" Llunos E.C.
s 2 anpens 2018



JBOSIOLUA XOPAOBbLIX U

Jawless vertebrates

UX afanTUBHbIN UM MYHUTET

Jawed vertebrates

(Cyclostomes)
Antigen receptors VLR TCR/BCR
Antigen-presenting molecules ? MHC
Enzymes involved in AID
the generation of diversity CDA1/CDA2 RAG1/RAG2
| |
i 1 i 1
Cartilaginous
Cephalochordates Urochordates Hagfish ~ Lampreys fish  Bonyfish Amphibians Repties  Birds Mammals
. 3 .
< ﬂ ‘~~ C’L'JJ ‘f“s T 7 "}-: ' C4 k.’; (l\g;) Mesozoic era
: ‘ 326
........................ 370 -4 Paleozoic era
................................. 476 —
.............................................. 505 =
.................................................................. 652 —
........................................................................................... 794 _] Neoproterozoic era
891 -




land
veﬁeprates

Lope-Ttinnea

bony fish
holostean
bowfin
teleost
chondrostean rainbow
sturgeon rou

Ray-finned
bony fish

holocephali
ratfish

Susumu Ohno
1928-2000

Cartilaginous
[Be aynnukauumum g,

reHoma NosBneHue aHTuTen, T-

'<€—— KNeTOYHbIX peLenTopoBs,
monekyn MHC | m |l knaccos,
KnacCun4yecKoro nyTv aktuBauum
KoMnriemMmeHTa



BO3HWUKHOBEHME YENOCTHOPOTbIX

7 10 9 12

C BO3HMKHOBEHMEM YErOCTEN HA OCHOBE NEPBOU XabepHou
Oyrn Hawwm rnpegkn rnosiydnnu BO3MOXHOCTb CcTaTb Haumbonee
9PPEKTUBHBIMN  XULLHUKAMWU OpAOBMKA W 3aHATb BeEpXHUE
Tpodunyeckme ypoBHU. Yem, BUOAUMO, HE MNPEMUHYNU
BOCIMOJSIb30BaTbCA pa3Hoobpa3sHble napasnTbl. CrnegyeTr Takke
NOMHUTb, YTO Y NEPBbIX YEMOCTHOPOTLIX (MAaHUMPHbLIX PblD) He
OblI0 nniaBaTenbHOro nys3bIps, M OHUM Mepemellannucb Mo
MYTHOMY AHY, LLarasa Ha nnaBHMKax, YTo obreryano 3apaxeHue
PbIO NaToreHamu.



Urochordates Amphioxus Hagfish+Lamprey Jawed vertebrates
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Suspension feeding
Increase In metabolic rate

Colionality evolved at least Parasitic platyhelminths

10 tmes independently within the group Genome duplication

MNeoplastic diseases

Genome duplication
Increase in metabolic rate

Monogenea Trematoda Cestoda
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Molluscan host Crustacean host
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ectoparasitism
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Jdsonounsi aganTMBHOroO UMMyHUTeETa
npoxoauna napanneribHO C OCBOEHUEM
NO3BOHOYHbIX X035s1EB Pa3fIM4YHbIMM
napasvtammu

endoparasitism
Vearebrate host
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Tnbl NTIMMAPOLUTOB KPYrNOPOTbIX
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Innate Adaptive Innate Adaptive

B1 cell T-dependent
MZ cell  T-independent

T-independent

Black Lettering: Shown
Red Lettering: Predicted
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-MHC-restricted

-IL-17 extracellular
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-yIFN intracellular
parasites

-IL-4,5 extracellular
parasites

-IL-21 T cell help

-IL-2, IL-15 T cell
regulation

-IL-10, TGFB
Immunosuppression

-perforin cytotoxicity
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Antigen receptors

Lymphocytes

Generation of diversity

Primary lymphoid organ

Jawless vertebrates
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Structure of antibody

Complement activation

Antigen presentation
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APC expressing MHC molecules
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Vertebrate
common ancestor
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- Gene conversion
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« MHC
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Jawless vertebrates Jawed vertebrates

VLRB VLRA VLRC BCR ap TCR y5 TCR
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MapannenbHas 3BonNOLUA aganTUBHONO MMMYHUTETA

Jawless Vertebrates
(Agnathans)
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Jawed Vertebrates
(Gnathostomes)
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VLR nogBepraroTca reHeTU4eCKOM KOHBepcuu

Germline antibody gene Rearranged Membrane bound receptor
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MoneKkynsipHasi cxema reHeTU4eCKon KOHBepCcuUm

a Double-strand break 5" — 3" end resection Strand invasion (D-loop)
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Tpu Tna VLR-HecyLwWmnX KNneTokK
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Soluble VLRB (8-10 mer)

Immune function Cellular immunity Humoral immunity
Sites of development Thymoid Hematopoietic organ
Response to PHA Yes No
Response to poly I:C Strong Weak

Blood, Epithelium

Tissue distribution Blood (skin, intestine) Blood, intestine/typhlosole
Receptor diversity High Iinﬂgg’ir?ustkin High
Enzymes involved in the
geﬁzration of diversity CDA1 CDAZ
Cytokines MIF, IL-17 IL-16, IL-17 IL-8
Cytokine receptors IL-8R IL-17R

inti GATA2/3, BLIMP-1 BCLS,
Transcription factors TCF1 SOX13 PAX5, E2A
Signaling molecules LAT BCAP, Syk

NOTCH, AHR
, TLR3, ITGA4,
Cell surface molecules CCRg.lr7L,Pg045, ITGB1, ITGAL



NMpodunnu akcnpeccun NMMAPOLNTOB MUHOTU

Cell types
TN VLRA* VLRC* VLRB* Cell types

™ VLRA* VLRC* VLRB*

VLRB |
CDA2
E2A
PAX5
BLIMP1
BCL6 |
SYK

IL-8
IL-17R




NMonynauun nuMdpoUunToB KPYrnopoTbIiX

Most variable

VLR-B

Least variable



OaoHoBpemeHHas akcnpeccuss VLRA n VLRC Ha ypoBHe MPHK

c VLRB PCR VLRA PCR
g F2 product = product
- {bp) . (bp) >
- 13,431 v 733 =
860
= z
5UTR ‘UTR
d . VLRB transcripts - - VLAC franscripts
1650 BN 8 = B 9.
1,000= v ke B50 Wow S - - oy ‘ =Gl
1,000 Calls: TN A B+ g Calls: TN A B* c*
B50m — L ol E1H
Cells: TN At B+ C*
- VLRA assembly status - VLAC assembly status
1000 sa -t 1,000- L ' -M
VLRB assembly status 550: o R e -Gl i — — =Gl
bp , 5
12,000 = Sl LAa dad o GL Cells: TN A+ Bt c* Cells: TN A+ B+ c*
2,000 =

1, E50 -
® -

Calls: TH At B+ G*
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eHepauusa pasHooOpa3na VLR

Haghsh germlme VLR-A Hagfish mature VLR-A B RT-PCR  Genomic PCR

VLR-A RO

VLR-A VLR-B

B LRNT LAR1 LIRS BIVO o |

1 = mature
. - germiline
0.5
Hagfish germline VLR-B Hagfish mature VLR-B C o ma— PILVLR
agfish germline VLR- agfish mature VLR- o e La VLR
i, SUTR - _ ' ‘ ‘
B 3LRRCT $ | LARNT LAR! » : If_VLR
. <&l ' 100 Eb_VLR-B
\ | r - L—Es VLR-B
neas [ e 1o0— Es_VLR-A
— E L VLR-A
Lamprey germl‘me VLR Lamprey mature VLR D Ancestral VLR gene
h | Gene
SELON duplication
i &s» v - Hagfish Hagfish Lamprey
104-723 3,593 13085 gVLR-A gvLR-B gVLR

[lenunHoBbIN noBTOp MMeeT nocrnegoBaTesibHOCTb XLXXLXXLXLXXNXLXXLPXXXF)



eHepauusa pasHooOpa3na VLR

B | LRR modules . Germline VLR | LRR modules
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VLRAand VLRC

m Mixed clade with

mVLRC
EVLRA
mVLRB

C [Key

C-terminus

LRRCT
X
H@N 3'LRRVt-CP-5'LRRCT

D¢ 3LRRV5LRRY

ANMeMEeHTbIl KaCcCeT reHoB

LRRV

Y

LRRNT
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X
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X
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C-terminus
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LRR1 LRRV
LRRV
LRRV modules

LRRNT  LRRV
Q
=
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SP
LRR1 modules
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ACCCCTGGGTGTGT
hELELTELS

CAGCAGC

VLRA+VLRC

VLRC, VLRA+VLRC,
and few VLRA and VLRB

O—O—O <

CAACACT

:3017-3106)

)

:911-991)

)

984:25026-25112)
734)

071)
812:397-483)
756)

Mature VLRC ~ (KJ6986
Mature VLRA ~ (EF0946
Mature VLRC  (KC2440
{EF09
Mature VLRC ~ (KC244072)

Mature VLRA  (EF09.
Mature VLRC  (KC24.

Mature VLRA

D Donor cassette {GL4922
Mature VLRA

E Donor cassette (GL4892

F Donor cassette (GL47.
G Donor cassette (GL48



leHoOMHasn opraHusauusa nokyca VLRA/VLRC

VLRC germline gene
NonLTR/Penelope ® ®© o o

Intervenmg sequence

<« “® « -® ® <«® o <@ <« ©
2] & €2 & ® @D ® & @ ® @ [ 2 ® <-® <9
NEYEYE "BYEYE "BYEYEYEYEYEYEYEYER"
cLasoso2 -Bi-DI-DI- casss7 - DA DA L DA DA DI PEA DA DA P DA DA PE PO D
@ ® @& @ & @ D (=] B () @ @ @ @ -@® <9
GL480568 -
«® ® © <® <o ® ® e «® ® 4 © ® © <« ® © ©®
. l & : “® @ ® ©® <o - ® <«® «»
oo R o PRI cumsT N oS P B

-®

® O <0 & O <9 ® L

< A - - G @ <« ® B - @D | =3 &
- ] <4 4@ 49 «® «® © @ - L @ <« «4® «® o - ® @ - [ ] - ®
“® @ <o @ ® © “® ® ® © © <9<« 6 ©® O © <9 o0

m GL476332* cLao22z1 P} GLassesr

VLRA germline gene
-

<@ ® L L J ® e ® o @ ® @
GL477382 - -

Intervening sequence
®

® e <o -9 [ J ® «® o
GL479225 GL477236*—.— GL477463 ()= GL4gsado JJf~ GL487538
<«® <«® © ® ® <«® ® «® O <o ® ©® & <o ® ® o [ J ®
“-® «® ® ©® o o ® e ® © ®

GL485174 ..-._ GL481730 GL487051 m.*.l-

Key: LRR1-5' LRRV.‘ FLRRV-5 LRRV Ml 3'LRRNT-LRRI-LRRV-5' LRRV.... 3'LRRNT-LRR1-LRRV_. LRRCT-mI FLRRV-LRRY ) & LRR1-5'LRRV“ LRRV-LRRV (5

FLRRCT) 3 LRRVI-CP5'LRRCT I 5 LRRCT( 3'LRRNT) cP-5'LRRCT M 3'LRRNT-SLRRIPJ 3 LRRNTLRR1PI] 3 LRRNTLRRI-5LRRY P 3 LRRiLRRV-5'LRRY [




Xapaktepuctukm nepBbiX VLR K numdouuTapHbIM
aHTUreHam 4yenoBeka

Screemng results of monoclonal VLE. antibodies to PBMCs

VLR clome Teells Beells nonB/Teells monocvtes
VLES + - -
VLE18 + + +
VLR2S + 2 +
VLR32 + - -
o MW IEW I TTLVAFGALVOE AVACPEDC SCECTEVECQRESLASVRACTIFTT
VLR37 + == +1 LRA.Y LRA.v
TRVLYLAVHE I TKFEPGVFDRLVNLOQLY LGGHOLS ALPDGVFDRLTOLT
VLR73 + - +1 LRR-v L - P
ALDLYHNQLTVLFAGVF DRLVNLOTLOLHNR)LES I FRGAFDHLESLTHI
VLRAT + + + i rld
WLFCHPWDCRCEDILYLEGWLGIHAG KEQGOAVCECTHTFYRAVTERETE
VLERO7 + = - Semk HA-Mis mpitope fag
PERCPGYVATTTTPTTTTPEF IPETT TSTGY PYDVPD T ASHHRARAVITT
VLESS = = = S1alk
OKPEPLWHFNCTS [QERKNDGGDCGR PACTTLLRCANFLECLOSTCALCR
VLE109 + — +1
ER
VLR139 =+ + +

T cells: CD37. B cells: CD197, non B/T cells: CD3~/CD19™, monocytes identified by FSC/SSC profile.

Jindicates partial staiming of the cell populaton.



LRRCT

XapakTep cBAA3bIBaHUS aHTUTeHa

b c
VLRA VLRB VLRC

LRRNT LRRNT

Bf66946 Bf66946 Bf66946



VLRA VLRB VLRC

Lateral view

Concave side

B LRRNT | LRR1 | LRRV [ LRRVe CP M LRRCT

I LRRNT “ LRR1 l LRRV1 “ LRRV2 I

RBC36 ACPSOCSCSGTTVDCRSKRHASVPAGI PTNAOILYLIDNOI TKLEPGV PDSLINLKEL'LGSNOLGALPVGVFDSLTQLTVﬂ:.ﬂNOLTVLPSAVPDRL
N

aGPA.23 ACPSQCSCSGTEVNCAGKSLASVPAGIPTTTRVLYLNSNQITKLEPGVFDRLANLRELELWGNQLVSLPPGVFDNLANLEK QLTSLPAGLFDRL
VLR4 ACPSQCSCSGTTVNCOERSLASVPAGIPTTTQVLHLYEINQITKLEPGVFDSLTQLTY QLTALPVGVED == == === == === == mmmmmmm e
VLRB.2D ACPSQCSCSGTTVDCSGKSLASVPTGIPTTTOVLYLYDNOITKLEPGVFDRLTOL OLTVLPAGVED - === === === == mmmmmmmmmmee e
I LRRV3 II LRRVe “ LRRCP II LRRCT |

RBC36 VHLKELFMCCNKLTELPRG-IERLTHLTH OLKSIPHGAFDRLSSLTHA¥LEGNPWDCECRD IMYLRNWVADHTSIAMRNDGKAVNDPDSAKCAG
aGPA.23 VNLEHLGLECMKLTELPSGAFDKLTRLKOLELDONOLKS I PDGAFARLPSLTHVWLETNPWDCOCTDILYLSGWVAOHSSIVGEGNPWRHS - PDSAKCSG
VLR4 - oommmm e KLTKLTHLALHINQLKSIPMGVFDNLKSLTHI PWDCECSDILYLKNWIVQHASIVN G---VDNVKCSG

LB B o NS ——— KLTOLTQLSLNDNOLKSIPRGAFDNLKSLTHI PWDCACSDILYLSRWISQHPGLV ---DPDSARCSG



Pacno3HaBaHue aHTureHa npu nomouwu VLRB n AT

VLRE (RBC38)

H trisaccharide

LRRNT
LRR1
LRRV1

LRRVZ
LRRV3
LRRVe
LRRCP
LRRCT

Lamprey VLRB Camel VHH
(VLRB,2D) (cAb-Lys3)

Mouse FV
(HyHEL-5)



Bo3MoOXHO, 3a annopacno3HaBaHUe Y MUHOT
orBevYaeT ummyHornooynuH NICIR3

0 k
a 05p ab i |
= h |]
#X fish #Y fish g
T 3025 | g
l S serum #X & l S Cd a‘f\
k=]
leukocyte #X ,/ \‘ leukocyte #Y -% 0 PP PR | T M TP
(self) __ (allogenic) R — ,
: [—
i : ' SP C ™
fixation to mask VLR-Bs in leukocytes v ITAM
l Incubation
e é Leukocyte
O g? Leukocyte (NICIR3/ALA haplotype difference)
B1 05 E3 N5 80 W . H1 H2 #3 #4 #5 #6 #7 #8

anti-VLR-B Ab (25D-9C)

|+

.

Serum
(alloreactivity)




Property/molecule/cell

Jawless verts (Lamprey, Hagfish)

Jawed verts (e.g. Humans, Bony fish)

Adaptive immunity - -

a/b T cells +(VLRA) +(a/b TCR)

g/d T cells + (VLRO) +(g/d TCR)

NK cells ? + (many types of receptors)
Innate Lymphoid cells (ILC) ? + (so far only found in mammals)
B cells +(VLRB) +(Ig)

Thymus + (‘thymoid) +

Enzymes for GOD +(APOBEC, CDA1. CDA2) +(RAG)

Enzymes for affinity maturation +(7) (APOBEC: CDA1. CDA2) + (APOBEC: AID)

Spleen - +

Lymph nodes = + (warm-blooded)

MHC classI'TI/b2m

Non-classical class I

Immunoproteasome

TAP

+TAP-L

+TAP-1/2/L

Developmental Transcription factors

TCF1. BCL11B, Notch. PAX5. SOX13. GATA

TCF1. BCL11B. Notch. PAXS5. SOX13. GATA

Adaptive cytokines

+IL-17 (others?)

+1IL-17, gIFN, IL-2, IL4, IL-5, IL-7, IL-10,
IL-13.1L-15, IL-21 (and many more¥)

BetaST - +
AIRE - +
Costim B7 family + (a few) + (many)
TNF family + (a few) + (many)
C’ alternative pathway - +
C’ classical pathway - +
C’ lectin pathway + +

C’ MAC
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