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INTRODUCTION
1. The Peritoneum

The peritoneum is a serous membrane that lines both the intra-abdominal wall
and the viscera contained within the peritoneal cavily. Etymologicaliy,
'peritoneum’ means ‘'wrapped tightly around!' The first description of the
structure and function of the human peritoneum was given by James Doughlas
in 1730.7 He observed that it was 'everywhere smooth and even and lubricated
by a fluid in order to preserve it from those inconveniences which otherwise
would have followed from its continual attrition with other viscera.'

Human perifoneum covers roughly the same surface area as the skin,
approximately 2 m® in the adult.' The parietal peritoneum covering the
abdominal wall constitules about 10%, while the peritoneum covering the
visceral organs, constitutes about 90% of this surface area. In males the
peritoneum is completely closed, but in females it is open at the site of the
uterine tubes, where the tubal peritoneum meets the non-peritonized fimbriated
mucosa of the Fallopian tube.

The peritoneum is a derivative of the embryoclogical mesaderm and belongs to a
distinct family of body tissues that share the same celiutar composition and
exhibit an identical histological architecture known as the serosa. The basic
structure of the peritoneum appears to be rather simple; it is composed of a
monolayer of mesothelial celis separated from the capillaries by a thin layer of
loose connective interstitial tissue.

2. Mesothelial Cells

In 'en face' preparations the monolayer of mesothelial cells shows a mosaic of
polygonal or 'cobble stone’ celis (Figure 1).** Mesothelium usually appears as a
continuous cellular surface that is covered by numerous microvilli (Figure 2). In
1954 Odor was the first to describe the presence of microvilli covering the free
surface of mesothelial cells by using transmission electron microscopy.” The
functional significance of these microvilli is not clear. Odor proposed that these
structures increase the mesothelial surface area, thereby facilitating the
exchange of fiuids and solutes between cells and the body cavity. Later, it was
certified by transmission electron microscopy that the microvilli are cytoplasmic
prolongations® which concurs with Odor's ideas.



Figure 2. An electron micrograph shows a cuftured human mesathelial celf covered with microvilli
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A higher density of microvilli is present on those parts of the peritoneum that
cover very mobile organs® which supports the hypothesis that microvilli, together
with a serous exudate of the mesothelium, protect the mesothelium against
friction and facilitate movement. In contrast, the mesothelium of fish is devoid of
microvilli, which may be explained by the reduced exposure to frictional contact
between peritoneal surfaces in fish compared to that experienced in land-based
animals.’

The nucleus of the mesothelial cell has an oval or reniferm shape and is usually
located in the central region. Evidence that mesothelium is capable of secretory
activity was provided by the detection of large nuclei in mesothelial cells,
showing predominance of euchromatin over heterochromatin together with two
prominent nucleoli.® lts secretory activity is further reflected by the abundance of
rough endoplasmic reticulum and the prominence of well-developed Golgi com-
plexes.®

Mesothelial intercellular junclions have been widely investigated.”" They
consist of tight junctions that form an anatomical barrier capable of resfricting
the passage of relatively small molecules from the capillaries into the peritoneal
cavity.”” Under normal circumstances, mesothelium acts as a semi-permeable
membrane. The application of this membrane function in peritoneal dialysis was
first described in 1962.™ Peritoneal dialysis is now a major form of therapy for
the treatment of acute and chronic renal insufficiency.

3. Peritonitis

Bacterial peritonitis is usually a polymicrobial infeclion, due to a perforation of
the gastrointestinal tract.' The site of perforation determines which bacteria will
be present in the abdominal cavity. Normally, the stomach and ducdenum
contain very few viable bacteria, owing to its gastric acidity; consequently,
perfaration of gastric or ducdenal ulcers often initially causes a chemical, non-
bacterial peritonitis. Going down the gastrointestinal tract, the micro-flora
gradually changes to that of the colon. Peritonitis due to perforation at this level
involves a microbiological specirum of many different species in which
anaerobes outnumber the aercbic species in a ratio of about 1000:1."™

Spontaneous bacterial peritonilis (SBP) is defined as bacterial infection of
ascitic fluid without any identifiable intra-abdominal source,” i.e. without a
surgically treatable source. Because most hacteria causing SBP are gut-
derived, it is thought that enteric bacteria regularly translocate and enter the
ascitic fluid, but that in the majority of such events these bacteria are cleared by
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locat host defence mechanisms."” Indeed, several studies have shown that
patients who develop SBP have low chemoatiractant and opsonic activities in
their ascitic fluid."" SBP frequently occurs in patients with ascites (25%)?° and
cirrhosis (10%).2'

In most cases, the diagnosis of peritonitis is straight-forward. Fever,
leukocytosis, abdominal pain and tenderness are commonly seen. However, in
elderly patients, patients receiving steroid fherapy, and especially in
postoperative patients, the signs and symptoms are often masked.” In contrast
to ‘'surgical' peritonitis , the onset of continuous ambulatory peritoneal dialysis
(CAPD)-associated peritonitis is often accompanied by only mild symptoms of
peritoneal irritation.® Peritonilis is the most important complication in CAPD
therapy, with an overall incidence of approximately 0.8 episodes per year.” in
most cases the diagnosis of peritonitis in CAPD is simple. The usual presenting
feature is a cloudy effluent, caused by the rapid rise in the number of
neutrophils within the peritoneal cavity in the presence of infection.”® *® The
bacleria that cause CAPD-associated perifonitis are usually derived from the
skin (predominantly sfaphylococci) and enter the peritoneal cavity via the
percutanous catheter.

Peritonitis of infectious origin is associated with the formation of intra-abdominal
adhesions, a rapid process in which a fibrous network begins to develop within
10 minutes after frauma that is fully developed after 2 hours.”” * These early
fibrous attachments can either he absorbed completely or else become invaded
by fibroblasts, which remodel it into fibrous adhesions. The formation of intra-
abdominal adhesions may have important consequences: it causes 13-20% of
female infertility>® and more than 30% of small bowe! obstructions in developed
countries.*® ¥ Sclerosing encapsulated peritonitis (SEP), an extremely severe
form of adhesion formation, was first described by Slingeneyer et al® |t
consists of the alteration of mesothelium into a thickened, leathery,
fibroconnective sheath. It is usually observed after slowly resolving, massive
intra-abdominal infection and frequently results in bowel obstructions and loss of
ultrafiltration in CAPD patients.®® The etiology of SEP has not been elucidated.
However, certain lavage fluids used in surgery and substances used as buffer
in dialysate fluids are associated with a higher prevalence of SEP.** %

Peritoneum plays an important role in the prevention of adhesion formation by
its increased fibrinolytic activity after the formation of fibrous tissue. in 1963,
Benzer et al. first demonstrated the fibrinolytic activity of human peritoneum.”
Later, Raftery found that this activity was present mainly in the mesothelium.®
However, the fibrinolytic potential of the mesothelium is strongly reduced after
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experimental trauma of the mesothelium: this depression is seen immediately
after injury and its degree varies, being the most dramatic after ischemic
injury.”® * Plasminogen activator inhibitor-1 (PAI-1), an important inhibitor of
fibrinolysis,” seems to play an essential role in this reduction, resulting in
persistence of intra-abdominal fibrin with subsequent adhesion formation,*
Mesothelial cells are capable of PAI-1 synthesis; increased PAI-1 activity was
found in activated cultured human mesothelium®™ and in biopsies of inflamed
peritoneum.*" * Recently, van Goor et al. found not only an increased
fibrinolytic inhibitor (PAI-1} but also, in contrast with the classical concept, an
increased fibrinolytic activator (tissue plasminogen activator (t-PA); also
mesothelial derived®) in the abdominal cavily of patients with peritonitis. Further
investigations will be necessary to delineate the trigger for disbalance of the
fibrinolytic capacitly of mesothelium during peritonitis,

Mesothelial damage and repair

Loss of mescthelial tissue has been described as a consequence of cell

distress after episodes of peritonitis.” *® Peritoneal healing after peritonitis

differs distinctly from healing in other tissues; the healing time, which is usually

very rapid (5-8 days), is independent of the initial size of the defect.”” * Thus,

peritoneai defects are not only repaired by centripetal movement from the

wound margins, but also by other repair mechanisms. Several hypotheses have

been proposed to explain peritoneal healing:

1. Mesothelial cells migrate inward from the wound margins.*

2. Mature mesothelial cells from intact peritoneum exfoliate, reseftle and,
thus, repopulate the defect.”

3.  Serosal cells floating in the peritoneal fluid settle on the injured surface.”

4.  Serosal connective tissue cells transform into mesothelial cells %

5. Reparative cells originate from bone marrow.*

The exact nature of the repair mechanism remains controversial, but it seems

quite possible that several of the above-mentioned processes act

simuitaneously.*™ ** In 1990, Di Paolo et al. described a possible treatment for

the mesothelial cell loss after severe peritonitis: autologous re-impiant in CAPD

patients of peritoneal mesothelium that had previously been removed, cultured

and stored frozen.® ¥ in their study morphological signs of repopulation were

evident at 3 and 8 days after implantation.

4. New Approaches
The mortality rate of 35%* associated with severe surgical and other types of

perifonitis has not improved dramatically in the last 50 years, despite the
availability of powerfut broad-spectrum antibiotics, intensive care units, and
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radical approaches to eliminate the bacterial inoculum from the abhdominal
cavity.* An overaggressive systemic inflammatory response of patients with
peritonitis often results in a generalized micro-circulatory faiture, fluid
sequestration, and the development of muitiple organ faiture; the latter event is
currently the major cause of death following intra-abdominat infections.”® An in-
depth understanding of the host defence during peritonitts, therefore, is
necessary to develop hew forms of therapy that can be used as an adjunct to
the existing surgical techniques and antibiotic treatment strategies.

5. Immunological Aspects

Normally, the peritoneal cavity contains less than 50 mi of fluid, with a low
number of white blood cells consisting of approximately 90% macrophages, 5 {o
10% lymphocytes and fewer than 5% polymorphonuctear leukocytes (PMN).®
However, during the onset of peritonitis a massive influx of neutrophils into the
peritoneal fluid is chserved as an early response {0 bactertal invasion. Within 24
hours this is followed by the migration of large numbers of monocytes.® * In
peritonitis, the PMN and monocytes not only have to migrate across endothelial
cells when leaving the circulation, but also across the mesothelial monolayer
before they can enter the peritoneal cavity (Figure 3).

Leukocyte influx

From previous studies it is known that leukocyte influx into the tissues is a well-
coordinated process. Leukocyte migration across endothelial cells has been
studied in detail; it plays a role in all inflammatory processes throughout the
human body, The adherence of leukocytes to endothelial cells and subsequent
migration across the endothslial barrier into the adjacent tissue takes place
through several specific adhesion receptors on both cell types.

Under resting conditions, neutrophils do not attach to other cells, but require
triggering by external stimuli to hecome adhesive. The adhesion of neutrophils
to endothelial cells is thought to be a two-step process.® In the first step,
teukocyte sefectin (L-selectin) on the neutrophils transiently binds to the sialyl-
Lewis-X {sLe™ carbohydrate structures on the endothelial cells (Table 1), In
addition, endothelial selectin (E-selectin) binds in a similar fashion to sLe”
structures on the PMN (Table 1).%° These bonds are relatively weak and cause
the initial 'rolling' of neutrophils along the endothelium. E-seleclin is not
expressed on resting endothelial cells, but does appear on endothelial cells
approximately 1 hour after activation with tumor necrosis factor (TNF),
interleukin-1 (lL-1} or lipopolysaccharide (LPS). E-selectin expression on
endothelial cells reaches its peak after 4-8 hours and is back to baseline by 24-
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48 hours in vitro.*® Binding of sLe® ligands to L- and E-selectin reduces the
velocity of the PMN and precedes strong adhesion and transmigration.®

Table 1. Endothelial adhesion molecules and their counterstruciures,
Endothelial adhesion Counterstructure

molecule

S-Le* moieties L-selectin {neutrophils)

E-selectin S-Le* moieties {neulrophils

ICAM-1 CR3 (CD11/CD18; nsufrophils, manocyles)
VCAM-1 VLA-4 (monocytes)

The second step of "irm' adherence of neutrophils to endothelial cells is
dependent on the family of B, integrin proteins on the PMN, of which CR3
(CD11b/CD18) is known to be the most important leukocyte adhesion molecule
involved.” ® The adhesion protein 'intercellular adhesion molecule-1' (ICAM-1)™
found on activated endothelium is the best-known counter structure for CR3
(Table 1),'" ? but others may exist as well. From previous studies with
endothelium it has bacome clear that an increase in the affinity of CR3 on PMN
for its ligands on endothelial cells is an essential step in the adherence of PMN
to endothelium.®” ™ This increase in CR3 affinity can be induced by interaction
between E-selectin, present on activated endothelial cells, and sLe*-bearing
glycoproteins on the PMN.% it is also known that activation of CR3 may occur
by soluble stimuli (e.g. chemoatiractants), independent of E-selectin ligand
binding.%*

In contrast to neutrophils, monocytes adhere avidly to resting endothelial cells.™
This is probably an in vilro artefact caused by the purification of the
monocytes.”® Multiple ligand-receptor systems are involved in monocyte
adherence. Monocytes can adhere not only to E-selectin and ICAM-1 on
endothelial cells, as described for neutrophils, but can also bind to 'vascular cell
adhesion molecule-1" {(VCAM-1). VCAM-1 becomes increasingly expressed
upon activation of endothelial cells.”® The leukocyte receptor for VCAM-1 is
'very late antigen-4' (VLA-4; Table 1), a member of the B, integrin family,
which is expressed on monocytes but is absent on neutrophils.”™
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Figure 3. An electron micrograph shows neutrophilic granulocytes crossing a monalayer of cultured
mesothelial cells

Monocyies generally exhibit a high rate of spontaneous migration across resting
endothelial monolayers,” ™ which may become even higher after activation of
the endothelial cells with IL-1. The inhibitory effects of anti-E-selectin and CD18
mAbs on monocyte adherence to and migration across activated endothelial cell
monolayers is further enhanced when these mAbs are used in combination with
an antibody to VLA-4.® Incubation of the monocytes with anti-VLA-4 mAb alone
has no inhibitory effect, indicating that the VCAM-1/VLA-4 interactions alone are
not sufficient for either monocyte adherence or migration.

Chemoatiractants

Leukocyte migration towards inflammatory tissue is guided by locally produced
chemoatiractants. Several neutrophil chemoattractants have been
characterized; the anaphylatoxin C5a,% formylmethionyl peptides of bacterial
origin (FMLP),*' leukotriene 8, (LTB,) of neutrophil origin, transforming growth
factor-f (TGF-B),% platelet activating factor (PAF),* and interleukin-8 (IL-8;
Figure 4).%* Previous in vitro studies have shown that activated endothelial cells
synthesize PAF® and IL-8.° Although these cytokines do not alter PMN
adherence, they do have an additive stimulating effect on PMN migration across
activated endothelial monolayers,®” ¥
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Flgure 4, Human interfeukin-8 (helix/shest) {source; internet; Cytokines Web}

IL-8 can be generated by a variety of cells®® and is a strong and speclfic
chemoattractant for neutrophils. It has been postulated that IL-8 forms a
chemotactic gradient of matrix-associated IL-8 along endothelium, which might
be required for neutrophil transmigration.**® Once IL-8 has been released into
the blood stream, it is bound and neutralized by red blood calls, which may thus
provide a line of defence against systemic activation and against chemotactic
disorientation of neutrophils by maintaining the chemotactic gradient,®

Neutrophils have the capacity to produce IL-8 themselves, in particular as a
consequence of phagocytosis,” * and thus can in this way intensify the
recruitment of new defence cells themselves. The long duration of IL-8 action in
vivo is probably due to ithe remarkable resistance of {L-8 to enzymatic
inactivation and denaturation.®

Joniji¢ et al.* and Goodman et al.* in 1992 described the secretion of IL-8 by
cultured peritoneal and pleural mesothelium, respectively. This 'spontaneous'
secretion of IL-8 could be augmented by IL-1, TNF, or interferon-y. Later, an
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increased concentration of IL-8 in drain dialysate during CAPD peritonitis was
described by Lin et al.”’

IL-8 belongs, together with 'monocyte chemotactic protein’-1 (MCP-1), to a
family of small proteins (8-10 kDa) with four conserved cysteine residues. A
very distinct difference between the IL-8 (C-X-C) and MCP-1 (C-C) subgroups is
the presence or absence of an extra amino-acid between the first 2 cysteines.
This difference is probably in part responsible for the binding specificity to
neutrophils versus monocytes. Minor modifications in the amino-acid sequence
of MCP-1 can change it into a ligand for the IL-8 receptor.®® Systemic action of
iL-8 and MCP-1 under physiotogical conditions is inhibited by serum IgG auto-
antibodies against these cytokines.** "

Generally, monocytes are described as 'slow travellers' towards inflammatory
lissue when compared with neutrophils.”" # "% However, many different
chemoattractants for monocytes have been identified.'™'® Mesothelium also
synthesizes monocyte chemoattractants. Gerwin et al.'” and Jonjié et al™
have described the secretion of TGF-B and the expression of MCP-1 mRNA by
activated human mesothelial cells, respectively.

6. Neutrophil: friend or foe?

infiltration of neutrophils into tissues plays an important role in the initial host
defence against micro-organisms. This is exemplified by patients with the so-
called 'leukocyte adhesion deficiency' (LAD). LAD patients lack the ability to
invoke a normal neutrophil influx into infected or injured tissues. LAD is an
autosomal recessive inherited disorder,'® caused by a partial or total deficiency
of B, integrins on the surface of leukocytes.'” The degree of clinical symptoms
is directly proportional to the degree of the deficiency.””’ Patients with LAD
suffer from recurrent infections with impaired pus formation and defective
wound healing. They may also display other remarkable features, such as
delayed detachment of the umbilical stump, necrotic soft tissue lesions, and
granulocytosis,''" Interestingly, patients with LAD are not often victim of
pneumonia or intra-abdominal sepsis.'”

During inflammation, neutrophils release a remarkable arsenal of toxic
substances, including oxygen radicals and proteolytic enzymes'™™ '™ that can
eliminate most of the offending pathogens. Although this neutrophil response is
rapid and effective, it also has one major drawback: neutrophil oxidants are
seen as the final mediators of tissue damage.'™ In recent years, the awareness
of the neutrophils’ capacity for an exaggerated autotoxic inflammatory response
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has increased, and so has the desire to develop therapeutic immuno-
modutating interventions that may attenuate these cells' unwanted destructive

side effects.
7. Immuno-modulation

Interference with normal neutrophil host-defence functions has primarily been
studied in animal models of the inflammatory response. mAb against ICAM-1
have proved successful in the therapy for postburn injury'™ and have reduced
the netrological damage in a rabbit stroke model.'"” CD11/CD18 mAb against
i3, integrins in vivo strongly reduce formation of localized edema, tissue injury,
and mortality in experimental bacterial meningitis.""*'® Although CD11/CD18
mAb helped to maintain the blood-brain barrier, they also reduced the
penetration of antibiotics into the cerebrospinal fluid. However, the rate of
bacterial killing in the cerebrospinal fluid was unaffected and survival was
improved. After massive inoculation of subcutanecus Staphylococcus aureus
(>10°CFU) in rabbits, the CD18 mAb-treated animals developed larger
abscesses than controls.'? Whether these findings are clinically important
needs to be established. However, the protective effect of CD11/CD18 mAb
coirelates well with the prevention of phagocyte influx and hence underscores
the role of the inflammatory infilirate in these pathological processes.

Immunomodulating therapy in sepsis Is more complex, due fo the multitude of
mediators present. While mortality and tissue injury are substantially reduced by
mAb CD11/CD18 in hemorrhagic shock,”"'? the value of CD18 mAb™ '* and
anti-TNF therapy™ " are less clear in sepsis. Anti-TNF therapy is not
beneficial in experimental peritonitis in rats,™ and neither is it successful when
given after the full syndrome of seplic shock has already developed,

Neutrophil influx into inflammatory tissue is a multi-step process; in addition to
the modulation of the influx with mAb against TNF or mAb against the adhesion
receptors CD11/CD18 and ICAM-1, interference can also he established by
mAb against chemotactic cytokines. mAb against IL-8 were found fo have an
anti-inflammatory effect on glycogen-induced peritonitis, 19G immune complex-
induced alveolitis and dermal vasculitis.'”’

8. Aims of the study

The primary aim of this thesis was to investigate the role of human peritoneal
mesothelial cells in the inflammatory response to bacterial invasion of the
peritoneal cavity.
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fn an in vitro model system we studied the role of mesothelium derived
chemoattractants  during leukocyte migration across mesothelial  cell
monolayers. Ancther objective was to define the conditions of chemoattractant
synthesis by cultured mesothelial cells and to investigate whether this
inflammatory reaction correlates with bacterial peritonitis in vive.

The leukocyte influx across activated mesothelium was studied with cultured
human mesothelial-cell layers and isolated human leukocytes in a double
chamber in vitro model system. The interactions between the specific adhesion
receptors of both cell types and the possibility of modulation of this process was
investigated. Furthermore, the transport of opsonins across cultured
mesothelium was studied in the same model. The activation of peritoneal
neutrophils during the onset of peritonitis was invesligated in patients with
CAPD-associated peritonitis.

The last part of this thesis describes the secrelion by activated mesothelial cells
of CA 125, a well-known fumor marker for ovarian carcinoma. s secretion
pattern and the circumstances under which cuitured mesothelial cells secrete of
CA 125 are described.

REFERENCES
1. Bouchet Y, Voilin C, Yver R. The peritoneum and its anatomy. The peritonoum and peritoneal
accass, Wright, London; edited by S Bengmark. 1989;1:1-13.
2. Doughlas J. A description of the peritoneum. London: England, J Roberts (eds}), Warwick Lane,
1730.
3. Verger C, Brunschvicg O, Lecharpentier Y, et al. Structural and ultrastructural peritoneal

membrane changes and permeability alterations during continuous ambulatory peritoneal
dialysis. Proc EDTA 1981;18:199-205.

4. Pronk A, Leguit P, Hoynck van Papendrecht AAGM, Hagelen E, van Vrocenhoven ThJMV,
Verbrugh HA. A cobblestone cell isclated from the human cmentum: The mesothelial celj;
isolation, tdentification, and growth charactenistics. In Vilro cell Dev Biol 1993;,29A:127-134.

5. Odor DL. Observations of the rat mesothelium with the electronic and phase microscopes. Am J
Anaf 1854,95:433-465.

8. Andrews PM, Porter KR. The ullrastruclural morphology and possible functional significance of
mesothelial microvilll. Anat Rec 1973;177:409-426,

7. Dobbie JW, Zaki MA. The ultrastructure of lhe parietal peritoneum in normal and uraemic man

and in patients on CAPD. In: Maher JF, Winchester JF, eds. Fronliers In Peritoneal Dialysis.
New York: Field, Rich & Associates, Inc; 1986:3-10.

8. Dobbie JW. New concepls in molgcular biology and ullrastructural pathology of the peritonsum:
their significance for peritoneal dialysis. Am J Kidney Dis 1980;16:97-109.
9. Cotran RS, Karnovsky MJ. Ultrastructural studies on the permeability of the mesothelium to

horseradish peroxidase. J Coll Biol 1968;37:123-137.

0, Simicnescu M, Simionescu N, Organization of cell junctions in the peritoneal mesothelium, J
Celf Biol 1977,74:98-110.

. Dobbie JW, Zaki M, Wilson L. Ultrastructural studies on the peritoneumn with special reference to



20

12.
13,
14,
5,
16.
17.
18.
19,
20.
21,
22.
23.
24,
25.

26,

27.
28,
29,

30.
3t

32.

33,
34
35.

36.

chronic ambulatory peritoneal dialysis. Scoft Med J 1981;26:213-223.

Farrest JN, Boyer JL, Ardito TA, Murdaugh HV, Wade JB. Structure of tight junctions during Cl
secration in the perfused rectal gland of the dogfish shark. Am J Physiol 1982,242:c388-¢392.
Boen ST, Mulinart AS, Dillard DH, Scribner BH. Periodic peritoneal dialysis in the management
of chironic uremia. Trans Am Soc Adif Intern Organs 1962;8;256-262.

Rotstein OD, Timothy LP, Simmons RL. Lethal micrebial synergism in inlra-abdominal infections.
Arch Sung 1985;120:146-151.

Peach SL, Tabagchali 8. Mucosa-assaciated flora of the human gastrointestinal tract in health
and disease. Eur J Chemother Antibiof 1982;3:41-50.

Gines P. Spontaneous bacterial peritonitis. Cwr Opinion Gasfro 1392;8:403-408.

Pinzello G, Simoneti RG, Craxi A, Plazza SD, Spano C, Pagliaro L. Spontaneous bacteral
peritonitis: a prospective investigation in predominantly non-alcoholic cirrhotic  patients.
Hepalology 1983;3:545-549,

Mal F, Pham Huu T, Bendahou M, Trinchet JC, Gamier M, Hakim J, Beaugrand M.
Chemoattractant and opsonic activily in ascilic fluid. J Hepathology 1991;12:45-49.

Runyon BA. Low protein conceniralion ascific fluid is predisposed to spontaneous bacterial
peritonilis, Gastroenterology 1986,91:1343-1346.

Tito L, Rimola A, Gines P, Llach J, Arroyo V, Rodes J. Recurrence of spontaneous bacterial
peritonitis: frequency and predictive factors. Hepatology 1988;8:27-31.

Almdal TP, Skinhoy P. Spentaneous bacterial peritenilis in cirrhosis.Scan J Gasfroenterology
1987,22:295-300,

Bengmark S. Peritoneum: the surgeon's view. The periloneum and perntoneal access. Wright,
Londen; edited by S Bengmark. 1989,1:362-366.

Peterson PK, Matzke G, Keane WF. Current concepts in ihe maragement of peritonitis in
patients undergoing continuous ambulatory peritoneal dialysis. Rev Infect Dis 1987,9:604-612,
Port FK, Held PJ, Nolph KD, Turenne MN, Wolfe RA. Risk of peritonitis and technique faifure by
CAPD connection technique: A national study. Kidney Int 1992;42:967-974.

Fakhri O, Al-Mondhhiry H, Rifaat UN, Khalil MA, Al-Rawi AM. Oulput of peritoneal cells during
peritoneal dialysis. J Clin Pathol 1978;31:645-647.

Dunn DL, Barke RA, Knight NB, Humphrey EW, Simmons RL. Role of resident macrophages,
peripheral neutrophils and translymphatic absorption in bacterial clearance from the peritoneal
cavity, Infect immun 1985;49:257-264.

Richardson EH. Studies on peritoneal adhesion with contribution to the treatment of denuded
howel surfaces. Ann Surg 1911,54:758-797.

Hertzler AE. The development of fibrinous tissues in peritoneal adhesions. Anat Res 1915;9:83,
Hershlag A, Diamond MP, DeCherney AH, Adhesiolysis. Cifn Gbsfet Gynecol 1991,34:395-402,
Ellis H. The causes and prevention of inteslinal adhesions. Br J Surg 1982;69:241-243.
Luijendijk RW, Wauters CCAP, Voormolen MHJ, Hop WCJ, Jeekel JJ. Intra-abdominale
adhesies en vreemd-lichaamgranulomen na eerdere laparctomie. Ned Tiidschr Genesskd
1994,138:717-721.

Slingeneyer A, Mion C, Mourad G, Canaud B, Faller B, Beraud JT. Progressive sclerosing
peritonitis: late en severe complications of maintenance peritoneal dialysis. Trans Am Soce Antif
Intern Organs 1983,29:633-638.

Nolph KD, Ryan L, Moore H. Facters affecting ultrafiltration in continuous ambulatory peritoneal
dialysis, Perit Dial Bull 1984;4:14-19,

Grahame GR,Torchia MG, Dankewich KA, Ferguson IA. Surface-aclive material in peritoneat
efffuent of CAPD patients. Perit Dial Bull 1985;6:109-111.

Juner BJR, Briggs JD, Forwell MA, Dabbie JW, Henderson [ Sclerosing peritonitis - the
contribution of chlorhexidine in alcohol, Pert Dial Bult 1985;5:101-105,

Benzer H, Blumel G, Piza F. Uberzusammenhange zwischen fibrinolyse und intraperitonealen
adhestonen. Wien Kiin Wochenschr 1963,75:881.



37.
38.

39.

40.

41.

42,

43.

44,

45,
48.

47,
48.
49.
50.
51,
52.
53.
54,
55.

56.

57.

58.

59.

0.
61,

62.

63.

21

Rattery AT. Regeneration of peritcneum. A fibrinolytic study. J Anaf 1979;129:659-664.

Buckman Rf, Woods M, Sargent L, Gervin AS. A unifying pathogenic mechanism in the etiology
of intraperitonaal adhesions. J Surg Res 1976;20:1-5.

Gervin AS, Puckett CL, Silver D. Serosal hypofibrinolysis. A cause of postoperative adhesions.
Am J Surg 1973;125:80-88.

Gaffney PJ, Longslaff C. An overview of fibrinolysis. in: Bloom AL, Forbes CD, Thomas DP,
Tuddenham EGD, eds. Hasmostasis and Thrombosis, Edinburgh, Great Britain, Churchill
Livingstone; 1994:549-573.

Thempson JN, Paterson-Brown S, Harbourme T, Whawell SA, Kalodiki E, Dudley HAF. Reduced
human periteneal plasminogen activating aclivity: possible mechanism of adhesion formation. 8r
J Surg 1989;76:382-384.

van Hinsbergh VWM, Kooistra T, Scheffer MA, van Bockel JH, wvan Muijen GNP.
Characterization and fibrinolytic properties of human omental tissue mesothelial celis,
Comparison with endothelial cells. Blood 1990;75:1490-1497.

Vipond MN, Whawell SA, Thompson JN, Dudley HAF. Peritoneal fibrinolylic aclivity and intra-
abdominal adhesions. Lancel 1990;335:1120-1122.

van Goor M, van der Meer J, Bom VJJ, Bleichrodt RP. Fibrin formalion and fibrinolysis in the
abdominatl cavily of patients with peritanitis. Br J Haemalol 1994,87:180 Suppl.i (Abstr).

Di Paolo M. The peritoneal mesothelium. An excretory organ. Perif Dial Inf 1989;9:151-153,

Di Paolo N, Sacchi G, Buoncristianl U, Rossi P, Gaggiclli E, Alessandrini C, tbba L, Pucci AM.
The morphalogy of the peritoneal membrane during CAPD. Nepfiron 1986:44:204-211.

Ellis H. The aeliology of postoperative abdeminal adhesions. An experimental study. Br J Surg
1962,50:10-16.

Eskenland G, Kiaerheim A. Regeneration of parietal peritoneum in rats. Acla Pathol Microbiol
Scand 1966,68:379-395.

Cunningham RS. The physiclogy of the serous membranes, Physiol Rev 1926,6:242.

Johnson FR, Whitting HW. Repair of parietal peritoneum. Br J Surg 1562,49:653-660.

Ryan GB, Grobety J, Majno G. Mesoctheliat injury and recovery. Am J Pathol 1873,71:93-112,
Ellis H, Harrison W, Hugh TB. The healing of peritoneum under normal and pathological
conditions. Br J Surg 1965;52:471-476,

Raftery AT. Regeneralion of parietal and visceral peritoneum, a light microscapic study. 8r J
Surg 19723;60:293-299,

Wagner JC, Johnson NF, Brown DG, Wagner MM. Histology and ultrastructure of serially
transplanted rat mesotheliomas. Br J Cancer 1982,46:294-299

Whitaker D, Papadimilriou J. Masothelial healing: morphological and kinetic investigations. J
Pathol 1985;145:153-175,

Gi Paclo N, Vanni L, Sacchi G. Autologous implant of peritoneal mesothelium in rabbits and
man, Clinical Nephrology 1990;34:179-184.

B Paolo N, Sacchi G, Vanni L, Corazzi S, Terrana B, Rossi P, Gaggiotti £, Buoncristiani U.
Autologous peritoneal mesothelial celt imptant in rabbils and peritoneal dialysis patients.
Nephron 1991;67:323-331.

Nespoli A, Ravizzini C, Trivella M, Segala M, The cheice of surgical procedure for peritonitis due
to colonic perferation. Arch Surg 1993,128:814-818.

Christou NV, Barie PS, Bellinger EP, Waymack JP, Stone HH. Surgical infection society, Intra-
abdominal infection study. Arch Surg 1993,128:193-199.

Gorbach SL. Intraabdominal infections. Clin Infect Dis 1993;47:961-967.

Holmes CJ. Peritoneal host defence mechanisms in peritoneal dialysis. Kidnay Inf 1994;46:5-
58-5-70,

Puntis M. Peritoneal defence mechanisms. The peritoneum and pernfoneal access. Wright,
London; edited by S Bengmark. 1289;7:74-84,

Maddaus MA, Ahrenholz D, Simmons RL. The biology of peritonitis and implications for



22

64,

85.

66,

67.

68.

69.

70.

71

72.

73.

74,

75.

76.

77.

78.
79,

80.

81.

82.

treatment. Surg Clin N Am 1988,68:431-443,

Pardi R, Inverardi L, Bender JR. Regulatory mechanisms in leukocyte adhesion: flexible
receptors for sophisticated travelers. immunol Today 1982;13;224-230.

Walz G, Aruffo W, Kelanus W, Bevilacqua MP, Seed B. Recognition by ELAM-1 of the Sialyi-Le"
determinant on myeloid and tumor cells. Science 1990;250:1132-1135.

Zimmerman GA, Prescott SM, Mcintyre TM. Endothelial cell interactions with granufocytes:
tethering and signalling molecules. Immuno! Today 1992;13:93-100.

Kuijpers TW, Hakkert BC, Hoogerwerd M, Leeuwenberg JFM, Roos D. Role of endothelial
feukacyte adhesion molecule and platelet-activating factor in neutrophil adherence to IL-1-
prestimulated endothelial cells: ELAM-t-mediated CD18 activation. J lmmunol 1991,147:1369-
1376,

Anderson DC, Miller LJ, Schmalstieg FC, Rothlein R, Springer TA. Contributions of the Mag-1
glycoprotein family to adherence-dependent granulocylic functions:  structure-function
assesments employing subunit-specific moncclonal antibodies. J Immunof 1986;137:15-27.
Wallis WJ, Hickstein DD, Schwartz BR, Juna CH, Ochs HD, Beatly PG, Klebanofi SJ, Harlan
JM. Monoclonal antibody-defined functional epitopes on the adhesion-promoting glycoprotein
somplex (CDw18) of human neutrophils. Blood 1986,67:1007-1013.

Rothlein R, Dustin ML, Marlin 8D, Springer TA. A human intercellutar adhesion mclecule (ICAM-
1} distinct from LFA-1. J immunof 1988,137:1270-1274.

Bevilacqua MP, Stengelin S, Gimbrone MA Jr, Seed B. Endothelial leukocyte adhesion molecule
1: an inducible receptor for neutrophils related to complement regulatory proteins and lectins.
Science 1989,243:1160-1165,

Diamond MS, Staunton DE, Fougerolles AR de, Stacker SA, Garcia-Agullar J, Hibbs ML,
Springer TA. ICAM-1 (CD54) -a counter-receptor for MAC-1 (CD11b/CD18). J Cell Biol
1990;111:128-3139.

Kuijpers TW, Keenderman L, Weening LS, Verhoeven AJ, Reos D. Conlinous cell activation is
necessary for a stable interaction of complement recaptor type 3 with its counterstruclure in the
aggregation of human nautrophils. Eur J Immunof 1989;20:501-508.

Carlos TM, Schwartz BR, Kovach NL, Yee E, Rosso M, Osborn L, Newman B, Lobb R, Harlan
JM. Vascular cell adhesion molecule-1 mediates lymphocyle adherence to cylokine activated
cuitured endothelial cells. Blood 1990,76:965-970.

Kuijpers TW, Harlan M. Monccyte-endothelial interactions: insights and questions, J Lab Clin
Med 1993;112:641-651.

Hakkert BC, Kuijpers TW, Lesuwanberg JFM, Mourik JA van, Roos D. Neutrephil and monocyte
adherence to and migration across monolayers of cytokine-aclivated endothelial cell: the
contribution of CD18, ELAM-1, and VLA-4, Blood 1991;78:2721-2726.

Elices MJ, Osborn |, Takada ¥, Crouse C, Luhowskyj S, Hemler ME, Lobb RR. VCAM-fon
activated endothelium interacts with the feukecyte integrin VLA-4 at a site distinct from the VLA-
4/fibronectin binding site. Celf 1990;680:577-584.

Hemler ME. VLA proteins in the integrin family: Structures, functions, and their role on
leukocytes. Ann Rev Immunol 1990,8:365-4C0.

Muller WA, Weighl SA. Menocyle-selective transendothelial migration: disseclion of the binding
and the fransmigration phases by an in vitro assay. J Exp Med 1592,176:819-828.

Fernandez HN, Hensen PM, Otani A, Hugli TE. Chemotactic response to human C3a and Cba
anaphylatoxins. |. Evaluation of C3a and C5a leukotaxis in vitro and under stimulaled in vivo
conditions. J immunof 1978;120:109-115.

Schiffmann E, Corcoran BA, Wah! SM. N-formylmethionyl peptides as chemoattractants for
leucocytes. Proc Nall Acad Sci Usa 1975;72:1058-1062,

Reibman J, Meixler 8, Lee TC, Gold LI, Crenstein BN, Haines KA, Kolasinski SL, Weissman.
Transforming growth factor 81, a potent chemoattractant for human neutrophils, bypasses
classic signal-transduction pathways. Proc Nafl Acad Sci Usa 1991;88:6805-6809.



83.

84.

85.

86.

87,

88.

89.

90,
91.

92.

93.

94,

95,

96,

97.

8.

99.

100.

101,

102.

103.

23

Lee TC, Snyder F. Function, metabolism and regulation of platelet activaling factor and refated
ether lipids. In Phospholipids and celfutar regulalion. Kuo JF, editor, CRC Press Inc, Boca
Raton, 1-39.

Baggiolini M, Walz A, Kunkel SL. Neutrophil-activating peptide-1/interteukin-8, a nove! cytokine
that activates neutrophils. J Ciin Invest 1889;84:1045-1049,

Prescott SM, Zimmerman GA, Mcinlyre TM. Minireview: Platelet-activating factor. J Biol Chem
1990,29:17381-17384.

Strieter RM, Kunkel SL, Showell HJ, Remick DG, Phan SH, Ward PA, Marks RM. Endothelial
cell gene expression of a neutrophil chemotactic factor by TNF-c, LPS, and IL-1B. Science
1989:243:1467-1469.

Kuijpers TW, Hakkert BC, Hart MHL, Roos D. Neutrophil migration across monolayers of
cytokine-prestimulated endothstial cells: A role for platelet activating factor and 1L-8, J Cell Biof
1992:417:565-572.

Kristensen MS, Paludan K, Larsen CG, Zachariae COC, Deleuran BW, Jensen PKA, Jorgensen
P, Thestrup-Pedersen K. Quantitative determination of Il-1¢-induced IL-8 mRNA levels in
culiured human Kkeralinocytes, dermal fibroblasts, endothelial cells, and monocyles. J Invest
Demalof 1991;97:506-510.

Huber AR, Kunkel SL, Todd RF HI, Weiss SJ. Regutaticn of fransendothelial neutrophii migration
by endogenous interleukin-8. Science 1591;264:99-102.

Lasky LA. Combinatorial mediators of inflammation? Curr Biof 1993;3:366-368,

Darbonne WC, Rice Gc, Mohler MA, Apple T, Hébert CA, Valente AJ, Baker JB. Red blood cells
are a sink for interleukin 8, a feukocyte chemotaxin. J Clin invesf 1991;88:1362-1369.

Bazzoni F, Cassatella M, Rossi F, Ceska M, Dewald B, Baggiolini M, Phagocytosing neutrophils
produce and release high amounts of the neutrophil-activating peptide NAP-1/l.-8. J Exp Med
1991;473:771-774.

Cassatella MA, Bazzoni F, Ceska M, Ferro |, Baggiolini M, Berten G, IL-8 producticn by human
polymorphenuclear leukocytes, J Immunol 1992;148:3216-3220,

Peveri P, Walz A, Dewald B, Baggiolini M. A novel neutrophit-activaling factor produced by
human moenonuclear phagocytes. J Exp Med 1988,167:1547-1559.

Jonji¢ N, Bernasconi S, Sciacca FL, Colotta F, Pelicci P, Lanfrancone L, Montovani A.
Expression of adhesion molecules and chemotactic cytekines in cullured human mesothelial
cells. J Exp Med 1992;176:1165-1174,

Goodman RB, Wood RG, Martin TR, Hanson-Painten O, Kinasewitz GT. Cytokine-stimulated
human mesothelial cells produce chemotactic aclivily for neutrophils including NAP-HIL-8. J
Immunol 1692;148:457-465,

Lin CY, Lin CG, Huang TP. Serial changes of interleukin-6 and interleukin-8 in drain dialysate of
uremic patients with continuous ambulatory peritoneal dialysis during peritonitis. Nephron
1993,63:404-408.

Bealt CJ, Mahajan S, Kolattukudy PE. Cenversion of monocyte chemeattractant by substitution
of two amino acids, J Biol Chem 1992;267:3455-3459.

Syivester |, Yoshimura T, Sticherding M, Schréder JM, Ceska M, Peichl P, Leonard &J.
Neutrophil attractant protein-1-immunoglobulin G immune complexes and fres anti-NAP-1
antibedy in normal human serum. J Clin Invesf 1992,90:471-481.

Sylvester I, Suffredini AF, Boujoukos Ad, Martich GD, Danner RL, Yoshimura T, Lecnard EJ.
Neutrophil aftractant protein-1 and monocyle chemeattractant protein-1 in human serum. J
Immunol 1993:161:3292-3298.

Hurtey JV, Ryan GB, Friedman A, Mononuclear response to intrapleural injection in the rat. J
Pathol Bacteriol 1966,91:575-587,

Migliorisi G, Folkes E, Cramer EB. Differences In the ability of neutrophils and monocyles to
traverse epithelial occluding junctions. J Leukocyte Biol 1988;44:485-492,

van Furth R, Raebumn JA, van Zwet TL. Characteristics of human mononuclear phagocyles.



24

104.

105.

iC6.

107,

108,

109,

i10.

111,

12,

113.

114,

115.
116.

117,

118.

119,

120.

i21.

122.

123.

124,

Blood 1979;54:485-500.

Leonard EJ, Yoshimura 1. Human monocyte chemoattractant protein-1 (MCP-1). Immunol
Today 1990,11:97-101.

Sozzani S, Molino M, Locati M, Luini W, Cerletti C, Vecchi A, Mantovani A. Receplor-activated
calcium influx in human monocytes exposed to monocyle chemotactic protein-1 and related
cytokines. J fmmunof 1993:160:1544-1553.

Wahl SM, Hunt DA, Wakefield LM, McCarney-Francis N, Wahl LM, Roberts AB, Spomn MB,
Transforming growth factor B (TGF-p) induces monocyle chemotaxis and growth factor
production. Proc Nall Acad Sci 1987,84:5788-5792,

Gerwin Bl Lechner JF, Reddel RR, Roberts AB, Robbins KC, Gabrielson EW, Harris CC.
Comparison of production of transforming growth facter f and platefet derived growth factor by
nermal human mesothelial cells and mescthelicma cell Enes. Cancer Res 19987:47:6180-6184.
Dana N, Todd RF, Pitt J, Springer TA, Arnacut MA. Deficiency of a surface membrane
glycoprotein (Mo1) In man. J Clin invest 1984,73:153-158.

Armacut MA. Leukocyte adhesion molecules deficiency: its structural basis, pathephysiology and
implicaticns for modulating the inflammatory respense. Immunol. Reviews 19980;114:145-180.
Anderson DC, Schmalslieg FC, Finegold MJ, Hughes BJ, Rothlein R, Miller LJ, Kohl S, Tost MF,
Jacobs RL, Waltrop TC, Goldman AS, Shearer WT, Springer TA, The severe and moderate
phenotyoe of heritable Mac-1, LFA-1 deficiency: their quantitative definition and relation to
leukocyte dysfunction and clinical features. J Infect Dis 1985;1562:668-689.

Anderson DC, Morimoto C, Breitmeyer JB, Schlossman SF. Regulatory interaclions betwesn
members of the immunoeglobin superfamily. Immunof Today 1988;9:199-203.

Sharar SR, Winn RK, Murry CE, Harlan JM, Rice CL. A CD18 moneclonal antibody increases
the incidence and severity of subcutansous abscess formation after high-dese Staphylococcus
aurous injection in rabbits. Surgery 1991;110:213-220.

Malech HL, Gallin JI. Neulrophils in human disease. N Engl J Med 1987,317:687-694.

Hensen PM, Johnston RB Jr. Tissue injury in inflammaticn: oxidants, proteinases and cationic
proteins. J Ciin Invest 1987,79:669-674.

Weiss SJ. Tissue destruction by neutrophils. N Engl J Med 1989;320:365-376.

Mileski W, Borgsirom D, Lightfoot E, Rothlein R, Faanes R, Lipsky P, Baxter C. Inhibition of
leukocyte-andothelial adherence following thermal injury. J Surg Res 1992;52:334-339.

Bowes MP, Zivin JA, Rothlein R. Monoclonal antibody to the ICAM-1 adhesion site reduces
neurological damage in a rabbit cerebral embolism slroke model. Exp Neurol 1993,119:215-219.
Tuomanen El, Saukkonen K, Sande 8, Cioffe G, Wright SD. Reduction of inflammation, tissue
damage, and mortality in bacterial meningitis in rabbits treated with monoclonal antibodies
against adhasion-promoting receptors of leukocytes. J Exp Med 1989;170:952-968,

Quagfiarelio V, Scheld WM. Bacterial meningitis: pathogenesis, pathophysiology, and pregress.
N Engl J Med 1992;327:864-872.

Saez-Licrens X, Jafari HS, Severien C, Parras F, Otsen KD, Hansen EJ, Singer I, McCracken
GH Jr. Enhanced attenuation of meningeal inflammation and brain edema by concomitant
administration of anti-CD18 monoclonal antibodies and dexamethasone in experimental
Haemophilus meningitis. J Clin invest 1991;88:2003-2011.

Vedder NB, Winn RK, Rice CL, Chi EY, Arfors KE, Harlan JH. A monoclonal antibody to the
adherence-promoting leukacyte glycoprotein, CD18, reduces ergan injury and improves survival
from hemorrhagic shock and resuscitation in rabbits, J Clin fnvest 1988,81:939-944.

Mileski WJ, Winn RK, Harlan JM, Rice CL. Inhibition of neutrophil adherence in sepsis. Surg
Forum 1989,40:107-112,

Thomas JR, Harlan JM, Rice CL, Winn RK. Role of leukocyte CD#1/CD18 compiex in endotoxic
and septic shock in rabbits. J Appl Physiol 1992;74:1510-1516.

Maolloy RG, Mannick JA, Rodrick ML. Cytokines, sepsis and immunomodulation. Br J Surg
1993;80:289-297.



125.

126,

127.

25

Welbourn CRB, Young Y. Endotoxin, septic shock and acute lung injury: neutrophils,
macrophages and infammatory mediators. 8rJ Surg 1992;79:998-1003.

Echternacher B, Falk W, Ménnel D, Krammer PH. Requirement of endogenous tumor necrosis
factorfcachectin for recovery from experimental peritonitis. J Immunol 1990,145:3762-3766.
Mulligan MS, Jones ML, Bofanowski MA, Baganoff MP, Deppeler CL, Meyers DM, Ryan US,
Ward PA. Inhibition of lung inflammatory reactions in rats by an anti-human IL-8 antibody. J
Immunol 1993,150:5585-5595.



26



POLARIZED SECRETION OF IL-8 BY HUMAN MESOTHELIAL CELLS:
A ROLE IN NEUTROPHIL MIGRATION

AM. Zeillemaker,' F.P.J. Mul,” AA.G.M. Hoynck van Papendrecht,’
T.W. Kuijpers,® D. Roos,” P. Leguit,' & H. A. Verbrugh®

'Department of Surgery, Diakonessen Hospital, Utrech!, the Netherlands; *Cenlral Laboratory of
the Netherlands Red Cross Blood Transfusion Service and Laboratory of Experimental and Clinical
Immunology, University of Amsierdam, Amsterdam, the Netherlands; *Depariment of Medical
Microbiology, Academie Hospital Rolterdam, Rofterdam, the Nelherlands

27



28
SUMMARY

We investigated the role of human mesothelium in an in vitro model of
peritonitis with emphasis on the secretion of the neutfrophil chemoattractant
interleukin-8 and the migration of polymorphonuciear leukocytes (PMN) across
monolayers of peritoneal mesothelial cells. PMN showed minimal migration
across unactivated mesothelial monolayers {<2%). However, migration was
induced after mesothelial cell activation by IL-18  (24%), and this induced
migration was significantly blocked by antibodies against interleukin-8 (63%
inhibition; p<0.01), IL-1B-activaled mesothelial monolayers were shown to
secrete interleukin-8 in a polarized way, which was preferentially oriented
towards the apical side of the monotayer. Our results indicate that the influx of
PMN into the peritoneai cavity is, at least in part, controlled by the mesothelial
cell layer of the peritoneal membrane.

INTRODUCTION

The abdominal cavity is lined with a monolayer of mesothelial cells resting on
a basement membrane. The mesothelium provides a slippery, non-adhesive
and non-thrombogenic surface that allows for smooth mobility of internat
organs.’ During peritonitis there is a massive influx of PMN from the circulation
to the peritoneal fluid. These granulocytes have to migrate across the
mesothelial lining {o reach the peritoneal cavity. Recent in vitro experiments
have shown that mesothelium may actively participate in the neutrophil influx
through enhanced expression of the adhesion molecule ICAM-1 on its surface
and by secrefion of the neutrophil chemoatiractant interleukin-8 (IL-8). This
investigation was carried out to examine further the functional role of the
mesothelial lining in the migration of PMN. The pattern of IL-8 secretion and its
influence on migration of PMN across mesothelial monolayers was studied in
an in vifro model of peritonitis.

MATERIALS AND METHODS

Mesothelial cell culture

Mesothelial cells (MC) were isolated from human omentum, according to lechniques modified from
Nicholson et al’ and Wu et al.,* as described previously.’ In brief, small pieces of omentum were
removed early in the operative procedure from patients undergoing abdominal surgery for non-
infectious conditions. All patients gave informed consent. The omenlum was transferred to fluid
confaining 0.05% (wiv) trypsin-0.02% (wiv) EDTA (Gibco, Life Technologies, Paisley, UK). After 15 min
the detached MC were pelleted by centrifugation at 1200 rpm for 5 min and resuspended in
supplemented M-199 medium (Gibce), MC were grown until confluence in a 37°C, fully humidified, 5%
CO, cabinet in polystyrens cuilure flasks (75 cm’; Costar, Cambridge, MA) precoated with fibranectin.
The identity of MC was demonstrated by the absence of von Willebrand facior staining® and the
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presence of intracellular cytokeraling by using immunofluorescence with monoclonal antibodies’
(Dakopatts, Glosstrup, Denmark}.

iL.-8 assay

MC were subcultured to confluent monolayers on polycarbonate membranes (0.4 um pore size, 24.5
mm diam) of Transwe!l cell culture chamber inserts (Costar). The filters were precoated with fibroneclin
prior {o addition of the MC. MC monolayers reached confiuence in 5 days as determined by light-
microscopy and by May-Grinwald/Giemsa staining. nverted monolayers wers cullured according fo
Parkos et al.® wilh minor modifications (Figure 1). For this purpose, a section of a 50 ml centrifuge tube
(Costar) was gently, but tightly fixed to the inverled bottom part of each insert to prevent feakage of
medium or cells. The inverted fillers were also routinely treated with fibronectin. MC were added to the
inverted inserts and allowed to attach overnight {Figure t). Thereafier, the section of a 50 mi centrifuge
tubes was removed, and the inserl was placed upright into 6-well cullure dishes. This cuiture was
maintained for 5 days fo reach MC confluency prior to use {Figure 1). Prelreatment of the monolayer
with an oplimal concentration of human recombinant IL-1p (rlL-1B; 26 WmY; Genzyme Caorporation,
Cambridge, MA} did not influence the microscopic mermphology of the confluent monolayers. All media
were refreshed in the experiments before addition of 1iL-1p to one of the compartments. At indicaled
intervals, samples from both comparments were taken and assayed for I.-8 by enzyme-linked
immunosorbent assay (FLISA)® The results were expressed as absolute nanograms of IL-8 produced

by the monatayer.

EIII

3

Figure 1. Preparation of an inverted mesothelial cell culture in a Transwell filler system. The insert
containing the filter was inverted and a piece of a 50 ml centrifuge tube was tightly, but gently, fixed
{o the bottom part of the insert. The MC suspension were added to the inverted insert and allowed to
aftach overnight. The tube prevents leaking of the culture fiuid from the inverted filter. The tube was
then removed, the insert was placed upright in a 6-well culture dish and MC so attached to the
underside of the filter were cultured for 5 additional days fo reach a cenfluent mesothelial cell

monolayer.

Transport of riL-8 through MC monofayer

Recombinant L-8 was obtained by transfecling Escherichia cofi DH5 with the plasmid pMBL11 that
conlained cDNA encoding the 72-amino-acid species of human iL-8 (Brilish Biotechnology Lid., Oxford,
UK).? Recombinant IL-8 was added to the apical side of non-activaled MC monolayers, cultured on
polycarbonate membranes (0.4 um pore size, 24.5 mm diam}, Over six hours serial samples from the
lower compartments were taken and assayed for IL-8 by ELISA®
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Granulocyte isolation

Blood was obtained from healthy volunteers. Granulocyles were purified from a buffy coat by density
gradient centrifugation over isotonic Percoll as described by Roos and De Boer. Purity of the
granulocytes was >98%, with »95% neutrophils. Viability measured by tactate dehydrogenase {LDH)
release’’ was >95%.

Labsling of neutrophits

Freshly purified neutrophils were radiolabeled with *'Cr according to Gallin ef al.'? Labeling of PMN with
¥'Cr has no effect on chemotaxis of the neutrophil'” and is therefore a standard method in adherence
and migration experiments.'® Briefly, neutrophils (107 cellsAimB) suspended in 50% (viv) M-199, 50%
(vA) RPMI-1640 (Gibco), supplemented with 0.1% {(wv) HSA, were incubated with 10 pCi of *'Cr/ml
{sodium chromate, 200 to 500 Cifg; New England Nuclear, Boston, MA) at 37°C for 1 hour with genile
shaking. The celis were subsequently washed and resuspended in 50% (v/iv) M-199, 50% (viv) RPMI-
1640, 0.5% {v/v) HSA (incubation medium}. Viabilily after labeling remained >95%.

Migralicn assay

MC were subcultured on normal and inverted polycarbonate membranes (8.0 pm pore size, 24.5 mm
diam; Costar) as already described. In the conventional configuration PMN were sedimanted by gravity
to the apical surface of the MC normally facing the abdominal cavity. Inverted fillers were used to study
migration in the more physiclogical direction (i.e. submesothelial fissue to abdominal fluid), thus
parmitting the PMN fo approach and adhere to the basolateral side of the MC monclayers. fn some
experimenis the monclayers were preincubated with an optimal concentration of rL-1f (25 U/mi
added to the lower compartment) for 6 hours prior to adding the PMN to the upper compariment. In all
experiments lhe upper compartment of the cell culture chamber insers was washed ftwice wilh
incubation medium (50% {(v/v) M-199, 50% (viv) RPMI-1640, Gibco, supplemented with 0,5% (viv)
HSA), prewarmed to 37°C, before adding the PMN. However, the fluid in the lower compartiment was
not replaced, unless ctherwise indicated, *'Cr-labeled neutraphils (1x 10° cells/ml), prewarmed to 37°C,
were then added to the upper compartments. When indicated, mAb against IL-8 (mAb IL-8/8)° and in
some experiments C5a (10° M, Sigma Diagnostics, St Louis, MQ) or FMLP (10° M, Sigma) were
added to the lower compartment 5 minutes prior to adding the PMN. The chambers were incubated in
a 5% CQ,incubator at 37°C for 30 minutes. After incubation, the fluid from both compariments was
collected. The radioaclivity present in the fluids as well as that on the filter, cut out of its cylindric
container, were determined in a gammacounter. Recovery was always >92%. The radioactivily
measured on the filter was taken to represent PMN adhesion. Light microscopic examination of the MC
monolayers showed that most of the nautrophils were focated at the margins of the MC. The extent of
migration was calculated from the radioactivity found in the fluid sampled from the lower cormpartment.
The results were expressed as percentages of the total radicactivily, i.e. PMN added to the chambers.

Measurement of chemotaxis

The Boyden chamber (48-well chemotaxis chamber, Neuro Probe inc., Cabin John, MD) was used for
measurement of PMN chemotaxis. The Boyden chamber contained a 8.0-pm migration filter on top of
an 0.45-um stop filter. Chemotactic stimulus, added to 1he lower compartment of the Boyden chamber,
consisted of the supsrnatant of the basolateral or apical compartment of rll-1p prestimulated
mesothelial cell monclayers cultured on 0.4 um filters, as described above. Recombinant iL-18 was
added to the apical side of the monolayer. Culture medium and C5a (10° M, Sigma), diluted in cullure
medium, served as controls, When indicated, mAb against IL-8 (mAb IL-8/8)° was added to the apical
supernatant 5 min prior to adding the PMN. PMN were suspended in medium containing 132 mM
NaCl, 1 mM MgSO,, 1 mM CaCl,, 8 mM KCI, 1.2 mM KH,PO,, 20 mM HEPES, 5.5 mM glucese, and
0.5% {(wiv) HSA (CLB, Amsterdam, the Netherdands), pH 7.4, supplemented with heparin (10 1Wml).
10° PMN ware added to the upper compariment of the Bayden chamber and incubated for 1.5 h.
Thereafter, the 8.0-um Boyden chamber filters were stained, dehydrated with xylol and the number of
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PMN was counted with a microscope at 400x magnification. Chemoltaxis was defined as the mean of
the number of PMN counted in five microscepic fietds.

Transimesothelial electrical resistance measurement

The ceonfluency and integrity of the mesothelial monolayer was tested by measuring the
transmesothelial electrical resistance''® (Millicel-ERS, Millipore Corporation, Bedford, MA) on both
non-stimufated and prestimulated MC monolayers, MC were subcultured on normal and inverted
polycarbonate membranes (8.0 pm pore size, 24.5 mm diam; Costar) as decribed above. The
monclayers were cultured for 5 days to reach confluence. In some experiments the monolayers weare
preincubated with rlL-1p {25 UMml, added fo the apical side of lhe monolayers) for 6 hours as
described eardier. In all experments ihe medium of both compartments of the celf culture chamber
inserts was replaced by medium M-199 without serum before measurement of the electiical resistance.
Filters without MC monolayers served as controls. After the initial measurements the cenfluency of the
MC monolayers was deliberately disrupted by replacing the medium with PBS centaining EDTA (2 mM;
Boehringer Mannheim GmbH, Mannheim, Germany). After incubation during 30 min in a 37°C, 5% CO,
cabinet, the efectrical resistance was again measured. Filters without MC monolayers served as
conirels,

RESULTS

Interleukin-8 secretion

The concentration of IL-8 was measured in the fluid of both compartments of
the Transwell system. The mesothelial cell monolayer forms a barrier between
these compartments, which enabled us to measure differences in apical and
basolateral secretion. In the absence of deliberate stimulation, mesothelial cell
monolayers secreted only low levels, i.e. less than 2 ng, of IL-8 (Figure 2).
After the addition of rIlL-1p to the apical surface of the monolayer, i.e. in the
upper compartment, the mesothelial cefls within 6 hours secreted large
amounts of IL-8 in a polarized way. more IL-8 was found in the upper
compartment than in the lower compartment of the system {p<6.05, Figure 2).
Surprisingly, when rIL-13 was introduced to the basolateral side of the
monolayer, i.e. added to the lower compartment, IL-8 was also preferentially
secreted into the upper compartment (p<0.05, Figure 2). Mesothelial cells, thus,
seam to create a gradient of IL-8 towards the apical side of the monolayer,
irrespective of the direction of the inducing stimulus. To test this hypothesis
further, inverted monolayers, in which the MC were adherent to the lower side
of the filter, were likewise stimulated. Again, MC IL-8 secretion was found to be
polarized towards the apical side of the monolayer (p<0.05, Figure 2).

The fransport of exogenous 1ll.-8 was tested through non-activated mesothelial
monclayers, cultured on normal filters (0.4 ym pore size) to study the potential
confounding influence of aclive or passive back-diffusion of secreted IL-8
through the monolayers. Within six hours part of the rIL-8 added to the upper
compariment was detected in the lower compartment, indicating that active or
passive fransport of IL-8 through the monclayer did occur (Figure 3).
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Flgure 2. Secretion of IL-8 by confluent monolayers of MC. Normal and inverled 0.4 pm filters were
used. MC were stimulated by addition of rlL-18 (25 U/m!) to the apical or basolateral side of the
monotayer, and the |L-8 secretion was measured after 8 hours. Results are expressed as the mean
+ SEM in nanograms of eight separate experiments. *Apical concentration significantly higher than the
basolateral concentration of IL-8 {p < 0.05, two tailed paired Student f-test).
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Figure 3. Represenlativa figure of the time-course of rlL-8 fransport through a non-stimulated MC
monolayer. A normal 0.4 pm filter was used, riL-8 was added to the apical side of the monolayer at 0
hours. At various fimes samples of the lower comparimant were taken and measured in an IL-8 ELISA,
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Diffusion of riL-8 through a filter (0.4 pm, 24.5 mm diam) without a MC
monolayer was tested to control for the possible influence of the design of the
Transwell system. The Transwell filter itself formed no major barrier to rlL-8
diffusion, nor was coating of the filter with fibronectin of influence (data not
shown).

Migration

PMN adhesion and migration across non-aclivated mesothelial menolayers in
normal and inverted filters was minimal (<2% in 30 min; Table 1). However,
migration of PMN across the monolayer was invarlably found after MC
stimuiation with rlL-1p (Table 1). Inversion of the filter resulted in even higher
levels of PMN migration {96% increase, p<0.01, table 1), which correlated well
with the difference in amounts of IL-8 found in the lower compartments,
between normal and inverted filters {(Figure 1).

The presumed difference in barrier between normal and inverted filters for
neutrophils to reach the lower compartment was determined by using Cba or
FMLP as chemecattractant in otherwise unstimulated MC monofayers in PMN
adherence to and migration across the fillers, There was no difference in
neutrophil adherence to and migration across normal or inverted mesothelial
cell monolayers induced by these chemoattractants, indicating no difference in
barrier for neutrophils between the two different ways of culturing a confluent
MC monolayer on the filters (data not shown).

Increase in adherence to the MC monolayer, but not a significant increase in
migration across activated inverted filters was seen when the medium in the
lower compartment was replaced with fresh medium before adding the PMN
{Table 1). However, when the medium in the lower compartment was left in
situ, significant increase in migration was observed {p<0.01, Table 1}.

To delineate the role of MC-excreted IL-8 further, the effect of a mAb against
IL-8 (mAb IL-8/6) was tested in the set-up with stimulated inverted filters.
Migration of PMN across a monolayer of MC was reduced by 83% (p<0.01},
indicating that IL-8 was the major chemotactic moiety excreted by MC (Table
1)

Addition of the chemoattractant C5a to the lower compartment resulted in
extensive adherence and high levels of migration of PMN in otherwise
unstimulated inverted filters (Table 1).

mAb IL-8/6 did not influence the adherence to and migration of PMN across
non-activated mesothelial monolayers {data not shown). Furthermore, the
adherence and migration of PMN induced by C8a was also not affected by
mAb IL-8/6 {data not shown).
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Table 1. PMN adherence and migralion across MC monolayers

% adhesion % migration
Normal filters ’
Blank 3005 1.7+11
Apicat stimulus 109+289 2127
Inverted filters
Blank 32105 1815
Apical stimutus 86112 23.7 x 2342
Apical stimuius # 208+ 54 32+14
Apical stimulus, mAb IL-8 i52+25 8.8 & 2.2°°
C5a 19.0+ 4.5 306 £ 7.8%

Table 1. Mesothelial cells were cultured on 8.0-pm filters. Neutrophil adherence to and migralion
across normal and inverted monolayers of MC were measured 30 min after adding the PMN. Results
are expressed as the mean + SEM of four to six experiments performed on separate occasions. #
Lower compariment was washed twice with incubation medium before adding the PMN. mAb IL-8/8
(1pg/mi)y was added to the lower compartment 5 min prior to adding the PMN. In some experiments
neutrophils were attracted to the lower compartment by C5a (10® M). **' Migration across an inverted
filter was significantly higher compared to migration across a normal filler (p<0.01). *** Significant
increase in migration after stimulation of the MC with riL-1B, compared to the migration across non-
stimulated MC monolayers (p<0.01}; **° mAb against iL-8 significantly inhibited migralion across
stimulated MC monolayers (p<0.01); ** Cbha induced a significant increase in migraticn across non-
slimulated MC monolayers {p<0.05). All statistic analyses were performed using the two-tailed unpaired
Student's [-test.

Chemotaxis of mesothelial supernatant

The difference in PMN chemotaxis between basolateral and apical supernatant,
obtained from riL-13 preslimulated MC monclayers cultured on 0.4 um filters
was shown in the Boyden chamber (Table 2}. Supernatant obtained from the
basolateral compartment of prestimulated MC monolayers induced significantly
fess chemotaxis compared to supernatant from the apical compartment
(p=0.05, Table 2). It was again shown in the Boyden chamber that IL-8 was the
major chemoattractant secreted by stimulated MC monolayers, as mAb IL-8
added to apical supernatant reduced the chemotaxis of PMN with 74.8%

(p<0.01, Table 2).

Transmesothelial electrical resistance

To establish the confluency and integrity of the MC monolayers used in our
experiments, the transmesothelial electric resistance of typical monolayers were
repeatedly measured. Mesothelial monolayers after 5 days of cuiture were
shown to give a significant increase in electrical resistance (p<0.01), compared
to bare filters without an MC monclayer (Table 3). Neither culture of the MC on
inverted filters nor prestimulation of the MC with an optimal concentration of iL-
1P altered the electrical resistance (Table 3}.
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Table 2. Boyden chamber measurement of PMN chemotaxis

Chemotactic stimulus number of PMN migrated
Culture medium 12.8 + 2.2
Basolateral supernatant 58.0 + 9.2
Apical supernatant 90.5 + 0.9
Apical supernatant, mAb IL-8 228 £ 76
Cba 180.8 £ 45,0

Table 2. Supernatant was cblained from the basolateral or apical compartment of riL-B prestimulated
mesothelial cell monolayers, cultured on 0.4 pm filters. rlL-1§ was added to the apicat! side of the
monolayer. Culture medium and CHa diluted in cuiture medium served as negative and positive
controls, respectively. Results are expressed as the mean £ S.E.M. of four experiments performed on
separate occasions. All stimuli gave a significant increase in PMN chemotaxis compared to incubation
medium (p=0.01). “Number of PMN significantly higher compared to basclateral supernatant {p<0.05).
“*Significant inhibition of mAb against IL-8 on PMN chemotaxis added to apical supernatant (p<0.01).
All statistic analyses were performed with the two-tailed paired Student’s ftest.

After 30 min incubation with PBS/EDTA, the electrical resistance of all filters
had fallen to the same level as the control filter without an MC monoclayer (data
not shown}.

Table 3. Measurement of transmesothelial electrical resistance

normal filter inverted filter
Filter without MC monolayer 1046 £ 25 1046 + 2.6
Filter with MC monolayer
Nao stimulus 14908 £ 36 = 570+ 27
Apical stimulus of IL-1p 153.0£ 8.1 * 1546 £ 6.8 "

Table 3. Mesothelial cells were cultured on 8.0 pm filters. Transmesothelial electrical resistance was
measured 6 hours after adding riL-1§ to the apical side of lhe monolayer. Results are expressed in
QOhms as the mean + SEM of five separate experiments. **Electrical resistance was significanily higher
compared {o a control filter without a MC monolayer (p<0.01, two failed paired Student's {-test).

PISCUSSION

The entry of neutrophils into tissues or body cavities is a prerequisite for an
early and adequate inactivation of invading micro-organisms. Resuits of
previous studies indicate that the presence of a gradient of chemotactic
mediators generated at the site of inflammation, e.g. formylmethionyl peptides
of bacterial origin, the anaphylatoxin Cba, lipid-derived mediators such as
platelet-activating factor (PAF), or IL-8, is of utmost importance for
transendothelial migration of PMN.™™ Our results indicate that in the peritoneal
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cavily the mesothelium itself, once activated, is able to create a functional
chemotactic gradient of IL-8 in the physiclogically refevant direction.

The apical surface of peritoneal mesothelium facing the abdominal cavily is
profusely carpeted with microvilli.' This extension of apical surface compared
to the basolateral surface of mescthelium might cause the difference in apical
versus basolateral secretion of IL-8 to be created. Furthermore, mesothelium
is known to possess sophisticated junctional complexes that might allow a
gradient of IL-8 to be maintained.” Measurements of the transmesothelial
electrical resistance proved indeed that confluent MC monolayers create a
lightly joined layer of cells in which the polarized secretion of cytokines and
transmesothetial migration of PMN can be studied. However, in spite of iis
polarized secretion we also found some passive or active transport of IL-8
across non-stimulated MC monolayers. This may he because part of the
apically secreted IL-8 is secondarily transported or passively diffused to the
basolateral side of the monolayer, The small molecular size of the cytokine IL-8
(8 kD) probabiy facilitates the diffusion through the MC monolayer. It is known
from patients on chronic peritoneal dialysis and from studies in experimental
animals that the peritoneal clearance of molecules decreases as the molecular
size of the inoculum increases."™ This concurs with the resulis from a
previous study® in which a greater proportional difference between preferential
apical against basolateral secretion was found by activated MC monolayers for
the tumor marker CA 125 {220 kD).

Microscopic E.M. analysis of mesothelial cells has revealed an abundance of
rough endoplasmic reticulum, well-developed Golgi complexes and large nuclei
showing predominance of euchromatin over heterochromatin,' indicating that
mesothelium is capable of protein synthesis and secretory activity. Recently,
activated mesothelial cells were shown o produce several cytokines, including
granulocyte colony-stimulating factor (CSF), monocyte chemotactic protein-1
(MCP-1), interteukin-6 (IL-6),° IL-8*"%* and transforming growth factor-B (TGF-
B).%* We now report that MC are capable to secrete at least one such cytokine,
IL-8, in a polarized fashion, which allows it to be functionally active and
physiologically relevant. Indeed, high levels of H-8 can be found in dialysate
samples from patients on peritoneal dialysis during episodes of bacterial
peritonitis.”>* The functional activity of the mesothelial IL-8 gradient was shown
in our study by different PMN migration experiments. Apical derived
supernatant from stimulated MC monolayers induced higher chemotactic
activity compared to basolateral supernatant. Even more important than the
absolute difference in chemotactic potency between the two sides of the cell-
tayer is probably the presence of the gradient itself. Neutrophil movemenis are
fueled by the presence of a chemotactic gradient of mediators, e.g. IL-8,
generated at the site of inflammation.” The pattern of polarized secretion of IL-
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8 as we found, which is apically directed irrespective of the site of the inducing
stimulus, is not unigue. Recently, the same polarized type of secretion was
found for CA 125 by MC® and for the cytokine MCP-1 by rat type 2 alveolar
epithelial cells.”” 1L-8 was also found to be secreted in a polarized fashion by
other cell types. McCormick et al.”® studied the IL-8 secretion of activated T84
epithelial celts in the Transwell system and found that 1L.-8 was preferentially
secreted to the basolateral side of the monolayer, indicaling that the Transwell
filter forms no barrier for IL-8 diffusion.

The secretion of other products by MC, or of cytokines by other human cell
types, may likewise be secreted in a polarized fashion, such as we described
for IL-8 by MC. This would concur with the physiological cascade of
inflammatory events as observed in nalure.
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ABSTRACT

Increased adherence to and subsequent migration of leukocytes across
cultured human peritoneal mesothelial cell monolayers takes place after
prefreatment of the mesothelial cells with IL-1B. The contribution of the
leukocyte B, integrins {CD11/CD18), the mesothelial adhesion protein ICAM-
1 and the role of the cytokines IL-8, PAF and TGF-B were studied in a three-
dimensional model system for neutrophil-mesothelial monolayer interaction.
PMN showed minimal adherence to and migration across unhactivated
mesothetial monolayers, despite an extensive amount of ICAM-1 on the
mesothelial membrane. Pretreatment of the monolayers with rIL-1p induced
enhanced PMN adherence to the mesothelial monolayer together with a
further increase in ICAM-1 expression on the mesothelial membrane. PMN
migration was observed across rlL-1 activated MC monolayers whenever
secreted cytokines were present during migration. mAb R8.5 against ICAM-1
and mAb CLB-LFA1/1 against CD18 both reduced the migration of PMN
across mesothelial monolayers with a predominant inhibitory effect of CLB-
LFA1/1, indicating a significant role of the B, integrins of PMN in this
process. IL-8 was the major cytokine synthesized by the mesothefial cells to
stimufate the migration of PMN; both PAF and TGF-f had a more modest
role in our system. Adherence of PMN to mesothelial cell monolayers was
not dependent on these latter cytokines. Neuraminidase did not have any
effect, indicating that selectins were not involved in the adherence process.
riL-13 pretreated mesothelial cells induced a rapid increase in intraceiiular
Ca’™ in PMN; Actinomycin D blocked this effect and was also able to prevent
adhesion of neutrophils to activated mesothelial cell monolayers. Neutrophil
migration across activated cultured mesothelial cells is a cascade of events
in which the mesothelial cells are actively involved.

INTRODUCTION

The neutrophilic granulocyles are the initial cells found at areas of tissue
inflammation.” ? It is known from previous studies that the neutrophil influx is
a well-coordinated process, in which adherence of neutrophils to endothelial
cells and subsequent migration across the endothelial barrier into the
adjacent tissue takes place through specific adhesion receptors on both
types of cells and guidance by locally produced chemotactic factors.*® In
case of peritonitis, the neutrophils not only have to migrate across an
endothelial cell layer when leaving the circulation but also across a
monofayer of mesothelial cells before they can enter the periloneal cavity.
Mesothelium lines the abdominal cavity and provides a slippery, non-
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adhesive and non-thrombogenic surface that allows for smooth mobility of
internal organs.® In vitro experiments have shown that activated mesothelium
increases the expression of adhesion protein ICAM-1 on its membranes’ and
actively secretes IL-8% ® which is chemotactic for the neutrophils.” However,
little is currently known about the process of transmesothelial cell migration
of PMN. Therefore, we studied in a three-dimensional model hoth the
adhesion receptors and the cyiokines involved in neutrophil adherence to
and migration across mesothelial cell monolayers. It was of special interest
to establish whether the mesothelium ifself was actively involved in this part
of the inflammatory response, as observed during bacterial peritonitis.

MATERIALS AND METHODS

Mesothelial cell culture

Mesothelial cells (MC) were isclated from human omentum, as described before." The identity of
MC was demonstrated by the absence of von Willebrand factor staining’ and the presence of
intraceflular  cytokeratins'® by immunofluorescence with moncclonal  anltibodies  (Dakopailts,

Glosstrup, Benmark).

Granulocyte isolation

Blood was obtained fiom healthy volunteers. Granulocytes were purified from a buffy coat by
density gradient centrifugation over isotonic Percoll as described by Roos and De Boer." Purily of
the granulocyles was 298%, with 295% neutrophils. Viabilily measured by laclate dehydrogenase
(LDH) refease' was >95%.

Labeling of the neutrophils

Freshly purified neutrophils ware radiolabeled with *'Cr according to Gallin et al'® Briefly,
neutrophils (107 cells/ml) were incubated with 1 uCi of *'Cr per 10° cells (sedium chromate, 200 fo
500 Cilg; New England Nuclear, Boston, MA) in 50% (v} M-189 (Gibco, Life Technologies,
Gaithersburg, MD), 50% (viv} RPMI-1840 (Gibco), supplemsnted with 0.1% {viv) HSA, at 37°C for
48 min with gentle shaking. Subsequently, the cells were washed and resuspended in 50% {viv) M-
199, 50% (vi) RPMI-1840, 0.5% (viv} HSA {incubation medium). Viability after 1abeling remained
>95%.

Adhesion and migration assay

Bolh PMN adhesion to and migration of PMN across MC menolayers were studied on inverted
mesothetial monolayers, in the physiologically relevant direction (submesothelial tissue to abdominal
fluid), thus permilting the PMN to approach and adhere fo the basolateral side of the monolayer.
MC were subcultured to confluent inverted monolayers on polycarbenate membranes (8.0 ym pore
size, 245 mm diam) of Transwell celf culture chamber Inserls (Costar, Cambridge, MA}, as
described.® MC monclayers reached confluency in five days as determined by phase-contrast
microscopy, by microscopy of May-Grinwald/Giemsa stained filters and by electrical resistance
measureaments.’ In some experiments the monolayers were preincubated with an  optimal
concentration of 258 U/Mm! of rlL-18 (Genzyme, Corporation, Cambridge, MA}, added to the lower
compartment 6 hours prior to adding the PMN. riL-13 had no effect on the morphology of the cells,
nor did it influence the electrical resistance of the monolayers.® In all experiments the upper com-
partment of the celt culture chamber inserls was washed twice with incubation medium, prewarmed
to 37°C, just prior to adding the PMN. However, the fluid in the lower compartment was not
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replaced unless otherwise stated. *'Cr-labeled neutrophils (10° cellsiml) prewarmed to 37°C were
subsequently added to the upper compartments. When indicated, MC and neulrophils were both
incubated with the following mAbs, during 1% min before the neutraphils were added: mAb CLB-
LFA1/ (lgG,}, which recognizes the commen CR3 B chain CD18,” mAb R65 (lgG,) against
ICAM-1,"® (a kind gift of Dr. R. Rothlein, Boshringer Ingelheim Pharmaceuticals Inc., Ridgefield, CT)
and mAb [L-8/6 against human IL-8 (a kind gift of Dr. LA, Aarden, CLB, Amsterdam, the
Netherlands). mAb against TGF-B was obtained from R&D systems, Minneapolis, MN, The mAbs
were added in concentrations which showed optimal inhibitory effects and remained present during
the assay. The PAF recaplor anlagenist WEB 2088" (10 uM; a kind gift of Dr. H. Heuer,
Boshringer Mannheim GmbH, Mannheim, Germany), was likowise used. The stock of WEE 2086
was diluted in DMSO; the same amount of BMSO was added to control experiments without effect
on adherence to and migration of PMN across MC menolayers. The chamber plates were
incubated at 37°C in a 5% CO, incubator for 30 min. After incubation, the fluid of each
compartment was collecled. The amount of radicactivity present in the fluids as well that of the
filter, cut out of its cylindric container, was determined in a gamma counter. Recovery of radiolabel
was always >92%. The radicactivily measured in the filter was taken to represent PMN adhesion.
The exient of migration was calculated from the radicactivity found in the fluid of the lower
compartment. The results were expressed as percenlages of the total radioactivity, i.e. PMN, added
to the chambers.

Determination of surface antigen expression

The expression of the adhesion molecules ELAM-1 and [CAM-1 by mesothelial cells was
determined by FACS analysis. MC were subcultured to confluent monolayers in G-well culture
dishes {Costar, Cambridge, MA). Activation of the MC took place by adding IL-1p (256 Uiml) to the
MC-monclayers. When indicated, actinomycin D {1ug/ml; Sigma Co., St Louis, MO) was added 15
min before activation of the MC with rlL-15. As cenlrol served a well that was not incubated with
either aclinomycin D or IL-1B. After 6 h, the MC were non-enzymatically detached by adding
PBS/EDTA (2 mM} during 15 min at 37°C. MC in suspension were washed with ice-cold PBS and
subsequently incubated with mAb against ELAM-1 (ENA 2)* or ICAM-1 (RR1/1 {IgG,p® for 30 min
at 4°C. Thereafter, the cells were washed twice in excess of ice-cold PBS, and the procedure was
repeated with FITC-labeled goat-anti-mouse-lg for ancther 30 min at 4°C. After two washes, mAb
binding was quantified for 10,000 cells with a FACScan (Beclon Dickinson, Mountain View, CA) and
was expressed as Mean Flucrescence Intensity (MFI). The inhibitory effect of actinomycin O on
mesothelial monolayers was checked by measurement of the IL-8 secretion, which is known io be
dependent on de novo protein synthesis.® The IL-8 secretion was measured by ELISA, according to
Hack ef al.”?

Adhesion assay

MC were subcultured to confluent monolayers in 6-well culture dishes (Costar). IL-1§ {25 U/mi)
was added 6 hours before addition of the PMN; as conlrol served a well thal was not incubaled
with IL-1B. When indicated, actinomycin D was added as well and its inhibitory effect checked as
described earlier. Phorbol myristate acetate (PMA, 100 ng/m!; Sigma Co.) was used for
prestimulation of the neulrophils before addition to the MC monalayers. Treatment with
neuraminidase (type V, from Clostidium perfringens, Sigma) was used {o remove terminal slalic
acid residues?® the counter structures for selectins. Neuraminidase was added to the PMN and MC
monotayers in a concentration of 0.2 U/mi 1 h prior to addilion of the naufrophils to the monoclayers.
Neuraminidase treatment of the MC monolayers caused no morphologically visible toxic effect,
which concurs with previcus findings of Render et al. with neuraminidase freatment of endothelial
cells.® mAb CSLEX-1 (gM)* against the sialylated Lewis-x antigen (SLe™ and mAb CLB-B4.3
{lgMy*® against the Lewis-x antigen (Le*) were used for measuring, by FACS analysis, the effect of
neuraminidase on the change of SLe* into Le* on the cell membrane of neutrophils. In all
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experiments the wells were washed twice with incubation medium bsfore *'Cr-labeled neutrophils
(10° cells} prewarmed to 37°C were added to the wells. The plates were incubated at 37°C in a 5%
CO, incubator for 30 min. After incubation, the fluid of each well was collected and the wells were
very gently washed once to remove the non-adherent PMN. Thereafter, the MC were detached
from the wells by adding Tiiton-X-100 1% (viv) to the wells, during 30 min in the CO, incubator. The
amount of radioactivity present in the extracellular fluid as well as that of the detached MC, was
determined in a gammaccunter. Recovery was always 292%. The radioactivity measured in the
detached MC was taken to represent PMN adhesion. The resuits were expressed as percentage of
the total radioactivily, i.e. PMN added fo the wells.

Measuremeni of cylosolic free Ca® during adhersnce of PMN fo mesofhefial cols

Cylosalic free Ca® ([Ca®™]) was measured as previously descibed?® Briefly,  neutrophils
prewarmed for 5 min at 37°C, at a concentration of 2 x 107 cells/ml in medium for cell suspensions
(see above) were incubated with 0.5 pM indo-1/AM (Molecular Probes) for 40 min at 37°C. After
two washes, the cells were resuspended to 2 x 10° cells/ml in medium for cell suspansions and
kept at room temperature. Fluorescence intensity was determined in a spectrofluorometer (modsl
RF-540; Shimadzu Corporation, Kyclo, Japan} at 37°C under continuous stirring. Excitation and
emission wavelengths were 340 and 390 nm, respectively. Calibration of indo-1 fluorescence was
achieved by saluration of trapped indo-1 with C&®' afler permeabilization of the cells with digitonin
(5 uM), followed by quenching with Mn® (0.5 mM). A Kd of 250 nM for the Indo-1 Ca® complex
was used for the calculation of [Ca™} * Measurement of {Ca®) in neutrophils was studied during
adherence to non-stimulated or IL-1f prestimulated mesothelial cells, in the presence or absence
of actinomycin D. Confluent MC menolayers were Incubated with actinomycin D and IL-13 as
described earlier. Subsequentiy, the monolayers were washed once with PBS and nonenzymatically
detached (1.5 mM EDTA, 20-30 min). The cells were washed twice and brought to 7%10° calls/ml in
medium for cell suspensions (finat MC to naeutrophil ratio of 1:3). The role of the PMN §, integrins
and the different mesothelial-derived cytokines in the Ca® homeostasis of neutrophils adhersnce to
IL-1f prestimulated MC was tested by incubation of both MC and PMN with mAb CLB-LFA1/,
mAb anti-TGF-p, mAb anti-il.-8, or WEB 2086 15 min prior {o adding the PMN to the MC.

RESULTS

Neutrophil adherence and migration

"Spontanecus" adherence and migration of PMN across non-aclivated
mesothelial monclayers was minimal; essentially less than 5% of the cells
adhered or migrated in this setting (Figure 1). Testing of IL-1B-activated
mesothelial monolayers without the influence of secreted cytokines was
performed by replacing both compartments of the transwell system with fresh
medium just prior to adding PMN to the upper compartment. It resulted in
significant adherence of PMN to the mesothelial monclayers (21%) but had
little effect on the neutrophil migration (3%} (Figure 1). Incubation of the
PMN and maesothelial cells with mAbs against IL-8 or TGF-B, and incubation
with the PAF-receptor antagonist WEB 2086 did not interfere with the
observed adherence (Table 1, upper part). In contrast, significant adherence
{7%) as well as migration (23%) were found when MC were activated and
the fower compartment was not replaced during the assay (Figure 1). VWhen
lthis assay was repeated in the presence of mAb RB.5 {which recognizes
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ICAM-1) or mAb CLB-LFA1/1 (specific for CD18} a significant reduction of
migration of the PMN (27% and 87% inhibition, respectively) was observed
(Figure 1). The influence of the cytokines PAF, TGF-} and IL-8 produced by
aclivated mesothelial cells was tested by addition of WEB 2086, mAb TGF-8
or mAb IL-8/6, which resulted in 29%, 35% and 65% inhibition of migration,
respectively (Table 1, fower parf). The combined use of WEB 2086, mAb
TGF-§ and mAb 1L-8/6 did not result in an synergistic inhibitory effect on
PMN migration {data not shown).

30

24 -

% PMN

L

blank IL-13# IL.-1 fL-1, IL-1, CD18
anti ICAM-1

Figure 1

Involvement of ICAM-1 and CD18 proteins in the interaction of neulrophils with IE-1p-treated MC
monolayers. Mesothelial cells were cultured on Inverled filters with 8.0-um pores. Neulrophil
adherence {open bars) to and migration {closed bars) across inverled monolayers of MC were
measured 30 min after adding the PMN. Blank repraesents adherence and migration across resting
MC; IL-1# represents filters with IL-1p-activated MC, but the lower compartment was replaced with
fresh medium before adding the PMN. Results are expressed as the mean + SEM of three to fiva
experiments perdormed on separate cccasions. 'PMN adherence significantly higher compared to
resting MC. *Migration significantly higher compared lo resting MC. Significant inhibition of PMN
migration compared to IL-1g-stimulated MC monolayers without CD18 or ICAM-1 antibodies.
“Significant inhibiton of PMN adherence compared to IL-1f-slimulated MC monclayers without
CD18 mAb. (* p < 0.05, ** p < 0.01; unpaired f-test.)

Adhesion receptors

Cuitured resting mesothelial cells, isolated from human omentum, already
possessed a significant copy number of the adhesion receptor ICAM-1 on
their membranes (Figure 2A). However, we found that adherence of PMN to
such resting MC monolayers was minimat (Figure 1 and 2B},
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Table 1. PMN adherence and migration across IL-1B-activated inverted monolayers of MC

chemotactic inhibitor % adhesion % migration

Without secreted cytokines in the lower compartment

None 243 % 23 19 + 05
mAb TGF-p 237 £ 11 39 t 02
WEB 2086 264 3 21 4.7 + 05
mAb -8 243 = 34 20 £ 03
With secreted cytokines in the lower compartment

None 70 + 1.0 226 + 23
mAb TGF-p 74 £ 2,0 146 = 23
WERB 2086 72 + 14 160 + 1.1 *
mAD IL-8 136 + 2.4 78 + 14 *

Table 1. IL-1B-activated MC moenolayers were incubated with 51Cr-labeled PMN in the presence or
absence of indicated chemotactic inhibitors. Adherence and migralion of PMN were determined
after 30 min.The results are expressed as the mean + SEM of three to five experiments performed
on separate occasions (* p < 0.05; ** p < 0.01, unpaired Hest). ' Significant inhibition of migration
of PMN across MC monolayers.

Treatment of MC with IL-13 somewhat enhanced their ICAM-1 surface
expression (Figure 2A) but much more significantly, increased the adherence
of PMN (Figure 1 and 2B). IL-1p incubation of MC in the presence of
actinomycin D still induced an increase in ICAM-1 expression on the MC
surface {Figure 2A} but did not lead to an increase in neutrophil adherence
{Figure 2B). ELAM-1 expression was below the detection limit on the
membrane of either resting or activated MC (data not shown).

Neutrophil adherence

Prior incubation of PMN with PMA resulted in a profound increase in their
ability to adhere fo mesocthelial celi monolayers in culture dishes (Figure 3).
The PMA-induced adherence of PMN to otherwise unstimulated MC
monolayers turned out to be a CD11/CD18-mediated event as well, since the
CD18-specific mAb CLB-LFA1/1 inhibited PMA-induced adherence by 86.3%
(Figure 3). In contrast, preincubation of the neutrophils with either
neuraminidase or actinomycin D did not significantly influence the PMA-
induced adherence. Neuraminidase trealment of PMN and mesothelial cells
did not affect PMN adherence to either resting or IL-1p-activated mesothelial
monolayers, and also, as mentioned above, did not affect adherence of
PMA-stimulated PMN to resting MC (Figure 3).
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Figure 2A Figure 2B
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3 ( } _ 20 % adherence
*
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blank IL-1 IL-1/AD blank IL-1 IL-1/AD

Figure 2. Requirement of prolein synthesis by IL-1p-reated MC for surface expression of ICAM-1
(Fig 2A) and binding of neutrophils (Fig 2B). Mesothelial cells were cuitured on 6-well culture
dishes.

Figure 2A- ICAM-1 expression was measured cn resting and IL-1B-prestimulated MC. The results
are expressed in |CAM-t-specific MFI + SEM for five experiments perormed on separate
cccasions. * ICAM-1 expression significantly higher compared to ICAM-1 expression on resting MC.
(* p < 0.05; paired (-test.)

Figure 2B- Adherence of PMN to resting and IL-1B-prestimulated MC 30 min after the addilion of
the PMN. The results are expressed as the mean percentage of adherent PMN + SEM based on
five experiments performed on separate occasions. * Adherence significantly higher compared to
adherence of PMN to resting MC or actinemycin D pre-reated aclivated MC. (* p < 0.05; paired (-

test.)

The lack of adherence of PMN fc MC monolayers prestimulated with IL-13 in
the presence of actinomycin D could in part be amended by, simultaneously
with the PMN, adding a supernatant from MC monolayers that had been
prestimulated with IL-1B in the absence of actinomycin D (Figure 3).

Measurement of cytosolic free Ca** during adherence of PMN to mesothelial
cells

IL-13 prestimulated MC induced a rapid change in [Ca®}, in the PMN (Table
2). This Ca®" flux was not influenced by mAb against IL-8 or TGF-j3, or by
WEB 2086 (data not shown), nor was it changed by mAb CLB-LFA1/1
against CD18 (data not shown). F(ab'),-fragments of the CD18 IgG
antibodies had the same lack of effect as intact mAb. An increase in Ca®
flux was not found after adding non-activated MC, or MC prestimulated with
IL-1p in the presence of actinomycin D to the PMN (Table 2). In reverse,
incubation of PMN with indo-1 loaded MC did not show these rapid {Ca®),
changes (data not shown). Activation of the MC with iL-1p or incubation with
actinomycin D had no effect in this set-up.
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blank Fi

btank/N #
blank/N/PMA |
blank/PMA
blank/PMA/CD18

IL-1

IL-1/N

IL-1/AD
IL-1/AD/sup.IL-1
IL-1/AD/PMA

0 10 20 30 40
% adherence

Figure 3. The effect of neuraminidase {N) and PMA on neutrophil adherence fo resling and IL.-1p-
prestimulated MC monolayers. Resulls are expressed as mean + SEM % PMN adhered based on
experiments performed on separate occasions (* p < 0.05; ** p < 0.01, paired Hest). * Increase in
adherence of PMN by PMA compared to adherence withoul additions (btank). ? Inhibitory effect of
PMN adherence by CD18 Ab compared to PMA-stimulated neutrophii adherence, ? Inhibitory effect
of PMN adherence compared to IL-ip-induced neulrophil adherence. ! Increased adherence of
PMN  compared to neutrophit adherence to [L-1B-induced, actinomycin D (AD)-treated MC
monolayers. Sup. IL-1 denotes supernatant from IL-1p-stimulated MC.

Table 2. Cytosolic rise of calcium ions in neutrophils afler incubation with resting and IL-1p
activated MC.

PMN incubation with [ Ca™] {nM)
Resting MC 141 + 45
IL-18 activated MC 509 + 139
IL-1p/AD activated MC 7% t 10
FMLP {centrof) 1737 + 122 %

Tabte 2, PMN were suspended with indicated MC preparations after which PMN cytosalic Ca® was
determined. The results are expressed as the mean = SEM peak [Ca™) of thres experiments
performed on separate occasions. *p < 0.05; * p < 0.01, paired ttest. ' Significant increase in
[Ca™) in PMN compared to non-activated MC or IL-1B/AD lreated mesothelial cells. * Significant
increase in [Ca'} in PMN compared to non-activated, IL-1, or IL-13/AD freated MC,
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DISCUSSION

During peritonitis, neutrophils have fo migrate across a mesothelial cell layer
before entering the peritoneal cavily. From the data generated in this study
we conclude that neutrophil adherence and subsequent migration across
cultured mesothelium can be seen as a cascade of events confrolled by
different regulating mechanisms, all originating from activated mesothelium
itself,

First, mesothelium is known to synthesize various cytokines® * °* ' that are
involved in neutrophil chemotaxis.” ***' Qur results provide insight into the
qualitative roles of these mesothelial-derived cytokines in  neutrophil
migration across IL-1p-activated MC monolayers, A predominant role for IL-8
was found. We have previously shown that activated mesothelial monolayers
are able to create a chemotactic gradient of IL-8, directed towards the
abdominal cavity, through polarized secretion of IL-8.° A combination of
mAbs of the two major cytokines TGF-p and IL-8, or the receptor
antagonists against PAF showed, in contrast with endothefial cells,’ no
further inhibition of migration across mesocthelial cells, above and beyond to
the inhibitory effect of mAb against IL-8 alone.

Adherence of neutrophils to other celis is dependent on the family of f3,
integrin proteins (CD11/CD18), of which CR3 (CD11bfCD18) is known to be
the most important leukocyte adhesion molecule involved in neutrophil
adherence.® % The adhesion protein ICAM-1 found on activated
endothelium is the best-known counter structure for CR3 in neutrophil
adherence, but others may also exist ® ICAM-2 is such a recently
decovered counter structure for CR3, but is not expressed on resting or
activated mesothelium.” Our resulls suggest that PMN adhesion to and
migration across MC monolayers is, to a large degree a CD18/ICAM-1
mediated process. Antibody against CD18 was able fo reduce the IL-1p
induced neutrophil adherence and migration to levels observed with non-
stimulated mesothelium. However, an exclusive role of ICAM-1 s
questionable, since antibodies against {CAM-1 reduced the PMN migration
across MC monolayer significantly, but incompletely. Furthermore, we found
that ICAM-1 is already present in significant copy number on the surface of
non-stimulated mesothelial cells, whereas PMN did not adhere to the
surfaces of non-stimulated mescthelium. Moreover experiments with IL-1[3
stimulation of MC in the presence of actinomycin D showed that the surface
expression of ICAM-1 per ss is Insufficient for neutrophil adherence. Thus,
ICAM-1 surface expression did increase under these conditions but
neutrophil adherence was not (Fig 2).

Qualitative alterations in affinity of adhesion receptors as an essential step in
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neutrophil adherence has been described for the ICAM-1 receptor® as wall
as for the neutrophil CR3 receptor.”®" From our previous studies with
endothelium it has become clear that an increase in the affinity of CR3 on
PMN for its ligand on endothetial cells is required before they can adhere to
endothelial surfaces.* ** This increase in CR3 affinity can be induced either
by soluble PMN stimuli (PMA, chemoatiractants) or by interaction of E-
selectink ELAM-1  on aclivated endothelial cells with SLe*-bearing
glycoproteins on the PMN.* Our present results indicate that neutrophil
activation is also an important step in PMN adherence to MC monolayers.
Indeed, PMA induced extensive neutrophil adherence, regardiess of the
activation state of the MC. Thus, neutrophils may bind to preformed ICAM-1
present on the surface of MC once the affinity of their CR3 is somehow
boosted. Our Ca* flux experiments further support to this hypothesis. Co-
incubation of |L-13-activated MC with neutrophils was found to induce a
rapid rise in [Ca™} in the neutrophils. However, the neutrophil CR3 receptor
seemed not to bhe directly involved in this effect since addition of maAb
against CD18 did not alter the rapid rise in Ca® flux of the PMN (data not
shown). Since we (this study) and others”* have failed to detect E-selectin
on either resting or activated MC, other MC surface proteins or products
must be responsible for this process. Our present results strongly indicate
that direct cell confact between the IL-1p-stimulated MC and the PMN
activates the neutrophils. We further proved that protein synthesis during MC
stimulation is required for activation of the neutrophil adherence to MC, We
have excluded a possible role of MC-bound PAF, TGF-B and IL-8 in this
process. Also, a rofe for selectins seems unlikely, because neuraminidase
treatment of either cell type had no effect. Although our data suggest that a
conformational change in CR3 is the essential step in increased neutrophil
adherence to |L-1B-activated MC, direct evidence of such change should he
forthcoming from further experiments.

From the data presented in this study it can be concluded that the
mesothelium itself is actively involved in the process of transmesothelial cell
migration of PMN, as observed in the inflammatory response during bhacterial
peritonitis.
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ABSTRACT

interleukin-8 is a chemoattractant highly selective for neutrophils. This study
was designed to investigate the presence of IL-8 in peritoneal fluid of
patients with acute appendicitis. The clinical circumstances underlying the
secretion of |L-8 by mesothelium and its mechanism of activation have not
been defined. In an in vitro model for bacterial peritonitis the role of bacteria
in activating human mescthelial cells to secrete IL-8, was studied. Cultured
human mesothelium was incubated with various species of pathogenic
bacteria, isolated from peritoneal exudate fluids of paflents with appendicitis.
The amount of IL-8 secreted by the cultured mesothelial cells was
determined in an IL-8 ELISA, as was IL-8 present in the original peritoneal
fluid of these patients. Peritoneal fluids from patients with a perforated
appendix were found to contain a significantly higher conceniration of IL-8
compared to peritoneal fluids from patients with a non-perforating
appendicitis (121.8 (57.8) ng/ml versus 0.2 (0.07) ng/ml, respectively; mean
(SEM), p<0.001). Species of Bacteroides and Fusobacterium necrophorum
induced I.-8 secretion from cultured mesothelial monolayers lo levels
comparable to those found in perifoneal fluids in vivo. Heat-killed bacteria
and bacterial supernatant were also able stimulate mesothelium to secrete
iL-8. The results suggest that in the early phase of bacterial peritonitis the
influx of PMN is regulated by bacteria-induced IL-8 secretion by the
mesothelium lining the peritoneal cavity.

INTRODUCTION

During bacterial peritonitis a massive influx of polymorphonuclear leukocytes
{PMN) from the blood stream into the peritoneal cavity is observed. In vitro
experiments have indicated that activated mesothelium takes part in this
process by secreting interleukin-8 (IL-8), a chemoattractant for PMN."

IL-8 is a small protein (8 kD) that belongs to the CXC-family of cytokines.* It
is a chemoattractant highly selective for PMN, as compared with other
chemotactic agonists. The effect of IL-8 on neutrophils is not restricted to the
influx of PMN into inflamed tissue. At high concentrations it can also activate
PMN to degranulate their intracellular stores,' thereby promoting the
inflammatory reaction.

In vitro experiments with cultured human mesothelium have shown that IL-8
is secreted upon activation by IL-1B or TNF-o."® This mesothelial cell-
derived IL-8 may account for the high IL-8 concentration in peritoneal effluent
fiuid found during continuous ambulatory peritoneal dialysis (CAPD)-refated
bacterial peritonitis.®
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This study was designed to investigate the presence of IL-B in peritoneal
fluid of patients with acute appendicitis. In an in vitro model for bacterial
peritonitis the role of bacteria in activating cultured human mesothelial cells
to secrete IL-8, and its activating mechanism was studied,

MATERIALS AND METHODS

The study populalion comprised 23 patients with a histologically proven diagnosis of acute
appendicitis, consisting of 16 patients with a non-perdorated and 7 patients with a perforated
appendix. Peritoneal fluid was obtained at the time of appendectomy. Free peritoneat fluid was
aspirated into a syringe immediately on entering lhe abdeminal cavity. Patients without free fluid
were excluded from the study. An aliquot! of the fluid was cullured and the remainder was
cenfrifuged at 3000 spm for 10 min. The supernatant was frozen and stored at -70°C unfil use for
IL-8 assay.

Mesothelial cells (MC) were isclated from human omentum according to techniques moedified from
Nicholson et al® and Wu et al,” as described earlier® in short, small pieces of omentum were
removed early in the operative procedure from patienls undergoing abdeminal surgery for non-
infectious conditions, All patients gave informed consent. The omenfum was fransferred to fluid
containing 0.05% trypsin - 0.02% EDTA (Gibco, Life Technologies, Paisley, UK), After 15 min the
detached MC were pelleted by centrifugation at 1200 rpm for 5 min and resuspended in
supplemented M-199 (Gibco). MC were subcullured to confluent menolayers in 6-well cuilure dishes
(Costar, Cambridge, MA). The identity of the MC was demonstrated by the absence of wvon
Willebrand facter staining® and the presence of intraceltular cytokeratins through
immunoflucrescence with monoclonal antibodies'® (Dakopatts, Glosstrup, Denmark).

To investigate whelher bacteria can directly induce human mesothelium to secrete IL-8, monclayers
of human MC were incubated with the various bacterial species cultured from peritoneal fiuid
samples of the patients. IL-8 secretion induced by bacteria was compared with masothelial [L-8
secrelion induced by lipopolysaccharide (LPS} derived from E. coli (1 paiml; Sigma Chemical Co, St
Louis, MO} and by the inflammatory cytokines interleukin-1p {(IL-1B) {25 U/mi; Genzyme Co,
Boston, MA) and tumor necrosis factora (TNF-g) (100 UW/ml, Genzyme Co, Boston, MA), the latter
two are very effective activators of MC.> The supamatants from MC incubated without a slimuius
were used as controls,

Heat-killed bacteria were obtained by incubating 10° bacteria’/ml in medium during 30 min at 60°C.
Thereafter, the heat-killed bacterial suspension was added to the MC monclayer and co-ultured for
24 h, Cantrol cullure showed no residual baclerial growth, Baclerial superpatant was obtained by
incubating 10® bacleria/ml in medium during 24 h at 37°C, followed by filtering the bacteral
suspension through an 0.2-pym filter. Subsequenlly, the filtered bacterial supernatant was incubated
for 24 h with MC monolayers. A sample of the fillered supernatant was cuitured to confirm the
absence of bacterial growth. Culture of the MC monolayers with and without L1 {256 Uiml;
Genzyme Co.) served as positive and nagative controls, respeclively.

To study the effect of other bacterial species which were not isolated from the peritoneal fluid
samples of patients wilh acute appendicitis, MC were also incubated with laboratory strains of
bacteria at a final concentration of 10° bacteria per ml, Bacterial species included Staphylococcus
awreus Cowan 1 and Staphviococcus aureus Wood 46 which have been described in other
studies.! '? 8. epidermidis V72 and 5. epidermidis V10 were clinical strains isolated from patients
with CAPD-related bacterial peritonilis.

After 24 h incubation with either bacterial supernatant, heat-kifled bacteria, or infact bacteria, the
supernatant of the mesothelial cell monolayer was collected, centrifuged at 3000 rpm for 10 min and
stored at -70°C until use for IL-8 assay.
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Alt bacterial species were allowed to grow under appropriate microbiological aerobic or anaerobic
conditions prior to incubalion with the MC monolayers. The medium used for the bacterial
incubation with the monolayers contained no antibiotics. All bacterial species were able to grow
rapidly in this medium during 24 h as confirmed by densitometry. However, the strain of
Fusobacterium necrophorum showed minimal growth under these relatively aerobic conditions. In
the absence of MC no IL-8 was delected in medium containing bacteria. There was a wide range of
morphological toxic effect of different bacteria to the MC monolayers during the 24 hour incubation;
no cerrelation could be found between this toxic effect and ability or disability of lhe MC to secreto
IL-8.

The concentration of IL-8 in the peritoneal fluid samples and in the supernatants of MC cultures was
determined with a previously described IL-§ ELISA.™

The Mann-Whitney test was used for sfatistical analysis of IL-8 data obtained from the peritoneal
fluids; the unpaired { test was used for statistical analysis of the [L-8 secretion by the cultured MC.

RESULTS

The level of iL-8 in the peritoneal fluid of patients with acute appendicitis
varied significantly between the perforated versus non-perforated status of
the inflamed appendix (p<0.001, Figure 1). In the patients with a non-
perforated appendix (n=16) IL-8 was undetectable in 8 patients and only low
concentrations of IL-8 (< {1 ng/mi} were measured in the remaking 8
patients.

IL-8 in ng/mi * [
1000
100 @
10 @
1 @
&
0,1 629
0
noh-perforated perforated
appendices appendices

Figure 1. Perilonea! interleukin-8 levels in patients wilh non-perforated (n=16) and perforated
(n=7} acute appendicitis; * p<0.001.
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In sharp contrast, all samples of patienls with a perforated appendix (n=7)
contained IL-8 concentrations at much higher concentrations, ranging from
7.6 ng/ml to 377.3 ng/ml with a mean {SEM) value of 121.6 {57.8) ng/ml
(Figure 1). The IL-8 concentration in endoluminal appendix fluid of inflamed
but non-perforated appendices contained low concentrations of IL-8 (data not
shown}. it is therefore unlikely that the high concentrations found in the
peritoneal fluid samples after perforation of the appendix originate from IL-8
produced in the gastro-intestinal tract.

All cuitures of peritoneal fluid from patients with a non-perforated appendicitis
remained sterile, whereas all samples of patients with a perforated appendix
grew, usually multiple, species of bacteria. To investigate the relationship of
bacteria and IL-8 in the peritoneal fluid of patients with perforated
appendicitis, peritoneal MC were incubated in vitro with the bacteria isolated
from patients with perforated appendicitis. The IL-8 concentrations found in
the supernatant of MC maonolayers after 24 h of incubation with these
bacterial species are listed in Figure 2. Heat-kiled bacteria and supernatant
obtained from the bacteria isolated from patients with perforated appendicitis
were also able to activate mesothelium to secrete L-8.

no slimufus §
LPS E. coli
IL-1
TNF

Streptococcus nonhemolytic spp. M3 EE
Streptococcus nonhemolytic spp. M12 B

Escherichia coli M1
Escherichia coli M3 [

Enterobacter cloacae

Bacteroldes vulgatus

Bactercides fragilis

Bacteroides thetaictaomicron M22
Bacteroides thetaiolaomicron M5
Bacleroides buccae

Fusobacterium necrophorum
0 20 40 &0 80
IL-8 in ng/m

Figure 2. Interleukin-8 secretion by human mesothelial cell monolayers after 24 h incubation with
bacteria (10%mb), cultured from peritensal fluid samples of patients with perforated appendices.
Results represent the mean (SEM) of three to four separate experimants. * p<0.05, ** p<0.01.
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An example is shown for Bactercides fragilis in Figure 3. All other cultured
bacteria which were able to stimulate mesothelium, showed the same patiern
of IL-8 secretion (data not shown).

no stimulus

iL-1

bacteria

heat-killed bacteria

bacterial supernatant

0 10 20 30
IL-8 in ng/mi

Figure 3. Interdeukin-8 secretion by human mesoclhelial cell monolayers after 24 h incubation with
Bacleroldes fragifis, heatkilled bacteria and bacterial suparnatant of the same baclerial species.
Results represent the mean (SEM) of three separate experiments. The difference in IL-8 secrefion
after incubation with heat-killed bacteria or bacterial supernatant, compared to intact bacteria, was
not significant.

There was a wide variation between bacterial species in their ability to
activate human MC to secrete IL-8 in vitro. All tested Bacteroides isolates
induced MC to secrete significant amounts of IL.-8. Remarkably, the effect of
Fusobacterium necrophorum even surpassed the |L-8-inducing effect of an
optimal concentration of TNF-a on mesothelium (Figure 2}. In contrast,
Escherichia coli, LPS derived from E. coff and Sirepfococcus spp. were poor
inducers of mescthelial IL-8 secretion in this setting (Figure 2).

The aciivating effect of bacteria on MC was not restricted to anaerobic gram-
negative bacteria, because Staphylococcus epidermidis and Staphylococeus
aureus were also able to induce mesocthelium to produce and secrete IL-8

(Table 1).
DISCUSSION

Bacterial invasion of the peritoneum often causes severe inflammation,
characterized by a strong influx of neutrophils into the peritoneum. Cytokines
are important mediators of this inflammatory process. Untii recently it
wasbhelieved that during inflammation activated monocytes are the main
source of the cytokine IL-8,"" one of the most potent and selective
chemoalttractants for neutrophils.* However, in vitro models of peritonitis have
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Table 1. Interleukin-8 secreticn by human MC monolayers after 24 h incubation with laboratory
strains of common pathogenic bacterial specias, freguently causing CAPD-related peritonitis.

IL-8 in ng/ml
No stimulus 086 (0.1}
S. aureus Cowan 1 14.9 (2.8) *
S. avreus Wood 46 1.8 (0.7)
S. epidenmidis V72 26.2 (79 *
S. epidemmidis M0 109 (1.4) **

Table 1. IL-8 is expressed as the mean (SEM) of four separale experiments, compared to no
stimulus. * p<0.05, ** p=<0.01.

shown that human mesothelium, if properly stimulated, is also capable of
producing iL-8."?

it has been suggested that the infected peritoneum may be the primary
source of increased levels of cylokines, circulating in the bloodstream.'™ ™ In
the present study it was shown indeed that anaerobic bacterial species,
commonly found in peritoneal fluid during surgical peritonitis” can induce
human mesothelial monolayers to secrete large amounts of [L-8. This
phenomenon suggests that the high concentrations of IL-8 found in
peritoneal fluid of patients with perforated appendicitis is due to bacteria-
induced secretion of IL.-8 by the mesothelium. This finding concurs well with
the observed physiologic course of inflammation during peritonitis: a massive
influx of neutrophils into the peritoneal fluid is usually observed in the early
phase of peritonitis, followed within 24 h by the migration of large numbers of
monocytes.'®

Other evidence for local production of the cytokine IL-B is provided by a
study of Agace et al.,'” in which in an experimental model of urinary tract
infection (UTI), women were purposely colfonized in their urinary tracts with
uropathogenic Escherichia cofi. An urinary IL-8 response was found in all
women, but no serum IL-8 was delected, suggesting that urinary tract
epithelial cells are the primary source of IL-8 production during UTI. Other
examples of bacteria-induced IL-8 secretion were published recently by
Crabtree et al®® and Massion et al?' in which the increase in IL-8 secretion
by neoplastic gastroduodenal muccsa or airway epithelial cells was found to
be associated with Helicobacler pylori and Pseudomonas infection,
respeclively.

The ability of bacterial supernatant and heat-killed bacteria to activate MC
monolayers {o secrete IL-8 suggests that neither bacterial adhesion to MC
nor living bacteria are required for IL-8 secretion. Furthermore, the activating
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capacity of bacterial supernatant shows that bacteria are able to secrete one
or more compounds that can activate MC. This concurs with previous
findings that a heat-stable product of Pseudomonas, resistant to inactivation
by trypsin or pronase, with a molecular mass smaller than 1 kD, was
responsible for IL-8 secretion by airway epithelial cells.”

Cur results show that induction of mesothelial Il.-8 secretion by bacteria is to
some extent species specific. Further research will be necessary to delineate
which bacterial factors induce the mesothelium to secrete IL-8. There may
even be a tissue specificity for each species of bacteria in IL-8 induction,
because Escherichia coli, which was shown to stimulate human epithelial
urinary tract cells to secrete 1L-8 profoundly,” did not have any effect on IL-8
production by human MC (this study), airway epithelial celis®' or fibroblasts.”
The wide range of IL-8 secretion found in the peritoneal fluid samples of the
patients with a perforated appendix (7.6 - 377.3 ng/ml) can probably be
explained by the variation in the ability of different bacterial species to
stimulate MC to secrete IL-8, and by the variable densities at which they
were present in the abdominal cavity.

Induction of IL-8 secretion by MC was not restricted to anaerobic gram-
negative bacteria, since S. aureus and S. epidermidis were also able to
induce mesothelial |L-8 secretion. Thus, this route of mesothelial cell
activation may not only occur in surgical but aiso in other types of peritonitis,
such as those seen during CAPD related peritonitis, which is frequently
caused by these staphylococci.

We have previcusly shown that activated mesothelial monolayers are able to
create a chemotactic gradient towards the abdominal cavity, through
polarized secretion of IL-8,* which induces a profound migration of PMN
across activated mesothelial monolayers.”® The ability of different bacteria
species to induce human mesothelium to secrete IL-8, and thereby to
promote a neuirophil influx into the peritoneal cavity may be of clinical
retevance. The neutrophil influx contributes to the severity of the
inflammatory reaction.” Neutrophils possess a highly destructive potential,
together with little intrinsic ability to differentiate between foreign and host
antigens. These cells are therefore implicated as mediators of tissue
destruction in inflammatory states.” it might be that an overshoot of the
neutrophil influx plays a role in the severity of peritonitis. It will be interesting
to study in peritonitis, together with antibiotics, the use of therapeutics
capable of modulaling the neutrophil influx into the peritoneal cavity, e.g. by
blocking {L-8 through antibody infusion into the peritoneal cavity.

Our results indicate that the early phase of bacterial peritonitis is a localized
process in which varlous bacterial species are able to interact with human
mesothelium and induce these cells to secrete large amounts of IL-8, thus
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triggering the inflammatory cascade.
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ABSTRACT

We studied the transport of opsonins across monolayers of cultured human
mesothelial cells. Also, the role of PMN migration on the transport of apsonins
was investigated.

The opsonic activity was measured functionally through the uptake of
preopsonized bacteria by the PMN. Mesothelial celis were isolated from human
omentum and cultured on Transwell filters to create a confluent layer of cells.
Mesothelial cell monolayers are a strong, but not absolute, barrier to the
diffusion of opsonins. PMN migration across the mesothelial monolayers
increases the rate of opsonin transport, which could be modulated by CD18
specific antibodies or by omitting the chemotactic agent FMLP.

We show that a monolayer of human perifoneal mesothelial cells forms an
effective barrier against opsonin transport, and that this barrier is breached
during inflammation primarily due to PMN migrating across this monolayer.

INTRODUCTION

Opsonisation of bacteria and other particles greatly enhances their recognition
and subsequent uptake by phagocytic cells. Deficiencies in the major serum
opsohic molecules, 1gG and C3, are well known to predispose patients to
bacterial infection. Such a state of opsonic deficiency exisls locally in the
peritoneal cavity of patients undergoing chronic ambulatory peritoneal dialysis
(CAPD) for end-stage renal disease." Only sirains of bacterial species such as
Staphylococcus epidermidis, which are opsocnized at relatively fow serum
concentrations (well below 1-2%), can be properly opsonized upon incubation in
the effluent peritoneal dialysis fluid from CAPD patients. However, even then,
many effluent fluids lack sufficient opsonic 'power' to opsconize a given strain of
S. epidermidis.’ Moreover, the heterogeneity in strains of S. epidermidis is such
that many require opsonic concentrations that are simply not available in the
effluent fluids of most uninfected CAPD patients. *Little is known about the
diffusion or leakage' of opsonins into effluent fluids. It has been shown that the
opsonic power gradually increases with increasing dwell times.? Also, during
episodes of peritoneal inflammation, the exudation of inflammatory cells -
predominantly polymorphonuclear leukocytes (PMN) - is accompanied by
increased loss of serum proteins into the dialysate, which thus enhances the
opsonic power of the effluents. Because the peritoneal membrane is the
abvious barrier against access to the peritoneal cavity, we have siudied the
transport of opsonins in an in-vitro model system that mimics the peritoneal
membrane.
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MATERIALS AND METHODS

CAPD Effluents
Serial effluents from a 6-8 h dwell time were coliected from 11 CAPD patients followed over time. For

each patient 2-6 effluent samples were selected from infecticn-free intervals. These samples proved to
be sterile upon cullure and confained lass than 107 cellst effiuent. Also, from each patient i-3 effluent
samples were studied that were collected in the acute phase of peritonitis. These samples all contained
>10° cells/t efftuent and all but one grew a bacterial pathogen. All effluents were centrifuged and the
cell-free supernatants were stored at -70°C until used in the opsonisation assay. The IgG content of
each sample was determined by radial immuno-diffusion (LC-Parligen-lgG, Behringwerke AG, Marburg,
Germany).

Bacterfa and radiofabeling

Throughout the study a clinical isclate of S. epidermidis was used. For each experiment colonies from
bloodagar were suspendad in Musller-Hinton broth containing 20 pCi (400 KBqg) [8-°H] - adenine
{Amersham, Buckinghamshire, UK) and were incubaled overnight. The bacteria were subsequently
washed free of excess radiolabal, ware resuspended in Hanks Balanced Sait Solution containing 0.1%
gelatin (GHBSS; Gibco, Life Technotogios, Paisley, UK) to a fina! concentration of 5x10° CFU/mI and
were stored on ice until use,

Opsonizalion procedure

Ten pl of radiolabeled bacteria were mixed with 100 pl of indicated effluent, or Transwell culture fuid
{vide infra), and were incubated for 30 minutes at 37°C. Opsonization was stopped by adding 2.5 ml of
ice-cold phosphate-buffered saline, pH 7.4 (PBS) 1o lhe wells; the bacteria were then pelleted (15 min
at 1600 g) and resuspended in 100 Jl of fresh GHBSS (precpsonized bacteria, 5%10" CFU/Mm). Bacteria
were likewise preopsonized with human pooled serum (HPS) at indicated concentrations, and with
effluents or serum that, pricr to use, had been heated {30 min at 56°C) to inactivate their heat-labile
opsonic activity.

Determinalion of opsonic aclivity

The cpsonic activity of eflluents, in vitro culture fluid and HPS was determined by measuring the uptake
of precpscnized bacteria by human polymorphonuclear leukccytes (PMN) in an assay that has been
described in detail.” PMN were isolated from venous blood of healthy donors and used at 52 10° celis/m!
GHBSS. 100 yl of precpsonized bacteria was mixed with 100 pl of PMN suspension in a final bacleria
to phagocyle ratio of 10:1. Phagocyltosis was allowed to proceed for 12 min in a shaking incubator at
37°C. Phagocylosis was stopped by adding 2.5 mi of ice-cold PBS. Non-phagocyle-asscciated bacteria
were removed by three cycles of differential centrifugation (5 min at 160 g). The PMN-associated
radioactivity in lhe final pellet was determined by liquid scinfillation counting. Phagocytosis was
expressed as the percentage of total radioactivity added, determined in a separate vial, and this uplake
was used as a measure of cpsonization. The opsonin-dependency of S. epidermidis uptake by PMN
was carefully determined by preopsonizalion in serial dilutions of HPS and healed HPS. Figure 1 shows
that the test slrain of S, epidermidis required <1% HPS to become opsonized for uptake by human
PMN. Without serum, uptake was always <5%. Opsonization with heated serum was about half as
effecliva as that found wilh fresh serum (Figure 1).

Mesothslial cell menolayers

Mesathelial cells (MC) were isolated from human omenlum as described previously.® To study the
transpert of opsonins across mesothelium, the MC were subcultured in medium M-199 (Gibco) to
canfluent, inverted monolayers on polycarbonate membranes (8.0 pm pore size) of Transwell cell
culture chamber inserts (Costar no. 3422, Cambridge, MA), as recently described.® The MC monolayers
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Figure 1. Opsonic requirements of the test strain of S. epidermidis for uptake by human PMN. Bacteria
were preopsonized with the indicated concentrations of fresh or heat-inactivated pocled human serum
and were subsequently mixed wilh human PMN. % uptake was determined after 12 min of incubation at
37°C.

reached confluency in 5 days, as determined by phase-contrast microscopy, by microscopy of May-
Grinwald/Giemsa stained filters and by electrical resistance measurements. Each monolayer was
visually tested for unwanted leaks by placing it in a well with culture medium for several minutes; only
fisters that did not show accumulation of medium above the filter were accepted for the experiments.

Expenmental design

In all experiments the transport of serum opsonins was tested by adding 50% HPS in culture madium to
the upper compartment of an MC monclayer-containing chamber insert and placing it in a well
containing cell culture medium. After incubation at 37°C for specified times, the fluid in the lower
compartment was harvested, centrifuged, and the cell-free supermnatant was stored at -70°C unlil tested
for its opsenic activity {vide supra). From the volume ratios of the upper versus the lower compartmant,
the HPS concentration in the upper compariment and the opsonic requirement of the test strain of S.
epidermidis, it was eslimated that the system would 'sense’ the transport of 25% of the S. epidermidis
opsonic activity added to the upper compartment, i.e. it was highly sensitive in detecting opsonins
transperted to the lower compartment, The effect of PMN chemotaxis across the MC monolayers on the
transport of opsonins was tested by adding human PMN at specified concentrations to the upper
compartment of the chamber inser, in the presence of 50% HPS and by adding M-199 with or without
10% M formyl-methionyl-leucyl-phenytalanine (FMLP; Sigma Co., St Louis, MO) in the lower
compartment. PMN migration under these conditions was always 215% in 30 min in the presence of
FMLP and <6% in its absence.’ In some experiments PMN and MC monolayers were praincubated for
15 min with monoclonal anlibedy CLB-LFA-1 (lgG,), which recognizes the CR3 p-chain CD18 and
blocks CR3's adherence medfating function,”
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RESULTS

Opsonins in effluents

From 11 studied CAPD patients, the opsonic activity and total IgG content of
their effluents were tested when they were completely free of peritonitis and
when they experienced clinical peritonitis. Effluents from infection-free intervals
were only used when they contained <1x10 cells/L, with < 5% PMN, to assure
the non-infected state of the peritoneal cavity. For each patient the average S.
epidermidis opsonic activity and 1gG concentration, based on 2-6 such effluents,
was determined. Likewise, the opscnic activity and IgG content were
determined during the acute phase of bacterial peritonitis of effiuents that
contained >107 cells/ml. In all patients, their effluent IgG concentration as well
as its heat-labile and heat-stable opsonic activity was higher during peritonitis
compared to the infection-free intervals. However, the variation in these
parameters was considerable, especially during episodes of peritonitis {Table
1). in 4 patients, low opscnic titers during peritonitis were associated with
relatively low levels of total IgG in their effluents at that time (Table 1; patient
nr. 8-11).

Table 1. S. epidennidis opsonic activity and total 1gG content of effluent from CAPD patients during
infection-free intervals and at the time of peritonitis.

Opsonic activity Opsonic activity
fresh effluent heated effluent I9G Content
Peritonitis Without With* Without With* Without With*
Patient nr.
1 7 78 7 68 120 430
2 30 74 30 43 63 430
3 18 43 13 23 110 475
4 13 76 7 34 106 365
5 7 64 6 45 70 350
4] 16 65 16 53 130 460
7 9 48 9 28 50 447
8 8 24 6 16 20 150
9 5 28 4 9 25 150
10 23 37 17 35 106 160
11 2z 36 i3 20 133 250

Table 1. Bacteria were preopsonized in fresh or heated effluent and their uptake by PMN was
subsequently measured and expressed in % uptake. The tolal IgG was determined by radial immuno
diffusion and expressed in mgfl. The opsonic activity and the total IgG content was significanlly higher
during peritonitis, *p < 0.01, paired { - fost.
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Mesothelium as an opsonic barrier

Because opsonins have to cross the periloneal membrane en route to the
peritoneal cavity, the MC monolayer may constitute a significant barrier in their
pathway, Such a barrier to opsonin transport was indeed shown to exist in an in
vitro double-chamber culture system in which a confluent MC monolayer
attached to a porous polycarbonate filter separated the two compartments. As
can be seen in Figure 2, bare filters {pore size 8.0 ym) constituted only a very
minor barrier to the diffusion of serum opsonins from the upper to the fower
compartment of the test system. Sufficient heat-labile opsonic activity for
detection was present in the lower compartment within 30-60 min incubation.
Heal-stable opsonins were also detecled within 60 min. This activity continued
to gradually increase over the 24-hour incubation time (Figure 2). Filters
covered with a confluent layer of MC showed that transport of opsonic
molecules occurred at a much slower rate, without much activity detectable in
this lower compartment within the first 4 h of incubation. However, at 24 h
opsonic activity of the medium in the lower compartment was comparable to
that of chambers with bare filters. The same pattern of transport across MC
monolayers was found for lgG (dala not shown).
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Figure 2. Transport of serum opsonic activily across bare 8.0 ym Transwasll filters {closed dots) and
across the same type of filter with a confluent layer of human mesothelial celfs {open dols). Transpornt
of serum opsonins was determined at indicated intervals after addition at time zero of 50% poocled
human serum, either fresh (straight lines) or heat-inactivated (doited lines), to the upper comparment
hy sampling the fower compartment of the Transwell culture system. Opsonic aclivity was determined in
a PMN phagocytosis assay (see Malerials and Methods). Data are means + SEM based on at least 3
separate experiments performed in duplicate. *Significant higher uptake compared to the uplake across
filters with a confluent fayer of human MC, p < 0.01, paired { - test.
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Thus, the mesothelial cell monolayer conslituted a strong, but not absolute,
barrier to the diffusion of opsonins and IgG in this double-chamber assay.

Influence of PMN diapedesis

Because inflammation of the peritoneal cavity involves the diapedesis of large
numbers of PMN from the capiliary bed across the peritoneal membrane, and is
associated /n vivo with a concomitant increase in the opsonic activity of the
periteneal fluid, we sludied the effect of PMN migralion perse on the
transmesothelial transport of opsonins in the double-chamber culture system.
To mimic the in vivo siluation, PMN were added to the upper compartment of
the Transwell system containing 50% HPS and were enticed to migrate through
the filter {and its adherent MC layer) towards the chemolactic agent FMLP. We
found that, in a dose-dependent manner, the migration of PMN through the
mesothelium was associated with an increase in the rate of opsonin transport
(Figure 3} and IlgG transport (data not shown} across the filter to the lower
compartment. However this effect was not significant (paired t-test). To further
test the hypothesis that PMN diapedesis across mesothelium induces opscnin
transport we studied opsonin transport in the presence of non-migrating cells in
the upper compartment.
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Flgure 3. Dose-response effect of PMN migration across MG monolayer on the transport of opsonins.
PMN at indicated concentrations and epsonins {50% HPS) were added to the upper compartment and
10° M FMLP was added to the lowsr compartment. At the indicated times, the fluid in the lower
compartment was tested for opsonic aclivity in the PMN phagocytosis assay with radiolabeled S.
epidenmidis (see Materials and Melhods). Data aré means + SEM based on at least 3 separate
experiments perfermed in duplicate.
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Non-migration was achieved either by omitting the chemotactic agent FMLP
from the lower compartment or by blocking the PMN CR3 receptor. This latter
receplor is needed for PMN adherence to and migration across MC, and can be
blocked to a large extent by specific antibodies to the [-chain (CD18) of the
CR3. As a further control, the potential action of the chemotactic agent alone on
the transmesothelial transport of opsonins was also studied. The data show that
PMN migration is indeed needed to obtain the enhanced opsonin transport and
that FMLP by itself is not sufficient fo elicit this phenomenon (Figure 4).
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Flgure 4. Transport of S. epidermidis opsonins across human MC monolayers in the presence or
absence of PMN (107/ml), FMLP (10® M) and monoclonal antibody against PMN membrane CD18
(CR3). Indicated combinations were added at lime 0 and opsonin transport was measured in samples
taken at 1 and 4 h by the PMN phagocytosis of S. epidermidis assay {see Materials and Methods).
Data are means + SEM based on at least 3 separate experiments performed in duplicate. The absence
of PMN, FMLP or the presence of CD18 antibodies gave a significant inhibitory effect on {he opscnin
transport, *p < 0.05, **p < 0.01, unpaired { - test.

DISCUSSION

The resuits of this study show that a confluent monclayer of human MC
constitutes a strong barrier against the free flow of serum opsonins. Moreover,
this barrier is, at least partially, breached when large numbers of inflammatory
cells migrate through the monolayer. The movement of opsonic molecules,
primarily 1gG and complement factors, from the bloodstream to the peritoneal
cavity is of utmost imporlance for the host defence at that site. It is well known,
and was confirmed in this study, that the opsonic activity of non-infected CAPD
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effluent is rather poor.”® This is also true for the ascitic fluid accumulating in
patients with liver cirrhosis,®® which puts these patients at increased risk of
infection. in CAPD patients, dialysate opsonic activity slowly increases with the
dwell time, so that after 6-8 hours it approximates 1% of that of normal serum
when assayed with Staphylococei Loss of opsonic protein into the dialysate
is part of the total protein loss cbserved via spent dialysates during CAPD.
These protein losses increase significantly during the acute phase of peritonitis
in these patients,'" "2

Our observations suggest that the MC layer of the peritoneal membrane is an
important barrier to the diffusion of opsonins and probably to other serum
proteins as well. There may be several explanations for the observed increase
in opsonic transport and consequent protein loss Into the dialysate during
peritonitis. All probably involve the integrity of the confluent monolayer of MC.
The integrity of this cell layer is apparenilly lost f¢ some extent as a
consequence of the diapedesis of large numbers of PMN through the
membrane during the inflammatory response. Others have shown a loss of
electrical resistance across a human intestinal epithelial cell line {T84) when
PMN migrate through this cell-layer, an event that also involves the PMN CR3."
On the other hand, removal of the mesothelial cell fayer by physochemical
damage also leads to increased loss of proteins into the peritoneal cavity.”
Vasoditatory agents, including histamine and nitroprusside produce similar
findings, i.e. direct loss of proteins at the site of application.” However, it is not
clear whether the MC layer plays a role in these latter phenomena. We
hypothesize that during acute bacterial peritonitis the migration of massive
numbers of PMN and other inflammatory cells through the MC layer by itself
may account for the observed concomitant effusion of serum opsonins (and
other proteins) into the peritoneal cavity. Because, with our increase in
knowledge about the inflammatory response, PMN migration may become more
amenable to medical modulation. In the near future opsonin concentration at the
site of infection and protein loss during peritonitis are likely be controlled as
well.
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ABSTRACT

The activation of neutrophilic granulocytes (PMN) from the peritoneal effluent
in chronic ambulatory peritoneal dialysis (CAFPD)-associated bacterial
peritonitis was investigated during the initial stage. The change in surface
expression of membrane antigens was tested by FACS analysis. Chemotaxis
of the neufrophils towards the neutrophil chemoealiractants IL-8, PAF, C5a or
FMLP was measured in a Boyden chamber assay. CD10, an ‘early
activation’ marker on neutrophils, was upregulated on effluent PMN, as were
CD11h, CD11c, CD45 and CD66b. The expression of CDB63, a specific
marker for azurophilic granules, had not changed and L-selectin was shed
from the effluent versus peripheral neutrophils. Decreased chemotaxis in
response fo IL-8 and PAF was measured with effluent versus peripheral
neutrophils, perhaps due 1o desensitization during the migration of PMN
across endothelium and mesothelium. However, these changes were not
significant. The effluent PMN were not apoptotic. Thus, during the initial
stage of CAPD-associated peritonilis, efflusnt neutrophils have actively
changed their marker profile. Alsc, a modest modulation of chemotactic
responsiveness of the dialysate neutrophilic granulocytes is observed
towards IL-8 and PAF.

INTRODUCTION

Neutrophilic granulocytes (polymorphonuclear leukocytes, PMN) are the
initial cells infiltraling in areas of tissue inflammation.' Diapedesis of
neutrophils from the circulation into inflammatory sites requires neutrophil
adherence to and migration across the endothefial lining of the blood
vessels. In the case of peritonitis, the neutrophils not only have to migrate
across an endothelial cell layer when leaving the circulation but also across a
mesothelial monolayer before entering the peritoneal cavity. Several in vitro
studies have been performed to elucidate the role of activated endothefium® ®
and activated mesothelium® in PMN adherence to and migration across these
cell layers. The present study investigates the combined role of endothelium
and mesothelium in activating the neutrophilic granulocytes in vivo during
episodes of peritonitis. The influx of PMN during peritonitis was studied in
patients on continuous ambulatory peritoneal dialysis (CAPD) for chronic
renal failure.”

Peritonitis remains a frequent complication of CAPD despite improvements of
technique.® Peritoneal macrophages are the predominant phagocytic cell type
found in the peritoneal effluent of uninfected CAPD patients.” However, with
the development of clinical peritonitis, PMN rapidly enter the peritoneal cavity
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and quickly become the dominant cell type in the effluent fluid®'® An
advaniage of studying this type of peritonitis is the possibility to investigate
the PMN in a standardized protocol at the very beginning of the inflammatory
process, by isolating PMN from the first cloudy effluent. The direct influence
of micro-organisms on PMN function is minimal in CAPD peritonitis, because
the concentration of bacteria is usually less than 100 cfu/ml."

Our study examines the difference in state of activation of peripheral blood
PMN versus dialysis effluent PMN of the same patient at the initial stage of
peritonitis, compared to control neutrophils of the peripheral blood of healthy
donors. For this purpose, we invesligated the changes in surface expression
of adhesion receptors and of anligen markers represenling the release of
azurophilic or specific granules from neutrophils.” The degree of apoptosis
of the PMN under these conditions was measured with annexin V." We
further investigated the chemotaxis of the PMN in response to various
chemoattractants in a Boyden chamber assay.

PATIENTS AND METHODS

Reagents

Farmyl-methionyl-leucyl-phenylalanine  (FMLP), platelet activaling factor (PAF), and CHa were
purchased from Sigma Chem. Co., St Louis, MO. IL-8 was purchased from Beehringer Mannheim,
Mannheim, Germany. The basic incubation medium for cell suspensions contained 132 mM NaCl, 1
mM MgSO,, 1 mM CacCl,, 6 mM KCI, 1.2 mM KH,PO,, 20 mM HEPES, 6.5 mM glucose, and 0.5%
{wi) HSA, pH 7.4,

mAb

The following mAb were used. lrelevant murine control mAb of the tgG, and IgG,, subclass were
obtained from the Central Laboratory of the Netherands Red Cross Blood Transfusion Service
(CLB), Amsterdam, The Netherlands. CLB-LFA-1/2 (lgG2b)* CLB-B2.12 (IgM isotype)'® and S-
HC1.3" are directed against the a-chains of CR3, LFA-1 and p150,95, respactively. CLB-LFA-111
(lgG1) recognizes the common B-chain CD18 of the [, integrins.” The other mAb used are
directed toward CD10 (VIL-A1),"* CD16 (FcRill: CLB-FcR-gran1),”” CR1 (CD35, D3J3)* CD45
(303, 15D9) (RAW. van Lier, CLB, Amsterdam, The Netherands, personal communication), CD63
(438" 2 and CD&6b (formeriy called CD67) (B13.9).>° CD32 (FcRIl; IV.3) and CDB4 (FcRY; 32.2)
were obtained from Medarex, Wast Lebanon, NH. Leu-8, against L-Selectin® was obtained from
Becton Dickinsen, Mountain View, CA,

Granulocyle isolalion

Patients with end-stage renal failure who were on CAPDO, paricipated in the study. informed
consent was obtained from all palients. Neutrophils were purified frem the first cloudy dialysate of
the patients, who developed peritonitis. Within three hours of discovering the cloudy effluent, 30 ml
of citrate blood was obtained from the same patient. Conlrol neufrophils of screened healthy blood
donors were obtained likewise. Purification of all nsutrophils starled directly after obtaining blood
and efiluent samples. The blocd nautrophils of palients and healthy volunteers were purified as
described earlier.® In short, blood cells were separated by density gradient centrifugation over
isotonic Percoll (Pharmacia, Uppsala, Sweden) with a specific gravity of 1.076 g/ml. The interphase,
containing the mononuclear cells, was removed. The pellet fraction, containing erythrocytes and
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granulocytes, was resuspended for 10 min with ice-cold isotonic NH,CI solution (155 mM NH,CI, 10
mM KHCO,, 0.t mM EDTA, pH 7.4) in order to lyse lhe erythrocytes, The remaining granulocyltes
were washed twice with PBS confaining 0.5% HSA (wh). Granulocytes were resuspended in the
incubation medium at a final concentration of 10° cells/m!. Purity of the granulocytes was >98%,
with >85% neutrophils. Viabilty measured by lactate dehydrogenase (LDH) release® was >95%.
The neutrophils of the dialysate fluid were purified by density gradient centrifugation over isotonic
Percall as described above except lhat the pellet fraclion was not treated with NH,CI sclution but
was washed twice with PBS containing 0.5% HSA and was resuspended in incubation medium for
cell suspensions. It is known from a previous study” that the treatment of PMN wilh NH,CL solution
does not infiuence the activity state of the nautrophils, A second sample of peripheral blood was
obtained from each of the palienls at least three weeks after full recavery frem peritonitis, i.e. when
the patient had no symptoms and had clear efiluents with less than 100 WBC/mm®. The activation
state of these neutrophils was again compared to neutrophils isolated from peripheral blood of
healthy volunteers. The same purification method of the neulrophils was used.

immunofluorescence flow cylomelry

The expression of surface antigens of neutrophils was measured by indirect immunofiuorescence
with flow cytometry. In short, after addition of the primary mAb, the cells were incubated for 30 min
at 4°C and were subsequently washed ftwice with ice-cold PBS, containing 0.5% (wh) BSA
Thereafter, fluorescein-labeled goat-anti-mouse-lg was added and incubated with the cells for
another 30 min at 4°C. After two more washes, mAb binding was quantified for 10,000 cells with a
FACScan (Becton Dickinson, Mountain View, CA) and was expressed as Mean Fluorescence
Intensily (MF1).

Apoplosis

Phosphatidylserine, which is normally only present on the inner leaflet of the plasma membrane of
cells, becomes expressed on the outer leaflet of the membrane of apoptolic cells.® Annexin V is a
protein that can bind to phospholipids, and especially to phosphatidylserine, in a calcium-dependent
fashion,” and is therefore used as a marker for apoptosis of cells. Annexin V was prepared, purified
and labelled with FITC as described before."® Annexin V binding to neulrophils was measured by
direct immunofluorescence as described earlier.” Fhe binding of Annexin V to PMN was expressed
as percentage positive cells.

Chemolaxis

The Boyden chamber (48-well chemotaxis chamber, Neurc Probe Inc., Cabin John, MD) was used
for measurement of PMN chemotaxis. The Boyden chamber contained an 8.0-um migration filter on
top of an 0.45-ym arresting filler. Chemotactic stimuli, added to the lower comparliments of the
Boyden chamber, were either FMLP (10° M), CBa (10° M), PAF (107 M), or IL-8 (10° M).
Incubation medium for celt suspensions, as described earller, served as control. Indicated
populations of PMN were suspended in incubalion medium for cell suspensions, supplemented with
heparin (10 {U/mi). 10° PMN were added to the upper comparment of the Boyden chamber and
incubated for 1.5 h. Thereafter, the 8.0-ym Boyden chamber filters were stained, dehydrated with
xylol and the number of PMN on the bottom of this filler were counted with a light-microscope at
400 x magnification. Chemotaxis was defined as the mean of the number of migrated PMN counted
in five microscopic fields.

RESULTS

Eight CAPD patients enrolled in the sfudy. The diagnosis of peritonitis was
made by the observation of a cloudy bag. The effluent neutrophils examined
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in this study were from this first cloudy bag, The diagnosis of peritonitis was
confirmed iIn  all patlents by positive cuitres from the effluent.
Staphylococcus aureus, Staphylococcus epidermidis, and Difteroids each in
two patients caused the episodes. Candida albicans and Micrococcaceae
were both in one patient the micro-organism cultured from the effluent.

Surface Ag expression

L-selectin expression {(detected with Leu-8) was decreased in the patients'
effluent PMN compared to the PMN isclated from the peripheral blood of
patients. There was no significant difference in L-selectin  expression
between the patients' blood PMN and control blood PMN (Table 1). The
expression of all FcR receptors- FcRI (CD64), FcRIl (CD32) and FcRIll
(CD186}, on the PMN of the patients was equal to control PMN {Table 1). The
expression of the B, integrin adhesion proteins CD11b and CD11c on the
patients' effluent PMN was significanily increased compared to the patients'
peripheral PMN. Interestingly, this increase was less pronounced and not
significant for their common f-chain CD18 (Table 1).

Tabte 1. Surface antigens present on peripheral blood, and effluent PMN during peritonitis in
CAPD patients

controls CAPD patients CAPDE patients
mAb blood PMN blood PMN effluent PMN
Ctrl. 1 31135 27 1 4.2 354+ 3.5
ctrl. 2 3655 28 £ 2.8 28+ 36
cD10 146 + 14.4 103 & 120 135 + 15.1 **
cD11a 229 + 15.1 174 £ 16.7 193 + 18.2
cD11b 384 + 85,8 552 + 66.7 1054 + 1728 %
Chilc 119 £ 13.0 102 £ 13.0* 144 £ 13.9 **
CD16 1407 + 410.3 1476 + 473.0 1357 + 354.9
CD18 189 £ 36.3 i82 £ 315 236 + 49.6
cD32 279 + 32.4 260 £ 228 281+ 25.4
CcD35 116 + 14.9 120 £ 13.0 157 + 2B.5
CD45 260 + 31.2 250 £ 27.6 351 + 50.9
CcDs63 40 + 4.8 32+ 3.0 38+ 4.1
CD84 40+ 6.7 48 + 6.1 44155
CD&6h 105 + 17.6 165+ 322 % 277 1 516 %
Leu-8 535 + 36.2 4756+ 21.9 136 + 26.9 ***

Tabfe 1. Resuits are expressed as the mean + SEM of eight experiments. Stalistics wers performed
with the pafred f-test. * p < 0.05, ** p < 0.01. 'Expression of palients' blood PMN was significantly
lower compared to control blood PMN. *Expression of patients' blood PMN was significantly higher
compared lo control blood PMN. *Expression of efluent PMN was significantly higher compared to
patients* blood PMN. *Expression of efluent PMN was significanily lower compared to patients'
blood PMN,



78

After resolution of the peritonitis, CDB6b expression on the patients'
peripheral PMN was not different from control blood PMN (data not shown);
CD11a and CD11c expression was again lower con peripheral blood PMN of
CAPD patients versus control blood PMN, but these laiter differences were
not significant {data not shown). Remarkably, the expression of CD10 on
control PMN was higher compared to that on peripherat blood PMN from the
CAPD patients and this phenomenon stayed present after the recovery of
peritonitis.

Apoptosis

Annexin V binding to the PMN was observed in only few PMN of bhoth
patients and heaithy volunteers. Essentially < 1% of the cells in each of the 3
different PMN populations were apoptotic (Table 2).

Table 2, Annexin V binding to coniro) PMN, peripheral blocd PMN, and effluent PMN during the
onset of clinical symptoms of CAPD-assoclated paritonitis.

Annexin V posilive celis (%)

cantrol blood PMN 11104
patients blood PMN 0.4 + 0.1
patients effluent PMN 10205

Results are expressed as the percentage + SEM of posilive cells.

Chemotaxis

Neutrophit migration towards Hepes medium was minimal for all types of
PMN. The migration of the patients' blood PMN towards PAF or IL-8 was
slightly reduced compared to that of control blood PMN. A further reduced
chemotaxis was chserved in case of patients' effitent PMN. Howsver this
was not significant { paired ftesi; Figure 1). After resclving of the peritonitis,
the differences in chemotactic response of the control blood PMN versus
that of the patlents' blood PMN to IL-8 and PAF were less pronounced (data
not shown). During peritonitis, all 3 populations of PMN showed no difference
in chemotaxis towards FMLP or Cha. Cba was the most potent
chemoattractant for neutrophils in this set-up (Figure 1).

DISCUSSION

Neutrophils are the predominant cells found in the effiuent of patients at the
beginning of CAPD-associated peritonitis,. These PMN are essenlial as the
first-line defence against microbial infections.” However, they can also
mediate pathologic (side) effects such as tissue destruction at the site of
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Figure 1. Chemotaxis of neutrophils isofated from peripheral blood and effluent of CAPD patients at
the time of peritonitis. Control neutrophils were isolated from the peripheral blood of healthy donors.
Chemotaxis was measured towards IL-8, PAF, Cba or FMLP in a Boyden chamber. Incubation
medium for cell suspension (HEPES) served as control aftractant. Resuils are expressed as the
mean + SEM of eight separate experiments.
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inflammation.*® The function of the PMN during inflammation depends on two
mechanisms: the NADPH oxidase system, which provides toxic oxygen
metabolites, and the proteolytic capacity of enzymes stored in the
cytoplasmic granules of the PMN.*" %

The influx of neutrophils into inflammatory tissue is a well-coordinated
process that Involves locally produced cytokines and requires active
participation of adhesion receptors. The adherence of neutrophils to other
cells is dependent on the family of P, integrin proteins (CD11/CD18), of
which CR3  {(CD11h/CD18) is the most imporiant leukocyte adhesion
molecule involved in neutrophil adherence.® *

In our sludy, the expression of CD11b as well as CD11c on PMN in effluent
was significantly increased compared to those on peripheral blood PMN
collected from the same patients at the same time. The expression of the
common f-chain CD18 was also higher on dialysate PMN versus blood
PMN, but this difference was not statistically significant. The intracellular
storage site for CD11b in neutrophils are the specific granules® and the
secretory vesicles.”® Activation of granulocytes in vitro rapldly Increases the
expression of CD11b receptor on the outer membrane®® * Upregulation of
CD11b and CD11c together with CD45 (membrane-associated tyrosine
phosphatase} and CDB6b (a CEA-like antigen), present in the specific
granules and secretory granules in PMN," occurred during extravasation into
the abdominal cavity during peritonitis. The upreguiation described concurs
with previous findings by Jones et al. (with the exception of CD66b; which
they did not test) who compared circulating neutrophils with PMN isclated
from joint fluids in patients with rheumatoid arthritis,*®

Meutral endopeptidase (CD10), siored exclusively in secretory vesicles, can
be considered as an 'early activation antigen.'” This concurs with our finding
that CD10 expression was increased in effluent versus circulaling PMN.

In contrast to the upregulation of the previous membrane antigens, L-selectin
was downregulated on effluent neutrophils. Shedding of L-seleclin from the
granulocyte membrane upon activation or migration into tissues is a well-
known phenomenon.®*' CDB3, a specific marker for azurophilic granule
fusion with the plasma membrane of neutrophils,” was not upregulated on
dialysate PMN, indicating that during the extravasation of neutrophils, where
PMN migrate across endothelium and mesothelium to reach the peritoneal
cavity, no trigger for release of azurophilic granules had occurred. This
finding concurs with data obtained from in vitro and in vivo experiments.*”” *
Although upregulation of adhesion proteins on granulocytes and release of
proteins from specific granules coincide with neutrophil migration across
endothelium, these changes in ‘activation stale' of the neutrophit are not
required for efficient endothelial transmigration in vitro,”
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The expression of surface Fc receptors was not different between the
patients' peripheral and effluent PMN. The expression levels of FcRI
remained equal to control blood mAb, which would suggest that these
neutrophils in CAPD peritonitis had not been exposed fo interferon gamma
(IFN-y).*

Decreased responsiveness (desensitization) to one or more chemotactic
factors occurs after exposure of neutrophils to a high concentration of a
chemotactic factor. Such exposure is usually followed by a decrease in
specific receptors on the PMN's membrane.” Kuijpers et al. have shown that .
neutrophil migration across activated endothelium in vitro is guided by
endothelium derived PAF and IL-8% Our previous studies have shown that
aclivated mesothelial monolayers are able to create, through polarized
secretion of IL-8, a chemotactic gradient of IL-8 directed towards the
abdominal cavity.” it is likely that the same regulatory mechanisms occur in
vivo, because the present study provides possible evidence for preferential
deactivation in chemotaxis of CAPD effluent PMN towards IL-8 and PAF
when compared to the peripheral blood PMN of the same patients at the
same time (Figure 1). However, this effect did not reach statistical
significance (paired f-test). We did not observe a preferential deactivation of
effluent PMN towards FMLP or C5a.

Apoptosis, also called programmed cell death,”® was not detected in the
PMN in this study. The neutrophils of patients with CAPD-asscciated
peritonilis were isolated and investigated within 3 hrs after the first cloudy
effluent was observed, which is often the first clinical symptom of this
complication. Apoptosis in neutrophils is, thus, not apparent during the early
phase of bacterial peritonitis in CAPD.

From the data presented in our study it can be concluded that during the
initial stage of CAPD-associated peritonitis effluent neutrophils have actively
changed their marker profile and thus ‘activation state' of PMN. Also, a
modest modulation of chemotactic responsiveness of the dialysate
neutrophilic granulocytes is observed towards IL-8 and PAF.
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ABSTRACT

We have investigated the role of human mesothelium in an in vitro model of
peritonitis on the monocyte adherence to and migration across monolayers of
peritoneal mesothelial celis. Monocytes adhere avidly to non-activated
mesothelial cells monolayers; however, migration in this situation was minimal.
Prestimulation of the monolayers with II-1B did not alter these results. Anti-
CD18 and anti-VLA-4 mAbs used in combination had an additive inhibitory
effect on monocyte adherence to resting or IL-1p3-pretreated mesothelial cells.
MCP-1 and TGF-f8 are secreted by mesothelial cells. Both have a modest role
in mesothelium-induced monocyte chemotaxis: mAbs against these cylokines
had an additive inhibitory effect on the chemotaxis induced by supernatant from
24-h prestimutated mesothelial cells. Our results indicate that the mesothelium
itself has a limited role in the influx of monocytes into the peritoneal cavity
during the onset of peritonitis.

INTRODUCTION

As an initial event in acute bacterial peritonitis, a massive influx of neutrophils is
observed into the peritoneal fluid, followed within 24 hours by the migration of
large numbers of monocytes.' Previous in vitro studies have shown that
activated mesothetium stimulates the neutrophil influx by inducing neutrophil
adherence® and by secreting cytokines.a"3 The latter process induces a rapid
and strong migration of neutrophils across mesothelial cell monolayers.?
Monocyte migration across endothelial monolayers seems to occur much like
the neutrophit transmigration, and requires also the interaction of specific
adhesion surface molecules and locally produced cytokines®’® The present
study was designed to investigate the qualitative role of mesothelial adhesion
receptors and mesothelial-derived cytokines in monocyte adherence to and
migration across cuitured monolayers of human mesofhelial cells.

MATERIALS AND METHODS

Monocional antibodies {mAb}

The following mAb were used. mAb against E-Selectin (ENA2Z [igG,]}," VCAM-i (4B9 [IgG,])."® and
ICAM-1 (RR1H [IgG,i)," were used for immunoflucrescence assays. The influence of the following
mAbs was studied in the adherence and migration assay: CLB-LFA-1/1 (1gG,)”” against the comman f
chain CD18 of the CD11/CD18 family of B, Integrins and mAb HP1/3 (lgG,) against the « chain of
VLA-4 (CD49d).” mAb against transforming growlh factor-f (TGF-f; R&D systems, Minneapolis, MN)
and Ab against monocyte chemotaclic protein-1 (MCP-1; polyclonal rabbit anti-human MCAF; Genzyme
Corporation, Cambridge, MA) were used to study the influence of mesocthelium-derived cytokines in the
chemotaxis of monocytes in a modified Boyden chamber assay.
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Mesofhelial cell culture

Mesothelial cells {(MC) were isolated from human omenium according to techniques maodified from
Nicholson et al.** and Wu et al.,” as previously described.' In brief, small pieces of omentum were
removed early in the operalive procedure from patients undergeing abdeminal surgery for non-
infectious conditions. All patients gave informed consent. The omentum was transferred to fuid
containing 0.05% (w/v) trypsin-0.02% (wh) EDTA (Gibco, Life Technologies, Paistey, UK). After 15 min
the detached MC were pelleted by centrifugation at 1200 rpm for 5 min and resuspended in
supplemented M-199 medium (Gibco). MC wera grown until confluence in a 37°C, fully humidified, 5%
CO, cabinet in polystyrene culture flasks (75 cm®; Costar, Cambridge, MA} precoated wilh fibronactin.
The identity of MC was demonstrated by the absence of von Willebrand factor staining'” and the
prasence of intracellular cytokeratins by immunoflucrescence with monocional antibodies™ (Dakopatts,
Glosstrup, Denmark).

Defermination of surface antigen expression

The expression of the adhesion molecules E-Selectin, ICAM-1 and VCAM-1 by mesothelial cells upon
aclivation was measured by FACS analysis. MC were subcullured to confluent monofayers in 6-welt
culture dishes (Costar). The MC were activated by incubation with human recombinant interteukin-ip
(IL-1B) (25 Ufml; Genzyme Corporation) for various periods. A control well with MC was not incubated
with IL-1B. After activation, the MC were non-enzymatically detached by incubation with PBS/EDTA (2
mM} for 15 min at 37°G. MC in suspension were washed twice in ice-cold PBS and were subsequentiy
incubated with the primary mAbs for 30 min at 4°C. Thereafter, the cells were washed twice in ice-cold
PBS, cantaining 0.5% {v/v} bovine serum albumin {BSA), and the procedure was repeated with FITC-
labeled goat-anti-mouse-lg for another 30 min at 4°C. After two washas, mAb binding was quantified for
10,000 cells with a FACScan {Bscton Dickinson, Mountain View, CA} and was expressed as mean
fluorescence intensity (MFI).

{sofation of monocytes

Blood was obtained from healthy volunteers and anticoagulated with 0.4% (wiv) trisodium citrate {pH
7.4). Monocyles were purified from buffy coats as described.'® In brief, blood cells were centrifuged
over isotonic Percoll (specific gravity at room temperature, 1.077/cmy’). The interphase, containing the
mononuclear cells, was taken for isolation of the monocytes by countercurrent centrifugal elutriation.'®
Purity of the monocyles was 285%, and viability remained 295%, as determined by lactale

dehydrogenase {| DH) release.”

Labeling of monacytes

Freshly purified monocytes were radiolabeled with 3'Cr according to Gallin st al” with minor
modifications. Briefly, menocytes were incubated at 4°C for 5 min with 0.5 pCi of *'Cr per 10° cells
{sodium chromate, 200 to 500 Cifg; New England Nuctear, Boston, MA) in 50% (viv) M-i99 (Gibco Life
Technologies, Paislay, UK}, 50% (/) RPMI-1640 (Gibco), supplemented with 0.1% {v/v) HSA. The
cells were subsequently washed and resuspended in incubation medium for cell suspensions,
containing 20 mM Hepes, 132 mM NaCl, 1 mM MgSQ,, i mM CaCl,, 6 mM KCI, 1.2 mM KH,PO,, 5.5
mM glucose and 0.5% (wiv) HSA, pH 7.4 at 4°C. Incubation of the monocytes took place for 30 min,
during which the temperature of the suspension was gradually increased to room temperature.
Subsequently, the monocytes were washed twice and resuspended in 50% (viv) M-199, 80% (viv)
RPMI-1640, 0.5% {viv) HSA at 37°C . Aggregated cells were removed by cotton-wool filtration, and the
remaining cells were resuspended in fresh incubation medium at a concentration of 10° cellsim!,
Viability aftar {abeling remained 295%.

Migration assay
Inverted filters (with MC ‘hanging' on the filters) were used to study migration in the physiologically
relevant direclion (submesothelial tissue to peritoneal cavity), thus permitting the monacytes to adhere
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to the basolateral side of the MC monolayer. MC were subcullured to confluent monolayers on inverted
polycarbonate membranes (8.0 um pore size, 24.5 mm diam} of Transwell cell culture chamber inserts
{Costar), according to Parkos et al.”? with minor modifications, as previously described.® MC monolayers
reached confluence in five days as determined by phase-contrast microscopy, microscopy of May-
Grilnwald/Giemsa stained filters and by electrical resislance measurements.® In some experiments the
monolayers were preincubated with IL-1p {25 U/ml) added to the lower compartment during 6 houwrs
prior to adding the monocytes. IL-1p had no effect on the morphology of the cells, nor did it influence
the electrical resistance of the monclayers.® When indicated, formyl-leucyl-methicnyl-phenylalanine
(FMLP; Sigma Co., St. Louis, MO) was added to the lower comparment in a final concentration of 10°®
M. In all experiments the upper compartmant of the cell cuilure chamber inserts was washed twice with
50% (viv) M-188, 50% {viv) RPMI-i840, 0.5% {vi) HSA prewarmed to 37°C befors adding the
menocytes, The fluid in the lewer compariment was not replaced. *'Cr-labeled monocytes (10° cells/ml)
prewarmed to 37°C were added to the upper compartments. The chamber plates were incubated at
37°C in a 6% CO, incubator for 60 min. After incubation, the fluid of each comparment was collected.
The amount of radioactivity present in {he fluids as well as that of the filter, removed from its cylindric
corainar, were determined in a gammacounter. Recovery was always 292%. The radioactivily
measured in the filter was faken fo represent monocyte adhesion. The extent of migration was
calculated from the radicactivity found in the fluid of the lower compariment. The resulls were
expressed as percentages of lhe total radioactivity, i.0. monocytes, added to the chambers.

Measurement of chemolaxis

The Boyden chamber (48-welt chemotaxis chamber; Neure Probe Inc., Cabin John, MD) was used for
measurement of monocyte chemotaxis. The Boyden chamber contained an 8.0-um migration filter en
top of an 0.45-um stopping fitter. Chemotactic stimuius, added to the lower compartment of the Boyden
chamber, consisted of mesothelial celf supernatant. These supernatants were obtained from non-
stimulated or riL-1p-prestimulated mesocthelial cells monolayers, cullured on 6-well plates {(Costar)
during 6 or 24 hours. Culture medium (supplemented M-199) and FMLP (10°M; Sigma Co.) diluted in
culture medium were used as negative and positive controls, respectively. When indicated, mAb against
MCP-1 or Ab against TGF-§ was added to the supernatant as well as to the monocytes 10 min prior to
adding the monocytes. Monocyles were suspended in incubation medium for cell suspensions, as
described earlier, supplemented with heparin (10 1U/m). 10° monocytes wera added lo the upper
comparment of the Boyden chamber and incubated for 2.6 hours. Thereafter, the 8.0-um Boyden
chamber filters were removed, fixed in butanol/ethancl (20/80%, viv) for 10 min and stained with
Weigert solution (1% v/}, i.e. hematoxylin in elhanol mixed with a 70 mi acidic FeCl, soluticn at a 1:1
ratio. The filters were dehydrated wilh ethanol, made transparent with xylol and fixed upside down. The
chemolactic response of the monoccytes was quantified with an image analyzer (Quantimet 570C, Leica
Cambridge Ltd.,.Cambridge, UK) using Quantimet 570 Control Software (QUIC, version 2.02) and a
custon made software program written in Q Basic?® An automated microscope was used lo step
through the filters at a given number of levels in the Z direction with a certain Z level interval. Cells
were counted at each of these levels. Chemolaxis was expressed as the mean monocyle migration
distance into the filter in pm from the surface of the filter.

RESULTS

Adhesion receptors

ICAM-1 and VCAM-1 are present on the surface of non-activated MC in
significant numbers (Table 1, Figure 1). After activation of the MC with IL-15,
the expression of both adhesion proteins increased with a maximum expression
for both proteins on the cell membrane after 6 to 8 h. Thereafter, the expression
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of ICAM-1 and VCAM-1 gradually decreased, but remained above background
after 24 hrs and evenh after 48 hrs (Table 1). Activation of the MC with TNF-u
instead of IL-13 showed similar increases in ICAM-1 and VCAM-1 expression,
with the same kinetic profile {data not shown). E-Selectin was nol detectable on
either resting or activated MC: binding of anti-E-Selectin mAb never exceeded
levels with control mAbs (Table 1).

Table 1. Surface anfigen expression of adhesion molecules on mesothelial cells at varicus times after
IL- 1§ addition.
Time after
IL-1p induction E-Selectin ICAM-1 VCAM-1
thrs)
0 9 + 6 2156 + 465 584 + 121
2 11 ¢+ 8 2620 + 559 828 + 163 °*
4 2 + 7 3056 + 681* 821 & 83 *
6 11 £ 9 3416 & 492 1029 + 237°*
8 29 + 16 3444 + 638" 082 + 308
16 17 + 8 2996 + 3337 874 + 234
24 20 £ 13 2950 + 508* 722 + 149*
48 1t & 7 2414 t 485 * 787 + 196

Tabte 1. Results are expressed as mean fluorescence intensity (MFi) + SEM of 5 separale
experiments. * p < 0.05; ** p <0.01, significant increase in membrane expression compared to non-
stimulated mesothelial cefls (paired fHest).

Monocyte adherence and migration

Monocytes adhered avidly to non-activated MC monolayers. However, migration
in this situation was minimal (Figure 2). Activation of the MC monolayers with
IL-1p for 6 h showed littte modulating effect: the adherence of monocytes to MC
monolayers increased marginally, but still only very small numbers of
monocytes transmigrated across the MC monolayers (Figure 2).

CD18 mAb CLB LFA1/1 had little effect on monoeyte adherence fo cytokine-
activated MC monolayers. The same effect was seen after incubation of the
monocytes with anti-VEA-4 mAb HP1/3. However, CD18 and anti-VLA-4 mAbs
used in combination had a synergistic inhibitory effect on monocyte adherence
to IL-1p-pretreated cells (85% inhibition, p<0.01) (Figure 2). The same inhibitory
effect of this combination of mAbs was observed when monocyte adherence to
noh-stimulated MC monolayers was measured (data not shown). FMLP added
to the lower compartment of the Transwell system induced a small but
significant increase in migration of the monocytes across non-stimulated MC
monolayers {p<0.05} (Figure 2).
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Figure 1. Surface expression of ICAM-1 on cullured non-activated mesotheliat cells.

Chemotaxis of mesothelial supernatant
The mean migration distance of monocytes towards fresh culture medium in

Boyden chambers was minimal (Figure 3). In contrast, MC supernatant induced
a significantly increased monocyte chemotaxis, comparable to levels induced by
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Figure 2. Monocyte adherence to and migration across inverted monolayers of MC. Mesothelial cells
were cultured on inverted 8.0 pm filters, and menocyte adherence and migration were measured 60
min after addition of the monocyles. Blank represents adherence to and migration across resting MC.
Effects of mAb against CD18 and V0LA-4 on IL-1p induced monoccyte adhesion to and migration across
inverted MC monolayers are shown. Black bars represent monocyte adherence to, and shaded bars
represant monocyte migraticn acress MC monolayers. Resulls are expressed as the mean + SEM of
three separate experiments. 'Monocyle migration was significanlly increased comparad to migration
across non-activaled MC monolayers. “Adhesion of monocytes to inverted MC monolayers was
significant decreased compared to adhesion to iL-1B-activated MC monolayers (paired {-test). * p<0.05,
** p<0.01.

FMLP (p<0.05) (Figure 3). Changes in the 'aclivity-state’ of the MC played a
minor role, because activalion of the MC monolayers with IL-1B, even for 24
hrs, did not have an additive stimulating effect on the chemotaxis of the
monocytes towards the cultire medium (Figure 3).

Anti-MCP-1 Ab had an inhibitory effect on the chemotaxis of mesothelial cell-
derived supernatant, but this effect was only significant in supernatant of 24 hrs
IL-1p prestimulated MC monolayers (p<0.05) (Figure 3). Anti-TGF- Ab had a
minor effect on supernatant from non-stimulated MC cells, but a significant
reducing effect on supernatant obtained from 24 hrs IL-1p activated MC
monolayers (p<0.05) (Figure 3). Furthermore under these circumstances, anti-
MCP-1 and anti-TGF-B used in combination had a synergistic inhibitory effect
on the monocyte chemotaxis (p<0.01) (Figure 3), fo levels comparable to the
migration distance measured towards fresh culture medium. Chemotaxis
induced by FMLP was not influenced by Abs against MCP-1 or TGF-$ (data not
shown).
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Figure 3. Chemotaxis of monocytes in Boyden chambers (2.5 hrs) induced by supernatant from non-
aclivated, and from 6 h or 24 hrs IL-1p prefreated mesothelial cefl monclayers. The monocyte
chemolaxis measured towards cullure medium and fowards FMLP were used as negative and posilive
controls, respeclively, The chemotactic response was quantified with an image analyzer, as described
in the Material and Methods sectien. Cells were counted at small levels spread 10 pm apart throughout
the whole filter (150 pm). Results are expressed as lhe mean migration distance + SEM of three
separate expariments. ' Mean migration distance was significanlly higher than the distance towards
{culture) medium. * Mean migration distance was significantly lower than the distance induced by
supernatant from MC monolayers prestimulated during 24 h with IL-18 (paired (-test). * p<0.05, **
p<0.01.

DISCUSSION

Adherence of monocyles {o and migration across activated endothelial cell
monolayers is a process that involves adhesioh receptors on both lypes of cells
and depends on locally produced cytokines.*”® In peritonitis, monocytes have to
transmigrate not only across an endothelial cell barrier but also across a
mesothelial cell monolayer before they can enter the abdominal cavity. Previous
studies on the role of mesothelium in this process have been performed by
Gerwin et al.® who described the presence of mRNA for TGF-B in MC, a
chemoattractant for PMN and monocytes. Jonié et al® detected mRNA
expression for MCP-1 in activated MC and also described the presence of
ICAM-1 and VCAM-1 on MC monolayers. in our study we describe the
qualitative role of adhesion receptors in monocyte adherence to and the lack of
importance of some MC-derived cytckines in monocyte migration across MC
monolayers.,
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Adherence of monocytes to MC is -like adherence of monocyles to endothelial
cells’- a combined CD18/ICAM-1 and VLA-4VCAM-1 dependent process, E-
Selectin is not expressed on the membrane of MC monolayers and, therefore,
plays no role in monocyte adherence. No alteration in the levet of adhesion was
found even when monocyte adherence was measured 6 hrs after activation with
IL-18, at the lime of maximal expression of both VCAM-1 and ICAM-1. In a
previous study” we reported that an increase in ICAM-1 expression on the MC
membrane itself was insufficient for neutrophil adherence. 'Slow travelling' of
monocytes in our systern with Transwell filters resulted in minimal monocyte
transmigration across activated MC monclayers. In contrast, PMN are able to
transmigrate rapidly under the same conditions (23% in 30 min);” however,
PMN were not able to adhere to and transmigrate across non-activated MC
monolayers as do monocyles.” Thus, activation of the MC monolayer modulates
to a large extent the PMN adherence to and migration across these cell layers,
but has little influence on monocytes adherence and migration.

Boyden chamber experiments with supernatant of 24 hrs IL-13 prestimulated
MC showed that its chemotactic activity was inhibited by adding Abs against
MCP-1 and TGF-B. This inhibition supports a role for these monocyte
chemoatiractants in monocyte recruitment towards the abdominal cavity during
peritonitis. However, significant monocyte chemotaxis was also measured in the
Boyden chamber towards supernatant from non-activated MC. This finding
concurs with the in vivo situation that during continuous ambulatory peritoneal
dialysis (CAPD} a population of resident macrophages of monocytic origin is
found in the peritoneal effluent even in the absence of inflammation, i.e. without
the presence of neutrophils.?** In the event of peritonitis, circulating monocytes
from outside the peritoneal cavity will be altracted to the site of inflammation by
chemotaxis,”*”’ preceded by a massive influx of neutrophilic granulocytes ***
From the data presented in this study it is concluded that, in contrast to PMN
migration, the mesothelium itself has little modulating effect on the process of
transmesothelial cell migration of monocytes which takes pface in the
inflammatory response during bacterial peritonitis.
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ABSTRACT

An in vitro model of peritonitis was used to investigate the secretion of the
tumormarker CA 125 by cuitured human mesothelial cells. The apical versus
basolateral secretion of CA 125 was measured and it was determined if enhanced
secretion of CA 125 could be ohserved by aclivating the mesothelial monolayers
with different cytokines. Mesothelial cells were isolated from human omentum and
cultured to confluent monolfayers on perforated polycarbonate membranes (pore
size 0.4 um). The mesothelial monolayers were activated and the apical and
basolateral secretion of CA 125 compared. To investigate the influence of
cytokines, mesothelial cells were cultured and aclivated with recombinant
interfeukin- 103 {rlL- 13}, tumeor necrosis factor-a (TNF-«) or lipopolysaccharide from
Escherichia coli. The secretion of CA 125 was tested using a microparticle
enzyme immunoassay. Mesothelial monolayers secreted CA 125 in a polarized
manner with preference for the apical side. Apical polarization occured irrespective
of the side of the inducing stimulus (p < 0.05). Non-activated cultured mesothelial
monolayers secreted significant quantities of CA 125, indicating constitufive
production of this protein. However, CA 125 production was significantly enhanced
if mesothelial cells were incubated with rlb-1f (p<0.05), TNF-a (p=<0.05}, and E.
coli LPS (p<0.01). Human mesothelial monolayers secrete CA 125 preferentially
from their apical surfaces. The secretion of CA 125 can be enhanced by the
inflammatory cytokines 1I-13, TNF-c, and by E. cofi LPS.

INTROBUGTION

Cancer Antigen 125 (CA 128} is a 220,000 molecular weight glycoprotein defined
by a murine monoclonai antibody OC 125, which was raised against the serous
ovarian carcinoma cell fine OVCA 433." Ilmunohistochemical studies have shown
that CA 125 is expressed by coelomic epithelium during embryonic development
and by most ovarian epithslial tumors. CA 125 was detected in serum samples of
about 80% of patients with ovarian cancer.” Subsequently, CA 125 was a clinically
useful tumormarker in the follow-up of patients treated for ovarian
adenocarcinomas.*

However, CA 125 proved not to be a tumor specific antigen, as ils presence was
shown in the normal epithelium of the female genital tract; in gastric and colonic
mucosal cells; and at the luminal surface of mesothelium lining the peritoneum,
pleura and pericardium.®

High concentrations of CA 125 have been found in the sera of patients after
abdominal surgery and in palients during episodes of bacterial peritonitis. These
findings suggest that mesothelial cells are active in CA 125 synthesis en
secretion.®®
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We Investigated the CA 125 secretion of human mesothelial cells in an in vitro
model of peritonitis. The study focused on the secretion pattern of CA 125 by a
mesothelial celi monolayer and the enhancement of mesothelial cell CA 125
secrelion by several inflammatory stimuli.

MATERIALS AND METHODS

MC were isolated from human omentum, according to techniques modified from Nicolson and Wu.? " Small
pieces of omentum were removed early in the operative procedure from patients undergoing abdominal
surgery for non-infectious conditions. Ali patients gave Informed consent. After removal, the pieces of
omentum were placed in medium M199 (Gibco, Life Technologies, Paisley, Scotland) at 37°C. Within two
hours the pieces of amentum were fransferred to PBS containing 0.05% trypsin-0,02% EDTA (Gibco). Aiter
18 min incubation at 37°C under gentle shaking, the detached mescthelial cells were pelleted by
centrifugation at 1200 ipm for 5 minutes. The pelleled cells {mesothelial cells with other cells,
predominantly erythrocytes) were resuspended in M199 supplemented with fetal bovine serum (FBS;
Gibco), gentamycin {10 ug/ml; Merck, Darmstadt, Germany), vancomycin (25 yg/ml; Gibco) and glutamine
(2 mM). The cells were grown until confluence in a 37°C, fully humidified, 5% CO, cabinet in polystyrens
cuiture flasks (75 cm® Costar, Cambridge, Massachuseits, USA) precoated with fibronectin, Mesothelial
cells were Identified by immunofluorescent staining using mouse moneclonal antibodies against the
cytokeralins 6 and 18"

To investigate the apical and basclateral secretion of CA-125, mesothelial cells were subcultured to
confluent monolayers ¢n polycarbonate membranes (0.4 pm pare size, 24.5 mm diameter) of Transwell
celt culture chamber inserts {Costar). The filters were preccated with fibronectin before mescthelial calls
were added. MC monolayers reached confluence in 5 days as determined by May-Griinwald/Giemsa
staining. Pretreatment of the monolayer with human recombinant interleukin-1p (ll-1p; 25 Ufml;
Genzyme, Corporation, Bosten, Massachusefts, USA) did not influence the microscopic morphology of the
confluent monotayer. In all experimenis cullure medium without antibiolics was used. Medium was
refreshed prior to adding rll-1f to either the upper or lower compariment of the Transwell-system. At
noughi and six hours, samples from both compartments were {aken and stered at -70°C until tested for
CA 125.

To find out whether other stimuli besides tH-1f were able to Induce the mesotheliat celis to seciete CA
125, lhese were subcultured to conflient monolayers in six well culture dishes {Costar) The wells were
Incubated with tumor necrosis factor-u (TNF-o; 100 U/iml; Genzyme Corporation), lipopolysaccharide from
Escherichia coli (LPS; 1 pgfml; Sigma Chemicat Co., St. Loius, Missouri, USA) or rll-14 (25 Uiml). A well
without a stimulus was used as control. Six hours after incubation, samples of the supernatant fluids wers
taken and stored at -70°C uniill tested for CA 125.

A microparticle enzyme immuncassay {MEIA) was used (IMx CA 125, Abbott Laboratories, AbbottPark,
lllinois, USA) for the quantative measurement of secreted human CA 125 by the mesothelial cell
monolayers.

RESULTS

Activated MC monolayers noliceably show a polarity in secretion of CA 125 in
favour of the apical side of the monolayer. Whether the stimulus is introduced to
the apical or basolateral side of the mesothelial cell monolayer seems to be of no
importance, as both medes of stimuiaiton lead to preferential secretion of CA 125
towards the apical side of the monolayer (Figure 1).
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Figure 1. Apical and basolateral secretion of CA 125 by confluent monolayers of mesotheliat cells.
Stimulation of the mesothelial cells took place by adding rlL-1p (25 U/ml) at 0 hours to the apical or
basolateral side of the monolayer. Results are expressed as the mean {(SEM) in unils of five separate
experiments. *Apical secretion was significantly higher compared with the basclateral secretion of CA 125
at the same timepoint. (p<0.05; two tailed paired Student f-test),

For six hours, mean (SD) 17.9 (4.1) units of CA 125 were secreted by cuitured
human mesotheliat cells wilhout deliberate activation of the cells with inlammatory
stimuli, All stimuli used for the mesothelial cell monolayers induced a noticeable
increase in the secretion of CA 125 into the supernatant fluid. The most effective
stimulus of mesothelial cell CA 125 secretion was seen with rlL-13; a 77%
increase was noted when riL-13 was present in the incubation mixture {Figure 2).

DISCUSSION

Cancer antigen 125 Is a highly sensitive tumormarker for ovariah epithelial tumors:
OC 125, the antibody against CA 125, can recognise ail of six human ovarian
cancer cell lines.! In spite of the fact that OC 125 fails to react with normal ovary
cell lines, and with 13 out of 14 non-ovarian cancer cell lines, the specificity of CA
125 is remarkably low. increased concentrations of serum CA 125 have been
found in patients with liver cirrhosis, hepatocellular carcinoma, and tuberculous
peritonitis.” ® ' Increased serum CA 125 concentrations are also seen after
abdominal surgery.® increased serum CA 125 concentrations have likewise been
defected in women during the menstrual cycle, preghancy, and during pelvic
inflammatory disease.” ™ The results of the present study suggest that increased
serum CA 125 concentrations in all the cases mentioned may have their origin in
activated periloneal mesothelium.

Mesothelium has sophisticated junctional complexes that might allow a gradient of
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Figure 2. Influence of inflammatory stimuli on apical CA 125 secretion of masothelial cells. Stimutation of
the mesothelial cells fook place by adding riL-1p (256 Uiml), TNF-« {100 U/ml) or LPS E. cofi (1 yg/m1) at
0 hours. CA 125 secretion was measurad six hours later. Results are expressed as the mean (SEM) units
CA 125 based on four separate experiments. "CA 125 secretion was significanily higher compared with the
secretion of unstimulated MC at 6 hours, (*p<0.05; “*p<0.01; two tailed paired Siudent {-tast),

CA 125 to be created.' Other workers have stated that the peritoneum serves as
a barrier for high molecular weight tumor antigens such as CA 125, as CA 125
values in the ascites of patients with ovarian carcinoma were found o be up to
130 times higher compared with those in the serum.™ " In our in vitro mode! the
apical side of the mesothelial cell monoclayer correlates with the side facing the
abdominal cavity in vivo. Our results indicate that CA 125 is preferentially secreted
towards the abdominal cavily. These resulls further support the concept that
peritoneum indeed forms a barrier for CA 125 fransport and contributes actively to
the CA 125 gradient accross the peritoneal membrane. It is likely that CA 125
reaches the circulation through lymphatic absorption via the large fenestrae
present in the diafragmatic peritoneum.

Polarized secretion of proteins by a cultured monolayer of mesothelial cells is not
unique to CA 125: Interleukin-8, a chemoattractant for neutrophils®, is also
produced by mesothelial cells and is likewise secreted preferentially via the apical
surface of activated mesothelial cells. This gradient of interleukin-8 is probably of
paramount importance in the migration of neutrophils through the mesothelial cell
monolayer towards the peritoneal cavity.”

The active rale of mesothelium in inflammatory processes during bacterial and
non-bacterial (carcinomatous) peritonitis is not yet fully understood. However, the
present data show that CA 125 can no longer be seen only as a tumor marker,
Further investigations are recommended to delineate the role of CA 125
production by mesothelial cells.
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The adherence to and subsequent migration of isukocytes across mesothelium are
key events in the inflammatory response during peritonitis. This thesis describes
a number of regulatory mechanisms that characterize the basic processes of
neutrophil and monoccyte adherence to and migration across activated human
peritoneal mescthelial cslls in an in vitro model of peritonitis.

Chapter 1 describes both macroscopic and microscopic properties of the
mesothelium, with emphasis on the characteristic changes during peritonitis. One
of the main aspects of this thesis is the study of leukocyte migration across
cultured mesothelium. in general, the leukocyte influx from the bloodstream
towards the inflammatory tissue is guided by chemoattractants. These 'attracting’
substances may originate from different sources, such as hacteria, complement
and different types of cell, including endothelium. Some of the chemoatiractants
involved in leukocyte migration across endothelium are described. Before migralion
can take place, leukocytes must adhere avidly to endothelial cells. The last pait of
the introduction summarizes the current state of knowledge concerning the specific
adhesion receptors on both leukecytes and endothelial cells involved in adherence
o each other, thus describing the regulation of the first steps of the migration of
these leukocytes in feaving the circulation in inflammatory events.

One of the major neutrophil chemoattractants is interleukin-8 (iL-8), which can be
synthesized by a farge variety of cells (including mesothelium). IL-8, may thus, play
a crucial role in different inflammatory processes throughout the human body. The
functional role of IL-8 secretion by mesothelial cells is described in Chapter 2. The
secretion pattern of IL-8 by activated mesothelial cell monolayers showed a
polarized secretion of IL-8, preferentiaily towards the apical side of the monolayers.
This means, in vivo, that in the abdominal cavity more |L-8 is present than on the
other side of the mesothelial monofayer, ie. in the submesothelial tissue.
Neufrophils are capable of migrating towards the highest concentration in a
gradient of chemoattractants (the exact mechanism of this process is not known).
The polarized secretion pattern of IL-8 by the mesothelial monolayers concurs with
the physiological situation, since the infection in peritonitis takes place at the apical
side of monolayer (i.e. the abdominal cavity). The functional role of the polarized
secretion by IL-8 was quantitated through assays of PMN migration across
activated mesothelial monolayers. For this purpose, mesothelial cell monolayers
were cultured ‘hanging' on filters, to study the migration in the physiological
direction (i.e. submesothelial tissue to abdominal cavity). This assay system, thus,
permiited the neutrophils to approach and adhere to the basolateral side of the
monolayer. A significantly increased migration of PMN was observed in this
direction, compared to the migration across mesothelial monolayers cultured not
hanging' from but 'lying down' on top of the fiiters. The importance of IL-8 in this
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process was shown by reduction of PMN migration across inverted activated
monolayers {63%) in the presence of specific antibodies against IL-8.

Chapter 3 describes the neutrophil adherence to and migration across resting and
IL-1B-pretreated mesothelial cell monolayers in more detail. The involvement of
mesothelium adhesion receptor ICAM-1 and of the neutrophil receptor CR3 were
defined, as were the circumstances under which adherence occurs. It is concluded
that neutrophil activation by IL-1p-pretreated mesothelial cells is necessary before
adhesion takes place. This step requires de novo protein synthesis by the
mesothelial cells.

In this thesis we have described the secretion of IL-8 by activated mesothelial cells
both in viva and in vifro. We found in Chapter 4 that the abdominal fluid of patients
suffering from appendicitis with a perforated appendix contained more IL-8, than
fluids harvested from patients with non-perforated appendicitis, indicating an
important role for bacteria in inducing the inflammatory cascade. Anaerobic
bacterial species, such as Bacteroides, which are frequently isolated in surgical
peritonitis and aerobic species, such as Staphylococcus, which frequently cause
CAPD-related peritonitis, were found to induce cultured mesothelial cells to secrete
large amounts of IL-8. However, additional regulatory mechanisms of neutrophil
influx may be present in the peritoneal cavity during peritonitis in an in vivo
sifuation. One possible mechanism is the processing of IL-8. Thrombin' and
elastase’ are able to convert IL-8 from a 77-amino-acid into an 72-amino-acid
protein, which changes IL-8 into a more active chemoattractant.®* We confirmed this
reaction in vitro: the IL-8 secreted by mesothelial cells is, at least in part, the 77-
amino acid form of IL-8, Thrombin further increased the chemotactic capacity of
supernatant obtained from activated mesothelial cells (unpublished data). Thus,
biood spilt into the peritoneal cavily dusing peritonitis, e.g. during surgical
intervention, causes activation of the coagulation system, subsequently followed
by thrombin release and thus, may stimulate the PMN influx if IL-8 is also present.
Anocther pathway of splicing IL-8 in this cascade is auto-activation of the neutrophil
influx by elastase; this toxic enzyme is released by the PMN themselves after
degranulation of the azurophilic granules.

It can be concluded from the previous chapters that the onset of the neutrophil
influx during peritonitis is a localized process in which mesothelium plays a key
role. The prevailing concept that monocytes are the main source of IL-8 production
during the beginning of peritonitis® must therefore be reconsidered. Modulation of
the neutrophil influx during inflammation has been proven beneficial in animal
studies. Whenever modulation of the PMN influx during peritonitis is wanted, it
wotild be preferable to do so at the very beginning of the infiux, e.g. by giving mAb
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against IL-8 intraperitoneally, Unfortunately, at present it is impossible to predict
which patients with peritonitis are likely to develop a multiple organ failure despite
antibiotic and surgical therapy. Further research in this field may lead to new
strategies of modulating the neutrophil influx into the peritoneal cavity as an
adjunct to the conventional therapy for peritonitis.

Chapter 5 describes the opscnin transport across cultured mesothelial cells.
Mesothelial monclayers are a relative barrier for opsonin transport. However,
whenever neutrophils migrate across the cell layer, opsonins seem to ‘trave!' with
them. It is likely that during the PMN migration the confluence of the monolayer
decreases, so that proteins, such as opsonins, can diffuse passively to the
abdominal cavity and thereby enhance the elimination of the bacteria.

In Chapter 6, activation of peripheral blood and peritoneal effluent neutrophils was
studied in patients with CAPD-associated peritonitis. The surface antigen
expression of the peritoneal exudate PMN, isolated from the first 'cloudy bag,' had
changed compared to PMN isolated from the blood of the same patient: an
increased expression of early aclivation markers was observed. Howsver,
degranulation of the azurophilic granules could not be detected. These changes
in granulocyte activation are not unigue for peritonitis: it was previously observed
in PMN isolated from joint fluid of patients suffering from arthritis. Apoptosis, also
known as ‘programmed cell death' was not measured in the exudate PMN during
the initial phase of peritonitis. Furthermore, a difference in chemotactic response
between the biood or peritoneal neutrophils towards the chemoattractants FMLP,
PAF, Cha, or IL-8 was also not observed.

Most of the studies described in this thesis deal with neutrophil interactions with
mesothelial celis. The influence of the mesothelium in monocyte adherence to and
migration across monolayers of mesothelium was also studied, the results of which
are summarized in Chapter 7. The chemotactic response of monccytes towards
activated mesothelial supernatant and modulation of this response by mAbs
against MCP-1 and TGF- were measured by the Boyden-chamber technigue. The
general conclusion of this chapter is that, in sharp contrast to neutrophil influx,
monacyte influx across cultured mesothelium is not modulated after activation of
mesothelium at all.

Chapter 8 describes the secretion of CA 125 by activated mesothelial cells. CA
125 is generally used as a tumour marker for ovarium carcinoma.® Earlier
histological studies have shown the presence of CA 125 at the surface of
peritoneal mesothelium,® suggesting active participation of these cells in CA 125
synthesis. Furthermore, increased levels of CA 125 have been found in sera of
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patients during episodes of bacterial peritonitis.”® Indeed, we found that cultured
mesothelial cells are able to secrete CA 125 whenever activated by various pro-
inflammatory products, such as IL-13, TNF or LPS from E. coli. In future, CA 125
can be used not only as a tumour marker in the follow up of ovarian carcinoma,
but also as a marker for processes in which activation of the mesothelium takes
place.
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De binding en hieropvolgende migratie van witte bloedcellen {leukocyten) door
het buikvlies (mesotheel) zijn centrale gebeurtenissen in de ontstekingsrespons
die opfreedt tijdens buikvliesontsteking (peritonitis), Dit proefschrift beschrijft
verscheidene regulatiemechanismen die het proces van aanhechting en
migratie van neutrofiele granulocyten en monocylen door humane peritoneale
mesotheelcellen karakteriseren, bestudeerd in een in vilro model voor
peritonitis.

In Hoofdstuk 1 worden de macroscopische en microscopische eigenschappen
van mesotheel heschreven, met nadruk op karakteristicke veranderingen die
optreden tiidens peritonitis. In dit proefschrift is vooral de migratie van
leukocyten door een laag van gekweekte mesotheelcellen bestudesrd. Over
het algemeen wordi de influx van leukocyten vanuit de bloedbaan naar
ontstoken weefsels gemedieerd door zogenaamde chemoatiractantia. Deze
letikocyten aantrekkende stoffen kunnen van zeer uiteenlopende corsprong zijn
{bacterie of complement) of geproduceerd worden door verschillende celtypen,
waaronder endotheelcellen. In  dit hoofdstuk worden een aantal
chemoattractantia, die een rol spefen in de migratie van leukocyten door
endotheel, beschreven. Voordat migratie plaats kan vinden moeten leukocyten
eerst binden aan specifieke receptoren op de endotheelcellen. In het laatste
gedeelte van dit hoofdstuk wordt de hedendaagse kennis met betrekking tot
deze specifieke adhesie receptoren op zowel leukocyten en endotheelcellen
samengevat. Hiermee wordt de eerste stap van het proces hechreven,
waarmee leukocyten de bloedsomioop verlaten tijdens ontstekingen.

Een van de belangrijkste chemoattractantia voor neutrofiele granulocyten is het
inferleukine-8 (IL-8), dat gesyntheliseerd kan worden door verschillende
celtypen (waaronder mesotheel). IL.-8 zou daarom een cruciale rol kunnen
spelen in diverse onistekingsprocessen op verschillende plaatsen in het
menselijk lichaam. In Hoofdstuk 2 wordt de secretie van IL-8 door
mesotheelcellen beschreven. Het blijkt dat de secretie van IL-8 door een
monolaag van geactiveerde mesotheelcellen gepolariseerd plaatsvindt, met een
voorkeur voor de apicale kant de van de monolaag. Dit betekent dat in vivo
meer IL-8 aanwezig zal zijn in de buikholte dan aan de andere kant van de
mesotheel monolaag (het submesotheliale weefsel). Neutrofiele granulocyten
hebben de eigenschap zich in een gradient van chemoaliractantia voort te
bewegen naar de plek met de hoogste concentratie. De gepolariseerde secretie
van |L-8 is in overeenstemming met de fysiologische situatie, aangezien de
ontsteking tijdens peritonitis plaatsvindt aan de apicale zijde van de mesotheel
monolaag. In dit hoofdstuk werd de gepolariseerde secretie van IL-8 door
mesotheelcellen ook bestudeerd in een functionele assay. In deze assay werd
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de migratie van neutrofiele granulocyten door een monolaag van geactiveerde
mesotheelcellen gemeten. Een speciale kweekiechniek werd ontwikkeld, waarbij
mesotheelcellen hangend aan filters werden gekweekt, zodat migratie
bestudeerd kon worden in een fysiologische richting (van de submesotheliale
kant naar de intra-abdominale kant), doordat neutrofiele granulocyten de
basolaterale kant van de monolaag konden naderen. Een significant
loegenomen migratie van neutrofiele granulocyten werd gemeten op deze wijze
ten opzichte van mesotheelcel monolagen die op de confentionsle manier
waren gekweekt (niet hangend aan, maar liggend op het filter en dus in de
verkeerde richling). De migratie bleek IL-8 afhankefijk te zijn, aangezien de
aanwezigheid van een IL-8 remmend antilichaam de migratie door omgekeerd
gekweekte mesotheelcellen voor 63% kon remmen.

in Hoofdstuk 3 wordt de aanhechting van neutrofiele granulocyten aan en de
migratie door ongeactiveerde en met iL-13 voorbehandelde mesotheel
monolagen beschreven. De rot van de adhesie receptoren ICAM-1 op de
mesotheelcel en CR3 op de neutrofiele granulocyt werd hepaald en de
omstandigheden waaronder adhesie plaatsvindt werd onderzocht. Er werd
geconcludeerd dat activatie van de neutrofiele granulocyt door IL-1B
voorbehandelde mesotheelcellen nodig is om adhesie te doen plaatsvinden.
Voor deze stap is de novo eiwit synthese door de mesotheelcel nodig.

In dit proefschrift hebben we niet alleen secretie van IL-8 door mesotheelcellen
in vitro, maar ook in vivo aangetoond. In Hoofdstuk 4 lieten we zien dat in
patiénten met appendicitis, die een geperforeerde appendix hadden, meer iL.-8
aanwezig was in het abdominale vocht dan in paténten met appendicitis en een
niet geperforeerde appendix. Ook werd aangetoond dat niet alleen anaérobe
hacterién, zoals Bacteroides, die vaak gelsoleerd worden bij peritonitis, maar
ook adrobe bacterién, zoals Staphylococcus, die vaak CAPD-gerelateerde
peritonitis veroorzaken, mesotheelcellen direct kunnen aanzetten tot secretie
van IL-8. Deze resultaten veronderstelien een belangrijke rol voor bacterigén in
het aanzetten van ontstekingsreacties. Echter, in vivo bestaan er waarschijnlijk
nog andere mechapnismen om de influx van neutrofiele granulocyten te
reguleren. Een belangrijk mechanisme is waarschijnlijk de omzetting van IL-8 in
activere vormen. Trombine en elastase kunnen IL-8 omzelten van een 77 in
een 72 aminozuur lang eiwit, waardoor het een veel sterker werkend
chemoattractant wordt. Deze reactie werkle ook in ons in vitro systeem: de
chemotactische capaciteit van supernatant van geactiveerde mesotheelcellen
kon worden verhoogd door thrombine (niet gepubliceerde data). Dit betekent
dat wanneer er tijdens een operatie wegens peritonitis, bloed terecht komt in de
peritoneale heolte de na stolling gevormde trombine de influx van neutrofiele
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granulocyten zou kunnen versterken. Overigens het feit dat IL-8 ook door
elastase geknipt kan worden betekent dat de influx van neutrofiele granulocyten
zichzelf ook kan versterken: dit enzym komt vrij uit de azurofiele granulae van
geactiveerde neutrofiele granulocyten.

Op basis van de gegevens gepresenteerd in de vorige hoofdstukken kan
geconcludeerd weorden dat de influx van neutrofiele granulocyten tijdens
peritonitis een gelokaliseerd proces is waarin het mesotheel een centrale rol
speelt. Het heersende concept dat monocyten de bslangrijkste bron zijn van IL-
8 tijdens het ontstaan van een peritonilis, moet daarom worden herzien. Met
behulp van dierproeven is aangetoond dat het moduleren van de influx van
neutrofiele granulocyten nuttig kan zijn. Als men de influx van neutrofiele
granutocyten tijdens peritonitis zou willen moduleren, zou dat het best gedaan
kunnen worden door te interfereren bij het op gang komen van de influx, door
bijvoorbeeld monoclonale antilichamen tegen IL-8 intraperitoneaal te geven.
Echter, het is op dit mement nog onmogelijk om te voorspellen welke patiénten
systemisch orgaan falen zullen gaan ontwikkelen ondanks antibiotische en
chirurgische therapie en dus mogelijk baat hebben blj modulatie van de influx
van heutrofiele granulocyten. Toekomstig onderzoek in dit gebied zal misschien
resultersn in nieuwe methoden om de influx te moduleren, die mogelijk een
belangrijke toevoeging kunnen zijn aan de conventionele therapie.

In Hoofdstuk 5 wordt het opsoninen transport door mesotheslcel monolagen
beschreven. Deze monolagen bieken een relatieve barriere voor het opsoninen
transport te zijn. Echter, tijdens het transport van neutrofiefe granulocyten door
de cellaag verhoogt ook het transport van opsoninen. Waarschijnlijk vermindert
tijidens migratie de confluentie van de monolaag, waardoor eiwitten, zoals
opsoninen, passief in de abdominale holte kunnen diffunderen en daar de
eliminatie van bacterién kunnen versterken.

in Hoofdstuk 6 wordt de activatie van neutrofiele granulocyten uit het perifere
bloed en uit het peritoneale effluent (de eerste froebele zak) van patiénten met
CAPD geassccieerde peritonitis bestudeerd. De expressie van opperviakte
antigenen van neuirofielen geisoleerd uit het effluent verschilde van neutrofielen
geisoleerd uit het bloed van dezelfde patiént. Athoewel de vroege activatie
markers een verhoogde expressie vertocnden, kon er geen degranulatie van
azurofiele granulae gedetecteerd worden. Deze verschillen in granulocyt
activalie zijn niet uniek voor peritonitis: in neutrofiele granulocyten geisoleerd uit
gewrichtsvloeistof van arlhritis patiénten is deze activatie ook gevonden.
Apoptose (geprogrammeerde celdood) kon niet aangetoond worden in de
neufrofielen in de initiéle perifonitis fase. Ook vertoonden de neutrofiele



113

granulocyten uit het buikvocht en het bloed geen verschillen in chemotactische
respons jegens de chemoatlractantia FMLP, PAF, C5a en iL-8.

Het leeuwendeel van de studies beschreven in dit proefschrift gaat over de
interactie tussen mesoctheelcellen en neutrofiele granulocyten. De rol die het
mesotheel speel{ in de adhesie van monocyten aan mesotheelcellen en de
hieropvolgende migratie werd onderzocht in Hoofdstuk 7. De chemotaclische
respons van monhocyten jegens supernatant van geactiveerde mesotheelcellen
en de modulatie van deze respons door antilichamen tegen MCP-1 en TGF-3
werden bepaald met de Boyden-kamer techniek, Geconcludeerd werd dat, in
tegenstelling tot neutrofiele granulocyten, de influx van monocyten door
mesotheel totaal niet gemoduleerd wordt na activatie van mesotheelcellen.

In Hoofdstuk 8 wordt de secretie van CA 125 door geactiveerde
mesotheelcellen beschreven. CA 125 wordt gewoonlijk gebruikt als een tumor
marker voor ovarium carcinomen. Eerdere histologische studies hebben laten
zien dat CA 125 aanwezig is op het oppervlak van peritoneale mesotheelcellen,
wat erop wijst dat deze cellen CA 125 kunnen synthetiseren. Verder zijn
verhoogde spiegels van CA 125 gevonden in sera van patienten met bacteriéle
peritonitis. Wij vonden dat gekweekte mesotheelcelfen CA 125 kunnen
uitscheiden als ze geactiveerd worden door ontstekingsmediatoren, zoais IL-1(,
TNF of LPS van E. coli. Dit betekent dat CA 125 niet alleen als tumor marker in
de follow up van ovarium carcinomen gebruiki kan worden, maar ook als
marker voor mesotheel activatie,
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CALIFORNIA BIGFOOT

An electron micrograph shows a neutrophilic leukocyte from an acute bacterial
inflammatory reaction in the peritoneal cavity of a rabbit. Two segments of the
nucleus can be seen, as well as a cytoplasm full of granules that contain
antibacterial and lysosomal enzymes (x12,000).
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Reprinted with permission of the Journal
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