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ABSTRACT

Conditions for removing B-lymphoma cells from human bone marrow
using "Â¡mmunobeads"(IBs) were investigated. The IBs were prepared by

coupling monoclonal antibodies directly to a new type of monodisperse
magnetic polymer particles (M 450). Two monoclonal immunoglobulin
M antibodies, AB-1 (CD 19), a B-cell-specific antibody, and AB-4, an
HLA-DR-specific antibody, were used. The IBs were incubated with Rael
Burkitt lymphoma cells admixed to fresh, mononuclear human bone
marrow cells. After incubation for 30 min at 4Â°C,the IBs were removed

using cobalt samarium magnets. The number of remaining clonogenic
tumor cells was assayed by the Courtenay and Mills soft agar procedure,
and the clonogenic capacity of the bone marrow progenitor cells was
measured by granulocyte-monocyte and granulocyte-erythroid-monocyte-
megakaryocyte assays. With a ratio of tumor cells to normal bone marrow
cells of 0.1 or 0.01 and a ratio of immunobeads to tumor cells in excess
of 75, a tumor cell depletion of more than 3 logs was achieved with the
AB-4 IBs and slightly less with the AB-1 beads. After two consecutive
cycles of purification with the AB-4 beads, no colonies were found,
corresponding to more than 6 logs of purification. In the case of the AB-
1 beads, 4 to 5 logs of purification were achieved. The concomitant
reduction in clonogenic bone marrow progenitor cells was only 30 to 40%.
Flow cytometric studies showed that the tumor cell population contained
appreciable proportions of cells binding only small amounts of the
antibodies used. The results indicate that the IB procedure is highly
efficient and capable of removing tumor cells expressing low levels of
antigen.

Compared to other purging methods in use the procedure described
seems to offer several advantages with respect to efficacy, speed, and
simplicity. By the use of a panel of suitable antibodies the new immuno-
bead procedure may be potentially useful in autologous bone marrow
transplantation of B-lymphomas and non-T-leukemias with poor prog
nosis.

INTRODUCTION

Autologous bone marrow transplantation after supralethal
treatment with high-dose chemotherapy and total-body irradia
tion (1, 2) is currently being attempted in tumor forms such as
leukemias (3, 4), lymphomas (5-7), small cell lung cancer (2),
and neuroblastoma (8-10). A prerequisite for a successful out
come of this approach is that the transplanted bone marrow is
free of malignant cells, and considerable efforts are currently
being made to remove tumor cells from the bone marrow sample
to be reinfused.

The procedures used for ex vivo purging of human bone
marrow include unspecific treatment with cytotoxic agents (11,
12) or specific treatment using tumor-associated monoclonal
antibodies. The latter may be given together with complement
(3-5, 13, 14) or bound to either toxins, "immunotoxins" (for

review see Ref. 15), or magnetic beads (8-10). A general prob
lem in all purging methods involving antibodies is the hetero-
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geneity of tumor cell populations with the presence of tumor
cells with little or no antigen expressed on their surface. To
achieve complete removal of tumor cells from bone marrow it
may be necessary to use several different antibodies (3, 8, 10,
13, 16).

In the present paper we report model experiments with
immunobeads involving a new generation of magnetic polymer
beads coupled directly to monoclonal antibodies of the IgM
type. The experiments were designed to test the efficacy and
specificity of the tumor cell removal. For this purpose tumor
cell lines with a high cloning efficiency in soft agar were used
as indicator cells to permit sensitive detection of remaining
tumor cells in a soft agar assay. We report here that in 2 cycles
of purification, a 6-log depletion of tumor cells was achieved
with little effect on the bone marrow progenitor cells.

MATERIALS AND METHODS

Bone Marrow. Bone marrow cells were obtained from patients who
underwent bone marrow aspirations for diagnostic purposes at The
Norwegian Radium Hospital. None of these patients had bone marrow
involvement of their disease, as judged by bone marrow biopsy and
smears. Mononuclear cells were isolated by Lymfoprep (Nycomed,
Oslo, Norway) gradient centrifugation (17) and washed twice in phos
phate-buffered saline.

Tumor Cell Lines. The B-cell tumor lines, Rael, Raji, Balm 1, and
KM 3 (kindly supplied by Dr. G. Klein, Stockholm, Sweden), were
cultured at 37Â°Cin RPMI 1640 medium containing 10% fetal calf

serum. Cultures were split frequently to assure that cells were prolifer
ating optimally.

Monoclonal Antibodies. The monoclonal antibodies AB-1 and AB-4
used in these studies were obtained from a hybrid between X63 Ag
8.653 cells and spleen cells taken from a BALB/c mouse immunized
with cells from a patient with diffuse centroblastic B-cell lymphoma
(18).

AB-1 (CD 19) is a pan-B-cell antibody detecting a M, 95,000 protein
which is expressed in about 85% of patients with non-T ALL,2 100%
of CLL, and in 50 to 100% of non-Hodgkin's lymphoma (18, 19). AB-
4 is an antibody detecting a monomorphic HLA-DR w52 antigen.3

Magnetic Particles. Monodisperse, magnetizable polymer particles,
Dynabeads M-450 (Dynal, Oslo, Norway), developed by Ugelstad et al.
(20-22) were used. The particles have a diameter of 4.5 ion and a
surface area of 3 to 5 m2 per g, and they contain 20% iron in the form
of 7-Fe2O3. The preparation contains 1.4 x 10'Â°particles per g. The

surface of the particle is partly hydrophobic, allowing antibodies to be
bound by physical adsorption, and partly hydrophilic due to the pres
ence of hydroxyl groups which can be activated and used for chemical
coupling of antibodies.

Attachment of Antibodies to the Particles. The antibodies were chem
ically coupled to the particles after activation of the hydroxyl groups
by /j-lolucno sulfonyl chloride (23, 24). A suspension of particles (100
mg/ml) was prepared in sterile water and autoclaved at 120'C for 20

1The abbreviations used are: ALL, acute lymphoblastic leukemia; CLL,
chronic lymphoblastic leukemia; ill, colony-forming units; GM, granulocyte-
monocyte; GEMM, granulocyte-erythroid-monocyte-megakaryocyte; IB, immu-
nobead.

3G. Gaudernack, personal communication.
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min. The particles were then transferred to dry acetone by sequential
washing with 30%, 60%, and 80% acetone in water and finally washed
3 times with pure acetone. One g of particles in 5 ml of acetone, 2 ml
of pyridin, and 2 g of p-toluene sulfonyl chloride in 5 ml of acetone
was mixed and rotated end-over-end overnight at room temperature.
The particles were then washed 3 times with acetone and then trans
ferred back to water by sequential washings with 80%, 60%, and 30%
acetone in water. Finally the particles were treated with 70% ethanol
for l h at room temperature, washed 3 times in water, and stored at
4"<' in water as a suspension with 100 mg of particles per ml.

Antibodies in 0.5 M NaCl in 0.01 M sodium phosphate buffer, pH
7.5, were added to the activated particles to give 5 fig of antibody per
mg of particles and about 50 mg of particles per ml. The suspension
was buffered with 0.1 M borate buffer, pH 9.5, and incubated at room
temperature for 20 h. The particles were then washed repeatedly in
0.9% NaCl solution, supplemented with 1% sterile, heat-inactivated

human serum.
The preparations used in this study contained 2.5 to 3 ng of antibody

per mg of particles, corresponding to 1.2 x 10s to 1.4 x 10s antibody

molecules per bead.
Separation of Tumor Cells from Bone Marrow Cells. B-lymphoma

cells were admixed to mononuclear bone marrow cells (total cell con
centration, 107/ml) in RPMI 1640 medium containing 10% fetal calf
serum and incubated with the IBs for 30 min at 4"( '. To ensure proper

contact between cells and particles, the cell/particle mixture was turned
every 5 min.

The tumor cells were separated from the bone marrow cells by placing
a flat cobalt samarium magnet to the wall of the tubes. After 1 min the
suspension was aspirated, and, when needed, a new batch of immuno-
beads was added and the cycle was repeated. Remaining clonogenic
tumor cells and bone marrow cells in the suspension were measured by
colony-forming assays as described below.

To determine the unspecific loss of bone marrow cells after 2 cycles
of the IB procedure we incubated the mononuclear cell fraction with
IBs charged with an irrelevant antibody. The total loss of mononuclear
cells was less than 10%.

A scanning electron micrograph demonstrating the binding of the
immunobeads to Rael tumor cells is shown in Fig. 1.

Assay of Tumor Cells. To assess the number of residual tumor cells
in the bone marrow after treatment with IBs the Courtenay and Mills
(25) soft agar assay, as previously described (26), was used. Soft agar
cultures were set up in triplicate in 10-ml culture tubes by adding 0.2
ml of rat RBC, 0.2 ml of the appropriately diluted bone marrow and
tumor cell suspension, and 0.6 ml of 0.5% agar to the tubes. The tubes
were placed in a 37Â°Cincubator controlling the exact concentration of
O2 (5%), CO2 (5%), and N2 (90%). The medium used was Ham's F-12

medium supplemented with 15% fetal calf serum and antibiotics. After

Fig. 1. Scanning electron micrograph showing the selective binding of im
munobeads to Burkitt's lymphoma cells. Magnetic microspheres charged with
the AB-1 antibody were incubated with a l:9mixtureof Burkitt's lymphoma cells

and normal, mononuclear bone marrow cells, x 2500.

14 to 21 days of incubation, colonies of more than 50 cells were counted
using a Zeiss stereo microscope.

The plating efficiency was defined as the number of colonies formed,
expressed as the percentage of the number of viable cells plated. The
number was expressed as the percentage ofthat obtained after treatment
with beads charged with an irrelevant antibody.

When the concentration of bone marrow cells was less than 1 x IO7

cells, no colonies were formed in the absence of added tumor cells.
Assays of Bone Marrow Cells. The clonogenic capacity of the bone

marrow cells was assessed by the GM and GEMM assays.
In the GEMM assay (27), the marrow mononuclear cells (final cell

concentration, 2x10* cells per ml) were suspended in Iscove's modified
Dulbecco's medium containing methylcellulose as viscous support

(0.8% final concentration), 10% fetal calf serum, 10% medium, condi
tioned by phytohemagglutinin-stimulated leukocytes, 20% fresh uniÃ³lo
gous human plasma, 5 x IO5M 2-mercaptoethanol, and erythropoietin
(Connaught Step III) (1 unit/ml). Triplicate 1-ml aliquots were cultured
in 35-mm plastic dishes at 37Â°Cin 5% CO2 in air.

The GM assay was performed according to a modified version of the
method of Burgess et al. (28). Mononuclear bone marrow cells were
suspended in medium containing 0.3% agar (final concentration), 15%
fetal calf serum, 100 n\/m\ colony-stimulating factor (supernatant from
antigen-stimulated human T ITIIclones) (21), and McCoy's medium to
give a final cell concentration of 2 x 10s cells/ml.

Triplicate 1-ml aliquots were cultured in 35-mm plastic dishes under
the same conditions as earlier described. After 14 days of incubation,
colonies of more than 40 cells were counted, using a Zeiss stereo
microscope. The lineage of cells constituting the colonies was identified
by light microscopy after staining with May-Grunwald-Giemsa and
peroxidase (29). The megakaryocytes were identified by immunohisto-
chemical staining using a monoclonal antibody that binds specifically
to megakaryocytes.3

Flow Cytometry. Two-parameter flow cytometric measurements of
light scatter and fluorescence were carried out with a laboratory-built
flow cytometer, as described elsewhere (30). Data from the flow cy-
tometer were fed to a computer, which calculated the cellular fluores
cence distributions.

RESULTS

Sensitivity and Reproducibility of the Clonogenic Assays. The
sensitivity and reproducibility of the Courtenay and Mills (25)
soft agar assay here used to measure the number of remaining
tumor cells after purging are documented in Fig. 2. It is seen
that, for 4 different cell lines, the number of colonies formed
was proportional to the number of cells added. The plating
efficiencies calculated from the slope of the curves varied from
16% to 100%. Importantly, the linear relationship holds down
to 10 cells plated per tube, and the reproducibility of the assay
is evident from the small standard errors.

Vi 125

100

10 25 50 100 125

Number of tumor cells plated

Fig. 2. Sensitivity and reproducibility of the assay of clonogenic tumor cells.
Cells from different B-tumorcell lines were mixed with fresh, human mononuclear
bone marrow cells, and the number of colonies formed in the soft agar procedure
of Courtenay and Mills was determined as described in "Materials and Methods."
Points, average of three independent experiments, each in triplicate; bars, SE.
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The growth of granulocyte and monocyte precursors in vitro
requires the presence of colony-stimulating factors. In our GM
assay we have used a colony-stimulating factor produced by a
Bacillus Calmette-GuÃ©rin-stimulated human T-cell clone in the
presence of interleukin 2 (31). When 2 x 10s cells per dish were

seeded out in the presence of lymphokine, 86 to 150 colonies
were obtained, as compared to 13 to 69 colonies when a feeder
layer was used (data not shown).

Removal of Added Tumor Cells. We first set out to establish
how the efficacy of the tumor cell removal is affected by the
ratio of tumor cells to normal bone marrow cells and by the
ratio of immunobeads to tumor cells. B-lymphoma (Rael) cells
were mixed with normal bone marrow cells in 1:99 and 1:9
ratios, and the mixtures were incubated with increasing concen
trations of magnetic beads charged with AB-4 antibody.

The results are shown in Table 1. It is seen that, with a ratio
of immunobeads to tumor cells of 25, a tumor cell depletion of
about 2 logs was obtained. When the ratio of beads to tumor
cells was increased in the range 75 to 1250, the tumor cell
removal increased to more than 3 logs. The use of IBs in these
concentrations entailed no concomitant loss of clonogenic bone
marrow progenitor cells as revealed by the GM and GEMM
assays (Table 2). When the ratio of beads to tumor cells was
raised to 2500, a tumor cell depletion in excess of 4 logs was
obtained, but at this high concentration of beads (17.8 mg per
ml), a significant reduction in the clonogenic capacity of the
bone marrow cells did occur (data not shown).

With mixtures containing 10% tumor cells, the tumor cell
depletion was about the same as that achieved with the 1%
mixture at similar ratios of immunobeads to tumor cells. Thus,

Table 1 Removal of Rael tumor cells from normal bone marrow cells by
magnetic beads charged with AB-4 antibody and role of tumor cell and

immunobead concentration
Fresh bone marrow cells (1 x IO7)were mixed with 1% or 10% Rael cells and

incubated at 4'C for 30 min with increasing concentrations of AB-4 immunobeads.

After removal of the magnetic particles the number of clonogenic tumor cells was
determined.

Tumor
cells/bone

marrow Beads/tumor
cells cells

Immunobeads
Log tumor

Tumor cells Tumor cells cell
mg/ml plated remaining" depletion

25750.01

12575012502500250.1

751250.1780.5340.8905.348.9017.81.785.348.9x

IO4x
IO4x
IO4x
IO4x
IO4x
IO4x

10*x
10*x
10*74455IS027560432.13.43.33.32.8>42.63.23.4

" Calculated from observed number of colonies, taking the plating efficiency

into account.

also in this case a 3- to 4-log depletion could be obtained at IB
concentrations that did not adversely affect the survival of the
bone marrow progenitor cells (see below). The results indicate
that the efficacy of the procedure is not critically dependent on
the concentration of tumor cells, provided the ratio of beads to
tumor cells is at least 75.

With the AB-1 beads the tumor cell removal was somewhat
less than with the AB-4 beads. Thus, with mixtures containing
10% tumor cells, the tumor cell depletion was 2.8 logs at a
bead:tumor cell ratio of 125 (8.9 mg per ml; see Fig. 3).

A tumor cell depletion of about 3 to 4 logs, as achieved in
the above experiments with the AB-4 beads, is clearly insuffi
cient for purging patients's bone marrow. We therefore exam

ined the effect of two consecutive cycles of purification. Since
the use of 1% mixtures requires the use of a very large number
of normal bone marrow cells, these experiments were carried
out on mixtures containing 10% tumor cells.

In Fig. 3 the results are shown for beads charged with either
of the two different antibodies. It is seen that the second cycle
of purification increased strongly the tumor cell depletion. This
is particularly the case with the AB-4 beads. At the two highest
concentrations of IBs no colonies were detected after the second
cycle. Since IO6 cells per ml were plated out, this corresponds

to a tumor cell depletion of at least 6 logs. With the AB-1 beads
a 4- to 5-log depletion was achieved by two cycles of purifica
tion.

The above experiments were carried out with a Burkitt lym-
phoma cell line. Similar results were obtained with a leukemic
cell line, KM3, isolated from a non-T ALL patient.

Role of Antigen Expression. To assess the heterogeneity of
the tumor cell populations used and the relationship between
antigen expression and efficacy of the tumor cell removal, the
antigen distribution within the cell population used was studied
by flow cytometry. The results in Fig. 4 show that Rael cells
are very heterogeneous with respect to expression of the AB-4
binding antigen, and a proportion of the cells gave only slight
fluorescence. The fact that the AB-4 immunobeads were never
theless able to remove all the clonogenic tumor cells shows that
the procedure is extremely efficacious and capable of removing
cells expressing only a few antigen molecules. This is even more
clearly evident from the data with the AB-1 antibody. In this
case many tumor cells gave no more fluorescence than the
control cells. It is likely that part of these tumor cells were in
fact devoid of the antigen. This may explain the above finding
that, with the AB-1 beads, no more than 4 to 5 logs of tumor
cell depletion were achieved.

Effect on the Normal Bone Marrow. As stated in "Materials
and Methods" the purging procedure involved an unspecific

loss of mononuclear bone marrow cells of less than 10%. The

Table 2 Survival of progenitor bone marrow stem cells after successive treatments with immunobeads
Bone marrow cells (1 x lOVml) were incubated with 5.3 mg/ml of immunobeads at 4Â°Cfor 30 min. Suspensions treated with beads charged with irrelevant

antibody were diluted to contain 2x10' cells per ml, and 1-ml samples were seeded out in triplicate. The treated samples were diluted by the same factor and seeded
out similarly, and the number of remaining clonogenic cells was determined in the GM and GEMM assays. After the removal of the magnetic particles a new batch
was added, and the procedure was repeated.

No. of colonies formed after

FirsttreatmentImmunobeadsControl,

no IBs added
IBs with irrelevant antibody
AB-1
AB-4GM288

Â±17* (100)'

290 Â±16 (100)
259 Â±20 (89)
272 Â±23 (93)GEMM"201

Â±57 (100)
210 Â±46(100)
196 Â±35 (93)
184 Â±32 (88)Repeat

treatmentGM293

Â±11 (100)
263 Â±24 (89)
166 Â±31 (57)GEMM"201

Â±47 (96)
187 Â±29(89)
169 Â±32 (80)

" About 10% of the colonies were of the mixed type.
* Mean Â±SD.
' Numbers in parentheses, number of colonies expressed in percentage of the number in the untreated control.
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Fig. 3. Tumor cell depletion by one and two cycles of purification using AR
4 and AHI immunobeads. The tumor cells (Rael) were mixed with normal
mononuclear human bone marrow cells in a 1:9 proportion and incubated with
increasing concentrations of the immunobeads. After removal of the magnetic
beads the residual number of clonogenic tumor cells was determined as described
in "Materials and Methods." The highest concentration of IBs corresponds to a

bead:tumor cell ratio of 125.
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Fig. 4. Cellular fluorescence distributions showing the reactivity of the mono
clonal antibodies AH-1 and AB 4 with Rael lymphoma cells. Fluorescein isothio-
cyanate-labeled goat anti-mouse immunoglobulin was used as second layer. In the
control, the cells were treated with supernatant from the X63-Ag 8.6S3 myeloma
cell line as first layer.

results in Table 2 indicate that this loss did not involve the
progenitor stem cells. Thus, it is seen that the number of CFU-
GM and CFU-GEMM was the same when IBs charged with an
irrelevant antibody were used as when no IBs were used. After
2 cycles of purification with the AB-1 IBs, the loss of the bone
marrow progenitor cells, as measured by GM and GEMM
assays, was insignificant. It is of particular interest that, with
the anti-DR antibody AB-4, the loss of the bone marrow cells
after one cycle of purification was insignificant, and after 2
cycles it was not more than about 40%.

DISCUSSION

In the present study we have explored the use of IBs for the
purpose of eliminating B-lymphoma cells from human bone
marrow. The ultimate goal is to use IBs, alone or in conjunction
with other purging methods, in the treatment of a subgroup of
patients with non-Hodgkin's lymphomas and non-T ALL with

poor prognosis.
The method most extensively used so far for removal of B-

lymphoma cells from human bone marrow involves the use of

monoclonal antibodies plus complement. Using a mixture of 3
different monoclonal antibodies and complement and 3 cycles
of treatment, Bast et al. (13) have obtained up to 5 logs of
depletion of Burkitt tumor cells admixed to irradiated human
bone marrow. However, the procedure has several shortcom
ings. It requires several washings with consequent cell loss and
is rather time consuming. Moreover, complement is difficult to
standardize. Another difficulty is that normal bone marrow
seems to produce an anticomplementary factor (32). Thus, high
concentrations of bone marrow cells inhibit the effect of com
plement.

Extensive studies on bone marrow purging using IBs have,
to our knowledge, only been reported in neuroblastoma (8-10).
A 3- to 4-log depletion of the neuroblastoma cells was achieved
(9), as judged by counting of the residual number of tumor cells
labeled with the DNA stain Hoechst 33342, or by indirect
fluorescence measurements. The results presented here indicate
that it is possible with IBs to efficiently remove B-lymphoma
cells from human bone marrow. Thus, with Rael Burkitt's cells
a 6-log depletion of tumor cells was achieved by 2 consecutive
cycles of purification with only a 30 to 40% reduction in the
number of progenitor cells, as measured by GM and GEMM
clonogenic assays. Similar results were obtained with Raji and
KM3 cells (not shown).

The present procedure differs in several respects from the
one used in the neuroblastoma studies. In the first place, in this
work the beads were directly charged with the primary mono
clonal antibodies, and the tumor cells were removed in a one-
step procedure, whereas in the neuroblastoma studies the bone
marrow is first incubated with a cocktail of antineuroblastoma
antibodies and subsequently with beads covered with ant Â¡anti
bodies. Next, our antibodies, AB-4 and AB-1, are of the IgM
type, whereas previously only IgG antibodies have been used
for purging of human bone marrow. Finally, the magnetic
particle here used is a further development of the porous particle
used in previous studies (8, 10). The particle diameter has been
increased from 3.0 to 4.5 ^m, and concurrently the surface has
been covered by a polymer layer reducing the surface area from
150 m2 per g to 2 to 3 m2 per g. As a consequence, the unspecific

binding has been reduced to insignificant levels, and the beads
can be saturated with only 5 to 10 mg of monoclonal antibody
per g of beads.

To be useful in bone marrow purging the antibodies used
should bind to the mature tumor cells and their progenitors,
but not to the bone marrow stern cells. The antibodies used
here were developed in this laboratory for the purpose of
characterizing B-lymphomas and leukemias, and they have
proved useful in subclassification of such malignancies (18,19).
The CD 19 pan-B-cell antibody AB-1 is directed against an
antigen expressed in most cases of non-T ALL, in all CLL, and
in 50 to 100% of non-Hodgkin's lymphoma (18, 19). The AB-
4 is an anti-DR antibody that binds to most non-Hodgkin's

lymphomas and leukemias. IBs carrying these antibodies should
therefore be capable of removing tumor cells from the bone
marrow of many B-cell lymphomas and non-T-leukemias.

It has been found, however, that bone marrow stem cells
express HLA-DR antigens and that treatment with anti-DR
antibodies and complement may markedly deplete the stem
cells and result in graft failure (33, 34). The question therefore
arises whether the AB-4 antibody will remove stem cells and
hence be unsuitable for purging of patients' marrow. Our find
ing that removal of cells carrying the AB-4 epitope only slightly
influenced the growth of the bone marrow cells, as measured
by GM and GEMM assays, indicates that this is not the case.
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It should be realized that the immunology of the HLA region
is extremely complex (35). Anti-DR antibodies may react with
some, but not with other, antigens encoded by this region. Thus,
our AB-4 antibody binds to transfectants that express HLA-
DR w52 molecules on the cell surface, but not to HLA-DP
molecules.3 HLA-DR w52 is encoded by a /3-chain gene of the

DR locus that is different from that encoding the majority of
DR specificities (35). The effect of anti-DR antibodies on stem
cells may well depend on their subclass specificity. The recent
finding of Maraninchi et al. (36), that engraftment and full
hematological recovery occurred in patients given marrow
purged with a cocktail of 5 monoclonal anti-DR-monomorphic
antibodies and rabbit complement, is consistent with this view.

The question of how the extent of antigen expression on the
surface of the tumor cells and the ratio of beads to tumor cells
affect their probability of being removed by immunobeads was
addressed by flow cytometric studies. The results showed that
the Rael cell line here used was highly heterogeneous with
respect to expression of the antigens binding AB-1 and AB-4.
The finding that the tumor cells were completely removed by 2
cycles of treatment with the AB-4 beads, even though the flow
cytometric studies showed that many cells expressed little an
tigen, indicates that binding of a small number of beads to cells
may be sufficient to permit their removal. In the case of AB-1,
the flow cytometric data indicated that a portion of the cells
expressed no AB-1 binding antigen, explaining the fact that,
with the AB-1 IBs, the purification achieved was less than in
the case of the AB-4 IBs.

Unless the avidity of the antibodies used is extremely high,
cells having only a few antigen molecules on their surface may
require a high ratio of beads to cells to ensure sufficient binding
of beads. In the case of the AB-4 beads the strong effect of the
second treatment, giving 3 additional logs of depletion, is
consistent with such a phenomenon. Since the first treatment
depleted the tumor cells by about 3 logs, during the second
treatment the ratio of immunobeads to remaining tumor cells
was actually increased by a factor of about 1000.

The applicability of the present results obtained on a few
lymphoma cell lines to clinical leukemia/lymphoma, which may
be even more heterogenous in antigen expression (37), remains
to be determined. To achieve a satisfactory purging it may be
necessary to use a mixture of beads charged with different
antibodies. In our clinical work, the choice of antibodies will be
based on studies of the binding of a panel of antibodies to the
patient's tumor cells, examined on cytospin preparations and/

or histological sections.
Compared to other purging methods in use, the procedure

here presented seems to offer several advantages with respect
to speed and simplicity. The unspecific loss of cells is small, no
washing is needed, and two cycles of purification can be
achieved in about 1 h. The bone marrow can be administered
in a concentration of 2 x IO7 cells per ml, whereas the use of

antibodies and complement requires the use of a rather large
volume of bone marrow suspension. The utility of the procedure
is enhanced by the fact that the precharged immunobeads can
be standardized and stored in sterilized, freeze-dried condition.
Other attractive features are that the beads and tumor cells are
physically removed from the in vitro system and that the pro
cedure can readily be combined with other methods of tumor
cell removal.
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