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THE MULTILINEAGE HEMOPOIETIC GROWTH FACTOR
(MultiHGF/BPA/MCGF/IL-3)

N.N. Iscove

Basel Institute for Immunology
Basel, Switzerland

C. Roitsch
Transgene SA
Strasbourg, France

I. INTRODUCTION

A number of glycoprotein growth factors active on cul-
tured nouse hemopoietic cells have been identified and char-
acterized. Most of them act individually on cells in only
one or two of the various hemopoietic lineages (reviewed in
1}. The best known examples in this category are erythro-
poietin, macrophage growth factor (CSF—1} and neutrophil/mac-
rophage growth factor (GM-CSF). This chapter is concerned
with a distinct factor - MultiHGF — which, unlike the others,
supports the growth of cells in all the hemopoietic lineages
including early precursors which are still pluripotent. Be-
cause of this broad spectrum of targets, a variety of differ-
ent names were applied to the factor — principally "burst
promoting factor/activity" (BPA), "mast cell growth factor"
(MCGF) and "interleukin-3" (IL-3) — before it was appreciated
that all these activities were attributable to a single
factor.

In this chapter, the history of MultiHGF is reviewed, our
own effort at its characterization and purification is sum-
marized, and information bearing on its possible biological
role is discussed.
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IT. AN HISTORICAL PERSPECTIVE

The record of discovery/rediscovery of MultiHGF begins
with the in vitro cloning of hemopoietic cells. The seminal
observations can be grouped in three major waves:

A. "CSE"

In 1965 (2), growth of granulocyte and macrophage col-
onies from mouse bone marrow was first achieved over feeder
layers of living cells. Feeder layers were soon replaced by
their conditioned medium which contained "colony-stimulating
factor" (CSF). Later it became apparent that there was more
than one biochemically distinct type of CSF, and a wide va-
riety of sources. By the early ’70’s, medium conditioned by
WEHI-3B myelomonocytic leukemia cells or by activated T lym-
phocytes had been found to contain CSF activity for granulo-
cytes, macrophages and megakaryocytes. Today we know that
most of this CSF activity from WEHI-3B cells, and part of the
activity from stimulated lymphocytes, were distinct from the
other CSF’s and due in fact to MultiHGF.

1969 Medium conditioned by WEHI-3B cells contained granulo-
cyte/macrophage "CSF" (3).

1973 Lymphocyte populations activated by lectin or antigen
released "CSF" (4).

1974 Conditioned medium from WEHI-3B cells or lectin-acti—
vated spleen cells also stimulated eosinophil colonies
(5).

1975 Lectin-activated spleen conditioned medium stimulated
growth of megakaryocyte colonies (6).

1976 Granulocyte/macrophage "CSF" was found in conditioned
medium from the Ralph subline (7) of WEHI-3B(D-) cells.

1978 Conditioned medium from the Ralph line of WEHI-3B(D-)
cells stimulated growth of megakaryocyte colonies (8).

1978 A predominantly granulopoietic CSF species ("G-CSF")
from the Ralph line of WEHI-3B(D-) cells ran unretarded
on DEAE columns at alkaline pH (9).
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B. "BPA"

In 1974, colonies, called "bursts" because of their dis-
persed configuration, were grown from primitive erythroid
precursors in cultures containing erythropoietin (10). Today
it is clear that the growth of such colonies can be supported
initially by MultiHGF, while later steps including terminal
erythroid differentiation, depend instead on erythropoietin.
That growth of bursts was originally obtained without inten-
tional addition of MultiHGF probably reflected the action of
as yet unclarified mechanisms involving marrow accessory
cells and bovine serum (11,12).

1977 Experiments in the whole mouse suggested that regulation
of the proliferative activity of primitive erythroid
precursors occurs independently of erythropoietin (13).
The observation raised the perplexing question of what
was supporting the growth of these early precursors in
culture. The parallel responses of pluripotential and
early committed erythroid, granulocyte and macrophage
progenitors in the whole mouse in response to system
perturbations led to the suggestion that mechanisms
regulating early committed cells in the system may not
have lineage—specificity (13).

1977 Experiments with serum-substituted medium suggested that
initial steps in colony formation in culture by early
erythroid progenitors do not require erythropoietin, but
do depend on an activity provided by serum (14).

1977 Growth of colonies was obtained from pluripotential as
well as committed erythroid progenitors in cultures of
fetal liver cells. Growth was dependent on conditioned
medium from lectin-stimulated spleen cells. Adult mar-
row responded poorly (15).

1978 Growth of early erythroid precursors from adult marrow
was dependent on a "burst-feeding" activity ("BPA")
which could be supplied by a marrow cell sub-population
(11).

1978 A high efficiency of pluripotential colony growth was
obtained in cultures of adult mouse bone marrow. Growth
and survival of pluripotential and early committed ery-
throid precursors depended on "burst—promoting" activity
("BPA") present in conditioned medium from lectin-stimu-
lated spleen cells. Erythropoietin was required but
only at late stages of colony development. The respon-
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siveness of pluripotential cells to EPA led to the prediction
that BPA might also support colony formation by committed
granulocyte and macrophage progenitors (16).

1979 Conditioned medium from WEHI-3B(D-) cells contained BPA
(17).

1980 Antigen—dependent release of EPA occurred in cultures of
cloned antigen-specific helper T lymphocytes and acces-
sory cells matched at the I-A region of the major histo-
compatibility complex (18).

1980 Colony-stimulating species from lectin-stimulated spleen
cells active on pluripotential, erythroid, megakaryo-
cyte, eosinophil and granulocyte/macrophage precursors
were similar in size, charge and hydrophobicity (19).

1982 The active principle from WEHI-3B(D-) cells was purified
sequentially by methods including HPLC on reverse phase
and gel permeation columns. Extensively purified mater-
ial continued to support growth of pluripotential as
well as committed precursors in the granulocyte, macro-
phage, erythroid and megakaryocyte lineages (20).

C. Factor-Dependent Cell Lines and IL-3

1979 Growth of granulocytic cell lines obtained from
retrovirus-infected bone marrow cultures was enhanced by
conditioned medium from WEHI-3B{D-) cells (21).

1980 Growth of a line of mast cells obtained from Friend
virus—infected spleen cells was dependent on conditioned
medium from lectin—stimulated spleen cells. The active
principle co—chromatographed with granulocyte/macrophage
colony-stimulating activity on Con A-Sepharose and Seph-
adex G-150 (22).

1980 Growth of granulocytic cell lines derived without virus
infection from bone marrow cultures was dependent on
conditioned medium from either WEHI-3B(D-) cells or
lectin—stimulated spleen cells (23).

1981 Mast cell lines derived without virus infection from
bone marrow or spleen depended on conditioned medium
from WEHI-3B(D-) or spleen cells for growth (24-28).
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1981 Conditioned medium from lectin-stimulated spleen cells
induced a rise in 20-a-hydroxysteroid dehydrogenase in
cultured spleen cells from nu/nu mice. The responsible
activity was named interleukin-3 (IL-3) (29).

1982 Conditioned medium from WEHI-3B(D-) cells contained
IL-3. The activity was exhaustively purified and found
not to separate from activity supporting the growth of
factor-dependent granulocytic cell lines (30,31).

1982 20-o-hydroxysteroid dehydrogenase was present in granu-
locytic cell lines (32,33).

1983 Highly purified hemopoietic cell growth factor (HCGF,34)
or IL-3 (35) suported growth of normal hemopoietic pre-
cursor cells and factor—dependent granulocytic or mast
cell lines.

ITI. THE ACTIVITIES IN CONDITIONED MEDIUM FROM SPLEEN
OR WEHI-3B(D-) CELLS

The studies referenced above document the presence in
these conditioned media of the following biological activi-
ties on non—transformed mouse hemopoietic cells in culture:

1. Support of survival and growth of pluripotential, eryth-
roid, megakaryocyte, macrophage, neutrophil, eosinophil and
mast cell precursors in semi-solid medium. Pluripotential
and early committed erythroid precursors die with a half-life
of about 12 hr in the absence of factor (16). Growth of mac-
rophage, granulocyte and mast cell precursors is supported
through to terminal maturation. Completion of maturation to
erythrocytes and megakaryocytes, on the other hand, depends
on the additional presence in the cultures of erythropoietin
(16) and a megakaryocyte differentiation factor (36,37), re-
spectively. In some early reports, erythropoietin was sup-
plied serendipitously as part of the serum component of the
medium (e.g. 15).

2. Support of survival and extended growth of mast cells in
suspension culture (24-28). Mast cell lines can be initiated
reproducibly from bone marrow or spleen. With serial passage
of non-adhering cells in the presence of MultiHGF, the cul-
tures soon consist almost entirely of mast cells. After the
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initial 4 weeks, doubling times progressively lengthen, and
the typical untransformed line ceases growth by about 12 — 16
weeks.

3. Support of survival (38) or net increase (20, 39-42} in
the number of pluripotential, erythroid, granulocyte and mac-
rophage precursors present in 3 — 7 day suspension cultures
of adult bone marrow. Numbers decline with subsequent pas-
sage despite the presence of factor (unpublished observa-
tions).

In the sections to follow, biochemical purification esta-
blishes that these diverse activities are attributable to a
single qlycoprotein factor, MultiHGF.

IV. PURIFICATION OF MultiHGF

Extensive purification of MultiHGF from WEHI-3B{D-) con-
ditioned medium has been reported by Ihle and co—workers (31)
and more recently by Clark-Lewis et al. (65) on a microgram
scale, and by Bazill and coworkers (34) on a smaller scale.
We have purified the factor from the same source on a sub-
microgram scale to a coparable specific activity. In our
experiments, biological activity was monitored at each stage
both by support of pluripotential, erythroid, granulocyte and
macrophage colony formation by adult mouse marrow cells in
semi-solid cultures, and by support of growth of non—trans—
formed factor-dependent 4 - 12 week old mast cell lines in
liquid culture. The essential observation was that sequen-
tial procedures which separate polypeptides on the basis of
size, charge, hydrophobicity and affinity for hydroxyapatite
failed to dissociate the activities monitored.

The following sequential purification was performed on a
10-litre batch of cogditioned medium. WEHI-3B(D-) cells were
grown to 5 — 10 x 10 cells/ml in IMDM containing 1% newborn
calf serum, then split 1 in 5 in IMDM alone (resulting serum
concentration 0.2%) for the final expansion and conditioning.
Maximum cell densities (1 - 2 x 10° /ml) and activity concen-
trations required that the depth of the medium not exceed 2
mm. Medium was harvested when acid and when about 507 of the
cells appeared non—viable. It was filtered (0.45p) and con-
centrated 100-fold by ultrafiltration using an Amicon HP10
hollow fibre cartridge.



THE MULTILINEAGE HEMOPOIETIC GROWTH FACTOR 403

A. Step I. Ion Exchange Chromatography

Despite its mildly acidic isoelectric point (5.0 - 6.5,

see below), MultiHGF interacts very weakly with DEAE columns
even at pl-I 8.5 — 9.0. This unusual property can be exploited
to give about 100—fold purification from crude conditioned

o,
B £ 5 3 ¢ « 3 &

% % T
a | a0 | 80 1200
Edution volume (mi)

Fig. 1. (Left) Separation on DEAE-Sepharose. Crude con-
ditioned medium (25 ml, concentrated from 2 litres by ultra-
filtration) was applied to a 2.5 x 39 cm column equilibrated
in Tris.HCI1 15 mM total CIlI- 6mM, pH 8.5, and eluted with a
linear gradient rising to 100 mM CI1- (NaCl 60 mM, Tris.HCI
100 mM, pH 8.5). Transferrin (from the bovine serum), iden-
tified by its salmon pink colour, emerged as indicated (Tf)
at the top of the gradient. One MultiHGF activity unit gives
1/2 maximum colony count (all categories) from adult mouse
marrow cells in I ml methyl cellulose cultures containing
erythropoietin (20). The hatched bar indicates predominantly
macrophage colony-stimulating activity eluted with high salt.
Percents of total eluted MultiHGF activity are indicated.

Fig. 2. (Right) Reverse phase HPLC on a Brownlee Aqua-
pore RP-300 C8-silica column equilibrated with 0.17 trifluor
acetic acid (TFA), pH 2, and eluted with a 30 min gradient
(25 - 40%Z) of acetonitrile in 0.17 TFA. Fhe starting sample
was purified by ion exchange (CM + DEAE) and concentrated by
ultrafiltration. Before application to the column, it was
further purified by discarding the precipitate brought down
by 40% saturated ammonium sulfate at room temperature, pH
8.8. Fractions pooled for further purification are indicated
by the horizontal bar. GM granulocyte/macrophage colonies, E
erythroid colonies.
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medium. Initial purification protocols entailed two ion ex-
change steps (not shown). In the first step, concentrated
conditioned medium was run on CM-Sepharose at pH 5.8 (succin-
ate.NaOH 12.5 mM: NaCl 40 mM; total Na+ 46 mM) to remove pro-
teins with isoelectric points substantially above this pH.
MultiHGF eluted unretarded with most of the protein. The
active fractions were pooled, concentrated and then run on
DEAE—Sepharose at pH 9.0 (Tris.HC1l 25 mm; NaCl 50 mM; PEG
6000 0.005%). Activity again eluted unretarded.

More recent experiments have achieved a similar degree of
purification in a single step on DEAE-Sepharose with gradient
elution (Fig. 1l). Much of the activity was somewhat retarded
and separated away from both excluded and more highly inter-
active contaminants. Transferrin, a frequent contaminant of
the eluted MultiHGF in the earlier ion exchange protocols,
emerged at the end of the salt gradient after the bulk of the
MultiHGF.

The various biological activities attributable to
MultiHGF (support of pluripotential, erythroid and granulo—
cyte/macrophage colony growth, and of mast cell prolifera-
tion) eluted together from ion exchange columns at low salt.
On the other hand, the strongly bound fractions which eluted
with high salt from DEAE columns regularly stimulated growth
of colonies which were mainly macrophage. The observation
has been made before (9) and serological evidence suggests
that this activity is attributable to macrophage growth fac-
tor (CSF-1} [51].

B. Step II. Reverse-phase HPLC

Ion exchange-purified material (CM + DEAE) was applied to
a C8-silica column and eluted with a gradient of aceto-
nitrile. The various biological activities again eluted to-
gether, reproducibly at 35% acetonitrile (Fig. 2). Typical
gain in specific activity was about 20-fold.

C. Step III. Reverse-phase HPLC with HTBA

Active fractions from the previous step were pooled and
re-applied to the same C8 column now equilibrated with hepta-
fluorobutyric acid. HFBA is a strong "ion pairing" agent
which can add additional selectivity on the basis of charge.
The column was developed with a dual gradient of n—propanol
and acetonitrile (66). The various activities again eluted
together (Fig. 3), and the step gave an additional purifi-
cation of about 5-fold.
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Fig. 3. (Left) Reverse phase HPLC of Step II material on
a RP-300 C8-silica colwnn equilibrated in 10 mM HFBA and elu-
ted with a 30 min dual gradient of n-propanol (14 - 21%) and
acetonitrile (30 - 46%) in 10 mM HFBA (66). Fractions pooled
are indicated.

Fig. 4 (Right) Gel permeation HPLC of Step III material
on tandem 60 cm TSK G2000SW and G-3000SW columns running in 10
mM Tris.HCI pH 7.0, 150 mM NaCl and 0.057 PEG 6000. Frac-
tions pooled are indicated.

D. Step IV. Gel Permeation HLC

Pooled active fractions from the previous step were con-
centrated by ultrafiltration and applied to a gel permeation
column. All activities ran at an apparent MW of 33,000. The
bulk of the contaminating protein was of only slightly great-
er MW and consequently little useful separation was achieved
(Fig. 4).

E. Step V. SDS-PAGE

Pooled activity from the gel permeation step was run on
SDS-PAGE (Fig. 5). All activities migrated together in a
broad band with an apparent nolecular weight of 26-28,000.
Major contaminants had apparent weights of 40,000 and higher.
A small amount of silver-stainable material, estimated to be
no sore than 10 ng, was coincident with the biological
activity.

Table I shows the quantitative considerations leading to
an estimate of 7 x 107> M for the concentration of silver-
stainable protein required for 1/2 maximum colony formation
by pluripotential and erythroid precursors. The specific
activity is within a credible range for a completely purified
polypeptide growth factor.



406 N. N. ISCOVE AND C. ROITSCH

TABLE I. Activity recovered from SDS—PAGE

Total activity® recovered 130 units
Estimated visible protein 10 ng

Fraction loaded activity recovered 0.25

Estimated protein recovered 2.5 ng (10 x 0.25)
Specific activity 5x10" units/mg
Molarity of 1 unit/ml® 7x10°82 M

Mass equivalent of 1 unit 20 PE

#]1 unit/ml is the amount giving half maximum numbers of
pure and mixed erythroid colonies in cultures of adult bone
marrow containing erythropoietin.

Passuming a MW of 27000

The SDS-PAGE step can therefore be used preparatively to
give final purification on the basis of size. It has the
advantage of high resolution, but the disadvantage, as per-
formed, of relatively low recovery (typically 257},

From the results of two sequential purifications utili-
zing steps I to V, it is estimated that the original
WEHI-3B(D-) conditioned medium contained no more than about 1
pg of MultiHGF per litre.

F. HPLC on Hydroxyapatite

Because material purified by charge, hydrophobicity and
gel permeation still required final purification on SD5-PAGE,
an additional HPLC step operating on an independent principle
seemed desirable. HPLC on hydroxyapatite was therefore tried
on material already purified by DEAE ion exchange, two cycles
of reverse-phase HPLC, and gel permeation HPLC. As shown in
Fig. 6, it proved effective in separating biological activity
away from contaminating protein of similar size.

Our preliminary experience suggests that the purification
sequence outlined in Table II may suffice to obtain pure
MultiHGF without resort to SDS-PAGE. The yields with rela-
tively small amounts of starting material (e.g. 5 litres of
conditioned medium) at each of the listed steps are suffi-
ciently high (at least 50%) to permit complete purification
of sub-microgram quantities. The sequence has been chosen to
permit optical detection (205 nm) of nanogram quantities of
factor and contaminants at the last stage.
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Fig. 5. (Left) SDS-PAGE of 100 ng of protein purified by
DEAE ion exchange, 5 cycles of reverse-phase HPLC and finally
gel permeation HPLC. The lane at the bottom was formalin
fixed and stained with amnoniacal silver (67). An identical
lane was sliced and eluted passively into buffer containing
17 BSA for assay of biological activity. Molecular weight
standards are shown at the top (ovalbumin, carbonic anhy-
drase, soybean trypsin inhibitor).

Fig. 6. (Right) Hydroxyapatite HPLC of Step IV material
on a BioRad Biogel HPHAT column equilibrated in 10 rd-I sodium
phosphate pH 6.8 and 0.3 mM CaCl2, and eluted with a linear
30 min gradient rising to 350 mM phosphate and 0-01 ml!
CaCl2. GME total colonies including pluripotential, eryth-
roid, granulocyte and macrophage.

Table II. Proposed sequence for complete purification
of MultiHGF

1) DEAE—Sepharose {gradient elution)

2) HPLC — Reverse Phase with HFBA/AcN/n-propanol
3) HPLC - Reverse Phase with TFA/AcN

4) HPLC - Hydroxyapatite

5) HPLC — Gel Permeation
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V. CHARACTERIZATION

A. Properties

A few elementary properties of MultiHGF that we have de-
termined are summarized in Table III. Most entries in the
Table confirm similar observations from other laboratories.
The data are consistent with a singe—chain glycoprotein hav-
ing internal disulfide links important for its active confor-
mation.

The result of isoelectric focusing of extensively pur-
ified (step IV, text) material in a polyacrylamide slab gel
with 0.1% Triton-X is shown in Fig. 7, indicating charge
heterogeneity over the pl range of 4.8 - 6.5.

Thus, all tested activities remained associated with one
another in four separative steps, each of high resolving pow-
er and operating on independent principles - reverse phase
HPLC, SDS-PAGE, hydroxyapatite HPLC and isoelectric focusing.
Taken together, these results provide very strong evidence
that the various activities are functions of a single factor.

TABLE III. Biochemical properties of MultiHGF

1. Apparent MW 33000 (gel permeation, non—denatured}
27000 (SDS-PAGE)

2. pI 4.8 - 6.5

3. anomalously weak interaction with DEAE-Sepharose
pH 8.5 — 9.0

4. About 507% is retained on Con A—Sepharose and is eluted
with o—methyl glucoside.

5. Activity destroyed by trypsin
chymotrypsin
papain

6. Activity 907 destroyed in 5% p-mercaptoethanol at 55°,
10 min. Residual activity is unchanged in size on
SDS-PAGE.

7. Stable to SDS
guanidine.HC1
heat 56°, 10 min.
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Table IV. Protective effects of various agents on MultiHGF
in dilute solution?®

time agent concentration colony counts”
stored % (% BSA—protected control)
20 hr 0 0
BSA 1.0 100
gelatin 0.5 114
Triton X-100 0.05 82
PVP-15 0.1 91
PVP-40 0.5 80
PEG 400 0.01 0
0.1 0
1.0 0
PEG 550 0.01 0
0.1 7
1.0 30
PEG 3400 0.01 7
0.1 43
1. 125
PEG 6000 0.01 9
0.1 88
1.0 148
5-7 d 0 0
BSA 1.0 100
PVP-15 0.1 6
PVP—40 0.5 3
Pyrrolidone 1.0 2
PEG 6000 1.0 46
PEG 6000 0.1 77
+ glycerol 10
PEG 6000 1.0 138
+ glycerol 10

10 ng total protein/ml; 10 activity units/ml; purified
by ion exchange (DEAE), reverse—phase HPLC and gel permeation
HPLC. Buffer contained 20 mM Tris pH 9.0, 160 mM NaCl and 1
mM EDTA.

"total colonies in 7 day cultures of adult bone marrow
containing 20% of the MultiHGF solution to be assayed.
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B. Stability

Biological activity of crude WEHI-3B(D-) conditioned med-
ium, or of material partially purified on DEAE- Sepharose,
slowly decayed at 4° C with a variable 1/2 life sometimes as
short as 30 days. At purification stage III or beyond,
little decay was observed at 4° C for periods as long as 4
months in solutions containing only nanograms of total pro-
tein per ml. These samples were stored at pH 9.0 in Tris 20
mM, NaCl 160 mM, EDTA 1 mm, polyethylene glycol (PEG 6000)
0.1 - 1.0% and glycerol 10%.

These latter conditions were determined in pilot experi-
ments in which various additives were tested for effective-
ness in preserving activity in solutions of highly purified
MultiHGF containing only 10 - 20 ng total protein per ml.
Each test group was membrane—filtered (Millipore 0.45u, mixed
cellulose acetate/nitrate), stored in polystyrene tubes at
4° C and assayed after 20 hr and again after 5 - 7 days (Table
IV). Survival at 20 hr was better with 1% than with 0.1% PEG
6000, and better with PEG 6000 than with lower order poly-
mers. Polyvinyl pyrrolidone (MW 15,000 or 30,000), but not
pyrrolidone, was as effective as PEG 6000. Survival for 7
days was best with the additional presence of 10% glycerol.

VI. MultiHGF-RESPONSIVE CELLS

The domain of activity of MultiHGF is depicted in Fig.
8. The scheme is based on the MultiHGF-dependent growth of
marrow- or spleen-derived mast cells, and the cellular con-
tent of MultiHGF—dependent hemopoietic colonies. The resp-
onsive set is shown to include pluripotential hemopoietic
progenitors, early committed precursors in all the hemo-
poietic lineages, and members of the granulocyte, macrophage
and mast cell lineages all the way down to their terminally
maturing forms. The only hemopoietic cells demonstrated to
be unresponsive to MultiHGF are those in the distal limbs of
the erythroid (16) and megakaryocyte (36,37) pathways. Thus,
whereas MultiHGF can support production of mature macro-
phages, granulocytes and mast cells starting from cells as
far back as the pluripotential precursors, it can not support
production of mature erythrocytes and platelets in the ab-
sence of other factors specifically required by late cells in
these lineages, namely erythropoietin and megakaryocyte dif-
ferentiation factor.
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Fig. 7. (Left) Isoelectric focusing in a 57 polyacryl-
amide slab gel with 0-1Z Triton-X of I00 ng of protein pre-
viously purified by DEAE ion exchange, 3 cycles of reverse
phase HPLC and 2 cycles of gel permeation HPLC. The gel was
sliced and eluted passively into 1Z BSA.

Fig. 8. (Right) Hemopoietic lineages responsive to
MultiHGF are shown in the shaded area. Furthest to the left
in the shaded area is a pluripotential cell giving rise to
oligopotential cells which give rise in turn to committed
unipotential precursors. E erythroid, Pl platelet preceded by
a megakaryocyte, Mp macrophage, N neutrophil, Eo eosinophil.

Table V. Names for the same factor

0ld References Proposed (1)
BPA 16,20

IL-3 29,31

BFA 11

E—CSF 15,19

SAF 39,41 MultiHGF
BEF 43

MK-CSF 36,37

MCGF 28

PSF 24,55

HCGF 34

Hemopoietin-2 44

Multi-CSF 45
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Little is known about the factor requirements of the
earliest cells of the hemopoietic system. We do know that
pluripotential cells can increase in number over a period of
days in liquid culture {20,39-42}, and that this increase is
MultiHGF-dependent. However, other factors are involved
(42), and it remains to be seen whether MultiHGF itself acts
on cells capable of giving rise to pluripotential cells among
their progeny, or whether it is simply required for survival
and detection of such progeny after they arise.

Because of the wide variety of cells responsive to
MultiHGF, a number of operational names accumulated before it
was clear that the various assays were detecting the same
factor. Some of the names are listed and referenced in Table
V.

Immortal and presumably "transformed" cell lines have
been described which are dependent on MultiHGF for growth and
survival in culture. Some of these have possessed markers
also associated with normal T (46) or B (47) lymphocytes.
Extrapolation of these observations of MultiHGF responsive-
ness to untransformed lymphocyte precursors has its hazards
(1,48) and does not seem warranted on the basis of the avail-
able evidence. Experiments which would be decisive on this
issue await the development of suitable assays for normal
lymphocyte precursors in culture. In one such assay,
MultiHGF, GM—CSF and CSF—1 all appeared to have similar stim-
ulatory effects on the growth of clonogenic pre-B cells from
mouse fetal liver (49). Because these three factors share
macrophage precursors as targets in common, the observation
was interpreted as an indirect, possibly macrophage-mediated,
effect on the pre-B cells rather than a direct effect. More
recent experiments, in which purified clonogenic pre-B cells
did not respond to these factors, have now confirmed this
interpretation (50).

VII. DIRECT ACTION OF MultiHGF ON HEMOPOIETIC PRECURSORS

Bone marrow cultures contain many different kinds of
cell, only a minority of which can form colonies. It was
therefore necessary to ask whether MultiHGF might exert its
action indirectly by causing "accessory" cells to release
other factors directly active on hemopoietic precursors. The
cleanest test is to ask whether MultiHGF can support the
growth of single micromanipulated precursor cells cultured in
isolation. To render the experiment practicable, it was
first necessary to enrich the marrow for early precursor
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cells. The enrichment was accomplished biologically, in two
stages. First, mice were injected with 5-fluorouracil to

kill the actively cycling, majority marrow population. After
two days, bone marrow cells from treated mice were plated in
methyl cellulose. Most of the growth™competent precursors in
such cultures go on to form multilineage colonies. The se-
cond enrichment step involved identifying nascent clones
after 4 days of incubation. Pilot experiments had previously
indicated that certain morphological features of such nascent
clones correlated strongly with eventual development into
large multilineage colonies. Accordingly, clones showing
these features (non-adhesiveness, heterogeneity of cell
shape, size, and motility) were selected, and cells from them
were deposited singly in methyl cellulose either containing
or lacking MultiHGF (step II, text). The result, shown in
Table VI, formally establishes growth—competent hemopoietic
precursors, pluripotential as well as app-arently committed
ones, to be primary responders to MultiHGF.

Table VI. Response of isolated micromanipulated cells to
MultiHGF.

MultiHGF? Colonies
content® number
- 0/60°
+ EMegM+G 8
EMeg 5
E 1
Meg 1
GM 1
G 3
M 2
? 1
22/60°¢

®Purified on CM-sepharose, DEAE-Sepharose and reverse-
phase HPLC.

’E erythroid; Meg megakaryocyte; G granulocyte;
M macrophage.

‘Total of 60 cells cultured without and 60 with MultiHGF.
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VIII. THE SOURCES OF MultiHGF

The WEHI-3B(D-) line used in our studies was subcloned
from the WEHI-3B(D-) myelomonocytic leukemia line originally
adapted to culture by Ralph (7). The cells are macrophages
phenotypically. This line is the only known macrophage
source of this factor. Conditioned media from normal macro-
phages and a variety of other mouse macrophage cell lines
have been consistently negative for MultiHGF (unpublished
observations).

Lectin- or antigen-stimulated lymphocyte populations, and
a number of T cell lymphoma and hybridoma lines release act-
ivity with biological and chemical characteristics essential-
ly identical to those of the WEHI-3B(D-) factor (l16,35,38,55,
65). The identity of the concanavalin A-induced product of a
cloned Lyl+2- T cell line with the wEHI-3 product has now
been formally shown by ¢DNA cloning (53,54).

The most physiological situation known in which MultiHGF
is released occurs when helper T cells are stimulated with
antigen. The cleanest of the published experiments showed
that MultiHGF was released when functional, cloned antigen-
specific T helper cells were exposed to antigen in the pre-
sence of accessory cells. These had to match the T cells at
the I-A locus of the major histocompatibility complex (18).

In summary, the only known physiological source of
MultiHGF involves T lymphocytes. The release of MultiHGF by
pure populations of immortalized T cells in vitro (38,55,56,
unpublished observations) constitutes circumstantial evidence
implicating normal T lymphocytes (rather than accessory
cells) as the producing cells. Except for the singular in-
stance of the WEHI-3 line, the bulk of the evidence indicates
that normal macrophages do not produce this factor. It seems
reasonable to speculate that a transformation event leading
to “constitutive” production and release of MultiHGF by the
precursor of the WEHI-3 line may have been at least partly
responsible for the myelomonocytic leukemia in the original
host animal.

IX. THE RELATIONSHIP OF MultiHGF TO OTHER HEMOPOIETIC GROWTH
FACTORS

The chemical purification and most recently the cDNA
cloning of MultiHGF have resolved some previously confusing
questions.
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First, the purification helped to show that MultiHGF was
chemically and biologically distinct from the neutrophil/
macrophage growth factor (GM-CSF) purified earlier from mouse
lung (52). The recent cDNA cloning of both factors now est-
ablishes formally the non~identity of their polypeptide back-
bones {45,53,54. Both are present in the conditioned medium
of lectin-activated spleen cells (55). and, like MultiHGF,
GM-CSF is also produced by T cell hybridomas and lymphomas
(55,57). However, little or no GM-CSF is produced by
WEHI-3B(D-) cells. Whereas both MultiHGF and GM—CSF can sup-
port macrophage and neutrophil precursor growth, GM-CSF dif-
fers in not supporting mast cell growth (55) or formation of
eosinophil (55), megakaryocyte (20) or pure or mixed eryth-
roid colonies (20). In spleen conditioned medium, GM—CSF is
readily separated from MultiHGF because it is more strongly
retarded than MultiHGF on DEAE columns (35,52,55).

MultiHGF also differs chemically and biologically from
the macrophage growth factor CSF-1 (59), whose action is re-
stricted to cells in the macrophage pathway. CSF-1 can be
detected biologically and serologically in conditioned medium
from both spleen and WEHI-3B(D-) cells (51). However, it is
readily separated from MultiHGF on the basis of its stronger
retardation on DEAE columns and its higher molecular weight
when fully glycosylated.

MultiHGF is also distinct from the neutrophil growth fac-
tor G-CSF (60). The latter appears to act mainly on cells of
the neutrophil lineage. It differs from MultiHGF in having
stronger affinity for DEAE columns and higher hydrophobicity.

From the foregoing, it is clear that MultiHGF can mimic
the action of other known growth factors on the neutrophil
and macrophage lineages. However, no other growth factor
known to date can replace MultiHGF in supporting growth of
pluripotential and early committed cells in the erythroid and
megakaryocyte lineages. Therefore, under appropriately de-
fined conditions of culture (20), we consider the stimulation
of large multilineage, erythroid and megakaryocyte colonies
in semi-solid cultures of adult mouse bone marrow to be an
unambiguous response to MultiHGF, and to be the most specific
biological assay for it.

There are a number of immortalized granulocytic cell
lines which are dependent on MultiHGF for survival and
growth. Before it is assumed that these respond only to
MultiHGF, it is necessary to establish that they do not also
respond to other hemopoietic factors. Instances of response
of such lines to more than one hemopoietic factor have
recently been documented (61).
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X. THE BIOLOGICAL ROLE OF MultiHGF

Consideration of the origin of MultiHGF from stimulated
lymphocytes, and of the types of cell which respond to it,
leads to the suggestion depicted schematically in Fig. 9.
MultiHGF, and GM—CSF, are released together by an antigen-
challenged immune system. They may act peripherally at sites
of inflammation on relatively advanced cells in granulocyte,
macrophage or mast cell lineages to yield a few terminal div-
isions, or they could act nore distantly on precursors in the
bone marrow. There, responsiveness of very early progenitors
of granulocytes and macrophages, including pluripotential
precursors, permits the maximum possible exponential expan-
sion in these lineages. On the other hand, late cells in the
erythroid and megakaryocyte lineages are not responsive, so
an inappropriate overproduction of red cells and platelets
would not occur. This suggestion provides a possible basis
for the well known granulocyte and monocyte responses to in-
fection, and also suggests a mechanism to account for the
increased proliferation of primitive bone marrow precursors
which occurs in mice challenged with antigen {62,63) or bear-
ing antigenic tumours (64).

Although it seems clear that the stimulated immune system
is a source of MultiHGF, we do not know whether or not it is
the only source. Primitive hemopoietic precursor cells die
rapidly in the absence of MultiHGF in culture (16). Perhaps
other nolecules acting on other receptors keep these cells
alive and growing in situ in the animal. Alternatively,
MultiHGF could be provided to hemopoietic precursors locally
in hemopoietic tissues by non-lymphoid cells which transcribe
the same gene but under different regulation relating more
directly to hemopoietic function.

Antigens

Fig. 9. A scheme indicating that MultiHGF and NMGF
(neutnophil/macrophage growth factor, GM-CSF) arise from an
activated immune system and suggesting that they may play a
modulatory rather than essential role in normal blood cell
production.
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Answers to these questions will arrive when we have
available monoclonal antibodies, radioimmunoassays, nucleo-
tide probes for in situ analysis and quantities of MultiHGF
sufficient for whole animal studies of its effects.

This article has charted the progress of work on MultiHGF
from its initial detection in 1969 to its complete purifi-
cation in the early 1980’s. Its recognition now opens up im-
portant new directions of inquiry. The recent c¢cDNA cloning
of mouse MultiHGF opens the way toward identifying the human
MultiHGF analogue, and from there to an understanding of its
role in human health and disease. In the murine model,
MultlHGF gives us a new capacity to assay and manipulate
early cells in vitro. Its availability in partially purified
form has led to the recognition of new factors required for
the expression of early precursor function in culture (42).
These in turn offer the promise of extending our analysis of
function of early cells in vitro to more primitive cells than
have been accessible until now.
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DISCUSSION

SCHRADER: I have two comments to offer on lscove’s report:
With regard to the history of T-cell lymphokines affecting
multi—potential hemopoetic stem cells he has neglected the
1974 Nature paper by Cerny showing that medium conditioned
by mitogen—stimulated spleen cells stimulates CFUs in liquid
cultures. As regards the relationship of multi—HGF to cells
involved in lymphopoiesis, we have shown that purified PSF
supports directly or indirectly in liquid cultures of bone-
marrow, cells that give rise in irradiated animals to thymo-
cytes and B cells. Accordingly they must be hemopoietic
stem cells or hypothetical lymphoid stem cells.



