FILEE R SR AR JERE, 64, 1-16 (2017)

Journal of Tohoku Medical and Pharmaceutical University, 64, 1-16 (2017)

w8

BEMEEDL S DFRREYVEDR ) —=2T
— BB L in vivo lBFHER : A AREETTILEFIAL T —
W FEE

Drug Screening for New Antibiotics of Microbial Origin
in an in vivo-Mimic Infection Assay Using Silkworm Larvae
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In the process of new antibiotic developments, many drug candidates from in vitro assay systems often have no
therapeutic effects in in vivo animal models using mammal. To overcome this problem, we established an in vivo-
mimic infection assay using silkworm larvae as a host animal, and started to apply this assay to the primary
screening for new antibiotics of microbial origin. Comparing with an in vitro assay using paper disk method, the
hit rate of candidate culture broths showing a therapeutic effect in silkworm infection assay markedly decreased,
but isolated compounds have included some clinical drugs and their related compounds. Furthermore, we discovered
new anti-MRSA antibiotics, designated nosokomycins A to D, from the culture broth of Streptomyces cyslabdanicas
K04-0144, and demonstrated that nosokomycin A also showed a good therapeutic effect in an in vivo mouse infection
assay as well as silkworm infection assay. Thus, we predicted that candidate compounds discovered by silkworm
infection assay would have higher potential as antibiotic leads.
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Fig. 1. Silkworm larva (Bonbix mori: 5th-instar larva).

Table 1. MIC and EDs, values of various antibiotics in clinical use against Staphylococcus

aureus.
Antibiotic EDs
MIC
Type Name Silkworm Mic (ug/ml)
(ug/g-larva) (ug/g)

Oxacephem Flomoxef 0.2 0.3 04
Tetracycline Minocycline 4.0 1.0 04
Glycopeptide Teichoplanine 0.3 0.1 05

Vancomycin 0.3 10 1.0
Oxazolidine Linezolid 9.0 40 4.0

(Ref. 5 and 6)
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Fig. 2. Inoculation method (intravenous injection).
Sample or bacterial/fungal suspension was injected into
hemolymph of silkworm larva. (Ref. 10)

B: Infection

Fig. 3. Infection experiment using silkworm larva. (A) No infection larvae. (B) Infected larvae with Candida albicans.
A suspension of the C. albicans TIMM1778 strain (1 %106 cells/ml) was injected into the silkworm hemolymph. Infected

silkworms were incubated at 27 C for 3 days. (Ref. 10)
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Fig 4. Silkworm killing ability of Candida albicans. A suspension of the C. albicans TIMMI1768 strain was diluted to the
indicated cell number and injected into the silkworm hemolymph. Infected silkworms were incubated at 27 C. The
number of surviving silkworms was counted 3 days after the injection. : 5% 107, A: 1 x 107, []: 1 x 105, and O: 0 cells/ml.

Experiments were performed three times and reproducible data were observed. (Ref. 10)
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Fig. 5. Antifungal activates of miconazol and fluconazole against C. albicans TIMM]1768 (fluconazole-sensitive strain)
and KF378 (fluconazole resistant-strain). Inhibitory activites in the paper disk method against TIMM1768 strain (A)
and KF378 strain (B). Therapeutic effects of Miconazol (<) and fluconazole (O) in the silkworm infection assay
with TIMM1768 strain (C) and KF378 strain (D). (Ref. 10)

F =V T HIE O/ SRR S vz (Fig.
5B). —J., HA AFHEARTIX, I3+ —-LB&
N7 VvaFry—=nidEnensoug/ 74 aB Ly
Sug/71 A4 ADIGETHBEMNR LR L, MR
EHE BRSO T L2000, [k

|2 in vitro & in vivo DR RO FEELZHFRD 5 L7z
(Fig. 5D). NS5 DFERNS, 71 A iR = 5E
BEDOAZ ) —= v ZISH LA, R—8—71
A7 7% EO in vitro #FHli R TIEEEZ RS 2w
B, HEEANTH S 2OR# 22T 5 2 & THMEE 5



EEE IR S OFBPUEWE DA 7 1) — = > 7 — fii5 W 7% in vivo KEFR + 71 4 JEGHEETVEFHLT— 5

B4 27087y ZFEOEWHEIR S 5] ek
LI TE 5.

MRSA % SE&W & L7275 A TFElRIZOWT D
FRRICHEE L. MINERZF L) oI N
MRSA K-24 # (25x108 CFU/# 4 2/50ul) % 7
A TICHRL7ZHAEI290% Eos 4 ah3HH
WAL L CRREIET 56T T, Nravx vy
IG5 m (1~50ug/ 714 2) TG L7oHEE,
BERICHEERERT L MR L, A7
V== 7IZHW.

4. MEMEIRED S O C. albicans SV
MRSA {tEHDR ) —=> 7

4—1. WEHBELPOODRIV—Z=2T

EE DSEEE T LA, STEL IR R & E
WIRWAEMEEZ RS 2 e 00, B pOEERD
BRFEELE L TAZ ) —= IS TE . #F
HOIL, ZOMAEWRIRD S LER &R OFFE
%, #2372 C albicans B £ " MRSA O 7 1 1
FHIRICEE LA 2 ) —= v 2 g L7z, A TFF
fifih & R—=/X—=F" 1 A 7 O KFHM 7O EIRR %
B L 7245 R % Table 2 1278 L7z, 19 C. albicans
BIUMRSADZEAZ ) ==V TRT, TNETh
19433 3 & U8 5,340 DFEEFEH T > 7 )V & GFAll L 7245
F, N= =T X7 #TlL C albicans \2xF L T
654 > TN (18D 35%), MRSA Tl 327 ¥~
T (6.1%) BENLENEEER L. L L,

B A AFHHEARTIEE DB RFIE A= =T 1 A7
Pl R L, C albicans Tldb 02294 7
Vo (0.14%), MRSA IZBWT L 21H% > 7
(0.40%) OIRPHEFEMRER LIz, L7z ->T,
N= =T A7 ETEIRSNTT T IVDIFH
U ERNBERE RS e rolz2 12D, R—
IN—=T 4 A7 ETERIRE N 2 Tz,
RN THEEZ R E 2 WBIEEDO L O S & F
nNCTwieigsns, 72, ¥t C albicans bt &
WMOAZ ) == 7 TlE, R=X=F 4 A7 ET
EEDRRO b NIy~ T, B A aEF
liATIEHBEI R BERE L TEIAETHD L H
Wiz, 2o X9, HEMRE RS R VIBE
W TNERA2 ) == Z7OMBIZoZ T2k
(&, A TEHERDRIER B ERT 2 TV & #E BT
ELHEMGFETCHALILEERL TN,

4—-2. MEDERLSHEBEL LABEDRETR

TIEED

B A TFIR TEIR S NEEEBEOF 251,
EBNGEREZRITACE P EEE SN F7,
C albicans \Zx$ A A7) — =V I L HBES /-
L&Y% Fig 6 \IRT. 0D 2 7)) —=» FIZEF
LTHRA, RV RBEWHET LK71) 2 VB
RVAEXRTF FRVUERIEI 77 7 ¥ F ¥ OHikk
fLEMTHiHIx ) Fxv 71 Y HEAEYHH
s, T2, v AR W KRG FEE TR
WMENHE I NTWERTF NMLEH SCH643432

Table 2. Screening results of anti-C. albicans (A) and anti-MRSA (B) antibiotic on
silkworm infection method and paper disk method.

(A) Anti-C. albican

Culture brot

Type Number Silkworm method Paper disk method
Actinomyces 7116 4 290
Fungus 12,317 25 364
Total 19,433 29 654
Selectivity (100%) (0.14%) (3.3%)

(B) Anti-MRSA

Culture brot

Type Number Silkworm method Paper disk method
Actinomyces 2,940 15 184
Fungus 2,400 6 143
Total 5,340 21 327
Selectivity (100%) (0.4%) (6.1%)

(Ref. 10 and 11)
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Fig. 8. Structures of trichodermin, epiisororidin E, and verrucarin A. (Ref. 13)
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Fig. 9. Therapeutic effects of trichodermin, epiisororidin E, and verrucarin A in the silkworm infection assay with C.
albicans. (A) trichodermin, (B) epiisororidin E, and (C) verrucarin A. : 50, [1: 5, and 2 0 ug/larva. (Ref. 13)

Table 3. In vitro antifungal activity of trichodermin, epiisororidin E, verrucarin A, and miconazol.

Trichodermin Epiisororidin E Verrucarin A Miconazol

Yeast-like fungus

Candida albicans ATCC90029 0.125 1.0 0.125 0.0039

C. glabtata ATCC90030 20 16 40 0.0078

C. parapsilosis ATCC90018 0.5 40 0.125 0.031

Cryptococcus neoformans ATCC90113 2.0 4.0 2.0 0.125
Filamentous fungus

Aspergillus fumigatas NBRC33022 >32 >32 >32 1.0

A. flavas NBRC6343 >32 >32 >32 20

A. niger NBRC1 05649 40 >32 32 20

A. terreus NBRC7078 >32 >32 >32 1.0
Zygomycetes

Rhizopus oryzae NBRC4705 >32 >32 >32 05

R. microsporus IFM46417 >32 >32 >32 2.0

Rhizomucor pusillus NBRC9744 8.0 16 4.0 1.0

Absidia corymbifera IFM 5335 8.0 >32 8.0 4.0

(Ref. 13)
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avA T VHEE, 7T ABERICIKITE A ETURTG
MEIRE WY, JGHERRE  (Micrococcus luteus)
< 7T A B EBRB I L)) 2 PUBIE 2 7R 9
CEVHOENII kol RTERXAFTY £ I
AL, 7O TOFH T UBIONTIVA LI
xt L Clit i & 45 L 72 2 #IitE MRSA  (N315 IR94
HR #) % VRE (NTCT12201 VanA #) OEF b
HE L, 2o&/NNEFHIEEE (MICf8) X
MRSA EEETH LNy AL LR 2 Y K
IRV ER IR L7 B3 BBRZE V. KR IC B B
&, AL TOT T AR LT 0.25 ug/ml
DTFoMICHEZRL, RWTD G, ABXUC
WA RS OB S EE R L7z,

Wiz, /vaxA s YHEOPMRSA {HMEE LD
FERIC IR 7202, BRIRBERR 54 Bk % FH VT8
KEWAREIC L AR 2L —Y 3 Vgl 217

Table 4. MIC values of nosokomycins against various pathogenic bacteria including MRSA.

Nosokomycin
Microorganism strain Vancomycin  Arbekacin Linezolid
A B C D
Gram positive bacteria
S. aureus FDA209P 1.0 =0.25 20 1.0 10 =0.25 1.0
MRSA N315 IR%4 0.06 =0.25 0125 =025 0.50 0.50 1.0
MRSA N315 IR94 HR-1 0125 =025 0125 =025 0.50 1.0 20
MRSAK?24 0.125 0.125 0.125 0.125 NT NT NT
S. aureus 1SP447 0.25 =0.25 0.50 =0.25 1.0 =0.25 2.0
S. aureus 8325 (pEP2104) 0.06 =0.25 0.06 0.50 20 =0.25 20
S. epidermidis IF012648 4.0 =0.25 8.0 1.0 =0.25 2.0
M. luteus ATCC9341 >16 >128 >16 >128 10 =0.25 20
E. faecalis ATCC21212 1.0 =0.25 20 0.50 40 >32 20
E. facecalis NTCT12201 (VanA) 10 =025 2.0 0.50 >32 >32 20
Gram negative bacteria
E. coli NIH] JC-2 >16 8.0 >16 8.0 >32 >32 >32
C. freundii ATCC8090 >16 64 >16 64 >32 0.50 >32
K. pneumoniae NCTN9632 >16 8.0 >16 8.0 >32 =0.25 >32
P. mirabilis TF03849 >16 8.0 16 8.0 >32 20 >32
P. vulgaris OX-19 >16 8.0 40 40 >32 20 8.0
M. morganii IID Kono >16 32 >16 32 >32 0.50 >32
S. marcescens 1F012648 >16 32 >16 32 >32 1.0 >32
E. cloacae 1F013535 >16 32 >16 32 >32 0.50 >32
E. aerogenes NCTC1 0006 >16 32 >16 32 >32 =0.25 >32
P. aeruginosa 46001 >16 32 >16 32 >32 1.0 >32
P. aeruginosa E-2 >16 32 >16 32 >32 4.0 >32
A. calcoaceticus TF02552 16 8.0 8.0 8.0 >32 =0.25 >32

NT: Not tested. (Ref. 16)
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Fig. 11. Antibacterial activity of nosokomycins against
54 clinical isolated MRSA strains. (Ref. 16)

£ VA CBLXYDIZoWTIE, #NFN05,
20 B LV 10 ug/ml OEETETHD MRSA OEFH
BRHIEL, Nra<wA4 vy 20ug/ml TETHOE
BAri) & EE,Z L EOP MRSA G % 7R
TZEDPHENII o, T=Y IV RV,
INLORERE ) HEEFHFEMEZZR L5 E,
Va4 v YEO RIUVAZIEKERE LY 7oy a—
A, F72R2AICIEAKRIBIEL Y 7 3 AR L 72
A, L DROEEEZRT 2 EATRIB S LT
EFL/ AT A, MEOMILEEZ KT 5
RTFRT7) A v OEESRBEET, REIO 2F
HoOAT v IG5 2XTF V7Y H 7))
YIWVEFT Y AT 2T —F¥ (PGT) IZHEBEERL,
EABEHET L2 LpRESN TS, F72,
EL/VA Y AL PGT o REME,S, £
/=3 A v AW PGT OIS EGT 52 L b
MEINTVL. 2 LihoT, /VavA v U8
bFEFRIZ, PGTIZMEH S 5 2 & CHIFIEE D A Ak
ZHESTLHZEMEARF L LTEZALNS.
5—-3. /a4 D in vivo FHERTD
BER

Wik L7zX 912, /v a~xA > YL in vitro 3F

Fig. 12. In vivo efficacy of nosokomycin A in silkworm infected with MRSA. (A) Nosokomycin A (25 ug/g-larvae). (B)
MRSA suspension. (C) MRAS suspension + nosokomycin A (25 ug/g-larvae). (D) MRSA suspension + vancomycin

(25 ug/g-larvae). (Ref. 16)
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(A) Nosokomycin A (i.v.)
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" ............. .
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(B) Vancomycin (s.c.)
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Fig. 13. Therapeutic effects of nosokomycin A and vancomycin in mice infected with MRSA. (A) Intravenous
administration of nosokomycin A. (B) Subcutaneous administration of vancomycin. Drugs were administrated once on

day 0. (Ref. 16)

fili % Ci# )] 7 Pt MRSA iEM A2 RILEWTH 5.
L7255 T, 2O~ X% H\W/ in vivo &F
MATLRDONDLDEDLETHRDL O, £
71 A AEHMR TOBEBEMR 2 FER L. 22T
FRELRHHIEW TH D A BT O REIZDONT
WAL, W )y a<w g A (25ug/g- hA )
% MRSA RIEGDH 4 aOBRE» ST LIk
CHETONA AVELRFL, TORETIIHE LS
IRE W EHIWTL 72 (Fig 12A). k12, MRSA #
Y S h A4 TDT2HEM F TIZ A TIRYIE
(Fig. 12B) ¥ 5%t F<T, /va<x14 >~ A (Fig
12C) BXuonrax (v (Fig 12D) ##h =
N25ug/g- 1A ATHEGLIHKR &@Tons
DAELE L BIF R GRAIR PR TE 2. 251,
ICR~¥7 A (%, 48k, 18~20 g) 12 MRSA &
i (1x10° CFU) ZJERENICEME L, HHIZE&T
AT 5 M T CRHli 2 1T o 72, WA #M L
72 1EERIC, /v a~xAv Yy AdbbwidnNra
<435 E 156~25 mg/kg T, FNFN5
IED <7 AR FEND L WIZEHERS L%
Blg L7z, ZOE /7vavA vy ARKETE
WL EIZE, BEWREZ RS D o72)s, &
ETIHRERENICS Y ADEEPHERTE
(Fig. 13). 1610 —J5C, Ny a< A ¥ VI3 T ES
THWHEBEIRER L2220, Jvavxf v r
A IR RBATHICHED S 5 2 L AR S 7.
Db k512, WABWLANOAY 2 FIH L 72

invivoiHlix A7) —= Y FWIIIGEAL, &
R FLEN Y L OV T b IR R 2 R T 3 #AL
G/ v a~xA T Vv EERERTAZ LS TE .
COLDERENL SV a~ AT CEPROHR
HTH .

6. A AFFMERZICAL MBERKEDX VY —
=7

MR, B—oBEY9EE LTz HIV/Z 1 ZI2Kk
WTH R T2 H B IIEE DL WEGIET, FHIZT
DT ET 7V ADOEERNL . HRTIIEER
B L TWb b0, FHEEO R CIEfRERD
Ny 7T [HREEE] & LTEMITSNTYS.
Lo, ZOHEBEEICIEBY2HY, S 5IZEH
MEEDSIED ) Z RETWAE I RS, HEEE
FERICHT LY A TOERDPLELZIRIICH 5.
L2 L, ##W Mycobacterium tuberculosis 1373
1 Ft—7F 14 —LX)V3 275 ADERNRIV
BN B 12 ORGH IR v, T TEEDIL,
— AR EDNT E A E VW E SNL[EED M.
smegmatis = #ERR & L7z invitto A7 ) — =2 7%
FEh L T\ A, FHlioFERE L LT, M smegmatis |2
DARFUHGEEZ R L, M7 T AR R R 12
(T4 CPURTEE 2 7R & 0 WERRIY ~ 7OV &2 IR L
ZOmpsEHBEILEmE LTF ) 7F >~ (lariatin)
B Rh V¥ S 7 & L (calpinactum) 270 % 58
RLTEEE2H S (Fig 14). IThofbadho
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Fig. 14. Structures of microbial peptides. (Ref. 28)
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Fig. 15. Silkworm killing ability of Mycobacterium
smegmatis. A suspension of the M. smegmatis M341
strain was diluted to the indicated cell number and
injected into the silkworm hemolymph. Infected
silkworms were incubated at 37 C. The number of
surviving silkworms was counted 60 h after the
injection. 4 25x 107, l: 1.3x 107, @: 0.6 X 107, and A: 0
CFU/larva-g. Experiments were performed three
times and reproducible data were observed. (Ref. 28)

GRS BRI 7= 7278, e DD @) 7%

SRR ITAAAE L e\, F 2 C, M. smegmatis & 71
A IJEHIRIZIH L 72
F9, fib L7k & [FERIC M smegmatis % 7

A IOEPRE R L 27 CTRAZEIZE L7225,
JEGIE L otz 22T, 4 ADFFIREY
M. smegmatis D EFRED 37 T2 LT CHEK
JeEBR 74T o o8GR, WEUIKFWIZIRIE S 5
W L7z (Fig. 15). L& L, 37 CTidn A
IDOETTOHEFEL L <, 60 Wl % X 5 & RIK
DA TBIZII DL EDS, RENLE
$a 125x107" CFU/# A a - g & L, BI%RH%
#) A W] L LR D TR L ) HOIREST HZ LT
WIBT LI eI L B
MELZEMTT, TTHRTHY NS IUR
BIEOWGEMNR TR HHREZG O N A4 a7t
A8 M CAaTIEGIL T 2L T T, 1V =TT
K, =% 7 b=N, V77 ESY, AMLT
f~A T BIIAF~ AT VITENEIN25, 50,
50, 15 BX05ug/ 14 3 - g OFHE TIHFER
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Fig. 16. Therapeutic effects of anti-tuberculosis (TB) drugs in the silkworm infection assay with Mycobacterium
smegmatis. (a) Isoniazid (INH), (b) rifampicin (RFP), (¢) pyrazinamide (PZA), (d) ethambutol (EB), (e)
streptomycin (SM), and (f) kanamycin (KM). €:50; l: 25; @: 13; <: 5; [ 1.5; O: 0.5; and A 0 ug/larva-g.
Experiments were performed three times and reproducible data were observed. (Ref. 28)
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Fig. 17. Therapeutic effects of microbial peptides in the silkworm infection assay with Mycobacterium smegmatis. (a)
Lariatin A, (b) calpinactam, (c) lysocin E, (d) propeptin and (e) propeptin-2. 4: 50; l: 25; @: 13; : 5; [ 1.5; O
0.5; and A: 0 ug/larva-g. Experiments were performed three times and reproducible data were observed. (Ref. 28)
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Table 5. MIC and EDs5, values of anti-Mycobacterium agents agains Mycobacterium

smegmatis.
Compound MIC (ug ml?) EDs (uglarva~!g!)  EDs per MIC
Isoniazid 1.56 125 8.0
Rifampicin 1.56 5 3.2
Pyrazinamide >100 >100 -
Ethambutol 0.78 50 64
Streptomycin 0.78 15 19
Kanamycin 313 0.5 0.1
Lariatin A 0.10 0.5 5
Calpinactam 0.78 5 6.4
Lysocin E 313 0.5 0.16
Propeptin 100 50 05
Propeptin-2 >100 >200 -
(Ref. 28)

RxRL7E (Fig 16). TO—HT, ¥V F3IF
i 100 ug/ A3 - g THHEBNREE RS L do
72. % ZiUE M. smegmatis DY 7 T F 3 F &Ml
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(lysocin E), 173030 7175 > (propeptin) B &
F7aXTF 2 (FaxTF v oIEEEE) 233
DIEENRERNT. ZORKE, SUTFUASB
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05ug/H 43 - g DBEEGETON T <AL VL
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MIC Ml #% Table 512 F L7z, BAK - EARS T,
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TAVY Y EBIOTURTF U0 LFOMEE
RL, VIR ED) — N & 20 455 TREMEDRIE
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Table 6. Adaptive strains on silkworm infection method.

B Gram-positive bacteria
Staphylococcus aureus: 27 C
MRSA: 27 C

B Gram-negative bacteria
Pseudomonas aeruginosa: 27 C

B )[ycobacterium spp.
M. smegmatis: 37 C

B Yeast

Candida albicans: 27 C

C. glabrata: 27 C

C. parapsilosis: 27 C
Cryptococcus neoformans: 37 C

B Fungus

Aspergillus fumigatus: 27 C
A. niger: 27 C

B Zygomycota

Rhizopus oryzae: 27 C

EHEAER L, MR ERET 5 2 & CREMEH
ERTEVOHMLWEAREZ AT AL HHS
MIIENTBY, INFEFTOHRWEL LR D
5 FORBIZHE DL oTWnE. D 252, 7
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HLTBY, 330 wFhdfbEWL~ 7 AET IV
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k4 7% in vitro fHIAD A 7)) —= 2 7 b,
% L OYUEWE P HE SN TV 5%, in vivo TD
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