Rwandan plant extracts: antiviral screening, isolation, and identification
of hit compounds

Colores Uwamariya

Department of Infectious Diseases
Institute of Biomedicine

Sahlgrenska Academy, University of Gothenburg

UNIVERSITY OF GOTHENBURG

Gothenburg 2026



© Colores Uwamariya 2026
Colores.uwamriya@gu.se

ISBN 978-91-8115-803-8 (PRINT)
ISBN 978-91-8115-804-5 (PDF)

Printed in Borés, Sweden 2026
Printed by Stema Specialtryck AB

il



il

To my late parents



Medicinal plants as source of
antiviral substances against
respiratory syncytial virus

Rwandan plant extracts: antiviral screening, isolation,
and identification of hit compounds

Colores Uwamariya
Department of Infectious Diseases, Institute of Biomedicine

Sahlgrenska Academy, University of Gothenburg
Gothenburg, Sweden

v



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 (ECso: 1.6-39.5 pg/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 (ECso < 1 uM; SI > 100), reducing viral titers by up
to 3 logio 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 PA SVENSKA

Bakgrund: 1 manga afrikanska lidnder, déribland Rwanda, utgor
medicinalvéxter én idag en viktig form av ldkemedelsbehandling av en rad
olika infektionssjukdomar. Bland luftvigsinfektioner utgdr respiratory
syncytial virus (RSV) ett sérskilt allvarligt medicinskt problem globalt, med
hog incidens och dddlighet, inte minst hos barn under 5 ar. Trots att vaxtextrakt
ofta &r ett tidigt val som behandling mot luftvigsinfektioner i Rwanda, &r den
direkta antivirala effekten ofullsténdigt undersokt. Effektiv antiviral
behandling saknas fortfarande mot denna viktiga luftvégsinfektion, och nagot
vaccin for barn finns &nnu inte registrerat.

Syftet med foreliggande avhandling var déarfor att undersdka den antivirala
formégan hos allmént anvéinda medicinalvéxter fran Rwanda mot luftvigsvirus
som RSV. Mailet var att kartligga om sddana véxtextrakt, som anvinds av
utovare av traditionell medicin (UTM), kunde utgdra en kélla for utveckling
av nya likemedel mot RSV.

Metoder: Genom en intervju av 40 UTM identifierades 48 medicinalvéxter
som aktivt anvidndes for behandling av luftvigssjukdomar. Ur dessa viaxter
utvanns 203 extrakt, som undersoktes med avseende pa antiviral formaga mot
RSV, samt for toxicitet i cellkultur. De extrakt som uppvisade potent anti-
RSV-aktivitet samt lag toxicitet analyserades vidare med fraktionering foljd av
kromatografisk metodik. Aktiva substanser strukturbestdmdes darefter hjélp av
spektroskopi och mass-spektrometri, foljt av konfirmering med hjilp av
rontgendiffraktion. Antiviral aktivitet utvirderades vidare genom bestdmning
av virusproduktion i cellkulturer vilka inkluderade odling av humant
luftvdagsepitel som utvecklats fran stamceller till mognade, luftrorsliknande
viavnadsodlingar. Vidare odlade vi fram varianter av RSV som var resistenta
mot utvalda extrakt och dérifrdn framrenade molekyler. Virusmutanterna
gensekvenserades déarefter, vilket ledde till att substansernas antivirala
angreppspunkt kunde identifieras.

Resultat: Flera medicinalvéxtsextrakt uppvisade signifikant anti-RSV-
aktivitet. Metanol-extraktion av véxten Senecio maranguensis beddmdes som
sdrskilt lovande, och genom resistensmutationer kunde RSV fusionsprotein F
pavisas som antiviral angreppspunkt. Fran en annan medicinalvéxt, Conyza
sumatrensis, isolerades olika former av dicaffeoylquinic acid efter ett
omfattande reningsarbete. Aven hir identifierades F-proteinet, vilket utgor
RSV verktyg for intride in i sina malceller, som antiviral angreppspunkt.
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Substansen uppvisade en mycket potent antiviral aktivitet dar
virusférokningen minskades till nirmare en tusendel, och toxiciteten var ytterst
lag. Vidare utvanns nya diterpenoider frdn medicinalviaxten Croton kilwae,
varav en del uppvisade en maéttlig anti-RSV-aktivitet. De biokemiska
analyserna kunde pavisa betydelsen av strukturella element, som isomerer, for
den antivirala effekten och for resistensutveckling.

Konklusion: Medicinalvéxter fran Rwanda inneholl flera intressanta dmnen
med potent antiviral aktivitet mot RSV, vilka dérfor kan utgdéra en lovande
utgangspunkt for en framtida lakemedelsutveckling mot detta virus. Som ett
exempel pé en sérskilt intressant substans kan dicaffeoylquinic acid ndmnas,
vars derivat angrep fusionsproteinet F hos RSV. Samma virusprotein har
nyligen visat sig vara effektivt som RSV-vaccin hos é&ldre samt for
antikroppsbehandling av spadbarn, med férebyggande av RSV-infektion som
mal. Sammantaget kan resultaten fran det aktuella arbetet stodja konceptet att
anvinda medicinalviaxter fran Rwanda som utgangspunkt for en framtida
lakemedelsutveckling av antivirala droger mot RSV. Tillkomsten av sadana
lakemedel skulle vara av stor och positiv betydelse for den globala hélsan, inte
minst vid luftvdgsinfektion hos smé 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 HRYV 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
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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].

eeeetdererdeerdeerionns &,

£

- \‘ ) o

Y7 AN 5

- 3 . K 4 » -
TN A A0 ) b

o 20 b n e b e o
A A
D
. [ T — — — .
3' «NSINS2 N P M _SH G F © M2 L -5
L —— — . —
M2-177M2-2

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
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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 (NSland 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 Prneumovirus, 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



Medicinal plants as source of antiviral substances against respiratory syncytial virus

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 FO, 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].

Cleavage sites Antigenic sites
? 1 I @ T | v
[ IX T INTITE X
I ] 5742a
P R2 p27 FP HRA Fl HRB TM Cyt

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 (1, 11, IV, and @) are shown, with
antigenic site @ comprising residues from both the FI1 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 @. 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 Il 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-Cavl (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 . 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 @. 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
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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-CX3CRI1 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, TNI1-TN2,
and LBA1-LBA2, identified across different geographic regions. Subgroup B
genotypes include GB1-GB13, BA1-BA14, SAB1-SAB4, URUI1-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 a-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 (RSVASH)
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-o—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-1 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
CX3CRI1 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].
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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

18



Colores Uwamariya

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

20



Colores Uwamariya

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 Z0O-2) [170]. RSV infection compromises this barrier by modifying
tight junction protein expression and stimulating the release of pro-
inflammatory cytokines, including TNF-o 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-kB, 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 MUCS5B, 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 MUCSAC, 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-a, 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-xB) 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 1 (RIG-I)-like
receptors, TLRs, and NOD-like receptors, which detect viral RNA and initiate
signaling pathways involving interferon regulatory factors (IRFs) and NF-«B.
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-13
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-a 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-y 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]. Thl7-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-y 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-B, 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-kB, 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-kB, 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-kB plays a major role in RSV-induced inflammation by controlling the
expression of cytokines such as IL-8 and TNF-a, as well as chemokines
including CCL5 (RANTES) and CXCL10. Its activation is mediated by both
host and viral factors, including protein kinase Co (PKCd), MAPK signaling
components, and RSV M2-1 protein [211]. RSV infection also stabilizes
hypoxia-inducible factor-loo (HIF-1a), which contributes to inflammation,
epithelial barrier regulation, and edema. The PKCS/HIF-10/NF-xB 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 (MDAJS) 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-)
production [215]. In addition, the TLR2/MyD88 (Myeloid differentiation
factor 88)/NF-kB pathway contributes to elevated IL-1p 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
elF2a 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-}), thereby weakening antiviral defenses and promoting airway
inflammation [220].

Natural compounds have also been investigated for their antiviral properties.
For example, curcumin inhibits NF-«kB 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
Jjaponica [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

33



Medicinal plants as source of antiviral substances against respiratory syncytial virus

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).

* Flucidate 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 1.
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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 Il and 111.
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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 ECso values and high
selectivity indices (>10), indicating specific antiviral effects. Notably,
methanolic extract of Conyza sumatrensis (ECso = 3 pg/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 extracts®.

Plant species | THP Extracted | ECsc° CCs* SI¢
usage | plantpart | (ug/mL) | (ug/mL) | (CCso/ECsp)
(%)

Conyza 85 Aerial 3 >500 >166.7
sumatrensis parts
(methanol)
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Acacia
mearnsii
(methanol)

50

Stem bark

34

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

43

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 50 Leaves 11.9 >500 >42
auriculata

(water)

Baccharoides | 10 Leaves 33 265 80
kirungae

(water)

Ribavirin - - 6.5 >100 15.4
DMSO - - >500 >500 1
Water - - >500 >500 1

@ 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.

¢ Concentration of extract required to reduce RSV plaque formation in HEp-2
cells by 50%.

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

¢ Selectivity index calculated as CCso/ECso.

4.3. ISOLATION AND IDENTIFICATION OF
BIOACTIVE COMPOUNDS FROM
CONYZA SUMATRENSIS

Paper 11

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 11

Among the isolated compounds, five DCQA (3,4-, 3,5- and 1,3-DCQA)
isomers exhibited potent anti-RSV activity with ECso values of 0.45-9.8 uM,
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 log;o PFU.

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

o
HC, _“\\\\OH

EC50a CCsob SI¢
Compound (uM) | (nM)
CCsi/ECso
40.5 | >100 | >2.5
3,5-di-O-caffeoyl-1-malonylquinic acid
79 >100 | >100 |1
HOJ\)J\O ?\LOH
0 ~ o
Howo\,- OJ\A@:OH
HO OH 0%
3-O-(4'-methoxy)caffeoyl-5-O-caffeoyl-1-
malonylquinic acid.
0.67 | >100 |>149.3
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3,5-dicaffeoyl-epi-quinic acid (3,5-DCQA)

o o 0.77 | >100 |>129.9
HOQ/\QLO“QOJ%@OH
HO OH OH
3,5-DCQA
Ho, on 08 [>100 |>125
HO™ ™ oi/AC[OH
0. 0 oH
HO
OH
3,4-DCQA
Ho, o 0.45 | >100 |>222.2
Ho™ O%OH
[eNgge} oH
=

HO
OH

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

1 o 9.8 >100 | >10.2
HOQA\\)‘\O ‘\\‘\\‘OH
HO Q o

1,3-DCQA

2: 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%

¢ Selectivity index
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4.5. MODE OF ACTION OF ACTIVE
COMPOUNDS

Paper 11

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 11

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-
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dicaffeoyl-epi-quinic acid at concentrations of 4 uM (A4), alongside an
untreated infected control (B).

4.7. ANTI-RSV ACTIVITY OF COMPOUNDS
FROM CROTON KILWAE

Paper II1

Phytochemical analysis of Croton kilwae yielded 6 new and 13 previously
reported compounds. Among these, ayanin (ICso = 6.1 uM) and ent-3f3,19-
dihydroxykaur-16-ene (ICso = 10.2 pM) 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 1Cs* (uM/pg/mL) | CCso® (uM/ng/mL) | SI

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 49

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

2 Concentration of compound that inhibited the RSV plaque numbers in HEp-
2 cells by 50%

® Concentration of compound causing a 50% reduction in HEp-2 cell viability
¢ CCso/ ICso
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Figure 12. Anti-RSV dose response curve for compounds ayanin (A)
and ent-3p,19-dihydroxykaur-16-ene (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 1I) 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 [; 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-IIl 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.
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