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Abstract

Previously we showed that the cellular protein P58!FK contributes to viral protein synthesis by
decreasing the activity of the anti-viral protein, PKR. Here, we constructed a mathematical model
to examine the P58!PK pathway and investigated temporal behavior of this biological system. We
find that influenza virus infection results in the rapid activation of P58!/PK which delays and
reduces maximal PKR and elF2a phosphorylation, leading to increased viral protein levels. We
confirmed that the model could accurately predict viral and host protein levels at extended time
points by testing it against experimental data. Sensitivity analysis of relative reaction rates
describing P58!PK activity and the downstream proteins through which it functions helped identify
processes that may be the most beneficial targets to thwart virus replication. Together, our study
demonstrates how computational modeling can guide experimental design to further understand a
specific metabolic signaling pathway during viral infection in a mammalian system.
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INTRODUCTION

Every year influenza virus infects millions of people worldwide. While the vast majority of
infections do not result in death, highly virulent influenza strains can evolve into global
pandemics that dramatically increase incidence of mortality. Recent emergence of influenza
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viruses resistant to ribavirin and oseltamvir (Regoes and Bonhoeffer, 2006) further
demonstrates the need for better therapeutics against influenza virus infection. Mathematical
models of influenza virus infection can illustrate how cellular factors affect virulence, which
in turn can identify new therapeutic targets to modulate the impact of the virus.

During infection, influenza virus abrogates cellular mMRNA translation and facilitates viral
mMRNA translation (Garfinkel and Katze, 1992). The host cell utilizes multiple mechanisms
to prevent translation of viral transcripts, such as the interferon-induced activation of PKR.
PKR is a dsRNA-activated protein kinase that phosphorylates the alpha subunit of
eukaryotic translation initiation factor 2 (elF2a), thereby inhibiting protein synthesis (Dever,
2002). To evade this inhibition response, influenza virus has the capacity to limit PKR
activation by activating the host cell protein P58!PK  a cellular inhibitor of PKR (Lee et al.,
1992). P58!PK>s ability to regulate and prevent the phoshorylation of elF2a activity signifies
that P58!PK s a critical component of cellular and viral mMRNA translation.

Recently we demonstrated that influenza virus mMRNA translation becomes less efficient in
the absence of P58!PK, using mutant mouse embryonic fibroblasts (MEFs) lacking P58/PK
(Goodman et al., 2007). These measurements suggested that increased PKR activation and
elF2a phosphorylation decreased the mRNA translation efficiency. Here we create a
mathematical model to probe potential interactions among these proteins, extending our
previous experimental work and enhancing our understanding of dynamic behavior among
proteins in this viral replication pathway. We used previous experimental data to construct
our model, both in structure and in specific parameter values. We performed additional
experiments to confirm the structure of the model and test its predictions. Furthermore, we
were able to use the model to simulate conditions not readily tested in the laboratory, such as
inhibition of the PKR-specific effects due to P58!PK. Because P58!PK also becomes
activated during ER stress (Liu and Kaufman, 2003), this mathematical model provides a
useful structure for incorporating other P58!PX-activating stimuli, merging the dynamic
responses of viral infection with the unfolded protein response or other pathways through
which P58!PK functions. Similarly, the model also provides a platform for testing other PKR
inhibitors to study how PKR Kinetics respond to a variety of infection systems, making this
model a relevant tool for cell biologists and virologists alike.

Model development

dPKRP(1) _

=Tk 12,51
dt ‘

r

This study focuses on the role of P58!PK during virus infection, exploring the mechanisms
through which P58!PK regulates elF2a phosphorylation. The initial model structure was
based on a simplified conceptual model presented by Goodman, et al. that included two
elF2a kinases, PKR and PERK (Goodman et al., 2007). Subsequently we removed the
PERK Kinase, as it is not activated by influenza virus infection (Goodman et al., 2007)
(Goodman and Katze, unpublished data), nor does our model include an ER stress stimulus
to activate the PERK kinase. We arrived at the current model structure (Fig. 1), described by
five ordinary differential equations (ODES), where t is time:
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In the model P58a represents activated P58!PK protein; PKRP phosphorylated, activated
PKR protein; elF2aP phosphorylated, inactive elF2a protein; Flu the overall level of
infection within the host cell; and NS1 influenza NS1 protein. In the model we have
represented key enzymatic reactions and cellular processes of the P58!PK pathway relevant
to influenza infection. First influenza virus activates P58'PK (Eq. 1) (Lee et al., 1992).
Secondly influenza virus also activates PKR(Eg. 2), leading to PKR phosphorylation (Dey et
al., 2005), while active P58/PK (P58a) and NS1 increase PKR deactivation (Lu et al., 1995).
Phosphorylated PKR is not deactivated by the enzymatic reaction phosphorylating elF2a
(Eq. 3) (Dey et al., 2005). The level of influenza virus increases logistically, with carrying
capacity, K (Eq. 4). NS1 is synthesized in the presence of elF20 and influenza virus, but is
consumed in the PKR deactivation reaction, as NS1 binds dsRNA, which is synthesized as
an intermediate of viral genome replication and is the substrate which normally activates
PKR (Dey et al., 2005). We assume no natural degradation of proteins over the timecourse
of the model. The model presented here assumes that the total concentration of any host
protein is constant, with the sum of the active and inactive states equaling the total (e.g.,
P58 _total = P58a(t) + P58(t)). We then derived parameter values (Table 1) for the model as
described in the Methods section. Briefly parameter values were derived either from known
values in the experimental literature or from optimizing the fit of the model to a set of
previously observed early time-point time courses (Goodman et al., 2007). These viral
infections were performed in two cell lines, wild-type (P58'PK*/*) and P58!PK~/~ mouse
embryonic fibroblasts (MEFs), with observations made at 6-9 h post-infection. We used
these experimental data as a training set, reserving other, newly obtained experimental data
as a test set (described below). After fitting the model to the training set, model output
agreed well with experimental data points for phosphorylated PKR, phosphorylated elF2a,
and NS1. Overall correlation coefficients (Pearson) between output and experimental data
were 0.95 and 0.91 for experiments performed in the presence (P58'PX*/*) and absence
(P58!IPK=/7) of P58IPK respectively (Fig. 2). As a negative control, we simulated the
absence of influenza infection (Flu(0)=0), and the model displayed the expected behavior,
with no activation of any of the cellular proteins and no change in influenza virus levels
(data not shown).

Simulations predict faster activation of PKR and elF2a phosphorylation with decreased
NS1 synthesis in the absence of P58!PK

Model predictions for PKR and elF2a phosphorylation follow measured biological trends in
the absence and presence of P58!PK at 6-9 h post-infection (Fig. 2). The model output also
provides an indication of what happens within influenza virus-infected cells at shorter time
scales, up to 10 h post-infection. In the model, PKR becomes increasingly phosphorylated in
the absence of P58!PK up to 4 h post-infection (Fig. 2A), at which point it reaches stable,
maximal activation. In contrast, in the presence of P58/PK, PKR phosphorylation increases

Virology. Author manuscript; available in PMC 2012 August 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

GOODMAN et al.

Page 4

until 1 h p.i, then decays briefly due to increased P58!PK activation and slowly increases
thereafter. EIF2a phosphorylation (Fig. 2B) lags PKR phosphorylation, with elF2a
phosphorylation developing more slowly in the presence of P58!PK, EIF2a phosphorylation
inhibits initiation of translation (Dever, 2002), leading to an inverse correlation between
levels of elF2a phosphorylation and viral protein synthesis. Simulation results confirm this
correlation, following measured biological trends for NS1 synthesis in the presence and
absence of P58!PK (Fig. 2C).

Preliminary model predictions showed intriguing behavior at longer time points, prompting
us to perform influenza virus infections in P58!PK~/~ and P58!PK*/* MEFs to examine
longer timepoints post-infection. With these data, we could generate a test set of biological
data for comparison with predicted behavior from the simulations. As a result, we infected
P58IPK=/~ and P58IPK+/* MEFs with influenza virus for 24, 48, and 72 h and subsequently
determined levels of NS1, PKR phosphorylation, and elF2a phosphorylation (Fig. 3A).
Quantification of the results from three independent experiments constituted our test set of
data. Correlation coefficients among the test set of biological data and simulation results
were 0.96 and 0.95 in the presence and absence of P58!PK, respectively (Fig. 3B-D).

After testing the model on the experimental data at 24-72 h post-infection, we then used the
model to make predictions of and gain insight into the longer-term behavior of the biological
system. We calculated the steady-state solution of the model analytically, and upon
substituting the optimized parameter set, we derived the steady-state values and time to
reach steady-state (Table 2). Other solutions in which parameter values reached zero were
disregarded, as this was not observed experimentally. Longer-term simulations showed that
PKR phosphorylation occurs more slowly in the presence of P58!PK| reaching steady-state at
56 h (Fig. 3B). In addition, steady-state PKR phosphorylation is ~25% less in the presence
of P58!PK than in its absence. In the presence of P58!PK, PKR phosphorylation reaches
steady-state 10 h before elF2a phosphorylation (Fig. 3C). In the absence of P58!PK
however, the kinetics of elF2a phosphorylation lag PKR phosphorylation. Steady-state
values for elF20 phosphorylation show a minimal difference between the two genotypes,
suggesting that other elF2a kinases, such as PERK, GCN2, and HRI, may be
phosphorylating elF2o while P58'PK is inhibiting PKR-mediated elF2a phosphorylation. We
observed that NS1 synthesis reaches steady-state faster in the absence of P58!PK. However,
for both conditions, the time at which NS1 synthesis reaches steady-state lags the times at
which PKR and elF2a phosphorylation reach steady-state. By steady-state, the level of NS1
synthesis is 150% greater in the presence of P58!PK than in its absence, suggesting that
P58!PK may function to promote long term viral replication in influenza virus-infected cells.
Together, these extended timecourse simulations provide new data about the equilibrium
states of the proteins described in the model and the window of time when the proteins
become rapidly activated, a period that may be beneficial to target the proteins for potential
therapeutic intervention.

Even though there was strong correlation between our optimized parameter set and the test
set of biological data, we next investigated the uniqueness of the optimized parameter set by
comparing it to a parameter set generated by rigorously fitting the simulated data to all of
the biological data. With a larger set of biological data, we could also generate more robust
statistics associated with the fitted parameter set. These parameters are shown in Table 3,
along with their covariances and confidence intervals. The correlation coefficients between
all biological data and simulated data remain high (0.95 for P58'PK~/~ and 0.97 for
P58IPK+/*) The major difference in this parameter set as compared to the previously
optimized set is with regard to P58!PK activation. With this parameter set, we observed a
greater rate of P58!PK deactivation, although its covariance and confidence intervals are
high. However, both parameter sets generate simulation curves that follow the same trends.
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Together, these results suggest that both sets of parameter estimates were non-unique and
can be used for further analysis of the model. Since the second parameter set was generated
by fitting the simulated data with all of the biological results, and the parameter intervals for
the simulated data overlap with most biological results (Fig. 4), subsequent analysis of
P58!PK activation and model sensitivity were performed using the optimized parameters in
Table 3.

Using the parameter set derived using all of the biological data, we next examined the
kinetics of P58!PK activation. In contrast with the PKR and elF2a phosphorylation responses
and NS1 synthesis, there are no published data on P58!PK activation rates during viral
infection. This rate is difficult to measure in the laboratory because P58'PK becomes
activated during influenza virus infection following dissociation from its two inhibitors,
P52"PK and Hsp40 (Gale et al., 1998; Melville et al., 1997). However, model predictions
show that P58!PK activation is well approximated by an exponential growth equation (R? =
0.99) until 200 h post-infection:

P58a(1)=9.28(1 — =168 ®)

revealing an apparent activation rate of 0.168 h™L. This prediction suggests the apparent rate
of P58!PK activation is directly related to the infectious dose of the virus because the rate for
P58!PK activation is roughly equal to the product of rpsg 1, (rate of influenza virus-mediated
P58!PK activation) and Flu(0) (initial dose of influenza virus). Further evidence for this
relation between P58!PK activation and infectious dose is provided in Figure 5, showing that
P58!PK is activated earlier post-infection when the infectious dose is greater. Additionally,
the rate for PKR activation is roughly three times greater than the P58!PK activation rate.
This suggests that activation of PKR is followed by activation of the cellular inhibitor of the
host defense, P58!PK | allowing the cellular environment to be better suited for viral
replication.

Sensitivity of viral protein synthesis to changes in model parameters

The inverse correlation between levels of PKR activation or elF2a phosphorylation and viral
protein synthesis or replication is well accepted (Goodman et al., 2007; Smith et al., 2006)
and further supported by our model, but the extent to which these processes affect viral
growth kinetics in the presence and absence of P58!FPK remains unclear. To further
understand the relationship between these cellular processes and viral growth kinetics, we
performed a sensitivity analysis to determine the correlation between the cellular processes
represented in our model and NS1 protein synthesis (Table 4). This analysis showed that the
parameters rry, and K were more strongly correlated with NS1 synthesis in the absence of
P58!PK at 120 h, suggesting viral replication may be more sensitive to influenza virus levels
within the cell when P58!PK s absent. The rate of P58/PK-mediated PKR inhibition
(rpkRr,21,p58) Was also positively correlated with NS1 synthesis, but only at late times post-
infection. Since PKR activation does not reach steady-state until ~80 h post-infection,
modifying the rate of P58!PK-mediated PKR inhibition will alter the time at which PKR
reaches steady-state, thus affecting levels of NS1 synthesis.

Other parameters were negatively correlated with NS1 synthesis, namely rejrp, 12,
PKR_total, and rpkr 12 Fiy, Which correspond to processes that promote elF2a
phosphorylation. At early times post-infection, the absence of P58!PK results in a negative
correlation for re;ro, 12 and PKR_total because PKR has reached a level of steady-state
activation. Therefore, variations in total PKR or the rate of PKR-mediated elF2a
phosphorylation will impact NS1 synthesis to a greater extent in the absence of P58!PK,
However, at late times post-infection the influenza virus-mediated PKR activation rate,
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rpKR 12 Flus had a negative correlation with NS1 synthesis in the presence of P58!PK.
Nevertheless, these two correlations, one at early times post-infection in the absence of
P58!PK and the other at late times in the presence of P58!PK | are consistent in showing that
levels of PKR and elF2a phosphorylation are negatively correlated to viral protein synthesis

Enhanced PKR expression in cells lacking P58'PK inhibits viral replication

One of the major conclusions from our sensitivity analysis was that NS1 synthesis is
particularly sensitive to parameters of the model pertaining to PKR activation and its
downstream effects: rejr2, 12, PKR_total, and rpkg 12 F1y. TO test the validity of our
hypotheses, and also to determine the wider applicability of our model, we took advantage
of a recombinant vaccinia virus system that expresses wild-type PKR (VVPKR), or a
catalytically inactive PKR mutant (K296R) (Lee and Esteban, 1993). This K296R PKR
mutant also acts as a dominant negative for elF2a phosphorylation (Gil et al., 2001), serving
as a negative control for the effects of wild-type PKR over-expression. While these
experiments do not utilize influenza virus, per se, vaccinia virus represents another tool for
perturbing the P58!PK pathway and studying the downstream effects of P58!PK activation.
Influenza and vaccinia virus are remarkably different viruses, but they also share their
similarities with respect to the host response. Similar to influenza virus, vaccinia virus
activates PKR via dsRNA intermediates that are part of its viral replication cycle, and like
influenza virus NS1, vaccinia virus E3L binds dsRNA, resulting in PKR inhibition.
Additionally, vaccinia virus K3L inhibits PKR-mediated elF2a phosphorylation (Davies et
al., 1993; Lee et al., 1994a). Therefore, this experimental design represents a self-contained
viral infection system to test the effects of PKR over-expression on virus replication in the
presence and absence of P58!PK| using the same experimental conditions as previous
experiments used to derive the mathematical model.

In this vaccinia virus system we tested the prediction of the model that certain cellular
processes were inversely related to viral replication, particularly in the presence or absence
of P58!PK. The activation state of PKR and elF2a was determined in P58/PX~/~ and
P58IPK++ MEFs infected with the VVVPKR or K296R strains of vaccinia virus, showing
greatest PKR and elF2a phosphorylation during VVPKR infection in P58!PK=/~ MEFs (Fig.
6A, lanes 3 and 4 compared to 1). PKR and elF2a phosphorylation in P58!PK+/* MEFs or
during K296R infection were similar to that of mock infection (Fig. 6A, lanes 6-8 compared
to 5, 10-12 compared to 9, or 14-16 compared to 13). Increased PKR and elF2a,
phosphorylation during VVPKR infection in P58!PK=/~ MEFs was correlated to decreased
viral replication, as compared to infection in P58'PK*/* MEFs (Fig. 6B, t-test 1). Infection
with K296R, which expresses non-phosphorylateable PKR, in P58!PK=/~ MEFs resulted in
increased viral replication, as compared to VVPKR infection (Fig. 6B, t-test 2). It should be
noted that we also performed infections with a wild-type strain of vaccinia virus (WR);
however, we observed no differences in PKR activation, elF2a phosphorylation, or viral
replication between P58!PK=/~ and P58/PK+/+ MEFs (data not shown). While WR infection
resulted in slightly increased levels of viral replication and decreased PKR and elF2a
phosphorylation, no differences were observed in P58'PK=/~ and P58!PK+* MEFs, like
K296R infection. Therefore, K296R infection was pursued as a control, since it over-
expresses total PKR, as does VVPKR. Together, these results corroborate the sensitivities
predicted by the model, showing that viral replication becomes more sensitive to increased
levels of activated PKR in the absence of P58/PK,

Prior studies show over-expression of wild-type PKR during vaccinia virus infection results
in increased apoptosis as compared to expression of PKR containing the K296R mutation
(Lee and Esteban, 1994). Furthermore, P58!PK is anti-apoptotic, due to its inhibitory effects
on PKR (Tang et al., 1999). To establish whether levels of apoptosis are enhanced in the
presence of PKR and absence of P58!PK, we performed flow cytometry on cells infected
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with VVPKR and K296R (Fig. 6C). We observed the greatest number of cells positive for
apoptosis in the presence of wild-type PKR over-expression in P58'PK=/= MEFs (19.1%, as
compared to 5.0% in P58!PK+/* MEFs). Infection with K296R resulted in increased
apoptosis as compared to mock infection and the greatest levels of apoptosis resulted in the
least amount of viral replication. These results support the inverse correlation between PKR
over-expression and viral replication in the absence of P58!PK | as predicted by the sensitivity
analysis of the mathematical model, showing how the analysis of a model can lead to novel
experimental designs and results.

DISCUSSION

This study integrated computational and experimental analyses to predict and elucidate
kinetic interactions within the P58!PK pathway, which we had previously investigated only
experimentally (Goodman et al., 2007). After establishing Kinetic parameters that predicted
measured biological behavior in the presence and absence of P58!PK, we used this model to
probe kinetic interactions within the P58!PK pathway and identify protein interactions that
confer viral replication. Strengths of this model are multi-faceted: it predicts that P58!PK is
rapidly activated in response to influenza virus infection but dependent on infectious dose, it
simulates long-term viral infection kinetics, and it correlates varied model parameters with
viral protein synthesis. Model analyses, in combination with corroborative experimental
results, identify favorable targets within the P58!PK pathway for counteracting virus
infection.

Although empirical data from previous influenza virus infection experiments was useful for
guiding model formulations and parameter optimization, the generation of a test set of
biological data was necessary to examine the validity of the model. However, a scarcity of
published data from other viral infection models interrogating the P58!PX pathway remains,
highlighting a need for more viral infection experiments perturbing the P58!PK pathway. To
validate the conclusions drawn from the model analyses and to instill more confidence in the
model structure, we performed experiments with vaccinia virus, which, like influenza virus,
is particularly sensitive to translational control, elF2a phosphorylation, and innate immune
responses (Garcia, Meurs, and Esteban, 2007). Greater similarity between influenza and
vaccinia viruses exists in the host-range genes they encode to inhibit the anti-viral response.
Influenza virus NS1 is necessary for replication in wild-type mice, but is dispensable for
replication in mice lacking PKR (Bergmann et al., 2000). Similarly, vaccinia virus lacking
E3L only produced lethal disease in mice lacking PKR and replicated to higher titers than in
wild-type mice (Rice et al.), providing further evidence that E3L is a critical host range
protein necessary for efficient viral replication (Beattie et al., 1996; Langland and Jacobs,
2002). Taken together, mutant influenza and vaccinia viruses are useful tools to study the
PKR anti-viral pathway.

As the absence of P58!PK had no effect on the replication of vaccinia virus lacking E3L
(data not shown), the experimental design we pursued in this study made use of a
recombinant vaccinia virus expressing PKR, and we described that the absence of P58!PK
had a profound effect on the replication of this virus due to increased levels of PKR and
elF2a phosphorylation. Model predictions showed that at early times post-infection, viral
protein synthesis was particularly sensitive to levels of PKR and the rate of PKR activation
when P58!PK was absent. Taking advantage of the experimental design derived from the
analysis of the model, we also showed that levels of apoptosis were enhanced during
infection when PKR was over-expressed in the absence of P58!/PK. Future studies could take
advantage of other recombinant vaccinia viruses expressing mutant elF2a (Gomez et al.,
2005) to explore the model’s sensitivities to the rate of elF2a phosphorylation and its role in
viral protein synthesis and virulence with respect to P58!PK. Additionally, the role of NS1-
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mediated PKR inhibition in the context of P58!PX could be further studied and modeled
using influenza viruses containing mutations in NS1 that reduces the protein’s ability to bind
dsRNA and inhibit PKR (Hatada, Saito, and Fukuda, 1999; Min et al., 2007).

This modeling effort facilitated identifying potential targets for intervening against viral
replication by probing the correlation between NS1 synthesis and rate values or protein
concentrations in the P58!PK pathway during infection. Current influenza virus therapeutics
consist of anti-viral drugs that inhibit the virus’ ion channel and neuraminidase. Interferon
treatment has also been proposed as an adjuvant for these drugs (Bracci et al., 2005). If a
drug could be discovered that acted specifically on a cellular protein involved in the
response against infection, treatment of the infection could be improved. For example,
Budd, et al. have demonstrated that modulating the host cytokine response with an anti-
inflammatory agent affects the outcome to influenza virus infection (Budd et al., 2007). Our
analysis suggested that at early times post-infection, heightened levels of total PKR would
decrease levels of NS1 synthesis, especially when P58!PK is absent and not inhibiting PKR
activation. The down-regulation of P58!PK would allow for a quicker and more robust PKR-
mediated response at the onset of infection to curb viral replication. To further test this
hypothesis, one could transiently downregulate P58/PK via siRNA and induce PKR
expression prior to virus infection. This could also be tested in animals with the use of
intranasal siRNAs (Sioud and Barik, 2009). Late in infection, our analysis predicted that to
reduce viral replication, it would be most prudent to heighten PKR sensitivity, particularly
when P58!PK is fully activated to regulate PKR hyperactivation, for this too is detrimental to
the host (Goodman et al., 2009). Experimentally, one could boost PKR activation with
dsRNA as the infection continues. These methods could be used in conjunction with
established anti-viral compounds to decrease the overall burden of the virus.

Understanding how cellular proteins affect viral infection is important for gaining better
insight about therapeutic targets. Using mathematical modeling to test the mental picture of
these cellular pathways allows one to develop and perturb the network dynamics describing
a signaling pathway in silico, complementing the interpretation of biological experiments. In
this study, we were able to develop a straightforward mathematical model to study how the
P58!PK pathway is associated with virus infection. This model offers significant insight
about the kinetics of protein interactions downstream of P58!/PK  even in its absence,
providing an opportunity to simulate a specific metabolic signaling pathway during viral
infection in a mammalian cell culture system. Future computational studies could expand the
model’s scope to include other molecules that play a role in the P58!PK pathway during viral
infection. Of particular significance would be MK2 and MK3, two MAPKAPKSs which form
a multimeric protein complex with P58!PX to inhibit PKR (Luig et al., 2010) or proteins of
the unfolded protein response which are up-regulated during coxsackievirus infection due to
P58!PK inhibition (Zhang et al., 2010). Together, our work shows that the merging of
qualitative laboratory data with quantitative modeling data can allow the researcher to
uncover coordinated behavior between molecules or identify structures of burgeoning
molecular networks. From this, new experiments can be designed to discover novel
mechanisms for the designing and evaluation of therapeutics for potential future viral
pandemics.

METHODS

Parameter derivation and simulation procedures

Transition rates and relative, initial concentration values were based upon our experimental
measurements, all gathered under identical experimental conditions (Goodman et al., 2007),
published literature values, and optimization techniques (Table 1). Prior studies reported that
influenza virions are produced by 12 h post-infection (Borland and Mahy, 1968), supporting
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our empirical measurements (Goodman et al., 2007) and the mathematics describing
logistical influenza virus growth (Eq. 4) with a growth rate (rg;,) of 0.075 h™1. NS1 is
highly abundant at early times post-infection, but appears relatively dynamic (Lamb et al.,
2001), leading us to scale the NS1 growth rate (rysy) at two-thirds the value of rgj,. We
derived a carrying capacity (K) of 100 PFU for influenza virus within a cell based on the
observation that 10° mouse embryo fibroblasts release 107 PFU/ml at 24 h post-infection
(Goodman et al., 2010). The rate constant for P58!PK-mediated PKR inhibition (rpkg 21 pss)
was derived from Fig. 3B of Lee, et al. (Lee et al., 1994b), which portrayed a titration of the
molar ratio between of PKR and P58!PK needed to achieve PKR inhibition in 10 minutes.
Similarly, the rate constant for NS1-mediated PKR inhibition (rpkg 21 ns1) Was derived from
Fig. 5 of Lu, et al. (Lu et al., 1995), which described the amount of NS1 needed to inhibit
PKR in 15 minutes. Because NS1 inhibits PKR phosphorylation by 24 h p.i during an
infection at 2 PFU/ml (Bergmann et al., 2000) but P58!PK inhibits PKR phosphorylation by
8 h post-infection during an infection at 1 PFU/mlI (Goodman et al., 2007), rpkr 21 psg Was
greater than rpkg 21 ns1. While half of the parameter values (rpkg 21 pss: F'PKR 21.NS1: MFlus
rnsi, and K) were derived from the literature (Borland and Mahy, 1968; Goodman et al.,
2010; Lamb et al., 2001; Lee et al., 1994b; Lu et al., 1995), a weighted, non-linear least
squares optimization algorithm was used to derive the remaining parameter values

(rPKR,12,Flus TP58,12, P58,21, FelF2¢,12, ANd FejF24,21)-

All computation was performed in Matlab (v7.1, The Mathworks, Natick, MA.), using stiff,
numerical integration (ode15s.m) to solve the system of differential equations. Curve fitting
of numerical data derived from the modeled P58!'PK activation was performed with the
Curve-Fitting Toolbox built in to Matlab, and sample correlation was performed with the
corrcoef.m function. To optimize the five unknown parameters (rpkr 12 Fiu: 58,12 FP58,21,
lelF2q,12, and rejr2, 21), We applied an unconstrained non-linear minimization
(fminsearch.m, implementing a Nelder-Mead simplex algorithm) to minimize the sum-
squared residuals for the biological data obtained in the presence or absence of P58!PK using
the weighted error function:

Niata

D Wi - yimy?
. (7)

gy (8)

where “data” and “sim” refer to values calculated from biological and simulated
experiments respectively, and o refers to the standard deviation of a specific biological data
point. Because there was no standard deviation data published for PKR phosphorylation at 8
h post-infection, we implemented a standard error of 10% for this pair of data points.
Parameters derived from the literature, namely rpkg 21 psg, PR 21,Ns1: FFIus FNs1, and K,
were fixed for all simulations, and thus excluded from the parameter estimation. The
remaining five unknown parameters were estimated using the training set of data consisting
of previously published infection results from early timepoints post-infection in the presence
or absence of P58!PK (Goodman et al., 2007). To fit the model to all biological data and re-
derive the five unknown parameter values, we used the nlinfit.m function, which uses the
Levenberg-Marquardt algorithm for nonlinear least squares to compute non-robust fits.
Fitting results were passed to the nlparci.m function to calculate parameter covariances and
confidence intervals and to the nlpredci.m function to calculate parameter intervals. Finally,
all parameter values were identical whether simulating the P58/PX~/~ or wild-type
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(P58!PK+/*) conditions, except for the parameter representing P58!PK concentration in the
cell, which was set P58_total = 0 to simulate P58'PK~/~. The model can be found at the
“JWS Online Cellular Systems Modelling” database (http://www.jjj.bio.vu.nl).

While our model describes proteins downstream from P58!PK that are involved in influenza
virus infection, it was not possible to include all proteins related to virus infection and the
P58!PK pathway. Besides PERK, other elF2a kinases, namely HRI and GCN2, were also
excluded from the model, as they have not been shown to be activated during influenza virus
infection or inhibited by P58!PK (Berlanga et al., 2006; Lee et al., 1994b). Even though
influenza virus hemagglutinin (HA) is highly glycosylated and can induce ER stress in a
virus-free system (Braakman et al., 1991; Galli et al., 2011), infection with influenza virus
has not been shown to induce ER stress or an unfolded protein response. Recently, Luig, et
al. showed that the mitogen-activated protein kinase-activated protein kinases
(MAPKAPKS) MK2 and MK3 were activated upon influenza virus infection, forming a part
of the complex which inhibits PKR along with P58/PK (Luig et al., 2010). As MK2 and
MK3 activation are upstream of P58!PK-mediated PKR inhibition, these molecules were
excluded from our current model. However, they represent sound directions for expanding
the model to include a subsequent level of signaling in the future.

Sensitivity analysis

The goal of sensitivity analysis is to correlate variances in parameter values to variances in
model output and is useful when parameter values are not known with certainty. Sampling-
based sensitivity analysis entails specifying a distribution for each parameter from which
values are selected at random and used in model simulations (Chang, Linderman, and
Kirschner, 2005; Helton and Davis, 2001). In particular, non-zero parameters were varied by
assigning uniform distributions ranging from 25% to 175% of respective baseline values and
sampling 2000 values from these distributions by Latin Hypercube Sampling. Runs were
generated for random combinations of these parameter values, with the output chosen to be
NS1 concentrations at timepoints 10 h and 120 h. The sensitivity of the output to variation in
each parameter was determined by partial rank correlation coefficients (PRCC) values
varying between —1 and 1, corresponding to perfect negative and positive correlations,
respectively. P-values were assigned to each PRCC value following the method of Blower
and Dowlatabadi (Blower and Dowlatabadi, 1994) and Bonferroni-corrected for the number
of samplings.

Cells, viruses, and infections

Mouse embryo fibroblasts (MEFs) derived from wild-type C57BL/6 (P58'PX+/*) mice or
mice lacking Dnajc3, the gene for P58!PK generated on the C57BL/6 background
(P58!PK=/=) were grown as previously described (Goodman et al., 2007; Ladiges et al.,
2005). BSC-40 monkey kidney epithelial cells were grown as monolayers in supplemented
high glucose Dulbecco’s modified Eagle’s medium (hgDMEM) supplemented to contain 2
mM L-glutamine, 0.1 mM nonessential amino acids, Fungizone Amphotencin B (0.5 pg/ml),
penicillin G (100 units/ml), streptomycin sulfate (100 pug/ml) and 10% newborn calf serum
(NCS) (Sigma). Wild-type vaccinia virus (strain WR) and recombinant viruses expressing
wild-type PKR (VVPKR) or its catalytically inactive mutant (K296R) were grown on
monkey BSC-40 cells, purified by a 45% (w/v) sucrose cushion, and titrated on BSC-40
cells by plaque assay. The A/WSN/33 (WSN) strain of influenza virus was grown in Madin-
Darby bovine kidney cells as previously described (Etkind and Krug, 1975).

Near-confluent monolayers of cells were mock-infected or infected with vaccinia virus
diluted in supplemented hgDMEM to the indicated multiplicity of infection (MOI). After 1 h
of adsorption at 37°C, virus and medium was removed. Fresh supplemented hgDMEM
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containing 2% NCS was added to the cells and infections were allowed to proceed at 37°C
until the indicated time post-infection. Recombinant viruses express wild-type PKR or its
mutant form under regulated control of an isopropyl p-D-1-thiogalactopyranoside (IPTG)
inducible promoter at 1.5 mM, as previously described (Lee and Esteban, 1993). Influenza
virus infections in P58!PK~/~ and P58!PK+/* MEFs were performed as previously described
(Goodman et al., 2007).

Protein analyses and plaque assays

Protein and immunoblot analyses were performed as previously described (Goodman et al.,
2010) using primary antibodies for influenza virus NS1 (a kind gift from Adolfo Garcia-
Sastre), total PKR, total elF2a (Santa Cruz Biotechnology), pT4°! PKR, pS52 elF20.
(Invitrogen), or actin (MP Biomedicals).

At the indicated times post-infection, infected cells and cell media supernatant were
collected and assayed in triplicate for viral yield by standard plaque assay on BSC-40 cells.
Viral yields were calculated according to the formula: logq yieldi=x = [log1g(PFU/MI)i=y]-
[log10(PFU/ml)=g], where t is time and x is the time post-infection.

Flow cytometry analysis

At the indicated times post-infection, cells were collected via trypsinization, resuspended in
1x annexin V Binding Buffer, stained with 10L/106 cells of annexin V-FITC and
propidium iodide according to the manufacturer’s instructions (Beckman Coulter). Flow
cytometry was performed with the LSR Il System (BD Biosciences) and data was analyzed
with BD FACSDiva Software v. 6.1.
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Figure 1. Schematic of model

Flu, which grows logistically as described in Eq. 4, infects a cell and activates PKR at a rate
of rpkr,12,F1y @nd activates P58 at a rate of rpsg 1. Active P58 (P58a) inhibits active PKR
(PKRP) at a rate of rpkr 21 pss, While NS1, which is synthesized in the presence of Flu and
unphosphorylated elF2a at a rate of rygs, inhibits PKRP at a rate of rpkg 21 Ns1. P58a is
deactivated at an intrinsic rate of rpsg 21. PKRP phosphorylates elF2a at a rate of rgjp24, 12,
while dephosphorylation of elF2aP occurs at a rate of rejrp, 21. Equations and more detail
are given in the text.
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Figure 2. Dynamics of PKR and elF2e phosphorylation in the presence and absence of p5glPK

during influenza virus infection

Model results simulate (sim) the predicted timecourses for PKR phosphorylation (A), elF2a.
phosphorylation (B), and NS1 synthesis (C) over the first 10 h post-infection, in the
presence (black lines) or absence of P58!PK (grey lines). The data are normalized and
represented as arbitrary units. Experimental (exp) data (replotted from Figs. 2 and 3
(Goodman et al., 2007), Copyright © American Society for Microbiology, Journal of
Virology, Vol. 81, p. 2221-2230, 2007) are shown at discrete timepoints with black or grey
boxes.
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Figure 3. Dynamics of PKR and eFl2a phosphorylation and NS1 synthesis for long-sustained
times post-infection

P58IPK=/~ and P58IPK+/* MEFs were mock-infected (M) or infected with the WSN strain of
influenza virus at 1 PFU/cell for 24, 48, or 72 h. The levels of influenza virus NS1,
phosphorylated PKR and elF2a, total PKR and elF2a, and actin were determined by
immunoblot analysis (A). Densitometry analysis (mean pixel value multiplied by total
pixels) of three independent experiments was performed to determine the relative levels of
NS1, phosphorylated PKR, and phosphorylated elF2a. A ratio of the phosphorylated protein
band and total protein band was normalized to that of the genotype-matched mock-infected
sample. NS1 was normalized to actin. 200 h simulation (sim) results are shown for PKR
phosphorylation (B), elF2a phosphorylation (C), and influenza virus NS1 synthesis (D), in
the presence (black line) or absence of P58!PK (grey line). The data are normalized and
represented as arbitrary units. Densitometry data derived from the experimental (exp) results
is shown at discrete timepoints with black or grey boxes with standard deviations.
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Figure 4. Prediction intervals for simulated PKR and eFl2a phosphorylation and NS1 synthesis
show overlap with biological data

200 h simulation (sim) results are shown for PKR phosphorylation (A), elF2a
phosphorylation (B), and influenza virus NS1 synthesis (C), in the presence (black line) or
absence of P58!PK (grey line), using the parameter set generated from fitting simulated data
with all biological data. At the timepoints where experimental data exists, prediction
intervals for the simulated data are shown. Experimental (exp) data are represented with
black or grey boxes. Only single direction prediction intervals are shown in panel B.
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Figure 5. P58!PK reaches maximal, steady-state activation levels faster with increasing infectious
dose

200 h simulation results are shown for P58!PK activation upon infection with 0.01, 0.1, 1,
10, or 100 PFU of virus. P58!PK activation reaches steady-state at 180, 150, 120, 80, or 2 h,

respectively.
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Figure 6. Over-expression of wild-type PKR during infection in cells lacking P58!PK results in
increased elF2a phosphorylation and apoptosis and decreased viral replication

P58IPK=/~ and P58!PK+/* MEFs were mock-infected (M) or infected with recombinant
strains of vaccinia virus which express wild-type PKR (VVPKR) or a catalytically inactive
mutant (K296R) at increasing MOls of 0.1, 1, and 10 PFU/cell for 8 h. (A) The levels of
phosphorylated PKR and elF2a, total PKR and elF2a, and actin were determined by
immunoblot analysis. Data for densitometry analysis showing the relative levels of
phosphorylated PKR and phosphorylated elF2a are provided, which is represented
numerically. (B) Infectious virus present in cells infected with 1 PFU/cell was measured in
triplicate. Standard deviations and P-values from a two-tailed Student’s t-test assuming non-
equal variance are indicated (*, P < 0.05). (C) Cells infected with 1 PFU/cell were stained
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with annexin V-FITC and propidium iodide and analyzed by flow cytometry. Percentages

represent the fraction of the total cell population that is positive for annexin V and/or
propidium iodide.
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TABLE 1
Model Parameters and Initial Conditions
Symbol Meaning Value (reference)
rpkrizel Rate of influenza virus-mediated PKR phosphorylation _
Ipkr21pss  Rate of P58'PK-mediated PKR inhibition 0.3nM™1h71 (Lee et al., 1994b)
rpkr2inst  Rate of NS1-mediated PKR inhibition 0.025 nM~Lh7L (Lu et al., 1995)
Tpsg 12 Rate of influenza virus-mediated P58'PK activation
Ipsg 21 Rate of P58!PK deactivation

TelF20,12 Rate of PKR-mediated elF2a phosphorylation

TelF20,21 Rate of elF2a dephosphorylation

e Rate of influenza virus growth 0.075 h™! (Borland and Mahy, 1968)
Insi Rate of NS1 growth 0.05 PFU~1.h~1 (Lamb et al., 2001)
K Cell’s carrying capacity of influenza virions 100 PFU (Goodman et al., 2010)

PKR_total Initial concentration of all PKR species 2nM
PKRP(0) Initial concentration of phosphorylated PKR 0nM
P58_total Initial concentration of all P58'PK species (wild-type) 10nM
P58a(0) Initial concentration of active P58'PX (wild-type) 0nM
elF2¢_total Initial concentration of all elF20. species 2nM
elF20P(0) Initial concentration of phosphorylated elF2a 0nM
Flu(0) Initial dose of influenza virus 5PFU
NS1(0) Initial concentration of influenza NS1 protein 0nM

Highlighted parameters were determined by the Nelder-Mead optimization algorithm described in the Methods section.
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Steady-State Protein Levels

TABLE 2

P58IPK—/— p58IPK+/+
Parameter
Value Time(h) Value Time (h)
P58a 0 n.a. 9.94 34
pere  JHBSNNEIIN 151 s
elF2aP 1.72 20 1.66 66
NS1 29.5 190 44.7 240

Page 23

As highlighted in the table, in the absence of P58|PK, PKRP initially reaches its steady-state by 5 h p.i. However, PKRP slowly increases to 1.92

until 70 h p.i., at which time it decreases and reaches its steady-state level again by 130 h p.i. (see P58!PK~~ simulated data in Figs. 3B and 4A).
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TABLE 3
Parameters Fitted with All Biological Data

Symbol Value Covariance (62 95% Confidence Interval [low; high]
rpkr12Flu  0.1245 PFU™Lh1 0.0093 [-0.0731; 0.3221]

Ipsg 12 0.0417 PFU1h1 0.0056 [-0.1113; 0.1948]

I'psg 21 0.1597 h™! 1.16 [-2.0464; 2.3658]

TelF20,12 0.0790 nM~1.h71t 0.0021 [-0.0152; 0.1732]

FelF2q,21 0.0184 h™! 0.0001 [0.0019; 0.0348]

Parameters were determined by the Levenberg-Marquardt optimization algorithm described in the Methods section.
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TABLE 4
Model Parameters Significantly Correlated with NS1 Synthesis

Correlation Coefficient

10 h post-infection 120 h post-infection

Parameter
p5glPK—i—  ppglPK+/+  ppglPK—i~  pEgIPK+/+
fpkR12Flu  NS. n.s.
fpkr21,Psg NS n.s.
rpkr21Ns1  N.S. n.s. —0.59 —0.55
FelF2a 12 _ -0.69 ~0.69
TelF20,21 ns. ns. 0.66 0.62
Fe 0.41 0.44 _
Insi 0.88 0.88 0.73 0.75
K ns. ns.
PKR_total -0.87 —-0.87
elF2q_total  0.88 0.88 0.73 0.76
Flu(0) 0.83 0.85 ns. ns.

Two thousand simulation runs were performed using different sampled parameter values ranging from 25-175%. PRCC values determined to be

significant (P < 10_70) are shown. n.s., not significant. Highlighted data is discussed further in the text.
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