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SUMMARY

We studied the effects of the cytokines IL-1«, IL-6, tumour necrosis factor-alpha (TNF-«), IL-4, IL-10,
IL-13 and transforming growth factor-beta (TGF-S) on fibronectin (FN) production by cultured-human
monocytes. IL-1a, IL-6 and TNF-a all increased FN production, an indicator of monocyte activation.
These cytokines increased FN production in a dose-dependent fashion, with a 4-h treatment being
sufficient to measure FN production by radioimmunoassay. Conversely, IL-4, IL-10 and IL-13 strongly
inhibited cytokine-induced FN production, while TGF-8 only partially inhibited FN production. The
combination of suboptimal doses of cytokines (IL-1a + IL-6, IL-1a + TNF-«, IL-6 + TNF-«), which
could not singly induce substantial amounts of FN, were able to induce FN production by cultured
monocytes. Northern blot analysis with a cDNA specific for FN confirmed the expression of FN mRNA
in cultured monocytes stimulated with a single cytokine or a combination of cytokines. Our data
demonstrate that monocytes may not always require high concentrations of cytokines for activation
in vitro, and that the synergistic or additive action of low levels of cytokines on monocyte activation
may be sufficient to promote immune or inflammatory reactions. Our data also suggest that certain T cell

cytokines may regulate monocyte activation.
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INTRODUCTION

Fibronectin (FN) is a high molecular weight extracellular matrix
glycoprotein that has been shown to be at sites of inflammation
and tissue injury [1], where it may play an important role in
immune response and the stimulation of wound repair [2—-4]. At
the cellular level, FN functions to regulate adhesion to other cells
and substrates through its receptors, 3;-integrins, which are also
known as very late antigen-4 (VLA-4) or -5 (VLA-5). Further-
more, solid-phase FN has been shown to activate T cells [5,6], and
results in increased tyrosine phosphorylation [7,8].

FN is also found in normal human plasma at a concentration of
300 wg/ml [9]; however, its physiological role in plasma and the
effect of soluble FN in vitro in cultured cells remain unknown. In
cultured human monocytes, FN-coated substrate enhanced both
monocyte adhesion and cytokine production. We have previously
shown that FN in culture medium activates monocytes through the
VLA-5 receptor, inducing the production of proinflammatory
cytokines such as IL-1, IL-6 and tumour necrosis factor-alpha
(TNF-a) by these activated cultured human monocytes [10].
Many studies have shown that these same exogenous cytokines
are also able to stimulate cultured human monocytes [1-3].
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In this study we demonstrate that cultured human monocytes,
stimulated with the cytokines IL-1«, IL-6 and TNF-«, produced
FN as a result of their activation. We further demonstrate that
cytokines such as IL-4, IL-10 and IL-13, and to a lesser extent
transforming growth factor-beta (TGF-B), could negatively
regulate FN production. We discuss the role of FN and S;-
integrins in the activation of cultured human monocytes relating to
cytokine production.

MATERIALS AND METHODS

Isolation of monocytes

Heparinized peripheral blood was obtained from healthy donors.
Peripheral blood mononuclear cells (PBMC) were isolated by
Ficoll-Hypaque gradients, as previously described [11]. PBMC
were washed three times in RPMI 1640 medium (Nissui
Pharmaceutical Co., Tokyo, Japan), and suspended at 1 x 10°
cells/ml in RPMI 1640 medium, then incubated at 37°C in 5%
CO, for 2 h on a plastic plate (Becton Dickinson, Oxnard, CA;
cat. no. 1005) coated with AB type human serum. Non-adherent
cells were removed and culture wells are treated with cold
medium containing 0-5 mm EDTA for 10 min, then agitated
severely to detach the adherent cells as monocytes. The purity of
the monocytes was assayed by immunoperoxidase staining with
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Leu-M3 MoAb (Becton Dickinson, Mountain View, CA), and was
>95%.

Cell culture

The number of monocyte was adjusted to 2 x 10° cells/ml in
RPMI 1640 medium containing 10% fetal calf serum (FCS; JRH
Biosciences, Lemexa, KS), and cultured on a plastic plate
(Corning, Corning, NY; cat. no. 25850) at 37°C in 5% CO, for
4 h or 24 h with either a single cytokine or with a combination of
cytokines (IL-1a + IL-6, IL-1a¢ + TNF-«, IL-6 + TNF-«) (IL-
la, IL-6 and TNF-a were purchased from Genzyme, Cambridge,
MA). Lipopolysaccharide (LPS; Sigma, St Louis, MO) was used
as positive control for monocyte stimulation. To study the effects
of IL-4 (provided by Ono Pharmacy, Osaka, Japan), IL-10
(Genzyme), IL-13 (Pepro Tech., London, UK) and TGF-8
(Genzyme) on proinflammatory cytokine stimulation, monocytes
were precultured with these cytokines for 2 h, the cells were then
cultured with IL-1e, IL-6 or TNF-«. After culture the super-
natants were collected and were assayed for FN. The viability of
the cultured monocytes was confirmed by 0-2% trypan blue dye
exclusion test, and was >90% in any culture plates.

Assay for FN

Microtitre plates (Sanco Junyaku, Tokyo, Japan; cat. no. 220-24K)
were coated with polyclonal rabbit anti-FN antibody. The wells
were washed three times, and unreactive sites were blocked with
1% bovine serum albumin (BSA)—-PBS. Twenty microlitres of
each sample and 80 w1 of '*’I-FN were added into these wells and
incubated for 2 h at room temperature. After incubation the wells
were washed three times, and the radioactivity was measured with
a 7y-scintillation counter.

Northern blotting

Total RNA was isolated from cultured human monocytes by the
acid guanidinium thiocyanate-phenol-chloroform extraction meth-
od, as previously described [12]. The final RNA precipitate was
pelleted by microcentrifugation and re-dissolved in 100 wl of
diethlpyrocarbonate (DEPC)-treated sterile water. After quantifi-
cation by spectrophotometry, equivalent amounts of RNA (10 wg/
lane) were size-fractionated by electrophoresis in 1% agarose gels
containing 2-2 M formaldehyde for 2-5h. At the end of
electrophoresis, gels were stained by ethidium bromide for
assessment of equal loading. The RNA was then blotted by
overnight capillary transfer onto nytron membrane (Schleicher
and Schuell, Keene, NH). After prehybridization for 1 h, RNA
blots were hybridized with radiolabelled FN cDNA probe for
2:5h at 65°C using rapid hybridization buffer (Amersham,
Aylesbury, UK). After hybridization, the blots were washed with
0-5-2 x SSC, 0-2% SDS several times, and then exposed to film
at — 80°C.

Statistical analysis

The data for control and experimental groups are shown as mean
*+ s.d. Statistical analysis was variance test for multiple group
comparisons. P <0-05 was used determine significance.

RESULTS

FN production by cultured human monocytes
Spontaneous FN production by cultured human monocytes after 4-h
or 24-h cultures was 26 * 755-6 ng/ml and 444-8 *= 50-1 ng/ml,

Table 1. Fibronectin (FN) production by cultured human monocytes
stimulated with lipopolysaccharide (LPS) or cytokines
FN concentration (ng/ml) at

Stimulation

with 4h 24 h

None 267-3 = 556 444.8 = 50-1

IL-1a 2 U/ml 3783 £43.3 578-4 = 98-7
20 U/ml 595-0 = 143-5 818-4 + 103-6*
200 U/ml 802-2 = 160-3* 1079-4 = 157.2*

IL-6 2 U/ml 390-3 £ 519 601-0 = 386
20 U/ml 589-0 = 63-3 766-8 = 169-5%*
200 U/ml 791-3 = 120-1* 1159-2 = 202-5*

TNF-a 2 U/ml 378-0 = 30-8 5332 = 718
20 U/ml 749-0 = 217-5 948-0 = 207-9*
200 U/ml 988-6 = 176-1* 1248-6 = 143-6*

LPS 2 wg/ml 393.0 £ 336 5827 = 632
20 pg/ml 624-1 = 72-0 869-2 = 182.7*
200 pg/ml 8087 £ 23.6* 1168-2 = 204.3*

Monocytes were cultured with medium, IL-1«, IL-6, tumour necrosis

factor-alpha (TNF-«) or LPS (2 mg/ml, 20 mg/ml, 200 mg/ml) for 4 h or
24 h. FN in culture supernatants was measured by radioimmunoassay.
(Mean = s.d., n =16; *P <0-01.)

respectively (Table 1). FN concentration in culture supernatants
from monocytes stimulated with IL-1«, IL-6 or TNF-« increased
in a dose-dependent fashion after both 4 h and 24 h of culture
(P <0-01). FN production after 24-h culture was greater than that
after 4-h culture in any cytokine stimulation. There were no
differences in FN production between 24 h and 48 h of culture,
nor were there any differences between the different cytokines
used for stimulation (data not shown).

Combination effects of suboptimal doses of cytokines on FN
production
Combinations of suboptimal doses (2 U/ml) of cytokines (IL-1a

Table 2. The combination effects of suboptimal dose of cytokines on
fibronectin (FN) production by cultured human monocytes

FN concentration (ng/ml) at

Stimulation with 4h 24 h

None 2673 = 556 444-8 = 50-1
IL-1ae 2 U/ml 378:3 £ 433 578-4 £ 98.7
IL-6 2 U/ml 3903 = 519 601-0 = 38:6
TNF-a 2 U/ml 388-0 = 30-8 5332 £ 718
IL-1a 2 U/ml + IL-6 2 U/ml 808-6 * 46-9* 11682 = 125.9*
IL-1a 2 U/ml + TNF-a 2 U/ml 867-1 + 64-6* 11234 = 155-1*
IL-6 2 U/ml + TNF-« 2 U/ml 7527 £ 76:3* 1015-6 = 106-2*

Monocytes were incubated with medium, suboptimal dose of IL-1a
(2 U/ml), IL-6 (2 U/ml), tumour necrosis factor-alpha (TNF-«; 2 U/ml) or
a combination of suboptimal dose of cytokines (IL-la + IL-6, IL-l«
+ TNF-a, IL-6 + TNF-«) for 4 h or 24 h. The level of FN in the culture
supernatants was measured by radioimmunoassay. (Mean * s.d., n = 16;
*P <0-01.)
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Fig. 1. Fibronectin (FN) mRNA expression in cultured human monocytes
stimulated with each cytokine for 4 h. 1, non-stimulated; 2, IL-1a 200 U/ml;
3, IL-6 200 U/ml; 4, tumour necrosis factor-alpha 200 U/ml.
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Fig. 2. Fibronectin (FN) mRNA expression in cultured human monocytes
stimulated with a combination of cytokines for 4 h. 1, IL-1a 2 U/ml; 2,
IL-6 2 U/ml; 3, tumour necrosis factor-alpha (TNF-«) 2 U/ml; 4, IL-1«
2 U/ml +1L-6 2 U/ml; 5, IL-1a 2 U/ml + TNF-« 2 U/ml; 6, IL-6 2 U/ml
+ TNF-a 2 U/ml; 7, non-stimulation; 8, lipopolysaccharide 100 ug/ml.
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+IL-6, IL-1a + TNF-a, IL-6 + TNF-a), which could not singly
induce substantial amounts of FN, were added to cultures of
monocytes. These combinations of cytokines induced FN
additively. Combination effects on FN production appeared to
be greater after 24 h of culture than after 4 h of culture (Table 2).

FN mRNA expression in cultured human monocytes

Using Northern blot analysis with a ¢cDNA specific for FN, we
examined the expression of FN mRNA in human monocytes.
Human monocytes were cultured with optimal doses (200 U/ml)
of IL-1a, IL-6 or TNF-«, or combinations of suboptimal doses
(2 U/ml) of cytokines (IL-la +IL-6, IL-la + TNF-a, IL-6
+ TNF-a) for 4 h. FN mRNA expression in cultured human
monocytes significantly increased with 200 U/ml of IL-1a, IL-6
or TNF-« (Fig. 1), and with the combinations of suboptimal doses
of cytokines (IL-la + IL-6, IL-1av + TNF-«, IL-6 + TNF-).
However, FN mRNA expression did not increase significantly
with suboptimal doses (2 U/ml) of single cytokines (IL-1¢, IL-6
and TNF-«) (Fig. 2). In the time course studies of FN mRNA
expression, significant expression was observed at 4 h to 24 h but
not at 2 h stimulation (data not shown).

Effect of anti-inflammatory cytokines on FN production by
cultured human monocytes

The effects of anti-inflammatory cytokines, such as IL-4, IL-10,
IL-13 and TGF-B, on EFN production by cultured human
monocytes stimulated with cytokines were studied. Each anti-
inflammatory cytokine was preincubated with the monocyte
culture, prior to stimulation with proinflammatory cytokines. IL-
4, IL-10 and IL-13 strongly inhibited FN production (% inhibition
was 93-6 = 4% by IL-4, 98-8 * 2-6% by IL-10 and 91-1 * 4-8%
by IL-13) (Fig. 3). TGF-B, however, showed only a weak
inhibition of FN production following stimulation with IL-6 and
TNF-«, and failed to inhibit IL-1«-mediated stimulation. Toxic
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Fig. 3. Effect of anti-inflammatory cytokines (IL-4, IL-10, IL-13 and transforming growth factor-beta (TGF-f)) on fibronectin production
by cultured human monocytes stimulated for 24 h with IL-1«, IL-6, tumour necrosis factor-alpha and lipopolysaccharide. [J, None;
horizontal hatching, IL-4 100 U/ml; vertical hatching, IL-10 100 U/ml; cross-hatched, IL-13 100 U/ml; B, TGF-B 100 U/ml (mean * s.d.,

n =38; *P <0-01).
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Fig. 4. Fibronectin mRNA expression in cultured human monocytes
stimulated with IL-la for 24 h in the presence of anti-inflammatory
cytokines (IL-4, IL-10, IL-13 and transforming growth factor-beta (TGF-
B)). 1, non-stimulated; 2, IL-1a 100 U/ml; 3, IL-1a 100 U/ml + IL-4
100 U/ml; 4, IL-1a 100 U/ml +IL-10 100 U/ml; 5, IL-la 100 U/ml
+ TGF-B 100 U/ml; 6, IL-1ae 100 U/ml + IL-13 100 U/ml.

effects of these anti-inflammatory cytokines were dissimilar,
because the cell viability of recovered monocytes was > 90%.

Effects of anti-inflammatory cytokines on FN mRNA expression
Effects of anti-inflammatory cytokines (IL-4, IL-10, IL-13 and
TGF-$) on FN mRNA expression were studied. Monocytes were
cultured with both anti- and proinflammatory cytokines for 4 h.
FN production by IL-1a was inhibited strongly by IL-4, IL-10 and
IL-13 (Fig. 4). However, TGF-B could not inhibit FN mRNA
expression in cultured human monocytes stimulated with IL-1a.
The similar inhibitory effects with IL-4, IL-10 and IL-13, but not
TGF-B, were observed with IL-183, IL-6 and TNF-« stimulation
(data not shown).

DISCUSSION

In the present study we demonstrated that the cytokines IL-1«, IL-6
and TNF-« stimulated cultured human monocytes and led to the
production of FN. We further demonstrated that cultured human
monocytes could also be stimulated to produce FN by combinations
of suboptimal doses of cytokines. The increased expression of FN
mRNA was demonstrated, not only in cultured monocytes after
stimulation with these cytokines, but also after stimulation with
combinations of suboptimal doses of cytokines. These findings
suggest that if small amounts of multiple cytokines were produced
simultaneously, high concentrations of inflammatory cytokines
might not always be required to activate monocytes towards an
inflammatory response. In fact, in chronic inflammatory diseases
such as systemic lupus erythematosus, the elevation of plasma
cytokine levels has not been demonstrated, despite the sponta-
neous high production of cytokines by monocytes in vitro [12].
The activation of immunocompetent cells by cytokines is
regulated by another group of regulatory cytokines that include
IL-4, IL-10, IL-13, and TGF-B [13]. Our data showed that all of
these exogenous cytokines except for TGF-B strongly inhibited
FN production by inflammatory cytokine-activated monocytes. It
has been established that interferon-gamma (IFN-vy) is produced
mainly by CD8™" T cells and also by CD4" T helper 1 (Th1) cells,
and IL-4, IL-10, and IL-13 are produced mainly by CD4™ T
helper 2 (Th2) cells [14—17]. In general, Thl cytokines and Th2
cytokines have been reported to act antagonistically by suppres-
sing each other. In our study, exogenous Th2 cytokines suppressed

FN production by cultured monocytes, while IFN-y, a Thl
cytokine, did not. Although the cellular mechanism of the
suppression of FN production by cultured monocytes remains
unknown, our data suggest that monocyte activation is also
regulated by certain T cell cytokines.

FN is a high molecular weight glycoprotein that is produced
by liver cells [18], endothelial cells [19,20] and monocytes [21] at
the early phase of inflammation. In general, plasma FN levels
increase in the inflammatory state [22-24]. However, the
physiological role of plasma FN is still unknown. We have
previously investigated the effect of the soluble form of FN on the
production of IL-1a, IL-183, IL-6 and TNF-« by cultured human
monocytes from normal individuals [10]. FN markedly stimulated
the secretion of IL-le, IL-18, IL-6 and TNF-a. A marked
increase of mRNA for each cytokine was also observed [10].
MoAbs to VLA-5 integrin and GRGDSP, an analogue oligopep-
tide of the cellular binding domain of FN, inhibited ( > 50%) FN-
induced cytokine production [10]. These data demonstrate that the
soluble form of FN stimulates monocyte via the integrin, VLA-5,
and RGD residues on the FN molecule. Taken together, our
previous and present studies demonstrate that cultured human
monocytes can be stimulated both by the soluble form of FN and
by exogenous cytokines, and can consequently produce both
materials. It is not clear, however, whether the FN, produced by
cultured human monocytes after stimulation with inflammatory
cytokines, is still active and functional.

Exogenous IL-4, IL-10 and IL-13 inhibited not only IL-1, IL-6
and TNF-« production by cultured human monocytes in previous
studies [25-28], but also inhibited FN production in the present
study. Our results suggest that (;-integrins and their natural
ligand, FN, play an important role in the complex cytokine
network that regulates the inflammatory and immune responses.
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