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[57] ABSTRACT

A basal serum-free medium and a hematopoietic cell
growth and differentiation-promoting serum-free me-
dium based thereon are provided for the maintenance,
cultivation, growth and differentiation of erythroid
progenitor cells, other hematopoietic progenitor cells,
and leukemia cells in which the effects of various
growth factor compounds can be quantitatively evalu-
ated. Both media are wholly serum-free and contain no
intrinsic growth factor compounds. The hematopoietic
growth and differentiation medium consists essentially
of the basal serum-free medium to which has been
added at least one primarily but not exclusively growth-
promoting agent selected from heme or hemin, interleu-
kin-3 and recombinant human stem cell factor (and
optimally all of them), and at least one primarily but not
exclusively cell differentiation -promoting agent se-
lected from erythropoietin (Epo), insulin-like growth
factor (IGF) and a retinoid (and optimally including all
of them).

19 Claims, 12 Drawing Sheets
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SERUM-FREE BASAL AND CULTURE MEDIUM
FOR HEMATOPOIETIC AND LEUKEMIA CELLS

This is a continuation of application Ser. No.
07/788,527, filed Nov. 6, 1991, now abandoned.

FIELD OF THE INVENTION

This invention relates to culture medium and more
particularly to a culture medium for the maintenance
and growth of erythroid progenitor cells, other hemato-
poietic progenitor cells and leukemia cells.

BACKGROUND OF THE INVENTION

Mammalian erythropoiesis is normally regulated in
vivo by Epo (eérythropoietin), a glycoprotein hormone

10

responsible for the differentiation of red blood cells and

for the viability and proliferation of their progenitors.
Years after the introduction of culture media for the
growth of the erythroid progenitors CFU-E (colony
forming unit-erythroid) and BFU-E (burst forming unit-
erythroid) it was found that fetal bovine serum (FBS)
contained significant quantities of an Epo-like activity.!
Originally, this was believed to be due to the presence
of Epo in FBS, but radioimmunoassays of Epo in FBS
found only minute amounts of the hormone.23 Subse-
quently, it was shown that the Epo-like activity of FBS
was abrogated by an antiserum directed against insulin-
like growth factor IIGF-I), but not by anti-Epo an-
tiserum.3 The same investigators also found that puri-
fied human IGF-I could stimulate colony-formation by
CFU-E from murine fetal liver and adult bone marrow
cells in a “serum free” “SF” medium.4 Further studies
showed that IGF-I enhanced both CFU-E- and BFU-E-
derived colony formation from human bone marrow
and peripheral blood in “SF” medium as well5.

To determine the cellular and molecular mechanisms
that regulate erythropoiesis, there is needed a truly SF
culture system for circulating erythroid progenitor celis
which would be defined with respect to all activities
that are stimulatory for erythropoiesis. Simple depletion
of serum from a culture medium does not necessarily
remove from it all undefined serum factors. Major vehi-
cles for the uncontrolled presence of such factors in
culture media, in the absence of added serum or plasma,
are the albumin preparations commonly employed,
most typically Cohn’s Fraction V. These have been
shown to provide a mitogenic factor(s)6.7 referred to as
BPA (“Burst Promoting Activity”’8) which has so far
remained molecularly unidentified. In fact, most so-
called “SF” media in the current literature use bovine
serum albumin (BSA) preparations that are known to be
contaminated with such activities. Effectively, serum
residues provide a “dirty background” which precludes
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accurate and reliable study of the precise effects of 55

added growth factors. Accordingly, in this specifica-
tion, the term “serum-free” or “SF” is used in quotation
marks in instances where reference is made to 2 medium
reported originally to be serum-free but subsequently
discovered to be still serum-contaminated.

In our laboratory, we have previously shown that
treatment of BSA with activated charcoal removes its
BPA-like activity.® Using a fatty-acid-free and globulin-
free BSA (FAF, GF BSA) preparation in a SF medium
for the growth of BFU-E from bone marrow, Ogawa
and co-workers? demonstrated that under these strin-
gent conditions, a defined exogenous source of BPA-
like activity, interleukin-3 (IL-3) or GM-CSF, had to be
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added in order to obtain growth of day-14 erythroid
bursts. With this SF medium, however, we were unable
to grow erythroid bursts or-colonies from circulating
progenitor cells.

The study of erythropoiesis, including the study of
the growth and proliferation of leukemia cells, so im-
portant to the development of understanding and even-
tual control of this disease, requires the provision of a
cell growth medium which ensures optimum growth of
the cells under study. It also requires the provision of a
cell growth medium free from unknown ingredients
which might affect the cell growth characteristics. Only
with such a growth medium can the researcher satisfac-
torily study the effects of other growth-promoting or
-inhibiting factors on cell proliferation and differentia-
tion, as well as study the precise effects of toxic mole-
cules.

It is an object of the present invention to provide a
novel cell culture medium for hemopoietic and leuke-
mia cells.

SUMMARY OF THE INVENTION

The present invention, from a first aspect, is based
upon the provision of a basal serum-free medium
(BSFM) for erythroid and other hematopoietic progeni-
tor cells namely a medium in which the cells will not
proliferate. By the identification and provision of such a
basal serum-free medium, there is provided to the user a
medium to which other ingredients may be added for
the specific purpose of determining whether or not such
ingredients constitute growth and/or differentiation
factors for the cells under study. From a second aspect,
the present invention provides a growth and differentia-
tion medium which can be optimised for such cells, the
medium being constituted by the basal serum-free me-
dium with certain well-defined additives designed to
ensure optimum growth and differentiation of the cells
therein. With this optimum growth and differentiation
medium, the user can test the effects of various com-
pounds on the cell growth and differentiation character-
istics of hematopoietic and leukemia cells. The concept
of distinguishing between a basal serum-free medium
(BSFM) and a cell growth and differentiation medium
provides the basis of the present invention.

Thus, according to the first aspect of the invention,
there is provided a basal serum-free medium for ery-
throid and other hematopoietic progenitor cells and
leukemia cells, consisting essentially of:

a minimum essential medium;

an effective amount of each of the four deoxyribonu-

cleosides adenine deoxyriboside, thymine deox-
yriboside, guanine deoxyriboside and cytosine
deoxyriboside;

an effective amount of each of the four ribonucleo-

sides adenine riboside, uridine riboside, guanine
riboside and cytosine riboside;

an effective amount of L-glutamine;

an effective amount of deionized, fatty-acid free and

globulin-free bovine or human serum albumin or
recombinant albumin;

an effective amount of a human or bovine transferrin;

an effective amount of a phosphatidyl choline;

an effective amount of a Ci6-Cp4 unsaturated fatty

acid;

an effective amount of a cholesterol;

an effective amount of d-a-tocopherol or an ester

thereof;
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an effective amount of at least one bio-acceptable

antioxidant;

and an effective amount of at least one antibiotic

substance effective to protect the cells against stray
infections.

According to the second aspect of the present inven-
tion, there is provided a serum-free culture medium for
the growth and differentiation of erythroid and other
hematopoietic progenitor cells and leukemia cells, said
medium being free from indigenous cell growth factors
but adapted to receive extraneous cell growth influenc-
ing materials for determination of the effects thereof on
erythroid and other hematopoietic cells and leukemia
cells and for attaining optimal growth thereof, said
culture medium consisting essentially of:

a basal serum-free medium as defined above;

an effective amount of at least one growth-promoting

agent selected from the group consisting of heme
or hemin, interleukin-3, and recombinant human
stem cell factor;

an effective amount of at least one cell differentiation-

promoting agent selected from the group consist-
ing of erythropoietin, insulin-like growth factor,
and a retinoid. '

It will be understood that the agents referred to as
growth-promoting agents may in addition have some
cell differentiation-promoting activity, and that the
agents referred to as differentiation-promoting agents
may also have some growth-promoting activity.

In this novel and improved SF growth and differenti-
ation medium which we have developed, the concentra-
tion of each component has been optimized. With it, we
have been able to produce erythroid bursts from the
mononuclear cells of human peripheral blood with
higher efficiencies than those of either the serum-con-
taining or the “serum-free” media reported in the litera-
ture. This medium, which uses BPA-free FAF, GF
BSA, and defined sources of BPA-like activity, has
allowed us to study the effects of various growth factors
such as IGF-I upon circulating erythroid progenitors
grown in vitro. We have found that IGF-I does not
behave as a BPA, inasmuch as it cannot replace IL-3 in
the presence of Epo. The effect of IGF-I in this medium
was found to be interchangeable with that of Epo,
though at higher concentration, thus revealing an Epo-
independent pathway for erythropoiesis in vitro by
circulating progenitors of the normal human adult. This
mechanism, if operative in vivo, may become important
under conditions in which endogenous Epo levels are
low.

The BSFM provides no complications such as intrin-
sic presence of substances, in unknown or even trace
quantities, which might have cell growth effects, inhibi-
tory or stimulatory, on hematopoietic progenitor cells
or leukemia cells. The medium accordingly provides an
ideal test medium for evaluation, optimization and de-
velopment of growth and differentiation factors that act
on hematopoietic progenitor and leukemia cells, as well
as elucidation of the mechanism whereby they operate.

According to another aspect, the present invention
provides a process of determining the effect of a test
substance on the growth characteristics of erythroid
and other hematopoietic progenitor cells or leukemia
cells, which comprises culturing said cells under prede-
termined, controlled conditions in a serum-free growth
and differentiation medium as defined above and to
which has been added a predetermined quantity of said
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test substance, and recording growth characteristics of
said cells in the culture medium.

The SF growth and differentiation medium as defined
above provides for the optimal growth in vitro of nor-
mal human peripheral blood progenitor cells (BFU-E
and CFU-E), normal human bone marrow progenitor
cells (BFU-E and CFU-E), normal human bone marrow
multipotential hematopoietic stem cells (CFU-GEMM),
normal human bone marrow granulocyte/macrophage
progenitor cells (CFU-GM), peripheral blood erythroid
progenitor cells (BFU-E and CFU-E) from patients
with polycythemia vera, bone marrow granulocyte/-
macrophage progenitor cells (CFU-GM) and erythroid
progenitor cells (BFU-E) from patients with Diamond-
Blackfan anemia, and human polycythemia vera, and B-
and T- leukemia cell lines. The growth of certain leuke-
mia cell lines may not require all components of the
complete growth and differentiation medium defined
above.

BRIEF REFERENCE TO THE DRAWINGS

FIG. 1 is a bar graph presentation of the results of
Example 1 below;

FIG. 2 is a bar graph presentation of the results of
Example 2 below, showing variation in the number of
erythroid bursts and their component colonies derived
from normal human PB MNC with different combina-
tions of hemin and retinyl acetate (in the presence of
rHu IL-3, and rHu Epo and rHu IGF-I) in an improved
SF medium containing a “clean” BSA and in a serum-
containing medium with “dirty” BSA;

FIG. 3 is a bar graph presentation of the further re-
sults of Example 2 below, and illustrating the effect of
ATRA on early erythroid colony formation by circulat-
ing progenitors in an improved SF medium;

FIG. 4 is a graphical presentation of further results
obtained in Example 3 below, namely the relation be-
tween number of erythroid bursts produced and num-
ber of PB MNC plated in an improved SF medium
containing 5.5 ng/ml IL-3, 3 X 10—8M retinyl acetate,
3%X10-8M rHu IGF-L, 3.0 U/mL Epo and 0. mM
hemin; '

FIG. 5 is a graphical presentation of the results ob-
tained from Example 4 below. It shows the number of
burst-component colonies formed from normal PB
MNC in an improved SF medium as a function of rHu
IL-3 concentration. Culture medium contained 3.0
U/mL rHu Epo, 3 X 10—3M retiny! acetate, 3 X 10—3M
rHu IGF-I and 0.1 mM hemin

FIG. 6 is a graphical presentation of further results
obtained from Example 4 below, namely the variation
in the number of bursts (Jif) and their component colonies
(o) derived from PB MC as a function of hemin concen-
tration in an improved SF medium containing 5.5
ng/mL rHu IL-3, 3.0 U/mL Epo, 3 X 10—3M IGF-I and
3X10—8M retinyl acetate. Each colony had at least 50
hemoglobinized cells;

FIG. 7 is a graphical presentation of the results ob-
tained from Example 5 below, and shows the number of
burst-component colonies derived from PB MNC in an
improved SF medium as a function of rHu IGF-I con-
centration with (o) and without () retinyl acetate
(3X10—8M). The medium contained 5.5 ng/ml rHulIL-
3, 3.0 U/mL rHu Epo and 0.1 mM hemin;

FIGS. 8A, 8B, and 8C are graphical presentations of
the results obtained from Example 6 below;

FIGS. 9A and 9B are graphical presentations of addi-
tional results obtained from Example 6 below, namely
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comparisons of numbers of erythroid bursts derived
from PB MNC as a function of rHu IGF-I or rHu Epo
concentration in an improved SF medium, and compari-
son of normalized values from the above data. Condi-
tions are identical to those of FIG. 8;

FIG. 10 is a graphical presentation of additional re-
~ sults from Example 6 below, namely the effect of the
addition of polyclonal anti-Epo antibody HCC-1400 to
an improved SF medium with different combinations of
rHu Epo and rHu IGF-I. The HCC-1400 antibody was
used at 1:50 final dilution; at this concentration it is
known to neutralize 6 U/mL of Epo. Molar concentra-
tions of Epo and IGF-I employed were respectively 1.8
nM (6 U/mL) and 300 nM;

FIG. 11 is a graphical presentation of the results
obtained according to Example 8 below.

FIGS. 124, 12B, 12C and 12D are graphical repre-
sentations of the results of Example 9 below.

FIG. 13 is a graphical presentation of results obtained
according to Example 10 below.

FIG. 14 is a graphical presentation of further results
obtained according to Example 10 below.

FIG. 15 is a graphical presentation of results obtained
according to Example 11 below.

FIG. 16 is a graphical presentation of further results
obtained according to Example 11 below.

FIGS. 17A and 17B are a graphical presentation of
the results obtained according to Example 12 below.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The basal serum-free medium and the SF growth and
differentiation medium as defined above with their min-
imum number of components provide media in which
useful results on cell viability, growth and differentia-
tion, capable of meaningful scientific interpretation can
be obtained. According to the preferred embodiments
of the invention, however, additional ingredients are
added as discussed herein, to produce an optimal SF
medium.

The present invention provides a novel improved SF
medium for the growth and differentiation of human
erythroid progenitor cells from peripheral blood. The
activity in this medium of each of its major components
has been systematically investigated. It has been found
that in the presence of a “clean”, fatty acid-free and
globulin-free crystallized albumin, rHu IL-3 and rHu
Epo were barely sufficient to support the production of
erythroid bursts; the bursts were small, developed in
minimal numbers, and required benzidine staining for
their confirmation. Full maturation of the erythroid
bursts necessitated the addition of hemin, which made
possible the direct scoring of hemoglobinized bursts in
situ. Optimal growth was attained when IGF-I and
retinyl acetate were added. It is believed that this is the
first SF medium which, using a BPA-free BSA and a
defined source of BPA, fully supports the production of
bursts in vitro by circulating erythroid progenitor cells
from the normal human adult.

It is very important to make the erythroid culture
medium completely free of serum products inasmuch as
these introduce not only undefined activities that pro-
mote growth, but also undefined inhibitory factors, as
our results obtained with a “dirty” albumin and serum
illustrate in the following examples. A medium contain-
ing FBS and Cohn’s Fr. V BSA, even after it had been
improved by the addition of hemin, retinyl acetate and
IGF-1, had a 33-72% lower day-14 colony-forming
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6

efficiency than our own improved SF medium. This is
demonstrated in Example 2 below, and illustrated in
accompanying FIG. 2.

As described above, the first aspect of the invention
described and claimed herein comprises basal serum-
free medium in which hematopoietic cells will not pro-
liferate. The first component thereof is minimum essen-
tial medium, a term well understood by those skilled in
the art of cell culturing. Specific preferred examples
thereof include a medium, IMDM, and Iscove’s modi-
fied Dulbecco’s medium. Such minimum essential me-
dium is then modified according to the invention to
render it specifically suitable for the maintenance of
hematopoietic cells and leukemia cells. For this pur-
pose, there are added to it the four deoxyribonucleo-
sides, the four ribonucleosides and the other additives
referred to above. The phosphatidyl choline which is
used is suitably L-a-phosphatidyl choline dipalmitoyl
synthetic. The C16-Cy4 unsaturated fatty acid is suitably
linoleic acid or oleic acid. The cholesterol component is
suitably porcine liver cholesterol. The antioxidant is
suitably beta-mercaptoethanol or a-thioglycerol, or
most preferably a mixture of both. One or more antibi-
otic substances are also included, to protect the medium
against infection by airborne or other stray bacteria.
Suitable such antibiotics include sodium penicillin G
and streptomycin sulphate. Preferably a combination of
these two antibiotics is used. The semi-solid matrix
material is suitably a carbohydrate such as methylcellu-
lose, agar or agarose, with methyl-cellulose being most
preferred.

Suitable relative amounts of the various constituents
of the basal serum-free medium are, in final molarity or
in grams per milliliter of final volume:

each deoxyribonucleoside: from 1 pg/mL to 100

mg/mL, and preferably from 5 to 10 mg/mL;
each ribonucleoside: from 1 pg/mL to 100 mg/mlL.,
and preferably from 5 to 10 mg/mL,;

L-glutamine: from 0.1 mM to 20 mM and preferably

from 1 to 2 mM;

albumin: from 1 mg/mL to 100 mg/mL and prefera-

bly from 10 to 30 mg/mL;

transferrin: from 1 pg/mL to 1 mg/mL and prefera-

bly from 27 to 270 pg/mL;

phosphatidyl choline: from 0.1 pg/mL to 100 pg/mL

and preferably from 5 to 10 ug/mlL;

fatty acid: from 0.1 to 100 pg/mL and preferably

from 2 to 10 pg/mL; ‘

cholesterol: from 0. 1 to 100 pg/mL and preferably

from 1 to 10 pg/mL;

antioxidant: from 1 pM to 1 mM and preferably from

0.1 to 0.2 mM;

antibiotic: from 0.1 pg/mL to 250 pg/mL and prefer-

ably from 25 to 100 pg/mL;

matrix material: from 0.1 mg/mL to 10 mg/mL and

preferably from 1 to 3 mg/mL.

In making up the medium for optimal cell growth and
differentiation, as determined by the maximum yield of
colonies and number of cells per colony over a given
period of time, from a given number of cells plated out,
in an easily studiable condition, together with a maxi-
mized degree of hemoglobinization by the cells, the
additional ingredients should be added to the basal
serum-free medium, in the following approximate
amounts:

hemin or heme: from 50 uM to 1 mM and preferably

from 200 uM to 500 uM;
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retinoid: from 0.1 nM to 0.1 mM and preferably from
1 mM to 100 nM;

stem cell factor: from 0.5 ng/mL to 1 pg/mL and
preferably from 25 to 100 ng/mL;

interleukin-3: from 0.1 ng/mL to 1 pg/mL and pref-
erably from 5 to 25 ng/mL;

erythropoietin: from 0.1 ng/mL to 1 pg/ml and
preferably from 10 to 30 ng/mL;

insulin-like growth factor: from 1 pg/mL to 1 pg/mL
and preferably from 20 to 100 ng/mL..

Effects of Individual Components of the Growth and
Differentiation Medium

BPA: IL-3, HEMIN AND SCF

The problem of providing a defined BPA required
for the growth of erythroid bursts has been a major
stumbling block in the development of truly SF media.
Most recipes are in fact merely serum-deprived media,>:
10-13 as they call for the use of Cohn’s Fr. V BSA, which
is known to be contaminated with BPA, as well as lip-
ids, small proteins and other low molecular weight
molecules.13 Delipidation with activated charcoal not
only removes lipids but other small molecules as well,
and has resulted in the loss of the erythropoietic activity
associated with albumin.6 7. A source of BPA then had
to be provided, either by the addition of leukocyte con-
ditioned media’ or serum lipoproteins of low to interme-
diate density.14

Investigators have reported BPA-like effects in their
media, even though the albumin had been treated with
activated charcoal; the source of such BPA was traced
to the semi-purified Epo preparations utilized!? and,
when rHu Epo was used, to the accessory cells of bone
marrow (monocytes, T-cells, fibroblasts)’. It has been
reported that accessory cells of bone marrow produce
BPA.7: 15, 17 When we did not remove accessory cells
from our PB MNC preparations, as described in Exam-
ple 1 below, these cells did not appear to provide signifi-
cant amounts of BPA in our system, judging from the
fact that in the absence of added IL-3 and hemin, no
bursts developed (FIG. 1).

However, production of erythroid bursts by progeni-
tors among PB MNC was completely abolished by
removal of adherent cells in serum-free medium con-
taining IL-3 and hemin but no SCF; addition of rHu
SCF partially restored burst formation. Thus either
non-adherent erythroid progenitor cells have a require-
ment for another growth factor(s) normally secreted by
adherent cells, or else intimate cell-cell contact interac-
tions between adherent cells and erythroid progenitors
are required for burst production.

In our novel culture system we have confirmed the
well-documented BPA-like activity of IL-3 for human
erythroid growth in vitro; its introduction into our
medium as a defined BPA made up for the loss of an
undefined BPA resulting from our use of a “clean” BSA
preparation and recombinant EPO. In the absence of
SCF, the BPA in our SF culture medium appears in fact
to be supplied by two defined entities, rHu IL-3 and
purified hemin as demonstrated in Example 1 and FIG.
1, and Example 2 and FIG. 2, reported below.

Hemin (iron protoporphyrin IX) is a relatively small
(652 dalton) molecule, known to act in the process of
normal erythropoiesis. In addition it has distinct prolif-
erative effects in hematopoietic culture. Hemin has been
shown to enhance the proliferation of both the multipo-
tential stem cells CFU-GEMM and the early erythroid
progenitor cells BFU-E in serum-containing or serum-
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deprived (i.e. containing undefined BPA’s), “SF” cul-
tures of murine and human bone marrow.

Recently, a novel growth factor termed stem cell
factor, SCF, has been reported to stimulate primitive
pluripotential hemopoietic progenitors in micel® 19,
rais?0 and humans!8-2!. Several groups have isolated
SCF, also termed mast cell growth factor (MGF) and
have shown it to be the ligand for the c-kit receptor
protein. The product of the c-kit proto-oncogene has
tyrosine kinase activity and maps to the mouse W locus
on chromosome 5. These findings demonstrated that the
genetic anemias of W/W? and Sl/Sl¥mice were inter-
connected, with the former having defects in the c-kit
receptor and the latter defective production of SCF, the
c-kit receptor ligand being the product of the Steel (SI)
locus. Besides the soluble forms of SCF, membrane-
bound forms have also been reported?2. Serum-contain-
ing (SC) studies of the effects of SCF on highly en-
riched, adherent cell-deprived, human bone marrow
(BM) BFU-E preparations have shown that it can po-
tentiate primitive hemopoietic colony-formation, and
have suggested that it synergises with diverse cyto-
kines, among which are Epo and IL-320-21, No compa-
rable studies exist for human BFU-E from peripheral
blood.

The novel serum-free (SF) growth and differentiation
medium of the present invention is capable of support-
ing the growth of circulating erythroid progenitors.
However, even though the medium is capable of sup-
porting burst formation at low cell density, removal of
adherent cells from the peripheral blood mononuclear
cell (PB MNC) suspensions prevents burst formation in
SF medium. In accordance with another feature of the
present invention, it has been found that recombinant
human stem cell growth factor (SCF) can replace the
stimulatory activity of adherent cells and thus at least
partially restore burst-formation. This is further de-
scribed in Example 9 below.

IGF-1 AND EPO

The present invention provides strong indications
that the effect of IGF-I on burst formation is not limited
simply to potentiation of the effect of any Epo that
might still be present in the medium. It has been shown
that when defined BPAs (IL-3 and hemin) are provided,
the basal serum-free medium according to the invention
is entirely free of any Epo-like activity capable of induc-
ing erythroid differentiation. Moreover the present
work shows that in the presence of an antibody to Epo,
IGF-I is fully capable of supporting erythropoietic
burst production.

Since experiments according to the present invention
were unable to obtain growth of BFU-E with a combi-
nation of Epo and IGF-I in the absence of IL-3, hemin,
and retinyl acetate, it appears that IGF-I does not have
a BPA-like effect upon early BFU-E. This fits with the
known incapacity of IGF-I to act as a competence fac-
tor, ie. it cannot recruit quiescent cells into the cell
cycle. We have also been able to confirm in our culture
system that rHu Epo has no BPA-like activity either.$

Thus IGF-I can function in vitro on its own as an
erythroid differentiation factor for BFU-E from normal
peripheral blood. IGF-I must also function as a growth
factor for the progenitors of burst-component colonies.
We have found that the cellularity of these colonies was
greatly increased by IGF-I whether or not Epo or reti-

" nyl acetate were present. This indicates that IGF-I can

stimulate cell proliferation within the developing burst,
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either by promoting self-renewal of the early BFU-E
itself, or by targeting progenitor cells that are later in
the differentiation sequence than the early BFU-E and
promoting their proliferation. The work in support of
the present invention appears to represent the first dem-
onstration of Epo-like activity of rHu IGF-I on burst
and colony formation from human PB MNC in a de-
" monstrably SF medium.

The SF medium of the present invention provides the
opportunity to investigate the sensitivities of human
circulating erythroid progenitors to the growth factors
that are active in erythropoiesis in vitro. We found that
these progenitors required a 100-fold higher concentra-
tion of IGF-I than of Epo to reach maximal stimulation
(FIGS. 8, 9). We further found that the result of the
combined addition of Epo and IGF-I was only partially
additive (FIG. 1). The combination of Epo and IGF-I in
the presence of IL-3 and hemin gave a greater day-14
colony-forming efficiency than either factor alone, but
less than the sum of their separate effects (FIG.1). This
observation suggests that there may be two classes of
BFU-E-derived erythroid progenitors which overlap
with respect to their sensitivities to each of these fac-
tors.

The observation that IGF-I (in the presence of IL-3)
can completely replace Epo constitutes strong evidence
for the existence of an IGF-I-dependent mechanism for
proliferation and differentiation of normal circulating
BFU-E, which can operate in vitro when Epo levels are
low or absent. That such an Epo-independent mecha-
nism might also function in vivo is suggested by the
finding that plasma from a patient with chronic renal
failure and low Epo levels could nevertheless support
erythropoiesis because of its IGF-I content.23

Vitamin A

We have found that the addition of Vitamin A (reti-
nyl) acetate or all-trans retinoic acid at physiological
concentration?® 25 (in the absence of Epo) greatly en-
hances the effect of IGF-I on erythropoiesis in vitro.
Even at ineffective concentrations of IGF-I added to
the medium, this vitamin is responsible for the expres-
sion of a background number of day-14 erythroid colo-
nies, and it synergizes with hemin in stimulating produc-
tion of increased numbers of these colonies. Retinyl
acetate or all-trans retinoic acid thus appears to act as a
potentiator of the functions of other growth factors in
the SF medium.

The invention is further described for illustrative
purposes in the following specific examples, constitui-
ing the “Most Preferred Embodiments”.

MATERIALS AND METHODS
Cell Preparations

After informed consent, peripheral blood was ob-
tained by venipuncture from healthy donors and was
immediately placed in a-minimal essential medium (a-
MEM) containing 2% fetal bovine serum (FBS)
(#8SP80219, Gibco, Grand Island, N.Y.) and 10 U/ml of
preservative-free sodium heparin (#820 5077 MF,
Gibco). Peripheral blood mononuclear cells (PB MNC)
were separated by Ficoll-Hypaque (Pharmacia, Mon-
treal, P.Q.) density-gradient centrifugation at 400X g
for 40 min.

Adherent cells were removed by 90 min exposure to
the plastic of 50 ml Falcon Tissue Culture Flasks
(#3013, Becton Dickinson, Rutherford, N.J.) in the
presence of 2% FBS-a-MEM, without agitating the
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flask at the time of removal of the cell suspension. Cell
suspensions were washed three times (400X g, 10 min),
the first wash in the presence of 2% FBS-+a-MEM,
and the subsequent two washes in a-MEM alone. Cell
counts were made with the Trypan Blue (0.4%,
#630-5250, Gibco) dye-exclusion method.

Clonal Cell Culture
Basal Serum Medium

Serum-free culture of PB MNC was performed with
a modification of the technique previously described,$
in flat bottomed 1.5 X 1.0 cm plastic wells (#76-000-04,
Flow Laboratories, MacLean, Va., now discontinued;
Nunclon Delta, Nunc, Roskilde, Denmark, SI-24 well
multidishes-#1-43982 can also be used). Between
5X10*and 1Xx 105 PB MNC were plated in 0.5 mL of
final culture medium containing a-MEM, 0.8% of 1,500
centipoise methylcellulose (Methocel A4M, premium
grade, Dow Chemical Co., Midland, Mich.), 1% fatty
acid- and globulin-free crystallized BSA I(Sigma)
which was subsequently deionized with analytical
grade Ion Exchange Resin (AG 501-X8(D), BioRad
Labs, Richmond, Calif.), 2 X 10—4M B-mercaptoethanol
(BDH Biochemicals, Poole, England), 270 pg/mL fully
iron-saturated bovine transferrin (Sigma), 7Xx10-7M
d-a-tocopherol (Clinic Products, Windsor, Ont.), 8
pg/mL L-a-phosphatidyl choline dipalmitoyl synthetic
(Sigma), 5.6 pg/mL oleic acid (Sigma), 7.8 ug/mL
porcine liver cholesterol, grade 1 (Sigma), 10 pg/mL of
each of the four deoxy- and ribonucleosides (Sigma), 2
mM L-glutamine (Sigma), 100 U/mL penicillin G and
50 pg/mL streptomycin sulfate (Gibco) (this combina-
tion of ingredients constituting a specific example of a
basal serum-free medium according to the invention).

Recombinant and Other Growth and Differentiation
Factors

E. coli-derived recombinant human somatomedin-C
(referred to as rHu IGF-I) having the natural amino
acid sequence was purchased from Amersham, Oak-
ville, Ont., or from AMGen, Thousand Oaks, Calif. The
recombinant human preparations of erythropoietin
(tHu Epo) and Interleukin-3 (rHu IL-3) were from
AMGen. Bovine type 1 hemin (ferric chloride proto-
porphyrin IX) was purchased from Sigma (#H-2250),
with ~97% purity by spectrophotometric assay. Reti-
nyl acetate was from Nutritional Biochemicals Corp.,
Cleveland, Ohio. Recombinant human SCF was a gift
from Dr. A. Bernstein (S. Linenbeld Research Inst.,
Ont.). The final concentrations of these growth and
differentiation factors used in the optimal medium were
as follow: rHu IGF-I 026 pg/mL to 2.6 pug/mlL
(3x10-% to 3x10-"M), rHu Epo 3.0 U/mL (27
ng/mL, 9X10-10M), rHu IL-3 5.5 ng/mL
(2x10-10M), rHu SCF 100 ng/mL (3 nM), retinyl
acetate or all-trans retinoic acid 3 X 10—8M, and hemin
65.2 or 163.0 pg/mL (1.0 or 2.5X 10—4M).

Petri dishes containing the wells were incubated at
37° C. in a humidified atmosphere and 5% CO; for 7 to
9 days for erythroid colonies and 14 to 16 days for
erythroid bursts. All erythroid colonies and bursts were
scored by in situ observation with an inverted micro-
scope.

Anti-Epo Antibody

Polyclonal rabbit anti-Epo antibody HCC-1400 was
obtained from Terry Fox Laboratory, Vancouver, B.C.,
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and used at a final dilution of 1:50, at which concentra-
tion it neutralizes 6 U/mL of human Epo.

Criteria cor Scoring of Erythroid Colonies and Bursts

An erythroid burst is defined as either a single colony
or a cluster of “burst-component” or “day-14" colonies,
each having at least 50 hemoglobinized cells, scored at
days 14 to 16 of growth. Hemoglobinized colonies with
< 50 cells and separated from one another could also be
observed; even when they appeared to belong to a sin-
gle burst, their counts were not included in the counts
of bursts. Contiguous colonies which collectively com-
prised at least 50 cells were scored as a burst. Burst-
component colonies, also referred to as “day-14 colo-
nies” or “subcolonies”, were easy to count and their
numbers could be considered reliable even when
crowding of the cultures made the distinction between
individual bursts questionable.

EXAMPLE 1

Comparison of the Effects of rHu Epo and rHu IGF-1
in the Presence or Absence of rHu IL-3 and Hemin

In the initial experiments, we examined the effects
growth of several growth factor permutations upon the
of erythroid day-14 burst-component colonies from PB
MNC. Accompanying FIG. 1 presents the results
graphically. On FIG. 1, triplicate or sextuplicate deter-
minations from one or several experiments are ex-
pressed as Means == S.E. FAF, GF BSA (1%) present
together with the entirety of the basal serum-free me-
dium components as described under “Clonal Cell Cul-
ture” above, was unable, by itself, to support the devel-
opment of burst-component colonies (FIG. 1, bar 1) and
the same negative result was obtained when Epo was
added (FIG. 1, bar 2), confirming that the BSA prepara-
tion employed was operationally devoid of a BPA-like
activity and that the basal serum-free medium by itself
does not support growth of primary hematopoietic
cells. Hence, in order to obtain burst-formation we
would need to add an exogenous source of BPA to the
medium. The same results showed that the recombinant
Epo preparation was equally devoid of a BPA contami-
nant, which is often present in semi-purified Epo prepa-
rations.!10 This contrasted with the results obtained
when rHu Epo alone was added to Cohn’s Fr. V BSA
(1%). Under these conditions 18+2.5 single-colony
bursts developed per 2 X 105 cells. However, the results
thus obtained with Fr. V BSA were erratic, suggesting
that this source of albumin has variable quantities of
contaminating BPA and may, at times, have none, at
least operationally.

The addition of a defined, exogenous BPA-like activ-
ity in the form of 5.5 ng/mL of rHu IL-3 was also un-
able to promote erythroid burst-formation in the ab-
sence of any added Epo (FIG. 1, bar 3), demonstrating
that the BSA employed is also devoid of an Epo-like
activity. In fact, examination of these cultures showed
the presence of morphologically erythroid-like colonies
that failed to mature, along with granulocytic and
monocytic colonies. The addition of 0.1 mM hemin to
this basal level of IL-3 did not elicit erythroid differenti-
ation of these colonies either (FIG. 1, bar 4), and addi-
tion of rHu Epo and rHu IL-3 showed the presence of
a few day-14 erythroid colonies (or single-colony
bursts) scorable only with acid benzidine (FIG. 1, bar
5). Addition of 0.1 mM hemin to the combination of
Epo and IL-3 dramatically increased the colony-form-
ing efficiency (7-fold, FIG. 1, bar 6). Under these condi-
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tions, colonies could now be scored directly in the mi-
croscope by their orange colour alone. A comparison of
bars 6 and 7 in FIG. 1 shows that, in the presence of
hemin and YL-3, addition of IGF-I could effectively
replace Epo with respect to burst formation. However,
when Epo and IGF-1 were added together (at the previ-
ously established concentrations), their combined effect
was greater than that obtained with either factor alone,
but less than the sum of their separate effects (FIG. 1,
bar 8).

EXAMPLE 2
Optimization of Serum-Free Culture Conditions

It was reported in 1982 that some retinoids can signif-
icantly increase erythroid burst formation.26 Hence, in
order to improve the efficiency of the medium, we
tested the effects of combining hemin and retinyl ace-
tate with the full complement of recombinant factors,
Epo, IL-3, and IGF-I, except for SCF. We had in this
medium previously found that, by themselves, retinyl
acetate and all-trans-retinoic acid also had an Epo-like
activity, in that they appeared to function as differentia-
tion factors.27. 22 FIG. 2 also shows that with respect to
numbers of burst-component colonies, the effect of a
combination of hemin and retinyl acetate (bar 4-bar 1)
was significantly greater than the sum of their separate
effects [(bar 2-bar 1)+ (bar 3-bar 1)), suggesting a syner-
gism, but this effect was not detectable for bursts (bar
4-bar 1) vs [(bar 2-bar 1)+ (bar 3-bar 1) ].

Together, hemin and retinyl acetate induced a 4.8-
fold increase in the number of burst-component colo-
nies and a 3.5-fold increase in the number of bursts. This
contrasts with a 2.8-fold increase in burst-component
colonies and a 2.6-fold increase in bursts obtained by
stimulation with retinyl acetate only. However, in the
presence of serum (10% FBS) and a “dirty” BSA
(Cohn’s Fr. V), no synergism was apparent (FIG. 2,
bars 6a and 7a for bursts, and 65 and 76 for colonies).
The highest number of burst-component colonies in
serum was significantly lower than that in SF medium
(bar 6 vs bar 4), suggesting the presence of inhibitory
factors in serum.

Similar results have been obtained with hemin to-
gether with all-trans retinoic acid ATRA (FIG. 3).

To find out whether ATRA behaves in the same way
as retinyl acetate, we substituted ATRA for RA (at 30
nM) in the same SF medium. We found that in the
absence of any added BPA-like activity (IL-3 or hemin)
and of any Epo-like activity (Epo or IGF-I), ATRA
was not capable by itself of supporting early colony
growth and differentiation (FIG. 3, bar 1). In the pres-
ence of Epo, the normal regulator of erythireporetic
differentiation, ATRA did not provide a BPA-like ac-
tivity in that no day-16 colony formation was detected
(FIG. 3, bar 2). In the presence of rHu-IL-3, erythroid
colonies could be morphologically recognized but no
hemoglobinization could be detected (FIG. 3, bar 3).
Substituting optimal concentrations of Epo and IGF-1
for ATRA (on an IL-3 background) yielded a compara-
ble number of day-16 colonies (not significantly differ-
ent from bar §, FIG. 3; t=2.46 for 2 degrees of freedom
and p >0.05) and a much stronger degree of hemoglob-
inization (FIG. 3, bar 6); still, other erythroid-like colo-
nies could be observed which had not matured. How-
ever, colony maturation was dramatically increased
when ATRA was added to complete the SF medium
(FIG. 3, bar 7), as it induced a 4-fold increase in the
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number of hemoglobinized d16 colonies. These findings
show that ATRA functions in a manner analogous to
RA, and strongly suggest that these retinoids act as
essential co-factors of erythroid differentiation.

EXAMPLE 3
Cell-Dose Response in an Improved SF Medium

The relation between the number of bursts produced
and the number of PB MNC plated was investigated.
The results in FIG. 4 show that, in the presence of 5.5
ng/mL of rHu IL-3, 3.0 U/mL rHu Epo, 3 X 10—3M
IGF-I, 0.1 mM hemin and 3 10—8M retinyl acetate,
the number of bursts varied linearly with the cell con-
centration between 1 and 10 104 cells/0.5 mL plated.
The regression line relating these variables extrapolated
through a point not significantly different from the
origin, suggesting that the medium is performing satis-
factorily for burst production. The efficiency of burst-
production was approximately 1 burst/1,300/PB/MNC
plated.

EXAMPLE 4

BFU-E Required for rfHu IL-3 and Hemin in the
Improved SF Medium

A titration of rHu IL-3 (FIG. 5) in the SF medium
showed that the number of day-14 burst-component
colonies varied linearly with the log of rHu IL-3 con-
centration. In the absence of added IL-3, no bursts
could be detected; the erythroid colonies that were
present had a soft orange colour and had <50 cells. At
IL-3 concentrations of up to 0.28 ng/mL, hemoglobi-
nized bursts were practically absent, but burst-compo-
nent colonies could still be recognized by their mor-
phology and a faint orange colour, even though their
number and the cellularity of each colony were very
low. Between 0.28 and 5.5 ng/mL, colony numbers
increased, they had a mean cellularity of about 100
cells/colony, and a few, much larger colonies could
also regularly be observed. A plateau of activity was
reached at 5.5 ng/mL of rHu IL-3, without any toxic
effects. From these data, we chose to use 5.5 ng/mL of
rHu IL-3 as our standard concentration of added BPA-
like activity for the improved SF medium.

In the improved SF medium, hemin facilitated visual-
ization of hemoglobinized colonies by increasing the
intensity of their colour: at 10 uM, hemin did not in-
crease the number of bursts or their colonies (FIG. 6),
but conferred on them a stronger hemoglobinization,
their colour now being a definite orange instead of the
soft, pale orange colour of the colonies present in the
absence of hemin; at 100 pM hemin, the colonies be-
came redder, and at 250 uM they seemed to attain a
maximal degree of redness. Besides this qualitative ef-
fect, which greatly facilitated in situ scoring, both the
number of day-14 bursts and the number of day-14
burst-component colonies increased linearly with in-
creasing hemin concentration between 10 and 250 pM
(FIG. 6). Over this range, the number of day-14 burst-
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tion of hemin for both maximal hemoglobinization and
number of day-14 bursts and their component colonies
derived from 105 PB MNC was 250 uM. At this cell
density, the 500 uM concentration of hemin was too
high for purposes of colony and burst enumeration;
colony growth became practically confluent as early as
day-12, and by day-14 some lysis was detectable. Still
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higher concentrations tested (I mM) were toxic and
resulted in widespread lysis of cells in the colonies.

EXAMPLE 5

Titration of rHu IGF-I in the Absence of Epo, with and
without Retinyl Acetate

Next, we titrated the npumber of burst-component
colonies against rHu IGF-I concentration, in the ab-
sence of Epo or retinyl acetate (FIG. 7). At low concen-
trations (<10—10M), the number of erythroid burst-
component colonies was significantly lower than would
have been expected if we extrapolated back the linear
component of the response curve between 10—10 and
3IX10-10M IGF-I (FIG. 7, lower curve, closed
squares). This suggests that a threshold concentration of
IGF-I may be necessary for erythroid burst-component
colony formation to be detected. Titration of burst-
component colonies against rHu IGF-I concentration,
using the same PB MNC but performed in the presence
of retinyl acetate (also without Epo), showed that the
effect of IGF-I was proportional to the log of its molar-
ity, between 3 10—11 and 3 10—8M, without having
reached a plateau of activity at the highest concentra-
tion tested (FIG. 7, upper curve, closed circles). Ac-
cordingly, the half-maximal stimulation must be
>3X10-10M (>2.6 ng/mL). At 3x10—12M,rHu
IGF-I appeared to be ineffective against a background
of early erythroid colonies which were apparently pro-
moted by the presence of the retinoid at a concentration
of 3 10—8M. Once again, retinyl acetate at the highest
effective concentration greatly enhanced (~ 5-fold) the
number of burst-component colonies scored.

EXAMPLE 6

Comparison of the Titration of rHu Epo and rHu IGF-I
Under Optimal SF Conditions for Burst-Production

The effects of either Epo or IGF-I on the production
of burst-component colonies, each titrated in the im-
proved SF medium, but in the absence of the other GF,
were compared. The results are expressed as raw data
(FIGS. 8A and 8B) and as percentage of the maximal
stimulation observed with each GF (FIG. 8C). The Epo
dose-response curve (continuous line joining the closed
circles) is the mean of 3 separate experiments from dif-
ferent donors. Epo in our medium showed the familiar
type of dose-response curve, plateauing at 3-6 U/mL or
9-18X10—-19M (Epo mol. wt. 34,000). Below
2X 10— 1M rHu Epo, the number of burst-component
colonies lay within the background level induced by
retinyl acetate alone, in the absence of any Epo or IGF-
I. From this normalized Epo curve, the half-maximal
stimulation of the hormone upon burst-component col-
ony formation was 2.7X10—10M (0.89 U/mL), which
corresponds to an Epo protein concentration of 8.1
ng/mL.

A rHu IGF-I titration from 2 experiments with differ-
ent donors is also shown in FIG. 8B (one in closed
circles, the other in open squares). Each is expressed
both as raw data (FIG. 8B) and as a percentage of its
own maximal effect (FIG. 8C). It is apparent that the
concentration of rHu IGF-I needed to reach maximal
activity (at 10-7M) is nearly two logs of molarity
higher than what we have observed with Epo in the
same medium. Between 3X 10—!! and 3Xx10—7M rHu
IGF-I, the number of burst-component colonies varied
proportionately with the log of IGF-1 concentration, its
half-maximal stimulation lying around 6.5X10—10M
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IGF-1, which corresponds to a protein concentration of
5.6 ng/mL. It is worth remarking that the overall num-
bers of burst-component colonies obtained by stimula-
tion with each growth factor alone, as seen at plateau
concentrations, were not significantly different from
one another (a range of 462 to 503 colonies/105 MNC
for all 5 experiments).

"~ Titration of rHu Epo and rHu IGF-I expressed in
terms of the number of bursts produced (FIG. 9A) and
as a percentage of their maximal effect (FIG. 9B)
showed that the differential sensitivities to the respec-
tive growth factors were approximately the same as
those observed for burst-component colonies, both for
the proportional and the plateau components of the
curves. From the actual numbers obtained in all these
experiments we calculated the number of burst-compo-
nent colonies per burst both at the background level of
retinoids (i.e. in the absence of both IGF-I and Epo, or
at their ineffective concentrations), and at their plateau
levels. The value of background averaged 1.7 colonies
(with =50 cells each) per burst (77 colonies per 42
bursts/ 105 MNC); the values at plateau averaged 4 colo-
nies per burst (467 colonies per 116 bursts) at maximal
IGF-I stimulation and 5.4 colonies per burst (488 colo-
nies per 91 bursts) at maximal Epo stimulation. This
shows that one of the actions common to both growth
factors is to enhance the proliferation of BFU-E-
derived progenitors within each burst.

EXAMPLE 7
Effect of Anti-Epo Antibody

These experiments showed, under optimal condi-
tions, that IGF-I can substitute for Epo in the produc-
tion of erythroid bursts. An investigation was con-
ducted to determine whether erythroid bursts would
develop under the influence of IGF-1 in the presence of
antibody directed against Epo. In FIG. 10, bar 1 shows
the number of bursts obtained in the full SF medium but
lacking IGF-I, with 6.0 U/mL of Epo. Comparison
with bar 4, in which anti-Epo antibody was added to the
same medium containing Epo, shows that the antibody
was effective in inhibiting burst formation that was
dependent on Epo. Bar 3 shows that burst formation
under the influence of IGF-I was not affected by the
same anti-Epo antibody. Similar results were obtained
when the day-14 cultures were scored for burst-compo-
nent colonies. This conclusively demonstrates that the
production of erythroid bursts under the influence of
IGF-I does not occur through an Epo-dependent mech-
anism. Bars 4 and 5 show that in this SF medium a
limited number of bursts form which do not require
either Epo or IGF-I, and the anti-Epo antibody has no
effect on their development. Evidently, the presence of
IL-3, hemin and retinyl acetate or all-trans-retinoic acid
is sufficient to support the production of these “Epo-
and IGF-I-independent bursts”.

EXAMPLE 8

Role of Accessory Cells in Burst Production in An
Improved SF Medium

The experiments described thus far were done with
Ficoll-Hypaque density gradient-separated cells, and
they provided information on the growth factor re-
quirements of human erythroid progenitors among PB
MNC, against a SF background. To find out whether or
not accessory cells play a role under these conditions,
we removed plastic adherent cells. FIG. 11 shows that
production of erythroid bursts could be completely
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eliminated by this procedure, despite the presence of
IL-3, hemin, retinyl acetate, Epo and IGF-I at what
would otherwise be optimal concentrations. Thus ac-
cessory cells clearly still play a crucial role in the pro-
duction of erythroid bursts by PB MNC in the im-
proved SF medium.

EXAMPLE 9

Effect of Recombinant Human Stem Cell Growth
Factor as a Replacement for Adherent Cells

Recombinant human (rHu) SCF was added to the SF
cultures of Ficoll-Hypaque density gradient separated
MNC which had been exposed to 1.5 hours’ adherence
to plastic.

When the rHu SCF was added to cultures of un-
treated PB MNC under SF conditions at concentrations
ranging from 30 to 1500 pM (1 to 50 ng/mL) in the
absence of IL-3, they showed virtually no change in the
number of bursts (FIG. 12A closed circles) or of burst-
component colonies (BCC) (FIG. 12B, closed circles).
In the presence of 0.8 nM rHu IL-3, no significant in-
crease (t=2, with 2 df and p>0.1) in burst-formation
was observed at 1.5 nM rHu SCF (FIG. 12A open
circles). In contrast, adherent celldepleted PB MNC
showed a significant increase of burst- and BCC-forma-
tion upon the addition of as little as 30 pM rHu SCF
(FIGS. 12A and 12B, closed squares), but no increase
upon the addition of IL-3 (in the presence of hemin and
1.5 or 3.0 nMrHu SCF). The control point shown in
parentheses (closed squares at 0 rHu SCF in FIG. 12B)
represents erythroid colonies with <50 cells (an aver-
age of 25) which are promoted by the BPA-like action
of hemin alone and were tentatively grouped as clusters,
possibly equivalent to undeveloped bursts (FIG. 124,
closed square in parentheses). Some of these small he-
min-dependent colonies approached the 50-cell size,
and the effect of rHu SCF, under these conditions (in
the absence of IL-3), was to increase the cellularity (up
to 200 cells) of the BCC; it also rendered the colonies
rounder and more compact. It thus allowed full burst
development.

A comparison of the effects of rHu SCF and of the
two defined BPA-like activities used in our SF medium
(28), hemin and rHu IL-3, upon burst-formation shows
that optimal conditions for burst-formation appeared to
require the presence of all three factors, rHu IL-3, rHu
SCF and hemin (FIG. 12C, open bar 3), even though
the addition of rHu IL-3 to both hemin and rHu SCF
did not significantly increase the number of BCC ob-
served (cf open bars 2 and 3, FIG. 12D). Removal of
adherent cells appeared to prevent the capacity of
hemin to promote erythroid colonies large enough for
them to be classified as BCC; the number of erythroid
colonies with 20 to 50 hemoglobinized cells (FIG. 12D,
striped bar 1) and of “undeveloped bursts” (FIG. 12C,
striped bar 1) were fewer than the number of BCC and
bursts formed in the absence of hemin (FIGS. 12C and
12D, closed bars 4). Finally, addition of rHu IL-3 to a
combination of hemin and rHu SCF did not signifi-
cantly increase the number of bursts obtained with
hemin and rHu SCF alone (cf closed bars 2 and 3, FIG.
12C) and only marginally increased the number of BCC
obtained with hemin and rHu SCF (cf closed bars 2 and
3, FIG. 12D).
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EXAMPLE 10

Effect of Proliferation-Promoting Growth Factors
(Hemin, rHu-IL-3 and rHu SCF) upon Multi-lineage
Hematopoietic Colonies from Human Bone-Marrow

Normal bone-marrow mononuclear cells (BM MNC)
- separated and washed as described in Materials and
Methods for PB MNC were grown in the basal serum-
free medium, together with 3.0 u/mL of rHu Epo,
3X 10—3M rHu IGF-1 and 3 X 10—8retinyl acetate, with
different combinations of proliferation-stimulatory ac-
tivities (250 pM Hemin, 10 ng/mL rHu IL-3 and 50
ng/mL rHu SCF). Hemin is necessary to detect both
erythroid (CFU-E- and BFU-E-derived) and non-ery-
throid (CFU-GM-derived) colonies (FIG. 13 bars 1),
but the numbers of these colonies are significantly in-
creased by the addition of rHu IL-3 (bars 2). The addi-
tion of rHu SCF in the absence of rHu IL-3 further
increased the levels of these colonies over those ob-
tained with rHu IL-3 in the absence of rHu SCF (CP.
bars 3 and 2), and expression of multi-lineage CFU-
GEMM-derived colonies could be observed under
these conditions (Cp. open bar 3). Lastly, optimal levels
of all four types of colonies were obtained when Hemin,
rHu IL-3 and rHu SCF were all added together, making
the medium complete (bars 4).

Results shown in FIG. 14 were obtained using human
bone-marrow mononuclear progenitor cells from pa-
tients with Diamond Blackfan Anemia (DBA). Bars 1 of
FIG. 14 are comparable to bars 1 of FIG. 13 as obtained
under the same culture conditions (complete medinm
minus rHu IL-3 and rHu SCF). Bars 2 of FIG. 14, how-
ever, show that DBA patients have dramatically fewer
CFU-E (late erythroid progenitors) and BFU-E (early
erythroid progenitors) than normals do (CP bars 3 of
FIG. 13) when rHu SCF is added to Hemin in the ab-
sence of rHu IL-3. Finally, the addition of rHu IL-3 to
Hemin in the absence of rHu SCF (FIG. 14, bars 3)
exhibited the same greatly diminished expression of
erythroid bone-marrow progenitors in DBA but it also
indicates a greater expression of non-erythroid (CFU-
GM) progenitors in DBA than in normals (CP. open bar
3 from FIG. 14 with the more densely stippled bar 2 of
FIG. 13).

EXAMPLE 11

Erythroid Colony Formation by Polycythemia Vera
Primary and Continuous Cell Populations in an
Improved SF Medium

FIG. 15 shows the cell-dose response curve for burst-
formation by PB MNC from a Polycythemia vera (PV)
patient in our novel SF medium, without rHu SCF
(closed circles) and without both rHu SCF and rHu
Epo (stippled circles). In both instances, the medium
contained 10 ng/mL rHu IL-3, 0.25 mM Hemin,
3X10—-8M retinyl acetate and 3X 10—8M rHu IGF-1.
Where indicated rHu Epo was employed at 3 U/mL.
Either curve of FIG. 15 extrapolates through points not
significantly different from the origin, indicating that,
with or without rHu Epo, our novel SF medium is
performing satisfactorily for burst-formation by PV PB
MNC.

The improved SF medium performs equally well for
an analysis of “CFU-E-like” and “BFU-E-like” ery-
throid colonies obtained from an immortalized cell line
isolated from the peripheral blood of another PV pa-
tient, as is shown by the two curves of FIG. 16, one for
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day 7 erythrocytic-like colonies (open circles) and the
other for day-14 burst-like colonies (closed circles).

EXAMPLE 12

Presumed Autocrine Growth of a Bi-Phenotypic
Leukemia Cell Line in SF Medium

A bi-phenotypic leukemia cell line (B-1) from a pa-
tient with ALL (Acute Lymphoblastic Leukemia) was
studied for its growth characteristics in our novel SF
medium. Growth could be detected with the basal SF
medium alone (in the absence of all peptide growth
factors, namely rHu IL-3, rHu SCF, rHu EPO and rHu
IGF-1, as well as in the absence of Hemin and reti-
noids), as shown in bar 2 of FIG. 17A. Subtraction of
d-a-tocopherol from the basal SF medium significantly
diminished the viability of those biphenotypic leukemic
cell day-9 colonies (bar 1, FIG. 17A) whereas addition
of retinyl acetate further increased their growth (bar 3,
FIG. 17A). These results indicate that B-1 cells can
grow in the basal SF medium alone, in the absence of
any growth-stimulating activities, presumably by means
of an autocrine mechanism.

It is likely that this mechanism involves the secretion
of IGF-1 by these cells, inasmuch as the addition of
IGF-1 alone to the basal SF medium nearly tripled the
number of B-1 colonies (of bars 2 and 1 of FIG. 17B).
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What we claim is:

1. A basal serum-free medium for maintaining cells
selected from the group consisting of hematopoietic
stem cells, hematopoietic progenitor cells and leukemia
cells, the medium consisting of:

a minimum essential medium;

from 1 pg/mL to 100 mg/mL of each of adenine

deoxyriboside, thymine deoxyriboside, guanine
deoxyriboside and cytosine deoxyriboside;

from 1 pg/mL to 100 mg/mL of each of adenine

riboside, uridine riboside, guanine riboside and
cytosine riboside;

from 0.1 mM to 20 mM final molarity of L-glutamine;

from 1 mg/mL to 100 mg/mL of an albumin which is

deionized, fatty-acid free and globulin-free, and
which is selected from the group conmsisting of
bovine serum albumin, human serum albumin and
recombinant albumin;

from 1 pg/mL to 1 mg/mL of a human or bovine

transferrin;

from 0.1 pg/mL to 100 pg/mL of a phosphatidyl

choline;

from 0.1 pg/mL to 100 ug/mL of a C16-Cp4 unsatu-

rated fatty acid;

from 0.1 pg/mL to 100 pg/mL of a cholesterol;

from 1 puM to 1 mM final molarity of at least one

bioacceptable antioxidant;

and from 0.1 pg/mL to 250 pg/mL of at least one

antibiotic substance

wherein (i) the medium is essentially free of burst

promoting activity, and (ii) the cells do not prolif-
erate in the medium.

2. The basal serum-free medium of claim 1 wherein
the phosphatidyl choline is synthetic L-a-phosphatidyl
choline dipalmitoyl.

3. The basal serum-free medium of claim 2 wherein
the unsaturated fatty acid is linoleic acid or oleic acid.

4. The basal serum-free medium of claim 3 wherein
the cholesterol is porcine liver cholesterol.

5. The basal serum-free medium of claim 4 wherein
the antioxidant is selected from the group consisting of
B-mercaptoethanol, a-thioglycerol and combinations
thereof.

6. The basal serum-free medium of claim 5 wherein
the antibiotic substance is selected from the group con-
sisting of sodium penicillin G, streptomycin sulphate
and combinations thereof.

7. The basal serum-free medium of claim 6 further
including from 0.1 mg/mL to 10 mg/mL of a bio-
acceptable semi-solid or viscous matrix material se-
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lected from the group consisting of methylcellulose,
agar and agarose.

8. A serum-free culture medium for the growth and
differentiation of cells selected from the group consist-
ing of hematopoietic stem cells, hematopoietic progeni-
tor cells, and leukemia cells, whereby said medium is
- free from indigenous cell growth factorsand consists of:

(2) a basal serum-free medium as defined in claim 1;

(b) at least one growth-promoting agent selected

from the group consisting of heme or hemin in an
amount of from 50 pM to 1 pmM, interleukin-3 in
an amount from 0.1 ng/mL to 1 pg/mL, and re-
combinant human stem cell factor in an amount
from 0.5 ng/mL to 1 pg/mL; and

(c) at least one cell differentiation-promoting agent

selected from the group consisting of erythropoie-
tin in an amount of from 0.1 ng/mL to 1 pg/mL,
insulin-like growth factor in an amount from 1
pg/mL to 1 pg/mL, and a retinoid in an amount
from 0.1 nM to 0.1 mM.

9. The culture medium of claim 8 wherein the cell
differentiation promoting agent is erythropoietin.

10. The culture medium of claim 9 wherein the
growth promoting agent is interleukin-3.

11. The culture medium of claim 10 wherein the
growth promoting agent is recombinant human stem
cell factor.

12. The culture medium of claim 11 which includes
insulin-like growth factor 1.

13. The culture medium 12 which includes hemin as
the growth promoting agent.

14. The culture medium of claim 13 which includes a
retinoid selected from the group consisting of retinoic
acid and lower alkyl esters of retinoic acid.

15. The culture medium of claim 14 wherein the reti-
noid is retinyl acetate.

16. The culture medium of claim 14 wherein the reti-
noid is all-trans retinoic acid.

17. The culture medium of claim 16 wherein the basal
serum-free medium consists of:

a minimum essential medium;

from 1 pg/mL to 100 mg/mL of each of adenine

deoxyriboside, thymine deoxyriboside, guanine
deoxyriboside and cytosine deoxyriboside;

from 1 pg/mL to 100 mg/mL of each of adenine

riboside, uridine riboside, guanine riboside and
cytosine riboside;

from 0.1 mM to 20 mM final molarity of L-glutamine;

from 1 mg/mL to 1 mg/mL of an albumin which is

deionized, fatty-acid free and globulin-free, and
which is selected from the group consisting of
bovine serum albumin., human serum albumin and
recombinant albumin;
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from 1 pg/mL to 1 mg/mL of a human or bovine
transferrin;

from 0.1 pg/mL to 100 pg/mL of synthetic L-a-
phosphatidyl choline dipalmitoyl;

from 0.1 pg/mL to 100 pg/mL of a C¢-Cy4 unsatu-
rated fatty acid selected from the group consisting
of linoleic acid, oleic acid and combinations thereof

from 0.1 pg/mL to 100 pg/mL of a cholesterol;

from 1 uM to 1 mM final molarity of at least one
bioacceptable antioxidant selected from the group
consisting of B-mercaptoethanol, a-thioglycerol
and combinations thereof; and

from 0.1 pg/mL to 250 pg/mL of at least one antibi-
otic substance selected from the group consisting
of sodium penicillin G, streptomycin sulphate and
combinations thereof.

18. The culture medium of claim 16 wherein the basal

serum-free medium consists of:

a minimum essential medium;

from 1 pg/mL to 100 mg/mL of each of adenine
deoxyriboside, thymine deoxyriboside, guanine
deoxyriboside and cytosine deoxyriboside;

from 1 pg/mL to 100 mg/mL of each of adenine
riboside, uridine riboside, guanine riboside and
cytosine riboside;

from 0.1 mM to 20 mM final molarity of L-glutamine

from 1 mg/mL to 100 mg/mL of an albumin which is
deionized, fatty-acid free and globulin-free, and
which is selected from the group consisting of
bovine serum albumin, human serum albumin and
recombinant albumin;

from 1 pg/ml to 1 mg/mL of a human or bovine
transferrin;

from 0.1 pg/mL to 100 pg/mL of synthetic L-a-
phosphatidyl choline dipalmitoyl;

from 0.1 pg/mL to 100 pg/mL of a C16-Cz4 unsatu-
rated fatty acid selected from the group consisting
of linoleic acid, oleic acid and combinations
thereof;

from 0.1 ug/mL to 100 pg/mL of a cholesterol;

from 1 pM to 1 mM final molarity of at least one
bioacceptable antioxidant selected from the group
consisting of B-mercaptoethanol, a-thioglycerol
and combinations thereof;

from 0.1 pg/mL to 250 pg/mL of at least one antibi-
otic substance selected from the group consisting
of sodium penicillin G, streptomycin sulphate and
combinations thereof; and

from 0.1 mg/mL to 10 mg/mL of a bio-acceptable
semi-solid or viscous matrix material selected from
the group consisting of methylcellulose, agar and
agarose.

19. The basal serum-free medium of claim 1 further

including from 100 oM to 1 mM of d-a-tocopherol or an

ester thereof.
* * % * *
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