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Abstract 

Animal viruses, such as SARS-CoV-2, have demonstrated the current reality of global viral 

threats. SARS-CoV-2 crossed species barriers and caused an unpredictable pandemic 

within the human population. Antivirals are medications with activity against a specific 

virus. Several antivirals have demonstrated a profound activity, supporting the importance 

of further antiviral elaboration in viral disease management. Currently, the emphasis is on 

broad-spectrum antivirals (BSAs), compounds with activity against a broad range of 

viruses and their drug-resistant strains and variants. The favorable method of BSA 

development is drug repositioning. Drug repositioning displays a rapid, cost-efficient, and 

reduced-risk approach in the search for new indications of already available medications. 

The most critical phase of drug repositioning is in silico discovery of a new indication of 

BSAs. To perform such discoveries, researchers need a database summarizing BSA 

activities. BSA databases could help identify the most promising few of thousands of 

potential BSAs to prioritize their development during the critical period between the 

identification of a new virus and the development of virus-specific vaccines, drugs, and 

therapeutic antibodies. 

My aim was to assemble a resource for the exploration and analysis of BSAs and to develop 

a new method to identify the most promising BSAs for viral pandemic preparedness. 

Here, I describe the integrative and interactive DrugVirus.info 2.0 portal that allows 

exploration and analysis of BSAs. I further describe a new method of selecting the most 

promising BSAs among 255 drugs present in the DrugVirus.info database based on BSA-

target relevance, routes of administration, phylogeny- and structure-activity relationship, 

and immunomodulatory properties analyses. Thus, my study promoted the discovery and 

development of promising broadly-effective antiviral therapies. 
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Sammendrag 

Utbruddet av SARS-CoV-2 har demonstrert realiteten av globale virale trusler. SARS-CoV-

2 krysset arts barrierer og forårsaket en pandemi som verden ikke var forberedt på. 

Antiviraler er medikamenter som hemmer formeringen av ett spesifikt virus. Flere slike 

antiviraler har bevist utslagsgivende effekt mot virus. Dette illustrerer viktigheten av 

forskning på antivirale medikamenter, som i fremtiden vil være viktige forkjempere i 

kampen mot virus-relaterte sykdommer. Det nåværende fokuset er på utviklingen av 

bredt-spektret antivirale legemidler (BSA), som er medikamenter med effekt mot et bredt 

spekter av virus og deres medikamentresistente varianter. Den mest utbredte metoden for 

utvikling av BSA er reposisjonering av medikamenter. Denne metoden utgjør en rask og 

kostnadseffektiv tilnærming med redusert risiko i søken etter nye indikasjoner av 

eksisterende medikamenter. In silico oppdagelse av disse nye indikasjonene er den første 

og viktigeste fasen innen reposisjonering av medikamenter. For å kunne avdekke nye 

indikasjoner er man avhengig av databaser som integrerer mulige BSA aktiviteter. Slike 

databaser vil være verdifulle i identifiseringen av de mest lovende BSAene fra en samling 

av flere tusen mulige BSAer. Disse forberedelsene vil gjøre det mulig å prioritere 

utviklingen av lovende BSAer i den kritiske perioden mellom identifikasjon av et nytt virus 

og fremstillingen av virus-spesifikke vaksiner, medisiner og terapeutiske antistoffer.  

Formålet med masteroppgaven var å utarbeide en ressurs som samler og analyserer 

BSAer, samt å etablere metoder for å identifisere de mest lovende BSAene som 

forberedelser mot fremtidige globale virale trusler. 

I denne masteroppgaven beskriver jeg den integrerende og interaktive DrugVirus.info 2.0 

databasen som muliggjør analyse og visualisering av BSA aktivitet. Videre beskriver jeg 

en ny metode for å selektere de mest lovende BSAene innad i DrugVirus.info databasen. 

Denne metoden er basert på evaluering av BSA komponenter som påvirker antiviral 

aktivitet; BSAenes målgrupper av gener og proteiner, administrasjonsveier, fylogeni- og 

struktur-aktivitetsforhold, og immunomodulatoriske egenskaper. På denne måten bidro 

studiet mitt til oppdagelse av potensielle bredt-spektrede antivirale medikamenter. 
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1 Introduction 

1.1  The scope of past and presently virology 

1.1.1 Emerging viral strains  

Humans had faced viruses long before our kind evolved into its modern form. For certain 

viral diseases, antiviral drugs and vaccines have assisted in reducing viral pathogenesis 

and spread, and even contributed to the total eradication of viral pathogens. The 

development of Highly Active Antiretroviral Therapy (HAART) in managing Acquired 

immune deficiency syndrome (AIDS) has made it possible for infected individuals to live 

with the causative virus, human immunodeficiency virus (HIV) (1). Further, the 

development of the Smallpox vaccine resulted in entire eradication of the variola virus (2). 

Contempt historical successes, outbreaks of severe viral pandemics during the twenty-first 

century demonstrate that viral diseases still are a significant health burden worldwide. 

Viruses have the potential to spread to a specific geographic area or globally, causing 

epidemics and pandemics, respectively (3, 4). Emerging viruses include recently 

discovered viruses with increased incidence or potential to increase in incidence (3). Such 

Emerging viral infections cover both newly emerging and re-emerging viral diseases (4).   

Most of the emerging viruses are zoonotic viruses spilled over from animals to humans, 

causing disease in the human population (5). Such zoonotic viral diseases, zoonoses, 

appear when people contact animals carrying the disease. Indeed, zoonoses are at high 

risk of causing pandemics and endemics, potentially introducing an uncharacterized 

pathogen into the population (6, 7). Emerging zoonotic viruses such as Influenza A (FLUAV) 

(8-12), Ebola virus (EBOV), Marburg virus (MARV) (4, 13-15), and Zika virus (ZIKV)(16, 

17), comes to the surface from natural reservoirs regularly, representing global threats (4, 

18-20). Another example of zoonosis is the recently emerging Severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) and former endemic causing coronaviruses such as 

SARS-CoV and Middle east respiratory syndrome coronavirus (MERS-CoV) (4, 21). Further, 

the vector-borne transmitted Dengue virus (DENV) is known for causing recurrent 

endemics (16, 22). Also, the ongoing HIV/AIDS pandemic in African regions costs several 

million lives yearly (Figure 1) (4, 23). 
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Figure 1: Timeline of past and present emerging viral strains. Presented is the time of 

outbreak, number of cases, and case fatality rate (CFR), when applicable. Upper part: FLUAV 

pandemics: 1918 Influenza A/Spanish flu (H1N1 subtype); Asian flu (H2N2 subtype); 1968 flu 

pandemic/Hong Kong flu (H3N2 subtype); and 2009 flu pandemic/Swine flu (H1N1/09 

subtype). Current circulating FLUAV strains appear as seasonal epidemics, mainly caused by 

H2N2 and H1N1/09 subtypes. Emergent coronaviruses (CoVs) include SARS-CoV initially 

identified in 2002, and MERS-CoV in 2012, both causing endemics. Also designated is the 

recent pandemic of SARS-CoV-2. Further, the timeline shows the first detection of ZIKV, DENV, 

and HIV/AIDS, which still have incidences in the human population. Lower part: shows MARV 

and EBOV endemic outbreaks. MARV was first recognized in 1967 and EBOV in 1976, followed 

by regional epidemics.  

1.1.2 Classification of viruses  

Once a viral outbreak emerges, a specified classification of the new virus is crucial. 

Accordingly, new viruses are introduced into the pool of previously announced viruses, 

generating a framework for connecting viral strains. Therefrom, predications of virus 

properties can be made, and potential evolutionary relationships can be revealed (24). The 

international committee on Taxonomy of Viruses (ICTV) provides a universal taxonomic 

classification and nomenclature of viruses as guidelines for specific naming conventions 

(25, 26). Such taxonomy allows arrangements of an emerged virus into realm, kingdom, 

phylum, class, order, family, and genus (26). 

Alongside ICTV, Baltimore classification (BC) is a system that organizes viruses based on 

the structure of the virion nucleic acid and replication of their virus genome (Figure 2) (27). 

Group I and II comprise deoxyribonucleic acid (DNA) viruses with double-stranded DNA 

(dsDNA) and single-stranded DNA (ssDNA) genomes, respectively. (27-29). Group III, VI 

and V cover ribonucleic acid (RNA) viruses. Group III include dsRNA, meanwhile, group IV, 

and V comprise viruses with positive-sense ssRNA ((+)ssRNA) and negative-sense ssRNA 
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((-ssRNA) genome, respectively. Furthermore, the last two groups consist of viruses which 

produces an intermediate in their replication cycle. Group VI include ssRNA viruses with a 

DNA intermediate (ssRNA-RT) and group VII contains dsDNA viruses with an RNA 

intermediate (dsDNA-RT) (27, 28). 

 

Figure 2: Baltimore classification. The figure illustrates the seven BC groups (I-VII) with 

its replication strategy. Group I, dsDNA viruses have the same replication strategy as cellular 

life forms. Meanwhile, group II ssDNA viruses replicate through rolling-circle (circular genome) 

or rolling harpin (linear genome) mechanisms. The ssDNA genome must be transcribed into 

dsDNA by DNA-dependent DNA polymerases (DdDp). Group III contains dsRNA viruses, which 

transcribe the negative strand of dsRNA into mRNA by RNA-dependent RNA polymerase (RdRp). 

Group IV, (+)ssRNA viruses do not typically need transcription. However, (+)ssRNA viruses 

will produce positive-sense copies of the intermediate dsRNA genome, using a negative-sense 

strand as a template. Group V, (-)ssRNA viruses copy their genome directly from their 

negative-sense strand. Group VI and VII, ssRNA-RT, and dsDNA-RT viruses, use reverse 

transcription (RT) for replication. ssRNA-RT first transcribes their linear genome into dsDNA 

through RT. The dsDNA-RT group produces pregenomic RNA from dsDNA, followed by RT, 

resulting in newly produced dsDNA. 

1.1.3 What happens when we get infected: our normal host immune response and 

inflammatory answer to viral infections 

Host responses, such as Immune responses and inflammatory pathways are initiated by 

pattern recognition receptors (PRRs) which recognize specific components of viruses. This 

leads to signaling events and subsequently activation of innate immune cells and cytokines. 

The cytokine milieu generated decides the role of adaptive immune responses. Ideally, 

such immune responses and inflammatory stages favor viral clearance. However, the host 

response generated can cause damage to host self-cells. Thus, there is a fine balance of 

the immune system, where disruptions of this homeostasis can result in viral persistence 

or host tissue and cell damage (30). The following text explains briefly concepts of viral 

recognition, initiation of inflammation and adaptive responses to viral infections. 
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Once a virus enters a host, small molecular motifs such as pathogen- and damage-

associated molecular patterns (PAMPs and DAMPs, respectively) are recognized by PRRs 

(31). The pattern of PRR activation determines the innate immune events, resulting in 

stereotyped inflammatory answers (31, 32).  An example of PRRs includes Toll-like 

receptors (TLRs), which have vital roles in innate immune responses to viruses (30, 31, 

33, 34). TLRs are expressed on a variety of innate immune cells, both on extracellular and 

endosomal compartments. TLR recognize different types of viruses (30, 35). TLR3 

recognizes dsRNA viruses and viruses that generate dsRNA through their life cycle. TLR7 

and TLR8 respond to ssRNA. Diversely, TLR9 recognizes dsDNA viruses (30, 35). 

Furthermore, TLR2 and TLR4 are implied in the detection of viral glycoproteins (30, 33, 35, 

36). Cells also constitute cytoplasmic sensors, RIG-I-like receptors (RLRs). RLRs are RNA 

helicases, located in the interior of cells and recognize RNA viruses. Examples of RNA 

helicases are retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-

associated protein 5 (MDA5). RIG-I recognizes 5-thriphosphorylated ssRNA and short 

dsRNA. Contrarily, MDA5 recognizes longer dsRNA. (35, 37). Figure 3A illustrates PRR 

recognition of dsRNA, dsDNA and ssRNA viruses. 

PRR signaling encourage the activation of the transcription factors NF-kB and AP-1 which 

results in the production of pro-inflammatory cytokines, such as interleukin 1 (IL-1), IL-

1, Tumor-necrosis factor  (TNF-), and IL-6. These pro-inflammatory cytokines further 

stimulate the recruitment of immune cells. Furthermore, IRF7 and IRF3 result in type I 

interferon production, as IFN- and IFN-. This Interferon production enhances the 

induction of interferon-stimulated genes (Figure 3A) (38, 39). All these contributions 

encourage the activation of inflammatory immune cells and pro-inflammatory cytokines.  

Inflammation can cause damage to self-cells when the amount of pro-inflammatory cells 

and molecules exceeds a certain threshold. This overwhelming cytokine production is 

termed “cytokine storm” or “cytokine cascade” which occasionally lead to tissue damage 

(32, 40). Thus, blockade of PRRs might alleviate damaging inflammation associated with 

viral infections, such as those generated with SARS-CoV-2 (39). However, deficient 

immune activation and inflammatory responses would favor viral persistence.  

Some viruses trigger innate immune cells such as macrophages (MF), DC, and natural killer 

(NK) cells to produce anti-inflammatory molecules as IL-10 and transforming growth 

factor- (TGF), which inhibits further inflammatory events. An anti-inflammatory milieu 

upon viral infection would favors viral pathogenesis (31). Accordingly, the balance of our 

immune system, including the inflammatory stage, is central to a successful host response 

to viral infections (Figure 4). 
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Innate immune responses initiate adaptive immune responses. Viral antigens are taken up 

by dendritic cells (DC) and presented to naïve CD4+ T cells in draining lymph nodes. 

Depending on which cytokine milieu present, different T-helper cell (Th) responses are 

generated (Figure 3B) (31). This cytokine milieu varies extensively for different viruses, 

depending on route of infection, viral load, and host cell type infected (41-43). These Th 

subsets produce diverse cytokines, and have characteristic effects on immunological 

processes.  

 

Figure 3: Host responses during viral infection. A. Common signaling receptors for dsRNA 

dsDNA, and ssRNA. Downstream signaling lead to the activation of the transcription factors 

IRF3, IRF7, NF-k and AP-1. These are involved in the generation of inflammatory processes. 

Inflammation is crucial immune defense in clearance of viral pathogens. In cases where innate 

immune responses fail to clear the virus, adaptive immune responses are generated. B. DCs 

present viral antigen to naïve CD4+ T cells in draining lymph nodes, resulting in activation of 

different Th cell subsets, including Th1, Th17, Tregs, Th2 and Tfh cells. Th1 responses are 

most frequently observed against viral pathogens, involving the production of pro-

inflammatory cytokines and cell-mediated immunity. Th2 and follicular T helper cells (Tfh) 

responses are important for activation of B-cell effector function and thus the production of 

neutralizing antibodies. Treg responses are on the other hand associated decline of 

inflammation. Th17 responses are important for recruiting neutrophils to the site of infection, 

but also avoidance of excessive immune responses.  
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Figure 4: Factors affecting homeostasis of inflammation. Several molecules are 

associated with anti-inflammatory and pro-inflammatory appearances. Cells producing 

cytokines such as IL-10 and TGF- contributes to an anti-inflammatory milieu. Also, Tregs, and 

inhibitory receptors as CTLA4 and PD1 are associated with anti-inflammatory progressions. 

Cells producing cytokines such as IL-2, IL-6 and TNFs generate a pro-inflammatory milieu. 

Other components which enhance inflammation are matric metalloproteinases (MMPs), 

chemical mediators as histamine and cyclooxygenases (COX) and several chemokines. An 

exaggerated inflammatory process is associated with tissue damage. On the other hand, the 

risk of viral persistence increases when components of the inflammatory process are inhibited.  

1.2  Broad-spectrum Antivirals 

Vaccines is a powerful tool for preventing incidences of emergent viruses once it has been 

described within the society, with potential to achieve widespread immunization in 

populations (44, 45). However, Vaccine targets remain undefined before an outbreak 

occurs (7). Therefore, a central challenge arises from vaccination: To predictively develop 

vaccines against emerging and resistant strains that might arise in the future (46). Another 

major hurdle is immunocompromised individuals, which will not respond robustly to 

vaccination (47).  

This can be alleviated by using Antiviral drugs, a class of medications that targets specific 

viruses. Antivirals work by inhibiting the virus from multiplying but do not deactivate or 

destroy the virus particles (48-50). Antivirals can be divided into antiviral agents and 

antiviral drugs. Antiviral agents are molecules that have gone through preclinical stages 

for certain viruses, yet not approved for therapeutical use. On the other hand, antiviral 

drugs are approved for pharmacological use (46).  

Antivirals selectively inhibit unique viral proteins, providing one drug, one bug solution. In 

contrast, Broad-spectrum antivirals (BSAs) can target multiple viruses and genotypes. 

Accordingly, BSAs inhibits common viral protein functions or common host factors required 

by several viruses (49). Nucleoside and nucleotide analogues are an excellent example of 

medications with antiviral activities, which inhibits replication and transcription of the viral 

genome (18, 50). They function by replacing viral nucleotides, terminating the synthesis. 

For example, Ribavirin works by inhibiting viral DNA or RNA synthesis. Ribavirin is approved 
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in the treatment of Hepatitis C virus (HCV), Respiratory syncytial virus (RSV), and FLUAV, 

and is implied in the treatment of vesicular stomatitis virus (VSV) (49, 51-54). Vidarabine, 

another nucleoside analogue, is currently approved to treat dsDNA viruses such as herpes 

simplex virus (HSV) and varicella-zoster virus (VZV). Other approved antiviral drugs 

include rimantadine, zanamivir, and oseltamivir for the treatment of influenza viruses (54). 

Also, contempt inconsistent proposals, FDA recently approved the use of remdesivir in 

hospitalized COVID-19 patients and in individuals with high-risk of hospitalization (55, 56) 

(Table 1). 

Table 1: Approved BSA drugs in clinical use. FDA Approved antiviral drugs in the treatment 

of HSV, VZV, HBV, HIV, FLUV, human cytomegalovirus (HCMV), human papillomavirus (HPV) 

infections and SARS-CoV-2. The table includes antiviral name, brand drug name, approved 

clinical use, and if the antiviral is viral- or host-directed. The newest approved (remdesivir) 

and oldest approved (trifluridine) antivirals are shown from the top left panel to the bottom 

right panel. The information is retrieved from FDA, E.D.Clerq et al., and D.R.Tompa et al. (54, 

57). ^ Discontinued monotherapies; * Avigan (Japan), and Zostex against VZV (Europe).  
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These examples underline the importance of antivirals in viral disease management. 

Particularly, BSAs are favorable for treating viral co-infections, reducing the therapy 

complexity. BSAs can predictively be developed before an emergent strain appears in a 

population, thus having an advantage over vaccine development. Further, BSAs are 

propitious substitutes to vaccination programs, for instance, in immunocompromised 

individuals, meanwhile pending vaccine development, prophylaxis of acute viral infections, 

and demote pathogenesis once infected (18, 46, 47).  

 

1.3  Prediction of BSA activity 

1.3.1 Drug target relevance: Host- and viral-directed BSA targets 

BSA activity can be evaluated by investigation of several components. This includes for 

instance drug-target relevance (TR), which defines a BSA potential to target mechanisms 

important for viral replication. If a BSA target is associated with the replication of a virus 

of interest (Voi), the BSA is more likely to succeed in treatment strategies.  

BSAs can be divided into virus-directed and host-directed BSAs (52, 58). Virus-directed 

BSAs target viral proteins essential for viral replication, such as proteins of the viral 

envelope or nucleic acids. Host-directed BSAs are those targeting cellular factors essential 

for viral replication (46). Virus-directed BSAs have less potential for toxicity compared to 

host-target BSAs (52). Further, host-directed BSAs are not selective and modulates the 

activity of major host-derived factors and pathways. Host-directed BSAs are therefore 

associated with a higher barrier to drug resistance than virus-directed BSAs (46, 52, 58-

60).  

RNA viruses encode an RNA-dependent RNA polymerase (RdRp) used for genome 

replication. Similar, viruses from BC groups VI and VII utilize viral derived reverse 

transcriptase (RT) for replication steps. BSAs targeting such viral proteins are therefore 

virus-directed BSAs (61).  

Several viruses are dependent on Adenosine 5´-Triphosphateases (ATPases) for viral 

entry, commonly localized on the host endoplasmic reticulum and plasma membranes. 

Therefore, BSAs targeting ATPases are host-directed (62-64). Also, both dihydroorotate 

dehydrogenase (DHODH) and inosine monophosphate dehydrogenase (IMPDH) has been 

related to the virus life cycle of several RNA viruses (65, 66). Other host targets include 

Heat shock proteins (HSPs), necessary for various stages of the viral life cycle (67, 68). A 

selection of host derived BSA targets important for various virus strategies can be retrieved 

in Table 2. 
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Table 2: Virus dependency on host targets. The table shows host-derived targets, cellular 

functions, and their importance in virus pathogenesis. Virus and target abbreviations can be 

retrieved in supplementary Table S.1 and Table S.3.1, respectively. 

Target Cellular function Virus Target viral use 

ABL 
Regulation of cell proliferation, 
differentiation, and actin 

reorganization. 

HCV Viral entry (69). 

ACE 
Renin-angiotensin system; 
wound healing and 

inflammation 

SARS-CoV-2 

 
Viral entry (70, 71).  

ADA Purine metabolism  
MERS-CoV Inhibits viral entry (72). 

HIV; MeV; KSHV; EBV Replication (73, 74).   

ADRA 
Regulation of neurotransmitter 
release 

FLUV Virus assembly (75). 

AKT PI3K-Akt signaling pathway 

FLUV 
Viral entry, internalization, and 

replication (76). 

EBV; HCV; HBV; HIV Several (76).  

CPXV; VACV Replication (77). 

ATPases Membrane transport MHV; FIPV; VZV; CoVs; ZIKV Viral entry (62-64, 78) 

CCR Inflammation 
DENV Replication (79). 

HIV Viral entry (80). 

CDKs 
Cell division control; 
Modulation of transcription 

HPV; hAdV; HIV; HSV; EBV; 
FLUAV; HTLV; ZIKV SARS-CoV-2; 

MERS-CoV; SARS-CoV 

Several (81, 82). 

CXCL8 Immunosuppression 
HCV Replication (83). 

HIV Nuclear translocation (84). 

DHODH Pyrimidine synthesis SARS-CoV-2; FLUAV; ZIKV; EBOV Replication (65). 

Eph-R 
Regulate movement, survival, 
and proliferation 

HCV; EBV; KSHV Viral entry, several (85, 86) 

ERBBs Development 
HCV; HBV Viral entry (86, 87). 

VACV Spread (77, 86). 

FGFs Development 

HSV; ZIKV; FLUV; DENV Replication (86, 88).  

HSV Viral entry (86). 

EBV Cell transformation (86). 

MERS-CoV Lung cell apoptosis (86). 

IMPDH 
de novo synthesis of guanine 
nucleotides 

CHIKV; JUNV; LASV; EBOV; ZIKV Replication (66). 

H-Ras Regulation of cell division HCV Viral entry (87). 

HSPs 
Regulation of environmental 
stress 

JEV; DENV; EV; VSV; hPIV; RSV; 
HCV 

Replication (67, 68). 

HSV Capsid transport (67, 68). 

HBV 
Nuclear import and RT activity 

(67, 68). 

JUN 
Proliferation, apoptosis, and 
survival of cells 

FLUAV (H5N1) Viral pneumonia (89). 

mTOR 
Regulate cell growth and 
protein synthesis 

hAdV Replication (77). 

HCMV; BKPyV; KSHV Several (90). 

MYC 
Regulation of cell proliferation 
and apoptosis 

EBV Replication, latency (91). 
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MAPKs Directing cellular responses 

AstV Translation (77). 

CV-B3; JUNV Replication (77). 

HCV Genome synthesis (77). 

NF-kB 
Controlling transcription of 

DNA, cytokine production and 
cell survival 

KSHV; MeV; RSV; WNV; HCV; EV; 

HSV; EBV; FLUAV; HBV; hRoV; 
POXV; VACV; VZV 

Inactivate NF-kB (92). 

KSHV; HSV; HIV; HBV; HPV; 

hRoV 
Activate NF-kB (92). 

PDGFR 
Regulating cell proliferation 
and differentiation 

KSHV Tumor progression (77). 

FLUV 
Viral entry and internalization 
(86). 

RAF 
Regulatory link between Ras 
GTPases and MAPK cascade 

HIV Synthesis and release (77). 

B19B 
Nuclear transport and capsid 

assembly (77). 

SIRT 
DNA repair; Proliferation; 
Metabolism 

HIV; FLUAV; HSV; HPV; HBV; 
HCMV; VZV 

Modulate histone modification on 
viral nucleosomes (93-95). 

VEGF Angiogenesis 
ORFV  Replication (77). 

EBV; KSHV; DENV; HSV Angiogenesis (96). 

 

Most Host-directed BSAs work by inhibiting host factors. However, some host-directed 

BSAs work to activate innate immune responses against viruses, such as IFNs. IFNs are 

natural host-directed activators that result in cellular antiviral responses and subsequent 

attenuation of viral replication (46). Also, some BSAs have both host- and viral-directed 

activity. For instance, ribavirin targets both RNA-dependent RNA polymerase (RdRp) and 

inosine monophosphate dehydrogenase (IMPDH) (52, 97). Similar, suramin simultaneously 

target host and viral related factors. Furthermore, some BSAs are administered as prodrugs 

and are dependent on activation by either viral or host factors for exerting their antiviral 

effect (46).  

1.3.2 Immunomodulaltory BSAs 

Immunomodulatory properties (IP) are important to predict prospective toxicity of 

investigated BSAs. Immunomodulatory antivirals cover all molecules with the potential to 

regulate components of our immune system. They work to either enhance or repeal 

immunological functions, specified as immunostimulatory or immunosuppressive drugs, 

respectively (98-100). Immunomodulatory drugs have been valuable in treating “cytokine 

storm syndromes”. Interestingly, the disease progression of many inflammatory 

syndromes shares similarities with viral pathogenesis. These features have been linked to 

FLUAV, HSV, HIV, MERS-CoV and SARS-CoV, but also implied in the recent emerging 

SARS-COV-2 (98, 101, 102).  

Immunosuppressive BSAs could be beneficial for the treatment of “cytokine storms”. 

However, such medications can prevent the development of adaptive immune responses, 
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allowing re-infections (58). Studies have shown a substantial correlation between a 

significant elevation of the pro-inflammatory cytokine IL-6 in severe COVID-19 cases 

(103). IL-6 are important for the recruitment of innate immune cells and the generation of 

inflammation. Accordingly, treatment of anti-inflammatory medications, such as anti-IL6 

would prove beneficial for reducing adverse reactions seen in SARS-CoV-2. Similarly, the 

immunosuppressive agent hydroxychloroquine has been proposed as a potential treatment 

for severe COVID-19 cases. However, the risk of adverse effects outlines the potential 

clinical benefits (104). Like immunosuppressors, immunostimulatory medications are also 

related to adverse effects. Potent immunostimulatory BSAs could lead to the activation of 

cytokine storm events and subsequent tissue damage (58). Nevertheless, precise data on 

immunomodulatory activities are currently scarce (101).  

1.3.3 Other components that can predict BSA activity  

TR and IP are only a fraction of BSA activity components to be studied. BSAs can also be 

evaluated by Phylogeny- and structure- activity relationships. Structure-activity 

relationship (SAR) analysis reveal chemical structural similarities between BSAs, achieving 

clusters of comparable BSAs. Such analysis makes it possible to draw structural parallels 

between BSAs, but also the identification of compounds related to known BSAs. If the BSA 

is identical to a drug that has already been established against the Voi, the BSA is more 

likely to be profitable. Phylogenetic (Phyl) analyses are vital in virus exploration, especially 

in fields of viral epidemiology and diagnostics. Phylogeny investigates trait variations that 

can be measured for a group of viruses, thus revealing evolutionary parallels between 

viruses. For example, a BSA is more likely to be effective against a Voi if the BSA has 

already been approved for a virus closely related to the Voi (46).  

Further, Drug developmental status (DDS) can predict a BSAs success. An investigational 

BSA identical to an approved drug is more likely to succeed than agents only passed in 

vitro testing. Also, BSAs require a Route of administration (RoA) that fits the viral 

pathogenesis and infection area. Typically, viruses tend to infect more than one specific 

organ system, thus having a widespread diseased system.  For instance, EBV infections 

mainly affects the cardiovascular system (105). In this case, favorable BSAs are those 

administered intravenous, such as remdesivir. Most of the developed BSAs are only orally 

available, due to ease of development and distribution on the market (46). All these BSA 

activity components are crucial when evaluating a BSAs potential to produce a desired 

therapeutic effect in patients (Figure 5). 
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Figure 5: Components of BSA activity prediction. A variety of BSA components can be 

evaluated to assess BSA activity against a Voi. BSA target relevance (TR) involves the 

exploration of BSA targets, if a BSA target component(s) important for virus pathogenesis. By 

evaluation of Immunomodulatory properties (IP), BSA toxicity can be predicated. Potent 

immunomodulatory medications are commonly associated with adverse effects in patients. 

Thus, BSAs with no immunomodulation are likely to be beneficial. Furthermore, Phylogeny 

(phyl)- and structure-activity relationships (SAR) analysis connects evolutionary parallels 

between viruses and structural similarities between BSAs, respectively. Also, the Route of 

Administration (RoA) is essential when predicting BSA activity. A BSA must fit the Voi diseased 

system to be an efficient treatment alternative. Drug developmental status (DDS) denotes 

current developmental stage of the BSAs. 

 

1.4 Drug development: from in silico explorative studies to clinical trials 

1.4.1 Traditional drug developmental phases 

Before a drug can enter the pharmaceutical market as a licensed medicine, there are 

several authorization steps. It takes on average ten years for a new drug to complete the 

process from initial detection until its approval (106). Within this time frame, there are 

four essential steps. These include the discovery of the novel drug, pre-clinical studies, 

clinical trials, and post-clinical studies (Figure 6A). 

The discovery of novel antiviral activities against a Voi is first explored in immortalized 

cells. Commonly, these cell cultures and co-cultures express suitable viral receptors for 

certain viruses, allowing the virus to enter the cells. Antiviral activities are further 

evaluated in pre-clinical stages, including in vitro and in vivo studies. In vitro studies 

comprise primary cells such as pluripotent stem cells (PSCs), induced pluripotent stem 

cells (iPSCs), and embryonic stem cells (ESCs) (18). Primary cells are isolated directly from 

tissue or blood and are highly specialized. iPSCs, ESCs, and other primary tissue cells are 

used to produce organoids, which are complex three-dimensional structures resembling 

organ-specific cell types. In vivo studies include immunocompetent or chemically 

immunocompromised animals. Here, the drug efficacy is elucidated by treating the animal 

with the drug and infecting it with the Voi (18, 106). 
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Clinical trials are the most time-consuming step in drug development. Phase 0 and I clinical 

trials include a few healthy volunteers. Participants in phase 0 are administered with 

subtherapeutic but pharmacologically active doses, assessing the bioavailability and half-

life of the drug (51, 107). However, phase 0 is often skipped (51). Phase I establish a 

general safety of drug dosage. Further, phase II and III includes testing on patients with 

the viral disease in question. Phase II involves testing on more people than phase I. 

Participants are administered the ideal therapeutic dose, assessing the efficacy and side 

effects. Phase III involves the most participants, including placebos and double-blind 

studies. Phase III assesses the drug efficacy, effectiveness, and safety and are considered 

the longest phase in clinical trials. After completing phase III, the drug enters phases IV 

and V for approval or disapproval by U.S Food and Drug Administration (FDA) and post-

market safety monitoring (51). 

 

Figure 6: Drug developmental steps and drug repositioning. A. Drug development starts 

with the discovery of novel BSA activities. Novel antiviral activity is evaluated by Antiviral 

efficacy and cytotoxicity measurements of compounds. Positive results are further evaluated 

in pre-clinical studies. Pre-clinical studies include both studies in primary cells (in vitro) and 

animal models (in vivo). Further evaluation of a drug is performed in clinical studies (phase 0-

III). Lastly, post-clinical studies involve post-marketing surveillance and examination of drug 

activity by the FDA. FDA decides if the drug should be approved for pharmaceutical use or 

discontinued, taken off the market. B. Drug repositioning makes it possible to skip time-

consuming clinical phases 0-I. 
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1.4.2 BSA discovery through repositioning  

Developing new drugs is a time-consuming, expensive, and high-risk process (108). 

Therefore, many commonly known antivirals are a product of drug repositioning (or 

repurposing; redirecting; reprofiling), an evolving approach for drug development. Drug 

repositioning aims to redirect marketed drugs to target another use outside its original 

indication (46, 51). For instance, the pharmacological nature of a drug off-target might 

present the prospect of treating other disorders (57). Accordingly, new medical uses can 

be identified for approved or investigational drugs, giving additional value to existing 

medications.  

Drug repositioning is a highly efficient process compared with traditional drug development 

and decreases the time cost significantly (57, 108, 109). Drug repositioning makes it 

possible to skip both pre-clinical stages and phase 0-I of clinical trials, as these stages are 

unspecific for any new indication of drug activity. Therefore, synthesis, manufacturing, 

safety profiling, pharmacokinetic evaluation in animal models, and early clinical 

developmental steps are already available (51, 57, 108, 109). Since safety profile of 

repositioned drugs are previously confirmed, drug repositioning holds a higher rewards 

with lower risk compared to traditional drug development (108). Further, by repositioning 

BSAs, the cost-effectiveness would increase even further, as the overall developmental 

cost can be distributed across many viral indications (46). 

Normally, drug repositioning consists of three steps before potential approval of the 

candidate drug (Figure 6B). The first and most critical step includes “indication discovery”, 

to detect drug candidates for a given indication. This step includes in silico explorative 

studies (110). In silico studies can be both manually and algorithm-based screening. 

Manually studies include literature review and database searches, to obtain evidence for 

potential drug candidates. This method gives low throughput and is highly time-consuming. 

Manually generated studies are often preferred when less data is available, for instance in 

cases of newly introduced viruses. Plenty of algorithm-based screening methods can be 

applied, including signature matching, computational molecular docking, pathway, network 

mapping and Genome-wide association studies (GWAS) (108, 110-112). This method gives 

higher throughput than manually based studies. Algorithm-based screening is preferred 

when much data is available, such as in case of well-established viruses (110, 111).  

The following step includes experimental studies to confirm high-hit drug-virus interactions 

from phase 1, to identify the extent of antiviral activity of drug candidates for its new 

indication. Further, the BSA enter phase II and III, which assess the drug’s efficacy, 

effectiveness, safety, and side effects in patients (111). 
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1.4.3 Measuring antiviral efficacy and cytotoxicity  

The potential for a drug as an antiviral is often measured by the selectivity index (SI) or 

therapeutical index. These two parameters are relative to each other, giving the same 

relationship of measurements (this measurement is henceforward mentioned as SI). SI 

results from dividing antiviral cytotoxicity by antiviral efficacy (Equation 1) (113). Antiviral 

efficacy is often given by the half-maximal effective concentration (EC50), the concentration 

needed to obtain a 50% antiviral effect. Also, but less commonly, antiviral efficacy can be 

given as the half-maximum inhibitory concentration (IC50), which is a substance potency 

to inhibit 50% of viral replication. Cytotoxicity can also be given by IC50 but is furthermost 

given as the compound´s half cytotoxic concentration (CC50), which is the concentration 

that reduces the cell viability by 50% (113, 114). 

Equation 1: Selectivity index (SI). SI =  
CC50

EC50
 

An ideal drug should have a low active concentration, and a relatively high cytotoxic 

concentration (113). Accordingly, the greater the value of SI, the drug are more likely to 

gain approval for development, and the drug is less likely associated with high-risk in 

patients (107). Thus, SI reflects the window between antiviral efficacy and cytotoxicity. 

Antiviral efficacy can be measured experimentally by detecting viral nucleic acid, viral 

proteins, or infectious particles. The most used methods include plaque reduction assays, 

which detect infectious viral particles. These measurements designate viral infection for a 

variety of drug concentrations. Furthermore, cytotoxicity assays can be experimentally 

determined by monitoring cell viability or cell death. Cell viability assays include techniques 

such as metabolic assays and exclusion and reduction dyes. Likewise, cell death can be 

measured by apoptotic and metabolic assay, but also by staining and dye methods (51).  

EC50 and CC50 are often measured in cultures and co-cultures of immortalized cells in the 

exploratory phase of drug development. Pre-clinical in vivo studies measure the efficacy of 

antivirals by visualizing clinical signs and estimates the development of immunity and viral 

titers. Further, toxicological in vivo studies denote the maximum tolerated dose by 

measuring drug absorbance and duration (51).   

Another parameter which indicates drug activity is drug sensitivity score (DSS). DSS 

represent the normalized version of area under the curve (AUC), whereas AUC describes 

the total drug exposure at function of time. Thus, DSS quantify the sum of response 

intensity, and thus a drug´s sensitivity can be revealed across a broad range of viruses 

(115, 116). 
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2 Aims and Objectives of the project 

Over the past years, humans have faced several major viral epidemics and pandemics 

unprepared. During widespread viral outbreaks, vaccines and antiviral drugs have shown 

to be influential on the outcome. However, several hurdles are associated with vaccine use, 

such as the appearance of vaccine-immune viral strains. Also, vaccine and drug 

development are highly time-consuming, which is not time matching when a pandemic has 

already emerged. This is solved by drug repositioning, which offers a rapid and low-cost 

approach against emergent viruses. As preparation for drug repositioning steps, databases 

summarizing material on antiviral research and methods for identifying the most promising 

BSAs are essential. 

Subsequent to the SARS-CoV-2 emergence, the crowded material and information on 

antiviral activity became even harder to follow. To assemble and review BSA activity, my 

research team generated DrugVirus.info database containing safe-in-man BSAs. I aimed 

to enrich this BSA database, which facilitated the visualization and comparison of antiviral 

activities. Accordingly, we managed to expand the already available BSA information from 

DrugVirus.info and incorporated BSA-containing drug combinations (BCCs) into the portal 

(DrugVirus.info 2.0).  

Furthermore, drug repositioning includes an initial and vigorous step: discovery and 

identification of new BSA attributes. For that purpose, we generated a six-component BSA 

scoring system to evaluate BSA activities. Thus, my aim was to examine components within 

the BSA-scoring system, to select promising BSAs for drug repositioning and for evaluation 

in combinations. To investigate promising BCCs, we developed a four-component BCC 

scoring system. Together, these scoring systems enabled the prediction of both BSAs and 

BCCs against potential pandemic viruses.  

 

Accordingly, this thesis will address the following treads: 

• Development of DrugVirus.info 2.0 BSA database by manual in silico curation of 

peer-reviewed scientific literature.  

• Development of BSA scoring system for prediction of a few from 255 most promising 

BSAs. 

 

 

 

https://drugvirus.info/
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3 Material and Methods 

Data material for this thesis work was obtained through a comprehensive literature and 

database search in each section, divided into two parts: the generation of DrugVirus.info 

2.0 database and a BSA scoring system. Each part consists of separate sections. Each 

section describes search strategy and selection criteria, and data curation. Snapshots of 

excel files were added as illustrations of data curation.  

Part 1: DrugVirus.info 2.0 database 

My contributions in developing the DrugVirus.info 2.0 database was to expand the initial 

BSA database and in silico assemblage of antiviral activities from published scientific 

papers. These two contributions were used to create the final DrugVirus.info BSA database.   

3.1 BSA database expansion 

3.3.1 Search strategy and selection criteria 

The initial population of DrugVirus.info BSA database provided within my research group 

was expanded with experimental, investigational, approved, and withdrawn BSAs. To 

identify those BSAs, antivirals were inspected by their antiviral activity. Only antivirals with 

activity against more than two different viruses within two different viral families were 

included. Accordingly, antivirals with activity against less than two viral families were 

excluded from the database, as they do not meet the criteria for being BSA. Other exclusion 

factors include illicit drugs, mixtures, metals, and exclusively veterinary drugs.   

3.3.2 Curation of data output 

For each BSA, the drug name(s), approval status, primary activity indication, potential 

target, mode of action, PubChem ID, DrugBank ID, and InChl key were recorded. 

 

Further, drug-virus interactions were recorded. The viral target name and abbreviation, BC 

(virus group), virus family, and viral disease were recorded for each drug. Also Recorded 

was the developmental status of the drug-virus interactions. 
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This section was performed by all group members within my research group. Data 

assembled was added to the DrugVirus.info 2.0 BSA database, represented in a heat-map. 

This BSA collection was used in all further sections described in this thesis. 

 

3.2  In silico assembly of antiviral activity 

3.2.1 Search strategy and selection criteria 

A manual literature search in PubMed was performed of all BSAs within our database. The 

searches included the respective BSAs and the following keywords: “EC50” and “CC50” or 

“IC50” and “CC50” or “selectivity index” or “antiviral activity” and “cytotoxicity”. The 

searches were restricted to “antiviral activity” only to identify articles involving viral 

activity. Selected papers were reviewed, and the most applicable were included. Excluded 

papers include those not reporting the cell line used in measurements. 

3.2.2 Curation of data output 

For each unique drug, the drug name, target virus, cell line, antiviral efficacy values, 

cytotoxicity values, SI values, and PMID reference were recorded when available. All data 

was gathered and presented in an excel-table. 

 

Standardized converting methods were used for converting antiviral efficacy and 

cytotoxicity values. Nanomolar (nM), micromole per milliliter (umol/mL), nanomole per 

milliliter (nmol/mL), and millimolar (mM) into micromolar (uM). Further, gram per liter 

(g/L), nanogram per milliliter (ng/mL), microgram per milliliter (ug/mL), gram per liter 

(g/L), and milligrams per liter (mg/L) were all converted. The molecular weights used for 

the respective BSAs were retrieved from the PubChem database, given in g/mol. The BSAs 

and their corresponding molecular weight used can be found in supplementary Table S.2.2. 

In cases where SI was not specified, BSA antiviral efficacy and cytotoxicity measurements 

were used to calculate SI, using Equation 1. Calculated SI was included for each BSA into 

the DrugVirus.info 2.0 BSA database. 
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Part 2: BSA scoring system 

My contributions to generating a BSA-scoring system were to evaluate BSA targets and 

immunomodulatory properties. Potential viral- and host targets have previously been 

investigated within my research group. This section was therefore indented as an 

expansion of already available information. Investigation of immunomodulatory properties 

was a new supplement to my research group. This, together with phylogeny- and structure-

activity relationship analysis, route of administration, and developmental status assessed, 

were used to generate suitable scores for each BSA (46). The two following sections 

describes search strategy and data curation in examinations of drug target relevance and 

immunomodulatory properties, followed by stepwise explanation of BSA-scoring system 

generation. 

3.3 Drug target relevance: BSA targets 

3.3.1 Search strategy and selection criteria 

BSA targets were retrieved and evaluated from three following databases: DrugBank; 

Therapeutic Target Database (TTD); and Drug Gene Interaction database (DGIdb). There 

were no criteria selected for database searches within DrugBank and TDD. Within DGIDb, 

only drug-host target genes with an interaction score of more than 0.1 were assembled. 

3.3.2 Curation of data output 

From DrugBank and TDD database, both viral proteins and host target genes were 

assembled. Viral proteins were recorded due to the lack of viral gene names. N.a. indicates 

when searches in DrugBank or TDD were not appearing or when the respective BSA did 

not have any reported targets. Furthermore, only host target genes were available within 

DGIdb. Within the DGIdb, N.a. indicates searches which were not appearing or when the 

drug-target interactions did not meet the search criteria. 

 

The targets were further evaluated based on their functionality. Targets that were found 

within the same protein family were clustered together. Both host and viral targets were 

illustrated in two manually made heat maps.  
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3.4 Immunomodulatory properties 

3.4.1 Search strategy and selection criteria 

Immunomodulatory properties were evaluated based on published scientific papers in 

PubMed. The manual PubMed searches included the BSA of interest and keywords such as 

“Immunomodulatory” and “Immunosuppressive” or “Immunostimulatory”. Furthermore, 

DrugBank ATC classification of “Antineoplastic and immunomodulating agents” (L) were 

used to support the immune-modulatory indications of all BSAs from the PubMed searches. 

Within this classification, DrugBank ATC sub-classification of immunosuppressive 

compounds (L04) and immunostimulatory compounds (L03) were used. 

3.4.2 Curation of data output 

For each drug, immunomodulatory property (yes or no), implied activity, and its effect on 

the immune system or inflammation was recorded. If the BSA were specified with 

immunomodulatory activities on the first five pages on a PubMed search, the BSA was 

recorded with “yes”. Similar, if the BSA was specified with no immunomodulatory 

appearances, the BSA were recorded with “No”. If immunomodulating activities were not 

apparent, the BSA was assumed to have nonobvious immunomodulatory appearances, 

designated with N.a. 

If a BSA were specified with “yes”, its indicated activity was recorded. The indicated activity 

was recorded as either immunosuppressive or immunostimulatory, as central separation. 

Some BSAs were identified with minor suppression of the immune system or with 

unspecified suppressive activity. These BSAs were therefore classified as “implied 

immunosuppressive”. BSAs with immunomodulatory properties that directly affected 

inflammation was specified with pro-inflammatory or anti-inflammatory activities. BSAs 

with overlapping activities were given more than one activity (e.g., immunosuppressive 

and anti-inflammatory, or anti-inflammatory and pro-inflammatory). Lastly, a more 

detailed description of the BSAs´ effect on the immune system or inflammation was 

recorded. 
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3.5 Generation of BSA-scoring system 

A six-component BSA scoring system was generated within my research group to identify 

the most promising monotherapies, covering different virus species within five Baltimore 

groups (group I, IV, V, VI, and VII). The BSAs scoring was based on giving each component 

a size, representing favorable and less favorable BSA properties. The following components 

(C) were used in the scoring system: Structure-activity relationship (SAR); Drug 

developmental status (DDS); Drug target relevance (TR); Drug immunomodulatory 

properties (IP); Route of administration (RoA); and Phylogeny (Phyl). Each of the 

respective BSAs was scored as follows (46): 

I. SAR component (CSAR) 

 If the BSA is identical to a drug which has been developed or is currently under 

development for the virus of interest (Voi), CSAR = 1; 

 If the BSA is structurally similar to a drug which was developed or under development 

against the Voi, CSAR = 0.5; 

 If the BSA has a distinct structure, CSAR = 0 

II. DDS component (CDDS), only applies to BSA with CSAR =1 

 If the BSA is approved or is in phase IV clinical trials against the Voi, CDDS = 1; 

 If the BSA is in phase I-III clinical trials, CDDS = 0.75; 

 If the BSA has been tested in vivo, CDDS = 0.5; 

 If the BSA has been tested in vitro, CDDS = 0.25; 

 If the BSA has not been tested, CDDS = 0; 

III. TR component (CTR) 

 If the confirmed primary target of the BSA in question is associated with Voi replication 

(the drug target is essential for Voi replication), CTR = 1; 

 If not, CTR = 0 

IV. IP component (CIP) 

 If the BSA does not interfere with host immune response, CIP = 1; 

 If the BSA is immunomodulatory, CIP = 0 

V. RoA component (CRoA) 

 If the Route of administration (RoA) of the BSA is well-suited for the diseased system 

(for example, inhalation of drug for treatment of respiratory viruses), CRoA = 1; 

 If not, CRoA = 0 

VI. Phyl component (CPhyl) 

 If the Voi is in the same genus as the virus for which the BSA has been developed, CPhyl 

= 1; 

 If the Voi is in the same family, CPhyl = 0.5; 

 If the Voi is in a closely-related family, CPhyl = 0.25; 

 If the Voi is distantly-related, CPhyl = 0 
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To calculate the final BSA score, the points across all six components were summated 

together, using the formula for BSA score: 

Equation 2: BSA score formula. 𝐵𝑆𝐴 𝑠𝑐𝑜𝑟𝑒 =  𝐶𝑆𝐴𝑅 + 𝐶𝐷𝐷𝑆 + 𝐶𝑇𝑅 + 𝐶𝐼𝑃 + 𝐶𝑅𝑜𝐴 +  𝐶𝑃ℎ𝑦𝑙 

For instance, the activity of Elvucitabine against HBV was scored at 4.5. Elvucitabine 

showed structural similarities to Lamivudine, which is currently approved for treating HBV, 

and therefore CSAR were scored to 0.5. Since CSAR were less than 1, CDDS equals 0. Further, 

elvucitabine blocks reverse transcriptase by inhibiting the viral enzyme reverse 

transcriptase, and thus CTR were scored 1. The BSA was not apparent with any 

immunomodulatory activities, and therefore CIP were also scored 1. Furthermore, 

Elvucitabine is orally developed, which fits HBV diseased system, which gives CRoA that 

equals 1. The BSA was initially developed for treating HIV, but are also indicated in the 

treatment of HBV, and therefore were CPhyl scored 1.  

The most promising BSA monotherapies were further evaluated in combinations by 

developing a four-coefficient BCC scoring system, to identify the most promising 

combinational therapies. This BCC scoring system were generated by coefficients for drug 

interaction, drug-target interaction, drug-target stage of replication and drug RoA.  
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4 Results 

As for methods, results are divided into two parts: Generation of the DrugVirus.info 2.0 

database and a BSA-scoring system. Certain figures are retrieved from the published 

article, Ianevski et al., Mono- and combinational drug therapies for global viral pandemic 

preparedness, 2022, for supportive means (46). 

 

 

Figure 7: Summary of results. A. Our database contains approved, investigational, 

experimental, or withdrawn BSAs. In total, the database consists of 255 BSAs, whereas 159 

are approved for pharmaceutical use in humans. B. Out of the 255 BSAs, 209 had known 

targets. Together, 1415 unique targets were identified. Interestingly 448 of these targets are 

commonly seen in two or more BSAs. C. 129 BSAs were identified with immunomodulatory 

properties. 22 BSAs where evaluated as suppressive of our immune system, meanwhile 12 

BSAs were indicated with stimulatory effects. The majority, 35 BSAs, were indicated as anti-

inflammatory, meanwhile 4 were indicated pro-inflammatory. D. Positive (SI > 1) and negative 

(SI  1) antiviral activity within each BC group. E. From our scoring system, illustrated is the 

amount of unique BSAs which scored above 4.5 within each BC group. 
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Part 1: DrugVirus.info 2.0 database 

4.1 BSA database expansion 

Our database expanded from 116 BSAs to 255 BSAs. These can be reviewed in the 

Drugvirus.info 2.0 BSA database. This is shown as an integrative heat-map of BSAs, which 

enables the visualization and exploration of BSA-virus interactions (Figure 8). 

 

Figure 8: DrugVirus.info 2.0 BSA heat-map. Figure illustrates a section of the BSA Heat-

map within DrugVirus.info 2.0 database. Shown is the BSAs on the vertical axis, and the virus 

targets on the horizontal axis. The viruses are categorized into its Baltimore class (virus group) 

in colors. Also indicated is the developmental status (status as antiviral) for each BSA, where 

grey shading designates BSA-virus interactions not studied or reported. BSAs are also ranged 

from the ones targeting the most viruses (upper), to the fewest (bottom).  

 

4.2 In silico assembly of antiviral activity 

The manual curation of >2000 PubMed articles allowed the assembly of CC50 and EC50 from 

published papers. SI could be calculated from these measurements, reflecting each unique 

BSA activity (Supplementary Table S.2.1). The SIs revealed several BSAs with positive and 

negative antiviral activities (Figure 7E). BSAs considered with positive antiviral activity 

were those gaining a SI > 1. BSAs with negative antiviral activity were predicated when SI 

< 1.  

Many already approved BSAs, with known antiviral activity against a particular virus, were 

indicated with high SI. Interestingly, several not-yet-approved BSAs were reported with 
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high SI against certain viruses. The majority of BSA antiviral activity was specified against 

ssRNA viruses. Especially Filoviridae and Orthomyxoviridae family of (-)ssRNA and 

Flaviviridae and Coronaviridae family of (+)ssRNA was most tested in vitro. Also, several 

BSA has been tested against Retroviridae family of the ssRNA-RT group. Within the dsDNA 

group, BSAs are mostly tested against the Herpesviridae family of viruses (Figure 9). 

Adefovir dipivoxil is approved for the treatment of HBV from the dsDNA-RT BC group. This 

BSA gained SI > 1 for dsDNA CPXV, VARV, and VACV and the ssRNA-RT HIV-1. Further, 

brivudine is approved for the treatment of the dsDNA BC group members HSV-1 and VZV. 

In searches, this BSA gained SI > 1 for other dsDNA viruses (CPXV, EBV, KSHV, HSV-2, 

MHV-68, RRV, and VACV). This was also the case for ganciclovir, which is approved in the 

treatment of HCMV (EBV, HHV-6, HHV-7, KSHV, HSV-1, HSV-2, MCMV, MHV-68, and RRV). 

Favipiravir is approved in Japan for treating influenza strains, and were found with SI > 1 

for (-)ssRNA EBOV and SFTSV, and (+)ssRNA SARS-CoV-2.  

Also, some BSAs showed positive results across a broad range of BC groups. This includes 

25HC, chloroquine, clofazimine, quinacrine, and tilorone with antiviral activity against 

dsRNA, (+)ssRNA and (-)ssRNA BC group; beclabuvir, berberine, erlotinib, and 

gemcitabine with antiviral activity against dsDNA, (+)ssRNA, (-)ssRNA, and ssRNA-RT BC 

group; lamivudine with antiviral activity against (-)ssRNA, ssRNA-RT, and dsDNA-RT BC 

group; minocycline, ritonavir, and sunitinib with antiviral activity against (+)ssRNA, (-

)ssRNA and ssRNA-RT BC group; mycophenolic acid and ribavirin with antiviral activity 

against dsDNA, (+)ssRNA, (-)ssRNA and dsRNA BC group; and adefovir dipivoxil with 

antiviral activity against dsDNA, ssRNA-RT and dsDNA-RT BC group. 

Furthermore, some discontinued BSAs (Table 1, ^) were suggested with positive antiviral 

activity against other viruses than their primary indication, within the same BC group: 

boceprevir, formerly against (+)ssRNA HCV, had positive antiviral activity against SARS-

CoV-2; vidarabine formerly against dsDNA HSV and VZV, with antiviral activity against 

CPXV, EBV, KSHV, MHV-68, and RRV; simeprevir formerly against (+)ssRNA HCV, with 

antiviral activity against SARS-CoV-2 and ZIKV; cidofovir formerly against dsDNA HCMV 

with antiviral activity against  hAdV, BKPyV, CPXV, EBV, HHV-6, HHV-7, KSHV, HSV-1, 

HSV-2, MPXV, ORFV, VARV, VACV, and VZV (See Supplementary Table S.2.3 for BSAs 

identified with positive and negative antiviral activity). 
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Figure 9: BSAs with SI > 1. The diagram shows the distribution of BSAs (outer lines) with 

positive antiviral activity against a particular virus within its BC group (mid-line).  
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In vitro tested monotherapies with CC50, EC50, and resulting SI values were included into 

the DrugVirus.info 2.0 BSA database. Data outputs are given as bar diagrams, which 

illustrates the respective BSA and target viruses. The bars indicate SI, which illustrates 

BSA antiviral activity against a particular virus. This enables the comparison of SIs for a 

broad range of viruses. For instance, remdesivir are approved for treating cases of SARS-

COV-2, and were found to have antiviral activity against a variety of RNA viruses. This can 

for instance endorse testing of remdesivir against other (+)ssRNA viruses (Figure 10).  

 

 

Figure 10: DrugVirus.info 2.0 bar-diagrams. Figure shows selected bar-diagrams 

presented in DrugVirus.info 2.0 database. SI values were calculated from EC50 and CC50, 

illustrated in separate diagrams within the database. The bars represent SI against a particular 

virus.  
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Part 2: BSA scoring system 

4.3 Components of the BSA scoring system 

We developed a six-component scoring system for predicting the most promising 

monotherapies. Components scored were Drug target relevance (DT), Immunomodulatory 

properties (IP), Route of Administration (RoA), Structure-activity relationships (SAR), 

phylogeny, and Drug developmental status (DDS). The following sections describe 

examination of these components.  

4.3.1 Drug-target relevance: Host and viral-directed BSA targets 

DT component was evaluated by the identification of host and viral-directed BSA targets. 

From database search, impressive 209 of our BSAs have known targets. Only a minor of 

our BSAs got no hits when searching for targets in all three databases. 1415 unique targets 

were identified for 209 of our BSAs, whereas 448 of these showed overlapping targets 

(Figure 7B). 

A cluster of BSAs was identified to target the gag-pol polyprotein of HIV-1, (adefovir 

dipivoxil; amprenavir; atazanavir; calanolide A; dapivirine; darunavir; didanosine; 

efavirenz; elvucitabine; emtricitabine; etravirine; indinavir; lamivudine; lobucavir; 

lopinavir; rilpivirine; ritonavir; saquinavir; sofosbuvir; stavudine; telbivudine; tenofovir; 

tipranavir; zalcitabine; zidovudine). Also, several BSAs was recognized in interfering with 

specific proteins of the DNA polymerase (acyclovir, adefovir, betulinic acid, brincidofovir, 

brivudine, cidofovir, famciclovir, foscarnet, ganciclovir, penciclovir, tenofovir, valaciclovir, 

valganciclovir and vidarabine). Further, galidesivir, GC-376, remdesivir and rilpivirine was 

found to target replicase polyproteins of Coronaviruses (Figure 11). 

 

Figure 11: Virus-directed BSA targets. Shown are the BSAs (horizontal axis), and virus 

target protein and gene names (vertical axis). Targets are marked in blue.  
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Further, several BSAs were identified with overlapping host targets. In searches, ATPases 

were targeted by several BSAs (artezunate, digitoxin, esomeprazole, etanercept, 

methotrexate, obatoclax, quercetin, saliphenylhalamide, and thapsigargin). Other targets 

implicated important in the viral life cycle include: DHODH (atovaquone, brequinar, 

leflunomide, and teriflunomide); IMPDH (AVN-944, cyclosporine, merimepodib, 

mycophenolic acid, ribavirin, selenazofurin, and taribavirin); HPSs (acetylsalicylic acid, 

bortezomib, chlorpromazine, cyclosporine, dasatinib, methotrexate, nitroprusside, 

quercetin, resveratrol, tamoxifen, thapsigargin, verapamil, and zalcitabine); ACE 

(chloroquine, fluvastatin, hydroxychloroquine, irbesartan, and nitroprusside); ABL 

(acyclovir, dasatinib, homoharringtonine, imatinib, regorafenib, and saracatinib); AKT 

(genistein, MK2206, nelfinavir, resveratrol, topotecan, and vemurafenib); CDKs 

(camptothecin, flavopiridol, selenazofurin, and sertraline); EPH-R´s (dasatinib, genistein, 

regorafenib, and vandetanib); FGF (indomethacin, pentosan polysulfate, sirolimus, and 

sorafenib); VEGF (fenofibrate, minocycline, sunitinib, and vandetanib); and NF-kB 

(artesunate, glycyrrhizin, luteolin, and tyrphostin AG1478). (Figure 12., See also the 

supplementary section S.3.1, Figure S.3.1 for all overlapping targets identified and Table 

S.3.1 for target clusters (*) and gene members).  

 

Figure 12: Host-directed BSA targets. Section of overlapping host target genes for each 

unique BSA, marked in yellow. * Includes >1 gene cluster.  
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ATPases* 1 1 1 9 1 9 1 1

CCR* 2 1 2 9

CDK´s* 1 1 9

CXCL8 9 9 1 9

DHODH 1 1 1 1

E2F1 9 9 9

EPH-R´s* 2 1 1 1

ERBB* 1 1 1 2 1 9 1 9 9 1 1

FCGR´s* 9 9 9 1

FGF* 9 2 9 9

HMOX1 9 9 9

HRAS 9 9 9

HSP´s* 1 9 9 9 9 9 9 9 9 9 9 9 9

ICAM* 9 9 1

IFNL* 9 9 9 9 9

IKBK* 9 9 9 1

IL10 9 9 9 9 9 9

IL2 9 9 9 9 9 2 9

IL2RA 9 9 9

IL6 9 9 9 9

IMPDH* 9 9 2 2 2 2 2

JUN 9 9 9 9

MAP3K* 9 9 9 2

MAPK* 9 9 9 1 1 9 9 2 1 9

MTOR 9 1 9 1 9

MYC 4 9 9

NFKB* 9 1 9 9

P2RY* 9 1 2

PDGFR* 2 2 1 1 1

PIK3Cs* 9 1 9 9 9 9 9

PRKC´s* 1 9 9 1

PTK´s* 9 9 2 1

RAF1 1 1 9

SIRT* 9 1 9

STAT* 1 9 9 9 9

TGFB1 9 9 9 9

TLR* 9 1 2 9 9 9 9 9

TNF* 1 1 9 1 2 9 9 9 9

TP53 9 2 9

TRP* 3 9 3 3 2 3 2 2 9

VEGF* 9 1 9 1

BSA

B. Host-directed BSA targets
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BSAs were accordingly identified with several viral and host targets, which are related to 

different virus strategies. Most virus-directed BSAs work by inhibiting viral nucleic acid 

synthesis or protein processing (Figure 13A). Host-directed BSAs were identified with more 

diverse mechanisms, including targeting lipid metabolism, receptor-mediated signaling and 

protein modification, trafficking, and synthesis (Figure 13B).  

 

Figure 13: Eye diagram of primary viral- and host-directed BSA targets. A. Virus-

directed BSAs linked to viruses through targets. B. Host-directed BSAs linked to viruses 

through targets. The figure are derived from a separate publication within my research group, 

Ianevski et al., Mono-and combinational drug therapies for global viral pandemic preparedness, 

2022 (46).  

4.3.2 Immunomodulatory BSAs 

129 out of 245 BSAs showed immunomodulatory properties (IP) (Figure 7C). 22 showed 

to be immunosuppressive and 12 to be immunostimulatory. Some BSAs was indicated with 

only minor suppressive activity on the immune system, compared with for instance the 

potent immunosuppressor sirolimus. Therefore, these BSAs are classified in a side-group 

named “Implied Immunosuppressive”. 

Several of the immunomodulatory BSAs showed to have activity on inflammation. There 

were identified 35 anti-inflammatory BSAs and 4 pro-inflammatory BSAs. Further, Some 

BSAs were indicated to affect both on immunity and inflammation, where 21 BSAs have 

both immunosuppressive and anti-inflammatory activity, and 2 BSAs have both 

immunostimulatory and pro-inflammatory properties. Furthermore, seven of the 

immunomodulatory BSA were not identified with any distinct activity and are therefore 

classified as “others”. The immunological and inflammatory groups mentioned above can 

all be shown in Figure 14 (See also the supplementary section S.3.2, Table S.3.2 for 

explanation of immunomodulatory classification). 

A B
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Figure 14: Immunomodulatory BSAs and their effect on the immune system and 

inflammation. Immunomodulatory BSAs were classified into immunosuppressive (orange) 

and immunostimulatory (green) BSAs. Within these groups, many showed to have 

inflammatory appearances, anti-inflammatory, and pro-inflammatory, respectively. Also, a 

side group of BSA with reducing activity of immunological functions is shown as “implied 

immunosuppressive”. The subgroups represent BSAs with both immunosuppressive and anti-

inflammatory characteristics (orange) and BSA with immunostimulatory and pro-inflammatory 

characteristics (green). Furthermore, some BSAs where identified as both immunostimulatory 

and immunosuppressive, in different circumstances (purple). Some BSAs were unclassified but 

are implicated as immunomodulatory (yellow). 

Several BSAs were identified with immunomodulatory targets. For instance, imatinib, 

tamoxifen, erlotinib, and methotrexate are all BSAs identified with several 

immunomodulatory targets, explaining their immunomodulatory actions. Many BSAs target 

similar clusters of immunomodulatory genes, indicating some functional and structural 

similarities between the targets (Figure 15). 

 

 

 

Immunosuppressive Immunostimulatory

Anti-Inflammatory

Pro-Inflammatory

ABT-737
Azacitidine
Brequinar
Cyclosporine
Dasatinib
Emetine
Erlotinib
Fludarabine
Gossypol
Irbesartan
Itraconazole
Leflumonide

Methotrexate
Mitoxantrone
Nifedipine
Querectin
Ritonavir
Sertraline
Sirolimus
Sorafenib
Teriflumonide
Zidovudine

Betulinic acid
Cepharanthine
Chicoric acid
Clomipramine
Doxycycline
Emodin
Etanercept
Eucalyptol
Fenofibrate
Fenretinide
Flavopridol
Fluoxetine

Formoterol
Genistein
GSK583
GSK717
Halofunginone
Imatinib
Leronlimab
Luteolin
Maraviroc
Merimepodib
Metformin
Minocycline

Mycophenolic acid
Nafamostat
Niclosamide
Nicotine
Nitazoxanide
Ouabain
Saikosaponin
Suramin
Teicoplanin
Topotecan
Valproic acid

Acetylsalicyclic acid
Amantadine
Amitriptyline
Artesunate
Azithromycin
Bexarotene
Bromocriptine
Caffeine
Cenicriviroc
Chloroquine
Chlorpromazine

Amiloride
Anisomycin
Glycyrrhizin
IL-7
Inosine
Ivermectin
Pentosan-
polysulfate
PUL-042
Quinine

Clarithromycin
Clofazimine
Clozapine
Diltiazem
Hydroxychloroquine
Lovastatin
Memantine
Mycophenolic acid
Quinacrine
Thapsigargin

25HC
Thymalfasin
Tilorone
Vemurafenib

Ascorbic acid
Gemcitabine

Apilimod
Berberine
Bortezomib
Fluvastatin
Gefetinib
IFN-alpha
IFN-beta

Unclassified
Ezetimibe
Ingavirin
Monensin
N-acetylcysteine
Navitoclax
Rimantadine
Saquinavir

IFN-gamma
IFN-lambda
Reservatrol
Ribavirin
Silvestrol
Taribavirin
Tenofovir

Implied 
immunosuppressive

Obatoclax
Regorafenib
Simvastatin
Tamoxifen
Trametinib
Verapamil

Adefovir
Adefovir dipivoxil
Camptothecin
Clotrimazole
Lipoic acid
Lopinavir

Sunitinib
Toremifene
Umifenovir
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Figure 15: BSAs with immunomodulatory targets. The figure illustrates a selection of 58 

BSAs with common immunomodulatory targets. The figure are derived from a separate 

publication within my research group, Ianevski et al., Mono-and combinational drug therapies 

for global viral pandemic preparedness, 2022. (46). 

 

4.3.3 Route of administration and Phylogeny- and Structure-activity relationship 

RoA must fit a virus diseased system for achieving maximal antiviral effect and to reduce 

the potential of adverse effects. Viruses tends to infect diverse diseased systems, such as, 

nervous, endocrine, respiratory, cardiovascular, immune and lymphatic, digestive and 

excretory, exocrine, and reproductive systems (Figure 16A). Furthermore, most of the 

BSAs evaluated were orally developed. Other administration routes identified for the BSAs 

were intravenous, subcutaneous, ocular, topical, suppository, and inhalation (Figure 16B).  

Furthermore, SAR analysis revealed structural similarities between several BSAs. This 

enabled identification of compounds related to known BSAs. For instance, the non-

nucleoside reverse transcriptase inhibitors etravirine, dapivirine and rilpivirine showed 

structural similarities to alflutinib, melarsoprol and melarsomine (Figure 16C). Also, 

phylogenetic analysis of drug-virus interaction revealed that most of the BSAs have only 

been tested against a small subpopulation of related viruses. As phylogenetic similar 

viruses are more likely to respond to the same drug, this uncovers several BSA treatment 

options yet not discovered (Figure 17). 
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Figure 16: Route of Administration and Structure-activity relationship. A. Organ 

systems where different viruses tend to infect. B. RoA of BSAs, whereas bubbles show the 

number of BSAs developed against a particular virus. C. Structure-activity relationship (SAR) 

analysis dendrogram. Clusters include BSAs within our database. Also illustrated are three sub-

clusters of BSAs and potential BSA compounds. The figure are derived from a separate 

publication within my research group, Ianevski et al., Mono-and combinational drug therapies 

for global viral pandemic preparedness, 2022 (46). 

 

A B
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Figure 17: Phylogenetic analysis of drug-virus interactions. A. Phylogenetic three were 

generated based on amino acid sequences of viral encoded polymerases and reverse 

transcriptases. B. The number of BSAs within our database with activity against viruses from 

the phylogenetic three. C. Diagram representing the number of BSAs which target closely 

related viruses. The figure are derived from a separate publication within my research group,  

Ianevski et al., Mono-and combinational drug therapies for global viral pandemic preparedness, 

2022. (46). 
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4.4  Generation of BSA Scoring system  

In total, 33 viruses were scored against 206 of our BSAs. The viruses cover classes I, IV, 

V, VI, and VII (Figure 7D). Within the BC groups, the chosen viruses were those which 

have the highest case fatality or are known to appear at the highest frequencies within 

populations. From group I, CPXV, VARV and VZV, and Group IV, Ast-VA, DENV, HCV, and 

ZIKV was scored. Further, from Group V MARV, RAVV, LUJV, JUNV, LASV, EBOV, ANDV, 

HTNV, SNV, LACV, BUNV, RVFV, SFTSV, PTV, CCHFV, HDV, FLUAV, HENV, NiV, HPIV, MeV, 

HMPV, and RSV was scored. In the reverse transcriptase groups, Group VI including HIV-

1, HIV-2 and HTLV-1, and group VII including HBV was scored (Figure 18).  

 

Figure 18: Baltimore classification of scored viruses. All viruses studied can be found 

within their respective Baltimore group and virus family. See supplementary section, Table S.1 

for virus abbreviations. 

Table 3A-D and 3 shows result from the six-component scoring system. For the dsDNA 

group, the highest BSA score was with brivudine, famciclovir, and vidarabine against VZV 

(6.00), following brincidofovir against CPXV and VARV (4.75) (Table 3A). Likewise, for the 

(+)ssRNA group, favipiravir gained the highest score against Ast-VA1 (5.25) and 

ivermectin against DENV (5.75). Boceprevir, beclabuvir, sofosbuvir, and simeprevir gained 

full score against HCV (6.00). For ZIKV, rilpivirine and sofosbuvir gained the greatest BSA 

score (5.5) (Table 3B). Further, for ssRNA-RT group, several BSA gained full score against 

HIV-1, including emtricitabine, zalcitabine, and lamivudine. These BSAs also gained high 

score against HIV-2 (lamivudine = 6.00, emtricitabine and zalcitabine = 5.50). A large 

group of BSAs share the highest score against HTLV-1 (3.50) (Table 3C). Furthermore, for 

dsDNA-RT, lamivudine, telbivudine, and valacyclovir gained full score against HBV (6.00) 

(Table 3D). 

Group I
dsDNA

Group IV
(+)ssRNA

Group V
(-)ssRNA

Group VI
ssRNA-RT

Group VII
dsDNA-RT

Herpesviridae:
VZV
Poxviridae: 
CPXV
VARV

Astroviridae:
Ast-VA1
Flaviviridae:
DENV
HCV
ZIKV

Paramyxoviridae:
HENV
NiV
hPIV
MeV
Peribunyaviridae:
LACV
BUNV
Phenuiviridae:
RVFV
SFTSV
PTV
Pneumoviridae:
HMPV
RSVRetroviridae:

HIV-1
HIV-2
HTLV-1

Hepadnaviridae:
HBV

Arenaviridae:
LUJV
JUNV
LASV
Filoviridae:
MARV
RAVV
EBOV
Hantaviridae:
ANDV
HTNV
SNV
Kolmioviridae:
HDV
Nairoviridae:
CCHFV
Orthomyxoviridae:
FLUAV
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Lastly, the majority of virus species scored was from the (-)ssRNA group, presented in 

Table 4. Favipiravir gained high score for several of the viruses within this group, including 

for FLUAV (6.00), LUJV (5.25), JUNV, LASV, MARV, CCHFV, NiV, and RVFV, (5.50), EBOV 

and SFTSV (5.75), ANDV, HTNV, and SNV (5.25). Other BSAs which gained high scores 

where as follows: AVN-944, Benztropine, Raloxifene and Amiodarone against LUJV (5.25); 

galidesivir against MARV (5.75) and RAVV (5.25); amodiaquine, amiodarone, galidesivir 

and remdesivir against EBOV (5.75); vandetanib against ANDV (5.25); baloxavir marboxil 

against HTNV (5.25); bulevirtide against HDV (6.00); baloxavir marboxil, oseltamivir, 

triazavirin and zanamivir against FLUAV (6.00); gossypol and ivermectin against HENV 

(4.25); remdesivir against NiV (5.5); GS-441524 against hPIV (5.5); inosine against MeV 

(4.75); baloxavir against LACV (5.25); saliphenylhalamide against BUNV (5.25); taribavirin 

against PTV (4.25); oritavancin and remdesivir against HMPV (5.25); and 4´-fluorouridine 

against RSV (5.5). See also supplementary Table S.3.3, which specify each BSA component 

score. 

In vitro tested monotherapies (Supplementary Table S.2.1 and S.2.3) could be evaluated 

together with results from the BSA-scoring system (Table 3 and 4), to further confirm 

promising BSA activities for already approved BSAs (Table 1). Favipiravir are currently 

approved for treatment of Influenza. Favipiravir gained high scores for SFTSV in our BSA 

scoring system and are estimated with a SI = 4 in Vero cells (117). Trifluridine, brivudine 

and acyclovir are approved for treatment of herpesviruses. Trifluridine gained decent 

scores for CPXV, calculated with a SI > 180 in Vero cells. Furthermore, both brivudine and 

acyclovir gained high scores for CPXV and are indicated with a SI > 3 in Vero cells (118).  

Ritonavir is approved for treatment of HIV. Ritonavir gained high scores for RVFV, 

estimated with a SI > 4 in A549 cells (18). Ribavirin is approved for HCV, FLUV and RSV. 

Ribavirin gained high scores for DENV, with a SI ranging from 4-9 in different cell lines 

(18, 119). Furthermore, IFN-a is approved in treatment of HCV, HBV and HPV. From our 

scoring system, IFN-a gained high scores for ZIKV and are calculated with a SI >7 in Vero 

cells (120).  

Some of the approved BSAs have been discontinued for original purpose. However, these 

BSAs cut-off effect could potential be beneficial in treating other viruses. Vidarabine have 

been canceled for treatment for HSV and VZV. Vidarabine gained decent scores for CPXV, 

estimated with a SI > 110 in Vero cells (118). Similar, simeprevir are canceled for 

treatment of HCV. Simeprevir gained high scores of ZIKV and indicated with SI > 25 in 

Vero and U87 cells (121).  
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Table 3: Scoring of dsDNA, (+)ssRNA, ssRNA-RT, and dsDNA-RT BC group. Results from the 

six-component BSA scoring system for A. dsDNA, B. (+)ssRNA, C. ssRNA-RT, and D. dsDNA-RT. 

Abbreviations; SAR = structure activity relationship; Phyl = phylogeny; TR = target relevance; DDS 

= developmental status; RoA = route of administration; IP = immunomodulatory properties. 
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Table 4: Scoring of (-)ssRNA BC group. Shows results from the six-component BSA scoring 

system for (-)ssRNA. 
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5 Discussion 

Effective BSA therapy elaboration, ready for clinical trials, is an essential step in 

preparedness once a new emergent strain is introduced. However, the path from discovery 

to approval is often time-consuming and costly. An attractive solution is drug repositioning, 

which offers a low-cost and rapid approach to combat emergent viruses. The initial phase, 

explorative discovery studies, allows the identification of promising antivirals with broad 

activity against several viruses. For drug repositioning steps to be reachable, accurate and 

readily available data are crucial.  

The BSA landscape and scientific data on antiviral activity have expanded markedly during 

the past years. A major provocation of this growth is the recent SARS-CoV-2 pandemic. 

Tools available for summarizing and organizing such viral research are currently 

underprovided. Therefore, integrative, explorative, and user-friendly bioinformatic tools 

are urgently needed to handle all this available material. For these reasons, my research 

group developed the DrugVirus.info database. The database was intended to combine BSA 

activity to promote discovery and development of novel BSAs.  

This initial database was restricted to only a few safe-in-man BSAs. Expansion of the novel 

Drugvirus.info database allowed the exploration of both BSAs and BSA-containing 

combinations (BCC). The database further permits analysis of user-provided antivirals, 

allowing researchers to calculate BSA efficacy and toxicity from raw data. From these 

measurements, the database calculates the SI and DSS, which is excellent methods for 

illustrating antiviral activity. These amendments would further provoke the discovery and 

development of novel BSAs and revealing new insights into BSA-virus interactions and 

underlying mechanisms that determine the pan-and cross family activities.  

There are some limitations associated with the information curated within the database. 

Both BCCs and BSA database are manually curated by two master students, leading to low 

coverage of the existing data. The BSA database included manual curation of published 

scientific papers. A major hurdle when collecting antiviral efficacy and cytotoxicity studies 

were the lack of available parameters. For instance, some papers did not include 

cytotoxicity measurements and SI could therefore not be calculated.  

EC50 measurements alone cannot explain the extent of antiviral activity. Several 

parameters affect EC50 values, such as assay method, number of replicates and the cell 

line used. Also, papers use different terminologies of cytotoxicity measurements, as for 

instance, cytotoxicity of cell morphology (MCC) (122), median cytotoxic, lethal or toxic 

dose (CD50, LD50, TC50) (123, 124). For curation, all relevant cytotoxicity and antiviral 

efficacy measurements were used to calculate the SI, independent of thermology used to 

denote the measures. Thus, the correlation might be inconsistently represented for a BSA 
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against the same virus and cell line. For these reasons, the database is highly reliant on 

other researchers´ contributions, which would together strengthen the database output 

and reliability.  

Both positive and negative monotherapy results were gathered. However, a relatively low 

SI was used as cut-off values. Indeed, a higher SI reflect the approaching drug as more 

accurate and effective in treatment. For instance, a SI on more than 10 have been 

recommended when evaluating the therapeutic value of medications. If the SI are between 

1 and 10, a re-evaluation of the activity is suggested for validation (113, 114). Therefore, 

several BSAs regarded with positive activities in this thesis would need further 

confirmations. Also, several papers had contradicting measurements, where the same BSA 

against a certain virus were reported with both positive and negative antiviral activity. 

Therefore, new tests should be applied to reconsider the extent of BSA activity (106).  

This initial collection of BSA activity was intended to act as a starting point to invite other 

researchers’ contributions. Researchers are encouraged to report new safe-in-man BSAs 

or novel activity of existing BSAs, which will be updated on request by the website. A 

suggesting approach would be to invite researchers to incorporate their raw data into the 

database by request. This would further expand the BSA database, but also increase the 

reliability from already available information.  

Drug repositioning aims to search for BSAs with new indications. Therefore, methods for 

identifying the most promising BSAs out of thousands is crucial in viral pandemic 

preparedness. For these reasons, my research group developed a new method for selecting 

the most promising BSAs within our database. Based on BSA-target relevance, routes of 

administration, phylogeny- and structure-activity relationship (SAR), and 

immunomodulatory property evaluation, promising broadly effective antiviral therapies 

were enlightened. 

BSA host and viral targets were evaluated as additional information of BSA-target 

relevance. A large pool of BSA targets were identified, which could potentially lead to the 

discovery of new BSA activities. By comparing BSA targets with common virus strategies, 

new therapeutic alternatives can be applied to a broader range of viruses.  

Database searches revealed that most of the BSAs within our database have some specified 

targets, whereas many showed to be important for viral pathogenesis. This included both 

host-and viral directed BSAs. Results showed that the pool of host-directed BSAs is 

remarkably larger than BSAs with viral-directed activity. Thus, underlying larger 

opportunities for host-directed BSA drug repositioning. Indeed, host-directed BSA 

repositioning has gained increasing attention following the SARS-CoV-2 pandemic (59, 

125). Even though host-directed BSAs are indicated with less appearance of drug 
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resistance, they generate a higher risk of toxicity. Illustrating this example, most of the 

approved antivirals´ primary targets are viral factors (Table 1).  

Interestingly, the identified overlapping host and viral targets would also be valuable when 

evaluating BCCs. Drugs with the same mode of action, such as nucleoside or nucleotide 

analogs, cannot be taken together due to the generation of toxicity. Therefore, BSAs with 

unique mode of action, which targets same replication strategy, is often given in BCCs.  

BCC target interactions and mode of action are evaluated in Ianevski et al., Mono- and 

combinational drug therapies for global viral pandemic preparedness, 2022.  

However, many BSAs within our database do not have any defined targets. Several BSAs 

also appeared with only minor or uncertain target information. Therefore, further research 

is needed on BSA-directed activities and their targets. 

BSAs targeting host-directed factors were commonly associated with immunomodulatory 

activities of those targets. Examination of immunomodulatory properties revealed several 

immunostimulatory and immunosuppressive BSAs. Also, many BSAs have major roles in 

the inflammatory pathways. There is a narrow definition of immunomodulators. Weakly 

stimulatory or suppressive medications of the immune system are all defined as 

immunomodulatory. These BSAs can be expected with less severe effects than potent 

immunomodulators. Also, medications that act directly on the inflammatory pathway (anti- 

or pro-inflammatory BSAs) and immunomodulators are in some cases used 

incomprehensibly. Accordingly, further evaluation of immunomodulatory properties is 

required.  

SAR and phylogeny analysis were used as a component within our scoring system. SAR 

analysis revealed several new BSA candidates with structural similarities to BSAs within 

our database (Figure 16C). These are compounds yet not explored as BSAs. To exemplify 

this, the HIV-1 approved BSA, etravirine, where found to be structural similar to alflutinib. 

Alflutinib are therefore anticipated with antiviral activity against HIV. Furthermore, 

phylogenetic analysis of drug-virus interactions revealed that several BSAs target viruses 

within same viral families (Figure 17). Interestingly, several BSAs within our database were 

only tested against a few viruses from these families. HIV and HTLV-1 are both within 

Retroviridae family of viruses, which both encode reverse transcriptase. Etravirine can 

therefore be expected with activity against HTLV-1. Accordingly, SAR and phylogenetic 

analysis exemplify approaches for expanding the BSA activity landscape and would be 

valuable in further exploration of potential novel BSA activities.  

BSA components were used to generate a scoring system, which made it possible to give 

each inspected BSA activity an individual score. This score reflects BSA potential, whereas 

a high score mirrors promising BSA candidates. Interestingly, favipiravir has recently been 
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approved for treating Influenza A, B, and C (Table 1). Favipiravir gained the highest score 

for (-)ssRNA viruses, including for treating FLUAV (Table 4). Thus, the BSA scoring system 

illustrates clinical applicability. Similar, baloxavir marboxil is approved for treating FLUAV. 

Baloxavir Marboxil also gained high scores for several (-)ssRNA viruses, including FLUAV. 

Furthermore, rilpivirine is currently approved for treating HIV-1 (Table 1). In our scoring 

system, rilpivirine gained high scores for ZIKV in (+)ssRNA BC group and HIV-1 (Table 3).  

Indeed, this designate that BSAs with high scores from our scoring system can be 

interesting treatment strategies.  

However, many of the scored BSAs have only been tested in vitro, which lowered the 

overall BSA score. This scoring restriction, together with limited information on 

immunomodulators and route of administration, has influenced the scoring system´s 

prediction capacity. For example, most of the BSAs gained full scores for RoA component. 

This is because many viruses have a complex diseased system, and thus, a variety of RoA 

could be applied. Further, both the lack of information and the conflicting info on 

immunomodulators had an impact on the final score.  

The most promising BSAs from our six-component BSA scoring system was further 

investigated in combinations. This resulted in investigation of several promising BSA 

combinations, which can be retrieved within our first publication, Table 1, Ianevski et al., 

Mono- and combinational drug therapies for global viral pandemic preparedness, 2022 

(46). The proposed BSAs and BCCs would further need to be evaluated in vitro and in vivo 

as preparation for entering clinical trials.  

In vitro tested monotherapies (Supplementary Table S.2.1 and S.2.3) together with 

promising BSAs from the scoring system (Table 3 and 4) of already approved BSAs (Table 

1) were evaluated for further prediction of promising BSA activities. However, only some 

BSAs had a SI > 10. This includes, trifluridine and vidarabine against CPXV and simeprevir 

against ZIKV. BSAs with a SI between one and ten would need further evaluation and 

testing for justification of BSA activities.  

BSA activities stand as a baseline for the development of BCCs. BCCs would increase the 

overall treatment effectiveness by the generation of synergistic effects, enabling maximal 

efficacy of the treatment.  Also, BCCs reduce the individual drug dosage, which would lower 

potential toxicity and the likelihood of adverse effects. Therefore, immunomodulatory or 

host-directed BSAs in BCCs could reduce common adverse effects associated with these 

BSA features. Further, monotherapies are not always effective against poorly characterized 

viruses or re-emergent viral strains. For these reasons, BCCs are more frequently observed 

as a successful treatment strategy. 
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6 Further perspectives and Conclusions 

Drug repositioning remains an efficient and realistic way of developing antivirals. Within 

my research group, we have developed a scoring system and expanded the available 

Drugvirus.info database (Drugvirus.info 2.0). The BSA scoring system prioritizes the 

development of promising BSAs, out of thousands of present BSAs. It familiarizes central 

BSA activity components, such as drug targets, immunomodulatory properties, route of 

administration, Phylogeny and structure-activity relationship, and developmental status. 

The Drugvirus.info 2.0 database provides available BSA and BCC activities and allows 

interactive analysis of a user own´s measures, for comparison with available published 

mono- and combinational- therapies. Both projects would assist drug repositioning steps, 

as preparation for new emergent viral strains by the identification of novel treatment 

strategies.  

Although BCCs have a higher frequency of success due to reduced toxicity and broader 

antiviral activity, BSA discovery and exploration are crucial for revealing effective BCCs.  

Further work includes in vitro and in vivo examination of high-hits BSAs from the scoring 

system. Also, regular updates and annotations of the drugvirus.info database are required 

to remain a comprehensive and up-to-date BSA and BCC database.  
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Supplementary 

S.1 Virus abbreviations 

Table S.1: Virus abbreviations. Table shows virus abbreviations and complete virus name for all 

viruses mentioned in this master´s thesis. 

AHFV Alkhurma Hemorrhagic Fever virus HHV Human herpesvirus 

ANDV Andes virus HIV Human immunodeficiency virus 

Ast-VA1 Astrovirus VA1 hPiV Human parainfluenza virus 

B19B Parvovirus B19 HPV Human papillomavirus 

BKPyV BK polyoma virus hRhV Human rhinoviruses 

BUNV Bunyamwera virus hRoV Human rotavirus 

BVDV Bovine viral diarrhea virus HSV Herpes simplex virus 

CCHFV Crimean-Congo hemorrhagic fever 

virus 

HTLV Human T-lymphotropic virus 

cPIV Canine parainfluenza virus HTNV Hantaan virus 

CPXV Cowpox virus IBV Infectious bronchitis virus 

CV Coxackie virus JCPyV JC polyoma virus 

DENV Dengue virus JEV Japanese encephalitis virus 

EBOV Ebola virus JUNV Junín virus 

EBV Epstein-Barr virus KFDV Kyasanur Forest Disease virus 

EV Human enterovirus KSHV Kaposi´sarcoma-associated 

herpesvirus 

fCoV Feline coronavirus LACV La Crosse encephalitis virus 

FLUAV Influenza A LASV Lassa mammarenavirus 

FLUBV Influenza B LCMV Lymphocytic choriomeningtitis virus 

fLV Feline leukemia virus MARV Marburg virus 

FMDV Foot-and-mouth disease virus MCMV Mouse cytomegalovirus 

hAdV Human adenovirus MERS-CoV Middle-east respiratory syndrome 

coronavirus 

HBV Hepatitis B virus MeV Measles morbillivirus 

HCMV Human cytomegalovirus MHV Murine coronavirus 

hCoV-229E Human coronavirus 229E MHV-68 Murine gamma herpesvirus-68 



 II 

hCoV-OC43 Human coronavirus OC43 MPXV Monkeypox virus 

HCV Hepatitis C virus MSV Maize Steak virus 

HDV Hepatitis D virus MuV Mumps virus 

HeV Hendra virus NiV Nipah virus 

OHFV Omsk Hemorrhagic Fever virus SARS-CoV Severe-acute respiratory syndrome 

coronavirus 

ORFV Orf virus SFTSV Severe fever with 

thrombocytopenia syndrome virus 

pCoV Pangolin coronavirus SFV Semliki Forest virus 

PICV Pichinde virus SINV Sindbis virus 

PoV Poliovirus SIV Simian immunodeficiency virus 

POWV Powassan virus SNV Sin Nombre virus 

PRRSV Porcine reproductive and 

respiratory syndrome virus 

SUDV Sudan ebolavirus 

RABV Rabies virus TBEV Tick born encephalitis virus 

RAVV Ravn virus VEEV Venezuelan equine encephalitis 

virus 

RRV Rhadinovirus WEEV Wester equine encephalitis virus 

RSV Respiratory syncytial virus WNV West Nile virus 

RVFV Rift-walley fever virus YFV Yellow fever virus 
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S.2 DrugVirus.info database 

Table S.2.1: Published monotherapies. Table shows all published monotherapies gathered, 

obtainable with virus target, cell line, antiviral efficacy, cytotoxicity, and selectivity index.    
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Table S.2.2: BSA and their molecular weight. Molecular weight in g/mol for some of the 

BSAs. Used to determine M. 

  

 

 

  

 

 

 



 XIII 

Table S.2.3: Positive and negative antiviral activities of BSAs. Shown in the table are 

BSAs with positive (SI > 1) and negative (SI  1) antiviral activities.  
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S.3 BSA-scoring system 

S.3.1 BSA host targets 
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Figure S.3.1: BSAs with overlapping host target genes. The colors imply effects the BSA 

has on the corresponding target: Yellow for BSA acting inhibitory (inhibitor, antagonist, 

blocker, negative modulator, or inverse agonist), blue for BSA acting stimulatory (Agonist, 

partial agonist, activator, or inducer), purple for BSA acting modulatory (modulator or allosteric 

modulator) and green for BSA acting both inhibitory and stimulatory. Note: The two Figures 

include different targets, but same BSAs. Further, it includes only targets which are aimed by 

more than two BSAs. * Targets that are clustered together (e.g STAT* covers STAT3, STAT4, 

STAT5 and STAT6). Table S.3.1 shows clustered target gene names.  
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Table S.3.1: Host target clusters and its gene members. The table shows clustered targets 

(*), protein name, the gene names included in clusters, and UniProtKB reference for each 

respective gene. 
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S.3.2 Immunomodulatory BSA 

Table S.3.2: BSAs with immunomodulatory properties. The table shows BSAs identified 

with Immunomodulatory activities, and explanation behind this reasoning. Specified are BSA 

name and its effect on the immune system and/or inflammation. 
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S.3.3 BSA scoring system 

Table S.3.3: Results from the six-component BSA-scoring system. Designated are the 

virus abbreviation, virus family, BC group, diseased system, and case fatality rate in %. 

Furthermore, BSA name, BSA target, developmental status, route of administration and 

immunomodulatory properties are specified, together with the BSA scores.  
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