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Abstract

Because polycythemia vera (PV) is a clonal hematopoietic stem
cell disease with a trilineage hyperplasia, and interleukin-3
(I]L3) stimulates trilineage hematopoiesis, we have studied the
response of highly purified PV blood burst-forming units-
erythroid (BFU-E) to recombinant human IL-3 (rIL-3).
Whereas the growth of normal blood BFU-E in vitro rapidly
declined by 40 and 60%after 24 and 48 h of incubation without
50 U/ml of rIL-3, the growth of PVBFU-E declined by only 10
and 30% under the same conditions, demonstrating a reduced
dependence on rIL-3. A reduced dependence of PV BFU-E on
recombinant human erythropoietin (rEP) was also present.
Dose-response experiments showed a 117-fold increase in PV
BFU-E sensitivity to rIL-3, and a 6.5-fold increase in sensitiv-
ity to rEP, compared to normal BFU-E, whereas blood BFU-E
from patients with secondary polycythemia responded like nor-
mal BFU-E. Endogenous erythroid colony (EEC) formation,
which is independent of the addition of rEP, was reduced by
50% after erythroid colony-forming cells were generated from
PV BFU-E in vitro without rIL-3 for 3 d, whereas rEP-stimu-
lated erythroid colonies were unaffected. These studies demon-
strate a striking hypersensitivity of PV blood BFU-E to rIL-3,
which may be the major factor in the pathogenesis of increased
erythropoiesis without increased EP concentrations. (J. Clin.
Invest. 1991. 87:391-396.) Key words: myeloproliferative dis-
ease * cytokines - erythroid progenitors * erythropoietin

Introduction

Polycythemia vera (PV)' is a clonal disease of the hematopoi-
etic stem cell which is characterized by a trilineage hyperplasia
of the marrow, leukocytosis, thrombocytosis, and erythrocyto-
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1. Abbreviations used in this paper: AB-, antibody-negative cells; BFU-
E, burst-forming units-erythroid; D-BSA, deionized BSA; D-PBS, Dul-
becco's PBS; ECFC, erythroid colony-forming cells; EEC, endogenous
erythroid colonies; EP, erythropoietin; FH, Ficoll-Hypaque; IL-3, in-
terleukin-3; IMDM, Iscove's modified Dulbecco's medium; IMDM-P,
Iscove's modified Dulbecco's medium used for panning; 2-ME, 2-mer-
captoethanol; aMEM, alpha minimum essential medium; PV, polycy-
themia vera; rEP, recombinant human erythropoietin; rIL-3, recombi-
nant human interleukin-3.

sis (1). However, the control of red cell production has been
principally studied because polycythemia is the primary clini-
cal manifestation. It has been shown that the increased erythro-
poiesis is not the result of increased erythropoietin (EP) produc-
tion, but reflects the proliferation of the abnormal clone in the
absence of increased EP (1, 2). When marrow cells from PV
patients were cultured, endogenous erythroid colonies (EEC)
formed without the addition of EP, and were 9-37% of the
erythroid colonies seen with EP (3). Zanjani et al. (4), Golde et
al. (5), and Casadevall et al. (6) provided evidence that erythro-
poiesis in PV is hypersensitive to EP, whereas other investiga-
tors suggested that it might be independent of EP (7, 8). Re-
cently PV CFU-E have been shown to have a normal number
of low-affinity EP receptors, but to lack high-affinity EP recep-
tors, which indicates that any enhanced EP sensitivity is un-
likely to be due to enhanced EP binding to these cells (9).

In the last year, we have developed a method for enriching
normal human blood burst-forming units-erythroid (BFU-E)
to 57% purity, with a range of 45-79%, and have characterized
the growth requirements for these cells (10). As with human
marrow cells (I 1, 12), interleukin-3 (IL-3) is needed early in the
course of BFU-E development in vitro while EPis needed later
(10). Because this method allows us to obtain highly purified
BFU-E, and because IL-3 is a cytokine that acts upon early
hematopoietic cells to provide trilineage growth enhancement
(13), which is seen in PV, we have purified PVBFU-E and have
studied the response of these cells to IL-3 and EP. These inves-
tigations show that PVblood BFU-E are much more hypersen-
sitive to IL-3 than to EPand this may account for the increased
growth and differentiation of PV erythroid cells in the absence
of enhanced EP concentrations.

Methods

Blood samples. 400 ml of peripheral blood was obtained from normal
adults and from patients meeting established criteria for PVand second-
ary polycythemia (14), who signed consent forms approved by the Van-
derbilt Committee for the Protection of HumanSubjects and the De-
partment of Veterans Affairs Research and Development Committee.
Four of the PV patients were treated only with phlebotomy, whereas
one received hydroxyurea, 500 mgevery other day, in addition to phle-
botomy. Two of the patients with secondary polycythemia had severe
chronic obstructive pulmonary disease; two had renal disease (cyst and
stones) with increased serum erythropoietin levels; and one had unilat-
eral hydronephrosis associated with previous surgery for carcinoma of
the prostate. The blood was collected in sodium heparin (Upjohn Co.,
Kalamazoo, MI) at a final concentration of 20 U/ml.

BFU-E purification. This method has been previously described
(10). In brief, the mononuclear cells were separated over Ficoll-Hypa-
que (FH; 1.077 g/cm3, Pharmacia Fine Chemicals, Piscataway, NJ;
Winthrop-Breton Laboratories, NewYork, NY) at 400 g for 25 min at
24°C. For PV samples, either buffy coat cells were suspended in an
equal volume of alpha minimum essential medium (aMEM) (Sigma
Chemical Co., St. Louis, MO), or the blood was diluted with one-half
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volume of Dulbecco's PBS(Sigma Chemical Co.) containing 13.6 mM
sodium citrate (D-PBS) (Sigma Chemical Co.), before separation by
FH (9). The interface mononuclear FH cells were collected, washed
twice with D-PBS at 600 g, 240C, for 15 min and were resuspended in
20 ml of D-PBS. The cell suspension was overlaid on 30 ml of 10%BSA
(Armour Pharmaceutical Co., Kankakee, IL) in D-PBS and centri-
fuged at 180 g, 240C, for 10 min to remove platelets. This procedure
was repeated and the cells were washed thrice with aMEMbefore sus-
pending them in aMEMat 1 X 107/ml.

The cells then were incubated with one-half volume of neuramini-
dase-treated and one-half volume of IgG-coated sheep erythrocytes for
10 min in a 370C water bath (10). After centrifugation at 130 g, 240C,
for 10 min, the cells were placed in ice for 60 min and were then
dispersed and separated over FH at 400 g, 240C, for 15 min. The inter-
face mononuclear cells were washed thrice with aMEMand resus-
pended at 2 X 10'/ml in Iscove's modified Dulbecco's medium
(IMDM) (Sigma Chemical Co.), containing 36 mMNaCI instead of
NaHCO3, with the pH adjusted to pH 7.3 using NaOH. This IMDM
was used for "panning" (IMDM-P) and had 1.0% deionized (15) BSA
(D-BSA) with 2 X I07 cells per ml.

The cells then were mixed with an equal volume of CD34/anti-
MylO murine hybridoma tissue culture supernatant (16, 17) at 30C
and were incubated for 30 min at 30C using an end-over-end rotator.
The cells were washed thrice with IMDM-P containing 0.25% D-BSA
(washing medium) using the cell protection washing procedure
previously described (10). The cells were resuspended at 3 X 107/ml in
IMDM-P, containing 1% D-BSA, for incubation with a threefold ex-
cess of immunomagnetic microspheres (Dynabeads M-450 coated with
goat anti-mouse IgG; Dynal Inc., Great Neck, NY) at 3°C over 50 min
using an end-over-end rotator. The cell-bound microspheres were at-
tached to the tube wall by a magnet (model MPC-1; Dynal Inc.) and the
free cells were removed by washing the tube four times with 3 ml of
washing medium plus two times with IMDM-P at 3°C. After removal
of the magnet, the cells that bound microspheres were gently pipetted
for 30 s with 1.5 ml of IMDM-P containing 130 U/ml of chymopapain
(Chymodiactin; Boots Company Inc., Lincolnshire, IL) and 0.02 M
EDTA(Fischer Scientific Co., Pittsburgh, PA), at 37°C, and were incu-
bated for another 30 s at 37°C. The magnet was applied and the cells
released from the microspheres were collected and mixed with 1.5 ml
heat-inactivated FCS(fraction 1). This procedure was repeated another
three times (fractions 2-4). The cells from fractions 2-4 were pooled as
MyI0+ cells and the cell protection washing procedure was employed
before resuspending the cells in IMDMcontaining 0. 1%D-BSA.

The MyI0+ cells were incubated overnight, in 5 ml IMDMcontain-
ing 20%heat-inactivated FCS, 10%pooled human heat-inactivated AB
serum, 1% D-BSA, 50 U/ml recombinant human IL-3 (rIL-3) (108
U/mg protein; AMGenBiologicals, Thousand Oaks, CA), 2 U/ml re-
combinant human EP (rEP), (128,000 U/mg; Ortho Pharmaceutical
Corp., Raritan, NJ), 10 ,g/ml porcine insulin, (26.3 USPU/mg; Cal-
biochem-Behring Diagnostics, La Jolla, CA), 5 x 10-5 M2-mercap-
toethanol (2-ME), (Eastman-Kodak Co., Rochester, NY), penicillin at
500 U/ml and streptomycin at 40 Ag/ml, in 25 cm2 tissue culture poly-
styrene flasks (Becton-Dickinson, Oxnard, CA) at 37°C, in a 5%C02/
95% atmosphere incubator.

The nonadherent day 1 cells were collected and suspended in
IMDM-P containing 1%D-BSA. Nine murine monoclonal antibodies
to CDI 5/anti-My 1, CD33/anti-My9, CD45R/anti-My I 1, CDI 6/anti-
My23, CD56/anti-My31 (17-22), CD7/anti-Leu9, CD2O/anti-Leu16
(Becton-Dickinson), CD2/anti-OKT* 1, and CD1 lb/anti-OKM* 1
(Ortho Pharmaceutical Corp.) were added as previously described (10)
and the cell suspension was incubated for 30 min at 3°C with end-over-
end rotation. The cell protection washing procedure was used and the
cells were resuspended in IMDM-P containing 1%D-BSA before being
mixed with two series of immunomagnetic microspheres: one coated
with affinity purified goat anti-mouse IgG (Dynal, Inc.) and another
(Dynabeads M-450, Tosylactivated; Dynal, Inc.) coated with affinity
purified goat anti-mouse IgM (iu-chain specific; Cappel Laboratories,
West Chester, PA). The cells then were incubated for 60 min, at 3YC,

with end-over-end rotation and those which did not bind microspheres
were collected by magnetic separation. These cells were overlaid on FH
and centrifuged at 600 g for 5 min at 240C to remove dead cells. The
interface mononuclear cells were collected and the cell protection
washing procedure was employed before resuspending the cells in
IMDMcontaining 0.3% D-BSA. The cell concentration and the viabil-
ity of the cells were measured by hemocytometer and dye exclusion
using 0.2% Trypan blue dye (23). The cells were kept at 3YC until use
(day 1 AB-FH cells).

Erythroid colony-forming cell (ECFC) purification. ECFCwere
generated in vitro from partially purified BFU-E and are defined as
cells that give rise to single colonies of 2-49 hemoglobinized cells after
7 d of culture with EP (24, 25). The blood BFU-E were purified by the
method of Sawada et al. (24) as modified by Means et al. (9). Briefly,
heparinized peripheral blood was centrifuged over FH, treated with
citrated PBS/BSA, and depleted of T-lymphocytes as described above.
The remaining mononuclear cells underwent overnight adherence in
plastic flasks in the presence of 20% heat-inactivated FCS and 0.4%
giant cell tumor conditioned medium (Gibco Laboratories, Grand Is-
land, NY) under conditions already described.

The following morning (day 1), the nonadherent cells were col-
lected by gentle washing with 370 aMEM. These cells then were sus-
pended at a concentration of 70 X 106/ml in 25 tsl CD1 b/anti-OKM*I
(20 ,g/ml), 25 Al CD2/anti-OKT* I 1 (10 ug/ml; Ortho), 50 AI CD45R/
anti-Myl 1, and 50 IAI CD16/anti-My23 (17-19, 21) for 60 min at 3YC.
The cells were washed thrice and incubated in 100-mm plastic tissue
culture dishes, which had previously been coated with affinity purified
goat anti-mouse IgG (Boehringer Mannheim Biochemicals, Indianap-
olis, IN), for 90 min, 3C, to remove residual granulocytes, monocytes,
granulocyte-macrophage progenitors, T- and B-lymphocytes, and natu-
ral killer cells.

The remaining day 1 cells were collected in IMDMand cultured at
3.0 x 105/ml in 0.9% methylcellulose (Fisher Scientific Co., Pittsburgh,
PA) with 30% heat-inactivated FCS, 1%BSA, I0- M2-ME, 500 U/mI
penicillin, 40 ,g/ml streptomycin, 50 U/ml rIL-3, 10 U/ml recombi-
nant human insulin (26 U/mg; Eli Lilly & Co., Indianapolis, IN), and
rEP 2 U/ml for 4 d at 370 in a high humidity 5%CO2 incubator.

Onday 5, the cells were collected in aMEMand separated over 10%
BSAas described above. Adherent cells were removed by incubation in
plastic flasks for 1 h at 370C with 20% heat-inactivated FCS. The non-
adherent cells were collected and incubated at 370C, 1 h, in IMDM
with 0.1 %BSA to remove any surface-bound growth factors (26). The
cells then were layered onto 2 ml FHand centrifuged at 600 g, 3C, for
5 min. The interface cells were washed and collected in IMDM.

These cells were cultured for 3 d at 37°C in a 5%CO2incubator at a
concentration of 3.0 X 10/ml in IMDMwith 30% heat-inactivated
FCS, 1%BSA, l0-4 M2-ME, 500 U/ml penicillin, 40 ,g/ml streptomy-
cin, 10 U/ml recombinant human insulin, and rEP 2 U/ml. rIL-3, 50
U/ml, was added to half the culture wells.

On day 8, the cells were collected, separated over 10% BSA, and
incubated in IMDMwith 0.1 %BSAas on day 5. Cells which had been
exposed to rIL-3 for all 7 d were handled separately from those which
had been exposed to rIL-3 days 1-5 only and both were assayed for
ECFC.

BFU-E assay. The purified day I AB-FH cells were plated at 100-
200 cells/ml in a 0.5 ml mixture containing 20% heat-inactivated FCS,
10%heat-inactivated pooled human ABserum, 1%D-BSA, 5 x I0- M
2-ME, 1.5 mMaminocaproic acid (Elkins-Sinn, Inc., Cherry Hill, NJ),
penicillin-streptomycin, 10, g/ml insulin, 2 U/ml rEP, 50 U/mi rIL-3,
2 mg/ml human fibrinogen, (grade L, coagulability 90%of total protein
content; KabiVitrum, Stockholm, Sweden), 0.2 U/mI thrombin
(Parke-Davis, Morris Plains, NJ) and IMDMin 24-well flat-bottomed
tissue culture plates (Linbro; Flow Laboratories, Inc., McLean, VA). In
some experiments, which concerned the effect of delayed addition of
rEP and rIL-3 on BFU-E development, the day 1 AB-FH cells were
plated into 0.5-ml plasma clots without rEP or rIL-3 and then 0.2 ml
IMDMcontaining 20%FCSand 1.4 U rEP, or 35 U rIL-3, was overlaid
on the clots on the indicated days.
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Figure 1. The effect of delayed addition of rEP (A) or
rIL-3 (B) on blood BFU-E development from two
normal (-- -) and two PV ( ) subjects. The BFU-
E were plated in 0.5-ml plasma clots at concentrations
of 150-200 cells/ml with 50 U/ml of rIL-3 (A) or 2
U/ml of rEP (B). At the indicated times, 0.2 ml of
IMDM, containing 20% FCSand 1.4 U rEP (A) or 35
U rIL-3 (B) was overlaid on the clots. The cells were
incubated for 15 d and then fixed and stained with
benzidine-hematoxylin. The number of erythroid
bursts observed in clots plated on day 1 with both rEP
and rIL-3 was taken as 100% expression. Each value
is the mean of triplicates. The BFU-E purity was
62±4%, 47±9% (normal); 61±9% and 89±5% (PV)
(mean±SD). One PV patient (0) received hydroxyurea
500 mg every other day in addition to phlebotomy
while the other was treated by phlebotomy alone.

The cultures were incubated in a 5% C02/95% atmosphere, at
37°C, in a fully humidified incubator for 15 d. At the end of the incuba-
tion, the clots were removed and transferred to glass slides, fixed in 5%
glutaraldehyde and then stained with benzidine-hematoxylin (15). Enu-
meration of BFU-E was performed as described by Clark and Hous-
man (27). Examination of purified PVday 1 AB-FH cells for ECFCin
six cultures has shown that 3.8±1.3% of the erythroid progenitors were
ECFC.

ECFCassay. Day 8 cells were assayed for ECFCby the plasma clot
method of McLeod et al. (15). Cells were cultured at 103/ml in 0.2-ml
aliquots, using 48-well tissue culture plates, for 7 d at 37°C in a 5%CO2
high-humidity incubator. The plating mixture contained 15% heat-in-
activated FCS, 15% heat-inactivated pooled AB serum, 1% D-BSA,
penicillin and streptomycin, 1 U/ml rEP, 2 mg/ml fibrinogen, 0.2 U/
ml thrombin, 0.2 Maminocaproic acid, and IMDM. Clots were fixed
and stained as described above. EECformation is defined as the growth
of erythroid colonies without the addition of rEP (3-5, 28). Statistical
comparison was by t test.

Results

Dependency of normal and PVblood BFU-E on rEP and rIL-3.
Purified BFU-E were plated into plasma clots with the omis-
sion of either rEP or rIL-3, and the omitted factor was added at
24-h intervals. In the presence of 50 U/ml rIL-3, 90%of normal
BFU-E formed erythroid bursts after an absence of rEP for 48
h, and 50% after an absence of rEP for as long as 120 h (Fig. 1
A). PVBFU-E could be deprived of rEP for two additional days
and still retain an equivalent capacity to form erythroid bursts

(Fig. 1 A). Whereas the blood BFU-E from one PV patient did
not show EECformation in this experiment, a replicate blood
from the same patient did have EEC(Fig. 2).

When normal BFU-E were plated with 2 U/ml rEP and
deprived of rIL-3 for 24 and 48 h erythroid burst formation was
markedly reduced to 63 and 40% of BFU-E that had rIL-3
present the full time (Fig. 1 B). However, 90% of PV BFU-E
continued to form erythroid bursts when deprived of rIL-3 for
24 h and 70% survived normally when deprived of rIL-3 for 48
h (Fig. 1 B). PV BFU-E appeared less dependent on large con-
centrations of IL-3 and EP than normal BFU-E.

Sensitivity of normal and PVblood BFU-E to rEP and rIL-
3. Fig. 2 A shows the dose-response relationship for normal and
PV BFU-E which were incubated with a wide variety of rIL-3
concentrations and 2 U/ml of rEP. An enhanced number of PV
bursts occurred with increasing concentrations of rIL-3 when
compared to normal burst formation. The rIL-3 concentration
necessary for 50% expression of PV erythroid bursts was
0.004±0.001 U/ml compared to 0.467±0.162 U/ml for normal
erythroid burst development (P < 0.005) demonstrating a 1 7-
fold increase in the sensitivity of PV BFU-E to rIL-3. Almost
twice as many erythroid bursts developed in the absence of
rIL-3 from PVBFU-E, compared to normal BFU-E (P < 0.01),
but a similar plateau occurred for the response of both classes
of cells at 25 U/ml. The increased number of PV erythroid
bursts, compared to normal erythroid bursts, at all concentra-
tions of rIL-3 from 0.001 to 1.0 U/mI, was significant at each
level with Pvalues from 0.018 to 0.00001. The erythroid bursts

Figure 2. Comparison of rIL-3 (A) and rEP (B) dose-
response curves in 0.5-ml plasma clot cultures of blood
BFU-E from three normal (--- ) and four PV ( )
subjects. The BFU-E were plated at 100-150 cells/ml
with rEP 2 U/ml (A) or rIL-3 50 U/ml (B). Each point is
the mean value of triplicates and is expressed as a
percentage of the value obtained with the highest
concentration of rIL-3 or rEP. The purity of the BFU-E
was 42±8%, 51±3%, 40±1 1% (normal); 76±11%, 81±6%,
and 59±5% (PV) (mean±SD). One PV patient (0)
received hydroxyurea 500 mgevery other day in addition
to phlebotomy while the others were treated by
phlebotomy alone.
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in PVwere slightly larger than normal erythroid bursts, but no
further difference in BFU-E size was present with increasing
concentrations of rIL-3. A similar hypersensitivity of PVBFU-
E to rIL-3 was observed in the presence of only 0.1 U/ml rEP
and in this case the size of the erythroid bursts increased with
increasing concentration of rIL-3 (data not shown).

The sensitivity of normal and PVBFU-E to increasing con-
centrations of rEP, in the presence of 50 U/ml rIL-3, is shown
in Fig. 2 B. A left shift of the dose-response curve for rEP was
also present with PV BFU-E, but it was far less than that seen
with rIL-3. The rEP concentration necessary for 50% expres-
sion of erythroid bursts was 0.036±0.015 U/ml in PV com-
pared to 0.233±0.1 11 U/ml with normal BFU-E (P < 0.05), a
6.5-fold increase in sensitivity. Without the addition of rEP
6±1% PV erythroid bursts were evident after 15 d of culture
compared to 0.7± 1%normal bursts (P < 0.01), but both groups
of cells reached a plateau response at 1 U/ml rEP. Both the PV
and the normal erythroid bursts were larger with increasing
concentrations of rEP up to 0.5 U/ml. A similar dose response
relationship of normal and PVBFU-E, size of erythroid bursts,
and tendency for increased burst size with increased rEP was
seen with increasing concentrations of rEP in the presence of
0.5 U/ml of rIL-3 (data not shown).

Sensitivity of secondary polycythemia blood BFU-E to rEP
and rIL-3. BFU-E from five patients with secondary polycythe-
mia were cultured in plasma clots with increasing concentra-
tions of rIL-3 (Fig. 3 A) or rEP (Fig. 3 B). The rIL-3 concentra-
tion (0.54±0.38 U/ml) and the rEP concentration (0.15±0.07
U/ml) necessary for 50%expression of erythroid burst develop-
ment were not significantly different (P > 0.1) from those neces-
sary for a similar development of normal erythroid bursts.
However, these concentrations were significantly different
from those necessary for 50% erythroid burst development by
PV cells (rEP, P < 0.05; rIL-3, P < 0.05).

Relation of rIL-3 to EECformation by PV ECFC. EEC
formation was evaluated for ECFCgenerated for 7 d with rIL-
3, and ECFCcultured for 4 d with rIL-3 and then 3 d without
this cytokine. ECFCfrom three different patients with PVwere
studied, plus a repeat from one patient, and all showed EEC
formation (Fig. 4). However, the cells that had been deprived of
rIL-3 from day 5 to day 8 had a 50% reduction in EECgrowth.
The reduction in EECgrowth was localized to the EECand was
not related to a generalized cellular toxicity because the re-
moval of rIL-3 had no effect on the growth of cells incubated
with rEP (Fig. 4). The purity of ECFC(51.7±21.5% from cells
exposed to rIL-3 days 1-8, and 52.5±23.7% from cells exposed
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a rIL-3 days 1-5) was unchanged. Normal ECFCwere not
tudied because their EECgrowth is usually < 0.5% (9, 24).

iscussion

itudies on the control of proliferation and differentiation of
IV cells generally have used highly impure blood or marrow
ells and have focused on the response to EP. However, it has
Dcently become possible to purify early erythroid progenitor
ells without the need for specialized equipment using immu-
Lomagnetic microspheres and monoclonal antibodies. In addi-
ion, the genes for a variety of hematopoietic growth factors,
thich act on hematopoietic progenitor cells at earlier stages of
evelopment, have been cloned and expressed, and these cyto-
ines are now available to study their role in pathologic pro-
esses. Because PV manifests a trilineage hyperplasia, and IL-3
nhances trilineage hematopoiesis, we have studied the re-
ponse of highly purified PV BFU-E to rIL-3.

The studies reported here show that PV blood BFU-E can
e enriched to 73±13% with a range of 59-89%. The method is
irtually the same as that used for the purification of normal
uman BFU-E except that the blood was either diluted with an
qual volume of aMEMor the buffy coat was removed and
sed for FH sedimentation to reduce the viscosity due to an
creased concentration of red cells.

Whereas normal human erythroid burst formation was
iarkedly reduced in number when the usual large concentra-
on of rIL-3 was not added in the first 24-48 h of incubation,
IV BFU-E had virtually complete survival when deprived of
1L-3 for 24 h and a comparatively modest decline after 48 h of
eprivation. Because we thought that one possible reason for
iis might be a hypersensitivity to extremely low concentra-
ons of IL-3 produced by some of the cells, or present in the
Ledium, we performed rIL-3 and rEP dose-response curves for
ormal and PVBFU-E. A 6.5-fold increase in sensitivity of PV
FU-E to rEP, compared to normal BFU-E, was demonstrated
rith highly purified BFU-E. However, a 117-fold increase in
nsitivity of purified PVBFU-E to rIL-3 was even more strik-

ig. It is possible that this might be due to the increased erythro-
oiesis that is evident in PVand for that reason similar experi-
ients were performed with BFU-E from patients with second-
ry polycythemia. However, these BFU-E behaved in vitro like
ormal BFU-E.

Someinvestigators have reported an enhanced sensitivity of
IV BFU-E to very low concentrations of Ep, but a normal
-nsitivity as the concentration of Ep is increased (29, 30). How-

Figure 3. rIL-3 (A) and EP (B) dose-response curves for
blood BFU-E from five secondary polycythemia patients.
The BFU-E were plated at 100-150 cells/ml with rEP 2
U/ml (A) or rIL-3 50 U/ml (B). The shaded areas
represent the range of response for normal BFU-E shown
in Fig. 2. Each point represents the mean value from
three clots and is expressed as a percentage of the value
obtained with the highest concentration of rIL-3 or rEP.

, , The purity of the secondary polycythemia BFU-E was
1.0 2.0 61±6%, 51±5%, 40±6%, 30±2%, and 51 ±1 %. All five

subjects were treated by phlebotomy alone.
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Figure 4. Role of IL-3 in EECgrowth. Partially purified PV blood
BFU-E were cultured in methylcellulose at 37°C with rIL-3 (A, C) for
7 d (day 8 cells) to generate ECFC. These ECFCwere compared to
ECFCgenerated from BFU-E that were cultured with rIL-3 for 4 d
and then without rIL-3 for an additional 3 days (B, D). Three
experiments from three separate patients with PV, plus one repeat
(patient 2B) are shown. Each pool of generated ECFCwas cultured
at 103/ml for 7 d in quadruplicate 0.2-ml plasma clots without rEP
(A, B) or in the presence of I U/ml rEP (C, D). EECgrowth from
cells exposed to rIL-3 for only 4 d was significantly decreased (P
< 0.02 for patient 1, P < 0.05 for patient 2A, and P< 0.01 for patients
2B and 3), whereas no significant effect on EP-responsive ECFCwas
apparent. Results are expressed as mean±SD. All three patients were
treated solely by phlebotomy.

ever, these experiments were performed in the past with little
purification of the EP-responsive cells. In this case, the denomi-
nator, the number of BFU-E actually present amongst PVand
normal hematopoietic cells, may not be accurate as the growth
and differentiation of the BFU-E might be altered by the nu-
merous contaminant accessory cells and their products. With
highly purified BFU-E, this variability is greatly reduced and
this may be the explanation for the variability in results from
different laboratories.

Because PVBFU-E maintain a higher degree of responsive-
ness to rIL-3 between days 5 and 7 of growth in vitro, compared
to normal BFU-E, we explored the relation of this phenome-
non to the development of EEC. If rIL-3 and rEP act coopera-
tively in the development of these cells during the period when
sensitivity to both factors is present, then the presence of one
factor might create a lesser need for the other. This possibility is
enhanced by the observation that PV erythroid bursts in-
creased in size when increasing concentrations of rIL-3 were
added to the BFU-E in the presence of a low concentration of
rEP. Indeed, when PV BFU-E were grown without rIL-3 dur-
ing days 5-8, a 50% decrease in EEC formation was evident
indicating that the increased period of sensitivity to rIL-3 is a
major factor contributing to this phenomenon. In the presence
of maximum concentrations of rEP, no effect of rIL-3 depriva-
tion was evident for ECFCdevelopment. However, it is possi-
ble that the increased period of rIL-3 responsiveness may also
account for the hypersensitivity of PV CFU-E to rEP when
limiting amounts of rEP are present (4).

Wehave previously shown that PVCFU-E lack high-affin-
ity EP receptors. Recently, Fraser et al. (31) reported that IL-3
down modulated EP receptors on murine spleen CFU-E. We
have shown that rIL-3 has no effect on the growth and develop-
ment of highly purified normal human CFU-E (25), but it is
possible that the hypersensitivity to rIL-3 and the persistent
responsiveness of PVerythroid progenitors to rIL-3, for as long
as 6 d of maturation, might allow a down-modulation of the
high-affinity EP receptors on these cells, which could persist
until day 8 of incubation when the ECFCwere collected and
examined for EP receptors by '251-Ep binding experiments. Ex-
periments are currently underway in our laboratory to deter-
mine if incubation of PV BFU-E with rIL-3 accounts for the
pattern of EP receptors that has been described.

The precise cause for the rIL-3 hypersensitivity of PVblood
BFU-E is not known. One likely explanation is that these BFU-
E are 2 d younger and slightly more immature. The 2-d exten-
sion of PV BFU-E sensitivity to rIL-3 may provide an addi-
tional 2-d period of reduced dependence on rEP. However,
Robak (32) has performed an extensive phenotypic study of PV
blood BFU-E looking at the antigenic characteristics of these
cells with nine monoclonal antibodies. No qualitative differ-
ences between PV and normal blood BFU-E were found, but
the percentage of normal BFU-E reacting with antibody to
early and late differentiation antigens was somewhat increased
compared to PV BFU-E.

Additional mechanisms are possible. PV BFU-E may have
an enhanced number of IL-3 receptors or an increased binding
affinity for IL-3. This can be studied by autoradiography using
'23I-rIL-3. Prior autoradiographic studies with highly purified
normal human BFU-E have shown a reduced number of EP
receptors that increase as these cells mature to CFU-E (10).
Similar studies should provide information on the relation be-
tween IL-3 sensitivity and the development of IL-3 receptors.
Other possibilities for the IL-3 hypersensitivity are an en-
hanced sensitivity of the second messenger system, the produc-
tion of another cytokine that potentiates the effect of rIL-3
(33), or the lack of production of a normal inhibitor that coun-
teracts the activity of rIL-3 (34, 35). The present system pro-
vides a means for the investigation of most of these alterna-
tives. Nevertheless, these studies indicate that the prominent
abnormality in PV is an exquisite sensitivity of the blood BFU-
E to IL-3 which could represent the primary pathogenetic
event in this condition.
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