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Abstract
Site-specific conjugation of small molecules and enzymes to monoclonal antibodies has broad utility
in the formation of conjugates for therapeutic, diagnostic, or structural applications. Precise control
over the location of conjugation would yield highly homogenous materials that could have improved
biological properties. We describe for the first time chemical reduction and oxidation methods that
lead to preferential cleavage of particular monoclonal antibody interchain disulfides using the anti-
CD30 IgG1 monoclonal antibody cAC10. Alkylation of the resulting cAC10 cysteine thiols with the
potent antimitotic agent monomethyl auristatin E (MMAE) enabled the assignment of drug
conjugation location by purification with hydrophobic interaction chromatography followed by
analysis using reversed-phase HPLC and capillary electrophoresis. These analytical methods
demonstrated that treating cAC10 with reducing agents such as DTT caused preferential reduction
of heavy-light chain disulfides, while reoxidation of fully reduced cAC10 interchain disulfides caused
preferential reformation of heavy-light chain disulfides. Following MMAE conjugation, the resulting
conjugates had isomeric homogeneity as high as 60−90%, allowing for control of the distribution of
molecular species. The resulting conjugates are highly active both in vitro and in vivo, and are well
tolerated at efficacious doses.

Monoclonal antibodies (mAbs) have been used extensively as carriers of fluorophores,
radionuclides, cytotoxic agents, and enzymes, yielding conjugates that find utility in
therapeutic (1-3) and imaging applications (4,5), ELISA-based assays (6), as well as for the
investigation of protein structure and dynamics (7). The methods employed for making mAb-
based conjugates can be classified in two general categories: those that involve the random
modification of mAb amino acid residues, and those that are highly regioselective. Examples
of random modification procedures include the acylation of lysine ε-amino groups (8),
alkylation of tyrosines (9), and amidation of carboxylates (10). The biological and functional
properties of these conjugates are often acceptable, however random modification of mAbs
may impair antigen binding and leads to conjugate heterogeneity.

In the past several years, a number of selective methods have been described to introduce
molecules of interest onto mAbs. The ability to control the location and stoichiometry of
conjugation can significantly improve the properties of mAb conjugates in some applications.
The greatest selectivities are obtained using recombinant technologies for the production of
fusion proteins (11-14). Selective modification has also been reported for such chemically
based methods as reductive amination of oxidized mAb carbohydrates (15), photoaffinity
labeling of unconventional mAb binding sites (16), and reduction-alkylation of antibody
interchain disulfides (17,18).
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We have previously described the preparation of mAb-drug conjugates for use as antitumor
agents (17,19). The potent antimitotic agent monomethyl auristatin E (MMAE) was conjugated
to the chimeric anti-CD30 mAb cAC10, an IgG1 mAb with 4 interchain disulfides (Figure 1).
Conjugates were formed through full reduction of all interchain disulfides, followed by
alkylation with the drug-linker complex. The resulting mAb-drug conjugates were
homogeneous in composition, with about 8 drugs/mAb. Since mAb interchain disulfides are
distant from the antigen binding site and are generally not required to maintain mAb integrity
(20), this site-specific conjugation strategy yielded conjugates that were potent and selective
for CD30-positive hematologic malignancies (17,19).

We recently demonstrated that drug-load stoichiometry significantly influenced conjugate
pharmacokinetics, and that conjugates with fewer drugs/mAb had larger therapeutic windows
(21). Specifically, conjugates with 4 drugs/mAb were highly active and significantly less toxic
than their counterparts with 8 drugs/mAb. However, such partially-loaded conjugates are not
homogeneous, and the number of drugs on each mAb vary from 0−8, with several isomers at
each drug substitution level. In order to minimize the heterogeneity of these partially loaded
conjugates with 4 drugs/mAb, we explored various reduction/alkylation strategies and
evaluated the distribution of species formed. We recognized that the absolute drug loading and
the isomeric distribution could play a role in efficacy and toxicity. However, the literature does
not describe how to chemically control the isomeric distribution of drug loading, nor does it
illustrate how to determine which of the various mAb thiols are drug substituted. To address
these issues, analytical technologies were established to determine the sites of drug substitution,
and conjugation methods were developed that allowed for isomeric homogeneities as high as
60−90%. The in vitro and in vivo properties of these conjugates are also described.

Materials and Methods
Materials

cAC10, vcMMAE, and cAC10 with 8 MMAE/mAb (E8) were prepared as previously
described (17,22). DTT, DTPA, and 4,4’-dithiodipyridine were obtained from Sigma-Aldrich
(St. Louis, MO). EDTA and sodium chloride were obtained from Cambrex (Rockland, ME).
Sodium borate, sodium phosphate, and citric acid were obtained from Mallinckrodt
(Phillipsburg, NJ). DTNB was obtained from Pierce (Rockford, IL). TCEP and
aminoethanethiol were obtained from Acros (Morris Plains, NJ). Cysteine was obtained from
Alfa Aesar (Ward Hill, MA).

Preparation of ADCs
cAC10-vcMMAE with an average of 4 MMAE/mAb, referred to as E4 mixture, was prepared
as follows. Methods A and D were used to make cAC10-vcMMAE with 2 MMAE/mAb,
referred to as E2 mixture, with the indicated substitutions.

Method A: Limited DTT Reduction
cAC10 was treated with 3.25 molar equivalents of DTT (2.25 molar equivalents for E2 mixture)
in 0.025 M sodium borate pH 8, 0.025 M NaCl, 1 mM DTPA for 2 h at 37 °C. The excess DTT
was purified away from the partially reduced cAC10 in the following manner. The mixture
was first diluted 5 fold with water and applied to a hydroxyapatite column (Macroprep ceramic
type I 40 μm, BioRad, Hercules, CA) at a flow rate of 10 mL/min. The column size was 1 mL
per 10 mg of cAC10. The column was previously equilibrated with 5 column volumes of 0.5
M sodium phosphate pH 7, 10 mM NaCl and 5 column volumes of 10 mM sodium phosphate
pH 7, 10 mM NaCl. Following application, the column was washed with 5 column volumes
of 10 mM sodium phosphate pH 7, 10 mM NaCl and then eluted with 100 mM sodium
phosphate pH 7, 10 mM NaCl. DTPA was added to 1 mM following elution. The protein
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concentration was quantified using an absorbance value of 1.58 at 280 nm for a 1.0 mg/mL
solution, and the molar concentration determined using a molecular weight of 148,449 g/mol.
The concentration of mAb-cysteine thiols produced was determined by titrating with DTNB,
typically resulting in 4.0 to 4.5 thiols/mAb when 3.25 molar equivalents of DTT were used.

Partially reduced cAC10 was alkylated with 1.1 molar equivalents of vcMMAE/mAb-cysteine
thiol. The alkylation reaction was performed at 0 °C for 30 min. Cysteine (1 mM final) was
used to quench any unreacted, excess vcMMAE. cAC10-vcMMAE was purified by
hydroxyapatite chromatography as described above. Following elution, the buffer was changed
to phosphate buffered saline (Invitrogen, Carlsbad, CA) using Amicon (Millipore, Bedford,
MA) Ultrafree 30K cutoff spin concentration devices. The protein concentration was quantified
using an absorbance value of 1.62 at 280 nm for a 1.0 mg/mL solution.

Method B: Limited TCEP Reduction
cAC10 was treated with 2.75 molar equivalents of TCEP in 0.025 M sodium borate pH 8, 0.025
M NaCl, 1 mM DTPA for 2 h at 37 °C. Without purification, the mixture was then cooled to
0 °C and partially reduced cAC10 alkylated with vcMMAE as described above. cAC10-
vcMMAE was purified using PD-10 columns (Amersham Biosciences, Piscataway, NJ)
equilibrated with phosphate buffered saline.

Method C: Reduction of cAC10 with Aminoethanethiol
cAC10 was reduced with aminoethanethiol as previously described for gamma globulin (23).
The reduced mAb was alkylated with vcMMAE as described above.

Method D: DTNB Reoxidation of Fully Reduced cAC10
cAC10 was treated with a large excess (10 mM) of DTT in 0.025 M sodium borate pH 8, 0.025
M NaCl, 1 mM DTPA for 1 h at 37 °C and purified by hydroxyapatite chromatography as
described above. The fully reduced cAC10 was cooled to 0 °C and then treated with 2.0
equivalents of DTNB (3.0 for E2 mixture) or 4,4’-dipyridyldithiol (from 10 mM stock
solutions) with rapid mixing. This mixture was incubated at 0 °C for 20 min. Without further
purification, partially reoxidized cAC10 was alkylated with vcMMAE as previously described
and the resulting conjugate was purified by hydroxyapatite chromatography as described
above.

cAC10 Reduction Time Course
cAC10 was reduced with 3.0 equivalents of DTT in 50 mM sodium phosphate pH 7.5 and 5
mM EDTA at 37 °C. At various times, samples were removed, quenched with an equal volume
of ice-cold 200 mM sodium citrate pH 5, and purified using PD-10 columns equilibrated with
phosphate buffered saline containing 5 mM EDTA. Reduced cAC10 was treated with
vcMMAE as previously described and purified using PD-10 columns equilibrated with
phosphate buffered saline.

Purification of E2, E4, and E6 by HIC
cAC10-vcMMAE was purified by HIC as previously described to yield ADCs with exactly 2,
4, or 6 MMAE/mAb (referred to as E2, E4, and E6, respectively) (21). Briefly, NaCl was added
to cAC10-vcMMAE to give a final concentration of 2.0 M and this mixture applied to a phenyl
HIC column. E2, E4, and E6 were eluted using step gradients of decreasing NaCl concentration.
These purified fractions were analyzed by HIC-HPLC to determine drug loading purity as
previously described (21,24). HIC peaks corresponding to E2, E4, or E6 were identified as
previously described: cAC10 and vcMMAE have distinct absorbance maxima (λmax = 280 and
248 nm, respectively) and overlaying the UV spectra of these peaks yields A248/280 ratios
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that increase with drug loading (21,24). The HIC-HPLC method was also used to isolate small
amounts of E2, E4, and E6.

Characterization of ADCs
The drug loading was estimated using the molar extinction coefficients at 248 and 280 nm of
the mAb (9.413 × 104 and 2.3415 × 105 M−1 cm−1, respectively) and drug (1.5 × 103 and 1.59
× 104 M−1 cm−1, respectively) as previously described (21,24). Size-exclusion HPLC and
C12 reversed-phase HPLC were used as previously described (17) to determine the amount of
aggregate and free vcMMAE, respectively, present in the ADCs.

Analysis of ADCs by Capillary Electrophoresis
The ADCs were analyzed under denaturing but non-reducing conditions using an Agilent
Bioanalyzer (Palo Alto, CA). A protein 200 chip was used under denaturing but non-reducing
conditions as described by the manufacturer. Briefly, 4 μL of 1 mg/mL cAC10-vcMMAE was
mixed with 2 μL of non-reducing loading buffer and heated to 100 °C for 5 min. Water (84
μL) was added and 6 μL of this mixture was loaded into each well of the chip. The molecular
weights of peaks were determined using the molecular weight ladder provided and run
concurrently, allowing assignment of L, H, HL, HH, HHL, and LHHL. Unconjugated cAC10
confirmed the assignment of LHHL, while E8 confirmed the assignment of L and H.

Analysis of ADCs by Reversed-Phase HPLC
ADCs were analyzed under denaturing and reducing conditions using a 2.1 × 150 mm, 8μ,
1000 Å PLRP-S column (Polymer Laboratories, Amherst, MA). The flow rate was 1 mL/min
and the column temperature was 80 °C. Solvent A was 0.05% trifluoroacetic acid in water and
solvent B was 0.04% trifluoroacetic acid in acetonitrile. The method consisted of the following:
Isocratic 25% B for 3 min, a 25-min linear gradient to 50% B, a 2-min linear gradient to 95%
B, a 1-min linear gradient to 25% B, and isocratic 25% B for 2 min. Injections were 10−20
μL of 1 mg/mL cAC10-vcMMAE previously reduced with 20 mM DTT at 37 °C for 15 min
to cleave the remaining interchain disulfides. The number of moles and mole fraction of each
chain was determined using the following molar extinction coefficients: 30,160 M−1 cm−1

(L0); 31,660 M−1 cm−1 (L1); 86,915 M−1 cm−1 (H0); 88,415 M−1 cm−1 (H1); 89,915 M−1

cm−1 (H2); 91,415 M−1 cm−1 (H3). Peak assignments were made with unconjugated cAC10
(L0 and H0) and E8 (L1 and H3). H1 and H2 were assigned by their elution time (eluting
between H0 and H3) and UV spectra (the A248/280 ratio increases with drug loading).

Determination of Isomeric Distribution
The isomeric distribution for E2 and E6 was determined using solely reversed-phase HPLC
data from the mole fractions determined above. For E2 isomer A, the mole fraction of L0 and
H1 are equal, while for E2 isomer B, the mole fraction of L0, L1, H0, and H1 are equal. With
the sum of the mole percent of L0, L1, H0, and H1 set to 100%, the percent isomer B can be
determined as follows:

(1)

where %L1 = mole fraction of L1 and %H0 = mole fraction H0. The percent of isomer A is
assumed to be 100 - %B.

Similarly, for E6 isomer A, the mole fraction of L1 and H2 are equal, while for E6 isomer B,
the mole fractions of L0, L1, H2, and H3 are equal. With the sum of the mole percent of L0,
L1, H2, and H3 set to 100%, the percent isomer B can be determined as follows:

(2)
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where %L0 = mole fraction of L0 and %H3 = mole fraction H3. The percent of isomer A is
assumed to be 100 - %B.

Due to more possible isomers, the percentages of the E4 isomers cannot be obtained solely
from the reversed-phase HPLC data because no isomer gives a unique light and heavy chain
pattern. The amount of E4 isomer A was first determined from capillary electrophoresis data
using the HHL, HH, and HL peak areas as follows:

(3)

With the sum of the mole percent of L0, L1, H1, and H2 set to 100%, reversed-phase HPLC
data was then used to solve for the remaining contribution of E4 isomers B and C using the
following formulas:

(4)

(5)

where %H1 = mole fraction of H1, %L1 = mole fraction L1, %H2 = mole fraction H2, and %
L0 = mole fraction L0.

Simulations
The simulated partial reduction of cAC10 was carried out using a series of coupled ordinary
differential equations (25) with an integration algorithm (4th order Runge-Kutta) implemented
as a VBA function in Excel (Microsoft Corp., Redmond, WA). The rate constants for reduction
of heavy-light and heavy-heavy disulfides were equal. The simulation assumes 2 equivalent
heavy-light and 2 equivalent heavy-heavy disulfides per mAb, with the relative rate constants
for the reduction of the first and second of these equivalent disulfides being 2:1 due to the 2:1
stoichiometry (for example, when the first heavy-light disulfide is reduced, there are 2 heavy-
light disulfides present, whereas when the second heavy-light disulfide is reduced, there is only
1 heavy-light disulfide present). The simulation used a concentration of reductant sufficient to
reduce an average of 2 disulfides per mAb. Figures S1 and S2 show the mechanism and the
differential equations used in the simulation.

Binding Studies
ADCs were labeled with 36 molar equivalents of europium N1-isothiocyanate (Perkin Elmer
Biosciences, Wellesley MA) overnight at 4 °C in 50 mM Na2CO3, pH 9.0. Small molecular
weight agents were removed by gel filtration on PD-10 columns equilibrated with Tris buffered
saline (TBS, 50 mM Tris HCl, pH 8.0, 150 mM NaCl) followed by dialysis overnight in TBS
at 4 °C. Conjugate concentration was determined by UV absorbance. Analysis of the europium
content (by release into DELFIA enhancement solution, Perkin Elmer) indicated that there
were 5 − 7 europium labels/mAb. Karpas 299 ALCL cells (100 μL/well at 1 × 106/mL in TBS
+ 0.5% FBS, 10 μM EDTA) were incubated with increasing dilutions of labeled ADC or
parental cAC10 for 1 h at 4 °C on a plate rocker. Following incubation, the cells were washed
3 times in TBS, resuspended in 200 μL of enhancement solution, transferred to DELFIA yellow
sided plates and incubated on an orbital shaker for 5 min at room temperature. Fluorescence
was monitored using a Fusion HTS microplate reader (Perkin Elmer) using the time-resolved
fluorescence mode using an excitation wavelength of 335 nm and emission wavelength set at
620 nm. The time delay between excitation and emission was 400 μsec. After reading, data
were reduced and binding analyzed using the one-site binding model in GraphPad Prism
version 4.01 for Windows (GraphPad Software, San Diego CA). Binding curves experiments
were performed a minimum of three times to ensure accuracy.
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Cytotoxicity Assays
The experiments were performed as previously described (17). Briefly, Karpas 299 cells were
treated with ADCs for 92 h before adding resazurin and incubating an additional 4 h. Dye
reduction was measured using a fluorescent plate reader.

In Vivo Studies
In vivo efficacy of ADCs in xenograft models of human CD30+ tumors in SCID mice and the
maximum tolerated dose of ADCs in BALB/c mice were performed as previously described
(21). Briefly, subcutaneous Karpas-299 tumors were grown in C.B.−17 SCID mice, with the
test articles administered when tumors reached approximately 100 mm3 (length × width2)/2.
Animals (7−10/group) were injected iv with the ADCs at the doses indicated. Animals were
considered cured if they were tumor free 101 days post tumor implant. Groups were compared
for statistical significance by pair wise treatment of Kaplan-Meier analysis using GraphPad
Prism version 4.01. To evaluate the MTD, BALB/c mice (parent strain of the C.B.−17 SCID)
were administered with ADCs. Animal weights were measured and clinical observations were
recorded over a 14 day period. The MTD was assigned as the highest single dose administered
to an animal that did not result in weight loss ≥20% or lead to any signs of distress.

Results
Reduction Methods

Two general strategies were used to prepare ADCs with an average of 4 MMAE/mAb (referred
to as E4 mixture). The first involved limited reduction of the interchain disulfides of the
chimeric mAb cAC10, an IgG1, followed by alkylation with maleimidocaproyl-val-cit-PABA-
MMAE (vcMMAE). This two-step process led to the formation of cAC10-vcMMAE. About
3.25 and 2.75 molar equivalents of the strong reducing agents DTT and TCEP, respectively,
were sufficient to cleave 2 interchain disulfide bonds, yielding an average of 4 cAC10
cysteines/mAb. Partial reduction of cAC10 could also be accomplished using the weaker
reducing agent aminoethanethiol, which at pH 5 requires about 500 molar equivalents to yield
4 cAC10 cysteines/mAb. Unlike the thiol-based reducing agents, phosphines such as TCEP
react poorly with maleimides, and the excess reducing agent does not have to be removed
before adding vcMMAE.

A second general strategy for controlled drug substitution involves fully reducing cAC10 with
DTT and then partially reoxidizing the resulting thiol groups with DTNB. This reoxidation
process is very efficient, requiring 2.0 equivalents of DTNB to reoxidize 8 mAb cysteines back
to 4. Treatment of this reoxidized mAb with a thiol such as cysteine does not liberate any bound
thionitrobenzoic (TNB) acid, suggesting that the reoxidized cysteines are in the form of mAb
disulfides rather than mixed TNB-cysteine disulfides. The remaining mAb cysteines can then
be conjugated to vcMMAE.

Quantification of Drug Loading Levels
Figure 2 shows the normalized percentages of the even drug loaded species prepared by DTT
partial reduction, TCEP partial reduction, and partial DTNB reoxidation as determined by HIC-
HPLC. The DTNB partial reoxidation method yields a slightly higher percentage of E4 (42%)
than the partial reduction methods (32% for DTT and 36% for TCEP). This comes at the
expense of mainly E6 and E8, which total about 37% for DTT partial reduction and 34% for
TCEP partial reduction, while only 27% for DTNB partial reoxidation.
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Isomeric Populations
To determine the isomeric population of each of the drug loaded species, cAC10-vcMMAE
prepared with various methods was first separated by preparative HIC, yielding E2, E4, and
E6. The purities of these materials, with respect to their drug loading levels, was at least 95%
as determined by analytical HIC-HPLC (21). The HIC-purified materials were then subjected
a combination of reducing and non-reducing methods to assign the distribution of the drugs
on the mAb. Reducing and denaturing reversed-phase HPLC was used to separate and quantify
various light and heavy chain species. In this method, pretreatment of the ADC with an excess
of DTT breaks the remaining interchain disulfides and allows separation of light chain with 0
or 1 drugs (L0 and L1) from heavy chain with 0, 1, 2, or 3 drugs (H0, H1, H2, and H3) (Figure
3, A-D). A second form of analysis involved non-reducing and denaturing capillary
electrophoresis, allowing for the separation of 6 potential mAb species: L, H, HL, HH, HHL,
and LHHL (Figure 3, E-H). Figure 4 shows the possible isomers of E2, E4, and E6 and the
expected distribution of mAb fragments under denaturing conditions in both reducing and non-
reducing environments. The isomeric populations of E2 and E6 were readily determined by
reversed-phase HPLC since each isomer yields a unique fragment pattern. For example, isomer
E2B yields L1 and H0 under denaturing and reducing conditions, while E2A yields L0 and
H1. Under denaturing and non-reducing conditions, isomer E2A yields LHHL, while E2B
yields L and HHL. For E4, the three potential isomers do not yield unique fragment patterns
on reversed-phase HPLC or capillary electrophoresis alone, requiring that the combined results
must be used to assign the isomeric population.

Figure 5 shows the percent composition for each of these isomers. Both partial reduction
methods gave similar isomer populations. However, for E2, DTT partial reduction and DTNB
partial reoxidation gave contrasting isomeric populations: the former method yielded 92%
E2B, while the latter method yielded 77% E2A. Similarly, E4B is the predominant isomer for
DTT partial reduction (59%), while E4C is the predominant isomer for DTNB partial
reoxidation (75%). The chemistry used to prepare the reduced antibody plays a significant role
in the location of the drugs in the resulting conjugate. Interestingly, both methods yield E6B
as the predominant E6 isomer in very high yields (96−98%). There are also smaller differences
in the distribution of isomers observed from the DTT and TCEP partial reduction methods, the
largest of which can be seen in isomers E4B and E4C. DTT partial reduction yields about 2:1
E4B to E4C, while TCEP partial reduction yields about 1:1.

Simulated Partial Reduction
The observed drug loading levels and isomeric populations are significantly different for the
partial reduction and partial reoxidation methods, which may indicate that there is some degree
of selectivity in reducing and oxidizing mAb heavy-light and heavy-heavy disulfides. A
simulation of cAC10 partial reduction was performed in which disulfides were allowed to be
randomly reduced under conditions where the rate constants for the reduction of heavy-light
and heavy-heavy disulfides were equal. Figure 6a shows the simulated drug loading levels for
E0, E2, E4, E6, and E8 and the percent difference between these simulated values and the HIC-
HPLC data for DTT and TCEP partial reduction. The percent difference varies systematically,
in that the experimentally determined amounts of E0 and E8 were significantly larger than the
simulated values, while the amounts of E2, E4, and E6 were slightly less than the simulated
values. Figure 6b shows the simulated isomer populations and the percent difference between
the simulation and the values determined from reversed-phase HPLC and capillary
electrophoresis. The experimentally determined isomer abundances were as much as 250%
more and up to nearly 100% less than the simulated values. No experimentally determined
isomer abundance was within 75% of the simulated values. These results strongly suggest that
the reduction is not a random process and the rate constants for reduction of individual cAC10
disulfides are widely different.

Sun et al. Page 7

Bioconjug Chem. Author manuscript; available in PMC 2008 September 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



DTT Reduction Time Course
Because of the long reduction time necessary to form partially reduced cAC10 with DTT, the
isomeric population could change during the reduction reaction and using the end point of the
reaction would not be representative of the overall reduction process. To address this, the
isomeric compositions of the product ADCs were determined at various time intervals after
the addition of the reducing agent. Reduction times of 10 to 120 min yielded drug loadings of
1.3 to 3.9 drugs/mAb. Table 1 shows that the isomeric composition does not change over the
course of the reduction reaction. Thus, the reduction process is under kinetic rather than
thermodynamic control, and using the end point of the reaction is appropriate.

Binding to CD30 Positive Cells
cAC10-vcMMAE conjugates were tested for their abilities to bind to CD30 positive Karpas
299 Anaplastic Large Cell Lymphoma cells. Table 2 shows that unmodified cAC10 and ADCs
with 2 drugs/mAb bound with similar affinities, 2.0 to 3.6 nM. ADCs with 4 and 8 drugs/mAb
bound slightly weaker, 6.5 to 7.8 nM. The chemistry used to prepare the ADCs did not
significantly influence the ability of the ADCs to bind to the cells.

In Vitro Cytotoxicity
Mixtures with an average of 2 and 4 drugs/mAb as well as HIC purified E2 and E4 were
investigated for their in vitro activities on Karpas 299 cells. Table 2 shows the ADCs with 2
and 4 drugs/mAb have IC50 values from 11.4 to 13.8 ng/mL and 3.4 to 5.0 ng/mL, respectively.
E8 gave the lowest value of 2.7 ng/mL and unconjugated cAC10 showed no effect. Thus,
cytotoxic activity increases with increased drug substitution, but is not dependent on ADC
isomeric composition.

In Vivo Toxicity and Therapeutic Efficacy
MTD values in immunocompetent BALB/c mice were determined by iv ADC injections. As
previously described, the MTD of E8 was 50 mg/kg (21). Significantly more of the ADCs
could be administered with lower drug loading. The best tolerated ADC was E2 made by DTT
partial reduction, which was devoid of toxicity at 250 mg/kg, the highest dose tested. The MTD
of E4 prepared by the DTNB partial reoxidation method was 120 mg/kg, which was slightly
less toxic than the corresponding E4 ADC prepared by DTT partial reduction (MTD of 100
mg/kg). Consistent with in vitro cytotoxicity, the number of drugs/mAb had a much more
pronounced influence on toxicity than the placement of the drug on the mAb.

Therapeutic efficacy experiments were performed in SCID mice with subcutaneous Karpas
299 tumors. Single doses of the ADCs were given 11 (E4) or 14 (E2) days after tumor implant,
when the tumors had reached approximately 100 mm3. Figure 7a shows that for E2 made by
DTT partial reduction and DTNB partial reoxidation methods, 1.0 mg/kg of ADC both gave
delays in tumor growth. Although E2 made by DTT partial reduction gave 5 cures out of 7
while E2 made by DTNB partial reoxidation provided 1 cure out of 7, Kaplan-Meier analysis
for survival showed that there was not a statistical difference between these 2 chemistries
(P=0.08). However, since the P value is trending towards significance (0.05<P<0.1), further
studies are required with larger group sizes to determine if these chemistries yield differences
in efficacy. The E4 ADCs which were made by DTT partial reduction, TCEP partial reduction,
and DTNB partial reoxidation gave delays in tumor growth at both 0.5 and 1.0 mg/kg (Figure
7b). Nearly identical cure rates were obtained at 1 mg/kg for all 3 production methods (8 to 10
cures out of 10), suggesting that the production methods yielded ADCs with similar efficacies
(P=0.15 for E4 made by TCEP partial reduction compared to E4 made by either DTT partial
reduction or DTNB partial reoxidation).
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Discussion
We have demonstrated for the first time that IgG1 interchain disulfide bonds can be
distinguished by chemical reduction and oxidization methods. This was made possible using
the drug MMAE to fix the disulfide bonding pattern by alkylating free cysteines, allowing
separation of the drug loading levels by HIC, and facilitating the analysis of the isomeric
populations.

As shown in Figure 3, the production method significantly affects the location of the drugs,
suggesting that the mAb disulfides can be selectively reduced. Partial DTT reduction yields
predominantly isomer E2B, which results from reduction of one of the heavy-light chain
disulfides. Conjugates consisting of E4 were comprised mainly of isomer E4B, which results
from the reduction of both heavy-light chain disulfides. The main E6 species detected was
isomer E6B, which results from reduction of both heavy-heavy chain disulfides and one heavy-
light chain disulfide, while isomers with one heavy-heavy chain disulfide reduced were in the
extreme minority. On the other hand, partial DTNB reoxidation yields almost the opposite
result for E2 and E4 isomers, with predominantly isomers E2A and E4C, where one heavy-
heavy chain disulfide is intact, and the same result for E6. We have observed qualitatively
similar preferences of the isomer populations from partial reduction and partial reoxidiation
of the humanized anti-Her2 IgG1 Herceptin (data not shown).

Previous investigations of mAb disulfide biochemistry did not demonstrate whether there was
selective reduction of particular mAb interchain disulfides, in part because of the inability to
fractionate the reduction reaction into subpopulations together with the low resolution of the
analytical techniques employed. SDS-PAGE was used extensively (26-28), but this technique
could not resolve and quantify the 9 possible isomers present in a mAb reduction reaction.
Figure 3 shows that the E4 mixtures prepared by partial DTT reduction and partial DTNB
reoxidation are difficult to distinguish, while HIC-purified E4 prepared by these chemistries
are readily distinguished. In the past, analytical ultracentrifugation was also used to
characterize mAb interchain disulfide reduction using aminoethanethiol under acidic
conditions, and this data was used to suggest that exclusively heavy-heavy disulfides can be
cleaved under these conditions (29-31). These data are even lower resolution than SDS-PAGE
and cannot provide molecular characterization of the generated species. Our data are in contrast
to this report, since partial reduction of cAC10 by aminoethanethiol at pH 5 results in a mixture
of E4B and E4C present in nearly a 1:1 ratio (Figure 5), rather than only E4C, which would
result from exclusive heavy-heavy disulfide reduction. The analytical technologies used in the
previous reports (29-31) were evidently not sensitive enough to support the conclusions drawn.

The isomeric populations that result from partial DTT reduction demonstrate that IgG1 heavy-
heavy disulfide bond cleavage is a cooperative process. Very little of any of the isomers with
one heavy-heavy disulfide bond intact are observed, even at very early time points during the
reduction (Table 1). The E2 isomer formed in greater than 90% abundance (E2B) has one
heavy-light disulfide bond cleaved, while the predominant E4 isomer (E4B) has both of the
heavy-light chain disulfides cleaved.

The simulated partial reduction with equal rate constants for heavy-light and heavy-heavy
disulfide reduction confirm that the reduction of cAC10 is not a random process. The drug
loading distribution and isomer distribution are significantly different between the simulation
and experimental data, suggesting that a more complex model with unequal rate constants is
much more appropriate in describing the cAC10 reduction process. We are currently
performing additional simulations with other models to determine the rate constants that
describe cAC10 reduction. These simulations will enable us to determine the relative rate
constants of reduction of the heavy-light versus heavy-heavy disulfides, as well as the rate
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constants of reduction of the first versus the second heavy-light and heavy-heavy disulfides.
Simulations may also be able to explain the small observed differences between DTT and TCEP
partial reduction, with these two reducing agents potentially having different absolute reducing
strengths as well as differences in their rate constants for reduction of individual disulfides.

Inspection of X-ray crystal structures (PDB structures include 1HZH and 1IGT) (20,32,33)
show the region around these heavy-heavy disulfides to be highly flexible, and electron density
is often absent. These disulfide bonds may be responsible for any local structure, and release
of one may open up this region, allowing the second to be more exposed to solvent and reducing
agents. The cleavage of these disulfides is not expected to cause large changes in the overall
protein structure (20).

The partial DTNB reoxidation process preferentially re-forms the heavy-light chain disulfides,
as was seen previously for air reoxidation (26). The E6 isomer formed in greater than 90%
abundance (E6B) has one heavy-light disulfide, and the predominant E4 isomer (E4C) has both
heavy-light disulfides. Unlike DTT reduction, reformation of the heavy-heavy disulfides does
not appear to be cooperative, in that the predominant E2 isomer has just one heavy-heavy
disulfide. Reformation of heavy-heavy disulfides appears to be merely kinetically slower than
the heavy-light disulfides. If cleavage of the heavy-heavy disulfides releases the local structure
and the previously paired cysteines can move away from each other, the kinetics of heavy-
heavy disulfide bond formation will be slow. The heavy-light disulfide is probably not
responsible for local structure or relative positioning of the heavy and light chains, and the
unpaired cysteines will remain in close proximity and proper orientation for disulfide bond
formation.

The chemistries described herein enable the generation of highly site-specific conjugates. For
cAC10-vcMMAE, the effect of the location of the drugs on biological activity is modest, with
the only significant difference being the MTD values of E4 made by DTNB partial reoxidation
being higher than E4 made by DTT partial reduction. It is likely that other biologically
interesting molecules such as fluorophores and fluorescence resonance energy transfer reagents
may benefit from site-specific conjugation, and this is an area that we are currently
investigating. The ability to control the molecular composition in ADCs by chemical means
complements recombinant strategies, and allows for the generation of well defined ADCs with
potent biological activities.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations
ADC, mAb drug conjugate
DTNB, 5,5’-dithiobis(2-nitrobenzoic acid)
DTPA, diethyeletriaminepentaacetic acid
DTT, dithiothreitol
E0, E2, E4, E6, E8, cAC10, 0, 2, 4, 6, 8 MMAE per mAb, respectively
H0, H1, H2, H3, heavy chain, 0, 1, 2, 3 MMAE, respectively
HIC, hydrophobic interaction chromatography
L0, L1, light chain, 0, 1 MMAE, respectively
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mAb, monoclonal antibody
MMAE, monomethyl auristatin E
MTD, maximum tolerated dose
TCEP, tris(2-carboxyethyl)phosphine
vcMMAE, maleimidocaproyl-valine-citruline-PABA-MMAE
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1.
Conjugation strategy. The drug-linker vcMMAE reacts with a mAb cysteine to form the ADC.
The potent antimitotic agent MMAE is released from the ADC following proteolysis. As many
as 8 molecules of vcMMAE can react with each mAb following reduction of the 4 interchain
disulfides present in cAC10.
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2.
Composition of E4 mixture as a function of conjugation methodology. HICHPLC
chromatograms were integrated to determine the abundance of E0, E2, E4, E6, and E8 in the
mixtures. Values are ± standard deviation for 4 (DTT partial reduction), 3 (TCEP partial
reduction), or 6 (DTNB partial reoxidation) separate experiments. The contributions from odd-
loaded species, typically less than 10%, are not shown. The sum of E0, E2, E4, E6, and E8 was
normalized to 100%. The simulated reduction assumes that the rate constants for reduction of
the 4 interchain disulfides are equal for a random reduction process, and the sum of E0, E2,
E4, E6, and E8 equals 100%.
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3.
Analytical characterization of ADCs. (A-D) Reversed-phase HPLC and (E-H) capillary
electrophoresis were used to analyze (A, E) E4 mixture made by partial DTT reduction
followed by MMAE conjugation; (B, F) E4 mixture made by DTNB partial reoxidation
followed by MMAE conjugation; (C, G) E4 made by partial DTT reduction followed by
MMAE conjugation and purified by preparative HIC ; and (D, H) E4 made by partial DTNB
reoxidation followed by MMAE conjugation and purified by preparative HIC. HPLC injections
were 20 μL of 1 mg/mL cAC10-vcMMAE treated with 20 mM DTT for 15 min at 37 °C.
Separations were performed at 80 °C. Capillary electrophoresis was performed under non-
reducing conditions.
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4.
Potential isomers for E2, E4, and E6. Isomers with one heavy-heavy disulfide (2A, 4A, and
6A) can be further subdivided into isomers with either the first or the second disulfide intact,
but because the analytical methods described herein cannot distinguish these subgroups, only
one isomer is shown. Below the isomer are the chain compositions under denaturing conditions
(first line, non-reducing; second line, reducing). For denaturing and non-reducing conditions,
the possible species formed are L, H, HL, HH, HHL, and LHHL, where the remaining
interchain disulfides link the indicated chains. For denaturing and reducing, the possible species
formed are L0, L1, H0, H1, H2, and H3, in which the numbers indicate how many drug
molecules are attached to the light or heavy chain. The locations of MMAE conjugation are
indicated by stars. Unconjugated cAC10 (E0) and fully conjugated cAC10 (E8) are not shown.
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5.
Composition of isomeric population of purified E2, E4, and E6. The percent of the E2 and E6
isomers were determined from reversed-phase HPLC data using Equations 1 and 2,
respectively. The percent of E4A was determined from capillary electrophoresis data using
Equation 3 and then the percent of E4B and E4C were determined from reversed-phase HPLC
data using Equations 4 and 5. For each drug loading level, the sum of the isomers is equal to
100%.
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6.
Simulation of random reduction reaction. cAC10 reduction was simulated with equal rate
constants for reduction of heavy-heavy and heavy-light disulfides. (A) The simulated drug
loading abundance is shown with bars for the reduction of an average of 2 disulfides to yield
an average of 4 antibody cysteines. The percent differences between the experimentally
determined drug loading abundance from HIC-HPLC data for DTT and TCEP partial reduction
shown in Figure 2 and the simulated values are shown in lines. (B) The simulated isomer
distribution is shown in bars. The percent differences between the experimentally determined
isomer abundances shown in Figure 5 and the simulated values are shown in lines. In both
panels, a positive number indicates that the experimental data is greater than the simulated
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value, while a negative number indicates that the experimental data is lower than the simulated
value.
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7.
Single dose efficacy of E2 and E4. SCID mice with Karpas 299 tumors were treated with single
doses of (A) E2 made by DTT partial reduction and DTNB partial reoxidation and (B) E4 made
by DTT partial reduction, TCEP partial reduction, and DTNB partial reoxidation. Animals
were considered cured if they were tumor free 101 days post tumor implant.
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Table 2
In vitro binding and cytotoxicity of cAC10-vcMMAE.

ADC Binding Kd (nM)a Karpas 299 IC50 (ng/mL)b

E0 (cAC10) 2.70 ± 1.91 N/D
E2 mixture DTT N/D 11.4 ± 2.4

E2 DTT 3.57 ± 2.41 13.8 ± 3.6
E2 mixture DTNB N/D 11.7 ± 4.5

E2 DTNB 2.02 ± 1.22 13.2 ± 2.7
E4 mixture DTT N/D 3.4 ± 1.2

E4 DTT 7.76 ± 3.93 4.8 ± 0.7
E4 mixture DTNB N/D 5.0 ± 0.0

E4 DTNB 7.69 ± 4.42 4.3 ± 0.9
E8 6.53 ± 3.09 2.7 ± 0.2

a
Binding to Karpas 299, determined from 4−7 independent measurement ± standard deviation. N/D, not determined.

b
In vitro cytotoxicity, in ng cAC10/mL, determined from 3 independent measurements ± standard deviation. N/D, not determined. cAC10 alone displays

poor activity against Karpas 299.
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