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Modification of CD4 Immunoadhesin with Monomethoxypoly(ethylene
glycol) Aldehyde via Reductive Alkylation
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CD4 immunoadhesin (CD4-IgG) is a chimeric glycoprotein molecule comprised of the gp120-binding
portion of human CD4 fused to the hinge and Fe¢ portions of human IgG. As a candidate for human
therapeutic use, CD4-IgG represents an important advance over soluble CD4, insofar as the systemic
clearance in humans of CD4-IgG is significantly slower. In an effort to prolong its in vivo residence
time even further, we have modified CD4-IgG chemically by attaching monomethoxypoly(ethylene
glycol) (MePEG) moieties to lysine residues via reductive alkylation. We synthesized MePEG aldehyde
and investigated reaction conditions for adding a range of MePEG moieties per protein molecule. At
neutral pH in the presence of sodium cyanoborohydride, the reaction was sufficiently slow to allow for
significant control over the extent of MePEGylation. Addition of 7.7 or 14.4 MePEG moieties to
CD4-IgG resulted in an approximately 4- or 5-fold increase, respectively, in the persistence of the
protein in rats, as compared with unmodified CD4-IgG. These results suggest that the therapeutic
utility of a human receptor IgG chimera can be improved by MePEGylation technology, provided that
the modified immunoadhesin retains its biological activity in vivo. Such modification can lead to a

significant additional increase in the in vivo residence time of the protein.

INTRODUCTION

The value of a recombinant protein as a human
therapeutic is determined, in significant part, by how
rapidly the molecule is cleared from the body. Recom-
binant receptors are currently of great interest as candi-
dates for protein therapeutics. One such protein is CD4,
the primary receptor for human immunodeficiency virus
type 1. CD4 is an integral membrane glycoprotein on the
surface of lymphocytes and monocytes. By truncating a
full-length ¢cDNA to encode only the ectodomain of the
receptor, CD4 was produced in a recombinant, soluble
form (Smith et al., 1987). sCD43 binds to gpl20, the
envelope glycoprotein of HIV-1, with high affinity and
inhibits infectivity in vitro. However, the short in vivo
half-life and rapid clearance of sCD4 limits its potential
for therapeutic use (Schooley et al., 1990).

Toincrease the in vivo residence time of sSCD4, a human
chimeric molecule, CD4 immunoadhesin, was designed
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(Caponetal., 1989; Byrn et al., 1990; Chamow et al., 1992).
In humans, this hybrid molecule was cleared from the
blood approximately 25 times more slowly than sCD4
(Hodges et al., 1991; Kahn et al.,, 1990). This slower
clearance results, in part, from the larger size of the
chimeric protein dimer (91 kDa) relative to monomeric
sCD4 (41 kDa). The increase in size reduces the rate of
clearance of the protein via glomerular filtration in the
kidney (Venkatachalam and Rennke, 1978). Althoughthe
half-life of CD4-IgG is markedly longer than that of sCD4,
itisshorter than the half-life observed generally for human
IgQ, suggesting that further extension of its half-life by
chemical means might be possible. Construction of
immunoadhesins of several other soluble receptors has
now been reported (reviewed in Ashkenazi et al. (1993)).

An additional means by which the in vivo residence
time of proteins can be extended is by covalent modifica-
tion with suitably activated hydrophilic polymers such as
monomethoxypoly(ethylene glycol) (MePEG) (for a re-
view, see Francis et al. (1992)). MePEGylation increases
the Stokes radius, and thereby can be used to reduce the
elimination of relatively small proteins via the kidney. In
addition, MePEG can reduce the immunogenicity of
modified proteins (Abuchowski et al., 1977a,b). The value
of protein MePEGylation as a therapeutic design strategy
is demonstrated by the clinical use of MePEG-modified
adenosine deaminase for treatment of severe combined
immunodeficiency disease caused by adenosine deaminase
deficiency (Hershfeld et al., 1987).

Despite the overall structural similarity between CD4-
IgG and human IgG, the half-life of the former is
significantly shorter, suggesting that additional clearance
mechanisms may exist that are relatively more efficient
in removing the immunoadhesin versus an IgG antibody.
We reasoned that MePEG modification of CD4-IgG might
mask potential clearance-receptor binding sites and thus
reduce the rate of the protein’s clearance. To avoid
excessive modification of CD4-IgG, which might compro-
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Table 1. Activated Me-PEG Reagents That Are Reactive with Amines

activated MePEG structure of activated MePEG amine linkage ref
MePEG-OH [Ro~~0H]“
Alkylation
cyanurylateb N { secondary amine Abuchowski et al., 1977a; Jackson et al., 1987;
<J, _\(N Koide and Kobayashi, 1983
=
*
tresylate o secondary amine Nilsson and Mosbach, 1984; Delgado et al., 1990
RO~01-§ — CH, —CFs
0
Acylation
N-hydroxysuccinimide & Q amide Buckmann et al., 1981
o= o
succinimidyl succinate amide Jopich and Luisi, 1979; Abuchowski et al., 1984
0
[RO~~Oh~ o-mb
)
e o
succinimidyl glutarate 0 amide Katre et al., 1987; Kitamura et al., 1991
o«
8 L)
succinimidyl succinamide G amide Boccu et al., 1983
9
RO ~~NH] ~O—
o}
succinimidyl carbonate o carbamate Zalipsky et al., 1992
s rgj
0
phenylcarbonate carbamate Veronese et al., 1985
0~ Y-no,
0
imidazolyl formate " carbamate Beauchamp et al., 1983
X \
(0]

¢ Boxed structure is derived from MePEG; R = CH3(OCH;CHy), as defined in Figure 1. Asterisk indicates reactive center where nucleophilic

attack by amine nitrogen occurs. ¢ Also reacts with Cys and Tyr.

mise its biological activity, we sought a means of
MePEGylation for which the extent of reaction could be
controlled. ,

Several chemistries have been described by which
MePEG can be activated for protein modification (re-
viewed in Zalipsky and Lee, 1992). For this purpose, the
hydroxyl group of MePEG has been activated and then
coupled, via alkylation or acylation, to nucleophilic sites
on proteins. Amino groups are the preferred sites of
modification. MePEG cyanurylate has been used most
commonly, but a number of other methods have also been
developed for coupling MePEG to protein amino groups
(Table 1). Our experience with reductive alkylation of
proteins led us to seek an alkylating reagent that would
be both easy to make and highly selective and one for
which the extent of reaction could be controlled, so that
partial modification is possible. Building on the initial
work of Wirth et al. (1991) who reported modification of
horseradish peroxidase with an aldehyde derivative of
MePEG, we describe a modified synthesis of this reagent,
and we extend the use of MePEG aldehyde to modification
of the immunoadhesin CD4-IgG by reductive alkylation.

EXPERIMENTAL PROCEDURES

Recombinant Proteins. CD4-IgG was constructed and
expressed in Chinese hamster ovary cells and was purified
as described (Byrn et al., 1990). rgpl20, a recombinant

form of the envelope glycoprotein of HIV-1ligg, was
similarly expressed and purified as described (Leonard et
al., 1990).

Synthesis of MePEG Aldehyde. MePEG was oxi-
dized using the Moffatt procedure (Figure 1) essentially
as described by Harris et al. (1984) and Shak et al. (1989).
Aceticanhydride (3 mL, 30 mmol) was added todry DMSO
(10 mL). In a separate stoppered flask, MePEG (10 g, 2
mmol) and DMSO (10 mL) were warmed to 50-60 °C to
give a homogeneous solution and, after cooling to near-
room temperature, were added to the acetic anhydride/
DMSOsolution. After the solution was stirred at ambient
temperature for 24 h, further portions of acetic anhydride
(3 mL, 30 mmol) and triethylamine (5 mL) were added,
and the solution was stirred at room temperature for a
further 24 h. Addition of ether (50 mL) and ethyl acetate
(50 mL) and cooling the flask in the refrigerator resulted
in precipitation of the product. The product was collected
by filtration, triturated with ether (5X), and dried under
vacuum. Extent of activation of the dried MePEG-CHO
was quantitated by a colorimetric assay using alkaline
4-amino-3-hydrazino-5-mercapto-1,2,4-triazole (Aldrich)
to detect aldehydes (Avigad, 1983), with acetaldehyde as
the standard. A standard 5 mM solution of acetaldehyde
was prepared by periodate oxidation of L-thamnose, as
described (Avigad, 1983). Absorbance was read at 542
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nm. This assay method was linear in the range of 0.1-0.6
mM of acetaldehyde.

Conjugation of MePEG to CD4-IgG and Removal
of Residual MePEG. Purified CD4-IgG (5 mg/mL; 0.055
mM) was incubated with an approximately 100-fold molar
excess of MePEG-CHO (5.2 mM), 20 mM NaCNBHj, in
0.1 M HEPES pH 7.5, for various times at 0 or 23 °C;
reactions were stopped by addition of ethanolamine to a
final concentration of 50 mM. To recover MePEG-
conjugated protein free of residual MePEG or MePEG-
CHO, reaction mixtures were applied to IDA-Sepharose
loaded with Cu?* and equilibrated in 10 mM Tris pH 8.0,
0.5 M NaCl. After the mixture was washed to remove
residual MePEG and MePEG-CHO (Ingham and Ling,
1978), bound MePEG-conjugated protein was recovered
by elution with the same pH 8.0 buffer containing 50 mM
imidazole.

Characterization of MePEG-Modified CD4-IgG and
Quantitation of MePEG. IDA-Sepharose pools were
analyzed by SDS-PAGE, and the concentration of MePEG
in each sample was determined by NMR (Jackson et al.,
1987). Protein concentration was determined by assay
using bicinchoninic acid (Smith et al., 1985) with bovine
serum albumin as standard. Absorption of the protein at
280nm (Ao, 4 = 1.34) was also used to determine the CD4-
IgG concentration. The concentrations determined by
both methods agreed. For the NMR analysis, aqueous
solutions (0.5 mL) were transferred to NMR tubes, diluted
with D20 (0.2 mL), and placed in the instrument probe
for 5 min at 20 °C prior to data acquisition. The intensity
of the singlet MePEG signal at § = 3.7 ppm was measured,
and the concentration of MePEG in the sample was
determined by comparing the signal intensity tointensities
of known MePEG standards that were identically treated.
The fraction of total amines in CD4-IgG that are poten-
tially reactive was quantitated by TNBS assay (Fields,
1972).

N-Terminal Sequence Analysis and Peptide Map-
ping. Desalted aliquots of selected IDA-Sepharose pools
were inserted into an Applied Biosystems Model 477A
sequencer reaction cartridge atop a preconditioned po-
lybrene-coated filter. N-terminal sequence analysis was
performed for five cycles using 500 pmol of CD4-IgG or
MePEGs;s-modified CD4-IgG. Peptide mapping was
performed on trypsin-digested S-carboxymethylated sam-
ples as described (Harris et al., 1990). |

gp120 Binding. The ability of CD4-IgG and modified
CD4-IgG to bind to rgp120 was determined as described
previously (Chamow et al., 1990). Briefly, CD4-IgG was
immobilized onto microtiter wells coated with anti-IgG
antibody. Then, CD4-IgG or MePEG-CD4-IgG conjugates
were added simultaneously with !2°I-labeled rgp120 (HIV-
1), to determine the ability of added CD4-IgG (or
derivatized CD4-IgG) to compete with the immobilized
CD4-IgG for binding to labeled rgp120. The assays were
done in triplicate; nonspecific binding was determined by
omitting the first addition of CD4-IgG.

Determination of in Vivo Clearance. CD4-IgG,
(MePEG);~-CD4-1gG, MePEG),44-CD4-IgG, and human
IgG (Jackson ImmunoResearch, West Grove, PA) were
iodinated with Na[!?5]] using immobilized lactoperoxidase
(Enzymobeads, Bio-Rad). T'welve male Sprague-Dawley-
derived rats (295-335 g) received approximately 95 uCi/
kg of labeled protein (specific activity 0.3 uCi/ug) as a
bolus injection into a femoral vein catheter (three animals
per group). Blood samples were collected from a jugular
vein catheter at specified times over a 5-day period. The
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Figurel. Preparation of MePEG aldehyde (MePEG-CHO) from
MePEG (MePEG-0H) via Moffatt oxidation. For MePEG-OH
of MW = 5000, n ~ 110.
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Figure2. Conjugation of MePEG-CHO to protein aminogroups
via reductive alkylation. MePEG-CHO incubated with a protein
at pH 6-9 results in reversible addition of MePEG to protein
amino groups via Schiff’s base formation. These linkages are
converted to stable secondary amines by reduction with sodium
cyanoborohydride. e-Amino groups of lysine residues, as well as
the a-amino group at the N-terminus, are targets for modification.
The net charge of the modified protein does not change
appreciably as a result of MePEGylation by this method, since
primary amines are converted to secondary amines. Boxed region
repreabents atoms derived from MePEG. R group and * as defined
in Table 1.

NH,

area under the TCA-precipitable radioactivity versus time
curve (AUC) from 0 to 120 h was determined for each
animal.

RESULTS

Synthesis. MePEG-CHO was synthesized from com-
mercially available monomethoxyPEG (5000 MW) via a
Moffatt oxidation (Figure 1). The yield of MePEG-CHO
was approximately 52% when assayed against an acetal-
dehydestandard. Thin-layer chromatography (3:17 CH;-
OH/CH;Cl;) revealed a single spot with the same Ry as the
MePEG-OH, implying that the remaining 48% was
unoxidized MePEG-OH* (which does not participate in
the subsequent alkylation reaction). Therefore, the con-
centration of MePEG-CHO was assumed to be 5.2 mM in
a 10 mM solution of activated MePEG.

Formation of Conjugates. MePEG-CHO was con-
jugated to CD4-IgG via reductive alkylation to form a
Schiff’s base which, in the presence of NaCNBHj3, was
reduced to a stable secondary amine (Figure 2). Using
the TNBS assay to quantitate primary amines, we
determined that 34% of amino groups in CD4-IgG (26/

4 Because of the heterogeneous nature of this polymer and the
lack of a definitive assay for MePEG-OH (one which does not
detect the enol form of the aldehyde or entrapped water), we
cannot say with complete certainty that the remaining 48% of
MePEG in this preparation is MePEG-OH. However, this
conclusion seems only reasonable, considering the predicted
course of the Moffatt oxidation, the aldehyde colorimetric
analysis, and the thin-layer chromatographic result.
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Table 2. Quantitation of MePEG/CD4-IgG Ratio in
Conjugates

CD4-IgG MePEG
time? (h) mg/mL* nmol mM¢ nmol MePEG/CD4-IgG
0.5 1.24 9.54 0.040 281 2.9
1.0 1.87 14.38 0.073 51.2 3.6
1.5 0.92 7.08 0.051 36.0 5.1
2.0 1.78 1369 0.114 799 5.8
2.5 1.84 1415 0132 921 6.5
3.0 1.69 13.00 0.137 95.8 7.4

6 Reaction mixture (22 °C) contained 5 mg/mL of CD4-IgG, 5.2
mM of MePEG-CHO, 20 mM of NaCNBHj3;, 0.1 M HEPES pH 7.5.
b Determined by bicinchoninic acid assay (Smith et al., 1985) using
bovine serum albumin as standard. CD4-IgG was assumed to have
a molecular weight of 91 000, the size of the disulfide-linked dimer.
Therefore, the ratio shown is for MePEG per CD4-IgG dimer.
¢ Determined by NMR (Jackson et al., 1987). The slope of the line
generated by the standard curve (Figure 8) was y = 0.000489x +
0.0118, where y = mM of MePEG and x = peak area.
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Figure 3. Quantitative assay of MePEG using NMR. The
amount of MePEG covalently attached to CD4-IgG was deter-
mined by measuring the concentration of MePEG in a modified
protein solution, after removal of residual MePEG-CHO from
the reaction mixture by metal chelate chromatography. The
intensity of the singlet MePEG signal at § = 3.7 was measured,
and peak areas were recorded for a series of MePEG standards
of known concentration from 0.1-0.5 mM.

76)5 are available for reaction (data not shown). Initially,
we attempted to quantitate the extent of MePEGylation
by this same procedure. However, we found that quan-
titation by NMR is a superior analytical method for this
purpose. Among the reaction parameters that influenced
the rate of MePEGylation of CD4-IgG were length of time,
temperature of reaction, and molar excess of MePEG-
CHO over protein. We found that in 0.5-3.0 h of reaction,
at 22 °C and a 100-fold molar excess of MePEG-CHO over
CD4-IgG, conjugates were produced with MePEG/CD4-
IgG molar ratios ranging from 2.9 to 7.4 (Table 2). This
represents reaction of 11-28% of the 26 available amino
groups in CD4-IgG. Formation of MePEG-CD4-IgG
conjugates generated after 0.5-3 h of reaction could also
be followed by SDS-PAGE, a technique that we used to
investigate molecular heterogeneity in reaction mixtures
of modified CD4-IgG (Figure 4). Electrophoretic analysis
indicated that MePEGylated forms of CD4-IgG began to
appear after 0.5 h of reaction. At this short time point,
a single, predominant, new band was observed at approx-
imately 110 kDa, which presumably represents MePEG;—
CD4-IgG. As the reaction time increased, we observed a
shift toward the formation of higher molecular weight
conjugates. At 3.0 h of reaction, a series of new high
molecular weight species that stained intensely in the 130~

5 Each CD4-IgG polypeptide contains 37 lysine residues (Harris
et al., 1990); thus, the total number of amino groups per
polypeptide is 38, or 76 amino groups per homodimer. CD4-IgG
has a pl of 9.1
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Figured4. SDS-PAGE analysis of MePEG-CD4-IgG conjugates.
CD4-1gG (5 mg/mL; 0.065 mM) samples were incubated with
MePEG-CHO (5.2mM) and NaCNBH3 (20 mM) in 0.1 M HEPES
pH 7.5 for 0-3.0 h at 22 °C. Reactions were stopped, and samples
were analyzed in 7.5% nonreduced gel, stained with Coomassie
blue. Molecular weight standards in kDa are indicated at left.
The designation “n” in “MePEG,~CD4-IgG" refers to the number
ofgIePEG molecules incorporated into each polypeptide of CD4-
1gG.
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Figure 5. Reaction of MePEG-CHO with CD4-IgG slows with
temperature. CD4-IgG (5 mg/mL; 0.0556 mM) samples were
incubated with MePEG-CHO (5.2 mM) and NaCNBH; (20 mM)
in 0.1 M HEPES pH 7.5 for different lengths of time at 0 °C (@)
and 22 °C (0). Reactions were stopped, and samples were
recovered by metal chelate chromatography and analyzed to
determine the extent of MePEG modification. The molar ratio
of MePEG/protein, which is plotted on the y-axis, was determined
by measuring the concentration of MePEG using NMR and the
concentration of protein using bicinchoninic acid assay, for each
sample.

950-kDa size range appeared, with a concomitant decrease
in staining intensity of the CD4-IgG and MePEG;-CD4-
IgG bands. Thus, electrophoretic analysis indicates that
considerable heterogeneity is present in each reaction
mixture, and that molecular heterogeneity of MePEG-
CD4-IgG conjugates increases with increasing times of
reaction. Molar ratios of MePEG/CD4-IgG, which we have
derived from NMR and protein assay data (Figure 3 and
Table 2), therefore represent an average degree of sub-
stitution in a MePEG/CD4-IgG mixture.

We investigated the effect of temperature on the reaction
of MePEG-CHO with CD4-IgG and found that we could
further reduce the amount of MePEG incorporated into
CD4-IgG by lowering the temperature of reaction from 22
to 0 °C (Figure 5). At 22 °C, the amount of MePEG
incorporated into, CD4-IgG increased steadily (from 0 to
7.7 mol/mol) during the first 3.5 h of reaction, while after
923 h of reaction, the MePEG/CD4-IgG ratio was nearly 15
mol/mol (representing reaction of 55% of the 26 available
amino groups). In contrast, a temperature of 0 °C slowed
the reaction almost 2-fold. During the first 3.5 h of
reaction, a MePEG/CD4-IgG molar ratio of approximately
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Table 3. N-Terminal Sequence Analysis of CD4-IgG and
MePEG;—CD4-1gG#

recovery® (%)

cycle no. residue® CD4-1gG MePEG;-CD4-IgG
1 Lys 95 51
2 Lys 114 125
3 Val 104 115
4 Val 102 ' 105
5 Leu 100 100

8500 pmol of CD4-IgG or MePEGss-CD4-IgG (prepared as
described for 2.0 h at 22 °C; see Table 2) was inserted into an Applied
Biosystems Model 477A sequencer, and the recoveries of the first
five amino acid residues were determined for each. ® The values shown
are relative recoveries of PTH-amino acids. Values are normalized
to Leu-5=100%. ¢ Confirms amino acid sequence reported for CD4-
IgG by Harris et al. (1990).

4 was reached, with that ratio increasing to 6.5 after 24 h
of reaction. A similar effect of temperature was seen for
reductive methylation of albumin (Jentoft and Dearborn,
1979).

Sites of Modification on CD4-IgG. Todetermine the
sites of modification, CD4-IgG containing an average of
5.8 MePEG molecules per CD4-IgG molecule was analyzed
(Table 3). N-terminal sequence analysis showed a 50%
yield of PTH-Lys at cycle 1, suggesting that 50% of Lys-1
residues were MePEG-modified. We assume that the
reactive site in Lys-1 is the a-amino group. Under the
reaction conditions used (pH 7.5), the a-amino group of
the N-terminusis near its pK, (~8.0) and thus a significant
fraction is unprotonated and available for reaction, while
the e-amino groups of Lys-1 and of lysine residues elsewhere
in the protein remain almost completely protonated (pK,
= 9,5). No tryptic mapping differences were observed
between control CD4-IgG and MePEG;g-CD4-IgG, sug-
gesting that the approximately six MePEG attachment
sites were otherwise evenly distributed throughout the
molecule. (Modification of the N-terminus would not be
detected in the tryptic map, as it is found within a Lys-
Lys sequence where cleavage after either of these two
residues could generate free amino acids that would elute
in the chromatographic void.) Although some reaction
with e-amino groups must occur to account for the observed
molar ratios, there appear to be no other unique sites that
react to an extent approaching that of the a-amino group.
e-Amino groups of lysine residues in the protein appear
to be indistinguishable in their reactivity with the MePEG-
CHO reagent.

Effect of MePEGylation on gpl20 Binding. We
investigated whether MePEGylation of CD4-IgG affects
gp120 binding affinity. Using asolid-phase radioreceptor
assay, we observed a decrease in the ability of the modified
protein to bind to rgp120 which correlates with the extent
of MePEGylation (Figure 6). MePEG-CD4-IgG modified
with 3.6, 7.7, and 14.4 mol of MePEG per mol of CD4-IgG
displayed gp120 binding ability that was reduced to 42 %,
19%,and 5.5 %, respectively, of unmodified CD4-IgG. This
result was not unexpected; in fact, similar decreases in the
activity of other MePEGylated proteins have been re-
ported (see Discussion).

MePEGylation Decreases the Rate of Clearance of
CD4-1gG. Totest whether the pharmacokinetic properties
of CD4-IgG were affected by MePEGylation, the serum
concentrations of radioiodinated CD4-IgG, MePEG,1—
CD4-IgG, MePEG14,CD4-IgG, and human IgG were
measured for 5 days after intravenous injection into rats
(Figure 7). Asindicated by comparing the integrated area
under the curve (AUC), the clearance rates of MePEG;+—
CD4-IgG and MePEG44-CD4-IgG were approximately
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Figure 6. Binding of CD4-IgG conjugates to HIV-1rgp120. CD4-
IgG and its MePEGylated derivatives were tested for their ability
to compete with immobilized CD4-IgG for the binding of 125]-
labeled rgp120. Plotted are points representing CD4-IgG and
CD4-IgG modified with an average of 2.9, 3.6, 5.8, 6.5, 7.4, 7.7,
and 14.4 MePEG molecules per CD4-IgG molecule. Percent
rgp120 binding reflects the relative amount of competing molecule
required to inhibit 50% of the binding to immobilized CD4-IgG.
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Figure 7. MePEGylation decreases the serum clearance of CD4-
IgG. Radioiodinated CD4-IgG (0), human IgG (4), and CD4-
IgG modified with an average number of 7.7 (W) or 14.4 (O)
MePEG’s per dimer, as determined by NMR quantitation, were
injected intravenously into rats. Serum samples from three rats/
group were taken over a 5-day period, and TCA-precipitable
counts were measured. Approximate AUC values (h-cpm/mL)
were 1.96 X 107,7.90 X 107, 8.18 X 107, and 1.05 X 108, respectively.

4- and 5-fold slower, respectively, than that of CD4-IgG.
Indeed, the rates of clearance of MePEGylated CD4-IgG
are slightly lower than that of human IgG in the rat.

DISCUSSION

Aldehyde groups react under mild aqueous conditions
with aliphatic amines to form a Schiff’s base (an imine)
which can be reduced selectively by the mild reducing
agent sodium cyanoborohydride to give a stable secondary
amine (Jentoft and Dearborn, 1979). Although this
method of amine modification (an alkylation) is not used
in protein conjugations as frequently as the activated ester
method (an acylation) (Bragg and Hou, 1975), it is mild,
simple, and very effective. For these reasons, we chose to
evaluate a MePEG aldehyde reagent for modification of
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CD4-IgG. Using thisreagent at 100-fold molar excess over
protein (4-fold molar excess over amino groups), we were
able to achieve modification of 11-55% of the available
amino groups in CD4-IgG.

An important goal of adding MePEG groups to a
therapeutic protein is an extension of the protein’s
persistence in circulating blood. Our results show that
this indeed is the case for CD4-Ig@, since the clearance of
MePEGylated CD4-IgG (MePEG:protein = 7.7:1 or 14.4:
1) was 4- to 5-fold slower than that of unmodified CD4-
IgG. The resulting rate of clearance is, in fact, slightly
lower than that observed for human IgG. For comparison,
Kitamura et al. (1991) prepared a MePEG-modified
monoclonal antibody (MePEG:protein = 5.1:1) and dem-
onstrated less than 2-fold reduced clearance of the modified
antibodyin mice. The stabilizing effect of MePEGylation
may be greater for the immunoadhesin, since its half-life
prior to modification is shorter than that of the antibody.
Notably, the more excessive modification (MePEG:protein
= 14.4:1) resulted in only 20% further reduction in the
rate of clearance. This result suggests that, at least for an
antibody-like molecule such as CD4-IgG, the additional
reduction in clearance that can be achieved by progressive
MePEGylation is diminished at high degrees of modifi-
cation.

By what mechanism might MePEGylation increase the
in vivo residence time of CD4-IgG? We have determined
that metabolic clearance of CD4-IgG occurs predominantly
in the liver, and not in the kidney (J.M. and S.M.C.,
unpublished results). Clearance via glomerular filtration
through the kidney is a principal rouge of elimination for
globular proteinsless than 60—70 kDa ih size (Stokes radius
of less than approximately 35 A) (Venkatachalam and
Rennke, 1978). Itisbelieved that MePEGylation of small
proteins, such as IL-2 (Knauf et al., 1988), increases their
circulatory lifetimes in vivo by increasing their effective
size, thus reducing filtration through the kidney. This is
not the ease for CD4-IgG, since its size (91 kDa) is beyond
the limit for kidney filtration. However, since CD4-IgG
contains a functional immunoglobulin F¢c domain, at least
some of its clearance may be caused by binding to Fc
receptors on reticuloendothelial cells. MePEGylation of
CD4-1gG, particularly at sites in the lysine-rich Fc region,
may impair the interaction of CD4-IgG with Fc receptors,
thus prolonging the serum stability of the modified
molecule. Kitamuraetal. (1991) suggest that, rather than
affecting Fc receptor binding, MePEG may shield the
antibody molecule from proteolysis and thereby inhibit
catabolism. Atleastsome characteristics of the Fcdomain
are changed by MePEGylation; for example, we found
that while CD4-IgG binds well to Staphyloccocus aureus
Protein A, MePEGylated CD4-IgG binds only poorly to
Protein A (data not shown). In addition, the binding of
modified CD4-IgG to other chromatdgraphic supports,
such asion-exchange media, is also adversely affected (data
not shown). Similar changes in the physical properties of
horseradish peroxidase were noted by Wirth et al. (1991)
after modification of the protein with MePEG.

As reviewed in Francis (1992), MePEG-modified pro-
teins have shown a modest to marked reduction in
biological or enzymatic activity, almost without exception.
Mercuripapain (Boccu et al., 1983), a2-macroglobulin
(Beauchamp et al., 1983), L-glutaminase-L-asparaginase
(Abuchowski et al., 1981), ribonuclease (Veronese et al.,
1985), tissue plasminogen activator (Berger and Pizzo,
1988), and elastase (Koide and Kobayashi, 1983) all lost
more than 50% of their activity upon modification with
MePEG. MePEG modification of IgG caused complement
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binding to be reduced but not binding to antigen (Suzuki
etal., 1984), while modification of granulocyte-macrophage
colony stimulating factor did not affect colony stimulating
activity but enhanced neutrophil priming activity (Knusli
et al., 1992).

We used an in vitro assay based on recombinant, soluble
gp120 from the ITIB isolate of HIV-1 to evaluate the effect
of MePEGylation on the ligand binding function of CD4-
IgG. We observed a decrease in the ability of MePEG-
modified CD4-IgG to bind to this form of gp120 that
roughly correlates with the extent of MePEG modification.
It should be noted, however, that this decrease in binding
is not necessarily indicative of a decrease in the ability of
modified CD4-IgG to neutralize HIV-1 in vivo. For
example, the amino acid sequence of gp120 varies dra-
matically between different strains of HIV-1, and the
changes in binding that we observe with gp120 from the
ITIB strain may not be representative of other strains (Daar
et al., 1990; Ashkenazi et al., 1991; Moore et al., 1992).
Moreover, the structure of recombinant, soluble gp120 in
solution is monomeric, whereas on the surface of virions
it is oligomeric. Thus CD4-IgG, as a homodimer, may
bind bivalently to each gp120 oligomer, which might
stabilize the binding. Perhaps relevant to this issue is the
example of adenosine deaminase, where a decrease in in
vitro activity did not correlate with a lack of efficacy in
vivo. MePEG-modified adenosine deaminase displayed
a40% decrease in enzymatic activity in vitro (Davis et al.,
1981), yet the modified protein has proved to be efficacious
in vivo (Hershfeld et al., 1987). Therefore, despite an
apparent loss of rgp120 binding in vitro, the extension in
invivoresidence time observed for MePEG-CD4-IgG may
provide a significant therapeutic benefit.

As to the site(s) that may be responsible for this loss of
binding activity, the rgp120 binding activity resides in the
N-terminal immunoglobulin-like domain (residues 1-98)
of the extracellular portion of CD4. In particular, Lys-46,
positioned within the C” ridge of domain 1, is believed to
beinvolved in such binding (Ashkenazi et al., 1990; Arthos
et al., 1989; Brodsky et al., 1990). Since this residue is
exposed to solvent (Wang et al., 1990; Ryu et al., 1990),
it is possible—although we did not demonstrate this
directly—that several of the lysines in thisregion, including
Lys-46, are partially modified such that rgp120 binding
is compromised. More generally, for proteins that do not
contain active lysine residues, MePEGylation using this
chemistry is less likely to compromise biological activity
of the modified protein and, thus, may provide a greater
therapeutic advantage.

In conclusion, we have applied a method of Me-
PEGylation by reductive alkylation of amino groups to
modification of an immunoadhesin. We synthesized an
aldehyde derivative of MePEG and identified reaction
conditions enabling the incorporation of MePEG into CD4-
IgG in the range of approximately 3—-15 mol of MePEG
permol of protein. MePEGylationresulted in a significant
increase in the residence time of the protein in circulation,
rendering it comparable to that of human IgG. While a
reduction in in vitro binding of MePEG-CD4-IgG to
soluble rgp120 was observed, the biological activity against
intact virions of clinical strains of HIV remains to be
investigated. The more general implication of our results
is that MePEGylation by reductive alkylation can be a
useful strategy, especially for proteins in which amino
groups are not critical for biological activity.
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