






having a similar or even a lower viral production rate than default
cells if the ratio of default to secondary cells is adjusted according
to equations (2). The specific conditions for parameters that lead to
sustained viral titer are discussed further below.

Conditions for infection
Figure 1 suggests that the two target cell model leads to high,

sustained, viral titers over a certain region of the parameter space.
In order to better understand the relationship that needs to exist
between the secondary cell population’s susceptibility to infection
and viral production rate to give rise to a severe, long-lasting
infection, it is useful to consider a linear stability analysis of the
two target cell model. For all parameter values, the equations have
a line of fixed points, corresponding to a stable, uninfected
cell population persisting in the absence of infection, namely
(T � ,E� ,I � ,V � )~ (Teq,0,0,0), where Teq~ Teq,dz Teq,s. Within
each the default and secondary cell types, this equilibrium value
is less than or equal to the initial cell population, i.e.,
Teq,d† (1{ rT )T0 and Teq,s† rT T0. Therefore, the stability of a
fixed point is guaranteed by the conditionRsz Rdv 1, where

Rd~
bp(1{ rT )T0

dc
Rs~

(rbb)(rpp)(rT T0)
dc

:

Thus, whenRsz Rdv 1, an initial quantity of virus does not lead
to a substantial infection of the cell population, and growth of the
virus is suppressed. For a single target cell population, i.e.,rT ~ 0
or rT ~ 1, the stability conditions areRdv 1 or Rsv 1,
respectively.

The three quantities,Rs, Rd and their sum, are analogous to the
basic reproductive numberR0, a frequently used quantity in
epidemiology and in-host infection dynamics, which is defined as

the average number of second-generation infections produced by a
single infected cell within a homogeneous population of completely
susceptible cells [47,48]. Although this description ofRd and
Rs may be valid in the case of a homogeneous cell population,
the interpretation for a heterogeneous population is less
straightforward.

For the parameter values presented in Table 1, the quantityRd

is always greater than one whenrT v 0:918, resulting in growth of
the viral titer. This results from the choice of default parameter
values, which were taken from an infection whereR0w 1. When
rT w 0:918, regions arise within the parameter space where
Rsz Rdv 1; that is, the initial viral titer fails to lead to an
infection. We also see a region where the individual quantitiesRd

and Rs are both less than one, but the sum of these quantities is
greater than one. This implies that the infection grows slowly, and
although not explicitly accounted for in our model, the host
immune response would likely intervene before the viral titer
reached symptomatic levels. These cases are illustrated in Figure 2.

In order to narrow our focus to biologically relevant regions of
the parameter space, we will restrict our analysis to the case where
rT v 0:918. The quantityRs~ 1 will be seen to form a boundary in
the parameter space which establishes a region leading to high
viral loads which are sustained for long periods of time.

Implications for disease severity
Beyond simply mapping the infection kinetics through the

parameter space, it is important to understand the implication of a
given viral titer curve on the severity of infection for a patient. To
this end, we introduce three approximate measures of viral
infection severity: time of viral load peak, approximate duration of
symptomatic infection, and total amount of virus. Each measure
has its advantages and limitations, but together they provide a

Figure 2. Time of viral load peak when the cell population is mostly composed of secondary cells. Different graphs represent different
proportion of secondary target cells,rT , for values ranging from0:91–0:94. Each graph explores the effect of varying the secondary cells’
susceptibility to infection (rb) and their rate of virus production (rp) relative to that of the default cell type. All other parameters are held fixed at the
values presented in Table 1. The stability conditionRs~ 1 (black line) is indicated. Grey regions indicate regions where the infection fails to spread to
either cell population (Rsz Rd† 1). Time of viral titer peak is given in days post-infection (see legend on right side of graphs).
doi:10.1371/journal.pone.0013811.g002
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better understanding of the infection dynamics in terms of how it
may be experienced by a patient. Other possible measures of
disease severity which may be more difficult to estimate clinically
are presented in Appendix S1.

In order to focus on the specific parameter region which results
in severe, long-lasting infections characterized by high-level,
sustained viral loads, we restrict our analysis to the region of the
parameter space bounded by rb, the relative susceptibility of
secondary cells to infection, from 10{6 to 100, and rp, the relative
viral production rate by secondary cells, from 100 to 106.

Time of viral titer peak. A useful measure of disease
severity is the time at which the viral load reaches its maximum
value. This is an important measure because, as seen in [28], when
treatment with a neuraminidase inhibitor such as oseltamivir is
applied after viral titer peak, it has little effect on disease severity
and duration. Thus, the time of viral titer peak provides an
estimate of the time window available for effective treatment. In
general, an early viral titer peak means that both external
treatment or host immunity has little opportunity to act to reduce
disease morbidity. The dependence of the time of viral titer peak
on the secondary cells’ infection characteristics are shown in
Figure 3(a).

As the secondary cells’ susceptibility to infection (rb) and their
viral productivity (rp) decrease, the viral titer peaks progressively
later, going from 1 dpi to as late as 16 dpi. In the region where
Rs*1, the late peak of viral titer is due to the slow consumption of
the secondary cells. This late viral titer peak means that even
relatively late treatment with antivirals could have a noticeable,
beneficial effect in reducing disease morbidity and perhaps
avoiding mortality in such infections. We will return to this below
when we simulate treatment of these infections with neuramini-
dase inhibitors and adamantanes.

Symptomatic infection duration. Though our model
predicts that viral titer can peak significantly later for certain
parameter regimes, this does not necessarily imply a sustained,
severe infection. For example, it is important to distinguish
between a small, slow growing infection, and one which grows
rapidly and is maintained over a long period of time, with a late
viral titer peak. While the former would likely be cleared effectively
by an immune response before it has the chance to fully develop,
the latter might already be too severe by the time the immune
response gets underway, resulting in a severe infection rendered
more morbid by the extensive immune response triggered by the
high and long-lasting viral titer. Thus, we establish another
measure of infection severity, which we define as the duration of
the symptomatic infection. The dynamical markers for disease
severity are not well known, but based on patient symptom scores,
the onset of symptoms in a human-derived influenza infection
appears to take place sometime between 1–2 dpi, and to dissipate
around 5–6 dpi [49,50]. On the viral titer curves for human-
derived strain infection, these two time points correspond
approximately to places where the viral titer curve crosses 104

TCID50/mL (see Figure 1(a)). Thus, we set this viral titer as the
threshold level corresponding approximately to that required for a
symptomatic infection. Following this convention, we define the
duration of the symptomatic infection to be the length of time for
which the viral titer remains above the symptomatic threshold.
This is shown in Figure 3(b).

We find that the region corresponding to a late peak of the viral
load in Figure 3(a) also corresponds to a viral load sustained above
the symptomatic threshold long after the onset of infection. The
viral titer surpasses the symptomatic threshold at approximately 2
dpi, as we can see in Figure 1(b). We can therefore exclude the
possibility that the late peak of the viral titer results from the slow

and steady growth of the viral titer. Rather, the late peak is the
result of sustained viral titer at high levels. This behaviour can be
explained by considering the infection of the two populations
separately. After the default cell population is completely
consumed by the infection, approximately 3 dpi, an essentially
homogeneous population of secondary cells remains. The quantity
Rs is then analogous to the basic reproductive number for the
secondary cell population. Thus, when Rs is slightly greater than
one, growth of viral titer occurs slowly, and the viral titer is
sustained at the high levels produced during infection of the
default cell population, as illustrated in Figure 1(b). This also has
implications for treatment strategies. While a long lasting
treatment regimen usually makes little sense for treating seasonal
influenza infections, it would be beneficial if not necessary for
controlling a longer-lasting infection characterized by sustained
viral production.

Total virus produced. In assessing infection severity, it is
also helpful to consider the total amount of virus produced over
the course of the infection. Severe influenza viral infections are
characterized by high viral loads [51], which does not necessarily
follow from a delayed peak of the viral titer or a long symptomatic
infection. The total amount of virus produced during the course of
infection was determined using

Vtotal~

ð?

0
(pIdzrppIs) dt:

The results within the parameter space are shown in Figure 3(c).
When Rsv 1, the total amount of virus produced is independent of
rb and rp as the viral titer does not grow to sufficient levels to
establish an infection within the secondary cell population. When
Rsw 1, there are sufficiently large rates of virus production and
target cell infectivity for the infection to spread within the
secondary cell population. Figure 3(c) illustrates that when Rsw 1,
the amount of virus produced is predominantly dependent on the
scaling factor for the rate of virus production, rp. When rp is large,
a significant amount of viral titer is produced and a large number
of cells from both populations are consumed, regardless of the
secondary cells’ susceptibility to infection. However, as rp

decreases, the quantity Rs approaches one, and the presence of
long-lasting infection becomes increasingly sensitive to variations
of either rp or rb.

This feature is particularly interesting when framed within the
context of anti-influenza drug treatment. For infection character-
ized by Rsw 1, depending on the value of rp and rb, i.e. where you
are in the parameter space, it is sometimes preferable to treat with
an antiviral targeting the secondary cells’ susceptibility to infection,
rb, such as an adamantane so as to move downwards in the
parameter space to most easily reach Rsv 1. In other cases, it is
more beneficial for an equivalent drug efficacy to treat with an
antiviral targeting the secondary cells’ viral production rate, rp,
such as a neuraminidase inhibitor so as to move leftwards in the
parameter space to most easily reach Rsv 1.

Note that the plot for total virus produced as a function of rb

and rp is identical in feature to that of another important measure:
the total amount of free virus which is defined as the area under
the curve (AUC) of free virus (V ) over time (t). The total amount of
free virus is important as it is related to the epidemiological (host-
to-host) transmission fitness of a particular strain [30].

Fits of the model to experimental data
We have seen that the two target cell model is capable of

producing high, sustained, viral titers. To determine whether these
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sustained viral titers are representative of the dynamics observed
for severe influenza infections in vivo, and to compare our two
target cell model’s performance to that of the single target cell
model, we fitted both models to measurements of influenza
infections in mice [52] and humans [7].

From here on, we will refer to the two target cell populations as
those predominantly expressing SAa2,6 Gal or SAa2,3 Gal surface
receptors rather than as ‘‘default’’ and ‘‘secondary’’ cells.
Accordingly, we replace parametersb, p, rbb, and rpp, with
parametersb2,6 and p2,6, the infection and production rates
associated with cells predominantly expressing SAa2,6 Gal
receptors on their surface, andb2,3 and p2,3, the infection and
production rates associated with cells predominantly expressing
SAa2,3 Gal receptors on their surface, which are easier to
interpret in terms of what they represent biologically.

Influenza infection in mice. In the first data set, BALB/c
mice were infected intranasally with 102 pfu of A/Texas/36/91
(H1N1), A/1918 (H1N1), A/Thailand/SP/83/2004 (H5N1), or
A/Thailand/16/2004 (H5N1) influenza virus. Lungs from 3 mice
were harvested and homogenized at 1, 3, 4, 5, and 7 dpi. Virus
titers were determined by plaque assay in MDCK cells. Although
two of the strains are avian-derived and the other two are human-
derived, all four strains produced infections with high, sustained,
viral titers. This is surprising given that mice lung cells
predominantly express SAa2,3 Gal receptors on their surface

[25–27] and as such one would expect that strains which prefer
SAa2,3 Gal receptors (e.g., H5N1) would replicate more effectively
in mice than those which prefer SAa2,6 Gal receptors (e.g.,
H1N1).

Figure 4 shows our model fits to influenza infections in mice,
with the solid line indicating the best fit for the single target cell
model and the dashed line indicating the best fit for the two target
cell model. Parameters for the best fits are given in Table 2.
Visually, it appears that both models can adequately capture the
dynamics of both human- and avian-strain influenza infections in
mice. While the SSR are always smaller for the two target cell
models because it has two additional free parameters, theAIC C

are comparable between the two models suggesting that the two
target cell model is equally well supported by the experimental
data despite its additional parameters.

It is, however, also important to consider whether the parameter
values of the best fits are biologically realistic. The basic
reproductive numbers,R0, obtained with the single target cell
model are rather large (w 810) compared to those obtained for
with the two target cell model (R2,6z R2,3* 3–23) which are more
in line with values obtained typically (R0* 3–75) for infections
with human strains [28,29]. In addition, while the values obtained
for the eclipse delay (1=k) and infected cell lifespan (1=d) are
unrealistically large for the fits of the single target cell model, these
values are typically reasonable for the two target cell model fits.

Figure 4. Model parameter fits to experimental influenza infection in mice. Results of parameter fits of the single target cell (solid line) and
two target cell (dashed line) eclipse model to human-strain (A/Texas/36/1991 and A/1918) and avian-strain (A/Thai/SP/83/2004 and A/Thai/16/2004)
influenza infections in mice. The percentage of cells expressing the SAa2,6 Gal receptor,r2,6, is fixed to 10%, and the best fit parameters are presented
in Table 2. For the single target cell model, the SSRs are (from left to right and top to bottom) 0.45, 2.8| 10{ 4, 7.8| 10{ 3, and 3.3| 10{ 4 while the
AIC C are2 35,2 72,2 56, and2 71. For the two target cell model, the SSRs are 0.29, 2.1| 10{ 19, 2.3| 10{ 3, and 7.4| 10{ 5 while the AIC C are2 32,
2 240,2 56, and2 74. Data is taken from [52].
doi:10.1371/journal.pone.0013811.g004
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Unlike the fits to the mice data, fits to the human data give
reasonable parameter values for both models. The key difference
between the fits of the single and two target cell models is that the
former appears to require larger initial viral inoculum to fit the
infections with avian strains. This is because the sustained viral
titer suggested by the data can only be captured by the single
target cell model when infection proceeds slowly through the only
cell population available, allowing the infection to be sustained. In
turn, the slow infection growth requires that viral titer be high
from the start to match the high levels seen in the data. It is
possible that the single target cell model is correct and that
influenza infections with avian-derived strains are actually initiated
with larger initial inoculum compared to seasonal infections with
human-adapted strains. For example, this could be a consequence
of the former being contracted directly through contact with
infected animals which could result in larger initial inoculum
compared to seasonal infections which are most likely contracted
though airborne particulates.

However, it is possible that the difference in inoculum between
infections with human- vs avian-derived strains is merely a

consequence of the dynamical limitations of the single target cell
model, and that in fact both natural infections are initiated with
similar inoculum. To explore this possibility, we also present the
result of fits of the two target cell model where the initial inoculum
is fixed to an intermediate value (V0~1 cDNA=mL, dash-dot line
in Figure 5) for both infections with human and avian strains. The
resulting best fit is essentially a single target cell model for human-
strain influenza and a two target cell model for the avian-strain
infections.

Regardless of the initial inoculum, fits with the two target cell
model suggest that human strains infect cells expressing the
SAa2,6 Gal receptor on their surface more easily than those
expressing the SAa2,3 Gal receptor (b2,6w b2,3). In contrast, avian
strains infect cells expressing the SAa2,3 Gal receptor more easily
(b2,6v b2,3). This is in line with what we know of these strains’
preferences, with human strains preferring cells expressing SAa2,6
Gal receptors and avian strains preferring those expressing SAa2,3
Gal receptors. More quantitative information such as measure-
ments of the infection rates of each strain in each cell population
would be required to properly calibrate the model and assess the

Table 3. Model parameter fits for influenza infection in humans.

V0([V]) 1=k(h) 1=d(h) 1=c(h) b2,6=b2,3 (½V�{1:d{1) p2,6=p2,3 (½V �:d) R2,6=R2,3 SSR AIC C

Single target cell model

H 180 7.3 1.2 1.4 1.2|10{5/2 0.25/2 3.2/2 1.6 ?

A 1300 16 4.5 3.4 2.4|10{7/2 2.0/2 5.3/2 22 29

Two target cell model (r2,6~0:7)

HH 8.4 2.3 2.3 0.94 1.6|10{5/1.8|10{9 0.14/600 2.4/0.5 1.6 285

AH 590 11 1.6 2.2 1.2|10{11/1.4|10{7 3100/31 0.061/3.1 21 44

HL 9.1|10{5 6.2 1.1 9.3 5.2|10{5/1.6|10{4 0.036/0.061 13/69 1.6 285

AL 5.0|10{8 11 1.4 1.1 1.2|10{7/4.5|10{3 34/0.015 3.0/20 21 44

HF (1.0) 3.3 4.4 3.6 3.8|10{5/2.5|10{6 0.22/43 7.3/0.48 1.6 2141

AF (1.0) 1.9 0.78 9.0 9.6|10{8/2.0|10{3 7.6/0.0018 2.5/5.0 22 35

H,A: Fits to the human and avian data sets, respectively.
H,L,F: Indicates whether the initial guess for the viral titer was high, low, or fixed, respectively.
doi:10.1371/journal.pone.0013811.t003

Figure 5. Model parameter fits of human and avian influenza infections in humans. Results of parameter fits of natural human infections with
either a human (left) or avian (right) influenza strain. The data was fit using either the single target cell (solid) or the two target cell model where the fits
were initialized with a guess for the virus inoculum which was either high (dotted), low (dashed), or fixed at 1 cDNA (dash-dot). The percentage of cells
expressing the SAa2,6 Gal receptor,r2,6, is fixed to 70%, and the best fit parameters are presented in Table 3. Data is taken from [7].
doi:10.1371/journal.pone.0013811.g005
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