
Infectious Medicine 4 (2025) 100165 

Contents lists available at ScienceDirect 

Infectious Medicine 

journal homepage: www.elsevier.com/locate/imj 

Original Article 

Novel drug targets for monkeypox: From viral to host proteins 

Zhaozhong Zhu 

a , ∗ , Qin Sun 

a , Yunhai Xu 

b , Youya Niu 

c , Fei Yang 

a , ∗ , Shuidong Feng 

a , ∗ 

a School of Public Health, University of South China, Hengyang 421001, Hunan Province, China 
b Hunan Provincial Key Laboratory for Geochemical Processes and Resource Environmental Effects, Changsha 410116, Hunan Province, China 
c School of Basic Medical Sciences, Hunan University of Medicine, Huaihua 418000, Hunan Province, China 

a r t i c l e i n f o 

Keywords: 

Monkeypox virus 
Prediction 
Protein–protein interactions 
Network 
Drug 

a b s t r a c t 

Background: The ongoing threat of the monkeypox virus (MPXV) underscores the need for new antiviral treat- 
ments, yet drug targets and candidate therapies are limited. 

Methods: Calculating the centrality, conservation, and immunogenicity of MPXV proteins in the network to 
identify viral drug targets. Constructing the MIP-human protein interaction network and identifying key human 
proteins as potential drug targets through network topology analysis. 

Results: We constructed a comprehensive protein–protein interaction (PPI) network between MPXV and humans, 
using data from the P-HIPSTer database. This network included 113 viral proteins and 2 607 MPXV-interacting 
human proteins (MIPs). We identified three MPXV proteins (OPG054, OPG084, and OPG190) as key targets for 
antiviral drugs, as well as 95 critical MIPs (most interacting MIPs, MMIPs) within the MPXV–human PPI network. 
Further analysis revealed 31 MMIPs as potential targets for broad-spectrum antiviral agents, supported by their 
involvement in other viral interactions. Functional enrichment of MIPs indicated their roles in infection and 
immune-related pathways. 

Conclusions: In total, we identified 112 drugs targeting MPXV proteins and 371 drugs targeting MMIPs, with 
fostamatinib, trilostane, and raloxifene being able to inhibit both viral and host proteins. This work provides 
critical insights into MPXV–human interactions and supports the development of targeted antiviral therapies. 
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. Introduction 

Monkeypox, caused by monkeypox virus (MPXV), is
 zoonotic disease with a 3% to 6% fatality rate in hu-
ans. 1 MPXV, a member of the Orthopoxvirus genus in the
oxviridae family, is a double-stranded DNA virus with a
90-kb genome. 2 , 3 Originally identified in Africa in May
022, the virus then spread to over 112 countries, with
8,288 cases and 152 deaths reported by July 2023. 4 The
rst case in China occurred in September 2022. 5 MPXV
oses a significant public health threat and the devel-
pment of effective anti-MPXV drugs is an urgent chal-
enge. 5 , 6 
Abbreviations: MPXV, monkeypox virus; PPIs, protein–protein interactions; MIPs, M
nfection-associated proteins; MHC, major histocompatibility complex; KEGG, kyoto 
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1 
The MPXV epidemic is characterized by human in-
ections with symptoms resembling smallpox, including
 fever, rash, and swollen lymph nodes. 7 As a zoonotic
irus, MPXV is primarily transmitted to humans through
irect contact with infected animals, their bodily fluids, or
ontaminated materials. 8 , 9 Human-to-human transmis-
ion can also occur through respiratory droplets, contact
ith lesions, or contaminated objects. 8 , 9 MPXV can be
ivided into two main clades: the central African clade
Clade I) and the west African clade (Clade II). 10 Clade
 is associated with a higher case fatality rate (approxi-
ately 10%) and more severe clinical symptoms, while
PXV-interacting human proteins; MMIPs, most interacting MIPs; MAPs, MPXV 
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lade II typically has a lower fatality rate (1%–3%). 8 , 10 

he 2022 outbreak primarily involved the west African
lade IIb subclade. 8 , 10 The west African Clade IIb sub-
lade of MPXV became a major public health concern
fter the 2022 global outbreak. 11 , 12 Notable for its abil-
ty to spread through sustained human-to-human trans-
ission (unlike traditional zoonotic patterns), the spread

f Clade IIb to non-endemic regions led to its classifica-
ion as a Public Health Emergency of International Con-
ern (PHEIC). 12 , 13 Reports of sexual transmission and its
redominance in adults underline the importance of im-
roved surveillance and targeted interventions to prevent
urther outbreaks. 12 , 13 

Antiviral drugs are crucial for preventing and control-
ing viral infections. 14 , 15 In vitro studies have identified
ycophenolic acid and ribavirin as inhibitors of MPXV,
hereas tecovirimat and brincidofovir have shown ther-
peutic effects against monkeypox. 6 , 16 Tecovirimat, ap-
roved in the European Union and the United States
or treating orthopoxviruses, represents a key advance-
ent from laboratory research to clinical use. 6 Computa-

ional methods have predicted other potential treatments,
ncluding fostamatinib, tamoxifen, amentoflavone, and
seudohypericin. 17 , 18 However, the efficacy of tecoviri-
at is limited, and many antiviral drugs are not yet com-
ercially available, highlighting the need for further drug
evelopment for MPXV. 18 

Antiviral drug research is divided into two categories
ased on the drug target. 19 One category targets vi-
al proteins, such as those targeting HIV and Flavivirus

roteins, and the other focuses on developing antiviral
rugs targeting host proteins. 20 , 21 For example, the hu-
an protein APOBEC3G, which interacts with HIV pro-

eins, has become an effective therapeutic target. 22 Com-
ared with drugs targeting viral proteins, those target-
ng host proteins have a broader range of targets be-
ause of the much larger number of host proteins than vi-
al proteins. 23 Additionally, because host proteins evolve
uch slower than viral proteins, they may be less sensi-

ive to mutation. 23 Furthermore, with the rapid develop-
ent of high-throughput technology, a large number of
rotein–protein interactions (PPIs) between viruses and
osts have been accumulated. 24 Analyzing the PPIs can
elp identify host and viral proteins that play signifi-
ant roles in viral infection, which can serve as poten-
ial targets for antiviral drugs. 24 , 25 For example, Han
t al. 25 identified potential antiviral drugs by analyzing
he PPI network between enterovirus 71 and humans.
uch studies highlight the significance of virus–host PPI
etwork analysis in developing drugs that target host
roteins. 25 , 26 

More potential antiviral drugs and targets are needed
o treat monkeypox. The current study established a PPI
etwork between MPXV and humans, and through net-
ork analysis, identified MPXV and host proteins as po-
2

ential drug targets. The MPXV proteins were selected as
otential drug targets based on their centrality, conserva-
ion, and immunogenicity. Of the MPXV-interacting hu-
an proteins (MIPs) identified, 95 critical MIPs (termed

he most interacting MIPs, MMIPs) were identified as po-
ential drug targets within the MPXV–human PPI net-
ork. A network of interactions between MIPs and other
iruses was established, and 31 MMIPs were identified as
otential targets for broad-spectrum drugs. Finally, 112
rugs targeting 44 MPXV proteins and 371 drugs target-
ng 15 MMIPs were identified. 

. Materials and methods 

.1. Protein–protein interactions between MPXV and 

uman proteins 

The PPI data between viruses and humans were
ownloaded from the P-HIPSTer database ( http://
hipster.org/ ). 27 The database includes 1 001 viruses
hat infect humans and approximately 13 000 of
heir encoded proteins, covering 280 000 potential
PIs. The PPI data between MPXV and humans are
etailed in Supplementary Table S1. The interac-
ion data between human proteins were downloaded
rom the STRING database ( https://www.string-
b.org/ ), 28 with PPIs scoring above 700 being re-
ained. A total of 6 206 MPXV genome sequences
ere downloaded from the NCBI GenBank database

 https://www.ncbi.nlm.nih.gov/genbank/ ). 29 Incom-
lete and missing genome sequences were removed. The
edundant genome sequences were eliminated at a 0.99
evel using CD-HIT ( https://sites.google.com/view/cd-
it ). 30 The 66 complete and non-redundant MPXV
enomes were retained (Supplementary Table S2). All
PXV proteins were downloaded from the RefSeq

atabase ( https://www.ncbi.nlm.nih.gov/refseq/ ), 31 and
he drug data were obtained from the DrugBank 5.0
atabase ( https://go.drugbank.com/ ). 32 

.2. Human protein–protein interaction network 

All of the human PPIs were downloaded from the
TRING database, 28 and PPIs with a median confidence
core greater than 0.7 were retained, while redundant
PIs were removed. A PPI network consisting of 505 968
on-redundant PPIs between 16 814 human proteins was
btained for further analysis. The human proteins in the
PI network between MPXV and humans were defined
s MIPs. The 11 791 human proteins in the MIP–human
PI network were defined as MAPs (MPXV infection-
ssociated proteins). Over 403 human proteins, which in-
eract with MIPs, were defined as MMIPs. 

http://phipster.org/
https://www.string-db.org/
https://www.ncbi.nlm.nih.gov/genbank/
https://sites.google.com/view/cd-hit
https://www.ncbi.nlm.nih.gov/refseq/
https://go.drugbank.com/
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.3. Network topological properties analysis and 

isualization 

To analyze the network topology properties of the
PI network, several key metrics were calculated, includ-
ng the degree, betweenness centrality, and shortest path
ength. 33 The degree of a protein node was determined
s the number of direct interactions with other proteins
n the network, serving as an indicator of the protein’s
onnectivity and potential functional significance. 33 Be-
weenness centrality was computed to identify proteins
hat act as crucial bridges within the network, represent-
ng nodes that have the highest influence over the flow
f information between other nodes. 33 This was calcu-
ated as the number of shortest paths between pairs of
roteins that pass through a given node, normalized by
he total number of shortest paths in the network. 33 To
ssess the efficiency of communication between proteins,
he average shortest path length between all pairs of pro-
eins was calculated. This metric provides insight into the
verall cohesiveness of the network, where shorter path
engths indicate more efficient communication between
nteracting proteins. The igraph package (version 1.2.2) 34 

n R was used to analyze the topology of the PPI network.
he degree and betweenness of proteins in the PPI net-
ork were calculated with the functions of degree() and
etweenness() , respectively. The shortest path length be-
ween two proteins in the PPI network was calculated
ith the function of shortest.paths(). The network was
isualized using Cytoscape (version 3.7.1). 35 The inter-
ction network was visualized using the “yFiles Organic
ayout ” style in the “Layout ” module of the Cytoscape
oftware. 

.4. Functional enrichment analysis 

The Gene Ontology (GO) terms and Kyoto Encyclope-
ia of Genes and Genomes (KEGG) pathway enrichment
nalysis for the human proteins were conducted with the
unctions enrichGO() and enrichKEGG() in the package
clusterProfiler ” (version 4.6.2). 36 All of the GO terms
nd KEGG pathways with adjusted p smaller than 0.01
ere considered to be significantly enriched. 

.5. Prediction of candidate drugs targeting MPXV and 

uman proteins 

Candidate drugs were predicted with the help of Drug-
ank (version 5.1.2). 32 The protein sequence of each
PXV protein, and that of each MIP was queried against
rugBank for similar targets with the default parameters.
he drugs targeting the best hit were considered to be
andidate drugs for the query protein. The properties of
rugs, such as the type and group of drug and ATC code,
ere also obtained from DrugBank. 
3

.6. Analysis of the conservativity and immunogenicity of 

PXV proteins 

The conservation of MPXV proteins was calculated by
omparing the amino acid differences in the same pro-
eins across different strain genomes. First, the MPXV
pen reading frames and encoded proteins were iden-
ified using GeneMarkS. 37 Second, the MPXV proteins
ere grouped using OrthoFinder (version 2.2.7) 38 with
efault parameters. The groups containing only one pro-
ein were removed, resulting in 223 protein groups. The
ean difference in protein sequences within the same

roup was defined as the conservation value for that pro-
ein. A smaller conservation value indicates a more con-
erved viral protein. The immunogenicity of the MPXV
roteins was indicated by predicting cytotoxic T lympho-
yte (CTL) epitopes within protein sequences using the
etCTL (version 1.2) server. 39 

.7. Statistical analysis 

The “np ” module in the Python “numpy ” package was
sed to calculate centrality, sequence conservation, and
edian immunogenicity of the MPXV proteins. 40 Subse-

uently, R was employed to conduct statistical compar-
sons of all human protein (All), MIP, and MMIP network
opological properties using the Wilcoxon rank sum test.
inally, density distribution plots were visualized using
he “ggplot ” function in R. All statistical analyses were
onducted in R (version 4.0.3). 41 

. Results 

.1. Protein–protein interaction network between MPXV 

nd humans 

The PPI network between MPXV and humans, in-
luding 8 950 PPIs, was obtained from the P-HIPSTer
atabase. The network involved 113 MPXV proteins and
 607 human proteins ( Fig. 1 A). Specifically, most MPXV
roteins were found to interact with human proteins no
ore than 50 times. We identified 14, 15, 12, 9, 9, 5,
, 4, 8, 5, and 30 MPXV proteins interacting with 5 or
ewer, 5–10, 11–15, 16–20, 21–25, 26–30, 31–35, 36–40,
1–45, 46–50, and over 51 human proteins, respectively
 Fig. 1 B). Among these, the OPG189 protein showed the
ost interactions, with 1 027, whereas the OPG117 pro-

ein showed the fewest interactions, with 2. Most human
roteins, 1 323 in total, were found to interact with only
ne viral protein. The remaining human proteins inter-
cted with multiple viral proteins as follows: 449 inter-
cted with 2, 188 interacted with 3, 109 interacted with 4,
9 interacted with 5, 81 interacted with 6, 76 interacted
ith 7, 109 interacted with 8, 90 interacted with 9 and
1 interacted with 10 viral proteins. Interestingly, there
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Fig. 1. Overview of PPIs between MPXV and humans. (A) The PPI network between MPXV and human proteins. (B) Number of MPXV-interacting human proteins 
(MIPs). (C) Number of MPXV proteins interacting with MIPs. 
Abbreviation : PPIs, protein–protein interactions; MIPs, MPXV-interacting human proteins. 
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ere 82 human proteins in the network that interacted
ith more than 10 viral proteins simultaneously ( Fig. 1 C).

.2. Screening of MPXV proteins as drug targets 

MPXV proteins were evaluated for centrality, sequence
onservation, and immunogenicity to identify potential
rug targets. Centrality, measured by the number of inter-
ctions with human proteins, suggests that proteins inter-
cting with more human proteins are likely more critical
uring infection. Most viral proteins interacted with 5 to
00 human proteins, with a median of 23 ( Fig. 2 A). Be-
ause of the potential for drug resistance as a result of pro-
ein diversity, sequence conservation was also considered.
onsequently, conserved sequences within viral proteins
ere identified as drug targets. The average amino acid
ifference between pairwise sequences of MPXV proteins
as determined as the conservation value (see the Materi-
ls and Methods). As shown in Fig. 2 B, most viral proteins
n the PPI network between MPXV and humans were rel-
4

tively conserved, with a median conservation value of
.35. This result indicated a high degree of conservation
mong the viral proteins, suggesting that the average dif-
erence between pairwise sequences is likely to be only
.35 amino acids. 

Previous studies have indicated that viral proteins
ith high immunogenicity can serve as targets for an-

iviral drugs. The CTL epitopes of 113 MPXV proteins
ere predicted using the NetCTL 1.2 server. Most viral
roteins possess CTL epitopes. Specifically, the median
umber of major histocompatibility complex (MHC) lig-
nds across viral proteins was 10. The B21R protein ex-
ibited the highest immunogenicity with 70 MHC lig-
nds, whereas the OPG075 protein displayed the low-
st immunogenicity with 0 MHC ligands ( Fig. 2 C). Fi-
ally, the proteins OPG054, OPG084, and OPG190 were
creened as potential drug target proteins (abbreviated
s vDTP), based on the median values of centrality, con-
ervation, and immunogenicity of the MPXV proteins as
hresholds. 
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Fig. 2. Characteristics of MPXV proteins in the 
MPXV–human PPI network. (A) Number of human 
proteins interacting with MPXV proteins. (B) Con- 
servation of MPXV proteins. The mean difference in 
protein sequences within the same group was de- 
fined as the conservation value for that protein. (C) 
Number of MHC ligands for MPXV proteins. 
Abbreviations : MPXV, monkeypox virus; PPIs, 
protein–protein interactions; MHC, major histocom- 
patibility complex. 

3

 

M  

S  

t  

A  

o  

s  

v  

(

.3. Screening of human proteins as drug targets 

To identify human proteins as drug targets, the role of
IPs in the human PPI network was examined using the

TRING database. The network revealed 2 345 MIPs in-
eracting with 11 791 human proteins (MAPs) ( Fig. 3 A).
5

 sharp drop in MIPs (MMIPs) occurred when the number
f interacting MAPs exceeded 403 (red arrow in Fig. 3 B),
uggesting that these MMIPs could play a critical role in
iral infection and may serve as potential drug targets
Fig. S1). 
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Fig. 3. The PPI network and topological analysis between MIPs and human proteins. (A) The PPI network between MIPs (in red) and MAPs (in blue). (B) Density 
plot of the number of interactions between MIPs and human proteins. (C) Distribution of connectivity for all human proteins, MIPs, and MMIPs. (D) Distribution of 
betweenness centrality. (E) Distribution of average shortest path length. ∗ ∗ p < 0.01. 
Abbreviations : PPIs, protein–protein interactions; MIPs, MPXV-interacting human proteins; MMIPs, most interacting MIPs; MAPs, MPXV infection-associated proteins. 
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d  
To investigate the centrality of MIPs and MMIPs, the
egree, betweenness, and average shortest path length of
ach protein were calculated in the human PPI network.
n this network, node degree represents the number of
onnections, betweenness is the count of shortest paths
assing through a node, and the average shortest path
ength is the average distance between nodes. For all
uman proteins, the median values for degree, between-
ess, and average shortest path length were 26, 4 892.73,
nd 3.75, respectively. Similarly, for MIPs, these values
ere 38, 8 194.20, and 3.55, respectively. For MMIPs,

he values were 516, 459 942.98, and 2.84, respectively
 Fig. 3 C–E). Both MIPs and MMIPs exhibited significantly
igher node degrees and betweenness, as well as a sig-
ificantly lower average shortest path length, compared
ith all human proteins ( p < 0.001). This suggests that
MIPs play a significant role in viral PPI networks,

ighlighting them as potential targets for anti-MPXV
rug development. 

.4. Screening of human proteins as broad-spectrum drug 

argets 

Broad-spectrum drug targets were identified by screen-
ng host proteins for interactions with various viruses
ithin the PPI network. Using data from the P-HIPSTer
atabase, interactions between MIPs and 29 viral families
ere analyzed ( Fig. 4 A). Most MIPs (94.86%) interacted
ith more than two viruses; however, as the number of in-

eracting viruses increased, interactions with MPXV pro-
6

eins decreased, especially beyond 50 viruses ( Fig. 4 B).
 similar pattern was observed with viral families: as
IPs interacted with more families, MPXV interactions

ecreased, notably after 10 families ( Fig. 4 C). MMIPs in-
eracting with over 50 viruses and 10 viral families were
dentified as potential broad-spectrum drug targets (Sup-
lementary Table S3). 

.5. Functional analysis of MIPs 

Building on the role of MIPs in human PPI networks,
e analyzed their functions using functional enrichment

 Fig. 5 ). For biological processes, four of the top 10
O terms involved positive regulation, three were linked

o phosphorylation, and two were linked to amino acid
odification. For cellular components, MIPs were mainly

nvolved in protein complexes, lamellipodia, and cell-
atrix junctions. Seven of the top 10 molecular function

erms related to kinase activity, with others relating to
uanyl nucleotide binding, GTP binding, and cytokine re-
eptor binding. KEGG pathway analysis highlighted MIP
ene enrichment in infection pathways (e.g., “human cy-
omegalovirus ” and “HIV-1 ″ ) and immune pathways, in-
luding chemokine signaling and natural killer (NK) cell-
ediated cytotoxicity. 

.6. Prediction of antiviral drugs against MPXV infection 

Potential drugs were predicted using the DrugBank
atabase, targeting both MPXV and human proteins. A
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Fig. 4. Overview of the interactions between MIPs and other viruses. (A) The interaction network between MIPs and other viral families. (B) Density distribution 
plot of the number of interactions between MIPs and other viral species. (C) Density distribution plot of the number of interactions between MIPs and other viral 
families. 
Abbreviations : MIPs, MPXV-interacting human proteins. 
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otal of 112 drugs were identified that target 44 MPXV
roteins (pink circles). The majority of these drugs were
mall molecules (ellipses), while a minority were pro-
eins or peptides (rectangles) ( Fig. 6 ). Interestingly, four
rugs were found to target two vDTPs (see the results sec-
ion of screening of MPXV proteins as drug targets), in-
luding OPG084 and OPG190. Specifically, OPG084 was
argeted by guanosine triphosphate (DB04137), a small
olecule drug in the experimental stage of development.
PG190 was targeted by three drugs: O2-sulfonate glu-
uronic acid (DB02264), N,O6-disulfonate glucosamine
DB03959), and suramin (DB04786). Unfortunately, none
f these three drugs have been approved for marketing. 

A total of 371 drugs (ellipses or squares) were pre-
icted to target 15 MMIPs (red circles). Most of these
rugs were small molecules (ellipses), while a minority
as proteins or peptides (squares). Among the predicted
rugs, 98 have already been approved for marketing,
4 are under investigation for potential clinical use, and
39 are in the experimental stage of development (Sup-
lementary Table S4). Some MMIPs, such as the CKD2
nd ESR1 proteins, were targeted by multiple drugs. The
KD2 protein, for example, was targeted by a staggering
7

37 drugs, most of which were small molecule inhibitors
till in the experimental stage of development. Addition-
lly, several drugs exhibited the ability to target multi-
le MMIPs. These included avocatinib (DB03496), PD-
68393 (DB07662), and fostamatinib (DB12010), among
thers. 

By analyzing the drug network targeting MMIPs and
PXV proteins in the MPXV–human PPI network, we

dentified five drugs with the potential to simultaneously
arget both viral and human proteins. These drugs in-
luded already approved drugs fostamatinib (DB12010),
rilostane (DB01108), and raloxifene (DB00481), as well
s the experimental drugs colforsin (DB02587) and phos-
hoaminophosphonic acid-adenylate ester (DB04395). 

Fostamatinib (DB12010) exhibits the potential to tar-
et both viral proteins (e.g., OPG187, OPG189) and host
rotein kinases (e.g., SRC, EGFR). This drug is a novel
ral spleen tyrosine kinase (SYK) inhibitor with a unique
echanism of action for the treatment of chronic im-
une thrombocytopenia (ITP) in adults who have not re-

ponded adequately to previous treatments. 32 As a pro-
rug, fostamatinib is converted in the gut to its active
etabolite R406. R406 competitively inhibits ATP bind-
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Fig. 5. Functional analysis of MIPs. The top 10 enriched terms in MIPs within the domains of biological processes, cellular components, molecular functions, and 
KEGG pathways. 
Abbreviations : MIPs, MPXV-interacting human proteins; KEGG, Kyoto Encyclopedia of Genes and Genomes. 
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ng to SYK, with a inhibition constant of 30 nM and an
he half maximal inhibitory concentration of 41 nM. By
nhibiting SYK, fostamatinib reduces the destruction of
latelets mediated by immune cells. 32 

Trilostane (DB01108) can target both the viral protein
PG174 and human estrogen receptor 1 (ESR1), a protein

nvolved in various cellular processes. This drug is a small
olecule used to treat Cushing’s syndrome, a condition

haracterized by the overproduction of cortisol by the
drenal glands. 32 It acts as a competitive inhibitor of the
nzyme 3-beta-hydroxysteroid dehydrogenase/delta 5,4
etosteroid isomerase, blocking the synthesis of adrenal
teroids and thereby reducing the overproduction of cor-
isol and other steroids. 32 

Raloxifene (DB00481) targets both the viral protein
PG205 and the human protein ESR1. This drug is a selec-

ive estrogen receptor modulator with the chemical for-
ula C28 H27 NO4 S and a molecular weight of 473.583. 32 

t is known for its tissue-specific activity, acting as an
strogen agonist in bones and playing a role in lipid
etabolism, while acting as an antagonist in breast and
terine tissues. 32 Raloxifene is used to prevent and treat
steoporosis in postmenopausal women and to reduce the
isk of invasive breast cancer in high-risk postmenopausal
8

omen. Its mechanism of action involves stimulating os-
eoblasts (bone-building cells) and inhibiting osteoclasts
bone-resorbing cells), which helps increase bone mineral
ensity and decrease bone resorption. 32 

. Discussion 

Although drugs are available that are highly effective
gainst viruses, no specific treatments for monkeypox cur-
ently exist. Research on host-targeted drugs for MPXV
s limited. Previous studies have identified mycopheno-
ic acid and ribavirin as potential inhibitors of MPXV in-
ection in vitro , but they remain uncommercialized. This
tudy aimed to predict candidate drug targets and anti-
PXV drugs, potentially accelerating the development of

ffective therapies. 
Our findings identified OPG054, OPG084, and OPG190

s key drug targets for MPXV based on their high cen-
rality, sequence conservation, and immunogenicity. The
nteraction of these proteins with numerous human pro-
eins highlights their importance in infection, while their
equence conservation suggests a lower risk of drug re-
istance. Their strong immunogenicity also makes them
romising antiviral targets. 42 Different antiviral drug re-
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Fig. 6. Predicted drugs targeting MMIPs and MPXV proteins. Interactions above the black line indicate drug–MPXV protein interactions, whereas interactions below 

the black line indicate drug–MMIP interactions. MPXV proteins and MMIPs are represented as pink and red circles, respectively. Protein or peptide drugs and small 
molecule drugs are depicted as squares and ellipses, respectively. Drugs in the approved, investigational, and experimental stages are colored in gray, yellow, and 
light blue, respectively. Drugs that target both MPXV proteins and MMIPs are highlighted with red edges. 
Abbreviations : MMIPs, most interacting MIPs; MPXV, monkeypox virus. 
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earch strategies have their own advantages and limi-
ations. 43 This study emphasizes virus-targeting, priori-
izing highly conserved and immunogenic viral proteins
o reduce resistance and improve efficacy. By integrat-
ng centrality, conservation, and immunogenicity, this
tudy offers a comprehensive method for identifying ef-
ective drug targets. Compared with the network-based
pproach for drug repurposing against monkeypox re-
orted by Tang et al. 44 , this study expands the scope by
9

ot only focusing on virus-targeted proteins but also in-
orporating host proteins into the analysis. 

This study identified MIP and MMIP as pivotal pro-
eins within the human PPI network that interact with
PXV, making them potential drug targets. The signif-

cance of these findings lies in the possibility of devel-
ping antiviral strategies that target conserved host pro-
eins, which could be effective against multiple viruses,
ncluding MPXV. MIP was notably enriched in two im-
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une system pathways: chemokine signaling and natural
iller cell-mediated cytotoxicity. The functional roles of
hese proteins in immune responses and their centrality
n the PPI network suggest that they may be key regu-
ators of viral infection. This aligns with previous reports
ndicating that viruses often target central hubs in the hu-
an interactome. 45 By quantifying the centrality of these
roteins, the research provides a foundation for develop-
ng broad-spectrum antiviral drugs. Future studies should
elve into the functional roles of these identified proteins,
xperimentally validate their targets, and explore drug
evelopment strategies. 

In this study, 478 potential anti-MPXV drugs were
dentified by network analysis. Three drugs in particu-
ar —fostamatinib (DB12010), trilostane (DB01108), and
aloxifene (DB00481) —were predicted to simultaneously
nhibit both viral and host proteins within the virus–host
etwork. Among them, fostamatinib was previously pre-
icted to be an anti-MPXV drug. 17 , 44 Fostamatinib be-
ongs to the protein kinase family. 32 It is involved in many
mportant biological processes and has a variety of ther-
peutic effects, such as inhibiting the activity of multi-
le receptor tyrosine kinases. 32 This drug has also been
ound to inhibit the formation of neutrophil extracellular
raps induced by plasma from COVID-19 patients, making
t one of the potential candidate drugs that may reduce
he immunopathological process of COVID-19. 46 

This study has two limitations. First, the PPI network
etween humans and MPXV is incomplete, with only 113
ut of over 180 MPXV proteins included. Therefore, fur-
her research is required to establish a more complete PPI
etwork between MPXV and humans. Despite the limi-
ations of the current PPI network, some potential anti-
PXV drugs have been successfully predicted on the ba-

is of available data. Second, the predicted drugs must
ndergo further experimental validation to confirm their
fficacy. Some drugs, such as fostamatinib (DB12010),
rilostane (DB01108), and raloxifene (DB00481), have
een approved for marketing and are important for dis-
upting the virus–host network. These drugs can be prior-
tized for validation. 
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