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A B S T R A C T Four children with congenital hypo-
plastic anemia (Diamond-Blackfan syndrome) and 30
control children with normal erythropoiesis were stud-
ied by a cell culture method in which human marrow,
grown in a plasma clot, responds to added erythro-
poietin (EPO) with the appearance of discrete colonies
of nucleated erythroid cells. The colonies arise from
EPO-responsive stem cells and are not related to the
number of morphologically identifiable marrow eryth-
roids plated. Results of studies on control marrow indi-
cated that without EPO there was little or no colony
formation. Increasing EPO doses or nucleated mar-
row cells per culture resulted in a linear increase in
colony numbers. The optimal EPO concentration of 2.5
U/ml yielded a mean of 158±79 colonies/1 X 10' nu-
cleated cells on day 7 of incubation. Even in the ab-
sence of recognizable erythroids, marrows of all four
patients with anemia grew erythroid colonies. Two pa-
tients on no therapy had decreased colony numbers.
The other two, on prednisone, had normal numbers.
Sera from patients did not inhibit colony formation
from either autologous or control marrow. In contrast,
serum from an adult with acquired pure red cell aplasia
produced striking inhibition of colony growth. It ap-
pears that the red cell failure in this disorder is not
due to an absence of erythroid stem cells, and a serum
inhibitor to erythropoiesis as seen in the acquired dis-
ease is unlikely.

INTRODUCTION

Congenital hypoplastic anemia (Diamond-Blackfan syn-
drome, "erythrogenesis imperfecta," congenital pure
red cell anemia) is an outstanding example of an iso-
lated, chronic underproduction of one cell line. The
condition is due to an error in hematologic development
in which erythropoiesis is either profoundly diminished
or completely absent. In the early months of life, a
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progressive anemia develops, characterized by absent
reticulocytosis and reduced marrow erythroid elements.
About one-half of these children experience a complete
remission when treated with corticosteroids (1). Since
the serum erythropoietin (EPO)1 levels are consistently
elevated (2), various etiological possibilities must be
considered. The disorder could be due to absent or re-
duced erythroid progenitors or stem cells, decreased
responsiveness of stem cells to EPO, the presence of an
abnormal EPO, an "unfavorable" marrow microenviron-
ment, or the presence of an inhibitor of erythropoiesis as
seen in adults with acquired pure red cell aplasia (3-8).

To investigate the pathogenesis of this syndrome, we
have used a tissue culture method in which marrow cells
grown in a plasma clot respond to exogenous EPOwith
the appearance of discrete nucleated erythroid colonies
(9). Each colony represents the differentiation of an
erythroid progenitor or precursor (9, 10) and thus al-
lows the study of earlier events in erythropoiesis than
was heretofore possible in vitro.

METHODS

Patients. Four patients with congenital hypoplastic ane-
mia were studied. Their clinical and hematological data are
summarized in Table I. All fit the classic clinical description
for this disorder. The only hematological abnormality was
anemia due to failure of red cell production. The other cell
lines were normal. Patients 1 and 4 had responded initially
to daily prednisone with an increase in hemoglobin to nor-
mal; at the time of study, the dosage was reduced and
they were anemic again. Patient 3 had been treated with
prednisone for 2i yr during which the hemoglobin was
normal. Because of growth failure, it was stopped before
study and the hemoglobin fell, necessitating monthly trans-
fusions. Patient 2, a sibling of patient 3, had not received
prednisone and required monthly transfusions.

Controls. Marrows from 30 other children were cultured
for erythroid colonies. These children had marrow aspi-
rates performed during investigations for malignancy, stor-
age disease, and idiopathic thrombocytopenic purpura. Al-
though not considered "normal" in the strict sense, and not
a homogeneous population, all had normal hemoglobin con-

1Abbreviation used in this paper: EPO, erythropoietin.
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TABLE I

Clinical and Hematologic Data on Four Patients with Congenital Hypoplastic Anemia

Pt 1 Pt 2 Pt 3 Pt 4

Age at diagnosis, mo 2 2 1 32
Age at study, yr 2 a 2j 3
Hemoglobin, g/100 ml 7.4 7.0 5.5 10.5
Reticulocytes, % 0.5 0.0 0.0 0.8
White blood cells, per mm3 4,500 8,700 6,900 7,700

%polymorphs 50 20 42 40
%lymphocytes 40 75 48 55
%monocytes 10 5 10 5

Platelets, per mm3 481,000 250,000 220,000 180,000
Marrow

%Opronormoblasts 4 0 0 2
%later nucleated RBC 4 0 0 0
%granulocytic 59 58 60 55
%other 33 42 40 43
Cellularity Normal Slightly Normal Normal

reduced
Prednisone 2.5 mg q2d 5 mg q2d

centrations, reticulocyte counts, red cell indices, and mar-
row morphology and therefore served as useful controls.
None were bleeding, and none were on prednisone. This
study was approved by Thle Hospital for Sick Children
Human Experimentation Committee.

Cultures. Erythroid colonies were grown as originally
described (9) with some modification. 3 ml of bone mar-
row was aspirated in a dry syringe and transferred to 5 ml
of supplemented Eagle's minimum essential medium (Grand
Island Biological Co., Grand Island, N. Y.), 2% fetal calf
serum, and 10 U/ml of preservative-free heparin. After
centrifugation, the supernate was discarded, and the cells
were resuspended in the same solution without heparin
and recentrifuged. Buffy coat was removed and suspended
in Eagle's medium in a final concentration of 1 X 10' nu-
cleated cells/ml.

The following were combined: 0.7 ml bovine serum albu-
min (Miles Laboratories Inc., Elkhart, Ind.); 0.7 ml beef
embryo extract (Grand Island Biological Co.); 0.7 ml L-
asparagine (Sigma Chemical Co., St. Louis, Mo.); 1.4 ml
NCTC-109 (Microbiological Associates, Bethesda, Md.);
and 2.1 ml fetal calf serum. From this mixture, 0.8 ml
was placed into five separate tubes. To each tube was
added 0.1 ml of the cell suspension containing 1 X 10' nu-
cleated cells and 0.1 ml EPO in varying concentrations so
that the final culture concentrations were: 0.5, 1.0, 2.0,
and 2.5 U/ml. EPOwas obtained from anemic sheep plasma
(Connaught Laboratories, Toronto, Canada) and had a
potency of 2.8-4.7 U/mg dry weight (step III). It was
reconstituted with NCTC-109 and frozen until used. NCTC-
109 without EPO was added to the last tube. Finally, 0.1
ml of bovine plasma was added to each tube, mixed with
the contents, and, before clotting, plated rapidly into the
wells of plastic titration plates (Linbro Chemical Co., New
Haven, Conn.). Cultures were incubated at 37'C in air with
5%o CO2 in high humidity.

After 7-8 days of incubation, the plasma clots were re-
moved from the wells and placed on microscope slides.
Filter paper was placed over the clots and, by rolling with
a pipette, the clots were flattened. The clots were fixed in

5%o glutaraldehyde in 0.01 M phosphate buffer for 10 min,
washed in distilled water for 10 min, and dried in an air
stream. The slides were stained in 1% 3,3-dimethoxybenzi-
dine (Eastman Kodak Co., Rochester, N. Y.) in methanol
for 3M min, then in 3%o hydrogen peroxide in 70% ethanol
for 1 min. After rinsing in distilled water, they were
counterstained with Harris' hematoxylin for 2 min, air-
dried, and mounted with cover slips.

The clots were scanned at lOOX magnification and the
total number of colonies per clot was counted. A colony
was defined as a clump of eight or more nucleated cells
showing a positive brown-orange benzidine reaction. All
determinations were done in quadruplicate and the results
averaged. The counts were expressed as number of colonies
per 1 X 10' nucleated cells plated. To determine the re-
producibility of the colony assay, the results of the quad-
ruplicate values in the control marrows at each EPO dos-
age were subjected to an analysis of variance (11). To
compare colony size the numbers of cells in 100 colonies
from each of the patients and four controls were counted.

Marrows from patients 1 and 2 were also cultured in
methylcellulose for granulocyte colonies by a modification
of the original method (12). Cultures contained conditioned
medium (CSA) prepared from peripheral blood leukocytes
of a normal adult. Results were expressed as number of
colonies per 1 X 10' nucleated cells plated.

Mixing experiments. To detect the presence of a serum
inhibitor to either EPO or erythroid progenitors, a control
marrow was cultured in the presence of sera from patients 2,
3, and 4, which substituted for fetal calf serum. Serum from
patients 3 and 4 was cultured with autologous marrow. To
demonstrate the culture system is capable of detecting an
inhibitor, autologous and control marrow was cultured in
the presence of serum from an adult with acquired pure
red cell aplasia who has a documented inhibitor to eryth-
ropoiesis (13). Normal human AB serum was used as con-
trol. To test sera from other anemic patients, control mar-
row was cultured with sera from two children with con-
stitutional Fanconi's aplastic anemia treated by transfusion
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TABLE II
Erythroid Colony Growth in 30 Control Marrows

Erythroid colonies

EPO Mean Range SD SE

U/ml

0.0 2 0-11
0.5 94 12-266 ±73 ±14
1.0 134 16-349 +83 ±16
2.0 158 25-293 ±70 ±14
2.5 158 31-317 +79 ±15

1 X 106 marrow cells/culture; 7-day incubation.

alone who had hemoglobin levels comparable to patients 2
and 3.

RESULTS
Individual colonies could be readily identified micro-
scopically due to the orange-brown benzidine staining
properties of the erythroid cells. Colony size ranged from
8 to over 100 nucleated cells. Clusters of less than eight
nucleated cells, as well as single cells, were also seen
but were not included in the counting. Cellular detail
was distorted, and even when the erythroid characteris-
tics were unmistakable, the stage of cellular maturation
could not be judged accurately. Generally, the younger
erythroids had larger, lighter-staining nuclei and had a
fainter cytoplasmic benzidine stain. Macrophage colonies
were also present and could easily be distinguished.

A preliminary time-course study for the appearance
of erythroid colonies indicated that significant numbers
first appeared on day 3, reached a peak on day 7, and
then declined. In another experiment using a control
marrow, increasing the number of nucleated marrow
cells from 1 X 10' to 1 X 10' per culture resulted in a lin-
ear increase in erythroid colonies. Results of increasing
the EPOconcentration in 30 control marrows are shown
in Table II. Without EPO there was almost no colony

formation; by adding EPO, the number of colonies in-
creased linearly and then plateaued between 1.0 and 2.5
U/ml. Higher concentrations of sheep EPO resulted in
a decrease in colony numbers. The range of colony
counts was very wide at all EPOdoses from patient to
patient. Statistical analysis of the studies in the con-
trol marrows indicated that variations in the quadrupli-
cate readings were not significant. Therefore, the assay
is reproducible at each EPO concentration. Erythroid
colony numbers did not correlate with the number of
morphologically recognizable nucleated red cells plated.
Optimum culture conditions (1 X 10' cells/culture, 2.5
U/ml EPO, 7-day incubation) yielded a mean of 158+-
79 erythroid colonies per 1 X 10" nucleated marrow
cells.

The number of erythroid colonies per 1 X 10' nu-
cleated cells cultured in the four children with congeni-
tal hypoplastic anemia is shown in Table III. Marrow
from patient 1 had no colony growth in cultures contain-
ing up to 1.0 U/ml EPO. At 2.5 U/ml there were nor-
mal numbers. The cultures at 2.0 U/ml were contami-
nated. Marrow from patient 2 had colony growth at all
EPO concentrations but the numbers were consistently
lower than normal. Patient 3 had colony growth in all
EPO-containing cultures just at or below the lower
normal limit. Patient 4 had normal colony growth in all
cultures except for that with 2.5 U/ml, where the num-
ber was below normal. Colonies were of similar size
to those of controls.

Results of studies to detect serum inhibitors are shown
in Figs. 1 and 2. There was no decrease in colonies at
the serum concentrations tested. In the two studies us-
ing autologous marrow some increase in colony growth
resulted; in patient 3, colony numbers increased to nor-
mal levels in the autologous serum cultures.

Table IV summarizes studies of serum from the
patient with acquired pure red cell aplasia. Erythroid
colony growth was absent in the presence of the test
serum. Normal human AB serum resulted in normal
numbers of colonies. Sera from the patients with Fan-

TABLE III
Erythroid Colony Growth in Congenital Hypoplastic Anemia

Erythroid colonies

EPO Pt I Pt 2 Pt 3 Pt 4

U/ml
0.0 0 0 0 0
0.5 0 6 10 25
1.0 0 10 20 53
2.0 * 16 32 91
2.5 195 24 26 25

1 X 105 marrow cells/culture; 7-day incubation.
* Contaminated.
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FIGURE 1 Effect of patient's sera on colony growth from
a control marrow; 1 X 10' marrow cells/culture; 2.0 U/ml
erythropoietin; 7-day incubation; final human serum con-
centration, 30%.
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FIGURE 2 Effect of patients' sera on colony growth from
autologous marrow; 1 X 105 marrow cells/culture; 2.5 U/
ml erythropoietin; 7-day incubation; final human serum
concentration, 15%.

coni's aplastic anemia resulted in colony numbers of
199 and 149/1 X 10' compared to the fetal calf serum
control of 137/1 X 10¶.

Granulocyte colonies from marrows of patients 1
and 2 were normal to increased with 30 and 171/1 x 106
nucleated marrow cells, respectively. Normal values of
60 studies in our laboratory are 48±34/1 X 10' mar-
row cells.

DISCUSSION

The etiology and pathogenesis of congenital hypoplastic
anemia has not been adequately explained. Prenatal fac-
tors seem to be operative in most patients since anemia
is often present at birth, there is an increased incidence
of congenital malformations, and sibling involvement
suggests a genetic influence (14). There is little evi-
dence to suggest that maternal-fetal isoimmune prob-
lems, maternal drug ingestion, fetal chromosomal ab-
normalities, or intrauterine infections play a role in
the etiology. The theory that a disturbance of trypto-
phan metabolism was responsible for the anemia (15)

TABLE IV
Mixing Experiments in Acquired Red Cell Aplasia

Marrow source

Serum source Autologous Control

Colonies/li X 105 cells

Normal AB 96 195
Patient 0 0

EPO, 2.0 U/ml; 1 X 105 cells/culture, 7-day incubation;
final human serum concentration, 30%.

lost favor when it was demonstrated that abnormal
excretion of tryptophan metabolites occurs in a variety
of anemias and is nonspecific (16).

Since EPO levels are consistently elevated in children
with congenital hypoplastic anemia (2), it is logical
to study the marrow erythroid line to see if the mecha-
nism of end-organ failure can be clarified. The earliest
morphologically identifiable erythroid element is the
pronormoblast; however, there are precursors present
in marrow that cannot be identified by traditional mor-
phologic methods. A current and widely held concept
of erythropoiesis is that erythroid differentiation begins
with a single pluripotent stem cell, moves through a
unipotent EPO-responsive or "committed" stem cell,
and ends as a cohort of hemoglobin-producing erythro-
cytes (17). Studies of early events in erythropoiesis
have been facilitated by the introduction of a tissue cul-
ture method for growth of erythroid colonies (9, 10).
There is cogent evidence that these colonies are in the
erythroid line. They grow in response to added EPO,
the hormone that controls production of erythrocytes
(18); without EPO, there is almost no growth. The
individual cells stain positively with benzidine, which is
specific for hemoglobin, and they morphologically re-
semble nucleated red cells.

The argument that each colony represents a more
primitive precursor than the pronormoblast is supported
by three lines of documentation. Firstly, recognizable
erythroids and colony-forming cells can be separated
by velocity sedimentation (10), implying that the cells
are different sizes. Secondly, our data indicate that there
is no statistical relationship between percentage of rec-
ognizable erythroids plated and numbers of colonies
grown. Finally, colonies developed from marrows of
patients 2 and 3, both of whom had no recognizable
erythroids at the time of study.

Since the marrows from all four patients with con-
genital hypoplastic anemia gave rise to erythroid colo-
nies, the study demonstrated that these children had
erythroid precursors which were capable of proliferation
and differentiation. However, there may have been a
quantitative problem in erythropoiesis. The marrows
from the two children not taking prednisone (patients
2 and 3) produced erythroid colony numbers in the
lowest normal or below normal range at all EPOdoses.

From the data we cannot entirely exclude a reduced
absolute number of erythroid stem cells in this condition.
However, we feel that a defective response to EPO
by a normal number of erythroid precursors is also a
possibility. Wehave been unable to test very large doses
of sheep EPO on our patients' marrows because of the
inhibitory effect of EPO concentrations greater than
2.5 U/ml, possibly due to impurities in the commercial
preparation. It would be important to demonstrate that
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the defect is intrinsic to the stem cell because of the
therapeutic possibility of using bone marrow transplan-
tation in patients unresponsive to prednisone. The action
of prednisone in this disorder is completely unclear.
It is effective clinically and colony numbers were greater
from the marrows of the two prednisone-treated patients.
Unfortunately serial studies of these patients were not
possible.

Mixing experiments failed to reveal any serum inhibi-
tor of EPO or erythroid precursors at the serum con-
centrations used, with either autologous marrow or con-
trol marrow. It is impossible to use final concentrations
of serum greater than 30% without impairing the tis-
sue culture system; therefore, the presence of weak in-
hibitors could be missed. The method seems to be capable
of detecting a serum inhibitor, as serum from the adult
with acquired red cell aplasia strikingly reduced colony
growth from autologous and control marrow. This con-
trasts with the results in the congenital variety and
suggests that the mechanism of the two disorders may
be different. Normal human AB serum did not have this
effect, indicating culture conditions remained adequate.
No inhibition was seen with serum from the two chil-
dren with Fanconi's anemia and in one there was in-
creased colony growth. Inhibition at a cellular level
cannot be ruled out but is unlikely as the patients' mar-
rows did form colonies in vitro.
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