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INTRODUCTION 

Fibronectin (Fn)· is an adhesive glycoprotein produced by 

a variety of functionally diverse cells including fibro

blasts (Hedman et al., 1978; Ruoslahti et al., 1973; Hynes, 

1973), hepatocytes (Voss et al., 1979; Tamkun and Hynes, 

1983), chondrocytes (W~iss and Reddi,· 1980), endothelial 

cells (Jaffe and Mosher, 1978), polymorphonuclear leukocytes 

(Hoffstein et al., 1981; Menard et al., 1985), and mono

nuclear. phagocytes (Johansson et al., 1979: Alitalo et al., 

1980; Villiger et al., 1981; Rennard et al., 1981; Gerdes et 

al., 1984; Cofano et al., 1984). It is a relatively 

ubiquitous molecule found in high concentrations in the 

plasma and in extracellular matrices (reviewed in: Akiyama 

and Yamada, 1987; Hynes, 1986; Yamada et al., 1985). It 

exists as both a soluble dimer and as an insoluble multimer. 

The different forms of Fn result from alternative splicing 

of mRNA transcribed from a single Fn gene (Hynesp 1985). 

The Fn polypeptide is composed of two 210-250 kilodalton 

(kD) subunits linked by disulfide bonds. Each subunit 

contains flexible protease sensitive regions, and thus the 

Fn molecule is readily fragmented. This susceptibility to 

proteolysis has allowed the identification, within the Fn 
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subunits, of specific binding sites for a variety of 

biological molecules. Fn possesses affinity\for denatured 

and native collagen, heparan sulfate, hyaluronic acid, 

actin, DNA, heparin, transglutaminase, fibrin, and certain 

bacteria including Staphylococcus aureus· (reviewed in: 

Vartio, 1983; Hynes and Yamada, 1982). 

2 

Fn has also been shown to bind to cell membranes through 

a sequence of three amino acids, Arg-Gly-Asp (RGD) 

(Pierschbacher et al., 1985). The cell receptor for the RGD 

tripeptide containing proteins has been isolated and 

characterized as a complex of at least two polypeptides of 

140 kD which form an integral membrane protein (Pytela et 

al., 1985). Structural variations in Fn receptors isolated 

from different cells suggests that there exists a family of 

related but subtly distinct RGD-directed receptors (Leptin, 

1986). 

The ability of Fn to bind extracellular matrix molecules 

together with the identification of Fn receptors on a 

variety of cells (Akiyama and Yamada, 1987), including 

phagocytes (Pommier et al., 1984), has implicated Fn in such 

diverse processes as cell adhesion and migration (Mossesson 

and Amrani, 1985), hemostasis and thrombosis (McDonagh et 

al., 1985; Ginsberg et al._, 1985; Grinnell, 1984), and tne 

opsonization of cell ·and tissue debris (Hormann, 1985; 

Brown, 1986; Doran, 1983). Through the 140 kD complex, 
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which has been shown to bind actin-binding proteins, Fn 

appears to regulate cytoskeletal organization (Singer, 

1982). In addition, the absence of Fn expression on the 

surface of transformed cells,~as also implicated Fn in 

malignant transformation (Hynes, 1973). 

Although Fn can act as a "molecular bridge" and thus 

enhance cell-to-cell interaction, a number of studies 

suggest that it is capable of regulating the physiologic 

activity of cells with which it interacts. Fn stimulates 

fibroblast DNA synthesis (Humphries and Ayad, 1983) and 

appears to be involved in the regulation of lymphocyte 

reactivity (Lause et al., 1982; Lause et.al., 1983; Lause et 

al., 1984; Lause and Beezhold, 1985; Klingemann et al., 

1986). The recent demonstration that Fn enhances macrophage 

interleukin-1 secretion (Beezhold and Lause, 1987) suggests 

a mechanism by which Fn could exert its lymphoregulatory 

effect indirectly. The identification of Fn receptors on 

lymphoid precursor cells (Bernardi et al., 1987; Cardarelli 

and Pierschbacher, 1986; Cardarelli and Pierschbacher, 1987) 
~ 

implies that Fn.·may also be directly involved in the homing 

and develop~~nt of both T an~'·B lymphocytes. In addition to 

the stimulation of IL-l secretion, Fn induces macrophage 

production of granulocyte-macrophage_colony-stimulating 

factor (GM-CSF) (Thorens et al., 198i) as well as growth 

factors for fibroblasts and aortic smooth muscle cells 
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(Martinet al., 1983). Fn is chemotactic for monocytes 

(Norris et al., 1982) and induces the expression of membrane 

receptors for the Fe portion of IgG and for the third 

component of complement (Sorvillo et al., 1983). Fn has 

also been shown to enhance macrophage7mediated tumor cell 

cytostasis (Martin et al., 1984) and cytotoxicity (Perri et 

al., 1982); however, this may occur by stabilization of the 

effector-target cell interaction rather than by enhancing 

macrophage cytotoxic activity. 

Mononuclear phagocytes ~assess a variety of capacities 

that enable them to fulfill their central role in host 

defense (Adams and Hamilton, 1984). In addition to the 

ability to recognize and phagocytize fore~gn materials, 

macrophages are endowed with ·tremendous secretory potential 

(Nathan et al.,· 1980): approximately 100 biologically 

active molecules have been attributed to them (Nathan, 

1987). However, all macrophage products are not released 

constitutively. Comparative studies of various macrophage 

populations have showh that secretory activity is elaborate

ly controlled aqcording to the developmental and functional 

state of the macrophage (MacKay and Russell, 1986; Largen 

and Tannebaum 1986; Grand-Ferret et al., 1986). 

Th~ precursor of the mononuclear phagocyte undergoes 

extensive development in the bone marrow prior to its 

release into the blood as a functionally competent monocyte 



{Gordon, 1986). Under steady state conditions, monocytes 

circulate briefly and then randomly leave the blood to 
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populate specific tissues. Once in the tissues, monocytes 

acquire the functional and morphological characteristics of 

.mature macrophages. This differentiation into a mature cell 

is essential for the induction of secretion of several 

plasma proteins including apolipoprotein E {Werb and Chin, 

1983c), alpha2 macroglobulin {Werb et al., 1985), and Fn 

{Werb et al., 1985). Freshly explanted monocytes do not 

secrete Fn: however, .when allowed to mature into macrophages 

in vitro, these cells release significant ~m~unts of the 

glycoprotein {Alitalo et al., 1980: Gerdes et ~1., ·1984)c 

This has recently been,attributed to the induction of Fn 

mRNA accumulation, which parallels secretion {Yamauchi et 

al., 1.987). 

The ability of macrophages to produce ·Fn also appears to 

be dependent on the age of the organism. Monocyte-derived 

{cord blood) macrophages obtained from human neonates 

release significantly less Fn than cells collected from 

adult donors {Gerdes et al., 1984)c Because the secretion 

of the second component of complement is similar for both 

macrophage populations it is unlikely that the observed 

deficiency in Fn production resulted from altered rates of 

differentiation. 
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In the absence of stimulation, the resident tissue 

macrophage is relatively quiescent. The low level of 

activity displayed by resident macrophages is thought to be 

due to the suppressive effects of,locally produced 

substances such as prostaglandins (Adams and Hamilton, 1984). 

These cells e·xhibi t a minimal basal level of secretion. In 

addition to lysozyme,· a constitutive product of all 

mononuclear phagocytes, r~sident macrophages release apo

lipoprotein E, prostaglandins, Fn, and low levels of neutral 

proteases (Takemtir~ and Werb, 1984). While apolipoprotein E 

constitutes up to 25% of the total protein secreted by 

resident peritoneal macrophages (Werb et al., 1985), Fn 

represents only 3% or less (Johansson et al., 1979). In 

contrast, Fn was shown to constitute up to 30% of the total 

protein released by human pulmonary alveolar macrophages in 

vitro (Villiger et al., 1981). However, alveolar macro

phages are continually exposed to a variety of inhaled 

particles, including infectious agents, allergens, and 

noxious gases (Herscowitz, 1985). Therefore, even alveolar 

macrophages obtained from normal individuals are likely to 

be more active than other populations of resident 

macrophages (Adams and Hamilton, 1984). 

The migration of circulating monocytes into. specific 

tissues can be selectively enhanced at an inflammatory site 

under the influence of a chemotactic gradient (Gordon, 
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1986). The exudates produced during a·n. in.flammatory 

response.contain a number of endogenous mediators which not 

only attract mononuclear cells, but also modulate,. depending 

on the type of stimuli, the~adtivity of these cells {Larsen 

and Henson, 1983). Elicited macrophages differ remarkably 

from resident 6ells, with up to 800-fold d~tectable differ-

ences in some cellular capacit~es (Adams and Hamilton, 

1984). The secretion pattern exhibited by elicited cells 

appears to be depende~t on the initial irritant (Werb et 

al., 1985). Inflammatory macrophages elicited experimental-

ly by the intraperitoneal injection of thioglycollate broth 

possess a higher basal level of protein synthesis than those 

induced with proteose-peptone or Propionibacterium ~cnes 

(Largen and Tannebaum, 1986: Werb and Chin, 1983a). The 

release of apolipoprotein E is more pronounced in thiogly-

collate-elicited cells than in f. acnes-induced macrophages 

(Werb and Chin, 1983a). Similarly, thioglycollate has been 

shown to be a more potent stimulus in vivo for Fn secretion 

than other inflammatory stimuli including sterile mineral 

oil and shellfish glycogen (Tsukamoto et al.~ 1981). 

Lipopolysaccharide (LPS) derived from the outer cell 
) . 

wall of Gram-negative bacteria provides a potent signal for 

macrophage secretion (Morrison and Ryan, 1979). LPS induces 

alterations in the accumulation of a discrete set of 

proteins in macrophages (Largen and Tannebaum, 1986: 
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Grand-Ferret et al., 1986; MacKay and Russell, 1986; Riches 

and Henson, 1986b). The LPS effect entails the concurrent 

enhancement and inhibition of protein expression. 

Specifically, LPS has been shown to stimulate macrophage 

production of a number of important polypeptide hormones 

including IL-l (Dinarello et al., 1984a), tumor necrosis 

factor (Beutler et al., 1986), interferon (Havell and 

Spitalny, 1983; Ho, 1980), and GM-CSF (Thorens et al., 

1987). It also enhances the release of prostaglandin E2 

(Kurland and Bockman, 1978) and the reactive metabolites of 

oxygen (Pabst and Johnston, 1980). However, while collagen

ase secretion is increased by LPS (Wahl et al., 1974), the 

release of macrophage lysosomal acid hydrolases (Riches and 

Henson, 1986a), elastase (Dodon and Vogel, 1985), and even 

lysozyme (Warfel and Zucker-Franklin, 1986) is diminished. 

Similarly, apolipoprotein E (Werb and Chin, 1983b) and the. 

cysteine protease inhibitor, cystatin C (Warfel et al., 

1987), are inhibited by LPS. 

iecent evidence suggests that LPS may influence 

macrophage activity indirectly through the stimulation of 

endogenous mediators such as interferon alpha/beta (MacKay 

and Russell, 1986; Vogel and Fertsch, 1984; Ho, 1980, Havell 

and Spitalny, 1~83) and prost~glandin E2 (Rivers et al., 

1975; Wahl et al., 1974). Interestingly, these products 

differentially regulate macrophage activation: interferons 
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(IFN) stimulate whereas, prostaglandins suppress macrophage 

activity (Russell and Pace, 1984; Schultz, 1980). The gamma 

species of interferon (IFNY), recognized as a major 

macrophage-activating factor produced by T-lymphocytes, has 

recently been shown to be released by mononuclear phagocytes 

as well (Robinson et al., 1985; Nugent et al., 1985). In 

addition to affecting a number of macrophage functions, IFN 

gamma increases the cell's sensitivity to traces of 

endotoxin, seen as an essential step in the acquisition of 

cytotoxic activity (Weinberg et al., 1978; Ruco and Meltzer, 

1978; Meltzer, 1981; Pace and Russel·l, 1981). 

The different species of IFN can work cooperatively, 

independently, or antagonistically. Both alpha/beta and 

gamma IFN enhance monocyte arachidonic acid release and 

increase conversion to its metabolites (Hoffman et al., 

1987); whereas, only IFN gamma enhances hydrogen peroxide 

secretion (Nathan et al., 1984). IFN alpha/beta has an 

antagonistic effect on IFN gamma-induced macrophage MHC 

class II antigen expression (Ling et al., 1985) and develop

ment of tumoricidal activity (Pace et al., 1987). IFN 

alpha/beta directly stimulates monocyte IL-l production 

(Gerrard et al., 1987), while IFN gamma has been shown to 

only enhance the secretion of IL-l induced by other stimuli ·· 

(Gerrard et al., 1987; Arenzana-Seisdedos and Virelizier, 

1983; Arenzana-Seisdedos et al., 1985). Similarly, IFN 
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gamma has been shown to increase Fn production by elicited 

macrophages but is unable to induce Fn secretion in resident 

cells {Cofano et al., 1984). The effect of other IFN 

species on the secretion of ·Fn by macrophages has not been 

examined. 

Statement of the problem: 

Mononuclear phagocytes respond to local environmental 

factors by altering their functional activity. This process 

entails the concurrent augmentation and suppression of 

cellular processes such as the synthesis and secretion of 

proteins. It has been suggested that the modulation of 

cellular capacities serves to redirect metabolic resources 

toward more essential functions. Since fibronectin is 

secreted by mononuclear phagocytes and is involved in many 

macrophage-mediated processes, it-is likely that its 

secretion by these cells can be regulated by environmental 

stimuli. The purpose of this study was to determine how 

biological response modifiers, known to affect a number of 

macrophage processes, influence macrophage Fn secretion. 



MATERIALS AND METHODS 

A. Animals: Rats of the DA strain were bred and 

maintained in the animal care facility of the Medical 

College of Georgia. Sprague Dawley (SD} rats obtained from 

Harlan Industries (Indianapolis, IN} were used as a source 

of plasma for Fn preparation. Mice of the C3H/HeJ strain 

were purchased from Jackson Laboratories (Bar Harbor, ME) 

and bred in the animal care facility of the Medical College 

of Georgia. Young C3H/HeJ (4-8 wk) mice were used as a 

source of thymocytes for the interleukin 1 assay. 

B. Reagents: The lipopolysaccharide (LPS), a phenol 

extract from Salmonella typhosa; lipid A, prepared from the 

acid hydrolysis· of lipopollsaccharide.s from Salmonella 

minnesota; pol~~yxin B sulfate; and cyclohe~imide were 

obtained from Sigma (St. Louis, MO). Lipid A was dissolved 

in dimethyl sulfoxide (DMSO) (Hamilton et al., 1986} at a 

concentration of 1 mg/ml, aliquoted and stored at -70°Ce 

Aliquots were thawed. and diluted. into culture medium 

immediately prior to use. Alkali-detoxified LPS was 

prepared according to the method of Weinberg (1981). LPS 

was treated with 1 N NaOH at 56°C for 90 minutes, dialyzed 

against H20 for 6 hours, and then against Hank's balanced 
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salt solution (HBSS) overnight. The stock solution was 

sterilized by passage through a 0.2 ~m filter (Gelman) prior 

to addition to cultures. Rat interferon {IFN) alpha/beta,· 

specific activity 2.7 x 10 5 U/mg protein, was purchased from 

Lee Biomolecular {San Diego, CA, lot 55037). Recombinant 

rat gamma IFN, specific activity 4 x 10 6 U/mg protein, was 

obtained from Amgen Biologicals {Thousand Oaks, CA, lot 

5305). IFN preparations were negative for endotoxin con

tamination when tested at 10 to 100 U/ml in the Limulus 

Amebocyte Lysate Assay {Whittaker Bioproducts, Walkersville, 

MD). The chemotactic peptide, N-formyl-L-methionyl-L

leucyl~L-phenylalanine (FMLP) was purchased from Sigma (St. 

Louis, MO). Pertussis toxin and cholera toxin were obtained 

from List Biological Laboratories (Campbell, CA). Indometh

acin {Sigma, St. Louis, MO) was solublized according to 

Mizel (1981) by dissolving 10 mg in 1.4 ml 0.1% Na2C03 and 

then diluting with 12.6 ml phosphage buffered saline (PBS) 

(.06 M phosphate, .15M NaCl) to make a 2 x 10-~ M solution. 

C. Macrophage preparation: Resident peritoneal·macro

phages were 'obtained from DA rats by washing the peritoneal 

cavity with 50 ml of HBSS. Elicited macrophages were 

obtained in a similar manner 3 days after intraperitoneal 

injection of 10 ml of a sterile 7% solution of ·thioglycol

late broth (Difco, Detroit, Michigan) or 10 days after the 

injection of 30 mg of Propionibacterium acnes (P. acnes) 
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/ 

(CalBiochem, San Diego, CA) in 10 ml of sterile saline. The 

cells were washed 3 times with HBSS via centrifugation (10 

minutes at 1000 rpm, and resuspended in RPMI-1640 medium 

(endotoxin free, Mediatech, Herndon, VA) containing 100-

units/ml penicillin, 100 mg/ml streptomycin and 20mM HEPES 

(Flow Labs, Mclean, VA). Viable cells were _determined by 

trypan blue dye exclusion and counted with a hemacytometer. 

For Fn secretion experiments, peritoneal exUdate cells 

(2 x 10 5 ) were plated .into 96 well, flat bottomed tissue 

culture plates (Linbro, McLean, VA) and allowed to adhere 

for 2 hours (unless otherwise stated) at 37°C. Following 

incubation, nonadherent cells were removed by vigorous 

washing with serum free RPMI medium. This procedure results 

in a cell population 90-95% macrophages as judged by 

nonspecific esterase staining and phagocytosis of latex 

beads (Beezhold and Lause, 1987). Following adherence 

purification, macrophages were cultured in a total volume of 

0.1 ml serum free medium in the presence or absence of 

stimulants for 24 hours. For time course studies, peri-

toneal cells were incubated for 5 days, and the supernatants 

were removed at indicated times. All cultures were run in 

four replicates. 

Macrophage supernatants to be analyzed for interleukin 1 

activity were obtained by plating thioglycollate-elicited 

peritoneal exudate cells (2 x 10 6
} into 24 well tissue 
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culture plates (Linbro, McLean, VA). After adherence 

purification, ·the macrophages were cultured in a total 

volume of 1~0 ml of serum fr~e medium and stimulated with 

various reagents. Supernatant~ were collected.at 24 hours, 

clarified by csntrifugation~ dialyzed (Spectra/For 1, 

Molecular weight cut off 6-8,000) overnight against 100 

volumes of RPMI-1640 medium and sterilized by passage 

through a 0.2 ~m filter (Gelman) prior to use in cultures. 

D. Purification of plasma fibroneptin: Plasma Fn wai 

prepared by gelatin-Sepharose affinity chromatography of 

citrated rat plasma by a modifi~~tion of the method of 

Ruoslahti and Engvall (1978). Rat plasma obtained via 

cardiac puncture was batch incubated with gelatin-Sepharose 

4B (Pharmacia) for 2 hours at room temperature. The slurry 

was poured into a column and washed extensively with PBS 

pH 7.4 and 1.0 M urea in 0.05 M Tris-HCL pH 7.4 buffer. Fn 

was eluted with 4 M urea in the same buffer and extensive-ly 

dialyzed against PBS. Following concentration by negativ~ 

pressure dialysis against PBS, the amount of Fn in the stock 

solution was determined by its optical density at 280 nm 

using a conversion factor of 1.28 mg/ml. Stock Fn was then 

aliquoted and stored at -70°C. 

E. Fibronectin assay: Fn concentrations in culture 

supernatants were determined by the use of an enzyme-linked 

immunosorbent assay (ELISa) modified from Gomez-Lechon and 
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Castell (1985). Undiluted supernatants (0.1 ml) were trans

ferred to plastic microtiter plates (Immulon-1, Dynatech) 

and allowed to adhere for 1 hr at 37°C. Plates were then 

washed with phosphate-buffered saline (10mM sodium phosphate, 

0.9% sodium chloride pH 7.5) containing 0.1% Tween-20 (TPBS). 

The remaining active protein binding sites were blocked with 

the addition of Fn-free albumin (50 ug/ml 50mM sodium 

carbonate buffer, pH 9.6) for 30 minutes. ·Fn-free albumin 

was prepared by'two successive passages of a 5% solution of 

rat albumin fraction V (Sigma, St. Louis, MO) over a gelatin

Sepharose columrt (Gomez-Lechon and Castell, 1985). The 

plates were washed and. a 1:750 dilution of affinity purified 

goat anti-rat Fn antibody was added and allowed to incubate 

for 1 hour. Washing foilowed the successive incubations of 

a 1:600 dilution of rabbit anti-goat IgG antibody and a 1:500 

dilution of goat anti-rabbit IgG antibody conjugated to 

horseradish peroxidase (HRP) (Sigma, St. Louis, MO). The 

substrate (0.2%), ·2,2-Azinobis(3-ethylbenzthiazoline sulfonic 

acid) (ABTS) (Sigma, St. Louis, MO), was prepared in 0.1 M. 

phosphate-citrate buffer, pH 5.0 and was activated by the 

addition of 0.003% H202 immediately prior to use. Color 

development was measured 30 minutes after the addition of 

substrate buffer by reading the optical density at 405 nm in 

a micro-ELISA reader (Titertek Multiskan). Fn levels were 

calculated from a standard curve produced with plasma Fn. 
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In some experiments, the amount of Fn that bound to the 

wells in which the macrophage were cultured was measured. 

The ELISA was carried out on the 96 well plates following 

, several rounds of freeze thawing and extensive washing with 

TPBS to remove adherent cells. The optical density of 

several culture wells was read in the absence of HRP-labeled 

antibody to control for the possible effect of remaining ad

herent cells on absorbance levels. 

F. Purification of macrophage Fn: Macrophage superna

tants were pooled and stored at -70°C prior to purification. 

Supernatants were batch incubated with gelatin-Sepharose 4B 

(Pharmacia) for 2 hours at room temperature. The slurry was 

poured into a column and washed extensively as. described 

above with the exception of the 1 M urea buffer. 

G. Affinity purification of anti-Fn antiserum: Goat 

anti-rat Fn antiserum (CalBiochem, San Diego, CA) was 

affinity purified by passage over. a fibronectin-Sepharose 

column as described by Czop et al •. (1981). Fn was 

covalently coupled to.CNBr-activated Sepharose 4B and stored 

at 4°C. The fibronectin-Sepharose column was loaded with 5 

mls anti-rat Fn antiserum and was washed with PBS, pH 7.0. 

The antibody was eluted with 0.1 M glycine-HCl, pH 2.5, and 

immediately neutralized to pH 7.0 with 2 M Tris, pH 8.0. 

The eluted antibody was dialyzed against PBS, pH 7.0 and 

concentrated by negative pressure dialysis. 
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H. Interleukin 1 assay: IL-l activity in macrophage 

supernatants was determined by enhancement of thymocyte prb

liferation in the costimulator assay {Mizel et al., 1978). 

Thymocyte suspensions were prepared from endotoxin resistant 

C3H/HeJ mice {4-8 weeks of age). Thymocytes free of contam

inating perithymic lymph node cells were obtained by mincing 

over a wire mesh screen into cold RPM! culture medium 

containing 10% fetal calf serum and 2.5 x 10-5 M 2-mercapto

ethanol. Large debris and aggregates were removed by gravity 

sedimentation, and the cells were washed once with medium. 

Thymocytes (1.5 x 10 6 ), 1 ug/ml of PHA (leucoagglutinin, 

Sigma, St. Louis, MO) and serial dilutions (1/8 - 1/16) of 

dialyzed macrophagesupernatants were cultured in microtiter 

flat-bottomed plates in a total volume of 0.2 ml. Cultures 

were incubated for a total of 72 hours and pulsed with 0.5 

~Ci of 3 H thymidine ( 3 HTdR, New England Nuclear, Boston, MA) 

12 hours prior to collection of cells. The cells were 

harvested on giass ·fiber filters with an automatic sample 

harvester (Brandel, Rockville, Md), and 3 HTdR incorporation 

into DNA was determined by liquid scintillation counting. 

All cultures were performed in triplicate. 

I. Con A supernatant preparation: Con A~stimulated 

leukocyte supernatant was prepared from DA rat spleens 

according to the method of Maier et al. {1985). Spleen 

cells were resuspended at 1 x 10 7 cells/ml of medium with 
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4 ~g/ml of concavalin A (Con A) (Pharmacia, Piscataway, NJ). 

Fifty milliliters of cells were incubated in a 75 cm 2 tissue 

culture flask for 2 hours at 37°C, after which the medium 

was gently poured off, and the flask was gently washed 3 

times with warm medium. Fresh medium (50 ml) without Con A 

was added to the flask, and the incubation was continued for 

an additional 18 hours. The Con A supernatant was harvested, 

centrifuged to remove cells, and then passed over a gelatin

Sepharose column to remove Fn. 

J. Immunblot analysis: Gelatin-purified macrophage 

proteins were electrophoresed on 5% polyacrylamide slab gels 

under both reducing (10% B-mercaptoethanol) and nonreducing 

conditions. Ptirified plasma Fn was iricluded as a reference 

protein. The Fn depleted Con A-generated T lymphocyte 

supernatants were also run to test for antibody specificity. 

Gel proteins were transferred electrophoretically to nitro

cellulose paper (Schleicher & Schuell, Keene, NH) (0.2 um 

pore size) for 1.5 hours using the Transphor Electroblotting 

Unit (LKB) 100% voltage, 0.6-1.2 amps. The blotting buffer 

consisted of 25 mM Tris-HCl, pH 8.3, 150 mM glycine, and 

0.1% SDS. In order to enhance the transfer of proteins 

above 100,000 MW, methanol was excluded from the buffer 

(Bers and Garfin, 1985). 

Remaining active sites were blocked with 5% rabbit serum 

for 30 minutes at room temperature with·gentle agitation 
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followed by 3 consecutive 10 minute washes with TPBS. The 

membrane was then incubated overnight in a 1:100 dilution of 

affinity purified goat anti-rat Fn antibody (CalBiochem, San 

Diego, CA). Unbound antibody was removed by three changes 

of TPBS over 30 minutes with gentle agitation. The membrane 

was transferred to a solution of biotin-conjugated anti-goat 

IgG (Vector Laboratories, Burlingame, CA) in TPBS and 

incubated for 30 mintites, after .which the unbound antibody 

was removed by .three changes of TPBS over 30 minutes. HRP

conjugated avidin (Vector Laboratories, Burlingame, CA), to 

which biotin binds with high affinity and specificity, was 

then added to the membrane and incubated for 30 minutes. 

Unbound reagent was removed by washing with three changes of 

PBS without Tween-20 over 30 minutes with gentle agitation. 

The membrane was then transferred to the p~roxidase 

substrate solution, prepared by mixing 6 mg 4-chloro-1-

napthol in 2 ml methanol, 10 ml PBS and 5 ~1 H202 immediate

ly prior to use. The color was allowed to develop for 15 

minutes and the reaction stopped by washing with two changes 

of distilled water over 10 minutes. The membrane was air 

dried and stored in the dark. Purple bands represented 

antibody-bound protein. 



RESULTS 

A. Fibronectin detection. Previous studies had shown that 

mononuclear phagocytes secrete only nanogram quantities of 

of fibronectin (Fn) (Johannsen et al., 1979: Rennard et 

al., 1981). ~herefore, i~vestigation of the effects of 

biological response modifiers on the secretion of Fn by 

cultured macrophages required the ability to measure very 

small amounts of protein. A three-step, noncompetitive, 

enzyme-linked immunosorbent assay (ELISA) was developed, 

modified from Gomez-Lechon and Castell (1985), using 

affinity-purified anti-rat Fn antibodye The ELISA was 

determined to be sensitive to Fn concentrations between 

0.05 and 1.0 ~g/ml (Figure 1),. using purified rat plasma Fn 

as the standard. It was, therefore, essential that the Fn 

concentration in the samples to be analyzed fall within the 

narrow range of the assay. Typically this is accomplished 

by dilution: however, because Fn is an adhesive molecule, a 

more direct method was desirede An optimal culture/assay 

system was established by examining the following 

parameters: cell concentration, cell phenotype, and time 

course of Fn secretion. 
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Figure 1. Typical standard curve obtained with plasma Fn 

for the ELISA. Optical density of the reaction product 

plotted against plasma Fn concentration (0.05-1 ~g/ml). 

Points represent the mean ± SD of eight replicatese 
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1. Cell concentration. Various macrophage cell 

concentrations were examined for their ability to release Fn 

at levels directly detectable in the ELISA. Thioglycollate

elicited peritoneal cells were plated in 96 well microtiter 

plates and enriched for macrophages via adherence to plastic 

for 2 hours at 37°C. After washing to remove nonadher~nt 

cells, macrophages were cultured for 1 hour. Undiluted 

supernatants were transferred to 96 well ELISA plates and 

assayed for the presence of Fn. The quantity of soluble Fn 

correlated with .cell concentration (Figure 2) •. Fn could be 

detected in the supernatant of macrophages plated at 

concentrations as low as 1 x 10 5 and as high as 6 x 10 5 

cells/well. However, frequently when the cell number 

exceeded 4 x 10 5 cells/well Fn levels exceeded the· range of 

the assay (data not shown). Therefore, all subsequent 

experiments contained 2 x 10 5 cells/ well. 

2. Cell phenotype. Although several macrophage 

populations have been shown to produce Fn, peritoneal 

macrophages were selected because they can be obtained in 

high yield and with relative ease. Additionally, the 

phenotype of the cells collected can be altered by the 

injection of a variety of irritants several days before 

harvesting (Conrad, 1981). Three macrophage phenotypes were 

tested for their ability to produce fibronectin: resident 

peritoneal cells, and those cells elicited following 
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Figure 2. Effect of cell concentration on the in vitro 

secretion'of Fn by purified thioglycollate-elicited rat 

peritoneal macrophages. The Fn concentration (ng/ml) 

in supernatants from macrophages cultured for one hour 

in fresh medium was measured by an enzyme-linked 

immunosorbent assay. The data are expressed as the 

mean ± SD of Fn (ng/ml) from 'quadruplicate cultures. 
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Figure 3. Comparison of Fn secretion by different pop-

ulations of adherence purified peritoneal macrophages. 

Resident (RES), thioglycollate- (TG), and P. acnes-

elicited (PA) cell~ (2 x 10 5 ) were incubated for 1 hour 

in the. absence of exogenous stimuli. The supernatants 

were collected and the amount of Fn (ng/ml) in four 

cultures was determined by an ELISA. The data are 

expressed as the mean ± SD. 
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intraperitoneal injection of thioglycollat~ broth or 

Propionibacterium acnes. Macrophages were en~iched from 

peritoneal exudates via adherence to plastic for 2 hours at 

37°C. Supernatants were collected after 1 hour of culture 

and assayed for Fn. In the absence of exogenous stimulation, 

resident macrophages released low levels of Fn (Figure 3). 

Both irritants enhanced Fn secretion. However, peritoneal 

macrophages collected following exposure to the nonspecific 

inflammatory stimulus induced by thioglycollate released 

substantially more Fn than those cells exposed to the immune 

stimulus, ~ acnes. Macrophages elicited with proteose

peptone, another.inflammatory agent, secreted Fn at levels 

similar to f. acnes-stimulated cells (data not shown). 

Although the absolute .amount·of Fn produced under similar 

culture ctindit~ons varied between experiments· (mean +/- SD 

equaled 239 +/- 118 ng of Fn/ml), thioglycollate wai still 

determined to be the most potent in vivo stimulus for Fn 

secretion. 

3. Time course of Fn secretione The kinetics of Fn 

secretion by adherent macrophages was determined by 

collecting supernatants from thioglycollate-elicited 

macrophages cultured for various times ranging from 10 

minutes to 5 days·. The greatest quantity of Fn was detected

within the first 2 hours of cul~ure (Figure 4)e At 24 hours 

Fn levels were reduced but remained within the limits of the 
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Figure 4. Kinetics of Fn secretion by adherence purified 

thioglycollate-elicited peritoneal cells. The Fn con-

centration in supernatants from macrophages (2 x 10 5 ) 

incubated for v~rious times (1-96 hours) following 

adherence purification was determined by an ELISA~ The 

data are expressed as the mean ± SD amount of Fn (ng/ml) 

from quadruplicate cultures. 
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assay. By 96 hours Fn was virtually absent from the culture 

medium. The consistent decline in Fn levels over time as 

detected by the ELISA suggested that the Fn molecule was 

being degraded by endogenous proteases known.to be released 

by macrophag~s. in culture (Werb et al., 1980). 

Immunoblot analysis was used to. e~a~ine the integrity of 

the Fn molecule in macrophage supernatants collected at 2 

hours and at 48. hours. These time points corresponded to 

peak and diminished Fn concentration~, respectivel~, as 

determined by ·the ELISA. Gelatin-purified su-pernatant 

proteins were subjected to SDS-PAGE under reducing and 

nonreducing conditions, transferred to nitrocellulose, and 

immunoblotted with affinity purified anti-rat Fn antibody. 

The effectiveness of protein transfer to nitrocellulose was 

determined by subsequently staining the gel. In the 

nonreduced state, several high molecular weight protein 

bands, including the intact Fn molecule, failed to transfer 

to nitrocellulose. Subsequently, all proteins were reduced 

prior to electrophoresis. 

Immunoblot analysis consistently demonstrated three 

bands in the plasma Fn control (Figure 5, lane 1); the two 

most pronounced bands were the 220 kD subunits of Fn. Three 

prominent bands were also ·detected in the macrophage 

supernatants collected at 2 hours (lane 2); however, they 

appeared to be lower in molecular weight than the plasma 
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Figure-5. Effect of culture time on the structural 

integrity of macrophage Fn. Lane 1, rat plasma Fn; 

lane 2, rat macrophage culture supernatant (2 hour); 

lane 3, rat macrophage culture supernatant (48 hour); 

lane 4, high molecular weight marker proteins; lane 5, 

Con A-stimulated T-cell supernatant. All samples were 

run in reducing sample buffer on a 5% SDS polyacryl

amide gel and then transferred to nitrocellulose. Fn 

molecules were visualized a~ described in Materials 

and Methods. 
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Fn control (lane 1). Simil'ari ties in the banding patterns 

displayed in lanes 1 and 2 can be seen. In supernatants 

collected at 48 hours, the major bands observed at 2 hours 

were absent and numerous anti-Fn-reactive lower molecular 

weight bands were observed (lane 3). The high degree of 

fragmentation of the Fn molecule noted at this time period 

suggests that Fn was being degraded in culture. Antibody 

reactivity was examined in lanes 4 and 5. These lanes 

contained molecular weight marker proteins and Con A

stimulated T-cell supernatant proteins, respectively, and 

failed to react with the antibody. 

The presence of proteolytic enzymes in macrophage 

cultures was demonstrated indirectly by examining the effect 

of supernatants from 48 hour macrophage cultures on the 

integrity of the plasma Fn molecule. Plasma Fn (1 pg/ml) 

was incubated for 2 hours with supernatant from 48 hour 

macrophage cultures in a 1:1 ratio. Both preparations were 

similarly diluted with medium alone.· The concentration of 

Fn in each sample was measured via the ELISA in 8 repli

cates. The concentration of Fn in the diluted 48 hour 

supernatant was subtracted from the plasma Fn-48 hour 

supernatant mixture in order to determine the concentration 

of plasma Fn. The results of 5 experiments showed that 

a 2 hour incubation of plasma Fn with supernatant from 48 



hour macrophage cultures diminished the Fn concentration 

to 56.6 +/- 10% of plasma Fn diluted with medium alone. 
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4. Localization of Fn released during culture. Evidence 

that Fn possesses a strong affinity for polystyrene plastic 

was receqtly shown by Gomez-Lechon and Castell (1985)~ They 

demonstrated that plasma Fn binding occurs rapidly and is 

resistant to removal. Thus, Fn rele~sed by macrophages in 

culture may adhere to the wells of the tissue culture plate. 

To investigate this possibilit~, the ELISA was carried out 

on 96 well plates in which macrophages had been cultured. 

Even though the culture plates had been vigorously washed 

and subjected to several freeze-thaw cycles, a significant 

amount of Fn was detected in the culture wells. Adsorbance 

occurred rapidly (Table I). As early as 10 minutes after 

plating, in the presence of high cell concentrations (6 x 

10 5 ), Fn levels exceeded the range of the ELISA assay 

(1 ~g/ml). Thus, ·the concentration of Fn detected in the 

macrophage supernatants does not represent the total amount 

of Fn secreted by the cells but rather that which has not 

bound to the culture wells. The amount of Fn adsorbed to 

the wells is assumed to be constant for a given cell number 

and culture time. Thus, changes in the amount of Fn 

released under various conditions.~hould be reflected in -the 

culture supernatants. 
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Table I. Rapid saturation of culture w_ells by secreted Fn. 

concentration 

cells/well 

100,000 

200,000 

400,000 

600,000 

Percent saturation~ 

20% 

42% 

94% 

100% 

30 min 

40% 

74% 

100% 

100% 

~The saturation point is defined as the amount of Fn 

attached to the wells of the tissue culture plate which 

produces maximum color development in the ELISA. 

2 Data represent percent saturation within minutes of 

plating thioglycollate-elicited peritoneal exudate cells. 
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5. Synthesis and secretion of macrophage Fn. Since the 

above results suggest that a significant amount of Fn had 

adsorbed to the culture plate during the initial 2 hours in 

which peritoneal exudate cells (PEC) were cultured to allow 

for macrophage adherence, the secretion of soluble Fn during 

this time was examined. The protein synthesis inhibitor 

cycloheximide was included in the macrophage cultures to 

determine if the soluble Fn detected in the supernatants 

represented newly synthesized protein. Initially, Fn 

release by exudate cells was unaffected by the presence of 

cycloheximide (Figure 6A). Although the level of Fn in the 

supernatant of cycloheximide-treated exudate cells gradually 

increased.during culture, within 1 hour Fn levels were 

reduced compared to untreated control levels. Treatment of 

macrdphages with cycloheximide, after washjng to remove 

nonadherent cells, resulted in the virtual elimination of Fn 

secretion (Figure 6B). The d~~a suggest that initially 

thioglycollate-elicited PEC contained internal stores of Fn, 

a large quantity of which {250 ng/ml) was released at the 

initiation of culture. The release of preformed Fn appeared 

to be nearly exhausted by the end of the adherence period, 

in that supernatants from washed and subsequently 

cycloheximide-treated cells failed to release additional Fn. 

6e Source of released Fn. The inability of cyclohexi

mide to completely suppress Fn secretion during adherence 
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Figure 6. Effect of cycloheximide on Fn secretion kinetics. 

Thioglycollate-elicited peritoneal cells (2 x 10 5 ) were 

incubated in the presence (closed circles) or absence (open 

circles) of cycloheximide (10 ~g/ml). The supernatants of 

individual cultures were collected at various time points 

within the 2 hour adherence purification period (A) or after 

the ~ddition of fresh medium (B)G The data are expressed as 

the mean ± SD amount of Fn (ng/ml) from the supernatants of 

quadruplicate cultures. 
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purification suggested that stored protein had been 

released. However, macrophages have been shown to possess 

receptors for the Fn molecule (Bevilacqua et al., 1981). 

Furthermore, it has been documented that the level of Fn in 

the peritoneal fluid increases during the inflammatory 

response induced by thioglycollate (Lause et al., 1986: 

Richards and S~ba, 1983). It was, therefore, possible that 

the Fn released in the presence of cycloheximide represented 

protein which had been absorbed from the peritoneal fluid 

onto the macrophage surface. To determine if indeed macro

phages were releasing .absorbed Fn, peritoneal exudate cells 

were batch incubated in the presence or absence of 0.25% 

trypsin for 1 hour before being plated. Trypsinization 

resulted in a decrease in supernatant Fn levels during the 2 

hour adherence period (Table II): whereas, the amount of Fn 

bound to the plate was not affected. This suggests that a 

portion of the Fn detected during the 2 hour adherence 

period originated from the macrophage membrane and not from 

internal stores of the peritoneal exudate cells~ 

B. Regulation of in vitro macrophage fibronectin secretion 

by biological response modifiers. 

1. Lipopolysaccharide down-regulates Fn secretion. 

Since the lipopolysaccharide of Gram negative bacteria has 

been shown to affect a number of macrophage functions 

(Morrison and Ryan, 1979), its effect on Fn secretion was 
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Table II. Effect of trypsin treatment on the level of Fn 

released ·in culture. 

Fn concentration {ng/ml) 

culture 

time~ plate-bound supernatant 

(min) 

+ + 
' ' . 

----------------------------------------------~-----------

10 400 ± 30 640 ± 70 720 ± 40 190 ± 5 

60 700 ± 60 600 ± 60 960 ± 50 160 ± 10 

120 560 ± 60 680 ± 40 860 ± 60 175 ± 5 

~Peritoneal exudate cells were washed, plated at 

2 x 10 5 cells/well, and allowed to adhere for two hours. 

SU:per·natants were collected at specified time points after 

which soluble and plate-bound Fn levels were measured via 

an ELISA. Data represents mean ± SD of quadruplicate 

cultures. 

2 Peritoneal exudate cells were preincubated in the 

presence (+) or absence (-) of 0.25% trypsin for 1 hour 

prior to plating~ 
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examined. Adherence-purified, thioglycollate-elicited 

macrophage~ were cultured with various concentrations of 

lipopolysaccharide (LPS) for 24 hours, after which the Fn 

levels in culture supernatants were measured. LPS induced a 

dose-dependent inhibition of Fn secretion (Figure 7). The 

secretion of Fn was extremely sensitive to endotoxin dose: 

concentrations of LPS as low as 1.0 pg/ml produced a 

detectable decrease (28%) in Fn secretion, with a greater 

than 70% decrease in secretion at 1 ~g/ml (Figure 7). The 

inhibitory effect of LPS was also time dependent. A 

reduction in Fn secretion was detected as early as 2 hours 

after initiation of culture (Figure 8). Maximum suppression 

occurred by 24 hours. LPS also inhibited the secretion of 

Fn by resident and f. acnes-stimulated macrophages. 

However, since the basal level of Fn released by these cells 

was low, dramatic changes in Fn secretion following LPS 

stimulation were not evident (data not shown)e 

LPS is an extremely stable molecule; however# its 

physiologic effects can be prevented by denaturing LPS with 

alkali treatment or by neutralization with polymyxin B, an 

antibiotic which irreversibly binds to the LPS molecule 

(Weinberg, 1981).· Alkali treatment completely abrogated the 

LPS-induced inhibition of Fn secretion (Figure 9). However, 

the addition of polymyxin B failed to prevent the LPS

induced inhibitionc In order to determine if the LPS effect 
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Figure 7. Suppressive effect of LPS on Fn secretion by 

purified thioglycollate-elicited macrophages. The data 

are presented as percent difference of Fn secreted in 

24 hours by untreated cells versus macrophages treated 

with a wide range of LPS concentrations (solid line). 

Rat albumin was included as a protein control (dashed 

line). The graph represents the mean± SEM of three 

separate experiments. Basal Fn level equaled 140 ± 34 

ng/ml. 

37 



38 

-
I~ BOO 

C) 

.s 0 Control 

c e LPS 
0 600 

+=i ro 
'-

' ..... c 
(J) 
(.) 400 c 
0 

0 
c 

+=i 200 (.) 
CD 
c 
0 
I... 

..c 0 .u::: 
1 2 24 96 

Culture Time (hrs) 

Figure 8. Kinetics of LPS inhibition of Fn secretion.· 

Adherence purified thioglycollate-elicited macrophages 

were incubated in the presence (closed circles) or 

absence (open circles) of 1 ~g/ml of LPS. The data 

are expressed as the mean ± SD amount of Fn (ng/ml) in 

quadruplicate cultures collected at the indicated time 

points. 
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on Fn secretLon was a general phy~iologic down-regulation~ 

IL-l activity and Fn secretion were measured in parallel 

cultures. IL-l production was enhanced by macrophage 

exposure to LPS; whereas, detoxification of LPS by alkali 

treatment or with polymyxin B prevented the release of IL-l 

(Figure 10). 

Polymyxin B is thought to neutralize LPS activity by 

binding irreversibly to its lipid A moiety (Morrison and 

Jacobs, 1976). Thus the inability of polymyxin B to 

prevent the suppression of Fn secretion induced by LPS 

suggested that a portion of the LPS molecule other than the 

lipid A moiety was affecting suppression. Therefore, the 

effect of isolated lipid A on Fn secretion was examined. 

Thioglycollate-elicited macrophages were cultured with 

various concentrations of lipid A and the amount of Fn 

released into the supernatant determin~d~ Lipid A induced a 

dose-dependent. inhibition of Fn secr~tion similar to that 

obs~rved for intact LPS (Figure 11). The supernatants from 

macrophages stimulated.with lipid A were also tested for 

IL-l activity to ensure that the lipid A was physiologically 

active. As was shown for LPS, the secretion of IL-l and Fn 

wer~ inversely related when macrophages were treated with 

lipid A (Figure 12). Doses of lipid A between 5 and 10 

~g/ml enhanced the secretion of IL-l and suppressed that of 

Fn. However, high concentrations (100 ~g/ml) of lipid A 
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Figure 9. Effect of detoxification of LPS on its ability to 

inhibit Fn secretion. Fn levels were measured in the 

culture supernatants of purified macrophages treated for 24 

hours with LPS (1 ~g/ml), LPS and polymyxin B sulfate (100 

ng/ml), or NaOH-treated LPS (1 ~g/ml)e Controls included 

untreated cells and cells treated with polymyxin B alone. 

The data represent the mean ± SD of three separate experi-

ments. 
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Figure 10. IL-l activity in macrophage culture superna-

tants. Thioglycollate.:_elicited peritoneal macro phages 

(2 x 10 5 ) were cultured in the presence of. LPS (1 ~g/ml), 

LPS and polymyxin B sulfate. (100 ng/ml), or NaOH-treated 

LPS (1 ~g/ml)G Supernatants were collected after 24 

hours and assayed at 1/8 dilution for IL-l activity. Data 

are expressed as the mean cpm ± SD of triplicate cultures. 

The solid bar represents thymocyte proliferation to PHA in 

complete medium only. 
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suppressed both Fn and IL-l release. .Thi_s suggests that the 

suppression of Fn secretion at high doses of lipid A may be 

a non-specific response·. 

2. Effect of other bacterial products on Fn secretion. 

A toxin produced by the Bordetella pertussis bacterium has 

been shown to inhibit LPS-induced effects in a macrophage 

cell line (Jakway and DeFranco, 1986). Pertussis toxin (PT) 

has also been shown to inhibit macrophage stimulation by the 

chemotactic peptide n-formyl-methionyl-leucyl-phenylalanine 

(FMLP) (Backlund et al., 1985: Brandt ~tal., 1985). Since 

pertussis toxin and cholera toxin (CT) are thought to 

stimulate macrophages via intracellular signalling pathways 

distinct from.those of LPS and FMLP (Berridge, 1985:· Adams 

and Hamilton, 1987: Synderman et al., 1986), their effect on 

macrophage Fn production was examined. Adherent 

thioglycollate-elicited macrophages were cultured in the 

presence of various concentrations of CT, PT, and FMLP. The 

amount of Fn in 24 hour culture supernatants was determined 

and the data presented as percent difference in the release 

of Fn by treated versus untreated cells. All three 

substances produced a moderate enhancement of Fn production 

at doses of 1-100 ng/ml (Figure 13). The stimulant-induced 

increases in Fn secretion were found to be statistically 

significant at 10 ng/ml (PT,-P < 0.005: CT, P < 0.005: FMLP, 

P < 0.05: by a one-tailed,· independent Student's t-test). 
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Figure 11. Effect of lipid A on the secretion of Fn by 

thioglycollate-elicited macrophages. Adherent cells were 

cultured for 24 hours in the presence of various concentra-

tions (1-100 ~g/ml) of lipid A. Culture .supernatants were 

assayed in quadruplicate for Fn production and.the results 

presented as percent Fn released by treated cells relative 

to control levels. Mean ± SD baseline Fn concentration 
I 

equaled 320 ± 50 ng/ml. 
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Figure 12. Effect of lipid A on the presence of IL-l 

activity in the supernatants of thioglycollate-elicited 

macrophages. Adherent cells were cultured fpr 24 hours 

in the presence of various concentrations {1-100 ~g/ml) 

of lipid A. IL-l activity in culture supernatants was 

assayed {1/8 dilution) and compared to· supernatants from 

untreated and LPS-stimulated {1 }Jg/ml) cells. The data 

are expressed as the mean cpm ± SD of triplicate cultures. 
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LPS was included as a negative control and resulted in the 

expected inhibition of Fn secretion. 

3. Interferons inhibit Fn secretion. Mononuclear 

phagocytes respond with heightened activity to cytokines, 

particularly interferon gamma, released by lymphocytes. We 

therefore sought to determine if lymphocytes could produce 

a soluble mediator capable of modulating macrophage Fn 

production. A crude lymphokine preparation was obtained by 

stimulating spleen cells with the T cell mitogen, concan

avalin A {Con A). Various dilutions of the Con A-sti~ulated 

T cell supernatant were added to macrophage cultures and the 

effect on Fn secretion examined. The data revealed that 

dilutions of the Con A supernatant of less than !:laO 

inhibited Fn secretion: whereas, dilutio~s 1:1000 to 

1:100,000 stimulated Fn-secretion {Figure 14). Since the 

Con A supernatant contains a mixture of biologically active 

lymphokines,, including interleukin 2 and interferon {IFN) 

gamma {Maier et al., 1985), the d~ta are difficult to 

interpret. However, IFN gamma ·is recognized as a major T 

cell lymphokine influencing macrophage frinction {Adams and 

Hamilton, 1987). Therefore, further studies were performed 

to determine how recombinant rat IFN gamma affects 

macrophage Fn secretion. 

Thioglycolla~e-elicited peritotieal macrophages were 

cultured with various concentrations {1-100 U/ml) of 
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Figure 13. Effect of various bacterial products on Fn 

secretion. The data are represented as percent difference 

of Fn secreted in 24 hours by untreated cells versus 

macrophages treated with various concentrations ~f pertussis 

toxin (PT), cholera toxin (CT), and n-formyl-methionyl-

leucyl-phenyl-alanine (FMLP). LPS was included as a 

negative control. The bar represents the SD of control Fn. 

The stimulant-induced enhancement of Fn secretion was found 

to be statistically significant at 10 ng/ml (PT, P < 0.005: 

CT, P < 0.005: FMLP, P < 0.05: by a one-tailed, independent 

Student's t-test). Basal Fn concentration± SD equaled 160 

± 10 ng/ml. 
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recombinant rat IFN gamma (Amgen Biologicals, Thousand Oaks, 

CA) for 24 hours. The con6entration of Fn in the culture 

supernatants was then determined and the data presented as 

the percent difference o~ Fn secreted by untreated versus 

interferon-treated macrophages. IFN gamma ~nduced a 

dose-dependent inhibition of Fn secretion (Figure 15). 

Reduction was observed with IFN concentrations as low as 

5 U/ml. 

The IFNs com~rise a family of molecules w~th a broad 

range of immtinomodulatory,· antl.proliferative, and antiviral 

effects (Revel·and Chebath, 1986~ L~cas and Epstein~ 1985). 

Cases of ~ynergism between IFN species have been shown 

(Hubell et al., 1987). However, IFNs frequently ~xhibit 

differential effects (Gerrard et al., 1987~ Ling et al., 

1985). Because macrophages produce IFN {Havell and 

Spitalny, 1983~ Nugent et al., 1985) and endogenously

proquced IFN has been shown to result in macrophage 

differentiation (Vogel and Fertsch, 1984), the effect of 

exogenous rat IFN alpha/beta on macrophage Fn.production was 

examined. Treatment of thioglycollate-elicited macrophages 

with 30-U/ml or greater of rat IFN alpha/beta resulted in a 

significant suppression of Fn secretion (P < 0.005) (Figure 

16)~ whereas, lower doses had no effect. 

4. Effect of indomethacin on IFN and LPS mediated 

suppression of Fn secretion. Because prostaglandins are 
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Figure 14. Macrophage Fn secretion in the presence of Con 

A-stimulated T lymphocyte supernatants. Fn concentrations 

were measured in the supernatants of thioglycollate-elicited 

macrophages cultured with various dilutions of lectin-free 

Con A supernatant {CAS) for 24 hours. Data are presented as 

the percent difference of Fn levels between unstimulated 

and CAS-stimulated cells. All cultures were pertormed in 

quadruplicate. Basal Fn concentration was 200 ± 10 ng/ml. 
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Figure 15. Inhibition of Fn secretion. by interferon gamma 

(IFN-Y). The data are presented as percent difference of Fn 

secreted in 24 hours by untreated adherent thioglycollate-

elicited macrophages versus cells treated with IFN-Y (1-100 

U/ml)e The graph includes four separate experiments. Mean 

basal Fn ± SD was determined to be 290 ± 170 ng/ml. 
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Figure 16. Effect of interferon alpha/beia on Fn secretion. 

Adherence purified thioglycollate-elicited macrophages were 

incubated with various concentrations of IFN-alpha/beta for· 

24 hours after which the supernatants were assayed for the 

production of Fn. The data represent the mean ± SD of four 

separate experiments and are expressed as the percent 

difference of Fn released by t·reated versus untreated cells. 

The bar represents mean ± SD of· basal Fn (210 ± 10 ng/ml) .• 
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known to suppress macrophage activity (Schultz et al., 

1978), their role in the IFN- and LPS-induced inhibition-of 

Fn secretion was examined. Experiments were performed in 

the presence or absence of the cyclooxygenase inhibitor, 

indomethacin (10- 6 M). The results presented in Figure 17 

show that indomethacin' did not affect the suppressive 

effects of IFN and LPS on macrophage Fn secretion~ 
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Figure 17. ~ffect of indomethacin on the suppression of Fn 

secretion by IFN-Y and LPS. Macrophages were incubated for 

24 hours with IFN (12.5 U/ml) or LPS (100 ng/ml) in the 

presence or absence of indomethacin (10- 6 M). Fn concentra-

tions were determined by an ELISA on quadruplicate cultures. 

Data are expressed as percent inhibition of Fn secretion and 

are representative of four separat~ experiments. Mean ± SD 

basal Fn secretion equaled 270 ± 20 ng/ml. 



DISCUSSION 

Fibronectin (Fn) is an important molecule found in blood 

plasma and extracellular matrices which is capable of modu

lating macrophage function. It has been shown to act as a 

nonimmune opsonin and, thus, enhance macrophage removal of 

tissue debris, aggregated bacteria, and components of fungi 

(Reese et al., 1983; Doran, 1983). Fn has also been shown 

to regulate macrophage mediated processes including cytokine 

secretion (Beezhold and Lause, 1987), complement-mediated 

phagocytosi~ (Pommier et al., 1983), and tumor cell 

cytotoxicity (Perri et al., 1982). Although the Fn found in 

the plasma and extrac~llul~r .matrices may mediate some of 

these functions, the role of macrophage-produced Fn is not 

known. As a first step toward elucidating the significance 

of macrophage secretion of Fn, the parameters of. Fn 

secretion and the effect of biological response modifiers on 

Fn secretion were examined. 

A. Parameters of Fn secretion in vitro. 

1. Substratum adsorption of Fn released by cultured 

peritoneal exudate cells. Unlike fibroblasts, macrophages 

do not deposit a pericellular Fn matrix in vitro (Alitalo 

et al., 1980; Villiger et al., 1981). Fn does, however, 

53 
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possess a strong affinity for polystyrene plastic (Bentley 

and Klebe, 1985; Haas and Culp, 1982; Gomez-Lechon and 

Castell, 1985), as well as a variety of other substrata 

(Klebe et al., 1981). In addition, serum Fn has been shown 

to adsorb to tissue culture plates and enhance cell binding 

(Grinnell, 1978). Thus, it seemed likely that Fn secreted 

by macrophages into the culture supernatant would adsorb to 

the substratum and reduce the level of Fn detectable in the 

supernatant by the ELISA. Table I reveals that the Fn 

released by peritoneal exudate cells adsorbed rapidly to the 

tissue culture. plate during the two hour adherence period of

the macrophage purification procedure. These findings 

support those of Gomez-Lechon and Castell (1985) who 

demonstrated that approximately 90% of soluble Fn binds 

to ELISA plates within 10 minut.es. 

Because of this adsorption during .culture, the 

concentration of- Fn measured in macrophage supernatants does 

not represent the total amount of Fn secreted by the cells, 

but rather only that which has not bound to the culture 

substratum. However, exact quantitation of the amount of 

substrate-attached Fn would be difficult since adherent Fn 

is extraordinarily resistant to removal by chemical agents 

such as detergents (Haas and Culp, 1982) and even harsh 

denaturing agents such as NaOH (Gomez-Lechon and Castell, 

1985). Thus during macrophage purification, washing to 
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remove nonadherent exudate cells eliminates the Fn that has 

accumulated in the supernatant, but not that bound to the 

culture wells. The amount of Fn adsorbed to the culture 

wells during incubation is assumed to be constant for a 

given cell phenotype, number, and culture time. Therefore, 

specifically induced chan~es·.in Fn se~retion by macrophages 

should be ~eflected in c~lture supernatants. 

2.· Time course of Fn rel~ase: effect of cycloheximide 

and in vitro proteolysis. The release of Fn by cultured 

peritoneal exudate cells was examined in supernatants 

collected during the two hour adherence p~riod and at 

various time points subsequent to vigorous washing of 

exudate cell cultures. During the two hours in which 

exudate macrophages were allowed to adhere, a significant 

amount of Fn was released into the culture medium {Figure 

6a). The inability of cycloheximide to completely inhibit 

Fn release during this time indicated that cytosolic 

accumulations of the protein had been released from 

peritoneal exudate cells. Unlike other leukocytes, macro

phages do not usually store preformed products in granules 

but respond to stimuli with new synthesis {Gordon, 1986). 

Since peritoneal exudates contain, in addition to mono

nuclear phagocytes, lymphocytes and granulocytes {Movat, 

1985), it is likely that the macrophage was not the sole 



56 

source of Fn released into the culture supernatants in the 

presence of cycloheximide. 

Lymphocytes and eosinophils occur in relatively small 

numbers in inflammatory exudates {Daems and Koer~en, .1978) 

and have been shown not to secrete Fn {Rennard et al., 

1981). Polymorphonuclear leukocytes {PMN), on the other 

hand, predominate in the early phase·of an acute inflamma

tory response {Movat, 1985: Daems and Koerte~, .1978) and 

have been demonstrated to secrete Fn in vitro in response 

to stimuli such as phorbol myristate acetate {Rennard et 

al., 1981) and the chemotactic peptide FMLP {Marino et al., 

1985). · There is some controversy, however, as to whether 

stimulated PMN release stored or newly synthesized Fn. 

Menard et al. {1985) demonstrated that PMN obtained from 

sites of inflammation secrete more Fn {up to 20 fold) than 

normal PMN. isolated from peripher~l blood, but that the 

secretion was not dependent on new protein synthesis. 

Similarly, Marino et al.· {1987) reported that stimulation of 

human peripheral blood PMN with FMLP in vitro enhanced 

secretion but not synthesis of Fn and correlated this with 

the absence of production .of Fn mRNA. In contrast, La Fleur 

et al. {1987) reported that Fn mRNA levels are increased in 

inflammatory PMN over that of normal peripheral blood PMN. 

Taken together, these studies suggest that PMN present 

during the adherence period likely contributed to the 
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concentration of Fn measured in the supernatants of 

cycloheximide-treated peritoneal exudate cells. However, 

since PMN have be·en shown to maximally secrete only 40 ng of 

Fn/10 6 cells/hour (Menard et al., 1985), the ~ossible 

contribution of contaminating PMN to subsequent supernatant 

Fn levels was considered to be insignificant. 

Following removal of nonadherent cells by washingj Fn 

secretion by the-purified macrophage population required new 

proteirt synth~sis and generally peaked within two hours 

(Figure 6b). This is consistent with the findings of 

Villiger et al. (1981) who reported that Fn i~ newly 

synthesized by alveolar macrophages in vitro and is rapidly 

secreted into the medium, with approximately 50% of the 

total concentration appearing by 1 hour and 80% by 8 hours. 

In contrast, Rennard et al. (1981) and Johannson et al.· 

(1979) showed-that human alveolar macrophages obtained from 

patients with idiopathic pulmonary fibrosis and resident 

peritoneal macrophages collected from mice, respectively, 

,secrete Fn in a linear fashion for up to 24 hours, after 

which Fn levels plateau. 

Interestingly, the data presented herein demonstrate 

that the concentration of Fn in the culture supernatant did 

not plateau, but declined dr~matically over time (Figure 4), 

suggesting that soluble Fn in the culture supernatant was

undergoing proteolysis. Immunoblot analysis of culture 
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supernatants revealed that the Fn molecule was significantly 

fragmented by 48 hour~ {Figure 5). Similarly, Villiger et 

al. {1981) were unable to detect polypeptides greater than 

90 kD after 24 hours of labeling alveolar macrophage 

secreted proteins. Since macrophages obtained after intra

peritoneal stimulation with thioglycollate broth secrete 

elastase {Werb and Gordon, 1975; Banda and Werb, 1980) and 

plasminogen activator {Jones and Scott-Burden, 1979), both 

of which have been implicated in Fn digestion in vitro, the 

loss of the high molecular weight polypeptides of Fn during 

culture is thought to be due to degradation by endogenous 

proteases. That macrophage secreted Fn was digested by 

endogenous proteases is further supported by the· demonstra

tion that the concentration of plasma Fn diluted with 48 

hour macrophage supernatant was reduced by more than 50% 

when compared to dilution of plasma Fn with medium alone. 

Immunoblot analysis confirms that macrophage secreted Fn 

is subject.to proteolysis while in culture. However, this 

process does not correlate with the decrease in detection of 

Fn {fragments) in the ELISA s~nce the affinity purified 

polyclonal antibody should recognize numerous. Fn fragments. 

Proteolysis has been shown to affect the quantitation of Fn 

by different immunoassays. For example, digestion by 

trypsin, plasmin and kallikrein leads to a substantial 

decline in Fn detection by an immunoturbidimetric technique, 
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but an increase in the height of rockets in electroimmuno

assay (Bykowska et al., 1985). Similarly, trypsin cleavage 

was demonstrated to increase the apparent concentration of 

Fn via electroimmunoassay, while it reduced Fn's functional 

activity (Cotton and Brown, 1985). Degradation has also 

been shown to influence the determination of Fn concentra

tion by two enzyme-linked immunoadsorbent techniques. 

Selmer et al. (1983) showed that fewer Fn fragments could 

bind to a substrate coated with gelatin than to a sub~trate 

coated with adsorbed antibody. Therefore~· it is conceivable 

that the failure to detect Fn fragments in the ELISA as 

described in this report resulted from an inability of these 

fragments to bind to the assay substrate, possibly due to 

competition with other supernatant proteins. 

In addition to the confirmation of Fn fragme~tation, 

Figure 5 revealed that macrophage supernatant Fn and the 

plasma Fn control appeared to differ in electrophoretic 

mobility when run under reducing conditions. Differential 

glycosylation has been shown to influence Fn subunit 

apparent molecular weight (Paul and Hynes, 1984) and, 

therefore, could have accounted for the differences observed 

for plasma and macrophage-produced Fn. However, ~t is now 

known that, although a single Fn gene·exists, different cell 

types can regulate·alt~rnative splicing of a common Fn mRNA 

precursor to yield slightly different Fn subunits (Hynes, 
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1985). Since plasma Fn is thought to be released predomin

ately by hepatocytes (Tamkun and Hynes, 1983), the data 

presented herein imply that macrophage-produced Fn is 

composed of polypeptides distinct from those of plasma Fn. 

In addition, since cultured macrophages released a soluble 

form of Fn it is unlikely the-Fn mol~cule was of the 

cellular species, which is soluble only under extremely 

alkaline conditions (pH 11) (Yamada et al., 1977). 

3. Release of membrane-bound Fn. The failure ~f 

cycloheximide to completely suppress Fn secretion during the 

adherence period suggested that stored protein had been 

released. However, treatment of exudate cells with trypsin 

prior to plating reduced the concentration of Fn in the 

supernatartts collected during the adherence period (Table 

II). This indicates that a portion of the Fn detected in 

the presence of cycloheximide originated from the membranes 

of the inf~ammatory exudate cells. _Monocytes (Bevilacqua et 

al., 1981; Hosein and ~ianco, 1985) and macrophages (Rourke 

et al., 1984) possess membrane receptors for Fn· which, 

unlike the fibroblast Fn receptor (Oppenheimer-Marks and 

Grinnell, 1984),· is t~ypsin sensitive •. Fn receptors have 

also been demonstrated on-peripheral blood leukocytes 

(Pommier et al., 1984). Furthermore, it has been documented 

that the level of Fn in the peritoneal fluid increases 

during the inflammatory response induced by thioglycollate 
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(Richards and Saba, 1983; Lause et al., 1986). It is, 

therefore, possible that a ~ortion of the Fn released into 

the culture supernatant represented peritoneal fluid Fn 

which had been bound to the membranes of the inflammatory 

exudate cells. 

The issue of membrane expression of Fn by macrophages 

remains controversial with respect to the phenotype of the 

cell being studied. Alitalo et al. (1980) failed to detect 

Fn on the surface of monocyte-derived macrophages and 

Villiger et al. (1981) rarely observed surface staining for 

Fn on normal alv~olar macrophages. However, while 

Pearlstein et al. (1978) reported that\·starch-elicited 

peritoneal macrophages do not display stirface-bourid Fn, 

Colvin et al. (1979) found that macrophage~ collected after 

the intraperitoneal injection of sterile mineral oil 

expressed Fn on their surface. Although in this study sur

face Fn expression was not directly examined, the ability of 

trypsin to diminish Fn concentrations detected in vitro 

(Table II) suggests that thioglycollate-elicite~ peritoneal 

macrophages possessed surface-bound Fn. Cofano et al. 

(1984) observed Fn expression on the membrane of macrophages 

elicited with proteose-peptone but not on resident or IFN

stimulated cells. Collectively, these studies suggest that 

the presence of Fn· on the macrophage membrane is dependent 
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on the functional state of the cell and may be related to 

the regulation of Fn receptor expression. 

The possible release of macrophage membrane-bound Fn in 

the culture system described in this report i~ supported by 

the studies which showed that normal fibroblasts can be 

induced to release Fn into the cultur~ medium by stimulation 

with the the phorbol ester 12-0-tetradecanoly-phorbol-13-

acetate (TPA) (Keski-Oja et al., 1979: Bolmer and Wolf, 

1982). This release has been shown to occur at the expense 

of.preexisting Fn on the exposed surface of the fibroblast 

rather than via increased synthesis (Zerlauth and Wolf, 

1984: Habliston et al., 1986). TPA has also been shown to 

induce the production of plasminogen activators in cultured 

cells (Reich, 1975). In addition, several proteases 

including plasmin, trypsin, and elastase, result in the 

release of Fn from the fibroblast surface (Blumberg and 

Robbins, 1975). Thus, the release of surface-bound Fn 

following treatment of fibroblasts with TPA may be mediated 

by endogenously produced enzymes: however, SDS-PAGE did not 

reveal proteolysis of the released Fn 'molecule (Keski-Oja 

et al. , 19 7 9) • 

A similar phenomenon may also occur for macrophages with 

the membrane-associated form of IL-l. Although membrane 

IL-l is not thought to be due to the absorption of soluble 

protein (Kurt-Jones et al.; 1985), it has been shown to be 
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released from monocyte membranes-by trypsin and plasmin 

(Matsushima et al., 1986). Because IL-l release is 

decreased when monoc~tes are incubated in medium containing 

plasmino~en-depleted s~rum (Matsushima et al~~ 1986), 

macrophage secretion of plasminogen activator likely plays a 

role in. the release of IL-l from the macrophage membrane. 

Thus, macrophage sec~eted enzymes may function in a similar 

manner for the release of Fn from the cell's surface. 

4. In vivo stimulus-dependent induction of Fn 

secretion. Resident peritoneal (Johannson et al., 1979), 

alveolar (Villiger et al., 1981), and monocyte-derived 

macrophages (Alitalo et al., 1980) have been shown to 

release Fn in vitro in the absence of exogenous stimulation. 

Experimentally induced inflammatio~ (Tsukamoto et al., 1981: 

Cofano et al., 1984) as well as the chronic inflammation 

associated with interstitial lung disease (Rennard et al., 

1981) have been reported to yield macrophages with enhanced 

Fn.secretory activity. In this report, thioglycollate

elicited cells were shown to release significantly more Fn 

than resident or P. acnes-activated macrophages (Figure 3). 

Similarly, Tsukamoto et al. (1981) showed that thioglycol

late was a more potent in vivo stimulus for macrophage Fn · 

secretion than sterile mineral oil or shellfish· glycogen. 

Although Cofano et al. (1984) reported that proteose-peptone 

induced macrophages released much higher levels of Fn than 
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resident peritoneal cells, .Trotter et al."(1986) found that 

proteose-peptone-elicited and resident macrophages secreted 

similar amounts of Fn, which may be due to the different 

species of. donor animal, mouse versus rat, used in the 

studies. Taken together, these studies suggest that the 

degree to which macrophages are stimulated to produce Fn is 

related 'to the in vivo eliciting agent. 

That thioglycollate is a potent stimulus for Fn 

secretion may be reflected in its ability to induce a 

significantly higher basal level of protein synthesis when 

compared to re~ident peritoneal, proteose-peptone-elicited, 

bone marrow-derived, and f. acnes-activated macrophages 

(Werb and Chin, 1983a; Grand-Ferret et al., 1986; Largen 

and Tannebaum, 1986). However, since a number of macrophage 

proteins such as interleukin 1 (IL-l) are not released by 

elicit~d cells without further stimulation, the enhanced 

secretion of Fn shown in this report following thioglycol

late stimulation in vivo does not necessarily represe.nt an 

increase in total protein synthesis. Because Fn has been 

implicat~d in a variety of inflammatory processes including 

opsonization, tissue repair, and the chemotaxis and stimula

tion of inflammatory cells, the increase in its secretion by. 

inflammatory macrophages likely represents a specific 

response of the cell to its environment. 
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This possibility is supported by studies which show 

that, although macrophages obtained £rom animals infected 

with f. acnes hav~ depressed rates of total protein secre

tion (Werb and Chin, 1983a), specific proteins are affected 

differently. The secretion of lysozyme ~nd the complement 

component factor B is unaffected in f. acnes-activated 

macrophages; whereas, the secretion of apolipoprotein E is 

suppressed significantly below resident cell levels (Werb 

and Chin, 1983a). The present. report shows that the 

·secretion of Fn by f. acnes-stimulated qells is similar to 

that of resident cells (Figure 3). In contrast to the known 

induction of a nonspecific inflammatory response by thiogly

collate broth, the mechanism by which P. acnes activates 

macrophages in vivo is less clear. Bamford and Christie 

(1975) presented evidence suggesting that immunological 

pathways are involved in P. acn~s-mediated macrophage 

activation. Taken together, these results su~gest that 

immune stimuli in vivo suppress the macrophage's capacity to 

secrete Fn in vitro and, thus, support the concept that Fn 

secretion is dependent on a specific type of signal. 

B. Regulation of fibronectin secretion by biological 

response modifiers. 

1. The effect of lipopolysaccharide on macrophage Fn 

secretion in vitro. Bacterial endotoxins have profound 

effects on macrophage function (Morrison and Curry, 1979), 
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including both the enhancement and inhibition of secretion 

of specific macrophage proteins. This report demonstrates 

that LPS suppressed the secretion of Fn by thioglycollate-

elicited peritoneal macrophages in vitro (Figure 7}. 

Although LPS stimulation has been shown to depress total 

protein secretion (Werb and Chin, 1983a), the observed 

enhancement of IL-l secretion in parallel cultures (Figure 

8) indicates that the LPS effect on Fn secretion was not 

due. to a general suppression of protein secretion. In 

support of these findings, Yamauchi et al. (1987) recently 

found that Fn mRNA levels are diminished in alveolar 

macrophages treated with LPS. Similarly, Werb and Chin 

(1983a) observed that Fn secretion is reduced in peritoneal 

macrophages elicited in· vivo with endotoxin and with living 

Mycobacterium bovis strain bacillus,Calmette-Guerin·(BCG). 

Although a number of inflammatory mediators could have been 

responsible in vivo for the suppression of Fn production, 

the data presented herein support a specific role for LPS. 

·.In contrast, Tsukamoto et al. (1981) demonstrated that 

LPS and the immunomodulating agent muramyldipeptide (MDP) 

from Mycobacteria, enhanced the production in vitro of a 

fibroblast chemotactic factor, identified as Fn, by resident 

and elicited peritoneal macrophages. Although :an ELISA 

revealed that Fn was present.in the supernatants of both 

LPS- and MDP-stimulated macrophages., only the latter were 
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used to determine that Fn was responsible for the chemo

tactic activity. Since the data presented herein showed an 

LPS-induced inhibition of Fn secretion, it is .possible that 

other chemoattractants may have been present in the LPS

stimulated macrophage supernatants reported by Tsukamoto et 

al. (1981), a possibility not excluded by the investigators. 

Alternatively, since Fn fragments have been shown to be 

chemotactic for fibroblasts (Postlethwaite et al., 1981), 

it is possible that endogenous proteolysis of existing Fn, 

rather than enhanced secretion, was responsible for the 

observed increase in chemotactic activity following 

stimulation in vitro • 

Several reports have demonstrated that elicited 

macrophages respond differentially to subsequent stimulation 

in vitro, particularly with respect to LPS. Tsukamoto et 

al. (1981) showed that although thioglycollate-elicited 

cells secreted more fibroblast chemotactic factor than 

mineral oil~ and glycogen-elicited macrophage populations, 

these cells were not affected by LPS. Similarly, Largen and 

Tannebaum (1986) showed that, although thioglycollate

elicited cells posse~sed a higher basal level of protein 

synthesis than other macrophage populations, they were 

refractory to in vitro regulation by LPS. Warfel and 

Zucker-Franklin (1986) reported that lysozyme secretion by 

thioglycollate-elicited macrophages was less affected by LPS 
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stimulation in vitro than resident or proteose-peptone-

elicited cells, and suggested that lysozyme secretion by 

these cells had been qown-regulated in vivo. In direct 

contrast, the studies reported herein clearly show that 

thioglycollate-elicited macrophages were responsive to LPS 

stimulation as judged by the suppression of Fn secretion 
:i. 

(Figure 7): whereas, resident and P. acnes-activated macro-

phages, which released only low amounts of Fn, were less 

responsive to LPS stimulation (data not shown). In fact, 

thioglycollate-stimulated macrophages responded to LPS 

concentrations as low as 1 pg/ml, while 1 ~g/ml induced a 

greater than 50% inhibition of Fn secretion (Figure 7). In 

support of these findings, Yamauchi et al.· (1987) found that 

alveolar macrophage Fn secretion was reduced 60% following 

stimulation with 10 ~_g/ml of LPS. 

In order to e~tablish that LPS was di~ectly responsible 

for the suppression of macrophage Fn s~cretion, two 

different techniques were employed to nullify the 

stimulatory moieties on the LPS molecule prior to its use in 

culture. The first procedure involved mild alkaline 

hydrolysis which selectively cleaves the fatty acids from 

the lipid A portion of LPS (Rietschel et al., 1972). The 

second procedure entailed the interactLon of tbe antibiotic 

polymyxin B with LPS (Morrison and Jacobs, 1976). Both 

methods result in the neutralization of LPS activity (Neter 
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et al., 1956; Jacobs and Morrison, 1977). The data 
. \ 

presented in this study revealed that alkali treatment 

completely abolished the LPS-induced inhibLtion of Fn 

secretion, while .~olymyxin B had no effect (Figure 9). 

However, polymyxin B was able to inhibit the LPS-induced 

enhancement of IL-l secretion (Figure 10). Polymyxin B is 

thought to neutralize the toxici activity of LPS by binding 

irreversibly. to its lipid A •oiety (Morrison and Jacobs, 

1976). Thus the inability of polymyxin B to prevent the 

LPS-induced suppression of ~n secretion suggested that a 

portion of the LPS molecule other than the lipid A had 

affected suppression. However, isolated lipid A both 

suppressed Fn (Figure 11) secretion and enhanced IL-l 

secretion (Figure 12) in a dose-dependent manner. The data 
. . 

support a role-for lipid A in ~he mediation of LPS-induced 

suppression of Fn secretion but question the efficacy of 

polymy~in B in this system. 

Although many studies have used free polymyxin B to 

counteract the effects of LPS in vitro (Duff and Atkins, 

1982; Dinarello, 1984a; Dinarello et al., -1984b), several 

reports have indicated that polymyxin B has a limited 

effectiven~ss in the neutralization of LPS activity. 

Morrisort et al. (1976) has shown that the binding of 

polymyxin B to the lipid A portion of LPS extracted with 

butanol is hindered by the presence of lipid A-associated 
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protein. Since the LPS used in this study had been prepared 

via phenol extraction it is unlikely that lipid A-associated 

protein could account for the inefficacy of polymyxin B. It 

has also been noted that free polymyxin. will not bind to 

endotoxin {Morrison and Curry, 1979), and yet polymyxin B 

bound to a gel support does not entirely remove endotoxin 

from solution {Kluger et al., 1985). Warner et al. {1985) 

reported the concentration of polymyxin B should be at least 

5 times that of LPS in order to be effective in vivo. In 

vitro studies on murine macrophages typically use polymyxin 

Bat doses 100 times that of LPS {Hamilton et al., 1986). 

This suggests that the dose of polymyxin B used in the 

present studies {one tenth the LPS concentration) may not 

have been sufficient to reverse LPS-induced suppression of 

Fn secretion. However, the.data using such high concentra

tions of polymyxin B should be interpreted carefully since 

doses high.er than those reported in this study were found to 

directly inhibit Fn secretion {data not shown). In 

addition, since the concentration of polymyxin B used herein 

was able to abroga~e the effect of LPS on IL-l secretion 

{Figure 10), it is unlikely that the results obtained for Fn 

secretion were due to an insufficient amount of polymyxin B. 

Since polymyxin B has been shown to be a potent inhibitor of 

protein kinase C {Wrenn and Wooten, 1984), the inhibitory 

effect of LPS on Fn secretion may involve signal 
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transduction pathways independent of protein kinase C. 

However, it must also be noted that the concentration of 

polymyxin B used in this study (less than 1 ~M) may have 

been too low to effectively inhibit protein kinase C (Wrenn 

and Wooten, 1984). 

2. The general effect of bacterial products on Fn 

secretion in vitro. FMLP is a synthetic peptide similar to 

amino-terminal peptides of unique proteins synthesized by 

bacteria. It is chemotactic for both macrophages and PMN 

(Snyderman et al., 1986) and has been shown to stimulate Fn 

secretion by PMN (Marino et al., 1985). In this report, 

FMLP also enhanced Fn secretion by thioglycollate-elicited 

macrophages (Figure 13). The synthetic muramyldipeptide 

(MDP) derivatives from Mycobacteria have been shown to 

enhance Fn secretion by elicited macrophages in vitro 

(Tsukamoto et al., 1981). However, Fn secretion was 

inhibited in murine macrophages stimulated in vivo with 

living Mycobacterium bovis strain bacillus Calmette-Guerin 

(BCG) (Werb and Chin, 1983a). In addition, in vitro pro-

duction of Fn was diminished in peritoneal macrophages 

collected during continuous ambulatory peritoneal dialysis 

from patients with a high incidence of infection: Gram 

positive staphylococcal organisms predominate in these 

infections (Goldstein et al., 1986). Similarly, in this 
\ 

study, macrophages activated 'in vivo by the Gram positive 
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organism ~- acnes released very low levels of Fn. However, 

toxic shock syndrome toxin-!, which is released. by Staphylo

coccus aureus, was not observed to suppress the secretion of 

Fn by thioglycollate-elici ted macrophages in vitro (data. ·not 

shown). Furthermore, the bacterial toxins secreted by 

Bordetella pertussis and Vibrio choleras, in co~trast to the 

endotoxin of Salmonella minnesota, were noted in this study 

to moderately enhance Fn secretion by thioglycollate

elicited macrophages. These findings indicate that 

macrophage Fn ~ecretion is regulated differe.ntially by the 

presence of whole bacteria and/or their products, although 

no correlation can be formed based on the bacterial classi

fication. Since Fn has been implicated in the clearance of 

certain bacteria (Eriksen et al., 1984; Jacobs et al., 

1985), the inhibition of macrophage Fn secretion by some 

species may represent a mechanism by which they improve 

their chance of survival. 

3. Modulation of Fn secretion in vitro by IFN. Several 

studies have indicated that LPS can influence macrophage 

activity indirectly through the stimulation of endogenous 

m~diators such as prostaglandin E2 (Rivers et al., 1975, 

Wahl et al., 1974) and IFN alpha/beta {MacKay and Russell, 

1986; Vogel and Fertsch, 1984; Ho,· 1980; Havell. and 

Spitalny, 1983). E series prostaglandins are known to 

suppress macrophage activity (Schultz et al., 1978) and 
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thus may have mediated the inhibition of Fn secretion 

observed in this study. However, since the present report 

shows that the prostaglandin inhibitor indomethacin had no 

effect in this system (Figure 17), it appears that prosta

glandins did not contribute to the LPS-induced suppression 

of macrophage Fn secretion. Alternatively, although IFN 

alpha/beta has a variety of stimulatory effects on 

macrophage activity, it has been shown to down-regulate 

macrophage lysozyme secretion (Warfel and Zucker-Franklin, 

1986). In addition, the endogenous ~reduction of IFN 

alpha/beta by thioglycollate-elicited peritoneal macrophages 

was implicated in the LPS-mediated suppression of elastase 

secretion (Dodon and Vogel, 1985) •. In this report, the 

addition of exogenous IFN alpha/beta to macrophage cultures 

depressed Fn secretion (Figure 16). Thus, the down

regulation of Fn secretion by LPS in this system may be 

mediated by the endogenous production of IFN alpha/beta. 

Several macrophage capacities are differentially 

affected by IFN, depending on the type being studied. For 

example, IFN beta antagonizes IFN gamma-induced macrophage 

MHC class II antigen expression (Ling et al., 1985) and 

development of tumoricidal activity (Pace et al., 1987); 

whereas, both IFN alpha/beta and IFN gamma suppress macro

phage cytostatin C production (Warfel et al., 1987). This 

may explain why Cofano et al. (1984) detected an increase in 
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Fn secretion by elicited murine peritoneal macrophages 

stimulated with recombinant IFN gamma. However, in this 

study, the addition. of recombinant IFN gamm~ to elicited 

macrophages resulted in ~ significant decrease in macrophage 

Fn secretion (Figure 15)• Since the IFN gamma preparation 

used herein was shown to be endotoxin free by ·the Limulus 

Amebocyte·.tysate assay, it is unlikely that the observed 

suppr~ssion of Fn secretion was due ~o the presence of LPS. 

Similarly, this discrepancy was apparently_not a 

.concentration-dependent effect, since the IFN dose used in 

the experiments of Cofano et al. (1984) (50 U/ml) was 

significantly inhibitory in the experiments presented 

herein. Differences in experimental animals and/or 

eliciting agents may have contributed to th~ d{fferences.in 

the results obtained in these studies. In this report, rat 

-peritoneal cells were elicited with thioglycollate broth: 

whereas, Cofano et al. (1984) isolated· murine macrophages 

· from proteose~peptone-induced exudates. Differences in the 

basal level of Fn secretion by these two macrophage 

populations have already been discussed, and since eliciting 

agents differentially effect macrophage activity, it is 

probable that.the differential effect of recombinant IFN 

gamma seen in these studies was dependent on the level of 

macrophage activation. 
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The data presented in this report indicate that immune 

stimuli (IFN) down-regulate macrophage Fn secretion. 

Moreover, these results offer a possible explanation for the 

diminished level of Fn secretion ob~erved for ma~rophages 

obtained from P. acnes-induced inflammatory exudates. 

Although a recent. study by Keller et al. (1987) suggests 

that macrophages respond to P. acnes in a T cell- and 

interferon-gamma-independent-manner ·in.vivo, earlier reports. 

indicated that f. acnes, a .Gram postive bacterium, activates 
I ' 

macrophages via· immunologically-mediated pathways in vitro 

(Christie and Bomford, 1975) and in vivo. (Bomford and 

Christie, 1975). The data presented in this-study 

indirectly support an immunological pathway in the 

·activation of macrophages in. vivo by f. acnes in that the 

prod~ction of IFNs in response t6 f. acnes would result in a 

suppression of macrophage Fn secretion in vivo • 

. 4. Possible mechanism involved in the regulation of Fn 

secretion. Recently investigators have begun to elucidate 

the molecular-mechanisms involved in macrophage stimulation 

by biological response modifiers. Some of their findings 

provide insight into the results described in this report •. 

LPS has been shown to induce the hydrolysis of phosphatidyl-

inositol-4,5-biphosphate (PIP2) and, thus, the ~ubsequent 

activation of protein kinase C in macrophages (Prpic et al., 

1987: Wightman and Raetz, 1984). The stimulation of 



macrophage IL-l secretion by LPS is thought to partially 

involve this pathway (Katakami et al., 1986) •. In this 
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report, Fn and IL-l secretion by LPS-stimulated macrophages 

were shown to be inversely related. Furthermore,. polymyxin 

B·was able to reverse the LPS-induced effec~ on IL-l, but 

not Fn ~ecretion. Because polymyxin B has been shown to be 

a potent inhibitor of-·prot~in kinase C activity (Wrenn and 

Wooten, 1984), it is possible that the inhibition of Fn 
. . 

secretion by LPS is ri6t mediated via protein k~nase C. In 

support of this concept, pertussis toxin and cholera toxin, 

both of which activate.adenylate cyclase (Berridge, 1985),· 

stimulated Fn secretion. IFN gamma~ which enhances the 

poterttial activity of protein kinase c' (Hamilton et. al., 

1985), depressed·Fn secretion. In addition, pertussis toxin 

inhibits LPS-induced macrophage expression of membrane IL-l 

(Jakway and DeFranco, 1986). Finally, FMLP was also shown 

in this report to stimulate macrophage Fn secretion. 

Although FMLP has been shown to stimulate macrophages and 

PMN (Synderman et al., 1986) via protein kinase C, FMLP-

induced PMN degranulation is not inhibited by polymyxin B 

(Naccache et al., 1985). Taken together, these studies 

imply that the inhibitory effects of LPS on Fn secr~tibn 

involve signal transduction pathways independerit of protein 

kinase C. 
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secretion by biological response modifiers. 
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The increase in Fn secretion by inflammatory macrophages 

is consistent with the role which Fn has beeri shown to play 

in wound healing processes including: clot formation, 

clearance of tissue debris, recruitment of inflammatory 

cells, and extracellular matrix reorganization (Reese et 

al., 1983: Grinnell, 1984: Clark and Colvin, 1985). 

However, its overproduction may contribute to pathologic 

states such as idiopathic pulmonary fibrosis (IPF), an 

interstitial lung disease characterized by a chronic 

inflammation of the lower respiratory tract (Crystal et al., 

1981). Alveolar macrophages collected from patients with 

IPF secrete Fn at: rates 20 times that of. normal cells 

(Rennard et al., 1981). Although these inflammatory cells 

are exposed to a variety of mediators in vivo, in IPF 

locally produced immune complexes are thought to be the 

principal factor activating alveolar macrophages 

(Hunninghake et al., 1981). However, studies have shown 

that immune complexes inhibit Fn mRNA accumulation and 

subsequent Fn secretion in vitro (Yamauchi et al., 1987). 

Thus it is likely that some other factor in the inflammatory 

environment is responsible for the stimulation 6f Fn 

secretion in IPF. 
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Fn has been shown to bind and aggregate certain bacteria 

including both Gram positive (Vercellotti et al., 1985) ~nd 

Gram negative organisms (Froman et al., 1984). These 

re~ults have implied that Fn may be important in both 

normal and pathologic bacterial colonization (Vercellotti et 

al., 1985). Conversely, Fn may function as a bacterial 

opsonin: however, the significance~of· Fn·in this regard has 

been disputed (Doran, 1983: Van de Water et al., 1983). 

In this report, Fn secretion was shown· to be differ

entially regulated by bacteria and their products. The 

significance· of these findings in light of the possible 

effect of a Fn-bacterial cell inte~adtion is unclear. The 

augmentation of Fn secretion induced by the bacterial · 

toxins, pertussis and cholera, may represent a mechanism by 

which the invasive capabilities of the bacteria are 

enhanced. Alternatively, the suppression of macrophage Fn 

secretion induced by LPS implies that. either Fn is not 

involved in the host response to bacterial invasion and is 

therefore down-regulat~d by the macrophage. If Fn acts as 

an opsonin for bacteria, the down-regulation may be ·a 

specific effect induced by bacteria in order to ensure the 

survival of the microorganism. In support of these 

concepts, Goldstein et al. (1986) reported that the secre

tion of Fn by macrophages collected from patients undergoing 

continuous ambulatory dialysis was significantly reduced in 
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patients who had a high infection rate as compared to low 

infection rate or control patients. Peritoneal fluid Fn 

levels were reduced concomitantly. Similarly, Yoder et al. 
i 

(1987) reported that the induction of Fn deficiency in vivo 

correlates with enhanced endotoxin effects when &. coli is 

introduced intraperitoneally. 

Fn has been shown to have a dual effect on lymphocyte 

reactivity. Fn enhances lymphoproliferation in the absence 

of mitogen, but inhibits mitogen-induced responses. Lause 

et al. (1982) demonstrated that Fn inhibits lymphocyte 

transformation in response to alloantigens in the mixed 

lymphocyte culture~ Similarly, Fn suppressed nonspecific. 

lymphocyte ·tr~nsformation in response to various mitogens 

including LPS,_phytohe~aggluti~in;· and concana~alin A (Lause 

et al., 1983). This effect of Fn appears to be mediated at 

the accessory c~ll membrane. and not·via the release of 

solu~le factors (Lause and Beezhold, 1985). Thus, the down-

regulation of Fn secretion induced by IFNs, especially ·IFN 

gamma which is released by lymphocytes, may serve to augment 

the immune response in vivo by reducing the potential for 

Fn-mediated inhibition at the accessory cell membrane~ 

Alternatively, since Fn has also been shown to induce lymph-

ocyte transformation in the absence of exogeno~s stimul~tion 

(Lause et al., 1984) and to enhance macrophage secretion of 

IL-l (Beezhold and Lause, 1987), the suppression of 
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macrophage Fn secretion during immunologic activation in 

vivo. may represent a negative feedback mechanism to restrict 

the magnitude of the immune·response. 



SUMMARY 

An enzyme-linked immunosorbent assay was,used to examine 

the regulation· of. macrophage Fn secretion by biological 

response modifiers. Rat peritoneal macrophages elicited 

with the inflammatory agent thioglycollate were found to 

secrete considerably more Fn than resident or f. ·acnes-

·activated cells ~nd, thus, were used. to establish the· 

para~eters of basal Fn secretion.· During the macrophage· 

adh~rence pur~fication period, freshly explanted peritoneal 

exudate ·cells released ·Fn into the culture mediu!U· even -in 
. . 

. ' . 
. ' 

the pres~n~e of_.cycloheximide: _however, th~ level·of Fn was 

reduced by pr{or trypsin tr~atment of· the exudate cells. 
. . 

Thus, it appeared that both cytosolic and membrane accumula- · 

tions of Fn contribut~d to t~e tot~l Fn released by~the 

thioglycollate-~l~cited peritoneal exudate_ cell~. A portion 

of the Fn released during this time was also noted to adhere 

to the ~ells of the tissrie oulture plate •. 

Following adherenbe purification, the majority of. Fn was 

secreted within the first two hours of culture and was shown 

to be sensitive to cycloheximide treatment. A _subsequent 

decline in Fn levels was correlated with Fn fragmentation as 

demonstrated via immunoblot analysis. Additionally,· the 

81 
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occurrence of.Fn proteolysis was substantiated by the 

observation that macrophage supernatants collected at 48 

hours reduced the level of control plasma Fn over that of ~ 

dilution by medium alone, as determined by the ELISA. 

Bacterial LPS significantly diminished the secretion of 

Fn by adherence purified, thioglycollate-elicited peritoneal 

macrophages. The LPS-induced suppression of Fn secretion 

was dose-dependent and was most dramatic following 24 hours 

of culture. Alkali treatment of LPS abrogated the inhibi

tion of Fn secretion; however, pre-treatment with polymyxin 

B, which binds to the lipid A portion of LPS, had no effect. 

In contrast, both procedures prevented the enhancement of 

IL-l secretion by LPS. 

The inability of polymyxin B to prevent the LPS-induced 

inhibition of Fn secretion suggested that a portion of the 

LPS molecule other than the lipid A moiety was responsible 

for the LPS effect; however, purified lipid A both inhibited· 

Fn secretion and enhanced IL-l secretion. Thus, the reason 

for the inefficacy of polymyxin B in this system is not 

known but may be rel~ted to its ability to inhibit protein 

kinase C activity. 

Other bacterial products including cholera toxin, per

tussis toxin, and the chemotactic peptide FMLP produced a 

moderate increase in Fn secretion. 
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Con A-stimulated T lymphocyte supernatant inhibited Fn 

secretion at high concentrations but was stimulatory ~t low 

concentrations. Both recombinant IFN gamma and purified IFN 

alpha/beta inhibited Fn secretion. 

The suppression .of Fn secretion induced by IFN gamma and 

LPS was not abrogated by the inclusion of indomethacin in 

macrophage cultures and, thus, was not mediated by the endo~ 

genous production of prostaglandins. 

The data presented in this repor~ demonstrate that Fn 

secretion is not a constitutive feature of the macrophage 

but is susceptible to re~ulation by environmental signals 

including nonspecific inflammation, immune stimuli, and 

·bacteria. The down-regulation of Fn secretion by bacterial 

LPS implies that Fn may' not be involved in the host response 

to Gram negative bacterial invasion. Alternatively, if Fn 

does serve as a opsonin for the removal of bacteria, the 

suppression of its secretion by bacterial LPS may have dele

ierious consequences on host d~fense. These findings· thus 

have important implications for clinical trials currently 

employing Fn ther~py.in cases of traum~tic injury, severe 

burns, and surgical wounds associated with a high incidence 

of Gram negative bacterial sepsis. Thus it seems essential 

that the controversy ov~r the role of Fn in· bacterial 

invasion,and clearance be resolved. 
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