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remove any nonviable cells, nonadherent mononuclear cells were
then layered over FH (I .077 g/mL) and spun at 1,000 g for ten
minutes. The interface cells were collected, washed three times, and

cell numbers determined.

Cell Depletion by Immunomagnetic Beads

Nonadherent mononuclear cells were labeled with a variety of

MoAbs. The following MoAbs were used: Leu-4 (T cells), Leu-M3
(monocytes), and Leu-7 (NK cells; Becton Dickinson, Sunnyvale,

CA); Bl (B cells, gift from Dr A. Boyd, Walter and Eliza Hall

Institute of Medical Research); WEMGI (granulocytes and pro-
myelocytes; gift from Dr A. Lopez, Institute of Medical and

Veterinary Science, Adelaide, Australia); and antiglycophorin A

(nucleated red cells; gift from Dr J. Griffin, Division of Tumor

Immunology, Dana Farber Institute, Boston).
Labeling of cells with the required number of MoAbs was

performed simultaneously at 4#{176}Cfor 30 minutes. Labeled cells were
then centrifuged (1,000 g, ten minutes) through FCS and then
incubated with M-450 monosized magnetic polymer particles (Dy-
nal, Oslo, Norway) with goat antimouse Ig attached to the surface.

Cells labeled with the above MoAbs were depleted with the aid of a

magnet as described in detail elsewhere.’#{176}

Indirect Immunofluorescence and Cell Sorting

Mononuclear or nonadherent mononuclear cells were incubated
with the MoAb RFB-1 (1:200 dilution of ascites; gift from Dr M.

Bodger, Cytogenetics Unit, Chnistchurch Hospital, New Zealand)

at 4#{176}Cfor 30 minutes. Cells were then washed through FCS to
remove any unbound antibody and incubated at 4#{176}Cfor 30 minutes
with fluoresceinated F (ab’), rabbit antimouse antibody. Control

cells were incubated with medium and then with the fluoresceinated
antimouse antibody. After washing through FCS, cells were ana-

lyzed and sorted using a Becton Dickinson (Sunnyvale, CA) FACS

II instrument modified to sort on three parameters. Cells were

collected into 50% FCS in IMDM using siliconized collection tubes.

Cells obtained in all experiments were greater than 95% viable, as

determined by eosin exclusion. Approximately 50% to 60% of all
cells sorted were recovered.

Enrichment was calculated as the ratio of the frequency (per 10’
cells) of the fractionated Mix-CFC, BFU-E, and CFC to the
frequency (per 10’ cells) of the unfractionated Mix-CFC, BFU-E,
and CFC.

The yields of fractionated Mix-CFC, BFU-E, and CFC were

expressed as a percentage and were calculated from the enrichment
by the proportion of all cells in the fraction.

Control medium (0.1 mL) or the required stimuli (0.1 mL) was

added to the culture dishes prior to addition of agar medium-

containing cells. Triplicate cultures were established with either
medium alone, 1.6 to 2.0 U/mL erythropoietin (Epo) plus human

placental-conditioned medium (HPCM) or Epo (1.6 to 2.0 U/mL)

plus purified recombinant (human) GM-CSF (rHGM-CSF).”
Two sources of Epo were used: either partially purified (specific
activity 20 to I ,200 U/mg) from human urine, as described previ-

ously,” or purified recombinant human Epo (rHEpo, specific activ-
ity 236,000 U/mg) kindly provided by Drs G.G. Wong and S.C.

Clark (Genetics Institute, Boston). The human GM-CSF was kindly

provided by Dr J. DeLamarter (Biogen SA, Geneva). All stimuli

were pretitrated and diluted to deliver a supramaximal stimulus and

did not display high-dose inhibition.

The number of cells cultured ranged between 10’ and 3 x
l04/mL. Following addition and mixing of cells, 1-mL aliquots of

agar medium were placed in 35-mm Petn dishes and after gelling

were incubated at 37#{176}Cin a humidified incubator containing 5%

CO, in air. To ensure maintenance of the humidity, duplicate

cultures were placed into 100-mm Petri dishes with an open third

35-mm Petri dish containing double-distilled water.
Cultures were examined after 14 days’ incubation using an

Olympus SZ stereo dissecting microscope with semi-indirect light-

ing, scoring pure erythroid, mixed erythroid, or nonerythroid
colonies. These colony types were confirmed and typed from glu-
taraldehyde-fixed whole cultures stained with Luxol-Fast-Blue/

hematoxylin” or benzidine.’4

RESULTS

Light Scatter Analysis ofBone Marrow Mononuclear Cells

Low-angle light scatter. Samples of bone marrow mono-

nuclear cells were initially sorted on the FACS accordin�z to

low-angle light scatter. Using this parameter nucleated cells

resolved into two peaks, which were further arbitrarily

divided into four regions (1 through 4) according to increas-

ing low-angle light scatter. Erythrocytes and dead cells were

found in channels 0 through 80 and were excluded by a cut at

channel 80. All the CFC and Mix-CFC and the majority of

BFU-E (>98%) were observed in channels > 150. Some of

the BFU-E were stimulated by Epo alone, but the number of

colonies derived from these cells was further enhanced by

addition of HPCM. From a total of five separate experiments

the total yield of BFU-E obtained from all fractions was 71%

to 144% and 61% to I 15% from cultures stimulated by Epo

alone. A twofold to threefold enrichment of BFU-E was

obtained by selecting for cells of large low-angle light

scatter.

The majority of CFC were found in channels greater than

170, with a yield in this fraction of 79% to 163% and an

enrichment of fourfold to I 1-fold v unfractionated mononu-

clear cells. Mix-CFC were found in channels greater than

I 50 with a yield of 95% to 1 58% and an enrichment of

threefold to 70-fold.

High-angle light scatter. When mononuclear bone mar-

row cells were sorted using their high-angle-light-scattering

characteristics, two peaks were obtained. The peak between

channels 0 and 50 contained lymphocytes, nucleated red

cells, myeloid precursors, and blast cells, whereas the

broader peak between channels 50 and 250 contained mainly

mature myeloid cells.

Mix-CFC, BFU-E, and CFC were only found in channels

0 to 100. From five separate experiments the recovery in

these fractions of Mix-CFC were 130% to 189%, with an

enrichment of twofold to threefold; BFU-E, 85% to 153%

and twofold to threefold; and CFC, 62% to 175% and twofold

to fourfold compared with unfractionated mononuclear

cells.

Combined low- and high-angle light scatter. Mononu-

clear bone marrow cells were simultaneously sorted for both

low- and high-angle-light-scatter characteristics, and the

resulting cell distribution plot is shown in Fig I . Cells were

sorted from regions I and II. Region I contained cells with

low-angle scatter greater than channel I 50 and high-angle

scatter of less than channel 100. Region II contained all

remaining viable nucleated cells.

The results of five separate experiments are shown in

Table 1 and show that Region I contained 2 1 % (range 1 3% to

20%) and Region II 79% (range 71% to 87%) of all viable
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Fig 1 . Separation of normal bone marrow mononuclear cells
by dual low- and high-angle light scatter on the FACS. Region I
contained cells with low-angle light scatter greater than channel
1 50 and high-angle light scatter of less than channel 100.

cells. All the Mix-CFC and greater than 99% of the BFU-E

and CFC were found in Region I. This was also confirmed by

mixing cells from Regions I and II, which showed that cells

from Region II neither inhibited nor enhanced colony forma-

tion by cells from Region I. With all subsequent experiments

cells were only collected from Region I.

Analysis ofRFB-l Expression

Cells from Region I of the dual scatter analysis were

further analyzed for binding of RFB-l. The resulting fluo-

rescence profile is shown in Fig 2. The profile shown was

typical of all bone marrow samples8 analyzed by RFB-l and

consisted of two peaks. Preliminary experiments were per-

formed in which the fluorescence profile was subdivided into

five to eight regions (data not shown). All Mix-CFC, BFU-

E, and CFC were found in fractions A and B (see Fig 2)

having a fluorescence intensity greater than 2.5 arbitrary

units (Log fluorescence scale), the usual location of the apex

of the first cell peak on the fluorescence profile.

From these preliminary experiments the area designated

A contained BFU-E that were stimulated by Epo but not

enhanced by the addition of either HPCM or rHGM-CSF.

Fraction B contained BFU-E that were responsive to Epo

and additional erythroid colonies formed with the addition of

HPCM or rHGM-CSF. The lower limit of fraction B was

always designated as being the apex of the second cell peak

(Fig 2).

Morphological examination of cells from fraction A

revealed most cells were lymphocytes, erythroblasts, and

mature granulocytic cells, whereas fraction B contained

lymphocytes, immature granulocytic and erythroid cells, and

blasts.
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Fig 2. Separation of Region I cells (Fig 1 ) by relative RFB-1
fluorescence. A typical profile is shown with the FITC control

(dotted line) superimposed. Region A contained cells with interme-

diate RFB-1 fluorescence. and region B contained the most posi-
tive RFB-1 cells as described in the results.

Data from three separate experiments showing the frac-

tionation of BFU-E into subpopulations responsive to Epo or

capable ofenhancement by HPCM are presented in Table 2.

There was variation between samples in the proportion of

BFU-E stimulated by Epo (range I 3% to 55%) compared to

those stimulated by Epo and HPCM (range 45% to 87%).

The majority of nonerythroid CFC (>95%) were detected in

fraction B, with an approximate threefold recovery com-

pared to the expected value for cultures maximally stimu-

lated with HPCM.

All Mix-CFC were found in cultures of fraction B maxi-

mally stimulated with Epo + HPCM. No mixed erythroid

colonies were detected in Epo, only stimulated cultures. The

average enrichment of Mix-CFCs was 20-fold (range 10 to

33), with a recovery two times the expected value.

Mixing Experiments

Mixing experiments were performed to exclude the possi-

bility that accessory cells were responsible for the BFU-E

subpopulations with differential responsiveness to HPCM.

Cultures were established containing cells from fraction A,

fraction B, or a mixture of fractions A and B using cells from

three separate fractionations. For all three experiments the

number of BFU-E detected in cultures containing a mixture

of cells from fractions A and B were not significantly

different from the number expected by the addition of the

number detected n cultures of either fraction alone (Table

3).

Nonerythroid and mixed erythroid CFCs were found

almost exclusively in fraction B. The addition of cells from

fraction A to fraction B did not result in either a marked

inhibitory or stimulatory response. However, when cells from

the negative fluorescence fraction were added to either

fraction A or B, a marked reduction in the number of

Table 1 . Distribution of Hematopoletic Progenitor and Multipotential Cells in Bone Marrow

According to Low- and High-Angle Light Scatter

Region

Percent of
all Cells

Ptf a ErythrOid Mbed Erythroid Nonerythro,d

Epo Epo + HPCMEpo Epo + HPCM Epo Epo + HPCM

I 21±6 600±248 950±400 0 7±3 0 575±260

II 79±6 5±2 9±9 0 0 0 20±10

Mononuclear bone marrow cells were fractionated on the fluorescence-activated cell sorter for low- and high-angle scatter and were collected from

Regions I and II as shown in Fig 1 . Colonies were scored at day 14. Triplicate 1-mL cultures were maximally stimulated by the addition of 1 .6 units of Epo

� 0. 1 mL of HPCM. as indicated. Cultures contained from 3 to 1 0 x 10� cells/mL for cells from Region I and between 1 and 4 x iO� cells/mL for cells

from Region II. The data present the mean and SD from five separate experiments.
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Table 2. Fracti onation of Hematopoletlc Progenitor a nd M ultlpot.ntial Cells with RFB-1

Colon i.. � 10’ Cells

Experiment Fraction
Percent of

all Cells

Pure Erythroid

Epo

Mixed Erythroid

Epo + HPCM

Nonerythrosd

Epa Epo + HPCMEpo Epo + HPCM

I Unsorted 100 30±5 52±7 0 1.5±1 8±3 85±12

A 5 325±50 325±41

(54%)#{149} (32%)

0

(0)

0

(0)

0

(0)

0

(0)

B 6 115±35 350±54

(23%) (41%)

0

(0)

50±0

(200%)

50±12

(38%)

4,750±80

(335%)

2 Unsorted 100 125±4 190±24 0 7±1.4 20±6 154±18

A 13 1,600±230 1,800±330

(166%) (123%)

0

(0)

0

(0)

0

(0)

1,000±230

(84%)

B 16 260 ± 40 1.200 ± 180

(33%) (101%)

0 125 ± 35

(285%)

164 ± 48

(131%)

2,400 ± 480

(249%)

3 Unsorted 100 90±9 164±14 0 3.3±1 17±5 57±13

A 20 180±20 185±35

(40%) (24%)

0

(0)

0

(0)

0

(0)

20±8

(7%)

B 19 405±60 1,183±260

(41%) (71%)

0

0

35±47

(201%)

75±25

(84%)

1,140±260

(380%)

Mononuclear bone marrow cells from Region I (see Fig 1 ) were sorted according to relative RFB- 1 fluorescence intensity into fractions A and B.

Triplicate 1-mL cultures were maximally stimulated by the addition of 1 .6 units of Epa or 0. 1 mL HPCM. as indicated. 3 x 10� cells were cultured per

milliliter for the unsorted cells and between 1 and 10 x 1o� cells per milliliter for the fractionated cells. Data represent mean ± SD of triplicate

cultures.

#{149}(%yield) is enrichment times the percentage of all nucleated cells recovered in that fraction.

BFU-E, mixed erythroid and nonerythroid CFCs detected

were observed. This indicated that inhibitory cells were

present in the negative fraction that was not labeled by

RFB-I.

Recombinant Human GM-CSF Stimulates a Subset of

HPCM-Responsive BFU-E.

In the next set ofexperiments BFU-E were fractionated on

the FACS with RFB-I and cultures stimulated by either

Epo, Epo and HPCM, or Epo and rHGM-CSF. The colony

data for two such experiments are shown in Table 4. In

cultures of cells from fraction A, addition of either rHGM-

CSF or HPCM did not result in enhancement of BFU-E

numbers above that observed in cultures stimulated with Epo

alone. However, both rHGM-CSF and HPCM were able to

increase the number of BFU-E in cultures of fraction B cells

above the number detected by stimulation with Epo alone.

The number of BFU-E stimulated by rHGM-CSF and Epo

was less than the number stimulated by HPCM and Epo.

However, the recovery of BFU-E from cultures stimulated

by Epo and rHGM-CSF was similar to the recovery observed

in cultures stimulated by HPCM and Epo (Table 4). In both

experiments fraction A contained only Epo-responsive BFU-

E, whereas fraction B contained three subsets of BFU-E,

with responsiveness to either Epo, Epo and rHGM-CSF, or

Epo and HPCM. The percentages of BFU-E within each of

these three subsets were I 4% to 1 7%, 28% to 54% and 29% to

58%. When the fluorescence profile of fraction B was further

subdivided along the RFB-l fluorescence axis in channels

greater than 170, a small population of BFU-E (<10% of

total BFU-E) was found that responded to Epo and HPCM

and to a lesser extent Epo and rHGM-CSF but not to Epo

alone.

Nonerythroid CFCs were present in fractions A and B. In

all experiments with cells of either fraction, rHGM-CSF was

able to stimulate I 3% to 84% of the number of nonerythroid

colonies stimulated by HPCM. With fraction B cells non-

erythroid colonies were detected in cultures to which no

Table 3. Mixing Ex p.rim.nts with RFB-1 Sorted Cells

Experiment Fraction

Number of Cells
per Culture

Mean Number COlOnies per Cufture

Pure Erythr�d Mixed Erythroid NOnerythrOid

1

2

3

A

B

A+B

A

B
A+B

A

B

A+B

500

1,500

2,000

2,500

2,500
5,000

400

2.000

2,400

9±1

10±2

23±2(19)

2±1
30±3
35±2(32)

1±0
7±1

9±1(8)

0

2±0

2±1(2)

0
2.5±1

3±0(2.5)

0
1±0

1±1(1)

1±1

18±2

12±2(19)

0
144±4

126±3(144)

0
47±3

44±2(47)

Mixing experiments of cells from fraction A to cells from fraction B for three separate bone marrow samples. Triplicate 1-mL cultures were maximally

stimulated by the addition of 1 .6 units of Epo and 0. 1 mL HPCM.

Expected values in parentheses. Each value represents the mean ± SD.
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Fig 3. Typical RFB-1 fluorescence profile of bone marrow
mononuclear cells depleted of Ad�. Leu-M3�. Leu-4�. Leu-7�. Bi �.

WEM-Gi �. and glycophorin A� cells. Note almost complete disap-

pearance of low fluorescence peak shown in Fig 2.
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Table 4. Compariso n of Epo-. rHGM-CSF-. or HPCM-Stlm ulated H.matopoi.tlc Proge nitor and Multipotential Cells

P&cent of

Pure ErythrOid Mixed Erythrosd Nonerythroid

Epo+ Epo+ Epo+ Epo+ Epo + Epo+

Experiment Fraction All Cells Epa rHGM-CSF HPCM Epo rHGM-�SF HPCM Epo rHGM-CSF HPCM

I Unsorted 100 50±6 80±9 104±11 0 2±1 7±2 28±7 84±6 178±21

A 11 400±70 300±50 500±95

(88%) (41%) (53%)
0

(0)
0 0

(0) (0)
0

(0)
150±22 250±24

(20%) (15%)

B 7 500±40 1,500±130 3,500±250

(70%) (131%) (235%)

0
(0)

60±28 100±30
(210%) (100%)

500±80
(125%)

1.333±230 10.670±1.800

(111%) (419%)

2 Unsorted 100 220±41 278±34 382±70 0 2.5±1 3.5±0.7 38±6 240±17 450±48

A 6 750±120 850±70 750±150

(20%) (18%) (1 1%)
0

(0)
0 0

(0) (0)
0

(0)
2,400±980 5.000±1,200

(60%) (67%)
B 4 900± 180 3,900±870 5,500±670

(16%) (56%) (58%)

0

(0)

200±100 300± 140

(560%) (600%)

390± 180

(41%)

3,900±760 4.600± 790

(65%) (41%)

Mononuclear bone marrow cells from Region I (see Fig 1) were sorted sccorc5ng to relative fluorescence intensity of binding to RFB-1 antigen into fractions A and B.
Triplicate 1-mL cuftures were maximally stimulated by the adc�tim of 1.6 units of Epo. 0. 1 mL HPCM, or 0. 1 ml of recombinant human GM-CSF (rHGM-�SF) as indicated.

3 x iO� cells were cultured per millilit& for the unsorted cells and between I and 10 x 10� cells per miUilfter for the fractionated cells.

#{149}(%yield) is enrichment times the percentage of all nucleated cells recovered in that fraction. Data represents mean ± SD of triplicate cultures.

exogenous stimuli had been added. Nonerythroid colonies

were not observed in unstimulated cultures from fraction A.

The recovery of nonerythroid colony-forming cells in either

fraction A or fraction B was similar with the exception of a

fourfold higher recovery of nonerythroid CFCs in HPCM

(419%) V rHGM-CSF (I 19%)-stimulated cultures in frac-

tion B from experiment I (Table 4).

Mixed erythroid colony-forming cells were only found in

fraction B (Table 4) and were stimulated by Epo with either

rHGM-CSF or HPCM, equal numbers being stimulated by

both combinations of stimuli with the recovery of Mix-CFC

being 100% or greater (Table 4).

Fractionation ofAd , Leu-M3 , Leu-4, Leu-7, B!-.

WEM-Gi -, and Glycophorin A Cells by RFB-l Binding

To further enrich for colony-forming cells, bone marrow

cells were also depleted of B cells (B, ), mature and immature

myeloid cells (WEM-GI), and nucleated red cells (a-

Glycophorin A), as well as of adherent and Leu-MY,

Leu-4�, and Leu-7� cells. The pre-enriched cells were

stained with RFB- 1, and the resulting fluorescence profile

after gating for low- and high-angle light scatter is shown for

one such experiment in Fig 3. Virtually all cells with negative

fluorescence with respect to the RFB-l antibody were

removed, resulting in a profile with only one peak. Fraction A

contained all cells with a fluorescence intensity less than the

profile peak channel, whereas fraction B contained the

remaining cells (Fig 3). In these experiments 2% to 4% of all

cells were present in each fraction (Table 5). Almost 70% of

all recovered BFU-E were found in fraction A and only

required Epo for maximal stimulation (Table 5). Fraction B

contained 30% of all recovered BFU-E, of which over half

were able to be enhanced by the addition of rHGM-CSF.

The recovery of BFU-E stimulated by Epo (in fractions A

and B) was 465%, with a maximum enrichment of I 60-fold

(from 1:1,000 to 1:6.25 cells) in fraction A (Table 5). For the

BFU-E stimulated by Epo and rHGM-CSF, a recovery of

250% with an enrichment of 75-fold was obtained (Table 5).

No significant differences were observed in the number of

cells or in the degree of hemaglobinization of BFU-E--

derived colonies in any of the cultures of fractionated cells

(data not shown). Nonerythroid colony-forming cells were

enriched 85-fold in fraction A and 80-fold in fraction B

compared to starting cells with a recovery 400% of the

expected value, and no colonies were observed in cultures

without added rHGM-CSF.

Mixed erythroid-colony-forming cells were observed pre-

dominantly in fraction B, with an enrichment of 1 25-fold and

a total recovery of four times the expected value.

Using this protocol for fractionating hematopoietic cells,

cultures containing purified recombinant human Epo (2.0

U/mL, specific activity 236,000 U/mg) were also estab-

lished of fraction A and B cells. Data from two separate

experiments are shown in Table 6. As with previous data a

subset of BFU-E responsive only to Epo was obtained in

fraction A, whereas BFU-E responsive to Epo, to Epo and

rHGM-CSF, and to Epo and HPCM were detected in

fraction B (Table 6).

DISCUSSION

Human progenitor cells have been difficult to purify

because of their low frequency and similarity of size and

density characteristics to that of many mature cells.’� It has

been possible to enrich for progenitor cells using differences

in lectin binding’ � or cell-surface �

in combination with FACS fractionation. A number of

MoAbs have been described that, although binding to cob-

ny-forming cells, also bind to other cell types.7”�’8”#{176}’4”�

Using a combination of techniques, a number of investigators

have reported achieving highly enriched BFU-E populations

of up to 30% from human fetal liver,8 5% to 16% from bone
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Table 5. Fractionation of Hematopoletic Progenitor and Multlpotential C.lls from Ad. Leu-4.

Glycophorin A Cell Populations Sorted with RFB-1

Leu-M3. Leu-7. Bi . WEMG1 . and

Fraction
Percent of

All Cells

Colonies per lO� Cells
Pure Erythroid Mbied Erythrosd Nonerythroid

Epo Epo + rHGM-�SF Epo Epo + rHGM-CSF Epo Epo + rHGM-CSF

Unsorted

A

B

100

2.4

2.4

98±8 240±28 0 5±2

16,000 ± 1.670 17,900 ± 3,350 0 200 ± 70

(388%) (180%) (0) (96%)

3,150 ± 1,250 6.750 ± 500 0 625 ± 125

(77%) (70%) (0) (300%)

42±8

0

(0)

0

(0)

118±21

10,000 ± 2,400

(203%)

9,500 ± 3,800

(193%)

Triplicate 1-mL cultures were maximally stimulated by the addition of 1 .6 units of Epo or 0. 1 mL of rHGM-CSF, as indicated. 3 x 10� cells were

cultured per milliliter for the unsorted cells and between 1 50 to 400 cells per milliliter for the fractionated cells. Data represents mean ± SD of triplicate

cultures.
#{149}(%yield) is enrichment times the percentage of nucleated cells recovered in that fraction.

Table 6. Stimulation of Fractionated Hematopoietic Progenitor and Multipotentlal Cells by Recombinant Purified Erythropoi.tin from

Ad. Leu-4. Leu-M3. Leu-7. BI WEMGI . and Glycophorin A C#{149}llPopulations Sorted with RFB-1

Pure Erythroid

co� p.r � cells

Mbiad Erythrold Nonsrythrold

Fraction
P�csntof

AN C.lls Msdium Epo

Epo

+
rHGM.GSF

Epo

-I-
HPCM Midium Epo

Epo

+
rHGM-0SF

Epo

+
HPCM Mt5um Epo

Epa Epo

Unsorted

A

B

Unsortd

A

B

100

0.8

0.65

100

0.6

0.9

0

0

0

0

0

34±8

4.000±900

(94%)#{149}

375±250

(7%)

21±3

1.580±125

(45%)

1,730±167

(74%)

23±4

3,500±500

(122%)

2,376±750

(67%)

40±7

1.670±325

(25%)

4.300±870

(97%)

67±6

3,750±500

(46%)

4,250±750

(41%)

68±9

2,750±290

(15%)

11.000±670

(146%)

0

0

0

0

0

0

0

0

0

0

0

0

1.7*1.5

0

500±670

(192%)

2.5±0

332±275

(80%)

566±112

(200%)

1.7±1.5

0

250±335

(96%)

2.5±0

332±137

(80%)

667±225

(240%)

6±2

0

0

8±3

0

0

4±1

0

0

9±2

0

0

+ +
rHGM-�SF HPCM

30±4 195±28

1.625 ± 750 4.150 ± 500

(44%) (17%)

3.125 ± 750 17.000 ± 2.500

(68%) (57%)

250±26 390±21

2.100 ± 500 3.250 ± 1.650

(5%) (5%)

10.400 ± 1.800 21.700 ± 3,200
(37%) (50%)

Tr�licats 1i�. Ci�tia�5 containsd m.di. elan. or ws m�mally stimulstad by th. addition of 2.0 units o( pwlflsd r.comblnant human Epa. 0. 1 mL of HPCM. � 0. 1 ml o� rHGM.W. as �idllcstsd.

5 x i04 cells were cultured per milliliter for the unsort.d cells and 200 cilIa per mllliktsr for th. fractionated cslls. Data rspn..wts mssn ± SD of triplicate cuftisss. Data from two aspirate bon. rnwrow

sources shown.

#{149}(%yield) is enrichment times th. psrcsntsgs of nuclestd cells r.covsr.d in that fraction.
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marrow,9 and up to 23% from peripheral blood.7 However, in

nearly all cases the recovery of BFU-E by these procedures

has been low (20% to 60%),�� with the exception of BFU-E

from fetal liver, where 80% to 90% were consistently recov-

ered.8

The procedure described here for the fractionation of bone

marrow resulted in a 150-fold enrichment of BFU-E with a

frequency of 10,000 to 1 8,000 per 10’ cells and a recovery

two to eight times the expected value. Similarly, recoveries

greater than 100% were also obtained for CFC and Mix-

CFC. Bodger and his colleagues’8 have reported a 300%

recovery of bone marrow Mix-CFC.

The greatly increased recovery of BFU-E, Mix-CFC, and

CFC was regularly observed when Ad, Leu-M3, Leu-4,

and Leu-7 cell poulations were further fractionated on the

FACS with RFB- 1 . Despite removal of these cell populations

the negative RFB-l fractions still contained cells inhibitory

for the formation of all colony types. The use of magnetic

beads to enrich for BFU-E, Mix-CFC, and nonerythroid

CFC may be a much gentler method than those methods

used by other investigators”24’35�” and may in part explain

the increased recovery of the progenitor and multipotential

cells. The segregation of BFU-E, Mix-CFC, and CFC from

cells inhibitory for their proliferation in vitro was achieved by

fractionation with RFB-l on the FACS. This may also

contribute to recoveries exceeding 100% of BFU-E, Mix-

CFC, and CFC from fractionated mononuclear bone marrow

cells. All the MoAbs used in the negative selection step with

magnetic bead depletion were tested individually on the

FACS to exclude binding to BFU-E, Mix-CFC, and CFCs.

The combination of the above most likely contributed to

recoveries of BFU-E up to eight times the expected value.

Our data suggest the presence of at least three subpopula-

tions of BFU-E in normal bone marrow, based on their

responsiveness to Epo alone, to Epo and human recombinant

GM-CSF, and to Epo and HPCM. ln man the differentia-

tion of erythropoietic cells has been suggested to be asso-

ciated with a progressive increase in sensitivity to Epo.2’ We

have also demonstrated the presence of at least three subsets

of BFU-E that gave rise to the development of erythroid

colonies of similar size and hemoglobinization after I 4 days

in vitro. These data suggest that all of these subsets of

BFU-E originated from a common ancestral cell rather than

from differentiation along a sequential pathway. Further

studies are in progress to determine the fate of individual

clones originating from these purified cell populations.

Responsiveness to erythropoietin, and the time of appear-

ance of in vitro erythroid colonies have been used previously

to determine the existence of at least two subsets of BFU-E,

namely, primitive BFU-E and mature BFU-E. Delayed

addition of erythropoietin has been used by a number of

investigators3’37’39 as a means of reducing the background

number of BFU-E that are responsive to erythropoietin

alone.8’9 The Epo-only responsive BFU-E subset is different
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from CFU-E in that it routinely comprises two or more

clusters, each containing more than 200 cells; first becomes

recognizably erythroid later than day 10; and persists for

more than 20 days in culture.

In cultures containing only medium and fractionated Ad-,

Leu-M3, Leu-4, and Leu-7 cells, no evidence for prolifer-

ation of cells in either fraction A or B was observed between

days I and 20 of incubation. This observation further

supports the conclusion that in human bone marrow a subset

of BFU-E exists that requires Epo for all cellular divisions.

Although no proliferation of this subset of BFU-E occurred

in the presence of medium containing serum, it cannot at

present be ruled out that there is some factor in serum that is

required simultaneously with the Epo to stimulate this subset

of human BFU-E.

HPCM was able to stimulate more BFU-E than rHGM-

CSF from the most positive RFB-l fraction, suggesting the

existence of a factor in HPCM other than GM-CSF that is

able to stimulate a subset of BFU-E. The factor responsible

for stimulating this extra subset of BFU-E is not known at

present, although fractionation studies have shown that

HPCM contains an erythroid-potentiating activity as well as

GM-CSF.4’

A number of studies have looked at the effect of rHGM-

CSF on highly purified erythroid progenitors79 with conflict-

ing conclusions. In view of the low yield of BFU-E reported

from these former studies, it is conceivable that subsets of

BFU-E have been depleted by the fractionation procedures

used. The failure to appreciate this heterogeneity of BFU-E

in the past may explain much of the conflicting literature

relating to the action of accessory cells and purified factors

on human erythroid progenitors. Using the fractionation

procedures reported here and methods for micromanipula-

tion, future experiments will be performed using single cells

and purified recombinant colony-stimulating factors to

determine which, if any, of these factors are able to directly

stimulate single BFU-E and the range of colony-stimulating

activities associated with each human colony-stimulating

factor.
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