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THE INTERACTION OF EARLY HEMATOPOIETIC PROGENITORS

WITH GLUC000RTICOID HORMONES AND MACROPHAGES

Franklin Zalman

Abstract

The sensitivity of erythropoietic (BFU-E) and granulopoietic

(CFU-C) progenitor cells to dexamethasone and cortisone was studied

in cultures of mouse bone marrow. Although the log dose-response

relationships had a similar form, the BFU—E were much more sensitive

than the CFU-C to either glucocorticoid. The dexamethasone concen

* M for BFU-E and 60 x 10°tration for 50% inhibition was 3 x 10" M

for CFU-C. The differential sensitivity to cortisone was even

greater, with 60% inhibition of BFU-E and 18% inhibition of CFU-C at

0.1 ug/ml. These findings suggest a specific rather than a general

response to glucocorticoids and indicate that granulocyte-macrophage

progenitors are less affected than early erythroid progenitors by

physiologic concentrations of these hormones.

The interaction of peritoneal macrophages with CFU-C was studied

using a liquid culture system. Thioglycollate activated macrophage

adherent layers were significantly more effective in maintaining the

CFU-C than were resident macrophage or bone marrow derived adherent

layers. After 5 days in culture, thioglycollate-activated macrophage

layers supported twice as many CFU-C as resident or bone marrow

layers. The difference increased with time, being 5 fold at 12 days.



This effect was independent of the presence of colony stimulating

activity (CSA) or the cell number in the adherent layer. None of the

adherent layers supported the long term survival of CFU-C. These

findings indicate that macrophages may serve an important regulatory

function in the proliferation of putative granulopoietic stem cells

independent of CSA production.



INTRODUCTION

The regulation of hematopoiesis is only partially understood.

It is thought that a pluripotent stem cell can differentiate to

yield committed stem cells. The committed stem cell is either

an erythropoietic, granulopoietic, or thrombopoietic precursor

that is capable of a degree of self-maintenance. After a number

of divisions within this precursor compartment, cells reach a

more differentiated stage, leading finally to the nondividing,

mature state. Regulation of mature blood cell levels may involve

pluripotent stem cell input into a given compartment, a change in

the fraction of cells proliferating, or alteration in the rate of

transit (differentiation) before release to the periphery (1).

A change in the rate of ineffective erythropoiesis or granulopoie

sis may also be important. The factors controlling these functions

have been partially defined (2-4).

Development of assay systems for hematopoietic stem cells

has made it possible to study various regulatory factors. The spleen

colony assay developed by Till and McCulloch (5) defines a putative

pluripotent hematopoietic stem cell, the CFU-S. The agar culture

system developed by Pluznik and Sachs (6) and Bradley and Metcalf

(7) defines a population of putative committed granulopoietic stem

cells, the CFU-C. The methyl cellulose culture system developed by



Iscove et al (8,9) defines an early committed erythropoietic

Stem cell, the BFU—E. Modifications of the culture conditions

result in the appearance of an erythropoietic proliferating cell

that is at an advanced stage in the differentiation process, the

CFU—E.

Using a variety of methods, many investigators have come

to consider the local microenvironment to be the main regulator

of stem cell proliferation and differentiation (3,4). There are

indications that stromal cells play an important role in this

microenvironment (2,10-12). An in vitro system for long-term

propagation of CFU-S and CFU-C has been described by Dexter and

his co-workers (13–15). Proliferation of CFU-S and CFU-C in these

cultures seems to depend upon the establishment of an appropriate

adherent layer from bone marrow consisting of stromal cells, macro

phages, and giant "fat cells" -- cells with large fat globules

within their cytoplasm. If these cells are not seen, the investi

gators report little or no proliferation (13). Because few batches

of serum have yielded a permissive feeder layer, application of

this technique has been limited. Nevertheless, the importance of

the stromal components is apparent in this in vitro system.

While the term stroma is usually used to represent the

fibroblast-like alkaline phosphatase-positive cells (62) that under

certain conditions can give rise to bone-forming cells, other cell

populations may have important regulatory functions. Several



indications that the macrophage population may serve an important

regulatory function are found in the literature. Macrophages pro

duce substances with colony-stimulating activity (CSA). This

activity resides largely in a group of glycoproteins necessary

for the in vitro formation of granulocytic and macrophage colonies

by CFU-C (16). Incubation with endotoxin augments the release of

CSA by monocytes and macrophages (17, 18). In a semi-solid agar

culture system moderate numbers of macrophages stimulate CFU-C

production whereas high numbers of macrophages are inhibitory (19).

Because this variation in number of CFU-C was correlated with the

elaboration of CSA and prostaglandin E1 (PGE1), and because indome

thacin (a known inhibitor of PGE synthesis) prevented to a signi

ficant extent the inhibition of CFU-C by high numbers of macrophages,

the conclusion was drawn that macrophages modulated CFU-C production

via elaboration of CSA and PGE (19,20). A feedback control loop

in which an increase in CSA led to an increase in PGE1 synthesis was

postulated (19,20). Reports on the effects of macrophages and mono

cytes on BFU-E have also appeared recently. Human monocytes were

reported to be inhibitory to BFU-E formation. The inhibition was

linear with increase in monocyte numbers (21). Polystyrene latex

particle infusion in vivo has been reported to induce changes in

the femoral content of BFU-E (22). The numbers of CFU-S were

reportedly influenced in a manner opposite to the changes in BFU—E.

Dexamethasone prevented the effect of latex particles, suggesting

that phagocytosis of the particles is necessary for the observed

effects. It was concluded that phagocytic cells are a component of

the erythroid hemopoietic inductive environment (22).



Experimental evidence indicates that humoral substances

may also be important modulators of hematopoiesis. While erythro

poietin and CSA have been presumed to be the primary humoral

modulators of erythropoiesis and granulocyte-monocyte production,

respectively (23,24), other hormones are known to have important

effects. Androgenic and related steroids have been shown to stim

ulate both erythropoiesis and granulopoiesis by directly affecting

the CFU-C and the CFU-E and by stimulating production of erythro

poietin in vivo (25,26). Prostaglandins Ei and E2 reportedly
decrease the concentration of CFU-C, while increasing the concen

tration of differentiated erythroid precursors (CFU-E) (27).

Cortisone in high, nonphysiologic doses depresses mitotic activity

of erythroid and myeloid components of hamster bone marrow (28).

High doses of cortisone also decrease the number of mouse CFU-C in

vivo and in vitro and the concentration of CSA in mouse serum (29).

A depression of CFU-C was also reported in mouse marrow cultures

treated with dexamethasone (30). The effects of glucocorticoids

on committed erythroid stem cells are less well characterized.

Singer et al. (25) noted a marked inhibitory effect of cortisol

on CFU-E in rat bone marrow whereas Golde et al. (31) found a

definite stimulatory effect of dexamethasone on CFU-E in mouse

fetal liver cultures and a slight stimulatory effect in adult

mouse marrow cultures. Results of in vivo studies also differ on

the effect of glucocorticoids on erythropoiesis. According to

Malgor et al. (32), dexamethasone increased the erythroid component



of bone marrow. Because nephrectomy and antierythropoietin antibody

abolished the response, increased production of erythropoietin was

implicated as the mediator. On the other hand, Gordon et al. (33)

have shown that prednisolone did not affect erythropoiesis in normal

adult mice and that high doses of prednisolone were in fact inhibitory.

To gain further insight into the regulatory mechanisms affecting

hematopoiesis, I wanted to investigate both hormonal and cellular

interactions in vitro. Consequently, I studied dose response relation

ships for dexamethasone and cortisone by using both the very early

erythroid (BFU-E) and granuloid (CFU-C) progenitors. The data revealed

that BFU—E were much more sensitive than CFU-C to inhibition by low

doses of dexamethasone or cortisone (34). To investigate the hemato

poietic microenvironment and to further define the role of the macro

phage in hematopoiesis, I established adherent layers from bone marrow,

peritoneal macrophages, and activated peritoneal macrophages in a

liquid culture system. Significantly better maintenance of CFU-C was

found when activated peritoneal macrophages were used as a feeder layer.

This effect appeared to be independent of endotoxin stimulation or

the presence of CSA. Part of this work has been published (34).



CHAPTER I

The Differential Response of Early Erythropoietic and Granulopoietic

Progenitors to Dexamethasone and Cortisone

MATERIALS AND METHODS

Mice. Adult female CF mice (Charles River Breeding Laboratories,

Inc., Wilmington, Mass.) were used in all experiments in Chapter I.

CFU-C and BFU—E Assays. Bone marrow cells were flushed from

femurs with 1.0 ml of Hanks' balanced salt solution (HBSS) (Grand

Island Biological Co., Grand Island, N.Y.) A single cell suspension

was made by gentle passage through a 25-gauge needle; cells were

counted on a hemocytometer. The bone marrow was cultured with alpha

medium supplemented with 10% fetal calf serum (GIBC0), 10% horse

serum (Flow Laboratories, Inc., Rockville, Md.) and 10% trypticase

soy broth (GIBCO), 1% PSN antibiotic mixture (GIBCO), and 10" M

2-mercaptoethanol in 1% methyl cellulose (8,35,36). Four cultures

containing 4 x 105 cells each were incubated at 37°C in an atmos

phere of 100% relative humidity and 5.5% CO Assays for CFU-C and2’

BFU—E were carried out simultaneously on the same bone marrow

sample. Cultures for BFU-E contained 5 IU of erythropoietin (Step III

Connaught). Cultures for CFU-C contained 1/16 maximal concentration

of CSA prepared from L-cell-conditioned medium (37). After 8 days of

incubation colonies containing 50 or more cells were scored with a



dissecting microscope at a magnification of 40X. They were returned

to the incubator and scored again at 14 days. Verification of ery

throid bursts was determined with 0.2% tetramethyl benzidine (Sigma

Chemical Co., St. Louis, Mo.) in 10% acetic acid and 0.12% H202
applied directly to cultures (38). Hemoglobin-containing colonies

Stained fully after 3 min, whereas peroxidase-positive granulocytic

colonies stained after 10 min.

Dexamethasone (Sigma Chemical Co.) was dissolved in 100% ethanol

and diluted 1/10"
-

1/107 with distilled water. The exact concen–

tration was determined spectrophotometrically by measuring absorption
4 ...-l

at 250 nm and assuming e = 1.4 x 10" MT cm' (39). 50 ul of solution

was added to each culture. As a control for the effects of ethanol,

the same Volume of 1/10" dilution of ethanol was added to the plates

not containing dexamethasone. Cortisone (Sigma Chemical Co.) was

dissolved in 100% ethanol and diluted 1/10°
-

1/10° before addition

of 50 ul to each culture. The final volume of all cultures was

l. 15 ml.

In a separate experiment, bone marrow was incubated in HBSS con

taining various concentrations of dexamethasone for 1 h before plating.

CFU-E Assay. Bone marrow cells were cultured with alpha medium

supplemented with 30% fetal calf serum, 1% PSN antibiotic mixture,

10-4 2-mercaptoethanol, and 0.5 or 0.25 IU erythropoietin in 1%

5 cells eachmethyl cellulose (9). Four cultures containing 1 x 10

were incubated at 37°C in an atmosphere of 100% relative humidity

and 5% C02 for 2 to 3 days. Colonies containing more than 8 cells

were scored with a dissecting microscope at a magnification of 80X.



Statistical Analysis. Individual colony counts were normal

ized to the mean of control data from four replicate experiments.

Differences between means were analyzed with Student's two-tailed

t test.

RESULTS

The results of individual and replicate studies of BFU-E and

CFU-C sensitivity to dexamethasone revealed that the erythropoietic

progenitors were considerably more sensitive than the granulopoietic

progenitors (Table 1). The overall pattern of the log dose-response

relationship was sigmoidal, with an apparent threshold for BFU-E

10 M dexamethasone and a linear component (slope = -40,at a 2 x 10"

correlation coefficient = 0.95, P × 0.01) that became asymptotic

at about 90% BFU—E inhibition with concentrations of dexamethasone

above 2 x 10-8 M. As shown in Fig. 1, the dose-response relationship

for CFU-C was similar. Although the linear component (slope = -30,

correlation coefficient = 0.95, P : 0.01) was not significantly

different from that found for BFU-E, the curve was shifted to the

right by at least one order of magnitude along the dose axis, the
9dexamethasone concentration for 50% inhibition being 60 x 107* M for

CFU-C compared to 3 x 10° M for BFU-E. The BFU-E response to

dexamethasone was similar for the 8- and 14-day colony counts.

When bone marrow was treated with dexamethasone for 1 h before

plating, with continued exposure to the glucocorticoid after plating,

the inhibitiory response was increased for both BFU-E and CFU-C, but

their differential sensitivity was not affected (Fig. 2).



TABLE 1

EFFECT OF DEXAMETHASONE ON BFU—E AND CFU-C IN INDIVIDUAL AND REPLICATE

EXPERIMENTS

Colonies per 4 x 10° bone marrow cells (mean + SE)

Dexamethasone BFU-E BFU-E CFU–C
(nM) (8 days) (14 days) (8 days)

0 35.2 + 6.1 61.8 + 13.9 127 + 6.6

0.2 33.0 + 5.8 58.4 + 7.2

0.6 27.6 + 2.6 40.4 + 2.2%

2.0 23.6 + 2.6* 27.7 + 2.8% 116 + 6.5

2.0 24.3 + 1.8% 44.5 + 6.7% 110 + 6.7

2.0 20.1 + 1.9% 41.4 + 4.3 126 + 7.4

5.0 10.5 + 1.0% 31. 3 + 2.4%

20 4.6 + 1.5% 10.5 + 1.2% 95.2 + 6.6%

20 2.6 + 1.1% 4.9 + 2.4% 80.3 + 5.7%

20
-

86.5 + 11.3%

200 4.2 + 1.5* 6.3 + 1.7%

200 3.5 + 1.0% .2 + 0.7%. 53.8 + 5.1%

200 0.9 + 1.0% 1.2 + 3.6* 19.1 + 3.8%

800
-

30.0 + 3.3%

*Significantly different from control values (P º 0.05).
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Fig. 1. BFU-E and CFU-C as a function of dexamethasone concentration
in the culture medium. (Percent colonies, mean of two to three
experiments # SE). Differences between percent BFU-E and percent CFU-C
were significant at all concentrations of dexamethasone (P º 0.01)
except 0.2 nM.
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Fig. 2. Effect of dexamethasone treatment before and during bone
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BFU-E and percent CFU-C were significant at 2 nM and 20 nM (P º 0.0025)
and at 200 nM (P º 0.01).
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Fig. 3. BFU-E and CFU-C as a function of cortisone concentration in
the culture medium. (Percent colonies # SE.) Differences between
percent BFU-E and percent CFU-C were significant at all concentrations
of cortisone (P º 0.0025).
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TABLE 2

EFFECT OF DEXAMETHASONE ON CFU—E PRODUCTION

Colonies per 10 ” bone marrow cells

becºmeone Erythropoietin (mean + SE) (%)n

0 0 20 + 9.0 16 + 7.3

0 0.25 123 + 10. 0 100 + 8.1

2 0.25 158 + 8.4 128 + 6.8

2 0.25 121 + 44.0 98 + 36

200 0.25 80 + 4.4 65 + 3.. 6

0 0.50 210 + 12.0 171 + 9.8

2 0.50 240 + 38.0 195 + 31
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The effect of cortisone was generally similar to that of

dexamethasone (Fig. 3); BFU-E was inhibited 60% by 0.1 ug/ml.

The contrast between the BFU-E and CFU-C responses to cortisone

was even more striking than that seen with dexamethasone. There

was little CFU-C inhibition with low doses of Cortisone, the

maximum being about 18% at 1 ug/ml.

Some stimulation of CFU-E production was seen with dexa

methasone at 2 nM (Table 2). At higher doses of dexamethasone

no effect or a slight inhibition was observed. These findings

were not statistically significant (P º 0.05).

DISCUSSION

In many tissues, the catabolic action of glucocorticoids

results in decreased synthesis and increased degradation of pro

tein, RNA and DNA. Glucocorticoids are also known to inhibit

amino acid and glucose uptake. Although the inhibition of BFU-E

and CFU-C activity described here may merely reflect the general

catabolic effect of this class of hormones, the large difference

in sensitivity between BFU-E and CFU-C indicates that the inhi

bition by glucocorticoids was specific rather than general. Al

though we observed less CFU-C inhibition at lower doses of gluco

corticoids than reported previously (30), our systems were suffi

ciently different, particularly in source and concentration of

CSA, to preclude direct comparison. It is known that CFU-C consist

of subpopulations that respond selectively to CSA of diverse origin

(40-42). By using a fairly low CSA concentration, we may have

selected for a sensitive population of CFU-C. This is perhaps a
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more realistic physiologic condition than that obtained with

maximal stimulation at high CSA concentration. CFU-C that are

more difficult to trigger and require a higher concentration of

CSA may also be more prone to being turned off. The CFU-C

response we observed with cortisone agrees closely with that seen

by Metcalf (29) at a similar concentration.

The basis of the large differential glucocorticoid sensi

tivity of BFU-E and CFU-C is not known. It may reflect differ

ences in the number of receptors available for interaction with

glucocorticoids or differences in the consequences of their binding

by glucocorticoids. Despite the relative insensitivity of CFU-C,

their macrophage progeny are quite sensitive, the specific binding

of glucocorticoids being correlated with decreased secretion of

elastases and other enzymes (43). It is possible that differences

in heterogeneity of the cell population may also be a factor. In

contrast to CFU-C, which are presumed to have a broad age distri

bution, BFU-E are considered to constitute only very early progeni

tors and may be representative of a more homogeneous committed stem

cell population.

BFU-E are thought to generate a pool of more differentiated

erythroid progenitors known as CFU—E; dexamethasone has been reported

to increase the number of CFU-E in adult mouse bone marrow by

36 + 24% (31). Because of the considerable standard error, this

increase is of questionable significance. In several experiments,

we observed a similar but statistically insignificant increase in

CFU-E with dexamethasone treatment. If an increase in CFU-E indeed

occurs, the effect of glucocorticoids on the late erythroid precursor
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pool would tend to counteract the effect on the early erythroid

pool. Differential control of precursor pools in series would

provide an efficient mechanism for dampening the effect of glucocor

ticoids and perhaps for fine tuning the size of the erythron.

Our findings suggest that the size of the granulocyte

macrophage progenitor pool is relatively unaffected by physio

logic concentrations and fluctuations of glucocorticoids. The

selective advantage of buffering the granulopoietic precursor

compartment against fluctuations in the level of glucocorticoid

hormones becomes apparent when one considers the relative size

and turnover time of the pool of monocytes, neutrophils, and

erythrocytes. Although the average rate of granulocyte production

about equals that of erythrocyte production, being 1 x 10°cells/h

and 1.3 x 108 cells/h, respectively, for a 70 kg man (44,45), the

erythrocyte pool turns over every 120 days, while the granulocyte

pool in the peripheral blood turns over every 6 h (46,47).

Because the levels of glucocorticoids in the blood vary dur

ing the day, reaching a peak of 5-20 ug cortisol/dl shortly after

daybreak, and because these levels also rise with stress or disease,

the benefit of having a granulocyte-macrophage precursor that is

relatively unresponsive to these fluctuations is obvious. Further

more, the ability to partially turn off production of a population

of slowly turning over cells, while sparing a rapidly turning over

population, permits available resources to be used more effectively

during stressful or threatening situations.
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CHAPTER II

Interaction of Granulopoietic Progenitors with Macrophages and

Bone Marrow In Liquid Culture

MATERIALS AND METHODS

Mice. Adult female C57-B1/6J mice (Charles River Breeding

Laboratories Inc., Wilmington, Mass.) were used in all experiments.

Cell Culture. Bone marrow adherent layers were established

in two ways. In the experiments in which endotoxin was added to

the culture the method of Dexter et al. (14,15) was used. Briefly,

107 pooled femoral cells were inoculated into 25 cmé tissue culture

flasks in 7.0 ml of Fischer's medium containing 25% horse serum,

(Flow Laboratories, Inglewood, Calif.), 500 units/ml penicillin, and

250 ug/ml streptomycin sulphate. The pH was adjusted to 7.2-7.4

With a 7.5% solution of Sodium bicarbonate. Cultures were incubated

at 33°C in an atmosphere of 100% relative humidity and 5.5% C02 (14,15).

At 7-day intervals the cultures were "fed" by removing half the growth

medium after gentle swirling and replacing it with the same volume of

fresh medium. Three weeks after initiation of the cultures, 5 x 106

or 1 x 107 freshly collected bone marrow cells were added to each

flask together with 3.5 ml of fresh medium. In one experiment the

supernatant was decanted one week after the first inoculation of

cells, and 5 x 106 cells in 7.0 ml of medium (3.5 ml of fresh
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medium and 3.5 ml of conditioned medium) were added to the 1-week-old

adherent layer (48). Sixteen to 20 flasks were seeded at one time.

Two days before reinoculation a specified dilution of S. typhi lipo

polysaccharide B (LPS) (Difco Laboratories, Detroit, Mich.) was added

to groups of four cultures. A set of four flasks to which no LPS was

added served as a control for each experiment. In another experiment

5 x 106 latex beads 5 pm in diameter (Polysciences) were added to a

group of four flasks 2 days before reinoculation.

In experiments in which bone marrow adherent layers were compared

to resident or activated macrophage adherent layers, the bone marrow

layer was established by inoculating the contents of one femur or 107

cells in single cell suspension into 7.0 ml of Fischer's medium sup

plemented with 25% horse serum as described. All the supernatant was

decanted 3 days later, after gentle swirling. The adherent cells were

Washed twice with HBSS and the cultures were reinoculated with 5 x 106

or 1 x 107 cells in 3.5 ml of fresh medium and 3.5 ml of filtered

medium from each group of cultures (supernatant).

Macrophage Activation. One ml of 3% Brewer's thioglycol late

(Difco) was injected intraperitoneally into each of 5 mice. Cells

were harvested 4 days later (49,50).

Endotoxin-activated macrophages were obtained by injecting 30 pig

LPS/mouse intraperitoneally 4 days before cell collection.

Macrophage Adherent Layers. Resident macrophages (from unin

jected mice) and activated macrophages were collected from the peri

toneal cavity by repeated lavage with sterile phosphate-buffered

saline (GIBC0) containing 100 U/ml of heparin (Organon Inc., West

Orange, N.J.) (51). Cells from 5–10 mice were pooled and centri
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fuged for 5 min at 2000 rpm (880 g at tip) in an International Size

2 Model K centrifuge (International Equipment Co., Needham Heights,

Mass.). The pellet was resuspended with 5 ml of Dulbecco's modi

fied Eagle's medium (GIBCO) containing 10% fetal calf serum. Cells

were counted with a hemocytometer as described in Chapter I; 3 x 106

cells were inoculated into 25 cmº tissue culture flasks (Corning) in

6 ml of Dulbecco's medium containing 10% fetal calf serum. Twenty

four hours later the supernatant was decanted after moderate swirling.

The adherent layer was then washed twice with HBSS. Fischer's medium

supplemented with 25% horse serum as described was then added. Two

days later, 5 x 106 bone marrow cells were inoculated as described.

The bone marrow and macrophage cultures of a given experiment were

reinoculated at the same time with bone marrow cells from the same

pooled femur sample. CFU-C assays for a given experiment were done

at the same time for all groups with the same batch of CSA, methyl

cellulose, alpha medium, and supplements as described in Chapter I.

Fresh bone marrow cells were assayed for CFU–C in each experiment

as additional controls.

In some experiments the effect of cell density of the macro

phage layer was investigated by plating 6 x 106 Or 9 x 106 ( instead

of 3 x 10°) intraperitoneal cells to establish the adherent layer.

In other experiments CSA (0.1 ml/ml culture) was added at the

time of reinoculation and at each "feeding." Stimulation of the

resident macrophage feeder layer by endotoxin was accomplished by

the addition of 0.15 ug/ml LPS 2 days before reinoculation.
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In a separate experiment dexamethasone (Sigma Chemical Co.)

in a final concentration of 2 x 10–9 M was added to the thioglycol late

activated macrophage feeder layer 2 days before inoculation with bone

marrow. Before inoculation all feeder layers were washed twice with

HBSS.

Assay for CSA in Liquid Culture Supernatants. The ability of 0.1

or 0.2 ml of supernatant from the various liquid culture groups to

support CFU-C formation was compared with CSA prepared from L-cell

conditioned medium (37). Four cultures of 1 x 10% fresh bone marrow

cells were established in all cases, as described above.

Assay for CFU-C. Cells were collected by gently swirling each

set of cultures, removing half the supernatant, and pooling the super

natant collected from each group of flasks. Centrifugation in poly

ethylene tubes at 1500 rpm for 10 min resulted in a soft pellet. The

Supernatant was decanted, filtered on a 0.22 lim filter, and stored at

-20°C. The pellet was resuspended by gentle passage through a 25-gauge

needle. Cells were counted on a hemocytometer, and 5 x 104 or 1 x 10°

cells were plated in alpha medium supplemented with 10% fetal calf

serum, 10% horse serum, and 10% trypticase soy broth in methyl cellu

lose as described in Chapter I. Colonies were counted at 8 days.

Statistical Analysis. Individual colony counts were normalized

to the mean of control data (mean f SE = 91 # 4.8) from twelve
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replicate experiments. Differences between means were analyzed with

Student's two-tailed test.

RESULTS

Direct observations of the various adherent layers with the

inverted microscope at 25X or 125X magnification revealed that the

activated macrophage adherent layers were easily distinguished from

resident or bone marrow adherent layers by their spread-out and

"foamy" appearance and increased cellularity; they contained 2 to 3

times the number of cells as resident or bone marrow adherent layers.

The cellularity and overall appearance of bone marrow cultures and

resident macrophages were not grossly different. Bone marrow adherent

layers that had been cultured three weeks before reseeding usually

contained many large epithelioid cells. No "fat cells" were observed

(Fig. 4).

With respect to the maintenance of CFU-C, we have repeatedly

observed that a macrophage adherent layer is as good as or better

than a bone marrow adherent layer in our system (Table 3). After

5 days in culture, thioglycollate activated macrophage layers supported

twice as many CFU-C as resident or bone marrow layers (P º 0.05, Table

3). The difference was increased at 12 days, activated macrophage

layers supporting approximately 5 times the number of CFU-C as resident

or bone marrow layers (P º 0.05). At 19 days after reinoculation,

CFU-C were present in sufficient numbers to be assayed in 4 of 6

activated macrophage experiments (mean CFU-C = 43 f 13). In con

trast, adequate cells were present in only 1 of 7 resident
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Fig. 4a. Bone marrow adherent layer showin typical
cellularity. (magnification ;

Fig. 4b. Bone marrow adherent layer showing, ingestion of
latex beads. (magnification x125)
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TABLE 3

EFFECT OF ADHERENT LAYER TYPE ON MAINTENANCE OF CFU-C

CFU-C per flask (mean + SE)+

Adherent Day 5 Day 12 Day 19
Layer”

BM 690 + 130(6) * 61 + 17(6) NA

BM + CSA 930 + 140 250 + 81 NA

R 570 + 56(7) 65 + 18(6) 1.0 + 0.30

R x 2 220 98

R x 3 500
-

R + CSA 530 105

R + E 300 0

A 1230 + 220(5)++ 340 + 1.10(3)++ 41 + 19(3)***
A x 3 820 + 100 400

A(E) 630 105

A(E) x 2 670
-

A + CSA 950 + 280(2) 270 + 150

A + Dex 1720 + 160++ 530++ 30***

+ Adjusted to the mean of control values of 12 replicate experiments.

++

++

+++

adherent layer (P º 0.05).
A, thioglycollate activated macrophages; R, resident macrophages;
BM, bone marrow adherent cells; x 2, x 3, twice as many and 3 times
as many cells in the adherent layers; CSA, colony-stimulating activity;
E, endotoxin; A(E), macrophages activated with endotoxin in vivo;
Dex, dexamethasone.

Number in parentheses is the number of individual experiments.

Significantly different from values for bone marrow adherent layer.

Significantly different from values for resident macrophage
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macrophage experiments (1 CFU-C observed), and in none of 6 bone

marrow feeder layer experiments.

A 2 to 3 fold increase in the number of cells in the resident

macrophage layer failed to overcome the deficiency of this layer

as compared to activated macrophages (Table 3). A 3 fold

increase in the number of cells in the activated macrophage layer

did not significantly change its capacity to maintain CFU-C.

As shown in Fig. 5, a decrease in the number of CFU-C occurred

much more rapidly in the cultures with bone marrow or resident

macrophage adherent layers (slope = -0.20) than in those with

activated macrophage layers (slope = –0.10). The relative dif

ference between the two increased with the number of days in

culture. None of the adherent layers supported a stable long

term population of CFU-C. However, the number of nucleated cells

in cultures with activated macrophage layers ceased to decline after

12 days in culture and remained steady for at least 2 weeks there

after. In contrast, the cell counts in cultures with bone marrow

or resident macrophage layers continued to decline at a constant

rate (Fig. 6, Table 4).

No endogenous CSA was detected in the supernatants of

activated macrophage cultures either before or after inoculation

with bone marrow cells (Table 5). Similarly, no significant amounts

of endogenous CSA were detected in cultures with resident macrophage

or bone marrow layers. Addition of CSA from L-cell-conditioned media

did not significantly affect the maintenance of CFU-C on activated
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Fig. 5. CFU-C as a function of days in liquid culture (mean * SE of
3-7 experiments). Values on activated macrophage adherent layers ( )
were statistically different from those of bone marrow ( ) or resident
macrophage adherent layers ( ) at all days tested (P º 0.05). Slopes
were significantly different (P< 0.05). r, correlation coefficient;
m, Slope.
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were statistically different from those of bone marrow ( ) or resident
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relation coefficient; m, slope.
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EFFECTOF
ADHERENTLAYERTYPEONTOTALCELLULARITY

5

CellS
X10perflask

AdherentDay5%ofDay12%ofDay19%ofDay26
layer”(mean
+
SE)control(mean
+
SE)control(mean
+
SE)control(mean
#SE)

BM(control)
9.3+0.98(8)1000.56
+
0.081000.18(2)100 BM+CSA18.02.51

R
14.0
+
1.6(6)1500.97
+
0.211700.29
+
0.07160 Rx28.60.450.15

Rx39.60.520.34
R+CSA16.0(2)1.70.18

R+E
19.0
+1.61.6 A

13.0
+
1.4(5)1403.4
+
0.95%
k
6103.4+1.6**17204.5
+
1.9(3)

Ax3
13.018.26.2 A(E)4.00.530.63 A(E)

x24.30.700.27
A+CSA12.0
+2.54.2
+
2.42.1 A+Dex8.21.90.42

†

Numberin
parentheses
is
numberof
experiments.

TABLE
4

*

Abbreviations
asinTable3.

**
Significantlydifferentfromvaluesforbonemarrowadherentlayers(Pº
0.05).
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ENDOGENOUS CSA PRODUCTION IN VARIOUS ADHERENT LAYERS

CFU–C per 10% bone marrow cells

Supernatant* Before reinoculationi After reinoculation+
(mean # SE) (%) (mean + SE) (%)

CSA(L) 1/16 dil. 39 + 2.8% 100 39 + 2.8%+ 100

CSA(L) 1/2 dil. 90 + 7.0% 231

BM 1.0 + 0.7 2.6 0.5 + 0.1 1.3

BM + E 9.6 + 0.6** 25 7.8 # 1.3 20

(BM + E) x 2 25 + 3.2% 64

BM + B 1.0 + 0.4 2.6

R 1.4 + 0.8 3.6 0.4 + 0.4 1.0

R + E 19 + 4.0%+ 49

A 2.5 + 1.2 6.4 0.2 + 0.2 0.5

A x 3 0.0 + 0.0

* CSA(L) 1/16 or 1/2 dil., CSA from L-cell-conditioned medium at 1/16
or 1/2 maximum concentration; BM +, E, bone marrow adherent layers
stimulated with endotoxin; (BM + E) x 2, twice as much supernatant
as BM + E; BM + B, bone marrow adherent layers stimulated with latex
beads. Other abbreviations as in Table 3.

+ Percentage relative to 1/16 dilution of CSA.

** Significantly different from BM values (P º 0.05)
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TABLE 6

EFFECT OF ENDOTOXIN ON CELL MAINTENANCE BY BONE MARROW ADHERENT LAYER

Cells x 10° per flask
Endotoxin DAY 7 DAY 14

(ug/ml) (mean + SE) (%of control) (mean + SE) (% of control)

1.3 16.6 + 0.85(4)*+ 147 t 7.5 1.39 + 0.08(4) 104 + 6.0

0.13 15.3 + 1.1(3) + 135 + 9.7 1.62 + 0.24(3) 122 + 18

0.01 11.9 + 1.3(2) 105 + 11 1.60 + 0.07(2) 120 + 5.3

0 11.3 + 0.66(5) 100 + 5.8 1.33 + 0.4 100 + 10

* Number in parentheses is number of individual experiments.

+ Significantly different from values for bone marrow adherent layers
not stimulated with endotoxin (P º 0.05)
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or resident macrophage or on bone marrow adherent layers (Table 3).

Addition of dexamethasone to activated macrophage cultures appeared to

increase the maintenance of CFU-C (Table 3).

Addition of endotoxin to resident macrophage cultures in

vitro, while resulting in significant CSA production (Table 5), did

not lead to better maintenance of CFU-C (Table 3). Similarly, stim

ulation of bone marrow adherent layers with endotoxin 2 days before

reinoculation resulted in CSA production but did not improve the

maintenance of CFU-C as compared to control cultures (965 # 242 and

1050 + 278, respectively; mean + SE of 4 experiments). However,

the number of cells in the supernatant was increased by 50%

(P º 0.05) in cultures treated with 1.3 ug/ml endotoxin (Table 6).

Small quantities of endotoxin (0.13 ug/ml) had little effect on the

maintenance of CFU-C while increasing the number of cells in the
supernatant.

Stimulation of bone marrow layers by the addition of latex

beads resulted in phagocytosis of these beads by most cells. Some

cells ingested 5 or 6 beads while others ingested only 1 or 2 (Fig. 4).

No increased maintenance of CFU-C was observed in these cultures as

compared to control cultures, and CSA was not detected in the super

natant of these cultures (Table 5).

DISCUSSION

To our knowledge, activated or resident peritoneal macro

phages have not been used previously to maintain putative bone

marrow stem cells in liquid culture. Liquid cultures with
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adherent layers have the advantage that cells can interact by

direct cell-cell contact, by elaboration of humoral factors, or

by short-range interactions on the tissue culture floor. Although

the variety of interaction may complicate interpretation of the

data, this system may be a closer analog to the in vivo state.

Our data revealed that activated macrophage adherent layers

were significantly better than bone marrow or resident macrophage

adherent layers in the maintenance of CFU-C. This effect was

independent of stimulation with endotoxin, addition of CSA, or

endogenous CSA production. This effect also appears to be largely

independent of the cell number in the adherent layer, as shown by

the results of experiments in which the cell number of the layer

was increased 2 to 3-fold. One must conclude that in this culture

system macrophages activated in vivo with thioglycollate produced

better feeder layers than unactivated macrophages or bone marrow.

Macrophages secrete a variety of substances in response to

stimulation in vivo or in vitro (49,52). Specifically, stimulation

with thioglycollate causes markedly increased secretion of elastase,

collagenase, lysosomal hydrolases, and plasminogen activator (53).

In addition, pinocytosis and phagocytosis are increased. Bone

marrow-derived mononuclear phagocytes also are capable of

secretion of increased amounts of plasminogen activator when

stimulated by CSA (54). Resident macrophages, on the other hand,

are generally thought to be relatively quiescent cells (40,53,54).
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The reason for the beneficial effect of activated macrophages

is not known. It could be related to more active phagocytosis or

to secretory products of these macrophages. Although some phago

cytosis occurs in both bone marrow and resident macrophage adherent

layers, activated macrophages can phagocytize 3 to 30 times more

avidly than resident macrophages (55). Thus enhanced phagocytic

activity cannot be ruled out as an important factor. Secretory

products of activated macrophages could also alter the medium in

a manner favorable to prolonged maintenance of CFU-C, or could

act directly on the CFU-C. Temporary inhibition of secretion of

several known secretory products of activated macrophages by the

addition of dexamethasone did not affect the prolonged maintenance

of CFU-C by these macrophages. Because reaccumulation of some

secretory products is known to occur after removal of dexamethasone

(43), secretory products may still be important factors. Furthermore,

the surface properties of activated macrophages are different from

those of resident macrophages with respect to some membrane proteins

(53). Hence interaction of hematopoietic stem cells with these

macrophages could be enhanced.

The proposed regulatory loop in which the macrophage affects

CFU-C proliferation by secreting CSA, which leads to secretion of

PGE, which in turn inhibits CFU-C expression in the agar culture

system (19,20), cannot explain the findings we observed. No

significant amount of CSA was found in the supernatants of any of

the adherent layers except those directly stimulated with endotoxin.
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Addition of CSA did not significantly affect the maintenance of

CFU-C. No inhibitory activity was detected when exogenous CSA

was mixed with endogenous medium 1:1 in the methyl cellulose

CFU-C assay. It is known that macrophages can secrete prostaglan

dins nonspecifically any time a "disturbance" occurs at the cell

surface (56). Recently it has been reported that PGE1, at low
doses, decreases the appearance of macrophage colonies only,

leaving granulocytic CFU-C largely unaffected (57). It may

be that CSA triggers synthesis and secretion of PGE1 which is

protected from inactivation in the agar medium. The resulting

high concentrations of PGE1 would affect CFU-C colony formation.

It is notable that direct stimulation of bone marrow adherent

layers with endotoxin did not affect maintenance of committed hema

topoietic stem cells in our system. Many papers have appeared in

the literature concerning the effect of endotoxin on granulopoiesis.

Quesenberry et al. (58) report that after in vivo injection of 5 ug

S. typhi endotoxin, elevation of CSA in the serum accompanied by a

granulocytopenia occurred. The number of bone marrow CFU-C was

shown to decrease within 20 min of injection of endotoxin, to

reach a nadir at 6 h, and to return to control values after 48 h.

A concomitant increase in splenic and peripheral CFU-C was attri

buted to migration from the bone marrow compartment. They also

observed increases in the myeloblast-promyelocyte and myelocyte

compartments after injection of endotoxin in vivo (59) and sug

gested that endotoxin may play a role in promoting granulopoiesis,

possibly via CSA. Apte and Pluznik (60) reported that LPS increased



34

both CSA and bone marrow CFU-C. Maloney et al (61) dampened the

fluctuations in neutrophil and reticulocyte levels in dogs exhibit

ing cyclic hematopoiesis by administration of endotoxin. These

investigators postulated that endotoxin may promote efflux from the

committed granulopoietic stem cell compartment by promoting differ

entiation.

Our data show that although endotoxin can increase overall

cellularity in the marrow cultures, it has little effect on the

maintenance of CFU-C. In fact, high doses of endotoxin (7 u g/ml)

led to significant depletion of CFU—C. While CSA was detected in

both resident macrophage and bone marrow cultures stimulated with

endotoxin and while exogenous administration of CSA increased the

cell number in cultures with bone marrow or resident macrophage

adherent layers, CFU-C maintenance was essentially unchanged.

These data and related information indicate that CSA probably is

necessary for the expression of the differentiated state of com

mitted granulopoietic stem cells and not for the proliferation of

the CFU-C itself or the commitment of the pluripotential stem cell

to the granulopoietic pathway.

It is remarkable that in this culture system a resident macro

phage layer was as effective as a bone marrow layer in supporting

CFU-C maintenance. Although it is known that the bone marrow

adherent layers contain macrophages, most researchers have

ascribed the principal regulatory role in the proliferation of

pluripotential stem cells to other elements of the stroma. The
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data presented here raise the possibility that the macrophage may

play an important role in the maintenance of CFU-C.

The pivotal role macrophages may be performing in the

regulation of hematopoiesis makes sense if one considers the stra

tegic position these cells occupy in vivo. One of the functions

they perform is to clear the organism of aging or malfunctioning

elements of the hematopoietic system. A well-designed control

system to modulate cell production would tie cell production to cell

death. Macrophages may be the cell type that provides the necessary

signals for this modulation. Increases in cell destruction would be

automatically detected and compensatory mechanisms triggered if the

macrophage transmits an excitatory signal for proliferation at the

time it ingests/digests an effete cell. The ingestion of effete

elements may be the equivalent of the thioglycollate activation of

macrophages.

This hypothesis in no way detracts from the importance of

other elements in the stroma in facilitating hematopoiesis or in

providing a permissive environment for stem cell proliferation.

It does point out that the macrophage is logically an important

member of the regulatory microenvironment.
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