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The evolu0on of immune systems (3)

Diversification of immunoreceptors
Louis Du Pasquier

Reminder:
So far we went over:
A general Introduction on Metazoa, Selection pressures exerted on
immune systems
Context of evolution: mutations, duplications. Introduction to molecules,
signal pathways and cells of the immune systems. Importance of analogies
and homologies
Many solutions, “to borrow is best ,to create is to
recombine”
Phagocytosis in Unicellularorganisms, then passage to specialization in
multicellular organisms with Mesoderm derived hematopoietic system.
Constitutive production of effectors:
Cells produce humoral effectors
PPO, only in invertebrates
Complement many steps conserved across metazoans
Induced responses:
Cells signal after interaction with receptors, via conserved pathways
(Toll, Imd, Map kinase, Jak/Stat)

NOW
Among the pressures: diversity ! Remember the
diversity of challenges: mofified self
allodeterminants,pathogens (intra and extracellular)!
Therefore our preoccupation today:
Diversification of immunoreceptors across
metazoans

“Should have diversity and flexibility”
How to obtain this, when so much “conservatism”??
• Cells: Conservation of Transcription factors families
• Receptors: Conservation of domains, but, multiplicity due to
multigene families and various forms of somatic generation of
diversity.
• Signaling cascades: Conservation
• Effectors: Conservation of domains,but, multiplicity due to
multigene families and in some cases usage of products of
somatic rearrangement as receptors AND effectors
(antibodies)

Source of receptor and effector diversity
•
•
•
•
•
•
•
•
•
•
•

Peptide level
Combinatorial association of peptide chains, multimeric receptors: TLR, H and L Ig chains, PGRPs
Nucleic acid level
Polymorphism
Gene duplication
Somatic adaptations:
RNA level
Editing
Mutually exclusive alternative splicing
DNA
gene rearrangement, gene conversion, somatic hypermutation, TTdt mediated junctional
diversity, heavy chain class switch.

Example of a combinatorial association
“The innate immune system has to recognize the
large number of PAMPs found in nature. It must both
distinguish these structures from self, and
discriminate between different pathogens to mount
an appropriate immune defense. To date, 10 human
TLRs have been identified (not enough!) . This
suggests that these molecules might form a
combinatorial repertoire for innate immune
recognition.”
TLR2 recognizes a variety of microbial
components derived from Gram-positive
bacteria, such as lipopeptides, peptidoglycan, and
lipoteichoic acids.
TLR2 forms a heterodimeric complex with TLR1 or
TLR6 to discriminate among different types of
synthetic lipopeptides
TLR4 is the LPS receptor
TLR6/TLR4 promotes inflammation

Proc Natl Acad Sci U S A. 2000 Dec 5; 97(25): 13766–13771.

Other examples in gnathosotome vertebrates
Heavy and Light chains gene segments of antibodies
TCR alpha and beta
TCR gamma and delta

VH/ V lambda 30 X 65 = 1950
Immunobiology: The Immune System in Health and Disease. 5th
edition.
Janeway CA Jr, Travers P, Walport M, et al.
New York: Garland Science; 2001.

Polymorphism
Hemolysins of earthworms
Roch P.
ProDev Comp Immunol. 1979 3:599-608.
Scavenger receptors of sea urchin
Pancer Z.
Proc Natl Acad Sci U S A. 2000 Nov 21;97(24):13156-61.
FREPs in the snail Biomphalaria
Zhang SM, Leonard PM, Adema CM, Loker ES Immunogenetics. 2001 Oct;53(8):684-94
Sponge receptor tyrosine kinases
Pancer Z et al
Gene 1998 207:227
Thioester bond forming proteins (C’like) in Cnidaria, Insects, urochordates, vertebrates
Lagueux et al PNAS 2000 97:111,
Marino et al 2002 Immuniogenetics 53:1055, Sunyer et al Biochem j 1997 326:877
Lectins in coral
Hayes ML, Eytan RI, Hellberg ME. BMC Evol Biol. 2010 May 19;10:150.
Variable region-containing chitin-binding proteins in Amphioxus
Larry J Dishaw et al. Immunogenetics. 2010
Hydractinia histocompatibiliy loci (198 alleles)
Aidan Huene, Traci Chen, Matthew L. Nicotra bioRxiv 2020.12.01.406256;
Botryllus (sea squirt) histocompatibility locus
Nydam ML, et al Dev Comp Immunol. 2017 Apr;69:60-74.

Nature Review Microbiology 2020, 18. 113

Figure 1Regionalized hypervariability of VCBP2 genes from 12 individual amphioxus and a single-animal BAC genomic library (CHORI302). Vertical columns of dots represent sets of PCR amplicons recovered from each animal. Identical peptide sequences observed in
different animals are displayed at the same horizontal position. Subfamilies (∼70% amino acid identity) of VCBP2 sequences are
indicated by dot color.
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Multigene families

In the absence of (…or in addition to) somatic adaptations
Polymorphic multigene families
Multigene families in Deuterostomes: TLRs, NLRs, XFLs, KIRs, LIRs, IpLTRs, CHIRs, VCBPs, NITRs, used in
immunity

Rast J et al 2006

summary
• Diversity: different types of receptor structure: Lectin, IgSF, LRR etc
•

Multiplicity: many LRR, many IgSF, many lectins (multigene
families). Combinatorial associations.

• 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 duplication and/or by
polyploidization. Creation of multigene families of receptors and
effectors.

Somatic adaptations
Should confer to each individual within a species the best chances
of survival under (often rapidly) changing environment conditions.
Should be economical i.e. should not use too much genetic
material, too many cells.
Somatic adaptations, combinatorial usage of genetic elements.
Inheritanceof adaptive systems as a do-it-yourself kit.
Allows individualization of responses

Somatic adaptations

•
•
•
•
•

4 Examples:
DSCAM in Arthropods
FREPs in Mollusks
Transformers in Echinoderms
VLRs and Igs in Chordates

•
•
•
•
•
•
•
•

Various mechanisms
RNA level(not inheritable)
Alternative splicing
RNA editing
DNA level (inheritable > clonal selection possible)
Somatic Gene conversion
Somatic mutation and hypermutation, AID, Tdt, switch
RAG mediated rearrangements

DSCAM: Down Syndrom Cell Adhesion Molecule

> 30000 isoforms of DSCAM molecules. Mutually exclusive Alternative spicing as a source of diversity.

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

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

Watson FL (2005) Science 309: 1874-8

Arguments for a role in immune recogniton and response
•
•
•
•

As a Phagocytic receptor?
Enginereed Dscam molecules with different exon combination have different bacterium
binding properties
Increase of some forms after immunization in crustaceans
Modulation of alternative splicing in function of pathogen encounters soluble form like
antibodies in some crustaceans?
Other roles?
Similar to the one played by DSCAM in the nervous system that is specifying cell identity
Controlling hemocyte migration? Determination of hemocyte individuality
and recogniton capacity especially during relocation phase?

Role of DSCAM
Dscam1 promotes blood cell survival in Drosophila melanogaster through a dual role in
blood cells and neurons
Debra Ouyang , Xiaoyi Xiao, Anjeli Mase, Glenda Li, Sean Corcoran, Fei Wang,
and Katja Brückner
bioRxiv preprint doi: hHps://doi.org/10.1101/2020.09.26.314997

”Dscam1 related genes in vertebrates and invertebrates are key regulators of neuron
morphogenesis and neuronal tiling. In Drosophila, Dscam1 in addition has roles in blood cells
(hemocytes) in innate immunity and phagocytosis of pathogens.
Dscam1 fills the role of a previously anticipated factor in neuron/hemocyte communication that supports
trophic survival: tissue specific silencing of Dscam1 by in vivo RNAi in sensory neurons leads to neuron
reduction, which in turn results in reduced hemocyte numbers due to apoptosis. Dscam1 silencing in
hemocytes also results in a reduction of hemocytes and increased apoptosis. This cell-autonomous effect of
Dscam1 silencing can be
mimicked by RNAi silencing of dreadlocks (dock), suggesting that intracellular Dscam1
signaling relies on the adapter protein Dock in this system. Thus
Dscam1play s adual role in Drosophila hematopoiesis:1) by promoting survival of the sensory neuron
microenvironments that in turn support hemocyte survival, and 2) by promoting survival of
hemocytes. “

FREPs: Fibrinogen RElated Proteins in Biomphalaria, Mollusks

FREPs in Mollusks
“Anti-parasite responses of the snail
Biomphalaria glabrata involve antigen-reactive
plasma lectins termed fibrinogen-related
proteins (FREPs) comprising a C-terminal
fibrinogen (FBG) domain and one or two
upstream immunoglobulin domains. FREPs are
highly polymorphic; they derive from several
gene families with multiple loci and alleles that
are diversified by exon loss, alternative
splicing, and random somatic mutation (gene
conversion and point mutations). Individual B.
glabrata snails have dynamically distinct FREP
sequence repertoires.”
Results Probl Cell Differ. 2015;57:111-29. doi: 10.1007/978-3-319-20819-0_5.
Fibrinogen-Related Proteins (FREPs) in Mollusks.
Adema CM

Invertebrate immune diversity
December 2010 Developmental and Comparative Immunology 35(9):959-74

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

Somatic mutations in Mollusks?

Transformer (185/333) in sea urchins, Echinoderms

“… a large number of different members…

David P. Terwilliger et al. Physiol. Genomics 2006;26:134-144
Chou H-Y, Lun CM, Smith LC (2018). PLoS ONE 13(5):
e0196890.

Diversity of Transformers transcripts.
Detected after LPS injection,, produced by coelomocytes

SpTransformer proteins originally identified on cell membranes, are also secreted from
phagocytes of the purple sea urchin and opsonize bacteria, augment phagocytosis, and
retard bacterial growth. Their level increases after injection of LPS. 15 genes each
consisting in 2 exons

Individual Sea Urchin Coelomocytes Undergo Somatic Immune Gene
Diversification.
Oren M, Rosental B, Hawley TS, Kim GY, Agronin J, Reynolds CR, Grayfer L, Smith LC.
Front Immunol. 2019 Jun 6;10:1298.

SpTransformer

“The second exon encodes the mature protein and is composed
of blocks of sequence called “elements”
that are present in mosaics of deﬁned ^ pa;erns
and are the major source of sequence diversity.
The SpTrf genes respond swiBly to immune challenge,
but only a single gene is expressed per phagocyte.
Many of the mRNAs appear to be edited and encode proteins
with altered and/or missense sequence that are oBen truncated,
of which some may be funcIonal”.
Mechanism unknown

Smith LC and Lun CM (2017)
The SpTransformer Gene Family (Formerly Sp185/333) in the Purple Sea Urchin and the Functional Diversity of the Anti-Pathogen rSpTransformer-E1
Protein. Front. Immunol. 8:725. doi: 10.3389/fimmu.2017.00725

Meaning?
No specific induction of clonal proliferation reported,
unlike in Vertebrates adaptive responses
Shot gun effect?
Missing information?
Sea urchin hemocytes seem to produce only one form of transformer per cell…
like lymphocytes do with antibodies!

Vertebrates
VLRs, Variable lymphocyte Receptor in Agnathans
Ig, Immunoglobulins and TCR (T-Cell receptors) in Gnathostomes

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 in place 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?
•
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, Amphioxus, expressed early during gastrulation, hardly at all in
hemocytes
•
Proto RAG in Amphioxus
•

Rast J et al PNAS 2006 103: 3728-3733

Agnathans
CDA mediated somatic gene
conversion

“Do it yourself”

Individualization

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 antibody
gene diversification) and of APOBEC2 (unknown function) identifiable in sequence databases from bony fish, birds,
amphibians, and mammals.
Molecular Biology and Evolution, Volume 22, Issue 2, February 2005, Pages 367–377,

APOBEC family phylogeny (AID enzyme involved in somatic adaptations,
somatic mutation and somatic gene conversion)
AID a relatively recent member from an old family

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

Gnathostomes
RAG mediated somatic
rearrangement
Further soma4c modiﬁca4on due to TdT and CDA
(AID)

“It is currently hypothesized that the invasion of RAG1/2
is the most important evolutionary event in terms of
shaping the gnathostome adaptive immune system
vs. the agnathan variable lymphocyte receptor system.”

RAG mediated somatic rearrangement

Another opportunity
Another “do it yourself “.The introduction of RAG

The RAG complex can recognize certain sequences motifs and cut:
RAG1 is involved in recognition of the DNA substrate, and cleavage
requires RAG2.
In all Gnathostomes
Proto-RAG in Deuterostomes (Echinoderms and Cephalochordates)
Sequence homology with Transib transposon present from basal
triploblastic organisms
Used for somatic modification of BCR and TCR repertoires in
Gnathostomes

How do RAG1 and RAG2 work?

RAG1 and RAG2 form a tetramer nuclease to initiate V(D)J recombination in
developing T and B lymphocytes. The RAG1 protein evolved from
a transposon ancestor (see below) and possesses nuclease activity that requires
interaction with RAG2.

Heptamer CACAGTG
Nonamer ACAAAAACC

Recombination Signal Sequences RSS 23-12 law coupled cleavage

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

“The lancelet RAG1/2-like proteins can mediate TIR-dependent transposon excision,
host DNA recombination, transposition, and low-efficiency TIR rejoining using
reaction mechanisms similar to those used by vertebrate RAGs.“

RAG related proteins in Amphioxus

Origin of RAG 1 and 2
It was demonstrated previously (Kapitonov VV, Jurka J (2005)
RAG1 Core and V(D)J Recombination Signal Sequences were
Derived from Transib Transposons. PLOS Biology 3(6): e181.)
that the 600-aa catalytic core of RAG1 evolved from the
transposase of the Transib superfamily transposons.

New insights into the evolutionary origins of the recombination-activating gene proteins and V(D)J recombination.
Carmona LM, Schatz DG.FEBS J. 2017 Jun;284(11):1590-1605.

New insights into the evolutionary origins of the recombination-activating gene proteins and V(D)J recombination.
Carmona LM, Schatz DG.FEBS J. 2017 Jun;284(11):1590-1605.

From transposase to RAG
Nature. 2019 May; 569(7754): 79–84.
Amphioxus Bb RAG and gnathostome RAG show differences
RAG and BbRAGL show an important functional difference: while both are active
transposases in vitro, only BbRAGL exhibits substantial transposition in cells unlike in
RAG in Vertebrates
The RAG transposon domestication model predicts a critical divergence during
chordate evolution in which, in jawed vertebrates, the RAG transposase acquired
properties of a recombinase, while in amphioxus transposase functions were
retained.
The domestication of a transposon (a DNA sequence that can change its position in a
genome not desirable in the immnune system!) to give rise to the RAG1–RAG2
recombinase (RAG) and V(D)J recombination, which produces the diverse repertoire
of antibodies and T cell receptors, was a pivotal event in the evolution of the adaptive
immune system of jawed vertebrates. The evolutionary adaptations that transformed
the ancestral RAG transposase into a RAG recombinase with appropriately regulated
DNA cleavage and transposition activities are not fully understood. Yet two
adaptations specific to jawed-vertebrates have been identified— arginine 848 in
RAG1 and an acidic region in RAG2—that together suppress RAG-mediated
transposition more than 1,000-fold. These finding illuminate the evolution of V(D)J
recombination.

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

Expression of RAG –like in the Sea Urchin

A substrate?

JAM V domains binding Reovirus

????

Co-receptor

Co-receptor

BCR TCR
Immunoreceptor

What could have been the substrate?

Apoptosis
JC Forrest et al J. Biol. Chem., Vol. 278, Issue 48, 48434-48444, November 28, 2003

(Du Pasquier L CTMI (2000) 248:159-185
Du Pasquier L.et al (2004) Imm. Rev.198: 233-248)
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The result

Kasahara M 2015 Res Prob Cell Diff 57, 175

Summary
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 ab gd, 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. Generation of an adaptive system.
Problems of expression
Autoimmunity? Necessity of selection

