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Abstract

Colony assays were performed for 50 patients with B cell pre-
cursor acute lymphoblastic leukemia (ALL). Blast colony for-
mation was observed for 33 patients, and the plating efficiency
(PE) showed a marked interpatient variation, which indicates a
pronounced biological heterogeneity at the level of leukemic
progenitor cells. Notably, the mean PE of leukemic B cell
precursors from patients with a pseudodiploid or near-diploid
karyotype with structural chromosomal abnormalities (SCA)
was significantly higher than the mean PE of normal diploid or
hyperdiploid cases. All patients who had SCA involving 7p13,
11q23-24, or 12p11-13, and patients with a Philadelphia chro-
mosome had high PE values. The S phase percentage, expres-
sion of CD19 antigen, and relapse status were also correlated
with PE. Significantly, colony blasts had slightly different sur-
face marker profiles in each case and were common ALL anti-
gen negative in 33% of cases, which indicates the existence of a
marked immunological heterogeneity at the level of leukemic
progenitor cells.

Introduction

Leukemic progenitor cells have been implicated in mainte-
nance-expansion of leukemic cell populations, and, therefore,
analysis of the biological diversity of this clonogenic self-re-
newing subpopulation is of paramount importance. The cur-
rent paucity of knowledge regarding acute lymphoblastic leu-
kemia (ALL)! progenitor cells largely reflects the historic diffi-
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culties in cloning fresh ALL blasts in vitro (1-8). In recent
years, considerable effort has been invested in developing
novel cell culture techniques to reveal information about the
biological characteristics of leukemic progenitor cells in ALL
(1-8). These techniques may provide greater understanding of
the basic biology of ALL and insight into pathogenesis.
Recently, we have developed a colony assay system that
enables us to culture leukemic progenitor cells in B cell pre-
cursor ALL (6). The purposes of the present analysis were (a)
to elucidate the proliferative and immunophenotypic charac-
teristics of 50 patients with B cell precursor ALL at the level of
leukemic progenitor cells, and (b) to determine whether the in
vitro growth characteristics of ALL blasts correlate with more
commonly measured disease- and host-related parameters. To
our knowledge, this report is the first detailed comparative
analysis of the in vitro proliferative activity of leukemic B
lineage lymphoid progenitor cells. We provide evidence for (a)
a significant relationship between high plating efficiency (PE)
of leukemic B lineage lymphoid progenitor cells, structural
chromosomal abnormalities (SCA), and high S phase percent-
age, and (b) a marked biological and immunological heteroge-
neity at the level of leukemic progenitor cells in B cell precur-

sor ALL.

Methods

Patient material. 50 patients with B cell precursor ALL were included
in this study. Bone marrow aspirate samples were procured by routine
procedures. Morphological classification was performed on Wright-
Giemsa stained slides according to a modification of the original
French-American—British (FAB) nomenclature (9). Diagnosis was
based upon the morphological, cytochemical, and surface marker pro-
files of marrow blasts.

Surface marker analyses. Marrow blasts were isolated by a single
centrifugation of aspirate samples on Ficoll-Hypaque (1.077 g/cm®).
Immunological marker analyses by indirect immunofluorescence and
flow cytometry were performed, as previously described (6), using
monoclonal B cell panel antibodies BA-1 (anti-CD24), BA-2 (anti-
CD9), BA-3 (anti-CD10), and B43 (anti-CD19), which define B lin-
eage-associated surface determinants, as well as T cell panel antibodies
35.1 (anti-CD2), T101 (anti-CD5), and 3A1 (anti-CD7), which define
T lineage-differentiation antigens. Fluorescein isothiocyanate (FITC)-
labeled goat F(ab'), anti-mouse IgG (Cappel Laboratories, Cochran-

nate; mAb, monoclonal antibody(ies); MEM, minimal essential me-
dium; PE, plating efficiency; %S, percentage of cells in S phase; SCA,
structural chromosomal abnormalities; slg, surface immunoglobulin;
TdT, terminal deoxynucleotidyl transferase; UPN, unique patient
number(s); WBC, white cell count.
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ville, NC) served as secondary antibody. Cell surface immunoglobulin
(sIg) was assayed by direct immunofluorescence with FITC-conjugated
goat anti-human total Ig (Kallestad Laboratories, Inc., Austin, TX).
An IgG2a murine myeloma protein (UPC 10; Litton Bionetics, Inc.,
Kensington, MD) substituted for monoclonal antibodies (mAb) was
used for background fluorescence. Cells were analyzed for immuno-
fluorescence using a cytofluorograph (Spectrum III; Ortho Diagnostic
Systems, Inc., Raritan, NJ).

Karyotypic analyses. Banded chromosome analyses were per-
formed on direct, overnight, and in some cases, synchronized prepara-
tions of fresh bone marrow samples. Several methods of banding were
used including G banding with Wright’s stain, GTG (G bands using
trypsin and Giemsa) banding, and QFQ (Q bands using fluorescence
by quinacrine mustard) banding. Chromosome abnormalities were
designated using the 1985 International System for Human Cytoge-
netics Nomenclature (10). An abnormal clone was defined as = 2
metaphase cells with identical structural abnormalities or identical
extra chromosomes, or = 3 metaphases with identical missing chro-
mosomes. For the case to be considered cytogenetically normal, i.e.,
normal diploid, at least 15 metaphase cells had to be examined and all
were found to be normal. The details of the methodology have been
published (11-13).

Flow microfluorometric DNA analysis. DNA content and cell cycle
distribution of leukemic marrow blasts were evaluated by flow cyto-
metric DNA analysis as previously described (14-17). In brief, density
gradient-separated fresh marrow blasts were washed twice in phos-
phate-buffered saline, fixed with 96% ethanol, resuspended in 0.5 ml of
a 0.5% pepsin solution (3,000 U/mg, Serva, Heidelberg, FRG) in 0.9%
NaCl containing 0.25% HC], incubated 5 min at room temperature on
a laboratory shaker, and flushed 100 times through a thin-tipped Pas-
teur pipette for dispersal. The cell suspensions were adjusted to 1 X 10°
cells/ml in a freshly prepared DNA-specific fluorochrome solution that
consisted of 0.5 ug/ml 4',6-diamidino-2-phenylindol and 20 xg/ml ri-
bonuclease (from bovine pancreas, 100 Kunitz U/mg, Serva) in 0.1 M
tris buffer at pH 7.6. After staining for 30 min, the nuclear fluorescence
was measured with a pulse cytophotometer (ICP 22; Phywe A. G.,
Gottingeén, FRG) using the 365 nm ultraviolet light of a mercury high
pressure lamp for excitation and a 590 nm barrier filter for measure-
ment of the emitted red light pulses as described (15). After reaching
10,000 counts in the peak channel, measurements were stopped, and
the data, which were stored in a multichannel and analyzer (MCA
8100; Canberra Industries, Meriden, CT), were transferred to the mag-
netic tape of a graphic computer system (GS 4051 combined with a
digital plotter 4662; Tektronix, Inc., Beaverton, OR) for further evalu-
ation. The data for the original pulse-height distributions were pro-
cessed by means of a computer program that has been described in
detail (14). Standards of identically stained, ethanol-fixed human nor-
mal bone marrow mononuclear cells (n = 5) as well as normal periph-
eral blood mononuclear cells (n = 6) were used for calibration of the
2c-peak channel number. We also used a mixture of stained normal
bone marrow mononuclear cells and leukemic marrow cells as a refer-
ence standard to identify the modal fluorescence of Go/G, phase leu-
kemic blasts relative to that of Go/G, phase normal cells. A leukemia
stem line with a DNA index (DI) (the ratio of the channel numbers of
the leukemic and normal Go/G; cells) of 1.00 was determined to be
present if the percentage of diploid Go/G;, cells was > 20% more than
the percentage of “nonblast” cells in Wright-Giemsa stained differen-
tial counts. The coefficient of variation (CV) of the Go/G, phase modal
channel numbers (i.e., fluorescence distribution of Go/G, cells) was
determined using the formula CV = (HM X 100)/(N X 2.35), where
HM was the width of the Go/G,; peak at half-maximum height and N
was the modal channel number of the Go/G, peak.

Colony assay and analysis of colony blasts. B cell precursor ALL
blasts from all 50 patients were assayed for in vitro colony formation
using a novel model system that has recently been described (6). Den-
sity gradient-separated fresh bone marrow blasts were suspended in
alpha minimal essential medium (MEM) supplemented with 0.9%
methylcellulose, 15% fetal calf serum, 15% platelet-rich human
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plasma, 10% phytohemagglutinin-leucocyte-conditioned medium, 1%
MEM vitamin solution, 0.5% MEM amino acids solution, 0.5% MEM
nonessential amino acids solution, 2 mM L-glutamine, | mM sodium
pyruvate, 50 uM 2-mercaptoethanol, 4 ug/ml D-L-serine, and 4 pg/ml
asparagine. Duplicate 1 ml samples containing 100,000 blasts were
cultured in 35-mm Petri dishes for 7 d at 37°C in a humidified 5% CO,
atmosphere as described (6). On day 7, colonies containing > 20 cells
were counted using an inverted phase microscope with high optical
resolution. Subsequently, all colonies were harvested for further mor-
phological, cytochemical, and immunological analyses of colony
blasts. Day 7 colony blasts showed 90-95% viability as determined by a
standard trypan blue dye exclusion test. Their morphology was studied
in Wright-Giemsa stained cytospin preparations. In cytochemical
studies, colony cells were evaluated for staining by periodic acid—Schiff
and Sudan Black B, for nonspecific esterase and myeloperoxidase ac-
tivity as reported (6). Cultured blasts differed morphologically from the
bulk of the preculture patients’ marrow blasts in that the former had a
bigger size, more prominent vacuolation, more prominent nucleoli,
and a more irregular nuclear membrane. Colony blasts were periodic
acid-Schiff-positive, but Sudan Black-, myeloperoxidase-, and nonspe-
cific esterase-negative. In 10 cases with sufficient day 7 colony blasts
(unique patient numbers [UPN] 3, 7, 13, 19, 22-24, 32, 34, and 39),
10,000 cells from pooled day 7 colonies were replated to measure the
self-renewal ability of blast progenitors. The surface marker profiles
were analyzed on cytospin slides, as previously described (6), using a
broad panel of murine mAb that defines lymphoid and myeloid-ery-
throid differentiation antigens. Specifically, we used the mAb 35.1
(anti-CD2), BA-2 (anti-CD9), BA-3 (anti-CD10), B43 (anti-CD19),
Leu 14 (anti-CD22) (Becton Dickinson & Co., Orangeburg, NY), BA-1
(anti-CD24), anti-MY7 (anti-CD13), anti-MY8 (pan-myeloid), and
R10 (anti—glycophorin A). FITC-conjugated goat F(ab'), anti-mouse
IgG (Cappel Laboratories) was used as a second antibody. For back-
ground fluorescence, an IgG2a murine myeloma protein (UPC 10;
Litton Bionetics, Inc.) was substituted for mAb. Furthermore, terminal
deoxynucleotidyl transferase (TdT) activity of colony blasts was deter-
mined in the last 14 patients by indirect immunofluorescence on
methanol-fixed cytospin preparations using immunadsorbent-purified
anti-rabbit TdT serum (20 ug/ml) and FITC-conjugated goat F(ab’),
anti-rabbit IgG (60 ug/ml). Cell slg was tested by direct fluorescence
with FITC-conjugated goat anti-human total Ig (Kallestad Laborato-
ries, Inc.). Cells were evaluated for cytoplasmic u (Cu) chains using
FITC-conjugated F(ab’), goat anti-human IgM heavy chain-specific
anti-u (Tago Inc., Burlingame, CA). The percentage of cells expressing
each marker was determined using a fluorescent microscope (Carl
Zeiss, Inc., Thornwood, NY) equipped with Ploem epi illumination.
Quantitative data were obtained from examination of 100-200 cells.
Banded chromosome analyses were performed on colony blasts using a
modification of our standard procedure (13). In brief, 1 X 10° blasts
from pooled colonies were cultured in flat-bottom tissue-culture plates
for 17 h at 37°C in a humidified 5% CO, atmosphere in the presence of
1077 M amethopterin. Subsequently, thymidine (10~°M) and adeno-
sine (10 ug/ml) were added and cells were incubated for 4 h. Cells were
then subjected to colcemid, transferred to siliconized centrifuge tubes,
centrifuged, and resuspended in a prewarmed, hypotonic KCl solution
(11.5 g KCl, 0.1 g EDTA, 2.4 g Hepes in 500 ml H,O, pH 7.4, 37°C).
After a 55-min incubation at 37°C, cells were fixed using a 3:1 metha-
nol/acetic acid solution, and slides were prepared by conventional
techniques. G banding was performed with Wright’s stain. 20 to 50
metaphases were completely analyzed, and 5 to 10 cells were karyo-
typed.

Statistical analysis. We used standard statistical methods, includ-
ing two-sample ¢ tests, chi-square, one-way analysis of variance, and
multiple regression analysis to evaluate the data.

Results

Clinical and diagnostic features. 50 patients with B cell pre-
cursor ALL were studied. Patient data are summarized in



Table I. The patients ranged in age from 1 to 41 yr (median, 5
yr). Most patients (90%) were children or adolescents < 16 yr
of age. There were 24 males and 26 females. 10 patients were
in relapse and 40, newly diagnosed. The white cell count
(WBC) at the time of diagnosis varied from 900/ul to
328,000/ul (median, 30,950/ul). 21 patients (42%) had a WBC
of = 50,000/ul. 44 patients were morphologically classified as
L1-ALL, whereas the subtype of the remaining 6 was L2. Bone
marrow aspiration samples that were evaluated in the present
study contained 63-100% (median, 91%) blasts.

Cytogenetic and cytokinetic features and in vitro clonogeni-
city of leukemic B cell precursor marrow blasts. Karyotypic
analyses were performed in 35 patients (Table II). In all 35
cases, cytogenetic studies were adequate to determine the
modal chromosome number. Banding was successful in 32
cases (91%). There were 12 patients with a normal diploid
karyotype (UPN 2, 8, 12, 25, 29, 30, 34, 35, 38, 41, 48, and
49), 8 patients with a pseudodiploid karyotype (UPN 3, 4, 7,
17, 28, 39, 43, and 47), 3 patients with a hypodiploid karyo-
type (UPN 22, 23, and 44), and 11 patients with a hyperdiploid
karyotype of whom 4 had 47 chromosomes (UPN 9, 14, 36,
and 45) and 7 had > 50 chromosomes (UPN 5, 20, 26, 33, 40,
42, and 46). 16 of the 32 cases with successful banding had
SCA. Among these 16 cases, SCA involved 7p13 in 2 cases
(UPN 3 and 39), 11g23-24 in 2 cases (UPN 3 and 17), 12p11-
13 in 4 cases (UPN 4, 22, 39, and 43), and 22q11 (Philadelphia
chromosome positive) in 2 cases (UPN 42 and 47).

Using flow microfluorometric DNA analysis, we deter-
mined the cellular DNA content distributions of 4',6-diami-
dino-2-phenylindol-stained leukemic blasts in freshly ob-
tained marrow samples from 31 of 50 patients (Table II). Of
these 31 cases, 21 (68%) had cytophotometrically diploid or
near-diploid primary leukemic stem lines (DI of 0.96-1.04).
Hyperdiploid DNA content (DI > 1.04) was evident in nine
patients (29%) with a median abnormal DI of 1.1. Three of
these nine cases (UPN 19, 21, and 23) had hyperdiploid pri-
mary lines with diploid secondary lines (Table II). The S phase
fraction of blasts in leukemic marrow samples varied widely
between patients with a median value of 4.8% (Table II). By

Table I. Patient Characteristics

Sex Male n=24
Female n=26
Age (yr) <16 n=45
=16 n=>5
Median 5
Range 1-41
Status New n=40
Relapse n=10
FAB L1 n=44
L2 n==6
WBC at diagnosis per <50,000 n=29
microliter =50,000 n=21
Median 30,950
Range 900-328,000
Blasts in bone marrow (%) <90 n=14
=90 n=36
Median 91
Range 63-100

comparison, the median value for the S phase fraction of
mononuclear cells from five normal bone marrow aspirate
samples was 6.7%.

Fresh bone marrow samples from all 50 B cell precursor
ALL patients were assayed for B lineage blast colony forma-
tion (Table II). 33 of these samples (66%) grew spherical—ellip-
tical clusters of 10 to 20 tightly associated cells within 3 d. In
these cases, blast colonies containing > 20 cells were enumer-
ated on day 7, pooled, and analyzed. The cultures from the
remaining 17 patients (34%) showed no growth. The PE of
blast progenitor cells in successful cultures varied from 0.090%
(i.e., 90 colonies/10° marrow blasts) to 2.631% (i.e., 2631 colo-
nies/10° marrow blasts) (median, 0.408%; i.e., 408 colonies/
10° marrow blasts). The self-renewing ability of day 7 colony
blasts was evaluated in replating experiments in 10 patients,
and secondary blast colonies were obtained in 9 of these cases.
Secondary colonies were loose, contained 50 to 200 cells, and
started to disperse on day 5 or 6. The secondary PE of B cell
precursor ALL progenitors varied from 2.50% (i.e., 250 sec-
ondary colonies/10* colony blasts) to 9.03% (i.e., 903 second-
ary colonies/10* colony blasts) (median, 7.23% i.e., 723 sec-
ondary colonies/10* colony blasts) (data not shown).

Immunophenotypic features of fresh marrow blasts and
morphological, cytochemical, immunophenotypic, and cytoge-
netic features of primary day 7 B lineage colony blasts. 46 of
the 50 patients (92%) expressed the B lineage-associated sur-
face marker CD9. The fraction of CD9* marrow cells in these
patients ranged from 24 to 98% (median, 79%). 49 patients
(98%) expressed detectable amounts of common ALL antigen
(CALLA) (CD10) by flow cytometric analysis of BA-3 mAb
binding, and 22-98% (median, 87%) of cells were CALLA*.
The marrow blasts from all 50 patients expressed the CD24
surface antigen, and 42-98% (median, 87.5%) of cells were
CD24*. All of 21 patients (100%) tested expressed the CD19/
B43 antigen, and 58-96% (median, 87%) of cells were CD19/
B43*. These immunological marker profiles are consistent
with B lineage affiliation. In a few cases, a small number of
CD2* and/or slg* cells were present among the bone marrow
mononuclear cells (probably contaminating normal T and B
lymphocytes, respectively). By comparison, the mean percent-
ages of positive mononuclear cells in normal marrow samples
(n = 3) were 41% for CD2, 6% for CD9, 3% for CD10, 5% for
CD19, 9% for CD24, and 11% for slg. The expression of CD9,
CD10, CD19, and CD24 on colony blasts from B cell precur-
sor ALL patients correlated with the expression of the same
determinants on the initial fresh marrow blasts. As shown in
Table III, colony blasts were TdT* (14/14), CD9* (27/28),
CD19* (32/33), CD24* (32/33), CD22* (6/10), but lacked slg
(12/12) or Cu heavy chains (11/12). Also, they did not express
the T lineage surface marker CD2 (21/21), the myelomonocy-
tic surface markers MY7 (14/14) and MY8 (20/20), nor the
erythroid marker glycophorin A (9/9). These immunological
surface marker profiles are consistent with B cell precursor
ALL. In one patient whose fresh marrow blasts were
CD19*Cu*slg™, colony blasts were also CD19*Cp*slg™ and
therefore consistent with pre-B ALL. Initial karyotypic analy-
ses of colony blasts were performed in three cases (UPN 39, 42,
and 47) with documented chromosomal abnormalities before
culture. The malignant clone in the fresh marrow sample of
UPN 39 had a 6;12 translocation and a deletion of the short
arm of chromosome 7. By comparison, two clones were iden-
tified among colony blasts. One was identical to the clone
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Table II. Cytogenetic and Cytokinetic Features and In Vitro Clonogenicity of Leukemic B Cell Precursor Marrow Blasts

UPN Karyotype* DI % S Colonies/10° BMMNC % PE
1 46,XY 1.00 14.7 205 (175, 235) 0.205
2 46,XY 1.04 42 0(0, 0) 0.001
3 46,XY/46,XY,1(7;11)p13;q24) 1.04 14.5 2,631 (2,458,2,804) 2.631
4 46, XX,del(12)(p11),t(2;7X2q11;2q11) 1.00 29 514 (509, 520) 0.514
5 46,XY/54,XY,+X,+5,4+6,4+8,+18,+21,+22,dup(1)(q21-q32),+mar 1.17 14.4 768 (750, 785) 0.768
6 ND 1.04 3.6 0(0,0) 0.001
7 46,XY/46,XY,19q+ 1.00 6.0 1,850 (1,669, 2,030) 1.850
8 46,XX 1.00 10.7 197 (183, 210) 0.197
9 46,XY/47,XY,+21 1.04 3.0 160 (160, 160) 0.160
10 ND 1.00 0.6 0(0,0) 0.001
11 ND 0.96 1.5 113 (100, 125) 0.113
12 46XY 1.00 4.6 90 (80, 100) 0.090
13 ND 1.08 17.3 1,150 (1,100, 1,200)  1.150
14 46,XX/46,XX,1(5;15)(p15;q11)/47,XX,+22,4(5;15Xp15;q11) 1.00 1.5 210 (203, 216) 0.210
15 ND 1.04 20 0(0,0) 0.001
16 ND 1.00 44 505 (500, 510) 0.505
17 46,XY/46,XY,del(11)(q23) 1.04 6.4 495 (490, 500) 0.495
18 ND 1.08 5.9 257 (233, 280) 0.257
19 ND 1.00,1.15 9.4 679 (654, 703) 0.679
20 54,XY/55,XY/57,XY# 1.20 3.3 0(0, 0) 0.001
21 ND 1.00, 1.i0 221 185 (166, 203) 0.185
22 45XX,—17,-22,del(6)(q13q21),del(13)(q22),t(3;12)Xq21;p13),+der(22), 1.00 2.8 1,235(1,100, 1,369)  1.235
t(17;22)ql1;p12)
23 46,XX/45XX,—7,2p— 1.00,120 9.9 2,150 (2,000,2,300) 2.150
24 ND 1.10 6.8 490 (479, 500) 0.490
25 46,XX 1.00 44 0(0,0) 0.001
26 52,XX 1.08 6.7 0(0,0) 0.001
27 ND ND ND 0(0,0) 0.001
28 46,XX/46,XX,del(6)(q22) 1.00 5.8 114 (103, 125) 0.114
29 46,XY 0.66,1.00 24 0(0,0) 0.001
30 46XY 1.00 438 204 (189, 219) 0.204
31 ND 1.00 2.0 0(0,0) 0.001
32 ND ND ND 408 (373, 443) 0.408
33 46,XX/53,XX,+5,+6,~7,~8,+11,+14,+15,+21,+3mar/54, XX, +4,+6, ND ND 0(0, 0) 0.001
—8,+11,+15,+17,+18,421,+2mar/54,XX, +4,+6,-8,+10,+11,+14,
+18,+3mar
34 46XY ND ND 255 (228, 282) 0.255
35 46,XY ND ND 125 (98, 152) 0.125
36 46,XY/47,XY,+21 1.00 11.9 0(0,0) 0.001
37 ND ND ND 0(0,0) 0.001
38 46,XX ND ND 255 (240, 270) 0.255
39 46,XX,(6;12)(p21;p13),del(7)(p?13p722) ND ND 645 (614, 676) 0.645
40 46, XY/51,XY,+X,+4,+17,+18,+21 ND ND 0(0,0) 0.001
41 46,XY ND ND 00, 0) 0.001
42 54,XY,+Y,+4,46,+10,+14,+18,4+21,1(9;22)(q34;q1 1),+der(22),1(9;22)(q34;q11) ND ND 1,154 (1,025, 1,282) 1.154
43 46,XX/46,XX,1(12;18)p12;q12) ND ND 2,042 (1,785,2,300) 2.042
44 46,XX/45,XX,—7,—9,—9,—18,—21,+der(21),(?7;21)(?q22;q22),+3mar ND ND 266 (258, 274) 0.266
45  47,XX,4(2;16)(pl1;pl1),+mar ND ND 1,154 (1,050, 1,258) 1.154
46 46,XY/56,XY,+X,+4,+5+11,+14,+15+18,+19,+21,+22 ND ND 350 (325, 374) 0.350
47 46,XY,—15,1(9;22)q34;q11),+mar ND ND  1,388(1,401,1,375) 1.388
48 46,XY ND ND 0 (0, 0) 0.001
49 46,XX ND ND 0(0,0) 0.001
50 ND ND ND 311 (294, 327) 0.311

* Banded chromosome analyses were performed as described (15-17). Banding was unsuccessful only in UPN 1, 20, and 26. * Although all
three metaphases were hyperdiploid, each had a different karyotype. DI and % S were determined by DNA-flow cytometry as described (10,
11). Leukemic B cell precursors were cultured in vitro for 7 d and assayed for colony formation as previously described (6). Data are shown as
average number of blast colonies (number of blast colonies in individual replicate dishes) and % PE.
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Table III. Immunophenotypic Features of Fresh Marrow Blasts and Day 7 B Lineage Colony Blasts from B Cell Precursor ALL Patients*

Fresh bone marrow samples Primary day 7 blast colonies
Percent positive cells Percent positive cells

Percent Percent
Antigen positive cases Median Range positive cases Median Range
CD2, 35.1 18 (9/50) 13 10-24 0(0/21) — —_
CD9, BA-2 92 (46/50) 79 24-98 96 (27/28) 85 49-99
CD10, BA-3 98 (49/50) 87 22-98 67 (22/23) 75 22-100
CD19, B43 100 (21/21) 87 58-96 97 (32/33) 74 13-99
CD22, Leul4d —_ — — 60 (6/10) 45 15-75
CD24, BA-1 100 (50/50) 88 42-98 97 (32/33) 75 10-100
slg 16 (8/50) 14 11-31 0(0/12) — —
Cu —_ — — 8 (1/12) — —_
TdT — —_ — 100 (14/14) 100 85-100
CD13, MY7 —_ — — 0(0/14) — —_
MY8 _ —_ —_ 0 (0/20) — —

— 0(0/9) — —_

Glycophorin A, R10 — —

* The immunophenotypes of leukemic B cell precursors were determined by immunofluorescence staining techniques and flow cytometry
(fresh marrow blasts) of immunofluorescence microscopy (colony blasts), as described in Methods. Cases were considered positive when >10%
of cells reacted with the antibody used. Data are presented as percent positive cases, as well as percent positive cells in cases that were positive

cells in cases that were positive for the markers analyzed.

detected in fresh marrow (46, XX, t[6;12] [p21; p13], del[7]
[p13p22]), whereas the second clone had the same 6;12 trans-
location but did not show the deletion of chromosome 7 (46,
XX, t[6;12] [p21; p13]). In UPN 42, colony blasts had clonal
cytogenetic abnormalities identical to the karyotype of fresh
marrow blasts (54, XY, +Y, +4, +6, +10, +14, +18, +21,
t[9;22] [q34; q11], +der[22], t[9;22] [q34; q11]). Interestingly,
in UPN 47, the cytogenetic features of colony blasts differed
from those of karyotyped fresh marrow blasts. Specifically, the
malignant clone detected in fresh marrow was pseudodiploid
(46, XY, —15, t[9;22] [q34; q11], +mar), whereas colony
blasts were hyperdiploid with additional SCA (52, XY, +X,
+20, t[2;14] [p11; q32], +4mar). Despite the observed differ-
ences with fresh marrow blasts, colony blasts in all three cases
had SCA that confirmed their leukemic origin.

Among the 33 cases with successful cultures, we could
identify two major immunological groups based on expression
of CALLA. In the first group of 22 CALLA" patients (67%),
cultured B cell precursor ALL cells from primary day 7 blast
colonies were CALLA". In the second group of 11 CALLA*
patients (33%) (UPN 7, 14, 16, 18, 24, 30, 35, 38, 46, 47, and
50), colony blasts did not express detectable amounts of
CALLA. Colony blasts in both groups were always positive for
at least two distinct B lineage markers. In replating experi-
ments, the immunophenotype of cultured blasts from second-
ary colonies was identical to that of B lineage blasts from
primary day 7 colonies. Most importantly, CALLA™ colony
blasts yielded CALLA™ secondary colonies (UPN 7 and 24),
and CALLA" colony blasts yielded CALLA* secondary colo-
nies (UPN 3, 13, 22, 23, 32, 34, and 39). Notably, cultured
blasts from each case had slightly different marker profiles.
These findings suggest the existence of at least two immuno-
logically distinct (CALLA™ and CALLA") leukemic progeni-
tor cell populations in CALLA* B cell precursor ALL. This
hypothesis is further supported by our initial cytogenetic stud-
ies on leukemic B cell precursor colony blasts. Primary colony
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blasts from UPN 38 were not only CALLA™, but they also had
a completely different karyotype from the malignant clone
detected in the fresh marrow sample that contained 88%
CALLA" blasts.

Associations between in vitro colony formation and other
laboratory and clinical parameters. As shown in Table IV, a
very pronounced association was established between PE and
the karyotypic findings. The mean PE values of fresh marrow
blasts from patients with a normal diploid (n = 2) and hyper-
diploid (n = 11) clone were 0.09 and 0.35%, respectively.
Among these 23 cases, only UPN 5, 42, and 45 had PE values
higher than the median PE. Significantly, all three patients
were hyperdiploid with additional SCA. Bone marrow blasts
from 5 of 11 patients (45%) with a hyperdiploid karyotype and
from 5 of 12 patients (42%) with a normal diploid karyotype
failed to proliferate and form colonies. By comparison, mar-
row blasts from all patients with a pseudodiploid or hypodi-
ploid karyotype and additional SCA formed blast colonies
with a mean PE value of 1.21%. This value is significantly
different from the PE values of marrow blasts from normal
diploid and hyperdiploid cases (P < 0.001). The PE values for
9 of 11 patients (82%) in this group were higher than the
median PE (i.e., 0.408%). When we compared the mean PE
values for all patients with and without, SCA we again found a
very significant difference (1.04% vs. 0.10%, P < 0.001). Par-
ticularly, note that only patients with SCA had a PE higher
than the median value of 0.408%. Notably, the in vitro growth
patterns of marrow blasts from patients with similar cytoge-
netic abnormalities were consistent; two patients with aberra-
tions involving 7 p13 (UPN 3 and 39), two with cytogenetic
abnormalities involving 11 q23-24 (UPN 3 and 17), four with
SCA involving 12 p11-13 (UPN 4, 22, 39, and 43), and two
with a Philadelphia chromosome (UPN 42 and 47) all had
high PE values. Also, a significant association was established
between percentage of cells in S phase (%S) of marrow blasts
and their PE values (P < 0.05). The mean PE of fresh B cell
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Table IV. Significant Statistical Correlations*

%PE

Patient subgroups n Mean (+SE) P
Normal diploid karyotype 12 0.09 (+0.03)
Hyperdiploid karyotype 11 0.35 (x£0.13) <0.001
Pseudodiploid karyotype or

hypodiploid karyotype

with SCA 11 1.21 (£0.26)
No SCA 16 0.10 (£0.03)
SCA 16 1.04(x020) 000!
%S <49 16 0.19 (+0.08)
%S =49 15 0742021 0050
New 40 0.37 (x£0.01)
Relapse 10 0.79 (%0.25) 0.059

* The mean (+SE) PE of leukemic B cell precursor blasts were com-
pared (in the log scale) using two-sample, two-sided student’s ¢ tests
and analysis of variance.

precursor ALL marrow blasts was significantly higher in pa-
tients with an S phase fraction that was greater than the me-
dian %S, than in patients with smaller S phase fractions (0.74%
vs. 0.19%, P < 0.05). Furthermore, this correlation between
%S and PE was also significant on a continuous scale (r = 0.36,
P <0.05). Notably, a significant correlation was also found
between expression of the B lineage marker B43 and PE (r
= (.38, P < 0.05). A nonsignificant trend was present toward
higher PE values in relapsed vs newly diagnosed patients (P
= 0.059). We examined the combined effects of karyotype,
%S, CD19, and relapse status on PE by means of a multiple
regression analysis. Karyotype remained a highly significant
predictor of PE when the other variables were taken into ac-
count (P < 0.001). All multiple regression models, which in-
cluded karyotype as an independent variable, provided a sig-
nificant prediction of PE. Other continuous or categorical
variables, including age, sex, WBC at diagnosis, and FAB mor-
phology did not improve prediction of PE when added to any
of the multiple regression models that included karyotype. PE
was not correlated with sex, age, FAB morphology, WBC at
the time of diagnosis, DI, nor expression of CD9, CD10, or
CD24 on fresh marrow blasts.

Discussion

In the present study, we used a leukemic progenitor cell assay
system (6) to analyze the in vitro proliferative activity of fresh
marrow blasts from 50 B cell precursor ALL patients in rela-
tionship to other commonly measured disease- and host-re-
lated parameters. Our findings demonstrate a pronounced as-
sociation between the proliferative activity of leukemic B cell
precursors and their karyotypic features.

Blast colony formation was observed for 33 patients and
the PE showed a marked interpatient variation, indicating a
pronounced biological heterogeneity at the level of leukemic
progenitor cells. Notably, the mean PE of leukemic B cell
precursor blasts from patients with a pseudodiploid or near-
diploid karyotype with SCA was significantly higher than the
mean PE of normal diploid or hyperdiploid cases. Overall, the
mean PE of leukemic B cell precursors from patients with SCA
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was 10-fold higher than that for patients without SCA. The
underlying reason for these marked differences in PE among
ALL patients with different karyotypic findings is as yet un-
known. Researchers have suggested that translocations might
alter the expression of a cellular transforming gene by bringing
it under the control of a new promoter—enhancer (18, 19). To
date, cellular oncogenes have been mapped to human chro-
mosomes 1-9, 11, 12, 14, 15, 17-22, and X (18). A remarkable
concordance has occurred between the chromosomal location
of these protooncogenes and the breakpoints involved in
chromosome translocations—deletions, especially in leukemias
and lymphomas (18). Chromosomal rearrangements and fu-
sion near or at the sites of cellular oncogenes can result in
activation of the relevant transforming genes and/or produc-
tion of novel fused transcripts of two genes—oncogenes
(20-24). There is accumulating evidence that the products of a
number of protooncogenes show structural and functional
near-identity to growth factors or growth factor receptors
(25-28). Hence, activation of these cellular oncogenes by chro-
mosomal rearrangements may result in an autocrine stimula-
tion of cell growth and provide leukemic blasts with a prolifer-
ative advantage (19, 20, 26). Alternatively, some oncogenes
may confer growth autonomy via indirect mechanisms, such
as the postreceptor signal transduction pathways that generate
a mitogenic response in target cells. Significantly, the in vitro
growth patterns of marrow blasts from B cell precursor ALL
patients with similar cytogenetic abnormalities were consis-
tent. All patients who had SCA involving 7p13, 11q23-24, or
12p11-13, and patients with a Philadelphia chromosome had
high PE values: C-erb B has been mapped to band p13 on the
short arm of chromosome 7 (18). The break point on chromo-
some 7 in both UPN 3 and 39 was at this locus, and both cases
yielded a high PE. The oncogene Hu-ets-1 has been mapped to
band q23-24 on the long arm of chromosome 11 (18). Sacchi
et al. recently demonstrated that this gene can translocate from
its normal position as a consequence of chromosomal rear-
rangements involving the 11q23-24 breakpoint (29). The Hu-
ets-1 product has been postulated to be a growth-regulatory
factor (29). We observed intriguingly high numbers of blast
colonies in marrow samples from both patients with cytoge-
netic abnormalities involving 11g23-24 (UPN 3 and 17). Four
patients (UPN 4, 22, 39, and 43) had SCA involving the same
region on the short arm of chromosome 12 (bands p11-13),
and all four had high PE values. It is noteworthy that c-Kras 2
oncogene has been mapped to the same region (18). Similarly,
both patients with a Philadelphia chromosome (UPN 42 and
47) had very high PE values.

Besides the karyotypic findings, the S phase cell percentage
also had a statistically significant predictive value for PE. This
indicates that cell cycle kinetic properties greatly affect the in
vitro growth capacity of leukemic B cell precursors. Fresh
marrow blasts from relapsed patients had a twofold higher PE
than blasts from newly diagnosed patients. This finding cor-
roborates the fact that the vast majority of leukemic cell lines
reported in literature have been established using marrow sam-
ples from ALL patients in relapse (30).

The immunological surface marker profiles of all 50 ALL
patients were consistent with B lineage affiliation. Despite the
similarities in expression of B lineage—-associated surface anti-
gens, a marked variation in the in vitro growth characteristics
existed among these B cell precursor ALL patients. Remark-
ably, a significant correlation was found between CD19 ex-



pression on fresh leukemic B cell precursors and their PE. An
intriguing possibility is that the function of this determinant
may be related to growth control in B cell precursor ALL. PE
was not correlated with sex, age, FAB morphology, WBC at
diagnosis, DI, nor expression of CD9, CD10, or CD24 on
leukemic B cell precursor blasts.

From the surface marker analyses of colony blasts in the 33
patients with successful cultures, a marked interpatient varia-
tion became apparent in the expression of B lineage surface
determinants, not only on the bulk of marrow blasts, but also
on the clonogenic subpopulations. Colony cells from each
successfully cultured B cell precursor ALL case had slightly
different marker profiles. In 33% of cases, cultured blasts did
not express detectable amounts of CALLA, although the initial
blast populations were strongly positive for this determinant.
Replating experiments were performed to test the self-renewal
ability of day 7 colony blasts and the stability of their immun-
ophenotype. Secondary colonies were obtained in patients
with both CALLA* and CALLA™ primary colonies. The sec-
ondary PE values of CALLA* and CALLA™ colony blasts were
comparable. Since the bulk of initial marrow blasts in all pa-
tients were CALLA™, and the described culture conditions did
not appear to provide a selective growth advantage for
CALLA" blasts, the presented data indicate the existence of
CALLA™ leukemic progenitor cells in a number of patients
with CALLA* B cell precursor ALL. Our hypothesis is sup-
ported by the clinical observation that the dominant leukemic
immunophenotype may change in an individual B cell pre-
cursor ALL patient (31, 32). In one series of 143 patients with
Blineage ALL, 19 showed an altered phenotype at relapse, and
the most common change was either the loss or acquisition of
CALLA (31). Our findings also agree with Toew et al., who
sorted and successfully cultured CALLA* as well as CALLA™
blast fractions in two patients with B cell precursor ALL (5).

In summary, we have used a colony assay system to detail
the in vitro growth characteristics of fresh marrow blasts and
the immunophenotypic features of cultured marrow blasts
from 50 B cell precursor ALL patients. Our study exemplifies
how this leukemic progenitory cell assay can be used to illumi-
nate the heterogeneity among B cell precursor ALL patients
with different clinical-laboratory findings. To our knowledge,
this report represents the first detailed comparative analysis of
the proliferative activity of clonogenic fresh marrow blasts
from B cell precursor ALL patients. Our data provide unique
and direct evidence for (a) a marked heterogeneity at the level
of leukemic progenitor cells in B cell precursor ALL and (b) a
significant correlation between the in vitro proliferative activ-
ity of leukemic B cell precursors and certain structural chro-
mosomal abnormalities. Future studies will be necessary to
evaluate the prognostic value of in vitro colony formation as a

new biological parameter.
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