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The nonstructural 5A (NS5A) protein is a target for drug develop-
ment against hepatitis C virus (HCV). Interestingly, the NS5A inhibitor
daclatasvir (BMS-790052) caused a decrease in serum HCV RNA levels
by about two orders of magnitude within 6 h of administration.
However, NS5A has no known enzymatic functions, making it
difficult to understand daclatasvir's mode of action (MIOA) and to
estimate its antiviral effectiveness. Modeling viral kinetics during
therapy has provided important insights into the MOA and effective-
ness of a variety of anti-HCV agents. Here, we show that understand-
ing the effects of daclatasvir in vivo requires a multiscale model that
incorporates drug effects on the HCV intracellular lifecycle, and we
validated this approach with in vitro HCV infection experiments. The
model predicts that daclatasvir efficiently blocks two distinct stages
of the viral lifecycle, namely viral RNA synthesis and virion assembly/
secretion with mean effectiveness of 99% and 99.8%, respectively,
and yields a more precise estimate of the serum HCV half-life, 45 min,
i.e., around four times shorter than previous estimates. Intracellular
HCV RNA in HCV-infected cells treated with daclatasvir and the HCV
polymerase inhibitor NM107 showed a similar pattern of decline.
However, daclatasvir treatment led to an immediate and rapid de-
cline of extracellular HCV titers compared to a delayed (6-9 h) and
slower decline with NM107, confirming an effect of daclatasvir on
both viral replication and assembly/secretion. The multiscale model-
ing approach, validated with in vitro kinetic experiments, brings
a unique conceptual framework for understanding the mechanism
of action of a variety of agents in development for the treatment
of HCV.

direct-acting antiviral agents | mathematical modeling | viral dynamics

epatitis C virus (HCV) infection is a major health burden af-
fecting about 150 million people worldwide (1) and ~4.1 mil-
lion in the United States (2), where it is the primary cause of liver
cirrhosis and liver cancer (1). Until 2011, the most advanced anti-
viral therapy was pegylated interferon-o (IFN-a) plus ribavirin
(Peg-IFN/RBV), with a cure rate of 50% or less in patients infected
with HCV genotype 1, the most prevalent in the Western world.
To obtain higher cure rates, drug development has focused
mainly on inhibiting the function of nonstructural (NS) viral pro-
teins with known enzymatic functions, such as the NS3-4A protease
and the NS5B polymerase. Through the use of an innovative
screening approach to search for nonenzymatic targets, daclatasvir
(BMS-790052) was identified as a potent NS5A inhibitor (3). The
functions of the NS5A protein are not fully elucidated, although
in vitro studies suggest an essential role of NS5A in both viral
replication (4-7) and assembly/release of infectious particles (8-
11). The efficacy of daclatasvir as an antiviral agent was con-
firmed in a single ascending-dose study in which a mean 3.3-log;
reduction in viral load 24 h after drug administration was ob-
served in patients receiving a 100-mg dose (3). More remarkably,
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6 h after dosing, a mean 1.95-log; viral load decline occurred.
This decline is faster than has been observed with any other an-
tiviral agent studied to date. Our goal is to uncover the biological
basis of this extremely rapid viral decline and the in vivo mechanism
of action (MOA) of daclatasvir through mathematical modeling.
Mathematical modeling of HCV infection and treatment has
provided valuable insights into the mechanisms of action of IFN-
based therapy (12). In these models, the infected cell is treated as
a “black box” that produces/secretes virus particles, which then
either are cleared or infect new target cells. Using this type of
model, it was shown that IFN acts mainly to reduce the average
rate of virion production/release per infected cell (12). As a con-
sequence, the early viral decline in serum HCV RNA after treat-
ment initiation was assumed to reflect the clearance of viral
particles, which in the model occurs at rate ¢ per virion. By fitting
the HCV RNA decline during administration of high daily doses of
IFN, Neumann et al. (12) estimated ¢ in HCV genotype 1-infected
patients as 6.2 + 1.8 d™', corresponding to a serum half-life (t,,) of
2.7 h. At this rate of virion clearance, it would take at least 17 h to
achieve 1.95 log viral load reduction, not the 6 h observed.
Here, we analyze the early viral decay observed after one dose
of 10 or 100 mg of daclatasvir (3). Using the standard model of
HCV dynamics (12) or simple linear regression, we estimate the
HCV t,, to be about 0.7 h, i.e., 45 min. To explain the discrepancy
with the prior ¢, estimate of 2.7 h during IFN treatment, we in-
troduce a multiscale model of HCV viral dynamics that includes
the effects of treatment on distinct intracellular processes of viral
RNA production and virion assembly/secretion. We show that
this model provides a conceptual framework for the origin of
viral decline patterns. Further, the multiscale model fits data on
viral declines in patients on IFN, daclatasvir, and the HCV
protease inhibitor telaprevir (TVR) and allows us to decipher
the mode of action of these drugs and estimate their in vivo
antiviral effectiveness in blocking intracellular viral RNA pro-
duction and in blocking virion assembly/secretion. This approach
also shows why clearance rates derived from previous IFN-based
studies are underestimates, and therefore it reconciles the two
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contradictory estimates of ¢ and estimates the mean HCV ¢, as
45 min.

Results

Empirical Analysis of the Early Viral Decline. All nine patients treated
with 10 or 100 mg of daclatasvir had a profound and rapid HCV
RNA decline from baseline, with mean amplitudes of 0.27, 1.20,
and 1.95 log, international units (IU)/mL at 2, 4, and 6 h post
dosing, respectively (Fig. S1). This translates into a mean rate of
viral decline between 1 and 6 h of 23.2 d™!, assuming the decline
begins 1 h post dosing because of a pharmacological delay.

Analysis of Early Viral Kinetics Using the Standard Model of HCV
Infection. In the five patients (Table 1) who did not have a viral
load rebound over the first 3 d, the standard biphasic viral de-
cline model introduced by Neumann et al. (12) (Eq. 1) was fit to
the data and well characterized the changes in HCV RNA (Fig.
14). The mean antiviral effectiveness in blocking viral pro-
duction/secretion, €, was estimated as 0.997 (Table 1) and the
mean rate of viral clearance ¢, was estimated as 23.3 d~!, similar
to the empirical rate of V1ral dechne estimated above. In addi-
tion, we observed a second phase of viral decline that allowed us
to estimate the loss rate of infected cells, 5 (mean 1.06 d™")
(Table 1). Interestingly, although ¢ and & represent physiological
quantities and therefore should not depend upon the antiviral
strategy, these mean values are about four and seven times higher,
respectively, than what was estimated previously in patients re-
ceiving IFN-based therapy (12, 13).

Analysis of Early Viral Kinetics Using a Multiscale Model. To resolve
the discrepancy in the estimates of ¢ and § obtained when fitting
viral load data during IFN-based therapy and daclatasvir therapy,
we developed an HCV dynamic model that extends the standard
model (Fig. 24) by incorporating essential features of the viral
lifecycle that may be targeted by daclatasvir. In this model, viral
RNA (VRNA) is produced within infected cells at constant rate o,
degraded with constant rate p, and exported as virions into the
circulation at rate p per VRNA (Fig. 2B). Moreover, the amount
of vRNA per infected cell depends on the time elapsed since cell
infection, which we call a, the age of an infected cell. Unlike the
standard model that does not distinguish between VRNA pro-
duction and virion secretion, this model allows us to distinguish
three possible intracellular effects of antiviral therapy: blocking
vRNA production with effectiveness &,, blocking VRNA packag-
ing/secretion with effectiveness &, and enhancing the VRNA
degradation rate p by a factor k > 1.

Because the multiscale model contains several unknown
parameters, several assumptions are necessary to make parameter
identification possible when only short-term serum HCV RNA
data are available. First, we assumed that the parameters ¢ and &
do not depend on the type of treatment administered. Because
we were interested in understanding the differences in the initial
viral decay observed with daclatasvir vs. IFN-based therapies, we
included in our analysis 20 patients who received different doses of

daily IFN, and had frequent viral load measurements (12). Second,
an approximate analytical solution of the multiscale model (Eq. 3)
may be obtained if one assumes that no new cell infections occur
after treatment initiation. We found that the approximate solu-
tion (Eq. 3) and the numerical solution of the full model (Eq. 2)
agreed well in the parameter regime of interest (Fig. S2). Viral
load data were analyzed using Eq. 3 only until day 2, as only
a single dose of daclatasvir was given. On such a short time scale,
the loss rate of infected cells cannot be identified, and we fixed 6 =
0.14 d™', the mean estimated in patients treated with Peg-IFN/
RBV (12-14). Third, the effectiveness in enhancing the loss rate
of vRNA, «, could not be estimated separately from the intrinsic
vRNA degradation rate, p. Thus, we fixed p = 1d " and, in essence,
estimated the combined parameter kp. (If we fixed p =2 d™, then
the estimate of k decreased by 50%, whereas if we set p = 0. 5 d
the estimate of k doubled.) Further, the distribution of kp in the
population could not be estimated, and hence we assumed that this
parameter was similar for all patients in our study. Lastly, we ﬁxed
the rate of vRNA production per infected cell, o, to 40 VRNA d~*
(15). A sensitivity analysis verified that our choices for « and 6 did
not substantially influence our estimates of the viral clearance rate,
¢, or of & and g, (Table S1).

To increase the precision of the parameter estimates, a non-
linear mixed-effects model was used to fit the data. The parameters
were estimated by maximum likelihood estimation using the ex-
tended stochastic approximation expectation-maximization algo-
rithm as implemented in the MONOLIX software (www.lixoft.
com) (SI Methods). The model fit the individual data well (Fig. 1).
The mean pharmacological delay, ¢y, until treatment influences
viral load was s1gn1ﬁcantly shorter with daclatasvir than with IFN
(0.97 h vs. 10.0 h, P < 1071%), which was expected because dacla-
tasvir, unlike IFN, is a direct antiviral. Consistent with the pre-
diction of the standard model (12), the effectiveness in blocking
vRNA production, &,, was significantly associated with the dose of
IFN received, with mean values of 0.96 and 0.77 in the 10— or 15—
million international unit (MIU) and 5-MIU dosing groups, re-
spectively (P = 0.0014). Daclatasvir showed an even higher level of
effectiveness in blocking VRNA production [mean effectiveness =
0.990, Clysg, (0.98, 1.0)]. Unlike IFN, daclatasvir also efficiently
blocked the secretion of virus (mean g in daclatasvrr treated
patients = 0.998 vs. 0.39 in IFN-treated patients, P < 107" ) with
no significant difference between IFN doses. Using the multiscale
model, all patients regardless of antiviral strategy could be ﬁtted
assuming a high rate of viral clearance, estimated as ¢ = 22.3 d™'
[Clos, (18.7, 25.7)] (Table 2). This clearance rate corresponds to
a virion half-life #,, = 45 min. Lastly, the degradat10n rate of VRNA
under treatment, ky, was estimated as 1.46 d ™' [Close, (0.74, 2.18)],
corresponding to a mean vRNA ¢, = 11.3 h.

Using the approximate solution, Eq. 3, the multiscale model
predicts that after a delay 7, the viral load V), decays ina tr1—
phasic manner (Fig. 3), given by V(¢)= VO[Ae“l + Be™ 4+ Ce™].
These successive phases of decline represent the drug’s ability to
affect different stages of the viral lifecycle: (i) By blocking virion
assembly/secretion, there is a deficit in virion production, and

Table 1. Parameter estimates obtained using the standard biphasic model (Eq. 1) to fit viral kinetic data from
patients treated with daclatasvir

Daclatasvir
Patient dose (mg) Age(y) Sex  Race BMI (kg/m?)  Genotype Vo(logelU/mL) toh) c(d™ & &™)
8 100 45 F AA 33 1b 5.64 142 313 0.99% 1.89
42 10 47 F Caucasian 25 1b 5.65 2.4 21.0 0.998 0.39
68 100 32 F Caucasian 30 1b 7.15 1.63 20.2 0.998 1.27
69 100 44 F AA 26 1a 6.14 0.91 22.0 0.999 0.75
83 100 44 F AA 31 1b 5.45 221 21.8 0.99 1.01
Mean 6.00 1.71 233 0.997 1.06

Individual viral kinetic parameter estimates made assuming constant antiviral effectiveness of daclatasvir until day 2 in the five
patients (Fig. 1) who did not show a viral rebound until day 3. AA, African American; BMI, body mass index; ¢, serum HCV RNA clearance
rate; §, loss rate of infected cells; ¢, effectiveness in blocking virion production/release; F, female; t,, pharmacological delay.
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Fig. 1. Viral kinetics and model predictions. Viral load data (O) and standard and multiscale models’ predictions (solid line) for (A) five patients receiving one
dose (four received 100 mg and one, Pt42, received 10 mg) of daclatasvir (BMS-790052) and (B) three representative patients receiving daily IFN-o of 5 MIU
(Left), 10 MIU (Center), and 15 MIU (Right). Although interpretations are different, the model curves of the standard model (Eq. 1) and of the multiscale

model (Eq. 3) overlap and cannot be distinguished.

virions naturally eliminated with rate ¢ are not replaced. (ii) By
blocking its production and/or increasing its rate of loss in-
tracellularly or by infected cell death, vVRNA levels decrease with
rate A, which limits the material available for producing new
virions. (iii) The remaining virus production ultimately declines
with rate §, reflecting the progressive elimination of infected cells
over time.

In this model, A, B, and C are constants that depend on model
parameters; thus, the duration of these phases depends on the
drug’s mode of action. For daclatasvir, 4 is 500-fold larger than
B and we calculate that for the initial 8 h, the first term reflecting
virion clearance is larger than the second term and a first phase
decay with a slope reflecting the virion clearance rate c is ap-
parent (Fig. 34, black line). For IFN, A4 is smaller than B and the
phase representing virion clearance now is too short to be ob-
served in the clinical data, and only a single phase of HCV RNA
decay with rate A is seen during the first 2 d of therapy (Fig. 34,
blue line). This phase reflects the decay of VRNA and infected
cells and not virion clearance as incorrectly concluded in prior
work (12). At longer times, approximately day 3 with either IFN
or daclatasvir (Fig. 3B), the last phase of decay driven by infected
cell loss is predicted to be observed.

If high clearance rate estimates are indicative of drug thera-
pies that block viral assembly/secretion, one may ask whether
other direct-acting antiviral agents also have this property. In-
terestingly, for the protease inhibitor TVR, using the standard

model, a mean ¢ = 12.1 d~! was reported for all TVR doses and
¢ = 16.7 d™" for nine patients from our recent publication (16)
treated with the highest dosage of 1,250 mg twice daily (BID),
values two- to threefold greater than for IFN, with no explana-
tion. To test whether this might be the result of TVR having an
effect on virion assembly/secretion, we added the nine patients
treated with 1,250 mg BID TVR monotherapy as an additional
group in our populatlon analysis. All data could be well fit w1th
the multiscale model (Fig. S3), and a high value of ¢ = 22.7 d™*
was found (Table S2). TVR also was found to have an effect in
blocking assembly/secretion (mean &5 = 0.94); however, this ef—
fect was significantly weaker than for daclatasvir (P < 107°).
Comparing (1 — &) for TVR (0.06) with that of daclatasvir
(0.002) reveals that daclatasvir reduces assembly/secretion 30-
fold more than TVR. Our prediction that TVR has an effect on
assembly/secretion in vivo is consistent with in vitro findings (17)
that the NS3 protease domain is important in late steps in the
viral lifecycle that involve intracellular assembly of virus.
Whereas the multiscale model prediction that daclatasvir
inhibits both HCV replication and HCV assembly/secretion in
vivo is consistent with published data indicating that NS5A plays
a role in both these viral processes (4-11), we confirmed these
effects in cell culture HCV infection experiments in which both
intracellular and extracellular viral parameters can be measured
in parallel (SI Methods). Specifically, we found that treatment of
infected cells with daclatasvir resulted in an intracellular HCV
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Fig. 2. Standard and multiscale models of HCV infection. (A) The standard model (12) considers only the level of cell infection and virus in serum. Treatment

acts by reducing the average number of virions produced by infected cells from p to p(1 — ¢). Thus, € represents a global measure of antiviral effectiveness that
does not distinguish the stages of intracellular viral replication that are blocked by treatment. (B) The multiscale model was designed to account for essential
features of intracellular HCV RNA (vRNA) replication, R, i.e., production, degradation, and assembly/secretion with rate parameters «, i, and p, respectively.
The VRNA level within an infected cell (dashed circle) is assumed to increase with time since infection and reach a steady state. Treatment (parameters in red)
may block VRNA production with effectiveness ¢, and/or virion assembly/secretion with effectiveness &, and/or enhance the degradation rate of vVRNA by
a factor k. In both models, T and / represent target and infected cells, respectively, and V represents virus. Target cells are created and die with constant rates
s and d, respectively, and are infected by virus, V, with rate constant f. Infected cells, /, are lost with rate constant §, and virus, V, is cleared from serum with
rate constant c.
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Table 2. Population parameter estimates obtained using the
approximate solution (Eq. 3) of the multiscale model

Parameter Estimate Standard Error
Sd
IFN
5 MIU 0.77 0.087
10/15 MIU* 0.96 0.011
Daclatasvir 0.99 0.011
Es
IFN, 5/10/15 MIU* 0.39 0.018
Daclatasvir 0.998 0.00017
to (h)
IFN, 5/10/15 MIU* 10.0 2.88
Daclatasvir 0.97 0.38
p(d7") 8.18 1.8
c(d™ 22.3 1.7
kp (d7) 1.46 0.36

¢, serum HCV RNA clearance rate; g, drug effectiveness in blocking
intracellular HCV RNA (VRNA) synthesis; ¢, drug effectiveness in blocking
virion assembly/secretion; kp, degradation rate of vVRNA during treatment; p,
export rate of VRNA into virions; to, pharmcological delay.
*The patients treated with 10- and 15-MIU doses of IFN were analyzed
together because previous analysis (12) showed no difference in effective-
ness.
"ty and & were found not to differ among the IFN dosing groups.

RNA decline comparable with that observed when infected cells
were treated with the polymerase inhibitor NM107, consistent
with both drugs blocking HCV replication (Fig. 4). As expected,
for a replication inhibitor, extracellular virus titers in NM107-
treated cultures declined in parallel with intracellular RNA
levels. However, daclatasvir treatment resulted in an immediate
and more rapid decrease in extracellular HCV titers that pre-
ceded the drop in intracellular HCV RNA, consistent with some
aspect of HCV assembly/secretion being inhibited independently
of the effects on HCV replication.

Discussion

NS5A is an HCV-encoded nonstructural protein that has become
a promising target for anti-HCV therapy (3, 18). In a phase Ila
study, 4 of 11 patients who received the NS5A inhibitor dacla-
tasvir and the protease inhibitor asunaprevir for 24 wk had a sus-
tained virologic response at 12 and 24 wk after treatment ended,
establishing that HCV may be cured by an all-oral treatment re-
gime that lacks IFN/RBV (18).

NSS5A is a phosphoprotein that may exist in multiple phos-
phorylated states (11, 19). Possibly because of this, it appears to
have multiple functions in the virus lifecycle, likely mediated by
its ability to bind HCV RNA (20) and to interact with several
virus and host proteins (21). Given the uncertain nature of the
molecular mechanisms by which NS5A functions and the ab-
sence of direct screening assays for NS5A function, it is not
surprising that the MOA of NS5A inhibitors is uncertain (22).
One means of uncovering an antiviral agent’s MOA is to analyze
the kinetics of the response it generates.

Here, we have shown that after in vivo administration of the
NSS5A inhibitor daclatasvir, HCV RNA declines with extreme
rapidity, falling appoximately 2 logs within the first 6 h post
dosing, followed by a slower phase of decline. Using a multiscale
model, we have shown that this kinetic pattern would arise if and
only if daclatasvir effectively blocks both intracellular viral HCV
RNA (VRNA) synthesis and virion assembly/secretion in vivo. If
daclatasvir blocked only vVRNA synthesis, the kinetics of viral
decline would be similar to that seen with IFN and the first phase
would not be as rapid as observed (Fig. S4). Alternatively, if
daclatasvir blocked only virion assembly/secretion, then one
would see only a rapid first phase followed by a flat second phase,
differing from the second phase that was observed, and which

3994 | www.pnas.org/cgi/doi/10.1073/pnas.1203110110

cannot fit the data (Fig. S5). It is only when we assume that
daclatasvir blocks both VRNA synthesis and virion assembly/se-
cretion that we match the data (Fig. 1). Although this finding is
consistent with a large body of data obtained in vitro showing that
NS5A is essential for both viral replication (4-7) and the assembly
and release of infectious particles (8-11), we confirmed the mod-
eling predictions by assessing the effect of daclatasvir on HCV
infection in vitro, where both intracellular and extracellular HCV
can be measured simultaneously (Fig. 4). Although daclatasvir
treatment reduced intracellular HCV RNA with the same ki-
netics as the HCV polymerase inhibitor NM107—suggesting that
at the doses used, both drugs block HCV replication to a similar
degree—a more rapid extracellular decline in HCV was observed
in response to daclatasvir, consistent with an additional block in
assembly/secretion of infectious viral particles. In addition, an
early transient increase in intracellular HCV RNA levels was
observed in multiple experiments. Although this increase was not
statistically significant, it suggests that blocking assembly/secretion
may result in a transient accumulation of intracellular HCV RNA.

If daclatasvir blocks virion assembly/secretion, the viral decline
after dosing should provide a more precise estimate of the HCV
ty, than the one observed with other anti-HCV compounds. In-
deed, when virus secretion is not blocked efficiently, there is a
continued release of new virus particles; thus, the observed rate
of decay after treatment initiation provides only a minimal esti-
mate of the true virion half-life. We now estimate, both from
fitting our model to the data and by empirically measuring the rate
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Fig. 3. Patterns of viral decline predicted by the multiscale model. Viral load

decline from baseline in a patient treated with daclatasvir (Pt 8, black Q)
compared with the decline seen in a patient treated with 10 MIU IFN (Pt 2C,
blue Q) at early (A) and late (B) times, and the corresponding best-fit model
prediction (solid lines) using the multiscale model (Eq. 3 and Table S3). When
treatment efficiently blocks both vVRNA production, with effectiveness &,
and virion assembly/secretion, with effectiveness ¢, as estimated for dacla-
tasvir (Table 2), the multiscale model predicts two phases of viral decline in
the first 2 d of treatment (A, black line). The first phase is the result of HCV
clearance in serum, with rate c. The second phase reflects vVRNA decline with
rate L =xp + p(1 — &) + 8 ~kp + 5, as & ~ 1 (Table S3). When treatment does
not efficiently block virion assembly/secretion, as predicted with IFN (Table
2), the first early phase is not visible and only the second early phase of viral
decline is observed (A, blue line). After day 3, assuming that the treatment is
effective in blocking VRNA production and regardless of the effectiveness in
blocking secretion, the long-term viral decline is driven by the loss rate of
infected cells, with rate 5 (B).
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Fig. 4. Intracellular and extracellular HCV kinetics during treatment in cell
culture. (A) RTGPCR analysis of intracellular HCV RNA levels in Huh7 cultures at
the indicated times during mock treatment (black), 1 nM daclatasvir treatment
(red), or treatment with 25 uM of the HCV NS5B polymerase inhibitor NM107
(blue). A delay of 6-9 h before HCV RNA declined from mock was observed
with daclatasvir and NM107. Thereafter, intracellular HCV RNA declined at
a similar rate with both daclatasvir and NM107. (B) Extracellular HCV titer
(focus-forming units per milliliter) determined at the indicated times during
treatment with 1 nM daclatasvir (red dashed line) or 25 uM NM107 (blue
dashed line) compared with mock-treated cultures (black dashed line). Under
NM107 treatment, HCV titer declined at the same rate as intracellular HCV
RNA, whereas daclatasvir treatment resulted in a rapid and immediate decline
in HCV titer. Data are representative of three independent experiments.

of HCV decline, that the HCV t,, is ~45 min, i.e., around four
times shorter than the previous estimate of 2.7 h. This implies that
to maintain viral levels at steady state, viral production must be
four times larger than previously estimated (12); hence, there is
more opportunity for viral mutation than previously appreciated.
Lastly, our t,, estimate for HCV is similar to the estimated 56-min
t, of HIV (23) and may imply that both viruses are cleared by
similar mechanisms.

An off-target effect of daclatasvir in enhancing HCV clearance
also might account for our estimate of the HCV half-life. However,
if daclatasvir’s only MOA was to enhance viral clearance by fourfold,
then HCV RNA would rapidly decline fourfold, i.e., 0.6 log;o during
therapy (Fig. S6) and not the 2-3 logs observed. To obtain the ob-
served kinetics, daclatasvir still would also need to block virion as-
sembly/secretion and VRNA replication. Also, a similar 45-min
estimate of the virion half-life was made by Powers et al. (24), in the
absence of daclatasvir, by analyzing the kinetics of viral decline in six
patients during the anhepatic and early reperfusion stages after liver
transplantation, when no or little new virus is being made.

Interestingly, Ramratnam et al. (23), using large-volume
apheresis to artificially increase virion clearance, estimated the
HCV ¢, in two HCV/HIV-coinfected patients as 1.67 h and 3 h,
which suggests that if our current estimate of a 45-min #,, is ac-
curate, HCV clearance might be impaired in coinfected patients.

Although the viral decline observed during the first 2 d post
dosing was biphasic, the second-phase viral decline with dacla-
tasvir is not the persistent second-phase viral decline predicted
by the standard biphasic model but rather represents a transient
phase that mainly reflects the drug’s ability to reduce VRNA
levels by blocking VRNA production and/or by increasing its
degradation rate by a factor k. Although the magnitude of k
could not be estimated, the model predicts that the vVRNA .,
during daclatasvir therapy [In(2)/xp] in vivo is about 11 h. Re-
cently, we showed that in replicon cells treated with NM107, the
t,, of genotype 1b subgenomic HCV RNA was 17 h (25). A similar
estimate was found in replicon cells treated with 100 U/mL of
IFN in one study (26) but was 12 h in another study (27). The
fact that the in vitro and in vivo estimates of ¢, differ by a factor
of 1.1-1.5 suggests that the effect of daclatasvir on enhancing
vRNA degradation, if existent, likely is modest.

The multiscale model shows that the first phase of viral decline
reflecting HCV serum clearance is visible only if a drug effi-
ciently blocks viral secretion. We have shown for IFN that the
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first phase should not be apparent in clinical data, and what we
previously thought was the first phase may in fact be the new
intermediate phase we identified in the daclatasvir data analysis.
This is the explanation for why earlier analyses of viral decay in
patients treated with IFN led to inaccurate estimates of the viral
clearance rate. For TVR, in which we predict the drug inhibits
assembly/secretion, a similar analysis shows that a short first
phase with ¢ = 22.7 d™! should be apparent before transitioning
into the new immediate phase.

The multiscale model most likely is valid only for short periods
after the initiation of antiviral therapy. Its use for longer periods
probably will require one to include the possibility that under
potent therapy, the rates of VRNA production, a(l — ¢,), and
degradation, kp, are not constant. One can easily imagine that
under potent therapy, the replication complexes, which are re-
sponsible for VRNA production, will decrease in number, effec-
tively lowering . Also, VRNA in different cellular compartments,
e.g., cytoplasm and membranous web (28), may degrade at dif-
ferent rates; thus, once VRNA in one compartment is mostly
depleted, the VRNA degradation rate, k., may change. Lastly, our
model solution assumes that the drug effectivenesses, &, €4, and
K, are all constant. Thus, Eq. 3 would need to be modified in cases
in which drug effectivenesses change with time, such as for the
HCYV polymerase inhibitor mericitabine (29).

In summary, we have developed a multiscale model of HCV
infection and treatment in vivo that includes both intracellular and
serum HCV RNA dynamics. The model provides a conceptual
framework to explain the observed decline of serum HCV during
therapy. Because the model considers several different steps in the
HCV lifecyle, it provides a promising tool for selecting agents with
complementary modes of action to maximize cure rates. When
applied to the HCV kinetics observed in patients during daily IFN
therapy, during protease inhibitor therapy, or after a single dose of
daclatasvir, several insights into the mechanisms of action of these
drugs were obtained. In particular, the multiscale model confirms
that IFN mainly slows intracellular HCV RNA replication/syn-
thesis, but suggests it also may have a small effect on virion as-
sembly/secretion. Thus, it is plausible that during the first phase of
viral decline, there is continued packing and release of the vVRNA
that was present in the cell before IFN administration, which masks
the intrinsic plasma HCV clearance rate. Further, our results sug-
gest that both daclatasvir and TVR block virion assembly/secretion,
with mean effectivenesses in vivo equal to 99.8% and 94%, re-
spectively (Table S2), with TVR being significantly less effective (P
<107°). Lastly, we now estimate the mean half-life of HCV RNA in
serum to be about 45 min. This estimate is around four times
shorter than previous estimates made by modeling the HCV RNA
decline following initiation of IFN-based therapy (12, 13) but is
consistent with some estimates of viral decline rates observed
during the anhepatic and early reperfusion phases in subjects who
underwent liver transplantation (24, 30).

Methods

Standard model of viral dynamics. The standard model of HCV dynamics
predicts that viral decline is governed by the following set of differential
equations:

%:s—dT—ﬁw, %:ﬁVT—GI, Z—‘::U—s)pl—cm [1]
where T represents the density of target cells, which are created with constant
rate s, die with constant rate d, and are infected by virus, V, with rate constant
B. In the model, infected cells, /, are lost with rate constant & and produce
virions at constant rate p per cell (Fig. 2A). Virions are assumed to be cleared
from serum with rate constant c. Because we focus on short-term kinetics, we
assumed that the target cell level is constant throughout the study period and
remains at its pretreatment steady-state value To = c8/pf (12). After an initial
pharmacologic delay of length t,, therapy is assumed to reduce the rate of
viral production per cell from p to p(1 — ¢), where ¢ is the drug effectiveness.

Multiscale model of viral dynamics. We denote by R(a) the concentration of
intracellular vRNA in a cell that has been infected for time a. In the absence
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of treatment, R(a) may be described by dR/da=a—pR - pR, where a repre-
sents the rate of VRNA production, p is the (intracellular) rate of VRNA
degradation, and p is the export rate of vRNA in virions. Treatment may act
by blocking intracellular viral production with effectiveness ¢, by blocking
virion assembly and/or secretion with effectiveness ¢, and by increasing the
degradation rate of VRNA by a factor «, so that the full model combining
intracellular and extracellular dynamics is

aT al  al

=S dT—BVT, S S= —sl(a.t)

t)R oR _

6a Frn = (1—¢&y)a—kpR—(1—¢&)pR [2]

1—ssp/R I(a,t)da—cV
0

with boundary conditions /(0,t) = VT, I(a,0) = Ip(a), R(0,t) = 1, R(a,0) = Ro(a),
where Ilp(a) and Rg(a) are the pretherapy steady-state distributions. We
have assumed that treatment begins at time t = 0 and that cells, when
initially infected, contain one vRNA.

Because the amount of intracellular vVRNA depends on both the length of
time a cell has been infected and the length of treatment, a partial differ-
ential equation is needed to describe intracellular vRNA kinetics. We pre-
viously showed that a drug blocking entry leads to very slow viral decays and
when included with effects such as blocking replication that give rise to rapid
declines, this effect cannot be discerned (12). Thus, we have not included
a potential effect of daclatasvir on reducing p and, hence, cannot determine
whether daclatasvir also has an effect on viral entry.

Fig. 2B gives a schematic representation of this model. If one assumes that
treatment is potent enough that the number of new cell infections is neg-
ligible after treatment initiation, i.e., /(a,t) = 0 for a < t, this model can be
solved using the method of characteristics, yielding

V()= Vol ettt 4 PC [ & (e—cm—to)_e—m—ro))
N |is
o

(-0

1 (N_ = (e—cu—ro)_e—(i+s)(t—to>> 3]
L+8—c\P A ’

where we have incorporated a pharmacologic delay of length t, before
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Data. IFN-a2b treatment in vivo. To compare the kinetics observed with
daclatasvir to that observed with IFN-based therapy, we considered 24
treatment-naive patients infected with HCV genotype 1 randomly assigned
to receive daily s.c. injections of 5, 10, or 15 MIU) of IFN-a2b (12). As done in
ref. 12, the four nonresponder patients were not included in this analysis.
Daclatasvir (BMS-790052) treatment in vivo. In a double-blind single ascending-
dose study, three groups of six subjects were randomly assigned to receive
one dose of 1, 10, or 100 mg of daclatasvir or placebo in a ratio of 5:1 (Fig. S1).
As 1 mg was suboptimal, we did not include it in our study. One subject in
the 10-mg group withdrew from the study 8 h after administration of the
study drug and was not included in our analysis. After drug levels dropped
to a low level, viral rebounds were observed (Fig. S1). To avoid bias in the
parameter estimation due to these rebounds, we constrained our viral ki-
netic analysis to the five patients (one given 10 mg and four given 100 mg of
daclatasvir) who did not show a viral rebound throughout the 3 d post
dosing (Fig. S1 and Table S3).

Daclatasvir (BMS-790052) treatment in vitro. Cell culture experiments used Huh7-
1 cells and cell culture-propagated HCV (HCVcc) from the JFH-1 HCV con-
sensus clone provided by Takaji Wakita (National Institute of Infectious
Diseases, Tokyo, Japan), as described in detail in S/ Methods. For HCV in-
fection experiments, Huh7 cultures were inoculated with HCVcc and cul-
tured for an additional 10 d to allow HCV infection to reach steady state.
Parallel cultures of steady-state HCV-infected cells were then mock treated
or treated with 25 pM NM107 or 1 nM daclatasvir. At indicated times, me-
dium was harvested from eight replicate wells for titer analysis and cellular
RNA isolated lysate was harvested in 200 uL 1x nucleic acid purification lysis
solution (Applied Biosystems) from four replicate wells for real-time quan-
titative PCR (RTQPCR) analysis for HCV RNA and cellular GAPDH mRNA, as
described in detail in SI Methods.
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S| Methods

Data Fitting and Statistical Methods. Patient viral load data were fit
using nonlinear mixed-effect models, which borrow strength from
the whole sample to estimate more precisely the population
parameters, such as the mean, and the interindividual variation
(IIV) (1). In this approach, each parameter 6; comprises a fixed
part 6, which represents the median value of the parameter in the
population, and a random part n; chosen from a Gaussian distri-
bution with mean 0 and SD equal to ITV that accounts for the IIV.
Parameters are log-transformed to ensure positivity, and we write
6; =0-e". We used a logistic transformation of the gs (j = s, a) to
ensure that the antiviral treatment effectiveness is between 0 and 1,

and we write gy =——3—_
T g+ (1—gj)ehit

Data were analyzed using MONOLIX (www.lixoft.com),
a software devoted to maximum likelihood estimation of pa-
rameters in nonlinear mixed-effect models (2). After the pop-
ulation parameters were found, the values of the parameters
for individual patients were deduced using empirical Bayes
estimates (3).

Cells and Virus. Huh7-1 cells were described previously (4). Cells
were passaged in complete DMEM (HyClone) supplemented with
10% (volfvol) FBS (HyClone), 100 U/mL penicillin, 100 mg/mL
streptomycin, and 2 mM L-glutamine (Gibco Invitrogen). JFH-1
cell culture—propagated HCV (HCVcc) viral stocks were obtained
by infection of naive Huh7-1 cells at a multiplicity of infection
(MOI) of 0.01 focus-forming units (FFU) per cell, using medium
from Huh7-1 cells electroporated with in vitro-transcribed full-
length infectious HCV JFH-1 RNA generated from pJFH-1
provided by Takaji Wakita (National Institute of Infectious Dis-
eases, Tokyo, Japan) as described previously (5).

HCVcc Inhibition Experiments. Huh7 cells were seeded in 96-well
BioCoat culture plates at a density of 8 x 10° cells per well in
complete DMEM (cDMEM). Upon reaching 90-95% conflu-
ence, medium was replaced with 200 pL. cDMEM supplemented
with 1% DMSO (Sigma), and cells were cultured for an additional
20 d, replacing medium every 2 d. These cultures are referred to as
DMSO-Huh7 cells and were described and characterized pre-
viously (5-7). For HCV infection experiments, DMSO-Huh?7 cul-
tures were inoculated with HCVcc JFH-1 at an MOI of 0.05 FFU
per cell and cultured for an additional 10 d to allow HCV levels to
reach steady state. Parallel cultures of steady-state HCV-infected
cells were then either mock treated or treated with 25 pM NM107
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or 1 nM daclatasvir. At indicated times, medium was harvested
from eight replicate wells for titer analysis and cell lysate was
harvested in 200 pL 1x Nucleic Acid Purification Lysis Solution
(Applied Biosystems) from four replicate wells for isolation of
RNA. Real-time quantitative PCR (RTqPCR) analysis for
HCV RNA and cellular GAPDH mRNA was performed as
described below.

RNA Isolation and RTqPCR Analysis. Total cellular RNA was purified
using an ABI PRISM 6100 Nucleic Acid Prep Station (Applied
Biosystems) according to the manufacturer’s instructions. Reverse
transcription and RTqPCR were performed using TagMan re-
verse transcription reagents (Applied Biosystems) and FastStart
Universal SYBR Green Master mix (Roche), respectively, and
using the following primers: universal HCV primers (8) 5-GCC
TAG CCA TGG CGT TAG TA -3’ (sense) and 5'-CTC CCG
GGG CACTCG CAA GC-3’ (antisense) and human GAPDH (9)
5’-GAA GGT GAA GGT CGG AGT C-3’ (sense) and 5'-GAA
GAT GGT GAT GGG ATT TC-3’ (antisense). HCV RNA
copies were determined relative to a standard curve composed
of serial dilutions of a plasmid containing the JFH-1 HCV
cDNA (pJFH-1).

Extracellular Infectivity Titration Assay. Cell supernatants were
serially diluted 10-fold in cDMEM, and 200 pL per well was used
to infect quadruplicate Huh7 cultures in 96-well plates (BD
Biosciences). Because NM107- and daclatasvir-treated samples
contained potentially inhibitory drugs, the same concentration of
each drug was added to two of the four mock-treated samples
before serial dilution. The drug-containing virus/medium sample
was then removed at 8 h post inoculation, cells were washed so
that the titer assay could proceed in the absence of the antiviral
compounds, and monolayers were overlaid with DMEM con-
taining 0.25% methylcellulose (wt/vol) (Fluka BioChemika). As
a control to monitor for possible inhibitor effects of the com-
pounds, representative mock samples also were titered in the ab-
sence of any drug addition. At 72 h post inoculation, medium was
removed, cells were fixed with 4% paraformaldehyde (Sigma), and
immunohistochemical staining for HCV E2 was performed as
described previously (10). Viral infectivity titers are expressed as
FFU per milliliter of supernatant, determined by the average
number of E2-positive foci detected in quadruplicate samples at
the highest HCV-positive dilution.
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Fig. S1. Observed changes in viral load after one dose of daclatasvir, according to the dose. Patients in red are those selected for the final analysis.
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representative patients treated with IFN (Pt 2C, A) or daclatasvir (Pt 8, C) overlap and are indistinguishable. The difference A between the two solutions is very
small (B, D), particularly for the patient treated with daclatasvir (D), for whom the effectiveness was very high.

T9

N

N
L’(

—
T, . ,
E o 1 2
—
D
- T23
Os6 o
=
g+
\_./2
<
0 0 0
% 0 1 2 0 1 2 0 1 2
8 8 8
C>) T27 T28
I 6 6
4B\ﬂmwﬁ_u 4 °
2 2 2
0 0 0
0 1 2 0 1 2 0 1 2

Days after initiation of Telaprevir

Fig. $3. Best-fit of the multiscale model (solid line) to the data (O) from the nine patients treated with telaprevir, 1,250 mg twice daily.
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Fig. S4. Viral load decline in a patient treated with daclatasvir (Pt 8, O) and the corresponding best-fit model prediction (solid line) using the multiscale model
(Eq. 3), asssuming daclatasvir blocks only viral RNA (vRNA) replication and has no effect on virion assembly/secretion (i.e., & = 0). Estimated parameters are V, =
5.64 logqo IU/ML, t, = 0, c = 200 d™', and &, = 0.99989. Other parameters are fixed to values given in Table 2. Dashed line is the best-fit prediction assuming
daclatasvir blocks both vVRNA replication and assembly/secretion (parameters are given in Table S3).
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Fig. S5. Viral load decline in a patient treated with daclatasvir (Pt 8, O) and the corresponding best-fit model prediction using the multiscale model, asssuming
daclatasvir blocks only viral assembly/secretion and has no effect on vRNA replication (i.e., &, = 0). Estimated parameters are V, = 5.64 logq IU/mL, to =0, c=19 d,
and g = 0.99997. Other parameters are fixed to values given in Table 2. Dashed line is the best-fit prediction assuming daclatasvir blocks both vVRNA replication and

assembly/secretion (parameters are given in Table S3).
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Fig. S6. Multiscale model prediction (solid line) assuming that daclatasvir increases only the virion clearance rate, ¢, fourfold. Parameters are as given in
Table 2, except ¢, =0, &5 =0, and c is increased from 5.625 d~"t022.5d7", i.e., fourfold at t = 0. Note that increasing the clearance rate alone does not lead to

predictions consistent with patient data (Pt 8, O).

Table S1. Population parameter estimates for patients treated with daclatasvir for different values of o and &

o

10 20 40 100

) KH 4 & €u KM C & €y KM C & €u KH C &

0.01 1.63 22.3 0.998 0.99 1.6 22.3 0.998 0.991 1.52 22.2 0.998 0.992 1.56 22,5 0.998 0.992
0.14 1.51 22.2 0.998 0.99 1.51 22.3 0.998 0.99 1.46 223 0.998 0.99 1.6 224 0.998 0.99
0.58 1.35 22,5 0.998 0.97 1.14 22.1 0.998 0.98 1.13 22.4 0.998 0.98 1.14 22 0.998 0.98

Default values used in the main analysis are « = 40 d™' and 6 = 0.14d"".
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Table S2. Population parameter estimates obtained using the approximate solution (Eq. 3) of the multiscale model including data from
nine patients treated with 1,250 mg TVR twice daily

L T

€a & Ky (d7)
(") IFN,5MIU IFN, 10/15 MIU  Daclatasvir TVR IFN, 5/10/15 MIU  Daclatasvir TVR p(d™") «c(d™") IFN/daclatasvir* TVR
0.01 0.79 0.97 0.98 0.99 0.36 0.997 0.95 6.32 22.6 1.77 3.97
0.14 0.76 0.96 0.98 0.99 0.44 0.997 0.94 7.46 22.7 1.68 3.85
0.58 0.66 0.94 0.97 0.98 0.33 0.998 0.93 8.16 23.2 1.67 4.05
" MIU, milliion international units.
" *We found that xp is identical under IFN and daclatasvir monotherapy.
[&)
Table S3. Empirical Bayes estimates of individual parameter in the multiscale model
Treatment Pt €4 p Vo to € K C
IFN, 5 MIU 1A 0.67 7.88 6.65 0.46 0.33 1.46 22.27
1B 0.78 8.95 6.37 0.37 0.37 1.46 22.42
1E 0.91 9.26 6.03 0.43 0.31 1.46 22.35
1F 0.80 7.36 6.87 0.50 0.34 1.46 22.22
1H 0.63 8.44 6.68 0.42 0.77 1.46 22.41
1Q 0.78 8.95 6.37 0.37 0.37 1.46 22.42
Mean 0.76 8.47 6.49 0.43 0.41 1.46 22.35
IFN, 10/15 MIU 2A 0.80 7.67 6.78 0.47 0.34 1.46 22.26
2B 0.97 8.63 7.17 0.47 0.32 1.46 22.29
2C 0.94 8.76 6.64 0.45 0.32 1.46 22.32
2D 0.90 8.95 6.00 0.40 0.79 1.46 22.97
2E 0.995 12.65 7.55 0.39 0.23 1.46 22.33
2F 0.93 8.14 6.93 0.35 0.40 1.46 22.42
2G 0.88 6.95 7.37 0.36 0.52 1.46 22.35
2H 0.99 9.43 6.39 0.38 0.28 1.46 22.27
3A 0.99 5.46 6.81 0.48 0.56 1.46 22.26
3B 0.93 7.75 6.59 0.40 0.81 1.46 22.85
3C 0.97 7.80 6.67 0.81 0.28 1.46 22.08
3D 0.99 8.29 5.59 0.30 0.82 1.46 22.90
3E 0.93 9.36 7.24 0.34 0.35 1.46 22.48
3F 0.88 7.06 6.05 0.56 0.32 1.46 22.16
Mean 0.94 8.35 6.70 0.44 0.45 1.46 22.42
Daclatasvir 8 0.997 7.39 5.68 0.04 0.997 1.46 25.44
n 42 0.97 9.17 5.57 0.03 0.997 1.46 23.12
o= 68 0.99 8.02 7.24 0.05 0.998 1.46 20.10
69 0.98 8.75 6.15 0.04 0.999 1.46 22.74
83 0.99 8.19 5.67 0.05 0.997 1.46 20.46
Mean 0.98 8.30 6.06 0.04 0.998 1.46 22.37
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