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Intra- and Extracellular Recognition of Pathogens and Activation of Innate Immunity
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One of the fundamental questions in innate immunity is how a large battery of invading pathogens is recognized by
a limited number of germ line-encoding receptors. In Drosophila, peptidoglycan recognition protein (PGRP) family
members have a crucial role in recognizing invading bacterial pathogens and in inducing immune reactions. PGRP-SA,
-SD, and -SCla are involved in recognizing gram-positive bacteria and in activating the Toll pathway to produce an-
timicrobial peptides. PGRP-LC and -LE recognize diaminopimelic acid (DAP)-containing peptidoglycans, which are
cell wall components of many gram-negative bacteria and some gram-positive bacteria, and activate the imd pathway to
produce antibacterial peptides. In addition to the extracellular function of PGRP-LE to activate immune reactions in the
hemolymph, PGRP-LE acts as an intracellular receptor for monomeric DAP-type peptidoglycans. Moreover, a version
of PGRP-LE containing only the PGRP domain functions extracellularly as a CD14-like accessory factor, capable of
enhancing PGRP-LC-mediated peptidoglycan recognition. Subsequent intracellular signaling is transduced through the

RHIM-like motif found in PGRP-LC and -LE.
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BIZET D0 TINY — 2 2)NY — B0 T8
THEEZLSNTNS. Y
2avTavuNIOHERREZGET % Toll 5
AR DOWIFE 2 28I, WA O Toll kkZ 21K

FRALRZER B AR5 R (T980-8578 iy
BT 6-3)

e-mail: kurata@mail.pharm.tohoku.ac.jp

ABINL, HAEFKZEEE 126 2 ORI 7L S5 TH
ZLAEBOZHLICEKRL/ZHDTH S,

(TLR) MFEESIN=. TOHDOMILICLD, TLR
7 2 U =D, TNE IR E AR K
Fsr DB EITO T ENH S M I NP MR
”Tf?éﬂx7ysu—m,mwﬂﬁﬁwm
REITBRD DY, EETLR 77 2 U — &[RRI,
oA >y FUE—rE2HFT S NOD HKZEMR
(NLR) 77 I U—7, MW MR ORI %
DBEZENHENIIE .Y —F, avuyay
NI T, Toll ZA/RIINY —3B#nTFELT
WHER Y, 2D RIRT, «7?F7Uﬁ/mﬁﬁa
' (PGRP) 77 X —)VRIEME DR E1TS. 6
PGRP 7 7 2 U —{%, TLR 77 3 U —&[EkKRIZ,
BHENS5E MCEZ X THIWITREI NZB AR
BIZREDD20FTH5.7 &I, >avyauNT
TI%, [F—® PGRP 4370, MM IZHB W THER
RHE LR DFRFRIC @ < 720 Tl <, HIIEA TR
JRRRE R 73 DIRFIC B RO D Z LRI Nk, ¥
ARETIE, >awvyaNTIZBIT5PGRP 7 7
U= K DM BT DRI E R & R E
IREIEMALIC D W CEEE 212t 3 5.
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2. PGRP 77 3 —(C&LBEEHTOMEARH
ERFINEE ML

BHICEST, £2<o&MlnEmTIE, RERE
D b g PR DS RGO 72 8D D — R T2 FE BE & 73
%, bR, B oW E s EEE S LT
Tz, HREERELL THREXRTF Rz
PEAET D 90 ZO XD EEEEZFEO AT, KE
KIZENITIR AT 5. Exbtrﬁwi ST XS)
WRMEH T/NY — 238 FIC K DS N, K
@ﬁ%ﬁﬁ%&%@ﬁ%ﬁﬁ%;iom%émé
(Fig. ). LT RBEDIZ, HWEAKDH S H D
12, TOXDBAREHTOHRRZ RN S DITHEE
OMFENITEAL, I THET S, BHRTIE
RTINS E L TAT = LR &I 7 o
J —)VIBLEEEFERR (proPO) 51 A4 — ROig %
b5, &S T SIEMATOHE X7 F FDRE
EFENRT 5 ND, MAMEREINE S LTI Y
077 —JHMIICK2BENHS. ZhH6DOHR
T INADFHEYIZ PGRP 77 2 U —13%b 5.
PGRP I, N1 JDKEFNSXTFRT UK
JIZHEA L, proPO B A — RZE2{EMHILT 2EH
BELTRMNIHER-REINEZ. W RTFRTY B>
1%, MREEZER/RNWS A 2T T A ERNT, &
EAETRTOMBENH T S M fdBERE R k5> T &
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Fig. 1. Insect Immune Reactions

The front line of insect host defense is epithelial tissues such as the
epidermis and trachea, which not only act as mechanical barriers, but also
produce antimicrobial peptides. The pathogens passing through the epithelial
barrier encounter cellular and humoral defense reactions in the hemolymph,
including phagocytosis. The humoral reactions include the activation of cas-
cades of constitutive proteins present in the hemolymph, such as the
prophenoloxidase (proPO) cascade and the activation of intracellular signal-
ing pathways that produce defense proteins, such as antimicrobial peptides,
in immune-responsive tissues.

5. 2DPGRP 77 IV —iX, BHEMASEMIESX
THELWITREINTBD, > avPa NI TR
13fD PGRP 7 7 2 J —#frT, EhOIYTAT
134D PGRP 77 2 U —BETHHEET S,
THNOPGRP 31, BBXZ 160 7 I/ EEFERAE
MN572% PGRP RAA >&HLTWS, PGRP R
AL, MENFEOXRTF KT U5 > ORI
boWH#RL, NIJTUF Ty =N FFOXRTFRT
U REER) ) F—LEWSEN-72F IV A
FIN-L-T I T I —EEMAMNEERT. D
bt#of PGRP 7 7 2 U —I%, MM 2K
WHCEOXRTF R7Y B 22 R#T 5BICHERT 2
BREMNSHELL TEREZEZ NS,
2awuYauNLITIE, £T PGRP 7731 —
D —BTd5PGRP-SA 2%, 7' Z LABEEICELS
Toll B DIEGMHALITHETH S I ENRI Nz
(Fig. 2). ' Toll ##&13, BEEV T LBHEE O
LTEM N, BHERICBI2PEEXRXTF RO
Drosomycin 7% & QA 2 HilfH 9 5. Toll #IKiZ
IHFLEN O TLR ##& & @tk 289, 9 ZNETIT,
PGRP-SA 1%, 7 7 LARRMEFE G EHE (GNBP)-1
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Fig. 2. Recognition of Bacterial Peptidoglycans and Activa-
tion of Subsequent Immune Signaling by PGRP Family
Members in Drosophila

PGRP-SA in the hemolymph binds to Lys-containing peptidoglycans of
gram-positive bacteria and is required for activation of the Toll pathway in
cooperation with GNBP-1. PGRP-SD and PGRP-SCla have some redun-
dant functions with PGRP-SA and GNBP-1. Constitutive hemolymph pro-
tein PGRP-LE binds to DAP-type peptidoglycans, which are components of
many gram-negative and some gram-positive bacteria, and activates both the

imd pathway and the proPO cascade. Membrane PGRP-LC is required for

DAP-type peptidoglycan-mediated activation of the imd pathway.
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EEBIZ, KPP TOY T LABEREOEHICRD S
_&,%mﬁ,ﬂﬁmtu/7U77—tziéﬁ
A — RZERKET, Toll 2&{KD Y J > R Spitzle %
IEMALRIC AT B 2 & T Toll #%igZ2iE LT %
TENHSMERSTWDS (Fig. 2). 1517 il
Toll ##& D % TlL, PGRP-SA {Zh1% T, PGRP-
SD & PGRP-SCla 137 J LG OFRFIT %R D %
ZEpREN (Fig. 2), 1819

7T LEHEEOEGTIE, Toll % Tld7s < imd
& EIHE N2 B ORIRLIN > 27 F AR ERE S H3E
£, HiE~RTF KD Diptericin 72 E DS T
AINRIEPICHW I NS, Imd BEEIL, WAH
YD TNF-a # % & @Mk 2/~ 9. 20 Imd #2EE D |
WMIZHNT, Ny — 38T & UTHRET 2 D73,
PGRP-LC & PGRP-LE T& % (Fig.2). PGRP-
LCIE, 7 7 LABEMEOKSIC K D imd & OTEE
BLICHEBRRFELTHESINZ. 22 H &Ik
N5 &£ 512, PGRP-LCIZ, ML b2 KHE )
FTHO, HIEmMTORTF RZ Y B> DRI
RbH 5. LZAM, imd KREEZHEHTH2MORF &
1$¥720, PGRP-LC OEEKIT, KBEWEREDS
T LRRTER ORGP IE 2R 9. 20 ZORERIF
PGRP-LC DS imd #2382 §ilfH 9 % /N5 — > G854
DFOFMEZERBL TSN, PGRP-LE NE D%
EHZ R/ L TWb, 2429 PGRP-LE 1%, K+ Iz
f£L, proPO H X4 — K & imd R #iEMHEILT 2
N, [UERED EEEHBEICHEEL, PiMXT T
ROELZHEET S, 2

RTFRTZUAE, N-TE2FILTIIATI >
(GIeNAc) & N- 72 F IV AT 2 VB (MurNAc) @D
BOBRULNSIRB IV ERE, TS E4EET S
RTF RENSI2D. 7IVAEBISMEREZ MDD
HFETHBHDIZRHL T, XTF REIZEICEL> TS
HEZRT. D EFEAEDT T LABRMES Bacillus
B2 ED—EDT T LGEEEIZ, FDXTF REIC
CTYIJERXRY EDAP) EEOXRTF R U A
CDAPEN ZEHL, FOATLAXRTF RIZEHER
BENTWwWb. 2L T, DAPBAXTFRZ U K>
13, awvrauNI T, imd R EZEINWITHE
ks 2,262 —F, £< D7 T LEEREIZ, DAP
ODROVICU T >ERETBHATLARTF R, X7
FRIZETEBENEZXRTFRTZU A (DT>
) zf L, Toll #&Z1EM LT 5.2 PGRP 7 7

SY—E, ZOMMTRLRZRTFRTU N> DM
EOEWEHNL T, THZh Toll fFiE & imd #%
W RIRIZIE L s % (Fig. 2). £9, PGRP-
LE 73 DAP BIR T F R 7 U 7 VIR RICH &
LM, U BRIRTFRTY A IEEE LN
EMRENTZ. W ZDH%, PGRP-LC 7% DAP B~
TFRTYFT & D imd BRI DIE LI LB
T ThHBI ENRI N, PGRP-LE & PGRP-
LC 2938# 9 M1, GlcNAc & 1,6- T—F )L fE
HL7E7 >k RO MurNAc O & Z IS
% L-Ala-y-D-Glu-meso-DAP-D-Ala D X7 F R T»H
%22 Zhid, BH% (ROZOMOKGEE) 12
BB MEHEERTE L THS N8 R
HEZ(TCT) THS. —JF, PGRP-SAIZ, U #
RTFRT YA IS FEERTSHH DD, DAP
RNRTFRTY A AHKHT HEFITENTERLS 72
NWZEDIREINZO Lo T, >avyauNn
I TiX, PGRP 77 I U—, MIENETHXS
FRTU N> OLEMEZHDIL, Z DGR L
FRBREEFEL TWD, 20X RERGBER
BTEXTF RTU A A OEEML, WA
FYHONLR 77 Y —TbHHAEN5. 3

3. PGRP 77 3 —(C&ZHMiIKRE L TOMEA
i RBEINE %ﬁk

PGRP-LC IZ, SEITikR7z&Siz, Mg L
EIT5ZHKTHO, mdﬁ%@@@k;%béa
EBIT, ¥/ O7 7y —THMIIICK ST T LR
DABIZHEDS. P —F, 77 LBHROERITIE
PGRP-SCla '8 5.9 % .19 PGRP-LC iZld, LCa,
LCx, LCy 3D Y 1Y 7+ —LDNFFEL, I
SIEHIAN B A A 2 33L@ETH 557, PGRP K R
A EEOMBEN RAL oKL Riss, FREED
ZWLCa & LCx DS B, LCxIIRTF RIT U B>
WHEB T HM, LCaldXRTF RT U > ANDFEE
BRIZAEL TRV D R —#iEE2ET 57 F
R 71> DFEG &2 D% O imd #REE OIEEAIE
Mk$%§47—#ﬁh,%/7—f%éTCT@
LEIZLCx/LCaNT OF A X —M15 EEZ 5N
TWw? (Fig. 3). 2 ¥ WIFnoHass, UH 2R
MHEET B Z £1C& D PGRP-LC D% &K{L7T imd
TR DIEMEALIT D8N 5.

[Fkk D TCT Kk # O % &Kk, PGRP-LE O
PGRP R X > (PGRP-LErt) THEZINS.30
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— — DIEEEALTNBEEL BN (Fig. 3).
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Fig. 3. Multiple Functions of PGRP-LE in the Recognition
of DAP-type Peptidoglycans and TCT

In the hemolymph, PGRP-LE recognizes the DAP-type peptidoglycans
(PGN) and activates the proPO cascade and the imd pathway to induce an-
timicrobial peptides (AMP). Monomeric DAP-type PGN (TCT) is recog-
nized by a heterodimer of PGRP-LCa and PGRP-LCx on the cell surface.
TCT binding to PGRP-LCx causes its dimerization with PGRP-LCa, while
TCT binding to PGRP-LE causes its oligomerization. The PGRP-domain of
PGRP-LE (LEpg) also functions outside of the cell in a CD14-like manner
by presenting PGN to cell surface PGRP-LC receptors. PGRP-LE also acts
as an intracellular receptor for TCT. Subsequent intracellular signaling is
transduced through the RHIM-like motif found in all PGRP-LC isoforms
and in PGRP-LE.

2 E®RM@ PGRP-LE 73, 7 07 7 — JHEDEKK
Ml H%R T 5 <)L E—FE R EOMBENICHH X
N50IZH LT, PGRP-LEr |3, (Kot &
N 5.2 PGRP-LEPt & TCT O # AR DREE fRHT A
mEN, ZREDOSTFEBNHSNERS 72,30
3725, PGRP-LE |2 TCT 234589 5 &, 52
@ PGRP-LEPe [ZXH 9 % & G I BT 72 IS AL S 1,
% 2125 2 @ PGRP-LE® 23559 5. D PGRP-
LEe |2 TCT WEBT 52 & T, £h#iliEs

MTE, LERMEIETTT S, T OGN OREE
%, PGRP-LEr¢ & PGRP-LC ® PGRP K X1 > T
b, FRRIC TCTIREFEICZERET DI EEREL
TW57, Z2B%, PGRP-LEP |3 PGRP-LC {£771C
S2 fifigickE A L, TCT 2L % PGRP-LC /1L /=
imd B OIEHL & RHET 5.8 Fi Rt EH O’
FRICEER 22 ZBHO®Y > 27 )Y I EBITA
L 7= PGRP-LEre (S232E) Tlid, TCT {kfE D S2
M EE AN DFEE=, PGRP-LC 24T L 7z imd #%#%
DEMLDRETAS N N.Y LN T,
PGRP-LEPe |3, TCT &9 2 &MifaEm o
PGRP-LC 4t L T, #EINEZ#HET % CD14 £

ENS, BUNIMANTHET 2ERNETH S &M
EFINZ.? L, ERLAZKDIT, PGRP-LE

WEARIRPICHEMEL, DAP BT F R7 U H it
TEHNY — Bl FELUTHARET 2 2 &hRE
7z. Z® PGRP-LE QR+ TO&ENL, TV A
TRFICEOMRINTNDS. 2 bbb, JEN
TFROEELBEEBE CTHIHEMEITBNT,
PGRP-LE Z @ FF I3 2 M & @ EFH U2l
fl 2 NAH)ICi%E 3 % &, PGRP-LE ZBREIFH L
TN THHE AT F ROELFBENED S
N7, 2O EiE, PGRP-LE 1Z, HilDst (ki
H) 2y 5 R AR e L 8 & 2 THIE X 7' F RO
HEFELZZEERLTNS (Fig.2). &£24
M, ZOEYA VEIICED, EHEEETHETIL

E—FETIE, PIEXTF RiIN72 579 PGRP-LE
NEEHREL TWSHIOATHEIND Z LR
XN, BT d PGRP-LE O T D KEREN
BEHOICEo7.Y ZOMILNT? PGRP-LE ©
BEEIE, VI E—FEZHABENTREEL, T2
TCT #ikMM$ % &, PGRP-LE {KEICHIE X T F
RNFBEEIND Z &%, S2 MLz PGRP-LE % %
BXH5&, PGRP-LC JEKFIC TCT iIZxd 5%
BINENRBO LN EIITRDIENSBTEIN
TW3.9 2O XD 7 MIfE N T Ol BE i sk 77 D #8
AR, VAT U T RSRRIE & W o RN AR
TEsH ﬂ?ém it E L TEETH D EE A
5N5.

MR - D2 B/ K Tdh 5 PGRP-LC IZHMA T,
PGRP-LE /SHifNICEFAEL, MIlEN 7 FIVIEE
R Z2EMELT D ENH SN &R 2,
PGRP-LC O i B A > & PGRP-LE @ N &K
Ui 4558 U THEE T % RHIM-like £ F — 7 23,
ZTNZENOD imd BB OEMLICEETH S Z &N
B MM E7s-> 7= (Fig. 3).8 2@ RHIM-like £ F —
713, TLRB KB T FIVEERKIIBITZDY
4 7% —%EHE TRIF & RIP-1 O AEAERIC KL E
TH5 RHIM EF—ZICHEMEZRT ZEN S,
FEEBEATHRGE S 7 FIVEERKZHHT5E
F—TTH3EEZ5NS. 3 RHIM-like EF — 7
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132, PGRP-LE IZ K5 MIIEN T D 7 IR ER
DOIEMWACIT B2 7713 T/ <, PGRP-LE IZ X %1k
WP TOL T FIVREREDOEICORE LI N
%. LU, PGRP-LE 2%, (KiEhTHO 27 F)L
RERE OIEHEICHEEINSD, MENTO
7 F IAGEREIE DIEMELICIZ AT & T N7 W FEIER AT
FETZH I EMS, KR &N TO PGRP-LE
WK D7 FIVGERE OEMEALEERE 11T, W& T
HEOHHR b H 20, TNETNRBDE S OEFEET
5EEZBNS.

5. BHYIC

INFEFTHRTELLDIE, aTPaINLT
&, PGRP 77 2 U =D MIEDOHETLHXRTF R
U oEZ#NL, KEERERETHS
proPO 7 A4 — K, imd f8, Toll fi& % #IRW
WHEMEET 2 & &I, MEERERE THIAR
WHEBEbD. DR, PGRP-LE &, A TN
& — ik E LU THREY 27217 Ta <, PGRP-
LEre |, MifdRmEICHEIET 5 PGRP-LC O 2%
RELTCD4HKDIER®AET S, AT, PGRP-
LE 13, MIfEANIZHB VT HEAEET 2 LHAENE DN
H— BT THD., T ZIiE, BRGEED, K
RSNZHFZHANT, $hRK KRG ZTT S 72
OO, AIEEVWSZHDONHEMAZTNDHXKDICE
A %. Z1iX, PGRP-LE & PGRP-LC 7%, kiR
o MIfEEE, MIRANICBWT, 7 FIVREREK
ZIEMALT BB, ®ICFA U RHIM-like £F— 7
ERNWTNWHENS ZEITHERS.

LE, 2 awvYauNTIIBNT, ¥HTHA
THERET 2 NS — B FOIRIES N, U AT
U7 RIRRIE R E1F, R T OHERR &2 2k THETY
MICEAE UBGET 5. 2D XD I 4/
K92 R GRHEERE DB S SICHERT 2 2 &N
i TcEs.

HEE ARITBI2EES OWTLE, SCERE
BRAWIIRRRE BIETIE THRRZIT BT 2 1)
WD THME, EWE 2y —ITX D THEdl -
o BRI D720 O HEERZE ), MHIEA
WL SR AR BT I K D S Nz,
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