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Flow Cytometric Detection of Proliferative Cells in Leukemias
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We studied the proliferative activity of lenkemic cells obtained from the peripheral blood and bone
marrcw of 34 patients; 30 with acute leukemia and 4 with chronic myelogenous leukemia in blastic
crisis. Flow cytometry was performed using monoclonal antibody against DNA polymerase a. Since
fresh and frozen cells showed virtnally identical DNA polymerase a-positive populations and
flow cytometric histograms, 52 cryopreserved samples (25 from peripheral blood and 27 from bone
marrow) were used in this study. The DNA polymerase g-positive population ranged from 20.4% to
84.7% in peripheral blood, and from 6.5% to 92.1% in bone marrow. A positive correlation (r=0.76,
P<0.01) was found between DNA polymerase a-positive populations in peripheral blood and bone
marrow from the same patient. This suggests that the DNA polymerase g-positive population in the
hone marrow can be estimated from that in peripheral blood. No relationship was observed between
the positive population and the response to chemotherapy. Statistical analyses for all cases showed no
relationship between the DNA polymerase a-positive population and either the tumor cell count or
time to reach a nadir. However, a negative correlation was observed between the positive population
in bone marrow samples and the time to reach a nadir (r= —0.64, P<0.05) in those patients who
achieved a complete response. In addition, in the cases of acute non-lymphocytic leukemia who did not
respond to chemotherapy, a positive correlation was observed between the tumor cell count in bone
marrow and the DNA polymerase a-positive population (r=0.93, P<0.01). Thus, the method
described here provides a simple and time-efficient means of detecting the proliferative activity of

leukemic cells, which is a useful parameter in the treatment of leukemia.
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Knowledge of the proliferative fractions in tumors is
important in estimating the prognosis of malignant
tumors. Recent development of monoclonal antibodies
against proliferation-associated antigens, such as pol &,
PCNA and Ki-67, has made it possible to estimate the

*To whom correspondence and reprint requests should be
addressed.

* Abbreviations used: pol @, DNA polymerase &; PCNA, pro-
liferative cell nuclear antigen; FAB classification, French-
American-British Cooperative Group classification; ANLL,
acute non-lymphocytic lenkemia; ALL, acute lymphoblastic
leukemia; M1, acute myeloblastic leukemia without matura-
tion; M2, acute myeloblastic leukemia with maturation; M3,
acute promyelocytic leukemia; M4, acute myelomonocytic leu-
kemia; M3, acute monocytic leukemia; M6, erythroleukemia;
L1, acute lymphoblastic leukemia with predominantly small
cells; L2, acute lymphoblastic leukemia with predominantly
large cells; CML-BC, chronic myelogenous leukemia in
blastic crisis; RPMI 1640, Rosewell Park Memorial Institute
1640; FCS, fetal calf serum; DMSO, dimethyl sulfoxide; PBS,
phosphate-buffered saline; PFA, paraformaldehyde; FITC,
fluorescein isothiocyanate,” FITC-anti pol a Ab, FITC-
conjugated monoclonal antibody against pol a; CR, complete
response or complete remission; PR, partial response; NR,
no response.
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proliferative activity of malignant tumors immunologi-
cally." In leukemias, flow cytometric analysis appears
to be the best method available for quantifying the
growth fractions of leukemic cells.*” In the present
study, we used pol @ as the marker for proliferative cells,
since 1) cells in all phases of the cell cycle have been
shown to possess pol a*'? and 2) it appears to possess
clear biological significance in the replication of chromo-
somal DNA in eukaryotic cells."""" In addition, the pro-
liferative cell index determined from the pol a-positive
population has been shown to be well correlated to histo-
logical and nuclear grades which influence the prognosis
of endometrial carcinoma.’ The object of this study
was to measure the proliferative fractions of leukemic
cells from patients with acute lenkemia and CML-BC
by flow cytometry. Statistical analysis was performed to
determine whether pol a-positive populations correlated
with either the response to chemotherapy or the discase
prognosis.

MATERIALS AND METHODS

Patients We studied 34 patients with leukemia; 18 men
and 16 women aged 16 to 76 years old (median 46). The



subtypes of the 25 cases of ANLL were 9 M1; 6 M2; 3
M3; 5 M4; 1 M5 and 1 Mé. Four patients had CML-BC
and 5 had ALL; 1 1.1 and 4 L2. The subtypes were
classified according to the FAB classification.’” These
patients’ profiles appear in Table I. Patients with acute
leukemia had more than 70% leukemic blasts in their
peripheral blood or bone marrow at the time of sampling.
Cells Peripheral blood and bone marrow blood were
collected in heparinized tubes. Mononuclear cells were
separated by the Ficoll-Hypaque gradient centrifugation
method. They were cryopreserved in liquid nitrogen in
RPMI 1640 with 10% FCS (Gibco, Frankfurt, Ger-
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many) and 10% DMSO (Wako, Tokyo) under standard
conditions until assay. Frozen cells were reconstituted at
37°C, washed with PBS (Nissui, Tokyo) and then tested.
Samples of both cryopreserved and fresh leukemic cells
were available in only 4 cases. The cryopreserved cells
were tested for viability using trypan blue staining after
reconstitution. Samples with a viability of more than
80% were used in the study. Twenty-five peripheral
blood samples and 27 bone marrow samples were avail-
able for testing (Table I). Peripheral blood lymphocytes
obtained from healthy volunteers served as the negative
control, while exponentially growing MOLT4 cells (Jap-

Table I. Hematological Parameters of 34 Leukemia Patients
. Tumor cells Time to
Diagnosis? PO Age  Sex  Peripheral blood Bome marow  nadir  _RoSPOnsefo
number (>1<’ 10/litery (X 100/5itery  (day) chemotherapy®
ANLL-M1 1 54 M 74.8 80.7 33 CR
2 43 F 257.5 95.8 17 NR
3 72 M 8.6 1.6% — -
4 27 F 172.0 89.3 16 NR
5 16 M 18.6 17.5 24 CR
6 30 M 5.69 26.6 17 CR
7 38 F 193.9 47.69 17 NR
8 76 M 1.6% 28.9 20 PR
9 43 M 137.1 82.3 19 PR
ANLL-M2 10 59 M 2.09 8.3 19 CR
11 41 F 3.1 3.89 24 CR
12 51 F 96.0 34.29 24 NR
13 35 F 2.1 50.3 23 CR
14 37 M 352 73.2 - -
15 47 M 3.5 15.9 13 CR
ANLL-M3 16 20 F 81.0 64.8 - -
17 40 M 31.5 60.6 - —
18 38 M 0.49 47.7 17 NR
ANLL-M4 19 27 F 35.6 11.0 17 CR
20 37 F 30.3 15.2 28 CR
21 68 F 49.6% 10.8 19 PR
22 51 M 4.19 7.9 15 CR
23 20 F 157.5 63.5 12 CR
ANLL-M5 24 42 F 164.3 76.1 18 NR
ANLL-M6 25 70 F 24,09 11.5 - -
CML-BC 26 42 M 27.9 12.09 18 CR
27 74 M 11.9 19.09 26 PR
28 50 F 23.2 2.7 22 PR
29 41 M 27.0 4.8 26 PR
ALL-L1 30 18 F 23.0 76.4 11 CR
ALL-L2 31 41 F 229 24.0 29 CR
32 55 M 45.8 — 13 —
33 49 M 2.9% 14.9 12 NR
34 36 M 5.3 17.4 27 CR

a) FAB classification (Ref. 14).

b) Materials not tested.

¢) CR, complete remission or complete response;
evaluable.

PR, partial response; NR, no response; —, not
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anese Cancer Research Resources Bank, Tokyo) were
used as the positive control.

Fixation and staining Cells were washed three times with
cold PBS and fixed in 29 PFA on ice for 45 min, and
then washed three times in cold PBS. Cells were mixed
with FITC-anti pol @ Ab (diluted 1:10), and then in-
cubated on ice for 45 min. Cells were then washed three
times with cold PBS. Monoclonal antibody directed
against calf thymus pol @ was produced as described
by Masaki ef al." FITC-labeled antibody containing 2
mg/ml IgG was obtained from Medical and Biological
Laboratories Co., Ltd., Nagoya.

Flow cytometric analysis We used a CYTORON (Ortho,
Mass., USA) equipped with a 15 mW argon laser with
an excitation wavelength at 488 nm. Fluorescence was
analyzed from 515 to 530 nm (FITC) using the Ortho
software. Fluorescence was amplified logarithmically and
a positive threshold was determined with the negative
control cells such that those cells showed less than 0.5%
and the positive population showed at least 0.1%. For
each sample, negative control cells were prepared with-
out treatment with monoclonal antibody. At least 2 X 10*
cells were used in each experiment.

Clinical parameters and statistical analyses We analyzed
the relationship between clinical parameters, such as the
blast cell count in the peripheral blood and bone marrow
blood, the number of days from the onset of chemo-
therapy to the nadir, and the response to chemotherapy,
and parameters related to proliferative activity, such as
the positive population of pol a. The nadir is the point
where the minimum leucocyte count is observed during

the chemotherapeutic course. Statistical analyses were
performed by calculating Spearman’s correlation coeffi-
cients.'®

Chemotherapy All patients received induction chemo-
therapy with a multi-drug combination or with a single
agent. Among 25 patients with ANLL, 16 patients were
treated with enocitabine and daunorubicin or aclaru-
bicin,!” and 7 patients received mitoxantrone and
cytosine arabinoside,'® Patient #3 received vincristine
and prednisolone, but further chemotherapy could not be
performed due to complicating psychosis. Patient #25
suffered from erythroleukemia and received citarabine
ocfosfate. Four patients with ALL received doxorubicin,
vincristine and prednisolone,'” and one patient received
ramimustine and etoposide. There were 4 patients with
CML-BC; 2 patients were treated with vincristine and
prednisolone, 1 with mercaptopurine and 1 with cytosine
arabinoside. Response to chemotherapy was judged after
the first induction course. Leucocyte counts at the nadir
were less than 1000/x] in all evaluated cases. Six patients
could not be evaluated because of early death.

RESULTS

Fresh and frozen cells Four specimens from three indi-
viduals were observed as both cryopreserved and fresh
leukemic cells. The positive population was. virtually
identical in both samples (Fig. 1).

Pol a-positive population The percentage of lympho-
blastic cell line MOLTH4 cells in the logarithmic growth
phase ranged from 90.0% to 98.8% (median 94.2%).
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43.5% 46.8%

Frozen cells

] H P
o ' S,

43.9%

33.5%

46.3%

Fresh cells

.}{

. .,
| /A N N S B B R S R A M

Lt H
L S I S B B B B B i |

H L~
L L L B N L B

Fluorescence Intensity

Fig. 1.

Flow cytometric histograms of DNA polymerase @ staining of 4 samples from 3 individuals (cases 3, 10 and 19) for

whom both frozen and fresh cell samples could be tested. The profiles of frozen cells appear in the upper row and those of fresh
cells appear in the lower row. Data in each histogram show the positive population (%). PB, peripheral blood; BM, bone

MArrow.
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Peripheral blood lymphocytes from three healthy volun-
teers showed about 29 positive staining. In all cases, the
pol a-positive fraction of leukemic cells ranged from
204% to 84.7% (median 59.9%) for the peripheral
blood cells and from 6.5% to 92.1% (median 57.2%) for
bone marrow cells. A wide distribution of the pol a-
positive population was characteristic in both peripheral
blood and bone marrow. The pol a-positive fraction for
each subtype of leukemia is shown in Table II.

Correlation between findings in peripheral blood and
bone marrow In 18 of 34 cases, both peripheral blood
and bone marrow samples were available for measure-

Table HI. DNA Polymerase «-Positive Population in 34
Leukemia Patients

Patient Positive population (%)
number? PB BM
1 20.4 6.5
2 84.7 72.2
3 43.5 —
4 59.9 82.4
5 56.5 58.1
6 — 64.3
7 34.0 —
8 - 30.9
9 44.9 61.7
10 - 46.8
11 75.8 _
12 27.6 —
13 79.4 71.1
14 24.3 27.6
15 53.8 44.8
16 38.5 56.3
17 78.6 892
18 - 43.5
19 33.5 43.9
20 57.5 32.1
21 - 40.6
22 - 59.6
23 83.5 78.4
24 62.6 57.2
25 — 347
26 83.4 -
27 40.4 -
28 64.9 79.3
29 83.3 88.9
30 75.6 92.1
3l — 26.6
32 82.0 —
33 - 89
34 61.4 74.4
Total 59.9 57.2
(20.4-84.7) ( 6.5-92.1)

a) Patient numbers are the same as those in Table 1.
PB, peripheral blood; BM, bone marrow.
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ment. The proportion of the population that was pol
a-positive in the bone marrow showed a markedly posi-
tive correlation to that in the peripheral blood, with a
correlation index of 0.76 (P<(0.01, Fig. 2).
Relationship fo response to chemotherapy The pol a-
positive population of each group was divided according
to the response to chemotherapy (Fig. 3). In peripheral
blood, the pol a-positive population ranged from 20.49
to 83.5% (median 61.4%) for patients with CR, from
40.49% to 83.3% (median 54.9%) for patients with PR,
and from 27.6% to 84.7% (median 59.9%) for patients
with NR. In the bone marrow, the values ranged from
6.5% to 92.1% (median 58.1%) for patients with CR,
from 30.9% to 88.9% (median 61.7%) for patients with
PR, and from 9.9% to 82.49% (median 57.2%) for
patients with NR. No differences were observed between
these 3 groups.

Relationship to hematological parameters Stiatistical
analyses using the results of all cases showed that there
was no relationship between the pol a-positive popuiation
and either the initial blast cell count or the time to reach
the nadir (data not shown). However, a negative correla-
tion (r=—0.64, P<0.05) was observed between the pol
a-positive population of bone marrow samples and the
time to reach the nadir in those patients who achieved
a complete response (Fig. 4). A similar correlation
(r=—0.51, P<C0.05) was observed in all of the cases of
ANLL (Fig. 5). In the ANLL cases who did not re-
spond, a positive correlation (#=0.93, P<<0.01) was ob-
served between the tumor cell count in bone marrow and
the pol a-positive population (Fig. 6).

100+

Bone marrow (%)

Peripheral blood (%)

Fig. 2. Correlation between the DNA polymerase a-positive
populations in peripheral blood and bone marrow. Samples of
both peripheral blood and bone marrow were available from
18 patients. rS, correlation index.
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Fig. 4. Relationship between the DNA polymerase a-posi- Fig. 5. Relationship between the DNA polymerase a-posi-

tive population in bone marrow and time to reach the nadir
in patients with complete remission. rS, correlation index.

DISCUSSION

In this study, FITC-labeled monoclonal antibody
against pol @ was used as a flow cytometric marker for
identifying proliferative cells, since pol a is the chief
enzyme involved in DNA replication.'™ In addition,
since pol a is present in cells in all phases of the cell cycle
except for resting GO cells,®'? the percentage of pol
q-positive cells can provide an index of the fraction of
proliferative cells.> ¥

First, we measured the pol a-positive populations in
fresh leukemia cells and frozen cells obtained from three

208

tive population in bone marrow and time to reach the nadir
in patients with ANLL, 18, correlation index.

individuals to determine the effect of freezing in liquid
nitrogen on the parameters. Since the cryopreserved and
fresh samples showed similar values (Fig. 1), we judged
that both types of samples could be used to evaluate
cellular proliferation.

Second, we measured the pol a-positive populations of
52 cryopreserved samples. The values obtained exceed
the thymidine labeling indices (1.0% to 20.0% in ALL)
that have been previously reported.”” However, the
higher values obtained in this study seem reasonable
since the *H-thymidine labeling index reflects only those
cells in the § phase of the cell cycle.??® The distribution
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Fig. 6. Relationship between the DNA polymerase a-posi-
tive population and the tumor cell count in bone marrow in
seven ANLL patients without complete remission, 1S, correla-
tion index.

pattern of the pol g-positive fraction is quite different
from those obtained with anti Ki-67 or anti PCNA
antibodies.” The higher labeling index of PCNA re-
ported by others,>® as compared to that of pol @, may be
explained by our finding that cells in shallow GO, as well
as cycling cells, still express PCNA.2»

Third, we estimated the relationship between leukemic
growth in bone marrow and peripheral blood from the
same patients by measuring leukemic cells from both
sources. A strong positive correlation (r=0.76, P<0.01)
was observed between the pol a-positive populations
from these two sources (Fig. 2). These findings suggest
that leukemic growth in peripheral blood is active when
such growth is also observed in bone marrow; the reverse
is surely true. This also suggests that the proliferative
activity of lenkemic cells in bone marrow can be es-
timated qualitatively from that in peripheral blood. Our
finding may support previous results showing that the
durations of the S-phase of leukemic cells from periph-
eral blood and bone marrow were very similar.?? Thus, it
1s worthwhile to measure the pol a-positive population of
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