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O  We recently found that chemokine-driven peritoneal cell aggregation is the primary mechanism
of postoperative adhesion in a mouse model. 1o investigate this in humans, paired samples of per-
itoneal lavage fluid were obtained from seven patients immediately after incision (preoperative)
and before closure (postoperative), and were assayed for the presence of 27 cytokines and chemokines
using multiplex beads assay. As a result, IL-6 and CCL5 showed the most striking increase during
operation. Recombinant CCL5 or lavage fluid induced chemotaxis of human peripheral blood
mononuclear cells. We propose that CCL5 is possibly involved in the mechanism of postoperative
adhesion in humans.

Keywords CCL5, chemokine, cytokine, laparotomy, multiplex beads assay, peritoneal
fluid

INTRODUCTION

Postoperative adhesions occur in the majority of patients following
laparotomy and laparoscopy.'?! Treatment of adhesions can be expensive,
and in some cases, life-threatening. In spite of the large number of surgical
operations performed daily, the mechanism of peritoneal adhesion is not
well understood. Previous reports have shown that peritoneal injury is trig-
gered by leakage of plasma proteins, followed by formation of fibrinous
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deposits and proliferation of fibroblasts.””) Rapid and transient influx
of neutrophils into the peritoneal cavity also occurs, followed by the
accumulation of mononuclear cells, usually macrophages.!*®’ CD4" T cells
and the T cell-derived proinflammatory cytokine interleukin (IL)-17 also
play significant roles in peritoneal adhesion.!® Active roles of these cells
in adhesion have been shown.[”® We previously found that peritoneal
macrophages (PMF) form a large aggregated mass that packs the serosal
side of the perforating ulcer with adhesion of visceral tissues in a colitis
model in mice."”) Transcripts encoding chemokine C-C motif receptor 8
(CCR8) were upregulated in the aggregating cells, while other chemokine
receptors were downregulated compared with naive PMF. Of note, chemo-
kine C-C motif ligand 1 (CCL1), the ligand for CCR8, was also produced by
macrophages and mesothelial cells in response to inflammatory stimuli.
The presence of CCLI-induced formation of cell aggregates by PMF and
mesothelial cells ¢n vitro, and neutralization of CCL1 prevented formation
of peritoneal membranous adhesion in vivo."”) Thus, autoactivation of per-
itoneal macrophages via chemokines was the initial trigger for peritoneal
adhesion. These results from the mouse system prompted us to investigate
similar chemokine-/cytokine-driven mechanisms of peritoneal adhesion in
humans. In this study, we collected peritoneal lavage fluid at the beginning
and the end of laparotomy, and quantified the presence of 27 cytokines and
chemokines in an effort to identify potential molecules that could be tar-
geted to prevent adhesion formation in humans.

EXPERIMENTAL METHODS
Peritoneal Lavage Fluid and Exudate Collection

This study was performed with approval from the ethics committees of
the National Center for Global Health and Medicine and Jichi Medical
University. Seven patients (Table 1) who had laparotomy for colorectal
resection of colorectal cancer were recruited in this study with informed

TABLE 1 Patient Demographics

Operation
Case Age  Sex Operation Stage Time (h)
1 51 Male Intersphincteric resection with loop ileostomy I 5.00
2 74 Female Sigmoid colectomy I 2.25
3 57 Male Low anterior resection with loop ileostomy 11 3.30
4 76 Male Low anterior resection v 5.00
5 65 Male Left hemicolectomy with extended left lobectomy of the liver IV 8.75
6 62 Male Anterior resection 111 3.17
7 40 Female Low anterior resection III 4.08
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consent. These patients had not had a previous major laparotomy, and none
of them suffered from inflammatory bowel disease. Immediately after
incision at the beginning of the operation (preoperative) and before closure
at the end (postoperative), 1 L of saline was poured into the peritoneal cavity,
and as much fluid as possible was aspirated back into a bottle. The recovered
fluid volume was approximately 777-934 mL [857 £ 76 mL, mean =+ standard
deviation (SD)]. After removal of visible fat debris, exudate cells were sepa-
rated by centrifugation at 600 x g Supernatant aliquots were maintained
at —80°C until use, and were subjected to cytokine assays using the Bio-Plex
Suspension Array system (Bio-Rad Japan, Tokyo, Japan). The assay tested for
the presence of IL-1f, IL-1 receptor antagonist (IL-1Ra), I1-2, 114, IL-5, IL-6,
IL-7, 119, IL-10, IL-12 (p70), I1L-13, IL-15, IL-17, interferon (IFN)-p, tumor
necrosis factor (TNF)-a, basic fibroblast growth factor (FGF basic),
granulocyte-colony stimulating factor (G-CSF), granulocyte macrophage
colony-stimulating factor (GM-CSF), platelet-derived growth factor (PDGF)-
BB, vascular endothelial growth factor (VEGF), eotaxin (CCL11), IP-10 [che-
mokine C-X-C motif ligand 10 (CXCL10) ], MCP-1 (CCL2), MIP1a (CCL3),
MIP1p (CCL4), RANTES (CCL5), and IL-8 (CXCLS).

Cell Culture

Preoperative peritoneal exudate cells from five patients (Cases 1-3, 6,
and 7) were cultured in a 24-well plate at 5.8 x 10° cells/mL per well, with
or without 100 ng/mL lipopolysaccharide (LPS; from Salmonella minnesota,
Sigma-Aldrich, St. Louis, MO, USA) for 20 h. Supernatant of duplicated cul-
tures was harvested and subjected to the assay described above.

Chemotaxis Assay

Peripheral blood mononuclear cells (PBMCs) obtained from a healthy
volunteer using Ficoll-Paque Plus (GE Healthcare Japan, Tokyo, Japan)
were prestained for 30 min at 37°C with 3 uM 2',7"-bis(2-carboxyethyl)-5-
(and-6)-carboxyfluorescein acetomethyl ester (BCECF-AM, Molecular
Probes, Eugene, OR, USA) and then suspended at 2 x 10° cells/mL in
Hank’s balanced saline solution containing 0.5% bovine serum albumin
and 20mM HEPES. Chemotaxis assay was performed using a Chemo
Tx-96 Chemotaxis plate (NeuroProbe, Inc., Gaithersburg, MD, USA), as fol-
lows. After washing, 65 L of cell suspension was loaded onto the mem-
brane plate and placed onto a flat-bottomed microtiter plate with 96
wells containing 30 pL. of recombinant CCL5 (R & D Systems, Minneapolis,
MN, USA) solution in each well or peritoneal lavage fluid diluted with
phosphate buffered saline (1:1). The plate was then incubated at 37°C
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for 120 min, and cells that had undergone migration were collected. These
collected cells were lysed with 0.1% triton X-100 and counted using a
fluorescence microplate reader (FlexStation, Molecular Device Japan,
Tokyo, Japan). Data were shown as the average of five scans. Anti-human
CCL5 and anti-human CCL2 antibodies were purchased from R & D
Systems.

Statistical Analysis

The results were statistically analyzed by the two-tailed paired t-test using
Prism 4 software (GraphPad Software, Inc., La Jolla, CA, USA). When Pvalues
were less than 0.05, the results were considered as a significant difference.

RESULTS AND DISCUSSION

We measured the amounts of various cytokines and chemokines in the
peritoneal fluid from patients prior to and following a colorectal operation
in an effort to identify molecules that may be involved in the formation of
adhesions in the gut. Many molecules were drastically increased in the per-
itoneal lavage fluid after the laparotomy procedure (Table 2). The concen-
tration of IL-6 was increased 11-fold, while that of IL-1f, PDGF, and IL-1Ra
showed more than a fivefold increase. Furthermore, IFN-y, 1L-13, 114,
IL-10, and VEGF were increased more than twofold in postoperative sam-
ples. When the percent composition of each cytokine in the total sample
was evaluated, we observed that FGF basic, GM-CSF, and IL-6 were domi-
nant in the preoperative samples. However, only IL-6 increased to account
for more than 50% of the measured cytokines in the postoperative samples
(Figure 1A). For the chemokine response, we observed that CCL5, CCL3,
CCL2, CXCL8, and CCL4 were increased after the operation. However,
in terms of absolute amount of protein, CCL5, CCL2, CXCLS8, and CCL4
were the major secreted chemokines. As for percent composition, increases
in CCLb were the most obvious, while the relative amount of other chemo-
kines did not significantly change, except for CXCL10 (Figure 1B). One
patient, case 5 in Table 1, who underwent lobectomy of the liver with rela-
tively long operation time was included in our study. Since this case might
have different conditions of the peritoneal cavity from other cases, we
reviewed individual data. However, this patient did not show a particular
secretion pattern of CCL5, IL-6, or other cytokines and chemokines when
compared with other cases (Figure 1C). Since we had found that the CCL1/
CCRS system is critical in the formation of peritoneal adhesions in mice,'”!
we attempted to measure the amount of CCLI present in the samples, but
the concentration in the original peritoneal lavage fluid was less than the
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TABLE 2 Concentration of Cytokines and Chemokines (pg/mL) in Peritoneal Lavage Fluid

Pre-operation” Post-operation” P value Fold Increase

Cytokines

IL-6 1776 4 2624 20074 47240 0.001* 11.3
IL-18 333+ 155 2857 £ 4010 0.153 8.6
PDGF 185+ 67 1084 £ 776 0.025* 5.8
G-CSF 4351410 2098 +2119 0.100 4.8
IL-1Ra 220£119 8744709 0.058 4.0
IFN-y 176 +30 567 £ 275 0.018* 3.2
IL-13 333 +£158 763 4 541 0.046" 2.3
L4 163 469 328+ 192 0.021* 2.0
IL-10 489 £ 149 982 £ 482 0.071 2.0
VEGF 822 + 246 1609 4- 884 0.101 2.0
IL-12 217475 3724221 0.121 1.7
TNF-x 742 £132 1222 4+ 576 0.104 1.6
IL-15 874 £567 13524857 0.014* 1.5
19 323+ 61 495+ 123 0.001* 1.5
IL-7 201475 273+ 141 0.368 14
12 223 +133 280+ 105 0.157 1.3
GM-CSF 1218 + 859 1012 4628 0.438 0.8
IL-5 90 £80 63110 0.405 0.7
FGFbasic 3882+ 1886 2707 £ 3004 0.363 0.7
IL-17 669 + 446 418 £333 0.122 0.6
Chemokines

CCL5 (RANTES) 2241 +£1921 24066 + 2979 P<0.0001" 10.7
CCL3 (MIP1a) 160 £ 69 1431 £ 2865 0.284 8.9
CCL2 (MCP-1) 2250 £1534 14511 4 8692 0.008* 6.4
CXCLS8 (IL-8) 1881 42446 11647 + 7836 0.024* 6.2
CCL4 (MIP1p) 1409 + 1287 7216 £ 5660 0.033* 5.1
CCL11 (eotaxin) 318+185 5844253 0.031* 1.8
CXCL10 (IP-10) 980 £ 1267 82741448 0.109 0.8
Total protein mg/mL 1.593 +1.721 3.39 £2.99 0.269 2.1

“Data are shown as an average of seven cases with a standard deviation.
*Statistically significant difference (P<0.05) between pre- and postoperative samples.

sensitivity of the assay. We detected 10 pg/mL CCL1 after removal of albu-
min, with a 10-fold greater concentration of the fluid in the preoperative
sample from one individual, but this patient had severe peritoneal
adhesion and was therefore excluded from this study.

The majority of cells harvested from the peritoneal lavage fluid prior to
the operation were CD337CD14" macrophage-type cells (data not shown)
and lymphocytes as reported previously.''”! In order to know how these
cells respond to inflammatory stress that possibly occurs during colorectal
operation, we tested if the treatment of these cells with LPS, a potent acti-
vator of macrophage type cells, would enhance the chemokine/cytokine
response. As expected, secretion of inflammatory cytokines, which were
upregulated during operation including TNF-« and IL-6, were significantly
augmented in the presence of LPS (Figure 2). In spite of the striking
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FIGURE 1 Relative amount of measured cytokines (A) and chemokines (B) listed in Table 1. Percent-
age was calculated by dividing the concentration of cytokines or chemokines (pg/mL) with sum of the
concentrations (total concentration) of measured cytokines or chemokines (pg/mL). (C) Data from an
individual case for CCL5 and IL-6 are shown. Blank bars, preoperative concentration; solid bars, post-
operative concentration. The case number indicates the patient ID in Table 1 (color figure available
online).

increase in CCL5 in the postoperative lavage samples, the amount secreted
by cultured exudate cells was low and was not augmented by LPS. Similar
results were obtained for CCL2 (data not shown). These results suggested
that peritoneal exudate cells are not the origin of CCL5. Further, to
support the inflammatory process that may be mediated by CCL5 in the
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FIGURE 2 TNF-x, IL-6, and CCL5 production by peritoneal exudate cells. Peritoneal exudate cells
harvested from preoperative lavage fluid were cultured with (LPS) or without LPS (none). Culture
supernatant was subjected to the assay for TNF-o (A), IL-6 (B), and CCL5 (C).

peritoneal cavity, we tested PBMGCs if they have chemotaxis potential in
response to CCL5. As shown in Figure 3, recombinant CCL5 as well as per-
itoneal fluid was able to induce chemotaxis of PBMCs. Anti-CCL5 antibody
but not anti-CCL2 antibody partially inhibited the chemotaxis induced by
peritoneal lavage fluid.

This study reports the comprehensive analysis of the secretion of
cytokines and chemokines in the peritoneal cavity during laparotomy. Prior
studies have investigated individual cytokines in peritoneal fluid after oper-
ation,[ll] but the total composition of cytokines present in the peritoneal
cavity before and after operation has not been addressed until now. Impor-
tantly, assaying both the pre- and postoperative lavage fluid from the same
individuals enabled us to quantify the cytokine levels under conditions
close to the naive status of each patient, as well as quantify the net secretion
during the operation. Although the stage of the disease in the tested cases
varied, the result was quite constant. For example, IL-18, IL-6, IL-10, IL-12,
IL-13, IL-15, and IL-17 were detected in the preoperative fluid. In combi-
nation with the high amount of GM-CSF, this array of cytokines may work
to maintain the steady-state nature of the peritoneal cavity and its resident
cells. After operation, increases in IL-6 were the most striking, though those
of 1L-13 and IL-15 were also statistically significant. A previous study
reported that adhesion formation 48h after laparoscopy was associated
with a high concentration of IL-6.""*! Though most studies have not
addressed IL-13 and IL-15 under these conditions, they are most likely
involved in the response to surgical stress in the peritoneal cavity. Since
IL-15 is known to activate T cells, which are involved in adhesion forma-
tion, "> it is possible that it could trigger the reaction of these cells to
induce further immune responses. IL-13 may induce alternative (M2 type)
activation of macrophages,''”’ and M2 type macrophages have reduced
abilities to stimulate T cell proliferation and Th1l differentiation, with the
production of large amounts of 11-10.1"%! Therefore, the balance of IL-15
and IL-13 may be critical for avoiding excess immune reactions. In the



298 R. Kawashima et al.

1200

900

600

300

Chemotaxis (fluorescence)

0

0 01 05 0 01 05
Anti-CCLS Ab
CCLS 5 ng/ml None

A)

4004 =ifre

1

None Anti-CCLS  Anti-CCL2
®)

FIGURE 3 CCL5-driven chemotaxis of human PBMCs. (A) Chemotaxis of PBMCs induced by recombi-
nant CCL5 was measured in the presence of indicated concentrations of anti-CCL5 antibody (mg/mL).
(B) Pre- (blank) and postoperative (solid) peritoneal fluid from case 1 was tested for the chemotactic
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mouse, I11-17 is associated with adhesion formation[6]; however, we found
that in humans, the amount of IL-17 either decreased or remained
unchanged after the operation. It is possible that IL-17 may not play a role
in this process until a later time. The amount of IFN-y was not very high in
the peritoneal fluid prior to the operation, but the fact that it increased by
3.2+fold following laparotomy may support the report that recommends
IFN-y as a target for prevention of adhesion in a mouse model.1'”!
Although differences were not statistically significant, elevation of IL-1Ra
and IL-10 may be important, as both have antagonizing effects on the
inflammatory response.
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Large amounts of the chemokine CCL5 was produced during the lap-
arotomy. CCL5 is a chemoattractant for T cells, monocytes/macrophages,
eosinophils, basophils, natural killer cells, granulocytes, and dendritic
cells,"™ and therefore induce cascade reactions following immune
responses in the peritoneal cavity together with CCL3, CCL4, and CXCLS,
eventually leading to peritoneal adhesion. The exudate cells did not pro-
duce a significant amount of CCL5 during the overnight culture in the
presence of LPS. This result suggests that peritoneal exudate cells may
be not the source of CCL5 during operation. Indeed, human peritoneal
mesothelial cells are reported to produce CCL5 in response to IL-1f or
TNF-o,, which results in significant up-regulation of CCL2 and CCL5 pro-
tein secretion.''” These results indicate it is possible that CCL5 levels
present in a sample may be indicative of mesothelial cell injury.

In our previous study using a mouse model, inhibition of macrophage
migration and aggregation was an effective way of preventing peritoneal
adhesion. In mice, we found approximately 0.5-1.5ng/mL CCL1 in 2mL
peritoneal lavage fluid in mice with peritoneal adhesion, which was unde-
tectable in our ELISA system in the peritoneal cavities of naive mice.'”! This
indicated that around 0.09 ng/g body weight (mouse body weight was esti-
mated as 22 g) of CCL1 was secreted in mice when adhesion was induced.
In contrast, in humans, only 0.00017 ng/g (body weight was estimated as
60kg) of CCL1 was detected as mentioned above. Although we failed to
detect a significant amount of CCLI during the operation in humans,
which needs further study, we did observe dramatic changes in CCL5
instead. CCL5 was produced at the level of 0.04ng/g body weight in
humans after laparotomy, which was comparable to the level of CCLI in
mice. Thus, we postulate that CCL5 may be a component of a chemokine
system unique to the human peritoneal cavity. Importantly, both CCLI in
mice and CCL5 in humans are primarily produced by mesothelial cells.
CCL5 induces recruitment of a wide range of cells including monocytes,
T cells, eosinophils, mast cells, and basophils to sites of inflammation.'®
Indeed, we confirmed the chemoattractant activity of peritoneal lavage
fluid, which was partially mediated by CCL5. In addition to its chemotactic
activity, CCL5 promotes angiogenesis and cancer metastasis, '® which may
be related to the formation of postoperative adhesion. In addition, increase
of CCL5 may promote postoperative cancer cell dissemination in the per-
itoneal cavity. Since major cytokines in the peritoneal cavity are produced
by exudate cells, blocking their migration to mesothelial cells may be an
effective way to prevent peritoneal adhesion. However, it is necessary to
only block molecules that function specifically in peritoneal exudate and
mesothelial cells, without affecting systemic immunity against infection,
tissue repair, or coagulation and fibrinolytic systems. As such, inhibition
of chemokines that specifically recruit immune cells may be more suitable
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for inhibiting adhesion than blocking major cytokines and chemokines.
Although further investigation is required, we propose that targeting
CCL5 may prevent postoperative peritoneal adhesion as well as cancer
metastasis.

CONCLUSION

During laparotomy, acute secretion of chemokines and cytokines,
which are involved in the recruitment and activation of macrophages,
was induced. IL-6 and CCL5 showed the most striking increase. Increase
of CCL5 is the major primary response to surgical stress in the peritoneal
cavity and is possibly involved in the mechanism of postoperative adhesion
in humans.
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