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ABSTRACT High plasma protein binding (PPB) levels not only affect drug-target en-
gagement but can also impact exposure of hepatocytes to antivirals and thereby af-
fect antiviral activity. In this study, we assessed the effect of PPB on the antiviral ac-
tivity of NVR 3-778, a sulfamoylbenzamide capsid assembly modulator (CAM). To this
end, primary human hepatocyte (PHH) medium was spiked with plasma proteins.
First, the effect of plasma proteins on the hepatitis B virus (HBV) infection assay was
evaluated. The addition of plasma proteins neither decreased cell viability nor af-
fected HBV DNA secretion or intracellular HBV RNA accumulation. In contrast, the se-
cretion and intracellular amount of HBV proteins were induced with increasing
amounts of plasma proteins. Next, the antiviral activity of NVR 3-778 was demon-
strated by multiple assays while PPB and the time-dependent disappearance of the
parent drug were quantified by liquid chromatography-tandem mass spectrometry
(LC-MS/MS). Plasma proteins strongly decreased the free fraction of NVR 3-778, re-
sulting in a physiologically relevant in vitro hepatocyte exposure. NVR 3-778 dis-
played a high PPB level, while the antiviral activity was reduced approximately only
4-fold. The disconnect between the high PPB level and the only moderate shift of
the antiviral activity was explained by the rapid hepatic clearance of NVR 3-778 in
the absence of plasma proteins. This study highlights the use of PHHs as a model to
accurately determine the antiviral activity by capturing PPB, clearance, and liver dis-
tribution. It is advantageous to consider both pharmacokinetics and pharmacody-
namics for selection of HBV antiviral drug candidates and for successful extrapola-
tion of in vitro data to clinical studies.

KEYWORDS HBV, capsid assembly modulators, plasma protein binding

Hepatitis B virus (HBV) infection is a global public health problem, with more than
250 million chronic carriers that are at risk to develop liver disease and hepato-

cellular carcinoma (1). The viral particles contain a 3.2-kb partially double-stranded
genome that encodes four major viral proteins (surface, core, polymerase, and X) from
overlapping open reading frames (2). One of these proteins is the core protein that
plays multiple roles in the viral life cycle of HBV, making it an attractive antiviral target.
The core protein forms the nucleocapsid that is essential for encapsidation of the viral
pregenomic RNA (pgRNA) and the viral polymerase. Within the nucleocapsid, pgRNA is
reverse transcribed into the partially double-stranded relaxed circular DNA (rcDNA).
Nucleocapsids are enveloped with lipid membrane containing HBV surface antigens
(HBsAg) and secreted to infect neighboring hepatocytes. Alternatively, rcDNA contain-
ing nucleocapsids can be transported to the nucleus to maintain the covalently closed
circular DNA (cccDNA) pool (3, 4). In addition, it has been suggested that core protein
affects the epigenetic status of the nuclear cccDNA and is reported to interact with
several host factors (5, 6).

New HBV antivirals are in development with the aim to achieve finite curative
treatments. One promising group consists of capsid assembly modulators (CAMs)
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(7–11). CAMs interfere with the kinetics of core protein assembly and block encapsi-
dation of the pgRNA. In addition, Berke et al. (8) and others demonstrated that CAMs,
although at higher doses, can also prevent the formation of cccDNA in de novo-infected
primary human hepatocyte (PHHs) (12, 13). At least two classes of CAMs have been
described, those that lead to the formation of intact empty capsid structures devoid of
HBV DNA (e.g., sulfamoylbenzamide derivates) and those that lead to aberrant core
protein aggregates in the cell (e.g., heteroarylpyrimidines) (8, 9, 12, 14, 15).

NVR 3-778 (AL-3778) is a sulfamoylbenzamide CAM which has a demonstrated
antiviral activity in a clinical study. In a phase 1b clinical trial, a mean serum HBV DNA
reduction of 1.43 log10 IU/ml from baseline was demonstrated when NVR 3-778 was
administered as monotherapy at a dose of 600 mg twice daily (BID) (16, 17; M. F. Yuen,
E. J. Gane, D. J. Kim, F. Weilert, H. L. Y. Chan, J. Lalezari, S.G. Hwang, T. Nguyen, O. Flores,
G. Hartman, S. Liaw, O. Lenz, T. N. Kakuda, W. Talloen, C. Schwabe, K. Klumpp, and N.
Brown, unpublished data).

A key challenge for the development of antivirals is to predict the antiviral activity
from in vitro studies to aid dose settings for in vivo clinical studies. Cell lines stably
expressing HBV, such as HepG2.2.15 cells, are often used to predict the effective drug
concentration required to inhibit in vitro HBV replication (18–20). Use of these cell lines
remains limited, however, due to the poor expression of metabolic enzymes and
alterations because of their tumorous origin (21, 22). Primary human hepatocytes
(PHHs) have become a standard in characterizing novel anti-HBV agents since a
complete HBV replication cycle can be studied (23–25). In addition, PHHs are the gold
standard to evaluate hepatic drug uptake, drug distribution in liver, and metabolism,
which are key parameters defining the pharmacokinetics of compounds, including HBV
antivirals (26, 27).

The efficacy of a drug is highly dependent on its potency and the distribution from
plasma to the target cells, specifically, in the case of HBV antivirals, hepatocytes. Plasma
protein binding (PPB) is an important factor influencing the volume of distribution and
drug clearance. According to the free-drug hypothesis, only the unbound drug is
available for pharmacological action, and the efficacy will therefore be dependent on
PPB (28, 29). The predominant plasma proteins are human serum albumin (HSA) and
human alpha-1 acid glycoprotein (hA1GP). HSA is the most abundant protein present
in human plasma, with concentrations ranging from 30 to 50 g/liter, while hA1GP is
present at lower concentrations of approximately 0.7 g/liter. Moreover, both plasma
proteins are produced by the liver itself (30, 31). For antivirals, drug concentrations
substantially above the in vitro 90% effective concentration (EC90) are often necessary
for potent inhibition of viral replication (32, 33). A good understanding of the effect of
PPB on exposure and potency of drugs is necessary for reliable in vitro-to-in vivo
extrapolations (IVIVEs) and clinical dose settings.

Here, we describe a new serum shift assay in PHHs cultured in plasma protein-
relevant medium. NVR 3-778 was used as a representative compound with known high
PPB levels from clinical trials to study and validate this assay. This assay provided an
understanding of the impact of PPB on both the liver pharmacokinetics and pharma-
codynamics of NVR 3-778. This physiologically relevant in vitro serum shift assay
demonstrates the importance of PPB on liver distribution, clearance, and the efficacy of
HBV antivirals and can be used to more accurately predict clinical exposures necessary
for complete HBV inhibition.

RESULTS
Plasma protein binding and the free fraction of NVR 3-778 in protein-

containing medium. NVR 3-778 was highly bound to plasma proteins, with a free
fraction between 1 to 2% in human plasma (Table 1). NVR 3-778 exhibited high binding
(�95.0% and �99.0%) to human serum albumin (HSA) and low binding (�50.0%) to
human alpha-1-acid glycoprotein (hA1GP). The free fraction of NVR 3-778 in hepatocyte
cultivation medium (HCM) containing 10% fetal calf serum (FCS) was approximately
73%, which results in a highly increased free-drug fraction compared to the physio-
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logically relevant in vivo free-drug fraction (Table 1). The production of human albumin
by in vitro-cultured PHHs was on average 0.005 g/liter (see Fig. S1A in the supplemental
material). This amount of albumin secretion was considered negligible compared to the
amount of HSA present in human plasma, which is approximately 1,000-fold higher
(34). Binding of NVR 3-778 in HCM in the absence of additional plasma proteins was
therefore believed to be solely to the plasma proteins present in fetal calf serum.

To evaluate the effect of physiologically relevant levels of human serum proteins on
PHHs, HSA and hA1GP were added to hepatocyte cultivation medium (HCM) during the
duration of PHH culturing (up to 8 days). For reasons that are unknown, cell viability
was significantly decreased when PHHs were cultured in the presence of a physiological
amount of HSA: 4.3% HSA reduced PHH viability by �50% after 8 days of cell culturing
(Fig. S1B and C). Therefore, bovine serum albumin (BSA) was used as a substitute for
HSA. HCM was spiked with 4.3% BSA and 0.07% hA1GP to mimic the protein compo-
sition of human plasma. Spiking of HCM with the physiological amount of plasma
proteins decreased the free fraction of NVR 3-778 to 9.7%, which is higher than the free
fraction found in human plasma, demonstrating species differences between human
and bovine. To further decrease the free fraction, HCM was spiked with 8% BSA and
0.07% hA1GP, resulting in a free fraction of 6.4% and a more than 10-fold reduction of
the free fraction compared to the free fraction measured in HCM without the addition
of plasma proteins (Table 1). The effects of BSA and hA1GP on the cell viability of PHHs
were assessed by measurement of the ATP content. Incubation of PHHs with HCM
spiked with either 4.3% BSA and 0.07% hA1GP or with 8% BSA and 0.07% hA1GP for 8
days did not significantly reduce cell viability (Fig. 1A). Cell viability, however, was
moderately and significantly affected when cells were cultured for an additional 4 days
in HCM spiked with 8% BSA and 0.07% hA1GP but without any morphological changes
(Fig. 1B and S2).

TABLE 1 Free fraction of NVR 3-778 in different hepatocyte cultivation media and in
human plasma

Culture mediuma Free fraction (%)b

no BSA, no hA1GP 72.9 � 1.9
4.3% BSA � 0.07% hA1GP 9.7 � 0.5
8% BSA � 0.07% hA1GP 6.4 � 0.1
hPlasma 1–2
aHepatocyte cultivation medium (HCM) was incubated with 1 �M NVR 3-778 while human plasma (hPlasma)
was incubated with concentrations ranging from 0.1 to 10 �M.

bData represent mean values of three replicates � SEM.

FIG 1 Effect of plasma proteins on cell viability of HBV-infected PHHs. Cell viability was assessed by
measurement of the ATP content after 8 and 12 days postinfection, as indicated. PHHs were HBV infected
and cultured in medium without BSA/hA1GP or in medium spiked with either 4.3% BSA or 8% BSA
together with 0.07% hA1GP for 8 and 12 days. Cell viability in HCM without BSA/hA1GP was set to be
100%. All data represent the means of three or more independent experiments � SEM. **, P � 0.01.
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Plasma proteins increase the susceptibility of PHHs to HBV. Initially, the impact
of plasma proteins on HBV infectivity was assessed. The addition of plasma proteins to
the viral inoculum (i.e., from day 0 onward) significantly induced the intracellular
accumulation of HBsAg and HBV core antigen (HBcAg) (Fig. 2A and B and S3). For PHHs
cultured in HCM without plasma proteins, the percentages of HBsAg- and HBcAg-
positive cells were 39.2% and 58.9%, respectively. The percentages of HBsAg- and
HBcAg-positive cells increased up to 80% in the presence of plasma proteins, yielding
a homogenous population of HBV-infected cells.

Plasma proteins were added either together with the viral inoculum or at 1, 2, or 5
days postinfection to examine if plasma proteins improved the susceptibility of PHHs
to HBV infection or increased viral replication. The number of HBV-infected PHHs was
increased only when plasma proteins were added together with the viral inoculum at
the time of HBV infection (Fig. 2C and S4A). In contrast, the percentages of HBsAg- and
HBcAg-positive cells were comparable or even decreased when plasma proteins were
added after the infection was established (Fig. 2C). These results suggest that plasma
proteins enhance the susceptibility of PHHs to HBV infection rather than stimulate HBV
replication. In addition, HBV-infected PHHs were treated with a pre-S1 peptide that
blocks HBV entry to examine if plasma proteins induced reinfection. The pre-S1 peptide
completely inhibited viral infection when it was added together with the viral inoculum
in PHHs cultured in HCM both without and with plasma proteins (Fig. 2D and S4B). In
contrast, pre-S1 peptide added to PHHs on day 1, day 2, or day 5 postinfection until the
end of the infection experiment did not significantly reduce the number of HBsAg/

FIG 2 Effect of plasma proteins on the susceptibility of PHHs to HBV. Representative image of HBsAg-positive cells (A) and HBcAg-positive cells (B) in PHHs
infected and cultured for 8 days in the absence and presence of plasma proteins. Scale bar, 50 �M. (C) Time of addition of plasma proteins. HBV-infected PHHs
were incubated with plasma proteins from day (d) 0, day 1, day 2, or day 5 onward until day 8. The percentages of HBsAg- and HBcAg-positive cells were
quantified by IF. (D) Time of addition of the pre-S1 peptide. HBV-infected PHHs were incubated with 0.5 �M pre-S1 peptide from day 0 until day 1 or from day
1, day 2, or day 5 onward until day 8. Percent inhibition was calculated based on the percentages of HBsAg- and HBcAg-positive cells in untreated HBV-infected
PHHs cultured in the corresponding HCM. All data represent the means of three or more independent experiments � SEM. *, P � 0.05; ***, P � 0.001.
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HBcAg-positive cells in HCM compared to the level in untreated controls (Fig. 2D).
These findings demonstrated that the increased number of HBV-infected cells when
PHHs were cultured in HCM spiked with plasma proteins was an early event rather than
one caused by reinfection at a later time point and that plasma proteins did not boost
intracellular HBV replication.

The release of HBV markers in the presence and absence of BSA and hA1GP in the
culture medium was monitored on day 8 and day 12 postinfection. Secretion of HBV
DNA in the culture medium was decreased by BSA and/or hA1GP (Fig. 3A and S5A). In
contrast, HBsAg and HBV e antigen (HBeAg)/HBcAg secretion were both significantly
increased compared to levels in HBV-infected PHHs cultured in HCM without plasma
proteins (Fig. 3B and C and S5B and C). The increase of HBsAg and HBeAg/HBcAg
secretion was less pronounced at day 12 than the increased secretion at day 8
postinfection. This might be related to the loss of infected cells due to increased cell
toxicity when cells were cultured for an additional 4 days in plasma protein-containing
medium (Fig. 1 and S5B and C). In addition, intracellular HBV RNA copy numbers were
increased by the presence of plasma proteins (Fig. 3D). Although the detection of
cccDNA remains challenging, quantitative PCR (qPCR) with cccDNA-specific primers
demonstrated that cccDNA levels were moderately but not significantly increased
when PHHs were infected with HBV in HCM spiked with plasma proteins compared to
levels in PHHs infected with HBV in HCM without plasma proteins (Fig. 3E).

Cytotoxicity and anti-HBV effect of NVR 3-778 in the presence of plasma
proteins. NVR 3-778 was either added together with the viral inoculum (i.e., from day

FIG 3 Effect of plasma proteins on HBV DNA, HBsAg, and HBeAg/HBcAg in the supernatant of HBV-infected PHHs at 8 days postinfection. (A) HBV DNA secretion
was analyzed by qPCR on DNA extracted from the cell culture supernatant of HBV-infected PHHs that were infected and cultured in HCM with or without the
addition of plasma proteins. (B and C) An AlphaLisa assay was used to determine the amount of HBsAg and HBeAg/HBcAg that was secreted from HBV-infected
PHHs that were infected and cultured in the absence and presence of plasma proteins. Results are expressed as fold change compared to levels in HBV-infected
PHHs cultured in medium without BSA or hA1GP. (D) Total intracellular HBV RNA was extracted from HBV-infected PHHs that were infected and cultured in HCM
with or without the addition of plasma proteins. HBV RNA was quantified by qPCR and normalized for �-actin. (E) cccDNA was quantified in nuclear DNA extracts
by qPCR and normalized for the amount of nuclear DNA. Samples were digested with T5 exonuclease to digest contaminating rcDNA. T5�, nondigested; T5�;
digested. All data represent the means of three or more independent experiments � SEM.*, P � 0.05; **, P � 0.01.
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0) until day 8 or added from day 5 onward, when infection was already established,
until day 12. Plasma proteins were added during virus inoculation (i.e., from day 0
onward) independent of the time of NVR 3-778 incubation. ATP content was used to
determine cell toxicity induced by NVR 3-778. If NVR 3-778 was added from day 0
onward, the 50% cytotoxic concentration (CC50) value was 15.8 �M in the absence of
plasma proteins, which was increased to 53.7 �M and 81.5 �M when PHHs were
incubated in medium containing 4.3% BSA– 0.07% hA1GP and 8% BSA– 0.07% hA1GP,
respectively (Table 2 and Fig. 4A). Cytotoxicity was reduced when PHHs were incubated
with NVR 3-778 from day 5 onward. On day 12, no significant cytotoxicity was observed
up to the highest concentration tested when NVR 3-778 was added to the HCM without
plasma proteins (CC50 of �25 �M), while CC50 values were increased to 81.7 �M and
101.3 �M in plasma protein-containing medium (Table 2 and Fig. S6A). Differences in
cytotoxicity levels between the times of addition of NVR 3-778 could be related to
changes of metabolite formation due to long-term hepatocyte culturing (27, 35). The
secretion of HBV DNA in the culture medium was dose-dependently inhibited by NVR
3-778 with similar 50% effective concentration (EC50) and EC90 values if NVR 3-778 was
added together with the viral inoculum or when infection was established. The addition
of 4.3% BSA– 0.07% hA1GP resulted in a 2- to 3-fold reduction in antiviral potency, while
spiking of HCM with 8% BSA– 0.07% hA1GP resulted in a 4- to 5-fold reduction (Table
2 and Fig. 4B and S6B). Consistent with the previously reported effect of CAMs on
blocking cccDNA formation during de novo infection, HBsAg and HBeAg/HBcAg secre-
tion was inhibited only when NVR 3-778 was added together with the viral inoculum,
thus confirming the effect of NVR 3-778 on the early events of the HBV viral life cycle
(Fig. S6C to F). However, inhibition at the highest concentrations was related to
cytotoxicity. In the presence of plasma proteins, inhibition of HBsAg and HBeAg/HBcAg
secretion by NVR 3-778 was almost or even completely abolished. These results are in
line with those obtained from monitoring intracellular HBsAg and HBcAg (Fig. 4C and
D and S7). For immunofluorescence (IF) staining, cells were incubated with HBV
inoculum and NVR 3-778 at concentrations ranging from 0 �M to 12.5 �M in HCM
without plasma proteins and from 0 �M to 50 �M in HCM with plasma proteins. Since
the highest concentrations used are lower than the CC50s under the two conditions,
inhibition of HBV protein expression/staining is assumed not to be substantially af-
fected by cytotoxicity. The percentages of both HBsAg- and HBcAg-positive cells were
reduced, but not completely, in NVR 3-778-containing medium without plasma pro-
teins and in HCM spiked with 4.3% BSA– 0.07% hA1GP. In contrast, NVR 3-778 com-
pletely failed to block de novo HBV infection of PHHs when they were incubated in HCM
spiked with 8% BSA– 0.07% hA1GP (Fig. 4C and D and S7). Intracellular HBV RNA levels
were dose-dependently inhibited if NVR 3-778 was added together with the viral
inoculum at the time of infection. The anti-HBV activity of NVR 3-778 on the intracellular
HBV RNA levels was serum shifted to an extent similar to that observed for the other
HBV markers (Fig. 4E).

Effect of plasma protein binding on liver distribution and clearance of NVR
3-778. To study the pharmacokinetics of NVR 3-778 in the in vitro HBV infection assay,
PHHs were incubated with 1 �M NVR 3-778 at day 5 postplating. The concentration of
the parent drug was quantified in the hepatocyte lysates and in the culture medium
after 1, 24, 48, and 72 h. NVR 3-778 was rapidly and completely cleared in culture
medium without plasma proteins while the parent drug was only slowly cleared when
PHHs were cultured in HCM spiked with plasma proteins (Table 3 and Fig. 5A). As a
result, the apparent intrinsic in vitro hepatic clearance (CLint,app) levels were serum
shifted 5.7- and 8.3-fold in HCM spiked with 4.3%– 0.07% hA1GP and 8% BSA– 0.07%
hA1GP, respectively. According to the free-drug hypothesis, only the unbound drug is
available for clearance, and the CLint,app value was corrected for the free fraction,
resulting in a comparable in vitro unbound hepatic clearance (CLint,u) in all three HCM
of approximately 150 �l/min/106 cells. Due to the extensive turnover of the parent drug
in HCM without plasma proteins, the average exposure (average concentration, Cavg) of
PHHs between day 5 and day 8 to NVR 3-778 was only 0.26 �M in HCM without plasma
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proteins. The Cavg was increased to 0.79 or 0.84 �M in HCM spiked with 4.3%
BSA– 0.07% hA1GP or 8% BSA– 0.07% hA1GP, respectively (Table 3). In addition, the
initial cell-associated concentration of NVR 3-778 was approximately 4- and 7-fold lower
in PHHs cultured in HCM spiked with 4.3% BSA– 0.07% hA1GP and 8% BSA– 0.07%
hA1GP, respectively. In HCM without plasma proteins, the cellular concentration rapidly
decreased from 111.16 �M to 7.78 �M over time while in HCM spiked with plasma
proteins, the cellular concentration was strongly reduced but remained stable due to
delayed metabolism of NVR 3-778 (27.33 �M to 20.49 �M and 16.14 � �M to 15.49 �M
for PHHs cultured in HCM spiked with 4.3% BSA– 0.07% hA1GP and 8% BSA– 0.07%
hA1GP, respectively) (Fig. 5B). As a result of the high PPB level and the decreased

FIG 4 Cell cytotoxicity and anti-HBV effect of NVR 3-778 on HBV DNA in the supernatant and on intracellular HBsAg, HBcAg, and HBV RNA. NVR 3-778 was added
together with the viral inoculum until day 8. HBV-infected PHHs were incubated with a 2-fold dilution series of NVR 3-778 in HCM without plasma proteins (�)
or in HCM spiked with either 4.3% BSA– 0.07% hA1GP (�) or 8% BSA– 0.07% hA1GP (Œ). (A) Cell cytotoxicity was assessed by ATP content after incubation of
HBV-infected PHHs with NVR 3-778. Percent toxicity was related to the ATP content of untreated PHHs cultured in the corresponding HCM. (B) HBV DNA
production in the cell culture supernatant was quantified by qPCR. Percent inhibition was compared to level of HBV DNA produced by untreated cells cultured
in the corresponding HCM. (C) Percentage of HBsAg-positive cells was quantified by IF. Percent inhibition was compared to the percentage of HBsAg-positive
cells in untreated cells cultured in the corresponding HCM. (D) Percentage of HBcAg-positive cells was quantified by IF. Percent inhibition was compared to
the percentage of HBcAg-positive cells in untreated cells cultured in the corresponding HCM. (E) Intracellular HBV RNA was quantified by qPCR. Percent
inhibition was compared to the HBV RNA quantity in untreated cells cultured in the corresponding HCM. All data represent the means of three or more
independent experiments � SEM.

TABLE 3 Pharmacokinetic properties of NVR 3-778 in PHHs cultured in HCM spiked with or without plasma proteins

Condition

Mean value � SEM (fold change)a

CLint,app (�l/min/
106 cells)

CLint,u (�l/min/
106 cells)

AUClast

(ng · h/ml) Cavg (�M) Kp
Drug concn in liver/drug
concn in mediumb

no BSA, no hA1GP 89.49 � 5.33 122.75 � 7.32 8,248 0.26 175.89 � 14.90 47.12 � 0.61
4.3% BSA � 0.07% hA1GP 15.77 � 0.45 (5.7) 162.56 � 4.61 (1.3) 24,749 (3.0) 0.79 (3.0) 30.96 � 2.02 (5.7) 8.29 � 0.20 (5.7)
8% BSA � 0.07% hA1GP 10.77 � 0.14 (8.3) 168.33 � 2.22 (1.4) 26,146 (3.2) 0.84 (3.2) 19.26 � 1.58 (9.1) 5.16 � 0.05 (9.1)
aAfter 5 days of culturing, mock-infected PHHs were incubated with 1 �M NVR 3-778 for 4 days. Cells and supernatant were collected after 1, 24, 48, and 72 h to
quantify turnover of the parent drug. Fold changes were calculated based on pharmacokinetic results obtained in PHHs cultured in HCM without BSA and hA1GP.
CLint,app, intrinsic apparent clearance; CLint,u, unbound intrinsic clearance; AUClast, area under the concentration-time curve from time zero to the last measurable
concentration; Cavg, average concentration; Kp, partition coefficient. Data represent mean values of three replicates � SEM.

bRatio of the predicted concentration of NVR 3-778 per gram of liver tissue (nanograms/gram of liver tissue) to the concentration of NVR 3-778 in the medium
(nanograms/milliliter), normalized for hepatocellularity.
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cellular concentrations, the cell-associated drug accumulation ratio (Kp) and mean
predicted ratio of the concentration of drug in liver to that in medium were approxi-
mately 5.7 and 9.1-fold lower for PHHs cultured in HCM spiked with 4.3% BSA– 0.07%
A1GP and 8% BSA– 0.07% A1GP, respectively, than in PHHs cultured in HCM without
plasma proteins (Table 3 and Fig. 5C).

DISCUSSION

The hepatitis B virus (HBV) is an exclusively hepatotropic virus, and in vitro-cultured
primary human hepatocytes (PHHs) are a very relevant culture model to assess HBV
replication and inhibition thereof (23, 36). In addition, the liver is the main drug-
metabolizing organ, and PHHs are the gold standard for in vitro hepatic clearance
studies (37, 38). This dual role of PHHs was exploited in this study to understand the
impact of PPB on both the pharmacokinetic and pharmacodynamic effects of NVR
3-778 to ultimately support the prediction of the human efficacious dose. Plasma
protein binding (PPB) is a key parameter that determines the free-drug concentration
in circulation and subsequently affects the pharmacokinetics, pharmacodynamics, and
safety of compounds. Intrinsic hepatic clearance, drug transport, and distribution are all
essential pharmacokinetic parameters that are influenced by PPB and that ultimately
determine the exposure of a compound to the target organ (38–40). Many marketed
drugs and compounds in discovery exhibit high PPB levels (�90%), and physiologically
relevant preclinical assays are necessary to make reliable predictions on the impact of
PPB (41). The effect of PPB on the in vitro compound activity can be studied by serum
shift assays where cells are either cultured in the presence of dilutions of human serum
up to 40% or incubated in medium in the presence of physiological concentrations of
HSA and hA1GP (12, 42–46). The latter approach gives more reliable results than using
human serum that contains confounding factors such as hormones and growth factors
(47). In addition, culturing cells in 100% human serum is generally not possible due to
cell viability issues. To the best of our knowledge, spiking PHH culture medium with
plasma proteins to evaluate the effect of PPB on the activity of HBV antivirals has not
been demonstrated. Using PHHs cultured in plasma protein-containing medium as an
in vitro model, the effect of PPB on the antiviral activity, cellular exposure, and intrinsic
clearance can be evaluated in the same system to more accurately predict clinical
effective exposures.

Initially, the susceptibility and infection of PHHs with HBV cultured in the absence or
presence of plasma proteins was evaluated. Culturing PHHs in medium spiked with HSA
severely decreased cell viability (�50%) for reasons that are unknown. Therefore, BSA
was used as a substitute for the human variant. Spiking of HCM with BSA and hA1GP
did not decrease or only moderately decreased cell viability at 8 days postplating but
significantly decreased PHH cell viability after 12 days of culturing, which could

FIG 5 Pharmacokinetic properties of NVR 3-778 in PHHs cultured in different HCM. PHHs that were cultured for 5 days in either HCM without BSA/hA1GP
(�) or in HCM spiked with 4.3% BSA–0.07% hA1GP (�) or with 8% BSA–0.07% hA1GP (Œ) were incubated with 1 �M NVR 3-778 for 4 days, and both
cells and supernatant were harvested at 1, 24, 48, and 72 h postincubation. The parent drug was quantified by LC/MS-MS at the indicated time points.
(A) Quantification of the parent drug in the cell culture supernatant of PHHs. (B) Cellular concentration normalized for the hepatocyte volume of NVR
3-778 in PHHs. (C) Predicted liver-to-medium ratio of NVR 3-778 at the indicated time points calculated based on the medium and hepatocyte
concentrations of NVR 3-778 in PHHs. Hepatocyte concentrations were normalized for the hepatocellularity to predict the corresponding liver
concentrations. All data represent the means of three replicates � SEM.
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potentially be a limitation for long-term infection experiments. Surprisingly, the intra-
cellular and secreted amounts of HBV proteins were highly and significantly increased
when BSA and hA1GP were added at the time of HBV infection. The percentages of
HBsAg- and HBcAg-positive cells increased from approximately 40% and 60%, respec-
tively, to 80% when PHHs were infected in protein-containing medium. In addition, BSA
and hA1GP induced the intracellular HBV RNA quantity and cccDNA content while the
production of HBV DNA was decreased. It has previously been demonstrated that
albumin is associated with HBV particles and that HBsAg bears an albumin receptor
(48–50). The association between HBV particles and albumin might improve receptor
binding and/or modify a posttranslational event, resulting in increased production of
HBsAg and HBeAg/HBcAg. The increase in HBV proteins was lost when plasma proteins
were added after the infection was established, indicating that BSA and hA1GP im-
proved the susceptibility of PHHs to HBV rather than stimulating HBV replication. The
decrease in viral DNA secretion is not understood but might be related to negative-
feedback mechanism(s) because of the larger number of HBV-infected cells. The
envelope protein of duck HBV was demonstrated to regulate cccDNA amplification
through a negative-feedback mechanism; whether this also applies to human HBV
remains unclear (51, 52). In addition, experiments with a pre-S1 peptide entry inhibitor
demonstrated that BSA and hA1GP did not induce any reinfection, confirming that
plasma proteins improve only the initial susceptibility of PHHs to HBV.

Due to species differences, binding of NVR 3-778 to bovine albumin was lower than
that of human albumin. Nonetheless, the free fraction of NVR 3-778 was more than 7-
and 10-fold reduced when PHHs were cultured in HCM spiked with 4.3% BSA– 0.07%
hA1GP and 8% BSA– 0.07% hA1GP, respectively, approximating the free fraction mea-
sured in human plasma. The inhibition of the release of HBV DNA-containing particles
in the supernatant, the primary mode of action of NVR 3-778, was only 3- to 5-fold
reduced. The apparent discrepancy between the 10-fold-decreased free fraction and
the only 5-fold-reduced antiviral activity was related to the hepatic drug clearance of
NVR 3-778. In the absence of plasma proteins, NVR 3-778 was rapidly metabolized,
resulting in decreasing hepatocyte exposures over the course of the experiments. Due
to the high PPB level of NVR 3-778 in HCM spiked with plasma proteins, the rate of
metabolism was decreased, resulting in lower but constant NVR 3-778 hepatocyte
concentrations over the 4-day incubation period. The delayed metabolism due to a
reduction of the free fraction can be beneficial for rapidly cleared compounds such as
NVR 3-778, reducing the actual loss of antiviral potency. The reduction in hepatocyte
exposure, however, was greater than the delay in metabolism and still resulted in a 4-
to 5-fold reduction of the antiviral efficacy. In addition, active transport was not
impacted by the high degree of PPB as NVR 3-778 is not a hepatic transporter substrate
(data not shown). PPB would therefore mainly impact passive NVR 3-778 transport and
metabolic clearance.

It is noteworthy that the reported EC50 of NVR 3-778 for inhibition of HBV DNA
replication in the HepG2.2.15 cell line is approximately 0.47 �M and that the antiviral
EC50 was increased 12-fold in the presence of 40% human serum (53; Yuen et al.,
unpublished data). This 12-fold serum shift is in accordance with the high degree of PPB
of NVR 3-778 but is substantially overestimated compared to the actual serum shift
observed in PHHs cultured in protein-relevant medium (only 5-fold). Hepatoma cell
lines such as HepG2.2.15 cells express only low levels of cytochrome-metabolizing
enzymes, resulting in higher average exposures to NVR 3-778 than with PHHs due to
the lack of metabolic intrinsic clearance (21). This emphasizes that both PPB and
hepatic intrinsic clearance are essential to predict the impact of PPB on the antiviral
activity of HBV antivirals.

There are several potential advantages of CAMs compared to nucleos(t)ide ana-
logues. In contrast to nucleos(t)ide analogues, CAMs act on multiple mechanisms for
abrogating persistent HBV infection, such as inhibition of pgRNA encapsidation and
prevention of cccDNA replenishment via intracellular reshuttling of the nucleocapsids
(4, 7, 8). An additional advantage of CAMs is their ability to block de novo infection of
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PHHs, albeit at higher concentrations (8, 12, 13). NVR 3-778 inhibited, although not
completely, de novo infection of PHH at higher concentrations in the absence of plasma
proteins but failed to protect PHHs from de novo HBV infection at concentrations below
the CC50 in the presence of plasma proteins. More potent and metabolically stable
CAMs are needed to achieve exposures that are well tolerated and high enough to
efficiently interfere with both HBV capsid assembly and de novo cccDNA formation.

The antiviral activity of NVR 3-778 was evaluated in a phase 1b clinical trial (16, 17;
Yuen et al., unpublished data). The data from this study was retrospectively reanalyzed
using the in vitro data obtained in PHHs in the presence of plasma proteins. NVR 3-778
dosing below 400 mg once a day (QD) for 28 days resulted in no or very limited HBV
DNA changes from baselines in patients with trough concentration (Ctrough) values
below the in vitro EC50 and EC90 values determined in HBV-infected PHHs cultured in
medium spiked with 8% BSA– 0.07% hA1GP. Dosing of 400 mg QD resulted in a mean
(standard deviation [SD]) change of serum HBV DNA from baseline of �0.49 (0.67) log10

IU/ml. Consistent with the HBV DNA decline, mean (SD) Ctrough values of 3.7 (2.0) �M
observed in this dosing group correspond to 1� the in vitro-predicted EC50 (mean EC50

of 3.7 �M in HCM spiked with 8% BSA– 0.07% hA1GP). Moreover, Ctrough levels at 400
mg QD were 5.5-fold lower than the in vitro-predicted EC90 in plasma protein-relevant
medium (mean EC90 of 20.1 �M in HCM spiked with 8% BSA– 0.07% hA1GP) (16, 17;
Yuen et al., unpublished data). Using EC50/EC90 data from PHHs cultured in the
presence of plasma proteins could have predicted that higher doses were required to
achieve serum HBV DNA declines larger than 0.5 log. Dosing of 600 mg BID for 28 days
resulted in an in vivo mean (SD) Ctrough exposure of 19.4 (8.6) �M, which corresponds
to 1� the in vitro-predicted EC90 (i.e., in HCM spiked with 8% BSA– 0.07% hA1GP). This
high exposure resulted in a mean 1.43-log10 IU/ml decline of serum HBV DNA from
baseline over 28 days. The efficacy of NVR 3-778 was also evaluated in chimeric mice with
humanized livers (54). This study demonstrated that twice-daily dosing of 405 mg/kg
resulted in a decline of serum HBV DNA of 1.9 log10 IU/ml and Ctrough levels of 31 �M after
14 days of treatment. Ctrough values correspond to 1.5� the in vitro-predicted EC90 in
plasma protein-relevant medium and are comparable to the Ctrough values and subsequent
serum HBV DNA declines obtained in humans by dosing 600 mg BID.

As PHHs are both the target and drug clearance organ, they can be used for the
parallel study of the pharmacokinetics and pharmacodynamics of newly developed
HBV direct-acting antivirals. In vitro (serum shift) assays using PHHs are a valuable
model for the development and study of HBV antivirals, including nucleoside analogues
and especially those that display a high degree of PPB (�90%). For compounds with
low PPB levels, hepatocyte exposure will mainly rely on hepatic uptake and hepatic
intrinsic clearance, among other pharmacokinetic parameters. This novel in vitro serum
shift assay was able to predict the efficacious dosage of NVR 3-778 for the treatment of
chronic HBV carriers. This study emphasizes the importance of pharmacokinetics as well
as pharmacodynamics to predict the exposures that need to be achieved to completely
block HBV replication and potentially result in functional cure of HBV.

MATERIALS AND METHODS
Compounds. NVR 3-778 and the pre-S1 peptide were synthesized in-house.
PHH infection assay. Plateable, cryopreserved primary human hepatocytes (PHHs) (Hu1903 [Life

Technologies] or HH1053 [In Vitro Admet Laboratories (IVAL)]) were thawed in universal cryopreservation
recovery medium (UCRM) thawing medium (IVAL), centrifuged for 10 min at 100 � g, and plated at a
density of 80,000 cells/well onto collagen I-coated 96-well plates (Corning) in 150 �l of UPCM universal
plating medium (IVAL). The day after, PHHs were overnight inoculated with 2,500 genome equivalents
(GE) per cell of cell culture-derived HBV (genotype D) in PHH cultivation medium (Dulbecco’s modified
Eagle medium [DMEM]) containing 10% fetal bovine serum (FBS) and 2% dimethyl sulfoxide (DMSO)
supplemented with HEPES, L-proline, insulin, epidermal growth factor, dexamethasone, and ascorbic
acid-2-phosphate (purchased from Life Technologies and Sigma) without additional plasma proteins (this
medium is referred to as HCM without plasma proteins) or in hepatocyte cultivation medium (HCM)
spiked with either 4.3% (43 g/liter) bovine serum albumin (BSA) (Sigma) and 0.07% (0.7 g/liter) human
alpha-1 acid glycoprotein (hA1GP) (Sigma) or with 8% BSA (80 g/liter) and 0.07% hA1GP. For inoculation,
PHH medium was supplemented with 4% polyethylene glycol (PEG) 8000 (Sigma). The day after infection,
cells were extensively washed with DMEM, and medium was replaced with 150 �l of HCM either alone
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or spiked with plasma proteins. Thereafter, medium was changed every other 3 to 4 days. Compound
was either added from day 0 together with the viral inoculum until day 8 or from day 5 until day 12.
Compounds were diluted in DMSO, resulting in a 2% solution, and nine 2-fold dilutions were prepared
from 0 to 25 �M for NVR 3-778 in HCM without addition of plasma proteins and from 0 to100 �M in HCM
spiked with plasma proteins.

Cell viability assay. ATPLite 1 step (PerkinElmer) was used to assess cell viability according to the
manufacturer’s protocol. Luminescence was measured using a ViewLux (PerkinElmer). The percent
toxicity (TOX) was determined relative to the untreated control in the corresponding HCM, and 50%
cytotoxic concentration (CC50) values were calculated with a four-parameter logistic (4PL) curve model
using GraphPad Prism.

Quantification of viral HBV DNA in the cell culture supernatant. On day 8 and day 12, viral DNA
was extracted using a MagNAPure 96 DNA and viral NA small-volume kit (Roche). The HBV DNA copy
number was quantified by qPCR with a standard curve from known quantities of HBV DNA. Primers
5=-GTGTCTGCGGCGTTTTATCA-3= (sense) and 5=-GACAAACGGGCAACATACCT-3= (antisense) in combina-
tion with an HBV probe, 5=-FAM-CCTCTKCATCCTGCTGCTATGCCTCATC-3=-TAMRA (where FAM is
6-carboxyfluorescein and TAMRA is 6-carboxytetramethylrhodamine), were used for qPCR. Dose-
response curves and 50% and 90% effective concentration (EC50 and EC90, respectively) values were
calculated with a four-parameter logistic (4PL) curve model using GraphPad Prism.

Quantification of secreted HBeAg/HBcAg and HBsAg in the cell culture supernatant. Secreted
HBeAg/HBcAg and HBsAg were quantified as recently described by an amplified luminescent proximity
homogenous assay developed in-house (AlphaLisa; PerkinElmer) (8). The amounts of HBeAg/HBcAg and
HBsAg in the culture medium were quantified by using standard curves of recombinant HBsAg (devel-
oped in-house) or HBeAg (Jena Bioscience). Different standard curves were used for either plasma
protein-free or protein-spiked HCM.

HBcAg and HBsAg immunofluorescence staining. PHHs were fixed with 4% formaldehyde for 15
min at room temperature (RT). After fixation, cells were washed and permeabilized with 1% Triton X-100
in phosphate-buffered saline (PBS) for 10 min at RT and blocked overnight with 3% goat serum in PBS
at 4°C. The next day, cells were incubated with the primary antibodies for 1 h at RT. An in-house
anti-HBsAg antibody and a 1:1,600 dilution of a polyclonal rabbit anti-HBcAg (Dako) were used.
Thereafter, cells were washed three times and incubated with a 1:500 dilution of the appropriate
secondary antibody (Invitrogen) and Hoechst (Invitrogen) for 1 h at RT in PBS containing 3% goat serum.
The cells were washed three times and stored in PBS. The plates were analyzed by high-content imaging
(Opera Phenix; PerkinElmer) (magnification, �20), and the percentage of infected cells was quantified by
automated image analysis (Phaedra).

Quantification of intracellular HBV RNA. Intracellular HBV RNA was extracted with an RNeasy 96 kit
(Qiagen). Briefly, cells were lysed in 200 �l of RLT buffer containing 1% �-mercaptoethanol, and RNA was
extracted according to the manufacturer’s protocol. Upon RNA extraction, cDNA was synthesized by
SuperScript III reverse transcriptase according to the kit instructions (ThermoScientific). For quantification
of HBV RNA, the same primers and probe as described to quantify the amount of HBV DNA were used.
�-Actin was used for normalization and amplified with the primers 5=-GGCCAGGTCATCACCATT-3= (sense)
and 5=-ATGTCCACGTCACACTTCATG-3= (antisense) and probe 5=-Cy5-TTCCGCTGCTAOCCTGAGGCTCTC-
3=-IAbRQSp. The �-actin copy number was quantified by qPCR with a standard curve from known
quantities of �-actin.

cccDNA quantification. cccDNA was quantified as previously described (55). The cccDNA quantity
was normalized for the amount of nuclear extracted DNA.

Pre-S1 peptide time of addition. HBV-infected PHHs were treated with 0.5 �M pre-S1 peptide. Cells
were incubated with the pre-S1 peptide either during the inoculation for 24 h or from day 1, day 2, or
day 5 onward until the end of the infection experiment (day 8). At the end of the infection experiment
the percentages of HBsAg- and HBcAg-positive cells were quantified by immunofluorescence and
analyzed by high-content imaging (Opera Phenix; PerkinElmer) (magnification, �20). The percentage of
infected cells was quantified by automated image analysis (Phaedra). Percent inhibition was calculated
relative to the percentages of HBsAg- and HBcAg-positive cells in the untreated controls.

Quantification of NVR 3-778 by LC-MS/MS. Liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis was carried out on an API4000 Sciex triple quad instrument (ABSciex, Toronto, CA),
which was coupled to a high-performance liquid chromatography (HPLC) system (Shimadzu). The
chromatographic separation was carried out using a reverse-phase HPLC column (XBridge C18 column;
3.5-�m pore size; 50 by 2.1 mm). Mobile phases consisted of 0.1% formic acid (solvent A) and methanol
(solvent B), and a gradient elution at 50°C was performed (70% solvent A and 30% solvent B starting
conditions, to 98% solvent B in 1.5 min, isocratic hold at 98% solvent B for 1.2 min, and reequilibration
to 30% solvent B in 1.3 min). Total run time was 4.0 min, and a flow rate of 0.6 ml/min was used. The
MS was operated in the negative ion mode using a TurboIonSpray interface (electrospray ionization) and
was optimized for the quantification of NVR 3-778 (multiple reaction monitoring [MRM] transition
431.1 ¡ 172). NVR 3-778 concentrations in unknown samples were calculated by interpolation from the
standard curve.

Plasma protein binding. The free fraction of NVR 3-778 was determined by equilibrium dialysis. To
this end, a Dianorm system with identical macro-1 Teflon cells and Spectra/PorRC 2 dialysis membranes
(molecular weight [MW] cutoff of 12 to 14 kDa) was used. NVR 3-778 diluted in the different HCMs or in
human plasma was subjected to equilibrium dialysis against a Sörenson phosphate buffer (0.067 M, pH
7.17) at 37°C for 4 h. After dialysis, the contents of the two compartments of the dialysis cells were
collected separately, and the concentrations of NVR 3-778 in the different HCM, human plasma, and
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corresponding buffer samples were determined by LC-MS/MS. The free fraction of NVR 3-778 (fu) was
calculated as the ratio of the unbound concentration (Cu) to the total concentration in medium after
dialysis (CED). The percentage of unbound compound was calculated as fu � 100, where fu � Cu/CED.

Determination of the in vitro pharmacokinetics of NVR 3-778. Mock-infected PHHs were incu-
bated for 1, 24, 48, and 72 h with 1 �M NVR 3-778, and the parent drug was quantified by LC/MS-MS in
both hepatocyte lysates and supernatant samples. The cellular concentration of the parent drug was
normalized for the number of plated PHHs and for the hepatocyte volume (2.28 �l/106 cells) (56). The
total cell-associated drug accumulation (Kp) ratio was calculated as Kp � Ccell/Cmedium, where Cmedium is
the concentration (in micromolars) of the parent drug in the medium, and Ccell is the cellular parent drug
concentration (in micromolars).

The predicted liver-to-medium ratio represents the predicted amount (A) of NVR 3-778 per gram of
liver tissue (nanograms/gram of liver tissue) over the amount of NVR 3-778 in the medium (nanograms/
milliliter), taking the hepatocellularity of 117.5 million hepatocytes per gram of liver tissue into account
(57): liver/medium � Acell (117.5)/Amedium, where Acell is the amount of NVR 3-778 per million cells
(nanograms/million) and Amedium is the concentration of NVR 3-778 per milliliter of culture medium
(nanograms/milliliter).

The elimination rate constant (k) was calculated from the slope of the linear regression from the
natural log concentration remaining in the incubation medium, ln(Cmedium), versus the incubation time
(t): ln(Cmedium) � �kt.

The intrinsic apparent hepatic clearance (CLint,app) was calculated according to the following equa-
tion: CLint,app � kv/N, where k is the elimination rate constant (per minute), V is incubation volume (150
�l), and N is the number of hepatocytes (0.080 � 106 cells) in the incubation.

The intrinsic clearance was then further corrected for the free fraction of NVR 3-778 in the incubation
medium (fu) determined by equilibrium dialysis: CLint � CLint,app/fu.

The average exposure (Cavg) of PHHs to NVR 3-778 was determined by: Cavg � AUC/t, where AUC is
the area under the concentration-time curve and t is the incubation time (72 h).

Statistics. Data values represent means � standard errors of the means (SEM) and were analyzed by
a two-tailed Student’s t test. P values of �0.05, �0.01, and �0.001, were considered statistically
significant, as indicated on the figures.
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