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TEEE: 12 22 1 oA TR B W N 28 0 R e 92 T 8P 10 2 B S ™ B VR TE 0008 1 1 B SR 3 AR A e, SR dh iy
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Abstract: Invasive fungal infections threaten the lives and health of humans, especially immunodeficient
patients or hospitalized patients with serious underlying diseases, and impose a heavy economic burden on society.
The emergence of drug-resistant fungi, the formation of biofilms, and the limits and side effects of existing
antifungal drugs increase the difficulty of clinical treatment, and there is an urgent need for the development of
novel antifungal drugs. Therefore, based on previous kinase chemical library antifungal activity screening studies,
this paper further investigates the activity of anaplastic lymphoma kinase (ALK) inhibitor 3- [5-chloro-2- ({2-
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methoxy-4- [4- (4-methylpiperazin-1-yl)hexahydropyridin-1-yl]phenyl}amino)pyrimidin-4-yl] -1H-indole (HG-14-
10-04, HG) against various fungi and elucidates its mechanism of action. The in vitro antifungal activity of HG was
evaluated by micro liquid-dilution method, time-killing curve, mycelium formation and biofilm formation assays.
The results showed that HG exhibited inhibitory and even fungicidal effects against sensitive and resistant Candida
albicans, Candida krusei, Cryptococcus neoformans, Candida tropicalis, Candida glabrata and Candida
parapsilosis (MICs = 8 — 16 pg-mL"); HG significantly inhibited the mycelium and biofilm formation, and
destroyed the mature biofilm; and it exhibited synergistic antifungal effects with amphotericin B. The antifungal
mechanism of HG was investigated by flow cytometry and transmission electron microscopy, efc. Sequencing
analysis showed a total of 1 041 differentially expressed genes, of which 666 were up-regulated and 375 were
down-regulated. According to the GO functional classification results, the up-regulated genes were mainly
involved in ribosome production, oxidation-reduction and other functions, while the down-regulated genes were
mainly involved in the synthesis of carbohydrate, glycoproteins, glycolipids and their metabolism, GPI anchor
synthesis, and cytoskeleton and other functions. In addition, HG could significantly increase the level of reactive
oxygen species (ROS), induce the fungal necrosis, block the cell cycle at the GO/G1 phase, and change the
ultrastructure of the fungi, especially the structure of the fungal cell wall. Therefore, the enhanced inhibitory and
fungicidal activity of HG may be related to the elevation of ROS, alteration of cellular ultrastructure (especially
cell wall structure) and cell cycle arrest at the GO/G1 phase. Further optimization of its structure will provide a
basis for the discovery of novel antifungal drugs or lead compounds.
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Figure 1 Chemical structure of HG. EGFR: Epidermal growth

factor receptor; ALK: Anaplasticlymphoma kinase
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SEIEMFIAF &R SC5314. 1 K70 25 1

S (fluconazole, FLC) i 24 FH & £k B 103 b1
RO & BR B ATCC1182 3 -1 & Bk I ATCC22019.
TR B ATCC2340 . iy @ BR B 2718 B A [ BR TR
32609 (OGTH & BR B AN o SR S BR B E Y TR Bh R 2
RFETER B, HAR B R B K2R Pk 56 B i
HH R R LR PEBAEREN). LAY HG (Chemstan
AT, CAS 51 1356962-34-9); M (Sigma 2 7)); M
PEE R B (B EARHEA R A ), iEME4A (reactive
oxygen species, ROS) A il 12X 741) 5 - 20 i 07 T A I 4k 771
0 A A ) (B S R AR A R
Aw); WA (CE LAY TR A RA ), 3
PR B R SN B B (R T R Atk 2E il
BRA R, &AM A B E A EARE RTEA
), T (R T R Rk R R A BR A F]); RPMI
1640 (Gibco A 7).

SLIRYEE  SW-CI-JFD Mk id TR G (Fh %3
B FARAIRAT]); GP-9080 7R /K K% 7544 . THZ-98C
RUEIR IR A (i —1E R 2 IR A |]); Varioskan
flash 4= % K 2 Dy fig B2 80 (FEER R R BHELA IR 2
F)); A A A (38 E Beckmen 2 7)); 3% 5 H BE JEM-
1400 (HAHIL A A]).

MERERREERD Z IR 1 &2 3 F I R s
U5 = bR L % 1 2 (clinical and laboratory standards
institute, CLSI) M27-A3 75 & . % 5258 % B £k 35 54
37 °C, 200 r-min” #7 ¥ £5 7% 16 h, %X J5 F RPMI 1640 17
IR £ 4 10° CFU-mL”, WATIRS . BUE
96 FLAR, &FFHE 15 L0 100 pL RPMI 1640 ¥ 14 £ 7%
FEVEZ X, 2~ 11 5 i N BB 4 19 B8 VR A 2 i 2
Wy, HAFAS AL 250 MR B IR R 64321684+
2.1.0.5.0.25.0.125 pg-mL". 125 FL M@ A I
YIAE A PE X . 358 37 °CHE I B %, B5 9% 24 5 72 h
Jo AT W 8 Sk, 45 R B B /N # B UK B (minimal
inhibit concentration, MIC). MIC{E 1% Hid % ik 24
MIC 18 & T 64 pgmL "2 N “> 64 pg-mL™"”; 55 T 8K
F AR FE I 730 M“< 0.125 pgmL™"” . Rk szig
SPATEAE IR, 24 W %2 AT 43 MIC {H 6 e A 2 52 sl X 2%
— AR RN A R R, R R O B
B, 75 00 28T S0 B BB TR A R

HEAMEREREE"Y HALHEmRELZ
T Ah B BR 2 SR I ) A, B B AR 25— AR R T
96 FLAR b, DA 4ERL A T BE AN J7 1) 3 30l EAT A%
(A7 LU e o SO B ARG 97 IR BE T B[R] B4 . B
T 96 FLAR, - HE 15 FLAE 2 E 6 R, BN 100 pL

RPMI 1640 RAARE 753, 2~ 115 I\ B 4 1 56 Ve
AR, E A 1) 25 FLIM P 4 %5 2 B (amphotericin
B, AmB) &K E KRN 16.8.4.2.1.0.5.0.25.0.125.
0.062 5.0.03 pg-mL"; 1 A 7] %L HG [ 23R BEAK IR
8.4.2.1.0.5.0.25 ug-mL". 125 L RN BE WA N2y
PIVERRPERT IR . BON 35 8137 °CH5 I #1595, 24 F1 72 h
Ja AT M EZIE 5%

25 I 16 2R VA VR AN BE A T 2 ) T R 2
VA EAE F 72U 32 B S B0 B 40 30 T R R R AR
(fractional inhibitory concentration index, FICI). 4/
WP B (FIC) J2 [ AN 2Bk 10 1R B B 75 22 MIC Al
B B MIC R ECAE, FICT &2 5 Fl 254 FIC 2 fil. 34
FICI < 0.5 I #H B A FH 2 B [FAE H, FICLER /DS, B [ AF
FH 5% 0.5 < FICI < 1IN AHINAE A ; 1 < FICT < 4 15
NIEFAE ;10 24 FICT > 4 1, P9 245 WA S BLAE A .

BT 8] - R BB Z M E B S 50 2% B K 35 °C.
200 r-min " PRFGHTFE 16 ho B O UCEE B A, BEIR 2% b 3
¥ (phosphate buffer saline, PBS) ¥t ¥, RPMI 1640
B SR R B B IR & 1x10° CFU-mL™" . 4 B4 35,
IOAS TR R FE A A, IRFE RS 7%, 75 0.6+ 12,24 h I [H]
R, S PR oy B HORE, $% 18104100 A1 1 000 £5 564
[F) A3 B0RR B B T, X 100 pL B R T 10 IRB HE 35 7%
FE (Sabouraud’s agar, SDA) “T-#R, & B 1537 48 h 7, 34
LRI RN,

BZZ SRS PR Bk o s B AR W 55 9% 16 ho
B0 by, PBSTEVE 3 K. F 1 7% 3L RPMI 1640+
10% fiei 2F 3% ¥ 57, ¥4 % B 2 1x10° CFU-mL", X
1 mL BT 6 FLAR, INZ5VR 51, 37 °CHr B 595, 4 h )R
MEEH I

EERZ AN PREL Sk B e PR IR T R R
16 ho B0 UCEE B 1A, PBS P4, RPMI 1640 £ 77 3
WA 1x10° CFU-mL". T 96 LR (35 [H Corning
AT TN R 100 pl, 37 °CH% 9% 90 min J&, PBS
TEVE 3K, FEIINRPMI 1640 LA K & 25 ()55 95 %%, 37 °C
K7t 24 h)5, 75 BIEW, PBSTE T 3 %, BN 150 uL
XTT (0.5 mg-mL")/H Z5 i (1 umol-L") & & ¥ i,
37 CCREJEEFE I G 3 h, AL 70 pL b R 2 8 1) i
96 FLAR 1, F Varioskan flash 4% ¥ K £ Th g s 4 T
495 nm AL WG FEAE (A). BREAE VB AS I T
B 96 FL#R (3£ [E Corning 2 &) i A B & 100 uL,
37 °CH% 3% 90 min J&, PBS ¥t 3 VX, F I A\ i PRMI
1640 5577 3L, 37 °CH; 9% 24 h )5, FF PBS ¥ 3 4%, InA
B PRMI 1640 LL K & 25 1 RT 77 38, 5 S4B R A=)
Bl ST A U, AR ) 4R T R = 100% x (251
Ao m = H AL A495nm)/( ENpESEY Ayos o ~ = H
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FL A s )"

EFREMFE PRI S ER T B R 55 9 16 ho
BT K, PBS WESS, RPMI 1640 15 77 JE 1 % 14
##15%x10° CFU-mL". JN%§ HG (MIC) {FFH 6 h, & O
WCHE B A, PBS B RIS T 3 IR, W UTIEIANTRA, T
UKARAT o 1EFF 20 ARBOUR A BRI BRA =7
T e S B (R A7 76 NCBI ) GEO 3[R R ik i 4%
ST, &35 N GSE274242.

YHREPEME S SRS PRI Bk v PR G B R
16 ho B0 ULEE TR &, PBS PEi%, RPMI 1640 £ 77 5L 1
W WA 2 1x10° CFU'-mL'. hn25 HG /£ f§ 6 h
(35 °C~200 r'min" K5 7%), B O UCEEDTIE, PBS T ¥k, B
O 2 B, $% IR 4H i ROS 6 Ik 751 &0 0 B 15 24,
NIREF 2, 7- “ & %O KR — 2/ B (2',7'-dichlorodihy-
drofluorescein diacetate, DCFH2), £ ROS /£ H T
DCFH2 ¥4 Jy B A R (0RO6I 21, 7- R & (2
7'-dichlorofluorescein, DCF), 5 Jt: 15 5 H ¥t =\ 41 fE 1
et

YHREDAT SIS PREL A SR PR G HE FR 16 he
B0, PBS i ¥k, RPMI 1640 1% 77 36 i B W W £ 4
1x10° CFU-mL". Jl HG Ji 35 °C 200 r-min™ 55 7% 6 o§,
16 h, B5.C YR TR, PBS 15 Bk, I 2% i 4 i 37 °C i
H 1 h, B0E B, PBSIHYE, 4% 40 M JE T4 )
& U B R A, o A R T

YRR EASEIE PRI SR e PR 5 R 16 he
B0 ISCEE A, PBS Pk, RPMI 1640 15 37 3 1 8 14 i
%) 1x10° CFU-mL". JIHG J5 35 °C~200 r-min 55 7%
12 h, 5O VTVE, PBS il U, A 2% i 4§ 37 °C
¥ E 1 h, B0k LI, PBSIEYE, 4% M2 i R AR 4
S B P R, I 2 B s it

ESTEIESLIS  PREL A SR IR 5597 16 h,
BLL W T AR, PBS BRI, RPMI 1640 15 77 JE 1 5 5 W
%) 1x10° CFU-mL". J1HG J&, 35 °C.200 rmin™ £%
FE12he BEOWCEERA, PBSTE VL, W UTTEINE 2 UG
BT 4 cCUKH, e, FREAT [ E IS BE VBRI K B
LU Gt 37 S T 4 R

i+ F 3% KM GraphPad Prism 8.0 #4347

Bl kb FRANAE I, 45 B DA x + 5 Ko, AR b B 4L 18] 1
L8R B R 5 2 0 B (one-way ANOVA), P < 0.05
FKRERBEIHE L.

R

1 HGIEREMHAR

1.1 HGXEENEKAGESE WX 1 iR, HG X
K 7 FP LB 3 B AR KRS T Hord HG X A
WA EREE 2718 I MIC N 8 pg-mL™", XFifif 24 (& Bk
103 UK & BR 1 SC5314 H A B BR 18 32609 61 &
ERTH ATCC1182. 5 K BR B ATCC2340 FlIT 118 & Bk
ATCC22019 [ MICAE 4 16 pg-mL".

Table 1
fungi. FLC: Fluconazole

Minimal inhibit concentration (MIC) of HG against

. MIC/ug-mL"

Strain FLC e
C. albicans SC5314 0.5 16
FLC-resistant C. albicans 103 > 64 16
C. neoformans 32609 1 16
C. krusei ATCC2340 > 64 16
C. parapsilosis ATCC22019 2-4 16
C. glabrata ATCC1182 > 64 16
C. tropicalis 2718 > 64 8

H% 2 o, B0 AmB AT HG X #4372 2718
() MIC B2 514 1 A1 8 pg'mL™", Pz )5, AmB ATHG
X FAs SR B 2718 B MICE 2 5178 0.125 F1 4 pg-mL™,
FICI{ 4 0.625, $& 7~ 9 245 & F % #2186 2718 3%
BRI INAE o XF 5 Ah 6 R B (B S BR
SC5314. /i 25 F 2 Bk 103 70 K& R 1 ATCC2340. 37
A B BRTE 32609 G TH 2 ER R ATCC1182 AL ¥ 18 & Bk
ATCC22019), ¥ ] AmB ] MIC {8 & [l N 0.5~
1 pg'mL", HG ff) MIC 1A ¥ FE[ 5 8~ 16 png-mL™", ¥ 2451k
M J&, AmB #l HG 1) MIC 18 43 7] B %2 0.062 5~0.125
H10.5~4 pg-mL", FICI & 7 [l & 0.25~0.50, 5 < 0.5,
XHn: HGH AmB & G, % 6 BB (BUR A & 2k B
T 25 R BR A 5 S R BR B ATCC2340 8 A B Bk 14
32609 P18 &Rk E ATCC22019) 5 5HA P [F1E .

W 2 Fras, 4 E A MICAE (887 16 ng-mL™) 1

Table 2 Combination of HG and AmB against various fungi. AmB: Amphotericin B; FICI: Fractional inhibitory concentration index

Alone MIC/ug-mL"!

Combination MIC/ug-mL"'

Strain AmB HG AmB G FICI Interaction
C. albicans SC5314 0.5 16 0.062 5 4 0.25 Synergism
FLC-resistant C. albicans 103 0.5 16 0.125 4 0.5 Synergism
C. krusei ATCC2340 1 16 0.062 5 4 0.313 Synergism
C. neoformans 32609 0.5 16 0.125 0.5 0.281 Synergism
C. tropicalis 2718 1 8 0.125 4 0.625 Addition
C. glabrata ATCC1182 0.5 16 0.062 5 4 0.250 Synergism
C. parapsilosis ATCC22019 0.5 16 0.125 4 0.500 Synergism
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_ C. albicans SC5314 _ 107 FLC-resistant C. albicans 103 _ C. krusei ATCC2340
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Figure 2 Time killing curves of various fungi treated with or without different concentrations of HG or fluconazole (FLC)

HGEH T Z MR BB (BUR B 25 & 2R B 6 &k
B ATCC1182 Fii Bk 2718 7o &R B ATCC2340.
TP Bk A ATCC22019) 24 h e, ARG WS
AN AH L3> T IS 1x10° CFU-mL”, JG X
BB & BR B SC5314, K W82 24735 B VR B, $Rn 18
W PE 2 MIC 1H 1) HG W 85U Bl 245 1 & 2R i &
kB ATCC1182. #4 7 £ Bk @ 2718, 7o & & Hh &
ATCC2340 31 “F- ¥ & Bk B ATCC22019 H A3 1R 58 (1) 5%
FLEEIEPENY, MR EEN 2 MICHH R, HG 1 H 48 h J& Xf
DA 6 PR L 1 2 B0 BT 5 ) 2% BBV 1, R G Sk
B 2718 4k, HoR HL AW R BTG V& 2. AR
F£ (172 MIC) ', HG Xz P & Tk B ATCC22019 1
TR B ATCC1182 753 I 7% BB v P, (H 0 BRUR B
i} 245 11 23 BR B o0 S A BR B ATCC2340 AT & BR A
2718 RPN 3 A= K iE 1, 5 U MELE MIC K FE T
MY, LSRR, HG R & IR E N R &
1R 7R FL BRI E, TEARVR BE T 2 DA 1) 3 1 0 1

12 HGWHARXHKBELEMMEIE WK 3 FiR,
O SRR Y U B 2L, AR M AR
1 ugmL " WRE T, NEE BANHI B2 KB 1A
BRI 4168032 pg'mL" HG AbFE 4 h 5, E 40 R{h%&
DL BEEAS, HL20 M A B Bt HG W BE RS KT AR/ o 1%
SEIG R A G ) HG RE % BH S0 1) 8 Bk R T 22
TE

1.3 HGXAQXHKEEYWENF G WK 4R,
HG Re % 301 A= MDA IR T 1, AT 25 I X R 2H, HG
A B 2L () A 0 T T il R B AR B AR ME R B, HG
TERE N2 ng-mL ' B, RGN 73.55% + 3.21%, WK E
N 16 pg-mL! i), TE R N 33.05% + 5.82%; HG fE %
IR AT ) A s B8, AE MR 9 4 ug-mL B, B
AR IR 1T 2 R N 81.18% + 7.89%, W JE A 16 pg-mL
I, RS AE P B 4> %N 67.14% + 8.21%, 5= A
MBS EAEREEEZER (P<0.01). HILA %, HG A

Control FLC (1 pg'mL™)

HG (16 pg'mL™) HG (32 pg'mL™)

Figure 3
SC5314. Representative graphs of C. albicans SC5314 treated

Effect of HG on hyphal formation of C. albicans

with or without different concentrations of HG or FLC for 4 h at
37 °C. Magnification: 400%. Scale bar = 50 um
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Figure 4 Effect of HG on biofilm formation (A) or mature bio-
film (B) of C. albicans SC5314. Biofilms were tested by the XTT
reduction assay, and the anti-biofilm activities were evaluated by
the percentage of viable cells treated with different drugs relative

to the control. n=3,x+s. "P<0.05, P <0.01 vs control

WY A2 A1) 3 2 B R AR B T 1, L REB O A
M .



X A ALK #0177 HG-14-10-04 155 2 85 P A HAE HBLRTT 5 -+ 3287

2 HGHEBEWHMR

21 HGXMHBHKEEEFREWEM WE SR,
HGIEH TA&ERE 6 h g, MTF ot R, 5FA4A
FHLG, B2 M 22 R RIBFEF LG 10414, HA B
Z 5 R 666 4N, I ZE TR KA 3754

Down regulated (375) Up regulated (666)

105

Not sig (5191)

90

15 sy

-6 —4 —2 0 2 4 6
log, (fold change)
HG vs Control

Figure 5 Volcano plot of differentially expressed genes after

16 pg'mL" HG treatment on C. albicans, each dot represents a
gene, red dots are up-regulated genes, green dots are down-

regulated genes, and grey dots are undifferentiated genes

Wik 6 fros, M4l GO Dyfe 7 545 R an: Bk
T B K% B AR A B (40 MPP10. NOPI TSRI .
UTP13.UTP21 %53 R S AL I (40 YHBIFREI0-
ALK2.GDH3 % 5:[R) S Dy e, T W 5 8 32 208 I v
HHEE A VHENE A RS AR (n PMM T .MNNI2.
MNNI.KTR4OSTIMNTI %53 [X)) . b 3% 5% i I AL 15
(glycosylphosphatidylinositol, GPT) 4 & il (W GPII F&
IR~ 2 B 28 (U ARC19.ARCI8ARC3S5 %5 3L [N) %%
22 HGXHIHKEMMAROSHWEM &l 7 fr
7N, 16 F132 pg-mL" HG 43 AMEH T H & Bk H 6 h J,
44.5% + 7.1% F176.8% + 1.6% (T2 i i 7% DCF %¢ 't 4t
TR, 5 AAMEERZEEER (P<0.05). 43R
KU, HG Ret 155 & R 4 M A ROS KT 51
23 HGS|EBRLKEMEAT HES IR, e
YIHGYERI FEER1E 6 ha, BEWS 5 3 80 70 1 K L 41
VAT, fE HG W FE N 16 132 pg-mL™ i), T2 40 0 (5
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Figure 6 GO-term analysis results showing the significant
biological process terms for 1 041 specifically differentially
expressed genes in response to the treatment with 16 pg-mL" HG
for 6 h. A: Up-regulated biological processes; B: Down-regulated

biological processes
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Figure 7 Flow cytograms for the detection of intracellular
reactive oxygen species (ROS) levels in C. albicans following

treatment with AmB or HG for 6 h, using DCFH2
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Figure 8 Flow cytograms for the detection of cell apoptosis in C.

albicans following treatment with HG for 6 h
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Figure 9 Flow cytograms for the detection of cell apoptosis in C.

albicans following treatment with HG for 16 h
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Figure 10 Flow cytograms for the detection of cell cycle phase

in Candida albicans following treatment with HG
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Figure 11 Transmission electron micrographs of the effect of

HG on the cell ultrastructures of C. albicans
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