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Abstract

We developed a stroma cell culture system that suppresses
apoptosis of malignant cells from cases of B-lineage acute
lymphoblastic leukemia. By multiparameter flow cytomet-
ric measurements of cell recovery after culture on stromal
layers, we assessed the growth potential of 70 cases of newly
diagnosed B-lineage acute lymphoblastic leukemia and re-
lated the findings to treatment outcome in a single program
of chemotherapy. The numbers of leukemic cells recovered
after 7 d of culture ranged from < 1 to 292% (median, 91%).
The basis of poor cell recoveries from stromal layers ap-
peared to be a propensity of the lymphoblasts to undergo
apoptosis. The probability of event-free survival at 4 yr of
follow-up was 50=9% (SE) among patients with higher cell
recoveries (> 91%), and 94+6% among those with reduced
cell recoveries (= 91%; P = 0.0003). The prognostic value of
leukemic cell recovery after culture exceeded estimates for
all other recognized high-risk features and remained the
most significant after adjustment with all competing covari-
ates. Thus, the survival ability of leukemic cells on bone
marrow-derived stromal layers reflects aggressiveness of the
disease and is a powerful, independent predictor of treat-
ment outcome in children with B-lineage acute lymphoblas-
tic leukemia. (J. Clin. Invest. 1996. 97:755-760.) Key words:
cell death . cell division « cultured tumor cells « flow cytome-
try « prognosis

Introduction

Childhood B-lineage acute lymphoblastic leukemia (ALL),}
the most common form of cancer in children, arises in the bone
marrow from malignantly transformed B-lymphoid progeni-
tors. In general, B-lineage ALL is highly responsive to inten-
sive multiagent chemotherapy, with more than 70% of patients
becoming long-term survivors in recent studies (1-4). To im-
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prove cure rates further, it will be necessary to develop more
sensitive methods of identifying high-risk patients early in the
clinical course, permitting appropriate intensification of ther-
apy. Conversely, it may be possible to recognize small sub-
groups with otherwise unfavorable prognostic features who
could be cured with standard or reduced treatment.

The ability of the leukemic clone to grow is likely to influ-
ence the degree of tissue infiltration, the likelihood of develop-
ing multidrug resistance, and, ultimately, treatment outcome.
Until recently, however, leukemic growth potential has been
difficult to assess because cells from the majority of cases rap-
idly die by apoptosis when placed in vitro (5). We found that
apoptosis of leukemic lymphoblasts is prevented by direct con-
tact with bone marrow—derived stromal layers, and established
a culture system for maintaining B-lineage leukemic cells on
stromal layers in a serum-free environment (5-9). The fraction
of originally seeded cells remaining in culture varied widely,
suggesting that the cell recovery rate might be used as an assay
to evaluate the growth potential of the leukemic clone in indi-
vidual patients and assess its relation with treatment outcome.
This hypothesis was tested in 70 well-characterized cases of
childhood B-lineage ALL treated in a single program of inten-
sive chemotherapy. As reported here, measurements of leuke-
mic cell recovery after culture on stromal layers identify two
distinct, prognostically relevant forms of ALL that are difficult
to distinguish by conventional means.

Methods

Characterization of leukemic cells and treatment plan. This study in-
cluded all bone marrow samples obtained from children with
B-lineage ALL enrolled in the Total Therapy Study XII at this insti-
tution from September 1988 to November 1991 with sufficient cells
for culture. Thus, a total of 70 patients out of the 147 enrolled in
Study XII were represented in the analysis. Their presenting features,
summarized in Table I, were typical of those of larger cohorts with
this immunologic subtype of ALL (3), and were not significantly dif-
ferent from those of the remaining 77 patients (not shown), with the
exception of a higher proportion of cases with leukocyte counts > 50
X 10°Niter (17 of 70 vs. 7 of 77; P = 0.015 by Fisher’s exact test).

Immunophenotyping, performed by standard techniques, yielded
an unequivocal diagnosis of B-lineage ALL in each case (> 80% of
the blast cells were CD19*, CD22", and lacked surface Ig). Chromo-
somes were analyzed by conventional banding methods. For flow
cytometric analysis of DNA content, the cells were processed as
described earlier (6). Scanning electron microscopy and gel electro-
phoresis in the DNA fragmentation studies were performed as de-
scribed in References 5 and 6. Staining of leukemic cells for EBV nu-
clear antigen (EBNA-2) was performed with a specific mAb (gift of
Dr. M. Rowe, Birmingham, U.K; reference 10); the Raji cell line was
used as a positive control.

The treatment plan followed the Total Therapy Study XII proto-
col (11). Briefly, remission induction chemotherapy consisted of
prednisone, vincristine, daunorubicin, and L-asparaginase followed
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Table I. Relation of Commonly Measured Presenting Characteristics to Leukemic Cell Recovery after Culture on Stromal Layers

Percent cell recovery*

Feature Category =91 >91 P-value*

Ploidy* 51-65 chromosomes 17 1 < 0.001
< 46 chromosomes 0
others 17 30

Leukocyte count (X 10%/liter) =50 32 21 0.004
> 50 3 14

Serum LDH (Ulliter) =770 32 24 0.034
> 770 3 11

Age (yr) <1 0 4 0.141
1-10 29 24
>10 6 7

Percentage S phase cells* =64 13 18 0.145
> 6.4 22 14

CNS involvement® No 27 26 0.346
Yes 4 8

Phenotype Early pre-B 23 22 0.99
Pre-Bl 12 13

Sex Female 19 19 0.99
Male 16 16

*The median percentage of CD19" lymphoblasts recovered after 7 d of culture on stromal layers relative to the number recovered after 1 h was 91%
(range = < 1-292%); *by Fisher’s exact test; Ydata not available for all cases; Icases with cytoplasmic w heavy-chain expression.

by teniposide plus cytarabine. Children who entered complete remis-
sion received 120 wk of continuation therapy with daily mercaptopu-
rine and weekly methotrexate, interrupted every 6 wk during the first
year with alternating pulses of high-dose methotrexate or teniposide
plus cytarabine pulse therapy (five courses each). All patients re-
ceived age-adjusted doses of triple intrathecal methotrexate, hydro-
cortisone, and cytarabine during the first year of continuation ther-
apy. Cranial irradiation and five doses of intrathecal chemotherapy
were then given to patients with higher-risk ALL (18 Gy) or those
with central nervous system (CNS) leukemia at diagnosis (24 Gy).

Preparation of bone marrow cells and culture experiments. Bone
marrow stromal cells were prepared by culturing T cell-depleted
mononuclear cells from healthy bone marrow donors in 96-well flat-
bottomed microtiter plates (Costar Corp., Cambridge, MA) with
RPMI 1640 (Whittaker Bioproducts Inc., Walkersville, MD), 10%
FCS (Whittaker Bioproducts Inc.) and 107¢ M hydrocortisone (Sigma
Chemical Co., St. Louis, MO), as previously described (5-9). All
leukemic samples were placed in culture (n = 7) or cryopreserved
(n = 63) within 5 h of collection; cell viability exceeded 80% by stain-
ing with trypan-blue dye. In preliminary experiments with nine
B-lineage ALL cases, in which both fresh and cryopreserved samples
were cultured on stromal layers, cryopreservation did not signifi-
cantly affect lymphoblasts’ survival and growth in culture (not
shown). Leukemic lymphoblasts, depleted of T cells with CD4- and
CDS8-conjugated immunomagnetic beads (Dynal, Oslo, Norway)
were resuspended at a final concentration of 1.5 X 10%ml in AIM-V
(GIBCO BRL, Grand Island, NY), a chemically defined, serum-free
medium that contains insulin as its sole growth factor. 200 pl of the
suspension were then seeded onto marrow stromal cells that had
been extensively washed to remove FCS and hydrocortisone or were
placed in identical plates without stroma. Cells were cultured for 7 d
in an incubator set at 37°C, 5% CO, and 90% humidity.

At the termination of cultures, cells were harvested by vigorous
pipetting, incubated with CD19 mAb conjugated to FITC, and CD3
conjugated to phycoerythrin (both from Becton Dickinson Co., San
Jose, CA), and analyzed with a FACScan® flow cytometer with Lysis
II software (Becton Dickinson Co.) as previously described (5-9). Af-
ter 7 d of culture the percentage of cell recovery was calculated as fol-
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lows: (no. of CD19* lymphoblasts after 7 d of culture) X 100/(no. of
CD19* lymphoblasts after 1 h of culture). All results are reported as
the mean of at least duplicate experiments (SEM, 0.1-8.9%). Leuke-
mic cells were counted without knowledge of the patient’s clinicobio-
logic features or treatment response.

To ensure that the source of stromal layers was not a factor in the
survival and proliferation of leukemic lymphoblasts in vitro, we com-
pared the growth-supporting capabilities of stromal layers prepared
from different donors. In tests with 28 ALL samples, these prepara-
tions yielded essentially the same results (r = 0.953, P < 0.001 by
Spearman’s linear regression analysis).

Statistical analysis. Distributions of commonly measured pre-
senting features, according to the percentage of viable leukemic cells
(above or below the median percent value) recovered after 7 d of cul-
ture, were compared by Fisher’s exact test. The probability of surviv-
ing without an adverse event (i.e., failure to enter remission, relapse,
or death due to any cause) was estimated by the method of Kaplan
and Meier; associated standard errors were calculated by the method
of Peto et al. (12). The prognostic importance of the percentage of
leukemic cells recovered after culture was determined, first, by
univariate analysis with leukocyte count, age at diagnosis, and other
factors known to influence outcome in ALL, and then by stratified
analysis with covariates attaining significance in the univariate model.
All comparisons of event-free survival distributions were made by the
exact logrank test, using the StatXact-Turbo statistical software for
exact nonparametric inference (Cytel Software Corp., Cambridge,
MA). The odds ratio and 95% confidence interval (CI) for a patient
with the adverse category of a given prognostic factor was computed
according to Peto and coworkers (13). A P value of < 0.05 was taken
to indicate statistical significance.

Results

Survival of leukemic lymphoblasts on stromal layers. To mea-
sure the growth potential of leukemic lymphoblasts, B-lineage
ALL cells from diagnostic bone marrow samples were cul-
tured on allogeneic bone marrow—derived stromal layers in se-
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Figure 1. Outline of
the tissue culture tech-
nique and cell counting
protocol used in this
study. BM, bone mar-
row; Ab, antibody. PE,
phycoerythrin.

rum-free medium for 7 d. At the termination of the cultures,
the numbers of viable lymphoblasts expressing the B cell
marker CD19 were counted by flow cytometry (5-9) and com-
pared to those recovered after 1 h of culture (Fig. 1). The num-
bers of CD19" cells recovered after 7 d of culture ranged from

<110292% (median, 91%) of those originally seeded. Among
the samples with > 91% cell recovery, 34 were cryopreserved
and 1 was cultured fresh; cases with = 91% cell recovery in-
cluded 29 cryopreserved and 6 fresh samples (P = 0.106).

To confirm that this assay reflected the loss or gain of leu-
kemic lymphoblasts, we compared immunophenotypes before
and after culture. In four samples tested after 8, 56, 59, and
84 d of culture, the fractions of cells expressing CD19, CD3,
surface Ig, CD10, CD13, CD15, CD33, CD65, and CD34 were
essentially unchanged from earlier findings (not shown). None
of the three samples examined (collected after 8, 59, and 84 d
of culture) reacted with an mAb specific for the EBNA-2 pro-
tein (10), excluding the possibility that EBV-stimulated lym-
phoblastoid lines had overgrown leukemic cells.

Mechanism of leukemic cell death. During efforts to iden-
tify the basis of poor cell recovery (i.e., < 50%) from stromal
layer cultures, we observed shifts in cellular light-scattering
properties that were reminiscent of those associated with
apoptosis, e.g., after treatment with corticosteroids or anti-
Apo 1/Fas antibodies (Fig. 2 A; 7, 14). These changes consisted
of a reduction in forward scatter, indicating a reduction in cell
size, and an increase in side scatter, indicating an increase in
cell granularity. By light microscopy, the lymphoblasts from
these cases showed prominent nuclear fragmentation after 72—
96 h of culture, which is typical of apoptosis (not shown). Ad-
ditional evidence that cells died from apoptosis was obtained
by flow cytometry, which showed reduced DNA staining due
to the release of fragments from apoptotic cells (Fig. 2 B; 15),
and by gel electrophoresis, which showed a typical ladder of
multiples of 180 basepair fragments (Fig. 2 C; 16). Finally,
apoptotic cell death was also suggested by scanning electron
microscopy. After 5 d, many cells had begun to deteriorate,
and the overall cellularity of the cultures was visibly decreased
as compared to control cultures, in which > 91% of cells were
recovered after 7 d (Fig. 2 D).
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Figure 2. Apoptotic death, the basis
of poor cell recovery from stromal
layers. In all cases with particularly
low cell recovery (i.e., < 50%) there
was a marked reduction in flow cyto-
metric forward scatter, indicating a
reduction in cell size, and an in-
crease in side scatter, indicating an
increase in cell granularity after stro-
mal cultures (A, lower plots).
Changes in cell morphology were ac-
companied by a decrease in cellular
DNA content (B, lower plots). By
contrast, in cases with better cell re-
covery (i.e., > 91%) after stromal
cultures, no significant changes in
light scattering (A, upper plots) or
DNA content (B, upper plots) were
detected. In addition, DNA frag-
mentation in multiples of 180 base-
pairs was visible by gel electrophore-
sis after 72 h of culture in cases with
poor cell recovery (C, lane 7), but
not in cases with better cell growth
(C, lane 2; MW, molecular weight

marker of multiples of 123 base-

pairs). Finally, severe deterioration of cell morphology was documented by scanning electron microscopy after 5 d of culture (D, 1), which mark-
edly contrasted with the morphologic features of cells in cases with better cell recovery (D, 2).
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Table I1. Association of the Proliferative Fraction of Leukemic
Cells with Cell Recovery after Culture on Stromal Layers

Percent viable cells in S phase

Percent cells recovered

Sample Before culture After 3-5 d of culture after 7 d of culture*
1 16.3 16.8 6
2 4.5 21.0 7
3 10.5 21.1 24
4 7.3 16.3 34
5 2.4 133 105
6 23 7.0 106
7 4.0 10.0 111
8 9.3 123 143
9 9.5 14.7 178

*Relative to the number of cells originally seeded.

In parallel experiments in which cells were cultured in the
absence of stroma, apoptosis developed rapidly in most cases.
Median cell recovery after 7 d of culture in 69 cases was < 1%
(range, < 1-122%).

Relation of leukemic cell survival on stroma to presenting
clinicobiologic features. Table 1 shows the percentage of cell
recovery by the clinical and biologic features commonly mea-
sured at diagnosis of ALL. Significant differences were found
in comparisons between prognostic categories of leukemic cell
ploidy, leukocyte count, and serum lactate dehydrogenase
(LDH) level. The correlation with ploidy was striking. Of the
18 hyperdiploid cases (modal chromosome numbers of 51-65),
only one showed higher growth potential (i.e., a cell recovery
rate > 91%), as compared with 34 of 51 in other ploidy groups
(P < 0.001). As might be expected, a larger burden of leuke-
mic cells was closely related to lymphoblast survival on stromal
layers: 14 of 17 cases with leukocyte counts > 50 X 10%liter
had cell recovery rates > 91%, in contrast to only 21 of 53 with
lower counts (P = 0.004). A similar relationship was demon-
strated for higher serum LDH levels, another indicator of the
size of the leukemic cell infiltrate.

Higher rates of cell recovery were common in small sub-
groups of cases with exceptionally poor prognoses (17). For in-
stance, seven of the eight cases with either the Philadelphia
chromosome or an abnormality of the 11q23 chromosomal
region were characterized by cell recoveries of > 91%. The
single case of Philadelphia chromosome—positive ALL with a

Table I11. Univariate Analysis of Selected Prognostic Features
in the 70 Patients Studied

Adverse feature Odds ratio (95% CI) P value
High cell recovery (> 91%) 6.03 (2.44,14.92)  0.0002
Leukocyte count > 50 X 10%/liter 5.19(1.70,15.84)  0.0140
Presence of CNS leukemia 6.35(1.75,23.08)  0.0150
Male sex 3.10 (1.24,7.80) 0.0173
Age <lor>10yr 5.01 (1.56,16.12)  0.0182
Nonhyperdiploidy (< 51 chromosomes)  2.32 (0.84, 6.39) 0.1130
Pre-B immunophenotype 1.67 (0.63, 4.43) 0.3288
Serum LDH > 770 U/liter 1.34 (0.45, 4.01) 0.6123
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Figure 3. Kaplan-Meier comparison of event-free survival among
children grouped by percentage of lymphoblasts recovered from 7-d
stromal layer cultures. High cell recovery: > 91%; low cell recovery:
= 91%. 4-yr estimates (*SE) are shown on the curves; numbers
along the curves denote patients at risk of failure at the beginning of
each yearly interval.

relatively low recovery rate (18%) had a hyperdiploid chro-
mosome number. Leukemic lymphoblasts with < 46 chromo-
somes and those from infants < 1 yr of age consistently sur-
vived well on stromal layers (Table I).

The percentage of S-phase cells at the time of diagnosis was
not significantly related to cell recovery (P = 0.145; Table I).
However, this result did not exclude the possibility that higher
cell recoveries after culture on stromal layers might reflect the
selection of subclones with high proliferative activity. To the
contrary, among viable lymphoblasts recovered from 3-5-d
cultures on stromal layers (n = 9), percentages of S-phase cells
determined were higher in cases with low recovery rates (Ta-
ble IT). Thus, cell recoveries after culture on stroma did not re-
flect the rate of DNA synthesis during culture.

Cell recovery after culture on stromal layers as a predictor of
clinical outcome. All 70 patients were included in the analysis
of event-free survival (Fig. 3). Within 4 yr from the start of
treatment, 17 patients in the group with > 91% leukemic cell
recovery had an adverse survival event, compared with only
two in the worse cell recovery cohort. The estimated propor-
tions of patients surviving event-free at 4 yr of follow-up were
50%+9% (SE) and 94+6%, respectively (P = 0.0003 for the
overall Kaplan-Meier comparisons). Among the patients with
adverse survival events, there was no linear relation between
percentage of cell recovery and time of treatment failure (data
not shown). Event-free survival estimates did not differ signifi-
cantly between the 70 eligible patients and the remaining 77
B-lineage ALL patients who also were treated in the same
protocol (P = 0.41; curves not shown). The percentage of cell
recovery from 7-d cultures without stroma did not predict clin-
ical outcome (69 samples studied; P = 0.96; data not shown).

In the univariate statistical analysis, cell recovery after cul-
ture on stroma and four other patient characteristics (leuko-
cyte count, CNS involvement at diagnosis, age, and sex) were
significantly related to clinical outcome (Table IIT). The odds
of failure (no remission, relapse, or death due to any cause) for
patients in the unfavorable category of cell survival on stroma
were 6.03 times those in the opposite category (95% CI, 2.44—
14.92). Only two of the significant competing factors, CNS in-
volvement at diagnosis and sex, showed an effect on outcome
after adjustment for survival on stroma, whereas the reverse
adjustments failed to abolish or substantially weaken the pre-
dictive strength of the stromal assay (Table IV). Combined ad-



Table IV. Stratified Analysis of Prognostic Features*

Adverse feature Odds ratio (95% CI)* P value Odds ratio (95% CI)* P value
High cell recovery (> 91%) — — 6.03 (2.44, 14.92)! 0.0002
WBC > 50 X 10%/liter 2.06 (0.77,5.51) 0.2167 5.09 (1.87,13.82) 0.0016
Age <1lor>10yr 3.57 (1.18,10.84) 0.0571 5.24 (2.09, 13.10) 0.0002
Presence of CNS leukemia 427 (1.27,14.38) 0.0326 4.71 (1.85, 12.00) 0.0008
Male sex 3.53 (1.39, 8.99) 0.0077 6.80 (2.72,16.98) 0.0001

*Limited to variables attaining statistical significance in Table III. Simultaneous adjustment for competing covariates yielded an odds ratio of 4.40 (95%
CI, 1.25-15.49; P = 0.021); *each factor adjusted for high cell recovery (> 91%); $high cell recovery adjusted for each factor; lunadjusted ratio.

justment for all significant prognostic factors confirmed the in-
dependent prognostic significance of leukemic cell survival in
culture (odds ratio = 4.4; 95% confidence interval, 1.25-15.49;
P =0.021).

Discussion

Acute lymphoblastic leukemia is thought to arise from a pro-
cess in which multiple transformation events alter the ability of
lymphoid progenitors to survive, proliferate and differentiate
(18-20). We took advantage of recently developed tissue cul-
ture techniques permitting reconstruction of the bone marrow
microenvironment in vitro to assess the growth potential of
leukemic B-lymphoblasts. The recovery of viable cells after 7 d
of culture showed wide variability, ranging from < 1 to 292%
(median, 91%). These differences appear to reflect the intrin-
sic survival requirements, rather than the proliferative activity
of leukemic cell populations. We favor this interpretation be-
cause of the lack of correlation between the percentage of
S-phase cells and the rate of cell recovery (Tables I and II), to-
gether with the higher apoptotic death rate in cases with
poorer survival on bone marrow stroma.

A major advantage of this assay is that leukemic cells are
counted precisely by flow cytometry at the beginning and end
of the cultures. Immunophenotypic analysis allows rare nor-
mal T lymphocytes to be excluded from the final results.
Anomalous cell growth dependent on unknown factors in ani-
mal sera was avoided by performing all cultures in serum-free
medium, thus ensuring the reproducibility of the assay. One
variable that may have influenced cell recoveries was the use
of different bone marrow donors as a source of stroma. How-
ever, all cultures were performed with morphologically identi-
cal and confluent stromal layers, and comparable levels of cell
viability were attained with stroma from different donors.

Our findings indicate that leukemic cell survival on bone
marrow stroma provides a more reliable indicator of prognosis
than other, more commonly measured variables in ALL (4).
At 4 yr of follow-up, only 50% of the patients with higher cell
recoveries had no adverse events, compared with more than
90% in the group with lower recoveries. In our multivariate
analysis, cell growth on stroma emerged as the single best pre-
dictor of clinical outcome in patients treated on a contempo-
rary protocol of leukemia therapy. This result has several theo-
retical explanations. Most obvious is the greater likelihood of
multidrug resistance in more rapidly expanding leukemic cell
populations (21). It is also possible that cells with less stringent
survival requirements could infiltrate and expand within ex-
tramedullary sites not readily accessible to antileukemic drugs.
Finally, more stringent survival requirements could underlie a

propensity for apoptosis, resulting in superior responses to cy-
totoxic chemotherapy. This point is well-illustrated by experi-
ence with hyperdiploid ALL, described below.

For more than a decade, hyperdiploidy (51-65 chromo-
somes) has been recognized as a highly favorable prognostic
feature in childhood ALL (17, 22, 23), although the basis for
this status has not been clear. Some investigators have postu-
lated that hyperdiploid blast cells have reduced “tumorigenic-
ity” (24) or a greater “tendency towards terminal differentia-
tion” (25), but these concepts lack strong experimental support.
Our results suggest that an increased tendency to undergo ap-
optosis may account for the high cure rates commonly
achieved in this biologic subtype of ALL. It should be noted
that 2 of our 18 hyperdiploid cases had an adverse survival
event, consistent with results in larger trials (1). Cell recovery
rates in both of these cases were higher than in the remaining
16 cases (74 and 133% vs. < 1-56%), emphasizing the poten-
tial value of our bioassay for identifying rare high-risk patients
in otherwise low-risk groups. Conversely, a low cell recovery
might distinguish patients in poor-prognosis groups who do
not require intensified treatment (17).

To summarize, we have described a prognostically impor-
tant bioassay based on the culture of B-lineage leukemic cells
on bone marrow—derived stromal layers, a microenvironment
that approximates in vivo conditions. Histopathologic detec-
tion of leukemic cells in immunodeficient mice 12 wk after in-
oculation has also been suggested as a means of identifying
ALL patients with a higher risk of relapse (26). However, the
stromal layer assay offers clear advantages for use in planning
risk-directed therapy, as its results are available in 1 wk. It is
also ideally suited for determining the drug sensitivity of leu-
kemic cells (7, 8, 27, 28) allowing one to correlate this feature
with cell growth potential in the same system.
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