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A B S T R A C T  

Three monocional antibodies reactive with antigens abundantly ex- 
pressed on human carcinoma cells were used to develop and compare the 
efficacy of immunotoxins (ITs) and immunobeads for purging breast can- 
cer cells from bone marrow. ITs constructed as conjugates of the mono- 
cional antibodies and Pseudomonas exotoxin A showed high specific cyto- 
toxicity against three breast cancer cell lines, inhibiting protein synthesis 
by 50% at concentrations of 4 • 10 -13 M to 1 X 10 -1~ M. Tested in a 
reproducible cionogenic assay, two of the ITs used at a concentration of 0.1 
/~g/ml killed >5 log units of MCF7 cells, the maximal sensitivity for as- 
sessing cytotoxic effects, and 1.5 log of T-47D tumor cells. At 1 ~g/ml, each 
of the three ITS eliminated >5 log of both cell lines. The immunobead 
procedure removed 2.0-4.1 log of tumor cells with one purging cycle and 
up to 6.0 log with two cycles. The mixture of the three ITS or immunobeads 
was not clearly superior in efficacy, compared to the use of individual 
molecules, probably reflecting an overlap in expression of the respective 
antigens in these cell lines. For both methods, the purging efficacy was not 
reduced when the tumor cells were admixed with normal bone marrow 
cells at a ratio of 1:10. The survival of colony-forming units, granulocyte/ 
macrophage, was 49-86% with the immunobeads and 44-75% even at 
high concentrations (up to 2 . 5 / ~ m i  x 3) of the ITS. The results indicate 
that each of the two immunological methods can be safely used for effec- 
tive elimination of tumor cells from the graft of breast cancer patients 
undergoing autologous bone marrow transplantation. 

I N T R O D U C T I O N  

In several types of cancers, the frequency and degree of tumor 

response to chemotherapy correlate with the total drug dose given to 
the patient. For many drugs, the dose-limiting factor is toxicity to the 
bone marrow. In these cases, high dose chemotherapy may be admin- 
istered as part of an ABMT 3 approach with marrow harvested before 
treatment. ABMT has become the treatment of choice in selected 
groups of patients with T- or B-cell malignancies or with neuroblas- 

toma (1) and is also increasingly being used in patients with breast 
cancer (2-9). In a review of published data (10), it was concluded that 

in women with metastatic breast cancer ABMT resulted in increased 
complete remission and response rates, but the overall survival rate 
remained unchanged. One of several possible explanations for the lack 
of effect on relapse rate could be that the harvested BM might have 

been infiltrated with malignant cells. Micrometastatic disease is 
known to be more common than previously anticipated (11), even 
when the BM is negative as assessed by morphological examination 
(12, 13). To avoid reinfusion of malignant cells, which subsequently 
could give rise to relapse of the disease, several methods for elimi- 
nating breast cancer cells from the marrow have been developed. 
These include mechanical (14), chemical (15, 16), and immunological 
procedures (17-23). 
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We previously developed immunological methods in which MAbs 

can be used together with paramagnetic beads or conjugated to the 

bacterial toxin PE for bone marrow purging of non-Hodgkin lym- 

phoma (24, 25) and small cell lung cancer cells (26, 27). In the present 

study with breast cancer cell lines, we tested and compared the purg- 

ing efficacy of ITs and immunomagnetic beads, in both cases involv- 

ing the same three anticarcinoma MAbs. With each of the two meth- 

ods, >5 log units of T-47D and MCF7 breast cancer cells could be 

eliminated without significant reduction in the clonogenic capacity of 

CFU-GM normal progenitor cells. 

M A T E R I A L S  AND M E T H O D S  

Bone Marrow. BM aspirates were obtained from healthy volunteers or 
from patients at the Norwegian Radium Hospital with noncarcinoma malig- 
nancies who were free of tumor ceils in their marrow. All samples were 
obtained with informed consent from the donors. Ten ml of BM were layered 
onto Lymphoprep (Nycomed, Oslo, Norway) and the mononuclear cell fraction 
was obtained by centrifugation at 1200 rpm for 30 min. The mononuclear cells 
were washed once in PBS before being used in the experiments. 

Cell Lines. The T-47D, MCF7, and SK-BR-3 human breast cancer cell 
lines were obtained from the American Type Culture Collection (Rockville, 
MD). The small cell lung cancer line DMS-273 was acquired from Dr. George 
Sorenson, Dartmouth-Hitchcock Medical Center (Hanover, NH). The cell lines 
were grown in monolayer cultures in the following media (all from GIBCO, 
Paisley, UK); T-47D and DMS-273 in RPMI 1640 medium plus 10% FCS, 
MCF7 in Dulbecco's modified Eagle medium with 10% FCS (GIBCO), and 
SK-BR-3 in McCoy's 5A medium with 15% FCS. All media contained 10 
t~g/ml insulin (Sigma Chemical Co., St. Louis, MO), 100 units/ml of penicillin, 
and 100/zl/ml streptomycin (GIBCO). 

Antibodies and Toxin. The MOC-1 (28) and MOC-31 (29) MAbs were 
gifts from Dr. L. de Leij (University of Groningen, the Netherlands). MOC-1 
(IgG1) binds to the neural cell adhesion molecule (CD56) (30), and MOC-31 
(IgG2a) binds to an epithelial antigen (cluster 2). NrLul0, an IgG2b antibody 
recognizing a Mr 39,000 antigen (31), and the 9.2.27 high molecular weight 
melanoma-associated IgG2a MAb (32) were supplied by NeoRx Corporation 
(Seattle, WA). MLuC1 (IgG1), provided by Dr. Sylvie Menard (National 
Cancer Institute, Milan, Italy), binds to a saccharide epitope carried by neutral 
glycolipids, glycoproteins, and mucins (33). PE was obtained from Swiss 
Serum and Vaccine Institute (Bern, Switzerland). 

Measurement of Antigen Expression in Breast Cancer Cells. The ex- 
pression of relevant antigens on the surface of the target cells was assessed by 
measuring the binding of radiolabeled MAbs to three different cell lines. The 
MAbs were labeled with a251 (Amersham, Buckinghamshire, UK) according to 
the method of Fraker and Speck (34) and were incubated with the cells for 1 
h at 4~ The cells were washed twice, the cell-bound radioactivity was 
counted in a standard gamma-counter, and the fraction of bound MAb was 
calculated and expressed as the percentage of the total labeled MAb added. 

Preparation of ITs. Each of the antibodies was conjugated to PE via a 
thioether bond formed with sulfo-succinimidyl-4-(N-maleimidomethyl)cyclo- 
hexane-l-carboxylate (Pierce, Rockford, IL) as described previously (35), 
except that, after incubation of reduced MAb and maleimidomethylcyclohex- 
ane-l-carboxylate-PE at 4~ overnight, an equal volume of saturated ammo- 
nium sulfate was added and the preparation was further incubated for 1 h. The 
precipitate formed was collected by centrifugation at 10,000 • g for 10 min, 
dissolved in 1 ml of PBS, and subjected to gel filtration (36). Fractions 
containing purified conjugate as judged by sodium dodecyl sulfate-polyacryl- 
amide gel electrophoresis (37) were pooled and used in the experiments. 
Protein concentration was determined by Bio-Rad protein assay, using bovine 
",/-globulin as the standard. 
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METHODS FOR PURGING BM OF BREAST CANCER CELLS 

IT Treatment Procedures. The cytotoxic effect of the ITs was first as- 
sessed by measuring their ability to inhibit cellular protein synthesis. Breast 
cancer cells were seeded into Multidish 24-well plates (Nunc, Roskilde, Den- 
mark), incubated for 3 h to let the cells adhere, and treated with four different 
concentrations of each of the ITs for 20 h at 37~ Protein synthesis was 
measured using the [3H]leucine incorporation assay as described by Sandvig 
and Olsnes (38), and the ICso was calculated. 

Clonogenic assays were used to examine the toxicity of the ITs on both 
tumor and normal cells. Mechanically dispersed tumor cells (2 • 106), mono- 
nuclear BM cells (2 • 106), or a mixture of both (total, 5 X 106) were 
incubated for 2 h at 37~ with one or more ITs, in RPMI 1640 medium/FCS 
supplemented with antibiotics. The cells were washed twice in PBS with 1% 
FCS before being seeded for the appropriate clonogenic assays. 

Immunobeads and Immunomagnetic Treatment Procedure. The immu- 
nomagnetic beads, Dynabeads SAM ST (Dynal, Oslo, Norway), are uniform, 
magnetic, polystyrene beads coated with covalently surface-bound sheep anti- 
mouse IgG. The SAM IgG antibodies bind all mouse IgG subclasses. 

Mechanically dispersed tumor cells (1 x 107), mononuclear BM cells (2 • 
106), or mixtures of both (total, 5 X 107) were incubated in plastic tubes for 30 
min at 4~ with one or more MAbs (10/xg of each), in 1 ml of RPMI 1640 
medium with supplements. The cells were washed twice in PBS with 1% FCS 
before addition of the immunomagnetic beads suspended in 0.5 ml of medium 
and were then incubated at 4~ for 30 min. In the experiments with the cell 
lines the ratio of beads to tumor cells was 50:1, and in the control experiments 
to test the effect on BM progenitor cells the ratio of beads to nucleated BM 
cells was also 50:1. To ensure proper contact between cells and MAbs/beads 
during the incubations, the tubes were rolled on a mixer (Coulter Electronics, 
Luton, UK). Tumor cells were removed by the use of a flat cobalt samarium 
magnet as described earlier (24). Remaining clonogenic tumor cells and BM 
cells in the suspension were assessed in colony-forming assays as described 
below. In some experiments, a repeat cycle of immunomagnetic separation was 
performed. 

Colony-forming Assays for Tumor and BM Progenitor Cells. The num- 
ber of colony-forming tumor cells was assessed in a soft agar assay (39), as 
described previously (40). Briefly, soft agar cultures were set up in triplicate in 
10-ml tubes by adding 0.2 ml August rat blood cells diluted 1:8, 0.2 ml of 
appropriately diluted BM/tumor cell suspensions, and 0.6 ml of 0.5% agar 
(Difco Laboratories, Detroit, MI). The tubes were incubated at 37~ in 5% 
02/5% CO2/90% N2 and, after 21 days of incubation, colonies of >50 cells 
were counted using a Zeiss stereo microscope. 

The viable clonogenic progenitor cells in the BM after cytotoxic or immu- 
nomagnetic treatment were assessed in a modified version (24) of the method 
described by Burgess et al. (41). Mononuclear BM cells were suspended to a 
concentration of 2 X 105 cells/ml in McCoy's 5A medium containing 0.3% 
agar, 15% FCS, 20 ng/ml recombinant human granulocyte/macrophage 
colony-stimulating factor (provided by Schering Plough, Kenilworth, NJ), I00 
units/ml penicillin, and I00 ml of streptomycin/ml of medium. The 
granulocyte/macrophage colony-stimulating factor concentration used was 
chosen on the basis of titration experiments. Triplicate l-ml aliquots were 
cultured in 35-mm plastic dishes at 37~ and 5% CO2 in air and incubated for 
14 days, and colonies of >40 cells were counted. 

R E S U L T S  

I T  Inhibition of Protein Synthesis and Relationship to Antigen 
Expression. The MOC-I  antibody was not conjugated to PE, because 

it binds to the neural cell adhesion molecule antigen, which is not 
internalized from the cell surface, making it unsuitable for use as 

immunotoxin.  PE conjugates of  the other three antibodies were highly 

cytotoxic to the three breast cancer cell lines examined (Table 1). In 

most cases, the IC5o values for the different conjugates in MCF7 and 
T-47D cells ranged between 9 x 10 -12 M and 4 X 10 -13 M. Lower 

activity was seen for MLuC1 and N r L u l 0  ITs tested against the 

SK-BR-3 cell line, with IC5o values of  1 x 10 -1~ M and 5 X 10 -11 M, 

respectively. 
The most  sensitive cell line, MCF7, showed the highest expression 

of  the three antigen epitopes, as measured by binding of  radiolabeled 

free antibody. The fractions of the added amounts of MOC-31, 

NrLul0 ,  and MLuC1 that bound to MCF7 cells were 29, 21, and 19%, 

respectively, whereas the corresponding values in the least sensitive 

cell line, SK-BR-3, were 7, 4, and 5% (Table 1). 

The IC5o value for the nonbinding control IT (9.2.27-PE) in MCF7 

cells was 1 X 10 -9 M (data not shown). The DMS-273 small cell lung 

cancer line, which did not express detectable antigen levels, showed 

low sensitivity to the MOC-31 and NrLu l0  conjugates (IC5o values of 
2 X 10 -9 M and 1 • 10 -9 M, respectively). Based on these results, the 

three anticarcinoma ITs were further tested in clonogenic assays for 

T-47D and MCF7 cells. 
Sensitivity and Reproducibility of the Clonogenie Tumor Cell 

Assay. When different numbers of  T-47D or MCF7 cells were seeded 

in soft agar, the number  of  colonies formed was proportional to the 

number  of  plated cells (Fig. 1). For both cell lines the relationship was 

close to linear down to about 10 cells. The plating efficiency, calcu- 

lated from the curves, was approximately 40% for the T-47D cells and 

35% for the MCF7 cells. Similar curves were established in each 

therapy experiment and used to calculate the logarithm of the number  

tumor cells eliminated by the treatment. The assay permitted repro- 

ducible detection of  up to 5 log units of  cell kill when using ITs and 

up to 6 log units of  cell removal with immunobeads.  

Efficacy of IT Treatment. The activity of  the PE conjugates as- 

sessed in the soft agar assay is shown in Table 2. It can be seen that 

concentrations of the MOC-31 and N r L u l 0  ITs as low as 0 .01/xg/ml  

eliminated 0.1-3.8 log units of MCF7 cells, with significant inter- 

experiment variations. When  the concentration was increased to 0.1 

/~g/ml, both ITs killed >5.0 log units of  MCF7 cells and 1.5-1.7 log 

units of  the more resistent T-47D cells. The MLuC1 conjugate showed 

only marginal effects in both cell lines at 0.1 /xg/ml. At the highest 

concentration tested (1.0/xg/ml),  however, all three ITs eradicated the 

tumor cells (>5.0 log units of  cell kill), with the exception that only 

2.2 log units of  kill of  T-47D cells were obtained with MLuC1-PE. It 

should be noted that when assessing the effect of  cytotoxic treatment 

the sensitivity of the assay is l imited to 5 log units of  cell kill. 

With the mixture of  the three ITs >5.0 log units of  MCF7 cells were 

eliminated at both 1.0/xg/ml and 0.1/xg/ml,  and at 0 .01/xg/ml  2.5 log 
units of cells were killed (Table 2). The results obtained with the 

mixture were slightly better than those seen with the individual ITs, 

but it should be noted that at each concentration level the total amount  

of IT added was 3 times higher. Also with the T-47D cells the mixture 

was only marginally superior to the most  active individual IT. This 

may reflect the fact that the antigens recognized by both MOC-31 and 
N r L u l 0  are expressed on all tumor cells, and the efficacy of the 

treatment is therefore directly related to the total concentration of 

cell-bound IT. 

Table 1 Efficacy of PE conjugates of MOC-31, MLuC-I, and NrLulO to inhibit protein synthesis of human breast cancer cells 

Cell line 

MOC-31 NrLul0 MLuC1 

Binding of MAb a IC5o of IT b Binding of MAb a IC5o of IT b Binding of MAb a ICso of I T  b 

(%) (M) (%) (M) (%) (M) 

MCF7 29 8 X 10 -a3 21 8 x 10 -13 19 4 X 10 -13 
T-47D 22 1 x 10 -12 13 5 x 10 -12 12 8 x 10 -12 
SK-BR-3 7 9 x 10 -12 4 5 x 10 -11 5 1 • 10 -1~ 

a Binding of radiolabeled free antibody, expressed as percentage bound/total added. 
b Activity of conjugates of each MAb and PE, expressed as IC5o (see "Materials and Methods"). 
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Fig. 1. Sensitivity and reproducibility of the soft agar assay for clonogenic breast 
cancer cells. Different numbers of cells were seeded and assayed as described in "Mate- 
rials and Methods." Each point represents the mean of results from three independent 
experiments performed with T-47D cells (A) and with MCF7 cells (I3). Bars, SD. 

Efficacy of Immunobead Purging. The same MAbs, as well as 
MOC-1, were also used together with SAM antibody immunobeads to 
assess the efficacy in removing T-47D and MCF7 cells in a magnetic 
field. MOC-1 did not show detectable binding to these cell lines. In 
concordance with this, MOC-1 showed only marginal effects with the 
immunobeads in one of the cell lines (T-47D), results that were not 
significantly different from those obtained in control experiments with 
SAM antibody beads alone (Table 3). With the other MAbs, the best 
results for both cell lines were obtained with MOC-31 and NrLul0, 
giving cell removals in the range of 3.7-4.1 log units with one purging 
cycle. MLuC1 was less effective, removing about 2.0 log units of 
tumor cells. With two purging cycles, the effect increased for all 
MAbs. Thus, MOC-31 and NrLul0 with immunobeads eliminated 
close to 6.0 log units of MCF7 cells and >6.0 log units of T-47D cells. 
When the antibodies were used in a mixture (10 p,g/ml concentrations 
of each), the purging effect was not increased in any of the cell lines, 
compared to the results obtained with the most effective individual 
MAb. 

Efficacy of the Purging Procedures in the Presence of BM Cells. 
Because of the limited availability of human BM cells, the experi- 
ments described above were carried out with tumor cells only. To 
bring the purging procedure closer to the clinical situation, the tumor 
cells were mixed with nucleated BM cells at a ratio of 1:10 in the next 
set of experiments. Because there is evidence for differential expres- 
sion in breast cancer specimens of the antigen epitopes recognized by 
the three MAbs, it should be advantageous in a clinical situation to use 
a mixture of the antibodies in both procedures. Therefore, only the 
MAb mixture was tested for its efficacy in eradicating tumor cells 
added to normal BM cells. 

For both methods, the presence of BM cells did not result in an 
overall reduction in purging effect, as tested in the clonogenic tumor 
cell assay (Table 4). However, with MCF7 cells the effect of the 
mixture of ITs was reduced from >5.0 log units to 0.1 log unit of cell 
kill at 0.1 /zg/ml, and with 0.01 /xg/ml a wide variation in purging 
efficacy was seen, in accordance with the data obtained in the absence 

of BM cells. With T-47D cells the effect of 0.1 /xg/ml concentrations 
of the ITs increased from 2.3 log units to >5.0 log units. The incon- 
sistencies in the results obtained at the two lower IT concentrations 
probably reflect inter-experiment variation and seem to suggest that 
the critical concentration for obtaining effective cell kill is approxi- 
mately 0.3/xg/ml. 

Survival of Human BM Progenitor Cells after Treatment with 
Immunobeads or ITs. The effect of the two treatment procedures on 
the survival of normal BM progenitor cells is summarized in Table 5. 
The immunomagnetic method resulted in a moderate reduction of 
CFU-GM. Thus, with the individual MAbs 49-86% of CFU-GM 
survived, and when a mixture of all three MAbs was used the survival 
was 53%. 

Toxicity of the ITs to the progenitor cells was also low to moderate. 
Treatment with each of the ITs tested individually at concentrations 
from 1.0 to 5.0/.Lg/ml resulted in a reduction of CFU-GM to about 
75-45% of that in the control cultures. Even at concentrations as high 
as 10 p,g/ml, ->25% of the clonogenic cells survived the treatment. 
The mixture of three ITs also showed a moderate toxicity, with re- 
duction of the surviving CFU-GM to 44% at the highest dose tested 
(2.5/xg/ml). 

DISCUSSION 

Two highly effective immunological methods for eliminating breast 
cancer cells from human BM were developed. The use of three MAbs 
and immunomagnetic beads removed up to 6.0 log units of tumor cells 
as assessed in a highly reproducible clonogenic soft agar assay. The 
other approach, involving conjugates of the same MAbs and PE, also 
eradicated all malignant cells, but when using ITs the assay does not 
permit detection of >5.0 log units of tumor cell kill. Both purging 
procedures reduced the survival of normal BM progenitor cells to only 
a limited extent, indicating that they can be safely used in a clinical 
setting in conjunction with ABMT. 

The effect of high dose chemotherapy combined with ABMT in 
patients with breast cancer has been investigated in several studies. In 
a recent review (10) it was concluded that, although this approach can 
result in higher response rates, it is still unclear whether response 
duration and survival rates may also be improved. Clearly, careful 
selection of patients who could possibly benefit from the treatment is 
important. Peters et al. (42) have recently obtained promising results 
in patients with stage II/III breast cancer with 10 or more cancer- 
positive axillary lymph nodes. Thus, among 85 evaluable patients with 
a mean follow-up of 2 years, 72% had disease-free survival, results 
which are far better than those obtained in historic control trials in 
comparable patient groups. In none of the studies was purging of 
tumor cells from the harvested BM performed. There is, however, 
evidence that a high percentage of breast cancer patients have im- 
munologically detectable micrometastases in the BM, even in cyto- 
logically negative cases (12, 13, 43-45). As previously concluded by 
others (15, 17, 23), it is therefore logical to include an effective 
purging procedure for patients receiving BM transplants. 

Several methods for removing breast cancer cells from human BM 
have been reported (14, 16-23). The highest purging efficiencies, up 
to 4.5-5.4 log units of tumor cell depletion, were obtained with 
magnetic separation procedures involving MAbs or soybean aggluti- 
nin, with or without the addition of 4-HC (19, 20, 22, 23). Our 
immunomagnetic method was even more effective, with >6-log unit 

removal of breast cancer cells without harmful effects on normal 
hematopoietic cells. The recovery of BM progenitor cells was also 
good in some of the previous studies, but methods involving 4-HC 
reduced the survival of CFU-GMs to about 20% of the control values 
(19, 23). In agreement with these results, Vredenburgh et al. (46) 
recently demonstrated in a clinical study that the engraftment was 
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METHODS FOR PURGING BM OF BREAST CANCER CELLS 

Table 2 Effect of three immunotoxins involving Pseudomonas exotoxin A in killing T-47D and MCF7 breast cancer cells 

Tumor cells were incubated with immunotoxins for 2 h at 37~ and seeded in soft agar, and colony formation was assessed as described in "Materials and Methods." 

Log cell kill a at IT concentrations of 

0.01 /xg/ml 0.1 p,g/ml 1.0 p~g/ml 

PE ITs with MAbs Cell line Mean b Range Mean b Range Mean b Range 

MOC-31 T-47D NT c 1.5 1.1-2.3 >5.0 
MCF7 1.5 0.1-2.9 >5.0 >5.0 

NrLul0 T-47D NT 1.7 1.1-2.4 >5.0 
MCF7 1.9 0.1-3.8 >5.0 >5.0 

MLuC1 T-47D NT 0.6 0.3-0.9 2.2 
MCF7 NT 0.2 0.0-0.3 >5.0 

MOC-31 + NrLul0 + MLuC1 a T-47D NT 2.3 0.6-2.6 >5.0 
MCF7 2.5 0.0->5.0 >5.0 >5.0 

1.1-2.7 

a Calculated as in Table 1. 
b Mean of 2-4 independent soft agar experiments, each in triplicate. 
c NT, not tested. 
a Each immunotoxin was used at the concentration indicated. 

Table 3 Efficacy of SAM antibody-coated paramagnetic particles (immunobeads) in removing T-47D and MCF7 breast cancer cells incubated with different primary antibodies, 
individually and in combination 

Tumor cells were incubated for 30 rain at 4~ with the MAbs (10/xg/ml of each) and then for 30 min with SAM Dynabeads at a ratio of beads to tumor cells of 50:1. After magnetic 
separation, the remaining cells were seeded in soft agar and colony formation was assessed as described in "Materials and Methods." 

T-47D cells MCF7 cells 

No. of No. of Log cell depletion a No. of No. of Log cell depletion a 
experi- purging experi- purging 

MAbs ments cycles Mean b Range ments cycles Mean b Range 

None 1 2 0.1 2 2 0,1 0,0-0.1 

MOC-1 4 1 0.5 0.2-1.4 2 1 0.0 0.0-0.0 

MOC-31 3 1 5.1 4.9-5.2 3 1 3.7 3.1-4.5 
3 2 >6.0 3 2 5.7 5.4->6.0 

NrLul0 4 1 4.2 3.7->6.0 3 1 4.0 4.0---4.1 
4 2 >6.0 3 2 5.6 5.2-45.0 

MLuC1 3 1 2.5 1.6-3.6 3 1 1.6 0.9-1.9 
2 2 5.9 5.8->6.0 3 2 2.7 2.0-3.3 

MOC-31 + NrLul0 + MLuC1 3 1 5.3 4.3->6.0 3 1 3.8 3.7-4.0 
3 2 >6.0 3 2 5.7 5.4->6.0 

" Calculated from the observed number of colonies, taking the plating efficiency into account, determined as the logarithm of the number of tumor cells depleted by the treatment. 
b Mean of results obtained in 2--4 independent soft agar experiments, each performed in triplicate. 

Table 4 Comparison of the efficacy of immunotoxins and immunobeads, involving the same MAbs, in eliminating T-47D and MCF7 cells from fresh human BM 
Tumor cells were mixed with nucleated BM cells at a ratio of tumor cells to BM cells of 1:10, treated, seeded in soft agar, and assayed as in Tables 2 and 3. Tumor/BM cell mixtures 

were incubated either with Pseudomonas exotoxin conjugates of the MAbs for 2 h at 37~ or with MAbs and then with SAM Dynabeads at a ratio of beads to tumor cells of 50:1, 
in both cases for 30 min at 4~ Two purging cycles were used. 

ITs Immunobeads 

Log tumor cell Log tumor cell 
No. of Concert- elimination b No. of elimination b 
experi- tration experi- 

MAbs Cell line ments (/xg/ml) a Mean c Range ments Mean c Range 

MOC-31 + NrLul0 + MLuC1 d T-47D 2 1.0 >5.0 
2 0.1 >5.0 
2 0.01 0.0 

MCF7 2 1.0 >5.0 2 
2 0.1 0.1 0.0-0.2 
3 0.01 1.0 0.0-3.1 

2 >6.0 

>6.0 

'~ Concentration of each IT. 
b Calculated as in Table 1. 
c Mean of the results obtained in independent soft agar experiments, each performed in triplicate. 
a Each immunotoxin was used at the concentration indicated. Ten/xg/ml concentrations of each MAb were used for the immunobeads. 

f a s t e r  in pa t i en t s  r e c e i v i n g  i m m u n o m a g n e t i c a l l y  p u r g e d  B M ,  c o m -  

p a r e d  to pa t i en t s  fo r  w h o m  4 - H C  w a s  u sed  a lone  or  in c o m b i n a t i o n  

w i t h  i m m u n o b e a d s .  

A n u m b e r  o f  ITs  h a v e  b e e n  used ,  w i t h  v a r y i n g  d e g r e e s  o f  succes s ,  

as m e a n s  to  p u r g e  B M  o f  b r ea s t  c a n c e r  cel ls .  S tud ie s  h a v e  i n c l u d e d  the  

t ox in  r ic in  (17)  or  r e c o m b i n a n t  r ic in  A cha in  (19) ,  w h e r e a s  abr in  A 

c h a i n  c o n j u g a t e s  w e r e  u s e d  c l in i ca l ly  to a s se s s  the  t ox i c i t y  o f  the  I T  

t r e a t m e n t  o n  the  r e c o v e r y  o f  n o r m a l  B M  f u n c t i o n  (47).  B j o r n  et  aL 

(18)  u s e d  a c o n j u g a t e  o f  P E  and  N r L u l 0 ,  i.e., a c o n j u g a t e  s i m i l a r  to 

o n e  o f  the  ITs  s tud ied  in the p r e s e n t  w o r k .  A m o n g  the p r e v i o u s  

s tudies ,  the h ighes t  t u m o r  cel l  ki l l  w a s  r e p o r t e d  b y  O ' B r i a n t  et  al. 

(19) ,  w h o  u s e d  a c o m b i n a t i o n  o f  f i ve  c o n j u g a t e s  c o n t a i n i n g  r ic in  A 

cha in ,  bu t  in the i r  w o r k  the  d e p l e t i o n  e f f ec t  v a r i e d  c o n s i d e r a b l y  in 

d i f f e ren t  e x p e r i m e n t s .  T h e  s p e c i f i c  ac t iv i ty  o f  ITs  to t u m o r  ce l l s  is 

h igh ly  d e p e n d e n t  on  a f a v o r a b l e  m a t c h i n g  o f  M A b s  and  tox ins  (35) .  

W e  f o u n d  in p i lo t  e x p e r i m e n t s  tha t  the  m o s t  e f f e c t i v e  ITs  w i t h  o u r  

M A b s  w e r e  o b t a i n e d  b y  c o n j u g a t i o n  to P E  (da ta  not  s h o w n ) .  T h e  h igh  

e f f i c a c y  and  spec i f i c i t y  o f  t hese  c o n j u g a t e s  w e r e  d e m o n s t r a t e d  in the  

p r o t e i n  s y n t h e s i s  i nh ib i t i on  a s s a y  (Tab le  1), in w h i c h  the IC5o v a l u e s  

in m o s t  c a s e s  w e r e  in the r a n g e  o f  9 • 10 -12 M to 4 • 10 -13 M 
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Table 5 Survival of  human BM progenitor cells after treatment with immunotoxins or immunobeads 

Nucleated BM cells were treated with immunotoxins or immunobeads and seeded in culture dishes (2 • 105 cells/dish), and the number of CFU-GM was assessed as described 
in "Materials and Methods." The nucleated cells were incubated either with Pseudomonas exotoxin conjugates of the MAbs for 2 h at 37~ or with MAbs and then with beads, at a 
ratio of beads to ceils of 50:1, in both cases for 30 min at 4~ Two purging cycles were used. 

CFU-GM in human BM treated with 

ITs Immunobeads 

No. of Fraction of Antibody No. of Fraction of 
Concentration colonies control b concentration colonies control b 

MAbs (/xg/ml) (mean) a mean range 0xg/ml) (mean) a mean range 

MOC-31 

NrLulO 

MLuC1 

MOC-31 + NrLul0 + MLuC1 

1.0 70 71 62-83 
2.5 52 64 51-77 
5.0 44 56 23-88 

10.0 23 28 9-48 

1.0 63 64 58-76 
2.5 54 66 65-68 
5.0 64 78 64-92 

10.0 78 86 71-100 

1.0 71 79 68-96 
2.5 39 48 47-48 
5.0 37 47 18-77 

10.0 24 30 4-57 

1.0 x 3 126 79 60-98 
2.5 • 3 44 39 23-55 

10 97 86 70-99 

10 90 67 59-75 

10 69 49 32-69 

10 • 3 27 53 30-87 

a Mean of the results obtained in 2--4 independent experiments, each performed in triplicate. 
b Fraction (%) of remaining colonies calculated relative to the number of colonies in untreated control cultures. 

( -0 .1 -1 .8  ng/ml), compared to about 1 X 10 -9 M in the control 
experiments. The specific activity of these ITs was apparent also in the 
colony-forming assays for breast cancer cells (>5-log unit cell kill) 
and normal BM cells (44-75% surviving CFU-GMs). It should be 
mentioned that the combination of ITs used here showed a similar 
potency for killing small cell lung cancer cells admixed with human 
BM (27). 

Our experimental procedures yielded the highest purging efficacies 
so far reported with breast cancer cells, as evaluated in an assay that 
permits a reliable and sensitive estimation of tumor cell kill, calcu- 
lated and expressed as log units of tumor cell elimination. The validity 
of such calculations is dependent on a close to linear relationship 
between the number of plated cells and colonies formed, as was seen 
for the T-47D and MCF7 cell lines. Each of the two purging methods 
may be used in a clinical setting, and no conclusive argument in favor 
of one or the other is available. The immunobead methodology is 
technically feasible and has successfully been used clinically with 
several tumor types (24, 48, 49), but because it is necessary to use two 
purging cycles the method is time-consuming and the beads are rela- 
tively expensive. The IT approach, on the other hand, is simple and 
can be completed 2-3 h faster than the immunobead technique. Al- 
though the use of ITs might be regarded as potentially harmful, it was 
shown here that the survival of BM progenitor cells was only mod- 
erately affected at IT doses of at least 2.5/xg/ml for each of the three 
conjugates, concentrations which were 2.5-25-fold more than needed 
to eliminate all tumor cells in the model experiments. Moreover, we 
have calculated that in a clinical situation the maximum amount of IT 
in the treated marrow that could possibly be reinfused into the patient 
is at least 100-fold lower than what might be expected to give any 
systemic toxicity (27). 

To be clinically useful the antigens recognized by the MAbs should 
be expressed on all tumor cells in all cases of breast cancer. The 
epitopes of the glycoprotein antigen that bind MOC-31 and NrLul0 
are present on the surface of most breast cancer cells, as revealed in 
studies on cell lines and fresh tumor specimens (18, 50). 4 The third 
antibody, MLuC1, binds to an antigen closely related to the Lewis Y 
(LeY) antigen, which is abundantly expressed on human carcinoma 
lines (33, 51). Together, the three MAbs should be complementary in 

4 A. T. Myklebust, A. Pharo, H. K. H6if6dt, E Kristiansen, I. Kj6nniksen and 
~. Fodstad, unpublished observations. 
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ensuring that the heterogeneity of antigen expression in clinical breast 
cancer is satisfactorily covered. 

An alternative to conventional ABMT is to transplant stem cells 
positively selected from peripheral blood or BM. In theory, such 
procedures could eliminate the need for purging. It should be noted, 
however, that of patients with operable breast cancer and >10 positive 
nodes 62% had tumor cells in peripheral blood detected by fluores- 
cein-activated cell sorting, compared to 2% revealed by conventional 
cytology (43). Moreover, it has recently been reported that the risk for 
tumor cell contamination of peripheral .blootl stem cell harvests is 
present (52-54). In such cases, CD34 § selection might effectively 
reduce the number of, but not necessarily eliminate, contaminating 
tumor cells (54). It seems, therefore, that it may be necessary to use 
effective purging procedures, like those developed in the present 
work, also with patients receiving BM or peripheral blood stem cell 
support. 
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