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1.7 Hematopoiesis

1.1.1 Hematopoiesis 10 vivo

The maintenance of blood cell function requires the continuous production, differentiation and
maturation of considerable numbers of cells with very diverse functions. These celis originate
from common ancestors, i.e. pluripotent hematopoietic stem cells.3%32'® The stem celis, which
reside in the bone marrow, are able to renew themselves and 1o produce daughter ceils. These
divide further into lineage committed cells and differentiate along separate pathways: the eryth-
roid, myelo-monocytic, megakaryocytic and lymphoid kneages. Eventuzily the functional end-
cells like erythrocytes. monocytes, granuiocytes, megakaryocytes/plateiets and lymphocytes are
formed (Fig.1). The presence of a sufficient number of stem cells ensures the ability of the body
to keep up a constant supply of blood cells. Various regulatory mechanisms permit this dynamic
system 1o raise an adequate response to fluctuating needs, e.g. during infection or blood loss,

and result in increased production of the desired cell types.

1.1.2. Hematopoiesis in vitrg

Research on blood formation has traditionally besn morpholegical, based on the recognition and
quantification of the maturation-phases of the varicus blood cell lineages in a stained smear of
blood or bone marrow. This approach gives no detailed information with respect 1o regulation of
the production of blood celis. With the deveiopment of in viro clonogenic assays tools for
research regarding the function of the bone marrow as the bicod cell producing organ came
within reach.

Certain cells in the bone marrow demonstrated the ability to form colonies in vitro when
incubated in a suitable culture medium for one or two weeks.®1 82127/ 130.230.257 The prggenitor
cell able 1o form such & colony {a group of at ieast 50 daughter cells) was designated "colony-
forming unit™ {CFU), and eventually these observations led 10 the postulation of a hierarchical
system of immature and mature CFUs {Fig.1).
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Figure 1. The hierarchical system of hematopoiesis from pluripotent stem cell to functional end

cells.



The various types of CFUs or "hematopoietic progenitor celis”™ are listed in table 1.1.

table 1.7 Nomenclature of progenitor celis
Cru Composition of colony
CFU-Blast blast cells
CFU-GEMM granulogytes, erythrocytes, monocytes and megakaryocytes
CFU-GM granulocytes, monocytes
CFU-G neutrophilic granulocytes
CFU-Eo eosinophilic granulocytes
CrU-Baso basophilic granulocytes
CFU-M moenocytes/macrephages
CFU-Mega megakaryocytes
BFU-E (nucleated} ervthrocytic cells

Proliferation, differentiation and maturation of hematopoietic progenitor ceils as well as
reactions 1o stress are regulated by hematopoietic growth factors that are produced by a variety
of cells. initially, humoral factors were not available as pure factors and had to be added to in-
vitro culures as impure conditioned media. The advent of recombinant DNA-technology and the
cloning of cONA of several hematopoietic growth factors represented a major development in
experimental hematology and created new possibilities 10 unraval the regulation of bone marrow
progenitor celi growth.

In this chapter the current knowledge of the regulation of hematopeietic progenitor cell growth
will be introduced. Chapters 2 to 7 'describe the experimental work that forms the basis of this
thesis. The last chapter is 2 general discussion of the presented data. An appendix describes
the development and characteristics of the clonogenic culture system used for the investiga-
tions of this thesis.
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1.2 Growth factors and cytokines involved in the regulation of hematopoiesis

The hematopoietic growth factors and cytokines that are subject of the experimental work of
this thesis will be briefly introduced here. We shall first discuss the major hematopoietic growth
factors IL-3, GM-CSF, G-CSF and M-CSF, followed by the modulating cytokines 1L-6, IL-1 and
TNF-a.

1.2.13 interleukin-3

Most growth factors were initially discovered in the murine species. interleukin-3 was the first
raurine growth factor 1o be molecularly cioned.”™®'*%® |t wook until 1986 before a gibbon IL-3
was cloned ' which appeared almost identical to human IL-3. At about the same time human
IL-3 was identified and cloned by virtue of its homology {83%) to certain A-T rich rapetitive
sequéences in the 3’ terminal region of murine IL-3.”" The mature polypeptide has a length of
133 amino acids with a molecular weight of 15 kD. Others have also succeeded in cloning
human 1L-3.22° The celluiar source of IL-3 in humans is restricted t0 3 small fraction of lectin-
stimulated T-iymphocytes and NK-cells, 22134

The biologic activity of murine IL-3 is broad and encompasses erythroid, myeloid and mixad
progenitor cells as targets.”’®1951222%1 4 number of studies using the gibbon IL-3 preparation of
Yang et ai®*® demonstrated that this 1L-3 induced colony formation from human progenitors of
the granulocyte, macrophage, eosinophil and megakaryocyte lineages and, when combined with
Epo, alsc from erythroid and mixed progenitor cells.’58192.198.272 Muman |L-3 also expressed a
relatively broad spectrum of stimulation: progeniter cells from the erythroid, myeloid and mixed
lineages were induced to colony formation in vitro, 7231255 35 were megakaryocytic progeni-
tors.'®! The activity of IL-3 on early progenitors is also illustrated by its effect on the blast-colo-
ny forming ceil. This CFU-blast is responsive 1o IL-3 and 1L-5.196.157.222

IL-3 has effects on mature cells as well: this especisily applies to eosinophils. Functional
properties of eosinophils are enhanced by IL-3. Thus [L-3 increases killing of antihody-coated
target cells, enhances survival of eosinophils in vitro, augments proteoglycan synthesis and
increases production of superoxide anions in eosinophils,198.199.252.2%3 gGeamentad neutrophils are
not activated by IL-3.'7° Basophilic granulocytes alsa express IL-3 receptors and acguire a
differentiated phenotype following stimulation with IL-3. Histamine however is not released by
basophils foliowing stimulation with 1L-3.3'%3'% Monocytes express IL-3 receptors and foliowing
stimulation monocyte survival is enhanced.” IL-3 augments antibody dependent cytotoxicity of

356

monocytes>?® and increases the expression of TNF mBNA.3¢
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1.2.2 Granulocvie-macrophage colonv-stimulating factor (GM-CSFH)

The murine GM-CSF gene was molecularly cloned shordy after murine IL-3.%° The recombinant
product stimuiates preferentizily granulocyte and macrophage progenitors and at high concen-
srations also eosinophil, megakaryecyte and erythroid progenitors {reviewed by Metcalf'%7).

The human GM-CSF gene was the first human hematopoietic growth factor gene that was
molecularly cloned. The gene was first isclated from the GM-CSF-producing HTLV-transformed
T-lymphoblast cell line Mo.**7 The purified recombinant protein had a molecular mass of 18 to
24 kD. Other groups subsequently reported the cloning of the GM-CSF gene.?541138.15% Contrary
e IL-3, GM-CSF is an ubiquitocus growth factor produced by remarkably diverse cell types in
various fissues, i.e. activated T-iymphocvtes, endothelial celis, fibroblasts, keraunocyies and
monoCytes (table 1.2).

GM-CSF acts as a multipotential hematopoietic growth factor. 1t stimulates granulocyts-
macrophage and eosinophil progenitors as well as megakaryocytic and mixed progeni-
tors,191-187.270.286.308 5\MCSF In fact expresses BPA (burst promoting activity) and stimulates
ervthroid colony formation in association with erythropeietin,58.190.200.262.285 [nivatiy though some
groups had failed to show a significant stimulatory effect of GM-CSF on CFU-mix¥®25% and
BFU_E_78.203

table 1.2 GM-CSF producing celis

cell type stamulus for references
GM-CSF production

T-lymphocyte lectins 227
1L-1 111, 342
endothelium iL-1 28, 88, 261, 262, 273-275
TNF 28, 30, 261, 273, 275
fibroblasts -1 86, 137, 275
TNF 275
keratinocytes -1 147
monocytes -1 275
TNF 275
agherence + LPS 161
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GM-CSF has effects on matwre cells as well. It enhances the lysis of antibody coated target
cells and phagocytosis of bacteria by neutrophils®® 198188 a5 welt as the N-formyimethionyi-
leucyiphenyialanine {(FMLP) induced superoxide anion production by neutrophils concomitantly
with an ingrease in FMLP-receptors.®35-188.217.293.331.332 gynression of the leucocyte-adhesion
molecules Mo1, LeuMbS and LAM-1 on the surface of neutrophils increase following GM-CSF
stimulation.*¥719" GM-CSF stimulated eosinophils exhibit enhanced cytotoxicity against op-
sonized target ¢cellg?5199788.277 and an increased rate of protesglycan-synthesis.®? IL-1 produc-
tion and HLA-DR expression of macrophages are upregulated by GM-CSF.?®2 GM-CSF enhances
the antibody dependent cytotoxicity of monocytes against tumor cells®3%8 via a TNF-dependent
mechanism.®® The fungicide activity of macrophages against Candida albicans increases through
superoxide anion production following stimulation with GM-CSF.283 Adherence of monocytes to
endothelium is aiso enhanced by GM-CSF. Endothelial cells themseives are Induced to migrate
and proliferate under the influence of GM-CSF®

Finally GM-CSF acts as an inducer of the production of saveral ¢ytokines by mature bleed cells.
Thus GM-CSF may increase the RNA-accumulation as well as the protein production of IL-1,
TNF, M-CSF and G-CSF in monocytes! 18228280320 and 1t G, [i-1, TNF-g, G-CSF and M-CSF in
neutrophils.*8-185.158 Thege abilities emphasize the important role of GM-CSF in the reguiation of
hematopoiesis. GM-CSF can initlate a range of regulatory cascades through the induction of

other factors.

1.2.3 Granulocvte colony-stimulating factor (G-CSF)

Murine G-CSF was cloned in 1886.%"" The human G-CSF gene was cloned from a squamous cell
carcinoma line {CHU-2)2"% and from the 5637 bladder carcinoma cell line?®® using a synthetic
oligonuclectide probe. The moiecular mass of G-CSF is 19.6 kD. G-CSF may be produced by
monocytes, endothelial cells and fibroblasts (table 1.3).

Initially G-CSF was considered a growth factor with pluripotent activity, hence it was named
pluripoietin.®®? Later it became apparent that piuripoietin and G-CSE were identical.?®' It is now
clear that G-CSF is mainly a late-acting, lineage restricted growth factor, stimulating the
outgrowth of neutrophilic colonies.28%203.231.288.357 However there is evidence indicating that G-
CSF may also influence immature cells in vitro. G-CSF for instance synergizes with IL-3 in the
stimulation of blast cell colony formation in mice,’?* an observation which was later extended to
humans.?*® These findings however await further confirmation.

Mature neutrophils express high-affinity G-CSFE receptors®'® and show increased oxidative
metabolism in response to agonists like FMLP.%?'7 Furthermore interferon-g is produced by
neutrophils after stimulation with G-CSE.2%¢
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whle 1.3 G-CSF producing cells

ceil type stimulus for references
G-CSF production

monocytes LPS 161, 275, 320
lecting 227
iL-4 340
GM-CSF or iL-3 228
endothelium -1 29, 88, 261, 275
TNF 30, 261, 275
fibroblasts -1 86, 275
TNF 144, 275

1.2.4 Macrophage colony-stimulating factor (M-CSF)

The cloning of the murine M-CSF gene®® was accomplished somewhat later than that of the
human equivalent.'38:2%8.3%8 S heequent research revealed that M-CSF mRNA exists as muitipie
species ranging from 1.5-4 kilobases.?*? M-CSF is provided by menocytes/macrophages which
arg at the same time the prime targets for M-CSF. Other M-CSF producers are endothelial calls,
fibroblasts and keratinocytes (1able 1.4). Possibly M-CSF is produced constitutively, i.e. without
external stimulation, by monocytes, endothelium and fibroblasts.?™®

Human M-CSF induges the formation of macrophage colonies from human hematopoietic

progenitor cells!38-2¢7

although not as efficiently as compared to the activity of murine M-CSF in
mice.52 In humans macrophage colonies are much more efficiently induced by M-CSF in the
presence of small amounts of GM-CSF,42

The effects of human M-CSF on mature cells are confined 10 the monocyte-macrophage lineage.
M-CSF induces macrophages to produce interferon, TNF and IL-1%%7 and it enhances antibody
dependent cytotoxicity by macrophages in mice?' and man.?%%%%% Fyrhermore M-CSF induces
the rnigration of monocytes via increased chemotaxis,>** enhances monocyte survival in vitro'®

and increasas the twmoricidal activity of murine and human mongcytes. 248258300
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table 1.4 M-CSF producing cells

cell type stimuius for references
M-CSF production

menocoytes phorbolesters 117, 119, 227, 248
LPS 161
IEN-y 249
TNF-¢ 226
-3 320
GM-CSF 118, 320
-4 340
endothelium 1 88, 261, 275
TNE 281, 275
fibroblasts -1 86, 275
"activators™ 80
keratinocytes LPS 43
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1.2.5.1 Other cytokines that affect hematopoigsis

Apart from the four ciassical hematopeietic growth factors IL-3, GM-CSF, G-CSF and M-CSF,
other cyiokines may influence hematopoiesis. These cytokines are listed in table 1.5. IL-6, IL-1
and TNF, which are part of the experimental work described in this thesis, will be briefly

disgussed.
table 1.5 Non-classical growth factors affecting hernatopoiesis

cytokine effect references

SCF stimulation of primitive 32, 183, 184, 358
hematopoiesis

-4 co-stimulation with G-CSF; inhibition 57, 287, 340, 321
of IL-3 effect; proliferation of
B-lymphocytes

iL-5 stimulation of CFU-Eo 37, 54, 286

IL-7 proliferation of B- and 47, 85, 337
T-lymphocytes

-8 chemotactic cytokine for neutro- 148, 1886
phils and T-lymphocytes

-9 enhancement of BFU-E formation 116, 176, 352

IL-10 enhancement of proliferation of 208
T- and B-lymphocytes and mast cells

11 enhancement of proliferation of 234, 288, 312
CFU-blast and CFU-Mega

TGFB inhibition of BFU-E and CFU-GEMM, 85, 225, 230, 288
enhancement of CFU-GM formation

PDGF enhangement of BFU-E and CFU-GEMM 1335, 198
formation

IGF enhancement of BFU-E and CFU-G 58, 195
formation

IL-6 see § 1.2.6.2

1L-1 see §1.2.6.3

TNF see £ 1.2.6.4
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1.2.5.2 interleukin-8

-6 is a pleiotropic cytokine that exerts important effects on hematopoiesis (reviewed by Le &
Vileek'®%). Before the name interleukin-6 was accepted?®® the cytokine had been variousiy
labelled interferon-B2, B-cell stimulating factor-2,%5%2%%307 hybridoma growth factors'? and
hepatocyie stimulating factor.®* Weissenbach et al®® first succeeded in isolating and cloning an
IL-6 ¢DNA. Later several groups independently cloned the same gene.?'%%1'2 The maolecular
mass of the -6 protein is 20,8 kD. IL-6 may be produced by fibroblasts, monocytes,
endothelial and epithelial cells (table 1.6).

table 1.6 iIL-6 producing celis

cell type stimulus for references
IL-6 production

monocytes serum 1, 74, 120, 188, 308
LPS
IE-1

fibroblasts -1 55, 145, 146, 188
TNF
PDGF
LPS

endothelium 1L-1 129, 188, 279
TNF
LPS

neutrophils GM-CSF 48
TNF
LPS
PMA

T-lymphocytes PHA 120
TPA

B-lymphocytes SAC 120
L4 281

IL-6 has been reported not to stimulate colony growth from human bone marrow?>? but also to

induce low numbers of CFU-G*® and even to inhibit G-CSF induced colony formation. 32 These
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studies were done with bone marrow cells at different levels of enrichment. Most likely the
presence of various amounts of accessory cells has influenced these dissimilar results.

A positive effect on megakaryocytopoiesis has been noted and has initially been interpreted as
an indiract effect of 1L-6.%% Later evidence however showed that megakaryocytes produce IL-5
and express IL-6 receptors as well, suggesting that terminal megakaryoeyte differentiation may
be regulated by autocrine iL-B stimulation.'®® Inevitro experiments demonstrated 2 synergistic
effect of IL-8 on IL-3 induced megakarvoeytic colony formation, 3%

I-6 indirectly induces profiferation of immature blast ¢olony forming cells. 1L-6& has been
reported 1¢ synergize with (L-3 in shortening the Gg-phase of the cell cycle of the
CFU-biast.'57-222223 Thys iL-6 activates the earliest stages of hematopoiesis.

iL-8 has profound effects on immune-effector cells. It induces B-lymphoeyte terminal differen-
tiation' and it provides an important signal for human T-cell proliferation and differentiation.’?
Furthermore IL-6 induces the synthesis of acute phase proteins in hepatocytes.™ These activi-
ties ilustrate the key role of IL-6 in the acute phase and immune response®®® injtiating simul-

taneously immune-competent celis as well as hematopoiesis.

1.2.5.3 Interleukin-T {[L-1}

IL-1 is a cytokine with diverse effects that are part of the respense of the ¢rganism 1o
inflammatory stress., Two forms of IL-1 (¢ and B) exist and their genes have been cloned.8221%1
Both IL-1 isoforms bind o the same receptor’® and they express very similar biological activity.
The molecular weight of both IL-1a and IL-18 is 17.5 kD. Many cell types have the ability to
produce iL-1 [table 1.7). Noteworthy is the autostimulatory capacity of IL-1, ie. IL-T may
induce IL-1 in several cell types. The multiple effects of IL-1 inciude effects on hematopoiesis
and hematopoeietic functions. -1 may augment the production of effector celis like neutrophils
and monocytes. These effects of IL-1 are presumably indirect: IL-1 generally serves as an
mRNA stabilizing agent for hematopoietic growth factor genes'? and thus increases the
production of G-CSF, GM-CSF, M-CSF and IL-6 in monocytes, 85275308 gndo-
thelium, 23-281.262.270.279.358 zny fibroblasts, > 96137.160.188 Tyyo research groups have reporied the

production of TNF by monocytes following 1L-1 stimulation, 25238
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table 1.7 iL-1 producing cells

cell type stimulus for references
IL.-1 production

monocytes adherence 83, 80
LPS 112
IFNy+1L-2 282
GM-CSF
LFA-3, CD44 330
CD4s5
endothelium LPS 162, 167, 202, 324, 327
TNF
-1
fibroblasts TNF 150
-1 187
smooth muscle LPS 163, 328
-1
keratinocytes PMA 20
neutrophils GM-CSF 165

The hematopoietic response to infection is amplified by the interplay between monocytes,
endothelial cells and fibroblasts involving several positive feedback [oops. Activated monocytes
produce IL-1 that induces endothelial cells and fibroblasts to produce IL-1, GM-CSF and M-CSF.
These cytokines in turn further stimulate monocytes 1o produce IL-1, as well as TNF, GM-CSF
and M-CSF (figure 2). Thus mukiple pathways permit IL-1 to stimulate hematopoeietic progenitor
cells indirectly. A negative effect is provided by IL-4 that inhibits IL-1 production by
monocytes. 58312235 Initally it was thought that Ik-1 has a direct stimulative effect on the
CFU-blast. From subseguent investigations however it became likely that this indirect effect is
mediated by IL-6 produced by cells accessory to progenitor celis in a fraction of enriched bone
marrow cells.’S? Another indirect effect of IL-1 Includes the induction of G-CSF production in
enriched bone marrow progenitors.?® 1L-1 also induces CSA in bone marrow stroma.®” These

indirect effects of -1 apparently may influence the level of activity of hematopoiesis.
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Figure 2. Interactions between monocytes, endothelium and fibroblasts.

1.2.5.4 Tumor necrosis factor {TNF}

TNF initially received interest because of its ability to induce necrosis in certain tumors
{reviewed by Semenzato®®9), Afterwards the effects of TNF on hematopoiesis became apparent.
TNF shows certain similarities to 1L-1.*® The major effects of TNF on hematopoiesis, alike
those of IL-1, are achieved via the release of other cytokines that serve as intermediators of
TNF activity (see below).

Two types of TNF have been described, TNF (formerty: cachectin), which is now ¢alied TNF-g,
and lymphotoxin, now called TNF-B. TNF-¢ and TNF-& are structurally and functionally
related.?®® There exact relaticnship has not been elucidated, however TNF-¢ and TNF-B have
differential activities in several systems.

Several groups have reported the cloning of the TNF-g cDNA8-270.325 and TNF-B ¢-DNA.*® The
non-glycosylated protein has a molecular weight of 17,300 Da. Celis that may produce TNF are
listed in table 1.8. The monocyte is a prominent producer of TNF-g. TNF-B is produced by
activated T- and B-lymphocytes, TNF-g production in mornocytes is inhibited by IL-6.22%¢

Early experiments concerning the effects of TNF-¢ on hematopoiesis demonstrated a dose-
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dependent inhibition of coleny formation from erythroid, myeloid and mixed progenitor
cells.31.110.210.845 Masr of this work has heen done with unpurified bone marrow and also with
crude conditionad media as the source of CSF. More recent work suggests that TNF-¢ and to a
lesser extent TNE-§ preferentially inhibits CFU-G or the more mawre myeloid progenitor

cells, 11-212
table 1.8 TNF producing cells
cell type stimulus for references
TNF-production
monocytes adherence 38, 38, 107, 112, 148
LPS 218, 328, 332
IE-3
IL-2 + [FNy
LFA-3, CD44
CD4s
T-lymphocytes PMA +aCD3 294, 301, 360
oCD3 +¢CD28
B-lymphocytes PMA 285
SAC

Backx et al'’ and others®™® have demonstrated in detailed analysis that the effect of TNF-g in
vitro depends on the type of colony stimulating factor used to generate growth. IL-3- and
GM-CSF-induced BFU-E and CFU-Eo numbers are significantly enhanced when TNF-o is added
to the cukures as well. On the other hand calony formation by Epo-induced BFU-E and G-CSF-
induced CFU-G is inhibited by TNF-¢. Comparable results were obtained by Caux et al*® in
cultures of CD34 positive cells. Thus it appears that TNF-¢ enhances the early stages of
hematopoiesis and suppresses the mature stages.

TNF-o enhances monocyte-cytotoxicity,®2%® enhances the neutrophil superoxide-anion produc-
tion in response to FMLP7-2%% and augments eosinophil cytotoxicity.?”” TNF-g is a strong inducer
of the release of M-CSF, G-CSF, Ik-1 and TNF itself from monocytes, 73228238 GM-CSE, G-CSF,
M-CSF and IL-1 from endothelial celig?820.162,167.208.218.261.273 g (5-CSE, GM-CSF, IL-1 and 1L-6
in fibroblasts.'#%19%150.208  TNF.R, as TNF-g, induces growth factor production from
fibroblasts.?®® PHA-activated T-lymphocytes produce GM- and G-CSF in response to TNF-¢.77%
Generally TNF-o is 2 more active inducer of cytokines than is TNF-8. This is apparent by the
release of G-CSF by fibroblasts,” IL-1, IL-6 and CSF by endothelium®®1223%7 and 1L-6 by
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fibroblasts. 8% TNF-B failed to induce M-CSF production from monocytes, where TNF-o dig.?2%
It has been suggested that TNF is produced constitutively in several tissues®'® and for this

reason may have an important function in the steady-state regulation of hematopoiesis.

1.3 The objective of the study

We have used highly enriched hematopoigtic progenitor cells and in-vitre culture to examine the

foliowing questions:

1. The effects of recombinant iL.-3 and GM-CSF on proliferation and differentiation of enriched
hematopoietic progenitor cells have not been clearly defined:
- how do IL-3 and GM-CSF compare with respect 10 number and types of colonies induced?
- to what extent do accessory cells influence colony formation induced by IL-3 and GM-CSF?
{chapters 2 and 3)

2. The effects of recombinant G-CSF, M-CSF and IL-6 on enriched hematopoietic progenitor
cells in connection with IL-3 and GM-CSF have not been fully elucidated:
- what 1s the role of synergistic effects between G-CSF, M-CSF and IL-§ on the one hand
and IL-3 and GM-CSF on the other hand, on the proliferation and differentiation of colony
forming cells?

{chapters 4, 5 and 6)

3. Consistent results on the effects of -1 on protiferation of immature bone marrow celis are
lacking:
- does IL-1 directly induce proliferation?
- what is the role of GM-CSF and TNF as mediators of the [L-1 effect?
{chapter 7)
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Chapter 2

STIMULATING SPECTRUM OF HUMAN RECOMBINANT MULTI-CSF (IL-3) ON

HUMAN MARROW PRECURSORS: IMPORTANCE OF ACCESSORY CELLS

Fredrik J Bot, Lambert Dorssers, Gerard Wagemaker

and Bob Léwenberg

Blood 71:1608-1514, 1988
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Abstract

Recentdy, human multi-CSF was obtained by molecular cloning. In the present study, the effects
of multi-CSF in vitro were investigated by comparative culture of whole marrow progenitor celis
obtained by sorting the cell fraction that binds the monocicnal antibody {MoAb) BISCS {CD 34).
Mult-CSF stimulated erythroid (BFU-E), multipotential (CFU-GEMM) and eosincphkil (CFU-Eo)
colonies in cultures of the progenitor cell enriched fraction, whereas (besides BFU-E, CFU-GEMM
and CFU-Eo} granulocyte (CFU-G), granulocyte-macrophage (CFU-GM) and macrophage (CFU-M)
colony-forming celis also were stimulated by multi-CSF when unfractionated bone marrow was cul-
tured. Reconstitution of the progenitor cell fraction (BI3CS positivel with the BI3CS negative
popuiation restored the broad spectrum of progenitor cell stimulation. This suggested that
accessory cells are required for expression of the full spectrum of progenitor cell stimulation by
multi-CSF. Subsequently, specific marrow celf populations, including T-lymphocytes, granulocytic
cells, and monocytes, were prepared by using selected MoAbs in complement-mediated lysis or cell
sarting, added to cultures of hematopoietic progenitors and tested for accessary cell function, The
resuits demonstrate that smali numbers of monocytes permit the stimulation of CFU-G, CFU-GM
and CFU-M by multi-CSF. These monoesyte-dependent stimulating effects on CFU-G, CFU-GM and
CFU-M could alse be achieved by adding recombinant GM-CSF as a substitute for monocytes to
the cultures. Therefore, multi-CSF most likely has direct sumulative effects on BFU-E, CFU-GEMM
and CFU-Eo and indirect effects on CFU-G, CFU-GM and CFU-M in the presence of monocytes.

Introduction

The proliferation and differentiation of hematopoietic cells is reguizted by specific growth
factors."® The genes encoding several human hematopoietic growth factors have been molecuiarly
cloned and expressed in suitable host systems to produce the recombinant growth fac-
tors, 35 138.213.288.347 The myrine growth factor interleukin-3 ((L-3), has been described as a prolifera-
tive stimulus for early progenitors in the mouse, including the multipotential progenitors and those
of granulocytes and macrophages, erythrocyles, eosinophilic granulocytes, megakaryocytes and
mast celis.”®19%'22 Recently, a homologous human growth factor {muhilineage colony-stimulating
factor, multi-CSF) was discovered by cDNA cloning.”’?%" Human multi-CSF stimulates erythroid,
myeloid and multipotential hematopeietic progenitor celts.”’ Hence, the spectrum of stimulation of
this molecule resembies that ¢f murine IL-3. In the experiments we present, we provide further

insight into the stimulative effects of multi-CSF on human hematopoietic progenitor cells in vitro.
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Materials and methods

Preparation of cell suspension. Bone marrow was obtained by posterior ihac crest puncture from

hematologically normal aduhts who had given their informed conseni. A separate donor was used
for each experiment. The marrow was collected in Hanks’ balanced salt solution (HBSS) with
heparin, diluted in HBSS and layered over a Rcollgradient {1.077 glerm®; Nycomed, Oslo). After
centrifugation, the mononuclear cells were harvested, washed twice in HBSS and resuspended in

phosphate-buffered saline (PBS) with 2% heat-inactivated fetal calf serum (FCS).

Recombinant human CSFs. The preparation of recombinant human multi-CSF has been described

in detail elsewhere.” In brief, mRNA was prepared from activated human lymphocytes and used
for cDNA synthesis. The ¢cDNA clene was identified by hybridization with mouse IL-3 cDNA. This
cDNA was then inserted into a eukarvotic expression vector (pLB4) and transfected inte monkey
COS cells, which were then cultured for 48 to 72 heurs. The resuling conditioned medium
[COS(pLB4ICM]} was used in bone marrow colony assay and is designated ”mu!ti-Cs:F". Medium
conditioned by COS-cells transfected with the vector without the insert encoding muiti-CSF did not
stimulate colony formation in cultures of human bone marrow cells.”’ Recombinant human
G-CSF213-288 from Genetics Institute {Cambridge, MA) and recombinant GM-CSF®5*% from Biogen

SA (Geneva) were used at optimal concentrations of 1:1,000 and 1,000 U/mL, respectively.

Labeling and cell sorting. A cell sample was incubated with the monoclonal antibody (MoAb) BI3CS
(CD 34; Sera-lab, Crawiey Down, England)'®® at a final dilution of 1:100 in PBS and 5% FCS for
30 minutes on ice. After being washed in PBS and 5% FCS, the cells were further incubated with
goat-anti-mouse-FITC (GAM-FITC, Nordie, Tilburg, The Netherlands) at a dilution of 1:40 for
another 30 minutes on ice. The cells were then washed twice and resuspended in PBS at a
concentration of 10% nucleated cells/mlL. Contrel cells were incubated with GAM-FITC alone.
Analysis and cell sorting were performed under sterile conditions with a FACS 440 (Becton Dickin-
son, Sunnyvale, CA) at a maximum rate of 2,000 cells/second. The separation between positive
and negative fractions was done so that the BI3CS positive cell fraction regularly contained 3% to
4% of the total nucieated cell number. This resulted in a cell population enriched for blast cells and
hematopoicetic progenitors but depleted of mature erythroid and myeloid cells and T lymphocytes.
in certain experiments, the BI3CS negative fraction was incubated with VIM-2 (igM, reactive with
myelomonocytic cells; final difution 1:50,'7? or T3 (1gG2, CD3, mature T lymphocytes; final dilution
1:10}, or B4-3 (lgM, CD13, myeloid cells; final dilution 1:20}**" and stained with GAM-FITC, after
which the positive cell were sorted and added to the cultures. the number of these celis added to
the enriched BI3CH positive celis in culture reconstituted the original numerical proportions of the

two cell populations in the Ficell fractionated marrow specimen unless stated otherwise.
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Complement_mediated cvrolvsis. In several experiments, we used 2 different approach for the
addition of subfractons from the BI3CS-negative cell fraction. After sorting, the Bi3C5-negative
cells were incubated with either MoAb VIM-2 or T3 at optimal concentrations (30 minutes on ice)
and then incubated with rabbit complement at a final congentration of 40% (30 minutes at 25 °C)
and washed twice. These VIM-2- or T3-depleted BI3CS-negative celis were then added to the
appropriate cultures and tested for accessory abilities.

CEU-GEMM culture assay. Mixed colonies were grown as described before by Fauser and Messner

with slight modifications.>®! Sorted or unsorted marrow cells were cultured in a T mL mixture of
iscove’s modified Dulbecco’s medium (IMDM), 1.1% methylcellulose, 30% autclegous heparinized
plasma, BSA, transferrin, lecithin, sodium-selenite and 8-mercaptoethanol. Cells were added at 2
concentration of 8x10%/mL in total marrow cultures and 0,2 to 0,5x10%/mi for the BI3CS-positive
cell fractions. Exogenous growth stimuli were added in the form of various concentrations of mult-
CSF and recombinant human erythropeietin {Epo} at a concentration of 7 WmL {Kirin-Amgen,
Thousand Oaks, CA). Cultures with 10% of a medium stmulated by leukocytes in the presence of
1% phytohemagglutinin {PHA-LCM),'° as based on the original CFU-GEMM assay, were done for
comparison. Dishes were incubated at 37°C and 100% humidity in an environment of 5% CO, in
air. Colonies were scored at day 15 and identified by their distinet morphological appearance at
100x magnification. Numbers of ¢olonies refer to the means of duplicate cuitures. In selected
cases, the nature of the colonies was verified cytologically after they had been plucked from the
plates with a finely drawn Pasteur pipette, and stained with May-Grinwald-Giemsa. Mixed colonies
were always verified cyteiogicaily. Megakaryocyte colonies were not assayed since CFU-Meg could
not be detected reproducibly in every bone marrow sample. However, £ 13% of CFU-GEMM in

the muiti-CSF stimulated cultures contained megakaryocytes.

Results

Multi-CSFE as z stmulator of purified hematopoietic progenitor cells. To minimize a possibie

interference of nonclonogenic accessory cells, we enriched progenitor ¢ells from normai human
bone marrow by sorting the cell fraction positive for MoAb BI3CS (CD34), and cultured the cells
at low cell concentrations (2 to 5x10%/mL} in the presence of muit-CSF. The results of a rapre-
sentative experiment are shown in Fig 1. When Epo was added as the only exogenous growth-
stimutating factor some background erythroid bursts (BFU-E) were formed. BFU-E numbers rose
markedly when graded concentrations of multi-CSF were added and reached 2 plateau at 1% to
3% (volivol) muit~CSF. In subsequent experiments, a concentration of 3% multi-CSF was used.
Eosinophil (CFU-E0) and multipotential {CFU-GEMM) colonies appeared in multi-CSF stimulated
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cultures, and their numbers rose as a function of ingreasing concentrations of multi-CSF. When only
mult-CSF but no Epe was added 1o the cultures, neither red nor mixed colonies appeared, whereas
the number of eosinophil colonies remained constant. A remarkable number of eosinophil colonies
was formed in the presence of multi-CSF with or without Epo. Multi-CSF did not stmulate
significant numbers of granulocyte {CFU-G), granulocyte-macrophage {CFU-GM), or macrophage
{CFU-M) colonies.
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Fig 1. Colony formation in response to multi-CSF: culture of purified human hematopo-
ietic progenitors. Numbers of erythroid, multipotential and four classes of myeloid
colonies (Eo, G, GM, M) in vitro are plotted as a function of increasing concentrations
of recombinant multi-CSF. The results from one representative experiment are shown.
The BI3CS (CD34})-positive fraction was obtained by cell sorting from 8 x 10%
mononuclear marrow cells and represented 5% of the original cell population. Values
represent mean colony ¢ounts of duplicate cultures. Epo (1 U/mbL} was added 10 all
cultures; in cultures without Epo and without multi-CSF no colonies appeared. Colony
growth after stimulation with 10% PHA-LCM is shown for comparison. Data from one
of duplicate experiments are shown.

The numbers of BFU-E obtained with multi-CSF were similar to those stimulated by a crude
conditioned medium (PHA-LCM), but somewhat lower numbers of CFU-GEMM and CFU-Eo were
obtained with mult-CSF than with PHA-LCM. In severa! experiments with a greater concentration
of mult-CSF {10% vol/vol), the colony numbers, in particular those of BFU-E declined. This reduc-
tion suggests the presence of inhibitory factors in the mult-CSF preparation {COS-supernatant).
Recently we used partially purified Escherichia Coli-derived mult-CSFE in concentrations up to 30
times {expressed as activity) greater than the maximal concentration of COS-supernatant mulg-CSFE,
and demonstrated no inhibitory effect. The pattern of stimulation, i.e. induction of colony formation
from BFU-E, CFU-Eo and CFU-GEMM, was identical for both types of multi-CSF.
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Role of zccessorv cells. To examine a possibie role of BI3CS-negative accessery celis in the

stimulatory effects of multi-CSF on: {(a) a mock-sorted cell fraction, i-e., passed through the cell
sorter without selecting for a specific marker (total marrow nucleated cells)(Fig 2A); {b) the sorted
BI3CB-paositive cell population (precursor cell fraction) (Fig 2B); and (¢} the BI3CS-positive cel
fraction supplemented with the number of BI3CS5-negative celis that reconstituted the total marrow
cell population (Fig 2C).

Multii-CSF appeared to stimulate not only BFU-E, CFU-GEMM and CFU-Eo but alse CFU-G, CFU-GM,
and CFU-M in unfractionated bone marrow celis {Fig 2A). This contrasts with the pattern cf
stimulation in the BI3C5-positive precursor cell fraction (Figs 1 and 2B): i.e., stimulation of BFU-E,
CFU-GEMM and CFU-Eo only, but not the other myeloid colony-forming cefls (CFU-G, CFU-GM,
CFU-M) (Fig 20).
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Fig 2. Colony formation in response to multi-CSF: direct comparison between total
human bone marrow and purified progenitor cells. Different cell populations prepared
from human marrow were cuftured. {A} Total mononuclear marrow cells {separated on
Ficoli-isopagquel were mock-sorted and cultured at 8 x 10% celis/dish. (C) The sorted
BI3CS-positive fraction was reconstituted with the original proportion of BI3C5-negative
cells and then cultured. (D) The sorted BI3C5-negative fraction plated in culture with
Epo plus PHA-LCM. Coleny numbers are plotted as a function of stimulation with
various concentrations of multi-CSF, i.e., 0%, 1% and 10% (valivol). Control cultures
with 10% PHA-LCM were run in parallel; results are included in A through C. All
cultures also contained Epo {1 U/mL}. Cultures with no Epo and no multi-CSF did not
support any colony growth (data not given). Data from one of duplicate experiments
are shown.
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The addition of BI3CS-negative cells to the BI3C5-positive cell fraction completely restored the
stimulative effect of muld-CSF on CFU-G, CFU-GM and CFU-M. The BI3CS-negative cell fraction
per se did not contain significant numbers of colony-forming cells {Fig 2D).

Because these experimental data suggested that CFU-G, CFU-GM and CFU-M colony formation in
response to muiti-CSF depended on the presence of BI3CS-negative cells or a subpopulation of
these in culture, we subsequently examined the effect of the removal of specific subpopulations
from this cell fraction using complement mediated cytolysis of VIM-2 {mvyelomoncevtic) or T3
(mature T-lymphocytes) positive cells (Fg 3). VIM-2 iysis abrogated the auomentory effect of the
BI3CS negative cells whereas T3 lysis did not. These results suggested that the active accessory

ceils are VIM-2 positive and thus belong to the myelomonocytic lineage.
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Fig 3. Colony formation in response to multi-CSF: addition of accessory cells to
hematopoeietic progenitor celis. Different subsets of cells were added 1n vitro and tested
for accessory functions in cultures of the purified hematopoietic progenitor cell fraction
{BI3CSH positive) thatr contained Epo and 3% mult-CSF. {1} Purified progenitor cell
fraction (BI3CS positive), 2.4 x 10% cells/dish with various cel! supplements. (A) No
accessory cells added. (8} Addition of BI3CS-negative cells (7.8 x 10* celis/dish). (C)
Addition of BI3C5-negative cells depleted of VIM-2-positive ¢ells following complement-
mediated lysis. (D) Addition of BI3C%-negative cells depleted of T3-positive celis
following complement-mediated lysis. Colony datz from the total marrow population
(1) and the BI3CS-negative fraction {1 are given for comparison. Data from one of
duplicate experiments are plotted.
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Following an alternative approach, specific ViM-2, T3 (mature T-lymphocytes), B44.1 (monceytes),
and B4.3 (granulocytes) positive subsets were obtained from the BI3C5-negative cell fraction by

cell sorting {Fig 4) and examined for their abilities 1o exert the accessory cell effects.
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Fig 4. Ceolony formation in response to mult-CSF: effect of addition of different
subpopulations of accessory cells. Purified hematopoietic progenitor celis (BI3CS
positive; 4 x 10% ceils/dish} were plated with 3% muit-CSF and Epo, To these cultures
VIM-2-posttive, B44.71-positive, B4.3 positive or T3-positive cells were added and
examined for enhancement of ¢colony formation. The VIM-2-, B44.1«, B4.3- and T3~
positive cells were separated by ceil sorting from the BI3CS-negative cell fraction. (A}
Progenitor cells with no addition of accessory cefls. (B) Addition of BI3C5-negative cells
{7.6 X 10 % celis/dish). (C and D} Addition of VIM-2-positive cells {promyeiocytes to
granulocyies and monocyzes) {C, 2.5 x 10% and D, 1 x 10° cells/dish}. {E through G)
Addition of the B44.1-positive cells (monocytes) in numbers that were originally present
in the BI3CS negative accessory cell population (E, 0.5 x 10% cells/dish) and increasing
numbers (F, 2 x 10% and G, 5 x 10% cells/dish). {H} Addition of the B4.3-positve celis
(metamyelocytes to granulocytes) in original numbers {2 x 10% cells/dish). Resuits of
the supplemented T3-positive cealis were identical to those of the B4.3-positive celis
{not shown]. Numbers of colonies grown from the separate VIM-2-positive, B44.1-
positive, or B4.3 positive fractions were: BFU-E, 2-4-1; CFU-G, 0-1-0; CFU-Eo, 1-1-0;
CFU-M, 0-7-0; CFU-GM, 1-0-0; CFU-GEMM, 0-0-0. Results of one of three repest
experiments are shown.
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Supplementation of VIM-2 positive or B4. T-positive ceils to the BI3CE-positive cell fraction restored
the development of colenies originating from CFU-G, CFU-GM and CFU-M in cultures stimulated
with muit-CSF, As few as 2.5x10% VIM-2 or 0.5x10% 844.1 surface marker positive celis were
capable of enhancing colony growth. However 2x10% B4.3-positive granulocytes or T3-positive
lymphocytes were ineffective. Indeed, CEU-GEMM, BFU-E anc CFU-Eo were also slightly
susceptible 10 the potentiating effect of monocytes, at ieast when large numbers of monocytes
were added {Fig 4G).

We examined whether the effect of the addition of monocytes to cultures of the BI3CS-positive
progenitor cell fraction to evoke CFU-G, CFU-GM, and CFU-M colony formation could be mimicked
by supplemeniing excgencus GM-CSF or G-CSF (instead of monocyvtes) 10 the multi-C8F cultures
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Fig 5. Colony formation from purified marrow cefls in response to multi-CSF, G-CSFand
GM-CSF. Hematopoietic progenitor celis (BI3CS positive, 4.5 x 10° cells/dish) were
plated with muki-C3F, G-CSF and/or GM-CSF; all cultures contained Epo. Results are
those of one of two repeat experiments.

When G-CSF or GM-CSF were added to multi-CSF cultures of purified bone marrow progenitors,
additional CFU-G or CFU-G, CFU-GM and CFU-M were induced to colony formation. There was na
evidenge for a synergistic effect between these factors. When all three factors (i.e., multi-CSF,
GM-CSF and G-CSF) were included in culture, no significant further increase in colony formation
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was seen shove the level of multi-CSF pius GM-CSF stimulation. This indicates that multi-CSF and
GM-CSF in conjunction provide optimal stimulation of CFU-G, CFU-GM and CFU-M from the BI3CB-
positive progenitor cell fraction and that GM-CSF can substitute the monocyte accessory cell
effect.

Discussion

We assessed the stimulating abilities of the recombinant human growth factor multi-CSF. In
cultures of enriched human hematopoietic progenitor cells (based on BI3CS reactivity), multi-CSF
stimulated BFU-E, CFU-Eo and CFU-GEMM. In the presence of BI3C5-negative cells, the spectrum
of multi-CSF stimulation was broader and also ingluded CFU-G, CFU-GM and CFU-M. These data
suggest a direct stimulative effect of muiti-CSF on BFU-E, CFU-Eo and CFU-GEMM and an effect
on CFU-G, CFU-GM, and CFU-M in the presence of a secondary cell. Experiments based on the
addition of specific subsets of cells (selected by cell sorting) as well as elimination of these subsets
from the accessory cell fraction {by ccmp!emen} mediated lysis) identified a2 VIM-2 and B44.1
surface marker-positive cell population as the active accessory cell. The accessory cell function
could not be attributed to the subsets that expressed the T-lymphocyte T3 or granulocytic B4.3
markers. The VIM-2 and B44.1-positive surface phenotype of the accessory celis demonstrates the
monocytic identity of the cells. 1t became apparent that the accessory cell phenomenon was cell
dose dependent and that minimal numbers {0.5 x 10 per dish} of these monocytic cells were
sufficient to aliow the outgrowth of CFU-G, CFU-GM and CFU-M in multi-CSF stimulated cultures.
The addition of four times the proportional number of ViIM-2-positive cells to purified progenitors
further elevated GM and M colony numbers, and also raised the number of BFU-E, CFU-Eo, and
CFU-GEMM. Three possible mechanisms through which monocytes enhance growth of these colony
types stimulated by multi-CSF can be proposed: (a2} production of growth factors (e.g. GM-CSF or
M-CSF} by monocytes in response to multi-CSF, (b} production of growth factors by monocytes
independent of muit-CSF, and (¢) cell-cell Interactions between monocytes and colony-forming
cells. The present experiments do not allow a distingtion between the alternative mechanisms for
the enhancement of CFU-G, CFU-GM and CFU-M coiony growth, The possibility that monocyies
produce growth factors that can induce CFU-G, CFU-GM, and CFU-M would at least be consistent
with the cbservaticn that monocytes can be stimulated to produce colony-stimulating factors.??
More recently, specific evidence was obtained demonsirating that monocytes may preduce M-CSF,
interferon {iFN), tumor necrosis factor (TNF} and GM-CSF."'%32% This could explain our results
showing that the addition of recombinant GM-CSF could fully substitute the monocyte effect and
that G-CSF could partly replace the role of the meonocytes in the multi-CSF cultures, thereby

resulting in the induction of G, GM and M colony types from purified marrow progenitor cells.
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Chapter 3

HUMAN GRANULOCYTE-MACROPHAGE COLONY STIMULATING FACTOR
(GM-CSF) STIMULATES IMMATURE MARROW PRECURSORS

BUT NO CFU-GM, CFU-G OR CFU-M.

Fredrik J Bot, Loes van Eijk, Pauline Schipper
and Bob Ldwenberg

Experimental Hematology 17:292-285, 1880
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Abstract

Huran GM-CSF has been described as a multilineage growth factor that induces in vitro colony
formation from BFU-E, CFU-Eo and CFU-GEMM as well as from CFU-GM, CFU-G and CFU-M. In this
paper we provide evidence indicating that GM-CSF, when tested for its stimulating capacities
expressed upon highly enriched hematopoietic progenitor cells (CD34 +/moncceyte depleted), is
unable to induce colonies from CFU-GM, CFU-G or CFU-M. Only BFU-E, CFU-Eo and CFU-GEMM
were stimulated, and thus GM-CSF induces a similarly restricted spectrum of progenitor cells as
does recombinant human interleukin-3 {IL-3). We then compared the relative stimulating potencies
of GM-CSF and iL-3 by measuring cclony numbers of CFU-GEMM, BFU-E and CFU-Eo generated
from CD34 + progenitor ceils. IL-3 and GM-CSF as single factors were equally active in stimulating
CFU-GEMM but the combination of both factors produced additive stimulative effects upon
CFU-GEMM, iL-3 was 2 more potent stimulus of BFU-E and GM-CSF was the more active stimulat-
ing factor for CFU-Eo. We conclude that GM-CSF and 1L.-3 although stimulating the outgrowth of
identical types of progenitor cells particularly differ as regards their comparative qQuantitative

efficiency of stimulation.

Introduction

in recent vears recombinant human GM-CSF has been defined as a growth factor that induces
colony formation in vitro from hematopoietic proganitor cells of the erythroid (BFU-E}, eosinophilic
{CFU-Eo), granulocyte-macrophage (CFU-GM), granulocytic {CFU-G), macrophage {CFU-M) and
multipotential {CFU-GEMM) lineages. 3 198.271.308 Consequently GM-CSE is regarded as 2 multiineage
growth factor. It has also been shown that GM-CSF affects the function of mature granulocytic
cells™®® and possibly also modifies the production of growth factors by these cells'® a2s well as by
monocytes.''® Therefore it is possible that the reported stimulative effects of GM-CSF on hemato-
poietic colony formation depend upon a mixture of direct effects on the progenitor cells and indirect
effects mediated through the action of GM-CSF on mature cells with auxiliary stimulating functions.
We set out to define more precisely the stimulating abilities of GM-CSF, using populations of highly
enriched human marrow progenitor cells. The progenitor cell targets of GM-CSF were defined and

directly compared 1o these of the other human multilineage colony stimulating factor, te. L3277
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Materials and methods

Preparation of cell suspension: Bone marrow was obtained by posterior iliac crest puncture from
hematologically normal aduits, which had given their informed consent. The marrow was collected
in Hanks balanced salt solution {HBSS) with heparin and the mononuclear cells were separated over

Ficoll-lsopagque {1.077 g/em? Nycomed, Oslo, Norway) as described.?

Enrichment of progenitor cells: In 7 experiments cells labeled with 2 monoclonal antibody {MoAb)}
against the CD34 antigen (BI3CS, 1gG1; Sera-Lab Crawley Down, UK'3*) were obtained following
fluorescence activated cell sorting. The CD34 antigen is expressed on less than 5% of bone

marrow cells and this fraction contains virtually all, i.e. more than 80% of blasts and in vitro colony
forming cells,®® and is referred to as CD34 + cells. The labeling and cefll sorting procedures have
been described.?

In 14 experiments the progenitor cells were further enriched following an additionzal separation step:
contaminating monocytes were removad by complement mediated cytolysis preceding CD34 +
sorting. The cells {20x10%/ml in PBS with 5% heat inactivated FCS} were incubated with the MoAb
VIM-2 [IgM, reactive with myelo-monocytic cells;’” fina! dilution 1:50) or B44.1 (ight, CD14,
monocytes; 7 final dilution 1:1000} for 30 min. on ice, then incubated with rabbit complement
{40%) for ancther 30 min. at 25°C and washed twice. This procedure resulted in a recovery of
51 x£13% of nucleated cells. Foliowing complement mediated cytolysis the CD34 + cells were
sorted as described above. The final cell popuiation, designated as CD34 + /Mono-, comprised 2-5%
of the original Ficoll-lsopaque separated cell fraction and contained less than 1% monoccytes as
checked by a differential count on a May-Grinwald-Giemsa stained cytospin preparation.

In four separate experiments we focussed on the recoveries of the myeloid colonies throughout the
subsequent enrichment steps in order to ensure that ne specific loss of myeloid progenitor celis cc-
curred. This was done by culturing {A) ficoll fractionated bone marrow cells, (B} monocyte-depleted
celis and (C} CD34 + /Mono- cells in direct comparison, stimulated with either PHA-LCM, GM-CSF
or IL-3. The colony numbers obtained from each fraction were related to the numbers obtained in

the ficoll fracticn, in order to assess the progenitor cell recoveries.

Recombinant human CSFs: Recombinant human GM-CSF was a highly purified £.Coli product and

a kind gift from Dr JF DeLamarter {Biogen SA, Geneva, Switzerland®). A dose-response ¢urve was
made and the optimal concentration {1000 U/ml) was used. In one experiment that was designed
to directly compare the stimulating abilities of two GM-CSF preparations we emploved another GM-
CSF product (expressed in CHQO cell-line and used at 1000 U/ml; kindly provided by Dr. 8. Clark,
Genetics [nstitute, Cambridge, USA) and observed an identical spectrum of activity upon

CD34 + Mono- cells {data not shown). Recombinant human 1L-3, expressed in monkey COS-cells,



was generously donated by Drs L. Dorssers and G. Wagemaker {Radiobiclogical Institute TNQ,
Rijswijk, The Netherlands?'?") and used at 10 U/ml.5® Recombinant human erythropoiztin (Epo} was
purchased from Amgen Biolegicals (Thousand Oaks, California) and used at 1 U/ml,

Colony cylture assav: The enriched progenitor cells { 0.5-1x10% were cultured in 2 1 mi mixture
of Iscove’s modified Dulbecco’s medium ({IMDM), 1.1% methyiceliuiose, 30% autclogous
heparinized plasma, BSA, transferrin, lecithin, sodium-seienite and 2-mercapto-ethano! exacty as
described before.?' Epo and GM-CSF and/or 1L-3 were supplemented to the cultures as growth
stimuli. PHA-LCM was added to control cuitures 16 apply an impure but rich source of CSFs as in
the original CFU-GEMM assay.®’ A constant batch of PHA-LCM?' was used throughout these
studies and was added along with Epo at a concentration of 10%. Colonies of more than 50 cells
were scored at day 15, Duplicate cultures were set up for each point. Colonies were identified at
a2 100x magnification. Regularly the colony morghology was checked by examining MGG stained
cytospin preparations of plucked single colonies. In selected experiments we stained granufocytic

colonies with a-naphthyl-esterase and found that they did not contain monocytes.

Results

Effect of GM-CSF on purified marrew progeniters: The numbers of colonies stimulated in vitre by
GM-CSF from CD34 + enriched progenitor cells (n=7 experiments) and CD34 + /Mong-cells (n=14
experiments) are presented in table 1. For comparison the results obtained after sumulation with
PHA-LCM are also given. Apparently from highly enriched {CD34 + /Mono-) progenitor cells GM-CSF
stimulates BFU-E, CFU-Eo and CFU-GEMM selectively, but not CFU-GM, CFU-G nor CFU-M. The
inability of GM-CSF 1o induce CFU-GM, CFU-G and CFU-M held up for supraoptimal concentrations
of GM-CSF (up to 5000 U/ml). PHA-LCM stimulation confirmed that colonies from CFU-GM, CFU-G
and CFU-M could be generated from the stem cell concentrates indicating that these progenitor
czlis had been retained following the one-step (CD34 +) or two-step {CD34 + /Mono-} celi separag-
on precedures. None or enly minimal numbers ¢f CFU-G and CFU-M and no CFU-GM could be
induced to colony formation by GM-CSF from the highly enriched (CD34 + /Mono-) progenitor cells.
GM-CSF stimulation of the CD34 + (one step separation} cells resuited in intermediate numbers of
CFU-GM, CFU-G and CFU-M.
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Table 1 GM-CSF compared to PHA-LCM stimulation of CD34+ or

CD34 4+ /Menoe- enriched progenitor cells

CD34 + marrow fraction CD34 + /Mono- marrow fraction

GM-CSF PHA-LCM GM-CSF PHA-LCM
BFU-E 85 + 42 99 = 62 53 £ 38 104 = 68
CFU-Eo 21 + 11 19 = 11 18 = 14 19 = 17
CFU-GEMM 5=3 7+5 5%5 6§65
CFU-G 23 = 22 258 22 17 £ 12
CFU-M 68 21 £ 15 2 x4 16 =+ 15
CFU-GM 3 x4 73 0 6§+ 86

CD34 + cells or monocyte depleted CD34 + cells (CD34 + /Mono-) were cultured in the
presence of Epo and GM-CSF or PHA-LCM. Colony numbers are expressed per 5000
piated celis and are mean values = SD of 7 experiments {CD34 +) or 14 experiments
{CD34 + /Mono-). In the absence of growth factors, no colony growth occurred.

Comparison between the stimulating spectrum of 1L-3 and GM-CSF:

We next assessed the stimulating abilities of GM-CSF in direct comparison to those of IL-3 or
GM-CSF plus IL-3 on purified progenitor cells (table 2).

The numbers of CFU-GEMM nduced by [L-3 and GM-CSF were not significantly different. The
effects of the two factors were additive in 6 of 7 experiments with CD34 + cells and in 12 of 14
experiments with CD34 + /Mono- cells, i.e., the combination of GM-CSF and IL-3 stimulated more
CFU-GEMM than did GM-CSF or IL-3 alone. As regards BFU-E: iL-3 gave rise to more BFU-E in all
cultures of CD34+ cells or CD34 +/Mono- cells than did GM-CSF, Stimulation with IL-3 plus
GM-CSF did not elevate BFU-E numbers above the level obitained with IL-3 alone. Thus it appears
that IL-3 is the most active stimulus of erythroid colony formation and can trigger all BFU-E,
including those responsive to GM-CSE,

©n the other hand, IL-3 was less potent in stimulating CFU-Eo, as greater numbers of CFU-Eo arose
in response to GM-CSF. This was evident in all seven experiments with CD34 + celis and in 12 of

the 14 experiments with CD34 + /Mono- celis. However, [L-3 enhanced the CFU-Eo stimulating
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effect of GM-CSF as the combination of GM-CSF plus [L-3 stimuiated more CFU-Eo in 20 of the

21 cumulated experiments than did either factor alone.

Tablz 2 Comparison between stimulating efficiency of IL-3 and GM-CSF upen
purified marrow progenitors.
GM-CSF -3 IL-3 + GM-CSF
{no.} (no.} {36} {no.) (%]}
BFU-E 57 + 39 891 £ 53 178 x 40 84 £ 52 162 = 34
CFU-Eo 18 + 13 i5+12 81 +£28 32 £ 20 181 = 48
CFU-GEMM 355 4% 2 88 + 47 8+86 220 = 116

CD34 + celis or monocyte depleted CD34 + cells (CD34 + Mono-} were cultured in the
presence of GM-CSF (first celumn), 1L-3 (second column) or GM-CSF plus IL-3 (third
column). All culures contained Epo. Since the results from both populations of
progenitor cells were identical, they were pooied. The results are presented as the
mean=SD of the colony numbers from 217 experiments, Within each experiment the
colony numbers obtained after stimulation with IL-3 or GM-CSF plus IL-3 were
expressed as a percentage of the colony numbers generated by GM-CSE. The mean =
99% confidence limits (Students t-test} of these percentile values zre given ("%”

columns).

Compearison of purification procedures: To exclude whether specific |oss of myeloid progenitor cells

had occurred following the subsequent steps of the enrichment procedure, we compared the
growth stmulating abilities of PHA-LCM, GM-CSF and iL-3 on ficoll fractionated marrow celis, on

monocyte depleted ceils and on the CD34+/Mono- fraction (fig.1). These results confirm the

inability of GM-CSF and |L-3 1o induce most myeioid colony forming cells from CD34 + /Mone- cells.

The moderate decrease of CFU-Eo numbers suggests some aspecific loss. However PHA-LCM
stimulation shows that CFU-G, CFU-Eo, CFU-M and CFU-GM had been retained in the highly enrich-

ed cell fractions.
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Figure 1. Recovery of clonogenic cells following enrichment: Increasingly enriched bone
marrow cells were cultured in the presence of PHA-LCM, GM-CSF or IL-3. Ficoll frac-
tionated cells [panel A} were cultured at a cell concentration of 0.75x10° per mi.
£xactly the same cell portions were cultured following monccyte depletion (panet B) or
monocyte depletion followed by CD34+ sorting (panel £} with no correction for
remova! of cells. Colony recoveries from CFU-G, CFU-Eo, CFU-M and CFU-GM in panels
A, B and C are therefore directly comparable.

Discussion

in this paper we present gvidence that human GM-CSF stimulates selectively BFU-E, CFU-Eo and
CFU-GEMM and, 10 a very limited extent, CFU-G and CFU-M, when assayed with highly enriched
progenitor cells, i.e. the CD34 positive fraction of monoccyte depleted human bone marrow cells
([CD34 + Mono-). When however progenitor cells are used which are concentrated to a lesser
degree, L.e. the CD34 positive fraction without prior monocyte depletion, not only BFU-E, CFU-Eo
and CFU-GEMM but also moderate numbers of CFU-GM, CFU-G and CFU-M were induced t¢ colony
formation by GM-CSF. Thus relatively minor alterations in the compeosition of the cell suspension
plated may significantly influence the proliferative outcome in vitre. Aithough the name designates
GM-CSF as 2 major growth factor for granulocyte-macrophage progenitors, these data support the
idea that GM-CSF rather stimulates the ourgrowth of multipotent, erythroid and eosinophil
progenitors. In this sense the progeniter target cell spectrum of GM-CSF is strikingly similar to that
of IL-3.

The cuiture resuits demonstrating the imited spectrum of stimuiation of GM-CSF are not artifacts,
since recovery experiments have shown that CFU-G, CFU-M and CFU-GM had not been eliminated
from the highly enriched cell fractions. As a mawer of fact, significant numbers of these progenitors
can be demonstrated in the CD34 + /Mono- cell fractions when PHA-LCM, a potent mixture of
growth factors, is added tc the cultures.

The tack of stimulating effects of GM-CSF exerted ugon CFU-GM, CFU-G and CFU-M, as noted
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here, is not at all in agreement with results goncerning the in viro stimulative activities of human
GM-CSFE that have been published until today.3%79%2713% grimyjation by GM-CSF of CFU-Eo, CFU-
GM, CFU-G and CFU-M has been a common observation in previous studies. The target cell
populations plated in culture in those studies varied and represented "unfractionated”,®® or "non
acdherent light-density™ bone marrow cells,®>3% or progenitor cells that were depleted of accessory
cells using several MoAbs and adherence te lg-coatad plates.?”' Based upon the observations of
this paper, indicating that CD34 positive cells may still be contaminated by accessory celis which
significantly modify the stimulating spectrum, we believe that most likely the different conditions
¢f enrichment and the variable stem cell purity resulting from these procedures ¢an explain the dif-
ferent colony responses to GM-CSF In those and our reports. The mechanism by which GM-CSF
can only stimulate significant numbers of CFU-GM, CFU-G and CFU-M in the presence of accessory
cells was not analyzed. A similar contaminating celf phenomernon has been well established for
urinary CSF2%7 as well as for human IL-3.21 In reconstitution experiments with different subpoputa-
tions the moenocytes were identified as the major auxiliary cells of iL-3. Monocytes, when present
in small numbers, may extend the stimuiating spectrum of iL-3 to include also CEU-GM, CFU-G and
CFU-M. In a similar experimental approach we noted that GM-CSF would aiso stimulate the latter
types of progenitor cells when B44.1 positive monocytes or B4.3 positive myeloid cells,*'” but not
TAymphocytes were supplemented to the cultures (data not shown).

Two recent studies with highly enriched murine progenitor cells?¥%-3%° show murine GM-CSF o be
a potent stimulator of murine CFU-GM. Thus our data suggest an as yet not noted difference in the
stimulating spectrum of GM-CSF in vitro between mouse and man. The basis of this difference
cannot readily be explained.

As regards the colony stimulating abilites of GM-CSF and IL-3 it is evident that both factors act
on CFU-GEMM, BFU-E and CFU-Eo. This similarity in stimulating capacities of GM-CSF and [L-3 led
us t¢ cornpare the relative stimulating potencies of these growth factors. CFU-GEMM numbers
induced by IL-3 or GM-CSF from purified marrow cells were found to be equivalent but increased
when both [L-3 and GM-CSF were supplemented to the cultures. Greater numbers of BFU-E were
stimulated by IL-3 than by GM-CSF. Combined stimulation by IL-3 and GM-CSF did not ingrease
the BFU-E numbers beyond those stimulated by IL-3 alone. This suggests that those BFU-E which
are responsive to GM-CSF are stimulable by IL-3 as well and that IL-3 recruits an additional BFU-E
population into colony growth. GM-CSFis more potent than IL-3 in stimulzting eosinophil progenitor
cells and the combination of the two factors further enhances CFU-Eo grewth. This supports the
notion that subpopulations of CFU-Eo exist that are susceptible to stimulation by either IL-3 or
GM-CSF.

These studies emphasize the importance of very stringent cell purification when growth factor
effects upon hematopoietic progenitor cells per se are 10 be defined, as major changes of the target

cell spectrum may result from small admixtures of accessory celis.
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Chapter 4

EFFECTS OF HUMAN INTERLEUKIN-3 ON GRANULOCYTIC COLONY FORMING

CELLS IN HUMAN BONE MARROW

Fredrik J Bot, Loes van Eilk, Pauline Schipper and Bob Léwenberg

Biood 73:1157-1160, 1888
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Abstract

Human mubhilineage colony stimulating factor {multi-CSF/IL-3) induces colony formation from
CFU-GEMM, BFU-E and CFU-Eo when applied to in vitre cultures of highly enriched hematopoietic
progenitor cells. No granulocytic colonies are formed in response to IL-3. However, using
appropriate assays we demonstrate here that IL-3 increases the size of G-CSF induced granulocytic
colonies; these colonies contain greater proportions of immature cells as compared to colonies
stimulated by G-CSF alone. Furthermore, |L-3 promotes the survival of CFU-G in vitro, whereas in
cultures not supplemented with IL-3 CFU-G extinguishes within 7 days. We conclude that 1L-3,
although by itself not stimulating granulpcytic celony formation, reguiates the survival and

proliferative rate of granulocytic progenitors.

Introduction

We have recently reported that human recombinant interleukin-3 (IL-3) stumulates muitlineage
progenitor cells (CFU-GEMM), erythroid pregenitor cells (BFU-E), and the eosinephilic progenitor
cells {CFU-Eo) when added 1o enriched human hematopoietic progenitor cells in vitro.?7' No
stimu[ator;y effect of iL-3 was apparent on the granuloeytic (CFU-G), the granulocyte-macrophage
[CFU-GM) and the macrophage (CFU-M) progenitor cefls, when colony numbers were taken into
account.

Here we report experiments that demonstrate stimulative effects of IL-3 exerted on CFU-G. Using
highty purified marrow progenitors we show that IL-3 promotes the survival of CFU-G in vitro,
increases the size of colonies stimulable by G-CSF2'3-288 (granulocytic colony stimulating factor) and

modifies the composition of these granulocytc colonies.

Materials and methods

Prenaration of cell suspension: Bone marrow was obtained by posterior illac crest punciure from

hematologically normal adults, which had given their informed consent. The marrow was collected
in Hanks balanced salt solution (HESS) with heparin and the mononuclear cells were separated over

Ficoil-lsopague {1.077 g/em?; Nycomed, Oslo, Norway) as described.?’

Enrichment of progenitor cells: Since monocytes ¢an significantly influence IL-3 stimulated colony

formation from hematopoietic progenitor cells in vitre,?' monocytes were rigorously removed from
Y

the cell suspension utilizing complement mediated cytolysis with the monoclonat antibody [(MoAb)
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VIM-2 ligM, reactive with myelo-monocytic cells;'”® final dilution 1:50) or anti-CD14 {(MoAb B44.1,
IgM, monacytes;®” final dilution 1:1000) exactly as described.?’ This procedure resulted in an
average recovery of 58+ 18% of nucleated cells. Subsequent enrichment was achieved following
fluprescence activated sorting of the cells expressing the CD34 antigen [(MoAb BI3CS, tgG-1; Sera-
Lab, Crawley Down, UK'®?), Labeling and cell sorting were performed as described before.?’ The
final cell population {CD34 + Mono- progenitor ¢ells) contained 2-3% of the original ficoll separated
cells and consisted of immature blast cells with less than 1% monocytes as evaluated by a differen-
tial count on May-Grinwald-Giemsa stained cytospin preparations. The recoveries of clonogenic
celis following the purification procedures were always assessed: in all experiments control cultures
with an impure CSF source (PHA-LCM) were included in order to verify that the diverse progenitor
cells had not been selectively eliminated during the cell separation procedures. This method of
enrichment resulted in a recovery of all types of progenitor cells, including CFU-G, of 80 to 100%
of the number of progenitors present in the ficoll fraction {based upon PHA-LCM stimulation). There
was an average 40x enrichment of CFU-G.

Recombinant human CSFs: The preparation and biological effects of recombinant human IL-3 have

been described. 27! It was generously donated by Drs L. Dorssers and G. Wagemaker (Radiobio-
logical institute TNO, Rijswilk, The Netherlands). Two preparations of IL-3 {at 10 U/ml) either
expressed in COS-cealls or E.Coli gave identical results. One U was defined as giving haif-maximal
stimulation in a clonogenic assay of a particular case of AML that was absolutely dependent on the
exogenous supply of IL-3, as described.’® Recombinant human G-CSF was a medium conditioned
by a Chinese hamster ovary (CHQ) cell line expressing the human G-CSF gene. It was a gift from
Dr S. Clark (Genetics Institute, Cambridge, MA)} and was used at a concentration of 1:1,000 or as
indicated. Recombinant human erythropoietin was purchased from Amgen Biologicals {Thousand
QOaks, California) and used at 1 U/ml.

Colony assav: The CD34- fraction sorted from 8x10* monocvte depleted cells, ie. real cell
number piated: 0.4-1x10%/mi, was cultured in 3 1 mi mixture of Iscove’s modified Dulbecco’s
medium (IMDM), 1.1% methylcellulose, 30% autologous heparinized plasma, BSA, transferrin,
lecithin, sodium-selenite and 2-mercapto-ethano! as reported.?’ Exogenous growth stimuli were
added as Epo plus G-CSF with or without IL-3. In selected culwres the addition of G-CSF was
delayed for 7 or 10 days; G-CSF was then carefully dispersed over the culture laver in 2 volume
of 0.050 ml and allowed 1o diffuse through the medium. Colonies of more than 50 cells were
scored at day 15 following plating and identified according to their appearance at a magnification
of 100x. In selected experiments the morphoiogy of single granulocytic colonies was further
determined [see below).
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Determinagion of colony size and morghology: In certgin experiments the colony size was
determined as follows: six groups of 5 colonies were randomly plucked from the plates using a
finely drawn Pasteur pipette and pooled in 0.050 ml PBS, the nucieated celis per group were then
counted 1o give the average cell number per colony. Thus each value represents the mean estimate
of 6 collections of five colonies. To determine the morphology these pooled colonies were put onto
slides in a cytocentrifuge and stained using May-Grinwald-Giemsa IMGG) stain. A differential count
was then performed on 200 celis. In selected experiments separate granulocytic colonies were

picked from the plates, stained with non-specific esterase and found to be devoid of monocytes.

Results

iL-3: effects on monocvie depleted CD34 + orogenitor cells. intable 1 we present the results from

34 experiments demonstrating that from monocyte depieted CD34 + enriched progenitor cells IL-3
stimulates BFU-E, CFU-Eo and CFU-GEMM. The other progenitor celis CFU-G, CFU-M and CFU-GM
could only be stimulated by a mixture of growth factors as PHA-LCM, indicating that they had not

been removed from the cell suspension during the enrichment procedure.

Table 1 Effect of IL-3 on enriched CD34 + progenitor ceils.

IL-3 PHA-LCM
BFU-E 168 = 88 208 = 130
CFU-Eo 20 £ 13 32 18
CFU-GEMM 6 =3 S+ 4
CFU-G <1 36 + 2%
CFrU-M < 1 30 = 18
CFU-GM < 1 9«5

The CD34 -+ fraction of 8x10% monocyte depleted cells {absolute number 0.4 - 1x10%)
was cultured. IL-3 plus Epe or PHA-LCM plus Epo were used as colony stimulating
factors. The mean number of colonies per dish {+8D) from 34 experiments is given.

iIL-3: effect on numbers of G-CSF stimulated colfonies. In 10 experiments using bone marrow
samples from different normal subjects the numbers of granulogytic colenies induced from the
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enriched progeritor cell fraction after stimulation with G-CSF alone {median 81 CFU-G per 8x10%
soried cells; range 38-183) were directly compared to those following induction with G-CSF plus
IL-3 {median 66 CFU-G per 8x10% sorted cells; range 53-164). Although some variation in colony
numbers was evident between different experiments, no significant difference appeared between
CFU-G numbers induced by G-CSF and G-CSF plus 1L-3.

IL-3: effect on size and cellular compesition of G-CSF stimulated colonies. in 3 experiments the size

and cellular composition of the granulocytic colonies induced by G-CSF at concentrations from
1:30,000 to 1:300 in the absence or presence of IL-3 (10 U/ml) were determinad. The average
numbers of calis per colony of 3 experiments are plotted in fig. 1. The granulocytic colonies induced
by G-CSF in the presence of IL-3 were significantly larger than those grown with G-CSF alone., The
data of the morphological analysis of these colonies are plotted in Fig. 2. The ¢olonies stimulated
by G-CSF zlone {fig.2 panels A1 and A2} mainly contain mature granulogytic celis {band forms and
segmented cells}, whereas the IL-3 plus G-CSF stimulated colonies (panels B1 and B2} show greater

proportions of immature {promyelocytes) cells.
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Fig 1. Granulocytic colony formation in response to G-CSF with and without IL-3: size
of the colonies. The c¢ell numbers per granulocytic coleny produced from
CD34 + /Mono- progenitor cells in response 1o G-CSF with {+] or without -} IL-3 {10
U/imi) are given. Data from 3 separate experiments are shown. G-CSF was added at
concentrations of 1:3,000 {exp.#1) and 1:1,000 {exp.#2 and #3). Each value repres-
ents the mean = SD of 6 pools of 5 randomly sampied colenies each, The data were
compared according to Students t-test and the significance of differences is indicated.
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Fig 2. Granulceyiic colony formation in response 1o G-CSF with and without IL-3:
celivlar composition of colonies. The cellular composition of granulocytic colonies
grown from CD34 + /Mono- progenitor celis in response to G-CSF in the absence
{panels A) or presence (panels B} of IL-3 {10 U/mY} is plotted. Each chart presents the
differential counts {mean + 8D} of three pools of five randomly sampled colonies {200
cells scored). A1 and Bl indicate the distribution of cell types in the colonies from
experiment #1 {G-CSF 1:3,000), AZ and BZ the results related to experiment #3
{G-CSF 1:1,000)(see fig.1}. In exp.#3 the colonies were not only examined morphologi-
cally Tor the 111,000 G-CSF level but also for other G-CSF concentrations (1:3,000 and
1:300). The results of the latter analyses were identical {not shown).

IL-3: ephances survival of CFU-G in vitro, Four experiments were done in which G-CSF was added

tc the cultures at day { or withheld for 7 or 10 days and then added. Cultures were run with and
without IL-3 to evaluate the effect of IL-3 on the maintenance of G-CSF responsive progenitor cells
in the cultures that were deprived of G-CSF for the initial 7-10 days. Epo was also added and all
colonies induced were scored. A representative experiment is shown in fig.3. In response to G-CSF
84 granulocytic colonies were formed in culture. When the addition of G-CSF was postponed for
7-10 days, rare CFU-G survived to form colonies upon subsequent addition of G-CSF. When IL-3
was added the decline of CFU-G numbers resulting from the delayed addition of G-C8F could parily
be prevented. Thus a significant propertion of CFU-G could be maintained in culture in the presence
of IL-3 and were still able to form colonies when G-CSF was added following the 7-day interval,
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Fig 3. Effect of iL-3 en in vitro survival of CFU-G. Colony numbers grown in response
1o G-CSF {concentration 1:1,000} added at the beginning of culture {day 0) or after a
delay of 7 or 10 days lupper section). When G-CSF was withheld from the cuitures
during the first 7 days and no iL-3 added, CFU-G numbers fell rapidly (panel A}. When
G-CSF was withheld but IL-2 supplemented, the drop of CEU-G numbers within 7 days
was partially prevented (panel B). Dzta of control cultures with no G-CSF are also
shown. Each point represents the mean value of duplicate cuhures of the CD34
positive fraction of 8x10% monocyte-depleted cells (CD34 +/Mono-}. BFU-E, CFU-Eo
and CFU-GEMM numbers did not vary as a result of the delay in G-CSF addition (lower
section). The figure presents the complete set of data of one experiment that is
representative of a series of four experiments {see iabie 2).

Table 2 shows the granulocytic colony data compiled from 4 experiments. On the average less than
1% of granulocytic colony forming cells survived when the addition of G-CSF was delayed for 7
days. When, however, IL-3 was supplemented to the cultures at their initiation (day Q), the fracticn
of CFU-G that survived in the absence of G-CSF (for 7 days) was 28 +4% (mean = 8D}. 1L-3 could
not prevent the dacline of CFU-G in cultures without G-CSF beyond a 10-day interval. ltis of note
that the delayed suppiementation of G-CSF did not at 2ll modify the numbers of BFU-E, CFU-Eo and
CFU-GEMM that were scored in parailel, indicating that G-CSF does not regulate their proliferation
or survival {Fig.3}.
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Table 2 Effect of IL-3 on in vitre survival of CFU-G.

No IL-3 With IL-3
G-CSF
added at: day 0 day 7 day 10 cday O day 7 day 10
Exp. #1 42 0 nd 53 15 nd
#2 135 05 nd 85 22 nd
#3 84 2 0 57 18 0.8
#4 38 1 0 83 20 C
Mean (%) = SD 100 0.8x0.9 - 100 284 -

The addition of G-CSF to the cultures was delayed for 7 or 10 days and the effect of
IL-3 on the in vitro maintenance of CFU-G was then assessed. The results of the
comparative cultures "without IL-3" {panel A} versus "with iL-3" (panel B} are shown
{4 experiments). Each value represents the average number of colonies of duplicate
cultures of the CD34 + fraction derived from 8x10% monocyte-depleted marrow ceils.
The mean CFU-G numbers (£ 3D} obtained following the delay of added G-CSF were
expressed as percentage of the recoveries of CFU-G numbers of cultures to which
G-CSF had been added at day 0 {= 100%). Nd denotes "not done”.

Discussicn

in cultures of purified hematopotetic progenitor celis from human marrow no granulocytic colonies
are induced foliowing stimulation with IL-3. In this paper we show that the granulocytic colony
forming ceils, however, are not really unresponsive 1o IL-3. When colony size is taken into account,
a positive effect of IL-3 on G-CSF induced colony formation was apparent. The colonies generated
in response 1o G-CSF became significanty greater whan iL-3 was added 10 those cultures as weli.
The morphological analysis revealed an increase of immature cells in the IL-3 plus G-CSF stimulated
colonies whereas mainly mature cells were found among colenies induced by G-C5F alone. Thus
it appears that IL-3 enhances the rate of proliferation of more immature myeloid cells leading 1o
larger colonies containing 2 greatar proportion of early cell stages. It is presently unclear how this
effect of iL-3 on the tolony forming abilities of CFU-G is achieved. One could hypothesize that
CFU-G do concomitantly express receptors for the two hematopeietic growth factors (G-CSF and
1L-3) and that the exposure to G-CSF will preferentially stimulate maturation whereas 1L-3 mainly
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controls seif-renewal of CFU-G, so that the simultaneous exposure to both G-CSF and iL-3 will
result in colonies with a greater propertion of immature cells. Evidently IL-3 is not able to stimulate
a sufficient number of cell divisions to permit the formation of a granulocytic colony. If H-3
stimulates a few cell divisions, G-CSF could then evoke additional cell divisions and induce terminal
differentiation. This interpretation would be consistent with the observations indicating that in
cultures deprived of G-CSF, CFU-G disappeared within approximately one week, while this
extinction of CFU-G could partially be counteracted by exposure of the cells to IL-3. Whether these
G-CSF respensive cells are maintained in culture due to 2 seif-renewal effect of IL-3 or promotion
of survival needs further investigation. Another explanation for these results may be that 1L-3
induces proliferation of a less mature, i.e. multi-potent, progenitor cell after which differentiation
of this cell is directed by G-CSF into the granulocytic fineage. We consider this a less likely
explanation since the absolute number of granulocytic colonies did not increase in G-CSF plus IL-3
stimulated cultures indicating that no additional progenitor cells were recruited as a result of IL-3
addition to G-CSF stimulated cultures.

In two recent studies, one employing gibbon I.-3%72 and one human iL-3,2% positive effect of IL-3
on numbers of human CFU-G were reported. The discrepancy between those resuits and the data
of this study is not immediately clear, but is most likely explained by differences in the progenitor
cell enrichment procedures. We have utilized complement mediated cytolysis 1o remove accessory
cells foliowed by 2 positive selection of pregenitor cells using a MoAb against the CD34 antigen
and cell sorting. Sieff et al.2%® used several MoAbs and adherence to lg-coated plates as a method
to deplete accessory celis. Otsuka et al.?2 also used immune panning to enrich for CD34 + cells,
followed by overnight depletion of adherent cells. As it has been clearly demonstrated that few
admixed monocytes can extend the stimulative spectrum of IL-3 to include CFU-G,2' it is
conceivable that relatively small differences in the guantitative admixtures of accessory cells

modulating the effect of iL-3 on CFU-G are responsible for these dissimilarities.
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Chapter 5

SYNERGISTIC EFFECTS BETWEEN GM-CSF AND G-CSF OR M-CSF

ON HIGHLY ENRICHED HUMAN MARROW PROGENITOR CELLS

Fredrik J Bot, Loes van Eitk, Pauline Schipper, Bianca Backx
and Bob Liwenberg

Leukemia 4:325-328, 1980
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Ahstract

The human muitilineage hematopoietic growth factor granulocyte-macrophage colony stimutating
factor (GM-CSF) induces multipotent, erythroid and eosinophll colony formation from highly
enriched normal bone marrow cells. We have examined the effects of GM-CSF combined with
granulocyte-CSF (G-CSF) or macrophage-CSF (M-CSF) on the monolineage granulocytic,
eosinophilic and macrophage progenitor cefls {CFU-G, CFU-Eo and CFU-M} in accessory cell
depleted marrow fractions. GM-CSF effects were assessed in direct comparison with those of inter-
leukin-3 (IL-3} plus G-CSF or M-CSF. GM-CSF strongly synergized with G-CSF in the formation of
granulocytic colonies with respect to number and size and enhanced the in-vitro survival of CFU-G.
More immature celis were present in colonies induced by the mixture of GM-CSF and G-CSF than
by G-CSF alone. GM-CSF also synergized with M-CSF in the formation of macrephage colonies
(number and size}. The addition of G-CSF and M-CSF did not influence eosinophil colony formation
induced by GM-CSF or IL-3. Experiments directly comparing GM-CSF and IL-3 revealed that the
effects of GM-CSF on G-and M- colony forming celis were significantly greater than those of 1L-3.
The potent positive effects between GM-CSF and G-CSF as well as between GM-CSF and M-CSF

provide a powerful mechanism of amplification of granulopoiesis and monocytopoiesis.

introduction

Human hematopoizsis is under the control of 2 number of hematopoietic growth factors, e.g.
interleukin-3 {IL-3), granulocyte-macrophage colony-stimulating factor (GM-CSF), granulogyte-CSF
{G-CSF), macrophage-CSF (M-CSF) and erythropoietin {Epo). GM-CSF when added to culwres of
highly enriched human hematopoietic progeniter ¢ells, mainly stimulates erythroid (BFU-E), eosine-
phil (CFU-Eo} and multipotential {CFU-GEMM) precursors.?? Direct comparisons between the
profiferative stimulating activities of GM-CSF and IL-3 have shown that both factors have a very
similar target cell spectrum.?"22 Thus GM-CSF and IL.-3 do not induce colonies from granulocyte
and magrophage progenitors (CFU-G, CFU-M and CFU-GM} when accessory celis are rigorousiy
depleted from the target marrow cell suspension. On the other hand G-C3F, M-CUSF and Epo
predominantly stimulate colony formation from committed progenitors. interactions between the
early {IL-3, GM-CSF) and fate acting factors (G-CSF, M-CSF and Epo) may eccur. These cooperative
effects between CSFs are assumed to represent essential features of the physiclogic regulation of
hematopoiesis. Several murine studies on synergistic effects between CSFs have been
published.’¥%%' As regards human marrow, synergism between IL-3 and G-CSF or GM-CSF has
been demonstrated in one study using unpurified marrow celis®3® and in another more recent study

only with respect to GM-CFC."®® We have recently demonstrated positive effects of IL-3 on G-CSF-
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responsive precursors.?® This work was extended and in the present study we have examined the
cooperative effects between GM-CSF and G-CSF or M-CSF on several aspects of colony formation.
Highly enriched marrow progenitor cell fractions werz used and we have evaluated the stimulating
effects on granulocytic, eosinophilic and macrophage progenitors separately.

Materiais and methods

Preparation of cell suspension: Bone marrow was obtained by posterior iliac ¢crest puncture from
hematologicaily normal adults, after informed consent. The marrow was collected in Hanks
balanced salt solution (HBSS) with heparin and the mononuclear cells were separated over Ficoll-
isopague {1.077 g/cm®; Nycomed, Oslo, Norway) as described.?’

Enrichment of progeniter cells: A two-step progenitor cell enrichment procedure was employed as
described.?* First. non-clonogenic accessory cells were removed by complement mediated cytolysis
with a mixture of monoclonal antibodies {MoAb} against the antigens CD14 (B44.1, IgM, mono-
cytes:?®” final dilution 1:1000), CD15 (B4.3, lgM, granulocytic celis;®'” final dilution 1:500) and
CD3 (T3, IgG2, final dilution 1:10). By FACS-analysis we had previcusly verified that the antigens
CD14, CD15 and CD3 are not expressed on progenitor cells. The lysis-procedure resulted in an
average recovery of 51% % 7% of nucleated cells. Secondly, cells were positively selected following
CD34 labeling {BI3C5, 1gG1; Sera-Lab, Crawley Down, UK'®?) and cell sorting (FACS 440, Becton
Dickinson, Mountain View, Cal.}. The final cell population contained 4%-6% of the original ficoll
separated celis and mainly represented meorphologically immature blast cells. This method of
enrichment has been shown to provide an efficient separation of clonogenic cefls from accessory
celis.®* The complete recovery of clonogenic cells foliowing cell separation was evaluated in
individual experiments by running control cuitures with PHA-LCM {phytohemaggiutinin-feucocyte
conditioned medium) as described.?! In each experiment the discarded CD34- fraction was cultured
with PHA-LCM as stimulus and found to contain only a minor number (<10%) of erythroid
colonies, but never myeloid colonies. The purified fraction of accessory cell depleted, CD34 + bons

marrow ceils is also referred to as enriched (progenitor) cells in the text.

Recombinant human CSFs: Recombinant human IL-3, obtzinad from Drs L Dorssers and G

Wagemaker (Danig! den Hoed Cancer Center, Rotterdam and Radiobiological institute TNO, Rijswijk,
The Netherlands)?"7! was used at the optimal concentration of 10 U/mlL?" Purified recombinant
human G-CSF was a gift from Dr § Gillis (Immunex Corp., Seattle, WA), specific activity >
10,000,000 CFU/mg protein and was used in 2 concentration of 1C ng/ml. Purified recombinant
M-CSF was donated by Dr P Ralph (Cetus Corp., Emeryville, CA}, specific activity 5x107 U/mg and
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used in 2 concentration of 20 ng/mi. E.Coill derived purified recombinant human GM-CSF (from Dr
JF Del.amarter; Biogen SA, Geneva, Switzerland®®), specific activity 10% U/ml was used at a con-
centration of 1:1,000. The abovementioned optimal stimulatory concentrations were determined
for each growth factor batch separately (data not shown) and used throughout the experiments
unless stated otherwise.

Colony culture assay; The CD34+ fraction of 8x10% accessory cell depleted bone marrow cells
{actual number plated: 0.5-1x10% cells/mb) was cultured in 82 1 ml mixture of iscove’s modified
Dulbecco’s medium (IMDM), 1.1% methyiceliulose, 30% autologous heparinized plasma, BSA,
transferrin, lecithin, sodium-selenite and 2-mercapto-ethanol as reported.?? Cultures were stimulated
by the additicn of GM-CSF, IL-3, G-CSFE, M-CSF or PHA-LCM. [n selected cultures the addition of
G-CSF or M-CSE was delayed for 2, 7 or 10 days following the initiation of culture as described.®
In all experiments a control culture of enriched cells without added growth factors was doneg;
colonies never formed in these cultures, Estimates are based upon duplicate cultures. Colonies of
more than 50 cells were scored at day 15 following plating.

Determination of colony size and morphology: ln three experiments the size of colonies stimulated

by G-CSF alone and G-CSF plus IL-3 or GM-CSF was determined after picking-off colonies from the
culture dishes as described.®® In each experiment the mean cell number per colony was derived
from © pools of five colonies each. To determine the morphology these pooled colanies were put
onto slides in a cytocentrifuge and stained using May-Griinwaid-Giemsa (MGG) stain. A differential
count was then performed on 200 cells.

Resuits

Granuloevtic and eosinaphilic_colony formation after costimulation with GM-CSFE + G-CSF;

Stimulation of enriched bone marrow cells with G-CSF resulted in the formation of granulocytic
colonies. Significantly more CFU-G were induced by G-CSF when GM-CSF was added to cultures
as well {100+ 45 (SD) versus 37 £30/9000 cells; t-test, p< 0.001; n=17) (Fig.1A}. GM-CSF alone
induced rare G-colonies from the enriched marrow fraction {2 +2) (Fig.1A). The dose-response
curves for GM-CSF added to G-CSF stumulated cultures {n=3 experiments] demonstrated that
enhancement of G-colony formation by GM-CSF became apparent at GM-CSF concentrations
between 1 to 10 U/mi, and was maximal at 100 U/mi of GM-CSF (Fig.18).

Eosinophilic colony numbers in GM-CSF versus GM-CSF plus G-CSF stimulated cultures were
identical {2013 and 21 £ 11/5000 cells, respectively), indicating that G-CSF does not influsnce
eosinophilic colony growth.
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Fig 1. Synergy between hematopoietic growth factors on granulocytic and macrophage
colony numbers. Mighly enriched norral bone marrow progenitor cells were incubated
with different combinations of CSFs. All colony numbers are expressed per 5000 plated
cells. Panel A: numbers of G-colonies {mean = SD; n=17 experiments) are shown
after culture with GM-CSF, G-CSF or GM-CSF + G-CSF. Panel B: Numbers of
G-colonies induced by G-CSF plus titrated concentrations of GM-CSF (0.7 w0 1,000
U/mi}. The dose-response curves from three experiments are plotted. Panegl C: Numbers
of G-colonies (mean = SD; n=14 experiments} after culture with IL-3, G-CSF or iL-3
+ G-CSF. Panel D: Numbers of CFU-M (mean £ SD; n=11 experiments} after culture
with GM-CSF, M-CSF or GM-CSF + M-CSF. Panel E: Numbers of CFU-M induced by
M-CSF plus titrated congentrations of GM-CSF (data from three experiments),
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By comparison, optimal concentrations of IL-3 did not affect G-CSF induced colony numbers
{Fg.1C).2* Egqual numbers of eosinophilic colonies were formed in cultures stimulated by
G-CSF +IL-3 versus 1L-3 alone (135 and 13+7/5000 celis; n=14}.

Macroghage colony formation after costimylation with GM-CSFE + M-CSF: GM-CSF synergized
strongly with M-CSF and induced 2 significant ingrease in macrophage ¢olony formation {Fig.1D).
Both GM-CSF and M-CSF alone produced few macrophage colonies from purified normal marrow
progenitors {22 and 6 £4/5000 cells, respectively). Considerably greater numbers of CFU-M
{(38=+20; p < 0.001; n=11) were induced in response to stimulation with GM-CSF plus M-CSF.
This effect was clearly dose-dependent, beginning at a GM-CSF concentration of 0.1 U/ml {Fig.1E).
Maximal synergy between GM-CSF and M-CSF was evident at approximately 10 - 100 U/ml
GM-CSF. The numbers of eosinaphilic colonies were identical in cukures stimulated with GM-CSF
{22+7) as compared to those in cultures stimulated with GM-CSF plus M-CSF {22+ 86). The
addition of 1L-3 did not influence M-CSF induced colony formation {data not shownl.

Effect of GM-CSF and iL-3 on granuiocviic and eosinophilic colony size: The average numbers of

cells per granulocytic colony induced by G-CSF alone, G-CSF plus IL-3 or G-CSF plus GM-CSF were
determined (fig.2). The latter estimates were derived from three experiments i.e. from 18 series
of 5 colonies. A progressive increase (p <0.001; t-test} of the average granulocytic colony size was
apparent in the following order: G-CSF (1058 276 cells/col.), G-CSF + IL-3 (1832 586) and
G-CSF + GM-CSF (3726 +1146).

Eosinophilic colonies induced by IL-3 {1011 £187 cells/col.) were significantly smaller than those
induced by GM-CSF {4587 = 1876 celis/col.; n=4). The size of the latter colenies did not change
as a result of G-CSF addition, confirming the lack of activity of G-CSF on eosinophilic colony forma-
tion (data not shown).

The size of macrophage colonies could not be determined reliably, because it was difficult to pick
them from the plates completely. An approximation of the relative size was made from the appear-
ance of the colonies in the dishes. M-CSF induced colonies were generally small and were
estimated 10 contain 30-100 cells. In contrast M-CSF plus GM-CSF-induced colonies appeared
considerably larger, regularly containing more than 200 cells. [L-3 did not influence the size of
M-CSF induced colonies.
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Fig 2. Size of granulocytic colonies formed in response to G-CSF, G-CSF + 1L-3, or
G-CSF + GM-CSF. The size of the colonies is expressed as average numbers of calls
per colony {(x10-3). Results are derived from three experiments and each estimate
represents the mean (£ 8D} of 18 pools of five colonies.

Effecs of GM-CSF and IL-3 on cell maturation within colonies: In three experiments the cellular com-
position of granulocytic colonies induced by G-CSF, G-CSF plus GM-CSF or G-CSF plus IL-3 was

assessed (Fig.3). G-CSF stimulated colonies consisted mainly of mature segmented granuiocytes.
The addition of GM-CSF to cultures as a costimulus of G-CSF enhanced the proportion of immature
celis in the colonies: almost 50 % of the cells were promyelocytes and myelocytes while
segmented granuiocytes were virtuzlly absent (see fig.3). The addition of IL-3 resuited also in
colonies containing more immature cells although the effect was less prominent., Maturation of
eosinophilic colonies induced by GM-CSF or 1L-3 did not change as the consequence of G-CSF
addition.

Effect of GM-CSF on survival of CFU-G ang CFU-M: The effect of GM-CSF on the in vitro survival
of CFU-G was examined in two experiments. This was done by postponing the addition ¢of G-CSF

to the cultures for 2, 7 or 10 days. The majority of CFU-G disappear within 2 - 7 days in non-
supplemented cultures {Fig.4, panels A and B).
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Fig 3. Comparison between the cellular composition of granuiccytic colonies induced
by G-CSF, G-CSF + 1L-3 and G-CSF + GM-CSF. Differential counts {200 cells) were
performed on cytospin slides of pooled granulocytic colonies. Estimates are the mean
results of six slides. One representative of three experiments is shown. X-axis: proepor-
tions of celis in colonies expressed by length of bars; Y-axis: morphologically identified
granylocytic ceils.

Addition of GM-CSF to those culwures during G-CSF deprivation prevented the drop of CFU-G
numbers at least partially. Thus the presence of GM-CSF permitted the survival of a considerable
fraction of CFU-G in vitro until day 7.

Datz from a similar pair of experiments for CFU-M are shown in panels C and D. M-CSF zlone
stimulates very few macrophage colonies, and a positive effect of GM-CSF on M-CFU numbers is
apparent. We cannot draw conclusions on the survival of CFU-M in the presence of GM-CSF, since
the numbers of macrophage colonies stimulataed by M-CSF alone are too low to measure significant
survival promoting effects of GM-CSF on CEU-M.
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Fig 4. In vitro survival of CFU-G and CFU-M in the presence of GM-CSF. Cultures of
enriched progenitor cells without GM-CSF (dotted bars) and with GM-CSF (haiched
pars) to assess the survival of CFU-G (paneis A and B} and CFU-M (panels C and D).
The in vitro survival of CFU-G angd CFU-M was determined at day 0, 2, 7 and 10.
Colony numbers are expressed per 5000 plated celis.

Biscussion

We have demonstrated that the muitilineage hematopoletic growth factor GM-CSF, although by
itself net stimulating CFU-G or CFU-M from highly enriched marrow blast cells, strongly synergizes
in a dose-dependent way with the single lineage hematopoietic growth factors G-CSF and M-CSF.
Thus smali doses of GM-CSF may considerably elevate G-CSF and M-CSF stmulating activities.

The positive effects of the GM-CSF pius G-CSF combination on size, maturation and survival of

granuiocytic progenitors have previously been reported for IL-3.2° The experiments reported here
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however show that the magnitude of the effect of GM-CSF on CFU-G is considerably greater than
the effect of IL-3. Macrophage celony formation was enhanced simifarly by adding GM-CSF to
M-CSF. In contrast costimulation of M-CSF with 1L-3 did not promote the formation of M-colonies.
Synergism between GM-CSF and M-CSF was already apparent zt low doses of GM-CSF and is
consistent with a previously described synergistic effect between GM-CSF and M-CSF.*2 The latter
investigations however were carried out with less enriched bone marrow progenitors and this may
explain that GM-CSF alone could induce CFU-M proliferation in those studies accessory cells
releasing endogenous hematopoieting may modify the growth factor response considerably.? A
remarkable feature is the poor stimulative effect of M-CSF alone. Apparently macrophage-CFU
generally need two factors, GM-CSF plus M-CSF, to express full colony forming potential.*? IL-6
plus M-CSF have also been demonstrated to be 2 potent stimulatory combination for M-CFU.2*
Eosinophilic colonies induced by (L-3 or GM-CSF did not change in number, size or maturational
status after the addition of G-CSF, indicating that G-CSF does not modify profiferation and
maturation of CFU-Eo.

From our studies it appears that G- and M-progenitors do respond to GM-CSF, however GM-CSF
stimulation alone is insufficiant to elicit colony formation. This can only be achieved when G-CSF
and M-CSF are also present, either exegenousiy added to the cultures, or endogenousiy produced
by accessory cells, e.g. monocytes.?? The exact mechanism by which GM-CSF synergizes with
both G-CSF and M-CSFE cannot be deduced from these experiments: we have considered four
different mechanisms: (2) GM-CSF may upragulate receptors for G-CSF and M-CSF respectively,
thereby recruiting more immature cells to become responsive 1o these factors, (b} GM-CSF may
induce only a few cell divisions but no maturation while G-CSF and M-CSF subsequently trigger
further cell divisions and maturation so that full size colonies appear. This mechanism could very
well explain the survival experiments: a few celi-divisions would suffice to keep the cells alive untit
the late acting factar is added, (c¢) different subpopulations of CFU-G and CFU-M may coexist, as
has been suggested before,’®® e.g. one subset responding to G-CSF or M-CSF zlone and another
subset that requires the dual combination of GM-CSF and G-CSF or GM-CSF and M-CSF for
effective stimulation, or {d) the requirement of CFU-M for multiple hematopoietins for optimal
proliferation may be compatible with a "priming” function of GM-CSF or IL-8, rendering CFU-M
responsive 1o the proliferation inducing factor M-CSF, as has been suggested before for GM-CSF.%2
It is now clear that the multipgieting IL-3 and GM-CSF have 2 broad progenitor celi spectrum of
stimulation?'?23%:42 that depends on their combination with other factors. The diverse interactions
between different factors and the strong synergistic effects between GM-CSF and G-CSF or
between GM-CSF and M-CSF significantly enhance certain proliferative effects. This mechanism
of cooperation may provide a powerful system of positive regulation e.g. in situatons of stress

hemopoiesis.
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INTERLEUKIN-6 (IL-8) SYNERGIZES WITH M-CSF IN THE FORMATION CF
MACROPHAGE COLONIES FROM PURIFIED HUMAN

MARROW PRCGENITOR CELLS

Fredrik J Bot, Loes van Eijk, Lianne Broeders, Lucien A Aarden and Bob Loéwenbearg
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Abstra

We have examined the in vitro stimulative effects of recombinant human interleukin-6 (IL-8, or
interferon-8,} on purified human bone marrow progenitor ceils. IL-6 alone or in combination with
Epo, IL-3, GM-CSF or G-CSF did not induce colony formation, However {L-6 strongly synergized
with M-CSFin stimulating macrophage colony formation {colony numbers and size). The magnitude
of 1L-8 synergism with M-CSF was dose-dependent, maximal potentiation of M-colony fermation
being evident at approximately 100-1000 U/ml IL-6. When the addition of IL-6 10 M-CSF supple-
mented cuhures was delayed for more than one day after the beginning of culture, enhancement
of macrophage ¢olony formation was lost. IL-6 stimuiation of M-CSF responsive colony formation
was not apparent when nonpurified marrow cells were plated, most kkely due to endogengus IL-6
release. These observations suggest that IL-6 besides its role In B lymphocyte proliferation can
potentiate the human immune defence mechanism by stimulating monocyte-macrophage develop-
ment as well.

introduction

Interleukin 6 (IL-6, originally described as interferon R2263.264.33% and also known as B-cell
stimulating factor-2) is produced by many cell types and was recently cloned from monocytes,?’
fibroblasts'® and a T-celi line."*® It has a regulatory function in the differentiation of 8 iymphocyt-
es.''? IL-6 alsc supports, in synergy with IL-3, the proliferation of granulocyte macrophage- and
multilineage progenitors from muring bone marrow. 2 IL-8 and I1L-3 showed synergistic activity in
the human marrow blast cell colony assay as well.' |L-6, when added to IL-3 stimulated cultures,
accelerated the appearance and increased the numbers of blast cell colonies. This suggested that
IL-6 acts as a competence factor mediating the transition of cells from Gy 1o a cycling state.' 2%
IL-5 did not induce colony formaticn from other hematopoietic progenitors neither as a singie
factor, nor in combination with IL-3 or IL-10. We demonstrate here that IL-6 erhances M-CSF

induced colony formation in cultures of highly enriched progenitor cells from human bone marrow.

Materials and methods

Enrichment of marrow progenitor cells: Bone marrow was obiained from hematologically normal

adults, which had given their informed consent, and separated over Ficoli-lsopague (1.077 g/.cm3;
Nycomed, Usle, Norway) according to standard procedures.?’ As a first step of enrichment marrow

cells were depleted of non-cloncgenic accessory cells following complement mediated cytolysis
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with a cockiail of monocicenal antibodies {MeoAb) against the antigens CD14 (B44.1, igM,
menocytes;?¥ final dilution 1:1000), CD15 (B4.3, IgM, granulocytic cells;*'” final dilution 1:500)
and CD3 (T3, 1gG2, final dilution 1:10). This resulted in an average recovery of 51+£7% of
nucleated celis. Further enrichment (second step) was achigved following fluorescence activated
sorting of the cells bearing the CD34 antigen (BI3CT5, 1gG1; Sera-Lab, Crawley Down, UK'33). The
labeling and cell sorting proceduras have been described.? Thus 4-6% of the criginal ficoll separa-
ted cells were recovered as the final cell population and consisted mainly of immature blast celis.
The tatter fraction is designated as CD34 + fractdon of accessory cell depleted marrow or enriched

progenitor celi fraction.

Recombinant human CSFs: E. Coli derived recombinant human IL-8 was purified to apparent

homogeneity and had 2 specific activity of 102 ynits/mg.’ The concentration used in culture was
1000 U/mi or 2s indicated. Recombinant human [L-3 was genercusly donated by Drs L Dorssers
and G Wagemaker (Radicbiological institute TNO, Rijswilk, The Netherlands?-7"), recombinant
human G-C8F and M-CSF by Dr § Clark {Genetics Institute, Cambridge, MA) and recombinant
human GM-CSF by Dr JF DelLamarter (Biogen SA, Geneva, Switzerlang®®) and used at optimal con-
centrations of 10 U/mi, 22 1:1,000, 1:1,000 and 1000 U/mi respectively.

Colony gulture assay: The CD34+ fraction of 8x10% accessory cell depieted bone marrow cells

{real number plated: 0.5-1x10% cells/ml) was cultured in methylcellulose as reported®’ . Recombinant
growth factors were added in several combinations, or an impure PHA-LCM (phytohaemagglutinin-
leucocyte conditioned medium) was used as control. In selected cultures the addition of IL-6 was
delayed for 1.3 or 6 days after which 1L-8 was carefully dispersed over the culture layer in a
volume of 0.050 mi and allowed to diffuse through the medium. Estimates are based upon the data
from duplicate culwres. Colonies werg scored at day 15 following piating. Macrophage colonies
were defined as aggregates of more than 50 cells which were recognized as macrophages at a
100x magnification, presenting as large, often dark, vacuclated cells and verified using May-

Granwald-Giemsa stained cytospin preparations of single colonies.

Resuits

IL-6 gid notinduce colonies in vitro from enriched bong marrow progeniter cells (n=8 experiments).
A synergistic effect was noted between IL-6 and M-CSFE (fig. TA). In response to costimulation with
IL-6 and M-CSF significantly more CFU-M were induced to form colonies (at day 15) as compared
10 stimulation with M-CSF alone. Furthermore, M-CSF induced colonies were loosely arranged and

contained 50-100 celis while M-CSF plus 1L.-6 stumulated colonies with more compact appearance
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contained over 200 cells. For comparison, similarly elevated golony numbers were alse obtained

in cultures after stimulation with impure PHA-LCM.

no. of CFU-M
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experiment #
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Fig 1. Synergism between -6 and M-CSF. The CD34 + fraction from 8x10% accessory
celt depleted bone marrow cells {= 0.5-1x10% was plated per ml. Pangl A shows the
results from 8 experiments with bone marrow from 8 different donors. Numbers of
CFU-M stimulated by M-CSF, M-CSF plus 1L-6 or PHA-LCM are shown, In pane! B the
resuits are shown from three [L-8-dose titration experiments in which 1L-6 at con-
centrations from 0 to 1000 U/mi was added to cultures containing M-CSF. Each point
is the mean of duplicate cultures. In the presence of 11-§ alone or without any factor no
CFU-M were stimulated to colony formation.
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IL-5 did not modify the colony forming efficiency when added 1o cultures containing Epo, IL-3, GM-
CSF or G-CSF {data not shown). The dose-effect relationship (figure 1B) reveals that the potentia-
ting effect of IL-6 is concentration dependent and begins to be expressed at concentrations of 1-10
U/mi. Piateau values of IL-6 synergistic activity are reached at concentrations between 100-1000
U/mil.

When IL-6 was not supplemented at the initiation of cultures but with a delay of 1-3 days it
appearad that the synergistic effect of IL-6 on M-CSF dependent colony formation was lost {figure
2.

no. of CFU-M no. of CFU-M
4] 26

o ! T
ne IL-6 day Q cay 1 day 3 dey 6 no lL-§ day O day 1 gay 3 day 8

day of addition of IL-6

Fig 2. IL-8 ennances M-CSF induced colony formation: delaved addition of iL-6. The
CD34+ fraction isclated from 8x10% accessory cell depleted bone marrow cells (=
0.5-1x10% was plated. Numbers of macrophage colonies stimulated by M-CSF are
given. IL-6 {1000 U/mi} was added at the beginning of culture {day O) orat day 1, 3
or 6 of culture. Data are from two separate experiments. Each point is the mean of
duplicate cultures.

These experiments were conducted with highly enriched bone marrow progenitor celis in an

attempt to exclude interference of accessory cells. In three experiments the effects of IL-6 on
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M-CSF induced colony formation from enriched marrow progenitor cells were directly compared
with those on non-enriched marrow cells, i.e. ficoll separated cells. It appeared that M-CSF
stimulated greater numbers of CFU-M from ficoll separated marrow mononucleated celis (20, 16
and 48 macrophage colonies per 10% n=3 experiments) than from the purified fraction {5, 1 and
28 colonies per 10% celis, respectively}, When IL-6 was added 1o M-CSF stimuiated cultures of
ficolt fractionated cells the synergistic activity of IL-6 could not be demonstrated (M-CSF + IL-5:
23, 20 and 31 colonies per 10° ceils).

Discussion

We demonstrate that [L-6 has no colony stimulating effect on enriched human hematopeietic
progenitor cells. However 1L-6 synergizes with M-CSF in the stimulation of CFU-M with respect 1o
both number and size of macrophage colonies. A delay in the addition of IL-6 to M-CSF stimulated
cultures of more than one day abolishes the potentiating effect of IL-6. Thus there is an immediate
requirement of the M-CFU target cell population for 1L-6, suggesting that M-CFU rapidly lose their
susceptibility to lL-6 in vitro in the absence of IL-6 or extinguish In cuiture when they are deprived
of iL-5. One explanation for the synergism between [L-6 and M-CSF is that IL-6 upregulates the
sensitivity of M-CFU for M-CSF or recruits additional subsets e.g. by upreguiating M-CSF receptor
expression. As an alternative explanation these data could fit the theory'?'%7 that IL-6 acts as a
competence factor that induces CFU-M from the resting G, state into G,, after which M-CSF acts
2s a progression factor that induces profiferation of CFU-M. These and other possible mechanisms
10 explain the effects described here will require additional investigation.

The synergistic effect of IL-6 on M-CSF induced colony formation could not be demonstrated in
ficoli-fractionated bone marrow. Furthermore M-CSF induced considerably more CFU-M from this
impure population of marrow cells than from the enriched progenitor ceil population. As monocytes
are potent IL-6 producers’ and IL-6 synergism is evident already at relatively low concentrations
of IL-6 (1-10 U/mi}, we believe that the release of endogenous IL-6 by monocytes retained in the
ficoll fraction of bone marrow bypasses the dependence of CFU-M on exogenous IL-6.

iL-6 is a stimulator of B-cells and is thought to have an important role in the immune defence
system. The observations presented here support 2 broader role of IL-8 in host defence, i.e. not
only along the B-lineage but also through the generation of monocyte-macrophage cells from their

progenitors.
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Chapter 7

INTERLEUKIN-1o {(iL-1) REGULATES THE PROLIFERATION

OF IMMATURE NOCRMAL BONE MARROW CELLS

Fredrik J Bot, Pauline Schipper, Lianne Broeders,

Ruud Delwel, Kenneth Kaushansky and Bob Léwenberg

Blood 76:307-311, 1890
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Abstract

The cvtokine interleukin-1 (IL-1) plays 2 role in the regulation of normal as well as leukemic
hematopoiesis. In acute myeloid leukemia {AML), IL-1 induces autocrine GM-CSF and TNF
oroduction and thase factors may then synergistically induce proliferation in AML blast cells. Here
we demonstrate that IL-1 stimulates DNA-synthesis of highly enriched normal bone marrow blast
cells {CD34 positive, adherent cell depleted, CD3/CD14/CD15 negative). The stimulative effect of
IL-1 can be blocked with neutralizing anti-TNFe and anti-GM-CSF antibodies and most efficiently
by the combination of anti-TNFg and anti-GM-CSF but not with anti-G-CSF antibody, suggesting
that iL-1 induced preliferation was initiated through TNF and GM-CSF release. Concentrations of
TNF and GM-CSF increased in the culture medium of normal bone marrow blast cells after IL-1
induction. Twelve percent of those IL-1 induced cells were positive for GM-CSF mRNA by in-situ
hybridization as opposed to 6% of non-induced cells. Thus IL-1 acts in addition to its effect on
ieukemic blast cells also on normal marrow blast cells. We propose a scheme where iL-1 stimulation
of normal bone marrow blast cells leads 10 the induction of TNFo and GM-CSF which in association
stimulate DNA-gynthesis efficiently according to 2 paracrine or autocring mechanism within the

marrow biast cell compartment.

Intreduction

The hematopoietic growth factors interieukin-3 {IL-3), granulocyte-macrophage colony-stimulating
factor (GM-CSF), granuloeyte-CSF {G-CSF) and macrophage-CSF {(M-CSF) stimulate proiiferation
and differentiation of hematopoietic progenitor cells. The pleiotropic factors interfeukin-1 {IL-1} and
tumar necrosis factor {TNF} are also involved In the regulation of hematopoiesis, e.g., through the
induction of CSF release. Interleukin-1 may exert positive effects on hematopoietic progenitor cells
in vitro while TNF may exhibit both stimulatery and inhibitory effects.’*® Whether IL-1 and TNF act
directly on the progenitor cells themselves in addition to indirect effects via accessory cells has not
been settled.

iL-1 has recently been demonstrated to stimulate the profiferation in vitro of acute myeloid leukemia
{AML} cells through the induction of GM-CSF production,®® suggesting that the latter mechanism
of autocring GM-CSF mediated growth of AML blast cells®® is under the control of the inducer IL-1.
As yet it is not clear whether the phenomenon of autocrine stimulation of proliferation is related
to the pathophysiclogy of AML growth. In some cases of AML [L-1 has the ability to induce the
production of TNF as well, furthermore, costimulation of TNF and GM-CSF may show streng
synergism in stimulating AML cell profiferation in vitro.''> Based on these observations it appears
that IL-1 serves as an inducer of TNF and GM-CSF release followed by enhanced growth depending
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on the TNF/GM-CSF ratio.
Here we present experiments to investigate whether similar cascades of stimulation involving IL-1,
TNF and GM-CSF are operative In the in vitro proliferative activity ¢f normal bone marrow blast

celis.

Materials and methods

Enrichment of marrow progeniter cells: Bone marrow was obtained from hematelogically normal
adults, which had given their informed consent, and separated over Ficoll-lsopague (1.077 g/cms;
Nycomed, Osle, Norway) according to standard procedures.?’ To ensure a thorough removal of
accessory cells, progenitor cells were enriched in two steps. Initially marrow cells were depleted
of acherent- and other accessory cells using a combined adherence/complement mediated cytolysis
prosedure. The marrow cell suspension (20x105/mL in phosphate buffered saline (PBS)/5% fetal
calf serum (FCS)) was incubated with a2 cocktail of monocional antibodies {MoAb) against the
antigens CD14 (B44.1. IgM, monocytes;®7 final ditution 1:1000), CD15 (B4.3, IgM, granulocytic
cells;®'7 final dilution 1:500) and CD3 (T3, IgG2, final dilution 1:10) for 15 minutes on ice. Next
rabbit complement was added (40%), the cells were adjusted to a concentration of 10 x 108/mL,
and allowed to adhere onto the surface of a 60 mm pewi-dish at 37 °C for one hour. The
nonadherent cells were harvested and washed in cold HBSS. This resuited in an average recovery
of 26% x 7% of nucleated cells. As a second step the cells expressing the CD34 antigen {BI3C3,
IgG1; Sera-lab, Crawley Down, UK'™) were positively selected using a FACS 440 (Becton
Dickinson, Mountain View, Cal.). The iabeling and cell sorting procedurss have been dascribed.?
Thus 3% = 1% of the original ficoli separated cells were recovered as the final ceil population. This
fraction is designated as CD34 + fraction of accessory cell depleted marrow or enriched blast cel
fraction and ¢onsists of more than 95% immature blast cells. Rare lymphocytes/plasma cells were
present but monocytes and mature myeloid celis were not distinguishable in these cell preparations
by cytochemical examinations.

Hematopoietic growth factors_and sntibodies: Human IL-To and polyclonal rabbit anti-G-CSF were
kindly donated by Dr S. Gillis {Immunex Corporations, Seattle, WA). IL-1 was used at a concentra-
tion of 100 U/ml% based on maximal stimulating abilities as established in dose-response
experiments {data not shown). Polyclonal sheep anti-GM-CSF was a gift from Dr. S Clark {Genetics
Institute, Cambridge, MA} and was used in a concentration of $.25%. Anti-G-CSF was also used
in a concentration of 0.25%. The antibodies at these concentrations neutralized 2000 U/mi of
GM-CSF and G-CSF in a dilution of 1:70,000, as described.®® Monoclonal antibodies against TNF-g
and TNF-B were provided by Dr. GR Adcif (Ernst Boehringer Institute, Vienna, Austrial. Anti-TNF
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antibody 2t 2 concentration of 1:10,000 neutralized up to 10,000 U/mbl of TNF In in-vitre
proliferation assays of B-CLL celis?™ (data not shown). This concentration of anti-TNF was chosen
to ensure a complete neutralization of all TNF present in the medium. Recombinant human eryth-

ropoietin was purchased from Amgen Biologicals (Thousand Caks, California) and used at 1 U/mi.

Tritiated thvmidine incorporation assav: Proliferation of the enriched normai bone marrow blast cells
was measured by *H-TdR uptake. The cells were cultured for 48 hours in round-bottom $6-welt
microtiter plates (mean 8200+ 1700 celisiwell} in 0.1 mL of a serum-free medium®? composed of
BSA, transferrin, Na-selenite, linoleic acid, cholesterol, insulin, B-mercapto-ethancot and iscove’s
modified Dulbecco’s medium {IMDM), supplemented with growth factors and antibodies, exactly
as reported.®°

Preparation of conditioned media: In three experiments conditioned media were collected following
culture of enriched normal marrow cells with and without IL-1 in serum-free medium. In paraliel 2
control medium with 11-1 but without celis was also prepared. The media were harvested after 84
hours of culture, centrifuged to remove cells and stored at -20°C. The cells from which these
supernatants were derived were also examined cytologically following May-Grinwald-Giemsa
staining.

TNF- and GM-CSF assays: Immunoreactive TNF was measured with the TNFg immunoradiometric
assay (IRMA;IRE-Medgenix, Fleurus, Belgium), which makes use of several moncclonal antibodies
directed against distinet epitopes of TNFg. The assay showed no cross-reactivity with TNFR, it-1,
IL-2 and interferon @, B and y. The detection limit was 2 pg/mL TNF and the inter-assay coefficient
of variation at a level of 131 pg/mL was 7.2% (n=10}.

GM-CSF was measured by ELISA {Zymogenetics Ing, Seattle, Washingten), with a sensitivity
threshold of 8 ng/L. For positive release of GM-CSF 2nd TNF in the cukure medium, values were
required to be 10 ng/L or more.

In sity hvbridization with ¢DNA GM-CSF: In situ hybridization was performed as described,'® with
minor modifications. Enriched bone marrow blast cells (approximately 2x10%/group) were cultured
with or without IL-1 in serum-free medium, harvested after 18 hours, washed twice with a-Minimal
Essential Medium (Gibeg) and resuspended in 0.080 mL, Then 0.010 mlL of this cell suspension
was applied to fibronectin-pracoated {4ug/mL in PBS; 1 hour) glass slides and permitied to stick
for 10 min. Subsequently, the slides were washed in PBS foliowed by fixation with formaldehyde
{3.7% diluted in PBS) for 2 min, dehydration in 70% ethano! for 5 mia and air-dried. The 0.8 Kbp
¢DNA GM-CSF probe (obtained from Genetics Institute®’) and a control 1.8 Kb ¢DNA EGF-receptor
probe®'? were nick-transiated using *°S-dATP resulting in a specific activity of 2-6x10% cpm/ivg,
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with a fragment size of 300 bp. Prehybridization (1 hour) and hybridization {18 hours} were done
at 37 °C applying 1 ng of radiolabelled probe per slide. Following autoradiography (using NTB-2
Kedak photoemulsion) for & 1o 28 days the slides were stained with May-Grinwald-Giemsa and
examined at 1000x magnification.

Besults

L1 §‘tin;1!giggign of DNA-synthesis of purified normal bone marrow biasts: The results of stimulation
of highly enriched blast cells from 16 different normal bone marrow doncrs with iL-1 in the
presence or absence of neutralizing antibodies against TNFa, GM-CSF and G-CSF are shown in
table 1. IL-1 stimulates DNA-synthesis significantly above background H-T¢R incorporation in all
cases {mean {+ 8D} stimulation index {Sh): 3.5 £ 2.1). The addition of antibedies against TNFe to
the cultures abrogated IL-1 dependent proliferation ("blocking™) in 9/16 cases partially and in 2/16
cases completely.

Similarly, among those cases the addition of anti-GM-CSF antibody suppressed il-1 induced
proliferation in 4/18 instances partially and in 3/18 cases completely. in 5/16 cases DNA-synthesis
was not reduced when either anti-GM-CSF or anti-TNFo were added to IL-1 stimulated cuitures.
The combination of anti-TNFa and anti-GM-CSF suppressed DNA-synthesis significantly in 13 of
14 cases and complete suppression was evident in 7 of those. In the 5 cases where the singie an-
tibodies had not reduced DNA-synthesis the combination of anti-TNF and ant-GM-CSFE was clearly
active andg in two of the latter cases blocking was compiete. In 11 of the 14 cases DNA-synthesis
was supprassed more efficiently in the presence of both anti-TNFe and ant-GM-CSF antibodies
than with either antibody alone, indicating that the effects of the antibodies were additive.
Anti-G-CSF antibody did not diminish *HTdR uptake in four cases tested. Anti-TNFR had no
inhibitory effect on I-1 induced DNA-synthesis in two experiments (#¥12 and #1656 of table 1) with
significant suppression by anti-TNFe (data not shown).

Finally in comparison with IL-1, the ability of LPS (lipopolysaccharide) to stmulate DNA-synthesis
of normal bone marrow blast ceils was also assessed. LPS {E.Coli serotype 0127:88; Sigma,
St.louis, MO, USA) added to cultures in concentrations of 0.01 pg/ml up to T pg/m! did not induce
any stumulation of DNA-synthesis, indicating that the IL-1 effect could not be the result of LPS
addition.
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Table 1

Stimulation of normal bone marrow progenitor celis by iL-1 and

blocking of this effect by anti-TNF, anti-GM-CSF and anti-G-CSF

tL-1 without iL-1 plus antibody (a}

antibody
exp no o TINF oTNF
no.  factor S1 o TNF oGM-CSF  oGM-CSF  oG-CSF oG-CSF
1 2269+698 5782+527 2.6 5708 6630 4877 - -
2 3721£1589 81242047 2.2 &6790 88501 3732 - -
3 3503+673  7333x1584 2. 8241 4857 4502 - -
4 512+289 2488187 4.2 1971 2280 1668 - -
5 3305+£175 57871+884 1.7 5077 5411 4125 - -
g 6872115 1980102 z.9 1087 1666 - - -
7 3404 +£187 49261606 1.4 28385 3812 - - -
8 528+141 4684 1445 8.9 3675 3336 4771 - -
8 3304 %182 34432532 2.6 5825 2710 4128 - -
10 378+138 1891 £564 5.0 815 1019 504 - -
11 7224173 2873£356 4.0 1818 2004 1840 2816 1646
12 618+£298 4423+ 854 7.2 3164 2842 1814 4542 3286
13 3325+708  4870=x584 1.5 3292 2280 2247 4871 2664
14 387109 77681 2.0 5986 477 248 712 562
15 731399 3010+583 4.1 1586 1827 858 - -
16 12524245 2877 +£258 2.3 2092 1721 1853 - -

Tripficate cultures of accessory cell depleted/CD34 + normal bone marrow cells were
set up with or without IL-1 (100 U/mb) and in the presence of anti-TNFe, anti-GM-CSF
and anti-G-CSF antibodies in several combinations. After 48 hours of culture DNA-
synthesis was assessed Values are expressed as mean desintegrations per minute
(BPM} = standard deviations. The stimulation index (Sl is defined as the quotient of
dpm of IL-1 stimulated cultures and dpm of noninduced cultures. Blocking is considered
positive (figures in bold face) when dpm = SD are significantly less (P < 0.05; Stu-
dents t-test) in cultures with antibody as compared to cultures without antibody.
Underlined vaiues are not significantly different from the background incorporation (i.e.

compiete blocking).
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TNFg and GM-CSF production nriched bong marrow bia lis: Conditicned media were
prepared from accessery cell depleted CD34 positive blast cells from three denors and the
cencentrations of immunoreactive TNFe and GM-CSF in those supernatants determined. No
GM-CSF and low leveis of TNFo were demonstrated in medium conditioned by those cells without
iL-1. Both TNFo and GM-CSF concentrations increasad significantly in the supernatants of marrow
blasts that had been cuitured with IL-1 (table 2).

When 10% IL-1 marrow blast derived conditioned medium was added 1o 2 standard cuiture system,
ne myeloid colonies were induced, however an ingrease in the number of Zpo-induced BFU-E from
100% 10 193 % + 49% (n=3) was noted {data not shown). This suggested the presence of burst
promoting activity, a weli-known function of GM-CSF?288.262 1n those supernatants.

Table 2

TNF- and GM-CSF-concentration in supernatants of enriched blast cells

from normal marrow induced with [L-1

TNF and GM-CSF {ng/l} in supernatants

blast celis blast cells cell-free medium
incubated with IL-1 with ng iL-1 with L1
TNF GM-CsF TNF GM-CSF TNF GM-CSF
exp #1 373 nd 186 nd - nd
exp #2 838 61 400 - - -
exp #3 88 12 18 - nd -

Acgcessory cell depleted/CD34 + normal bone marrow cells were incubated for 84 hours
with or without iL-1 (100 U/ml} and the supernatants collected. Contrel medium
without ceils but with IL-1 was incubated similarly. The TNF and GM-CSF congentra-
wons are expressed as ng/L. - : negative, i.e., values of 10ng/L or less; nd = not done
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In sity demonstration of GM-CSF megsenger RNA ImBNA) in normal marrow blasts: Enriched normal
hone marrow pregenitor cells were incubated with and without (-1 for 18 hours in serum-free
medium. In-situ hybridization of the cells with 2 GM-CSF cDNA probe revealed GM-CSF mBNA in
6% of unstimulated and in 12 % of iL-1-stimulated cells {table 3). The percentage of strongly posi-
tive celis {> 20 grains/cell} was 3% in non-induced cultures, and 7% in IL-1 induced cultures.
Figure 1 shows 2 cytospin slide of bone marrow blast cells after incubation with IL-1 and probed
with GM-CSF cDNA.

Table 3
in situ hybridization of GM-CSF mRNA on normal bone marrow
blast celis with and without iL-1 stimulation

% positivity

no. of grains stimulated
per cell unstimulated with IL-1
0-5 94.25 88
6-10 1.75 3.7%
11-20 i 1.5
21-50 3 5
> 50 0 1.78

in=situ hybridization with a GM-CSF probe was performed on unstimulated and IL-1-
stimulated {100 U/ml) enriched normal bone marrow blast celis. After autoradiography
the number of grains were counted per cell (400 cells counted). The distribution of ceils
with 0-5, §-10, 11-20, 21-50 and more than 50 grains per cel! is given for noninduced
normal marcow blasts {left column) and IL-1 induced blasts {right column). Control
hybridization with an EGF-receptor ¢cONA probe was less than 0.5 grain/cell.
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Fig 1. An autoradiogram of a ¢vtospin slide of accessory cell depleted/C034 + normal
bone marrow cells, incubated with 1L-1 (100 U/mi} and in-situ hybridized with 3%8.
labeled GM-CSF cDNA. A cell with multiple graing indicating strong positivity for
GM-CSF mRNA is visible ameng several negative cells.

Discussion

We demonstrate here that IL-1 may induce preliferation of highly enriched immature normal bone
marrow cells. The stimulating effect of iL-1 is apparently the result of a two-stage process that
includes the induction of TNF¢ and GM-CSF as a first step and a celluiar response of DNA-synthesis
as a second event. The notion that [L-T induces cytokines in normal blast cells to elicit proliferation
is supported by three sets of experimental findings: {a) the inhibition of IL-1 induced DNA-gynthesis
with specific antibodies against TNFe and GM-CSF; (b) the increased release of immunoreactive
TNFo and GM-CSF by bone marrow blasts into the culture supernatant following LT inductien; {c}
the increase of GM-CSF mRNA positive cells among normal marrow blasts and the appearance of
cells strongly positive for GM-CSF mRNA [ > 50 grains/cell) in response 1o IL-1. The role of IL-1
in the regulation of human hematopoiesis is diverse. Hitherto direct effects of IL-1 upon blast cells
have not been recognized, Indirect effects of -1 howsever are well established. For instance

GM-CSF and G-CSF production is induced in fibroblasts and endothelial cells following stimulation
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by 1L-1.22137.262.275 The enriched blast cell population which was separated from normal marrow
and used in the experiments described here was carefully depleted of accessory cells and consisted
almost exclusively of cells with blast-morphelogy. After 64 hours In culture there was no
cytological change in the cell population. Nevertheless we cannot absolutely exclude that minimal
numbers of accessory cells werg admixed with the immature cell fraction and responsible for the
IL-1 effect. We however do not consider this a likely explanation since up 10 12% of IL-1 induced
cells expressed GM-CSF mRNA and this fraction does not correlate with the number of morphologi-
cally recognizable accessory ¢ells. Our observations suggest that certain normal marrow blast cells
mav produce GM-CSF and TNFe. in analogy leukemic blast cells are able to produce GM-CSF in
response to IL-1 and thus stimulate their own proliferation,%%%2 |z follows that autocrine stimulation
of hlast celis may be a physiclogic event rather than being levkemia specific {pathologic).

Observations that TNF may strongly enhance GM-CSF induced proliferation of human AML-
cells®112 suggest an important role for TNF and its inducer IL-1 in the regulation of hematopoiesis.
Even at low levels of GM-CSF significant proliferative activity ¢an be induced in immature marrow
cells when TINF is present as costimulus. Thus positive interactions between TNF and GM-CSF
permit powerful stimulatory effects that appear under control of the common inducer [L-1. In
addition it is conceivable that as an extension of the here described stepwise mechanism of positive
reguiation primed by [L-1, TNF may in turn trigger the release of GM-CSF and G-CSF in tertiary
blast celis in analogy to its ability 10 induce GM-CSF and G-CSF in fibroblasts and endothelial
cells?®2% thereby further augmenting the hematepoietic response. Furthermore it has been shown
that TNFg induces the production of IL-1 in endothelial c2lls and fibroblasts.'*?'® The evidence that
IL-1 and TNF may reciprocally stimulate the production of each other in different target cells implies
that both molecules may significantly amplify their positive effects on CSF production providing a

very powerful mechanism for expansion of hematopoiesis in times of stress.
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Chapter 8

GENERAL DISCUSSION

77



8.1 Interleukin-3 and Granulocvte-Macrophage-CSF

The colony-inducing abllities of the two muitipotent growth factors IL-3 and GM-CSF were
examined and compared. The experiments described in chapter 3 demonstrate that IL-3 and
GM-CSF have partly overlapping targets in vitre. Both molecules induce colony formation from
BFU-E, CFU-GEMM and CFU-Eo {chapters 2 and 3). The narrow spectrum of target cell stimula-
tion contrasts to the stimulation of a broad array of progenitor cells that has been reported by
other investigators,!56.198.198.198.271.272.306 (3, findings suggest that the published wider range of
target celis stimulated by IL-3 and GM-CSF is probably due to costimulation by admixed
accessory cells 71-168.191.196.196,231.271.272,286.306 Tha limited stimulative spectrum of IL-3 and GM-
CSF becomes apparent only when the target progenitor ceils are separsted from accessory
celis. The admixture of monoceyies (for IL-3 and GM-CSF) or granuiocytes (for GM-CSF) with
progenitor cells results in the cutgrowth of CEU-G, CFU-M and occasional CFU-GM n IL-3 or
GM-CSF stimulated cultures. This most probably refates to the abilities of monocytes 10 produce
G-CSF, M-CSF and possibly GM-CSF in response 1o [L-3 and GM-CSF (table 8.1}, and of the
abilities of granulocytic cells 10 produce G-CSF and M-CSF in response 10 GM-CSF {table 8.2).
The cyiokines with regulatory functions in hematopoiesis that are produced by monocytes are
listed in tabie 8.1 Many other cytokines are alse preduced by monocytes (reviewed by
Nathan®'®). The hematopoietic regulators that may be produced by neutrophilic granulocytes are
listed in table 8.2.

The experiments described in chapter 3 demonstrate that even in the progenitor cell-enriched
CD34-positive cell fraction a strong accessory cell effect may stil be apparent. Additional
depletion of myeloid cells and monocytes with immune cytolysis restricts the stimulating effects
of iL-3 and GM-CSF significantly. The resuits from chapters 2 and 3 thus emphasize the need
for a rigorous elimination of accessory cells from the target cell population in order to separae
direct effects of growth factors from indirect effects. Recently the limited spectrum of
stimuiation of iL-3 and GM-CSF has been confirmed by others. The effect of I1L-3 was shown 10
be confined 1o early progenitors'’® and eosinophil progenitor cells.*23¢ The IL-3 effects on more
mature granulocytic progenitors have been demonstrated to be largely dependent on the

presence of fingage-specific growth factors in culture, e.g. G-CSF and/or serum components. 8

78



table 8.1 CYTOKINES PROBUCED BY MONOCYTES

Following stimulation by References
M-CSF adherence PHA !
IL-1 [FN-y | 117, 118, 161,173
TNE IL-3 i 226, 227, 248, 275
LPS GM-CSF i 320, 340
-4 ]
phorbolesters |
G-CSF adherence PHA |
1L-17 IFIN-y | 161, 173, 227, 228
TNF IL-3 | 275, 320, 340
LPS GM-CSF |
-4 |
GM-CSF adherence LPS | 161, 275
TNF -1 |
TNF adherence LPS |
-1 TNF | 39, 107, 112, 125
L3 GM-CSF | 161, 219, 238
M-CSF | 329, 332
LFA-3, CD44, CD45 I
=1 agherence LPS |
TNF M-CSF ! 83, 112, 282
IFN-y +iL-2 GM-CSF | 323, 332
LFA-3, CD44, CD45 |
1L.-6 adherence | 1, 14
LPS -1 [ 120, 308

With respect to GM-CSF several studies have shown that the stimulatory spectrum of GM-CSF
depends largely on the level of enrichment of the bone marrow and the culture
conditions.>8%2%% GM-CSF is a multipotential hematopoietin with effects on early maturation
stages.?®* Part of the GM-CSF production may be autocrine and IL-1 driven, with an enhancing
role of unknown significance for TNF (chapter 7). The stroma is part of 2 positive feedback loop
that includes -1 and TNF-¢ resulting in the production of GM-CSF. The colony stimulating
effects of GM-CSF on CFU-G and CFU-M mainly depend on accessory ¢ells and synergistic
activity with other growth factors (Chapters 3 and 5383793, CFU-Eo are stimulated strongly by
GM-CSF.**
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table 8.2 CYTOKINES PRODUCED BY NEUTROPHILS

Following stimulation by References
IFN-g G-CS8F 268
IL-6 GM-CSF 48

TNF

LPS + PMA
IL-1 GM-CSF 165, 184
TNF-¢ GM-CSF 156
G-CSF
M-CSF

BFU-E CFU-Eo
-3
CFU-GEMM

Figure 8.1. A comparison of the stimulatory effects of IL-3 and GM-CSF on BFU-E, CFU-Eo and
CFU-GEMM.
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Although IL-3 and GM-CSF stimulate largely similar types of progenitor cells, they differ in the
magnitude of their response (figure 8.1). IL-3 is a more efficient stimulator of BFU-E. In cultures
stimulated with optima! concenwations of IL-3, the addition of GM-CSF does not further
enhance BFU-E numbers. This indicates that the population of IL-3 responsive progenitors
includes the population of GM-CSF responsive BFU-E. Equivalent numbers of CFU-GEMM are
induced in response to GM-CSF and IL-3. The colonies formed do not differ with respect to size
and maturational status.

CFU-Eo are stimulated equally well by GM-CSF and IL-3 with respect to numbers. Furthermore
the effects of GM-CSF and IL-3 on zosinophilic progenitor cells are partially additive indicating
that incompletely overlapping populations of CFU-Eo are stimulated by GM-CSF and IL-3.
Eosinophil colonies stimulated by GM-CSF tend to be larger than colonies stimulated by iL-3.

For full expansion and maturation of eosinophils [L-5, preduced by T-cells, is alse required.5%27¢

The resemblance in activity between GM-CSF and IL-3 is supported by similarities in their
receptor binding capacities. IL-3 and GM-CSF reciprocally inhibit binding of the other growth

factor 1o its receptor on eosinophils'™!

and on monocytes which has led to the speculation that
2 common receptor chain may be mvolved.” Park et ai®* have shown that 2 subclass of IL-3
receptors binds GM-CSF. Budel et al** demonstrated a common IL-3/GM-CSF binding site on
monogytes and leukemic cells. These investigators also found low affinity GM-CSF binding sites
that cannot bind [IL-3 and high affinity IL-3 sites that cannot bind GM-CSF on monccytes. A
structural explanation for these phenomena was at least partially provided by the demonstration
of the existence of a common B-chain for the GM-CSF and IL-3 receptors.'®®'? Later the
common g-chain was also found to be asscciated with the IL-5 receptor.?®”%%® The &-chain
together with the specific GM-CSF or -3 or IL-5 g-chain thus may create the high-affinity
GM-CSF, IL-3 and IL-5 receptors respectively. The GM-CSF, IL-3 and IL-5 ¢-chain per se bind
the corresponding ligand with ltow affinity {recently reviewed by Nicola & Metcalf, Cell 67:1,
1931).

The fact that IL-3 and GM-CSF seem to act largely on identical target cells may suggest
redundancy within the system of growth factor regulation of hematopoiesis., The owverlap in
target cell spectrum between 1L-3 and GM-CSF may however be incomplete with 1L-3 stimulat-
ing the more immature progenttors and GM-CSF stimulating the maore mature progenitors. This
is supported by the finding that IL-3 responsive CFU-blast are not responsive to GM-CSF'1.224,
At the other end of the spectrum it appears that the synergistic effects between GM-CSF and
G-CSF/M-CSF are greater than the synergistic effects between [L-3 and G-CSF/M-CSF (see
below).
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8.2 Granulocvie-CSF and Macrophane-CSE

As is evident from the expefiments described in chapters 4 and 5, the unipolent CSFs G-CSF
and M-CSF stimulate the formation of mature granulocyiic colonies and small numbers of
macrophage colonies, respectively. The stimulatory efficiency of these factors increases
considerably in synergy with IL-3 or GM-CSF. GM-CSF synergizes strongly with G-CSF: G-CSF
inguced colonies are augmented in number and size with an increased proportion of immature
cells when GM-CSF is present in culture as costimuius. Hematopoistic progenitor cells generally
survive in the presence of hematopoietic growth factors. Foliowing the withdrawal of these
factors the cells undergo active cell death (apoptosis) and expire. Hematopoistic growth factors
factors can prevent or postpone apoptosis, 2 mechanism that has recently been demonstrated
in cell lines.3%%33 The survival of CFU-G in culture which depends on the presence of G-CSF
improves when GM-CSF is alsc added to the cultures. IL-3 in combination with G-CSF has a
positive effect on CFU-G colony size and CFU-G survival and inhibits maturation moderately.
The magnitude of the response to 1L-3 is however considerably smaller than that to GM-CSF
and the numbers of G-CSF induced colonies are not elevated in the presence of IL-3,

The colony response to M-CSF alone, that is comparatively small, is alse enhanced by GM-CSE.
Costimutation with M-CSF and GM-CSF augments numbers and size of maerophage colonies. IL-
3 however has no measurable effect on M-CSF induced colony formation.

It is thus apparent that IL-3 and GM-CSF show In addition 1o the similarities in action {see
section 8.1) differences as regards their synergistic effects with G-CSF and M-CSFE. It is
apperent from the results of chapter 4 and 5 that GM-CSF has & great influence on colony
numbers from CFU-G and CFU-M while iL-3 has not, Apparently with progressive maturation
the cells remain dependent on GM-CSF but meanwhil2 loose responsiveness to IL-3.2%*

The newly characterized hematopeietic growth factor SCF also synergizes with G-CSF resukiing
in increased numbers and larger CFU-G colonies.’™"?®* Braxmevyer et al®? demonstrate enhance-
ment of size only with respect to CFU-G colonies in response to G-CSF + SCF. Thus SCF has a
role that adds to that of IL-3 and GM-CSF on CFU-G. SCF has no effect on M-CSF induced
CFU-M colonies.

The three pluripotent stages with declining self-renewing abilities, stem cell, CFU-blast and
CFU-GEMM are indicated in Fig.8.2. Following entry into cell ¢ycle these progenitors become
dependent on -3 for survival and proliferation.'”#*322% The total number of cell divisions that
the progeny of a particutar stem cell undergoes may be genetically programmed.??* The role of

SCF183.3%9 in stimulating CFU-blast is still unclear. SCF {in cooperation with Epo) stimulates more
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and larger CFU-GEMM and BFU-E colonies than do IL-3 and GM-CSF,'7-327% Eurthermore SCF
synergizes with IL-3 and GM-CSF in the formation of CFU-GEMM and BFU-E colonies. Respon-
siveness t¢ GM-CSF becomes apparent at the CFU-GEMM stages of the stem cell compartment.
Cell division of CFU-GEMM marks the transition from immature pluripctent progenitor cells
towards lineage restricted progenitor cells. This transition depends on IL-3 and GM-CSF,
however it is not clear how the actual choice between the major myeloid lineages is made. it
has been hypothasized® that the latter decision is the result of a process of sequential loss of
differentiation options, proceeding in 2 stochastic fashion. In in-vitro experiments the majority
of the colonies are singie-lineage, either erythroid {from BFU-E}, or myeioid (from CFU-G, CFU-M
or CFU-Eo) or megakaryocytic {from CFU-Meg). A minority of the colonies represent more than
one lineage and every combination of mixed colonies may appear.’™ This is considered as evi-
dence that the loss of differentiation options does not proceed in a fixed order but randamiy.
The relative ratio of the end products is then determined by the relative concentrations of the
growth facters involved. In addition the myeloid progenitors may become responsive 10 -5 in a
stochastic manner, 153154

The progenitor cell termed "CFU-GM" may require further discussion. In most of the older
literature on in-vitro bone marrow cultures the term "CFU-GM™ is used as a collective name for
progeniter cells for all types of myeloid colonies. The use of the term CFU-GM indicates the
existence of a2 myeloid stem cell which can give rise to lineage specific progenitor cells like
CFU-G, CFU-M, CFU-Eo and CFU-Basc. Analogous to the CFU-GEMM, CFU-GM should alsg be
able to form mixed colonies with exclusively myeleid elements. In our experiments with highly
enriched progenitor cells and pure recombinant growth factors, either as single factors or as
combinations, these mixad myeloid colonies were very rare. Even with the combined stimulation
of 1L-3, GM-CSF, G-CSF and M-CSF scarce CFU-GM colonies were detected. Mixed
granulocyte-macrophage colonies appear in appreciable numbers only when PHA-LCM is
applied. This is perhaps best demonstrated by figure 1 and table 1 in chapter 3. With increasing
level of enrichment of the target cell population GM-CSF loses its ability to stimulate CFU-GM
fas well as CFU-G and CFU-M), while PHA-LCM continues to stimulate CFU-GM. This may
indicate that PHA-LCM ceontains an additional substance needed for the outgrowth of GM-cole-
nies.

Efficient stimulation of colony formation requires the cooperation of a variety of growth factors
of which IL-3, GM-CSF, G-CSF and M-CSF and SCF have been identified. Not unkikely the
existence of more molecules that regulate the proliferation and survival of committed myeloid
progenitor cells may continue to be discovered This complex network of enhancing interactions
suggest the functional importance of synergism for steady state and/or compensatory control of
hematopoiesis, 4284192258 jn addition it most likely has important implications for the therapeutic

use of these molecules in vivo for stimulating hematopoiesis optimally.
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Figure 8.2. The hierarchical system of hematopeietic progenitor celis with the growth factors

and cytokines that are active at the transitions between the various cell types.
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3.3 interleukin-6. Tumor Necrosis Factor and Interleukin-1

From the experiments described in chapter 6 it appears that IL-6 when applied in vitro 1o highly
enriched progenitor cells, neither stimulates colony growth, nor affects colony growth induced
by IL-3, GM-CSF or G-CSF. However when combined with M-CSF 2 strong synergistic effect
appears with respect to number and size of macrophage colonies (chapter 6). Furthermore IL-6
has a positive effect on the primitive pluripotent progenitor cells. These cells are generally
dormant (in Gy-phase)} and enter active cell cycle after variable Gy periods. IL-§ shortens the Gy,
period and recruits more stem cells into the G,-phase.’s7?%2% 1.6 has been shown to
counteract wilg-type p53 induced apoptosis in myeloid leukemia cells.®®* Furthermore IL-6
promotes the survival of an IL-3 dependent cell-line possibly by delaying apoptosis.®®33 it may
be speculated that [L-8 also can promote survival of stem celis by delaying apoptosis.

Thus IL-§ has an effect on at least one type of committed progenitor cell {CFU-M) as well as on
immature progenitor celis, The effect on CFU-M was recently confirmed by Jansen et al.'?,
who found 1L-8 to be "a permissive factor for monocytic colony formation”.

IL-B is 2 prime mediator in the host response to infection and injury™® and the IL-5 effects on
hematopoiesis could be part of this response. IL-6 production is an early event in the response
to infection and likely leads to stimulation of hematopoiesis as a2 whole and to an expansion of
the monocyte/macrophage pool in addition to its positive actien on B cells. The macrophages
capable of producing IL-6 thus may establish an autocrine feedback loep.

The effects of interleukin-1 hecame evident in a proliferation assay of highly enriched bone
marrow blast cells (chapter 7). IL-1 induced the production of TNF and GM-CSF from this
population of very immature cells. These secondary factors in concert induced proliferation of
the cells (chapter 7). Schaafsmz et a®®® have shown that IL-1 also induces G-CSF from a
population of CD34/HLA-DR enriched bone marrow c¢ells. We did not demonstrate the latter
effect. The discrepancy between these results could be due to a different method of progenitor
enrichment and consequently different numbers of contaminant monocytes which may have
been responsible for the IL-1 induced G-CSF production, IL-1 is an effigient inducer of diverse
hematopoletic growth factors and other cytokines in monocytes, endothelial celis and fibro-
biasts (table 8.3).

Another indirect effect of IL-1 on hematopeoiesis is its synergistic activity with IL-3 in the
induction of CFU-blast. This effect has later been attributed to (iL-1 induced) IL-6 production
from accessory cells'®, i.e., IL-6 acting as the actual synergistic factor. The observation that
IL-7 can induce secondary growth factors in norma!l bone marrow blast cells as well as in

accessory celis emphasizes its potentially important role in the regulation of hematopoiesis.
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table 8.3 CYTOXINES PRODUCED BY ENDOTHELIAL CELLS AND FIBROBLASTS

Following stimulation by References
M-CSF -1 88, 261, 273, 274, 275
TNF 261, 275
LPS 275
G-CSF k-1 28, 86, 88, 261, 273, 275, 358
TNF 30, 144, 281, 275
LPS 275
GM-CSF -1 29, 86, 88, 137, 261, 262
274, 275, 358
TNF 28, 30, 308, 261, 273, 275
iL-1 LPS 162, 167, 202, 324
TNF 150, 162, 167, 218
iL-1 187, 327
-6 IL-1 55, 129, 146, 188, 189, 272
TNF 129, 145, 188, 189
LPS 128, 188, 189

Apparenty IL-1 occupies a central position in the cytokine network that directs the hemato-
poietic and immune systems as well as the response to infection and injury.

IL-1%7, and perhaps TNF and [L-6 as well, may provide continuous signals to the bone marrow
stroma production of G-CSF and M-CSF, factors that are essential for the survival and
proliferation of mature hematopoictic progenitor cells. Tovey et aF'® have demonsirated high-
level expression of the genes for IL-1, TNF and iL-6 in tissues of normal individuals. The
constitutive expression of IL-1 may promote hematopoiesis n three ways, at three different
levels of maturity:

a. inguction of IL-6 which, in synergy with IL-3, recruits stem celis from the Gy-phase into cell
cycle,

b. induction of the production of GM-CSF {and TNF-¢} by very immature progenitor cells for
their own survival and profiferation,

¢. induction of the production of GM-CSF, G-CSF and M-CSF by endothelial cells and

fibroblasts, for survival and preliferation of the more mature types of progenitor cells.
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In the response to infection and injury the elevated production of IL-1 may augment hematopoi-

esis according to the same mechanisms.

TNF-¢ clearly has indirect effects on the proliferation of immature progenitor cells. The release
of TNF-o and GM-CSF as triggered by 11 may result in 2 profiferative response in bone marrow
blast cells {see above).ln addition TNF-g may further augment the release of GM-CSF. Whether
TNF-g 2lso exerts a direct stimulative effect on the blast cells remains a possibility, since in
several experiments proliferation can be biocked only with antibodies to TNF-g and not with
zntibodies t¢ GM-CSF. This can be explained by the intermediate production of a factor other
than GM-CSF by TNF-a, or by 2 direct effect of TNF-q.

Qur observations are in agreement with recent data,’’%° indicative of 2 positive stimulatory
effect of TNF-o on iL-3- or GM-CSF-induced progenitors.

TNF-a inhibits the proliferation of G-CSF induced progenitors. This may relate to the observed
TNF-induced down-regulation of G-CSF receptors on myeloid cells.”® Apparently TNF-o has dual
effects on hematopoiesis: enhancement of the immature stages and suppression of the mature
stages. At the same time TNF-¢ is a8 swong inducer of GM-CSF, G-CSF and M-CSF in rmono-
cytes, endothelial cells and fibroblasts.

These positive and negative actions may be part of the physiologic response to infection and
injury: a central response directed at expansion of the early stages of myelopoiesis, combined
with a peripheral response characterized by stimulation of monocvytic and granulocytic effector
celis. ¥

These investigations shed some light on the complex interactions in the humeoral reguiation of
hematopoiesis. With the emergence of an increasing number of new growth factors, research
will continue. On the one hand this will be done at the single cell level, eliminating ail accessory
cell effects. On the other hand research will focus on growth factor-receptor interactions and
signal-transduction pathways. Eventually this may lead to a full description of the human
hematopoietic stem cell in terms of growth factor requirements and possibly to the ability to

propagate this stem cell in vitro,
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Summary

Hematopoiesis is the process of cell division, differentiation and maturation that begins at the
hematopoietic stem cell and terminates at the functional end cells. This process is controlied by
a set of glycoprotein molecules termead hematopoietic growth facters. The cDNAs encoding for
the major hematopoietic growth factors have been cloned and expressed and the pure recom-
binant growth factors became available for research, In this thesis in vitre experiments are
described concerning the regulation of growth and differentiation of hematopoietic progenitor
cells by recombinant hematopoietic growth factors.

In chapter 1 the growth factors and cytokines that were part of the experimentai work, i.e.
IL-3, GM-CSF, G-CSF, M-CSF, iL-1, IL-8 and TNF, are discussed briefly.

Chapter 2 describes the effects of IL-3 on in-vitro ¢olony formation from enriched, BI3CS-
{CD34}-positive, bone marrow progenitor cells. We demonstrate that IL-3 stimulates colony
formation from BFU-E, CFU-Eo and CFU-GEMM. A broader spectrum of stimulation, i.e.
including CFU-G, CFU-M and CFU-GM becomes evident when monocytes are added 10 the cul-
tured cell suspension. T-lymphocytes and granulocytes do net show this effect. Apparently
monecytes produce secondary growth factors, e.g. GM-CSF and/or G-CSF, which inducge
additional colony formation from CFU-G, CFU-M and CFU-GM.

The important role of accessory cells in the expression of the colony stimulating activity of
hematopoietic growth factors is also demonswated in chapter 3. GM-CSF is considered a multi-
lineage coleny stimulating factor, similar to IL-3. The experiments described in chapter 3
provide evidence that from a popuiation of highly enriched progenitor cells GM-CSF stimulates
colony formation from BFU-E, CFU-Eo and CFU-GEMM only. When unpurified marrow is
cuitured, GM-CSF also stimulates colony formation from CFU-G, CFU-M and CFU-GM. iL-3 and
GM-CSF thus have a similar restricted spectrum of target cell stimulation, i.e. BFU-E, CFU-Eo
and CFU-GEMM. They mainly differ in a quantitative sense. IL-3 is a more potent stimulus for
BFU-E. GM-CSF is & more efficient stimulator of CFU-Eo.

When we take into account that IL-3 and GM-CS8F have a limited spectrum of stuimulation, full
cutgrowth of all types of colonies can only occur when these early acting hematopoietic growth
factors cooperate with other factors e.g. G-CSF and M-CSF. in chapter 4 the cooperative
effects of IL-3 and G-CSF are described. Although IL-3 does not induce colony formation from
CFU-G, we demonstrate that [L-3 has significant effects on granulocytic coleny size, composi-
tion and survival.

Specific interactions between certain early acting and late acting hematopoietic growth factors
are discussed in chapter 5. GM-CSF, that does not stimulate colony formation from CFU-G,
CFU-M or CFU-GM, exhibits a strong synergistic effect on G-CSF and M-CSF derived colony

formation. Colonies stimulated by G-CSF plus GM-CSF are considerably larger and contain more
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immature cells than colonies stimulated by G-CSF alone. Furthermore the in-vitro survival of
CEU-G is enhanced by GM-CSF. M-CSF by itself stimulates scarce macrophage colonies from
highly enriched progenitor cells. In combination with GM-CSF however many CFU-M are
induced to colony formation. Eosinophil colony formation induced by GM-CSF or IL-3 is not
affected by the supplementation of G-CSF or M-CSF to culture. The two multilineage growth
factors, IL-3 and GM-CSF, have been compared directly. [L-3 only synergizes with G-CSF with
respect 1o colony size and stage of maturation, not with respect to numbers. IL-3 has no effect
on M-CSF induced colony formation.

Apart from the four classical hematopoietic growth fagtors many other cytokines influence
hematopoiesis, directly or indirectly. Some of these cytokines have been listed and briefly
described in chapter 1. In chapter 6 the effects of IL-6 on in-vitre cultures of highly enriched
hematopoietic progenitor celis are discussed. Strong synergism is observed when L6 is
combined with M-CSF with respect 10 macrophage colony number and size. iL-6 itself does not
induce coleny formation, nor does it affect colony formation induced by Epo, IL-3, GM-CSF or
G-CSF. This effect of IL-5 on CFU-M is not observed in unpurified marrow cells, presumably
because of endogenous IL-6 production by monocytes in the cultures. Monocytes are efficient
producers of IL-8 and the synergistic effect of I1L-6 and M-CSF on CFU-M can be regarded as 2
positive feedback mechanism.

Chapter 7 describes another approach 1o the assessment of effects of cytokines on immature
bone marrow cells, IL-1 induces proliferation of highly enriched bone marrow cells {as tritiated
thymidine incorporation) through the intermediate production of TNF-o and GM-CSF. G-CSF
proguction is not induced by IL-1. Since the cultured cell population consists almost compietaly
of blast celis, we suggest that the blast cells themselves can be induced 1o produce TNF-¢ and
GM-CSF. This was confirmed for GM-CSF by in-situ hybridization experiments. An estimated
proportion of 12 % of IL-1 induced bone marrow blast cells produce GM-CSF mRNA versus 8§ %
of noninduced cells. Furthermore TNF-g and GM-CSF are detected by immunologic assays in the
supernatants of cultured IL-1 induced blast cells. In cooperation with accessory cells several
positive feedback loops can be postulated encompassing IL-1, TNF, GM-CSF, G-CSF and
M-CSF, This highlights the importance of the inflammatory mediators IL-1 and TNF in the
stimulation of the early stages of hematopoiesis. IL-1 may thus have a function in the regulation
of base-line hematopoiesis in three ways: induction of GM-CSF production by immature bong
marrow cells and induction of the production of IL-6 and late acting growth factors by
accessory cells, These experiments aiso demonstrate that blast cells gan serve as paracrine
accessory cells in the stimulation of other blast cells.

in chapter 8 the results are discussed in the context of current knowledge of the humoral

reguiation of hematopoiesis.
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Samenvatting

Hematopoiese is het proces van celdeling, differentiztie en maturatie wat bij de hematopoie-
tische stamcel bagint en sindigt b de uitvoerende cellen. Dit proces words gestuurd door een
aantal glvcoproteinen weike hematopoietische groeifactoren worden gencemd. De cDNA's
welke voor de voornaamste hematopoietische groeifactoren coderen zijn gecloneerd en 1ot
expressie gebracht, waarma de gezuiverde recombinant groeifactoren beschikbaar kwamen
t.b.v. wetenschappelijk onderzoek. In dit proefschrift worden in-vitro experimenten beschreven
aangaande de regulatie van de groei en differentiatie var hematopoistische stamcellen door
recombinant hematopeietische groeifactoran.

in hoofdstuk 1 worden de groeifactoren die onderwerp waren van het onderzoek, te weten 1L-3,
GM-CSF, G-CSF, M-CSF, IL-1, IL-B en TNF kort besproken.

Hoofdstuk 2 behandelt het effect van IL-3 op de in-vitro kolonieverming door verrijkte BI3C5-
{CD34})-positieve beenmerg starncellen. Wij laten zien dat BFU-E, CFU-Eo en CFU-GEMM 1ot
kolonievorming worden gestimuleerd door IL-3. Een breder stmulatiespectrum, inglusief CFU-G,
CFU-M en CFU-GM wordt bereikt wannger monocyten aan de kweken worden toegevoegd. Met
T-lymfocyten en granulocyten wordt dit effect niet bereikt. Klaarblifkelijk produceren monocyten
secundsair groeifactoren, bijvoorbeeld GM-CSF enfof G-CSF welke op hun beurt kolonievorming
door CFU-G, CFU-M en CFU-GM induceren.

De belangrijke rol van accessoire cellen bij de expressie van kolonie-stimuierende activiteit van
hematopoietische groeifacioren waordt ook =aangetoond in hoofdstuk 3. GM-CSF wordt be-
schouwd 2ls een multpotente kolonie-stimulerende facior, evenais [L-3. De experimenten
beschreven in hoofdstuk 3 laten zien dat in een populatie van sterk verrijkte hematopoietische
vooriopercelien GM-CSF alleen kolonievorming induceert door BFU-E, CFU-Eo en CFU-GEMM.
Wanneer ongezuiverd beenmerg wordt gekweekt, stimuieert GM-CSF ook kolonigvorming door
CFU-G, CFU-M en CFU-GM. IL-3 en GM-CSF hebben dus een overesnkomend beperkt stimula-
tiespectrum, te weten BFU-E, CFU-Eo en CFU-GEMM. Zij verschilien voornamelijk in kwantitatie-
ve zin. IL-3 is de sterkere stimulus voor BFU-E. GM-CSF is een efficiéntere stimulator van
CFU-Eo.

Wanneer we er van uitgaan dat [L-3 en GM-CSF een beperk: stimulatiespectrum hebben, dan
kan uitgroei van alle typen kolonies alieen plaatsvinden wanneer deze vroeg aangrijpande
hematopoietische grogifactoren samenwerken met andere groeifactoren, zoals G-CSF en M-CSF.
In hoofdstuk 4 worden de effecten van de gezamenlitke stimulatie door IL-3 en G-CSF beschre-
ven. Hoewel [L-3 geen koionievorming door CFU-G induceert, blifkt toch dat IL-3 significante
effecten heeft op grootte, samenstelling en overleving van granulocytaire kolenies.

Specificke imteracties tussen wroeg aangripende en laat aangrijpende hematopoietische
groeifactoren worden besproken inm hoofdstuk 5. GM-CSF, dat ze¥f geen kolonievorming door
CFU-G, CFU-M en CFU-GM induceert, vertoont een sterk synergistisch effect op kolonie
vorming door CFU-G en CFU-M. Kolonies gestimuleerd door G-CSF plus GM-CSF zijn aanziendijk
groter en bevatten meer onrijpe ceflen dan koionies gestimuleerd door G-CSF alleen. Bovendien
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wordt de in-vitro overleving van CFU-G door GM-CSF bevorderd. M-CSF zelf stimuleert geringe
aantallen macrofagen-kolonies uit sterk verrijkte voorlopercelien. In combinatle met GM-CSF
echter worden vele CFU-M zangezet tot kelonievorming. Eosinofiele kelonievorming geinduceerd
door IL-3 of GM-CSF wordt niet beinvioed door G-CSF of M-CSF. De twee muliipotente
grogifactoren IL-3 en GM-CSF werden direct vergeleken. IL-3 vertoont alleen synergisme met
G-CSF met betrekking tot grootie en maturatiestadium van de kolonies, niet met betrekking tot
aantallen kolonies. IL-3 heeft geen effect op M-CSF geinduceerde kelonievorming.

Behalve de vier klassieke hematopoietische groeifactoren hebben vele anderz cytokines direct of
indirect inviced op de hematopoiese. Enkele van deze cyiokines worden kort beschreven in
hoofdstuk 1. in hoofdstuk & worden de effecten van IL-6 op in-vitre kweken van hoog-
gezuiverde hematopoietische voorlopercellen hesproken. Sterk synergisme met betrekking tot
santal en grootte van macrofagen-kolonies wordt gezien wanneer IL-8 wordt gecombineerd met
M-CSF. IL-6 zelf induceert geen kolonievorming, noch beinvioedt het de kolenievorming geindu-
ceerd door Epo, -3, GM-CSF of G-CSFE. Dit effect van IL-6 op CFU-M wordt niet gezien in
ongezuiverde beenmergcellen, waarschijnlijk a.g.v. endogene IL-8 produktie door monccyten in
de kweken. Monocvyten zijn krachtige producenten van IL-8 en het synergistisch effect van IL-6
en M-CSF op CFU-M kan worden beschouwd als een positief terugkoppelingsmechanisme,
Hoofdstuk 7 beschrijft een andere benadering van het onderzoek naar de effecten van cytokines
op onrijpe beenmergeellen. [L-1 induceert proliferatie van sterk verrikte beenmergeellen
(gemeten als tritium-thymidine incorporatie} via de intermediaire produktie van TNFg en
GM-CSF. G-CSF produktie wordt niet geinduceerd door {L-1. Aangezien de gekweekte celpopu-
tatie vrijwel geheel uit blastsire cellen bestaat, veronderstellen wij dat de blastaire cellen zelf
kunnen worden aangezet tot produktie van TNFg en GM-CSF. Ten aanzien van GM-CSF werd
dit bevestigd door in-situ hybridizatie experimenten. 12 % van de IL-1 geinduceerde beenmerg
blast cellen bleken GM-CSF mRNA te produceren tegen 6 % van de niet-geinduceerde cellen.
Bovendien werden TNFe en GM-CSF door middel van immunologische bepalingen sangetoond in
de supernatanten van de gekweekte il-1 geinduceerde blastaire celien. iL-1, TNF, GM-CSF,
G-CSF en M-CSF nemen deel aan positieve terugkoppelingsmechanismen in samenwerking met
accessoire celien, Dit onderschrijft het belang van de ontstekingsmediztoren 1L-1 en TNF bij de
stimulatie van de vroege stadia van de hematopoiese. IL-1 Kan op drie manieren een plaats
hebben bij de regulatie van de hematopoiese: inductie van GM-CSF produktie door onrijpe
beenmergceellen en inductie van de produktie van IL-6 en laat aangrijpende groeifactoren door
accessoire celien, Deze experimenten tonen eveneens zan dat blastaire cellen kunnen dienen als
paracriene accessoire cellen bij de stimulatie van andere blastaire celien.

in hoofdstuk 8 worden de resultaten besproken in de context van de thans bekende gegevens
over de humorzie regulatie van de hematopoiese.
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APPENDIX

A culture system for human bone marrow

A _hiztorical overview

The development of ¢olony sssays for hematopoietic progenitor cells started in the early sixties using inbred mouse-
straing. Till & MeCulioch™®? developed the in-vivo spleen colony assay in irradiated recipient mice. True in-vitro cell-
culture techniques using eger gel or maethylcelluipse based culture media®? (Bradiey & Metcalf 1968} were initially
developed for murine progenitors. Culture systems for human myeloi?*°?% gnd erythroid'? progeniter cells followed.
“These cultures did not perrm the formation of colonies from pluripotent stem ceils, equivalent o the murine gpleen
colony forming cell, Based on an in vitro assay for murine cells' Fauser & Messner® "2 then developed a culture
system, later modified by Ash et al (5}, that permitted the coleny formation from both erythroid and myeloid progenitor
cells. Among the single-lineage colonies a small fraction of colonies was recognized, composed of both erythreid and
myeloid elements. These mixed [neage colonies were assumed to have originated from a more immaoture cell-type,
possibly the pluripatent stemn ceil itself, This cell was named CFU-GEMM, i.e., colony-forming-unit granulocyte-erythroid-

macrophage-megakaryscyte.

The development of an assav for CFU-GEMM.

After anatysis of several vaniables a culture mediurm was prepared that was used for eur experiments with normal bone
marrow; it was based on the system originafly deserbed by Fauser & Massner.®®? The formula of the medium is listed
in table A.

Table A

ingredient add 10 medium
methylcaliulose 2.8% {a) 40 %
human plasma (o) 30 %
mixture of nutrionts (c) 10 %
erythropoiatin (d) 1 Ufml
PHA-LCM (e) 0 %
cells 4] 0.5-1x 10%ml

Iscove’s modified Dulbecco’s medivm (MDM)

2. Methviceliulose: This substance makes the medium semi-solid, thus immobilizing the cells and allowing the formation
of compact colonies. Throughout all experiments we have made use of Methocel A4M premium quality (DOW Chemical,
Rottardam) with a viscosity of 3%00-5600 c¢ps. The powderod methyicellulose is dissolved in lscove’s modified
Dulbecco’s medium {IMDM). First double swength IMDM is prepared by dissclving one package of IMDM (Gibeo) in 500
ml water, adding 3.024 g NaHCO,, 100,000 units penicillin and 100,000 pg streptomycin, followed by filter
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sterilization using & .22 flter. Next, 14 g of methyleelivlese Is put into an erlenmeyer flask together with & magnetic
stirting bar; the flask is capped and autociaved, Then, while stirring, 235 mi boiling water is sdded and after the
methoce! has dissolved it is boiled agsin fer 2 minutes. The solution is now sllowed to cool (while stirring) to a
temperature of 40°C followed by the addition of 235 mi double strength 1IMDM. This method is neccessory to gvoid
boiling IMDM which lesds to deterioration, Stirring proceads for twe hours at room temperature and then overnight gt
4°¢. The marterial is divided in small aliquots while checking for the homogeneity of the selution, and frozen at -20°C.

A culture medium containing 40% of this methylcellulose will have @ final mathyicellulose-concentration of 1.12%.
Many researchers smploy methylcellulose in a concentration of 0.8 % to 0.8 %. The advantage of the higher
concentration is that in the mors viscous medium the colonies are more compact and separated from each other, thus
diminighing the occurence of overlepping colonies. An oxtra advantage is that the medium remains in place when the
cufture dish is inverted, allowing the dish to bs examined under an ordinary microscope, which is deofinitely superior to

an inverted microscope. The possibility of inversion is however alsq dependent on the type of dish.

k. Plasma: For reasons of convenience we prefer to use autologous heparinized pissma. When this is not available
pooled human plasma will alse de, in arder of praference AB-plasma or blood group compatible plasma. Citrated plasma
cen alse be used, however EDTA-piasma has adverse sfects on colony formation. The plasmas is centrifuged at 1100g

for 10 minutes, collected, centrifuged again and filtrated through a .22 filker.

¢. Mixture: The mixture of nutrients was modified by Swart & Léwenborg®™® after Guilbert & Iscove.'™ (t contains
baovine serum albumin {BSA, 10% in IMDM; Sigma, fractien V, dialysed): 75%; human transferrin {$.62 x TO“M) ina
solution of FeCly (1.92 x S10°3M): 8% egg lecithin {3.75 x 10-3M): 8%; sodium-selenite {1.25 x 10°%M): 8% and G-

mercaptoethanol (0.5 x 107*M): 0.5%. This mixwre is added in a 10% final concentration to the cuiture medium,

d. Erytbropoistin {Eps): Sheep Epo {Connaught, step ) wos wsed untl recombinant humen Epo {Amgen) bocarne

aveileble. In saveraf experimants they were compared and found o be equally effective.

e. PHA-LCM'®: This medium is used as a source of colony stimulating activity (CSA). Fer the preparation of PHA-LCM,

hurman blood was separated over 2 Ficoll-gradiont and the mononuclear cells were harvested and washed. To prevent
proliferation they were irradiated {25 Gy) and suspended in & concentration of 2 x 10%/ml in a medium of 10 % fetal calf
serum (FCS) and 1% PHA (Weilcome) in a-MEM {Gibco} in 14 ml wbes {max. 4 ml). After 7 days incubation at 37°C
the tubes were centrifuged and ths supernatant was sterilized by membrane filtration (0.22). Each batch of PHA-LCM
was tested Tor optimal colony stimulating ebilities (number and diversity of colonies) and discarded when not satisfying.

In most experiments howaver pure, recombinant growth factors were used; PHA-LCM was then, of course, not added

to the culturss.

£ Cellg: The number of celis per dish depends on the level of anrichment of the cultured cell fraction. In general oo high
& cell concentration should be avoided as this may lead to inadvertantly low colony counts.”® The cell number cultured
must therefore always balanca batween the formation of a sufficiant amount of colonies and posgsible negative effocts

due 10 crowding of cells.

Curing preparation of the culture medium the ebovedescribed ingredients are added together in 3 tube of suitable size.
Methylcellulose has 1o be added using a syringe. Due o the viscosity of the madium, one has to prepare more than the
desired culture volume, e.g. for @ 1 mi culture, 1.5 mi modium is prepared and for duple 1 mi cultures 2.8 mi. After
addition of glt ingredients the medium is thoroughly mixed by shaking or vortexing to ensura homogensity. It is then

plated into the desired number of dishes using a syringe. The dishes are collectively positionead into a large glass petri-
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dish including a water dish and then placed into the incubator {37°C, air with 5% CO., 100% hurnidity}. The incubation
period is ideally 15 days; a longer period will [ead 16 increasing degeneration, whilo a shorter period leaves insufficient

time for especially erythreoid colomies 10 mature.

Colonies formad in cultures of human bone marow

fntroduction

The assay that was descrided in the previous parsgraph aflows for the recognition of cells by their ability to form colo-
nies. A colony is defined as a group of 50 cells or more that have most iikely griginated from one parental celi. Thiz cell
is designated the “colony-forming-unit™ (CFU} and several clesses of these are distinguiched according 10 the type of
end cells they generate.

tdeally, one should be able 10 enumerste and ¢lassify the colonies in the culture dishes, using an inverted microscope.
With the necessary skill and experience this is possible using ¢riteria like coler, size and shape of the colony and the
nature of the cells that are lying In close proximity 1o the coleny. For reasons of quality control the appearance of a
colony has to be compared regularly with the morphalogy of the cells that make up the coleny. To this extent & finely
drawn glass Pasteur pipette is used 1o aspirate single colenies under direct vision through an inverted microscope taking
care not to aspirate other colonies or single celis surrounding the colony to be examinad. The aspirated colony is then
put onte a glass slide using 2 cytocentrifuge, stained with May-Grinwald-Giemsa stain and examined under a

microscope.

Ennthroid solonias

In cultures containing erythropoietin (Epo) hemoglobinized erythroid ¢olonies arg easily identified by their red color after
15 days in culture. Erythroid colonigs are named "Burst Ferming Unit-Erythroid” (BFU-E) and the method to culture thom
in methyleellutose was first doscribed by Iscove et al.’? The nama refers to the tondency of these colonies to form sub-
colonies which are lying together as "bursts"™.

The red hue, so typical of colonies containing erythroid cells, cannot be relied on for identification of all BFU-E. When
erythroid colonies are relatively immature, hemoglebinization has not yet taken place and the colonies are transparant
with a faint brownish tint and may resemble myelcid colonies. Furthermore in cultures which have degenerated 10 2
certain extent the red color becomes brown.

The shape ef the colonies is snother clue to their identity. A typics? feature of erythroid colonies is their compactness, it
is often not possible 1o distinguish single celis along the rim of the colony. An alternative configuration ¢an be seen
when the coiony lies on the bottomn of the dish ang s larger rim of single layered erythrocytes surrounds the red center,
giving it more or less the appearence of a fried egg. When it is possible to discern single cells, they ara relatively large,

i.e. being a size between that of an eosinophil and a macrophage, and are not round but rather angular.,

Mixed colonies

Mixed colenies, derived from CFU-GEMM, are generally defined as hetorogenesous with areas of red cells and areas of
colorless cells®™-%2 or as aggregates with a compact hemoglobinized center and a peripheral “lawn” of colotless cells.®
For the distinetion of unilinoage erythroid colenies from multilineage colonies twe characteristics are important: the color

of the tolony and the appsarance of the cells lying directly asdjacent 10 the ¢tolony. As has been discussed zbove, the
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coler of the colony is not always helpful laaving as the most important criterium the appearence of the cells surrounding
the colony. The presence of mysloid cells in close proximity of the red center is the hallmark of a mixed colony.

This directly relates to the problem of overlapping colonies and the percentage of non-arythroid cells that must be
present to classify a colony as multiinezge.

A major critique to the CEU-GEMM culture system has bean that twe single-lineage colony-farming ¢olls, ¢.g. & BFU-E
and g CFU-Eo, could develop close te each other in such a way that the result resembles one mixed colony.zﬁ However
with careful observation it is possible to exclude a farge part of theso overlapping colonies. The uss of highly concentra-
ted methylcellulose is an advantage here as it results in 8 mere viscous culture medium with more compact colonies and
preventing the outgrowth of large spread-out overlapping colonies.'™ Furthermore, visualization through an ordinary
migroscope, which is superior to an inverted microscope, allows for a better distinction of separate colonies. Crowding
of colonios has 1o be aveided by eulturing low numbers of celis. Thus with critical colony scering it is possible to give an
sccurate account of the numbar of mixed colonies, with & low number of "false-positives™.

When cendidpte mixed colonigs are picked off in order 10 examine the morphalegy of the celis, surrounding myelioid
celts may be aspirated inadvertantly thus confounding the differential count. To control for this error we have calculated
the percantage of myeloid colls in 80 carefully aspirated erythroid colonies. Wo found on aversge 0.5% = 0.6% of
myeloid celis (range O - 2.4%) and essumed that these gove background contamination levels. For & mixed colony we
then required the minimal ¢ontribution of myeloid cells to be 5%. Ali in situ suspect mixed colonies, i.e, with a smatl
number of myaloid cells around the red centor, consistently contained more than 5% myeloid cells, which apparently
waore mixed with the red cells and were not visible,

Mixed colonios are composed of a mixture of erythroid and non-erythroid (myeloid) cells and are often named
CFU-GEMM, i.e. derivad from 2 cell that cen form a colony incorporating granulocytes, erythrocytos, macrophages and
megakaryocytss. In practice part of the mixed colonies do not incerporato all four lincages present in the name

CFU-GEMM, however by definition at least twao have to be prasent.

Eosinophil colonies

Eosinophil colonies have a distinct morphology and are easily recognized in culture dishes. They appsear as small and
compact "tight™ colenies cemposed of round colls with a highly refractile border,">7%32¢ The roundness of the cells is a
vary distinct feature and together with the refractileness it seems as if the colls are surrounded by a thin, black cireular
line, When sosinephit colonies are stimulated with a combination of IL-3 and GM-CSF they c¢an reach a considerable
size. Nicola ot al™ mentioned that most ecsinophil colonies contain only sosinophils. In a minority of cases we found
also mixed granulocytic/eosinophilic colonies. The very large and compact eosinaphil colonies can easily be mistaken for

2 somewhat degenerated BFU-E, the size of the cells then serves to classify the celony correctly.

Granulocytic colonies

The name ~granulocytic colony™ usually refers to colonies of the neutrophil lineage. Granulocytic colanies are not easily
discribed; they may appear in many patterns from compact round 1o lossely arranged ané dispersed. The colonies are
composed of clear cells which are slightly smaller than eosinophils. Usually these cells are not round but angular, The
small dispersed type of colony is often composod of small and round cells which are mature segmented granulocytes.
Tha diversity in colony- and call type reflects differences in maturation state and depends largely on the type of stimalus
used.

Important in the classification of granulocytic colonies is the guestion whether other, non-granulocytic cells are ad-
mixed. This is not difficult in case of admixed eosinophils or mature macrophages, which are readily distinguished.

However it may be particularly difficult 1o distinguish immature cells of the moenocytic linoage. These cells are
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somewhat larger than myeloid celis. A colony composad of cells of uneven size may be suggesive of & granulocyte-
macrophage (GM) instead of a granulocytic colony. In many cases it will be necessary 1o identify the nature of the

colony by ricroscopicat examination of a stained ¢yiospin preparation,

Macrophage colonies

Macrophages, together with megakaryocytes, are the largest cells that can be found in colony cultures of human
marrow, The macrophages are apparent by their brown color end the shundance of internal strusture. Magakaryocytes
on the contrary appear smoty and have g highly refractile border.

Most macraphage colonies are loosely arranged and dispersed. They contain a comparatively smalt numbar of cells, i.e,
rarely mora than 200 (in the mouse , macrophage colonies are the largest colonies, contziming many colish. Under
optimal stimulatory conditions however larger, compact calonies may asise as well. When immature menocytic ¢olls are

involved problems may arise in differentiating the colonies from granulocytic ¢olonies.

Granuloeyte-macrophape calonies

This appears to be a vary rare type of colony (again, in the mouse thiz is & very common type of colony). Their oeeur-
rence depending largely on the type of stimulus used. They are composed of a mixture of myeloid cells and macro-
phages and are usually easily recognized. identification may be more difficult when the macrophage part consists of

immature monocytes or when 2 dispersed macrophage colony ovetlaps with 2 granuiocytic colony.

Megakarveeyiic colonies

In rare cases megakaryocytes can be encountsred in the cultures. They are very easily recognized being large clear cells
with a very peculiar refractile border, Because their appearence is not very reproducible, depending smongst other
things on the plasma batch used in the cultures, we have elected not to evaluate them. In some cases mention is made

of their appearence, howover net in 2 quantitative way.

Blasz cell cotonias

Ogawa ot al. have described 2 colony type which contains blast cells and has self-ranewa! capacity.™ These colony
forming cells are more primitive than the CFU-GEMM and as yet they represent the most immature progenitar celis that
can be cultured routinely. The blast-cell coionies develop in cultures of enriched bone marrow cells that have been left
without growth facters for 14 days, allowing the mora mature progenitor cells to die due 10 lack of growth factors. Next
-3 ang IL-& are odded"®” and after another 7 days colonies start to appear which consist mainly of immatuze blast-like
celis and have a very high replating capacity. Since these biast-CFC are present at the initiation of the culture, it is
possible that they develop during the 14 1o 16 days of an ordinary bong marrow culture, however they are difficult 10

distinguish between the multitude of much larger mature colonies.,

Basophific col_nnias

Basophilic ¢olonies are potentially very interesting, since the multilineage growth factor IL-3 was originally described in
the mouse as mast cell growth factor.®™ Furthermore human basophils have IL-3 receptors and acquire o differentiated
phenotype following stimulation with I£-2.392% |t has been suggested that eosinophils and basephils share 2 common

progenitor ¢ell® and many CFU-GEMM have been shown to contain histamine.®® Colonies consisting of basophilic
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granulocytes hewever are not regularly seen in the normal bone marrow cultures described above. They are described

as rather small loosely srranged colonies of cells that resemble eosinophils,’?

Enrichment of progenitor colle

Clonogenis versus accessory ¢¢lls

Tho clonogenic hematopoiotic progenitor cslls comprise only a small fraction of the total celi content of the bone
marrow: depending on the definition of a progenitor cell this fraction is estimeted t© be 0.05% - 0.1%." The other
cells prosent in bone marrow ¢nd blood do not form colonies thamselves. However these accessory cells may greatly in-
fluence coleny formation by the clonogenic cells. The group of accessory cells comprises lymphocytes, monocytes and
matura myeloid cells, and also stromal ¢ells, o.0. endotheliol ¢alis and fibroblasts. In order to determine direct effects of
growth factors on progenitor cells, it is necessary to use a cell population which is depleted of all possibly interfering

accessory ¢eils. Or, in other words, idesliy 2 cell population consisting solely of progeniter celfs.

Methods of enrichment

Instrumental in enrichment procedures is the availability of a useful characteristic of the cell 1o bo enniched. Initially
physical characteristics like size and density were employed in often very ingenious procedures. A varisty of enrichment
methods has recently been reviewed by Visser & Van Bekkurn,®

Velogity sedimentation is one such mathod. [ts cell separating capacity depends on the size of the cells; when used as a
single method however high enrichment factors cannet be expected.” Counterflow centrifugation®™2% is & method
that has the same physical basis as velocity sedimentation, i.e. it separates on the basis of size'™ and cen process large
quentities of cells in rolatively short time.

Separation based on the density of cells has shown more promise. Dicke et al®® reached a 70-100x enrichment of
human CFU-C with a two-step discontinuous albumin density centrifugation technique. Mocre ot al®® ensiched monkey
CFU-C 100x using buoyant density gradients. A simplified wvariant of density centrifugation is the density-cut; this
consists of layering the unseparated cells on top of & fluid with a fixed, specific density. After centrifugation the cells
with g higher density are pelleted under the separation fluid, while the cells with a lowaer density are accumulated on 1op
of the separatior fluid. The classic and most widely used exampls is Ficoll-Hypaque with a density of 1.077 g,fcma.as it
separates erythrocytes and granulocytes {pellet) from mononuclear cells which remain in the interphase above the Ficoll

layer.

The methods listed abovoe do not take advantage of specific phenotypic differences between populations of cells. The
use of immunological markers to distinguish ¢ells can serve for both positive or negative selection.

Antibody-iabeled cell can be lysed following the addition of complement {usually rabbit-serum).

T-lymphocytes are removed efficiently from the marrow specimen using the sheep-erythrocyte rosetle technique
followsd by Ficoli-separation’”* ™27 A variant of this tachnique is the method of immune-rosetting*®®''%: cells, lebeled
with antibodies of murine origin form rosettas with sheep erythrocytes coupled to rabbit anti-mouse antibodies.

In the method of immune-panning®%"% labeled cells are allowed to attach 10 petri-dishes coated with rabbit-anti-mouse
Ig and separated from the supematant. 777

A final methed for seletting celie using several parameters gt the same time employs the fluorescense-activated cell

sorter (FACS)."® This method was selected for tha work presented in this thesis,
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Selection of the method for progenitor cell enrichment

Our finglly adopted method for progenitor cell enfichment is 8 combination of negative selecton, i.e. dapletion, and posi-
tive selection, combining the advantages of a crude methad, i.e. fast, simple and able to process large quantities of
cells, with & highly selective method. Most authors rely on these combinations of methods.

First, using a nylon filter, bone particles and debris are separated from the marrow cells, which are suspended in HBSS.
Saecond, a density-cut (Reoll-Hypsque) serves to isclate the mononhucloar cells from the erythrocytes and most of the
granulocytes, Third, the mononuclear cell suspension is incubated with monocijonal antibodies {MoAbs) against non-
progenitor cells. We have made use of several MoAbs like VIM-27" directed against a8 broad range of myelo-monocytic
eslts, B44.1 (CD14)™7 against monocytes, B4.3 (CD15)"7 against granulocytic ceils and OKT-3 agsinst T-lymphocytes.
Subsequently the labeled cells were lysed using rabbit compliement. In later experiments this labeling-lysis step was
combined with an adherence-step. The fourth and final step consisted of salecting the cells positive for the CD34
antigen using the FACS. CD34 is expressed on immaturs hematopoietic cells and a small subpopulation of
Monocytesto-61.130.200.304.50.231

in summary, the combination of methods we have used consists of two preparative followed by a very selective

enrichment stap.
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Dankwoord

Velen hebben bijgedragen aan het onderzoek beschreven in dit proefschrift. Allereerst wil ik al
die naamloze patienten bedanken die geheel belangeloos een monster van hun beenmerg
hebben afgestaan zonder welk dit onderzoek nigt mogelik zou zijn geweest. Deze gift is daarom
zo bewonderenswaardig omdat ik maar al te goed weet dat deze mensen op dat moment beslist
andere dingen aan hun hoofd hadden.

Mijn promotor, Prof. B.L&wenberg, beste Bob, zonder enerzijds iocuw stuwende kracht en
anderziids je vermogen op tid aan de rem te trekken zou dit onderzoek niet zo'n grote vorm
hebben zangenomen. We zijn het lang niet altijd eens geweest, maar ik heb veel van je geleerd.
De leden van de klgine commissie, Prof. R.Willemze, Prof. W.van Ewijk en Dr. R.Plcemacher, wil
ik danken voor het nauwgezet vervullen van hun taak. In het bijzonder dank ik Rob Ploemacher
die zijn docenten-verleden niet verloochend hesft en talloze spel en stijlfouten heeft gevonden
waar ik zelf {evenals trouwens de rest van de commissie) overheen gelezen had. De suggesties
van Wiliem van Ewijk fleten wat langer op zich wachten dan gebruikelijk, maar hebben beslist
biigedragen tot een beter resultaat.

Het leeuwendee! van het technisch werk is verricht door Loes van Eijk, Pauline Schipper en
Lianne Broeders.

Loes, van jouw heb ik heel veel geleerd, 0.a. op celkweekgebied en je toewijding strekte zich uit
tot ver buiten kantooruren, waarmee ik niet zlleen dos! op de experimenten die soms 10t zeer
laat op de avend en in de weekends doorliepen. Dit proefschrift is daarom vooral voor jouw.
Pauline, jij hebt zeer veel werk verzet en bent er bovendien in geslaagd de zeer lastigs techniek
van de RNA in-situ hybridizatie onder de knie te krijgen. Je was aitijd vrolijk en ik heb je nooit
noren klagen; ook in esthetisch opzicht was je aanwezigheid zeer positief.

Lianne, ook jii hebt zonder kiacht al die kweken ingezet en talloze bakjes gescoord. Je, haast
fanatieke, bereidheid om wvele malen na kantoortijd het experiment af te maken zal ik niet
vergeten. Je snefheid was wat minder, maar ik geloof niet dat je ooit een fout hebt gemaakt.
Qok de andere anzlisten van het celkweeklab van de DdHK: Ton van Agthoven, Mieks Berends,
llona Duifer, Ruud van Gurp, Marius van der Haven, Hans Hoogerbrugge, QOlga Pelgrim, Carin
Peilens en Margien Witteveen hebben allen op enigeriei wijze een aandeel geleverd en worden
daarvoor bedankt.

Carla Schiizel heeft samen met Loes van Eijk belangrik voorbereidend werk verricht bij het
opzetten van het kweeksysteem en mij met eindeloos geduld het lastige scoren van de kweken
biljgebracht. Blanca Backx heeft ook nog handwerk verricht aan dit onderzoek, samen met
Lianne zelfs nadat ik al weg was. Ruud Delwe!l heeft veel geduld moeten opbrengen om mij te
leren werken met de FACS en bij het te hulp schieten bij technische storingen tijdens experi-
menten [gelukkiy had je ook telefoon thuis...). Rob Oosterom wordt bedankt voor het uitvoeren
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van de TNF-immunoassay. De wetenschappelitke discussies met Ivo Touw, Ruud Delwel, ineke
Slaper, Lec Budel, Valeria Santini, Machteld van der Fehz, Bianca Backx, Roel Moberts, Edo
Vellenga, Jacgueline Groot, Harry Schouten en anderen waren vaak waardevol. Leo, jouw vaak
fantastische uitvindingen hebben voor veel hilariteit gezorgd en ik Zie er naar uit je als coltega e
kunnen begroeten. Wanneer gaan we weer gten?

De grote sprong voorwaarts voor dit onderzoek werd bereikt met het kloneren van het humane
IL-3 gen bif TNO in Rijswijk. Lambert Deorssers, Herman Burger en Gerard Wagemaker ben ik
zeer erkentelijic voor de geboden mogelijkheid recombinant IL-3 te gebruiken.

Joke Krefft heeft me veel geieerd over de morfelogie van gekweekte cellen die zo anders is dan
normale beenmergmorfologie. De mensen van het wetenschappelijk secretarizat, mewvrouw
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