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A B S T RA C T Wehave recently described an assay
system for human peripheral blood megakaryocyte
colony-forming unit cells (CFU-M) using an anti-
platelet glycoprotein antiserum probe to define mega-
karyocyte colonies grown in vitro. This system was
applied to study the nature and regulation of human
bone marrow CFU-M. In the absence of a specific mega-
karyocyte growth-promoting factor, 12.4-+3.0 (means
+SEM) megakaryocyte colonies were cloned per
5 x 105 cells cultured. Colonies were present after 6 d
of incubation reaching peak numbers between days 10
and 14 and slowly decreasing thereafter. Erythro-
poietin in concentrations of up to 4 U/ml failed to
augment colony numbers. Also failing to enhance
megakaryocyte colony plating efficiency were media
containing burst-promoting activity and colony-stim-
ulating activity. A medium conditioned by human
embryonic kidney cells, which has been previously
demonstrated to contain thrombopoietin, also had no
effect on megakaryocyte colony numbers. In contrast,
sera from three patients with severe aplastic anemia
produced significant enhancement of CFU-M-derived
colony formation in vitro. Both the number of mega-
karyocyte colonies present and the number of mega-
karyocytes per colony were increased in proportion to
the final concentration of aplastic anemia serum. In the
presence of 10% aplastic anemia serum, cultured
megakaryocyte colony numbers were linear with re-
spect to the number of bone marrow mononuclear cells
plated suggesting a clonal origin of each of the colonies.
This in vitro assay for bone marrow CFU-Mis a reliable
means by which to study the regulation of human
megakaryocytopoiesis. Initial data suggest that mega-
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karyocyte production is stimulated by a factor detect-
able in aplastic anemia serum that may be distinct from
other known hematopoietic stem cell regulators.

INTRODUCTION

The study of human megakaryocytic progenitor cells
proved to be difficult because of the lack of a well-de-
fined histochemical phenotypic marker to readily iden-
tify colonies composed of megakaryocytic elements.
Previous studies of human megakaryocyte colony-
forming cells (CFU-M, or colony-forming unit-mega-
karyocyte)l have depended upon morphologic criteria
to identify the clusters of differentiated megakaryo-
cytes cloned in vitro from peripheral blood and bone
marrow CFU-M (1-3). Wehave recently established
an assay system for human peripheral blood CFU-M
using a rabbit antiserum to purified human platelet
glycoproteins (PGP) as a phenotypic probe to define
human megakaryocytic colonies grown in vitro (4, 5).
In these studies, megakaryocyte colonies were suc-
cessfully cloned from the peripheral blood of all
normal volunteers studied. Plating efficiency was not
enhanced by the addition of known in vitro hema-
topoietic stem cell regulators, i.e., erythropoietin,
burst-promoting activity, and colony-stimulating ac-
tivity (4, 5). In addition, a source of thrombopoietic
stimulating factor or thrombopoietin did not alter CFU-
M-derived colony formation in our experiments (4, 5).

We report here studies concerning the nature and
regulation of human CFU-M derived from bone mar-
row mononuclear cells. Marrow CFU-M did not re-

1Abbreviations used in this paper: BFU-E, burst-forming
unit-erythroid; CFU-E, colony-forming unit-erythroid; CFU-
GM, colony-forming unit-granulocyte, macrophage; CFU-M,
colony-forming unit-megakaryocyte; E-CM, human endothe-
lial cell-conditioned medium; HEKM, human embryonic
kidney cell-conditioned medium; Meg-CSA, megakaryocyte
colony-stimulating activity; PBS, 0.01 Mphosphate-buffered
saline, pH 7.2; PGP, human platelet glycoproteins; TC-CM,
human lymphoblastoid cell line-conditioned medium.
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spond to the various hematopoietic regulators which
had been previously shown to be ineffective in stimu-
lation peripheral blood CFU-M. However, mega-
karyocyte colony-stimulating activity (Meg-CSA) was
present in sera obtained from three patients with
severe aplastic anemia. These sera, when added to the
culture media, significantly augmented CFU-Mplating
efficiency and increased the mean number of com-
ponent cells per megakaryocyte colony. Such activity
was not present in any normal human serum speci-
men. These data suggest that the human CFU-M
may be controlled, in part, by a previously unde-
fined humoral regulator that appears to be distinct
from those substances known to stimulate erythroid
or granulocytic-macrophage colony formation in vitro.
Wewere also able to demonstrate that after the addi-
tion of the stimulating serum to the cultures, mega-
karyocyte colony numbers were linear with respect to
the number of bone marrow cells cultured supporting
the hypothesis of a clonal origin for each of the
megakaryocyte colonies.

METHODS
Humansubjects. Bone marrow aspirations were obtained,

after informed consent, from the posterior iliac crest under
local anesthesia from hematologically normal individuals.
These individuals were either normal volunteers or patients
with normal hematologic parameters undergoing bone mar-
row aspirations in the course of their clinical evaluations.

Plasma clot megakaryocyte cultures. Bone marrow
mononuclear cells were obtained by Ficoll-Paque (specific
gravity = 1.077 g/cm3. Pharmacia Fine Chemicals, Piscat-
away, Div. of Pharmacia Inc., N. J.) density centrifugation.
The bone marrow aspirate was diluted 1:1 with a-medium
minus nucleosides (Gibco Laboratories, Grand Island, N. Y.),
containing preservative-free sodium heparin at 20 U!
ml and layered over an equal volume of Ficoll-Paque.
Centrifugation was performed at 500 g for 25 min at 4°C in a
Beckman model J-6B centrifuge (Beckman Instruments, Inc.,
Fullerton Calif.). The interface mononuclear cell layer was
collected and washed with a-medium minus nucleosides
containing 2% fetal calf serum. Mononuclear cells at a con-
centration of 5 x 105 cells/ml (unless otherwise stated) were
cultured in 1-ml vol in 35-mm petri dishes. The plasma clot
technique of McLeod et al. (6) was modified by the substi-
tution of heat-inactivated human AB serum for fetal calf
serum, and a-medium minus nucleosides for NCTC-109
medium and Eagle's minimal essential medium with Hanks'
balanced salt solution. All batches of normal AB serum
were prescreened for comparable capacity to support mega-
karyocyte colony growth. In the final 1-cm3 aliquot of each
culture were the following supplements: minimal essential
medium, nonessential amino acids (0.02 mmol/ml), L-glu-
tamine (0.4 mmol/ml), and sodium pyruvate (0.2 mmol/ml).
Culture dishes were incubated for 10-12 d (unless other-
wise stated) at 37°C in a 100% humidified atmosphere
of 5% CO2 in air. Harvesting was performed by fixation in
situ with methanol/acetone (1:3) for 20 min, washing with 0.01
Mphosphate-buffered saline (PBS), pH 7.2, distilled water,
and then air drying. Plasma clots were stored frozen at
-20°C until immunofluorescent staining was performed.

Culture additives. Various substances were added to the
culture growth media to assess their capacity to enhance in

vitro megakaryocyte colony formation. These consisted of
sheep urinary erythropoietin (Epo, Connaught Laboratories
Limited, Willowdale, Ontario, Canada, step III, lot 3032-1),
human embryonic kidney cell conditioned medium (7)
(HEKM, donated by Dr. T. P. McDonald), human endothe-
lial cell conditioned media (8) (E-CM, donated by Dr. John
C. Hoak), human T lymphoblastoid cell line conditioned
medium (9-11) (TC-CM, donated by Dr. David Golde), and
serum specimens from three patients with severe aplastic
anemia.

The batch of erythropoietin used was active in stimulating
erythroid colony formation in conventional plasma clot cul-
tures as performed in our laboratory (12).

HEKMwas received lyophilized, reconstituted with a-
medium minus nucleosides, and stored in small aliquots at
-80°C until used. HEKMhas been shown to have sig-
nificant thrombopoietic activity as defined by increased
Na25 S04 incorporation into the circulating platelets of
thrombocytotic animals (7).

E-CM is the supernatant medium derived from cultures of
human umbilical vein and adult arterial endothelial cells
obtained originally from intact vessels and cultured for 72 h
in modified Medium 199 with 20% fetal calf serum as pre-
viously described (8). E-CM has been shown to contain prod-
ucts produced in vitro by human endothelial cells including
prostacyclin (13), Factor VIII antigen (14, 15), and granulo-
cyte-macrophage colony-stimulating activity (16, 17). When
added to the modified plasma clot cultures in final concen-
trations of 10%, both adult artery and umbilical vein E/CM
increased granulocyte-macrophage colony (CFU-GM) num-
bers by 50-100%.

TC-CM is medium conditioned by the cell line Mo that
was established from the spleen cells of a patient with a T
cell variant of hairy cell leukemia. This medium has been
shown to augment erythroid burst colonies in methylcellulose
cultures two- to threefold (9) and to have significant colony-
stimulating activity (10, 11). When added to our modified
plasma clot cultures in final concentrations of 10%, we ob-
served augmentation of erythroid burst (in erythropoietin
containing cultures) and CFU-GMcolony formation similar
in magnitude to that previously described.

Sera from three patients with severe aplastic anemia as
defined by the International Aplastic Anemia Study Group
(18) were obtained by routine venipuncture. The specimens
were sterilized by ultrafiltration and heat inactivated at
56°C for 30 min, and added to the culture media by replacing
an equal volume of normal human AB serum.

Anti-PGP antiserum preparation. Purified human PGP
was prepared by lithium diiodosalicylate-phenol extraction of
pooled human platelet concentrates as described by Mar-
chesi and Chasis (19). New Zealand White rabbits were im-
munized by subcutaneous injections of 1 mgPGPin Freund's
complete adjuvant initially and intramuscular injections (1
mg PGP in Freund's incomplete adjuvant) at 2 and 4 wk.
Serum was harvested at 6 wk by cardiac puncture and stored
in aliquots at -80°C.

Immunofluorescent staining and scoring. Whole rabbit
anti-PGP antiserum was diluted in PBS (1:200) and layered
over the fixed plasma clot cultures. These were incubated for
60 min at room temperature in 100% humidified air. After
washing three times with PBS, the specimens were rein-
cubated with fluorescein-conjugated goat anti-rabbit IgG
(Meloy, Springfield, Laboratories, Inc. Va) diluted in PBS,
final concentration 0.36 mg protein/ml for an additional 60
min. After washing with PBS, the specimens were counter-
stained with 0.125% Evan's Blue for 7 min, washed with dis-
tilled water and mounted in isotonic barbital buffer, pH 8.6,
in glycerol (1:3).
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In vitro plasma clot cultures were scored in situ. The 35-
mmpetri dishes were inverted, the base area completely
scanned, and fluorescein-positive colonies enumerated with a
fluorescence microscope at x 100 (Zeiss standard microscope
18 with IV FL vertical fluorescent illuminator, Carl Zeiss,
Inc., New York). A megakaryocyte colony was defined as a
cluster of three or more intensely fluorescent cells. Each study
was performed in duplicate to quadruplicate.

Other hematopoietic colonies. Plasma clots were fixed in
situ with 5%glutaraldehyde in 0.01 Mphosphate buffer (pH
7.0-7.2). CFU-GMwere assayed morphologically after Wright-
Giemsa staining of the fixed cultures (20). Clusters of 540
cells, many of which had typical band or segmented polymor-
phonuclear leukocyte morphology, were defined as CFU-GM.

Colonies derived from the erythroid progenitor cells
CFU-E (colony-forming unit-erythroid) and BFU-E (burst-
forming unit-erythroid) were harvested after 7 and 12-14 d
of incubation, respectively. Cultures were stained with 1%
benzidine and hematoxylin as previously described (20).
Erythroid colonies were scored using established criteria
(12). Maximumgrowth of CFU-E and BFU-E-derived colonies
in this modified plasma clot assay system was seen at
erythropoietin concentrations of 2 and 4 U/ml, respectively. At
these optimal concentrations of erythropoietin, means of 420
CFU-E- and 80 BFU-E-derived colonies were cloned from
5 x 105 normal human bone mononuclear cells.

Statistical analysis. Results are expressed as the mean
and SEM of the number of megakaryocytic colonies enu-
merated. Comparisons were made by paired one-tailed Stu-
dent's t tests and linear regression analyses.

RESULTS

In the absence of a specific growth-promoting culture
additive, megakaryocytic colonies were successfully
grown from the bone marrow mononuclear cells of 10
hematologically normal individuals. 12.4+±3.0 (means
±+SEM) megakaryocytic colonies were cloned per
5 x 105 cells cultured with plating efficiencies ranging
from 2-32 colonies per 5 x 105 cells cultured.

Individual megakaryocytes within a single colony
generally were dispersed over an area approximately
the size of an erythroid burst. Nuclear multilobulation
was often evident in the component cells (Fig. 1).
Some colonies consisted exclusively of or contained
small fluorescein-labeled cells approximately the size
of lymphocytes that were not otherwise morphologi-
cally recognizable as megakaryocytes. In the absence

FIGURE 1 Single megakaryocyte colony in plasma clot culture labeled with antiplatelet glyco-
protein antiserum and fluorescein-conjugated goat and anti-rabbit IgG cloned from human bone
marrow mononuclear cells (x 100).
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TABLE II
Effect of E-CMon Number ofMegakaryocyte Colonies Cloned

Culture additives

Umbilical
Adult artery-CM vein-CM

Experiment None 5%* 10% 5% 10%

1 3 1.5 2.5 3 3
2 7 3.5 4 3.5 3.5

* Final concentration of media added. Values are the mean
colony numbers of experiments performed in duplicate with
plated mononuclear cell concentrations of 5 x 105 cells/ml.
CM, conditioned medium.

NONE EPO EPO TC-CM
2U/ml 4U/ml 10%

ADDITIONS TO CULTURE

FIGURE 2 Effects of erythropoietin and TC-C]
without erythropoietin) on CFU-M-derived color
from human bone marrow mononuclear cells.
pressed as mean±SEMfor six experiments. The
cyte colony numbers for erythropoietin and for'
taining cultures (with and without erythropoi
significantly increased above control cultures, P
erythropoietin.

of culture additives, 35-75% of all the meg
colonies present consisted exclusively of t
fluorescein-labeled cells.

A variety of substances were tested for t]
to enhance in vitro megakaryocytic colony
Sheep urinary erythropoietin in final con
of up to 4 U/ml failed to augment meg
colony numbers (Fig. 2).

HEKM, a source of thrombopoietic-stim
tor or thrombopoietin (7), was similarly
in enhancing megakaryocytic colony grc
added to the cultures in final concentrati
600 ,ug/ml of protein (Table I).

TABLE I
Effect of HEKMon Number of Megakarq

Colonies Cloned*

HEKMconcentration, mgprote

Experiment 0.0 0.075 0.15

1 11.5 11.5 11.5
2 5 ND ND I
3 5.5 ND ND

* Values are the mean colony numbers of
performed in duplicate with plated mononucl
centrations of 5 x 105 cells/ml. ND, not done.

+ TC-CM, which has been demonstrated to contain
EPO 2 U/ ml

burst-promoting activity (9) and colony-stimulating ac-

tivity (10, 11), also failed to significantly increase the
M (with and number of megakaryocytic colonies (Fig. 2) as did
aies cultured E-CM (Table II).

Results ex- In contrast to the above results, serum specimens

megakaryo- from three patients with severe aplastic anemia were

TiCn)CMe cnot found to reproducibly enhance CFU-M-derived colony
> 0.05. Epo, formation when substituted for normal human AB

serum in concentrations of 5-10% of the final culture
volume (Table III). When higher concentrations of
aplastic anemia sera were tested, the dose-response

gakaryocyte relationship was linear within final aplastic anemia
these small serum concentrations of 5-30% (Fig. 3). Similar

stimulatory activity was not present in any of eight
he capacity normal serum specimens tested.

formation. In addition to augmenting the total number of mega-
kcentrations karyocyte colonies, all three aplastic sera increased the
gakaryocyte mean number of component cells per colony with a

similar linear dose-response relationship (Fig. 4). For
ulating fac- any given experiment, the relative intensity of aug-
ineffective mentation of megakaryocyte colony numbers was

)wth when paralleled by a comparable relative increase in the
ons of 75_ number of component megakaryocytes per colony

(Figs. 3 and 4). The addition of aplastic anemia sera

(10-30% final concentration) also resulted in a relative
decrease in the colonies composed exclusively of small
fluorescein-positive cells. Throughout this concentra-

jocyte tion range of sera, these small cell colonies com-

prised -20% of the total number of colonies.
Inhnl Aplastic anemia sera, constituting 10% of the

final culture volume, did support some growth of
0.30 0.60 erythroid colonies. In three experiments, of 114

7 6.5
CFU-E- and 6-BFU-E-derived colonies were cultured

65 ND per 5 x 105 normal bone marrow mononuclear cells.
5.5 ND These data are consistent with the increased levels of

erythropoietin known to be present in aplastic anemia
experiments sera (21, 22). No augmentation of granulocyte-macro-

ear cell con- phage colony growth was seen with aplastic anemia
serum concentrations of 5-30%.
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TABLE III
Effect of Serum Specimensfrom Three Patients with Aplastic
Anemia on the Number of Megakaryocyte Colonies Cloned*

Final aplastic anemia
Control serum concentration

Experiment 0% 5% 10%

Patient 1
1 10.5 48.5 70
2 2 26 38t
3 16 33.5 136.5
4 7 ND 129
5 3.5 15.5 69.5
6 11.5 ND 37

Patient 2
1 16 36 64.5t
2 11 41 48
3 33 ND 75.5
4 11.5 ND 34.5

Patient 3
1 28 63 60.5
2 16 27.5 65
3 12.5 ND 45
4 11.5 ND 80

* Values are the mean colony numbers of experiments
performed in duplicate with plated mononuclear cell concen-
trations of 5 x 105/ml. When compared with the control
cultures each culture containing aplastic anemia serum
demonstrates significantly increased colony numbers with
P < 0.05 or less (unless otherwise stated. ND, not done.
$ 0.10 > P > 0.05.

Because of the enhanced plating efficiency which
could be achieved in the presence of aplastic anemia
sera, additional analyses of the CFU-M assay system
could be performed. These studies required larger
numbers of megakaryocyte colonies per culture plate
than could be otherwise obtained using normal AB
serum alone.

Bone marrow mononuclear cells were plated in con-
centrations of 0.5 x 105-5 x 105 cells/ml in the pres-
ence of 10% aplastic anemia serum. There was a linear
relationship between the number of cells plated and
the number of CFU-M-derived megakaryocytic col-
onies cultured. The Y intercept was approximately
equal to zero in all experiments. Three representative
experiments are displayed in Fig. 5. These data support
the hypothesis of a clonal origin of each of the mega-
karyocytic colonies.

The chronology of the development of megakaryo-
cytic colonies in vitro was evaluated in the presence
of 10% and 20% final concentrations of the aplastic
anemia serum. The two concentrations of serum were
chosen to detect temporal alterations which might have
been attributable to the presence of the aplastic

anemia serum in the culture system. Megakaryocyte
colonies were detectable after 6-7 d of culture
reaching a maximum between 10 and 14 d and slowly
decreasing thereafter (Fig. 6). Though megakaryo-
cytic colony numbers were greater in the presence of
20% aplastic serum as compared with 10%, there was
no significant change in the time of colony appearance
(data not shown).

DISCUSSION

Our present understanding of megakaryocytopoiesis
has been derived in a large part from detailed and
painstaking analyses of morphologically recognizable
megakaryocytes present in bone marrow specimens
from experimental animals and patients with normal
and perturbed thrombopoiesis (23). We now know,
however, that this polyploid, morphologically identi-
fiable megakaryocyte compartment includes only cells
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APLASTIC ANEMIA SERUMCONCENTRATION(%)
FIGURE 3 Effects of the concentration of sera from three
patients with aplastic anemia on the number of CFU-M-
derived colonies cultured from human bone marrow mono-
nuclear cells. Each line is derived from a single representa-
tive experiments performed in duplicate. A proportional
dose-response effect is demonstrated in each experiment.
Patient 1, 0, r = 0.817, P < 0.01; patient 2, O, r = 0.980,
P <0.01; patient 3, A, r = 0.978, P <0.01.
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karyocytic identity of the colonies is often confirmed or
established using a histocheinical stain for the acetyl-
cholinesterase that is specific for rodent megakaryo-
cytes. Such experimental systems, for the first time,
have permitted more direct examination of the events
that occur early in rodent megakaryocytopoiesis
preceding those that have already been well studied
in the morphologically recognizable megakaryocyte
compartment.

/ -' -~- Similar studies of human CFU-Mhave been delayed
y./ ,oby the absence of an unambiguous megakaryocyte

phenotypic probe with which to identify the mega-
karyocyte colonies cloned in vitro. Unfortunately, ace-

{ ,( ,tylcholinesterase is not contained in human mega-
karyocytes (30) and no analogous histochemical
marker is known to exist. Previous studies of human
CFU-M have relied exclusively upon morphologic
criteria to delineate the cultured megakaryocytic
colonies (1-3). We have recently described the
utility of a rabbit antiserum directed against purified

H1II I I PGP as a phenotypic marker for the later cells of
0 5 10 15 20 25 30 megakaryocytic lineage and have used this antisera

'LASTIC ANEMIA SERUMCONCENTRATION(%) in concert with indirect immunofluorescent staining
to establish an assay for human peripheral blood

:4 Effects of the concentration of sera from three CFU-M (4, 5). In this present report we extend our
with aplastic anemia on the number of megakaryo- o&

I X, S1s9A1 AlwAstob4 Aoservations to human bone marrow CFU-M.cytes present in individual megakaryocyte colonies. macn

point represents the mean±SEMnumber of megakaryocytes
per colony derived from examining 50 colonies cultured
during a single experiment at different aplastic anemia serum

concentrations. At 0%aplastic serum concentration, the num-
ber of colonies examined varied from 38-50 due to the limited
colony numbers present. Data for these three experiments are

derived from the same experiments presented in Fig. 3. In
each experiment, a proportional dose-response relationship
is present between the mean number of megakaryocytes per

colony and the concentration of aplastic anemia serum. Pa-
tient 1, 0, r = 0.985, P < 0.01; patient 2, [1, r = 0.975,
P < 0.01; patient 3, A, r = 0.967, P < 0.05.

undergoing the terminal stages of megakaryocyte
maturation and platelet release. Regulatory schema
of megakaryocytopoiesis have been predominantly
limited to explaining observations that occur in this
nonproliferating and relatively differentiated cellular
compartment whereas the proliferative events, oc-

curring at an earlier stage of differentiation, can only
be indirectly inferred.

It is now generally agreed that megakaryocytes
originate from a pluripotent hematopoietic stem cell
that in turn gives rise to proliferative, nonrecognizable
megakaryocyte-committed progenitors capable of sup-

plying cells to the recognizable megakaryocyte com-

partment (24).
Rodent in vitro clonal assay systems have been re-

cently established in which colonies of megakaryo-
cytes can be cloned from these megakaryocyte-com-
mitted stem cells or CFU-M (6, 25-29). The mega-
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Bone marrow mononuclear cells that are cloned in
our assay system in the absence of any megakaryocyte
growth stimulator produce small numbers of mega-
karyocyte colonies, a finding similar to that which we
have reported for peripheral blood (4, 5). It is unknown
whether these colonies are the progeny of a subpopula-
tion of CFU-M with an independent proliferative
capacity, result from in vitro cellular interactions or
products, or are supported by the low level of a trophic
factor present in normal human sera. Similar growth of
megakaryocyte colonies in the absence of a specific
growth-promoting factor has been reported by others
for both murine (31) and human (1-3) in vivo studies.
The finding of unstimulated in vitro megakaryocyto-
poiesis is an observation consistent with animal studies
in which marrow megakaryocytopoiesis persists de-
spite intensive platelet hypertransfusion (32).

Our prior studies with peripheral blood CFU-M
(4, 5) and those with bone marrow CFU-M reported
here consistently demonstrate the failure of those sub-
stances active either in promoting granulocyte-
macrophage or erythroid colony formation to be active
in supporting CFU-M-derived colony growth. These
substances include two sources of granulocyte-mac-
rophage stimulating activity (E-CM and TC-CM), a
source of erythroid burst-promoting activity (TC-CM)
and partially purified erythropoietin. The failure of
erythropoietin to increase CFU-M-derived colony
growth in our system contrasts with the work of Vain-
chenker et al. (1-3) in man and that of McLeod et
al. (6) in the mouse, but it is in agreement with the
murine studies of Erslev et al. (31).

The only substance tested that consistently aug-
ments megakaryocyte colony formation is serum ob-
tained from patients with severe aplastic anemia. The
nature and specificity of this (Meg-CSA) are completely
undefined. Serum and urine specimens from patients
with aplastic anemia are known to have increased
levels of erythropoietin (21, 22) and burst promoting
activity (33, 34). Both normal and aplastic anemia
human sera also have been reported to contain granulo-
cyte-macrophage colony-stimulating activity (35-37).
Others, in contrast, have reported consistent inhibition
of CFU-GM colony formation by aplastic anemia
sera (38).

We did not attempt to segregate the multiple ac-
tivities of aplastic sera. Specificity of Meg-CSA, if it
exists, is only suggested by the failure of the other
known in vitro hematopoietic stem cell regulators to
affect megakaryocyte colony formation.

An independent humoral regulator of thrombo-
poiesis has long been postulated (39). Careful studies
in animals have reproducibly demonstrated the pres-
ence of thrombopoietin, a serum factor experimentally
induced by acute thrombocytopenia that increases the
incorporation of either 75Se-selenomethionine or 35S-
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FIGURE 6 Number of CFU-M-derived megakaryocyte col-
onies assayed as a function of the number of days in culture.
Results are expressed as the mean+±SEMof a representative
experiment performed in duplicate in the presence of 10%
aplastic anemia serum. The original cell concentration
plated was 5 x 105 cells/ml.

sulfate into the platelets of thrombocytotic animals
(32, 40, 41). Unfortunately, the physiologic signifi-
cance of thrombopoietin is unknown because it does
not reproducibly increase platelet counts in any ex-
perimental system. Studies in which human serum
samples from patients with thrombocytopenia and
thrombocytosis are assayed for thrombopoietin do not
yield a pattern of findings for which a consistent
regulatory hypothesis can be proposed (42). The re-
lationship of Meg-CSA to thrombopoietin is unknown.
Heterology is suggested by the failure of one source of
thrombopoietin, HEKM(7), to increase megakaryo-
cyte colonies in our assay system. Other investigators,
however, have demonstrated the presence of mega-
karyocyte colony-stimulatory activity in HEKM(43,44)
using a murine assay system.

This study provides evidence that a humoral reg-
ulator of megakaryocytopoiesis, regardless of its speci-
ficity, does indeed exist and can be detected in sera
from patients with aplastic anemia. Data similar to our
own have recently been published by Enomoto et al.
(45). In their study, urinary extracts from patients with
aplastic anemia significantly stimulated both pe-
ripheral platelet counts and marrow megakaryocyte
numbers in experimental animals. The extract was also
active in enhancing rodent CFU-M colony formation
in vitro (45). Conversely, however, Metcalf (46) found
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that murine megakaryocyte colony formation was not
stimulated by any of over 4,000 human sera from
patients with a full range of hematologic disorders
including aplastic anemia. Further studies will be
necessary to define the biochemical identity of Meg-
CSA, its specificity, presence, or absence in a variety
of disease states, and its mechanism of action.

ACKNOWLEDGMENTS

Wewould like to thank Drs. D. Golde, T. P. McDonald, and
J. C. Hoak for supplying the various conditioned media.
Additional thanks are extended to Ms. N. Grinnell for her
secretarial assistance.

Supported in part by U. S. Public Health Service grants
CA22697-03 and HL 07262-02 from the National Institutes of
Health.

REFERENCES

1. Vainchenker, W., and J. Breton-Gorius. 1979. Differen-
tiation and maturation in vitro of human megakaryocytes
from blood and bone marrow precursors. In Cell Lineage,
Stem Cells, and Cell Determination. Institut National
de la Saute et de la Recherche Medicale (France) Sym-
posium No. 10. N. LeDonarin, editor. Elsevier-North
Holland Biomedical Press, Amsterdam. 215-226.

2. Vainchenker, W., J. Guichard, and J. Brenton-Gorius.
1979. Growth of human megakaryocyte colonies in cul-
ture from fetal, neonatal, and adult peripheral blood cells:
ultrastructural analysis. Blood Cell. 5: 25-42.

3. Vainchenker, W., J. Bouquet, J. Guichard, and J. Breton-
Gorius. 1979. Megakaryocyte colony formation from hu-
man bone marrow precursors. Blood. 54: 940-945.

4. Mazur, E. M., R. Hoffman, and E. Bruno, S. Marchesi,
and J. Chasis. 1980. Identification of two classes of
human megakaryocyte progenitor cells. In Megakaryo-
cytes In Vitro. R. Levine, N. Williams, and B. L. Evatt,
editors. Elsevier-North Holland Biomedical Press, New
York. In press.

5. Mazur, E. M., R. Hoffman, J. Chasis, S. Marchesi, and
E. Bruno. 1981. Immunofluorescent identification of hu-
man megakaryocyte colonies using an antiplatelet glyco-
protein antiserum. Blood. 57: 277-286.

6. McLeod, D. L., M. M. Shreeve, and A. A. Axelrad. 1976.
Induction of megakaryocyte colonies with platelet forma-
tion in vitro. Nature (Lond.). 261, 492-494.

7. McDonald, T. P., R. Clift, R. D. Lange, C. Nolan, I. I. E.
Tribby, and G. H. Barlow. 1975. Thrombopoietin produc-
tion by human embryonic kidney cells in culture. J. Lab.
Clin. Med. 85: 59-66.

8. Czervionke, R. L., J. C. Hoak, and G. L. Fry. 1978. Effect
of aspirin on thrombin-induced adherence of platelets
to cultured cells from the blood vessel wall. J. Clin. In-
vest. 62: 847-856.

9. Golde, D. W., N. Bersch, S. G. Quan, and A. J. Lusis. 1980.
Production of erythroid-potentiating activity by a human
T-lymphoblast cell line. Proc. Natl. Acad. Sci. U. S. A.
77: 593-596.

10. Golde, D. W., S. G. Quan, and M. J. Cline. 1978. Human
T-lymphocyte cell line producing colony-stimulating ac-
tivity. Blood. 52: 1068-1072.

11. Lusis, A. J., D. H. Quan, and D. W. Golde. 1981. Purifica-
tion and characterization of a human T-lymphocyte-
derived granulocyte-macrophage colony stimulating fac-
tor. Blood. 57: 13-21.

12. Ritchey, A. K., R. Hoffman, E. Coupal, V. Floyd, H. A.
Pearson, and B. G. Forget. 1981. Imbalanced globin
chain synthesis in cultured erythroid progenitor cells
from thalassemic bone marrow and peripheral blood.
Blood. 57: 788-793.

13. Weksler, B. B., A. J. Marcus, and E. A. Jaffe. 1977. Synthe-
sis of prostaglandin 12 (prostacyclin) by cultured human
and bovine endothelial cells. Proc. Natl. Acad. Sci. U. S. A.
74: 3922-3926.

14. Jaffe, E. A., L. W. Hoyer, and R. L. Nachman. 1973. Syn-
thesis of antihemophilic factor antigen by cultured human
endothelial cells. J. Clin. Invest. 52: 2752-2764.

15. Tuddenham, E. G. D., J. Lazarchick, and L. W. Hoyer.
1981. Synthesis and release of Factor VIII by cultured
human endothelial cells. Br. J. Haematol. 47: 617-626.

16. Knudtzon, S., and B. I. Mortensen. 1975. Growth
stimulation of human bone marrow cells in agar culture by
vascular cells. Blood. 46: 937-943.

17. Quesenberry, P. J., and M. A. Grimbrone. 1980. Vascular
endothelium as a regulator of granulopoiesis: produc-
tion of colony-stimulating activity by cultured human
endothelial cells. Blood. 56: 1060-1067.

18. Cammitta, B. M., E. D. Thomas, D. G. Nathan, G. Santos,
E. C. Gordon Smith, R. P. Gale, J. M. Rappaport, and R.
Storb. 1976. Severe aplastic anemia: a prospective study
of the effect of early marrow transplantation on acute
mortality. Blood. 48: 63-70.

19. Marchesi, S. L., and J. A. Chasis. 1979. Isolation of
human platelet glycoproteins. Biochim. Biophys. Acta.
555: 442-459.

20. McLeod, D. L., M. M. Shreeve, and A. A. Axelrad. 1974.
Improved plasma culture system for production of eryth-
rocytic colonies in vitro: quantitative assay method for
CFU-E. Blood. 44: 517-534.

21. Penington, D. G. 1961. The role of the erythropoietic
hormone in anaemia. Lancet. I: 301-306.

22. Lange, R. D., J. M. McCarthy, and N. I. Gallagher. 1961.
Plasma and urinary erythropoietin in bone marrow failure.
Arch. Intern. Med. 108: 850-858.

23. Harker, L. A. 1974. Control of platelet production. Annu.
Rev. Med. 25: 383-400.

24. Ebbe, S. 1976. Biology of megakaryocytes. Prog. Hemo-
stasis Thromb. 3: 211-229.

25. Metcalf, D., H. R. MacDonald, N. Odartchenko, and B.
Sordat. 1975. Growth of mouse megakaryocytic colonies
in vitro. Proc. Natl. Acad. Sci. U. S. A. 72: 1744-1748

26. Nakeff, A., and S. Daniels-McQueen. 1976. In vitro col-
ony assay for a new class of megakaryocytic precursor:
colony-forming unit megakaryocyte (CFU-M). Proc. Soc.
Exp. Biol. Med. 151: 587-590.

27. Williams, N., H. Jackson, A. P. C. Sheridan, M. J. Murphy;
A. Elste, and M. A. S. Moore. 1978. Regulation of mega-
karyocytopoiesis in long-term murine bone marrow cul-
tures. Blood. 51: 245-255.

28. Burstein, S. A., J. W. Adamson, D. Thorning, and L. A.
Harker. 1979. Characteristics of murine megakaryocytic
colonies in vitro. Blood. 54: 169-179.

29. Mizoguchi, H., K. Kubota, Y. Miura, and F. Takaku. 1979.
An improved plasma culture system for the production
of megakaryocyte colonies in vitro. Exp. Hematol. 7:
345-351.

30. Zajicek, J. 1957. Studies on the histogenesis of blood
platelets and megakaryocytes. Acta Physiol. Scand. 40
(Suppl. 138): 1-32.

31. Erslev, A., R. Silver, J. Caro, S. Paist, and E. Cobbs.
1978. The effect of sustained hypertransfusion on hema-
topoiesis. In In Vitro Aspects of Erythropoiesis. M.
Murphy, editor. Springer-Verlag, NewYork, Inc., 58-63.

740 E. M. Mazur, R. Hoffman, and E. Bruno



32. Harker, L. A. 1970. Regulation of thrombopoiesis. Am. J.
Physiol. 218: 1376-1380.

33. Nissen, C., N. N. Iscove, and B. Speck. 1979. High burst-
promoting activity (BPA) in serum of patients with ac-
quired aplastic anemia. In Experimental Hematology
Today 1979. S. J. Baum and G. D. Ledney, editors.
Springer-Verlag NewYork Inc., 79-87.

34. Dukes, P. P., D. Meytes, A. Ma, G. DiRocco, J. A.
Ortega, and N. A. Shore. 1978. A urinary factor which
stimulates erythroid burst formation more effectively
than erythropoietin. In Hematopoietic Cell Differen-
tiation. D. W. Golde, M. J. Cline, D. Metcalf, and C. F.
Fox, editors. Academic Press, Inc. NewYork. 119-128.

35. Chan, S. H., D. Metcalf, and E. R. Stanley. 1971. Stimu-
lation and inhibition by normal human serum of colony
formation in vitro by bone marrow cells. Br. J. Haematol.
20: 329-341.

36. Entringer, M. A., W. A. Robinson, and C. J. Drebing.
1980. Colony stimulating activity in normal human serum
tested against human bone marrow. Exp. Hematol. 8:
1232-1240.

37. Foster, R., D. Metcalf, W. A. Robinson, and T. R. Bradley.
1968. Bone marrow colony stimulating activity in human
sera. Results of two independent surveys in Buffalo and
Melbourne. Br. J. Haematol. 15: 147-159.

38. Gordon, M. Y. 1978. Circulating inhibitors of granulo-
poiesis in patients with aplastic anemia. Br. J. Haematol.
39: 491-496.

39. Ebbe, S. 1974. Thrombopoietin. Blood. 44: 605-608.
40. Cooper, G. W., B. Cooper, and C. Chang. 1970. Demon-

stration of a circulating factor regulating blood plate-
let production using 35S-sulfate in rats and mice. Proc.
Soc. Exp. Biol. Med. 134: 1123-1127.

41. Shreiner, D. P., and J. Levin. 1970. Detection of thrombo-
poietic activity in plasma by stimulation of suppressed
thrombopoiesis. J. Clin. Invest. 49: 1709-1913.

42. Shreiner, D. P., J. Weinberg, and D. Enoch. 1980. Plasma
thrombopoietic activity in humans with normal and abnor-
mal platelet counts. Blood. 56: 183-188.

43. Williams, N., T. P. McDonald, and E. M. Rabellino. 1979.
Maturation and regulation of megakaryocytopoiesis.
Blood Cells 5: 43-55.

44. Kalmaz, G. D., and T. P. McDonald. 1981. The effects
of thrombopoietin on megakaryocytopoiesis of mouse
bone marrow cells in vitro. In Megakaryocytes In Vitro.
R. Levine, N. Williams, and B. L. Evatt, editors. Else-
vier-North Holland Biomedical Press, NewYork. In press.

45. Enomoto, K., M. Kawakita, S. Kishimoto, N. Katayama,
and T. Miyake. 1980. Thrombopoiesis and megakaryo-
cyte colony stimulating factor in the urine of patients
with aplastic anemia. Br. J. Haematol. 45: 551-556.

46. Metcalf, D. 1977. Hemopoietic colonies. In Vitro Cloning
of Normal and Leukemic Cells. Springer-Verlag New
York, Inc. 155-158.

Regulation of Human Megakaryocytopoiesis 741


