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A B S T RA C T Phorbol esters, including 12-0-tetrade-
canoylphorbol 13-acetate (TPA), induce terminal
macrophagelike differentiation of cells from human
acute myelogenous leukemia lines. We report that
myelogenous leukemia cells obtained from patients
undergo macrophagelike differentiation after exposure
to TPA. The myeloid leukemic cell cultured with TPA
became adherent to charged surfaces with long filamen-
tous pseudopodia; developed positive staining for a-
napthyl acetate esterase, increased lysozyme secretion,
reduced nitroblue tetrazolium, and acquired the ability
to phagocytose candida. Cells from patients with
lymphocytic leukemia did not become macrophage-
like when cultured with TPA.

INTRODUCTION

Phorbol esters, including 12-0-tetradecanoylphorbol
13-acetate (TPA),1 have profound effects on differentia-
tion of a variety of cells from various species. These
agents inhibited spontaneous and induced cell dif-
ferentiation in avian myoblasts (1), chrondroblasts (2),
and ganglion cells (3), as well as murine neuroblastoma
(4), adipose (5), and most erythroleukemia cell lines (6,
7). In contrast, TPAenhanced the differentiation medi-
ated by colony-stimulating factors in the cells of a
murine myeloid leukemia line (M-1) (8, 9). Studies on
human acute myelogenous leukemia cell lines demon-
strated that the cells differentiated into macrophage-
like cells after exposure to phorbol esters (8, 10-12).
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cytic leukemia; CML, chronic myelogenous leukemia; MPO,
myeloperoxidase; NAE, a-naphthyl acetate esterase; NBT,
nitroblue tetrazolium; TPA, 12-0-tetradecanoyl phorbol
13-acetate.

This article reports that phorbol esters induced macro-
phagelike differentiation of leukemic blast cells from
patients with myelogenous leukemia.

METHODS
Cell and culture conditions. The 34 leukemic patients that

were studied are listed in Table I. 11 patients had acute
myeloblastic leukemia, 4 had acute myelomonocytic leu-
kemia, 4 had myeloid blast crisis of chronic myelogenous leu-
kemia (CML), 1 had lymphoid blast crisis of CML, 3 had acute
lymphocytic leukemia, 9 had B-type chronic lymphocytic
leukemia (CLL), 1 had T-type CLL, and 1 had Sezary syn-
drome. The patients were morphologically and histo-
chemically classified by criteria developed by the French-
American-British cooperative group (13). The cytochemical
stains performed on the peripheral blood and bone marrow of
the patients included Wright-Giemsa, a-naphthyl acetate
esterase (NAE), myeloperoxidase (MPO), Sudan black, ASD-
chloroacetate esterase, and periodic acid Schiff (14, 15). Kary-
otypic studies were performed on the leukemic cells from all
patients except those patients with CLL. Lymphocyte marker
studies were performed on all cases whose leukemic cells
were morphologically poorly differentiated. These studies in-
cluded E and EA rosettes, fluorescent studies for surface
membrane immunoglobulin, enzyme analysis for terminal de-
oxynucleotidyl transferase, and acute lymphocytic leukemia
and T-antigen detection by microcytotoxicity studies (16-21).
All patients had high peripheral blood leukemic cell counts.
10-20 ml of heparinized venous blood was drawn from the
appropriately informed patients. Mononuclear cells were iso-
lated from blood by buoyant density centrifugation (22), and
the nonadherent cells were obtained by twice incubating the
cells on plastic for 1 h at 37°C, 5%CO2 in humidified air and
collecting the nonadherent cells (23). The final cell suspen-
sions contained 75%or more leukemic cells as judged by mor-
phology of Wright-Giemsa stained cytocentrifuge prepara-
tions (Table I).

The cells were cultured with or without the TPA, in a
medium (Flow Laboratories, Inc., Rockville, Md.) containing
20% fetal calf serum and penicillin/streptomycin at 37°C in 5%
CO2and air in a humidified incubator.

Cell growth and maturation. Cell growth was studied in
some leukemic patients. Three million peripheral blood
mononuclear cells were placed in petri dishes (Falcon Lab-
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TABLE I
Effect of TPA on Leukemic Cells*

Patients
Adhesion NAEt Myeloperoxidase

Leukemia classification Leukemic cells
case No. in initial suspension +TPA -TPA + TPA - TPA +TPA -TPA

Myeloblastic
1
2
3
4
5
6
7
8
9

10
11

Mean

Myelomonocytic
12
13
14
15

Mean

Blastic CML(Myeloid)
16
17
18
19

Mean

Blastic CML(Lymphoid)
20

Acute lymphocytic leukemia
21-23 Mean

CLL (B-type)
24-32 Mean

Lymphocytic leukemia (T-type)
33-34 Mean (Range)

955
95
85
95
95
95
95
95
95
91
90

93+31

82
95
90
87

89+51

80§
76
81
83

80±3¶

92

97+2¶

97+21

91
83
81
91
88
86
89
93
76
82
92

87+5

82
84
95
89

88+6

86
83
90
93

88+4

81

1
1
1
1
1
1
1
1
1
1
5

3
6
5
8

6±+2

1
4
9
5

5+4

6

32+13 1+1

30+25 3+2

99
91
68
65
52
99
83
73
ND
42
55

73±20

78
91
55
67

73±15

35
24
58
63

45+ 19

1
1
6
1

ND"
1
1
1

ND
1
3

2+4

6
7
6
4

6+1

1
1
4
3

2±3

6 4

9+7

8+8

1+1

1+1

26
15

6
1

ND
18
14
11
ND
19
ND

14+8

8
22
16
4

13+8

12
14

ND
ND
13

2

3+4 3+3

1+1 1+1

98 (97-98) 5 (4-5) 2 (1-2) 1 (0-1) 1 (0-1) 2 (1-2) 1 (0-1)

* Cells cultured with TPA (0.1 ,uM) for 4 d.
I NAE, a-naphthyl acetate esterase-positive cells (diffusely dark brown).
§ Represents percent myeloblasts and promyelocytes as judged by morphology.

11 ND, not done.
Represents mean-+ SD.

ware, Div. Becton, Dickinson & Co., Oxnard, Calif.) contain-
ing 3 ml of culture medium with or without 0.1 ,uM TPA.
Cultures were harvested on day 4 for viable and differential
cell counts. Viable cell counts were performed using trypan
blue dye exclusion. Cytocentrifuge preparations were made
and the histochemical stains Wright-Giemsa, NAE, ASD-
chloroacetate esterase, and MPOwere used to help determine
cell lineage (14, 15). Morphologic classification of cellular
maturation in the granulocytic and monocytic series was as fol-

lows: immature cells included only blasts, progranulocytes,
and promonocytes; mature cells included myelocytes, meta-
myelocytes, polymorphonuclear neutrophils, and macro-

phages.
Adhesion. Adhesion was examined by placing 1 x 106 leu-

kemia cells in 1 ml of culture medium in glass tissue culture
chambers (Lab-Tek, Miles Laboratories Inc., Elkhart, Ind.).
After incubation for 4 d at 37°C, the slides were washed with
warm Dulbecco's phosphate-buffered saline and the nonad-
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95
53
23
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85
69
ND
64
ND

73+25

63
94
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67±+19
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herent cells collected. The adherent cells were removed by
exposure to 0.25% trypsin and collected separately. Viable
cells were counted.

Phagacytosis. The method developed for studying phago-
cytosis has been described in detail (24). Briefly, Candida
albicans were opsonized in 20%human AB serum. A 5:1 ratio
of candida to leukemic cells were incubated at 37°C for 30 min.
The cells were stained with Giemsa stain and the percentage
of cells completely ingesting one or more yeast determined
microscopically. To confirm that the candida had been inter-
nalized and had not merely adhered to the cell surface, the
method of Delafield and Lehrer (25) was used in some assays.
Heat-killed opsonized Candida albicans were incubated with
the leukeniic cells. Using trypan-eosin staining, the candida
had to be completely ingested to be protected from taking up
the stain. The leukemic cells containing unstained yeast were
considered phagocytic. The values obtained with this assay
concurred with those using the Giemsa staining technique.

Nitroblue tetrazolium (NBT) reduction. The reduction of
NBTwas measured qualitatively. 1 ml of cells (2 x 106 cells/
ml) was suspended in a medium containing 20% fetal calf
serum, NBT(2%, dissolved in Dulbecco's phosphate-buffered
saline), and 200 ng freshly diluted TPA. The cell suspension
was incubated at 37°C for 20 min; washed three times in cold
Dulbecco's phosphate-buffered saline; cytocentrifuged; fixed
in methanol; and stained 5 min with safranin (26,27). The per-
centage of cells containing intracellular reduced blue-black
formazan deposits was determined by light microscopy by dif-
ferentially counting 200 cells.

Lysozyme activity. The leukemia cells (1 x 106/ml) were
cultured for 4 d in 0.1 MMTPA in a medium containing 20%
fetal calf serum. The amount of lysozyme in the cells and re-
leased into the medium was measured using the dissolution
of micrococcus lysodeikitus (28). Parallel cell cultures con-
taining no TPA were studied. The culture medium alone had
no detectable lysozyme activity.

Chemicals. The phorbol ester TPA was purchased from
Consolidated Midland (Brewster, N. Y.). Stock solutions (0.1
mM) of this compound were prepared in acetone (Matheson,
Coleman, and Bell, East Rutherford, N. J.) every 3 mo. The
concentration of acetone present in the final solution (<0.1%)
had no effect when added to the cells. All stock solutions were
diluted with a medium and filter-sterilized.

RESULTS

Effect of TPAon growth and morphology of leukemic
cells. Net cellular proliferation was measured in mye-
loid leukemia patients 1-3, 5, 7, 9, 14 (Fig. LA). Viable
cell counts decreased a mean of 30% by the 4th d of
TPA (0.1 ,M) exposure. Cell numbers in cultures with-
out TPA fell a mean of 17%. This does not represent a
statistically significant difference (P > 0.05, paired
t test).

The patterns of cell maturation in vitro are shown in
Fig. 1B. In control cultures not containing TPA, the
percentage of immature cells changed very little. At 4
d, 88+8% (+SD) of the control cells were immature.
The few differentiating cells were predominantly small
cells resembling myelocytes, metamyelocytes, and
polymorphonuclear cells. Only rare macrophagelike
cells were seen. This pattern of cellular maturation
in vitro of myeloid leukemic cells is similar to previ-
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FIGURE 1 (A) Viable cell count as a function of duration of
culture. (- --), mean±SD of cells from seven myeloid leu-
kemic patients cultured with 0.1 uM TPA. ( ), control cul-
tures not containing TPA. (B) Percentage of immature cells
in culture as a function of time. (---), mean+SDof cells from
seven myeloid patients cultured with 0.1 ,uM TPA. ( ),
same as A.

ous reports (29-31). In contrast, the percentage of blast
cells decreased steeply in the TPA cultures. At 4 d im-
mature cells averaged <40% of the population. This
represents a statistically significant difference from cul-
tures not containing TPA (P < 0.005, paired t test). Al-
most all the mature cells had the morphologic and histo-
chemical (NAE-positive) features of mature human tis-
sue macrophages (32). The nuclear-cytoplasmic ratio
became less than one, nuclear chromatin condensed,
10-15% of cells became multinuclear, cytoplasmic
vacuoles became prominent, and >50%of the cells from
each patient developed long filamentous pseudopodia.

The leukemic cells from the patients with myeloid
blast crisis of CML(patients 16-19) developed similar
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changes after 4 d culture with 0.1 AMTPA. Cells from
the 14 lymphocytic leukemia patients and the one
patient with CMLin lymphoid blast crisis (patient 20)
did not develop the appearance of macrophages after 4
d TPA exposure.

Effect of TPA on adhesion of leukemic cells. Nor-
mal human tissue macrophages have the ability to ad-
here to charged surfaces and develop prominent
pseudopodia (24). The leukemia cells from the pa-
tients with acute myeloid leukemia and CML in
myeloid blast crisis (1-19) became firmly adherent to
glass when cultured in the presence of TPA (0.1 ,IM)
(Table I). Within 1 d, >60% of the cells were adherent,
and -85% of the cells were firmly attached to the glass
by day 4 of TPAculture. Approximately 40%of the cells
developed pseudopodia that were frequently very long
(100-200 microns). The percentage of cells that be-
came adherent was very similar in all three myeloid
leukemia groups (myeloblastic, myelomonocytic,
CMLin myeloid blast crisis). Approximately 30% of
cells from the patients with lymphocytic leukemia
(20-34) became adherent and formed large clumps on
the substratum after 4 d in TPA (Table I). In contrast
to the myeloid leukemic cells, many of the aggregates
of adherent lymphoid cells could be dislodged from
the glass surface by shaking vigorously. Less than 10%
of cells from the leukemic patients became adherent in
cultures containing no TPA (Table I).

Effect of TPA on enzymes present in leukemic cells.
An enzyme marker of macrophages is a-naphthyl ace-
tate esterase (14). Histochemically this activity ap-
pears as diffuse dark brown staining. Normal human
lymphocytes have between one and two small brown
dots with histochemical staining for NAE. A mean of
73+18% (+SD) of the cells from the acute myeloblastic
and myelomonocytic leukemia patients stained
strongly with a diffuse pattern for NAEafter 4 d of cul-
ture in 0.1 ,uM TPA (Table I, Fig. 2). An average of
45+19% of the cells from the patients with myeloid
blast crisis of CMLdeveloped prominent esterase ac-
tivity. The esterase brown dots of the cells from the
lymphocytic leukemia patients (20-34) became ap-
proximately two times larger and darker after TPA ex-
posure, and a mean of 7±+7% of the cells became dif-
fusely dark brown (Table I). Less than 8% of the leu-
kemic cells contained diffuse esterase activity after 4 d
in cultures containing no TPA (Table I).

The esterase activity of macrophages, but not
lymphocytes, is normally inhibitable by NaF. Wefound
that NaF inhibited the NAE activity of the leukemic
cells from the patients with myeloid leukemia after the
cells had been exposed to 0.1 AMTPA for 4 d. In con-
trast, the increased esterase activity of the TPA-cul-
tured acute and CLL cells was not significantly de-
creased by NaF.

FIGURE 2 Humanacute myelogenous leukemia cells stained
positively for a-naphthyl acetate esterase after exposure to
TPA (0.1 .kM) for 4 d.

With normal human mononuclear phagocyte de-
velopment, MPOis lost as the cell differentiates into
a macrophage (33). Granulocytes are rich in MPO. A
mean of 73+22% (±SD) of the cells from the patients
with acute myeloid leukemia and CMLin myeloid blast
crisis contained abundant MPOin cultures containing
no TPA for 4 d (Table I). In contrast, only 13±7.2%
of the leukemic cells from these patients retained MPO
activity after TPA (0.1 ,uM) exposure for 4 d. The cells
from the patients with lymphocytic leukemia and CML
in lymphoid blast crisis had <2% MPOpositive cells
before and after TPA exposure (Table I).

Lysozyme is abundant in human macrophages (34,
35). The cells from patients with myeloid leukemia cul-
tured with TPA (0.1 uM) for 4 d had a mean 2.8-fold
increase in lysozyme secretion as compared with con-
trol dishes not containing TPA (Table II). The mean
secreted lysozyme activity was 1.52±0.80 ug/106 cells
in cultures not containing TPA and 3.85±5.2 pug/106
cells in cultures containing TPA. Although TPA in-
creased secretion of lysozyme in each myeloid leu-
kemic culture, the results varied greatly and were not
significantly different between the control and TPA-
containing cultures. Cellular lysozyme was measured
to insure that TPA was not merely promoting a de-
granulation of preformed lysozyme into the culture
medium. Mean intracellular lysozyme did not signifi-
cantly change (Table II). In the myeloid leukemic cul-
tures, the mean intracellular lysozyme was 0.509
±0.673 p.g/106 cells in control dishes and 0.593±0.644
pag/106 cells in dishes containing TPA. The cells from
the patients with lymphocytic leukemia and lymphoid
blast crisis of CMLhad low levels of secreted and intra-
cellular lysozyme activity both in control and TPA-con-
taining cultures (Table II).
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TABLE II
Lysozyme Changes after TPA Exposure of Leukemic Cells

Patients
Lysozyme secretion Cellular lysozyme

Leukemia classification
case No. -TPA +TPA -TPA +TPA

pgIlO6 cells per ml

Myeloblastic
4 0.70 1.37 0.23 0.56
5 1.74 2.22 0.39 0.56
9 1.86 1.99 0.38 0.31

10 0.68 1.34 0.031 0.10
11 1.65 2.38 2.07 0.69

Myelomonocytic
15 2.03 6.76 0.114 0.31

Blast CML(myeloid)
18 0.62 1.76 0.099 0.12
19 2.90 16.80 0.77 2.10

Mean 1.52+0.80 3.85+5.2 0.51±0.67 0.59±0.64

Blast CML(lymphoid)
20 0.89 0.83 0.12 0.062

Acute lymphocytic leukemia
21 0.058 0.041 0.054 0.003
23 0.17 0.25 0.061 0.065

CLL
26 0.45 0.95 0.099 0.040
30 0.86 0.32 0.17 0.19
31 0.06 0.042 0.162 0.021

Mean 0.41±0.38 0.41±0.39 0.11±0.05 0.06±0.01

Effect of TPA on NBT reduction of leukemic cells.
Reduction of NBTis dependent on an intact respiratory
burst with production of hydrogen peroxide (H202)
and superoxide (O°) (36). Macrophages and granulo-
cytes are able to reduce NBT but their less mature
progenitors cannot. We cultured the cells from nine
myeloid leukemic patients with TPA (0.1 ,uM) for 4 d
and examined the ability of the cells to reduce NBT
(Fig. 3). A mean of 32±23 percent (±SD) of the TPA-
cultured cells reduced NBT. An average of 13±15 per-
cent of the cells cultured without TPA reduced NBT.
This represents a statistically significant difference be-
tween cultures with and without TPA (P < 0.005,
paired t test). Patients 3, 17, and 18 had a large number
of NBTpositive cells without TPAexposure. This prob-
ably reflects an increased number of myelocytes and
more mature granulocytic forms in the leukemic cell
suspension. Less than 10% of the cells in the lympho-
cytic leukemic cultures with or without TPAwere able
to reduce NBT (data not shown).

Effect of TPA on phagocytosis by leukemic cells. A
valuable function of normal mononuclear phagocytes is
ingestion of foreign material (24). The leukemic blast
cells from the patients with myeloblastic and myelo-
monocytic leukemia and myeloid blastic CML de-

veloped the ability to phagocytose Candida albicans af-
ter exposure to 0.1 jM TPA in liquid culture (Figs. 4
and 5). A mean of 35+16% (+SD) of the cells from the
patients with myeloid leukemia ingested one or more
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FIGURE 3 Effect of TPA on NBT reduction of myeloid leu-
kemic cells. Stippled boxes represent cells cultured with 0.1
txM TPA for 4 d. Clear boxes represent cells cultured with-
out TPA.
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FIGURE 4 Humanmultinuclear acute myelogenous leukemia
cell phagocytosing Candida after exposure to TPA (0.1 i.M)
for 4 d.

Candida after culture in TPA for 4 d. An average of
9±9% of the cells phagocytosed Candida when cul-
tured in the absence of TPA (Fig. 5). There was a sta-
tistically significant difference between cultures with
and without TPA (P < 0.005, paired t test). Less than
5%of the cells from the lymphocytic leukemia patients
were phagocytic after TPA exposure (data not shown).

DISCUSSION

Human myeloid leukemia cells changed dramatically
after TPA exposure. The observed alterations were
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FIGURE 5 Effect of TPA on phagocytosis by myeloid leu-
kemic cells. Stippled boxes represent cells cultured with TPA
(0.1 ,uM) for 4 d. Clear boxes represent cells cultured without
TPA.

characteristic of terminally differentiated macrophage-
like cells. Morphologically the TPA-induced cells de-
veloped one or more vesicular nuclei, condensed nu-
clear chromatin, and long cytoplasmic pseudopodia.
Most of the TPA-treated acute and chronic myeloid
leukemic blast cells adhered to the glass substratum.
The cells from several of the lymphocytic leukemia pa-
tients became adherent and clumped on glass after TPA
exposure. This has been noted previously in several
human lymphocyte lines grown with TPA (37).

The production of hydrolytic enzymes is important in
the antimicrobial function of mononuclear phagocytes.
These enzymes are within the lysosomal cell fraction
and include a-naphthyl acetate esterase (34, 35). The
NAE enzyme is present in large amounts in macro-
phages but not in myeloblastic and myelomonocytic
leukemia cells or mature granulocytes. In our study,
the acute and chronic myeloid leukemia blast cells
focally increased their NAEactivity after TPAexposure
and <10% of the cells became strongly positive. With
normal maturation, the human tissue macrophages lose
MPO(33). Wefound that many MPO-positive acute and
chronic myeloid leukemic blast cells lost their MPOac-
tivity after TPAexposure. The synthesis of lysozyme in-
creases as normal human promonocytes and monocytes
differentiate into macrophages. We found that TPA
stimulated a mean 2.5-fold increase in lysozyme secre-
tion in cultures containing acute or chronic myeloid
leukemia cells as compared with cultures containing
no TPA. Intracellular lysozyme activity did not change
suggesting that the increased lysozyme secretion did
not represent TPA-induced degranulation. Lympho-
cytic leukemia cells exposed to TPA did not increase
their secretion or intracellular content of lysozyme.

An important factor in bacterial killing is the develop-
ment of the oxygen burst with H202 and G2 produc-
tion (36). Approximately 30% of the myeloid leukemic
cells cultured with TPA developed the oxygen burst,
as shown by NBT reduction. Results, however, varied
considerably between different patients. A mean 13%
of the cells from myeloid leukemic patients not cul-
tured with TPA reduced NBT.

A vital function of normal human mononuclear
phagocytes is the ingestion of foreign material (24, 38).
Approximately 35% of the TPA-stimulated cells from
the acute myeloid and blastic CMLpatients developed
the ability to phagocytose Candida. Less than 10% of
the cells from the myeloid leukemic patients not cul-
tured with TPA were phagocytic. Likewise, the TPA-
exposed lymphocytic leukemic cells were unable to
phagocytose.

Several conclusions emerge from this study. Our in-
vestigation provides evidence that myelogenous leu-
kemia cells that are morphologically at the myeloblast
stage of maturation are not irreversibly committed to
the granulocytic pathway of maturation, but can be in-
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duced to develop into macrophagelike cells. Also the
capacity of the leukemic cells to differentiate in the
presence of TPA implies the genetic information for
terminal macrophage differentiation is present and ca-
pable of expression in these cells.

Weand others have shown that TPA and its analogs
induced cells from various human myelogenous leu-
kemia cell lines (HL-60, KG-1, ML-3) to differentiate
into macrophagelike cells (8, 10-12). The TPA-treated
cells became adherent, developed long pseudopodia,
and stained strongly for NAE. The TPA-induced cells from
the myeloid leukemic lines developed Fc-IgG recep-
tors, phagocytosed and killed microorganisms, reduced
NBT, and increased 2- to 20-fold lysozyme secretion
and enzyme activity for f3-glucuronidase and acid phos-
phatase. Cells from lymphocytic lines did not become
macrophagelike after TPA exposure. One report sug-
gested that HL-60 matured to granulocytic cells after
TPA-exposed (39). The majority of the TPAstudies with
leukemic cell lines and the present study using leu-
kemic cells from patients demonstrate that TPA (0.1
AMuM-10 nM) can induce myeloid, but not lymphoid,
leukemic blast cells to terminally differentiate into
macrophagelike cells. After our paper was submitted
for publication, another report with similar data was
published by Pegoraro et al. (40). The study showed
that TPA was able to induce formation of macrophage-
like cells from leukemic blasts obtained from the blood
of patients with acute myeloid leukemia but not from
patients with acute lymphocytic or undifferentiated
leukemia. Taken together, the data suggest that the
TPA exposure of leukemic cells may aid in the classi-
fication of blast cells as either myeloid or lymphoid in
difficult cases.
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