innate recognition when 
oriented rearrangements due to microhomologies of some gamma delta genes end up 
creating the equivalent of innate receptors as in the skin of mice or the blood of 
human 
 Special “isotypes” are found in marsupials and hybrid molecules made up of 
NAR/TCR in shark remind us of the many possibilities offered by the IgSF domain 
and of the independent evolutionary pathways chosen. 
tcr organization 
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B-Cell receptor and antibodies 

 
 

Immunoglobuin isotype diversity in gnathostomes 
figure 10 

 
 
A summary of the gnathostome immunoglobulin heavy chain isotypes  
diversity and domain organization is given in figure 10 that also shows an interesting 
example of convergent evolution: the independent acquisition of monovalent 
antibodies in the sharks and the camel, creating a parallel repertoire probably with 
very different properties from the VH -VL  pairs’ one. Much of the VH germline 
repertoire has been conserved over extremely long periods of vertebrate evolution. All 
vertebrate groups have one to four L chain isotypes, all of which can be categorized 
as κ, λ, or σ (and in cartilaginous fish σ-car). The advantage of possessing multiple 
isotypes is poorly understood since experiments on L chain-less antibodies show very 
little contribution of the L chain to the antibody function. The organization of Ig 
genes through gnathostomes is depicted in fig 11.  
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Immunoglobulin genes organization in Gnathostomes 

 
 fig 11 

 
Same symbols as in figure 9 plus TM, Transmembrane. H, heavy. L, Light  chains 

 
 

The generation of diversity of the BCR can be obtained by multiple 
means:  
Combinatorial association of segment with RAG1 RAG2 mediated rearrangement of 
gene segments. Structured into many clusters, each Chondrichthyan IgH and L-chain 
genes consist of different V, D, (no D in light chains) J, and C elements where V, (D), 
and J genes rearrange only within one cluster. In the absence of rearrangement 
between clusters diversity of the primary repertoire is lower than in other vertebrates. 
Bony fish, frogs, reptiles, and mammals have the so-called translocon configuration 
where the possibility of combinatorial rearrangement enables more diversification 
than in cartilaginous fish. 
Gene conversion. In birds the organization is similar but all V genes except those 
most 3’ to the D elements are pseudogenes . Only one rearrangement is possible in 
light chains and a very few in heavy chains, leaving the diversification to somatic 
AID mediated, gene conversion (process that incorporate sequence from the pseudo 
genes into the functionally rearranged gene during ontogeny. A similar if not identical 
situation exists in some mammalian species that rely on gut-associated lymphoid 
tissue to generate Ig diversity (and are therefore alluded to as GALT species a 
division that we have seen above for the TCR Gamma delta), are exceptions with a 
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reduced germline expressed repertoire, but gene conversion and somatic 
hypermutation compensate for this situation. 
Somatic hypermutation 
The enzyme AID participates in both somatic hypermutation and class switch.   
Hypermutation is encountered throughout gnathostomes perhaps also in agnathans 
with some variation on frequency and modalities from shark to human.  
 Class switch 
Bona fide heavy chain class witch i.e. with excision of DNA containing the eliminated 
isotope constant region gene occurs from amphibians thanks to a relatively well conserved 
switch box repetitive region. However a form of switch in chondrichthyans allows the V of 
one cluster to be associated with the C of another, following still unknown mechanisms but 
representing at least an analog of switch. 
 Isotypic and allelic exclusion are encountered throughout all gnathostomes. Curiously 
cartilaginous fish and birds show co-evolution of Ig genes architecture for H and L loci, 
whereas teleosts have shown that this is not a rule.  
 
  

MHC, APC  
 
The variations in MHC arcitectures (fig 12) turn out to be quite numerous across 
vertebrates. It can affect  the presence or the absence of genes (class II , CD4 
invariant chain), or the number of genes( from 1 classical in Xenopus and chicken to 
more than 10 in axolotl and cod, number of complement associated genes) )or their 
polymorphism. It correspond to a preserved linkage group except in teleosts fish .  
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MHC arhitectures  
 Vertebrates compared to a hypothetical ancestral MHC (left). 
 Gene nomenclature is that used in gen bank and available at 

http://www.ncbi.nlm.nih.gov/ 
 

Figure 12 
 
High levels of polymorphism and genetic diversity are characteristic of most classical 
MHC genes. The retention of ancient allelic lineages through selection accounts for 
the high levels of diversity observed within species.  
Although class I and II are expressed either ubiquitously or on a variety of tissues 
presentation leading to immune responses occurs predominantly on a specialized set 
of cells the antigen presenting cell (dendritic cell) but curiously numerous variations 
of the theme can be seen across vertebrates. Dendritic cells  for instance exist in birds 
who also have at least two other sets of phagocytic cells, heterophils and 
thrombocytes, that may also present antigen. Similarly B cell scan phagocyte and 
present from fish to mammals. 
Analogs of those cells can be found in all vertebrates since they resemble 
macrophage, histiocytes, and Langerhans cells. Until recently The co-stimulatory 
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molecules expressed on the surface of those cells have been the object of less 
attention than the class ii and I but many have now been trace d in homologue in non 
mammalian vertebrates for instance the B7 family (with their T cell counterpart 
CTLA4 and CD28) in teleost fish where its complexity is greater than in mammals.  
Ancestor-like molecules with similar domain composition can be identified in some 
invertebrates. So most likely the presenting cells of the dendrite cell type have been 
recruited in the presenting pathway without losing some ancient activity inherited 
from invertebrates, or instance the use of the conserved TLRs.  
 

Links between evolutionary variations in lymphoid organs 
architectures and immune response 

 
Lymphoid organs are perhaps the only elements of the adaptive immune system that 
show some kind of progressive complexification across vertebrates. (Fig14) This 
complexification ( acquisition of lymph nodes and germinal centers sites where 
somatic mutants are generated and bred) goes in parallel with a progressively better 
exploitation of somatic adaptation resulting in a better factor of immunization a better 
affinity maturation of the antibody responses and a better memory (FIG13) 
The absence of germinal centers  in cold blooded vertebrates could explain why 
affinity maturation  remains moderate in shark, teleostei and frogs whereas it can 
generate 10000 more affine antibodies in mammals at the peak of a secondary 
response.The availability of mutants is sufficient but not the selection that requires the 
specific topography and chemistry provided by the germinal centers. 
 These variations between species in exploiting somatic adaptations may be the source 
of the variations in the interactions between innate immune systems and adaptive 
among vertebrates. When adaptive immunity is not used at its best like in cold 
blooded vertebrates perhaps one sees innate strategies coming back for instance by 
using of germline rearranged Ig in shark. On the other hand multiplication of innate 
pathways can be seen in poor responder fish that duplicated their C3 genes.  
Or in the frogs where the number of AMP in the skin is remarkably high.   
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 Variation in intensity and kinetics of antibody responses in vertebrates 
 

Figure 13 
 

7) Variations in the innate arm of the immune system 
 

PRRs  
 

The addition  of an adaptive compartment with obvious advantages for an immune 
response have modified the role of innate components and the fundamental role of 
innate immunity in vertebrates. This new situation has resulted in specific evolution 
of certain PRR families and explains the evolutionary divergence between vertebrate 
PRR and their invertebrate relatives. Divergences and variations can also be seen 
within vertebrates. 
The innate immunity pathways have acquired other functions than the direct 
production of antimicrobial products are now often involved in generating an 
inflammatory response with effectors such as cytokines: type I interferon, 
inflammatory cytokines and chemokines that pave the way to an adaptive response.  
 

TLRs are instrumental in both launching innate immune responses and 
influencing adaptive immunity, they co-operate with NLRs and RLRs in innate 
immunity. Invertebrates appeared to have no orthologs of Mammalian -type TLRs 
whereas those are conserved in humans, fish, and lampreys. Yet while some TLR 
members were commonly retained in both mammals and birds, others were separately 
lost or gained, or diverged independently. 
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  Many of the NLR genes discovered in mammals are preserved in non-
mammalian vertebrates including fish (Fig. 2), although teleostei possess an 
additional unique group of NLRs. Orthologs of the retinoic acid inducible gene 
protein I (RIG-I) and melanoma differentiation-associated gene 5 (MDA5), 
recognizing cytosolic, virus-derived RNA and subsequently inducing the production 
of interferons exist in birds, amphibian and some but not all teleost species tested so 
far.  

Homologous molecules may be involved in rather different pathways. For 
example the vertebrate PGRP are structurally related to the prtotostomian one, 
without suggesting direct orthology. Mammals have four PGRPs, structurally to the 
insect PGRPs but which are secreted. All are involved as effectors of innate immunity 
via their proinflammatory and or bactericidal activities not proven in insects. 

The TRIM tripartite motif-containing receptors Involved in ubiquitination, 
proteins (RING-Bbox-Coiled Coil motif followed by different C-terminal domains 
(RBCC)) participate in many cellular processes including antiviral immunity. They 
are also involved in the regulation of innate immune responses through the 
modulation of PRR signaling pathways. This family has been greatly and specifically 
diversified in vertebrates. In teleost fish many members belong to a specific category, 
the finTRIMs, the expression of which is greatly amplified following virus infection. 
Most human trim genes of the other classes have only one or two orthologs in fish. 
Finally, some trim genes encoding RBCC-B30.2 proteins are preferentially located in 
the vicinity of MHC or MHC paralogous genes in fish and mammals, which suggests 
that they may have been part of the ancestral MHC. 

Globally if one considers the families of innate receptors or effectors across 
vertebrates: Nod Like Receptors retinoic acid-inducible gene I RIG-1 like, Toll Like 
Receptors, Peptidoglycan recognizing proteins, Aim2 like receptors TLRs TRIMs one 
notices most of the time independent evolution patterns.  
 

NK cells 
 
It has been proposed that NK-like recognition of an ancestral class I or class I-

like molecule may have been at the origin of the adaptive immune system. NK cells 
analogs are in fact numerous in invertebrates.  

In gnathostomes the receptors of NK cells recognize self MHC but they can do 
it with lectin domains in rodents or with IgSF domains in primates. NK cell receptor 
evolution a nice example of an evolutionary story linked to pathogenic environment. 
They are the most rapidly evolving molecular component of the gnathostome immune 
system. Most ligands for these diverse NK receptors are MHC class I molecules, or 
molecules of host or pathogen origin related to MHC class I. 
In addition viruses are hypothesized to supply the evolutionary pressure on 
diversification of NK cell receptors.   
The above receptor can be expressed on a category of cells with effector function 
such perforin production) also encountered in CTLs) that can be shared with 
invertebrate relatives like the cytotoxic cells of sipunculid worms. Perforin domains 
are related to the cholesterol dependent cytolysins existing in bacteria!  
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Variations in Regulatory network, cytokines 
Because cytokine evolve fast it is difficult to trace their history. Most of the time only analogy 
in function has been reported. The majority of cytokines and chemokines genes are found in 
all vertebrates. In fact, bony fish have more chemokines/receptors than any other vertebrate!   
In mammals the chemokine receptor genes are found on the four chromosomes containing 
the HOX genes, that provided evidence for the 2R hypothesis. This could mean once more 
that precursors of these genes should be found in invertebrates. Thus far, only two 
mammalian-type chemokines/receptors have been detected in agnathans. None of the 
socalled adaptive cytokines seem to be present in the lower deuterostomes. 
Cytokines like TNF and IL-17 seem to be most primordial than others, with homologues in 
some invertebrates such as Ciona, Amphioxus, and sea urchins but the exact mapping has 
not yet been performed. 
 
 

Conclusion 
 
 As a conclusion, figure14 summarizes crucial aspects of the immune system and immune 

responses of vertebrates 
 

 
 

The adaptive immune system of Vertebrates 
Figure 14 

 
AID Activation induced deaminase  
CDA Cytidine deaminase  
Comb combinatorial  
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FDC Follicular dendritic cells 
GALT Gut associated lymphoid tissue  
Gen conv gen  conversion  
Ig Immunoglobulin 
Il Interleukin TNF Tumor necrosis factor MHC Major histocompatibility complex  
MHC Major histocompatibiity comlex. 
NK Natural killer cells 
TCR Tcell receptor  
TGF Transforming growth factor 
TH1 and 2 T helper cells 1 and 2  
Treg regulatory T-cells 
 
 

------------ 
 

Abbreviations used throughout this chapter 
 
List of abbreviations for the table 1 
 
AID: Activation induced (cytidine ) deaminase 
AMP: Anti microbial peptides 
APC: Antigen presenting cell 
 
BM : Bone marrow 
 
C’ : Complement 
CTL: Cytotoxic T lymphocytes 
 
Fc Recepror: Rector binding the crystalisable fragment of the Ig molecule (Fc ) i.e. 
the bottom portion of the antibody  
 
IFN : Interferon 
IgSF: Immunoglobulin suoperfamily 
IL1 R : Receptor for Interleukin 1 
ITIM: Immunoreceptor tyrosine-based inhibitory motif 
 
LRR : Leucine rich receptor 
 
MHC: Major histocompatibility complex 
 
NK : Natural killer cells 
NLR : Nod like receptor (NOD=nucleotide binding oligomerization domain) 
 
PDC : Plasmacytoid dendritic cells 
PKR : Protein kinase R   
 
RAG : Recombination activating gene 
RIG1 : Retinoid inducible gene 1 
RNAi : RNA interference 
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Scav. R : Scavenger receptor 
 
TIR : Toll/Interleukin 1 receptor  
TLR: Toll-like receptor 
TRIM : Tripartite motif-containing molecule (have three specific regions (motifs) in 
common). These regions are known as RING (really interesting new gene!!! Zinc 
finger) finger, B-box (Zinc binding), and coiled-coil motifs.) 
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