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Abstract
Several drug delivery designs combine synthetic drug carriers with covalently conjugated
targeting moieties. Such modifications of monoclonal antibodies (mAb), or their Fab′ fragments,
inevitably result in diminished affinity for their targeted tissue. In an attempt to overcome this
limitation, high molecular weight, branched N-(2-hydroxypropyl)methacrylamide (HPMA)
copolymers were synthesized and conjugated with Fab′ fragments of the anti-CD20 antibody, 1F5.
This produced multivalent conjugates with varying valency (amount of Fab′ per macromolecule)
targeted to the B-cell antigen CD20. Evaluation of a multivalent effect was done by determining
the apparent KD at low concentrations of conjugates, the Sips heterogeneity factor, a, and the
binding enhancement factors of each construct. The results clearly indicated that multivalency
could improve the affinity of the HPMA copolymer–Fab′ conjugates to that of unconjugated mAb.

INTRODUCTION
A central tenet of modern drug delivery is to increase the concentration of drug in diseased
tissues, while limiting its systemic exposure (1, 2). This translates to increased therapeutic
efficiency and reduced side effects. Increasing concentrations in diseased tissues can be
challenging and has been addressed through both synthetic (3–5) and biological approaches
(6, 7). Several studies have combined high-affinity targeting moieties and high molecular
weight drug carriers to confer tissue specificity and enhanced bioactivity to polymer–drug
conjugates (8–12). However, covalent modification of targeting moieties resulted in
diminished affinity (13). Multivalent conjugate designs were one approach that improved
the specificity of the construct (14). Successful studies have demonstrated that multivalent
carbohydrates (15), peptides (16), or other small molecules (17) can enhance binding
affinity to targeted tissue. Other larger and more specific molecules such as monoclonal
antibodies and Fab′ have only been rarely used in such approaches. In this study, we
synthesized a high molecular weight soluble polymer that is able to accommodate multiple
Fab′ fragments to produce a multivalent drug carrier. Furthermore, we demonstrated the
effects of multivalent and multimeric binding of our constructs to the B-cell antigen CD20
in experiments using whole cells.
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The soluble polymer poly[N-(2-hydroxypropyl)methacryl-amide] (pHPMA) is inert and
biocompatible (18, 19). It has been used extensively as an anticancer drug delivery platform
that is able to improve the physicochemical and pharmacokinetic properties of the polymer–
drug conjugates by increasing circulating half-life, increasing the solubility of hydrophobic
drugs, affecting passive accumulation in solid tumors, and providing the potential to evade
multidrug resistance mediated by efflux pumps (18, 20). A number of studies have
developed methods of HPMA copolymer synthesis that create high molecular weight,
branched copolymers that are soluble in water (21, 22). Similar HPMA copolymers were
used to create multivalent conjugates using anti-CD20 Fab′ antibody fragments.

As with any well-designed drug delivery system, the biological target is of critical
importance. CD20 is a reliable B-cell marker that is highly expressed on normal and
malignant B-cell populations (23, 24) and has been successfully used as a target with the
first FDA-approved monoclonal antibody, Rituximab (25, 26). CD20 is a 33–37 kDa,
integral membrane receptor that forms dimers and tetramers in the cell membrane (27, 28).
In the absence of a known ligand, there is remarkable diversity of epitopes among anti-
CD20 mAb clones. The most studied and best characterized clones include Rituximab, B1,
2H7, and 1F5 (29). Our study utilized 1F5, which has a dissociation constant (KD) between
20 and 30 nM (30), while the KD for Rituximab is around 4 nM (31). Rituximab and 1F5
bind distinct epitopes on CD20 (32, 33). Notably, cross-linking certain CD20-ligated mAb,
including 1F5, with secondary antibodies (generally goat-antimouse Ab) can induce
apoptosis (34, 35). This fact has clinical relevance for Rituximab. Its activity is partially
attributed to ligated Rituximab becoming cross-linked by effector cells. Cross-linking, in
turn, induces antibody-dependent cell-mediated cytotoxicity (ADCC). However, a full
response to Rituximab requires a high-affinity allele of an Fc receptor on effector cells
(FcγRIIIa). Patients that are not homozygous for the allele have diminished responses (36).
Recent studies have shown that multivalent Rituximab constructs are able to effectively
induce apoptosis independent of effector cells (37, 38).

A construct that is able to elicit apoptosis without the need to be internalized by a cell has
clinical relevance. Such a construct could be used in a therapeutic regimen such as those
used in either Bexxar (39) or Zevalin (40), where anti-CD20 constructs and
radioimmunotherapeutics could be given in combination to treat refractory disease. The
multivalent construct would induce apoptosis independent of effector cells, and the
radioimmunotherapeutic could synergistically eliminate neighboring malignant cell
populations which may not express CD20 via a bystander effect.

In this study, several multivalent HPMA copolymer–(anti-CD20) Fab′ conjugates were
designed and synthesized. The conjugates varied in the amount of Fab′ per polymer chain to
allow studies that could determine the effect of a conjugate’s valence on binding to B-cell
antigen CD20. The apparent KD at low concentrations of conjugates, the Sips heterogeneity
factor, and the affinity enhancement factors of each construct were determined.

EXPERIMENTAL PROCEDURES
Materials

Chemicals and solvents used were of reagent grade or better unless otherwise stated. N-(2-
Hydroxypropyl)methacrylamide (HPMA) was prepared as previously described (41). N-(3-
Aminopropyl)methacrylamide hydrochloride (AMA) was purchased from Polysciences
(Warrington, PA). Succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate
(SMCC) was purchased from Soltec Ventures (Beverly, MA). Tris(2-carboxyethyl)
phosphine hydrochloride (TCEP) and Iodogen tubes were purchased form Thermo Scientific
(Waltham, MA). Tetraethylene glycol dimethacrylate (TGD), phthalic dicarboxaldehyde

Johnson et al. Page 2

Bioconjug Chem. Author manuscript; available in PMC 2011 July 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(OPA), and 3-mercaptopropionic acid (MPA) were purchased from Sigma Aldrich (St.
Louis, MO). Carrier free radionuclide sodium iodide-125 was purchased from Perkin-Elmer
(Waltham, MA).

Cell Lines, Hybridomas, Fab′ Fragment Preparation
Human Burkitt’s B-cell non-Hodgkin’s lymphoma Raji cells (ATCC, Bethesda, MD) were
cultured in RPMI-1640 medium (Sigma, St. Louis, MO) supplemented with 10% fetal
bovine serum (Hyclone, Logan, UT). Cells were grown at 37 °C in a humidified atmosphere
of 5% CO2 (v/v). All experiments were performed using cells in exponential growth. The
anti-CD20 hybridoma clone 1F5 (ATCC, Bethesda, MD) was initially cultured and recloned
through limiting dilution in RPMI 1640 supplemented with 10% FBS in a humidified
environment with 5% CO2 in air (42). The selected clone was adapted to chemically
defined, serum-free media (Invitrogen, Carlsbad, CA). Adapted cells were used to seed a
CellMax bioreactor (Spectrum Laboratories, Rancho Dominguez, CA) according to the
manufacturer’s instructions. Anti-CD20 mAb was purified on a Protein G Sepharose 4 Fast
Flow column (GE Healthcare, Piscataway, NJ) from bioreactor harvest supernatant. Whole
IgG2a was digested into F(ab′)2 with lysyl endopeptidase (Wako Chemicals USA,
Richmond, VA) following the protocol of Fowers et al. (43). Purity of harvested IgG2a and
digested F(ab′)2 were shown to be >95% by SDS-PAGE and SEC (size exclusion
chromatography). Immediately prior to using, 5 mg/mL of F(ab′)2 was reduced to Fab′ with
4 mM TCEP in 0.1 M phosphate buffer (pH 6.5) at room temperature for 30 min.

Preparation of Multivalent Conjugates
The synthesis of copolymers, their fractionation, polymeranalogous modification with
SMCC, Fab′ binding, and fractionation of the conjugates are depicted in Scheme 1. The
HPMA copolymer containing side chains terminated in NH2 groups (P-NH2) was prepared
by radical polymerization using AIBN as the initiator. Briefly, HPMA (658.7 mg, 93 mol
%), AMA (53.6 mg, 6 mol %), TGD (16.5 mg, 1 mol %), and AIBN (3.4 mg) were
dissolved in 2.9 g of DMSO. After mixing, the polymerization solution was bubbled with
argon, sealed in a glass ampule, and then incubated at 50 °C for 24 h. After polymerization,
the HPMA copolymer was precipitated and washed in acetone, and then washed with diethyl
ether. The precipitate was dried, dissolved in H2O, and dialyzed against distilled water using
dialysis tubing with a molecular weight cutoff of 12–14 kDa (Spectrum Laboratories,
Rancho Dominguez, CA) to remove any unreacted monomers. The polymer was then
lyophilized, dissolved in PBS, and fractionated on a Sephacryl S-500 preparative column
(GE Healthcare, Piscataway, NJ) to produce two fractions. The fraction with the very high
molecular weight was discarded; the fraction with an upper limit of Mw ~500 kDa was
fractionated a second time on a Superose 6 HR16/60 preparative column (GE Healthcare,
Piscataway, NJ) to produce a molecular weight “ladder” of ten fractions. Two fractions
(P-7NH2: 34 kDa, 5.5 mol % NH2, yield 2.7 wt %; and P-3NH2: 193 kDa, 5.5 mol % NH2,
yield 18 wt %) were selected for the synthesis of conjugates. The fractions P-3NH2 and
P-7NH2 were dialyzed against water and then lyophilized. The molecular weight averages
were estimated using size-exclusion chromatography on an analytical Superose 6 column
(GE Healthcare, Piscataway, NJ). All SEC was done using an ÄKTA FPLC system (GE
Healthcare, Piscataway, NJ).

Polymeranalogous Conversion of Pendant Amine Groups into Maleimide
Groups—The fractions P-3NH2 and P-7NH2 (P-3NH2: 37 mg, 22.5 μmol –NH2; P-7NH2:
6 mg, 3.6 μmol–NH2) were reacted with excess SMCC (14.4 mg, 45.6 μmol; 2.4 mg, 7.2
μmol, respectively) in dry DMF under basic conditions (DIPEA: 26 μL, 72 μmol; 2.1 μL, 12
μmol, respectively) to generate pendant maleimide groups. The activated precursor was
precipitated into an excess of acetone, filtered, and washed with ether to remove free SMCC.
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The conversion of amine groups into maleimide on the polymer proceeded with ~72% to
75% conversion, as determined by modified Ellman’s assay. The products P-3Mal and
P-7Mal were then conjugated with reduced 1F5 Fab′ fragments as previously described (13).
Briefly, approximately 5 mg of either P-3Mal or P-7Mal (~2.3 μmol maleimide) was
dissolved in 50 μL of DMF. Then, 10 mg of Fab′ (0.2 μmol) in 2 mL of PBS (pH 6.5) was
added to the reaction, and the solution was mixed overnight at room temperature. The
products were fractionated (and unbound Fab′ removed) on a size-exclusion S6 preparative
column HR 16/60. HPMA copolymer–Fab′ conjugates containing different amounts of Fab′
per macromolecule, P-3Fab1.5, P-3Fab2.9, P-3Fab3.2, P-3Fab8.9, and P-7Fab1.4, were
isolated and characterized. In these abbreviations, the number following Fab′ indicated the
amount of Fab′ fragments per macromolecule.

Effective Diameter of HPMA Copolymer–Fab′ Conjugates
The effective diameter for fractions of HPMA copolymer–Fab′ conjugates was evaluated by
dynamic light scattering (Brookhaven Scientific Instruments, Holtsville) in PBS at a
concentration of at least 1 mg/mL. Prior to analysis, the solution containing conjugates were
filtered through a 0.45 μm filter. In addition to the effective diameter, dynamic light
scattering (DLS) also calculated the distribution of size, referred to as the polydispersity
index (PDI), which differs from molecular weight polydispersity (Mw/Mn). DLS PDI values
greater than 0.2 are considered to be heterogeneous, and those below 0.2 are considered
homogeneous. The effective diameter of whole Ab served as a positive control with both
effective diameters (measured 13.6 nM, literature 14.3) and PDI values (0.06 measured,
literature 0.05) compared well with published values (44).

Determination of Fab′ Content per Polymer Chain
The composition of the conjugates, the ratio of protein to polymer, was determined in one
step by amino acid analysis. This method enabled measurement of, after acid hydrolysis,
both individual amino acids from Fab′ as well as 1-amino-2-propanol released from HPMA
monomer units. Calibration was done using free 1F5 Fab′ and HPMA homopolymer. A
small amount (>3 mg) of Fab′, homopolymer, or conjugate was dissolved in 6 N HCl in a
small ampule, bubbled with nitrogen for 5 min, and then the ampule was sealed. The
solution was incubated at 125 °C for 24 h, the ampule was opened, and the hydrolyzed
product was dried in vacuo. Hydrolyzed products were dissolved in dH2O, and then
derivatized with OPA and MPA prior to being analyzed on a HPLC with an eclipse XDB-C8
column (Agilent, Santa Clara, CA). Fab′ concentration was calibrated with a peak produced
by hydrolyzed glutamate, which had an elution time of 9.4 min. Poly(HPMA) concentration
was calibrated with a peak produced by 1-amino-2-propanol, which had a retention time of
23.9 min.

Iodination of Fab′ and Multivalent Fab′ Constructs
Reduced anti-CD20 Fab′, anti-CD20 HPMA copolymer–Fab′ conjugates, and whole
antiCD20 IgG molecules were labeled with Na125I using Iodo-Gen tubes as previously
described (13). Approximately 300 μg of Fab′ or IgG in 0.3 mL PBS was added to a glass
vial coated with 4 μg of Iodo-Gen, followed by 0.5 mCi of Na125I. After the solution was
incubated (and shaken) at room temperature for 7 min, 125I-labeled protein was separated
from free 125I by passing the reaction mixture over a PD-10 desalting column (GE
Healthcare, Piscataway, NJ). The labeled molecules were stored at 4 °C in PBS. The specific
radioactivity of each conjugate was between 0.7 and 1.5 μCi/μg.
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Binding Experiments
Raji cells grown in RPMI containing 10% FBS were washed twice with HBSS. The cells
were adjusted to 4 × 106 cells/mL and split into two volumes. To one of the volumes of Raji
cells, unlabeled anti-CD20 IgG was added to a final concentration of 500 nM to block CD20
for a negative control. Serial dilutions of 125I-labeled anti-CD20 IgG, Fab′, and multivalent
Fab′ conjugates were made from 2000 nM to 1 nM of Fab′ fragment concentration.
Millipore 96-well filter plates, coated with a 1% solution of nonfat dry milk in distilled
water and incubated at 4 °C overnight, were washed with HBSS. For each of the serial
dilutions, 25 μL of negative control cells were added to a single well, and 25 μL of
unblocked cells were added to three different wells; then, 25 μL of the respective dilutions
were added to each well. The filter-well plates were incubated for 90 min at 120 rpm on a
shaker at 25 °C. Following incubation, the Raji cells were washed twice with 200 μL of cold
HBSS with 10% FBS, and then collected on filters. The filters were allowed to air-dry,
removed from the plate, and counted. Negative control wells were used to correct for
nonspecific binding.

The equilibrium binding was evaluated using either single-site binding parameters (eq 1) or
the Sips equation (eq 2) using Sigma Plot (Systat Software, San Jose, CA). Data was also
drafted in Scatchard plots.

(1)

(2)

where B is the concentration of bound ligand, F is the concentration of free ligand, Bmax is
the theoretical limit of bound ligand, KD is the dissociation constant, and a is the Sips
heterogeneity factor. When a is equal to 1, the Sips equation simplifies to the single-site
binding equation.

RESULTS
Synthesis of Multivalent Conjugates

Copolymerization of HPMA with a small amount of the cross-linker TGD, at conditions
below the gel point, yielded an HPMA copolymer with broadly distributed molecular weight
that ranged from 20 kDa to greater than 1000 kDa (Scheme 1). The yield of this
polymerization reaction was 69%, with a reproducible molecular weight profile after three
separate polymerization experiments. Macromolecules with a molecular weight higher than
500 kDa were removed by fractionation on a SEC column. The fraction containing
macromolecules with M < 500 kDa (45% by weight of original copolymer) was used to
build a molecular weight “ladder” with narrowly disperse molecular weights by a second
fractionation. The amine content of these fractions was 5.5 mol %. Two of the fractions,
P-3NH2 (Mw =193 kDa) and P-7NH2 (Mw = 34 kDa), were selected for the use in
conjugate synthesis and were activated by a reaction with SMCC. The maleimide content in
polymer precursors P-3Mal and P-7Mal was 4.1 mol %.
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Reduced Fab′ fragments of the anti-CD20 mAb were conjugated to polymer precursors
P-3Mal and P-7Mal via thioether bonds in an overnight reaction. The P-3Fab′ conjugate
was fractionated on a SEC column to provide fractions with different amounts of bound Fab′
fragments per macromolecule. The free (unbound) Fab′ could be easily separated from the
conjugate fractions (Figure 1). However, only a single fraction was isolated from the P-7Fab
′ conjugate (data not shown). The fractions are referred to by the fraction number (e.g. P-3
or P-7) and by the number of Fab′ fragments per polymer chain as determined by modified
amino acid analysis (e.g., P-3Fab′8.9).

Determination of Valence
A modified amino acid analysis protocol was used to determine the Fab′ per polymer chain
or valence of each fraction. The method cleaved 1-amino-2-propanol from the HPMA
monomer units. Following derivatization with OPA and MPA, the 1-amino-2-propanol
related peak was well-separated from Fab′-associated amino acid peaks. It is important to
note that the analysis determined the average valence, which is dependent on the
polydispersity of the conjugate fraction. The polydispersity within each conjugate fraction
was not determined in this study, but the elution volumes for each fraction were sufficiently
small to guarantee a low polydispersity (1.2–1.3).

Amino acid analysis demonstrated that Fab′ “loading” was responsible for the broadened
FPLC profile of the conjugates as seen in Figure 1. The fractions of P-3 conjugate with the
highest valence of 8.9 Fab′/chain eluted first. The P-3 fraction with the lowest valence
P-3Fab1.5 eluted last. Determination of valence also confirmed that Fab′ loading was
directly related to the size of the polymeric precursor. After conjugation, the larger polymer
fraction P-3 had a broad distribution of Fab′ per chain with a median valence of ~3 Fab′/
chain, while the fraction P-7 (Mw 34 kDa) had an average valence of 1.4 Fab′ per polymer
chain (Table 1).

Analysis of the effective diameters of HPMA copolymer–Fab′ conjugates by DLS
demonstrated that Fab′ loading directly corresponded with the size of the conjugate. Loading
of Fab′ extended HPMA copolymers from their native random coil structure. As the valence
of the polymeric precursor increased, the effective diameter also increased (Figure 2). In the
case of P-3 fractions, the fraction with the most Fab′ per chain, P-3fab8.9, had an effective
diameter of 38.7 nm, while the fraction with the least Fab′ per chain, P-3fab1.5, had an
effective diameter of 17.8 nm. Also, fractionation of the conjugate produced low
polydispersity index values near or below 0.2 as shown in Table 1. To ensure that the
fractions were not aggregates, a Zimm plot was also used to calculate the molecular weight
of the conjugate P-3fab′8.9. The calculated molecular weight was 611 ± 43 kDa, a value that
corresponded well with the molecular weight estimates made by adding the molecular
weight of polymer and the total molecular mass of Fab′ attached to the conjugate.

Binding Isotherms and Scatchard Plots
The single-site binding equation produced a good fit to experimental data for the analysis of
CD20 binding with whole Ab or with Fab′. The binding constants (KD) were 19 nM and 58
nM, respectively. The average number of CD20 receptors per cells was 217 000 ± 27 000
and 217 000 ± 39 000 as calculated from binding experiments with whole Ab and Fab′
fragments, respectively. Both KD and receptors/cell were close to other published values
(30, 31). However, the single-site binding equation failed to adequately model the binding of
multivalent conjugates to the CD20 receptor, with the most significant deviation occurring at
low concentrations of Fab′. A better fit was produced by the Sips equation; typical data for
conjugate P-3Fab′3.2 are shown on Figure 3c,d. The Sips equation uses the same KD and
Bmax fitting parameters as the single-site binding equation and adds a heterogeneity
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constant, a, as a fitting parameter (eq 1) (45). If the heterogeneity constant is set to 1, the
Sips equation simplifies to the single-site binding equation. For that reason, KD and Bmax
values listed in Table 1 for mAb and Fab′ are listed as KD,Sips and Bmax,Sips. Figure 3
provides a representative example of how the Sips equation was used to fit the binding
isotherm data and of the curved Scatchard plot. For the conjugates evaluated, the Sips
heterogeneity constant was within the interval 〈0.78; 0.99〉 (Table 2). The isotherms for
conjugates P-3Fab′1.5, P-3Fab′2.9, P-3Fab′8.9, and P-7Fab′1.4 are presented in Supporting
Information.

The Scatchard plots of the multivalent conjugates were concave curves, whereas the
Scatchard plots for whole Ab and Fab′ were linear. The curvature of the Scatchard plots was
relevant in describing the multimeric nature of binding; the latter was also described by the
heterogeneity constant, a, of the Sips equation. Curvature of Scatchard plots may suggest a
number of phenomena, including heterogeneity of binding sites, and nonspecific binding. In
the analysis of experimental data, nonspecific binding was subtracted from total binding.
Also, the heterogeneity of binding sites was considered to be minimal, since the thioether
bond would be distant from the binding site of the Fab′ (13). In this instance, a concave
Scatchard plot suggests negative cooperativity. Consequently, the strongest binding will
occur at the lowest concentration of multivalent conjugate. At low concentrations, a
multivalent conjugate can bind multiple receptors. As the concentration of the conjugate
increases, the probability of a single multivalent conjugate binding multiple receptors is
reduced to the point that each multivalent molecule only binds a single receptor (all of the
receptors are occupied by different molecules). As a result, the ratio of the conjugate’s Bmax
divided by the Bmax of the Fab′ is indicative of the total valence of the conjugate or Fab′ per
polymer chain. The valence of conjugates (Fab′ per macromolecule) determined with
binding isotherms was in good agreement with the values determined by chemical analysis
(Table 2).

The multivalent or multimeric binding effect may be quantified by the enhancement factor,
the ratio of the apparent binding constant, KD,Sat[Fab′], at saturating concentrations of Fab′
and the apparent binding constant, KD,low[Fab′], at low concentrations of Fab′ (46). The
apparent binding constants were extrapolated from relevant sections of Scatchard plots. The
KD,low[Fab′] are shown in Figure 4, and the enhancement factors in Figure 5. The largest
enhancement factor, 17.7, of the investigated conjugates was found for P-3Fab′8.9. The
KD,low[Fab′] for P-3Fab′8.9 was 15 nM; the KD,Sat[Fab′] was 256.5 nM. The smallest
enhancement factor was for conjugate P-7Fab′1.4, which had a KD,low[Fab′] of 47 nM, a
KD,Sat[Fab′] of 108.1 nM, and an enhancement factor of 2.3.

The KD,low[Fab′] values provide good evidence of a multivalent, multimeric binding
enhancement as shown in Figure 4. The value observed for P-3Fab′8.9 (15 nM) was better
than those for free Ab (19 nM) and free Fab′ (58nM).

DISCUSSION
The aim of this study was to demonstrate that water-soluble polymers have potential as
multivalent drug carriers. To this end, high molecular weight branched HPMA copolymers
were prepared by copolymerization of HPMA with a cross-linking agent (TGD) at
conditions below the gel point. Fractions of different molecular weight were used in the
synthesis of multivalent HPMA copolymer–Fab′ conjugates. The Fab′ fragment (of anti-
CD20 1F5 antibodies) was attached to the copolymers via a thioether bond. The maximum
enhancement of binding affinity for the target Raji cells achieved here (17.7 times) bodes
well for the development of novel, more effective long-circulating polymer–drug
conjugates. To ensure biocompatibility, degradable sequences have to be incorporated into
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the HPMA copolymer carrier structure, using primary chains with molecular weight below
the renal threshold. This can be achieved by connecting primary HPMA copolymer chains
via enzymatically degradable cross-links (bridges). Previously, two approaches have been
used for the synthesis of degradable, water-soluble, cross-linked (branched) copolymers
short of gel point. The first approach consisted of cross-linking reactive HPMA copolymer
precursors, containing side chains terminated in reactive ester groups, with degradable α,ω-
diaminooligopeptides (47–49). The second approach was to use biodegradable cross-linkers
and prepare the conjugates by copolymerization. One cross-linker, N2,N5-bis(N-
methacryloylglycylphenylananylleucylglycyl)ornithine methyl ester, has been used to
reproducibly synthesize high molecular weight branched HPMA copolymers that can be
lysosomally degraded to primary chains to facilitate elimination from the organism by renal
filtration (21). It is interesting to note that the efficacy of doxorubicin conjugates with
branched HPMA copolymers, in an ovarian carcinoma xenograft model, increased with
increasing molecular weight of the conjugate (22).

The enlargement of the effective diameter of HPMA copolymer with conjugation Fab′ was
demonstrated qualitatively by SEC and quantitatively with DLS. This result is not
unexpected. HPMA copolymers, in an aqueous environment, have a dynamic, random coil
conformation. Dispersive forces would exist between intrachain Fab′ that would result in
stretching out the polymer chain. This report demonstrated that enlargement of the HPMA
copolymer was directly related to the amount of Fab′ that had been loaded onto the polymer.
Due to the nature of HPMA copolymers, the conjugates would maintain a dynamic and
flexible structure, a property that may increase the effective valence of the conjugates, and
the ability of intrachain Fab′ to gain access and bind to CD20.

The valence of the conjugates was analyzed chemically with a modified amino acid analysis
method (50). The valence was confirmed by comparing the Bmax of each conjugate with the
Bmax of unconjugated Fab′ (Table 2). The two determinations corresponded well and infer
that the polydispersity among the fractions was narrow (1.2–1.3). However, the effective
valence, or the maximum amount of Fab′ per conjugate that could bind CD20, was not
determined. It can be hypothesized that most intrachain Fab′ could bind with CD20
simultaneously at low concentrations of conjugate. The formation of dynamic oligomers of
CD20 in lipid rafts (29, 51) would create several local binding sites for the targeted
conjugate. After the first Fab′ of a conjugate bound to a CD20 molecule, the dynamic and
flexible nature of the HPMA copolymer backbone (52) would allow a conformational
response within the polymer, so that intrachain Fab′ could bind proximal CD20 molecules.
Also, the size of the conjugates appears to favor multivalent interactions, since conjugates
with higher orders of valency had effective diameters in a saline solution greater than whole
mAb, 14.3 nm (44), and in the theoretical range of cross-linked Abs.

Multivalency is important for the clinical efficacy of Rituximab. Ghetie and co-workers
demonstrated enhanced efficacy of tetravalent homodimers prepared by cross-linking of
Rituximab with heterobifunctional reagents (37). Homodimers and trimers possessed similar
binding affinity to lymphoma B cells in vitro but a slower rate of dissociation when
compared to the monomer. Zhang et al. (38) cross-linked Rituximab with oxidized dextran
(Mw = 6000) into high molecular weight conjugates (no data on molecular weight provided)
possessing similar binding avidity as Rituximab monomer. In both cases (37, 38),
multivalent conjugates induced apoptosis in CD20(+) cells.

It is notable that the single-site binding equation accurately modeled isotherms for both mAb
and unconjugated Fab′ bound to CD20, but failed with multivalent constructs. In this case,
the Sips equation provided a good model. This is likely due to the thermodynamic
assumptions of the single-site binding equation. It assumes that there is a single energy of
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adsorption, regardless of ligand concentration (53, 54). This assumption is not valid for a
multivalent conjugate that can bind multimerically to a cell surface (55). In the case of a
multivalent Fab′ conjugate such as P-3Fab′8.9, a single conjugate molecule could bind
multiple CD20 receptors at low concentrations. As the concentration of P-3Fab′8.9 is
increased, it would become less likely that the conjugate could bind multiple receptors to the
point that each multivalent conjugate could only bind to a single receptor (56). Just as the
probability of a conjugate binding multiple receptors is reduced, so is the energy of
adsorption reduced with an increase of conjugate concentration. This is reflected in a
concave Scatchard plot and a heterogeneity factor, a, that is less than 1. In this context, the
factor, a, represents the distribution of adsorption energies at all concentrations of conjugate
and the binding constant KD represents the average affinity of binding (45, 57). However, in
an in vivo setting, the concentration of the conjugate at the target site is expected to be low.
Consequently, the binding enhancement for the multivalent conjugates (Figure 5) should be
fully operative.

Evidence of multivalent interactions involving the conjugates and CD20 include a general
increase of affinity of the conjugates toward CD20 (Figure 4) and an increase of the
enhancement factor (Figure 5) with increase of a conjugate’s valence. The theoretical basis
of a multivalent interaction is that the first univalent interaction creates a complex in which
the remaining free binding sites on both species are at greatly enhanced local concentrations.
Such “cooperative” interactions are also responsible for two strands of DNA annealing,
viruses binding to cells, and the folding of proteins into stable structures. Several studies
have demonstrated that multivalent enhancement can improve the binding affinity of low-
affinity targeting moieties, such as saccharides binding to concavanalin A, by several orders
of magnitude (58–60). Depending on the adsorption kinetics, these studies have displayed
similar binding isotherms (61). However, the multivalent effect dramatically increased the
average binding constant KD of the multivalent ligand, rather then merely recovering the
binding constant associated with the monomeric ligand, as we were able to demonstrate. The
best explanation for this is the increased effective diameter of the construct, which would
not be observed in studies that involve small, low-affinity multivalent molecules. The
increased diameter of the multivalent construct directly impacts the Kon rate of the construct
by limiting the construct diffusivity (62).

Several studies have evaluated the stability of the thioether bond made by maleimide and
cysteine under saline and serum conditions. Studies of HPMA copolymer–Fab′ conjugates
have demonstrated stability under saline conditions (13). In another study that measured the
half-life of antibody–drug conjugates, it was shown that the thioether bond has a half-life of
seven days in serum (63). Interestingly, this did not affect the overall effectivity of drug, and
the half-life could be extend by substituting the thioether bond with a bromoacetamide
linker, a strategy that could also be utilized in a future design. Other HPMA copolymer
constructs conjugated to Fab′ fragments by thioether bonds have shown stability in vivo
(64).

In summary, methods to produce multivalent HPMA copolymer–anti-CD20 Fab′ conjugates
and to analyze their multivalent binding to the B-cell antigen CD20 were examined. Binding
of the multivalent constructs was characterized by the binding constant, KD, the Sips
heterogeneity factor, a, and the binding enhancement factor. The multivalent constructs
bound the B-cell antigen CD20 in a manner that was consistent with negative cooperative
models. It was revealed that using Fab′ conjugated to soluble branched HPMA copolymer
can result in binding enhancement that can surpass binding affinities of whole mAb.
Furthermore, the multivalent binding of these conjugates may be useful in exploring cell-
surface dynamics involved with induction of apoptosis, initiated by cross-linking the B-cell
antigen CD20.
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Figure 1.
Fractionation of the P-3Fab′ conjugate by size exclusion chromatography. Elution profile of
reaction mixture on a Superose S6 preparative column (HR 10/30, FPLC system); buffer
PBS pH 6.5; flow rate 1 mL/min; amount of sample applied 10 mg in 2 mL; detection
absorbance at 280 nm. The numerical suffix at the fraction designation is the average
valence as determined by amino acid analysis.
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Figure 2.
Effective diameters of the multivalent HPMA copolymer–Fab′ conjugates as determined by
dynamic light scattering (DLS). The effective diameter corresponded to the valence of each
conjugate.
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Figure 3.
Representative examples of binding of 125I-labeled anti-CD20 mAb (1F5), Fab′, and
multivalent conjugate P-3Fab′3.2 to CD20(+) Raji cells. (a) Isotherms of mAb or Fab′ fit
with the single-site binding equation using a least-squares method. (b) The Scatchard plot
for the binding of mAb and Fab′. (c) Binding isotherm of P-3Fab′3.2 fitted with the Sips
equation. (d) Binding data for P-3Fab′3.2 evaluated using a Scatchard plot. The slope of the
dotted line in is equal to 1/KD,low[Fab′], while the slope of the dash–dot line is equal to 1/
KD,sat[Fab′]. Other multivalent conjugates had similar isotherms and Scatchard plots as
P-3Fab′3.2 (see Supporting Information). Each concentration was corrected for nonspecific
binding as described in the Experimental Procedures.
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Figure 4.
Apparent binding constants, KD,low[Fab′], for anti-CD20 Ab, Fab′ fragment, and HPMA
copolymer–Fab′ conjugates. The KD,low[Fab′] is indicative of the slope of the Scatchard plot
at low concentrations of Fab′ (see Figure 3d). Generally, the KD,low[Fab′] decreased (affinity
increased) as the valence of the construct increased.
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Figure 5.
Binding enhancement for anti-CD20 Ab, Fab′ fragment, and HPMA copolymer–Fab′
conjugates. Enhancement is derived from increase in affinity due to multiple binding sites
per construct. It was calculated by dividing the KD,sat[Fab′] by KD,low[Fab′].
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Scheme 1.
Synthesis of Multivalent HPMA Copolymer–Fab′ Conjugates Targeted to the B-Cell
Antigen CD20

Johnson et al. Page 19

Bioconjug Chem. Author manuscript; available in PMC 2011 July 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Johnson et al. Page 20

Ta
bl

e 
1

C
he

m
ic

al
 a

nd
 P

hy
si

ca
l A

na
ly

si
s o

f P
ol

ym
er

ic
 P

re
cu

rs
or

s a
nd

 C
on

ju
ga

te
s

co
nj

ug
at

e
M

w
a

Pd
b

va
le

nc
ec

ef
fe

ct
iv

e 
di

am
et

er
d

PD
Ie

P-
7F

ab
′1

.4
34

1.
16

1.
4

10
.8

0.
07

0

P-
3F

ab
′1

.5
19

3
1.

25
1.

5
17

.8
0.

20
3

P-
3F

ab
′2

.9
19

3
1.

25
2.

9
21

.3
0.

19

P-
3F

ab
′3

.2
19

3
1.

25
3.

2
30

.2
0.

16
8

P-
3F

ab
′8

.9
19

3
1.

25
8.

6
38

.7
0.

17
4

a M
ol

ec
ul

ar
 w

ei
gh

t a
ve

ra
ge

 o
f p

ol
ym

er
ic

 p
re

cu
rs

or
 a

s d
et

er
m

in
ed

 b
y 

si
ze

 e
xc

lu
si

on
 c

hr
om

at
og

ra
ph

y.

b Po
ly

di
ve

rs
ity

, r
at

io
 o

f m
ol

ec
ul

ar
 w

ei
gh

t a
ve

ra
ge

s g
iv

en
 b

y 
w

ei
gh

t a
ve

ra
ge

 o
ve

r n
um

be
r a

ve
ra

ge
.

c V
al

en
ce

 o
f c

on
ju

ga
te

 o
r F

ab
′ p

er
 p

ol
ym

er
 c

ha
in

 a
s d

et
er

m
in

ed
 b

y 
m

od
ifi

ed
 a

m
in

o 
ac

id
 a

na
ly

si
s (

se
e 

Ex
pe

rim
en

ta
l P

ro
ce

du
re

s)
.

d Ef
fe

ct
iv

e 
di

am
et

er
 o

f c
on

ju
ga

te
s a

s d
et

er
m

in
ed

 b
y 

dy
na

m
ic

 li
gh

t s
ca

tte
rin

g 
(D

LS
).

e V
al

ue
 o

f p
ol

yd
is

pe
rs

ity
 in

de
x 

of
 th

e 
di

am
et

er
 o

f t
he

 c
on

ju
ga

te
 d

et
er

m
in

ed
 b

y 
D

LS
.

Bioconjug Chem. Author manuscript; available in PMC 2011 July 14.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Johnson et al. Page 21

Ta
bl

e 
2

R
es

ul
ts

 o
f B

in
di

ng
 A

na
ly

si
s

ta
rg

et
in

g 
m

ol
ec

ul
e

K D
,S

ip
s (

nM
)a

K D
,lo

w
[F

ab
′] 

(n
M

) b
K D

,S
at

[F
ab
′] 

(n
M

) c
B m

ax
,S

ip
s (

nM
) d

B m
ax

,sc
at

 (n
M

) e
af

va
le

nc
e 

g
va

le
nc

e 
h

m
A

b
19

 ±
 1

N
A

N
A

0.
72

 ±
 0

.1
3

0.
72

1
-

-

Fa
b′

58
 ±

 4
N

A
N

A
0.

72
 ±

 0
.0

9
0.

72
1

-
-

P-
7F

ab
′1

.4
85

 ±
 1

1
47

10
9

0.
98

 ±
 0

.0
4

1.
01

0.
99

 ±
 0

.0
8

1.
4

1.
4

P-
3F

ab
′1

.5
86

 ±
 1

4
32

19
0

1.
09

 ±
 0

.0
5

1.
14

0.
78

 ±
 0

.0
6

1.
6

1.
5

P-
3F

ab
′2

.9
18

2 
± 

35
34

22
6

2.
04

 ±
 0

.0
1

2.
01

0.
81

 ±
 0

.0
7

2.
8

2.
9

P-
3F

ab
′3

.2
11

5 
± 

25
27

20
4

2.
18

 ±
 0

.1
0

2.
21

0.
93

 ±
 0

.0
9

3.
1

3.
2

P-
3F

ab
′8

.9
43

9 
± 

16
5

15
25

7
7.

5 
± 

1.
10

6
0.

78
 ±

 0
.1

6
8.

2
8.

9

a A
ff

in
ity

 b
in

di
ng

 c
on

st
an

t d
et

er
m

in
ed

 b
y 

a 
le

as
t-s

qu
ar

es
 fi

t o
f b

in
di

ng
 is

ot
he

rm
 d

at
a.

b A
ff

in
ity

 b
in

di
ng

 c
on

st
an

t d
er

iv
ed

 fr
om

 th
e 

in
ve

rs
e 

sl
op

e 
of

 S
ca

tc
ha

rd
 c

ur
ve

s a
t l

ow
 c

on
ce

nt
ra

tio
ns

 o
f F

ab
′.

c A
ff

in
ity

 b
in

di
ng

 c
on

st
an

t d
er

iv
ed

 fr
om

 th
e 

in
ve

rs
e 

sl
op

e 
of

 S
ca

tc
ha

rd
 c

ur
ve

s a
t s

at
ur

at
in

g 
co

nc
en

tra
tio

ns
 o

f F
ab
′.

d Th
eo

re
tic

al
 li

m
it 

of
 b

ou
nd

 li
ga

nd
 d

et
er

m
in

ed
 b

y 
a 

le
as

t-s
qu

ar
es

 fi
t o

f t
he

 si
ng

le
-s

ite
 b

in
di

ng
 e

qu
at

io
n.

e Th
eo

re
tic

al
 li

m
it 

of
 b

ou
nd

 li
ga

nd
 d

et
er

m
in

ed
 b

y 
gr

ap
hi

ca
l e

xt
ra

po
la

tio
n 

of
 S

ca
tc

ha
rd

 p
lo

ts
 to

 th
e 

x-
ax

is
.

f H
et

er
og

en
ei

ty
 fa

ct
or

 d
et

er
m

in
ed

 b
y 

th
e 

Si
ps

 e
qu

at
io

n.

g V
al

en
ce

 o
f c

on
ju

ga
te

s d
et

er
m

in
ed

 w
ith

 m
od

ifi
ed

 a
m

in
o 

ac
id

 a
na

ly
si

s.

h V
al

en
ce

 o
f c

on
ju

ga
te

s d
et

er
m

in
ed

 b
y 

th
e 

ra
tio

 o
f B

m
ax

 o
f t

he
 c

on
ju

ga
te

 o
ve

r B
m

ax
 o

f t
he

 F
ab
′

Bioconjug Chem. Author manuscript; available in PMC 2011 July 14.


