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Title of Dissertation: Heterogeneity within Macrophage Populations: a Possible Role for Colony
Stimulating Factors
Lydia A. Falk, Doctor of Philosophy, 1988
Dissertation directed by: Stefanie N. Vogel, Associate Professor, Department of Microbiology

These studies were undertaken in an attempt to elucidate the raison d'etre for the
existence of two distinct Colony Stimulating Factors (CSFs) whose site of action is believed to be
the same bone marrow progenitor and whose differentiated mononuclear "end cell" is
presumed to be identical. Through a side by side comparison, we have explored this question of
apparent cytokine redundancy by examining the responsiveness of murine bone marrow
progenitors to highly purified or recombinant preparations of GM-CSF and CSF-1, in both soft
agar and liquid cultures. Our fmdings show that the number of CSF-1-responsive progenitor
cells which formed colonies in soft agar was approximately six-fold greater than the number
of progenitors which responded to GM-CSF. However, upon stimulation of bone marrow
progenitors in soft agar culture with lmth GM-CSF and CSF-1, we observed the development of a
significant percentage of very large colonies

~

2 mm in diameter). These progenitors were

present in the bone marrow of both untreated mice and in mice which had been administered
the cytotoxic drug, 5-fluorouracil, consistent with descriptions of a primitive progenitor
population which exhibits high proliferative potential (HPP-CFC). In addition, the
macrophages which developed under the influence of either GM-CSF or CSF-1 in liquid culture
were found to differ morphologically and functionally. Although CSF-1 -derived macrophages
were shown to be superior in their phagocytic capacities and the ability to resist viral
infection, GM-CSF-derived macrophages exhibited very high Ia antigen expression, an
augmented ability to induce antigen-specific T cell proliferation, and a greater potential for
tumoricidal activity. These findings suggest that the acquisition of "higher order"
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macrophage functions (i.e., typically associated with "highly activated" macrophages) may not
require a differentiative progression which results in the retention of certain "lower order"
functions. Our findings also imply that the heterogeneity observed among different
populations of mature macrophages may reflect the effects of different species of colony
stimulating factors on bone marrow progenitors and the emigration of selected populations
from the bone marrow to peripheral site~.
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INJRODUCTION

The differentiation of cells of the monocyte-macrophage lineage from bone marrow
progenito~ to mature effector populations in peripheral tissues is an extremely complex

developmental process. Subpopulations of progenitor cells, which.differ in their capacities
for replication (self-renewal) and differentiation, must respond to a variety of distinct growth
factors to divide and/or differentiate. Once released into the circulation, monocytes can enter
the peripheral tissues and mature iQto macrophages under the influence of environmental
signals. These mature macrophages also exhibit a heterogeneous spectrum of morphological
and functional phenotypes characteristically associated with successive levels of macrophage
differentiation. The purpose of this introduction is to present our current understanding of
macrophage differentiation. First, a discussion of macrophage progenitor subpopulations will
be presented. This will be followed by a description of the growth factors which have been
sl;lown to participate in the development of cells conunitted to the monocyte-macrophage
lineage. Lastly, an overview of mature macrophage heterogeneity as a reflection of a
differentiation hierarchy will be addressed.

HeterogeneitY g,fhematoooietic progenitors

Hematopoiesis, the complex process of blood cell fonnation, requires specific conditions
for the generation of eight distinct mature cell lineages: erythrocytes, megakaryocytes, T
cells, B cells, eosinophils, basophils, granulocytes, and monocyte-macrophages. The
generation of these lineages requires stimulation of a heterogeneous population of
progenitors by a variety of growth factors with hormone-like effects (i.e., active at

w-10 M

concentrations), as well as a microenvironment, generated by bone marrow stromal cells,
conducive to hematopoiesis (Dexter~ .al.. 1985). Early work by Till and McCulloch ( 1961)
demonstrated the existence of a very primitive stem cell which, following injection into

1

2
irradiated recipients, was capable of colony formation in the spleen. This stem cell was called
"Colony-Forming Unit-spleen" (CFU-s). Examination of the splenic nodules which formed
revealed that these stem cells were capable of giving rise to cells of the megakaryocyte,
erytl:i.rocyte, granulocyte, and macrophage lineages, and thus, ·represents a multi-potent
progenitor cell. Although these CFU-s stem cells were capable of multi-lineage differentiation,
they also exhibited the capacity to replicate without differentiation and were, therefore,
capable of reconstituting irradiated mice (Dexter~ .a!.• 1985). Subpopulations of CFU-s were
subsequently characterized on the basis of size and density (Till and McCulloch, 1961; Haskill et

.a!., 1970) and were shown to differ with respect to their capacity to form splenic nodules at
varying times following injection (Till and McCulloch, 1961; Dexter ~at., 1985). Thus, some· ··
CFU-s could give rise to nodules only within 8 days of injection, whereas others induced
nodules as late as 12 days following injection into irradiated recipients (Till and McCulloch,
1961; Dexter~ .a!., 1985). This heterogeneity was interpreted as representing a progression
from a stem cell with extensive replicative capacity to one which was more restricted in its
replicative ability (Wolf and Priestly, 1986). For this reason, these subpopulations of CFU -s
cells were referred to as "early" CFU-s and "late" CFU-s stem cells.
The development of in ri1m. culture conditions which employed a soft agar assay and

I
I

I·
conditioned medium from a variety of tissues sources (Pluznik and Sachs, 1965; Bradley and
Metcalf, 1966) led to the identification of progenitors which were generically referred to.
"Colony-Forming Unit-culture" (CFU-c). These progenitors differed from those described in
vivo (CFU-s) in that they exhibited increased lineage restriction and a more limited capacity
for self-renewal (Quesenberry and Levitt, 1979). Thus, the CFU-c was hypothesized to result
from the expansion and differentiation of the early multi-potent stem cells, CFU-s (Rosendaal
~ ID_., 1979; Metcalf and Moore, 1973). In other words, the proliferation and differentiation of

early stem cells (CFU-s) is believed to result in progeny (CFU-c) which are less multi-potent
(i.e., they possess a more limited ability to reconstitute irradiated animals; Metcalf and Moore,
1973). The establishment of the in vitro colony assay allowed for further examination of CFU-c

3
progenitors and provided a means by which additional progenitors and progenitor
subpopulations could be distinguished. Subpopulations of progenitors have also been
described with·i n the CFU-c progenitor pool based on differences in size or density (Worton et

.al..• 1969; Haskill ~ .al.., 1970; Boland Williams, 1980), as well as the development of
lineage-restricted progeny in response to Co1ony Stimulating Factors (CSFs; Metcalf and
MacDonald, 1975).
One such CFU-c progenitor subpopulation which exhibits increased lineage restriction
is the "Granulocyte-Macrophage Colony-Fanning Cell" (GM-CFC). Upon stimulation, this
population of progenitors gives rise to mature granulocytes or macrophages. This finding
established a close link between these two mature cell lineages: The survival and proliferative· ·- - expansion of this population of progenitors is completely dependent upon the presence of
specific growth and differentiative factors, the CSFs. The use of the soft agar assay and
micromanipulation of daughter cells during early colony fonnation demonstrated the bipotent
nature of the GM-CFC (Metcalf and Burgess, 1982). In addition, experiments have shown that
following 3 - 5 mitoses in the presence of a lineage-specific CSF, i.e., granulocyte-macrophage
CSF (GM-CSF), granulocyte CSF (G-CSF), or macrophage CSF (CSF-1), irreversible commitment to

,.
I.

that lineage occurs (Metcalf and Burgess, 1982). Even within this progenitor population.

1 '~

however, heterogeneity has been observed based on differences in size, density. and CSF
sensitivity of various progenitors (Williams and van den Engh, 1975; Metcalf and MacDonald,
,i..

1975; Bol ~.al.., 1979; Boland Williams, 1980; Bertoncello ~ .al..• 1981). In addition to the bipotent
progenitor described by Metcalf and Burgess (1982), these investigators also demonstrated the
existence of more mature progenitors with more severe lineage restrictiorr. These progenitors
were responsive to a single lineage-specific CSF, CSF-1 or G-CSF and were called "Macrophage
Colony-Fanning Cells" (M-CFC) and "Granulocyte Colony-Fonning Cells" (G-CFC), respectively.
While, the original utilization of the soft agar colony assay allowed for the
discrimination of multiple progenitor populations at different stages of maturity, subsequent
modifications (see below) allowed for the demonstration of another early, primitive stem cell

i::

1' :
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which was referred to as a "High Proliferative Potential Colony-Forming Cell" (HPP-CFC).
Although individual species of CSF have been described as giving rise to lineage-specific
populations (reviewed in Williams and Jackson, 1977; McNiece ~ .ru.• 1986), it is clear that these
factors can act synergistically with other cell-derived factors which may result in the
development of very large colonies with high proliferative potential, HPP-CFCs (Bradley and
Hodgson, 1979; Baines ~ID.., 1981; Kriegler ~.ill., 1982; Bartelmez ~ ru. .• 1985; Bartelmez and
Stanley, 1985; Bertoncello ~.a!., 1986; Koike ~.ill.• 1986; McNiece ~ al., 1986; Stanley et al., 1986;
Beck~ .al.•

1987; Bertoncello ~.al.• 1987; Mochizuki~ .ru.. 1987; Pluznik ~.ill.., 1987; Zucali eta!.,

1987). The original demonstration of these primitive progenitors by Bradley and Hodgson
(1979) utilized crude CSF-1-containing extracts from pregnant .mouse utei:ine tissue and human' .. - .
spleen cell conditioned medium (HSCM) as the source of the factor which provided the
synergistic activity (Bradley and Hodgson, 1979). HSCM alone was unable to induce colony
formation in vitro. Subsequently, HPP-CFC were shown to possess the capacity to reconstitute
irradiated recipients

(Hodgson~ .al.•

1982; McNiece ~.ill.• 1987).

The methods used to demonstrate the existence of HPP-CFC progenitors differ markedly
from study tci study: colony formation in soft agar (Bol ~.ill., 1979; Bradley and Hodgson, 1979;
Bertoncello ~.ill., 1986; McNiece ~ .al.• 1986; Bertoncello ~ .al., 1987), inclusion of a variety of
sera in the culture medium for greater nutritional support (Bol ~ .al.• 1979; Bradley and
Hodgson, 1979; Baines ~.al .• 1981; Madonna and Vogel, 1985; Hagan ~.al.• 1985; McNiece et aL,
1986; Schwartz~ .ill.• 1986), radiolabeled cytokine-receptor interaction for the demonstration
of newly expressed CSF receptors following stimulation with a synergistic factor (Bartelmez cL
al., 1985; Bartelmez ~ill_., 1985b; Stanley~ ru.. 1986), as well as the demonstration of high
proliferative responses of bone marrow progenitors as measured by thymidine incorporation
(Mochizuki ~ al., 1987). Within the soft agar assay alone, a spectrum of methodologies has
been utilized to study the expansion ofHPP-CFC progenitors (Bradley and Hodgson, 1979; Baines
~.al.• 1981; Madonna and Vogel, 1985; Hagan ~.al., 1985; McNiece ~ al., 1986; Schwartz et al.,

1986). Most of these require an enrichment for HPP-CFC by pre-treaunent of mice with the

5
cytotoxic drug 5-FU, as well as inclusion of high concentrations of normal human serum (in
addition to fetal calf and horse serum) in the culture medium. As has been noted for other
progenitor populations, there appear to be subpopulations of HPP-CFCs as well. HPP-CFC
subpopulations have been characterized on the basis of their specific factor requirements
(Bradley and Hodgson, 1979; McNiece ~ .ai., 1982; Bradley~ ill,., 1985; Koike~ al., 1986; MeN ieee

S1 al., 1987), differential sensitivity to 5-FU (Bradley~ ru., 1985), their ability to be enriched
within the 5-FU-derived population of bone marrow cells (Bradley ~ .1!!., 1985), and their

requirements for auxiliary serum factors for .in Yilm expansion (L.A. Falk and S.N. Vogel,
submitted). Based on the work ofMcNiece ~.al. (1987), it is believed that HPP-CFCs give rise to
CFU-s.
This brief summary of hematopoiesis illustrates that the heterogeneity within the bone
marrow progenitor compartment is based on a hierarchical scheme of reduced self-renewal
capacity accompanied by increased lineage restriction. Within each hierarchical level,
subpopulations of progenitors have been demonstrated. To a large degree, the ability to
demonstrate this subpopulational complexity is limited by our methods of detection and the
ability to supply the stimulatory requirements necessary for expansion of a particular
progenitor population in YitrQ. Based on the hematopoietic scheme described thus far, a
proposed scheme ofhematopioetic development can be viewed as follows:
G-CFC
HPP-CFCs -----> CFU-s -----> GM-CFC---->
M-CFC
"CFU-c"
Since this project focuses on the mechanisms by which macrophage heterogeneity develops,
the remainder of this introduction will examine hematopoiesis and maturation as it pertains
solely to macrophage development and differentiation.

6
Heterogeneity

ay

reflected by multiple species ofCSF

The development of soft agar culture conditions which support the clonal proliferation
of granulocyte and/or macrophage populations, led to the recognition that such cells were
incapable of autonomous proliferation and required stimulation by speCific regulatory
molecules (reviewed by Metcalf, 1987). Therefore, these molecules were collectively referred
to as "granulocyte-macrophage" CSFs. There are four CSFs which have been shown to
stimulate progenitors to develop into mature granulocytes or macrophages: Multi-CSF
[Interleukin 3 (IL 3); Thle ~ill.., 1983], granulocyte-macrophage CSF (GM-CSF; Metcalf, 1980),
granulocyte CSF (G-CSF; Metcalf and Nicola, 1983), and macrophage CSF (CSF-1; Stanley and - Heard, 1977). Of these four CSF species, three have been shown to give rise to mature
macrophages: IL 3 (to a limited extent; Thle ~ill.-. 1983), GM-CSF (Metcalf, 1980), and CSF-1
(Stanley and Heard, 1977). These three CSFs share some common features: (i) each CSF is a
glycoprotein, although the sugar moiety is not required for biological activity or receptor
binding (Das and Stanley, 1982; Thle ~_a!., 1982; Burgess m, .ru_., 1985; Metcalf, 1985); (ii) all three
CSFs contain disulfide bonds which are necessary for biological activity (Stanley and Heard,
1977; Das ~ al., 1980; Burgess~ _a!., 1985; Gough m, _a!., 1985); (iii) the biological activities of
these molecules are in the range of w- 10 tow- 13 M (Stanley and Guilbert, 1981; Ihle .mal.,
1982; Gough .mal., 1985); and (iv) the GM-CSF and II.. 3 genes are located on Chromosome 11 in the mouse and, therefore, the possibility of coordinate regulation (with respect to the
transcription, synthesis, or action of these two CSFs) has been proposed (Gough et .a!., 1984;
Thle and Silver, 1985). Although the location of the gene which encodes the murine CSF-1 is
not known, studies of the human CSF-1 gene have placed it on Chromosome 5 along with the
genes for GM-CSF, II.. 3, and the CSF-1 receptor (LeBeau g .ill.• 1986; Pettenati m. al., 1987).
Interleukin 3 (IL 3) is produced primarily by mitogen-stimulated T cells and has been
detected in conditioned medium from the myelomonocytic cell line WEHI-3B (Ihle eta!., 1982).
In addition, IL 3 has been cloned (Fung s;.t at., 1984), has a molecular weight of 23- 28 ,000
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daltons, and has been shown to bind to a receptor of molecular weight 60- 75,000 daltons. The

IT... 3 receptor is present in low numbers on bone marrow cells, granulocytes, monocytes, and ·
eosinophils (Palaszynski and Thle, 1984; Metcalf, 1986). In addition to its ability to stimulate
granulocyte or macrophage colony formation, IT... 3 has also been shown to stimulate CFU-s
replication, as well as act upon multi-potenfcells to form colonies which contain erythrocytes,
eosinophils, megakaryocytes, and mast cells (Hapel ~ ru... 1985; Kindler~- · 1985).
GM-CSF has also been shown to give rise to granulocytes, macrophages, or mixed
granulocyte-macrophage colonies. GM-CSF has been detected and/or purified from a number
of tissue sources, i.e., endothelial cells (reviewed by Metcalf, 1987), T cells (Ruscetti and

i. ,

Chervenick, 1975; Prystowski ~ill..• 1983; Gough ~ill..• 1985); macropha:ges (Thorens et .!!!... 1~·8 7) ·

!;·

and the EL-4 thymoma (DeLamarter, 1985). GM-CSF has been cloned from T cells (Gough .lli ill.,
1984), has a molecular weight of 23,000 daltons, and binds to high and low affinity
GM-CSF-specific receptors (Walker and Burgess, 1985). GM-CSF receptors have been found on
all granulocytes, macrophages, and eosinophils (Walker and Burgess, 1985; Metcalf, 1986).
Molecular cloning of GM-CSF has shown that the gene which encodes GM-CSF contains two

' .

initiation sites, and, therefore, has the potential to produce two different mRNA transcripts
(Stanley~ .!!l.,

1985). The mRNA for the longer transcript contains two translation initiation

codons and hydrophobicity analysis of the amino acid sequences of the two possible
translation products is consistent with the potential for the protein product of the longer
transcript to be membrane-bound (Gough, 1985;

Stanley~& ..

1985). This finding is of great

interest given the evidence to suggest that in the bone marrow stroma, local concentrations of
CSF in the microenvironment and cell contact may be involved in the control of
granulopoiesis (Allen and Dexter, 1976; Zipori, 1981). In addition, the choice of promoter usage
may reflect preferential transcription of either the "long" or "short" mRNA species. In this
regard, the promoter which gives rise to the shorter transcript appears to be used
preferentially following Concanavalin A stimulation ofT cells (Gough ~ill.. , 1985) and may
reflect a molecular mechanism for Increased production of secreted GM-CSF versus

I
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membrane-bound forms of GM-CSF.
The third CSF which has been shown to stimulate macrophage production is the
lineage-restricted CSF, macrophage CSF (CSF-1). CSF-1 has been shown to be a product of
fibroblasts, embryonic yolk sac, whole embryo, and pregnant mouse uterine extract (reviewed
by Metcalf, 1986). CSF-1 has been purified· to homogeneity from murine L929 fibroblast
conditioned medium (Stanley and Heard, 1977; Waheed and Shadduck, 1979), has a molecular
weight ofbetween 40 -70,000 daltons due to extensive glycosylation (Stanley and Heard, 1977;
Metcalf, 1986), and binds to a receptor with a molecular weight of 165,000 daltons (Morgan and
Stanley, 1984). The gene for the CSF-1 receptor has also been shown to be identical to the
cellular proto-oncogene c-fms (Sherr et al., 1985), and is expressed in large numbers on cells
of the monocyte-macrophage lineage (Guilbert and Stanley, 1980; Byrne ~ill.., 1981; Stanley et
ru., 1983;

Sbadduck~ru.,

1983). Unlike the previously described CSFs, CSF-1 is ahomodimerof

protein subunits, each with an unglycosylated molecular weight of 14,500 daltons (Stanley and
Guilbert, 1981). Only the dirneric form has been shown to be biologically active (Stanley and
Guilbert, 1981). In contrast to the species specificity exhibited by human GM-CSF (Metcalf,
1985), human CSF-1 has been shown to be fully active on murine bone marrow cells (Stanley f1
al., 1975). Recombinant murine CSF-1 is not available at this time, but many investigators have
recently taken advantage of the species cross-reactivity of CSF-1 and have utilized
recombinant human CSF-1 (Kawasaki g ru.• 1985; Ladner~ ru., 1987) in their studies on murine
progenitors. As is the case for murine GM-CSF, the eDNA for human CSF-1 indicates the
possible existence of multiple transcriptional species; the protein product of the larger
transcript contains sequences, that upon translation, are characteristic of a transmembrane
portion (Kawasaki!<! ru., 1985; Ralph g ru., 1986). Thus, as indicated for GM-CSF, CSF-1 may also
exist in a membrane-bound form as well as a secreted form .
Although the CSFs have many general structural similarities, they share no sequence
homology (Gough gill... 1984). While most of the granulocyte-macrophage progenitors are
bipotent and can respond to more than one CSF, they exhibit considerable heterogeneity with
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respect to: (i) the number of progeny each generates; and (ii) the concentration of CSF
required to stimulate cell division (reviewed by Metcalf, 1985). This latter finding is consistent

with the differences in receptor number on individual progenitors observed by
autoradiography (Walker and Burgess, 1985). Although these factors have been shown to act
on similar populations of progenitors, this apparent redundancy may indicate a subtle and
complex control system by which progenitor cell proliferation and subsequent differentiation
is regulated. In addition, this may provide a mechanism for competitive and/or potentiating
interactions between different species of CSFs. Thus, the observed heterogeneity within the
progenitor populations observed at each hierarchical step, coupled with the apparent cytokine
redundancy observed within the granulocyte/macrophage CSF family, may provide a fine
control mechanisn for the production and activation of selected subsets of mature progeny.

Functional and differentiative heterogeneity in mature macrophage vovulations

The role of macrophages in an animal's innate defense against bacterial invasion has
been described by a number of investigators for Brucella (Pomales-Lebron and Stineberg,

::.

1957; Elber g .W.•• 1957; Holland and Pickett, 1958), Salmonella (Hobson, 1957; Howard, 1961; Sato
et

ru., 1961), and for Listeria (Mackaness, 1962; Armstrong and Sword, 1964).

In all cases,

macrophages from immune animals displayed a greatly enhanced capacity for microbicidal
activity in vitro, in contrast to normal macrophages which were quickly destroyed by
unrestricted intracellular bacterial growth. In addition, in vivo administration of potent
"macrophage activating agents", such as Bacillus Calmette Guerin (BCG) or in vitro treatment
of peritoneal macrophages with crude lymphokine preparations, induced macrophages to
become microbicidal or tumoricidal (Hibbs, 1976; Nogueria et.al., 1978). Thus, injection of a
variety of stimuli, which induce acute or chronic inflammation in the peritoneal cavity of
animals, resulted in the in s.i..ll! accumulation of macrophages which were morphologically,
biochemically, and functionally different from resident peritoneal macrophages (Kamovsky
'i

;'
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.Ill.&.• 1975; Cohn, 1978). Thus, highly microbicidal-macrophages were considered to be "fully
activated" and represented the culmination of the differentiation process (Cohn, 1978). These
findings established the importance of the "activated" macrophage as effector cells
responsible for killing of intracellular parasites and tumor cells. The role of the macrophage
in host defense has, therefore, prompted much work to determine the mechanisms by which
macrophages become fully activated and the acquisition of characteristics along this
differentiative pathway.
Heterogeneity within mature macrophage populations has been hypothesized to be a
result of macrophages at various differentiation states which culminate in the fully mature or
"activated" macrophage (Cohn, 1978). Most of the early work ·which lea to an association of
specific functional or topographical markers with different stages along the activation
pathway involved examination of heterogeneous populations of macrophages present in the
peritoneal cavity of untreated mice versus mice which had received various stimulants or
eliciting agents intraperitoneally. Morphologically, macrophages exhibited an increase in
cell size and increased membrane ruffling following activation (Cohn, 1978). In addition,
work by a nwnber of investigators (Lazdin .!ll.al.• 1975; Beelen ~ al., 1978; Bursuker and
Goldman, 1982) demonstrated that resident peritoneal macrophages exhibited different
enzymatic activities, i.e., peroxidase and 5'-nucleotidase, than peritoneal exudate macrophages.

In these studies, resident macrophages were shown to exhibit a high degree of 5'-nucleotidase
activity and peroxidase activity which was localized to the nuclear envelope, in contrast to low
5'-nucleotidase activity and pero'xidase activity which was localized to the cytoplasmic granule

in exudate macrophages. These fmdings provided the first evidence that biochemical
differences might be utilized as "markers" for the differentiation state of a macrophage.
The initial characterization ofmacrophages as "mononuclear phagocytes" by Van Furth
and Cohn (1968) implied that the capacity to ingest foreign particles was a functional hallmark
of this cell type. Phagocytosis may occur by two different mechanisms: non-receptormediated uptake of particles or receptor-mediated ingestion (reviewed by Rosenstrcich, 1981 ).
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Macrophages have been shown to possess two major classes of receptors for the Fe portion of
the immunoglobulin molecule, one specific for the binding of the Fe portion of IgG 2a and the
other for the binding of IgG2b (Unkeless, 1977). These Fe receptors play an important role in
those macrophage functions which require participation of antibodies, such as
antibody-dependent cellular cytotoxicity and phagocytosis of opsonized particles (Unkeless,
1977). The observation that peritoneal macrophages elicited by various agents differed with
respect to their quantitative expression of Fe receptors, led to the hypothesis that Fe receptor
expression might also serve as a marker for macrophage differentiation (Bianco~ .ru..• 1975).
These investigators showed that resident peritoneal macrophages had very low Fe receptor

J·

capacity when compared to macrophages elicited by a variety of "stimulating agents," such as
thioglycollate. In 1980, Neuman and Sorg demonstrated, in .Y.i.lm. that one of the first
functional properties which macrophages acquire during their development from bone
marrow progenitors under the influence of crude CSF preparations is that of phagocytosis.
Based on the kinetics of appearance, the earliest phagocytic capacity acquired during ·
macrophage differentiation is that of non-specific, non-receptor-mediated phagocytosis. With
increasing differentiation, macrophages develop the additional, more specific capacity of
phagocytosis via Fe receptors (Neuman and Sorg, 1980). Since these studies were carried out,
extensive evidence has accumulated in the literature to indicate that induction of Fe receptor
expression is highly regulated (reviewed by Friedman and Vogel, 1983). Fe receptor
expression can be augmented by addition of exogenous IFN-o/B or IFN-y and results in an
increased capacity of macrophages to phagocytose opsonized particles (reviewed by Friedman
and Vogel, 1983). In addition, Fe receptor expression can be modulated by-IFN-o/B produced
endogenously during macrophage differentiation from bone marrow progenitors in the
presence ofCSF-1 (Moore~ .al., 1984; Warren and Vogel, 1985a). Thus, increased phagocyti c
capabilities, and specifically, an increase in the capacity to bind and phagocytose via Fe
receptors, is now considered to be another marker of macrophage differentiation.
In addition to Fe receptors, macrophages also possess a second family of receptors

l
·-
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which can recognize and bind products of the third component of the complement cascade
(Bianco !<!.ill.• 1975). The receptors for C3b and its degradation products are distinct from the Fe
receptors (Bianco sa .ill.• 1975; Ross sa .ill., 1983). Although Fc-mediated phagocytosis was shown
to be increased in inflammatory macrophages (Bianco~ .ill., 1975), an even more profound
increase was observed in the ability of maciophages to bind and ingest C3b coated-particles
(Bianco ~.ill.• 1975; Cohn, 1978). While complement-coated erythrocytes bind equally well to
resident and inflammatory macrophages, ingestion of the C3b-coated erythrocytes was only
observed in more "activated" macrophages (Bianco ~.ill., 1975; Morland and Kaplan, 1977).
Therefore, the authors proposed that in activated macrophages, but not in less differentiated
macrophages, the C3b receptor may be associated with contractile elements in the cytoplasm.
Alternatively, it was proposed that the density of C3b receptors on the less differentiated
macrophages was adequate for binding of complement-coated particles, but below the levels
required for ingestion (Bianco~&.• 1975). For these reasons, the ability to bind and
phagocytose via C3b receptors was defmed as a more advanced marker of macrophage
differentiation than Fe receptor expression.
Another cell surface marker of macrophages which has become associated with more
highly differentiated macrophages is the ability to express products of the Major
Histocompatability Complex CMHC) called Class II molecules or Ia antigens. Ia antigens are
integral membrane proteins which are involved in the recognition reactions that permit the
immune response system to distinguish self from non-self (reviewed by Steinmetz and Hood,
1983). Individual Class II MHC molecules (or Ia antigens) are composed of two non-covalently
associated, polypeptide chains, denoted a. and ~· Each of these subunits has two external
domains, a transmembrane domain, and a smaller cytoplasmic domain (reviewed by Steinmetz
and Hood, 1983). Ia molecules are normally expressed on a limited number of cell types, i.e.,
primarily B cells and macrophages, and exhibit extensive serological polymorphism (reviewed
by Steinmetz and Hood, 1983). The expression of Ia antigens is essential for the appropriate
presentation of antigen by antigen-presenting cells, such as macrophages, to antigen-specilic
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T cells (Rosenthal and Shevach, 1973; Heber-Katz ~ill... 1982; Beller, 1984; Unanue and Allen,
1987). Although the expression of Ia antigens is critical for a macrophage to serve as an
antigen-presenting cell, the expression of Ia is not sufficient for driving antigen-specific T
cell proliferation. Prior to the "presentation " of antigen, in the context of the Ia molecule, the
macrophage must ingest and "process" the foreign antigen. The ability of a macrophage to
process antigen requires lysosomal degradation, a biochemical "processing" event that
changes the structure of the antigens so that they will be recognized by the immune system in
a form distinct from that of the native protein (Unanue and Allen, 1987). The immunogenic
peptides which are generated are then exported to the cell surface for presentation in the

conte~t oi an Ia molecule (Germain, 1981; Weinberger~ ill.., 1981; Unanue ~ill.., 1984). Rece'iii - .
evidence demonstrates a requirement for additional secreted proteins and cell surface markers
for stimulation of optimal T cell proliferation, such as, secreted and/or membrane-bound
lnterleukin 1 (IL 1; Mizel and Ben-Zvi, 1980;
~

Kurt-Jones~ ill..•

1985, Virgin~ .ru_., 1985; Gerrard

al., 1987; Hurme, 1987)
As was found for the expression of Fe and C3b receptors, macrophages elicited by potent

activating agents, such as infection with Listeria monocytogenes, were found to express high
levels of cell surface Ia (Beller~ .ru_., 1980). In addition, soluble mediators found in
lymphokine-rich supernatants were also found to induce !a-positive macrophage populations
in vivo (Scher~ .ru_., 1980). In subsequent studies, resident, proteose peptone-elicited, and
thioglycollate-elicited peritoneal macrophage populations were shown to express Ia following
stimulation of macrophage cultures by .crude lymphokine preparations in vitro (Beller, 1984).
However, their fmdings indicated that the culture period required for induction of Ia positive
macrophages was longer for resident than for elicited macrophages. This led Beller and his
colleagues to propose that the observed difference in the kinetics of Ia antigen induction
reflected the degree of differentiation of the macrophage population prior to lymphokine
treatment and was confirmed by measuring 5'-nucleotidase activity in the different
macrophage populations examined (Beller, 1984).

14
Much attention has focused on the identity of the soluble mediator(s) which induce Ia
antigen expression. Using natural, and then subsequently cloned reagents, IFN-y has been
shown to be a principallymphokine responsible for upregulating Ia antigen expression on
macrophages (Steinman~ al.• 1980; Steeg~ ID,., 1980; Birmingham~&.• 1982; King and Jones,
19~3; Vogel~&.• 1983; Warren and Vogel; 1985a), as well as on other cell types (Koch et al.,

1984; Berrih, ~ill.. 1985; Groenewegen ~ill.. 1986; Ruff~ ill.., 1986). Recently, another
lymphokine, Interleukin 4 (IL 4), was also shown to increase Ia antigen expression on
macrophages (Crawford,~ .al.• 1987). The enhanced expression of Ia antigen has also been
correlated with increased !a-dependent accessory functions by a number of investigators

..

(Steeg ~·.ru.., 198.0; Tzehoval ~.ill..• 1981; Birmingham ~.ru. 1982; Belfer, 1984). In addition to.the· ·
augmentation of Ia expression induced by IFN-y, Ia antigen expression has also been shown to
be under negative regulation. Two substances which can down-regulate induced Ia antigen
expression are IFN-o/~

(Ling~& .•

1985; Inaba ~ ru..• 1986; Fertsch ~ &.• 1987) and

prostaglandins (Snyder~ ill., 1982; Tripp ~ ru. .• 1986). Both of these soluble factors have been
shown to antagonize the effects of IFN-y-induced Ia antigen expression in vitro. Thus,
augmentation of Ia antigen expression on cells which normally express low levels of Ia by
potent inflammatory stimuli, has become accepted as a "higher order" marker of macrophage
differentiation.
An additional characteristic associated with. "highly activated" macrophages is that of

acquisition of tumoricidal activity. Hibbs ~ill.. (1977) provided the first evidence that the
activation of macrophages to a fully

tu~oricidal

state required a precise series of signals to the

differentiating macrophage. Briefly, Hibbs and his colleagues proposed that induction of
maximal tumoricidal activity was a multi-signal event: macrophages were first "primed" into a
stimulated, but non-cytolytic state by lymphokine(s), which were generically referred to as
"MAF". Once "primed", the macrophage could be activated to full tumoricidal capacity by a
"trigger" signal. Environmental stimuli, such as Gram negative lipopolysaccharide (LPS),
were identified as potent "trigger" signals. Neither the priming signal alone nor the trigger
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signal alone resulted in macrophage activation to kill tumor cells. In addition, the priming
signal had to be provided prior to or simultarieously with the trigger signal to induce
tumoricidal activity (Ruco and Meltzer, 1978; Hogan and Vogel, 1988).
Based on work carried out by Weinberg dill.. (1978), it was demonstrated that priming
signals differed in their potency: as the potency of the priming signal is increased, one could
achieve activation with lesser concentrations of trigger signal. For instance, when
macrophages were elicited with the potent activating agents BCG or Cmynebacterium parvum ,
as little as 0.5- 1 ng/ml ofLPS was required to trigger full tumoricidal activity. However, if a
less potent eliciting agent (such as proteose peptone) were administered, approximately
1000-tinies more LPS was required to induce full tumoricidal activity. The concentration of
trigger signal required to activate proteose peptone-elicited macrophages could be
significantly lowered by first treating the cells with preparations of "MAF". Following in vitro
stimulation by MAF, proteose peptone-elicited macrophages required only 1 - 10 ng/ml ofLPS
to trigger full tumoricldal activity. Thus, differentiation of macrophages to a fully tumoricidal
state depends on the correct sequence of priming and triggering signals as well as
complementary levels of the two signals. These findings have since been confirmed and
extended in many laboratories (Weinberg dID.., 1978; Pace and Russell, 1981; Pace et al., 1983a;
Schreiber ~.a!.. 1983; Pace ~.a!.• 1983b; Hogan and Vogel, 1987).
Using the P815 mastocytoma as a target tumor cell, Pace~ ill_. (1983; 1983b) and
Schreiber .dill., (1983) defmed IFN-y as the principal form of Hibb's proposed MAF in
lymphokine and T cell hybridoma su~rnatants . With the availability of recombinant IFN-y
(riFN-y), these observations were defined more precisely: maximal tumoricidal activity was
induced in proteose peptone-elicited macrophages (derived from LPS-responsive C3H!HeN
mice) with 1 - 10 U/ml riFN-y and as little as 0.3 ng/ml LPS. Neither riFN-y alone nor LPS alone
induced any significant increase in twnoricidal activity in these macrophages. If
macrophages were derived from the LPS-hyporesponsive C3H/HeJ strain, protein-free LPS
could not be used as a "trigger" signal; however, alternate second signals, such as heat-killed

i
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L.. monocytogenes (Pace~ al., 1985a), protein-rich, butanol-extracted LPS (Pace et al., 1983b;
Hogan and Vogel, 1987), or purified lipid A-associated protein (Hogan and Vogel, 1987), were
fully efficacious as "trigger" signals. The mechanism(s) by which macrophages mediate
tumor killing is unclear; however; a number of soluble factors produced by highly activated
macrophages, such as superoxide anion and .hydrogen peroxide (Murray and Cartelli, 1983,
Murray~ ill..,

1983; Nathan tl & .. 1983), arginase (Currie, 1978), and tumor necrosis factor

(Jadus et al., 1986; Decker~ ill..• 1987), have been implicated in macrophage tumoricidal and/or
microbicidal activity. The demonstration that IFN-y alone is an insufficient stimulus for
inducing tumoricidal activity, coupled with the fmding that not all !a-positive macrophage
populations are capable of killing tumor cells in vitro (Blumenthal~ al.~- 1983), have led to the· ·· - .
conclusion that tumoricidal activity is a more highly differentiated function than the capacity
to express Ia antigen. Taken collectively, these findings have placed specific macrophage
markers/functions along a differentiative hierarchy (Figure 1).

The previous sections have focused on the different levels of heterogeneity which are
associated with macrophage differentiation: precursor heterogeneity, heterogeneity among
Colony Stimulating Factors, and the biochemical, functional, and cell marker heterogeneity
observed within mature macrophage populations. The existence of mature macrophage
populations which differ markedly in their functional abilities and organ distribution has.
prompted much speculation and debate as to the nature, location, and generation of these
subpopulations of cells. We hypothesized that the action of two distinct species ofCSF on
progenitor cells might give rise to populations of macro phages which differ functionally.
Therefore, the goal of this dissertation was to focus on the development of macrophage
heterogeneity through the use of bone marrow-derived progenitors stimulated with highly
purified or recombinant preparations of CSF-1 or GM-CSF. Through a side by side comparison ,
we have examined the outcome of stimulating bone marrow progenitors with these two distinct
species of CSF. The results will be sub-divided into two major sections: the effects of GM-CSF
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versus CSF-1 on progenitor cell responsiveness and the morphological and functional
characterization of the resultant macrophage populations.
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Figure 1. Hierarchical scheme of macrophage differentiation. Figure 1 illustrates a
hierarchical scheme of macrophage differentiation based on that originally published by
Cohn (1978) and modified to include subsequent work by Neumann and Sorg (1980) and Beller
(1984).
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MATERIALS AND METHODS

REAGENTS .

COLONY STIMW;.ATING FACfORS CCSFs)
GM-CSF preparations. A natural preparation of murine GM-CSF (nGM-CSF) was
purchased from Genzyme (specific activity: 2.2 x 106 U/mg: Boston, MA). This material was
"functionally pure" (free of IL 2, n. 3, and IFN-y activities) and was used in some of the
initial studies prior to the availablilty of murine recombinant GM-CSF (rGM-CSF).
Preparatio~ of murine rGM-CSF were the kind gifts of Biogen, SA (GeJ!~ya, Switzerland)

and lmmunex, Corp. (Seattle, W A) and had specific activities of 1.2 x 107 U/mg and 5 x 107
U/mg respectively. Hwnan recombinant GM-CSF (HUrGM-CSF) was provided courtesy of
Immunex, Corp. (Seattle, W A) and had a specific activity of 4. x 107 U/mg.
CSF-1 preparations. Natural murine CSF-1 was purified from serum-free culture
supernatants of murine L929 fibroblasts by a modification of the procedure originally
described by Stanley and Heard (1977). Murine L929 fibroblasts were grown to confluency
in the presence of Eagle's Minimum Essential Medium (EMEM; .M.A. Bioproducts,
Walkersville, MD) supplemented with 10% fetal calf serum (FCS; HyClone, Logan, UT), 2 mM
glutamine (GIBCO Laboratories, Grand Island, NY), 15 mM HEPES (Research Organics, Inc .,
Cleveland, OH), 0.02% sodiwn bicarbonate (Fisher Scientific, Fairlawn, NJ), penicillin and
streptomycin (PIS; 100 IU/ml and 100 )Jg/ml respectively, GIBCO Laboratories), and 50 jlg/ml
gentamicin (Quality Biological Inc., Gailhersburg, MD) at 37° C in 5% C<?2· All tissue culture
reagents were purchased as "endotoxin free" lots(=:; 0.01 ng/ml). When the fibroblasts
reached confluency, serum-containing medium was removed and the cells were washed
lhree times with Earle's Balanced Salt Solution (EBSS; GIBCO Laboratories). The monolayers
were then re-cultured in serum-free EMEM for an additional 7 days. The replacement of
serum-containing mediurn with serum-free medium prior to column purification was
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estimated to result in an intrinsic purification of approximately 1000-fold. Following this
period of serwn deprivation, culture supernatants were harvested and purified by an
additional four-step purification procedure, to be described below, which included
hydroxylapatite chromatography, diethylaminoethyl (DEAE) Sephacel chromatography,
Affi-Gel 202 chromatography, and high performance liquid chromatography (HPLC).

Fractions from each column purification step were screened for biological activity
using a bone marrow proliferation assay described elsewhere (Moore and Rouse, 1983). For
this assay, C3H/HeJ (Jackson Laboratories, Bar Harbor, :ME) bone marrow cells were
obtained by flushing the tibias and femurs of mice with serum-free medium. The cells
were centrifuged at 684 X g at room temperature for 10 minutes. Cells were resuspended in
serum-free medium and 5 ml of cell suspension was layered onto 5 ml of Lymphocyte
Separation Medium (LSM; Litton Bionetics, Charleston, SC) in a 15 cc conical tube and
centrifuged at 554 X g, at room temperature, for 20 minutes. Following centifugation,
mononuclear cells were harvested from the interface and washed in serum-free medium.
The LSM-purified cells were resuspended in RPMI (M.A. Bioproducts) supplemented with
10% FCS, 2 mM glutamine, 30 mM HEPES, 0.4% sodium bicarbonate, penicillin and
streptomycin (100 IU/ml and 100 1-®'ml respectively) and were plated into 96-well culture
plates (Falcon, Oxnard, CA) at a cell density of 1 x 104 cells/well (i.e., 0.1 ml of a 1 x 105
cells/ml). Bone marrow cells were incubated in the presence of serial two-fold dilutions of
column fractions (0.1 ml) for three days, pulsed with 3H-thymidine (0.5 !J.Ci/well; specific
activity= 6.7 Ci/mol; NEN, Boston, MA) and harvested 5 hours later ont~ glass-fiber filter
strips (Cell Harvester, Brandel, Gaithersburg, MD). This procedure allowed for the
assessment of relative CSF-1 activity of individual column fractions based on thymidine
incorporation by bone marrow cells as determined by liquid scintillation counting.
For each batch of CSF-1 purified, approximately three liters of serum-free
supernatants were concentrated approximately 10-fold by Pellicon concentration
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(Millipore Corp., Milford, MA) using a membrane which had as its lower retention limit a
molecular weight of 10,000 daltons. The concentrate was subjected to hydroxylapatite
column chromatography (Bio-IIT; BioRad, Richmond, CA). The concentrate was applied
directly to a 15 ml column which contained Bio-HT matrix previously equilibrated with
approximately 5 column volumes of serum-free E:MEM using a duostaltic pump at a flow rate
of 25 ml/hour (Haake Buchler Instuments, Inc., Saddle Brook, NJ). CSF-1-containing
material was eluted using a 150 mllinear gradient which ranged from serum-free El\.ffiM to
150 mM sodium phosphate buffer (pH 7 .2) with a flow rate of 25 ml/hour. Twenty minute
fractions were collected (LKB 2111 Multitrac fraction collector; LKB, Rockville, :tviD) and the
absorbance (ODigo) of each fraction detected using a spectrophotometer .(LKB 8300 Uvicord ·-- - ·
II, LKB). Active fractions eluted early in the gradient from the Bio-HT column (up to 33

mM phosphate). In the original method of Stanley and Heard (1977), CSF-1 activity was
separated by a batch-elution technique using hydroxylapatite. The smaller starting
volume of material generated as a result of Pellicon concentration allowed us to use a
linear gradient for the elution of CSF-1 activity. The use of a linear gradient resulted in
sharper separation of CSF-t activity from contaminating proteins since the CSF-t activity
could be more selectively eluted by a more well-defmed salt gradient.
The active fractions from the Bio-HT column were dialyzed against tO mM
phosphate-tO mM NaCl buffer( pH 7.2) prior to DEAE chromatography (Pharmacia, Uppsala,
Sweden). CSF-t activity was eluted from a 15 ml DEAE column using a two-step salt gradient.
The DEAE column was pre-equilibrated with 10 mM phosphate-tO mM NaCl buffer.
Following sample application, the DEAE column was first washed with 7,5 _ml of tO mM
phosphate-60 mM NaCl followed by 75 ml of 10 mM phosphate-0.3 M NaCI. The CSF-1 activity
was completely contained within the 10 mM phosphate-0.3 M NaCl portion of the step
gradient. The two-step gradient proved to be as efficient as the linear gradient described
by Stanley and Heard (1977) in the removal ofCSF-1 from the DEAE column.
The active fractions recovered following DEAE chromatography were dialyzed
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against 0.05 M acetate buffer (pH 5.0) and applied tq a 15 ml Affi-Gel202 column (BioRad,
Richmond, VA) which had been pre-equilibrated with 0.05 M acetate buffer. The starting
material from the DEAE column was loaded onto the Affi-Gel202 column and was washed
with 75-100 ml 0.05 M acetate buffer to ensure complete recovery of CSF-1. The material
which passed through the colunill, as well as the material contained in the wash, was
pooled and concentrated (Amicon, Danvers, MA) to reduce the volume of material prior to
its application to HPLC. The addition of the Affi-Gel 202 column to our purification scheme
allowed for the retention of IFN-a/~ while allowing the CSF-1 activity to pass through the
column (Stewart, 1981). In the earlier work by Stanley and Heard (1977), it had not been
appreciated that L929 fibroblasts produce IFN-a/~ constitutively at very .low levels. For this
reason, we modified the original Stanley and Heard procedure to include the Affi-Gel202
colurim specifically to insure removal of this important immunoregulatory cytokine.
The concentrated CSF-1-containing material obtained from the Affi-Gel202 column
was next dialyzed for 4 hours into 0.1% trifluoroacetic acid (TFA; Sigma, St. Louis, MO), pH
2.0 in preparation for reverse phase HPLC. This material was applied to a C-18
reverse-phase HPLC column (Waters Corp, Milford, MA) using a Model 6000A solvent
delivery system and Model U6K injector (Waters Corp.). The gradient conditions were
controlled using a Data Module and Systems Controller (Waters Corp.). The CSF-1 activity
was eluted from a 30-minute, 0-50% acetonitrile/0.1% TFA gradient with a flow rate of 0.5
ml/minute. CSF-1 activity eluted as a single peak of protein between 34 and 44 minutes as
detected using a variable wavelength UV detector (Waters Corp.). All reagents were HPLC
grade.
The elution profile of CSF-1 following the HPLC step of the five-stage purification
scheme is shown in Figure 2A. This material was analyzed further using non-reducing
polyacrylamide gel electrophoresis (PAGE) and visualized by silver staining of the gel
(Figure 2B). For the latter, preparations of CSF-1 taken from the active HPLC fractions
were electrophoresed through a 10% resolving gel in the presence of sodium dodecyl
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Figure 2. Elution profile and gel electophoresis of murine CSF-1 following HPLC
chromatography. CSF-.1 -containing material was purified further by C-18 reverse-phase HPLC
chromatography and the protein elution profile following a 0.5 ml/minute, 0-50%
acetonitrile/0.1% TF A gradient is shown (A). The CSF-1-activity associated with each fraction
was determined by colony formation in soft agar and is also shown in panel A. The
HPLC-purified CSF-1 was electrophoresed (10% SDS-PAGE), the proteins developed by silver
stain and a photograph of the stained gel (with the corresponding molecular weight markers)
is shown in panel B.
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sulfate (SDS) according to the method ofLaemmli 0970). CSF-1 preparations in sample
buffer [0.5M Tris-HCl (pH 6.8), glycerol, 10% SDS, and 0.05% bromphenol blue] were added
to the gel and electophoresed (Protean II gel apparatus; BioRad) through the "stacking" gel
(2.5 rna per gel). Once the dye front had entered the resolving gel, the current was
increased to 30 rna per gel and electrophoresis was terminated once the dye front migrated
approximately one inch from the end of the gel.
Following electophoresis, gels were transferred to a methanoVwater solution (1 :1,
v/v) and placed on a rocker platform (Bellco, Vineland, NJ) overnight in preparation for
silver stain. For detection of proteins by silver stain, gels were rinsed in distilled water
prior to the addition of silver. Silver solution was prepared by·dissolving D.8 g AgN0 in 4.0
3

ml distilled water, and once dissolved, 1.4 ml ofNH4 0H and 21.0 ml 0.36% NaOH were added
dropwise. Once the silver was dissolved, 75 ml of distilled water was added making a total
volume of 100 ml. The gel was then placed in the silver solution and rocked for 20 minutes.
At the end of thi~ period, the silver solution was removed and the gel washed with distilled
water for 15 minutes. This wash step was repeated three times. To develop the gel, 0.25 ml
of formaldehyde (37%) was added to 2.5 ml 1% citric acid and brought to a fmal volume of
500 ml with distilled water. The gel was allowed to develop on a rocker platform and once
developed sufficiently (approximately 15- 20 minutes), the developer removed and
methanol (1:1 , v/v) added to the gel to stop the reaction.
Our five-step purification scheme, therefore, resulted in the generation of a highly
purified preparation in which the major protein peak following HPLC co-eluted with CSF-1
activity, and the apparent molecular weight of the predominant CSF spec i.e~ was shown to
be approximately 58,000 daltons. This molecular weight is consistent with those reported
by others (Stanley and Heard, 1977; Burgess and et al., 1985; and Das and Stanley, 1982).
This material was also tested and found to be free of antiviral activity. Thus, the only other
immunoregulatory cytokine known to be present in supernatants from L929 cells, IFN-o/p,
was removed by this procedure.

27

(

In some studies, a less purified, natural, CSF-1 preparation was utilized to allow for
increased replications of experiments. The preparation of this material has been described
elsewhere (Warren and Vogel, 1985a). Briefly, murine L929 supernatants which contained
10% FCS were subjected to a 40% ammonium sulfate precipitation. The precipitate was
sedimented by c~ntrifugation (16,000 X g, 30 minutes), and the resulting supernatant was
dialyzed against 0.05 M acetate buffer prior to Affi-Gel202 column chromatography.
Human recombinant CSF-1 (HUrCSF-1; specific activity:> 5 x 107 U/mg), a kind gift
of Cetus Corp. (Emeryville, CA), was used to confirm the results obtained using the highly
purified, murine nCSF-1.

Colony assay for the quantitative determination of activity in various CSF
preparations. The activity of the various CSF-1 and GM-CSF preparations (both natural and
recombinant) was determined by the method of Stanley et at. (1972). One x 105
LSM-purified bone marrow cells were cultured in a soft agar system which consisted of
RPMI-10% FCS and 0.35% Bacto-Agar (Difco Laboratories, Detroit, MI). Serial dilutions of
CSF preparations (0.2 ml) were added to 6-well tissue culture plates (Costar, Cambridge, MA)
and were overlayed with 1.0 ml agar-medium mixture which contained 1 x 105 cells/mi.
Colonies~ 25 cells) were scored following a 7-day incubation period at 37° C and 5%

co2 .

The activity of each preparations was based on the number of colony-forming units/ml
(CFU/ml) and was determined by correcting the number of colonies counted along the
linear ponion of the dilution curve for the dilution factor of the CSF in that well.

INTERFERONS
Interferon (IFN)-o/~ (specific activity ~ 5 x 108 U/mg) was generously provided by
Dr. M. Pauker (Medical College of Pennsylvania, Philadelphia, PA). In some studies, serial
two-fold dilutions of anti-murine IFN-o/~ antibody (NIH Reference Reagent No.

ill,I
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G-024-501-568) or a control antibody (NIH Reference Reagent No. G-025-501-568) were
added to macrophage monolayers in a final volume of 0.2 mi. Recombinant Interferon-y
(riFN-y; specific activity > 1.3 x 107 U/mg) was kindly provided by Genentech, Inc. (South
San Francisco, CA). All interferon activities were confirmed using a standard antiviral
assay (Vogel et al., 1982) and the activity determined following comparison of the sample's
activity to that of the NIH Murine Interferon Standard (Reference Reagent No.
0002-904-511).

ANALYSIS OF MACROPHAGE PROGENITOR CELLS

Ouantitation of GM-CSF- and CSF-1-responsive progenitor cells. Bone marrow
progenitor cells from C3H/HeJ (lJl,id) and C3H/OuJ (lJl,in) mice-(Jackson Laboratories)
were purified on LSM as described above. The number of CSF-responsive progenitor cells
was determined using a double-agar overlay, semisolid colony assay originally described
by MacVittie and McCarthy (1977), and modified subsequently by Madonna and Vogel
(1985). The bottom layer consisted of a source of CSF (0.25 ml) contained in 60 mm gridded
culture dishes (Nunc; PGC Scientific, Gaithersburg, MD). The CSF was overlayed with 2.0 ml
of0.5% agar-medium mixture which contained the following: 15% C:MRL 1066 (lOX
concentrate; GIBCO Laboratories), 2.0% sodium pyruvate (lOOX concentrate; M.A.
Bioproducts), 0.006% L-asparagine (GIBCO Laboratories), 0.0042% L-serine (GIBCO
Laboratories), 0.44% sodium bicarbonate (Mallinckrodt, Inc., St. Louis, MO), 0.6% tryptic soy
broth (Difco Laboratories), 1% antibfotic-antimycotic solution (lOOX con,centrate; GIBCO
Laboratories), 20% heat inactivated FCS, 10% heat inactivated horse serum (HyCione), and
0.5% Bacto-Agar (Difco Laboratories). The upper layer contained 5 x 104 LSM-purified
bone marrow cells in 2.0 ml of0.33% agar-medium mixture. In this standard assay system
for the enumeration of bone marrow progenitors, cultures were incubated at 37° C in 6%

co2 for 10 days and colonies~ 50 cells) were counted using an inverted microscope (40X

i
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magnification).
To quantitate the number of GM-CSF- and CSF-1-responsive progenitors in the
spleen, the same general methodogy as described above for the enumeration of bone
marrow progenitors was utilized. Spleens from C3H/HeJ and C3H/OuJ mice were dissociated
into single cell suspensions in separate petri·dishes which contained serum-free RPMI.
The cell suspensions were aspirated repeatedly, using a pasteur pipet, to disperse cell
aggregates. The single cell suspensions were centrifuged at 684 X g at room temperature
for 10 minutes, resuspended in 5.0 ml in serum-free RPMI and layered onto a 5.0 ml LSM
gradient. The LSM gradients were centifuged (554 X g, room temperature, 20 minutes) and
the mononuclear- cells were harvested from the interface. Previous reports have shown
that the number of macrophage progenitors in tl}e spleen is significantly lower than the
number found in the bone marrow (MacVittie and Weinberg, 1980) and therefore, the
number of input spleen cells per culture was increased 10-fold compared to that used for
culturing of bone marrow cells. Thus, 5 x 105 LSM-purified spleen cells were added to each
culture dish in the identical manner as that described above for the detection of
CSF-responsive bone marrow progenitors. Cultures were incubated for 10 days at 3 ~ C in
6%

co2 and colonies(> 50 cells) were counted using an inverted microscope (40X

magnification).

Quantitative determination of responsive progenitors following CSF deprivation.
The number of progenitors retaining proliferative capacity following 1-7 days of CSF .
deprivation was examined using a mOdification of the double agar-overlay ~stem
described above for detection ofGM-CFC and M-CFC. Briefly, cultures contained a bottom
layer of medium or CSF in 0.5% agar-medium (DO). These cultures were then overlayed
with 5 x 104 bone marrow cells in 0.33% agar-medium and incubated for 10 days in 37°C and
6%

co2 .

Cultures which received medium on DO were overlayed with either rGM-CSF or

nCSF-1 in 0.33% agar-medium mixture at Dl, D2, D3, D4, and D7 of culture. All cultures were
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examined for colony formation 10 days from the initial seeding of bone marrow cells (DO),
as well as 10 days from the addition of CSF to the individual cultures.

Stimulation and detection of bone marrow progenitors with high proliferative
potential CHPP-CFC). In some experiments, bone marrow cells were examined for the
stimulation of HPP-CFC using the cell culture method described above for the detection of
GM-CFC and M-CFC progenitors. For these experiments, cultures were incubated at 37° C in
6% C02 for 10 days (the standard incubation time for the development of GM-CFC- or
M-CFC-derived colonies) and 12 days for the quantitation of colonies derived from
HPP-CFCs. Colony size was determined at 40X magnification using an eyepiece micrometer · ·- - ·
and colony diameter was scored as < 2 mm or~ 2 mm. It should be noted that unlike culture
conditions reported previously to support the proliferative expansion ofHPP-CFCs (Bradley
and Hodgson, 1979), there is no hwnan serum present under our standard culture
conditions. In these experiments, cytokine preparations were used at 1000 units (U) per
culture. This concentration of CSF-1 and GM-CSF were determined in studies described
herein to be in excess for the generation of GM-CFC- and M-CFC-derived colonies of< 2 mm
diameter (Figure 3). Since recent reports by Mochizuki~ al. (1987) have shown that
GM-CSF can synergize with Interleukin 1 (IL 1) for the proliferative expansion of
HPP-CFCs, we included this cytokine combination as a positive control in our assay system
for the development of HPP-CFC-derived colonies ~ 2 mm). Human recombinant IL 1a (riL
1) was generously provided by Hoffmann LaRoche, Inc. (specific activity: 1.5 x 10 6 U/mg;
Nutley, NJ). The concentration of riL 1 used in this study was also 1000 .U/culture which
was shown in preliminary studies to be on the dose plateau for induction of HPP-CFC colony
formation when used in combination with rGM-CSF. In certain experiments, bone marrow
cells from mice treated with 150 mg/kg of the cytotoxic drug, 5-fluorouracil (5-FU; Sigma)
were used at a cell concentration of 5 x 104 viable, LSM-purified bone marrow cells per
culture dish.
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In some experiments, pooled normal human serum (NHS) was included in the

standard culture medium at a fmal concentration of 25%. NHS was obtained from normal,
healthy, type B donors (kindly provided by Dr. Susan Langreth, Uniformed Services
University of the Health Sciences, Bethesda, 1\JID). Additional experiments also included
human spleen cell conditioned medium (HSCM) at a final concentration of 10%. HSCM was
prepared by the method of Metcalf and Johnson ( 1981) and was generously provided by Dr.
Thomas J. MacVittie (Armed Forces Radiobiology Research Institute, Bethesda, MD). This
concentration of HSCM had been foWld in Dr. Mac Vittie's laboratory to synergize
maximally with CSF-1 for the formation of HPP-CFC-derived colonies.

Signal separation for stimulation of HPP-CFC. Cultures were established as described
above with either rGM-CSF or CSF-1 on Day 0 and were then overlayed on subsequent days
with 1.0 ml of 0.33% agar-medium which contained the alternate species of CSF. Cultures
were examined 12 days from the initiation of cultures and 12 days post addition of the
second CSF. Colonies were scored as < 2 mm or~ 2 mm using an eyepiece micrometer.

Culture conditions and mor:phological analysis of macrophages derived from bone
marrow progenitors under the influence of CSF in liquid culture. Bone marrow
progenitors were also cultured in liquid culture using a modification of the method of
Warren and Vogel (1985a). LSM-purified bone marrow cells were obtained from C3H/HeJ
or C3H/OuJ mice (The Jackson Laboratories), as described above, and were cultured at 1 x
107 cells per flask (for CSF-1) or 3 x· 107 cells per flask (for GM-CSF) i~ 25-cm 2 flasks
(Corning Glass Works, Corning, NY) in the presence of 10 ml ofEMEM-10% FCS
supplemented with 250 U/ml of CSF (Day 0). Three times as many bone marrow cells had to
be seeded in GM-CSF cultures to obtain yields of mature macrophages equivalent to those
seen in CSF-1-deri ved cultures seeded at 1 x 107 cells/flask. These data will be presented in
the Results section. After 24 hours (Day 1), nonadherent cells from each 25-cm 2 flask were
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transferred to a 75-cm2 flask (Coming Glass Works, Coming, NY) and supplemented with
an additional 10 ml of medium which contained CSF (250 U/ml). The cultures were again
supplemented on Day 4 with an additional 10 ml of CSF-containing medium. After a total of
7 days (07) in culture, macrophages were removed enzymatically with the neutral
protease, Dispase II (Boehringer Mannheim, Indianapolis, IN) and gentle scraping with a
rubber policeman. The resulting cell suspensions were examined morphologically by
visual inspection of modified Wright-stained (Diff-Quik; American Scientific Products,
McGaw Park, IT..), cytocentrifuge-prepared slides (Cytospin 2; Shandon, Sewickly, PA). The
cells which resulted from culture in either GM-CSF or CSF-1 were also examined for cell size
distribution at various times over the 7 day culture period. Cell sizing profiles were
obtained using a Coulter Counter Model ZM and Coulter Channelyzer 100 equipped with a
X-Y Recorder 4 (Coulter Electronics, Inc., Hialeah, FL), which was calibrated according to
the manufacture's specifications.

FUNCTIONAL ASSAYS FOR THE ANALYSIS OF GM-CSF- AND CSF-1-DERIVED
MACROPHAGES

To study the functional and differentiativecharacteristics ofCSF-1- and
GM-CSF-derived macrophages, bone marrow progenitors were grown in liquid culture in
the presence of either cytokine for 7 days as described above. The adherent (D7)
macrophages were removed enzymatically and re-plated at known densit~es in the absence
of exogenous CSF for further examination. In experiments where unequal numbers of
replicates are indicated, the lesser number of replicates is reflective of experiments in
which both GM-CSF- and CSF-1-derived macrophages were examined simultaneously. The
additional experiments used to generate the pooled data were unmatched data points.
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Assay for phagocytosis oflatex beads by macrophages. Macrophag~s derived from
bone marrow cultures under the influence of GM-CSF or CSF-1 were examined for their
capacity to ingest latex beads as described elsewhere (Vogel and Rosenstreich, 1979).

o5 mature (Day 7) macrophages were resuspended in RP:MI-2% FCS and re-cultured

Two x 1

in 8-well Lab-Tek tissue culture chambers (Miles Laboratories, Inc., Naperville, IL) for 4
hours. Following a 4-hour incubation to allow for adherence of macrophages, the culture
supernatants were removed and the monolayers were incubated for 1 hour at 37° C with 0.4

m1 per chamber of latex beads (Dow Chemical Company, Indianapolis, IN; 1.1-ll diameter;
diluted 1:500 in medium). Cells were washed vigorously five times with medium to remove
non-intemalized·beads. The cultures were methanol-fixed, Wright-stained (Diff-Quik), and
the number of ingested particles per macrophage scored under oil immersion (lOOOX
magnification).

Assays for Fc-receptor-mediated phagocytosis and binding of opsonized
erythrocytes by macrophages. Fc-mediated phagocytosis was quantified visually by a
modification of the method of Vogel and Rosenstreich ( 1979). Two x 105 macro phages were
cultured in 8-well Lab-Tek tissue culture chambers and treated with medium or lFN-a/~ for
48 hours. Opsonized SRBC were prepared by washing SRBC with saline three times, and 1 x
109 washed SRBC were incubated with 10 ).ll of rabbit anti-sheep erythrocyte antibody
(purified IgG; Cordis Labs Corp .• Miami, FL) for 1 hour in a 37° C water bath. Following this
incubation, opsonized SRBC were washed free of unbound antibody and were resuspended
to a volume of 25 ml with medium. Macrophage mono layers were incubated with 0.2 ml of
opsonized SRBC for 1 hour at 37° C, at which time, non-internalized SRBC were lysed with
0.2 ml of an ammonium chloride lysing solution (8.29 g/1 ammonium chloride, 1.0 g/l
potassium bicarbonate, and 0.0375 g/1 ethylenediaminetetraacetic acid; EDT A). Cultures
were washed once with medium and then fixed, stained, and scored under oil immersion

(lOOOX magnification) for the number of SRBC ingested per cell.
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Analysis ofFc-me diated binding oflgG-co ated SRBC was carried out as described
above for the analysis ofFc-me diated phagocytosis. SRBC were washed, opsonized,
resuspended to 25 ml, and 1.5 x

w-3 M iodoacetic acid (IAA; Sigma) was added to the SRBC

suspension just prior to the addition of opsonized SRBC to macrophage cultures. The
presence ofiAA has been shown to block Fc-mediated phagocytosis without inhibiting the
binding of opsonized erythrocytes (Walker and Demus, 1975). Following an 1 hour
incubation period of macrophage mono layers and opsonized SRBC, cultures were washed
to
remove unbound SRBC, fixed, stained, and scored (lOOOX magnification) for the number
of
macrophages which bound opsonized SRBC, as well as the number bound per cell.

Sensitivitv of GM-CSF- and CSF-1-derived macrophages to vesicular stomatitis virus
(VSY>.

Two x 105 mature (Day 7) macrophages were re-cultured in 96-well plates and

allowed to adhere for 6 hours as described previously (Vogel et al. 1986). At this time,
supernatants were gently aspirated and 0.1 ml of a VSV suspension [Indiana strain;
Multiplicity oflnfecti on (M.O.I.) of 0.1 or 1.0], diluted in medium, was added to each well.
Macrophage cultures were infected for 24 hours, at which time, the supernatants were
removed and frozen at -70° C for subsequent analysis of virus yield. The adherent cells
were fixed for 10 minutes with 5% formaldehyde and stained for 10 minutes with 0.05%
crystal violet to demonstrate cytopathic effect (CPE).
Culture supernatants from virus-infected macrophages were examined for viral
replication as described by Vogel and Fertsch (1987). Briefly, L929 fibroblasts were grown
to confluency in 6-well culture plates·(Falcon). Cells were infected for 1 .hour at room
temperature with 1.0 ml of virus sample diluted in EMEM-10% FCS. After the 1-hour
adsorption period, the contents of each well were removed and the monolayer overlayed
with 1.0 ml of phenol red-free EMEM which was supplemented with sodium bicarbonate,
glutamine, penicillin and streptomycin, 5% FCS and 1% Noble agar (Difco Laboratories).
Once solidified , the cultures were incubated at 32° C for 2 days in 5% COz. Plaques were

- -- - --
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developed by overlaying each culture with 1 ml phenol red-free EMEM supplemented as
described above, but with the addition of neutral red dye (GIBCO Laboratories; 1:150
dilution). Cultures were incubated at 37° C for 4 to 6 hours and then scored for viral plaque
formation. Each supernatant was assayed at multiple dilutions in duplicate.
To detect intracellular VSV in infected cells, rGM-CSF- or CSF-1-derived
macrophages were re-plated at 2 x 10S per well in 8-well Lab-Tek tissue culture chambers
and were allowed to adhere for 4 - 6 hours. Following this adherence stage, culture
supernatants were removed and 0.1 ml of VSV suspension, diluted in medium (M.O.I. of 0.1),
was added to each well. Cultures were infected for 6 hours, acetone fixed for 10 minutes,
and the slides frozen at -20° C. Prior to fluorescent staining, culture slides were
re-hydrated with 0.1 ml of a solution which contained phosphate buffered saline (PBS), 1%
bovine serum albumin (BSA; Sigma), and 5% goat serum (GS; GIBCO Laboratories) for 15
minutes at room temperature. Cultures were washed with PBS/BSNGS and incubated with
rabbit anti-VSV antibody (Lee Biomolecular Research Inc., San Diego, CA) diluted 1:50 in
PBS/BSA/GS for 30 minutes at room temperature. At a fmal concentration of 1: 10,000 in a
total volume of 0.1 ml, this preparation of anti-VSV antibody was found to inhibit CPE in
L929 fibroblasts infected with VSV (M.O.I.

=0.1).

Prior to addition of a fluorescent

secondary antibody, cultures were subjected to three 15 minute washes with PBS/BSA/GS.
Cultures were then incubated with 0.05 ml of rhodamine-conjugated, goat anti-rabbit IgG
antibody (Cooper Biomedical Inc., Malvern, PA) diluted 1:50 in PBS/BSNGS for 30 minutes
at 370 C in the dark. Cultures were washed for two 15 minute periods and one 30 minute
period using PBS/BSNGS (in the dai:k). Cultures were examined for specific fluorescence
using an Olympus BH-2 epi-fluorescent microscope (40X magnification). Control cultures
consisted of: (i) uninfected macrophage cultures treated with the anti-VSV antibody and
rhodamine-conjugated secondary antibody and (ii) VSV-infected cultures treated with
rhodamine-conjugated secondary amibody only.

- -
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Quantitative determination of interferon activity in macrophage culture
supernatants.

The detection of interferon in macrophage culture supernatants was

perfonn ed as described elsewhere (Vogel et al., 1982). Briefly, serial two-fold
dilutions of
supernatant samples were prepared in 0.05 ml volumes in flat-bottomed 96-well

culture

plates (Falcon). To each well was added 0.05 ml of L929 fibroblasts (1 x 105
cells per well).
After a 24 hour incubation period at 37° C and 5% C0 , the supernatants were
aspirated and
2
the cells infected with 0.1 ml ofVSV in EMEM-5% FCS at an M.O.I. ofO.l.
At 24 hours
post-infection, the cells were washed with EBSS and fixed for 10 minutes with
5%
formaldehyde. The cells were stained for 10 minutes with 0.05% crystal violet,
and the
plates subsequently washed with tap water. Three controls were included in each
assay: (i)
uninfected, medium-treated L929 cells (cell control), (ii) infected, medium-treated
L929
cells (virus control), and (iii) a titration of 100 U/ml NIH murine fibroblast

1FN-a/~

(Reference Reagent No. G-002-904-511). Reciprocal titers (expressed as U/ml)
were based
on a comparison of the sample's endpoint with the titration of the NIH standard
.

Measurement of I a antigen expression. Ia antigen expression was measured by
three methods: direct complement-mediated cytotoxicity (Warren and Vogel,
1985a), an
ELISA (enzyme-linked immunosorbent assay; Warren and Vogel, 1985a) and
by fluorescent
antibody analysis through the use of the ACAS 470 (Wade et al., 1986; describe
d below).
Direct complement-mediated cytotoxicity provides a measure of the percentage

of

!a-positive macrophages. The ELISA assay provides a relative measure qf _total
Ia antigen
expression per culture without regard to the number of !a-positive cells. Fluoresc
ent
antibody analysis provided by the anchored cell analysis and sorting station (ACAS
470)
provides a direct measure of Ia antigen density per cell. As for all of the other
functional
assays described thus far, rGM-CSF- or CSF-1-derived macrophages were removed
from
flasks enzymatically on Day 7 and re-cultured in the absence of colony stimulat
ing factor
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at 2 x 105 cells/well (for the direct cytotoxicity and ELISA assays) or at 1 x 105 cells/well
(for fluorescent antibody analysis). Cultures were treated with medium only or medium
plus riFN-y (5.0 U/ml) and were examined at 24, 48, and 72 hours following treatment.
Comparability of cell densities of medium-treated and IFN-y-treated cultures was verified by
examination of total cell protein, as determined by the method of Lowry (1951).
In the cytotoxicity assay (Warren and Vogel, 1985a), the cells were first treated with
a monoclonal anti-Iak antibody [10-2.16 hybridoma (Oi et al., 1978); American Type Culture
Collection, Rockville, MD; affinity-purified as described elsewhere (Fultz et al., 1982)) and

-

incubated for 45 minutes at 4° C. Subsequently, the antibody was aspirated from the cells
and rabbit complement (Low-Tox; Cedarlane Laboratories, Ontario, Canada; diluted 1:12 in
RPMI-2% FCS) was added to the monolayer. Following a 45 minute incubation at 37° C, the
complement was aspirated and trypan blue was added. The number of !a-positive cells was
determined by counting the number of trypan blue-positive cells. The percentage of
Ia-positive cells was determined following subtraction of the percentage of trypan
blue-positive cells observed in cultures treated with complement alone. Complement
control cultures typically contained 3 - 4% trypan blue-positive cells and also provided a
measure of the viability of the cells following one to three days in cui ture. In addition,
cultures were also examined following treatment with an irrelevant monoclonal antibody
(anti-lad) plus complement. These cultures consistently exhibited 5. 5% trypan
blue-positive cells.
For the ELISA assay (Warren and Vogel, 1985), macrophage monolayers were fixed
with 1% paraformaldehyde in PBS for 20 minutes at room temperature. Following fixation,
cells were washed extensively with EBSS-1% FCS and were then incubated with the same
preparation of monoclonal anti-Iak antibody or an irrelevant monoclonal (anti-lad)
antibody for 45 minutes at 4° C. Cells were then washed, and incubated with a
peroxidase-conjugated secondary antibody (goat anti-mouse IgG, F(ab')2; Cooper
Biomedical, Inc., Malvern, PA) for45 minutes at room temperature, followed by washing.
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The amount of enzyme-conjugated antibody that remained associated with the.cells was
measured by the addition of the substrate orthophenylenediamine and the incubation of
cultures in the dark for 30 minutes at room temperature. The enzymatic reaction was
stopped with the addition of 8 N sulfuric acid and the absorbance read at 490 nm (Bio-Tek
EIA Reader, Burlington, VT). The absorbance (OD490 ) measured in cultures treated with an
irrelevant primary antibody (anti-lad) was< 0.09 absorbance units.
I a density per cell was visualized by fluorescent antibody analysis through the use
of the ACAS 470 (Wade et al., 1986; Meridian Instruments Inc., Okemos, MI). Briefly,
macrophage monolayers were treated as described above for Ia detection by ELISA except
that in lieu of a peroxidase-conjugated secondary antibody, cultures were -incubated with a
fluorescein-conjugated seeondary antibody (goat anti-mouse IgG, F(ab') ; Cooper
2
Biomedical Inc, Malvern, PA) for 45 minutes at 4° C in the dark. The following ACAS 470
parameters were utilized: wavelength= 488 nm, dichroic filter= 510 nm, step size= 2.0 11.
laser power= 200 milliwatts, and scan strength = 10%. Background fluorescence was
determined by treatment of macrophage mono layers with fluorescein-conjugated
secondary antibody only.

Detection and guantitation of Ia-SJ?ecific cytoplasmic RNA. !a-specific mRNA was
isolated and examined according to the procedure ofFertsch et al. (1987). Briefly, 8 x 106
bone marrow-derived macrophages were removed enzymatically after 7 days in culture
with rGM-CSF or nCSF-1. The cells were washed three times with ice-cold EBSS and the cell

pellet resuspended in an ice-cold isotonic solution. The cells were then ly.sed and the
nuclei cleared from the lysate by centrifugation. The resulting cytoplasmic supernatant
was subjected to a series of phenol and chloroform: .phenol (1:1; v/v) extractions to isolate
cytoplasmic RNA. The RNA was ethanol-precipitated overnight and the amount of RNA
isolated was quantitated by measurement of absorbance at 260 nm. Equal loading of gel
lanes with RNA was also verified by ethidium bromide staining of gels for Northern blots.
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Following ethanol precipitation, RNA preparations were examined for I a-specific mRNA by
Northern blot and by slot blot analysis. For Northern blot analysis, RNA was denatured,
electrophoresed on a 1% agarose-fonnaldehyde gel, and transferred to nitrocellulose. For
slot blot analysis, RNA was denatured and applied to nitrocellulose filters with a Minifold
Slot Manifold (Schleicher and Schueller, Keene, NH). Nitrocellulose filters were baked at
80° C for 2 hours and then prehybridized overnight at 42° C. Filters were hybridized with
2 x 106 cpm/ml of 32P-CfP-labelled probe (A~; described in detail in Fertsch et al., 1987;
Specific activity= -I X109 cpm/J..tg) at 42° C for 18 - 24 hours. Following hybridization, blots
were washed extensively, and were exposed to Kodak-XAR film at -70° C with intensifying
screens. A densitometer (Hoefer Scientific Instuments, San Fransisco, CA) was used to scan
the autoradiograms and the peak areas from the recorded scans were calculated using a
digitizer (Hewlett-Packard, Co., Fort Collin, CO) as described elsewhere (Fertsch et al., 1987).
ORA cells (a constitutively !a-positive, macrophage cell line) were the kind gift of Dr. Carol
L. Reinisch (Tufts University School of Veterinary Medicine, Boston, MA). These cells
served as a source of constitutive Ia message which was included as a positive control for Ia
mRNA detection.

Measurement of antigen-induced T cell proliferation by GM-CSF- and CSF-1-derived
macrophages. The ability of antigen-pulsed rGM-CSF- and nCSF-1-derived macrophages to
induce antigen-specific T cell proliferation was examined by a modification of the
procedure of Lee and Wong (1980). Recombinant GM-CSF- and nCSF-1-derived
macrophages were harvested at Day 7 and were re-cultured at either 1 x 1,05 or 2 x 10

5

cells/well in 96-well plates in the absence of CSF. Cultures were treated with medium only
or medium plus riFN-y for 48 - 72 hours. Following treatment, monolayers were pulsed with
200 J,.lg/ml of filter-sterilized keyhole limpet hemocyanin (KLH; Calbiochem-Behring, La
Jolla, CA) for 4 hours at 37° C. The macrophage cullures were irradiated at 1500 rads
(Gammacell 40, 137 Cesium irradiation unit) at the end of the antigen-pulsing period.
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Following irradiation, the monolayers were washed and co-cultured with 2 x 105 nylon
wool-purified lymph node cells (Weinblatt et al., 1981) isolated from C3H/HeJ mice which
had been primed 6 - 7 days previously with 50 J,lg/foot pad of KLH in Complete Freund's
Adjuvant (Difco Laboratories). The proportion of macrophages to T cells used in this study
was based on the approximate range found by others to give strong, antigen-specific, T cell
proliferation using nylon-wool purified T lymphocytes as the responder population ( Lee
and Wong, 1980; Beller, 1984). Macrophages and lymph node cells were co-cultured for 4
days and were then pulsed with 3H-thymidine for 20 hours (0.5 I!Ci/well; NEN, Boston, MA).
Cells were harvested onto glass fiber filters and the radioactivity determined by liquid
scintillation coimting. To analyze the data statistically, a two-way analysis of variance
(ANOVA) was carried out and the differences between treatment groups were compared
using a test for least significant differences (LSD; Snedecor and Cochran, 1967).
Differences between treatment groups were taken to be statistically significant ifp ~ 0.05.

Prostaglandin E <PGE) production and assay. Following culture of rGM-CSF- and
nCSF-1~derived

macrophage cultures with medium alone, supernatants were harvested at

various times and were assayed for production of PGE by a radioimmunoassay which has
been described in detail elsewhere (Wahl, 1980). Briefly, dilutions of culture supernatants
were incubated in the presence of 3H-PG~ (12,000-15,000 cpm; Amersham, Arlington
Heights, IL with a specific activity of 120 Ci/mmol). Rabbit anti-PGE2 (Miles Laboratory,
Elkhart, IN) was then added and the tubes incubated for 1 - 2 hours at 37° C. Following this
incubation, goat anti-rabbit serum (Meloy Laboratory, Springfield, VA) \VaS added to the
tubes and incubated for 18 hours at 4° C. After incubation, the tubes were centrifuged at
1900 X g for 30 - 45 minutes at 4° C. The precipitate was solubilized in 50 mM Tris (pH 9.0)
and the radioactivity measured by liquid scintillation counting. The percentage of binding
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was calculted as follows:
. standard curve cpm - background cpm
Percentage Bound =
·total bound cpm - background cpm

The percentage cpm bound for each sample was then compared to the percentage cpm
bound in the standard curve and the amount of PGE present determined by extrapolation
from the standard curve.

Assay for macrophage-mediated tumoricidal activity . . Killing of Slcr-labeled P815
mastocytoma cells was measured by using a 16 hour 51cr-release assay which has been
described previously (Hogan and Vogel, 1987). Briefly, P815 tumor target cells (the kind
gift of Dr. J. Pace, Kansas University Medical Center, Kansas City, KS) were labeled for 1 - 3
hours at 37° C with 500 J.!Ci of 51cr per 5 x 106 cells (51cr-labeled, sodium chromate; ICN
Biomedicals, Inc., Irvine, CA; specific activity = 500 mCi/mg), washed once by
centrifugation, and allowed to "leak" for 1 hour at 37° C in RPMI-10% FCS. Following a 24
hour incubation period of macrophage cultures in the presence of a "priming" signal
(riFN-y) and/or a "trigger" signal (butanol-extracted lipopolysaccharide; But-LPS),
51cr-labeled tumor targets (1 x 104 ) were added. But-LPS was extracted by the methodof
Morrison and Leive (1973) and has been shown to serve as a "trigger" signal for both
LPS-responder CLJli!l) and non-responder (/42S.d) macroph11ges, due to its contamination
with lipid A-associated protein (Hogan and Vogel, 1987). After 16 hoursofincubation with
tumor targets, the uppermost 0.1 ml of the total 0.2 ml supernatant was removed and
assayed for radioactivity in an automatic gamma spectrometer. Results are expressed as
percent specific 51cr-release (percent cytotoxicity) and were calculated by the following
formula:

---
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experimental cpm - spontaneous cpm
I·

Percent Specific Cytotoxicity

=

X

100

',_ll

total cpm - spontaneous cpm

l,,I

IT
'\j
Total cpm were obtained from incubation of 5 1cr-labeled P815 with 200 Ill of0.5% sodium

l
r

dodecyl sulfate. Spontaneous release from unstimulated monolayers was approximately
20-30% of the total cpm and was always less than or equal to the release from targets
incubated in medium alone.
Statistical analysis was perfonned using a two-way analysis of variance (ANOV A)
and the differences between treatment means detennined by the least significant

;i

,.

difference comparison (LSD; Snedecor and Cochran, 1977). Differences between treatment
groups were taken to be statistically significant if p::; 0.05.
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RESULTS ·

ANALYSIS OF THE RESPONSIVENESS OF BONE MARROW PROOENITORS IN SOFT
AGAR TO GM-CSF VERSUS CSF-1

Both GM-CSF and CSF-1 have been shown to give rise to mature macrophages in vitro
from bone marrow progenitors (reviewed by Metcalf, 1986). The goal of this dissertation was
to examine the raison~ for this apparent cytokine redundancy. To do this, highly
purified or recombinant preparations of these two cytokines were obtained, and bone marrow
progenitors examfned for their responsiveness to these cytokines, using avariety of different
functional criteria. Our initial studies focused on the question, "Are the numbers of bone
marrow progenitors responsive to GM-CSF and CSF-1 equivalent in C3H mice?"

Ouantitation of the number of bone marrow progenitors responsive to GM-CSF and
CSF-1 using a soft-agar overlay assay. To compare the numbers of bone marrow progenitors
(B:MP) which respond to GM-CSF or CSF-1, bone marrow cells derived from C3H mouse strains

were cultured over a broad range of CSF concentrations (10- 2000 U/culture) in a double-agar
overlay system. Since it had been reported previously that endotoxin-hyporesponsive <.!dl£d)
C3H/HeJ mice possess greater numbers of CSF-1-responsive progenitors than mouse strains
which respond nonnally to endotoxin (LJls.n) (MacVittie and Weinberg, 1980), both C3H/HeJ
~d) and C3H/OuJ (/42S.n) bone marrow cells were compared for responsiveness to murine

rGM-CSF and nCSF-1. Figure 3 illustrates that at the end of the 10-day culture period, the
number of BMP which responded to nCSF-1 to form colonies ~50 cells) was approximately
six-fold greater than the number which responded to rGM-CSF. Figure 3 also shows that there
was no significant difference in the response of BMP from these two mouse strains to either of
the two CSF preparations; each strain exhibited the same approximate difference in the
number of nCSF-1- and rGM-CSF-responsive Bl.\IIP on the dose plateau. In the presence of
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Figure 3. Dose-response curve for C3H bone marrow progenitor colony formation in the
presence of GM-CSF or CSF-1. Five x 104 bone marrow cells were cultured in the double agar
overlay assay (descriped in the Materials and Methods) in the presence ofnCSF-1 (left) or
rGM-CSF (right). At the end of the 10-day assay period, colonies~ 50 cells) were counted. The
data represent the arithmetic mean± SEM for 4 - 10 individual experiments at each
concentration of CSF tested.
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nCSF-1, the number of BMP which responded to form colonies was relatively constant over a
concentration range of 200 - 2000 U/culture and declined rapidly below 200 U/culture. In contrast, in response to rGM-CSF, maximal numbers of progenitors were maintained over a
broader dose range (50- 2000 U/culture). At concentrations as low as 10 U/culture, rGM-CSF
was still able to supporting limited colony formation, while nCSF-1 was not. Although the data
in Figure 3 were compiled using a natural preparation of murine CSF-1 exclusively, the

numbers of progenitor cells which responded to various concentrations of HUrCSF-1 were not
significantly different (i.e., at 10 U/culture, 100 U/culture, 1000 U/culture, and 2000 U/culture,
we observed 0, 116 ± 36, 364 ± 5, and 435 ± 9 CFU/105 input cells, respectively). The colonies
which formed from BMP in the presence of rGM-CSF or nCSF-1 were-consistently< 2 mm in' ·· - diameter when measured on Day 10 (D10).
To ensure that the differences in colony formation observed at Day 10 with 5 x 104
cells per culture (Figure 3) were reflected over a wide range of input cell numbers, the
number of bone marrow cells cultured in the presence of excess CSF (2000 U/culture) was
varied and the cultures analyzed for colony formation at Day 10 (Table 1). In the presence of
either nCSF-1 or rGM-CSF, there is a proportional decrease in the number of B:MP which
formed colonies with lowered input bone marrow cell concentrations. The relative differences
observed in the number of BNIP responsive to the two cytokines was maintained over a broad
range of input cell numbers. Therefore, it is unlikely that the relatively low numbers of BNIP
which respond to rGM-CSF to form colonies are attributable to the activity of a suppressor cell
population which is enriched and exerts its suppressive effects at high input cell numbers.
The kinetics of colony formation under the influence of rGM-CSF. and nCSF-1 was
investigated by examination of the cultures at various times over the 10 day culture period.
Figure 4 demonstrates that when cultures were examined at Day 5, no significant difference
was observed in the number of bone marrow-responsive cells for rGM-CSF versus the number
which respond to nCSF-1. By Day 7, the number of rGM-CSF-responsive progenitors decreased
slightly, while nCSF-1-responsive progenitor numbers increased. Analysis of cultures on Day
10 showed that the number of nCSF-1-specific colonies had continued to increase, resulting in
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Table 1

Effect of Input Bone Marrow Cell Number on Colony Formationa

INPUf CELL N!JMBER

COLONffiS~ULTUBEb__________

CSF-1-DERIVED

GM-CSF-DERIVED

5.0 x 102

5.0 X 103

37 ± 1

3±1

173 ±0

22±5

5.0 X 104

373 ±57

37±5

1.0 X 105

NT

110 ±22

2.5

X

104

5.0 X 105

NT

338 ± 21

a Various input numbers of bone marrow cells were cultured in the presence of
an excess ofnCSF-1 or rGM-CSF (2000 U/culture) and assayed at Day 10 for
colony formation.
b The data represent the arithmentic mean± standard deviation from a
representative experiment in which duplicate cultures were examined.
c NT represents conditions which were not tested.

Figure 4. Time course for the development of colony formation in the presence of CSF-1 or
GM-CSF. Five x 104 bone marrow cells were cultured in the double agar overlay assay in an
excess (2000 U/culture) ofnCSF-1 or rGM-CSF. At various times during the 10 day culture
period, cultures were examined for colony formation (~ 25 colonies at Day 5 and ~50 colonies on
Days 7 and 10). The data represent the arithmeticmean ± SEM for 5 individual experiments.
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the large difference between rGM-CSF and nCSF-1 progenitor numbers which was originally
illustrated in Figure 3.
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Analysis of the number of Sl'lenic progenitors responsive to GM-CSF and CSF-1. To
determine whether the difference in the number of rGM-CSF- versus nCSF-1-responsive
progenitors observed in Figure 3 was unique to the bone marrow, an additional organ system
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!

was analyzed for the number of progenitors responsive to each cytokine. For this study, the
spleen was chosen as an alternate source of CSF-responsive progenitors. As was observed in
the bone marrow (Figure 3), Figure 5 shows that there were greater numbers of progenitor
cells in the spleen which responded to nCSF-1 than rGM-CSF; ·i.e., 53± 10 CFU/105 input cell.!:ffor ·
nCSF-1 versus 4 ± 0.5 CFU/105 input cells for rGM-CSF; however, the number of splenic
progenitors per 105 input cells which responded to form colonies was significantly less than
that observed in the bone marrow. This finding is not surprising since the ~pleen is not the
major hematopoietic organ in mammals and contains large numbers of mature effector cells.
This distribution of CSF-1- and GM-CSF-responsive splenic progenitors was the same using
C3H/HeJ or C3H/OuJ mice. These findings are also consistent with those shown in Figure 3.

Effect of CSF deprivation on colony formation. To examine further the increase in the
number of CSF-1-responsive colonies which form with time in culture (i.e., the marked .
increase in colony number observed between Days 5 - 10; Figure 4), the sensitivity of
progenitors to CSF deprivation early in the culture period was examined to determine if a
population of CSF-1-responsive progenitors exists which can be stimulated.at a later time in
culture to form colonies by Day 10. This possibility is supported by previous findings of Lin
(1974) and MacVittie and McCarthy (1977) which demonstrated that in the peritoneal cavity
and in the lymph node, there exist cells which respond to CSF-1 to form colonies after a
significant "lag time" (7- 14 days) in culture. To this end, cells were cultured on Day 0 and
were overlayed with CSF at various times during the first 7 days of culture (Figure 6A). All
cultures were examined 10 days after the initial seeding of bone marrow cells (i.e., on D 10).
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Figure 5. Ouantitation of the number of progenitors responsive to GM-CSF and-CSF-1 in the

~ Five x loS LSM-purified spleen cells were cultured in the double agar overlay assay in
an excess (2000 U/culture) ofnCSF-1 or rGM-CSF. The numberofCSF-1- and
rGM-CSF-responsive progenitors in the spleen were examined by colony formation ~50 cells)
following 10 days in culture at 37° C and 5% C02 . The data represent the arithmetic mean± SEM
for n = 3 individual experiments using C3H/HeJ mice and n =4 individual experiments using
C3H/OuJ mice.
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Figure 6. Determination of the number of CSF-responsive progenitor cells following CSF
deprivation in soft agar. Five x 104 LSM-purified bone marrow cells were cultured on DO in the
presence of2000 U/culture of rGM-CSF, nCSF-1, or medium alone. Cultures which received
medium on DO were then overlayed with 2000 U/ml of either nCSF-1 or rGM-CSF at various
times during the culture period (panel A). Colony formation was examined ten days from the
initiation of cultures (DO). The data (panel B) represent the arithmetic mean± SEM for n = 6
separate experiments.
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The data in Figure 6B illustrate that colony-forming ability was reduced significantly in both
nCSF-1 and rGM-CSF cultures following a 24-hour period of CSF deprivation, such that by 3 - 4
days of CSF-deprivation, little colony formation was observed. Examination of CSF-deprived
cultures for colony formation 10 days after the day of addition of the CSF (rather than on D 10
of culture; Figure 7 A) revealed that the colony-forming ability of cultures which had been
CSF-deprived for as little as 24 hours was markedly reduced (Figure 7B). Thus, at D10, as well as
10 days after the addition of CSF, the number of colonies which formed after CSF-deprivation
was less than that observed in cultures which received CSF on DO of culture. Therefore, the
differences in progenitor responsiveness to CSF-1 exhibited between Days 5 and 10 of culture
(Figure 4) could ·not be attributed to a subpopulation of CSF-1-responsive progenitors which

'· - ·

reponds to CSF-1later in culture to form full-sized colonies~ 50 cells) between Days 5 and 10.
An alternate explanation for the differences in colony formation observed between

CSF-1- and GM-CSF cultures at DlO (Figure 3) could be that CSF-1 and GM-CSF differ in their
stability over the 10 day culture period. To determine if the failure to increase colony
formation between 05 and D10 in GM-CSF-stimulated cultures were due to instability of GM-CSF
with time in culture, GM-CSF-initiated cultures were supplemented with an additional dose of
GM-CSF on D5 and colonies counted on DlO. If degradation of GM-CSF resulted in limited colony
formation, a GM-CSF supplement on Day 5 might overcome the deficit and result in additional
colony formation, as seen in CSF-1 cultures (Figure 4 ). However, this was not the case . .
Cultures which received an additional supplement of 2000 U/culture of GM-CSF did not exhibit
colony numbers which were any greater than the numbers seen in cultures which received
2000 U on DO (i.e., 72 ± 0 CFU/105 Input cells in cultures which received GM-CSF on DO only
versus 72 ± 4 CFU/105 input cells in cultures supplemented on D5).
From the data shown above, it is clear that there are greater numbers of progenitors in
both the bone marrow and spleen which respond to CSF-1 than to GM-CSF to form colonies by
Day 10. No differences were observed in progenitor responsiveness between C3H/HeJ and
C3H/OuJ mouse strains.

..,

56

•··Figure 7. Examination of colOny formation in soft agar 10 days from CSF addition in
CSF-deprived cultures. Five x 104 LSM-purified bone marrow cells were cultured in the
presence of2000 U/culture of rGM-CSF, nCSF-1, or medium alone (panel A) as described in
Figure 6. Colony formation was examined 10 days after the day of addition of CSF to cultures.
The data (panel B) represent the aritlunetic mean± SEM for n = 4 separate experiments.
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ANALYSIS OF THE RESPONSIVENESS OF BONE MARROW PROGENITORS TO GM-CSF
AND CSF-1 IN LIQUID CULTURE

To ensure that the differences observed in the numbers of bone marrow progenitors
responsive to GM-CSF versus CSF-1 were not unique to the agar-overlay system employed or
due to differences in diffusion capabilities of the two CSFs in agar, the yield of mature
macrophages produced in liquid culture under the influence of GM-CSF or CSF-1 was next
examined. This established optimal liquid culture conditions for the proliferative expansion of
progenitors. These culture techniques enabled the further examination of mature bone
marrow-derived macrophages which developed under the influence of either GM-CSF or CSF-· t - ·
with respect to a variety of morphological and differentiative characteristics.

Analysis of progenitor responsiveness to GM-CSF and CSF-1 in liguid culture. Figure 8

..

'"

'··t::

illustrates that over a wide dose range of GM-CSF or CSF-1, differences in macrophage yield in
liquid culture paralleled those observed in the soft agar progenitor assay, i.e., the number of
rGM-CSF-derived macrophages was less than that observed in the nCSF-1-derived cultures.
Cultures grown in an excess of CSF (1000 U/ml) resulted in an approximate five-fold difference
in yield. This difference could be minimized by culturing the macrophages in a minimal
concentration of CSF (250 U/ml; Figure 8) and by increasing the number of bone marrow cells
initially seeded in rGM-CSF cultures from 1 x 107 to 3 x 107 per flask (Table 2). These conditions
(250 U/ml CSF and 1 x 107 input B~ for CSF-1 versus 3 x 107 input BMP for GM-CSF) were
utilized in all subsequent experimentS for the generation of mature macrophages in liquid
culture and allowed for nearly equivalent yields of macrophages for additional experimental
analyses.

Momhological characteristics of macrophages grown in liguid culture. Progenitor
cells grown for 7 days in liquid culture in the presence of rGM-CSF or nCSF-1 exhibited both

59

Figure. 8. Yield of bone marrow-derived macrophages in response to various concentrations of
CSF-1 or GM-CSF in liquid culture. C3H/HeJ bone marrow cells were seeded at 1 x 107 for CSF-1
(0) or 3 x 107 for GM-CSF (0) cultures. Following 7 days in liquid culture, the number of

adherent macrophages was determined and the yield expressed on the basis of 1 x 107 input
(seeded) bone marrow cells. Each data point represents the yield derived from an individual
experiment with n =3 for rGM-CSF, n =4 - 7 for nGM-CSF, and n = 6 - 10 for nCSF-1.
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Table 2
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Comparison of Macrophage Yield Derived from Bone Marrow Progenitors under
the Influence of CSF-1 or GM-CSFa

I'

I
l

CSFSOURCE

NUMBER OF BONE MARROW
CELLSSEEDEDffbASK

CSF-1 (2-5 0 U/ML)

:IIIi

YIELD/FLASKb

I~
!

(95% CONFIDENCE LIMITS)

1 X 107

I

f

:;
!1'.

3.4 X 106
(2.3 - 5.0 x 106)

1/"
[

GM-CSF (250 UJML)

3 X 107

1.9 X 106
(1.1 - 3.2 X 106)

a Bone marrow cells were plated at 1 x 107/flask (for CSF-1) and 3 x 107tflask
for (GM-CSF), and were supplemented for 7 days as described in the Materials
and Methods.

b The yields of mature macrophages which resulted from culture in nCSF-1 or
rGM-CSF were determined after Dispase II treatment of7 day cultures. The data
represent the geometric means and the 95% confidence limits for n = 12
individual experiments for nCSF-1 and n

=9 individual experiments for rGM-CSF.
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similarities and differences with regard to their morphological characteristics. Although
the adherent cells derived under the influence of either rGM-CSF or nCSF-1 in liquid culture·
were 100% mononuclear in nature, as determined by examination of cytocentrifuged,
Wright-stained smears (Figure 9), microscopic examination of macrophages propagated in
liquid cultures also showed differences with· respect to their size heterogeneity and degree of
vacuolization: nCSF-1-derived cells (Figure 9A) were more uniform in size, while
rGM-CSF-derived (Figure 9B) macrophages exhibited greater size heterogeneity. In addition,
rGM-CSF-derived macrophages were more vacuolated than CSF-1-derived macrophages. To
quantify these visual differences in cell size, macrophages from nCSF-1 and rGM-CSF cultures
were subjected to cell sizing analysis through the use of the Coulter Channelyzer and were
examined at various times during the 7-day culture period (Figure 10). There were no
differences in the cell sizing profiles for rGM-CSF and nCSF-1 through Day 2 (D2). However,
with additional time in culture, the nCSF-1-derived cultures exhibited a reduction in the

' •I'

number of small cells such that, by Day 7 (D7), the majority of cells fell within a single major
peak of larger cells with an average diameter of 12.2 ll (Figure 10). Cell sizing profiles of
rGM-CSF cultures also showed an increase in the number of large cells by Day 3. In contrast,
rGM-CSF-derived cells, by 07, exhibited a broader distribution in the average cell size (ranging
from 8.3- 11.4J.1diameter, Figure 10). Extension of the liquid culture period to Day 10 did not
alter the cell sizing profile of rGM-CSF-derived macrophages observed at D7 and did not result
in a cell sizing profile similar to that of nCSF-1-derived cells. It should be noted, that cell
sizing profile of mature (D7) macrophages cultured in nCSF-1 (Figure 10) was
indistinguishable from that of cells grown in the presence of HUrCSF-1 (Figure 11 ). In
addition, Table 3 demonstrates that the cell sizing profile differences observed between
nCSF-1- and rGM-CSF-derived macrophages (Figure 10) were not unique to the C3H/HeJ mouse
strain. A similar distribution of cell sizes was observed in mature (07), C3H/OuJ bone
marrow-derived macrophages following culture in the presence of nCSF-1 or rGM-CSF.
These data indicate that the differences in number of progenitors responsive to CSF-1
versus GM-CSF observed in soft agar were not unique to that culture system, but rather, were
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Figure 9. Momhologjcal characteristics of CSF-1 and GM-CSF-derived macrophages.
Macrophages grown in liquid culture for 7 days in the presence ofnCSF-1 (A) or rGM-CSF (B)
were harvested, and the resulting cells were cytocentrifuged, fixed, and stained as described in
the Materials and Methods prior to examination under oil immersion (lOOOx).
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Figure 10. Cell sizing profiles of CSF-1 and GM-CSF-derived macrophages over the 7-day liguid
culture period. Recombinant GM-CSF- (left panel) and nCSF-1-derived macrophages (right
panel) were enzymatically removed and cell sizing profiles determined at various times during
the 7-day culture period using Coulter Channelyzer analysis. Approximately 10,000- 14,000
cells were analyzed using the Coulter Channelyzer settings of attenuation =4, window width=
70, and matching= 10.
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Figure 11. Cell sizing profile of mature CD7) HUrCSF-1-derived macrophages.
HUrCSF-1-derived macrophages were enzymatically removed after 7 days in liquid culture and
cell sizing profiles determined using Coulter Channelyzer analysis as described in Figure 10.
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Table·3

Cell size distribution of C3H/HeJ and C3H/QuJ mature macrophages derived in
GM-CSF or CSF-1 a

CELL TYPE

CHANNEL NUMBERb

12.:....12

~

46-99

GM-CSF

.,

I;;,

C3H/HeJ

35.7

41.8

22.5

C3H/OuJ

40.3

47.6 .

12.1

w·

n..

~f

••C

CSF-1

.t~

C3H/HeJ

7.4

36.9

55.6

C3H/OuJ

10.5

43.6

45.9

a Bone marrow progenitors derived from C3H/HeJ or C3H/OuJ mice were
cultured in liquid culture in the presence of 250 U/ml of either rGM-CSF or
nCSF-1 as described in the Materials and Methods. Following the standard 7 day
culture period, mature macrophages were removed enzymatically and the cell
size distribution determined using Coulter Channelyzer analysis.

b The data represent the percentage of cells analyzed which are between
channel numbers 0- 15 (7.0-9.3 Jl), 16-45 (9.4-11.9 Jl), and 46-99 (12.1-15.0 Jl).
The data were derived from a single representative experiment of 4 separate
experiments in which 10,000 to 14,000 cells were analyzed per treatment.
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also reflected in the yields of mature macrophages when liquid culture techniques were
utilized. Macrophages derived in liquid culture Wlder the influence of GM-CSF or CSF-1 also
exhibited differences in their morphologies and cell size distributions .

FUNCTION AL CHARACTERISTICS OF MATURE CDA Y 7) MACROPHAGES

The ability to culture mature macrophages from bone marrow progenitors under
controlled conditions, i.e., following stimulation of BMP by a single species of exogenous,
highly purified or recombinant CSF, allowed us to ask a variety of questions about the state of
differentiation eJthibited by the resultant, D7 macrophages. Previous studies have
demonstrated that as macrophages become more differentiated there is an increase in cell size
and vacuolizatio n (Cohn, 1978; Rosenstreich, 1981). The morphological differences related to
size and vacuolization which were observed between CSF-1- and GM-CSF-derived macrophages
prompted us to examine these mature bone marrow-derived macrophages with respect to their
functional and differentiative characteristics. Based on the model of linear acquisition of
specific morphological and functional "hallmarks" during differentiation (Figure 1), we
proceeded by comparing these two populations for a variety of functional markers.

Analysis of the ability of CSF-1- and GM-CSF-derived macrophages to phagocytose latex
beads. One early functional and differentiative characteristic, non-receptor-mediated
phagocytosis (latex ingestion), was compared in mature macrophages derived from nCSF-1and nGM-CSF-treated BMP cultures.· Figure 12 demonstrates that both populations could
phagocytose latex beads: nCSF-1-derived macrophages were 100% phagocytic and had a
weighted mean of 22 beads in~ested per cell, whereas nGM-CSF-derived cells were> 95%
phagocytic but exhibited a weighted mean of only 11 beads ingested per cell. These data,
which were obtained using highly purified murine CSF-1 and GM-CSF preparations, were
subsequently confirmed using HUrCSF-1-derived macrophages and rGM-CSF-derivcd
macrophages, i.e., HUrCSF-1 macrophages were 100% positive for latex ingestion and exhibited

··.S.:
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Figure 12. Phagocytic capabilities of CSF-1- and GM-CSF-derived macrophages for latex beads.
CSF-1-(top) and nGM-CSF-(bottom) derived macrophages were harvested following the 7-day
liquid culture period and were plated at 2 x 105 cells per chamber in 8-well Lab-Tek chamber
slides. Following a 4 hour adherence step, cultures were allowed to ingest latex beads for 1
hour at 37° C. Following this ingestion period, cultures were washed free of non-ingested latex
beads, fixed, stained, and scored under oil immersion for the number of latex beads per cell.
Data were derived from one of 2 separate experiments in which 200 cells per CSF treatment
were scored.
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a weighted mean of 24 ingested beads per cell and rGM-CSF macrophages were 91% positive for
latex ingestion and had a weighted mean of 16 beads ingested per cell.

Analysis of Fe receptor-mediated phagocytosis and binding. In addition to non-specific
phagocytosis of latex beads, examination of Fe receptor-mediated phagocytosis revealed an
even more dr~atic difference in the phagocytic capabilities of these two macrophage
populations. Figure 13 (top panel) shows that approximately 90% of nCSF-1-derived
macrophages were capable of ingesting opsonized SRBC (weighted mean of 8.5 !gO-coated SRBC
. ingested per phagocytic cell). Once again, macrophage cultures derived under the influence
of HUrCSF-1 coirlirmed results obtained using the nCSF-1 preparation:-87% of the macrophag~s - ·
were positive for ingestion of opsonized SRBC and exhibited a weighted mean of7.9 ingested
IgG-coated SRBC per phagocytic cell. In contrast, only 30% of the rGM-CSF macrophages were

;r... :'.-·
C)
-·· ~i

capable ofFc receptor-mediated phagocytosis (weighted mean of 6.2 IgG-coated SRBC ingested

'•; , ,

per phagocytic cell).
Due to the relatively low phagocytic capacity of rGM-CSF-derived macrophages with
regard to non-specific (latex) and specific (Fc-mediated) phagocytosis, we next sought to
determine if the difference in Fc-mediated phagocytosis observed between the two
macrophage populations were due to a relative paucity 1n the number of Fe receptors on
GM-CSF-derived macrophages or due solely to an inherent deficiency in their ability to ingest
particles. To examine this question, macrophages derived under the influence of either
rGM-CSF or HUrCSF-1 were cultured for analysis of Fe receptor-mediated binding of opsonized
erythrocytes. The presence of iodoacetic acid (IAA) in the opsonized SRBC preparation allows
for the binding of IgG-coated SRBC, but has been shown to inhibit Fe receptor-mediated
phagocytosis by> 95% (Walker and Demus, 1975; Vogel and Rosenstreich, 1979). Therefore, this
technique allows for a measure of relative Fe receptor-mediated binding capacity. In the
presence of IAA, 69% of the rGM-CSF-derived macrophages bound opsonized SRBC (weighted
mean of 8.1 SRBC bound per positive cell), but this level was far below that observed in
HUrCSF-1-derived macrophages (89%; weighted mean of 12.1 SRBC bound per positive cell) .
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Figure 13. Fc-receptor-mediated phagocytic capabilities of CSF-1- and GM-CSF-derived
macrophages. Bone marrow-derived macrophages grown in the presence of nCSF-1 or
rGM-CSF were harvested and plated at 2

X

105 cells per chamber in 8-well Lab-Tek chamber

slides. Cultures were treated with medium (top) or 50 U/ml IFN-a/13 (bottom) for 48 hours.
Fol~owing

this incubation period, culture supernatants were removed and replaced with 0.2 ml

of opsonized SRBC and macrophages were allowed to phagocytose for 1 hour at37° C. Following
this 1 hour incubation, non-internalized SRBC were lysed and the monolayer was fixed,
stained, and scored under oil immersion for the number of SRBC ingested. Data were derived
from a single experiment, representative of 3 separate experiments, in which 200 cells per
treatment were scored.
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Thus, the reduced capacity of rGM-CSF-derived macrophages to phagocytose via the Fe receptor
may also, in part, be due to a decreased capacity to bind opsonized SRBC prior to their ingestion.
The ability of IFN-a/~ to increase Fc-mediated phagocytosis in C3H/HeJ macrophages
has been well documented (Vogel and Fertsch, 1984; Fertsch and Vogel, 1984; Warren and
Vogel, 1985a; and Warren and Vogel, 1985b). Therefore, the ability of these two populations of
macrophages to respond to the inductive effects of IFN-a/~ was also examined. Following a
48-hour incubation period in the presence IFN-a/~. rGM-CSF- and either nCSF-1- or
HUrCSF-1-derived macrophages were examined for their Fc-mediated phagocytic capacities.
Figure 13 (bottom panel) shows both nCSF-1- and rGM-CSF-derived macrophages exhibited an
increase in the niunber of cells which were capable of ingesting opsonized SRBC following
treatment with IFN-a/~. Macrophages derived under the influence of nCSF-1 exhibited a slight
increase in their already high phagocytic capacity from 90% to 97% cells positive for
ingestion of opsonized SRBC with an increase from 8.5 to 11.2 IgG-coated SRBC ingested per
positive cell. These findings were confirmed using HUrCSF-1-derived macrophages which
exhibited an increase from 87% to 98% cells positive for SRBC ingestion and an increase in the
number of ingested SRBC per cell from 7.9 to 11.5 following IFN-a/~ treatment. Recombinant
GM-CSF-derived macrophages responded to IFN-o/~ with a slight increase in phagocytic
capability, from 30% to 38% cells positive for SRBC ingestion; however, no increase in the
number of IgG-coated SRBC ingested per cell was observed following IFN-o/~ treatment (6.2
SRBC ingested per positive cell in the presence of medium alone and 6.0 SRBC ingested per
positive cell in the presence ofiFN-o/~).
Thus, these experiments d~monstrated that CSF-1-derived macrophages exhibit greater
non-specific, as well as, Fe receptor-mediated phagocytic capabilities than GM-CSF-derived
macrophages. These findings provided the first indication that bone marrow progenitors
cultured in the presence of CSF-1 versus GM-CSF give rise to mature populations of
macrophages which differ functionally.

..' .,
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Previous findings have shown that increased Fe receptor-mediated phagocytosis is
mediated by endogenous interferon production by macrophages (Moore et al., 1984; Warren ·
and Vogel, 1985a). Thus, the demonstration of different Fe receptor-mediated phagocytic
capabilities in CSF-1- versus GM-CSF-derived macrophages prompted us to examine the possible
role of endogenous IFN-a/~ production in these two macrophage populations. In the following
experiments, CSF-1- and rGM-CSF-derived macrophages were analyzed for their ability to
produce endogenous interferon.

·Sensiti'llity of bone marrow-derived macrophages to vesicular stomatitis virus (VSV). · ·· - ·
Interferons are probably best recognized for their capacity to mediate an antiviral state in
interferon-sensitive cell types (reviewed by Gresser, 1984). Previous studies have shown a
correlation between the ability of macrophages to phagocytose via their Fe receptors and the
capacity ofmacrophages to be infected with VSV (Vogel and Fertsch, 1987), and both functions
have been related to the production of endogenous IFN-a/~ by macrophages (Moore, eta!. 1984;
Warren and Vogel, 1985a; Vogel and Fertsch, 1984; Gresser, 1984). Therefore, we next compared
the ability of the CSF-1- and GM-CSF-derived macrophages to resist viral infection. Figure 14
shows that C3H/HeJ macrophages derived from BMP under the influence of highly purified,
nCSF-1, were resistant to the cytopathic effects (CPE) of VSV when infected at an M.O.I. ofO.l.
When the M.O.I. was increased ten-fold, nCSF-1-derived macrophages exhibited only minimal
sensitivity. By comparison, rGM-CSF-derived macrophages were much more sensitive to
VSV-induced CPE at both an M.O.I. of 0.1 and 1.0. To quantitate the CPE.ob:served in bone
marrow-derived macrophage cultures, uninfected monolayers were compared to infected
cultures and the percent CPE determined by the amount of crystal violet stain taken up by the
remaining intact cells (Vogel et al., 1986). The difference in crystal violet intensity observed
in uninfected GM-CSF- versus uninfected CSF-1-derived macrophages was due to an inherent
inability of GM-CSF-derived cells to incorporate the crystal violet and not due to differences in
cell densities. The cell densities of GM-CSF- and CSF-1-derived mono layers were verified
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Figure 14. Sensitivity of bone marrow-derived macrophages to infection with-vesicular
stomatitis virus CVSV). C3H/HeJ bone marrow progenitors were cultured for 7 days in liquid
culture in the presence of nCSF-1 or rGM-CSF as described in the Materials and Methods.
Following this 7 day culture period, mature macrophages were harvested and re-plated (in the
absence of CSF) at a cell concentration of 2 x 105 cells per well in 96-well culture plates. The
macrophages were allowed to adhere for 4-6 hours. Following this adherence step, the
supernatants were removed and 0.1 ml ofVSV suspension added at an M.O.I. ofO.l or 1.0.
Twenty-four hours post-infection, the supernatants were removed and each monolayer was
fixed, stained, and examined for virus-induced CPE. These results are from a single experiment
representative of 5 - 8 separate experiments.
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repeatedly by quantitation of total cell protein by the Lowry method. A comparison of infected
to uninfected monolayers for each macrophage population showed that while nCSF-1-derived
macrophages exhibited 1 ± 1% CPE, r0M-CSF-derived macrophages exhibited 71 ± 7% CPE in
cultures infected with an M.O.I. of0.1 for 8 separate experiments. Differences in VSV
sensitivity were also apparent in C3HJOuJ bone marrow-derived macrophages, although the
CPE induced in C3H/OuJ macrophages derived under the influence of r0M-CSF was less striking
(34 ± 11% for n = 5 separate experiments). C3H/OuJ macrophages derived under the influence
of CSF-1 were refractory to VSV -induced CPE.
To address the mechanism by which VSV induced CPE in r0M-CSF-derived macrophages ,
we comp·ared VSV replication within these two macrophage population·i · Culture supernatants· ·- - ·
were collected 24 hour post-infection from virus-infected macrophages and were assayed for
i" . ....

l.:l

:-:.~

viral yield by viral plaque formation in L929 fibroblast monolayers. Table 4 shows that no

: :,;, ~ !

significant difference was observed in the virus yields between rGM-CSF- and nCSF-1-infected

,o •t ,

I• .

·~~

macrophages. Since the macrophage cultures were infected at an M.O.I.

=0.1 (i.e., with 2 x 104

VSV plaque forming units (PFU)/well or 2 x 105 PFU/ml), the resultant plaquing data derived
from the supernatants of infected cells indicate that no significant viral replication occurred.
Therefore, increased viral replication in r0M-CSF-derived macrophages cannot account for
the differential CPE observed between the two cell types. To ensure that both cell types were
equally capable of being infected with VSV, the macrophages were compared 6 hours
post-infection for the presence of intracellular VSV as detected by fluorescent antibody
staining. Figures 15A, B, C, and D show phase contrast photographs and the corresponding
fluorescent photographs of uninfected (Figure 15A) and VSV-infected (Figure 15C)
nCSF-1-derived macrophages versus uninfected (Figure 15B) and VSV-infected (Figure 15D)
rGM-CSF-derived macrophages. There was no measurable difference in the ability of
rGM-CSF-derived macrophages versus nCSF-1-derived macrophages to be infected with VSV,
i.e., uninfected controls showed little non-specific fluorescent staining (Figures 15A and 15C),
while both populations exhibited 13- 16% fluorescent cells in VSV-infected cultures (Figures
15B and 15D). This figure is consistent with an M.O.I.

=0.1.

Therefore, the failure of
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Table4

Plaque Fonnation in Virus-Infected GM-CSF and CSF-1-Derived Macropha&e
Culture Supematantsa

CELL TYPE

VIRUS YIELD (PFU/ML)b

GM-CSF-DERIVED

4.2

X

105 [1.1

CSF-1-DERIVED

2.8

X

105 [5.0 X 104 - 1.5

X

105- 1.5 X 106)

X

106)
. ,,'-!

. :--;.1
I

.Jl,

,

··I

a Two x 105 rGM-CSF- and nCSF-1-derived macrophages were cultured in 96-well
tissue culture plates as described in Figure 14. Macrophages were incubated for
4 - 6 hours, at which time, the culture supernatants were replaced with 0.1 ml of
VSV suspension (M.O.I.

=0.1).

Macrophages were infected for 24 hours and the

virus supernatants removed and quantified for the number of infectious
particles in a plaque fanning assay.

b The data represent the geometric means derived from 7 separate experiments
for rGM-CSF-derived macrophages and 4 separate experiments for
nCSF-1-derived macrophages. The 95% confidence limits for the treatment
groups are indicated in brackets.
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Figure 15A. Fluorescent antibody detection ofVSV viral proteins in mock-infected
CSF-1-derived macrQphages. Two x 1o5 mature (D7) nCSF-1-derived macrophages were cultured
"ill

in 8-well Lab-Tek chamber slides and were allowed to adhere for 4-6 hours. Following this

-.,

adherence step, macrophage supernatants were removed and replaced with medium only.
Culture supernatants were removed 6 hours later, at which time, monolayers were
acetone-fixed for subsequent detection of viral protein production using fluorescent antibody
analysis. Figure 15A represents the phase contrast (top panel) and corresponding fluorescent
photograph (bottom panel) of uninfected, CSF-1-derived macrophage cultures following
staining with anti-VSV antibody and a rhodamine-labeled secondary antibody.
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Figure 15B. Fluorescent antibody detection ofVSV viral proteins in mock-infected
GM-CSF-1-den"ved macrophages. Two x 105 mature (D7) rGM-CSF-derived-iriacrophages were
cultured in 8-well Lab-Tek chamber slides and were allowed to adhere for 4-6 hours. Following
this adherence step, macrophage supernatants were removed and replaced with medium only.
·- . ..

Culture supernatants were removed 6 hours later, at which time, monolayers were
acetone-fixed for subsequent detection of viral protein production using fluorescent antibody
analysis. Figure 15B represents the phase contrast (top panel) and corresponding fluorescent
photograph (bottom panel) of uninfected, rGM-CSF-derived macrophage cultures following
staining with anti-VSV antibody and a rhodamine-labeled secondary antibody.
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Figure 15C. Fluorescent antibody detection ofVSV viral proteins in VSV-infected CSF-1-derived
macrophages. Two x 105 mature (07) nCSF-1-derived macrophages were cullill'ed in 8-well
Lab-Tek chamber slides and were allowed to adhere for 4-6 hours. Following this adherence
step, macrophage supernatants were removed and replaced with 0.1 ml of VSV at an M.O.I.
I"

=

0. 1. Culture supernatants were removed 6 hours post-infection, at which time, monolayers
were acetone-fixed for subsequent detection of viral protein production using fluorescent
antibody analysis. Figure 15C represents the phase contrast (top panel) and corresponding
fluorescent photograph (bottom panel) of VSV -infected, nCSF-1-derived macrophage cultures
following staining with anti-VSV antibody and a rhodamine~labeled secondary antibody.
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Figure 15D. Fluorescent antibody detection ofVSV viral proteins inVSV-infeded
GM-CSF-derived macropha~es. Two x 105 mature (07) rGM-CSF-1-derived macrophages were
cultured in 8-well Lab-Tek chamber slides and were allowed to adhere for 4-6 hours. Following
ill:
....

•, .,

........

this adherence step, macrophage supernatants were removed and replaced with 0.1 ml of VSV
at an M.O.I.

=0.1.

Culture supernatants were removed 6 hours post-infection, at which time,

monolayers were acetone-fixed for subsequent detection of viral protein production using
fluorescent antibody analysis. Figure 150 represents the phase contrast (top panel) and
corresponding fluorescent photograph (bottom panel) of VSV -infected, rGM-CSF-1-derived
macrophage cultures following staining with anti-VSV antibody and a rhodamine-labeled
secondary antibody.
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VSV-infected CSF-1-derived macrophages to exhibit CPE was not related to an inability of the
cells to be infected.
The role of interferon in antiviral protection has been finnly established (reviewed by
Gresser, 1984). In addition, the ability ofmacrophages to produce IFN-a/~ has also been
well-documented (Ho, 1980; Moore et al.,1984; Warren and Vogel, 1985a; Vogel and Fertsch,
1984). Therefore, the potential role of endogenous IFN-a/~ production as a possible mediator of
the resistance to VSV CPE in CSF-1-derived macrophages was next examined. Initially, we
sought to measure IFN activity in the supernatants of GM-CSF and CSF-1-derived macrophage
cultures directly. To do this, the supernatants were tested for their ability to protect L929
fibroblasts in the· standard L929 cell antiviral assay. Ho~ever: ihe lower iimit of sensitivity of· ·· - .
the standard L929 fibroblast antiviral assay is approximately 3 U/ml (Vogel et al.,1986). The
levels of antiviral activity which were detectable in the GM-CSF-derived supernatants were
always below this lower limit, whereas. the levels in CSF-1-derived macrophage supernatants
were at the lower limits of detection within the assay. These fmdings prompted us to seek out
a more sensitive method for demonstrating differences in interferon production by GM-CSFand CSF-1-derived C3H/HeJ macrophages. To increase the sensitivity of detection, serial
two-fold dilutions of the NIH Reference Reagent, murine IFN-a/~. were added to the
VSV-sensitive, rGM-CSF-derived macrophages to detennine the minimal amount of IFN-o/~
required to protect these macrophages from VSV -induced CPE. Table 5 demonstrates that the
VSV-sensitive, rGM-CSF-derived macrophages were protected from VSV-induced CPE by the
addition of as little as 1 U/ml of exoge~ous IFN-a/~ to the cultures 24 hours prior to VSV
infection. In contrast, the VSV -resistant, nCSF-1-derived macro phages were treated with
serial two-fold dilutions of the NIH Reference Reagent, anti-murine IFN-o/P antibody. in an
attempt to demonstrate that the protective factor in CSF-1-derived macrophages was
endogenously-produced IFN-a/P. Inclusion of anti-IFN-a/P antibody, but not the control
antibody, 24 hours prior to VSV infection of CSF-1-derived macrophages reversed significantl y
the refractoriness of these cultures to VSV infection (Table 6). CPE was observed in these
cultures following treatment with as little as a 1:182 dilution of the NIH Reference Reagent
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Table 5
Reyersal of Vesicular Stomatitis Virus Sensitivity of GM-CSF-Derived
Macrophages with Exogenous IFN-a/6 Treatment

MACROPHAGE

TREATMENT PRIOR

VSV SENSITIVITY

VSV SENSTIVITY

CELL TYPE

PRIOR TO TREATMENT

TO VSV INFECTIONa

A.Ff'ER TREATMENT

GM-CSF

·Sensitive

Medium

Sensitive

i

'1
;

GM-CSF

IFN-o/~

Sensitive

Resistant

a Two x 105 C3H/HeJ, rGM-CSF-derived macrophages were re-cultured in the
absence ofGM-CSF and treated with NIH Reference Reagent IFN-a/~ for 24 hours.
Following this incubation period, culture supernatants were aspirated and
cultures incubated with VSV at an M.O.I.

=0.1 for an additional 24 hours.

Cultures

were then fixed and stained for assessment of CPE. The amount of IFN-a/~
required to protect cells half-maximally was determined spectrophotometrically.
The titer required to reverse the observed CPE was 1.0 ± 0.2 U/ml. The data
represent the arithmetic mean ± SEM for n

=6 separate experiments.
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Table 6
Reversal of Vesicular Stomatitis Virus Resistance of CSF-1-Derived Macrophages
with Anti-IFN-QLD Treatment

MACROPHAGE

VSV SENSITIVITY

TREATMENT PRIOR

VSV SENSTIVITY

CELL TYPE

PRIOR TO TREATMENT

TO VSV INFECTION'i AFfER TREATMENT.

CSF-1

Resistant

Control Antibody

,tJ!

Resistant

. ...h

:1:1
,i

~~~

CSF-1

Resistant

Anti-IFN-a/P

Sensitive

··"'
·f-)
.,..

,...,

.,~~n·

· 11

a Serial two-fold dilutions of the NIH Reference Reagents anti-IFN-a/P
antibody or control antibody (starting dilution=1 :10 final concentration) were
prepared and used to treat nCSF-1-derived macrophages for 24 hours prior to
infection ofmacrophages with VSV at an M.O.L

=0.1.

The titer of anti-IFN-a/P

antibody required to reverse the resistance to VSV infection half-maximally was
determined by measuring CPE spectrophotometrically following virus infection
and was shown to be 182.4 [93.5- 355]. The data represent the reciprocal of the
dilution required for half-maximal reversal of the VSV resistance and is
expressed as the geometric mean of the titer [95% confidence limits] for n = 9
separate experiments.
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anti-murine IFN-a/~. However, the control antibody (NIH Reference Reagent No.
G-025-501-568) failed to reverse the refractoriness to VSV, even at the highest concentration
tested (1:20).
Therefore, the difference observed between nCSF-1 - and rGM-CSF-derived macrophages
in sensitivity to VSV infection can be related to differences in endogenous IFN-a/13 production

by the two populations. rGM-CSF-derived macrophages exhibit lower levels of endogenous
IFN-a/~ in contrast to the levels exhibited by CSF-1-derived macrophages. Lastly, the

anti-IFN-a/J3 antibody failed to reverse the refractoriness ofmacrophages derived from
C3H/OuJ mice under the influence of nCSF-1, even at the highest concentration of antibody
tested (a 1 :20 difution of antibody).

The differences observed between GM-CSF- and CSF-1-derived macrophages examined
thus far have all been characteristics and/or functions associated with less differentiated
macrophages. Therefore, we next examined these two populations with respect to functions
associated with more differentiated or activated macrophages. The first of these "higher
order" characteristics to be examined was that of Ia antigen expression and one of its
associated functions, the ability to stimulate antigen-specific T cell proliferation. Ia antigen
expression has been shown to be increased in more differentiated macrophages (Beller et-a!.,
1980) and is necessary for the appropriate presentation of processed antigen toT cells which
bear receptors specific for antigen in the context of a specific Ia molecule (Rosenthal and
Shevach, 1973; Unanue and Allen, 1987; Heber-Katz etill.., 1982). It is this-extremely specific
interaction which leads to the activation and expansion of the antigen-specific T cell
(Rosenthal and Shevach, 1973; Unanue and Allen, 1987) and is critical to the
immunocompetence of an animal.

Examination ofla antigen expression on GM-CSF- and CSF-1-derivcd macroph agcs. To

> ..-,•.-•. ·----~-
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compare the number of !a-positive cells in macrophage cultures derived from bone marrow
cells differentiated in the presence of either rGM-CSF or CSF-1, macrophages were re-cultured

in the absence of CSF at precise cell densities, as described in the Materials and Methods. On
sequential days over a three day culture period, the percentage of !a-positive macrophages
was determined by antibody and complement-mediated cytotoxicity (Figure 16). In untreated
macrophages (i.e., those cultured in the presence of medium alone) there was no significant
difference in the percentage ofla-positive cells in either rGM-CSF- or CSF-1-derived
macrophage cultures (approximately 15%- 20%) and this basal level ofla-positive cells did not
change significantly over the three day culture period. When cultures of rGM-CSF- and
natural ot recombinant CSF-1-derived macrophages were treated on Day 0 with 5.0 U/ml
riFN-y, both populations of macrophages exhibited an increase in the percentage of !a-positive
cells. This response was most striking after 48 or 72 hours of culture (Days 2 and 3), with
CSF-1-derived macrophages exhibiting the greatest increase in the percentage of !a-positive
cells. Specifically, at Day 3, the percentage ofla-positive cells increased in CSF-1-derived
cultures from approximately 15% to 50% with riFN-y, whereas the percentage ofla-positive
cells in the rGM-CSF-derived cultures was increased to only 30%. The viability of both cell
types, as assessed by trypan blue exlusion, remained high (>95%) over the three day culture
period.
Antibody and complement-mediated cytotoxicity measurements only provide
information about the percentage of !a-positive cells, without regard to the total amount of Ia
antigen expressed within the population. An ELISA assay was carried out to compare the total
Ia expression within these two populations of cells over a three day culture period in the
absence and presence of riFN-y (Figure 17). In the absence of riFN-y, the basal level of Ia
expression (medium alone) remained relatively constant over the three day culture period for
both CSF-1- and rGM-CSF-derived macrophages. However, rGM-CSF-derived macrophages
exhibited a much higher basal level of Ia expression than did CSF-1 -dcrived macrophages.
This finding was further substantiated by analysis of steady state, I a-specific mRNA in
medium-treated rGM-CSF- versus CSF-1-derived cultures on Day 0. Cytoplasmic RNA was

I::

95

m:.

Figure 16. Examination of percent Ja positive cells in rGM-CSF- and CSF-1-derived
macrophages. Two x 1o5 macrophages were cultured in the absence of colony stimulating
factor and were assayed on Days 1, 2, and 3 following treatment of cultures with either medium

II

or 5.0 U/ml rJFN-y. The percentage of Ia positive cells was determined by antibody and
complement-mediated cytotoxicity and uptake of trypan blue. For each individual experiment,
200 cells per culture were scored for viability and duplicate cultures per treatment were
assayed. The data represent the arithmetic mean ± SEM for n
for rGM-CSF and n
HUrCSF-1).

=6 - 7 individual experiments

=10 - 11 individual experiments for CSF-1 (using either highly purified or
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Figure 17. Examination of total Ia expression by ELISA in rGM-CSF- and CSF-1- derived
macrophages. Two x 1oS macrophages were cultured in the absence of CSF and were assayed on
D1, D2, and D3 following treatment with either medium or 5.0 U/ml riFN-y. The mono layers
were parafonnaldehyde-fixed and the total Ia expression determined by ELISA. For each
11.,.

individual experiment, 4 replicates per treatment were assayed. The data represent the
arithmetic mean ± SEM for n = 6 -7 individual experiments for rGM-CSF and n = 10 - 13
individual experiments for CSF-1 (using either highly purified or HUrCSF-1).
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isolated from both populations and was examined by slot blot analysis for quantitation of

i!

!a-specific, steady-state RNA (Figure 18). This finding was also confirmed by Northern blot·
analysis (Figure 18). Using either method of analysis, it was determined from densitometric
scans of autoradiograms that untreated rGM-CSF-derived macrophages possessed approximately
four-fold greater quantities ofla-specific, steady-state RNA than CSF-1-derived macrophages.
The difference in !a-specific mRNA observed on Day 0 was also observed at the level of cell
surface Ia antigen expression. Examination of I a antigen expression by fluorescent activated
cell sorting analysis showed that GM-CSF-derived macrophages exhibited greater levels of cell
-,

surface Ia antigen expression than CSF-1-derived macrophages (data not shown).
Treatment of rGM-CSF-derived macrophages with riFN-y did -net increase their level of - ·
total Ia expression as measured by ELISA (Figure 17), i.e., expression of total Ia remained at the

,.,.o!.

already elevated levels observed in medium-treated cultures. However, in the presence of 5.0

:~.·i
.., '

l!fml riFN-y, CSF-1-derived macrophages increased their total Ia expression to levels exhibited

i'
:: ~~~

by rGM-CSF-derived cultures.
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Determination of I a density by fluorescent antibody analysis. Since the numbers of Iapositive cells were approximately equivalent in cultures of medium-treated rGM-CSF- and
nCSF-1-derived macrophages (Figure 16), but the total Ia expression, as measured by ELISA,
was significantly greater in rGM-CSF-derived cells (Figure 17), this led to the hypothesis that
the density of Ia on rGM-CSF-derived macrophages was significantly greater than on
nCSF-1-derived cells. To test this hypothesis, the density of Ia on individ)lal macrophages was
examined through the use of the ACAS 470 which allows for quantitative analysis of
fluorescent cell surface markers on individual cells within an adherent cell population. The
use of the ACAS 470 has eliminated the concern of potential damage to adherent cells which
must be detached mechanically or enzymatically for analysis of cell surface markers by
standard flow cytometry. Therefore, the ACAS 470 provides more flexibility and reduces the
potential for artifacts since the cells treated in culture can be examined without having to be

100

Figure 18. Analysis ofla-SlJecific mRNA derived from rGM-CSF- and nCSF-1-derived
macropha~es.

The autoradiograms from a slot blot (in which 10 JJg RNA per slot was applied to

the nitrocellulose paper) and a Northern blot (in which 5 J,Jg RNA per lane was applied to the
gel) are shown following hybridization to a 32P-cDNA !a-specific probe. The autoradiogram
shown is representative of 4 separate experiments. The ORA cell line was used as a source of
constitutively produced, !a-specific mRNA.
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detached for analysis. In addition, the degree of fl~orescence associated with a particular cell
can be visualized through the use of a pseudo-color scale (with white being the highest level .
of intensity).
Figures 19A and B illustrate a representative experiment utilizing the ACAS 470 to detect
cell surface Ia antigen expression in macrophage cultures from rGM-CSF- or CSF-1-derived
cultures. For each field scanned by the ACAS 470, comparability of cell density per field was
verified by phase contrast microscopy. In this experiment, each field contained between 80
and 110 cells, as assessed by counting the number of cells in the individual phase contrast
photographs. Figures 19A and B illustrate the distribution of fluorescent staining for Ia
expression in medium-treated (Figtire 19A) and riFN-y-treated (Figure l9B) rGM-CSF- and
nCSF-1-derived macrophages. Figure 19A demonstrates that although the number of
!a-positive cells were found to be equivalent in the two macrophage populations by antibody
and complement-mediated cytotoxicity (Figure 16), the density ofla expression on
medium-treated, nCSF-1-derived macrophages (Figure 19A) was so low when compared to the
fluorescence exhibited by rGM-CSF-derived macrophages (Figure 19A), that most of the
nCSF-1-derived cells could not be visualized. However, following riFN-y treatment (Figure
19B), there was an increase in the number of fluorescent cells within the nCSF-1-derived
population, as well as a marked increase in the intensity of fluorescence. However, the density
ofla per nCSF-1-derived macrophage following IFN-y treatment was still less than that seen in
medium- or riFN-y-treated rGM-CSF-derived cells. Treatment of rGM-CSF-derived cullures with
riFN-y failed to alter significantly the number of positive cells detected by the ACAS 470 or the
already high density ofla per cell (Figure 19B).

Measurement ofT cell proliferation induced by rGM-CSF- and CSF-1-derived
macrophages. The relationship of Ia antigen expression to the ability of macrophages to
function as antigen-presenting cells has been well-documented (Unanue and Allen, 1987;
Beller, 1984; Lee and Wong, 1980; and Unanue et ill.., 1984). Since differences in Ia expression
were observed in these two cell populations, the capacity of these cultures to induce T cell

.;
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FiiDJre 19A. Iadensity· analysis by fluorescence in medium-treated CSF-1- and .
rGM-CSF-derived macrophages. Macrophages (1 X 105/culture) were treated with medium for 2
to 3 days and were analyzed fo·r Ia antigen expression using the ACAS 470. To control for
background fluorescence, cells treated with fluorescenated secondary antibody only were also
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tested and showed little detectable fluorescence. The fields scanned on these control cultures

!l.•

r::

were established as the baseline fluorescent threshold and were subtracted from all of the
other scans to eliminate this low background of non-specific fluorescence. Figure 19A
represents fluorescent photographs of (A) CSF-1-derived macrophages and (B)
rGM-CSF-derived macrophages. Each figure represents a single field representative of 4
individual fields which were verified by phase contrast microscopy to contain approximately
the same number of cells (i.e., 80-110 cells per field).

A.

B.
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Figure 19B. Ia density analysis by fluorescence in rTFN-x-treated CSF-1- and rGM-CSF-derived
macrophages. Macrophages (1 X 1oS/culture) were treated with 5.0 U/ml of riFN-y for 2 to 3
days and were analyzed for Ia antigen expression using the ACAS 470. To control for
background fluorescence, cells treated with tluorescenated secondary antibody only were also
tested and showed little detectable fluorescence. The fields scanned on these control cultures
were established as the baseline fluorescent threshold and were subtracted from all of the ·
other scans to eliminate this low background of non-specific fluorescence. Figure 19B
represents fluorescent photographs of(A) CSF-1-derived macrophages and (B)
rGM-CSF-derived macrophages. Each figure represents a single field representative of 4
individual fields which were verified by phase contrast microscopy to contain approximately
the same number of cells (i.e., 80-110 cells per field).
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proliferation following exposure to antigen was also.assessed. In Figure 20,
rGM-CSF- or
nCSF-1 -derived macrophages were cultured at two different cell concentrations
(i.e., 1 x 105.
and 2 .x 105 cells/culture) and were incubated with medium or riFN-y (0.5, 1.0,
or 5.0 U/ml) for
two or three days. At that time, cells were antigen-pulsed with KLH and irradiate
d. The ability
ofT cells derived from KLH-primed mice te proliferate in response to antigen
when presented
by these macrop hages was measured by uptake of tritiated thymidine. T cells
alone or
macrop hages alone consistently incorporated less than 500 cpm per culture.
In the cell
controls [CC; macrophages plus T cells (not antigen-pulsed)], rGM-CSF-derive
d macrophages
were more stimulatory forT cells than nCSF-1-derived macrophages.

When medium-treated

macrophages were pulsed with KLH and then co-cultured with·antigen-primed
T cells,
rGM-CSF-deriv.ed macrophages were capable of stimulating greater T cell prolifera
tion than
medium-treated nCSF-1-derived cells. Recombinant IFN-ytreatment had little
effect on the

•-'I
... I

!
I

ability of rGM-CSF-derived macrophages to stimulate T cell proliferation; howeve
r, treatment
ofnCSF -1-deriv ed macrophages with IFN-y(p rior to pulsing with KLH) increase
d their ability

.

·.1 '

to stimulate T cell proliferation slightly, although this difference was not found
to be
statistically significant. At 2 x 105 macrophages/well, a similar pattern ofT
cell proliferation
was observed; however, at the highest concentration ofriFN- yused (5.0 U/ml),
a depression of
T cell proliferation induced by the antigen-pulsed rGM-CSF-derived macroph
ages was
observed.

Basal expression of PGE production by GM-CSF- and CSF-1-derived macroph
ages.
Prostaglandins have been shown by a number of investigators to inhibit Ia. expressi
on in both
resident and elicited peritoneal macrophages (Tripp et at., 1986; Snyder et al.,
1982).
Prostaglandins have also been shown to inhibit mitogen-induced T lymphocyte
proliferation
(Kuehl, 1977; Hoffeld et at., 1980; Gemsa, 1982; Morley, 1982). Since nCSF-1
-derived
macrop hages exhibited lower basal levels of Ia expression than rGM-CSF-dcrive
d macrophagcs
(Figures 17 and 19B), as well as a lesser ability to induce proliferation ofT lymphoc
ytes in the
absence or presence of antigen (Figure 20), we examined the levels of PGE produce
d in

. ;r

,0()

.1! 0

Figure 20. Comparison ofT cell proliferation induced by rGM-CSF- and nCSF-1-derived
macrophages. Macrophages were cultured at 1 x lOS/culture (Fig. 23A) or
2 x lOS/culture (Fig. 23B) in the absence or presence of riFN-y for 2 - 3 days. At that time they
were pulsed with antigen (KLH) for 4 hours, irradiated, and co-cultured with KLH-primed,
nylon wool-purified, lymph node T cells for an additional 4 days. Tritiated thymidine was added
to cultures on Day 4 and the radioactive incorporation measured by liquid scintillation
counting. The data represent the arithmetic mean ± SEM for 4 individual experiments. The
cell control (CC) values (cpm incorporated into macrophages and T cells in the absence of
antigen) have not been subtracted from the experimental values. Within certain treatment
groups (those indicated by an asterisk), rGM-CSF-derived macrophages induced significantly
greater antigen-specific T cell proliferation (p.::; O.OS) than CSF-1-derived macrophages.
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rGM-CSF- vs. nCSF-1-derived cultures (Table 7). Macrophages derived from bone marrow
progenitors in the presence of rGM-CSF produced approximately 10-fold higher levels of PGE
than macrophages derived in the presence of nCSF-1. Therefore, it is unlikely that the
reduced levels ofla expression and induction of antigen-specific T cell proliferation exhibited
by nCSF-1-derived macrophages could result from the presence of high PGE production in
these cultures.

Examination of the development oftumoricidal activity in GM-CSF- and CSF-1-derived
macrophages. Fully activated macrophages have been shown to acquire the capacity to kill
tumors in vitro (Cohn, 1978). To extend the functional characterizatiorrofGM-CSF- and
CSF-1-derived macrophages, we examined the basal tumoricidal activity, as well as the signal
requirements of these two populations for activation to a fully tumoricidal state. Historically,
Hibbs et al. (1977) demonstrated that activation of macrophages to a fully tumoricidal state was
a multi-signal event: macrophages were first "primed" into a stimulated, non-cytolytic state by
a lymphokine referred to as "Macrophage Activating Factor" or "MAF". Once "primed", the
macrophage could be activated to full tumoricidal capacity by a "trigger" signal, such as LPS.
Additional studies demonstrated that IFN-y could serve as a potent source of MAF (Pace et al.,
1983a,1983b; Schreiber et al., 1983). Protein-free, phenol-water-extracted LPS can serve as a
"trigger" signal for LPS-responsive {LJli.n) macrophages, but not for the C3H/HeJ (.f,Jud)_
macrophages (Pace and Russell, 1981; Pace et al., 1985a). However, if one uses as a trigger
signal butanol-extracted LPS (But-LPS), which contains significant levels oflipid A-associated
protein, IFN-y-primed macrophages from either Wn and Wd mice can r~cognize these
molecules as a trigger signal and be activated to a fully tumoricidal state (Hogan and Vogel,
1987). In the following studies, C3H/HeJ macrophages derived from BMP under the influence
of rGM-CSF or nCSF-1 were examined for their signal requirements for activation to a fully
tumoricidal state.
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Table 7

Prostaglandin Production lzy GM-CSF and CSF-1-Deriyed Macrophagesa

MACROPHAGE
CELL TYPE

PROSTAGLANDIN E PRODUCTION Cng/m!)b

rGM-CSF-derived

nCSF-1-derived

11.5 [3.7- 19.3]

1.5 [0.3 - 2.7]

a Supernatants from medium-treated cultures were harvested at either 24 or 48
hours and assayed for prostaglandin activity by radioimmunoassay as described

in the Materials and Methods.

b The data represents the arithmetic mean [95%

co~dence limits] derived from

n = 9 separate experiments for rGM-CSF and n = 8 separate experiments for
nCSF-1 .
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Comparison of tumoricidal activity of GM-CSF- and CSF-1-derived macrophages.

In this series of experiments, the signal requirements for activation of macrophages derived
from bone marrow progenitors under the influence of either rGM-CSF or nCSF-1 to kill tumor
cells were comp~ed. The dose range of priming and triggering signals used was based on
previous studies using thioglycollate-elicited peritoneal exudate macrophages (Hogan and
Vogel, 1987). In response to medium alone (i.e., no riFN-y as a "priming" signal and no But-LPS
as a "triggering" signal), rGM-CSF-derived macrophages exhibited a significantly higher basal
level of turnoricidal activity than nCSF-1-derived macrophages (Figure-21; 16 ± 5% versus 6 ±' ·- - ·
3% cytotoxicity).
In the presence of a "priming" signal only (i.e., riFN-y), both rGM-CSF- and

nCSF-1-derived macrophages were stimulated approximately two-fold above basal levels of
tumor cytotoxicity (Figure 21); however, the increase observed in the nCSF-1-derived

..·'

macrophage cultures was not statistically significant. At both concentrations of riFN-y tested,

''d

if

,l i

rGM-CSF-derived macrophages.maintained a significantly greater capacity to kill tumor cells
.than nCSF-1-derived macrophages.
In response to the "triggering" signal only (i.e., But-LPS), there was no change from

the basal levels in the capacity of rGM-CSF-derived macrophages to kill tumor cells in vitro
(Figure 22). However, at the highest concentration of But-LPS tested (5.0 ~ml), the
tumoricidal capacity of nCSF-1-derived macrophages was increased to the same level exhibited
by medium- or But-LPS-treated rGM~CSF-derived macrophages. Increasing the concentration s
of But-LPS to as much as 20 ~mlled to no significant increase in the tumoricidal activity
above that seen with 5 ~ml.
Figure 23 presents a comparison of the responses of rGM-CSF- and nCSF-1-derived
macrophages to medium alone, riFN-y alone, But-LPS alone, and finally, to the two signals in
combination. In rGM-CSF-derivcd cultures (left panel), no increase in tumoricidal activity was
induced by combined treaunent with a low concentration of riFN-y (1 .0 U/ml) and any

~· "'

.

ill

Figure 21. Resoonse of bone marrow-derived macrophages to a "primin~" si1p1al CriFN-y) only
for ~eneration of increased tumor cytotoxicity. Two x 105 rGM-CSF-or nCSF-1--derived
macrophages were cultured in the presence of either medium or the indicated concentrations
of riFN-yfor 24 hours prior to the addition of 51cr-labeled P815 tumor cell targets. Following
16 hours co-culture ofmacrophages and target cells, chromium release was measured and the
percent cytotoxicity determined as described in the Materials and Meth9ds. The data represent
the arithmetic mean± SEM for n = 8 - 13 experiments for rGM-CSF-derived macrophages and
5 - 11 experiments for CSF-1-derived macrophages. Statistical differences between the two cell
types within a given treatment group was detennined using a two-way ANOVA as described in
the Materials and Methods (p:::;, 0.05 was chosen as the level of statistical significance).
Asterisks indicate statistical differences between rGM-CSF- and CSF-1-derived cultures within a
given treatment.

11 4

50

•
40

~

-x

*

0

e

30

0

~

•m

._

(J

z
w

(J

a:
w

CSF-1
GM-CSF

·''
J
I

I

"'

20

'I

'
J~ ;

c..

·:
.,,

10

0

0

1 .0

10.0

INTERFERON-I' CONCENTRATION (U/ML)

ill

Figure 22. Response of bone marrow-derived macrophages to a "trigger" signal {But-LPS) only
for the generation of increased tumor cytotoxicity. Two x 105 rGM-CSF- or nCSF-1-derived
macrophages were cultured in the presence of medium or But-LPS for 24 hours prior to the
addition of 5l Cr-labeled P815 tumor cell targets as described in Figure 21. The data represent
the arithmetic means± SEM for 8 - 13 experiments for rGM-CSF-derived macrophages and 6 - 13
experiments for CSF-1-derived macrophages. Statistical differences between the two cell types
within a given treaunent group was determined using a two-way ANOV A (p ~ 0.05 was chosen as
the level of statistical significance). Asterisks indicate statistical differences between
rGM-CSF- and CSF-1-derived cultures within a given treaunent.
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Figure 23. Response of bone marrow-derived macrophages

followin~

treatment with riFN-y

and/or But-LPS· for the ·generation of increased tumor cytotoxicity. Two x 105 rGM-CSF- (left
panel) or nCSF-1-derived (right panel) macrophages were cultured in the presence of medium
alone or the indicated concentrations of riFN-y and/or But-LPS for 24 hours prior to the
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addition of 51cr-labeled P815 tumor cell targets. Following 16 hr co-culture of macro phages
and target cells, chromium release was measured and the percent cytotoxicity determined as
described in the Materials and Methods. The data represent the arithmetic mean± SEM for n =
8 - 13 separate experiments for rGM-CSF-derived macrophages and n = 5 - 11 separate
experiments for CSF-1-derived macrophages. Statistical differences between the means
(medium only versus a specific treatment) were determined using a two-way ANOVA (p.::; 0.05
was chosen as the level of statistical significance). Asterisks indicate those treatment groups
found to be statistically different from the response of medium-treated cultures.
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concentration of But-LPS (0.5 ng/ml - 5.0 !lg/ml). However, at the highest dose of riFN-y (10.0
U/ml), But-LPS triggered rGM-CSF-derived macrophages to kill tumor cells from approximately
31% to 57% in a dose-dependent fashion. When nCSF-1-derived macrophages (right panel)
were treated with 1.0 U/ml riFN-y and 5.0 !lg/ml But-LPS, levels of cytotoxicity were increased
to levels observed in similarly-treated rGM-CSF-derived cultures. In the presence of 10.0 U/ml
riFN-y, ~ut-LPS increased significantly the cytotoxicity exhibited by these cells over a more
limited concentration range (50.0 ng/ml-5.0 !lg/ml). The maximal lytic ability of
nCSF-1-derived macrophages induced by the two signals never achieved the levels observed in

·rGM-CSF-derived macrophage cultures in any of eleven individual experiments.
Higher dose combinations of priming and triggering signals were not employed for two·

-·

reasons. First, Figure 23 shows that for both nCSF-1- and rGM-CSF-derived macrophages, a
plateau of tumoricidal activity was obtained over the dose combination range tested. Secondly,
Table 8 shows that above 5 !lg/ml, But-LPS becomes significantly more toxic to the

d
'I

macrophages when in combination with riFN-y. Thus, while both populations of bone
.:I I

marrow-derived macrophages require two signals for maximal tumoricidal activity,
rGM-CSF-derived macrophages exhibited significantly higher tumoricidal activity in the
presence of medium alone or at the highest concentrations of riFN-y and But-LPS.
The preceding experiments were designed to examine the development and
differentiation state of mature macrophages following bone marrow progenitor growth in
either GM-CSF or CSF-1. The next series of experiments was carried out in the presence of both
GM-CSF and CSF-1. The number of colonies which develop in cultures following simultaneous
addition of GM-CSF and CSF-1 might provide insights as to whether the differences observed in
Figures 3 and 4 were due to the action of GM-CSF on a subset of CSF-1-responsive progenitors or
on a unique population of progenitors. Therefore, initial experiments were performed in the
soft agar overlay assay, as described in the Materials and Methods, for the development of
colonies from GM-CFCs and M-CFCs; however, in these experiments both GM-CSF and CSF-1 were
included in the bottom layer of the soft agar overlay assay. In response to either GM-CSF or
CSF-1, the vast majority of the colonies which form are< 2 mm in diameter. Under culture
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Table 8
Viability of Macrophages Following Treatment with High Doses of But-LPS and/or rlFN~f

CELL TYPE

riFN-y 00.0 Wmn

GM-CSF-DERIVED:
Medium

7.6 ± 1.3

11.5±3.8

5 ~ml But-LPS

5.3 ± 1.6

8.6 ±3.0

10 ~ml But-LPS

5.5 ± 3.3

19.5 ± 1.9*

15 ~ml

But-L~S

9.3 ±2.3

19.3 ± 2.4*

20 ~ml But-LPS

4.6±1.0

20.7 ± 3.3*

CSF-1-DERIVED:

.

Medium

3.3 ± 1.0

4.5 ± 1.2

5 ~ml But-LPS

2.5 ± 1.3

9.7 ± 3.1

10 Jlg/ml But-LPS

2.6 ±1.0

16.0 ± 3.9*

But-LPS

2.2±0.5

12.4 ± 2.5

20 ~ml But-LPS

3.5 ± 1.3

15.6 ±4.2*

15

~ml

a Two x 105 GM-CSF- or CSF-1-derived macrophages were treated for 24 hours with
medium, riFN-y (10.0 U/ml) and/or various concentrations of But-LPS. Following the
24-hour incubation period, supernatants were removed and the viability of
macrophages determined by trypan blue exclusion.
b The values are reported as percent cytotoxicity and the data represent the
arithmetic mean± SEM for 4 separate experiments. The asterick (*) indicate values
which are statisically different from medium alone as determined by Student's t-test
(p 5 0.05).
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conditions of simultaneous GM-CSF and CSF-1 addition, we observed the development of a
significant proportion of very large ~ 2 mm) colonies, indicative of those derived from
primitive progenitors with high proliferative potential (Baines!<! al., 1981; Hagan et al., 1985;
Madonna and Vogel, 1985; Schwartz et al., 1986). Additional experiments were performed to
characterize this progenitor development.

·

Stimulation of HPP-CFC progenitors in the combined presence of GM-CSF and CSF-1. The
preliminary observation, that combined treatment of bone marrow progenitors with rGM-CSF
and nCSF-1 (1000 units of each CSF per culture) resulted in colonies of~ 2 rnm diameter,
prompted us to examine further the formation of these colonies·under a variety of conditions.
A number of previous investigators (Baines et al., 1981; Hagan et al., 1985; Madonna and Vogel,
1985; Schwartz et al., 1986) have used a more stringent criteria of colony formation of

~2

mm

diameter following 10- 14 days in culture as indicative of colonies derived from the primitive
progenitor, the HPP-CFC. Therefore, we examined HPP-CFC colony formation following ten and
twelve days of incubation under the standard culture conditions for the development of
colonies derived from GM-CFC and M-CFC progenitors. Since recent work by Mochizuki !<!ill_.
(1987) demonstrated that high doses of IL 1 could serve as a "synergistic activity" (SA) with
GM-CSF for the development of colonies from HPP-CFC, we also included riL 1 in combination
with rGM-CSF as a positive control for HPP-CFC stimulation in our assay.
As described in Figure 3, the number of progenitors which responded to CSF-1 alone to
form colonies of< 2 mm diameter was approximately 6-fold greater than the number of
progenitors which responded to rGM.:csF. Simultaneous addition of rGM-CSF and nCSF-1 to
bone marrow cultures on Day 0 resulted in an increased nwnber of large colonies ~ 2 mm) at
Day 10 (D10) with 21 colonies/loS BMP of~ 2 mm diameter (Figure 24A). In addition, Table 9
shows the effect of combining various concentrations of GM-CSF and CSF-1 for the generation
of HPP-CFC-derived ~ 2mm) colonies. These data verify that the concentrations used were not
in a sub-optimal dose range. The positive control, i.e., rGM-CSF and riL 1 added simultaneously,
also resulted in the generation of 11 colonies/105 BMP of~ 2 mm diameter (Figure 24A). This
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Figure 24. AbiHty of rOM-CSF. CSF-1. or riL 1 (alone or in combination) to stimulate HPP-CFC
colony formation. Five x 104 bone marrow cells were cultured in the presence of 1000
units/culture of rGM-CSF, CSF-1, or riL 1 alone and in combination and were assayed following
(A) 10 and (B) 12 days of incubation as described in the Materials and Methods. Colony

fonnation was scored as < 2 mm or~ 2 mm diameter using an inverted microscope fitted with an
eyepiece reticle (40X magnification). The data represent the arithmetic mean± SEM for 3
separate experiments.
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Table·9

Effect of Combined GM-CSF and CSF-1 Treatment on.the Formation of Large
(>

2mm ) HPP-CfC-like Colonies a

CSF-1 CU/CULT!JRE)

lQQ

II

GM-CSF CUICULTIJRE)

1Q

0±0

0±0

43±26

41 ±2

-l.QQ.

9±1

33±4

80±3

75±7

18 ±0

26±3

56±8

56±6

27 ± 1

42±0

46±22

.lQ.QQ_
.5.QQQ_

a The number of HPP-CFC (> 2 mm colonies) were examined following 12 days of
culture in the double agar overlay assay as described in the Materials and
Methods for HPP-CFC colony formation. These data represent the mean± one
standard deviation of duplicate cultures from a single representative
experiment.
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difference in the ability of CSF- t" and II.. 1 to synergize with 1000 U/culture of GM-CSF to form
large colonies was not due to limiting concentrations of riL 1 in the cultures since 1000
U/culture of riL 1 gave the same number of colonies which were ~ 2 mm in diameter as did 1
U/culture (i.e., 26 ± 7 colonies~ 2 mm diameter/lOS BMP in cultures which r~ceived 1000
U/culture versus 21 ± 10 colonies~2 mm diameter/loS BMP in cultures which received 1
U/culture). Recombinant II.. 1 alone never gave rise to colonies. Analysis of the same cultures
at Day 12 (D12; Figure 24B) showed increased numbers of large colonies following simultaneous
treatment with rGM-CSF and eithernCSF-1 or riL 1: rGM-CSF and nCSF-1 treatment resulted in
38 colonies/lOS BMP of ~ 2 mm diameter, while rGM-CSF and riL 1 treatment resulted in 24
colonies/-IOS BMP of~ 2 mm diameter. It should be noted that using the-~ 2 mm diameter
criterion as indicative of an HPP-CFC-derived colony, rGM-CSF alone at D12 exhibited a limited
ability to stimulate these cells (12 colonies/lOS BMP). At no time over the 12 day assay period
did CSF-1 alone (Figure 24A and B) or nCSF-1 and riL 1 synergize to result in colonies of~ 2 mm
in this assay system. Examination of either synergistic combination (i.e., rGM-CSF plus CSF-1
"' '

or rGM-CSF plus riL 1) on Day 10 or Day 12 for colonies equal to 2 mm in diameter failed to
suggest any differences in the kinetics of colony development. Each D 12 colony of~ 2 mm
diameter contained approximately 2 x 104 cells/colony, consistent with previous descriptions
of HPP-CFC colonies (Bradley and Hodgson, 1979; Baines et al., 1981; Bertoncello ~ al., 1987).
Differences in colony size observed under the influence of rGM-CSF and/or either
nCSF-1 or riL 1 are illustrated in Figure 2S. Photographs of colony development at DlO are
shown for rGM-CSF alone (A), CSF-1 alone (B), rGM-CSF plus nCSF-1 (C), and rGM-CSF plus riL I
(D). The 2 mm X 2 mm grid, which is etched onto the bottom of the culture dish, serves as an
internal measure of absolute colony size.

Signal separation ofGM-CSF and CSF-1 in the generation ofHPP-CFC-Iike colonies. To
detennine the sequence and proximity requirements for rGM-CSF and nCSF-1 to exhibit
synergistic activity in the development of HPP-CFC colonies, cultures were initiated on Day 0
(DO) in either 1000 U of rGM-CSF or nCSF-1, overlayed on various times in culture with 1000 U

11·
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Figure 25. Colony formation in the presence of rGM-CSF. CSF-1. and riL 1. alone and in
combination. Photographs of representative colonies, taken from one ·of three -separate
experiments, cultured in the presence of 1000 units/culture of rGM-CSF alone (A) and
HUrCSF-1 alone (B). The 2 mm X 2 mm grid, etched into the bottom of the culture dish, serves as
an internal indicator of colony size.
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A. rGM-CSF ALONE

B. CSF-1 ALONE
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· Figure 25. Colony fonnation in the presence of IGM-CSF. CSF-1 and rJL 1 alone and in
I

I

combination. Photographs of representative colonies, taken from one of three separate
experiments, cultured in the presence of 1000 units/culture of rGM-CSF and HUrCSF-1 (C)
rGM-CSF and rll.. 1 (D). The 2 mm X 2 mm grid, etched into the bottom of the culture dish, serves
as an internal indicator of colony size.
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C. rGM-CSF PLUS CSF-1

D. rGM-CSF PLUS IL 1
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of the alternate CSF, and examined 12 days after initiation of culture. Figure 26A demonstrates
that in cultures initiated in the presence of rGM-CSF, nCSF-1 could be added as late as DS and
still result in reduced, but significant, HPP-CFC colony development (48 colonies/lOS BMP
when added simultaneously on DO vs. 2S colonies/lOS BMP when rGM-CSF was added on DO and
nCSF-1 on OS). Once again, control cultures (rGM-CSF alone on DO) resulted in only minimal
HPP-CFC colony generation.
When nCSF-1-initiated cultures were examined (Figure 26B), the same trend was
observed. The delayed addition of the second signal (rGM-CSF) for up to S days still resulted in
significant HPP-CFC colony formation. However, in contrast to the fmdings in
rGM-CSF-initiared cultures, nCSF-1-initiated cultures exhibited a grearerreduction in the
number of HPP-CFC colonies when the two signals were separated by S days (i.e., 48 colonies/
10S BMP when added simultaneously on DO vs.12 colonies/105 BMP when the rGM-CSF was added
on 05). No additional HPP-CFC colonies were detected when cultures were examined 12 days
after the addition of the second CSF (Figure 27).
The ability of both sets of cultures to give rise to colonies of lower proliferative
potential(< 2 mm diameter) also differed. In rGM-CSF-initiated cultures (Figure 26A), the
number of colonies < 2 mm diameter remained relatively constant (approximately 85 - 100
colonies 1105 BMP) in cultures which received CSF-1 as late as 3 days after the initiation of
culture. In contrast, CSF-1-initiated cultures exhibited increased numbers of colonies (from 85
to 553 colonies/loS BMP) the later the rGM-CSF was added. Therefore, GM-CSF restricts the
proliferation of CSF-1-responsive, low proliferative potential cells, when the two cytokines are
added in close temporal proximity.

Possible contribution of GM-CSF as SA in human spleen cell conditioned media. Figure
27 demonstrates that, in the absence of NHS, natural murine or recombinant human CSF-1
could synergize with murine rGM-CSF to induce HPP-CFC-derived colonies (40 colonies/10
versus 38 colonies/105 BMP, respectively). Several additional cytokine combinations were
examined to determine if human GM-CSF could be the active synergistic factor in human

5
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Figure 26. Signal separation ofrGM-CSF and nCSF-1 in the stimulation ofHPP-CFC. Five x 104
bone marrow cells were cultured in the presence of either rGM-CSF on DO (A) or nCSF-1 on DO
(B). Cultures were then overlayed·with the opposite CSF on DO or on subsequent days. Colony
formation was scored 12 days from the initiation of culture and colony diameter scored as< 2
mm or~ 2 mm as described in the Materials and Methods. Control cultures are cultures which
received rGM-CSF only or nCSF-1 only on DO. The data represent the arithmetic mean ± SEM for
3 - 8 individual experiments.
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Figure 27. Signal separation of rGM-CSF and nCSF-1 in the stimulation of HPP-CFC. Five x 104
bone marrow cells were cultured in the presence of either rGM-CSF on DO (A) or nCSF-1 on DO
(B). Cultures were then overlayed with the opposite CSF on DO or on subsequent days. Colony
formation was scored 12 days from the addition of the second CSF to cultures and colony
diameter scored as < 2 mm or~ 2 mm as described in the Materials and Methods. Control cultures
are cultures which received rGM-CSF only or nCSF-1 only on DO. The data represent the
arithmetic mean± SEM for 3 - 8 individual experiments.
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spleen cell conditioned medium (HSCM), the source of "synergistic activity" or SA originally
described by Bradley and Hodgson (1979). Table 10 shows that human rCSF-1 failed to
synergize with HSCM unless NHS were present. If human rGM-CSF were used in lieu ofHSCM,
even in the presence of NHS, synergy was not observed.

Examination ofHPP-CFC colony formation in mice following 5-FU treatment. The
original reports in the literature which describe the proliferative expansion of HPP-CFC to
form colonies used bone marrow cells from 5-fluorouracil (5-FU)-treated mice as a source of
progenitors responsive to CSF-1 and SA (Bradley and Hodgson, 1979). Five-FU is cytotoxic for
cells which are actively cycling (Eaves and Bruce, 1979). Therefore, wenext examined the
HPP-CFC colony formation in bone marrow cells derived in the presence of GM-CSF and CSF-1
harvested from mice 3 days and 7 days post-5-FU treatment. These two times were chosen based
on work by Bradley and Hodgson (1979) which showed maximum decreases in the number of
viable cells recovered from bone marrow on these days. The yield of bone marrow cells from
mice which received 5-FU 3 and 7 days earlier, represented 14% and 9%, respectively, of
control yields. The cell sizing profiles of bone marrow cells harvested from normal mice, as
well as from mice 3 days and 7 days post-5-FU, are shown in Figure 28. The cell size
distribution of normal bone marrow (Figure 28A) shows a bimodal distribution. In contrast,
bone marrow cells harvested. 3 days after 5-FU (Figure 28B) exhibited a reduction in the .first
(smaller) peak of cells and resulted in a "shift" in the second peak to a slightly larger
population. By 7 days post-5-FU, there was a single peak of small cells only (Figure 28C).
Figure 29 shows that a small but significant number of progenitors remained following 5-FU
treatment which were responsive to GM-CSF and CSF-1.

Examination of mature macrophages cultured in the presence of both GM-CSF and
CSF-1. A preliminary characterization of the morphological and functional capabilities of
mature macrophages derived from bone marrow progenitors under the influence of GM-CSF
and CSF-1 in liquid culture was next examined . Table 11 shows that following 7 days in liquid
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Table 10

Comparison of Synergy Between Human rCSF-1 and Human Spleen Cell Conditioned
Medium Versus Human iCSF-1 and Human rGM-CSFa

TREATMENT

CFU > 2 MM/10 5 BMP

HUrCSF-1 + HSCM

0±0

HUrCSF-1

+

9±1

HUrCSF-1 + HSCM

+

54±6

HUrCSF-1 + HUrGM-CSF

+

8±4

a The ability of human rCSF-1 (HUrCSF-1) to synergize with reported sources of SA
was examined in the standard assay conditions detailed in the Materials and
Methods, as well as under assay conditions in which 25% normal human serum
(NHS) was added to the standard culture medium. Colony formation was analyzed
following 12 days.
b Human rCSF-1 and human rGM-CSF (HUrGM-CSF) were used at a final concentration
of 1000 U/culture. Human spleen cell conditioned medium (HSCM) was used at a final
concentration of 10%.
c The data represent the arithmetic means± standard deviation of duplicate cultures
from a representative experiment.
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Figure 28. Cell sizing profiles of normal bone marrow cells and bone marrow cells derived
from mice 3 and 7 days post-treatment with 5-FU. Bone marrow cells from mice which
received an i.v. injection of 150 mg/kg of 5-FU were examined 3 days and 7 days post-injection
by Coulter Channelyzer analysis using the following parameters: attenuation = 2, window
width= 40, and matching =10. Panel A represents the cell sizing profile derived from untreated
mice, panel B represents the cell sizing profile derived from mice which received 5-FU 3 days
prior to cell harvest, and panel C represents the cell sizing profile from mice which received
5-FU 7 days prior to harvest.

---
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Figure 29. Ouantitation ofbone marrow-derived HPP-CFC colonies following ·stimulation by
rGM-CSF and nCSF-1 in bone marrow cells derived from normal mice and mice 3 and 7 days
post-treatment with 5FU. Bone marrow cells were collected as described in the Materials and
Methods from one tibia and one femur per mouse. The cells were LSM-purified and cultured at
5 x 104 bone marrow cells per culture in the double agar overlay assay described in the
Materials and Methods. The data represent number of colonies;:;::, 2 mm which formed after 12
days of incubation and are expressed as the number of colonies per mouse (rather than the
number per 105 viable bone marrow cells) as determined from the total viable yield of bone
marrow cells obtained divided by the number of mice per group. This was done to adjust for
the massive losses in viable bone marrow cells following treatment with 5-FU. The results
represent the arithmetic mean ± SEM for two separate experiments.
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Table 11

Cell Sizing Distribution of Mature Macropha~es Derived under the Influence of
both GM-CSF and CSF-1 a

CELL SIZING PROFILES (% CELLS)

CELL TYPE

CHANNEL Nl]MBER
Q.;il

~

46-99

rGM-CSF

41

42

17

nCSF-1

13

37

56

31

46

24

rGM-CSFand
nCSF-1

a One x 107 C3H/HeJ bone marrow cells were cultured in the presence of 250
U/ml each of nCSF-1 and/or rGM-CSF in liquid culture as described in the
Materials and Methods. Following the 7 day culture period, mature macrophages
were harvested and examined for cell size distribution by Coulter Channelyzer
analysis exactly as described in the Materials and Methods. The data were
derived from a single representative experiment of 4 separate experiments.
b The channel numbers correspond to the following cell size (J.l. diameter) .
ranges: channel numbers 0- 15 = 7.0-9.3 1-1; channel numbers 16-45 = 9.411.9 1-1; and channel numbers 46- 99 = 12.1 - 15.0 J.L.
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culture, mature macrophages which were cultured in the presence of both GM-CSF and CSF-1,
exhibited cell sizing profiles reminiscent ofGM-CSF-derived macrophages (Figure 10).
Examination of these macrophages for the early macrophage functional characteristic of
Fc-mediated phagocytosis revealed that only 23% of the macrophages derived in both GM-CSF
and CSF-1 exhibited Fe receptor-mediated phagocytosis and exhibited a weighted mean of3.3
SRBC ingested p~r positive cell, in contrast to those derived in nCSF-1 only (93% phagocytic; 5.3
SRBC ingested per positive cell). In addition, the macrophages derived in the presence of both
GM-CSF and CSF-1 exhibited intermediate sensitivity to VSV induced CPE (32 ± 5%). In the same
experiments, rGM-CSF-derived macrophages exhibited 50± 5% CPE and nCSF-1-derived
macrophages only 2 ± 2% CPE in 4 separate experiments. Further examination of these
macrophages with regard to their Ia antigen expression (Table 12) revealed high levels of total
Ia antigen expression which did not increase in the presence of riFN-y.
Thus, the macrophages which were derived in liquid culture in the presence of both
GM-CSF and CSF-1 exhibited functional characteristics which more closely resembled those of
macrophages cultured in the presence of GM-CSF alone, i.e., heterogeneity with regard to cells
with small diameters as shown by the cell size distribution, low Fe receptor-mediated
phagocytic capacity, relative sensitivity to VSV-induced CPE, and high basal Ia antigen
expression.

~
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Table 12

Ia Anti~en Expression in Mature Macrophages Derived under the Influence of
both GM-CSF and CSF-1 a

TOTAL Ia ANTIGEN EXPRESSION COD12.Qlb

CELL TYPE

DAYI
MEDIUM

+IFN-y

DAY2
MEDIUM

+ IFN-y

rGM-CSF

0.587 ± 0.084

0.625 ±0

0.577 ± 0.034

0.633

nCSF-1

0.432 ± 0.046

0.542 ± 0.020

0.415 ± 0.042

0.627 ± 0.021

0.592 ± 0.046

0.596 ± 0.021

0.600 ± 0.021

0.613 ± 0.028

± 0.032

rGM-CSFand
nCSF-1

a One x 107 C3H/HeJ bone marrow cells were cultured in the presence of 250
U/ml each ofnCSF-1 and rGM-CSF in liquid culture as described in the Materials
and Methods. Following the 7 day culture period, mature macrophages were
harvested and re-plated at 2 x 105 cells per well for each assay.
b Total Ia antigen expression was measured by ELISA exactly as described in the
Materials and Methods and the data represent the arithmetic mean ± SEM for 3 -

5 separate experiments.
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DISCUSSION

Heterogeneity within mature macrophage populations has been hypothesized to
reflect ceU populations at various differentiation states along the differentiation pathway
which leads to the development the fully mature or "activated" macrophage (Cohn, 1978). Most
of the early work which led to a definition of functional or topographical association with
different states of activation involved examination of heterogeneous populations of
macrophages present in the peritoneal cavity of untreated mice versus mice which had
received various stimulants or eliciting agents intraperitoneally . .Work by.a number of
investigators (Lazdin ~.al., 1975; Beelen ~-'11 .• 1978; Bursuker ~-'11.• 1982) demonstrated that
resident peritoneal macrophages exhibited different peroxidase and 5'-nucleotidase activities
than peritoneal exudate macrophages. In these studies, resident macrophages were shown to
e~ibit a high degree of 5'-nucleotidase activity and peroxidase activity which was localized to

the nuclear envelope, in contrast to low 5'-nucleotidase activity and peroxidase activity which
was localized to cytoplasmic granules in exudate macrophages. These findings provided the
first evidence that biochemical differences could be utilized as "markers" for the
differentiation state of a macrophage. In addition, the observations that peritoneal
macrophages elicited by various agents differ with respect to their expression of Fe -receptors,
C3b receptors, and Ia antigens (Bianco ~.al., 1975; Spitalny, 1981; Beller and Ho, 1982), and that
macrophages isolated from various organs also exhibit differential Ia expression (Cowing~

.al.• 1978), added to the experimental evidence in support of macrophage h~t~rogeneity as a
function of differentiation. Finally, macrophages could be activated in vivo by administration
of potent "macrophage activating agents" (e.g., Bacillus Calmette Guerin) or treated in vitro
with lymphokines plus endotoxin, to induce macrophages which were "fully activated" as
assessed by their microbicidal or tumoricidal activity (Nogueria e1 ill,., 1978; Hibbs, 1976).
This heterogeneity, as assessed by biochemical, functional, and differentiation
markers, has prompted much speculation and debate as to the nature, location, and generation
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of these subpopulations of macrophages. Several theories have been proposed to address this
heterogeneity and include (i) major alterations at the site of an inflammatory insult (V~
Furth, 1980), tand (ii) stimulation of functionally unique subsets of progenitors from the bone
marrow which may home to specific organs (Bursuker and Goldman, 1983). In the former
case, Van Furth (1980) proposed that the bone marrow acted solely as a depot for the r~lease of
macrophages into the inflammed site, where they were acted upon by lymphokines released in
response to the inflammatory insult. The latter hypothesis has been explored principally
through the use of crude preparations of Colony Stimulating Factors (CSFs) to allow for the
clonal expansion of progenitor cells within the bone marrow, as well as those within
peripheral organs. This approach has been instrumental in the examination of the question
of heterogeneity on a progenitor level, in contrast to an analysis of mature macrophage
phenotypes within a complex mixture of cells.
The goal of this dissertation was to focus on the question of development of
macrophage heterogeneity through the use of bone marrow-derived progenitors stimulated
with highly purified or recombinant preparations of CSF-1 or GM-CSF. Both forms of CSF have
been shown to act upon bone marrow progenitors to give rise to mature macrophages.
However, these two species of CSF share no sequence homology and bind to distinct receptors
on cells (reviewed by Metcalf, 1986). Thus, the existence of two forms of the same
A

lineage-specific differentiation factor led to questions which address the ~ ~ for this
apparent cytokine redundancy. Do two discrete forms of CSF exist as an evolutionary "failsafe"
system for the maintenance of macropliage populations? One could argue that the
macrophage represents a major line of defense in primary host resistance to infection, and
therefore, the two distinct differentiation factors evolved to ensure preservation of such an
important cell lineage. Fibroblasts represent the principal source of CSF-1 (reviewed by
Metcalf, 1985), and as such, one might expect this factor to be present throughout the body . In
contrast, the primary source of GM-CSF is felt to be stimulated T cells (reviewed by Metcalf,
1985). Thus, the availablility of GM-CSF might be more restricted to areas, such as the spleen,
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bone marrow, thymus, and lymph nodes. The presence of these two factors allows for the
maintenance of basal levels, as well as, provides for the rapid generation of high
concentrations of CSFs during an inflammatory response in the periphery and in the
microenvironment. Alternatively, the existence of two fonns of CSF, both capable of giving
rise to macrophages, might suggest a mechanism by which functional heterogeneity could be
induced. Through a side by side comparison, we have examined the number of bone marrow
progenitors which respond to CSF-1 and GM-CSF in vitro, as well as the functional and
differentiative characteristics of the mature macrophages which develop from appropriately
stimulated progenitors.

.

.

Progenitor Studies

The first question which was addressed was, "Are the macrophage progenitors which
respond to GM-CSF and CSF-1 equal in number?" Experiments carried out to address this
question revealed that by Day 10 in culture, the number of bone marrow progenitors which
respond to CSF-1 to fonn colonies was approximately six-fold greater than the number of
colonies which developed in response to GM-CSF. This difference was observed over a wide
dose range and was detected in both LPS-responsive and LPS-hyporesponsive mouse strains
(Figure 3).
The latter findings are in contrast to those ofMacVittie and Weinberg (1980) which
demonstrated that there were approxim.ately 2-fold greater numbers of M-CFC in the
LPS-hyporesponsive (/4:M.d) C3H/HeJ mouse strain than in the LPS-responsive (fd:l..s.n)
C3HeB/FeJ mouse strain. The apparent differences between the findings of these investigators
and our findings (using the LPS-responsive C3H/OuJ mouse strain) may be attributed to a
number of different parameters, the first of which is usage of different LPS-responder strains
of mice. The C3H/OuJ mouse is more closely related genetically to the C3H/HeJ mouse strain
(Dr. B. Taylor, personal communication) and, therefore, may serve as a better control strain in
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these studies. In addition, previous findings suggest that the C3HeB/FeJ strain possesses a
defect in the ability to control replication of S,. typhimurium in their spleen (O'Brien et al.,
1983), a previously reported macrophage function (O'Brien !<t ~!.. 1979). Although this defect
is unrelated to LPS-responsiveness (Eisenstein !<till... 1982), the use of this mouse strain as a
control may be questionable and might have contributed to the differences in the findings.
Alternatively, the differences in numbers of CSF-1-responsive progenitors in f4M.n
versus L/J.s..d strains reported by MacVittie and Weinberg (1980) versus our findings may have
been related to the use of crude culture supernatants from L929 fibroblasts as a source of CSF-1
in the fm:mer stu~y. These and many other early studies utilize~ such ~p_ernatants as a source •._ _ .
of CSF-1, not recognizing the potential role of contaminating IFN-a/~ in the crude CSF-1
preparations. Since these studies were carried out, it has been well-documented that IFN-a/~
can act as an antagonist of CSF-1 (Klimpel ~ .aJ.., 1982;

Moore~ .ill.• 1984;

Raefsky ~ al., 1985).

In our studies, we have determined that there are equal numbers of CSF-1-responsive

progenitors present in LPS-responsive and hypo-responsive strains using highly purified or
recombinant preparations of CSF-1 shown to be devoid of this contaminating cytokine.
Lastly, one additional explanation for the contradictory fmdings may be that the
number of responsive progenitors observed in LPS-responsive strains can vary depending on
the degree of in vivo stimulation prior to in vitro culturing. Many envirorunental pathogens,
as well as LPS, have been shown to increase IFN-a/~ levels, and the IFN levels of germ-free,
pathogen-free, and conventional mice have been shown to differ dramatically (Galabrue ~.ill. ,
1985). Thus, increased levels of interferon induced in vivo may reduce the number of
progenitors which are capable of responding to CSF-1. This hypothesis was directly addressed
by Goris gal., (1985) in which experimentally contaminated pathogen-free and germ-free
mice exhibited lowered numbers of GM-CFC in their bone marrrow. While there is no mention
of special care taken to ensure cleanliness of the responder mice in the report by Mac Vittie
and Weinberg, we have taken extreme care to purchase mice from a virus-free source, keep
them in the animal facility for a minimum amount of time, maintain them on autoclaved food
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and. acid water, and house them in laminar flow hoods with filter cage tops. Therefore, our _
inability to demonstrate reduced numbers ofM-CFC or GM-CFC in our responder mice may
reflect the cleanliness of the mice and as a consequence, a reduced state of in vivo immune
stimulation, thus allowing for uniilhibited colony formation.
When the kinetics of colony formation in response to CSF-1 or GM-CSF were analyzed,
the numbers of progenitors which responded to either CSF preparation at Day 5 were found to
be comparable, but continued to increase, with time, only in those cultures which contained
CSF-1 (Figure 4 ). The increase in the number of CSF-1-derived colonies over the culture period
may indi~ate the_ existence of a separate population of CSF-1-responsiv~ progenitor cells whicq .. __
can be stimulated at a later time in culture. This possibility was originally put forth by the
workofLin and Stewart (1974) and MacVittie and McCarthy (1977) who demonstrated that, in
the peritoneal cavity and in the lymph nodes, there exist cells which can respond to CSF-1
contained in pregnant mouse uterine extract (PMUE) to form colonies after a significant "lag
time" (10- 14 days) in culture. These progenitors were found to be restricted to the generation
of cells of the macrophage lineage, and have a slower rate of colony formation after addition
of CSF to cultures (MacVittie and McCarthy, 1977). However, examination of the number of
CSF-responsive cells following delayed addition of CSF, as described by MacVittie (1979),
indicated that this colony forming ability was significantly reduced in both CSF-1 and GM-CSF
cultures following a 24 hour period of CSF deprivation (50% reduction in GM-CSF cultures and
60% in CSF-1 cultures; Figure 6). In cultures which were CSF-deprived for 3 - 4 days, little
colony formation was observed when. examined 10 days from the initiation of culture. These
fmdings are consistent with those reported for CSF-deprivation of bone marrow progenitors
reported by Lin and Stewart (1974) which showed that following 24 hours of CSF-deprivation,
there was a 60% reduction in colony forming capabilities. This reduction was more dramatic
by D4 of deprivation, in that only 10% of the progenitors were still capable of colony
formation. Although allowing CSF-1-deprived cultures to incubate for as long as 10 days aflc.r
5
the time of addition led to the formation of approximately 100 colonies/10 input cells, this is
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far below the additional number of colonies which arise in CSF-1-treated cultures between
Days 5 and Day 10 (approximately 350 colonies/lOS input cells). Thus, a population of cells
which responds late in culture cannot account for the increase in colonies observed between
Days 5 and 10 in CSF-1 cultures.
An alternate explanation for the appearance of additional colonies in the

CSF-1-stimulated cultures may be that products produced by CSF-1-stirnulated bone marrow
cells early in culture induce receptivity of additional progenitors for CSF-1 (Bender~ ill_., 1986;
Broxmeyer, 1986). In this regard, exposure of bone marrow progenitors to Hemopoietin- I
(Bartelm~z and ~tanley, 1985; Mochizuki S1.lll.• 1987), Hemopoietin-2 S:Sartelmez ~ al., 1985)~ _ pr__

very low concentrations of1FN-a/~ (Moore and Rouse, 1983), have been shown to result in
increased capacity of bone marrow progenitors to proliferate in response to CSF-1. The
demonstration that CSF-1-derived macrophages produce more IFN-a/P during development
than GM-CSF-derived rnacrophages (Table 5) strengthens the possible role for low levels of
endogenous IFN-a/~ as a "competence " factor in the generation of additional CSF-1-responsive
progenitors with time in culture. Since GM-CSF-derived macrophages produce less than 1.0
U/ml

of1FN-a/~

endogenously (Table 5), perhaps supplementing GM-CSF cultures with various

concentrations of IFN-a/~ may result in the generation of additional GM-CSF-reponsive cells.
In addition to these "competence" factors (Bender S1.lll.• 1986), the endogenous

production of hematopoietic growth factors by maturing macrophages must also be considered
as a possible mechanism for the generation of increased colony formation in the CSF-1-derived
cultures (Ralph S1 al., 1986; Rich, 1986; Horiguchi ~ al., 1987). Although the ability to detect
endogenous CSF production in macrophage supernatants is technically difficult, due to the
autocrine re-utilization of this cytokine, a number of investigators have demonstrated CSF
activity in supernatants from stimulated macrophages (Sullivan~ .1!.!., 1985; Herrmann~ al.,
1986; Rambaldi ~ill..• 1987; Warren and Ralph, 1986), as well as, CSF-specilic mRNA in
macrophages following stimulation with either CSF-1 or GM-CSF (Horiguchi et at., 1986;
Horiguchi ~ .ru.., 1987; Thorens S1.ill.., 1987). Thus, the potential role of endogenous CSF
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production in the generation of the increased colony formation observed between DS and D 10

in culture will require further investigation. The elucidation of this as a mechanism awaits
the availability of bigh-titered neutralizing anti-murine CSF antibodies. Although
anti-murine CSF-1 and anti-murine GM-CS_F antibodies have been made available to us, the
quantities of these reagents has been extremely limited. Neutralization of CSF-induced colony
formation requires pre-treatment of CSF-containing preparations prior to the addition of
responsive cells

(Mochizuki~ .a!.•

1986), as well as inclusion of the antisera in individual

cultures. In addition; this mode of neutralization is not highly predictable when one is
attemp~g

to nel;ltralize the action of a cytokine produced in cl?se prox~ity to cells in the soft, .. __

agar assay.
The reduced numbers of colonies measured in GM-CSF- versus CSF-1-derived cultures
may also reflect differences in the stability of GM-CSF versus CSF-1 over the 10 day culture
period. If GM-CSF were less stable, the degradation of this material could account for a lowered
colony-forming response. Although we do not have information as to the stability of these
factors in our assay system, supplementation of GM-CSF progenitor cultures with an additional
2000 U/culture of GM-CSF on Day 5 did not increase the number of colonies formed on Day 10.
In addition, the slight decrease in colony formation observed in GM-CSF cultures between Day

5 and Day 7 may reflect the degradation of early neutrophilic colonies which have been shown
by a number of investigators to develop in the presence of high concentrations of GM-CSF (Lee
and Wong, 1980; Metcalf, 1980), rather than the destruction of GM-CSF.
In addition to the possible l.ack of "recruitment factors" produced by developing

GM-CSF-1-derived macrophages, these macrophages were shown to produce high
concentrations of PGE (Table 7). Prostaglandins have been implicated by a number of
investigators to be inhibitory for CSF-induced colony formation (Kurland~ al., 1978a; Kurland

S<1 al., I978b; Gentile and Pelus, 1987). Gentile and Pelus (1987) demonstrated that in vivo
injection of mice with PGE (0.001 ~mouse) inhibited colony formation in response to CSF-1
contained in L929 conditioned medium. These authors hypothesized that PGE treatment may
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prevent a new population of progenitor cells from entering into S-phase, which leads to a
depletion of cycling progenitors. · The role ofPGE production in GM-CSF cultures as a possible
inhibitor of colony growth will require further investigation. Additional studies which utilize
inhibitors of PGE production, such as indomethacin, may provide insights into the possible
inhibitory role ofPGE production in GM-CSF cultures during colony development, and may
explain the six-fold difference in colony formation observed in CSF-1 versus GM-CSF cultures.
Taken collectively, our findings indicate that the progenitor population which
responds to CSF-1 is proliferatively more expansive and may not be completely identical to that
which re~onds ~o GM-CSF. It is important to note that the greaterm~ber of CSF-1-responsiy~ _ .
progenitors is not simply an artifact of the soft agar assay. Rather, the differences observed at
the progenitor level were also reflected in the yields of mature macrophages derived in liquid
culture (Figure 8).
· Given the numerous reports in the literature as to the extensive heterogeneity within
the bone marrow progenitor population (Haskill .e.1 ill,., 1970; Williams and Jackson, 1977; Bol et

.ill,., 1979; Bradley and Hodgson, 1979; Bertoncello 5<1 al., 1986; McNiece 5<1 ill,., 1986; Moore et .i!L
1986; Bertoncello s:.t.ill,., 1987), we sought to determine whether GM-CSF and CSF-1 were acting
on the same population of progenitors or an overlapping population. It was our hope that by
examining colony formation in cultures stimulated with h.Q1h GM-CSF and CSF-1, we would be
able to determine if these two cytokines were acting on separate populations of progenitors.
However, under these conditions, the development of large

~

2 mm) colonies in the presence

of both CSFs was an unexpected fmdjrig. Although individual species of CSF have been
described as giving rise to lineage-specific populations (reviewed in Williams and Jackson,
1977; McNiece ~ al., 1986), it is clear that these factors can act synergistically when in
combination with other cell-derived factors and result in the development of large colonies
with high proliferative potential and have been referred to as HPP-CFCs (Bradley and Hodgson,
1979; Baines~ ill_., 1981; Kriegler~ .aL 1982; Bartclmez tl a!., 1985; Bartelmez and Stanley, 1985;
Bertoncello S<1 ill.., 1986; Koike mill.., 1986; McNiece ~.ill., 1986; Stanlcy ~ a!., 1986; Beck m, .Ill..
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1987; Bertoncello ~.ill.. 1987; Mochizuki ~.ill., 1987; Pluznik ~.ill., 1987; Zucali .tl.ill..• 1987).
The methods used to demonstrate the synergistic activities of a variety of cytokines
differ markedly from study to study: colony formation in soft agar (Bol ~ ,&., 1979; Bradley and
Hodgson, 1979; Bertoncello .tl.il!., 1986; McNiece .tl.il!., 1986; Bertoncello ,tl,&., 1987), inclusion of
a variety of sera in the culture medium (Bol ~.ill., 1979; Bradley and Hodgson, 1979; Baines et

.ill., 1981; Madonna and Vogel, 1985; Hagan .tl.il!., 1985; McNiece .tl ru.., 1986; Schwartz et al.,
1986), radiolabeled cytokine-receptor interaction (Bartelmez .tl.il!., 1985; Bartelmez and
Stanley, 1985; Stanley ~.ill., 1986), as well as proliferative responses measured by thymidine
incorpor~tion ~ochizuki ~1!!., 1987). In particular, a spectrum ofme~<:><fologies have been · ·- _ .

utilized to study the expansion of HPP-CFC progenitors in soft agar (Bradley and Hodgson, 1979;
Baines~ .ill.,

1981; Madonna and Vogel, 1985; Hagan .tl.i!l., 1985; McNiece eta!., 1986; Schwartz ct

al., 1986), most of which require an enrichment for HPP-CFC by 5-FU treatment, as well as the
presence of high concentrations of normal human serum (in addition to fetal calf and horse
serum). Since the original purpose of this project was to examine the populations of
progenitors (GM-CFC or M-CFC) responsive to rGM-CSF or CSF-1, respectively, we used
concentrations of individual CSFs shown to be in CSF excess for progenitor responsiveness
under culture conditions which did not include normal human serum (Figure 3). These
concentrations of GM-CSF and CSF-1 were not suboptimal for HPP-CFC stimulation, as evidenced
by the data in Table 9. Figures 24 and 25 demonstrate that there were significantly greater
numbers of HPP-CFC colonies in the combined presence of rGM-CSF and CSF-1 than in the
combined presence of rGM-CSF and riL 1 and that very few HPP-CFC colonies arise in the
presence of rGM-CSF alone. These differences were observed both at DlO and D12.

In addition, the relative ability of rGM-CSF to act synergistically with CSF-1 in the
expansion of HPP-CFC progenitors was also observed in bone marrow cells following treatment
of mice with 5-FU (Figure 29). These findings are consistent with those reported by Bradley
and Hodgson (1979; 1985) which showed the existence ofHPP-CFC progenitors that were
responsive to PMUE as a source ofCSF-1, in combination with "synergistic activities" (SAs)
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from a variety of sources, i.e., human spleen cell conditioned medium (HSCM), human
placental conditioned medium, and conditioned medium from WEHI-3 cell lines. These
subpopulations of progenitors were present in both untreated mice and mice treated with 5~FU.
However, differences in their kinetics of ap~arance after administration of 5-FU, as well as
the number ofHPP-CFC colonies which formed after 5-FU (compared to control mice)
illustrated several major points: (i) the existence of multiple SAs for the stimulation of HPP-CFC
colony formation in combination with CSF-1, and (ii) the existence of multiple subsets of
HPP-CFC which can be characterized based on the kinetics and percent of normal HPP-CFC

develop~ent of~one marrow recovery following treatment of~ice wit!t: ~-FU.
The demonstration by Bradley and co-workers (1979, 1985) of possibly three distinct
HPP-CFC progenitors is relevant to the characterization of the population of HPP-CFC shown
herein to respond to stimulation by GM-CSF and CSF-1. The repopulation kinetics of GM-CSF
and CSF-1-responsive HPP-CFCs, following 5-FU treatment, are similar to that reported for those
HPP-CFC responsive to PMUE and WEHI-3. In both cases, a dramatic decrease in HPP-CFC was
observed at D3 when compared to untreated bone marrow (Figure 28; Bradley S<1 g!., 1985):
However, unlike the HPP-CFC responsive to CSF-1 and the SA in WEHI-3, the HPP-CFCs
responsive to GM-CSF and CSF-1 are not significantly increased by D7. Therefore, the findings
reported herein demonstrate a fourth population of HPP-CFC which can respond to GM-CSF and
CSF-1 and exhibitS bone marrow repopulation -kinetics which have not been previously
reported.
The ability of GM-CSF and CSF-1 to synergize requires additional investigation to
determine whether this synergy is a direct action of GM-CSF and CSF-1 on HPP-CFC or is an
indirect effect mediated through the subsequent production of additional factors . It is possible
that CSF-1 may serve as the SA for GM-CSF due to its previously reported capacity to induce IL 1
in macrophage cultures (Moore ~ill.. 1980). However, this mechanism seems unlikely since
the concentration of riL 1 used in this study ( 1000 U) to synergize with rGM-CSF gave the same
number of colonies~ 2 mm in diameter as seen when 1.0 U of riL 1 was used to synergize with
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rGM-CSF. Thus, even providing a gross excess of the putative intennediate (i.e., IT.. 1) failed to
compensate fully for the differences in "HPP-CFC" colony number observed following
stimulation with rGM-CSF and CSF-1. However, until a highly potent anti-murine IL 1 antibody
reagent becomes available, the potential role of macrophage-derived IL 1 in the proliferative
expansion ofHPP-CFC in response to rGM-CSF and CSF-1 will remain an open question.
Following the observation that HPP-CFC-like colonies fonned in cultures which
received both murine rGM-CSF and murine or human CSF-1, we investigated the possibility
that human GM~CSF was the active SA in HSCM, since the latter was previously reported to
synergize with CSF-1
(Bradley and Hodgson, 1979).
The data -in Table-· 10
.
.
.
. . indicate that human,_._ ~

~

GM-CSF is apparently not the active factor in HSCM, consistent with the reported inability of
human GM-CSF to cross species barriers to stimulate murine bone marrow progenitors
(Metcalf, 1986). In addition, Table 10 shows that in order for CSF-1 to synergize with HSCM, NHS
had to be present, .consistent with original studies which employed HSCM as a source of SA
(Bradley and Hodgson, 1979).
To characterize further the synergy between rGM-CSF and CSF-1, we examined the
temporal requirements for rGM-CSF and CSF-1 in the expansion HPP-CFC progenitors. In
cultures initiated with rGM-CSF (Figure 26), the addition of an SA, in the fonn of CSF-1, could be
delayed as long as 5 days and yet still result in the generation of HPP-CFC colonies, although
the absolute number observed was approximately halved. The number of low proliferative
cells which developed (< 2 mm) under these conditions resembles that derived under the
influence of rGM-CSF alone. However, when CSF-1 is added prior to rGM-CSF (Figure 26),
greater numbers of cells responded to fonn low proliferative potential (< 2 mm) colonies, with
a concomitant reduction in the number of HPP-CFC colonies. This effect is most obvious when
the second signal, supplied by rGM-CSF, is delayed by~ 3 days. Under these conditions, an
5
increased number of low proliferative potential colonies formed (450- 540 colonies/10 BMP).
These findings indicate that in rGM-CSF-initiated cultures, the expansion of CSF-1-responsivc
· of< 2mm d"1ameter IS
· res tnc
· ted . I.· e., the ability of CSF-1 to function
progenitors to fonn colomes
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at its full potential appears to be limited to its role as an SA for IGM-CSF (Figure 26A).

Th~s

inhibitory effect ofGM-CSF on CSF-1-induced proliferation confirms previous findings of ·
Hume ~U!. (1987) in which bone marrow cells from CBA/H mice cultured in the presence of
GM-CSF and CSF-1 exhibited one-third the proliferative response, as measured by 3H-thymidine
uptake, of that induced by CSF-1 alone.
Two pieces of information support the hypothesis that CSF-1 and GM-CSF may act on an
overlapping population of progenitors: (i) the previous demonstration that during colony
formation, in response to either IGM-CSF or CSF-1, there is a time in culture at which
progenit<?r numb.ers responsive to GM-CSF and CSF-1 are equlll and (ii) the observation that
the total number of colonies which form in response to simultaneous addition of IGM-CSF and
CSF-1 is remiruscent of that observed in cultures treated with IGM-CSF alone. Thus, the
number of responsive colonies which develop following simultaneous addition of CSF-1 and
GM-CSF suggests that CSF-1 activity is somehow limited in the presence of IGM-CSF. However,
when CSF-1 is given a "head start", the controlling/inhibitory effect ofrGM-CSF on low
proliferative potential progenitors is lost while the SA is retained. The mechanism of this
inhibition remains to be determined, but may bear on many of the proposed mechanisms
presented earlier in this discussion with respect to the potential role of IFN-Ct/13 or PGE in the
limited colony formation observed in GM-CSF cultures (Figure 3).
The findings presented in this section suggest that a population of early progenitors
exists which responds to the synergistic signals provided by IGM-CSF and CSF-1 to proliferate
as "HPP-CFCs" without enrichment by. 5-FU or the presence of NHS. However, the exact
relationship of the "HPP-CFC" derived under the conditions reported herein, to the HPP-CFC
population originally reported by Bradley and Hodgson (1979), remains to be determined. One
possibility is that the population of progenitors which responds in our system to CSF-1 and
GM-CSF represents a unique HPP-CFC subpopulation, consistent with the growing body of
evidence that multiple populations of HPP-CFCs exist, each with their own distinct
requirements for proliferative expansion (Berton cello~ .l!l.• 1986; Me Niece~ ill.., 1986;
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Benoncello ~ al., 1987). Alternatively, the progenitor population described herein may
represent a cell type which has differentiated from the primitive HPP-CFC originally described
by Bradley and Hodgson. It might be hypothesized that in this new differentiation state the
.

'

HPP-CFC retains high proliferative potential, but now has new signal requirements for
proliferative expansion.

Studies on the functional capacities of mature macrophages derived under the influence of
GM-CSF or CSF-1

The second level at which the question of cytokine redundancy was examined centered
on the functional and differentiative capa_bilities of mature macrophages which developed
under the influence of GM-CSF, CSF-1, or both. The establishment of liquid culture procedures
by Warren and Vogel (1985a), and the s~bsequent modifications to this procedure which are
described herein, allowed for further examination of the mature macrophages which develop
from GM-CSF-responsive and CSF-1-responsive progenitors. Although both populations were
100% mononuclear, the two populations differed with respect to cell size and degree of
vacuolization. CSF-1-derived macrophages were a larger and more homogeneous population of
large macrophages when compared to the broader spectrum of cell sizes which develop under
the influence of GM-CSF (Figure 10), consistent with the early fmdings of Lee and Wong (1980)
using crude CSF-containing preparations. Thus, with respect to cell size, CSF-1-derived
macrophages represent a more differentiated population. However, the high degree of
vacuolization associated with GM-CSF-derived macrophages is inconsistent with the notion,
based.on cell size, that these macrophages represent a less-differentiated subpopulation. The
heterogeneity within this population of macrophages may relfect subpopulations of
macrophages with specilized functions, i.e., perhaps the smaller macrophages express high Ia,
while the highly vacuolated macrophages are highly tumoricidal. These morphological
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characteristics were the first indication that these two macrophage populations differed with .
respect to their state of differentiation.
Non-s.pecific and Fe receruor-mediatedphagocytosis. In 1980, Neuman and Sorg

demonstrated that one of the first functional properties which macrophages acquire during
their development is that of phagocytosis. The earliest phagocytic capacity acquired during
macrophage differentiation is that of non-specific, non-receptor-mediated phagocytosis. With
increasing differentiation, macrophages develop an additional, more specific mechanism of
phagocytosis via Fe receptors (Neuman and Sorg, 1980). In the studies described herein,

.

macrophages
derived
.
. from bone marrow progenitors under the. -influence.. . of
. the two CSFs were

' ~

compared with regard to these two differentiation markers. Although both bone
marrow-derived populations possessed these early functional markers, they differed in the
magnitude of their phagocytic capabilities. The CSF-1-derived macrophages exhibited a
greater capacity for both non-specific and Fe receptor-specific phagocytosis in comparison to
GM-CSF-derived macrophages.
Production a,( endogenous IFN-qifJ. There exists extensive documentation in the

literature to indicate that Fc-receptor expression can be up-regulated by IFN-o/~ and result in
an increased capacity to phagocytose opsonized particles (reviewed by Friedman and Vogel,
1983). Given the findings presented herein (i.e., that GM-CSF-derived macrophages exhibited a
reduced Fc-mediated phagocytic capacity when compared to CSF-1-derived macrophages), and
the evidence in the literature that endogenous levels of IFN-o/~ play a major role in Fe
receptor expression (Moore ~al.. 1984; Warren and Vogel, 1985a), we h~pothesized that
perhaps a major difference between these two populations of macrophages resided in the
ability to produce IFN-o/~ endogenously. Direct examination of the endogenous IFN-o/~
production by these two populations would provide support for this theory. However, the
conventional antiviral assay used to measure excreted IFN activity was found not to be
adequately sensitive to test this hypothesis directly. Based on the well-documented role of IFN
in antiviral activity (reviewed by Gresser, 1984), GM-CSF- and CSF-1-derived macrophages

-

.
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were compared for sensitivity or resistance to viral infection. The observed viral sensitivity
of GM -CSF-derived macrophages versus the refractoriness of CSF-1-derived macrophages to
VSV infection ft11her supported the possibility that differences in IFN production between
these two macrophage populations might exist. Confirmation of this theory was obtained
following reversal of the macrophage's phenotype by either exogenous addition of IFN-a/~ to
GM-CSF-derived macrophages or by addition of anti-IFN-a/~ antibodies to CSF-1-derived
macrophages prior to VSV infection. These findings demonstrated clearly the role of IFN -alP

in differential viral susceptibility of these two macrophage populations. These findings
support ~e hyp~thesis that there is a differential ability ofGM~CSF- ~d .CSF-1-derived
macrophages to produce IFN-a/~ endogenously. However, the mechanism by which VSV
induced CPE in GM-CSF-derived macrophages is not known. Since neither GM-CSF- nor
CSF-1-derived macrophages supported any significant viral replication (Table 4), it is unlikely
that viral replication resulting in the release of infectious viral particles mediated the
observed CPE in the GM-CSF-derived macrophage cultures. These fmdings are similar to those
of McGowan and Wagner (1981) which demonstrated that virus production was not a
prerequisite for CPE. In addition, observations that both populations of macrophages exhibited
equal intensity of fluorescent staining of infected monolayers, as well as, equal numbers of
infected cells (Figures 15 A,B,C,D) indicate that the CPE observed in GM-CSF-derived cultures
may be attributable to differences in the maturation of viral progeny late in culture.
The mechanisms which underlie the apparent differences .in the ability of these two
CSFs to induce endogenous IFN production in macrophages is unclear. One possible
explanation is that CSF-1 is a better inducer of endogenous IFN than GM-CSF. This theory was
addressed directly by Lee and Warren (1987) by treating peritoneal macrophages wilh either
CSF-1 or GM-CSF and measuring IFN production. These investigators confirmed previous
observations that CSF-1 could induce IFN production (1987), but also demonstrated that mature
macrophages treated with GM-CSF failed to produce IFN. An ahemate explanation might be
that GM-CSF blocks induction of endogenous IFN-a/~ and/or precludes macrophages from
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responding to exogenous addition of IFN -a/~. This latter suggestion is supported by the failure
of IFN-a/~ (50 U/ml) to increase Fc-mediated phagocytosis significantly in GM-CSF-derived
macrophages. However, this anergy to e~ogenous IFN-a/~ would have to be highly selective,
since GM-CSF-derived macrophages responded to exogenous lFN-a/~ in the generation of an
antiviral state following treatment with as little as 1.0 U/ml. Thus, the failure of
GM-CSF-derived macrophages to respond to exogenous IFN-a/~ to exhibit increased Fc-mediated
phagocytosis may reflect a defect in secondary signals required for Fe receptor induction
which are not required for antiviral activity.
These_fmdings may also indicate that IFN-a/~ must be prese~t during the macrophagl( _ _ .
differentiative process for full expression of Fe receptor capacity as well as a subsequent
ability to respond to lFN-a/~. The role of IFN during differentiation in these bone
marrow-derived macrophages will require further study. Inclusion of either lFN-a/~ or
antibodies to

lFN-a/~

during the differentiation in liquid culture of B:MP in the presence of

GM-CSF and CSF-1, respectively, may elucidate the role of endogenous IFN in the generation
and subsequent IFN-responsiveness of these two populations with regard to Fe receptor
expression.
Resident and peritoneal exudate macrophages from

lJ2il versus /42,id mice have been

shown to exhibit differences with regard to both Fc-mediated phagocytosis and viral resistance
(Vogel and Rosenstreich, 1979; Vogel and Fertsch, 1987). Peritoneal macrophages from the
Wn mice exhibit higher levels of Fc-mediated phagocytosis and antiviral activity than
macrophages derived from Wd mice. .These differences could be reversed by treatment of the
w..n macrophages with antibodies to 1FN-a/~ (Vogel and Fertsch, 1984; Vogel and Fertsch,
1987).
In many ways, these findings are analogous to the differences described above for
CSF-1-derived and GM-CSF-derived macrophages from C3H/HeJ mice, i.e, Lpsn (C3H/OuJ)
peritoneal macrophages are phenotypically more like CSF-1-derived macrophages, whereas
Wd (C3H/HeJ) peritoneal macrophages are functionally similar to GM-CSF-dcrivcd
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macrophages. One potential explanation for this interesting parallel could be that C3H/OuJ
macrophages are more like CSF-1-derived macrophages due to a greater number of
CSF-1-responsive progenitors than C3H/HeJ mice. Expansion of these CSF-1-responsive
progenitors might result in a larger proportion of these types of macrophages in the
periphery of C3H/OuJ mice compared to C3H/HeJ mice. This possibility is not likely, given the
data presented in Figures 3 and 5. Since both strains of mice possess the same number of
CSF-1-responsive progenitors in the bone marrow and spleen, the differences in macrophage
phenotypes between C3H/HeJ and C3H/OuJ macrophages cannot be silnply a reflection of
available_ proge~tors.

Alternatively, the ability to stimulate the appareJ!tly equal numbers of

CSF-1-responsive progenitors may differ in these two strains of inice. Since the inability of
C3H/HeJ mice to respond to LPS is reflected in all cell types (reviewed in.Vogel and
Rosenstreich, 1981), including fibroblasts (Ryan and McAdam, 1977), in vivo stimulation by
LPS may fail to induce CSF-1 production by fibroblasts (a major cellular source of CSF-1 ), and
therefore, result in a diminution in the level of CSF-1 in the C3H/HeJ mouse. The consequence
of this reduced CSF-1 production in the C3H/HeJ mouse would result in an inability to stimulate
the available CSF-1-responsive progenitors, thus resulting in a paucity of mature
CSF-1-derived macrophages in the periphery.
Aside from the direct effects of reduced CSF-1 production on bone marrow progenitors
in the C3H/HeJ mouse, studies by Moore~ ill,. (1980) suggest a second level at which CSF-1
concentrations might affect expansion of CSF-1-responsive progenitors. In these studies,
Moore ~ill_. showed that macrophages ·derived from bone marrow progenitors under the
influence of CSF-1 or treatment of peritoneal exudate macrophages with CSF-1 resulted in an
increase in the capacity of these macrophages to respond, in vitro, to low concentrations of
LPS to produce IL 1 and IFN-a/~. If the fdli_ defect in the C3H/HeJ mouse resulted in diminished
production of CSF-1, C3H/HeJ macrophages might be less "sensitized" to the stimulatory effects
ofLPS in vivo. In contrast, macrophages derived from LNn mice might respond to CSF-1 to
exhibit heightened sensitivity to endogenous LPS in vivo and thus, exhibit increased
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· production of IFN-a/13. This increase in IFN-a/13 concentration could, in tum, potentiate the
proliferative stimulus supplied by CSF-1 (Moore and Rouse, 1983) and result in greater
expansion of the CSF-1-responsive progenitor population, as well as augmented Fe receptor
expression and resistance to viral infection.
These studies demonstrate the differential ability of bone marrow progenitors
stimulated by GM-CSF or CSF-1 to result in the maturation of macrophages with different
capacities for IFN-a/13 production. These studies also demonstrate the far-reaching effects of
such a deficiency, i.e., decreased Fe receptor expression, as well as increased susceptibility to
virus inf~tion. ptese findings also illustrate the potential role _of secon_d~ mediators
produced.in response to CSFs, i.e., IFN-a/13, in the initiation and propagation of a complex
cytokine cascade involved in the generation of macrophages.

Ia antigen expression. Another well-characterized marker of macrophage
differentiation is the ability to express Class II MHC or Ia antigens (Beller and Ho, 1982). This
marker has been associated with "higher order" macrophage functions (Beller, 1984) The
expression of Ia aritigens is essential for the appropriate presentation of antigen by
antigen-presenting cells, such as macrophages, to antigen-specific T cells (Rosenthal and
Shevach, 1973;

Heber-Katz~ ID,.,

1982; Beller, 1984; Unanue and Allen, 1987). Recently, much

attention has focused on the mechanisms by which Ia antigen expression is regulated.
Specifically, IFN-yhas been shown to be a principallymphokine responsible for upreglilating
Ia antigen expression on macrophages (Steeg~ ID,., 1980; Birmingham~ ID,., 1982; King and
Jones, 1983; Vogel ~ID,., 1983; Warren and Vogel, 1985a), as well as on other cell types
al., 1984; Berrih, ~ ru... 1985; Groenewegen ~ill.., 1986;

Ruff~

(Koch~

al., 1986). In some studies,

enhanced expression of Ia antigen expression has also been correlated with increased
!a-dependent accessory functions

(Steeg~

al., 1980; Tzehoval .Ia ill.., 1981; Birmingham ~ill_. ,

1982; Beller, 1984). These studies were carried out primarily on macrophage populations
which express low levels of Ia in the absence of inducer. However, it has also been recognized

·.
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for some time that subpopulations of highly !a-positive macrophages exist (Cowing ~.l!J.., 1978;
Tzehoval ~.l!J.., 1981), even in athymic nude mice (Lu ~ill..• 1981), where the availability of
endogenously-produced, T cell-derived IFN-yto induce and/or maintain Ia expression would be
markedly limited. This raises the possibilio/ that other mechanisms may contribute to the
development of certain populations·of I a positive macrophages within the body.
Although the'CSFs, GM-CSF and CSF-1, are principally responsible for the
differentiation of macrophages along the monocytic lineage (Metcalf, 1986), it is not clear
whether these two cytokines act on discrete or overlapping populations of bone marrow
progenit?rs (Me~calf and Burgess, 1982; Hogg, 1986) or whether the m~ture macrophages
which arise under the influence of these distinct factors are functionally distinct populations
(Bursuker and Goldman, 1982; Bursuker and Goldman, 1983; Hogg, 1986). Early studies by Lee
and Wong (1980; 1982) demonstrated that macrophages derived from bone marrow cells under
the influence of crude preparations of fibroblast -derived CSF (i.e., shown by others to be
principally CSF-1; Stanley and Heard, 1977) or a Colony Stimulating Factor found in
endotoxin-stimulated lung conditioned medium (i.e., either a GM-CSF or a mixture of colony
stimulating factors·; Burgess~ ill.• 1977; Nicola and Metcalf, 1986) differed in their expression
ofia. Specifically, those cells grown in the crude CSF-1 preparation exhibited lower Ia antigen
expression and "antigen-presenting" activity than cells grown in lung conditioned medium,
but the expression of Ia on the CSF-1-derived cells could be augmented by exposure of the cells
to crude lymphokine preparations. Similarly, Calamai ~ill. (1982) showed that bone marrow
cells cultured in crude fibroblast supernatants gave rise to macrophages which expressed low
levels of Ia, but could be induced to become Ia-positive after exposure to lymphokines. These
authors raised the possibility that CSF may act to antagonize induction of Ia antigen
expression.
Using recombinant and highly purified preparations of GM-CSF and CSF-1, we have
confirmed and extended these findings. Specifically, macro phages derived under the
influence of recombinant or purified, natural CSF-1 possess lower basal levels of Ia antigen
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expression, express reduced levels of !a-specific mRNA, and are significantly less capable of
inducing T cell proliferation following antigen exposure when compared to rGM-CSF-derived
macrophages. Although signific~lt T cell proliferation was observed in macrophage cultures
following exposure to antigen, the absence of data utilizing an irrelevant antigen precludes us
from definitively stating that the data shoW11 in Figure 20 were a result of antigen-specific T
cell proliferation. Thus, rGM-CSF gives rise to a population of mature macrophages which is
intrinsically more !a-positive and more capable of Ia-related functions than CSF-1-derived
macrophages. Since prostaglandins have been shown to be anti-proliferative to lymphocytes
(Kuehl,

~977;

H?ffeld ~ill., 1980; Gemsa, 1982; Morley; 1982) and sil!ce prostaglandins have, _ _ .

been shown to down-regulate Ia antigen expression on macrophages (Snyder~ al., 1982; Tri~p
~

ru.., 1986), the potential role of PGE in the differences observed in basal Ia expression and

function of these two populations was examined. The finding that rGM-CSF-derived
macrophages produce approximately ten-fold greater levels of PGE than CSF-1-derived
macrophages would argue against the possible role of PGE in the maintenance of low basal Ia
expression in CSF-1-derived macrophages. In addition, our fmdings are in agreement with
those of Vespa ~ ill_. (1987) in which PGE had no effect on the modulation of Ia expression in a
cell line which expresses Ia antigen constitutively , while demonstrating its inhibitory effects
on transient Ia expression in macrophages induced by lymphokines.
Another possible explanation for the differences in basal Ia expression exhibited by
these two populations may exist in the observation that Ia expression has been shown
previously to be under negative controi by 1FN-a/~ (Ling~ _ru., 1985; lnaba ~ill_., 1986; Fertsch

~ al., 1987). Our finding, that CSF-1-derived macrophages produce more IFN-a/P than .
GM-CSF-derived macrophages, is consistent with the possibility that decreased Ia antigen
expression in CSF-1-derived macrophages is due to a negative regulatory influence exerted by
endogenously-produced IFN-a/~. Thus, it is possible that endogenous IFN-a/~ production plays
a significant role in the maintenance of low Ia antigen expression in CSF-1-derived
macrophages and/or the over expression of Ia antigen in rGM-CSF-derived macrophagcs.
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Further examination of this posssibility will require the exogenous addition of either IFN-a/P
or use of anti-IFN-a;p antibodies during the development of these macrophages.
Although riFN-y was found to increase Ia expression on CSF-1-derived macrophages,
the ability ofiFN-yto increase the capacity ~fthese cells to drive antigen-specific T cell
proliferation was only minimal (Figure 20). The ability of macrophages to function as
"antigen-presenting" cells is a complex process which involves antigen uptake, antigen
processing, presentation of antigen in the context ofappropriate Ia antigen, as well as the
presence of additional macrophage-derived signals (reviewed in Unanue ~.ill., 1984). The
inability ?f incre~ed total Ia expression in CSF-1-derived macrophage~ _to result in a
functional increase in T cell stimulation poses an interesting question concerning the
relevance of total Ia expression. One possible explanation for this fmding may be that the
density of Ia antigen available to the antigen-primed T cells is critical for maximal stimulation
and may suggest that a threshold level of Ia is required forT cell proliferation in the presence
of antigen. It is clear from the fluorescent antibody analysis (Figure 19) that the density ofta
antigen on riFN-y-treated, CSF-1-derived macrophages still remains less than that seen in
rGM-CSF-derived cells (medium- or riFN-y-treated), even though the total Ia (as measured in
the ELISA assay) is equivalent and the number ofla-positive macrophages is actually greater
(as measured by direct cytotoxicity). Thus, the density ofla on individual CSF-1-derived
macrophages may simply be inadequate (i.e., below threshold levels) for optimal antigen
presentation. Alternatively, reduced presentation function may reflect a failure of
CSF-1-derived macrophages to process antigen correctly or to develop some additional cell
surface marker(s) which is( are) necessary forT cell stimulation, such as Interleukin 1
(Kurt-Jones et al., 1985; Virgin sa ill.., 1985; Unanue and Allen, 1986; Hurme, 1987;

Morrissey ~

a!., 1987). While we have no data which compares the processing capabilities of these two
populations of cells, the possible involvement of IL 1 in the differences observed with respect
toT cell-induced proliferation has been examined. Preliminary studies showed that no
detectable IT. 1 was found in supernatants of medium-treated rGM-CSF-or CSF-1-derivcd
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macrophages. However, the role of membrane-bound II.. 1 may be of importance and requires
further investigation (Kurt-Jones ~ al., 1985; Virgin~&..• 1985; Gerrard~ al., 1987; Hurme,
1987).
Lastly, the fmding that exposure of rGM-CSF-derived macrophages to high levels of
riFN-y led to an inhibition ofT cell proliferation at high cell concentration is consistent with
previous reports of IFN-y-induced suppression of antigen-stimulated lymphocyte proliferation
(Wing !a ru..• 1986; Fujiwara~&.• 1987). Although the inhibitory factor in these preparations
has not been identified definitively, one must examine the potential role ofPGE in the
inhibitio~

of anti_gen-specific proliferation observed in riFN-y-treated G_lVI-CSF-derived

macrophages at high cell densities. Although additional mechanistic investigation is required,
the fmdings reported herein establishes a functional distinction between macrophages
derived llllder the influence of GM-CSF versus CSF-1. Since the production of GM-CSF has been
ascribed to cell types other than T cells (Nicola~&.• 1979; Groopman, 1987; Chodakewitz ~ gl.,
1988), it is possible that this form of CSF is responsible for the development of I a positive
macrophages in specific organs in the absence of a sustained IFN-y signal.
Turoorjcidal activity. The demonstration of high Ia expression in GM-CSF-derived
macrophages prompted us to investigate an additional "higher order" differentiation function,
that of acquisition oftumoricidal activity. The theory of a multisignal differentiation pathway
which leads to the activation of macrophages to a fully tumoricidal state was originally put
forth by Hibbs and his colleagues (Hibbs~&.• 1977; Weinberg~ al., 1978) and has since been
confirmed and extended in many laboratories (Weinberg ~ill.., 1978; Pace and Russell, 1981;

Pace~&., 1983a,b; Schreiber~ al., 1983; Pace ~.ill., 1985a; Hogan and Vogel, 1987). Briefly,
Hibbs~ .ru. proposed that induction of maximal tumoricidal activity was a multi-signal event:

macrophages were first "primed" into a stimulated, but non-cytolytic state by lymphokine(s),
generically referred to as "MAF". Once "primed", the macrophage could be activated to full
tumoricidal capacity by a "trigger" signal. Envirorunental stimuli, such as Gram negative LPS,
were identified as potent "trigger" signals. Among the many early studies that addressed this
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hypothesis experimentally, the work of Weinberg and his ·colleagues provided the important .
insight that the nature and potency of the "priming" signal defined the receptivity of a
macrophage to a triggering signal(Weinberg .1<1&.• 1978). For instance, macrophages derived
from mice which had been administered a potent activating agent, such as Bacillus Calmette
Guerin, required a very low dose of LPS to trigger tumoricidal activity. In contrast, if the
macrophages were first elicited by a relatively weak stimulating agent, such as proteose
peptone, either high concentrations of LPS or an additionallymphokine exposure followed by
low doses ofLPS, induced full tumoricidal activity.
Using_the P815 mastocytoma as a target tumor cell, ~ace~~: (1983a; 1983b) and
Schreiber .1<1..1!!.. (1983) defmed lFN-yas a principal form ofHibb's proposed MAF in lymphokine
an4 T cell hybridoma supernatants. With the availability of recombinant lFN-y, these
observations were defined more precisely: maximal tumoricidal activity was induced in
proteose peptone-elicited macrophages (derived from LPS-responsive C3H/HeN mice) with 110 U/ml riFN-y and as little as 0.3 ng/ml LPS. Neither riFN-y alone nor LPS alone induced any
significant increase in tumoricidal activity in these macrophages. If macrophages were
derived from the LPS-hyporesponsive C3H/HeJ strain, protein-free LPS could not be used as a
"triggering" signal; however, alternate second signals, such as heat-killed L. monocytogenes
(Pace ~ill.., 1985a), protein-rich But-LPS (Pace tlill.., I983b; Hogan and Vogel, 1987), or lipid
A-associated protein itself (Hogan and Vogel, 1987), were fully efficacious "tiggering" signals.
While much work has focused on rlFN-y as MAF, work by Meltzer ~<t.!!l. (1982) laid the
goundwork for an analysis of other cytokines for their ability to provide MAF-like priming
signals. In their report, supernatants from the EL-4 thymoma cell line were shown to contain
a 23,000 dalton protein which possessed MAF activity and co-eluted with CSF activity. These
characteristics are consistent with a potential role for GM-CSF in this activation. The
possibility that GM-CSF, aT cell-derived product (Ruscetti and Chervenick, 1975; Prystowsky £1
al., 1983; Metcalf, 1986), could mediate these responses was addressed directly by Grabstein !a ill..
(1986) in which human peripheral blood mononuclear cells were activated to a tumoricidal
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state upon exposure to human recombinant GM-CSF, in the absence of exogenous LPS.
However, data showing the effect of combined rGM-CSF and LPS were not provided in this
report. The ability of fibroblast-d~rived CSF-1 to activate resident or elicited peritoneal
macrophages has also been exam~ed. Early work by Ampel ~.al. (1982) showed that treatment
of peritoneal exudate cells with partially purified CSF-1 led to as much as an 80% inhibition of
3

H-thymidine uptake by target tumor cells. However, the media in this study was reported to

contain up to 10 nglml LPS. In later studies, Wing s;1 ill. (1986) treated resident peritoneal
macrophages with partially purified CSF-1 in media which contained < 0.1 ng/ml LPS. Under
these co~ditions •. the CSF-1 treatment failed to induce tumoricidal activ!tY. and the addition of
LPS (1 ng/ml) increased activity to approximately 10%. This low level of induction was
compared to approximately 34% in peritoneal macrophages treated with riFN-y (10.0 U/ml) and
LPS.

In studies by Weinberg s;1 ill. (1978) and ·Keller and Keist (1986), crude
CSF-1-containing supernatants were used to culture macrophages from peritoneal or bone
marrow macrophage progenitors. In the Weinberg study, the CSF-1-derived macrophages
failed to exhibit any tumoricidal activity unless treated with high doses of LPS. In the study by
Keller and Keist (1986) the CSF-1-derived macrophages were non-tumoricidal, but could be
fully activated by crude "MAF" preparations. The LPS content of these MAF preparations was
not reported.
The data presented herein provide a side by side comparison of the tumoricidal
capacities of macrophages derived from bone marrow progenitors under the influence of
murine rGM-CSF or highly purified CSF-1. By using bone marrow progenitors from C3H/HeJ
mice and assuring that all reagents were used at "endotoxin-free" concentrations(< 0.01
ng/ml), we were better able to compare the tumoricidal activities of macrophages following
differentiation in rGM-CSF or CSF-1. Our data show that exposure of progenitors to rGM-CSF
alone results in the development of a macrophage population which exhibits a higher basal
level of cytotoxicity, respond slightly to a strong "priming" signal only, fail to respond to
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"triggering" signal alone, and becomes highly tumoricidal with combined treatment. The
basal cytolytic activity of these cells is consistent with the study of Grabst~in ~ .a.l.. (1986)
which demonstrates that GM-CSF could activate mature human mononuclear cells to a
tumoricidal state in the absence of exogenous LPS. Moreover, our finding that combined
priming and triggering signals are synergistic with regard to tumoricidal activity indicate
that macrophages derived under the influence of GM-CSF are not fully activated w ~. but
require two signals for maximal tumoricidal induction.
By comparison, CSF-1-derived macrophages exhibit no significant tumoricidal activity
in the ab~nce o~ exogenous signals. Treatment with riFN-y alone faile~. to increase this
capacity significantly. However, the highest dose ofBut-LPS triggered significant tumoricidal
activity, but only up to the basal levels exhibited by rGM-CSF-derived macrophages. Combined
treatment of these cells also led to synergistic tumoricidal activity, but the maximal inducible
level approached, but never attained, maximal levels attained in rGM-CSF-derived cultures.
The mechanism involved in the tumoricidal capacities of these two populations of
macrophages remains to be determined. Given the mounting evidence that TNF as well as
other monokines play a major role in macrophage-mediated tumoricidal activity (Jadus et al.,
1986; Philips and Epstein, 1986; Chen~ .a!.• 1987; Ruggiero~ ill_., 1987), the potential role of
differential TNF production between GM-CSF-and CSF-1-derived macrophages must be
investigated. Preliminary examination showed no statistical difference in the basal level and
induced levels ofTNF produced by these two macrophage populations (data not shown).
However, recent reports indicate that membrane-bound TNF may play an important role in
tumoricidal activity by macrophages (Decker~ al., 1987; Klostergaard et ill_., 1987) and,
therefore, should be examined in future studies.
Taken collectively, the studies presented herein have taken advantage of highly
purified or recombinant CSFs to elucidate a mechanism(s) for the development of
morphological and functional heterogeneity demonstrated within mature bone
marrow-derived macrophages. Our findings support the theory that the macrophage
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· spect"fitc organ systems may result from differential stimulation
heterogeneity observed. Wl·th m
of heterogeneous populations of progenitors. The ability of GM-CSF to stimulate a limited
number of progenitors in comparison to CSF-1 (Figure 3), as well as its ability to synergize

with CSF-1 to expand proliferatively a subpopulation of HPP-CFC whose progeny are
phenotypically more like GM-CSF- than CSF-1-derived macrophages (Table 11 and 12), suggest
a role for GM-CSF as a potent regulatory cytokine in macrophage differentiation.

These fmdings extend a growing list of functional differences between macrophages
derived ~der th~ influence of rGM-CSF versus CSF-1. Altho~gh CSF~ 1~derived macrophage~ . . __
are "more differentiated" with respect to their size, phagocytic capacities, and the ability to
resist viral infection, rGM-CSF-derived macrophages exhibit a very high basal level of Ia
antigen expression, an augmented capacity to induce antigen-specific T cell proliferation, as
well as a greater potential for tumoricidal activity. The linear differentiation scheme which
was originally put forth by Cohn (1978), and which has served as a "standard" , implies that as a
macrophage matures to its fully activated state, it must acquire certain markers and functions
prior to the acquisition of "higher order" markers and functions. The findings presented
herein suggest that under the influence of GM-CSF, the acquisition of "higher order"
functions may not require a differentiative progression which results in the retention of
certain "lower order" functions. In addition, our findings imply that functional heterogeneity
among different populations of mature macrophages (Lee, 1980) may reflect the effects of
different species of colony stimulating factor on progenitors and the emigration of selected
populations to particular organs. For example, high Ia expression in macrophages in the
spleens of euthymic (Cowing sa ru,., 1978) and athymic mice (Lu sa ill.., 1981; Wentworth and
Ziegler, 1987), maintenance of high Ia expression in peritoneal macrophages derived from
Bcgr mice (Zwilling sa~!.. 1987), differences in tumoricidal activation associated with

different stains of mice (Pace sa al., 1985b), as well as constitutively high Ia expression on
Langerhans cells (Tamaki sa al., 1979; Schuler~ ill,., 1985; Inaba .tl gl., 1986; Shimada ct al.,
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1987), may in part reflect the effect of GM-CSF versus CSF-1 on progenitors which then "home"
to specific organs.

In conclusion, the demonstration ~f macrophages which possess such distinct
phenotypes following expansion of B:MP in a controlled environment, and following
stimulation by a single exogenous CSF, has allowed for the defmitive demonstration that
preferential stimulation ofBMP populations can result in the degree of heterogeneity
previously observed in complex organ systems. The demonstration that GM-CSF-derived
macroph~ges po~sess predominantly "higher order" differentiat_ive fWlC!i~ns while

CSF-1-derived macrophages posses "lower order" functions calls into question the linear
acquisition of macrophage differentiation markers previously reported. Table 13 provides a
semi-quantitative summary of the data presented in this dissertation with respect to the
functional and morphological differences observed in GM-CSF- and CSF-1-derived
macrophages. Taken collectively, these data suggest that an alternate pathway of macrophage
differentiation exists for macrophages derived under the influence of GM-CSF, i.e., that these
cells by-pass acquisition of some of the early functional markers in their differentiation to the
fully activated state (Figure 30). From a teleological standpoint, the demonstration of highly
activated GM-CSF-derived macrophages is rather logical: given the low numbers of
progenitors which responsd to GM-CSF, and the fact that GM-CSF is primarily produced by
activated T cells during the course of an inflammatory response, it is not suprising that the
macrophages which develop from this iimited number of progenitors are more highly
activated, and thus, better suited for protecting an animal from an inflammatory insult.
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Table 13

Summary of Mowhologjcal and Functional Characteristics of GM-CSF and
CSF-1-Derived Macropha~esa

FUNCTIONS

GM-CSF-DERIVED

CSF-1-DERIVED

1. Size/adherence

+

+++

2. Latex.ingestion

+++

++++

3. Fe-receptor mediated ingestion

++

++++

4. Endogenous lFN production

5. Virus sensitivity.

++

sensitive

resistant

6. Total Ia antigen expression
medium:

++++

+

plus IFN-y.

++++

+++

medium:

++++

++

plus IFN-y.

++++

+++

7. Stimulation ofT cells in the
presence of antigen

8. Tumoricidal activity
medium:
plus IFN-y and But-LPS:

+
++++

++ to +++

a This qualitative summary was based upon the quantitative data presented throughout
the Results section of this dissertation.

li2

Figure 30. Modified pathway of macrophage differentiation based on-the work presented in
this dissertation. The hierarchy of macrophage differentiation shown in Figure 1 has been
modified to incorporate a potential alternate pathway by which GM-CSF-derived macrophages
proceed differentiatively.
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