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Preface

Acute leukemia a quite homogenous disease
when untreated reveals a substantial hetero-
geneity in its response to therapy. While cure
is achieved in a certain proportion of pa-
tients other cases prove to be highly resis-
tant. The curability is superior in acute
lymphoblastic (ALL) than in acute myeloid
(AML) leukemia and — within both types —
higher in children as compared to adults.

The two age groups and cell types can be
further subdivided into prognostic groups
by special diagnostic features. Thus, in
AML a longer remission duration is asso-
ciated with the presence of Auer rods,
myelomonocytic morphology with in-
creased abnormal eosinophils, inversion of
chromosome 16, and translocations of chro-
mosomes 15; 17 and 8; 21 whereas AML
after preleukemia, monocytic morphology
and abnormalities of chromosomes 5 or 7
predict for earlier relapse. In ALL the com-
mon ALL and T-cell phenotype indicate a
favourable outcome while B-cell phenotype,
a high leukocyte count and translocations of
chromosomes 4; 11 and 9; 22 (Philadelphia
chromosome) show an unfavourable prog-
nosis. The prognostic significance of some
of the factors, however, may differ between
different clinical trials and may thus be
treatment dependent. Furthermore, their
relevance for individual patients remains far
from being understood since one patient
may experience an early relapse while an-
other patient with identical prognostic fac-
tors becomes definitely cured by the same
treatment. Thus, a risk-adapted treatment
concept as derived from the analysis of pa-
tient groups may fail in the individual case
due to inadequate treatment intensity or
overtreatment ultimately leading to treat-
ment related death.

Risk adapted treatment strategies are well
established in childhood ALL where in stan-
dard risk patients the high cure rates seem to
hold up even after reducing treatment inten-
sity. In AML, in contrast, treatment was
gradually intensified in all patients, but

failed to break through the sound barriere of
unsatisfactory cure rates even in special sub-
groups. While new protocols including more
effective supportive care show some increase
in the initial response rates and certain im-
provements in the long-term results, no ben-
eficial effect on the relapse rate during the
first 1% years emerged from any of these
regimens. Thus, high chances for cure are
presently restricted to children with ALL
and to lesser proportions children with
AML and adults with ALL and AML.

Within these potentially curable sub-
groups chemotherapy — its intensity and du-
ration — seems to have an important impact
and further improvements appear possible
by intensive multiple step treatment strate-
gies including autologous bone marrow
transplantation or high-dose consolidation
chemotherapy. These options may be facili-
tated by the introduction of recombinant
human hematopoietic growth factors which
may diminish the limits of myelotoxicity and
allow more effective antileukemic treatment.

Adoptive immunotherapy is a new an-
tileukemic principle using immunemodula-
tors and showing promising effects in pre-
clinical studies. Similar mechanisms seem to
be involved in the graft-versus-leukemia ef-
fect in allogeneic bone marrow transplanta-
tion.

Since Acute Leukemias I appeared three
years ago new approaches have been coming
up and relevant data of more established
methods are now available. Several multi-
center trials helped better understanding the
role of major treatment alternatives and led
to improved treatment strategies. Numerous
valuable contributions from the leading
groups in leukemia research provide a most
up-to-date state of the art in this second
volume of Acute Leukemias.

T. BOCHNER
W. HIDDEMANN
J. RITTER

G. SCHELLONG
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Preleukemic or Early Leukemic Conditions?

P. Dormer

Myelodysplastic syndromes (MDSs) com-
prise a heterogeneous group of homopoietic
disorders sharing some probability of devel-
oping into overt leukemia [1]. According to
glucose-6-phosphate dehydrogenase [9, 10],
restriction fragment length polymorphism
[6], and ras point mutation studies [7, 8],
there is at least a subgroup of MDSs show-
ing clonal growth of bone marrow cells. Up
to now, however, it has been impossible to
state that clonal cell growth is equivalent to
malignant growth. It is conceivable that the
progeny of an altered stem cell possesses
some growth advantage over nonaltered cell
populations but nevertheless remains sub-
ject to the regulation of steady state between
growth and maturation. This regulation
may be operating at an altered growth-to-
maturation level. On the other hand, if
preleukemia is a slowly progressing disor-
der, the very faint exponential character of
the initial blast cell expansion may not be-
come recognizable by standard laboratory
examinations. The question whether MDSs
represent early leukemic or true preleukemic
hemopoietic lesions may be of significance
for treatment strategies. This question has
been addressed by a prospective study of cell
kinetics in the MDSs [2—4]. First, a measure
of the normal and disturbed proliferation-
to-maturation ratio of a bone marrow cell
lineage was established. Production of the
earliest recognizable cells in a lineage, i.e.,
proerythroblasts and myeloblasts, respec-
tively, was attributed to the proliferative ac-
tivity of a lineage. Production of cells in the

GSF-Institute for Experimental Hematology,
Miinchen, FRG

succeeding compartments, i.e., basophilic
and polychromatic erythroblasts or promye-
locytes and myelocytes, was attributed to
maturation and balanced against the extent
of proliferation.

Figure 1 schematically represents exam-
ples of normal and disturbed proliferation-
to-maturation indices. The upper example
of production rates in three succeeding com-
partments showing a ratio of 1:2:4 resem-
bles normal conditions. If there are addi-
tional mitoses in the first compartment, as
depicted in the middle graph, the ratio of
production rates may be 7:8:16 or roughly
1:1:2. This indicates a decrease in matura-
tion as opposed to proliferation. The same
effect of maturation decrease is encountered
in the lower graph, which exemplifies pre-
mature cell death in the bone marrow. Con-
ditions like these were quantitatively as-
sessed by dividing the ratio of production
rates in a lineage under study by the respec-
tive normal ratio. The quotient obtained
was termed the maturation index. This index
by definition is 1.0 in a normal lineage and
approaches zero in the myeloid lineage of
acute myeloblastic leukemia (AML).

When the mean maturation indices of
erythro- as well as of granulocytopoiesis
were calculated for the individual disease
groups of MDSs at first presentation, great-
ly reduced figures were obtained throughout
[3]. The erythroid maturation index was
around 0.5 in refractory anemia (RA) and
refractory anemia with excess of blasts
(RAEB) and was as low as 0.36 in idiopathic
sideroblastic refractory anemia (ISRA). The
myeloid maturation index was 0.44 in RA,
0.39 in ISRA, and 0.17 in RAEB. Of all the
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Fig. 1. Schematic representation of the prolifera-
tion-to-maturation ratio in normal erythropoiesis
(upper panel), in erythropoiesis with additional
proerythroblast cell cycles (middle panel), and in
ineffective erythropoiesis (lower panel). Cell pro-
duction in the first compartment (proerythro-
blasts) was considered to reflect proliferation,
while cell production in the succeeding compart-
ments was associated with maturation of the lin-
eage

kinetic parameters, the myeloid maturation
index was the most significant concerning
actuarial patient survival [3]. It was superior
to the myeloblast-labeling index previously
shown to be significant [5].

In many patients the disease status re-
mained unchanged during the whole obser-
vation period. Figure 2 illustrates an exam-
ple with RA. In spite of the quite low
maturation index at all instances the disease
remained stable. Figure 3 shows a case of
RAEB with considerable changes over the
years of the values of kinetic parameters.
This patient, however, did not develop
leukemia during the observation period and
2 ensuing years.

A case with continuous progression to
overt leukemia from RAEB is shown in
Fig. 4. Blast cell count and fraction of blasts
in S-phase continuously rise, while the
myeloid maturation index shows a continu-
ous decrease. In this case the disease status
at first presentation can be retrospectively
classified as early leukemia. Figure 5 is an-
other example of early leukemia in a case of
RAEB. At the last instance of observation
the myeloid maturation index is close to
zero, although the blast frequency in the
bone marrow is not yet higher than 33%.

A different type of leukemia development
isillustrated in Fig. 6. This patient presented
a stable phase of MDS lasting 3 months and
then a steep increase in the blast count and
a decrease in the myeloid maturation index
to almost zero. The same pattern was
observed in another patient with RAEB
(Fig. 7), who was stable for the first 10
months and then developed overt leukemia
within 1 month. With a single dose of vin-
cristine the MDS status was reestablished,
but the patient died shortly thereafter from
an intercurrent infection.

In the last two examples there was an
abrupt change in the proliferation-to-matu-
ration pattern of the myeloid cells. The ery-
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Fig. 5. Sequential observations
of cell kinetics in a case with
RAEB gradually progressing to
overt AML. For symbols, see
legend to Fig. 2
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throid lineage in these cases did not show References

significant changes in the maturation index.
It is therefore likely that some further
transformational event had occurred in the
myeloid series during our observation, shift-
ing the myeloid growth pattern from non-
leukemic to leukemic. Obviously, the last
two cases initially had presented with a non-
leukemic type of myelodysplastic lesion.

In summary, conditions of slowly pro-
gressing early leukemia as well as of true
preleukemia may both present with the clin-
ical picture of MDS. At the present time the
only means to distinguish between these two
growth conditions in the bone marrow is by
performing a follow-up or a retrospective
evaluation.
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Mechanisms of Autocrine and Paracrine Growth Control

in Acute Myelogenous Leukemia

W. Oster, R. Mertelsmann, and F. Herrmann

Blast cells of a high proportion of patients
with acute myelogenous leukemia (AML)
proliferate in response to exogenous hema-
topoetic growth factors, both in vitro [9, 14,
26, 36, 48, 65] and in vivo [20]. Whereas
leukemic colony-forming cells (L-CFCs)
from most patients share their growth factor
dependence with normal committed myeloid
progenitor cells (CFU-GMs), some AML
samples autonomously form colonies in
agar and are therefore believed to bypass
growth factor requirements [17, 42, 72]. Au-
tocrine growth factor production has been
identified as one mechanism used by AML
blasts to supply various growth-promoting
molecules. Moreover nontransformed ac-
cessory bone marrow cells have been shown
to be inducible for production of growth-
promoting factors by AML-derived media-
tors. This paper summarizes the current
knowledge of autocrine and paracrine
growth-promoting mechanisms in AML
whereby leukemic cells may achieve selective
growth advantages and includes recent data
supporting the concept that various cyto-
kines may act in concert to induce optimal
leukemic growth.
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Mediators Involved in the Regulation
of Normal Hematopoiesis,

Their Genetic Locations, Possible
Involvement in Cytogenetic Aberrations,
and Cellular Sources

Five human hematopoietic growth factor
species have been identified so far, i.e.,
colony-stimulating factor (CSF) for granu-
locytes (G-CSF) [60], for macrophages (M-
CSF or CSF-1) [25], for mixed granulocyte-
macrophage colonies (GM-CSF) [6], for
multilineage colonies (IL-3) [68], and for
erythropoietin (EPO) [33]. Interleukin (IL)-
6, IL-1, IL-4, tumor necrosis factor (TNF),
and gamma-interferon (IFN) may affect
growth promotion of hematopoiesis by ex-
erting synergizing [23, 30, 49, 62] as well as
growth factor-inducing actions [40—44, 67].
However, CSFs have also been shown to
recruit each other [21, 34, 46] and to exhibit
overlapping and synergistic activities [8, 10,
46).

All CSFs are encoded by single-copy
genes and some are clustered on chromo-
some 5: The M-CSF gene has been assigned
to 5q33.1 [50], the GM-CSF gene to 5q21—
q32[22], and the /L-3 gene has been mapped
to the same band of chromosome 5 as GM-
CSF [31]. Additionally, chromosome 5 car-
ries multiple genes coding for growth-
related proteins and protein receptors,
including the M-CSF receptor gene, which is
identical to the protooncogene c-fms [57],
the receptor for platelet-derived growth fac-
tor (5q31.3-32) [69], the beta-2 adrenergic
receptor (5q31-32) [27], and genes coding
for endothelial cell growth factor (5q31.3—
32) [24].



Chromosome 5 is frequently involved in
cytogenetic aberrations in AML, e.g., par-
tial loss of the long arm of the chromosome
(del 5q) [56]. It has also been shown that the
genes for GM-CSF, M-CSF, and IL-3 are
directly affected by structural changes of
chromosome 5 [22, 31, 50]. G-CSF has been
mapped to the chromosomal region
17q11.2-21 proximal to the breakpoint in-
volved in the translocation (15;17) [59],
which is the karyotypic aberration hallmark
of acute promyelocytic leukemia [56]. The
IL-6 gene has been mapped to chromosome
7 [12], which is also commonly involved in
cytogenetic aberrations in AML (=7 or 7q—;
q31.2q36) [56]. Physiological sources of
CSFs are monocytes/macrophages, T-lym-
phocytes, granulocytes, endothelial cells,
and fibroblasts [19, 34, 38, 42, 58]. Normal
hematopoietic progenitor cells, however, are
not known to have the capacity to produce
CSFs. Even after stimulation by agents such
as phorbol myristate acetate, known to pro-
mote expression of the CSF genes, mRNA
for G-, GM-, M-, and multi-CSF remained
undetectable in normal hematopoietic pro-
genitor cells [17, 71].

Effects of Exogenous CSFs on Myeloid
Leukemia Cell Growth

Leukemic colony-forming cells share several
features with normal hematopoietic stem
cells including their requirement for exoge-
nous growth factors for colony growth [4, 8,
51]. The ability of recombinant purified
CSFs has been assessed to substitute for me-
dia conditioned by various tumor cell lines
which are the most common source of
growth factors. GM-CSF, G-CSF, and IL-3
have been shown to promote growth of a
high proportion of L-CFCs [14, 26, 36, 48,
65]). However, responses of AML to CSF
vary markedly from patient to patient.

Colony-stimulating factors have been
shown to affect both renewal (“birth’’) and
determination (“death”) of L-CFCs. Signifi-
cant differences were seen when analyzing
effects of GM-CSF, which in one AML
specimen only triggered “birth,” while an-
other specimen was stimulated to mature
(““death”) [36]. However, GM-CSF has also
been described to be the most effective
growth-inducing factor for human myeloid
leukemia cells [48]. IL-3 was effective by in-
ducing AML growth in most instances,
whereas G-CSF promoted both growth and
differentiation with varying intensity [36].

Our data on proliferative responses of L-
CFC to hematopoietic growth factors are
summarized in Table 1. In contrast to GM-
CSF, G-CSF, and IL-3, M-CSF was mostly
found to favor differentiation and thus to
inhibit self-renewal of leukemic stem cells in
culture [37]. In 17 of 25 AML samples tested
for effects of M-CSF we found an increase
in the number of adherent cells that became
apparent after 10 days of culture with up to
20% of cells adhered (Fig. 1). Overlapping .
effects of CSFs may result in synergistic or
additive actions on in vitro growth of some
AML specimens, as shown for G-CSF and
GM-CSF [26, 65]. Effects of combinations
of different CSFs on blast colony formation
vary in contrast to very reproducible re-
sponses seen in normal hematopoietic pro-
genitor cells [8, 66]. Responses of AML to
CSFs could not be associated with distinct
immunophenotypes of whole leukemic pop-
ulations or those of L-CFC, nor to morpho-
logical subtypes [2, 42, 65].

In long-term culture the combination of
IL-3 with G-CSF and GM-CSF resulted in
higher plating efficiency compared with the
effects seen with individual CSFs. Interest-
ingly, the tendency of AML cells to differen-
tiate in this assay was not reported to be
accelerated by exogenously added CSFs, as
compared with the maturation process ap-

Table 1. Proliferative response of L-CFC to hematopoietic growth factors?®

5637-CM GM-CSF G-CSF M-CSF IL-3 IL-1-b TNF-o
(15% v/v) (100 ng/ml) (100 ng/ml) (1000 U/ml) (100 ng/ml) (20 U/ml) (50 ng/ml)
38/49 (77)®° 31/49 (63)  25/49 (51)  0/19 (5) 10/19 (52)  0/19 (0) 0/19 (0)

2 Colony formation of L-CFC at day 10 of culture in a double-layer agar assay
® Number positive/number investigated (percentage positive)



Fig. 1. Response of AML samples to various
growth factors is determined by increases in ad-
herent cells in suspension culture. Leukemic cells
were cultured at 10° cells/ml in medium, or in
medium with IL-3 (100 ng/ml), GM-CSF (100 ng/
ml), G-CSF (100 ng/ml), or M-CSF (1000 U/ml)
for a period of 10 days. Percentage of adherent
cells was evaluated at the end of the incubation
period for each assay. The data represent means
of ten independent experiments

pearing spontaneously [66]. In rare cases of
AML (FAB M7), IL-1-beta has been identi-
fied as an essential growth promoter but
also as an inducing molecule for IL-2 recep-
tor expression [55]. However, there is no ev-
idence for a promoting effect of IL-1 on
blast colony formation of AML for the
FAB M1, M2, M4, and M5 subtypes (own
observation, unpublished), although IL-1
may act synergistically on very primitive
multipotent hematopoietic cells [62]. Re-
cently IL-6 has been identified as a costimu-
lator to augment CSF-induced clonogenic-
ity of AML blasts [45]. There is also evi-
dence for suppressive effects on growth of
AML, exerted by direct action of various
cytokines, including TNF-alpha, IFN-gam-
ma [18], and transforming growth factor-
beta [64].

Colony-Stimulating Factor
and Cytokine Production by AML Blasts

In contrast to normal myeloid progenitor
cells, L-CFCs of some AML show colony
formation in the absence of exogenous
growth factors with a rate of 28% [42]
(Table 2). With this information and respon-
siveness of AML samples to CSFs, it be-
came conclusive to search for autocrine pro-
duction of CSF in AML.

Recent studies show mRNA accumula-
tion for various CSF species in a substantial
proportion of a series of AML. G-CSF
mRNA was detected in 25% —30%, GM-
CSF in 23%—-25%, and M-CSF in 12% -
50% of the AML samples investigated [42,
53, 72]. Most frequently mRNA synthesis
was found in AML specimens that exhibited
autonomous invitro growth (Fig.1). In
these cases autonomous growth was shown
to be inhibited by adding neutralizing anti-
sera for a given CSF to the experimental
cultures [17, 71]. Autonomous leukemia
colony growth was also not associated with
a particular pattern of CSF production by
AML or with distinct morphological sub-
types [42].

Whereas the majority of AML samples
with G-CSF and GM-CSF mRNA accumu-
lation secreted the respective protein in a
biologically active form, M-CSF was de-
tected most often as a membrane-anchored
protein [42, 53] (Table 3). The association of
several eukaryotic genes to alternative
promoters has been recognized. Thus alter-
native modes of splicing may result in gener-
ation of mRNA species coding for polypep-
tide products, which exhibit different
secretion patterns. The presence of a hydro-
phobic transmembrane domain and two
forms of protein encoded by two differently
spliced mRNAs has been shown for M-CSF
[28, 52]. Alternative use of the 5 splice

Table 2. Association of autonomous in vitro growth by L-CFC and mRNA accumulation pattern by

AML blasts
CSF mRNA for: G+GM+M G+GM G GM M No. CSF mRNA
Number of cases 42 2 3 0 0 5

? Values are expressed as number of cases growing blast-type colonies in the absence of exogenous
growth factors. Total number of AML samples tested for autonomous colony growth was 49
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Table 3. Colony-stimulating factor and cytokine
production by AML blasts

mRNA Protein

G-CSF 15/492 12/49
GM-CSF 11/49 9/49
M-CSF 6/49 0/49
IL-3 0/54 ND
Beta-IL-1 14/44 14/44
IL-2 0/49 ND
IL-4 0/25 ND
IL-6 14/54 14/54
Alpha-TFN 19/54 19/54
ND, not done

* Number positive/number investigated

donor sites in intron 2 of the G-CSF gene
has been shown in human squamous car-
cinoma line (CHU-2) [39]. Other reports
describe utilization of alternative promoters
to transcribe the murine GM-CSF gene,
thereby altering the hydrophobic NH2-ter-
minal leader sequence, and generating a
non-secreted form of the protein [63].

Recent studies have focused on autocrine
production of various growth factor-related
cytokines with growth regulatory potential
on AML blasts. It was found that a high
proportion of AML populations secrete IL-
6, IL-1-beta, and TNF-alpha [15, 45].
Whereas IL-6 was shown to act as a cofactor
to promote AML growth in vitro by en-
hancing numbers of CSF-driven blast colo-
nies, IL-1-beta and TNF-alpha had little
direct effect on AML growth (Table 1) [45].
Only high concentrations of TNF-alpha
were shown to inhibit leukemic growth
[18].

Endothelial cells which are potent sources
of CSF supply in the normal marrow are
known to respond to IL-1 and TNF with
production of CSFs [38, 58, 73]. Conse-
quently, AML-derived IL-1 and TNF has
been shown to induce CSF synthesis by en-
dothelial cells and has therefore been identi-
fied as a mechanism to augment growth-
promoting stimuli [15, 45]. IL-4 acts in
synergy with G-CSF to induce proliferation
of normal CFU-GM {49]. Therefore we con-
sidered IL-4 as a candidate cytokine for syn-
ergistic growth promotion of AML blasts.
In our series we found no AML sample pro-

ducing IL-4 (n=25) (Table 3). A significant
number of AML samples also express M-
CSF receptors [11, 53]. No association was,
however, found between growth of AML
in vitro and expression of the M-CSF recep-
tor. It has been shown that AML samples
with monocytic phenotypes (FAB M4 and
MS5) can be induced to express surface-bind-
ing sites for IL-2 by gamma-interferon [16].
As already mentioned above, the IL-2 recep-
tor could also be upregulated by IL-1-beta
in AML M7 subtypes [55].

In series of AML samples of various
subtypes (n=49), IL-2 mRNA was not
detectable (own unpublished observation)
(Table 3), suggesting that IL-2 does not
play a role in autocrine growth control of
AML. Coordinated expression and close
linkage of IL-3 and GM-CSF genes in hu-
man activated T cells [47] led us to examine
AML cells for IL-3 expression; however,
mRNA or protein activity for IL-3 was not
detected in any of the cases studied (n= 154,
unpublished). Data of factor expression in
our series of AML are summarized in
Table 3.

Cascade induction of various cytokines in
normal [19, 21, 34, 46] and malignant cells
[5, 35] raises the possibility that growth fac-
tors may recruit each other. Particularly IL-
1, which was never found to be expressed by
AML samples as a sole factor [45], must be
considered in this regard. Further studies on
the inducible expression of CSFs by AML
blasts are currently under way. In order to
exclude that distinct differentiation states of
hematopoietic cells are physiologically asso-
ciated with cytokine expression, a set of ex-
periments was performed to show that ac-
cumulation of CSF mRNA by AML blasts
does not depend on induction by in vitro cell
processing, as previously mentioned [1].
Moreover, ten AML populations that were
negative for G-, GM-, M-, and multi-CSF
mRNA were induced with phorbol myris-
tate acetate without providing evidence for
inducible mRNA accumulation after vari-
ous periods of incubation. In a series of ALL
(n=20), assayed for accumulation of CSF,
mRNA for G-, GM-, and M-CSF remained
undetectable.
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Pathophysiological Impact of Factor
Production by AML Blasts
and Possible Initiation Events

It has been suggested that transformed cells
may escape growth restrictions by minimiz-
ing their needs for exogenous factors [61].
Some experiments suggest that growth fac-
tor production by malignant cells may be
one escape mechanism and possibly crucial
to sustain transformation: Infection of
chicken hematopoietic cells with MH2, an
avian retrovirus containing the v-myc and
v-mil oncogenes, has resulted in transforma-
tion and proliferation of leukemic cells in
the absence of exogenous growth factors.
Autonomous growth in this system was pro-
moted by chicken myelomonocytic growth
factor production, induced by v-mil in v-
myc-transformed hematopoietic cells [13].
Moreover constitutive synthesis of IL-3 by
leukemia cell line WEHI-3B has been shown
to result from retroviral insertion near the
gene [70]. However, in human AML no
virus-induced CSF expression has been re-
ported so far. Cytogenetic abnormalities,
which involve CSF genes in human AML,
e.g., (del 5q) or (t15;17), must also be con-
sidered to result in dysregulated expression
of growth factors. However, no specific as-
sociation of cytogenetic changes with factor
expression has yet been unraveled.

To investigate possible genetic changes
undetectable by cytogenetic analysis, South-
ern blot analysis from our series of AML
samples (n = 54) was performed to search for
reconstructed genes of G-CSF, M-CSF,
GM-CSF, IL-3, and IL-6. So far, we have
not been able to detect a case with structural
abnormalities in any of these AMLs, includ-
ing AML populations that proliferated au-
tonomously in vitro and/or expressed sub-
stantial amounts of CSF activity. However,
another group reported abnormal Southern
patterns of G- and GM-CSF genes, each in
two individuals with AML: abnormal ge-
nomic patterns of GM-CSF were associated
with larger-than-normal messages, which
were constitutively expressed in two pa-
tients. In one patient with an abnormal G-
CSF pattern, normal-sized G-CSF and GM-
CSF mRNA was detected [7].

Autocrine and paracrine mechanisms,
which can be viewed as primitive mecha-

12

nisms to achieve growth advantages [61],
may be potentially detrimental to the sur-
vival of the organism if they are not closely
regulated. Thus malignant transformation
may result from inappropriate delayed ex-
pression of growth factors that were re-
quired by cells in early stages of differentia-
tion. In order to determine a possible
predisposure of CSF-stimulated hematopoi-
etic cells to malignant transformation, the
GM-CSF gene was introduced into the
germline of mice, without observing myeloid
tumors in these animals [29].

This and other experiments [54] reveal
that induction of growth factor expression is
most likely not the sole causative principle
for oncogenesis in myeloid cells. ras gene
mutations have been considerd as an initia-
tion event for AML and ras protein was
identified as a GTP-regulatory protein
which serves as transducer element in the
activation of adenylate cyclase [32]. Recent
preliminary data suggest an accelerating
role for a mutant ras gene product to aug-
ment growth factor-dependent signaling; in
this experiment transfection of a mutant ras
gene resulted in enhanced IL-3-dependent
proliferation of a myeloid cell line [3]. To
assay for an association with CSF expres-
sion we are currently screening a series of
AML for N-ras point mutations.
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Clonal Analysis of Human Leukemias by Molecular Genetic

Approaches

C. R. Bartram and J. W. G. Janssen

Studies of clonality using cytogenetic mark-
ers and glucose-6-phosphate dehydrogenase
(G6PD) isoenzymes have provided convinc-
ing evidence for the clonal origin of most
malignancies [1, 2]. Recently, molecular ge-
netic approaches have complemented these
investigations. In this chapter we briefly dis-
cuss some clinical applications or recombi-
nant DNA strategies as powerful tools for
the identification and monitoring of clonal
cell populations in hematopoietic neo-
plasias.

Gene Rearrangements at Chromosomal
Breakpoints

A novel set of clonal markers has been
obtained through the molecular cloning
of breakpoints involved in tumor-specific
chromosomal aberrations. A case in point
is the Philadelphia translocation (Ph) ob-
served in more than 95% of chronic myelo-
cytic leukemias (CMLs) and 20% of adult
acute lymphoblastic leukemias (ALLs). The
molecular hallmark of this cytogenetic mar-
ker is a recombination between the c-ab/ and
the bcr gene [3]. Although clustered within
two distinct areas of the bcr gene, the break-
points on chromosome 22 differ molecularly
from patient to patient. Therefore bcr rear-
rangements as demonstrated by Southern
blot analysis can serve as a leukemia-specific
marker in monitoring therapeutic effective-
ness of regimens such as bone marrow trans-
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plantation or interferon therapy [4, 5]. Ap-
plication of a modified polymerase chain
reaction (PCR) technique has recently revo-
lutionized the diagnosis of Ph-positive leu-
kemias [6, 7]. This approach allows the rapid
and precise mapping of breakpoints within
the two bcr regions involved in Ph-positive
CML and ALL and, moreover, the detec-
tion of minimal residual leukemic cells at a
level of 1:100000 (Fig. 1). Using this ultra-
sensitive method we observed leukemic cells
in a variety of transplanted CML patients
during complete clinical/hematological re-
mission, who also revealed no indication of
residual leukemia by cytogenetic or conven-
tional Southern blot analysis. An example is
shown in Fig. 1 A (lane b).

Similar strategies have been successfully
applied in other hematopoietic neoplasias,
e.g., follicular lymphoma characterized by a
t(14;18) and a corresponding rearrangement
of the bcl, gene [8, 9]. However, the ultimate
clinical significance of the PCR technique in
detecting subclinical disease and predicting
the clinical course of a given patient remains
to be elucidated.

Immunoglobulin and T-Cell Receptor Gene
Rearrangements

The analysis of Ig and TCR gene structure
and regulation has been of great value in

1. defining the lineage and stage of matura-
tion of lymphoid malignancies,

2. determining the clonality of cell popula-
tions, and

3. monitoring the clinical course of hemato-
poietic neoplasias [10].
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Along this line we recently investigated 21
ALL patients combining immunological
and molecular analyses to evaluate the
clonal relationship of leukemic cells at first
presentation and relapse [11, 12]. Using this
approach we provided compelling evidence
that, despite a similar phenotype at relapse,
leukemic cells of the majority of cases (12/
21) showed genotypic variations (Fig. 2).
Extending a previous study [13], we also
analyzed 31 AUL (acute undifferentiated
leukemia) patients and found in 30% of
cases multiple rearranged /g gene fragments
due to clonal evolution. Reexamination in
relapse was possible in four of the latter pa-
tients and revealed reemergence of a single
subclone. As a possible clue to the mecha-
nisms leading to the predominance of one
leukemic subclone in relapse, we observed
concurrent amplification and/or increased
expression of mdr! sequences. Increased ex-
pression of the mdr gene family, however,
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Fig. 1A, B. Diagnosis of Ph-posi-
tive CML by PCR. A RNA samples
obtained from BM cells of two
CML patients 13 and 8 months
after bone marrow transplantation
(a, b) and a dilution series of a third
case chronic-phase disease (c—e;
one leukemic cell was diluted in
102, 103, or 10* normal cells) was
copied into cDNA, amplified, and
directly run on a 2.5% agarose
gel. Rearranged bcr/abl sequences
(arrow) are observed in all lanes
except a. B Amplified cDNAs ob-
tained from peripheral blood of
two Ph-positive CMLs were run on
an 8% polyacrylamide gel and hy-
bridized to a c-abl/ probe. Analysis
of case 1 shows a recombination be-
tween bcr exon 2 and abl exon II,
while in case 2 bcr exon 3 is spliced
to abl exon II. M, molecular weight
marker

has been implicated with the development of
resistance against multiple chemotherapeu-
tic agents [14].

Mutated ras Genes

Point mutations leading to the activation of
the transforming potential of ras genes have
been detected in a variety of different human
malignancies with variable frequencies [15].
Preferential involvement of the Ki-ras gene
has been demonstrated in some solid tumors
such as pancreatic and colorectal carcino-
mas or adenocarcinomas of the lung, while
activated N-ras genes predominate in hemo-
poietic neoplasias [15, 16]. Although the
clinical significance of this genomic alter-
ation remains to be elucidated, mutated ras
genes are undoubtedly valuable markers for
clonal analysis. This may be illustrated by
recent investigations of AMLs demonstrat-



Fig. 2. Southern blot analysis of six ALLs investigated at first presentation (a) and relapse (b). BamHI
digests were hybridized to Ig cu sequences detecting a 17-kb germline fragment. N, placenta control
DNA. Note clonal variations in both stages of cases 3, 4, and 6

ing mutated N-ras alleles in approximately

20% of cases [17—19]. A remarkable hetero-

geneity of leukemic cells was observed by

direct comparison of the ras gene status of

individual cases at initial diagnosis and re-

lapse [18, 19]. These studies identified AMLs

with

1. identical mutations at both stages,

2. acquisition of a point mutation at relapse,
or

3. absence of a mutated alleles, initially
characterizing leukemic blasts (Fig. 3).

Ras gene muations can obviously occur at
various stages during the evolution of AML.

Fig. 3. Detection of mutated N-ras
codon 12 alleles in two AML patients
investigated at initial diagnosis (7, 4),
remission (2, 5), and relapse (3, 6). DNA
preparations obtained from peripheral
blood samples were amplified by PCR
and screened using oligonucleotide
probes specific for the wild-type N-ras
12-sequence GGT (glycine) as well as
mutation AGT (serine), or TGT (cys-
teine). One patient (/—3) is characterized
by substitution of the normal amino acid
glycine by serine (AGT) in leukemic cells
at relapse (3), but not at primary diagno-
sis (1), while the other case (4-6) ex-
hibits a substitution of the wild-type
allele by cysteine (TGT) initially (4), but
not in blasts at relapse (6)

The detection of ras mutations in a propor-
tion of patients with myelodysplastic syn-
dromes, preleukemic entities evolving into
overt AML in up to 40% of cases, supports
the view that respective alterations may also
represent initiating events in leukemogenesis
[20, 21]. In a series of 96 myelodysplastic
syndromes (MDSs) we observed ras gene
mutations in seven patients. Cell separation
analysis demonstrated the pluripotent stem
cell origin of all cases by identification of
mutated alleles in granulocyte, monocyte/
macrophage, as well as B- and T-lympho-
cyte cell fractions [22, 23]. Moreover, the
value of ras gene analyses for monitoring
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therapeutic effectiveness may be illustrated
by the disappearance of ras gene mutations
in MDS patients during the course of low-
dose cytarabine treatment [24].

X-Chromosome Inactivation Analysis

X-Chromosome inactivation analyses as in-
troduced by Vogelstein et al. [25] are based
on the following principles:

1. The random nature of X-inactivation ren-
ders females mosaic for heterozygous loci.
However, in monoclonal cell populations
the same X-chromosome will be active in
all cells.

2. Maternal and paternal alleles of an X-
linked gene can be distinguished by re-
striction fragment length polymorphisms
(RFLPs).

3. Active and inactive copies of X-chromo-
somal genes such as hypoxanthine phos-
phoribosyl! transferase (HPRT) or phos-
phoglycerate kinase (PGK) are identified
through different methylation patterns.

This approach enables X-incativation to be
studied in almost 50% of females and
thereby overcomes a major detraction of
G6PD isoenzyme analysis posed by the rar-
ity of heterozygous patients.

Using this strategy the clonal nature of
acute myeloid leukemias could be unequivo-
cally demonstrated [19, 26]. Interestingly, a
single dominant hemopoietic clone can also
be observed in a proportion of AML pa-
tients (Fig. 4) in otherwise complete clinical
and hematological remission [19, 26, 27].
This result indicates that in some patients
leukemic cells may have the capacity of dif-
ferentiating into mature hematopoietic cells.
From a clinical point of view it seems to be
relevant that clonal remission in AML
might not necessarily be associated with an
unfavorable prognosis [19, 26]. This obser-
vation may be reconciled with data obtained
by the same technique establishing a clonal
relationship of hematopoietic cell lineages in
almost every MDS patient analyzed, irre-
spective of disease duration [23].

The few examples discussed above may
indicate the value of molecular genetic ap-
proaches in establishing diagnostic and
prognostic parameters for the analysis of

20

Fig. 4A, B. Clonal composition of bone marrow
samples from two female AML patients (A, B)
determined by X-chromosome inactivation analy-
sis. A PGK RFLP characterized by 1.05-kb and
0.9 kb fragments in BstXI/Pstl digests distin-
guishes the maternal from the paternal allele and
methylation differences as shown by Hpall diges-
tion distinguish between active and inactive X-
chromosome. Following BstXI and Pstl diges-
tion, DNAs were divided into two equal aliquots;
one was not digested further (lanes b) and the
other was digested with Hpall (lanes a). The com-
plete loss of one allele is demonstrated after Hpall
digestion in both patients prior to therapy, indi-
cating a monoclonal cell population. Analysis in
remission reveals restoration of a polyclonal pat-
tern in patient A (lanea®), but persistence of
monoclonal hematopoiesis in patient B (lane a*)

human leukemias. Although we have con-
centrated in this chapter on some novel
strategies of elucidating the clonal nature of
hematopoietic neoplasias, it is obvious that
the application of recombinant DNA tech-



niques is of major importance for numerous
areas in clinical oncology.
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Clinical Relevance of Cytogenetics in Acute Leukemia

A. Hagemeijer and D. C. van der Plas

Introduction

Cytogenetic analysis of leukemic cells has
shown the presence of acquired chromo-
some abnormalities in more than 50% of
cases. Since 1970, banding techniques have
been applied progressively and a prelimi-
nary analysis of the data has been performed
at the First, Second, and Fourth Interna-
tional Workshops on Chromosomes in
Leukemia (IWCL) (1978, 1979, 1982) for
Acute Non-Lymphocytic Leukemia (ANLL)
and at the Third IWCL (1980) for Acute
Lymphoblastic Leukemia (ALL) [1-4].
These analyses revealed
1. the nonrandom occurrence of some cyto-
genetic changes in acute leukemias and
2. the association of specific chromosomal
abnormalities with specific morphological
subtypes of leukemia; and
3. they emphasized the diagnostic and prog-
nostic value of the karyotype of the leu-
kemic cells independent of other clinical
and hematological features.

Cytogenetic abnormalities also constitute a
unique marker of the leukemic cells that is
used in longitudinal studies to ascertain re-
missions, relapses, and residual diseases [5].

More recently, development of molecular
genetic techniques has stimulated investiga-
tion into molecular changes characteristic
for specific leukemic chromosomal translo-
cations. With the exception of the Philadel-
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mus University, PO Box 1738, 3000 DR Rotter-
dam, The Netherlands

phia translocation, most progress along this
line of research has been slower than origi-
nally expected. How gene rearrangement
and/or activation of oncogenes cause leuke-
mia has not yet been demonstrated but, in
the meantime, the discovery of specific
molecular changes has generated new tools
for diagnosis and follow-up of leukemic pa-
tients [6].

Chromosome Abnormalities in ANLL
Occurrence and Type of Clonal Aberration

A relatively large number of reports have
been published describing consecutive or se-
lected series of ANLL patients and correlat-
ing the karyotype of the leukemic cells with
morphological type of leukemia and out-
come [for review see 7, 9—13]. In ANLL
clonal abnormalities are found in 60%-—
90% of cases depending on the laboratory
and the selected group of patients: in de
novo adult ANLL the percentage of normal
bone marrow karyotype is more important
than in childhood ANLL or in secondary
ANLL [7]. The clonal changes can be classi-
fied into three major categories:

1. Specific translocation associated with a
particular morphological subtype of leu-
kemia according to the French-American-
British (FAB) classification (Table 1).
These specific changes are more frequent
in children and younger patients. The
overall frequency is about one-third that
of the ANLL cases.

2. Nonrandom numerical or structural
changes, particularly +8, -7 or 7q—, -5
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Table 1. Recognized specific chromosomal changes in de novo ANLL

Chromosome abnormalities®

FAB morphological
subtype

Additional characteristics

M3 and M3 variant

In more than 90% of M3

t(15;17)(q22;q11 or q12)
1(8;21)(q22;q22) M2

Auer rods

t(6;9) (p23;q34) M2 or M4 Basophilia in M2 cases,
sometimes history of MDS

1(9;22) (q34;q11) M1 (M2, M4) Faint peroxidase stain

inv(16), del(16), t(16;16) (p13;q922) M4-“e0” Abnormal eosinophils in
bone marrow

1(9;11) (p21-22;q23), t11g23 MS5a or M4

t(8;16) (p11;p13) MS5b Erythrophagocytosis

* For specific reports on these translocations see ref. 7, 16, and 17

or 5g—, but also trisomy 21 and 22, and
deletion of part of 17p, 20q, 18q, 9q, and
13q. These changes are recurrent, found
as isolated abnormality or in association.
They are found in about one-third of de
novo ANLLs, they are the most frequent
changes in secondary leukemia, but they
are also observed in myelodysplastic syn-
drome (MDS). They are not associated
with a specific FAB morphological type
and are the major component of the com-
plex karyotypic abnormalities that char-
acterize leukemia with very poor progno-
sis.

3. The remaining cases (about 25%) show
numerical (like +4) or structural changes
that are random and/or specific, but every
single one occurs at such low frequency
(<1% of ANLL cases) that their diagnos-
tic significance has not yet been estab-
lished. A recent example of such miscella-
neous structural change is the t(8;16) that
is now recognized as a specific transloca-
tion associated with FAB-M5 acute leu-
kemia with prominent phagocytosis [14,
15].

Clinical Significance

For obvious reasons, determination of the
clonal chromosomal aberrations in ANLL is
of diagnostic value: it confirms malignancy
and for the specific changes, because of their
specific clinical and morphological associa-
tions, it makes possible a chromosomal sub-
classification of leukemia [17]. Recent large
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studies correlating response to therapy and
outcome of ANLL patients classified ac-
cording to their leukemic karyotype indi-
cated the prognostic value of the leukemic
karyotype independent of other clinical
parameters. At the Sixth IWCL [13] held in
London in 1987 the follow-up data of the
Fourth IWCL were analyzed and the results
were in line with the study reported by Keat-
ing etal. [12] as well as other studies
(Table 2). These studies demonstrated not
only a difference in morphological diagno-
sis, therapeutic response, and survival for
the various type of cytogenetic abnormali-
ties but also that unique biological conse-
quences follow these abnormalities that in-
fluence the (natural) course of the disease
and that could be amenable or require
specific therapeutic strategy. For example,
the t(15;17) is found in more than 90% of
cases with FAB-M3 and with the microgran-
ular variant form of acute promyelocytic
leukemia (APL): 20%-30% of these pa-
tients died early of hemorrhagic complica-
tions (DIC, disseminated intravascular co-
agulation); among the treated patients, the
remission rate was high and the duration of
first complete remission was relatively long,
but relapses usually appeared to be therapy
resistant. In contrast, patients with a t(8;21)
showed a high remission rate, but also ten-
dency to successive relapses followed by
successive remissions, explaining the overall
survival time, which is only slightly better
than the cases with a normal diploid kary-
otype, matched for age and receiving the
same type of treatment.



Table 2. Prognostic value of leukemic cell karyotype in ANLL median survival/CR duration in months

Karyotype Sixth IWCL (1987)* Yunis et al. (1988)* Keating et al. (1988)*
355 intensively treated 185 adults 384 patients
N Median N Median N (CR) Median CR
survival survival duration
Normal 148 14 19 22+ 178 (122) 14
Abn. 16 6 27 14 26+ 21 (19) 22
t(15;17) 16 20 8 20 21 (11) 27
t(8;21) 25 14 9 24+ 27 (25 17
Abn.11q 15 6 16 9 5 3 -
-5,5q— 28 3 1 9 41 (15 7
-1,7q-
t(9;22) - - 5 3 12 @) -
Complex 52 12 } 19 } 3
Very complex 21 3

* Refs. 13, 12, and 11 respectively

The cases with inv(16), del(16), or t(16;16)
showed a complete remission rate of 95% or
more. But, after cessation of therapy, re-
lapses as solid leptomeningeal tumors [18] or
even peritoneal tumor have been reported.
Later on, changes in therapeutic regimen
seemed to have obviated these late compli-
cations [12].

Other specific translocations, i.e., t(9;22),
t(6;9), or translocation involving 11q23 are
correlated with very poor prognosis and
short survival, as are also the recurrent ab-
normalities with losses of chromosomes 5 or
7. The very complex karyotypes are particu-
larly refractory to treatment.

For other specific changes, the frequency
is too low to enable any sensible analysis of
survival data to be made. In Yunis’ recent
report of 185 consecutive AMLs [11], the
cases with single miscellaneous defect (20%
of total) did as well as the patients with a
normal diploid karyotypes (10% of total in
this series), with a median survival close to 2
years. In other series [e.g., 9, 10, 12, 13],
where the proportion of normal diploid
karyotype (NN) is much larger, the median
survival time of this NN category is signifi-
cantly shorter than in the cases with single
recurrent effect, indicating the intrinsic het-
erogeneity of the “normal leukemic kary-

otype’ group.

Chromosome Abnormalities in ALL
Incidence and Classification

In recent consecutive series of chromosome
studies in ALL, including our own, 20% —
40% of the cases show only normal
metaphases, less than 10% are unsuccessful,
and the remaining 50%—70% are abnor-
mal. In childhood ALL, the abnormal kary-
otypes are distributed in various categories,
based on changes in ploidy: high hyper-
diploid karyotypes with more than 50
chromosomes (+30% in childhood ALL),
hyperdiploid karyotypes with 47—50 chro-
mosomes (+10%), pseudodiploid karyo-
types (25%—30% of cases), and rare hy-
podiploid cases (Table 3) [19, 21-24]. In
adults, the percentage of normal karyotypes
and of hyperdiploid karyotypes (> 50 chro-
mosomes) is decreased in favor of the pseu-
dodiploid cases [20, and personal unpub-
lished data]. The latter category is charac-
terized by the presence of structural abnor-
malities and translocations that have been
shown to correspond to the specific im-
munological phenotype with distinct prog-
nostic significance.
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Table 3. Distribution of the leukemic karyotypes in ALL in children and adults

Normal Hyperdiploid Pseudodiploid Hypodiploid
>50 47-50
chromo- chromo-
somes somes
Children 20%—40% +30% +10% 25%—-30% <5%
Adults 15%-20% 10%-20% +10% 35%—-50% +5%

Technical Considerations

Cytogenetic analysis in ALL are more diffi-
cult than in ANLL. In ALL, despite high
cellularity and a high percentage of leukemic
cells in bone marrow (BM) and peripheral
blood (PB), only a low yield of leukemic
metaphases is obtained, with chromosomes
very fuzzy and of poor morphology. Use of
cultures and synchronization techniques in-
creases the number of well-banded meta-
phases, but these show mostly a normal
karyotype and are probably representative
of the normal BM stem cells. This is par-
ticularly true in children and for the group
of ALLs with hyperdiploid karyotype.
Adult ALLs are more amenable to culture
and in many cases a 24-h culture will be the
method of choice. Despite these difficulties
in childhood ALL, by using a direct method
and careful handling of BM cells in an opti-
mal setting, Williams (1985) demonstrated
the presence of an abnormal karyotype in
over 90% of cases [25]. To the best of our
knowledge, these results have not been
equaled in other institutions. DNA flow
cytometry of leukemic cells can (should) be
used in parallel with cytogenetics: indeed
DNA cytometry will reliably identify two
categories of patients: those with a high hy-
perdiploid karyotype (> 50 chromosomes)
and those with low hypodiploidy (<43
chromosomes) corresponding to the groups
with the best and worse prognosis, respec-
tively [26].

Prognostic Significance of Cytogenetic
Findings in ALL

In childhood ALL, the group of patients
with high hyperdiploidy shows the highest
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response rate and a probability of cure of
about 85% with modern chemotherapy [3,
17, 19, 21-24]. Translocations, particularly
the Philadelphia translocation, the t(4;11),
and translocations involving 8q24 in associ-
ation with B-cell ALL have been shown to
identify patients with the shortest survival.
Intermediate response rate and survival time
is found for the group of patients with nor-
mal karyotype and with slight aneuploidy
(45-49 chromosomes) provided that the
poor-risk translocations are absent. Trans-
location (1;19), 6q—, 9p—, and rearrange-
ment of 12p are recurrent structural changes
seen in these leukemic karyotypes (Table 4).

In adult ALL, discrimination between
better- and worse-risk ALL is much less
clear, as survival longer than 3 years is still
exceptional. But, also in adults, the high hy-
perdiploid karyotype (>50 chromosomes)
is doing better than the other karyotype [3,
20, 27, personal unpublished data].

In ALL the high-hyperdiploid karyotype
shows recurrent, nonrandom numerical
abnormalities with mainly trisomy of chro-
mosomes X, 4, 6, 10, 14, 17, 18, and often
tetrasomy 21. Structural changes and trans-
locations are unusual and are found in
about 10% of cases. Classically, the leu-
kemic karyotype correlates with FAB-L1
(80%) or FAB-L2 (20%) morphological
classification and with the common ALL
(sometimes pre-B) immunophenotype. Inci-
dentally, 0-ALL and T-ALL are found, but
in these cases there is usually a specific
translocation corresponding to the particu-
lar phenotype, in addition to the numerical
changes. Two categories of high-hyper-
diploid karyotypes do not belong to this
rather homogeneous group and are best di-
agnosed by using DNA flow cytometry in
parallel with cytogenetics, i.e., (a) the near-



Table 4. Prognostic value of karyotype in ALL

Outcome Karyotype Immunophenotype

Favorable Hyperdiploid: CALLA (80%)
> 50 chromosomes

Intermediate Normal

Poor Translocations
t(1;19) Pre-B
1(8;14) (q24;q11) T-ALL
t(11;14) (p13;q11) T-ALL
inv(14)

Very poor t(4;11) 0-ALL
t(9;22) CALLA/Pre-B
t(8;14) (q24;q32) B-ALL
near haploid

Unclear 6q— No specific
del/t 9p phenotype
del/t 12p

CALLA, common acute lymphoblastic leukemia antigen; T-ALL, T-
cell acute lymphoblastic leukemia; 0-ALL, Null-acute lymphoblastic
leukemia; B-ALL, B-cell acute lymphoblastic leukemia

diploid karyotype (26—35 chromosomes),
which by duplication may present with a
majority of hyperdiploid metaphases, and
(b) the hypotetraploid karyotype, both types
with less favorable outcome.

A normal karyotype is found in various
percentages in different studies and is by na-
ture heterogeneous since it comprises ALL
cells with changes undetectable by cyto-
genetics as well as undetected abnormalities
due to technical shortcomings. All immuno-
phenotypes are found, but more than half of
adult T-ALLs and about 30% of childhood
T-ALLs have a normal karyotype. Progno-
sis is also intermediate, with a probability of
cure of 65% —70% for children, and a me-
dian disease-free survival of 12 months in
adults.

In ALL, the specific translocations identi-
fied correspond to specific immunopheno-
types and are indicative of unfavorable
outcome, thus requiring adapted treatment
strategy. Other nonrandom structural
changes are deletions (6q—, 9p—-, 11q-) and
unbalanced translocations involving partic-
ularly 1q, 9p, 12p, as well as 2 isochromo-
somes i(7q) and 1(9q). Most of these recur-
rent abnormalities are probably secondary.
They are found as a single defect or in asso-
ciation with other aberrations and their
prognostic significance is still unclear [28].

ALL with t(4;11)

We studied 12 cases of ALL with t(4;11), 6
children including 4 infants aged 2-13
months, and 6 adults aged 22—67 years [29
and unpublished data]. All presented with
high-risk clinical features and an 0-ALL
phenotype (Tdt+, CD19+, CD10-,
HLADR +), rearrangement of IgH in the
investigated cases, and paradoxical expres-
sion of some mature myeloid or monocytic
membrane antigens (CD15 +). Morphologi-
cally, it is the prototype of biphenotypic
leukemia. Usually the majority of blasts
show a FAB-L2 morphology but monoblas-
tic features can be expressed when studied
by electron microscopy, with monoclonal
antibodies or after induction with phorbol
esters. In our series, all adults died within 1
year of diagnosis, four of the children sur-
vived 30—51 months, and two of them are
still alive 30 months and 45 months after
diagnosis.

Philadelphia-Chromosome-Positive ALL

We studied ten ALL patients with Philadel-
phia translocation in leukemic cell kary-
otype, one child and nine adults (12.5% of
adult ALL in our series). The standard
t(9;22) was found in six cases, variant
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translocations in four instances, and in four
cases the karyotype showed rather complex
additional abnormalities (unpublished
data). In four cases, molecular studies
showed a breakpoint on chromosome 22 in
the 5.8-kb BCR region corresponding to the
breakpoint cluster region in chronic myelo-
cytic leukemia (CML) [30]. Six cases were
BCR(-) and in four of them rearrangement
of the first intron of the bcr gene could be
demonstrated; the other two cases were not
investigated [6]. The median survival time
was 12 months and the longest 36 months.
This was an exceptional patient who re-
lapsed after 28 months of complete remis-
sion. This series is too small to show and to
allow correlation between the site of molec-
ular breakpoint in the BCR gene (either first
intron or BCR region) and outcome.

Cytogenetic Marker of Leukemic Cells

Cytogenetic abnormalities constitute a
unique marker of leukemic cells. In longitu-
dinal studies, they are used to assess the
quality of hematological remission and of
bone marrow autograft and to demonstrate
impending relapse. Their usefulness in de-
tecting minimal disease is limited by the re-
quirement of a large number of metaphases,
the majority being from normal progenitors.
For this reason, combined techniques are
used, aiming at selection or enrichment of
the residual leukemic cell population in the
sample karyotyped, for instance, immunola-
beling of the metaphases [31], flow sorting of
cells labeled with specific monoclonal anti-
bodies [32], flow karyotyping [33], inter-
phase cytogenetics using chromosome-
specific alphoid probes to detect a known
aneuploidy [34]. Cytogenetics and cell cul-
ture techniques can also be combined, e.g.
using specific growth factors for recruitment
of leukemic cells [35]. By far the most power-
ful tool for detecting minimal diseases is
the new molecular technology that allows
amplification of DNA or RNA sequences
specifically altered in some leukemia (e.g.,
Ph'+ leukemia), using the polymerase
chain reaction (PCR) [6]. Unfortunately, so
far this technique has only been applicable
in the cases where molecular analyses of the
specific chromosomal translocation have
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demonstrated consistent molecular rear-
rangements.

Molecular Studies of Specific Cytogenetic
Rearrangements

In acute leukemia, the recurrent chromoso-
mal translocations are indicative of a consis-
tent molecular rearrangement of the genes
located in the chromosomal bands involved
in the translocation. Presumably, molecular
analyses of these specific translocations will
unravel the mechanisms causing the devel-
opment of this particular morphological
type of leukemia. So far the studies have
been successful in demonstrating constitu-
tive activation of the c-myc oncogene in
Burkitt’s lymphoma t(8;14) and variant
translocations. Also, other leukemic T- and
B-cell rerrangements of breakpoints have
been characterized [36]. In the Philadelphia
translocation the c-abl oncogene is modified
and activated as a result of its translocation
within the BCR gene on chromosome 22
[37]. These results are providing us with new
tools for diagnosis of Ph+ leukemia as well
as for detection of residual disease (see
above). In the past few years, many onco-
genes, growth factors, and growth factor
receptor genes have been mapped around
chromosomal regions specifically involved
in leukemia [38]. In the very near future it is
to be expected that the number of specific
translocations molecularly characterized
will increase rapidly and that new break-
point-specific regions will be discovered.

Summary and Conclusions

The diagnostic and prognostic value of
specific cytogenetic abnormalities has been
established for most recurrent transloca-
tions. For less frequent changes, we still
need to collect more cases for determination
of their clinical significance. Optimal treat-
ment of leukemia with modern therapeutic
strategies requires knowledge of the prog-
nostic factors, and leukemic Kkaryotype
should be one of the variable features sys-
tematically evaluated in all trials. The
molecular analysis of the specific transloca-
tion will considerably increase our under-



standing of the mechanism of leukemogene-
sis and provide us with new tools for
diagnosis. Systematic collection and conser-
vation of acute leukemic cells, cytogeneti-
cally and immunologically characterized,
would greatly facilitate and accelerate these
fundamental studies.
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Introduction

Minimal residual disease (MRD) in acute
leukemia is defined as the relatively few (1—
10'%) leukemic cells which have survived
successful remission-induction chemother-
apy. In human acute myelocytic leukemia
(AML) there is a significant lack of knowl-
edge on the degree and biological behavior
of MRD. However, this is the population of
AML cells that determines the failure in the
majority of patients: a relapse.

A selection of studies are presented in a
rat model relevant for human AML, ie.,
Brown Norway acute myelocytic leukemia
(BNML). Special emphasis will be given to
the heterogeneous distribution of MRD
over the bone marrow compartment.

The BNML rat model shows striking sim-
ilarities with human AML with respect to its
slow growth rate, severe suppression of nor-
mal hemopoiesis, and response to chemo-
therapy [1, 6]. Detection of MRD employing
monoclonal antibodies and fluorescence-
activated cell sorting (FACS) has been the
subject of a number of studies in BNML
[2—4, 7]. In conclusion, it was shown that
the minimum number of leukemic cells
which can be detected in this way varies
between 1 leukemic cell/10000 to 1/100000
normal bone marrow cells.

The present paper focuses on the distribu-
tion of MRD in the marrow compartment.
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Little is known of the processes of (re)distri-
bution and regrowth of leukemic cells dur-
ing the phase of MRD. In the remission
phase patients are examined regularly,
which includes bone marrow aspiration
analysis. For the interpretation of the ob-
served leukemic cell frequency it is impor-
tant to realize what might have happened in
the bone marrow compartment one is actu-
ally sampling. Did any leukemic cells survive
therapy and did they redistribute in the mar-
row cavity as a characteristic behavior of
leukemia in general? Or were all original
leukemic cells present at this location eradi-
cated and did migration take place from re-
lapse sites located elsewhere in the body?
Many such questions are difficult to answer
by studying human patients. In this respect
studies in animal models offer an alterna-
tive.

Materials and Methods
Experimental Animals

The experiments were performed in the bar-
rier-derived inbred Brown Norway (BN) rat
strain BNBIi/Rij, produced in the Rijswijk
colony. Male rats between 13 and 16 weeks
of age were used (mean body weight, 260 g).

Rat Leukemia Model

Brown Norway acute myelocytic leukemia,
which was induced in a female BN rat by
treatment with 9,10-dimethyl 1,2-benzan-
thracene, shows striking similarities with hu
man AML [1, 6]. Upon cellular transfer the
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leukemia shows a reproducible growth pat-

tern. Some of its major characteristics are:

a) slow growth rate;

b) severe suppression of normal hemo-
poiesis due to an absolute numerical
decrease in the number of hemopoietic
stem cells (CFU-S: colony-forming unit
spleen);

¢) presence of clonogenic leukemic cells (in -
vivo, LCFU-S: leukemic colony-forming
units spleen; in vitro clonogenic assays);
and

d) response to chemotherapy as in human
AML.

An additional advantage of this model is
that normal hemopoietic stem cells and
leukemic clonogenic stem cells can be distin-
guished by modified spleen colony assays.

Treatment of Animals with
Cyclophosphamide

Leukemic animals were treated at various
stages of leukemia development: day 8§—14
after inoculation of 10’ BNML cells i.v. Cy-
clophosphamide (a generous gift from Asta
Werke, Bielefeld, FRG) was injected in-
traperitoneally in doses of 66—140 mg/kg.
Two to four weeks later the animals were put
to death and various bones were removed,
the marrow taken out, and the number of
residual BNML cells determined employing
Rm124 monoclonal antibody and FACS.

Preparation of marrow cell suspensions,
immunofluorescence labeling of cells,
Rm124 monoclonal antibody, and the
FACS procedure have all been described
previously [2—-4, 7].

Results and Discussion

Variability in Leukemic Cell Frequency
Before Treatment

Four animals were put to death, two on day
7 and two on day 10 after injection of 107
BNML cells i.v. At that moment the clinical
signs of leukemia became noticeable (in-
crease in spleen and liver weights and pro-
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Table 1. Ratios of measured maximal and mini-
mal leukemic cell frequencies in various bones of
leukemic rats before cyclophosphamide chemo-
therapy

Rat number Day after 107 MRV?
BNML

1 7 11.7

2 7 6.6

3 10 3.7

4 10 4.4

2 Examined bones were: femur, tibia, humerus,
scapula, vertebra, costa, and sternum, up to a
total of 16—19 bones/rat
MRV, maximal ratio value (i.e., highest/lowest
frequency ratio)

nounced infiltration of the bone marrow by
the leukemic cells).

Marrow cell suspensions were prepared
from the following bones: both femora, tib-
iae, humeri, scapulae, and limited numbers
(three to four) of the costae, vertebrae, and
sternum sections. The leukemic cell frequen-
cies in the different samples ranged from
4%x1073% to 5x1072 on day7 and from
7x1072 to 4x10”! on day 10 after
leukemic cell transfer. Obviously, the in-
crease from day 7 to day 10 is a result of
leukemia growth. The ratio between the
highest and lowest measured values of
leukemic cell frequencies in the various
bones was used as a parameter indicating
the range between the two extreme values
and is defined as the “maximal ratio value”
(MRV).

The MR Vs determined for all the animals
were in a narrow range: 6.6—11.7 for day 7
and 3.7-4.4 for day 10 (Table 1).

Variability in Leukemic Cell Frequency
During the MRD Phase

The high variability in leukemic cell fre-
quency between bones as reported [5] led to
the assumption that the size of the marrow
compartment was playing an essential role
with regard to response to treatment and
subsequent outgrowth of residual cells. Be-
cause the study of all individual bones from
each of the animals would have been too



Table 2. Maximal ratio values (MRVs) for leukemic cell frequencies in femur sections and in ribs during

the MRD phase after chemotherapy

Rat number Day of- Dose of cyclo- Day of Ribs MRV Femur MRV
treatment phosphamide sampling
(mg/kg)
3 8 100 29 2 2
7 8 100 32 7 7
8 8 100 36 66 >320
9 8 140 32 2 7
1 1 66 26 38 202
4 11 100 31 > 220 (70) > 28300 (1900)
5 11 140 31 >84 #
6 1 140 38 35 350
2 14 100 31 40 4
10 14 100 24 80 n.d.

n.d., not determined; 50000-300000 cells analyzed
2 All samples less than 1/10°

laborious, it was decided, guided by the data
obtained so far, to make an arbitrary dis-
tinction between “large” and “small” type
bones. Therefore, the second part of the
study, i.e., “selected marrow site sampling,”
included detailed analyses of the femoral
bone and the ribs, which were considered as
being representative for the ‘“large bone
type” and the ‘“small bone type,” respec-
tively.

Four animals were treated on day 8§ after
administration with 107 BNML cells i.v.
with 100 mg/kg (rat 3, 7, and 8) or 140 mg/
kg cyclophosphamide (rat 9). On the basis
of the dose response data it could be ex-
pected that this will result in a 6 and a 9 log
cell kill (LCK), respectively. At this stage the
ribs contain on average 6.7 x 10° leukemic
cells, which implies that the treatment
should be sufficient to eliminate all leukemic
cells. The leukemic cell frequencies in ribs
and femoral marrow sections were deter-
mined during the MRD phase, i.e., between
days 29 and 36 after treatment with cy-
clophosphamide. The results are shown in
Table 2. The MRV found for the animals
treated with 100 mg/kg are 7 for rat 7 and 66
for rat 8. The third animal, which received
100 mg/kg (rat 3), was apparently studied
too early in the MRD stage (i.e., day 29),
since in all bone marrow suspensions from

the ribs as well as from the femur sections
the leukemic cell frequency was below the
detection limit. However, some leukemic
cells must have survived in this animal be-
cause the analysis of the remaining femur,
which was not cut into slices but flushed in
total, yielded a leukemic cell frequency of
0.05%. If indeed these cells originated from
a single leukemic focus, it must have con-
tained 5 x 10* cells.

The animal which was treated with
140 mg/kg (rat 9) on day 8 and analyzed on
day 32 showed a pattern comparable to that
in rats 7 and 8, i.e., uniformly distributed
leukemia in ribs, with an MRV of 2. The
majority of the ribs (15 out of 16) were,
however, in a narrow range with an MRV of
10. The measured leukemic cell frequencies
were extrapolated backwards on the basis of
the parameter values derived from a com-
puter simulation analysis. For the day 8
treatment group, it was found that in all
investigated ribs the one leukemic cell per
rib level was reached between 9 and 20 days
after treatment (Table 3). In other words,
the ribs of these animals were free from dis-
ease for some time, which is in agreement
with the assumption that the treatment pro-
vided is more than sufficient to eradicate all
leukemic cells which are present in the ribs
at that time.
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Table 3. Disease-free intervals for ribs of rats treated with cyclophosphamide and investigated during

the MRD phase

Rat number Treatment Cyclophos- Sampling Ribs? free of Disease-free
on day phamide dose  day leukemia per interval
(mg/kg) total (days)
3 8 100 29 13/13 >16
7 8 100 32 16/16 88-11.1
8 8 100 36 14/14 15.8-16.7
9 8 140 32 16/16 14.3-19.5
1 1 66 26 16/18 04- 2.0
4 1" 100 31 12/12 6.0->12
5 11 140 31 12/12 40->12
6 11 140 38 12/12 16.8-21.9
2 14 100 31 2/13 1.0 and 1.5
10 14 100 24 10/19 02-34

* Immediately after treatment as derived by backwards extrapolation

A similar phenomenon was observed if
rats at day 11 after leukemia transfer were
treated with 66—140 mg cyclophosphamide/
kg (Table 3). However, treatment at a later
stage, i.e., day 14, resulted in surviving
leukemic cells in the majority of ribs investi-
gated.

With regard to the regrowth of the resid-
ual leukemic cells, the pilot study in the
BNML model, i.e., the survey of extensive
marrow sampling, already indicated that
unexpected phenomena occurred. The study
was performed on the assumption that after
treatment the surviving leukemic cells in
each of the bone marrow compartments
would rapidly redistribute in the animal in-
cluding in the bone marrow. Therefore, at
any given time interval after treatment, sim-
ilar leukemic cell frequencies in each mar-
row compartment were expected. However,
when the animals were investigated during
the phase prior to the imminent relapse, a
totally inhomogeneous distribution of the
regrowing leukemia cells was observed.
Analyses of the many marrow samples ob-
tained from a variety of different bones from
the various animals investigated revealed
large differences in leukemic cell frequency,
up to a factor or 28000-fold [5]. This varia-
tion was most pronouncedly found in the
group of so-called smaller bones, e.g., ribs,
vertebrae, and scapulae. It was obvious that
the leukemic cell frequencies measured in
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one of the marrow samples did not automat-

ically reflect the situation in the total mar-

row. Another conclusion was that the
leukemic animals which were studied had to

be analyzed on an individual basis [5].

The alternative hypothesis for early
spread during MRD to explain the data is
that surviving leukemic cells do not immedi-
ately migrate during the MRD phase, but
that residual cells show localized regrowth
for some time. This is called “primary re-
lapse growth.”” However, at some later stage
during the MRD phase cells migrate to
other sites, which can be concluded from the
fact that in all marrow sites sooner or later
leukemic cells were found. This is called
“secondary relapse growth.” Three types of
regrowth can thus be defined:

1. “Primary relapse growth,” where many
leukemic cells survive in a certain marrow
compartment

2. “Secondary relapse growth,” where no
leukemic cells survive and all residual cells
are derived from migrated leukemic cells
from a relapse site elsewhere

3. A combination of the two

If the results of the rat apply to the human
situation, the following should be consid-
ered.

Provided that the methods for the detec-
tion of residual disease in leukemia patients
will indeed be improved in the future, resid-



ual leukemic cells might be detected at fre-
quencies in the order of 1/100000—1 000000
normal cells. The most important and larg-
est part of the tumor load to be detected is
located at the primary relapse sites. What
are then the chances of detecting them by
using limited marrow sampling? The num-
ber of these foci will depend on the effective-
ness of the treatment. Currently used ther-
apy for leukemia is fairly effective, indicated
by the long periods of remission which are
observed clinically. This may indicate that
the number of surviving cells will be limited
and the chances of detecting them will be
small. Especially when smaller marrow com-
partments are sampled it is most likely that
the measured leukemic cell frequency repre-
sents a secondary relapse site which is char-
acterized by homogeneous distribution of
leukemic cells. The minimal tumor load can
then be calculated. Of more importance for
the total tumor load, however, are the pri-
mary relapse sites. For that reason, one
should focus on the detection of these. This
means that other methods should be devel-
oped, e.g., radiolabeling of monoclonal anti-
bodies or development of NMR techniques,
for in situ detection of these residual
leukemic foci.
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Introduction

The increase in the intensity of induction
chemotherapy, either in the form of an inter-
mittent high-dose upfront therapy or in
combination with late intensification regi-
men, has led to improved remission induc-
tion and cure rate in malignant hematologi-
cal disorders. Hence, many oncologists tend
to believe that successful treatment of dis-
seminated malignancies requires physical
elimination of all tumor cells. Although it is
difficult to assume on a theoretical basis that
the ““last tumor cell”” can be eradicated, it is
difficult, if at all possible, to document min-
imal residual disease in many instances of
successfully treated patients and therefore it
remains speculative whether all tumor cells
were indeed eradicated or whether few resid-
ual tumor cells were being put under the
host’s control mechanisms that prevent
clonogenic expansion of a few residual tu-
mor cells escaping chemotherapy. Although
the role of naturally occurring anticancer
defense mechanisms and therapeutically in-
duced immunotherapy remains speculative
in conventional hematological and oncolog-
ical practice, the role of cellular adoptive
immunotherapy in conjunction with allo-
genic bone marrow transplantation (BMT)
is by now well established [1-6]. Evidence
for effective antileukemic effects of allo-
geneic immune cells against residual host
leukemia cells was derived by documenting
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beneficial antileukemia effects in conjunc-
tion with graft-versus-host disease (GVHD)
[1-5], detrimental effects of T-lymphocyte
depletion [1-14], and increased relapse rates
following transplantation of identical twins
[6] or autologous marrow grafts [15]. An
effective role of cell-mediated immune ef-
fects against the residual host’s tumor cells
was also documented in several animal mod-
els [3, 7-10]. It was suggested by several
investigators working in murine models of
leukemia that graft-versus-leukemia (GVL)
effects may be accomplished without clini-
cally overt manifestations of GVHD [3, 8§,
10]. Our previously published work suggests
that donor cells completely tolerant of host’s
alloantigens may still exert curative an-
tileukemia effects in the murine model of
B-cell leukemia (BCL1) [10, 11]. The latter
experimental system suggests that GVL ef-
fects may be mediated by effector cells that
are distinguished from those leading to
GVHD, or else that effector cells of GVL
may recognize cell surface determinants on
tumor cells in distinction from alloantigens
which lead to alloactivation that results in
GVHD. Alternatively, other effector mech-
anisms may play a role in GVL effects. For
example, various mediators of inflammation
or products of the inflammatory process
may act against proliferation of clonogenic
tumor cells or may activate macrophages to
react against leukemia cells. We are cur-
rently investigating several approaches that
may lead to improved therapeutic strategies
in leukemia therapy by activating the host’s
natural defense mechanisms against cancer
on the one hand and donor’s immune cells in
conjunction with autologous and allogeneic



BMT on the other. Our experimental work
in mice suggests that potent antitumor effec-
tor mechanisms may be generated by cells
syngeneic to the tumor, suggesting that,
once such mechanisms are better under-
stood, it might be possible to potentiate
GVL effects that are mediated in conjunc-
tion with autologous BMT and that may
lead to major progress in the treatment of
malignant hematological disorders in con-
junction with autologous BMT.

Materials and Methods
Mice

BALB/c (H-2%) and (BALB/cx C57BL/
6)(F1) (H-2%°) mice purchased from the
Hebrew University Hadassah Animal Facil-
ity were used throughout the experiments.
(C57BL/6)(H-2°) (C57) mice were used as
marrow donors.

Bone Marrow Transplantation

Bone marrow cells were obtained by flush-
ing the shafts of femura and tibia. Mice re-
ceived 30 x 10% bone marrow (BM) cells in
the lateral tail vein. Depletion of Thy-1-pos-
itive cells was accomplished by monoclonal
anti-Thy-1.2 anbtibodies (Cedarlane Labs,
Hornby, ONT, Canada) with 1.0 low-tox
rabbit complement. Depletion of various T-
lymphocyte subsets was accomplished by in-
jecting cells treated by a monoclonal rat an-
timouse L3T4 or Lyt-2 (kindly provided by
Drs. S. Cobbold and H. Waldmann, Cam-
bridge University School of Medicine, UK)
using no complement (lysis occurring in
Vivo).

Cytoreduction of Leukemia and Induction
of Transplantation Tolerance by Total
Lymphoid Irradiation (TLI) Prior to
Allogeneic BMT

F1 recipients were inoculated with a high-
dose leukemia challenge of 107 BCL1 cells/
mouse. After 12-14 days of incubation,
mice were conditioned by TLI, consisting of
eight daily doses of 200 cGy (a total of

1600 cGy) as previously described [10].
Upon completion of TLI, mice were cytore-
duced by intravenous cyclophosphamide
200 mg/kg and 30 x 10° BM cells were in-
fused 24 h later. Confirmation of chimerism
following transplantation of allogeneic
(C57) BM cells was carried out as previously
described by alloantisera, using comple-
ment-dependent microcytotoxicity assays
[10].

Treatment of BCL1-Bearing Mice
with Recombinant Human Interleukin-2

Interleukin-2 (IL-2) was kindly provided by
Cetus (Emerville, CA, United States) and
EuroCetus (Amsterdam, The Netherlands).
Mice were injected with 10° U x 3 day i.p.
for five consecutive days, as previously de-
scribed [13].

Generation of IL-2-Dependent Cytotoxic
Cells

Spleen cells of C57 mice were cultured for
4days in IL-2 at 1000 U/ml in RPMI
medium in 10% AB fetal calf serum. Cyto-
toxic activity was confirmed against NK-re-
sistant (Daudi cell line cells) and NK-sensi-
tive (K562 cell line cells) using a standard
microcytotoxicity technique with radioac-
tive chromium release assay.

Documentation of Minimal Residual Disease
by Adoptive Transfer Experiments In Vivo

Since none of the in vitro assay systems at
hand are useful for documenting minimal
residual disease by direct testing [11], spleen
cells of treated mice were adoptively trans-
ferred (10° cells/mouse) into syngeneic
BALB recipients. Since leukemia develops
following inoculation of as few as 10 BCL1
cells/mouse [12], development of leukemia
in adoptive recipients served as indication
for residual tumor cells in successfully
treated hosts.
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Results

F1 recipients conditioned by TLI and cy-

clophosphamide showed consistent engraft-

ment of C57 or C3H BM cells and developed

donor-specific tolerance without any overt

evidence of GVHD, as previously described

[10]. Adoptive transfer of spleen cells ob-

tained from F1 recipients inoculated with

leukemia prior to BMT was carried out in

the following experimental groups:

1. Recipients of control BALB BM cells

2. Recipients of Lyt-2-depleted C57 BM
cells

3. Recipients of L3T4-depleted C57 BM
cells

Adoptive transfer of spleen cells of F1 recip-
ients (proven to be C57—F1 chimeras) was
carried on within 2-4 weeks following
transplantation. Fifteen out of 15 adoptive
recipients of spleen cells obtained from F1
mice reconstituted with BALB BM cells de-
veloped leukemia and died and similarly all
15 recipients of Lyt-2-depleted C57 BM cells
developed leukemia and died (groups A and
B), whereas all 15 adoptive recipients of
spleen cells obtained from F1 chimeras re-
constituted with L3T4-depleted C57 BM
cells (group C) remained tumor free for an
observation period of > 300 days. The data
suggest that immunocompetent Lyt-2-posi-
tive allogeneic lymphocytes of C57 origin
may play a significant curative role against
residual BCL1 cells in vivo.

In order to test whether cytotoxic cells of
syngeneic origin may also play a role in
eradication of residual BCL1 cells, BALB
mice inoculated with 102-10* BCL1 cells
were treated by high-dose IL-2 (10° U x 3/
day L.P. for five consecutive days) as previ-
ously described [13]. As previously shown,
most recipients of high-dose IL-2 therapy
showed no evidence of leukemia for a long
observation period, currently extending to
>1 year.

In order to investigate whether IL-2-acti-
vated allogeneic spleen cells could exert po-
tent GVL and GVHD in vivo, IL-2-acti-
vated C57 spleen cells were injected into
sublethally (550 cGy) irradiated BALB
mice. All mice died of typical GVHD and
hence it was not possible to document anti-
tumor effects by IL-2-activated allogeneic
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cells by long-term observation of original
mice inoculated with leukemia. It was there-
fore decided to observe antitumor effects of
IL-2-activated spleen cells by killing treated
mice and assaying for residual leukemia cells
in the spleen of treated mice by adoptive
transfer experiments.

In order to test whether in vitro activated
spleen cells are capable of inducing potent
GVL effects in vivo, F1 recipients were inoc-
ulated with 107 BCL1 cells/mouse and sub-
jected to lethal whole body irradiation
(700 cGy) 2 weeks later. Mice were reconsti-
tuted with 107 C57 BM cells depleted of
Thy-1-positive cells and subsequently re-
ceived a total of 200 x 10 IL-2-activated
spleen cells on days +1, +4, and +7. None
of ten mice showed any evidence of leuke-
mia, as documented by >200-day survival
of adoptive recipients of spleen cells ob-
tained from treated mice. In contrast, all ten
adoptive recipients of spleen cells obtained
from BMT recipients receiving no cellular
adoptive immunotherapy following BMT
developed leukemia and died within 31-42
days.

Discussion

Data recently generated in our laboratory
using the animal model of human lymphoid
malignancies, the murine B-cell leukemia/
lymphoma BCL1, suggest that effective
treatment of an extremely aggressive and in-
variably lethal leukemia may be accom-
plished by cell-mediated immune mecha-
nisms through cells derived from syngeneic
(activated by IL-2) or allogeneic sources
against residual BCL1 cells. GVL effects of
C57 cells, most likely mediated by Lyt-2-
positive cytotoxic lymphocytes, that can be
accomplished despite full tolerance to host’s
and hence to BCL1’s alloantigens (H-2%) is
of particular importance [10, 11], since it
suggests that GVL effects may be mediated
by reactivity against cell surface determi-
nants other than alloantigens. Similarly, the
unique efficacy of high-dose IL-2 invivo
with no allogeneic immune cells involved
[13] suggests that potent antileukemia mech-
anisms may be inducible in conjunction with
autologous BMT and hence with no threat
of serious GVHD. Indeed, if GVL may op-



erate independently of GVHD, as suggested
by several independent experimental sys-
tems in different laboratories 3, 8—11], opti-
mal activation of effector cells of GVL in
syngeneic systems may lead to new thera-
peutic strategies in the treatment of leu-
kemias and other malignancies, particularly
in conjunction with autologous BMT, since
it may be possible to activate the reconstitut-
ing immune system, following BMT, toward
faster maturation and enrichment of desir-
able effector cells using cytokines that may
favor differentiation and activation of anti-
tumor effector cells in vivo.

Our pilot data in the BCL1 model in mice
suggest that IL2-activated allogeneic lym-
phocytes may convey therapeutic an-
tileukemia effects invivo in conjunction
with BMT when given repeatedly and in
high doses. We are currently investigating
the role of syngeneic IL-2-activated cells in
this setting and whether administration of
IL-2 in vivo following adoptive transfer of
activated cells may augment their antitumor
effects toward more potent inactivation of
residual clonogenic BCL1 cells that have es-
caped chemoradiotherapy given during the
conditioning regimen prior to BMT.

Taken together, our preliminary results
using the BCL1 tumor model system suggest
that potent and even curative antileukemia
effects may be accomplished in vivo against
a nonimmunogenic tumor such as the BCL1
by immune cells capable of inducing tumor
dormancy, rather than physical eradication
of the ““last tumor cell” in conjunction with
BMT without mandatory GVHD. Activa-
tion of cells that may induce natural defense
mechanisms against tumors may be accom-
plished in a syngeneic system by nonspecific
potent cytokine-mediated activation in vivo,
unless such immune cells are capable of self-
propagation and reactivation through an al-
ternative strong stimulation — alloactivation
across major histocompatibility complex
(MHC) — which would provide intrinsic IL-2
and other important factors and cells.
MHC-compatible spleen cells are unlikely to
propagate and be activated continuously by
a nonimmunogeneic tumor and hence ex-
ogenous supply of IL-2 (or a comparable
cytokine) may be required for continuous
activation of such antitumor effector mech-
anisms.

In view of the paucity of data in support
of our hypothesis, it should be regarded as
speculative. Nevertheless, documentation of
beneficial antitumor effects by active im-
mune cells is encouraging and warrants
further study in an attempt to improve the
treatment of drug-resistant hematological
malignancies, especially in conjunction with
autologous BMT — a procedure that may be
recommended at an early stage of the dis-
ease in a large number of patients in need
while avoiding the risk of insurmountable
complications of allogeneic BMT. Alterna-
tively, antitumor effector mechanisms may
be inducible by allogeneic immune cells,
hopefully, at least to a certain extent, inde-
pendently of GVHD and hence such an ap-
proach may be clinically applicable in con-
junction with methods that result in
host-specific unresponsiveness, such as de-
pletion of immunocompetent T-lympho-
cytes with subsequent administration of
donor-type immune cells in a manner that
will not result in severe GVHD (Slavin et al.
unpublished data). Such an approach is cur-
rently being clinically investigated in pa-
tients at high risk of relapse in Jerusalem.
Although the number of patients investi-
gated so far is too small and the follow-up
period is too short for any firm conclusions,
it appears that such an approach may be
feasible and hence we are optimistic that it
may lead to better eradication of leukemia
in conjunction with safer approaches for al-
logeneic BMT.
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Double Marker Analysis for Terminal Deoxynucleotidyl Transferase
and Myeloid Antigens in Acute Nonlymphocytic Leukemia Patients
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Introduction

The enzyme terminal deoxynucleotidyl
transferase (TdT) is expressed on the nuclear
membrane of normal precursor B and T
cells as well as their malignant counterparts,
i.e., acute lymphoblastic leukemias (ALLs)
and some lymphoblastic lymphomas [1, 2].
TdT expression has also been found in
5% —46% of acute nonlymphocytic leuke-
mias (ANLLs) [3-9]. In ANLL there is
a large variability in the percentage of
TdT™* cells, and also the intensity of TdT
expression varies per cell. In most studies a
limit of at least 10% of TdT™* cells was
adopted for the diagnosis of a TdT* ANLL.
However, it is likely that in some ANLLs
smaller TdT* leukemic subpopulations are
present.

We have analyzed 60 ANLLs for the pres-
ence of a TdT* subpopulation using dou-
ble-marker analyses for TdT and differenti-
ation markers, such as myeloid markers
(CD13 and CD33), B-cell markers, and T-
cell markers. In addition, we applied dou-
ble-marker analyses to monitor the TdT™
leukemic subpopulation in two ANLL pa-
tients during and after chemotherapy. In
control studies, it was investigated whether
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Box 1738, 3000 DR Rotterdam, The Netherlands,
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CD13*, TdT* cells and CD33*, TdT ™ cells
are present in normal bone marrow (BM)
and peripheral blood (PB).

Materials and Methods

Bone marrow and/or PB samples from 60
patients having an ANLL were classified ac-
cording to the revised criteria of the French-
American-British (FAB) group. Immuno-
logical marker analyses using fluorescence
microscopy were performed on mononu-
clear cells (MNCs) isolated by Ficoll (den-
sity, 1.077 g/cm3®) density centrifugation
[10]. We determined the expression of a se-
ries of immunological markers, including
TdT, the B-cell markers CD10 and CD19,
the T-cell markers CD2, CD3, and CD7, the
myeloid markers CD13, CD14, CD15, and
CD33, the HLA-DR antigen, and the pre-
cursor antigen CD34. Information about
the monoclonal antibodies (mAbs) used is
given in Table 1. The TdT-immunofluores-
cence (IF) assay was performed by use of a
rabbit anti-TdT and a fluorescein isothio-
cyanate (FITC) conjugated goat antirabbit
immunoglobulin (Ig) antiserum (Super-
techs, Bethesda, MD, United States). Only
the characteristic nuclear staining was con-
sidered positive. For double-marker analy-
sis cells were successively labeled with one of
the mAbs mentioned above and a tetra-
methylrhodamine isothiocyanate (TRITC)
conjugated goat anti-mouse Ig antiserum.
Subsequently the TdT-IF assay was per-
formed. If possible, at least 200 TdT* cells
were analyzed; when MNC samples con-
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Table 1. Presence of myeloid marker*, TdT™* cells in 60 ANLLSs

Total number of
ANLLs per FAB

Leukemia type,
according to the

Number of ANLLs
with myeloid mar-

FAB group group ker*, TdT™ cells
M1 7 6
M2 22 16
M3 3 3
M4 10 8
M5 8 3
M6 2 2
AUL 8 7

tained less than 1% of TdT™* cells two cyto-
centrifuge preparations (total ~ 50000
MNC) were screened.

Bone marrow and/or PB samples from
two patients were monitored for the pres-
ence of CD33", TdT™ cells (patient B.B.) or
CD13*, TdT™ cells (patient A.K.) during
and after chemotherapy.

Sixty-six BM samples obtained from
healthy volunteers (n=7), from ALL pa-
tients under therapy (n=14), from ALL pa-
tients off therapy (n=45), as well as 25 PB
samples from healthy volunteers (n=16)
and from ALL patients (n=9) were ana-
lyzed for the presence of CD13*, TdT™* cells
and CD33", TdT* cells.

Results

Terminal Deoxynucleotidyl Transferase Posi-
tive Subpopulations in ANLL at Diagnosis

The FAB classification of the 60 ANLLs is
summarized in Table 1. Detailed informa-
tion about hematological characteristics and
results of immunological marker analysis of
12 representative ANLLs are given in
Table 2. The results of all 60 leukemias will
be published elsewhere [11]. A marked het-
erogeneity of marker expression was found
between the different leukemias as well as
within each leukemia. In 75% (n=45) of the
60 ANLLs a myeloid marker*, TdT",
CD10~ subpopulation was present; this
subpopulation varied from 0.1% up to 90%
of MNCs (Fig. 1). In Table 3 the 60 ANLLs
are listed according to the size of the TdT*
subpopulation. In most TdT* ANLLs the
TdT* subpopulation accounted for <50%
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and often even <10% of MNCs. No obvi-
ous relationship between the presence or ab-
sence of myeloid marker™, TdT™ cells, and
the FAB subtypes could be found (Table 1).
Within each leukemia the intensity of the
TdT expression was variable. Generally, the
TdT expression in ANLL was weaker than
in ALL. In all but one of the 45 ANLLs with
a TdT* subpopulation the TdT* cells were
positive for CD13 and/or CD33.

Follow-up of ANLL Patients by Use
of Double-Marker Analysis

Follow-up studies were performed in pa-
tients B.B. and A.K. The immunological
phenotype of these two ANLLSs at diagnosis
is given in Table 2, while the follow-up data
are summarized in Fig. 2.

After stopping the maintenance therapy
in patient B.B., a gradual increase in the
percentage of CD33*, TdT* cells was found
during the 6-month period before relapse.
After reinduction treatment she obtained
complete remission (CR). At this point BM
was taken for autologous bone marrow
transplantation (ABMT), which was per-
formed 4 weeks later. A second BM relapse
occurred 16 weeks after ABMT and the pa-
tient died. Although this patient seemed to
be in second CR for a period of 20 weeks, in
all BM samples tested CD33*, TdT* cells
were detected (Fig. 2).

In patient A.K. both BM and PB samples
were monitored. This patient achieved re-
mission after 5 weeks of treatment and ob-
tained CR after 12 weeks. Although at diag-
nosis only about 1% of the MNCs were
CD13*, TdT™, during follow-up low per-



Fig. 1A—C. Double IF staining for CD33 and
TdT on PB cells from patient P.B. at diagnosis.
A Phase contrast morphology; B TdT-positive
cells (FITC labeled); C CD33 (MY9)-positive cells
(TRITC labeled). The majority of the cells are
positive for CD33. Arrowheads indicate CD33 ex-
pression on the two TdT-positive cells
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Fig. 2. Follow-up of two ANLL patients by use of double IF staining for TdT and a myeloid marker
[CD13(My7) or CD33(My?9)]. Clinical phase is based on both clinical observation and cytomorphology
of BM and PB samples; D, diagnostic phase; CR, complete remission; PR, partial remission; Re, relapse.
Arrows indicate: Rx, start chemotherapy; Stop Rx, end of chemotherapy; ABMT, autologous bone
marrow transplantation
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centages of CD13%, TdT* cells were de-
tected in all BM and PB samples tested. The
percentages of CD13™, TdT™* cells gradu-
ally decreased, but these double-positive
cells were still present at week 28 of follow-
up. Subsequently the percentages of double-
positive cells gradually increased to about
5% in the BM and 3% in the PB at week 45
of follow-up when a BM relapse occurred,
as was proven by cytomorphology (Fig. 2).

Control Studies

Low percentages of myeloid marker™,
TdT™* cells (0.001%—0.03%) were detected

in 6 out of 7 normal BM samples, in 5 out of
14 BM samples from ALL patients under
therapy, and in 4 out of 45 BM samples from
ALL patients off therapy (Table 4).

Taken together, in 15 out of 66 (=23%)
BM samples from healthy volunteers and
ALL patients in CR low percentages of
CD13*, TdT™* and/or CD33™", TAT"* cells
were detected. In 3 of these 15 BM samples
both CD13*, TdT * cellsand CD33*, TdT*
cells were present, while in the other 12 BM
samples only CD13*, TdT™* cells (n=6) or
CD33*, TdT™ cells (n= 6) were detected. In
general, the nuclear TdT expression as well
as the expression of the myeloid marker was
weak.

Table 3. Percentage of myeloid marker*, TdT* cells in 60 ANLLs

Myeloid marker*, TdT*, Number of Examples
CD107 cells (%) ANLLs (see Table 2)

0 15 (=25%) K.A, 1J., M.S.
0.1-10 24 (=40%)  S.M., A.K. P.B., J.R.
1050 16 (=27%)  M.M., B.B, A.S., P.A.

>50 5(= 8%)  B.M.

Table 4. Analysis of BM and PB samples from healthy volunteers and non-ANLL patients for the

presence of myeloid marker™, TdT* cells

Cell samples CD13*, TdT*

CD33%, TdT*

Fraction CD13%,

Fraction CD33%,

Fraction of sam-
ples with CD13*,
TdT™ cells and/or

of posi- TdT* cells  of posi- TdT* cells CD33*%, TdT* cells
tive sam- (%) tive sam- (%)
ples ples
Bone marrow samples from  3/7 0.001-0.03  3/7 0.002-0.02 6/7
healthy volunteers aged
18—54 years (n=7)
Bone marrow samples from  4/14 0.002-0.007 4/14 0.004-0.02 5/14
patients (aged 5-21 years)
with an ALL under main-
tenance therapy in CR
(n=14)
Bone marrow samples from  2/45 0.02 2/45 0.004 4/45
patients (aged 5—18 years)
with an ALL off therapy
in continuous CR (n=45)
Peripheral blood samples 0/25 0 0/25 0 0/25

from healthy volunteers
(n=16) and patients with
an ALL in CR (n=9)
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Myeloid marker®, TdT* cells were not
found in the PB samples (n=25) tested
(Table 4).

Discussion

Using double-marker analysis for TdT and
several differentiation markers, we detected
TdT expression in 75% (n=45) of ANLLs.
In all cases the TdT™ cells only represented
a subpopulation of the ANLL. Proportion-
ally this subpopulation varied from 0.1% to
83% of MNCs. In most cases (n=24) the
percentage of TdT™* cells was even <10%
(Table 3). The inclusion of such low percent-
ages explains the higher incidence of TdT*
ANLL in our study as compared with the
data reported in the literature [3—9]. Never-
theless, our data are comparable with those
in other reports. For example, Erber et al.
found TdT™ cells in frequencies from 10%
t0 90% of MNCsin 37% of ANLL cases [8§],
while we detected such percentages of TdT*
cells in 35% of ANLLs. If a small TdT*
subpopulation (< 10%) is present, it has to
be demonstrated that these TdT* cells do
not represent normal TdT* precursor B
cells [12]. Double-marker analysis may al-
low discrimination between TdT* precursor
B cells and TdT*, myeloid marker™ ANLL
cells (Table 2). Using this approach, it was
proven that in the TdT* ANLL of our series
the TdT* cells expressed the same pan-
myeloid markers as the TdT ™ cells (Fig. 1).

Since a TdT* subpopulation occurs in the
majority of ANLL, it is interesting to study
whether normal counterparts of such ANLL
cells, i.e., myeloid marker™, TdT™ cells oc-
cur in normal BM and PB. Using double-
marker analysis we found low percentages
of CD13*, TdT* and/or CD33*, TdT"*
cells in 23% of the BM samples from healthy
volunteers and ALL patients in CR
(Table 4). As indicated in Table 4 myeloid
marker®, TdT* cells were detected in the
majority of the BM samples from healthy
adults, while these cells were found in only
9% of the BM samples from children with
an ALL off therapy in continuous CR. The
latter finding may be explained by the abun-
dance of CD10*, TdT™ cells, which proba-
bly represent regenerating precursor B cells
(unpublished observations). Bradstock et al.

found about 0.01% of CD13", TdT* cells
in S out of 11 nonleukemia BM samples [13].
Interestingly, they detected these double-
positive cells in BM samples from adults,
while these cells were absent in BM samples
from young children. Together with our
findings these data suggest an age-related
occurrence of myeloid marker*, TdT* cells.
In addition, Bradstock etal. reported a
weak CD13 expression on these cells, which
corresponds with our observations for both
CD13 and CD33 expression by TdT* cells
in normal BM. In PB samples we did not
find myeloid marker*, TdT* cells. So far, it
is unclear whether myeloid marker*, TdT™
cells in normal BM represent precursor
myeloid cells or whether the myeloid marker
is weakly expressed by precursor lymphoid
cells. In this respect, the recent finding of
expression of CD13 and CD33 by ALL cells
is interesting [14].

The role of TdT in ANLL cells and in
normal precursor myeloid cells is unclear. In
precursor lymphoid cells TdT is probably
involved in the insertion of nucleotides dur-
ing rearrangement of Ig genes or T-cell re-
ceptor (TcR) genes [15, 16]. In myeloid
markert, TdT™* cells the TdT expression
may be related to rearrangement of Ig or
TcR genes or to rearrangement of a still un-
known myeloid-specific gene. On the other
hand, aberrant expression of TdT in imma-
ture precursor myeloid cells cannot be ex-
cluded.

If TdT is expressed by a subpopulation
within an ANLL, double-marker analysis
can be used to monitor this subpopulation
in ANLL patients during and after chemo-
therapy. In analogy to our T-ALL studies,
we have recently started a follow-up study
using double-marker analysis for TdT and a
myeloid marker in ANLL patients to detect
minimal residual disease [17]. Although
myeloid marker™, TdT ™ cells can be present
in low frequencies in BM samples, our pre-
liminary results indicate that detection of
minimal residual disease is possible indeed.
As illustrated in Fig. 2, myeloid marker™*,
TdT™ cells were detected in two patients,
who were in CR on clinical grounds and by
cytomorphological examination of BM and
PB samples. Although in both cases at diag-
nosis only a subpopulation of the cells were
TdT™, it was possible to monitor this sub-
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population during follow-up. In one patient
a gradual increase of double-positive cells
resulted in a hematological relapse after
6 months. In addition, it was also possible to
detect myeloid marker*, TdT* cells in the
autologous BM graft of this patient. The
latter suggests that it might be rewarding to
search for TdT* ANLL cells in autologous
BM grafts of ANLL patients before trans-
plantation.

In conclusion, TdT™* cells, from 0.1% up
to 83% of MNCs, can be detected in the
majority of ANLLs. Using double-marker
analysis it can be demonstrated that these
TdT™ cells belong to the ANLL cell popula-
tion. This offers possibilities for the detec-
tion of minimal residual disease, and early
detection of relapse.

Acknowledgements. We are thankful to M.
W. M. van den Beemd, C. Borg, W. M.
Comans-Bitter, I. Dekker, J. W. Janssen, C.
M. J. M. Kappetijn-van Tilborg, K. van
Lom, P. W. C. Soeting, A. F. Wierenga-
Wolf and J. H. F. M. Wijdenes-de Bresser
for excellent technical assistance, T. M. van
Os for photographic assistance, Prof. Dr. R.
Benner for continuous support and advice,
and J. de Goey-van Dooren for skillful sec-
retarial support.

References

1. Bollum FJ (1979) Terminal deoxynucleotidyl
transferase as a hematopoietic cell marker.
Blood 54:1203-1215

2. Janossy G, Hoffbrand AV, Greaves MF,
Ganeshaguru K, Pain C, Bradstock KF,
Prentice HG, Kay HEM, Lister TA (1980)
Terminal transferase enzyme assay and im-
munological membrane markers in the diag-
nosis of leukaemia: a multiparameter analysis
of 300 cases. Br J] Haematol 44:221-234

3. Bradstock KF, Hoffbrand AV, Ganeshaguru
K, Llewellin P, Patterson K, Wonke B, Pren-
tice AG, Bennett M, Pizzolo G, Bollum FJ,
Janossy G (1981) Terminal deoxynucleotidyl
transferase expression in acute non-lymphoid
leukaemia: an analysis by immunofluores-
cence. Br J Haematol 47:133-143

4. Jani P, Verbi W, Greaves MF, Bevan D, Bol-
lum F (1983) Terminal deoxynucleotidyl
transferase in acute myeloid leukaemia. Leuk
Res 7:17-29

48

11.

12.

13.

14.

. Lanham GR, Melvin SL, Stass SA (1985) Im-

munoperoxidase determination of terminal
deoxynucleotidyl transferase in acute leu-
kemia using PAP and ABC methods: experi-
ence in 102 cases. Am J Clin Pathol 83:366—
370

. Krause JR, Brody JP, Kaplan SS, Penchan-

sky L (1986) Terminal deoxynucleotidyl
transferase activity in acute leukemia: a study
of 100 cases comparing an immunoperoxi-
dase (PAP) vs. immunofluorescent method.
Am J Hematol 22:179-184

. Kaplan SS, Penchansky L, Krause JR, Bas-

ford RE, Zdziarski U (1987) Simultaneous
evaluation of terminal deoxynucleotidyl
transferase and myeloperoxidase in acute
leukemias using an immunocytochemical
method. Am J Clin Pathol 87:732-738

. Erber WN, Mason DY (1987) Immunoalka-

line phosphatase labeling of terminal trans-
ferase in hematologic samples. Am J Clin
Pathol 88:43-50

. Parreira A, Pombo de Oliveira MS, Matutes

E, Foroni L, Morilla R, Catovsky D (1988)
Terminal deoxynucleotidyl transferase posi-
tive acute myeloid leukaemia: an association
with immature myeloblastic leukaemia. Br J
Haematol 69:219-224

. Van Dongen JJM, Adriaansen HJ, Hooijkaas

H (1987) Immunological marker analysis of
cells in the various hematopoietic differentia-
tion stages and their malignant counterparts.
In: Ruiter DJ, Fleuren GJ, Warnaar SO (eds)
Application of monoclonal antibodies in tu-
mor pathology. Nijhoff, Dordrecht, pp
87-116

Adriaansen HJ, Van Dongen JJM, Kappers-
Klunne MC, Héhlen K, Van’t Veer MB, Wij-
denes-de Bresser JHFM, Holdrinet ACIM,
Harthoorn-Lasthuizen EJ, Abels J, Hooij-
kaas H (submitted) Terminal deoxynucle-
otidyl transferase positive subpopulations oc-
cur in the majority of ANLL. Implications for
the detection of minimal disease

Janossy G, Bollum FJ, Bradstock KF,
McMichael A, Rapson N, Greaves MF
(1979) Terminal transferase-positive human
bone marrow cells exhibit the antigenic phe-
notype of common acute lymphoblastic
leukemia. J Immunol 123:1525-1529
Bradstock KF, Kerr A, Kabral A, Favaloro
EJ, Hewson JW (1986) Coexpression of p165
myeloid surface antigen and terminal de-
oxynucleotidyl transferase: a comparison of
acute myeloid leukaemia and normal bone
marrow cells. Am J Hematol 23:43-50
Sobol RE, Mick R, Royston I, Davey FR,
Ellison RR, Newman R, Cuttner J, Griffin
JD, Collins H, Nelson DA, Bloomfield CD
(1987) Clinical importance of myeloid antigen



15.

16.

expression in adult acute lymphoblastic
leukemia. N Engl J Med 316:1111-1117
Desiderio SV, Yancopoulos GD, Paskind M,
Thomas E, Boss MA, Landau N, Alt FW,
Baltimore D (1984) Insertion of N regions
into heavy-chain genes is correlated with ex-
pression of terminal deoxytransferase in B
cells. Nature 311:752-755

Landau NR, Schatz DG, Rosa M, Baltimore
D (1987) Increased frequency of N-region in-
sertion in a murine pre-B-cell line infected

17.

with a terminal deoxynucleotidyl transferase
retroviral expression vector. Mol Cell Biol
7:3237-3243

Van Dongen JJM, Hooijkaas H, Adriaansen
HJ, Hihlen K, Van Zanen GE (1986) Detec-
tion of minimal residual acute lymphoblastic
leukemia by immunological marker analysis:
possibilities and limitations. In: Hagenbeek
A, Lowenberg B (eds) Minimal residual dis-
ease in acute leukemia 1986. Nijhoff, Dor-
drecht, pp 113-133

49



Haematology and Blood Transfusion Vol. 33
Acute Leukemias II
Edited by Biichner, Schellong, Hiddemann, Ritter

© Springer-Verlag Berlin Heidelberg 1990

Antigen Receptor Rearrangement and Expression

in Acute Leukemias *

M. Volkmann!, P. Mar?, K. Pachmann®, E. Thiel >, and B. Emmerich !

Summary

Twenty-two leukemias, 11 of which were un-
differentiated with respect to surface antigen
markers, were investigated for their antigen
receptor gene rearrangement, transcription
products of these antigen receptor genes,
and surface antigen pattern of the cells.
Among the three less-differentiated groups
rearrangement was observed in 2/10 cases
for the TCR f-chain and in 4/11 cases for
the heavy-chain gene. TCR f-mRNA, how-
ever, was expressed in seven out of eight
cases and the u heavy-chain mRNA in eight
out of ten cases investigated. Also mRNA of
TCR «, the rearrangement of which could
not be detected with our probes, was ex-
pressed as frequently as TCR f. Although
rearrangement of the appropriate gene was
found regularly in the more mature leukemi-
as, transcription of these genes was lower or
even lacking. These findings indicate that
expression of antigen receptor mRNA in un-
differentiated leukemias can be activated by
events other than maturational rearrange-
ment.

Introduction

Studies on antigen receptor rearrangement
as earliest markers of maturation into one of
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the pathways of lymphoid differentiation
have revealed to be only of limited value,
since lineage spillover rearrangement has
been detected and rearrangement sometimes
occurs also in leukemias otherwise carrying
markers of myeloid differentiation. There-
fore we attempted to see whether transcrip-
tional activity is able to provide more infor-
mation about differentiation into a defined
lineage.

Materials and Methods

DNA coding for the immunoglobulin u-
constant fragment was kindly provided by
Dr. M. Pech (Institute for Physiological
Chemistry, University of Munich). In addi-
tion the JA probe (Oncor Gaithersburg) was
used. To mark the T-cell receptor (TCR)
chains we used cDNA coding for the con-
stant region of the TCR « chain and the
c¢DNA specific for the constant regions of
the TCR f chain. Salmon sperm DNA was
used as a negative control.

For blot hybridization cells were lysed
and DNA was extracted with the phenol ex-
traction method. DNA, 7.5-10 ug, was di-
gested with the restriction enzymes EcoRI,
BamHI, Bglll, or HindlIl and transferred to
nylon membranes after electrophoretic sep-
aration in 0.8% agarose gels [1]. DNA was
radioactively labeled with 32P by by the ran-
dom poly priming method [2]. Hybridiza-
tion was carried out according to the proto-
col of Church and Gilbert [3] and exposure
was for 1-14 days.

For cytological preparations cells from
peripheral blood of patients were isolated by



Ficoll-Isopaque separation and then cells
sedimented in 10 ul/PBS. The cells were then
treated as described to make the membrane
porous and fixed [4]. Then the cells were
cytocentrifuged directly onto slides. As has
been previously described (Pachmann et al.
submitted), fluorescein isothiocyanate was
conjugated to the synthetic polypeptide
polyethylenimine (PEI) (Serva).

A DNA probe was denatured and then
coupled to the fluoresceinated PEI and hy-
bridization reactions were sealed under a
coverslip and incubated for 24-48 h in a
humidified atmosphere at 37°C. The slides
were then unsealed and washed, covered
with one drop of glycerine, and the fluores-
cence measured. Measurements were per-
formed on a Leitz Orthoplan microscope
photometer MPV 2 equipped with a Ploem
optic for fluorescein and rhodamine illumi-
nation. Relative intensity values were cor-
rected and net values plotted as a frequency
distribution diagram.

Surface Antigen Screening Tests

The following antibodies were used (the
clusters of differentiation according to the
WHO criteria given in parentheses): Vim
D2, WT1 (CD7), T28 (CD3), Vil Al
(CD10), HD 37 (CD19), B1 (CD20), BA-1
(CD24), and antipolyvalent Ig. Indirect
immunofluorescence staining was per-
formed with standard methods [5] using the
monoclonal antibodies as the first reagent
and affinity-purified fluoresceinated goat-
anti-mouse globulin reagents (Tago Ham-
burg).

Results

Twenty-two leukemias which were classified
by their surface marker pattern into a group
lacking all markers, one with only a myeloid
marker, one group carrying a myeloid and
an early T-cell marker, and a group with
either mature T-cell markers and or with
B-cell markers, were investigated for rear-
rangement of the TCR genes and the im-
munoglobulin heavy-chain gene by South-
ern blotting and the expression of these
genes by quantitative in situ hybridiza-
tion. Nine out of the 11 undifferentiated

leukemias investigated carried a marker on
the surface of their mononuclear cells usual-
ly assigned to the myeloic differentiation
pathway but otherwise did not show
morphological signs of myeloic differentia-
tion (groups B, C in Table 1). They were
subdivided according to the additional
appearance of CD7 antigen (group C in
Table 1), which is one of the earliest appear-
ing markers in T-cell differentiation but
has also been observed on cells of other ori-
gin. No other markers were found on these
cells.

In contrast to the leukemias carrying ad-
ditional maturation markers most of the
leukemias of groups A, B, and C had the
antigen receptor genes typical for T- or B-
cell differentiation in germ-line configura-
tion. Two of them, however, had rearranged
the TCR fB-chain gene and four others the
immunoglobulin heavy-chain gene (Table 1,
typical Southern blots, Fig. 1). In spite of
germ-line configuration transcriptional ac-
tivity was observed in 7 of 11 leukemias test-
ed for the TCR f and in 9 of 10 leukemias
tested for the immunoglobulin heavy chain
and it was higher in the undifferentiated
leukemias than in the more mature leukemi-
as (Table 1; typical histograms, Fig. 2). T3-
gene rearrangement was regularly found in
leukemias with definite T-cell markers be-
sides one obvious T-cell blast crisis of a
CML which had the TS gene in germ-line
configuration. The same was true for defi-
nite B-lineage leukemias but lineage cross-
over rearrangement was also observed
(Fig. 1, patients 12, 22).

In addition the TCR a-transcript was
monitored, the gene rearrangement of which
could not be detected with our probes and it
was found to be present in seven of nine
undifferentiated leukemias and, puzzlingly
enough, in all B-cell leukemias tested (Table
1, Fig. 3).

Discussion

In accordance with others [6], we found re-
arrangement of the antigen receptor genes
only in a low frequency in undifferentiated
leukemias as compared with leukemias car-
rying more mature differentiation markers
where the ‘“appropriate’ receptor genes
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Fig. 1. Typical Southern blots from four patients from Table 1 as indicated. G, germ-line bands;

R, rearranged bands

were detected to be rearranged almost regu-

larly.

The in situ quantification of the cellular
transcripts showed, however, that transcrip-
tional activity of these genes was low or ab-
sent in the more mature leukemias, whereas
there was a high frequency and accumula-
tion of transcription products in undifferen-
tiated leukemias with their antigen receptors
in germ-line configuration.

The unexpected finding of transcriptional
activity without preceding antigen receptor
gene rearrangement leads us to the hypothe-
sis that in the leukemias these RNA tran-
scripts may play another role than just en-
suring rearrangement as a precursor for a
functional gene product:

1. It has been reported that production of
truncated transcripts may precede rear-
rangement and a role of these transcripts
in facilitating functional rearrangement
has been suggested [7]. Northern blots are
now being performed to study the nature
of these transcripts, and as to whether
complete or truncated forms are tran-
scribed under these conditions.

2. Transcripts of more than one antigen re-
ceptor were found simultaneously in the
leukemias, the genes of which are located
on different chromosomes. Therefore a
far-reaching mechanism of activation
must be considered in these undifferenti-
ated leukemias. If the high transcriptional
activity, in fact, indicates a maturation-
enhancing process, this seems to be rather
unspecific and general in character.

3. All investigated cell populations being
derived from pathological clonal expan-
sions, the unspecific transcription may re-
flect or be in itself a factor in malignant
transformation. A connection with onco-
gene rearrangement into these regions
with simultaneous activation of oncogens
and antigen receptor genes is currently
under investigation.

Thus, expression of antigen receptor mRNA
in undifferentiated leukemias may be acti-
vated by events other than maturational re-
arrangement.
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Fig. 2a—{f. Typical fluorescence intensity histograms from patient 3 (a), patient 5 (b), patient 10 (c),
patient 4 (d), patient 9 (e) and patient 22 (f) from Table 1 for the Tf (top) and the heavy chain (u) mRNA
(bottom) from 100 cells measured randomly from the whole population. Fluorescence intensity ex-
pressed as relative units on a 75-channel scale
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Fig. 3a—c. Typical fluorescence intensity histograms from patient 3 (a), patient 5 (b) and patient 10 (c)
from Table 1 for the Tx mRNA from 100 cells measured randomly from the whole population.
Fluorescence intensity expressed as relative units on a 75-channel scale
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Introduction

Acute lymphoblastic leukemias (ALL) and
non-Hodgkin’s lymphomas (NHL) are clon-
al lymphoproliferative disorders at specific
stages of differentiation. Recently, the intro-
duction and application of molecular genet-
ic methods have become a valuable addition
to the established cytological, cytogenetic,
histological, and immunological techniques
in the diagnosis, classification, and monitor-
ing of therapy of leukemias and lymphomas
[1-4).

The antigen recognition molecules of B
and T cells, immunoglobulins (Ig), and T-
cell receptors (TCRs), respectively, are en-
coded by genetic loci that undergo somatic
recombinations (rearrangements) during the
differentiation of pluripotent bone marrow
stem cells into immunoglobulin-producing
plasma cells or immunocompetent T-lym-
phocytes [5—7]. This process generates func-
tionally active genes and increases the diver-
sity of Ig and TCR. Every Ig or TCR gene
rearrangement produces a uniquely occur-
ring gene in the lymphocyte, making it a
specific marker of lineage and differentia-
tion for a B or T cell and its clonal progeny
[8-10].

We have analyzed DNA samples of 60
children with ALL and NHL for gene rear-
rangements of the Ig heavy-chain joining re-
gion (JH), the Ig kappa light-chain constant
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2 Dept. of Internal Medicine, University Hospi-
tal R. Virchow, Berlin, FRG
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region (Ck), and the TCR f-chain constant
region (CTp) at first presentation, in relapse,
and during therapy.

Material and Methods
Cells

Bone marrow, blood, lymph nodes, and oth-
er kinds of tumor tissue were obtained at the
time of diagnosis and at different times of
treatment. Cell morphology and cytochem-
istry were examined. The percentage of leu-
kemic cells in each sample ranged from 0%
to 98%. Analysis of surface markers using a
panel of monoclonal antibodies, and surface
and cytoplasmatic immunoglobulins were
carried out by Dr. W. D. Ludwig, Univ.-
Klinikum Steglitz, Berlin.

DNA Preparation and Southern Blot
Analysis

High molecular weight DNA of each patient
was isolated by standard phenol-chloroform
extraction. Ten micrograms of DNA was
digested with the restriction endonucleases
BamHI, EcoRI, and Hindlll. Digested
DNA was sizefractionated by 0.7% agarose
gel electrophoresis and transferred to nylon
membranes [11]. The filters were hybridized
to randomly primed P-32-labeled probes
[12].

Gene Probes

The human Ig heavy-chain gene probe was
a BamHI-Hindlll fragment that contained



the joining region (JH: 5.9-kb BamHI-
Hindlll fragment). The JH probe identified
a 17-kb BamHI and a 16-kb EcoRI fragment
in germ-line DNA. A Ps:¢l - Bg/lI fragment
of the T cDNA clone Cf1, a subclone from
pT10, was used as a TS constant-region gene
probe (CTf: 0.7-kb PstI1- Bglll fragment).
The CTf probe detected a germ-line 24-kb
BamHI fragment containing both CT8{ and
CTp2 and 12- and 4-kb EcoRI fragments
containing CTf! and CTp2, respectively.
The human Ig kappa light-chain gene probe
was an EcoRI fragment that contained the
constant region of the kappa chain (Ck: 2.5-
kb EcoRI fragment). The Ck probe identi-
fied a 12-kb BamHI fragment in germ-line
DNA. The gene probes were kindly provid-
ed by P. Leder, Boston, United States (JH,
Ck) and T. Mak, Toronto, Canada (CTp).

Results and Discussion

Of the 60 children who were studied sequen-
tially, 43 had common ALL (10 at first pre-
sentation, 33 in relapse), 2 0-ALL, 2 pre-B-
ALL, 1 B-ALL, 1 pre-T-ALL relapse, 4 T-
ALL, 1 biphenotypic ALL relapse, 5 B-
NHL, and 1 child with a human B-lym-
photrophic virus (HBLV) infection. These
diagnoses were established through surface
marker analysis. The results of the gene re-
arrangements were compared with the per-
centage of leukemic cells and their morphol-
ogy, shown in Table 1.

Twenty-seven (90%) of 30 children with
common ALL had a clonal rearrangement
of the Ig JH gene; 6 of these patients (20%)
showed an additional Ig Ck gene rearrange-
ment. In 15 cases (50%) the TCR f gene was

Table 1. Molecular genetic analysis of children with ALL and non-Hodgkin’s lymphoma in comparison
with immunophenotype, percentage of leukemic cells, and their morphology

Diagnosis n JH Ck CTB Leukemic cells Morphology
C-ALL (n=38) 5 R G G 75%—-97% L1/L2
1 R G R 84% L1
2 R R R 91% -
Therapeutic control 2 G G G < 2% -
C-ALL relapses (n=22) 8 R G G 54% —98% L1/L2
2 R R G 81%-92% L1/L2
7 R G R 32%-98% Lt/L2
3 G G R 5% —85% L1/L2
22 R R R 21%-86% L1
Therapeutic control (n=11) 2 R G G < 9% -
9 G G G < 2% -
0-ALL (n=2) 1 R G G - -
1 G R G 97% L1
Pre-B-ALL 1 R G G - -
Pre-B-ALL relapse 1 G G G 3% -
B-ALL therapeutic control 1 G G G 0% -
Pre-T-ALL relapse 12 G G R 92% L2
T-ALL (n=4) 2 G R R 83%-93% L1/L2
1 G R R 89% L1/L2
1 R G R 83% L2
Biphenotypic ALL-relapse 1 R G G 76% -
B-NHL inquiry into Bm 4 G G G - -
involvement
B-NHL inquiry into lymph 1 G G G - -

node involvement
HBLYV infection 1

el

Q
=
I
|

R, rearrangement; G, germ-line
* Poor/nonresponder
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rearranged: 12 (40%) were rearranged in
both Ig JH and TCR f and 3 (10%) had a
sole TCR f rearrangement. Four (13%)
were rearranged in all three gene loci (Ig JH,
Ig Ck, and TCR B). In all cases of T-ALL
and precursor T-ALL a TCR f gene rear-
rangement was detected, moreover, three
with Ig Ck and one with Ig JH being addi-
tionally rearranged. The examined 0-ALLs
showed rearranged Ig JH or Ig Ck gene loci,
indicating an initial step toward B-cell dif-
ferentiation.

We would like to emphasize that in two
beningn cases (one child not mentioned in
Table 1) a clonal rearrangement of Ig JH
and TCR f was detected, one having a prov-
en HBLYV infection [13, 14]. Except for the

patients with remnant leukemic blast cells
(<9%) the monitoring of the course of ther-
apy through DNA analysis yielded a germ-
line configuration. The comparison of pa-
tients with different acute leukemias at the
time of diagnosis and at different stages of
treatment is demonstrated in Figs. 1-3. In
the five cases of B-NHL, we investigated the
involvement of tissue other than the tumor
site [15]. In neither case could an extranodal
clone be detected.

We conclude from these results that in
every analyzed case of ALL and NHL a
clonal rearrangement is found at the time of
diagnosis [16, 17]. These rearrangements are
clonospecific for every patient and can be
used as an individual genetic marker to

Fig. 1A, B. Comparison of patients with different acute leukemias at the time of diagnosis (a), during
therapy (b), before autologous BMT (c), and after autologous BMT (d) examined by Southern blot
analysis, hybridized with a JH probe. Lanes G (human placenta DNA) show the germ-line restriction
enzyme pattern after digestion with BamHI (A) and EcoRI (B), 17 and 16 kb, respectively. The

rearranged bands are indicated by arrows
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Fig. 2. Comparison of patients with different acute leukemias at the time of diagnosis (a), during
therapy (), before autologous BMT (c), and after autologous BMT (d) examined by Southern blot
analysis, hybridized with a Ck probe. Lanes G (human placenta DNA) show the 12-kb germ-line
restriction enzyme pattern after digestion with BamHI. The rearranged bands are indicated by arrows

Fig. 3A, B. Comparison of patients with different acute leukemias at the time of diagnosis (@), during
therapy (b), before autologous BMT (c), and after autologous BMT (d) examined by Southern blot
analysis, hybridized with a CTg probe. Lanes G (human placenta DNA) show the 24-kb germ-line
restriction enzyme pattern after digestion with BamHI (A) and the 12- and 4-kb germ-line bands after
digestion with EcoRI (B). The rearranged bands are indicated by arrows



quantify remission and to monitor therapy
[18]. In addition, the high sensitivity of the
molecular genetic method (detection of a
clonal population which comprises only
about 2% of the total cell population) offers
a powerful tool in detecting residual disease,
especially for patients undergoing au-
tologous bone marrow transplantation [19,
20].

A moelcular genetic classification of
leukemias and lymphomas is possible [4, 9,
10, 16, 17]. Comparison with the im-
munophenotype showed that in many cases
aberrant rearrangements in the comple-
mentary cell line were detected next to
rearrangements of the specific cell line
[21-23].
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Summary

Studies on cell-membrane-bound proteins in
the human hematopoetic system revealed
that the expression of certain peptides is re-
stricted to the differentiation lineage. We ap-
plied discontinuous polyacrylamide gel elec-
trophoresis of triton X-114 lysates to identi-
fy such proteins for a new diagnostic ap-
proach in human leukemia. A polypeptide
with an apparent molecular mass range
of 24kd (p24) was found predominantly
in cells of chronic granulocytic leukemia
(CGL), myeloic type of blast crisis, and nor-
mal granulocytes. The data presented here
suggest a role of this protein in the biology
of malignant cells in chronic granulocytic
leukemia throughout the course of the dis-
ease.

Introduction

Sodium-dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) is a common
method for analysis of biosynthetically la-
beled and immunoprecipitated proteins [1],
as well as externally labeled cell surface
polypeptides [2—6]. The problem of SDS-
PAGE followed by an unspecific but high
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sensitive silver stain is, in fact, its high reso-
lution power. The multitude of visualized
bands is difficult to interpret and the repro-
ducibility may be disturbed by minor
changes in technical performance. We de-
scribed previously that the triton X-114
(TX-114) phase separation technique, pri-
marily introduced by Bordier [7], yields a
fraction of lipid-soluble proteins, some of
them specific for different cell lineages of the
hematopoetic system. Analysis of these
detergent-phase-separated and so enriched
membrane-bound proteins gives promising
results and is reproducible [7, 8]. Using this
technique, we analyzed 57 CGL blast crises
considering only two proteins, p24 as a
myeloic marker and p55 as a lymphatic
marker, obtaining concordance with im-
munological typing in the vast majority of
cases. However, p24 is the most specific
protein observed so far. Blast crises, clearly
positive for p24, were almost always im-
munotyped as myeloic [8].

Material and Methods

Peripheral blood or bone marrow aspirate
from CGL patients was treated as previous-
ly described [8]. Aliquots of 2x 107 cells
were either lysed immediately in TX-114
buffer or stored until use at —80°C as a dry
pellet. After lysis and phase separation [7, 8],
the samples were subjected to SDS-PAGE
[9]. The gel was then silver stained [10] by a
modified technique as previously described
[8]. A protocol of the procedure will be sent
out upon request.



Results

Figure 1 shows the protein pattern of differ-
ent peripheral blood subpopulations of a
healthy individual. In conjunction to our
working hypothesis the different subpopula-
tions have different patterns. Granulocytes
(lane 3) express predominantly a peptide of
24 kd apparent molecular mass. This pep-
tide (p24) is not observed in lysates of

1 2 3 4

Fig. 1. SDS-PAGE
of detergent-phase
concentrated triton
X-114 lysates of dif-
ferent peripheral
blood subpopula-
tions of a healthy
individual. Lane 1,
lymphocytes: lane 2,
platelets; lane 3,
granulocytes; lane 4
----- monocytes

lymphocytes (lane 1), platelets (lane 2), or
monocytes (lane 4). Both the granulocytes
and monocytes are relatively poor in num-
ber of TX-114-phase-concentrated peptides
compared with the lymphocytes and plate-
lets. The predominance of p24 in CGL blast
crisis patients is demonstrated in Fig. 2. Pe-
ripheral blood cells from 43 patients were
separated according to the presented meth-
od. All patients identified immunologically
by the use of several monoclonal antibodies
as suffering from a myeloic blast crisis type
expressed the p24 peptide (lanes 13-43).
Lymphatic blast crisis cells expressed in con-
trast no p24 and resembled the protein pat-
tern of normal lymphocytes (lanes 1-12).
The protein pattern of acute myeloic leu-
kemias (AMLs) is presented in Fig. 3. In
12/13 cases no predominance of p24 as
shown for CGL blast crisis was observed.
However, one case resembled the pattern
shown in Fig. 2 and is marked by an aster-
isk.

Discussion

Cells of the different lineages can be subdi-
vided biochemically by the simple use of a
detergent-phase separation and SDS-PAGE.
Among several proteins we concentrated on
the expression of p24. In healthy individuals
p24 is found in cells of the granulocytic lin-
eage, granulocytes, and their precursors in
normal bone marrow, respectively. Among
leukemias its detection is a regular finding in
CGL cells in chronic phase as well as in
acute blast crisis of the myeloic type [8].
Since the development of blast crisis in CGL
is a prolonged process leading to clones with
atypical and variable phenotypes, the find-
ing of a constant biochemical feature in a
subgroup of CGL blasts was surprising.
These blasts are immunologically often de-
fined by the absence of lymphatic markers
only [3]. In addition, p24 positivity not only
discriminates myeloic from lymphatic CGL
blasts but myeloic CGL blasts from AML
cells. These results indicate that the myeloic
subgroup of blast crises in CGL can be bio-
chemically defined by the presence of the
granulocyte-related protein p24. However,
it still remains unclear why CGL cells con:
serve this protein throughout the process of
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Fig. 3. SDS-PAGE of
detergent-phase concen-
trated triton X-114
lysates of AML cells.
M, molecular weight
markers; *, leukemia
resembling a myeloic
type of CGL blast crisis

metamorphosis, involving additional chro-
mosome mutations and variable phenotypic
changes. In our opinion p24 seems not to be
an essential protein for myeloic cells nor a
sign of malignancy. A possible explanation
is that the expression of p24 by myeloic cells
is advantageous, by a not yet understood
mechanism, in selection through the evolu-
tion leading to the terminal clone. In con-
trast AML blasts do not profit from p24
production perhaps due to another mecha-
nism in oncogenesis.
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of Early Myeloperoxidase Expression in Null-AL(L) Cells

G. Heil!, E. Gunsilius®, A. N. Raghavachar!, E. Kurrle!, D. Hoelzer 2, H. Heimpel !,

and E. Thiel 3

Introduction

Substantial progress in immunological and
molecular analyses has now enabled most
cases of acute leukemia to be classified as
myeloid or lymphoid differentiated neo-
plasms [1]. In spite of these sophisticated
methods, which have completed routine
morphological and cytochemical studies, a
certain number of acute leukemias remain
unclassified [2]. This group of acute undif-
ferentiated leukemias, mostly referred to as
AULSs or null-AL(L)s, can be characterized
by the absence of morphological and cyto-
chemical features for myelomonocytic dif-
ferentiation at light microscopic level, lack
of reactivity with anti-T-cell antibodies
(Leu-1, OKT 11), and negativity for expres-
sion of the CD 10 antigen or cytoplasmic or
surface immunoglobulin [3]. Some of these
leukemias display myeloid surface antigens,
alone or together with early B- or T-lym-
phoid surface markers, suggesting myeloid
or bilineage differentiation [4]. It still re-
mains unclear, however, whether these mye-
loid markers reflect true myeloid differentia-
tion or are due to aberrant marker expres-
sion [5].

Ultrastructural studies have identified
early or minimally differentiated myeloid
leukemias among the AUL cases by demon-
stration of early, light microscopic non-
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detectable myeloperoxidase expression (PO-
EM), which is generally accepted as a lin-
eage-specific marker for myelomonocytic
differentiation [6]. The aim of our study was
to identify early myelomonocytic leukemias
among the subgroup of acute unclassified
leukemias by ultrastructural analyses of PO-
EM expression and to correlate POEM pos-
itivity with the expression of myeloid differ-
entiation markers.

Patients and Methods
Patients

Thirty patients aged 12—70 years with newly
diagnosed acute leukemia were selected, be-
cause they remained unclassified according
to stringent criteria after routine morpho-
logical, cytochemical, and immunological
diagnosis [3].

Cells

Leukemic blast cells were isolated from pe-
ripheral blood or bone marrow by separa-
tion on a Ficoll-Hypaque gradient (1.077 g/
ml). Unless the cells were not used im-
mediatedly after separation they were cryo-
preserved in 10% demethylsulfoxide at
—196°C liquid nitrogen.

Morphology

The morphological diagnosis was based on
May-Griinwald-Giemsa and cytochemical
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staining of bone marrow and blood smears,
including periodic acid Schiff (PAS), peroxi-
dase, naphthyl-acetate esterase, and acid
phosphatase. Classification was performed
as previously described [7].

Immunophenotyping

Phenotypic analyses of the blasts were per-
formed either on bone marrow or peripheral
blood cells by a broad panel of monoclonal
antibodies including OKT 6 (CD 1), OKT
11 (CD 2), OKT 3 (CD 3), Leu 1 (CD 5),
Leu 9 (CD 7), BA-2 (CD 9), J5 (CD 10),
MY7 (CD 13), OKM 1 (CD 14), VIM-D5
(CD 15), B4 (CD 19), B1 (CD20), BA-1 (CD

24), MY 9 (CD 33), VIM 2, and OKIa. Im-
munofluorescence assays were performed in
fresh or cryopreserved samples. Reactivity
with murine monoclonal antibodies was de-
termined as previously described [4]. For de-
tection of the CD13 and CD33 antigen, a
marker cocktail was used.

Transmission Electron Microscopy
Cytochemistry

Endogenous peroxidase activity was studied
in fresh or nitrogen-stored blasts of the pe-
ripheral blood or bone marrow using the
method of Roels [8]. The cells were incubat-
ed unfixed in a medium of 20 mg diamino-

Table 1. Three subgroups of untreated acute leukemia

No. Myeloid antigens POEM  Group
CD 13/33 VIM-2 CD14 CD 15
1 60 40 0 56 70 I
2 50 16 0 0 90 I
3 0 46 0 72 100 I
4 0 43 nd nd 65 I
5 0 46 0 0 20 I
6 0 44 0 28 45 I
7 20 45 0 nd 25 I
8 40 28 0 nd 16 1
9 80 0 0 nd 31 I
10 20 25 nd nd 0 I
1 0 69 69 65 0 I
12 25 0 0 0 0 I
13 47 20 nd 0 25 IT
14 96 90 0 nd 95 II
15 95 0 0 0 95 11
16 35 18 0 10 36 IT
17 12 21 0 0 0 11
18 0 30 nd nd 0 IT
19 0 20 0 nd 10 111
20 95 0 0 0 40 11
21 74 0 0 0 15 111
22 0 22 0 0 95 I1I
23 0 73 0 25 0 111
24 60 54 0 nd 0 111
25 0 35 84 10 0 ITI
26 0 23 nd nd 0 111
27 0 54 10 15 0 111
28 0 54 0 0 0 III
29 0 59 0 0 0 111
30 0 63 10 27 0 ITI

n: percentage of positive blasts; CD, cluster of differentiation; POEM,
ultrastructural demonstration of myeloperoxidase; nd, not done

68



benzidine (DAB; Sigma, St. Louis, Mo,
United States) dissolved in 10 ml 0.05 M
Ringer-Tris buffer, pH 7.4, containing H,O,
at a final concentration of 0.003% for 1 h at
room temperature in the dark. After incuba-
tion cells were washed and processed for
electron microscopy without block staining
by uranylacetate as previously described [9].

Results

Thirty patients with newly diagnosed, un-
treated acute leukemia were selected for this
retrospective study. Light microscopic anal-
yses did not reveal morphological and cyto-
chemical features of myelomonocytic differ-
entiation. According to their immunological
phenotype, which had been selected for the
absence of expression of the CD 2 and CD
10 antigen and negativity for the expression
of cytoplasmic or surface immunoglobulin,
three subgroups among these leukemias
could be identified (Table 1):

I. Presence of only myeloid surface anti-

gens (patient 1-12)

II. Presence of both the CD 7 antigen and
myeloid surface antigens (patient 13—
18)

III. Presence of both B-lymphoid and mye-
loid surface antigens (patient 19-30)

For electron microscopic analyses of en-
dogenous peroxidase activity the method of
Roels was used, since this technique allows
both detection of myeloperoxidase and
platelet peroxidase and gives a stronger re-
action in the membraneous structures. In
17/30 patients under study a positive reac-
tion for myeloperoxidase activity (POEM,
Fig. 1) was found in at least 5% of the blasts
of the peripheral blood. In the other patients
less than 1% of the cells displayed positivity
or were completely negative. In none of the
cases studied could platelet peroxidase be
detected. In 9/12 cases of group I POEM
activity of the blasts could be detected. All
but one of these nine patients displayed
VIM 2 positivity and in five cases CD 13/33
positivity could be demonstrated. In one of
the POEM-negative patients (patient 10)
positivity for both the CD 13/33 antigen and

Fig. 1. Ultrastructural analyses of myeloperoxidase activity (POEM) reveals a positive reaction in the
membraneous structures as the nuclear membrane (arrowhead) and the endoplasmic reticulum (arrow).

L denotes lipid droplet, x 20 000
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the VIM 2 antigen was found. Patient 11,
also negative for POEM, displayed strong
expression of the VIM 2 together with the
CD 14 and 15 antigen. In four out of six
patients of group II, POEM activity could
be demonstrated in at least 25% of the
blasts. In three POEM-positive cases and in
one POEM-negative patient CD 13/33 to-
gether with VIM 2 positivity could be de-
tected. Only in a minority of patients of
group III (4/12) did ultrastructural analyses
reveal POEM activity in at least 10% of
blasts, and in two cases CD 13/33 positivity
and in another two cases VIM 2 expression
was found. All POEM-negative patients of
this group displayed VIM 2 positivity and in
one patient (patient 24) additionally CD 13/
33 positivity could be detected.

A close correlation between the percent-
age of POEM -positive cells and marker pos-
itivity was found in five cases for CD 13/33
and POEM expression (patients 1, 7, 14, 15,
16) and in three cases (patients 6, 13, 14) for
VIM 2 and POEM positivity. In none of the
POEM-positive cases could CD 14 expres-
sion be detected. The best correlation be-
tween myeloid antigen expression and PO-
EM positivity was found for the CD 13/33
or CD 13/33 and VIM 2 antigens (Table 2).

Table 2. Correlation between myeloid antigen ex-
pression and POEM positivity

POEM

positivity
coon T
VM2 Negative 0%
o Negative 1%
co1s Negstive 4%
CD 13/33/ VIM-2 I‘:I‘;Sé:t‘l’se ggz//z

Discussion

All cases under study expressed at least one
myeloid surface antigen as an indication for
myeloid differentiation of the blasts. Ultra-
structural analyses of myeloperoxidase ac-
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tivity (POEM) identified in 17/30 cases a
substantial portion of POEM-positive cells,
whereby the percentage of positive cells var-
ied considerably, from 10% to over 90%, in
different patients. On this basis these leu-
kemias could be reclassified as early or
“minimally” differentiated acute myeloid
leukemias (AMLs) in agreement with the
French-American-British (FAB) group, sug-
gesting that ultrastructural demonstration
of myeloperoxidase is sufficient to establish
myeloid lineage [10, 11].

Thus POEM positivity in these cases con-
firms the myeloid differentiation of the
blasts as suggested by the expression of
myeloid markers. It remains a matter of
speculation why in the majority of these cas-
es the percentage of POEM differs from that
of marker positivity. The meaning of mye-
loid marker expression in the 13 POEM-
negative cases remains open. These cases
might reflect an earlier stage of myelomono-
cytic differentiation prior to myeloperoxi-
dase expression, especially in those cases of
group I. It might be that application of
molecular analyses of myeloperoxidase ex-
pression at messenger RNA level or in vitro
studies including differentiation induction
by various chemical inducers or by different
growth factors could verify the myeloid dif-
ferentiation of these leukemias [9, 12].

Myeloid marker expression together with
T- or B-lymphoid markers (groups 11, III) in
POEM-negative cases might reflect, under
the assumption that these markers are really
lineage specific, an even earlier stage of
hemopoietic differentiation, prior to definite
lineage commitment to the myelomonocytic
or lymphoid differentiation pathway. One
has to take into consideration, however, that
this phenomenon might be due to genetic
misprogramming of the leukemias resulting
in an aberrant marker expression [13].

Taken together we confirm data from re-
cent reports that ultrastructural analyses of
POEM activity identifies minimally differ-
entiated myeloid leukemias among AUL pa-
tients and that most of the POEM-positive
cases display myeloid surface antigens [14,
15]. In contrast to others, we found that the
predictive value of myeloid surface antigens
with respect to POEM activity varies consid-
erably depending on whether myeloid mark-
ers were found alone or together with T- or



B-lymphoid surface markers. For all cases
under study the best correlation between
POEM positivity and different surface
markers was found for the CD 13/33 cock-
tail used, whereas the additional analyses of
the other markers studied could not improve
this correlation index.

It has to be further elucidated whether the
implication of other myeloid surface mark-
ers could improve the accuracy of immuno-
logical diagnosis of minimally differentiated
AML, otherwise ultrastructural analyses of
POEM expression seems necessary to identi-
fy this subgroup of AML [1, 5].
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Introduction

Interleukin-1 (IL-1) is an important cy-
tokine produced by nearly all cell types in-
cluding blood monocytes and macrophages,
T- and B-lymphocytes, natural killer cells,
skin keratocytes, brain astrocytes, micro-
glia, epithelial cells, mesangial cells, and vas-
cular tissues. There are two structurally re-
lated Il-1s alpha and beta [1]. The produc-
tion of IL-1 is induced by antigens, toxins,
injury, and inflammatory processes. Il-1 rep-
resents a family of hormone-like polypep-
tides with a wide spectrum of activities, act-
ing like an endogenous immunoregulatory
adjuvant, serving as cofactor during B- and
T-lymphocyte activation, proliferation, and
differentiation, primarily by inducing the
synthesis of other lymphokines and activa-
tion of the resting T cell. IL-1 also plays a
role in antibody production. The systemic
effects of IL-1 are associated with acute-
phase responses. Within a few hours after
the onset of infection or injury IL-1 produc-
tion can be detected in the circulation. II-1
induces fever, slow-wave sleep, synthesis of
hepatic acute-phase proteins, and release of
neutrophils, adrenocorticotrophic hormone
(ACTH), cortisol, and insulin. It has dra-
matic effects on endothelial cells, leading to
a procoagulant state, leukocyte adherence,
prostaglandin release, and hypotension [2,
6]. I1-1 shares many of its multiple systemic
properties with other molecules such as tu-
mor necrosis factor (TNF) and colony-stim-
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ulating factor (CSF) [3]. Inadequate produc-
tion of IL-1 has been observed in several
disease states, raising important questions
about the therapeutic use of this substance.
A deficiency of IL-1 production was ob-
served in patients with cancer, who have
large tumor burdens [1-3, 5, 9, 10, 12].

Aim of Study

The purpose of this study was to investigate
the effect of cytostatic treatment on the abil-
ity of mononuclear cells in ALL patients to
produce IL-1.

Material

A total of 27 children (8 girls and 19 boys)
with acute lymphoblastic leukemia were in-
vestigated. The mean age at the time of the
study was 6 years. Eight children of the same
age without inflammatory disease served as
controls. All children were treated at the De-
partment of Children Hematology and On-
cology from April to November 1988 ac-
cording to the BFM 87 protocol. Hep-
arinized blood samples were drawn from
children with ALL at different stages of
their disease (on diagnosis, during therapy,
after therapy).

Methods

Mononuclear cells were separated from pe-
ripheral blood cells by Ficoll-Hypaque cen-
trifugation. The method used described by



Zimecki and Wieczorek is based on IL-1-de-
pendent reduction of the content of thymo-
cytes forming autologous rosettes [12].
Mononuclear cells were counted, resuspend-
ed in Eagle’s medium containing 10% fetal
calf serum (FCS), and placed in an incuba-
tor at a concentration of 2 x 108 cells/ml for
24 h. After 24 h of incubation supernatant
was removed. Thymocytes, 107/1.8 ml RP-
MI medium, supplemented with 10% FCS
and antibiotics, were incubated with 0.2 ml
supernatant, at various dilutions for 24 h in
a cell culture incubator.

Rosette Assay

The cells were resuspended at a concentra-
tion of 3x10°% in Eagle’s medium supple-
mented with 10% mouse serum (preab-
sorbed with syngenic erythrocytes). To
0.1 ml of the cell suspension was added
0.1 ml 12% syngenic erythrocytes, mixed
and centrifuged for 5 min at 200 g and 4°C.
After 24-h incubation at 4° C, 0.5 ml Hank’s
medium and 0.1 ml 0.1% acridine orange
were added, the cells gently resuspended,
and kept in an ice bath. The percentage of
autologous rosettes formed by thymocytes
of 2-month-old CBA mice was counted and
was found to vary from 28% to 33%. Con-

trol samples consisted of recombinant IL-1
dilutions. 1 U IL-1 showed 50% inhibition
of rosette formation. All results were count-
ed in units of II-1.

Results

Interleukin-1 Production in Initial Phase
of ALL

The production of IL-1 by mononuclear
cells from each patient is listed in Table 1. It
was found that cells deriving from untreated
children with ALL exhibited 4—64 U I1-1 ac-
tivity, the mean value of 33 U being similar
to the control value. A significant difference
was observed between Il-1 production at di-
agnosis of ALL, before any treatment, and
that found after prednisone pretreatment. In
four of five patients no detectable levels of
I1-1 activity were found.

Interleukin-1 Production in Remission
and Relapse of ALL

After 4 weeks of continuous remission in-
duction therapy, Il-1 activity increased to 64
units (Table 2). Il-1 production completion
of the consolidation phase of treatment

Table 1. Interleukin-1 production by mononuclear cells of children with ALL before achieving remis-

sion
N Name Age Day of IL-1 Phase of Mono-  B-lym- T-lym-
(years) treat- units  treatment nuclear phocytes phocytes
ment cells
(mm3)  (mm?) (mm?)
1 G.A 7 1 64 Before any treatment 10200 1224 1530
2 D.P 4 1 31 Before any treatment 320 16 182
3 R.J 6 1 4 Before any treatment 324 110 308
X 5.3 33 4084 450 670
1 D.P. 3 3 54 Prednisone prophase 576 51 809
2 D.O. 4 4 0 Prednisone prophase 1854 463 238
3 B.E 4 3 0 Prednisone prophase 992 109 386
4 U.K. 10 4 0 Prednisone prophase 702 86 86
5 LR 4 5 0 Prednisone prophase 128 1 42
X 5 1.08 850 142 312
x Control 8 31.5 2000 423 980
group
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Table 2. Interleukin-1 production in remission and relapse of ALL

Number X IL-1 IL-1 X mono- X Lym- X Lym-

of chil-  units units nuclear phocytes B phocytes

dren cells (mm?) (mm?3)
(mm?®)

I.  In remission 20 12.5 0-64 1260 254 1050
After remission induction 2 64 64 1800 270 1060
protocol
After therapy-intensive 14 8.7 0-19.5 976 140 504
treatment protocol
In supportive remission 4 5.45 3— 6.5 1405 398 810
treatment

II.  After stopping treatment 2 9.15 0-18.3 1051 342 460

III. Relapse 3 8.1 0-24.5 616 115 308

IV. Control group 8 31.5 11-64 2000 423 980

(which included cranial irradiation) was un-
detectable or very low in five of six children
studied. During remission therapy the pro-
duction of the factor was also suppressed
when compared with that found after initial
treatment and in the control group. But in
this phase more variability in individual I1-1
activity was observed. A correlation be-
tween mean level of Il-1 and number of
monocluear cells was found. No direct

IL-4
UNITS

correlation between IL-1 activity and T- or
B-lymphocyte count has been established
(Fig. 1). Two children were tested 2 months
after discontinuing antileukemic treatment.
In one no IL-1 production was observed.
The second child showed similar Il-1 activity
to that found during remission therapy,
where the children were studied in relapse
after completion of antileukemic therapy. In
neither was IL-1 activity present.

BT-BEFORE ANY TREATMENT
PR-PREDNISONE v

RT-REMISSION AFTER 4 NEEKS OF TREAT
IT-AFTER INTENSIFICATION OF TREAT.

SRT-IN SUPP. REM. TREATMENT
ST-2 MNTH AFTER STOPPING THERAPY
R-RELAPSE

X MONONUCLEARS/ W

X IL-1 units

10

IL-1 units

IT

Fig. 1. Number of mononuclear cells and IL-1 production during treatment of ALL

BT PP RT
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Concluding Remarks

The ability of mononuclear cells to produce
I1-1 in the tested children with ALL was high
at diagnosis before treatment; this could be
due to monocyte activation to produce the
factor stimulating lymphocyte differentia-
tion. Throughout the period of cytostatic
therapy of children with ALL the decrease
in IL-1 production was observed in compar-
ison with that of the healthy children and
untreated patients. The most striking de-
crease in IL-1 activity was observed during
the first 5 days of prednisone therapy. It is
not clear whether this alteration of IL-1 ac-
tivity reflected the lower production of the
factor or the presence of some inhibition
molecules in the period of leukemic blast
destruction. Such inhibitors — if present —
might mask the bioactivity of IL-1. Also the
low level of IL-1 activity found during the
very intensive consolidation therapy (which
included the most potent cytostatics and ir-
radiation) could be connected with an im-
pairment of mononuclear cells to produce
the factor. This hypothesis can be supported
by our further observation, which demon-
strated the decreased IL-1 production dur-
ing the whole period of remission treatment.

The low activity of IL-1 during chemo-
therapy can also be related to the decrease in
monocyte number.
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Introduction

Graft-versus-host disease (GvHD) compli-
cates allogeneic bone marrow transplanta-
tion (BMT) in up to 25%—50% of patients
receiving human leukocyte antigen (HLA)-
compatible grafts. The diagnosis is mainly
based on the clinical findings of a skin rash,
watery diarrhea, and cholestatic hepatitis,
often confirmed by histopathological exami-
nation. Frequently the effects of drug toxic-
ity or infections are difficult to discriminate
from GvHD. Therefore, there is need for
criteria that additionally define the diagno-
sis of GvHD and which possibly help to
predict the occurrence of GvHD [1].

Graft-versus-host disease is caused by
mature immunocompetent T-lymphocytes
of donor origin, which are activated to pro-
liferation by major histocompatibility com-
plex (MHC) antigens of the host. T-lym-
phocytes stimulated by antigens or mitogens
release a variety of lymphokines, one of
which is interleukin-2 (IL-2), and express the
IL-2 receptor (IL-2R). During the process of
activation the Tac subunit of the IL-2R
complex is released into the serum [2]. As a
consequence of “‘strong” immune stimula-
tions, like allograft rejections or infections,
elevated IL-2R levels have been detected in
the serum of patients [3, 4].

We addressed the question of whether in-
creased levels of soluble IL-2R could be de-
tected after BMT and whether they would
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correlate with GvHD such that IL-2R might
serve as a predictor or indicator of GvHD.

Patients and Methods

We analyzed 26 transplant episodes, 18 after
allogeneic and 8 after autologous bone mar-
row transplantation. Serum samples were
serially drawn prior to BMT and in the early
posttransplant period. The diseases for
which BMT were performed were acute leu-
kemia (n=11), chronic myeloid leukemia
(n=9), aplastic anemia (#=3), and solid tu-
mor (n=3). The conditioning regimens con-
sisted of total body irradiation/cyclophos-
phamide or busulfan/cyclophosphamide for
leukemias, cyclophosphamide for aplastic
anemias, and new experimental regimens for
solid tumors. GvHD prophylaxis was per-
formed with the combination of methotrex-
ate and cyclosporin A. Twelve of 18 patients
with allografts developed GvHD grade 11—
IV and 6 patients did not develop GvHD
or developed GvHD grade I. Patients were
allocated to two groups depending on the
presence of GVHD. Group 1 comprised pa-
tients with GvHD grade II-IV. Group 2
patients were those without GVvHD or with
GvHD grade I (group 2a) and with auto-
grafts (group 2b).

Results and Discussion

There was a strong correlation between the
presence of elevated IL-2R levels, fever, and
GvHD. All patients (12/12) with GvHD
grade II-1V had elevated IL-2R levels. This



is in contrast to patients without GvHD or
with GvHD grade I and patients with auto-
grafts in which elevated IL-2R levels were
only found in two out of six (33%) and three
out of eight (38%), respectively. Seventeen
out of 19 (89%) patients with fever >38°C
lasting for longer than 6 days had elevated
IL-2R levels, whereas none of 7 patients
with fever >38°C for 6 days or less had
elevated levels. The comparison of the IL-
2R maximum levels revealed significant dif-
ferences between group 1 and 2 at a level of
P<0.01. The median of the IL-2R maxi-
mum levels in group 1 patients was 480 U/
ml (range, 180—2250 U/ml) and 144 U/ml
(range, 40—1178 U/ml) in group 2 patients.
Patients from group 2 with fever >38°C for
<6 days had an IL-2R maximum of 118 U/
ml (range, 40—139 U/ml); group 2 patients
with fever >38°C for >6 days had signifi-
cantly higher IL-2R maximum levels 325 U/
ml (range, 150—1178 U/ml) (P<0.01).

Besides differences in the IL-2R values
themselves, we observed remarkable differ-
ences in the time course in patient groups 1
and 2. In patients with no or mild GvHD or
in patients with autografts we constantly ob-
served an IL-2R course which paralleled the
fever curve with an initial rise of IL-2R,
coinciding peaks, and a subsequent drop to
background levels in the phase where the
temperature normalized. In patients with
GvHD grade II-IV the IL-2R levels con-
tinued to rise and reached peak values at a
median of 20.5 days compared with group 2
patients in whom maximum values were
observed 9 days after BMT (P<0.01). In
group 1 patients the IL-2R peak coincided
with the onset of acute GVHD at a median
of 22 days after BMT.

In the search for markers that might give
similar information, urinary neopterin ex-
cretion and DNA synthesis in peripheral
blood lymphocytes were studied [5, 6]. Al-
though there were good correlations with
the occurrence of GvHD, neither test has
become a widely accepted routine proce-
dure. IL-2R and its determination in the se-
rum have also attracted attention because of
recent very promising attempts to suppress
immune reactions in vitro and to treat au-
toimmune diseases and allograft rejections

in animals with monoclonal antibodies
against IL-2R [7]. Hervé and coworkers
have published a trial in which they success-
fully suppressed acute corticosteroid-resis-
tant GVHD in man by IL-2R-targeted treat-
ment [8].

We conclude that IL-2R determinations
may be helpful in defining GvHD and possi-
bly in predicting its occurrence, provided
that they are carried out serially. Single de-
terminations are not conclusive. Our data
may contribute to a better definition of the
optimum time for a start with IL-2R anti-
body administration in the prophylaxis of
GvHD.
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Introduction

A number of substances, including tumor
necrosis factor and retinoic acid, have been
shown to amplify in vitro the antiprolifera-
tive or differentiation-inducing activities of
interferon (IFN), suggesting that their com-
binations may be clinically more effective
than IFN alone. Histamine H2 receptor
antagonist, cimetidine, given in combina-
tion with IFN to patients with malignant
melanoma, had been reported to produce a
clinical response when IFN alone was in-
effective [1, 2]. The rationale for combining
these agents was based on the immune-stim-
ulating properties and the in vivo antitumor
activity of cimetidine in experimental mouse
models [3-5]. Other studies using human
lymphoma and melanoma cell lines had in-
dicated that cimetidine enhances the anti-
proliferative effect of a-IFN in culture [6].
Human interferons can inhibit the prolif-
eration of normal and certain malignant he-
matopoietic cells. Alpha-IFN inhibits the
growth of leukemic colony-forming unit
granulocyte-macrophage (CFU-GM) col-
onies from patients with chronic myeloid
leukemia (CML) [7], and administration of
recombinant a-IFN induces hematological
remissions in the chronic phase of the dis-
ease [8]. Although some investigations show
mild antiproliferative effects in vitro on
acute myeloid leukemia (AML) cells [9, 10],
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patients with AML, in contrast to CML, do
not appear to respond to a-IFN therapy
[11].

We investigated whether cimetidine would
enhance the antiproliferative effects of re-
combinant a-IFN on the clonal growth of
the HL-60 acute promyelocytic leukemia
cell line, leukemic CFU-GM colonies from
patients with CML, and normal human
CFU-GM burst-forming unit erythroid and
(BFU-E) progenitors.

Materials and Methods

Clonal growth of leukemic cells and normal
CFU-GM was assayed by plating the cells in
soft gel. Placenta-conditioned medium was
added to cultures of normal bone marrow
and CML cells but not to HL-60 or K562
leukemic cells. Normal bone marrow BFU-
E colonies were grown in methylcellulose,
with sheep erythropoietin. BFU-E colonies
(>40 cells) were scored after 14 days of in-
cubation.

Biochemical events that mediate IFN ac-
tion include induction of 2'-5, oligoadeny-
late (2-5A) synthetase activity. To measure
this activity, HL-60 cells were incubated for
18 h at 37°C with a-IFN alone, cimetidine
alone, or both agents. About 2 x 107 cells
were harvested, washed, and placed for
15 min at 4°C in lysis buffer. The lysates
were centrifuged at 10 000 g for 10 min and
the supernatant (S-10 fraction) was stored in
small aliquots at —70°C. The 2’-5A’ syn-
thetase activity was determined in the pres-
ence of Poly(I):Poly(C). The 3?P-labeled
2-5A oligomeres were analyzed by high-



voltage electrophoresis and the radioactive
spots identified by autoradiography.

The statistical analysis of an additive ver-
sus synergistic effect was performed accord-
ing to the method described in detail by
Spector et al. [12]. The probability of signif-
icance between two means was determined
by Student’s ¢-test.

Results

Colony growth was not inhibited by adding
cimetidine alone at concentrations of 0.1-
100 pg/ml to HL-60 cells, 1-100 pg/ml to
normal bone marrow CFU-GM cultures,
and 0.1-10 pg/ml to normal bone marrow
BFU-E cultures. For combination experi-
ments with a-INF we used cimetidine levels
that had no inhibitory effect when added
alone to the cultures.

Addition of a-INF alone to HL-60 cells,
at concentrations of 0.1-100 U/ml, did not
substantially affect the growth, while, in the
presence of cimetidine, a marked inhibition
of colony formation was observed (Fig. 1).
Within this range of concentrations, the a-
IFN dose-response curve plateaued at 1 U/
ml IFN and the mean (+ SE) inhibition with
10 pg/ml cimetidine was 49% + 2% com-
pared with medium containing control cul-
tures. Higher a-IFN concentrations of 1000
and 10 000 U/ml, added alone, suppressed
colony growth, which was further reduced
by adding cimetidine. Alpha-IFN concen-

trations of 1-1000 U/ml with or without
cimetidine did not affect clonal growth of
K562 cells (data not shown).

In contrast to cimetidine, the combination
of equimolar concentrations of chlorpheni-
ramine, a histamine H1 receptor antagonist,
cultured together with a-IFN did not inhibit
the growth of HL-60 cells compared with
a-IFN alone. The suppressive effect of the
combination of «-IFN and cimetidine on
HL-60 clonal growth was neutralized by
adding 10~ 7 M histamine to the dishes. His-
tamine itself had no effect on cells grown
with a-IFN or cimetidine alone.

In HL-60 cells, a-IFN induces a dose-de-
pendent induction of 2-5 A synthetase activ-
ity. Cimetidine alone had no effect, but it
significantly increased the «-IFN-induced
2-5 A synthetase activity (Fig. 2).

Colony-forming unit granulocyte-macro-
phage growth from CML patients was not
significantly affected by cimetidine alone. In
three patients a-IFN alone significantly in-
hibited CFU-GM growth. Combination of
10 pg/ml cimetidine with different concen-
trations of a-IFN decreased CFU-GM
growth to values that were significantly low-
er than would be expected for additive ef-
fects of both agents. In one case, a-IFN
alone had no effect on colony growth while
combination with cimetidine led to signifi-
cant inhibition (Table 1).

Alpha-interferon alone inhibited the
growth of normal bone marrow CFU-GM
and BFU-E colonies. Alpha-IFN in combi-
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Table 1. Effect of a-IFN with or without cimetidine on the growth of CFU-GM colonies from four
patients with CML

IFN Patient 1 Patient 2 Patient 3 Patient 4
U/ml
CFU- 4° CFU- 4 CFU- 4 CFU-GM 4
GM* GM GM —/+
—/+ —/+ —/+
0 38/36 — 5% 166/162 — 2% 50/46 — 8% 1308/1350 + 3%
1 29/7 —75% (S) 154/62 —60% (S) 29/21  —27% (A) 1224/1116 —10%
100 19/8 —57% (S) 100/42 —58% (S) 21/12 —43% (S) 1134/432 —62% (S)
1000 11/5 —54% (S) ND 16/4 —75% (S) 1080/414 —62% (S)

2 Mean number of colonies per 2 x 10° low-density cells — or + 10 pg/ml cimetidine
® Percentage of difference calculated by:

number of CFU-GM with cimetidine — number of CFUGM without cimetidine

number of colonies without cimetidine

(S), statistical significantly synergistic effect of combined a-IFN and cimetidine (12); (A) additive effect
of combined a-IFN and cimetidine; ND, not done
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Fig. 3. Effect of «-IFN on growth of normal CFU-GM and BFU-E with (&—a) or without (~—-=)
cimetidine. Results expressed as percentages of control cultures with medium only. Cimetidine concen-
trations: 10 ug/ml for CFU-GM and 1 pg/ml for BFU-E. (S), statistically significant synergistic effect
of a-IFN and cimetidine at each a-IFN concentration

nation with cimetidine reduced synergisti-
cally the number of BFU-E and CFU-GM
colonies as compared with the effect of o-
IFN alone (Fig. 3). CFU-GM colonies were
less sensitive than BFU-E colonies to inhibi-
tion by a-IFN with or without cimetidine.

Discussion

Alpha-IFN alone has a mild inhibitory ac-
tivity against AML cells, which is evident
only at high concentrations. Concentrations
of a-IFN as low as 1 U/ml together with
cimetidine inhibited HL-60 cell growth by
approximately the same degree as 1000 U/
ml a-IFN alone. Since o-IFN with cime-
tidine failed to inhibit the clonogenic growth
of the K562 cell line, it is unclear whether
this observation can be generalized to other
AML cells. However, cimetidine potentiated
synergistically the inhibitory activity of a-
IFN against leukemic CFU-GM colonies
from CML patients. The effect of cimetidine
on a-IFN inhibition of normal BFU-E and
CFU-GM indicates that synergism between
the two drugs is not limited to suppression
of leukemic cell growth.

The mechanism of this synergistic effect is
unclear. The growth inhibition of normal

BFU-E and CFU-GM colonies by cime-
tidine alone, reported in the past, is proba-
bly clinically irrelevant, since the toxic drug
levels were 10—100 times higher than thera-
peutic serum levels. However, Byron
showed that lower levels (0.25 pg/ml) of
cimetidine prevented murine pluripotent he-
matopoietic stem cells (CFU-S) from enter-
ing the cell cycle [13]. Suppression of com-
mitted CFU-GM and BFU-E progenitors
by IFN would increase the demand for cy-
cling CFU-S cells and failure to respond to
this demand in the presence of cimetidine
would make hematopoietic cells more sus-
ceptible to inhibition by interferon. Cime-
tidine alone, at the standard therapeutic
drug concentration, did not inhibit leukemic
cell growth when cultured without «-IFN. In
mouse models cimetidine alone, at therapeu-
tic serum levels, has no direct cytotoxicity
in vitro though in vivo it can elicit an anti-
tumor effect [4—6]. This antitumor effect of
cimetidine has therefore been related to en-
hancement of host immune response, medi-
ated by blocking activation of H2 histamine-
bearing suppressor T cells [4, 5]. The anti-
cancer effect of cimetidine combined with
a-IFN was linked to inhibition of an IFN-
induced activation of these suppressor T
cells [1]. In contrast, our results indicate a
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direct antiproliferative effect of cimetidine
with a-IFN on HL-60 cellular growth, unre-
lated to the presence of lymphocytes. Cime-
tidine could act by binding to a histamine
H2 receptor on the HL-60 cells since the
synergism was neutralized by histamine and
was not seen with histamine H1 receptor
antagonist. Furthermore, the potentiating
effect of cimetidine is mediated biochemical-
ly by increasing intracellular 2-5A syn-
thetase activity induced by a-IFN. Resis-
tance to antiproliferative effects of o-IFN
may be related to failure to induce increased
activity of intracellular 2-5A [14, 15].

In CML patients the combination of
cimetidine and «-IFN acting against CFU-
GM in vivo might overcome the resistance
to o-IFN alone. In AML, in vitro studies
suggest that suppression of clonogenic
blasts requires toxic concentrations of o-
IFN. Interestingly, a complete remission in
a single AML patient following treatment
with low-dose a-IFN together with cime-
tidine has been described [16]. The results
with normal progenitors indicate that the
drug combination might increase the hema-
tological toxicity of «-IFN. It remains to be
seen if cimetidine could play a role in over-
coming resistance to o-IFN therapy in
leukemia, and increase a-IFN hematopoiet-
ic toxicity.

Acknowledgements. We wish to thank Mrs.
Esther Shem-Tov for technical assistance.

References

1. Flodgren P, Borgstrom S, Jonsson PE, Lind-
strom C, Sjogren HO (1983) Metastatic ma-
lignant melanoma: progression induced by
combined treatment with interferon [HulFN
alpha (Le)] and cimetidine. Int J Cancer
32:657

2. Hill NO, Pardue A, Khan A, Hill RW, Ale-
man C, Hilario R, Hill JM, Osther K (1983)
Interferon and cimetidine for malignant
melanoma. N Engl J Med 308:286

3. Siegel JN, Schwartz A, Askenase PW, Ger-
shon RK (1982) T-cell suppression and coun-
tersuppression induced by histamine H2 and
H1 receptor agonists, respectively. Proc Natl
Acad Sci USA 79:5052

4. Osband ME, Hamilton D, Shen YJ, Cohen E,
Shlesinger M, Lavin P, Brown A, MacCafery

82

10.

11.

12.

13.

14.

15.

16.

R (1981) Successful tumor immunotherapy
with cimetidine in mice. Lancet 1:636

. Gifford RR, Ferguson RM, Voss BV (1981)

Cimetidine reduction of tumor formation in
mice. Lancet 1:631

. Hirai N, Hill NO, Motoo Y, Osther K (1985)

Antiviral and antiproliferative activities of
human leukocyte interferon potentiated by
cimetidine in vitro. J Interferon Res 5:375

. Oladipupo-Williams CK, Svet-Moldavskaya

I, Vilcek J, Ohnuma T, Holland JH (1981)
Inhibitory effects of human leukocyte fibro-
blast interferons on normal and chronic myel-
ogenous leukemic granulocytic progenitor
cells. Oncology 38:356

. Talpaz M, Kantarjjan HM, McCredie K,

Trujillo JM, Keating MJ, Gutterman JU
(1986) Hematologic remission and cytogenet-
ic improvement induced by recombinant hu-
man interferon alpha A in chronic myeloge-
nous leukemia. N Engl J Med 314:1065

. Grant S, Bhalla K, Weinstein IB, Pestka S,

Fisher PB (1982) Differential effect of recom-
binant leukocyte interferon on human
leukemic and normal myeloid progenitor
cells. Biochem Biophys Res Commun
108:1048

Buessow SC, Gillespie GY (1984) Interferon
alpha and gamma promote myeloid differen-
tiation of HL-60, a human acute promyelotic
leukemia cell line. J Biol Response Mod 3:653
Goldstein D, Laszlo J (1986) Interferon ther-
apy in cancer: from imaginon to interferon.
Cancer Res 46:4315

Spector SA, Tyndall M, Kelly E (1982) Ef-
fects of acyclovir combined with other antivi-
ral agents of human cytomegalovirus. Am J
Med 73:1A, 36

Byron JW (1980) Pharmacodynamic basis for
interaction of cimetidine with bone marrow
stem cells (CFUs). Exp Hematol 8:256
Rosenblum MG, Maxwell BL, Talpaz M,
Kelleher PJ, McCredie KB, Gutterman JU
(1986) In-vivo sensitivity and resistance of
chronic myelogenous leukemia cells to alpha-
interferon: correlation with receptor binding
and induction of 2',5-oligoadenylate syn-
thetase. Cancer Res 46:4848

Salzberg S, Wreschner DH, Oberman F,
Panet A, Bakhanashvili M (1983) Isolation
and characterization of an interferon-resis-
tant cell line deficient in induction of (2'-5)
oligoadenylate synthetase activity (1983) Mol
Cell Biol 3:1759

Ankerst J, Faldt R, Nilsson PG, Flodgren P,
Sjogren HO (1984) Complete remission in a
patient with acute myelogenous leukemia
treated with leukocyte alpha interferon and
cimetidine. Cancer Immunol Immunther
17:69



Haematology and Blood Transfusion Vol. 33
Acute Leukemias II

Edited by Biichner, Schellong, Hiddemann, Ritter
© Springer-Verlag Berlin Heidelberg 1990

Dependence of Serum Erythropoietin Level on Erythropoiesis

in Leukemia *

W. Jelkmann, H. Johannsen, G. Wiedemann, M. Otte, and T. Wagner

Introduction

There is some evidence that the blood level
of erythropoietin (Epo) in anemia is influ-
enced by the poliferative activity of the ery-
thron independently of the O, supply to the
tissues. Previously, very high levels of ery-
thropoietin in relation to the degree of ane-
mia have been found in patients with bone
marrow aplasia [1-6].

In the present study, the dependence was
studied of immunoreactive serum Epo on
the blood hemoglobin (Hb) concentration in
patients with acute or chronic leukemia.
Comparative measurements were carried
out in patients with anemia caused by
chronic bleeding in association with ulcera-
tive colitis. In addition, the relationship was
examined between the concentration of Epo
in serum and the erythrocytic activity of the
bone marrow of the individual leukemic pa-
tients.

Patients and Assay of Epo

The study encompassed 11 patients with
acute myelogenous leukemia (AML) before
therapy was started and 4 AML patients
following their complete remission. In addi-
tion, untreated patients were included with
chronic myelogenous leukemia (CML, two

Department of Physiology and Department of
Medicine, Medical University of Luebeck, Lue-
beck, FRG

* Supported by the Deutsche Forschungsgemein-
schaft (DFG Je 95/6).

cases), acute lymphoblastic leukemia (ALL,
four cases) and chronic lymphatic leukemia
(CLL, four cases). Comparative Epo mea-
surements were carried out in 32 patients
suffering from ulcerative colitis.

For the assay of Epo, venous blood was
sampled without anticoagulant, maintained
at 4° C overnight to allow for clot retraction,
and then centrifuged at 2000 g for 20 min.
The radioimmunoassay of Epo was carried
out in duplicate using *?°I-labeled recombi-
nant human Epo (Amersham Buchler,
Braunschweig, FRG) and antiserum from a
rabbit previously immunized with recombi-
nant human Epo (Cilag, Alsbach-Hédhnlein,
FRG). Mixtures of 100 pl anti-Epo serum
(1:1000, dilution buffer: phosphate-buf-
fered saline, pH 7.4, containing bovine se-
rum albumin 500 mg/liter and sodium azide
500 mg/liter, to which 10% Epo-free human
serum was added) were incubated with
100 pl test sample or Epo standard (range
0—150 mU/ml in dilution buffer to which
bovine y-globulin 12 g/liter was added) were
incubated at 4°C for 48 h. Human urinary
Epo standard was calibrated against the in-
ternational Epo preparation B [7]. There-
after, 100 pl labeled Epo (about 5x 10713
mol) was added for a further 24 h incuba-
tion at 4°C. Antibody-bound !?5I-Epo was
separated from free '?°I-Epo using goat an-
ti-rabbit 1gG conjugated to Staphylococcus
aureus cells (Tachisorb; Calbiochem, Frank-
furt, FRG).

For the sake of comparison, serum Epo in
the leukemic patients was also determined
by bioassay in hypoxia-exposed poly-
cythemic mice as described earlier [8].
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Fig. 1. Immunoreactive erythropoietin in the se-
rum of patients suffering from untreated leukemia
(21 cases) or ulcerative colitis (32 cases)

Results

Figure 1 contrasts the serum level of im-
munoreactive Epo in patients suffering from
either leukemia or ulcerative colitis. Several
of the leukemic patients had extremely high
Epo levels with regard to their degree of
anemia. In Table 1, leukemic patients are
identified according to the French-Ameri-
can-British (FAB) Classification [9]. It can
be seen that the level of immunoreactive
Epo was particularly high in those patients
whose erythrocytic bone marrow activity
was reduced. The results of additional Epo
measurements by bioassay in polycythemic
mice indicate that the Epo was fully bioac-
tive.
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Discussion

Similar to the situation in other types of
anemia without primary hemopoietic dis-
order [10, 11], a clear inverse correlation
existed in ulcerative colitis between the
blood Epo and hemoglobin concentrations.
On the other hand, several of the leu-
kemic patients had relatively high Epo levels
for their degree of anemia. Bone marrow
biopsy showed that the occurrence of eryth-
rocytic precursors was reduced in these pa-
tients.

Extremely high Epo levels have been pre-
viously found in the blood of anemic pa-
tients with bone marrow hypoplasia [1-6].
Laboratory studies have shown that the Epo
level is abnormally high in anemic mice with
a congenital defect of the hemopoietic stem
cells [12, 13]. In addition, a much more pro-
nounced increase in the plasma Epo level
was observed in hypoxia-exposed mice with
marrow hypoplasia induced by irradiation
or by the injection of S-fluorouracil, when
compared with hypoxia-exposed control
mice [14]. Taken together, these findings
seem to suggest that tissue hypoxia is per-
haps not the only relevant factor in the con-
trol of the production of Epo in the kidney
and the liver. Instead, there appears to be a
feedback-inhibiting mechanism which leads
to attenuated Epo production when the
erythrocytic progenitors proliferate in re-
sponse to the hormone. Accordingly, rela-
tively low Epo values were seen here and in
earlier studies [15] in anemic CML patients,
whose erythrocytic progenitor compartment
is generally enlarged [16, 17]. Furthermore,
our hypothesis is supported by the finding
that the Epo levels in AML patients follow-
ing their complete remission fell in the range
of the Epo level in patients with ulcerative
colitis.

Finally, our results are of note with a view
to the new possibility of treating anemic pa-
tients with recombinant human Epo. The
application of Epo may prove useful in
leukemic patients whose endogenous Epo
formation is insufficient. Hence, we con-
clude from our findings that the measure-
ment of the serum Epo level in the individual
leukemic patient is a prerequisite to Epo re-
placement therapy.



Table 1. Blood hemoglobin and erythropoietin level, and bone marrow erythropoiesis in the group of

leukemic patients

Case Disorder  Age, sex Hemoglobin Erythropoietin Erythrocytic Marrow cellu-
number (g/liter (mU/ml serum) precursors larity accord-
blood) % of mar- ing to
RIA Bioassay  row cells CALGB
Acute myelogenous leukemia (FAB M1-6), before treatment
1 M2 33, F 99 185 167 >15 ++
2 M4 38, F 90 265 482 3 ++++
3 M6 23, M 89 949 1022 d.d. ++
4 M4 49, M 87 980 742 n.a. n.a.
5 M4 74, M 84 960 950 3-4 ++ (+)
6 M1 4, M 72 1487 1526 <3 +++(+)
7 M4 73, M 71 1332 1470 <3 +++
8 M5 78, F ! 1180 1163 >15 ++
9 M1 73, F 69 600 447 <3 ++
10 M4 20, F 68 560 660 n.a. n.a.
11 M6 60, F 48 810 790 d.d. ++++
Acute myelogenous leukemia, complete remission
1 M1 37, M 110 80 107 >15 ++
2 M1 4. M 89 64 104 >15 ++
3 Mt 80, M 87 70 128 >15 ++
4 M4 74, M 84 <25 73 >15 ++
Chronic myelogenous leukemia
1 77, M 93 15 72 10-13 +++
2 52, M 88 74 151 12-17 +++
Acute lymphoblastic leukemia
1 4, F 106 595 506 n.a. n.a.
2 19, M 86 325 460 6-10 ++
3 25, F 84 367 390 3-5 ++++
4 26, M ! 99 395 3-5 ++
Chronic lymphatic leukemia
1 65, F 125 4 48 <15 ++
2 75, M 86 68 43 >15 ++
3 65, M 86 780 1732 1-2 ++
4 71, M 75 692 1046 4-5 ++
d.d., differentiation difficult; n.a., bone marrow not available; CALGB, Cancer and leukemia,
Group B
Summary These findings support the hypothesis that

The dependence of the serum erythropoietin
(Epo) level on the blood hemoglobin con-
centration was compared in patients suffer-
ing from leukemia and ulcerative colitis. In
leukemia, the level of immunoreactive and
bioactive Epo was generally much higher
than in ulcerative colitis at comparable de-
grees of anemia. The highest Epo values
were found in patients with severe bone
marrow insufficiency of erythropoiesis.

the plasma level of Epo depends not only on
the hemoglobin concentration of the blood
but is also influenced by the proliferative
activity of the erythron.
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Transferrin Derivatives with Growth Factor Activities
in Acute Myeloblastic Leukemia: An Autocrine/Paracrine Pathway *

K. H. Pfliiger, A. Griiber, M. Welslau, H. Koppler, and K. Havemann

Introduction

In contrast to conditions in patients with
acute myeloblastic leukemia (AML), leu-
kemic blast cells display only limited prolif-
erative capacity when cultured in vitro.
Apart from well-defined nutrients these cell
lines need supplementation with serum
providing a great number of specific and
unspecific growth factors. In general leu-
kemic cells are excellent models for studying
malignant cell growth and differentiation
arrest. For the investigation of the effects of
single growth or differentiation factors ad-
aptation of leukemic cells to minimal essen-
tial and clearly defined culture conditions is
essential.

Recently, three human leukemic cell lines
deriving from different patients with AML
have been established [1]. These cell lines,
designated EW2, LG3, and MS6, all exhibit
myelomonocytic characteristics and are
adapted to serum-free culture conditions.
The cells grow permanently in RPMI 1640
medium supplemented with selenium, in-
sulin, and transferrin (SIT). Conditioned
media (CM) of these cell lines exhibit
growth-stimulating activity when tested on
the same and on other leukemic cells. Since
all three cell lines synthesize and secrete cal-

Department of Internal Medicine, Division of He-
matology/Oncology/Immunology, Philipps-Uni-
versity of Marburg, FRG
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citonin-related peptides such as human cal-
citonin, clacitonin gene-related peptide, and
salmon calcitonin [1] and since these calci-
tonin-related peptides are frequently found
in sera of patients with AML and are partly
correlated to prognosis [2, 3], we examined
CM of these cell lines to clear up the impact
of these peptides in growth regulation. How-
ever, so far no growth- or differentiation-
regulating activity of these ingedients of CM
could be found. In this paper we report that
growth-stimulating activity of CM of these
three cell lines is predominantly represented
by transferrin derivatives which are active in
an autocrine or paracrine way.

Methods
Conditioned Media

Conditioned media were harvested from cell
cultures growing in log phase on day 3 or 4
and stored at —20°C. For production of
large volumes of CM the Nunc cell factory
(Nunc, Roskile, Denmark) was used. For
some experiments CM were lyophilized after
dialysis against distilled water.

Cell Extract

For the preparation of cell extracts, cells
were washed three times with RPMI 1640
medium and sonicated for 30 s in an ice bath
by use of a Branson Sonifier Cell Disruptor
B 15. After centrifugation at 20 000 g for
30 min, the cell extract was stored at —20°C
until use.
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Assay for Growth-Stimulating Activity

After a starvation period of 72 h in RPMI
1640 medium (Gibco) HL60 and LG3 cells
were seeded in 96-well plates (Nunc) at a
density of 10° cells/ml (2 x 10* cells/well).
Growth factor activity to be tested and con-
trol substances were dissolved in RPMI
medium and 20 pl was added to each well.
After a 24-h incubation period at 37°C in
humidified atmosphere of 5% CO, in air,
cells were pulsed for the next 24 h with
0.1 uCi [*H]thymidine delivered in 10 pl RP-
MI medium. Cells were harvested by the use
of a semiautomatic cell harvester (Flow
Laboratories, Irvine, Scotland). The radio-
labeled DNA was fixed to glass-fiber filters,
samples were transferred to a liquid scintil-
lation cocktail (Optifluor, Packard Instru-
ments, Illinois, United States) and counted
in a counter for liquid scintillation (LKB,
Bromma, Sweden) with a counting efficien-
cy of 60% for tritium. Colony formation
was assayed in the soft agar cloning assay as
described earlier [1].

Gel Filtration Chromatography

A quantity of 120 ml CM was placed in a
Sephadex G 25 column (5x50cm, flow
280 ml/h), equilibrated with distilled water.
Elution fractions were lyophilized and resus-
pended in phosphate-buffered saline (PBS)
or RPMI medium. Proliferation activity was
determined as described above and Trans-
ferrin (Tf) content was measured by the ra-
dial immunodiffusion assay of Tf on LC-
Partigen-Transferrin plates.

Fast Protein Liquid Chromatography
(FPLC) on Superose 12

Growth-active fractions of G25 chromatog-
raphy were pooled and applied to a Su-
perose 12 prep grade column (Pharmacia,
gel volume 125 ml, flow 1 ml/min) equili-
brated with 20 mM sodium phosphate buff-
er, pH 7.4
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SDS-PAGE

Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) was carried
out by the Laemmli method [4] on an LKB
protein gel electrophoresis system using a
12% polyacrylamide gel under reducing
conditions. Gels were fixed in 7% acetic acid
and were incubated in Amplify for 15 min
before drying.

Western Blot

After electrophoresis the separated proteins
on the gel were blotted onto “Immobilon
PVDF” Transfer Membrane (Millipore
Corporation, Bedford, MA) using the
Transfer Electroblotting Unit LKB 2005
(LKB, Bromma, Sweden) in a Tris-glycine
buffer containing 20% methanol, pH 8.3.
Following transfer, nonspecific binding sites
on the membrane were blocked with bovine
serum albumin (BSA) (3%). Immunostain-
ing was carried out with an antihuman Tf
antibody from rabbit as the primary anti-
body and a biotinylated second antibody
(anti-rabbit Ig, biotinylated from donkey).
Biotinylated horseradish peroxidase was
linked to the biotinylated second antibody
by a streptavidin bridge to obtain a stronger
signal. Immunreactive Tf was developed by
incubation with the enzyme substrate 4-
chloro-1-naphthol and H,0,.

Radioimmunoprecipitation Assay

Cells were washed twice with minimum es-
sential medium (MEM) Eagle’s medium
(Gibco) without methionine and incubated
in the same medium with a density of
2.5x 107 cells/ml for 2 h at 37° C in a humid-
ified atmosphere of 5% CO, in air. Cells
were pulsed for 4 h with 100 pCi/ml [**SJme-
thionine. Tf production was determined by
the reaction of cell supernatant and cell
lysates with a sheep transferrin antiserum at
time 0, after 15, 30, 60, and 240 min. The
immune complex was precipitated after 24 h
with a donkey anti-sheep antibody. The
precipitates were dissolved in SDS sample
buffer [4] with mercaptoethanol, and after
an incubation time of 5 min at 95°C they



were separated by SDS PAGE for 6 h in a
12% gel at 150 V. After drying on a gel dryer
(Pharmacia) the gels were exposed to an
X-ray film for 48 h at —70°C.

Results

Growth Stimulation of Leukemic Cells
by CM

The stimulatory effects of CM of the cell
lines on the growth of leukemic cells were
examined. As shown in Fig. 1, CM of the
cell lines LG3, EW2, and MS6 exhibit a pro-
liferative activity on various leukemic cells
comparable to the effects of fetal calf serum
(FCS) and superior to those of SIT.

Isolation and Characterization of the
Growth-Promoting-Activity

Conditioned media of the cell lines LG3,
EW2, and MS6 grown under serum-free
conditions were desalted on a Sephadex G25
column. The eluates were tested for im-
munoreactive Tf and growth-stimulating ac-
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tivities. Several peaks of growth activity
could be detected. The main peak coincided
with the main Tf peak. After rechromatog-
raphy of this fraction on Superose 12, again
growth-promoting activity was present in
the Tf fraction. As illustrated in Fig. 2 quan-
titative evaluation of Tf in CM and the orig-
inal SIT medium indicated that immunore-
active Tf was accumulated in CM. After sep-
aration of an EW?2 cell extract on Superose
12 four different fractions with growth-stim-
ulating activities measured by soft agar
colony assay could be identified. Further
characterization of these activities is shown
in Fig. 3. After SDS-PAGE of single elution
fractions a western-blot analysis using a
polyclonal human Tf-antibody was per-
formed. As illustrated in Fig. 3 several im-
munoreactive Tfs could be detected. Apart
from small amounts of normal Tf (82 kD),
different low molecular weight forms were
present. Growth-promoting activity was
found in the fractions No. 18, 30, and 38,
indicating that in addition to normal Tf two
immunoreactive Tfs, Tf 45 kD and Tf 15
kD, may represent Tf-related growth fac-
tors.

-

EW2 MS6

EW2CM
LG3CM
EW2CM
LG3 CM
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SIT

Fig. 1. [*H]Thymidine uptake into the indicated cell lines. Cells were seeded at a density of 10° cells/ml
in 96-well plates (2 x 10* cells/well); 20-ul control solutions or CM of the various cell lines were added
to each well. After an incubation time of 24 h cells were pulsed with 0.1 uCi [*H]thymidine/well for the
next 24 h. Radiolabeled DNA was measured in a f-scintillation counter after fixation to glass fiber
filters
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Fig. 2. Comparison of the eluted Tf content measured by the radical immunodiffusion method of CM
of EW-2 . —.—. and LG-3 —— with SIT medium — — — after rechromatography of the Tf peak of G25
separation on FPLC Superose 12. Insert shows the Tf standard curve measured by radial immunodif-
fusion

Fig. 3. Immunostaining with antihuman Tf-antibody from rabbit after protein blotting on transfer
membrane (Western blot) of SDS PAGE in 12% polyacrylamide under reducing conditions. The single
lanes represent indicated elution fractions of the FPLC separation of EW-2 cell extract
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Fig. 4. Autoradiography of
separated [>*S]methionine-
labeled Tf-antitransferrin
immuncomplexes by SDS-
PAGE under reducing con-
ditions. Lanes 1, 5, and 9
represent **C-labeled mo-
lecular weight standards.
The remaining lanes show
LG3, HL60, and EW2 cell
supernatants and cell ex-
tracts as indicated after a
pulse of 4 h

Demonstration of Transferrin Production
by the Leukemic Cells

Radioimmunoprecipitation assay (RIP) af-
ter [>°S]methionine short-term culture was
performed to prove suggested synthesis of
these immunoreactive Tfs by the leukemic
cells. As shown in Fig. 4 after SDS-PAGE of
the immunoprecipitate different fractions of
newly synthesized immunoreactive Tfs are
present. Again a predominant fraction is lo-
cated in the range of 45 kD.

ﬁ cpm
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Effects of Different Growth Factors
on the Proliferation of Leukemic Cells

In order to determine the growth-stimulat-
ing activity on the leukemic cell lines a panel
of peptide hormones and growth factors
were tested in different concentrations using
[*H]thymidine incorporation in HL60 and
LG3 cells. As shown in Fig. 5, only Tf exhib-
ited a significant growth-stimulating activity
comparable to SIT medium. Insulin and so-
matomedin C, as single substances, showed
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Fig. 5. [*H]Thymidine uptake into HL-60 cells after stimulation with various growth factors. The

technical details are given in Fig. 1
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an inhibitory activity, whereas the other fac-
tors had no effect.

Influence of Antibodies Raised Against Tf
and Tf-Receptor on Cell Proliferation

Several antibodies raised against pure Tf
and Tf-receptor were used in growth inhibi-
tion experiments. As shown in Fig. 6, Tf-an-

tiserum specifically inhibited cell growth
and its effect was dose dependently antago-
nized by the addition of pure Tf and CM.
Antihuman-IgG antibodies had no effect,
whereas antihuman antiserum showed some
inhibition in higher concentrations, proba-
bly indicating the presence of Tf-specific an-
tibodies. Even baseline growth activity of
pure RPMI 1640 medium was inhibited by
the addition of Tf-specific antibodies.
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Fig. 6. Inhibition of growth-stimulating activities by Tf antiserum, anti-human IgG, and human anti-
serum on HL60 cells. Technical details are given in Fig. 1
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Fig. 7. Inhibitory effect of two monoclonal Tf-receptor antibodies on the growth-stimulating activities
of the CM of LG3, EW2, and SIT tested on HL60 cells
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The effects of two monoclonal Tf-recep-
tor-specific antibodies are demonstrated in
Fig. 7. The results are similar to those seen
with the Tf-antibodies. Both antibodies in-
hibited the growth activity of CM of all
three cell lines and were also antagonized by
Tf. In contrast to the Tf-specific antibodies,
a baseline inhibition was not observed.

Discussion

A convincing growth stimulation of leuke-
mic cell lines by a number of different fac-
tors such as colony-stimulating factor (CSF)
[5, 6], insulin and IGF I[7], Tf[8], and unpu-
rified activities [9, 10] have already been de-
scribed. Serum-free CM of the three cell
lines EW2, LG3, and MS6 exhibit a growth-
promoting activity for different leukemic
cell lines which is comparable to that of FCS
and superior to that of the original SIT
medium (Fig. 1).

Chromatographic separation of CM
demonstrated that the produced growth-
stimulating activity is coeluted with Tf.
Measurement of the Tf-content of corre-
sponding fractions, of original SIT, and of
CM leads us to suggest that Tf is produced
and secreted by the leukemic cells (Fig. 2).
Further experiments clearly demonstrate
that the immunoreactive Tfs are paraneo-
plastically produced by the leukemic cells.
With  radioimmunoprecipitation  assay
[>°SImethionine is shown to be incorporated
in immunoreactive Tf. Apart from Tf of
normal molecular weight (> 80 kd), several
fractions in the range 15-80 kd could be
demonstrated. The main amount of newly
produced immunoreactive Tf exhibited an
apparent molecular weight of 45 kd (Fig. 4).
Gel-chromatographic separation of EW2
cell extract also demonstrates growth-stimu-
lating activity in the low molecular weight
range (15 kd). After electrophoretic separa-
tion of single fractions and western-blotting
immunoreactive Tfs of low molecular
weight could be seen. A distinct protein
band reacting with Tf-antibody exhibited
high specific growth-stimulating activity
(Fig. 3). This finding demonstrates that low
molecular weight immunoreactive Tfs are
still biologically active. Antibodies raised
against human Tf and Tf-receptor are able

to inhibit proliferation activity in a dose-
dependent way (Figs. 6, 7). This effect was
competitively compensated for by the addi-
tion of increasing amounts of Tf and CM.
Whereas Tf-receptor antibodies only inhibit
growth at the level of baseline proliferation,
the Tf-antibody completely inhibits [°H]thy-
midine incorporation. Thus, it is apparent
that the Tf-antibody on the one hand is able
to recognize different Tfs and, on the other
hand, is able to inhibit proliferative activity
completely.

The present study indicates a production
of Tfs with different molecular weights by
leukemic cell lines. These Tf molecules ex-
hibit growth-stimulating activity and thus
act in an autocrine manner. Diamond et al.
[11] reported a high grade of homology of
the amino acid sequence between Tf-deriva-
tives and the B-Lym-1 oncogene product.
This observation would support the sugges-
tion that Tf might act as an oncogene prod-
uct, genes which are known to be closely
linked to cell proliferation. Further studies
are in progress in order to purify and char-
acterize the low molecular weight fractions
of immunoreactive Tfs and to clarify the
mechanisms of action in these Tfs and Tf-
antibodies.
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In Vitro Effects of G-CSF, GM-CSF, and IL-3 on Leukemic Cells
of Children with Acute Nonlymphoblastic Leukemia

C. Schrader*, M. Reuter!, K. Mempel!, W.-D. Ludwig?, H. Riehm !, G. Schellong?,

and K. Welte *

Introduction

Hematopoietic growth factors (G-CSF,
GM-CSF, and IL-3) are potent stimulators
of proliferation and differentiation of nor-
mal myelopoiesis in vitro and in vivo [1]. To
study the effects of G-CSF, GM-CSF, and
IL-3 on proliferation of leukemic cells of
children with acute nonlymphoblastic leu-
kemia (ANLL), we investigated peripheral
blood (PB) and bone marrow (BM) cells of
20 children with ANLL. Furthermore, we
studied production of G-CSF by leukemic
cells.

Patients and Methods

We studied 20 children (0-16.5 years old)
with ANLL. As illustrated in Table 1, they
were diagnosed as M1 (three cases), M1/2
(one case), MS (four cases), M4 (three cas-
es), M2 (three cases), M7 (two cases), and
acute undifferentiated leukemia (AUL)
(four cases).

Low-density mononuclear cells from pe-
ripheral blood or bone marrow obtained be-
fore initiation of therapy were isolated by
Ficoll-Hypaque. T cells were depleted with
AET-(2-aminoethyl)isothiuronium bromide
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2 Department of Pediatrics,
Maiinster, FRG

3 Department of Internal Medicine, Free Univer-
sity of Berlin, FRG

* C.S. is an MD scholarship recipient of the
Kind-Philipp-Stiftung fiir Leukdmieforschung.

University of

Table 1. Patient characteristics

ANLL FAB Age Sex  Blasts (%)
# —_—

PB BM
1 M1 16 2/12 f 39 80
2 Mi 5 112 f 70 94
3 M1 12 11/12 92 90
4 Mi/M2 13 9/12 m 92 97
5 M2 S 6/12 f 64 31
6 M2 2 0/12 f 56 96
7 M2 11 8/12 m 47 85
8 M2 S 712 m 87 95
9 M4deo 15 8/12 m 22 70
10 M4 4 4/12 f 61 78
11 M4 6 0/12 f 78 90
12 M5 10 5/12 f 06 93
13 M5 11 4/12 m 80 50
14 M5 16 6/12 f 63 78
15 M7 Congenital m 60 -
16 M7 0 8/12 m 19 52
17 AUL 0 1/12 f 99 -
18 AUL 8 2/12 m 48 -
19 AUL 14 4/12 m 20 73
20 AUL 13 9/12 m 94 96

hydrobromide-treated sheep red blood cells
and monocytes were separated by plastic ad-
herence.

In suspension cultures nonadherent and
T-cell-depleted cells were grown in RPMI
medium [20% fetal calf serum (FCS)] at a
concentration of 1 x 10° cells/ml in the pres-
ence of rh G-CSF, rh GM-CSF, or rh IL-3
(1 x 103 units/ml). Complete medium served
as control. Survival of the cultures was de-
fined as more than 10% viable cells as mea-
sured by trypan blue exclusion.
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In clonogenic assays nonadherent and T-
cell-depleted cells were cultured at a concen-
tration of 1 x 10° cells/plate (except for AN-
LL # 4 at 2.5 x 10* cells/plate) in McCoy’s
medium and 15% FCS in 0.3% agar [2, 3].
Factors (rh G-CSF, rh GM-CSF, rh IL-3)
were added at a concentration of 1x10°
units/ml. Complete medium was used as
control. At day 14 colonies greater than 20
cells were counted with the inverted micro-
scope. Autonomous growth was defined as
more than 20 colonies/1 x 10° cells.

The murine cell line NFS-60 was used to
screen for production of G-CSF. Media
conditioned by the nonadherent and T-cell-
depleted cells — in the absence or presence of
rh GM-CSF or rh IL-3 — were prepared.
These supernatants were collected after 48 h
of suspension culture and assayed at a con-
centration of 5% or 10%. After 48 h of cul-
ture in 96-well plates, [*H]thymidine (0.5
uCi/well) was added for 4 h and [*H]thymi-
dine uptake was measured. Positive was de-
fined as a stimulation index of greater than
5.

Survival of ANLL Cells in Suspension
Culture

Cells of 20 children with ANLL were viable
in suspension culture for several weeks.
While for the majority of samples survival
was about 3-4 weeks, some samples grew
up to 21 weeks. In most cultures survival
could be improved by the addition of G-

Table 2. Number of colonies in agar at day 14

CSF, GM-CSF, or IL-3. The median sur-
vival (and range) was in the presence of G-
CSF 3.5 (2—-15) weeks, GM-CSF 4.0 (2-21)
weeks, 1L-3 4.0 (2-10) weeks, and in the
absence of any factor 3.0 (2—10) weeks.

Proliferation of ANLL Cells in Clonogenic
Assays

Table 2 indicates the number of colonies
growing in agar assay for each ANLL sam-
ple. Cells from 5/17 children with ANLL
demonstrated definite autonomous prolifer-
ation. Proliferation was improved by the ad-
dition of G-CSF (5/17 cases), GM-CSF (10/
17 cases), or IL-3 (6/17 cases). Inhibition of
clonogenic growth by additional growth fac-
tors was noted in one experiment (ANLL
# 11). Cells from three children with ANLL
demonstrated no growth in the presence or
absence of growth factors.

Production of G-CSF by ANLL Cells

Production of G-CSF by cells of children
with ANLL as measured by proliferation of
the murine cell line NFS-60 could be demon-
strated in 11/18 cases in the absence of
growth factors (ANLL # 4,5,6,7,8,9, 11,
15,16, 17, and 20). In three samples produc-
tion of G-CSF was only noted after GM-
CSF or IL-3 stimulation of ANLL cells
(ANLL # 1, 3, and 10). These findings were
confirmed by Western blot analysis of the

ANLL # 1 2 3 4 5 6 9 11
stimulus

None 18 - - 5 194 8 12 195

G-CSF 87 - 19 475 220 7 10 98
GM-CSF 141 - 20 602 593 32 26 21

IL-3 149 - 6 353 503 252 12 36

ANLL # 12 13 14 15 16 17 18 19 20
stimulus

None 1 93 49 - 1 44 3 - -
G-CSF 3 88 30 4 5 38 35 - -
GM-CSF 8 144 75 1 23 95 30 - -
IL-3 3 115 45 1 109 28 25 - -
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supernatants using an anti-G-CSF mono-
clonal antibody.

Conclusion

In suspension culture cells of 20 children
with ANLL survived up to 10 weeks without
addition of hematopoietic growth factors.
In a clonogenic assay autonomous colony
formation of ANLL cells could be observed.
Additionally, we demonstrated that the he-
matopoietic growth factors G-CSF, GM-
CSF, and IL-3 could influence the prolifera-
tion of cells of children with ANLL. Studies
of adult patients with ANLL showed that
G-CSF, GM-CSF, and IL-3 promoted self-
renewal of leukemic cells [4, 5]. These studies
and our findings suggest considerable simi-
larities in the responses to G-CSF, GM-
CSF, and IL-3 of leukemic cells of children
and adults with ANLL. Cells of adults with
ANLL proliferated autonomously, and they
expressed CSF mRNA [6]. We started to
investigate whether ANLL cells of children
are capable of producing their own growth
factors and studied production of G-CSF by
these cells. According to bioassays and
Western blot analysis production of G-CSF
by ANLL cells was evident for the majority
of cases.
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Introduction

The myelodysplastic syndrome (MDS) is a
clonal disorder of the hemopoietic stem cell
resulting in multilineage cytopenias in vivo.
In vitro a reduced myeloid and erythroid
colony formation is observed [1, 2]. The re-
duced colony formation may be due to func-
tional abnormalities of the progenitor cells
such as an altered response to hemopoietic
growth factors. Current investigations sug-
gest that stimulation with certain colony-
stimulating factors is only effective in early
G! [3]. This would imply that variations in
the resting time of progenitor cells would
influence the responsiveness of these cells
for hemopoietic growth factors. In order to
obtain more insight into this problem, we
determined the colony formation kinetics of
myeloid progenitor cells of MDS patients in
response to rhGM-CSF, rhll-3, and GCT-
CM.

Materials and Methods

Normal Donors. Normal marrow samples
were obtained from six healthy volunteers.

Patients. Thirteen patients with MDS and
five patients with leukemic transformation
of MDS (LT-MDS) were studied. Relevant
clinical and hematological data are given
in Table 1. The MDS cases were classified

Departments of Haematology, University Hospi-
tal Dijkzigt and Cellbiology and Genetics, Eras-
mus University Rotterdam, The Netherlands
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according to the French-American-British
(FAB) nomenclature [4].

Bone Marrow Cells. Bone marrow cells of
patients and normal volunteer were aspirat-
ed from the posterior iliac spine. Aspirates
were collected in glass tubes containing pre-
servative-free heparin. Light-density, T-cell-
depleted, nonadherent bone marrow cells
were obtained as described previously [5].

Colony Assay. Assays were performed in the
a-modification of Dulbecco’s modified
Eagle’s minimum essential medium (a-
DMEM) containing 0.9% methylcellulose,
and supplemented with 20% fetal calf serum
(FCS), 1% dialyzed bovine serum albumin
(BSA), 30 uM egg lecithine, 0.1 uM sodium
selenite, 7.7 uM fully iron saturated human
transferrin, and 100 pM mercaptoethanol.
Cultures were performed in 24-well plates
(Costar), 250 pl/well containing 2.5 x 10*
bone marrow cells. The culture plates were
incubated in a fully humidified atmosphere
of 5% CO, in air at 37° C. Colonies of more
than 50 cells were counted on days 7, 10, 14,
18, and 22. In some cases colonies were
plucked from the well for morphological ex-
amination.

Hemopoietic Growth Factors. Giant-cell-
tumor-conditioned medium (GCT-CM) was
prepared by culturing the confluent growing
cell-line for 7 days with e-DMEM contain-
ing 10% FCS and was used as a source of
colony-stimulating activity in the colony as-
say at a concentration of 10%. RhGM-CSF
was prepared and generously made avail-
able by Schering (Kenilworth, New Jersey,



Table 1. Clinical, hematological, and cytogenetic data of the MDS patients studied

Risk group Patient/ Sex Age FAB % blasts  Cytogenetics
No. (years)
Low risk 1 M 17 RA 2.6 N
2 M 73 CMML 04 N
3 M 71 RARS 0.4 N/hypodiploid (17%)
4 M 60 CMML 1.2 N/t(1;19) (12.5%)
5 M 73 RARS 0.6 n.d.
6 M 77 RAEB 7.6 46XY, del (IT) (q21 q24)
7 M 67 RA 1.5 N
High risk 8 M 17 RAEB 15.6 N
9 M 83 RAEBt 20.0 N
10 F 38 LT-MDS 40.0 N/+8 (4%)
11 M 40 LT-MDS 342 N/ —yt(8;21) (20%)
12 F 75 LT-MDS 304 N/complex (58%)
13 F 78 RA 4.2 N
14 M 70 RAEB 8.6 N
15 F 17 RAEB 7.2 N
16 M 55 LT-MDS 77.0 n.d.
17 M 66 LT-MDS 82.4 N
18 F 53 RAEB 16.4 N/5q-, +21 (78%)

N; normal karyotype; n.d. not determined

United States) and was used at a concentra-
tion of 10 ng/ml, which was a saturating
concentration in a CFU-GM assay. RhIl-3
was obtained from RBI-TNO (Rijswijk,
Holland) as a generous gift from Dr. Wage-
maker and was used at a concentration of
10 ng/ml.

Cytogenetics. Cytogenetic analyses of pa-
tients’ bone marrow cells were performed
using a standard technique [6], as part of
the diagnostic investigation. Chromosomes
were always identified by banding (R-, Q-,
G-bands). The karyotypes were reported ac-
cording to the International System for Hu-
man Cytogenetic Nomenclature [7].

Results
Classification of Patient Groups

On the basis of clinical and hematological
data patients were divided into two groups.
Criteria for group 1 were: the presence
of more than 10% bone marrow blast
cells, complex cytogenetic abnormalities,
or transformation to leukemia during the

observation time; and for group 2: bone
marrow blast count below 10% and stable
clinical course during the observation time.
Group 1 is called the high-risk and group 2
the low-risk group. Eleven patients met the
criteria for the high-risk group and seven the
criteria for the low-risk group (Table 1).

Colony Formation Kinetics of Normal Bone
Marrow Cells

The growth of myeloid progenitors in re-
sponse to GCT-CM, rhGM-CSF, and rhll-3
is shown in Fig. 1. GCT-CM supported
maximally day 7 colonies (GM-CFC/10°
cells: 114.9422.3 SEM) with a rapid decline
in colony numbers after day 7. RhGM-CSF
stimulated maximally day 14 colonies
(39.546.8). RhIl-3 stimulated only a few
myeloid colony-forming cells with a maxi-
mum on day 18 (16.3+5.6). Colonies
formed in response to GCT-CM consist-
ed predominantly of granulocytic cells,
whereas the progeny of GM-CSF and
I1-3-stimulated colony-forming cells consist-
ed of granulocytes and monocytes/macro-
phages.
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Fig. 1. Colony formation
kinetics of normal bone
marrow. Each point repre-
sents the mean colony
number of six normal bone
marrow cultures + stan-

days

Colony Formation of MDS Bone Marrow
Cells

Colony formation in the low-risk group of
patients resembles that of normal bone mar-
row cells (Fig. 2). Maximal colony numbers
in response to GCT-CM, however, were

100 T

50

colonies/105 cells

dard error of the mean
(SEM). Each culture was
performed in triplicate

18 22

found on day 10: 100.8 +24.9 instead of on
day 7 (73.0 £ 40). The relative rise in colony
numbers from day 7 to day 10 was found to
be highly significant (Wilcoxon P<0.01).
The response to rhGM-CSF and rhlIl-3
resembles that of NBM cells, with maximum
colony numbers on day 14: 40.5+15.5 and

® GCT-CM
A GM-CSF
m IL-3

Fig. 2. Low-risk MDS:
colony formation kinet-
ics. Mean +SEM colony
numbers of bone marrow

days

100

cultures of seven low-risk
18 22 MDS patients. Cultures
were performed in tripli-
cate
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Fig. 3. High-risk MDS: colony for-
mation kinetics. Mean + SEM colony
numbers of bone marrow cultures of
11 high-risk MDS patients. Cultures
were performed in triplicate

13.3+ 6.6 colonies, respectively. In the high-
risk group, colony formation kinetics are
clearly altered (Fig.3). Maximum colony
formation stimulated by GCT-CM is shifted
from day 7 in NBM to day 14. The mean
maximum colony number in response to
GCT-CM is decreased to 37.8+9.4. In con-
trast to the low-risk group the response pat-
tern to thGM-CSF and I1-3 is changed as
well. Optimum colony numbers for rhGM-
CSF as well as for I1-3 are found on day 18
(GM-CSF: 17.3+3.9, 1I-3: 16.8+8.6 CFC/
10 cells).
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Colony Formation Kinetics in Response to
GCT-CM in Comparison with rhG-CSF

Figure 4 shows the colony formation Kinet-
ics of NBM cells in response to GCT-CM
and rh-G-CSF. Both stimuli result in identi-
cal colony formation kinetics with a maxi-
mum on day 7. Rh-G-CSF, in saturating
concentrations, however, stimulates only
56.8% of the day 7 CFCs as compared with
GCT-CM (84.0 and 148.0 CFCs/10° cells,
respectively).

150
[77]
-
L_J:ll
O 100 -
[Te]
o
n
u
Z 50
(]
-
. ... O
Fig. 4. Colony formation kinetics in QO
response to GCT-CM and rhG-CSF
(100 U/ml). Each point represents the
mean + SEM of triplicate cultures of *
normal bone marrow cells. Closed sym- 1 I !
bols, GCT-CM; open symbols, rhG- 7 10 14

CSF



Discussion

The present study has characterized the
growth kinetics of myeloid progenitor cells
from MDS patient bone marrow cells in re-
sponse to GCT-CM, rhGM-CSF, and rhll-
3. The MDS patients were divided into a
high- and low-risk group on the basis of
clinical, hematological, and cytogenetic
data. The low-risk MDS group is compara-
ble to NBM in respect of the maximum
numbers of colonies formed in response to
the various stimuli. The time point on which
this maximum is reached in response to
GCT-CM, however, is shifted from day 7 to
day 10. With rhGM-CSF and rhll-3 as stim-
uli, the growth kinetics in this group are
apparently the same as observed in NBM
cultures.

The change in growth kinetics of the high-
risk MDS group is more striking. Maximum
colony numbers are decreased to at least
50% in cultures stimulated with GCT-CM
and rhGM-CSF. Peak values of colony
numbers are reached only on day 14 with
GCT-CM and day 18 with rhGM-CSF. This
means a delay of 7 and 4 days respectively as
compared with NBM.

The data indicate that GCT-CM stimu-
lates predominantly late progenitors, giving
rise to day 7 colonies in NBM. The primarily
granulocytic morphology of the colony cells
suggests that the GCT-CM produced in our
laboratory contains G-CSF and no effective
concentrations of M-CSF or GH-CSF.
Moreover, the growth kinetics of GCT-CM
and rhG-CSF are identical (Fig. 4). Apart
from granulocytic colony-stimulating activ-
ity, GCT-CM appears to contain additional
factors distinct from M-CSF and GM-CSF
since it stimulates almost twice as many
CFCs to form colonies as thG-CSF does.

Early progenitor cells are considered to be
dormant in the cell cycle (i.e., in G° phase),
whereas the more mature progenitor cells
are in active cycle [8, 9]. Therefore the pool
of early progenitors gives rise to colonies
with a greater latency than late progenitor
cells. This would imply that our results may
be explained by a relative left shift in the
progenitor cell compartment in MDS. How-
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ever, the shift to the left did not result in an
enlargement of the earlier compartments. In
contrast, the number of day 14 colonies is
decreased in the high-risk MDS group. An
increment of late progenitor cells in G° or an
increased cycling time may be alternative ex-
planations for the observed delay in colony
formation and may be caused by a decreased
sensitivity for hemopoietic growth factors.
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Lymphokine-Activated Killer (LAK) Cells Against Human Leukemia:
Augmentation of LAK-Cell Cytotoxicity by Combinations

of Lymphokines or Cytokines *

J. V. Teichmann, W. D. Ludwig, H. Seibt-Jung, and E. Thiel

Introduction

Adoptive immunotherapy with lymphokine-
activated killer (LAK) cells and interleukin-
2 (IL-2) or induction of cytotoxic mecha-
nisms by IL-2 alone was shown to be a
promising approach in cancer therapy [1-
11]. Most of the available data come from
experimental and clinical studies of solid tu-
mors, while only little is known about the
effect of LAK cells against human leukemia
[12-14]. Leukemia patients have been re-
ported to have a deficiency in natural killer
(NK) cell functions which may contribute to
leukemogenesis. Experimental data on cor-
recting this deficiency by IL-2 make it possi-
ble that adoptive immunotherapy of leuke-
mia patients may be of great value in the
treatment of human leukemia [15, 16]. In the
present study we investigated the ability of
LAK cells to lyse fresh human leukemia cells
in vitro and evaluated the augmentation of
cytotoxic mechanisms by combined applica-
tion of IL-2 and other lymphokines or cyto-
kines and by inhibition of prostaglandin
synthesis during the activation process.

Materials and Methods

Lymphokines. Recombinant IL-2 and gam-
ma-interferon (rIFNy) were generous gifts

Dept. of Hematology and Oncology, University-
hospital Steglitz, Free University of Berlin, FRG
* Supported by the Deutsche Krebshilfe e.V./Mil-
dred Scheel Stiftung fir Krebsforschung, Bonn
(W 19/87/Te 1).

from the Glaxo Institute of Molecular Biol-
ogy, Geneva, and the Ernst-Boehringer In-
stitute, Vienna. Recombinant tumor necro-
sis factor alpha (rTNFa) was purchased
from Genzyme, Boston, United States.

Induction of LAK Cells. Allogeneic human
LAK cells were generated from peripheral
blood mononuclear cells (PBMCs) obtained
from healthy volunteers and cultured
(1 x10%/ml) for 6 days with rIL-2 (1000 U/
ml). In some experiments, we induced LAK
cell activity by combined application of IL-2
and IFNy, TNFa, or indomethacin.

Target Cells. Fresh leukemic cells were ob-
tained from bone marrow or peripheral
blood of untreated patients by Ficoll-Hy-
paque gradient centrifugation. Phenotypic
analyses were performed by standard indi-
rect immunofluorescence assays as de-
scribed elsewhere [17]. K 562 and Daudi cell
lines, maintained in continuous cultures,
served as standard target cells. For use in the
cytotoxicity assay, fresh leukemic cells and
cell lines were labeled with 300 puCi or 50 uCi
sodium chromate, respectively.

Cytotoxicity Assay. Lymphokine-activated
killer cell activity was determined in a stan-
dard 4-h 3!Cr release assay using 5x 103
target cells and various effector-to-target
(E:T) ratios.

Results

Fresh leukemic cells from 120 untreated pa-
tients with various types of leukemia were
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evaluated for their susceptibility to the lytic
effect of allogeneic LAK cells. A significant
lysis (defined as over 20% specific lysis at an
E:T ratio of 50:1) was found in about half
of the leukemias examined (Table 1, Fig. 1).
No substantial differences could be detected
between myeloid and lymphoid leukemias
or with regard to the FAB subgroup or the
immunological phenotype, although we ob-
served that T-cell acute lymphoblastic
leukemia (T-ALL) tended to be resistant to
LAK-cell lysis. Chronic leukemias seem to
be less sensitive to the cytotoxic effect of
LAK cells than acute leukemias.

Reports that endogenous y-IFN is re-
quired for IL-2 induction of LAK cells [18]
led us to conjecture that it might be possible
to augment LAK activity by adding rIFNy
during the activation process. The results of
our studies showed that the combined appli-
cation of rIFNy and rIL-2 can improve the
effectivity of cytotoxic mechanisms even at a
low E: T ratio of 2.5:1 (Fig. 2). The sequen-
tial administration of rIFNy 24 h before IL-
2 or 48 h after IL-2 resulted in an augmenta-
tion of cytotoxicity, whereas the simulta-
neous application of both lymphokines or
the addition of y-IFN to the cultures only
24 h after IL-2 did not enhance cytotoxicity.
Our observations, shown by a representative
experiment (Fig. 2), revealed that the com-
bined application of IL-2 and IFNy in a
certain timing can generate LAK cells, even
with a tenfold lower concentration of IL-2
than the standard dosage, which are able to
exert a cytotoxicity level equal to that result-
ing from the standard IL-2 concentration.
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Table 1. Susceptibility of fresh leukemic cells to
allogeneic LAK cells. LAK cells were generated
from PBMCs cultured (1 x10%/ml) for 6 days
with rIL-2 (1000 U/ml)

Target cells n Cytotoxicity
(% specific lysis)
E:T 50:1
>20% <20%
AML 37 21 16
CML-BC 8 6 2
CML chronic phase 6 2 4
ALL 58 30 28
0-ALL 5 2 3
c-ALL 39 26 13
B-ALL 2 1 1
T-ALL 12 1 11
CLL 4 1 3
PLL 3 1 2
HCL 4 0 4
Total 120 61 59

AML, acute myeloblastic leukemia; CML-BC,
chronic myelocytic leukemia in blast crisis; CML,
chronic myelocytic leukemia; ALL, acute lym-
phoblastic leukemia; 0-ALL, null-acute lympho-
blastic leukemia; c-ALL, common acute lympho-
blastic leukemia; B-ALL, B-cell acute lympho-
blastic leukemia; T-ALL, T-cell acute lym-
phoblastic leukemia; CLL, chronic lymphocytic
leukemia; PLL, prolymphocytic leukemia; HCL,
hairy cell leukemia

In another series of experiments, the im-
provement of LAK cell cytotoxicity by IL-2
in combination with rTNFa was tested. We
observed a marked increase in the specific
lysis of leukemia cells, especially when low
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Targets
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(50:1)
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(50:1)
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Fig. 1. Susceptibility of fresh
leukemic cells compared with
the cell lines K562 and Daudi
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Fig. 2. Improvement of the effectivity of cytotoxic mechanisms: combined sequential application of
rIL-2 and rIFNy

doses of IL-2 were used and at a low effec- by IL-2 alone seem to be promising thera-
tor : target cell ratio (Fig. 3). peutic approaches for certain tumor entities
The repetitive addition of indomethacin [1—-11]. While many data are available on
to the cell cultures during the activation solid tumors, little is known about the LAK
process led to a substantial augmentation of cell system in connection with human
the cytotoxicity against leukemic cells as leukemia [12, 13]. This study demonstrates
demonstrated by a representative experi- that about 50% of the leukemias examined
ment in Fig. 4. are susceptible to the lytic effect of LAK
cells. These findings are in contrast to those

of other authors, who find most leukemias

Discussion to be susceptible to LAK cell lysis [12, 14].
The discrepancies may be due to the lower

Adoptive immunotherapy with ex vivo numbers of leukemias examined or to the
LAK cells and IL-2 or in vivo induction of definition of “‘susceptibility” used. As we de-
cytotoxic mechanisms of the immune system tected a broad spread of the specific cytoly-
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sis of fresh leukemia cells (Fig. 1), and in
view of a possible clinical application of this
system, we defined a relatively high specific
chromium release (over 20%) as a signifi-
cant susceptibility to LAK cell cytotoxicity,
while other authors give no or a much lower
level as their definition of the sensitivity of a
given leukemia target cell to the LAK cell
cytocytolysis [12—14]. We observed a broad
variability of LAK-cell-mediated cytolysis
to fresh leukemic cells compared with the
cell lines K 562 or Daudi. From our results
depicted in Fig.1 it is obvious that the
chromium releases from fresh leukemia celis
are markedly lower than those from cell
lines; the specific Cr release is mostly under
50%, and this at a relatively high E: T ratio
of 50:1. For a possible therapeutic utiliza-
tion of the LAK cell system we tried to im-
prove the efficacy of the cytotoxic mecha-
nisms.

The combined sequential administration
of y-IFN and IL-2 led to enhanced LAK cell
cytotoxicity even with a low dosage of IL-2.
The augmentation of the cytotoxicity by ad-
ministration of y-IFN prior to IL-2 may be
due to the induction of IL-2 receptors on the
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K562

AML

Fig. 3. Improvement of the effec-
tivity of cytotoxic mechanisms:
combined application of rIL-2 and
rTNFa: IL-2 (o), IL-24+TNF
500 U/ml (o). E:T 6:1 (Daudi,
K 562). E:T 12:1 (ALL, AML)

effector cells before they are affected by IL-
2, resulting in a more efficient activation.
The enhanced LAK activity through addi-
tion of y-IFN 48 h after IL-2 can be ex-
plained by a recruitment of additional cell
populations which are not activated by IL-2
alone or by an induction of further lym-
phokine/cytokine circuits. These findings
are consistent with data showing that the
activation of NK cells involves collabora-
tion between IL-2 and y-IFN [18].
Another possibility of improving LAK
cell cytotoxicity is the combined addition of
IL-2 and TNF« to the LAK cell cultures.
The synergy observed with TNFo and sub-
optimal IL-2 concentrations leads to cyto-
toxicity levels otherwise only achieved with
a ten times higher concentration of IL-2
(Fig. 3). The mechanisms whereby TNF
augments the killing of leukemia cells by
LAK cells are not yet known. Consistent
with observations of other investigators [19],
we have not seen induction of LAK cytotox-
icity by culturing PBMC:s in the presence of
TNF alone (data not shown). Therefore,
and because TNF is a known participant in
a number of complex lymphokine/cytokine
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circuits, the cytotoxicity augmentation may
be indirect, possibly caused by increasing
high-affinity IL-2 receptor expression [20].
In view of a possible clinical application of
the system it will be interesting to examine
whether combined low-dose administration
of the components may result in reduced

toxicity while having a similar or even im-
proved therapeutic efficacy.

As there are data indicating that mono-
cytes may cause up- or downregulation of
the IL-2-induced LAK activity [21], we hy-
pothesized that LAK cell activity could pos-
sibly be augmented by eliminating mono-

107



cyte-suppressive influence. Our findings
shown in Table 4 demonstrate that repeated
addition of indomethacin to the cell cultures
during LAK activation resulted in a marked
augmentation of the cytotoxicity to leu-
kemia cells. This makes it possible to apply
a tenfold lower dosage of IL-2 and still ob-
tain cytolyses similar to those resulting from
the standard IL-2 dosage. The mechanism
of this enhancement is probably the inhibi-
tion of prostaglandin-mediated suppression
of LAK cell activation by monocytes.

The observations with the combined ad-
ministration of lymphokines or cytokines as
well as with addition of indomethacin to the
cell cultures suggest that it seems possible
a) to generate more potent LAK cells and

thus improve the therapeutic efficacy

and/or

b) to reduce the toxicity by a lower dosage
of biological substances while preserving
the efficiency known from the standard
dosage.

The results of these studies suggest that
adoptive immunotherapy with IL-2-induced
LAK cells may be of great value for treat-
ment of leukemia, especially when the tumor
burden is low, e.g., during maintenance
therapy to eliminate minimal residual dis-
ease or in early relapse. Combined applica-
tion of different lymphokines or cytokines
and inhibition of prostaglandin synthesis
during the activation process are possible
approaches for improving the efficacy of cy-
totoxic mechanisms.
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