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ABSTRACT
Purpose: An antibody-drug conjugate consisting of
monomethyl auristatin E (MMAE) conjugated to the antiCD30 monoclonal antibody (mAb) cAC10, with eight drug
moieties per mAb, was previously shown to have potent
cytotoxic activity against CD30ⴙ malignant cells. To determine the effect of drug loading on antibody-drug conjugate
therapeutic potential, we assessed cAC10 antibody-drug
conjugates containing different drug-mAb ratios in vitro and
in vivo.
Experimental Design: Coupling MMAE to the cysteines
that comprise the interchain disulfides of cAC10 created an
antibody-drug conjugate population, which was purified using hydrophobic interaction chromatography to yield antibody-drug conjugates with two, four, and eight drugs per
antibody (E2, E4, and E8, respectively). Antibody-drug conjugate potency was tested in vitro against CD30ⴙ lines followed by in vivo xenograft models. The maximum-tolerated
dose and pharmacokinetic profiles of the antibody-drug conjugates were investigated in mice.
Results: Although antibody-drug conjugate potency in
vitro was directly dependent on drug loading (IC50 values
E8<E4<E2), the in vivo antitumor activity of E4 was comparable with E8 at equal mAb doses, although the E4 contained half the amount of MMAE per mAb. E2 was also an
active antitumor agent but required higher doses. The
maximum-tolerated dose of E2 in mice was at least double
that of E4, which in turn was twice that of E8. MMAE
loading affected plasma clearance, as E8 cleared 3-fold
faster than E4 and 5-fold faster than E2.
Conclusions: By decreasing drug loading per antibody,
the therapeutic index was increased demonstrating that
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drug loading is a key design parameter for antibody-drug
conjugates.

INTRODUCTION
Recent success in the development of monoclonal antibodies (mAbs) for the treatment of cancer, such as rituximab for the
treatment of non-Hodgkin’s B-cell lymphoma and trastuzumab
for breast cancer (1), have proven that mAbs can be a valuable
weapon in the battle against cancer. To further advance the use
of mAb-based therapies for cancer, a number of novel approaches have been explored. For example several approaches
have been shown to enhance the ability of an antibody to
mediate antibody-dependent cell-mediated cytotoxicity by optimizing the structure of the Fc-associated N-linked oligosaccharide (2, 3). Alternatively, cell-killing payloads such as protein
toxins (4), radionuclides (5, 6), and anticancer drugs (7–9) have
been conjugated to mAbs to generate immunotoxins, radioimmunoconjugates, and antibody-drug conjugates, respectively.
Gemtuzumab ozogamicin, an antibody-drug conjugate that
is composed of the potent DNA minor groove binder calicheamicin linked covalently to an anti-CD33 mAb (8), was
approved in 2000 by the United States Food and Drug Administration for the treatment of patients with relapsed acute myeloid leukemia (10). Other antibody-drug conjugates currently in
development use a number of different cytotoxic drugs and
linkage systems. For example, the maytansine-derivative DM1,
a potent antimicrotubule agent, is used in huN901-DM1 for
small-cell lung cancer and huC242-DM1, which targets the
CanAg antigen present on various tumors (9). SGN-15 is an
anti-Lewis Y antibody conjugated to doxorubicin and is currently in a phase II trial for non–small-cell lung cancer (7).
Several other antibody-drug conjugates have shown pronounced
activities in preclinical models and are advancing toward or
have entered clinical trials (11–15).
Development of antibody-drug conjugates with therapeutic
potential involves the optimization of several critical parameters. These include the use of highly potent drugs that are
attenuated and stable while attached to the mAbs (12–14, 16)
and the use of drug-mAb linkers that allow for the release of
active drug only when the mAb has reached the target site (12,
17–20). Another key factor is the choice of target antigen. The
target antigen should internalize upon mAb binding, have high
expression on tumor cells, and little to no expression on normal
cells.
The antigen CD30 is highly expressed on the surface of
cancer cells such as Hodgkin’s disease (21) and anaplastic large
cell lymphomas (22). This expression, coupled with limited
expression on normal cells (21, 23, 24), makes CD30 an attractive target for antibody-drug conjugate therapy. We recently
demonstrated that the chimeric mAb cAC10 has antitumor activity against Hodgkin’s disease both in vitro and in s.c. and
disseminated SCID mouse xenograft models (25). We subse-
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quently reported that the antitumor activity of cAC10 could be
dramatically enhanced by generating antibody-drug conjugates
with derivatives of the cytotoxic agent auristatin E as the drug
component (12, 13). These antibody-drug conjugates were
highly effective in murine xenograft models at well-tolerated
doses.
In developing the cAC10 antibody-drug conjugate, emphasis was placed on the stability of the linker, the method by which
the drug was covalently attached to the mAb, and optimizing the
potency of the drug component. Historically, augmenting
the potency of an antibody-drug conjugate involved increasing
the number of drugs on an antibody (20) or conjugating more
potent drugs (12). Although previous reports describe how drug
loading influences in vitro characteristics (16, 20, 26), the effects of drug multiplicity on in vivo parameters of antibody-drug
conjugates has not been described. In the present work, we have
evaluated the effect of drug loading on the in vitro and in vivo
properties of cAC10 antibody-drug conjugates. The characteristics of cAC10 loaded with different ratios of MMAE demonstrate how drug loading affects pharmacokinetics and the therapeutic index parameters of efficacy and toxicity, which reveals
drug loading as an important design parameter of antibody-drug
conjugates.

MATERIALS AND METHODS
Cells and Reagents. CD30-positive anaplastic large-cell
lymphoma line Karpas-299 and CD30-negative WSU-NHL
were obtained from the Deutsche Sammlung von Mikroorganism und Zellkulturen GmbH (Braunschweig, Germany).
L540cy, a derivative of the Hodgkin’s disease line L540 adapted
to xenograft growth, was developed by Dr. Harald Stein (Institüt
für Pathologie, University of Veinikum Benjamin Franklin, Berlin, Germany). Cell lines were grown in RPMI 1640 (Life
Technologies, Inc., Gaithersburg, MD) supplemented with 10%
fetal bovine serum.
Construction and Purification of cAC10-Val-CitMMAE Antibody-Drug Conjugates. The E8 antibody-drug
conjugate was generated as described previously (12, 13).
Briefly, cAC10 was mixed with DTT at 37°C for 30 minutes,
and the buffer was exchanged by elution through Sephadex
G-25 resin with PBS containing 1 mmol/L diethylenetriaminepentaacetic acid. PBS containing 1 mmol/L diethylenetriaminepentaacetic acid (PBS/D) was added to the reduced mAb
(final concentration, 2.5 mg/mL). The thiol concentration was
⬃8.4 thiols/mAb as measured by Ellman’s reagent, 5,5⬘-dithiobis(2-nitrobenzoic acid) [DTNB]. A 9.5-fold molar excess of
maleimidocaproyl-Val-Cit-MMAE, subsequently referred to as
Val-Cit-MMAE, was added to the reduced antibody at 4°C for
1 hour, and the conjugation reaction was quenched by adding a
20-fold excess of cysteine. The reaction mixture was concentrated by centrifugal ultrafiltration and buffer-exchanged
through Sephadex G-25 equilibrated in PBS at 4°C. The conjugate was then sterile filtered through a 0.2-m filter.
The generation of cAC10 antibody-drug conjugates with
two and four MMAE molecules per antibody, E2 and E4,
respectively, involved a partial reduction of the mAb followed
by reaction with Val-Cit-MMAE. The antibody cAC10 (10
mg/mL) was partially reduced by addition of DTT to a final

DTT:mAb molar ratio of 3.0 followed by incubation at 37°C for
⬃2 hours. The reduction reaction was then chilled to ⬃10°C and
the reduced cAC10 purified away from excess DTT via diafiltration. After diafiltration, the thiol concentration in the partially
reduced cAC10 was determined by DTNB; in this manner, an
average of approximately two disulfide bonds were reduced,
thus exposing approximately four reduced Cys:mAb. To conjugate all of the reduced Cys, Val-Cit-MMAE was added to a final
Val-Cit-MMAE:reduced Cys molar ratio of ⬃1.15. The conjugation reaction was carried out in the presence of 15% v/v of
DMSO and allowed to proceed at ⬃10°C for ⬃30 minutes.
After the conjugation reaction, excess free Cys (2 mol/L Cys per
mol/L Val-Cit-MMAE) was added to quench unreacted Val-CitMMAE to produce the Cys-Val-Cit-MMAE adduct. The Cys
quenching reaction was allowed to proceed at ⬃10°C for ⬃30
minutes. The Cys-quenched reaction mixture was purified and
buffer-exchanged into PBS by diafiltration to obtain the partially loaded cAC10-Val-Cit-MMAE referred to as E4-Mixture.
Preparative Hydrophobic Interaction Chromatography
Fractionation. All chromatographic steps were performed at
room temperature. A 1.6 ⫻ 25-cm column (⬃50 mL) was
packed with Toyopearl Phenyl-650M HIC resin (Tosoh Bioscience, Montgomeryville, PA) and equilibrated with ⬎5 column volumes of buffer A [50 mmol/L sodium phosphate, 2
mol/L NaCl (pH 7.0)]. To prepare the sample for loading onto
the column, 39 mL of E4-Mixture (12.9 mg/mL) were mixed
with an equivalent volume of buffer A⬘ [50 mmol/L sodium
phosphate, 4 mol/L NaCl (pH 7.0)]. After sample loading, the
column was washed with buffer A until an A280 nm baseline was
achieved. E2 was eluted and collected with a step gradient
consisting of 65% buffer A/35% buffer B [80% v/v 50 mmol/L
sodium phosphate (pH 7.0), 20% v/v acetonitrile]. After baseline was again achieved, E4 was eluted and collected with a step
gradient consisting of 30% buffer A/70% buffer B. Both E2 and
E4 peaks were collected to ⬃20% of their respective peak
heights. The fractions of interest were buffer exchanged into
PBS using Ultrafree-15 centrifugal filter devices with a molecular weight cutoff of Mr 30,000 (Millipore, Billerica, MA).
Analysis of Conjugates. Analysis of the conjugates was
accomplished by hydrophobic interaction chromatography–
high-performance liquid chromatography using an Ether-5PW
column (Tosoh Bioscience, Montgomeryville, PA). The method
consisted of a linear gradient from 100% buffer A to 100%
buffer C [80% v/v 50 mmol/L sodium phosphate (pH 7.0), 10%
v/v acetonitrile, 10% v/v isopropanol] in 50 minutes. The flow
rate was set at 1 mL/min, the temperature was set at 30°C, and
detection was followed at both 248 and 280 nm. The identity of
unmodified cAC10 and E8 peaks was confirmed by injection of
cAC10 and E8 standards. Because the antibody and drug have
distinct absorbance maxima (max ⫽ 280 and 248 nm, respectively), it was possible to identify peaks corresponding to
cAC10 conjugates with two, four, and six drugs per antibody by
overlaying peak spectra.
Additional confirmation of the identity of purified E2 and
E4 was accomplished by UV-VIS analysis. The absorbance at
280 nm of the drug and the antibody contribute to the total
absorbance (A280 nm):
280
A280 ⫽ ⑀D280CDl ⫹ ⑀Ab
CAbl
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where
280
⑀D
⫽ extinction coefficient of the drug at 280 nm,
280
⑀Ab ⫽ extinction coefficient of the mAb at 280 nm,
CD ⫽ concentration of the drug,
CAb ⫽ concentration of the mAb, and
l ⫽ detector path length; and an analogous equation for the
total absorbance at 248 nm:
248
A248 ⫽ ⑀D248CDl ⫹ ⑀Ab
CAbl

(2)

Dividing equation 2 by equation 1 and rearranging:
MR ⫽

280
⑀248
Ab ⫺ R⑀Ab
280
R⑀D ⫺ ⑀D248

(3)

where
MR ⫽ CD/CAb ⫽ Drug:mAb molar ratio
R ⫽ A248/A280 ⫽ Absorbance ratio.
The drug:mAb molar ratio was then calculated using equa248
tion 3 and extinction coefficients of the drug (⑀D
⫽ 1.5 ⫻ 103
4
280
L/mol 䡠 cm and ⑀D ⫽ 1.59 ⫻ 10 L/mol 䡠 cm) and mAb
248
280
(⑀Ab
⫽ 9.413 ⫻ 104 L/mol 䡠 cm and ⑀Ab
⫽ 2.3415 ⫻ 105
L/mol 䡠 cm).
In vitro Characterization of cAC10-Val-Cit-MMAE Antibody-Drug Conjugates. Competition binding was performed on the antibody-drug conjugates to determine whether
the conjugation process or presence of drug impaired the antigen
binding. To compare saturation binding of mAb and antibodydrug conjugate, 5 ⫻ 105 Karpas-299 cells were combined with
serial dilutions of cAC10, E2, E4, or E8 in the presence of 1
g/mL cAC10 labeled with Alexa Fluor 488 (Molecular Probes,
Eugene, OR) in staining medium for 30 minutes on ice then
washed twice with ice-cold staining medium. Labeled cells were
measured using a Fusion microplate reader (Perkin-Elmer, Boston, MA). Sample data were baseline corrected and reported as
the percentage of maximum fluorescence as calculated by the
sample fluorescence divided by the fluorescence of cells stained
with 1 g/mL cAC10-Alexa Fluor 488 alone.
The growth inhibitory activities of cAC10 conjugates were
determined by measuring DNA synthesis. Conjugates were incubated with CD30⫹ Karpas-299 or L540cy cells or CD30WSU-NHL cells. After a 92-hour incubation with cAC10 or
cAC10 antibody-drug conjugates, cells were labeled with
[3H]thymidine, 0.5 Ci/well, for 4 hours at 37°C. Cells were
harvested onto filters using a harvester, mixed with scintillation
fluid, and the radioactivity was measured with a Topcount
scintillation counter (Packard Instruments, Meriden, CT). The
percent radioactivity incorporation relative to untreated controls
was plotted versus concentration for each molecule. The data
were fit to a sigmoidal dose-response curve (variable slope) with
Prism 4.01 software (GraphPad Software, Inc., San Diego, CA)
to determine the IC50 (defined as the mAb concentration that
gave 50% inhibition of DNA synthesis).
Xenograft Models of Human Anaplastic Large-Cell
Lymphoma. To establish a s.c. disease model of anaplastic
large-cell lymphoma, 5 ⫻ 106 Karpas-299 cells were implanted
into the right flank of C.B-17 SCID mice (Harlan, Indianapolis,
IN). Therapy with antibody-drug conjugates was initiated when
the tumor size in each group of 6 to 10 animals averaged 90 and

100 mm3 for the single-dose and multidose experiments, respectively. Treatment consisted of either a single injection or multiple i.v. injections using the schedule of one injection every 4
days for 4 injections (q4d⫻4). Tumor volume was calculated
using the formula (length ⫻ width 2)/2. A tumor that decreased
in size such that it was impalpable was defined as a complete
regression. A complete regression that lasted ⬎100 days after
tumor implant was defined as a cure. Animals were euthanized
when tumor volumes reached ⬃1000 mm3. Pairwise treatment
groups were compared using Kaplan-Meier analysis for survival
with Prism 4.01 software.
Maximum-Tolerated Dose (MTD). Groups of three
BALB/c mice (Harlan) received injections of 30 to 60 mg/kg
E8, 60 to 120 mg/kg E4, or 200 to 250 mg/kg E2 via the tail vein
to determine the single-dose MTD. Mice were monitored daily
for 14 days, and both weight and clinical observations were
recorded. Mice that developed significant signs of distress were
sacrificed in accordance with Institutional Animal Care and Use
Committee guidelines. The MTD was defined as the highest
dose that did not cause serious overt toxicities or ⬎20% weight
loss in any of the animals.
Pharmacokinetics. The pharmacokinetics of cAC10,
E2, E4, and E8 were evaluated in SCID mice. SCID mice (n ⫽
3) were administered 10 mg/kg test material (based on the
antibody component) by tail vein injection. Blood samples were
collected from each mouse via the saphenous vein at 1 hour, 4
hours, 1 day, 2 days, 4 days, 7 days, 14 days, 21 days, 28 days,
35 days, 42 days, and 49 days after injection. Blood was
collected into heparin coated tubes followed by centrifugation
(14,000 ⫻ g, 3 minutes) to isolate plasma. Plasma concentrations of
cAC10 and antibody-drug conjugates were measured by ELISA.
Briefly, the ELISA consisted of the following steps: plate
coat, block, sample binding, secondary mAb, 3,3⬘,5,5⬘-tetramethylbenzidine dihydrochloride, and acid quench. After each
step, the wells were washed with wash buffer [PBS, 0.05%
Tween 20 (pH 7.4)] three times. In the plate coat step, anticAC10 mAb was coated onto 96-well plates at 2 g/mL in
carbonate buffer [0.1 mol/L carbonate/bicarbonate (pH 9.6)] at
4°C overnight. After the plate coat, blocking buffer (PBS, 1%
BSA, 0.05% Tween 20) was added and incubated at room
temperature for 1 hour. Next, 100 L of standard or diluted
plasma sample were added to triplicate wells for 1 hour at room
temperature. The secondary step consisted of a mouse antihuman IgG-horseradish peroxidase conjugate (Southern Biotech,
Birmingham, AL) incubated for 1 hour. Subsequently, 100 L
of 3,3⬘,5,5⬘-tetramethylbenzidine (Sigma, St. Louis, MO) were
added to each well, and upon color development, the reaction
was stopped with 100 L of 1 N sulfuric acid. Absorbance was
measured using a VMax Kinetic Microplate reader (Molecular
Devices, Sunnyvale, CA) at 450 nm and a blank at 630 nm.
Noncompartmental pharmacokinetic parameters were calculated
with WinNonlin (Pharsight, Mountain View, CA).

RESULTS
Generation of Antibody-Drug Conjugate with Reduced
Drug Loading. Our previous studies demonstrated that an
anti-CD30 antibody-drug conjugate containing eight MMAE
drug molecules per mAb (referred to here as E8) had potent and
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specific cytotoxic activity against CD30 expressing cells both in
vitro and in vivo (12, 13). This antibody-drug conjugate was
constructed by reducing the four interchain disulfide bonds of
cAC10 and conjugating Val-Cit-MMAE to the eight exposed
sulfhydryls. To evaluate the effect of drug loading on the activity of cAC10 antibody-drug conjugates, conjugates with two and
four MMAE molecules per mAb, E2 and E4, respectively, were
constructed. cAC10 was partially reduced with DTT to yield an
average of four reactive sulfhydryls per mAb. The partially
reduced mAb was then mixed with reactive Val-Cit-MMAE to
generate cAC10-Val-Cit-MMAE with an average molar ratio of
4.0 to 4.2 MMAE molecules per antibody, referred to as E4Mixture. As determined by hydrophobic interaction chromatography– high-performance liquid chromatography (Fig. 1A), the
resulting product was a mixture of species that were identified
as cAC10, cAC10 conjugated with two molecules of MMAE
(E2), four molecules of MMAE (E4), six molecules of MMAE
(E6), and eight molecules of MMAE (E8). The five major peaks
can be positively identified because attachment of drug results
in greater absorbance at ⬃248 nm (max for drug) relative to 280
nm (max for cAC10; Fig. 1A, insert). This partially loaded
antibody-drug conjugate mixture contained ⬃9% unconjugated
cAC10, 22% E2, 30% E4, 23% E6, and 9% E8. Upon preparative hydrophobic interaction chromatography fractionation,
E2 (Fig. 1B) and E4 (Fig. 1C) were found to be ⬎95% pure by
analytical hydrophobic interaction chromatography– highperformance liquid chromatography. Additional confirmation of
the identity of E2 and E4 was obtained by UV-VIS analysis
using extinction coefficients of the drug and antibody (see
Materials and Methods), resulting in drug to mAb molar ratios
of 2.0 and 4.0 for E2 and E4, respectively. Production of E8 was
described previously and the molar ratio was determined to be
8.0 (13). For studies described herein the concentrations of
antibody-drug conjugates are reported based on the mAb component.
In vitro Characterization. Competition binding experiments were performed to determine whether conjugation of
MMAE to cAC10 interferes with the CD30 binding capability
of the antibody-drug conjugates. CD30⫹ Karpas-299 cells were
incubated with 1 g/mL fluorescently labeled cAC10 combined
with serial dilutions of unlabeled antibody, E2, E4, or E8. Each
of the antibody-drug conjugate variants effectively competed
with fluorescently labeled cAC10 equivalent to unlabeled
cAC10 as shown in Fig. 2. Thus, conjugation with MMAE
did not reduce the CD30 binding capabilities of the cAC10
antibody-drug conjugates.
The in vitro cytotoxic activities of the antibody-drug conjugates were evaluated by a [3H]thymidine incorporation assay
with CD30⫹ Karpas-299 and L540cy cells and CD30- WSUNHL cells. E8 demonstrated significant activity against the
Karpas-299 cells with an IC50 of 1.0 ng/mL (Fig. 3A). Decreasing the amount of drug in half to four MMAE molecules per
mAb (E4) increased the IC50 to 2.9 ng/mL. Halving the drug
loading again additionally increased the IC50 to 6.2 ng/mL with
E2. Against the Hodgkin’s disease line L540cy, the antibodydrug conjugates had a similar trend with IC50 values of 1.4, 4.5,
and 9.2 ng/mL for E8, E4, and E2, respectively (Fig. 3B).
Selectivity of the antibody-drug conjugates was evaluated with
CD30- WSU-NHL cell line, which was insensitive to all cAC10-

Fig. 1 Hydrophobic interaction chromatography– high-performance
liquid chromatography chromatograms of partially loaded E4-Mixture
(A), E2 (B), and E4 (C). The insert in A shows an overlay of UV spectra
corresponding to peaks cAC10, E2, E4, E6, and E8.

antibody-drug conjugates with IC50 values ⬎ 1000 ng/mL (data
not shown).
Xenograft Models of Human Anaplastic Large-Cell
Lymphoma. The effect of drug loading on in vivo antitumor
activity was evaluated in SCID mice with human Karpas-299
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the end of the study (one animal was found dead on day 72 with
no sign of tumor mass). Although E2 at 1.0 mg/kg contained
half as much MMAE as E4, four of six mice achieved complete
regressions. A physical mixture consisting of 1 mg/kg cAC10

Fig. 2 CD30⫹ Karpas-299 cells were combined with 1 g/mL fluorescently labeled cAC10 and serial dilutions of either cAC10, E2, E4, or
E8 from 20 g/mL to 9 ng/mL. The labeled cells were washed with
staining media and the fluorescence was measured. The normalized
fluorescence intensities were plotted versus mAb concentration as described in Materials and Methods.

s.c. xenografts. Therapy was administered every fourth day for
a total of four injections (q4d⫻4), starting when tumor volumes
reached 50 to 100 mm3. Using this schedule, we previously
found that E8 at 1 mg/kg produced 100% complete regressions
(13). At the same dose level, E4 also led to 100% complete
regressions (data not shown). With the goal of comparing the
activity of the antibody-drug conjugates, lower doses were used
for E4 and E8. Cohorts of mice bearing s.c. Karpas-299 xenografts were treated with multiple doses of E4 or E8 at 0.25 or
0.5 mg/kg/dose. Although E8 had twice the amount of MMAE
as E4 at the same mAb dose, they were equally effective at 0.5
mg/kg (P ⫽ 0.36; Table 1 and Fig. 4A). At a 0.5 mg/kg/dose, 5
of the 10 animals treated with E4 achieved complete regressions, and E8 induced 6 of 10 complete regressions. At 0.25
mg/kg/dose, both of these antibody-drug conjugates induced a
similar delay in tumor growth compared with untreated control
animals but no complete regressions. Unexpectedly, E2 at 1.0
mg/kg/dose, which contained the same amount of MMAE as E4
at 0.5 mg/kg/dose and E8 at 0.25 mg/kg, gave the best therapeutic response with 10 of 10 cures. A physical mixture of the
drug MMAE with cAC10, equivalent to E8 at the 0.5 mg/kg
dose, produced only a slight delay in tumor growth compared
with untreated (P ⫽ 0.1), highlighting that the linkage of drug to
antibody is critical for achieving antitumor activity.
To additionally compare antibody-drug conjugate with different drug loading, single-dose treatments with E2, E4, and E8
in this same model were then compared at 0.5 and 1.0 mg/kg
(Table 1 and Fig. 4B). At the low dose of 0.5 mg/kg, there was
a marginal delay in tumor growth in animals dosed with the
antibody-drug conjugates compared with untreated. Any difference between E2, E4, and E8 was minimal at 0.5 mg/kg, with
zero, one, and two cures, respectively. Treatment at the 1 mg/kg
dose produced significant responses with cures in all treatment
groups. Cures were obtained in five of six animals treated with
1 mg/kg E8. Of the six animals treated with 1 mg/kg E4 all
achieved complete regressions with five cures out to 108 days,

Fig. 3 Karpas-299 (A) and L540cy (B) cells were incubated with serial
dilutions of cAC10 and cAC10 antibody-drug conjugates. After a 96 h
incubation with the samples, [3H]thymidine was added, and its incorporation was measured. The radioactivity of the treated samples were
normalized to the untreated controls and plotted versus concentration.

Table 1

Antitumor activity of E2, E4, and E8 in a s.c. Karpas-299
xenograft model

Schedule

Antibody-drug
conjugate

Dose
(mg/kg)

Complete
regressions

Cures

q4d⫻4

E2

0.5
1.0
0.25
0.50
0.25
0.50
0.5
1.0
0.5
1.0
0.5
1.0

0/10
10/10
1/10
5/10
0/10
6/10
0/6
4/6
1/6
6/6
2/6
5/6

0/10
10/10
1/10
3/10
0/10
6/10
0/6
4/6
1/6
5/6*
2/6
5/6

E4
E8
⫻1

E2
E4
E8

* One mouse with a cure was found dead on day 72 with no sign
of tumor mass.
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single-dose MTD to the multidose dose achieving ⬎50% complete regressions, were 100 for E8, 200 for E4, and at least 250
for E2.
Pharmacokinetics. SCID mice were treated with
cAC10, E2, E4, and E8 to determine how drug loading effects
pharmacokinetics (Fig. 5). Table 2 illustrates the pharmacokinetic parameters established by noncompartmental analysis. The
time-concentration curves of cAC10, E2, E4, and E8 appeared
to follow bi-exponential declines. The terminal half-lives were
16.7, 16.9, 14.0, and 14.7 days, respectively, and thus did not
directly correlate with drug loading. However, the exposure of
antibody-drug conjugates as determined by the area under the
curve increased as drug loading decreased, ranging from 2638
g-day/mL for unmodified cAC10 to 520 g-day/mL for E8.
Clearance values increased from 3.8 mL/day/kg for cAC10 to
4.4, 6.0, and 19.2 mL/day/kg as drug loading increased for E2,
E4, and E8, respectively. Similarly, the volume of distribution
was found to correlate with drug loading.

DISCUSSION
The effects of drug multiplicity on the in vitro activities of
a few other antibody-drug conjugates have been reported. For
example, doxorubicin-antibody-drug conjugates displayed a
correlation between drug loading and cell cytotoxicity in vitro
(20, 26). The use of branched linkers increased molar ratios as
high as 16 doxorubicin molecules per mAb, which additionally

Fig. 4 Multidose and single-dose antibody-drug conjugate efficacy of
SCID mice bearing s.c. xenografts. A. SCID mice bearing Karpas-299
s.c. tumors were injected with E2 at 0.5 or 1.0 mg/kg every 4 days for
four injections. E4 and E8 were dosed at either 0.25 or 0.5 mg/kg every
4 days for four injections. B. SCID mice with Karpas-299 s.c. tumors
were treated with a single dose of E2, E4, or E8 at 1.0 mg/kg.

plus 0.037 mg/kg free MMAE, equivalent to the amount of drug
contained in 1 mg/kg E8, had little effect on tumor growth
compared with untreated mice.
MTD and Therapeutic Index. The single-dose tolerability of E2, E4, and E8 was evaluated in BALB/c mice, the
immunocompetent parent strain of SCID mice. The MTD was
defined as the highest dose that did not induce ⬎20% weight
loss, severe signs of distress, or overt toxicities in any of the
animals. For E8, mice were dosed at 10 mg/kg intervals from 30
to 60 mg/kg. At a dose of 50 mg/kg, mice had a maximum
weight loss of 14% 6 days after injection, after which the weight
loss was recovered. A dose of 60 mg/kg induced 23% weight
loss 6 days postinjection in one animal. With E4 at 100 mg/kg
animals had minimal weight loss, whereas at 120 mg/kg E4, one
animal displayed signs of significant distress and 17% weight
loss, and the animal was euthanized. Mice treated with E2 at
doses up to 250 mg/kg, the highest dose tested, experienced a
maximum weight loss of 10.5% 6 days postinjection, with no
signs of distress. On the basis of these results, the MTD of E8
was 50 mg/kg, for E4 it was 100 mg/kg, and for E2 was at least
250 mg/kg. Therapeutic index, as defined by the ratio of the

Fig. 5 Pharmacokinetics of cAC10 and cAC10 –antibody-drug conjugates. SCID mice were injected via the tail vein with 10 mg/kg cAC10,
E2, E4, and E8. Plasma samples were analyzed by ELISA to determine
the antibody or antibody-drug conjugate concentration.

Table 2 Pharmacokinetic parameters of cAC10 and cAC10
antibody-drug conjugates in SCID mice at a dose of 10 mg/kg
(⫾ SD)

Name

Half-time
(days)

Area under
the curve
(g-day/mL)

Clearance
(mL/day/kg)

Volume of
distribution
(mL/kg)

cAC10
E2
E4
E8

16.7 (0.2)
16.9 (1.7)
14.0 (2.5)
14.9 (1.8)

2638 (64)
2313 (282)
1689 (187)
520 (21)

3.8 (0.1)
4.4 (0.6)
6.0 (0.6)
19.2 (0.8)

91 (3.2)
107 (14)
122 (30)
414 (66)
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improved the in vitro potency without affecting antigen binding
(20). The activities of TA.1-maytansinoid conjugates with an
average ranging from one to six drugs per mAb were compared
in vitro, and optimal cytotoxicity was achieved with an average
of four drugs per mAb (16). Here, we described how drug
multiplicity affects both the in vitro and in vivo characteristics of
antibody-drug conjugates produced with MMAE.
Attaching a drug to a mAb can be accomplished through a
variety of approaches, including lysine, aldehyde, or, as we have
used here, cysteine chemistries. IgG1 molecules contain 12
intrachain and 4 interchain disulfide bonds. However, it has
been shown that the latter are significantly more susceptible to
reduction by agents such as DTT than are the intrachain bonds
(27, 28). In fact, Willner et al. (27) reported that reduction of a
chimeric antibody with up to 100 molar equivalents of DTT
could only generate eight sulfhydryls per antibody corresponding to reduction of the four interchain disulfide bonds. Using
lower concentrations of DTT, the reducing conditions that we
used here in preparation of the fully and partially loaded antibody-drug conjugate yielded 8 and 4 thiols/mAb, respectively.
Fully loaded E8 thus has one MMAE molecule attached to each
cysteine that comprises the interchain disulfides of a mAb.
Partially loaded E2 and E4 can theoretically occupy any two or
four of these locations, respectively. It is not known if there is
preferential localization of the drugs to the heavy/light chain or
hinge disulfide bonds. Given that the partial reduction process
described here results in production of antibody-drug conjugates
with only even numbers of MMAE per antibody as shown in
Fig. 1A and subsequent characterization (data not shown), it is
likely that localization of drugs occurs simultaneously at both
cysteine residues of a disulfide bond.
Competition binding experiments revealed that loading
cAC10 with two, four, or eight drugs per antibody had no
measurable effect on the binding to the target antigen CD30
(Fig. 2). On the basis of the IC50 values, E4 was 3-fold less
potent than E8, and the E2 was 2-fold less potent than E4 for
both CD30⫹ cell lines tested. Similar to doxorubicin–antibodydrug conjugates (20, 26), the in vitro potency of the cAC10 –
antibody-drug conjugates was directly dependent on drug loading and thus the total MMAE exposure.
E4 demonstrated antitumor activity comparable with E8 in
a Karpas-299 xenograft model at the same antibody dose, half
the MMAE dose. On the basis of the in vitro finding that
potency was directly related to drug loading, an equivalent in
vivo antitumor activity of E4 and E8 was unanticipated. Investigation of the pharmacokinetics of the antibody-drug conjugates revealed that clearance was dependent on drug loading of
the antibody-drug conjugates and exposure (area under the
curve) was inversely related to drug loading. The 3-fold larger
area under the curve, and thus increased tumor exposure, of E4
compared with E8 was apparently sufficient to compensate for
reduced potency, leading to equivalent efficacy. Attempts to
improve efficacy by decelerating the plasma elimination halflife to augment area under the curves have been accomplished
by methods including the construction of albumin fusion proteins for IFN ␣ (29) and liposomal delivery of the anticancer
drug lurtotecan (30). Unlike these examples where the objective
was to lengthen the plasma half-life, the enhanced exposure of
E4 was a valuable unexpected consequence of reducing MMAE

loading. Although the concentrations reported here are based on
the antibody component it has been observed that MMAE is
released from the antibody-drug conjugate over time in vivo.1
Dosing E2 with 1.0 mg/kg/dose q4d⫻4 yielded 10 of 10
cures, an improved antitumor effect compared with E4 and E8
at 0.5 mg/kg/dose (P ⫽ 0.0012 and P ⫽ 0.0289, respectively).
Although E2 did not demonstrate equivalent antitumor activity
compared with E4 (P ⬍ 0.0001) at the same mAb dose (0.5
mg/kg, q4d⫻4), the dose of E2 needed to achieve equivalent
antitumor activity compared with E4 is probably ⬍2-fold based
on the in vivo efficacy experiments. Similar to E4, the improved
exposure of E2 may play a significant part in compensating for
the lower in vitro potency.
To maximize the therapeutic potential of cAC10-Val-CitMMAE antibody-drug conjugates, a high therapeutic index is
needed. Reducing the amount of MMAE molecules per mAb
from eight to four enhanced the therapeutic index 2-fold. Additional studies are under way to determine whether the target
organ toxicities of E2, E4, and E8 are different or if the MTD is
simply due to the presence of the total amount of drug in the
system. Given the steep dose-response curves of chemotherapeutic reagents, a 2-fold difference in therapeutic index is significant and should translate into improvements in therapeutic
efficacy.
By reducing the quantity of MMAE from eight to four
molecules per mAb, we reported a decrease of in vitro activity,
yet more importantly, demonstrated equivalent antitumor activity in vivo. Although an additional reduction in drug loading to
two MMAE molecules per antibody further reduced the in vitro
activity, E2 had equivalent or better efficacy than E4 and E8 at
double the dose in a multidose setting. The therapeutic index
was increased 2-fold by reducing drug loading from eight
MMAE molecules to four and, at the very least, maintained with
a further reduction to two drugs per antibody. In summary,
there is considerable value in optimizing drug substitution of
antibody-drug conjugates that may lead to enhanced product
candidates such as the anti-CD30 antibody-drug conjugate described here.
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