
	
	
																																Evolu'on	of	the	immune	systems	in	Metazoa	
	
																														Introduc'on	to	the	systema'cs	of	Metazoa	
	
1)The	selec'on	pressures.	Protein	domains	selected.	
2)	Barriers,	intrinsic	and	cons'tu've	immunity	
3)	The	signalling	pathways	
4)	The	conserva'on	of	cell	lineages	involved	in	immunity	
5)The	origin	of	the	an'gen	specific	receptors	of	vertebrates	
6)The	germline	variabilty	of	an'gen	specific	receptors	
7)The	soma'c	genera'on	of	receptor	diversity	
8)The	selec'on	problem	and	the	origin	of	MHC,	the	thymus	
9)TCR,	Ig	loci	in	Gnathostome	Vertebrates	
10)The	immune	responses	across	metazoa	(origin	of	prolifera've	responses,	
memory)	

Selective pressures and constraints on the immune systems		
•  Should confer to each individual within a species the best chances of survival under changing environment 

conditions.
•   Somatic adaptation

•  Should be rapid and efficient at eliminating specifically the danger
•   innate components,  constitutive elements

•  Should have diversity and flexibility, should be regulated (up and down regulation)
•  Many solutions: gene families,  many molecular categories, Treg

•  Should be economical i.e. should not use too much genetic material, too many cells.
•   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.
•   Selection
•   Peripheral tolerance

•  (Modulations  of the above are likely under the influence of life histories of the organisms)
Duplica'ons,	coopta'on,	combina'on,	analogies,	

convergence,	homologies,	divergence	

Diversity:	different	types	of	receptor	structure:	Lec'n,	IgSF,	LRR	etc	
	Mul'plicity:	many	LRR,	many	IgSF,	many	lec'ns	(mul'gene	families)	

	
	

Polymorphism	:	alleles	of	the	same	gene	have	different	sequences.	
Gene	families	on	one	chromosomal	region	(haplotype)	can		have	different	

gene	numbers	

Diversity via Polymorphism  
   

       Hemolysins of earthworms 
        Roch P.
•  Protein analysis of earthworm coelomic fluid: 1) polymorphic system of the natural hemolysin of Eisenia 

fetida andrei.Dev Comp Immunol. 1979 3:599-608.

       Scavenger receptors of sea urchin 
Pancer Z.

•  Dynamic expression of multiple scavenger receptor cysteine-rich genes in coelomocytes of the purple 
sea urchin.

•  Proc Natl Acad Sci U S A. 2000 Nov 21;97(24):13156-61.

•  Polymorphism of FREPs  
        Zhang SM, Leonard PM, Adema CM, Loker ES Parasite-responsive IgSF members in the snail 

Biomphalaria glabrata: characterization of novel genes with tandemly arranged IgSF domains and a 
fibrinogen domain.

•  Immunogenetics. 2001 Oct;53(8):684-94

•  Thioester bond forming proteins(C’like)
•  Lagueux et al 
•   Cnidaria, Insects, urochordates, vertebrates
•  PNAS 2000 97:111, Marino et al 2002 Immuniogenetics 53:1055, Sunyer et al Biochem j 1997 326:877



Mul'gene	families	

TRIMs	

-Multiple and diverse but not an endless diversity due to constraints: 
IgSF, LRR, Lectins,(barrels) PGRP, GNBP, C‘, thioester forming proteins, Fibronectin, EGF
-One	domain,	several	binding	possibili'es,	several	combina'ons	possible	(LRR	Ig	lec'ns)
-So one expects sharing, scoop of committment, combinatorial usage of elements,
 analogies, convergences etc.

                                          The arsenal and its limitations
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Pathogen sensors 

TLR  9 222 1 3 48 ≈21  10 +1ps 

NLR  0 203 0 20 92 ≈140-220 20 

SRCR  14 218 1 81 270 ≈287 domains 81 

PGRP  15 5 4 6 > 20 ND 6 

RIG-I-like helicases  0 12 0 ND 7 ND 3 

C-type lectins,  32 104 31 120 1215 ND 81 

IgSF-ITIM > 3 ND 6 > 6 > 5 > 3 > 50 

Key adaptors 

MyD88-like 
(DEATH-TIR) 1 4 0 1 4 ND 1 

SARM1-like, 
TIRAP-like, 
TICAM2-like 

1 15 0 > 2 12 ND 3 

Potential effector 

PLA2  8 65 128 7 > 7 ND 11 

Diversity	and	mul'plicity	



NLR	in	Vertebrates		
BMC	Evol	Biol.	2008;	8:	42.	

In	the	absence	of	(…or	in	addi'on	to)	soma'c	adapta'ons	
Polymorphic	mul'gene	families	

	
	Mul'gene	families	in	Deuterostomes:	TLRs,	NLRs,	XFLs,	KIRs,	LIRs,	IpLTRs,	CHIRs,	VCBPs,	NITRs,	used	in	

immunity	

Rast	J	et	al	2006	

BMC	Biol.	2009	Feb	5;7:7.	doi:	10.1186/1741-7007-7-7.	
A	large	new	subset	of	TRIM	genes	highly	diversified	by	duplica'on	and	posi've	selec'on	in	teleost	fish.	

van	der	Aa	LM,	et	al		

	

Modes	of	duplica'on	

•  Tandem	duplica'on,	unequal	crossing	over	
•  Polyploidiza'on	



Unequal	crossing	over	

hep://images.google.ch/imgres?imgurl=hep://www.new-science-press.com/info/illustra'on_files/nsp-immunity-7-3-7_11.jpg&imgrefurl	

Soma'cally	generated	An'gen	specific	receptor	genes	on	human	chromosomes	

1R 2R

                    Generation of paralogs

Book	1970Evolu'on	by	Gene	Duplica'onAuthors:	
Dr.	Susumu	OhnoISBN:	978-3-642-86661-6	(Print)	
978-3-642-86659-3	(Online)



Polyploid species of Xenopus	

 20                    36                   72                108		
chromosomes													

Xenopus.tropicalis
 20 chromosomes

Xenopus laevis  
36 chromosomes	

Xenopus ruwenzoriensis 108 chromosomes	
X. laevis	 X. ruwenzoriensis	



An'	DNP	an'bodies	in	polyploid	Xenopus	

trop.         laevis            amieti            ruwenz.	
20                36                     72                108	

	Increased	capacity	of	recogni'on	
without	overloading	the	genome	with	
duplicates:	Combinatorial	associa'on	

(e.g.	TLR2/TLR6	,	IgH/IgL)	

	Combinatorial	usage	of	pep'des	
	PGRP	Drosophila	

Kaneko T Silvermann N (2005) Cell. Microbiol. 7:461-469	

Possibili'es	of	combinatorial	associa'on	in	the	human	TLR	familiy	



The estimated numbers of mouse gene segments 
are: 
  heavy chain    κ  light chain    λ  light chain  
V      300-1000        300                   2  
D        13                     0                   0  
J           4                     4                   3  
 
 Combinations of gene segments:  
Heavy chain : 300 x 13 x 4 = 1.6 x 104 

Light chain κ : 300 x 4 = 1.2 x 103 

Light chain λ : 2 x 3 = 6 
 
 Combinatorial association of heavy and light chains :
1.6 x 10exp4 x (1.2 x 103 + 6) = 1.9 x 10exp7 
possible antibodies. 
 
(In fact the natural number of combinations is much larger due to the 
mechanisms of P- and N-recombination and somatic mutations.) 

Combination of gene segments and of polypeptides contribute to antibody diversity 
  

	
	
		

	…But	apparently	there	was	s'll	room	for	further	improvement	of	individual	responses,		
for	increasing	the	capacity	of	adapta'on	during	a	life'me.	
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soma'c	diversifca'on	at	the	individual	level	
Leading	to	changes	not	inheritable	in	cell	lineages		

	
Alterna've	splicing	
	at	the	RNA	level	

	
Clonal	amplifica'on	impossible	possible	

		

FREPs in Biomphalaria 13 families  ca 25-30 genes,
 recognize Schistosoma�s mucins.	

Schmucker et al. 2000 Cell. 2000 Jun 9;101(6):671-84, Science. 2005 Aug 
18

>	30000	isoforms	of	DSCAM	molecules	

Brites	D.et	al,	Biol	Evol.	2008	Jul;25(7):1429-39.		



Watson FL (2005) Science 309: 1874-8 
Different	DSCAM	repertoires	are	expressed	in	the	nervous	and	the	immune	systems	

Brites	et	al,	2013		
More	than	one	way	to	produce	protein	diversity:	duplicaOon	
and	limited	alternaOve	splicing	of	an	adhesion	molecule	

gene	in	basal	arthropods.	
“Evolu'on”,		submieed	

Pressure	for	DSCAM	diversity	and	origin	of	alterna've	splicing	mechanisms	



	
	
		

	…But	apparently	there	was	s'll	room	for	further	improvement	of	individual	responses,		
for	increasing	the	capacity	of	adapta'on	during	a	life'me.	
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Further	soma'c	diversifca'on	at	the	individual	level	
Leading	to	changes	inheritable	in	cell	lineages		

	
Soma'c	muta'ons	

	Soma'c	gene	conversion	
	switch	

	at	the	DNA	level	
	

Clonal	amplifica'on	possible	
		

	(Implies	cell	prolifera'on)	

Zhang et al. Science. 2004 Jul 9;305(5681):251-4.

Zhang	et	al.	Science. 2004 Jul 9;305(5681):251-4. Soma'c	varia'ons	in	FREP	genes	of	Biomphalaria	

AID	and	RAG	dependent		
soma'c	DNA	modifica'ons	



 Two enzymes involved with somatic events: 
 AID and RAG 

 
 AID: Activation -Induced ( Cytidine)  deaminase 

 •  Removes the amino group from the cytidine, replace sit by a uracil that trigger a repair mechanism , hence 
possible mutations depending on which base is reinserted inplace of the U 

•  Involved in three separate somatic diversification processes: somatic mutation, gene conversion and class 
switch recombination of IgSF members of Gnathostomes 

•  Could it be involved in LRR somatic modifications in agnathans? 
•  i.e. could a AID homolog be involved in an analogous process? Yes  

•  Pancer Z et al Nature Imm. 2007 8:647-656 

•   RAG 1 and 2 (Recombination activating gene)
•  The recombination activating gene 1 component is thought to contain most of the catalytic activity, 

while the N-terminal of the recombination activating gene 2 component is thought to form a  binding 
scaffold for the tight association of the complex with DNA.  

•    
•  Present in Echinoderms , expressed early during gastrulation, hardly at all in hemocytes 

•  A proto RAG present in the Amphioxus 

•   Rast  J et al  PNAS, 2006 103: 3728-3733 
•  Huang S et al. Cel,l 2016 166: 102-114 

S	Fugmann	Semin	Immunol		2009	22:	10-16	

Cell,	Volume	166,	Issue	1,	2016,	102–114	

TIR	=	Terminal	inverted	repeat	
TSD	=	Target	site	duplica'on	

APOBEC	family	phylogeny	(AID	enzyme	involved	in	soma'c	adapta'ons)	
	AID	a	rela'vely	recent	member	from	an	old	family	

Although	the	family	forms	part	of	a	larger	superfamily	of	deaminases	distributed	throughout	the	biological	world,		
the	AID/APOBEC	family	itself	is	restricted	to	vertebrates	with	homologs	of	AID	(a	DNA	deaminase	that	triggers	an'body	
	gene	diversifica'on)	and	of	APOBEC2	(unknown	func'on)	iden'fiable	in	sequence	databases	from	bony	fish,	birds,		

amphibians,	and	mammals.	



Pancer Z, et al. Nature. 2004 Jul 8;430(6996):174-80. 
 

Kasahara	M	2015	Res	Prob	Cell	Diff	57,	175	

Take	home	message	1	
•  Diversity:	different	types	of	receptor	structure:	Lec'n,	IgSF,	LRR	etc	

•  	Mul'plicity:	many	LRR,	many	IgSF,	many	lec'ns	(mul'gene	
families)	

	
•  Polymorphism	:	alleles	of	the	same	gene	have	different	sequences.	

Gene	families	on	one	chromosomal	region	(haplotype)	can		have	
different	gene	numbers	

•  Germ	line	diversity	by	tandem	duplica'on	and/or	by	
polyploidiza'on.	Crea'on	of	mul'gene	families	of	receptors	and	
effectors.	



  Many different processes selected during evolution can make the number of 
receptors much larger than the number of genes that encode them 

Population level  
•  Polymorphism (receptors and effectors: lectins, C� related, AMPs, srcr, Ig, TCR, MHC etc) 

Individual level 
•      Peptides  Combinatorial association of polypeptide chains: Ig H.L, TCR αβ γδ,  TLRs, PGRPs,…  
•     
•      Nucleic acids  
•                 RNA 
•     Alternative splicing: e.g. SRCRs,PGRPs, FREPs, DSCAM,  
•  (Arthropods, Mollusks, Echinoderms, Urochordates, Vertebrates) 
•      Post transcriptional level: 185/333 (Echinoderms) 
 
•              DNA 

   Somatic rearrangement: Ig, TCR, (combinatorial joining) (RAG mediated in gnathostome 
Vertebrates) 

 Somatic gene conversion: Ig Vertebrates. LRR VLR Agnathans (AID mediated) 
          Somatic mutations: Ig from sharks on. Mollusks? 
    Editing (i.e. secondary rearrangements): Gnathostome vertebrates 
          Heavy chain class switch: From shark to mammals 

 
 

Individualization of responses
Problems of expression

 Autoimmunity? Necessity of selection

Take	home	message	2	


