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Covalent attachment of poly(ethylene glycol) (PEG) molecules to drugs, proteins, and liposomes is a
proven technology for improving their bioavailability, safety, and efficacy. Qualitative and quantitative
analysis of PEG-derivatized molecules is important for both drug development and clinical applications.
We previously reported the development of a monoclonal IgM antibody (AGP3) to PEG. We now describe
a new IgG; monoclonal antibody (E11) to PEG and show that it can be used in combination with
AGP3 to detect and quantify PEG-derivatized molecules. Both antibodies bound the repeating subunits
of the PEG backbone and could detect free PEG and PEG-modified proteins by ELISA, immunoblotting,
and flow cytometry. Detection sensitivity increased with the length and the number of PEG chains
on pegylated molecules. Both antibodies also efficiently accelerated the clearance of a PEG-modified
enzyme in vivo. A sandwich ELISA in which E11/AGP3 were employed as the capture/detection
antibodies was developed to detect PEG-modified proteins at concentrations as low as 1.2 ng/mL. In
addition, the ELISA could also quantify, in the presence of 10% fetal bovine serum, free methoxy-
PEGyg0,000, PEGg 000-quantum dots, and PEGg goo-liposomes at concentrations as low as 20 ng/mL (1.0
nM), 1.4 ng/mL (3.1 pM), and 2.4 ng/mL (3.13 nM phospholipids), respectively. Finally, we show that
the sandwich ELISA could accurately measured the in vivo half-life of a PEG-modified enzyme. These
antibodies should be generally applicable to the qualitative and quantitative analysis of all PEG-

derivatized molecules.

INTRODUCTION

PEG! is a water-soluble, nontoxic, nonantigenic, bio-
compatible polymer that has been approved by the Food
and Drug Administration (FDA) for human intravenous,
oral, and dermal applications (1). Attachment of PEG
chains to proteins can reduce their immunogenicity (2,
3), minimize proteolytic cleavage (4, 5), and increase their
serum half-life (6, 7). PEG-interferon o (8, 9), PEG-
filgrastim (10, 11), and PEG-visomant (12) have been
approved for clinical use by the FDA. PEG-modified
liposomes are being developed for controlled-release and
selective-delivery of drugs (13) and genes (14). PEG has
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also been attached to small molecules such as camptoth-
ecin (CPT) to produce greater tumor accumulation as
compared to unmodified CPT (15). PEG-derivatization of
superparamagnetic iron oxide (16) and quantum dots (17,
18) can improve their biocompatibility and reduce recep-
tor-mediated uptake by the reticuloendothelial system.
It is anticipated that PEG will be increasingly employed
to improve the properties of therapeutic agents as more
proteins, macromolecular drugs, and imaging agents
enter clinical trials.

Clinical development of PEG-modified molecules re-
quires measurement of pharmacokinetic parameters in
animals and patients. Ideally, the concentration of intact
PEG-modified molecules should be measured in vivo.
Until recently, however, simple and sensitive methods
to measure intact PEG—protein conjugates were unavail-
able. We helped alleviate this problem by developing a
monoclonal IgM antibody (AGP3) with specificity for PEG
(19). AGP3 can be employed to measure PEG-modified
protein by ELISA (20). We now report the development
of a new monoclonal IgG antibody (E11) that specifically
binds to PEG. We compare AGP3 and E11 for the
detection of free PEG and PEG-modified proteins in
immunoblots, ELISA, and flow cytometry. Because the
specificity of two-step targeting strategies depends on the
efficient clearance of the first-step targeting agent from
the circulation (27), we also investigated the effectiveness
of AGP3 and E11 for the in vivo clearance of PEG—
enzyme conjugates. Finally, a sandwich ELISA using E11
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as the capture antibody and AGP3 as the detection
antibody was examined for the quantitation of free
methoxy PEG, PEG—enzymes, PEG—quantum dots, and
PEG—liposomes.

EXPERIMENTAL PROCEDURES

Reagents. Recombinant E. coli-derived 3-glucuronidase
(8G) was produced as described (6). Methoxy-PEG750-NH,
(750 Da) was obtained from Fluka Chemie (Buchs,
Switzerland). PEGs400-disuccinimidyl succinamide (3400
Da) and methoxy-PEG succinimidyl propionate (2000,
5000, and 20 000 Da) were purchased from Nektar
Therapeutics (Birmingham, AL). Methoxy-PEGsq0o-NHs
(5000 Da), NHQ-PEG3400-NH2 (3400 kDa), methoxy—
PEGQOO()-OH (2000 Da), NHQ-PEG1500-NH2 (1500 Da),
dansyl choride, dansylcadaverine, fluorescamine, and
p-nitrophenyl--D-glucuronide were purchased from Sigma-
Aldrich Chemical Co. (St. Louis, MO). Amino-PEGgzo-
qdot nanoparticles (10~20 nm, 440 kDa) were purchased
from Quantum Dot Corporation (Hayward, CA). PEGg g0~
liposomes were composed of hydrogenated soy phosphati-
dylcholine, cholesterol, and poly(ethylene glycol)-dis-
tearoylphosphatidylethanolamine with a mean size of 107
nm (polydispersity = 0.097) as described (22). Sephacryl
S-200 HR gel was from Amersham Pharmacia Biotech
Asia Pacific Ltd. (Taiwan). Specific pathogen-free BALB/c
mice were obtained from the National Laboratory Animal
Center, Taipei, Taiwan.

Antibodies and Cells. 1E8 (IgG; mAb against G)
and AGP3 (IgM mAb against PEG) have been described
(19). Horseradish peroxidase (HRP)-conjugated goat anti-
mouse IgM u-chain antibody and HRP-conjugated goat
anti-mouse IgG Fc were from Jackson ImmunoResearch
Laboratories (Westgrove, PA). B16/DNS melanoma cells
that stably express a functional anti-dansyl single-chain
antibody (DNS scFv) on their surface have been described
(23). To generate mAb E11 (IgG; mAb against PEG),
female BALB/c mice were first iv injected with 200 ug of
RH1-G—PEG, a conjugate formed between a murine
antibody and PEG-derivatized G (19). The mice were
ip injected with 100 ug RH1—-5G—PEG one week later
and then sc injected at weekly intervals with 50 ug of
BG—PEG in complete Freund’s adjuvant, 30 ug of fG—
PEG in incomplete adjuvant, 30 ug of BSA—PEG in
incomplete adjuvant, and 10 ug of BSA—PEG in incom-
plete adjuvant. Three days before fusion with FO my-
eloma cells, the mice were ip injected with 30 ug of BSA—
PEG in PBS. Subsequent steps were the same as employed
to generate AGP3 (19).

Synthesis of DNS—PEG Derivatives. NHy-PEG500-
NH; and NHy-PEGs400-NHy were reacted with dansyl
chloride at a molar ratio of 5:1 in dichloromethane
containing 0.1% triethylamine at room temperature for
1 h. The reaction mixture was separated on silica gel with
dichloromethane-methanol (8:2 vol:vol) to produce DNS—
PEG1500-NHs and DNS—PEGs400-NHs. The presence of the
dansyl group was verified by UV detection whereas
primary amine groups were detected by reaction with
nihydrin/2% solution (Sigma). PEGsygo-disuccinimidyl
succinamide was reacted with dansylcadaverine at a
molar ratio of 2:1 in dry dichloromethane containing 0.1%
triethylamine at room temperature for 1 h. The resulting
DNS—PEGs;4p-succinimidyl succinamide (DNS—PEGs00—
SSA) was detected under UV illumination, eluted from
silica gel with dichloromethane-methanol (9:1 vol:vol) and
then immediately reacted with SG.

PEG Modification of fG. G was passed through a
Sephadex G-25 column equilibrated with 0.1 M NaHCOs,
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pH 8.0, and then concentrated by ultrafiltration to 2 mg/
mL. DNS—PEGs3400—SSA (4 mg per mg fG) was added
for 2 h at room temperature. One-tenth volume of a
saturated solution of glycine (pH 8.0) was added to stop
the reaction. Unreacted PEG was removed by gel filtra-
tion on a Sephacryl S-200 HR column. Protein concentra-
tions were determined by the bicinchoninic acid assay
(Pierce, Rockford, IL) with bovine serum albumin used
as the reference protein. The number of PEG molecules
introduced in 3G was estimated by measuring amine
groups before and after PEG modification with fluores-
camine (23). An average of 3.5 DNS3400—PEG chains was
attached to each 70-kDa subunit of the G tetramer to
form a 3.5DNS—PEGs400—fG conjugate. Methoxypoly-
(ethylene glycol) succinimidyl propionate with MW of
20,000, 5000, and 2000 Da was reacted with fG (20 mg
per mg G) as previously described (20). An average of
5.1, 7.1, and 11.4 PEG chains were introduced per
subunit of the G tetramer to form 5.1PEGygg00—SG,
7T.1PEGs5000— G, 11.4PEGggo— G with retention of 70%,
50%, and 43% of original G enzymatic activity, respec-
tively.

Immunoblotting of Free PEG and PEG-fG.
Samples of G (5 ug), 3.5DNS—PEGsz400—fG (5 ug), NHo-
PEG1500-NH2 (30 ﬂg), and CH3-PEG2000-OH (30 /,tg) were
electrophoresed in an 8% sodium-dodecyl sulfate poly-
acrylamide gel under reducing conditions before over-
night transfer to nitrocellulose paper by capillary transfer
in blotting buffer (50 mM NaCl, 2 mM EDTA, 0.5 mM
2-mercaptoethanol, 10 mM Tris-HCI, pH 7.5). Blots were
blocked for 2 h with 5% skim milk and incubated for 1 h
at 37 °C with 1 ug/mL 1E8, AGP3 or E11 in PBS
containing 0.05% BSA. The blots were washed 3 times
with PBS-T (0.05% Tween 20 in PBS) and twice with PBS
before incubation with goat anti-mouse Ig-HRP for 40
min at 37°C. The blots were then washed three times
with PBS-T and twice with PBS before specific bands
were visualized by ECL detection according to the
manufacturer’s instructions (Pierce, Rockford, IL).

Antibody ELISA. Maxisorp 96-well microplates (Nal-
ge Nunc International, Roskilde, Denmark) were coated
with 10 ,ug/well CH3-PEG750-NH2, NHz-PEG1500-NH2,
NHQ-PEG340()-NH2, or 35DNS_PEG3400_ﬁG in 0.1 M
NaHCOs;, pH 8.0, for 3 h at 37 °C and then blocked with
2% skim milk. Graded concentrations of AGP3 and E11
were added to the plates at 37 °C for 1 h. The plates were
washed three times with PBS-T and two times with PBS
and then stained with HRP-labeled goat anti-mouse IgM
u chain (2 ug/mL) or HRP-labeled goat anti-mouse IgG
Fc (2 ug/mL) for 1 h at 37 °C, respectively. The plates
were washed and bound peroxidase activity was mea-
sured by adding 100 uL/well ABTS solution (0.4 mg/mL
2,2'-azino-di(3-ethylbenzthiazoline-6-sulfonic acid), 0.003%
H;0,, 100 mM phosphate-citrate, pH 4.0) for 30 min at
room temperature. Absorbance (405 nm) of wells was
measured in a microplate reader (Molecular Device,
Menlo Park, CA). Binding of CH3;-PEGy5-NH,, NHo-
PEG1500-NH2, NHz-PEG3400-NH2, and 3.5DNS—PEG3400_
BG to the microtiter plates was determined by assaying
for the presence of amine groups with fluorescamine (24).

Flow Cytometer Analysis. B16/DNS cells (5 x 105)
were incubated with 200 uL of DNS—PEG500-NHy (10
ug/mL), DNS—PEGg3400-NH;, (10 ug/mL), 3.5DNS—PEGs400—
BG (10 ug/mL), or PBS at 4 °C for 1 h. The cells were
washed twice with cold PBS and sequentially stained
with AGP3 (5 ug/mL) and FITC-labeled goat anti-mouse
IgM u chain (5 ug/mL) or E11 (5 ug/mL) and FITC-labeled
goat anti-mouse IgG Fc (5 ug/mL). The surface immun-
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ofluorescence of 10 000 viable cells was measured with
a flow cytometry (Beckman-Coulter, Miami, FL).

Clearance of PEG—fSG Conjugates. Groups of 3
BALB/c mice were iv injected with100 ug of 5.1PEGy000—
BG, 7T.1PEGs5000—fG, or 11.4PEGgy—3G at time zero.
Blood samples (30 4L) were taken at 0.5, 3.5, and 9 h
before iv injection of PBS, 150 ug of E11, or 180 ug of
AGP3 at 9 h. Additional blood samples were taken at
subsequent times (11, 14, and 28 h), and the serum
concentration of SG—PEG was measured by a fG enzyme
microassay as described (19). Sample concentrations were
calculated by comparison of absorbance values with a
standard curve constructed from known concentrations
of 5.1PEG20000—ﬁG, 7.1PEG5ooo_ﬁG, and 11.4PEG2000_
BG. For meaningful comparison of clearance results, the
measured concentrations of PEG—/G conjugates in mice
injected with clearing antibodies were normalized to the
mean concentration of PEG—fG conjugates in control
(uncleared) mice just before clearance as previously
described (19).

Sandwich ELISA. Maxisorp 96-well microplates were
coated with 50 uL/well of E11 (20 ug/mL) or AGP3 (20
ug/mL) in 0.1 M NaHCOs, pH 8.0, for 3 h at 37 °C. The
plates were blocked with 2% skim milk in PBS overnight
and then washed twice with PBS before graded concen-
trations of 3.5DNS—PEGg;400— G, methoxy-PEGgggo suc-
cinimidyl propionate (inactivated with 0.1 M Tris, pH
8.0), and PEGggoo-quantum dots or PEGgggo-liposomes in
PBS containing 10% FBS were added for 1 h at 37 °C.
The plates were washed three times with PBS-T and
twice with PBS and were then sequentially stained with
50 uL/well AGP3 (20 ug/mL) and HRP-labeled goat anti-
mouse IgM u chain (5 ug/mL) or E11 (20 ug/mL) and
HRP-labeled goat anti-mouse IgG Fc¢ (5 ug/mL). The
plates were washed and 100 uL/well ABTS substrate was
added for 30 min at room temperature. The absorbance
(405 nm) of the wells was measured in a microplate
reader.

Determination of 3.5DNS—PEGs;40—fG Pharma-
cokinetics. BALB/c mice were iv injected with 150 ug
of 3.5DNS—PEG3;400—SG and serum was isolated from
blood samples (30 uL) that were periodically removed
from the tail vein of the mice (0.17, 1.5, 4, 7, 11, 24, and
48 h). The concentration of 3.5DNS—PEG3400—G was
measured by the new sandwich ELISA and by a G
enzyme microassay (19). fG concentrations were calcu-
lated by comparison of absorbance values with a standard
curve constructed from known concentrations of 3.5DNS—
PEGs400—fG.

Data Analysis. Statistical significance of differences
between mean values was estimated with Excel (Mi-
crosoft, Redmond, WA) using the independent ¢-test for
unequal variances.

RESULTS

Detection of Free PEG and PEG-Modified Mol-
ecules. The specificity of the anti-PEG antibodies AGP3
and E11 was first examined in immunoblots. Figure la
shows that the anti-fG antibody 1E8 detected G and
3.5DNS_PEG34oo_ﬁG, but not free NHz-PEG1500-NH2 or
CH3-PEGgp00-OH. AGP3 and E11, in contrast, did not
bind AG but detected 3.5DNS—PEG3400—G as well as
free NHz-PEG1500-NH2 and CHg-PEGzooo-OH (Figures 1b
and 1c). The ability of AGP3 and E11 to bind both NH,-
PEGi500-NHy and CH3-PEGgg-OH demonstrates that
these antibodies bind to the repeating OCH;CH; back-
bone of PEG rather than to terminal CHs, NH,, or OH
groups.
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Figure 1. Immunoblot of free PEG and a PEG-modified
enzyme. Samples were electrophoresed on a 8% reduced SDS
polyacrylamide gel, transferred to nitrocellulose paper, and
probed with mAb 1E8 (a), AGP3 (b) or E11 (c) as described in
Experimental Procedures. Lane 1, 8G; lane 2, 3.5DNS—PEGs400—
,BG; lane 3, NHz-PEGlsoo-NHz; lane 4, CHg-PEGzooo-OH. kDa,

molecular mass in thousands.

The binding of AGP3 and E11 to different lengths of
free PEG (MW 750, 1500, 3400, and 5000 Da) was
examined by first coating NHy-PEG in the wells of
microtiter plates and then performing ELISA. Coating
of NH,-PEG in the wells was verified by detecting the
presence of the amine groups of NHy-PEG with fluores-
camine. Figure 2a shows that NHy-PEG and 3.5DNS—
PEGs;400—G were successfully coated in the wells as
demonstrated by increased fluorescence as compared
with uncoated wells. Measurement of AGP3 (Figure 2b)
and E11 (Figure 2¢) binding to NHy-PEG revealed that
both antibodies bound NHz-PEG1500-NH2, NHz-PEG3400'
NHz, and CH3-PEG5000-NH2 but not CH3-PEG750-NH2.
Furthermore, the assay sensitivity was proportional to
the length of the PEG chains, especially for E11. These
results suggest that the binding epitope of both antibod-
ies consists of at least 16 OCH2CH;, subunits (the number
of subunits in PEGysg).

Adsorption of PEG chains to the plastic surface of
microtiter plates could affect antibody binding. We
therefore employed flow cytometry to measure AGP3 and
E11 binding to PEG attached to the surface of mam-
malian cells. This was accomplished by introducing a
dansyl moiety to the terminus of PEG to create DNS—
PEGi500-NHs, DNS—PEGs400-NHs, and 3.5DNS—PEGs3490—
BG. These conjugates were allowed to specifically bind
to DNS scFv present on the surface B16/DNS cells. The
cells were then sequentially stained with AGP3 and
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Figure 2. Qualitative analysis of PEG-derivatized molecules.
(a) Coating of PEG and PEG-modified SG in microplates was
confirmed by measuring the fluorescence intensity (n = 3) after
reaction of amine groups with fluorescamine. Bars, SD. The
binding of AGP3 (b) and E11 (¢) to PEG and PEG-modified G
coated in microplates was detected by ELISA as described in
the Experimental Procedures. The mean absorbance values (405
nm) of triplicate determinations are shown. Bars, SD.

FITC-labeled goat anti-mouse IgM u chain or E11 and
FITC-labeled goat anti-mouse IgG Fc. Figure 3 shows
that AGP3 and E11 could detect DNS—PEG500-NHo,
DNS—PEG340()-NH2, and 35DNS—PEG34OQ—ﬁG on B16/
DNS cells. Consistent with the ELISA results, longer
PEG chains resulted in increased sensitivity of the assay.

In Vivo Clearance of PEG—fG. To investigate the
ability of AGP3 and E11 to clear PEG-modified proteins
from the circulation, BALB/c mice were iv injected with
100,L£g 0f11.4PEG2()00_13G, 7. 1PEG5000_ﬁG, orb. 1PEG20000_
BG, followed 9 h later by iv injection of AGP3 or E11 (2
nmoles of antigen-binding sites). Figure 4 shows that
both AGP3 and E11 accelerated the clearance of PEG—
BG conjugates from the circulation. E11 cleared signifi-
cantly more PEG—pjG conjugate than did AGP3. E11 was
particularly effective at clearing SG modified with long-
chained PEG; the serum concentration of 5.1PEGg g00—
BG was reduced by 200-fold in 2 h and 580-fold within
19 h after E11 administration as compared to control
mice. These results suggest that AGP3 and E11 may be
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Figure 3. Flow cytometry analysis of PEG-derivatized mol-
ecules. B16/DNS cells were treated with PBS, DNS—PEG500-
NHz, DNS—PEG‘3400-NH2 or 3.5DNS_PEG34oo—ﬁG at4°Cfor 1
h. The cells were washed and sequentially stained with E11 and
FITC-labeled goat anti-mouse IgG Fc¢ (upper panel) or AGP3
and FITC-labeled goat anti-mouse IgM u chain (lower panel).
The surface immunofluorescence of 10,000 viable cells was
measured with a FACScaliber flow cytometer.

useful for accelerating the clearance of PEG-modified
proteins in vivo.

Quantitative Sandwich ELISA. A sandwich ELISA
was developed in which E11/AGP3 or AGP3/E11 was
used for the capture/detection antibodies to measure free
PEG and PEG-modified substances. Figure 5a shows that
the assay sensitivity was about 4-fold greater when using
E11 for capture and AGP3 for detection of 3.5DNS—
PEGs;400— G as compared with the opposite format. This
assay could detect 3.5DNS—PEGs400—fG at concentra-
tions as low as 1.2 ng/mL (14.5 pM). In addition, the
sandwich ELISA assay could also detect free methoxy-
PEGs0000, PEGzgo0-quantum dots, and PEGgggo-liposomes
at concentrations as low as 20 ng/mL (1.0 nM), 1.4 ng/
mL (3.1 pM) and 2.4 ng/mL (3.13 nM phospholipids),
respectively (Figure 5b). The presence of 10% bovine
serum in the samples did not affect assay sensitivity. To
determine whether the sandwich ELISA assay could
detect PEG-modified proteins in vivo, BALB/c mice were
iv injected with 150 ug of 3.5DNS—PEGs400—fG, and
serum samples were periodically assayed for the concen-
tration of the conjugate by the new sandwich ELISA or
by measuring SG enzyme activity. Figure 5¢ shows that
the measurement of 3.5DNS—PEG3490—G concentration
by the sandwich ELISA and G enzyme microassay gave
similar results with estimated terminal half-lives of 6.3
and 5.5 h, respectively.

DISCUSSION

An increasing number of PEG conjugates are in late
stage clinical trials or already approved for human use
by the FDA including PEG-Intron for hepatitis C (25, 26),
PEG-Neupogen for neutropenia associated with cancer
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Figure 4. In vivo clearance of PEG—jG conjugates. Groups of
3 BALB/c mice were iv injected with 100 um 11.4PEG2p00—pG
(upper panel), 7.1PEGs000—fG (middle panel) or 5.1PEGs,000—
BG (lower panel) at time zero. The mice received an iv injection
of PBS (O), AGP3 (2) or E11 (O) at 9 h. The concentrations of
the SG—PEG conjugates in serum at the indicated times were
determined by assaying G enzymatic activity. Bars, SD.
Significant differences between SG—PEG concentrations after
E11 and AGP3 treatment are indicated: *, p < 0.05; ** p <
0.005.

chemotherapy (27), PEG-Visomant for acromegaly (28),
and PEG-coated liposomal doxorubicin (Caelyx) for can-
cer therapy (29). The ability to effectively control these
diseases and minimize the injection frequency can result
in better compliance and improved patient quality of life.
For noninvasive imaging, PEG—quantum dots and PEG—
superparamagnetic iron oxide have been extensively used
in cell and animal biology for cell trafficking studies (30,
31), tumor targeting (18, 32), and diagnostics (33, 34).
Qualitative and quantitative analysis of poly(ethylene
glycol)-derivatized molecules is important to determine
their pharmacodynamic and pharmacokinetic parameters
in animals and patients. In this report, we found that
AGP3 and E11 recognize the repeating (OCHyCHs,)
subunits of the PEG backbone and could effectively clear
PEG—fG from the circulation of mice. Furthermore, we
developed a sandwich ELISA for the sensitive quantita-
tion of PEG-modified molecules.

PEG can be linked to biological molecules by terminal
group derivatization (35). First generation, low molecular
weight PEG chains were found to poorly cover the surface
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Figure 5. Quantitative analysis of PEG-derivatized molecules
by ELISA. (a) Graded concentrations of 3.5DNS—PEGs400—fG
were assayed with a sandwich ELISA in which E11/AGP3 (@)
or AGP3/E11 (O) were used for the capture/detection antibodies,
respectively. The mean absorbance values of triplicate deter-
minations are shown. Bars, SE. (b) A sandwich ELISA with E11
and AGP3 employed as the capture and detection antibodies,
respectively, was used to measured the concentrations of
PEGazoo0-quantum dots (0), PEGgggo-liposomes (O) or free meth-
oxy-PEGg0,000 (4) in PBS containing 10% serum. (c) Groups of
three mice were iv injected with 3.5DNS—PEGs400—G at time
zero. The concentration of 3.5DNS—PEGs400—fG is serum was
measured by the E11/AGP3 sandwich ELISA (O) or by the G
enzyme microassay (A). Bars, SD.

of macromolecules and often drastically decreased the
biological or pharmacological potency of proteins (36—
38). To solve these problems, high molecular weight PEG
can be used to maximize protection with better preserva-
tion of the bioactivity of pegylated molecules, allowing
improved and prolonged performance (39). We found that
AGP3 and E11 bind to the PEG backbone so that
antibody binding did not depend on the identity of the
pegylated molecule. These antibodies could therefore
detect pegylated proteins, liposomes, and nanoparticles.
The detection sensitivity increased with the length of the
PEG chains on pegylated molecules. These results indi-
cate that multiple AGP3 and E11 antibodies can bind to
a single PEG chain, allowing amplification of the signal
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as PEG chain length increases. These antibodies are
therefore particularly suitable for the qualitative and
quantitative analysis of high molecular weight PEG-
modified molecules.

Given the well-known ability of PEG to decrease the
immunogenicity of proteins (2, 3), it is interesting that
we have successfully generated two monoclonal antibod-
ies against PEG. Antibodies can theoretically be gener-
ated against any molecule if it is first attached to a
carrier protein to allow activation of cognate T helper
cells. Indeed, antibodies have been generated against
polymers such as dextran (40) and double-stranded
synthetic polyribonucleotide complexes (41). PEG-modi-
fied proteins have been known to induce anti-PEG
antibodies in rabbits (42) and repeated injections of
rabbits with liposomes containing a PEG derivative of
phosphatidyl ethanolamine induced anti-PEG antibodies
(43). It should be appreciated, however, that we gener-
ated a reasonable anti-PEG antibody response in mice
only after repeated immunizations with PEG—protein
conjugates, indicating the difficulty in inducing a robust
immune response against this polymer.

We have previously shown that AGP3 can accelerate
the clearance of PEGs;00-modified proteins and improve
the tumor/blood ratios of antibody—3G—PEGs; conju-
gates for glucuronide prodrug therapy of cancer (21). In
the present study, we found that both AGP3 and E11
reduced the serum concentration of 7.1PEGs5000—fG as
well as 11.4PEGg00—fG and 5.1PEGy000— G from the
blood. Thus, effective clearance could be achieved for
conjugates containing different lengths of PEG chains.
AGP3 induced rapid uptake of radiolabeled antibody—
BG—PEG conjugates in the liver of mice (21). Although
in the present study we did not follow the distribution of
the conjugates in tissues after clearance with E11, the
liver is a likely route of elimination. These results
indicate that AGP3 and E11 can be used to clear PEG-
modified conjugates from the circulation and control the
serum half-life to regulate the bioactivity of PEG-modi-
fied molecules in vivo.

Measurement of PEG-modified molecules by ELISA
and flow cytometry revealed that AGP3 allowed greater
assay sensitivity as compared to E11 (Figures 2 and 3).
This is likely due to the higher avidity of AGP3 (10
antigen-binding sites versus 2 for E11) as well as the
presence of 5 u chain domains in AGP3, providing more
binding sites for secondary detection antibodies. In-
creased binding of secondary detection antibodies may
also explain why the combination of E11/AGP3 was more
sensitive than AGP3/E11 as the capture/detection anti-
bodies in the sandwich ELISA.

The newly developed sandwich ELISA can measure the
concentrations of PEG-modified proteins, liposomes, quan-
tum dots, and free PEG. The assay sensitivity ranged
from the low nM to low pM level, several orders of
magnitude more sensitive than previous methods (24,
44). Assay sensitivity can likely be further increased by
employing more sensitive colorimetric or fluorometric
substrates (45, 46). The sandwich ELISA did not require
prior separation of conjugates from complex mixtures and
allowed the detection of PEG—SG in serum samples.
These characteristics should simplify measurement of
PEG-modified molecules in serum samples for pharma-
cological and pharmacokinetic studies in vivo.

In summary, AGP3 and E11 bind to the repeating
ethylene oxide subunits of PEG and therefore can detect
PEG independently of the identity of the pegylated
compound or chemistry of the linker. The sensitivity of
detection depends on the length of the PEG chains; longer

Cheng et al.

PEG chains result in increased sensitivity. These two
antibodies should be generally applicable to quantify a
wide-range of PEG-derivatized molecules. The newly
developed sandwich ELISA may also be useful to mea-
sure PEG-modified molecules in patients for preclinical
and clinical studies.
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