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ABSTRACT The pretreatment of human dendritic cells with interferon-b enhances their immune response to influenza virus
infection. We measured the expression levels of several key players in that response over a period of 13 h both during pretreat-
ment and after viral infection. Their activation profiles reflect the presence of both negative and positive feedback loops in
interferon induction and interferon signaling pathway. Based on these measurements, we have developed a comprehensive
computational model of cellular immune response that elucidates its mechanism and its dynamics in interferon-pretreated
dendritic cells, and provides insights into the effects of duration and strength of pretreatment.
INTRODUCTION
Dendritic cells (DCs) are essential in the establishment of the

innate immune response and the triggering of adaptive

immunity (1). Activated DCs undergo a process of matura-

tion involving the upregulation of major histocompatibility

complex molecules, secretion of various cytokines and che-

mokines, and migration to draining lymph nodes to activate

T-cells (2).

DCs can detect and respond to viral infection through two

different pathways: a Toll-like-receptor (TLR)-dependent

and a TLR-independent pathway. The TLR-dependent

pathway utilizes TLR 3, 7/8, and 9 to recognize extracellular

or endosomal viral double-stranded RNA, single-stranded

RNA, and CpG DNA, respectively (3). The TLR-indepen-

dent pathway includes melanoma-differentiation-associated

gene-5 and retinoic-acid-inducible gene-I (RIG-I), which

both detect cytoplasmic double-stranded RNA, whereas

RIG-I also recognizes 50-triphosphate RNAs (4,5). Regard-

less of which pathway is followed, DC activation entails

the induction and secretion of type I interferon (IFN), which

plays a key role in the antiviral immune response (6).

Secreted type I IFN activates the janus kinase/signal trans-

ducer and activator of transcription (JAK/STAT) pathway

in the same cell or other cells through an autocrine or a para-

crine loop similar to that described in Shvartsman et al. (7).

The activation of the IFN-signaling pathway establishes an

antiviral state in target cells by inducing the transcription

of numerous IFN-responsive genes (8).

All pathogenic viruses have developed various strategies

to partially block and circumvent the IFN response (9). It

is expected that the innate immune system has similarly

devised mechanisms to overcome viral inhibitory effects.
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In vitro experiments have shown that the secretion of type

I IFN from DCs after influenza infection is effectively

blocked by the influenza NS1 protein, a potent IFN antago-

nist (10,11). However, the corresponding immune response

is strong (12), suggesting that the antagonism is somehow

overcome in vivo. This could result from exposure of

immune cells to IFN before virus encounter, which has

been shown to enhance the DC response to virus challenges

(13–16). Moreover, in a mouse model of influenza infection,

we have evidence that monocytes recruited to the site of

infection display an interferon signature before exposure to

virus in the lungs (T. Hermesh, B. Moltedo, T. M. Moran,

and C. B. Lopez, unpublished). It is possible that the inter-

feron may be released by plasmacytoid DCs (pDCs) (16).

A recent study also indicates that cytokines/chemokines

secreted from virus-infected DCs, including type I IFNs,

could induce a primed state among the uninfected DCs

through paracrine signaling, making these DCs more resis-

tant and more responsive to future infection than naı̈ve

DCs (17). Since IFN pretreatment of DCs alone does not

induce IFNs, the enhanced IFN induction in IFN-pretreated

DCs after virus infection must be attributed to the upregula-

tion of one or more IFN-stimulated genes. To elucidate the

mechanisms underlying cellular responses to IFN exposure

and virus infection, we constructed a comprehensive model

of the cellular immune response.

Interferon regulatory factor (IRF) 7 is one of the IFN-

stimulated genes that has been reported as a key regulator

of type I IFN induction in mouse embryonic fibroblasts

and pDCs (18). IRF7 functions as an important component

of the positive feedback loop for virus-triggered type I

IFN induction (19,20). It is induced through the JAK/

STAT pathway upon IFN stimulation (19,21) and activated

through the RIG-I signaling pathway, similar to IRF3

(22). Phosphorylated IRF7 (IRF7P) translocates into the

nucleus in the form of a homodimer or heterodimer with
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phosphorylated IRF3 (23,24) and enhances both IFN-b and

IFN-a induction (18,19,21,25). We consider the upregula-

tion of IRF7 to be the main cause of enhanced IFN induc-

tion in IFN-pretreated human DCs infected by the influenza

PR8 virus.

The IFN signaling pathway itself has been extensively

studied (see review in Platanias (26)) and modeled (27,28),

but its involvement in the positive feedback, and in particular

the role played by IRF7 in the context of virus-triggered type

I IFN induction, has not been well characterized. Our math-

ematical model integrates IFN-induced IRF7 production and

virus-triggered IFN induction. It encompasses IFN secretion

into extracellular space, receptor activation, and cytoplasmic

and nuclear reactions tied together through feedback loops. It

is the first model—to the best of our knowledge—that

attempts such a comprehensive description of the dynamics

of the immune response. From a methodological standpoint,

the model is distinguished by the fact that its elements are

limited, as much as possible, to those components, proteins

or mRNA, that are actually being measured in IFN-pre-

treated human DCs infected by PR8. We obtained quantita-

tive real-time polymerase chain reaction (qRT-PCR),

enzyme-linked immunosorbent assay (ELISA), and high-

resolution imaging flow cytometry measurements in both

the pretreatment regime and after viral infection over a

time span of 13 h. The corresponding time courses of

multiple key mediating species in the type I IFN induction

loop provide strong constraints on model building. These

constraints are much more stringent than those imposed by

the known monotonously increasing IFN-a/b concentrations,

because some time courses, such as that of nuclear phosphor-

ylated STAT (STATPn), show sizable variations within the

observed time span (see Fig. 2). Our modeling results predict

two important saturation threshold values for in vitro IFN

pretreatment dosage and pretreatment time and provide

insight into the in vivo DC temporal responses to virus

infection.
MATERIALS AND METHODS

Experiments

Isolation and culture of human DCs

Peripheral blood mononuclear cells were isolated by Ficoll density gradient

centrifugation (Histopaque, Sigma Aldrich, St. Louis, MO) from buffy coats

of healthy anonymous human donors (New York Blood Center, New York,

NY). CD14þ cells were immunomagnetically purified using anti-human-

CD14 antibody-labeled magnetic beads and iron-based Midimacs LS

columns (Miltenyi Biotec, Bergisch Gladbach, Germany). After elution

from the columns, CD14þ cells were plated (1 � 106 cells/ml) in DC

medium (RPMI (Invitrogen, Carlsbad, CA), 10% fetal calf serum (HyClone,

Logan, UT) or 4% human serum (Cambrex, East Rutherford, NJ), 100 U/ml

penicillin, and 100 mg/ml streptomycin (Invitrogen)) supplemented with

500 U/ml human granulocyte-macrophage colony-stimulating factor

(Peprotech, Rocky Hill, NJ) and 1000 U/ml human interleukin-4 (IL-4)

(Peprotech). Cells were incubated for 5–6 days at 37�C. Our cultured DCs

were routinely 95–98% positive for CD11c as tested by flow cytometry.
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Infection and treatment of DCs

After 5–6 days in culture, the conventional DCs were pretreated for 3 h with

200 U/ml IFN-b (PBL, Piscataway, NJ) or left alone. After 3 h, both non-

treated and IFN-treated cells were spun down and medium was completely

removed. Cells were resuspended in DC media (RPMI (Invitrogen), 4%

human serum (Cambrex), 100 U/ml penicillin, and 100 mg/ml streptomycin

(Invitrogen)) at 1 � 106 cells/ml. The samples were split in two, one of each

sample infected with influenza PR8 virus at a multiplicity of infection of 0.5.

At the time point listed, cells were removed from total samples for qRT-

PCR, ELISA, and high-resolution imaging flow cytometry quantification.

Depending on the experiment, the time points of infection examined were

2 and 1 h before infection, immediately before infection, and either 2, 6,

and 10 h or 2, 4, 6, and 8 h after infection.

Imaging flow cytometry

Cells were fixed in a final concentration of 1.5% paraformaldehyde (Sigma

Aldrich). After fixation, cells were permeabilized with 100% methanol for

15 min at 25�C and washed three times with staining buffer (BD Biosci-

ences, San Jose, CA). Samples were then incubated with monoclonal anti-

bodies against STAT1 and phosphorylated STAT1 (BD, Franklin Lakes,

NJ) and DRAQ-5, a nuclear dye (Biostatus, Shepshed, UK). Cells were

then assayed with the Image Stream 100 (Amnis, Seattle, WA) imaging

flow cytometer. The degree of phosphorylation of STAT1, as well as the

degree of nuclear translocation of STAT1 or phosphorylated STAT1, was

analyzed with the help of the IDEAS software (Amnis). The increase of fluo-

rescence caused by the fluorophore conjugated antibody against phosphory-

lated STAT1 was used as a measurement for the phosphorylation of STAT1.

A normalized Pearson’s correlation of the pixel intensities of the nuclear dye

and STAT1 or phosphorylated STAT1 was used to calculate a translocation

score. The degree of translocation was then calculated by the difference of

the medians of the translocation scores of a specific time point minus the

negative control sample divided by the sum of standard deviations of both

samples.

Capture ELISAs

Supernatants were isolated after cell pelleting, and capture ELISAs for

IFN-a were performed according to the manufacturer’s protocol (PBL).

Plates were read in an ELISA reader from Biotek Instruments, Winooski,

VT. All samples were assayed in duplicate or triplicate.

RNA extraction from human DCs

Samples of at least 0.5 � 106 cells/sample were pelleted, and RNA was iso-

lated and treated with DNase by using an Absolutely RNA RT-PCR micro-

prep kit (Stratagene, La Jolla, CA) according to the manufacturer’s protocol.

RNA was quantified using a Nanodrop spectrophotometer (Nanodrop Tech-

nologies, Wilmington, DE).

Quantitative real-time PCR

qRT-PCR of the extracted RNAs was performed by using a previously pub-

lished SYBR green protocol (11) with an ABI7900 HT thermal cycler by the

Mount Sinai Quantitative PCR Shared Research Facility. Each transcript in

each sample was assayed in triplicate, and the mean cycle threshold was used

to calculate the x-fold change and control changes for each gene. Three

housekeeping genes (actin, Rps11, and tubulin) were used for global

normalization in each experiment. Data validity was determined by

modeling of reaction efficiencies and analysis of measurement precision,

as described previously (11).
MODEL

Our goal is to develop a model of type I IFN induction in

IFN-pretreated DCs after virus infection. Instead of
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FIGURE 1 Induction of IFNs after virus infection in

IFN-b pretreated human DCs. IFN-b, after binding to

IFNAR, engages the JAK/STAT pathway, leading to

STAT phosphorylation and production of IRF7 and

SOCS. The latter acts back negatively on JAK/STAT

pathway activation. Viral infection is detected by RIG-I

and leads via IRF7 activation to induction and secretion

of IFN-b/a, which bind to IFNAR in a positive feedback

loop. Protein tyrosine phosphatases (PTPs) act in the cyto-

plasm and nucleus.
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constructing an extensive model by assembling all the avail-

able information from the literature, we take the approach of

modeling the measured temporal behavior of only a few

known key mediators of the IFN response to virus infection.

The model, with a minimal number of free parameters, aims

to capture the essential characteristics of the experimental

time course data. For simplicity, various assumptions are

made. For example, STAT1 and STAT2 are not differenti-

ated and are modeled as one species denoted STAT.

A detailed discussion of the reaction network and derivation

of the equations for our model can be found in the Support-

ing Material.

As shown in the network in Fig. 1, when DCs are pre-

treated with IFN, IFN binds to the IFN-a/b receptors

(IFNARs) and activates the receptor-associated kinase

JAK1 and Tyk2 (29–31). STATs (STAT1 and STAT2)

are recruited to the activated receptor complex and phos-

phorylated (32). Phosphorylated STAT (STATP) dimers

(including STAT1P homodimer and STAT1P/STAT2P

heterodimer) translocate into the nucleus (29,33,34). The

STATP dimers are subject to dephosphorylation in the

nucleus by protein tyrosine phosphatases (PTPs) (35,36).

Nuclear STATP dimers lead to the induction of suppressor

of cytokine signaling (SOCS) genes (such as SOCS1, medi-

ated through IRF1 (37)). Induced SOCS proteins inhibit the

kinase activity of the receptor complex (e.g., by interacting

with either Tyk2 or IFNAR1 (38)) and negatively regulate

the IFN signaling pathway. IRF7 is induced by the inter-

feron-stimulated gene factor 3 consisting of STAT1P,

STAT2P, and IRF9 (19,21).

When DCs are infected with influenza virus after IFN

pretreatment, its detection by RIG-I triggers the RIG-I

signaling pathway, leading to the activation and subsequent

nuclear translocation of IRF7 (22–24) and other enhanceo-

some components (39). In the nucleus, the activated enhan-

ceosome components bind to the IFN-b promoter in a

cooperative manner to form the enhanceosome, which

promotes the induction of the IFN-b gene (40). IRF7P also
promotes the induction of various IFN-a genes (18,19,25).

Induced IFN-a and IFN-b are secreted in the media and

are capable of binding to the IFN receptors of the same

cell or other cells through an autocrine or a paracrine loop.

The final form of the model (see Text S2 in the Supporting

Material) consists of eight coupled ordinary differential equa-

tions (ODEs) for the eight concentrations STATP(2)n (phos-

phorylated STAT dimer in the nucleus), SOCSm (SOCS

mRNA), IRF7m (IRF7 mRNA), IRF7Pn (phosphorylated

IRF7 in the nucleus), IFN-bm and IFN-benv (IFN-b mRNA

and IFN-b in the environment), and IFN-am and IFN-aenv

(IFN-a mRNA and IFN-a in the environment). These equa-

tions contain 19 parameters, of which 14 are fixed at values

derived from biological considerations and five are used in

fitting the eight model equations to the experimental data

points, of which there are 29. The time courses of six model

concentrations, namely STAT1Pn, SOCS1 mRNA, IRF7

mRNA, IFN-b mRNA, IFN-a mRNA, and IFN-aenv (see

Fig. 2), were directly experimentally measured with seven,

six, six, five, three, and two data points, respectively, available

for parameter estimation. The experimental data of STAT1Pn,

SOCS1 mRNA, and IRF7 mRNA show a rich temporal struc-

ture that constrains the parameters used in the fit.

Some important remarks concerning our model are:

1. Our qRT-PCR data show that RIG-I is upregulated in

a manner similar to that of SOCS1 and IRF7 upon IFN

stimulation (Fig. S1), possibly as a result of shared induc-

tion by a complex associated with phosphorylated STATs.

As RIG-I functions as the viral sensor of the RIG-I

signaling pathway, it is possible that its upregulation could

contribute to the enhanced induction of type I IFNs in IFN-

pretreated DCs. However, data from a separate study on

human DCs (J. Hu and J. Wetmur, unpublished) indicate

that the protein levels of the IFN enhanceosome com-

ponents downstream of RIG-I other than IRF7P (e.g.,

phosphorylated IRF3) do not show significant increase

with RIG-I upregulation after virus infection, whereas
Biophysical Journal 98(4) 505–514
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FIGURE 2 Experiment and simulation of IFN-pretreated DC response to influenza PR8 virus infection. The experimental time course data points are marked

by crosses and connected with dashed lines after normalization with respect to the corresponding maximum for each species in (A) nuclear protein, (B–E)

mRNA, and (F) secreted protein. The label of the horizontal axis represents the time (in hours) of measurement. The simulation result is plotted with solid
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the type I IFNs are induced at an accelerating rate. This

suggests that RIG-I upregulation alone cannot account

for the enhanced type I IFN induction in IFN-pretreated

DCs, implying the participation of a different IFN-stimu-

lated gene (or genes). In our model, this gene is assumed

to be IRF7. We do not explicitly include the upregulation

of RIG-I and possible upregulation of other upstream

components in the RIG-I signaling pathway (41). We

assume their upregulation functions to maintain a constant

kinase level that activates the induced IRF7.

2. The experimental data indicate an ~2-h delay in the

induction of detectable levels of IFN-b mRNA after

infection, which is the time taken by activation of the

RIG-I signaling pathway and IRF7. An arbitrary 2-h

delay in IRF7 activation after virus infection is introduced

in our model to account for this fact.

3. The qRT-PCR data of IRF7 mRNA show increased

induction after t > 2 h (Fig. 2 C) despite the flattening

of STAT1Pn after t > 6 h (Fig. 2 A). This contrasts

with SOCS1 mRNA (Fig. 2 B) and RIG-I mRNA data

(Fig. S1) that follow STAT1P behavior. The degradation

of IRF7 mRNA from t¼ 0–2 h suggests a typical half-life
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of 2 h for IRF7 mRNA. Thus, a much longer IRF7 mRNA

half-life cannot be evoked to explain the enhanced IRF7

mRNA induction. However, it was reported that virus

infection could activate IRF3 and IRF7, which form the

virus-activated factor with coactivators CREB-binding

protein and P300 and induce IRF7 independently of

IFN signaling (42). We therefore included this positive

feedback of IRF7 induction into our model to account

for the enhanced IRF7 induction after virus infection. In

the equation for IFN-b induction (see Text S1 in the Sup-

porting Material), we neglect the term that would account

for the case of infection without pretreatment. This term

would be small and could be adjusted to fit the corre-

sponding data. Because the influenza virus PR8 contains

the potent immune response antagonistic protein NS1, the

measured response (IFN, IRF7, RIG-I, etc.) in nonpre-

treated cells is very much suppressed (11,16).

4. Since, in the experiment, the multiplicity of infection

is <1, not all cells are infected by the virus, though all

cells are pretreated. However, the environment created

by the secretion of IFN from infected cells is the same

for all cells. Therefore, the time courses of gene products
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induced in the JAK/STAT pathway are similar for both

infected and uninfected cells. The exception is IRF7,

which has both viral (through virus-activated factor)

and JAK/STAT pathway induction. In the modeling, we

consider only infected cells, and neglect the fact that

the IRF7 data somewhat underestimates the amount of

IRF7 at large times.

Model parameter estimation

Our model contains eight species (see Text S2 in the Sup-

porting Material) and a total of 19 parameters. The parameter

values were estimated through an iterative nonlinear least-

square fitting to the experimental data (described below).

The starting parameter values of mRNA induction, degrada-

tion, and protein translation rate constants were set to the cor-

responding typical values (see Table S1). For the remaining

parameters, we set their starting values to physiologically

reasonable numbers. The initial condition of our model

corresponds to a state in which IFN-benv is determined by

the pretreatment dosage and the concentrations of the

remaining seven modeled species are set to zero.

Error function and local parameter sensitivity

We defined the following error function for our least-square

fitting:

EðPÞh
Xm

i¼ 1

Xn

j¼ 1

�
XijðPÞ � Yij

�2
;

where Xij (P) and Yij are the normalized simulation values

evaluated at the parameter set P and normalized experi-

mental data points, respectively. Normalization is to the

maximal value over the respective time courses when

the experimental data are given in arbitrary units and to the

maximum of the experimental data for both simulation and

experiment when the experimental data are given in physical

units. The sum runs over all species (from 1 to m) and time

points (from 1 to n).

For a given set of parameters, the sensitivity of the error

function, E, to finite changes in the value of the ith parameter,

pi, was estimated through a local parameter sensitivity, Si,

defined as the relative change in E due to a 5% change in pi:

Si ¼ max

�����Eðpi 5 0:05piÞ � E0

0:05E0

����
�
;

where E0 is the error function evaluated at the given param-

eter set. This local parameter sensitivity Si is used in our iter-

ative least-square fitting procedure (described below) to

select parameters for the model fitting to experimental data.

Iterative least-square fitting

We used the iterative procedure below for the nonlinear

least-square fitting of our model to the experimental data,

beginning with the parameter starting values:
1. Compute local parameter sensitivity Si for all parameters

individually at current values, as described above.

2. Identify the parameter(s) with Si > 0.05 (an arbitrary

threshold) but not in the set Pfit, which is the list of param-

eters to be optimized. Pfit is set to be empty at the begin-

ning of optimization. When there is at least one parameter

that satisfies the criteria, choose the parameter with the

largest Si and add it to the set Pfit; otherwise, the fitting

procedure is terminated.

3. Perform a local optimization with respect to the parame-

ters in Pfit while fixing the rest parameters at their current

values. Use the optimized parameter values to update the

current parameter set, then go to step 1.

The model simulation and optimization are performed in

MATLAB (The MathWorks, Natick, MA) using the ODE

solver ‘‘ode15s’’ and minimization routine ‘‘fminunc’’.

For our model, the procedure terminated in five iterations.

As a result, a total of five model parameters were optimized,

whereas the remaining 14 parameters remain fixed at their

starting values (see Table S1).

Confidence interval and identifiability

The 68% confidence interval (CI) for the optimized param-

eter values are computed according to Press et al. (43), using

the equation

CIi ¼ 5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
�
H�1

�
ii

q
;

where H is the Hessian matrix, Hij ¼ v2 c2/vpivpj, evaluated

at the optimized parameter set and c2 ¼ E/s2. Here, we have

assumed a constant standard deviation for all experimental

data points and estimated it with s2 ¼ Emin/(N � M), where

Emin is the error function E evaluated at the optimized param-

eter set; N is the number of experimental data points, and M
is the number of optimized parameters (43). The computed

confidence intervals were normalized with respect to the cor-

responding optimized parameter values, and the resulting

percentages were summarized in Table S1.

To determine the identifiability (44,45) of our model

parameters, we chose the tolerance for the normalized 95%

confidence intervals of identifiable parameters to be 540%

(45). Among the five optimized parameters, three are identi-

fiable (vmax, t2, and t3) according to the selected tolerance,

for which the 95% confidence intervals can be estimated

as two times the 68% confidence intervals shown in

Table S1.
Parametric sensitivity analysis

We carried out local parameter sensitivity analysis to deter-

mine the effect of parametric changes on the temporal system

responses. The normalized sensitivity (NS) is computed for

each variable in our ODE model with a finite difference

approximation:
Biophysical Journal 98(4) 505–514
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NSijðtÞ ¼
pj

yi

$
vyiðt;PÞ

vpj

z
pj

yi

$
yi

�
t; pj þ Dpj

�
� yi

�
t; pj

�
Dpj

;

where y and p, respectively, denote the system response vari-

ables, namely, the species concentrations and parameters.

The parametric sensitivity analysis result is shown in

Fig. S2 for four species. It shows that the induction of type

I IFNs (Fig. S2 C) is most sensitive to the half-lives of

STATP(2)n t2 and SOCSm t3 (especially ~2–3 h after virus

infection). This heightened sensitivity reflects the impor-

tance of the interplay between STATP and its inhibitor

SOCS for the induction of type I IFNs, as the system mostly

operates in a regime where the binding of the extracellular

IFNs to the receptors quickly reaches saturation due to

a predicted low threshold value (Fig. 3 A).
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conditions. (A) IFN mRNA levels are evaluated at t ¼ 10 h for increasing
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IFN mRNA levels are normalized by the value computed at the pretreatment

condition of 50 U/ml dosage and 6 h of pretreatment. (B) Predicted temporal

responses of STAT1Pn and IRF7Pn level at indicated pretreatment dosages

for a pretreatment duration of 3 h.
RESULTS AND DISCUSSION

Regulation of type I IFN induction by extracellular
IFN

We now proceed to compare experimental and simulated

results. Simulations are based on the network model shown

in Fig. 1, the details of which are described in the Supporting

Material.

As shown in Fig. 2, the intermediate species involved in

the induction of IFN show richly varied and distinct temporal

responses. For example, the level of nuclear phosphorylated

STAT1 protein (STAT1Pn) in Fig. 2 A shows a prompt

increase followed by a quick drop during the first 3 h of

pretreatment, monotonically decreases until 2 h after virus

infection, increases again up to t ¼ 4 h, and eventually stabi-

lizes. Our model is not only capable of reproducing such

characteristics in temporal behavior, but, of more impor-

tance, provides a tool for understanding and exploring the

mechanisms behind such complex dynamics.

Through modeling, we found that the extracellular IFN

level in both the pretreatment and postinfection stages plays

an essential role in the regulation of virus-triggered type I

IFN production. Below, we explain how this occurs, and

show how the interplay of extracellular IFN and intracellular

IRF7 levels leads to the complex dynamical behavior shown

in Fig. 2. In Fig. 2, A, D, and E, the upregulation of IFN

mRNA at t > 2 h coincides with the simultaneous increase

of STAT1P, which implies that the dynamics of IRF7-related

reactions, namely, IRF7 phosphorlyation and translocation,

and IRF7-promoted IFN induction, is fast. In addition, the

sharp increase and decrease of STAT1P in the pretreatment

stage implies fast phosphorylation as well as dephosphoryla-

tion. The temporal response of SOCS1 mRNA (Fig. 2 B)

exhibits a tight correlation with that of STAT1P, suggesting

that the degradation of SOCS1 mRNA is also fast. As the

half-life of SOCS1 protein is short (1.5 h, as reported in Sie-

wert et al. (46)), we expect the dynamics of SOCS1 protein

to resemble that of its mRNA. Thus, because of the fast
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dynamics of the mediating signaling species, STAT1Pn,

SOCS1 mRNA/protein, and IRF7 mRNA/protein, the over-

all signaling pathway is tightly regulated by the dynamics

of receptor-ligand formation, which is determined by the

level of IFN in the media.

We divide the overall process into three stages according

to changes in the extracellular IFN level, as indicated in

Fig. 2 A.

Stage I

The introduction of a constant level of extracellular IFN

results in a prompt increase in the activated receptor complex

(the kinase for STAT phosphorlyation) to a fixed level. The

dynamics of STAT1Pn is governed by the interplay between

STAT1Pn and SOCS proteins through a delayed negative

feedback, resulting in a peaked STAT1Pn response associ-

ated with damped oscillations, as a delayed negative feed-

back is often associated with oscillatory behavior (47).

IRF7 mRNA (Fig. 2 C) is regulated by phosphorylated

STAT similarly to SOCS1. No IFNs are induced and

secreted at this stage, as there is no virus infection.
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Stage II

As IFN in the media is removed at t¼ 0 and virus added, the

STAT1Pn level starts to decline at a faster rate because of the

complete removal of its upstream kinase. Both IRF7 mRNA

and SOCS1 mRNA continue to decrease due to constitutive

degradation as the level of nuclear STAT1Pn decreases.

Even though the cells are already infected by the virus, there

is still no detectable level of IFN-b mRNA, probably due to

the low virus copy number, antagonist activity of the influ-

enza virus, and slow dynamics of enhanceosome assembly

for IFN-b induction.

Stage III

When cell-secreted IFN triggers the IFN signaling pathway

after t > 2 h, the overall dynamics is controlled by the

slow secretion of IFN proteins before the saturation IFN

level is reached (~t ¼ 6 h), when the amount of STATP

levels off. For the period between t ¼ 2 h and t ¼ 6 h, the

temporal responses resemble that of the extracellular IFN

level, i.e., they show a monotonic increase, because the

dynamics of mediating signaling species is fast (as discussed

above) compared to the slow secretion of IFN. After satura-

tion, the dynamics is once again controlled by the interplay

between STAT1Pn and SOCS proteins. IRF7, on the other

hand, keeps increasing because of autoinduction.

Applications of the model

We consider two applications of our model. To identify

optimal conditions leading to maximal IFN response, we

explore the influence of different IFN pretreatment condi-

tions (dosage and duration) on IFN induction. We also simu-

late in vivo induction of IFN in DCs at the site of infection.

Different pretreatment conditions

Fig. 3 A shows that increasing pretreatment dosage or dura-

tion beyond some limits does not prepare a cell to better cope

with viral infection. For fixed pretreatment duration, as

shown in Fig. 3 A, IFN induction increases dramatically

with IFN pretreatment dosage in the low-dosage regime

(<5 U/ml) and quickly becomes insensitive to further

increase in pretreatment dosage. Moreover, for dosages

>5 U/ml, IFN induction is rather insensitive to pretreatment

duration above 0.5 h. One can ask what aspects of the model

determine the shapes in Fig. 3 A. The increase with dosage

(for a given pretreatment time) of the percentage amount

of induced IFN can be traced back to the corresponding

responses of STAT1Pn, for which a strong dependence on

dosage is apparent before infection (Fig. 3 B). This preinfec-

tion dosage dependence of STAT1Pn entrains a correspond-

ing postinfection dependence in nuclear phosphorylated

IRF7 (IRF7Pn) (Fig. 3 B), which ultimately is responsible

for the observed dependence of IFN-b on pretreatment

dosage in Fig. 3 A. Higher pretreatment dosages do not

lead to more induced IFN because the IFN receptors are
already saturated. Our model predicts a threshold value of

~2 U/ml for the binding of extracellular IFN to the IFNAR

complex of a human DC (corresponding to the value of

parameter K1, as described in the Supporting Material),

with a saturation level of ~20 U/ml, 10 times the threshold

value. As with dosage amount, an increase in pretreatment

duration does not lead to significant gains in IFN induction.

Saturation takes place with pretreatment duration as soon as

dosage exceeds 5 U/ml (Fig. 3 A). The reason can again be

traced back to STAT activation. When pretreatment duration

increases, the STAT1Pn peak of Fig. 2 A moves to earlier

times, allowing more time for the induced IRF7 mRNA to

‘‘forget’’ the influence of such initial STAT1Pn temporal

behavior.

It has been shown (16) that extension of the IFN pretreat-

ment time beyond 6 h (such as 12 h) leads to a weak DC

immune response after virus infection, because the pretreated

DCs become resistant to virus infection. Therefore, we

would expect an IFN pretreatment of 6 h with a dosage of

50 U/ml to provide a good estimate of the maximum IFN

response to virus infection, which was used for the scaling

in Fig. 3 A.

In summary, our model predicts two important saturation

threshold values for the influence of IFN pretreatment condi-

tions on the enhancement of IFN induction (Fig. 3 A). For

a pretreatment >3 h, a low pretreatment dosage of 5 U/ml

is enough to provide ~90% of the maximum enhancement

in IFN induction associated with solely increasing IFN

dosage. For a fixed pretreatment dosage >5 U/ml, a pretreat-

ment length of ~3 h is also able to give ~90% of the

maximum in IFN induction.

Simulations for DC in vivo responses to virus infection

The in vivo environment is different from the in vitro exper-

iments discussed above in at least the following aspects: 1),

the priming time of DCs, which is the time the immature

uninfected DC is exposed to IFN, varies among cells; 2),

the IFN in the tissue is not removed after infection; and 3),

the in vivo IFN level at the site of infection is found to

vary much more slowly over time when compared to our

in vitro experiments (T. Hermesh, B. Moltedo, T. M. Moran,

and C. B. Lopez, unpublished). We thus performed simula-

tions with our model to compare IFN responses to virus

infection under in vitro IFN pretreatment and in vivo IFN

priming conditions. As the in vivo extracellular IFN level

increases very slowly, we assumed a constant extracellular

IFN level during the 10-h time span of our simulations.

Fig. 4 shows that with the same dosage of priming or

pretreatment, the in vivo cellular immune response to viral

infection is stronger than that in vitro. The level of in vivo

IRF7 mRNA does not diminish for the first 2 h after infec-

tion, because its degradation is compensated by induction,

due to persistent external IFN. As a consequence, the amount

of induced IFN-b increases more sharply after 2 h in vivo

than in vitro. The production of other factors, such as
Biophysical Journal 98(4) 505–514
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FIGURE 4 Simulations of the temporal IFN response to virus infection

under in vitro IFN pretreatment and in vivo IFN priming conditions. (A)

The temporal behavior of IRF7 mRNA. (B) The temporal behavior of

IFN-b mRNA. Virus infection is introduced at t ¼ 0. For the in vitro case,

an IFN pretreatment dosage of 20 U/ml with a pretreatment time of 3 h is

used. The concentration of the infected DCs is set to 5 � 105 cells/ml, as

in Fig. 2. For the in vivo simulation, a constant extracellular IFN level of

20 U/ml is used, and the priming time is set to 3 h.
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cytokines and antiviral proteins, released through the JAK/

STAT pathway, can also be expected to be enhanced

in vivo. The difference in IRF7 mRNA level during the early

stage of viral infection (t¼ 0–2 h), which strongly influences

the early IFN response (starting at t ¼ 2 h) (Fig. 4), could

become important in determining the long-term IFN

response when the antagonist activity of the influenza virus

is taken into account. NS1 is an antagonist viral protein

that inhibits the RIG-I signaling pathway (48). A dramatic

increase in NS1 mRNA is observed ~2 h after influenza

infection (16), which is also the time when IFN mRNA

increases (Fig. 4). Such simultaneous upregulation of NS1

and IFN mRNA implies the existence of two competing

processes. On one hand, the NS1 protein inhibits the RIG-I

signaling pathway and thus reduces IRF7 activation and

IFN induction. On the other hand, extracellular IFN induces

the key components of the RIG-I signaling pathway

(including RIG-I, Tripartite-motif-containing 25 (41), and

IRF7) to avoid the shutdown by NS1. At the same time, it

activates several antiviral pathways to inhibit virus replica-
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tion (8). One would expect that enough IRF7 should be

induced and activated during the t ¼ 0–2 h period for the

IFN induction feedback loop to win against NS1 inhibition

over time, which has been confirmed experimentally (16).

Our model predicts that this is more easily achieved

in vivo than in vitro.

We also studied the dependence of in vivo DC IFN

response on IFN priming conditions, similar to that for the

in vitro case shown in Fig. 2. The results (not shown) are

found to be very similar to the in vitro case, and the threshold

values of IFN priming dosage and time corresponding to

90% of the maximal IFN response are estimated to be 8 U/ml

and 2 h, respectively.
CONCLUSION

We performed experiments on human DCs to investigate the

enhanced immune response to influenza virus infection after

IFN-b pretreatment. A comprehensive computational model

was developed based on the experimental time course data

for proteins and mRNAs that mediate the IFN response.

The model describes the dynamics of cellular immune

response in both the cytoplasm and nucleus, as well as in

the extracellular medium. The results fit the data nicely

over a 13-h period that includes 3 h of pretreatment. The

dynamics of immune response shows two distinct phases

after viral infection: a 2-h phase during which the level of

the main regulator IRF7 declines and no IFN induction takes

place, and a second phase in which the amount of IRF7

increases due to JAK/STAT pathway activation and IFN

induction takes off. This result shows that for pretreated

cells, it takes ~2 h between viral infection and IRF7 induc-

tion. Some time courses, in particular that of nuclear

STAT1P, show significant variation over the span of the

experiment, and provide strong constraints on model param-

eters. That IRF7 mRNA continues to increase after 6 h,

whereas STAT1Pn and SOCS1 level off, imposes another

constraint. Since IRF7 mRNA half-life is estimated to be

the typical value of 2 h, the continued increase of IRF7

mRNA up to 10 h requires the presence of a previously

known autoinduction mechanism that functions after infec-

tion alongside the JAK/STAT pathway.

Our model provides insight into the kinetics of IFN induc-

tion in pretreated DCs and helps to identify the extracellular

IFN level as the key regulator of the overall dynamics. Since

IRF7 activation is very fast, it is the amount of IFN in extra-

cellular space that determines the timescale of cellular

response to viral infection. Extracellular IFN, which comes

from cellular secretion after infection, is part of a positive

feedback loop across the cell population. We applied our

model to explore the effects of varying IFN pretreatment

conditions on IFN induction in IFN-pretreated DCs after

virus infection. Two important saturation threshold values

emerge concerning dosage and pretreatment time. The result

is that IFN induction reaches near saturation for dosages
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>5 U/ml and durations >3 h. The model is then extended to

simulate the in vivo IFN induction of DCs at the site of infec-

tion. We found that in the same conditions, IFN mRNA

induction occurs at a faster rate in vivo than in vitro, and is

determined by the level of IRF7 mRNA present in the cell

at the early stages of influenza virus infection. Thus, the

cell is better prepared to combat the virus in vivo than under

similar conditions in vitro.

As a final note, we raise the usual flags of modeling caution,

which arise from the fact that the model describes a limited set

of data over a finite temporal range. From inspection of Fig. 2,

it is clear that the system of components has not reached

steady state at 10 h after infection, since IRF7 and the IFNs

continue to increase. This behavior cannot go on indefinitely,

even though in the model it would. The reason is that for the

sake of keeping the number of parameters small, some of the

reactions are described by equations in which only the linear

part of a saturating Michaelis-Menten expression is retained

(e.g., induction of IFN-a/b mRNA by IRF7Pn). If one were

to extend the model beyond 10 h, some of the equations

would need to be rewritten, at the price of introducing addi-

tional parameters. Moreover, some of the assumptions

made to simplify the model would need to be reevaluated if

new measurements were to appear. The conclusion is that

model methodology—here, the tailoring of model size to

the number of experimental measurements—is more impor-

tant than model details.
SUPPORTING MATERIAL

Model of type I IFN induction in IFN-pretreated human DCs, model equa-

tions, a table, references, and two figures are available at http://www.

biophysj.org/biophysj/supplemental/S0006-3495(09)01723-8.
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