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a b s t r a c t 

Respiratory syncytial virus (RSV) is a respiratory infection that can cause serious illness, particularly in 

infants. In this study, we test four different model implementations for the effect of a fusion inhibitor, 

including one model that combines different drug effects, by fitting the models to data from a study 

of TMC353121 in African green monkeys. We use mathematical modeling to estimate the drug efficacy 

parameters, εmax , the maximum efficacy of the drug, and EC 50 , the drug concentration needed to achieve 

half the maximum effect. We find that if TMC353121 is having multiple effects on viral kinetics, more 

detailed data, using different treatment delays, is needed to detect this effect. 

© 2018 Elsevier Ltd. All rights reserved. 
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1. Introduction 

Respiratory syncytial virus (RSV) infects the respiratory tract

causing serious illness and death in infants and the elderly

( Borchers et al., 2013 ). Since discovery of the virus in the 1950s

( Chanock and Finberg, 1957; Chanock et al., 1957 ), researchers have

been searching for an antiviral that can effectively slow or stop

progression of the infection ( Collins and Melero, 2011 ). There are

a number of challenges in developing RSV antivirals including the

short time course of the disease ( Wright and Piedimonte, 2011 ),

and the need for antivirals to be safe in infants and the elderly

( Paes and Manzoni, 2011 ). 

Treatment options for RSV are still very limited ( Turner et al.,

2014 ). Monoclonal antibodies are used prophylactically in high-risk

infants ( Forbes et al., 2014; Gutfraind et al., 2015 ), while ribavirin

is used for treatment of very severe cases ( Marcelin et al., 2014;

Molinos-Quintana et al., 2013 ). Palivizumab is the most commonly

used prophylactic therapy. It has been shown to reduce the in-

cidence and the severity of RSV infections in infants ( Andabaka

et al., 2013; Frogel et al., 2008; Groothuis et al., 1993 ) and is as-

sociated with few adverse events ( Chen et al., 2015 ). However, it

does not prevent all RSV infections, does not seem to be partic-

ularly effective in treating the disease ( Hu and Robinson, 2010;

Rodriguez et al., 1997; Saez-Llorens et al., 2004 ), and can inter-

fere with RSV diagnostic assays ( Deming et al., 2013 ). Ribavirin is
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n antiviral used against a variety of viruses ( Beaucourt and Vi-

nuzzi, 2014 ) including RSV, although its effectiveness in treating

SV is not clear and is associated with safety concerns ( Ventre and

andolph, 2007 ). 

Recently, development of high-throughput screening methods

 Kwanten et al., 2013; Lundin et al., 2013; Plant et al., 2015 ) and

argeted design of drugs ( Cancellieri et al., 2015; Cox and Plem-

er, 2016 ) has led to the development of new compounds that of-

er promise as RSV antivirals. Among the new compounds, there

as been great interest in antivirals that target the RSV fusion pro-

ein ( Sun et al., 2013 ). A number of fusion inhibitors have been

dentified ( Andries et al., 2003; Bond et al., 2015; Bonfanti et al.,

008; Cianci et al., 2005; Feng et al., 2015; Lundin et al., 2010;

erron et al., 2016; Zheng et al., 2016 ), but with only one mak-

ng it as far as clinical trials ( DeVincenzo et al., 2014; Mackman

t al., 2015 ). Among the discovered compounds, TMC353121 is a

enzimidazole that was engineered to have a short half-life in tis-

ue ( Bonfanti et al., 2008 ), unlike its precursors ( Bonfanti et al.,

007 ). TMC353121 has been shown to be effective in preventing

usion of RSV to the cell as well as preventing fusion of infected

ells and uninfected cells ( Roymans et al., 2010 ). Moreover, it has

een tested in several animal models and reduces RSV viral load in

otton rats ( Rouan et al., 2010 ), mice ( Olszewska et al., 2011 ), and

rimates ( Ispas et al., 2015 ). 

Mathematical models can help in the transition of antiviral

reatment to humans by optimizing treatment regimens and defin-

ng windows when treatment will be effective. Mathematical mod-

ls have already been used to help guide treatment strategies for

https://doi.org/10.1016/j.jtbi.2018.07.029
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nfectious diseases such as HIV ( Perelson et al., 2012; Xiao et al.,

013 ), hepatitis ( Canini and Perelson, 2014; Neumann et al., 1998 ),

nd influenza ( Canini et al., 2014; Dobrovolny et al., 2011; Heldt

t al., 2013 ). Similar strategies can be used to optimize treatment

f RSV with fusion inhibitors. Since a recent study suggests that

SV fusion inhibitors share a common mechanism of action, we

sed TMC353121 as a tool compound to test different treatment

trategies. To do so, we first needed to determine how to model

he effect of TMC353121 as well as estimate the parameters that

escribe the efficacy of the antiviral. Since TMC353121 is a fusion

nhibitor, essentially it should be modeled as changing parameters

hat govern the entry of the virus into the cell. There are several

ifferent ways to implement drug action for this type of antivi-

al ( Beauchemin et al., 2008; Lou and Smith, 2011 ), and we need

o determine which is most appropriate for RSV fusion inhibitors.

e also need to determine two important drug efficacy parame-

ers for TMC353121 before it can be accurately modeled: εmax is

he maximum possible effect of a drug, and EC 50 is the drug con-

entration needed to achieve half the maximum effect. Note that

oth of these quantities depend on the effect we are measuring

 Beggs and Dobrovolny, 2015 ), and in this case we need the values

hat quantify how the drug alters the parameters in our model. 

In this paper, we use a recently described study of TMC353121

reatment of RSV infection in African green monkeys to extract

rug efficacy parameters for TMC353121. We propose four math-

matical implementations for the effect of the drug and examine

ow different drug models alter predicted disease time course. We

se each of the four models to estimate the EC 50 and εmax for

MC353121 treatment in African green monkeys. 

. Methods 

.1. Model 

In this study, we use a basic viral kinetics model ( Baccam et al.,

006 ) given by the equations 

d T 

d t 
= −βT V (1) 

d E 

d t 
= βT V − E 

τE 

(2) 

d I 

d t 
= 

E 

τE 

− I 

τI 

(3) 

d V 

d t 
= pI − cV . (4) 

n the model, target cells, T , become infected at rate β when they

ncounter virus, V . The cells then enter an eclipse phase, E , where

hey are not actively producing virus. After an average time τ E , the

ells move to the infectious phase I where they produce virus at

 rate p . After an average time, τ I , the cells die. Virus is cleared

rom the system at a rate c . Note that this model assumes expo-

ential distributions for the transitions from eclipse to infectious

nd infectious to dead. While this is not as biologically realistic as

ther commonly-used models that assume other distributions for

he transition times ( Beauchemin et al., 2017; Holder and Beau-

hemin, 2011; Kakizoe et al., 2015; Pinilla et al., 2012 ), there is

ot enough data in these studies to properly parameterize a more

omplex model ( Miao et al., 2011 ). We also do not include an ex-

licit immune response due to the limited data in this study. The

dditional parameters needed to properly describe the immune re-

ponse are not yet known and are not identifiable from the data

vailable for this study. However, the effect of the immune re-

ponse will be implicitly contained in the values of the parameter;
e expect to have larger viral clearance and infectious cell death

ates than in vitro due to the effect of antibodies and cytotoxic T

ells, respectively. 

.2. Drug effect 

We model the effect of an antiviral as reducing some model pa-

ameter by 1 − ε where ε is the efficacy of the drug. ε ranges from

 to 1 where 0 indicates the drug has no effect and 1 indicates

hat the drug is 100% effective. The drug efficacy can be related

ack to actual drug doses through the E max model ( Holford and

heiner, 1981 ), 

(t) = ε max 
C(t) m 

C(t) m + EC 

m 

50 

, (5) 

here C ( t ) is the drug concentration, εmax is the maximum effi-

acy of the drug such that 0 < εmax ≤ 1, EC 50 is the concentration

f drug necessary to inhibit the response by 50%, and m is the

ill coefficient. The Hill coefficient controls the steepness of the

igmoidal curve and is determined by the number of binding re-

ctions needed for the drug to function ( Weiss, 1997 ). Biochemical

tudies of TMC353121 suggest that it has a single binding site on

he RSV fusion protein in its prefusion state ( Battles et al., 2015 ),

uggesting that an assumption of m = 1 is reasonable. 

TMC353121 is a fusion inhibitor, so it prevents the virus from

using with the cell membrane, thus preventing entry into the cell

 Roymans et al., 2010 ). We test four possible implementations of

he drug effect. 

1. In the first implementation, we apply the drug effect to β in

both the target ( Eq. (1) ) and eclipse ( Eq. (2) ) equations. 

d T 

d t 
= −(1 − ε) βT V 

d E 

d t 
= (1 − ε) βT V − E 

τE 

. 

In this model, the infection is essentially just slowed since both

removal from the target cells and entry into the eclipse phase

are reduced simultaneously. We will refer to this implementa-

tion as the slow infection model. 

2. In the second implementation, we apply the drug effect to β
only in the eclipse equation ( Eq. (2) ). 

d T 

d t 
= −βT V 

d E 

d t 
= (1 − ε) βT V − E 

τE 

. 

In this case, target cells are removed from the system at a faster

rate than eclipse cells appear. This essentially allows for some

target cells to become protected from infection, reducing the

available population of susceptible cells. We will refer to this

implementation as the protected target cell or protected T model.

3. In the third implementation, the drug effect is applied to the

duration of the eclipse phase, τ E . In this case, we divide τ E by

(1 − ε) to lengthen the duration of the eclipse phase. 

d E 

d t 
= βT V − (1 − ε) 

E 

τE 

d I 

d t 
= (1 − ε) 

E 

τE 

− I 

τI 

The interpretation here is that the drug causes an increase in

the duration of the eclipse phase since it takes longer for the

virus to actually enter the cell and begin the intracellular repli-

cation process. We will refer to the model as the delayed pro-

duction model since the longer eclipse phase amounts to a de-

lay in the production of virus. Note that for this model it is the-

oretically impossible to completely suppress the infection, since
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cells are infected and will eventually transition to productively

infectious. 

4. Finally, we combine the delayed production and protected cell

models to examine the possibility that TMC353121 has multiple

effects. 

d T 

d t 
= −βT V 

d E 

d t 
= (1 − ε) βT V − (1 − ε) 

E 

τE 

d I 

d t 
= (1 − ε) 

E 

τE 

− I 

τI 

This is the combination model. 

2.3. Experimental data 

The experimental data for the treatment studies was taken from

Ispas et al. (2015) and consists of two studies on African green

monkeys. Both studies used a continuous infusion of TMC353121.

The first study compared prophylactic treatment at a plasma level

of 50 ng/mL with treatment started at 24 h post-infection, again

at a plasma level of 50 ng/mL, and a control group. This study in-

cluded 15 animals, 5 in each of the three groups. Starting 24 h

post-infection, the control group received an infusion of 4% aque-

ous Captisol for 8 days. Starting 24 h before infection, the pro-

phylactic group received an infusion of 0.033 mg/mL solution of

TMC353121 at a flow rate of 2.5 mL/kg/h for 10 days. The treat-

ment group received the same dose of TMC353121, but starting at

24 h post-infection for 8 days. All animals were followed until day

13 post-infection. 

The second treatment study compared prophylactic treatment

at two different plasma levels, 5 ng/mL and 500 ng/mL, with a

control group. In this study, 12 animals were divided into the three

groups. The control group again received an infusion of 4% aqueous

Captisol starting 72 h before infection. The two prophylactic groups

received infusions of a solution of 0.0033 mg/mL or 0.33 mg/mL of

TMC353121 at a flow rate of 2.5 mL/kg/h , starting 72 h before in-

fection. All groups were treated for 16 days and all animals were

followed until 15 days post-infection. 

For both studies, bronchoalveolar lavage fluid (BALF) was col-

lected every two days from day 1 post-infection. RSV was quan-

tified using one-Step RT-PCR. The threshold of detection for this

method is 10 0 RNA/mL; viral loads lower than this value are

recorded as 10 0 RNA/mL. Note that only the averaged results, as

presented in Ispas et al. (2015) , were used in this study. 

2.4. Model fitting 

To determine model parameters, we minimize the sum of

squared residuals, 

SSR = 

n ∑ 

i =1 

( y i − f (t i ) ) 
2 
, (6)

where n is the number of experimental data points, y i are the val-

ues of the experimental data points, and f ( t i ) are the model predic-

tions at the times when experimental data were measured. To find

the minimum, we used the fmincon function in Matlab which

uses the interior-point algorithm to minimize a function subject to

specified constraints. Data points that were below the threshold of

detection contributed to the SSR only if the model prediction was

above the threshold of detection ( Baccam et al., 2006 ). For model

comparison, we use the small-sample (second order) Akaike’s “an

information criterion” (AIC C ) for each fit using 

AIC C = n ln 

(
SSR 

n 

)
+ 

2(K + 1) n 

n − K − 2 

, (7)
here n is the number of data points and K is the number of pa-

ameters ( Burnham and Anderson, 2002 ). Since the AIC C imposes a

enalty for additional parameters, the model with the lowest AIC C 

s considered to be the better model given the experimental data. 

We fit all three treatment groups within each study simultane-

usly, but fit each study separately. For the first study, we assumed

hat both the prophylactic and delayed treatment group had the

ame drug efficacy and that the infection in all three study arms

ould be described by the same infection parameters ( p, β , c, τ I ,

E ). Note that for this model, it is known that k, c , and δ are not

eparately identifiable ( Smith et al., 2010 ) from viral titer measure-

ents alone. Since this is a continuous infusion, we assumed that

he drug efficacy remains constant over the course of the infusion.

easurements of plasma concentrations of TMC353121 during the

tudy, as shown in Fig. 1 of Ispas et al. (2015) suggest that this

s a reasonable approximation. For the second study, we again as-

umed that all three study arms are described by the same base

nfection parameters, possibly different from those of study 1. Since

e have different drug concentrations in this study, we apply the

 max model and fit both εmax and EC 50 . We use the target plasma

oncentrations as the constant amount of drug in Eq. (5) . For both

tudies, we assume that infection is initiated with an initial viral

noculum (to be determined from fitting). We set the initial num-

er of target cells to 1 and the initial number of eclipse and infec-

ious cells to 0. Bootstrapping is used to determine the 95% confi-

ence intervals. 

In addition to estimating drug efficacy and infection parame-

ers, we use our model fits to calculate two additional quantities

f interest. The infecting time, given by t inf = 

√ 

2 /pβ, is the time

etween release of a virion from an infected cell and infection of

he next cell. The basic reproductive number, R 0 = pβτI /c, is the

umber of secondary infections resulting from the introduction of

 single infected cell into a homogeneous susceptible population.

oth of these quantities give a measure of how quickly the infec-

ion spreads. 

. Results 

.1. Modeling of fusion inhibitors 

We first examine three different possible single effect models

or an RSV fusion inhibitor. Before testing the models using exper-

mental data, it is useful to compare their predictions of the ef-

ect of a fusion inhibitor. Here, we use the same εmax for all mod-

ls ( εmax = 0.95) and use a drug concentration measured relative to

C 50 ( D −→ D/ EC 50 ). We use parameter values found from fitting

he model to data from study 2 (discussed in Section 3.3.2 ). While

here are previous estimates of some of these parameters for in

ivo RSV infections ( González-Parra and Dobrovolny, 2015 ), a dif-

erent model was used for these, so we do not have a complete

et of parameters for our model. Fig. 1 shows the predicted time

ourse of treated infections for the three models assuming differ-

nt treatment delays at three different drug concentrations. The

low infection and protected target cell models make similar pre-

ictions of the effect of treatment, although there are measurable

ifferences in the time courses when the treatment delay is near

 d and the drug concentration is near EC 50 . When the drug con-

entration is high, these differences in predicted viral time course

isappear. The delayed production model gives quite different pre-

ictions. While the slow infection and protected target cell models

redict suppression of the infection at these drug concentrations,

he delayed production model predicts continued growth. 

A more detailed study of this effect is shown in Fig. 2 where we

lot the change in duration of the infection (time spent above 10 1 ,

 typical virus detection level) as a function of drug concentration

elative to EC and treatment delay. In these figures, yellow indi-
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Fig. 1. Model predictions of treatment outcomes if treatment is applied after the onset of infection. The drug is assumed to have the same maximum effect ( εmax = 0.95) 

and is applied at concentrations of 0.5 times EC 50 (left), 5 times EC 50 (center), and 50 times the EC 50 (right). The slow infection model predictions are given by solid lines, 

the protected target cell model predictions are given by dashed lines, and the delayed production model predictions are given by dotted lines. Different colors correspond to 

different times of treatment initiation as indicated in the legend of the center graph. 

Fig. 2. Model predictions of change in infection duration as a function of drug concentration and treatment delay for the slow infection model (left), the protected target 

cell model (center), and the delayed production model (right) assuming an εmax of 0.95. A negative change indicates that the infection is shortened by application of the 

drug, while a positive change indicates that the infection duration is lengthened by the drug. 
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p  
ates that application of the drug does not change the duration of

he infection, while blue/green (negative values) indicate a short-

ning of the infection in the presence of antiviral and orange/red

ndicates a lengthening of the infection in the presence of antivi-

al. Here it is difficult to see the slight differences in the predic-

ions between the slow infection and protected target cell mod-

ls, but the delayed production model gives drastically different

redictions. For the slow infection and protected target cell mod-

ls, there is a range of doses and treatment delays that lead to a

onger-lasting infection than without treatment. This region occurs

t drug doses near and somewhat below the EC 50 with treatment

elays up to about 6 d. If we use higher doses of antiviral, then

reatment shortens the duration of the infection, but only if treat-

ent is started before ∼ 5 days post-infection. The delayed pro-

uction model, however, predicts that higher doses of antivirals

ill lengthen the infection; there is no dose or time delay that

ould lead to a shortening of the infection. 

.2. Combining mechanisms of action 

While the delayed production model on its own appears to be

 poor model choice, it’s possible that TMC353121 could have mul-

iple effects. For example, the drug could protect some cells from

nfection, and for the cells still susceptible to infection, it could in-

erfere with the fusion process delaying production of new virions.

ere, we examine a model with these combined effects. Note that

ombining the slow infection and the delayed production models

eads to similar results (not shown). Fig. 3 shows predictions of

iral titer time courses and infection duration for the model com-

ining protected target cell and delayed production effects. Com-

ining the two models leads to greater suppression of growth of

he infection than with just the protected target cell model alone.

hile infection growth might be slower, this does not necessarily

esult in many changes in the duration of the infection. The com-
ined model predicts changes in infection duration similar to the

rotected target cell model over many doses and treatment delays.

ou would only notice that the antiviral delays production in addi-

ion to protecting cells from infection if you treat with doses over

he EC 50 with treatment delays of 4–10 days. 

.3. Fitting models to experimental data 

.3.1. Study 1 

To determine which model is the most appropriate for model-

ng of TMC353121, the models were fit to experimental data from

wo studies in African green monkeys. Model fits and parameter

stimates for Study 1 are presented in Fig. 4 . All four models fit

he data of the treated groups well, but have trouble capturing the

eak viral titer of the control group in favor of more accurately

apturing other data points. All four assumptions for the mecha-

ism of action of the fusion inhibitor will cause viral peak to shift

o the right as the drug concentration increases. While the ex-

erimental data shows a slightly shifted peak for the prophylactic

roup, the peak for the delayed treatment group occurs at almost

he same time as the peak for the control group. The models pre-

ict that the peak for the treatment group occurs between 6–23 h

efore the peak of the prophylactic group. Since viral titer is mea-

ured experimentally every two days, such a small shift in peak vi-

al titer is not captured very accurately. Additionally, if we assume

hat the two day sampling frequency leads to a time measurement

rror of ± 1 days, then the shift in time of peak between control

nd prophylactic can be anywhere from 0–4 days, a wide range

hat includes predictions from all four models. In this study, the

odel that assumes the drug protects some target cells produces a

lightly lower AIC C , making it the better choice for explaining these

xperimental results. 

All four models produce similar estimates for the infection

arameters. The average duration of the eclipse phase and the
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Fig. 3. Predictions of a model combining protected target cells and delayed production. (left) Predicted viral titers of the combined model are shown for several different 

drug concentrations (solid lines). For comparison, dotted lines show the predictions of only the protected target cell model. (right) Change in the duration of the infection 

as dose and treatment delay are varied for the combined model. 
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average infectious lifespan are 12–15 h, with the exception of

the estimated eclipse duration for the delayed production model

which estimates that the duration of the eclipse phase is only

0.27 h. The clearance rate here is somewhat larger than previ-

ously estimated for in vitro systems ( González-Parra et al., 2018 )

(0.08/h vs. 0.04/h), perhaps reflecting the effect of the immune re-

sponse in the monkeys. It is, however, lower than the clearance

rate of 0.20 /h estimated in humans ( González-Parra and Dobro-

volny, 2015 ). The infecting time is estimated to be between 3 and

6 h which is slightly longer than the estimated ∼ 2 h for humans

( González-Parra and Dobrovolny, 2015 ) and 3 h for in vitro infec-

tions ( González-Parra et al., 2018 ). 

The models vary quite widely in their estimates of the efficacy

of the drug at a plasma concentration of 50 ng/mL, giving a 28%

efficacy for the slow infection model, a 57% efficacy for the pro-

tected T model, a 90% efficacy for the delayed production model,

and a 25% efficacy for the combined model. 

3.3.2. Study 2 

Model fits and parameter estimates for Study 2 are presented in

Fig. 5 . All three models fit the data from the treatment groups well,

resulting in similar SSRs and AIC C . Note that for the 500 ng/mL

treatment arm, all points are at the level of detection, so model

predictions with viral titers lower than the threshold are consis-

tent with the experimental data. The estimated average infectious

durations here are ∼ 3–4 h, somewhat shorter than previous esti-

mates of 9 h and 12 h ( González-Parra et al., 2018; González-Parra

and Dobrovolny, 2015 ). Similarly, the duration of the eclipse phase

( ∼ 3–4 h) is also shorter than previous estimates of 6 h and 14 h

( González-Parra et al., 2018; González-Parra and Dobrovolny, 2015 ).

The infecting times are estimated here at ∼ 3 h, which is similar

to previous estimates ( González-Parra et al., 2018; González-Parra

and Dobrovolny, 2015 ). The clearance rate is large for this study

(0.2–0.3 /h), more in line with the estimated clearance rate in hu-

mans ( González-Parra and Dobrovolny, 2015 ). The basic reproduc-

tive number is slightly larger than 1, suggesting an infection that

does not spread very quickly. Note that there are some differences

in the control data for the two studies, with the control from Study

2 having a lower viral titer peak and a later time of peak viral titer

than Study 1. Thus, it is not entirely surprising that the parameters

describing these infections differ. Here, the protected T model and

the combination model both have the lowest AIC C , suggesting that

it is impossible to differentiate between the two models with the

current data set. 
The four models estimate different maximum drug efficacies

anging from 63–100% and also give different estimates of the EC 50 

157 ng/mL for the slow infection model, 149 ng/mL for the pro-

ected target cell model, 22.4 ng/mL for the delayed production

odel, and 141 ng/mL). The EC 50 for TMC353121 in HeLa cells

as found to be 0.07 ng/mL ( Bonfanti et al., 2008 ), but was much

arger, 200 ng/mL, and closer to the values found here, in cotton

ats ( Rouan et al., 2010 ). 

.3.3. Model treatment predictions 

The different εmax and EC 50 translate into differences in pre-

icted drug efficacies for the three models as shown in Fig. 6 . For

ny drug concentration, the delayed production model results in

he highest efficacy both because it has a higher possible maxi-

um effect, but also because it has a lower EC 50 . Note that the

aximum efficacy here refers to the maximum possible reduction

n the infection rate (or increase in eclipse duration) during an in

ivo infection, which is different from the drug’s efficacy in reduc-

ng viral titers. We have also indicated the efficacies estimated by

ts to study 1 for a 50 ng/mL dose. There is not particularly good

greement between the two estimates, with study 1 overestimat-

ng the efficacy predicted by the results of study 2. This might be,

n part, due to differences in the control data between the two

tudies. The control data from study 1 has a higher peak viral titer

han the control data from study 2, so it’s not surprising that a

igher efficacy would be needed to reduce the viral load. 

These differences in the predicted efficacy lead to differences

n predictions of the viral time courses at different drug con-

entrations. Fig. 7 shows the model predictions for a few differ-

nt drug concentrations under continuous infusion and prophylac-

ic treatment. The slow infection and protected target cell mod-

ls lead to very similar outcomes at most drug concentrations.

he most noticeable difference occurs at a drug concentration of

50 ng/mL (purple line). At this drug concentration, the protected

arget cell model shows clear decay of viral load, but the slow in-

ection model has a viral load that appears almost constant. There

s a more stark difference in model predictions between these two

odels and the delayed production or combination models. In-

erestingly, even though the delayed production model predicts

igher efficacies for any given drug concentration, this does not

ranslate into better effectiveness at reducing viral load. While the

odel predicts that TMC353121 is very effective at increasing the

uration of the eclipse phase, this does not translate into efficient

eduction of viral load nor does it agree well with experimental
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Fig. 4. Model fits and parameter estimates for Study 1 assuming that TMC353121 slows the infection (top left), protects target cells (top right), delays production (bottom 

left), or has a combined effect (bottom right). Experimental data is the mean log 10 viral load of measurements from animals in each group. 
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Fig. 5. Model fits and parameter estimates for Study 2 assuming that TMC353121 slows the infection (left), protects target cells (center), or delays production (right). 

Experimental data is the mean log 10 viral load of measurements from animals in each group. 
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Fig. 6. Model predictions of the efficacy of prophylactic treatment with TMC353121 

for the second study. Solid lines show the efficacy curves produced by the estimates 

of εmax and EC 50 from Study 2. Dotted lines show the 95% confidence intervals. The 

vertical dashed lines indicate the drug concentrations used in study 1 and study 

2 (5, 50, and 500 ng/mL). The ‘ ∗ ’ indicates the efficacies estimated in the fits to 

study 1. 
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ig. 7. Model predictions of treatment outcomes at different drug concentrations. We 

nfection model (top left), the protected target cell model (top right), the delayed product
he addition of the second mechanism leads to long-lasting infec-

ions. 

For the slow infection and protected target cells, we can predict

he amount of drug needed to suppress the infection under the

ssumption of prophylactic treatment. The minimum drug efficacy

hat leads to suppression is given by Dobrovolny et al. (2011) 

 min = 1 − 1 

R 0 

, (8) 

here R 0 is the basic reproductive number and is given by

accam et al. (2006) 

 0 = 

pβT 0 τI 

c 
. (9) 

sing the parameters given in Fig. 5 , we find the minimum effi-

acies to be 0.53 for the slow infection model and 0.55 for the

rotected target cell model. We can then use Eq. (5) to find the

orresponding drug concentration. For the slow infection model,

e find the drug concentration needed to suppress the infection

s 249 ng/mL while for the protected target cell model, we find

he concentration needed to suppress the infection is 222 ng/mL.

his explains the differences observed in the 250 ng/mL curves of

ig. 7 , since this concentration is barely enough to suppress the

nfection in the slow infection model, but somewhat more than

hat is needed to suppress the infection in the protected target
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ion model (bottom left), and the combination model (bottom right). 
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4. Discussion 

In this paper, we examined different possible implementations

for modeling the effect of RSV fusion inhibitors as exemplified

by applying TMC353121. While we used TMC353121 in this study,

many of our results are likely applicable for other RSV fusion in-

hibitors ( Bond et al., 2015; Feng et al., 2015; Lundin et al., 2010;

Perron et al., 2016; Zheng et al., 2016 ) which have similar mech-

anisms of action. We found that all four proposed models fit the

experimental data almost equally well, suggesting that more de-

tailed experiments will be needed to differentiate between dif-

ferent models. Our examination of the combined model suggests

that if a fusion inhibitor delays production in addition to protect-

ing cells, the effect of the delayed production is most apparent at

treatment delays not yet examined in experiment. This could have

serious implications if fusion inhibitors move to broad use in pa-

tients. Challenge studies suggest that RSV symptoms appear 2–4

days post infection ( Bagga et al., 2013; DeVincenzo et al., 2015;

2010 ) and it might take another day or two for patients to get in

to their doctor and get a prescription. It is not unreasonable, then,

to assume that there might be delays of 4–6 days before treatment

is initiated. This would put the patient in the range where the pro-

tected target cell model and the combined model differ drastically

in their predictions. If a fusion inhibitor does not change the dura-

tion of the eclipse phase, then the patient will reduce the duration

of their infection by taking this drug, but if the fusion inhibitor

has an effect on the duration of the eclipse phase, then the patient

will actually lengthen the duration of the infection with treatment.

In vivo experiments with a longer time delay before initiation of

treatment would help ensure that such surprises do not appear as

treatment is tested in humans. 

We also extracted the maximum efficacy ( εmax ) and the drug

concentration required to achieve half the maximum effect (EC 50 )

for all four models. εmax has not previously been measured for

this antiviral, but we found that it was fairly high (over 63%) for

all three models. The EC 50 has been previously measured for this

antiviral, both in vitro ( Bonfanti et al., 2008 ) and in vivo in cot-

ton rats ( Rouan et al., 2010 ). Our estimates of EC 50 are close to

the value found in cotton rats, but substantially larger than the

value found in vitro. There are several possible reasons for this

difference. Several antivirals have been shown to result in differ-

ent EC 50 s when tested in different cell lines ( Hazen and Lanier,

2003; Leary et al., 2002; Smee et al., 2007 ). There is also evidence

that the measured EC 50 is dependent on the initial viral inoculum

( Ståhle et al., 1998; Wildum et al., 2013 ), which is likely different

in vitro and in vivo. Another possibility is that during the course

of an infection, mutant strains resistant to the effect of the antivi-

ral could arise ( Aljabr et al., 2016; Yan et al., 2014 ), driving the

EC 50 to higher values. Additionally, measurement of antiviral con-

centrations in plasma might not be reflective of antiviral availabil-

ity within the respiratory tract ( Gonzalez et al., 2013 ), giving an

incorrect measure of the EC 50 . Finally, experimental error in viral

titer measurements ( LaBarre and Lowy, 2001 ) and issues with re-

peatability ( Paradis et al., 2015 ) will affect estimates of all of these

parameters. This is seen quite clearly here in the lack of agree-

ment between drug efficacy estimates between Study 1 and Study

2, possibly driven, in part, by inconsistencies in the control data

between the two studies. 

It should be stressed that εmax and EC 50 depend on what is be-

ing measured ( Beggs and Dobrovolny, 2015; Weinberg et al., 2007 ).

This is seen quite clearly for the delayed production model. For this

model, we estimated an εmax of 1.0, but this was with respect to

the antivirals effect on changing the duration of the eclipse phase.

If we had used the duration of the infection as a measured end-

point, we would have concluded that the antiviral was completely

ineffective. Thus, the εmax and EC 50 estimated here are the param-
ters needed to implement the mathematical models which we

an then use to run simulations that can extract εmax and EC 50 

or other endpoints of interest such as reduction in viral titer or

eduction in infection duration. 

While RSV replicates easily in the AGM model ( Taylor, 2017;

eiss et al., 2003 ), the animals exhibit few clinical symptoms

 Ispas et al., 2015; Jones et al., 2012; Kakuk et al., 1993 ), so they do

ot completely reproduce the infection dynamics of humans. There

re also differences in the immune response of AGM and humans

 Kahn et al., 2011 ), which will cause differences in disease dynam-

cs in the two hosts. This can have consequences for translating

ntiviral use from AGM to humans, as has been observed in some

accine studies ( Graham, 2011 ). Thus we should be cautious about

xtrapolating some of the details of these results to humans. 

Our model fits to data from Study 2 were better than our model

ts to Study 1. Ideally, a single model should be able to accurately

eproduce both studies. While this could indicate that none of the

odels are correctly capturing the effect of a fusion inhibitor, the

oorer fit to Study 1 is reasonable when experimental error is

aken into consideration. As mentioned earlier, given the 2 days

ampling frequency, a reasonable assumption for error in any time

easurements is ±1 d ay . Estimates of measurement error in viral

oad measured by qRT-PCR are ± 1.0 log RNA/mL ( Hayden et al.,

015; Hoffman et al., 2008; Sedlak et al., 2017 ), consistent with

he discrepancy in peak viral titer of the two control arms. Within

hese error estimates, the fits of Study 1 are consistent with the

xperimental data, so we cannot be certain that a refined model

s necessary. Further experiments that sample viral load more fre-

uently to reduce the error in time or that include more animals

o reduce the error in viral titer measurements will help clarify

hether a new antiviral model is needed. 

This model also does not include an explicit immune response,

lthough the effect of the immune response is reflected in the

stimated values of some parameters. For example, we consis-

ently found that the clearance rate in AGM is higher than in vitro

 González-Parra et al., 2018 ), most likely reflecting the effect of an-

ibodies. The exact mathematical formulation for different compo-

ents of the immune response is still unclear ( Dobrovolny et al.,

013; Eftimie et al., 2016; Pawelek et al., 2012 ). This coupled with

he additional parameters needed for describing the immune re-

ponse make it difficult to include these details in this study. Un-

ortunately, choice of model ( Cao and McCaw, 2017; Dobrovolny

t al., 2010; Liao et al., 2017 ), particularly inclusion of an immune

esponse ( Cao and McCaw, 2017 ), can alter the predicted outcome

f antiviral treatment. More detailed experiments, including mea-

urements of the immune response, will help in the development

f more accurate models of antiviral treatment. 

There are other limitations in using this particular viral kinetics

odel. As previously mentioned, this model does not model tran-

itions from eclipse to infectious and infectious to dead accurately

 Holder and Beauchemin, 2011 ), although this is most apparent in

rying to reproduce the results of single cycle experiments. We also

ssumed that the Hill coefficient for the drug effect is 1. While

e believe this is the case for TMC353121, this might not be the

ase for all RSV fusion inhibitors. Studies indicate that a Hill coef-

cient not equal to 1 will alter the predicted efficacy of antiviral

reatment ( Chang et al., 2016; Sampah et al., 2011 ). Finally, this

iral kinetics model does not describe the fusion process in de-

ail, limiting our description of the drug effect. While some more

etailed models for viral entry have been proposed ( Dee et al.,

995; Dee and Shuler, 1997; Schelker et al., 2016; Sidorenko and

eichl, 2004 ), none of these are specifically for RSV, and they con-

ain too many parameters for the limited data used here. Nonethe-

ess, our model has highlighted a possible deficiency of treat-

ent studies of fusion inhibitors that should be corrected in future

xperiments. 
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