
[CANCER RESEARCH 47, 4432-4443, August 15, 1987]

Regional Localization of a Glioma-associated Antigen Defined by Monoclonal
Antibody 81C6 in Vivo: Kinetics and Implications for Diagnosis and Therapy1

R. G. Blasberg,2 H. Nakagawa, M. A. Bourdon,3 D. R. Groothuis, C. S. Patlak, and D. D. Bigner

Nuclear Medicine Department, NIH, Bethesda, Maryland 20892 Â¡R.G. B., H. N.J; Department of Pathology, Duke University Medical Center, Durham, North Carolina
27710 [M. A. B., D. D. B.]; Division of Neurology, Northwestern University, Evanston Hospital, Evanston, Illinois 60201 Â¡D.R. G.]; and Theoretical Statistics and
Mathematics Branch, National Institute of Mental Health, NIH, Bethesda, Maryland 20892 [C. S. P.J

ABSTRACT

The pharmacokinetics and regional tissue distribution of two IgG2b
immunoglobulins were studied in athymic mice with I)MM(, human
glioma xenografts. Monoclonal antibody (Mah) 81C6, an antiglioma
antibody, had a plasma half-life of 2.7 Â±0.3 (SE) days; 45.6, a control
immunoglobulin, had a plasma half-life of 3.3 Â±0.4 days. The immuno-
reactive fraction of 81C6 in plasma fell slowly from 037 to 0.23 over 9
days. The blood-to-tissue transfer constant (K,) of Mab was 0.11 Â±0.05
ml/g/h in brain xenografts and 0.07 Â±0.02 ntl/g/h in s.c. xenografts. In
contrast. A, in muscle (0.005 Â±0.002) and brain (0.0004 Â±0.0001 ml/g/
h) was much lower. The equilibration half-time of Mab in extracellular
space was 1.1 Â±0.2 h in the brain xenografts, 3.6 Â±1.4 h in s.c.
xenografts, and 8.1 and 24 h in muscle and brain, respectively. Distri
bution and binding of 81C6 was heterogeneous in the xenografts. A
binding potential of 5-14 was found centrally and a binding potential of
0.8-1.0 was found peripherally in the brain xenografts. In the s.c.
xenografts, the binding potential was higher peripherally than centrally.
The exposure of DMMG xenograft tissue to Mab 81C6 was not signifi
cantly limited by the permeability of the blood vessels or blood flow due
to the long plasma half-life of the immunoglobulin. A comparison of Mab
and a-aminoisobutyric acid influx constants suggests that Mab entry into
intracerebral xenografts occurs through large pores without significant
sieving or steric restriction. Under such conditions the differences in
influx constants between immunoglobulin and smaller immunoglobulin
fragments will be proportional to the differences in their aqueous diffusion
constants.

nizes an epitope on the glioma-mesenchymal extracellular ma
trix glycoprotein tenascin (23). This antigen has been well
characterized both in terms of its immunohistological distri
bution in cell lines, adult and tumor tissues as well as in terms
of immunochemical and biochemical characteristics; it is pres
ent in human glioblastomas, glioma derived cell lines, and
glioma xenografts in athymic mice, but is not detected in normal
adult or fetal brain or in a majority of low grade astrocytomas
(24-26).

The role of vascular permeability is particularly important
with regard to Mab localization in brain tumors since it has
been reported that there is considerable variability in the perme
ability of tumor blood vessels to molecules the size of immu
noglobulin (27). This study demonstrates that antiglioma Mab
81C6 crosses D54MG xenograft capillaries and binds to a tu
mor-associated antigen in appreciable amounts, that a heter-
ogenous distribution of antigen exists in the intracranial tu
mors, and radiolabeled Mab 81C6 persists in the xenografts at
high levels for at least 3-5 days resulting in high tumor expo
sures to the radiolabeled antibody. Similar levels of antiglioma
Mab were measured in s.c. xenografts over approximately the
same time period. These results provide a basis for future
imaging and therapy studies in human gliomas and glioma
xenografts in experimental animals.

INTRODUCTION

Radiolabeled serum antibodies (1, 2) and specific monoclonal
antibodies (3-12) directed at a variety of tumor associated
antigens have been shown to be effective in radioimaging and
therapy of tumors. Previous studies have demonstrated specific
monoclonal antibody localization in human tumor xenografts
including colorectal carcinoma (13-15), melanoma (16-19),
breast (20), teratocarcinoma (21), and malignant glioma (22).
The successful application of Mabs4 for radioimaging and ther

apy of human tumors, regardless of tumor location, depends
on a knowledge of the pharmacokinetics of Mab distribution
and the specificity of Mab-tumor antigen binding and localiza

tion.
In this study we examined the regional tissue distribution

and pharmacokinetics of antiglioma Mab 81C6 localization in
I) ,\K . human glioma xenografts (both intracranial and s.c.)
in athymic mice in order to assess the roles of the blood brain
barrier, tumor vascular permeability, and antigen distribution
on Mab 81C6 localization. Monoclonal antibody 81C6 recog-
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MATERIALS AND METHODS

Radiolabeled Mab. Mab 81C6 and a control immunoglobulin from
myeloma cell line 45.6 TG 1.7 (both IgG2b proteins) were isolated
from culture supernatant using Protein A-Sepharose 4B (Ey) and stored
lyophilized at -70Â°C (23). Both Mab 81C6 and control immunoglob
ulin 45.6 (28) were labeled with I25I or I3II using Chloramine-T at
specific activities of 2-4 /Â¿Ci//igprotein (29). Following radiolabeling,
the antibody preparations were chromatographed on Sephadex G25 to
separate radiolabeled antibody from free iodine. Radiolabeled prepa
rations were 97-99% precipitable by trichloroacetic acid and chromat
ographed as a single peak on a Sephacryl/300 gel column. Radiolabeled
plasma samples and solutions eluted from glioma xenografts using 0.1
Mglycine buffer, pH 3.0 were chromatographed on the same Sephacryl/
300 gel column as previously described (25). Radioactivity of the
radiolabeled antibody preparations, plasma, tissue, and autoradi-
ographic standards were measured in a Packard gamma spectrometer
using standard peak-emission energy, narrow-window techniques with
decay, background, and efficiency corrections.

The specific immunoreactive fraction of iodine-labeled Mab 81C6
was determined in one paired-label experiment (Series 6 in Table 1).
The Mab injÃ©rtateand plasma samples obtained at various experimen
tal times (4 min-9 days) were absorbed on DMMG tumor homogenates
to determine total (81C6) and nonspecific (45.6) binding; the specific
absorption fraction of Mab 81C6 was calculated as the difference
between total and nonspecific binding.

Tumor Production and Experimental Procedure. Brain and s.c. tumors
were produced in separate groups of athymic mice by the injection of
in tumor cells (human cell line D-54MG) into the right frontal
hemisphere and the right flank, respectively (30). Six experiments were
performed (Table 1). The tumor-bearing animals in experiments (se
ries), 1, 2, and 5 were divided into two sets. Each animal in the first set
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Table 1 Plasma clearance of monoclonal antibody (Â¡gG)f

Experiment Plasma half-time (days)

Animals Duration Xenograft Mab81C6 45.6
Series (no.) (days) location (antiglioma) (control)

I23*4*56*1636241832273868119BrainBrainBrainFlankFlankFlank2.73.42.6C3.6'1.91.82.7

Â±0.3"2.33.92.75.32.7l.V3.3Â±0.4
" Antibody labeled with ' 'M unless indicated otherwise.
* Paired-label study.
â€¢"Antibodylabeled with I3'I.
4 Mean Â±SE.

was given 5 >tg(2-4 /iCi//tg) of I25l-labeled Mah 81C6 via the tail vein.
Similarly, each animal in the second set was given 5 Mg(2-4 MCi/Mg)
of I25l-labeled 45.6 i.v. Paired or triplicate animals in each set were

killed by decapitation at various times after Mab administration. Blood
and various organs were sampled and assayed for radioactivity. Local
radioactivity measurements within the tumors were obtained by quan
titative autoradiography; the entire brain or s.c. tumor was rapidly
extracted, frozen in liquid freon cooled in dry ice, and stored at -70Â°C

prior to subsequent processing.
Tumor-bearing animals in experiments 3, 4, and 6 were studied by

the paired-labeled technique (31) in which 5 Mg13ll-labeled Mab 81C6
and 56 tig '"I-labeled 45.6 were injected simultaneously into the tail

vein. The experimental protocol and tissue sampling were similar to
that described above except that autoradiography was not performed;
the tumors were dissected from the brain or flank. '"I and '-"I radio

activity in the tissue and blood samples were determined by gamma
spectroscopy in the standard manner.

Quantitative Autoradiography. The tumor containing brains and the
s.c. tumors were serially cut 20 Mmthick in a cryomicrotome at â€”20Â°C.

Alternate sections through the largest cross-sectional diameter of the
tumors were processed for histology (hematoxylin and eosin stain) and
autoradiography as previously described (32). Freshly prepared 125I-

labeled tissue standards from liver homogenate were prepared with
varying amounts of I25I and processed and sectioned in a manner

identical to that of the tumor tissue and included with the tumor
sections for autoradiographic exposure of single-coated X-ray film. The
autoradiographic images on X-ray film and the corresponding histolÃ³g
ica! sections were digitized, stored, and registered (aligned) in separate
channels of an image array processor. Regional measurements of tissue
radioactivity (in regions as small as 50 x 50 /mi ) could be made on the
basis of tumor morphology (histolÃ³gica! image) using a multichannel
image processing system and a standard curve that related optical
density to tissue radioactivity of the autoradiographic standards (32-

34).
Calculations. Direct comparison of the autoradiograms was facili

tated by expressing the results for each animal as a physiological
distribution space relative to the plasma radioactivity concentration at
the time of sacrifice

% tissue space = C,(t)/Cf(t) x 100 A

where CÂ¡and Cp are the measured tissue and plasma concentrations,
respectively, and / is time.

The time-sequential experimental data for control 45.6 was analyzed
by a simple two compartment model (blood and tissue extracellular
space) assuming passive distribution across the capillaries and no
binding to tissue elements. This model can be described by

dA', ,
â€” = K,C, - kjA, B

where A', is the amount in the extracellular space per unit mass of

tissue, A; is the blood-to-tissue transfer constant (an influx constant

equivalent to a plasma clearance constant with units of volume per unit
mass of tissue per unit time), k'2is the tissue-to-blood transfer constant
(an efflux constant with units of reciprocal time), and <",',is the plasma

concentration.
We assume that the distribution of antiglioma Mab 81C6, which

binds to a tumor-associated extracellular matrix antigen, can be de
scribed by a three-compartment model (Fig. 1) and the following
relationships

at
k<A,

where A, is the amount in the extracellular space per unit mass of
tissue, A, is the blood to tissue transfer constant, k-Â¡is the tissue to
blood transfer constant, A, is the operational constant for Mab 81C6
binding to the tumor-associated antigen, A, is the constant for Mab
81C6 release from the antigen, and A, is the amount bound to antigen
per unit mass of tissue. The units of K\ are the same as those of K(\ ki,
A,. and A.,have units of reciprocal time. If

XÂ±= 0.5 |-(*2 + k, + k4) Â±[(k2 + k,

then the solution to Equations B-D is

; = K( exp(-*2r) rÃ,Cp(r)

K,
\+ - X-

[(k) + *4 + X+)exp(X+OJoQ exp(-X+r)</T

- (k, + kt + X-) exp(X-f) /{.C, e\p(-\-T)dr]

and

A! = V C' -4-A''Â»I ' p*^p ' ''e /"J

A-,= V,CV + A, + A.

where A{ and A-,aie the total amount of control and antiglioma Mab
measured per unit mass of tissue, respectively, and Vf is the plasma
volume per unit mass of tissue. We will also assume that the flux of
the control and antiglioma Mabs across tissue blood vessels is the same.
Thus, for this system

H

The half-time for equilibration within the extracellular space is given

by

t-/,= In 2
I

Due to the difficulty in obtaining serial blood samples from each animal,
it will be assumed that all animals and experiments are sufficiently

Blood

Plasma

Capillary Tissue

ECS Antigen

Fig. 1. Three-compartment model of antibody distribution and binding in
tissue. A, has units of volume per unit time per unit mass of tissue and is a blood
clearance constant; k2, k,, and kt have units of reciprocal time. The values of K,
and Aâ€¢for antibody flux across the tissue capillaries are assumed to be the same
for the antiglioma Mab 81C6 and control 45.6. The antigen-antibody association
(A.) and dissociation (A.,)constants were determined only for the antiglioma Mab;
k} was assumed to be zero for the control immunoglobulin. ECS, extracellular
space.
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similar so that the plasma values at the time of sacrifice of the animals
in a study set can be used to reconstruct a plasma concentration-time
relationship that is representative of all animals in that set. The rate
constants and their standard errors were estimated by simultaneously
fitting the xenograft and plasma data for both immunoglobulins with a
standard Marquardt nonlinear least squares routine using the M-
laboratory facility at NIH. The data from skeletal muscle and brain
tissue were fitted in a similar manner except that Ai was assumed to be
zero after it was determined that the three-compartment model (Fig. 1)
did not give better fits of the data.

An estimate of the number of cylindrical "pores" or "channels" in

the blood vessels through which immunoglobulin can diffuse per unit
mass of tissue was made using the following relationship

where PS is the permeability-surface area product of the capillaries, !>
is the average thickness of the capillary wall (Â»100A) (35, 36),5 f) is

the aqueous diffusion constant of the immunoglobulin (4.1 cnr/s x
10~7)(37, 38), a is the average radius of the immunoglobulin molecule
(5 nm),' r is the radius of the pore, and A' is the number of pores per

unit mass of tissue. Providing that KÂ¡/Dis approximately constant for
different size molecules, the "holes" or pores in the capillary membrane

must be large enough so that the steric hindrance factor is negligible.
Thus, the minimal radius of the pores must be at least six times the
average radius of the largest molecule for which A',//) remains constant

(e.g., immunoglobulin). Under these conditions the nonexclusion zone
in the pore is at least 69% of the total pore area

(r-a)2 25
r2 -36

and an estimate of the total number of "minimal" size pores per g of

tissue can be calculated from Equation J. Similarly, the total pore area
per g of tissue (At) can be estimated from:

Plasma Half-Life. Plasma levels of radiolabeled Mab 81C6
and 45.6 over time for one representative experiment are shown
in Figures 2, A and B, respectively. The long-term or ÃŸplasma
half-times represent between 30 and 40% of the injected radio-
labeled Mab in these experiments. An average value of approx
imately 3 days was obtained for both immunoglobulins (Table
1).

The specific immunoreactive fraction of Mab 81C6 in plasma
was determined in a paired-label experiment with 45.6 as the
nonreactive control (Fig. 3). The specific immunoreactive frac
tion in plasma was initially 0.35-0.40 and decreased slowly
over 9 days to approximately 0.23; the nonspecific binding
fraction was 0.09 Â±0.03 (SD) during this period.

Gel chromatography of plasma samples from tumor-bearing
mice given injections of radiolabeled Mab 81C6 gave results
indistinguishable from those of freshly labeled Mab prepara
tions. Radiolabeled high molecular weight aggregates or anti
body-antigen complexes as well as lower molecular weight
peptides were not observed in the plasma samples chromato-
graphed.

Regional Localization in l)MMd Intracranial Xenografts. The
distribution of Mab in the tissue can be expressed in terms of a
physiological distribution space (Equation A) and can be used
to facilitate the comparison of autoradiographic images (Fig.
4). The distribution of Mab in the tissue at 2 min is predomi
nantly ini ravascular and reflects the plasma space of the tissue;
similar values were obtained for both immunoglobulins (Fig.
4). By 4 h the distribution patterns show considerably greater
localization of the antiglioma Mab 81C6, whereas the distri
bution of the control 45.6 in the tumor approximates the
extracellular space (images not shown). By 1-3 days marked
differences in the localization patterns of the two immunoglob-

RESULTS

Radiolabeled Mab Binding and Gel Chromatography. Radio-
labeled preparations of Mabs 81C6 and 45.6 immunoglobulins
were characterized in terms of antibody binding and molecular
size. The specific binding fraction of iodinated Mab 81C6 was
about 0.3-0.5 at the time of i.v. injection. Radiolabeled Mab
81C6 in CS-radioimmunoassay showed saturable binding to U-
251 MG cell monolayers; binding of Mab 81C6 was not inhib
ited by control 45.6 myeloma IgG. After elution of labeled
81C6 and 45.6 from the cell monolayers, gel chromatography
on Sephacryl S-300 resulted in a single radioactive peak in the
position of normal mouse immunoglobulin for both products.
Radiolabeled Mab 81C6 retained antigen binding activity after
sequential binding to and elution from U-251 MG cell mono-
layers indicating intact radiolabeled immunoglobulin mole
cules. No antigen has been identified for control immunoglob
ulin 45.6.

5 P. Molnar. and D. R. Groothuis, unpublished observations in the RG-2 and
ENU-induced rat glioma models.

' The tertiary structure and conformation of IgG immunoglobulin has been
extensively studied, and the schematic structure of compact Fab and Fc regions
attached by a flexible, hydrated region proposed by Noelken el al. (39) has been
generally confirmed (40,41). The hydrodynamic properties of IgG yield frictional
ratios (ftIn) between 1.28 and 1.38 (38) which is somewhat higher than that
expected for a globular protein (38). Although IgG immunoglobulin has a flexible
structure resembling a "Y", we have assumed that it can be approximated by a

sphere with an average radius of 5 nm to estimate the minimal pore radius and
number of minimal size pores in this study.

TIME: days TIME: days

Fig. 2. Time course of radioactivity in blood (O) and the DMMG xenograft
(â€¢)following i.v. administration of '^1 labeled antiglioma Mab 81C6 (A) and
'â€¢"I-labeledcontrol 45.6 (B) in a pair-labeled study (Table I, series 6). ,

best fit curves through the tissue and blood data points, respectively. The
SEs about the tissue curves were 2.3 and 2.1 (ordinate units; unweighted) for Mab
81C6 and 4S.6, respectively. The blood data could be fitted by two exponentials
yielding half-times of a = 4.4 h and b = 1.8 days for Mab 81C6, and a = 4.8 h
and b - 2.9 days for Mab 45.6; the ,i component of Mab clearance represented
38 and 31% of injected 81C6 and 45.6, respectively. The SEs about the blood
curves were 2.7 and 2.9 (ordinate units; unweighted) for Mab 81C6 and 45.6,
respectively. The SEs about the tissue and blood curves is representative of all six
experiments.
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Fig. 3. Fraction of specific immunoreactive antibody (Mab 8IC6) in plasma
versus time is shown for experiment (series) 6 (Table I).

ulins are seen (Fig. 4, 2-day images; note the difference in color-
bar scales), and these differences persisted throughout the
length of the experiments. Mab 81C6 shows maximum binding
within central tumor regions, low binding in the tumor periph
ery and minimal extension (by diffusion and/or bulk flow) into
adjacent brain regions. In contrast, 45.6 distributes fairly uni
formly in the tumor and the volume of distribution is in the
range expected for extracellular space. In addition, 45.6 has
extended a considerable distance from the tumor margin which
is presumably due to the bulk flow of plasma-derived edema
fluid through the brain (e.g., along white matter tracts such as
the corpus callosum; Fig. 4, 2- and 5-day images).

The range of variation in Mab 81C6 distribution in the
intracerebral xenografts was large. The observation of a central,
in contrast to peripheral, localization of the antiglioma Mab
was consistently observed. The relative activity in central parts
of the tumor with the highest localization was 50-100 times
greater than the activity in more peripheral tumor regions. A
specific correlation between the regional localization of the
antiglioma Mab and tumor morphology (hematoxylin and eosin
stain) could not be made. The areas with highest localization
were always cellular, viable-appearing tumor regions that were
not noticeably different in cellular morphology from the more
peripheral tumor areas. No similar pattern of central localiza
tion in the xenografts was observed with the control immuno-
globulin. No evidence of an inflammatory response was ob
served within or adjacent to the xenografts.

Regional Localization in D^MG S.c. Xenografts. The time
course of antiglioma Mab 81C6 and control 45.6 activity in s.c.
xenografts is shown in Fig. 2, A and B, respectively, and can be
compared to the activity-time curves in blood. The regional
distribution of the two immunoglobulins in the tumors over
time is summarized by the sequence of color-coded autoradi-
ographic images seen in Fig. 5. The 2-min experiments essen
tially measure the intravascular plasma space of the tumors and
demonstrate a higher vascular space around the periphery of
the tumors than within deeper parenchyma! regions.

The highest mean tumor activity of the antiglioma Mab
occurred between 1 and 3 days after i.v. administration, whereas
the peak tumor activity of the control 45.6 occurred between 6
h and 1 day and then declined following the blood concentration
(Fig. 2). Mean tumor levels of the antiglioma Mab remained
roughly 3- to 4-fold higher than that in blood. The mean tumor
activity ratio of the two immunoglobulins (81C6/45.6), after
normalization for differences in blood radioactivity, varied from

2.9 at day 1 to 15.5 at day 9; the ratio reached a plateau and
remained fairly constant with a mean value of 13.6 Â±1.8
between days 5 and 9. Similar results were obtained in the other
experiments.

Regional variability of antiglioma Mab 81C6 localization in
the s.c. xenografts was considerably greater than that observed
with control 45.6 (Fig. 5), but not as great as that observed for
intracerebral xenografts (Fig. 4); the range of variation of
antiglioma Mab in the s.c. tumors between 1 and 11 days was
10- to 30-fold. Specific regions of the s.c. xenografts were
identified on the histolÃ³gica! sections, and corresponding areas
of the autoradiographic image were analyzed to obtain regional
concentrations of the Mab in the tumor. The highest mean
activity of the antiglioma Mab over the first 3-5 days was found
in the tumor rim (Fig. 5, day 3), whereas from 5-11 days the
hypocellular tumor regions had slightly higher values in com
parison to both tumor rim and tumor center (Fig. 5, day 9).
The activity of control 45.6 in the tumor was always less than
that in plasma and markedly less than the antiglioma Mab in
all tumor regions analyzed. The highest levels of control ini
munoglobulin were found in the vascular structures (predomi
nantly in tumor periphery) and in tumor regions that were
necrotic or hypocellular (Fig. 5); an inflammatory response was
not observed within or adjacent to the xenografts.

The concentration-time profiles of antiglioma and control
immunoglobulins were similar in connective tissue surrounding
these tumors and were parallel to the plasma concentration-
time profiles. The mean connective tissue space (tissue activity/
plasma activity) between 1 and 11 days was 0.56 Â±0.15 and
0.63 Â±0.24 ml/g for the antiglioma and control immunoglob-
ulin, respectively.

Kinetic Analysis of Mab 81C6 and 45.6 Distribution across
the Capillaries of D^MG Intracranial and s.c. Xenografts. The
kinetic parameters of IgG2b immunoglobulin distribution
across intracranial and s.c. tumor capillaries were determined
from an analysis of the sequential tissue and blood data (see
"Materials and Methods") and are shown in Tables 2 and 3,

respectively. By necessity, this analysis assumes that all exper
imental animals and xenografts are the same since multiple
animals are required to generate the time-activity data. The
inherent error due to animal and experimental variability is
seen by the scatter of data points in Fig. 2. This analysis also
assumes that the vascular distribution and transcapillary flux
of the two monoclonal antibodies are identical. A separate
analysis of the data for 45.6 and Mab 81C6 indicated that this
assumption was reasonable.

The estimates of intravascular distribution volume and influx
were similar in both intracranial and s.c. xenografts. Antibody
clearance from the tissue was slightly slower in the s.c. tumors
resulting in a slightly longer half-time for equilibration of the
virtual space. The virtual space of antibody distribution in the
tumors approximates the extracellular space of the tissue.

A kinetic analysis was also performed on regional data ob
tained from the autoradiographic and histolÃ³gica! images. A 4
fold range of influx constants, from 0.061-0.24 ml/g/h, was
obtained in peripheral and central areas of intracranial xeno
grafts, respectively. The range of corresponding half-times for
immunoglobulin equilibration between blood and ECF was 3.5-
0.43 h in these two regions, respectively. For the single auto
radiographic study of s.c. xenografts, influx ranged from 0.8-
1.0 ml/g/h in hypocellular and peripheral areas to 0.24 ml/g/
h in dense cellular areas of the xenografts. The range of corre
sponding half-times for immunoglobulin equilibration in the
ECF of these regions was 2.2-0.36 h.
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Fig. 4. Intracerebral tumors. Color-coded autoradiographic images of antiglioma Mah 81C6 (specific; Â¡eft)and control 45.6 (nonspecific; right) distribution in
intracerebral DMMg xenografts and brain of athymic mice. Representative coronal sections through the maximum cross-sectional area of the xenografts are shown.
Both antibodies were labeled with ' "'I and paired sets of tumor-bearing animals were studied [Table 1, experiment (series) 2], Tissue radioactivity is expressed in

terms of percentage of tissue space (Equation A) and is color coded to a range of values. Animals were killed at 2 min (top), 2 days (middle), and 5 days (bottom)
following i.v. administration of the antibodies. The tumor margin is outlined in white; two separate tumors were identified in the section shown at the middle left.
The brain is markedly distorted by tumor in the section shown at the lower right.
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Fig. 5. S.C. tumors. Color-coded autoradiographic images of antiglioma Mab 81C6 (specific; left) and control 45.6 (nonspecific; riniti) distribution within s.c.
(flank) DMM( i xenografts in athymic mice. Representative sections through the xenografts are shown. Both antibodies were labeled with '"I and paired sets of tumor-
bearing animals were studied [Table 1, experiment (series) 5]. Tissue radioactivity is expressed in terms of percentage of tissue space (Equation A) and is color coded
to a range of values. Animals were killed at 2 min (top), 3 days (middle), and 9 days (bottom) following i.v. administration of the antibodies.
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Table 2 Antiglioma (S1C6) and control (45.6) immunoglobulin distribution across brain tumor capillaries: intracerebral D^MG xenografts

ExperimentSeries

Sample1
Whole tumor"

2 Whole tumor"
3 Whole tumor'Plasma

volume,
V,(ml/g)0.016

Â±0.27*
0.013 + 0.061
0.023 Â±0.15Influx,

AT,
(ml/g/h)0.21

Â±0.12
0.074+ 1.8
0.040 Â±0.020Clearance,

Ml/h)0.48

Â±0.32
0.66+ 15.3
0.78 Â±0.23Virtual

space,
AT,/*2(ml/g)0.44

0.11
0.051Half-time,

Mh)1.4

1.00.89

Mean 0.017 0.11 0.64 0.20
* Quantitative autoradiography.
* Means Â±SE of the estimate.
' Tissue dissection.

Table 3 Antiglioma (8IC6) and control (45.6) immunoglobulin distribution across flank tumor capillaries: s.c. D^MG xenografts

Series4

56MeanExperimentSampleWhole

tumor3
Whole tumor'
Whole tumor"Plasma

volume,
y,(ml/g)0.021

Â±0.009*

0.024 Â±0.021
0.026 Â±0.0140.024Influx,

K,
(ml/g/h)0.11

Â±0.57
0.066 Â±0.026
0.033 Â±0.0030.070Clearance,

Ml/h)0.47

Â±0.69
0.23 Â±0.11
0.11Â±0.020.27Virtual

space,
K,/k,(ml/g)0.23

0.29
0.300.27Half-time,

Mh)1.5

3.0
6.33.6

Â°Tissue dissection.
* Mean Â±SE of the estimate.
' Quantitative autoradiography.

For comparison, a similar analysis of IgG2b distribution
across the capillaries of nontumorous brain tissue and skeletal
muscle was performed (Tables 4 and 5, respectively). The
estimates of intravascular distribution volume for immunoglob
ulin in these organs were similar and comparable to the DÂ«,\K I
tumors. In contrast, the influx constants were quite different.
The value of Kt in the xenografts was 20-fold higher than in
muscle and more than 200-fold higher than that in brain. The
virtual space of immunoglobulin distribution in both muscle
and brain is appreciably lower than the extracellular space of
these tissues.

Kinetic Analysis of Mah 81C6 Binding to a Glioma-associated
Extracellular Matrix Antigen in D^MG Intracranial and s.c.
Xenografts. The kinetic analysis of Mah 81C6 localization in
tumor tissue assumes that the small quantities of 81C6 admin
istered (5 nj>) results in nonsaturable binding of the available
antigen (Equation H). This assumption is probably valid since
we have shown that the addition of l mg unlabeled Mab 81C6
to the injectate results in only 75% inhibition of binding in s.c.
tumors in vivo (25); thus, the apparent Kmof binding is approx
imately 300 Â¿Â¿gMab 81Co/mouse. The analysis of these exper
iments was also complicated by the fact that (a) the specific
immunoreactive fraction in plasma was not measured in all
experiments, and no correction of the measured blood activity
was made in the analysis, (b) there is local heterogeneity of
available antigen within the xenografts, (c) there is an inherent
variability between individual animals in each experimental

series, and (d) there is growth of the xenograft over the time
course of the studies. Thus, it is not surprising that the computer
fits of ki and k4 for the different sets of experimental data
showed considerable variability. Since these values are coupled,
the error and variability associated with the fits can be reduced
by expressing the results as a k}/k4 binding ratio (Table 6). The
k}/k4 ratio is related to antigen concentration and availability
in the tissue and to antigen-antibody affinity; the ki/k* ratio
has been described as the binding potential (42). The binding
potential for the antiglioma Mab varied considerably within
D54MG xenografts. For intracranial tumors the highest values
were found in central tumor regions and the lowest values in
more peripheral tumor zones. For s.c. tumors the binding
potential was high in some peripheral tumor areas and lowest
in hypocellular and necrotic regions of the tumors.

The overall equilibration half-time of Mab 81C6 in the entire
xenograft as well as that in different regions of both intracranial
and s.c. xenografts was 1 day or less (one exception was the
hypocellular-necrotic area of s.c. xenografts where /./, Â»2 days).
After several days the activity of Mab 81C6 in D54Mg tissue
will be in steady state with the activity in blood and subsequently
the rate of Mab 81C6 clearance from the xenograft will be the
same as that from the blood (Fig. 2B).

DISCUSSION

Previous studies have indicated that antiglioma Mab 81C6
specifically localizes in human glioma xenografts at high levels

Table 4 Antiglioma (8IC6) and control (45.6) immunoglobulin distribution across normal brain capillaries

SÃ©ries1

2
3
4
S
6ExperimentSampleCortex"

Cortex"
Cerebellum'
Cerebrum'
Cerebrum'
Cerebrum'Plasma

volume,
Mml/g)0.0074

Â±0.0021*

0.0063 Â±0.00070.014
+0.004e0.032

Â±0.002
0.0045 Â±0.004Influx,

K,(ml/g/h)0.00036

Â±0.00031
0.00045 Â±0.00016
0.00045 Â±0.00020
0.00032 + 0.00004
0.00056 + 0.00021
0.000 10 Â±0.00016Clearance,

*3U/h)d0.053

Â±0.0250.168

+ 0.0001
0.034 + 0.016
0.01 2 Â±0.005Virtual

space,
K,/k2(ml/g)0.00850.0019

0.017
0.0083Half

time,
Mh)134.121

58

Mean Lumped brain 0.011 0.00037 0.067 0.0089 24
" Quantitative autoradiography.
* Mean Â±SE of the estimate.
' Tissue dissection.
* , ki could not be estimated.
' . yp could not be estimated.
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Table 5 Antiglioma (8IC6) and control (45.6) immunoglobulin distribution across skeletal muscle capillaries

Experiment
serÃes1

34

6Plasma

volume,
Kp(ml/g)0.029

Â±0.004*

0.011 Â±0.001
0.002 Â±0.0004
0.002 Â±0.0002Influx,

AT,
(ml/g/h)0.0044

Â±0.0014
0.0047 Â±0.0010
0.001 1 Â±0.0004
0.0096 Â±0.0014Clearance,

k,(1/h)0.04

Â±0.001
0.15 Â±0.03
0.13 Â±0.001
0.12 Â±0.001Virtual

space,
KJk2(ml/g)0.11

0.031
0.0085
0.077Half-time,

Mh)174.5

5.3
5.6

Mean 0.011 0.0050 0.11 0.057 8.1
" Skeletal muscle was not sampled in experiment series 2 and 6.
* Mean Â±SE of the estimate.

Table 6 Monoclonal antibody 8IC6 binding lo a glioma-associated extracellular
matrix antigen in D^MG xenografts

Binding potential, A, Aj

BrainxenograftRegionWhole

tumor
Periphery1
Center
Cellular
HypocellularSeries

1"2.2

0.79
5.3Series2"4.7

0.99
13.8Series

3"3.0S.c.

xenograftSeries

4"8.3

14.4
8.9
9.8
2.9Series

5'2.7Series6'4.1

" Quantitative autoradiography.
* Tissue dissection (regional tumor measurements were not obtained).

(24, 25) and may, therefore, be a useful immunoglobulin for
targeting human gliomas. An important consideration in the
application of Mab for tumor imaging and immunotherapy
(particularly for intracerebral tumors) is whether or not the
Mab has adequate access to the tumor and whether or not the
antigenic binding site is accessible in vivo (i.e., antigen localized
to the extracellular matrix, cell membrane, or intracellular
structures). Regional variability with respect to blood flow and
capillary permeability has been consistently demonstrated in
many brain tumors (43), and heterogeneity of antigen expres
sion in tumor tissue is also likely, as demonstrated in this study.
Transport and binding heterogeneity could effect the distribu
tion and eventual localization of immunoglobulin within the
tissue. Thus, we have approached the distribution of radiola-
beled immunoglobulin in xenografts of the l),,Md human
glioma cell line and various tissues of the athymic mouse from
a physiological and pharmacokinetic perspective. The rate con
stants for IgG2b immunoglobulin flux across xenograft and
normal tissue capillaries were estimated, and the binding poten
tial of antiglioma Mab 81C6 to a glioma-associated ex irace I-
â€¢ularmatrix antigen were calculated from the data. Regional
analysis within both intracranial and s.c. xenografts was per-
brmed using quantitative autoradiographic techniques and the
â€¢esultsare compared.

The pharmacokinetics of immunoglobulin distribution in
both normal and tumor tissue is quite different compared to
that of most chemotherapeutic drugs currently being used.
Three major differences are (a) the long time for immunoglob
ulin clearance from the blood, (b) the comparatively low rate
of immunoglobulin flux across the capillaries of both tumor
and normal tissues, and (c) the clearance of immunoglobulin
from tissue extracellular space by the lymphatics and/or other
processes. A fourth difference, the "specificity" of immunoglob

ulin binding to specific antigens in the target tissue, is the basis
for developing and using monoclonal antibodies in the diagnosis
and treatment of specific diseases such as central nervous
system cancer. Knowledge of the kinetics of immunoglobulin
distribution in tumor and normal tissues is essential in design
ing optimal diagnostic studies and therapeutic regimens.

The long-term or ÃŸclearance of radiolabeled immunoglobulin

from the blood in this study was slow (half-time of approxi
mately 3 days) and about 1/200 the rate of blood clearance of
l,3-bis(2-chloroethyl)-l-nitrosourea in human subjects (half-
time of 21 min) (44). The effect of a low rate of plasma clearance
is a longer period for substantial immunoglobulin flux across
tissue capillaries and results in a substantially higher driving
force (the plasma concentration-time integral or concentration
x time product) across tissue capillaries for immunoglobulins
compared to drugs such as l,3-bis(2-chloroethyl)-l-nitrosourea.
Consequently, the exposure of the xenografts and various organ
systems to immunoglobulin (namely, the integral of tissue
activity over time) will be high and proportional to that of the
blood. The mean exposure ratio of the xenografts to antiglioma
Mab 81C6 was 4- to 35-fold higher than that in various organs
and 4.5 times that of the exposure to the control immunoglob
ulin 45.6 (Fig. 6). Since Mab 81C6 binds only to human
tenascin (24, 25), the exposure ratios for the systemic organs
of the athymic mouse to Mabs 81C6 and 45.6 would be expected
to be indistinguishable (Fig. 6). The exposure ratio represents
a physiological distribution space (ml per g) that includes the
vascular space and some fraction of the extracellular space due
to the removal of immunoglobulin from this compartment by
the lymphatics (45).

In our analysis we chose to compare the xenografts with brain
and skeletal muscle because these organs are the host or adja
cent tissue. The variability and limited amount of data pre
cluded application of more complex pharmacokinetic models
that would be required to analyze organs such as liver or kidney.
The rate constants for immunoglobulin flux across the capillar
ies of intracranial and s.c. D54MG xenografts are low (Â«0.1ml/
g/h); however, these transfer rates are considerably higher than
those across the capillaries of normal skeletal muscle (x 20)
and nontumorous brain tissue (x250 or more). A modest 3- to
4-fold variation in the influx constant of immunoglobulin was
estimated in different regions of the xenografts (data not pre
sented) and is likely to reflect differences in capillary surface
area of these regions as much as any differences in capillary
permeability. It is unlikely that blood flow (the rate of immu
noglobulin delivery to the tissue) was a limiting factor in these
studies; values of flow below 0.005 ml/g/min would be neces
sary before blood flow would have a significant effect on the
measured transfer constants. Blood flow to intracerebral
D54MG xenografts in immunosuppressed rats was 0.52 Â±0.18
ml/g/min (46). Thus, the K\ values reported in Tables 2 and 3
are likely to reflect the permeability-surface area product (PS)
of the xenograft blood vessels to immunoglobulin.

The similar transfer rate constants for intracranial and s.c.
xenografts suggests that the host tissue had little influence on
the permeability-surface area product of the xenograft micro-
vessels. The influx constants for immunoglobulin in D54MG
xenografts are comparable to the rate constants for sodium (47,
48), chloride (47), mannitol (49), creatine (50), and AIB (51)
transport across normal rat brain capillaries (52). The compa-
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Fig. 6. Mean exposure ratio calculated from experiments (series) 2 through 6

(Table 1) comparing the concentration-time product of various tissues to blood
for antiglioma Mab 81C6 and control 45.6. The whole tumor values and those in
various organs are shown. Experiment 1 was excluded because the experimental
duration was only 3 days. Values are mean Â±SE (bars); units are ml per g.

Table 7 Comparison of immunoglobulin and AIB influx in
xenografts in brain

MoleculeImmunoglobulin

AminoisobutyricacidImmunoglobulin/AIB

ratioInflux

constant
(ml/h/g)0.113.5Â»0.031Diffusion

constant
(cm2/s xIO6)0.41"

10.6C0.039

Â°From Refs. 35 and 36.
* From Ref. 40.
' From Ref. 45.

rabie influx constant for AIB, a small neutral amino acid, across
the capillaries of D54MG xenografts in immunosuppressed rats
is 3.5 ml/h/g (46). The 35-fold difference between Kt for
immunoglobulin and K, for AIB reflects the difference in mo
lecular size and diffusivity of the two molecules (Table 7). If we
assume that both immunoglobulin and AIB enter the xenograft
parenchyma by unrestricted diffusion across aqueous pores or
channels that exist between or across the endothelial cells, then
the ratio of A', values determined for these two molecules should

be proportional to the ratio of their aqueous diffusion constants.
Within the range of experimental error, the ratio of the K\
values and the ratio of the aqueous diffusion constants are the
same for these two different size molecules (Table 7). Thus, the
pores or channels across microvessels in the xenografts must
be comparatively large so as not to produce significant steric or
sieving restrictions with respect to the immunoglobulin mole
cule. By this argument, a minimum pore diameter must be at
least 60 nm (6 average immunoglobulin diameters), and for
uniform pores of that diameter there would be at most 2.6 x
IO6 pores/g and a total pore area of approximately 7.4 x 10~5
cm1/g of DMMG tissue in brain (see "Materials and Methods").

Estimates of vascular permeability to immunoglobulin in s.c.
SL2 and Clouser xenografts in athymic mice were obtained by
Sands et al. (53) assuming no tissue-to-blood backflux of im
munoglobulin during their single-time, 1-h experimental pe

riod. Values equivalent to Kt of 0.04 and 0.08 ml/g/h were
reported for I3ll-labeled IgGl in SL2 and Clouser xenografts,

respectively. These values are remarkably similar to those re
ported here for IgG2b in D54MG xenografts. Sands et al. (53)
also obtained values for 125I-labeled bovine serum albumin in
the same animals that were approximately 1.7- and 2.5-fold
higher than those for IgGl in Clouser and SL2 xenografts,
respectively. The ratio of the aqueous diffusion constants for
albumin and IgG is 1.5 (37). These data also suggest little or
no steric restriction for IgGl flux across the vessels of Clouser
xenografts relative to that for albumin, whereas there appears
to be a modest steric restriction across SL2 capillaries.

The localization of radiolabeled antiglioma Mab 81C6 within
intracranial and s.c. D54MG xenografts showed marked re
gional differences (Figs. 4 and 5). These differences are likely
to reflect the expression and availability of antigen for binding
in vivo. It is also likely that the variability in antigen expression
within the intracranial and s.c. xenografts reflects differences
in tumor growth characteristics and possibly some effects of
the host tissue as well. Factors such as the aquisition and
modification of blood vessels from surrounding tissue, the size
and matrix of the extracellular space, and the presence of
ischemia, hypoxia, or necrosis may be involved in this process.
Regional differences in blood flow and capillary permeability
which could effect the delivery of immunoglobulin to the tissue
are unlikely to be significant in this study. The overall and
regional half-time for equilibration of immunoglobulin in the
ECF of the xenografts with that in blood was less than 4 h, and
by 24 h the distribution of the control immunoglobulin was
uniform in both intracranial and s.c. xenografts (Figs. 4 and 5).

Immunoglobulin was noted to migrate from the tumor-brain
interface and distribute within adjacent edematous brain regions
such as corpus callosum (Fig. 4). Movement of immunoglobulin
through adjacent brain can occur by diffusion and bulk flow of
plasma-derived edema fluid. The amount of antiglioma Mab in
edematous brain tissue was always less than corresponding
measurements of the control immunoglobulin. This observation
suggests that there was a smaller fraction of "free" antiglioma

Mab compared to free control immunoglobulin to move from
peripheral tumor regions into edematous white matter. Three
additional observations should be considered: (a) the tissue
concentration of immunoglobulin in brain adjacent to the xen
ografts was always less than that in plasma (approximately 10-
15% of plasma values; see Fig. 7); (b) the brain tissue profiles
of immunoglobulin distribution for 3-day and longer experi
ments were indistinguishable from each other (Fig. 7). This
suggests that the movement of immunoglobulin from the tumor
margin into adjacent brain had reached a steady state by 3 days;
(c) there was a consistent negative slope to the distribution
profiles (Fig. 7). This suggests that by 3 days the flux of
immunoglobulin into adjacent brain from the tumor margin is
balanced by an efflux process which removes radiolabeled im
munoglobulin from adjacent brain tissue.

An efflux process for removing immunoglobulin from "nor
mal" brain tissue is also indicated by the data in Table 4. The

virtual space of immunoglobulin in normal brain tissue remote
from the xenograft was approximately 0.01 ml/g which is
considerably smaller than 0.15 ml/g estimated for the brain
extracellular space. Brain clearance constants could be esti
mated from the data in four of six experiments; the average
clearance half-time for immunoglobulin efflux from normal
brain was calculated to be approximately 24 h in these four
experiments (Table 4) and this value is consistent with the brain
tissue profiles in Fig. 4. Rapid clearance of serum macromole-
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Fig. 7. Distribution of antiglioma Mab 8IC6 (/O and control 45.6 (ÃŸ)in brain
adjacent to intracerebral I>.,\1(. xenografts for experiments of different duration.
The distribution space was determined by quantitative autoradiography and image
analysis; the data are from experiment (series) 2 (Table 1). â€¢,O, A, D, â€¢,2-min
and I-, 3-, 4-, and 8-day experiments, respectively; points, mean of three values
obtained in separate animals. Similar distribution space profiles were observed in
an identical analysis of the autoradiograms from experiment I.

cules such as albumin from the brain parenchyma-extracellular
space has been shown (54); a clearance half-time of approxi
mately 30 min was calculated for radiolabeled albumin efflux
from rhesus monkey brain (55).

Clearance of immunoglobulin from skeletal muscle tissue,
presumably by the lymphatics, is also indicated by this study
(Table 5). The virtual space of immunoglobulin in skeletal
muscle was approximately 0.06 ml/g which is smaller than the
0.10-0.12 ml/g extracellular space of this tissue. The clearance
half-time of immunoglobulin from skeletal muscle was approx
imately 8 h. A significant lymphatic clearance or active trans-
capillary efflux of immunoglobulin from the D54Mg xenografts
is not suggested by the results of this study. The virtual space
of immunoglobulin in both s.c. and intracerebral xenografts
was comparatively large [approximately 0.26 ml/g (Table 3)
and 0.20 ml/g (Table 2), respectively] and consistent with the
size of the extracellular space of the xenografts. Thus, the
clearance half-time (ranging between 1 and 3 h) of immuno
globulin from D54MG xenografts is likely to represent passive
efflux across the tissue capillaries.

Implications for Immunodiagnosis and Therapy. The results
of Â¡mmunoglobulin localization in I) ,M<, xenografts illustrate

a number of important considerations in the application of
antiglioma Mabs for immunodiagnosis and therapy of human
brain tumors: (a) vascular permeability and blood flow were
not major limitations in these experiments since the plasma
clearance of radiolabeled immunoglobulin was slow, the studies
were carried out over several days, and xenograft capillaries
were moderately permeable to IgG. Immunoglobulin influx
constants into D54MG xenografts were 20-fold higher than
influx into skeletal muscle. An appreciable amount of Mab
81C6 crossed the vessels of both intracerebral and s.c. xeno
grafts and localized to the glioma-associated antigen within 4
h of i.v. administration; (/>) the pores and/or fenestrations of
D54MG xenograft capillaries must be comparatively large since
they do not appreciably sieve or restrict the transcapillary flux
of IgG immunoglobulin in comparison to that of a small water-
soluble amino acid. If this is a general characteristic of tumor
capillaries, then the differences in transfer rate constants be
tween native immunoglobulin and immunoglobulin fragments
will be proportional to their aqueous diffusion constants; the
ratio of Fab/IgG approximates 1.5. This relatively small trans
port advantage will be substantially reduced by the more rapid
clearance of Fab from the blood (compared to IgG) when
comparing tumor exposure to Fab and native immunoglobulin;
(c) despite the comparatively low specific immunoreactivity of
plasma Mab 81C6 (approximately, 30%), the level and distri
bution of antiglioma Mab 81C6 within the xenografts were
high and remained relatively constant over a 1- to 3-day period
of time in comparison to the level of antibody in other tissues.
Although the activity of Mab 81C6 in the xenografts subse
quently decreased proportionate to the activity in blood, specific
localization in the xenografts was retained 9 and 11 days after
administration; (d) the regional variability in antiglioma Mab
81C6 localization in the xenografts probably reflects a hetero
geneous expression and distribution of the tumor-associated
antigen. The regional variability of antiglioma Mab localization
in the xenografts could not be explained by a regional variation
in blood flow or blood-to-tissue transport of antibody across
the capillaries, since the distribution of the control immuno
globulin in the xenografts was fairly uniform in the autoradi-
ographic images by 4-24 h. Regional heterogeneity of antigen
expression and/or Mab binding affinity would be expected to
have implications with regard to tumor therapy using Mab as
targeting agents. These results imply that antigen heterogeneity
may require the use of multiple Mabs, each targeted to different
tumor antigens, to ensure effective therapy; (e) despite the
regional variations demonstrated in this study, it may be im
portant for future radioimmunotherapy experiments that the
greatest localization of Mab 81C6 occurred in more centrally
located areas of the intracranial xenografts, those generally
most hypoxic and resistant to conventional external radiation
(55-59).

These results provide a framework within which to study the
physiology and pharmacokinetics of immunoglobulin distribu
tion and binding to specific tumor-associated antigens in pa
tients with cancer. Considerable effort is being directed toward
developing positron-labeled monoclonal antibodies which re
tain high specific immunoreactivity in vivo and can be admin
istered to human subjects. Using positron-emission tomogra
phy, sequential measurements of tissue radioactivity can be
obtained in patients and the resultant time-activity data ana
lyzed by various kinetic models from which specific transfer
and binding constants can be obtained in a manner similar to
that reported here. Issues that relate to immunoglobulin deliv
ery (tumor blood flow and vascular permeability), immunoglob-
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ulin binding and clearance, and the heterogenous expression of
antigen in tumors and tumor variability can then be addressed
more directly in human subjects.
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