562 A. HOSHINO ET AL

Kidney

day 7 day 10

Nuclei (DAPI)
anti-Gr1 (FITC)
anti-CD11b (PE)

Nuclei (DAPI)
anti-CD11b (FITC)
ANCA-QD (QD840)

b Lung

day 7 day 10

anti-Gr1 (FITC)
anti-CD11b (PE)

anti-CD11b (FITC)
ANCA-QD (QD640)

Fig. 8 ANCA-QD in renal glomerular lesion and pulmonary aggregation with infiltrated CI>11b* and Grl* neu-
trophils. Immunohistochemical stain of kidney and lung cryosections in mice receiving MPO-ANCA (1 mg of naive
Ab with an additional 250 pg/ml of ANCA-QD for imaging). a, Kidney lesion including injured glomeruli was col-
lected on days 6, 7, and 10, then embedded in frozen sections and sliced to 4-pm thickness. The cryosection was
stained with FITC anti-Grl, PE anti-CD11b Ab (upper) and FITC anti-CD11b Ab (lower). ANCA-QD accumulated
on the glomerular lesion was observed with Huorescent microscopy with a long-pass filter (>610-nm wavelength).
The cryosection was stained with DAPI to display the location of the glomerulus. QD-positive cells were located
around glomeruli. Original magnification, X400. Bar indicates 50 um. b, Injured lung collected on days 6, 7, and 10
was stained with FITC anti-Grl, PE anti-CD11b Abs (upper), and FITC anti-CD11b Ab (lower), as described above.
Large clusters of CID11b* and QID* are present in lung of day 10.
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Table 1. Serum cytokine production of SCG/Kj mice

Cytokine conc. Control

Anti-MPO treated C57BL/6J mice

) SCG/Kj
(pg/ml) C57BL/6] Day 5 Day 7

IL-18 111.18 + 13.44 141.01 £ 3.54 157.06 + 778 20741 + 1.41
TNF-a 51.69 * 9.65 169.46 + 7.07 164.29 + 849 1,064.07 + 141.42
-6 12.56 + 29.7 192.40 + 21.92 54733 *+ 5.66 181.11 = 63.64 -
IE-12(p40)” 477 £ 9.90 440.1 + 19.8 30235 + 48.08 1,233.17 *+ 115.26
IL-12(p70)? 21.52 + 17.68 101.41 * 33,94 90.54 + 849 6.87 + 071
11-17 1020 £ 7.78 39.8] + 849 8379 + 566 106.58 + 73.54
KC(CXCL1) 63.47 + 1831 783.7 * 5445 779.20 + 8839 4147 = 1273
RANTES 264.59 + 20.51 1,181.21 + 84.85 940.52 + 202.23 989.89 + 137.18
G-CSF 277 7283 3,079.11 + 113.14 461.43 + 169.00  3399.56 *+ 111.72

The serum cytokine level of mice with MPO-ANCA-induced systemic vasculitis at the indicated time and
that of SCG/Kj mice was measured by the Bio-Plex® cytokine detection kit. CS7BL/6) mice were pretreated
with CAWS and MPO-ANCA twice on days 0 and 5, as described in “Materials and Methods” (n=4). Serum
cytokines of aged SCG/Kj mice developing glomerulonephritis (13 wks, male, n=4). The data are presented
as the mean * standard deviation of duplicate samples (n=4).

“1L.-12p40 is detected by anti-I1.- 12p40 antibody.

#1L-12p70 is detected by the combination of anti-1L.-12p35 and anti-[-12p40 antibodies.

MPO-ANCA were not directly associated with the acti-
vated neutrophil. This is consistent with our previous
fesults that MPO-ANCA was directly bound with
glomerular endothelinum and upregulated some adhe-
sion molecules, including ICAM-1, VCAM-1, and E-
selectin (35). In contrast, ANCA-QD was highly accu-
mulated to the CD11b* macrophage cluster in lung
inflammatory lesion (Fig. 8b). These results suggested
that the infiltrated neutrophils in kidney and pulmonary
lesion play a significant role in systemic vasculitis pro-
gression and inflammation. MPO-ANCA might act
directly not to the neutrophils but to other cells, includ-
ing mesangial and pulmonary epithelial cells.

Increased Cytokine Production in ANCA-Induced Sys-
temic Vasculitis

Next, we investigated whether the serum cytokine
level was increased and correlated with the neutrophil
activations, because we have already revealed that neu-
trophils were activated and translocated MPO on mem-
brane surface. Therefore, we exhaustively analyzed 18
kinds of cytokine production by Bioplex® analysis.
Serum cytokine levels were dramatically changed with
the development of vascular lesion. Proinflammatory
cytokines, including I1.-6, I1.-1p and TNF-a and some
neutrophil-related chemokines and growth factor
including G-SCF, RANTES, and KC (murine functional
IL-B8), were significantly increased (Table 1). The antic-
ipated secondary stimulants to activate neutrophils were
due to those elevated cytokines such as G-CSF and
RANTES that were released in response to the innate
defense and subsequently drove some adhesion mole-
cules, including integrin molecules and some

chemokines, which was induced by belatedly produced
cytokines such as IL.-6. These results suggested that
costimulation with MPO-ANCA and CAWS manno-
protein induce the neutrophil activation with MPO
membrane translocation due to the produced proinflam-
matory cytokines.

Discussion

Several groups have examined that the histopatho-
logical features of systemic vasculitis caused in mice
by stimulation with C. albicans-derived glycoprotein
and the principal genetic roles in the development of
coronary arterial vasculitis (36). It has also been report-
ed that enzymatic activity of serum MPO level was ele-
vated in neutrophils and marked higher ANCA titers in
Candida-induced coronary vasculitis mice, similar to
the same features in SCG/Kj mice (38). In addition, the
ANCA titer is dramatically diminished in MPO-defi-
cient mice (3, 19), indicating that fungal infection has
relevance to the MPO molecule. Evidence suggests
that MPO is an esscntial enzyme to protect fungal
infection, and the overactivation of MPO could be a
risk factor for arterial vasculitis formation. In the pres-
ent study, we established a novel systemic vasculitis
model by combination of mimicked higher ANCA titer
by MPO-ANCA and mimicked fungal infection by
CAWS. The fact that high levels of MPO-ANCA
resulted in kidney dysfunction is consistent with the
clinical feature that patients with ANCA-related RPGN
showed significantly increased MPO activity and MPO-
ANCA titer (14). These results suggest that the MPO-
ANCA significantly participates in glomerulonephritis
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in both mouse and human.

We have previously demonstrated that neutrophilic
enzymatic activity is enhanced by stimulation with
FMLP and proinflammatory cytokines. MPO was
believed to exist not on the surface but inside neu-
trophils and seemed to leak MPO and other lysosomal
peroxidase from the granules when neutrophils were
activated (24). However, no direct evidence was
observed to leak MPO on the neutrophil surface during
neutrophil activation, whereas expression of PR3 on the
surface of the primed neutrophils can be detected (4,
13, 50). The detection of MPO translocation on living
neutrophils by QD is nothing short of groundbreaking.
We assumed that the neutrophils in patients with
ANCA -associated RPGN were constitutively activated
by higher levels of proinflammatory cytokines and
serum MPO. OQur observation that neutrophils in
patients translocate MPO on their surface without any
stimulation supports this hypothesis. It is noteworthy
that some healthy controfs show lower MPO transloca-
tion on the surface of neutrophils even in unstimulated
conditions in our experiments, and the ratio of MPO-
translocated neutrophils also varied among patients and
even in healthy controls. Similar features are also
reported by PR3 expression levels on the surface of
activated neutrophils; PR3 expression levels varied sig-
nificantly in patients and even in healthy controls
(44-46). These results indicate that resident transloca-
tion levels of MPO might be involved in the potential
risk for developing MPO-ANCA -associated RPGN.

Visualization of MPO-ANCA in the carly phase of
systemic vasculitis by ANCA-QD provided a good deal
of information about the initiation of neutrophil-mediat-
ed inflammation. Several researchers have noted that
higher titers of ANCA mediate neutrophil responses in
vascular inflammation directly and indirectly (5). Mas-
sive systemic inflammation, including nephritis and
pulmonary hemorrhage, was observed with specific
accumulation of ANCA-QD. Especially in kidney,
immunohistochemical staining showed that neutrophils
located around the fringe of glomeruli with the develop-
ment of mesangiolysis. To support this, we have previ-
ously reported that MPO-ANCA directly bound to pri-
mary glomerular endothelium following upregulation of
ICAM-1, VCAM-1, E-selectin, and promotion of TNF-
o production (35). These results are consistent with the
observation of Little et al. (31) that MPO-ANCA on
leukocytes interacts with vascular endothelium via
ICAM-1 in systemic vasculitis rats with developed
MPO-ANCA. We also observed severe oliguria subse-
quently due to the mesangioproliferation with capillary
obstruction on the glomeruli. The interaction among
neutrophils, endothelium and MPO-ANCA promotes

cytokine production from endothelial and/or mesangial
cells around infiltrated neutrophil in the glomeruli,
resulting in epithelial cell lysis, including mesangiolysis
and interstitial hemorrhage, and consequently systemic
vasculitis (40, 41, 43).

We hypothesized that the developmental time course
of this systemic vasculitis seemed to be stepwise : 1)
CAWS induced neutrophil priming following cytokine
production with ANCA, 2) ANCA mediated neu-
trophil/endothelium activation. We demonstrated that
peritoneal neutrophils have a potential to respond to
MPO-ANCA and induce proinflammatory cytokines.
MPO-ANCA and CAWS cooperatively promotes the
production of proinflammatory cytokines, including I1.-
1, IL-6, 1L-8 (in human), and TNF-¢ by a subset of
macrophages and epithelial cells (27). However, we
observed no MPO translocation on the neutrophil sur-
face despite CAWS stimulation, implying that stimula-
tion with only CAWS is insufficient to initiate neu-
trophil activation. Furthermore, CAWS have an ability
to induce 11.-6 by peritoneal neutrophils, subsequently
resulting in enhanced neutrophil activation on day 7. In
addition to CAWS, MPO-ANCA also might be con-
tributed to neutrophil activation, because in our sys-
temic vasculitis model we injected MPO-ANCA to
mimic¢ a higher ANCA titer just as in human RPGN
patients, but CAWS alone failed to induce proinflam-
matory cytokine production (data not shown). In addi-
tion, only administration of MPO-ANCA promotes a
lower level of 11.-12p40 and G-CSF production (data
not shown), implying a higher ANCA titer than in con-
ventional conditions is a trigger to induce proinflamma-
tory cytokine production in response to fungal infec-
tion. These results suggested that cytokine production
in this model was promoted by at least two separate
pathways: via MPO-ANCA specific activation and the
CAWS-mediated pathway. A higher ANCA titer,
established by repeated fungal infection, may be a
potential risk for a patient who has a hereditary factor
for autoimmune disease onset.

We conclude that the initial step of systemic vasculi-
tis is due to the enhanced activation of neutropluls by
CAWS and MPO-ANCA. CAWS and MPO-ANCA
cooperatively trigger neutrophil activation by produc-
ing proinflammatory cytokines.
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Abstract

Potential for organic synthesis in supercritical water (SCW) was proposed in the 1990’s. Here we describe the hydrothermal synthesis of low
molecular fluorescent organic molecules derived from an amino acid, glycine, using an SCW flow reactor with rapid expansion cooling. Glycine
aqueous solution was treated in SCW and then was poured out into the atmosphere through a narrow orifice of the needle valve to be depressurized.
The product mixture solution had emission from blue to ultraviolet. HPLC fractions of the products also had fluorescence and included CsHsN,O
and its methyl derivative. Theoretical calculation of fluorescence and absorption spectra of the candidate compounds also shows that the most
probable compounds are 5- or 6-methylpyrazin-2-one and their 3-methyl derivatives. The fluorescent compounds suggest carbon-carbon bond

formation as well as dehydration condensation in SCW.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Supercritical water; Dehydration; Amino acid; Fluorescence; Pyrazinone; INDO/S

1. Introduction

Supercritical water (SCW) has received attention as a
medium for chemical reactions. It not only provides advantages
from the viewpoints of ecology, economics, and safety, but it is
also of particular interest on its solvent parameters, for example,
density, ionic product and dielectric constant [1,2]. SCW oxida-
tion is used for organic waste disposal system [3]. It is proposed
that hydrothermal condition can be applied for “SCW-catalyzed”
organic chemical reaction, for example, not only hydrolysis or
oxidative decomposition, but also synthesis such as addition,
rearrangement and dehydration condensation. Diels-Alder reac-
tion is the first organic synthesis study using SCW without any
catalysts [4]. lkushima and his colleagues also demonstrated
the Beckmann rearrangement of cyclohexanone oxime into &-
caprolactam, the pinacol/pinacolone rearrangement and Heck
coupling in SCW [5-10]. Oligopeptides are synthesized by
dehydration condensation of an amino acid using subcritical

* Corresponding author. Tel.: +81 3 3202 7181, fax: +81 3 3202 7364.
E-mail address: backen@ri.imcj.go.jp (K. Yamamoto).

0896-8446/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi: 10.1016/j.supflu.2006.10.008

water [11-13]. We recently reported longer peptide synthesis
(up to 10mer) via dehydration condensation reaction using a
hydrothermal flow reactor at 10 MPa and 270 °C with adiabatic
expansion cooling [14). Under higher pressure and tempera-
ture condition above the critical point of water (T, =374.2°C,
P. =22.1 MPa), herein we report synthesis of organic fluores-
cent compounds from an amino acid, glycine 1. In molecular
biology, fluorescent compounds such as proteins and organics
are conjugated with the target molecules to observe their kinetics
or dynamics, while the larger compounds sometimes change the
property of the targets because of the size of conjugates. Smaller
fluorescent compounds would be more useful for small targets
in molecular biology.

2. Experimental

2.1. Hydrothermal reaction with adiabatic expansion
cooling

Glycine and ethylenediamine-N,N,N’,N'-tetraacetic acid
(EDTA) was purchased from Wako Pure Chemical Industries,
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Ltd. (Osaka, Japan) and Dojindo Laboratories (Kumamoto,
Japan), respectively. The concentration of glycine aqueous solu-
tion was 1 mol L~! without pH control. Using a hydrothermal
flow reactor with adiabatic expansion cooling (AKICO, Tokyo,
Japan) [14], the glycine solution was incubated at 400 °C and
25MPa for about 1 min when the flow rate was 10 mL min~".
At the end of the flow reactor, the solution was quenched and
depressurized from the needle valve with the adiabatic expansion
method.

2.2. Analytical methods

The photoluminescent properties were determined with a flu-
orescence spectrophotometer FP-6500 (JASCO Co., Hachioji,
Tokyo, Japan).

Reversed phase-high performance liquid chromatography
(HPLC) was performed with a 600E or 600 System Con-
troller (Waters), a 2487 Dual Wavelength Absorbance Detector
(Waters) or a 996 Photodiode Array (PDA) Detector (Waters)
for absorbance detection, and a 2475 Multi Wavelength / Scan-
ning Fluorescence Detector (Waters). Column, Waters Xterra
MS Cig 2.5 um (¢ =4.6 mm; column length, SO mmy); mobile
phase, 10 mmol mL~! trifluoroacetic acid (TFA); flow rate,
0.5mlmin~"!. Before injection of the reaction solution into the
HPLC system, the sample was filtrated by a 0.22 pum centrifu-
gal filter device Millipore Ultrafree-MC). LC-TOF-MS was
performed using a Waters/Micromass Quattro Premier (Nihon
Waters K.K., Tokyo, Japan). Supported by Toray Research Cen-
ter, Inc. (Kamakura, Japan), LC-NMR was measured at 25 °C
in 10mmol mL~! of TFA/D,O in the stop flow mode using a
600 MHz spectrometer (Varian Unity Inova600, CA, USA).

2.3. Theoretical calculations

Theoretical spectra of absorbance and fluorescence were
calculated as follows. Structure optimization of ground and
excited states was performed using Gaussian 98 or Gaus-
sian 03 for Windows (Gaussian Inc., Wallingford, Connecticut,
USA) based on density-functional-theory at the B3LYP/6-
31+ G(d.p) level. Excited state was calculated by configuration
interaction-singles (C1S) method. Theoretical UV absorption
and fluorescence spectra were calculated by a semi-empirical
molecular orbital method, intermediate neglect of diatomic
differential overlap/spectroscopy (INDO/S) using MOS-F in
WinMOPAC package (Fujitsu, Ltd., Kawasaki, Japan).

3. Results

We injected glycine aqueous solution of 1 mol L~ into a
hydrothermal flow reactor with adiabatic expansion cooling
made of stainless steel, SUS316 [14]. The glycine solution
was incubated at 400 °C and 25 MPa for about 1 min when the
flow rate was 10 mL min~!. After heating and pressurizing the
glycine solution, it was quenched and depressurized through the
needle valve with the gap area of less than 10 mm?.

The droplets through the needle valve at the end of the
hydrothermal reactor had a strong fluorescence with blue-light
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M 280 am
® 300 nm
A 320o0m
& 340nm
0 358nm
QO 380o0m
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Fig. 1. Emission spectra of the crude hydrothermal products from glycine aque-
ous solution. Excitation wavelength is changed between 280 to 380 nm.

emission. Fig. 1 shows the emission spectra of the crude droplets
excited with ultraviolet (UV) light at various wavelengths. The
wavelength of the maximum fluorescence (Amax) is410 nm when
the solution is excited at 330 nm. The overlay of the emission
spectra shows a peak at about 390nm. Even with addition of
excessive EDTA as a metal ion chelator, the fluorescence never
vanished (data not shown).

We performed reversed-phase HPLC with UV absorption and
fluorescence detection systems. As shown in Fig. 2, some peaks
were detected by fluorescence, and the major two peaks were
designated as LC peaks 2 and 4, respectively. The maximum
wavelengths of UV absorption of both peaks were observed at
329 nm by LC-PDA (Table 1). The UV absorption and fluores-
cence spectroscopy suggest that the compounds have -electron
conjugated systems, such as aromatic rings.

Then we measured the accurate masses of the molecules in
each peak using LC-MS in both positive and negative ion modes

p2 p4

Fluorescence,,
(excited at 330 nm)

2
P pé
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pl ps p7
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Fig. 2. Chromatogram of the crude hydrothermal products from glycine aque-
ous solution detected by fluorescence at 410 nm excited at 330 nm (upper) and
absorbance at 330 nm (lower).
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Table 1
Maximum wavelength of absorption and emission of the hydrothermal products (experimental) and their candidates (thearetical)
Amax (nm)
LC/PDA Spectrofluorometry
Experimental
LC 2 (CsHgN;0)
LC L:c:kk 4 (CﬁHgNZO) 390-410
Amax (nm)
CAS number Absorption Emission
Theoretical
CiH; N0, .
pyrazine-2,5-dione [88982-21-2] 330 -
CsHgN,O
N'-methylpyrazin-2-one [3149-27-7] 334 380
3-methylpyrazin-2-one (keto form) [19838-07-4] 328 395
3-methylpyrazin-2-ol (enol form) Not registered 328 285
S-methylpyrazin-2-one (keto form) [20721-17-9} 343 403
5-methylpyrazin-2-ol (enol form) Not registered 330 277
6-methylpyrazin-2-one (keto form) [20721-18-0] _ 337 392
6-methylpyrazin-2-ol (enol form) Not registered 329 285
pyrazinemethanol [6705-33-5] 282 270
2-methylpyrazine-1-oxide [31396-35-7] 293 306
2-methylpyrazine-4-oxide [25594-37-0] 305 311
5-hydroxy-4-methylpyrimidine [35231-56-2) 312 -
2-hydroxy-4-methylpyrimidine (keto form) [41398-85-0] 316 344
2-hydroxy-5-methylpyrimidine (keto form) [42839-09-8] 322 366
2-methoxypyrazine [65150-77-8] 332 335
3-hydroxy-N' -methylpyridazine [73619-53-1] 131 445
5-hydroxy-2-methylpyrimidine [17358-44-1] 322 31
C¢HgN,O
3,5-dimethylpyrazin-2-one (keto form) [60187-00-0] 334 321
3,6-dimethylpyrazin-2-one (keto form) [16289-18-2] 333 320
5,6-dimethylpyrazin-2-one (keto form) [57229-36-4] 346 392
by electrospray ionization (ESI). After the LC separation using
TFA as a mobile phase, no signals were detected with MS scan
in negative ion mode. LC-TOF-MS data in positive ion mode 3 10
show that the protonated masses of major molecules ([M + HIY) - 111.0550
at 4.602 min (LC peak 2) and 7.572min (LC peak 4) are m/z g
111.0550 and m/z 125.0724, respectively, suggesting that the 'E 0
molecular formulae of [M + H]* are CsH7N,O (theoretical mass s
is 111.0558 amu) and C¢HgN,O (125.0715 amu), respectively %
(Fig. 3). § 1
The mass gap between the two products is 14.0174 amu, O 00 oo e 530
corresponding to methylene group CH,— (theoretical mass of (a) m?
—~CHj~ is 14.0157 amu). Concerning the degree of unsaturation
of CsHgN,O and CoHgN->O, the index of hydrogen deficiency 3 100 125.0724
(IHD) of CxHyN,O,, is represented as x —y/2+2/2+ 1, where ]
x,y, z and w are the numbers of carbon, hydrogen, nitrogen and E
oxygen, respectively. The IHDs of CsHgN>O and CeHgN,O are g <«
four, suggesting that they have four multiple bonds or rings. §
As for the hydrothermal reaction from glycine to the £
CsHeN,O and C¢HgN, O, we have previously reported dehydra- 'E | o R
tion oligomerization of glycine under the milder hydrothermal %100 200 300 400 480
condition to produce diglycine 2 and so on, and also observed b mz

great amount of diketopiperazine 3 [14]. It was reported that 2 is
easily cyclized by dehydration to produce 3 in SCW [12]. There-

Fig. 3. Mass spectra of (a) LC peak 2 and (b) LC peak 4 in positive ion mode
using Waters/Micromass Quattro Premier.

— 147 —



282 Y. Futamura et al. / J. of Supercritical Fluids 41 (2007) 279-284

Aromatic Methyl
i
| ) J VAN
B 1 T
9 .3 7 25 23
(a) Chemical shift |ppm]

Aromatic Methyl
| P
l L lt
| i
[P - Y Ve —— ¥ "”L\} \»'/
T T Tt
9 8 7 25 23
(b) Chemical shift {ppm|

Fig. 4. Aromatic and methyl regions of 'H NMR spectra of (a) LC peak 2 and (b) peak 4. 'H NMR measurement was performed in 10mmol mL~' TFA in D,0 at

25°C.

fore, in the reaction that we performed under higher pressure
and temperature condition, 2 and 3 would be also synthe-
sized. The difference of the molecular formula between 3 and
CsHgN,O is one carbon atom added and one oxygen atom
reduced. If we assume more dehydration (-H>O) under the
hydrothermal conditions, addition of methylene group (+CH53)
is consistent with the formation of CsHeN;0. We speculate
that more dehydration and methylation of 3 make methylpyrazi-
none and dimethylpyrazinone, of which molecular formulae are
CsHgN2O and CgHgN»O, respectively.

Then we performed LC-NMR in the stop-flow mode. The
NMR spectrum of each fraction shows much more proton peaks
than those of theoretical formula introduced by accurate mass,
suggesting insufficient LC separation. On the other hand, the LC
peak 2 (CsHgN,O) includes two singlet signals at the chemical
shift of 7.357 and 8.116 ppm, suggesting two aromatic protons
without or with a weak ' H-'H spin-spin coupling (Fig. 4a). The
existence of aromatic signals is consistent with the assumption
that the compound of CsHgN,O is a methylpyrazinone. Judg-
ing from the 'H NMR of pyrazinone [15], the singlet signal at
8.116 ppm would be derived from the proton at position 3. Fur-
thermore, the two aromatic signals do not have a strong 'H-'H
spin—-spin coupling. Therefore, the most probable compound
would be 5-methylpyrazin-2-one 4a, or 6-methylpyrazin-2-one
4b, of which protons are not adjacent to each other on the aro-
matic ring. In the LC peak 4 (C¢HzN>Q), on the other hand,
only a singlet signal derived from the aromatic proton was
observed and the other singlet signal around 8.1 ppm disap-
peared. Instead, a methyl proton signal appeared at 2.506 ppm in
addition to at 2.323 ppm (Fig. 4b). It was explained by the sub-
stitution of the aromatic proton at position 3 of CsHgN,O for a
methyl group.

Although more than 200 compounds of CsHgN,O are reg-
istered in the CAS database, not all the compounds have
fluorescence. To confirm that the fluorescent compounds were
the pyrazinone derivatives, we calculated theoretical UV absorp-
tion and fluorescence spectra of various heterocyclic compounds
of which molecular formulae are registered as CsHgN,O and
CsHgN2O in the CAS database (Table 1) by a semi-empirical
molecular orbital method, intermediate neglect of diatomic dif-
ferential overlap/spectroscopy (INDO/S). Among the CsHgN,O
compounds, N!'-methylpyrazin-2-one, 3-methylpyrazin-2-one,
5-methylpyrazin-2-one and 6-methylpyrazin-2-one are con-
sistent with the experimental spectra of UV absorption and
fluorescence, although the other compounds have neither a
strong absorption between 310 and 350 nm nor a strong fluo-
rescence between 370 and 430 nm.

4. Discussion

After hydrothermal treatment of glycine aqueous solution
with SCW, the solution showed blue emission under UV light.
The absorption and photoluminescent properties of the prod-
uct suggest 7r-electron conjugated systems such as an aromatic
ring. From the LC-MS analyses, quite simple compounds were
included in the fluorescent fractions of HPLC. The accurate
masses of protonated ions suggest that the fluorescent com-
pounds are CsHgN,O and C¢HgN2O. The LC-NMR analyses
indicate that the compound in the LC peak 2 has two aromatic
protons and a methyl group, and the compound in the LC peak
4 has an aromatic proton and two methyl groups. The MS and
TH NMR data suggest that the two fluorescent compounds are
methyl and dimethy] derivatives of pyrazin-2-one. From the
theoretical calculations of ground state and excited state of var-
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Scheme 1. Possible synthetic pathway of fluorescent substance under hydrothermal condition.

ious CsHgN20 compounds, the absorption and fluorescence
spectra of N'-methylpyrazin-2-one, 3-methylpyrazin-2-one, 5-
methylpyrazin-2-one and 6-methylpyrazin-2-one are consistent
with the experimental spectra. The ' H NMR spectrum of the LC
peak 2, however, indicates that N!-methylpyrazin-2-one, which
has three aromatic protons at the positions 3, 5 and 6, could be
eliminated from the candidates. 3-methylpyrazin-2-one, which
has two aromatic protons adjacent to each other at the positions
5 and 6 which should have a strong vicinal v'H—'H spin—spin
coupling (3J5,(, ~ 4 Hz) [15], also could be eliminated from the
candidates, because two singlet signals derived from the aro-
matic protons were detected in the LC peak 2 by LC-NMR
analyses. Therefore, the fluorescence compounds synthesized
from glycine in SCW is thought to be S-methylpyrazin-2-one
4a, or 6-methylpyrazin-2-one 4b. Judging from the comparison
between the 'H NMR spectra of the LC peaks 2 and 4 shows that
the CoHgN>O compound is 3-methyl derivative of CsHeN2O.
Theoretical absorption spectra of 3,5-dimethylpyrazin-2-one 5a
and 3,6-dimethylpyrazin-2-one 5b are also compatible with the
experimental data of LC peak 4. On the other hand, fluores-
cent alkyl pyrazinones (flavacol, deoxyaspergillic acid and so
on) have been reported to show the absorption and fluorescent
spectra that are quite similar to our experimental data [16].

Concerning the integral values of 'H NMR, the ratios of
methyl protons at 2.506 and 2.323 ppm in LC peak 4 were 5.2
and 6.0, respectively, when normalized by the aromatic proton
signal at 7.447 ppm. In LC peak 2, the ratio of the methyl proton
at 2.302 ppm to the aromatic proton was 8.9. However, based
on our proposal structures, the ratios of the methyl to the aro-
matic protons were expected to be 3. This discrepancy might be
explained by the proton-deuterium exchange in the D,O solvent
at low pD during the stopped-flow NMR measurement, which
caused the decrease of the signals of aromatic protons. On the
heterocyclic aromatic rings, C-H protons, especially ones adja-
cent to nitrogen atoms, are known to be easy to exchange for the
deuterium in the solvent [17-20].

To obtain oligoglycines, we previously reported subcritical
water treatment of glycine at 10 MPa and 270 °C, but the prod-
ucts had little fluorescence when excited with UV light [14]. On
the contrary, under higher pressure and temperature conditions,
it was possible that glycine decomposed into such compounds
as ammonia, carbon dioxide, methylamine, formic acid, acetic
acid and glycolic acid, which was inferred in Sato’s study [21].

Carbon—carbon bond formation should be essential to produce
pyrazinone methyl derivatives from glycine in SCW. Morooka
et al. reported that C-C bond was formed in SCW from aldehy-
des [22-24]. Sato et al. have also reported alkylation of phenol
with formyl compounds in SCW [25]. This report suggests that
formaldehyde may be a source of methyl group in SCW. There-
fore, such a formyl compound would be a methyl donor for C—-C
bond formation in our case.

The yields of LC peaks 2 and 4 can be estimated to be
0.5 or 1% each, judging from the absorbance at 330 nm, on
the assumption that the molar extinction coefficient is about
10 Lmol~!cm™! [26]. Even though the yields are low, the
fluorescence is strong. On the other hand, organic fluores-
cent molecules, such as Aequorea Green Fluorescent Protein
(GFP; molecular weight, 27 kDa) and fluorescein isothiocyanate
(FITC; molecular weight, 389), are widely used for probes,
which are fused with other proteins or are conjugated with RNA
and DNA. The methylpyrazinone is one third smaller than FITC
and should be useful as a probe, when it is conjugated with much
smaller biological molecules such as metabolites, drugs and
SO on.

5. Conclusions

Herein, we report synthesis of fluorescent compounds
from glycine by treatment with SCW. Chemical analyses
and theoretical calculation suggest production of methyl- and
dimethylpyrazin-2-ones in SCW (Scheme 1).
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Inhibition of CCL1-CCRS Interaction Prevents Aggregation
of Macrophages and Development of Peritoneal Adhesions’

Akiyoshi Hoshino,* Yuki I. Kawamura,'" Masato Yasuhara,® Noriko Toyama-Sorimachi,’
Kenji Yamamoto,* Akihiro Matsukawa,! Sergio A. Lira,” and Taeko Dohi**

Peritoneal adhesions are a significant complication of surgery and visceral inflammation; however, the mechanism has not been
fully clucidated. The aim of this study was to clarify the mechanism of peritoneal adhesions by focusing on the cell trafficking and
immune system in the peritoneal cavity. We investigated the specific recruitment of peritoneal macrophages (PM¢) and their
expression of chemokine receptors in murine models of postoperative and postinflammatory peritoneal adhesions. PM¢ aggre-
gated at the site of injured peritoneum in these murine models of peritoneal adhesions. The chemokine receptor CCR8 was
up-regulated in the aggregating PM ¢ when compared with naive PM. The up-regulation of CCR8 was also observed in PMd¢,
but not in bone marrow-derived Md, treated with inflammatory stiulants including bacterial components and cytokines. Tm-
portantly, CCL1, the ligand for CCRS, a product of both PM¢ and peritoneal mesothelial cells (PMCs) following inflammatory
stimulation, was a potent enhancer of CCR8 expression. Cell aggregation involving PM¢ and PMCs was induced in vitro in the
presence of CCL1. CCL1 also up-regulated mRNA levels of plasminogen activator inhibitor-1 in both PM¢ and PMCs. CCR8
gene-deficient mice or mice treated with anti-CCL1-neutralizing Ab exhibited significantly reduced postoperational peritoneal
adhesion. Our study now establishes a unique autocrine activation system in PM ¢ and the mechanism for recruitment of PMd
together with PMCs via CCL1/CCRS, as immune responses of peritoneal cavity, which triggers peritoneal adhesions. The Jour-

nal of Immunology, 2007, 178: 5296-5304.

he serosal membrane of viscera and the peritoneal cavity

are involved in numerous types of inflammation and

surgical intervention. For example, in the case of sur-
gery, postoperative adhesions occur in the majority of patients
following laparotomy and laparoscopy (1, 2). Peritoneal adhe-
sions cause significant signs and symptoms including intestinal
obstruction, chronic pelvic pain and infertility, and eventually a
second more serious surgery is often required. Thus, adhesions
in the peritoneal cavity are both life-threatening and an enor-
mous cost for patient care. For exumple, 34.6% of patients who
had undergone intra-abdominal surgery were readmitted within
the next 10 years for a disorder directly or possibly related to
adhesions, or for abdominal or pelvic surgery that could be
potentially complicated by adhesions (2). Despite the large
number of surgical operations performed daily, the mechunism
for peritoneual adhesions is not well-understood. Previous re-
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ports showed that peritoneal injury is triggered by leakage of
plasma proteins, followed by formation of fibrinous deposits
and proliferation of fibroblasts (3). A rapid and transient influx
of neutrophils into the peritoneal cavity also occurs followed by
an accumulation of mononuclear cells, largely macrophages
(M¢)? (4, 5). CD4-positive T cells also play a significant role in
peritoneal adhesions together with the T cell-derived proinflam-
matory cytokine, IL-17 (6), and the programmed death-1 inhib-
itory pathway (7). Although active roles for these cells in ad-
hesions have been shown (8, 9), little is yet known about the
cell origin or the dynamics of migration to help explain the
peritoneal adhesion events. Inflammation such as appendicitis,
endometriosis, and pelvic inflammatory disease can also cause
peritoneal adhesion. which can lead to infertility and reproduc-
tive problems. In the case of Crohn’s disease, intestinal trans-
mural ulcerations with fissures or fistulas are the most important
pathological findings (10). These Crohn’s disease lesions in-
volve the intestinal serosa and mesentery. The characteristic
changes in the serosal surface, including fat wrapping, correlate
directly with overall extent of inflammatory changes: the stric-
ture of the intestine (10, 11), the depth of lymphoid aggregate
penetration, and the number of lymphoid aggregates in the un-
derlying ileal wall (12). These observations suggest that inflam-
mation of viscera is not limited to the organ, but provokes re-
sponses in the peritoneal cavity as well. Most importantly,
pathological changes in the peritoneal cavily cause serious
symptoms and directly affect the quality of life of patients.

¥ Abbreviations used in this paper: M«, macrophage; BM, bone marrow-derived
M PMsp, peritoneal Ma; QD, quantum dot; PGN, peptidoglycan: pAb, polyclonal
Ab; TNBS, 2.4,6-triniuobenzene sulfonic acid; PTX, pertussis toxin; CIMA, chemo-
kinc-induced macrophage aggregation: PMC, peritoneal mesothelial cell; tPA, tissue-
type plasminogen activator; PAI-1, plasminogen activator inhibitor-1.

Copyright © 2007 by The American Association of Immunologists, Inc. (022-1767477/52.00
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Table 1. List of primers for RT-PCR

Forward Reverse
CCRI GTGTTCATCATTGGAGTGGTGG GGTTGAACAGGTAGATGCTGGTC
CCR2 TGTTACCTCAGTTCATCCACGG CAGAATGGTAATGTGAGCAGGAAG
CCR3 TTGCAGGACTGGCAGCATT CCATAACGAGGAGAGGAAGAGCTA
CCR4 TCTACAGCGGCATCTTCTTCAT CAGTACGTGTGGTTGTGCTCTG
CCRS CATCGATTATGGTATGTCAGCACC CAGAATGGTAGTGTGAGCAGGAA
CCR6 ACTCTTTGTCCTCACCCTACCG ATCCTGCAGCTCGTATTTCTTG
CCR7 CATCAGCATTGACCGCTACGT GGTACGGATGATAATGAGGTAGCA
CCRS ACGTCACGATGACCGACTACTAC GAGACCACCTTACACATCGCAG
CCR9 CCATTCTTGTAGTGCAGGCTGTT AAGCTTCAAGCTACCCTCTCTCC
CCRI10 AGAGCTCTGTTACAAGGCTGATGTC CAGGTGGTACTTCCTAGATTCCAGC
CXCRI1 TTGCACCAACCAAGGTATCAAG GATGAAGAAGATGCCGCTGTAG
CXCR2 CATCTTATACAACCGGAGCACC TAGTAACCACATGGCTATGCACAC
CXCR3 ATCAGGCGCTTCAATGCCAC TGGCTTTCTCGACCACAGTT
CXCR4 TACATCTGTGACCGCCTTTACC TCCACTTGTGCACGATGCT
CXCRS TCCTACTACCGATGCTTGTGATG ACGCCAGCGAAGGTGTAAA
CCLI GCTGCCGTGTGGATACAGGA GAATACCACAGCTGGGGGAT
tPA CCAGACCGAGACTTGAAGCCC ACACCCTTTCCCAACATAGCAG
PAI-1 ATCAATGACTGGGTGGAAAG AGCCTGGTCATGTTGCCCTT
GAPDH AGTATGACTCCACTCACGGCAA TCTCGCTCCTGGAAGATGGT
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However, the mechanism of peritoneal inflammation has not
been fully understood at the cellular and molecular levels.

In this study, we postulated that there is a common serosal
defense system that responds to both visceral inflammation and
surgical stress. To clarify the molecular basis for peritoneal
inflummation and tissne remodeling, we used two mouse mod-
els of postoperative and postinflammatory peritoneal adhesions.
These models were used 10 study the traffic patterns of M¢ in
the peritoneal cavity. In this study, we describe 1 chemokine
system that is specific for peritoneal M¢ (PM¢) but not bone
marrow-derived M¢ (BMd), a system that plays 4 significant
role in both postoperative and postinflammatory peritoneal ad-
hesion events.

Materials and Methods
Mice

Male 6- to 7-wk-old C57BL/6J mice obtained from CLEA Japan were
maintained under pathogen-free conditions in a facility in the Rescarch
Institute, International Medical Center of Japan (IMCJ). Some experiment
using CCR8 gene-deticient (CCR8™/7) mice of CS7BL/6 background were
performed using mice maintained under pathogen-free conditions in the
facility of Okayama University. All experiments were performed according
to the Institutional Guidelines for the Care and Use of Laboratory Animals
in Research and with the approval of the local ethics committee.

Materials

Fluorescent nanocrystal quantum dots (QDs) (red emission) were produced
as described previously (13, 14). Recombinant mouse CCL1 and MCP1
were purchased from R&D Systems. Rat anti-mouse CCL1 mAb and a
control rat IgG were purchased from R&D Systems and The Jackson Lab-
oratory, respectively. LPS from Escherichia coli O5SSBS and peptidoglycan
(PGN) from Staphylococcus aureus were purchased from Sigma-
Aldrich and Fluka, respectively. Phosphorothivate-stabilized CpG oli-
godeoxynucleotide (5'-TCCATGACGTTCCTGATGCT-3') was pur-
chased from Takara Bio. Recombinant mouse TNF-« and IL-13 were
purchased from PeproTech. For immunohistological examination, cryo-
sections were stained with FITC-, PE-, or biotin-labeled anti-CD11b,
anti-F4/80, anti-VLA4 (CD49a). and ami-Gr-1 mAbs (BD Pharmin-
gen). rabbit anti-CCR8 polyclonal Ab (pAb; Abcam). and rabbit anti-
mouse pan-cytokeratin pAb (Santa Cruz Biotechnology) followed by
Alexa Fluor streptavidin (Invitrogen Life Technologies) or FITC-la-
beled goat anti-rabbit IgG pAb (Southern Biotechnology Associates).

Histological analysis

Tissues were snap-frozen and 6-pm sections were prepared and stained
with H&E. For immunostaining, sections were fixed with cold acetone for

10 min, dried, and treated with Blockace (Dainippon Pharmaceuticals),
incubated with indicated Abs followed by secondary Abs or fluorescent
labeled sureptavidin described in Materials. Images were captured with a
fluorescence microscope (BXS0/BXFLA; Olympus) equipped with a CCD
camera. Merged images were produced using Adobe Photoshop CS2
(Adobe Systems).

Preparation of QD-labeled M and induction of
postinflammatory and postoperative peritoneal adhesions

The ceils collected from the peritoneal cavity were incubated in DMEM
with 2% FCS for 45 min at 37°C on plastic dishes. After removal of the
nonadherent cells by two washing steps, the adherent cells were gently
scraped off with a silicon rubber scraper and used as naive PMd. Compo-
sition of this PM¢ preparation was constantly 92.9 '+ 4.3% (mean = 1 SD
of four preparations) of CD1 Ib-positive cells (granulocytes and M) and
87.5 * 3.6% of F4/80-positive cells (M¢). The BM¢ were induced by
M-CSF as described previously (15, 16). In some experiments, adherent
PM¢ and BM{ were incubated with QD solutions and labeled as reported
previously (14), washed, and then scraped off. The labeling efticiency was
88%. and total cells were used for all experiments. We confimed that the
preparation and labeling process of PMd did not cause significant alter-
ation in the expression of chemokine receptors, surface markers, and cell
viability.

A model for postoperative peritoneal adhesions was created in mice as
previously described (17). Briefly, a laparotomy was performed through a
midline incision and two ischemic buttons were created on both sides of the
parietal peritoneum by grasping the peritoneum with a hemostat clamp and
ligating the base of the segment with a 4-0 silk suture. In some experi-
ments, the QD-labeled PMé were injected i.p. after closing the abdominal
wall. To induce colitis-associated peritoneal adhesions, a 2% solution of
2.4 6-trinitrobenzene sulfonic acid (TNBS; Research OrganicsYethanol 1:1
by volume was given rectally (4 ul/g body weight) (18). In some experi-
ments, QD-labeled naive PM ¢ were transferred by the i.p. routes 2 h before
the induction of colitis. .

Laser capture microdissection

Frozen sections were prepared from the colonic tissues with colitis and
then stained with the HistoGene 1.CM Frozen Section Staining kit (Arc-
turus Bioscience) or anti-F4/80 mAb (BD Pharmingen). The F4/80" cells
clustered at the serosal surface of the transmural vlcer of the colon were
collected by use of the laser capture microdissection system (PixCeli Ile
LLCM System; Arcturus Bioscience) to obtain an RNA fraction using the
PicoPure RNA Isolation kit (Arcturus Bioscience).

RT-PCR

Total RNA isolated from cells and organs was subjected to RT-PCR.
Primer structures are shown in Table 1. Real-time quantitative PCR anal-
ysis was performed using a SYBR Green PCR Master Mix (Applied Bio-
systems) and the ABI 7700 Sequence Detector System (Applied Biosys-
tems). Expression of mRNA was normalized to the levels of the GAPDH
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FIGURE 1. PMd form aggregates at the site of post-
operative and postinflammatory peritoneal adhesions. A,
Frozen sections prepared from peritoneal adhesions to
ischemic buttons (postoperative model) were assessed.
The serial sections were stained with H&E and with anti-
F4/80 mAb. An arrow and arrowheads indicate the isch-
emic button and adhesive omentum, respectively. B, Fro-
zen sections were prepared from peritoneal adhesions
ischemic buttons (postoperative model) or 10 the colon after
induction of colitis (postinflamimatory model) and subjected
to H&E “aining and immunostaining with anti-F4/80 mAb
(areen). The PMd (1 X 10°) ohtained from naive mice were
labeled with QD (red) and ip. transferred at the initiation of
adhesions. Two images were overlaid in the merged image.
Representative pictures from tive mice in each experiment are
shown. Bars represent 100 pm. Arrowhead indicates mucosal
infiltration of M¢ that does not contain QD-labeled PMdh.

Post. D

Post-
inflammatory opemtive
adhesion  adhesion

WRNA expressed. The step-cycle program was set for denaturing at 95°C
for 15 s. annealing at 60°C, and extension at 72°C for 45 s, for a total of
40 cycles.

Chemaotaxis assay

Aliguots of PM¢ or BM¢ (1 X 107 cells/ml) were prestained for 30 min
at 37°C with 3 pg/ml 3'-0-Acetyl-2',7'-bis(carboxyethyl)-4 or 5-carboxy-
fluorescein, diacetoxymethyl ester (Molecular Probes) and then suspended
at 1 x 108 cellymt in DMEM containing 0.5% BSA and 20 mM HEPES.
A chemotaxis assay was performed using a Chemo Tx-96 Chemotaxis
Plate (NeuroProbe), as follows. Pretreatment of cells was performed by
incubation with or without 50 ng/m! CCL.1 for 4 h. Enhanced expression of
CCRS in CCLI-treated PMd at this time point was contirmed by How
cytometry. After washing, 65 pl of cell suspension was loaded onto the
membrane plate and placed onto a flat-bottoma microtiter plate with 96
wells containing 30 ul of serially diluted CCLI solution in each well. The
plate was then incubated at 37°C for 90 min and cells which had undergone
migration were collected. These collected cells were counted using a flu-
orescence microplate reader (FluoroScan Ascent FL.; Labsystems). Some
experiments were performed in the presence of pertussis toxin (PTX;
Calbiochem).

ELISA for CCLI secretion into peritoneal cavity

To determine the levels of CCLI in the peritoneal cavity, we collected
peritoneal lavage fluid. PBS (1.5 ml) was injected into the peritoneal cavity
of mice with or without TNBS-induced colitis as described below, and
1.2-1.4 ml of tluid was recovered. Atlter clearing by centrifugation, the
level of CCLI was determined using paired Abs (Ab Mab8451 for
capture and biotinylated Ab BAFR4S for detection; R&D Systems) ac-
cording to the manufacturer’s instructions. Bound Ab was detected with
peroxidase-labeled avidin (Sigma-Aldrich) and tetramethy| benzidine
was used as the substrate. Sensitivity of this assay was 0.2 ng/ml in our
hands.

Chemokine-induced M¢ aggregation (CIMA) assay

Mouse peritoneal mesothelial cells (PMCs) were isolated from omental
tissue as described previously (19, 20). The PMCs (1 X 10° cells/well)
were plated and cultured on the collagen-coated 24-well dish until they had
reached confluence. The QD-labeled PM ¢ were added to PMC cultures at
a concentration of 1 X 10° cells/well in 10% ECS-DMEM. After addition
of serial dilutions of CCLI or other stimulants, the plates were incubated
at 37°C and examined by fluorescent microscopy at the indicated time
points. The fornation of aggregates was quantified by capturing and ana-
lyzing images using NIH ImageJ (National Institutes of Healhh, Bethesda,
MD). The cell aggregates which occurred in >10-pum? arcas were picked
and the total aggregation area in the field was summed. Three fields in each
well were randomly chosen and analyzed.

Prevention of postinflammatory and postoperative peritoneal
adhesions

In the colitis-associated adhesion model. anti-CCL.I-neutralizing mAb or
control rat IgG (150 wg) was administered 1 h before the colonic admin-
istration of TNBS. Mice were sacrificed at the indicated time point and the
severity of adhesion was evaluated according to a standard scoring system

CCLI/CCR8 TRIGGERS PERITONEAL ADHESIONS

reported previously (6) as follows: 0, no adhesion; 1, one thin filmy ad-
hesion; 2, more than one thin adhesions; 3, thin adhesion with focal point:
4, thick adhesion with plantar attachment or more than one thick adhesion
with focal point; S, very thick vascularized adhesions of more than one
plantar adhesion. In some experiments, the removed colon was observed
with a Realtime In Vivo Macrolmaging System (Relyon) equipped with
long passed red-viewing tilter (>610 nm wavelength) and a CCD camera
(Hamamatsu Photonics). The area of fluorescent red color was extracted
using Adobe Photoshop €S2 from captured images and quantified using
Image). In a model for postoperative peritoneal adhesions, 150 pg of anti-
CCL1 mAb or control rat IgG was administered i.p. immediately after
surgery and 3 days later. All mice were sacrificed at day 6 and the severity
of adhesions to each ischemic button was scored according to the following
system: (), no adhesion; 1, thin filmy adhesion; and 2, thick planter
adhesion.

Statistics

Data are expressed ax mean  SD. Statistical analysis was performed using
the Statview Il statistical program (Abacus Concepts) adapted for the
Macintosh computer. The Student 7, Tukey Kramer’s honestly signiticant
difference and Mann-Whitney U tests were used as indicated in the fig-
ure legends. Statistical interpretation of the results is indicated in the

Fold Induction
- 83888

CCR1}

Colitic
PM®s

Naive
PMibs

FIGURE 2. Expression of chemokine receptors in PM¢ aggregates at
the adhesion after induction of TNBS colitis. Quanmitative RT-PCR of cell
aggregates obtained with laser capture microdissection from the F4/80™
M aggregates 24 h after induction of TNBS colitis. Relative expression
in aggregates was compared with naive PM¢ for each chemokine re-
ceptor as determined by quantitative RT-PCR. Results are shown as an
average and 1 SD of four preparations of RNA samples obtained from
each of four mice by microdissection. #*, Statistically significant up-
regulation or down-regulation from PM¢ samples obtained from four
naive mice by the Mann-Whitney U test. Representative pictures of
PCR products are shown.
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FIGURE 3. In vitro induction of CCR8 and CCL1 expression in PMé. A, Induction of CCRS and CCL1 mRNA. PM and BM¢ were stimulated with
LPS (100 ng/ml), PGN (1 pg/ml), CpG (1 pg/ml), TNF-oc (1 pg/ml), I-1-8 (10 pgz/mi), or CCL1 (50 ng/ml) for either 2 (£3) or 4 h (W). Relative expression
of mRNA 10 unstimulated cells was deterinined by quantitative RT-PCR and the results are shown as mean = 1 SD of four to six independent cell
preparations. #, The difference from unstimulated cells was statistically signiticant (p < 0.01) by the Mann-Whitney U test. B, Distinct induction of
chemokine receptors in PM¢ and BMé by CCL1. PM¢ (M) and BM« () were stimulated with CCL1 (50 ng/ml) for 2 h and relative expression of
chemokine receptor mRNA to unstimulated cells was determined by quantitative RT-PCR. Resuits are shown as mean = 1 SD of four to six independent
cell preparations. *, The ditference from unstimulated cell preparations (n = 6) was statistically significant (p << 0.01) by the Mann-Whiwey U test. C,
Induction of surface expression of CCRS in stimulated PM¢. The PM¢ were incubated with 50 ng/ml CCL1 or 100 ng/ml LPS and stained with anti-CD11b
mAD (red) to visualize the M¢ cell membrane and with ami-CCRS pAb (green) after 12 h or anti-CD49d mAb (green) after 48 h. D, Chemotaxis of PMé
and BM in response to CCL1. The PMd and BM ¢ were pretreated with or without 50 ng/ml CCL1 for 4 h, washed, and subjected 1o the chemotaxis assay
using CCL1 or MCP1 at indicated concentrations. [F, PMé without pretreatment; B, PM¢ pretreated with CCL1; (], BMé without pretreatment; (2. BM
pretreated with CCL1. Results: were shown as mean = 1 SD of three independent cell preparations. *, Ditferences from random migration without
chemokine (MCP1(50) B vs none £, CCL1(10/50) W vs none W, and MCP1(10/50) [] vs none [']) were statistically significant (p < 0.01); #, difference
from chemotaxis without PTX (CCL1, PTX B vs CCLI(10/50) M) was statistically significant {p < 0.01). *, The difference from PM« without pretreatment
(CCL1(10/50) B vs CCL1(10/50) E]) or the difterence from BMd (CCLI(10/50) B vs CCLI1(10/50) [z with the same pretreatment and chemokine
concentration was statistically signiticant (p <2 0.01). The statistical significance was determined by the Tukey Kramer’s honestly signiticant difference test
based on two-factorial ANOVA.

figure legends. Differences were considered statistically significant 1). In the TNBS hapten-induced colitis model, perforating colonic
when p < 0.05. ulcers were constantly formed und always associated with the ad-
hesions to adjacent tissue. We also found that adhesions to the
Results colon were associated with the presence of M¢ aggregates at the
PM trafficking in postoperative and postinflammatory serosal side (Fig. 1B).
peritoneal adhesions To investigate the possibility that PM¢ actually represent the
We flirst used a postoperative peritoneal adhesion model where source of these aggregating cells associated with peritoneal adhe-
peritoneal ischemic buttons were induced by grasping and ligation sions, we lubeled naive PM¢ with fluorescent nanocrystal QDs and
of the parietal peritoneum. In this system, peritoneal adhesions transplanted them into the peritoneal cavity of mice. QD-labeled
were constantly formed within 6 days following the operation (17). PM¢ transferred to peritoneal cavity of nuive mice resided in the

Cells at the site of adhesion included neutrophils, cD3* lympho- omentum 24 h after transfer (data not shown). When QD-labeled
cytes, and CD11c™ cells as reported previously (4-0); however, PM¢ were transferred at the time of induction of postoperative or
the infiltration of these cells was rather scattered. In contrast, we postinflammatory peritoneal adhesions, they accumulated in the cell
found that F4/80" PMd¢ formed their own large aggregates (Fig. aggregates at the serosal site of adhesions and perforating ulcers
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FIGURE 4. Chemokine-induced aggregate formation of PM ¢ on monolayers of PMCs (CIMA assay). A, QD-labeled pooled PM¢ were placed on the
PMC monolayer and stimulated with CCL1 (10 ng/mi) for 1, 3, and 6 h. Pictures are shown for one of three independent experiments with similar results.
=, This column shows pictures 1aken under visible light, which were identical samples as the column using CCL1. Arrowheads indicate the traces of the
detached PMC monolayer. B, Cell aggregates involve PMCs. The CCLI-induced. QD (red)-labeled PM¢ aggregates as in A were collected under a
stereomicroscope after 24 h of incubation. Frozen sections were prepared and stained with 4.6 diamidino-2-phenylindole (DAPL blue, 1op) or with
anti-pancytokeratin Ab (green, bonom). Original magnification, X400. C, Quantification of CIMA assays. The PM¢ () or BM¢ () were cultured on
PMC monolayers with inflammatory stimulants at the concentrations described in the legend of Fig. 3A or at various concentrations of CCL1 for 24 h. The
areas of aggregation in captured images were measured. Data are the mean aggregation area = 1 SD of triplicate experiments. *, Statistically significant
differences from cells without stimulation (p < 0.01) by the Student ¢ test. D, Inhibitory effect of anti-CCL}-neutralizing mAb and PTX on aggregate
formation. Coculture of PM¢ and PMCs was stimulated with 5 ng/ml CCL1 for 24 h in the presence of various concentrations of inhibitors. Data are the
mean aggregation area = 1 SD of triplicate experiments. *, The difference from controls (without anti-CCLI mAb. blank column) were statistically
significant (p < 0.01) by the Student’s 1 test. E, Expression levels of CCL1 and CCRS in PMCs after addition of proinflammatory stimuli or CCL). The
PMCs were incubated with stimulants at the concentrations described in the Fig. 3A legend or 50 ng/ml CCL.} for 6 h, and subjected to RT-PCR for CCL.1
and CCRS. One representative result from four experiments, all giving an identical result, is shown. F, CCL) altered expression of tPA and PAI-1. PM¢
and PMCs were left without stimulation ([J) or stimulated with 50 ng/ml CCL.1 for either 2 (E}) or 4 (M) h and subjected for quantitative RT-PCR. Results
are the mean relative expression when compared with unstimulated cells 1 SD of six RNA preparations. *, Statistically significant difference from cells
without stimulation (p <2 0.05) by the Student 1 test.

(Fig. 1B). However, the cell infiltrates into the inflamed colonic wall aggregated cells (Fig. 2). Expression of CCR8 in serosal-aggre-

hardly contained QD-labeled cells (Fig. 1B, arrowhead). These results
indicated that peritoneal adhesions were associated with the massive
recruitment of PMd to the serosal membrane.

Specific-induction chemokine receptors in PM¢

To clarify the mechanism of aggregation of PM¢, we next inves-
tigated the chemokine receptor expression patterns in PM¢ aggre-
gates at the serosal surface of the inflamed colon using laser cap-
ture microdissection. In contrast to expression of mRNA for all
chemokine receptors examined in naive PMd, aggregating F4/80™
cells expressed only limited numbers of receptors, i.e., CCRS,
CCRY, and CCR10 (Fig. 2). The results of real-time RT-PCR re-
vealed that expression of mMRNA for CCR8 was specifically high in

gated PM¢ was also confirmed by immunohistological staining in
both colitis and postoperative models (data not shown).

Up-regulation of CCR8 in PM is induced by proinflammatory
stimuli and by CCLI

We next investigated what types of stimuli might up-regulate
mRNA for CCR8 in PM¢. We found that significant up-regulation
of CCR8 mRNA in PM¢ was induced by bacterial components,
including LLPS, PGN, and CpG, and by the proinflammatory cyto-
kines TNF-« and 1L-1-8 (Fig. 34). Notably, obvious up-regulation
of CCR8 mRNA was induced by CCL1, the ligand for CCRS8. In
contrast, this degree of CCR8 mRNA up-regulation was not in-
duced in BM¢ by any of stimuli tested (Fig. 34). Up-regulation of
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FIGURE 5. The anti-C'CL1-neutralizing mAb prevented postinfammatory and postoperative peritoneal adhesions. A, Secretion of CCLI in the peri-
toneal cavity after induction of colonic inflammation. Peritoncal lavage fluid obtained from naive mice or mice 24 h after induction of colitis with TNBS
was subjected to CCL1 ELISA. CCLI was befow the detection limit (0.2 ng/inl) in all five naive mice. The difference was statistically signiticant (p <
0.008) by the Mann-Whitney U test, when the values from the naive mice were estimated as 0.2 ng/ml. 8, Aliquots of QD-labeled (red) PMd (2.5 X 10°
cells) were transferred to naive C57BL/6J mice on day ~ 1. Next, rat anti-CCL1 mAb (150 pg) or the same amount of control rat 1gG Ab were given i.p.
and TNBS colitis was induced on day 0. Adhesive tissues in the colon were carefully cut and whole colonic tissues were obtained on day 1. Fluorescent
images were superimposed to the pictures under visible light. Representative pictures from each group are shown. €, Quantification of QI-labeled cells
migrated to the colonic surface. Red colored area in the fluorescent images as in B was measured. Results are shown as the mean = 1 SD. +, Statistically
significant difference from control mice (p < 0.05) by the Mann-Whitney U test. D. Anti-CCL1 mAb prevented postinflammatory peritoneal adhesions.
Mice were given ami-CCL1 mAb (150 pg) or the same amount of control rat 1gG 2 h before the induction of TNBS colitis. Four days later, peritoneal
adhesion to the colon was assessed. Representative photos of the colon are shown. The arrows indicate multiple tissue adhesions to the coton in a control
lg-treated mice. Arrowheads indicate colon. E, Adhesion scores of mice treated with anti-CCL1 mAb. +, The average value. *, Statistically significant
difference from control mice (p < 0.01) by the Mann-Whitney U test. F, Peritoneal adhesions to ischemic buttons were seen 6 days after the operation in
contrul wild-type but not in CCR$™™ mice. The arrowheads indicate ischemic buttons. Typical thick planter adhesion 1o liver and omentum onto each
ischemic button was seen in control mice, but not in CCR8 ™/~ mice. G. Adhesion scores of postoperational adhesion in mice treated with control [gG or
ami-CCL1 mAb (lefi). Right panel, Comparison of wild-type (control) and CCRS8 '~ mice. Adhesion score for each individua!l ischemic button was
assessed. +, The average value. *, Statistically significant difference from control mice without stimulation (p < 0.001) by the Mann-Whitney U test.

CCL1 mRNA was also induced in PM¢ by LPS, PGN, TNF-a,
IL-18, and CCL1 itself (Fig. 3A). A 3-fold increase of CCLI in
PM¢ cultures stimulated with LPS was also detected by ELISA
(data not shown).

Specific up-regulation of CCR8 in various chemokine receptors

there is 4 strong and specific positive feedback system to induce
the CCL1/CCRS8 chemokine system for the recruitment of PMd.

CIMA assay: an in vitro model for PM$ aggregate formation
and peritoneal adhesions

was seen in PM¢ treated with CCL1. In contrast, CCL] did not
induce particular chemokine receptors in BM¢ (Fig. 35). Immu-
nostaining for CCR8 after stimulation with CCL1 or LPS showed
up-regulated expression of CCRS8 in the PM¢ together with en-
hanced expression of the integrin CD49d (Fig. 3C), an adhesion
molecule which had been reported to be expressed at the site of
adhesions (21). Furthermore, we confirmed the function of CCL.1-
induced CCR8 in PM¢ using a chemotaxis assay. Pretreatment
with CCL1 at the concentration of S0 ng/ml caused specific che-
moattractive activity for PM¢ to CCL1. In contrast, the responses
by BM¢ or untreated PM ¢ to CCL1 were poor, although untreated
BMd¢ and PM¢ responded to MCP1 (Fig. 3D). CCLI-induced che-
motaxis was inhibited by anti-CCLLI mAb as well as by PTX,
which confirmed involvement of 4 G protein-coupled 7 trunsmem-
brane receptor such as CCR8 (Fig. 3D). Thus, under conditions
where intestinal or peritoneal injury and inflammation occurs,

Our next experiments were directed to determine whether we
could reconstitute aggregate formation of PM¢ associated with
adhesions in vitro. When QD-labeled PM¢ were pluced on a
monolayer of mouse PMCs, PM¢ adhered to PMCs loosely and
retained 4 rounded shape. Addition of CCLI to this mixed culture
led to formation of QD-positive cell aggregates with diameters of
> 100 pum by 3 h and at later time points (Fig. 44). Importantly, the
aggregates involved PMCs. The PMCs became detuached from the
culture plates and moved into the M¢ cell aggregates to form u
larger mass as shown by the presence of cells, which were QD
negative but positively stuined with an anti-cytokeratin pAb as a
marker for PMCs (Fig. 4, A and B). Because the surface of the
peritoneal cavity, including the omentum and viscera, are covered
with mesothelial cells, this result suggests that organs and tissues
could be pulled onto M¢ aggregates via mesothelial cells to even-
tually form adhesions. In the absence of PMd, addition of CCL]
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to the PMC layer did not induce detachment or morphological
changes (data not shown). The PM¢ also formed aggregates in the
presence of bacterial components including LPS, PGN, and CpG,
and proinflammatory cytokines, TNF-a and IL-1-8 (Fig. 4C). The
optimal concentration of CCL1 for forming aggregates was ~5-10
ng/ml (Fig. 4C). This indicated that the concentration gradient of
CCL1 made through this CCL1/CCRS8 autocrine system of PM¢
was required for cell migration to form aggregates (Fig. 4B). At the
high concentration in this one-chamber culture system, the con-
centration gradient around the cells would not be formed, even if
cells produce CCL1. In contrast, BM¢ failed to form CCLI-in-
duced aggregates on PMCs, although they responded to LPS und
TNF-« to some extent (Fig. 4C). This CCL1-induced aggregate
formation was significantly blocked by uddition of anti-
CCL 1-neutralizing mAb or PTX (Fig. 4D). Because involvement
of PMCs in the PM¢ aggregates was now established, we next
investigated the responses of PMCs to CCL1. Although mRNA for
CCL1 in unstimulated PMCs was hardly detected, LPS, PGN,
TNF-a, IL-18, and CCLI] induced dramatic up-regulation of
CCL1 (Fig. 4F). CCR8 was constantly expressed on PMCs and
expression level did not change with these stimuli (Fig. 4F). Thus,
our in vitro model reproduced the initial steps in aggregate forma-
tion of PM¢-enfolding PMCs and demonstrated that PMCs also
facilitated the CCL1/CCR8-positive feedback system in PM .

Furthermore, many studies have shown that early fibrinolytic
events in the peritoneum play a central role in adhesion formation
(1). To investigate possible involvement of CCL1 in the fibrino-
lytic pathway, mRNA levels for tissue-type plasminogen activator
(IPA) and plasminogen activator inhibitor 1 (PAI-1) in the PM¢
and PMCs were assessed. Considerable levels of mRNA for (PA
and PAI-1 were detected in unstimulated PMCs and PM¢ (data not
shown). In PM¢, expression of tPA was down-regulated, while
that of PAI-1 was up-regulated 2 h after stimulation with CCL1
(Fig. 4F). In PMCs, significant up-regulation of PAI-1 was seen
2 h after starting treatment with CCL1 (Fig. 4F). Moderate up-
regulation of tPA in PMCs became statisticully significant when
they were treated with CCL1 for 4 h. This CCL1-induced down-
regulation of tPA in PM¢ and early up-regulation of PAL-1 in
PM¢ and PMCs may also participate in the promotion of cell
aggregation and adhesion formation.

Disruption of CCL1/CCRS interaction prevents peritoneal
adhesions

The establishment of a role for CCLI in an in vitro model of
cellular aggregate formation prompted us to investigate the effects
of disruption of the CCL1/CCR8 system in vivo. Measurement of
the levels of CCL1 in peritoneal lavage fluid revealed that CCL1
was significantly increased in mice with TNBS-induced colitis
(Fig. 5A). Then, we found that the anti-CCL1-neutralizing mAb
efficiently inhibited the formation of aggregates of QD-labeled
PM¢ to the colonic serosa after induction of colitis (Fig. 5, B and
C). Four days after induction of TNBS colitis, treatment with anti-
CCL1 mAb caused less peritoneal adhesions when compared with
mice treated with control rat IgG (Fig. 5, D and E). In our post-
operative adhesion model, two ischemic buttons were created on
both sides of the parietal peritoneum. Mice in the control group
formed membranous thick adhesions to most of the ischemic but-
tons (Fig. 5F). In contrast, treatment with anti-CCL} mAb effi-
ciently reduced these adhesions (Fig. 5G). Frequency of adhesion
formation in CCR8 ™/~ mice was also decreased 1o the levels com-
parative to the mouse group treated with anti-CCL1 mAb (Fig. 5,
F and G). Of note, blocking the CCL1-CCRS interaction did not
affect the healing of the initial operative incision.

CCL1/CCR8 TRIGGERS PERITONEAL ADHESIONS

Discussion

Little is known about cell trafficking between the peritoneal cavity
and the organs of this locale including the gastrointestinal tract.
We describe here for the first time the migration and aggregate
formation of PM¢ at the site of injury. We have revealed the
mechanism for this aggregate formation; a specific positive feed-
back system in PM¢ of the chemokine CCL1 and its receptor
CCR8 when tissue damage or infection occurs. We have further
estublished here an in vitro model for aggregation of PM¢ and
PMCs, which waus triggered by this same CCLI1/CCRS8 system.
Finally, we were able to interrupt the migration of PM¢ and de-
velopment of subsequent peritoneal adhesions by abrogating
CCL1/CCRS interaction. Each of these significant new findings is
discussed in detail in the following paragraphs.

Practically no attention has been given to the serosal cell re-
sponse in inflammatory disease of visceral organs. However, the
damage and injury to viscera reaching the peritoneum is often
fatal. In the case of murine colitis, we found that PM¢ form spe-
cific aggregates at the site of transmural ulcers and do not migrate
into the inflamed colon. It is reasonable that these cell aggregates
physically cover this tissue defect in the intestine and maintain
barrier to prevent further exposure to the flora, potential pathogens,
or intoxicants. Apparently, the localization and function of PM¢ is
distinct from other types of M, which are recruited directly from
the bone marrow via the blood circulation and diffusely infiltrate
into the mucosal and submucosal layer of the colon. This unique
function of PM¢ is largely mediated through the restricted expres-
sion of a specific chemokine and its receptor. Naive PM¢ are
responsive to many chemokines; however, PM¢ stimulated with
CCL1 specifically up-regulate the expression of CCRS, which then
facilitated the development of cell aggregates at this particular site
of tissue dumage.

The recruitment of PM¢ to the influmed colonic serosa was
dramatic. This was most probably explained by a specific and pos-
itive feedback system of CCL1/CCRS in the PM¢ that we found
here. In the case of transmural damage in the colon where normal
flora reside, each stimulunt positively induced up-regulation of the
CCL1/CCRS system in PM¢@. Because TNBS colitis induced in
C57BL/6 mice was ameliorated by the administration of anti-
CCL1 mAb (our unpublished data), there may be various inflam-
matory pathways downstream of CCL1 up-regulation. Previous
reports showed that CCL1 functions as a migration inducer of
Th2-type cells in both humans and mice (22, 23) as well as neu-
trophil M¢ (24). Recent studies demonsirated that CCR8 was ex-
pressed in CD47CD25™ T cells with IL-10 production (25) or
FOXP3 expression (26). In addition, CCL1 was produced by a
type of M2 (alternatively activated, M2b) M¢ (27). Furthermore,
thadinovirus-transformed human T cells produced CCL1 with ex-
pression of CCRS8, which supported cell growth and cytokine pro-
duction (28). It is of interest that monocyte-derived dendritic cells
use CCRS in their migration to lymph nodes (29) and Langerhans-
type dendritic cells in the skin also produced CCL1 when stimu-
lated with various bacterial components (30). In humans, CCR8 is
also expressed in vascular smooth muscle cells and mediates their
chemotaxis (31). CCR8 was shown to play a significant role after
bucterial challenge in the abdominal cavity in mice (32). However,
autoinduction of the receptor CCRS8, shown in our results, has not
been clearly described to occur in any of these past studies. This
vigorous autoactivation system is unique for PM¢ and may ex-
plain the rapid and massive recruitment of PM¢ into the injured
viscera. This characteristic formation of aggregates by PM¢ cer-
tainly plays a key role in the immune system of the peritoneal
cavity.
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The reaction of PMd described here is a very effective defense
system; however, in the case of surgical stress or chronic inflam-
mation, we assumed that the reaction of PM¢ to serosal injury
might represent a harmful mechanism that ultinately results in
severe peritoneal adhesions. To address this notion, we first suc-
ceeded in the reconstruction of adhesions between PM¢ and PMCs
in vitro. To our surprise, addition of only CCL1 to cocultures of
PMCs and PM¢ induced the formation of lurge cell aggregates. Of
interest, we found that mesothelial cells also showed striking up-
regulation of CCL1 after various inflammatory conditions includ-
ing incubation with CCL1 itself. When the intestinal damage
reaches the serosal layer, mesothelial cells are exposed to bucterial
components or inflammatory cytokines. At this point, CCL1 is first
produced locally by mesothelial cells, where it initiates the recruit-
ment and brisk activation of the CCL1/CCRS system in PM¢ to
support their migration and formation of cell aggregates. Further-
more, the enhanced expression of integrin molecules during the
aggregate formation of PM¢ as well as up-regulation of PAL in
PMCs and down-regulation of tPA in PM¢ via the CCL1/CCRR
system supports the significance of this chemokine system for pro-
motion of further cell aggregation and adhesions, and finally for
induction of firm fibrous adhesion tissue. Previous study described
the role of T cells in the formation of adhesions (6, 7). Our ex-
periment using T cell-deficient mice also indicated partial involve-
ment of T cells in adhesion formation, however, CCL1-exposed
PM¢ did not show enhanced production of TNF-«, 11.-6, II.-4, or
IL-10 (our unpublished data). The mechanism of the T cell acti-
vation along with the CCL.1-driven PM¢ recruitment requires fur-
ther investigation.

In the postoperative model, blockade of the CCL1/CCRR inter-
action either with anti-CCIL.1 mAb or disruption of the CCRS gene
decreased peritoneal adhesions, but did not affect the healing of the
initial midline incision. This suggests a specific effect by blocking
the CCL1/CCRS interaction and points to the possible importance
for use of CCL.1/CCRS antagonists to prevent postoperative adhe-
sions without affecting wound healing. Currently, many clinical
trials and experimental studies for prevention of peritoneal adhe-
sions have been based upon the idea of moditication of the fibrino-
Iytic pathway (33) or the placement of chemical (34) or physical
barriers (35, 36). Physical barrier placement was effective in pre-
venting adhesions between viscera and the peritoneal wall; how-
ever, it fuiled to prevent adhesions between viscera. Antiadhesion
treatments also includes antibiotics (37), the neurokinin 1 receptor
antagonist (17), or cyclooxygenase-2 inhibitors (38, 39) which are
mostly nonspecific anti-inflammatory regimen. In contrast, specific
blocking of CCLI/CCRS inhibited the aggregation of PMd but
would not block the diffuse infiltration of BM¢ into the inflamed
site, for the lack of CCR8. This feature suggests the advantage
of targeting CCL1/CCRS for prevention of adhesions, a proce-
dure which would not affect mucosal or systemic defense sys-
tems or the wound healing process. Furthermore, we newly de-
veloped the CIMA assay in this study. It is now possible to
select suitable molecules for use in prevention of peritoneal
adhesions in combination of our CIMA assay and high through-
put screening of CCR8 antagonists. We now provide a novel
target to prevent excess inflammatory responses in the perito-
neal cavity and also point to the possibility of prevention of
postoperative peritoneal adhesions by blocking CCL1/CCR8
using Abs or antagonists.
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