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A B S T R A C T

Capsid-binding inhibitors, such as pleconaril and OBR-5-340, which prevent the attachment and/or uncoating of 
most rhinovirus (RV) types, were considered promising candidates for effective anti-RV drug development. Both 
inhibitors target viral protein 1 (VP1), but their efficacy, spectrum of anti-RV activity, and binding mechanism 
are different. We hypothesized that combinations of pleconaril and OBR-5–340 might be a promising approach to 
improve treatment strategies for RV infections. To validate our hypothesis, we analyzed the anti-RV effects of a 
6 × 6 concentration matrix compared to monotherapy in vitro. Antiviral studies included multiple RV types, some 
of which are sensitive or insensitive to pleconaril and OBR-5-340, to consider the diversity of VP1. Synergy 
analysis was performed with Loewe additivity, Bliss independence, highest single agent, and zero interaction 
potency models. The results indicate a significant synergistic effect at certain concentrations. Molecular dynamic 
simulations investigated the molecular basis of the observed synergy. Intriguingly, VP1, pleconaril and OBR- 
5–340 can bind simultaneously to form a triple complex with additional stabilizing hydrophobic interactions and 
hydrogen bonds. Consequently, pleconaril-OBR-5–340 combination surpassed the efficacy of monotherapy and 
inhibited a broader RV spectrum compared to monotherapy. In conclusion, this study contributes to the 
development of broader-spectrum anti-RV treatments and provides insights into the mechanism behind. This 
strategy could also be important for treatment of diseases caused by other enteroviruses. The identified strong 
synergism warrants further preclinical studies for example with, ex vivo or human viral challenge models to 
translate this synergy into oral or inhaled/topical use for rhinovirus treatment.

1. Introduction

Rhinoviruses (RV types) belong to the genus ENTEROVIRUS of the 
family Picornaviridae. RV types are classified into the species Rhinovirus 
A, B, and C (RV-A, RV-B, and RV-C) [36]. Their simple structure includes 
a positive-sense, single-stranded RNA which is packaged in an icosahe
dral capsid. The capsid is composed of each sixty copies of four viral 
proteins (VP1–4). There are about 160 RV types. The majority of RV 
types belong to RV-A and RV-B and possess a highly conserved 

hydrophobic pocket in VP1 [7,21].
The high number of RV types represents a great challenge in the 

development of effective direct-acting antiviral drugs. The drugs need to 
act preferably against the majority or even all RV types (broad-spectrum 
activity) [31,39]. Broad-spectrum drugs would have the potential to 
effectively treat RV-caused diseases including common cold, bronchitis 
or pneumonia [7,11,38]. They could also prevent exacerbations of 
asthma, chronic obstructive pulmonary disease, and secondary in
fections caused by bacteria [15,16].

Abbreviations: Bliss, Bliss independence; CPE, cytopathic effect; Hpi, hours post infection; HAS, highest single agent; EC50, inhibitory concentration 50 %; Loewe, 
Loewe additivity; MSAS, most synergistic area score; RV, rhinovirus; VP1-4, virus capsid proteins 1–4; ZIP, Zero interaction potency.
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The discovery of the capsid-binding inhibitor (capsid binder) ple
conaril proved the capability to identify and develop anti-RV drugs with 
broad-spectrum activity. Pleconaril strongly inhibits the majority of RV- 
A and RV-B by fitting into the highly conserved hydrophobic pocket in 
VP1 and blocking viral uncoating [21,46]. However, pleconaril has not 
been approved for the common cold treatment due to its druǵs safety 
profile [33]. It induces cytochrome P-450 3 A enzymes (CYP3A4), which 
metabolize a variety of drugs [10,23,24]. In addition, ~10 % of known 
RV A and B types [21] and clinical RV isolates [18,26] have been shown 
to be pleconaril-insensitive. These limitations have necessitated the 
development of next-generation capsid binders with improved efficacy 
and safety profiles. In the result novel broad-spectrum capsid binder 
with high level of bioavailability were discovered that strongly inhibit 
pleconaril-insensitive RV types and/or do not induce or inhibit CYP3A4 
[3,6]. The pyrazolopyrimidine OBR-5–340, which binds close to the 
entrance of the hydrophobic pocket in VP1 of RV types, is one of these 
capsid binders [25,29,43]. Hence, pleconaril and OBR-5–340 belong to 
the most deeply and extensively studied broad-spectrum anti-RV agents 
with a capsid-binding mechanism of action. Intriguingly, they act at 
different sites of the same target, VP1.

There are no anti-RV therapies today. As has been shown for human 
immunodeficiency virus (HIV) and hepatitis C virus today [35] effective 
combinations of antiviral drugs represents a promising strategy to fill 
this gap. Antiviral drug combinations typically target multiple viral 
proteins. In addition, some combinations of drugs binding to different 
sites of a viral protein exist. Combinations of antiviral agents were also 
investigated to identify treatment options for infections with enterovi
ruses including RV types [12,14,40]. No previous studies have explored 
the combined effect of broad-spectrum capsid binders with different 
anti-RV activity spectrum and binding site at the same target as found 
for pleconaril and OBR-5–340.

Today several reference models exist for analyzing drug interactions 
with respect to synergistic and antagonistic effects. Loewe additivity 
(Loewe), Bliss independence (Bliss), highest single agent (HSA), and 
zero interaction potency (ZIP) models are commonly used. They provide 
sufficient evidence of combination effects in preclinical studies [8,13,42, 
44,47].

We hypothesized that the combination of two structurally distinct 
capsid-binding inhibitors (pleconaril and OBR-5–340) would form a 
stable triple complex with VP1, leading to enhanced antiviral efficacy. 
Based on knowledge of RV biology and activity of capsid-binding RV 
inhibitors [21,25,43,46], as discussed above, we included multiple RV 
types with known sensitivity or insensitivity to pleconaril and 
OBR-5–340 in antiviral combination studies in Hela cells. We used HSA, 
Loewe, Bliss, and ZIP reference models to prove the enhanced antiviral 
efficacy of pleconaril-OBR-5–340 combinations compared to mono
therapy in vitro. We performed molecular dynamics simulation with 
pleconaril, OBR-5–340, and VP1 to see if a ternary complex may un
derlie the observed synergy. Thus, extensive experimental and theoret
ical studies were conducted to illustrate the potential synergism between 
the two capsid-binding inhibitors and to explain the observed findings.

2. Materials and methods

2.1. Compounds, cells, and viruses

The study was performed with the two broad-spectrum capsid 
binders OBR-5–340 and pleconaril. Their structure (Fig. 1), synthesis, 
cytotoxicity, spectrum of anti-RV activity, molecular binding mecha
nism, and pharmacokinetics (in vivo and/or human) were well known 
[1,2,19,20,25,43,46]. OBR-5–340 and pleconaril were chosen together 
because they strongly differ in their activity against multiple RV types 
and target different binding sites in VP1. Stock solutions (10 mM) of 
OBR-5–340 and pleconaril were prepared in dimethyl sulfoxide and 
methanol, respectively.

HeLa Ohio cells (HeLa; human cervix carcinoma; FlowLabs, USA) 

were grown in Eagle’s minimal essential medium (EMEM; Lonza, Basel, 
Schweiz) supplemented with 2 mM L-Glutamin (Lonza, Basel, Schweiz), 
and 10 % neonatal calf serum (PAA, Cölbe, Germany). The test medium 
contained only 2 % of serum.

Our screening platform included three sets of each three RV types 
with distinct pleconaril and OBR-5–340 sensitivity [25]. The three sets 
consider the three major sensitivity pattern detected for both inhibitors 
[30]: 

(i) RV-B5, RV-B48, and RV-B69: pleconaril-insensitive (no activity at 
non-cytotoxic concentrations), but highly OBR-5–340-sensitive 
(50 % inhibitory concentration (IC50) < 1 µM) used in analogy to 
the published half-maximal effective concentration of pleconaril 
[26] because there are no clinical data,

(ii) RV-A8, RV-B17, and RV-B52: pleconaril- and OBR-5–340-sensi
tive RV types (IC50 > 1 µM to both compounds), and

(iii) RV-A2, RV-B3, and RV-B70: highly pleconaril-sensitive (IC50 <

1 µM), OBR-5–340-sensitive (IC50 > 1 µM).

Working passages of RV-A2, RV-B3 (Medical University of Vienna, 
Vienna, Austria), RV-B5, RV-B17, RV-B48, RV-B52, and RV-B69 (Na
tional Collection of Pathogenic Viruses, Salisbury, Great Britain), RV-A8 
(Avir Green Hills Biotechnology AG, Vienna, Austria), RV-B70 (Rega 
Institute for Medical Research, University of Leuven, Leuven, Belgium) 
were prepared and titered in HeLa cells before [25,30].

2.2. Antiviral combination studies

The antiviral effect of (i) pleconaril monotherapy, (ii) OBR-5–340 
monotherapy, and (iii) of pleconaril-OBR-5–340 combinations was 
evaluated using cytopathic effect (CPE) inhibition assay in one-day-old 
semi confluent HeLa cells grown in a 96-well tissue culture plate (Bio
chrom AG, Berlin) as described previously [25,32].

Earlier determined 50 % inhibitory concentration (IC50) values of 
both inhibitors [25] provided the base for choosing the appropriate 
dosage ranges (Supplementary Table 1). The concentrations cover the 
expected range of activity upon and below the IC50 values for the tested 
RV types [42]. The selected concentrations of the individual inhibitors 
did not exert cytotoxicity in HeLa cell monolayers upon 72 h of treat
ment as published previously [25]. Because combinations could still 

Pleconaril

OBR-5-340

Fig. 1. Structure of pleconaril and OBR-5–340.

M. Richter et al.                                                                                                                                                                                                                                 Biomedicine & Pharmacotherapy 188 (2025) 118193 

2 



interact differently, combination-specific cytotoxicity tests are planned 
but not yet performed.

Briefly, after removal of the cell culture medium we added 50 µl of 
double-concentrated (i) pleconaril or (ii) OBR-5–340 solutions (mono
therapy: 6 concentrations as used in combination; dilution factor 2) and 
50 µl of a virus suspension, or (iii) 25 µl of each compound solution 
(fourfold-concentrated; 6 × 6 concentration matrix) and 50 µl of virus 
suspension to the pre-incubated cells. Virus control wells (n = 6) 
received 50 µl of test medium and 50 µl of virus suspension. The mul
tiplicity of infection (MOI) was published [30]. Cell control wells (n = 6) 
were inoculated with 100 µl of test medium. After observing a complete 
cytopathic effect in virus control wells under a light microscope at day 3 
p.i., cells were fixed, stained, and de-stained for optical density deter
mination and calculation of the percentage of CPE inhibition as pub
lished [32]. At least 4 independent experiments were performed (single 
measurement per single concentration or combination). The results were 
used as replicates to calculate the mean, standard deviation, and 95 % 
confidence intervals (95 % CI) for the percentage of CPE inhibition 
during analysis of drug combination data using SynergyFinder Plus [47].

Linear regression analysis using Microsoft Excel was applied in the 
linear scaled dose-dependent sample concentrations to calculate the IC50 
values of pleconaril and OBR-5–340 monotherapy.

2.3. Analysis of drug combination data

Expected drug combination responses, 95 % CI, and p values were 
calculated based on Loewe, Bliss, ZIP, and HAS reference models using 
SynergyFinder Plus [47]. Generally, deviations between observed and 
expected responses with positive and negative values denote synergy 
and antagonism, respectively. For example synergy score of 15 corre
sponds to 15 % of response beyond expectation. There is no particular 
threshold to define a good synergy score. According to Tang et al. con
sistency between different reference models should be indicative for the 
degree in synergy [37]. If different models classify a combination of 
drugs as synergistic, synergism is called strong. In case of weak synergy, 
the combination is classified as synergistic to one model only.

Pearsońs correlation coefficients were calculated with EXCEL2016.

2.4. Molecular dynamic simulations

We performed molecular dynamic simulations to explain the origin 
of synergistic effect. To reflect diversity of binding sensitivity, we 
selected 5 capsid proteins from RV types from different groups, sensitive 
or insensitive to pleconaril and/or OBR-5–340 (summarized in para
graph 2.1). Those are proteins from RV-B5, RV-A8, RV-B52, RV-A2 and 
RV-B3. Coordinates of heavy atoms of the RV-B5 complex with the OBR- 
5–340 were taken from the cryo-EM structure, PDB ID: 6SK5 [43]. 
Proteins from other RV-B type were obtained from the same structure, 
introducing amino acid substitutions according to [21]. Similarly, 
capsid proteins from RV-A type were obtained from the crystal structure 
of the RV-A16 capsid protein, PDB ID: 1C8M. Thus, we examined for
mation of triple complexes of protein with both compounds, OBR-5–340 
and pleconaril. We started with structures with the positions of in
hibitors mimicking binary complexes of each inhibitor with the protein 
and analyzed the finally formed stable complexes. Additional model was 
prepared for a binary complex of the RV-A16 capsid protein with ple
conaril to verify the model on the binary complex that is known to be 
stable according to our previous studies [30].

MD simulations were performed as follows: 50 ns system equilibra
tion with the following 400 ns production run for each model system. 
Protein macromolecule was described with CHARMM36 force field pa
rameters [4,5], OBR-5–340 and pleconaril with the CGenFF [41] and 
solvent water molecules with the TIP3P [17] parameters. Simulations 
were performed in the NPT ensemble at T = 300 K and p = 1 atm with 
the 1 fs integration time step. All MD simulations were carried out with 
the NAMD software package [28]. Dynamical network analysis [34] was 

utilized to divide the complex to communities with the correlated mo
tions within them. To do this, every amino acid was represented by a 
single node. The OBR-5–340, and pleconaril molecules were divided 
into three nodes. Any two nodes (except the neighbors) were connected 
by an edge if the distance between any pair of atoms of the respective 
residues was less than 4 Å for more than 75 % of the simulation time. 
Covariance and correlation matrices for dynamical network analysis 
were calculated with the Carma program [9].

3. Results

3.1. Drug combination studies revealed synergistic interactions of OBR- 
5–340 and pleconaril

The IC50 values and dose response curves of monotherapy with 
pleconaril and OBR-5–340 were summarized in Supplementary Table 2
and Supplementary Material 1–9, respectively. As shown before [21,25], 
RV-B5, RV-B48, and RV-B69 were insensitive to pleconaril, but highly 
sensitive to OBR-5–340 (IC50 between 0.13 and 0.61 µM). RV-A8, 
RV-B17, and RV-B52 were sensitive to pleconaril (IC50 between 0.99 
and 5.37 µM; the IC50 value of 0.99 µM pleconaril to RV-B17 was 
borderline) and OBR-5–340 (IC50 between 12.56 and 17.25 µM). In 
contrast, RV-A2, RV-B3, and RV-B70 represent highly pleconaril sensi
tive (IC50 between 0.02 and 0.36 µM), OBR-5–340 sensitive (IC50 be
tween 8.89 and 17.81 µM) RV types. Thus, our screening platform 
included three sets of RV types with distinct sensitivities to pleconaril 
and OBR-5–340.

Dose-response matrixes (mean percentage of CPE inhibition with SD) 
of all inhibitor combinations and RV types are summarized in Fig. 2. In 
addition, the mean percentage of CPE inhibition with 95 % CI are part of 
the Synergy Finder Plus reports (Supplementary Material 1–9). The 
dose-response matrixes provided the basis for calculations of synergy 
scores with 95 % CI (Supplementary Material 1–9), 2D surface plots 
(Figs. 3–5) as well as mean synergy scores and p values (Supplementary 
Table 3).

To reduce the risk of methodological bias, synergism analysis was 
performed for all RV types using Loewe, Bliss, ZIP, and HSA reference 
models. The mean synergy scores of Bliss and ZIP models matched best 
(Pearsońs of 0.997). Higher mean synergy scores were calculated with 
Loewe and/or HSA model compared to Bliss and ZIP models. The mean 
synergy scores calculated with Loewe did strongly correlate with that 
from HSA model (Pearsońs of 0.993) but not with that from Bliss and ZIP 
model (Pearsońs of − 0.076 and − 0.256). In contrast, the mean synergy 
scores calculated with HSA correlated well with that calculated with 
Bliss and ZIP (Pearsońs of 0.986 and 0.983, respectively).

At certain concentrations, synergy scores indicated strong antago
nistic interactions (dark green in Figs. 3–5) with synergy score less than 
− 10 (Supplementary material 1–9). Strong antagonism was detected in 
all reference models when (i) pleconaril concentrations equal or higher 
than 4.38 µM (RV-B48), 8.75 (RV-B69) or 17.5 µM (RV-B5) and/or (ii) 
concentration of 70 µM of OBR-5–340 (RV-A2 and RV-B3) were com
bined. In addition, a synergy score less than − 10 was calculated with ZIP 
and Bliss models for RV-A8, RV-B17, RV-B52, RV-B70 when 70 µM of 
OBR-5–340 were combined with certain pleconaril concentration. These 
results show an impact of the RV type studied on synergy. In addition, 
monotherapies were non-cytotoxic, but combinations could still interact 
differently. Therefore, future experiments will directly validate cyto
toxicity at combination doses.

The comparison of synergistic scores of most synergistic areas 
colored in red tones further confirmed the impact of the RV type studied 
on synergy (Figs. 3–5 and Supplementary Material 1–9). They revealed a 
moderate potentiation of CPE inhibition for the pleconaril-insensitive, 
highly OBR-5–340-sensitive RV-B5, RV-B48, and RV-B69 at certain in
hibitor combinations (areas colored in light red and red in Fig. 3). Areas 
indicating a strong synergism with synergistic scores higher than 10 
were identified for all pleconaril- and OBR-5–340-sensitive RV types as 
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well as highly pleconaril-sensitive, OBR-5–340-sensitive RV types with 
the 4 reference models (Figs. 4 and 5). Hence, pleconaril+OBR-5–340 
combinations clearly outperformed monotherapy at certain 
concentrations.

3.2. Molecular dynamic simulations explain the origin of synergistic effect

Protein-pleconaril complexes have not been studied before, there
fore, we also simulated the dynamic behavior of the capsid protein from 
the insensitive RV-B5 and sensitive RV-A16 strains. In our previous 
study [30] we demonstrated that binding efficiency of the OBR-5–340 
and other compounds with the same core is determined by the collective 

Fig. 2. Dose-response matrixes for pleconaril-OBR-5–340 combinations and 9 rhinoviruses, insensitive or sensitive to the inhibitors in monotherapy. The antiviral 
activity was analyzed in least 4 independent cytopathic effect (CPE) inhibition assays in HeLa cells. The results were used as replicates to calculate the mean 
percentage of CPE inhibition and standard deviations with SyngeryFinder Plus.
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Fig. 3. Synergy interaction landscapes of pleconaril-OBR-5–340 combinations and RV-B5, RV-B48, and RV-B69 in HeLa Ohio cells. Cells were treated with single 
inhibitor or inhibitor combinations and infected with the respective RV type or mock for 72 h. Thereafter, cell viability was measured to calculate synergy scores 
using (A) HSA, (B) Loewe, (C) Bliss, and (D) ZIP models. The data of four independent experiments were used as replicates for synergism analysis with SynergyFinder 
Plus. Antagonistic and synergistic score areas are colored in green or red tones, respectively. At certain concentrations, synergy scores less than − 10 indicated strong 
antagonistic interactions (green and dark green) for RV-B5, RV-B48, and RV-B69 in all reference models. A moderate potentiation of CPE inhibition was also found at 
certain inhibitor combinations (areas colored in light red and red with synergy score between 0 and 10 or >10, respectively) for these RV types in all refer
ence models.
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Fig. 4. Synergy interaction landscapes for pleconaril-OBR-5–340 combinations and RV-A8, RV-B17, and RV-B52 in HeLa Ohio cells. Cells were treated with single 
inhibitor or inhibitor combinations and infected with the respective RV or mock for 72 h. Thereafter, cell viability was measured to calculate synergy scores using (A) 
HSA, (B) Loewe, (c) Bliss, and (C) ZIP models. The data of four independent experiments were used as replicates for synergism analysis with SynergyFinder Plus. 
Antagonistic and synergistic score areas are colored in green or red tones, respectively. Small areas indicating a strong antagonism (synergy scores less than − 10; 
green color) were detected for RV-A8 and RV-B52 with Bliss and ZIP models (C and D) and RV-B17 with Bliss model at high OBR-5–340 certain concentrations. In 
contrast, large red or even dark red areas (synergistic scores higher than 10 or 20, respectively) showstrong synergistic interactions for these three pleconaril- and 
OBR-5–340-sensitive RV types with all reference models.
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Fig. 5. Synergy interaction landscapes for pleconaril-OBR-5–340 combinations and RV-A2, RV-B3, and RV-B70 in HeLa Ohio cells. Cells were treated with single 
inhibitor or inhibitor combinations and infected with the respective RV or mock for 72 h. Thereafter, cell viability was measured to calculate synergy scores using (A) 
HSA, (B) Loewe, (c) Bliss, and (C) ZIP models. The data of four independent experiments were used as replicates for synergism analysis with SynergyFinder Plus. 
Antagonistic and synergistic score areas are colored in green or red tones, respectively. Small areas indicating a strong antagonism (synergy scores less than − 10; 
green color) were detected for RV-A2 and RV-B3 with all reference models and for RV-B70 with Bliss and ZIP models (C and D) in particular when 70 µM of OBR- 
5–340 were combined. In contrast, large red or even dark red areas (synergistic scores higher than 10 or 20, respectively) demonstrate strong synergistic interactions 
for these three pleconaril- and OBR-5–340-sensitive RV types with all reference models.
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motions of the inhibitor and the protein loops that envelope it. We 
performed similar simulations for complexes with pleconaril to evaluate 
binding affinity and transferability of the suggested methodology here. 
In complex with A16 (good binding affinity) we observed the same 
collective motion as for the OBR-5–340 series that we postulated earlier 
[30]. This allows us to generalize the model and prove that the collective 
motion of the loops enveloping the capsid binder indeed determines 
binding affinity.

Molecular dynamic simulations for all considered systems revealed 
that the triple complexes including VP1, pleconaril, and OBR-5–340 are 
stable with respect to the interactions between two capsid binders 
(Fig. 6). Pleconaril occupies the same binding site as in the binary 
complex and OBR-5–340 binds near to the entrance of the hydrophobic 
pocket in VP1 representing the binding site of pleconaril (Fig. 6A, B). 
The complex of the two capsid binders mimics an “elongated” molecule 
formed due to non-covalent interactions between pleconaril and OBR- 
5–340 (Fig. 6C). Importantly, the binding of both molecules does not 
disturb the loops at the entrance of the binding site. The distance be
tween the main chains of these loops becomes only about 1 Å larger.

4. Discussion

The monotherapy results fully confirmed the previously published 
inhibitory profile of two capsid binder’s pleconaril and OBR-5–340 
against the RV types sets of the screening platform [21,25]. Each three 
RV types were: (i) pleconaril-insensitive, highly OBR-5–340-sensitive, 
(ii) pleconaril- and OBR-5–340-sensitive, or (iii) highly 
pleconaril-sensitive, OBR-5–340-sensitive. This enabled us to consider 
the distinct sensitivity profiles of multiple RV types (based on VP1 
variability) to both capsid binders in the interaction of the compounds.

A high concentration range of pleconaril and OBR-5–340 was tested. 
In accordance with a methodical paper published by Vlot et al. [42], 
concentrations lower and higher than published IC50 values [21,25]
were included. After oral application, a maximum plasma concentra
tions of 1.25 µg/ml OBR-5–340 (3.39 µM) was measured in preclinical 
studies in mice ([25]; 100 mg/kg). The maximum plasma concentration 
of pleconaril was 3.14 µg/ml (8.23 µM) in mice ([27]; 200 mg/kg) and 
2.34 µg/ml (6.14 µM) in adults [1,2]; 400 mg per os). Hence, for some 
RV types the maximal tested concentrations were higher than the 

previously determined maximal plasma concentrations after oral 
application. However, anti-RV drugs might also be administered topi
cally e.g. as drops or spray. Given the low systemic absorption with 
topical formulations, higher local drug concentrations might be ach
ieved, potentially mitigating the plasma concentration limitations 
observed with oral administration.

The concentrations used in our combination study were well toler
ated in monotherapy in HeLa cells [25]. However, we cannot fully 
exclude that an enhanced cytotoxicity contributes to the antagonistic 
effects seen in combinations with 70 µM OBR-5–340. To clarify this, 
cytotoxicity combination studies will be included in ongoing preclinical 
studies for clarification.

Our primary hypothesis concerning the observed antagonism in 
certain pleconaril-OBR-5–340 combinations is founded on the binding 
dynamics of both inhibitors to VP1. It is hypothesized that a ternary 
complex is formed if pleconaril binds into the hydrophobic pocket of 
VP1 before OBR-5–340 binds near to the pocket entrance. In the event of 
excess of OBR-5–340, this may impede the penetration of pleconaril into 
the canyon, thereby antagonizing ternary complex formation in both 
pleconaril- and OBR-5–340-sensitive RV types. In contrast, excess ple
conaril prevented OBR-5–340 binding and thus ternary complex for
mation in RV types that were insensitive to pleconaril and highly 
sensitive to OBR-5–340.

Our study results are the first to demonstrate synergistic combina
tions of two broad-spectrum capsid binders of RV types. Other groups 
have focused on combinations of broad-spectrum anti-enteroviral agents 
acting against different targets, for example the viral capsid and protease 
(e.g. pleconaril or vapendavir combined with rupintrivir) or the viral 
capsid and polymerase (e.g. pleconaril or vapendavir combined with 
enviroxime or remdesivir). The results demonstrated additive to syner
gistic interactions of pleconaril-rupintrivir [14], pleconaril-enviroxime 
[12], vapendavir-rupintrivir, and vapendavir-enviroxime [40] combi
nations. Investigating the combinatorial effects of two broad-spectrum 
capsid binders that both fit into the highly conserved hydrophobic 
pocket in VP1 (pleconaril and vapendavir) Ianevski et al. showed ad
ditive effects against echovirus 1 [12]. In contrast, novel synergistic 
combinations of two capsid binders were identified here.

Different reference models confirmed these results. In agreement 
with observations of other groups from anti-cancer research [8,42], the 

Fig. 6. (A) Alignment of experimental structures of the capsid protein of RV-A16 (yellow) with pleconaril (cyan), PDB ID: 1C8M, and capsid protein of RV-B5 
(orange) with OBR-5–340 (green), PDB ID: 6SK5. Loops, enveloping the OBR-5–340 binding site are highlighted by magenta squares. Interatomic distances are 
measured between CA atoms of residues of these loops. A and B in the notation correspond to the RV-A and RV-B types. (B) Representative structure of the triple 
complex of RV-B52 capsid protein, pleconaril and OBR-5–340. (C) Interacting regions of the inhibitor molecule. Dashed line corresponds to the hydrogen bond, 
hidrophobic interactions are highlighted in yellow, interactions of -CF3 and -CH3 groups are blue.
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synergy scores varied between the models and thus further confirmed 
that the choice of a synergy model could influence the synergy score [8, 
42,44]. As found in a combination study with anticancer drugs, [45] the 
mean synergistic area scores calculated with Loewe did not correlate 
well with that from Bliss and ZIP models here. The strong dependence of 
the accuracy of Loewe on both the same maximum response and con
stant potency ratio of the combined inhibitors [42,45] might explain 
these results. The higher synergy scores calculated with HSA might be 
due to the lower threshold of this model for assigning synergy compared 
to other methods [45]. Albeit being a hybrid model of Loewe and Bliss, 
the ZIP model is independent from assumptions considering the PK/PD 
profile of the compounds in combination [42,45]. In summary, the 
general conclusions on potentiation and/or synergism drawn from our 
combination screen with the different reference models are similar, 
whereat the results from Bliss independence and ZIP models being the 
most consistent in our context.

Whereas pleconaril binds deep into the hydrophobic pocket of VP1 of 
RV A and B types [46] OBR-5–340 interacts with amino acids close to the 
entrance of this pocket [43]. Both compounds interact with VP1 by 
non-covalent way in monotherapy [22,43]. We hypothesized that the 
coincident binding of both capsid binders to VP1 might lead to faster 
and/or stronger effects on the viral capsid at certain concentrations 
what might explain the demonstrated synergism. This occurs due to the 
formation of the triple complex. Non-covalent interactions (hydropho
bic and H-bonds) stabilize the ternary complex. Typically, non-covalent 
binding results in the formation of complexes that exhibit significantly 
weaker binding affinities than covalent binding. We suggest that the 
formation of a ternary complex with non-covalent binding of two mol
ecules to VP1 ensures the stability of the resulting complex. This is close 
to covalent binding in terms of stability. Likely, the magnitude of the 
synergistic effect is determined by the interplay of the binding constants. 
Importantly, the binding of two molecules does not disturb the binding 
site including the loops at the entrance that were found to be important 
for binding [30]. Fig. 5 allows us to hypothesize that the synergistic 
effect starts to be pronounced after pleconaril binding. The synergistic 
area is gradually shifted to higher pleconaril concentrations in line of 
capsid proteins from RV-A2, RV-B3, RV-B70. This is consistent with the 
gradual increase of the IC50 value [30] in the same line: 0.05 μM for 
RV-A2, 0.12 μM for RV-B3 and 0.4 μM for RV-B70. Taken together, the 
study results confirm the hypothesis that pleconaril and OBR-5–340 can 
bind simultaneously to VP1 thereby inhibiting a broader spectrum of RV 
types. Moreover, the formation of a triple helix between VP1, pleconaril, 
and OBR-5–340 leads to significant synergistic effects of 
pleconaril-OBR-5–340 combinations at specific concentration ranges for 
multiple RV types.

We are aware that our study has some limitations. While we observed 
no significant cytotoxicity in monotherapy [25], it is important to 
conduct cytotoxicity combination studies. The results could clarify 
whether certain pleconaril-OBR-5–340 combinations affect cytotoxicity 
and thus contribute to antagonism. Moreover, studies with further RV 
types, respiratory cell lines (e.g. A549 and Calu 3) or even organoid 
cultures would increase the generalizability of our studies results. In 
addition, cryo electron microscopy could be used to visualize the 
simultaneous binding of both capsid-binding inhibitors to VP1.

In summary, our findings contribute to the development of broader- 
spectrum anti-RV or even anti-enterovirus treatment. Both inhibitors 
can be co-administered orally. That is an advantage for their use in 
patients. The inclusion of a third inhibitor could further improve the 
treatment effect. Further steps for translating our findings into in vivo, 
human challenge or clinical studies are experiments in respiratory cells 
or lung organoids aiming to confirm the synergism under more natural 
conditions. In addition, other clinically relevant respiratory enterovi
ruses e.g. enterovirus 71 and D68 should by included. Experiments on 
the evolution of drug resistance in response to combination treatment 
will get insights into long-term antiviral efficacy. Pharmacokinetic 
modelling in an animal model would further help bridge the gap 

between in vitro and potential clinical applications.

5. Conclusions

The present study contributes to the ongoing efforts to develop 
medications for the treatment of RV infections. Using pleconaril and 
OBR-5–340 as examples, we have shown for multiple RV types with 
different sensitivity to both inhibitors that combinations of two broad- 
spectrum capsid binders can significantly enhance the treatment ef
fect. The potency and/or efficacy were enhanced at concentrations that 
were reported in pharmacokinetic study reports in vivo and/or in 
humans [1,2,25,27]. Therefore, such synergistic capsid binder combi
nations have the potential to improve treatment efficacy. Additionally, 
they will better address a major challenge of drug development – effi
cacy against almost all RV-A and RV-B types circulating throughout the 
year.

The formation of a triple complex of VP1, pleconaril, and OBR-5–340 
explains the strong synergistic interactions observed. After binding of 
pleconaril into the hydrophobic pocket of VP1, OBR-5–340 binds to the 
entrance of VP1 and both capsid binders mimics an “elongated” inhib
itor molecule.

The strong synergistic interactions between pleconaril and OBR- 
5–340, mediated through simultaneous binding to VP1, provide a 
promising platform for the future development of combination therapies 
against rhinovirus and other enteroviruses. In preclinical studies (i) the 
synergism, (ii) (lower) dosing, (iii) reduced risk of resistance evolution 
should be confirmed in organoid cultures and the human challenge 
model. The oral co-administration of pleconaril and OBR-5–340 is an 
advantage for their use in patients. Moreover, our findings suggest a 
double positive effect on patients. On the one hand infections with more 
RV types can be treated. On the other hand, there will be a stronger 
antiviral activity against each individual RV type. In this way, patients 
are benefitted from easy medication intake and better therapeutic 
success.
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