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Summary. In order to gain a better understanding of the 
interaction between immunotoxins and tumor cells at the 
level of three-dimensional tumor mass, we evaluated the 
cell kill effects of monoclonal antimelanoma-antibody/ri- 
cin-A-chain immunotoxin (ITN) on melanoma cells in 
multicellular tumor spheroids (MTS) as well as the pene- 
tration of ITN into MTS. For Minor melanoma cells in 
monolayer the ITN exerted cytotoxic effects after as little 
as 1 h of exposure. Increasing exposure time resulted in 
progressive increases in cytotoxic activity. In contrast, the 
cell kill effects of ITN were markedly delayed and reduced 
when Minor cells were in MTS. The ITN cytotoxic effects 
on the melanoma MTS were more than 100 fold less than 
those in monolayer. Patterns of ITN-induced cytotoxicities 
for Minor and for another melanoma cell line, DND-1A, 
were comparable. The native ricin A was more active 
against PC-10 squamous lung cancer cells than Minor 
cells, whereas the ITN was more cytotoxic against Minor 
cells than PC-10 cells, thus exhibiting selectivity. An auto- 
radiographic study revealed time-dependent penetration of 
radiolabeled ITN from the surface of Minor MTS into the 
core. Incubation for 1 h resulted in the penetration of ITN 
into only the two or three outer layers of the Minor MTS, 
and low grain counts. Prolonged exposure resulted in inho- 
mogeneous penetration of ITN into almost the entire mela- 
noma MTS. Penetration of ITN into PC-10 MTS was ex- 
tremely poor. The reduced cytotoxicity of ITN on melano- 
ma cells in MTS as compared to cells grown in monolayer 
appears to correlate with its inhomogeneous distribution in 
the MTS. The delayed cytotoxicity of ITN is also consis- 
tent with its slow penetration into the core of the MTS. 
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Introduction 

The development of hybridoma technology provided large 
quantities of monospecific antibody against a variety of 
cell-surface antigens and has accelerated interest in tar- 
geted therapy using monoclonal antibody as a specific 
cartier [ 1 ]. The cytotoxic materials could be either antineo- 
plastic agents [9, 21], toxins [2, 6, 25] or radioactive iso- 
topes [4]. Conjugates between monoclonal antibodies and 
toxins, immunotoxins (ITN), have been produced and clin- 
ical studies carried out with variable success [8, 26]. 

One major concern identified in the therapeutic use of 
ITN is its variation in biological activity [16]. Since ITN is 
a large molecule, we questioned whether it can penetrate 
into a three-dimensional tumor mass. For this purpose, we 
developed human melanoma multicellular tumor spheroids 
(MTS) and evaluated the effects an ITN specific for human 
melanoma had on them. 

MTS have certain characteristics similar to de novo 
solid tumors [5, 17, 27, 29]. MTS are known to contain 
such extracellular matrix material as fibronectin, laminin 
and collagen [17], have a hypoxic area in the core [27], and 
show a heterogeneous distribution of cell-cycle time [5]. 

In the present study we questioned specifically (a) the 
cell kill pattern of a specific ITN when tumor cells are in 
MTS rather than in monolayer, and (b) whether the differ- 
ences in cell kill pattern, if any, can correlate with the 
degree of ITN penetration into the MTS. 

Materials and methods 

Cell lines. The DND-1A human melanoma cell line was established in 
our laboratory from the pleural effusion of a 60-year-old man with 
malignant melanoma [19]. The minor human melanoma cell line [24] 
was developed in the laboratory of Dr. B. Giovanella of the Stehlin 
Foundation for Cancer Research, Houston, Texas. As a non-melanoma 
control, we used PC-10 human squamous lung cancer cells [11], which 
were provided by Dr. S. Inoue of Hokkaido University Medical School, 
Sapporo, Japan. 

These cell lines were maintained as monolayer cultures in RPMI- 
1640 medium (Gibco, Grand Island, N.Y.) supplemented with 10% 
heat-inactivated fetal bovine serum (Gibco) (complete medium) under 
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humidified 5% COa/alr at 37°C. Minor and DNA-1A cells were fed 
twice a week with complete medium and subcultured weekly after being 
dispersed with 0.05% trypsin (Gibco). PC-10 cells were subcultured 
weekly using 0.05% trypsin and 0.02% EDTA (Gibco). Mycoplasma 
contamination was routinely tested by Mycotrim TC (Hana Biologicals, 
Berkeley, Calif.) and the lines were shown to be negative. 

Drugs and radiomaterials. ITN (Xomazyme-Mel, lot no. 60 127 and 
X101530), consisting of human-melanoma-specific monoclonal anti- 
body conjugated to ricin A chain, was produced by Xoma Corporation 
(Berkeley, Calif.). The conjugation technique has been described [24]. 

The monoclonal antimelanoma antibody was produced using cul- 
tured M21 human melanoma cells as the immunogen and was of the 
IgG2a subclass [24]. In vitro studies for the binding specificity deter- 
mined by enzyme-linked immunosorbent assay and radioimmunoassay 
showed that eight of ten human melanoma cell lines tested reacted with 
the antibody. Two remaining melanoma cell lines had no reactivity, most 
likely because of loss of antigen secondary to serial tissue-culture pas- 
sage. The Minor cell line was among those with a high level of reactivity. 
The DND-1A cell line was not tested in this system. None of the eight 
human tumor cell lines of non-melanoma origin reacted in this assay. The 
conjugate of the antibody and ricin A showed essentially identical bind- 
ing specificity towards the melanoma cells [24]. 

1251-1abeled ITN (specific activity 1 p.Ci/2 gg ITN) was also provided 
by Xoma Corporation. Native ricin A chain was obtained from Sigma 
(St. Louis, Mo.). 

Development ofMTS. MTS were produced by the method described by 
Yuhas et al. [29] as followed in our laboratory [12, 13J. Cells in mono- 
layer culture were used to initiate spheroid growth. Cells were removed 
from the floor of the flask with trypsin, washed once and resuspended in 
the complete medium. Samples of 10 ml medium, containing 1 x 105 
cells, were placed in 100-ram plastic Petri dishes (Falcon, Cockysville, 
Md.) which had previously been coated with 0.5% agar (Noble, Difco, 
Detroit, Mich.). They were incubated in humidified 5% CO~Jair at 37 ° C. 
MTS so developed were transferred to new agar-coated petri dishes and 
fed with fresh medium once a week. MTS of DND-1A and PC-10 cells 
could reach approximately 500-600 gin in diameter in 3 - 4  weeks. The 
growth of Minor MTS was slow and it took 5 - 6  weeks to grow to the 
same size. At this size MTS tended to contain a small necrotic core and 
we used such "mature" MTS in these studies. 

Measurement ofcytotoxic effects. Cytotoxic effects were measured by a 
"modified" colony-inhibition assay. Three MTS, 500-  600 p~m in diame- 
ter, were preincubated in 0.9 ml fresh medium placed in the agar-coated 
12-well culture plate (Flow Laboratories, McLean, Va.) for 24 h. A 
0 . 1 - m l  sample of graded concentrations of ITN or ricin A was added to 
each well and further incubated for various lengths of time, up to 72 h. 
After the exposure, MTS were transferred in a 15-ml snap-cap plastic 
tube (Falcon, Cocksville, Md.) and gently washed by repeated aspiration 
with PBS. MTS were then trypsinized for 10 rain at 37 ° C and single cells 
in suspension so obtained were washed once more with the medium by 
centrifugation. Samples containing 103 viable cells in 2.5 ml complete 
medium were seeded into 60-ram petri dishes (Coming Glass Works, 
Coming, N.Y.). After the seeding, each dish was examined under an 
inverted microscope for even distribution of well-dispersed single cells 
and the lack of cell aggregates. After 7 - 1 0  days of incubation, the 
number of colonies was counted under an inverted microscope and 
expressed as the surviving fraction. Colonies were defined as an aggre- 
gate of more than 50 cells. This corresponds to a cell aggregate of more 
than 8 cells in a row and this was easily verifiable for PC-10 cells. In the 
cases of Minor and DND-IA colonies, cells were often fihroblastic or 
dendritic and the aggregates contained many cells with spreading pseu- 
dopods. In these cases it was often difficult to count individual cells. A 
total cell aggregate with a size corresponding to that of PC-10 colonies 
was arbitrarily chosen as a colony. In this setting, cell aggregates smaller 
than colonies were minimal for all three cell lines. 

As a control, cytotoxic effects of ITN or ricin A were also tested 
against cells in monolayer. Single-cell suspensions from a monolayer 
culture were adjusted to 1 x 105 cells/ml and preincubated for 24 h in 
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Fig. 1. Effects of immunotoxin (ITN) concentration and exposure time on 
cytotoxicity of Minor and DND-1A cells in monolayer (O)  and multi- 
cellular tumor spheroids (MTS) (O). Each data point represents a mean 
of at least two experiments in triplicate. Bar, SD 

60-mm petri dishes. After confirmation that cells were attached to the 
floor of the dishes as a monolayer, the cells were exposed to graded 
concentrations of ITN or ricin A for various lengths of time. The dishes 
were then washed twice with PBS and trypsinized. Single cells in suspen- 
sion so obtained were washed once more with the medium and subjected 
to the modified colony-inhibition assay as described above. 

This method is different from the colony-inhibition assay reported by 
others [2] in that, after exposure to ITN, viable cells were counted and the 
seeding for colony development was done after adjustment of viable-cell 
density. This modification was necessary to adapt the colony-inhibition 
assay for the determination of cytotoxicity in MTS. Pilot studies showed 
that both original and modified methods produced dose- and time-depen- 
dent cell kill effects after exposure to ITN. 

We found other assay methods, such as a protein synthesis inhibition 
assay [18, 22, 23], DNA synthesis inhibition assay [25] and Kuroki's 
clonogenic assay [14], awkward to use for MTS and/or not more sensi- 
tive than the method we employed. 

Autoradiographic study. Two MTS approximately 500-600 ~tm in di- 
ameter were placed in 12-well culture plates (Flow Laboratories) in 
1.0 ml complete medium containing 5 gCi/well (equivalent to 10 gg 
ITN) radiolabeled ITN. The culture plates containing MTS were incubat- 
ed for 1, 4, 18 or 72 h. The incubation was terminated by aspiration of the 
medium and by gently washing the MTS with Dulbecco's phosphate- 
buffered saline (PBS) (Gibco). MTS were then fixed in 2.5% glutaralde- 
hyde for 30 rain. Fixed spheroids were embedded in epon 812, sectioned 
at 1 gm thickness and dipped into NTB-2 (Kodak) nuclear tract emulsion 
(diluted 1:1 with distilled water) in complete darkness. Emulsion- 
covered slides were dried and exposed at 4 ° C in a light-sealed desiccator 
for 14 days. These slides were then developed with full-strength Kodak 
D19-B (2 rain) and fixed with full-strength Kodak rapid fixer (2 rain). 
Finally, the slides were stained with methylene blue. 

R e s u l t s  

T h e  e f f ec t s  o f  I T N  c o n c e n t r a t i o n  a n d  e x p o s u r e  t i m e  o n  
c y t o t o x i c i t y  to  M i n o r  ce l l s  a re  s h o w n  in  Fig .  1. F o r  M i n o r  
ce l l s  in  m o n o l a y e r ,  I T N  was  a c t i v e  a f t e r  a n  e x p o s u r e  as 
s h o r t  as 1 h. I T N s  c y t o t o x i c  e f f ec t s  b e c a m e  m o r e  p ro -  
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Fig. 2. Cytotoxic effects of ITN or 
native ricin A on Minor (white 
columns) and PC- 10 cells, 
(shaded columns) in monolayer 
and MTS after 72 h of exposure. 
On a weight basis, ricin A is about 
one-third of ITN. Each data point 
represents a mean of at least two 
experiments in triplicate. Bar, SD 

nounced with increases in its concentration and exposure 
time. ITNs cytotoxic effects were markedly delayed and 
reduced when Minor cells were in MTS. Thus, the cytotox- 
ic effects were recognized only after 18 h or more of expo- 
sure. After 72 h of exposure, ITN produced substantial 
cytotoxic effects at all dose levels studied. In DND-1A 
cells in monolayer and MTS, the ITN produced degrees of 
cytotoxicity comparable to those of Minor cells after 
18-72 h of exposure. 

In order to test the specificity of ITN, its cytotoxic 
effects on Minor cells were compared with those on PC-10 
cells (Fig. 2). ITN was shown to be more active against 
Minor cells than PC-10 cells, both in monolayer and spher- 
oid forms. Identical results were obtained with DND-IA 
cells (data not shown). 

The cytotoxic effects of native ricin A were evaluated 
similarly using Minor cells and PC-10 cells and the results 
are shown next to the ITN data in Fig. 2. In contrast to ITN, 
the intact ricin A was found to be more active against 
PC-10 cells than against the Minor cells irrespective of 
whether cells were in monolayer or MTS. These data 
clearly show that ITN is selective to melanoma cells. 

To evaluate the penetration of ITN into MTS, auto- 
radiographic studies were performed. 125I-labeled ITN did 
penetrate the surface of melanoma MTS into almost the 
entire core in a time-dependent manner. Thus, after 1 h 
exposure, the labeling was seen only in the two or three 
outer layers of MTS (Fig. 3). At this time of exposure the 
grain counts were low, indicative that the concentration of 
ITN in MTS was probably too low to produce cell lethality 
(Fig. 1). 

After 72 h of exposure, the labeling was observed in 
almost the entire core of Minor MTS. The distribution of 
the grains in the MTS was, however, inhomogeneous and 
extremely strong labeling was sporadically seen in a small 
number of cells per specimen (Figs. 4, 5). Virtually identi- 
cal penetration and distribution patterns of the ITN label 
were observed in DND-1A MTS after 72 h of exposure 
(figure not shown). We interpret the inhomogeneous distri- 
bution of ITN in the MTS and the fact that only a small 
number of cells accounted for a high concentration of 
labeling to be the factors responsible for its limited cyto- 
toxic effects, as compared to cells in monolayer. For PC- 10 
MTS, the penetration of ITN was slow and only after 72 h 
of exposure had it penetrated four to five outer layers of 
MTS; the grain counts were extremely low (figure not 
shown). 

We conclude that the lesser cytotoxic effect of ITN on 
melanoma MTS as compared to that on cells in monolayer 
correlates with the inhomogeneous penetration of ITN into 
the entire three-dimensional tumor :mass. In addition, the 
delay in the start of this cytotoxic effect is consistent with 
the time required for the penetration of ITN into the MTS 
core and for equilibrium to occur. 

Fig. 3. Autoradiographic section from a Minor 
spheroid after 1 h exposure to i2~I-labeled ITN 
( x 600). Grains are visible only on the two or three 
outer cell layers 



Fig. 4. Autoradiographic section from a Minor spheroid after 72 h expo- 
sure to 125I-labeled ITN ( x 150) Grains are visible as dark spots irregu- 
larly distributed in the entire MTS. These spots are grains accumulated in 
certain cells (see Fig. 5 for higher magnification) 

Discussion 

In this study, we investigated the relationship between the 
penetration of ITN into MTS and its cytotoxic effects. For 
this study we selected Xomazyme-Mel, which had been 
well characterized [24], and the biological effects of which 
had been tested both in animals and man [7, 26]. We 
observed that the ITN penetration into the core of melano- 
ma MTS was time-dependent and the distribution of ITN in 
MTS irlhomogeneous. These penetration and distribution 
patterns correlated with the cytotoxic effects of ITN. 

To evaluate the immunotoxins's selectivity to melano- 
ma cells, we compared its penetration patterns into mela- 
noma MTS with those produced by PC-10 cells. We found 
that there was virtually no penetration of the melanoma 
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ITN into the squamous cell carcinoma MTS and there was 
little cell killing. For further evaluation of selectivity we 
also compared cell kill effects induced by ITN and by 
native ricin A. Native ricin A was found to be more effec- 
tive against PC- 10 cells than Minor cells, whereas ITN was 
more active in melanoma cells than in sqnamous carcino- 
ma cells, both in monolayer and MTS. Only after pro- 
longed exposure (72 h), was ITN shown to be cytotoxic 
against PC-10 cells, probably reflecting the non-specific 
killing of the cells by ricin A [25]. 

The patterns of the penetration of intact monoclonal 
antibody [15, 28], as well as monoclonal antibody conju- 
gated to doxorubicin [9] into MTS have been reported by 
several investigators but no side-by-side comparison with 
the cell kill effects has been made. Kwok et al. [15] and 
Inoue et al. [9] reported that multiple prolonged exposures 
of the cells to antibody resulted in diffuse and homoge- 
neous penetration of the antibody into the entire MTS. In 
contrast, Sutherland et al. [28] reported that whole anti- 
CEA antibody penetrated only the outer layers of MTS of 
colon adenocarcinoma cells. When antibody fragment was 
used, penetration was better but was found to be inhomo- 
geneous. Our observation of the inhomogeneous distribu- 
tion of ITN in melanoma MTS is comparable with the 
reports by Sutherland et al. [28]. The reasons for inhomo- 
geneous distribution of labeling are yet to be determined. It 
is known that the individual cells composing MTS are in 
different biological states with respect to cellular pH, nutri- 
tion, composition, oxygen tension, and cell-cycle status. It 
is likely, therefore, that the amount and expression of mel- 
anoma antigen are also different among cells in MTS, 
which in turn might have caused inhomogeneous distribu- 
tion of labeling. Studies are in progress in our laboratory to 
test this hypothesis. 

The MTS and physiological tumors differ in that the 
former are devoid of vasculature, of host cell infiltration 
and of stroma cells. Tumor vasculature develops when 
tumor mass reaches a certain size. In this context, MTS in 
vivo may correspond to microscopic tumor nodules. 
Whether intratumoral lymphocyte infiltration or the pres- 

Fig. 5. Higher magnification (x600) of Fig. 4 (left 
upper portion). Grains are distributed irflaomo- 
geneously throughout the preparation. In addition, 
grains have accumulated in certain cells. These cells 
are recognized as dark spots in Fig. 4 
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ence of  s t roma cells inf luences the ITN penet ra t ion  into a 
tumor  mass  is unknown.  In v ivo  studies wi th  animal  
tumors,  human  tumor  xenograf ts  and cl inical  studies have  
ident i f ied  maldis t r ibut ion  o f  ant ibodies  to he terogenei ty  o f  
tumor-assoc ia ted  ant igen express ion  [3, 16], spat ia l ly  het- 
e rogeneous  f i l t rat ion of  f luid f rom b lood  vessels  and ele- 
va ted  interst i t ial  pressure  in the inner  core of  a tumor  mass  
[27]. Wi th  the except ion  of  the inf luence of  vascula ture  on 
the ITN penetrat ion,  which  can not  be  dupl ica ted  in our in 
vitro model ,  these reports  f rom in v ivo  work  corrobora te  
our in vi tro observat ions .  Thus, the p ro longed  t ime re- 
quired for the ITN penetra t ion into the M T S  and its concur-  
rent de lay  in producing  cyto toxic  act ivi ty  are consis tent  
wi th  in v ivo  data  showing an an t ibody ' s  s low penet ra t ion  
into the inner  core  against  the gradient  of  interst i t ial  
pressure  [10] and the t ime required for equi l ibr ium to 
occur  [20]. 

Our  data  p rov ide  informat ion  about  ITN penetra t ion 
into human  m e l a n o m a  tumor  mass  and m a y  serve as an in 
vi tro mode l  for  the deve lopmen t  o f  appropr ia te  strategies 
for improved  targeted therapy.  
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