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ABSTRACT 

This thesis aimed to investigate Rwandan medicinal plants as a possible 

reservoir of candidate antiviral compounds against respiratory syncytial virus 

(RSV), a pathogen causing severe respiratory infections with limited treatment 

options. Using an ethnopharmacological approach, the study sought to 

document plants used by traditional healers (THs), evaluate their anti-RSV 

activity, and isolate and characterize bioactive compounds. 

An ethnomedicinal survey involving 40 THs recorded 48 plant species used to 

treat respiratory conditions. Sequential extraction of plant materials yielded 

203 extracts, which were assessed for RSV inhibition and cytotoxicity in HEp-

2 cells. The selected bioactive extracts were subjected to chromatographic 

separation, and compounds were structurally elucidated by spectroscopic and 

mass spectrometric analyses. Antiviral activity was further evaluated through 

virus yield reduction and resistance studies. 

Several extracts showed substantial anti-RSV activity (EC50: 1.6-39.5 µg/mL). 

The methanolic extract of Senecio maranguensis targeted the RSV fusion (F) 

protein, with resistance linked to a T335M mutation. Dicaffeoylquinic acid 

isomers, isolated from Conyza sumatrensis (S.F. Blake) Pruski & G. Sancho, 

exhibited potent activity (EC50 < 1 µM; SI > 100), reducing viral titers by up 

to 3 log10 PFU. Resistance selection identified mutations in the RSV F protein, 

including K394R and I530M, further supporting a mechanism of action 

involving inhibition of viral fusion. Additionally, phytochemical investigation 

of Croton kilwae yielded new crotofolane diterpenoids and other compounds, 

some of which showed moderate anti-RSV activity. Structural features, 

including isomerism, influenced antiviral potency and resistance. 

In conclusion, this thesis highlights medicinal plants as a valuable source of 

anti-RSV compounds. Dicaffeoylquinic acid derivatives targeting the RSV F 

protein emerge as promising leads for antiviral drug development, supporting 

the potential of ethnopharmacology-guided discovery. 

Keywords: Respiratory syncytial virus; medicinal plants; antiviral activity; 

ethnopharmacology; Rwanda; dicaffeoylquinic acids; RSV fusion protein 
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SAMMANFATTNING PÅ SVENSKA 

Bakgrund: I många afrikanska länder, däribland Rwanda, utgör 

medicinalväxter än idag en viktig form av läkemedelsbehandling av en rad 

olika infektionssjukdomar. Bland luftvägsinfektioner utgör respiratory 

syncytial virus (RSV) ett särskilt allvarligt medicinskt problem globalt, med 

hög incidens och dödlighet, inte minst hos barn under 5 år. Trots att växtextrakt 

ofta är ett tidigt val som behandling mot luftvägsinfektioner i Rwanda, är den 

direkta antivirala effekten ofullständigt undersökt. Effektiv antiviral 

behandling saknas fortfarande mot denna viktiga luftvägsinfektion, och något 

vaccin för barn finns ännu inte registrerat. 

Syftet med föreliggande avhandling var därför att undersöka den antivirala 

förmågan hos allmänt använda medicinalväxter från Rwanda mot luftvägsvirus 

som RSV. Målet var att kartlägga om sådana växtextrakt, som används av 

utövare av traditionell medicin (UTM), kunde utgöra en källa för utveckling 

av nya läkemedel mot RSV.  

Metoder: Genom en intervju av 40 UTM identifierades 48 medicinalväxter 

som aktivt användes för behandling av luftvägssjukdomar. Ur dessa växter 

utvanns 203 extrakt, som undersöktes med avseende på antiviral förmåga mot 

RSV, samt för toxicitet i cellkultur. De extrakt som uppvisade potent anti-

RSV-aktivitet samt låg toxicitet analyserades vidare med fraktionering följd av 

kromatografisk metodik. Aktiva substanser strukturbestämdes därefter hjälp av 

spektroskopi och mass-spektrometri, följt av konfirmering med hjälp av 

röntgendiffraktion. Antiviral aktivitet utvärderades vidare genom bestämning 

av virusproduktion i cellkulturer vilka inkluderade odling av humant 

luftvägsepitel som utvecklats från stamceller till mognade, luftrörsliknande 

vävnadsodlingar. Vidare odlade vi fram varianter av RSV som var resistenta 

mot utvalda extrakt och därifrån framrenade molekyler. Virusmutanterna 

gensekvenserades därefter, vilket ledde till att substansernas antivirala 

angreppspunkt kunde identifieras.  

Resultat: Flera medicinalväxtsextrakt uppvisade signifikant anti-RSV-

aktivitet. Metanol-extraktion av växten Senecio maranguensis bedömdes som 

särskilt lovande, och genom resistensmutationer kunde RSV fusionsprotein F 

påvisas som antiviral angreppspunkt. Från en annan medicinalväxt, Conyza 

sumatrensis, isolerades olika former av dicaffeoylquinic acid efter ett 

omfattande reningsarbete. Även här identifierades F-proteinet, vilket utgör 

RSV verktyg för inträde in i sina målceller, som antiviral angreppspunkt. 
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Substansen uppvisade en mycket potent antiviral aktivitet där 

virusförökningen minskades till närmare en tusendel, och toxiciteten var ytterst 

låg. Vidare utvanns nya diterpenoider från medicinalväxten Croton kilwae, 

varav en del uppvisade en måttlig anti-RSV-aktivitet. De biokemiska 

analyserna kunde påvisa betydelsen av strukturella element, som isomerer, för 

den antivirala effekten och för resistensutveckling.  

Konklusion: Medicinalväxter från Rwanda innehöll flera intressanta ämnen 

med potent antiviral aktivitet mot RSV, vilka därför kan utgöra en lovande 

utgångspunkt för en framtida läkemedelsutveckling mot detta virus. Som ett 

exempel på en särskilt intressant substans kan dicaffeoylquinic acid nämnas, 

vars derivat angrep fusionsproteinet F hos RSV. Samma virusprotein har 

nyligen visat sig vara effektivt som RSV-vaccin hos äldre samt för 

antikroppsbehandling av spädbarn, med förebyggande av RSV-infektion som 

mål. Sammantaget kan resultaten från det aktuella arbetet stödja konceptet att 

använda medicinalväxter från Rwanda som utgångspunkt för en framtida 

läkemedelsutveckling av antivirala droger mot RSV. Tillkomsten av sådana 

läkemedel skulle vara av stor och positiv betydelse för den globala hälsan, inte 

minst vid luftvägsinfektion hos små barn. 
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1. INTRODUCTION 

Viral infections continue to pose a significant global health burden in both 

humans and animals, with substantial social and economic consequences [1]. 

Among these, respiratory viruses are particularly important due to their high 

infectivity rates of illness and death across all age groups [2]. 

Acute lower respiratory infections (ALRIs), such as bronchiolitis and 

pneumonia, are among the leading causes of hospitalization and death in 

children under five years of age. Globally, these infections account for 

hundreds of millions of cases annually, including millions of severe episodes, 

with pneumonia responsible for a substantial proportion of mortality [3]. A 

wide range of viruses contribute to ALRIs, including human rhinoviruses 

(HRV), parainfluenza viruses (PIV), influenza viruses, adenoviruses, 

coronaviruses, human bocavirus, RSV, and related human metapneumovirus 

(hMPV) [4]. While HRV is a primary driver of the common cold and asthma 

exacerbation, RSV has been identified as the leading causative agent of severe 

lower respiratory tract infections resulting in hospitalization, particularly 

among young children [5]. 

RSV is a major pathogen affecting infants, older adults, and 

immunocompromised individuals. In otherwise healthy adults, infection 

typically presents as a mild upper respiratory illness [6]. Globally, RSV is 

estimated to infect approximately 64 million individuals annually and to be 

responsible for around 160,000 deaths each year [7]. RSV demonstrates strong 

seasonal variation, with winter-spring epidemics in temperate regions and 

rainy-season peaks in tropical climates [8]. Peak RSV activity has been 

reported to occur in December or January, accounting for approximately 40% 

of annual cases [9], with environmental factors such as increased humidity 

contributing to viral spread [8]. 

The burden of RSV is particularly high in young children. A large proportion 

of ALRI cases, hospitalizations, and deaths are attributed to RSV, with the 

highest risk observed in infants under six months of age [10]. Globally, more 

than 70% of children are infected with RSV during their first year of life, and 

nearly all children experience at least one infection by the age of two [11, 12].  

RSV is the primary cause of bronchiolitis and an important contributor to 

pneumonia in both pediatric and elderly populations [13]. Severe outcomes are 



Medicinal plants as source of antiviral substances against respiratory syncytial virus 

2 

most common in infants, especially those with underlying risk factors such as 

prematurity, chronic lung disease, or congenital heart conditions [14-16]. 

In addition to acute disease, RSV infection has been linked to long-term 

respiratory complications. These include recurrent wheezing and an increased 

risk of developing asthma later in childhood, with a substantial proportion (40-

50%) of hospitalized children experiencing persistent respiratory symptoms 

[17-19].  

Following infection, RSV initially replicates in the upper respiratory tract 

before spreading to the bronchioles and alveoli. This progression triggers a 

strong inflammatory response characterized by mucus hypersecretion and 

airway narrowing, ultimately leading to bronchiolitis [20]. RSV pathology is 

associated with a Th2-biased immune response, similar to that observed in 

asthma. Severe infection is characterized by leukocyte infiltration, excessive 

mucus production, and airway obstruction caused by apoptotic cellular debris 

[21]. Elevated levels of immunoglobulin E (IgE) and increased production of 

cytokines such as interleukin (IL)-4, IL-5, and IL-13 further amplify 

inflammatory responses and disease severity [22]. 

Clinically, RSV infection typically begins with symptoms of an upper 

respiratory illness such as rhinorrhea, fever, and nasal congestion. Progression 

to lower respiratory tract involvement is marked by tachypnea, cough, 

wheezing, and, in severe cases, apnea, particularly in preterm and young 

infants [23, 24]. Several factors increase the risk of severe disease, including 

prematurity, immunodeficiency, chronic respiratory conditions, congenital 

heart disease, and limited access to supportive care [25, 26]. 

RSV infection is frequently complicated by bacterial coinfections, most 

commonly involving Moraxella catarrhalis, Haemophilus influenzae, 

Streptococcus pneumoniae, and Staphylococcus aureus, as well as viral 

coinfections such as influenza [27, 28]. These coinfections have been reported 

in 17.5-44% of hospitalized severe RSV cases and are associated with greater 

disease severity and admission to pediatric intensive care units [27].  

Preventive strategies for RSV rely primarily on passive immunization. 

Monoclonal antibodies such as palivizumab target the viral fusion (F) protein 

and are used to protect high-risk infants. More recently, long-acting antibodies, 

including nirsevimab and clesrovimab, have been developed, offering 

improved and prolonged protection by targeting conserved epitopes of the F 
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protein [29-32]. In addition, several vaccines have been approved for use in 

adults (≥60 years), including protein-based (Abrysvo and Arexvy) and mRNA-

based (mResvia) formulations [33-36]. Despite advances in preventive 

strategies, effective antiviral treatments for RSV infection remain limited. 

Ribavirin is currently the only approved antiviral drug for RSV, but its use is 

restricted due high cost, limited clinical benefit, and safety issues, confining its 

use largely to immunocompromised patients  [37, 38]. As a result, there 

remains a critical unmet need for safe and effective antiviral therapies. 

Natural products, particularly those derived from medicinal plants, represent a 

valuable source of bioactive compounds with antiviral potential. Classes of 

compounds such as alkaloids, flavonoids, tannins, and polyphenols have 

demonstrated activity against a range of viral pathogens [39]. Several plant-

derived compounds have shown inhibitory effects against RSV, highlighting 

the potential of natural sources in antiviral drug discovery [40, 41].   

Ethnopharmacological knowledge provides a useful framework for identifying 

promising plant candidates. For example in the present study, an 

ethnopharmacological survey was conducted to document medicinal plants 

used in Rwanda for the management of respiratory infections. Based on this 

information, plant materials were collected and extracted using solvents of 

increasing polarity, and the resulting extracts were screened for anti-RSV 

activity. Several extracts exhibited notable antiviral effects, supporting the 

value of traditional medicinal knowledge in guiding the discovery of new 

antiviral compounds.  

1.1. VIROLOGY OF RSV 

1.1.1. RSV PARTICLE 

The RSV particle occurs frequently as long filamentous virion (Figure 1) 

which consists of a helical nucleocapsid core formed by the viral RNA genome 

coated with nucleoprotein (N), creating a ribonucleoprotein (RNP) complex. 

This structure is associated with the phosphoprotein (P) and the large 

polymerase protein (L), which together form the viral replication complex. The 

nucleocapsid is enclosed by a host-derived lipid envelope. Embedded in this 

membrane are three major glycoproteins: the fusion (F) protein, attachment 

(G) protein, and small hydrophobic (SH) protein. On the inner side of the 

envelope, the matrix (M) protein provides structural stability and plays a key 

role in coordinating viral assembly and budding [42].  
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1.1.2 CLASSIFICATION AND GENOME 

ORGANIZATION OF RSV 

RSV is an enveloped, non-segmented, negative-sense single-stranded RNA 

virus with an approximately 15.2 kb genome [43]. Its genome comprises ten 

genes encoding eleven proteins, arranged in the order 3′-NS1-NS2-N-P-M-SH-

G-F-M2-L-5′[44] (Figure 1). The M2 gene is distinctive in that it contains two 

overlapping open reading frames (ORFs), giving rise to the M2-1 and M2-2 

proteins, which are both essential for the regulation of viral transcription and 

replication [44].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Overview of the structural features and genomic layout of RSV. 

(A) RSV particles on the surface of infected HEp-2 cells. Note presence of 

numerous cell associated filamentous RSV particles (virions). (B) Viral 

glycoprotein spikes on the surface of RSV particle. (C) Schematic 

representation of the RSV particle structure. (D) Linear organization of the 

RSV genome containing 11 ORFs encoding nonstructural, structural, and 

A B 

C 

D 
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replication-associated proteins. (A) and (B) were prepared by Edward 

Trybala and Sibylle Widehn while (C) and (D) were reused from Shang, Tan 

[45]. 

The organization of the RSV genome reflects a gradient of transcription, 

whereby genes located closer to the 3′ end are transcribed at higher levels than 

those near the 5′ end. This transcriptional gradient results in higher expression 

levels of proteins such as non-structural proteins (NS1and NS2) and N, which 

are required early in infection, while proteins encoded toward the 5′ end, such 

as L, are produced in lower quantities. This tightly regulated transcriptional 

strategy ensures efficient viral replication while minimizing the metabolic 

burden on the host cell [46, 47].  

RSV is classified within the genus Pneumovirus, subfamily Pneumovirinae, 

family Paramyxoviridae, and was originally isolated in 1956 from a 

chimpanzee exhibiting respiratory symptoms [48]. 

1.1.3. FUNCTIONAL ROLES OF RSV PROTEINS 

The RSV genome encodes a combination of structural and non-structural 

proteins that collectively regulate viral replication, assembly, and immune 

evasion. Each protein performs a specific function, and their coordinated 

activity is essential for successful viral propagation. 

1.1.3.1. THE ROLE OF NS1 AND NS2 PROTEINS 

The NS1 and NS2 proteins are among the first proteins expressed following 

infection and serve an important role in suppressing host innate immunity. 

These proteins inhibit type I interferon signaling by interfering with key 

elements of the interferon pathway, thereby preventing the activation of 

antiviral gene expression [49]. In addition to their effects on interferon 

signaling, NS1 and NS2 also interfere with apoptosis pathways, delaying 

programmed cell death and allowing infected cells to continue producing viral 

progeny [50]. Notably, these proteins are produced in infected cells but are 

absent from mature virions; instead, they function to modulate host cellular 

responses [51].  

1.1.3.2. THE RIBONUCLEOPROTEIN COMPLEX  

The N, P, and L proteins form the ribonucleoprotein (RNP) complex, which 

drives viral RNA synthesis. Within this complex, the N protein binds and coats 
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the viral RNA genome, shielding it from degradation and providing a structural 

template for transcription and replication. The P protein functions as a cofactor, 

enhancing the stability of the L protein and promoting its association with the 

RNA template. Acting as an RNA-dependent RNA polymerase (RdRp), the L 

protein is responsible for catalyzing the synthesis of both viral mRNA and 

genomic RNA [52]. 

The M2-1 protein acts as a transcription elongation factor, preventing 

premature termination of viral mRNA synthesis and ensuring the production 

of full-length transcripts [53]. In contrast, the M2-2 protein regulates the 

transition from transcription to replication, balancing the production of viral 

proteins with the synthesis of new genomes. This regulatory mechanism is 

crucial for maintaining effective viral replication  [20].  

1.1.3.3. THE M PROTEIN 

The M protein serves as a pivotal scaffold during viral assembly, linking the 

RNP complex with the envelope of the virus. Through interactions with the 

cytoplasmic domain of the F protein and the N-terminal region of the G protein, 

it supports their recruitment into assembling virions and ensures their 

incorporation during the budding process [54]. The M protein also drives the 

formation of filamentous viral particles, which are characteristic of RSV 

morphology [55] (Figure 1A). Moreover, it contains hydrophobic and 

positively charged domains that enable it to attach to the cytoplasmic 

membrane. In addition, the M protein has been shown to be sufficient for the 

budding of virus-like particles in tissue culture in some paramyxoviruses, such 

as RSV, PIV1, and Sendai virus. In contrast, other paramyxoviruses, including 

PIV5 and mumps virus, require accessory proteins such as N or F to enhance 

the efficiency of the budding process [56].  

1.1.3.4. RSV SURFACE GLYCOPROTEINS  

A native form of RSV glycoprotein spikes as illustrated in Figure 1B. RSV 

possesses three envelope-associated transmembrane proteins, including the G, 

F, and SH proteins. Of these, G and F constitute the surface glycoproteins, 

whereas SH is incorporated in smaller quantities into virions but is abundantly 

present on infected host cell surface [57]. The G and F proteins serve as the 

principal immunogenic determinants, eliciting neutralizing antibody responses 

that are essential for host defense and significantly influence viral infectivity 

and pathogenesis [43]. RSV is classified into two antigenically distinct 
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subgroups, A and B, based on genetic differences in their surface 

glycoproteins. Among these, the G protein exhibits the greatest variability, 

both within and between subgroups. Consequently, subgroup classification is 

largely determined by differences in the G gene [58].  

F glycoprotein: Structure, Function, and Immunological significance 

The F glycoprotein is a type I transmembrane protein that plays a central and 

indispensable role in the RSV life cycle [59]. It is a highly conserved viral 

protein, sharing approximately 89% amino acid sequence identity between 

RSV subgroups, thereby highlighting its importance as a target for antiviral 

therapeutics and vaccine design [60].  

Functionally, the F protein drives fusion between the viral envelope and the 

host cell membrane, a key event that enables release of the viral genome into 

the cytoplasm during the early stage of infection. Beyond its role in viral entry, 

it also promotes fusion between infected and neighboring uninfected cells, 

resulting in the formation of multinucleated syncytia [61]. This cell-to-cell 

fusion mechanism enhances viral spread while enabling the virus to evade 

extracellular immune responses, as viral particles are not exposed to 

neutralizing antibodies during transmission [60].  

Structurally, the F protein contains several hydrophobic domains that are 

essential for its function. These include a signal peptide (SP) located at the N-

terminus that directs the nascent protein to the endoplasmic reticulum, a C-

terminal transmembrane domain (TM) that anchors it within the viral envelope, 

and a fusion peptide (FP) that inserts into the host cell membrane and initiates 

membrane fusion [62].  

Before becoming functional, the F protein exists as an inactive precursor form, 

referred to as F0, consisting of approximately 574 amino acids (aa) with an 

approximate molecular mass of around 70 kDa [63]. This precursor undergoes 

proteolytic activation by host furin-like proteases within the trans-Golgi 

network. Cleavage occurs at two distinct sites (I and II), resulting in two 

subunits, F1(50 kDa) and F2 (20 kDa), which are held together by disulfide 

bonds [64, 65]. The cleavage process releases a small intervening peptide (p27) 

and produces a mature F protein that assembles into a trimeric structure on the 

viral surface. The F1 subunit, which forms the larger C-terminal portion, 

contains key functional domains including the FP, TM region, cytoplasmic tail, 

and two heptad repeat regions (HRA and HRB) (Figure 2). These heptad 
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repeats are critical for the structural rearrangements that occur during 

membrane fusion [66]. In its native state on the virion surface, the F protein 

adopts a metastable pre-F conformation. Upon activation, it undergoes a series 

of dramatic and irreversible conformational changes. The process starts with 

exposure of the FP, which inserts into the host cell membrane. A pre-hairpin 

intermediate then forms, in which the HRA and HRB regions remain spatially 

separated [67]. These regions then refold into a six-helix bundle through 

interactions between HRA and HRB domains from each monomer within the 

trimeric complex, ultimately generating the stable post-F conformation [61] 

(Figure 3). This structural rearrangement draws the viral and cellular 

membranes together, resulting in membrane fusion and delivery of viral RNA 

into the host cytoplasm, thereby initiating the viral life cycle [68]. Fusion may 

also occur between the membranes of adjacent cells, leading to the formation 

of syncytia [68]. Notably, this fusion process occurs at neutral pH, 

distinguishing RSV from other viruses that require acidic conditions for 

membrane fusion such as some hMPV strains [69]. 

Figure 2. Structural organization of the RSV F protein. The F protein 

precursor is illustrated, showing the SP, FP, and TM. Two proteolytic cleavage 

events (indicated by red arrows) produce the F2 and F1 subunits, which 

remain connected by disulfide bonds. This processing also releases a p27. 

Cysteine residues are indicated, and the heptad repeat regions within the F1 

subunit are highlighted. Major antigenic sites (I, II, IV, and Ø) are shown, with 

antigenic site Ø comprising residues from both the F1 and F2 subunits. 

Adapted from Melero and Mas [63] with a license number 6244810353802. 
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Figure 3. Conformational transition of the RSV F protein. The RSV F 

glycoprotein adopts two distinct structural states. The pre-F form is metastable 

and present on the virion surface. After activation, it converts into a stable 

post-F form. This transition is irreversible and brings viral and host 

membranes into close proximity, enabling membrane fusion and entry. 

Reproduced from Mejias, Garcia-Maurino [70] with license number 

6244821452232. 

From an immunological perspective, the F protein serves as the principal target 

of neutralizing antibodies. Both pre-F and post-F conformations of the protein 

are present on the viral surface; however, they differ significantly in their 

antigenic properties [71]. The pre-F conformation contains highly potent 

neutralizing epitopes, including antigenic site Ø. This site is located at the top 

of the trimer and is primary target for human neutralizing antibodies [72]. In 

contrast, the post-F conformation contains fewer neutralization-sensitive 

epitopes, with antigenic sites II and IV being shared between both 

conformations. Antibodies such as palivizumab target site II and inhibit viral 

fusion by blocking conformational changes required for membrane merging 

[73]. Importantly, antibodies that specifically recognize pre-F epitopes, such 

as Nirsevimab exhibit significantly higher neutralizing potency compared to 

those targeting post-F epitopes [74]. This observation has driven the 

development of vaccine candidates based on stabilized pre-F protein 
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structures. However, a major challenge in targeting the F protein is the intrinsic 

instability of the pre-F conformation, which readily transitions to the more 

stable post-F state. To overcome the instability of the pre-F conformation, 

engineered variants such as DS-Cav1 (disulfide bonds and cavity-filling 

substitutions) have been developed by incorporating stabilizing mutations to 

maintain the pre-F structure [75, 76]. In addition to DS-Cav1, other stabilized 

RSV pre-F constructs, including SC-TM (triple mutant single-chain), SC-DM 

(double mutant single-chain), and Cys-zipper variants, have been designed to 

preserve key antigenic sites such as site Ø. These stabilized proteins have 

demonstrated the ability to induce high neutralizing antibody titers in animal 

models, including macaques, mice, and cotton rats, highlighting their strong 

potential as vaccine candidates [76-78].  

Despite its high level of conservation, the F protein can undergo sequence 

variation, particularly within the SP, p27, and specific antigenic sites of the 

pre-F protein, including site Ø. Indeed, mutations within or near antibody-

binding epitopes have been associated with reduced sensitivity to monoclonal 

antibodies, such as palivizumab, highlighting the potential emergence of 

resistant viral strains [7, 79, 80]. As a key determinant of viral entry, cell-to-

cell spread, and immune recognition, the RSV F protein remains a central focus 

of research aimed at developing effective vaccines, monoclonal antibody 

therapies, and antiviral agents. 

RSV G protein: Structure, Function, and Role in immune evasion 

The RSV G protein functions as the viral attachment glycoprotein and is 

expressed in two distinct forms: a full-length membrane-anchored form (mG) 

and a secreted isoform (sG). The secreted form arises through alternative 

translation initiation at a downstream AUG codon located within the 

transmembrane coding region, corresponding to methionine 48 (Met48) [81]. 

Although the predicted molecular mass of mG is approximately 33 kDa, 

extensive glycosylation increases its apparent size to around 90 kDa. In 

contrast, the secreted form migrates at approximately 82 kDa [82, 83].  

Structurally, the full-length G protein belongs to type II membrane 

glycoproteins and is composed of approximately 289-299 aa, which varies with 

the viral strain. It is organized into three main regions: an N-terminal 

cytoplasmic tail, a single transmembrane domain (MT), and a C-terminal 

ectodomain [84]. In the RSV A2 strain, the cytoplasmic tail (CT) encompasses 

residues 1-37, while the TM region extends from 38 to 65 aa. The ectodomain 
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is considerably more variable, showing only about 44% sequence identity 

between the two antigenic subgroups [7, 85] (Figure 4). 

The extracellular domain of G is heavily glycosylated and contains 

approximately 30-40 O-linked glycans as well as 3-5 N-linked glycans, which 

together account for nearly 60% of the protein’s mass [20]. This region is rich 

in serine, threonine, and proline residues, giving it a mucin-like character [64]. 

This heavy glycosylation contributes both to antigenic structure and to viral 

infectivity, but it also reduces antibody accessibility and facilitates immune 

evasion by masking antigenic sites [86]. Consistent with this variability, the G 

protein is the most heterogeneous RSV protein, particularly within its 

ectodomain [84]. A major structural feature of the ectodomain is the presence 

of two mucin-like hypervariable regions, HVR1 and HVR2, which flank a 

central conserved region (CCR) [87]. Within the CCR lies a conserved 

unglycosylated motif and a cystine noose containing four cysteines at positions 

173, 176, 182, and 186, linked by disulfide bonds in a 1-4 and 2-3 topology 

[88]. The third and fourth cysteines contribute to the CX3C chemokine-like 

motif, which is central to RSV G function (Figure 4A). Downstream of this 

region lies a heparin-binding domain (HBD) enriched in positively charged 

residues that mediates interactions with heparan sulfate (HS) and other 

glycosaminoglycans (GAGs) on cell surfaces [89]. However, although 

interactions are evident in immortalized cell lines, their relevance in vivo 

infection appears limited because human ciliated airway epithelial cells lack 

surface heparan sulfate proteoglycans [90].  
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Figure 4. Structural organization of the RSV G glycoprotein. (A) The RSV G 

protein exists as a Gm and a shorter Gs (233 aa). Gs is generated via initiation 

of translation at a downstream start site (Met48). It includes a CT, TM, two 

mucin-like domains, and a CCR containing the CX3C motif. Mucin-like 

domains and a hypervariable region contribute to antigenic diversity. (B) Key 

functional sites include antibody-binding regions and a GAG interaction 

domain. A and B were reused from Liang, Kabatova [91] with license number 

1723714-1 and Melero, Mas [92] with license number 6245040909395 

respectively.  

Functionally, the G protein plays key roles in viral attachment, infectivity, and 

modulation of host responses. In physiological airway tissues, RSV attachment 

has been linked to interaction between the CX3C motif within the cystine 

A 

B 
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noose and the host receptor CX3CR1 [93, 94]. While RSV can enter cells in 

the absence of G, indicating that the F protein can mediate entry independently, 

viruses lacking G exhibit reduced infectivity in vivo, highlighting its role in 

enhancing viral fitness and pathogenicity [95, 96]. In addition, G has been 

detected on the surface of mature viral filaments and interacts with F and M 

proteins, supporting roles in virion assembly, surface organization, and overall 

infectivity [97, 98]. 

Beyond viral attachment, the G protein contributes to immune evasion and 

immunopathogenesis. The secreted form, sG, functions as a decoy for 

neutralizing antibodies and is produced early during infection, within 

approximately 12 hours, suggesting a role in early immune modulation [83]. 

Moreover, the CX3C motif allows the G protein to mimic the host chemokine 

fractalkine (CX3CL1), thereby interfering with CX3CL1-CX3CR1 signaling 

and altering leukocyte trafficking to infected tissues [99, 100]. Through this 

mechanism, RSV G can modulate pulmonary inflammation, promote viral 

replication, and contribute to disease pathogenesis. Indeed, mutations that 

disrupt the CX3C motif, such as conversion to CX4C, attenuate the virus, 

reduce inflammation, and enhance adaptive immune responses. This highlights 

the importance of this motif in RSV pathobiology and its potential relevance 

for vaccine design [101, 102]. 

The marked antigenic diversity of the G protein, particularly in the mucin-like 

regions, contributes to partial and short-duration immunity following infection 

with RSV and may facilitate reinfection with antigenically distinct strains 

[103]. At the same time, the CCR remains relatively conserved and is an 

important target for protective antibodies. Antibodies directed against this 

region, including murine monoclonal antibodies such as 131-2G and 130-D6, 

can inhibit G-CX3CR1 interaction, reduce viral attachment, and limit 

pulmonary inflammation  [104, 105]. Human antibodies such as 3D3 and 3G12 

also show potent neutralizing activity against viruses from both RSV 

subgroups, while antibodies with high affinity for sG have shown inhibitory 

activity in human bronchial epithelial cells [96]. In addition, three major 

epitope categories have been described in the G protein based on murine 

monoclonal antibody recognition: conserved epitopes, group-specific epitopes, 

and strain-specific epitopes, many of which are localized in the mucin-like 

ectodomain [62] (Figure 4B). Taken together, the RSV G protein is a 

multifunctional glycoprotein that contributes to viral attachment, virion 

assembly, immune evasion, and modulation of host inflammatory responses. 

Its structural organization, extensive glycosylation, antigenic variability, and 
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conserved functional motifs make it a key determinant of RSV pathogenesis 

and an important target for of antiviral and vaccine development. 

RSV Genotypes based on G gene variability 

The extensive antigenic diversity of the RSV G protein also forms the basis for 

the genetic classification of RSV into distinct subgroups and genotypes. RSV 

is divided into two principal antigenically distinct groups (A and B), 

distinguished by sequence variability within the G gene, particularly in the C-

terminal region of the ectodomain [106]. This region contains the second 

hypervariable domain, which is the primary determinant for genotype 

classification within each subgroup [107]. Although both subgroups co-

circulate during seasonal epidemics, one subgroup, most often subgroup A, 

typically predominates [108]. The genetic divergence between subgroups is 

substantial, with approximately 47% variability in the G gene compared to 

only 9% in the more conserved F gene [109]. 

Within each subgroup, RSV is further subdivided into several genotypes 

defined by sequence variation in the G gene. Subgroup A includes genotypes 

such as GA1-GA7, ON1-ON4, NA1-NA4, SAA1-SAA2, CB-A, TN1-TN2, 

and LBA1-LBA2, identified across different geographic regions. Subgroup B 

genotypes include GB1-GB13, BA1-BA14, SAB1-SAB4, URU1-URU2, 

THB, BA-CCA, BA-CCB, as well as CB1 and BAC lineages. Multiple 

genotypes within the same subgroup may co-circulate during a single epidemic 

season, reflecting ongoing viral evolution. [43, 107, 110-115].  

Certain genotypes have shown sustained global predominance over time. The 

GA2 genotype of subgroup A was dominant for over a decade before being 

replaced by the ON1 genotype, first identified in Ontario, Canada, during the 

2010-2011 season [116]. Similarly, the BA genotype of subgroup B, initially 

identified in Buenos Aires, Argentina between 1997 and 1999, has remained 

the predominant lineage since approximately 2005 [117]. Both ON1 and BA 

genotypes are characterized by nucleotide duplications in the G gene, 

consisting of 72 nucleotides in ON1 and 60 nucleotides in BA, located within 

the second hypervariable region of the C-terminal ectodomain [110, 118]. 

These duplications are thought to enhance viral fitness by increasing 

infectivity, transmission efficiency, or immune evasion [84]. Thus, the high 

variability of the G gene not only drives antigenic diversity and immune 

evasion but also drives the genetic classification and epidemiological dynamics 

of RSV, representing a key challenge for vaccine development. 
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RSV SH protein: Structure, Function, and Role in pathogenesis 

The RSV SH protein is a type II transmembrane glycoprotein that is less 

abundant on the viral envelope compared to the G and F proteins [119] . It 

consists of 64-65 amino acids and exists in multiple forms depending on its 

glycosylation status [120, 121].  

Structurally, the SH protein contains a highly conserved α-helical 

transmembrane domain and forms homopentameric complexes that function 

as ion channels [122]. These channels are cation-selective and exhibit pH-

dependent activity, with increased conductance at low pH [123, 124]. Specific 

residues, including His-22 and His-51, are critical for channel activity, and 

their absence leads to loss of function [125]. The ability of SH to form 

membrane pores and alter membrane permeability classifies it as a viroporin, 

a group of viral proteins involved in modulating host cell ion homeostasis and 

membrane dynamics [124]. 

Functionally, the SH protein contributes to viral replication, pathogenesis, and 

host-virus interactions. Although RSV lacking the SH gene (RSVΔSH) 

replicates efficiently in cell culture and forms syncytia similarly to the wild-

type virus, it is attenuated in vivo, indicating that SH is dispensable for viral 

entry but contributes to viral pathogenesis and virulence [123]. SH localizes 

mainly to the Golgi apparatus and lipid rafts and may contribute to virion 

assembly [126]. Importantly, SH modulates host immune responses by 

inhibiting TNF-α–mediated apoptosis, thereby promoting infected cell 

survival [127]. Its ion channel activity has also been linked to activation of the 

NLRP3 inflammasome through altered ion fluxes, leading to the release of pro-

inflammatory cytokines such as IL-1β and IL-18 [128, 129]. However, SH may 

also regulate inflammation, as its deletion has been associated with enhanced 

cytokine responses [130]. Importantly, although non-essential for replication 

in vitro, the SH protein plays a significant role in RSV virulence and immune 

modulation. Its multifunctional nature makes it a potential target for antiviral 

strategies, and SH-deficient viruses are being explored as live attenuated 

vaccine candidates [131]. 

Glycosaminoglycans in RSV Attachment and Pathogenesis 

GAGs are linear, negatively charged heteropolysaccharides made up of 

repeating disaccharide units that are typically sulfated and are widely present 

on cell surfaces and in the extracellular matrix [132]. They are commonly 
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present as components of proteoglycans and exhibit substantial structural 

diversity due to variations in sulfation patterns, chain length, and 

monosaccharide composition [133, 134]. Major classes of GAGs include HS, 

heparin, dermatan sulfate, chondroitin sulfate, keratan sulfate, and hyaluronic 

acid [135].  

Functionally, GAGs play important roles in cellular processes such as cell 

signaling, adhesion, and immune regulation through interactions with multiple 

proteins, including cytokines, chemokines, and growth factors [136]. Their 

high negative charge enables interactions with positively charged Arg/Lys 

residues on proteins, facilitating both specific and non-specific binding 

through electrostatic and hydrogen-bonding interactions [137]. Consequently, 

GAGs often act as co-receptors, enhancing ligand binding and promoting host-

pathogen interactions during infection [138]. 

In the context of RSV infection, GAGs, particularly HS, have been shown to 

facilitate viral attachment in vitro. The RSV G protein contains a heparin-

binding domain that interacts with sulfated GAGs, enhancing viral adherence 

to epithelial cells [89, 139]. Removal of HS or enzymatic degradation of its 

sulfated chains significantly reduces RSV attachment and infection in 

immortalized cell lines [140]. In addition, the degree and pattern of HS 

sulfation influence the efficiency of viral binding, highlighting the importance 

of structural specificity in GAG-virus interactions [141]. However, the role of 

GAGs in natural RSV infection appears to be limited. Primary human airway 

epithelial cells, which represent the physiological target of RSV, express low 

levels of HS on their apical surface, suggesting that GAG-mediated attachment 

is less relevant in vivo than interactions involving other receptors such as 

CX3CR1 [90]. Therefore, GAGs are generally considered auxiliary attachment 

factors that enhance viral binding efficiency under specific conditions rather 

than primary receptors. Despite this, GAG-virus interactions remain important 

for understanding RSV pathogenesis and for the development of antiviral 

strategies. Soluble GAG analogs, such as heparin, can function as decoy 

receptors by competing with cell surface GAGs, thereby inhibiting viral 

attachment and reducing infection in vitro [142]. Similarly, enzymatic removal 

or modification of GAGs has been shown to significantly decrease RSV 

infectivity, reinforcing their role in promoting viral attachment. These findings 

emphasize the potential of targeting GAG-protein interactions as a therapeutic 

approach to limit RSV infection [140]. 
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1.1.4. VIRAL BINDING AND ENTRY MECHANISMS 

RSV infection is initiated by attachment of viral particles to the apical 

membrane of airway epithelial cells, followed by fusion-mediated delivery of 

the RNP complex into the cytoplasm [143]. This process is highly coordinated 

and involves viral glycoproteins, host receptors, membrane microdomains, and 

cytoskeletal rearrangements [144, 145]. Although the F protein drives 

membrane fusion, efficient attachment and entry require coordinated 

interactions between the F and G glycoproteins and together with various host 

cell surface factors [144]. 

The primary cellular targets of RSV are ciliated epithelial cells lining both the 

upper and lower respiratory tract. Infection occurs predominantly at the apical 

membrane, where the virus engages multiple host receptors and co-receptors. 

Molecules implicated in RSV entry include nucleolin, CX3CR1, epidermal 

growth factor receptor (EGFR), Toll-like receptor 4 (TLR4), intercellular 

adhesion molecule-1 (ICAM-1), annexin II, and GAGs [144, 146]. 

Nucleolin is an important host factor involved in RSV entry. Although it is 

predominantly localized within the nucleolus, it is also present on the surface 

of airway epithelial cells, where it can interact with the viral F protein to 

promote viral entry [147, 148]. Inhibition or knockdown of nucleolin 

significantly reduces RSV infection, supporting its role in viral internalization 

[149]. However, as nucleolin is not virus-specific, RSV entry likely involves 

receptor complexes rather than a single dedicated receptor [150].  

The G glycoprotein also plays a role in viral attachment by binding to the 

CX3CR1 receptor through its CX3C motif, thereby enhancing viral adherence 

to airway epithelial cells [94]. In addition, GAGs, particularly heparan sulfate 

proteoglycans, can facilitate viral binding in vitro. However, their contribution 

to infection in physiological conditions appears limited, likely due to their low 

expression on the apical surface of human airway epithelial cells [90, 140].  

Following attachment, conformational rearrangements in the F protein 

promote membrane fusion and viral internalization [68]. RSV entry has been 

shown to involve endocytic pathways in addition to direct fusion at the plasma 

membrane. Actin-dependent processes, including macropinocytosis, play a 

significant role in viral internalization, as inhibition of actin polymerization 

reduces infection [151]. Clathrin-mediated endocytosis has also been 

implicated, suggesting that RSV may utilize multiple entry pathways 

depending on the cell type and experimental conditions [152]. Following 
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internalization, fusion is thought to occur within endosomal compartments, 

leading to delivery of the viral genome into the cytoplasm [153]. Lipid raft 

microdomains further facilitate RSV entry by serving as platforms for receptor 

clustering and viral fusion. Disruption of these cholesterol-rich domains 

significantly reduces infection, highlighting their importance in the entry 

process [154].  

1.1.5. REPLICATION AND TRANSCRIPTION 

MECHANISMS 

Following successful attachment and fusion, the RNP complex is delivered 

into the cytoplasm, where all subsequent stages of the RSV replication cycle 

occur. As a member of the order Mononegavirales, RSV possesses a negative-

sense single-stranded RNA genome that cannot be directly accessible to the 

host translational machinery. Therefore, the first essential step following entry 

is transcription of viral mRNAs by the viral RdRp. The polymerase complex 

is composed of the large catalytic subunit L and its essential cofactor P. The 

viral RNA is continuously coated by N, forming a helical nucleocapsid that 

functions as the template for both transcription and genome replication (Figure 

5). Unlike many RNA viruses that expose naked RNA during replication, RSV 

maintains its genome continuously encapsidated, and the polymerase must 

navigate along the N-bound RNA template [155]. 

 

Figure 5. Overview of the RSV life cycle. RSV initiates infection by receptor-

mediated attachment to the host cell surface, followed by entry via membrane 
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fusion or macropinocytosis. Fusion of the viral envelope with cellular 

membranes releases the RNP complex into the cytoplasm. Replication and 

transcription are carried out in cytoplasmic IBs, where viral RNA synthesis 

and protein production are coordinated. Newly synthesized genomes are 

encapsidated into RNP complexes, while viral glycoproteins are produced in 

the endoplasmic reticulum and processed through the Golgi apparatus. 

Assembly occurs at the plasma membrane, followed by budding and release of 

progeny virions. Reproduced from Shang, Tan [45]. 

Transcription is initiated at the leader (le) promoter located at the 3′ end of the 

genome and regulated by conserved gene start (GS) and gene end (GE) signals 

[156]. The polymerase initiates at GS sites, terminates at GE sites after 

polyadenylation, and then reinitiates at downstream genes, generating a “start-

stop-restart” mechanism. This results in a transcriptional gradient, with higher 

expression of genes near the 3′ end (e.g., NS1, NS2) compared to distal genes 

(e.g., L) [157]. This gradient ensures abundant production of proteins that are 

required early in infection, particularly those involved in immune evasion. 

Efficient transcription of longer RSV genes requires the M2-1 protein, which 

serves as a transcription antiterminator by preventing premature termination 

through interactions with the P protein and nascent RNA, thereby enhancing 

polymerase processivity [158, 159]. In addition, the L protein performs co-

transcriptional capping at the 5′ end and polyadenylation at the 3′ end of 

mRNAs, enabling efficient translation and immune evasion [155].  

In addition to transcription, the viral polymerase mediates genome replication. 

Unlike transcription, replication results in the continuous production of full-

length RNA molecules, as the polymerase bypasses GS and GE signals. 

Replication is initiated at the le promoter and requires sufficient levels of N 

protein, which binds nascent RNA and promotes encapsidation [160]. The 

antigenome serves as a template for new genomic RNA, initiated from the 

trailer complement (trc) region [161]. The shift from transcription to 

replication is regulated by the M2-2 protein, which downregulates 

transcription and promotes genome replication, thereby maintaining a balance 

between gene expression and genome amplification [159]. 

Notably, transcription and replication also differ in initiation sites on the 

genome. Transcription typically begins at position 3C, often producing short 

abortive transcripts before engaging the first gene start signal, whereas 

replication initiates precisely at position 1U, generating RNA that begins with 
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a 5′ AC dinucleotide suitable for efficient encapsidation [162, 163]. This 

mechanistic distinction ensures that replication products are efficiently coated 

with N protein, while transcription products remain uncapsidated and 

accessible for translation [164]. Both processes take place in cytoplasmic 

inclusion bodies (IBs), which function as viral replication factories enriched in 

viral RNA and the N, P, L, and M2-1 proteins [149]. These structures form 

primarily through N-P interactions and arise via liquid-liquid phase separation, 

creating dynamic compartments that concentrate viral components while 

excluding host antiviral factors. As infection progresses, the M protein 

associates with IBs, signaling a transition from RNA synthesis to virion 

assembly and budding at the surface of infected cells [165-167]. RSV budding 

is illustrated in Figure 6, highlighting the interactions between viral buds and 

neighboring cells that promote repeated fusion events and syncytium 

formation. Thus, RSV replication is a tightly regulated and coordinated process 

that integrates transcription, replication, RNA processing, assembly, and 

budding to ensure efficient viral propagation. 

 

Figure 6. RSV budding from infected cells. Numerous viral buds are visible 

at the cell surface. These buds contain external glycoprotein spikes embedded 

in the viral lipid membrane, as well as viral nucleocapsids that appear as 

regularly arranged dark spots. Notably, some viral buds are observed 

interacting with the surfaces of neighboring uninfected cells (red cycles), 

which may later lead to the virus-induced syncytia of cells. Prepared by 

Edward Trybala and Sibylle Widehn. 

1.1.6. AIRWAY EPITHELIUM AND RSV INFECTION 

RSV primarily infects the airway epithelium, with a particular preference for 

ciliated epithelial cells of the respiratory tract. Infection is usually initiated in 

the upper airways, where the virus targets the ciliated cells lining the 

nasopharynx, before potentially extending to the lower respiratory tract. This 

progression is associated with inflammation and airway obstruction [168]. As 
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an initial protective barrier exposed to environmental agents, the epithelium 

plays a key role in defending the host from inhaled microorganisms. Beyond 

its structural role, it actively contributes to innate immunity by releasing 

inflammatory mediators, antimicrobial molecules, and activating antiviral 

signaling pathways [169].  

Epithelial barrier function is largely maintained by the apical junction complex 

(AJC), particularly tight junctions that control paracellular permeability and 

preserve cell polarity. These junctions consist of membrane-associated 

proteins, including claudins, occludin, and junctional adhesion molecules, 

which are connected to intracellular scaffold proteins such as zonula occludens 

(ZO-1 and ZO-2) [170]. RSV infection compromises this barrier by modifying 

tight junction protein expression and stimulating the release of pro-

inflammatory cytokines, including TNF-α and IL-8. These changes lead to 

increased epithelial permeability and enhanced vulnerability to secondary 

infection [170]. The disruption is partly driven by the activation of intracellular 

pathways such as NF-κB, protein kinase C, MAP kinase, and protein kinase D 

signaling cascades [171, 172]. 

Airway homeostasis is maintained by a diverse epithelial cell population, 

including basal cells and differentiated cells such as ciliated epithelial, goblet, 

and Club cells. Among these, basal cells function as progenitor cells that 

contribute to epithelial repair and regeneration, while also supporting epithelial 

integrity and inflammatory regulation [173]. The basement membrane 

provides structural support and facilitates cell adhesion, migration, and 

maintenance of epithelial polarity [173, 174]. 

Ciliated epithelial cells are the predominant cell type targeted by RSV and play 

a central role in mucociliary clearance. These cells possess numerous motile 

cilia, microscopic, hair-like projections extending from the apical surface, that 

beat in a coordinated manner to transport mucus and trapped particles out of 

the airways [174, 175].  RSV infection disrupts this process by causing ciliary 

loss, impaired ciliary motion, and cellular damage, resulting in impaired 

mucociliary clearance and increased risk of secondary infections [176] (Figure 

7). The accumulation of pathogens and debris further exacerbates airway 

inflammation. Additionally, pathogenic bacteria, including Pseudomonas 

aeruginosa, Staphylococcus aureus, Haemophilus influenzae, and 

Streptococcus pneumoniae, can also disrupt mucociliary clearance and 

colonize the airway. This occurs through the production of toxic substances 

that interfere with ciliary motion and coordination [177]. 
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Figure 7. Airway epithelial structure in health and RSV disease. (A) Healthy 

airway epithelium composed of ciliated cells and goblet cells resting on a basal 

cell layer. Ciliated cells bear motile cilia that facilitate mucus clearance, while 

goblet cells secrete mucus to maintain airway surface hydration and trap 

pathogens. (B) During RSV infection, epithelial remodeling occurs, 

characterized by goblet cell hyperplasia, reduced ciliated cell numbers and 

disorganization. Remaining ciliated cells exhibit shortened and sparse cilia, 

and RSV particles are present on the apical epithelial surface and within 

infected cells. These changes impair cilia beating, and thus mucociliary 

clearance resulting in increased susceptibility to infection. Adapted from 

Persson, Jaffe [178]. 

Goblet cells and Club cells contribute to airway defense through mucus 

production and secretion of protective factors. This mucus forms a viscoelastic 

layer that traps inhaled pathogens and facilitates their removal through 

coordinated ciliary movement [179]. Mucus is primarily composed of mucins, 

which are high-molecular-weight, heavily glycosylated proteins that confer its 

gel-like and viscoelastic properties. Among these, the major gel-forming 

mucins, MUC5AC and MUC5B, are critical for maintaining this protective 

barrier [180, 181]. During RSV infection, mucus production is significantly 

increased due to goblet cell hyperplasia and upregulation of mucin gene 
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expression, particularly MUC5AC, driven by inflammatory mediators such as 

IL-13 [182]. Increased mucus production, combined with impaired 

mucociliary clearance, results in mucus plugging within the respiratory tract. 

These plugs composed of mucus, epithelial debris, inflammatory cells, and 

fibrin,  contribute to airway obstruction and disease severity [183]. In addition, 

RSV-infected epithelial cells undergo programmed cell death and are 

subsequently shed into the airway lumen. Although this mechanism may help 

restrict viral dissemination, it also promotes airway obstruction and 

inflammation, particularly in infants and young children with narrower airways 

[184].  

1.1.7. MECHANISMS OF RSV PATHOGENESIS AND 

HOST IMMUNITY 

RSV pathogenesis results from the interplay between virus replication within 

the airway epithelium and the host immune responses, which is both protective 

and pathogenic. Within the lower airways, particularly in infants, even limited 

epithelial swelling, mucus accumulation, and cellular debris can lead to 

significant airway obstruction (Figure 8). Consequently, RSV-associated 

bronchiolitis and pneumonia arise not only from direct viral infection but also 

from immune-mediated inflammation that disrupts airway function [185, 186].  
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Figure 8. Pathogenesis of bronchiolitis caused by RSV. RSV is primarily 

spread through direct contact with infected respiratory secretions or via 

inhalation of infectious droplets. Following an incubation period of 

approximately 4-6 days, viral replication begins in the upper respiratory tract 

and may subsequently extend to the lower airways. Infection of bronchiolar 

epithelial cells triggers airway inflammation, mucus hypersecretion, and 

epithelial damage, causing airway obstruction with wheezing and respiratory 

distress. Most hospitalized children recover within 2-3 days, and epithelial 

regeneration typically begins within 3-4 days after symptom resolution. 

Adapted from Meissner [23], Copyright Massachusetts Medical Society. 
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Airway epithelial cells represent the main cellular targets of RSV and act as 

important initiators of the host immune response. Following infection, these 

cells release a range of cytokines and chemokines, including TNF-α, IL-6, IL-

8, and CCL5, which drive recruitment of immune cells to the infected airway. 

While this response supports viral clearance, it can also promote tissue 

damage. IL-8, in particular, is strongly induced via Nuclear factor kappa B 

(NF-κB) signaling and plays a central role in neutrophil recruitment, 

correlating with disease severity [187, 188]. RSV infection also induces 

upregulation of adhesion molecules such as ICAM-1, facilitating leukocyte 

infiltration into airway tissues [189]. 

Innate immune recognition of RSV is mediated by pattern recognition 

receptors (PRRs), including retinoic acid-inducible gene I (RIG-I)-like 

receptors, TLRs, and NOD-like receptors, which detect viral RNA and initiate 

signaling pathways involving interferon regulatory factors (IRFs) and NF-κB. 

These pathways induce pro-inflammatory mediators and type I interferons 

(IFNs) that limit viral replication and promote immune recruitment [190, 191]. 

In parallel, activation of the inflammasome promotes the maturation of IL-1β 

and IL-18, further contributing to the amplification of the inflammatory 

response [192]. 

The cytokine and chemokine milieu generated during infection is a major 

determinant of disease severity. Elevated CCL5, CXCL10, IL-6, IL-8, and 

TNF-α levels are associated with increased recruitment of neutrophils and 

additional immune cells [188, 193]. Neutrophils, which dominate the airway 

infiltrate, contribute to epithelial damage, promoting mucus hypersecretion 

and airway obstruction [183]. Oxidative stress further enhances inflammatory 

signaling and tissue injury [194]. 

Type I interferons are essential for antiviral defense, yet impaired or delayed 

interferon responses are associated with severe RSV disease. Insufficient early 

interferon production allows increased viral replication, which subsequently 

drives exaggerated inflammatory responses and airway damage [195]. 

Adaptive immune responses are essential for RSV clearance but also 

contribute to disease severity and immunopathology. CD4⁺ T cells can 

differentiate into multiple functional subsets, including Th1, Th2, Th17, and 

regulatory T cells (Treg) subsets depending on the cytokine environment. Th1-

type responses, characterized by cytokines such as IFN-γ and IL-2, support 

antiviral immunity. In contrast, Th2-polarized responses, mediated by IL-4, 
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IL-5, and IL-13 promote mucus hypersecretion, eosinophilia, airway 

hyperresponsiveness, and IgE production [19, 196]. Th17-derived IL-17 

further enhances neutrophil recruitment and inflammation [197]. RSV 

infection is often associated with Th2-skewed immunity, which correlates with 

disease severity and long-term respiratory complications such as wheezing. 

This polarization is promoted by epithelial cell-derived mediators such as 

thymic stromal lymphopoietin, which drives Th2 differentiation via dendritic 

cell activation  [198]. In contrast, balanced Th1/Th2 responses are required for 

effective viral clearance, and reduced Th1 cytokines, including IFN-γ and IL-

12, have been linked to severe disease[199]. Regulatory T cells are critically 

involved in limiting excessive inflammation, and reduced Treg function is 

linked to increased RSV disease severity. This regulatory network involves 

cytokines such as IL-10, IL-35, and TGF-β, which further modulate immune 

responses and prevent excessive inflammation. Of these, IL-10 is particularly 

important in limiting cytokine production and immune cell recruitment, 

although its effects are context-dependent, as excessive or poorly timed 

expression may impair antiviral responses [200]. 

Humoral immunity contributes to protection against RSV but does not provide 

long-lasting sterilizing immunity, allowing reinfections. Mucosal IgA plays a 

key role in early antiviral defense in the respiratory tract, although its decline 

over time reduces protection [201]. Both serum IgG and nasal IgA correlate 

with protection, with mucosal IgA being particularly important at the site of 

viral entry [202]. Humoral immune responses are regulated by BAFF (B cell 

activation factor) and APRIL (a proliferation-inducing ligand), which enhance 

B cell survival and drive class switching toward IgA, IgG, and IgE. BAFF 

expression is induced by inflammatory cytokines and type I IFNs and has been 

associated with airway inflammation and IgE+ B cell responses [202-205]. 

Increased BAFF expression in RSV infection, including in airway epithelial 

cells, suggests a role in shaping local humoral responses and airway 

inflammation [206].  

1.2. ANTIVIRAL STRATEGIES AGAINST RSV 

RSV infection can be inhibited by targeting viral proteins and host cellular 

processes that are essential for viral replication. As RSV is highly dependent 

on host cellular machinery, antiviral strategies are generally directed toward 

both viral components and host pathways involved in the viral life cycle.  
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1.2.1. VIRAL TARGETS IN RSV REPLICATION 

Several RSV proteins are essential for viral replication and therefore represent 

important targets for antiviral drug development. These include the F, G, SH, 

M, N, NS1 and NS2, and the L polymerase protein. Among these, the F protein 

is the most extensively studied target because of its key role in viral entry and 

fusion processes [207]. In addition to the F protein, the L polymerase and the 

RNP complex are indispensable for viral genome replication and transcription 

[208]. The L protein, which functions as the catalytic subunit of the polymerase 

complex and is required for both genome replication and mRNA synthesis and 

represents a promising antiviral target. Furthermore, encapsidation of the viral 

genome has been suggested to limit its detection by host PRRs, thereby 

contributing to immune evasion [209].  

The NS2 protein has also been implicated in the pathogenesis of RSV, 

particularly in contributing to airway obstruction during infection, and is 

therefore considered a potential therapeutic target [184]. Additionally, the M2-

1 protein is involved in viral transcription and contributes to disease 

pathogenesis by activating NF-κB, a major regulator of inflammation [210].   

1.2.2. HOST CELLULAR TARGETS AND FACTORS 

INVOLVED IN RSV REPLICATION 

RSV exploits multiple host cellular proteins and signaling pathways to support 

viral replication, modulate immune responses, and promote viral persistence. 

These host-directed mechanisms represent attractive targets for antiviral 

intervention. Among the most important pathways involved in RSV infection 

are NF-κB, mitogen-activated protein kinase (MAPK) cascades, and the 

phosphatidylinositol-3-kinase/protein kinase B (PI3K/AKT) pathway. 

Collectively, these pathways regulate viral replication, inflammatory 

responses, and epithelial cell function during infection  [211].  

NF-κB plays a major role in RSV-induced inflammation by controlling the 

expression of cytokines such as IL-8 and TNF-α, as well as chemokines 

including CCL5 (RANTES) and CXCL10. Its activation is mediated by both 

host and viral factors, including protein kinase Cδ (PKCδ), MAPK signaling 

components, and RSV M2-1 protein [211]. RSV infection also stabilizes 

hypoxia-inducible factor-1α (HIF-1α), which contributes to inflammation, 

epithelial barrier regulation, and edema. The PKCδ/HIF-1α/NF-κB signaling 

axis has been identified as an important regulator of viral replication, viral 

budding, and epithelial responses in airway cells [212]. In addition, 
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extracellular signal-regulated kinase (ERK) and p38 MAPK pathways regulate 

key processes involved in RSV replication. Inhibition of these kinases has 

demonstrated antiviral effects, with p38 MAPK inhibition showing promising 

results in vivo [213]. RSV infection also activates the Raf/MEK/ERK signaling 

pathway via EGFR. This pathway promotes the transport of the RSV F protein 

to the plasma membrane and facilitating viral filament formation and 

syncytium development, which contribute to viral spread [214]. Furthermore, 

activation of the PI3K/AKT pathway contributes to type I interferon responses 

through IRF3 signaling [209]. 

Innate immune sensing pathways also play critical roles during RSV infection. 

Cytosolic sensors such as RIG-I and melanoma differentiation-associated 

protein 5 (MDA5) detect viral RNA and initiate signaling pathways that induce 

interferon production and pro-inflammatory cytokine release  [209]. However, 

excessive activation of these pathways may contribute to inflammatory injury. 

Compounds such as 4(3H)-quinazolone have been shown to modulate this 

response by inhibiting RIG-I expression and reducing interferon-beta (IFN-β) 

production [215]. In addition, the TLR2/MyD88 (Myeloid differentiation 

factor 88)/NF-κB pathway contributes to elevated IL-1β levels during RSV 

infection, further highlighting the importance of host signaling pathways as 

therapeutic targets [216]. 

Several host proteins and receptors have also been implicated in RSV 

replication and pathogenesis. The RNP complex, through the N protein, 

interacts with eukaryotic translation elongation factor 1A (eEF1A), a host 

factor involved in protein synthesis that also promotes viral genome replication 

[217]. Another important antiviral mechanism involves protein kinase R 

(PKR), which is activated by viral double-stranded RNA. RSV counteracts this 

pathway through the N protein, which inhibits PKR activation and prevents 

eIF2α phosphorylation, thereby sustaining viral protein synthesis [218, 219]. 

Several host receptors, including nucleolin, CX3CR1, and GAGs, have also 

been identified as potential antiviral targets because of their involvement in 

viral attachment and entry [100]. In addition, RSV activates EGFR signaling 

to suppress IRF1-dependent interferon production, particularly interferon 

lambda (IFN-λ), thereby weakening antiviral defenses and promoting airway 

inflammation [220]. 

Natural compounds have also been investigated for their antiviral properties. 

For example, curcumin inhibits NF-κB activation and suppresses RSV 
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replication, assembly, and budding, while resveratrol reduces IL-6 production, 

inhibits viral replication, and modulates the TLR3 signaling pathway  [211, 

221].  

1.3. RSV DIAGNOSIS 

Diagnosis of RSV infection relies on laboratory methods that detect viral 

components in respiratory secretions [222]. Diagnostic accuracy is strongly 

influenced by specimen quality and patient factors. Viral load is typically 

highest in early childhood, while adults, older adults, and 

immunocompromised individuals show lower and more variable viral titres. 

These differences affect both test sensitivity and viral shedding patterns [223].  

Nasopharyngeal aspirates and nasal washes provide the highest sensitivity 

(diagnostic yield); however, their use is often limited in routine clinical 

practice. Consequently, nasopharyngeal swabs, particularly flocked swabs, are 

more commonly used due to their ease of collection and acceptable 

performance [222]. 

Viral (tissue) culture was historically considered the reference standard for 

RSV detection, as it enables viral isolation for antigenic and genetic 

characterization and detection of co-infections. However, its clinical use has 

declined in clinical practice due to long processing times, technical 

complexity, higher cost, and lower sensitivity compared with molecular 

methods. Despite this, culture remains important for surveillance and research, 

particularly for identifying emerging variants and novel pathogens. As its use 

decreases, maintaining specialized centres with expertise in viral isolation may 

become necessary [222, 223]. 

Serological testing has limited value in the diagnosis of acute RSV infection, 

as many patients fail to develop a measurable antibody response. This is 

particularly evident in infants, where immature immune responses and 

maternal antibodies interfere with detection. Therefore, serology is primarily 

used for epidemiological purposes rather than clinical diagnosis [223]. 

Antigen detection assays, including immunofluorescence and enzyme 

immunoassays, remain widely used because rapid processing, low cost, and 

ease of use [222, 223]. Their high specificity means that a positive result can 

support a viral aetiology and assist clinical decision-making, including 

reducing unnecessary antibiotic use and additional investigations [224]. 
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However, sensitivity is moderate and varies with assay type, viral strain, 

specimen quality, and patient population. Performance is generally reduced in 

adults, immunocompromised individuals, and during periods of low viral 

prevalence [222, 223]. Although newer multiplex point-of-care antigen tests 

broaden pathogen detection, they remain less sensitive than molecular assays 

[223]. 

Nucleic acid amplification methods, especially reverse transcription 

polymerase chain reaction, are now the cornerstone of RSV diagnostics given 

their high sensitivity and specificity across all age groups. Real-time PCR 

allows rapid detection, while multiplex platforms enable simultaneous 

identification of multiple respiratory viruses. These approaches have 

demonstrated that co-infections are common, although their clinical 

significance remains uncertain. Highly multiplex systems are increasingly used 

in research and surveillance but are associated with limitations related to cost, 

complexity, and, in some cases, reduced analytical sensitivity compared with 

targeted assays [222, 223]. 

From a clinical perspective, RSV testing can help distinguish viral from 

bacterial respiratory infections, particularly when results are rapidly available. 

However, routine testing is not recommended in all cases, especially in 

children with typical bronchiolitis, where diagnosis is primarily clinical [224]. 

Imaging, such as chest X-ray, has a limited role and is not indicated in 

uncomplicated disease due to low diagnostic yield and the risk of unnecessary 

interventions. It is reserved for severe, atypical, or worsening cases, or when 

respiratory failure or alternative diagnoses are suspected [224]. Across all 

diagnostic modalities, the performance of RSV diagnostic methods is 

influenced not only by the assay used but also by pre-analytical and operational 

factors, including specimen handling, laboratory standardization, and local 

viral prevalence. These factors must be considered when interpreting test 

results.  

1.4. RSV PREVENTION AND TREATMENT 

RSV continues to be a major cause of LRTIs in young children worldwide, 

with the greatest burden occurring in early infancy [10]. Although RSV has a 

substantial clinical impact, treatment options remain limited and management 

is largely supportive, focusing on maintaining adequate oxygenation, 

hydration, and respiratory function. Oxygen supplementation is recommended 

for hypoxemic patients, while respiratory support may range from low-flow 
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oxygen therapy to high-flow nasal cannula (HFNC), continuous positive 

airway pressure, or mechanical ventilation in severe disease [23, 225]. HFNC 

has gained widespread use due to improved tolerance and its ability to reduce 

the need for invasive ventilation [226]. Pharmacological interventions such as 

bronchodilators, corticosteroids, and antibiotics provide no consistent clinical 

benefit and are not routinely recommended [225]. Ribavirin remains the only 

licensed antiviral agent, but its clinical application is restricted by limited 

efficacy, cost, and safety issues, limiting its use to selected high-risk patients 

[37, 227].  

In recent years, research efforts have increasingly focused on the development 

of targeted antiviral strategies. Fusion inhibitors such as presatovir and 

ziresovir block viral entry by targeting the RSV F protein [228, 229]. Although 

presatovir demonstrated antiviral activity in early-phase studies, it failed to 

show consistent clinical benefit in later trials. In contrast, replication-targeting 

agents, including nucleoprotein inhibitors such as EDP-938 and polymerase 

inhibitors such as PC786, have shown promising antiviral activity and 

favorable safety profiles in early clinical studies, suggesting their potential for 

future therapeutic application. However, the effectiveness of antivirals is 

highly dependent on early administration, and their clinical utility remains 

limited due to delays in diagnosis and the contribution of host immune 

responses to disease severity [230].  

Prevention has therefore become the cornerstone of RSV control strategies. 

Structural advances in vaccine design, particularly those targeting the pre-F 

protein, have significantly improved immunogenicity compared with earlier 

approaches [231, 232]. Passive immunization with palivizumab, the first 

monoclonal antibody targeting the RSV F protein, reduces RSV-related 

hospitalizations in high-risk infants by approximately 55% [233]. However, its 

use is constrained by high cost, moderate efficacy, and the need for repeated 

monthly dosing during the RSV season [234]. Next-generation monoclonal 

antibodies have addressed these limitations. Nirsevimab, a long-acting 

antibody targeting a conserved pre-F protein epitope, delivers season-long 

protection after a single administration and has demonstrated robust efficacy 

against RSV-related illness [29-31]. Similarly, clesrovimab, which binds a 

conserved epitope present on both pre-F and post-F conformations of the F 

protein, has demonstrated promising efficacy in reducing RSV-associated 

disease and hospitalizations in infants, further expanding immunoprophylaxis 

options [32]. 
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Parallel advances in active immunization have further strengthened preventive 

strategies. Pre-F–based vaccines, including the adjuvanted RSVPreF3 vaccine 

(Arexvy), the bivalent RSVpreF vaccine (Abrysvo), and the mRNA-based 

vaccine mRNA-1345 (mResvia), are now approved for older adults and 

represent different platforms targeting the same antigenic structure [33, 34, 

36]. Beyond direct vaccination strategies in older populations, maternal 

immunization with RSVpreF (Abrysvo) during late pregnancy (32 to 36 

weeks) enables transplacental antibody transfer, providing passive infant 

protection and lowering the incidence of severe early-life RSV disease [35, 

235].  

Together, these advances represent a shift from targeted prophylaxis toward 

broader population-level prevention strategies. However, important challenges 

remain, including high costs, limited access in low- and middle-income 

countries, and logistical barriers related to cold-chain storage and healthcare 

infrastructure required for monoclonal antibody delivery [236]. Vaccine and 

antibody efficacy may also vary in vulnerable groups such as preterm infants 

and immunocompromised individuals [236]. Moreover, because current 

interventions are predominantly preventive rather than therapeutic, a 

substantial gap persists in the treatment of established RSV disease. Ongoing 

surveillance is therefore essential to monitor potential viral escape and 

resistance, while continued development of broader antiviral strategies remains 

a priority [237, 238]. 

1.5. ANTI-RSV ACTIVITY OF MEDICINAL 

PLANTS 

1.5.1. MEDICINAL PLANTS AND THEIR 

THERAPEUTIC RELEVANCE 

Medicinal plants have been used for the prevention and treatment of human 

diseases since ancient times, with early records from Mesopotamia 

documenting the use of plant-derived substances such as licorice, cedar oil, 

and myrrh  [239]. These traditional practices have contributed significantly to 

the development of modern pharmacology, and plant-derived compounds 

continue to serve as an important source of therapeutic agents [240]. 
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The therapeutic value of medicinal plants is largely attributed to their chemical 

diversity. Through evolutionary adaptation to environmental pressures, plants 

synthesize a wide range of secondary metabolites that mediate interactions 

with pathogens, herbivores, and other organisms [241]. These metabolites are 

broadly classified into phenolic compounds, alkaloids, and terpenoids [242], 

many of which exhibit significant biological activity. Alkaloids are nitrogen-

containing compounds often associated with potent pharmacological effects, 

while phenolic compounds, including flavonoids and tannins, are known for 

their antioxidant and antimicrobial properties. Terpenoids represent another 

diverse class of bioactive molecules with a wide range of biological functions. 

The pharmacological relevance of these compounds is illustrated by the 

development of plant-derived drugs such as morphine, quinine, artemisinin, 

vincristine, and paclitaxel [240, 243]. 

1.5.2. ANTI-RSV ACTIVITY AND STUDY 

SIGNIFICANCE 

Several plant-derived molecules have been reported to exhibit activity against 

RSV. Examples include phenolic compounds such as punicalagin and 

chebulagic acid from Terminalia chebula, as well as DCQA from Youngia 

japonica [40, 41]. Moreover, quercetin from vegetables, fruits and other herbs 

and baicalin derived from Scutellaria baicalensis have been shown to inhibit 

RSV replication and reduce viral load by interfering with viral entry and 

transcription processes [244, 245]. Resveratrol, a polyphenolic compound 

naturally occurring in grapes and berries, also exhibits antiviral effects against 

RSV by suppressing viral replication and modulating host inflammatory 

responses [221, 246]. Similarly, glycyrrhizin from Glycyrrhiza glabra 

(licorice) and its derivatives have been reported to exert antiviral activity 

against several viruses, including RSV [247]. In addition to these naturally 

derived compounds, antiviral screening of Tanzanian medicinal plant extracts 

has identified several promising extracts with potent anti-RSV activity [248].   

Beyond direct antiviral effects, many medicinal plants exhibit anti-

inflammatory properties, which are particularly relevant in RSV infection, 

where host immune responses contribute significantly to disease severity. By 

reducing cytokine production and immune-mediated lung damage, plant-

derived compounds may provide both therapeutic and supportive benefits 

[249]. 

Despite these promising findings, only a limited proportion of medicinal plant 

species has been systematically investigated, highlighting the need for 
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continued screening and characterization efforts [250]. Ethnopharmacological 

knowledge provides valuable guidance in selecting candidate plants, and 

activity-guided fractionation has enabled the identification of several antiviral 

compounds [251]. This approach is particularly relevant in Rwanda, where a 

significant proportion of the population relies on traditional medicine for 

primary healthcare [252]. 

Among the species identified in this context, C. sumatrensis, locally known as 

Umutegankwavu, was frequently reported for the treatment of respiratory 

conditions in Rwanda. Its crude methanol extract demonstrated antiviral 

activity in vitro, prompting further investigation. Subsequent isolation and 

characterization of its constituents revealed several phenolic compounds, 

including DCQA derivatives, which have been associated with inhibition of 

RSV infection. These findings further support the potential of this species as a 

source of antiviral agents.  

C. sumatrensis, investigated in this study, is an annual herb belonging to the 

family Asteraceae (tribe Astereae, subtribe Conyzinae). Native to South 

America, it is now widely distributed due to its invasive nature and is 

commonly found in disturbed environments such as agricultural fields and 

roadsides, where it is often considered a herbicide-resistant weed [253]. 

Morphologically, it is a broad-leaved, erect herb that typically grows between 

1 and 2 m in height, although it may reach up to 3 m, with hairy stems, alternate 

leaves, and numerous small white to pale yellow flower heads [254].  

This species has long been used in traditional medicine and has gained 

attention for its diverse pharmacological properties, including potential 

antiviral activity. Phytochemical analyses indicate that C. sumatrensis contains 

a variety of bioactive compounds, including flavonoids, terpenoids, phenolic 

acids, and essential oils, many of which exhibit antiviral effects against 

different viral pathogens [255, 256]. In particular, flavonoids and phenolic 

compounds can interfere with viral entry, replication, and protein synthesis, 

while also modulating host immune responses. Furthermore, the anti-

inflammatory effects of the plant may help mitigate virus-induced tissue 

damage, which is a key component of RSV pathogenesis [257, 258]. These 

combined properties suggest that C. sumatrensis is a promising candidate for 

the identification of novel antiviral agents. Nevertheless, further pre-clinical 

studies are required to validate its efficacy and clarify its underlying 

mechanisms.  
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Medicinal plants therefore represent a valuable and largely untapped reservoir 

of bioactive compounds with potential anti-RSV activity. Their structural 

diversity, multiple mechanisms of action, and relative accessibility make them 

attractive candidates for antiviral drug development, particularly in settings 

where conventional treatments are limited or inaccessible. Integrating natural 

product research with advances in vaccines and antibody-based strategies may 

contribute to more comprehensive approaches for RSV control. In this context, 

medicinal plants could provide alternative anti-RSV compounds that help 

overcome current therapeutic limitations while improving accessibility. 
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2. AIMS 

Respiratory syncytial virus remains a leading cause of severe respiratory 

disease worldwide, particularly among vulnerable populations, while effective 

and widely accessible treatment options remain limited. This underscores the 

need to identify new antiviral compounds, including those isolated from 

medicinal plants traditionally used for respiratory conditions. Accordingly, this 

thesis explored the potential of Rwandan medicinal plants as sources of anti-

RSV agents using an ethnopharmacological approach combined with 

bioactivity-guided investigation. Specifically, the study aimed to: 

• Identify, select, and prepare extracts from Rwandan medicinal plants 

and screen them for anti-RSV activity in cultures of susceptible cells 

(Paper I). 

• Isolate and characterize bioactive compounds from active (hit) extracts 

and evaluate their anti-RSV activity (Paper II and III). 

• Elucidate the anti-RSV mechanisms of action of the most promising 

antiviral compounds (Paper II). 
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3. METHODOLOGY 

This study employed an integrative research design combining 

ethnopharmacological investigation, phytochemical analysis, and virological 

assays to evaluate plant-derived compounds with anti-RSV activity. Initially, 

plants traditionally employed in the management of respiratory ailments were 

identified through an ethnopharmacological survey (Paper I). Selected plants 

were subsequently collected, extracted, and screened for anti-RSV activity 

(Paper I). 

The methanolic extract of Conyza sumatrensis was further subjected to 

isolation, purification, and structural characterization of bioactive compounds 

using chromatographic and spectroscopic techniques (Paper II). The isolated 

compounds were then evaluated for their antiviral activity against RSV. In 

addition, mechanistic studies were conducted to identify the mode of action of 

the C. sumatrensis methanol extract and to assess its potential to induce viral 

resistance (Paper II). Furthermore, secondary metabolites isolated from 

Croton kilwae were also evaluated for anti-RSV activity as part of my 

contribution to the collaborative study (Paper III). 

This multidisciplinary approach enabled a comprehensive evaluation of the 

antiviral efficacy, chemical composition, and mechanisms of action of plant-

derived compounds. 

3. 1. ETHNOPHARMACOLOGICAL SURVEY 

AND SCREENING OF PLANT EXTRACTS 

Paper I 

An ethnopharmacological survey was conducted using structured 

questionnaires administered to registered traditional healers to document plant 

species utilized for the management of respiratory complaints and fever. 

Information collected included demographic characteristics, plant species 

used, plant parts, preparation methods, and routes of administration. The 

selected species were collected, taxonomically authenticated, and plant 

specimens are held at the national herbarium of Rwanda. Plant materials were 

prepared and subjected to the extraction. Extracts were then examined for the 

antiviral activity against RSV and cytotoxicity (Figure 9).  
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Figure 9. Schematic representation of plant material collection, extract 

preparation and assessment for anti-RSV activity and cytotoxicity. For 

detailed description of methods see Paper I. 
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3.2. ISOLATION, PURIFICATION, AND 

STRUCTURAL CHARACTERIZATION OF 

BIOACTIVE PLANT-DERIVED 

COMPOUNDS  

Paper II and III 

A methanolic extract of C. sumatrensis was prepared and fractionated to isolate 

pure compounds. These were then assessed for anti-RSV activity and 

cytotoxicity, and the mode of action of the most promising candidates was 

further investigated (Figure 10). This work also contributed to a collaborative 

project by evaluating the anti-RSV activity and cytotoxic effects of compounds 

isolated from Croton kilwae. 
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Figure 10. Workflow of techniques used for the isolation and 

characterization of compounds. For detailed description of methods see 

Paper II and III.   
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4. RESULTS 

4.1. ETHNOPHARMACOLOGICAL FINDINGS  

Paper I 

The ethnopharmacological survey of traditional healers identified 85 plant 

species belonging to 36 families used for treating respiratory illnesses and 

fever. The most represented family was Asteraceae (15.5%), followed by 

Lamiaceae and Fabaceae. Frequently cited species included Eucalyptus 

globulus (100%), Ocimum gratissimum, Conyza sumatrensis, and Rumex 

usambarensis (85% each). Leaves were the most commonly used plant part, 

and respiratory distress was the most frequently reported symptom.  

4.2. ANTI-RSV ACTIVITY OF PLANT 

EXTRACTS  

Paper I 

A total of 48 plant species served to prepare 203 extracts that were subjected 

to antiviral screening. Among these, 10 methanolic and 4 water-based extracts 

showed promising activity against RSV with low EC50 values and high 

selectivity indices (>10), indicating specific antiviral effects. Notably, 

methanolic extract of Conyza sumatrensis (EC50 = 3 µg/mL) and aqueous 

extract of Rumex usambarensis demonstrated strong activity with minimal 

cytotoxicity (Table 1).  

Table 1. Anti-RSV activity, cytotoxicity, and selectivity index of selected 

plant extractsa.  

Plant species THb 

usage 

(%) 

Extracted 

plant part 

EC50
c
 

(µg/mL) 

CC50
d 

(µg/mL) 

SIe 

(CC50/EC50) 

Conyza 

sumatrensis 

(methanol) 

85 Aerial 

parts 

3 >500 >166.7 
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Acacia 

mearnsii 

(methanol) 

50 Stem bark 3.4 60 17.6 

Rapanea 

melanophloeos 

(methanol) 

25 Leaves 10.8 308 28.5 

Ageratum 

conyzoides 

(methanol) 

25 Aerial 

parts 

39.5 >500 >12.7 

Hygrophila 

auriculata 

(methanol) 

50 Leaves 2.8 310 110.7 

Fleroya 

rubrostipulata 

(methanol) 

30 Leaves 19.5 >500 25.6 

Thunbergia 

alata 

(methanol) 

12.5 Aerial 

parts 

5.5 >500 90.9 

Baccharoides 

kirungae 

(methanol) 

10 Leaves 4.3 52.5 12.2 

Senecio 

maranguensis 

(methanol) 

2.5 Leaves 6.9 310 44.9 

Blumea alata 

(methanol) 

12.5 Leaves 1.6 470 293.8 

Fleroya 

rubrostipulata 

(water) 

30 Stem bark 24.2 >500 >20.7 

Rumex 

usambarensis 

(water) 

85 Aerial 

parts 

18.1 >500 >27.6 
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Hygrophila 

auriculata 

(water) 

50 Leaves 11.9 >500 >42 

Baccharoides 

kirungae 

(water) 

10 Leaves 3.3 265 80 

Ribavirin - - 6.5 >100 15.4 

DMSO - - >500 >500 1 

Water - - >500 >500 1 

ᵃ Plant extracts were prepared in methanol or water, dissolved in DMSO or 

water respectively. Ribavirin was used as positive control while DMSO or 

water as the dissolvent controls. 

ᵇ Percentage of Rwandan traditional healers (n = 40) reporting use of the 

plant for respiratory ailments. 

ᶜ Concentration of extract required to reduce RSV plaque formation in HEp-2 

cells by 50%. 

ᵈ Concentration causing 50% reduction in HEp-2 cell viability. 

ᵉ Selectivity index calculated as CC50/EC50. 

4.3. ISOLATION AND IDENTIFICATION OF 

BIOACTIVE COMPOUNDS FROM 

CONYZA SUMATRENSIS  

Paper II 

Phytochemical investigation of Conyza sumatrensis methanol extract resulted 

in the isolation of 3,5-di-O-caffeoyl-1-malonylquinic acid and 3-O-(4'-

methoxy)caffeoyl-5-O-caffeoyl-1-malonylquinic acid (new compounds) and 

14 known compounds, mainly dicaffeoylquinic acid (DCQA) derivatives. 

Structural elucidation confirmed the presence of multiple caffeoylquinic acid 

isomers, including 3,4-, 3,5-, and 1,3-DCQAs (Table 2).  
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4.4. ANTIVIRAL ACTIVITY OF ISOLATED 

COMPOUNDS  

Paper II 

Among the isolated compounds, five DCQA (3,4-, 3,5- and 1,3-DCQA) 

isomers exhibited potent anti-RSV activity with EC50 values of 0.45-9.8 µM, 

thus outperforming the approved anti-RSV drug ribavirin. These compounds 

showed high selectivity indices (>10) and minimal cytotoxicity (Table 2), 

confirming their specific antiviral activity. Additionally, treatment with these 

compounds significantly reduced viral yield by 2-3 log10 PFU.  

Table 2. Anti-RSV activity of isolated compounds from C.sumatrensis 

Compound 

EC50
a 

(µM) 

CC50
b 

(µM) 

SIc 

CC50/EC50 

 

3,5-di-O-caffeoyl-1-malonylquinic acid 

40.5 >100 >2.5 

 

3-O-(4'-methoxy)caffeoyl-5-O-caffeoyl-1-

malonylquinic acid. 

>100 >100 1 

 

0.67 >100 >149.3 
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3,5-dicaffeoyl-epi-quinic acid (3,5-DCQA) 

 

3,5-DCQA 

0.77 >100 >129.9 

 

3,4-DCQA 

0.8 >100 >125 

 

3,4-dicaffeoyl-epi-quinic acid (3,4-DCQA) 

0.45 >100 >222.2 

 

1,3-DCQA 

9.8 >100 >10.2 

a: concentration of compound that reduced the RSV plaques by 50% in HEp-2 

cells 
b: Concentration of compounds that reduced the viability of HEp-2 cells by 

50% 
c: Selectivity index  
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4.5. MODE OF ACTION OF ACTIVE 

COMPOUNDS  

Paper II 

Mechanistic studies revealed that DCQA isomers primarily act at early phase 

of infection with RSV, as demonstrated by time-of-addition assays. Their 

virucidal activity was minimal, indicating that the compounds do not directly 

inactivate the virus. Immunofluorescence analysis showed a strong reduction 

in the number of infected cells (up to <5%), while virus binding assays 

indicated only moderate inhibition of viral attachment. This suggests that 

DCQA isomers likely interfere with early viral entry processes.  

4.6. SELECTION OF RESISTANT VIRAL 

VARIANTS  

Paper II 

RSV serially passaged in the presence of DCQA isomers gave rise to selection 

for resistant variants with diminished sensitivity to these compounds. 

Sequencing of the RSV F gene identified key mutations, including K394R and 

I530M, and in some virus variants the L141M change in fusion peptide, all 

associated with resistance. These findings suggest that DCQA derivative 

compounds target viral components involved in membrane fusion and entry. 

Consistent with this, the compounds also reduced the development of RSV 

induced syncytium formation for which the fusion activity of viral F protein is 

essential (Figure 11). 

 

 

 

 

 

Figure 11. Effect of 3,4-dicaffeoyl-epi-quinic acid on RSV-induced plaque 

morphology in HEp-2 cells. RSV-infected HEp-2 cells were treated with 3,4-

A B 
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dicaffeoyl-epi-quinic acid at concentrations of 4 μM (A), alongside an 

untreated infected control (B).  

4.7. ANTI-RSV ACTIVITY OF COMPOUNDS 

FROM CROTON KILWAE  

Paper III 

Phytochemical analysis of Croton kilwae yielded 6 new and 13 previously 

reported compounds. Among these, ayanin (IC50 = 6.1 µM) and ent-3β,19-

dihydroxykaur-16-ene (IC50 = 10.2 µM) showed notable anti-RSV activity 

with acceptable selectivity (Table 3 and Figure 12). Crude extracts also 

demonstrated moderate antiviral activity, supporting the plant’s value in 

antiviral drug development (Table 3). 

Table 3. Anti-RSV screening of compounds isolated from Croton kilwae 

and its crude extracts in HEp-2 cells.   

Compound IC50
a (µM/µg/mL) CC50

b (µM/µg/mL) SIc 

1 >100 >100 ≥ 1.0 

2 >100 >100 ≥ 1.0 

4 >100 >100 ≥ 1.0 

5 >100 >100 ≥ 1.0 

7 10.2 50.5 4.9 

11 >100 >100 ≥ 1.0 

14 >100 >100 ≥ 1.0 

15 >100 >100 ≥ 1.0 

16 6.1 >100 >16.4 

Leaves crude >20 >100 ≥ 5.0 

Stem crude >20 >100 ≥ 5.0 
a Concentration of compound that inhibited the RSV plaque numbers in HEp-

2 cells by 50% 
b Concentration of compound causing a 50% reduction in HEp-2 cell viability 
c CC50/IC50  
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                      ayanin                               ent-3β,19-dihydroxykaur-16-ene       

                                                                          

 

 

 

 

 

Figure 12. Anti-RSV dose response curve for compounds ayanin (A) 

and ent-3β,19-dihydroxykaur-16-ene (B). 

 

A B 
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5. DISCUSSION 

The results presented in this thesis demonstrate that medicinal plants used in 

traditional medicine represent a valuable source of anti-RSV compounds, with 

both crude extracts and isolated constituents showing antiviral activity. Initial 

screening (Paper I) of ethnopharmacologically selected plants identified 

several methanolic and aqueous extracts with substantial anti-RSV potential, 

whereas non-polar extracts lacked activity, likely due to cytotoxic effects 

masking antiviral properties. These findings emphasize the importance of 

solvent selection and extraction strategy in identifying bioactive compounds. 

The identified anti-RSV hit extracts included several plants used in traditional 

Rwandan medicine thus supporting ethnopharmacological knowledge 

relevance (Paper I). However, antiviral activity was found to be highly 

dependent on the virus, plant species, and the extraction conditions used. Some 

previously reported antiviral plants did not exhibit activity against RSV. This 

highlights the necessity of virus-specific validation of traditional medicinal 

plants. 

Investigations concerning the mode of activity of hit extracts and compounds 

across Papers I and II consistently identified the RSV F protein as a major 

molecular target. In particular, S. maranguensis methanol extract (Paper I) and 

isolated compounds from C. sumatrensis (Paper II) inhibited early stages of 

virus infection of cells. Experiments relying on selection for and sequencing 

of resistant virus variants revealed mutations in the F protein (e.g., T335M in 

Paper I; K394R, I530M and L141M in Paper II), indicating that these 

compounds act as RSV fusion inhibitors. Because these mutation are located 

at the internal cavity of the pre-F protein trimer, these findings suggest that the 

active compounds interfere with conformational changes of the pre-F protein 

required for fusion of viral and cellular lipid membranes, thereby blocking both 

viral entry and syncytium formation, and being consistent with known mode 

of activity of RSV fusion inhibitors [259-261]. 

Phytochemical analysis (Paper II) identified DCQAs as key antiviral 

constituents acting by inhibition of RSV induced fusion of cells. Structure-

activity relationship analysis demonstrated that antiviral potency depends on 

the positioning of caffeoyl groups, with 3,4- and 3,5-DCQA isomers showing 

the strongest activity. The presence of free hydroxyl groups was critical for 

activity, while methylation or malonylation reduced antiviral effects, 

indicating that specific structural features govern interaction with viral targets. 
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It is of interest that DCQAs can be found in different medicinal plants, plants 

products such as some teas and coffee, some fruits and vegetables including 

artichoke, chicory, lettuce, tomato, and others. Furthermore, DCQA is known 

to exhibit a number of biological activities including antimicrobial, anti-

inflammatory, hepato-, neuro- and cardiovascular-protective properties [262]. 

This indicates that consumption of products comprising DCQAs is extensive 

among humans and could be of benefit for their health. This together with our 

finding of anti-RSV activity of different analogs of DCQA establish this 

molecule as promising scaffolds for the development of novel effective 

candidate drugs targeting the RSV F protein. 

Additional phenolic compounds, including caffeic acid derivatives (Paper II) 

and quercetin-related molecules (Paper III), exhibited moderate anti-RSV 

activity, suggesting a broader role of plant-derived phenolics in antiviral 

activity. Importantly, the active compounds identified across all studies 

showed low cytotoxicity, supporting their potential as lead compounds. 

Despite these promising findings, limitations such as low stability and 

bioavailability of phenolic compounds, (Paper II), may restrict their direct 

therapeutic application. These challenges highlight the need for further 

optimization through structural modification or formulation strategies to 

improve pharmacokinetic properties [263, 264]. 

Overall, the results from Papers I-III demonstrate that natural products, 

especially phenolic compounds derived from medicinal plants, can inhibit 

RSV infection by targeting the viral F protein and blocking membrane fusion.  
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6. CONCLUDING REMARKS 

This thesis demonstrates that medicinal plants used in traditional medicine 

represent a valuable, largely underexplored source of antiviral compounds 

targeting RSV. Ethnopharmacology-guided screening successfully identified 

several plant extracts with anti-RSV activity, emphasizing the relevance of 

traditional knowledge in antiviral drug development. The findings further 

showed that antiviral activity is strongly influenced by extraction methods and 

solvent polarity, emphasizing the importance of appropriate extraction 

strategies. 

Mechanistic investigations revealed that the RSV F protein is a key molecular 

target for the identified bioactive compounds. Both crude extracts and isolated 

constituents inhibited early stages of infection, particularly viral entry, and 

resistance-associated mutations confirmed their function as fusion inhibitors. 

These results align with the mechanism of action of clinically relevant RSV 

inhibitory agents, underscoring the therapeutic relevance of the identified 

compounds. 

Phytochemical studies identified DCQAs as major antiviral constituents and 

demonstrated that their activity depends on specific structural features, 

including the position of caffeoyl groups and the presence of free hydroxyl 

groups. Additional phenolic compounds, including caffeic acid derivatives and 

flavonoids, also contributed to antiviral activity, supporting a broader role of 

plant-derived phenolics in RSV inhibition. Importantly, the active compounds 

exhibited relatively low cytotoxicity, supporting their potential as lead 

structures. 

This work establishes that natural phenolic compounds can inhibit RSV 

infection by targeting the viral F protein and interfering with membrane fusion. 

These findings validate the traditional use of selected medicinal plants for 

respiratory diseases and identify promising scaffolds for the development of 

novel anti-RSV therapeutics. Collectively, this thesis provides a strong 

foundation for advancing plant-derived antiviral strategies and reinforces the 

value of natural products as a source of innovative anti-RSV drug candidates. 
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7. FUTURE PERSPECTIVES 

Despite these promising findings, several challenges remain before translation 

into clinical application. Further studies are required to isolate and fully 

characterize active compounds within complex extracts, particularly from 

Senecio maranguensis, where the identification and structural elucidation of 

the molecules responsible for anti-RSV activity represent an important next 

step. In addition, potential synergistic effects between constituents should be 

investigated, and expanded structure-activity relationship analyses will be 

essential to optimize antiviral potency and selectivity 

The pharmacokinetic limitations of phenolic compounds, including poor 

stability and low bioavailability, need to be addressed. Chemical modification, 

or advanced drug delivery systems may improve their therapeutic potential. In 

parallel, in vivo studies are necessary to evaluate efficacy, toxicity, and 

pharmacodynamics in relevant animal models. Moreover, given their 

promising anti-RSV activity, DCQA derivatives should also be tested against 

other respiratory viruses to assess their broader antiviral potential. 

Given that the F protein of RSV is a primary target for both small-molecule 

inhibitors and monoclonal antibodies, further investigation into binding sites 

and resistance mechanisms will be important to assess the potential for cross-

resistance and to guide rational drug design. Combining natural product-

derived inhibitors with existing antiviral strategies may also increase 

therapeutic efficacy while limiting the emergence of resistance. 

This work highlights the importance of integrating ethnopharmacological 

knowledge with modern virology and chemistry approaches. Expanding such 

interdisciplinary strategies to other medicinal plants and viral pathogens may 

accelerate the discovery of novel antiviral agents. 

 



Colores Uwamariya 

53 

ACKNOWLEDGEMENT 

I am profoundly grateful to God, to whom I owe my life, for his endless grace, 

guidance, and strength, and for his unwavering presence and blessings that 

made this journey possible. 

I would like to express my special and sincere gratitude to Edward Trybala for 

his exceptional guidance, invaluable support, and significant contributions, 

which were instrumental to the success of this work. His scientific expertise, 

encouragement, and commitment have played a key role in the development 

of this thesis and in my growth as a researcher. I truly appreciate his time, 

dedication, and mentorship. 

I am deeply grateful to Tomas Bergström, for his expert guidance, and 

constructive input throughout this work. His mentorship and support have been 

essential to the progress and completion of this work. 

Great thanks as well to Joanna Said, Eric Seruyange, and Emile Bienvenue for 

their administrative assistance on the project. 

I wish to sincerely thank all collaborators and colleagues who contributed to 

this project. I am grateful to Máté Erdélyi (Uppsala University), Daniel 

Umereweneza (University of Rwanda), and Théoneste Muhizi, (University of 

Rwanda) for their scientific input, fruitful discussions, and support at different 

stages of this work. I also gratefully acknowledge Charles Hannoun for his 

contribution. I am especially thankful to the traditional healers from the AGA-

RWANDA association for generously sharing their knowledge, which made 

this research possible. I further express my sincere gratitude to Elias Bizuru for 

his significant contribution to this work, as well as to Erica, Mona, and Marie, 

who kindly provided cell lines, even during difficult times, and whose support 

was essential to the progress of this study. 

I further express my gratitude to Máté’s entire research group at Uppsala 

University, especially Ruisheng Xiong and Wouter Remmerswaal, for their 

assistance and collaboration. 

I gratefully acknowledge Maria, Carolina, Rikard, Nina, and Farshid (Uppsala 

University) for their excellent technical assistance. Their expertise, reliability, 



Medicinal plants as source of antiviral substances against respiratory syncytial virus 

54 

and constant willingness to help were invaluable to the successful completion 

of this work. 

My sincere thanks to Anneli for her flexibility and support in handling all 

bookings, even at the last minute. 

I am also grateful to my office and group mates and fellow students, Jackson, 

Masum, Sofia, Ebba, Annette, Ambjörn, Marianella, Luisa, Hao, Consolée, 

Schifra, and Jean Bosco for creating a friendly, motivating, and collaborative 

environment. Thank you for the discussions, encouragement, and moments of 

laughter that made this journey more enjoyable. 

My thanks to the entire virology group for providing a good working 

environment. 

I would like to gratefully acknowledge SIDA for providing the scholarship that 

made this PhD possible. I also sincerely thank the University of Rwanda and 

the University of Gothenburg, especially my department, for their support and 

for facilitating the successful execution of this research project. 

My sincere thanks also go to the entire PCO team and to the team leaders, 

Egide and Sofia, for their valuable administrative support. 

Finally, I owe my deepest thanks to my family for being a continuous source 

of strength and encouragement. I also pay tribute to the memory of my late 

parents, whose love, guidance, sacrifices, and even their prayers have been the 

foundation of my journey. Their influence continues to inspire and strengthen 

me every day. 



Colores Uwamariya 

55 

REFERENCES 

1. Huang, J., et al., Antiviral herbs-present and future. Infectious 

Disorders-Drug TargetsDisorders, 2014. 14(1): p. 61-73. 

2. Owusu, M., et al., Human coronaviruses associated with upper 

respiratory tract infections in three rural areas of Ghana. PloS one, 

2014. 9(7): p. e99782. 

3. Shi, T., et al., Risk factors for respiratory syncytial virus associated 

with acute lower respiratory infection in children under five years: 

Systematic review and meta–analysis. Journal of global health, 2015. 

5(2): p. 020416. 

4. Choi, E.H., et al., The association of newly identified respiratory 

viruses with lower respiratory tract infections in Korean children, 

2000–2005. Clinical infectious diseases, 2006. 43(5): p. 585-592. 

5. Kusel, M.M., et al., Role of respiratory viruses in acute upper and 

lower respiratory tract illness in the first year of life: a birth cohort 

study. The Pediatric infectious disease journal, 2006. 25(8): p. 680-

686. 

6. Jang, J.-E., et al., Evaluation of protective efficacy of respiratory 

syncytial virus vaccine against A and B subgroup human isolates in 

Korea. PLoS One, 2011. 6(9): p. e23797. 

7. Qin, X., et al., Genetic variability of subgroup A and B respiratory 

syncytial virus strains circulating in southwestern China from 2009 to 

2011. Archives of virology, 2013. 158(7): p. 1487-1495. 

8. Tan, L., et al., The comparative genomics of human respiratory 

syncytial virus subgroups A and B: genetic variability and molecular 

evolutionary dynamics. Journal of virology, 2013. 87(14): p. 8213-

8226. 

9. Aamir, U.B., et al., Molecular characterization of circulating 

respiratory syncytial virus (RSV) genotypes in Gilgit Baltistan 

Province of Pakistan during 2011-2012 winter season. PLoS One, 

2013. 8(9): p. e74018. 

10. Shi, T., et al., Global, regional, and national disease burden estimates 

of acute lower respiratory infections due to respiratory syncytial virus 

in young children in 2015: a systematic review and modelling study. 

The Lancet, 2017. 390(10098): p. 946-958. 

11. González, P.A., et al., Respiratory syncytial virus impairs T cell 

activation by preventing synapse assembly with dendritic cells. 

Proceedings of the National Academy of Sciences, 2008. 105(39): p. 

14999-15004. 



Medicinal plants as source of antiviral substances against respiratory syncytial virus 

56 

12. Carvajal, J.J., et al., Host components contributing to respiratory 

syncytial virus pathogenesis. Frontiers in immunology, 2019. 10: p. 

2152. 

13. Pilau, M.R., et al., Antiviral activity of the Lippia graveolens (Mexican 

oregano) essential oil and its main compound carvacrol against 

human and animal viruses. Brazilian Journal of Microbiology, 2011. 

42: p. 1616-1624. 

14. Thorburn, K., Pre-existing disease is associated with a significantly 

higher risk of death in severe respiratory syncytial virus infection. 

Archives of disease in childhood, 2009. 94(2): p. 99-103. 

15. Abraha, H.Y., K.L. Lanctot, and B. Paes, Risk of respiratory syncytial 

virus infection in preterm infants: reviewing the need for prevention. 

Expert review of respiratory medicine, 2015. 9(6): p. 779-799. 

16. Perk, Y. and M. Özdil, Respiratory syncytial virüs infections in 

neonates and infants. Turkish Archives of Pediatrics/Türk Pediatri 

Arşivi, 2018. 53(2): p. 63. 

17. Openshaw, P.J., et al., Protective and harmful immunity to RSV 

infection. Annual review of immunology, 2017. 35(1): p. 501-532. 

18. Simoes, E.A., et al., Palivizumab prophylaxis, respiratory syncytial 

virus, and subsequent recurrent wheezing. The Journal of pediatrics, 

2007. 151(1): p. 34-42. e1. 

19. Qin, L., et al., Activation of lymphocytes induced by bronchial 

epithelial cells with prolonged RSV infection. PLoS One, 2011. 6(12): 

p. e27113. 

20. Battles, M.B. and J.S. McLellan, Respiratory syncytial virus entry and 

how to block it. Nature Reviews Microbiology, 2019. 17(4): p. 233-

245. 

21. Kauvar, L.M., et al., Therapeutic targeting of respiratory syncytial 

virus G-protein. Immunotherapy, 2010. 2(5): p. 655-661. 

22. Becker, Y., Respiratory syncytial virus (RSV) evades the human 

adaptive immune system by skewing the Th1/Th2 cytokine balance 

toward increased levels of Th2 cytokines and IgE, markers of allergy—

a review. Virus genes, 2006. 33(2): p. 235-252. 

23. Meissner, H.C., Viral bronchiolitis in children. New England Journal 

of Medicine, 2016. 374(1): p. 62-72. 

24. Florin, T.A., A.C. Plint, and J.J. Zorc, Viral bronchiolitis. The Lancet, 

2017. 389(10065): p. 211-224. 

25. Sommer, C., B. Resch, and E.A. Simões, Risk factors for severe 

respiratory syncytial virus lower respiratory tract infection. The open 

microbiology journal, 2011. 5: p. 144. 

26. Welliver, R.C., Review of epidemiology and clinical risk factors for 

severe respiratory syncytial virus (RSV) infection. The Journal of 

pediatrics, 2003. 143(5): p. 112-117. 



Colores Uwamariya 

57 

27. Hishiki, H., et al., Incidence of bacterial coinfection with respiratory 

syncytial virus bronchopulmonary infection in pediatric inpatients. 

Journal of Infection and Chemotherapy, 2011. 17(1): p. 87-90. 

28. Haber, N., Respiratory syncytial virus infection in elderly adults. 

Medecine et maladies infectieuses, 2018. 48(6): p. 377-382. 

29. Verwey, C., Z. Dangor, and S.A. Madhi, Approaches to the prevention 

and treatment of respiratory syncytial virus infection in children: 

rationale and progress to date. Pediatric Drugs, 2024. 26(2): p. 101-

112. 

30. Assad, Z., et al., Nirsevimab and hospitalization for RSV bronchiolitis. 

New England Journal of Medicine, 2024. 391(2): p. 144-154. 

31. Keam, S.J., Nirsevimab: first approval. Drugs, 2023. 83(2): p. 181-

187. 

32. Zar, H.J., et al., Clesrovimab for prevention of RSV disease in healthy 

infants. New England Journal of Medicine, 2025. 393(13): p. 1292-

1303. 

33. Patel, D., J. Chawla, and C. Blavo, Use of the Abrysvo vaccine in 

pregnancy to prevent respiratory syncytial virus in infants: a review. 

Cureus, 2024. 16(8). 

34. Syed, Y.Y., Respiratory syncytial virus prefusion F subunit vaccine: 

first approval of a maternal vaccine to protect infants. Pediatric Drugs, 

2023. 25(6): p. 729-734. 

35. Moro, P.L., et al., Safety monitoring of Pfizer's Respiratory Syncytial 

Virus Vaccine in pregnant women in the Vaccine Adverse Event 

Reporting System (VAERS), 2023–2024, United States. Vaccine, 2025. 

62: p. 127497. 

36. Orders, M., A New RSV Vaccine (mResvia) for Adults≥ 60 Years Old. 

Med. Lett. Drugs Ther, 2024. 66: p. 166-168. 

37. Singh, S., et al., Respiratory Syncytial Virus infections in neonates: a 

persisting problem. Newborn (Clarksville, Md.), 2023. 2(3): p. 222. 

38. Guerguerian, A., et al., Ribavirin in ventilated respiratory syncytial 

virus bronchiolitis. A randomized, placebo-controlled trial. American 

journal of respiratory and critical care medicine, 1999. 160(3): p. 829-

834. 

39. Saklani, S., et al., Antimicrobial activity of extracts of the medicinal 

plant Coleus forskohlii. International Journal of Drug Research and 

Technology, 2017. 1(1): p. 8. 

40. Lin, L.-T., W.-C. Hsu, and C.-C. Lin, Antiviral natural products and 

herbal medicines. Journal of traditional and complementary medicine, 

2014. 4(1): p. 24-35. 

41. Hu, Z., et al., Overview of viral pneumonia associated with influenza 

virus, respiratory syncytial virus, and coronavirus, and therapeutics 



Medicinal plants as source of antiviral substances against respiratory syncytial virus 

58 

based on natural products of medicinal plants. Frontiers in 

pharmacology, 2021. 12: p. 630834. 

42. Marty, A., et al., Association of matrix protein of respiratory syncytial 

virus with the host cell membrane of infected cells. Archives of 

virology, 2003. 149(1): p. 199-210. 

43. Aamir, U.B., et al., Molecular characterization of circulating 

respiratory syncytial virus (RSV) genotypes in Gilgit Baltistan 

Province of Pakistan during 2011-2012 winter season. PLoS One, 

2013. 8(9). 

44. Borchers, A.T., et al., Respiratory syncytial virus—a comprehensive 

review. Clinical reviews in allergy & immunology, 2013. 45(3): p. 

331-379. 

45. Shang, Z., S. Tan, and D. Ma, Respiratory syncytial virus: from 

pathogenesis to potential therapeutic strategies. International Journal 

of Biological Sciences, 2021. 17(14): p. 4073. 

46. Shahriari, S., J. Gordon, and R. Ghildyal, Host cytoskeleton in 

respiratory syncytial virus assembly and budding. Virology journal, 

2016. 13(1): p. 161. 

47. Rameix-Welti, M.-A., et al., Visualizing the replication of respiratory 

syncytial virus in cells and in living mice. Nature communications, 

2014. 5(1): p. 5104. 

48. Papenburg, J. and G. Boivin, The distinguishing features of human 

metapneumovirus and respiratory syncytial virus. Reviews in medical 

virology, 2010. 20(4): p. 245-260. 

49. Barik, S., Respiratory Syncytial Virus Mechanisms to Interfere with 

Type 1 Interferons, in Challenges and Opportunities for Respiratory 

Syncytial Virus Vaccines, L.J. Anderson and B.S. Graham, Editors. 

2013, Springer-Verlag Berlin: Berlin. p. 173-191. 

50. Bitko, V., et al., Nonstructural proteins of respiratory syncytial virus 

suppress premature apoptosis by an NF-κB-dependent, interferon-

independent mechanism and facilitate virus growth. Journal of 

virology, 2007. 81(4): p. 1786-1795. 

51. Ogra, P.L., Respiratory syncytial virus: the virus, the disease and the 

immune response. Paediatric respiratory reviews, 2004. 5: p. S119-

S126. 

52. Vanover, D., et al., RSV glycoprotein and genomic RNA dynamics 

reveal filament assembly prior to the plasma membrane. Nature 

communications, 2017. 8(1): p. 1-15. 

53. Tanner, S.J., et al., Crystal structure of the essential transcription 

antiterminator M2-1 protein of human respiratory syncytial virus and 

implications of its phosphorylation. Proceedings of the National 

Academy of Sciences, 2014. 111(4): p. 1580-1585. 



Colores Uwamariya 

59 

54. Förster, A., et al., Dimerization of matrix protein is required for 

budding of respiratory syncytial virus. Journal of virology, 2015. 

89(8): p. 4624-4635. 

55. Mitra, R., et al., The human respiratory syncytial virus matrix protein 

is required for maturation of viral filaments. Journal of virology, 2012. 

86(8): p. 4432-4443. 

56. Kiss, G., et al., Structural analysis of respiratory syncytial virus 

reveals the position of M2-1 between the matrix protein and the 

ribonucleoprotein complex. Journal of virology, 2014. 88(13): p. 

7602-7617. 

57. Melero, J.A., Molecular biology of human respiratory syncytial virus. 

Perspectives in medical virology, 2007. 14: p. 1-42. 

58. Jang, J.-E., et al., Evaluation of protective efficacy of respiratory 

syncytial virus vaccine against A and B subgroup human isolates in 

Korea. PLoS One, 2011. 6(9). 

59. Magro, M., et al., Neutralizing antibodies against the preactive form 

of respiratory syncytial virus fusion protein offer unique possibilities 

for clinical intervention. Proceedings of the National Academy of 

Sciences, 2012. 109(8): p. 3089-3094. 

60. Detalle, L., et al., Generation and characterization of ALX-0171, a 

potent novel therapeutic nanobody for the treatment of respiratory 

syncytial virus infection. Antimicrobial agents and chemotherapy, 

2016. 60(1): p. 6-13. 

61. Magro, M., et al., Neutralization of human respiratory syncytial virus 

infectivity by antibodies and low-molecular-weight compounds 

targeted against the fusion glycoprotein. Journal of virology, 2010. 

84(16): p. 7970-7982. 

62. Vandini, S., C. Biagi, and M. Lanari, Respiratory syncytial virus: the 

influence of serotype and genotype variability on clinical course of 

infection. International journal of molecular sciences, 2017. 18(8): p. 

1717. 

63. Melero, J.A. and V. Mas, The Pneumovirinae fusion (F) protein: A 

common target for vaccines and antivirals. Virus research, 2015. 209: 

p. 128-135. 

64. Graham, B.S., Vaccines against respiratory syncytial virus: the time 

has finally come. Vaccine, 2016. 34(30): p. 3535-3541. 

65. Patel, N., et al., Respiratory syncytial virus prefusogenic fusion (F) 

protein nanoparticle vaccine: Structure, antigenic profile, 

immunogenicity, and protection. Vaccine, 2019. 37(41): p. 6112-6124. 

66. Sun, Z., et al., Respiratory syncytial virus entry inhibitors targeting 

the F protein. Viruses, 2013. 5(1): p. 211-225. 

67. Gilman, M.S., et al., Transient opening of trimeric prefusion RSV F 

proteins. Nature communications, 2019. 10(1): p. 1-13. 



Medicinal plants as source of antiviral substances against respiratory syncytial virus 

60 

68. Hicks, S.N., et al., Five residues in the apical loop of the respiratory 

syncytial virus fusion protein F2 subunit are critical for its fusion 

activity. Journal of virology, 2018. 92(15). 

69. Smith, E.C., et al., Viral entry mechanisms: the increasing diversity of 

paramyxovirus entry. The FEBS journal, 2009. 276(24): p. 7217-7227. 

70. Mejias, A., et al., Development and clinical applications of novel 

antibodies for prevention and treatment of respiratory syncytial virus 

infection. Vaccine, 2017. 35(3): p. 496-502. 

71. Swanson, K.A., et al., Structural basis for immunization with 

postfusion respiratory syncytial virus fusion F glycoprotein (RSV F) 

to elicit high neutralizing antibody titers. Proceedings of the National 

Academy of Sciences, 2011. 108(23): p. 9619-9624. 

72. Ngwuta, J.O., et al., Prefusion F–specific antibodies determine the 

magnitude of RSV neutralizing activity in human sera. Science 

translational medicine, 2015. 7(309): p. 309ra162-309ra162. 

73. McLellan, J.S., et al., Structure of respiratory syncytial virus fusion 

glycoprotein in the postfusion conformation reveals preservation of 

neutralizing epitopes. Journal of virology, 2011. 85(15): p. 7788-7796. 

74. Balbi, H., Nirsevimab: a review. Pediatric Allergy, Immunology, and 

Pulmonology, 2024. 37(1): p. 3-6. 

75. Zhang, L., et al., Design and characterization of a fusion glycoprotein 

vaccine for Respiratory Syncytial Virus with improved stability. 

Vaccine, 2018. 36(52): p. 8119-8130. 

76. Stewart-Jones, G.B., et al., A cysteine zipper stabilizes a pre-fusion F 

glycoprotein vaccine for respiratory syncytial virus. PLoS One, 2015. 

10(6): p. e0128779. 

77. Boyington, J.C., et al., Structure-based design of head-only fusion 

glycoprotein immunogens for respiratory syncytial virus. PLoS One, 

2016. 11(7): p. e0159709. 

78. Krarup, A., et al., A highly stable prefusion RSV F vaccine derived 

from structural analysis of the fusion mechanism. Nature 

communications, 2015. 6(1): p. 1-12. 

79. Gilbert, B.E., et al., Respiratory syncytial virus fusion nanoparticle 

vaccine immune responses target multiple neutralizing epitopes that 

contribute to protection against wild-type and palivizumab-resistant 

mutant virus challenge. Vaccine, 2018. 36(52): p. 8069-8078. 

80. Mas, V., et al., Antigenic and sequence variability of the human 

respiratory syncytial virus F glycoprotein compared to related viruses 

in a comprehensive dataset. Vaccine, 2018. 36(45): p. 6660-6673. 

81. Bukreyev, A., et al., The secreted form of respiratory syncytial virus 

G glycoprotein helps the virus evade antibody-mediated restriction of 

replication by acting as an antigen decoy and through effects on Fc 



Colores Uwamariya 

61 

receptor-bearing leukocytes. Journal of virology, 2008. 82(24): p. 

12191-12204. 

82. Corry, J., et al., Preventing cleavage of the respiratory syncytial virus 

attachment protein in vero cells rescues the infectivity of progeny virus 

for primary human airway cultures. Journal of virology, 2016. 90(3): 

p. 1311-1320. 

83. Arnold, R., et al., Respiratory syncytial virus deficient in soluble G 

protein induced an increased proinflammatory response in human 

lung epithelial cells. Virology, 2004. 330(2): p. 384-397. 

84. Hotard, A.L., et al., Functional analysis of the 60-nucleotide 

duplication in the respiratory syncytial virus Buenos Aires strain 

attachment glycoprotein. Journal of virology, 2015. 89(16): p. 8258-

8266. 

85. Liang, B., et al., Effects of alterations to the CX3C motif and secreted 

form of human respiratory syncytial virus (RSV) G protein on immune 

responses to a parainfluenza virus vector expressing the RSV G 

protein. Journal of virology, 2019. 93(7). 

86. Baek, Y.H., et al., Prevalence and genetic characterization of 

respiratory syncytial virus (RSV) in hospitalized children in Korea. 

Archives of virology, 2012. 157(6): p. 1039-1050. 

87. Zhang, Z.-y., et al., Genetic variability of respiratory syncytial viruses 

(RSV) prevalent in Southwestern China from 2006 to 2009: emergence 

of subgroup B and A RSV as dominant strains. Journal of clinical 

microbiology, 2010. 48(4): p. 1201-1207. 

88. Murata, Y., et al., Humoral response to the central unglycosylated 

region of the respiratory syncytial virus attachment protein. Vaccine, 

2010. 28(38): p. 6242-6246. 

89. Teng, M.N. and P.L. Collins, The central conserved cystine noose of 

the attachment G protein of human respiratory syncytial virus is not 

required for efficient viral infection in vitro or in vivo. Journal of 

virology, 2002. 76(12): p. 6164-6171. 

90. Jeong, K.-I., et al., CX3CR1 is expressed in differentiated human 

ciliated airway cells and co-localizes with respiratory syncytial virus 

on cilia in a G protein-dependent manner. PloS one, 2015. 10(6): p. 

e0130517. 

91. Liang, B., et al., Effects of alterations to the CX3C motif and secreted 

form of human respiratory syncytial virus (RSV) G protein on immune 

responses to a parainfluenza virus vector expressing the RSV G 

protein. Journal of virology, 2019. 93(7): p. 10.1128/jvi. 02043-18. 

92. Melero, J.A., V. Mas, and J.S. McLellan, Structural, antigenic and 

immunogenic features of respiratory syncytial virus glycoproteins 

relevant for vaccine development. Vaccine, 2017. 35(3): p. 461-468. 



Medicinal plants as source of antiviral substances against respiratory syncytial virus 

62 

93. Johnson, S.M., et al., Respiratory syncytial virus uses CX3CR1 as a 

receptor on primary human airway epithelial cultures. PLoS 

pathogens, 2015. 11(12): p. e1005318. 

94. Anderson, C.S., et al., CX3CR1 as a respiratory syncytial virus 

receptor in pediatric human lung. Pediatric research, 2020. 87(5): p. 

862-867. 

95. Meng, J., et al., Respiratory syncytial virus attachment glycoprotein 

contribution to infection depends on the specific fusion protein. 

Journal of virology, 2016. 90(1): p. 245-253. 

96. Jones, H.G., et al., Structural basis for recognition of the central 

conserved region of RSV G by neutralizing human antibodies. PLoS 

pathogens, 2018. 14(3): p. e1006935. 

97. Low, K.-W., et al., The RSV F and G glycoproteins interact to form a 

complex on the surface of infected cells. Biochemical and biophysical 

research communications, 2008. 366(2): p. 308-313. 

98. Vanover, D., et al., RSV glycoprotein and genomic RNA dynamics 

reveal filament assembly prior to the plasma membrane. Nature 

communications, 2017. 8(1): p. 667. 

99. Zhang, W., et al., Vaccination to induce antibodies blocking the 

CX3C-CX3CR1 interaction of respiratory syncytial virus G protein 

reduces pulmonary inflammation and virus replication in mice. 

Journal of virology, 2010. 84(2): p. 1148-1157. 

100. Chirkova, T., et al., CX3CR1 is an important surface molecule for 

respiratory syncytial virus infection in human airway epithelial cells. 

Journal of General Virology, 2015. 96(9): p. 2543-2556. 

101. Ha, B., et al., Mutation of Respiratory Syncytial Virus G Protein’s 

CX3C Motif Attenuates Infection in Cotton Rats and Primary Human 

Airway Epithelial Cells. Vaccines, 2019. 7(3): p. 69. 

102. Boyoglu-Barnum, S., et al., Mutating the CX3C motif in the G protein 

should make a live respiratory syncytial virus vaccine safer and more 

effective. Journal of virology, 2017. 91(10): p. 10.1128/jvi. 02059-16. 

103. Zlateva, K.T., et al., Genetic variability and molecular evolution of the 

human respiratory syncytial virus subgroup B attachment G protein. 

Journal of virology, 2005. 79(14): p. 9157-9167. 

104. Caidi, H., et al., Combination therapy using monoclonal antibodies 

against respiratory syncytial virus (RSV) G glycoprotein protects from 

RSV disease in BALB/c mice. PLoS One, 2012. 7(12): p. e51485. 

105. Jorquera, P.A., et al., Layer-by-layer nanoparticle vaccines carrying 

the G protein CX3C motif protect against RSV infection and disease. 

Vaccines, 2015. 3(4): p. 829-849. 

106. Auksornkitti, V., et al., Molecular characterization of human 

respiratory syncytial virus, 2010-2011: identification of genotype ON1 



Colores Uwamariya 

63 

and a new subgroup B genotype in Thailand. Archives of virology, 

2014. 159(3): p. 499-507. 

107. Pretorius, M.A., et al., Replacement and positive evolution of subtype 

A and B respiratory syncytial virus G-protein genotypes from 1997–

2012 in South Africa. The Journal of infectious diseases, 2013. 

208(suppl_3): p. S227-S237. 

108. Slovic, A., et al., A molecular epidemiological study of human 

respiratory syncytial virus in Croatia, 2011–2014. Infection, Genetics 

and Evolution, 2016. 44: p. 76-84. 

109. Fuentes, S., et al., Antigenic fingerprinting following primary RSV 

infection in young children identifies novel antigenic sites and reveals 

unlinked evolution of human antibody repertoires to fusion and 

attachment glycoproteins. PLoS pathogens, 2016. 12(4): p. e1005554. 

110. Martinelli, M., et al., Phylogeny and population dynamics of 

respiratory syncytial virus (Rsv) A and B. Virus research, 2014. 189: 

p. 293-302. 

111. Esposito, S., et al., Characteristics and their clinical relevance of 

respiratory syncytial virus types and genotypes circulating in 

Northern Italy in five consecutive winter seasons. PLoS One, 2015. 

10(6): p. e0129369. 

112. Khor, C.-S., et al., Displacement of predominant respiratory syncytial 

virus genotypes in Malaysia between 1989 and 2011. Infection, 

Genetics and Evolution, 2013. 14: p. 357-360. 

113. Aamir, U.B., et al., Molecular characterization of circulating 

respiratory syncytial virus genotypes in Pakistani children, 2010–

2013. Journal of infection and public health, 2020. 13(3): p. 438-445. 

114. Malekshahi, S.S., et al., Molecular characterization of the 

glycoprotein and fusion protein in human respiratory syncytial virus 

subgroup A: Emergence of ON-1 genotype in Iran. Infection, Genetics 

and Evolution, 2019. 71: p. 166-178. 

115. Li, W., et al., Disease severity of respiratory syncytial virus (RSV) 

infection correlate to a novel set of five amino acid substitutions in the 

RSV attachment glycoprotein (G) in China. Virus research, 2020. 281: 

p. 197937. 

116. Rojo, G.L., et al., Unravelling respiratory syncytial virus outbreaks in 

Buenos Aires, Argentina: Molecular basis of the spatio-temporal 

transmission. Virology, 2017. 508: p. 118-126. 

117. Trento, A., et al., Ten years of global evolution of the human 

respiratory syncytial virus BA genotype with a 60-nucleotide 

duplication in the G protein gene. Journal of virology, 2010. 84(15): 

p. 7500-7512. 



Medicinal plants as source of antiviral substances against respiratory syncytial virus 

64 

118. Streng, A., et al., Spread and clinical severity of respiratory syncytial 

virus A genotype ON1 in Germany, 2011–2017. BMC infectious 

diseases, 2019. 19(1): p. 613. 

119. Gan, S.W., et al., Structure and ion channel activity of the human 

respiratory syncytial virus (hRSV) small hydrophobic protein 

transmembrane domain. Protein Science, 2008. 17(5): p. 813-820. 

120. Araujo, G.C., et al., Structure and functional dynamics 

characterization of the ion channel of the human respiratory syncytial 

virus (hRSV) small hydrophobic protein (SH) transmembrane domain 

by combining molecular dynamics with excited normal modes. Journal 

of molecular modeling, 2016. 22(12): p. 286. 

121. Fuentes, S., et al., Function of the respiratory syncytial virus small 

hydrophobic protein. Journal of virology, 2007. 81(15): p. 8361-8366. 

122. Li, Y., et al., Interaction between human BAP31 and respiratory 

syncytial virus small hydrophobic (SH) protein. Virology, 2015. 482: 

p. 105-110. 

123. Gan, S.-W., et al., The small hydrophobic protein of the human 

respiratory syncytial virus forms pentameric ion channels. Journal of 

Biological Chemistry, 2012. 287(29): p. 24671-24689. 

124. Carter, S.D., et al., Direct visualization of the small hydrophobic 

protein of human respiratory syncytial virus reveals the structural 

basis for membrane permeability. FEBS letters, 2010. 584(13): p. 

2786-2790. 

125. Li, Y., et al., Inhibition of the human respiratory syncytial virus small 

hydrophobic protein and structural variations in a bicelle 

environment. Journal of virology, 2014. 88(20): p. 11899-11914. 

126. Rixon, H.W.M., et al., The small hydrophobic (SH) protein 

accumulates within lipid-raft structures of the Golgi complex during 

respiratory syncytial virus infection. Journal of General Virology, 

2004. 85(5): p. 1153-1165. 

127. Abraham, M., et al., Role of Small Hydrophobic Protein of J 

Paramyxovirus in Virulence. Journal of virology, 2018. 92(20). 

128. Farag, N., et al., Viroporins and inflammasomes: a key to understand 

virus-induced inflammation. The International Journal of 

Biochemistry & Cell Biology, 2020: p. 105738. 

129. Triantafilou, K., et al., Human respiratory syncytial virus viroporin 

SH: a viral recognition pathway used by the host to signal 

inflammasome activation. Thorax, 2013. 68(1): p. 66-75. 

130. Russell, R.F., et al., Partial attenuation of respiratory syncytial virus 

with a deletion of a small hydrophobic gene is associated with elevated 

interleukin-1β responses. Journal of virology, 2015. 89(17): p. 8974-

8981. 



Colores Uwamariya 

65 

131. Torrey, H.L., et al., Evaluation of the protective potential of antibody 

and T cell responses elicited by a novel preventative vaccine towards 

respiratory syncytial virus small hydrophobic protein. Human 

Vaccines & Immunotherapeutics, 2020: p. 1-11. 

132. Aquino, R.S., E.S. Lee, and P.W. Park, Diverse functions of 

glycosaminoglycans in infectious diseases, in Progress in molecular 

biology and translational science. 2010, Elsevier. p. 373-394. 

133. Richter, R.P., et al., Glycosaminoglycans in extracellular matrix 

organisation: are concepts from soft matter physics key to 

understanding the formation of perineuronal nets? Current Opinion in 

Structural Biology, 2018. 50: p. 65-74. 

134. Seyrek, E. and P. Dubin, Glycosaminoglycans as polyelectrolytes. 

Advances in colloid and interface science, 2010. 158(1-2): p. 119-129. 

135. Solakyildirim, K., Recent advances in glycosaminoglycan analysis by 

various mass spectrometry techniques. Analytical and bioanalytical 

chemistry, 2019: p. 1-11. 

136. Bartlett, A.H. and P.W. Park, Proteoglycans in host–pathogen 

interactions: molecular mechanisms and therapeutic implications. 

Expert reviews in molecular medicine, 2010. 12. 

137. Sarkar, A. and U.R. Desai, A simple method for discovering 

druggable, specific glycosaminoglycan-protein systems. Elucidation 

of key principles from heparin/heparan sulfate-binding proteins. PloS 

one, 2015. 10(10): p. e0141127. 

138. Kamhi, E., et al., Glycosaminoglycans in infectious disease. Biological 

Reviews, 2013. 88(4): p. 928-943. 

139. Kwilas, S., et al., Respiratory syncytial virus grown in Vero cells 

contains a truncated attachment protein that alters its infectivity and 

dependence on glycosaminoglycans. Journal of virology, 2009. 

83(20): p. 10710-10718. 

140. Dong, L., et al., HS N-sulfation and iduronic acids play an important 

role in the infection of respiratory syncytial virus in vitro. Eur Rev 

Med Pharmacol Sci, 2013. 17(14): p. 1864-1868. 

141. Cagno, V., et al., Highly sulfated K5 Escherichia coli polysaccharide 

derivatives inhibit respiratory syncytial virus infectivity in cell lines 

and human tracheal-bronchial histocultures. Antimicrobial agents 

and chemotherapy, 2014. 58(8): p. 4782-4794. 

142. Hendricks, G.L., et al., Heparin octasaccharide decoy liposomes 

inhibit replication of multiple viruses. Antiviral research, 2015. 116: 

p. 34-44. 

143. Sutto-Ortiz, P., et al., Biochemistry of the respiratory syncytial virus L 

protein embedding RNA polymerase and capping activities. Viruses, 

2023. 15(2): p. 341. 



Medicinal plants as source of antiviral substances against respiratory syncytial virus 

66 

144. Griffiths, C., S.J. Drews, and D.J. Marchant, Respiratory syncytial 

virus: infection, detection, and new options for prevention and 

treatment. Clinical microbiology reviews, 2017. 30(1): p. 277-319. 

145. Kieser, Q.J., et al., Actin cytoskeleton remodeling disrupts physical 

barriers to infection and presents entry receptors to respiratory 

syncytial virus. Journal of General Virology, 2023. 104(11): p. 

001923. 

146. Haid, S., et al., Identification of a human respiratory syncytial virus 

cell entry inhibitor by using a novel lentiviral pseudotype system. 

Journal of Virology, 2016. 90(6): p. 3065-3073. 

147. Tayyari, F., et al., Identification of nucleolin as a cellular receptor for 

human respiratory syncytial virus. Nature Medicine, 2011. 17(9): p. 

1132-U140. 

148. Shakeri, A., et al., Respiratory syncytial virus receptor expression in 

the mouse and viral tropism. Histology and Histopathology, 2014. 

30(4): p. 401-411. 

149. Lay, M.K., et al., Advances in understanding respiratory syncytial 

virus infection in airway epithelial cells and consequential effects on 

the immune response. Microbes and infection, 2013. 15(3): p. 230-

242. 

150. Abdelmohsen, K. and M. Gorospe, RNA-binding protein nucleolin in 

disease. RNA biology, 2012. 9(6): p. 799-808. 

151. Krzyzaniak, M.A., et al., Host cell entry of respiratory syncytial virus 

involves macropinocytosis followed by proteolytic activation of the F 

protein. PLoS Pathog, 2013. 9(4): p. e1003309. 

152. Kolokoltsov, A.A., et al., Small interfering RNA profiling reveals key 

role of clathrin-mediated endocytosis and early endosome formation 

for infection by respiratory syncytial virus. Journal of virology, 2007. 

81(14): p. 7786-7800. 

153. White, J.M. and G.R. Whittaker, Fusion of enveloped viruses in 

endosomes. Traffic, 2016. 17(6): p. 593-614. 

154. Zhou, A., et al., Cholesterol-rich lipid rafts mediate endocytosis as a 

common pathway for respiratory syncytial virus entry into different 

host cells. Microbiology Spectrum, 2025. 13(9): p. e01192-25. 

155. Cao, D., et al., Cryo-EM structure of the respiratory syncytial virus 

RNA polymerase. Nature communications, 2020. 11(1): p. 1-9. 

156. Noton, S.L., et al., Evidence that the polymerase of respiratory 

syncytial virus initiates RNA replication in a nontemplated fashion. 

Proceedings of the National Academy of Sciences, 2010. 107(22): p. 

10226-10231. 

157. Rameix-Welti, M.-A., et al., Visualizing the replication of respiratory 

syncytial virus in cells and in living mice. Nature communications, 

2014. 5(1): p. 1-10. 



Colores Uwamariya 

67 

158. Blondot, M.-L., et al., Structure and functional analysis of the RNA-

and viral phosphoprotein-binding domain of respiratory syncytial 

virus M2-1 protein. PLoS pathogens, 2012. 8(5): p. e1002734. 

159. Hu, M., M.A. Bogoyevitch, and D.A. Jans, Impact of respiratory 

syncytial virus infection on host functions: implications for antiviral 

strategies. Physiological reviews, 2020. 100(4): p. 1527-1594. 

160. Noton, S.L. and R. Fearns, Initiation and regulation of paramyxovirus 

transcription and replication. Virology, 2015. 479: p. 545-554. 

161. Tremaglio, C.Z., et al., Respiratory syncytial virus polymerase can 

initiate transcription from position 3 of the leader promoter. Journal 

of virology, 2013. 87(6): p. 3196-3207. 

162. Cressey, T.N., et al., Mechanism for de novo initiation at two sites in 

the respiratory syncytial virus promoter. Nucleic Acids Research, 

2018. 46(13): p. 6785. 

163. Noton, S.L., C.Z. Tremaglio, and R. Fearns, Killing two birds with one 

stone: How the respiratory syncytial virus polymerase initiates 

transcription and replication. PLoS pathogens, 2019. 15(2): p. 

e1007548. 

164. Cowton, V.M., D.R. McGivern, and R. Fearns, Unravelling the 

complexities of respiratory syncytial virus RNA synthesis. Journal of 

General Virology, 2006. 87(7): p. 1805-1821. 

165. Galloux, M., et al., Minimal Elements Required for the Formation of 

Respiratory Syncytial Virus Cytoplasmic Inclusion Bodies In Vivo and 

In Vitro. Mbio, 2020. 11(5). 

166. Ghildyal, R., et al., Protein-protein interactions in RSV assembly: 

potential targets for attenuating RSV strains. Infectious Disorders-

Drug Targets (Formerly Current Drug Targets-Infectious Disorders), 

2012. 12(2): p. 103-109. 

167. Su, J.M., et al., Formation and function of liquid-like viral factories in 

negative-sense single-stranded RNA virus infections. Viruses, 2021. 

13(1): p. 126. 

168. Bohmwald, K., et al., Contribution of cytokines to tissue damage 

during human respiratory syncytial virus infection. Frontiers in 

Immunology, 2019. 10: p. 452. 

169. Glaser, L., et al., Airway epithelial derived cytokines and chemokines 

and their role in the immune response to respiratory syncytial virus 

infection. Pathogens, 2019. 8(3): p. 106. 

170. Kojima, T., et al., Regulation of tight junctions in upper airway 

epithelium. BioMed research international, 2013. 2013. 

171. Rezaee, F., et al., Sustained protein kinase D activation mediates 

respiratory syncytial virus-induced airway barrier disruption. Journal 

of virology, 2013. 87(20): p. 11088-11095. 



Medicinal plants as source of antiviral substances against respiratory syncytial virus 

68 

172. Takano, K., et al., Role of tight junctions in signal transduction: an 

update. EXCLI journal, 2014. 13: p. 1145. 

173. Tam, A., et al., The airway epithelium: more than just a structural 

barrier. Therapeutic advances in respiratory disease, 2011. 5(4): p. 

255-273. 

174. Knight, D.A. and S.T. Holgate, The airway epithelium: structural and 

functional properties in health and disease. Respirology, 2003. 8(4): 

p. 432-446. 

175. Tilley, A.E., et al., Cilia dysfunction in lung disease. Annual review of 

physiology, 2015. 77: p. 379-406. 

176. Kuek, L.E. and R.J. Lee, First contact: the role of respiratory cilia in 

host-pathogen interactions in the airways. American Journal of 

Physiology-Lung Cellular and Molecular Physiology, 2020. 319(4): p. 

L603-L619. 

177. Gudis, D.A. and N.A. Cohen, Cilia dysfunction. Otolaryngologic 

Clinics of North America, 2010. 43(3): p. 461-472. 

178. Persson, B.D., et al., Respiratory syncytial virus can infect basal cells 

and alter human airway epithelial differentiation. PloS one, 2014. 

9(7): p. e102368. 

179. Demouveaux, B., et al., Gel-forming mucin interactome drives mucus 

viscoelasticity. Advances in colloid and interface science, 2018. 252: 

p. 69-82. 

180. Lu, W. and J. Zheng, The function of mucins in the COPD airway. 

Current Respiratory Care Reports, 2013. 2(3): p. 155-166. 

181. Ermund, A., et al., The normal trachea is cleaned by MUC5B mucin 

bundles from the submucosal glands coated with the MUC5AC mucin. 

Biochemical and biophysical research communications, 2017. 492(3): 

p. 331-337. 

182. Fahy, J.V. and B.F. Dickey, Airway mucus function and dysfunction. 

New England Journal of Medicine, 2010. 363(23): p. 2233-2247. 

183. Stokes, K.L., et al., The respiratory syncytial virus fusion protein and 

neutrophils mediate the airway mucin response to pathogenic 

respiratory syncytial virus infection. Journal of virology, 2013. 87(18): 

p. 10070-10082. 

184. Liesman, R.M., et al., RSV-encoded NS2 promotes epithelial cell 

shedding and distal airway obstruction. The Journal of clinical 

investigation, 2014. 124(5). 

185. Li, Y., et al., Anti-inflammatory effect of MUC1 during respiratory 

syncytial virus infection of lung epithelial cells in vitro. American 

Journal of Physiology-Lung Cellular and Molecular Physiology, 2010. 

298(4): p. L558-L563. 

186. Guo-Parke, H., et al., Relative respiratory syncytial virus 

cytopathogenesis in upper and lower respiratory tract epithelium. 



Colores Uwamariya 

69 

American journal of respiratory and critical care medicine, 2013. 

188(7): p. 842-851. 

187. Dey, N., et al., TAK1 regulates NF-κB and AP-1 activation in airway 

epithelial cells following RSV infection. Virology, 2011. 418(2): p. 93-

101. 

188. Villenave, R., M.D. Shields, and U.F. Power, Respiratory syncytial 

virus interaction with human airway epithelium. Trends in 

microbiology, 2013. 21(5): p. 238-244. 

189. Wang, S., et al., Adhesion molecule expression on epithelial cells 

infected with respiratory syncytial virus. European Respiratory 

Journal, 2000. 15(2): p. 358-366. 

190. Takeuchi, O. and S. Akira, Innate immunity to virus infection. 

Immunological reviews, 2009. 227(1): p. 75-86. 

191. Chow, K.T., M. Gale Jr, and Y.-M. Loo, RIG-I and other RNA sensors 

in antiviral immunity. Annual review of immunology, 2018. 36: p. 

667-694. 

192. Franchi, L., et al., Cytosolic double-stranded RNA activates the 

NLRP3 inflammasome via MAVS-induced membrane 

permeabilization and K+ efflux. The Journal of Immunology, 2014. 

193(8): p. 4214-4222. 

193. Foronjy, R.F., et al., Leukemia inhibitory factor protects the lung 

during respiratory syncytial viral infection. BMC immunology, 2014. 

15(1): p. 1-15. 

194. Mata, M., et al., N-acetyl-L-cysteine (NAC) inhibit mucin synthesis 

and pro-inflammatory mediators in alveolar type II epithelial cells 

infected with influenza virus A and B and with respiratory syncytial 

virus (RSV). Biochemical pharmacology, 2011. 82(5): p. 548-555. 

195. Stephens, L.M. and S.M. Varga, Function and modulation of type I 

interferons during respiratory syncytial virus infection. Vaccines, 

2020. 8(2): p. 177. 

196. Lambrecht, B.N., H. Hammad, and J.V. Fahy, The cytokines of 

asthma. Immunity, 2019. 50(4): p. 975-991. 

197. Knudson, C. and S. Varga, The relationship between respiratory 

syncytial virus and asthma. Veterinary pathology, 2015. 52(1): p. 97-

106. 

198. Lee, H.-C., et al., Thymic stromal lymphopoietin is induced by 

respiratory syncytial virus–infected airway epithelial cells and 

promotes a type 2 response to infection. Journal of Allergy and 

Clinical Immunology, 2012. 130(5): p. 1187-1196. e5. 

199. Fan, R., et al., Altered regulatory cytokine profiles in cases of pediatric 

respiratory syncytial virus infection. Cytokine, 2018. 103: p. 57-62. 



Medicinal plants as source of antiviral substances against respiratory syncytial virus 

70 

200. Weiss, K.A., et al., Multiple CD4+ T cell subsets produce 

immunomodulatory IL-10 during respiratory syncytial virus infection. 

The Journal of Immunology, 2011. 187(6): p. 3145-3154. 

201. McNamara, P., et al., Respiratory syncytial virus infection of airway 

epithelial cells, in vivo and in vitro, supports pulmonary antibody 

responses by inducing expression of the B cell differentiation factor 

BAFF. Thorax, 2013. 68(1): p. 76-81. 

202. Russell, C.D., et al., The human immune response to respiratory 

syncytial virus infection. Clinical microbiology reviews, 2017. 30(2): 

p. 481-502. 

203. Alturaiki, W., The roles of B cell activation factor (BAFF) and a 

proliferation-inducing ligand (APRIL) in allergic asthma. 

Immunology Letters, 2020. 225: p. 25-30. 

204. Oliveria, J.-P., et al., Asthmatic subjects with allergy have elevated 

levels of IgE+ B cells in the airways. Journal of Allergy and Clinical 

Immunology, 2017. 140(2): p. 590-593. e9. 

205. Giordano, D., et al., BAFF produced by neutrophils and dendritic cells 

is regulated differently and has distinct roles in antibody responses 

and protective immunity against West Nile virus. The Journal of 

Immunology, 2020. 204(6): p. 1508-1520. 

206. Alturaiki, W., et al., Expression of the B cell differentiation factor 

BAFF and chemokine CXCL13 in a murine model of Respiratory 

Syncytial Virus infection. Cytokine, 2018. 110: p. 267-271. 

207. M Costello, H., et al., Targeting RSV with vaccines and small molecule 

drugs. Infectious Disorders-Drug Targets (Formerly Current Drug 

Targets-Infectious Disorders), 2012. 12(2): p. 110-128. 

208. Cao, D., Y. Gao, and B. Liang, Structural insights into the respiratory 

syncytial virus RNA synthesis complexes. Viruses, 2021. 13(5): p. 834. 

209. Collins, P.L. and J.A. Melero, Progress in understanding and 

controlling respiratory syncytial virus: still crazy after all these years. 

Virus research, 2011. 162(1-2): p. 80-99. 

210. Reimers, K., K. Buchholz, and H. Werchau, Respiratory syncytial 

virus M2-1 protein induces the activation of nuclear factor kappa B. 

Virology, 2005. 331(2): p. 260-268. 

211. Obata, K., et al., Curcumin prevents replication of respiratory 

syncytial virus and the epithelial responses to it in human nasal 

epithelial cells. PLoS One, 2013. 8(9): p. e70225. 

212. Masaki, T., et al., A nuclear factor-κB signaling pathway via protein 

kinase C δ regulates replication of respiratory syncytial virus in 

polarized normal human nasal epithelial cells. Molecular biology of 

the cell, 2011. 22(13): p. 2144-2156. 



Colores Uwamariya 

71 

213. Marchant, D., et al., Toll-like receptor 4-mediated activation of p38 

mitogen-activated protein kinase is a determinant of respiratory virus 

entry and tropism. Journal of virology, 2010. 84(21): p. 11359-11373. 

214. Preugschas, H.F., et al., Late activation of the Raf/MEK/ERK pathway 

is required for translocation of the respiratory syncytial virus F 

protein to the plasma membrane and efficient viral replication. 

Cellular Microbiology, 2019. 21: p. e12955. 

215. He, L., et al., 4 (3H)-Quinazolone regulates innate immune signaling 

upon respiratory syncytial virus infection by moderately inhibiting the 

RIG-1 pathway in RAW264. 7 cell. International 

Immunopharmacology, 2017. 52: p. 245-252. 

216. Segovia, J., et al., TLR2/MyD88/NF-κB pathway, reactive oxygen 

species, potassium efflux activates NLRP3/ASC inflammasome during 

respiratory syncytial virus infection. PloS one, 2012. 7(1): p. e29695. 

217. Wei, T., et al., The eukaryotic elongation factor 1A is critical for 

genome replication of the paramyxovirus respiratory syncytial virus. 

PLoS One, 2014. 9(12): p. e114447. 

218. Groskreutz, D.J., et al., Respiratory syncytial virus limits α subunit of 

eukaryotic translation initiation factor 2 (eIF2α) phosphorylation to 

maintain translation and viral replication. Journal of Biological 

Chemistry, 2010. 285(31): p. 24023-24031. 

219. Lindquist, M.E., et al., Activation of protein kinase R is required for 

induction of stress granules by respiratory syncytial virus but 

dispensable for viral replication. Virology, 2011. 413(1): p. 103-110. 

220. Kalinowski, A., et al., Respiratory syncytial virus activates epidermal 

growth factor receptor to suppress interferon regulatory factor 1-

dependent interferon-lambda and antiviral defense in airway 

epithelium. Mucosal immunology, 2018. 11(3): p. 958-967. 

221. Xie, X.-h., et al., Resveratrol Inhibits respiratory syncytial virus-

induced IL-6 production, decreases viral replication, and 

downregulates TRIF expression in airway epithelial cells. 

Inflammation, 2012. 35(4): p. 1392-1401. 

222. Popow-Kraupp, T. and J.H. Aberle, Diagnosis of respiratory syncytial 

virus infection. The open microbiology journal, 2011. 5: p. 128. 

223. Henrickson, K.J. and C.B. Hall, Diagnostic assays for respiratory 

syncytial virus disease. The Pediatric infectious disease journal, 2007. 

26(11): p. S36-S40. 

224. Barr, R., et al., Respiratory syncytial virus: diagnosis, prevention and 

management. Therapeutic advances in infectious disease, 2019. 6: p. 

2049936119865798. 

225. Ralston, S.L., et al., Clinical practice guideline: the diagnosis, 

management, and prevention of bronchiolitis. Pediatrics, 2014. 

134(5): p. e1474-e1502. 



Medicinal plants as source of antiviral substances against respiratory syncytial virus 

72 

226. Franklin, D., et al., A randomized trial of high-flow oxygen therapy in 

infants with bronchiolitis. New England Journal of Medicine, 2018. 

378(12): p. 1121-1131. 

227. Ventre, K. and A. Randolph, Ribavirin for respiratory syncytial virus 

infection of the lower respiratory tract in infants and young children. 

Cochrane Database of Systematic Reviews, 2007(1). 

228. Stray, K., et al., Drug resistance assessment following administration 

of respiratory syncytial virus (RSV) fusion inhibitor presatovir to 

participants experimentally infected with RSV. The Journal of 

Infectious Diseases, 2020. 222(9): p. 1468-1477. 

229. Reina, J. and J. Bosch-Durán, Ziresovir: a potent, selective, and oral 

inhibitor of the respiratory syncytial virus fusion (F) protein. Revista 

Española de Quimioterapia, 2025. 38(6): p. 447. 

230. Churiso, G., et al., Immunity cell responses to RSV and the role of 

antiviral inhibitors: A systematic review. Infection and drug 

resistance, 2022: p. 7413-7430. 

231. Chang, L.A., et al., A prefusion-stabilized RSV F subunit vaccine 

elicits B cell responses with greater breadth and potency than a 

postfusion F vaccine. Science translational medicine, 2022. 14(676): 

p. eade0424. 

232. Mazur, N.I., et al., Respiratory syncytial virus prevention within 

reach: the vaccine and monoclonal antibody landscape. The Lancet 

Infectious Diseases, 2023. 23(1): p. e2-e21. 

233. Leemans, A., et al., Antibody-induced internalization of the human 

respiratory syncytial virus fusion protein. Journal of virology, 2017. 

91(14). 

234. Mousa, J.J., et al., A novel pre-fusion conformation-specific 

neutralizing epitope on the respiratory syncytial virus fusion protein. 

Nature microbiology, 2017. 2(4): p. 1-8. 

235. Kampmann, B., et al., Bivalent prefusion F vaccine in pregnancy to 

prevent RSV illness in infants. New England Journal of Medicine, 

2023. 388(16): p. 1451-1464. 

236. Chigiya, P.T., Respiratory syncytial virus prophylaxis for children in 

Africa: Challenges, opportunities and public health strategies. Journal 

of Public Health in Africa, 2025. 16(1): p. 1251. 

237. Graham, B.S., Vaccine development for respiratory syncytial virus. 

Current opinion in Virology, 2017. 23: p. 107-112. 

238. Anderson, L., et al., Strategic priorities for respiratory syncytial virus 

(RSV) vaccine development. Vaccine, 2013. 31: p. B209-B215. 

239. Cragg, G.M. and D.J. Newman, Biodiversity: A continuing source of 

novel drug leads. Pure and Applied Chemistry, 2005. 77(1): p. 7-24. 



Colores Uwamariya 

73 

240. Ramawat, K., S. Dass, and M. Mathur, The chemical diversity of 

bioactive molecules and therapeutic potential of medicinal plants. 

Herbal drugs: ethnomedicine to modern medicine, 2009: p. 7-32. 

241. Kessler, A. and A. Kalske, Plant Secondary Metabolite Diversity and 

Species Interactions. Annual Review of Ecology, Evolution, and 

Systematics, Vol 49, 2018. 49: p. 115-138. 

242. Segneanu, A.E., et al., Bioactive molecules profile from natural 

compounds. Amino Acid—New Insights and Roles in Plant and 

Animal; Asao, T., Ed, 2017: p. 209-228. 

243. Mandal, S.C., R. Chakraborty, and S. Sen, Evidence based validation 

of traditional medicines. Vol. 378. 2021: Springer. 

244. Shi, H., et al., Baicalin from Scutellaria baicalensis blocks respiratory 

syncytial virus (RSV) infection and reduces inflammatory cell 

infiltration and lung injury in mice. Scientific reports, 2016. 6(1): p. 

35851. 

245. Sun, Y.-L., et al., Integrating metabolomics and network 

pharmacology to assess the effects of quercetin on lung inflammatory 

injury induced by human respiratory syncytial virus. Scientific 

Reports, 2023. 13(1): p. 8051. 

246. Wang, B. and D. Liu, Mechanisms and Research Progress of Plant-

Derived Active Compounds against Respiratory Syncytial Virus. 

Frontiers in Medical Science Research, 2025. 7(4). 

247. Fiore, C., et al., Antiviral effects of Glycyrrhiza species. Phytotherapy 

Research: An International Journal Devoted to Pharmacological and 

Toxicological Evaluation of Natural Product Derivatives, 2008. 22(2): 

p. 141-148. 

248. Mollel, J.T., et al., Anti-respiratory syncytial virus and anti-herpes 

simplex virus activity of six Tanzanian medicinal plants with extended 

studies of Erythrina abyssinica stem bark. Journal of 

ethnopharmacology, 2022. 292: p. 115204. 

249. Salinas, F.M., et al., Aesculus hippocastanum L. seed extract shows 

virucidal and antiviral activities against respiratory syncytial virus 

(RSV) and reduces lung inflammation in vivo. Antiviral research, 

2019. 164: p. 1-11. 

250. Süntar, I., Importance of ethnopharmacological studies in drug 

discovery: role of medicinal plants. Phytochemistry Reviews, 2020. 

19(5): p. 1199-1209. 

251. Behl, T., et al., Phytochemicals from Plant Foods as Potential Source 

of Antiviral Agents: An Overview. Pharmaceuticals (Basel), 2021. 

14(4). 

252. Kasilo, O.M. and J.B. Nikiema, World Health Organization 

perspective for traditional medicine. Novel Plant Bioresources: 

Applications in Food, Medicine and Cosmetics, 2014: p. 23-42. 



Medicinal plants as source of antiviral substances against respiratory syncytial virus 

74 

253. HAO, J.H., et al., Reproductive traits associated with invasiveness in 

Conyza sumatrensis. Journal of Systematics and Evolution, 2009. 

47(3): p. 245-254. 

254. Xu, Y., et al., Seed germination ecology of Conyza sumatrensis 

populations stemming from different habitats and implications for 

management. Plos one, 2021. 16(12): p. e0260674. 

255. Opiyo, S.A., P.W. Njoroge, and K.M. Kuria, Chemical composition 

and biological activity of extracts from Conyza species. 2023. 

256. Fouedjou, R.T., et al., Cameroonian medicinal plants as potential 

candidates of SARS-CoV-2 inhibitors. Journal of Biomolecular 

Structure and Dynamics, 2022. 40(19): p. 8615-8629. 

257. Golembiovska, O., et al., Mechanisms of antiviral activity of 

flavonoids. Biotechnologia Acta, 2023(16,№ 6): p. 34-47. 

258. Ninfali, P., et al., Antiviral properties of flavonoids and delivery 

strategies. Nutrients, 2020. 12(9): p. 2534. 

259. Battles, M.B., et al., Molecular mechanism of respiratory syncytial 

virus fusion inhibitors. Nature chemical biology, 2016. 12(2): p. 87-

93. 

260. Lundin, A., et al., Two novel fusion inhibitors of human respiratory 

syncytial virus. Antiviral research, 2010. 88(3): p. 317-324. 

261. Cianci, C., et al., Orally active fusion inhibitor of respiratory syncytial 

virus. Antimicrobial agents and chemotherapy, 2004. 48(2): p. 413-

422. 

262. Hao-Nan, W., et al., Isochlorogenic acid (ICGA): natural medicine 

with potentials in pharmaceutical developments. Chinese journal of 

natural medicines, 2020. 18(11): p. 860-871. 

263. Lewandowska, U., et al., Overview of metabolism and bioavailability 

enhancement of polyphenols. Journal of agricultural and food 

chemistry, 2013. 61(50): p. 12183-12199. 

264. Lafay, S. and A. Gil-Izquierdo, Bioavailability of phenolic acids. 

Phytochemistry Reviews, 2008. 7(2): p. 301-311. 

 


