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"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 

Boris I. Kuperman and Victoria E. Matey, 2000
http://www.sci.sdsu.edu/salton/FishParasitePoster.html



“ It was probably not very late in the history of evolution that 
another and about equally important discovery was made. Instead 
of simply eating other individuals and thus obtaining 
nourishment, certain organisms can learn to live with or upon 
other organisms and obtain theire nourishment, either by eating 
portions of the tissues or by absorbing food which would 
otherwise be utilized by the host.
…Immunity denotes the resistance which an organism offers 
against aggression by a parasite. The study of immunity… is 
only a branch of biology and it could even be maintained that it 
is only a branch of ecology.”

W. Boyd Op. cit.



• Metazoa

• Simultaneous threats: Viruses, Bacteria, Archea, fungi, individuals of the same 
• species, damaged tissues,variants of self.

• Simultaneous responses:   Physical barriers, RNA interference, restriction, intracelluar mechanisms, 
surface receptors.

• One may anticipate an  original diversity of immune mechanisms:

Cell autonomous immunity: Intracellular: NLR,TRIMs, RIG1-L etc
Constitutive soluble: Complement (C‘),  PPO, clotting e.g.

. Inducible cellular responses (proliferation and synthesis of effector molecules)
in a specialized cell lineage: Receptor – Signalling – Effector 

often articulated around conserved domains and conserved signal transduction cascades



• Simultaneous threats: Viruses, Bacteria, Archea, fungi, individuals of the same
• species, variants of self.

• Simultaneous responses: Physical barriers, RNA interference, restriction,
• intracelluar mechanisms.

• Surface receptors.

• Original diversity of immune mechanisms, receptors and effectors

Cell autonomous immunity

• Intracellular: NLR ,TRIMs, RIG1-L etc. 

• Constitutive  soluble elements: 
Complement (C‘),  PPO, clotting e.g.

. Inducible cellular responses: 

Receptor – Signalling – Effector 

often articulated around conserved domains 
and conserved signal transduction cascades

Early in evolution of Metazoa: the context



Physical barriers
teguments: skin, cuticle,

Mucus

ETosis (extra cellular traps) 
by cells of the myeloid lineage: neutrophils, mast cells, macrophages

that die, releasing a chromatin-DNA backbone with attached antimicrobial peptides and enzymes that trap and 
kill microbes.

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

(We shall see later what happen inside the cells when pathogens manage to get in)

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

ETosis by crab hemocytes



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)



Phagocytosis (discovered by Metchnikoff in the sea star 
larvae and in Daphnia): an old habit becomes restricted

“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



Phagocytosis

And now let’s anticipate a little…

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 
white blood cells called lymphocytes (Tand B lymphocytes). This process is 
important in building immunity and many pathogens have evolved methods 
to evade attacks by phagocytes. 



Copyright, M.J. Grimson & R.L. Blanton. Biological Sciences Electron Microscopy Laboratory, Texas Tech University

Dictyostelium

Lineage restriction of phagocytic competence in metazoans

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, 



“The interesting part of this story, is that, as the slug is formed, the 
individual amoebic cells sacrifice some of their competences in 
order to contribute 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



Science. 2007 Aug 3; 317(5838): 678–681.

Dictyostelium sentinel cells having absorbed ethidium bromide (red)
example of cell specialization in a simple “organism”: division of the work



Let us go back to mechanisms



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

2 molecules involved in the Phagocytosis (sentinel cells) in Dictyostelium
Conservation of LRR architecture and of TIR (Toll Il1 Receptor) domains

Borrowing and recombine from:
Phagocytosis 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



Further specialization of cells lineages:
the mesoderm derived hematopoietic system



Phagocytosis in Monocellular organisms

Diploblastic Metazoa
Epithelial immunity

Triplobastic Metazoa
Macrophages , lymphocytes and alike

Division of the work



Division of the work: Specialized cells

from the hematopoietic system

anus

mouth

Protostomata

Deuterostomata



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



( f–h ) Protochordate (ascidian). (i-j) Echinoderm
( f ) Prohemocyte in Botrylloides leachi. 
(g, h) Hyaline and granular hemocyte in Diplosoma listerianum. 

(i) Spherule cell in Cucumaria normani.
( j ) Hemoglobin containing hemocyte in C. normani.

Some examples of cells of the 

hematopoietic system in deuterostome invertebrates



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 (see supplementary slide)



What do these cells do?

Humoral and cellular aspects

Produce constitutively, or upon stimulation, 
some ready made soluble effectors or 

mediators:
PPO, C’,varieties of antimicrobial peptides, 

cytokines

These cells can also patrol and sense thze
environment with many  kinds of receptors and 

react accordingly



Humoral aspects of innate immunity

• Enzymes in the body fluids. C-reactive proteins (pentraxins), 
PPO, Complement components, proteases, agglutinins, 
lectins, hemolysins (innate) anti microbial peptides, receptors 
such as PGRPs, Beta 1.3 glucan receptors, defensins …and 
later, antibodies (VLRs, IgSF) (adaptive) 

• Some of these are highly conserved among species other 
specific of some taxa, we shall touch upon two of them only,  
PPO and complement

If the pathogen manages to enter the body it is met by an 
army of soluble “hostile” factors, products of the innate 
immune system



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. 



Thioester-containing proteins TEP
The thiol ester bonds

C3 binds to bacterial surface via a thio ester bond

Thioester bonds are important structural and functional features of certain proteins,
including C3. C3 shares the thioester bond with several other proteins, 
principally the fourth complement protein, C4, and α2-macroglobulin. (Present in arthropods)
It is this bond that confers upon C3 the ability to form covalent bonds with cell-surface macromolecules,
immune complexes, and a variety of small molecules in solution.
The bond in C3 lies between the SH group of a cysteinyl residue and the carboxyl group of a glutaminyl residue. 
The same happens in C4 and α-macroglobulin,and the three proteins share extensive amino acid homology 
throughout their structure, particularly in the vicinity of the bond 

Many a2M/C3-like TEP genes are present in the genomes of invertebrates like Caenorhabditis elegans,
Drosophila melanogaster, Anopheles gambiae. TEPs are distinct and highly divergent members of a2M/C3 family 

Six TEPs are present in D. melanogaster and 19 have been identified in A. gambiae
Most of these insect genes incorporate highly conserved signature sequences for the TEP protein subfamily, 
notably the sequence which defines the potential thiolester bond site. 
The six TEP genes in D. melanogaster bear only 29-51 % amino acid homology to each other, 
which is comparable to the similarity between C3 and a2M in mammals.

Functional evidence suggests that insect TEPs have defensive activities.

ISJ 2: 114-123, 2005 ISSN 1824-307X
Review
Ancient origins: complement in invertebrates
SV Nair, A Ramsden, DA Raftos



What do these cells do?

Humoral and cellular aspects

Produce constitutively, or upon stimulation, 
some ready made soluble effectors

PPO, C’,varieties of antimicrobial peptides

These cells can also patrol and sense the 
environment with many  kinds of receptors 

and react accordingly, using conserved 
signaling pathways.



The signalling Pathways



If an immune system has to borrow something, it better borrows something that has already proven
to work in a  vital metabolic cascade.

Nothing better for instance  than to borrow something involved 
in development,  polarity determination, nervous system development 

In early metazoa of the protostome type 
Toll was not a bad choice(!)

Toll: a LRR receptor interacting with  Spaetzle a cytokine of the  cystine knot  family

Toll/Spaetzle



To borrow is best: reuse. 
The Toll pathway used to specify the dorsoventral polarity is reused for immunity later in life

Toll > TLR with change of ligand

Vitelline membrane of the enbryo

Plasma membrane

Hemolymph

Fat body cell ,
hemocyte membrane



Vitelline membrane
of the embryo

Environmental antigens

Homology but not analogy!



Analogy and homology

• Although TLR and Toll receptors are homologous (recognizable LRR, TIR domains 
NFKappa B conserved cascade) their functions are not analogous:

• TLR function as Pattern recognition receptor (PRR)  recognizing the epitopes on 
environmental pathogens. Toll functions as a cytokine receptor recognizing 
Spaetzle a self protein



JAK/STAT Pathway

daphmag3mtv3l110t1 

daphmag3mtv3l3842t1 

daphmag3mtv3l7907t1 

5 Teps e.g.
daphmag3mtv3l3792t4 



The end, buts see supplementary material



C-reactive protein : a member of the pentraxin family

CRP was so named because it was first identified as a substance in the
serum of patients with acute inflammation that reacted with the antibody
against the somatic capsular polysaccharide (C-polysaccharide) of pneumococcus
concentrations rise in response to inflammation
CRP binds to the phosphocholine expressed on the surface of dead or dying cells
and some bacteria. This activates the complement system, promoting phagocytosis
by macrophages, which clears necrotic and apoptotic cells and bacteria.

PPO  Prophenol oxidase
PGRP peptidoglycan recognizing proteins
Beta 1-3 glucan receptors formerly and falsly call GNBP(gram negative binding proteins
VLR varaiable lymphocyte receptor
IgSF Immunoglobuin superfamily
LRR Leucine rich repeat

pentraxin

Supplementary information



Phagocytic receptors and their ligands (human)

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



Acronym/ Full Name/ Function

AID Activation-induced cytidine deaminase/ SHM-gene conversion-CSR
AIRE Autoimmune regulator/ causes in the thymus the transcription of organ specific genes
APOBEC Apolipoprotein B mRNA editing enzyme catalytic polypeptide/Innate immunity (antiviral)
AGM Aorta-gonad-mesonephros /Intraembryonic origin of hematopoietic cells
AMP Antimicrobial peptide /Innate immunity (eg, defensins)
APAR Agnathan paired antigen receptor Similarities to Ig/TCR and NKRs
ASC Apoptosis-associated Speck like protein containing a CARD domain./Inflammasome.
AVR Avirulence protein /Pathogen effector recognized by plant NLR
Bf Factor B /Enzyme of C′ cascade
B1-3 GNP Beta 1-3 glucan-recognizing protein /Binds to bacteria
C′ Complement /Innate-adaptive immunity
CARD Caspase-recruitment domain/ Domain in intracellular defense molecules
Caspase: Cysteine aspartic protease.
CATERPILLER or CLR CARD, transcription enhancer, R(purine)-binding, pyrin, lots of leucine repeats/
Apoptosis, immunity, infl ammation
CD Cluster of differentiation or classification determinnant/a protocol used for the identification of cell surface molecules with antibodies
CDR Complementarity-determining region/ Portion of Ig or TCR that binds to antigen
CSR Class switch recombination/ Adaptive humoral immunity modification
CTL Cytotoxic T lymphocytes
DC Dendritic cells
DD Death domain/ Cytosolic interacting domain
DSCAM Down syndrome cell adhesion molecule/ Insect immune defense and neuron specification.
ECM Extracellular matrix 
ER Endoplasmic reticulum
ETI Effector-triggered immunity/ Immunity in plants triggered by NLR
Fab The fragment antigen-binding / the region on an antibody that binds to antigens
FBA F box–associated domain/ Intracellular domain
Fc The fragment crystallizable region. The tail region of an antibody.
FcRN Fc receptor neonatal/ MHC-like FcR
FN3 Fibronectin type III repeat /Domain found in many innate molecules
FREP Fibrinogen-related protein /Mollusk (adaptive?) defense
FuHC Fusion histocompatibility/ Histocompatibility locus in tunicates
HLA Human leukocyte antigen/ class I A,B,C/ Class II DM, DO, DP, DQ,DR
H-2 Complex of genes in mice analogous and homologous to HLA
GALT Gut-associated lymphoid tissue
GPI Glycophosphatidylinositol/Lipid linkage to cell membrane (eg, VLR)
ICE Interleukin-converting enzyme/ IL-1β processing
Ig Immunoglobulin/ Adaptive immunity
IgSF Immunoglobulin superfamily /Innate/adaptive immunity
IFN Interferon /Innate (type I)/adaptive (type II) immunity
Il Interleukin
ILC Innate lymphoic cells
IMD Immune deficiency /Insect innate defense pathway
IRF Interferon regulatory factor /Innate (transcription factor)
IRG Immunity-related GTPases./ Innate immunity
ITAM Immunoreceptor tyrosine-based activation motif /Signaling motif for NK and antigen receptors
ITIM Immunoreceptor tyrosine-based inhibitory motif /Signaling motif for NK and antigen receptors
JAK Janus kinase /Signaling molecule associated with cytokine receptors
KIR Killer inhibitory IgSF receptor./NK cell receptor
Lectins: Essentially carbohydrate-binding (but also protein binding) proteins/For example, galectin,
C-type, S-type/ Many (eg, NKRs, selectins)

LITR Leukocyte immune-type receptors/ Fish NK-like receptors of the IgSF
LMP Low-molecular-weight protein /Proteasome subunit
LRC Leukocyte receptor complex Gene complex containing KIR and many IgSF molecules
LRR Leucine-rich repeat Innate/adaptive immunity module
MAC Membrane-attack complex C′/pore-forming
MACPF MAC-perforin domain/ Potential pore former
MASP MBP-associated serine protease Lectin C′ pathway
MBP (or MBL) Mannose-binding protein (lectin)/ Lectin C′ pathway
MDM Mollusk defense molecule/ IgSF defense molecule
MHC Major histocompatibility complex/ T-cell recognition 
MIF Macrophage inhibitory factor/ Innate immunity; inflammation
MyD88 (also dMyD88) (Drosophila) Myeloid differentiation primary response gene 88/TLR adaptor
NITR Novel immune-type receptors /Teleost fi sh NK-like receptors of the IgSF
NAR Nurse shark antigen receptor
NK cell Natural killer cell /Vertebrate innate cellular immunity

NKC Natural killer cell complex/ Gene complex with many C-type lectin genes (especially NK cells)
NKR Natural killer cell receptor/ Receptor on NK cells
NALP NACHT leucine-rich repeat and PYD-containing protein/ Intracellular PRR.
NBD-LRR Nucleotide-binding domain/LRR Motif of intracellular defense molecules
NFκB Nuclear factor-κB (Rel homology domain)/ Evolutionarily conserved transcription factor
NK Natural killer
NKG2 Natural killer group 2
NKT Natural killer T cell
NLR NACHT leucine-rich repeat protein, or NOD like receptors/ Intracellular PRR
NOD Nucleotide oligomerization domain protein/ Intracellular PRR
NOS Nitric oxide synthase/ Intracellular killing innate defense molecule
PAMP Pathogen-associated molecular pattern /Conserved target epitopes on pathogens
PCD Programmed cell death/ Many pathways
PGRP Peptidoglycan-recognition protein /Gram-positive bacteria defense family; receptor and 
effector.
PPO Propolyphenol oxidase/ Plant-invertebrate defense (melanization)
PRR Pattern-recognition receptor/ Recognize PAMP, innate/adaptive immunity
PSMB Proteasome subunit beta subunit/ Proteolytic member of 20S proteasome
Polμ DNA polymerase μ /Error-prone polymerase (related to TdT)
PYD Pyrin domain/ Domain in intracellular defense molecules
PRY N terminus extension of the B30-2 domain.  PRY is a domain associated with SPRY domains./ 
involved in TRIM recognition
RAG Recombination-activating gene /Ig/TCR rearrangement
RFP-Y Restriction fragment polymorphism-Y/ Chicken nonclassical MHC gene cluster
RFX Regulatory factor X /Transcription factor, class I regulation
RIG Retinoic acid-inducible gene /Intracellular double-stranded RNA recognition
RIP2 Receptor interactin protein2/. NLR pathways.
RNAi RNA interference. A biological process in which RNA molecules inhibit gene expression
RSS Recombination signal sequence/ DNA element next to Ig/TCR gene segments necessary for 
RAG-mediated rearrangement
RXR Retinoid X receptor /Transcription factor encoded in MHC
SHM Somatic hypermutation/ Adaptive humoral immunity
SOCS suppressor of cytokine signaling
SPE Spaezle-processing enzyme /Insect defense molecule in toll cascade
SPRY  from dual specificity kinase spore lysis A and in the Ca2+-release channel ryanodine 
receptors, domain-containing SOCS box/ Present in B30.2 domains of TRIMs and Butyrophilins.
SRCR Scavenger receptor cysteine-rich/ Innate immunity recognition molecule
TAK TGF-β activated kinase/ ubiquitin-dependent kinase of innate pathways
TAP (and TAP-L) Transporter associated with antigen processing/ Transports peptides from cytosol to 
ER lumen
TAPBP TAP-binding protein(Tapasin)/ Tethers TAP to class I
TCR T-cell receptor/ Adaptive defense
TdT Terminal deoxynucleotidyl transferase /Involved in Ig/TCR rearrangement
TEP Thioester-containing protein/ Opsonization (like C3)
TGF Transforming growth factor /Immunosuppressive cytokine
TGF-alpha/ induces epithelial development

TGF -beta/ Regulation of inflammatory processes.
TH T helper cells/ involved in :TH1, cell mediated response ; TH2, humoral immune response

TNF Tumor necrosis factor/ Proinflammatory cytokine (and family)
Treg Regulatory T cell/suppression
UPD Unpaired./Protostome cytokine induced by viral infection
TLR Toll-like receptor/ Innate receptor on the cell surface or in endosomes
TM Transmembrane
TRIM Tripartite motif-containing proteins/ Large family of cytosolic innate defense molecules
V-, C1-, C2-, I- Variable, constant 1 and 2, intermediate IgSF domain/IgSF domain types
VAV Guanine exchange factor, the “onc F” proto-oncogene/ Encoded in MHC, involved in adaptive
signaling pathways
VCBP Variable domain chitin binding / Cephalochordate’s and Tunicate’s defense molecule
VLR Variable lymphocyte receptor /Agnathan adaptive defense molecule
WKRY The almost invariant WRKY amino acid sequence at the N-terminus /Plant transcription factor 
used to upregulate defense genes (analog of NF-κB)
XMIV Xenopus MHC-linked IgSF V region /Xenopus MHC-linked NKR-like genes
XNC Xenopus nonclassical Xenopus class Ib cluster
185/333 Sea urchin defense molecule now called Transformers/ (Adaptive?) Defense

Some abbreviations


