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 63 

1 RNA Measurements 64 

 65 

 66 

Fig A: Variation in viral RNA measurements. Co-efficient of variation (CV) for the log10 viral RNA measurement obtained from 67 
experimental infection studies in Vero cells, disaggregated by measurement type, JNJ-1802 concentration and DENV-2 strain. CV 68 
is the ratio of the standard deviation to the mean.  69 
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2 Model Fits 81 

 82 

2.1 Impact of Medium Refresh 83 
 84 

  DENV-2/RL DENV-2/16681 

Parameter Description No Refresh With Refresh No Refresh With Refresh 

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

3.18x10-08  
(2.29x10-08,4.40x10-08) 

3.23x10-08 
 (2.27x10-08,4.72x10-08) 

1.32x10-08  
(9.05x10-09,1.88x10-08) 

1.46x10-08  
(1.00x10-08,2.10x10-08) 

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

3.17x106 
(2.32x106,4.44x106) 

5.05x106 
(3.57x106,7.16x106) 

1.36x107 
(9.43x106,1.89x107) 

1.55x107 
(1.10x107,2.36x107) 

p Proportion of 
intracellular RNA 
becoming 
extracellular virus 

5.90x10-01 
 (3.99x10-01,8.83x10-01) 

3.78x10-01  
(2.44x10-01,5.59x10-01) 

2.28x10-01 
 (1.55x10-01,3.55x10-01) 

1.87x10-01  
(1.22x10-01,2.79x10-01) 

IC50 Concentration at 
which 50% of 
maximum effect 
is achieved (nM) 

1.23x10-02  
(8.33x10-03,1.66x10-02) 

6.71x10-03 
 (4.07x10-03,1.03x10-02) 

1.28x10-02  
(9.00x10-03,1.79x10-02) 

6.90x10-03 
 (4.45x10-03,9.45x10-03) 

h Hill coefficient 1.28 
 (1.14,1.42) 

0.98 
 (0.89,1.09) 

1.17  
(1.07,1.31) 

0.92 
 (0.85,1.00) 

R0 Basic 
reproduction 
number 

277.01 
 (231.78,332.66) 

286.37 
 (233.24,360.98) 

191.10 
 (161.84,232.76) 

203.39  
(169.74,241.67) 

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 

Table A: Posterior parameter estimates. Median posterior estimate and 95% credible interval (CrI) in brackets. Here the 85 
measurements below the limit of quantification (crosses in Figure 1) were included during model fitting, and we assumed that the 86 
antiviral directly inhibits transition of infected cells to infectious (virion producing) cells, i.e., acts on τ. 87 
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 88 

Fig B: Model Fits (DENV-2/16681 strain, with refresh). Model fits for the measurements observed using the DENV-2/16681 strain 89 
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, 90 
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 91 
line indicates the time the viral inoculum was added to each well and the horizontal dashed black line indicates the limit of 92 
detection. The modelled dynamics of the intracellular RNA virus are in green and those of the extracellular RNA virus are in purple; 93 
solid lines represent the median and the shading represents the 95% CrI. Viral suppression is observed for concentrations 1.6 nM 94 
and 8 nM. Here, measurements below the limit of quantification (crosses in Figure 1) were included during model fitting.  95 
Measurements below the LOD were left censored at the LOD during model fitting and were plotted at the LOD for visual display. 96 
We assumed that the antiviral directly inhibits the transition process of infected cells to infectious (virion producing) cells , i.e., acts 97 
on τ .  98 
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 99 

Fig C: Model Fits (DENV-2/RL strain, with refresh). Model fits for the measurements observed using the DENV-2/RL strain with 100 
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 101 
8 nM. Coloured points represent the data from each well (6 wells for 0nM, 4 wells for concentrations >0nM), the vertical red line 102 
indicates the time the viral inoculum was added to each well and the horizontal dashed black line indicates the limit of detection. 103 
The modelled dynamics of the intracellular RNA virus are in green and those of the extracellular RNA virus are in purple; solid lines 104 
represent the median and the shading represents the 95% CrI. Viral suppression is observed for concentrations 1.6 nM and 8 nM. 105 
Here, measurements below the limit of quantification (crosses in Figure 1) were included during model fitting. Measurements 106 
below the LOD were left censored at the LOD during model fitting and were plotted at the LOD for visual display. We assumed that 107 
the antiviral directly inhibits the transition process of infected cells to infectious (virion producing) cells , i.e., acts on τ .  108 
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 109 

Fig D: Impact of Medium Refresh. Estimated inhibition percentage (A,B), percentage reduction in the basic reproduction number 110 
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-111 
2/16681 strain (B, D, F) where the well medium was refreshed or not on day 4. Estimates were calculated by substituting 1,000 112 
parameter values sampled from the posterior distribution into equations (1), (6) and (7) in the main text. Solid lines represent the 113 
median, the shading represents the 95% CrI, dotted grey vertical lines indicate the concentrations tested in the in vitro experiments, 114 
and the dotted blue and red vertical lines indicate the median concentration such the Re =1. The dotted black horizontal lines 115 
indicate the threshold for a 50% reduction (A,B,C,D), and when Re =1 (E,F). Here, measurements below the limit of quantification 116 
(crosses in Figure 1) were included during model fitting and we assume the antiviral directly inhibits the transition process of 117 
infected cells to infectious (virion producing) cells, i.e., acts on τ .  118 

 119 
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2.2 Cell Dynamics 120 
 121 

 122 

Fig E: Cell Dynamics (DENV-2/16681 strain, no refresh). Underlying modelled cell dynamics for the DENV-2/16681 strain with no 123 
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. 124 
The vertical red line indicates the time the viral inoculum was added to each well. The modelled dynamics of the target cells are in 125 
blue, those of the infected cells are in grey and those of the infectious (virion producing) cells are in orange; solid lines represent 126 
the median and the shading represents the 95% CrI. We assumed that the antiviral directly inhibits the transition process of infected 127 
cells to infectious (virion producing) cells , i.e., acts on τ .  128 



   
 

9 
 

 129 

 130 

Fig F: Model Fits (DENV-2/RL strain, no refresh). Underlying modelled cell dynamics for the DENV-2/RL strain with no medium 131 
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 132 
red line indicates the time the viral inoculum was added to each well. The modelled dynamics of the target cells are in blue, those 133 
of the infected cells are in grey and those of the infectious (virion producing) cells are in orange; solid lines represent the median 134 
and the shading represents the 95% CrI. We assumed that the antiviral directly inhibits the transition process of infected cells to 135 
infectious (virion producing) cells , i.e., acts on τ . 136 

 137 

 138 

 139 
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2.3 Goodness of Fit 149 
 150 

 151 

Fig G: Goodness of Fit. Observed vs predicted extracellular and intracellular RNA values for the experimental infection studies 152 
conducted, disaggregated by JNJ-1802 concentration and DENV-2 strain. Here, intracellular measurements below the limit of 153 
quantification (LOQ) were included during model fitting and measurements below LOD were left-censored at the LOD during model 154 
fitting. We assumed that the antiviral directly inhibits the transition process of infected cells to infectious (virion producing) cells 155 
i.e., acts on τ. For the observed values, we plot the median observed value across individual wells and the corresponding 2.5-97.5 156 
percentiles. For the predicted values, we plot the median predicted value and corresponding 95% credible interval. For both 157 
observed and predicted values, we plot values below the LOD at the LOD (dashed red horizontal and vertical lines) to aid visual 158 
comparison between the observed and predicted values.  159 

 160 
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2.4  Limit of Quantification 168 
 169 

 
DENV-2/RL  (No Refresh) DENV-2/16681  (No Refresh) 

Parameter Description Left-censoring at LOD Left-censoring at LOQ Left-censoring at LOD Left-censoring at LOQ 

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

3.18x10-08 
(2.29x10-08,4.40x10-08) 

3.36x10-08 

(2.77x10-08,4.25x10-08) 
1.32x10-08 

(9.05x10-09,1.88x10-08) 
1.28x10-08 

(1.13x10-08,1.52x10-08) 

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

3.17x106 
(2.32x106,4.44x106) 

2.93x10+06 
(2.47x10+06,3.44x10+06) 

1.36x107 
(9.43x106,1.89x107) 

1.65x10+07 
(1.37x10+07,2.04x10+07) 

p Proportion of 
intracellular RNA 
becoming 
extracellular virus 

5.90x10-01 
(3.99x10-01,8.83x10-01) 

5.12x10-01 
(3.54x10-01,7.27x10-01) 

2.28x10-01 
(1.55x10-01,3.55x10-01) 

1.93x10-01 
(1.69x10-01,2.36x10-01) 

 IC50 Concentration at 
which 50% of 
maximum effect is 
achieved (nM) 

1.23x10-02 
(8.33x10-03,1.66x10-02) 

2.35x10-02 
(1.91x10-02,2.91x10-02) 

1.28x10-02 
(9.00x10-03,1.79x10-02) 

2.74x10-02 
(2.55x10-02,2.93x10-02) 

h Hill coefficient 1.28 
(1.14,1.42) 

1.63 
(1.47,1.88) 

1.17 
(1.07,1.31) 

1.82 
(1.73,1.94) 

R0 Basic 
reproduction 
number 

277.01 
(231.78,332.66) 

235.32 
(207.39,269.18) 

191.10 
(161.84,232.76) 

195.30 
(177.14,214.20) 

σv Residual error 
standard 
deviation 
(extracellular 
measurements) 

0.83 
(0.78,0.88) 

0.90 
(0.84,0.95) 

0.83 
(0.78,0.88) 

0.90 
(0.84,0.95) 

σX Residual error 
standard 
deviation 
(intracellular 
measurements) 

0.91 
(0.86,0.97) 

0.40 
(0.38,0.43) 

0.91 
(0.86,0.97) 

0.40 
(0.38,0.43) 

L Log-likelihood -1619.87 
(-1627.66,-1614.25) 

-1046.64 
(-1053.14,-1040.79) 

-1619.87 
(-1627.66,-1614.25) 

-1046.64 
(-1053.14,-1040.79) 

DIC Deviance 
Information 
Criterion 

3,254 2,110 3,254 2,110 

Table B: Posterior Parameter Estimates. Posterior parameter estimates for models assuming left-censoring of the viral RNA data 170 
at the limit of detection or at the limit of quantification. The median posterior estimate is reported with the 95% credible interval 171 
(CrI) in brackets. Here, we assume the antiviral directly inhibits the transition process of infected cells to infectious (virion 172 
producing) cells, i.e., acts on τ . 173 

 174 

 175 

 176 

 177 
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 178 

 179 

Fig H: Model Fits (DENV-2/16681 strain, no refresh). Model fits for the measurements observed using the DENV-2/16681  strain 180 
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 181 
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 182 
indicates the time the viral inoculum was added to each well and the horizontal dashed black line indicates the limit of 183 
quantification. The modelled dynamics of the intracellular RNA virus are in green and those of the extracellular RNA virus are in 184 
purple; solid lines represent the median and the shading represents the 95% CrI. Viral suppression is observed for concentrations 185 
of 1.6 nM and 8 nM. Here, measurements were left-censored at the LOQ during model fitting and we plot measurements below 186 
the LOQ (crosses in Figure 1) at the LOQ for visual display. We assumed that the antiviral inhibits the transition process of infected 187 
cells to infectious (virion producing) cells , i.e. acts on τ.  188 
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 189 

Fig I: Model Fits (DENV-2/RL strain, no refresh). Model fits for the measurements observed using the DENV-2/RL strain with no 190 
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. 191 
Coloured points represent the data from each well (6 wells for 0 nM, 4 wells for concentrations >0 nM), the vertical red line 192 
indicates the time the viral inoculum was added to each well and the horizontal dashed black line indicates the limit of 193 
quantification. The modelled dynamics of the intracellular RNA virus are in green and those of the extracellular RNA virus are in 194 
purple; solid lines represent the median and the shading represents the 95% CrI. Viral suppression is observed for concentrations 195 
of 1.6 nM and 8 nM. Here, measurements were left-censored at the LOQ during model fitting and we plot measurements below 196 
the LOQ (crosses in Figure 1) at the LOQ for visual display. We assumed that the antiviral inhibits the transition process of infected 197 
cells to infectious (virion producing) cells , i.e. acts on τ.  198 

 199 
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 200 

Fig J: Limit of Quantification (No Refresh). Estimated inhibition percentage (A,B), percentage reduction in the basic reproduction 201 
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 202 
DENV-2/16681 strain (B,D,F) where measurements were left-censored at either the limit of detection (LOD) or the limit of 203 
quantification (LOQ) and the well medium was not refreshed.  Estimates were calculated by substituting 1,000 parameter values 204 
sampled from the posterior distribution into equations (1), (6) and (7) in the main text. Solid lines represent the median, the shading 205 
represents the 95% CrI, dotted grey vertical lines indicate the concentrations tested in the in vitro experiments, and the dotted 206 
blue and red vertical lines indicate the median concentration such the Re =1. The dotted black horizontal lines indicate the threshold 207 
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 208 
cells to infectious (virion producing) cells, i.e. acts on τ.  209 

 210 

 211 

 212 
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3 Alternative Mode of Drug Action 213 

 214 

3.1 Mathematical Model 215 
 216 

The flow diagram of the model provided in Figure K below describes the in-vitro dynamics of dengue virus 217 

following viral inoculation in each well assuming the antiviral directly inhibits viral production at the 218 

intracellular level (ω) rather than acting on the transition process of infected cells to infectious (virion 219 

producing) cells (𝜏) , as assumed in the main model. Table 3 in the main text provides a summary of the 220 

parameters used in the model.  221 

We assume that target cells 𝑇 replicate at a rate 𝑠𝑁 and have a mean lifespan of 1/𝑘𝑇 days. However, as 222 

resources in individual wells were limited, we assume there is a limit to the size of the cell population each 223 

well can accommodate, and that regulation of the cell population is achieved via density-dependent 224 

mortality whereby mortality increases as the total number of cells reaches the carrying capacity (𝐾𝑤) of the 225 

well.  226 

Target cells become infected at a rate 𝛽𝑉 proportional to the abundance of 𝑉, the extracellular viral RNA 227 

concentration in the well (copies/mL). Following a latent period with a mean duration of 1/𝜏 days, 228 

infectious cells 𝐼 synthesize intracellular viral RNA (𝑋) at a net production rate ω (in absence of antiviral 229 

drug), a proportion p of which then gets secreted as extracellular viral RNA at a rate ε. Finally, extracellular 230 

RNA is assumed to decay at a rate 𝑘𝑉. We assume that infection increases the decay rate of cells by a fixed 231 

value,  𝑘𝐼 .  232 

 233 

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 234 
cells 𝐼 synthesize intracellular viral RNA (𝑋) at a net production rate 𝜔 (in absence of antiviral drug), a proportion p of which then 235 
gets secreted as extracellular viral RNA at a rate 𝜀. Extracellular viral RNA decays at a rate κV. Target cells replicate at a rate sN; 236 
target cells and infected cells have a mean lifespan of 1/κT and 1/(κT + κI) days, respectively. Individual wells have a carrying capacity 237 
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KW. The antiviral molecule acts on intracellular RNA production, following a concentration-dependent function f(C). The parameters 238 
in red are estimated, those in black are fixed. 239 

 240 

We assume that the antiviral directly inhibits the production of intracellular RNA (ω). As the drug 241 

concentration remained constant throughout the course of each experiment, we assume that the 242 

magnitude of the effect f(C) also remained constant throughout the course of each experiment. We capture 243 

the relationship between the antiviral drug concentration C (nM) and the magnitude of the effect 𝑓(𝐶) 244 

using a Hill function62,63 as follows: 245 

𝑓(𝐶) =
 𝐼𝑚𝑎𝑥 𝐶

ℎ

(𝐼𝐶50)
ℎ + 𝐶ℎ

∈ [0,1]                                             (1) 246 

where  𝐼𝑚𝑎𝑥 ∈ [0,1] denotes the maximum inhibitory efficacy of the antiviral, IC50 denotes the 247 

concentration which achieves 50% of the maximum inhibitory effect and h denotes the Hill coefficient. 248 

 249 

The dynamics of the cell population in each well are described by the following set of deterministic 250 

equations: 251 

𝑑𝑇

𝑑𝑡
= 𝑠𝑁  𝑇 − 𝑘𝑇  (1 +

𝑁

𝐾𝑤
)  𝑇 − 𝛽𝑉 𝑇 252 

𝑑𝐸

𝑑𝑡
= 𝛽𝑉 𝑇 − 𝑘𝑇  (1 +

𝑁

𝐾𝑤
)𝐸 − 𝑘𝐼𝐸 − 𝜏  𝐸                                 (2) 253 

𝑑𝐼

𝑑𝑡
= 𝜏 𝐸 − 𝑘𝑇  (1 +

𝑁

𝐾𝑤
) 𝐼 − 𝑘𝐼𝐼 254 

𝑑𝑋

𝑑𝑡
= 𝜔(1 − 𝑓(𝐶))  𝐼 − ϵ 𝑋 255 

𝑑𝑉

𝑑𝑡
= 𝑝𝜖 𝑋 − 𝑘𝑉  𝑉 256 

where 𝑁 = 𝑇 + 𝐸 + 𝐼. The carrying capacity of the well 𝐾𝑤 is obtained by considering the equilibrium cell 257 

population 𝑁∗ in each well under disease free conditions (E=I=V=0).  For an equilibrium population 𝑁∗ we 258 

have that 𝑠𝑁 − 𝑘𝑇 (1 + 𝑁∗ 𝐾𝑤⁄ ) = 0, and hence 259 

𝐾𝑤 =
𝑘𝑇  𝑁∗

𝑠𝑁 − 𝑘𝑇
                                                                             (3) 260 

The basic reproduction number (ℛ0) for this model is defined as the mean number of infected cells 261 

produced by each infected cell over its lifespan at under disease free conditions (at the start of infection, 262 

time t*) and without therapeutic intervention and is given by: 263 

ℛ0 =
𝛽T∗𝜏𝜔𝑝

𝑘𝐼
∗(𝑘𝐼

∗ + τ)𝑘𝑉
                                                                              (4) 264 
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where 𝑘𝐼
∗ = 𝑘𝑇 (1 +

T∗

𝐾𝑤
) + 𝑘𝐼 and 265 

 266 

T∗ = T(t∗) =
𝐾𝑤(𝑠𝑁 − 𝑘𝑇)𝑇0

𝑘𝑇𝑇0 + [𝐾𝑤(𝑠𝑁 − 𝑘𝑇) − 𝑘𝑇𝑇0]𝑒
(−(𝑠𝑁−𝑘𝑇)𝑡∗)

                                                      (5) 267 

denotes the target cell population at the start of infection (time t*). A full derivation of ℛ0 is provided in 268 

Section 6 below.  269 

We define the effective reproduction number (ℛ𝑒) as follows: 270 

ℛ𝑒 =
𝛽T∗𝜏𝜔(1 − 𝑓(𝐶))𝑝

𝑘𝐼
∗(𝑘𝐼

∗ + τ)𝑘𝑉
          (6) 271 

where f(C) is defined as in equation (1) above.  272 

 273 

For a given concentration 𝐶, we estimate the percentage reduction in the basic reproduction number 274 

𝑒(𝐶) as follows 275 

 𝑒(𝐶) = 1 −
ℛ𝑒

ℛ0
= 𝑓(𝐶)                     (7) 277 

 276 

Using equations (1) and (6) above, we have that a concentration 𝐶𝑐𝑟𝑖𝑡 with 278 

𝐶𝑐𝑟𝑖𝑡 ≥ (
𝑧1

𝐼𝑚𝑎𝑥𝑧2 − 𝑧1
)
1 ℎ⁄

𝐼𝐶50                       (8) 279 

where 280 

𝑧1 = 𝜔𝑝 𝛽 T∗τ − 𝑘𝐼
∗ 𝑘𝑉(𝑘𝐼

∗ + τ), 𝑧2 = 𝜔𝑝 𝛽 T∗τ 281 

is required to bring the effective reproduction number (ℛ𝑒) below 1.  282 

 283 

For the model without a latent stage, we have that    284 

ℛ𝑒 =
𝛽T∗𝜏𝜔(1 − 𝑓(𝐶))𝑝

𝑘𝐼
∗𝑘𝑉

                          (9) 285 

and a concentration 𝐶𝑐𝑟𝑖𝑡 with 286 

𝐶𝑐𝑟𝑖𝑡 ≥ (
𝑧1

𝐼𝑚𝑎𝑥𝑧2 − 𝑧1
)
1 ℎ⁄

𝐼𝐶50                       (10) 287 

where 288 

𝑧1 = 𝜔𝑝 𝛽 T∗ − 𝑘𝐼
∗ 𝑘𝑉, 𝑧2 = 𝜔𝑝 𝛽 T∗  289 
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is required to bring the effective reproduction number (ℛ𝑒) below 1.  290 

 291 

  292 
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3.2 Model Fits  293 
 294 

 295 

 296 

Fig L: Cell Dynamics (DENV-2/16681 strain, no refresh). Underlying modelled cell dynamics for the DENV-2/16681 strain with no 297 
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. 298 
The vertical red line indicates the time the viral inoculum was added to each well. The modelled dynamics of the target cells are 299 
in blue, those of the infected cells are in grey and those of the infectious (virion producing) cells are in orange; solid lines represent 300 
the median and the shading represents the 95% CrI. We assumed that the antiviral directly inhibits intracellular RNA production, 301 
i.e., acts on ω.  302 

.  303 
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 304 

Fig M: Cell Dynamics (DENV-2/RL strain, no refresh). Underlying modelled cell dynamics for the DENV-2/16681 strain with no 305 
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. 306 
The vertical red line indicates the time the viral inoculum was added to each well. The modelled dynamics of the target cells are 307 
in blue, those of the infected cells are in grey and those of the infectious (virion producing) cells are in orange; solid lines represent 308 
the median and the shading represents the 95% CrI. We assumed that the antiviral directly inhibits intracellular RNA production, 309 
i.e., acts on ω.  310 

 311 

 312 
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 313 

Fig N: Model Fits (DENV-2/16681 strain, no refresh). Model fits for the measurements observed using the DENV-2/16681  strain 314 
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 315 
8 nM. Coloured points represent the data from each well (6 wells for 0 nM, 4 wells for concentrations >0 nM), the vertical red 316 
line indicates the time the viral inoculum was added to each well and the horizontal dashed black line indicates the limit of 317 
detection. The modelled dynamics of the intracellular RNA virus are in green and those of the extracellular RNA virus are in 318 
purple; solid lines represent the median and the shading represents the 95% CrI. Here, measurements below the limit of 319 
quantification (crosses in Figure 1) were included during model fitting. Measurements below the LOD were left censored at the 320 
LOD during model fitting and we plot these measurements at the LOD for visual display. We assumed that the antiviral directly 321 
inhibits intracellular RNA production, i.e., acts on ω.  322 
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 323 

Fig O: Model Fits (DENV-2/RL strain, no refresh). Model fits for the measurements observed using the DENV-2/RL  strain with 324 
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 325 
8 nM. Coloured points represent the data from each well (6 wells for 0 nM, 4 wells for concentrations >0 nM), the vertical red 326 
line indicates the time the viral inoculum was added to each well and the horizontal dashed black line indicates the limit of 327 
detection. The modelled dynamics of the intracellular RNA virus are in green and those of the extracellular RNA virus are in 328 
purple; solid lines represent the median and the shading represents the 95% CrI. Here, measurements below the limit of 329 
quantification (crosses in Figure 1) were included during model fitting. Measurements below the LOD were left censored at the 330 
LOD during model fitting and we plot these measurements at the LOD for visual display. We assumed that the antiviral directly 331 
inhibits intracellular RNA production, i.e., acts on ω. 332 



   
 

23 
 

 333 
 

RL (No Refresh) 16681 (No Refresh) 

Parameter Description Action on τ Action on ω 
 (no latent period) 

Action on ω 
 (with latent period) 

Action on τ        Action on ω 
 (no latent period) 

        Action on ω 
 (with latent period) 

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

3.18x10-08  
(2.29x10-08,4.40x10-08) 

7.04x10-09 
 (5.11x10-09,9.46x10-09) 

2.39x10-08 
 (1.74x10-08,3.29x10-08) 

1.32x10-08 
 (9.05x10-09,1.88x10-08) 

3.32x10-09 
 (2.50x10-09,4.62x10-09) 

1.05x10-08 
 (7.83x10-09,1.57x10-08) 

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

3.17x106 
(2.32x106,4.44x106) 

3.00x106 
(2.15x106,4.56x106) 

4.04x106 
(2.79x106,5.79x106) 

1.36x107 
(9.43x106,1.89x107) 

1.28x107 
(9.25x106,1.80x107) 

1.68x107 
(1.13x107,2.42x107) 

p Proportion of intracellular 
RNA becoming 
extracellular virus 

5.90x10-01 
 (3.99x10-01,8.83x10-01) 

5.44x10-01 
 (3.43x10-01,8.12x10-01) 

5.75x10-01 
 (3.90x10-01,8.47x10-01) 

2.28x10-01 
 (1.55x10-01,3.55x10-01) 

2.10x10-01 
 (1.45x10-01,2.94x10-01) 

2.21x10-01  
(1.52x10-01,3.62x10-01) 

IC50 Concentration at which 
50% of maximum effect is 
achieved (nM) 

1.23x10-02 
 (8.33x10-03,1.66x10-02) 

1.91x10-02  
(1.26x10-02,2.80x10-02) 

1.61x10-02 
 (1.05x10-02,2.27x10-02) 

1.28x10-02 
 (9.00x10-03,1.79x10-02) 

2.03x10-02 
 (1.44x10-02,2.74x10-02) 

1.64x10-02  
(1.19x10-02,2.28x10-02) 

h Hill coefficient 1.28 
 (1.14,1.42) 

1.04  
(0.91,1.18) 

1.20  
(1.06,1.35) 

1.17  
(1.07,1.31) 

0.97  
(0.86,1.09) 

1.09 
 (0.97,1.22) 

R0 Basic reproduction 
number 

277.01  
(231.78,332.66) 

90.47 
 (77.21,105.89) 

263.40 
 (219.73,316.49) 

191.10  
(161.84,232.76) 

70.05 
 (61.94,80.07) 

187.15 
 (158.18,221.16) 

σv Residual error standard 
deviation (extracellular 
measurements) 

0.83 
 (0.78,0.88) 

0.85 
 (0.80,0.90) 

0.83 
 (0.78,0.89) 

0.83 
 (0.78,0.88) 

0.85 
 (0.80,0.90) 

0.83 
 (0.78,0.89) 

σX Residual error standard 
deviation (intracellular 
measurements) 

0.91 
 (0.86,0.97) 

0.93  
(0.88,0.98) 

0.95 
 (0.89,1.01) 

0.91 
 (0.86,0.97) 

0.93 
 (0.88,0.98) 

0.95 
 (0.89,1.01) 

L Log-likelihood -1619.87 
 (-1627.66,-1614.25) 

-1643.69  
(-1651.00,-1638.63) 

-1647.13 
 (-1654.86,-1642.37) 

-1619.87 
 (-1627.66,-1614.25) 

-1643.69  
(-1651.00,-1638.63) 

-1647.13 
 (-1654.86,-1642.37) 

DIC Deviance Information 
Criterion 

3,254 3,298 3,306 3,254 3,298 3,306 

Table C: Posterior Parameter Estimates. Posterior parameter estimates for different modes of drug action and model structure – (1) inhibition of transition process of infected cells to infectious 334 
(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 335 
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 336 
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 detection (crosses in 337 
Figure 1) were included during model fitting. 338 
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 339 

Fig P: Effect of antiviral (No Refresh). Estimated inhibition percentage (A,B), percentage reduction in the basic reproduction 340 
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 341 
DENV-2/16681 strain (B,D,F) where the drug action was on intracellular RNA production in a model with/without a latent period 342 
(WL/NL) allowing for maturation of infected cells (action on ω) or the drug action was on the transition process of infected cells 343 
to infectious (virion producing) cells (action on τ) and the well medium was not refreshed.  Estimates were calculated by 344 
substituting 1,000 parameter values sampled from the posterior distribution into equations (1), (6) and (7) in the main text and 345 
above. Solid lines represent the median, the shading represents the 95% CrI, dotted grey vertical lines indicate the concentrations 346 
tested in the in vitro experiments, and the dotted green, blue and red vertical lines indicate the median concentration such the 347 
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, 348 
measurements below the limit of quantification (crosses in Figure 1) were included during model fitting.349 
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4 Sensitivity to Viral Inoculum 350 

 351 
 

RL (No Refresh) 
 

Parameter Description V0=50 V0=100 V0=200 V0=300 

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

4.64x10-08  
(3.37x10-08,7.15x10-08) 

3.77x10-08 
(2.65x10-08,5.49x10-08) 

3.18x10-08 
(2.29x10-08,4.40x10-08) 

2.80x10-08 
 (1.94x10-08,3.83x10-08) 

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

3.33x106  
(2.38x106,4.80x106) 

3.42x106 
(2.48x106,4.89x106) 

3.17x106 
(2.32x106,4.44x106) 

3.17x106 
(2.22x106,4.54x106) 

p Proportion of intracellular RNA 
becoming extracellular virus 

5.38x10-01  
(2.76x10-01,8.92x10-01) 

5.33x10-01 
(3.37x10-01,8.50x10-01) 

5.90x10-01 
(3.99x10-01,8.83x10-01) 

5.95x10-01 
(3.92x10-01,8.79x10-01) 

IC50 Concentration at which 50% of 
maximum effect is achieved 
(nM) 

1.08x10-02 
 (7.29x10-03,1.66x10-02) 

1.18x10-02 
(7.77x10-03,1.71x10-02) 

1.23x10-02 
(8.33x10-03,1.66x10-02) 

1.24x10-02 
(8.32x10-03,1.78x10-02) 

h Hill coefficient 1.27 
(1.14,1.44) 

1.28 
(1.14,1.44) 

1.28 
(1.14,1.42) 

1.27 
(1.14,1.42) 

R0 Basic reproduction number 399.12 
(316.31,497.24) 

324.36 (260.01,403.97) 277.01 
(231.78,332.66) 

246.34 
(205.32,301.80) 

 
σv Residual error standard 

deviation (extracellular 
measurements) 

0.90 
(0.84,0.96) 

0.86 
(0.81,0.92) 

0.83 
(0.78,0.88) 

0.80 
(0.75,0.85) 

σX Residual error standard 
deviation (intracellular 
measurements) 

0.96 
(0.91,1.02) 

0.93 
(0.88,0.99) 

0.91 
(0.86,0.97) 

0.90 
(0.86,0.95) 

L Log-likelihood -1683.49 
 (-1691.64,-1677.28) 

-1650.91 
(-1659.32,-1645.20) 

-1619.87 
(-1627.66,-1614.25) 

-1602.35 
(-1609.75,-1597.14) 

DIC Deviance Information Criterion 3,379 3,316 3,254 3,218 

Table D: Posterior Parameter Estimates (RL Strain). Posterior parameter estimates for different starting values of the initial viral inoculum (V0). Here, 352 
measurements below the limit of quantification (crosses in Figure 1) were included during model fitting.  Measurements below the LOD were left censored 353 
at the LOD during model fitting and we assumed that the antiviral directly inhibits the transition process of infected cells to infectious (virion producing) 354 
cells , i.e., acts on τ. 355 
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16681 (No Refresh) 

 

Parameter Description V0=50 V0=100 V0=200 V0=300 

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

4.64x10-08  
(3.37x10-08,7.15x10-08) 

1.70x10-08 
(1.22x10-08,2.41x10-08) 

1.32x10-08 
(9.05x10-09,1.88x10-08) 

1.17x10-08 
(8.30x10-09,1.67x10-08) 

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

3.33x106  
(2.38x106,4.80x106) 

1.47x107 
(1.02x107,2.11x107) 

1.36x107 
(9.43x106,1.89x107) 

1.34x107 

 (9.00x106,1.92x107) 

p Proportion of intracellular RNA 
becoming extracellular virus 

5.38x10-01  
(2.76x10-01,8.92x10-01) 

1.97x10-01 
 (1.34x10-01,2.98x10-01) 

2.28x10-01 
 (1.55x10-01,3.55x10-01) 

2.40x10-01 
 (1.50x10-01,3.59x10-01) 

IC50 Concentration at which 50% of 
maximum effect is achieved 
(nM) 

1.08x10-02 
 (7.29x10-03,1.66x10-02) 

1.15x10-02  
(8.46x10-03,1.60x10-02) 

1.28x10-02 
 (9.00x10-03,1.79x10-02) 

1.29x10-02 
 (9.11x10-03,1.73x10-02) 

h Hill coefficient 1.27  
(1.14,1.44) 

1.16 
 (1.05,1.30) 

1.17  
(1.07,1.31) 

1.16 
 (1.04,1.29) 

R0 Basic reproduction number 399.12 
 (316.31,497.24) 

231.33 
 (192.32,276.56) 

191.10  
(161.84,232.76) 

174.85 
 (146.28,205.00) 

 
σv Residual error standard 

deviation (extracellular 
measurements) 

0.90  
(0.84,0.96) 

0.86  
(0.81,0.92) 

0.83  
(0.78,0.88) 

0.80 
(0.75,0.85) 

σX Residual error standard 
deviation (intracellular 
measurements) 

0.96 
 (0.91,1.02) 

0.93 
 (0.88,0.99) 

0.91  
(0.86,0.97) 

0.90 
(0.86,0.95) 

L Log-likelihood -1683.49 
 (-1691.64,-1677.28) 

-1650.91 
 (-1659.32,-1645.20) 

-1619.87  
(-1627.66,-1614.25) 

-1602.35 
(-1609.75,-1597.14) 

DIC Deviance Information Criterion 3,379 3,316 3,254 3,218 

Table E: Posterior Parameter Estimates (16681 Strain). Posterior parameter estimates for different starting values of the initial viral inoculum (V0). Here, 356 
measurements below the limit of quantification (crosses in Figure 1) were included during model fitting.  Measurements below the LOD were left censored 357 
at the LOD during model fitting and we assumed that the antiviral directly inhibits the transition process of infected cells to infectious (virion producing) 358 
cells , i.e., acts on τ. 359 

 360 
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5 Sensitivity to Data Excluded  361 

 362 
 

RL (No Refresh) 
 

Parameter Description 
Raw Data 

(no data excluded) 
16681 Day 4 Included, 

outliers excluded 
Outliers included, 

16681 day 4 excluded 
Final Dataset 

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

2.96 x10-08  
(2.06 x10-08,4.22 x10-08) 

3.01 x10-08 
 (2.21 x10-08,4.44 x10-08) 

2.99 x10-08  
(2.01 x10-08,4.39 x10-08) 

3.18x10-08 
(2.29x10-08,4.40x10-08) 

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

3.14 x106 
 (2.07 x106,4.42 x106) 

3.32 x106  
(2.37 x106,4.81 x106) 

3.19 x106  
(2.10 x106,4.59 x106) 

3.17x106 
(2.32x106,4.44x106) 

p Proportion of intracellular RNA 
becoming extracellular virus 

6.45 x10-01  
(4.10 x10-01,9.36 x10-01) 

5.75 x10-01 
 (3.89 x10-01,8.57 x10-01) 

6.12 x10-01 
 (3.88 x10-01,9.10 x10-01) 

5.90x10-01 
(3.99x10-01,8.83x10-01) 

IC50 Concentration at which 50% of 
maximum effect is achieved (nM) 

9.06 x10-03 
 (5.68 x10-03,1.33 x10-02) 

1.24 x10-02  
(6.87 x10-03,1.75 x10-02) 

8.79 x10-03 
 (5.58 x10-03,1.51 x10-02) 

1.23x10-02 
(8.33x10-03,1.66x10-02) 

h Hill coefficient 1.08 
 (0.96,1.21) 

1.28 
 (1.10,1.45) 

1.07  
(0.95,1.24) 

1.28 
(1.14,1.42) 

R0 Basic reproduction number 270.57  
(225.55,330.09) 

273.14  
(227.57,335.63) 

269.57  
(219.44,328.39) 

277.01 
(231.78,332.66) 

σv Residual error standard deviation 
(extracellular measurements) 

0.88  
(0.82,0.93) 

0.82 
 (0.77,0.87) 

0.89 
 (0.83,0.94) 

0.83 
(0.78,0.88) 

σX Residual error standard deviation 
(intracellular measurements) 

1.12  
(1.06,1.18) 

0.95 
 (0.90,1.01) 

1.07 
 (1.01,1.14) 

0.91 
(0.86,0.97) 

L Log-likelihood -1895.97 
 (-1903.09,-1890.71) 

-1663.20 
 (-1669.97,-1658.09) 

-1822.10  
(-1830.17,-1816.64) 

-1619.87 
(-1627.66,-1614.25) 

DIC Deviance Information Criterion 3,801 3,340 3,655 3,254 

Table F: Posterior Parameter Estimates (RL Strain). Sensitivity of posterior parameter estimates to data excluded during model fitting. Here, measurements 363 
below the limit of quantification (crosses in Figure 1) were included during model fitting. Measurements below the LOD were left censored at the LOD during 364 
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. 365 
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16681 (No Refresh) 

 

Parameter Description 
Raw Data 

(no data excluded) 
16681 Day 4 Included, 

outliers excluded 
Outliers included, 

16681 day 4 excluded 
Final Dataset 

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

9.26x10-09 
 (6.17x10-09,1.40x10-08) 

9.98x10-09  
(6.98x10-09,1.42x10-08) 

1.50x10-08 
 (1.04x10-08,2.19x10-08) 

1.32x10-08 
(9.05x10-09,1.88x10-08) 

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

9.67x106  
(6.02x106,1.55x107) 

1.05x107  
(7.07x106,1.47x107) 

1.41x107 
 (9.28x106,2.36x107) 

1.36x107 
(9.43x106,1.89x107) 

p Proportion of intracellular RNA 
becoming extracellular virus 

3.92x10-01 
 (2.40x10-01,6.25x10-01) 

3.11x10-01 
 (2.09x10-01,4.69x10-01) 

2.10x10-01 
 (1.24x10-01,3.19x10-01) 

2.28x10-01 
 (1.55x10-01,3.55x10-01) 

IC50 Concentration at which 50% of 
maximum effect is achieved (nM) 

1.05x10-02 
 (7.16x10-03,1.51x10-02) 

1.54x10-02  
(1.06x10-02,2.09x10-02) 

6.31x10-03 
 (3.78x10-03,9.51x10-03) 

1.28x10-02 
 (9.00x10-03,1.79x10-02) 

h Hill coefficient 0.96  
(0.86,1.05) 

1.13 
 (1.02,1.27) 

0.91  
(0.80,1.01) 

1.17  
(1.07,1.31) 

R0 Basic reproduction number 162.43 
 (137.57,198.75) 

151.99  
(133.06,178.27) 

206.36 
 (173.08,249.12) 

191.10  
(161.84,232.76) 

σv Residual error standard deviation 
(extracellular measurements) 

0.88  
(0.82,0.93) 

0.82 
 (0.77,0.87) 

0.89 
 (0.83,0.94) 

0.83  
(0.78,0.88) 

σX Residual error standard deviation 
(intracellular measurements) 

1.12  
(1.06,1.18) 

0.95 
 (0.90,1.01) 

1.07 
 (1.01,1.14) 

0.91  
(0.86,0.97) 

L Log-likelihood -1895.97 
 (-1903.09,-1890.71) 

-1663.20 
 (-1669.97,-1658.09) 

-1822.10  
(-1830.17,-1816.64) 

-1619.87  
(-1627.66,-1614.25) 

DIC Deviance Information Criterion 3,801 3,340 3,655 3,254 

Table G: Posterior Parameter Estimates (16681 Strain). Sensitivity of posterior parameter estimates to data excluded during model fitting. Here, 366 
measurements below the limit of quantification (crosses in Figure 1) were included during model fitting. Measurements below the LOD were left censored 367 
at the LOD during model fitting and we assumed that the antiviral directly inhibits the transition process of infected cells to infectious (virion producing) 368 
cells , i.e., acts on τ. 369 
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6 Deriving the basic reproduction number  370 

 371 

The basic reproduction number (R0) for our model is defined as the mean number of infected cells 372 

produced by each infected cell over its lifespan at the start of infection and without therapeutic 373 

intervention, in an individual well.  374 

In the absence of the antiviral, the dynamics of the cell population in an individual well are described by 375 

the following set of equations 376 

𝑑𝑇

𝑑𝑡
= 𝑠𝑁  𝑇 − 𝑘𝑇  (1 +

𝑁

𝐾𝑤
)  𝑇 − 𝛽𝑉 𝑇 377 

𝑑𝐸

𝑑𝑡
= 𝛽𝑉𝑇 − 𝑘𝑇 (1 +

𝑁

𝐾𝑤
)𝐸 − 𝑘𝐼𝐸 − 𝜏𝐸                                       (11) 378 

𝑑𝐼

𝑑𝑡
= 𝜏𝐸 − 𝑘𝑇 (1 +

𝑁

𝐾𝑤
) 𝐼 − 𝑘𝐼𝐼 379 

𝑑𝑋

𝑑𝑡
= 𝜔 𝐼 − ϵ 𝑋 380 

𝑑𝑉

𝑑𝑡
= 𝑝𝜖 𝑋 − 𝑘𝑉  𝑉 381 

where N=T+x10+I. 382 

As the target cell population was not at equilibrium at the start of infection, to calculate R0, we first need 383 

to determine the number of target cells in each well at the start of infection, which we denote T*=T(t*). 384 

We have that: 385 

𝑑𝑇

𝑑𝑡
= 𝑠𝑁𝑇 − 𝑘𝑇 (1 +

𝑇

𝐾𝑤
) 386 

= 𝑘𝑇 (
𝑠𝑁

𝑘𝑇
− 1 −

𝑇

𝐾𝑤
)𝑇                                (12) 387 

= 𝑘𝑇 (ŝ −
𝑇

𝐾𝑤
)T                 388 

 where ŝ = (
𝑠𝑁

𝑘𝑇
− 1). Therefore,  389 

𝑑𝑇

𝑇 (ŝ −
𝑇
𝐾𝑤

)
= 𝑘𝑇𝑑𝑡 390 

∫
𝑑𝑇

𝑇
+ ∫

d𝑇

ŝ𝐾𝑤 − 𝑇
= ∫ ŝ𝑘𝑇dt                           (13) 391 

𝑙𝑛(𝑇) − 𝑙𝑛(ŝ𝐾𝑤 − 𝑇) = ŝ𝑘𝑇𝑡 + 𝐶 392 
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(
ŝ𝐾𝑤 − 𝑇

𝑇
) = 𝑒(−ŝ𝑘𝑇𝑡−𝐶) 393 

𝑇(t) =
ŝ𝐾𝑤

(1 + Ae(−ŝ𝑘𝑇t))
      where    A = e−C 394 

=
ŝ𝐾𝑤

1 + (
ŝ𝐾𝑤 − 𝑇0

𝑇0
) e(−ŝ𝑘𝑇t)

 395 

where T0 = 𝑇(0). Hence, given ŝ = (
𝑠𝑁

𝑘𝑇
− 1), we have: 396 

 397 

T∗ = T(t∗) =
𝐾𝑤(𝑠𝑁 − 𝑘𝑇)𝑇0

𝑘𝑇𝑇0 + [𝐾𝑤(𝑠𝑁 − 𝑘𝑇) − 𝑘𝑇𝑇0]𝑒
(−(𝑠𝑁−𝑘𝑇)𝑡∗)

                 (14) 398 

 399 

We then use the Next Generation Method to derive the basic reproduction number 𝑅0 for our model3. 400 

Following this method, 𝑅0 is calculated as the dominant eigenvalue of the matrix 𝐹𝑉−1 where the matrix 401 

𝐹 describes the rate of appearance of new infections in each compartment and the matrix 𝑉 describes 402 

the net rate of transfer of individuals out of each compartment. Both 𝐹 and 𝑉 are evaluated at the start 403 

of infection, when we have a target cell population T∗.  404 

Using equations (11) above, we obtain  405 

 406 

𝐹 = [

0 0 0 𝛽T∗

0 0 0 0
0 0 0 0
0 0 0 0

] , 𝑉 = [

𝑘𝐼
∗ + 𝜏 0 0 0

−𝜏 𝑘𝐼
∗ 0 0

0 −𝜔 ϵ 0
0 0 −𝑝𝜖 𝑘𝑉  

] 407 

where   𝑘𝐼
∗ = 𝑘𝑇 (1 +

T∗

𝐾𝑤
) + 𝑘𝐼 . 408 

Thus,  409 

𝐹𝑉−1 = [

0 0 0 𝛽T∗

0 0 0 0
0 0 0 0
0 0 0 0

]

[
 
 
 
 
 
 
 
 

1

𝑘𝐼
∗ + τ

0 0 0

𝜏

𝑘𝐼
∗(𝑘𝐼

∗ + τ)

1

𝑘𝐼
∗ 0 0

𝜏𝜔

𝑘𝐼
∗(𝑘𝐼

∗ + τ)ϵ

𝜔

𝑘𝐼
∗ϵ

1

ϵ
0

𝜏𝜔𝑝

𝑘𝐼
∗(𝑘𝐼

∗ + τ)𝑘𝑉

𝜔𝑝

𝑘𝐼
∗𝑘𝑉

𝑝

𝑘𝑉

1

𝑘𝑉]
 
 
 
 
 
 
 
 

=

[
 
 
 
 

𝛽T∗𝜏𝜔𝑝

𝑘𝐼
∗(𝑘𝐼

∗ + τ)𝑘𝑉

𝛽T∗𝜔𝑝

𝑘𝐼
∗𝑘𝑉

𝛽T∗𝑝

𝑘𝑉

𝛽T∗

𝑘𝑉

0 0 0 0
0 0 0 0
0 0 0 0 ]

 
 
 
 

 411 

 410 

As 𝐹𝑉−1 is an upper-triangular matrix, its eigenvalues are the diagonal entries of the matrix. Hence, as 412 

𝑅0 is defined as the dominant eigenvalue of this matrix, we obtain 413 

 414 
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R0 =
𝛽T∗𝜏𝜔𝑝

𝑘𝐼
∗(𝑘𝐼

∗ + τ)𝑘𝑉
                                                      (15) 415 

 416 

where 𝑘𝐼
∗ = 𝑘𝑇 (1 +

T∗

𝐾𝑤
) + 𝑘𝐼 and 417 

 418 

T∗ = T(t∗) =
𝐾𝑤(𝑠𝑁 − 𝑘𝑇)𝑇0

𝑘𝑇𝑇0 + [𝐾𝑤(𝑠𝑁 − 𝑘𝑇) − 𝑘𝑇𝑇0]𝑒
(−(𝑠𝑁−𝑘𝑇)𝑡∗)

              (16) 419 

The basic reproduction number for the model version without latent stage has been computed using 420 

the same rationale presented above, and is given by: 421 

R0 =
𝛽T∗𝜔𝑝

𝑘𝐼
∗𝑘𝑉

                                                                    (17) 422 

 423 


