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Abstract: Influenza virus is an RNA virus that classified into 4 types, A, B, C, and D, where influenza A and
B virus infection may cause human acute respiratory tract infection and nearly 0.3 million deaths annually. The life
cycle of influenza virus infection is highly dependent on the host response, demonstrating an important strategy of
developing anti-influenza agents that target the host factors. This research utilized a transcriptome signature rever-
sion (TSR) strategy to discover a list of multi-host-factor-target anti-influenza agents and determined their anti-
influenza activities in vitro. BIX02189 was discovered and exhibited broad spectrum anti-influenza activity, with
half maximal effective concentration (EC,,) of 17.1 umol-L" against influenza A virus HIN1 (A/Puerto Rico/8/
1934) and 9.4 umol-L"' for influenza B virus (B/Jiangxi Xinjian/BV/39/2008). The anti-influenza A virus activity
of BIX01289 is stronger than the positive control ribavirin with EC,, of 97.9 umol-L" for influenza A virus HIN1
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(A/Puerto Rico/8/1934). According to the unsupervised transcriptomic profile similarity clustering analysis,

BIX02189 was considered to inhibit viral protein synthesis and release of influenza virus mainly through inhibiting

the Raf/MEK/ERK cascade, revealing its potential mechanism of inhibiting influenza virus infection.

Key words: influenza virus; host factor; the transcriptomic signature of compound-perturbed cells; transcrip-

tome signature reversion; BIX02189
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Figure 1 The workflow of discovering BIX02189 as an anti-

influenza virus compound using transcriptome signature reversion
(TSR) strategy. IAV: Influenza A virus; DEG: Differentially
expressed genes; CD: Characteristic direction; p.i: Post-infection;

Ql: First quartile
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1 LA 3x10* /N 4 /7L 11 2 P 2 Fh T 96 FLAR, 24 h J&
R 41 it 25 5 A 31 95% LA |, BA 100X TCID,, B 4t 2 AL i
JEIF 5 (B/YT 7 37 /B V/39/2008), I 25 128 e 4 £ 30N
MEM £ 753 (% 0.2% BSA 12 pg-mL" TPCK-trypsin)
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T37°C.5% CO, 85 7MW 402 he FH 1xPBSH ¥k
AHAE 1 VK, BB 5 N A BIX02189 B 4 X HE R B2 55 AR AT
TR DMSO (0.1%, v/v) 9% 5 48 £: % 150 L, F
37 °C.5% CO,Br Feffi B 7% . 1YL 60 h {5 ] CellTiter-
Glo™ar I RLU 8 H v 5 48 fi & 77, DA A 8% 44 09d 25 1)
DMSO ¥ Ik FEZH E A D 40 B S 77 100%, 2K A A3
THEINZ LI AH ARG 26, R AR 2 tH R A 4 2,
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GraphPad Prism 873 H SERHE, THEAL S VIR EC,, -

HA 240 HINI (A/Puerto Rico/8/1934) J& 4L
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735y, Gy E 24 h AR B, #a Sud B 7
% AEE SR AE B AR A PR 7], KIT11684) 4l
EiETHA S, %A RO EIE O R R, AR i
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TSR G YR i R B I B 2 . GraphPad
Prism 84 43 Hr SE38 20408, 1HRAL SV EC, .

0OD450, ..,
(2200 — 1009 — 22 mesm .
HIEY% = 100% RYE x 100% (4)

B RG T FHED A GraphPad Prism
BRA 3 A7 SIS BN, DA B2 s B 4 1) 28 Ak B2 -2 A7
TE A B, P AR ZR MR E I B s #4122 B R th
2, VA EC, P H i M 35 VR VR JE (CCy); Bl 4 1R
F Student's t-test 1656

#R
1 REUR R & R AR IEE R ITHIEER K
ELEITE

AW FL B 4 LA “influenza” . “lung” F1“homo sapiens”
R, 4 GEO R R 34T 1 3 ZH It /o Ik L 2 ffu 4%
S 2 B 45 (GSE61517. GSE71766 F1 GSE104168,
AP XYL 5 24 h B HEAT VST, $RECA K
I3 7 R L 2 B 1) 7 SR KPR IE R DR R

DA 2 R R o e AR R 2 TR T
5, o T 200 DU 3T G v 2 5 1k 1 R A A 2

PR (linear models for microarray data, limma) f& %8

By A B R PR 22 S R A A T U7 vk, T ikl T 4
P05 R 20 A7 2R R 22 e 3Rk 1) B Y BRSO
Tt 1% 77 V5 7 W T LA P AN () 26 AT ) 3R 08 1) G B,
TEAE— € JA IR CD J7 32 — Fh B T 2 v 400 23 i 35
% (linear discriminant analysis, LDA) ff] £ 48 & 3t [A %
AR T OT I, TH BN R T A B R R GA O — A
A, BEAS B R R — N 4, R R 2 0 0] 43 B 3%,
Tff 7 T K S0 2H 5 0 R 2 s KR FE X 4 ok A 1)
V-1 (separating hyper-plane), 8 ixf t1- 508 1 1 f 1%
] & (normal vector) 7E & 4L (F:A) ERIRZ &
(cosine direction) $1F1% LK 1) CDH, 1B N iZEE K %=
SRR I WIRFIEAR, 125 1EAE U R 25 R R R IR AE
THER B S R BUERY . RFEsE T R E R
B[R o M 532, B JE B limma DAAS IR GL 2H 9 B gt
1T 6N — MUK EE R 24 h G A | 2 R R IE 4
P, i ERIRE ST AR RN ERRIEEEN, DLUP<
0.005”1E Ry BB FE IR A 2 3 P RIA B R B3R, R 5
L CD J7 it H B 8 R D] (1) 22 S RIS FFAEE, $RA56
TR B YRR R R S H CDE I 6 AN F1ER (BB o

L1000CDS* % #f F th 3% [ [ 52 T4 BF 5t Bt
(National Institutes of Health, NTH) %% B #) d, & % T
IR 28 [ 4 B 45 4iF 25 & SCE (The Library of Integrated
Network-Based Cellular Signatures, LINCS)® {4} 3 47
FEAE 7 1) 3 A 45 B I AL & V0 30 50 20 B i PR ik 22 e 7
FERFAETT ME H0H e, (05 1 3 924 N oy TA6 & W1E
F T 62 P20 i 119 33 197 AN 5 R 214 i B4 =, A B 42
fit 7 DA CD 7 ik vk S ) B IR 22 e R 1B AR A &
A AR AEAE S 2B EE AR AL T DURR AT mongo
s FER AR, ] T 24T A& P sh A R 48 il 2R 1)
BRI 2 18 5 M 72 5 A 28, I 1 H B AT R 1 A 1 e R AR 1)
&Y. %I E O T PR R & LAY
O ide, Jf 9 UE 7 TN R AR B A S P 0 2 A AR A B
VR AR B0 MR AW S DL 4H i &R € A5497 A
B2, LL“P < 0.05” fll “replicates > 17 1 {5 $2 B 1k
A e S BE, 3K 49 LINCS L1000CDS® $4fs J#
2 044 AL 5 A [F) R B2 ANAS [R] 418 3 ) 18] 1) 4k & M0 P 5l
2 i T R T8 1 KA

Table 1 The GEO datasets used for differentially expressed genes analysis of influenza virus infected cells in this study. MOI: Multiplicity

of infection; RNA-seq: RNA sequencing

GEO accession No.  Experiment type Cell line Virus strain MOI Time point/h Reference
GSE104168 RNA-seq A549 HINTI (A/Puerto Rico/8/1934); 0.5 24,48 [31]
H3N2 (A/New York/238/2015)

GSE71766 Microarray BEAS-2B HINI (A/WSN/33) 2 2,4,8,12,24, 36,48, 60, 72 [32]
GSE61517 RNA-seq BEAS-2B  H3N2 (Brisbane/10/07); 1 1, 6,24 [33]

H3N2 (Perth/16/09);
H3N2 (Udorn/307/72)
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N ORAIE TSR vF 5 2 [R] [A) 6 B 0% &, 6 T 6 4L
RS T IR L 20 PR AE SR R B, AW UALOR B T RS TE
L1000CDS? Il & 2k [K 82 N I R i 2 X CD #ds, 28 )5
K FH AR 5ZAHALRE J5 2454k G ) 4 2 240 P A ik DR 1
fEE (CD) 5 FH I s 75 J8% e 41 i 43 A 5 DR 1 R A1 18
(CD) BEAT S [ ILHE, TH5A3 3] 2 044 MEEM 5 6 iR
JE B3 2K e CD U4 7] 1 2 52 AL EE 31 3% (B%); )
FR AR & A6 G 1 6 A 4% 7% A AL BE 508 1 5 — DY 43 or £
(Q) HATHEA, W HL Q1 AR (RIAL &4 5 95 s e A1E 2k
D] I Ivi) UG PG A B2 S v, 0 300 58 A i) ) 50 /A [
JE KBRS R A A AL B (1 2) VR AR ILAL A 4]
=, HAF49OMUEY . BTHIRSP P21 MEE Y
PAERAS, BTN 28 N SRAG AL A (ZEFE > 95%)
HEAT A AT F AU B IR TR VA (B 1)

2 EPIMRBEREERINEEITEN

AW 7T A 30 pmol- L & 9K i, SR A R A it JK
HIN1 (A/Puerto Rico/8/1934) B4k AS549 2 g 145 74 P47y
T 28 M W )R B E 4N ML 2 (cytopathic effect,

Dasatinib-24 h-0.37 pmol-L’l—Z -
AK-778-24 h-10 umol'L'I -
Selumetinib-24 h-0.37 umol'L" -
U0126-6 h-10 pmol-L’! =

WZ-4-145-24 h-0.37 pmol-L™!
BIX02189-24 h-10 pmol-L™!
CX-5461-24 h-10 pmol-L’!

Piribedil dihydrochloride-6 h-10 pmol*L’l -1
AC109X68-6 h-10 ;.Lmol‘L'1 -
Dexamethasone acetate-24 h-10 pmol-L'] -
Dasatinib-24 h-0.37 pmol-L™'-1 =
ACI1L1154-24 h-10 umol-L" -1
Cabozantinib-24 h-10 pmol-L™! -
Flumethasone-24 h-10 pmol-L'] -1
Triprolidine hydrochloride-6 h-10 pmol-L"] -1
Mometasone furoate-6 h-10 umol-L'] -
Beclomethasone-6 h-10 umol-L'l -

PAC 1-6 h-10 pmol-L™! =

Cytochalasin D-24 h-10 pmol-L’l =
CHEMBL2141330-24 h-10 umol-L" -
AZ-628-24 h-10 pmol -1 =

Bosutinib-24 h-10 pmol-L’! =
Canertinib-24 h-10 pmol-L’! =
Flurandrenolide-24 h-10 p,moI-L'] -
ACINWAPO-24 h-10 umol-L'] -
KINO001-265-24 h-10 umol'L'] -
BMS-777607-24 h-10 umol'L'] -
SPECTRUM_000403-24 h-10 pmol-L" -
Ketorolac-24 h-10 umol-L" -1
Dexamethasone-6 h-10 pmol-L'] -1
BIX-01294-24 h-10 pmol L’ =
Apigenin-24 h-0.04 pmol L' =
BMS509744-24 h-10 umol-L'] -1
Dasatinib-24 h-0.12 umol'L'] -
Fluocinonide-6 h-10 pmol L’ =
Donepezil-24 h-10 umol-L" -1

Labetalol hydrochloride-24 h-10 umol-L" -1
SMR000857102-24 h-10 pmol-L™!
Lovastatin-24 h-10 pmol-L"" =
Olaparib-24 h-10 pmol L’ =
KUC104145-24 h-10 umol‘L'] -1
HY-10044-24 h-10 umol-L'] -
Dibenzyline-6 h-10 pmol L’ =
Prednisolone hemisuccinate-24 h-10 pmol-L" -1
Resveratrol-24 h-10 p.mol-L" -1
NPK76-11-72-1-24 h-10 pmol-L™!
Naftidrofuryl-24 h-10 pmol-L™" =
Hydrocortisone acetate-6 h-10 pmol-L‘l -
Meptazinol-24 h-10 pmol- L'

Topanoic acid-24 h-10 pmol-L™" =

Name-time/h-concentration/pmol- I

CPE) [M§Zm . 453 7R, BERR A0 AT R #A AT BIX 02189
XTI 55 8 CPE 4 22 KT 50% (B13). A&,
it T A0 T ) P © A8 DUt B 15 06 TR R E, %3G LE
BRI i R 56 6 &5 5K, 17 BIX02189 (& 4A) & WL
PO B MRS, D AT S W0 i R B
) B VPR
3 BIX02189 EBHIMURRRE AN

AT 5T K F F RS A0 18 8 HIN (A/Puerto Rico/8/
1934) J&J% A549 4t B 553U F0 2, Y i 8 5 (B/AL PG
#/BV/39/2008) B 4t MDCK 41 fifg £ % 1 4 BIX02189
) Bt I o B UE MR . 45 R R, BIX02189 X HIN1
(A/Puerto Rico/8/1934) F 2 it ik 5 (B/IL V4 347 2/
BV/39/2008) /& 44 B A7 i 2 45 44, EC,, 730 9 17.1
H19.4 umol- L™ (Bl4C.D, £ 2). W FUiE K HIBEIK S %
Fff #& 7 (enzyme-linked immunosorbent assay, ELISA)
K 7 Y HINT (A/Puerto Rico/8/1934) ] A549 4 i1
3 HA PR AP0t i 2 2K AS49 45 I
TE R E AR . 45 R IR, BIX02189 R PR K e

-0.6

1
0.4 0.2 0.0 0.2
Cosine similarity

Figure 2 The cosine similarity scores of the top 50 compounds with the lowest Q1 score in TSR process. The first quartile, median, third

quartile were calculated from the 6 cosine similarity values with influenza CD signatures of each compound perturbation instances. The Y

axis lists the compound perturbation instances as "compound name-perturbation time/h-compound concentration/umol-L™"
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Figure 3 The effect of 28 compounds at 30 umol-L" on A549 cells cytopathic effect (CPE) caused by HIN1 (A/Puerto Rico/8/1934) with
an MOI of 0.02. The CPE was measured by a CellTiter-Glo Kit. The assay was performed in quadruplicate. The bar graph denotes the mean

and the standard deviation of inhibition rate on CPE. Error bars represent the standard deviation from 4 individual wells
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Figure 4 The effects of BIX02189 on influenza virus infection caused CPE of A549 and MDCK cells. A: The chemical structure of
BIX02189; B: The cell viability of BIX02189 in A549 and MDCK cells. Cells treated with 0.1% DMSO (v/v) were utilized as the indicator
of 100% cell viability. The assay was performed in duplicate; C: The inhibitory effect of BIX02189 and positive control ribavirin on HIN1
(A/Puerto Rico/8/1934) infection in A549 cells; D: The inhibitory effect of BIX02189 and positive control ribavirin on B/Jiangxi Xinjian/
BV/39/2008 infection in MDCK cells. The CPE was measured by a CellTiter-Glo Kit (Promega, G7571) in quadruplicate. A DMSO (0.1%,
v/v) vehicle control was used as the indicator of 100% infectivity. Error bars represent the standard deviation from 4 individual wells for

inhibition of infectivity and 3 individual wells for cell viability. The dose response curves were generated by GraphPad Prism software

Table 2 The effects of BIX02189 on influenza virus infection. EC,;: Half maximal effective concentration; EC,, 95% CI: 95% confidence

interval of EC,; CC,;: Half maximal cytotoxic concentration; ELISA: Enzyme-linked immunosorbent assay

Compound Virus Cell line Activity against influenza infection CC.J/umol L
Method EC, /umol-L" EC,, 95% Cl/umol-L" >
BIX02189 A/Puerto Rico/8/1934 A549 CPE 17.1 11.7-22.5 >30
ELISA 6.9 5.9-8.2
B/Jiangxi Xinjian/BV/39/2008 MDCK CPE 9.4 8.4-10.4 >30
Ribavirin A/Puerto Rico/8/1934 A549 CPE 97.9 81.9-127.2 >300
ELISA 14.9 11.3-19.0
B/Jiangxi Xinjian/BV/39/2008 MDCK CPE 7.1 2.6-10.4 >300

HINI ) A549 F3F #1995 8 7K -, EC4, 4 6.9 pmol- L P I IR T 9295 D P SRS A0 0 B R g B R O B
(K5 .%2). FiRgE B3R, BIX02189 A &4t H P o ASHF T P4 BIX02189 X A549 Al MDCK 4 Jifd
VLA 00 B B g P, X BOm sl R A KR WM . 45 BN, BIX01289 (30 umol-L™) X
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Figure 5 Effect of BIX02189 on influenza A virus replication. The hemagglutinin (HA) detection of ELISA was performed on the
supernatant of HIN1 (A/Puerto Rico/8/1934) infected A549 cells following the same procedure of CPE assay. The supernatant was collected
24 h post-infection. The HA quantity was measured by the ELISA kit (KIT11684, SinoBiological, Beijing, China) in duplicate. Error bars

represent the standard deviation from 2 individual wells for inhibition of HA and both experiments were conducted 3 times with similar

results. The dose response curves were generated by GraphPad Prism software

A549 A MDCK 4H i 3456 6 & 3 52 (B1 4B %K 2).
4 BIX02189 i FRAEUR AR EZAHI 5747

BIX02189 s 3 [E Mt B b 1l 24 /4 7] (Boehringer
Ingelheim Pharmaceuticals) Bif /& ) 22 5& i i 44 41 g b
{5 5 8 77 W & 5 (mitogen-activated protein kinase 5,
MEKS5) i fil] ), 7 i o ¢ 7 4 4 6] MEKS (IC,;:
1.5 nmol-L™") BH W41 B #ME 5 5 385 S (extracellular
signal-regulated kinase 5, ERKS) M FRALC, 24yt Jk
95 25 I YL N P N, 41 ERKS AT 22 5y R RIS AL B A
(mitogen-activated protein kinase, MAPK) i % # i,
B AP 5 S 7l ek 2 P 971 1 A A Bl S A IR 485 A T
ERKS5 8¢ _F i i MEKS #E47 T 112 5% U I8 0 25 1
S 1) 280 %6 B A 3 F o B UK L g I 2 T R M B, A
BIX02189 I HL it B 1 5 Al MEKS 6% .

LINCS L1000FWD & —/M & T o i B LA 5 2 1)
FSCR% 3 B 75 %, MR Ak A P 7E LINCS L1000 1 LINCS
L1000CDS? %k [K] 3 18 H0 405 R AiE (1 A ABh 1k, 30 AT 98 AE A
R SR T D00 36 B A 3 AT A 2 58 B W AL
B, AR BIX02189 $.5) (1) 5 [H R iA HF 1E 5
H At LINCS L1000 44 & % 1) AH 6L 1%, K A LINCS
L1000FWD fi 2, Fil il Fo Xt B MEKS LA &b FCAth 38 2 4%
SEAKCF R, W5 3 B, Raf/MEK/ERK 3@ #4411
il 77 7E L1000FWD Filill - (1) T G PE (probability) 5 =i,
ik 53.58%. A W 5T RN, F LA B K G 22 5] K Raf/
MEK/ERK 28 5k [ J82 F1 SURH 3807, #0111 Raf {5 518 % 2%
T EOR R P E A 2 A Y (ribonucleoprotein
complexes, RNP) ¥iir B 7E 40 ffl i% , 27817 22 73 24 0k
o Xof 975 2 O [ A= R RNP ) i HE 2 31 D B4 1Y,
i I ELISA A5 2 86 e 138 W+ BIX02189 X i #
UKL AR B A4 F, 45 SR 3278 T g 5 BIX02189 X
Raf/MEK/ERK i #% ) 410 i) 15 FH A 5C st HE ),
BIX02189 1] fit il ik Raf/MEK/ERK 51 1t J& 7 45

Table 3 Mode of actions (MOA) of BIX02189 analysis by
L1000FWD (https://maayanlab.cloud/L1000FWDY/)

Predicted mode of action Probability

Raf inhibitor 0.5358
PARP inhibitor 0.072 9
EGFR inhibitor 0.041 8
Calcium channel blocker 0.032 4
Cyclooxygenase inhibitor 0.028 9
CDK inhibitor 0.0253
Adrenergic receptor antagonist 0.0210
Tubulin polymerization inhibitor 0.0191
Dopamine receptor antagonist 0.018 8
MEK inhibitor 0.018 1

RLER A JRVRE TR, R A LT B

g

TSR & — Fft 35 T S [ 1 45 2 S 4L B AR AE, 42 Ji
o B9 LA I I R YT R A A 1) 2 W e A O Ok T
WEE AT AR SR SR, SR IS [ 3 2 2 ik
TR % A [) it 45 5 R 3 T B R ) R AER Y, AR S
THERAF AR AN [R] B PR G A 5] 40 i R 35 B B3 I
AT A Y. ARG 0 EnE = PO 2 2 S50
7 28 I PE A 0.01%~0.1%542) i AHIF 8 5 ] TSR
J7 V5P SRAF I SR S W 309 7.1% (2/28), Tiiik JF
WERE . NGRS 2 — 1) BIX02189 i it /&
P RS TN B ORI

BIX02189 J5 # 5 Jy MEKS, i 305 HF 95 25 W #1461
MEKS A 5 M i 8 i 25 (19 52 i Bl g 3 B 407, BRI
BIX02189 AN i i L 5 A= 43 P 2 B it B 23 4
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B ) TR 2 S (1) B AR AR A AR AL, 25 3 27 BIX02189
A REA0 1 T 5 I B B UKL AE BN R TR 2K 1 Raf/
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