Q...v

. ... ....v.“fh; |




OcHoOBHbIe 3Tanbl BO3HUKHOBEHUA aAanTUBHOIO MMMYHUTETA

ek \3\‘{-?\-‘_3 R
= g YenrocTHOpoOTLIE
prmopb-'rg.e BosHukHoseHne MHC II; cybnonynsyumn
LY INMKaLNS CErMEHTOB Th n Treg gybanpytoTt d)nyfL{MM ILG:
BHYTPU NoKycoB VLR 1 ux rnosiBnieHne HoBbIX H-uyenen aHTuten

CDA-3aBucnmas nepecTtpoika

no MexaHu3Mmy reHHow
koHBepcun,; nnHun VLRA, VLRB n
VLRC-numeoymntos; Tumongsi

lMonHoreHoMHas gynnunkayms,; B-numgo-
yntel nonydarot IgM; BosHukarot MHC I un
aB TCR; ymtoTtokcuyeckme T-KNeTKun

UHTerpayns RAG-3aBUCUMOro TpaHCrno3oHa

o/ B reH npoto-T-kneto4yHoro peyentopa Ig-
i\ cynepcemericrea; Bo3HUKHoseHne yo TCR n
A\ nporo-MHC, y4yacTByroLyei B TpaHCNIaHTa-

)‘ ymoHHoM ummyHutete; NK-knetkun,; B-knetku ¢
(K7 ogHogomeHHbiMu IgNAR,; napHbeii TUMyC

Huquﬂfiﬁﬁoxopp,oeble -
O6wmun npenok NMNo3BOHOYHLIX

Pazsutune
TPaHCMNAaHTaLUNOHHOIro
MUMMYHUTETA,; MNOSBIEHNE
NK-rnogobHbix numgpoynTos

lMonHoreHoMHas 4y nankKaumns,;
ansepreHymns numgouyntTos Ha T u B;
BO3HUKHOBEHMNE MNPOTOTUMYCa, CE/IE3EHKM,
INMMGONAHON TKaAHN KNLLEYHUKA,
reMaTono3TUYECKOM TKaHU NMOYKu

O6wun npenok XopaoBbIx



PASHOBUOHOCTU JIMM®POUOHBLIX OPTAHOB
NMO3BOHOYHbIX

Twvn opraHoB Ha3BaHue opraHoB PyHKUMNA

KocTHbIN MO3r, TUMYC,

NepBuyHbIe ®abpuuveBa cymka (y nTiu)

PaszButue Kknetok

| P g
DIVUPVITADIC.

UHKancynupoBaHHbI ""M(bvoymb" %enesel-lka, UHaykumns
e nevepoBbl GNALWKK (yacTu4HO
MuHpanuHbl, numdouaHble peanusauums)
HeuHkancynupoBaH- |  ¢onnukynbl, KpunTonaTum oTBeTa
OucbdpysHas num- CnusucTtbix obonouek, Peanusaums

KOXMW,

ponaHas TkaHb HenMM@OoUaHbLIX OpraHoB

MMMYHHOTIO OTBeTa

Cnang B34aT U3 marepuanos nekunn A.A.ApunuHa



OundhdepeHunpoBKka NMMGPOLNTOB B TUMYCE MOXET
onpeaenAaTbcsA oAHUM eAUHCTBEHHbIM MacTep-reHoMm

Thymus Gene content Phylogenetic tree Expression in TECs
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3amMmeHa reHa Foxn1 Ha ero napanor Foxn4
npurnawaet B-knetkn B TUMYyC

Foxn1t™ Foxn1”= Foxn1-Foxnd

CD8 K8

CD8 ERTR7Y

B220 K8

(Swann, et al 2014)
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YnbTpacTpyKTypa opraHa Jlemaura cxoxa co
CTPYKTYPOU KOCTHOrO MO3ra MneKonutarLwmx

Figure 2. Light microscopy of the Leydig organ of Ermoprerus.

(A): Epon-embedded section, about | um thick and stained with toluidine blue. In the middle an
eosinophilic granulocyte ( E). Lymphocytes (L) and heterophilic granulocytes (H) are seen around the

cosinophilic cell. At the bottom a typical leptomeric cell (Le) with invaginated nucleus. Oil immersion.
Bar = 10 um.

(B): Azan-stained paraffin section. In the middle of the figure a group of non-granulated cells,

mainly lymphocytes. Above and below these cells there are eosinophilic granulocytes (dark cells). Bar
= 10 gm,



NEeTKN opraHa Jlenaura

W= ponbyatbiM S4pOM,
— numdoumT, cnpasa
OT Hero — 303nHoun

— I1Be nnasmatu-
L% YecKue KNneTKu
S 1 — Manble nMmdo-
9% UMTbl U rpaHynouunT

— [eTepodunbHbIN
rpaHynoumT

o i **A — rpaHynouunTbl C

FiGURE 3. Electron microscopy of different cell types from the Leydig organ. Bar = 1 um.
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BaxxHenwunn Bknag B usy4yeHue nmmgonaHbIX oOpraHoB XpsileBbIX U
KOCTUCTLIX pbl0 BHecrna B 50-80x rogax rpynna gokropa ParHapa ®aHre

Tonbko 3NUroHanbHbIN
opraH, ©0e3 opraHa Jlenaura
MMEKT aKynbl U  cKaTbl
Ginglymostoma cirratum,
Rhinoptera bonasus,
Heterodontus francisci w
Negaprion brevirostris.

Oba opraHa NpUCYTCTBYIOT
y BNOOB Raja Sp.,
Scyliorhinus canicula,
Scyliorhinus  stellaris 7
Sequalus acanthias.

Tonbeko  opraH  Jlengura
ocTancd y Somniosus
microcephalus,  Etmopterus
spinax n Torpedo sp.

e
R Y  HeKOoTOpbIX  XpALWEBbIX
pbIO, Hanpumep y
-L4eNbHOronoBbIX (Xumepbl)
— OTCYTCTBYIOT oba aTUX
opraHa.




UMMYHOIrMCTOXMMMUYECKOEe OKpaluuBaHUe TKaHeW TUMyca aKynbl

FIGURE 6. TIn situ hybridization of shark thymus. Positive hybridization is purple. TCRaC probe (A, B). TCRBC probe (C, D). TCRyC probe (E, F).
TCRAC probe (G, H), MHC class Ia probe (I, J). MHC class TTh probe (K. L), RAG1 probe (M, N), and TdT probe (€, P). Scale bar, 100 wM: original
magnification X 10 and *20. Negative controls with sense probes (not shown) showed no staining. ¢. cortex: m, medulla: t. rabeculae.



B-cell development in teleosts

Rag expression

Species Organ Method Day
Zebrafish Kidney wish —_
Pronephros ISH on tissue First cells 2 wpf
sections clusters
3—4 wpf
Pronephros ISH on tissue 2=3 wpf
sections
Pronephros Rag-2,GFP 8 dpf
Wholefish RT-PCR 3 dpf
Pancreas wish 4 dpf
Rainbow trout Wholefish RT-PCR 10 dpf (before appearance
of thymus and kidney)
Pronephros ISH on Hatching
tissue sections
Ig expression
Species Organ Evidence Method
Zebrafish Wholefish VDI(p) rearrangements PCR amplification of
genomic DNA
Wholefish IgM expression RT-PCR
Wholefish IgM expression ISH on tssue sections
Wholefish IgLC isotype RT-PCR
Kidney IgLC isotype ISH on tissue sections
Rainbow trout Wholefish clgH-cells Immunohistochemistry
Wholefish IgL ELISA
Pronephros SIgM +cells Immunohistochemistry




ITlnmdommenongHblie TKaHU KOCTHbIX PbIO

[onoBHas NoYKa — NepPBUYHbIN CreHKa KMLIEYHIKa dopeny
MCTOYHMK UMMYHHbIX KNEeTOK A Y T T
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aKTUBMPOBAHHOIO Yrns, BBeAeHHbIe dhopenu

B OPIOLLHYO NONOCTb M copbupoBaBLUMECH B
NoYeYHbIX CMHYcaX. Takke BUAOHbI
MenaHomakpodaru.



Maturation of immunological competence

Species Lymphocytes in Appearance of Allograft Humoral immune
Lymphoid organs Ig +cells rejection response
Rainbow trout Thymus (8 d pre-hatching 4 d (Kidney) 14 days 8 w(HGC+FCA)
(14 °C) or 3 days) A. salmonicida
Kidney (4—5 days) 1 m (spleen)
Spleen (6—14 days)
Carp (22 °C) Thymus (3 d—5 m) 1 m (spleen) 16 days 4 w (no response to SRBC)

Zebrafish

Kidney (6 d—6 m)
Spleen (8 d—10 m)
Thymus (3 dpf)

Kidney (1-2 w)
Spleen (more than one month)

2 w (kidney)

8 w (response to both
HGG+FCA and A. salmonicida)

Secreted Ig against A. hidrophila
HGG (6 w onward)
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O630p MMMYHHOM CUCTEMbI Yy TETpanon

Table 1. Overview of the tetrapod immune system

Amphibians! Reptiles Birds? Mammals?
General
Amniote - g 5 +
Endotherm - - + +
Ectotherm -+ + - =
Lymphoid tissue
Thymus + +4 + +
Spleen + +F + +
Bone marmrow + 48 + +
Bursa fabricii - - + -
GALT + a7 + +
Peyer's patches = = + +
Lymph nodes - = + +
Gemninal centers - - + +
Innate
Antimicrobial peptides + 410 +
Complement + 41 +
Non-specific [eukocytes
Macrophages + 412 + +
Heterophils/neutrophils + o + +
Basophils + e + +
Ecsinophils + +4 + +
Inflammation
Fever + (behavioral)'® + (behavioral)'® + +
Adaptive
Cell-mediated
MHC (Class 1, II) + o + +
TCR + &7 + +
Humoral
Antibody heavy chain isotypes IgM, IgX, Ig¥, IgD, IgF IgM, Ig¥, Iga? IgD?78® lgM, Ig¥Y, IgA. IgD IgM, 1gG, IgA, 1gD, IgE
Light chain isotypes ALK O W x A K
Phagocytic B cells 42 +2 ? -
RAG + 422 + +
Class switching + 424 + +
Affinity maturation - 2 Poor +
Somatic hypermutation + = + +



UMmmyHUTET amdpunounm

Components Mammals Amphibians

Soluble innate immune factors + +

(complement, cytokines)

Antibody classes IgA, IgD, IgE, IgA/X, IgD, IgF, IgM, IgY
IgG, lgM

Cells of the innate immune system + +

(Gr®, MPh, DC, NK)

Cells of the adaptive immune sys- + +

tem(Band T cells)

Unconventional T cells

INKT i 2

MAIT + +°

ILCs + Few cells (NK); other have

not been determined

Primary lymphoid organs

Thymus + +

Bone marrow - +°

Secondary lymphoid organs

Spleen + +°

Lymph nodes + -

Peyer's paiches + =

GALT - +

Scattered lymphoid cells

IEL® + +

Organized lymphoid tissues

M cells + -

Peyer's patches + -

MLNs + -

ILF + +

Secretory Ig IgA IgX (functional

analog of IgA)

Components

Mammals

Amphibians

Primary lymphoid organs

Thymus

Bone marrow

T-cell differentiation
B-cell differentiation

Secondary lymphoid organs

" Spleen

Lymph nodes
GALT

MLNs

Peyer's patches

T- and B-cell activation

T- and B-cell activation
T- and B-call activation
T- and B-cell activation

Mostly B-cell activation

T-cell differentiation

Meutrophil differentiation and
prasence of macrophage
precursors

T- and B-cell activation

B-cell differentiation in tadpola
and adult (in tadpole, B cells
differentiate also in liver)

Unkmown
T- and B-cell activation (unclear)
(Absent structures)

(Absent structures)
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Metamorphosis

T8 A A B TR “Tawom 3
‘ 1 11 14 101
weeEs years
LI BB | 5 i L] LBLA B BB L L]
35 48 50 52 54 56 58 62 1 1.5 25 7 2040100300
\ LARVAL STAGES, BODY WEIGHT, (GRAMS) »
Y i g S i
Malaral Larvae: B & T cell Ag recognition Metamorphic to 6 month- One year-old adult or older:;
Ab but inefficient effector system old adult: Down regulation of Efficient anti-viral & anti-tumor
- + Larval type BCR & TCR repertoires immune responses immune responses
= Very low or no surface MHC class | = Thymic histolysis * Adult type BCR & TCR repertoires
Tailbud stage expression » Thymus migrates towards « MHC class | express on all cells
Innate-type » CD3e+ cells but no B cells in GALT the tympanum * B &T cells in GALT
myeloid cells * Weak B cell & Ab responses + Incomplete skin graft rejection + More efficient B cell & Ab

= Poor switch IgM to lg¥

* Incomplete skin graft rejection (e.g..
tolerance to minor H-Ags)

» No detectable NK cell and NK cell
activity

= CD8 T cells but no detectable CTL
activity

- Weak T helper-like MLR

» Weak anti-tumor responses

* NK cells but no NK cell killing .
activity

* T helper-like MLR impaired

responses
Acute skin graft rejection including
minor H-Ag-disparate

Potent NK cell killing activity

CTLs against major and minor H-Ag
Stronger, MHC class ll-dependent,
T helper-like MLR

Long lasting immunological memory

DNP-KLH, minor H skin Ags, and Tumor Ags




Summary of the Main Developmental Steps of the Xenopus Immune System

Devel. stages (days) Liver Thvmus Spleen GALT
40 (d3) Thymic epithelium buds Absent Few scattered CD3e
om Ind visceral Expressing
pouch leukocytes
46 (d4) Lymphopolesis m Epithelium_ no Spleen anlage No B cells
penpheral layer, Ig precursors mesenchymal thickening
(w)and sterile in the mesogastrium
TCRp RAG, AID
47 (d4-3) Lymphopolesis, and Colomzation by Blood cells (Ne
B cell development Lymphopeietic Lymphopoiesis)
in absence of Ag precursors from post-
VBI {~100 cells)
RC4TF
45 (d6-T) Cortex-meddula, full
TCRPmRNA, CD3e
CD8™ Thym , class
II” epithelial cells
49 (d10-13) Igl rearrangements Fist CTX thymocyte, Spleen B cells (~200) and
more CD8* 1% detect Ab responses
50 (d15) Ongoing thymocyte
differentiation (3=10*
cells}
56 (d38) Ongong thymocyte Detectable T cell responses
differentiation (O=10~
cells)
58 (d4) Max_ size of the thyrms Max. larval T cell response
(1-2x10f cells) (1 = 108 cells)
Adult (=d60) Adult-type leukocytes  Thymus move near Adult T cell responses
fympanum New (1-2 = 107 cells)
adult—type thymocyte
differentiation
Adult = 1) Thymms progressively (1-2 = 107 cells) Many IsM™ and IgX™

filled by fat fissues

B cells, as well as
T cells (CD8™ and
CD8-)



UMMyHUTET Y ronoBacTUKa U B3POCION NATYLUKW

Table 1. Summary of immune responses to FV3 in larval and adult X. laevis.

Adults
Primary Secondary Larvae
Symptoms | 2-3 weeks 3—5 days Long lasting, >80% death
Virus Clearance | 1 month 1 week Ineffective

Innate Immunity

Cells

Induced genes

1 dpi: Activated
Mo

3 dpi: NK cells 1
dpi: TNF-o.
IL-1p. IFN-y, Mx1

Same +~ Mo as APC
Similar to primary

Similar to primary

Mo less resistant to FV3
No NK

Delayed (3 dp1) and
weaker

Adaptive T cell immunity

Splenic CDS T cell

CDS T cell in kidneys
T cell memory

Peak at 6 dp1
At 6 dp

Peak at 3 dpi but lower
expansion

At 3 dpi but fewer

yes

Adaptive B cell immunity

Anti-FV3 antibodies
More IgY mRNAs
ATID up-regulation

B cell memory

Not detected
6 dpi
9 dpi

IgY from 10 dpi
3dpi

3 dpi

Yes

Not detected
6—7 dpi

6—7 dpi
Possibly

Abbreviations: AID: activation-induced cytidine deaminase: dp1: days post-infection; Me: Macrophages.
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Co3peBaHue B-numdounTtoB y Kypuubl

g gene remodelling organ ontogeny
pre-bursal stage
Dve-Jn racombination yolk sac embryonic day 5-6
completion of )
V(D)J recombination splean, thymus, blood etc embryonsc day 7-15
bursal stage
. . embryonsc day 15 - after hatching
gene mm'z:‘lf";?") . the bursa of Fabricius (until involution of the bursa
somakic hypermutation (low) at 4-6 months after hatching)
post-bursal stage
gene conversion
(high in earty GC stage

low In late GC stage)

somatic hypermutation (high)

splenic germinal centers
(GCs)

after 3 month old

the bursa of
Fabricius

spleen



Rag-3aBMcumas peKoM6MHaLMUA UnNmM KOHBEpPCUsi reHoB ?

a Fetal liver, bone marrow
Pre-immuns repartoira formation

b Blood, yolk sac, liver, spleen
and/or bone marrow

One or very fow ¥ genes reamange

GALT follicles

Pre-immunéa repertoire formation

Secondary lymphoid tissue

. —

Homeaostatic
mantenance

Homeostatic
maintenancs
(degeneration
Siaen ke Cell death
Gene
COnvarsion
and’or

4[[[ | |_ Hypermutation
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TABLE 1. Ig Gene Diversification System of Mammalian Species and Chicken

Prirnary B cell reperoire formation

Mechanism Organ
Hurman V(D)J recombination Bone mamrow
Mouse V(D)J recombination Bone marmrow
Rabbit Gene conversion and somatic hypermutation Appendix
Cattle Gene conversion and somatic hypemutation llleal Peyer's parches
Swine ene conversion and somatic hypermutation llleal Peyer's parches
Horse =ene conversion and somatic hypermutation llleal Peyer's parches
Chicken Gene conversion and somatic hypermutation The bursa of Fabricius
TABLE 2. DT40 Mutants Related to Gene Conversion and Somatic Hypermutation
Enzyme activity DT40 mutant phenotype References
RAG-2 V(D)) recombinase No defect in gene conversion Takeda et al., 1992
RADSI Homologous recombination  Lethal Sonoda et al., 1998
RADS2 Homologous recombination  Slight reduction of targeted Yamaguchi-lwai et al., 1998
integration
RADS4 Homologous recombination  Reduction of gene conversion Bezzubova et al., 1997
Reduction of targeted integration
Hypersensitivity fo DNA damaging
reagent
NBS1 Homologous recombination  Reduction of gene conversion Tauchi et al., 2002

AID

RADS1-paralogues
(XRCC2, XRCC3,
RADS1BE)

UNG

REV1

Reduction of targeted integration
Cytidine deaminase No gene conversion activity
Homologous recombination  Shift fromn gene conversion to
somatic hypemutation

Uracil DNA glycosilase Shift of hypermutation pattern
(base excision repair) from transversion to transition
Deoxycytidyl fransferase Reduction of somatic

hypermutation

Arakawa et al., 2002
Sale et al., 2001

Di Noia and Neuberger, 2002

Simpson and Sale, 2003
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