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Forward genetic screen
(i vivo)

(-3"6
e

(Die as larvae)

: |
Screen for
interesting phenotype(s)

w
Mutant mapping and
identification of gene(s)

RNfB.I s.q'een Reverse genetic screen
(i witro) (in vivo)

UAS-RNAI Tissue-specific-GALS

in multiwell-plate

dsRNA

n
(S

Screen for ‘a
interesting phenotype (s)

F

Experimental treatment
e.g. viral infection

e

Analysis of phenotype(s) Corresponding gene{s)

/

€.g. reporter activity; known immediately
corresponding gene(s)

known immediately



MMMYHHbIe peakuumn opo3odunbil
N

Circulating
arti mlt:rr:blal
peptides \
o Melanotic

Trachea ’ b

Fat body

Clotted !
wound . i

Needls

Haemocyte

I
Microbe inactivated by
antimicrobial peptides

Phagocytosed
microbe



Pa3HooOpa3ne MMMYHHbIX peakuun apo3odunsi

parasitoids bacteria INFECTION

\\ J/wruses

v

RECOGNITION

v

Lamellocyte IMMUNE
O RESPONSE

- Cellular ————p Humoral
. asmalocyle  response €———— response

s - Crystal cell
°®
Phagocy‘tosm

Clottlng

Encapsulatxon

Epithelia

Toll
Imd

JINK
JAK/STAT Fat body

Melanization S ROS ‘
M= = AMPs
Hemolymph TEPs Hemolymph
AMPs Turandots

Clotting  Serine
factors proteases
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U-shaped =

Crystal cell Melanization

Serrate /Notch
Glial cells oy
missing 1 and 2,
Prohemocyte PVR /
e Plasmatocyte
Serpent
Collier
(JAK/STAT)

PVF2/PVR
Ras/Raf

=

Lamellocyte Encapsulation



CpaBHeHMe MMMYHUNTETA HACEKOMbIX U
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. Central nervous system

Drosophila melanogaster e Production of AMPs
and/or cytokines

* [nflammation

* Neuronal death and
degeneration

Respiratory system
(Trachea in flies and lungs
in humans)

* Production of AMPs

Systemic response
(Fat body in flies and liver
in humans)

e Production of AMPs

* Acute phase response

Digestive system

(Gut in flies and humans)

* Production of AMPs

* Local ROS production
via Duox and Nox

 Excretory system
(Malpighian tubules in

3 \ flies and kidneys in humans)
./ \ * Production of AMPs

’ . * Hormonal regulation

_________________________________

Cellular response
_ O (Haemolymph in flies, and
= blood and lymph in humans)
Plasmatocyte Lamellocyte I » Phagocytosis Macrophage Natural killer cell

¢ Cytokine secretion

Crystal cell (melanization
and clotting)

_________________________________

| i
I I
| |
i ; i
i (phagacytosia) (encapsulation) i * Clotting and coagulation
I I
i i
| 1
i i
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Embryonic Hematopoiesis
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hemocytes
seeeees dorsal vessel
e lymph gland progenitors
=y hemocyte migration routes
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lymph gland
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Embryonic (Primitive) Hematopoeisis

Embryo Larva Adult
S.f S.10 L2/L3

L 600
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p
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-
O
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S 3843
0 Epidermal growth U Chitin binding
factor-like domain . domain type 2
Complement control Coagulation factor
protein domain VIVIIl type C domain
'. Van Willebrand factor Low-density-lipoprotein (LDL)
domain type C and D receptor class A domain
Trypsin inhibitor- ’ ! .
‘ ks déirrialty Cystein-knot domain

N

~ _ Crystalcells
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X

.

8 S '
-
Epidermis  Plasmatocytes —

HEMOLYMPH

<_%. Proteins released by plasmatocytes (e.g., Hemolectin)
Transglutaminase cross-linking
" Aggregating plasma proteins (Fondue)



Table 1| Immune-related genes in Droseophila and mammals: homoelogies and analogies

Haematopoietic
determinants
Transcription factors

Receptors
Scavenger receptors (SR)

Gram-negative-binding
proteins (GNBP)
Peptidoglycan-recognition
Etou_ains (PGRP)

echins

Toll family

Toll signalling components

Signallin: thwa
otger tha?'l%aoll =

Eftectors
Immunaglobulin motf

Antimicrobial proteins

Metal ion accessibility
and metalloproteinase
regulation

Translation related
Cytotoxic molecules

Apoptosis and immunity

Additional components

Drosophila

lozenge
serpent
gom

epithelial membrane protemn
SR-CI

GNBP family
PGRP family

galactin
See text

dorsal, Dif, Rel
cactus
spatzie

Spnd3Ac of nearotie locus
gastrulation defective

pele
snake and easter
/KK and kenny

hopscotch
Star92E/ maralle
raf

basket

p38b

Various in Drosophila, but

only reported insect immune
related is hemofin of silkmoth
Antimicrobial protein

gene families

malvolio

Iransferrin

Other matrix metalloproteinase
members, for example, kuzbanian
Thor

lathalf 1)aberrant

immune response®

Reactive intermediates of
oxygen and nitrogen

croquemort
dredd

Tep family
Various from genome
annotation

Mammals* References®
AMLT 98
Gata family 98
Gem family 98
CD36 99
Domains of SRC1 have homology 5,100
to various mammalian proteins:

see also SR family

Not identified )
Pglyrp family 10
Lgals farmily 55
See text Sea text
NF-«B family 17-19,101
B family 102
Bdnf, homology is to cysteine 103

knot nerve growth factors

Spr17 and others that encade serine 24
protease inhibitors of the serpin family
F2lprothrombin and others that 104,105
encode clotting factors

IRAK1 106
Frss 7and KiK' kallikrein family 105
IKK family 21,22
JAK family 64
STAT family

Raft 107
JNK family 108
p38 109
Immunoglobulin superfamily, 110
including some TIR-related genes

Antimicrobial protein gene families  54,56,57,59
NramplScfi1 111
Transterrin 112
Mmp7/matrifysin 113
4E-binding protein family 114
ribosomal protain 56 66
Reactive intermediates of 115
oxygen and nitrogen

CD35 6
CASP family 90-92
C3and A2M 65,72
For example, genes that encode 13.84

C1 and fibrinogen domains



XpoHonorus n3y4yeHuss UMMyHMUTETA MYLUKU

Timeline | Discoveries relevant to the function of the Toll and Imd pathways in Drosophila immunity

(000 o 2004) Idenification of new componants of

- - This Tl T T the Toll and INMD patiweys by fonsand and everse
Link between Tolland IL-1R ne Iod patimaay raguiaies e antiungs responsa qenetic soreans and cel-cuure studies JRDS,
paiinvays eslabizhed | Karry, DREDD, TAKT , IMD, MydB8, Fadd)
denthication of the Aeish gene
Charactenzation of the C of Cacron: ~ Genatic characianzation
Tl it arid cllar F\-b.-' pidschpe ikt p— =" of D, Fafish and nacrotic Diermonsiraton that
i FEY - Diptanicin in Drosophia x5 motifs are raquired : Demonatration GMNAPY requates
dorsoveniral mutations for Diptericin and S T T e PR
g : - that PGRP= Drosgphia immune
Concapt ooy INducion Crosophia requilata tha rasponsa. Toll and
Cloring of dor=al, of patiam- 1 antirmicrobial Drozaphia IMD patiways are
Idantification of e homclogy with e recognition Dorsal and DF are linked o tha responsa is adapiad antimicrobial achvatad by specific
dorsal mutaion REL oncogene receptors Drosopfl immune response o the aggressors =S ala gics) PG recogrition

1979 1981 1084 1986 1987 1088 1980 1000 1001 1993 1904 4005 1996 1007 1088 1999 2000

Sequences of the first MF-x8 denthed Cloning of NF-xB- Hantification of Cloring of Compéstion: of the Orosophia-nenoms S8qUEnce.
nducibie antibacterial in mammals ancoding gana Drosommycin reect PGRP Molacular characterization of Drosophia PGARF-,

pepiides N neecis GNEP- and Tow-perns famiie=

Cloning of Tof xi& motifs are found in the dantficaton of the A hurman

omoters of inssct genss thak Fmmune dafickency Tall lnked o e .
g"ct-je a'ltmx:rcbﬂlgpacu:es [rna) mutation ! o NF-xB :1,&:@10 aﬂji;itj‘:;'qrrcal»or of .
rmicrotial specificiies of ssvaral TLRs,
including TLR2 (PG, lipoprotein), TLAR3
Purfization of PGAP and moleculsr TLRdisa {d=RNA), TLRS (flagelr]) and TLRE
coning of GNER from sikavorms recantor for LPS {CoG-contaring DhA)

The discovary of the role of Toll in the Drosophda mmune response [yeliow) was influenced mainly by research in three fiekda: insect mmunity {red), vertebrate immunclogy and signalling
(blue) and developmentsl genetics (green). DIF, Dorsal-related immunity factor; DREDD, Desth-related ced-3/MNedd2-lke proten; ds, double-stranded; GNBEF, Gram-negative-bactens-
binding protein; kB, imhibitor of NF-xB; IKK, IxB kinass; IL-1R, inferleukin-1 recaptor; IMD, immuns daficisncy; IRDS, Immune-responss deficient 5; LPS, ipopolysaccharids; NF-kB,
nuschaar factor-xB; PG, paptidoglycan; PGRP, PG-recognition protein; sarpin, serine-proteasa inhibitor; TAK1 | Transfomming growth factor-f-activated kinasa 1, TLR, Toll-ike recaptor.
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Ovarian
nurse cells

(B) Dorsal

Inhibition of
L_'\\,,\W\’ Pipe protein
gurken synthesis
mRNA
Nucleus
® No signal to
ventral side

Ventral
® 2000 Sinauer Associates, Inc.

© Gurken protein made by oocyte
and received by Torpedo protein

@ Torpedo causes
dorsal morphology

@ Pipe synthesis inhibited
© Gurken does not diffuse

© Ventral follicle cells make Pipe

See Part 3

Spitzle [ [)©

A
=]

Easter é

.
B

\
Snake O ©

A
Gd X

Ventral follicle cell

Nucleus U

Oocyte

“" Noactus
< s

P

Perivitelline
space

0
=

]

/%

-2
Pipe

(C)

@ Pipe modifies (x)

@ Nudel and (x)
activate Gd

© Gd activates Snake;
Snake activates Easter

@ Easter activates Spitzle,
which binds to Toll

@ Toll activates Tube and
Pelle, to phosphorylate
Cactus

® Cactus is degraded;

Dorsal protein enters
nucleus

@ 2000 Sinauer Associates, Ine.
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Concentration
of dorsal

. Cross-section of syncytial A
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' I gu%lei |
100 mem
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p it membrane o'oo'olooo’o’o’o’e’e

activation of Toll
in ventral region
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NF-kB y apo3socgunbl: Dorsal, DIF, Relish

1 MNLS 677
- REL
- Doml_ Ankyrin repeats
1 NLS G6e7 ES
1
L AEL Cactus
— S
DIF
1 NLS Ankyrin repeats 071
‘ T T P
- REL
- e e ——
Helish

Figure 1. The NF-kB and IkB proteins in Drosophila. The length in amino acids is indicated by numbers. REL,
Rel-homology domain; NLS, nuclear localization sequence; PEST, proline, glutamic acid, serine, and
threonine-rich segment; Ac, addic domain.



Expression

MpamMoTpuuaTenbHble U rPaMMONOXNUTESNbHbIE DaKTepun 3anyckaroT
cootBeTCcTBEeHHO Imd- n TLR- nyTn, KOTOpbIE pasnn4aroTCH Mo CNeKkTpy
aKTUBUPYEMbIX aHTUOaKTepmnanbHbIX NenTUAOB

Drosomycin (Toll read-out)

48

— Injury

— Gram-positive
bacterial infection
(M. luteus)

- Gram-negative
bacterial infection
(E. coli)

Expression

Diptericin (Imd read-out)




CeMb ceMenCTB aHTUMUKPOOHLIX NenTUAoB ApPp030dUnbI

Peptides #ofgenes Main activity Concentration 3-D structure
Gram-negative
Diptericin 2 Bacteria 0.5 pM nd
Gram-negative
Attacin 4 bacieria nd nd
Drosocin 1 Gram-negative 40 UM
bacteria
Cecropin 4 Gram-negative 20 UM
bacteria
Defensin 1 Gram-positive 1 UM
bacteria
Drosomycin T Fungi 100 uM C/

Metchnikowin 1 Fungi 10 pM nd



MexaHu3smbl BcTpauBaHma AMI1 B memOpaHy natoreHa

barrel-stave model toroidal model carpet model



Gram-positive
bacteria

@

Gram-negative
bacteria

Down-regulation




Gram-positive Gram-negative
bacteria bacteria

Fungi Lysine-type DAP-type
peptidoglycan peptidoglycan
‘\'l

Monomeric Polymeric
\’ GNBP3
X / GEN

J peptidoglycan peptidoglycan
PG RP-SD
< cP1
—— SPE

Persephone PGRP-SA —_—
Pro-Spatzle‘ PGRP-LCx PGRPACa [/
HEMOLYMPH Y, spatde
Toll PGRP-LCx
dMyDss il
Pelle Tube

FAT BODY CELL

LU

Drosomycin and
other antimicrobials

Diptericin and N
other antimicrobials -zl



Toll pathway IMD pathway

Gram-pasitive bacteria Gram-negative bacteria
{Lys-type peptidoglycan) (DAP-type peptidoglycan)
Spatzle

GNBP1
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<

,/

pro SPE
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TOLL receptor RO Spactes
activation
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CBasbiBaowme nentuagornukaH cenkun PGRP

apo3odunol
HNomeH PGRP noxox
— s Mo CTPYKTYype Ha
SE1 - ™= Signal peptide JIN3OLUM ¢dara T7
Spo 182
= — - ™ PGRP domain without amidase acfivity
SC 1 — 0 = PGRP domain with amidase activity

- e .Transmembrane 'dornal n




Y yactn PGRP akTUBHbIN LEHTP yXe He pacliennseT
nenTuAOrnNuKaH, Ho cneundunvecKkn pacrno3HaeT ero.

MurNac GlcNac MurNac GicNac
L-Ala >L-Ala

[ [
D-Glu D-Glu

[ i

L-Lys —(Gly)- D-Ala DAP - (Gly)- D-Ala

[ 1 [ |
D-Ala L-Lys D-Ala DAP

I
D-Glu

- SA |
‘ _ L-Ala

GlcNac

GlcNac




N POAYKTbI pacluenineHnda nenTuaorsiimkaHa

Clycan strand
Lysosyme cleavage

Anhydro bond found
GlcNAC MurNAc GlcNAC MurNAc GlcNAc MurNAc in the terminal PGN unit
wﬂcc»uu QLR & CH, CONH oo, CH,CGNH
1 HO
Yo o
P
chyon CHCH, CH,CONH ,H OH LH CH,  CH, CDNH CH;OH H CH,  CH,CONH
COJNH-CH-CO-NH-CH-CO0H CO A EH-CONH-GH-COOR H.CH.CDNH-CH-[_‘;UOH
Amidase —Y  {H, é'Hz CH, CH, CH, H,
PGRP cleavage cm CH, i
CO-NH- CH-CO-NH-CH-COOH CO-NH-CH-CO-NH-CH-COCH éowH -GH-CO-NH-CH-COOH
1§ HiN=-CH-CO0H |
) CH, cH, I CH, “Hy CH, e
Short peptide CH, tHe | 3%,
bridge meso-DAP [y, ¢ r in
| GH, e
N-CH-COON i |
PelERCO0T £ NH-CH-CONH-CH-CO-HN-CH-COON HN-CH-COCH
CH, CH,
CH, CHy
LO NH-CH.CONH.CH.COOH GO-...
H-CH, ?H CH,
Clycan strand :,H?uw 0 0 C;Hzgi
CH,OH CH,OH
OH
CH, CONH ey CoNH A\ l._o
MUrNAC GleNAC MUrNAC GlcNAC GlcNAC= MurNAC=
|
L-Ala
|
D-Glu
|
meso-DAP

|
D-Ala



benkn PGRP n NGBP

PGRP-SA

PGRP-LC

GNBP1

GNBP3

SF PGRP
. 203
™ PGRP
Glucan 620
birdin Glucanase
e ——f——

- —
Glucan el
binding Glucanase
e -

PGRP-LE cBsazaBwumuca c TCT

TCT — TpaxeanbHbIN LUTOTOKCUH, pparmMeHT

nentngornukaHa c ¢oopmynoun GIcNAc-MurNAc

(anhydro)-L-Ala-y-D-Glu-meso-DAP-D-Ala



Y B3pocnoun myxu JAK/STAT HyXeH Ang 3anycka CUCTEMHOro
UMMYHHOrO OTBeTa XXMPOBbIM TeJIOM, MPOTUBOBUPYCHOIO
oTBeTa U perynsauum pereHepauum.

.. Hemocyte B Virus-
infected

el O Stress _
\,u SN TTT* signals TotM
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VES stress res 'uns,c - viral response
L p &

' enes
enes g
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.y,
LY
A N
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' E N, NN, 1'-
Uninfected ( ,'\_‘re‘\;\“f K
cel o 8

C Gut lumen

Pathogenic

bacteria € upd3

Stem cell
proliferation,

Dro3 yicsue repair

Gut epithelium



JAK/STAT nyTb

Receptor
endocytosis

SUMODylation



JAK/STAT nyTb perynupyeTt UHKancynsuuro, HO MOXeT
NPUBOAUTb K BO3HUKHOBEHUIO OMYyXOseu

AR ~5 A Circulating
@ plasmatocyte Lamellocyte
differentiation

Melanotic
nodules

Sessilﬁ

plasmatocyte Lamellocyte  Encapsulation
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Danger signals PAMPS
f L Gran-positive  Gram-negative © Debris Virus
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UHKancynauma amya napasuromaa

6 hrs (adhesion of plasmatocytes) 12 hrs
a #
Wasp ? ; ¢ .&Q
= Slplpy o wire |, Sl |
) (Rac2) ¢
s & " Raids 1P%F
vpdumatocm ® Lamellocyte (N, Kn)
40 hrs(encapsulation
" complete, melanization)
24 hrs

~30 hrs septate
junctions form
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ROS production AMP production

Amidase
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N
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GNBEPs INK B IKK, Relish ' CYTOSIS
pathway
o~ V2 /
Cact ﬁ DIF / \ F "4 / SR-Bs,
@ “ \ ¢ CD36
GRAM POSTIVE “ |
BACTERIA TOLL \ \ /
) PATHWAY Pelle N #

’ \ & —
Tube
Toll ’
PGRP-SA
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OOGpaTHbIe CBA3U N KPOCC-TOKM UMMYHHOIO
oTBeTa uavT nNbu v4acTUn cebrnmHoOB

Gram-positive

: bacteria =
Lys-PG ® , p-1.3-glucan
PGRP-SA

\/ GNEP3
GNBP1 -

nnnnnnnn

Melanin
synthesis »
—@enad)
Quinene
negative |
— s Pro-PO n feedback :
i I-- pro-Spiitzle regulation :
melanin r.mplex ESIEI' f‘i
Dopamine Spiitzle
serpins
Toll .
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Gene
18 wheeler, Tol-2

Toll9

Ird7, totem,
PGRPIC

PGRPE

Semmelweis,
PGRP-SA

PGRP-SD

Picky, PGRP-SCla

PGRP-SC1b

Osiris, GNBP1

TEPs

Mo

dSRC1

Crg
(Croquemort]

Peste

Eater

Type of Profein
Tolllike Receptor

Tollike Receptor

Pepfidoglycan
recognition protein

Peptidoglycan
recognition protein

Pepfidoglycan
recognition protein

Peptidoglycan
recognition protein

Peptidoglycan
recognition protein

Pepfidoglycan
recognition protein

Gram-negative
binding protein

Thiclester containing

proteins

Macroglobulin
complementrelated

Scavenger receptor

Scavenger receptor,
CD34 like

Scavenger receptor,

CD36 like

Scavenger receptor,
epidermal growth
facter like

Putative Ligand
Unknown

Unknown

DAP-type
pepfidoglycans,
G- bacteria

DAP-type

pepfidoglycans,
G- bacteria

Lystype
peptidoglycans,
G+ bacteria

Lystype
peptidoglycans
G+ bacteria

G+ bacterial
peptidoglycans

G+ bacterial
peptidoglycans

Potentially G+
bacterial
determinants

Possibly binding to
bacterial surface

Candida albicans

Possibly both G+
and G- bacteria

Apoptotic cells and

possibly G+ bacteria

Mycobacteria

Possibly G+ and
G- bacteria

Evidence
Expression of Attacin affected in mutant flies.

Protein activates Drasomycin in S2 cells through
MyD88&.

Activate IMD pathway in vive. Phagocytosis
of E. coli in 52 cell lines, affected upon RNAI.

Overexpression activates PPO cascade in cell lines.
Help PGRP-LC recognize peptideglycans.

Activation of Toll and phagecytesis of S. aurevs
pathway offected in mutants.

Activation of Toll pathway affected in double mutants
with PGRP-SA mutants.

Activation of Toll pathway and S. aureus
phagocytosis affected in mutants.

Cleaves S. aureus peptidoglycans.

Hydrolyzes G+ peptidoglycan. Acts in complex
with PGRP-SA to activate Toll pathway.

RNAi of homelogous mesquite gene reduces
phagecytesis of Gram-negative bocteria.
Plasmodia population larger in Tep] mutant
mosquito, causing higher vectorial capacity. RNAi
of Tep2 decreases uptake of E. coli; RNAI of Tep3
decreases uptake of 5. aureus.

RNAi of 52 cells reduces phagocytosis of C. albicans

RNAI of 52 cells reduces phagocytosis of bacteria.

Phagocytosis of . aureus impaired in cell lines.

RNAi of 52 cells reduces

phagocytosis of Mycobacteria.

Reduction in phagocytosis of S. aureus and
E. coli in vitro in celHine mutants and in vivo
in deficiency. Increased susceptibility fo
natural infection in vivo.
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