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AbstractmMethoxypoly(ethylene glycol) (PEG) modifica-
tion of Escherichia coliβ-glucuronidase (βG) was exam-
ined as a method to improve the stability and pharmacoki-
netics of antibody-βG conjugates for the targeted activation
of glucuronide prodrugs at tumor cells. Introduction of 3
PEG molecules did not affectβG activity whereas higher
degrees of PEG modification produced progressively great-
er loss of enzymatic activity. The enzyme was found to be
stable in serum regardless of PEG modification. PEG-
modified βG was coupled via a thioether bond to mAb
RH1, an IgG2a antibody that binds to the surface of AS-30D
hepatoma cells, to produce conjugates with 3 (RH1-βG-
3PEG), 5.2 (RH1-βG-5PEG) or 9.8 (RH1-βG-10PEG) PEG
molecules perβG with retention of 75%, 45% and 40% of
the combined antigen-binding and enzymatic activity of the
unmodified conjugate RH1-βG. In contrast to the rapid
serum clearance of RH1-βG observed in mice, the PEG-
modified conjugates displayed extended serum half-lives.
RH1-βG-3PEG and RH1-βG-5PEG also exhibited reduced
spleen uptake and greater tumor accumulation than RH1-
βG. BHAMG, the glucuronide prodrug ofp-hydroxyaniline
mustard (pHAM), was relatively nontoxic in vivo. Injection
of 6 mg/kg or 12 mg/kg pHAM i.v. depressed white blood
cell numbers by 46% and 71% whereas 80 mg/kg BHAMG
reduced these levels by 22%. Although the tumor/blood
ratio of RH1-βG-5PEG was adversely affected by slow
clearance from serum, combined therapy of small solid
hepatoma tumors with this conjugate, followed 4 and 5 days

later with i.v. injections of BHAMG, cured all of seven
mice with severe combined immunodeficiency. Combined
treatment with a control antibody-βG conjugate and
BHAMG delayed tumor growth and cured two of six
mice while treatment with pHAM or BHAMG alone was
ineffective.
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Introduction

Cancer chemotherapy is often terminated because of un-
acceptable toxicity to normal tissues and associated side-
effects [1]. Drug specificity can be increased by linking
antineoplastic agents to monoclonal antibodies that bind to
antigens preferentially expressed on the surface of tumor
cells [2, 3]. Limits on the amount of drug that can be linked
to antibodies [2], slow internalization of drug conjugates
into cancer cells [4], and heterogeneous antigen expression
and conjugate distribution in solid tumors [5], however,
combine to limit the in vivo efficacy of direct drug
conjugates. An alternative two-step strategy [6, 7], in
which an antibody-enzyme conjugate is targeted to tumor
cells for subsequent activation of an antineoplastic prodrug,
can theoretically overcome many of the limitations inherent
in chemoimmunoconjugates. Antibody-enzyme conjugates
are non-toxic, allowing administration of high concentra-
tions for enhanced tumor localization and intratumor pene-
tration. Conjugate internalization is unnecessary, as enzyme
localized on the surface of tumor cells is capable of
activating a subsequently administered prodrug [8]. In
addition, enzymatic conversion of prodrugs in tumors can
produce high concentrations of low-molecular-mass active
anti-neoplastic drugs [9], which should be able to diffuse
throughout the tumor to produce bystander killing [10].

Although several enzyme-prodrug combinations are
currently being investigated for cancer therapy [11], our
efforts have focused on the activation of the glucuronide
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prodrug (BHAMG) of p-hydroxyaniline mustard (pHAM)
by β-glucuronidase (βG) linked to monoclonal antibodies
[12, 13].βG-activated glucuronide prodrugs possess poten-
tial advantages for cancer therapy. Because the concentra-
tion of βG in human serum is very low [14], glucuronide
prodrugs should be resistant to premature activation in the
blood after i.v. administration. Although the liver, gastro-
intestinal tract, spleen and lungs contain endogenousβG
[15], mammalian tissues also express UDPglucuronosyl-
tranferases, a class of xenobiotic-detoxification enzymes
that can reverse the reaction catalyzed byβG [16]. Gluc-
uronide conjugates are major metabolites of many drugs in
humans [17, 18], further indicating that glucuronide pro-
drugs may not be prematurely activated by endogenousβG
in vivo. Activated prodrug not taken up by tumor cells may
also be reconverted to the glucuronide conjugate after
passing through organs containing high UDPglucuronosyl-
transferase activities. In addition,Escherichia coli-derived
βG has a pH optimum at physiological pH [19] and the low
specificity of the enzyme for aglycones conjugated with the
glucuronide group [14] has allowed the development of a
variety of glucuronide prodrugs [20–22]. Glucuronide pro-
drugs also possess increased water solubility [20], which
may allow improved formulation of insoluble antineoplas-
tic agents.

The aim of the present investigation was to study the
effect of polyethylene glycol modification ofβG on en-
zyme stability and the pharmacokinetics and tumor local-
ization of antibody-βG conjugates for the targeted activa-
tion of BHAMG for solid tumor therapy. Preliminary
studies employing a conjugate formed betweenβG and
mAb RH1, an IgG2a monoclonal antibody that binds to a
32-kDa antigen expressed on the surface of AS-30D hep-
atoma cells [23], indicated that RH1-βG rapidly disap-
peared from the circulation of mice. In addition,βG has
been reported to be unstable in serum [20]. Proteins
derivatized with monomethoxypoly(ethylene glycol)
(PEG), a linear, hydrophobic, uncharged, flexible polymer
[24], often exhibit increased stability, extended serum half-
lives, and reduced immunogenicity [25]. We demonstrate
that βG is stable in serum regardless of PEG modification.
In addition, PEG modification extended the half-life of
RH1-βG, decreased normal tissue uptake and increased the
localization of conjugates at solid tumors in nude mice.
Combined therapy with PEG-modified RH1-βG and
BHAMG also produced cures in 100% of mice with severe
combined immunodeficiency (scid) bearing small solid AS-
30D hepatoma tumors.

Materials and methods

Reagents and cells

p-Hydroxyaniline mustard (pHAM) and its glucuronide prodrug
(BHAMG) were synthesized as described [12]. Succinimidyl succinate
poly(ethyleneglycol) 5 kDa,p-nitrophenyl β-D-glucuronide,p-nitro-
phenol, trinitrobenzenesulfonic acid, Sepharose CL-4B protein A and
bovine serum albumin (BSA; fraction V) were purchased from Sigma
Chemical Company, St. Louis, Mo. Succinimidyl-4-(N-maleimido-

methyl)cyclohexane 1-carboxylate was from Pierce Chemical Com-
pany, Rockford, Ill. Sephadex G-25 and Sephacryl S-300 HR gels were
purchased from Pharmacia Biotech Far East Ltd., Taipei, Taiwan.
[3H]Leucine was purchased from Amersham International plc, Buck-
inghamshire, England. Taq DNA polymerase was from Perkin Elmer,
Norwalk, and restriction enzymes were from BRL, Gaithersburg.
HepG2 human hepatoma cells and FO myeloma cells were obtained
from ATCC, Rockville, Md. The AS-30D rat hepatoma cell line [26]
was generously provided by Dr. J. P. Chang, Institute of Zoology,
Academia Sinica, Taiwan. HepG2 cells were maintained in RPMI-1640
medium (Gibco BRL, Grand Island, N.Y.) supplemented with 5% heat-
inactivated fetal bovine serum, 100 U/ml penicillin and 100µg/ml
streptomycin. AS-30D cells were cultured in Dulbecco’s modified
Eagle’s medium (Gibco BRL) supplemented as above.

Animals

BALB/c, nude and scid mice were obtained from the animal room of
the Institute of Biomedical Sciences, Academia Sinica, Taipei, Taiwan.
Animal experiments were performed in accordance with institute
guidelines.

Production of recombinantβG

Plasmid pRAJ260 [19], generously provided by Dr. R. A. Jefferson,
Department of Molecular, Cellular and Developmental Biology,
University of Colorado, was used as the template for polymerase
chain reaction (PCR) amplification ofβG with the primers
59-CGAGATCTGCAGGTCAGTCCCTTATGTTA-39 and 39-TCGTC-
CCTCCGTTTGTTACTTTTCGAATGAGAGG-59 to introduce PstI
and HindIII restriction sites before the initiation and after the stop
codons ofβG respectively. Amplification was performed in a Perkin-
Elmer thermocycler by touchdown PCR [27]. The amplified fragment
was digested withPstI and HindIII and subcloned in-frame into
pRSETB (Invitrogen, The Netherlands) to introduce a histidine tag at
the N-terminus ofβG. RecombinantβG was produced by isopropylβ-
D-thiogalactopyranoside induction of BL21(DE3) bacteria (Novagen,
Madison, Wis.) that had been transformed with the pRSETB-βG
vector.βG was purified from crude bacterial lysates by metal chelate
chromatography on His-Bind resin (Novagen). After washing of the
column with 30 mM imidazole, 0.5 M NaCl, 20 mM TRIS/HCl, pH 7.9,
βG was eluted with 500 mM imidazole, 250 mM NaCl, 10 mM TRIS/
HCl, pH 7.9. The purified enzyme was desalted on a Sephadex G-25
column equilibrated with phosphate-buffered saline (PBS) and stored
at –80°C. RecombinantβG, obtained in yields of 70–80 mg/l bacterial
culture, ran as a single band on sodium dodecylsulfate/polyacrylamide
gels and possessed activity equivalent to a highly purified commercial
preparation ofβG (Sigma Type X-A).

Antibodies

mAb RH1 is a murine IgG2a monoclonal antibody, developed in our
laboratory, which binds a 32-kDa antigen expressed on the surface of
AS-30D cells [23]. Control hybridoma H16-L10-4R5, which secretes
an IgG2a antibody (mAb HB65) against a nucleoprotein of influenza A
virus, was obtained from the American Type Culture Collection
(Rockville, Md.). A hybridoma secreting mAb 1E8 (IgG1) was gener-
ated as described [28] by fusing FO myeloma cells with spleenocytes
isolated from a BALB/c mouse that had been immunized with
recombinantβG. Polyclonal rabbit serum againstβG was produced
by standard techniques. mAb were purified from ascites produced in
BALB/c mice by protein-A affinity chromatography. Secondary anti-
bodies were from Organon (Durham, N.C.).

Pharmacokinetics of RH1-βG in mice

Groups of two BALB/c mice were i.v. injected with 300µg βG, RH1-
βG or mAb RH1 in sterile PBS.βG and RH1-βG concentrations in
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serum, recovered from whole blood by centrifugation, were estimated
by measuring serumβG activity. A 20-µl sample of serum diluted in
PBS containing 0.05% BSA was added to 200µl βG assay buffer
(100 mM acetic acid, 50 mM BISTRIS, 50 mM triethanolamine, pH
adjusted to 7 with NaOH) in 96-well microtiter plates. A 25-µl sample
of 32 mM p-nitrophenylβ-D-glucuronide substrate was added for 30
min at 37°C and the absorbance of wells was then measured in a
microtiter plate reader (Molecular Devices, Menlo Park, Calif.) at
405 nm. mAb RH1 concentrations were determined by ELISA using
AS-30D cells coated in 96-well plates as antigen source [2]. Half-lives
of conjugates were estimated by linear regression analysis of data
plotted as log concentration versus time.

PEG modification ofβG

Various weight ratios of succinimidyl succinate poly(ethylene glycol)
were added toβG (1.7 mg/ml in deoxygenated PBS containing 1 mM
EDTA) for 2 h at room temperature. After extensive dialysis against
PBS (five changes), samples were analyzed for protein concentration
by the bicinchoninic acid assay (Pierce, Rockford, Ill.) with BSA
employed as the reference protein.βG activity was measured as
described above with recombinantβG employed as a standard. The
number of PEG molecules attached toβG was estimated by measuring
the reduction of trinitrobenzesulfonic-acid-reactive amine groups in
βG after PEG modification [29]. A molar absorption coefficient for
free amino groups (ε335) of 1.46×104 M–1 cm–1 was estimated by
reacting known concentrations of recombinantβG with trinitrobenze-
nesulfonic acid.

βG stability

RecombinantβG and PEG-modifiedβG (500µg/ml) were incubated in
PBS at 4°C or 37°C or in PBS containing 50% bovine, mouse or
human serum at 37°C for 24 h. Samples were serially diluted in PBS
or in PBS containing 0.5% BSA and 20-µl samples were assayed for
βG activity as described above, except that the assays were carried out
for 20 min (PBS-diluted samples) or 10 min (samples diluted in
PBS+0.5% BSA) before the absorbance was read at 405 nm. The in
vivo stability of βG was determined by i.v. injecting 500µg βG into a
BALB/c mouse. Serum samples recovered before and 5 min, 30 min,
1 h, 2 h, and 4 h after injection were electrophoresed on a reduced
sodium dodecyl sulfate/polyacrylamide gel, transferred to nitrocellu-
lose paper and immunoblotted with mAb 1E8 or polyclonal rabbit
serum againstβG. After incubation with the appropriate horseradish-
peroxidase-coupled second antibodies, immunoblots were developed
with the SuperSignal CL-HRP substrate system (Pierce).

Antibody-βG conjugates

Conjugates with different degrees of PEG modification were generated
by reactingβG with 3.5, 7, or 14 mg succinimidyl succinate poly(eth-
ylene glycol)/mgβG before conjugation. These conjugates are referred
to as mAb-βG-3PEG, mAb-βG-5PEG, and mAb-βG-10PEG respec-
tively. One-twentieth volume of saturated glycine in PBS was added to
PEG-modifiedβG for 15 min to deactivate free PEG before separation
on Sephadex G-75 equilibrated with PBS containing 1 mM EDTA.βG-
PEG was coupled to mAbs RH1 and HB65 via thioether bonds as
described [13]. Conjugates were purified by size-exclusion chroma-
tography on Sephacryl S-300 HR equilibrated with PBS. The molec-
ular mass of conjugates was greater than 220 kDa as estimated by
sodium dodecyl sulfate/polyacrylamide gel electrophoresis. Protein
concentrations were measured by the bicinchoninic acid assay and
enzyme activities of conjugates were measured as described above.
The combined antigen-binding andβG activities of conjugates were
determined by adding 50µl serially diluted conjugate to microtiter
plates coated with AS-30D cells [2]. After incubation for 1 h at 37°C,
plates were washed with PBS and then assayed forβG activity as
described above.

In vitro activation of prodrug by RH1-βG-3PEG

AS-30D or HepG2 cells were plated overnight in 96-well microtiter
plates at 20000 cells/well. A 1-µg/ml sample of RH1-βG-3PEG was
added to the cells in triplicate for 30 min at room temperature; controls
received no RH1-βG-3PEG. After washing cells once with PBS, serial
dilutions of pHAM or BHAMG in medium containing 5% fetal calf
serum were added to cells for 2 h at 37°C. Cells were subsequently
washed once with sterile PBS, incubated for 48 h in fresh medium and
then pulsed for 2 h with [3H]leucine (1 µCi/well) in leucine-free
medium. Radioactivity of trichloroacetic-acid-precipitated protein
was measured in a Beckman LS 6000 series liquid scintillation counter.
Results are expressed as percentage inhibition of [3H]leucine incorpo-
ration (cpm) compared with untreated cells by the following formula:

Inhibition �%� � 100�
3H in sampleÿ 3 H background
3H in controlÿ 3 H background

Pharmacokinetics of PEG-modified conjugates in mice

Samples containing 300µg RH1-βG or RH1-βG-PEG (different
degrees of modification) were injected into the lateral tail vein of
groups of five mice. Serum, isolated from blood samples, was serially
diluted in PBS containing 0.05% BSA. Known concentrations of RH1-
βG or RH1-βG-PEG, employed as standards, were likewise diluted and
50-µl samples were added to microtiter plates coated with AS-30D
cells for 1 h at 37°C. Plates were washed three times with PBS and
assayed forβG activity. This assay measures intact conjugates that
display both antigen-binding and enzymatic activities.

Conjugate localization

Samples containing 107 AS-30D cells were injected s.c. into 8-week
old nude mice. After tumors had grown to approximately 1 cm3, 300µg
RH1-βG, HB65-βG-3PEG, RH1-βG-3PEG or RH1-βG-5PEG was i.v.
injected into the lateral tail vein of mice. Groups of three to ten mice
for RH1-βG and RH1-βG-5PEG and one mouse for HB65-βG-3PEG
and RH1-βG-3PEG were sacrificed 48, 72 and 96 h later. Blood and
tumor, liver, kidney, spleen, stomach and lung tissues were removed
and washed in PBS. Individual tissue samples were weighed on an
analytical balance, cut into small pieces and suspended in 2 mlβG
assay buffer. Samples were sonicated four times for 20 s on ice and
then assayed forβG activity as described above. Uptake ofβG in
tumors and organs was determined by subtracting the activity of
endogenousβG in tissues obtained from tumor bearing mice that did
not receive conjugate.

Drug toxicity

Acute toxicity of drugs in BALB/c mice was determined by i.v.
injecting 0, 3, 6, or 12 mg/kg pHAM in dimethylsulfoxide or 0, 10,
20 or 40 mg/kg BHAMG in PBS on 2 consecutive days and observing
animal survival for 100 days. To determine hematological toxicity,
groups of BALB/c mice (n = 5–10) were i.v. injected with 0, 3, 6, or
12 mg/kg pHAM in dimethylsulfoxide or 0, 10, 20 or 40 mg/kg
BHAMG in PBS on days 0 and 1. A 50-µl sample of blood from the
tail vein of mice was collected into Labcraft disposable 100-µl
calibrated pipettes that had been prefilled with 50µl PBS containing
1.5 mg/ml EDTA. Blood was immediately expelled into microfuge
tubes containing 50µl of the same buffer and the number of platelets,
lymphocytes and red blood cells were measured with a Coulter T-540
cell counter.

Solid-tumor therapy

Groups of six or seven scid mice were s.c. injected on the right flank
with 5×106 AS-30D cells on day 1. On day 5, mice were left untreated
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(control, pHAM, and BHAMG groups) or i.v. injected via the lateral
tail vein with 200µg RH1-βG-5PEG or HB65-βG-5PEG. On days 9
and 10, mice were i.p. injected with 3 mg/kg pHAM in dimethylsulf-
oxide (pHAM group) or i.v. injected with PBS (control group) or
15 mg/kg BHAMG in PBS (BHAMG, RH1-βG-5PEG and HB65-βG-
5PEG groups). Tumor volumes were calculated as length× width ×
height × 0.5. Mice were killed when they displayed signs of morbidity
or when the tumor size exceeded 2.5 cm3.

Statistical analysis

Statistical significance of differences between mean values was esti-
mated with the shareware program Schoolstat (White Ant Occasional
Publishing, West Melbourne, Australia) using the independentt-test for
unequal variances.

Results

In vivo pharmacokinetics of RH1-βG

The serum concentration of RH1-βG after i.v. injection into
BALB/c mice rapidly decreased with an initial half-life of
1.4 h (results not shown).βG was also rapidly eliminated
with an initial serum half-life of less than 1.3 h. mAb RH1,
in contrast, was eliminated more slowly with an initial half-
life of 6.3 h, suggesting that rapid elimination of RH1-βG
from the circulation of mice was due to loss ofβG activity
or removal ofβG from the blood pool.

βG stability in serum

To determine whether deactivation ofβG was responsible
for the rapid decline ofβG and RH1-βG observed in mice,
the stability of βG in serum was investigated. Figure 1A
shows that the activity ofβG incubated in PBS at 37°C for
24 h was essentially identical to enzyme incubated at 4°C.
Incubation of βG in human serum increased activity by
250% whereas activity increased 290% in bovine or mouse
serum. In this experiment, all samples were diluted in PBS
before assayingβG activity. βG incubated in PBS for 24 h
was also serially diluted in PBS containing 0.5% BSA
before assayingβG activity. Under these conditions, enzy-
matic activity increased to the levels found in human serum
(Fig. 1B), demonstrating that serum stimulated rather than
stabilizedβG activity. The activity ofβG was also stimu-
lated in solutions containing immunoglobulin, mucin, or the
detergent CHAPS (results not shown). Immunoblot analysis
of serum obtained after i.v. injection ofβG into a BALB/c
mouse did not detect any degradation of the enzyme
(Fig. 1C). Identical results were obtained on immunoblots
probed with rabbit polyclonal antibodies againstβG (data
not shown). The half-life ofβG, estimated by densiometric
analysis of immunoblots probed with monoclonal or poly-
clonal antibodies, was 0.8 h and 2.3 h respectively, brack-
eting the estimated half-life ofβG determined by enzyme
assay of blood samples (less than 1.3 h). These results
indicate that the rapid decline of RH1-βG in serum after i.v.
injection in mice was not due to deactivation or degradation
of βG.

PEG modification ofβG

Reaction ofβG with increasing weight ratios of succinimi-
dyl succinate poly(ethyleneglycol) resulted in a dose-relat-
ed increase in the number of PEG molecules conjugated to
βG with a corresponding decrease in enzymatic activity
(Fig. 2A). Introduction of 3 PEG molecules did not de-
crease enzyme activity whereas linkage of 5 or 10 PEG
molecules toβG resulted in 25% and 35% reduced activity
respectively. PEG-modifiedβG was stable in serum
(Fig. 2B).
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Fig. 1A–CmStability of β-glucuvonidase (βG) in serum.βG (500µg/
ml) was incubated for 24 h in phosphate-buffered saline (PBS) at 4°C
(*) or in 50% bovine (&), mouse (n) or human (e) serum or PBS
(*) at 37°C. Samples were then serially diluted in PBS (A) or in PBS
containing 0.5% bovine serum albumin BSA (B) before assay ofβG
activity. Results represent mean values of duplicate determinations.
C Serum samples recovered from a BALB/c mouse after i.v. injection
of βG were electrophoresed on a reduced polyacrylamide gel, trans-
ferred to a nitrocellulose membrane, and immunoblotted with mAb
1E8. Lanes:1 recombinantβG; 2 position of prestained molecular
mass standard proteins (112, 86, 70, 57, and 39.5 kDa);3 serum sample
before injection ofβG; and serum samples 5 min (4), 30 min (5), 1 h
(6), 2 h (7) or 4 h (8) after injection ofβG



PEG-modified antibody-βG conjugates

PEG-modifiedβG was covalently linked to mAb RH1 and
HB65 to form the conjugates RH1-βG-3PEG, HB65-βG-
3PEG, RH1-βG-5PEG and RH1-βG-10PEG, containingβG
modified with an average of 3, 5.2, or 9.8 molecules of
PEG. The enzymatic activity of RH1-βG-3PEG and the
control antibody conjugate HB65-βG-3PEG was similar to
that of RH1-βG whereas theβG activity of RH1-βG-5PEG
and RH1-βG-10PEG was about 25% lower than that of the
unmodified conjugate (data not shown). The combined
antigen-binding and enzymatic activities of RH1-βG-
3PEG, RH1-βG-5PEG, and RH1-βG-10PEG were approx-
imately 25%, 55% and 60% lower than that of RH1-βG
(Fig. 3A). Conjugate binding to AS-30D cells was anti-
body-mediated, as shown by the low binding of the control
conjugate HB65-βG-3PEG to these cells. None of the
conjugates bound antigen-negative HepG2 cells (data not
shown), confirming that the conjugates retained antigen-
binding specificity.
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Fig. 2A,BmPoly(ethylene glycol) (PEG) modification of βG. A βG
was reacted with different weight ratios of succinimidyl succinate
monomethoxypoly(ethylene glycol) for 2 h at room temperature. The
number of PEG molecules introduced intoβG (&) and mean values of
βG-PEG activity (*) from duplicate determinations are compared to
the activity of nativeβG. B βG-3PEG (500µg/ml) was incubated for
24 h in PBS at 4°C (*) or in 50% bovine (&), mouse (n) or human
(e) serum or PBS (*) at 37°C before samples were serially diluted in
PBS and assayed forβG activity

Fig. 3A–CmActivity and in vivo elimination of PEG-modified con-
jugates.A Serial dilutions of RH1-βG (*), RH1-βG-3PEG (&), RH1-
βG-5PEG (n), RH1-βG-10PEG (e), or HB65-βG-3PEG (&) were
incubated in microtiter plates coated with antigen-positive AS-30D
cells before assay ofβG activity. Results represent mean values of
duplicate determinations.B Antigen-positive AS-30D (solid symbols)
or antigen-negative HepG2 cells (open symbols) were incubated with
p-hydroxy aniline mustard (pHAM;&,&) or the glucuronide prodrug
of p-hydroxy aniline mustard (BHAMG;*, *) or with medium
containing 1 µg/ml RH1-βG-3PEG for 30 min before cells were
washed and BHAMG (r, e) was added for 2 h. Cells were incubated
in fresh medium for an additional 46 h and incorporation of [3H]leu-
cine into cellular protein was measured. Results represent mean values
of triplicate determinations.C 300µg of mAb RH1 (*), RH1-βG (*),
RH1-βG-3PEG (&), RH1-βG-5PEG (n), or RH1-βG-10PEG (e) was
injected i.v. into groups of five BALB/c mice at time zero. Antibody
and conjugate concentrations were determined in serum samples
obtained at the indicated times.Bars SE of the mean



The IC50 value of BHAMG to AS-30D cells was about
90 µM (Fig. 3B). AS-30D cells preincubated with 1µg/ml
RH1-βG-3PEG, however, were killed by BHAMG with an

IC50 value of 0.28µM, similar to the IC50 value produced
by pHAM (0.22 µM), showing that RH1-βG-3PEG effi-
ciently converted BHAMG to pHAM at antigen-positive
tumor cells. In contrast, RH1-βG-3PEG did not appreciably
convert BHAMG to pHAM at HepG2 antigen-negative
cells (Fig. 3B), confirming the specificity of this conjugate.
Protein synthesis was not affected in AS-30D cells that
were preincubated with HB65-βG-3PEG before addition of
BHAMG (data not shown), indicating that the control
conjugate did not substantially bind to AS-30D cells.

Serum half-lives of RH1-βG-PEG

PEG-modified conjugates displayed extended circulation
times in BALB/c mice compared with RH1-βG (Fig. 3C).
The elimination of RH1-βG-10PEG was similar to mAb
RH1 elimination whereas conjugates modified with less
PEG (RH1-βG-5PEG and RH1-βG-3PEG) were eliminated
more rapidly than mAb RH1 but more slowly than RH1-
βG. Attachment of 3 or 5 PEG molecules toβG increased
the initial half-lives of conjugates compared to RH1-βG,
whereas incorporation of 10 PEG molecules also extended
the terminal half-life of RH1-βG-10PEG (Table 1). The
rapid elimination of RH1-βG could not be attributed to any
instability of the conjugate since blood levels were similar
regardless of whether enzyme activity (data not shown) or
intact conjugate (Fig. 3C) was measured.

Tumor localization of RH1-βG-PEG

Low levels of tumor localization were observed after
injection of 300 µg RH1-βG (Fig. 4A). RH1-βG-5PEG,
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Fig. 4A–DmDistribution of antibody-βG conjugates in tumor-bearing
mice. SpecificβG activity was measured in tumors, serum, and normal
tissues removed 48, 72 and 96 h after i.v. injection of 300µg of RH1-
βG (A) or RH1-βG-5PEG (B) into groups of three to ten nude mice or
injection of 300µg RH1-βG-3PEG (C) or HB65-βG-3PEG (D) into
individual nude mice bearing established s.c. solid AS-30D tumors.
Bars SE of the mean

Table 1mComparison of conjugate half-life and localization in tumor
and spleen.NM not meaningful,ND not determined,βG β-glucuroni-
dase,RH1RH1 antibody,PEGpoly(ethylene glycol),τ1⁄2α initial half-

life, τ1⁄2β terminal half-life. SpecificβG activity was determined 96 h
after conjugate administration

Conjugate Half-life SpecificβG activity (10–3 µmol mg–1 h–1) Activity ratio

τ1⁄2α (h) τ1⁄2β (h) Tumor Spleen Serum Tumor/blood Tumor/spleen

RH1-βG 51.3 17.7 0.7+1.6 6.5+1.6 0.0 NM 0.26
RH1-βG-3PEGa 7.3 15.4 6.1 1.0 0.55 11 6
HB65-βG-3PEGa ND ND 0.04 0.8 0.45 0.09 0.05
RH1-βG-5PEG 7.2 19.1 8.2+5.3* 0.2+0.6** 3.8+0.87 2.2 41
RH1-βG-10PEG 10.4 43.6 ND ND ND NM NM
RH1 7.3 51.9 NM NM NM NM NM

* P = 0.10 compared with RH1-βG
** P 50.05 compared with RH1-βG
a Values represent the results of one mouse



on the other hand, exhibited enhanced tumor localization
(Fig. 4B) compared with RH1-βG, although the results
were not statistically significant (P = 0.10) because of the
large variation in measured enzyme activities. Results
employing limited numbers of mice indicated that RH1-
βG-3PEG also displayed enhanced tumor localization
(Fig. 4C). Although the absolute tumor uptake of RH1-
βG was low after 96 h, a high tumor/blood ratio was
achieved through the rapid clearance of conjugate from
the blood pool (Table 1). The tumor/blood ratio for RH1-

βG-3PEG was also substantial 96 h after administration.
Although the highest absolute tumor uptake was achieved
with RH1-βG-5PEG, the tumor/blood ratio was only 2.2
after 96 h because of the slower clearance of this conjugate
from serum. In contrast to the tumor/blood ratio, the tumor/
spleen ratio was inversely related to the degree of PEG
modification; spleen uptake of RH1-βG-5PEG (tumor/
spleen = 41) was significantly (P50.05) lower than that
of RH1-βG (tumor/spleen = 0.26). The control conjugate
HB65-βG-3PEG did not specifically accumulate in solid
AS-30D tumors (Fig. 4D).

Toxicity of pHAM and BHAMG

A total dose of 80 mg/kg BHAMG was not lethal to BALB/
c mice. In contrast, a dose of 24 mg/kg pHAM resulted in
the death of 100% of the mice by day 9 and 12 mg/kg
pHAM was lethal to 40% of mice. All mice survived after
receiving 6 mg/kg pHAM. Intravenous injection of pHAM
significantly depressed numbers of white blood cells within
2 days (Fig. 5A). White blood cell nadirs were reached 6
days after pHAM administration, at which time the mean
number of these cells in mice treated with 6, 12, or 24 mg/
kg pHAM corresponded to 54%, 29% and 4% of the mean
numbers in control mice injected with vehicle (dimethyl-
sulfoxide). White blood cell levels in surviving mice
recovered to control levels by day 16. Red blood cell
toxicity at all pHAM doses was also significant by day 6
(Fig. 5C) but pHAM was less toxic to platelets (Fig. 5E).

BHAMG doses of 20 mg/kg and 40 mg/kg did not
induce significant decreases in white or red blood cells or
platelet numbers compared to those in control mice (Fig. 5).
A total dose of 80 mg/kg BHAMG resulted in significant
depression of white cells to 78% and 81% of control levels
on days 9 and 16 respectively (Fig. 5B). This dose of
BHAMG did not significantly affect red cell levels
(Fig. 5D), but did decrease platelet numbers to 90% of
control levels on day 9 (Fig. 5F).

Table 2 compares the hematological toxicity observed in
mice after i.v. injection of BHAMG and pHAM. Mice that
were i.v. injected with 6 mg/kg pHAM had significantly
lower numbers of white blood cells on days 2 and 6 and
significantly fewer red cells on days 2, 6 and 9 compared
with mice that received 80 mg/kg BHAMG. Injection of
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Fig. 5A–FmToxicity of pHAM and BHAMG in BALB/c mice. The
mean numbers of white blood cells (WBC; A, B), red blood cells (RBC;
C, D) and platelets (PLT; E, F) of groups of five to ten BALB/c mice
after i.v. injection on days 0 and 1 of 0 (&), 3 (r), 6 (*) or 12 (m)
mg/kg pHAM or 0 (&), 10 (e), 20 (*) or 40 (n) mg/kg BHAMG are
shown. Significant differences between drug-treated and control groups
are indicated: *P#0.05; **P#0.005; ***P#0.0005.Bars SE of the
mean

Table 2mHematological toxicity of the glucuronide prodrug ofp-
hydroxyaniline mustard (BHAMG) and p-hydroxyaniline mustard
(pHAM) in mice. Values represent the percentage of white blood

cells (WBC), red blood cells (RBC) and platelets (PLT) in mice i. v.
injected on day 0 with BHAMG or pHAM relative to untreated control
mice (100%)

Day BHAMG 80 mg/kg pHAM

6 mg/kg 12 mg/kg

WBC RBC PLT WBC RBC PLT WBC RBC PLT

2 100 103 106 56** 95* 95 64* 90* 66**
6 96 96 116 54** 79*** 161 29** 68** 63*
9 78 99 90 90 78** 86 72 46*** 42*

*–*** Significant differences between the BHAMG group (80 mg/kg) and the corresponding pHAM groups are indicated: *P #0.05;
** P #0.005; *** P #0.0005



12 mg/kg pHAM significantly reduced the levels of all
blood cells compared to mice injected with 80 mg/kg
BHAMG on days 2 and 6.

Therapy of AS-30D xenografts

The efficacy of combined treatment with RH1-βG-5PEG
and BHAMG was examined in scid mice bearing AS-30D
rat hepatoma xenografts. Mice injected s.c. with 5× 106 AS-
30D cells developed solid tumors that rapidly progressed to
a mean size of 2700 mm3 by day 25 (Fig. 6A). Treatment of
tumor-bearing mice with 3 mg/kg pHAM or 15 mg/kg
BHAMG on days 9 and 10 did not significantly delay
tumor growth. Combined treatment with 200µg HB65-βG-
5PEG on day 5 followed by 15 mg/kg BHAMG on days 9
and 10 produced significant delay of tumor growth
(P50.05 on day 25) but tumors in four of six mice
progressed and had a mean size of more than 2500 mm3

by day 60, whereas two mice achieved tumor cures.
Combined treatment with RH1-βG-5PEG on day 5 and

BHAMG on days 9 and 10 resulted in complete tumor
regression in all of seven mice, all mice being tumor-free
on day 150.

Combined treatment with RH1-βG-5PEG or HB65-βG-
5PEG and BHAMG produced toxicity, as measured by
decreased mouse weight (Fig. 6B). Maximum weight loss
was observed around day 25 with weights returning to
normal values around day 50. pHAM also caused similar
toxicity (weight loss). Control and BHAMG-treated mice,
in contrast, experienced rapid weight gains, reflecting the
progressive growth of large AS-30D tumors.

Discussion

PEG-modified proteins have been found to exhibit in-
creased stability and resistance to proteolytic degradation,
extended serum half-lives, and reduced immunogenicity
[25]. We therefore examined the effect of linking PEG
groups to RH1-βG becauseβG has been reported to be
unstable in serum [20] and initial localization studies of
radiolabled RH1-βG failed to show clear tumor images in
scid mice (data not shown), even though radiolabeled mAb
RH1 has been shown to localize in solid AS-30D tumors
[30]. Our results show that (1)βG is stable in serum
regardless of PEG modification, (2) PEG modification
increased the serum half-life of RH1-βG conjugates, (3)
tumor uptake of RH1-βG was increased by PEG modifica-
tion with a commensurate decrease in normal tissue
(spleen) uptake, and (4) combined therapy with a PEG-
modified antibody-enzyme conjugate and BHAMG pro-
duced complete regressions of small solid tumors.

βG has been reported to be rapidly deactivated in human
serum or in medium containing fetal calf serum [20]. In
contrast, we found thatβG activity was not only stable in
human, mouse and bovine sera, but that the addition of
serum to βG increased enzyme activity. Serum did not
prevent the loss ofβG activity, since enzyme maintained in
PBS for 24 h could be stimulated by addition of BSA to
levels similar to those of enzyme maintained in serum. BSA
has also been shown to stimulate the activity of enzymes
such as human liverα-glucosidase [31]. Stimulation ofβG
is unlikely to be mediated by specific protein-protein
interactions since several proteins as well as detergent
(CHAPS) also stimulatedβG activity. The divergent results
between our study and an earlier report [20] may have
resulted from technical differences, since it seems unlikely
that recombinantβG is more stable than the wild-type
enzyme.

PEG-modified conjugates were produced by attaching
PEG toβG before coupling to monoclonal antibodies. We
limited PEG modification toβG for several reasons. First,
many enzymes [25], including bovineβG, have been
successfully modified with PEG, implying thatβG should
be amenable to PEG modification. Second, the active sites
of many enzymes, including humanβ-glucuronidase [32],
are located in clefts, suggesting that the catalytic site ofβG
might be resistant to deactivation by PEG. Although attach-
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Fig. 6A,BmCure of mice bearing solid hepatoma tumors by antibody
directed enzyme prodrug therapy (ADEPT). Scid mice were injected
with 5×106 AS-30D hepatoma cells on day 1. Groups of six or seven
mice were untreated (*), injected on days 9 and 10 with 3 mg/kg
pHAM (n), injected on days 9 and 10 with 15 mg/kg BHAMG (*),
injected on day 5 with 200µg RH1-βG-5PEG and 15 mg/kg BHAMG
on days 9 and 10 (&) or injected with 200µg HB65-βG-5PEG on day
5 and with 15 mg/kg BHAMG on days 9 and 10 (&). Mean tumor sizes
(A) and animal weights (B) of each group are shown.Bars SE of the
mean



ment of PEG groups to enzymes may hinder the diffusion of
substrate to the active site [33], complete loss of conjugate
activity could result if PEG reacted with lysine residues
present in the relatively accessible antigen-binding sites of
the antibody [34]. In fact, PEG was found to deactivate
mAb RH1 (results not shown). Although some antibodies
have been successfully derivatized with PEG, albeit with
varying losses of antigen-binding activity [35–37], modifi-
cation ofβG allows the use of any antibody for conjugate
formation. Finally, modification ofβG was expected to
provide better control of conjugate pharmacokinetics since
preliminary experiments revealed thatβG was responsible
for the rapid disappearance of RH1-βG from the circula-
tion. Limiting attachment toβG also minimizes the final
conjugate size, which could otherwise adversely affect
tumor penetration and localization.

Succinimidyl succinate poly(ethylene glycol), which
preferentially reacts with lysine groups, was employed to
attach PEG molecules covalently toβG. Increased modifi-
cation ofβG led to a progressive loss of enzyme activity but
the majority of βG activity was maintained after the
attachment of up to 11 PEG molecules. The number of
PEG molecules that could be introduced intoβG reached a
plateau at around 11, suggesting that 11 or the 28 lysine
residues of recombinantβG are accessible to modification.
The decrease in the combined antigen-binding and enzy-
matic activity of conjugates formed by linkingβG-PEG to
mAb RH1 (Fig. 3A) was greater than the loss ofβG activity
due to PEG modification (results not shown), implying that
some (approx. 25%) antibody activity was lost upon con-
jugation with βG-PEG. Antibody activity may have been
adversely affected by failure to remove free PEG comple-
tely before couplingβG-PEG to mAb RH1 or by steric
hindrance of antigen binding by PEG groups extending
from the surface ofβG. RH1-βG-3PEG, however, effi-
ciently activated BHAMG in an antigen-dependent manner
in vitro, indicating that retention of 50%–75% of the
combined enzyme and antigen-binding activities of the
conjugates was sufficient for targeted prodrug activation.

PEG modification ofβG slowed the serum clearance of
conjugates compared to RH1-βG. RH1-βG was rapidly
cleared from serum immediately after i.v. injection, indicat-
ing that the conjugate rapidly distributed into tissues. RH1-
βG accumulated in the spleen, suggesting that spleenic
retention of βG contributed to the short initial half life
(τ1/2α) of unmodified conjugate in mice. PEG modification
of βG prevented the initial rapid clearance of conjugates
and significantly reduced accumulation in the spleen. Re-
duced spleen uptake could be important for combined
therapy with antibody-βG conjugates and BHAMG, since
hematological toxicity is often dose-limiting for alkylating
agents such as pHAM [38]. Kitamura and colleagues also
found that introduction of 5 PEG groups into mAb A7 or its
F(ab)92 fragment increased the circulation time of the
antibodies, primarily by increasingτ1/2α [35]. Reduced
uptake in the spleen and liver was also observed. PEG
modification was also shown to extend theτ1/2α of a
F(ab9)2-enzyme conjugate, presumably by reducing the
uptake of the conjugate by parenchymal cells of the liver

[39]. The terminal elimination of RH1-βG-10PEG, in con-
trast to RH1-βG-3PEG and RH1-βG-5PEG, was also re-
duced compared to RH1-βG, indicating that high levels of
PEG modification can also slow the excretion or catabolism
of βG conjugates.

Besides displaying reduced accumulation in the spleen,
PEG-modified conjugates also exhibited a trend of increas-
ing tumor uptake with higher degrees of PEG modification,
even though the activity of PEG-modified conjugates was
reduced compared to RH1-βG. mAb RH1 does not inter-
nalize after binding to AS-30D cells (unpublished data),
allowing conjugates to remain at the tumor for extended
periods. The benefits of enhanced tumor uptake, however,
were offset by the slower clearance of PEG-modified
conjugates from the serum, resulting in decreased tumor-
to-blood ratios for RH1-βG-5PEG. Initial studies of the
pharmacokinetics of RH1-βG-3PEG indicate that this de-
gree of PEG modification represents a good compromise
between tumor uptake and serum clearance with a good
tumor/blood ratio of 11 after 96 h.

Although the tumor/blood ratio 96 h after injection of
RH1-βG-5PEG was only about 2, combined therapy with
this conjugate and BHAMG provided therapeutic efficacy,
with complete tumor regressions achieved in all of seven
mice. Combined treatment with RH1-βG-5PEG and
BHAMG was superior to treatment with the parent drug
even though pHAM was administered near its maximum
tolerated dose on the basis of hematological toxicity
(Fig. 5). The poor efficacy of pHAM may be attributable
to rapid deactivation by hydrolysis [40], rapid sequestration
due to protein binding [41], or failure to reach the tumor in
adequate concentrations. The therapeutic efficacy of com-
bined treatment with RH1-βG-5PEG and BHAMG required
localization of the conjugate in the tumors, as shown by the
significantly better efficacy compared to combined treat-
ment with the control antibody conjugate HB65-βG-5PEG
and BHAMG. The significant delay of tumor growth and
cure of two mice after combined treatment with HB65-βG-
5PEG and BHAMG indicate that some pHAM was gener-
ated by non-specific activation of BHAMG by conjugate
still present in the serum of the mice, since specific tumor
localization of control conjugate was not observed. This is
supported by the increased toxicity observed after treatment
with HB65-βG-5PEG and BHAMG compared to the tox-
icity of BHAMG in naive mice (Fig. 5). Reducing the
concentration of conjugate in serum before administration
of prodrug by employing a clearing agent [39] or optimiz-
ing the conjugate formulation should reduce non-specific
prodrug activation, thereby further improving the therapeu-
tic index and efficacy of treatment.

Generation of human antibodies againstβG could pre-
clude repeated administration of conjugate [42]. Attach-
ment of PEG to proteins, however, often reduces their
immunogenicity [25]. In addition, recent studies, showing
that intravenous administration of cyclosporin A reduced
the generation of antibodies against carboxypeptidase G2 in
humans [43] and that deoxyspergualin suppressed and
delayed the human anti-(mouse Ig) antibody response
against a murine monoclonal antibody [44], suggest that
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multiple rounds of conjugate and prodrug treatment may be
feasible.

In summary, PEG modification ofβG provides the
means to adjust the serum half-life, increase tumor uptake,
and decrease normal tissue binding of antibody-βG con-
jugates. The in vivo efficacy observed after combined
treatment with RH1-βG-5PEG and BHAMG suggests that
employing PEG-modified antibody-βG conjugates for the
targeted activation of glucuronide prodrugs warrants further
investigation for solid-tumor therapy.
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