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a b s t r a c t

In this study, SB216763 and cyclosporine A were identified as anti-influenza A virus (IAV) agents by tran-

scriptome signature reversion (TSR) analysis through deep mining of the cellular transcriptome of hu-

man airway and lung cell lines infected with 3 strains of IAV and the chemical perturbations library. A

synergistic effect of SB216763 and cyclosporine A against influenza A was disclosed by quantification of

the network-based relationship, which was validated in vitro. Along with burgeoning omics approaches,

transcriptome-based drug development is flourishing, which provides a novel insight into antivirals dis-

covery with comprehensive cellular transcriptional information of disease and chemical perturbations in

multicomponent intervention. This strategy can be applied as a new approach in discovering multitar-

get antiviral agents from approved drugs, clinical compounds, natural products or other known bioactive

compounds.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Omics allows comprehensive and dynamic investigation of the

full physiological and pathophysiological landscapes, which is pro-

moting a revolutionary transition in biomedical fields, including

drug development [1-3]. Cellular chemical perturbation signatures,

representing whole-transcriptomic changes in the cellular state

upon treatment with compounds, offer a more efficient and in-

novative perspective in drug discovery than the classical targeted-

based approach [4,5].

Influenza A virus (IAV) is a highly contagious pathogen that

poses a significant threat to public health due to annual epidemics

and recurrent pandemics [6]. All regimens used against influenza

are directed against viral components, which pose a challenge of

drug resistance due to high mutability [7-9]. As an intracellular

pathogen, IAV infection highly relies on host factors, which makes

targeting cellular factors an attractive strategy for discovery of an-

tivirals with less possibility of drug resistance emergence [10].

Progress in omics offers various data-driven approaches for com-

pound screening [11,12]. Transcriptome signature reversion (TSR)
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is an emerging strategy characterized by mining transcriptomics to

identify compounds with the capability of reversing the signature

gene expression of the disease state, which has been performed for

various diseases, such as neurological disease [13,14], inflammatory

disease [15] and cancer [16,17].

TSR involves three steps: identification of the disease signa-

tures, extraction of chemical perturbagen signatures and reversal

signature matching between the disease and compound treatment.

In this research, for extraction of the comprehensive characteristics

of IAV infection, cellular transcriptome datasets (GSE106279 [18],

GSE32139 [19] and GSE37571 [20], Table S1 in Supporting informa-

tion) from three human airway and lung cell lines infected with 3

IAVs were collected from Gene Expression Omnibus (GEO, https:

//www.ncbi.nlm.nih.gov/geo/) [21]. Differentially expressed genes

(DEGs) of each dataset were analyzed by the limma R package, and

the threshold for upregulated DEGs was set as P value < 0.001 and

fold-change > 2 [i.e., Log2FoldChange (Log2FC) > 1]; for downreg-

ulated DEGs, the threshold was P value < 0.001 and fold-change

< 0.5 (i.e., Log2FC < −1); and three DEG lists were achieved (Ta-

bles S2–S4 in Supporting information). The final signature genes

with IAV infection were obtained by acquiring genes appearing at

least twice in the three DEG lists, which comprising 213 upregu-

lated and 15 downregulated genes (Table S5 in Supporting infor-

mation). Nevertheless, as the host response against IAV infection
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Table 1

Inhibitory effects of SB216763 and cyclosporine A on influenza virus infection (MOI = 0.02) in A549 cells.

Strain Assay SB216763 Cyclosporine A Ribavirin

EC50

(μmol/L)

95% CI

(μmol/L)

EC50

(μmol/L)

95% CI

(μmol/L)

EC50

(μmol/L)

95% CI

(μmol/L)

A/Puerto Rico/8/1934 (H1N1) CPE 3.1 2.9–3.2 1.9 1.4–2.4 97.0 70.6–137

A/Jiangxi Donghu/312/2006 (H3N2) CPE 2.0 0.6–3.4 2.2 1.3–3.1 94.0 43.0–244

A/Puerto Rico/8/1934 (H1N1) HA quantification 0.42 0.32–0.54 1.8 1.5–2.2 25.9 24.4–27.4

MOI, multiplicity of infection; CPE, cytopathic effect; EC50, half maximal effective concentration; 95% CI, 95% confidence interval; HA: hemagglutinin.

needs to be considered, especially the innate immune response,

the host factors against IAV infection were investigated compre-

hensively from clustered regularly-interspaced short palindromic

repeats (CRISPR) or RNA interference (RNAi) screening studies re-

ported previously [22-30]. Consequently, forty-six genes were iden-

tified, and the direction of three genes, IFITM3, HADH and RNF213,

was adjusted (Table S5).

To discover compounds with competence of the reversed reg-

ulation of DEGs during IAV infection, the characteristic direc-

tion (CD) signatures of 2044 instances from 1146 compounds on

A549 cells were achieved from the L1000CDS2 platform (https:

//maayanlab.cloud/public/L1000CDS_download/) [31]. The genes in

each instance were rank-ordered according to their CD values, and

the enrichment scores (ESs) of each instance were calculated by

the “fgsea” R package. All instances were ranked by ES in ascend-

ing order. The top 100 instances, including 91 compounds repre-

senting those most likely to reverse disease-associated gene ex-

pression, were deemed anti-IAV candidates (Table S6 in Supporting

information). Thirty-one commercially available compounds in the

list were used for further bioassays.

Initially, the cytotoxicity of the 31 compounds on A549 cells

was determined by CellTiter-Glo assay [32] at final concentra-

tions of both 10 and 30 μmol/L. The inhibitory activities of the

20 noncytotoxic compounds on the cytopathic effect (CPE) of

A549 cells infected with A/Puerto Rico/8/1934 (H1N1) were evalu-

ated, and two compounds, SB216763 and cyclosporine A, exhibited

over 50% inhibitory activity (Table S7 in Supporting information),

with half maximal effective concentrations (EC50s) of 3.1 and 1.9

μmol/L, respectively (Table 1 and Fig. S1 in Supporting informa-

tion). Moreover, both SB216763 and cyclosporine A exhibited anti-

H3N2 infection activities with EC50s of 2.0 and 2.2 μmol/L (Table

1 and Fig. S1). To quantitatively measure H1N1 in the supernatant,

an enzyme-linked immunosorbent assay (ELISA) for the A/Puerto

Rico/8/1934 hemagglutinin (HA) protein was performed (SinoBio-

logical, KIT11684). Both SB216763 and cyclosporine A were able to

reduce the virus generation with EC50s of 0.42 and 1.8 μmol/L, re-

spectively, which implied that SB216763 and cyclosporine A may

exert antiviral activity by inhibiting IAV replication (Table 1). In

addition, text mining was performed by using the Request mod-

ule (Python) for the 31 compounds in PubMed, and nine of them

(29.03%) were reported with anti-influenza activities by others (Ta-

ble S8 in Supporting information), which revealed the TSR used

in this research much more powerful than that of the classi-

cal high-throughput screening (HTS), which usually one bioactive

compound comes out from 1000 to 10,000 compounds [33].

To consider the experimental differences on cell lines, com-

pound concentrations, and time points in this research and those

performed by Library of Integrated Network-Based Cellular Signa-

tures (LINCS), RNA sequencing of A549 cells treated with SB216763,

cyclosporine A or the same amount of solvent was performed,

and differential expression analysis was performed using DESeq2

[34] and the DEGs were shown in Tables S9 and S10 (Supporting

information). Subsequently, the Log2FC of signature genes of IAV-

infected cells, along with the corresponding genes in SB216763-

and cyclosporine A-treated cells, were extracted and are shown

in a heatmap (Fig. 1A), which shows that the signature genes

of IAV infected cells are reversely regulated by the two com-

pounds (Fig. 1A). Thereafter, the DEGs due to SB216763 and cy-

closporine A treatment were extracted (P < 0.001 and Log2FC > 1

or Log2FC < −1, Tables S9 and S10) for functional pathway analysis

by the Metascape platform (https://metascape.org/) [35]. The sig-

nature genes of cells with SB216763 treatment display significant

enrichment (P < 0.01) in cell morphogenesis involved in differen-

tiation, blood vessel development, multicellular organismal home-

ostasis, circulatory system process and epithelial cell differentia-

tion (Fig. S2A in Supporting information). Cyclosporine A produced

significant enrichment in cell cycle-related pathways, including re-

sponse to nuclear division, DNA replication, DNA conformation

change, meiotic cell cycle process, etc. (Fig. S2B in Supporting

information).

To further address the anti-IAV mechanisms of SB216763 and

cyclosporine A, the signature gene list of cells infected with IAVs

along with the signature gene list of cells treated with each com-

pound were analyzed by Metascape for the common enriched

pathways (Figs. 1B and C). SB216763 is a potent glycogen syn-

thase kinase-3 (GSK3) inhibitor with equivalent inhibitory activ-

ities against both GSK3α and GSK3β [36]. As shown in Fig. 1B,

ten of the top 20 enriched GO clusters of cells infected with IAV

or treated with SB216763 overlapped, including regulation of en-

dopeptidase activity, apoptotic signaling, and regulation of cell ad-

hesion (Fig. 1B, a–j). According to previous studies, apoptosis and

regulation of endopeptidase activity are critical cellular processes

that affect influenza infection [37,38]. This suggests that the anti-

IAV activity of SB216763 occurs through the apoptosis pathway

and the regulation of endopeptidase activity. In addition, the other

overlapping pathways, including chemotaxis and multicellular or-

ganismal homeostasis, may also provide new perceptions for the

elucidation of the anti-IAV mechanism of SB216763. Cyclosporine

A, an immunosuppressant medication, has been reported to have

anti-IAV activity by interfering with the late stage of the IAV life

cycle through both cyclophilin A-dependent and cyclophilin A-

independent pathways [39,40]. Here, the results of pathway analy-

sis showed that four pathways were clustered in cyclosporine A-

treated cells and overlapped with IAV-infected cells (Fig. 1C, a–

d), including the responses to bacterium pathway and endoplasmic

reticulum stress pathway. It has been reported that the endoplas-

mic reticulum (ER) stress response pathway could affect IAV repli-

cation [41], which implies an additional anti-IAV mechanism of cy-

closporine A. Taken together, our results suggest that SB216763 and

cyclosporine A act through multiple pathways of the host response,

indicating that the two compounds possess the capacity to reverse

the gene expression of IAV-infected cells back to the normal state

with multicomponent intervention.

Drug combination therapies are widely used for the treatment

of infectious diseases due to the clinical outcome improvement

from higher efficacy or lower individual dosages [42,43]. In this

study, a separation score was introduced to calculate the efficacy

of the two compounds combination by network-based proximity
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Fig 1. Differentially expressed genes analysis. (A) Heatmap of signature genes expression in IAV-infected cells, along with the corresponding genes in SB216763- or cy-

closporine A-treated A549 cells. The color range represents the magnitude of the Log2FoldChange (Log2FC) of genes. (B, C) Functional pathway enrichment analysis of cells

treated with SB216763 (B) or cyclosporine A (C) along with cell infected with IAV. The top 20 GO terms were selected as representative subsets, and their enrichment

networks were visualized by colored nodes (IAV, red; SB216763, blue; cyclosporine A, olive green), where the size of the node and the sector of each pie were proportional

to the number of genes enriched in that term and the counts of hit genes originating from the input signature gene list, respectively. Panels (B) and (C) were generated

by using Metascape. The gene expression data of IAV infection were obtained from the three GEO datasets and analyzed by limma for signature genes of IAV-infected cells.

A549 cells treated with SB216763 or cyclosporine A were collected for RNA sequencing, and signature genes of compound-treated cells were obtained by using the DESeq2

package.

Table 2

The combination index values and dose reduction index values of the two-compound combination against A/Puerto Rico/8/1934 replication in A549 cells.

Drug combination Combination index value Drug Dose reduction index value

at EC50 at EC95 at EC50 at EC95

SB216763+ cyclosporine

A

0.30 0.34 SB216763 5.11 4.80

Cyclosporine A 9.38 7.46

measurement of compound-compound relationships [44,45]. The

separation score of two compounds represents the comparison

of the mean shortest distance of the interactome between the

signatures of each compound to the mean shortest distance be-

tween compound-compound signature pairs [44,45]. As shown in

Fig. 2A, the IAV signature genes inversely regulated by SB216763

and cyclosporine A are listed as compound modules for separation

score evaluation (the analysis details can be found in the Materials

and methods section in Supporting information), which gives a

score of 0.18 (Fig. 2B), indicating a potential synergetic effect of the

two compounds against IAV infection. To validate the prediction,

an anti-IAV infection assay was performed for drug combination

efficacy evaluation (Table S11 and Fig. S3 in Supporting informa-

tion). The combination of SB216763 and cyclosporine A exhibited a

strong synergistic effect with combination index (CI) values of 0.30

(EC50) and 0.34 (EC95), respectively (Table 2). One of the greatest

advantages of synergism is that it achieves a higher efficacy with

low toxicity by dosage reduction. The dose reduction index (DRI)

values, the dosage fold reduction for a single drug compared to

that of the drug combination at a given activity, revealed that both

compounds had a dosage reduction with a fold change ranging

from 4.80 to 9.38 compared to that of each compound alone

(Table 2).

In summary, the anti-IAV activity of SB216763 and cyclosporine

A was disclosed by using TSR, and their synergistic activity

was calculated by network-based proximity measurement and

validated in vitro. Compared to classical phenotype screening,

the transcriptome-based strategy offers a novel, comprehensive

and high-dimensional approach for bioactivity disclosure, syner-

getic analysis and target identification. With advances in disease

databases and chemical perturbation libraries by data accumula-

tion, the transcriptome reversal strategy will offer a more efficient

approach in multitarget antivirals discovery from compounds with

multicomponent intervention potential.
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Fig 2. Network-based rational analysis of compounds combination. The IAV signa-

ture genes regulated inversely by SB216763 and cyclosporine A are listed (A) and

were used as the compound modules for protein–protein interaction network topo-

logical relationship analysis by the separation score (B). Notes: The numbers in box

(A) indicate the Log2FC of each gene; the separation score, which reflects their phar-

macological relationships, was calculated as described in Materials and methods

section in Supporting information.
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