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Foreword

In his book Amphioxus Immunity, Anlong Xu covers a remarkable range
of information about this small fish-like organism and its evolutionary con-
text. This compilation of what is currently known about amphioxus, with a
sharp focus on its immune system, is especially timely for many reasons.
The recent availability of the amphioxus genomic sequence and its com-
parison with other metazoan genomes firmly establishes the phylogenetic
position of amphioxus as the representative head of the chordates. The new
phylogeny tree thus places amphioxus basal to the sister chordate lineages,
tunicates and vertebrates.

Amphioxus has single copies of the ancestral genes that gave rise
through two rounds of genome wide duplication to up to four identifiable
paralogous genes in jawed vertebrates, including humans. There is still de-
bate about whether the first round of genome wide duplication occurred
before or after divergence of the jawless and jawed vertebrate lineages.
Nevertheless, the resultant gene redundancy undoubtedly facilitated the
evolutionary selection of new gene functions and more complicated bio-
logical systems, including those devoted to immune defense.

The competitive struggle for survival during the evolution of living forms
on our planet inevitably led to the development of a wide variety of mecha-
nisms for use in recognizing and repelling invasion by neighboring organ-
isms. The diversity and complexity of the immune defense systems that
have been recognized in bacteria, plants and animals defy simple classifica-
tion, but they can be broadly categorized into innate and adaptive immune
systems. An important distinction between the two types of immunity is that,
for innate immunity, the genes encoding recognition elements are inherited
in a ready to use form by each individual organism, whereas, for adaptive
immunity, the genes for the recognition receptors are inherited in pieces that
undergo combinatorial assembly during the differentiation of specialized
lymphoid cells. This combinatorial assembly strategy results in the genera-

tion of a very large repertoire of clonally diverse lymphocytes, each of
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which has its own unique receptor as the basis for recognition and response
to a specific pathogen. Members of the lymphocyte population are thus
available to recognize and respond to specific pathogens on first encounter
and to give rise to long-lived progeny to provide specific immunological
memory.

The diversity and constraints of presently known mechanisms for innate
immunity is described by Xu, who also traces the evolution of the central
genetic elements used for these heritable defense systems. The unifying
theme for innate immunity is the use of germ-line encoded pattern recogni-
tion receptors that can recognize molecular patterns shared by many poten-
tial pathogens. The expression of a limited spectrum of cell surface and in-
tracellular pattern recognition receptors can thus be used to sense a wide
variety of potential pathogens and trigger cell signaling cascades leading to
the activation of genes responsible for effective defense responses.

Whereas innate immune systems are universal, adaptive immune systems
based upon clonally diverse lymphocytes have been defined only in verte-
brates. Surprisingly, jawed and jawless vertebrates employ very different
genes to encode their antigen specific receptors, although the lymphocytes
that express them are very similar. In jawed vertebrates, combinatorial as-
sembly of different immunoglobulin variable (V), diversity (D) and joining
(J) gene segments during lymphocyte differentiation in the thymus or he-
matopoietic tissues results in the generation of highly diverse receptor rep-
ertoires for T and B lymphocytes. In jawless vertebrates, the combinatorial
assembly of different leucine-rich-repeat (LRR) gene segments to complete
variable lymphocyte receptor (VLR) genes during lymphocyte differentia-
tion in thymus-equivalent or hematopoietic tissues results in the generation
of clonally diverse T- and B-like lymphocytes. The similarity between these
lymphocyte differentiation pathways in both vertebrate lineages suggests
that bifurcated lymphocyte differentiation evolved in a common vertebrate
ancestor before different primordial genes were co-opted for modification
to serve antigen recognition purposes in the alternative adaptive immune
systems of jawless and jawed vertebrates.

In this context, amphioxus is not only the best available model to gain
insight into the beginning of vertebrate evolution, it also provides a pivotal

representative for the study of how an adaptive immune system might have



Foreword

gradually emerged. Obsessed with the daunting challenge of gaining insight
into the evolutionary puzzle of how an adaptive immune system evolved to
augment pre-existing mechanisms for innate immunity, Xu and his col-
leagues have sifted through the genomic sequences of two amphioxus spe-
cies, Brachiostoma floridae and Brachiostoma belcheri (which they se-
quenced) to find an abundance of genes employed in innate immunity.
While this exhaustive search does not reveal orthologous genes for those
used in the combinatorial generation of antigen specific receptors in verte-
brates, ancestral gene candidates were found for immunoglobulin receptors
and many of the signaling elements used for activation of vertebrate lym-
phocytes. Most tantalizing is their identification of lymphocyte-like cells in
the gill and intestinal regions. These lymphocyte-like cells may be immo-
bile and, indeed, blood in the amphioxus circulatory system is acellular.
Nevertheless, the tissue based lymphocytes of amphioxus respond to bacte-
rial pathogens with an increase in size and the up-regulation of several
genes characteristically used in vertebrate lymphocyte differentiation.

There are many interesting evolutionary principles yet to be learned from
studies in the amphioxus model, not least among them being the unfinished
story about how lymphocytes and their functions evolved. Amphioxus
Immunity is loaded with information that will be useful for anyone who

wishes to learn more about the origin of vertebrates and adaptive immunity.

Max D. Cooper, M.D.

Georgia Research Alliance Eminent Scholar
Professor of Pathology and Laboratory Medicine
Emory University School of Medicine

1462 Clifton Road, NE
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Atlanta, GA 30322
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Preface

I came to know the word of “Immunity” in Chinese for the first time when I
was given a shot of vaccine during my childhood years in my hometown, a
small town called Poyang Town and named after the largest freshwater lake
of China, Poyang Lake, near the middle of Yangtze River, in Jiangxi prov-
ince, China. After elementary school, middle school and high school in
Poyang, I was admitted to Sun Yat-sen University (SYSU), my first alma
mater, after National College Entrance Exam. At university, I had a chance
to learn the basic terms of immunology, such as antibody and antigen, with
major in biology. After graduating from SYSU, I was awarded a govern-
ment scholarship to study in the United States in 1985, and was eventually
admitted to the Ph.D. program of Immunogenetics at the University of Illi-
nois at Urbana-Champaign (UIUC), in 1986. Under Dr. Harris Lewin’s su-
pervision, I was fascinated by the complexity and diversity of animal and
human immunity, which prompted me to quest from where this immunity
came and how it was formed during the evolution. In addition to my scien-
tific curiosity, my way to think about scientific questions and to conduct
scientific experiments was completely shaped up by my Ph.D. mentor’s
hard training, which has ever since influenced my scientific career until
today. After graduating from UIUC, my second alma mater, with both M.S.
and Ph.D. degrees, I was fortunate to work with a world famous female
physician scientist, Dr. Helen M. Ranney, Professor in the Department of
Medicine, University of California San Diego (UCSD), in 1992 as her last
post-doc, and then went with Dr. Ranney to work at a San Diego-based
pharmaceutical company, Alliance Pharmaceutical Corp after post-doc re-
search. Dr. Ranney has also made great influence on my scientific career
like Dr. Lewin. In consultation with the two important persons in my scien-
tific career, I decided to come back to my home country China to joint fac-
ulty of the Department of Biochemistry, College of Life Sciences, SYSU,
my first alma mater, in 1996.

The first thing I decided to do for my scientific research after I came
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back to China was to start something new which could utilize my scientific
training in US and explore new avenue on immune research. I had many
thoughts on my new research directions, and one of my top listed directions
was to understand the origin and evolution of human immunity. However, |
had no idea about which model species to pursue this very important quest.
It took me one year to figure out that amphioxus was THE model organism
to best address my question, and another two years to establish lab-based
aquaculture system of amphioxus and the infection model for understanding
host immune response to infections, which made my lab one of the pioneer
labs in the world to study amphioxus immunity, although this species had
been an iconic model for the evolutionary biology for more than 200 years.
Instead of using conventional immunological methods only, my lab com-
bined traditional immune methods with cellular, biochemical and molecular
approaches, particularly genomic approach, to conduct a comprehensive
survey on the immune response of amphioxus to bacterial infection from
the beginning, which gave us a quick open-up for this brand new field. For
last 10 years, my lab has contributed more than 30 papers related to am-
phioxus immunity. In summary, our contribution to the knowledge of am-
phioxus immunity, aiming to the understanding of origin and evolution of
vertebrates immunity, especially human immunity, can be briefly described
as followed:

1) Genomic analysis of the immune gene repertoire of amphioxus reveals
extraordinary innate complexity and diversity, suggesting that our chordate
ancestors had a remarkably elaborate innate immune system, but this sys-
tem was somehow reduced in the vertebrate lineage. This finding provides
an obvious evidence for the so-called “immunological big bang” for the
explanation of the origin of vertebrate immunity.

2) Functional analyses of important innate immune genes involved in two
basic innate immune signaling, TLR and TNF signaling, in amphioxus,
suggest that the basic frameworks for these two signaling pathways have
been established at the basal chordate which have laid foundation for the
eventual formation of the two pathways in vertebrates.

3) Identification of lymphocyte-like cells along with related transcription
factors and signaling molecules for lymphoid proliferation and differentia-

tion indicates the emergence of adaptive immunity for vertebrates with the
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presence of some basic components for adaptive immunity. Finding of ex-
trinsic apoptosis pathway in amphioxus further substantiates the claim for
the beginning of adaptive immunity in the basal chordate since extrinsic
apoptosis pathway is generally believed to be co-evolved with adaptive
immunity.

4) In addition to tracing the origin of existing system for immune re-
sponse and regulation in vertebrates including humans, we may be in the
position to reveal a novel mechanism involved in immune regulation which
has never been described in other organisms by studying this model animal,
such as findings of novel molecules for immune recognition and novel
mechanism for immune regulation epigenetically by alternative 3’UTRs.

5) In immune signaling system, most proteins have characteristic and
conserved multiple domains to exert specific functions to the proteins so as
to interact with specific molecular partners. Our study on amphioxus im-
mune signaling molecules indicates that different combinations of these
domains (e.g. CARD, TIR, DFD, DEATH and etc) are the sources of evolu-
tion for the generation of new signaling molecules that can result in the in-
teraction specificity. Understanding the evolution mechanism of these do-
mains and their shuffling for the generation of new proteins with new func-
tions should provide a novel vista to synthetic biology and insights that may
help the treatment of diseases associated with mutated protein activity.

Finally, I would like to thank all of my students who have made various
significant contributions to our understanding of amphioxus immunity, and
I would not come to this far without their diligent and intelligent work on
this research. I would also like to thank Professors XU Xun of Third Insti-
tute of Oceanography, State Oceanic Administration of China, ZHANG
Shicui of Ocean University of China, ZHANG Hongwei of Shandong Uni-
versity, ZHANG Peijun of Institute of Oceanology, Chinese Academy of
Sciences (CAS), WANG Yiquan of Xiamen University, CHEN Junyuan of
Nanjing Institute of Geology and Palaeontology, CAS, GAO Fu of Institute
of Microbiology, CAS, PENG Xuanxian of Sun Yatsen University and LIU
Xiaolong of Shanghai Institutes for Biological Sciences, CAS for their sci-
entific comments and academic discussions on my research. I would like to
thank Professors Linda and Nick Holland of Institute of Oceanography,
University of California San Diego and Hector Escriva of CNRS UMR,
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UPMC Univ Paris 06, Banyuls, France for their academic communications
and exchanges on my research. Particularly, I would like to thank Professor
Max Cooper of Emory University for his longtime enthusiastic support to

my research and his nice foreword to my book is deeply appreciated.

Anlong Xu
Sun Yat-sen University
Guangzhou, P.R. China, 510275

E-mail: Issxal@mail.sysu.edu.cn



Contents

About the Author
Foreword
Preface

1 Amphioxus is a model for understanding the evolution of vertebrate

........................ 1

1.1 Brief introduction of ampPhioXuUs........cccceiesvininsesesescssneisasissnsssssacans 1
1.2 Biology of amphioXus «.....osascsissmsasssmmsmsumnsasonssssossasonsasusssasion 4
1.2.1 Reproduction and embryogenesis of amphioxus.............c....... 4
1.2.2 Anatomy of amphioXus ......ccccccveierreseneniensensnisenniassissncensnces 7

1.3 The Story of amphioxus and its early researches in China.............. 11
TUETEEETICES +ovvionenss sossumnonsons s sossissa s sssomsEasTos e ATEA AR S SR H oA O ST W ST SRR RS AI252 15
2 Basic knowledge of immunology ...... 17
2.1  TDOINUNE OFGANS «covncrevsnessnsnnssinimissisisssmaaisinssssisssssossasssssassapssssssssnssssis 17
2.1.1 Primary lymphoid OIZaNS ......cussmuessomssrsssssisssssssomssiass 17
2.1.2  Secondary lymphoid Organs ...........ccccevemniiiiniiininiiiininnne 19

2.2, TMUNE CELIS ...vovvsovssovssesmssorsisismsionassnsmrsssssnassssnsossssssas sirasmssasssssnes 21
2.2.1 Lymphoid CellS ...cccvurniiiiirinietetennereeeistssenecenescsssssns 21
2.2.2 Innate immunity associated CellS.......orviniemniiiiiiieniiiiine 23

2.3 InNnate IMMUNILY .....cooveeriiineesersrenecniiseesie e srae e e ens s e ssress e saesene 25
2.3.1 Toll-like receptors involved signaling pathway .........c...covenee. 26
2.3.2 Nod-like receptors and their functions ............ccccooeevevieviniennn. 28
2.3.3  RIG-IKE IE€CEPLOTS ..c.uvenrrvereceericciiiiecienrcercne et 30
234  C-LYPE TECHINS os.cicsssiinsssamsassuussmmrrmsnsssssnsanssnssiasseintstisnnssassonsnssis 32
2.3.5 The Scavenger reCePLOrS ......cccuvrrrirrrrierirneineeeseee e e 34
2.3.6  INflammation .........ccoeueiereriinene i 36

2.4  Adaptive TN coinesesesssossssimmissimmasssssaesiisssmasarsessesssssrssses 38

4.0 SPECIEICItY issssscsussssinssessssancinsssssmmessesssiisiamensesvosnasessonssesssasisssss 39



© Xii e

AMPHIOXUS IMMUNITY

2:8.2¢  DIVEISIEY ssansimssissmrmonssmmsssamvsnss i aiusisssessss st s insne sissaina soasas 40
2.43 Immunological MEMOTY .....cccuervuiiiiieiiiiiiiiiiieiece e 41
2.4.4  Self-nonself reCOZNItION .......cceviuiiiiiuiieiiiieeeeiie e e 42
2.5 Complement SYSEEIN. ccossimsicsmissssamm o ssistimssssis iamsssncsson ssasiosiesenss e
2.5.1 Complement pathways ........c.cocueeriiirniiinsiieniiinieeee e 44
2.5.2 Complement in host defense ...........coeceeeeeeiiniiniininnniiiienns 47
RELETENCES 1:.ms5 sonsosnmnnsmosssssasnsssnnoasesngs snsssnssssnpessnissosnnssnnessrnsssnsansnssssssasios 48
Immune organs and cells of amphioXus.........cccceeveeivveeivsecnnccriseennnnen. 51
3.1 INErOAUCHION ceviiiiieiiceiiiee e e 51
3.2 Organs of the amphioXus immune SYStem ........c.ccocueveerieneerieeeeenn 52
3.2.1 Amphioxus gill slits: the first immune defense line ............... 53

3.2.2  Amphioxus intestine: not just a digestive organ but also an

TMNIMUNE OTZAN .ttt ee et etie ettt eeeaeeaeaeeeeaeeaneneeneeenees 35

3.3 Cells of the amphioxus immune SyStem ..........ccoceecvereerrenreneecnnenn. 58
3.3.1  PRAOCYIES.ceuiiiiieiiiieeiieeie et 58
3.3.2 Lymphoeyte-lKe €ClIS wumisinenasussmommsessmsmmnmsssnismisimes 61

R T CTCIES s s mms s oA vm Seei s 44 S5 S 54§ S S SRS TS 65

Genomic and transcriptomic view of the amphioxus immunity ... 67

4.1  IOtrodUCHON winumsmmummmumsmmsrmmsmssssisvimsssvrimssamsm s essmes 67
4.2 Trace evidence of adaptive immunity..........cooeeeeveenerenenerieneennnn 69
4.2.1 TCRs; Igsand VLRS:.cinummmmminmammssemmsmaaaams 69
4.2.2 MHC and genes involved in antigen presentation.................. 70

4.3  Extraordinary gene expansion in the amphioxus innate immunity.... 71

431 The TLRSYSIOIN . cciiiucesiursosmmssmssssmtimmamssmssisnissisrmasssisanianss 71
4.3.2  The NLR SYSEIM...uuuiiiiiiiieiiiieieiiiieeeiiee e seee e e e eieae e 73
4.3.3  LRRIG Proteins ......ccccevuieeuieieeieiiiiie et 73
4.3.4 Other LRR-cONtaINING ZENES ....cvvirueiiiiiiiiiieeiiieinecsieeeeneen 74
4.3.5  Cotype LECHNS. ..ciuiiiiiiieiiieeieeee e 74
4.3.6  SCaAVENZEI FECEPLOTS..ocuuviiiiiiiiiiiiiiieiie et e s 75
4.3.7 RIG-I-like helicases........cccoviiiiiiiiiiiiiiiiiiiiiciccce 76
4.3.8 Complement-related receptors..........cccoevveuiviieniuiiciciinieennnen. 76
4.3.9  The TNF SYSIEIM c..ueeiiiiiiieiiiiieeee et e e v
4.3.10 Expansion and reshuffling of the death-fold domains........... 78

4.3.11 Expansion of TIR adaptors, TRAFs and initiator caspases.......... 79



Contents
4.3.12  Cytokines, kinases and transcription factors ..............c......... 80
4.4 Regulation of the amphioxus immune SyStem ...............cccocevuveeneenns 81

4.4.1 Differential regulatory patterns between expanded gene

TALES s msssmmmammememssmmsossmmsm o T e s b s ssa v 82
4.4.2 The regulation during bacterial infection .............cccccouvennne.e. 83
4.4.3 The regulation of the terminal signaling network................... 84

4.4.4 Differential expression patterns observed within TNF and

IL=1 R SYSIEME wooosmmmsssmumminsmmssmmansssosssissimsssismms sissnsisn 84
4.4.5 Major pathways in a complex signaling network ................... 85
4.4.6 A functional prototypic complement system .......................... 87
4.4.7 The prototype of oxidative burst-like system ......................... 88
4.4.8 Amphioxus PGRPs and GNBPs are important effectors in
HHE Bl rcomssemsssmnansamsesvis s mensrin sossns srianssassmsssveramsanisnnasons 90
4.49 Chitin-binding proteins.........cocevevveiveeiireceeeeieeeeeeee e 91
4.4.10 Other effector Zenes .......ccceveeeieie e 92
4.5 DISCUSSION . i5ncumumsnesssssniosassnsnenssnsnenanmnmsmonsmsasonsass sossssosas Sesssasssus sismvnss 93
RETCIEIIEES v, v sisussisniionumsmannnssunsensromns snansassarassusone sassssiiiansssssvsesns s¥asie 3558 97
Pattern recognition system in amphioXus.......cceceeveeeeveeneeeerenneas 101
5.1 TLR signaling pathway in amphioXus ............c.ccceeveeereieervennnne. 101
5.1.1  The OVEIVIEW ...oouiiiiiiiiiciceieeeie e 101
5.1.2 TLR family in amphioXus ......c.ccccoeuvevivierienerie e 102
5.1.3 The TIR containing adaptors in amphioXus.......................... 105
5.1.4 The putative bypass pathway mediated by novel TIR
AdAPLOTS L. 111
5.1.5 The transduction and regulation of amphioxus TLR
SIEAIIE cosenconsvornmmurmammsmas e m TR St sovave i 112
D:li0!  ISUTIIINATY s 4mnssssansessssussnssssns assvansams e visssnssooaso5 v smos s kb Gsionsios 119
5.2 Innate antiviral immunity in AMphioXus ......ccccocuvviviiieiieieenenn. 120
5.2.1 RLR signaling pathway ..........ccccceevvvevieiiiiieiiieeeecreeeeeene 121
5.2.2 Innate antiviral defense in drosophila .................................. 122

5.2.3 Immune-related genes for antiviral response in amphioxus
.............................................................................................. 123
5.3 NLR signaling pathway .........cccceceevereeiineinieiiieeeeeee e 125
5.3.1  NLR in amphioXus .......cccoeuieieriinieneiie e 125

- xiii -



¢ Xiv *

8

AMPHIOXUS IMMUNITY

5.3.2 The NLR diversity in amphioXus ..........cc..coceererensuereenueneennes 126
5.3.3 The NLR signaling in amphioXus..........ccccceeoveiieiiiieaniennn. 132
ReE{CTEICES s uwissmnssssusvssssmunmennsims sumss e s me st cissasasavss Sass ssms 555 s H0Res A F S 5865 138
Transcription factors in amphioXus .....ceuerienneriniiinieiiiienecneenn. 143
6.1 NF-«kB family members in amphioXus ..........ccccoccveviiiiciniinninnnne. 143
6.2 The interferon regulatory factor family in amphioxus................... 148
6.3 The STATS in aMPhioOXUS .....ccccuerereerririreeireeieeeree e 155
6.3.1 The JAK-STAT pathway ........ccceovveviiiiniiiiiiiiicciicecee 155
6.3.2 The JAK-STAT pathway in invertebrate ............ccccccecernne 157
6.3.3 The STAT family of mammals ...........ccccooiiiiiiiiiciniiiiiee. 157
6.3.4 The structure and function of STATs in amphioxus.............. 158
6.3.5  EVOIUION.. crccrimsrrsmesurssumosnosssssmsssssivossnssss sonsmssnssesssnsennsas soasamss 160
RIGEETETIEES wernesssvsvumssne susmvmsunsvsmmustionsoso s ss e s i e s st gieawasvog 162
The complement system of amMphioXuS......coeevveeeieninsnecinennnennns 165
Tel IO AUCH O wsssomsnsemsammsmesmsmmrertassrbns csus Ry D SH e iy Sm R S saus 165
7.2 Tracing evolutionary origin of complement system ...................... 166
7.3 The complement system of amphioXus ..........cc.ccecviiiciiiinniennn. 168
7-3.1 'The lectin PATRWAY wsussnsesssessmsssmsmamnnisssssimommsamsssimrese 169
73.2 'The alternative pPathwWay cc.ooiossmmsmmmmomsssssasissssssinsmivasn 173
7.3.3 'The terminal PAthiWay «susceosmsimesmsmsnsmonmisasissarssssssseisn: 173
RUEFETCTICES s s ssisnssss 7o a0 s 6440 0 S S5 oo S U RS S T s 176
The oxidative burst system in amphioXus........ccoeviivviiiniiccnneenn. 179
8.1  INtrOdUCHON. ..eroossneesonsassossimsnionisni sssesimuiaimisi Gt i v 179
8.2 NADPH Oxidases 2 and the other NOX families.........c..cccoceueee. 180
2.1 NODED......oommresrersrvennens sassrmssesassansnsssnssFets e et 8 SR IS5 181
R12.2 NIOXKHL......oonernemnsensanassnsssssmnsssnssnsmnssns ssiesisssEsinsandsis 558 T 184
808 NOKS ....oceveersamunonomsnesonsansissemsmpmomssnsssnsssnsssusasassmnsssnssssd 51038055 184
8.2.4 DUOXI and DUOX2 ...ccoiiiiiiiiiiiiiiiiie e 185
8.3 NOX Subunits and Regulatory Proteins ..........c.cccocveeiiiinninnnn. 187
R TBEIION . st i SRR RSN $555 187
8.3.2  Organizer subunit: P47 ......cooiiiieierieeeeieeeee s 187
833 Activator subunit: PETEIOX........uecamssassesssmsanssmsssinsssssinssnnisss 189

8.3 PAOP X ettt ettt ettt et ene e 189



