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Human polymorphonuclear leucocytes stimulated by tumour necrosis

factor-alpha show increased adherence to extracellular matrix

proteins which is mediated via the CD1 lb/18 complex
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SUMMARY

The present study demonstrates that tumour necrosis factor (TNF) and FMLP, but not IL- I or IL-8,

enhanced the adherence of polymorphonuclear neutrophil (PMN) to fibronectin, an extracellular
matrix protein. The adherence induced by FMLP was very rapid, within 5 min while the induction of

adherence by TNF was much slower, reaching maximum at 60 min. TNF also enhanced an adhesion
ofPMN to other extracellular matrix proteins, such as laminin, collagen IV and gelatin II, but not to

human serum albumin. Anti-CD18 MoAb completely inhibited the binding of TNF-stimulated
PMN to fibronectin and partially inhibited the binding to laminin. Further investigation showed that

adhesion of TNF-stimulated PMN to fibronectin and laminin was inhibited by anti-CD I lb MoAb
and to a lesser extent by CDI la MoAb. In contrast to TNF-stimulated PMN the binding of
unstimulated PMN to fibronectin and laminin was only inhibited by anti-CD 1lla MoAb. Anti-
CDl Ic had no effect on PMN adherence. These results suggest that unstimulated PMN adhere to

extracellular proteins through the CDlla/18, while TNF-stimulated PMN adhere through the
CDl lb/18. These results suggest that TNF secreted at the site of inflammation may enhance the
interaction of PMN with the extravascular environment through the CD 1 b/1 8 complex.
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INTRODUCTION

Circulating and bone marrow neutrophils provide the front line
of defence against many infectious agents [1,2]. During an
inflammatory response these cells can be activated and rapidly
mobilized to the inflammatory site [3]. Recent studies have
shown that cellular adhesion proteins play an important role in
many of the events involved in the PMN accumulation at
inflammatory lesion, such as intravascular margination [4],
adherence to endothelial cell (EC) [5], chemotactic migration
[6,7], extravascular movement [8] and phagocytosis [3,9]. PMN,
monocytes and lymphocytes from patients with leucocyte
adhesion deficiency display an abnormal pattern of adherence-
dependent functions, e.g. failure to accumulate granulocytes at

the inflammatory lesion. This defect was found to be due to a

deficiency of a family of functionally and structurally related
surface glycoproteins, the CDl 1/18 conplex [3]. This family
comprises the lymphocyte functional antigen, LFA- 1 /CDl 1 a,
Mac-I/CD1lb and gpl50,95/CD1lc [10]. Furthermore it has
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also been shown that MoAb against the CDl lb/1 8 antigen can
inhibit adhesion of PMN to vascular endothelium [11,12], as
well as to plastic/glass [13] and also interferes with chemotaxis
[9] and intracellular killing [1 1,13].

In vivo studies have demonstrated that injection of inflamma-
tory cytokines such as IL-I and TNF [14-16] and chemotactic
agents such as IL-8, FMLP and C5a cause PMN to accumulate
at the injection site [17,18]. Both IL-I and TNF have been
demonstrated to induce the expression of adhesion proteins
such as ICAM and ELAM on endothelial and fibroblast cells
[19]. Many studies on the interaction of PMN with EC have
demonstrated the importance of the CDl lb/1 8 complex in the
adhesive interaction of these two cell types [20-23]. However,
for the PMN to penetrate into the tissues subsequent to

migration between the endothelial cells it must also interact with
exracellular matrix proteins present in the basement membrane
and interstitial spaces [24,24]. At present there is little available
information on adherence ofPMN to connective tissue proteins
in extracellular matrices including fibronectin, collagen and
laminin. The present study was carried out to investigate the
effect of inflammatory mediators on PMN adhesion to the
extracellular proteins and to identify the responsible adhesion
proteins.
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PMN adherence to extracellular matrix proteins

MATERIALS AND METHODS

Reagents
FMLP, fibronectin, laminin, collagen type IV and gelatin type II
were all purchased from Sigma Chemical Co. (St Louis, MO).
Human recombinant IL-la, TNF-a and IL-8 were gifts of
Dainippon Pharmaceutical Co. (Osaka, Japan).

PMN separation
Human PMN were isolated from peripheral blood by Ficoll-
Paque centrifugation, followed by dextran sedimentation (3%
w/v in PBS) for 20 min at room temperature [26,27]. The PMN
rich supernatant was then collected and residual red blood cells
removed by hypotonic lysis. The cells were washed in PBS and
resuspended at 1 x 107/ml in RPMI with 1% fetal calf serum.

Adherence assay
Adhesion assays were performed in triplicate in 96-well micro-
titre plates [28]. 50 p1 of 5 yg/ml solutions of fibronectin,
laminin, collagen and gelatin were placed in individual wells and
incubated overnight at 4 C. All the wells were then blocked for
2 h with 200 p1 of HBSS containing 10 mg/ml HSA, washed
three times with HBSS containing 0 1% Tween-20 and finally
once in HBSS alone. After 5-120 min stimulation of the PMN,
5 x 105 cells were added to each well and the plates were then
incubated for 10 min at 370C. The wells were filled with HBSS,
sealed using acetate tape and inverted for centrifugation at 150g
for 5 min. After discarding the non-adherent cells, the remaining
cells were solubilized with 100 yul of PBS containing 1% Triton
Xl 00 and then assayed for myeloperoxidase (MPO) using o-
phenylenediamine dihydrochloride [29]. 1% Triton was also
added to control wells containing 5 x 105 cells to measure the
total MPO added to the wells. The percentage adherence was
calculated as: (amount of MPO in test/total amount of MPO
added) x 100.

Adhesion inhibition assays
MoAb TSI/18 (anti-CD18), TSI/22 (anti-CD I la) and LM2
(anti-CD 1 Ib) were a gift from Dr R. Rothlein at Boehringer
Ingelheim Pharmaceuticals Inc. SHCL3 (anti-CD I lc) and Mo-
p9 (anti-CD14) were obtained from Becton Dickinson. An
MoAb against the common ,B chain of the ,BI integrin or VLA
antigen family, 4B4 (anti-CD29), was obtained from Coulter
Corporation. The PMN were then mixed with 10 yg/ml of
MoAb and incubated at room temperature for 10 min. 5 x 105
PMN were then added to each well and the adherence assay
carried out as described above.

FACS
To measure the relative density of cell surface antigens, viable
suspensions of stimulated and control PMN were incubated
with 20 yl of test or control antibodies (anti-CD 14) for 15 min at
4°C. The samples were then washed in PBS with 10% human AB
serum and stained with fluorescein-labelled secondary Ab
(FITC goat F(ab')2 anti-mouse IgG, Tago Inc.). The cells were
then fixed in 1% paraformaldehyde and analysed on an Epics
Profile Analyzer. The results were calculated as the percentage
ofPMN expressing the test antigen and the relative fluorescence
intensity of expression.

Statistical analysis
The data were expressed as mean+ s.d. Significance was
determined using Student's t-test.

RESULTS

PMN adherence to extracellular proteins
As shown in Fig. 1, TNF and FMLP stimulated an increase in
PMN adhesion to the fibronectin coated plates but not IL-1 or
IL-8. This increase was observed very rapidly for FMLP within
5 min and slowly for TNF with maximal adherence at 60 min.
The increased PMN adhesion was dose dependent for both
these stimuli, with TNF maximum at 5 ng/ml and FMLP
maximum at 10-8 M (Table 1). However no concentration of
FMLP tested showed increased adhesion at 60 min. IL-I and IL-
8 were found to have no effect on PMN adherence at any time
point or concentration tested (Table 1). Both TNF and FMLP
were also found to increase adhesion of PMN to laminin,
collagen and gelatin, but not to human serum albumin,
suggesting that the increased adherence was specific for extracel-
lular proteins (Table 2).

Inhibition of PMN binding to extracellular proteins by MoAbs
against CD18/CDJ1b and CD29
Several studies have shown that the rapid increase in adhesion of
PMN to extracellular matrices induced by FMLP is mediated
through the CDI 8 pathway [20,21,25], so we investigated the
ligand which mediated adhesion of PMN induced by TNF.
MoAbs against CD 18, but not CD 14, were found to inhibit the
increased PMN adherence stimulated by TNF to fibronectin
and laminin (Fig. 2). In the case of fibronectin, addition of anti-
CD 18 MoAb resulted in the total inhibition ofPMN adherence
to the wells, i.e. it inhibited both baseline adherence and the
enhanced adherence caused by TNF. Similar findings were also
observed for collagen and gelatin (data not shown). In the case
of laminin, 20% of added PMN were able to adhere even after
treatment with anti-CD18 MoAb. To test if this adherence to
laminin was due to the P1 integrin family which includes the
laminin receptor, PMN stimulated with TNF were incubated
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Fig. 1. Effect of a variety of mediators on adherence of PMN to
fibronectin with time. (0 O) Control, (- 0)10 ng/ml IL-1,
(A A) 10 ng/ml IL-8, (0 o) 10-8 M FMLP, (- U) 5 ng/ml
TNF. Results are the means of six experiments with the s.d. < 5%.
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Table 1. Effect of different concentration of inflammatory mediators on
adherence of PMN to fibronectin

% Adherence

Stimulant Concentration 5 min 60 min

None 48+0-9 62+31
IL-1 1 ng/ml 48+0-9 4-3+14

5 56+14 72+19
10 71+22 56+ 11

IL-8 I ng/ml 6-6+08 7-1+13
5 49+1 7 6-2+2 1
10 54+08 52+1 4

FMLP 10-9M 122+16 77+15
108M 293+24 43+07
10 7M 106+3 1 66+1 9

TNF 1 ng/ml 69+23 123+29
5 57+18 298+46
10 73+27 274+51

PMN were stimulated for 5 or 60 min at 37 C. Results are expressed
as mean + s.d. of six experiments.

Table 2. Effect ofTNF and FMLP on adherence ofPMN
to a variety of extracellular matrix proteins

% Adherence

Substrate TNF FMLP

Laminin 62 2+ 5 6 45-8+ 1 4
Collagen 40 3 + 8 0 61 5+662
Gelatin 415+ 5 2 32 9+44
Plastic+HSA 2-2+1 9 3 1+0 7

PMN were incubated for 60 min with 5 ng/ml TNF or
for 5 min with 10-8 M FMLP. Results are expressed as
the mean + s.d. of six experiments.
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Fig. 2. Effect of preincubation with anti-CD18, anti-CD29 and anti-

CD14 on TNF-stimulated PMN adherence to fibronectin or laminin.

Results are the means of eight experiments with the s.d. < 5%.

with anti-CD29 (antibody against the common fI chain) and
then tested for their ability to adhere to fibronectin or laminin.
PMN adherence to fibronectin was unaffected by the anti-
CD29, however binding to laminin was reduced by 24% of total
PMN added (Fig. 2). Incubation ofPMN with both anti-CD 18
and anti-CD29 resulted in complete inhibition ofPMN adher-
ence to laminin.

To investigate further the contribution of the CD 18 complex
to binding by TNF-activated PMN, the effect ofMoAb against
CD1 la, CDl lb and CDI lc was also tested. PMN adherence to
both fibronectin and laminin was inhibited after preincubation
with MoAb against CDllb (Table 3). MoAb against CDl la

also inhibited binding of the PMN although the decrease was

only half as great as that observed for CDl b. Preincubation of
PMN with anti-CDlIc MoAb did not inhibit PMN binding to
these extracellular proteins (Table 3).

In contrast to TNF-stimulated PMN, MoAb against CDl lb
were unable to block the binding of unstimulated PMN
adherence to fibronectin and laminin (Table 4). Adherence of
unstimulated PMN was more effectively inhibited by CDl la: in
the case of fibronectin by 88 + 3-1 and for laminin by 56 + 0-7.

FACS analysis
The percentage of PMN expressing the antigens tested was

approximately 99 9% and this was not affected by treatment

Table 3. Inhibition of adherence of TNF stimulated PMN
adherence by MoAb against CDl la, I lb, 1 Ic

Substrate Pretreatment % Inhibition

Fibronectin None
CD1 la (TS1/22) 36.8 + 2-7*
CDI1b (LM2) 79.8+3.3*
CDl lc (SHCL3)

Laminin None
CDl la (TS1/22) 16 4+ 1.7*
CD lI b (LM2) 66.7 + 3.5*
CD I Ic (SHCL3)

PMN were stimulated for 60 min with 5 ng/ml TNF and then
preincubated with 10 pg/ml MoAb for 10 min at room tempera-
ture before adherence.

* Significant difference between test and control, P> 0 05.

Table 4. Inhibition of adherence of unstimulated PMN to
fibronectin and laminin by MoAb against CDI la and CD1 lb

Substrate Pretreatment % Inhibition

Fibronectin None
CD11a (TS1/22) 884+ 3.1*
CDIlb(LM2) 08+03

Laminin None
CD11a (TSI/22) 56.5+0 7*
CD11b (LM2) 17+35

PMN were preincubated with 10 pg/ml MoAb for 10 min at
room temperature before adherence.

* Significant difference between control and test, P > 0 05.
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Table 5. FACS analysis of PMN expression of the

CD18/1 1 complex

Relative mean fluorescence

Stimulant CDl la CDl lb CD1 Ic

None 157+25 221+30 117+31
TNF5 ng/ml 150+44 418+41 102+26
FMLP lo-7M 179+31 370+29 137+17

PMN were incubated for 60 min with TNF or
FMLP. Results are expressed as mean+s.d. of six
experiments.

with TNF or FMLP. A small but consistent increase in the
fluorescence intensity of CD1 lb was observed for PMN stimu-
lated with TNF and FMLP (Table 5). PMN incubated with
TNF or FMLP showed no change in their surface expression of
CDlla and CD1 lb.

DISCUSSION
After PMN have migrated through the endothelium, the next
structures they encounter are the subendothelial basement
membrane and interstitial space. The basement membrane and
extravascular site are rich in matrix proteins such as laminin,
fibronectin and collagen. The interaction of PMN with these
matrix proteins has been shown to be very important both for
PMN accumulation and their functional state at inflammatory
lesions [30,31]. The present study demonstrates that stimulation
of PMN by TNF results in a slow but prolonged increase in
adherence to fibronectin, laminin, collagen and gelatin. An
increase in PMN adhesion to extracellular proteins was also
stimulated by FMLP, however in contrast to TNF this was a
very rapid and transient process, suggesting that the different
stimuli may perform different functions. FMLP is also known to
induce a very rapid and transient adherence of PMN to EC
[17,20,21]. Therefore it may be that FMLP is important for the
rapid transient adherence of PMN to endothelial cells and for
migration to the inflammatory site, while TNF stimulates
prolonged adherence ofPMN to extracellular matrix proteins to
hold them at the inflammatory site.
PMN adherence to extracellular protein was not increased in

response to other inflammatory cytokines such as IL-l or IL-8.
The failure of IL- I to increase PMN adherence may be as a
result of lack of specific receptors for IL-l on PMN, but this
would seem unlikely as PMN have been shown to contain
approximately 700 high affinity receptors for IL- 1 [32]. Alterna-
tively it could be that some intracellular signalling mechanisms
for IL-1 are absent, as IL-I, unlike TNF, does not induce PMN
chemotactic activity, but does appear to activate some functions
in PMN such as an enhanced respiratory burst [32]. Therefore
the ability of IL-l to induce PMN accumulation at inflamma-
tory sites could be indirect, through its ability to stimulate
expression of adhesion molecules on endothelial cells or release
of chemotactic cytokines such as IL-8 from endothelial or
fibroblast cells [19,33]. IL-8 was also shown to have no effect on
PMN adherence to extracellular proteins. This is similar to the
findings of Gimbrone et al. [34] who found that IL-8 inhibited
the adherence of PMN to stimulated HEC. However, in

contrast, Carveth et al. [25] showed that IL-8 was able to
stimulate increased PMN adherence to subendothelial matrixes
which contained laminin. The reason for the differences is not
clear although it may simply be due to concentration differ-
ences, as Carveth et al. [25] used 8 pg/ml while in the present
study only 10 ng/ml of IL-8 was used which has been shown to
be the maximal concentration for chemotaxis [33].
PMN binding to the extracellular proteins was inhibited by

MoAb to CD18 complex. The involvement of the CDI 1/18
complex in the binding of PMN to extracellular proteins has
been suggested by several investigators [35,36]. Our study shows
that the adherence of TNF-stimulated PMN to fibronectin and
laminin appears to be closely linked to the CDl 1/18 complex as

binding was completely abolished for fibronectin and dramati-
cally reduced for laminin by MoAb against the CDl 1 a for
unstimulated PMN and by anti-CD 1 la and CDl lb MoAb for
TNF-stimulated PMN. It is possible that the effect of the anti-
CD18 MoAb was not direct but due to inhibition of IgG Fc
receptor closely associated with the CD1 1/18 complex as shown
in monocytes by Brown et al. [37]. However incubation ofPMN
with anti-CD18 Ab had no effect on the phagocytosis of IgG
coated erythrocytes, suggesting that the CD18 Ab were not
simply interfering with FcR molecules closely associated with
the CDI I/18 antigens. Alternatively it is possible that the
inhibition ofadherence by the anti-CD 18 was acting by negative
signalling by interfering with CDI 1/18-independent pathways
as shown by van Noesel et al. [38] in T lymphocytes. However,
we do not think this is likely as the MoAb used in this study,
anti-CD18, TSI/18, was the one anti-CD18 MoAb which was
not found to have an inhibitory effect on T lymphocyte
proliferation. Therefore we think that it is most likely that the
inhibition by CDl 1/18 MoAb observed in the present study is
direct.

In contrast to fibronectin, binding of TNF-stimulated PMN
to laminin was only partially inhibited by anti-CD 1 8 MoAb or
anti-CD 1 Ia together with anti-CD 1lb MoAb. This finding is
similar to that of Bohnsack et al. [39] who found that adherence
ofPMN stimulated by PMA to laminin was partially inhibited
by MoAb against CD18. Therefore it would appear that PMN
can bind laminin by, at least, two different receptor-ligand
interactions. The CD18 independent mechanism is likely to be
attributable to a member of the / 1 integrin family (CD29) which
are known to be present on myeloid cells and bind to a wide
variety of matrix proteins such as laminin, collagen and
fibronectin [40,41]. Early evidence had suggested that PMN did
not express /31 integrins [42], however more recent studies have
been able to detect /B1 integrins of the laminin receptor and
fibronectin receptor in stimulated PMN [43,44]. The reason for
this discrepancy is not clear although it has been suggested that
oxidative products from the PMN may interfere with the MoAb
binding to its antigen [43]. Further evidence for the involvement
of the /31 integrin family in PMN adherence laminin was shown
in the present study by the ability of an anti-CD29 MoAb to
partially inhibit the binding ofTNF stimulated PMN binding to
laminin.

It is interesting to note that both TNF and FMLP stimula-
tion of PMN was shown to produce a slight increase in the
surface expression of the CDI lb antigen at 60 min, although
only TNF-stimulated PMN showed increased adhesion at this
time; the FMLP induced adhesion had occurred much earlier at
5 min. This lack of correlation between increased CDl lb
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expression (shown by TNF and FMLP) and increased adhesion
to extracellular proteins (only shown by TNF) suggests that
increased adherence of PMN to extracellular matrix proteins
may not simply be due to increased surface expression of
integrins and that the CDI Ib/18 may undergo some alteration
with time or stimulation. Schleiffenbaum et al. [45] found that
increased adherence ofPMN to EC observed with TNF, FMLP
and platelet activating factor was not associated with an
increase in CDI lb expression but was inhibitable by an anti-
CDl lb MoAb. A candidate for the modification of CDl 1/18
and its activation is phosphorylation/dephosphorylation and
recent studies have shown a correlation between increased
phosphorylation and increased adherence of PMN in response
to PMA and FMLP [46,47]. The phosphorylation induced in the
CDllb/18 complex by FMLP was very rapid and transient
which correlated with the increased adherence induced by the
FMLP. These studies suggest that phosphorylation may be
important for the activity of the CDl lb/18. Therefore, while
FMLP induces a very rapid and transient phosphorylation of
CDI lb/18 complex, TNF may induce a slower and more
prolonged phosphorylation of the complex. Alternatively, TNF
might modify the CDl 1 b/18 antigen in some other way that
allows it to interact more efficiently with its ligands. Further
work will be needed to identify if increased phosphorylation or
some other modification of the CD I b/1 8 complex can account
for TNF- stimulated PMN adhesion in the present study.

The present study demonstrates that TNF stimulated a slow
but sustained increased adherence of PMN to extracellular
matrix proteins, in contrast to FMLP which induced a rapid and
transient increase in adherence. This increased adherence
stimulated by TNF appears to be due to the CDI I b/ 18 (Mac- 1)
receptor. Thus it would appear that during an inflammatory
response, the release ofTNF by EC or fibroblasts would lead to
an increased adhesion of PMN to fibronectin and laminin
allowing the PMN at the lesion to interact efficiently with the
extravascular environment and accumulate at sites ofinflamma-
tion or infection.
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