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Experimental results in vitro and in animal models are used to guide researchers in testing vaccines or treatment
in humans. However, viral kinetics are different in vitro, in animals, and in humans, so it is sometimes difficult to
translate results from one system to another. In this study, we use a mathematical model to fit experimental data
from multiple cycle respiratory syncytial virus (RSV) infections in vitro, in african green monkey (AGM), and in
humans in order to quantitatively compare viral kinetics in the different systems. We find that there are dif-
ferences in viral clearance rate, productively infectious cell lifespan, and eclipse phase duration between in vitro

and in vivo systems and among different in vivo systems. We show that these differences in viral kinetics lead to
different estimates of drug effectiveness of fusion inhibitors in vitro and in AGM than in humans.

1. Introduction

Infants and the elderly are most likely to experience serious illness
or death from respiratory syncytial virus (RSV) (Borchers et al., 2013).
To alleviate this burden, researchers have long been searching for an
antiviral or vaccine that would effectively treat or prevent RSV (Collins
and Melero, 2011; Esposito and Pietro, 2016). Several fusion inhibitors
have been tested in vitro and in animal models (Zheng et al., 2016;
Perron et al., 2016; Bonfanti et al., 2008; Feng et al., 2015; Bond et al.,
2015; Lundin et al., 2010; Andries et al., 2003; Cianci et al., 2005), but
some have had difficulty making the transition from animals to hu-
mans. Likewise, many RSV vaccines have been tested in animal models,
with the induced antibody neutralizing ability tested in vitro, but pro-
mising candidates have not been as effective in humans (Esposito and
Pietro, 2016).

For RSV, as for many viral infections, in vitro and animal models are
the primary systems of study used to understand the dynamics of the
infection (Weiss et al., 2014). These same systems are also the primary
test beds for new antivirals and vaccines. It is not clear, however, how
experimental results translate from one system to another (Bem et al.,
2011). This is particularly important when trying to extrapolate anti-
viral or vaccine studies from in vitro or animal models to humans
(Jorquera et al., 2016). Differences in cell tropism (Jia et al., 2014;
Taylor, 2017; Shakeri et al., 2015), the immune response (Taylor, 2017;
Jorquera et al.,, 2016; Sacco et al., 2015), and other physiological
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interactions (Zanin et al., 2016) between these systems might lead to
differences in infection dynamics and the efficacy of treatment. Our
lack of understanding of how differences in preclinical systems and
humans alter disease dynamics leads to a paltry ~ 12% success rate in
moving treatments from preclinical through Phase III testing and an ~
11% success rate for vaccines to move through the development pipe-
line (Davis et al., 2011).

In addition to differences between experimental systems and hu-
mans, there are also differences in infection dynamics in individual
humans. Broadly, there are differences in the immune response to RSV
between healthy adults, children, and the elderly (Walsh et al., 2013;
Mcintosh et al., 1978; Chung et al., 2007). This leads to more serious
infections, with higher mortality and hospitalization, in children and
the elderly as compared to healthy adults (Borchers et al., 2013; Stein
et al.,; Anderson et al., 2016). This also leads to differences in clinical
manifestation of the disease with children and the elderly exhibiting
more severe symptoms and showing a greater propensity for involve-
ment of the lower respiratory tract (Dayar and Kocabas, 2016; Shi et al.,
2015; Park et al., 2016).

While there are differences in host-cell interactions when RSV is
introduced into different hosts, viral replication follows a similar basic
process in all hosts. Respiratory syncytial virus is an enveloped virus
containing negative-sense RNA that has 10 genes encoding 11 proteins
(Lee et al., 2012). RSV binds to host cells through the G transmembrane
protein (Teng et al., 2001) and fuses via the F transmembrane protein
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(Feldman et al., 2000). The F protein is also responsible for fusing
membranes of neighboring cells giving rise to the syncytia that give the
virus its name (Gonzalez-Reyes et al., 2001). Once internalized, the
genome is released into the cell's cytoplasm where transcription and
replication take place (Follett et al., 1975). Newly formed genomes and
proteins migrate to the surface of the cell where they form filamentous
viral particles before breaking through the cell membrane (Vanover
et al., 2017; Shaikh et al., 2012). The final stages of filament maturation
and budding of the virus from the cell are mediated by the matrix M
protein (Shahriari et al., 2016; Foerster et al., 2015). These basic steps
of replication can be captured and reproduced using mathematical
equations to help us improve our understanding of RSV dynamics.

Mathematical models of the in-host dynamics of viral infections
have been used to quantitatively describe the infection process for
many different viral infections (Baccam et al., 2006; Nguyen et al.,
2015; Perelson et al., 1996; Neumann et al., 1998; Gonzalez-Parra and
Dobrovolny, 2015; Gonzalez-Parra et al.,). Specifically, mathematical
models are now being used to quantitatively compare infections caused
by different strains of virus (Pinilla et al., 2012; Paradis et al., 2015;
Simon et al., 2016; Petrie et al., 2015) or by different infections
(Gonzalez-Parra et al., 2018). The simplest mathematical model cap-
tures the basic steps of virus entry, internal replication, and viral
budding (Perelson et al., 1996; Baccam et al., 2006) and can be used to
simulate a variety of scenarios including single-cycle infection and
multiple-cycle infection by changing the initial conditions (Pinilla et al.,
2012; Paradis et al., 2015; Beggs and Dobrovolny, 2015), or in vivo
infections by changing the values of model parameters to reflect the
effect of the immune response. Such studies lead to an understanding of
which parts of the viral replication cycle are changed when moving
from one virus-host system to another.

In this paper, we use a viral kinetics model to estimate parameters
for RSV infection in five different systems: in vitro, African green
monkey (AGM), elderly patients, pediatric patients, and healthy adults.
This allows us to quantitatively compare the viral replication cycle in
these different systems. We find differences in several viral kinetics
parameters between the groups, including the viral clearance rate, the
cell's productively infectious lifespan, and the duration of the eclipse
phase. We show that these differences alter the effectiveness of drug
treatment in the different systems such that ECs, measured in vitro or in
animals does not reflect the ECsy needed for treatment of humans.

2. Material and methods
2.1. Models

We use two mathematical descriptions of viral dynamics. The first is
an empirical description of the viral time course, first presented by
Holder and Beauchemin (2011). While this model does not give insight
into the underlying dynamics of the infection, it allows measurement of
some of the important viral titer curve characteristics (Gonzalez-Parra
et al., 2016). The model is given by the equation
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where A, and 1, are the exponential growth and decay rates, respec-
tively, V, is the peak viral titer, and ¢, is the time of viral titer peak.
While this equation will not reproduce a single-cycle experiment well
since the viral growth in this case is not exponential (Holder and
Beauchemin, 2011), it can be used for multiple-cycle experiments
where viral growth is exponential (Gonzalez-Parra et al., 2016). The in
vitro data used in this study were all from experiments with an MOI of
less than 1 (Gonzalez-Parra et al., 2018) with the exception of the data
from Liesman et al. (2014), which has an MOI of 1. Note that this
equation does not fully capture all the dynamics of a viral infection, as
it notable neglects any initial transient changes in viral load, so is not
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meant to fully characterize viral kinetics, but it does estimate features
that are traditionally used to characterize infections (Gonzalez-Parra
et al.,, 2016). This simple equation has only four independent para-
meters, making parameter estimation simpler than for a more complex,
kinetic model of viral infection. We require at least four experimental
data points, with at least two during the growth phase and two during
the decay phase, to identify the parameters (Gonzalez-Parra et al.,
2016).

Our second model is a viral kinetics model that incorporates the
basic biological processes that occur during the infection. The model is
an extension of the basic viral infection model for influenza described in
Baccam et al. (2006),
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In the model, virus V, infects target cells, T, at rate 8. Once infected, the
cells enter an eclipse state, E, during which they are producing viral
proteins and RNA, but not yet releasing virus. After an average time 7z,
the cells transition to a productively infectious state, I, where they are
producing virus at rate p. After an average time 77, the productively
infectious cells die. Virus loses infectivity at a rate c.

This model captures the basic processes of viral entry, replication
within the cell, and release of new virions, so can be applied to both in
vitro and in vivo systems (Pinilla et al., 2012; Paradis et al., 2015;
Gonzélez-Parra and Dobrovolny, 2015; Petrie et al., 2015). While our
model will be applied to patient data, we do not include an explicit
immune response since there is not enough data to accurately de-
termine the values of the extra parameters needed to describe the im-
mune response. Instead, our estimates of the parameters in these dif-
ferent systems will reflect the effect of the immune response. For
example, we expect the value of c, the viral clearance rate, to be larger
in vivo than in vitro since in vivo systems include an antibody response
that helps clear virus from the system.

This model assumes a gamma distribution, represented by the
multiple compartments for E and I, for the transition times between the
eclipse state and the productively infectious state, as well as for the
transition times between the productively infectious and dead cells. The
number of compartments in the eclipse state is given by ng while the
number of compartments in the productively infectious state is given by
n;. Models that include non-exponential transitions between cell states
more accurately reproduce experimental viral kinetics (Holder and
Beauchemin, 2011). This model has more parameters than the em-
pirical model, some of which cannot be identified with viral titer data
alone (Miao et al., 2011; Pinilla et al., 2012).

dt

2.2. Experimental data

Our aim in this study is to compare the dynamics of RSV in several
different experimental and clinical systems, thus we combined data
from several different sources, summarized in Table 1 and briefly de-
scribed below.

e Experimental data from in vitro RSV infections was collected from
the literature as described in Gonzalez-Parra et al. (2018). While we
required that all in vitro data use the same strain of RSV (A2), the
cell culture and experimental procedures for each data set varied
since they were drawn from multiple sources. The sources and some
details of the data sets are included in Table 2.
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Table 1
Summary of the different experimental data sets used in this study.

System Source Number of Data Sets
in vitro literature (Gonzélez-Parra et al., 2016) 8

AGM Ispas et al. (2015) 9

Elderly Walsh et al. (2013) 27

Pediatric data provided by Janssen R&D 13

Healthy adults Lee et al. (2004) 8

Table 2

Summary of literature sources for in vitro data.
Paper Figure Cell type
Bermingham and Collins (1999) 4B HEp-2
Brock et al. (2003) 1B HEp-2
Liesman et al. (2014) 1C HAE
Marquez and Hsiung (1967) 2 HEp-2
Shahrabadi and Lee (1988) 2A HEp-2
Straub et al. (2011) 2A A549
Villenave et al. (2011) 4A (A2 strain) PBEC
Villenave et al. (2012) 1A (A2 strain) WD-PBEC

* Refers to the figure numbers in the original paper.

e Experimental data from RSV infections in African green monkeys
(AGM) comes from the control animals in the two TMC353121
treatment studies described in Ispas et al. (2015). In this study, AGM
were infected with RSV A2 and bronchoalveolar lavage fluid (BALF)
was collected every 2 days.

® We also used data from a study of elderly patients infected with RSV
(Walsh et al., 2013). These patients presented with influenza-like
symptoms at the hospital and were tested for RSV. Viral titer mea-
surements were taken on the day patients presented with symptoms
and for several days after. Viral titer measurements were taken from
nasal swab specimen. Since this was not a challenge study, we do
not know the initial time of infection of the patients, but will use the
time of symptom onset as an estimate for the time of infection.
Several RSV challenge studies have indicated that symptom scores
increase slightly as soon as 1 dpi (DeVincenzo et al., 2015, 2010,
2010; Lee et al., 2004; DeVincenzo et al., 20152015), making this a
reasonable proxy.

® A second prospective study in pediatric patients, with data provided

by Janssen R&D Belgium, is also used in this study. As before, RSV

was diagnosed upon presentation at a doctor or hospital with viral
titer measurements taken daily via nasal swabs from that point
onwards. Here again, we do not know the actual time of infection.

We use time of symptom onset as an initial estimate of the time of

infection, but for some patients this resulted in an unrealistically

high viral titer growth rate. In these cases, we required that the time
of infection be such that the estimated viral titer at t = 0 be below
the threshold of detection.

Data for RSV infections in adults was taken from a challenge study

by Lee et al. (2004). In this study, healthy adults were inoculated

with the A2 strain of RSV and viral titer was sampled daily via nasal
washes for 12 days.

For all experimental data, we limited our study to patients who had
at least four viral titer measurements above the threshold of detection
to ensure parameter identifiability for at least the empirical model.

2.3. Fitting algorithms
The model was fit to each data set in order to obtain estimates for

the parameter values. We determined the best fit by minimizing the
sum of squared residuals (SSR),
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where n is the number of experimental data points, y; are the values of
the experimental data points, f(f; 0) are the model predictions at the
times when experimental data were measured, and 6 is the set of
parameters to be estimated. A small SSR indicates a tight fit of the
model to the experimental data.

We used two algorithms to find the minimum SSR. We initially used
a genetic algorithm (Golberg, 1989) which performs a very broad
search of the parameter space and is less dependent on the initial guess.
Over many iterations, the population of parameter estimates “evolves”
toward an optimal solution (Golberg, 1989; Holland, 1992; Conn et al.,
1997). We ran the global optimization algorithm 200 times with dif-
ferent scenarios (initial guess, parameters of the optimization process)
in order to improve the probability of finding the global optimum
parameter set. Once the genetic algorithm found a good fit, these
parameters were used as the initial guess for the trust-region-reflective
and interior point algorithms (Coleman and Li, 1996; Press et al., 1992),
which search a more localized region of the parameter space. The use of
several different algorithms increases the probability of finding the
global minimum for the SSR. All fitting was implemented in Matlab
using the ga and the fmincon functions of the optimization
package. Note that we do not calculate error or confidence intervals for
individual parameter estimates since we are aggregating parameter
estimates into groups and can use animal-to-animal differences as an
indicator of the variability in parameter values.

For the empirical model, no constraints were used in the fitting
process. For the viral kinetics model, we assume that all infections are
multiple-cycle (low MOI) infections. The MOI for in vitro data used here
is 1 or less (Gonzalez-Parra et al., 2018). For healthy adult data, we
estimate MOIs of 9 x 10°® and 9 x 10°® for the low and high doses,
based on the inocula of 103>7TCIDs, and 10*’TCIDs, (Lee et al., 2004)
and the estimated number of epithelial cells in the human respiratory
tract (4 x 108 Baccam et al., 2006). Similarly, for AGM, we estimate an
MOI of 2.5 x 10°. We can also roughly estimate a possible MOI for the
pediatric and elderly patients assuming that the primary mode of RSV
transmission is aerosolized particles (Kulkarni et al., 2016). Measure-
ments of RSV in the air near a pediatric patient found, on average, 10°
pfu 1 m from the patient and 10> pfu 5m from the patient (Kulkarni
et al., 2016), so the MOIs in this case are 0.0025 at 1 m and 0.001 at
5 m. To reproduce a multiple cycle infection in our model, we fixed the
initial number of target cells to T, = 1 and assumed that the infection
was started with an unknown (to be fitted) initial viral inoculum, as-
suming that there are initially no cells in any of the eclipse or pro-
ductively infectious compartments. We know that some parameters are
not identifiable for this model (Miao et al., 2011; Pinilla et al., 2012), so
we fixed the number of compartments in both the eclipse and produc-
tively infectious phases, n; = ng = 60, and set bounds on the searched
parameter space as follows: 10~ — 10'%/d for p; 10~'* — 100/d for S;
10~°-1000/d for c; 10~> — 1000/d for 7; and 7z; 10~12 — 10* for V. Note
that the bounds are quite large and are meant to eliminate the possi-
bility of finding biologically unrealistic parameter values.

It is difficult to compare parameter estimates from different ex-
periments since the units of viral titer depend on the assay used to
determine the viral titer. For example, the viral count from plaque as-
says is ~ 0.7 the viral count from endpoint dilution assays, but this is
only an approximate relationship based on statistical calculations and
will not hold for all experiments (Mistry et al., 2018). More funda-
mentally, even using the same assay and same techniques, viral quan-
tification has problems with reproducibility (Paradis et al., 2015). Since
viral titer units vary from one experiment to the next, comparison of
parameters such as p and 8 is meaningless. Therefore, we focused on
parameters which have a universal standardized unit. In addition to the
mean duration of the eclipse phase 7z and the mean duration of the
productively infectious phase 7, the infecting time, t;,s = /2/pfS, Holder
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and Beauchemin (2011), which is the average time between release of a
virion from a productively infectious cell and infection of another cell,
was calculated.

2.4. Simulation of fusion inhibitor treatment

We simulate treatment with a fusion inhibitor, the most common
type of RSV antiviral (Sun et al., 2013), by multiplying the infection
rate by (1 — ¢), where ¢ is the drug efficacy and ranges from 0 (no ef-
fect) to 1 (complete inhibition). The efficacy is related to the drug
concentration through the E,,,x model (Holford and Sheiner, 1981),

c()

et) =eppax————————
® () + ICs

@
where C(t) is the drug concentration, ey, is the maximum efficacy of
the drug such that 0 < ,,x < 1, and ICs, is the concentration of drug
necessary to inhibit the response by 50%. We assume that the maximum
efficacy of the drug is 1, and we express drug concentration in units
relative to the ICsy, so that we can set ICs; = 1 without loss of gen-
erality.

3. Results
3.1. Data sets

The data sets are shown, in groups, in Fig. 1. The in vitro, AGM, and
particularly the pediatric data sets reach higher viral loads than the
human adult groups. The in vitro data sets appear to have a more
gradual rise and decline than the other data sets. For the remaining data
sets (AGM, pediatric, elderly, healthy adult), each line represents
measurements from a single individual, which gives a better indication
of the actual growth and decay rates of the virus in these systems. The
data for elderly patients consists mostly of the viral decay phase of the
infection. Since this data is from a prospective study, we do not know
the time of infection (we have set time of symptom onset as t = 0), so
the individual viral time courses do not align very well, making it dif-
ficult to discern the general trend of the viral time course.

3.2. Empirical model

Fits of the empirical model produce parameter estimates that de-
scribe the time course of viral burden, but don't provide much insight
into viral kinetics. Figures showing the experimental data and model
fits to the data are included in the supplementary material. Median
values of parameter estimates for each data set are presented in Table 3
with estimates for each individual viral time course included in the
supplementary material. The results are summarized in Fig. 2.

The viral growth rate appears to be about the same in all systems
(Fig. 2(a)). There is much more variability in the growth rate estimates
for elderly and pediatric data sets (both prospective studies) where viral
titer measurements during the growth phase were limited, leading to
less reliable estimates of the growth rate in these systems. The viral
decay rate is highest in AGM and healthy adults and lowest in vitro
(Fig. 2(b)). Time of viral peak is lower in vitro than in the other systems
(Fig. 2(c)). There is again more variability in the time of viral peak
estimates for the elderly and pediatric patients than in the other systems
largely because we are estimating the time of infection for these data.

3.3. Viral kinetics model

Next, data from the same set of studies were analyzed using the viral
kinetics model to obtain some insight into the processes governing the
viral life cycle. With this analysis, we estimated ¢, the infecting time;
¢, the clearance rate; 7;, the infectious lifespan; and 7z, the duration of
the eclipse phase. Median values for all data sets are given in Table 4
with fits and parameter estimates for individual viral time courses
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included in the supplementary material. The results are summarized in
Fig. 3.

The infecting time is highest in vitro and lowest in pediatric and
healthy adult groups (Fig. 3(a)). The productively infectious lifespan is
longest in elderly and healthy adults, and is markedly shorter in the
remaining three groups (Fig. 3(b)). The eclipse duration is longest in
elderly and healthy adults, and markedly shorter in the remaining three
groups (Fig. 3(c)). Finally, the viral clearance rate shows a trend similar
to the viral decay rate of the empirical model, with AGM and healthy
adults having the highest clearance rates and in vitro systems having
the lowest (Fig. 3(d)).

To give an overview of typical infections in these different systems,
we used the viral kinetics model with median estimated parameter
values for each group to simulate a typical infection for each group
(Fig. 4). There are some clear differences in the viral dynamics of RSV
in these different groups. The pediatric group sheds much more virus
than any other system. We can also clearly see the slower viral decay of
the in vitro system compared to the other systems. The healthy adults
and elderly show similar time courses although they are different from
the AGM and in vitro systems often used for testing treatments in hu-
mans. Note that we have initiated each infection with the initial viral
inoculum found through fitting. If the same initial viral inoculum is
assumed for all infections, we will see a shift in the time of peak of the
infections. The viral growth rate and peak viral titer are not changed by
changes in initial inoculum, so the time of peak is shifted because there
is initially more (or less) virus and the infection starts closer (or further)
to the peak it will reach.

3.4. Application of a fusion inhibitor

In vitro and animal model systems are used not only to study the
course of an infection, but are also used to test new treatments. In order
to effectively use the results of in vitro and animal treatment studies, we
need to understand how the effect of treatment might change as we
move from one system to another. We simulate prophylactic treatment
with a fusion inhibitor using viral titer at 48 hpi as the endpoint mea-
surement. Fig. 5 shows the predicted reduction in viral titer at 48 hpi
for treatment with a fusion inhibitor in the systems included in this
study. This curve allows measurement of the ECsy, which is the drug
concentration needed to reduce viral titer at 48 hpi by 50%, and is a
measure of the effectiveness of an antiviral. We find that the in vitro
and AGM systems underestimate the ECsy for the healthy adults and
elderly patients, although they more closely reflect the ECs, for pe-
diatric patients. We also simulate the more realistic scenario of fusion
inhibitor treatment initiated at 48 hpi. Here, the endpoint measurement
is reduction in viral titer 48 hpi after initiation of treatment. We see
even more drastic differences in the predicted outcomes for different
systems. In vitro, there are some drug concentrations that lead to an
increase in the viral load, an effect not seen in other systems. This is a
result of measuring effect of the drug at a fixed time. Fusion inhibitors
reduce both the peak viral load and the growth rate of the infection
(Beggs and Dobrovolny, 2015; Gonzélez-Parra and Dobrovolny, 2018).
Since the growth rate is reduced, treated infections reach their peak
viral load later than untreated infections. Thus if the measurement time
occurs after the peak of an untreated infection, the viral load might be
lower for the untreated infection, since it is decreasing from its peak
value, than for a treated infection, which might still be increasing to-
wards its peak value. Since the in vitro infection peaks before the
measurement time, we see this seemingly contradictory effect only in
this system. More strikingly, our models predict that fusion treatment at
48 hpi will have no effect on infections in healthy adults and the el-
derly.

4. Discussion

While there are known differences in immune response and virus-



G. Gonzdlez-Parra, H.M. Dobrovolny

10 —— 7T T3
10

N
n vitro

T
L

Viral titer
Lo

Lo

L i

L

PR U B B
120 144 168 192

I
96

Viral titer

Viral titer

Virology 523 (2018) 129-139

A I L I I R B |

)]

AL
L4

AL
Ly

T

Lo

AL
L i

I

L

(0] .
72

LN
96 120 144 168 192
Time (h)

T

T L

@ |

T T
Pediatric

> %
T T T T

Ly

L

PR I TP U N AU TN B N MU
24 48 72 96 120 144 168 192 216 240 264
Time (h)

L i

Lo

L

Time (h)
0 o T, " T T T T T T T T T T3
10 [ Elderly
10°F 3
B 10°F 3
Q
E 10'F
-k
10°F
10°F
E E
10-2"1‘1‘1‘1‘1‘1‘1‘1:
0 48 96 144 192 240 288 336 384
Time (h)
10 L L B B |
10 [~ Healthy adult
E
10°F
E
(7:
610*
E10°F
-k
10°F
E
10°F
E
2F 1
107024 48

PR N R O U ERU NI B
72 96 120 144 168 192 216 240

Time (h)

Fig. 1. Study data. Experimental data from (a) in vitro RSV infections, (b) infections in african green monkeys, (c) elderly adults (d) pediatric patients, and (e)
healthy adults. Note that time of infection onset is not known for elderly and pediatric data but is estimated as described in Methods.

Table 3

Median estimated parameter values for the empirical model (Eq. (1)).
Data Ag (/h) Aa (/h) tp (h)
in vitro 0.17 0.023 58.7
AGM 0.21 0.19 114
Elderly 0.060 0.038 139
Pediatric 0.086 0.086 128
Healthy adult 0.14 0.13 130

host interactions between in vitro systems, animal models, and humans
(Jia et al., 2014; Taylor, 2017; Shakeri et al., 2015; Jorquera et al.,
2016; Sacco et al., 2015; Zanin et al., 2016), this is the first study to
quantify the effects of these differences on the time course of a viral
infection. Our analysis showed that viral decay rate and viral clearance
rate are higher in systems where there is a strong immune response
(AGM, healthy adults) and low in systems with limited immune re-
sponse (in vitro). These parameters most likely reflect the action of
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antibodies which bind to virus, inactivating the virus (Sarmiento et al.,
2007), or neutrophils and macrophages, which can also remove circu-
lating virus (Yui et al., 2003; Russell et al., 2017), but they could also be
influenced by the action of cytotoxic T lymphocytes which kill infected
cells and therefore lower the overall amount of virus produced
(Rutigliano et al., 2004). We also found that the productively infectious
lifespan in adult and elderly infections tends to be longer than either in
vitro or AGM infections. A possible mechanism for this difference is the
finding that the RSV fusion protein activates p53 which then causes
apoptosis in HEp-2 and A549 cells (Eckardt-Michel et al., 2008),
common in vitro cell lines for RSV infection. However, in human tra-
cheobronchial epithelial cells, RSV was shown to decrease p53,
prolonging the lifespan of productively infectious cells (Groskreutz
et al.,, 2007). Our study also found other differences, longer eclipse
phases in elderly and healthy adults, and an earlier time of peak for in
vitro systems, although the possible mechanisms for these differences
are not clear and will need further investigation.

One of the important applications of in vitro and animal model
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Fig. 2. Comparison of empirical model parameters. Graphs show the distribu-
tions of (a) growth rate, (b) decay rate, (c) time to peak viral titer estimated
from fits of the empirical model for RSV in different systems. Median values are
indicated with a solid black line.

Table 4

Median estimated parameter values for the viral kinetics model (Eq. (2)).
Data tin (h) c(/h) 7 (h) 7 (h)
in vitro 3.3 0.030 11.8 6.38
AGM 1.9 0.35 8.64 7.44
Elderly 1.9 0.13 47.7 58.3
Pediatric 1.2 0.065 24.2 7.01
Healthy adult 0.95 0.32 46.3 62.8

systems is the development and testing of antivirals. While pediatric
and elderly patients are the primary targets for new antivirals, clinical
studies in these groups are risky and so in vitro, animal, and healthy
adults are used for preliminary studies. Unfortunately, there are known
limitations of these systems. In particular, AGM are only semi-permis-
sive to RSV (Taylor, 2017; Kakuk et al., 1993), showing few clinical
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symptoms and limited histopathological changes (Jones et al., 2012;
Ispas et al., 2015). Healthy adults also have mild disease as compared to
elderly or pediatric patients (Hall et al., 2001; Houben et al., 2010;
Falsey and Walsh, 2005), with most healthy adults having only mild
respiratory symptoms (Hall et al., 2001; Lee et al., 2004; Bagga et al.,
2013; Mills et al., 1971), lower viral loads (Lee et al., 2004; Bagga et al.,
2013) and only occasional involvement of the lower respiratory tract
(Hall et al., 2001). This is thought to be due to the protective effect of
immunity from previous RSV infections which results in shorter dura-
tion of infection and lower viral load (Hall et al., 1991; Lee et al., 2004;
Mills et al., 1971). A key difference between infections in healthy adults
and those in pediatric or elderly patients is the immune response
(Malloy et al., 2013). Both pediatric and elderly patients have a di-
minished immune response, due to an immature immune system in
infants (Ruckwardt et al., 2016; Tregoning and Schwarze, 2010) or
immune senescence in the elderly (Walsh et al., 2013), as compared to
healthy adults. This leads to more severe infections (Openshaw et al.,
2017; Mosquera et al., 2014), often spreading into the lower respiratory
tract (Naorat et al., 2013; Kaneko et al., 2001; Shi et al., 2015; Atwell
et al., 2016).

These differences in disease dynamics are expected to result in
different responses to antivirals. We simulated the impact of differences
in the systems on prophylactic use of fusion inhibitors using our para-
meter estimates and found that the in vitro and animal models under-
estimated the ECs, needed to treat healthy adults and elderly. In vitro
and animal derived ECs, estimates are used as a guide when testing new
antivirals in humans, so this could result in use of too low a dose in
humans during initial testing, giving the impression that the antiviral is
ineffective in humans. We also see that pediatric patients need less drug
to reduce their viral load than most other groups in this study. Note that
we express drug concentrations relative to ICs, so we already take into
account the smaller doses needed due to the smaller body mass of
children (Mulugeta et al., 2016; Dunne et al., 2011). Our study in-
dicates that drug doses in children need further reduction due to dif-
ferences in infection dynamics between adults and children. Our models
predict even more striking differences when fusion inihibitor treatment
is initiated after the onset of infection. In this case, models predict that
despite being effective in vitro and in AGM, fusion inhibitors show little
effect in healthy and elderly adults. Changes in the efficacy of a drug
when moving from in vitro to in vivo systems have been previously
noted for HIV antiretrovirals (Fang and Jadhav, 2012), where measured
values of ECsy were as much as 9 times higher in vivo than in vitro.
While new types of in vitro assays have been proposed with the hope
that they will provide more consistent ECs, measurements (Beggs and
Dobrovolny, 2015; Ferguson et al., 2001), they have not yet been
tested.

Our study is limited by the type of data available. Our in vitro data
was inconsistent since each data set came from a different lab where
experimental procedures might be slightly different. Most of these in-
fections also took place in different types of cells, introducing varia-
bility in the estimated parameters. The more gradual rise and decay of
the in vitro data might be the effect of averaging measurements from
several in vitro infections, since averaging tends to smooth out abrupt
increases or decreases. Additionally, the elderly and pediatric data were
from prospective studies, so the time of infection of individual patients
was not known, introducing a time shift which could potentially be
reflected in some of the parameter estimates. The data in these studies
also often does not include the full viral growth phase since the first
viral load measurement is taken some time after the patient experiences
symptoms. Pediatric and elderly patient data might also be biased to-
wards more severely ill patients since only patients who presented at a
hospital were included in the studies, patients with mild illness are not
represented in this data. This could affect estimates of some parameters
as viral load is correlated to clinical symptoms (DeVincenzo et al.,
2010; Buckingham et al., 2000). Additionally, nasal secretion specimen
were collected using different methods in AGM, pediatric/elderly, and
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Fig. 4. Simulated viral titer time courses. Predicted time courses of RSV in
different systems using the median values (Table 4) for each of the parameters
in the viral kinetics model (Eq. (2)). Note that elderly and pediatric patient
parameters are based on data with estimated time of infection onset.

in healthy adults. While no study exists comparing viral detection in
BALF (used for AGM) to either nasal swabs or washes, one study
compared bacterial detection in BALF and nasopharyngeal swab (NPS),
finding that BALF was more sensitive in detecting the virus (Capik
et al., 2017). Several comparisons of nasopharyngeal aspirates (NPA)
and nasal swab have concluded that the nasal aspirate more readily
allows for detection of virus (Blaschke et al., 2011; Meerhoff et al.,
2010). If we can assume that both collection methods affect the results
in the same way for every patient, this amounts to an upward or
downward shift in the data. Since the relative shape of the curve will
not change by vertical shifting, we do not believe that this will have a

significant effect on the parameters values. Finally, differences in
sampling times and sampling techniques could affect the parameter
estimates. For an ideal comparison of different experimental systems,
we would need in vitro, pre-clinical, and challenge study data with viral
loads measured in a consistent manner. We would additionally require
that in each system, full viral time courses are measured so that both
the full viral growth phase and the full viral decay phase are captured.

This kind of consistent and complete data might allow for a more
detailed analysis than described here. For example, our model does not
explicitly include an immune response. While the effect of the immune
response is captured in the estimated values of the parameters in the
current model, explicitly including the immune response in the model
would allow us to compare immune parameters across the different
systems, particularly if some measurements of the immune response
were included in the study. Time course measurements of the same
immune components in each of these systems will allow us to separate
out variability in kinetics due to immune responses from variability due
to other host-pathogen interactions. More detailed data might also
allow comparison of structurally different models for the different
systems. Here, we used the same model for all the different groups, but
it's possible that these different systems are not necessarily described by
the same equations. For example, if we extended the model to include
an immune response, it would not make sense to include equations for
antibodies and cytotoxic lymphocytes in the model for an in vitro
system, but these equations should be included for the remaining sys-
tems.

Another possible confounder in the data is the fact that the pediatric
and elderly data was not separated by strain or subtype, which could
cause variation in viral kinetics. In terms of clinical severity, some
studies have found that RSV A causes more severe illness than RSV B
(Rodriguez-Fernandez et al., 2018; Papadopoulos et al., 2004; Hall
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et al., 1990; Jafri et al., 2013; Nguyen et al., 2013; Gilca et al., 2006).
Others contradict this, finding either the reverse (Hornsleth et al.,
1998) or no statistically significant difference between severity of RSV
A and RSV B infections (DeVincenzo, 2004; Hendry et al., 1986;
Mclntosh et al., 1993; Russi et al., 1989). Kinetically, there appear to be
no significant differences in viral load (DeVincenzo, 2004) between the
two RSV subtypes, although some studies have noted differences in
viral load between specific strains of RSV A (Lukacs et al., 2006; Stokes
et al., 2011). Most notably, some researchers have found differences in
the immune responses to RSV A and RSV B, including differences in
neutrophils (Rodriguez-Fernandez et al., 2018) and cytokines (Levitz
et al.,, 2012), while another study noted no significant difference in
cytokine response (Bermejo-Martin et al., 2008). Within a particular
subtype, differences between immune responses to strains of RSV B
(Levitz et al., 2017, 2012) and strains of RSV A (Stokes et al., 2011;
Lukacs et al., 2006) have also been observed. With such mixed results,
it is difficult to assess whether the inclusion of different strains of RSV
in the elderly and pediatric data had a significant impact on our results.

Our model also does not account for the formation of syncytia.
While it is clear that they can alter RSV viral transmission dynamics in
some cell lines (Shigeta et al., 1968), there does not seem to be enough
information available about the behavior of RSV syncytia to correctly
incorporate them into the model. For example, there is evidence from
HIV that syncytia formed by HIV can continue to produce virus
(Symeonides et al., 2015, Sylwester et al., 1997; Chowdhury et al.,
1992). If that is also the case for RSV syncytia, then we need to know
whether viral production rates for multinucleated cells are greater than,
less than, or comparable to mononuclear cells. We also need to know
how long multinucleated cells live as compared to mononuclear cells
and whether the lifespan or production rates depend on size as seems to
be the case for HIV-induced syncytia (Sylwester et al., 1997). A further
consideration is which cells are involved in syncytia formation. Can
only cells in the eclipse and productively infectious phases fuse, since
they have the F-protein on their surfaces, or can one of these cells fuse
with a target cell that will not yet have the F protein? While there have
been some detailed studies of the formation, lifespan and viral pro-
duction of HIV-induced syncytia (Symeonides et al., 2015, Sylwester
et al., 1997; Chowdhury et al., 1992), there do not appear to be similar
studies for RSV-induced syncytia. Such studies will be needed to help
guide development of mathematical models that incorporate the effect
of syncytia. Since syncytia are not explicitly included in the model used
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here, their effect is implicitly included in the estimated values of model
parameters.

Nonetheless, our study quantified differences in the viral replication
cycle between in vitro, animal, and human infections and showed that
these differences could lead to differences in the estimated efficacy of
antivirals.
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