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Pharmacokinetic (PK) testing of a humanized (kI, VH3 framework) and affinity matured anti-hepatitis C virus E2-
glycoprotein (HCV-E2) antibody (hu5B3.k1VH3.v3) in rats revealed unexpected fast clearance (34.9 mL/day/kg). This
antibody binds to the rat recycling receptor FcRn as expected for a human IgG1 antibody and does not display non-
specific binding to baculovirus particles in an assay that is correlated with fast clearance in cynomolgus monkey. The
antigen is not expressed in rat so target-dependent clearance does not contribute to PK. Removal of the affinity
maturation changes (hu5B3.k1VH3.v1) did not restore normal clearance. The antibody was re-humanized on a k4, VH1
framework and the non-affinity matured version (hu5B3.k4VH1.v1) was shown to have normal clearance (8.5 mL/day/
kg). Since the change in framework results in a lower pI, primarily due to more negative charge on the k4 template, the
effect of additional charge variation on antibody PK was tested by incorporating substitutions obtained through phage
display affinity maturation of hu5B3.k1VH3.v1. A variant having a pI of 8.61 gave very fast clearance (140 mL/day/kg)
whereas a molecule with pI of 6.10 gave slow clearance (5.8 mL/kg/day). Both antibodies exhibited comparable binding
to rat FcRn, but biodistribution experiments showed that the high pI variant was catabolized in liver and spleen. These
results suggest antibody charge can have an effect on PK through alterations in antibody catabolism independent of
FcRn-mediated recycling. Furthermore, introduction of affinity maturation changes into the lower pI framework yielded
a candidate with PK and virus neutralization properties suitable for clinical development.

Introduction

Hepatitis C virus (HCV), a member of the Flaviviridae family
of viruses, is a major cause of chronic hepatitis and hepatocellular
carcinoma.1,2 The HCV genome is a positive strand »9.6 kb
RNA molecule consisting of a single open reading frame (ORF)
that encodes a polyprotein of »3000 amino acids in length.
Post-translational processing yields at least ten different proteins:
core, envelope proteins E1 and E2, p7, and non-structural pro-
teins NS2, NS3, NS4A, NS4B, NS5A, and NS5B.1,3,4 The E1-
E2 glycoprotein heterodimer is essential for HCV entry into hep-
atocytes. To date, at least four host entry factors have been identi-
fied: CD81,5 scavenger receptor B type I (SR-BI),6 occludin
(OCLN),7,8 and claudin 1 (CLDN1).9 HCV E2 glycoprotein
has been demonstrated to bind CD81, SR-BI, and CLDN1.

Antibodies that bind E2 and block interaction with the cellu-
lar factors could have therapeutic potential in the treatment of
HCV-associated disorders, especially in the liver transplant

setting. Previously, we described two antibodies that bind to a
highly conserved epitope on E2 (E2412–423) that are broadly neu-
tralizing across multiple HCV genotypes.10 Both antibodies orig-
inated from mouse hybridomas, were humanized, and required
affinity maturation to achieve the in vitro virus neutralization
potency expected to support monthly, subcutaneous dosing for
treatment of chronic HCV-infected patients. We report here that
one of these higher affinity antibodies, hu5B3.k1VH3.v3, gave
surprisingly fast clearance in rodents. Since HCV does not infect
rodents, these animals do not express the E2 antigen and thus
fast clearance cannot be related to target binding. Fast clearance
did not result from the amino acid changes introduced through
affinity maturation, but appears to be a consequence of the
charge on the antibody from the framework used for humaniza-
tion. Re-humanization of the light chain onto a more negatively
charged human framework restores normal clearance, thus
enabling development of viable clinical candidates with enhanced
neutralization potency.
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Results

Murine antibody 5B3 was humanized on a k1 light chain
human variable domain and VH3 subgroup heavy chain human
variable domain framework and affinity matured as previously
described10 to generate hu5B3.k1VH3.v3. The pharmacokinetic
(PK) profile observed for hu5B3.k1VH3.v3 (huIgG1 format)
following a single intravenous (IV) bolus dose of 5 mg/kg in
Sprague-Dawley rats is shown in Figure 1 with PK parameters
summarized in Table 1. Clearance (34.9 § 5.0 mL/day/kg) was
considerably faster than the range (4.8–14.6 mL/day/kg)
observed for a panel of human IgG1 antibodies in rat.11 Fast
clearance (Fig. 1; Table 1) was also observed for hu5B3.k1VH3.
v1, which has the two affinity maturation changes in complemen-
tarity-determining region (CDR)-L2, His-54 and Ala-55,
reverted back to the parental Gln-54 and Gly-55. A re-

examination of the murine 5B3 variable domain sequences
(Fig. 2) suggested better homology with human variable domains
of the k4 and VH1 subgroups compared with the k1, VH3 sub-
groups used for hu5B3.k1VH3.v1,3. For example, there are only
20 amino acid changes in the VL framework between m5B3 and
a k4 consensus VL compared with 27 between m5B3 and a kI
consensus VL framework. On the VH domain, m5B3 differs
from consensus human VH1 and VH3 at 23 and 32 positions,
respectively.

5B3 was re-humanized on a consensus k4, VH1 framework12

and incorporated the same key mouse framework residues at Ver-
nier positions as described for the k1, VH3 scaffold.10 As shown
in Table 1, hu5B3.k4VH1.v1 retained virus neutralization
potency comparable to hu5B3.k1VH3.v1. Determination of PK
parameters (Fig. 1; Table 1) indicated that the re-humanized ver-
sion had slower clearance (8.5 mL/day/kg) in SD rats. Both the
hu5B3.k1VH3.v1 and hu5B3.k4VH1.v1 bound to rat FcRn
with similar affinity at low pH, and fast release kinetics at neutral
pH (data not shown), suggesting that differences in clearance are
not a consequence of altered FcRn binding (Table 1). A human-
ized version retaining the VH3 framework (hu5B3.k4VH3.v1)
also showed normal clearance, suggesting the light chain frame-
work is contributing to the clearance effect. As shown by differ-
ential scanning calorimetry on protein solutions buffered at pH 5
(Fig. S1), the Fab portions of hu5B3.k1VH3.v1,
hu5B3.k1VH3.v3, and hu5B3.k4VH1.v1 all gave melting tem-
peratures (Tm) greater than 72 �C. This suggests that the clear-
ance differences observed are not due to conformational
instability of the faster clearing antibodies.

Both the consensus VH1 and consensus VH3 frameworks
contribute a net of two positively charged residues to the human-
ized antibody. In contrast, the consensus k4 framework has a net
of three more negatively charged residues than the consensus k1
framework. This suggests that the more negative charge on the
k4 humanized antibody results in slower clearance. To further
explore this hypothesis, we chose to perform PK studies with
5B3 variants having additional charged residue substitutions. For
this purpose, we desired CDR substitutions with minimal effects
on antigen binding such that antigen-based ELISA could be used
for antibody quantitation in serum samples. We used a combina-
tion of alanine-scanning mutagenesis and phage display affinity

Figure 1. Single dose IV pharmacokinetics of 5B3 framework variants
k1VH3 (v1 or v3) and k4VH1 (v1) in SD rats. Error bars are standard devia-
tion (nD 4 except n D 3 for day 10, and n D 2 for day 21, of k1VH3.v3).

Table 1. Properties of humanized 5B3 variants

Antibody
Residue changes

in CDRs
Relative EC50 HCV

pp (H77)
Relative EC50 HCV

pp (Con1) pI
Rat FcRn
KD (mM)

Clearance
(mL/day/kg)

hu5B3.k1VH3.v1 1.0 § 0.6 1.0 § 0.3 7.95 0.7 29.5 § 6.6
hu5B3.k1VH3.v3 L2-Q54H, G55A 0.9 § 0.3 0.5 § 0.3 7.96 1.0 34.9 § 5.0
hu5B3.k4VH1.v1 1.0 0.8 6.71 1.0 8.5 § 3.9
hu5B3.k4VH3.v1 0.8 1.5 ND ND 9.8 § 2.4
hu5B3.k1VH3. pI8.61 L3-E93R; H2-Q61K ND ND 8.61 1.1 140 § 27
hu5B3.k4VH1. pI6.10 L1-N27dD; H3-K100aE ND ND 6.10 0.8 5.8 § 2.7
hu5B3.k4VH1.HA L1-Y28W; H3-Y98F,K100aE 0.02 0.01 6.24 0.9 8.0 § 2.1

Relative EC50 values were calculated by dividing the EC50 value of the variant by the value measured for hu5B3.k1VH3.v1 on genotype 1a H77 (0.018 §
0.01 mg/mL) or genotype 1b Con1 (1.1 § 0.3 mg/mL) HCVpp. The pI values for the variants were determined by using imaged capillary isoelectric focusing
(iCIEF) as described in the methods. NDD not determined.
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maturation to identify potential sites of charge substitution. First,
we displayed single-site alanine mutants of hu5B3.k1VH3.v1 on
the surface of M13 bacteriophage and measured binding to solu-
ble E2 protein derived from two viral genotypes. As shown in
Table 2, many sites in the CDRs appeared to be substitutable
since there was little effect on binding to either genotype from
replacement with an alanine residue. A few CDR residues, for
example CDR-H3 Y100c, showed a large reduction in binding
to both genotype E2s when replaced with alanine. Notably, ala-
nine substitution of CDR-H3 residue Tyr98 produced a differ-
ential effect with larger loss in binding for genotype 1b than for
genotype 1a, E2 protein. A few of the substitutable positions
were selected for replacement with charged residues because these
sites are not in contact with an epitope peptide in the co-crystal
structure,10 are solvent accessible polar or charged residues, and
varied residues are found at these positions in human germline
genes. Residues CDR-L1 Asn27d, CDR-L3 Glu93, and CDR-
H2 Gln61were chosen for replacement with Asp, Arg, and Lys,
respectively. These sites are not in contact with peptide in the
structure (Fig. 3A) of the hu5B3.k1VH3.v3: E2412–423 peptide
complex.

Further sites of charge residue substitution were identified
during the process of affinity maturation of hu5B3.kIVH3.v1

using phage display technology. A cluster of residues forming
one end of the peptide binding pocket (Fig. 3B) were targeted
for combinatorial mutagenesis. A library containing variants of
residues VL-Y28, I30, F32, S91, Y96, and VH-Y98, Y99,
K100a, Y100c was constructed. Tyr and Phe positions VL-F32,
Y96 and VH-Y98, Y99, Y100c were randomized with a limited
diversity codon (TWC) specifying only Tyr or Phe, whereas full
randomization was achieved for the four other sites using NNK
codons. As shown in Table 3, clones selected from the library
and shown to have improved binding to E2 proteins had substi-
tutions at positions VL-28 and 30, and VH-98 and 100a. In par-
ticular, a Trp substitution at VL-28, and Phe and Glu
substitutions at VH-98 and 100a, respectively, appeared to result
in improved binding. The K100aE substitution was appealing
for further charge studies since it resulted in a net charge change
of –2.

Charge variant IgGs were constructed by installing additional
amino acid changes in the k1, VH3 or k4, VH1 framework anti-
bodies. Addition of CDR-L1 N27dD and CDR-H3 K100aE to
hu5B3.k4VH1.v1 generated an antibody with additional nega-
tive charge and low measured pI (Table 1). A high pI variant was
produced by incorporating CDR-H2 Q61K and CDR-L3 E93R
into hu5B3.k1VH3.v1. A variant with improved activity

Figure 2. Alignment of m5B3 to human germline consensus sequence.
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(hu5B3.k4VH1.HA) including the substitutions CDR-L1
Y28W, CDR-H3 Y98F and K100aE, in hu5B3.k4VH1.v1 was
also constructed. As shown in Table 1, hu5B3.k4VH1.HA had
improved potency, »50-fold on H77 (genotype 1a) and 100-
fold on Con1 (genotype 1b) HCV pseudoparticle (HCVpp)
assays, for virus neutralization.

Upon single dose IV administration in rats, hu5B3.k4VH1.
pI6.10 and hu5B3.k1VH3.pI8.61 gave very different PK profiles
(Fig. 4). The high pI variant had a clearance of 140 ml/day/kg,
about 20-fold faster clearance than the low pI variant. According
to a two compartmental analysis (Table S1), the pI 8.61 variant
had a larger distribution phase, larger volume of distribution at
steady-state, and »3-fold faster terminal half-life compared with
the pI 6.10 variant. Faster clearance was not explained by alter-
ation in rat FcRn binding since surface plasmon resonance meas-
urements indicate similar FcRn-binding affinity for these variants
(Table 1). A comparison of all variants indicates that clearance is
dependent on the measured pI for this antibody series (Fig. 5A)
with slower clearance associated with lower pI values. Although
these variants also differ in hydrophobicity of the Fv portion cal-
culated from the amino acid sequence, and there is a trend of
decreased clearance with increasing calculated hydrophobicity,
the clearance value is not as strongly correlated with hydropho-
bicity (Fig. 5B) compared with pI (Fig. 5A). Consistent with the
measured pI, the clearance of the potency improved variant
(hu5B3.k4VH1.HA) is in the acceptable range.

The PK curve shape observed for the pI 8.61 antibody, having
a large distribution phase and shorter terminal half-life, is consis-
tent with a high rate of catabolism in tissues. However, other

Table 2. Alanine-scan of hu5B3. k1VH3.v1

Mutant GT1a-E2 GT1b-E2

H1-T28A 9.9 4.2
H1-T30A 1.1 1.4
H1-N31A 1.3 1.7
H1-Y32A 2.3 3.2
H1-W33A 5.5 8.0
H2-Y52A 1.2 1.4
H2-F56A 2.6 3.5
H2-N58A 5.6 6.1
H2-Q61A 1.4 1.6
H3-Y98A 2.0 7.5
H3-K100aA 1.1 1.2
H3-Y100cA 11.3 8.2
L1-E27A 1.2 1.4
L1-N27dA 1.2 1.4
L1-Y28A 3.3 5
L1-I30A 2.6 2.8
L1-F32A 12.5 7.6
L2-S50A 3.5 3.9
L2-N53A 1.4 1.4
L2-H54A 1.2 1.2
L2-S56A 1.2 1.4
L3-S91A 2.4 2.7
L3-K92A 1.3 1.3
L3-E93A 1.4 1.4
L3-Y96A 6.1 8.8

Fold change in IC50 value relative to wild-type for competition of hu5B3.
kIVH3 mutant phage binding with soluble E2 protein.

Figure 3. Structure of hu5B3.v3 (space filling) in complex with epitope peptide (magenta tube).10 (A) Residues with greater than 5-fold loss in binding to
HCV-gt1a-E2 when substituted with alanine colored cyan. (B) Residues included in affinity maturation library colored cyan.
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mechanisms could explain this curve shape and we can’t
completely exclude an anti-therapeutic antibody (ATA) response
(Fig. S2) as causing the shorter terminal half-life. We used a dif-
ferential radiolabeling method to compare the biodistribution of
the pI 6.10 and pI 8.61 antibodies. Molecules were conjugated
to either a non-residualizing probe ([125I]) or a residualizing
probe [111In]-DOTA. Labeling of antibodies with radiometals
results in a different cellular retention of the radioactive species
relative to iodine labeling. For these antibodies in rats, which do
not express the antigen, the antibodies undergo non-specific,
fluid-phase endocytosis and lysosomal degradation. However,
cellular efflux of the radiolabel does not readily occur for [111In]-
DOTA-labeled antibodies. Unlike [125I], which diffuses out of
the cell (as iodotyrosine or free iodide) following proteolysis, In-
111-DOTA¡lysine cannot easily cross the plasma membrane
due to its charge and polarity. Because of its tendency to become
intracellularly trapped, In-111-DOTA is referred to as a residual-
izing label. As shown in Figure 6A, the low pI variant exhibits
highly similar biodistribution and relative abundance in different
organs regardless of whether it is labeled with [125I] or [111In]-
DOTA. By contrast, the high pI variant distribution profile is
highly dependent on the label used (Fig. 6B). High levels of anti-
body degradation are detected in spleen and liver by

residualization of the [111In]-DOTA probe, while low amounts
of antibody are detected in any of the examined tissues when
labeled with the non-residualizing [125I] probe, consistent with
increased whole-body clearance of the high, but not the low, pI
variant with liver and spleen being the major sites of catabolism
(Fig. 6C, D). Fast plasma clearance, reflecting sequestration and
degradation, is observed (Fig. 7) for the high pI variant regardless
of label, whereas the low pI variant exhibits slow clearance when
detected by either label.

Discussion

Here, we have shown that clearance in rats of IgG1, k isotype
antibodies can be influenced by the choice of framework for
humanization. Faster clearance does not appear to arise from
alterations in binding to rat FcRn, or instability of the humanized
antibody as assessed by DSC (Fig. S1). We have not detected
instability in serum for this series of antibodies or off-target bind-
ing in vitro using an assay of non-specific binding that has been
correlated with clearance in monkeys13 (Fig. S3). Unintended
specific binding has been proposed to explain the fast clearance
observed for an anti-FGFR4 antibody in rodents14 and an anti-
amyloid b antibody in monkeys.15 Given that similar levels of
antibody are detected for both serum and plasma samples
(Fig. 4), it appears unlikely that unintended but specific off-tar-
get binding to a serum protein is the explanation for the fast
clearance.

Although we cannot eliminate changes in hydrophobicity as a
factor in determining clearance differences, clearance does appear
to correlate better with the charge on the variable domains. The
tighter association with pI is in part due to the fact we have an
experimental measure of pI whereas the hydrophobicity is only
calculated, and the calculation only uses sequence and not struc-
tural information. The antibody humanized on the k4, VH1
framework has a lower pI, mostly due to the more negatively
charged k4 framework, and slower clearance compared with the
k1, VH3 humanized antibody. The distribution of charge on
hu5B3. k4VH1.v1 is different from hu5B3. k1VH3.v3 or beva-
cizumab, having a negative charge patch on the VL domain and
smaller patches of positive charge (Fig. S4), but it is difficult to
parse out the relative roles of charge distribution vs. total net
charge regarding clearance. Sampei et al.16 found a positive
charge patch on an anti-FIXa antibody that was implicated as
causing fast clearance. Modulating the charge patch with addi-
tion of an acidic residue resulted in decreased clearance. Further
negative charge addition to the k4, VH1 5B3 antibody slows
clearance, whereas an increase in positive charge in the k1, VH3
5B3 antibody results in faster clearance. These results suggest
that antibodies with high pI values and suboptimal PK properties
may be improved through negative charge addition to the vari-
able domains, independent of FcRn binding. This can be accom-
plished through use of an alternative human framework.
Conversion to an alternative framework can result in retained tar-
get binding and would be expected to have low impact on immu-
nogenicity in humans. Alternatively, the pI of the k1, VH3

Table 3. Variants selected using phage display

VL-residue VH-residue Phage IC50

Variant 28 30 32 91 96 98 99 100a 100c GT1a GT1b

WT Y I F S Y Y Y K Y 1 1
HA1 W L F S Y Y Y I Y 20 4
HA2 Y F F S Y Y F P Y 6 2
HA3 W A F S Y Y Y P Y 2 8
HA4 F L F S Y Y Y H Y 3 10
HA5 Y V F S Y Y Y T Y 3 10
HA6 W I F S Y F Y E Y 6 5
HA7 F I F S Y F Y P F 2 2

Phage IC50 are shown as fold decrease relative to WT.

Figure 4. Pharmacokinetics of 5B3 pI variants in SD rats.
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antibody could have been decreased, with a potential to slow
clearance, through substitution in the k1 CDR or framework
regions with negatively charged residues. In addition to the CDR
substitutions noted in Table 1, point mutations in the k1 frame-
work region (K42Q; S60D) could increase the negative charge.

Since the sequences of the framework
regions are generally more strongly con-
served than the CDR regions, point
mutations in the framework could carry
a higher risk of immunogenicity.

A dependence of clearance deter-
mined in mice on antibody pI was pre-
viously observed for a series of
humanized IgG4, k isotype antibod-
ies.17 Igawa et al. used a slightly more
narrow pI range (7.2–9.2 vs. 6.1–8.6),
and reported a smaller change in the
clearance effects (4.3-fold vs. »20-fold)
compared with our study. We clearly
demonstrated here that the major con-
tribution of pI variation on 5B3 clear-
ance differences is a faster distribution
phase (Figs. 1 and 4). This is also con-
sistent with the larger volume of distri-
bution and greater AUC 0–10 observed
for those 5B3 variants with faster clear-
ance (Table S1). Of note, these 5B3

variants have comparable C0, which means that the distribution
differences appeared immediately after dosing. The biodistribu-
tion studies suggest this rapid distribution phase reflects antibody
catabolism in highly perfused tissues. It is unclear whether the
larger clearance effect we observed is related to the isotype differ-

ence, resulting in a different charge
asymmetry, or reflects a species differ-
ence in clearance. Indeed, Igawa et al.
observed a smaller effect for clearance
measured in cynomolgus monkey.

It was proposed17 that the reduced
elimination of the lower pI variants
resulted from a decreased amount of
fluid phase pinocytosis due to the nega-
tive charge on the antibody causing a
decrease in binding to cells. In addition,
the increased positive charge on the
high pI antibody at the lower pH of
lysosomes could result in a faster rate of
degradation when the antibody is inter-
nalized via pinocytosis. The labeling
experiments we have performed don’t
distinguish between these two mecha-
nisms and both may be involved. In
both cases, one would expect the site(s)
of increased degradation to be metabol-
ically active or highly vascularized
organs, which we have observed as the
high pI variant is preferentially seques-
tered and degraded in the liver and
spleen relative to the low pI variant.
However, examination of the ratio of
[111In] signal to [125I] signal for each
molecule makes it clear that the high pI

Figure 6. Tissue distribution of 111In and 125I labeled 5B3 variants in SD rats. (A) Low pI variant
hu5B3.k4VH1.pI6.10, and (B) high pI variant hu5B3.k1VH3.pI8.61. (C) Difference between amounts of
111In and 125I labeled 5B3 variants detected in various tissues. (D) Ratio of label in various tissues.

Figure 5. Dependence of clearance in rats on antibody pI (A) or hydrophobicity calculated for the Fv
portion (B). Hydrophobic index was calculated from the ratio of hydrophobic to hydrophilic amino
acids using the Eisenberg and McLachlan hydrophobicity scale.26
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variant is more highly degraded in sev-
eral other tissues, including the lung,
heart, intestine, and kidney (Fig. 6D).

It was surprising that the antibody
humanized on the kI, VH3 framework
(hu5B3.kIVH3.v1) gave relatively fast
clearance (29.5 mL/day/kg) in rats.
Bevacizumab, also humanized on a kI,
VH3 scaffold, and having a pI of 8.2
gives a clearance of 7.0 mL/day/kg in
rats. For a panel of 13 antibodies
humanized on a kI, VH3 scaffold,
clearance in rats is not correlated with
pI (Fig. S5). Similarly, for a larger
panel of antibodies, clearance in cyno-
molgus monkey was not correlated
with pI.13 The net difference in
charged residues in the light chain
CDR regions between 5B3 and bevacizumab is zero. Therefore,
it seems unlikely that the benefit of change to k4 framework for
clearance of 5B3 reflects an incompatibility between the light
chain CDR residues and the k1 framework. A comparison to
other antibodies humanized on the VH3 framework indicates
that 5B3 has more negative charge (–2 – –4) in CDR-H2 and
more positive (C1 – C2) charge in framework region 3 of the
humanized antibody. It is unclear if and how this charge distribu-
tion on the heavy chain would combine with light chain frame-
work changes to affect clearance.

The change to k4, VH1 framework facilitates development of
potency improved variants since acceptable clearance is obtained
for this framework. Although affinity improved variants were dis-
covered through phage display on the k1, VH3 framework, they
are translatable to the k4, VH1 template. Molecular modeling
suggests that the murine CDRs are equally compatible with the
k1, k4 and VH1, VH3 scaffolds. These frameworks can support
proper CDR conformation, as shown by the equivalent potency
of hu5B3.k1VH3.v1 and hu5B3.k4VH1.v1, and high thermal
stability of both antibodies (Fig. S1), such that changes in sol-
vent-accessible CDR residues would be expected to have similar
effects in the different frameworks. Further assessment of the
development capability of the potency improved variant will
require pre-clinical studies in a species, such as cynomolgus mon-
key, that is generally accepted as a better predictor of expected
behavior in humans. It will be interesting to determine if the
charge hypothesis extends to PK properties in primates.

Materials and Methods

Indium-111 (111InCl3 in 0.05 HCl) and di[125I]-Bolton
Hunter Reagent (N-succinimidyl-3-(4-hydroxy-3-[125I]iodo-
phenyl)propionate) were purchased from Perkin Elmer. DOTA-
NHS ester (C20H31N5O10�HPF6�CF3CO2H; DOTA D
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid; NHS
D N-hydroxysuccinimidyl) was purchased from Macrocyclics,
Inc. Dimethyl sulfoxide anhydrous and H2O Trace Select

Ultratrace analysis were purchased from Sigma Aldrich, Inc.
Amicon Ultra-4 centrifugal filter unit with Ultracel-50 kDa was
purchased from EMD Millipore. Indium (III) chloride tetrahy-
drate (InCl3�4H2O) was purchased from Strem Chemicals, Inc.
NAP-5 column was purchased from GE Healthcare.

Sorting and analysis of phage-displayed antibody libraries
Binding clones were selected by incubating the phage display

libraries with 1 and 0.1 nM biotinylated HCV-E2a or HCV-
E2b protein in successive rounds of selection, and then competed
with either 100 nM HCV-E2a /E2b or hu5B3.k1VH3.v1 IgG
to reduce enrichment of clones with weaker affinity to HCV-E2
protein. Clones bound to biotinylated target were captured on
ELISA plates coated with neutravidin, washed and eluted in
10 mM HCl for 10 min at room temperature. The eluted phage
was neutralized with 1/10 volume of 1 M Tris pH 8.0 and used
to infect E. coli for amplification for the next round of selection.
Clones from the second round of selection were sequenced to
determine mutations that are frequent in selected phage.

Competitive Phage ELISA
A competitive phage ELISA18 was used to estimate the affinity

of phage-displayed anti-HCV variants. A fixed, subsaturating
concentration of phage was preincubated for 2 h with serial dilu-
tions of HCV-E2 protein and then transferred to HCV-E2-
coated Maxisorp plates (96well, Nunc). After 15 min incubation,
the plates were washed with PBT buffer (PBS containing 0.02%
Tween-20) and incubated 30 min with horseradish peroxidase
(HRP)/anti-M13 antibody conjugate (1:5000 dilution in PBT
buffer) (Pharmacia). The plates were washed, developed for
15 min with 3,30,5,50-Tetramethyl-benzidine/H2O2 peroxidase
(TMB) substrate (Kirkegaard and Perry Laboratories, Inc.),
quenched with 1.0 M H3PO4 and read spectrophotometrically
at 450 nm. The binding affinities were estimated as IC50 values
defined as the concentration of HCV-E2 protein that blocked
50% of phage binding to immobilized HCV-E2.

Figure 7. Plasma concentration vs. time profiles for 5B3 variants.
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Antibody expression and purification
5B3 was humanized as described for hu5B3.k1VH3.v310

except that consensus k4, VH1 frameworks were used to generate
hu5B3.k4VH1.v1. Genes for the hu5B3.k4VH1.v1 antibody
heavy and light chain variable domains were synthesized (Blue
Heron Inc.). Additional sequence variants were generated using
oligonucleotide-directed mutagenesis as described.19 All variants
were produced as full-length human IgG1 antibodies by transient
expression in CHO cells followed by immunoaffinity purification
essentially as described previously.10,19

Imaged Capillary Isoelectric Focusing
Imaged capillary isoelectric focusing was performed on an

iCE280 Analyzer (ProteinSimple, Toronto, ON). The separation
was performed using a 50 mm long, 100 mm inner diameter £
200 mm outer diameter silica capillary coated with fluorocarbon
(Protein Simple).

The anolyte and catholyte were 80 mM phosphoric acid and
100 mM NaOH, respectively, each prepared with 0.1% methyl-
cellulose. IgG samples were prepared by diluting in water con-
taining carboxypeptidase (CpB) enzyme at a ratio of 100:1 (w/w)
and incubated at 37 �C for 20 min to remove C-terminal lysine
residues. An ampholyte mixture comprised of 3.1% (v/v) Phar-
malytes (GE Life Sciences), 2.5 M urea, 0.1% (v/v) methylcellu-
lose, and pI 5.5 and 9.77 markers (Protein Simple) was
combined with CpB-treated antibody to obtain a final concentra-
tion of 0.25 mg/mL. Final solutions were mixed and centrifuged
at 11200-g for 2 min. Samples were introduced to the capillary
through a Prince autoinjector and focused for 1 and 10 min at
1.5 kV and 3.0 kV, respectively. Electropherogram were imaged
with the optical absorption detector operated at 280 nm.

Neutralization assay
Neutralization assays using HCVpp were performed as

described previously.20,21

Surface plasmon resonance and rat FcRn affinity
measurements

Soluble rat FcRn (rFcRn) was expressed and purified as
reported previously.22 The binding affinity of rFcRn for hIgG1
anti-gD was measured at pH 5.8 by surface plasmon resonance
using a Biacore T-200TM instrument (GE Healthcare, Piscat-
away, NJ). The anti-HCV.E2 variants were immobilized onto a
CM5 Series S sensor chip and 12 serial dilutions of rFcRn were
injected for 60 s at a flow rate of 50 mL/min. Following each
rFcRn injection the surface was regenerated by two 30 s injec-
tions of pH 8.0 buffer to dissociate bound rFcRn. Raw sensor-
gram data were reduced and referenced using the Scrubber II
software package (BioLogic Software) and fit to a simple 1:1
binding model under equilibrium conditions.

Pharmacokinetic study in SD rats
Pharmacokinetic (PK) studies in Sprague-Dawley (SD) rats

were performed following animal protocols approved by the
Institutional Animal Care and Use Committee (IACUC) at Gen-
entech, Inc. SD female rats (n D 4/group) received a single

intravenous (IV) anti-HCV-E2 antibody dose of 5 mg/kg. Blood
samples were collected from the tail vein at the following time-
points: 15min, 1, 8, and 24 h; and 3, 8, 10, 14, 21, 28, and 35
d, and processed to collect serum and/or plasma for subsequent
bioanalysis (see below).

Bioanalysis of serum samples from pharmacokinetic studies
Serum samples from rats were analyzed for anti-E2 antibody

concentrations using a quantitative enzyme-linked immunosor-
bent assay (ELISA). The ELISA utilized a soluble E2 capture
agent and a goat anti-human IgG Fc-horseradish-peroxidase
(HRP) detection agent for humanized 5B3 variants. The mini-
mum quantifiable concentrations were 0.0625 ug/ml for
hu5B3.k1VH3.v1, and 0.0031 ug/ml for other variants. Anti-
therapeutic antibody (ATA) was not measured in this study

Pharmacokinetic data analysis
Serum concentration-time profiles were used to estimate the

following PK parameters in rats using non-compartmental analy-
sis (WinNonlin, version 5.2.1; Pharsight Corporation): the area
under the serum concentration-time curve (AUC) until day 10
(AUCDays0–10), concentrations at Time D 0 following an IV
bolus dose (C0). In addition, two-compartmental analyses (Win-
Nonlin, version 5.2.1; Pharsight Corporation) were used to esti-
mate clearance (CL) and other PK parameters (not reported
here). PK parameters are reported as mean § standard deviation
for n D 4 animals per group. Nominal sample collection times
and doses were used in the data analysis. Values below the limit
of detection (LOD) were not used in PK analysis or for graphical
or summary purposes. The time points that showed potential
ATA impacts were removed from the data analysis in the two-
compartmental analysis.

DOTA Conjugation
Anti-E2 h5B3 charged variants of pI D 6.10 and pI D 8.61

were labeled with DOTA for 111In complexation by random
modification of lysine residues as previously described.23 Anti-E2
h5B3 charged variants of pI D 6.10 and pI D 8.61 were conju-
gated at a ratio of 5 mol equivalent of DOTA-NHS ester to
1 mol of antibody. A 2-mL aliquot of 37.33 mM solution of
DOTA-NHS in DMSO was added to anti-E2 h5B3 charged var-
iants (pI D 6.10, pI D 8.61; 1.67 and 1.94 mg, respectively) in
0.5 mL of borate buffer, pH 8.5.

Radiochemistry
DOTA-conjugated anti-E2 hB3 charged variants were radio-

labeled with 111In as previously described with a slight modifica-
tion.23 To a conical polypropylene vial was added 300 mCi of
111In, 8.5 mL of 0.3 M ammonium acetate buffer, and 8.5 mL
of DOTA conjugated h5B3 variant (pI D 6.10 or pI D 8.61;
0.128 and 0.125 mg, respectively). At the end of the reaction,
2 mL of 4.26 mM of the naturally occurring isotope, 115InCl3,
was added to saturate unoccupied DOTA (and neutralize its neg-
ative charge) with constant mixing (350 rpm) for 10 min. The
reaction was then terminated by adding a 5 mL of 50 mM
EDTA challenge solution followed by an additional of 75 mL of
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0.3 M ammonium acetate buffer, pH 7.0. Radiochemical yields
were 70.0% and 80.3%, respectively.

Radioiodination of anti-E2 h5B3 charged variants of pI D
6.10 and pI D 8.61 was performed by using the Bolton Hunter
method.24 Immediately prior to use, 12 mL of di[125I]-Bolton
Hunter Reagent was gently evaporated to dryness with a gentle
stream of N2. A 75 mg aliquot of each mAb in 25 mM borate
buffer, pH 8.5 was then added to the reaction. After 15 min reac-
tion at 25 �C with constant mixing (350 rpm), the reaction mix-
tures were purified using NAP5 column pre-equilibrated in PBS.
Radiochemical yields of 85.1% and 70.2% were obtained for
anti-E2 h5B3 charged variants of pI D 6.10 and pI D 8.61,
respectively.

Purity of the radiolabeled mAbs was assessed by size-exclusion
radio-HPLC (isocratic, PBS, 0.5 mL/min) on an Agilent 1100
series HPLC system coupled with a Raytest Gabi Star radioactive
flow monitor running ChemStation software. The column was a
Biosep-SEC S-3000 column, 200 mm £ 7.8 mm, 5 mm (Phe-
nomenex). The mobile phase was PBS, and the flow rate was
0.5 mL/min for 32 min (isocratic).

Biodistribution and Pharmacokinetics Studies
All experimental animal studies were conducted according to

protocols that were reviewed and approved by the Institutional
Animal Care and Use Committees (IACUC) of Genentech Labo-
ratory Animal Research (LAR). Female Sprague-Dawley rats in a
weight range of 150 – 225 g at the initiation of the study were

randomly assigned to 2 groups (n D 5 per group), and adminis-
tered an intravenous bolus, via femoral cannula, consisting of a
mixture of 125I- and 111In-labeled h5B3 tracer (5 mCi of each)
together with the respective unmodified antibody (pI D 6.10 or
pI D 8.61) for a total dose of 5 mg/kg. Blood samples were col-
lected from each animal via jugular cannula at 15 min, 1 h, 6 h,
1 d and via cardiac puncture at 3 d to derive plasma and total
conjugated antibody concentration. At the end of the 3 d time
point, tissues were harvested for analysis as previously
described.25
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