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ABSTRACT

Chemoseparation and immunoseparation techniques have been com
bined to eliminate malignant clonogenic T lymphoma cells from human
bone marrow. Incubation with S Â«IM2'-deoxycoformycin and 500 /IM

deoxyadenosine has eliminated 2 logs of HSB-2 T lymphoma cells from
a 20-fold excess of irradiated human bone marrow. Multiple incubations
with 3A1 antibody and rabbit complement eliminated approximately 2
logs of HSB-2 cells from similar mixtures. Used in combination, the 2
techniques eliminated up to 4 logs of T lymphoma cells. Incubation of
normal human bone marrow under similar conditions failed to affect
growth of granulocyte-macrophage colony-forming cell units, burst-form
ing erythroid units, or multipotential erythroid-granulocyte-megakary-
ocyte-macrophage colony-forming hematopoietic progenitor cell units.

INTRODUCTION
For some patients with acute leukemia and non-Hodgkin's

lymphoma, ablative chemoradiotherapy followed by syngeneic
or allogeneic bone marrow transplantation can control other
wise incurable disease. Locating suitable donors, however, lim
its the availability of this procedure to about 40% of potential
recipients. Even when appropriately matched donors can be
found, the risk of intractable graft irrvM.vhost disease has
generally restricted allogeneic transplantation to patients
younger than 30 years of age. If malignant cells could be
removed selectively from marrow in vitro, autologous bone
marrow transplantation might provide a useful alternative for
older patients and for patients who do not have an appropriately
matched donor.

Monoclonal reagents have allowed selective elimination of
leukemia and lymphoma cells from human bone marrow (1-5).
Successful reconstitution of normal marrow elements has oc
curred in patients following ablative chemoradiotherapy when
marrow has been reinfused after treatment with monoclonal
antibodies and C'3 in vitro (2, 6-10). Cytotoxic drugs such as

4-hydroperoxycyclophosphamide have also been used to elimi
nate tumor cells from bone marrow (11-16). These agents do
not depend upon antigenic characteristics of tumor cells. A
combination of Chemoseparation and immunoseparation using
treatment with the cyclophosphamide derivative ASTA-Z 7557
and treatment with monoclonal antibody and C' has proven

superior to either Chemoseparation or immunoseparation alone
for eliminating B cell neoplasms from human bone marrow
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(12). Similarly, treatment with ASTA-Z 7557 and with a mono
clonal anti-B cell immunotoxin proved superior to either single
treatment (17). A combination of Chemoseparation and immu
noseparation might also prove useful for eliminating T cell
neoplasms from bone marrow. In this regard, the potential
selectivity of 2'-dCF for cells of T lymphocyte lineage might be

exploited. Preliminary data have suggested that incubation with
2'-dCF in the presence of dAdo can, in fact, eliminate T cells

in the presence of excess human bone marrow (18). Many
monoclonal reagents are available which recognize determi
nants expressed by T cell neoplasms. In this study, we have
explored the additive effects of Chemoseparation and immuno
separation, using dCF and dAdo in combination with the 3A1
murine monoclonal antibody and C'.

MATERIALS AND METHODS

Malignant T Cell Lines. Malignant T cell lines were grown in clon
ogenic medium containing RPMI 1640, 10% heat-inactivated FBS, 1
mMsodium pyruvate, 2 HIML-glutamine, 100 I /ml penicillin, and 100
Mg/ml streptomycin. HSB-2, CEM, SKW3, MOLT4, DU528101, B9,
and Jurkatt T cell lines were stored in vapor phase of liquid nitrogen
in Eagle's minimum essential medium which contained 20% heat-

inactivated FBS and 10% DMSO. Cells were thawed rapidly, warmed
to 37Â°C,and diluted slowly with clonogenic medium. After thawing,

tumor cells were washed twice in clonogenic medium and maintained
in cell culture for at least 2 days prior to use. At the time experiments
were performed, tumor cells were >95% viable by exclusion of 0.1%
trypan blue.

Patient Samples. Cells from patients with newly diagnosed T cell
leukemias undergoing therapeutic leukopheresis were cryopreserved in
DMSO. For each experiment, 1-2 x 10* cells were quickly thawed in
a 37Â°Cwater bath and diluted 1:20 in medium containing RPMI 1640

medium, 10% heat-inactivated FBS, 10% horse serum, 10 U/ml bovine
or porcine heparin, and 0.01 mg/ml DNase (Sigma, St. Louis, MO).
Thawed cells were washed once to remove DMSO and incubated
overnight at 37Â°Cin medium containing RPMI 1640, 10% heat-

inactivated FBS, 10% horse serum, 2 mM L-glutamine, 100 U/ml
penicillin, and 100 /Â¿g/mlstreptomycin at a density of 10" cells/ml

prior to all cleansing experiments.
Bone Marrow. Bone marrow was obtained from healthy volunteers

who gave informed consent to the procedure under protocols approved
by the Duke University Medical Center Institutional Review Board.
Marrow was anticoagulated with preservative-free heparin and diluted
with Hanks' balanced salt solution without calcium or magnesium.

Marrow mononuclear cells were separated on discontinuous gradients
of Ficoll-diatrizoate (Bionetics Laboratory Products, Kensington, MD).
Cells at the interface were washed twice in Hanks' balanced salt solution

and resuspended in clonogenic medium. Bone marrow mononuclear
cells were irradiated to 5000 R using a 127Cssource (98 R/min).

Irradiated bone marrow cells were used to prepare feeder layers in
clonogenic assays as well as to prepare mixtures with nonirradiated
tumor cells. For studies of normal hematopoietic colony-forming units,
marrow from volunteer donors was separated on Ficoll-diatriozoate
and washed but not irradiated.

3A1 Monoclonal Antibody and C'. Preparation of the 3A1 murine
monoclonal antibody has been described previously in detail (19-21).
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3A1 is an IgGl, n monoclonal antibody which fixes C". 3A1 binds to

an M, 40,000 integral membrane protein (CD7) which is expressed to
some degree on all T acute lymphoblastic leukemia or lymphoma cell
lines but is not expressed by SÃ©zarycells, B cells, myeloid, monocytoid,
and nonhematopoietic cells tested (20). Binding of 3A1 to the cell lines
used in these studies was assessed by indirect immunofluorescence with
fluorescein isothiocyanate-conjugated goat anti-murine immunoglobu-
lin (Meloy Laboratories) with analysis on the Coulter Epics 757 flow
cytometer.

Lot 0177 of C' was obtained from Pelfreeze, Inc. (Glen Rock, NJ).
C' was absorbed once at 4Â°Cwith an equal volume of washed human
AB erythrocytes and stored at -80Â°C until use. Incubation of human
bone marrow with a 1:10 dilution of C' did not affect the CFU-GM
content. Similarly, this lot of C' failed to affect growth of T lymphoma

cell lines in clonogenic assays.
3A1 + C' Treatment. Based on previous studies involving monoclonal

antibody and C' (1), mixtures of cells were incubated with 3A1 for 15
min at 4Â°Cin a volume of 1 ml clonogenic medium. After addition of
C' (1:10), the cells were incubated 30 min at 37Â°C.Cells then were

washed with clonogenic medium and the procedure was repeated twice
for a total of 3 incubations. After the final wash, cells were resuspended
in 1 ml clonogenic medium.

2'-dCF and dAdo. The properties of dCF have been described previ
ously in detail (22-25). For these studies, 2'-dCF was obtained through

the National Cancer Institute. Stock solutions of 500 or 1,000 /Â¿Mwere
prepared by diluting 2'-dCF with phosphate-buffered saline, pH 7.0,

and were stored on ice until use.
dAdo was obtained from P-L Biochemicals, Inc. Solutions of 1,000

and 10,000 nM were prepared in phosphate-buffered saline, pH 7.0,

and stored on ice until use.
2'-dCF + dAdo Treatment. 2'-dCF was added to the cell mixture in

a final treatment volume of 1 ml clonogenic medium. The cells were
incubated for l h at 37"C in an atmosphere of 95% air-5% CO2 with

95% humidity on a rocking platform that cycled once per second. dAdo
then was added and incubation continued for different intervals as
described in "Results." Cells then were washed once with fresh clono

genic medium.
Serial Dilution Assay. Serial dilution assays were performed in 96-

well flat-bottomed Linbro plates which were seeded with 10s irradiated

bone marrow cells/well in 100 Â¿Â¿1clonogenic medium. After treatment,
nine 5-fold serial dilutions were made of cell samples. Portions (100-
Â¿il)of each dilution were added to each of 6 wells. After 14 days, wells
containing lymphoma colonies were scored by examination at a mag
nification of x 100 using an inverted phase microscope. The most
probable number of clonogenic units was determined using the method
of Spearman and Karber (26). Significance of differences within each
experiment was evaluated using a Z statistic as described previously
d).

Tumor Colony Assay. After treatment with 3A1 + C' and/or dCF +
dAdo, tumor cells were diluted in Iscove's modified Dulbecco's medium

(Gibco, Grand Island, NY) containing 2 mM L-glutamine, 12.5% heat-
inactivated FBS, 12.5% horse serum, 100 U/ml penicillin, 100 us/ml
streptomycin, and 0.9% methylcellulose. The mixtures were gently
inverted 7 times to disperse the cells, left at room temperature for 3
min to remove air bubbles, and then plated in duplicate 10- x 35-mm
Petri dishes. Cryopreserved tumor cells were plated at 1 x 10s, 5 x 10s,
and 1x10'' per ml to yield an optimally countable number of colonies

per plate. Tumor cell lines exhibited a greater cloning efficiency and

could be plated at densities of 1 x IO4to 5 x IO4cells/ml. Plates were
incubated in 5% COz-95% air in a humidified incubator for 14 days.
Colonies, defined as >50 cell, were scored with an inverted phase
microscope (x 40 or 100).

Measurement of Normal Marrow Precursors. CFU-GM, BFU-E, and
CFU-GEMM colonies were assayed as described previously (27). Col
onies were counted in situ on day 7 (CFU-GM) or on day 14 (CFU-
GEMM and BFU-E) with an inverted phase microscope. Representa
tive colonies were plucked with a micropipettor, stained with Wright's

Giemsa, and analyzed to confirm the cellular composition of the
colonies. Placenta! conditioned medium was used as a source of gran-
ulocyte-macrophage colony-stimulating factor (28) to stimulate growth
of CFU-GM colonies. Conditioned medium from the human bladder
cancer cell line 5637 (29) was used to stimulate CFU-GEMM and
BFU-E colonies. Recombinant erythropoietin (Amgen) was also added
to plates on which growth of mixed or erythroid colonies was analyzed.

RESULTS

Immunoseparation of Clonogenic T Cell Lymphoma Lines with
3A1 and C'. The high clonogenic efficiency of the HSB-2 T cell

lymphoma line permitted the measurement of up to 5 logs of
tumor cells in a 20-fold excess of irradiated human bone mar
row. Three treatments of tumor cell-marrow mixtures with 3A1
and C' eliminated 2 logs of HSB-2 T cells using a broad range

of antibody dilutions from 1:15 to 1:15,000 (Table 1). Doubling
the complement concentration from 1:10 to 1:5 did not improve
results significantly (data not shown). Elimination of malignant
cells appeared to be independent of bone marrow concentration
over a 40-fold range (data not shown). In subsequent studies,
IO6 T lymphoma cells were generally mixed with 2 x IO7

irradiated human bone marrow cells and treated 3 times with
3A1 antibody (1:1500) and C' (1:10).

Similar results were obtained when marrow mixtures con
taining the Jurkatt, CEM, and SKW3 cell lines were treated
with 3A1 antibody and C' (Table 1). Treatment with 3A1
antibody and C' failed to affect growth of the MOLT4 cell line.

Lack of activity against MOLT4 may relate to decreased anti
gen expression in that only 41% of MOLT4 cells bound 3A1,
judged by indirect immunofluorescence, whereas 3A1 bound to
more than 93% of cells from each of the other T lymphoma
lines tested.

Chemoseparation of Clonogenic T Lymphoma Cells with dCF
and dAdo. For rapid elimination of T lymphoma cells with 2'-

dCF, simultaneous incubation with dAdo is required. Incuba
tion at 37Â°Cfor 4 h with up to 500 MMof dAdo alone had no

effect on HSB-2 cells in the presence of a 20-fold marrow
excess. Even at a concentration of 1000 Â¿Â¿MdAdo, only 1 log
of tumor cells was eliminated during a 4-h incubation (Table
2). Incubation with 2'-dCF alone had no effect (data not shown).
Following treatment for l h with 5 MM2'-dCF, HBS-2 cells

became susceptible to treatment with dAdo. After 4 h, 95% of
clonogenic T lymphoma cells were eliminated in the presence
of 5 UM2'-dCF and 5 MMof dAdo (Table 3). With increasing

concentrations of dAdo, approximately 2 logs of cells were

Table 1 Antibody concentration required to eliminate different T cell lines from human bone marrow using 3 treatments with antibody 3A1 and C' (1:10)

Clonogenic units

Dilution ofantibody1:15

:150
:1,500
:15.000
:150.000
:1,500,000

^JotreatmentHSB-22.0

x 10"
3.5 x 10"
6.0 x 10"
5.7 x 10s
5.8 x 10'
3.4 x 10s
7.5 x 10*SKW35.4

x 10"
2.0 x 10"
1.0 x IO4"
2.3 x10"1.7

x IO6CEM9.2

x 10"
1.2 x 10"
6.0 x 10"
1.2 x IO"
5.7 x IO5
1.7 x 10Â«Jurkatt2.0

x 10"
3.5 x 10"
4.8 x 10"
1.5 x 10s
2.5 x 10'
8.9 x IO4
1.2X 10sMOLT45.7

x 10Â»
1.3 x 10Â«
5.7 x 10'
4.4 x 10*
1.7 x 10Â«
9.8 x IO5

Â°Differs from the "no treatment" control. P < 0.01.
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killed in the absence of bone marrow. By increasing the incu
bation time to 48 h, it is possible to eliminate nearly 4 logs of
clonogenic tumor cells (Table 4). When the 2'-dCF concentra

tion was varied and dAdo held constant at 500 pM, a maximal
effect was observed between 5 and 100 nM in which 2 logs of
clonogenic lymphoma cells could be eliminated (data not
shown). Consequently, for most subsequent experiments, tumor
cell marrow mixtures were incubated for 4 h with 5 n\i 2'-dCF

and 500 n\t dAdo. The presence of 20-fold bone marrow excess
did not influence the effects of 2'-dCF and dAdo.

Effect of Chemoseparation and Immunoseparation on Clono
genic T Lymphoma Cells. When immunoseparation with 3A1
antibody and C' was combined with chemoseparation with 2'-

dCF and dAdo in a 20-fold marrow excess, it was possible to
show an additive effect yielding a maximum 4.5 logs of HSB-2
T lymphoma cell elimination at 48 h (Table 5). A 4-h incubation
with 5 fiM 2'-dCF and 500 //M dAdo followed by 3 treatments
with 3A1 antibody and C' eliminated 3.9 logs of HSB-2 cells,

nearly 4.5 logs of CEM cells, and 3 logs of SKW3 cells (Table
6). Growth of the MOLT4 cell line was not affected by these
treatments. When the order of treatments was reversed, similar
results were obtained with HSB-2 T lymphoma cells in the

limiting dilution assay.
A tumor colony assay also was used to assess susceptibility

of T lymphoma cells to immunoseparation, chemoseparation,
and a combination of the 2 techniques. Using this assay it was
possible to study cryopreserved cells taken directly from pa
tients in blast crisis as well as to study T cell lines (Table 7).
Additive effects were observed with 5 of 7 cell lines. Each of
the lines which proved resistant to 3A1 and C' exhibited poor

expression of CD7. Complete elimination of tumor cell clones
was observed with 4 lines, reflecting a reduction of more than

Table 2 Effect of dAdo concentration of HSB-2 T lymphoma cells with a 4-h
incubation in the absence ofdCF

dAdo concentration
(KM) Clonogenic units

5
100
500

1000
No treatment

2.6 x 10*
2.6 x 10'
2.6 x 10*
3.0 x 10"
2.6 x 10'

" Differs from the "no treatment" control. P < 0.01.

Table 3 dAdo concentration required to eliminate HSB-2 T lymphoma cells
during 4-h incubation with 5 V.MdCF

dAdo concentration
(MM)5501001752505001000No

treatmentClonogenic

units5.1
x10*Â°3.0
x10"3.9
x10"2.3
x10"3.0
x10"1.8
x10"1.8
x10"1.7
x IO6

" Differs from the "no treatment" control. P < 0.01.

Table 4 Concentration of dAdo required to eliminate clonogenic HSB-2 T
lymphoma cells from human bone marrow in the presence of S Â¡IMdCF

dAdo concentration
OIM)100

250
500

1000
No treatmentClonogenic

units after
incubation4h3.9

x 10"
5.1 x 10*"
3.0 x 10"
3.0 x 10"
5.8 x 10*48

h3.5
x 10"

5.4 x IO2"
5.4 x 102Â°
1.8 x IO20
2.2 x 10*

3 logs in clonogenic tumor growth. The clonogenic efficiency
of cells taken directly from patients was substantially less than
that of established cell lines. Within the limitations of the assay,
however, additive effects were observed and all clonogenic cells
could be eliminated in each of the 6 patients studied.

Effect of Chemoseparation and Immunoseparation on Normal
Marrow Precursors. Treatment of normal bone marrow with
3A1 antibody, C', dCF, and dAdo did not affect growth of

CFU-GM. BFU-E, or CFU-GEMM (data not shown).

DISCUSSION

A clonogenic assay has been developed which permits the
detection of 5 logs of T lymphoma cells in the presence of a
20-fold excess of human bone marrow. Using this assay, con
ditions have been defined for eliminating HSB-2 T lymphoma
cells using a monoclonal antibody in combination with cyto-
toxic drugs which exhibit selectively for T cells. This represents,
as far as we know, the first report of combined chemoimmu-
noseparation for removal of malignant T cells from human
bone marrow.

The CD7 antigen recognized by 3A1 is found on all T acute
lymphoblastic leukemia or lymphoma cell lines to some degree.
Importantly, the antigen has not been detected on myeloid
precursors. Our current results confirm that 3A1 + C' treat
ment of normal marrow does not affect CFU-GM, BFU-E, or
CFU-GEMM. Treatment with 3A1 + C' significantly inhibited

growth in 4 of 5 T cell lines tested in the limiting dilution assay
and in 5 of 7 T cell lines tested in a colony-forming assay. The
MOLT4 and DU528101 lines exhibited very little reactivity
with 3A1 as judged by indirect immunofluorescence, and
growth of these sublines was not significantly affected by 3A1
and C' treatment. Variation in antigen density on tumor cells

from different patients might be anticipated. Antibodies reac
tive with other antigens expressed by T cell leukemia and
lymphomas should be evaluated for their ability to eliminate
malignant T cells. This evaluation may yield other antibodies
which could be used in combination with 3A1 and thus improve
the efficacy of this technique. Alternatively, conjugation of the
3A1 antibody with plant toxins might increase the efficiency of
immunoseparation. Using the present methods, however, tumor
cells could be eliminated quantitatively in a colony-forming
assay when 3A1 and C' were combined with dCF and dAdo.

Table 5 Effect of48-h incubation with dCF (5 ILM)+ dAdo (100 pM) and/or
subsequent treatments with 3AI antibody 11:1000) + C' (1:10) on HSB-2 T

lymphoma cells in 20-fold marrow excess

Treatment Clonogenic units

No treament
3A1 + C' only
2'-dCF + dAdo only
2'-dCF + dAdo and 3A1 + C'

7.5 x 10'
4.6 x IO3"
5.4 x 10"
3.7 x 10"

' Differs from the "no treatment" control. P < 0.01.

Table 6 Effect of a 4-h incubation with 2'-dCF (5 UM)+ dAdo (500 Â»M)followed
by 3 treatments with antibody 3AI f1:1500) + C' (1:10) on clonogenic T

lymphoma cell growth lines

CelllineHSB-2

SKW3
CEM
MOLT4Clonogenic

units
after no treat

ment4.4
x 10*

4.4 x 10*
7.4 x 10'
5.7 x 10'Clonogenic

units
after treatment
with 2'-dCF/

dAdo followed
by3Al+C'8.2

x 10'
5.4 x IO2
3.7 x 10'
3.4 x 10*Clonogenic

units
after treatment
with3Al +C'

followed by
2'dCF/dAdo1.8

x IO2"'*

Â°Differs from the "no treatment" control. P < 0.01.
* Differs from the number of clonogenic units after "no treatment," P < 0.01.
* Does not differ from treatment in the opposite order (column 2).
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Table 7 Elimination of clonogenic malignant T cells taken from patients or established T Â¡ymphoMastoidcell lines
Colonies/105 cells

Source ofcellsPatient

samples123456Cell

lines'JurkattCEMDU528101MOLT4H-9SKW3HSBExpression

of3AlControl+

26+
20+
30+
27+
46+
23+

3730+
2536+
1117+/-
3900+/-
4714+
1875+

90003A1

/complement"42101.501417201000235515585dCF/dAdo*527010231525410190028355550dCF/dAdo
+

SAl/complement'0000000801295148000

Â°Cells were incubated with 3A1 for 15 min. centrifuged, resuspended in <" for 45 min, and washed. Treatment was repeated two additional times. Cells were

washed once and plated.
'' Cells were incubated for 10 h, washed once, and plated.
' Cells were incubated with 5 UMdCF for l h and with 500 MMdAdo for 4 additional hours. Cells were then washed once and plated.
"'Average of duplicate samples.

The mechanism by which dCF inhibits adenosine deaminase
has been clearly described (30-32). The mechanism of cell death

and T cell specificity is less well understood. T cells accumulate
cytotoxic levels of dATP derived from 2'-dAdo more efficiently

than B cells (22, 23, 25), and it has been proposed that B cells
may catabolize intracellular deoxyadenosine monophosphate
more rapidly than do T cells (22,23). Increased adenosine levels
lead to pyrimidine starvation, increased cyclic 3':5'-adenosine

monophosphate, interference with S-adenosylmethionine-de-
pendent methylation reactions, interference with the hexose
monophosphate pathway, and inhibition of DNA synthesis (30,
31). Incubation with 1000 MMdAdo alone inhibited clonogenic
T lymphoma by 90%. At this concentration, the adenosine
deaminase activity may become saturated, permitting intracel
lular accumulation of dAdo. Addition of 5 n\t dCF, however,
rendered T cells sensitive to 1/200th of the concentrations of
dAdo. The combination of dCF and dAdo is active over a broad
range of drug concentrations; however, the effectiveness of dCF
and dAdo is time dependent. Viability of marrow cells declined
with time. Consequently, a 4-h incubation was chosen as a
convenient interval for the proposed application of dCF and
dAdo to the treatment of autologous marrow samples. At best,
approximately 2 logs of T cells could be eliminated by a 4-h
incubation with 5 MMdCF and 500 MMdAdo. Normal marrow
precursors were not dramatically affected by such a treatment.

Since the mechanisms of cytotoxicity differ between the 2
treatments, an additive effect was anticipated. Combined treat
ment eliminated more than 4 logs of malignant clonogenic cells
with each of 5 CD7-positive cell lines tested. As noted previ

ously, MOLT4 and DU528101 cells did not exhibit the antici
pated susceptibility to combined treatment with dCF and dAdo.
The combined treatment, while removing 4 logs of malignant
cells, did not affect normal human marrow precursors as mea
sured by the CFU-GM. BFU-E, and CFU-GEMM assays.
Whether these in vitro assays will predict in vivo reconstitution
remains to be seen. Chemoseparation and immunoseparation
are likely to remove both malignant and nonmalignant T cells.
The role of T cells in bone marrow repopulation is not well
understood and phase I clinical trials of similarly purged au
tologous bone marrow will eventually be required to resolve
this issue. If patients are transplanted in remission, removal of
99.99% of residual tumor cells may prove sufficient for success
in clinical trials of autologous bone marrow transplantation.

provided that clonogenic assays performed in cell cultures re
flect the growth of tumor cells in vivo.
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