
















advantage of modeling is that it can be used to explicitly ex-
plore alternative biological scenarios. This model was thus
restructured so that the activation of naïve B cells would be a
direct function of free viral load, versus the presence of virus-
loaded mature DC (Fig. 5). Under these conditions, B cells are
directly activated by virus, and the proliferation of B cells is
regulated by virus and helper T cells, by substituting 
B(DM)
and �BA(DM � hHE) in Eq. 11 and 12 with 
B(V) and �BA(V �
hHE), respectively. We chose the viral load for half maximal
activation of naïve B cells as 5 � 105 EID50/ml and viral load
for half-maximal proliferation of activated B cells as 5 � 102

EID50/ml. In this case, the sensitivity analysis showed the larg-
est changes in the duration of infection when we altered the
initial level of uninfected cells (E0) and the virus production
rate (
v) (Fig. 4b). The contributions of the DC parameters,
such as the initial number of DC and death rates of mature and
virus-loaded DC, were reduced (Fig. 4a and b). Although we
do not know which model structure more accurately reflects
the in vivo situation, these simulations suggest that the depen-
dence on professional antigen-presenting cells may be reduced
when virus can reach and trigger naive B cells directly.

CD4 T-cell licensing of dendritic cells. In the first version of
the model, both CD4 and CD8 naïve T cells are activated by
mature, virus-loaded DC (Fig. 1). It has been shown that de-
velopment of fully activated CD8 effectors and memory de-
pend on CD4 T-cell-mediated help, administered through the
DC in a process that has been termed licensing (9, 74). To
explore the consequences of DC licensing by CD4� T cells on
model outcomes, we constructed an alternative model with a
separate population of licensed DC (DL) added (Fig. 6). The
kinetics of DL is given by

d
dtDL � 
D�HN � HE�D*�t � 	D� � �DLDL, (33)

with 
D(HN � HE) � 
D1 � (HN � HE)/(HN � HE � 
D2),
where 
D1 denotes the maximum maturation rate of DC
through the interaction between helper T cells and DC (pre-
sumably via CD40 and CD40L binding) and 
D2 is the level of
naïve and effector helper T cells which provide the half-maxi-
mum maturation rate. We chose a 
D1 of 100 day�1 and 
D2

of 5 � 103 to match with the kinetics of CD8 T cells in lung and
lymphoid compartments in Fig. 2. The development of licensed
DC therefore depends on the number of naïve and effector
CD4 T cells. The level of interaction between DC and helper
CD4� T cells is controlled by changing the value of 
D1.

The other change in the model is that activation, prolifera-
tion, and death of effector CD8 T cells are controlled by DL
instead of DM in Equations 9 and 10. Under these conditions,
the peak CD8 T-cell response is reduced as the maturation
rate of DL is diminished. Under the baseline parameter values,
a fivefold decrease in the maximum maturation rate of licensed
DC reduces the peak level of CD8 T cells by 3 orders of
magnitude. In this scenario, the CD8 T-cell response is much
more dependent on CD4 T cells than in the initial version of
the model, where the CD8 T cells do not require CD4 T-cell
help. This supports the notion that suppressing the CD8 T-cell
response could operate through inhibiting CD4 T-cell interac-
tions with the DC. We simulated the depletion of CD4 T cells
when CD8 T-cell priming depends only on licensed DC, which
resulted in the failure to generate effector CD8 T cells and
delayed viral clearance from 9 to 15 days.

Antiviral drugs. One approach to controlling IAV infection
is to administer antiviral drugs. Two types of drugs against
influenza, M2 ion channel blockers and neuramidase inhibi-
tors, are currently licensed. We first simulated the effect of a
drug limiting epithelial cell infection (�E) like amantadine (20)
(see Materials and Methods). When this type of drug with an
efficacy, ε1, of 100%, which is not typically achievable in prac-

FIG. 5. Schematic representation of the alternative model with activation of B cells by virus. The blue line denotes the change from the baseline
model in Fig. 1.
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tice, is administered 1 day after the infection, peak viral load is
reduced to 1.2 � 104 EID50/ml from 2.5 � 105 EID50/ml (Fig.
7). However administration on day 2 or later had little effect.
Neuraminidase inhibitors block release of viral particles from
the surface of infected cells, effectively reducing the production
of virus (
v). A polymerase inhibitor would be also simulated
in the same fashion by reducing the values of 
v. When poly-
merase inhibitors with an efficacy, ε2, of 100% were adminis-
tered 1 day after the infection, peak viral load decreased by a
factor of 102. However administration on day 2 or later had
little effect. Similar to clinical observations (20, 37, 53), a drug
affecting virus production was only effective when administered
within 2 days of infection (Fig. 7).

Combination drug therapies have been effective with other
viruses, such as HIV-1 (22), particularly to limit escape mu-
tants, but have not been routinely used against influenza virus.
We therefore examined whether combination therapy would
hasten influenza virus clearance or allow delayed administra-
tion by simulating simultaneous administration of drugs that
limit cell-to-cell transmission and viral replication. As expected
and in contrast to each drug alone, combination therapy re-
duced peak viral load and accelerated viral clearance even
when each drug was less than 100% efficient (ε1 � ε2 � 75%).
However, the combination therapy still had to be introduced
by day 2 to have any effect (Fig. 7). This is due to the fact that,
unlike chronic HIV-1 infection, the acute nature of influenza
virus infection means there is a narrow window of opportunity
during early infection (�2 days) when interfering with virus
replication can reduce viral load. After this time, target cell
limitation and the immune response are the major factors
controlling viral load.

Preexisting immunity. Immune memory is the goal of vac-
cination, characterized by increased influenza virus neutraliz-
ing antibodies and virus-specific T cells (22). Although the

model was not explicitly designed to deal with questions of
memory and vaccination, we tested whether it could be used to
compare, for example, having increased titers of neutralizing
antibodies or numbers of virus-specific effector T cells at the
start of the infection. Model simulations predict that viral load
is inversely proportional to initial influenza virus-specific anti-
body titers (1:0 to 103), with failure to establish infection at
titers greater than 1:105 (Fig. 8a). Next, influenza virus-specific
CD8 T-cell memory was simulated by setting the initial level of
effector CD8 T cells (TE) in the lymphoid compartment at the
start of infection greater than zero. Here, viral clearance was
enhanced as the number of initial IAV effector CD8 memory
T cells increased and the viral titer peak was limited to less
than 104 EID50/ml with 105 effector CD8 memory T cells in the
lymphoid compartment at the beginning of secondary infection
(Fig. 8a).

We examined whether a vaccine inducing both antibody and
cytotoxic T-cell memory may be superior in limiting IAV in-
fection. Given a suboptimal antibody titer (102), increased
CD8 T cells enhance viral clearance compared to antibody
alone (Fig. 8a) if the initial level of CD8 T cells is 105 or
greater, suggesting that flu-specific CD8 T cells are important
when antibody levels are low. When initial effector T-cell num-
bers are low (103), antibody titers of �103 still allow faster IAV
clearance (Fig. 8a).

To compare the relative effectiveness of CD8 versus anti-
body memory on viral clearance, the time to clear virus (tclear,
when the viral load is �1 EID50/ml after the peak) was plotted
as the level of each immune memory component was changed
(Fig. 8b). In the presence of anti-IAV antibody titers, A(0)
greater than 102, tclear significantly decreases, and infection is
abrogated when A(0) is �104. Increasing the levels of influenza
virus-specific memory CD4 or CD8 T cells at day zero, HE(0)
or TE(0), to very high levels (108) could only shorten tclear to 5.5

FIG. 6. Schematic representation of the alternative model with a separate population of licensed DC (DL) added. The blue lines denote the
changes from the baseline model in Fig. 1.
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days, predicting that lymphoid T-cell memory has a limited
effect, even at high frequencies. Analysis of the model struc-
ture suggests that these differences are due mainly to the de-
lays in migration of effector CD8 T cells from the lymphoid
compartment to the lung and in the production of antibody. In
comparison, viral clearance is accelerated when effector CD8 T
cells in the lung at the time of infection, T*E(0), are greater
than 104 (Fig. 8b). This is equivalent to a situation in which
local virus-specific effector memory T cells are present, an
immune component known to be protective (24, 67). Interest-
ingly, lung-resident memory/effector CD8 T cells as well as
antibody could shorten the duration of infection to less than
half the time of a naïve situation (4.6 days [Fig. 8b]). Our
predictions imply effective immunity is conferred through ei-
ther conventional vaccination designed to raise antibody titers
or through vaccination designed to elicit lung-resident effector/
memory CD8 T cells.

DISCUSSION

Our mathematical modeling of influenza virus infection had
two primary goals: (i) to replicate the measured adaptive im-
mune response to influenza virus in mathematical terms and
(ii) to reveal unexpected outcomes or relationships, make pre-
dictions, and assess the relative importance of various biolog-
ical parameters on the outcome of influenza virus infection.
The model delineated in this report achieves both of these
goals. In particular, the model suggests an explanation for the
reported discrepancy in outcomes of influenza virus infection
in B-cell-deficient mice. Changes in the model terms regulating
the efficiency of viral replication altered the duration and peak
of the virus load in the lung, shifting from survival to mortality.
This is in agreement with experiments in which A/PR8 and
A/JAPAN influenza viruses caused mortality in B-cell-deficient
mice (33, 44) versus those in which mice inoculated with equiv-

FIG. 7. Drug responses. Viral kinetics with administration of a drug either limiting viral infection (amantadine), limiting viral production
(neuraminidase inhibitor or RNA polymerase inhibitor), or both types of drugs. The timing of the administration of the drug since the infection
is denoted by Tdrug (dashed line). The efficacy of drug limiting viral infection is denoted as ε1 and that of drug limiting viral production is denoted
as ε2. Containment of viral spread is slightly enhanced when the drug limiting viral production is used. No differences in viral kinetics were observed
under either condition when drug was administered 3 or more days after viral inoculation. Combination of both types of drugs can enhance viral
clearance when they are administrated within 2 days.
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alent titers of the less pathogenic B/Ann Arbor virus effectively
controlled the infection with little or no mortality (57). Al-
though the replication rates for these viruses have not been
directly measured, the observations and the model predictions
are consistent with well-described differences in pathogenicity
(26).

In addition, the model suggests that virulence may be a trait
mediated through virally induced inhibition of antigen presen-
tation. In the version of the model in which the adaptive
response depends entirely on presentation of viral antigens by

professional APC to T cells and B cells, changes in the param-
eters affecting the DC had a strong influence on the duration
of infection. Similarly, the model suggests that a compensatory
increase in the DC-mediated antigen presentation can com-
pensate for the increased infection rate of highly virulent in-
fluenza virus strains. Indeed, experimental observations sup-
port that the early appearance of DC in draining lymph nodes
is correlated with a more robust CD8 T-cell response (38). In
the same vein, viral genes that affect innate recognition of the
virus, such as NS1, also affect DC maturation and slow the

FIG. 8. Immune memory response. (a) Kinetics of viral load in the secondary response with immune memory of antibody only (top left panel),
CD8 T cells only (top right panel), and both antibody and CD8 T cells. The initial antibody titer is fixed as 102 and the initial effector CD8 T-cell
level [TE(0)] is changed from 0 to 105 (bottom left panel). The initial antibody level is fixed as a 103 titer and the initial level of CD8 T cells is
changed from 0 to 105 (bottom right panel). (b) Time to clear the virus (tclear) as a function of initial antibody titer, A(0), initial level of effector
CD8 T cells, TE(0), initial level of airway/lung resident effector CD8 T cells, T*E(0), and initial level of effector CD4 T cells, HE(0). Time to clear
the virus is defined as time for the viral load to reach 1 EID50/ml since infection. The light blue horizontal line indicates one-half the time to clear
virus in the absence of any memory responses.
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antigen presentation rate (6, 28). Mutations in these genes are
correlated with increased pathogenicity, as in the 1918 and
H5N1 influenza virus strains (65, 73, 78). Similarly, a recent in
vivo macaque study observed that suppression of NS1 function
through mutation can accelerate immune responses (39).

When activation of naïve B cells is modeled to occur by
direct virus recognition, the dependence of the B-cell and
antibody responses on parameters that affect antigen presen-
tation shift to those that regulate the production of virus. For
influenza virus infection, it is currently unclear whether B cells
are directly activated by free virus or by APC presentation of
virus carried to lymph nodes by APC. Neither mechanism has
been excluded, and the mode of B-cell priming may depend on
the virus used in a particular experiment. For example, a virus
that replicates rapidly and produces evidence of virus particles
in the lymph nodes may be less dependent on cellular mech-
anisms of presentation than a virus that replicates slowly and is
more restricted to the airways. Explicit experimentation will be
needed to resolve these questions.

We recognize that this model has focused on the adaptive
immune response to influenza virus and has not specifically
delineated the contributions of the innate immune response.
Rather, the contributions of innate immune mechanisms, such
as macrophage/NK cell-mediated viral clearance and IFN-�/�
induction and effects are contained within parameters that
specify “other” nonspecific viral clearance mechanisms or ef-
fects on epithelial cell immunity to viral infection and replica-
tion. For example, one finding of the model is that antibody
contributes little to viral clearance in a primary immune re-
sponse against influenza virus but the model clearly predicts
that CD8 killing of infected epithelial cells and other “nonan-
tibody” viral clearance mechanisms predominate (cvV). These
“nonantibody” viral clearance mechanisms likely include NK
and macrophage mediated clearance. Further detailed exper-
imental data are necessary to replace the umbrella parameter
for “nonantibody” viral clearance (cv) with more specific pa-
rameters that address the quantitative contribution of such
mechanisms. Because all ODE models of biological processes
are simplifications and abstractions, such iterative refinements
are the natural result of the interplay between the modeling
process and the experimental design and findings.

The parameters affecting the generation of CD8 T-cell ef-
fectors were also modeled. In previously reported studies, de-
pletion of CD4 T cells prior to infection had minimal impact
on the generation of cytotoxic CD8 T cells that go to the
airways (22), and these animals effectively control the virus
without making a substantial neutralizing antibody response
(12, 40, 76). In other systems, the development of CD8 effec-
tors and durable, functional memory CD8 T cells is dependent
on CD4 T-cell “help” for CD8 T cells, possibly mediated
through the DC (12, 40, 76). Licensing of DC by the CD4 T
cells is critical to convey sufficient activation and developmen-
tal signals to the CD8 T cells (2, 14, 74). When we simulated
these two alternative versions of CD8 T-cell activation, we
found that in the absence of CD4 T cells, only a minimal delay
in virus clearance occurred when the CD8 T-cell activation
depended only on mature DC alone. However, in a simulation
where DC licensing was invoked, depletion of CD4 T cells
resulted in a failure to generate effector CD8 T cells and
prolonged infection. Although DC licensing is required for the

priming of CD8 T-cell immunity to other viruses, such as her-
pes simplex virus (2, 74), in vivo experimental observations do
not currently support this mechanism for influenza virus. Cur-
rent information on T-cell help for CD8 responses suggests
that CD4 T-cell help can be important for determining the
quality of the memory response that mediates protection in a
subsequent infection (36). In a response that involves strong
inflammatory signals, such as influenza virus infection, DC
licensing by CD4 T cells is probably not a major mechanism
affecting either the total numbers of activated CD8 T cells
during the primary response or the effectiveness of each CD8
T cell in killing infected cells.

Though not designed to replicate immune memory, the in-
fluenza virus model described was robust and flexible enough
to account for the effects of preexisting immune memory on
secondary infection, especially the importance of neutralizing
antibodies. In addition to neutralizing antibodies, our model
demonstrated the influence of effector CD8 T cells in the lung
at the time of infection through accelerated clearance. Our
results simulate observations that heterosubtypic immunity to
influenza virus depends on the number of CD8 T cells in the
airways at the start of infection (24, 25, 47, 65). These in vivo
observations and in silico model predictions suggest that vac-
cine efficacy could be improved if designed to evoke local
immune memory cells that were maintained long term at the
local site rather than in the circulation, as well as robust neu-
tralizing antibody titers.

Model simulations of current and potential antiviral agents
predicted that lowering the viral load or spread within 2 days of
infection allows the rapid control of the infection. These re-
sults match known limitations of neuraminidase inhibitors,
which inhibits viral release by infected cells but are only effec-
tive when given within 2 days of symptom onset (20). The
model predicts that combinations of drugs that both limit cell
infection and viral production will be more effective than a
neuraminidase inhibitor alone, but only if administered before
the peak viremia. These outcomes emphasize the critical phase
of intervention with antiviral drugs, the phase of viral replica-
tion, and spread.

We have constructed a mathematical model of influenza
virus immunity that can act as a foundation for future modeling
efforts. Our model, like all models and abstractions, is a sim-
plification of a complex biological process. Its accuracy de-
pends on the validity of the assumptions made in constructing
the model, as well as the parameter values chosen to populate
it. The fidelity of the model would no doubt be improved
further by direct experimental verification of those parameters,
especially those for which direct measurements were or are not
available. These experiments are under way. It is also obvious
that several of the model predictions will need to be experi-
mentally tested. Nevertheless, these issues demonstrate the
utility of modeling for challenging our assumptions, exploring
alternative scenarios, and suggesting future experimentation.
Much work remains in developing more detailed mathematical
submodels of the innate immune response, DC maturation and
antigen presentation, T helper differentiation, and memory, for
example. These will add refinement and depth to the present
macroscopic approach. These more detailed efforts will gener-
ate new predictions and therapeutic strategies to better under-
stand and improve the host response to virus infection.
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