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Abstract

In the last decade hepatitis C virus (HCV) kinetics has become an important clinical tool for the
optimization of therapy with (pegylated)-interferon-o (IFN) and ribavirin (RBV). Mathematical
models have generated important insights into HCV pathogenesis, HCV- host dynamics, and IFN
and RBV’s modes of action. Clinical trials with direct acting agents (DAAS) against various steps
of the HCV life cycle have revealed new viral kinetic patterns that have not been observed with
IFN+RBV. Very recently, studies have showed that single nucleotide polymorphisms (SNPs) in
the IL28B gene region were associated with race/ethnicity and with response to IFN*RBV. Here
we review our current knowledge of HCV kinetics and related mathematical models during IFN
+RBV and/or DAA based therapies, HCV pathogenesis, and the role of 1L28B polymorphism on
early HCV Kkinetics. Better understanding of the mode of actions of drug(s) and viral kinetics may
help to develop, in the near future, new individualized therapeutic regimens that include DAAS in
combination with IFN+RBV.

Introduction

Hepatitis C virus (HCV) infections are a serious threat to public health with more than 180
million infected people worldwide [1]. Although HCV is the primary cause of liver cancer in
the United States and the leading indication for liver transplantation, no protective vaccine
exists and only a subset of patients infected with HCV genotype 1 (30% to 50%) achieve a
sustained virologic response (SVR) to the standard of care (SOC), i.e., treatment with
pegylated-interferon-o (PEG-IFN) plus ribavirin (RBV). Statistical models that predict the
future course of HCV infection suggest that without improved anti-HCV therapeutic
regimens, the total number of individuals with cirrhosis will peak in the United States at one
million in 2020 [2]. As such, there is a need to develop more effective HCV therapeutic
regimens.

New treatment options currently in development include direct-acting agents (DAAs) that
target specific components of the HCV life-cycle (see review by TenCate et al. [3]).
Although DAAs have shown promising antiviral activities in early clinical trials the
selection of drug-resistant HCV variants (e.g., Figure 1, dashed line) pose a serious concern.
Combination of PEG-IFN+RBV with a DAA, such as the protease inhibitors telaprevir or
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boceprevir, has been shown to overcome, in part, the selection of drug-resistance HCV
variants and to improve the rate of SVR. Since PEG-IFN+RBV will likely be the backbone
of new combination therapies with DAAs, understanding HCV kinetics during IFN+RBV
treatment may help to design optimal therapeutic strategies and may reduce the risk of
emergence of DAA-resistant variants. The recent identification of the role of single
nucleotide polymorphisms (SNPs) upstream the interleukin 28B (IL28B) gene locus (termed
here 1L28B polymorphisms) on PEG-IFN+RBYV treatment response may allow new
personalized therapeutic approaches to treat chronic HCV-infected individuals with SOC
alone and in combination with DAASs. In this review we present our current knowledge of
HCV viral dynamics under SOC and/or DAA therapy, and the role of IL28B polymorphisms
on early viral kinetics.

HCV RNA kinetics before therapy

During chronic HCV infection the level of serum HCV RNA does not vary significantly
(<0.5 log) on time scales of weeks to months [4,5]. The distribution of baseline HCV RNA
levels in the U.S. is approximately log normal with peak values between 6.5-6.8 logg (1U/
ml) [6]. Among genotype-1 HCV treated patients, baseline HCV-RNA level is a strong
independent predictor of SVR [7-10].

HCV RNA kinetics during IFN-based therapy (standard of care)

When patients chronically infected with HCV are treated with (pegylated) interferon-a
(IFN) + ribavirin, they are defined as responders or sustained virologic responders (SVR) in
cases of persistent absence of serum HCV RNA for 6 months or longer after therapy. With
frequent HCVV RNA measurements during treatment a detailed viral kinetic picture is
revealed. Neumann and colleagues [11] previously showed that after initiation of IFN
therapy, HCV RNA levels generally begin declining after a 7 — 10 hour delay, which may
mainly represent the time needed for IFN signal transduction and IFN stimulated gene
expression [12]. The typical HCV RNA decline pattern is biphasic (Fig. 1; black solid line)
with an initial rapid first phase, lasting for approximately 1 — 2 days during which HCV
RNA, on average, may fall 1 to 2 logs in genotype-1 infected patients [11] and as much as 3
to 4 logs in genotype-2 infected patients [13]. Subsequently, a slower second phase of HCV
RNA decline ensues. Other viral kinetic patterns such as triphasic, null response (or flat
partial response) and viral rebounds have also been seen and are described in Table 1.

Understanding HCV kinetics in the presence of IFN-based therapies

Biphasic Decline Model—To explain the typical biphasic HCV decline pattern observed
during daily IFN treatment, Neumann and colleagues [11] developed in 1998 what we here
call the biphasic decline model. This model has been very successful and extensively used
and extended over the last 12 years [14-16]. The following system of differential equations
describes the biphasic decline model:

d_(1 —p)BVTy - 61

dt
dV _
a=(1—epl-cV (Eq. 1)

where | represents the density of infected cells, V represents the virus concentration in serum
and T, represents the target cell density at the start of therapy, which is assumed to remain
constant during the first days of treatment, as previously described [11]. The model assumes
that uninfected cells are infected with constant rate 3, and infected cells release virions with
constant rate p and are lost with a constant rate 6. Finally, virions are cleared from the serum
with a constant rate c. The effectiveness of treatment in reducing the rate of new infections
is described by #. In the presence of IFN, it was assumed that the average rate of viral

Curr Hepat Rep. Author manuscript; available in PMC 2012 January 2.



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

1duasnuey Joyiny vd-HIN

Dahari et al.

Page 3

production per cell is reduced from p to (1-¢)p, where the effectiveness of IFN in blocking
virion production is described by ¢, with ¢=1 corresponding to a 100% effective drug. For
high values of ¢, as are obtained by many therapies, the effect of # on the viral load decline
predicted by Eq. (1) is negligible and in many models its value is thus set to zero [11, 17¢].
The value of # can also be fixed to non-zero values [18¢], but in general, the available data
are insufficient to estimate it. A summary of fitting results of the biphasic decline model
with measured HCV RNA under high daily dose of IFN£RBYV treatment is shown in Table
2.

A model that includes hepatocyte proliferation (Extended model)—To explain
both the biphasic decline pattern and most of the aforementioned viral kinetic patterns, the
biphasic model was extended to include hepatocyte proliferation [19, 20]. The following
system of differential equations describes the extended model:

‘Z_f:sﬁ-rrT(l _ %) - dTT - (1 - U)BVT
%:(l -nBVT+r,I(1 - %) ol

dV _ ¢ .

Uninfected (T) and infected hepatocytes (I) can proliferate with maximum proliferation rates
rt and ry, respectively, according to a blind homeostasis process in which there is no
distinction between infected and uninfected cells in determining total liver size [21]. Due to
the burdens of supporting HCV replication, Dahari and colleagues [20] assumed that
infected cells may proliferate slower than uninfected cells, i.e., ry < rr, a feature that is
supported, in part, by in vitro data (Stanley Lemon; personal communication). Rong et al.
[22+¢] have recently introduced the parameter N in order to describe the number of cells in
the liver that are “refractory” to infection with HCV. If the total cell population, T+I1+N,
reaches a maximum level, Trhax, hepatocyte proliferation stops. The model assumes that
target cells are produced at a constant rate s from precursors, and die at rate dt per cell. In
Table 1 we summarize how the extended model (Eg. 2) and others have been used.

The notion of critical drug efficacy—A pivotal feature of models that include target
cell dynamics, such as the extended model (Eq. 2), is the existence of a critical drug
efficacy, g, which determines if the virus will be eventually eradicated (as in SVR subjects)
or remain detectable under treatment (such as null/flat partial responders or late viral
rebounders, Table 1) [23]. If a drug blocks both infection and viral production, then the total
efficacy, defined as eiot = 1 — (1 — €)(1 — 1), must be greater than & for continuous viral
decay. In cases that &5t>¢. and the treatment duration is long enough then by the end of
therapy the virus is predicted to be eradicated and these individuals will be SVRs. Some
non-SVR individuals with continued viral decline with detectable HCV RNA and >2-log;q
drop in viral levels at week 12 (defined as slow responders) probably would reach SVR with
prolonged SOC treatment [24—28] or with more potent regimens such as SOC plus a DAA
[29]. Notably, Barreiro et al. (EXTENT Team) presented in a recent meeting (HIV and Liver
Disease 2010, Jackson Hole, WY, USA, September 24-26, 2010) that in HIV/HCV
coinfected patients, extension of HCV therapy by 3 months improved SVR rates from 9% to
62% in subjects infected with HCV genotype 1/4 who did not achieve a rapid viral response
(RVR; undetectable viral load at week 4). The same effect was reported by Barreiro et al. in
subjects with genotype 2/3. Interestingly, if eigi<ec, then the theory predicts that HCV RNA
levels initially decline but ultimately stabilize at a new steady state (e.g., null responders or
flat-partial responders; Table 1) or rebound (e.g., viral breakthrough; Table 1) despite
continued therapy and high o. According to the model, the critical drug efficacy in each
infected patient is determined by virus and host parameters such as the viral clearance rate,
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¢, the loss/death rate of HCV-infected cells, 8, and the rates of viral production, p, and cell
infection, S (see Eq. 2 in [23]). Next, we show how the notion of critical drug efficacy may
explain some of the current clinical observations under SOC treatment.

Explaining why patients with high baseline viral load or advanced liver
disease are difficult to treat with SOC—It is well established that patients with high
baseline viral load or with advanced liver disease have poorer SVR rates under SOC
compared to individuals with low viral load or without advanced liver disease. Dahari and
colleagues [23] have simulated, using the extended model (Eq. 2), thousands of in silico
patients using for each patient viral and host parameters picked randomly from ranges
estimated in the literature. The viral load of the in silico patient population agreed with the
observed distribution in US patients [6]. The model predicts that higher baseline viral load
leads to a higher critical drug efficacy, g, which reduces the chance of achieving SVR. In
addition, model simulations suggest patients, such as cirrhotic patients, that have at baseline
a large fraction of HCV-infected hepatocytes tend to have higher ¢ thus lower SVR rates.
Further, Dahari and colleagues [23] showed that the predictions of the model are consistent
with baseline viral loads from 245 cirrhotic and non-cirrhotic patients from the University of
Illinois at Chicago.

Predicting late viral rebounds during therapy and SVR—In a recent modeling
paper Snoeck et al. [30¢], analyzed HCV kinetics in 2000 subjects that were treated with
SOC and showed that the extended model predicts spontaneous (i.e., without suboptimal
compliance to therapy or dose reductions) late rebounds (after 8 to 40 weeks from initiation
of therapy). Such late rebounds occurred in subjects from this study who had undetectable
HCV concentrations and were termed viral breakthrough. These observations are interesting
as they suggest that in these patients the total drug efficacy is lower than the critical drug
efficacy and eventually the viral load will increase spontaneously. Snoeck et al. assumed a
very small maximum hepatocyte proliferation rate (doubling time=123 days) in all patients,
which in part, allowed the prediction of late rebounds [31]. Other important aspects of the
Snoeck et al. approach in using Eq. 2 were the implementation of a PEG-IFN
pharmacodynamic model, a cure/viral eradication boundary, the employment of a lower
limit of quantification for viral load and implementation of a population modeling approach
(see more on population modeling in [14]. Lastly, the authors showed that the model
demonstrated excellent predictive values for SVR as well as high sensitivity and specificity.

HCV RNA kinetics under DAA-based treatment

The development of in vitro systems such as HCV replicons [32], and the infectious HCV
cell culture system [33-35] have advanced our understanding of the viral lifecycle leading to
the identification of a number of putative direct acting agents against both virus and host
targets (see review by TenCate et al. [3]). They have also allowed the development of
screening assays for chemical libraries resulting in the identification of new targets for
antiviral drug discovery (e.g., [36, 37]). Examples of this approach are the discovery of
HCV NS4B inhibitor, clemizole [38], and the HCV NS5A inhibitor BMS-790052 [39e].

Many compounds are at the preclinical developmental stage, and some have entered clinical
trials. However, concerns have been raised about tolerance and the emergence of drug
resistant HCV variants during treatment with DAAs [40, 41]. Based on the lessons learned
from HIV therapy, the near future of anti-HCV therapy will likely be a combination
approach using a DAA with PEG-IFN/RBV, which will allow for reduced DAA dosing and
treatment duration while reducing the chance of drug resistance emergence observed during
monotherapy with single DAAs (e.g., [42, 43]; Figure 1, dashed line).
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Strategies with DAA+SOC—Final results of the phase 11 trials (ADVANCE [44] and
ILLUMINATE [45]) with the HCV NS3/4A protease inhibitor telaprevir (T) and PEG-IFN-
a-2a+RBV (PR) were recently published.. Two regimens using telaprevir in combination
with PEG-IFN plus RBV (TPR) were tested (i.e., 8 weeks vs. 12 weeks) in the ADVANCE
study, followed by 24 or 48 weeks with PR in eRVR (defined as undetectable HCV RNA at
weeks 4 and 12) patients and non-eRVR patients, respectively. In the ILLUMINATE study
TPR treatment of 12 weeks was followed by 24 or 48 weeks of PR. Patients who achieved
eRVR were randomized at week 20 to continue receiving PR for 24 or 48 weeks of total
treatment; non-eRVR patients were assigned for 48 weeks of treatment. Both phase 111
studies had a control arm, i.e., PR for 48 weeks. Among patients who achieved eRVR
(ILLUMINATE study), a 24-week telaprevir-based regimen was non-inferior to 48-week
telaprevir-based regimen (92% SVR compared to 88%) and overall 72% of patients
achieved SVR. In the ADVANCE study a significantly (P<0.0001) greater proportion of
patients achieved SVR with 12-week and 8-week TPR regimens (75% and 69%,
respectively) compared with PR48 control arm (44%). Kieffer et al. [46] performed viral
dynamic analyses in a subset of patients in whom viral genome sequencing data was
available (N=91). They suggest that week-12 regimen of TPR is necessary to exert an
optimal antiviral pressure on wild-type virus and lower-level telaprevir resistant variants,
thus enhancing response rates.

Lead-in strategy with SOC—While with telaprevir-based regimens (i.e., SOC
+telaprevir) were followed with SOC alone others have tested a lead-in strategy in which
SOC is given for 3 days to 4 weeks after which a DAA is added to the drug cocktail [47-
50]. This approach has three theoretical advantages. First, it allows one to identify patients
with null or a very limited response to SOC; for these patients, addition of a single DAA
may increase the risk of drug resistance and viral breakthrough because the triple therapy is
like a form of DAA monotherapy [51]. Second, the lead-in allows PEG-IFN and RBV to
reach steady state levels so that when a DAA is added to the SOC it is already highly active
against resistant virus. Lastly, SOC will lead to a lower baseline viral load at DAA initiation,
and thus will reduce the chance of resistance emergence [22e¢¢].

In a recent publication, Kwo et al. [47] described the final results of the open-label phase Il
trial (SPRINT-1) with boceprevir, an HCV NS3/4A protease inhibitor. Five hundred and
twenty treatment-naive patients with HCV genotype-1 were randomly assigned to PEG-IFN-
a-2b+ribavirin treatment (PR) for 48 weeks (PR48 or SOC); PR for 4 weeks, followed by
PR+boceprevir for 24 weeks (PR4/PRB24) or 44 weeks (PR4/PRB44); or PRB for 28 weeks
(PRB28) or 48 weeks (PRB48). All four boceprevir groups (PRB28, PR4/PRB24, PRB48,
and PR4/PRB44) had significantly higher SVR rates (54%, 56%, 67% and 75%,
respectively) than under SOC (38%), with the highest SVR rate with PR4/PR44. The
investigators of SPRINT-1 advocate for the use of a lead-in approach before the addition of
boceprevir over a 48-week duration of treatment as recently tested in the phase-I11
(SPRINT-2) trial [109]. In another part of the SPRINT-1 trial 75 patients were randomly
assigned to receive either PRB48 (N=16) or low-dose ribavirin plus PB for 48 weeks. The
low-dose ribavirin arm was associated with higher rates of viral breakthrough and relapse
compared to PRB48 and similar to SOC alone.

Understanding HCV RNA kinetics under DAA-based treatment

In most patients, viral kinetics after initiation of DAA treatment is characterized by a short
delay, followed by a biphasic decline that consists of first rapid viral decline phase followed
by a slower phase slope (Figure 1, red or blue lines) [17¢, 39, 52, 53]. Interestingly, both the
duration and the kinetics of each phase differ significantly from what is observed during
IFN-based therapy (Figure 1 and Table 2). Moreover, some patients treated with protease
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inhibitor monotherapy have experienced a resistance related viral breakthrough [43, 54] as
illustrated in Figure 1 (dashed line).

The delay before HCV RNA declines after initiation of treatment (tg)—After
initiation of IFN-based therapy a delay, tg, is observed before viral RNA begins declining.
This delay was estimated as ~8 hr using the biphasic decline model (Table 2). Recently,
modeling IFN inhibition kinetics in replicons showed that the intracellular subgenomic HCV
RNA concentration drops from baseline levels about 10 hr after administration of IFN [12].
The in vitro data suggest that IFN signaling and subsequent interferon stimulated gene
induction are the main causes of the observed delay in vivo rather than (PEG)-IFN
pharmacokinetics. It is expected that DAAs will lead to dramatically shorter lags, due to
their direct affect on the HCV life cycle. In fact, drops in viremia have been observed as
early as two hours after telaprevir (Table 2) BILN-2061 [55] and BMS-790052 [39¢]
initiation.

Magnitude of the first phase of viral decline—After this initial delay, the profound
antiviral effect of DAAS gives rise in most patients to a first phase viral decline of 2-4 log
IU mI~1 from baseline (equivalent to 99%<e<99.99%) with HCV NS3 protease inhibitors
[17, 52, 56], or BMS-790052, an HCV NS5A inhibitor [39¢], and somewhat lower declines
with other DAAs such as the nucleoside and non-nucleoside HCV polymerase inhibitors
among others (see Table 1 in [51]).

Plasma HCV clearance rate, c, estimates—BY fitting the biphasic decline model (Eq.
1) to HCV RNA measurements obtained from patients treated with IFN, ¢ was estimated for
genotype 1 virus as 8.0 d~1 on average, i.e., t,=2.7 hours (Table 2). Interestingly, this
estimated ty, is significantly larger than what has been estimated for HIV [57], a similar
sized virus. Since c represents a physiological quantity, it is expected that the value of ¢
estimated from data obtained during DAA therapy would be remain unchanged, as has been
reported with the protease inhibitors BILN-2061 [55], TMC-435 [58], MK-7009 [56] and
R7227 in combination with PEG-IFN/RBV or with R7128, an HCV nucleoside polymerase
inhibitor [53]. Interestingly, the value of ¢ estimated from genotype 1 patients treated with
telaprevir has been reported as ¢ = 13.9 d~1 [17¢], which corresponds to a ty» = 1.4 hours
(Table 2) and the NS5A inhibitor BMS-790052 [39+] appears to generate an even more rapid
HCV RNA decline, i.e., c=22.9 d~1 which corresponds to a t;; = 0.74 hours [59¢]. The
reasons underlying these discrepancies in the estimated values of ¢ remain to be identified.

The second phase of viral decline and the net loss of infected cells, 8—Under
high treatment effectiveness (¢~1), both the standard and extended models attribute the rate
of second phase viral decline, A, to the net loss of infected cells, & [60]. Yet, protease
inhibitors result in most patients in a second phase viral decline Ay,> 1 logqg/week [17¢, 39,
52, 55] as compared to o<1 logig/week in most patients treated with IFN (Figure 1 and
Table 2). To understand these differences, models by Dahari et al. [12] and Guedj and
Neumann [61¢] have suggested that intracellular HCV RNA may undergo a biphasic decline
during potent therapy. Under such circumstances, the rate of the in vivo second phase could
be the combined result of the rate of death of infected and the rate of loss of the ability of the
remaining infected cells to produce virus as their intracellular RNA degrades [61¢]. Guedj
and Neumann further assumed [61¢] that the rate of loss of the ability to produce virus
depends on the treatment effectiveness, €, thus providing an explanation for the viral kinetics
observed in patients who were treated with telaprevir [62]. More details on this issue can be
found in a recent modeling review [14].
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Models predict the existence of HCV drug resistance variants before therapy: Whereas
the complex intracellular signaling pathways involved with the response to IFN appears to
limit the emergence of resistant virus, only a single nucleotide change may be associated
with resistance to DAAs. Given the large number of virions produced every day and the
error prone nature of the HCV RNA-dependent RNA polymerase, it has been predicted that
all possible single and double mutants are generated multiple times each day [22e¢]. Hence
all viable single and double mutants that confer drug resistance should preexist and may
compete with the wild-type virus during therapy [62]. This has been discussed extensively in
a recent review [51].

Modeling the emergence of drug-resistant variants during therapy—In order to
model the emergence of drug resistant virus, the model given by Eq. (1) or Eq. (2) has been
extended to include both drug sensitive or wild-type (WT) virus and other drug resistant
strains of virus. Rong et al. [22+¢] considered only a single strain of resistant virus, where
Bambang et al. [62] considered multiple strains. Both models fit data, but found that in order
to generate high levels of resistant virus they had to be a high rate of hepatocyte turnover.
Guedj and Neumann [61¢] in a theoretical model explored the possibility that intracellular
competition between WT and drug resistant HCV RNA could occur within infected cells
and lead to viral breakthrough without resistant virus infecting new cells. Theoretically, if
the latter hypothesis is true, under treatment with an HCV NS3 inhibitor (such as telaprevir)
in combination with a potent HCV entry inhibitor (that are under development [3]), the rapid
emergence of resistant virus observed during protease inhibitor monotherapy would still
occur.

Also, models predict that resistant virus may take over the viral population without giving
rise to a viral rebound. In this case the rapid decline of WT virus may be smoothly replaced
by a slower decline of resistant virus due to its lower sensitivity to treatment. This switch
may be unnoticeable if the viral load is already under the level of detection. Hence, a
shortening of the treatment duration based on a rapid virological response could be
misleading and give rise to a post-treatment relapse with resistant virus, as observed in some
patients receiving one DAA and the standard of care [63, 64].

IL28B polymorphisms, viral kinetics/dynamics and outcome of therapy

From September 2009 to January 2010 four large independent genome-wide association
studies (GWAS) described a novel association between single nucleotide polymorphisms
(SNPs) near the interleukin 28B (I1L28B) gene locus and the response to HCV treatment
with the standard of care [65-68]. Suppiah et al. [67] and Tanaka et al. [66] described
rs8099917 (8 kb upstream of 1L28B) as the SNP with the strongest association with SVR in
subjects of European and Japanese ancestry, respectively. Ge et al. [65] and Rauch et al. [68]
identified rs12979860 (3 kb upstream of 1L28B) as the SNP with the strongest association
with treatment response in individuals from North America [69-71]. Recently, a high-
sensitivity technique based on DNA genotyping in serum has been developed [72].

Favorable alleles and their association with outcome of therapy—Ge et al. [65]
found that individuals with the CC allele (SNP rs12979860) had a 2-fold greater rate of SVR
than those with the TT allele. Rauch et al. [68] found a 2-fold greater rate of treatment
failure in individuals carrying one or two copies of the rs8099917 risk G-allele (the
favorable allele was termed TT allele). Similar trends were found by the other two GWAS.
MccCarthy et al. [73] performed a multivariate analysis that included age, gender, HCV
genotype, treatment history, and fibrosis and demonstrated that the CC allele (rs12979860)
conferred almost a 6-fold increased odds ratio for SVR. In addition, the CC allele predicted
SVR with 78% specificity and 65% sensitivity in patients infected with HCV genotype 1.
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Recently, Stattermayer et al. [74] showed that the favorable alleles (TT (rs8099917) and CC
(rs12979860)), in Austrian subjects infected with HCV genotype 1, had positive predictive
values (PPV) of 81% and 72%, respectively and negative predictive values (NPV) of 59%
and 58%, respectively, for SVR. It should be noted that none of the studies published to date
have found high NPV for non-SVR. Therefore, to increase the prediction rates of
nonresponse, additional markers need to be found and combined with 1L28B
polymorphisms. Interestingly, Lagging et al. (Oral presentation (O-35) at the 17t
International Meeting on HCV and Related Viruses, September 10-14, 2010, Yokohama,
Japan) reported an association between baseline plasma levels of interferon gamma-induced
protein 10 kDa, IP-10 [75] and IL28B polymorphisms in 253 Caucasian patients infected
with HCV genotype 1 or 2; and the favorable alleles were significantly correlated with lower
baseline IP-10. They also reported that the combination of baseline IP-10<150 pg/ml, the
decline in HCV RNA at day 4 and the favorable allele achieved increased rates of SVR rates
(75% to 85%) among subjects infected with HCV genotype-1. Another recent report
supports this approach [76]. Interestingly, Sarrazin et al. [107] have recently reported that
IL28B genes were not associated with SVR in patients who achieved an RVR, i.e., had
undetectable viral load at week 4.

Association between viral kinetics, pharmacodynamic parameters and IL28B
polymorphisms—Detailed HCV kinetic analyses provided new and important
information regarding the impact of IL28B genotype on early viral response to PEG-IFN
plus RBV in treated patients. The favorable alleles (TT (rs8099917) or CC (rs12979860))
were most strongly associated with a higher first phase (during the first days from initiation
of treatment) viral decline from baseline than in subjects with risk alleles (mean difference
of ~0.5 log) [74, 77-79]. The same pattern was found [80¢] in a small cohort of HIV/
HCV/(genotype 1/3) coinfected patients from Brazil [18e, 81] treated with SOC for 48
weeks. In the latter study, detailed viral kinetic and pharmacodynamic parameters, estimated
via mathematical modeling (Egs. 1 and 2), suggest that the average PEG-1FN- a-2a
effectiveness in blocking production/release of virions from infected cells, €, during the first
week of therapy was significantly higher in patients with CC allele compared with patients
with T alleles (92% vs. 77%, respectively). In addition, the PEG-IFN-a-2a concentration at
which the drug’s effectiveness in blocking viral production is half its maximum, ECsgg, was
lower in patients with the CC allele compared in patients with T alleles, indicating that the
CC allele confers a higher sensitivity to IFN treatment. The mechanism of action of the
IL28B polymorphism is not known, however, since these SNPs are located near the 1L28B
gene they might mediate endogenous production of IFN-X, which in turn could contribute to
the first phase response by stimulating IFN signaling and reducing viral production [82].
The interesting association among baseline interferon stimulated genes levels in the liver,
IL28B polymorphisms and treatment response will require further study [83].

IL28B polymorphism and the rate of second phase viral decline—Differences in
the viral decline slope (beyond the first phase) between patients carrying the favorable allele
and risk alleles were found by Thompson et al. [84]. Having very frequent viral load
sampling during 4 weeks of SOC, Araujo et al. [80¢] found that the second phase slope of
viral decline (Ap, measured between days 2—-29) and the infected cell loss rate, 6, were larger
in HIV/HCV(genotype-1) patients with the CC (rs12979860) allele than in patients with T
alleles (A= 0.54 and 0.22 log/wk, respectively; 5=0.20 and 0.11 d~1, respectively). Mangia
et al. [108] reported that the CC (rs12979860) allele was highly predictive of RVR which
reflects, in part, high 2. Although there is no direct evidence that ¢ estimated from the
second phase of HCV RNA decline is the loss rate of infected cells, Neumann et al. [11] and
Zeuzem et al. [85] noted that ¢ was correlated with baseline alanine aminotransferase (ALT),
a surrogate marker of liver cell necrosis. In addition, Pilli et al. [86] found that patients with
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rapid viral declines were associated with high HCV-specific CD8" T cell proliferative
responses at baseline. Interestingly, in a large cohort study (N=1364) with subjects infected
with HCV genotype-1, higher baseline ALT levels and more common necro-inflammatory
activity (METAVIR; A2-3) [87], but not advanced hepatic fibrosis [88], were associated
with patients with the CC (rs12979860) allele. However, in 304 HIVV/HCV-coinfected
individuals the 1L28B rs12979860 SNP was associated with a higher prevalence of cirrhosis,
suggesting that IL28B CC genotype is associated with more rapid progression of fibrosis in
patients with chronic HCV infection, perhaps by increasing liver inflammation [89]. These
observations might support the concept that subjects with the CC allele have a higher second
phase slope of viral decline (or ), predominately due to increased cellular immune
responses, which would explain the observed higher ALT levels, higher rates of SVR and
increased necro-inflammatory activity.

Lastly, Chevaliez et al. (poster presentation (P-280) at the 17t International Meeting on
HCV and Related Viruses, Sep. 10-14, 2010, Yokohama, Japan) reported results from the
SYREN trial that included patients infected with HCV genotype 1 who did not respond to
previous SOC. They compared early viral kinetic (at weeks 1, 2 and 4) and found that
patients with the CT (rs12979860) allele had significantly higher viral declines than patients
with the TT allele (only 3% of their cohort were patients with CC allele thus were removed
from the analysis). Only 5 patients achieved SVR and all had the CT allele. This finding
suggests that patients with the CT allele had a faster second phase slope of viral decline
under SOC than patients with the TT allele.

IL28B polymorphisms and HCV genotypes—A higher proportion of the favorable
allele was found in patients infected with HCV-genotype 2/3 than in patients infected with
HCV-genotype 1 for both HIVV/HCV-coinfected [80e, 90], and HCV-monoinfected
individuals [91]. The reason for this is not known and might be partly related to HCV
evolution driven by immune selection [92]. This may partly explain why patients infected
with genotype 2/3 respond better to SOC than patients with genotype 1. Interestingly, using
Eq. 2 we have previously shown that patients infected with HCV genotype 2 had
significantly higher sensitivity to IFN, ¢, a higher viral clearance rate, ¢, and a higher
infected loss/death rate, 8, than patients infected with genotype 1 [13]. Similar differences
were found in HIV/HCV coinfected patients infected with genotype 3 compared to patients
infected with genotype 1 [18].

Race/ethnicity, viral kinetics/dynamics and IL28 polymorphisms—Studies of
HCV mono-infected patients conducted in the United States reported a higher proportion of
risk alleles in African Americans than in non-Hispanic Caucasians [65, 77]. Interestingly,
we did not identify a significant (p=0.5) difference in IL28B allele frequencies between
African Americans and Caucasian HIV/HCV coinfected patients from Brazil [80+]. The lack
of an association between race and 1L28B genotype in this South American patient
population might partly explain the lack of association between race/ethnicity and viral
kinetic parameters or viral response patterns in our recent reports [18e, 81]. A larger
retrospective analysis in 500 HCV mono-infected individuals from Brazil indicates that
about 80% had risk alleles (TC or TT; rs12979860) with a similar distribution of CC/TC/TT
genotypes between African Americans and Caucasians [93]. Why patient ancestry may
differ in Brazil from that in the United States is not known. The results may explain why
SVR rates under SOC are lower in Brazil than in North America. Very recently, it was
reported that 80% of patients from Puerto Rico, Florida or Texas had risk alleles versus 60%
in San Francisco and Seattle, indicating that IL28B genotype distribution may vary
geographically within the United States [94].
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IL28B polymorphism and DAA-based therapies—While it is anticipated that 1L28B
genotype will play a role in determining treatment outcome with SOC+DAAs it is less clear
under DAAs alone (i.e., IFN free regimens). Akuta et al. [95] investigated the predictive
factors of SVR to a 12-week or 24-week regimen of telaprevir+PEG-IFN-a-2b+ribavirin
(TPR) therapy in 72 Japanese adults (treatment-experienced and treatment-naive) infected
with HCV genotype 1b (only one patient was infected with genotype 1a). SVR rates were
45% and 67% in the TPR12 or TPR24 regimens, respectively. Patients with the favorable
alleles (TT (rs8099917) and CC (rs12979860)) had significantly higher SVR rates (84%)
than in patients with the risk alleles (28% and 32%, respectively). The authors found high
sensitivity (80%), specificity (78%), PPV (84%) and NPV (72%) values for SVR according
to genotype TT (rs8099917). Increased predictive values (e.g., NPVV=88%) were found with
TT genotype in combination with amino acid substitutions at position 70 in the HCV core
region. Muir et al. [96] reported that among subjects with the CC (rs12979860) allele (HCV
genotype-1), the addition of ANA598, a non-nucleoside inhibitor of HCV polymerase, to
SOC improved the percent of individuals who reached undetectable levels compared with
patients treated with SOC plus placebo (40% vs. 0% and 70% vs. 18% at weeks 1 and 2,
respectively); however, the difference was significantly weakened by week 12 (90% vs.
82%, respectively). Their small study suggests that ANA598 accelerates the rate of
achieving undetectable levels of HCV RNA (~20% increase by week 12) in patients with T
alleles.

Conclusion

Mathematical modeling of HCV RNA kinetics during treatment with various direct anti-
HCV agents (DAA) pose new challenges and has the potential to reveal new insights about
the HCV lifecycle and HCV-host dynamics. Further studies on the role of 1L28B
polymorphisms, viral Kinetics, baseline characteristics and other new markers such as IP-10
in predicting response are needed to optimize therapeutic regimens with SOC alone and in
combination with DAAs. The immediate challenge will likely be to optimize therapeutic
regimens that include a DAA (such as telaprevir and boceprevir) in order to avoid
unnecessary treatments and the emergence of DAA resistance strains in patients that have
poor chance to achieve SVR. This may be very relevant for thousands of non-SVR patients
(and their physicians) who are waiting to be treated with new drugs.
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Figure 1.

Representative plasma HCV kinetics in treated individuals with daily IFN (circles), PEG-
IFN+telaprevir (squares filled with x), telaprevir (empty squares) and BMS-790052 (up side
down triangles). Fitting results of the biphasic decline model (Eq.1; solid lines) with these
data suggest that some DAA-based treatments, in comparison to IFN-based therapies, lead
to shorter delay before HCV RNA declines after initiation of treatment, t; (e.g., Table 2),
enhance viral clearance rate in serum, ¢ [59¢], and lead to higher efficacies in blocking viral
production/release, €, and faster 214 phase slope decline or higher infected cell loss rate, &
(e.g., Table 2) [17, 22¢]. The limitations of the biphasic decline model are discussed in the
main text and in Table 1.
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