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Abstract

Hepatitis C virus infection is a global health problem, with nearly 2 million new infections
occurring every year and up to 85% of these becoming chronic infections that pose serious long-
term health risks. To effectively reduce the prevalence of HCV infection and associated diseases,
it is important to understand the intracellular dynamics of the viral lifecycle. Here, we present a
detailed mathematical model that represents the full hepatitis C lifecycle. It is the first full HCV
model to be fit to acute intracellular infection data and the first to explore the functions of
distinct viral proteins, probing multiple hypotheses of cis- and trans-acting mechanisms to
provide insights for drug targeting. Model parameters were derived from the literature,
experiments, and fitting to experimental intracellular viral RNA, extracellular viral titer, and
HCV core and NS3 protein kinetic data from viral inoculation to steady-state. Our model
predicts faster rates for protein translation and polyprotein cleavage than previous replicon
models and demonstrates that the processes of translation and synthesis of viral RNA have the
most influence on the levels of the species we tracked in experiments. Overall, our experimental
data and the resulting mathematical infection model reveal information about the regulation of
core protein during infection, produce specific insights into the roles of the viral core, NS5A, and
NS5B proteins, and demonstrate the sensitivities of viral proteins and RNA to distinct reactions

within the lifecycle.

Keywords: Hepatitis C virus, mathematical model, polyprotein cleavage, RNA
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Importance

We have designed a model for the full lifecycle of hepatitis C virus. Past efforts have largely
focused on modeling hepatitis C replicon systems, in which transfected subgenomic HCV RNA
maintains autonomous replication in the absence of virion production or spread. We started with
the general structure of these previous replicon models and expanded to create a model that
incorporates the full virus lifecycle as well as additional intracellular mechanistic detail. We
compared several different hypotheses that have been proposed for different parts of the lifecycle
and applied the corresponding model variations to infection data to determine which hypotheses
are most consistent with the empirical kinetic data. Because the infection data we have collected
for this study is a more physiologically relevant representation of a viral lifecycle than data
obtained from a replicon system, our model can make more accurate predictions about clinical

hepatitis C infections.
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Introduction

Hepatitis C virus (HCV) is one of the most prevalent viruses in the world, with an estimated 71
million people worldwide affected by chronic infection (1). Despite the existence of effective
direct-acting antiviral treatments, which can effectively cure more than 90% of HCV cases
treated, many people infected with the virus do not have access to these expensive drugs and
remain untreated (2-4). It is estimated that approximately 399,000 people die every year due to
cirrhosis or hepatocellular carcinoma associated with current or past chronic HCV infection (1).
Further study of the virus will help to yield greater understanding of the viral lifecycle, which
could help to expand treatment options, target resistant strains, and/or limit HCV-associated

pathology.

HCV is a blood-borne plus-stranded RNA virus of the family Flaviviridae that infects
hepatocytes and maintains virion production over the course of years, sustaining a chronic
infection which often results in minimal symptoms for much of this period (5). The viral particle
consists of an enveloped capsid containing an approximately 9,600 nucleotide genomic RNA.
The HCV life cycle begins with endocytosis of a viral particle into the host cell and the
subsequent uncoating and release of the viral RNA into the cytoplasm. This viral genome serves
as template for host cell ribosomes to translate the virally encoded polyprotein, which is
subsequently cleaved into individual viral proteins by a combination of both viral and host
proteases (Figure 1A). Once synthesized, the viral non-structural proteins remodel the host cell
membranes to form viral replication compartments referred to as the vesicular membranous
structure (VMS). Here the viral polymerase, in concert with other non-structural proteins,
amplifies the viral genomic RNA through a negative-strand intermediate. Newly synthesized
viral RNA is then either utilized to translate more viral proteins or packaged into capsids made

4
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up of the core protein. These RNA-containing capsids are enveloped as they bud into the
endoplasmic reticulum, picking up the viral envelope glycoproteins E1 and E2, and are secreted

from the cell via the secretory pathway.

Development of the HCV subgenomic replicon model in 1999 demonstrated that 5 of the non-
structural proteins (NS3, NS4A, NS4B, NS5A and NS5B) are necessary and sufficient for HCV
RNA replication (6). While subgenomic replicons do not recapitulate the full viral lifecycle, they
provide a useful experimental system for studying HCV replication dynamics. Two notable HCV
subgenomic replicon mathematical models have been developed in the past decade: the first one
built in 2007 by Dahari et al. which was fit to steady-state HCV replicon data (7), and another in
2013 by Binder et al. which expanded upon that model to capture the early dynamics of the HCV
replicon system immediately post-transfection of subgenomic RNA into host cells (8). The
primary difference between the two models is the import step of RNA into the VMS, a reaction
which was updated in the later model to incorporate an interaction with a limited quantity of a
host factor molecule and to represent the cis-acting behavior of the viral RNA polymerase NS5B.
This behavior has been described in HCV as well as other flaviviruses and RNA viruses (9-11).
The structure of the Binder model has also been integrated into a multi-scale infection model by
Clausznitzer et al. to study patient-to-patient variation in response to treatment with the NS5A
inhibitor daclatasvir (12). The Clausznitzer model added virus entry and egress processes, as
well as a generalized structural protein involved in viral particle assembly and egress. However,
most parameters in the multi-scale model were taken from the Binder model and new reaction
constants were fit only to extracellular viral load data, which makes it difficult to draw direct

conclusions about intracellular processes during infection.
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Our efforts began with an evaluation of the structures used in these models to determine where
more detail or improvements could be made. The previous models lump viral proteins into a
single entity, making it impossible to separate individual functions. Furthermore, the assumed
cis-acting behavior of the viral polymerase (NS5B) as well as other viral NS proteins in the
previous models limited how the activity of these proteins could be represented. We address
these issues by incorporating more detail across the replication cycle and focusing on distinctions
between HCV non-structural proteins. In addition, we have expanded upon these replicon models
to include viral infection initiation and secretion of progeny HCV particles from the host cell,
and have incorporated new experimental data about protein degradation rates to create a detailed
mathematical model of HCV infection in vitro. We then trained and validated this model by
fitting to experimental RNA and protein data produced using the JFH-1 HCV cell culture
(HCVcc) system. Here, we present this comprehensive model and use it to probe individual viral

protein cis- and trans-acting functions, protein regulation, and assess the function of the VMS.
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Results

The Hepatitis C Infection Model

Our infection model was developed by expanding and modifying the basic structure of previous
models to accommodate observations from the experimental literature and our own experimental
data. The final model schematic is shown in Figure 1B. This model consists of 21 biological
reactions with 15 reaction constants (Table 1) and 17 species that yield 17 differential equations

to represent their time-dependent concentrations (See Methods).

To represent a single virus initiating infection, there is one plus-stranded RNA molecule at the
start of the simulation at 0 hours. In Step 1 of the model, the cytoplasmic HCV RNA associates
with available ribosomes in a second order reaction to form a translation complex (TC) at a rate
krc. This complex then synthesizes the viral polyprotein in a first order reaction with rate
constant Kiransiation- 1N Step 2, the viral structural proteins (generalized as S), and the nonstructural
proteins (with NS3/4A, NS5A, and NS5B specifically represented in the model) are cleaved
simultaneously to represent the rapid processing of the viral polyprotein that has been reported in
the literature (13, 14). In Step 3, we assume that a single cytoplasmic HCV RNA and NS5B
associate to form a 1:1 RNA/NS5B complex at rate Krpss, and a free host factor (HF) associates
with NS5A to form a HF/NS5A complex at rate kyrc, both in second order reactions according to
the reactant concentrations. These two complexes are then imported into the VMS in a second
order reaction at rate kgjp to produce a Rj, (RNA plus-stranded intermediate) complex that will
make minus-strand RNA. In Step 4, inside the VMS, the minus-strand is synthesized—creating a
double-strand molecule (dsSRNA)—in a first order reaction with rate constant Kinititation. Next, in

Step 5, the dsRNA molecule associates with NS5B to form the Riss (RNA double-stranded
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intermediate) complex, a second order reaction at rate kgigs, Which then synthesizes new plus-
strand RNA in a first order reaction with rate constant Kiepiication- This double-stranded molecule
remains in the VMS to continue synthesizing plus-strand RNA. New plus-stranded RNA in the
VMS can be exported into the cytoplasm in a first order reaction at rate Kourp for subsequent
translation of viral proteins or, in Step 6, be assembled into a virus particle and exported from the
cell through association with cytoplasmic structural protein, a second order reaction at rate
Kassembly (Figure 1B; Table 1 and 2). This model was finalized after a comparison of several
hypothesized mechanisms to find the one able to best fit our experimental data. These variant

models were constructed and evaluated to address the main goals of our system as follows:

Roles of cis- and trans-acting viral proteins. A key element of the most recent replicon
model’s structure is the direct import of translation complexes into the VMS in a third order
reaction with a cellular host factor molecule and a single viral protein. This was meant to
recapitulate the proximity of the viral RNA to protein translated from it, as well as the cis-acting
behavior of the non-structural proteins, most of which at the time had yet to be found capable of
being trans-complemented (8). However, with more recent data indicating the ability for trans-
complementation of the HCV non-structural proteins (15), one goal of our model was to examine
and probe this concept further, and to more accurately portray the cis-/trans-acting behavior of

the HCV nonstructural proteins involved in replication (NS3-NS5B).

Individually, the protein NS3 is acknowledged to assist in several processes throughout the viral
lifecycle (16, 17), but its most essential and well-defined function is performed in tandem with
the cofactor NS4A as a critical viral protease. Therefore, our model treats these two proteins as a
single unit, acting only in their protease function and cleaving themselves and the downstream

viral proteins from the HCV polyprotein (18). The protease activity of NS3/4A only functions
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in cis (10, 15), and for this reason the subsequent cleavage steps were chosen to be first order
reactions, with the activity of NS3/4A encompassed in the reaction constants, as the whole-cell

concentration of this protein will not affect the rate of cis-acting activity.

The viral protein NS4B, like its neighbors in the polyprotein, takes part in a number of viral
functions, but its most distinct role is in helping to assemble the membranous web architecture of
the VMS (19, 20). The functional role of NS4B was not included in the model because the
sequence and process of VMS formation remain largely unknown and likely involve many host
molecules as well as NS4B self-interaction (21), which would add complexity without adequate

mechanistic understanding or justification.

Research in the past decade has consistently demonstrated the potential for the viral protein
NS5A to be trans-complemented when deactivating mutations are introduced into the replicon
NS5A sequence (10, 15). Previous models have used a single generalized non-structural protein,
and allowed the cytoplasmic role of that protein to be supplied in trans, ostensibly representing
the function of the protein NS5A. However, once inside the VMS, the generalized non-structural
protein in these models switches to acting like the viral RNA polymerase NS5B (7, 8, 12). Our
model was designed to separate these functions to better assess the individual importance and

sensitivity of the system to NS5A and NS5B individually.

The NS5A protein has been implicated in a diverse and complex set of viral processes within the
cell, with different domains of the protein associated viral replication and viral particle assembly
(16, 22-25). The various functions of this protein appear to be modulated by phosphorylation
state and binding to an array of cellular host factors, including the host factor cyclophilin A, and

these interactions have been explored as a target of HCV treatment (26-31).
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To incorporate NS5A individually in our model, we assume that after cleavage from the
polyprotein NS5A associates with a generalized host factor to form a host factor complex. This is
meant to encompass the various interactions between NS5A and the host environment.
Following this step, the NS5A-host factor complex associates with a complex which includes
NS5B and HCV plus-stranded RNA to create a replication complex, which is imported into the
VMS (Figure 1B, Step 4). This is consistent with activity of cyclophilin A, which associates with
both NS5A and NS5B, and localizes to the VMS during HCV replication (32). It also agrees with
prior research that has shown that NS5A is required for the formation of double-membraned
vesicles within the VMS, which house the HCV replication complexes (33). Finally, it is
consistent with studies that have shown that NS5A exhibits RNA-binding activity required for
the initiation of replication (34, 35). To simplify our model, the viral particle assembly function
of NS5A (36, 37) was omitted, though this mechanism may be of interest in future

investigations.

The RNA-dependent RNA polymerase NS5B is critical for a productive hepatitis C infection and
is an important therapeutic target (22), which makes its role in the viral lifecycle important to
understand. The primary role of NS5B is in the synthesis of minus and plus-strand viral RNA
within the VMS (16), which is also the primary role it holds within this model. Despite prior
belief that NS5B must function in cis, recent trans-complementation studies show that in a
system where the polymerase function of NS5B is defective, trans-complementation can succeed
if functional NS5B is supplied to the defective system as a member of a separate NS3-NS5B
polyprotein construct (10, 15). Based on this observation we constructed models to represent two

novel mechanisms for the interaction between viral RNA and NS5B which would allow for

10
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differing cis- or trans-activities of NS5B, as alternatives to the mechanism proposed by Binder et

al (Figure 2A) (8).

In Alternative Mechanism 1, we hypothesize that the plus-strand RNA molecule remains bound
to NS5B throughout the entire cleavage process (Figure 2B). At the end of the cleavage steps,
NS5A is released—as it can be supplied in trans—and a complex of RNA with NS5B remains.
This RNA/NS5B complex then associates with the host factor/NS5A complex (see above NS5A
section), and these two are imported into the VMS in a second order reaction. This mechanism
suggests that NS5B trans-complement would only occur if the wild-type NS5B protein was able
to replace the defective NS5B that is translated from the RNA. This is one of the possibilities

posed by Kazakov et al. in their trans-complementation study (15).

The other possibility proposed by the Kazakov et al. study is that the plus-strand RNA is
transferred from the ribosome that produced a defective polyprotein to a functional set of the
NS3-NS5B proteins for replication (15). For our model, the implication of this mechanism is that
the plus-strand RNA only associates with a particular NS5B immediately prior to trafficking into
the VMS. Therefore, in Alternative Mechanism 2, we hypothesize that the plus-strand RNA
molecule is not bound to NS5B through the processing step and can instead continue to translate
more polyprotein (Figure 1B). In this model, the RNA is required to associate with a free NS5B
molecule to form the RNA/NS5B complex, which is then imported into the VMS as in
Alternative Mechanism 1. Of note, Alternative Mechanism 2 allows for a larger accumulation of
excess viral proteins early in the infection, which is consistent with previous research which has
shown that most viral proteins do not enter the VMS (38, 39). Both these models were fit to the

experimental data to determine which was able to produce a better fit.

11
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VMS structure and replication mechanism. Early HCV imaging studies established that the
structure of the VMS consists of a membranous web that forms a protective double membrane
system around the viral replication complexes (19, 40). Consistent with this, our initial fitting
efforts showed a tendency for the VMS degradation rate in our model to drop to zero to achieve a
better fit. As this is consistent with prior studies that have shown complete nuclease/protease
resistance within the replicative compartment (38, 39), we set the VMS degradation rate to

0.001—a low but non-zero value in the interest of biological accuracy—for our simulation.

Notably, recent imaging and 3D modeling of HCV-induced membrane alterations has indicated
that the VMS contains multiple, smaller individual replication complexes enclosed in distinct
vesicle (41) consistent with previous stoichiometry indicating that individual HCV replication
complexes contain a single minus-strand RNA and ten positive-strand RNAs (45). The
implication of this hypothesis for an HCV model is that, rather than treating the VMS as a single
large pool of viral protein and template RNA for replication, each reaction inside the VMS
would be first order and would not depend on the larger VMS concentration of proteins or
RNAs. For our model, only one reaction must change to achieve this: the formation of the
dsRNA/NS5B complex to produce new plus-strand RNA, which is originally designed as a
second order reaction. The broader implication of this first-order model is that there will be a
smaller difference between early-lifecycle and late-lifecycle association of the Riss complex, as

the total amount of NS5B will have no bearing on this reaction rate.

Experimental Monitoring of HCV Lifecycle Kinetics

To train the mathematical model on the early infection dynamics of HCV, we performed
experiments to quantify intracellular and extracellular viral parameters from infection initiation

to steady state. For these experiments, Huh7 cells were inoculated with JFH-1 HCVcc at an MOI

12
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of 3 for 3 hours. Parallel samples were collected at various time points to count cell number and
measure levels of extracellular HCV titer, and intracellular HCV and GAPDH RNA, as well as
the viral and cellular proteins core, NS3, and actin. Immunofluorescent staining at 24 hours post-
inoculation before progeny virus production is observed indicated that this inoculation resulted in

95% of cells in the culture being infected (See Methods).

HCV RNA and cellular GAPDH mRNA were measured by RTgPCR and used to calculate HCV
RNA copies per cell. As typically observed after a high MOI viral infection, the RNA
accumulation kinetics showed a slight decline of HCV RNA from 3 to 6 hours post-inoculation,
indicative of the degradation of excess non-infectious input viral RNA, before evidence of RNA
amplification was detected at 9 hours. This was followed by exponential increase in viral RNA
thereafter (Figure 3A). The presence of infectious virus was monitored by titration of the culture
media (Figure 3B). The infectious virus detected at the 3 hour time point is the virus remaining
from the inoculum that had not initiated infection prior to its removal. After removal of the
inoculum at 3 hours, residual infectious virus declined slowly. The first increase in extracellular
infectious virus was detected at 24 hours, presumably indicating the accumulation of secreted

progeny virus, which subsequently increased exponentially until the end of the experiment.

In parallel wells, we measured intracellular core, NS3, and B-actin protein by Western blot
(Figure 3C). Core was detected at 3 hours post-inoculation, but levels slowly declined until 15
hours post-inoculation, consistent with the detection of input core and subsequent degradation
before any new accumulation of core could be detected (Figure 3A). In contrast, NS3 was barely
detectable at 3 hours post-inoculation but immediately started to accumulate until ~12 hours
post-inoculation when HCV RNA amplification becomes exponential. NS3 levels plateaued

from 12 to 24 hours post-inoculation before beginning to increase again coincident with the first

13
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detectable accumulation of core and the first detectable progeny virus secretion (Figure 3B). The

levels of B-actin were used to normalize protein levels across all time points.

HCV protein degradation kinetics. Because core and NS3 did not accumulate with the same
kinetics during the viral lifecycle (Figure 3A), we proceeded to determine the degradation rate of
these proteins at two time points in the viral lifecycle. For this experiment, Huh7 cells were
infected with HCVcc at an MOI of 3. Cycloheximide, a protein translational inhibitor, was
introduced at either 12 hours post-inoculation (at the beginning of HCV RNA replication, but
prior to progeny virion production) or 27 hours post-inoculation (coincident with active progeny
virion assembly) to examine differences between degradation rates at these time points. After the
addition of cycloheximide, protein lysates were harvested from parallel cultures at one-hour
intervals and levels of core and NS3 were measured by Western blot to monitor the decay of the
pre-existing pool of each of these proteins. In the absence of new protein synthesis, NS3 levels
remained relatively stable for 3 hours at both time intervals (Figure 4A) with similar degradation
rates of 0.11 h™ (12-15 hours post-inoculation) and 0.05 h™ (27-30 hours post-inoculation)
(Figure 4B). In contrast, while core protein remained detectable during the later cycloheximide
treatment it rapidly disappeared during the 12-15 hours post-inoculation time interval (Figure
4A) corresponding to a rapid degradation rate of 0.61 h™ early in infection and a significantly
slower 0.10 h™ degradation rate later in infection (Figure 4B). While core protein is known to
exist in different functional populations within the cells (e.g. unassembled versus assembled),
our measurement of total core degradation rate represents an average of all the core present in the
cells and presumably the changes average degradation observed reflect the relative difference in
the size of these different core populations early versus later in the viral lifecycle. The NS3 data

was incorporate by fitting the degradation rate for the nonstructural proteins (Kgegns) in the model
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using these calculated rates as upper and lower bounds. To address the core protein degradation
rate, we evaluated models with varying core degradation rates (as described below), that were
consistent with the new degradation data available. The core degradation rate (kgegs) Was set at
0.61 h™* from 0 to 21 hours, the first time point where we observe significant viral production,

and at 0.10 h™* from 21 hours onward.

Comparison of Model Mechanism

To test the alternative proposed HCV lifecycle mechanisms incorporated into our model, our
empirically measured intracellular HCV RNA, virion production, and NS3 and core protein
levels were fit to the model species total viral RNA, virions produced, NS3/4A, and structural
protein, respectively. Total viral RNA is defined as the sum of all intracellular HCV RNA
molecules contained within the model species R,™, R,"™°, dsRNA (2 molecules), TC, Rp5B,

Rip, and Rigs (2 molecules) (Table 2).

Non-Structural Protein cis/trans Behavior. Our two hypothesized model variants for cis-
/trans-acting non-structural proteins, described previously as Alternative Mechanism 1 and
Alternative Mechanism 2 as well as the model based on the cis-acting protein mechanism
proposed by Binder et al. and used by Clausznitzer et al. (8, 12) were fit to our experimental
kinetic data to assess the separate mechanisms for cis- and trans-acting NS protein functions.
Models fits were evaluated using the Akaike Information Criterion (AIC), which evaluates

goodness of fit against model complexity, with lower scores indicating a better fit.

For the Binder/Clausznitzer mechanism, the fitted model had an AIC of 530 (Figure 5A).

Alternative Mechanism 1 yielded an AIC of 983 (Figure 5B) and Alternative Mechanism 2
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yielded an AIC of 478 (Figure 5C). The Alternative Mechanism 2 AIC is substantially lower
than either of the other two indicating a much better model, which is apparent in the qualitative
comparison of the plots. For this reason, this dual cis/trans-acting protein mechanism was chosen

as the best representation for the kinetics of JFH-1 HCVcc infection in Huh7 cells.

Independent Replication Complexes in VMS. To explore the possibility that all replication
complex vesicles within the VMS act independently, the reactions within the VMS were
modified to be first order with respect to the number of minus-strand RNAs present. As noted
previously, this requires only modifying the reaction for the formation of the dsSRNA/NS5B
complex, so that it no longer depends on the NS5B concentration. This mechanism was
evaluated in the final model against the original pooled VMS model structure. The new model
fitting produced an AIC of 479 (Figure 6) which is similar to the pooled VMS model (AIC 478),
indicating only small differences in qualitative fits. As the fitting parameters for these models are
very similar, this structure may warrant further exploration with additional data, despite the fact

that we maintained a pooled VMS in the final model.

Variable Core Degradation Rate. To evaluate whether allowing for a variable core degradation
rate in the model (as described above) improves the quality of the fit to the experimental data.
The final model was refit using a constant degradation rate. Refitting yields a constant
degradation rate of 0.28 h*, and an AIC of 486 indicating a slightly worse model than the

variable rate model (Figure 7).

Model Validation
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To determine whether the model we have constructed is able to predict the infection dynamics of
additional experiments, we performed a second set of HCV infection experiments under slightly
modified experimental conditions and applied the model. These new experiments were
conducted with Huh7 cells infected with a different stock of JFH-1 HCVcc at a higher MOI of 7.
Again, intracellular HCV and GAPDH RNA were measured by RT-gPCR, and HCV RNA

copies per cell were calculated based on cell number.

To account for inherent biological variability between experiments, model parameters for
reactions in which virus-derived species interact with each other, and for which we do not have
literature values, were allowed to vary up or down by 10% of their values from fitting the

training data. These parameters are Krpsg, Krip, and Kassembly-

Quality of fit was assessed using root mean-squared log error (RMSLE) to allow for comparison
across orders of magnitude variation in the data, and for different numbers of data points for the
36-hour versus 48-hour experiments. The validation RNA data achieved an RMSLE of 0.14,
which is an improvement on the quality of fit achieved in the original RNA data fitting, which
produced an RMSLE of 0.24 (Figure 8). This new fit validates the applicability of our model to

experiments independent from our original data set.
Sensitivity Analysis

A parameter sensitivity analysis was conducted using the complex-step derivative approximation
for HCV intracellular RNA as well as core and NS3 proteins relative to all model parameters.
This method uses differential sensitivity values of the form d(Model Species)/d(parameter) at
many time points throughout the simulation interval and integrates these with respect to time to

find relative average sensitivity values across the entire simulation (See Methods). These values
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can be evaluated on a relative basis, e.g. a sensitivity value of 20 corresponds to twice the
influence on a fractional change in RNA or protein levels as a sensitivity of 10, when this effect

is averaged across the whole simulation period.

For each species, the highest sensitivity is seen primarily for the polyprotein translation rate
(Kranstation) and RNA synthesis (Kinitiation @nd Kreplication), Which is expected as each process directly
produces more intracellular viral species (Figure 9). Additionally, we observe elevated
sensitivities to the parameters for translation complex formation (krc), RNA transport to the
cytoplasm (kourp) and, for virion production, particle assembly/egress (Kassembiy). Of the
degradation rates the structural protein rate has the largest negative sensitivity for its own levels
as well as virion production. For the VMS degradation rate (Kgegvms) there is low sensitivity for
each species at the low rate we have chosen for our model. The number of virions produced
consistently has higher sensitivities than the other model species, indicating that it is the most
variable with fluctuations in the viral lifecycle kinetics. The degradation rates produce a
consistent negative sensitivity, as expected, given that degradation of viral species will slow the

viral lifecycle.
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Discussion

Evaluating viral protein cis-/trans-activities creates a more accurate infection model. While
experimentally testing whether proteins function in cis or trans can be complex, modeling
different mechanisms against empirical data provides an alternative strategy for investigating
such questions. Our comparison of three possible mechanisms for the cis-/trans-acting behavior
of HCV non-structural proteins (Figure 5) demonstrates that the mechanism that offers the
greatest trans-activity potential—referred to as Alternative Mechanism 2—is the best model for
the HCVcc experimental data. In earlier models, the nature of non-structural viral proteins was
represented as a cis-function in which active translation complex was imported into the VMS
alongside a host factor and generalized non-structural protein. However, based on more recent
observations suggesting that the non-structural proteins can be complemented as a group in trans
(15), we have proposed an alternate mechanism in which the cytoplasmic viral RNA does not
necessarily remain associated with the proteins that have been translated from it, but can
associate with any NS5B protein post-cleavage from the viral polyprotein. Fitting this model to
experimental data for total viral RNA, virion production and viral proteins (NS3 and core)
demonstrated that this was the best model as quantified by AIC value, suggesting that the
assembly of viral replication complexes may exhibit more trans-interaction between the viral

RNA and proteins than previously thought.

Introducing core protein regulation creates a more physiologically relevant infection
model. While HCV proteins are by default translated at the same rate as part of the virally
encoded polyprotein, our HCVcc infection protein kinetic data revealed that the accumulation of

de novo core protein was significantly delayed compared to NS3. Analysis of core and NS3
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degradation rates at different times revealed a sharp decrease in core degradation rate between 12
and 27 hours post-inoculation, corresponding to the start of progeny viral production. Notably,
incorporating this change in core degradation into our model allowed for a better model than if
the core degradation was fit at a constant rate (AIC of 478 versus 486, respectively). This
suggests that this change in core stability may be significant to the overall dynamics of the HCV
life cycle which may warrant further theoretical and/or experimental exploration. In accordance
with this possibility, the virion production of the model shows a substantial negative sensitivity

to the core degradation rate (Figure 7).

Further experiment is required to clarify the functional structure of the membranous web.
Similar to all known positive strand RNA viruses (43), HCV induces cellular membrane
alterations to create a protected space for replication of its genome with accumulating evidence
suggesting that this larger membranous structure consists of smaller individual replication
complexes enclosed in distinct vesicle (41). Thus, we used our model to compare the previously
proposed pooled VMS structure to one in which all vesicles would act independently to
determine if either mechanism would more accurately represent the experimental data (Figure 6).
This alternate VMS structure produced a model quality virtually equivalent to that of the original
mechanism. We cannot conclude which VMS structure may be more biologically relevant as the
first-order reaction for independently-acting vesicles does not appear to be a crucial aspect of
model. Based on the marginally better model as determined by AIC, as well as the fact that
previous replicon models used a pooled VMS, we have kept this pooled mechanism in our final

model.

The usefulness of the final model in predicting the dynamics of hepatitis C infections is

supported by the quality of fit achieved using a separate set of experimental HCV infection data
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(Figure 8). Fitting this experimental data, while allowing only unknown parameter values for
viral self-interaction to vary slightly, yielded a high-quality fit which indicates that our model

will be applicable to other sets of experimental data outside of our training set.

Fitting infection data shows parameter changes from previous models and demonstrates
areas for future experiment. Many of our model parameter values have been repurposed from a
prior study by Binder et al. (8), which fit an intracellular HCV model to data from a genotype 2a
subgenomic replicon experiment. This system was developed from a JFH-1 isolate, the same
virus clone we have used in our experiments. However, upon fitting, some model parameters
involved with translation (Keansiation, Kcleavage, @nd number of available ribosomes) were found to
vary markedly from the analogous parameters in the previous model, despite the translation
mechanism remaining largely intact between models. This observation may reflect a limitation in
directly applying HCV replicon model parameter estimates to predict HCV infection dynamics,
the significant degree of variability/permissiveness between cell lines used, which has been
documented in the HCV literature (8, 44), or perhaps the difference between transfection of large
quantities of HCV replicon RNA into cells versus the more authentic HCVcc infections we
performed where it is believed that HCV replication begins from a single viral RNA. While such
variability might in some cases make it difficult to utilize a single model across experimental
systems, when comparing sufficiently similar experimental systems (e.g. replicon-to-replicon or
infection-to-infection) modeling can potentially help postulate what might make one cell line

more permissive (as demonstrated by Binder et al.,) or one viral clone more robust (8).

Sensitivity analysis indicates that viral translation and replication are the critical steps in
altering the viral production rate. In terms of the steady-state levels and accumulation kinetics

for total intracellular viral RNA, core, NS3, and virion production, the parameters that exhibited
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the most influence in this infection model were found to be Kyansiation (POlyprotein translation
rate), Kinitiation (Minus-strand synthesis), and Krepiication (Plus-strand synthesis). These sensitivities
highlight the major synthesis steps of the viral lifecycle, an expected observation as these are the
processes that drive production of the RNA and protein species we are following experimentally.
The high sensitivity of model species to the plus and minus-strand synthesis steps is also
consistent with findings presented by Binder et al. in their analysis of the replicon mathematical
model, which concluded that the replication vesicles were the most influential component of the
system (8). Additional information gained from the expansion of the model to describe the full
HCV life cycle indicates that virion production exhibits a high magnitude of sensitivity to several
model parameters. Along with translation and replication we observe a high sensitivity to particle
assembly/egress (Kassembly) and a low negative sensitivity to degradation of core protein (Kgegs).
The two parameters would be expected to influence virion production and raise the possibility of

therapeutic targets within the viral lifecycle to decrease HCV output.

Conclusions. In this study, we have presented a model of the hepatitis C virus infection lifecycle
that both accurately represents the dynamics of the viral infection system and may be used to
probe the functions and behaviors of individual viral proteins produced by the HCV genome.
This model improves on the fitting quality of previous mechanisms, confirms distinct regulation
of the levels of the HCV structural versus nonstructural viral proteins during the viral lifecycle,
and helps to elucidate the functional interaction of different viral proteins with the host cell.
While our final model (Figure 1) describes the infection data better than previous models, there
is still room for improvement in the fits. Importantly, the nature of the fit discrepancies observed
between the model simulation and the experimental data raises some mechanistic ideas that

could be explored in future work. As such, this model can now be used to guide future
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experimentation and will allow us to continue to improve our understanding of HCV infection
dynamics. Future experimental efforts could also help to clarify the precise kinetics and
mechanisms that are approximated by the differential equations posed in this mathematical
model. Moreover, the experimental testing of model predictions for viral production and
lifecycle sensitivities may aid in efforts to understand the lifecycle and to target antiviral drugs

and treat chronic hepatitis C infection.
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Materials and Methods

Experimental Measurements of HCV Replication

Cells. Huh7 cells were obtained from Dr. Francis Chisari (The Scripps Research Institute, La
Jolla, CA) (45) and passaged in complete Dulbecco’s modified Eagle’s medium (cDMEM)
supplemented with 10% fetal bovine serum (FBS) (Hyclone), 100 units/ml penicillin, 200 mg/ml

streptomycin, 2 mM L-glutamine (Invitrogen). Cells were incubated at 37°C under 5% CO..

Virus. The plasmid containing the full-length HCV JFH-1 genome (pUC-JFH1) was provided by
Dr. Takaji Wakita (National Institute of Infectious Diseases, Tokyo, Japan) (46). The stocks of

HCVcc used for experiments were generated as described previously (47).

HCVcc infections. For HCV infection time course experiments, Huh7 cells were plated and
grown overnight to a cell count of 8,000 for the training set experiments and 10,000 for the
validation experiments. The next day cultures were inoculated with HCVcc at an MOI of 3
(training) or an MOI of 7 (validation), defining this moment as t = O hours. At 3 hours post-
inoculation, the viral inoculum was removed, cells were rinsed, and fresh media was added. We
then harvested media and cell lysates from triplicate wells for titer analysis and RNA,
respectively and cell lysate from an additional triplicate wells for protein analysis at the indicated
time points. To monitor the percentage of cells infected, immunofluorescent staining for HCV
NS5A was performed at 24 hours post-inoculation before any significant progeny virus release

was detected.

RNA isolation and RTqPCR analysis. For RNA extraction, cell lysates were harvested in 200
ML Nucleic Acid Purification Lysis solution (Applied Biosystems) from 3 replicate wells. Total

cellular RNA was purified using an ABI PRISM™ 6100 Nucleic Acid PrepStation (Applied
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Biosystems), as per the manufacturer’s instructions. Extracellular RNA was isolated by adding a
5/3x guanidine thiocyanate (GTC) solution to the culture media to obtain a IXGTC lysate, which
was subsequently processed using standard protocols (48). One microgram of RNA was used for
cDNA synthesis using random primer reverse transcription (Applied Biosystems), followed by
RTQPCR using FastStart Universal SYBR Green master mix (Roche Applied Sciences,
Indianapolis, IN). The following qPCR primers were used: HCV primers 5-GCC TAG CCA
TGG CGT TAG TA -3' (sense) and 5'- CTC CCG GGG CACTCG CAA GC-3' (anti-sense) and
human GAPDH 5'-GAA GGT GAA GGT CGG AGT C-3' (sense) and 5'-GAA GAT GGT GAT
GGG ATT TC-3' (anti-sense). HCV RNA copies were quantified relative to a standard curve

comprised of serial dilutions of the pJFH-1 plasmid and normalize to cellular GAPDH RNA.

RNA per-cell quantification. Cell counts were performed at a subset of time points and relative
levels of GAPDH mRNA, a cellular housekeeping gene, was assayed at all points confirming
that cell count did not change over the course of the experiment, confirming that in this
experimental model system in the time frame assayed there is no cell death observed. This
constant cell count, multiplied by the 95% of cells determined to be infected based on an HCV
NS5A immunofluorescence assay (Figure 10), was used to determine the approximate number of
infected cells throughout the experiment. RT-qPCR data, scaled to a per-well basis and divided
by the number of infected cells, was then used to calculate the average copies of HCV RNA per

infected cell.

Extracellular infectivity titration assay. Experimental supernatant samples were serially
diluted 10-fold in cDMEM and 100 pl was used to infect naive 96-well Huh7 cell cultures. The
inoculum was incubated with cells for 24 h at 37°C and then overlayed with 150 Wl cDMEM

containing 0.5% methylcellulose (w/v) (Fluka BioChemika, Switzerland) to give a final
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concentration of 0.3% methylcellulose. Seventy-two h p.i., medium was removed, cells were
fixed with 4% paraformaldehyde (Sigma) and immunohistochemical staining for HCV E2-

positive foci was performed as previously described (47).

Immunofluorescent HCV NS5A staining. Cells were fixed with 4% paraformaldehyde (Sigma)
for 20 minutes and rinsed with 1xPBS. HCV NS5A was detected by incubation at room
temperature with 1X PBS containing 0.5% (v/v) Triton X-100 and 3% (w/v) BSA and a 1:500
dilution of the monoclonal NS5A antibody 9E10 (a gift from Dr. Charles Rice, Rockefeller
University, New York, NY), followed by a 1 h incubation with a 1:500 dilution of an HRP-
conjugated anti-mouse antibody (Vector Labs, CA) and Hoescht dye diluted 1:3000 before
subsequent detection with AEC substrate (BD Biosciences). Cells were washed with dH.O.

Staining was photographed using a Nikon TE2000U microscope (Nikon Instruments).

Western blot. Cells were harvested at various time points from triplicate wells in 1.25% Triton
X-100 lysis buffer (Triton X-100, 50mM Tris-HCI, pH7.5, 150mM NaCl, 2mM EDTA)
supplemented with a protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN) and
pooled. Thirty-five micrograms of pooled protein were resolved by 10% SDS-PAGE and
transferred to Hybond nitrocellulose membranes. Membranes were blocked with 5% nonfat milk
for 1 hour followed by an overnight incubation with primary antibodies anti-core (clone C7-50,
Santa Cruz Biotechnologies, Santa Cruz, CA) or anti-NS3 (clone 9-G2, Watertown, MA) each at
a 1:500 dilution. Membranes were washed 3 times with 1X TBS containing 0.05% Tween20
(v/v), and then incubated with secondary HRP-conjugated goat anti-mouse (Pierce, Rockford,
IL) at 1:4000 dilution for 30 minutes. As a loading control, membranes were incubated with a
HRP-conjugated B-actin monoclonal antibody at a 1:25000 dilution. SuperSignal West Pico

Chemiluminescent substrate was used to detect bound antibody complexes (Pierce, Rockford,
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IL) and the resulting signal was quantified by densitometry using OptiQuant™ Image Analysis

software (Perkin Elmer, Waltham, MA).

Protein per-cell quantification. Absolute quantities of core protein per cell were estimated
based on the initial virus input. Specifically, because replication is not detectable until 9 hours
post-inoculation and translation is minimum at 3 hours post-inoculation, we assumed that the
HCV RNA and vast majority core protein present at 3 hours post-inoculation represented input
virions. Therefore, using an estimated HCV particle core:RNA ratio from the literature of 180:1
(49), we estimated the number of core molecules based on our quantitative measurement of HCV
RNA. The number of core molecules and NS3 molecules at all time points were then scaled to
the 3-hour time point based on the relative Western blot signal obtained, under the assumption

that the measured DLU quantities for the two proteins correspond to a roughly 1:1 molar ratio.

Protein degradation experiments. Huh7 cells were infected with HCVcc at an MOI of 3, and
cycloheximide was introduced at a concentration of 50 ug/mL to stop protein synthesis at either
12 or 27 hours post-inoculation. After the addition of cycloheximide, protein was harvested from
parallel cultures at 1 hour increments for 3 hours to monitor protein levels by Western blot.
Western blots were quantified and core protein and NS3 levels were normalized to cellular actin
levels. Degradation rates were calculated by fitting a trend line to the decaying quantities of
protein after translation had been halted.

Mathematical Model Equations. The mathematical model that describes the infection system
of HCV consists of 17 equations one for each individual species within the system. The system is
divided into the general cytoplasmic compartment versus a specific cytoplasmic VMS
compartment, which are distinct in their functions as well as degradation rates, with VMS-

enclosed species being resistant to protease/nuclease degradation. The cytoplasm contains 11
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species of the model while the VMS contains 5. The defining equations are shown in Table 2. In
most cases species are referred to by the abbreviation presented in the model schematic (Figure
1B). The exceptions are R, (plus-strand RNA), HFC (host factor/NS5A complex), Rp5B
(RNA/NS5B complex), Ri, (minus-strand synthesis complex), Rigs (plus strand synthesis

complex), and Vo (extracellular virions). All model parameters are displayed in Table 1.
Model Parameter Estimation.

Model parameters were obtained through a combination of fitting and estimations based on the
literature and previous models. The Dahari study (7) averaged steady state values from several
HCV genotype 1b subgenomic replicon to fit its model, while the Binder model (8) used

genotype 2a (JFH-1, as in our study) subgenomic replicon constructs for its experiments.

Translation phase parameters. Translation phase parameters encompass those involved in
translation and polyprotein processing (Table 1). The parameter krc was estimated in previous
models (7, 8) simulating subgenomic replicon experiments, and this estimate was used in our
model. For Kiransiation, the prior models’ value of 100 polyproteins per hour was used as an initial
estimate but was found to be insufficient. An upper bound of 180 polyproteins per hour was
calculated based on an estimate of 10 amino acids per second, within the range observed for
eukaryotic cells (50, 51), and the assumption of polyribosomes distributing across the 9,000-nt
viral RNA ORF at the same proportion as estimated by Dahari et al. in their replicon model (7).

The cleavage parameter Kcieavage Was calculated based on fitting.

Replication phase parameters. Replication phase parameters encompass those involved in
VMS import, replication complex formation, and RNA synthesis (Table 1). The rates for viral

RNA synthesis were calculated previously from the literature (6, 52, 53) in earlier HCV models,
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and was held constant on a per-nucleotide basis for building this model, as it is a trait inherent to
the NS5B polymerase. For the parameter kgigs, Which exists with perfect analogy in previous
models, the prior value was used. The parameter estimate for kgigs was found to be adequate for
the infection model after fitting. The value for kip, which changes from a third-order reaction in
previous models to a second order reaction in ours, was calculated with fitting. The new

parameters kyrc and Kgrpsg Were also calculated using model fitting to the training data.

Transport parameters. These parameters involve cellular import/export and VMS export of
RNA. The VMS export parameter (Kourp) Was present in previous models, and this value was
used. The viral particle assembly rate constant (Kassembly) Was initially estimated using the similar
second order virion production parameter used in the previous multi-scale model (12). From
fitting this parameter guess, however, this was found to be too high of a value, likely due to the
fact that our model incorporates 180 structural protein molecules into each secreted particle,

while the previous model used only one. We estimated Kassembly through data fitting.

Host species. Ribosomes, host factor, and extracellular RNA were defined as host species. The
number of available ribosomes and host factors were initially taken to be equal to the quantities
used in previous models, but it was soon observed in fitting that a higher quantity of available

ribosomes was more appropriate by fitting the experimental data.

Degradation rates. The degradation rate for nonstructural proteins was estimated using the
values calculated for the degradation rate of NS3 at the 12- and 27-hour time points in the viral
lifecycle (Figure 3). These degradation rates, 0.11 h™ and 0.05 h™*, were used as the upper and
lower bounds for fitting the protein degradation rates, and the fitting algorithm chose 0.11 h™* as
the overall nonstructural protein degradation rate. This estimation of degradation rates was found

to be acceptable for our model after fitting, and aided in the reduction of degrees of freedom in
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the fitting process. Degradation rates for all species in the VMS were estimated to be zero based
on previous studies showing complete protease/nuclease resistance for species in the replicative
compartment (38, 39). Cytoplasmic RNA degradation rate (kgegrp) Was fit to our data after using
the value from the Binder model as an initial estimate. As described above, two separate core
degradation rates were calculated for the first and second phases of the lifecycle (prior to and

after virion production starting at 21 hours).

Simulation Procedure. Simulation and data fitting were carried out using MATLAB 2016b with
the SimBiology package to construct a model of ordinary differential equations according to

those presented above (https://www.colorado.edu/UCB/chatterjeelab/HCVmodel.html). The “Fit

Data” task was used to estimate model parameters using the stiff ode15s solver with absolute and
relative tolerances set to 107, This fitting was performed in an iterative fashion, as the model
contains too many parameters to be efficiently estimated simultaneously. The model was fit to
experimental data for RNA, core, and NS3 simultaneously with a proportional error model
described by Equation 18. This was chosen based on the large order-of-magnitude variation in

the data across the experiments.
Yexp = Vsim + b x abs(ysim) * error (18)

A tolerance of 1E-8 was chosen for termination of the data fitting procedure for the step-change

in estimated parameters and the function value, and 1E-6 for the first order optimality.

Sensitivity Analysis. The “Sensitivity Analysis” task of the SimBiology package was used to
estimate parameter sensitivities for RNA, NS3, core protein and virion production. This task uses
the complex-step derivative approximation, which is often used for metabolic systems (54-56).

Full de-dimensionalization of the analysis was used to be able to compare parameters of widely-
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varying orders-of-magnitude. This calculation for complex-step derivative sensitivities can be

represented by the following equations for each parameter:

= df
d(kreaction) (19)
f(kreaction, t) = speCiES X per cell (20)
tfinal (21)

Sensitivity = f f'(t)dt
0

Identifiability Analysis. We used the program GenSSl (57) to test our model for global
structural identifiability on the parameters that were subjected to our model fitting to examine the
uniqueness of our solution. These parameters are krc, Kiansiation, Kcleavage, Knrc, Krpse, Krips Kassemblys
and Kgegrp- Parameters for which experimental or literature values were used were fixed in this
analysis and were not considered for identifiability. Identifiability analysis by GenSSlI, using
iterative Lie derivatives to calculate successive identifiability tableaus as described previously by
Chis et al. and Balsa-Canto et al. (Figure 11) (57, 58), determines that the parameters krc,
Ktranslation, Kcleavage: Krpse, and Kgegrp are globally identifiable and that kyec, krpse, and kgip are non-
identifiable. The former indicates that a unique solution exists for the parameters while the latter
indicates that we cannot be sure of a unique solution for these parameters. For this reason, we
avoid drawing conclusions based on those parameter values. As our model’s goal is primarily to
evaluate model structure and add biological accuracy to the protein mechanisms we have
concluded that this degree of identifiability is enough to provide a useful model. To calculate

values of model parameters with confidence more experimental data would be necessary.
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Figures

Figure 1 Schematic of the mathematical model of infectious HCV. (A) Diagram of the HCV
polyprotein and its representation as various model species. (B) The entire model schematic and
reactions involved. (1) A single initiator plus-stranded RNA associates with available ribosomes
to form a translation complex, which then synthesizes the viral polyprotein. (2) The viral proteins
are cleaved in a single step from the polyprotein, releasing a generalized structural protein and
each of the non-structural proteins NS3/4A, NS5A, and NS5B. (3) RNA polymerase NS5B re-
associates with a cytoplasmic RNA molecule, while NS5A associates with a host factor.
Together these complexes are imported into the VMS in a second order reaction. (4) The minus
strand of the viral RNA is synthesized from the newly imported plus-strand complex, after which
it releases NS5B and forms a double-strand RNA molecule. (5) The dsRNA is bound once again
by the NS5B molecule, which synthesizes new plus-strand RNA from this template. (6) VMS
plus-strand RNA associates with a structural protein to assemble the viral particle, which is then

exported into the extracellular environment.

Figure 2 Schematic comparison of two additional cis-acting protein mechanisms. The
Binder/Clausznitzer mechanism has been proposed by previous modeling papers, and imports
RNA into the VMS as part of an active translation complex in a third order reaction with NS5B
and native host factor. An alternative cis-protein mechanism we propose assumes that the viral
RNA stays associated with the polyprotein translated from it throughout the cleavage steps,
whereas the final model (Figure 1) assumes it is free to release into the greater cytoplasmic RNA
pool. This alternative model assumes the final RNA/NS5B complex can be imported to the VMS

with the host factor complex, or be recycled at rate kycg for another round of translation.
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Figure 3 Acute HCVcc infection RNA and protein kinetic data. A 48-hour infection
experiment using Huh7-1 cells with JFH-1 hepatitis C virus at an MOI of 3. (A) Profiles were
calculated for the average total viral RNA (plus and minus-strand), core protein, and NS3 protein
per cell over the course of the experiment, with the early time-points not used in fitting due to
residual background levels of HCV RNA and core protein. (B) Extracellular titer data was
calculated by counting foci-forming units (FFU) in the infection system throughout the 48-hour
experiment. This was then converted to virions produced per cell using cell counts and previous
data that showed 240 virions per FFU in an experiment with the same virus strain. (C) Western

blot images for core, NS3, and actin proteins.

Figure 4 Viral protein degradation during early and late viral lifecycle. Western blot images
for two 3-hour experiments beginning at 12 and 27 hours post-infection in the viral lifecycle.
Infected cells were treated with cycloheximide at the respective time points to halt translation.
The levels of core, NS3, and beta-actin were measured on hourly intervals afterwards by using a
densitometry image analysis on the Western blot images and normalizing to actin level.
Degradation rates at the 12- and 27-hour time points for core and NS3 were calculated based on
the relative protein levels determined with the Western blot. In both cases the degradation rates

were found to increase over the course of the infection experiment.

Figure 5 Comparison of three model variants for cis- and trans-acting protein behavior. (A)
Fitted profiles for the mechanism used by previous models (Figure 2) for the involvement of cis-

acting behavior of NS5B was proposed during model development and fit to the experimental
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data. This model requires that HCV RNA be imported into the VMS as part of an active
translation complex (TC), along with NS5B and host factor (HF) in a third order reaction. The
fitted profiles yielded an AIC of 530. (B) Fitted profiles for the alternative cis-protein
mechanism proposed by this paper (Figure 2), which requires plus-stranded RNA to be imported
into the VMS using only proteins translated from itself. This fit yielded an AIC of 983. (C) Fitted
profiles for the final model’s mechanism for both cis- and trans-acting behavior of NS5B, which
is represented by association of the NS5B protein with cytoplasmic plus-strand RNA after its
cleavage, and together the two are imported into the VMS. The fitted profiles yielded an AIC of

478.

Figure 6 VMS model structure comparison. The model was modified to represent the
hypothesis that the VMS is segregated into independent vesicular replication complexes, such
that the production rate of plus-strand RNA would depend only on the number of minus-strand
RNA molecules present. The model yielded an AIC of 479, which is a comparable fit to that for
the chosen final model in RNA fitting, with only minimal qualitative differences in the fitting

observed.

Figure 7 Model fit with a constant core protein degradation rate. For comparison with our
final model, the same model structure was refit to a new constant core protein degradation rate,
as opposed to the changing core degradation rate that is part of the final model. This produced a

slightly reduced fit quality.
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Figure 8 Model validation. The final model structure was validated by fitting to a separate set
of intracellular RNA data that was not involved in the original model development or parameter
determination. The new model fitting allowed the parameters corresponding to viral self-

interaction (Krpse, Krip, Kassembly) t0 vary 10% in either direction.

Figure 9 Sensitivity analysis for RNA, core, and NS3 relative to reaction constants.
Sensitivities calculated for RNA, NS3, core protein (based on the surrogate structural protein),
and virions produced relative to reaction rates of our model. Similar patterns are observed across
each chart, with translation (Kgansiaion), minus-strand synthesis (Kinitiation), and replication
(Krepiication) Yielding the highest sensitivities. Virion production consistently showed the highest

sensitivity to model changes.

Figure 10 Percent infected cells in MOI 3 experiment. Cells were infected with an MOI of 3
for 3 hours before removal of the virus. At 24 hours post-inoculation the cells were fixed,
stained, and analyzed for percent infected, which was calculated by counting cells with viral
protein versus total cells. A blue Hoescht stain was used to stain DNA in all cells, and an anti-

NS5A antibody (red) was used to stain infected cells.

Figure 11 Model structural identifiability tableaus. Identifiability analysis was conducted for
the eight parameters that did not have a literature or experimental basis in our model: krc,
Kiranslations Kcleavages KHFC, Krpsg, Krip, Kassembly, @Nd Kgegrp. Our analysis used iterative Lie derivatives

to calculate successive identifiability tableaus, i.e. Jacobian matrices, as described previously by
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Chis et al. and Balsa-Canto et al. (57, 58). Non-zero elements, marked by filled in black spaces
in the grid, indicate that the Lie derivative component (a coefficient of a power series
representative of the system) depends on that parameter. Blank columns indicate non-
identifiability. The reduced tableau demonstrates identifiable parameters and can be used to

create a system of equations for identifying parameters.
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911  Tables

912  Table 1 Model parameter estimates obtained from experiment, literature and simulation.

Parameter "
Estimate Description Source
Translation
-1
Kre 1 mho(lii.lile Transcription complex formation (8)
Kransiation 180 hour* Polyprotein translation rate Fitting
Keleavage 9 hour™ Structural protein cleavage rate Fitting
Replication
K 0.0008 molecule Host factor/NS5A complex Fittin
HFC " hour™ formation g
-1
Krpss 0.1 r:gllﬁime (+)RNA/NS5B complex formation Fitting
-1
Keip 0.6 r;'ﬁﬁu'e (+)RNA and NS5B import into VMS Fitting
Kinitiation 1.12 hour™ (-)RNA synthesis (6,52, 53)
e 10 molecule™ dsRNA replication complex (8)
Rids hour™ formation
kreplication 1.12 hour-l (+)RNA synthesis (6, 52, 53)
Import/Export
1 (+)RNA transport from VMS to
Koutrp 0.307 hour T o (8)
6.7x10™ ' ) .
Kassembly molecule™ hour™ Viral particle assembly Fitting
Degradation
Kaegrp 0.26 hour™ Cytoplasmic (+)RNA degradation Fitting
Initial: 0.61 h™ ) ) Experimental
Koegs Final: 0.10 h™ Structural protein degradation data
Kdegns 0.11 hour™ NS3/4A degradation FERTE]
data
Kdegums 0.001 hour™ VMS species degradation Fitting, (38, 39)
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Host Species
Ribosomes

Host Factor

Initial Values
Plus-stranded RNA

Core protein

913

914

5000 molecules

30 molecules

1 molecule

180 molecules

Fitting

Fitting
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915  Table 2: Ordinary differential equations for the final model

Species Equation
Cytoplasm
PI d d[R:)yt] . cyt cyt
us-stran 2 = ~hrc[Ribo][RY] + kerans[TC = kgpss Ry 1[NS5B] 1
RNA + koutRp [RZMS] - kdEng [R;yt]
. d[Rib
Ribosomes L dlt o _ —krc[Ribo][Ry] + krans[TC] 2
Translation d[TC
complex % = krc[Ribo][R7""] = Kirans[TC] 3
. d[PP
P0|ypr0tem % = Kirans [TC] - kaeavage [PP] 4
. d[S] vMS
Core protein - = ks[PP] — kgegs [S] — 180 kssempiy [Ry ™ 1[S] 5
NS3/4A
. d[NS34A]
protein T = kCleavaye[PP] - kdegNS [NS34A] 6
complex
. d[NS5A
NS5A protein L T | = kcieavage [PP] = Kaegns [INS5A] — kypc[NS5A][HF] 7
Cytoplasmic d[NS5B»*
NS5B protein % = kCleavage [PP] - kdegNS [NSSBCyt] - kRpSB [R;yt] [NSSBCyt] 8
d[HF
Host factor % = —kupc[HF1[NS5A] + kinic[Rip] 9
NS5A/host
d[HFC]
factor — = ke [HF][NSS5A] — kg, [RPSB][HFC] 10
complex
RNA/NS5B d[Rp5B
complex : dt I kipss[Ry'* | [INS5B?*] = kpip [RPSB][HFC] 11
VMS
Plus-strand d[Ri,]
RNA complex | —dr = krinlRPSBIHFC] = kinie[Rip] — kaegums Rip] 12
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d[dsRNA]
Double- | === = kynic[Riy] = knias[dSRNAIINSSB"™*] = kgegums[dsRNA] 13
strand RNA + Kyept[Rigs]
d[NS5BYMS]
VMSNSSB | — g = Kumiel[Rip] — krias|[dSRNAJINSSBY™S] — kaegyus[NS5B"] 14
+ krepl[Rids]
dsRNA d[Rigs] .
complex d_;:ds = kRids[dSRNA] [NSSBVMS] - krepl[Rids] - kdegVMS[Rlds] 15
VMS pl d[Rng] VMS vMS
plus- T = krepl[Rids] - kAssembly[S] [Rp ] - kdegVMS[Rp ] 16
strand RNA _ koump[RZMs]
Extracellular Environment
Secreted d[v, ]
viral particle %‘m = Kassembiy [ST[Rp"°] 17
916
917
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12 hours Post-Inoculation 27 hours Post-Inoculation

Time Post Translation 1 2 3

Inhibition (hours)

Core

B-actin
Core Degradation Rate NS3 Degradation Rate
12 hours Post-Infection 0.61ht 0.11h?
27 hours Post-Infection 0.10 h? 0.05 h*
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