
Signalling pathways





To borrow is best: reuse the same is even better! 
The Toll pathway used to specify the dorsoventral polarity is reused for immunity later in life
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The Cells:



Monocellular organisms. Phagocytosis

“Diplobasltic” Metzoa
Epithelial immunity

Bilateria , (“triploblastic”) Metazoa

Division of the work:
Macrophages and Lymphocytes
Metazoa with hematopoietic system

Cell autonomous. Phagocytosis
Epithelial immunity (Dictyostelium, Hydra)



The immune systems in action

First attitude for a metazoan : prevent 
the pathogens from entering the body 

….and if not, from entering the cells



Physical barriers
teguments: skin, cuticle,

Mucus
the “ slimy partner”(in the gut)

ETosis (Extra cellular traps) 



Barriers



Proc Biol Sci. 2012 Aug 7;279(1740):3049-54. doi: 10.1098/rspb.2012.0407. Epub 2012 Apr 
11.The role of moulting in parasite defence.

Duneau D, Ebert D.

Daphnia moult every 3-4 day

http://www.ncbi.nlm.nih.gov/pubmed?term=Duneau%20D%5BAuthor%5D&cauthor=true&cauthor_uid=22496187
http://www.ncbi.nlm.nih.gov/pubmed?term=Ebert%20D%5BAuthor%5D&cauthor=true&cauthor_uid=22496187






Mucus
the “ slimy partner”(in the gut)

First attitude for a metazoan : prevent the pathogens from entering the body 
….and if not, from entering the cells



The mucus
Paone P, Cani PD. Gut 2020;69:2232–2243.

The protective function of mucus is that of a barrier is also due to its collaboration 
with the immune system. Indeed, mucus is a part of the innate mucosal intestinal 
barrier by being involved in the reduction of antigen exposure (bacteria) to the 
immune system underlying the enterocytes, thus acting as a first line of 
immunological defence against possible harmful compounds. Several studies 
suggest that the mucus layer also has direct immunological effects due to their 
glycans, which are able to bind directly to immune cells through the lectin-like 
proteins found on the latter.
Mucus contains mucins that can be involved in host microbe interactions 

(microbiota). Mucins can be found in large families.  



Etosis (extra cellular traps)



Figure 1. NETs formed by bovine PMN after confrontation with B. besnoiti tachyzoites.

Muñoz Caro T, Hermosilla C, Silva LMR, Cortes H, Taubert A (2014) Neutrophil Extracellular Traps as Innate Immune Reaction against the 
Emerging Apicomplexan Parasite Besnoitia besnoiti. PLOS ONE 9(3): e91415. https://doi.org/10.1371/journal.pone.0091415
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0091415

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0091415


Etosis is performed by cells of the myeloid lineage in vertebrtaes: granulocytes ,macrophages, 
lymphocytes

that die (or not!), releasing a chromatin-DNA backbone with attached antimicrobial peptides 
and enzymes that trap and kill microbes.

NATURE COMMUNICATIONS | 5:4627 | DOI: 10.1038/ncomms5627 |www.nature.com/naturecommunications

ETosis by crab hemocytes

Etosis present in plants in social ameba (see further) and in diploblastic Cnidarians

ETOSIS



If the pathogen manages to enter the body it is 
met by an army of soluble “hostile” factors, 
products of the innate and (depending on the 
species) adaptive immune systems.



Humoral aspects of immunity

• Innate:  Enzymes in the body fluids. C-reactive proteins 
(pentraxins), PPO, Complement components, proteases, 
agglutinins, lectins, hemolysins, anti-microbial peptides (5000 
sorts known across Metazoa!), secreted PGRPs, Beta 1.3 glucan 
receptors, defensins…
• Adaptive: antibodies (VLRs, IgSF)
• Some of these factors are highly conserved among species, 

other are specific of some taxa, we shall touch upon two of 
them only,  PPO and complement



The Pro Phenol Oxidase (PPO) system , very 
much used in many invertebrtaes , absent in 

Vertebrates
https://www.researchgate.net/figure/Functions-of-insect-PGRP-proteins-In-response-

to-peptidoglycan-PGN-from-bacteria-or_fig3_6858777

PGN=peptidoglycan
PGRP= PGN recognizing protein
PGRP- S= short PGRP
PGRP-L= long PGRP

Functions of insect PGRP proteins. In response to peptidoglycan (PGN) from 
bacteria or other stimulants (yellow), insect PGRPs activate the (a) Toll and 
(b) Imd pathways and (c) the prophenol-oxidase cascade, which results in 
the production of antimicrobial products. (d) The structure of DAP-type 
peptidoglycan, indicating the positions at which proinflammatory 
peptidoglycan can be hydrolyzed by some PGRPs, reducing inflammation. 
Drosophila PGRPs are shown (green) unless otherwise indicated (Bm, 
Bombyx mori; Hd, Holotrichia diomphalia; Tm, Tenebrio molitor). Multiple 
arrows signify multiple steps.



PPO melanization in Drosophila. 

Takehana A et al. PNAS 2002;99:13705-13710

©2002 by National Academy of Sciences



MASP = mannose-associated serine protease 1

Most of the proteins and glycoproteins that constitute the complement system are synthesized by hepatocytes or homologs.
But significant amounts are also produced by tissue macrophages, blood monocytes, 

and epithelial cells of the genitourinary system and gastrointestinal tract. 



Phagocytosis

If barriers have been overcome, if soluble factors have not been effective enough…
….or if they need a follow up

Cellular immunity



inherited from monocellular organisms. Phagocytosis

“Diplobasltic” Metzoa
Epithelial immunity

Bilateria , (“triploblastic”) Metazoa

Division of the work:
Macrophages and Lymphocytes
Metazoa with hematopoietic system

Cell autonomous. Phagocytosis
Epithelial immunity (Dictyostelium, Hydra)

Then: one of the most basal mechanisms:



Phagocytosis (discovered by Metchnikoff in several invertebrates 
including Daphnia as well as vertebrates)

Kaufmann, Stefan. (2019). Immunology's Coming of Age. Frontiers in 
Immunology. 10. 684. 10.3389/fimmu.2019.00684. 



Phagocytosis
What did metazoa inherit from “Unicellular” organisms

that could be useful for an immune system?
Some mechanisms: phagocytosis,

but mostly achieved by specialized cells the macrophages widespread in Metazoa, and 
the dendritic cells of gnathostome where where after phagocytosis, macrophages 
(and dendritic cells) can participate in antigen presentation, a process in which a 

phagocyte moves parts of the ingested material back to its surface. This material is 
then displayed via MHC class I and II molecules to other cells of the immune system. 
Some phagocytes then travel to the body's lymph nodes and display the material to 
the lymphocytes (T and B). This process is important in building immunity and many 

pathogens have evolved methods to evade attacks by phagocytes. 



“Phagocytosis is a general competence in unicellular predators, for free-living amoebae must constantly search for 
food, and then internalize it. Both the searching and the internalization are activities that are dependent on the 
cytoskeleton. The cytoskeleton gives the cell its shape, and enables both the movement of organelles within the 
cytosol, as well as the movement of the cell with respect to the substrate. During phagocytosis, the local structure 
of the cytoskeleton is altered so that the cell membrane flows around the target particle, and encloses it in a 
vacuole - the phagosome. Within the cytosol, the phagosome goes through a process of maturation, during the 
course of which it may be fused with lysosomes, or other preformed storage vesicles, packed with hydrolytic 
enzymes that cause the contents of the vacuole to be degraded into simple metabolites, which are then available 
to fuel the cell’s metabolism.”
Some phagocytes kill the ingested pathogen with oxidants and but can also release toxic nitric oxide and cytokines.

R Jack and L Du Pasquier
Evolutionary concepts in Immunology  Springer 2019

https://docplayer.info/52425748-Tinjauan-pustaka-biologi-litopenaeus-vannamei-boone-1931.html



The two types of granule may have distinct functions. The 
primary granule enzymes are responsible for killing and 
digesting ingested micro-organisms while the secondary 
granule constituents may have regulatory functions outside 
the cell.



Phagocytic receptors and their ligands (human)
In red some of the conserved ones across several invertebrate phyla

Receptor  Ligand
Pattern-recognition receptors
Dectin-1 Polysaccharides of some yeast cells
Mannose receptor Mannan 
CD14 Lipopolysaccharide-binding protein
SCR Scavenger receptor A Lipopolysaccharide
SCR CD36 Plasmodium infected erythrocytes
SCR MARCO Bacteria

Opsonic1 receptors
Fc gamma R IgG           
Fc alpha R IgA
Fc epsilon R IgE
Complement receptors (CD35 and others)Mannan-binding lectin, C1q, C4b, C3b complexes  

Biomed Res Int. 2017; 2017: 9042851.
Phagocytosis: A Fundamental Process in Immunity
Carlos Rosales and Eileen Uribe-Querol

1 Opsonin: any molecule that enhances phagocytosis by marking an antigen for an immune response or phagocytosis



R Jack and L Du Pasquier
Evolutionary concepts in Immunology  Springer 2019

Specialization in the social amoeda Dictyostelium

“Phagocytosis is a very basic, and hence ancient, competence of unicellular eukaryotic 
animal cells. It is, however, an activity that must be restrained in the cells of metazoans, 
for an organism, whose cells are all constantly trying to eat their neighbours, is unlikely to 
be a winner in the struggle for existence. The requirement to tone down phagocytic 
activity in multicellular animals can be seen, at the very simplest level of multicellular 
complexity, in the social amoeba Dictyostelium discoideum” . one of the first 
specializations to take place, when Phagocytosis is restricted to

Sentinel cells of the multicellular slug stage of the social amoeba Dictyostelium
discoideum produce ETs upon stimulation with bacteria or lipopolysaccharide. 

Dictyostelium Sentinel cells



“The interesting part of this story, is that, as the slug is formed, the 
individual amoebic cells sacrifice some of their competences which 
contributes to the life of the new community. One of the first things to go 
is the amoebic form’s enormous capacity for phagocytosis. However, the 
slug must be able to protect itself from attack by pathogens, and so one 
of the first specializations to take place is that around 1% of the cells 
retain their phagocytic capacity and are charged with the business of 
defence. These so-called “sentinels” patrol through the mass of cells, 
picking up bacteria and debris and dumping them outside of the slug. In 
this situation phagocytosis has been switched from being an essential 
skill of every cell, to being a competence reserved for a small population 
of specialised cells. 
In more complex animals there is a similar restriction of highly active 
phagocytosis to certain specific cell types (professional phagocytes), such 
as macrophages or granulocytes, though many other cells (including 
lymphocytes) do retain it as a reserve competence.”

R Jack and L Du Pasquier
Evolutionary concepts in Immunology  Springer 2019

Specialization



The mechanisms



Current Opinion in MicrobiologyVolume 11, Issue 3, June 2008, Pages 271-276

2 molecules involved in the phagocytosis  and Etosis by sentinel cells in Dictyostelium show 
conservation of LRR architecture and of TIR (Toll Il1 Receptor) domains.

Borrowing and recombine :
Phagocytosis from Monocellular organisms

Among several phagocytic receptors, some show 
domain conservation between Protozoa and Metazoa



The fate of LRR and Ig domains in the history of immunoreceptors, a possible scenario

Ig-like
? TM Cyto ??

LRR

Phagocytosis Monocellular organisms
From LRR/Ig 

and

CT

TM Cyto TIR

NTCT

TollToll

LRR

To LRR /TIR of Metazoa

By duplication,  deletion, and exon shuffling



Phagocytosis
Involvement of extracelluar LRR

and intracellular TIR domains
in Hydra’s (Cnidaria) epithelial immunity

CNIDARIA



Further specialization of cells lineages:
the mesoderm derived hematopoietic system

Cells of the hematopoietic lineages can patrol and 
sense the environment with many kinds of diversified

receptors and react accordingly.
Local and systemic responses



Phagocytosis in Monocellular organisms

Diploblastic Metazoa
Epithelial immunity

Triplobastic Metazoa
Macrophages , lymphocytes and alike

Division of the work



Hartenstein V.   Annu. Rev. Cell Dev .Biol. 2006 22:677-712
Hematopoiesis across metazoan phylaa



Annu. Rev. Cell Dev .Biol. 2006 22:677-712

Mammalian lymphocyte Insect hemocytes         

Division of the work
hematopoeitic lineages , of mesodermic origin

Transcription factors homologies



The receptors and their 
diversification



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



• 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)

“Should have diversity and flexibility”

How to obtain the above , when so much “conservatism”??



Source of receptor and effector diversity

• Multigene families, polymorphism 

• Combinatorial association of peptide chains, multimeric receptors: TLR, H and L Ig chains, PGRPs

• Somatic adaptations:

• RNA level

• Editing

• Mutually exclusive alternative splicing

• DNA

• gene rearrangement, gene conversion, somatic   hypermutation, TTdt mediated junctional 
diversity, heavy chain class switch. 



Protein 

Drosophila 
melanogaster

Strongylocentrotus purpuratus Oikopleura
dioica

Ciona
Intestinalis 

Branchiostoma 
floridae 

Lampetra
fluviatilis 

Homo sapiens 

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

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



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
Dishaw LJ 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.

Polymorphisms in invertebrate immunity



Figure 1Regionalized hypervariability of VCBP2 genes from 12 individual amphioxus and a single-animal BAC genomic library (CHORI-302). 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. 



“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.

Example of a combinatorial association

TLR1/TLR2, TLR1/TLR6, TLR6/TLR4



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

Immunobiology: The Immune System in Health and Disease. 5th 
edition.
Janeway CA Jr, Travers P, Walport M, et al.
New York: Garland Science; 2001.

Combinatorial association VH/ V lambda 30 X 65 = 1950

http://www.garlandscience.com/textbooks/0815341237.asp


summary

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

• Multiplicity: many LRR, many IgSF, many lectins (multigene 
families). Combinatorial associations. Germ line diversity 

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

• Fine, but not enough, more pressures to satisfy



material, too many cells.

Somatic adaptations, combinatorial usage of genetic elements.
Inheritance of adaptive systems as a “do-it-yourself” kit.

Allows individualization of responses

This is where Somatic adaptations enter the game



Somatic adaptations 
(at the nucleic acid level)
• 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



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

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

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? (claimed)

• Enginereed Dscam molecules with different exon combination have different bacterium 
binding properties (not repeated)

• 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?

Dscam1 promotes blood cell survival in Drosophila melanogaster through a dual role in
blood cells and neurons Debra Ouyang et al bioRxiv preprint doi: https://doi.org/10.1101/2020.09.26.314997



FREPs: Fibrinogen RElated Proteins in Biomphalaria, 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

FREPs in Mollusks

https://www.ncbi.nlm.nih.gov/pubmed/26537379
https://www.ncbi.nlm.nih.gov/pubmed/?term=Adema%20CM%5BAuthor%5D&cauthor=true&cauthor_uid=26537379


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                                         



The Transformer family “… a large number of different members…

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

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



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. 



“The second exon encodes the mature protein and is composed 
of blocks of sequence called “elements”

that are present in mosaics of defined ^ patterns
and are the major source of sequence diversity. 

The SpTrf genes respond swiftly 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 often truncated, 

of which some may be functional”.

Mechanism unknown

SpTransformer 

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!



Next week : the vertebrates


