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Abstract

Dengue virus (DENV) is a public health challenge across the tropics and subtropics. Cur-

rently, there is no licensed prophylactic or antiviral treatment for dengue. The novel DENV

inhibitor JNJ-1802 can significantly reduce viral load in mice and non-human primates.

Here, using a mechanistic viral kinetic model calibrated against viral RNA data from experi-

mental in-vitro infection studies, we assess the in-vitro inhibitory effect of JNJ-1802 by char-

acterising infection dynamics of two DENV-2 strains in the absence and presence of

different JNJ-1802 concentrations. Viral RNA suppression to below the limit of detection

was achieved at concentrations of >1.6 nM, with a median concentration exhibiting 50% of

maximal inhibitory effect (IC50) of 1.23x10-02 nM and 1.28x10-02 nM for the DENV-2/RL and

DENV-2/16681 strains, respectively. This work provides important insight into the in-vitro

inhibitory effect of JNJ-1802 and presents a first step towards a modelling framework to sup-

port characterization of viral kinetics and drug effect across different host systems.

Author summary

Dengue poses a major challenge to global public health, with almost half of the world’s

population at risk of infection each year. However, currently, no licensed specific prophy-

lactic or antiviral treatment for dengue exists. JNJ-1802, a novel dengue inhibitor under

development by Janssen Pharmaceutica, is one of the most advanced candidate dengue

antivirals and has recently been shown to significantly reduce viral load in pre-clinical ani-

mal studies. Here we use mathematical models, fitted to viral RNA data obtained from

experimental infection studies in Vero cells, to quantify the in-vitro inhibitory effect of

JNJ-1802 on the viral kinetics of two strains of dengue serotype 2. For both strains, we

find the effect of JNJ-1802 on viral replication is strongly concentration-dependent, with

viral suppression to below the limit of detection achieved at concentrations of 1.6 nM and
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above. This work is an important first step in quantifying the potential of JNJ-1802 as a

dengue antiviral, and demonstrates how interdisciplinary research can help inform drug

development and help inform dosing regimens.

Introduction

Dengue is an acute, systemic mosquito-borne infection caused by one of four antigenically dis-

tinct but closely related dengue virus serotypes (DENV-1-4) [1]. As the world’s most prevalent

arboviral infection in humans, it poses a major public health challenge in tropical and subtrop-

ical regions worldwide [2–4]. The clinical spectrum of dengue disease is wide, with manifesta-

tions ranging from asymptomatic or mild illness to severe, life-threatening conditions

including haemorrhagic fever and shock syndrome [1,5]. Recent estimates suggest approxi-

mately 51 million symptomatic dengue infections occur globally each year [4], with outbreaks

of dengue increasing in both size and duration in recent years [6]. Currently, there is no spe-

cific prophylactic or antiviral treatment for dengue [7,8], and the only available option is sup-

portive care. Furthermore, while the QDENGA vaccine has been recently approved by the

European Medicines Agency (EMA), in Indonesia [9], Brazil [10], Argentina [11], Thailand

[12] and in the UK [13], the impact of vaccination at the population level still needs to be eval-

uated. Vector control also remains challenging given concerns over the feasibility of imple-

menting novel control strategies such as the release of Wolbachia-infected mosquitoes in

resource-constrained settings [3,14–16]. Hence, specific antiviral treatment is urgently needed

for the control of dengue disease both at the individual and population level.

A strong association exists between disease severity and viral load for dengue [17–19], with

patients suffering from dengue shock syndrome having viral titres up to 10- to 100-fold higher

than those with mild disease [18]. Therefore, it is hypothesised that an antiviral which reduces

viral load will consequently reduce the severity and duration of symptoms and the risk of pro-

gression to severe disease [20–22]. In recent decades, the search for an effective dengue antivi-

ral has followed two main pathways–repurposing drugs, licensed to treat other infections and

conditions, for dengue treatment, and developing a novel dengue-specific antiviral [8,22–26].

Clinical trials investigating the use of existing drugs for dengue treatment have thus far been

unsuccessful in finding a suitable candidate for repurposing [7,8,22,23], with drugs including

balapiravir [27] and celgosivir [28] (hepatitis C), chloroquine [29] (malaria), and ivermectin

[26,30] (parasitic infections) all proving clinically ineffective against dengue in humans. Strate-

gies to develop a novel dengue-specific antiviral have involved either targeting cellular path-

ways (host-directed antivirals or HDAs) or structural and non-structural viral proteins

essential to the virus life cycle (direct-acting antivirals or DAAs) [7,21,22,24,25,31,32]. While

several potential HDAs have been identified, to date, few have been evaluated in clinical trials

[7]. Among the non-structural proteins facilitating viral replication [33–35], antiviral research

has primarily focused on NS5 and NS3 [7,24] and, in recent years, NS4B [7,24,36–42].

JNJ-1802 is a novel small DAA molecule under development by Janssen Pharmaceutica,

from the same chemical space as JNJ-A07 [42], which inhibits DENV replication by blocking

the interaction between NS3 and NS4B within the viral replication complex [43]. While clini-

cal studies assessing the efficacy of JNJ-1802 are currently underway [43], the potential of JNJ-

1802 as a dengue antiviral has recently been demonstrated, with in-vitro and pre-clinical ani-

mal studies showing JNJ-1802 to be a highly specific, potent DENV inhibitor in multiple host

systems, with a favourable toxicity profile and high barrier to resistance [43].
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The aim of this study was to estimate the in-vitro prophylactic inhibitory effect profile of

JNJ-1802 from infection experiments conducted in Vero cells using mechanistic viral kinetics

models. The use of mechanistic models based on ordinary differential equations for recon-

structing the within-host dynamics of viral infections in humans [44–51], including dengue

[46,52–55], have been demonstrated to be a powerful tool to help build our understanding of

viral kinetics, the host immune response, as well as antiviral drug effects[56]. One of the pri-

mary advantages of adopting a mechanistic modelling approach when assessing the impact of

JNJ-1802 is that it allows us to make full use of longitudinal viral kinetic data, and this in turn

allows us to estimate the antiviral concentration required for viral suppression in Vero cells. In

this paper we present data on the viral kinetics of two DENV-2 strains from in-vitro infection

experiments in Vero cells, in the absence and presence of JNJ-1802, and use mathematical

models to characterise the in-vitro kinetics of dengue virus, quantify the in-vitro inhibitory

effect of JNJ-1802, and assess its mechanism of action. This work highlights how interdisciplin-

ary research and mathematical modelling applied to pre-clinical data can help identify promis-

ing drug candidates from the early phases of drug development and help inform dosing

regimens.

Results

To assess the inhibitory effect of JNJ-1802 on the in-vitro viral kinetics of dengue infection,

experiments in Vero cells were carried out by infecting the cells on day 0 with either the

DENV-2/16681 or DENV-2/Rega Lab (RL) strain. Intracellular and extracellular viral RNA

levels in the absence and presence of JNJ-1802 at different concentrations were measured daily

for 10 days, and full details of the experiments conducted and data collected are provided in

the Methods section below. Experiments were conducted with and without refreshing the

medium of individual wells to test the sensitivity of the observed viral load profiles to underly-

ing experimental conditions. Except for a limited number of measurements, which were

inconsistent with the overall pattern in viral growth observed both at the intracellular and

extracellular level (Fig 1), we observed a relatively small degree of variation between individual

wells for both the intracellular and extracellular RNA data for the DENV-2/16681 and DENV-

2/RL strains (Fig A in S1 Text). In addition, similar parameter estimates were obtained for

experiments using the same strains where the well medium was/was not refreshed on day 4

post infection (p.i.), thereby indicating that the kinetics observed were not owing to changes in

underlying experimental conditions.

For both strains, we quantified the impact of JNJ-1802 on infection in Vero cells by fitting a

mechanistic viral kinetics model of the dynamics of DENV infection in-vitro simultaneously

to the intracellular and extracellular RNA data observed from the experimental infection stud-

ies. The model describes the infection process of Vero cells and subsequent secretion of viral

RNA, and assumes JNJ-1802 acts on the transition process of infected to infectious (virion pro-

ducing) cells. Full details of the model developed, parameter values, and model fitting

approach are provided in the Methods section below.

Below we present the results obtained in the experiments conducted without medium

refresh, unless specified otherwise. The results obtained for the experiments where the

medium of the cells was refreshed on day 4 are provided in Table A and Figs B-D in S1 Text.

Viral kinetics of DENV-2 Infection

In control conditions without JNJ-1802 present, both the DENV-2/16681 and DENV-2/RL

strains showed similar temporal trends in viral replication, with intracellular viral RNA mea-

surements above the limit of detection first observed two days following inoculation, thereby
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typically peaking by day five to seven and decreasing slowly thereafter (Figs 1–3). Extracellular

viral RNA profiles followed a similar overall pattern, with a lag of approximately one day com-

pared to intracellular viral RNA (Figs 1–3). We estimated depletion of target cells by day 4 p.i.

(Figs E and F in S1 Text).

Figs 2 and 3 show the model fit to the viral RNA measurements over time observed for the

DENV-2/16681 and DENV-2/RL strain respectively, using the developed viral kinetic model

with an antiviral effect on the transition of infected cells to infectious (i.e., virion producing)

cells (more details can be found in the Methods section). Table 1 shows the corresponding pos-

terior estimates of the model parameters. The viral kinetics model generally captures well the

observed intracellular and extracellular viral RNA profiles for both the DENV-2/16681 and

DENV-2/RL strains in the absence and presence of JNJ-1802 (Figs 2, 3, and G in S1 Text).

However, for some concentrations, viral RNA levels were over- or under-estimated by the

model at several timepoints (Figs 2 and 3). For example, for a JNJ-1802 concentration of

0.064nM the model under-estimates viral RNA levels on day 3 p.i. for the 16681 strain (Fig 3)

and for a JNJ-1802 concentration of 0.32 nM, the model predicts intracellular RNA above the

Fig 1. Summary of viral load data from the in-vitro infection experiments in Vero cells. Summary of all data

collected, disaggregated by the infecting DENV-2 strain (RL, 16681), JNJ-1802 concentration and type of viral RNA

(intra- or extracellular). Measurements with> 1 log10 difference from the corresponding median (triangles) were not

used for model fitting. We also excluded the intracellular data collected on day 4 for experiments using the DENV-2/

16681 dengue strain and antiviral concentrations of 0 nM, 2.56x10-03 nM, 1.28x10-02 nM, and 6.40x10-02 nM, as these

were inconsistent with the corresponding extracellular data (18 measurements in total, squares in topright subfigure).

The limit of detection (LOD) and the limit of quantification (LOQ) are indicated by horizontal black and blue lines,

respectively. For extracellular data, these limits were identical. Crosses represent measurements below the limit of

quantification which were assumed to be left censored in a sensitivity analysis.

https://doi.org/10.1371/journal.pcbi.1011662.g001
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limit of detection from seven days p.i. onwards, when the majority of corresponding intracellu-

lar RNA measurements remained below this limit for the duration of the experiments (Figs 2, 3,

B, and C in S1 Text). Although the temporal trends in viral replication were similar for the

DENV-2/16681 and DENV-2/RL strains, we estimated an approximately two- to three-fold dif-

ference between strains in the rate of intracellular viral RNA production, with a substantially

higher rate for the DENV-2/16681 strain (median: 1.36x107 per infectious cell per day) com-

pared with the DENV-2/RL strain (median: 3.17x106 per infectious cell per day) (Table 1).

However, in the same experiment, we estimated the infection rate of target cells was slightly

higher for the DENV-2/RL strain (median: 3.18x10-08 per virion per day) compared with the

DENV-2/16681 strain (median: 1.32x10-08 per virion per day). Our results also suggest that a

larger proportion of intracellular RNA was subsequently released as extracellular RNA for the

DENV-2/RL strain (medians: 59% (DENV-2/RL), 23% (DENV-2/16681) (Table 1). Estimates of

the proportion of intracellular RNA subsequently released as extracellular RNA were negatively

correlated with both the target cell infection rate and the rate of intracellular viral RNA produc-

tion corresponding to the balance between viral kinetics at the intracellular level (cell infection,

viral RNA production) and those at the extracellular level (viral RNA release) required to match

the dynamics observed. Overall, our estimates suggest that the DENV-2/RL strain had a higher

viral fitness, as measured by the basic reproduction number, than the DENV-2/16681 strain,

with an R0 of 277.01 (95% CrI: 231.78, 332.66) for the DENV-2/RL strain compared to 191.10

(95% CrI: 161.84, 232.76) for the DENV-2/16681 strain (Table 1).

JNJ-1802 Inhibitory Effect

For both strains, the model estimated suppression of the virus to below the limit of detection over

the course of the experiment, at both the intracellular and extracellular level, for a concentration

of 1.6 nM or greater (Figs 2 and 3). A strong concentration-dependent inhibitory effect of JNJ-

1802 on viral replication was estimated across all experiments, approximating 100% inhibition at

concentrations of 1.6 nM or greater (Fig 4). Estimates of the IC50, Hill coefficient and the corre-

sponding concentration-effect profiles varied slightly between strains (Table 1 and Fig 4). We esti-

mated a similar IC50 for both strains (median: 1.23x10-02 nM (DENV-2/RL), 1.28x10-02 (DENV-

2/16681)) and a slightly higher median Hill coefficient for the DENV-2/RL strain (median: 1.28)

compared with the DENV-2/16681 strain (median: 1.17) (Table 1). However, the 95% CrI inter-

vals for estimates of the Hill coefficient were overlapping (95% CrI: (1.14, 1.42) (DENV-2/RL),

(1.07, 1.31) (DENV-2/16681)). The effective reproduction number was estimated to reach 1 at a

JNJ-1802 concentration of approximately 2.02 nM (95% CrI: 1.52 nM, 2.87 nM) and 2.43 nM

(95% CrI: 1.77 nM,3.43 nM) for the DENV-2/RL and DENV-2/16681 strains respectively (Fig 4).

Impact of limit of quantification

For both strains, several measurements between the limit of detection and limit of quantifica-

tion were recorded at the intracellular and extracellular level, mainly at the onset of infection

Fig 2. Model Fits (DENV-2/16681 strain). Model fits for the measurements observed using the DENV-2/16681 strain

with no medium refresh and antiviral concentrations of 0 nM, 2.56x10-03 nM, 1.28x10-02 nM, 6.40x10-02 nM, 0.32 nM,

1.6 nM, and 8 nM JNJ-1802. Coloured points represent the data from each well (6 wells for 0 nM, 4 wells for

concentrations>0 nM), the vertical red line indicates the time the viral inoculum was added to each well and the

horizontal dashed black line indicates the limit of detection (LOD). The modelled dynamics of the intracellular RNA

virus are in green and those of the extracellular RNA virus are in purple; solid lines represent the median and the

shading represents the 95% CrI. Here, the measurements below the limit of quantification (LOQ) (crosses in Fig 1)

were included during model fitting. Measurements below LOD were left-censored at the LOD during model fitting

and we plot these measurements at the LOD for visual display. We assumed that the antiviral directly inhibits the

transition process of infected cells to infectious (virion producing) cells i.e., acts on τ.

https://doi.org/10.1371/journal.pcbi.1011662.g002
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and at days 8–10 p.i., most notably for concentrations of 1.6 nM or greater (crosses in Fig 1).

Given that the quantification of measurements below the limit of quantification is considered

less reliable compared to those at or above this limit, we tested the sensitivity of the results to

left-censoring at the limit of quantification instead of left-censoring at the limit of detection

during model fitting, using a probabilistic approach (Eq (11) below). This sensitivity analysis

provided insight into the impact of these measurements on the parameter estimates and the

concentration-effect profile of the antiviral. For both strains, the 95% CrI of the posterior esti-

mates in the two scenarios largely overlapped (Table B in S1 Text). The most notable impact of

left-censoring at the limit of quantification was on the concentration-effect profile of the anti-

viral as, for both strains, we obtained higher estimates of the IC50 and Hill coefficient and esti-

mated that maximum inhibition could be reached at a lower concentration when we left-

censored at the limit of quantification (Table B and Figs H-J in S1 Text), corresponding to

viral suppression for concentrations of 0.32 nM or greater. This is because for concentrations

of 0.32 nM and above, all intracellular and extracellular DENV-2 RNA measurements were

below the limit of quantification. Similarly, the effective reproduction number was estimated

to reach 1 at a JNJ-1802 concentration of approximately 0.92 nM (95% CrI: 0.63 nM, 1.22 nM)

and 0.66 nM (95% CrI: 0.55 nM, 0.75 nM) for the DENV-2/RL and DENV-2/16681 strains

Fig 3. Model Fits (DENV-2/RL strain). Model fits for the measurements observed using the DENV-2/RL strain with

no medium refresh and antiviral concentrations of 0 nM, 2.56x10-03 nM, 1.28x10-02 nM, 6.40x10-02 nM, 0.32 nM, 1.6

nM, and 8 nM JNJ-1802. Coloured points represent the data from each well (6 wells for 0 nM, 4 wells for

concentrations>0 nM), the vertical red line indicates the time the viral inoculum was added to each well and the

horizontal dashed black line indicates the lower limit of detection. The modelled dynamics of the intracellular RNA

virus are in green and those of the extracellular RNA virus are in purple; solid lines represent the median and the

shading represents the 95% CrI. Here, the measurements below the limit of quantification (crosses in Fig 1) were

included during model fitting. Measurements below the LOD were left-censored at the LOD during model fitting and

we plot these measurements at the LOD for visual display. We assumed that the antiviral directly inhibits the transition

process of infected cells to infectious (virion producing) cells, i.e., acts on τ.

https://doi.org/10.1371/journal.pcbi.1011662.g003

Table 1. Posterior parameter estimates. Median posterior estimate and 95% credible interval (CrI) in brackets. Here the measurements below the limit of quantification

(crosses in Fig 1) were included during model fitting, the well medium was not refreshed, and we assumed that the antiviral directly inhibits transition of infected cells to

infectious (virion producing) cells, i.e., acts on τ.

Parameter Description DENV-2/RL DENV-2/16681

β Infection rate of target cells per virion (day-1) 3.18x10-08

(2.29 x10-08,4.40 x10-08)

1.32 x10-08

(9.05 x10-09,1.88 x10-08)

ω Intracellular virus production rate per infectious cell (day-1) 3.17 x106

(2.32 x106,4.44 x106)

1.36x107

(9.43 x106,1.89 x107)

p Proportion of intracellular RNA becoming extracellular virus 5.90 x10-01

(3.99 x10-01,8.83 x10-01)

2.28 x10-01

(1.55 x10-01,3.55 x10-01)

IC50 Concentration at which 50% of maximum effect is achieved (nM) 1.23 x10-02

(8.33 x10-03,1.66 x10-02)

1.28 x10-02

(9.00 x10-03,1.79 x10-02)

h Hill coefficient 1.28

(1.14,1.42)

1.17

(1.07,1.31)

R0 Basic reproduction number 277.01

(231.78,332.66)

191.10

(161.84,232.76)

σv Residual error standard deviation (extracellular measurements) 0.83

(0.78,0.88)

σX Residual error standard deviation (intracellular measurements) 0.91

(0.86,0.97)

L Log-likelihood -1619.87

(-1627.66,-1614.25)

DIC Deviance Information Criterion 3,254

https://doi.org/10.1371/journal.pcbi.1011662.t001
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respectively (Fig J in S1 Text), which is lower compared to when left-censoring was assumed at

the limit of detection.

Impact of latent period and JNJ-1802 effect

Viral kinetic data obtained in a clinical setting often do not have enough granularity to allow

quantification of the transition from infected to infectious cells. Therefore, a simplification of

the viral kinetic model is often required by removing the latent period allowing for infected

cells to become infectious, and with the drug directly inhibiting production of virions [51–55].

In a first sensitivity analysis, the drug effect was assumed on intracellular RNA production,

instead of the transition from infected to infectious cells, while retaining the latent period (Sec-

tion 3 in S1 Text). Compared to the original model, for both strains, we obtained comparable

model fits and parameter estimates (Figs N and O and Table C in S1 Text), and found similar

between-strain differences with respect to concentration-effect curves (Figs 4 and P in S1

Text). The main differences observed were in the underlying cell dynamics at intermediate

concentrations of JNJ-1802 (e.g., 0.064 nM) where we estimated a higher number of infectious

cells compared with the original model owing to the different assumed mechanism of drug

action (Figs E,F,L, and M in S1 Text). For all experiments, we estimated a marginally higher

median IC50 when the antiviral was assumed to inhibit intracellular RNA production rather

than inhibiting the transition of infected cells to infectious cells (Table C in S1 Text). In addi-

tion, a marginally lower median concentration (1.65 nM and 1.99nM for RL and 16681 strain,

respectively) was needed to bring the effective reproduction number below 1 when the antivi-

ral was assumed to act on the intracellular RNA production (Fig P in S1 Text).

In a subsequent sensitivity analysis, the latent period was removed by excluding the com-

partment of infected cells, allowing target cells to become infectious immediately, as imple-

mented in various viral kinetics models to describe in-vivo data [46,51–53] with a direct drug

effect on intracellular RNA production. Compared to the original model, for both strains, we

estimated a marginally higher median IC50 and observed an approximately 70% reduction in

the estimated basic reproduction number (Table C in S1 Text). However, for both strains,

broadly similar concentration-effect profiles were obtained, with a slighter lower median con-

centration (1.41 nM and 1.62 nM for RL and 16681 strain, respectively) required to bring the

effective reproduction number below 1 when the latent period was removed (Fig P in S1 Text).

Intracellular data collected on day 4 for experiments using the DENV-2 16681 strain and

JNJ-1802 concentrations of 0 nM, 2.56x10-03 nM, 1.28x10-02 nM, and 6.40x10-02 nM was

excluded from the final model fit because this data was inconsistent with the corresponding

extracellular data (Fig 1). In addition, measurements with> 1 log10 difference from the corre-

sponding median during model fitting were also excluded because they were considered outly-

ing (Fig 1). We tested the sensitivity of our results to the exclusion of this data and found that,

across all scenarios, the 95% credible intervals for our posterior estimates of the IC50, Hill co-

efficient and R0 were largely overlapping (Tables F and G in S1 Text) and thus we obtain con-

sistent estimates of the in-vitro prophylactic inhibitory effect profile of JNJ-1802.

Fig 4. Effect of antiviral. Estimated inhibition percentage (A), percentage reduction in the basic reproduction number

R0 (B) and effective reproduction number Re (C) as a function of concentration of JNJ-1802, for the experiments

without well medium refresh on day 4 for the RL and 16681 DENV-2 strains. Estimates were calculated by substituting

1,000 parameter values sampled from the posterior distribution into Eqs (1) and (6). Solid lines represent the median,

the shading represents the 95% CrI, dotted grey vertical lines indicate the concentrations tested in the in-vitro

experiments, and the dotted blue and red vertical lines indicate the median concentration such the Re = 1. The dotted

black horizontal lines indicate the threshold for a 50% reduction (A,B), and when Re = 1 (C). Here, measurements

below the limit of quantification (crosses in Fig 1) were included during model fitting and we assumed that the

antiviral directly inhibits the transition process of infected cells to infectious (virion producing) cells, i.e., acts on τ.

https://doi.org/10.1371/journal.pcbi.1011662.g004
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The model selected based on the Deviance Information Criterion (DIC)[57] was the one

where we assumed a latent period with the antiviral to act on the transition from infected to

infectious cells, in line with the mechanism of action of JNJ-1802 in preventing the NS3-NS4B

interaction required for viral replication (Table C in S1 Text).

Discussion

JNJ-1802 is one of the most advanced candidate dengue antivirals under development. While

the NS3-NS4B interaction blocking mechanism of action of this novel antiviral was previously

established [43], robustly quantifying the effect of the antiviral on viral dynamics both in-vivo
and across different host systems is critical to developing an understanding of the potential

impact of antiviral treatment for infection and disease control. The first step in this process is

examining the antiviral effect in-vitro, where the host immune system does not play a role in

viral elimination, and this study provides the first model-based estimates of the in-vitro pro-

phylactic inhibitory effect of JNJ-1802 based on both intra- and extracellular viral RNA pro-

files. Unlike regression-based statistical approaches to compare viral RNA measurements

collected at a single timepoint [38,41], this approach allows us to consider the full temporal

profile of viral RNA thereby enabling us to obtain an estimate of the basic reproduction num-

ber (R0), to quantify the impact of JNJ-1802 on this key characteristic, and quantify the in-
vitro prophylactic inhibitory effect profile.

In this context, this study enhances our understanding of the viral kinetics of dengue infec-

tion in-vitro (in the absence of an antiviral molecule) and sheds some light on the within-sero-

type variation among DENV-2 strains. For the DENV-2/RL and DENV-2/16681 strains, we

estimated a median basic reproduction number of 277 and 191, respectively. Hence, the model

suggests that the DENV-2/RL strain had a fitness advantage in Vero cells compared with the

DENV-2/16681 strain. To the best of our knowledge, these are the first estimates of DENV

viral fitness, as measured by the in-vitro R0, which not only provide important insight into the

transmissibility of these strains, but also allow to quantify the reduction in R0 required for viral

suppression (Re<1). Here we estimate an average reduction in R0 of 99.6% and 99.4% is

required for DENV-2/RL and DENV-2/16681 strains, respectively.

We found that the effect of JNJ-1802 on viral replication was strongly concentration-depen-

dent, with near-complete inhibition (>99%) achieved at concentrations of�1.6 nM, and simi-

lar IC50 estimates for the DENV-2/RL strain (IC50: 1.23x10-02 nM (95% CrI: 8.33x10-03 nM,

1.66x10-02 nM), Hill coefficient (h): 1.28 (95% CrI: 1.14,1.42)) and the DENV-2/16681 strain

(IC50: 1.28x10-02 nM (95% CrI: 9.00x10-03 nM, 1.79x10-02 nM, h: 1.17 (95% CrI: 1.07,1.31)). In

comparison, as presented by Goethals et al.[43], the estimates obtained from single timepoint

experiments in Vero cells using regression-based techniques gave an average EC50 of 5.9x10-02

nM and 6.2x10-02 for the DENV-2/16681 and DENV-2/RL strains, respectively. We estimated

a JNJ-1802 concentration of greater than approximately 2.02 nM and 2.43 nM for the DENV-

2/RL and DENV-2/16681 strains respectively would be required to bring the in-vitro effective

reproduction number below 1. These concentrations are considerably below the estimated cel-

lular toxicity (CC50) levels for JNJ-1802 in Vero cells (RL:>2260 ± 350 nM, 16681: 2610 ± 470

nM)[43].

The more conservative approach of assuming RNA measurements were left-censored at the

limit of quantification, rather than the limit of detection, provided similar viral kinetic parame-

ter estimates, but altered the estimated concentration-effect profile of JNJ-1802, with viral sup-

pression and maximum inhibition achieved at lower concentrations. However, the extent to

which measurements below the limit of quantification, but above the limit of detection, were

representative of the true dynamics or were affected by limitations of RNA quantification and
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increased measurement error, cannot be determined. Our results highlight the importance of

assessing the robustness of drug effect estimates regarding assumptions on the reliability of

viral RNA measurements below the limit of quantification.

An additional limitation of our study is that several model parameters were fixed, including

those governing the underlying cell dynamics. We also did not have an exact measurement of

infectious virus at the start of infection (which is below the limit of detection), and thus we

used the MOI to set the initial value of extracellular RNA concentration in our model (V0) and

assumed this value was the same for both strains. Our estimates of R0 are sensitive to the value

of V0 chosen, with higher values of V0 resulting in lower estimates of R0 (Tables D and E in

S1 Text). Nonetheless, our estimates of the IC50 and Hill co-efficient were not sensitive to the

value of V0 chosen (Tables D and E in S1 Text) and hence our characterisation of the in-vitro
prophylactic inhibitory effect profile of JNJ-1802 is robust to these assumptions.

One of the key advantages provided by these in-vitro experiments, in conjunction with the

rich longitudinal data generated, is the detailed characterization of the viral kinetics in cells

prior and during an infection. To this end, it was possible to identify a transition process of

infected cells to infectious cells (latent period) with a direct effect of JNJ-1802 on this transi-

tion. This is in line with the mechanism of action of JNJ-1802, that blocks the NS3-NS4B inter-

action and hence formation of the replication complex, therefore blocking viral RNA

production and virus replication [43].

Viral kinetic models calibrated against in vivo challenge data (e.g., in mice, non-human pri-

mates, humans) often do not contain enough information to identify the duration of this latent

period [51–53,58]. In a sensitivity analysis, it was shown that comparable parameter estimates

and concentration-effect profiles could be obtained in absence of this latent period, although

this model was less preferred based on DIC compared to the model including a latent period

(Table C in S1 Text).

In addition, our results also indicate that refreshing the well medium on day 4 did not affect

the viability of the Vero cells and did not substantially alter the viral kinetics nor the concen-

tration-effect profiles. Nonetheless, consistency in the experimental design is beneficial for

comparison purposes and to robustly explore differences between DENV serotypes and

strains.

Looking ahead, the results of experimental challenge studies recently conducted in mice

and non-human primates will provide both further insight into the in-vivo inhibitory effect of

JNJ-1802 across host species [43], the interplay between the virus, the host, JNJ-1802 and its

dosing scheme and the generalisability of the models developed in this study. We anticipate

that the model of in-vitro viral kinetics developed here will form the basis for developing in-
vivo viral kinetics models, which may include more complex interactions such as the host

immune response to infection, and differences in dengue pathogenesis across host species. In

addition, the modelling framework developed in this study offers the potential to investigate

further how viral kinetics, JNJ-1802 effect, and between-serotype differences can be translated

across different host systems and to inform selection of dosing regimens. Whilst caution is

required in the extrapolation of results from in-vitro studies to different hosts, as the transla-

tion needs to be explored further with actual data from in-vitro studies and human clinical

studies that are currently ongoing, this work demonstrates that longitudinal viral kinetics

observations can be reconstructed using mathematical models. Hence, if this translation could

be established, it is our hypothesis that it may be possible to use models fitted to early in-vitro
data as a tool to explore the potential impact of a drug candidate across species, thus potentially

informing the design of in-vivo and human studies.

To date, there remains an urgent need for the development of effective, specific antiviral

treatment for dengue and this study shows that, for two different strains of the DENV-2
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serotype, JNJ-1802 is both fast-acting and successful at inhibiting dengue virus replication in-
vitro. The work presented here is a first step in the pathway of quantifying the potential of JNJ-

1802 as a promising and effective antiviral candidate against dengue infection and disease.

Methods

Experimental design

Cells. Vero cells (African green monkey kidney cells, European Collection of Cell Cul-

tures [ECACC]) were cultured in Eagle’s minimum essential medium (MEM), with phenol

red (Gibco, Thermo Fisher Scientific), supplemented with 10% fetal bovine serum (FBS; Bio

West), 0.04% gentamycin (Gibco; concentration stock solution: 50 mg/mL), and 2 mM Ala-

glutamine (Sigma). In the kinetics experiments, Vero cells were cultured in MEM medium

without phenol red (Gibco, Thermo Fisher Scientific) containing 2% FBS.

Virus. Lab-adapted strain DENV-2/16681 was produced by transfection of the in-vitro
transcribed RNA of plasmid pFK-DVs into Huh7 cells. This plasmid encodes for the full-

length DENV-2/16681. Plasmid pFK-DVs was obtained by insertion of a synthetic copy of the

full-length genomic sequence of DENV-2 strain 16681 (GenBank Accession NC_001474) into

the low-copy plasmid vector pFK. Moreover, the parental vector pFK was modified by inser-

tion of the SP6 promoter upstream of the DENV 50-NTR to allow synthesis of authentic viral

RNA by in-vitro transcription. This plasmid was licensed from Prof. R. Bartenschlager [59].

Briefly, the plasmid pFK-DVs was linearized by XbaI (Thermo Fisher Scientific) and the puri-

fied DNA was in-vitro transcribed using the mMESSAGE mMACHINE SP6 kit (Thermo

Fisher Scientific). Virus stocks were made by transfection of the purified in-vitro-transcribed

RNA into Huh7 cells by electroporation, using a Gene Pulser II Electroporation System (Bio-

Rad Laboratories). The cells were incubated for 24 hours at 37˚C and 5% CO2, followed by

incubation for 3 days at 30˚C and 5% CO2. Finally, cell culture supernatant was harvested, and

the resulting virus stock was stored at -80˚C until further use. New batches of DENV-2 were

obtained by infecting C6/36 cells with the respective virus. The DENV-2/RL strain (GenBank

accession MW741553) was recultured by infecting C6/36 cells with the respective virus [42].

For both strains, virus stocks were titrated and the 50% endpoint titer, expressed in CCID50

(50% cell culture infectious dose) per mL, was determined according to the Reed Muench for-

mula [60].

Measurement of the viral kinetics of DENV-2/RL and DENV-2/16681 in Vero cells. A

two-step duplex and simplex RT-qPCR assay was performed to determine the amount of

respectively intracellular and extracellular viral RNA of the DENV-2/RL or DENV-2/16681 in

presence and absence of JNJ-1802.

An overview of the timeline for each experiment is provided in Table 2 below. Briefly, for

each strain and each concentration of JNJ-1802 tested, 16 plates were seeded with Vero cells in

MEM medium (2% FBS) at a density of 5,000 cells/well in 96-well plates. Six wells were used to

examine viral kinetics in the absence of JNJ-1802, and four wells were used to examine the

viral kinetics in the presence of JNJ-1802 (concentration range: 0.00256 nM—8 nM with four

wells per concentration). For treatment wells, JNJ-1802 was added to wells before cells were

seeded. 24 Hours after seeding, the cells were infected with DENV (MOI 0.01) and incubated

at 37˚C. For 10 of these 16 plates, the medium was not refreshed during the experiment and

each day for 10 days, one plate of these 10 plates was further processed. For the other 6 plates,

the medium was refreshed at day 4 post infection, and from day 5 onwards, one plate was har-

vested each day until day 10. Thus, for each strain, viral RNA measurements were obtained

from a total of 480 wells.
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As described above, the supernatant was collected from each plate and stored in 96-Well V-

bottom plates at -80˚C. Intracellular RNA was measured by washing the adherent cells of the

plates without supernatant with cold PBS and plates were incubated at -80˚C for 24 hours.

After 24 hours the cells were lysed with Cells-to-CT Bulk Lysis Reagents kit (Thermo Fisher

Scientific) and the cell lysates were used to prepare cDNA (using Expand Reverse Transcrip-

tase) of the target sequences, the 3’-untranslated region (UTR) of DENV, and the cellular

housekeeping reference gene β-actin. Furthermore, extracellular RNA was measured by

extracting the viral RNA from the collected supernatant and subsequent cDNA preparation as

described above. Subsequently, a duplex (intracellular RNA) or simplex (extracellular RNA)

real-time PCR was performed on a Lightcycler480 instrument (Roche) at the following condi-

tions: 10 minutes at 95˚C, followed by 40 cycles of 10 seconds at 95˚C, 1 minute at 60˚C.

For the intracellular RNA quantification, the limit of detection of the RT-qPCR assay was

5.6 log10 copies/ml and 5.0 log10 copies/ml for the DENV-2/RL and DENV-2/16681 strains

respectively, and the limit of quantification was 6.6 log10 copies/ml and 5.6 log10 copies/ml for

the DENV-2/RL and DENV-2/16681 strains respectively, calculated using an RNA standard

curve within the same experiment. For the extracellular RNA quantification, the limit of detec-

tion and the limit of quantification of the RT-qPCR assay was 6.9 log10 copies/ml for both the

DENV-2/RL and DENV-2/16681 strain, calculated using an RNA standard curve from a dif-

ferent experiment.

Mathematical model

To estimate the JNJ-1802 antiviral effect on the dynamics of a dengue infection in Vero cells,

we developed a mechanistic model of the within-host dynamics of dengue in-vitro, by modify-

ing a model developed by Clapham et al.[53] to explore the within-host dynamics of dengue

infection in-vivo. In addition to not including a host immune response to infection, our model

differs to that developed by Clapham et al.[53] by describing a more detailed representation of

the pathway from target cell infection to extracellular viral RNA production.

We use a deterministic compartmental model to describe the dynamics in each well as we

aim to describe average behaviour at the population (rather than individual cell) level and to

estimate the average rates at which events (e.g., infection of target cells) typically occur in the

population. The model schematic is provided in Fig 5 and describes the in-vitro transmission

Table 2. Experiment Design. Overview of the experiment for each DENV-2 strain. For each strain and concentration of JNJ-1802 tested, 16 plates were seeded with Vero

cells at a density of 5,000 cells/well. Six wells were used to examine viral kinetics in the absence of JNJ-1802, and four wells were used to examine the viral kinetics in the

presence of JNJ-1802 (concentration range: 0.00256 nM-8 nM .24 Hours after seeding, the cells in each well were infected with DENV-2). For 10 of the 16 plates, the

medium was not refreshed during the experiment and each day for 10 days, one of these plates was further processed. For the other 6 plates, the medium was refreshed at

day 4 post infection and from day 5 onwards, one plate was harvested each day until day 10.

Seed Cells
Day p.i. -1 0 1 2 3 4 5 6 7 8 9 10

Plate Harvested No Refresh Plate 1 Plate 2 Plate 3 4 Plate 5 Plate 6 Plate 7 Plate 8 Plate 9 Plate 10

With Refresh Refresh Plate 11 Plate 12 Plate 13 Plate 14 Plate 15 Plate 16

No. of wells per plate 0 nM 6 6 6 6 6 6 6 6 6 6

0.00256 nM 4 4 4 4 4 4 4 4 4 4

0.0128 nM 4 4 4 4 4 4 4 4 4 4

0.064 nM 4 4 4 4 4 4 4 4 4 4

0.32 nM 4 4 4 4 4 4 4 4 4 4

1.6 nM 4 4 4 4 4 4 4 4 4 4

8 nM 4 4 4 4 4 4 4 4 4 4

https://doi.org/10.1371/journal.pcbi.1011662.t002
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dynamics of dengue virus in each well following viral inoculation. Table 2 provides a summary

of the parameters used in the model.

We assume that target cells T replicate at a rate sN and have a mean lifespan of 1/kT days.

However, as resources in individual wells were limited, we assume there is a limit to the size of

the cell population each well can accommodate, and that regulation of the cell population is

achieved via density-dependent mortality whereby mortality increases as the total number of

cells reaches the carrying capacity (Kw) of the well.

Target cells become infected at a second-order rate constant, βV. Therefore, the infection

rate is proportional to the abundance of both T and V, the extracellular viral RNA concentra-

tion in the well (copies/mL). Following a latent period with a mean duration of 1/τ days (in

absence of antiviral drug), infectious cells I synthesize intracellular viral RNA (X) at a net pro-

duction rate ω, a proportion p of which then gets secreted as extracellular viral RNA at a rate ε.

Finally, extracellular RNA is assumed to decay at a rate kV. We assume that infection increases

the decay rate of cells by a fixed value, kI.
We assume that JNJ-1802 directly inhibits the transition process of infected cells to infec-

tious (i.e., virion producing) cells (τ). As the drug concentration remained constant through-

out the course of each experiment, we assume that the magnitude of the effect f(C) also

remained constant throughout the course of each experiment. We capture the relationship

between the antiviral drug concentration C (nM) and the magnitude of the inhibitory effect f
(C) using a Hill function [61,62] as follows:

f Cð Þ ¼
ImaxCh

ðIC50Þ
h
þ Ch

2 0; 1½ � ð1Þ

where Imax2[0,1] denotes the maximum inhibitory effect of the antiviral, IC50 denotes the con-

centration which achieves 50% of the maximum inhibitory effect and h denotes the Hill

coefficient.

Fig 5. Model Schematic. Target cells are infected at a rate β per virion. Following a latent period of 1/τ days on average

(in absence of antiviral drug), infectious cells I synthesize intracellular viral RNA (X) at a net production rate ω, a

proportion p of which then gets secreted as extracellular viral RNA at rate ε. Extracellular viral RNA decays at rate κV.

Target cells replicate at rate sN; target cells and infected cells have a mean lifespan of 1/κT and 1/(κT + κI) days,

respectively. Individual wells have a carrying capacity KW. The antiviral molecule acts on the transition process of

infected to infectious (virion producing) cells (τ), following a concentration-dependent function f(C). The parameters

in red are estimated, those in black are fixed to the values reported in Table 2.

https://doi.org/10.1371/journal.pcbi.1011662.g005
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The dynamics of the cell population in each well are described by the following set of deter-

ministic equations:

dT
dt
¼ sNT � kT 1þ

N
Kw

� �

T � bVT

dE
dt
¼ bVT � kT 1þ

N
Kw

� �

E � kIE � t 1 � f ðCÞð ÞE ð2Þ

dI
dt
¼ t 1 � f ðCÞð ÞE � kT 1þ

N
Kw

� �

I � kII

dX
dt
¼ oI � �X

dV
dt
¼ p�X � kVV

where N = T+E+I. The carrying capacity of the well Kw is obtained by considering the equilib-

rium cell population N* in each well under disease-free conditions (E = I = V = 0). For an equi-

librium population N* we have that sN � kTð1þ N∗=KwÞ ¼ 0, and hence

Kw ¼
kTN∗

sN � kT
ð3Þ

The basic reproduction number (R0) for this model is defined as the mean number of

infected cells produced by each infected cell over its lifespan under disease-free conditions (at

the start of infection, time t*) and without therapeutic intervention and is given by:

R0 ¼
op bT∗

k∗I kV

� �
t

k∗I þ t

� �

ð4Þ

where k∗I ¼ kI þ kT 1þ
T∗

Kw

� �

and

T∗ ¼ T t∗ð Þ ¼
KwðsN � kTÞT0

kTT0 þ ½KwðsN � kTÞ � kTT0�eð� ðsN � kT Þt
∗Þ

ð5Þ

denotes the target cell population at the start of infection (time t*). A full derivation of R0 is

provided in Section 6 in S1 Text.

We define the effective reproduction number (Re) as follows:

Re ¼
op bT∗

k∗I kV

� �
tð1 � f ðCÞÞ

k∗I þ tð1 � f ðCÞÞ

� �

ð6Þ

where f(C) is defined as in Eq (1) above.
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For a given concentration C, we estimate the percentage reduction in the basic reproduc-

tion number e(C) as follows:

e Cð Þ ¼ 1 �
Re

R0

¼ 1 �
tð1 � f ðCÞÞ

k∗I þ tð1 � f ðCÞÞ

� �
k∗I þ t
t

� �

¼
ðk∗I þ tð1 � f ðCÞÞÞ � ðk∗I þ tÞð1 � f ðCÞÞ

k∗I þ tð1 � f ðCÞÞ
ð7Þ

¼
ðk∗I þ tÞ � tf ðCÞ � ðk

∗
I þ tÞ þ ðk

∗
I þ tÞf ðCÞ

k∗I þ tð1 � f ðCÞÞ

¼
k∗I f ðCÞ

ðk∗I þ tÞ � tf ðCÞ

Substituting Eq (1) into Eq (7) above, we have:

e Cð Þ ¼
k∗I ImaxCh

ðk∗I þ tÞððIC50Þ
h
þ ChÞ � tImaxCh

¼
k∗I ImaxCh

ðk∗I þ tÞðIC50Þ
h
þ ðk∗I þ t � tImaxÞCh

ð8Þ

¼
k∗I Imax

k∗I þ tð1 � ImaxÞ

� �
Ch

ðk∗IþtÞðIC50Þ
h

k∗Iþtð1� ImaxÞ
þ Ch

Thus we have:

e Cð Þ ¼
I∗maxC

h

ðIC∗
50
Þ
h
þ Ch

ð9Þ

where

I∗max ¼
k∗I Imax

k∗I þ tð1 � ImaxÞ
and IC∗

50
¼

k∗I þ t
k∗I þ tð1 � ImaxÞ

� �1
h

IC50

When Imax = 1, we have:

I∗max ¼ 1 and IC∗
50
¼ 1þ

t

k∗I

� �1=h

IC50 ð10Þ

Using Eqs (1) and (6) above, we have that a concentration Ccrit with

Ccrit �
z1

Imaxz2 � z1

� �1=h

IC50 ð11Þ

where

z1 ¼ op bT
∗t � k∗I kVðk

∗
I þ tÞ; z2 ¼ op bT

∗t � k∗I kVt

is required to bring the effective reproduction number (Re) below 1.

PLOS COMPUTATIONAL BIOLOGY Modelling the impact of JNJ-1802 on in-vitro DENV-2 dynamics

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1011662 December 6, 2023 17 / 27

https://doi.org/10.1371/journal.pcbi.1011662


Parameter estimation

For each strain and experiment type (with/without medium refresh), we fitted the model

simultaneously to the observed intracellular and extracellular viral RNA measurements col-

lected in the experiments using the Metropolis-Hastings algorithm, a Markov chain Monte

Carlo (MCMC) method[63].

We excluded measurements with> 1 log10 difference from the corresponding median

value (26 measurements in total, red points in Fig 1) and the intracellular data collected on day

4 for experiments using the DENV-2/16681 dengue strain and antiviral concentrations of 0

nM, 2.56x10-03 nM, 1.28x10-02 nM, and 6.40x10-02 nM, as these were inconsistent with the cor-

responding extracellular data (18 measurements in total, red squares in Fig 1).

For an individual experiment, following Clapham et al.[53], let Xijk and Vijk denote the

observed log10 intra- and extracellular viral RNA measurements in the jth well of dosing arm i
on day k, with the corresponding model predicted values represented by X̂ ijk and V̂ ijk. The

residual error between the observed and predicted values was assumed to be normally distrib-

uted with variance σ2. The intra- and extracellular viral RNA measurements below the limit of

detection (LOD) LODX ¼ log
10
ðLODXÞ and LODV ¼ log

10
ðLODVÞ were accounted for in the

likelihood using the cumulative distribution function, with the likelihood L for an individual

experiment given by:

L ¼
Y

Y¼fX;Vg

YI

i¼1

YJ

j¼1

YK

k¼1
�ððYijkjŶ ijk; sY

2ÞÞ
cYijkFððLODljŶ ijk; sY

2ÞÞ
1� cYijk ð12Þ

where ϕ and F denote the probability density function (pdf) and cumulative distribution

function (cdf) of the Normal distribution respectively, the indicator function cYijk is 1 if the

observed value was above the limit of detection (Yijk>LODY) and 0 otherwise, Y denotes

the variable of interest, I denotes the total number of dosing arms, J denotes the total num-

ber of wells in each dosing arm, and K denotes the total number of days. Thus, left-censored

data were accounted for using a probabilistic approach rather than using imputation

methods.

We estimated 7 parameters in total (β, ω, p, IC50, h, σX, σV). β, ω, p, IC50, and h were esti-

mated at the individual experiment level and σX, and σV were estimated globally. MCMC was

run for 500,000 iterations, parameters were estimated on a log10 scale as a single block using

uninformative uniform prior distributions and a multivariate Normal proposal distribution.

Details on the range used for the prior distribution assumed for the estimated model parame-

ters are provided in Table 3.

The carrying capacity of individual wells was set based on estimates of the doubling time of

Vero cell cultures and the level of confluency observed after seeding. At the time of infection

(24 hours post-seeding), cells had reached approximately 70% confluency. It has been observed

elsewhere that Vero cell cultures double approximately every 24 hours [64], and thus, given

that each well was seeded with 5,000 cells, we estimate that 70% confluency corresponds to

approximately 10,000 cells. Assuming 100% confluency corresponds to the carrying capacity

of an individual well, this gives us an approximate equilibrium population size of 14,000 cells.

We assumed an average time between a cell becoming infected and infectious (virion pro-

ducing) of 12 hours based on work by Matsumura et al. examining the development of DENV

in Vero cells[65]. Results from Matsumura et al.[65] also show that mature virions are present

24–36 hours p.i., and thus we set the average intracellular RNA secretion rate to 2 day-1 to give

an approximate duration of 24 hours between a cell becoming infected and extracellular RNA

being secreted.
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The 95% Credible Intervals (CrI) around the central estimates were generated using 1,000

parameter sets sampled from the posterior distribution. The viral dynamics and the concentra-

tion-effect curves were obtained by substituting these parameter sets into the model equations

and using Eq 4, respectively.

Alternative mode of JNJ-1802 antiviral effect

We tested an alternative mode of drug effect and assumed that by targeting the NS3-NS4B

interaction, the antiviral inhibits intracellular viral RNA production (ω) rather than directly

inhibiting the transition process of infected cells to infectious cells, as assumed in the main

model. The flow diagram and the corresponding equations of this alternative model are pro-

vided in Section 3 in S1 Text. Model selection was based on the Deviance Information Crite-

rion (DIC)[57].

Supporting information

S1 Data. Viral Kinetics Data.

(XLSX)

S1 Text. Fig A. Variation in viral RNA measurements. Co-efficient of variation (CV) for the

log10 viral RNA measurement obtained from experimental infection studies in Vero cells, dis-

aggregated by measurement type, JNJ-1802 concentration and DENV-2 strain. CV is the ratio

of the standard deviation to the mean. Fig B. Model Fits (DENV-2/16681 strain, with

refresh). Model fits for the measurements observed using the DENV-2/16681 strain with

medium refresh on day 4 and antiviral concentrations of 0 nM, 2.56x10-03 nM, 1.28x10-02 nM,

6.40x10-02 nM, 0.32 nM, 1.6 nM, and 8 nM. Coloured points represent the data from each well

(6 wells for 0 nM, 4 wells for concentrations >0 nM), the vertical red line indicates the time

Table 3. Model Parameters. Parameters used in the mathematical model, including notation, description, values, reference publications and prior distributions used for

estimated parameters (U = uniform, lower and upper bounds are provided within brackets).

Symbol Parameter Description Parameter Value Reference Prior

sN Cell growth rate (day-1) 1.7 (set to give doubling time ~1 day) [64] n/a

kT Target cell mortality rate (day-1) 0.1 (set to give doubling time ~1 day) [64] n/a

kI Increase in cell mortality rate due to infection (day-1) 0.04 (set to give infected cell mortality ~ 7 days) [52] n/a

1/τ Latent period (day-1) 0.5 [65] n/a

β Target cell infection rate (per virion day-1) Estimated n/a U

[10–12,10–2]

ω Intracellular RNA synthesis rate (per infectious cell, day-1) Estimated n/a U[0,1010]

ε Intracellular RNA secretion rate (day-1) 2 [65] n/a

kV Extracellular RNA decay rate (day-1) 1 - n/a

p Proportion of intracellular RNA becoming extracellular RNA Estimated n/a U[0,1]

Kw Carrying capacity of individual well Assigned to give an equilibrium cell population of

14,000 cells

n/a n/a

Emax Maximum effect of antiviral 1 n/a n/a

IC50 Concentration which achieves 50% of maximum effect Estimated n/a U[0,1]

h Hill coefficient Estimated n/a U[0,10]

V0 Initial viral inoculum (copies per ml) 200 n/a n/a

σX Residual error standard deviation (Intracellular measurements on log10

scale)

Estimated n/a U[0,10]

σV Residual error standard deviation (Extracellular measurements on

log10 scale)

Estimated n/a U[0,10]

https://doi.org/10.1371/journal.pcbi.1011662.t003
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the viral inoculum was added to each well and the horizontal dashed black line indicates the

limit of detection. The modelled dynamics of the intracellular RNA virus are in green and

those of the extracellular RNA virus are in purple; solid lines represent the median and the

shading represents the 95% CrI. Viral suppression is observed for concentrations 1.6 nM and 8

nM. Here, measurements below the limit of quantification (crosses in Fig 1) were included

during model fitting. Measurements below the LOD were left censored at the LOD during

model fitting and were plotted at the LOD for visual display. We assumed that the antiviral

directly inhibits the transition process of infected cells to infectious (virion producing) cells,

i.e., acts on τ. Fig C. Model Fits (DENV-2/RL strain, with refresh). Model fits for the mea-

surements observed using the DENV-2/RL strain with medium refresh on day 4 and antiviral

concentrations of 0 nM, 2.56x10-03 nM, 1.28x10-02 nM, 6.40x10-02 nM, 0.32 nM, 1.6 nM, and 8

nM. Coloured points represent the data from each well (6 wells for 0nM, 4 wells for concentra-

tions>0nM), the vertical red line indicates the time the viral inoculum was added to each well

and the horizontal dashed black line indicates the limit of detection. The modelled dynamics

of the intracellular RNA virus are in green and those of the extracellular RNA virus are in pur-

ple; solid lines represent the median and the shading represents the 95% CrI. Viral suppression

is observed for concentrations 1.6 nM and 8 nM. Here, measurements below the limit of quan-

tification (crosses in Fig 1) were included during model fitting. Measurements below the LOD

were left censored at the LOD during model fitting and were plotted at the LOD for visual dis-

play. We assumed that the antiviral directly inhibits the transition process of infected cells to

infectious (virion producing) cells, i.e., acts on τ. Fig D. Impact of Medium Refresh. Esti-

mated inhibition percentage (A,B), percentage reduction in the basic reproduction number R0

(C,D) and effective reproduction number Re (E,F) as a function of concentration, for the

DENV-2/RL strain (A, C, E) and DENV-2/16681 strain (B, D, F) where the well medium was

refreshed or not on day 4. Estimates were calculated by substituting 1,000 parameter values

sampled from the posterior distribution into Eqs (1), (6) and (7) in the main text. Solid lines

represent the median, the shading represents the 95% CrI, dotted grey vertical lines indicate

the concentrations tested in the in vitro experiments, and the dotted blue and red vertical lines

indicate the median concentration such the Re = 1. The dotted black horizontal lines indicate

the threshold for a 50% reduction (A,B,C,D), and when Re = 1 (E,F). Here, measurements

below the limit of quantification (crosses in Fig 1) were included during model fitting and we

assume the antiviral directly inhibits the transition process of infected cells to infectious (virion

producing) cells, i.e., acts on τ. Fig E. Cell Dynamics (DENV-2/16681 strain, no refresh).

Underlying modelled cell dynamics for the DENV-2/16681 strain with no medium refresh and

antiviral concentrations of 0 nM, 2.56x10-03 nM, 1.28x10-02 nM, 6.40x10-02 nM, 0.32 nM, 1.6

nM, and 8 nM. The vertical red line indicates the time the viral inoculum was added to each

well. The modelled dynamics of the target cells are in blue, those of the infected cells are in

grey and those of the infectious (virion producing) cells are in orange; solid lines represent the

median and the shading represents the 95% CrI. We assumed that the antiviral directly inhibits

the transition process of infected cells to infectious (virion producing) cells, i.e., acts on τ. Fig

F. Model Fits (DENV-2/RL strain, no refresh). Underlying modelled cell dynamics for the

DENV-2/RL strain with no medium refresh and antiviral concentrations of 0 nM, 2.56x10-03

nM, 1.28x10-02 nM, 6.40x10-02 nM 0.32 nM, 1.6 nM, and 8 nM. The vertical red line indicates

the time the viral inoculum was added to each well. The modelled dynamics of the target cells

are in blue, those of the infected cells are in grey and those of the infectious (virion producing)

cells are in orange; solid lines represent the median and the shading represents the 95% CrI.

We assumed that the antiviral directly inhibits the transition process of infected cells to infec-

tious (virion producing) cells, i.e., acts on τ. Fig G. Goodness of Fit. Observed vs predicted

extracellular and intracellular RNA values for the experimental infection studies conducted,
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disaggregated by JNJ-1802 concentration and DENV-2 strain. Here, intracellular measure-

ments below the limit of quantification (LOQ) were included during model fitting and mea-

surements below LOD were left-censored at the LOD during model fitting. We assumed that

the antiviral directly inhibits the transition process of infected cells to infectious (virion pro-

ducing) cells i.e., acts on τ. For the observed values, we plot the median observed value across

individual wells and the corresponding 2.5–97.5 percentiles. For the predicted values, we plot

the median predicted value and corresponding 95% credible interval. For both observed and

predicted values, we plot values below the LOD at the LOD (dashed red horizontal and vertical

lines) to aid visual comparison between the observed and predicted values. Fig H. Model Fits

(DENV-2/16681 strain, no refresh). Model fits for the measurements observed using the

DENV-2/16681 strain with no medium refresh and antiviral concentrations of 0 nM, 2.56x10-

03 nM, 1.28x10-02 nM, 6.40x10-02 nM, 0.32 nM, 1.6 nM, and 8 nM. Coloured points represent

the data from each well (6 wells for 0 nM, 4 wells for concentrations >0 nM), the vertical red

line indicates the time the viral inoculum was added to each well and the horizontal dashed

black line indicates the limit of quantification. The modelled dynamics of the intracellular

RNA virus are in green and those of the extracellular RNA virus are in purple; solid lines repre-

sent the median and the shading represents the 95% CrI. Viral suppression is observed for con-

centrations of 1.6 nM and 8 nM. Here, measurements were left-censored at the LOQ during

model fitting and we plot measurements below the LOQ (crosses in Fig 1) at the LOQ for

visual display. We assumed that the antiviral inhibits the transition process of infected cells to

infectious (virion producing) cells, i.e. acts on τ. Fig I. Model Fits (DENV-2/RL strain, no

refresh). Model fits for the measurements observed using the DENV-2/RL strain with no

medium refresh and antiviral concentrations of 0 nM, 2.56x10-03 nM, 1.28x10-02 nM, 6.40x10-

02 nM, 0.32 nM, 1.6 nM, and 8 nM. Coloured points represent the data from each well (6 wells

for 0 nM, 4 wells for concentrations >0 nM), the vertical red line indicates the time the viral

inoculum was added to each well and the horizontal dashed black line indicates the limit of

quantification. The modelled dynamics of the intracellular RNA virus are in green and those

of the extracellular RNA virus are in purple; solid lines represent the median and the shading

represents the 95% CrI. Viral suppression is observed for concentrations of 1.6 nM and 8 nM.

Here, measurements were left-censored at the LOQ during model fitting and we plot measure-

ments below the LOQ (crosses in Fig 1) at the LOQ for visual display. We assumed that the

antiviral inhibits the transition process of infected cells to infectious (virion producing) cells,

i.e. acts on τ. Fig J. Limit of Quantification (No Refresh). Estimated inhibition percentage

(A,B), percentage reduction in the basic reproduction number R0 (C,D) and effective repro-

duction number Re (E,F) as a function of concentration for the DENV-2/RL strain (A,C,E)

and DENV-2/16681 strain (B,D,F) where measurements were left-censored at either the limit

of detection (LOD) or the limit of quantification (LOQ) and the well medium was not

refreshed. Estimates were calculated by substituting 1,000 parameter values sampled from the

posterior distribution into Eqs (1), (6) and (7) in the main text. Solid lines represent the

median, the shading represents the 95% CrI, dotted grey vertical lines indicate the concentra-

tions tested in the in vitro experiments, and the dotted blue and red vertical lines indicate the

median concentration such the Re = 1. The dotted black horizontal lines indicate the threshold

for a 50% reduction (A,B,C,D), and when Re = 1 (E,F). Here, we assume the antiviral directly

inhibits the transition process of infected cells to infectious (virion producing) cells, i.e. acts on

τ. Fig K. Model Schematic. Target cells are infected at a rate β per virion. Following a latent

period of 1/τ days on average, infectious cells I synthesize intracellular viral RNA (X) at a net

production rate ω (in absence of antiviral drug), a proportion p of which then gets secreted as

extracellular viral RNA at a rate ε. Extracellular viral RNA decays at a rate κV. Target cells rep-

licate at a rate sN; target cells and infected cells have a mean lifespan of 1/κT and 1/(κT + κI)
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days, respectively. Individual wells have a carrying capacity KW. The antiviral molecule acts on

intracellular RNA production, following a concentration-dependent function f(C). The

parameters in red are estimated, those in black are fixed. Fig L. Cell Dynamics (DENV-2/

16681 strain, no refresh). Underlying modelled cell dynamics for the DENV-2/16681 strain

with no medium refresh and antiviral concentrations of 0 nM, 2.56x10-03 nM, 1.28x10-02 nM,

6.40x10-02 nM, 0.32 nM, 1.6 nM, and 8 nM. The vertical red line indicates the time the viral

inoculum was added to each well. The modelled dynamics of the target cells are in blue, those

of the infected cells are in grey and those of the infectious (virion producing) cells are in

orange; solid lines represent the median and the shading represents the 95% CrI. We assumed

that the antiviral directly inhibits intracellular RNA production, i.e., acts on ω. Fig M. Cell

Dynamics (DENV-2/RL strain, no refresh). Underlying modelled cell dynamics for the

DENV-2/16681 strain with no medium refresh and antiviral concentrations of 0 nM, 2.56x10-

03 nM, 1.28x10-02 nM, 6.40x10-02 nM, 0.32 nM, 1.6 nM, and 8 nM. The vertical red line indi-

cates the time the viral inoculum was added to each well. The modelled dynamics of the target

cells are in blue, those of the infected cells are in grey and those of the infectious (virion pro-

ducing) cells are in orange; solid lines represent the median and the shading represents the

95% CrI. We assumed that the antiviral directly inhibits intracellular RNA production, i.e.,

acts on ω. Fig N. Model Fits (DENV-2/16681 strain, no refresh). Model fits for the measure-

ments observed using the DENV-2/16681 strain with no medium refresh and antiviral concen-

trations of 0 nM, 2.56x10-03 nM, 1.28x10-02 nM, 6.40x10-02 nM 0.32 nM, 1.6 nM, and 8 nM.

Coloured points represent the data from each well (6 wells for 0 nM, 4 wells for concentrations

>0 nM), the vertical red line indicates the time the viral inoculum was added to each well and

the horizontal dashed black line indicates the limit of detection. The modelled dynamics of the

intracellular RNA virus are in green and those of the extracellular RNA virus are in purple;

solid lines represent the median and the shading represents the 95% CrI. Here, measurements

below the limit of quantification (crosses in Fig 1) were included during model fitting. Mea-

surements below the LOD were left censored at the LOD during model fitting and we plot

these measurements at the LOD for visual display. We assumed that the antiviral directly

inhibits intracellular RNA production, i.e., acts on ω. Fig O. Model Fits (DENV-2/RL strain,

no refresh). Model fits for the measurements observed using the DENV-2/RL strain with no

medium refresh and antiviral concentrations of 0 nM, 2.56x10-03 nM, 1.28x10-02 nM,

6.40x10-02 nM, 0.32 nM, 1.6 nM, and 8 nM. Coloured points represent the data from each

well (6 wells for 0 nM, 4 wells for concentrations >0 nM), the vertical red line indicates the

time the viral inoculum was added to each well and the horizontal dashed black line indicates

the limit of detection. The modelled dynamics of the intracellular RNA virus are in green and

those of the extracellular RNA virus are in purple; solid lines represent the median and the

shading represents the 95% CrI. Here, measurements below the limit of quantification (crosses

in Fig 1) were included during model fitting. Measurements below the LOD were left censored

at the LOD during model fitting and we plot these measurements at the LOD for visual display.

We assumed that the antiviral directly inhibits intracellular RNA production, i.e., acts on ω.

Fig P. Effect of antiviral (No Refresh). Estimated inhibition percentage (A,B), percentage

reduction in the basic reproduction number R0 (C,D) and effective reproduction number Re

(E,F) as a function of concentration, for the DENV-2/RL strain (A,C,E) and DENV-2/16681

strain (B,D,F) where the drug action was on intracellular RNA production in a model with/

without a latent period (WL/NL) allowing for maturation of infected cells (action on ω) or the

drug action was on the transition process of infected cells to infectious (virion producing) cells

(action on τ) and the well medium was not refreshed. Estimates were calculated by substituting

1,000 parameter values sampled from the posterior distribution into Eqs (1), (6) and (7) in the

main text and above. Solid lines represent the median, the shading represents the 95% CrI,
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dotted grey vertical lines indicate the concentrations tested in the in vitro experiments, and the

dotted green, blue and red vertical lines indicate the median concentration such the Re = 1.

The dotted black horizontal lines indicate the threshold for a 50% reduction (A,B,C,D), and

when Re = 1 (E,F). Here, measurements below the limit of quantification (crosses in Fig 1)

were included during model fitting. Table A. Posterior parameter estimates. Median poste-

rior estimate and 95% credible interval (CrI) in brackets. Here the measurements below the

limit of quantification (crosses in Fig 1) were included during model fitting, and we assumed

that the antiviral directly inhibits transition of infected cells to infectious (virion producing)

cells, i.e., acts on τ. Table B. Posterior Parameter Estimates. Posterior parameter estimates

for models assuming left-censoring of the viral RNA data at the limit of detection or at the

limit of quantification. The median posterior estimate is reported with the 95% credible inter-

val (CrI) in brackets. Here, we assume the antiviral directly inhibits the transition process of

infected cells to infectious (virion producing) cells, i.e., acts on τ. Table C. Posterior Parame-

ter Estimates. Posterior parameter estimates for different modes of drug action and model

structure–(1) inhibition of transition process of infected cells to infectious (virion producing)

cells (action on τ), (2) direct inhibition of intracellular RNA production in a model with no

latent period allowing for the transition process of infected cells to infectious cells (action on

ω, no latent period) and (3) direct inhibition of intracellular RNA production in a model with

a latent period allowing for the transition process of infected cells to infectious cells (action on

ω, with latent period) The median posterior estimate is reported with the 95% credible interval

in brackets. Here, measurements below the limit of quantification but above the limit of detec-

tion (crosses in Fig 1) were included during model fitting. Table D. Posterior Parameter Esti-

mates (RL Strain). Posterior parameter estimates for different starting values of the initial

viral inoculum (V0). Here, measurements below the limit of quantification (crosses in Fig 1)

were included during model fitting. Measurements below the LOD were left censored at the

LOD during model fitting and we assumed that the antiviral directly inhibits the transition

process of infected cells to infectious (virion producing) cells, i.e., acts on τ. Table E. Posterior

Parameter Estimates (16681 Strain). Posterior parameter estimates for different starting val-

ues of the initial viral inoculum (V0). Here, measurements below the limit of quantification

(crosses in Fig 1) were included during model fitting. Measurements below the LOD were left

censored at the LOD during model fitting and we assumed that the antiviral directly inhibits

the transition process of infected cells to infectious (virion producing) cells, i.e., acts on τ.

Table F. Posterior Parameter Estimates (RL Strain). Sensitivity of posterior parameter esti-

mates to data excluded during model fitting. Here, measurements below the limit of quantifi-

cation (crosses in Fig 1) were included during model fitting. Measurements below the LOD

were left censored at the LOD during model fitting and we assumed that the antiviral directly

inhibits the transition process of infected cells to infectious (virion producing) cells, i.e., acts

on τ. Table G. Posterior Parameter Estimates (16681 Strain). Sensitivity of posterior param-

eter estimates to data excluded during model fitting. Here, measurements below the limit of

quantification (crosses in Fig 1) were included during model fitting. Measurements below the

LOD were left censored at the LOD during model fitting and we assumed that the antiviral

directly inhibits the transition process of infected cells to infectious (virion producing) cells,

i.e., acts on τ.
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