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Role of mesothelial cells in peritoneal antibacterial
defence

M A Muijsken, H J C M Heezius, J Verhoef, H A Verbrugh

Abstract
Whether phagocytosis of Staphylococcus
aureus by polymorphonuclear neutro-
phils, monocytes, and peritoneal macro-
phages takes place when the staphylo-
cocci are adherent to monolayers of
human mesothelial cells in the absence
of opsonins was investigated. Adherence
of S aureus to mesothelial monolayers
increased significantly when the bacteria
were opsonised with pooled human
serum, but phagocytosis by poly-
morphonuclear neutrophils and mono-
cytes occurred independently. Phago-
cytosis by peritoneal macrophages,
however, was only marginal. Pretreat-
ment of polymorphonuclear neutrophils
with inhibitors of cellular metabolism
and motility reduced their phagocytic
capacity.
These results indicate that the surface

of mesothelial cells provides favourable
conditions for the elimination of
staphylococci in the peritoneal cavity.
Phagocytic motility seems to be
important in surface phagocytosis. The
inability of peritoneal macrophages to
phagocytise staphylococci adherent to
the mesothelial cells suggests that they
contribute little to the antibacterial
defence of the peritoneal membrane of
patients receiving peritoneal dialysis.
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Peritoneal dialysis is an accepted form of
treatment for patients with end-stage renal
disease. A major drawback of this treatment is
the high incidence of peritonitis which causes
considerable morbidity in patients receiving
continuous peritoneal dialysis (CPD), result-
ing in a high drop-out rate.'2 The use of a

permanent indwelling catheter facilitates the
entrance of micro-organisms to the peritoneal
cavity. Adherence of bacteria to cellular
surfaces is often the first step in colonisation
and subsequent infection. Staphylococci are

the predominant causal agents of peritonitis in
this setting.2"5 Little is known about the role
of mesothelial cells in the pathogenesis of
peritonitis. In this study we investigated
whether mesothelial cells support surface
phagocytosis of staphylococci by human
polymorphonuclear neutrophils, monocytes,
and peritoneal macrophages.

Methods
Human mesothelial cells were isolated from

omental tissue from patients undergoing
abdominal surgery for a non-infectious cause,
using methods previously described by van
Bronswijk et al.6 Informed consent was

obtained from each of the donors. Briefly, the
tissue was immediately put in Medium M199
(Gibco Europe, Breda, Holland) and kept at
37°C until further processing. The tissue was

cut into 5 x 5 cm pieces, washed in phosphate
buffered saline (PBS), and subsequently
incubated in an overhead rotator with trypsin/
EDTA (0-05/0-02%, Gibco Europe, Breda,
Holland) for 30 minutes at 37°C. Mesothelial
cells were harvested by centrifugation at 160 x

g for 10 minutes. The cell pellet was washed in
Medium M199, the cells were counted, and
seeded into polystyrene tissue culture flasks
coated with fibronectin7 (No. 3075, Costar,
Cambridge, Massachusetts, USA) at a concen-

tration of 106 cells/flask.
The cells were cultured in Ml99 supplemen-

ted with HEPES (1 2 g/l), sodium-bicarbonate
(2 g/l), heat-inactivated, new born calf serum
(10%, Integro, Zaandam, Holland), 2 mmol/l
L-glutamine, gentamicin (10 ug/ml), and
vancomycin (25 pg/ml); "complete M199".
The cells were grown in monolayer culture at
370C in a fully humidified 95% air-5% carbon
dioxide atmosphere. At confluency the mono-
layer was washed with PBS and incubated with
trypsin/EDTA for 45 seconds. After all the
cells had detached from the tissue culture flask
the trypsin-EDTA was diluted 1 in 10 with
"complete M199". The cells were either
reseeded into two new tissue culture flasks or

were subcultured in 96-well flat bottom
microtitre plates (Nunclon, Denmark) for
further experiments (2 x 104 cells/well). The
identity of mesothelial cells was regularly
checked by cell morphology, growth pattern
characteristics, and immunofluorescence stain-
ing for presence of cytokeratins and absence of
factor VIII related surface antigen using
monoclonal antibodies (Dakopatts, Glostrup,
Denmark).8

BACTERIA
Staphylococcus aureus Cowan I (protein A
rich), S aureus H (teichoic acid rich), and its
teichoic acid deficient mutant H52A5 were
used.9 For some experiments S aureus Cowan I
was pretreated with pronase (1 mg/ml; E
Merck AG, Darmstadt, Germany) for 30
minutes at 370C to remove surface proteins.9
For radiolabelling, bacteria were inoculated

in Mueller-Hinton broth (Difco Laboratories,
Detroit, Michigan, USA) containing 0 74 MBq
'H-adenine (specific activity 888 MBq/mol)
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(Amersham International, UK).'° After 18
hours of growth at 37°C bacteria were washed
three times in PBS. A concentration of 5 x 108
CFU/ml was then obtained using a photo-
metric method that had been standardised
by a pour plate method (Lange photometer,
Berlin, Germany)."

OPSONISATION PROCEDURE
Sera from 10 healthy donors were pooled and
stored at -70°C in small aliquots. Before use
pooled human serum was thawed and diluted in
"complete M199" without antibiotics and
without newborn calf serum. Bacteria (2-5 x
108 CFU/ml) were incubated with 5% pooled
human serum in M199 at 37°C in a waterbath
under constant shaking (150 rpm) for 30
minutes (Marius Instruments, Utrecht, The
Netherlands). After centrifugation (15
minutes, 3000 rpm, 4°C), opsonised bacteria
were resuspended in M199 at a concentration
of 1 x 108 CFU/ml and kept at 4°C until use.
Unopsonised bacteria were processed in the
absence of serum but otherwise in the same
way.

LEUCOCYTES
Polymorphonuclear neutrophils and mono-
cytes were isolated from anticoagulated venous
blood from healthy donors by dextran
sedimentation of erythrocytes and differential
density centrifugation on Ficoll-Isopaque
gradient using a method modified from
B6yum'2 as previously described.'3 Both
polymorphonuclear neutrophils and mono-
nuclear cell preparations were washed once in
M199 without antibiotics, resuspended, and
total cell counts were performed. The mono-
nuclear cell fraction was also differentially
counted. The final leucocyte pellets were
adjusted to a concentration of 1 x 107 poly-
morphonuclear neutrophils or monocytes per
ml. For control experiments killed poly-
morphonuclear neutrophils were used.
Polymorphonuclear neutrophils were pre-
incubated with 2% paraformaldehyde at room
temperature for 30 minutes. After incubation
cells were washed three times in M199.
Peritoneal cells were isolated from peritoneal
dialysis effluents from uninfected patients
undergoing continuous peritoneal dialysis, as
described previously. '" Briefly, cells were
sedimented by centrifugation and collected in
Hanks's balanced salt solution containing 0 1%
gelatin (GHBSS). Cells were then washed once
in M199. Total and differential cell counts were
performed. The final cell suspensions were
adjusted to contain 1 x 107 peritoneal macro-
phages/ml of M199.

TREATMENT OF LEUCOCYTES WITH PRONASE,
CYTOCHALASIN B, AND 2-DEOXY-D-GLUCOSE
To determine the nature of the interaction
between polymorphonuclear neutrophils and
bacteria, polymorphonuclear neutrophils were
treated with pronase, cytochalasin B, or 2-
deoxy-D-glucose (2d-glu). For pronase treat-
ment, polymorphonuclear neutrophils (5 x
106/ml) were incubated with 1 mg pronase

(pronase E, 70 000 PUK; Merck) per ml in
Ca2+ and Mg2+ free G-HBSS for 30 minutes
at 37°C. The cells were then washed and
suspended in M199. For cytochalasin B or 2d-
glu treatment, polymorphonuclear neutrophils
were resuspended in M199 containing 5 jug of
cytochalasin B (Aldrich Chemical Co, Inc,
Milwaukee, Wisconsin, USA) per ml or 50mM
2d-glu (Serva, Heidelberg, Germany) and
incubated for 10 minutes at 370C before use in
the phagocytosis assay. As a control, polymor-
phonuclear neutrophils were also preincubated
with 50 mM glucose. During the assay, cyto-
chalasin B, 2d-glu, and glucose were not
removed from the medium.

SURFACE PHAGOCYTOSIS ASSAY
Surface phagocytosis assays were performed
using a slightly modified version of a previously
described method. 5 Confluent monolayers
of mesothelial cells in 96-well tissue culture
plates were washed once with "complete
M199" without antibiotics. Subsequently,
radiolabelled bacteria (50 pl) were added to the
wells. The tissue culture plates were then
incubated for 60 minutes at 37'C, 5% carbon
dioxide, to allow the bacteria to attach to the
monolayer. The wells were then carefully
washed twice to remove only the non-adherent
bacteria without damage to the monolayer.
Subsequently, phagocytes (100 4ul of 5 x 106/
ml) were added to the wells. After incubation
for 60 minutes at 37°C, 5% carbon dioxide, ice-
cold PBS was added to the wells to stop the
interaction between phagocytes and bacteria;
for determination of adherence, two control
wells without phagocytes were used during this
incubation period. In some experiments other
time intervals were evaluated to study the
kinetics of uptake. The content of the well was
thoroughly mixed and transported to a poly-
propylene biophial (Biovial, Beckmann
Instruments, Chicago, Illinois, USA). The
wells were then rinsed with 3 mM EDTA in
PBS until all cells were removed from the wells.
These rinses were added to the respective
biophial. Complete removal of cells from the
wells was checked microscopically. For deter-
mination of adherence 2-5 ml of scintillation
liquid (Safe Fluor S, Hicol, Oud-Beijerland,
The Netherlands) was immediately added to
the respective phials.
The content of the other biophials was

washed twice with ice-cold PBS (1200 rpm, 10
minutes, 4°C). Then lysostaphin (1 U/ml) was
added to the phials and incubated at 4°C for 15
minutes. After lysostaphin treatment two more
washing cycles were performed. After washing,
2 5 ml scintillation liquid was added and the
radioactivity counted in a liquid scintillation
counter (PW 4700, Philips, Almelo, the
Netherlands). Each test was performed in
duplicate. Adherence of staphylococci was
expressed as the percentage of remaining
radioactivity compared with the total counts of
radiolabelled bacteria added to the well.
Phagocytosis was expressed as percentage of
remaining radioactivity compared with
radioactivity corresponding to adhered
bacteria. In some experiments M199 without
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phagocytes was added to the well after the
adherence step to evaluate the level of
mesothelial cell associated radioactivity after a

certain time (60 minutes).
Results were expressed as the mean (SEM)

of three or more experiments. Significance was
assessed using Student's t test. P values smaller
or equal to 0 05 were regarded as significant.

!-1

Figure 1 Adherence of
S aureus Cowan I to
monolayers ofhuman
mesothelial cells. Bacteria
were preopsonised with 5%
pooled human serum
(PHS) or with Medium
199 (Ml 99). Bars and
brackets indicate the
means (SEM) of at least
11 separate experiments.

Figure 2 Kinetics of
phagocytosis of S aureus
Cowan I adherent to
mesothelial monolayers by
polymorphonuclear
neutrophils. Bacteria were
preopsonised with 5%
PHS or with Ml 99.
Control experiments were
performed with
polymorphonuclear
neutrophils killed by
paraformaldehyde.
Experiments performed
without
polymorphonuclear
neutrophils gave similar
results (data not shown in
figure). Data are means
(SEM) of at least three
separate experiments.

Results
The results of experiments on the adherence of
S aureus Cowan I to mesothelial cell mono-
layers are shown in fig 1. S aureus adhered well
to these monolayers, even in the absence of
serum proteins, but preopsonised bacteria
adhered significantly better to mesothelial cell
monolayers compared with unopsonised bac-
teria (32-7 (5 3)% v 18 3 (2 5)%) (p < 0 05).
The rate of phagocytosis by polymorpho-

nuclear neutrophils is shown in fig 2. During
the first 15 minutes most adherent bacteria were
taken up by the polymorphonuclear neutro-
phils. Preopsonisation with 5% pooled human
serum did not influence the rate of
phagocytosis. After 60 minutes of incubation a

plateau in the level of uptake was reached. In
control experiments using polymorphonuclear
neutrophils killed by paraformaldehyde and in
experiments performed in the absence of
polymorphonuclear neutrophils the remaining
radioactivity in the well after 60 minutes was

comparable with the retrieved activity after
zero minutes phagocytosis with live polymor-
phonuclear neutrophils (fig 2). To exclude the
possibility that adherence of bacteria to
mesothelial cells or to polymorphonuclear
neutrophils could be measured as phagocytosis
in the phagocytosis assay, lysostaphin was used
at the end of each experiment. Lysostaphin has
been shown to lyse more than 90% of the
extracellular staphylococci."1 Phagocytosis by
peritoneal macrophages was significantly less
than that of donor polymorphonuclear neutro-
phils or monocytes (table 1).
The influence of two major cell wall compo-

nents on the uptake by polymorphonuclear
neutrophils of S aureus adherent to mesothelial
monolayers was studied using S aureus Cowan
I, which is rich in protein A, and S aureus H,
which has a high teichoic acid content. To
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Table I Percentage phagocytosis of S aureus adherent
to mesothelial monolayers by phagocytesfrom different
origin

Opsonic source

Phagocytes Ml 99 PHS

Polymorphonuclear
neutrophils 55-8 (4 4) 61.0 (3 4)

Monocytes 52 8 (50) 56-0 (6 5)
Peritoneal macrophages 30-1 (6 6)* 32 5 (5.8)*
No phagocytes 29-0 (3.6)* 33.4 (3.3)*

*p < 0,05 compared with percentage uptake by poly-
morphonuclear neutrophils or monocytes.
Data are means (SEM) of at least nine separate experiments
for polymorphonuclear neutrophils and monocytes and for
control experiments without phagocytes. Peritoneal macro-
phages from four patients were tested in one to 11 separate
experiments per patient.

remove the cell wall associated protein A S
aureus Cowan I was pretreated with pronase.
We also used S aureus 52A5, a teichoic acid
deficient mutant of S aureus H. Phagocytosis of
staphylococci was independent of proteins,
including protein A, in their cell walls (table 2);
the pronase-treated S aureus Cowan I was
phagocytised as well as the untreated strain.
The presence or absence of cell wall teichoic
acid did not influence the rate of phagocytosis.
To study the interaction between poly-

morphonuclear neutrophils and bacteria,
polymorphonuclear neutrophils were treated
with various inhibitors (table 3). To examine
whether the binding of the adherent S aureus to
polymorphonuclear neutrophils was mediated
via a pronase-sensitive receptor, polymorpho-
nuclear neutrophils were pretreated with
pronase. Pronase inactivates protein receptors,
such as the C3b receptor in the membrane of
the polymorphonuclear neutrophils.'6 Pronase
treatment of the polymorphonuclear neutro-
phils significantly reduced their ability to ingest
both opsonised and unopsonised S aureus
Cowan I; phagocytosis was reduced by 68 and
69%, respectively (table 3). Cytochalasin B
treatment of polymorphonuclear neutrophils
also reduced the uptake of opsonised and
unopsonised bacteria, with 46 and 37%,
respectively. 2D-glu treatment of poly-
morphonuclear neutrophils reduced uptake to
39% for opsonised bacteria and to 30% for
unopsonised bacteria compared with untreated
polymorphonuclear neutrophils. Preincuba-
tion of polymorphonuclear neutrophils with
glucose had no effect.

Discussion
This study was done to elucidate further the
role of mesothelial cells in the pathogenesis of
peritonitis associated with chronic peritoneal
dialysis (CPD). Mesothelial cells form the
inner surface of the peritoneal cavity. In vitro
cultured monolayers of human mesothelial
cells support phagocytosis of S aureus adherent
to the surface. The uptake of bacteria occurred
rapidly and occurred independently of the
presence of serum opsonins. This contrasts
with phagocytosis of staphylococci by
polymorphonuclear neutrophils or monocytes
in suspension, where serum opsonins are essen-
tial for phagocytosis to occur."718 Both poly-
morphonuclear neutrophils and monocytes
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Table 2 Percentage phagocytosis by polymorphonuclear neutrophils of S aureus strains
with different cell wall characteristics adherent to mesothelial cell monolayers

Opsonic source

S aureus strain Cell wall characteristic Ml 99 PHS

Cowan I Protein A rich 73-6 (6-4) 67-8 (6 0)
Cowan I Pronase treated 71 2 (3-4) 70 1 (8-9)
H Teichoic acid rich 70-0 (4 7) 62-7 (4 6)
H52A5 Teichoic acid deficient 77-1 (4-1) 71R8 (3 9)

Data are means (SEM) of at least three separate experiments.

phagocytised well, in contrast to peritoneal
macrophages, isolated from the effluents of
patients who were maintained on continuous
peritoneal dialysis.
Adherence of S aureus and S epidermidis to

mesothelial cells was described recently.'9 We
used S aureus, which was shown to adhere
much better to mesothelial monolayers than S
epidermidis.'9 Preopsonisation of S aureus with
pooled human serum increased adherence sig-
nificantly.
The positive role of a cell surface in the

process of phagocytosis of unopsonised bac-
teria has been described previously in a model
where monolayers of in vitro cultured human
endothelial cells were used.20 Uptake of
unopsonised staphylococci on an endothelial
surface by polymorphonuclear neutrophils is
only partly dependent on intact locomotion of
the phagocyte.20 To determine whether intact
cellular movement was important in the uptake
of staphylococci from mesothelial cell surface
by phagocytes, polymorphonuclear neutro-
phils were pretreated with 2d-glu and cyto-
chalasin B. 2D-glu inhibits glycolysis and
hexose-monophosphate shunt and therefore
reduces intracellular adenosine triphosphate
activity.2' Treatment of polymorphonuclear
neutrophils with 2d-glu resulted in a reduction
of phagocytosis of both opsonised and unop-
sonised S aureus CI by 40%. The effect of 2d-
glu was not due to competition with glucose
residues for lectin-like receptors22 as treatment
of the polymorphonuclear neutrophils with 50
mM glucose had no effect. The effect of 2d-glu
was comparable with that of cytochalasin B, a
metabolite from the mould Helmintosporium
dematioideum which interferes with the func-
tion of cytoplasmic microfilaments.23 2D-glu
and cytochalasin B may act on the process of
surface phagocytosis by the same mechanism-
inhibition of normal cellular movement of the
phagocyte.

Peritoneal macrophages form an important
first line of defence in the peritoneal cavity.
Peritoneal macrophages from peritoneal

Table 3 Effect ofpretreatment ofpolymorphonuclear neutrophils with various cell
function inhibitors on percentage phagocytosis of S aureus Cowan I adherent to
mesothelial monolayers

Opsonic source

Pretreatment of polymorphonuclear neutrophils Ml 99 PHS p Value

Untreated 52 7 (5 5) 514 (3 6)
Glucose 47-1 (4 7) 46-1 (3 2) NS
2deoxy-D-glucose 36 9 (5-1) 31-1 (5-3) <0-02
Cytochalasin B 33-3 (5-5) 27-6 (3 9) <0 05
Pronase 16 5 (4 0) 16 4 (3-4) <0-001

Data are expressed as means (SEM) of six separate experiments.

effluents did not take up staphylococci from the
mesothelial monolayer, but peritoneal macro-
phages do phagocytise bacteria in a suspension
assay, where bacteria are presented to the
phagocyte under vigorous shaking condi-
tions.'4 These results suggest that the cellular
movement of peritoneal macrophages may be
defective.
To examine the possibility that attachment

and ingestion of staphylococci are mediated via
a protein receptor on the cell surface of the
polymorphonuclear neutrophils, the polymor-
phonuclear neutrophils were treated with
pronase. Pronase treatment of the polymor-
phonuclear neutrophils reduced the phagocytic
capacity by 69% compared with untreated
polymorphonuclear neutrophils (p < 0 001).
The reduction was independent of the presence
of pooled human serum. This indicates that a
pronase sensitive structure is involved in the
uptake of S aureus by the polymorphonuclear
neutrophils on the mesothelial surface. In con-
trast, pronase treatment of polymorphonuclear
neutrophils did not influence phagocytosis of
unopsonised staphylococci on an endothelial
surface.20
These in vitro findings suggest that perito-

neal macrophages may only partially con-
tribute to the defence of the peritoneal mem-
brane. During the initial stages of peritonitis
valuable time may be lost when the micro-
organisms multiply freely before the arrival of
phagocytes and opsonins from the circulation.
We have shown that phagocytosis of staphy-
lococci adherent to the mesothelial cell surface
by peripheral blood phagocytes can proceed in
the absence of opsonins. It is also known that
peritoneal macrophages can phagocytise non-
adherent staphylococci in suspension where
their motility is not mandatory.'4 Therefore, it
seems very important to investigate the reasons
for the lack of motility of peritoneal macro-
phages. Because phagocytosis of staphylococci
in suspension depends on the presence of
opsonins, however, only a few bacteria might
be phagocytised by peritoneal macrophages
under these conditions.
The observation that incubation of meso-

thelial cells with radiolabelled bacteria in the
absence of polymorphonuclear neutrophils re-
sulted in a considerable amount of lysostaphin-
resistant mesothelial cell-associated radio-
activity raises the question as to whether
mesothelial cells themselves can phagocytise
bacteria. Whether this is the case and what the
implications of such an event would be for the
pathogenic mechanism of peritonitis and anti-
biotic treatment is currently under study.
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