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Purpose. To demonstrate the utilities of a synthetic low-affinity li-
gand ((Gal);) for the asialoglycoprotein receptor (ASGP-R) as a
hepatic targeting device for therapeutic cytokines.

Methods. The site-specific incorporation of (Gal); or a typical high-
affinity ligand (GalNAc); into IL-2 was catalyzed by microbial trans-
glutaminase. The anti-tumor activities, pharmacokinetic profiles and
receptor-mediated endocytosis in hepatocytes of the ligand-IL-2 con-
jugates were examined in mouse.

Results. The (Gal); has approximately 50 times lower affinity to
ASGP-R than (GalNAc),. Nevertheless, the antitumor effects were
in the order of (Gal);—IL-2 > unmodified IL-2 > (GalNAc);—IL-2.
The systemic elimination and the hepatic uptake of (GalNAc);—IL-2
were more rapid than (Gal);—IL-2. The ratio of the rate constant
representing dissociation from the cell-surface receptor (k) to that
representing endocytosis of the ligand (k;,,,) was greater for (Gal);—
IL-2 than (GalNAc);—IL-2, suggesting that (Gal);—IL-2 preferably
avoids internalization due to its lower affinity to the receptor. The
simulation studies demonstrated that (Gal);—IL-2 was present in the
hepatic extracellular space for a longer period than (GalNAc); IL-2.
Conclusions. The (Gal); ligand increases the therapeutic efficacy of
IL-2 by enhancing its exposure to the cell-surface. The k/k;,, affects
the targeting efficacy of the conjugates to ASGP-R.

KEY WORDS: interleukin 2; low-affinity ligand; galactose; transglu-
taminase; hepatic tumor; physiologically-based pharmacokinetic
model.

INTRODUCTION

Many types of endogenous proteins, such as cytokines,
are produced and released to act locally in the body, thus
exerting the desired activity among their multiple functions.
Hence, the exogenous administration of such proteins into
the systemic circulation may result in undesired toxicological
activities due to their low targeting efficiencies to the site of
action. This could be one of the stumbling blocks that hinder
their clinical application, and the specific delivery of the pro-
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teins to the action site would be necessary to overcome such
problems.

Mammalian liver cells possess a specific membrane
bound receptor for glycoproteins containing terminal galac-
tose (Gal) or N-acethylgalactosamine (GalNAc) residues, the
asialoglycoprotein receptor (ASGP-R) (1,2). Glycoprotein
uptake by this receptor is both a high-affinity and high-
capacity process (3,4). These features, combined with its spe-
cific localization on hepatocytes, make it an attractive target
for mediating a specific delivery of drugs and genes to this
metabolically important cell. There also have been some re-
ports describing the targeting of proteins to the liver via
ASGP-R by incorporating Gal residues into the protein mol-
ecules or constructing the asialoproteins, in which the sialic
acids were removed from the N-linked oligosaccharide chain
(5,6). Although those approaches have achieved highly spe-
cific targeting of the proteins to hepatocytes, their therapeutic
efficiency was not always improved, possibly due to the
ASGP-R-mediated endocytosis and the subsequent intracel-
lular degradation of the proteins.

To overcome this problem, more detailed pharmacoki-
netic studies for other types of ASGP-R ligands are needed to
optimize both the affinity to the receptor and the efficacy of
endocytosis, since higher affinity of ASGP-R ligands may
cause higher efficiency of endocytosis. We have developed a
novel hepatic targeting system for proteins by utilizing an
artificial ligand (named (Gal);) for ASGP-R (7). In our pre-
vious studies, (Gal);-incorporated IL-2 ((Gal);—IL-2) accu-
mulated in the liver 2 min after i.v. administration in mice.
High homogeneity (incorporation site: GIn74) and the in-
creased hepatic distribution of the (Gal);—IL-2 may increase
the therapeutic efficacy of IL-2 in hepatic tumor treatment.

We report herein pharmacological activity and pharma-
cokinetic property of a novel hepatic-targeting system, which
delivers therapeutic cytokines to the hepatic ASGP-R by uti-
lizing (Gal);. To demonstrate the utility of the (Gal); ligand,
we compared the therapeutic efficiencies and the disposition
profiles in hepatocytes of (Gal);—IL-2 and (GalNAc);-
incorporated IL-2 ((GalNAc);—IL-2), which is a typical high-
affinity ligand for ASGP-R. We also performed a simulation
study based on a physiologically-based pharmacokinetic
(PBPK) model to demonstrate the optimized kinetic proper-
ties regarding the binding and subsequent internalization of
the ligand via ASGP-R, in order to deliver IL-2 efficiently to
the liver.

MATERIALS AND METHODS

Materials

M-TGase was purified from the culture supernatant of
Streptoverticillium sp. S-8112 as described previously (7). IL-2
was purified from inclusion bodies, as described by Tsuji et al.
(8). Asialoorosomucoid (ASOR) was prepared by desialyla-
tion of orosomucoid according to the method of Bider et al.
(9). Other chemicals were of reagent grade.

Synthesis of (GalNAc),

The (GalNAc); has three N-acetylgalactosamine resi-
dues in place of the galactose residues on the triantennary
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structure in (Gal);. The synthesis of (GalNAc); was carried
out according to the modified method for (Gal); (10). (Gal-
NAc),; ESI + QIMS: m/z (M + H)™ 1393.1. The purity of the
(GalNAc), was more than 95%, as analyzed by RP-HPLC
with an Inertsil ODS-2 column (4.6 x 150 mm; GL Science
Inc., Tokyo, Japan), which was developed by a linear gradient
of 4-20% acetonitrile containing 0.1% TFA for 30 min at a
flow rate of 1 ml/min, as described previously (7).

Conjugation, Purification, and Radioiodination of the
Protein Samples

The conjugation of (Gal); and (GalNAc); to IL-2 was
performed by M-TGase as described previously (7). To ex-
clude endotoxin and other contaminants, unmodified 1L-2,
(Gal);—IL-2, and (GalNAc);—IL-2 were purified by RP-
HPLC (YMC-C8AP column, YMC Inc. Kyoto, Japan) and
gel-filtration chromatography (Sephadex G25 column, Amer-
sham Pharmacia Biotech Inc., Piscataway, NJ USA). The spe-
cific activities of (Gal);—IL-2 and (GalNAc),—IL-2 were de-
termined by IL-2 biological assays using the Gillis’ method
(11). The radioiodinations of ASOR, (Gal);—IL-2, and (Gal-
NAc),—IL-2 were performed by the chloramine T method
(12) using Na'**I (Amersham Pharmacia Biotech Inc., Piscat-
away, NJ USA). The specific radioactivities of '*I-ASOR,
(Gal);—IL-2, and (GalNAc);—IL-2 were 9.5 x 10°, 6.9 x 10°
and 2.0 x 10° cpm/p.g, respectively, and each labeled protein
was >90% precipitable by 10% trichloroacetic acid (TCA).

Pharamacokinetics of Ligand—IL-2 Conjugates

The plasma concentration and the liver accumulation
profiles in male mice (C57BL/6, 6w, Charles River Japan Inc.,
Sagamihara, Japan) were determined by ELISA (Cayman
Chemical Co., Michigan, MI USA) after i.v. administration of
IL-2, (Gal);—IL-2, and (GalNAc);—IL-2 (50 pg as IL-2/kg).
Tissue uptake clearance (CL,,,k.) Was assessed as the
amount of radioactivity in tissue at 3 min divided by the area
under the plasma concentration profile (AUC) of the TCA-
precipitable radioactivity from O to 3 min after intravenous
administration (50 pg of IL-2/kg) of ***I-(Gal);—IL-2 or **°I-
(GalNAc),—IL-2 into male mice (C57BL/6, 6w).

Antitumor Activity of IL-2 Derivatives

A subline from S908.D2-vp.2, which was originally se-
lected from metastatic tumor cells in the regional lymph
nodes of mice transplanted with the parental S908.D2 fibro-
sarcoma (13,14), was prepared by isolating the hepatic colo-
nies of mice intrahepatically transplanted with S908.D2-vp.2,
and was used for the murine hepatic tumor model. Briefly, 7.5
x 10* cells of the $908.D2-vp.2 subline were implanted intra-
hepatically into syngenic female mice (B10.D2, Sankyo Lab
Service Co. Inc., Tokyo, Japan) on day 0. Seven days after
tumor inoculation, (Gal);—IL-2, (GalNAc),—IL-2, unmodi-
fied IL-2, or saline was intravenously injected over 5 days
(twice a day; high dose: 4.0 x 10* IL-2 unit/shot (150 wl), low
dose: 1.0 x 10* IL-2 unit/shot (150 wl)). The therapeutic ac-
tivity was evaluated by the tumor growth inhibition. The size
of each tumor is represented as the product of the largest
tumor diameter and the smallest tumor diameter (mm).

1737

Preparation of Hepatocytes

Hepatocytes were prepared from male mice (C57BL/6,
4-8w) by a modified method of Seglen (15), and 4 ~ 6 x 107
cells, with viability of =90% as determined by trypan blue
exclusion, were obtained from one liver perfusion. The mono-
layers were prepared by plating 1 mL containing 3 x 10°
viable cells into twelve-well combination collagen (Type I)-
coated plates (ASAHI Techno Glass Co., Tokyo, Japan). The
hepatocytes were maintained in D-MEM containing 1%
streptomycin/penicillin solution (v/v), 20 mM Hepes, and
10% heat-inactivated fetal bovine serum at 37°C in a humidi-
fied CO, incubator maintained at 95% air/5% CO, overnight.
Protein concentrations were determined according to the
Lowry method, using BSA as the standard.

In Vitro Binding Studies

Displacement of **I-ASOR binding to hepatocytes was
determined by the modified method of Biessen et al. (16). In
short, hepatocytes were incubated for 1 h at 4°C in 400 pl of
DMEM containing 0.1% BSA with 0.6 nM of '**I-ASOR in
the presence or absence of (Gal); or (GalNAc); at 6 concen-
trations, ranging from 1 nM to 1 uM for (GalNAc), and from
100 nM to 100 mM for (Gal);. After removing the medium by
aspiration, the cells were washed four times with 1 ml of
ice-cold D-PBS and were frozen at —80°C for 30 min or
longer. The cells were dissolved in 0.75 ml of 0.1 M NaOH,
and were counted to determine the binding counts in a
y-counter. The inhibition constants (K;) were obtained by
fitting the data to the following equation:

(Cb(+1) = )/(Cypy — a) = /(1 + 1K) (1)

where C,,1)/Cy(_y) represents the ratio of the binding in the
presence of the ligand at its concentration of I to that in its
absence. The « is the proportional constant for the non-
saturable binding, which was fixed to the value obtained by
fitting the binding of '*[-ASOR in the presence of various
concentrations of unlabeled ASOR to the Langmuir equa-
tion.

Pulse-Chase Experiments

The primary cultured mouse hepatocytes were incubated
at 4°C for 2 h with 21 nM of '*I-(Gal);—IL-2 and '*°I-
(GalNAc);—IL-2 in 400 n.L D-MEM in 12 well dishes. After
three washes with ice-cold D-PBS, the cells were incubated at
37°C in D-MEM containing 0.1% BSA and 25 mM Hepes
(pH 7.4) for the designated times. The reaction was stopped
immediately by cooling on an ice-bath and transferring the
supernatant to other tubes. A 150 wl aliquot of each super-
natant was mixed with 150 pl of 20% TCA, allowed to stand
for 10 min at 0°C, and centrifuged at 1000 g for 10 min. The
radioactivities in the supernatant (degraded product, Xg.,)
and the pellet (the dissociated conjugates, L) were sepa-
rately counted. The cells were washed four times with 2 mL of
ice-cold D-PBS, and were allowed to incubate twice in ice
bath for 10 min with ice-cold D-PBS containing 20 mM
EGTA (pH 5.0) to dissociate the cell surface-bound radioac-
tivities (L,). The cells were dissolved in 0.1 M NaOH to de-
termine the internalized conjugates (L;). The specific binding,
internalized, dissociated, and degraded radioactivities were
determined by subtracting the counts obtained in the pres-
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ence of 100 mM GalNAc from those in its absence. Each
amount with a bar represents the mean + SD of triplicate
measurements.

Continuous Incubation Studies

Hepatocytes were incubated at 37°C with 21 nM of '*°I-
(Gal);—IL-2 or '*I-(GalNAc);—IL-2 in 400 pL D-MEM
containing 0.1% BSA and 25 mM Hepes (pH 7.4) for the
designated times. The specific portions of L, L;, and X,
were determined as described for the pulse-chase experi-
ments.

Kinetic Analysis of Receptor-Mediated Endocytosis (RME)

The mathematical model describing the RME process of
the ligand—IL-2 conjugates was constructed by the method of
Kuwabara et al. (17). In the pulse chase studies, both the
internalization rate constant (k;,.) and the dissociation rate
constant (k,g) were calculated from the integration plots of
the integrated amount of L vs L; and L, respectively (17).
In the continuous incubation studies, the observed values for
L,, L;, and X,., were fitted to the following equations, re-

spectively, to obtain K., Ko, Kgegr and ko, R
dL/dt =k, R, C. — (kg + Kine) L 2)
dLy/dt = ki Lg — ke L 3)
AXeg/dt =K g Ly 4)

where kR, and C, are the association clearance of the ligand
to the ASGP-R and the extracellular concentration, respec-
tively. This fitting was performed using the nonlinear least
squares method combined with the Runge Kutta Gill method,
using the Napp program (18) with the ratio of k to k;,, fixed
to be equal to that obtained from the pulse chase study.

Simulation Study Using PBPK Model

Since the major organ for the distribution of ligand—
IL-2 conjugates was the liver, the PBPK model simply con-
sisted of the intracellular, surface, and extracellular spaces of
the liver and the circulating plasma. The elimination path-
ways for the conjugates included RME in the liver and renal
clearance. For the simulation of unmodified IL-2, an experi-
mentally observed non-specific clearance in the liver was also
considered. Hence, the mass balance equations for the con-
centration in circulating plasma (C,) and C, were expressed
as:

dC,/dt=(-Q, C,+Q, C. - CL, C,)/V, 5)
dCe/dt=Q, C, —kouR, C. F+ kogll, - Q, Ce
- Pnsp F Cc)/Vc (6)

where Q,, CL,, V,, V., P, and F are hepatic plasma flow
rate, renal clearance, distribution volume in circulating
plasma, extracellular volume in the liver, nonspecific clear-
ance for IL-2, and a scaling factor, respectively. Both Q,, and
F were obtained by applying the observed values for CL,,axe
and k. R, of both '*°I-(Gal);—IL-2 and '**I-(GalNAc);—
IL-2 to the following equation:

CL = Qh F konRI/(Qh +F konRt) (7)

uptake

This equation is based on the well-stirred model, where k_ R,

Sato et al.

was assumed to be the intrinsic clearance for CL, .- The V,
of the (Gal);—IL-2 and (GalNAc);—IL-2 was estimated by
dividing the dose by the initial plasma concentration, which
was obtained by fitting the plasma concentration profile to
the monoexponential equation. The mass-balance equations
for L, L;, and X, of the ligand—IL-2 conjugates were Eq.
(2), (3), and (4), respectively, whereas that for L; of unmodi-
fied IL-2 was:

dL/dt = P, C

nsp “e

~ Kgey L (8)

deg i

where the k., was fixed to be the average of '*’I-(Gal),—
IL-2 and '**I-(GalNAc);—IL-2. The IL-2 receptor (IL-2R)
occupancy in the liver was obtained by:

Receptor occupancy = C/(Kqy » + C.) )

where K, 11 , is the dissociation constant of IL-2R and is set
to be 10 pM (19). The simulation was carried out by the
Runge Kutta Gill method using STELLA II (High Perfor-
mance Systems, Inc., Hanover, NH USA).

RESULTS

Characterization of the Ligands and Ligand—
IL-2 Conjugates

Both (Gal); and (GalNAc); displayed monophasic inhi-
bition of '**I-ASOR binding to the mouse hepatocytes with
the K; of 191 + 80 and 3.38 + 0.42 nM, respectively, indicating
~50-fold higher affinity of (GalNAc); than (Gal);. This result
is in agreement with the previous reports (3,20) that indicated
the higher binding affinity of GalNAc-terminated ligands for
the ASGP-R than that of Gal-terminated ligands. The M-
TGase-catalyzed conjugation of each ligand and IL-2 resulted
in a 1:1 binding product that could be purified by reversed-
phase HPLC. The recoveries of the (Gal);—IL-2 and (Gal-
NAc);—IL-2 were 15.2 and 20.0%, respectively. The recov-
eries in terms of the IL-2 activity following the conjugation
for (Gal);—IL-2 and (GalNAc),—IL-2 were 102% (9.21 x
106 IL-2 unit/mg) and 94% (8.45 x 10° IL-2 unit/mg), respec-
tively. Thus, both conjugates retained biological activity al-
most equivalent to that of the unmodified IL-2.

Pharmacokinetics of (Gal);—IL-2 and (GalNAc);—IL-2

The liver concentrations of the two conjugates were
much higher than that of IL-2, and the area under the hepatic
concentration curve for (GalNAc),—IL-2 was about twice
that of (Gal);—IL-2 (Fig. 1B). The disappearance of (Gal-
NAc),—IL-2 from the circulation was, on the other hand,
more rapid than that of (Gal);—IL-2, whereas IL-2 was the
most stable in plasma (Fig. 1A). The CL,,,x. of both conju-
gates was highest in the liver, followed by the kidney, and the
CL,pake in the liver of (GalNAc);—IL-2 was greater than
that of (Gal);—IL-2 (Fig. 2).

Antitumor Effects of (Gal);—IL-2 and (GalNAc);—IL-2

Doses of 1 x 10* IL-2 U and 4 x 10* IL-2 U of (Gal);—
IL-2 and 4 x 10* IL-2 U of IL-2 showed significant inhibition
of S908.D2.vp2 sarcoma growth as compared to the control
(Table I, p < 0.05). In contrast, neither dose of (GalNAc);—
IL-2 yielded significant effects (Table I). The ratios of tumor-
free mice after treatment with (Gal);—IL-2 were significantly
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Fig. 1. Plasma concentration (A) and liver accumulation (B) of (Gal);—IL-2 (®), (Gal-
NAc);—IL-2 (O), and IL-2 (A) following i.v. injection. Each protein was injected at a dose of
50 pg as IL-2/kg in male mice, and the concentrations both in plasma and liver were determined
by ELISA. Each value represents the mean + SD of three male mice (C57BL/6, 6w).

lower than those for the control, IL-2, and (GalNAc);—IL-2
groups at both doses. Thus, the antitumor potency was in the
order of (Gal);—IL-2 > unmodified IL-2 > (GalNAc),—IL-2.

RME of '**I-(Gal);—IL-2 and "**I-(GalNAc),—IL-2 in
Mouse Hepatocytes

In pulse chase studies the cell-surface bound '*°I-
(Gal);—IL-2 was mainly dissociated in the medium, with a
lower level of endocytosis whereas most of the '*°I-
(GalNAc);—IL-2 was endocytosed into hepatocytes (Fig. 3).
The integration plot revealed that the k;,, values were 0.0340
and 0.0184 min~', whereas the k. values were 0.0804 and
0.0118 min~! for (Gal);—IL-2 and (GalNAc),—IL-2, respec-
tively. During the continuous incubation, L, of both conju-
gates rapidly reached the steady-state, whereas the L; gradu-
ally increased and also reached a steady-state (Fig. 4). The
Xeg increased after a lag time (~30 min, Fig. 4). These results
exhibit the typical kinetic behavior in RME. Both the L, and

L; values at a steady-state and the increase in X, were 4-8
fold higher for (GalNAc);—IL-2 than (Gal);—IL-2 (Fig. 4).
The L, of '*°I-IL-2 was negligible, whereas the L, of *°I-IL-2
was 28.1 + 4.10 pl/mg protein at 240 min (data not shown). By
model fitting, a remarkable difference was observed in the
k¢ between the two conjugates (Table IT). The kg/k;,, was
2.3 for (Gal);—IL-2 and 0.63 for (GalNAc);—IL-2. Thus,
(Gal);—IL-2 avoided endocytosis, as compared with (Gal-

NAc),—IL-2.

Simulation of the Concentration Profiles of the Conjugates
Based on a PBPK Model

To explain the difference in the antitumor effects among
the conjugates and the unmodified IL-2, simulation studies
were performed using parameters listed in Table III, most of
which were obtained either from in vitro or in vivo studies, or
are cited from the references. Since both conjugates exhibit

Large intestine B
Small intestine
Stomach
Mauscle
Heart
Spleen
Lung

Kidney

Liver

L L

10 15 20 25

Tissue uptake clearance
(ml/min/kg body weight)

Fig. 2. Tissue uptake clearance of '*°I-(Gal);—IL-2 (M) and '*’I-(GalNAc);—IL-2 (). '*I-modified
ligand—IL-2 conjugates were intravenously injected at a dose of 50 pg as IL-2/kg in male mice, and the
plasma concentration profile up to 3 min and the tissue concentration at 3 min of the radioactivity were
determined. Each value represents the mean + SD of three or four mate mice (C57BL/6, 6w).
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Table I. Residual Tumor Sizes in Mice after Repeated i.v. Administrations of (Gal);-IL-2, (GalNAc);-IL-2, or IL-2 in the Hepatic Tumor
Model

Tumor volume

Dose Mean Actual values
Treatment (U/shot) N (mm) (mm) Number of tumor free mouse
Saline - 54 6.83 £5.32 3.07, 3.45, 9.96, 14.74, 2.92 0/5
1L-2 1x107* 7 1.60 + 0.39 1.33, 2.08, 2.18, 1.20, 1.30, 1.45, 1.67 0/7
IL-2 4x10™ 6 1.55+1.18° 0.00, 1.67, 3.63, 1.49, 1.32, 1.21 0/6
(Gal);-IL-2 1x107* 7 0.65 + 1.01° 2.73, 0.00, 0.86, 0.00, 0.95, 0.00, 0.00 4/7¢
(Gal);-IL-2 4x10™ 7 0.53 £ 0.91° 1.68, 0.00, 0.00, 0.00, 0.00, 0.00, 2.02 517¢
(GalNAc);-1L-2 1x107* 7 372 £5.61 1.53,1.71, 2.18, 1.61, 16.41, 1.33, 1.23 0/7
(GalNAc);-IL-2 4x107* 6 3.86 + 4.54 12.91, 1.42, 1.03, 2.54, 3.75, 1.52 0/6

The S908.D2.vp2 sarcoma was implanted intrahepatically into female mice (B10D2, 6w) on day 0 (n = 7). Seven days after the implantation,

modified and unmodified IL-2 were intravenously injected twice a day.

“ One or two mice died before the end of the experiment.
®P < 0.05 as compared to control (Dunnett’s-t-test).

¢P < 0.01 as compared to control, IL-2, and (GalNAc);-IL-2 (Fisher’s protected LSD).

similar biological activity to IL-2, the K |; , value was set to
be equal for the three compounds. Since the two conjugates
exhibited comparable V,, k., (Table III), and CL,,,,. val-
ues in the kidney (Fig. 2), the means of those values were used
for the simulation of IL-2 disposition.

Although the absolute values simulated (Fig. 5) were
different from those experimentally observed (Fig. 1), the
simulated hepatic accumulations of (Gal);—IL-2 and (Gal-
NAc);—IL-2 were much higher than that of IL-2, with that of
(Gal);-IL-2 being slightly higher than that of (GalNAc),—
IL-2 during the initial period (Fig. 5B). The (GalNAc);—IL-2
in plasma rapidly decreased, whereas IL-2 was most stable, at
least in the initial phase (Fig. 5A). The simulated IL-2R oc-
cupancy in the liver rapidly decreased after the injection of
(GalNAc),—IL-2, whereas the relatively higher IL-2R occu-
pancy (>80%) was maintained for a longer period after the
injection of (Gal);—IL-2 (Fig. 5C). To examine the optimal
combination of k_; and k;,,,, the IL-2 concentration profile in
the hepatic extracellular space, which should directly reflect
the exposure of IL-2 to the effector cells (pharmacological
target of IL-2), and the IL-2R occupancy in the liver were
simulated by varying k;,, when the k_; and other parameters
were kept constant to that for (Gal);—IL-2 (0.209 min™?).
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The lower k;,,, value resulted in longer exposure of IL-2 in the
extracellular space and greater IL-2R occupancy in this case
(Fig. 6A, 6B). On the other hand, Fig. 6C and 6D, and Fig. 6E
and 6F show the simulated profiles of IL-2 when the k;,, was
set to the constant value of (Gal);—IL-2 (0.0896 min™") and
at much lower value (0.000896 min™) (3), respectively. In Fig.
6C, the longer exposure of IL-2 in the hepatic extracellular
space was obtained at the higher k_; value, possibly due to its
lower affinity to ASGP-R and slower receptor-mediated
clearance. The IL-2R occupancy (Fig. 6D) was, therefore,
higher at the higher k_ value, although slope of the curve for
IL-2R occupancy in Fig. 6D was sharper, as compared with
that at the optimal (k;,, ~ 0.000896 min~"') condition in Fig.
6B. In Fig. 6E, the larger k ; value resulted in the higher
extracellular concentration during the initial period, which
was followed by its rapid decrease, whereas the lower kg
exhibited the rapid decrease during the initial period, which
was followed by the maintained concentration. Therefore, the
IL-2R occupancy at the k, value of 0.209 min~' was main-
tained at a higher level (>99%) for a longer time period (Fig.
6F). Thus, there seems to be an optimal k value for longer
exposure to the IL-2R, and the k_/k;,, ratio affects the tar-
geting efficacy of the ligand to ASGP-R.
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Fig. 3. Fate of cell-surface bound '*’I-(Gal);—IL-2 (A) and '*I-(GalNAc);—IL-2 (B) in
primary cultures of mouse hepatocytes (Pulse-chase studies). '>*I-modified IL-2 was bound
to cells at 4°C for 2 h. After washing, the cells were transferred to ligand-free medium and
were incubated at 37°C. The surface-bound (O), internalized ([(J), and dissociated (A) ra-
dioactivity, and degradation product (X) were determined. Each value represents the mean

+ SD of three experiments.
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Fig. 4. Time course of cell-associated radioactivity and degradation products during continuous
incubations with '2°I-(Gal);—IL-2 (A) and '?°I-(GalNAc);—IL-2 (B) in primary cultured mouse
hepatocytes. The cells were incubated with *’I-ligand—IL-2 conjugates at 37°C for various time
periods. Surface-bound (O), internalized (1), and degraded (X) amounts were counted. Each value
represents the mean + SD of triplicate measurements. The straight lines indicate the simulated

values obtained by model fitting.

DISCUSSION

This study was designed to evaluate the targeting effi-
ciency of the (Gal);-mediated hepatic delivery of IL-2 via
ASGP-R. By comparing the kinetic profiles of the binding
and the internalization between (Gal);—IL-2 and (Gal-
NAc);—IL-2 (Figs. 3 and 4, Table I), we demonstrated that
the (Gal); ligand has a special feature that allows it to avoid
ASGP-R-mediated endocytosis, and to be targeted specifi-
cally to the liver after binding to the ASGP-R on hepatocytes.

In the S908.D2.vp2 tumor model, the antitumor efficacy
of (Gal);—IL-2 was found to be superior to those of unmodi-
fied IL-2 and (GalNAc);—IL-2 (Table I). The S908.D2.vp2
murine sarcoma model was chosen in this study, since this is
one of the most sensitive models to IL-2 therapy (13,14). This
may be appropriate for demonstrating the differences in the
antitumor potential of each protein. In this model, the anti-
tumor effect of IL-2 against established S908.D2 sarcoma was
reported to be mediated by CD8+ CTL cells, which directly
mediate tumor cell killing, rather than anomalous killer cells
such as NK and LAK cells. This result suggests that the bind-
ing of IL-2 to its receptor on the CD8+ CTL cells in the liver
is the critical factor determining the antitumor activity. In
fact, a genetically engineered fusion protein consisting of a
human/mouse chimeric anti-ganglioside GD2 antibody and
recombinant human interleukin 2 could specifically target
IL-2 to tumor sites via the recognition of ganglioside by an-
tibody, and effectively stimulate immune effector cells (21).
Although there has been no direct demonstration for the im-
portance of IL-2 receptor occupancy as a critical factor de-

Table II. Kinetic Parameters for the Receptor-Mediated Endocytosis
of '*I-(Gal);-IL-2 and (GalNAc);-IL-2 in Primary Cultured Mouse

Hepatocytes
kint koff kdeg
(min")  (min')  (min”')  k,,R/min/mg
(Gal);-1L-2 0.0896 0.209 0.0183 0.986
(SD) (0.0806)  (0.0023) (0.0520)
(GalNAc);-1L-2 0.0451 0.0286 0.0232 2.43
(SD) (0.0053)  (0.0029) (0.107)

Table III. The Parameters Used in Simulation Studies

Parameters Definition Values
konR, Association clearance of the 0.986 pl/min/mg
ligand to the receptor (Gal)*
2.43 pl/min/mg
(GalNAc)“
0 pl/min/mg (IL-2)“
Ko Dissociation rate constant of 0.209/min (Gal)*
the ligand 0.0286/min
(GalNAc)*
Kine Internalization rate constant 0.0896/min (Gal)“
of the ligand 0.0451/min
(GalNAc)“
Kgeg Degradation rate constant of 0.0183/min (Gal)“
the internalized ligand 0.0232/min(Gal-
NAc)”
0.0208/min (IL-2)“
F Scaling factor from in vitro to  36.9 mg/g body
in vivo weight?
v, Distribution volume in plasma  40.1 ml/kg (Gal)®
29.9 ml/kg
(GalNAc)?
35.0 ml/kg (IL-2)¢
V. Volume of extracellular space  11.8 ml/kg (28)
in the liver
Qg Hepatic plasma flow rate 28.5 ml/min/kg”
CL, Renal clearance 2.64 ml/min/kg
(Gal)®
3.24 ml/min/kg
(GalNAc)?
2.94 ml/min/kg
(IL-2)¢
Posp Nonspecific clearance in the 0.117 pl/min/mg
liver (IL-2)«
Dose Dose of ligand-IL-2 conjugate 5 x 10* ng/kg
Kd; » Dissociation constant for IL-2  0.155 ng/ml

receptor

“ Parameters obtained from in vitro studies.
b Parameters from in vivo studies.
¢ Average value between (Gal);-IL-2 and (GalNAc);-1L-2.
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Fig. 5. The simulation for the time profile of the concentration in plasma (A) and liver (B), and the IL-2R occupancy in the liver (C) after
intravenous administration of (Gal);—IL-2 (bold line), (GalNAc);—IL-2 (thin line), and unmodified IL-2 (dotted line). The simulation was
performed based on the PBPK model, using the parameters listed in Table 3.

termining the antitumor activity, we performed the simula-
tion study for such occupancy to quantify the degree of the
receptor binding of IL-2.

In addition to its higher pharmacological activity,
(Gal);—IL-2 is specifically targeted to the liver (Fig. 2). In
our preliminary studies, the wet organ weight of the lung,
assessed as the toxicity exerted by IL-2, was significantly in-
creased by IL-2 (40 pg/day), but not by (Gal);—IL-2, whereas
that of the liver was increased by the same dose of (Gal);—
IL-2 and IL-2. These results suggest the efficient hepatic-
targeting and the site-selective delivery of IL-2 by incorpo-
rating (Gal);. Since high systemic doses of IL-2 cause severe
side-effects, including capillary leak syndrome especially in

the lung, the hepatic-targeting of IL-2 should be useful for
delivering an increased amount of IL-2 near the tumor mi-
croenvironment in the liver, while decreasing the IL-2 deliv-
ery and toxicity to other organs (22,23).

The highest distribution to the liver was observed for
(GalNAc),—IL-2 (Fig. 1), which had the lowest antitumor
potential (Table I). This higher hepatic distribution of (Gal-
NAc);—IL-2 was also confirmed by the higher CL,, . of
(GalNAc);—IL-2 in the liver (Fig. 2). However, the plasma
disappearance of (GalNAc);—IL-2 was the most rapid (Fig.
1). Thus, the higher hepatic distribution results in the higher
systemic elimination of this ligand. It should be noted that the
hepatic distribution assessed in vivo includes the ligands that
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Fig. 6. The simulation for the time profile of IL-2 concentration in the hepatic extracellular space (A, C, E) and IL-2R occupancy in the liver
(B, D, F) after the intravenous administration of the ligand—IL-2 conjugate. In panel A and B, the k,; value was set to be that of (Gal);—IL-2
(0.209 min~?'), whereas the k;,, value was varied between 100 and 1/100 times that of (Gal);—IL-2. In panels C and D, the k;,, value was set
to be that of (Gal);—IL-2 (0.0896 min™"'), whereas the k. value was varied between 100 and 1/100 times that of (Gal);—IL-2. In panels E
and F, the k;,, value was set to be 1/100 that of (Gal);—IL-2 (0.000896 min~'), whereas the kg value was varied between 100 and 1/100 times
that of (Gal);—IL-2. All the other parameters were set to be those of (Gal);—IL-2. In panel F, the data at the kg value of 0.209 min~' were
almost superimposable onto those at the kg value of 0.0209 min~!, and were simulated to be more than 99% until 160 min.
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are present in the extracellular space, associated on the cell-
surface, and endocytosed into the cells. Therefore, further
kinetic analyses are needed to clarify the difference in the
hepatic disposition between each ligand (Figs. 3, 4). The
pulse-chase study in mouse hepatocytes revealed that the kg
value of (Gal);—IL-2 was much higher than that of (Gal-
NAc),—IL-2 (Table I). Additionally, (Gal);—IL-2 showed a
much higher K; value than that of (GalNAc),—IL-2 (see Re-
sults). Therefore, (Gal);—IL-2 has a lower affinity for
ASGP-R and can be more easily dissociated from the cell-
surface receptor after the binding, thus avoiding receptor-
mediated internalization and subsequent intracellular degra-
dation.

Considering the difference in the kinetic parameters of
(Gal);—IL-2 and (GalNAc);—IL-2, the higher affinity to
ASGP-R does not necessarily result in the higher pharmaco-
logical potential of IL-2. To examine our hypothesis that
there might be on optimal affinity of the ligand for delivering
IL-2 to the effector cells, simulation studies based on the
PBPK model were carried out (Figs. 5 and 6, Table IIT). Al-
though further studies are needed to construct a PBPK model
with higher compatibility with the experimentally observed
absolute values, the present PBPK model principally repro-
duces the pharmacokinetic property of each ligand in terms
of: (i) The disappearance from circulating plasma was in the
order of (GalNAc),—IL-2 > (Gal);—IL-2 > IL-2, indicating
that (Gal); has moderate stability in the systemic circulation
among the three proteins. (ii) The hepatic IL-2 concentration
was in the order of (GalNAc);—IL-2 > (Gal);—IL-2 >> IL-2,
suggesting that (Gal); exhibits a moderate hepatic distribu-
tion. (iii) The residence time for IL-2R occupation (>80%)
was in the order of (Gal);—IL-2 > IL-2 > (GalNAc),—IL-2,
which was consistent with the antitumor potency in the he-
patic tumor model (Table I).

Based on the PBPK model thus constructed, both the
pharmacokinetic profiles and the IL-2R occupancy of li-
gand—IL-2 conjugates with various pharmacokinetic proper-
ties can be simulated. Therefore, further simulation studies
were performed to identify the conjugate with the optimal
kinetic parameters for increasing the pharmacological poten-
tial (Fig. 6). The following two points seemed to be the im-
portant for delivering the conjugate to the hepatic extracel-
lular space. First, the k;,,. value should be as small as possible.
When the k,, value was set to be at less than that of (Gal);—
IL-2, the simulated conjugate concentration in the hepatic
extracellular space and the IL-2R occupancy in the liver were
higher, as the k;,, value was lower (Fig. 6A,B). Since the k;,,
value represents the intrinsic efficacy for endocytosis in he-
patocytes, it is reasonable for the ligand with a lower k;,,, to
circulate for a longer period by avoiding internalization. Sec-
ond, the k_;/k;,, should be important since the higher k_./k;,,
indicates the higher stability of the conjugate in the circula-
tion due to endocytosis avoidance (Fig. 6C-6F). Nevertheless,
if this ratio greatly exceeds that of the optimal condition, then
the ligand—IL-2 conjugate cannot be retained for a longer
time, due to the low affinity for the ASGP-R. When the k;,,
was set to a much lower value than that of (Gal),—IL-2 (Fig.
6F), the simulated IL-2R occupancy was highest, with values
up to 160 min at kg of (Gal);—IL-2 (Fig. 6F). These results
suggest that the balance between the two parameters (k;,,, and
Kg) is important to produce the higher pharmacological ac-
tivity of IL-2.
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As well as the ASGP-R on hepatocytes, galactose par-
ticle receptor on Kupper cells can also mediate the uptake of
galactose-exposing particles. However, the effect of these re-
ceptors for the pharmacokinetics and pharmacodynamic pro-
files of (Gal);—IL-2 or (GalNAc);—IL-2 would be small be-
cause of the following reasons. It is reported that high affinity
recognition of '*’I-asialofetuin (competed for by an excess of
unlabelled asialofetuin) is exerted by hepatocytes, not by
Kupper cells, after intravenous injections in rats (24). Fur-
thermore, Kupper cells are unable to internalize small galac-
tose-terminated molecules such as asialofetuin via their ga-
lactose particle receptors. These results indicate that galac-
tose-terminated ligand has minimal specific affinity for
galactose-particle receptor on Kupper cells. In fact, hepatic
targeting of both (Gal), and (GalNAc); ligands in the liver of
mice was similarly decreased by coadministering asialofetuin
(data not shown). (Gal);—IL-2 was also targeted to the liver
in mice, but competed by asialoorosomucoid (7). Considering
also that the number of Kupper cells is much smaller (about
1/10) than that of hepatocytes in the liver, it is concluded that
the hepatic targeting of (Gal);—IL-2 and (GalNAc);—IL-2 is
mediated mainly by ASGP-R binding on hepatocytes.

Although (Gal); and (Gal);—IL-2 had much lower af-
finity (higher K; and koff) to ASGP-R than (GalNAc); and
(GalNAc),—IL-2, the difference in the hepatic distributions
between the two conjugates was not so obvious (Figs. 1, 2).
This result can be explained if we consider that the hepatic
association of these two conjugates was closely limited by the
plasma flow rate, since the CL,,, .. of (Gal);—IL-2 and (Gal-
NAc),—IL-2 (Fig. 2) was not very different from Q,, (Table
III). Therefore, it is reasonable that the change in the intrinsic
affinity to ASGP-R does not proportionally affect the hepatic
targeting observed in vivo.

Our hepatic targeting system using (Gal); is a novel and
attractive methodology for therapeutic protein treatment of
liver diseases, since this system can deliver cytokines to the
extracellular space in the liver, where the pharmacologic ac-
tion takes place. In fact, the antitumor effect of IL-2 seemed
to be increased by this system (Table I). As compared with
the previous hepatic delivery systems, which randomly de-
rivatize the proteins with oligosaccharide moieties or modify
the carbohydrate chains of the native proteins, this method-
ology is useful in terms of the following points: (i) We can
design a variety of ligands to achieve favorable pharmacoki-
netic properties for each therapeutic protein. (ii) The con-
structed conjugate in this methodology has a homologous
structure with a single site of (Gal); incorporation (7). The
concept that the lower affinity to ASGP-R may produce
higher pharmacological activity might be applicable to deliv-
ery systems to other types of receptors that are highly ex-
pressed on specific cells, like the case of ASGP-R. Mannose
receptor would be another target for delivering proteins
around non-parenchymal cells, because of its higher expres-
sion in those cells (25). Since higher transferrin receptor and
folate receptor expression is observed on carcinoma cells as
compared to normal cells, these might be attractive targets for
specific delivery to the tumor (26,27). Our methodology
would also be applicable to a variety of therapeutic proteins
for their hepatic delivery. However, the relationship between
the structures and the properties to the ASGP-R of the li-
gands is the next problem to be solved.

In conclusion, the hepatic targeting system utilizing the
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(Gal), ligand shows great potential for future therapeutic ap-
plications of protein drugs. To improve the targeting efficacy,
the kinetic properties avoiding endocytosis are important, in-
cluding the affinity to ASGP-R, the absolute value of k;,,,, and
the ratio of kg to k;,,.
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