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Abstract The high-molecular-weight melanoma-associ-
ated antigen (HMW-MAA) is expressed on a large
majority of melanoma tissues but not on most normal or
other neoplastic tissues. Monoclonal antibody 9.2.27
binds with high a�nity and speci®city to the HMW-
MAA, making it an attractive choice as an agent for
targeting toxins or chemotherapeutic agents speci®cally
towards melanomas. To characterize the interactions
between 9.2.27 and melanoma cells more carefully, data
on the kinetics of binding, internalization, and degra-
dation of 9.2.27 by SK-MEL-2 cells were collected.
Binding of 9.2.27 to SK-MEL-2 cells was rapid, and
followed by slow loss of surface-bound antibody,
probably because of loss of surface antigen caused by
degradation and/or shedding. A small fraction (approx.
5%) of surface-bound 9.2.27 was internalized and de-
graded. A mathematical model describing these inter-
actions was developed, and equilibrium and kinetic
constants were ®tted to the data. To evaluate the utility
of 9.2.27 as a toxin-targeting agent, 9.2.27-gelonin
immunotoxins were constructed and tested in protein
synthesis inhibition assays. The dependence of the tox-
icity data for 9.2.27-gelonin on time and concentration
was quantitatively related to the accumulated intracel-
lular exposure to 9.2.27-gelonin by a relatively simple
equation. This equation had been previously validated
for immunotoxins targeted against the transferrin re-
ceptor, for which the tra�cking kinetics are quite dis-
similar from those of the HMW-MAA. The success of
the approach here suggests that this method may be
widely applicable for analysis of immunotoxin e�cacy.
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Introduction

The high-molecular-weight melanoma-associated anti-
gen (HMW-MAA) is an integral membrane chondroitin
sulfate proteoglycan that is expressed strongly and
consistently on several melanoma cell lines and on vir-
tually all melanoma tissue from patients, but is absent
from healthy tissues and most non-melanoma cancers [2,
25, 26]. The monoclonal antibody 9.2.27 recognizes both
the core 250-kDa glycoprotein and the 400-kDa pro-
teoglycan forms of HMW-MAA [15]. The high a�nity
[28] and speci®city [22] of 9.2.27 for the HMW-MAA
make it a good candidate for use in immunotoxin ther-
apy. Several 9.2.27-toxin conjugates have been generated
and tested. A 9.2.27-gelonin immunotoxin [3] and a
9.2.27-vinblastine conjugate [27] inhibited tumor growth
in vivo. In vitro, conjugates of 9.2.27 and the toxins
ricin, abrin, and Pseudomonas exotoxin A demonstrated
widely variable toxicity, with immunotoxin e�cacy
depending on the cell line, toxin, internalization rate,
and intracellular processing of the toxin [10±13, 29].

Our laboratory has been developing methodologies
for quantitatively relating the kinetics of toxicity of
immunotoxins to the underlying rates of cellular pro-
cessing. In previous work, a mathematical model was
developed describing the protein synthesis inhibition
activity of gelonin immunotoxins internalized by the
transferrin receptor (TfR) [34, 35]. This experimentally
validated model related protein synthesis inhibition of
immunotoxins targeted against the TfR to the cellular
tra�cking kinetics of anti-TfR antibodies or transferrin.
To determine the general applicability of this approach
we have used it with the 9.2.27/HMW-MAA system. As
targets for immunotoxin therapy, HMW-MAA and TfR
display substantively di�erent properties. HMW-MAA
is believed to be an adhesion molecule involved in cell/
cell and cell/substratum interactions [14, 16], and is not
actively endocytosed. In contrast, TfR is rapidly inter-
nalized and then recycled to the cell surface in the iron-
transport cycle [6]. HMW-MAA is constitutively shed
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into the culture medium [7, 9, 23], whereas TfR is not
shed. TfR is expressed at high density on many cancer
cells but is also widely distributed on normal tissue [32],
thus making it less than ideal as a speci®c tumor marker.
HMW-MAA expression is almost exclusively restricted
to melanoma and a few other kinds of tumor tissue [2,
22, 27]. This comparison should provide a fairly strin-
gent test of the model structure.

In work described here, the cellular tra�cking ki-
netics of mAb 9.2.27 were measured in SK-MEL-2 cells.
A simple cellular tra�cking model describing the kinetic
processing of 9.2.27 by SK-MEL-2 cells was developed.
A 9.2.27-gelonin immunotoxin was constructed and
the kinetics of protein synthesis inhibition at various
concentrations was measured. The kinetics of protein
synthesis inhibition by the immunotoxin could be
readily correlated to the kinetics of cellular processing of
9.2.27, using a previously derived expression [34]. The
derived rate constant for translocation of 9.2.27-gelonin
immunotoxins was of similar magnitude to that for
anti(transferrin-receptor)±gelonin immunotoxins. The
model describes the data for this system well, indicating
that this methodology may be broadly applicable for the
analysis and prediction of immunotoxin e�cacy.

Materials and methods

Cells

SK-MEL-2 cells (American Type Culture Collection, Rockville,
Md.) were maintained in a humidi®ed incubator at 37 °C, 5% CO2

with culture medium in 75-cm2 T ¯asks. The medium was com-
posed of minimal essential medium supplemented with 10% fetal
bovine serum, 3.6 mM L-glutamine (Sigma, St. Louis, Mo.),
100 units/ml penicillin, and 100 lg/ml streptomycin (unless noted,
from Gibco, Gaithersburg, Md.). Flow cytometry experiments
indicated that at least 95% of SK-MEL-2 cells bound 9.2.27
(P.T. Yazdi and R.M. Murphy, unpublished data).

To determine cell growth kinetics, SK-MEL-2 cells were har-
vested with 5% dimethylsulfoxide (DMSO)/0.53 mM EDTA in
PBS; the suspension was diluted into fresh medium (without
DMSO/EDTA) at approximately 1.7 ´ 105 cells/ml. Trypsin was
avoided in harvesting because it cleaves the HMW-MAA receptor
[28]. Samples of 3 ml were plated into 60-mm culture dishes and
incubated for 24 h to allow cells to attach to the dishes, then the
medium was replaced with 3 ml fresh medium. In some cases, the
medium contained 2 nM or 10 nM 9.2.27. No e�ect of the anti-
body was observed on cell growth. Cells were harvested and
counted with a hemacytometer at several times after addition of
fresh medium. The data were ®t to Eq. 1 [1]:

c � c0 exp�kgt�
1ÿ c0b�1ÿ exp�kgt�� �1�

where c is the cell number per dish, c0 is the initial cell number, kg
is a growth constant, and 1=b is the stationary cell number. Values
of kg � 1.67 ´ 10)3 min)1 and b � 8 � 10ÿ7 dish cells)1 were
estimated by a nonlinear regression ®t of Eq. 1 to several sets of cell
growth data. c0 ranged from 3 ´ 105 to 9 ´ 105 cells/dish in various
experiments.

mAb puri®cation

mAb 9.2.27 was puri®ed by protein A a�nity chromatography
(Pharmacia, Piscataway, N.J.) from the supernatant of hybridoma

cells generously donated by Michael Flickinger at the University of
Minnesota. Purity was con®rmed by sodium dodecyl sulfate/poly-
acrylamide gel electrophoresis (SDS-PAGE) and Zorbax GF-250
size-exclusion (Mac Mod, Chadds Ford, Pa.) HPLC. Following the
manufacturer's instructions, Iodo-beads (Pierce, Rockford, Ill.)
were used to radiolabel antibody with 125I (DuPont-New England
Nuclear, Boston, Mass.). An absorption coe�cient of 1.4 ml mg)1

cm)1 at 280 nm was used to determine mAb concentration.

Binding a�nity

SK-MEL-2 cells were harvested with DMSO/EDTA as described
above and resuspended in medium at 1.7 ´ 105 cells/ml. A 3-ml
sample (5 ´ 105 cells) was added to each 60-mm culture dish and
incubated for 24 h to allow cells to attach. The supernatant was
replaced with 3 ml medium containing various concentrations
of 125I-labeled 9.2.27 at 37 °C or 4 °C for 0.5±1 h. Preliminary
experiments indicated that equilibrium was reached within 15±
30 min at 4 °C. The concentration of mAb in the supernatant was
determined in a gamma counter (model 5002, Packard, Meriden,
Conn.). Total cell-associated, surface-bound, and internal mAb
were determined essentially as described in more detail elsewhere
[34]. Brie¯y, the monolayer was washed three times with cold PBS
and treated with 0.3% Pronase (Boehringer Mannheim, India-
napolis, Ind.) and 0.1 M 2-mercaptoethanol at 4 °C to detach cells
and strip surface-bound proteins. Radioactivities of the entire cell
suspension, and of the supernatant and precipitate after pronase
stripping, were measured. The number of cells per dish was deter-
mined by harvesting cells from dishes processed in an identical
manner and counting with a hemacytometer to obtain data on a
per-cell basis. Data were ®t by nonlinear regression to:

�Abs� � �Abss� � �Abns�

� K�Ab��Ags;total�
1� K�Ab� � Kns�Ab� �2�

where [Abs] is the total number of antibodies bound per cell, [Abss]
and [Abns] are the numbers of antibodies per cell bound speci®cally
and nonspeci®cally respectively, [Ags,total] is the total number of
speci®c antibody binding sites per cell, [Ab] is the unbound anti-
body concentration in solution (M), K is the equilibrium constant
for speci®c binding of antibody to antigen (M)1) and Kns is a
pseudo-equilibrium constant for nonspeci®c binding (molecules/
cell M).

Internalization kinetics

SK-MEL-2 cells were harvested and plated into 60-mm culture
dishes as described above. After 24 h incubation at 37 °C, 5% CO2,
the supernatant was replaced with 3 ml warm medium containing
2 nM 125I-labeled 9.2.27. The dishes were incubated at 37 °C for
various times (10 min±24 h). The concentration of mAb in the
supernatant was determined in a gamma counter (model 5002,
Packard, Meriden, Conn.). Total cell-associated, surface, and
internal mAb were determined essentially as described above.
Material balances (total � surface + internal) were checked on all
samples and agreed within a few percent. The number of cells in
control dishes was measured in parallel to each kinetics experiment
to establish the initial number of cells and the growth kinetics.
Calculated values of total, bound, and internalized antibody were
normalized to a per cell basis, using the initial cell number and
Eq. 1.

Degradation assay

In 60-mm culture dishes, 5 ´ 105 cells in 3 ml medium were plated
and then incubated for 24 h. Control dishes containing only me-
dium without cells were incubated simultaneously. After 24 h in-
cubation, the supernatant or medium was replaced with 3 ml fresh
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warm medium containing 2 nM 125I-labeled 9.2.27 and the dishes
were incubated at 37 °C. At various times (1±46 h) triplicate 50-ll
aliquots were removed from separate dishes. To each aliquot
450 ll 10 mg/ml bovine serum albumin and 500 ll 10% trichlo-
roacetic acid were added. The precipitate was pelleted, and the
radioactivity in the supernatant was measured by gamma counting.
The nonprecipitable activity was assumed to be a measure of the
extent of mAb degradation. Degradation of antibody attributed to
cellular metabolism was determined by subtracting degradation in
culture medium in control samples.

Construction and puri®cation of immunotoxins

A 1-ml sample of 9.2.27 (approximately 1 mg/ml) in phosphate-
bu�ered saline (PBS) was reacted with 10 ll N-succinimidyl 3-(2-
pyridyldithio)propionate (SPDP; 0.7 mg/ml in DMSO) at 30 °C
for 1 h. Excess SPDP was removed by dialysis against PBS. The
modi®cation resulted in the introduction of an average of 1.3 2-
pyridyl disul®de groups/mAb, determined using methods in the
literature [5]. A 2-mg sample of gelonin (Pierce) was dissolved in
1 ml 0.1 M Na2PO4/NaH2PO4, 1 mM EDTA, pH 8, bu�er and
reacted with 0.4 mg 2-iminothiolane (Pierce) at 30 °C for 30 min.
The reaction mixture was applied to a 5-ml Excellulose GF-5
size-exclusion column (Pierce) pre-equilibrated with PBS +
0.6 M NaCl + 1 mM EDTA to remove excess 2-iminothiolane.
Ellman's test [8] indicated that 1.7 sulfhydryl groups/gelonin were
added. Modi®ed gelonin was mixed with SPDP-modi®ed 9.2.27 in a
4:1 molar ratio and concentrated by ultra®ltration through a YM10
membrane (Amicon). The concentrated mixture was reacted for
2 days on a rotator at room temperature, after which 0.5 mg
iodoacetamide was added for 1 h to block unreacted sulfhydryl
groups. Samples were dialyzed against PBS. To separate
immunotoxin from unreacted antibody, samples were applied to a
blue Sepharose CL-6B (Pharmacia) column equilibrated with PBS
[20]. Unreacted antibody passed through the column. Gelonin-
containing immunotoxin was eluted with PBS + 1 M NaCl (pH
7). Eluant was further puri®ed by size-exclusion (GF-450) HPLC to
obtain a 1:1 conjugate and veri®ed by SDS-PAGE.

Protein synthesis inhibition

Following the manufacturer's instructions, the Promega (Madison,
Wis.) rabbit reticulocyte lysate system was used to test immuno-
toxin activity in a cell-free system. The activity of the immunotoxin
was similar to that of unconjugated gelonin. To measure protein
synthesis inhibition in immunotoxin-treated cells, the procedure
previously described [34] was used with minor alterations. Brie¯y,
100 ll cell suspension (4 ´ 103 cells) was added to each well of a 96-
well plate and incubated for 24 h to allow cells to attach. Medium
was removed and replaced with 100 ll medium containing various
concentrations of immunotoxin and 10% PBS. After incubation of
the cells with immunotoxin for 24±91 h, the supernatant was re-
placed with 50 ll leucine-free medium containing 1.7 lCi [3H]leu-
cine. After 1 h incubation, monolayers were washed with 5%
trichloroacetic acid, then cells were dissolved with 0.1 M KOH,
and [3H]leucine incorporated into protein was measured by scin-
tillation counting.

Results

Binding a�nity

Cell-associated 9.2.27 as a function of antibody con-
centration was measured at 4 °C after incubation for
0.5±1 h (Fig. 1A). At 100-fold molar excess of unlabeled
9.2.27 there was no measurable cell-associated radioac-
tivity (not shown), so the data were ®t to Eq. 2 with Kns

set equal to 0. Values of K � 1 � 0.1 ´ 1010 M)1 and
[Ags,total] � 3.9 � 0.2 ´ 105 binding sites/cell were
obtained. The measured binding a�nity at 4 °C is
consistent with a previously reported value of
3 � 2 ´ 1010 M)1 [28]. Binding experiments with Fab
fragments of 9.2.27 produced similar estimates of K and
[Ags,total] (data not shown), indicating that 9.2.27 binds
univalently to HMW-MAA. At 37 °C, binding data
were collected after 0.5±1 h incubation (Fig. 1B) at
which time the in¯uence of metabolic activity on the
amount bound should be negligible (see next section).
Under the conditions of this assay, there was some cell-
associated radioactivity in the presence of excess unla-
belled 9.2.27 at concentrations above about 10 nM
9.2.27 (data not shown), therefore, the ®t of the binding
data at 37 °C to Eq. 2 included nonspeci®c binding.
Values ofK � 9 � 2 ´ 108 M)1,Kns � 3 � 0.2 ´ 1012

(binding sites/cell, M) and [Ags,total] � 2.4 � 0.1 ´ 105

sites/cell were obtained. The decrease in K with
temperature is consistent with a constant DG (Gibbs
free energy) of binding, if ln K � )DG/RT, with
DG � )53.3 kJ/mol. [Ags,total], the number of antibody
binding sites at saturation, exhibited some assay-to-as-
say variability but was generally 4 � 2 ´ 105 sites/cell.
Variation in HMW-MAA expression levels has been

Fig. 1A, B 9.2.27 binding to SK-MEL-2. SK-MEL-2 monolayers
were incubated with various concentrations of 125I-labeled 9.2.27
and surface and medium concentrations were determined. A 4 °C.
Data points are individual measurements from a single experiment.
Fit of data to Eq. 2, with Kns � 0. K determined from other
similar experiments was similar to that shown here, but [Ags,total]
varied from run to run. B 37 °C. Data are individual measurements
from two separate experiments. Ð Fit of data to Eq. 2, - - - the
calculated speci®cally bound antibody, [Abss]. Insert data for a
wider range of 9.2.27 concentration
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observed by others [28] and is strongly dependent on
factors such as culture density and feeding schedule [18].

Internalization and degradation kinetics

SK-MEL-2 monolayers were incubated at 37 °C with
9.2.27 at the subsaturating concentration of 2 nM or at
the saturating concentration of 20 nM. Total cell-asso-
ciated, pronase-sensitive (presumably surface-bound),
and pronase-resistant (presumably internalized) anti-
body were measured as a function of time; the data are
plotted on a per dish and per cell basis (Figs. 2 and 3).
Surface radioactivity (bound radioactivity per dish) was
essentially constant over this period (Fig. 2B) at both
concentrations. However, because cell growth occurred,
the amount of surface-bound antibody per cell decreased
(Fig. 2A). Binding of the antibody to the cell surface was
rapid, reaching a maximum in 15±30 min. At 2 nM, the
number of bound antibodies decayed from approxi-

mately (2.5±3) ´ 105 initially to around (1.4±1.7) ´ 105

antibodies/cell over 24 h, the small di�erence between
the two experiments being attributable to variable anti-
gen expression levels, as described above. At 20 nM,
surface antibody decreased from about 6.5 ´ 105 to
about 5.5 ´ 105 antibodies/cell over the same period.
The internal (pronase-resistant) radioactivity per dish
increased over a period of about 5 h, then leveled-o�
(Fig. 3A). A control experiment conducted at 4 °C in-
dicated that there was no cell-associated radioactivity
following pronase stripping, which is to be expected if
the internalization results from cellular metabolic
activity. At 2 nM, the intracellular antibody on a per
cell basis increased and then leveled-o�; at 20 nM, the
amount of intracellular antibody per cell reached a
maximum at about 5 h and then decreased slightly. To
look at longer-term e�ects, SK-MEL-2 cells were incu-
bated with 2 nM or 10 nM 9.2.27 for 24 h or 48 h; there
was no signi®cant change in the amount of surface or
internal antibody per cell over this period, indicating
that the system had reached approximately steady-state
at 24 h (data not shown). Monolayers were incubated
with 9.2.27 at concentrations from 0.1 nM to 20 nM for
24 h. As shown in Fig. 4, there was a linear relationship
between internal and surface-bound antibody over this
concentration range.

Degradation of 2 nM 9.2.27 by SK-MEL-2 cells was
measured over a 46-h period by assessing the fraction of
radioactivity that was not precipitable by trichloroacetic
acid in the presence of cells compared to that in medium

Fig. 2A, B Kinetics of 9.2.27 binding. SK-MEL-2 monolayers
were incubated with 2 nM (m, ., representing two independent
experiments) or 20 nM (d) at 37 °C for various periods of time,
and surface-bound (Pronase-sensitive) 9.2.27 was determined. A
Surface-bound 9.2.27 per cell, calculated from surface radioactivity
per dish; calibration curve for 9.2.27 (cpm/lg), cell growth curve
(Eq. 1), and experimentally determined initial cell number. B
Surface radioactivity per dish. Lines are calculated from Eqs. 1±5
with ki � 2.5 ´ 10)4 min)1 and kd � 6 ´ 10)3 min)1

Fig. 3A, B Kinetics of 9.2.27 internalization. SK-MEL-2 mono-
layers were incubated with 2 nM (m, ., representing two
independent experiments) or 20 nM (d) 9.2.27 at 37 °C for various
periods of time. Intracellular (Pronase-resistant) 9.2.27 was
determined as described in Materials and methods. A Intracellular
9.2.27 per cell, calculated from internal radioactivity per dish;
calibration curve for 9.2.27 (cpm/lg), cell growth curve (Eq. 1),
and experimentally determined initial cell number. B Internal
radioactivity per dish. Lines are calculated from Eqs. 1±5 with
ki � 2.5 ´ 10)4 min)1 and kd � 6 ´ 10)3 min)1
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without cells. After 24 h, about 1% of the antibody was
degraded and, after 46 h, about 2.5% was degraded by
cellular activity.

Cellular tra�cking model

We relied on these observations to derive a simple model
of mAb 9.2.27 processing by SK-MEL-2 cells. Binding
of 9.2.27 to surface antigens was rapid; therefore, we
postulated that association and dissociation rates are
much faster than those of other cellular processes and
that, to a reasonable approximation, free antibody in the
medium is always in equilibrium with antibody bound to
cell-surface antigens. We assumed further that surface-
bound antibody is internalized, and, once internalized,
routed to a degradation pathway. Because HMW-MAA
is not actively endocytosed as a normal mechanism for
uptake of ligands, we assumed that none of the inter-
nalized antibody is rerouted to the cell surface. This can
be expressed in di�erential form as

d�Abi�
dt

� ki�Abs� ÿ kd�Abi� �3�
where [Abi] is the number of internal antibodies per cell,
and ki and kd are ®rst-order rate constants for inter-
nalization and degradation respectively. Note that ki
could be a lumped parameter that incorporates the in-
trinsic internalization rate and the fraction of surface-
bound antigen that is internalization-competent. We
assume that this is constant.

Loss of antibody in the medium as a result of lyso-
somal degradation is expressed as

d�Ab�
dt
� ÿ c

NAV
kd�Abi� �4�

where V is the volume of medium in the dish and NA is
Avogadro's number. HMW-MAA is shed into the me-
dium, although the level varies with the cell line and
culture conditions [7, 9, 23]. To determine whether there

was any decrease in free antibody concentration as a
result of binding of the antibody to antigen shed from
cells into the medium, spent medium was collected after
48 h incubation with SK-MEL-2 cells. A subsaturating
concentration of 125I-labeled 9.2.27 was added to either
fresh medium or spent medium, then incubated with
fresh cells, and the amount of cell-associated antibody
was measured. There was no di�erence in antibody
binding fresh and spent medium (data not shown). This
indicates that, if any antigen is shed from the cells, it is
either unable, or in insu�cient quantities, to bind mea-
surable amounts of antibody in the medium, and
therefore no term accounting for this e�ect is required.

We observed that cell-surface-bound antibody de-
creased with time (Fig. 2A). This was not due to
a decrease in [Ab], as the antibody concentration in the
medium remained constant, within experimental error,
over the course of the experiment (data not shown). Nor
could this be attributed to e�ects of antibody on cell
growth, since cell growth kinetics were identical in the
absence or presence of 2 nM or 10 nM 9.2.27 (data not
shown). Antigen expression did not decay to zero, since
at 48 h the amount of surface-bound 9.2.27 was similar
to that at 24 h. Thus, there appears to be a decrease in
antigen density per cell to a new steady-state level. Given
the observation that the total surface radioactivity per
dish remained essentially constant, even though the
surface-bound 9.2.27 per cell decreased (Fig. 2), we
modelled the antigen density as:

�Ags;total�c � �Ags;total�0c0 �5�
where [Ags,total]0 is the initial antigen density per cell.
[Ags,total] is then calculated at any time t by combining
Eq. 1 and Eq. 5. The mechanism by which the total
antigen number per dish remains constant is not speci-
®ed in this formulation but is likely a net result of
antigen degradation, shedding, and synthesis rates, the
rates of which may depend on the number of bound
antibodies, cell density, and/or other factors.

Model parameters were determined by evaluation of
the experimental data. To obtain an initial estimate of ki,
the In/Sur method was used [17]. Brie¯y, at su�ciently
early times degradation and other processes are negli-
gible, and approximately

�Abi� � ki

Z t

0

�Abs�dt �6�

The integral of [Abs] over time was evaluated numeri-
cally at several times and plotted against [Abi] at that
time. For the data at 2 nM, a straight line with a slope of
ki � 3 � 10ÿ4 minÿ1 was obtained. There were insu�-
cient data at 20 nM at early times to obtain an estimate
of ki by this method. To estimate kd, two approaches
were taken. First, at steady state Eq. 3 reduces to

�Abi� � ki
kd
�Abs� �7�

Fig. 4 Surface and internal 9.2.27 at 24 h. SK-MEL-2 monolayers
were incubated with 0.1±20 nM 125I-labeled 9.2.27 for 24 h, at
which point surface-bound and intracellular concentrations were
determined. Data were converted to a per cell basis using the
measured cell count at 24 h. Line linear ®t to the data through the
origin
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As shown in Fig. 4, a plot of [Abi] against [Abs] is linear
with a slope of ki/kd � 0.04. Using this ratio and the
estimate of ki from early times, kd � 8 ´ 10)3 min)1.
Alternatively, on the basis of the experimentally mea-
sured increase in material not precipitable by trichloro-
acetic acid from 12 h to 46 h, and using Eq. 4, an
estimate of kd � 3 ´ 10)3 min)1 was obtained.

To obtain better estimates of the rate constants, ki
and kd were simultaneously ®t to the kinetic data in
Figs. 2A and 3A, by the multiresponse parameter esti-
mation package GREG [30, 31], with Eqs. 1±5 solved
using the di�erential/algebraic equation solver DDA-
SAC [4]. For each data set, the experimentally deter-
mined free antibody concentration [Ab] and initial cell
number per dish c0 were used as inputs. Initial antigen
density [Ags,total]0 was estimated for each individual data
set by using Eq. 2 and extrapolating back [Abs] mea-
surements to t � 0. The best ®t for all data sets com-
bined was obtained with ki � 2.5 ´ 10)4 min)1 and
kd � 6 ´ 10)3 min)1, in good agreement with parame-
ter values estimated by other means (above). Results
from these calculations are plotted in Figs. 2 and 3 and
show that the model captures both the per cell and per
dish data reasonably well at both subsaturating and
saturating concentrations. The calculated percentage of
antibody degraded by cellular processes (2 nM initial
antibody) was 0.7%±0.8% at 12 h and 3%±3.8% at
46 h, in good agreement with measured values obtained
in independent degradation experiments.

Correlation between cellular tra�cking
and protein synthesis

The kinetics of protein synthesis inhibition by 9.2.27-
gelonin immunotoxins were measured in SK-MEL-2
cells at initial immunotoxin concentrations of 0.1 nM,
1 nM, and 10 nM and at incubation times of 24 h, 36 h,
and 48 h (Fig. 5). Minimal toxicity was observed at
0.1 nM. At 1 nM, 9.2.27-gelonin was slightly toxic,

inhibiting protein synthesis to 70% of untreated cells at
48 h. At 10 nM, 9.2.27-gelonin inhibited protein
synthesis to 40% of controls at 48 h.

Previously [34, 35], it was shown that protein syn-
thesis inhibition kinetics of gelonin immunotoxins tar-
geted against the transferrin receptor could be simply
related to the cellular tra�cking kinetics of the corre-
sponding targeting agent (transferrin or anti-TfR anti-
bodies OKT9 and 5E9) by a single equation:

PS � exp�ÿKPSI�CTV�� �8�
where

CTV �
Zti

0

Zt0

0

�Abi�dt0dt �9�

and

KPSI � kcat
KM

� �
tox

ktr �10�

PS is the fraction of protein synthesis relative to control
cells, measured after an exposure time ti to the
immunotoxin. CTV is the ``cellular tra�cking variable'',
de®ned by Eq. 9. In essence CTV represents the accu-
mulated cytosolic exposure of the cell to the immuno-
toxin. KPSI incorporates three constants related to the
toxin: kcat and Km, Michaelis-Menten constants for the
enzymatic rate of substrate inactivation by the toxin,
and ktr, the ®rst-order rate constant for translocation of
toxin from an intracellular compartment to the cytosol.
Several assumptions underlie the derivation of Eq. 8, the
chief ones being that the immunotoxin is tra�cked in an
identical manner to the antibody, the translocation rate
is much slower than other rate constants, and the ki-
netics of ribosome inactivation are ®rst-order [34].

[Abi] as a function of time and immunotoxin con-
centration was numerically calculated from the traf-
®cking model (Eqs. 1±5) using DDASAC, with c0 and
[Ab] set by the experimental conditions of the protein
synthesis inhibition assay. CTV was calculated by nu-
merical integration of Eq. 9, with t set at the experi-
mental incubation times. The experimental data for
protein synthesis (Fig. 5) in the presence of 9.2.27-gel-
onin was plotted against CTV (Fig. 6). The data collapse
to a single curve. Equation 8 was ®tted to the data by
nonlinear least-squares regression, treating KPSI as a
parameter. KPSI was determined to be 2.3 � 0.2 ´ 10)11

molecule min2 cell)1. Using a value for kcat/Km of
7 ´ 108 M)1 min)1 [32], ktr was estimated to be ap-
proximately 5 ´ 10)8 min)1, or about four orders of
magnitude slower than the internalization rate constant
ki.

To determine whether greater inhibition of protein
synthesis could be achieved by longer incubation times,
cells were incubated with 9.2.27-gelonin immunotoxins
for up to 91 h, the medium being replaced with fresh
immunotoxin after 48 h. Surprisingly, there was no ad-
ditional decrease in protein synthesis with time, and at

Fig. 5 Protein synthesis inhibition kinetics. SK-MEL-2 cells were
incubated in medium containing 0.1, 1, or 10 nM 9.2.27-gelonin for
24 h (open), 36 h (solid) or 48 h (striped) and protein synthesis of
immunotoxin-treated wells relative to untreated controls was
determined by measuring [3H]leucine incorporation. Error bars
SD of four replicates
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1 nM theremay have even been a recovery back to control
levels (Fig. 7). This was not due to loss of immunotoxin
activity, as the immunotoxin remained active against
freshly prepared monolayers (data not shown).

Discussion

Previously, this laboratory showed that protein synthesis
inhibition kinetics of anti-TfR±gelonin immunotoxins
were related to the cellular tra�cking kinetics of trans-
ferrin or anti-TfR antibodies in HeLa and SK-MEL-2
cells [32, 33], and that Eq. 8 quantitatively characterized
this relationship. In this work, we applied the same
methodology to the immunotoxin, 9.2.27-gelonin, which
targets the HMW-MAA, in an attempt to determine the
general applicability of the model. HMW-MAA has
attracted attention as a potentially useful target for im-
munotoxins [3, 10±13, 27, 29], as it is expressed widely
on melanoma cells but not on normal or other neoplastic
cells [2, 26]. Our analysis is useful for quantitative
assessment of the antigen's utility as a target.

Several immunotoxins targeted at HMW-MAA have
been constructed and tested, using 9.2.27 conjugated to
gelonin, abrin or abrin A, ricin or ricin A, Pseudomonas
exotoxin A, diptheria toxin A, and pokeweed antiviral
protein [3, 10±13, 24, 29]. Sensitivity to the immunotoxin
varied widely, depending on variables such as the cell
line, incubation time, and method of preparation. The
50% inhibition doses at 20±48 h exposure times ranged
from about 0.1 mM to about 10)5 nM. We chose
gelonin as the toxic moiety because of its lack of toxicity
in the absence of conjugation to a targeting antibody,
and to provide a means for comparison to our previous
results with TfR-directed gelonin immunotoxins. 9.2.27-
gelonin conjugates were not particularly potent, requir-
ing long incubation times (24±48 h) and doses in the
1±10 nM range before measurable inhibition of protein
synthesis was observed.

A simple cellular tra�cking model describing the
processing of 9.2.27 by SK-MEL-2 cells was developed.
To our knowledge, this is the ®rst quantitative model of
9.2.27 processing. The model is consistent with several
sets of independent data. Of particular interest is the
observed decrease in antigen density, which correlated
inversely with the increase in cell number. The antibody
number per cell (surface plus internal) decreased with
time, so a simple re-distribution of antigen from the
surface to the cell interior cannot account for the ob-
served change. We considered whether the decrease in
surface antigen could be attributed to lysosomal degra-
dation of the antigen. The a�nity of 9.2.27 for surface
antigen was the same if the medium was acidic (pH 5.5)
or neutral (data not shown), thus, internalized antigen
likely tra�cks with the antibody and is degraded. From
our model, we estimated that, if antigen degradation
occurs at the same rate as antibody degradation with no
compensatory increase in antigen synthesis, the antigen
number per cell would decrease by about (3±4) ´ 104,
5 ´ 104, and 1 ´ 105, after 12 h, 24 h, and 48 h respec-
tively, at 2 nM initial mAb concentration. Experimen-
tally, the greatest decrease in antigen density was
observed at earlier times, when intracellular antibody
levels, and hence degradation rates, were lowest, and
little if any decrease occurred between 24 h and 48 h,
when intracellular antibody levels were higher. Thus,
antigenic degradation alone cannot explain the data. If
HMW-MAA shedding rates increased in response to
antibody binding without a concomitant increase in
antigen synthesis rates, antigen density would decrease.
Assuming that all the antigen is sheddable, then cell-
surface binding would decay exponentially to zero, but
this was not observed. Similarly, Giacomini et al. [9]
observed no decrease in HMW-MAA expression per cell
for Colo 38 cells in the presence or absence of anti-
bodies, despite measurable shedding rates. The most
likely explanation, we believe, is that antigen expression
changes in response to increases in cell density. Lindmo
et al. [18] observed that HMW-MAA density decreased
to 70% of the original value in FME cells because
of contact inhibition as the cells grew. HMW-MAA

Fig. 6 Protein synthesis (PS) as a function of the cellular tra�cking
variable (CTV). CTV was calculated from Eq. 9 as described in the
text. Protein synthesis was taken from the data in Fig. 5. Line least
squares ®t of the data to Eq. 8

Fig. 7 Protein synthesis inhibition kinetics at long times. SK-
MEL-2 cells were incubated in medium containing 0.1 nM (n),
1 nM (d) or 10 nM (h) 9.2.27-gelonin for 24±91 h and protein
synthesis of immunotoxin-treated wells relative to untreated
controls was determined by measuring [3H]leucine incorporation.
Error bars SD of four replicates. Lines simply smooth curves drawn
through the data points
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expression level is likely a net result of a number of
processes including antigen degradation, shedding, and
synthesis. Changes in HMW-MAA expression levels
correlate most simply with changes in cell number.

The internalization rate constant for 9.2.27 is much
slower than that for transferrin or anti-TfR antibodies.
For example, ki for 9.2.27 in SK-MEL-2 cells is about
500-fold smaller than ki for transferrin in the same cell
line [34]. However, the degradation rate constant kd for
9.2.27 is similar to that for anti-TfR antibodies [35]. The
net result is a far lower intracellular accumulation of
9.2.27 than that of anti-TfR antibodies. 9.2.27-gelonin is
as e�ective as Tf-gelonin against SK-MEL-2 cells at
equivalent concentrations [34], (this work). This is likely
due to a combination of factors. TfR and HMW-MAA
are expressed at roughly equal levels on this cell line
(about 4 ´ 105 sites/cell), but the a�nity of Tf for TfR
is about 30-fold lower than the a�nity of 9.2.27
for HMW-MAA. At subsaturating immunotoxin
concentrations, this results in lower surface binding of
Tf compared to 9.2.27. However, the much more fa-
vorable internalization properties of Tf compensate for
the weaker surface binding. Anti-TfR antibodies 5E9
and OKT9 have binding a�nities (3 ´ 108±5 ´ 108 M)
similar to that of 9.2.27, but have internalization prop-
erties similar to those of Tf [35]. The net result is that
gelonin immunotoxins constructed from anti-TfR
antibodies are signi®cantly more e�ective than 9.2.27-
gelonin immunotoxins because of their better internal-
ization properties compared to 9.2.27. For example, to
achieve 60% protein synthesis required 36 h incubation
with 10 nM 9.2.27-gelonin but only 24 h with 1 nM
OKT9-gelonin conjugate [35].

Despite the very di�erent cellular tra�cking kinetics
of 9.2.27 and TfR-targeting agents, Eq. 8 describes the
9.2.27-gelonin protein synthesis inhibition data well,
indicating that the equation may be broadly applicable.
The protein synthesis inhibition constant KPSI of
2 ´ 10)11 cells molecules)1 min)2 estimated from these
data is four to tenfold greater than KPSI for anti-TfR
gelonin immunotoxins [34, 35] but nearly 500-fold
smaller than KPSI for Tf immunotoxins constructed from
the diphtheria toxin mutant CRM107 [33, 34]. The en-
zymatic rate constants for a number of bacterial and
plant toxins used in immunotoxin construction are
remarkably similar [34]. Thus, di�erences in KPSI for
various immunotoxins predominantly re¯ect di�erences
in translocation rates. CRM107, unlike gelonin, is ca-
pable of translocating directly across the endosomal
membrane [21]. The slightly larger value of KPSI for the
anti-(HMW-MAA)±gelonin than that of anti-TfR±gel-
onin immunotoxins could indicate that 9.2.27 is routed
through a somewhat more translocation-competent
compartment than anti-TfR targeting agents. Still, the
fact that KPSI is of similar order of magnitude for gel-
onin immunotoxins constructed from di�erent anti-
bodies and targeted against two di�erent antigens, and
that it di�ers signi®cantly from KPSI for CRM107 im-
munotoxins, indicates that KPSI is primarily a function

of the toxin, not the targeted antigen. These results
further support the validity and utility of Eq. 8.

Rigorous evaluation of Eq. 8 required a quantitative
model of cellular tra�cking and numerical solution of
the coupled di�erential and algebraic equations. A
simpler approximate expression can be derived by
postulating that the system is at quasi-steady-state.
Combining Eqs. 2, 7 and 9 and neglecting nonspeci®c
binding, one obtains:

CTV � ki
kd
�Ags;total�

K�Ab�
1� K�Ab�
� �

t2 �11�

Equations 8 and 11 together indicate that, at the low
concentrations of most interest for immunotoxin thera-
py �K�Ab� � 1�, protein synthesis levels decrease expo-
nentially with the immunotoxin concentration and with
the square of the incubation time. Given our observa-
tions that KPSI is, to a ®rst approximation, dependent
only on the toxin [33±35], (this work), Eq. 8 should
provide order-of-magnitude predictive capability for the
e�cacy of a given mAb-toxin conjugate with only a few
measurements of steady-state intracellular and surface-
bound concentrations of the mAb.

Surprisingly, 9.2.27-gelonin immunotoxins lost their
e�cacy beyond 48 h (Fig. 7), even though the
immunotoxin was replaced at that time. Antigenic
modulation may be the key factor. In preliminary ¯ow
cytometry experiments (not shown), we observed that
virtually all SK-MEL-2 cells expressed HMW-MAA,
but the distribution was not completely homogeneous
and there appeared to be a small fraction of cells that
bound only small levels of 9.2.27. Lindmo et al. [19]
reported similar heterogeneity in HMW-MAA expres-
sion on FME cells. 9.2.27-gelonin could exert selective
pressure for cells with lower antigen expression levels;
eventually, the cell population would become resistant
to the immunotoxin. However, Morgan et al. [24] ob-
served that cells treated with 9.2.27-pokeweed antiviral
protein conjugates developed some resistance to all
A-chain conjugates, even though the cells continued to
express HMW-MAA. Thus, the reason for development
of resistance remains unclear.
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