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Respiratory syncytial virus (RSV) is a common virus that can have varying
effects ranging from mild cold-like symptoms to mortality depending on
the age and immune status of the individual. We combined mathematical
modelling using ordinary differential equations (ODEs) with measurement
of RSV infection kinetics in primary well-differentiated human bronchial
epithelial cultures in vitro and in immunocompetent and immunosup-
pressed cotton rats to glean mechanistic details that underlie RSV infection
kinetics in the lung. Quantitative analysis of viral titre kinetics in our
mathematical model showed that the elimination of infected cells by the
adaptive immune response generates unique RSV titre kinetic features
including a faster timescale of viral titre clearance than viral production,
and a monotonic decrease in the peak RSV titre with decreasing inoculum
dose. Parameter estimation in the ODE model using a nonlinear mixed
effects approach revealed a very low rate (average single-cell lifetime > 10
days) of cell lysis by RSV before the adaptive immune response is initiated.
Our model predicted negligible changes in the RSV titre kinetics at early
times post-infection (less than 5 dpi) but a slower decay in RSV titre in
immunosuppressed cotton rats compared to that in non-suppressed cotton
rats at later times (greater than 5 dpi) in silico. These predictions were
in excellent agreement with the experimental results. Our combined
approach quantified the importance of the adaptive immune response in
suppressing RSV infection in cotton rats, which could be useful in testing
RSV vaccine candidates.
1. Introduction
Almost every individual is infected with respiratory syncytial virus (RSV)
by age 2 years [1]. Although RSV infection usually does not cause any
concern in healthy adults, it can cause serious morbidity and even death in
children [1], immune-compromised individuals [2] and the elderly [2]. RSV
infection is a major cause of hospital admissions and death worldwide in
children under 5 years of age [3]. Despite the public health relevance of RSV
infection there is no vaccine or antiviral therapy available and treatment is
merely supportive [4].

RSV is a negative strand RNA enveloped virus with three surface glyco-
proteins: the (G) glycoprotein, the fusion (F) glycoprotein and the small
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hydrophobic protein. The virus infects the ciliated epithelial
cells lining the airways of the respiratory tract by first attach-
ing to the host cell plasma membrane via the G protein and
then fusing its membrane with the membrane of the cell, a
process mediated by the F protein [5,6]. Once the RSV nucleo-
capsid enters the cytoplasm, its polymerase produces mRNA
and replicates its genome, using the host cell machinery to
produce proteins and to assemble virions that are released
into the local environment [5].

RSV owes its middle name to its F protein that also causes
infected cells to fuse with neighbouring cells, resulting in
giant cells (syncytia) containing multiple nuclei. Syncytia
are more common in RSV-infected immortalized cells in
tissue culture [7] than in vivo [8]. Both the innate and adaptive
immune responses of the host limit RSV infection but the
effectiveness of the adaptive response depends on the age
of the individual [9]. The innate response is mediated by cyto-
kines (e.g. interferons (IFNs), interleukins and growth factors)
generated by the epithelial cells, macrophages, neutrophils
and natural killer (NK) cells [9]. Pre-existing, maternal anti-
bodies in neonates also play an important inhibitory role in
infection initiation [10]. It takes several days (greater than
or equal to 4 days) for the adaptive immune response of
cytolytic CD8+ T cells, helper CD4+ T cells and antibody-
producing B cells to begin to affect the infection [9].

The relative roles of the components of the innate and
adaptive immune response in controlling RSV infection are
not well understood. Challenges of investigating these
aspects in the high-risk group, namely neonates, immune-
compromised adults and the elderly contribute to this pro-
blem. This presents a major roadblock in developing
vaccines and antiviral therapies.

Animal models such as cotton rats infected with labora-
tory strains of RSV have been successfully employed to
analyse the role of the immune response in regulating RSV
infection [11,12]. To this end, we combined mathematical
models [13–17], based on population dynamics of viruses
and the host immune response, with published [12,18] and
new viral titre measurements in cotton rats to determine the
roles of the adaptive and innate immune responses in control-
ling the viral infection. Population dynamic models have
been successfully employed for describing kinetics of
human immunodeficiency virus (HIV) [13,19,20], hepatitis
C virus (HCV) [21] and influenza A virus (IAV)
[14,15,22,23] infections within the host and some of these
models have been used to develop vaccination strategies
against these infections. Several population dynamic
models have been developed to describe RSV infection kin-
etics in vitro [24–26] and in vivo [27,28]. These studies
[24,27] generalize viral kinetic models developed for IAV
infection for describing RSV kinetics. However, RSV and
IAV infection within the host differ in several key aspects,
such as IAV infection may be more self-limiting due to
rapid death of target cells [8,14], whereas RSV induces few
obvious cytopathic effects in vivo [8,29]. In addition, the adap-
tive immune response, an important regulator of RSV
infection, is not considered in the above computational
models describing RSV infection. The model developed
here shows the importance of the adaptive immune response
in generating key features of RSV infection in cotton rats
which cannot be captured by simple extensions of IAV
models or by the suppression of RSV replication by the
innate response (e.g. type I IFN) alone. We performed
detailed parameter estimation by applying a nonlinear
mixed effects modelling approach [16,30] to RSV titre
measurements in cotton rats of ages ranging from 3 days to
11 months. In addition, model parameters in the absence of
the adaptive immune response were estimated using
measurement of RSV titre and infected cells in primary
well-differentiated human bronchial epithelial (HBE) cell cul-
tures. Finally, we tested model predictions affirmatively with
experiments carried out in CD8+ T-cell depleted and cyclo-
phosphamide-treated cotton rats. Our results demonstrate
the role of the adaptive immune response; in particular, the
lysis of the RSV-infected epithelial cells by CD8+ T cells.
2. Results
The following four key steps were carried out to evaluate the
role of the adaptive immune response in particular the CD8+

T-cell response in regulating the RSV titre kinetics in the
lungs of cotton rats.
2.1. Development of a simple population dynamic
model for RSV titre infection in cotton rats

2.1.1. Evaluation of distinct features of RSV kinetics
We used viral titre measurements in cotton rats inoculated
with RSV reported by Prince et al. [12] to evaluate relevant
timescales and to characterize the shape of the viral titre
kinetic curve. We analysed the kinetic trajectories followed
by the geometric means of the RSV titres measured in three
animals [12]. The following timescales were calculated
(figure 1a): (1) peak time (τpeak) or the time when the viral
titre reached its maximum (or peak) value (Vpeak) post-
infection, (2) production time (τprod) or the time duration
over which the viral titre increased f-fold to reach its peak
value, (3) decay time (τdecay) or the time duration where the
viral titre decreased f-fold from its peak value. We used
f-values of 10, 5 or 2 in our calculations. A dimensionless
variable τratio = τdecay/τprod characterizes the shape of the
RSV viral titre kinetic curve, i.e. τratio < 1 (or τratio > 1) indi-
cates a slower (or faster) timescale for the production of
RSV in the early stages (t≤ τpeak) of the infection compared
to the timescale for the reduction of the viral load after the
peak titre is reached. We found that the RSV titres measured
in the lungs of cotton rats at different ages (3 days (neonate),
14 days, 28 days or six to eight weeks (adult)) produced
τratio≤ 1 (feature#1) (figure 1b). This behaviour appears to
distinguish RSV from influenza A virus (IAV) kinetics [31]
in the lung of cotton rats and the IAV titre obtained
from the nasal wash of human volunteers [14] which has
τratio > 1. We analysed uncertainties in τratio estimation for
the RSV titre data [12] in the lungs of cotton rats and
for the IAV titre data [14] measured in the nasal wash
of human subjects in electronic supplementary material,
figure S1. The IAV titre in the lungs of the cotton rats, unlike
inbred laboratory mice and humans, becomes undetectable
in approximately 1–3 days due to the presence of the antivi-
ral Mx protein [33] in the cytoplasm of infected cells in
cotton rats. This specific feature (i.e. τratio < 1) of RSV titre
kinetics appears to be organ dependent as the RSV titre kine-
tics in the nose of the same cohort of cotton rats displayed a
τratio≥ 1 at several ages of the animal cohorts.
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Figure 1. Shape features of RSV titre kinetics. (a) Schematic diagram defining τprod, τdecay, τpeak and τratio. The diamond symbols show the geometric averages of
RSV titres measured in the lungs of cotton rats at age 3 days as reported in Prince et al. [12]. (b) Shows values of τratio calculated for f = 10 for the RSV titre kinetics
in the lung of cotton rats of different ages (3 days to adults) as reported in Prince et al. [12]. We performed a linear interpolation to evaluate τprod and τdecay. The
errors in the calculation of τratio are discussed in electronic supplementary material, figure S1. (c) Variation of τpeak with V0 for RSV (black diamonds and
squares) and influenza A infection (grey circles) in cotton rats [31]. The diamonds and squares show the data obtained for infections by Long strain RSV
(data for V0 = 104 pfu reported in ref. [12] and for V0 = 105 pfu in [32]) and RSV-A2 (also from the data in our experiments shown in electronic supplementary
material, figure S8), respectively. (d ) Variation of Vpeak with V0 for RSV [18] (black diamonds) and influenza A infection (grey circles) in cotton rats [31]. The data for
influenza A infection in (c) and (d ) are obtained from Ottolini et al. [31]. (Online version in colour.)
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Next, we analysed the variation of τpeak and Vpeak with
increasing inoculation dose (Vinocul) in cotton rats. Several
experiments show τpeak for RSV infection occurs at roughly
4–5 days post-infection (dpi) irrespective of the Vinocul over
a 10- to 100-fold range [12,32,34–36] (feature #2) (figure 1c).
Additionally, experiments by Prince et al. [18] suggested the
viral titre at 4 dpi, which we assumed to be equal or close
to Vpeak, increased monotonically with increasing Vinocul

(feature #3) (figure 1d ). For influenza A infection in cotton
rats, τpeak decreased butVpeak increasedwith increasingVinocul

for the viral loads measured in the lungs (figure 1c,d) [31].
Thus, some of the above features (feature #1 and feature #2)
appear to be specific to RSV infection in the lungs of cotton
rats. Previous studies have used similar variables such as
τpeak, duration of infection (∼τprod+ τdecay) andVpeak to charac-
terize viral titre kinetics in adenovirus [37] and influenza A
[22,38] infections, however, these studies did not investigate
the variations of these variables, in particular τratio, with
model parameters as we discuss later in the text.

We set out to develop a minimal model that is able to cap-
ture the above features of RSV kinetics. As a caveat, we note
there are several features of the RSV titre kinetics we do not
attempt to model here, e.g. the RSV titre in the lung of the
cotton rats show the presence of plateaus or multiple peaks
in 28-day-old or adult cotton rats [12]. The presence of
these characteristics is more common in the RSV kinetics
measured in the trachea (see fig. 2 in [12]) and in the nose
(fig. 3 in [12]). These features could arise due to the interplay
between RSV and type I IFNs that inhibit RSV replication
(see Discussion). IFNs are induced within hours of RSV
infection as a component of host innate immunity [9,39].
Therefore, capturing these features in a mathematical model
will require a more complicated model with many unknown
parameters. Since measurements of viral titres at only a
few time points are available, it is likely that multiple
complex models with parameters lying in wide ranges of
possible values may be able to explain the data. This will
make drawing mechanistic conclusions from the analysis
difficult. Thus, here we pursue modelling a few broad fea-
tures of the RSV titre kinetics as described above with a
minimal model.

2.1.2. Description of RSV titre kinetics using ODEs
We developed a minimal model (figure 2) to describe the
RSV titre kinetics in cotton rats in terms of the number of
ciliated target cells (T ), RSV-infected cells (I ), and free virus
(V ). In the model, ciliated target cells become infected by
RSV [8,40] and produce infected cells at rate βTV. The
infected cells then produce and release virus particles, vir-
ions, at rate pI into the local environment. The infected cells
are destroyed by RSV at rate δI and virions are cleared at
rate cV from the local environment (figure 2). The adaptive
immune response (e.g. CD8+ T-cell response), A, is modelled
as a binary variable which changes from zero to unity at t = tA.
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The adaptive immune response eliminates the infected cellswith
rate δAI A. These processes are described by the following set of
coupled ordinary differential equations (ODEs).

dT
dt

¼ �bTV, ð2:1Þ
dI
dt

¼ bTV � dI � dAIA ð2:2Þ

and
dV
dt

¼ pI � cV, ð2:3Þ

whereA ; Hðt� tAÞ; H(x) denotes theHeaviside step function,
where H(x) = 0 for x< 0 and H(x) = 1 for x≥ 1.

The above ODEs minimally describe attachment and entry
of RSV into the ciliated target cells followed by production
and release of virions by the infected cells. Experiments
using infection of human epithelial cells in tissue culture
suggest RSV to be only mildly cytopathic [8]. We also note
that the same ODEs in equations (2.1)–(2.3) with δA = 0 have
been used by Baccam et al. [14] to model influenza A kinetics
in humans. Pawelek et al. [23] considered a similar increase
in the rate of lysis of infected cells, induced by a delayed adap-
tive response, in a model describing equine influenza A
infection in horses. The model developed by Pawelek et al.
[23] is more detailed than that in equations (2.1)–(2.3), and
is composed of target cells, infected cells, host cells refractory
to viral infection, free virus and IFNs. The term describing the
adaptive immune response ( = δAIA) plays a key role in cap-
turing the specific features of RSV titre kinetics (see the next
section for details). Below we provide justifications regarding
the processes considered in our model.

The adaptive immunity against RSV infection is complex
and is mediated by T-cell and B-cell responses activated by
RSV antigens processed and presented by antigen presenting
cells. Activated CD8+ T cells clear the infection by directly
eliminating infected epithelial cells. In addition, CD4+

T cells and regulatory T cells participate in limiting the infec-
tion by influencing B cell responses and controlling the
cytokine milieu [9]. In cotton rats, CD8+ and CD4+ T-cell
responses are initiated around 4 dpi. In mice, CD8+ T cells
start expanding around 4 dpi and peaks between 8 and
10 days following RSV infection [41]. The description of the
CD8+ T-cell response in the model ignores such gradual
increases. Activated B cells secrete antibodies to neutralize
the virus, however, these neutralizing antibodies arise in
cotton rats at later times (greater than or equal to 6 dpi in
experiments by Prince et al. [12]) when the RSV titres are
already receding. In our experiments, neutralizing antibodies
were detected around day 12 when the RSV titres reached
very low or undetectable values. Therefore, we did not
account for neutralizing antibodies in our model.

We found that depletion of CD4+ T cells in our exper-
iments does not change viral clearance indicating that
during the acute phase the CD4+ T-cell response does not
play a substantial role in clearance (electronic supplementary
material, table S1). Therefore, we assumed only the CD8+

T-cell response in the minimal model. The nature of the
CD8+ T-cell response can be complex [9], however, we mod-
elled the response minimally by a binary variable A that is
turned on at a time tA post-infection. This is done in the
spirit of finding the simplest model that can be used to
describe the viral titre kinetics by approximating the kinetics
of many other parts of the immune and host-response associ-
ated with the infection. We compared the above model with a
model where kinetics of the CD8+ T-cell response increases
continuously during the infection and is explicitly described
[15] (electronic supplementary material, text S1, table S2
and figure S2). In this model, activated CD8+ T cells undergo
clonal expansion and lyse infected cells (I), and the activation
of the CD8+ T cells is induced by the infected cells. The model
with a continuously increasing CD8+ T-cell response does not
generate a better fit to the data from Prince et al. [12] and
shows a continuous decrease in the peak time τpeak as the
inoculation dose is increased (electronic supplementary
material, text S1, table S2 and figure S3). The comparison of
the fits across the models were performed using the Akaike
information criterion (AIC) [42].

We investigated whether innate immune responses
mediated by IFNs (type I IFN such as IFNα and IFNβ)
alone were able to describe the RSV titre kinetics measured
by Prince et al. [12] and others [12,18,32,34–36]. Blanco et al.
[39] showed that IFNα mRNA peaks at 1 dpi, and mRNA
expression for IFNγ, which is secreted by cytotoxic T cells
and NK cells, is induced at 1 dpi and peaks at 4 dpi in the
lungs of RSV-infected cotton rats. There is a time delay of
few hours (e.g. approx. 7 h for an immune response protein
Trfd1 in dendritic cells [43]) between the changes in mRNA
expression and the changes in protein levels [43]. We applied
a model developed by Baccam et al. [14] that included an
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IFNα response to describe the above data. In this model,
IFNα is induced by IAV infected cells after a time delay (τ)
and suppresses viral replication. Our calculations showed
that for values of τ≤ 1 dpi, the above model was not able to
describe all three features of RSV titre kinetics as discussed
in the previous section (electronic supplementary material,
table S2 and figures S2 and S3). However, for a larger value
(approx. 4.5 dpi) of the delay τ, which is much longer than
the delay in IFNα response observed by Blanco et al. [39],
the above model captures the three main features of the
RSV titre kinetics (electronic supplementary material, text
S1, table S2 and figures S2 and S3). For the large value of τ,
the above model becomes mechanistically similar to our
model where a large and sudden decrease in viral replication
is introduced after t > 4 dpi. Therefore, though the model
with τ≈ 4.5 dpi was able to describe the RSV titre kinetics,
the IFNα response in the model was inconsistent with the
experimental observations. We also investigated if the
innate immune response alone in an IAV infection model pro-
posed by Handel et al. [15] is able to describe the RSV
infection kinetics in the lungs of cotton rats. The model devel-
oped by Handel et al. [15] included a generic innate immune
response that suppressed viral replication and can potentially
describe IFN responses. We found that the above model with-
out any adaptive immunity described the RSV titre kinetics
well; however, the variation of the peak RSV titre Vpeak and
the peak time τpeak with increasing inoculation dose (Vinocul)
did not reproduce the trends measured by Sami et al. [18]
(figure 1) (electronic supplementary material, text S1,
table S2 and figures S2 and S3). Thus, the IFN response
alone, with experimentally observed timescales, in two differ-
ent models that contained the basic processes of RSV kinetics
was not able to describe all the features of the RSV kinetics.
Since our model with a CD8+ T-cell response alone was
able to capture the main features of the RSV titre kinetics
we chose not to account for any IFN response in our model
in order to keep the number of parameters at minimum. In
addition, maternal antibodies [9] were not detected in the
cotton rats in our experiments and thus we did not include
their effect in our model.

Recent work [25] showed that the loss of infectivity of
RSV A Long strain is better described by a non-exponential
decay (e.g. Weibull decay∝ exp(−(ct)k) where k < 1). The
modification of the rate (∼[k(ct)k−1]cV) of viral clearance
that produced a Weibull distributed non-exponential clear-
ance of RSV in our model did not produce a better fit to
the available RSV titre kinetics data in the lungs of cotton
rats compared to the linear rate of viral clearance in equation
(2.3) (electronic supplementary material, text S1, table S2 and
figure S2). Next, we investigated if the simple model in
Baccam et al. [14] with a Weibull decay in viral clearance is
able to described the RSV titre kinetics. We found that if
the parameter k in the above model is increased to large
values (k≈ 16.5), it is able to capture the three main features
of the RSV titre kinetics (electronic supplementary material,
text S1, table S2 and figures S2 and S3). However, Beauche-
min et al. [25] estimated k to be around 0.3 in their in vitro
experiments. The simple model in Baccam et al. [14] with a
large k value in the Weibull decay generates a large increase
in viral clearance after t > 4 dpi and produces a similar effect
as the CD8+ T cells response in our model. Since the relation
between the CD8+ T-cell response and parameters in the
above modification of the Baccam et al. [14] model becomes
tenuous and it is difficult to biologically justify parameter
values (e.g. k) in this model we did not pursue developing
our models along this direction any further.

2.1.3. Elimination of the infected cells by the CD8+ T-cell
response in the ODE model is necessary for generating key
features of RSV infection kinetics

An important difference between our minimal model
(equations (2.1)–(2.3)) and that in Baccam et al. [14] is the
inclusion of the CD8+ T-cell response via the –δAIA term in
equation (2.3). Here, we analyse the key role played by this
term in generating the three basic features of the RSV titre
kinetics. The detailed parameter estimation for our model is
described in the next two sections. We found that the pres-
ence of the CD8+ T-cell-induced elimination of the infected
cells is important for generating these features. In the absence
of this response (or δA = 0), the RSV titre kinetics were limited
to the region τratio≥ 1(figure 3a). Note, when δA = 0, the
resulting ODE model is the same as that used by Baccam
et al. [14] to describe influenza A infection in humans. By con-
trast, for δA≠ 0, τratio spanned a wider region (0 < τratio≤ 1 and
τratio > 1) which included the measured values of τratio and the
peak time for the RSV titre kinetics in cotton rats (figure 3a).
Furthermore, the increase of the peak RSV titre Vpeak and the
weak dependency of the peak time τpeak with increasing inocu-
lum dose (V0) was captured by our model only for δA≠ 0
(figure 3b,c). Note that the comparison in figure 3b shows a
smaller value of Vpeak at the lowest inoculation dose
(10 plaque-forming units (pfu)) than that predicted in the
model; such slower increases of Vpeak with increasing V0 at low
V0 values could arise in the model due to specific forms (e.g.
Michaelis–Menten) of dependence of the CD8+ T-cell expansion
on viral titres [37] which are not considered in our model.

2.2. Modelling kinetics of RSV infection of human
bronchial epithelial cultures grown in vitro

We modelled RSV infection kinetics in HBE cultures in vitro
with three main goals: (1) evaluate how well the ODE
model without an adaptive immune response (δA = 0) is
able to capture the in vitro kinetics. (2) Estimate parameters
in the model. Since in the in vitro experiments performed
here we measured the kinetics of both the number of infected
cells (I ) and the RSV titre (V ) at many time points and control
the inoculation dose (V0) and the number of target cells (T0),
these measurements provide well defined data to constrain
parameter estimates in the model. (3) Use the estimated par-
ameters as an initial guess for the model parameters for
fitting the ODE model to the in vivo RSV titre measurements.
The parameter estimation for the in vivo model was carried
out using nonlinear mixed effects modelling [42] which
involves optimization of cost functions in large dimensions.
Therefore, the parameter estimates are often sensitive to the
initial guesses and the allowed ranges for the parameter
values [16,30]. We will assume that the common model par-
ameters estimated in the in vitro experiments for HBE
cultures provide biologically relevant values and therefore
use these values as initial guesses for estimating parameters
for RSV infection in the cotton rat.

The HBE cells were grown in tissue culture and were
infected with a human strain of recombinant RSV expressing
green fluorescent protein (rgRSV) [8]. Each tissue culture well
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p, c and V0) in the ODE model (equations (2.1)–(2.3)) 10 000-fold across base values (electronic supplementary material, table S3). The τratio in the above cases were
evaluated at f = 10, f = 5 or f = 2. The qualitative features for the data do not depend on the specific value of f. See main text and figure 1a for the definition of f.
(b) The filled diamonds show the data obtained from Sami et al. [18]. Variation of Vpeak with Vinoc in the ODE model with (δA≠ 0; RSV model) and without (δA =
0; IAV model) the adaptive immune response. The ODE model was solved for a V0 = const. × Vinoc. The constant was evaluated by estimating V0 (table 3) by fitting
the ODE model to the RSV titre kinetics at a Vinoc = 104pfu for adult cotton rats measured by Prince et al. [12], i.e. const = 104 pfu/(2.4 × 103 pfu). Vpeak for other
Vinoc values were calculated by evaluating V0 using V0 = const. × Vinoc and then solving the ODEs by setting the rest of the parameters to the values estimated for
adult cotton rats (tables 2 and 3). (c) Variation of τpeak with V0 in the ODE model with (δA≠ 0; RSV model with parameters for adult cotton rats as shown in tables
2 and 3) and without (δA = 0; IAV model) the adaptive immune response. The measured data (filled diamonds and squares) for RSV shown in figure 1c are
provided here as reference. (Online version in colour.)
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was washed with 100 µl of medium every 24 h and the RSV
titre in the 100 µl of washed medium was measured (see
Material and methods for details). We set δA = 0 for the
RSV infection model of in vitro infection since there is no
adaptive immune response in this case. Equation (2.3) was
modified to account for the periodic removal of RSV in the
following manner. The RSV titre, V(t), was reduced by a
fixed fraction (λ) of V(t) at the times t = tr≡ {24 h, 48 h, 72 h,
96 h, and so on} when the culture was washed with the
medium. The viral kinetics for tr + Δ≤ t≤ tr + 24 h (Δ→ 0)
was evaluated by numerically solving equations (2.1)–(2.3)
with δA = 0 and initial conditions at t = tr + Δ as T(tr + Δ) =
T(tr), I(tr + Δ) = I(tr), and V(tr + Δ) =V(tr)− λ V(tr). λV(tr) and
I(tr) were fitted with their experimental counterparts over a
span of 13 dpi (figure 4). The fits to the RSV titres and the
number of infected cells averaged over two experiments are
shown in figure 4. The parameters T0, p, I0, V0 and c were
determined from the experiment and a simple analysis of
the kinetics (see Material and methods). V0 was known from
the experimental protocol. The two model parameters β and
δ were estimated using nonlinear least squares where the
sum of the squares of the difference between the values
obtained for the model simulation and in vitro measurements
corresponding to the logarithms of the viral titre and the
number of infected cells was minimized for a fixed value
of λ. The calculations were performed using the lsqcurvefit sub-
routine in MATLAB that uses the Levenberg–Marquardt
algorithm [44]. The confidence intervals (CIs) were calculated
using the nlparci subroutine in MATLAB that evaluates the CI
using a linear approximation of the sum of the square
residuals (SSR) [45] and by using the Jacobian and the SSR
outputs obtained from lsqcurvefit at the estimated parameter
values for the calculation. Next, we evaluated the minimum
value of the cost function at different values of λ (electronic
supplementary material, figure S4). The parameter values,
the CIs, and the reproductive number R0 = βpT0/(cδ) are
shown in table 1 for λ = 0.3, where the cost function was at
the minimum for all the values of λ that were considered (elec-
tronic supplementary material, figure S4). R0 provides an
estimate of the average number of new infections initiated
by a single-infected cell [46]. Fit of the model in equations
(2.1)–(2.3) at δA = 0 with different initial conditions or different
sets of fitting parameters generated marginally better fits (elec-
tronic supplementary material, table S4C) or did not improve
the fits (electronic supplementary material, table S4A).

We further investigated whether including a temporal
delay in infection of RSV by HBEs and the release of the vir-
ions by the infected cells lead to a better fit to the data
(further details in the electronic supplementary material,
text 2, table S4 and figure S5). Following the approach in
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Figure 4. Model fits for the RSV infection in vitro. Shows the kinetics of the
numbers of target cells (T ) (dashed line), infected cells (I ) (dotted line) and
the free RSV virions (V ) (solid line in black) in our ODE model describing
infection of HBE cells by rgRSV in vitro where the free RSV virions were
removed (or washed out) each day for measuring the viral titre. The data
from the experiment for V and I are shown in open black diamond and
open red square symbols, respectively. The sudden decrease at each day in
the viral titre represents the removal of the medium for the measurement.
We assumed that a fixed fraction λ of the V is removed during the measure-
ment. λ is set to 0.3 for the data shown above. The other parameters are set
to the values in table 1 in the main text. (Online version in colour.)
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Kakizoe et al. [47], we included an eclipse phase in the model,
where infected HBE cells contain the viral genome and poss-
ibly viral proteins but do not produce free virus. We
considered two situations where the time delay in virus pro-
duction due to the presence eclipse phases is distributed
exponentially or non-exponentially (Erlang distribution
[47]). Comparison of the models with the eclipse phase and
the model described in equations (2.1)–(2.3) for δA = 0 using
AICc scores showed that if the HBE cells in the model resid-
ing in the eclipse phase are assumed to generate fluorescent
proteins and hence are counted as infected cells then the
models with the eclipse phase are better suited than the
model without the eclipse phase to describe the RSV infection
kinetics in the HBEs (electronic supplementary material,
text 2, tables S4A and S4C, and figure S5). The model with
the eclipse phase with an exponential or a non-exponential
distribution of time delays described the data almost equally
well. The above results suggest that intercellular processes
related to synthesis of RSV proteins are likely to be active
in the eclipse phase but there is a delay in assembly and
budding of RSV. However, further investigations are required
to establish this result. Therefore, for the sake of parsimony
we use the simpler model in equations (2.1)–(2.3) to model
the in vivo kinetics.

2.3. Estimation of model parameters for RSV kinetics in
the lungs of cotton rats

We modelled RSV infection of target epithelial cells (T0) pre-
sent in a gram of lung tissue in cotton rats. We used the
data published in Prince et al. [12], where cotton rats of differ-
ent ages were infected with the Long strain of RSV. The
parameter estimation and their dependence on the age of
the cotton rat cohorts were carried out using nonlinear
mixed effects modelling [16,30] (details in Material and
methods section). T0 and I0 were held fixed at 1 × 107 cells
and 0 for all ages. Assuming 10% of the cells in the
large and small airways in the lung are ciliated epithelial
cells and that there are about 108 cells in 1 g of lung tissue
in cotton rats we estimated T0≈ 1 × 107 cells. The fraction of
ciliated cells is possibly larger (approx. 30%) if only the cells
in large airways are considered. When we increased T0 three
times the value quoted above, the value of β decreased
about threefold and the rest of the parameters remained the
same. Therefore, we fixed the value of T0 to 1 × 107 cells for
all the calculations here. We first considered the parameters,
ua ; fba, da,ðdAÞa, tAðaÞ, pa, ca,V0ðaÞg to be random unknown
parameters that varied with age a. The logarithms of the par-
ameters θa were assumed to vary randomly across ages with a
normal distribution with mean values μ and standard devi-
ations ω [16,42,48]. The differences between the logarithms
of viral titres measured in vivo (or v(data)) and computed in
the model (or v(model)) were assumed to follow a normal dis-
tribution with zero mean and a variance σ2. The likelihood
function LðvðdataÞ,ua; rÞ, where r ¼ fs,m,vg, was maximized
to estimate the parameter values. The distribution for parameter
p was centred around the value μp = 3.83 pfu (cell)−1 d−1 to
constrain value of p to biologically reasonable values as
changes in p were compensated by β due to the dependence
between p and ß in the model (see electronic supplementary
material, text S3 and figure S6). Additionally, δA was con-
strained to be less than or equal to 30 d−1 to maintain
biologically reasonable values. Details of the method are
described in Material and methods. The numerical calcu-
lations were performed using the software package Monolix
[42]. In order to determine the variability of the maximum-
likelihood estimate (MLE) of θa across ages we evaluated
the standard deviations ω for the parameters (electronic sup-
plementary material, table S5) which quantified the
variations of the parameters across ages. vV0 (approx. 0.76)
and vdA (2.43 × 10−8) showed the largest and the lowest
value, respectively. The standard deviations for V0 and tA
were greater than 0.01 while the rest of the parameters
were distributed with standard deviations less than 10−6.
The low variability in parameter values of β, p and c indicated
that the age-specific variations in these parameters with low
standard deviations cannot be resolved well using the avail-
able viral titre data points. Therefore, we considered β and
c as age independent but unknown population parameters
in our next parameter estimation step ( p was fixed at
3.83 pfu (cell)−1 d−1 to constrain covariations between β and
p). The estimated population parameters δ and δA were
associated with large values of 95% CIs (see Material and
methods and electronic supplementary material, table S5
for details) providing empirical evidence for the lack of iden-
tifiability [42] of δ and δA. Therefore, in order to evaluate a
reasonable range of values for δ and δA we simultaneously
varied δ and δA over a biologically feasible range, and at
each value of {δ, δA} we estimated the other parameters and
calculated the corresponding AIC value (electronic sup-
plementary material, figure S7). The AIC values indicated
that the best fit to the data occurred in the range 0 < δ < 5
d−1 and 5 d−1 < δA < 50 d−1 (electronic supplementary
material, figure S7) where the alternate models are larger
than the minimum AIC model by < 2 points. If δ assumes
similar values in vivo as estimated approximately 0.05 d−1

in vitro (table 1), then the cytolysis of RSV-infected cells will
contribute minimally in the time duration (approx. 4–5 dpi)
the viral titre reaches the peak. Therefore, we chose value
δ = 0, and set δA = 30 d−1 for estimating the rest of the



Table 1. Estimated parameter values and confidence intervals (95% CI) for the model fits (figure 4) to the data measured in vitro experiments with HBE.

T0 (no.
cells)

V0 (no.
pfu)

I0 (no.
cells) β (pfu−1 d−1) δ (d−1)

p (pfu
cell−1 d−1) c (d−1) R0 ðpbT0=cdÞ

198 000 400a 0a 1.317 × 10−5 (1.106 ×

10−5− 1.567 × 10−5)

0.0555 (0.0215 – 0.1434) 3.83a 2.3a 78.24

aValues known from experimental protocol or calculated by analysing the measured data.

Table 2. Estimated values and the 95% CIs for the age independent parameters in the in vivo model describing the RSV titre kinetics in the lungs of cotton
rats measured in Prince et al. [12].

T0 (no. cells) I0 (no. cells) ß (pfu−1 d−1) δ (d−1) p (pfu cell−1 d−1) δA (d
−1) c (d−1)

1 × 107a 0a 1.07 × 10−7 (8.27 ×

10−8− 1.38 × 10−7)

0.0a 3.83* 30.0a 2.99

(2.68–3.33)
aThe parameters are not estimated by fitting.

Table 3. Estimated age-dependent parameters V0(a) and tA(a) for the in
vivo model describing the RSV titre kinetics the lungs in cotton rats
measured in Prince et al. [12].

age (a) V0(a) (no. pfu g−1) tA(a) (day)

3 days 1.46 × 104 4.47

14 days 5.20 × 103 4.26

28 days 2.62 × 103 4.47

adult 2.40 × 103 4.68
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parameters below. The age-dependent random parameters
were chosen to be ua ; ftAðaÞ,V0ðaÞg and T0 and I0 were
fixed to the same values as in the previous estimation. The
estimated parameters and their 95% CIs are listed in tables 2
and 3. The fits to the data are shown in figure 5. Calculations
of correlations between the parameters show that except β− c
(Corr∼ 0.8) and β−V0 (Corr∼−0.54), the other pairs are
weakly (|Corr| < 0.5) correlated (electronic supplementary
material, table S6B).

The standard errors, the percentage errors, and the stan-
dard deviations (ω) for the distributions pertaining to these
parameters are shown on electronic supplementary material,
table S6. The estimates show that V0(a) varies substantially
across the age a more than any of the other age-dependent
parameters. V0(a) also shows a systematic decrease with
increasing age which could be due to the increasing size of
the lungs as the animal ages (see Discussion). The variation
of tA(a) with the age is less than a day which is smaller
than the time intervals (1 day) of the measurements. The
value of c increased slightly (i.e., from 2.3 d−1 in vitro to
2.99 d−1 [2.68–3.33] in vivo) from its value estimated in vitro.
This small increase could appear surprising as the virus in
the lung can additionally be cleared by phagocytic cells as
well as by the mucociliary escalator. However, the in vitro
system (HBE cells in medium) considered here might not rep-
resent the in vivo system (cells in the microenvironment in the
lungs of cotton rats) because the in vitro system is devoid of
the above additional host-mediated clearance mechanisms.
The decrease in the value of β for the in vivo model compared
to the in vitro model is mainly due to the change in the unit
from the in vitro to the in vivo estimate (electronic supplemen-
tary material, text S4), and the estimated value of δ or its
value for the in vitro estimate is too small to have an appreci-
able effect on the RSV titre kinetics for the duration of the
infection. Thus, the decay in the RSV titre kinetics in vivo
appears to be mainly controlled by the introduction of the
CD8+ T-cell response (non-zero δA) to the in vitro model.

2.4. Test of model predictions: CD8+ T-cell response
induces faster decline in RSV kinetics

Wedecreased the value of δA in the best-fit model developed in
the last section to predict the changes in the RSV titre kinetics
when theCD8+ T-cell response is suppressed.Ourmodel simu-
lations showed that reducing δA resulted in slower decay of the
viral titre after the titre peak (Vpeak) is reached (figures 6 and 7).
However, the kinetics before attaining the peak titre remained
the same (figures 6 and 7). We tested this prediction by
comparing RSV titre kinetics measured in the lungs of the
wild-type and the CD8+ T-cell depleted geriatric (aged over
nine months; figure 6) or adult cotton rats (figure 7). We pro-
vide further details below regarding the experiments and the
modelling that was performed. Cotton rats at different ages,
namely, neonates, adult and geriatric (over nine months),
were inoculated intranasally with 105 TCID50 of strain RSV-
A2. Homogenates from the nose and lung were titrated at
various days after infection. The nonlinear mixed effects
model developed for estimating parameters in the previous
section was applied to the lung RSV titres (electronic sup-
plementary material, figure S8). The estimated parameters
are listed in electronic supplementary material, tables S7–S9.
The estimation of the parameters δ and δA encountered similar
issues with identifiability as that we faced for fitting the data in
Prince et al. [12]. We performed a similar analysis by varying δ
and δA (electronic supplementary material, figure S7) and
choose fixed values of δ and δA at δ = 0 and δA = 30 d−1. Most
of the parameter values estimated were of the same order of
magnitude as those estimated for the data in Prince et al. [12].
The main differences in the estimated parameters for the
Prince et al. [12] data and our dataset was in V0(a) which
was smaller than that estimated in the previous section.
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Figure 5. Model fits for the RSV titre kinetics in the lungs of cotton rats. The model fits to the data obtained from Prince et al. [12] are shown for the RSV titre
kinetics in the lungs of the cotton rats where the animal cohorts of age (a) 3 days, (b) 14 days, (c) 28 days and (d ) six to eight weeks (adults) were infected with
the Long strain of RSV. The estimated parameter values are shown in tables 2 and 3. The dashed horizontal line shows the level of detection.
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The correlations between the estimated parameters are shown
in electronic supplementarymaterial, table S8C. The values of β
and cwere slightly higher than their counterparts estimated in
the previous section. The parameters, V0, tA and c, showed
larger age-dependent variations compared to the other par-
ameters; the values are listed in electronic supplementary
material, table S8B.

These predictions were compared against RSV titre kinetics
measured over 9 days in lungs of CD8+ T-cell depleted geriatric
(figure 6) and adult (figure 7) cotton rats (see Material and
methods for details). The δA values in the best-fit models for
the adult and the geriatric cotton rats were reduced about five-
fold and threefold, respectively, to generate predictions for RSV
titre kinetics in those animals. The model predictions were in
excellent agreement with the experiments (figures 6 and 7).

The model prediction was also tested in cotton rats
injected with the drug cyclophosphamide, a drug that sup-
presses the adaptive immune response by inhibiting cell
proliferation. The effect of cyclophosphamide was modelled
by decreasing δA 10-fold. The RSV titre kinetics in the lungs
of cyclophosphamide injected adult cotton rats agreed well
with the model prediction (figure 7), where the RSV titre kin-
etics in the cyclophosphamide-treated cotton rats did not
change appreciably from that of the control during the
early stages (less than 4 dpi) of the infection but increased
substantially at later days (more than 4 dpi). The RSV titres
measured in the nose of CD8+ T-cell depleted or cyclopho-
sphamide-treated cotton rats agreed qualitatively with the
model predictions as well (electronic supplementary material,
figures S9 and S10).

3. Discussion
We developed a simple ODE model to describe RSV titre kin-
etics in the lungs of cotton rats. The model described several
unique features of RSV titre kinetics, estimated key parameters
pertaining to RSV infection, and demonstrated the importance
of the CD8+ T-cell response in the decline of the RSV titre in the
lungs of cotton rats. The ODE model generated quantitative
predictions regarding the RSV titre kinetics in CD8+ T-cell
depleted or immune-suppressed cotton rats that were in excel-
lent agreement with experiments. Previous modelling efforts
described RSV titre kinetics using ODEs in vitro [25,26], in fer-
rets [28] and in human subjects [27]. These models did not
investigate the role of the adaptive immune response in regu-
lating the RSV infection kinetics. Therefore, the minimal
model developed here provides an experimentally validated
simple mathematical model with predictive power for investi-
gating RSV titre kinetics in the presence of an adaptive immune
response in cotton rats.

RSV infection induces cytokine responses (e.g. type I IFN)
which suppress RSV replication in cotton rats [39] as well as
in humans [9]. We analysed the influence of IFNα on RSV
replication by fitting several models [14,15] that were devel-
oped to describe suppression of influenza A infection by
IFNα to the RSV titre kinetic data. However, comparisons
of the AIC values (electronic supplementary material, table
S2) and analysis of the necessary features of RSV infection
(electronic supplementary material, figure S3) showed that
our minimal model with the CD8+ T-cell response better
described all the features of RSV titre kinetics in the lungs
compared to the other models with realistic values of par-
ameters. The above comparison and the higher RSV titres
in CD8+ T-cell depleted cotton rats demonstrate that IFNα
response alone is not sufficient to explain the RSV infection
dynamics in the lungs of the cotton rats.

The ODE model developed for RSV titre kinetics in vivo
was modified to describe RSV titre kinetics in vitro where
HBE cells were infected with a human strain of recombinant
RSV expressing green fluorescent protein (rgRSV). The model
incorporated specific steps following the in vitro experiments
where RSV virions were washed from the culture wells every
24 h and measured (details in Material and methods section).
We estimated model parameters for the RSV kinetics by
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4 days) of infection, however, it increases the RSV titre at later days (greater
than 4 days). This model prediction was tested by measuring RSV titre kinetics
in the lungs of the CD8+ T-cell non-depleted and CD8+ T-cell depleted geriatric
(age∼ 270+ days) cotton rats. As predicted by the model, the RSV titres in the
CD8+ T-cell depleted cotton rats do not change appreciably from their counter-
part in the CD8+ T-cell non-depleted at 3 and 4 dpi, however, at later stages of
infection (5 and 6 dpi), the RSV titres in the lungs of the immunosuppressed
cotton rats are substantially larger than that in the CD8T cell non-depleted
cotton rat. (Online version in colour.)
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(age∼ 270+ days) cotton rats. In cyclophosphamide-treated cotton rats,
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alone by approximately fivefold and cyclophosphamide treatment was mod-
elled by reducing δA alone by 10-fold. The varying effects only take place
approximately after 5 days. Similar to figure 7, the model prediction is in
excellent agreement with the measurements. (Online version in colour.)
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fitting the model with the measured values of RSV titres in
the supernatant and the counts of infected cells. The estimate
of the reproductive number [46] R0 in vitro is approximately
80 suggesting a high infection capability of RSV (i.e.
approx. 80 new infections initiated on average by a single-
infected cell during its lifetime). The estimated replication
rate in vitro is high, (approx. 3 pfu per day per infected
cell), and the average timescale for HBE cell death due to
RSV infection is more than 10 days, which indicates that
RSV infection is not readily cytopathic. The low rate of
infected cell death and large RSV replication rate contributed
towards the large value of R0 in vitro. The fit of the in vitro
data (electronic supplementary material, figure S5) to a
model with eclipse phase indicated that there could be a
time delay between the infection of the host cells by RSV
and the production of the free virions by infection cells,
and, the intercellular processes related to synthesis of RSV
proteins are likely to be active within the host cells residing
in the eclipse phase. Models including the eclipse phase
[26] have been used previously to describe RSV infection kin-
etics in vitro, however, those modelling studies did not fit the
kinetics of infected cell populations as we report here.

The parameter estimates for the in vivo data were much
less constrained compared to that for the in vitro data as the
RSV titres alone were measured in vivo. We used nonlinear
mixed effects modelling [16,30] to estimate the model par-
ameters, as well as their dependences on the age of the
RSV-infected cotton rats. The values of the parameters δ
and c that generated best model fits to the RSV titre kinetics
measured in Prince et al. [12] were similar to that estimated
for the in vitro measurements. The value of δ, the rate of
infected cell death due to RSV infection alone, were less than
0.1/day both in vitro and in vivo demonstrating that cell apop-
tosis by RSV infection is not a major factor in eliminating
infected cells during the course (greater than 10 days) of the
infection. Estimation of the parameter δA (approx. 30 d–1)
showed that CD8+ T cells eliminated the infected cells at a
high rate where the number of infected cells decreased by a
log in 0.1 days after the CD8+ T cells was induced. Accurate
estimations of δ and δA were not possible as these parameters
turned out to be poorly identifiable. Measurement of the kin-
etics of infected cells could help to better estimate these
parameters. The age dependency of the RSV titre kinetics in
the lung appeared to be predominately captured by the sys-
tematic decrease of V0 with increasing age. Since the size of
the lung increases as cotton rats age, the amount of inoculum
initiating infection in a fixed volume of lung (or V0) decreases
with increasing age. This could underlie the age-dependent
behaviour of V0 we found in our parameter estimation.

The values of model parameters appeared to depend on
the strain of RSV used for infecting the cotton rats. Prince
et al. [12] used the Long strain of RSV, whereas our exper-
iments used the RSV-A2 strain. Some of the estimated
parameters (ß and c) for the RSV titres measured in our exper-
iments were slightly higher compared with those estimated
for the data in Prince et al. [12]. Similar values of the par-
ameters δ and δA produced the best fits to the model in
both the experiments. However, V0 shows a decrease with
increasing age for the infection with the Long strain of RSV,
whereas this systematic decrease is absent in the infection
with the RSV-A2 strain, and the values of V0 were larger
for the Long strain (electronic supplementary material,
tables S7–S9). Thus, the values of some of the model par-
ameters appear to depend on the specific strain used
in infecting the cotton rats, however, the mechanisms
underlying this dependence remain unclear at this point.

Several RSV titre mean trajectories in the nose and trachea
of cotton rats contained more than one peak [12]. However, it
is difficult to assess if the RSV titre in the same animal
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showed multiple peaks over time because the animals were
sacrificed at each measurement. Given the small sample size
of the animal cohort (three cotton rats per cohort) the presence
of the multiple peaks in the geometric average of the RSV titre
could be attributed to animal-to-animal variation of the RSV
titre. However, if the multiple peaks in the geometric average
of theRSV titre are representative of the actual RSV titre kinetics
in an individual cotton rat, such behaviour can arise due to the
interplay between induction of IFNs by RSV and the sup-
pression of viral replication by the IFNs. Baccam et al. [14]
showed a time delay in the induction of IFNα and the suppres-
sion of the viral replication by IFNα could produce multiple
peaks in IAV titre kinetics. This is because the IFNs decrease
viral load by suppressing viral replication, however, lowering
the viral load also decreases the induction of IFNs thereby
increasing viral replication, thus, the viral titre decreases after
the first peak and then increases again to generate a second
peak. Similar mechanisms can be included in the simple
model to describe potential multiple peaks in the RSV titre
as well.

The approach carried out here combining simple mechan-
istic modelling and measurements of RSV titres shows the
usefulness of simple mathematical models in deciphering
mechanisms that underlie RSV production kinetics in
cotton rats. The RSV disease in children can be caused by the
tissue damage generated by a dysregulated host immune
response to the RSV infection where the severity of the
disease is associatedwith the intensity of the pro-inflammatory
response [49]. Though the virus initiates the host-response the
relationship between the viral load and the dysregulated
immune response is not well understood [50]. Vaccine candi-
dates aim to deal with both the RSV viral load and the
inflammatory response. Extending the simple model devel-
oped here to describe the associated inflammatory response
could be an attractive future direction. Recent experiments
measuring a wide variety of inflammation markers in animal
models [51] and human subjects [52] could provide useful
datasets for this exercise. Viral kinetic models ranging from a
simple mechanistic model such as the one considered here
to complex multiscale models that are extensions of these
simple models have been widely successful for viral infections
such as HIV, HCV and influenza in understanding basic mech-
anisms of viral infections as well as designing therapies
pertaining to antiviral drugs and vaccine candidates [53]. A
recent study [54] provides such an example where a simple
RSV kinetic model was combined with pharmacokinetic and
pharmacodynamics models to describe the effects of a nucleo-
side viral replication inhibitor drug.We hope the simplemodel
studied here will play a similar role for RSV infection.
4. Material and methods
4.1. Experiments
4.1.1. Preparation of HBE cultures

4.1.1.1. HBE cell recovery and culture
The nasal respiratory epithelium was sampled using a
cytology brush and the cells were recovered as previously reported
[55]. Mucus was removed through treatment with 14.3 µM 2-mer-
captoethanol and cells were cultured using the mCRC method
[55]. At passage 1, all cells in the culture were basal cells. Basal
cells were plated onto collagen-coated 0.33 cm2 transwell mem-
branes at 2 × 104 cells per membrane as previously described [55].
At confluence, the medium was changed to PneumaCult-ALI
Base Medium containing the 10X supplement, the 100X sup-
plement, heparin, and hydrocortisone (Stem Cell Technologies,
Vancouver, BC, Canada).

4.1.1.2. Inoculation of HBE cultures with RSV, imaging

and virus yield
On differentiation day 21, HBE cultures werewashed with DMEM
to remove mucous and inoculated with 400 pfu of recombinant
green fluorescent protein (GFP) expressing RSV strain A2
(rgRSV224) [56] in 50 µl of DMEM for 4 h at 37°C. Each day
post-infection wells were imaged to quantify GFP fluorescence.
Fluorescence was quantified with the MIPAR program (MIPAR
ImageAnalysis;Worthington,OH) bymultiplying themean inten-
sity fluorescence by the surface area fraction of fluorescence. A
separate set ofwellswerewashedwith 100 µl of DMEMcontaining
10% FBS, and the wash was snap frozen on dry ice and stored at −
80°C for later quantification. The number of infectious viruses in
each wash was quantified by serial dilution titration on HEp-2
cells in 96-well plates and counting the green fluorescent foci at
24 h post-inoculation.

4.1.2. In vivo measurements

4.1.2.1. Animals
Inbred cotton rats (Sigmodon hispidus) were obtained from Envigo,
Inc. (Indianapolis, IN) and housed in standard polycarbonate
cages in a barrier system, or obtained from an in house breeding
colony. Corncob bedding (Cincinnati Labs Supply) was used for
all experimental animals. Environmental conditions were constant
at 22 ± 2°C, 30–70% relative humidity, and 12 L : 12 D cycle. Cotton
rats of both sexes between day 3 days and 11 months of age were
used. Euthanasia was performed via CO2 inhalation. Cotton rats
were purchased specific pathogen-free andmaintained in colonies
free of endo- and ectoparasites, mouse parvovirus 1 and 2, minute
virus of mice, mouse hepatitis virus, murine norovirus, Theiler
murine encephalomyelitis virus, mouse rotavirus, Sendai virus,
pneumonia virus of mice, reovirus, Mycoplasma pulmonis,
lymphocytic choriomenginitis virus, mouse adenovirus and ectro-
melia virus according to quarterly health monitoring of sentinel
(CD1) mice exposed to 100% pooled dirty bedding from colony
animals at each cage change.

4.1.2.2. Infection
Cotton rats were anaesthetized via isoflurane inhalation before
being inoculated intranasally with virus diluted in PBS to a
final inoculation volume of 100 µl (10 µl for neonates).

4.1.2.3. Virus
Stocks of RSV A/2 were grown in HEp-2 cells in MEM/2% fetal
bovine serum. When infection reached a cytopathic effect of
approximately 80%, cells were scraped from the flask in the
growth media. The cells were briefly frozen at −80°C, thawed,
and centrifuged at 3000 r.p.m. for 15 min at 4°C to remove all
large cellular debris. The supernatant was collected and placed
on top of 15 ml of a 35% sucrose cushion and centrifuged at
15 000 r.p.m. in a Sorval SS 34 rotor for 5 h at 4°C to pellet the
virus. Virus pellets were re-suspended in MEM/10% trehalose,
and TCID50 was determined by titration on Hep-2 cells [57]. Each
virus stock was aliquoted and frozen in liquid nitrogen. Aliquots
were thawed immediately prior to use and were only used once
to prevent loss of titre due to repeated cycles of freeze–thaw.

4.1.2.4. CD8+ T-cell depletion
Cotton rats were inoculated on day −1, 1 and 3 after infection with
0.5 mgof a cotton rat CD8 alpha specificmonoclonal antibody [58].



royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

16:20190389

12
4.1.2.5. Cyclophosphamide treatment
Cotton rats were injected with 150 mg kg−1 cyclophosphamide
(Sigma-Aldrich) intraperitoneally on day −4, day −2 and day 0
of infection.

4.1.2.6. Statistical analysis
Data are represented as means ± s.d. Statistical significance was
determined by multiple t-tests using the Holm–Sidak method,
with alpha = 0.05, and each cell type was analysed individually,
without assuming a consistent s.d. Data were analysed using
Prism version 7.00 for Windows (GraphPad Software, La Jolla,
CA, USA).

4.2. In silico modelling
4.2.1. In vitro estimates of T0, V0, I0, p and c
T0 was by calculated by assuming that about 30% of the total
number of epithelial cells in the culture is ciliated. The total
number of cells in the surface of the well was estimated to be
about 660 000 cells by counting the number of cells in a cross-
section, then estimating the diameter of a single epithelial cell
by assuming a cell to be a sphere, and finally calculating the
number of cells that can be present on the surface of the culture.
The number of infected cells was calculated in experiments using
the proportion of the fluorescent target cells. Note the number of
T0 can vary depending on the human donors and the fraction of
the cililated cells in the HBEs can also vary between 30 and 80%.
We carried out an alternate case of parameter estimation where
we assumed 70% of the cells are ciliated (electronic supplemen-
tary material, table S4D). The parameter values in electronic
supplementary material, table S4D when used as initial con-
ditions did not change the estimations for the in vivo data. The
parameter c was determined from the measurement of the
decay of RSV in vitro [59]. We fitted an exponential decay (∝
exp(−ct)) to the data (fig. 3 in [59]) showing the decay of surviving
fraction of Long RSV strain at between 0 and 2.0 days at 37°C in
[59]. The linear fit estimated c as 2.3 d−1. We assumed this value
of c to hold for the rgRSV strain in our in vitro experiments. The
parameter p was determined by assuming that the viral titre
and the infected cell kinetics reach the steady state beyond
8 dpi, i.e. dI/dt = dV/dt = 0. Thus, at the steady state, pISS = cVSS

or p = cVSS/ISS, where, ISS and VSS are the steady values of I
and V, respectively. ISS is measured in the experiments (figure 4)
and VSS is related to the measured viral titre (VSS

(measured)) as
VSS =VSS

(measured)/λ, where λV is the amount of RSV titre removed
from the culture to estimate the number of RSV virions (see main
text for details). We estimated p ( = cVSS

(measured)/(λ ISS)) to be equal
to 3.83 pfu cell−1 d−1 using λ = 0.3. V0 (=400 pfu) and I0 (=0) were
known from the experimental protocol.

4.2.2. Extraction of data from published literature
We used a software tool GraphClick (http://www.arizona-
software.ch/graphclick/) to extract data from Prince et al.
[12] (fig. 1 and 3 in their manuscript), Sami et al. [18] (fig. 1
in their manuscript) and Ottolini et al. [31] (fig. 3 in their manu-
script). The extracted data are made available to the readers in
an excel file provided with the manuscript. We also used
GraphClick to extract data from fig. 3 of [59].

4.2.3. Nonlinear mixed effects modelling of RSV titre kinetics in
cotton rats of different ages

The temporal profiles of RSV titres measured in the lungs of the
cotton rats showed differences with respect to age (figure 5).
Therefore, we modelled the RSV infection kinetics in cotton
rats with parameter values that depended on the age (a in
{3 days, 14 days, 28 days, Adult}) of the animal. We employed
a nonlinear mixed effects approach that models age-specific par-
ameters as random effects. For each time point t in (1, 2, 3, 4, 5, 6
and 7) dpi and for each age a, we computed the logarithm of the
geometric mean RSV titre (denoted log10 V

(data)(t, a)) at a particu-
lar time t, where the geometric mean was taken over three cotton
rats in an animal cohort of age a. The parameters of the nonlinear
mixed effects model were estimated by maximum likelihood
(ML), which (provided that there is a unique maximum) finds
the set of parameter values that makes the RSV titre log10-
[V(data)(t, a)] most probable. Given the age-specific random
effects parameters, ua ¼ fba,da,ðdAÞa,tAðaÞ,pa,ca,V0ðaÞg and the
fixed parameters (T0 and I0), V(model)(t, θa) was obtained by
numerically solving the ODEs in equations (2.1)–(2.3).
For brevity, we will denote log10[V

(data)(t, a)] and
log10[V

(model)(t, θa)] as v(data)(t,a) and v(model)(t, θa), so that the
nonlinear mixed effects model is more succinctly expressed by:
vðdataÞðt,aÞ ¼ vðmodelÞðt,uaÞ þ h1. Here, the residual error (denoted
hε) may depend on fixed parameters (or measured covariates)
through the function h, whereas, ε is distributed as a normal dis-
tribution ð� ð1; 0,sÞ ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffi
2ps2

p
expð�12=ð2s2ÞÞÞ of zero mean

and an unknown variance σ. We assume that ε(t) is independent
of age and h = 1. We also fixed σ to the standard deviation in the
dataset σ(data) = 1/(# of timepoints × # of age groups × # of ani-
mals in the animal cohort)∑{t,a,α} (v

(data)
(α) (t,a)− v(data) (t,a))2≈ 0.5,

where v(data)(α) (t,a) denotes the log of the RSV titre measured at
time t in a cotton rat (indexed by α) that belong in the animal
cohort of age a. For our dataset for inoculation with RSV-A2
strain σ(data) = 0.244. θais given by the sum of two components:
unknown but fixed (i.e. age independent) parameters μ, and
random parameters ηa that depend on the age a, i.e. θa = μ + ηa.
The random vector ηa is assumed to be independent and
identically distributed (iid) following a specified probability dis-
tribution function (e.g. normal distribution with zero mean and
an unknown variance ω). The joint probability distribution func-
tion is given by PrðvðdataÞ,ua; rÞ, where, ρ = {σ, μ, ω}, is the
likelihood function:

LðvðdataÞ,ua; rÞ/ PrðvðdataÞ,ua; rÞ
/

Y

t,a

N½vðdataÞðt,aÞ � vðmodelÞðua,tÞ; 0,sðdataÞ�:

The likelihood function LðvðdataÞ,ua; rÞ is maximized to evalu-
ate the maximum-likelihood estimates (MLE) of the unknown
fixed parameters, namely μ, and the variances of the ω of the
random parameters.

The probability distribution for each age-specific para-
meter vector θa is estimated from the conditional probability
distribution, PrðuajvðdataÞ; r̂Þ, where r̂ is the ML estimate of ρ.
Computing the ML estimates of the model parameters involves
optimization of high-dimensional cost functions. The landscape
of the cost function for nonlinear models is typically multimodal,
containing more than one local maximum. As such, parameter
estimates are often dependent on the initial guesses for the par-
ameter values, which are then used to seed the search. In order
to get a sense of the range and the initial guess for the model par-
ameters we first fitted the model for measurements in an in vitro
experiment where both the RSV load and number of infected
cells can be measured at many time points and the inoculation
dose and the number of target cells can be clearly controlled.

The in vivo estimations were carried out using the in vitro
estimates of the common parameters (table 1) as initial con-
ditions to a simulated annealing algorithm in Monolix, with
initial guesses of tA = 4.5 days and δA = 25 day−1 A−1. In order
to set δA < 30 d−1 A−1, Monolix requires to estimate a value
(δA)actual = 30 – (δA)estimated. The simulated annealing algorithm
is designed to converge to the neighbourhood of the global
maximum of the likelihood. The parameter outputs from
the simulated annealing simulations were used (after 2000

http://www.arizona-software.ch/graphclick/
http://www.arizona-software.ch/graphclick/
http://www.arizona-software.ch/graphclick/
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exploratory steps) as initial guesses for a Nelder–Mead simplex
algorithm in Monolix to converge to the local maximum from
the neighbourhood provided by the simulated annealing. The
unit of β was changed for the in vivo models following the for-
mula derived in the electronic supplementary material, text S4.
In the Monolix software package, we used no variability for
fixed parameters, with five burn-in iterations, 2000 exploration
iterations, 200 smoothing iterations (no auto-stop permitted)
and the simulated annealing option defined as previously
stated. The parameter values do not dependent appreciably on
the specific value of the large number (greater than 2000) of iter-
ations that was performed (electronic supplementary material,
figure S11). All Monolix project files used can be found in the
data available to the readers.
J.R.Soc.Interface
16:201
4.2.3.1. Calculation of the confidence intervals
For a specific population parameter θpop, the 95% CIs are given
by [42]

CI95%ðupopÞ ¼ ½expðlnðûpopÞ � 1:96� r:s:eÞ, expðlnðûpopÞ þ 1:96� r:s:eÞ�

where r:s:e ¼ s:e:=ûpop and s.e. ≡ standard error.
The standard errors are calculated from the inverse of the
Fisher Information Matrix estimated within the software package
Monolix (2018R1) [42].
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