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ABSTRACT

The spatial distribution of i.v. administered immunotoxins in s.c. hu
man rhabdomyosarcoma RD2 xenografts was studied. The toxin and Â¡ni-
munotoxins were: (a) diphtheria toxin (DT); (ht a binding-deficient form

of DT (CRM107) linked to a monoclonal IgG, antibody (454A12) directed
against the human transferrin receptor (454A12-107); (r) the binding-
deficient form of DT linked to the Fab' fragment of 454A12 (Fab'-107);

and Â«Itthe binding-deficient form of DT coupled to MOPC21, a mono

clonal IgC| with no significant binding to RD2 cells. DT and the immu
notoxins were radiolabeled with I25I and injected via the tail vein into

tumor-bearing athymic mice (median tumor weight, 0.25 g). Tumors were

removed 2, 6, and 24 h after injection of DT or immunoloxin. Film images
of 20-um frozen sections were digitized by video microscopy, and gray

levels were converted to tissue concentrations based upon the film re
sponse to radioactivity standards and the specific activity of the radiola
beled toxins. Images of the tumors were characterized quantitatively by

the kurtosis and the area above threshold; the kurtosis is a measure of the
spatial heterogeneity of the radiolabeled immunotoxins, and the area
above threshold is defined here as the fractional tumor area that reaches
or exceeds 1.5% of the initial plasma concentration. The spatial distribu
tion of DT in the tumors was extremely uniform, characterized by low
kurtosis values. In contrast, the autoradiograms of 454A12â€”107 were

punctate in appearance and were characterized by very high kurtosis
values. Fab'-107, which has approximately one-half the molecular weight

of the intact immunotoxin and binds only monovalently, also produced
punctate images with kurtosis values similar to those for 454A12â€”107.The

nonbinding immunotoxin distributed somewhat less uniformly than DT
but much more homogeneously than either of the binding immunotoxins.
DT, 454 \ 12- III?, and Fab'-107 have similar affinities for their respective

receptors, but the concentration of binding sites for DT on RD2 cells
(<3,000 receptors/cell) is much lower than the concentration of transfer
rin receptor (60,000 receptors/cell). Thus, the heterogeneous distribution
ul 454 M 2-11(7 and Fab'-107 probably reflects retarded penetration due to

binding to the tumor cells. The area above threshold was greatest for DT
and lowest for 454A12-107; the fragment and nonbinding immunoioxins

had intermediate values. The lower area above threshold for the nonbind
ing immunotoxin as compared with DT may be due to the considerably
larger molecular weight and hence the lower capillary permeability and
diffusion coefficient of the immunotoxin. DT and 454 M 2-107 show com

parable potency to RD2 cells in culture, but in preliminary in vivo exper
iments growth of s.c. RD2 tumors in athymic mice was inhibited by DT but
not by 454A12-107. These results suggest a possible correlation between

the pattern of the spatial distribution of an immunotoxin and the thera
peutic response.

INTRODUCTION

Immunotoxins are hybrid molecules formed by linking a protein
toxin to a monoclonal antibody or antibody fragment. Immunotoxins
are capable of selectively killing tumor cells in culture ( 1-3), but their

success in the treatment of solid tumors in patients has been very
limited (reviewed in Ref. 4). Factors that may contribute to the poor
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response of these tumors include low expression of the target antigen,
decreased efficiency of immunotoxin internalization and cellular pro
cessing in a subset of tumor cells (5, 6), poor perfusion of tumor
vasculature (7), and limited penetration into the tumor interstitium due
to the effects of binding (8) or elevated interstitial pressure (9).

In earlier work, we characterized the pharmacokinetics of a number
of toxins and immunotoxins in athymic mice bearing a xenograft of
the human rhabdomyosarcoma tumor RD2. The study examined dif
ferences in the plasma clearance and tissue-averaged tumor uptake

among these agents (10). In this work, we extend our observations to
the spatial distribution of immunotoxins within tumors. The following
toxins and immunotoxins were studied: (a) DT;1 (b) a binding-defi

cient form of DT (CRM107) linked to a monoclonal IgG, (454A12)
directed against the human transferrin receptor (454A12-107); (c) the
binding-deficient form of DT linked to the Fab' fragment of 454AI2
(Fab'-I07); and (d) the binding-deficient form of DT coupled to

MOPC21, a monoclonal IgG, with no significant binding to RD2
cells. DT is a Mr 60,000 enzyme that catalyzes the ADP-ribosylation
of elongation factor-2, thereby blocking new protein synthesis.

CRM107 contains a single amino acid substitution of DT
(Ser525â€”>Phe)(11) that reduces binding affinity to the DT receptor by

8000-fold but does not alter the ADP-ribosylation activity (12). Neo-

plastic cells are sensitive to immunotoxins directed against the trans
ferrin receptor (13) because they express high levels of the receptor.
By examining this set of related molecules that differ in molecular
weight and binding, we sought to better understand the effect these
properties have on the spatial distribution of immunotoxins in solid
tumors. To assess the spatial distribution, we injected radiolabeled
immunotoxins into tumor-bearing animals and used film autoradiog-

raphy to obtain images of the tumor sections. These images were
converted to tissue concentrations with the use of calibrated radioac
tivity standards and a radiolabeled extracellular marker, [14C]sucrose.

In this article, we introduce two new calculations for the analysis of
the quantitative information in film images: (a) the kurtosis: and (b)
the area above threshold. The kurtosis is a measure of the spatial
heterogeneity of the radiolabeled immunotoxins, and the area above
threshold is defined here as the fractional tumor area that reaches or
exceeds 1.5% of the initial plasma concentration. We found these
calculations very helpful in characterizing and comparing the spatial
distributions among the immunotoxins.

MATERIALS AND METHODS

Toxins and Immunotoxins. DT, obtained from List Biological Laborato
ries, was prepared for these studies as described previously (10). The immu
notoxins 454A12-107 and MOPC2 !-107 were formed by covalent attachment

of CRM107 to their respective IgGi monoclonal antibodies via a thioether
linkage (13). The fragment immunotoxin was prepared by first digesting the
monoclonal antibody 454A12 in pepsin (0.25 mg/ml) in pH 4.4 citrate buffer
to generate the F(ab')2 fragment. The fragment was then purified by high

performance liquid chromatography, incubated for 30 min in 10 mm dithio-
threitol (Sigma) to reduce F(ab')2 to Fab', and purified on a PD-IO Sephadex
G-25 column (Pharmacia). The fractions containing Fab' were mixed with

CRM107 that had been activated with maleimidobenzoyl-n-hydroxysuccinim-

1The abbreviations used are: DT, diphtheria toxin; PBS. phosphate-buffered saline:

i.e., intracardially: Cpo. initial plasma concentration; TfR. transferrin receptor.
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ide ester (Pierce). The conjugates were purified by high performance liquid
chromatography on a TSK-Gel 3000 SW column (TosoHaas), and the fractions
corresponding to the molecular weight of the one-to-one conjugate were used.

Details of the preparation, purification, quantitation, and radioiodination of DT
and the immunotoxins have been described previously (10). The radiolabel
may have attached to the toxin moeity of the immunotoxin. to the antibody

moeity, or to both. Radioiodinated DT and immunotoxins were separated from
free radioiodine by gel filtration on a PD-IO Sephadex G-25 column and by

overnight dialysis against PBS containing 0.01 % nonradioactive sodium iodide
followed by dialysis for at least four hours against PBS. Protein-associated

radioactivity of the injected solutions, determined by precipitation in 10%
trichloroacetic acid, was 97, 91, 94, and 86% for DT, 454A12-107, Fab'-107,

and MOPC21-107, respectively.

Animal Tumor Model. Human rhabdomyosarcoma RD2 cells (American
Type Culture Collection), previously known as TE671 (14). were grown to
confluence in Dulbecco's modified Eagle's medium (Biofluids) supplemented

with 10% fetal calf serum. Cells were harvested by treatment with trypsin/
versene (Biofluids) and suspended in Hanks' balanced salt solution. Under

halothane/nitrous oxide anesthesia, athymic female mice (NIH Nude), 6-8
weeks old and weighing 20-25 g. were given injections of 1 x IO7 tumor cells

in the right flank.
Therapy Experiments. One week after injection of 5 x 10* tumor cells,

the mice received a single i.p. injection of DT (16 pmol = 1 ug) or immuno
toxin (12 pmol). Preliminary experiments indicated that a 16-pmol dose of

immunotoxin was associated with mild toxicity. Growth of the tumors was
monitored weekly by measurement with calipers of the length and width of the
tumor. Tumor volume was estimated using the formula (15):

0.5 x width2 x length

Autoradiography Experiments. Animals used for these experiments re
ceived 0.01% sodium iodide in their drinking water until 4 days prior to
injection of the radiolabeled DT or immunotoxin (16). Seventeen to 19 days
after s.c. injection of tumor cells, the animals received a tail-vein injection of
4 pmol '"[-labeled DT or immunotoxin in PBS containing 0.1% bovine serum

albumin. This amount is equivalent to 0.25 ug of DT. Two min after injection,
a sample of blood was obtained from the tail vein. A portion was used for
hematocrit determination: the remaining amount was weighed, and its radio
activity was measured (Clinigamma 1272; LKB) both before and after precip
itation in 10% trichloroacetic acid. At selected times (2, 6, or 24 h after
injection), a sample of blood was obtained and handled as above; the animals
were then given a lethal i.p. injection of sodium pentobarbital (40 mg). The
average precipitabilities of radioactivity in the plasma samples by trichloro
acetic acid at the time of sacrifice were 81, 91. 92. and 93% for DT. 454A12-
107, Fab'-107, and MOPC21-107. respectively. In order to minimize radio

activity in the vascular space of the various tissues, the animals were perfused
with 10 ml heparinized saline, followed by 5-10 ml of 10% formalin at an

infusion rate of 3 ml/min (Harvard Apparatus syringe pump) from a 25-gauge

needle placed i.e. The tumor was then excised and cut into two parts. One part
was flash-frozen in isopentane cooled with dry ice. The other part was weighed

and counted for radioactivity. Three or more animals were studied at each time
point for each loxin or immunotoxin.

In another set of experiments, anesthetized tumor-bearing animals were
infused i.p. with a solution of (MC]sucrose (Amersham), an extracellular

marker containing 0.2 uCi/ul at a rate of 1 ul/min. After 60 min. the animals
were sacrificed and handled as described above. The excised tumor was cut
into two parts; one part was flash-frozen and the other part was counted for I4C

radioactivity (LKB 1218) in Hydrofluor scintillation cocktail (National Diag

nostics) after weighing and dissolution in NCS Tissue Solubilizer (Amersham).
Counts were corrected for background and quench.

The frozen tumors were cut into 20-um sections on a cryotome (Microm) at
-23Â°C. The sections were transferred to gelatin-coated microscope slides and

attached by rapid warming and refreezing; sections were taken from positions
at least I mm apart and placed on the same slide. The slides were then
dessicated, and autoradiography film (Hyperfilm 'H; Amersham) was placed

against the slides and sealed in film cassettes. Each film cassette also contained
20-um I4C radioactivity standards (American Radiolabeled Chemicals, Inc.)
and 20-um '"I radioactivity standards (Amersham). The films were stored in

a dessicator at room temperature for 1-3 months and then developed manually

in GBX developer (Kodak).

Film images were digitized using a high resolution video camera (Sony)
connected to a video frame-grabber on a Macintosh lici. For each tumor,

images of two to four sections were collected and analyzed with the software
program Image (NIH) which encodes the image in a 256-gray-level scale. Gray

levels from the radioactivity standards were used to calibrate the film. Radio
activity was converted to tissue concentration based upon both the specific
activity of the injected toxin (corrected for radioactive decay) and a scaling
factor established between the plastic radioactivity standards and tumor sec
tions from animals receiving |'4C]sucrose (see "Results").

Histochemical and Immunohistochemical Staining. After removal from
the film cassettes, a subset of tumor sections was stained with hematoxylin and
eosin. In an effort to visualize blood vessels in the tumors, we stained another
subset of sections for alkaline phosphatase activity, which is found in endo-

thelial cells (17). The sections were fixed for 15 min in 4% formaldehyde and
1% calcium chloride at 4Â°Cand then washed in PBS. For each set of slides,

fresh chromagen solution was prepared: 30 mg Fast Blue BB (Sigma Chemical
Co.) was dissolved in 50 ml (pH 9.0) Tris buffer, and 0.5 ml 2% naphthol As-Bi

phosphate in ethylene glycol monomethyl ether (Sigma) was added. The so
lution was filtered through a 0.45-um Millipore filter, and tumor sections were
then placed in the solution for 20-30 min. After being thoroughly rinsed in

PBS. the sections were mounted with gelatin (Dako). To visualize the distri
bution of the target antigen, TfR, an immunohistochemical method was used
on another set of tumor sections. These sections were fixed at 4Â°Cfor 10 min

in 5% formalin in saline and then washed thoroughly in PBS. The slides were
blocked with goat serum and exposed to monoclonal antibody 13A5. a chi-

meric antibody to the human TfR consisting of a mouse variable and human
constant domain, kindly provided to us by Dr. Jef Raus. Control sections were
exposed to a nonspecific human IgG (Calbiochem). Further processing con
sisted of standard immunohistochemical procedure: incubation with a biotiny-
lated goat antihuman antibody and then with streptavidin-conjugated alkaline

phosphatase (Vectastain: Vector Labs). New fuchsin (Dako) was used as the
alkaline phosphatase chromagen. The sections were counterstained with he
matoxylin and mounted with gelatin.

Statistics. The distributions of kurtosis and area above threshold values
were compared for each pair of toxins and tested for significant differences
using Fisher's exact test for r x c contingency tables (18). The statistical

software SAS (SAS Institute) was used to perform the computations. The P
values for the individual comparisons were multiplied by 6 to account for the
multiplicity of pairwise comparisons.

RESULTS

Representative images of tumors from animals receiving a single
i.v. injection of 4 pmol of DT, the intact immunotoxin, the fragment
immunotoxin, or the nonbinding immuntoxin are shown in Fig. 1.
There are striking differences in the degree of homogeneity in the
tumors attained by each of the toxins. As early as 2 h after injection,
DT is distributed relatively homogeneously throughout the tumor. At
6 h, the distribution is still very homogeneous, although the intensity
of the images has diminished somewhat. By 24 h, little radioactivity
remained in the tumors, and images were not visible on the film. Both
the intact immunotoxin and the fragment immunotoxin are distributed
very heterogeneously in a punctate pattern. The nonbinding immuno
toxin has a patchy distribution, having a more homogeneous distri
bution than either the intact or fragment immunotoxin. but a more
heterogeneous distribution than DT. The punctate spots in the images
from the intact and fragment immunotoxin probably are not caused by
intravascular immunotoxin because, prior to removal of the tumors,
the animals were perfused with heparin and formalin in order to
remove intravascular radioactivity. In addition, sharp punctate spots
were not seen in autoradiograms of the nonbinding immunotoxin. We
therefore suggest that the punctate distribution represents binding of
the immunotoxins to tumor cells in narrow cuffs around permeable
vessels. A correlation between the dark spots and capillaries, however,
could not be established definitively by the method of staining for
alkaline phosphatase activity. While this method clearly highlighted
blood vessels in normal tissues (muscle and kidney), it did not always
reveal vessels near areas of high radioactivity in the tumor. It is
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Fig. I. Representative examples of digitized autoradiograms of RD2 tumors from athymic mice receiving injections of 4 pmol '-5I-labeled DT, intact immunotoxin (454AI2-107).
fragment immunotoxin (Fab'-107), or nonbinding immunotoxin (MOPC2I-I07). Tumors were excised 2. 6, and 24 h after injection of DTor the immunotoxins. Radioactivity in tumors

24 h after injection of DT was extremely low and images of the sections were not visible on the film. Hence, for DT, only sections from 2 and 6 h are shown. Also shown are
autoradiograms of tumors from animals receiving a 1-h constant infusion of 114C|sucrose. Bars, 1-mm distances.

possible that the immature tumor capillaries, which are leakier to
macromolecules ( 19), may not yet contain much alkaline phosphatase,
whereas more mature capillaries, which do contain alkaline phos
phatase activity, may not be as leaky to macromolecules. We also
tested for the possibility that the punctate distribution of the anti-TfR

immunotoxins might arise from heterogeneous expression of TfR by
the tumor cells. This hypothesis was ruled out by staining sections for
TfR and finding that TfR was widely distributed throughout the tumor
section (data not shown).

While the images in Fig. 1 show that the distributions attained by
the various immunotoxins are qualitatively different, quantitative
measurements would provide more objective characterization of these
distributions. To this end, we digitized the film images and converted
the gray levels pixel by pixel to an equivalent tissue concentration of
immunotoxin. We first converted gray level to an equivalent 14C

radioactivity. The conversion was based on a calibration curve ob
tained from the gray levels produced by 9-10 I4C standards (Fig. 2A).

The next step involved multiplication by a scaling factor that takes
into account differences in the film response to tissue sections and
plastic standards, such as that arising from any difference in the true
thickness of the tissue sections and the plastic standards. The scaling
factor was determined from experiments with [ '4C]sucrose, which, as

a rapidly diffusible extracellular marker, reaches a uniform concen
tration in the tumor within l h after infusion at a constant rate. The
concentration of [l4C]sucrose in the tumor measured directly by

counting the radioactivity in a bulk piece of tumor was, on average,
73% of the radioactivity in the sections of the same tumor determined
from the I4C calibration standards on the film.

Next, the 14C radioactivity was converted to I25I radioactivity. 12ÃŽI

standards also were placed on the films, but because they were of
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tumor sections had pixels above 222, and none among them had more
than 1% of its pixels above 222.

During exposures that last several weeks to several months, 125I

undergoes significant decay [half-time (tt/2), 60 days]. Because the

intensity of the film image is produced by the cumulative disintegra
tions (20), it was necessary to account for 125Idecay when making
comparisons with I4C standards. Equation 1 defines an average 125I

radioactivity ([125I]avg) equal to the integrated radioactivity divided
by the time of exposure of the film, r. [1251],, is the radioactivity of
the standard on the day the film is first placed in the cassette. The
cumulative disintegrations produced by a sample with an initial ra
dioactivity [125I]0 over the period T is equivalent to the cumulative
disintegrations produced by a hypothetical isotope of radioactivity
[125I]0 that does not undergo decay during time T.
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Fig. 2. Calibration curves for converting film gray levels to I2-SIradioactivity. A,

representative example of the film response to '4C radioactivity standards. O, experi
mental data. The image processing software. Image, provides a choice of functions for
obtaining a calibration curve. The "Rodbard" function

/(a-T)\(
'[(*-#)

gave the best fit to the data (solid line) For this particular film, a = 17.2; b = 1.22; c =
78.3; and d = 278.7. Each film was calibrated using the radioactivity standards on that
film. In B. after the I25Istandards decayed for 5 half-lives, a linear relationship between
the 125Iand 14Cstandards was demonstrated that extended over most of the radioactivity
range up to a gray level oÃ222. Gray levels produced by 125Istandards (adjusted for decay;
see Equation 1) were mapped into equivalent I4C radioactivities, based on a calibration
curve like the one shown in Fig. 2A.The relationship is linear, but the slope is not unity
(linear regression performed on standards having a gray level < 222; slope = 1.85;
v-intercept = 6.1). Conversion of autoradiographic image gray levels to equivalent 125I
radioactivity was done in two steps since the films had nine or ten I4Cstandards covering
the entire gray level range but typically had only four '-5I standards covering the higher
gray level values on the film. The gray levels were first converted to equivalent 14C
radioactivity using a curve like the one shown in Fig. 2Aand were then converted into 125I
radioactivity using a linear transformation. For each film, the linear transformation was
determined from the I2Ã•Iand I4C standards placed on the film.

higher radioactivity than the 14C standards, typically only 4 standards

did not completely saturate the film, nor did their gray levels cover the
lower values. The relationship between the observed gray levels of the
nonsaturating I25I and the I4C standards was linear. To verify that
linearity extended to lower radioactivitÃ©s,we allowed the I25I stan

dards to decay for 5 half-lives and exposed film to both sets of

standards. As shown in Fig. 2B, a linear relationship between the two
sets of standards was observed up to an gray level of 222 (the highest
gray level is 255). We therefore assumed that the linear relationship
established by the higher radioactivity standards extended to the lower
range. The nonlinearity above a gray level of 222 was considered a
minor perturbation to our calculations because fewer than 17% of the

Finally, to convert I25I radioactivity to toxin or immunotoxin concen
tration in the tumor, the 125Iradioactivity was divided by the average

specific activity (nCi/nmol) of the injected toxin or immunotoxin
(which, by reasoning analogous to the average radioactivity calcula
tion, takes into account the decay of I25I during the time T). The

concentration was then normalized to the initial plasma concentration
which was calculated as the dose divided by the initial volume of
distribution. Vd. In these and previous experiments in female nude
mice, we determined that Vd was 1.5 ml.

In several film images, we noted a rim of darker intensity around
the tumors. When comparing the images to the histochemically
stained sections, the darker rim corresponded to the connective tissue
capsules around the tumors. These rims were also observed in the
tumors after [14C]sucrose infusion (Fig. 1). In multinodular tumors,

the connective tissue planes between nodules were darker, as well.
The ratios of radioactivities in the rims and internodular areas to the
radioactivity in the adjacent tumor were similar for the tumors con
taining [l4C]sucrose and for those containing radiolabeled toxin or

immunotoxin. From these observations, we inferred that the rims
reflect the higher interstitial volume fraction in the connective tissue
capsule compared to the highly cellular tumor. Ong and Mattes (21)
reached a similar conclusion from their experiments on specific and
nonspecific antibody localization in xenografted tumors.

Upon converting the film images to a concentration scale, we were
able to represent the tumor images as histograms of concentration
versus number of pixels. A broad distribution would represent a het
erogeneous distribution, and vice versa. The kurtosis, equal to the
fourth moment about the mean divided by the square of the variance
(Equation 2), is one measure that quantitates the dispersion in the
distribution (22).

, - o4

Kurtosis = â€¢¿�

N is the number of pixels in the image; C, is the concentration in the

i pixel; C is the average concentration; and .vis the standard deviation
of the distribution. The kurtosis is a better measure of the degree of
heterogeneity than the variance for several reasons. Because the punc
tate spots in the images of the intact and fragment immunotoxin
comprise only a very small fraction of the total number of pixels, the
kurtosis gives more weight to those pixels which contribute to the
obvious heterogeneity in those images. Moreover, the kurtosis is a
dimensionless number, and the effects of differing specific activities
among the immunotoxins are therefore eliminated from the measure-
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ment. A dimensionless quantity also permits easier comparison with
results from autoradiography studies that quantitate images in units
other than concentration (e.g., nCi/g tissue). The kurtosis incorporates
concentration information from the entire tumor area (exclusive of the
skin and connective tissue capsules around tumor nodules). However,
information regarding the location of the high and low concentration
areas, such as peripheral versus central localization, is not preserved.

Fig. 3 summarizes the results of the kurtosis calculations. High
values of kurtosis indicate a high degree of heterogeneity and vice
versa. In the animals receiving DT, the kurtosis values of the tumor
images were clustered at the lower values, whereas those from ani
mals receiving the intact specific immunotoxin predominate at the
higher values. The kurtosis values of animals receiving the fragment
immunotoxin are not statistically different from the values of the
intact immunotoxin. The nonbinding immunotoxin, which has the
same molecular weight as the intact specific immunotoxin, is charac
terized by kurtosis values lower than those of the intact specific and
fragment immunotoxins. There is no clear dependence of kurtosis
values on time from 2 to 24 h after immunotoxin injection. The
distributions of kurtosis values are significantly different (P < 0.05)
for all pairwise comparisons among DT and the immunotoxins except
between the intact specific immunotoxin and the fragment immuno
toxin (P = 0.27).

One of the shortcomings of the kurtosis calculation is that it does
not discriminate between images that have a uniformly low or a
uniformly high concentration of immunotoxin. Quantitation of the
fractional area of the tumor reaching a threshold concentration, called
the area above threshold, allows this distinction. The threshold con
centration was chosen as 1.5% of the Cpo which corresponds approx
imately to 1% of the injected dose/g tumor in the female nude mouse
(% injected dose/g = % Cpo/Vd). If one assumes that in a 70-kg

human, the immunotoxin initially distributes in volume equal to the
plasma volume (3000 ml), a tumor concentration of 1.5% Cpo is
equivalent to 0.0005% of the injected dose/g. This choice of a thresh
old concentration was influenced by the following considerations: (a)
the value is within the range of concentrations determined from count
ing the radioactivity in the part of the tumors not used for quantitative
autoradiography (Table 1) and consequently, a majority of the sections
have areas above threshold that are neither 0 nor 100%; and (b) this
concentration highlights differences among the various immunotox
ins. Although the choice of a threshold concentration is subjective and
at these low doses has little pharmacodynamic significance, if it is
applied consistently among all the tumor sections, the area above
threshold provides another quantitative tool for making comparisons
among DT and the immunotoxins.

Fig. 4 shows the results of the threshold calculations. The majority
of the sections from tumors treated with DT have more than 80% of
the tumor area above the threshold concentration. In sharp contrast,
most of sections from tumors treated with the intact specific immu
notoxin have less than 20% of their area above the threshold concen
tration. The intact specific immunotoxin also has a lower area above
threshold compared to the nonbinding immunotoxin, thus illustrating
that binding to the tumor restricts the spatial distribution of immuno
toxin. A decrease in the size and valence of the immunotoxin by the
use of the Fab' fragment immunotoxin led to exposure of more of the

tumor area to the threshold concentration, although much of the tumor
area still did not receive the threshold concentration. All pairwise
comparisons of the distributions in Fig. 4 are statistically significant
(P < 0.05) except between the fragment immunotoxin and the non-
binding immunotoxin (P = 0.42).

Preliminary experiments comparing the response of RD2 xe-

nografts to treatment with DT and the intact binding immunotoxin
support the concept that uniform distribution of the toxin within the
tumor may be important for therapy. When tumor-bearing mice were
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Fig. 3. Kurtosis of autoradiograms of tumors from mice, each receiving an injection of
DT or an immunotoxin. Kurtosis values are shown in increasing half-log increments. The

kurtosis, a measure of the degree of heterogeneity in the image, is defined in Equation 2.
The boundaries of the tumor in the images were determined from the hematoxylin and
eosin stained sections. Bam have been subdivided into sections that show the contribution
of each time point to the total number of autoradiograms having that range of kurtosis
values.

given a single i.p. injection of DT, cures were obtained in 8 of 9
animals, judged by the absence of tumor 10 weeks after treatment
(Fig. 5). Conversely, tumors grew in 8 of 10 animals treated with the
immunotoxin. Raso and McGrath (23) and Reid et al. (24) have
similarly observed that DT cures human tumors xenografted in athy-
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Table I Average tumor concentration (nmol/% tumori as a percentage of the initial
plasma concentration Inmol/g plasma)"

ToxinorimmunotoxinDT454AI2-I07Fab'-I07MOPC2

1-1072hAv

CT/Cpn(%)3.01.42

22.1SE0.40.20.50.66

hAv

CT/CP,,(%)1.71.51.62.324

hSE0.30.10.10.5Av

CT/CPO(%)0.32.01.32.8SE0.20.21.1

" CT. tumor concentration.

mie mice. The relatively uniform distribution of DT compared with
the nonuniform distribution of the intact immunotoxin, illustrated by
the quantitative autoradiography experiments, may explain the differ
ence between tumor responses to treatment with these agents.

DISCUSSION

Our observations of the different responses of RD2 tumor xenograft
growth after treatment with DT or with an anti-TfR immunotoxin

motivated us to try to identify the factors that might account for this
disparity. The difference was not explained by the relative potencies of
DT and the immunotoxin 454A12-107 because both were similarly

effective in inhibiting protein synthesis in cultured RD2 cells (50%
inhibitory concentration, 20 and 30 PM, respectively; Ref. 10). Phar-
macokinetic measurements revealed that DT has a higher transcapil-
lary permeability than the immunotoxin 454A12-107; but because DT

also has a faster clearance and a lower degree of binding to RD2 cells,
it is removed from the tumor more rapidly (10). Consequently, DT and
the immunotoxin 454A12-107 attained similar peak concentrations in

the tumor, and tumor exposure to DT (assessed by the area under the
concentration curve) was lower than tumor exposure to 454A12-107.

Thus, we remained puzzled as to the greater antitumor efficacy of DT
relative to 454A12-107.

A limitation of previously reported pharmacokinetic measurements
(10) was that they represented only averaged concentrations and pro
vided no information regarding the spatial distribution of the immu-

notoxins at a microscopic level. Several published studies have shown
that exogenously injected antibodies may or may not be distributed
uniformly in solid tumors. One study (25) found that an antibody was
diffusely distributed in the tumor, but most studies have shown het
erogeneous antibody localization. Heterogeneous distribution may oc
cur because the antigen itself is heterogeneously expressed (26-28).

Even when the target antigen is uniformly distributed, however, het
erogeneity of antibody localization may occur, commonly seen as a
peri vascular and/or peripheral localization (21, 29-37). Another pat

tern, observed with antibodies to intracellular antigens, is an initial
perivascular distribution that gradually evolves into a more central
localization of antibody, with concomitant depletion of the surface
layers (38, 39). Several studies have shown that uniformity can be
improved by increasing the dose of antibody (40-42). Studies with

antibody fragments generally show that fragments penetrate further
into tumors (26, 43^45). Lower molecular size, affinity, and valence,

as well as the the larger doses (in mol) of antibody fragments com
pared to the dose of intact antibody, all are factors which may have
contributed to those observations. Conversely, one group reported no
benefit of using F(ab')2 or Fab fragments on improvement in homo

geneity (40). The possibility that immunotoxins might also distribute
heterogeneously, and the implications of this hypothesis for the ther
apeutic efficacy, led to the present investigation.

The majority of studies cited above used one of two methods for
visualizing the distribution of antibody in the tumors: immunohis-

tochemistry and microscopic (or emulsion) autoradiography. In con
trast, the method described in this article uses film autoradiography.
The advantage of the immunohistochemical and microscopic autora-

diographic methods is the ability to correlate the location of antibody
to particular structures in the tissue, such as blood vessels, stroma,
secreted antigen, cell membranes, or even intracellular sites. The
disadvantage of these methods is the difficulty of converting the signal
to a known radioactivity or concentration value. The intensity of the
immunohistochemical stain is only qualitatively related to antibody
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Fig. 4. Autoradiograms characteri/.ed by the percentage of the tumor area exceeding the
threshold concentration or area above threshold. The choice of the threshold concentration
as 1.5% of the initial plasma concentration is explained in "Results." Bars have been

subdivided into sections that show the contribution of each time point to the total number
of autoradiograms having that range of area above threshold.
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Fig. 5. RD2 tumor growth after a single i.p. injection of DT or the intact specific
immunotoxin 454A12-107 (16 and 12 pmol, respectively). Tumors in 8 of 10 animals

given the immunotoxin (O) showed substantial continued growth, whereas a tumor in
only 1 of 9 animals given DT (D) grew. Â®,death of an animal given 454A12-107; ffl,
death of an animal given DT. Deaths were probably caused by the tumor burden of the
animals or disease arising from their immunocompromised state and frequent handling for
measurement of tumor size and body weight.

concentration. In microscopic autoradiography, semiquantitative in
formation is obtainable from the density of silver grains, but variabil
ity in the thickness of the emulsion coating, in time of development,
and in specific activity of the antibody complicates comparisons from
slide to slide. Because of our interest in obtaining quantitative infor
mation on tissue concentrations, we used the film autoradiography
method. When proper accounting is done with calibration standards,
decay corrections, and specific activities of the radiolabeled proteins,
the gray level of the film image can be converted pixel by pixel to a
concentration value. The tradeoff in using film, however, is the in
ability to directly observe areas of high or low concentration in mi
croscopic cellular or extracellular structures.

Two different measurements of the quantitative information in the
film images were used to interpret our results: the kurtosis and the area
above threshold. The kurtosis is a calculation representing the degree
of heterogeneity throughout a tissue section. Listing the toxins and
immunotoxins we used in order of increasing kurtosis and hence
increasing heterogeneity, we obtained the following sequence: DT <
the nonbinding immunotoxin MOPC21-107 < the fragment immu
notoxin Fab'-107 = the intact immunotoxin 454A12-107 (Fig. 3).

The punctate distribution of the intact and fragment immunotoxin and
the fairly homogeneous distribution of the nonbinding immunotoxin
are consistent with the idea that tumor cell binding can significantly
retard penetration. Cultured RD2 cells have approximately 60,000
transferrin receptors/cell (10), and the affinities of both the intact and
fragment immunotoxins are approximately 2 x IO9 M~'. The smaller

size of the fragment immunotoxin (about one-half the molecular

weight of the intact immunotoxin) and the monovalency of binding
did not produce a statistically significant shift toward greater homo
geneity.

Initially, we were surprised by the uniformity of the distribution of
DT, because DT also binds to the tumor cells; the affinity of DT for
its receptor is reportedly 9 X IO8 M~' (46), and the potent cytotoxicity

of DT to RD2 cells indicates the presence of DT receptors on those
cells. However, measurements of the receptor density on cultured
RD2 cells with radiolabeled DT at 4Â°Cshowed that the receptor

density was below the detection limit of the assay (<3000 receptors/
cell).4 Further evidence of the low binding of DT to RD2 cells comes

4 D. Newton, personal communication.

from measurements of DT uptake in RD2 tumors in vivo. Localization
of native DT in the tumors was approximately the same as that of
CRM107, the binding-deficient mutant of DT (10). Thus, a barrier to

penetration of macromolecules into the tumor away from vascular
sources created by the presence of receptors (the "binding site barri
er"; Ref. 8) is much lower for DT than for either of the immunotoxins

targeted to TfR. This may explain the greater homogeneity of the
distribution of DT in the tumor.

The threshold calculations illustrate that most tumors receiving DT
had greater than 80% of their areas above the threshold concentration
(Fig. 4). Tumors treated with the intact immunotoxin, in contrast,
generally showed areas above threshold lower than 20%. If a similar
pattern exists at higher doses of intact immunotoxin and if a threshold
concentration is required for cell killing, the implications for therapy
are serious. Only a small percentage of the tumor cells would then
receive a toxic dose of the intact immunotoxin. Meanwhile, the rest of
the tumor would be exposed to suboptimal concentrations, which
would allow cells in those regions to escape the cytotoxic effects of
the immunotoxin.

Decreasing the molecular weight and valence of binding by use of
the fragment immunotoxin shifted more of the area above the thresh

old concentration. The effect of molecular size is illustrated by com
paring the two molecules that have the lowest binding capacity to
RD2: DT and the nonbinding immunotoxin (Mr 62,000 and Mr
210,000, respectively). The greater size of the nonbinding immuno
toxin is associated with a significant reduction in the area reaching the
threshold concentration.

A preliminary conclusion drawn from the therapy experiments is
that DT is a much more effective therapeutic agent in vivo than the
intact binding immunotoxin 454A12-107. The relatively uniform dis
tribution of DT and nonuniform distribution of 454A12-107 in the

tumors suggests that a correlation may exist between the pattern of
spatial distribution and tumor response. Our suggestion of a correla
tion is tempered, however, by the facts that (a) the tumors in the
therapy experiment were only 7 days old at the time of treatment,
whereas the tumors in the autoradiography experiments were 17-19

days old and thus probably had somewhat different architecture from
the 7-day-old tumors, and (b) we cannot rule out the possibility that

a difference in the dose of the two agents in the therapy experiment
(16 and 12 pmol for DT and the immunotoxin, respectively) might
account for the different therapeutic responses. Future experiments
will address these issues. A correlation would indicate that strategies
for improving the efficacy of immunotoxins include consideration of
factors affecting their spatial distribution in tumors. Increasing the
dose may be one feasible approach, but this option may be limited by
nontarget organ toxicity. If the antibody component is not as toxic as
the immunotoxin, coinjection of nonconjugated antibody with the
immunotoxin can be expected to yield better penetration, although this
probably would be accompanied by a reduction in selectivity. This
study shows that decreasing the molecular size increases the area
above threshold. Additionally, a reduction in binding, by means of a
decrease in affinity or antigen density, yielded better spatial homoge
neity. Future studies should continue to examine whether strategies
that increase penetration result in better inhibition of tumor growth.
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