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Abstract

Long-term cultures were initiated with leukemic marrow aspirate
cells from each of 13 newly diagnosed acute myelogenous
leukemia (AML) patients. Initial assessment of the clonogenic
potential of the marrow suggested that normal hemopoietic
progenitors were reduced in most cases and progenitors of
abnormal colonies and clusters were present in 10 cases.
Subsequent assays of both nonadherent and adherent fractions
of long-term cultures revealed two patterns of progenitor cell
behavior. The most common pattern (nine cases) featured the
detection after 14 wk of near normal numbers of typical
erythroid, granulopoietic, and mixed colony-forming progenitor
cells. Progenitors of abnormal (blast) colonies and clusters
initially demonstrable in eight of these nine cases were, in
these cases, not sustained in long-term culture and could not
be found after 4 wk. Conversion to cytogenetic normalcy in
long-term culture was confirmed in two experiments in this
group. The second pattern (four cases) was characterized by
the failure of progenitors capable of normal differentiation to
become detectable in long-term cultures, and the concomitant
maintenance of blast progenitors in the two cases in this group
where such cells were initially demonstrable. Although progen-
itors capable of producing abnormal (blast) colonies or clusters
in methylcellulose were not detected in either of the other two
experiments, the maintenance for 6 wk of a hypercellular
nonadherent blast population in one of these suggested the
persisting activity of an "adherent layer-dependent" leukemic
progenitor cell. Taken together, these findings indicate a strong
correlation between the presence of leukemic blasts and their
progenitors and a decreased level of normal hemopoiesis. In
addition, the failure of leukemic cells to be maintained in long-
term marrow cultures from some (but not all) AML patients
suggests new applications of this methodology for studies of
early stages of leukemic cell development.

Introduction

Acute leukemia is characterized by the appearance in the
marrow and blood of a large population of cells that fail to
differentiate normally. It is now clear that these represent the
clonal progeny of a single transformed cell, although recent
evidence indicates that, at least in some patients, this cell may
retain to varying degrees the ability to generate apparently

Receivedfor publication 30 May 1984 and in revised form 24 October
1984.

normal blood elements (1). Studies with short-term clonogenic
systems suggest the existence within the abnormal clone of
progenitor populations of greater and lesser proliferative ability,
analogous in this respect to the various subclasses of progenitor
cells that normally maintain blood cell production (2-4).
However, little is known about the contribution of these blast
cell progenitors to clonal amplification in vivo or how they
may suppress the proliferation and differentiation of persisting
normal (nonclonal) progenitors.

To approach these questions, we sought to develop a
system in which normal and leukemic stem cells might be
maintained in culture for extensive periods. Studies in the
mouse indicated that normal stem cell maintenance could be
achieved for periods of several months under conditions first
described by Dexter et al. (5) and now widely referred to as
long-term marrow cultures. The key feature of such cultures
appears to be the formation of a complex contiguous network
of adherent marrow elements which include a variety of
hemopoietic (e.g., stem cells and macrophages) and nonhemo-
poietic components (e.g., fibroblasts) as well as other less well-
characterized cell types (5-9). Recently, this type of culture
system has been successfully adapted for use with normal
human marrow to the extent that primitive human pluripotent
and committed progenitors can be regularly shown to persist
in the adherent layer for periods of 8 wk or more (10, 1).

In an initial series of experiments we set out to examine
systematically the population dynamics of normal and neo-
plastic hemopoietic cell behavior in cultures of marrow from
patients with various types of leukemia. Data from a large
series of concomitant normal marrow cultures established and
maintained using the same procedures (1O, 11) provided a
basis for comparison. Results for long-term cultures initiated
with marrow from patients with chronic myeloid leukemia
(CML)' have been described elsewhere (12, 13). The present
report describes our experience with long-term cultures initiated
with marrow from newly diagnosed acute myelogenous leu-
kemia (AML) patients and maintained for a minimum period
of 6 wk. The findings obtained refer to a series of 13 consec-
utively accrued patients, for whom, in all but two initial cases,
sufficient marrow cells were available to establish at least one
long-term marrow culture (i.e., >2 X 107 cells).

Methods

Patients. The clinical and hematological data for the 13 AMLcases
studied are shown in Table I. For convenience, they have been grouped

1. Abbreviations used in this paper: AML, acute myelogenous leukemia;
BFU-E, burst-forming unit; CFU-C, granulopoietic progenitor; CFU-
E, erythropoietic colony-forming unit; CFU-G/E, pluripotent progenitor,
CML, chronic myeloid leukemia; FCS, fetal calf serum; LCM, leukocyte-
conditioned medium.
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Table I. Patient Data

Peripheral blood Bone marrow

FAB
Case no. Sex Age Hg Leukocytes Blasts Platelets Blasts classification

gidI /mmJ % /mm. %

I F 60 12 1,600 9 160,000 41 M2
2 F 34 11 8,200 12 122,000 35 M2
3 M 28 9 218,000 87 91,000 87 M4
4 M 67 6 3,400 23 7,000 35 Not classified
5 M 63 8 380,000 97 75,000 82 M5
6 F 70 9.4 700 0 83,000 65 M3
7 F 80 13 14,800 3 180,000 40 M4
8 M 62 6 1,600 5 157,000 35 M2
9 F 7 6 15,000 51 14,000 90 Ml

10 F 72 8 5,600 6 6,000 40 M2
11 F 74 8 28,000 96 36,000 97 Ml

12* M 57 8 7,100 60 58,000 44 Not classified
13 F 79 7.3 10,000 10 60,000 47 M2

* Marrow from this patient was obtained after one course of chemotherapy.

according to whether normal granulocyte colony-forming progenitors
were detectable in long-term cultures that had been maintained for
more than 4 wk (cases 1-9) or not (cases 10-13). In each of these
groups, those cases where progenitors of abnormal (blast) colonies
were initially detectable are listed first. 8 of the 13 cases were females;
the other 5 were males. The average age was 58 yr (with a range of 7
to 80). All five types of disease according to the French-American
British classification (14) are represented. Marrow specimens from 12
of the 13 patients were taken before the initiation of any treatment.
The marrow from patient nio. 12 was taken after one course of
chemotherapy when the peripheral blood still showed 60% blasts. In
three patients (nos. 4, 10, and 12), transformation from a preleukemic
phase was suspected on the basis of the histological appearance of the
marrow.

Marrow specimens were part of aspirates taken for diagnostic
purposes and were obtained with informed consent. Each aspirate was
collected in a sterile tube containing 800 units of preservative-free
heparin.

Long-term cultures. The procedure used to initiate and maintain
long-term marrow cultures was the same as that described previously
(10). Briefly, aliquots of 2-3 X 107 unprocessed aspirate cells were
suspended in 8 ml of alpha medium supplemented with extra glutamine,
inositol, folic acid, 12.5% fetal calf serum (FCS, Flow Laboratories,
Mississauga, Ontario), 12.5% horse serum (Flow Laboratories), lo-4 M
2-mercaptoethanol, and 101 M hydrocortisone sodium succinate
(Sigma Chemical Co., St. Louis, MO) and then placed in 60-mm
Falcon tissue culture dishes (Falcon Labware, Oxnard, CA). In most
experiments, these were incubated at 370C for the first 3-4 d and then
subsequently kept at 330C, since parallel studies with control marrows
indicated that initiation at 370C yielded superior long-term progenitor
recoveries (11). However, this finding was not appreciated until after
several of the experiments described here had been started. Erythrocytes
and granulocytes were usually removed on day 3 or 4 by centrifuging
the total nonadherent fraction on Ficoll-Hypaque (LSM, Litton Bio-
netics, Kensington, MD) or Percoll (1.075 g/cm3, Pharmacia Fine
Chemicals, Uppsala, Sweden) and returning only the light density cells
to the cultures. In experiments 5, 10, and 11, erythrocyte and granulocyte
contamination of the initial marrow was minimal and this step was
omitted. On day 7 and at weekly intervals thereafter, cultures were fed
by a complete change of the medium. At the same time, half of the
nonadherent cells were also removed.

The total cellularity and progenitor content of the nonadherent
fraction was determined weekly. The adherent layer was assessed less
frequently since this required termination of a culture. Adherent cells
were detached using 0.1% collagenase as described previously (10). As
for normal and CMLcultures, this procedure allowed all progenitors
to be suspended, although -25% of the other cell types in the adherent
layer were not detached.

For two patients (nos. 1 and 8), the initial marrow aspirate
contained <1.5 X 107 cells/ml. In our experience, cultures initiated
with normal marrow samples of such cellularity yield scanty adherent
layers in which long-term maintenance of progenitors is poor. To try
and circumvent this problem, marrow cells from these two patients
were therefore added to dishes containing preestablished marrow
fibroblast "feeders." These were obtained by subculturing primary
normal marrow adherent layers three times using alpha medium plus
20% FCS but without other supplements (including horse serum and
hydrocortisone) to eliminate residual hemopoiesis as assessed by absence
of colony formation in methylcellulose assays. Cultures established on
such feeders were subsequently handled as usual.

Colony assay procedure. Erythropoietic colony-forming unit (CFU-
E) and burst-forming unit (BFU-E), granulopoietic (CFU-C), and
pluripotent (CFU-G/E) progenitors were assayed in 0.8% methylcellulose
in Iscove's medium, supplemented with 30% FCS, 1%deionized bovine
serum albumin, l0-4 M2-mercaptoethanol, 200 mML-glutamine, 3-
5 units/ml of human urinary erythropoietin (purified in our laboratory
to a specific activity of >100 U/mg) (15), and either agar-stimulated
human leukocyte-conditioned medium (A-LCM, 16) or phytohemag-
glutinin-stimulated human leukocyte-conditioned medium (PHA-LCM,
17). A-LCM was sometimes used in initial assays of the original
marrow buffy coat at a final concentration of 9%. In all other instances,
PHA-LCM was used at a final concentration of 4.5%. Both types of
LCMs were pretested and calibrated against a standard preparation
and found to be equivalent in their ability to support normal and
abnormal colony growth in methylcellulose assays.

Fresh marrow cells were assayed by plating 2 X 10' buffy coat
cells/1.1 ml of culture. Cells from the nonadherent and adherent
fractions were usually plated at a final concentration of 1 x 10' cells/
1.1 ml of culture. When cytogenetic studies were planned, additional
assay replicates were set up.

Dishes were scored twice, first after 9-12 d and again after 17-21
d of incubation as for normal specimens. Erythroid colonies which
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appeared morphologically normal in situ on the basis of well-established
criteria (16) were categorized and enumerated. This included the
separate assessment of large (>8 clusters) and small (<8 clusters)
erythroid bursts thought to be derived from primitive and mature
subclasses of BFU-E, respectively. Large colonies of (2500) granulocytes
and macrophages could also be readily identified in situ whenever
these were present. However, in those assays where morphologically
abnormal (blast) clusters and/or larger colonies were obtained, accurate
enumeration of morphologically normal but small granulocyte colonies
that may also have been present was not feasible. Assessment of CFU-
G/E in such assay cultures was also compromised. Detailed morpho-
logical studies of abnormal colonies and clusters were not undertaken,
but periodic plucking and staining with May-Grunwald Giemsa con-
firmed their blast cell nature as described by others (2-4). Because of
the sometimes diffuse colony morphology, the often highly variable
size of these abnormal clusters and colonies, and the persistence of a
variable background of blasts in assays of different leukemic marrows,
accurate quantitation of abnormal clusters and colonies was also
usually difficult. In the present study, we therefore adopted the
following semi-quantitative categories: -, no evidence of abnormal
(blast) colonies or clusters; +, up to 50 abnormal colonies and/or
clusters per assay (2 X 10' initial marrow buffy coat cells or 10' long-
term culture cells); ++, 50-500 abnormal colonies and/or clusters per
assay; +++, >500 abnormal colonies and/or clusters per assay.

Cytogenetic studies. Direct preparations of Giemsa-banded marrow
metaphases were obtained using standard methods (18). The genotype
of primitive progenitors present in long-term marrow cultures was
determined by analyzing metaphases from individual large colonies
generated in methylcellulose assays of adherent layer cells. Colonies to
be analyzed were selected at a stage when they could first be readily
identified as erythroid or granulopoietic but still contained a significant
number of immature, proliferating cells. Colcemid was added to the
assay dishes, and the colonies were then plucked and processed on

polylysine-coated slides as previously described (19). A minimum of
two metaphases/colony were analyzed after G-banding and in none of
the 34 colonies that satisfied this criterion was more than one genotype
evident.

Cytogenetic analysis of fresh marrow progenitors was not attempted
because of the anticipated very low incidence of morphologically
normal colonies of suitable size and the frequent high background of
abnormal growth in initial assays (see Table III).

Results

Culture morphology. For 10 of the 11 cases where long-term
marrow cultures were initiated in the standard way, a typical
confluent adherent layer formed in which "cobblestone" areas
of hemopoietic cells could be consistently discerned (Fig. 1).
The two cultures initiated by adding AML marrow cells to
preestablished normal "feeders" (see Methods) developed a
similar appearance. In one case (no. 11), only a partial
adherent layer formed and confluence was not achieved.

Total nucleated cell recovery. A curve showing the average
total number of nucleated cells present in the nonadherent
fraction of all 13 experiments as a function of time is shown
in Fig. 2. The results appear similar to those for control
marrow cultures, at least for the first 6 or 7 wk. However, as
a group, the AML cultures displayed greater heterogeneity.
For example, in three (nos. 10, 1 1, and 13), nonadherent cell
numbers were maintained between weeks 3 and 6 at levels
higher than the maximum measured in any of 33 normal
marrow cultures ( 11) during the same interval (i.e., >2-4 X 106
nonadherent cells/culture). On the other hand, in another
AML culture (no. 9), the nonadherent nucleated cell count
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Figure 1. Photomicrograph of a 5-wk-old AMLadherent layer (from experiment No. 7) showing a typical "cobblestone" area of putative
hemopoietic cells against a confluent background of other cell types.
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Figure 2. Cellularity of the nonadherent fraction of the 13 long-term
AMLmarrow cultures described here compared as a single group
with corresponding values obtained concurrently for long-term cul-
tures of normal human marrow (10, I11). The shaded area encom-
passes the range of values encountered in normal marrow cultures.

fell to abnormally low levels (<IO' cells) within the first 2 wk.
and never recovered.

Morphological examination of May-Grunwald Giemsa-
stained cytospin preparations of the nonadherent cells from
several of the cultures showed that blasts were the predominant
cell type in the nonadherent fraction for the first 4 wk and
usually persisted for several additional weeks. Evidence of
terminally differentiating granulocytes or monocyte/macro-
phages were also obtained in all instances, although these were
clearly not always normal. Data from four experiments (nos.
5, 6, 10, and 13) are shown in Table II.

The number of cells harvested from the adherent layer by
collagenase treatment was determined between weeks 4 and 9
in 10 experiments. In general, the values obtained (mean, 2.7
X 106 cells; range, 1.7-5.4 X 106 cells) were similar to control
cultures (mean, 1.9 X 106 cells; range, 0.8-6.3 X 106 cells).

Progenitor kinetics. The hemopoietic progenitor content of
each initial marrow sample as revealed by methylcellulose
assays is given in Table III. Tables IV and V show the
subsequent numbers of progenitors detected in the nonadherent
and adherent fractions of long-term cultures assayed at the
times shown. For 8 of the 13 patients, abnormal (blast)
colonies and/or clusters were readily apparent in initial marrow
assays (e.g., see Fig. 3 a). In two other cases (nos. 7 and 8),
these became evident in assays of the nonadherent fraction of
I-wk-old long-term cultures, even though such colonies were
not detected in assays of the original marrow sample. Thus,
for 10 of the 13 patients studied, marrow cells capable of
producing abnormal colonies or clusters were detected. These
decreased progressively with time in long-term culture in eight
cases. In one of these (no. 6), such cells were no longer found
after I wk. However,, in the other seven cultures, they persisted
at detectable levels for 3 wk and occasionally for 4 wk, but
not thereafter (Table IV). Adherent layers from these long-

Table I. Morphological Analysis of the Nonadherent Fraction of
Long-term AMLCultures as a Function of Time after Initiation

Differential (percent values based on
300 cells analyzed)

Myelocytes, Others*
Experiment Weeks of metamyelocytes, (mainly monocytes
no. culture Blasts and polymorphs and macrophages)

5 1 52 0 48
2 60 6 34
4 52 12 36

6 1 84 <2% 15
2 93t <2% 6
3 96t <2% 3
4 94 <2% 5
5 86 <2% 13

10 1 66 20 14
2 57 30 13
3 74 23 3
4 47 46 7
5 20 68 12
6 19 72 9

13 1 38t 44 18
2 51t 22t 27
3 60t 21 19
4 72 25 3
5 37 31 32

* Including some erythroblasts for the first 2 wk only, occasional
lymphocytes (<5%), and usually <10% of cells that could not be
identified.
t Presence of Auer Rods noted.

term cultures, which were usually evaluated after 4 wk, also
did not contain any detectable progenitors of abnormal (blast)
colonies or clusters by this time (Table V).

A contrasting pattern was seen in long-term cultures initiated
with marrow cells from the other two patients where abnormal
(blast) colony or cluster progenitors were initially detected
(nos. 10 and 1 1). In these two experiments, such progenitors
were maintained in both the nonadherent and adherent fractions
for at least 8 wk (Tables IV and V). In the other three
experiments (nos. 9, 12, and 13), progenitors of abnormal
(blast) colonies or clusters were not detectable at any time
(Tables III-V).

Normal granulocyte/macrophage colonies were rarely seen
in initial assays. CFU-E and BFU-E, however, were detectable
in the marrow of most patients studied but usually, although
not always, at reduced levels. Those patients whose marrow
showed a normal concentration of erythropoietic progenitors
were noted to be among those whose leukocyte counts were
not elevated and whose numbers of circulatng blasts were
relatively low (Table III).

In nine experiments (nos. 1-9), "normal" CFU-C (yielding
typical granulopoietic colonies; Fig. 3 b and 3 c) were readily
detectable in assays of both nonadherent and adherent fractions
of long-term cultures that had been maintained for 4 wk or
more. In fact, almost as soon as such cells became detectable,
they appeared as the predominant type of progenitor present
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Table III. Results of Methykcellulose
Assays of Initial Marrow Samples

No. of progenitors/2 X 105 buffy coat cells

Abnormal (blast)
Experiment colonies and
no. CFU-E BFU-E CFU-C clusters

1 122 195 ND +
2 13 4 ND +
3 0 2 ND +++
4 157 11 ND +
5 0 0 ND +
6 32 52 ND +
7 2 0 1 -
8 30.5 10.5 3 -
9 3 10 0 -

10 285 23 ND ++
11 8 0 ND ++

12 0.5 0.5 0 -
13 1 0.5 0 -

Normal Mean 194 92 73 -

values* +2SD 66-568 30-284 12-412 -

(n= 11)

ND, not detected.
* From reference 30.

(Tables IV and V). In two experiments (nos. 6 and 9),
"normal" CFU-C were already detectable after only 1 wk of
long-term culture. Thus, all experiments where progenitors of

Table IV Results of Methykcellulose Assays of Nonadherent Cells
from Long-Term AMLCultures Evaluated at Weekly Intervals

No. of progenitors of normal
Abnormal (blast) granulocyte colonies (CFJ-C) per
cI

Experiment -

no. 1

2
3
4
5
6
7
8
9

10
11

12
13

Controls*

4

4

Table V. Results of Methylcellulose Assays of Simultaneously
Assessed Adherent and Nonadherent Fractions of Long-Term
AMLCultures

No. of progenitors per culture

Weeks Abnormal (blast)
of Experi- BFU-E CFU-C CFU-G/E colonies and
culture ment no. A:NA* A:NA A:NA clusters A:NA

4 2 15:7 62:49 <711:<3 +:+
3 86:80 270:38 10:<40 +:+
4 14:4 34:60 <1:<l
5 <5:<l 5:2 <5:<1
9 13:5 87:20 <6:<1

11 <7:<10 <7:<10 <7:<10 +++:+
12 16:3 30:<3 <8:<3
Controlst 340:79 1142:682 4:2

6 2 18:ND§ 77:ND 5:ND -:ND
3 15:2 78:23 2:2
4 26:1 244:197 2:<l
7 23:4 364:116 <6:<2

11 <7:<4 <7:<4 <7:<4 ++:+
13 <1 1:<17 <1 1:<17 <11:<17 -:
Controlst 79:2 324:93 3:<2

8 and 9 1 6:ND 6:ND <3:ND -:ND
2 15:ND 38:ND <7:<3 -:ND
3 5:ND 5:ND <3:ND -:ND

11 <6:<4 <6:<4 <6:<4 ++:+
Controlst 50:3 162:58 <12:<2

* A, adherent; NA, nonadherent
t Values from four to six concurrently evaluated long-term normal
marrow cultures (11, 12).
§ Not done (very few nonadherent cells).

"1 None detected; value shown represents the number that would cor-
respond to the detection of one colony in the portion of the culture
actually assayed.

olonies and clusters long-term culture abnormal (blast) colonies or clusters disappeared with time in
culture (i.e., nos. 1-8) also showed concomitant emergence of-3 wk 4-8 wk 1-3 wk 4-8 wk 6"normal" CFU-C. However, this latter phenomenon was not

+ - ND 0-101 limited to such cultures, as exemplified by experiment 9. Note
+ - ND 17-65 that in this case, although the initial marrow contained 90%

h++ - ND 13-32 MI type blasts and no detectable progenitors of any kind (i.e.,
+ - ND 20-197 <1/4 X lIO cells), after 1 wk of long-term culture, the nonad-
+ - ND 1.5 herent population of 3 X IO0 cells was found to contain very
- - 160-570 18-131 few blasts and 277 CFU-C. This number of CFU-C is just

- ND 91-120 within the lower limit measured for a large number of l-wk-
+ - ND 4-180 old normal long-term marrow cultures (11). For six of the
- - 277 20 other eight long-term AML cultures in which CFU-C were

detected after week 4, values also fell within the normal range,
r+ ++ ND ND although as in experiment 9, usually close to the lower limit

+ + ND ND (Table IV).

- - ND ND CFU-E were rarely detected in either the nonadherent or
- - ND ND adherent fraction of long-term AML cultures that had been

maintained for 4 wk or more (data not shown). The majority
- - 225-21,390 4-1,496 of BFU-E present were found in the adherent layer (Table V),

a finding also characteristic of normal marrow cultures (10).
Adherent layer assays from seven of the nine experiments in

obtained from concurrently carried long-term nor- which nonadherent CFU-C became readily detectable after 3
res (l1). wk also revealed the presence of typical normal marrow

Long-term Acute Myelogenous Leukemia Marrow Cultures 965
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Figure 3. Photomicrographs of colonies generated in methylcellulose
assays shown as they appear without fixation or staining. (a) Numer-
ous small clusters of cells of abnormal morphology in the 1-wk
nonadherent cell assay from experiment no. 2; (b) small granulocyte
colony (in the 4-wk nonadherent cell assay of experiment no. 2)
typical of those detected in assays of nonadherent fractions from all

adherent layer CFU-C capable of generating very large granu-
locyte colonies containing at least 500 cells (Fig. 3 c). In eight
of these nine cultures, BFU-E were readily detectable, and in
four cases, CFU-G/E were also detected. The numbers of these

4- to 8-wk-old cultures in experiments nos. 1-9; (c) large granulocyte
colony typical of those unique to the adherent layer of normal long-
term marrow cultures (10) and here derived from a progenitor pres-
ent in the 6-wk-old adherent layer of experiment no. 4. (This colony
was subsequently shown to be cytogenetically normal, see Table VI).

primitive progenitor types (per culture) were low compared
with normal cultures, but higher than expected if related to
calculated input values. For example, in experiment 7, assays
of 6-wk-old long-term cultures revealed the presence of 27
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BFU-E, although none had been detected in assays of the
initial marrow. Thus, the number present after 4 wk appears
to correspond to at least one-third of the maximum number
of BFU-E that might be assumed to have been present initially.
Similarly, in experiment 3, initial assays suggested that long-
term cultures were seeded with 250 BFU-E, although after 4
wk the number detected was 166, i.e., more than two-thirds
of the apparent input value. Taken together, these data suggest
that direct assessment of the normal progenitor content of the
initial marrow of many AML patients may significantly un-
derestimate the true value due to inhibition of normal differ-
entiation in the presence of sufficient numbers of leukemic
blasts.

In experiments 10 and 1 1, where cells capable of abnormal
(blast) colony and cluster formation in methylcellulose persisted,
and where elevated numbers of nonadherent blast cells were
maintained (Table II), no CFU-C were detected at any time,
although an occasional BFU-E was found in experiment 10
(data not shown). Both cases 10 and 11 were females over 70
yr old. Both failed to achieve remission.

Long-term marrow cultures established from cases 12 and
13 demonstrated yet a different pattern. Nonadherent cell
assays consistently failed to yield colonies or clusters of any
kind. A few BFU-E and CFU-C were detected in the week 4
adherent layer of experiment 12. None were detected in the
adherent layer of experiment 13 (Tables IV and V). Neverthe-
less, in spite of the absence of progenitors capable of prolifer-
ation in methylcellulose assays, a very large nonadherent cell
population (>2 X 106 cells) was maintained in experiment 13
for 6 wk. As shown in Table II, this included a significant
blast component and some leukemic cells that were able to
undergo varying degrees of granulopoietic differentiation in
culture. The adherent layer in this experiment was of average
cellularity (2.3 X 106 cells). Both cases 12 and 13 failed to
enter remission.

Cytogenetic studies. Cytogenetic studies were undertaken
in two experiments (nos. 3 and 4). As shown in Table VI, all
direct marrow metaphases obtained from patient no. 3 were
found to belong to a 9q- population and proliferating normal
cells were not detected. For patient no. 4, half of the direct

Table VI. Comparison of Cytogenetic Findings on Progenitors
Maintained in Long-Term AMLCultures from Two Patients with
Initial Results from Direct Marrow Preparations

Progenitors in 4-6-wk
Direct adherent layers
marrow

Patient Karyotype preparation BFU-E CFU-C CFU-G/E

3 46, XY, 9q- 11 0 0 0
46,XY 0 7 10 2

Total 11 7 10 2

4 43,XY,-8,-13, 10 0 0 0
-14, -15, -16,
-21, +Ml,
+M2, +M3,
der( 16)t( 16q;?)

46,XY 10 8 7 0
Total 20 8 7 0

marrow metaphases showed a complex karyotype, the remain-
der being chromosomally normal. Morphologically normal
colonies generated in assays of 4-6-wk-old adherent layers
from both experiments were plucked and analyzed individually.
All proved to be chromosomally normal (Table VI).

Discussion

In the last decade, technical advances in a number of areas
have been applied to the study of AML. Analysis of the
proliferative (2-4) and differentiative (1, 20) potential of
leukemic progenitor cells from patients with a clinical diagnosis
of AML suggests a marked degree of heterogeneity between
patients. This is further strengthened by additional evidence
of heterogeneity with respect to the cell of origin (1), specific
chromosomal changes observed (21, 22), and the possible
involvement of particular oncogenes in leukemic cells from
different individuals (23, 24).

Thus far, however, such studies have been limited either
to fresh marrow (or blood) samples or to autonomous cell
lines derived from such samples. In the present study, we used
marrow aspirates from newly diagnosed AML patients to
initiate long-term cultures and then followed the kinetics of
clonogenic progenitor cells detectable in such cultures over the
next 8-9 wk. Heterogeneity in the behavior of all types of
progenitors was seen. However, from these studies, two basic
patterns appeared. The first was characterized by the detection
of significant numbers of BFU-E and CFU-C in long-term
cultures maintained for more than 3 or 4 wk, even though
typically none or very few of these progenitor types could be
identified in initial marrow assays. Long-term marrow cultures
from nine patients showed this pattern. In eight of these,
progenitors of abnormal (blast) colonies or clusters were detected
early on (after 0 or 1 wk in long-term culture), but their
numbers declined rapidly and these could no longer be detected
after 4 wk. In the second group, CFU-C and BFU-E were
rarely detected at any time. Long-term marrow cultures from
four patients showed this latter pattern. In two of these,
progenitors of abnormal (blast) colonies or clusters were detected
both initially and subsequently for the entire duration of the
experiment. In the other two sets of cultures in this latter
category, such progenitors were not detected at any time.
However, in one of these experiments, the maintenance of a
leukemic progenitor population might be inferred from the
fact that a large population of nonadherent blasts was main-
tained for at least 6 wk in spite of the weekly removal of half
of their numbers.

These findings raise a number of interesting practical and
theoretical issues. First, what is the mechanism that leads to
the apparent emergence of progenitors capable of normal
differentiation (in excess of that predicted from input values)
and the concomitant disappearance of abnormal (blast) colony
progenitors with time in long-term culture? One possibility is
that the production of CFU-C (and sometimes BFU-E) from
normal stem cells and their subsequent differentiation may be
suppressed by the presence of a large leukemic blast population.
For reasons not yet clear, it appears that long-term cultures
are not usually able to support the maintenance of clonogenic
blast progenitors. Accordingly, as these decline in long-term
cultures, the mechanism for suppression of normal hemopoiesis
would be lost and the progeny of previously quiescent stem
cells might become detectable. Suppression of normal hemo-
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poiesis by leukemic cells has been suggested by others (25),
although these findings remain controversial (26). Nevertheless,
it is an attractive explanation for the present findings and one
that has recently received additional support from our studies
of long-term CML cultures. In these, the neoplastic Ph'-
positive population also declines rapidly, often allowing pre-
viously undetectable Ph'-negative (nonclonal) progenitors to
become apparent (12, 13, 27). In the present study, a chro-
mosomal marker for the AMLpopulation was known for two
of the patients whose long-term cultures showed emergence of
progenitors capable of normal differentiation. In both instances,
these late-appearing progenitors were also found to be chro-
mosomally normal.

A second and related question pertains to the "normalcy"
of such progenitors. Although it seems likely that these would
have derived from residual stem cells outside of the leukemic
clone, this may not have been the case in every experiment.
A number of lines of evidence suggest that leukemic transfor-
mation may be a multi-step process involving a series of
genetic changes, the first of which might not necessarily be
detectable at the chromosomal level (28). Moreover, the dem-
onstrated ability of clonal AML progeny to execute normal
differentiation programs under conditions prevailing in vivo
(1, 28) as well as following experimental manipulation in vitro
(28) suggests that abnormal differentiative behavior may often
be due to secondary changes, possibly associated with the
evolution of more frankly leukemic subpopulations. Thus,
neither phenotypic nor cytogenetic normalcy can be taken as
rigorous evidence that the progenitors detected in long-term
AML cultures were not neoplastic. Because of the typically
rapid rate of expansion of the leukemic clone in patients with
untreated AML, the most aggressively proliferating subpopu-
lations predominate and earlier stages in their evolution cannot
be readily studied. It is, therefore, not surprising that very little
is known about the cellular changes that precede overt disease.
The present studies are relevant in this regard since they
suggest that long-term culture may offer a novel method for
selecting earlier stages of leukemic cell development. Further
pursuit of this question will clearly require clonal markers that
antedate the first leukemogenic event and analysis of such
patients is currently underway.

On the other hand, it is already clear from studies of
treated AML patients that in many instances hemopoiesis in

remission is regenerated from coexisting nonclonal stem cells
(1). In fact, this has stimulated efforts to develop a variety of
methods for removing residual leukemic cells from AML
marrow samples destined for autologous reinfusion following
treatment of subsequent relapses. In view of current technical
and practical problems facing investigators in this area, selection
in favor of normal elements using the type of culture procedure
described here offers an alternative that may be worthy of
future consideration.

Finally, a comment is warranted regarding the clinical
outcome of patients grouped according to the behavior of their
marrow cells in long-term culture. Obviously, a series of 13
patients is too small to draw any general conclusions. Nev-
ertheless, the fact that all four patients whose long-term
marrow cultures failed to yield normal progenitors also failed
to achieve a first remission is suggestive that biological param-
eters of importance may emerge from more extensive studies
of the type described here. Similarly, it will be of interest to
determine why some leukemic marrow cell populations appear

able to proliferate under conditions set up in long-term culture
but not in dilute suspension in methylcellulose and whether
this has clinical significance.
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