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Dose-Dependent Differential Regulation of Cytokine Secretion
from Macrophages by Fractalkine'

Noriko Mizutani,* Toshiharu Sakurai,’ Takahiro Shibata,* Koji Uchida,* Jun Fujita,’
Rei Kawashima,* Yuki I. Kawamura,** Noriko Toyama-Sorimachi,* Toshio Imai,?
and Taeko Dohi®**

Although expression of the fractalkine (CX3CL1, FKN) is enhanced in inflamed tissues, it is detected at steady state in various
organs such as the intestine, and its receptor CX3CR1 is highly expressed in resident-type dendritic cells and macrophages. We
hypothesized that FKN might regulate the inflammatory responses of these cells. Therefore, murine macrophages were pretreated
with FKN and then stimulated with LPS. We found that macrophages pretreated with 0.03 oM FKN but not with 3 nM FKN
secreted 50% less TNF-a than did cells treated with LPS alone. Cells treated with 0.03 nM FKN and LPS also showed reduced
phosphorylation of ERK1/2 and reduced NF-«B p50 subunit. Interestingly, the p65 subunit of NF-«B was translocated to the
nuclei but redistributed to the cytoplasm in the early phase by forming a complex with peroxisome proliferator-activated receptor
(PPAR) v. Exogenous 15-deoxy-A(12,14)-prostaglandin J2, a natural ligand for PPAR-4, also induced redistribution of p6S with
decreased TNF-« secretion after LPS challenge. Pretreatment with 0.03 aM but not 3 nM FKN increased the cellular levels of
15-deoxy-A(12,14)-prostaglandin J2 as well as mRNA of PPAR-y. Requirement of PPAR-v for the effect of 0.03 nM FKN was
confirmed by small interfering RNA of PPAR-y. In contrast, pretreatment with 3 nM FKN induced higher levels of IL-23
compared with cells pretreated with 0.03 aM FKN and produced TNF-a in a CX3CR1-dependent manner. These dose-dependent
differentiat effects of FKN establish its novel role in immune homeostasis and inflammation. The Journal of Immunology, 2007,

179: 7478-7487.

duced as a membrane-bound molecule that consists of an

intracellular tail, a short membrane-spanning region, and a
glycosylated mucin-like stalk that extends from the cell surface
holding the chemokine domain (1). FKN also exists as a soluble
glycoprotein that is produced by proteolytic cleavage of the full-
length molecule at a membrane-proximal site (2, 3). Expression of
FKN in endothelial cells is induced by various inflammatory stim-
uli such as LPS, TNF-a, IL-1, and IFN-vy (4-6). Besides induction
of chemotaxis, FKN also functions as an adhesion molecule to
support leukocyte adhesion and transmigration (7, 8). A unique
receptor for FKN, CX3CR1, is expressed abundantly by dendritic
cells and macrophages/monocytes (9-11) as well as Th-type 1
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cells, cytotoxic effector lymphocytes (12, 13), mast cells (14), neu-
rons, astrocytes, and microglia (15-17). Since expression of FKN
and expression of CX3CR1 can be induced by immune cells, stud-
ies have focused on the role of FKN as an inflammatory mediator.
Indeed, FKN is up-regulated in the inflammatory site of rheu-
matoid arthritis (12, 18), inflammatory bowel disease (19), ath-
erosclerosis (20). psoriasis (21), myositis (22), and various in-
flammatory conditions of the kidney (23) and brain (24),
although FKN gene-disrupted mice did not show significant dif-
ferences from wild-type mice in either steady-state or inflam-
matory conditions (25).

Conversely, studies using GFP/CX3CR1 knock-in mice have
shown that a CX3CRI™#"CCR2™Gr1~ subset of murine blood
monocytes characterized by CX3CR1-dependent recruitment to
noninflamed tissues and a short-lived CX3CR1" CCR2*Gr1*
cell population is actively recruited to inflamed tissue (26). Fur-
thermore, CX3CR1-positive dendritic cells are distributed abun-
dantly in the lamina propria of the normal intestine (27). Recent
studies have shown that circulating CX3CR1*CD117Lin" precur-
sors represent the origin of some subsets of resident macrophages
and dendritic cells (28), and a small proportion of intestinal lymph
dendritic cells are derived from CX3CR1™#" blood monocytes in
vivo under steady-state conditions (29). These results indicated the
role of the FKN/CX3CR1 system in homing of noninflammatory
or resident subsets of dendritic cells and macrophages. Of interest,
a considerable amount of FKN is produced by epithelial cells and
other types of cells in the normal intestine (19, 30). In addition to
its role in cell dynamics, we assumed that the physiological level
of FKN in the intestine regulates the function of CX3CR1* mac-
rophages. Resident macrophages in the normal intestine have the
distinctive feature of hyporesponsiveness to various inflammatory
stimuli, including bacterial components (31-33). This is in sharp
contrast to circulating monocytes and splenic macrophages, which
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produce large amounts of proinflammatory cytokines in response
to bacterial components. The inflammatory anergy of intestinal
macrophages is thought to be important to maintain intestinal ho-
meostasis. However, the mechanism by which macrophages ac-
quire this feature is not yet fully understood. One important work-
ing hypothesis is that intestinal epithelial cells and stromal cells
provide a particular microenvironment to promote inflammatory
anergy, along with a variety of cytokines and chemokines as their
products. Indeed, intestinal stromal cell-derived products down-
regulate both monocyte receptor expression and cytokine produc-
tion (32). It is also likely that FKN participates in forming this
microenvironment of the intestine to render macrophages immu-
nologically hyporesponsive. Such anti-inflammatory activity of
FKN has been reported previously. For example, FKN attenuated
LPS-induced production of NO, IL-6, and TNF-a by rat (34) and
mouse (17) microglia, which are phagocytotic cells and are re-
sponsible for cytokine production in the CNS. Pretreatment of rats
with an anti-FKN Ab enhanced LPS-induced TNF-« levels in hip-
pocampus and cerebrospinal fluid (35). However, the anti-
inflammatory effect of FKN in bone marrow-derived or blood mac-
rophages has not been documented.

In this study, we compared the effects of different concentrations
of FKN on macrophages and found that relatively low concentra-
tions of FKN suppressed LPS-induced TNF-« secretion by both
bone marmrow-derived macrophages (BM¢) and the mouse macro-
phage cell line RAW264.7. We investigated the underlying mech-
anism and found for the first time that FKN induced the expression
of both peroxisome proliferator-activated receptor (PPAR) y and
its ligand and altered the subunit usage of NF-«B after stimulation
with LPS in macrophages, eventually decreasing the secretion of
TNF-a. In contrast, higher concentrations of FKN, which may
represent a local inflammatory condition, did not show such an
immunosuppressive effect; instead, an up-regulation of IL-23
was seen.

Materials and Methods
Mice

Six- to 7-wk-old male C57BL/6) mice obtained from CLEA Japan and
1L-10 knockout mice (C57BL/6J background; The Jackson Laboratory)
were maintained under pathogen-free conditions in a facility of the Re-
search Institute, International Medical Center of Japan (Tokyo, Japan). All
experiments were performed according to the Institutional Guidelines for
the Care and Use of Laboratory Animals in Research with the approval of
the Jocal ethics committee in the International Medical Center of Japan.

Histological immunostaining

Frozen sections were prepared from mouse intestine, fixed with cold ace-
tone for 10 min, dried, and treated with Blockace (Dainippon Pharmaceu-
ticals), incubated with hamster anti-FKN (22) or PE-labeled rat anti-F4/80
(Serotec) and rabbit anti-CX3CR1 (22). followed by secondary FITC-la-
beled anti-hamster 1gG Ab (Southern Biotechnology Associates) or Alexa
488-labeled anti-rabbit 1gG Ab (Invitrogen Life Technologies and Molec-
ular Probes). Images were captured with a fluorescence microscope (BX50/
BXFLA; Olympus) equipped with a CCD camera. Merged images were
produced using Adobe Photoshop CS2 (Adobe Systems).

Cell culture, pretreatment with FKN, and stimulation with LPS

To obtain BMd, bone marrow cells were harvested and differentiated in
DMEM containing 10 ng/ml M-CSF and 10% FBS for 7 days. RAW264.7
cells (American Type Culture Collection) were grown in DMEM supple-
mented with 10% FCS. Aliquots of | X 10° cells in 0.2 ml of culture
medium were pretreated with the indicated concentration of recombinant
mouse FKN (R&D Systems) for 12 h and then stimulated by addition of the
indicated concentration of LPS (from Salmonella minnesota, L-2167;
Sigma-Aldrich) to the culture. In some experiments, 15d-PGJ2 (Cayman
Chemical) and mouse rlL-23 (R&D Systems) was added to the culture. To
examine the effect of immobilized FKN, 96-well flat-bottom plates were
coated with 0.1 ml of various concentrations of FKN in PBS for 12 h at
4°C. After washing with PBS, cells were placed and the culture was per-
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FIGURE 1. Expression of FKN in the intestine and detection of
CX3CRI1-positive macrophages. A, Frozen intestinal sections were stained
with anti-FKN Ab. B, Frozen sections were double stained with anti-F4/80
(red) and anti-CX3CR1 Ab (green). Merged images are shown.

formed as above. Actual density of coated FKN after washing was not
measured. The hamster anti-mouse FKN Ab for blocking FKN was pre-
pared at KAN Research Institute (Kobe, Japan). To neutralize the effects of
CX3CRI, purified rabbit anti-rat CX3CR1 polyclonal Ab (2 ug/ml; Torrey
Pines Biolabs) was used with rabbit igG (I1BL) as a control. To neutralize
the actions of 1L.-23, purified rat anti-mouse 1L-23 p19 mAb (2 pg/ml;
eBioscience) and purified rat 1gG1 isotype control (BD Biosciences) were
used as controls.

Cytokine production assay by ELISA

The concentrations of cytokines in culture supernatants were measured
using a Murine TNF-a ELISA Development Kit (PeproTech), Quantikine
M Mouse 1L-6 Immunoassay kit (R&D Systems) and Mouse 1L-10 ELISA
kit (Endogen).

Flow cytometry analysis

Cells were incubated with mAb against mouse TLR4/MD-2 complex
(SA15-21; a gift from Dr. S. Takamura-Akashi, Tokyo University, Tokyo,
Japan) or isotype control 1gG directly conjugated with Alexa 488 and an-
alyzed by FACS (BD Biosciences).

Western blotting and immunoprecipitation

Cells were lysed in a buffer containing 150 mM NaCl, 50 mM Tris-Cl, 1
mM EDTA, 1 mM Na;VO,, | mM PMSF, 1% Nonidet P-40, complete
protease inhibitor mixture (Roche Molecular Biochemicals), and 50 mM
NaF (pH 8.0) for 20 min on ice. After centrifugation at 10.000 X g for 20
min, protein concentrations were determined using the Bio-Rad protein
assay. After separation by SDS-PAGE under reducing conditions, lysates
were transferred to membranes (lmmobilon; Millipore) and subsequently
immunoblotted with specific Ab before visualization by chemilumines-
cence (SuperSignal West Dura; Pierce). To analyze ERK1/2 activation,
membranes were probed with anti-phospho ERK 1/2 Ab or total ERK1/2
Ab (Cell Signaling Technology) and then stripped and reprobed with Ab to
actin (Santa Cruz Biotechnology). To detect the amount of NF-xB p50
protein. nuclear extracts were subjected to Westein blotling with anti-
NF-xB p50 Ab (sc-7178; Santa Cruz Biotechnology).

RT-PCR

Total RNA from cells was reverse-transcribed with Superscript 1l reverse
transcriptase (Invitrogen Life Technologies) and amplified by PCR. The
following primers were used; FKN. a forward primer (5'-CACCTCGGC
ATGACGAAAT) and a reverse primer (5'-TTGTCCACCCGCTTCTC
AA-3"); MD-2, a forward primer (5'-ATGTTGCCATTTATTCTCTTTT
CGACG) and a reverse primer (ATTGACATCACGGCGGTGAATGA
TG-3'); TLR4, a forward primer (5'-AGCAGAGGAGAAAGCATCTATG
ATC) and a reverse primer (GGTTTAGGCCCCAGAGTTTTTCTCC-3');
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FIGURE 2. Pretreatment with recombinant FKN inhibited LPS-induced TNF-a production in macrophages. A, BM¢ were pretreated with FKN at
indicated concentrations for 12 h and stimulated with LPS (100 ng/m}) for 6 h. Secretion of TNF-« in the culture medium was determined by ELISA and
shown as an average plus 1 SD of four to eight independent cell preparations. B, RAW264.7 cells were pretreated with FKN at the indicated concentration
for 12 b and stimulated with LPS (1 ng/ml) for 6 h. Secretion of TNF-a in the culture medium was determined by ELISA and shown as an average * 1
SD of the percentage of cells without FKN pretreatment using three to eight independent cultures. C, RAW264.7 cells were pretreated with 0 oM ((J), 0.03
nM (@), or 3 nM (O) FKN for 12 h and stimulated with LPS (1 ng/ml). Secretion of TNF-a in the culture medium was determined by ELISA at the indicated
times after LPS stimulation and are shown as the average plus 1 SD. D, Culture plates were coated with indicated concentrations of FKN and RAW264.7
cells were cultured for 12 h and stimulated with LPS (1 ng/ml) for 6 h. Secretion of TNF-a was measured and shown as the average of eight cultures plus
1 SD. E, RAW264.7 cells were pretreated with FKN at the indicated concentrations in the presence of anti-CX3CR1 Ab (B or control 1gG () for 12 h
and stimulated with LPS (1 ng/ml) for 6 h. Secretion of TNF-a was measured and shown as the average of three cultures plus 1 SD. F, BM ¢ were pretreated
with (H) or without ([J) 0.03 nM FKN and then stimulated with 100 ng/ml LPS for 6 h. Secretions of 1L-6 and 1L.-10 were measured and shown as an
average plus 1 SD. G, BM¢ prepared from 1L-10™/~ mice (n = 10) were pretreated with (W) or without ((J) 0.03 nM FKN and stimulated with 100 ng/ml
LPS. Secretion of TNF-a was measured and shown as an average plus 1 SD. =, Statistically significant difference from cells without FKN- pretreatment;
otherwise, compared data are indicated (p < 0.05).

CX3CR1, a forward primer (5'-CCGCCAACTCCATGAACAA) and a re-
verse primer (CGTCTGGATGATGCGGAAGTA-3'); PPAR-, a forward
primer (5'-GATGCAAGGGTTTCTTCCGGAGAAC) and a reverse pri-
mer (TGGTGATTTGTCTGTTGTCTTTCC-3'); 1L-23 pl9, a forward
primer (5'-GAACAAGATGCTGGATTGCAGAG) and a reverse primer
(TGTGCGTTCCAGGCTAGCA-3'); and GAPDH, a forward primer (5'-
AGCCAAACGGGTCATCATCTC) and a reverse primer (TGCCTGCT
TCACCACCTTCTT-3"). For quantitative analysis, the SYBR Green PCR
Kit (Applied Biosystems) was used according to the manufacturer’s in-
structions in 2 model 7700 Sequence Detector (Applied Biosystems). The
reaction mixture was amplified for GAPDH (95°C for 45 s, 60°C for 45 s,
and 72°C for 45 s, in the order of denaturation, annealing, and extension,
40 cycles); MD-2 (90°C for 45 s, 58°C for 45 s, 72°C for 45 s, 40 cycles);
TLR4 (94°C for 60 s, 60°C for 60 s, 72°C for 60 s, 40 cycles); CX3CR1
(94°C for 45 s, 58°C for 45 s, 72°C for 45 s, 40 cycles); FKN (94°C for
45 s, 58°C for 45 s, 72°C for 45 s, 40 cycles); PPAR-y (95°C for 45 s, 55°C
for 45 s, 72°C for 45 s, 40 cycles); and 1L.-23 p19 (95°C for 45 s, 60°C for
45 s, 72°C for 45 s, 40 cycles).

Preparation of nuclear extracts and EMSA

Cells were suspended in 200 wl of lysis buffer (10 mM HEPES (pH 7.9),
10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, and 1 mM DTT) and kept on
ice for 15 min followed by addition of 12.5 ul of 10% Nonidet P-40. After
mixing and centrifugation (10,000 X g) for 3 min, the nuclear pellets
obtained were resuspended in 25 ul of ice-cold nuclear extraction buffer
(20 mM HEPES (pH 7.9), 400 mM NaCl, 1 mM EDTA, 1 mM EGTA, and
1 mM DTT) and kept on ice for 15 min with intermittent agitation. The
samples were centrifuged and the supernatants were stored at —80°C until
use. EMSAs were conducted using a Digoxigenin Gel Shift Kit (Roche
Diagnostics) according to the manufacturer’s instructions using 10 ug of
the nuclear extracts. Quantification of bands was performed by densitom-
etry using ATTO Densitograph version 4.0 software. For the supershift
assay, we used an identical oligonucleotide probe labeled with {*2P]dCTP
using a Klenow fragment. In brief, nuclear extracts (3 ug) were preincu-
bated with 1 pg of anti-p50 or p65 Ab (sc-1190X, sc-372X; Santa Cruz
Biotechnology) for 60 min at 4°C before addition of the labeled probe in
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FIGURE 3. Pretreatment with FKN altered TLR4 A
and MD-2 expression and ERK1/2 phosphorylation. EKN
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a total of 25 pl of binding buffer (10 mM HEPES (pH 7.8), 50 mM KCl,
1 mM EDTA, 5 mM MgCIL2, 10% glycerol, and 1 g of poly(dl:C)). After
incubation, samples were fractionated on a 5% polyacrylamide gel in 25
mM Tris-Cl (pH 8.5), 190 mM glycine, and 1| mM EDTA. The gel was
subsequently dried and visualized by autoradiography.

Quantification of NF-xB p65

The amount of NF-xB p65 in the nuclear protein fraction was measured
using the TransFactor Extraction Kit and TransFactor Colorimetric Kit for
NF-xB (BD Clontech). Amounts of NF-xB p65 were quantified as arbitrary
units based on the colorimetric assay of serial dilutions of positive control
samples.

Cell staining for detection of PPAR-y and NF-kB p65

RAW264.7 cells were plated on Lab-Tek Chamber Slides (Nalge Nunc).
After experimental treatment, cells were fixed by methanol, blocked with
Block Ace (Dainippon Seiyaku) for 1 h, and incubated with rabbit anti-
NF-xB p65 Ab (sc-372; Santa Cruz Biotechnology) and mouse anti-
PPAR-y mAb (sc-7273; Santa Cruz Biotechnology) or control normal
mouse 1gG (Cedarlane Laboratories) and normal rabbit 1gG (Santa Cruz
Biotechnology). Bound Ab were detected with goat anti-rabbit IgG tetra-
methylrhodamine isothiocyanate (Southern Biotechnology Associates) or
biotinylated anti-mouse 1gG (Vector Laboratories) and streptavidin-
Alexa 488 (Invitrogen Life Technologies and Molecular Probes). Cells
were then analyzed by confocal laser scanning microscopy (Zeiss
LSM510; Zeiss).

Small interfering RNA (siRNA)

siRNA for mouse PPAR-y and control siRNA were purchased from
Santa Cruz Biotechnology. RAW264.7 cells were transfected with dou-
ble-stranded siRNA at a final concentration of 100 nM using the Mi-
croPorator MP- 100 electroporation system (Digital BioTechnology) ac-
cording to the manufacturer’s instructions.

Immunostaining for 15d-PGJ2

RAW264.7 cells were stained with 2 pg/ml mouse anti-15d-PGJ2 mAb
(11G2) or mouse control 1gG overnight at 4°C as described previously (36)
and then incubated with biotinylated anti-mouse 1gG at a 1/400 dilution
(Vector Laboratories) for | h followed by streptavidin-Alexa 488 at 1/1000
dilution for 1 h. After final washing and counterstaining with 4',6-dia-
midino-2-phenylindole (DAPI), samples were evaluated using fluorescence
microscopy (BX50/BXFLA; Olympus). Green (15d-PGJ2) and blue (nu-
clei) fluorescence images were captured separately from four fields of each
culture randomly, and the stained area was measured using Imagel} soft-
ware (distributed by the National lnstitutes of Health). Cellular expression
of 15d-PGJ2 was determined as the green area (pixels) divided by blue area
(pixels), which represents the number of cells in the image.

—_—

TLR4-MD-2

Statistics

The results were compared by the Mann-Whitney U test using the Stat-
View U statistical program (Abacus Concepts) adapted for Mac OS.

Results
FKN and CX3CRI are abundantly expressed in the intestine

Since CX3CR1-positive dendritic cells are abundantly distributed
in the lamina propria of normal intestine (27), we initially exam-
ined the expression of the FKN ligand in the intestine. FKN was
detected in epithelial as well as mesenchymal cells, especially in
the proximal colon (Fig. 1A). FKN-positive mesenchymal cells,
including myofibroblasts, were identified by double staining with
anti-asmooth musele actin as well as RT-PCR of murine myofi-
broblast cell lines which were established from the colon (our un-
published data). CX3CR1 "F4/80" macrophages were also found
more frequently in the colon compared with the small intestine
(Fig. 1B).

FKN attenuated LPS-induced secretion of TNF-a

To investigate the effect of FKN, we chose BM¢ and the mouse
macrophage cell line RAW264.7 because both express the FKN
receptor CX3CR1 (92 and 90%, respectively) and produce large
amounts of TNF-«, an indicator of inflammation, in response to
LPS stimulation for 6 h (Fig. 2). These cells were pretreated with
FKN for 12 h and then stimulated with LPS. Although FKN itself
did not induce secretion of TNF-a, pretreatment with FKN re-
duced the secretion of LPS-induced TNF-a in both BM¢ and
RAW?264.7 cells (Fig. 2, A and B). Of interest, ~0.003-0.03 nM
FKN was optimal for this effect, and a higher concentration (3 nM)
of FKN failed to attenuate TNF-a secretion (Fig. 2, A and B).
Addition of an anti-FKN Ab during FKN pretreatment (0.03 nM}
abolished its inhibitory effect, which indicated that the effect was
due to FKN rather than any minor contaminant (data not shown).
In the time course assay, less secretion of TNF-« in cells pretreated
with 0.03 nM FKN became obvious 6 h after LPS challenge (Fig.
2C). Since FKN is expressed as a membrane-bound molecule as
well as a soluble protein, we immobilized FKN on a plate and
cultured RAW264.7 cells before LPS challenge. Immobilized
FKN at a concentration of 0.03 nM also showed decreased TNF-a
production by macrophages in response to LPS, whereas higher
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concentrations did not show this effect (Fig. 2D). Washing the cells
before LPS challenge reduced, at least in part, the inhibitory effect
of FKN on TNF-a (data not shown), which indicated that both
intracellular events and soluble factors released during pretreat-
ment were involved in inhibition. To confirm that these dose-de-
pendent, differential effects were mediated by a single FKN recep-
tor, we added anti-CX3CR1 Ab when cells were pretreated with
FKN. Reduction of TNF-a secretion in cells pretreated with 0.03
nM FKN was negated in the presence of anti-CX3CR1 Ab (Fig.
2E). This result indicated that the TNF-«a suppressive effect was
mediated by CX3CR1.

Pretreatment with 0.03 nM FKN also suppressed secretion of
IL-6 from BM¢ induced by LPS, although the inhibitory effect
was not as evident as that observed with levels of TNF-a in a 6-h
culture (Fig. 2F). IL-12 production also was induced by LPS in
BMg, but pretreatment with FKN did not affect its secretion sig-
nificantly (data not shown). BM¢ constitutively produced I1L-10
and pretreatment with FKN did not alter the levels of IL-10 in the
culture supernatant, either without or with LPS (Fig. 2F). Similar
effects of FKN pretreatment on cytokine production were seen in
RAW?264.7 cells. To examine the possible involvement of IL-10.
BM¢ prepared from IL-107'~ mice were tested. Levels of TNF-«
secretion after LPS stimulation in IL-107/" BM¢ were >2-fold
higher than in wild-type mice; however, pretreatment with FKN
significantly decreased the level of TNF-q, although it did not
reach 50% inhibition as seen in wild-type mice (Fig. 2G). Overall
results showed that the LPS-induced TNF-a response was sup-
pressed by pretreatment with 0.03 nM FKN and involvement of
IL-10 in TNF-« suppression was only partial, if at all.

Pretreatment with FKN-modulated expression of TLR4

We next investigated whether FKN pretreatment might alter the
expression of TLR4 and MD-2, molecules necessary for signal
transduction from LPS. Although cell surface expression of the
TLR4-MD-2 complex was not high in RAW264.7 cells. it signif-
icantly decreased in cells pretreated with 0.03 nM FKN as deter-
mined by flow cytometry (Fig. 3, A and B). Levels of TLR4 and
MD-2 mRNA also decreased after pretreatment with 0.03 nM FKN
(Fig. 3C). However, the mean fluorescence intensity of TLR4-
MD-2 and mRNA levels of MD-2 in the cells treated with 3 nM
FKN was still significantly lower than that of untreated control
cells. Since TNF-a production by cells treated with 3 nM FKN was
comparable to that of untreated cells, we assume that the sorface
expression level of TLR4-MD-2 was not the major factor that di-
rectly caused suppression of TNF-« secretion, although FKN does
affect TLR4-MD-2 expression.

FKN attenuated ERK1/2 activation

Since MAPK phosphorylation occurs downstream of TLR4 sig-
naling, the effect of FKN pretreatment was assessed. FKN itself
induced ERK1/2 phosphorylation within 30 min; however, after
12 h (the time point of LPS addition), there was no significant
activation of ERK1/2 in cells treated with either concentration of
FKN (Fig. 3D). Phosphorylation of ERK1/2 was detected 30 min
after stimulation with LPS irrespective of pretreatment with FKN
(data not shown); however, 6 h after LPS challenge, MAPK phos-
phorylation was dramatically suppressed when cells were pre-
treated with 0.03 nM FKN. A higher concentration of FKN (3 nM)
did not inhibit ERK phosphorylation (Fig. 3D), coinciding with the
failure to suppress TNF-a secretion at this concentration. Phos-
phorylation of p38 was seen after stimulation with LPS; however,
there is no difference between cells with or without FKN pretreat-
ment (data not shown).
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FIGURE 4. Pretreatment with FKN modulated activation of NF-kB. A,
RAW264.7 cells were pretreated with the indicated concentration of FKN
for 12 h and stimulated with LPS for 1 h. Nuclear extracts were subject to
EMSA using a consensus NF-«xB oligonucleotide probe. Specificity was
confirmed by the loss of this band with the addition of unlabeled probe as
a competitor. B, RAW264.7 cells were pretreated with or without 0.03 nM
FKN and stimulated with | ng/ml LPS for |1 h. Nuclear extracts were
subjected to supershifted EMSA in the presence of anti-NF-xB p65 or
anti-pS0 Ab. C, RAW264.7 cells were pretreated with 0.03 nM FKN and
stimulated with 1 ng/ml LPS. Nuclear extracts were subject to Western
blotting to detect p50 (top panel). The amount of p50 protein in three sets
of experiments was quantified by densitometry and shown as the mean pius
1 SD normalized to the samples without pretreatment. *, Statistically sig-
nificant difference from untreated cells (p < 0.05). D, RAW264.7 cells
were pretreated with the indicated concentration of FKN for 12 h and
stimulated with LPS for 1 or 2 h. Levels of p65 in the nuclear extract were
measured. Results are shown as an average of eight independent cultures
plus 1 SD. #, Statistically significant difference from untreated cells or cells
treated with 3 nM FKN (p < 0.05). E, RAW264.7 cells were pretreated
with the indicated concentration of FKN and stimulated with 1 ng/ml LPS
for 2 h. Cytoplasmic extracts were immunoprecipitated with anti-PPAR-y
mAb and then subjected to blotting with anti-p65 Ab. F, RAW264.7 cells
were pretreated with the indicated concentration of FKN for 12 h and
mRNA extracts were subjected to RT-PCR for PPAR-y. Results are shown
as an average plus | SD of relative expression compared with the levels of
nonpretreated cells from three independent preparations. *, Statistically
significant difference from untreated celis or cells treated with 3 naM FKN
(p < 0.05).
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Effect of FKN pretreatment on NF-kB activation and induction
of PPAR-y

Inflammatory responses are closely linked to the activation of NF-
kB, and LPS-induced transcription of TNF-« in macrophages is
highly dependent on nuclear translocation of NF-xB. When
RAW264.7 cells were stimulated with LPS, NF-«B activation was
seen (Figs. 44 and 5A). Without LPS, very low levels of nuclear
NF-«B were detected in RAW264.7 cells and treatment with either
0.03 nM or 3 nM FKN alone for 12 h did not show a significant
effect on the status of NF-xB (data not shown). Unexpectedly,
pretreatment with 0.03 nM FKN did not alter the amount of nu-
clear-translocated xB-binding protein for 1 h after LPS challenge
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FIGURE 5. Pretreatment with FKN induced

early export of NF-xB p65 from nuclei after stimu-

lation with LPS in a PPAR- y-dependent manner. A, FKN
RAW264.7 cells were pretreated with or without the 0 nM
indicated concentrations of cither FKN or 15d-PGJ2

for 12 h and stimulated with I ng/ml LPS for either

1 or 2 h. Cells were then stained with anti-p65 (red)

and anti-PPAR-y (green) Ab; the merged images are FKN
shown. One representative result from four indepen- 0.03nM
dent cultures in each condition is shown. B,

RAW?264.7 cells were pretreated with the indicated
concentrations of 15d-PGJ2 for 12 h and stimulated

with 1 ng/ml LPS for 6 h. Culture supernatants were FKN
subjected to TNF-a ELISA. Results are shown as 3nM
the average plus 1 SD of four independent prepara-
tions. C, RAW264.7 cells were pretreated with the
indicated concentrations of 15d-PGJ2 for 12 h and
RNA extracts were subjected to quantitative RT-
PCR for PPAR-v. Results are shown as the mean
plus I SD of the relative expression of the levels of
nonpretreated cells of three independent prepara-
tions. *, Statistical significant differences from con-
trol cells without pretreatment. D, RAW264.7 cells
were transfected with either PPAR-y siRNA or con-
trol siRNA. Thirty-six hours after siRNA transfec-
tion, cells were treated with 0.03 nM FKN for 12 h.
Total RNA was isolated and the levels of PPAR-y
mRNA were determined by quantitative RT-PCR.
The fold induction was shown as the mRNA level
relative to that of cells without siRNA transfection.
Results are shown as the mean plus 1 SD of relative
expression of the levels of nonpretreated cells from
six independent preparations. *, Statistical signifi-
cant differences from cells without transfection or
transfected with control siRNA. E, RAW264.7 cells
were transfected with either PPAR-y or control
siRNA. Thirty-six hours after transfection, cells
were precultwed with 0.03 nM FKN or without
FKN (0 nM) for 12 h and then stimulated with !
ng/m! LPS for 2 h. Cells were stained with anti-p65
(red) and anti-PPAR-vy (green) Ab. Representative
results from four independent cultures in each con-
dition are shown.
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(Fig. 4A). Therefore, to find the mechanism of decreased TNF-a
production, we performed supershift analysis focusing on the ef-
fect of pretreatment with 0.03 asM FKN. Without pretreatment,
supershift was seen with both anti-p65 and anti-p50 Ab. In con-
trast, when cells were pretreated with 0.03 nM FKN, clear super-
shift was not seen with the anti-p50 Ab, while the NF-xB complex
was supershifted with the anti-p65 Ab (Fig. 4B).

Decreased nuclear translocation of p50 protein in FKN-pre-
treated cells was confirmed by Western blotting (Fig. 4C). Fur-
thermore, pretreatment with 0.03 nM FKN did not reduce but
rather slightly increased the levels of p65 protein in the nucleus
compared with those of untreated cells at the time point of | h after
stimulation with LPS (Figs. 4D and 5A). Importantly, in these
FKN-pretreated cells, p65 was rapidly eliminated from the nuclei
2 h after addition of LPS (Figs. 4D and 5A). In contrast, p65 re-
mained in the nuclei at this time point in cells either without pre-
treatment or pretreated with 3 nM FKN (Figs. 4D and 5A).

From these results, we assumed that when cells were pre-
treated with 0.03 nM FKN, NF-«B p65 did not torm a complex
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with pS0 but with other molecules, which facilitated transport
of p65 protein out of the nucleus. Since PPAR-y was previously
reported to have such a function (37), we performed immuno-
precipitation analysis. We found that p65 protein and PPAR-y
were coprecipitated from cytoplasmic fractions 2 h after stim-
ulation with LPS in cells that had been pretreated with 0.03 nM
FKN (Fig. 4F). However. when cells were pretreated with 3 nM
FKN, the p65-PPAR-y complex was not detected (Fig. 4E).
Immunofiuorescence analysis also showed that nuclear p65 was
efficiently moved to the cytoplasm with PPAR-y in the cells
pretreated with 0.03 nM FKN, while p65 remained in the nuclei
in the cells without treatment or pretreated with 3 nM FKN 2 h
after LPS stimulus (Fig. 54). Since PPAR-v is known to be a
negative regulator of the inflammatory cytokine responses of
macrophages (38. 39). we postulated that pretreatment with
0.03 nM FKN would induce and activate PPAR-y and modulate
NF-xB translocation, and finally attenuate the secretion of
TNF-r. To examine this possibility, we determined the mRNA
levels of PPAR-y and found that the levels were enhanced after
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a 12-h treatment with 0.03 nM FKN when compared with non-
treated cells or those treated with 3 nM FKN (Fig. 4F).

Exogenous PPAR-y ligand mimicked the effect of FKN

Since our results indicated the role of PPAR-y activation in the
anti-inflammatory effect of FKN, we pretreated cells with a natural
PPAR-v ligand and agonist, 15d-PGI,, instead of FKN. Pretreat-
ment of RAW264.7 cells with 10 uM 15d-PGJ2 resulted in en-
hanced expression of PPAR-+y and nuclear translocation of p65 1 h
after LPS stimulation, and then the p65 was rapidly cleared from
nuclei at 2 h, as was observed in cells pretreated with 0.03 nM
FKN (Fig. 5A). As a result, secretion of TNF-a decreased to 50%
of untreated cells when cells were pretreated with 10 uM '15d-
PGJ2 (Fig. 5SB). The overall effect seen in the cells pretreated with
10 uM 15d-PGJ2 was similar to the effect of pretreatment with
0.03 nM FKN. Furthermore, we found that exogenous 15d-PGJ2
up-regulated PPAR-y mRNA expression (Fig. 5C).

Effect of FKN on p6S5 redistribution depends on PPAR-vy

To confirm the key role of PPAR-v in the effect of FKN on p65
redistribution, we used RNA interference. The introduction of
siRNA for mouse PPAR-vy into RAW264.7 cells resulted in a 50%
decrease in PPAR-y mRNA levels compared with cells treated
with control siRNA as determined by quantitative RT-PCR (Fig.
5D). As a result, PPAR-y expression decreased (Fig. SE) and the
effect of pretreatment with 0.03 nM FKN was abolished; the
NF-xB p65 subunit was retained in the nuclei 2 h after LPS chal-
lenge (Fig. SE).

FKN enhances the levels of 15d-PGJ2

The exogenous PPAR-v ligand 15d-PGJ2 up-regulated PPAR-y
mRNA expression and similarly altered NF-«B activation. There-
fore, we investigated whether FKN itself could induce 15d-PGJ2.
After a 2-h treatment with 0.03 nM FKN, 15d-PGJ2 was up-reg-
ulated and the enhanced expression was maintained for 12 h (Fig.
6, A and B). In contrast, expression levels of 15d-PGJ2 in cells
treated with 3 nM of FKN were not significantly different from
untreated control cells.

Induction of IL-23 by high concentrations of FKN

Since both 0.03 and 3 nM FKN showed a distinct effect in mac-
_rophages, we compared the mRNA levels of cytokines in cells
pretreated with these low and high concentrations of FKN. Al-
though there was no difference in expression of anti-inflammatory
cytokines such as TGF- or IL-10, we found that IL-23 pl9
mRNA expression was significantly elevated in cells pretreated
with 3 nM FKN and stimulated with LPS in comparison to those
in cells not pretreated or pretreated with 0.03 nM FKN (Fig. 7A4).
Since induction of IL-23 pl9 by high concentrations of FKN was
blocked by anti-CX3CR1-neutralizing Ab, it was assumed to be
mediated by CX3CR1 (Fig. 7A). Since 0.03 nM FKN as well as 3
nM FKN fully induced chemotaxis (data not shown), we assumed
that signal transduction via CX3CR1 was sufficient at this rela-
tively low concentration of FKN, and additional signals that pro-
mote IL-23 p19 expression might be induced at a higher concen-
tration of FKN. This hypothesis was supported by the observation
that addition of 1L.-23 after pretreatment with 0.03 nM FKN abol-
ished the suppressive effect of 0.03 nM FKN (Fig. 7, B and C).
Furthermore, early export of NF-xB p65 from the nuclei in the
cells pretreated with 0.03 nM FKN was prevented in the presence
of IL-23 (Fig. 7C). The significance of IL-23 in the action of 3 nM
FKN was also supported by experiments using anti-IL-23 Ab. Both
secretion of TNF-« and retention of NF-xB p65 in the nuclei after
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FIGURE 6. FKN increased the level of 15d-PGJ2. A, RAW264.7 cells
were treated with the indicated concentration of FKN for 2 or 12 h and cells
were stained with anti-15d-PGJ2 mAb (green). Nuclei were visualized by
staining with DAPI (blue). B, RAW264.7 cells were treated with the in-
dicated concentration of FKN for 12 h and stained with anti-15d-PGJ2
mAb and DAPI. The image as in A was captured and the levels of 15d-
PGJ2 were measured as a ratio of green area to blue area. Results are
shown as an average plus 1 SD of four measurements normalized to the
value of cells without FKN treatment. Two other sets of experiments gave
identical results. *, Statistically significant difference from cells without
treatment O or treated with 3 nM FKN.

LPS stimulation in cells pretreated with 3 nM FKN were abolished
in the presence of anti-IL-23 p19 Ab (Fig. 7, D and E).

Discussion

This is the first report of an immunomodulatory effect of FKN
independent of its well-investigated function as a chemokine and
adhesion molecule. The mechanism of the anti-inflammatory effect
of relatively low concentrations of FKN involved activation of
PPAR-vy by induction of its ligand, 15d-PGJ2, and alteration of
signaling via ERK1/2 and NF-«B. These novel immune regulation
systems in macrophages are discussed below.

Up-regulation of FKN expression in inflammatory tissue has
drawn attention to its potential as a target of anti-inflammatory
treatment for various autoimmune diseases. However, FKN is con-
stitutively produced by intestinal epithelial cells and its receptor,
CX3CRI, is expressed on tissue-resident dendritic cells and mac-
rophages in the intestine and CNS. In the case of murine intestine,
we found that a considerable amount of FKN was expressed in the
colon, and colonic myofibroblasts were also another significant
source of FKN (our unpublished data). Of note, the resident mac-
rophages of the intestine are hyporesponsive to inflammatory stim-
uli with bacterial components such as LPS. It is evident, especially
in the large intestine, that macrophage-like cells in the colonic
lamina propria are mostly anergic in response to endotoxin, in
contrast to the vigorous cytokine production by circulating mono-
cyte via the same stimuli (33). For heavy colonization of indige-
nous Gram-negative bacteria in the colon, hyporesponsiveness of
macrophages would be important for maintaining homeostasis of
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FIGURE 7. Pretreatment with a high concentration
of FKN up-regulated mRNA for IL-23 pl9 after LPS
stimulation and facilitated TNF-« secretion. A,
RAW264.7 cells were treated with the indicated con-
centration of FKN for 12 h with or without anti-
CX3CR1 Ab or control 1gG and stimulated with LPS (1
ng/ml) for 6 h. Cells then were subjected to quantitative
RT-PCR for 1L-23 p19. *, Indicates that the difference
from cells treated with 0.03 nM FKN is statistically sig-
nificant (p < 0.05). B. RAW264.7 cells were pretreated
with the indicated amount of FKN and then stimulated
with LPS in the presence of various amounts of 1L-23
for 6 h. Secretion of TNF-a in culture supernatants was
measured by ELISA. Results are shown as an average
plus 1 SD of the percentage of the value of cells without
FKN pretreatment from six independent cultures. *, Sta-
tistically significant difference from other experimental
conditions shown (p < 0.05). C, RAW264.7 cells were
pretreated with or without 0.03 or 3 nM FKN for 12 h
and then stimulated with LPS (0.03 nM) in the absence
or presence of 11.-23 (17.5 pM) for 2 h. Cells then were
stained with anti-p65 (red) and anti-PPAR-y (green) Ab;
the merged images are shown. D, RAW264.7 cells were
pretreated with 3 sM FKN for 12 h and then stimulated
with LPS (1 ng/ml) with or without anti-IL-23 Ab or
control 1gG for 6 h. Results are shown as the average
plus 1 SD of the percentage of cells without FKN pre-
treatment from six independent cultures. *, Statistically
significant difference from other experimental condi-
tions shown (p < 0.05). E, RAW264.7 cells were pre-
treated with 3 nM FKN for 12 h and then stimulated
with LPS (1 ng/ml) with or without anti-iL-23 Ab
for2 h. Cells were then stained with anti-p65 Ab.
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" mucosal immunity. The possibility that FKN participates in ren-
dering macrophages hyporesponsive to LPS was first demonstrated
in this study. This effect of FKN is reminiscent of the phenomenon
of endotoxin tolerance, i.e., exposure of macrophages to LPS in-
duces a hyporesponsive state to a second challenge with LPS. Al-
though various mechanisms are involved in endotoxin tolerance,
few studies have reported the mechanism of hyporesponsiveness
of intestinal macrophages at the molecular level. For example, the
1«BNS is a key molecule that inhibits IL-12 and IL-6 production
in murine intestinal macrophages, although this mechanism was
irrelevant to TNF-a secretion (31). Lack of MD-2 expression in
intestinal myeloid-type cells (33) or epithelial cells (40) also has
been postulated as a mechanism for the limited responses to LPS
derived from indigenous flora. However, in our study, FKN did not
down-regulate expression of the TLR4-MD-2 completely. al-
though the level of mRNA was significantly reduced. Furthermore,
IL-10 was not entirely responsible for the suppression of TNF-c.
We also found that Bcl3 and TNFR-associated factor 6 were not
significantly involved in this system (our unpublished data). Thus,
the mechanism of inhibition of LPS-triggered TNF-a secretion by
FKN was distinct from those mechanisms already known for the
phenomenon of endotoxin tolerance.

In the current study, we found that FKN up-regulated PPAR-y
expression with its ligand and reduced production of TNF-a. This
was also associated with modulation of subunit usage of NF-«B;
the p65 subunit did not form a complex with the pS0 subunit as

seen in the LPS-challenged cells without FKN pretreatment. In- -

stead, PPAR-y formed a complex with the p65 subunit, which
seemed to facilitate early export of p65 from nuclei. Inhibition of
NF-«B activation by cytoplasmic protein IxB. which prevents nu-
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clear translocation of p65, is not likely to be a major factor in the
FKN system because nuclear translocation of p65 took place 1 h
after LPS stimulation in our experiment. Our results indicated that
the p65 subunit was once translocated into the nucleus, but in
complex with PPAR-y was rapidly exported. We are not the first
to describe the function of PPAR-y in regulating inflammatory
responses. When intestinal epithelial cells were treated with a
strain of commensal bacteria, Bacteroides thetaiotaomicron,
PPAR-y underwent nucleocytoplasmic redistribution in complex
with p63, which ultimately caused the attenuation of IL-8 expres-
sion induced by pathogenic Salmonella enteritidis (37). The role of
PPAR-vy as an anti-inflammatory factor is well known; activation
of PPAR-vy inhibited the expression of various cytokines in mono-
cytes and macrophages, principally by preventing the activation of
NF-«xB; however, its mechanism of action is not clear (38, 39, 41).
An endogenous ligand of PPAR-y, 15d-PGJ2, a metabolite from
PGD, (36), exerts a strong anti-inflammatory effect on macro-
phages. In our experiment, the effect of exogenous 15d-PGJ2 on
NF-«B activation and cytokine production was very similar to that
of FKN, especially at 10 uM. Since induction of 15d-PGJ2 was
observed after FKN treatment, it is likely that up-regulation of
15d-PGIJ2 elicited the anti-inflammatory effect in our experimental
system. It was initially reported that 15d-PGJ2 affected NF-«B
activation in a PPAR-y-dependent manner (39); however, a PPAR-
y-independent pathway was also reported later (42-45). Based on
the results that cellular 15d-PGJ2 was up-regulated rapidly after
pretreatment with FKN and remained up-regulated for 12 h and
that expression of PPAR-y mRNA was enhanced by exogenous
15d-PGJ2 in macrophages, FKN most probably increased the level
of 15d-PGJ2 first, followed by up-regulation of PPAR-y, which
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resulted in the modulation of NF-«xB activation. Indeed, our ex-
periment using PPAR-y siRNA clearly showed that the anti-
inflammatory effect of FKN depends on the presence of PPAR-v,
although we think it is still possible that FKN-induced 15d-PGJ2
or other unknown anti-inflammatory signaling pathways, indepen-
dent of PPAR-vy, may directly affect expression of TLR4-MD-2
and phosphorylation of ERK1/2.

It is notable that the anti-inflammatory effect of FKN was seen
when cells were pretreated with FKN at a concentration of 0.03
nM but not at 3 nM. We clearly observed a dose-dependent dif-
ference in every assay of signaling systems, such as ERK1/2 phos-
phorylation, complex formation of NF-«B p65 and PPAR-v, early
export of p65 from nuclei, induction of PPAR-y mRNA, as well as
up-regulation of 15d-PGJ2; all supported inhibition of TNF-a se-
cretion by 0.03 nM but not 3 nM FKN. We could only partially
clarify the mechanisms of the anti-inflammatory effect specific to
this concentration of FKN. Since chemotaxis was fully triggered at
0.03 nM FKN, this concentration of FKN was sufficient to trans-
duce classical signaling via CX3CR1. It also indicated the proba-
bility that 3 nM FKN induced additional signaling pathways, and
our result demonstrated that IL-23 counteracts the anti-
inflammatory effect of FKN. We assumed that this duality might
be caused by differential rates of occupancy and dimerization of
CX3CRL1. It is possible that the proinflammatory action of FKN
may depend partially on the induction of IL-23, which would be
up-regulated in the cells exposed to a higher than physiological
concentration of FKN. It has been shown that IL-23 is a potent
activator of macrophages that enhances TNF-a expression (46)
and transgenic expression of IL-23 p19 induces multiorgan inflam-
mation (47); however, its regulatory role in mucosal inflammation
is either proinflammatory (48) or anti-inflammatory (49) according
to the disease models used. Such dose-dependent dual effects of
FKN were not described in microglia, in which FKN was capable
of attenuating LPS-induced TNF-« secretion in a dose-dependent
manner (17). Differences in surface expression of LPS receptors,
such as low CD14 in microglia (50), might cause this cell-specific
effect. A detailed mechanism of interaction between IL-23 and
FKN in macrophages is now under investigation in our laboratory.
The reason why FKN has these specific effects at certain concen-
trations may lie in the unrevealed general mechanism of chemo-
taxis. Chemotaxis occurs when cells recognize a “concentration
gradient” and move toward the area of higher concentration; how-
ever, the sensor mechanism for the concentration gradient is
largely unknown. To determine the direction of chemotaxis, a sin-
gle cell may have sensors for both low and high concentrations of
ligands that mediate different signals in a three-dimensional intra-
cellular mapping system. Our finding of dose-dependent, differen-
tial effects through CX3CRI1 might represent the nature of chemo-
kine receptors. With respect to physiological relevance, it is
reasonable that cells respond in a distinct manner in the milieu of
Iow and high concentrations of chemokine. For example, macro-
phages in the intestine at steady state exposed to a relatively low
physiological level of FKN acquired hyporesponsiveness to LPS,
which prevented an excessive inflammatory response to commen-
sal flora. When inflammation occurs and higher concentrations of
FKN and additional inflammatory cytokines are produced, newly
recruited inflammatory macrophages have the potential to fully
respond to produce TNF-« as an immune defense mechanism. Ac-
cording to previous reports, concentrations of FKN in the plasma
of healthy humans were <0.03 nM (1 ng/ml) and approached 1 nM
(30 ng/ml) in the plasma of patients with inflammatory airway
disease (51). Thus, this study used both low and high concentra-
tions of FKN, which may approximate those of steady-state and
inflammatory situations, respectively.

IMMUNOMODULATORY EFFECT OF FRACTALKINE

Our results showed the anti-inflammatory effect of FKN, which
is constitutively expressed in the colon where a high level of
PPAR-v is also expressed (52). The presence of soluble factors is
known to suppress the inflammatory reaction of macrophages (32).
We propose that the physiological concentration of FKN may be
one such factor that maintains immune homeostasis in the
intestine.
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Abstract

Although co-trimoxazole (trimethoprim-sulphamethoxazole} is an
effective drug for prophylaxis against and treatment of
Pneumocystis pneumonia, patients often experience adverse
events with this combination, even at prophylactic doses. With
the aim being to achieve individual optimization of co-trimoxazole
therapy in patients with systemic lupus erythematosus (SLE), we
investigated genetic polymorphisms in the NAT2 gene (which
encodes the metabolizing enzyme of sulphamethoxazole). Of
166 patients with SLE, 54 patients who were hospitalized and
who received prophylactic doses of co-trimoxazole were
included in the cohort study. Adverse events occurred in 18
patients; only two experienced severe adverse events that lead
to discontinuation of the drug. These two patients and three
additional ones with severe adverse events (from other
institutions) were added to form a cohort sample and were

analyzed in a case-contro! study. Genotype was determined
using TagqMan methods, and haplotype was inferred using the
maximum-likelihood method. In the cohort study, adverse events
occurred more frequently in those without the NAT2'4
haplotype (5/7 [71.4%]) than in those with at least one NAT2*4
haplotype (13/47 [27.7%]; P =0.034; relative risk = 2.58, 95%
confidence interval = 1.34-4.99). In the case-control study the
proportion of patients without NAT2*4 was significantly higher
among those with severe adverse events (3/5 [60%]) than those
without severe adverse events (6/52 [11.5%)]; P=0.024; odds
ratio = 11.5, 95% confidence interval = 1.59-73.39). We
conclude that lack of NAT2*4 haplotype is associated with
adverse events with co-trimoxazole in Japanese patients with
SLE.

introduction

Co-trimoxazole (trimethoprim-sulphamethoxazole) is an effec-
tive drug in the prevention and treatment of Pneumocystis
pneumonia [1,2], a life-threatening condition that mainly
occurs in immunodeficient patients. Usage of the drug was
recently extended to patients with connective tissue disease,
including systemic lupus erythematosus (SLE) [3]. Although
co-trimoxazole was confirmed to have prophylactic effect

against Pneumocystis pneumonia in SLE patients, it often
causes adverse events, even at prophylactic doses. Adverse
events include life-threatening conditions such as toxic epider-
mal necrolysis (TEN) and Stevens-Johnson syndrome (SJS),
hepatotoxicity, haematological toxicity and gastrointestinal
manifestations [4].

ALT = alanine aminotransferase; AST = aspartate aminotransferase; GST = glutathione S-transferase; NAT2 = N-acetyltransferase 2; PM/DM = pol-
ymyositis/dematomyositis; SLE = systemic lupus erythematosus; SNP == single nucleotide polymorphism; SJS = Stevens-Johnson syndrome; TEN

= toxic epidermal necrolysis.
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Of the two chemical components of co-trimoxazole, sulpham-
ethoxazole is thought to be responsible for most cases of
hypersensitivity [5]. The major metabolic pathway for sulpham-
ethoxazole is catalyzed by N-acetylation by N-acetyltrans-
ferase 2 (NAT2). In the pathogenesis of hypersensitivity, the
formation of hydroxylamine through oxidization by cytochrome
P450 and its subsequent autooxidation to the nitroso metabo-
lite have been implicated, although these are minor metabolic
pathways [6-9]. These toxic metabolites are also detoxified by
phase Il enzymes and exhibit acetylation by NAT2, glucuroni-
dation by uridine 5'-diphophate-glucronosyltransferase, sul-
phate conjugation by sulphotransferase, and conjugation with
glutathione by glutathione S-transferase (GST) [7,10]. Among
those metabolizing enzymes, NAT2 is a key enzyme because
it catabolizes sulphamethoxazole and toxic metabolites, and
may prevent the formation of hydroxylamine.

The NATZ2 gene has at least 13 single nucleotide polymor-
phisms (SNPs) in the coding exon, and 29 NAT2 alleles (hap-
lotypes) have been described in human populations, as shown
in the NAT2 nomenclature Web site {11-13]. In addition to one
wild-type haplotype (NAT2*4), the human NAT2 gene has four
representative clusters of haplotypes that possess specific
nucleotide substitutions at positions 341, 590, 857 and 191.
These clusters are called NAT2*5, NAT2*6, NAT2*7 and
NAT2*14, respectively. Previous studies have shown that the
members of those clusters are responsible for the siow
acetylator phenotype [14,15], which is conveniently deter-
mined by examining the concentration of caffeine in urine {16-
18]. Individuals who are homozygous for mutant-type haplo-
types exhibit the slow acetylator phenotype, whereas those
who carry at least one wild-type haplotype exhibit the fast
acetylator phenotype.

In the present study we examined the association between
genetic polymorphisms in the NAT2 gene and adverse events
with co-trimoxazole in patients with SLE.

Materials and methods

Patients and control individuals

The present study was approved by the Genome Ethics Com-
mittee of Tokyo Women's Medical University. A total of 166
patients with SLE were enrolled after they had given informed
consent. Of these, 54 were admitted to our hospital between
January 2001 and May 2006, and received co-trimoxazole
(400 mg sulphamethoxazole and 80 mg trimethoprim) each
day for prophylaxis against Pneumocystis pneumonia while
they were immunosuppressed (CD4+ cell count <200/mm3).
All patients with SLE fulfilled the 1997 American College of
Rheumatology revised criteria for the classification of SLE
[19,20]. The data from these 54 patients were analyzed, and
the patients were divided into two groups: those with adverse
events (n = 18) and those without adverse events (n = 36).
Among the 18 patients with adverse events, only two experi-
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enced severe events that lead to the discontinuation of co-tri-
moxazole treatment.

We collected samples from three additional patients at two
other institutions who experienced severe adverse events. The
five patients with severe adverse events (two from our institu-
tion and three from the other institutions) were combined to
constitute a case group in a case-control study.

We wished to examine whether the genotypes or haplotypes
of the NAT2 gene in SLE patients are different from those in
patients with other connective tissue diseases or those from
control subject individuals. We therefore obtained genomic
DNA from 39 patients with polymyositis/dermatomyositis (PM/
DM) who had fulfilled the criteria proposed by Bohan and
Peter [21] and from 195 healthy donors (ali gave informed
consent). All patients and control individuals included in this
study were Japanese.

Assessment of adverse events with co-trimoxazole

Liver dysfunction was considered to be present when serum
aspartate aminotransferase (AST) or alanine aminotransferase
(ALT) levels were higher than twice the upper limit of the nor-
mal range. The patients and control individuais had no history
of alcohol abuse and were negative for hepatitis B surface
antigen and anti-hepatitis C virus antibody. Thrombocytopenia
was defined as a platelet count below 100,000/ul. Rashes
were variable in severity: TEN was diagnosed when there was
widespread epidermal necrolysis with the appearance of
scalding (>30% of the body surface area), and epidermal
necrolysis that involved less than 10% of the body was diag-
nosed as SJS.

DNA isolation

On admission to the hospital peripheral blood (10 mi) was
drawn from each patient into tubes containing EDTA as an
anticoagulant. A standard phenol-chloroform extraction proce-
dure was used to extract genomic DNA from the blood
samples.

Genotyping at the single nucleotide polymorphisms in

the NAT2 gene and inference of haplotype combinations
The NAT2 gene has at least 13 SNPs. Genotyping at four
SNP sites enabled us to infer the haplotypes and diplotype
configurations for the majority of the Japanese individuals. The
four SNP sites included a C to T substitution at nucleotide
position 282 (rs1041983), a C to T substitution at nucleotide
position 481 (rs1799929), a G to A substitution at nucleotide
position 590 (rs1799930) and a G to A substitution at nucle-
otide position 857 (rs1799931). These four SNPs yield six

haplotypes in the NAT2 gene in the Japanese population, '
namely NAT2*4, NAT2*5B, NAT2*5E, NAT2*6A, NAT2"78B
and NAT2*13. Of these, NAT2*4 is the wild-type haplotype;
the remaining haplotypes are mutant types. In the present
study, individuals who were homozygous for mutant-type



haplotypes were tentatively designated slow acetylators;
those who carried at least one wild-type haplotype were des-
ignated fast acetylators. A predeveloped TagMan kit (Applied
Biosystems, Foster City, CA, USA) that contained a set of for-
ward and reverse primers and fluorescent-labelled probes that
hybridize either wild-type or mutant-type sequences was used
to determine genotypes at the four SNP sites by allelic dis-
crimination chemistry. Genotypes were determined at four
SNP loci in the NAT2 gene. From the obtained genotype data,
we inferred the diplotype configuration for each individual,
using PENHAPLO software [22,23]. This program was
designed to infer haplotypes for each individual with using the
maximum-likelihood method based on the expectation maximi-
zation algorithm, assuming Hardy-Weinberg equilibrium for
the population [24]. This method infers not only the frequen-
cies of haplotypes in the population but also the distribution of
diplotype configurations in each individual.

Statistical analysis

Fisher's exact test was used to evaluate differences in the fre-
quencies of the diplotype configurations corresponding to the
slow acetylators (those without NAT2*4) between the two
groups. Differences were considered to be statistically signifi-
cant at P < 0.05. Relative risks were determined in the cohort
study and odds ratios were calculated in the case-control
study, with 95% confidence intervals. SAS software (SAS
Institute, Cary, NC, USA) was used to compare the differ-
ences in ALT levels between two groups using the nonpara-
metric Mann-Whitney U-test.

Tabte 1
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Results

Haplotypes and diplotype configurations at the NAT2
gene

Genotyping of the four SNP sites at the NAT2 gene was suf-
ficient for inferrence of haplotypes or diplotype configurations,
using the PENHAPLO program, and the diplotype configura-
tion was concentrated on a single haplotype combination for
each individual using this program. Table 1 shows numbers
and frequencies of diplotype configurations at the NAT2 gene
in 166 patients with SLE, 39 patients with PM/DM, and 195
healthy individuals. The percentages of fast acetylators were
89.2%, 89.7% and 91.8% among patients with SLE, patients
with PM/DM and healthy individuals, respectively (correspond-
ing percentages of slow acetylators were 10.8%, 10.3% and
8.2%). The percentages of fast and slow acetylators were not
statistically different between the three groups (P = 0.66 by
Fisher's exact test).

Incidence of adverse events with co-trimoxazole

The incidence of adverse events was investigated prospec-
tively in 54 patients with SLE who were receiving prophylactic
doses of co-trimoxazole. Adverse events occurred in 18
(33.3%) of the 54 patients. Of the 18 patients with SLE who
experienced adverse events, two had dual adverse events
(yielding a total of 20 adverse events). Of the 20 adverse
events, 14 (70%) were liver dysfunction, five (25%) were
thrombocytopenia and one (5%) was skin rash. None of fever,
gastrointestinal symptom, headache, anaemia, or leucopaenia
was observed in the study group.

Numbers and frequencies of the diplotype configurations at the NAT2 gene among patients with SLE, those with PM/DM and

healthy individuals

Diplotype configuration Acstylator phenotype SLE (n=166) PM/DM (n = 39) Healthy individuals {n = 195)
NAT24/*4 Fast 84 14 103
NAT2*4/*5B Fast 2 0
NAT2"4/°S5E Fast 1 0 0
NAT2*4/*6A Fast 43 13 51
NAT2*4/*7B Fast 17 8 24
NAT2*4/"13 Fast 1 0 1

Fast acetylators 148 (89.2) 35 (89.7) 179 (91.8)
NAT2*58/*5B Slow 0 1
NAT2*5B/*6A Slow 0 2
NAT2°5B/*78 Slow 1 0 0
NAT2*6A/"6A Slow 5 2 6
NAT2*6A/*78 Slow 9 1 8
NAT2*78B/*78B Slow 3 1 1

Slow acetylators 18 (10.8) 4 (10.3) 16(8.2)

Values are expressed as number (%) of patients. NAT2, N-acetyltransferase 2; PM/DM, polymyositis/dermatomyositis; SLE, systemic lupus

erythematosus.
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Table 2
Association between diplotype configurations at the NAT2 gene and adverse events with co-trimoxazoie, analyzed in the cohort
study
Diplotype configuration Acetylator phenotype With adverse events (n = 18) Without adverse events (n = 36) Total
NAT2*4/*4 Fast 6 15 b3
NAT24/'5B Fast 0 2 2
NAT2*4/*5E Fast 0 1 1
NAT2*4/*6A Fast 5 12 17
NAT2*4/*7B Fast 2 4 8
Fast acetylators 13(27.7) 34 (72.3) 47
NAT2*6A/*6A Slow 1 0 1
NAT2*6A/*7B Slow 3 1 4
NAT2*78/*78 Slow 1 1 2
Slow acetylators 5 (71.4) 2 (28.6) 7

Values are expressed as number (%) of patients. The frequency of adverse events was compared between fast acetylators (n = 47) and slow
acetylators (n = 7). =P = 0.034 versus fast acetylators (by Fisher's exact test); relative risk = 2.58, 95% confidence interval = 1.34-4,99. NAT2,

N-acetyitransferase 2.

Association between diplotype configurations at the
NAT2 gene and adverse events with co-trimoxazole

The association between diplotype configurations at the
NAT2 gene and occurrence of adverse events with co-trimox-
azole in the cohort study is shown in Table 2. Five out of seven
(71.4%) slow acetylators experienced adverse events, and the
frequency was significantly higher than that among fast
acetylators (13/47 [27.7%]; P = 0.034 by Fisher's exact test;
relative risk = 2.58, 95% confidence interval = 1.34-4.99).
Frequency of immunosuppressant use did not differ between
patients who suffered adverse events with co-trimoxazole and
those who did not. Thus, concomitant medications did not
appear to influence the occurrence of adverse events of co-tri-
moxazole.

Five patients with severe adverse events were analyzed in a
case-control study. Severe adverse events included TEN, SJS,
severe liver dysfunction (ALT >300 1U/ml) and severe throm-
bocytopenia (platelets <50,000/ui), and are summarized in

Table 3

Table 3. As shown in Table 4, three of the five patients with
severe adverse events were slow acetylators, and the fre-
quency was compared with that among 52 SLE patients who
did not experience severe adverse events (including 16
patients with mild adverse events and 36 patients with no
adverse events). The poportion of slow acetylators was signif-
icantly higher among the patients with severe adverse events
than in those without (60% versus 11.5%; P = 0.024 by
Fisher's exact test, odds ratio= 11.5, 95% confidence interval
= 1.59-73.39).

Infiuence of diplotype configurations at the NAT2 gene
on serum markers of liver dysfunction

Liver dysfunction as an adverse event can be statistically eval-
uated using serum markers (ALT and AST). The mean (+
standard deviation) interval between the initiation of co-trimox-
azole treatment and first observation of liver dysfunction was
15.8 £ 5.2 days. Figure 1 shows serum ALT levels on day 14

Clinical characteristics and diplotype configurations at the NAT2 gene in five patients who experienced severe adverse events with

co-trimoxazole

Patient number Age (years)/sex Diplotype configuration Acetylator phenotype Adverse events

1 ’ 52/female NAT2*6A/*6A Slow TEN, liver dysfunction

2 56/female NAT2°58/*78B Slow SIS, liver dysfunction

3 43/female NAT2°6A*7B Slow Thrombocytopenia, liver
dysfunction

4 48/female NAT2°4/*7B Fast Thrombocytopenia

5 46/female NAT2*4/"6A Fast SJ8S, liver dysfunction

NAT2, N-acetyltransferase 2; SJS, Stevens-Johnson syndrome; TEN, toxic epidermal necrolysis.
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Table 4
Assoclation between diplotype configurations at the NAT2 gene and severe adverse events with co-trimoxazole, analyzed in the
case-control study
Diplotype configuration With severe adverse events {n = 5) Without severe adverse events (n = 52)
Slow acetylator (without NAT2*4) 3 (80)2 8 (11.5)
Fast acetylator (with NAT2"4) 2 (40) 46 (88.5)

Values are expressed as number {3b) of patients. The frequency of slow acetylators was compared between five patients who experienced severe
adverse events and 52 patients without severe adverse events. 2P == 0.024 by Fisher's exact test; odds ratio = 11.5, 95% confidence interval =

1.59-73.39. NAT2, N-acetyltransferase 2.

after initiation of treatment with co-trimoxazole. Levels of
serum ALT were significantly higher in slow acetylators than in
fast acetylators (median: 82.0 + 45.3 IU/ml versus 30.0 +
47.0 IU/ml; P=0.0096 by Mann-Whitney U-test). Serum AST
levels immediately after the administration of co-trimoxazole
were not significantly different between fast and slow acetyla-
tors (median: 30.0 £ 21.5 IU/ml versus 24.0 £ 31.0 IU/ml; P
= 0.088 by Mann-Whitney U-test). In both groups, baseline
levels of serum AST and ALT before administration of co-tri-
moxazole were within normal limits.

Discussion

The present study demonstrates that, among patients with
SLE, slow acetylators (as inferred based on genotype data in
the NAT2 gene) exhibit a greater frequency of various adverse
events with co-trimoxazole than do fast acetylators. Ohno and
coworkers [14] first reported an association between genetic
polymorphisms at the NAT2 gene and the occurrence of
adverse events with sulphonamides. Since then severe
adverse events with sulfasalazine, another compound that is

catabolized by NAT2, were also reported to be associated
Figure 1
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Levels of serum ALT in fast acetylators and slow acetylators. There
were 47 fast acetylators and seven slow acetylators in the cohort. Lev-
els of serum ALT in patients with systemic lupus erythematosus were
measured 14 day after initiation of co-trimoxazole. Serum ALT levels in
slow acetylators were significantly higher than in fast acetylators
(median: 82.0 + 45.3 {U/ml versus 30.0 + 47.0 IU/ml; *P = 0.0096, by
Mann-Whitney U-test). ALT, alanine aminotransferase.

with absence of the wild-type allele (NAT2*4) in the NAT2
gene {15,25]. There have been conflicting reports regarding
the association between adverse events with co-trimoxazole
and NAT2 genotype, with findings apparently correlating with
the underlying disease process. For instance, in the setting of
HIV infection many investigators were unable to demonstrate
such an association, but some reports have shown a positive
association in patients without HIV infection [26]. Therefore,
differences in background iliness may account for the fact that
a positive association was observed in the present study (in
patients with SLE) and negative associations were observed
in other reports in which the disease was HIV related. An alter-
native explanation is that there are differences in composition
of NAT2 haplotypes between ethnic groups {as discussed
below).

In the present study we found that slow acetylators at the
NAT2 gene, among the patients with SLE, were more likely to
develop adverse events with co-trimoxazole than were fast
acetylators in the cohort study (relative risk = 2.58). In the
case-control study, we found that the proportion of slow
acetylators was higher among patients with severe adverse
events than in those without (60% versus 11.5%; odds ratio =
11.5), although we could not find statistically significant differ-
ences between the patients with severe adverse events and
16 patients with mild adverse events (60% versus 25%; P =
0.28). We emphasize that severe adverse events, including
life-threatening ones, were associated with NAT2 polymor-
phisms.

The most frequent adverse event with co-trimoxazole in the
cohort study group was liver dysfunction (709), followed by
thrombocytopenia (25%) and rash {§%). The types of adverse
events are slightly different from those previously reported for
co-trimoxazole. Karpman and Kurzrock [27] reviewed the
adverse events associated with co-trimoxazole use in children
on fuli-dose therapy, and indicated that cutaneous lesions
were the most common hypersensitivity reactions to co-trimox-
azole, accounting for 70% of ail adverse events. Other hyper-
sensitivity effects, including fever and haematological toxicity,
were also frequent. Liver dysfunction was less common. With
sulphonamides, however, liver dysfunction is a well docu-
mented common adverse event [28]. We speculate that the
incidence of liver dysfunction in patients receiving co-trimoxa-
zole might have been underestimated in the study by Karpman
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and Kurzrock [27]. All patients in the present study were hos-
pitalized and monitored for asymptomatic liver dysfunction
using routine biochemical tests. Among the 54 patients with
SLE who were enrolled in the cohort study, slow acetylators
exhibited significantly higher levels of serum ALT after admin-
istration of co-trimoxazole than did fast acetylators. This sug-
gests that NAT2 genotype affected levels of serum ALT. On
the other hand, the low incidence of cutaneous lesions in the
present cohort study might have been the result of preceding
immunosuppressive therapies, latently preventing develop-
ment of cutaneous lesions.

Sulphonamides are the compounds most associated with
development of TEN, and the mechanism of skin necrolysis is
reported to be through cytotoxic lymphocyte-mediated path-
ways and clonally expanded CD8+ T cells [29]. Although TEN
and SJS induced by co-trimoxazole is rare, it is a major prob-
lem because severe skin disease such as TEN and SJS can
occur even with prophylactic doses of co-trimoxazole in SLE.
Indeed, some patients in the case-control study exhibited
hypersensitivity reactions, inciuding TEN and SJS, which are
typical and severe allergic reactions to the drug. Interestingly,
a large proportion of these patients were slow acetylators.
Thus, polymorphisms at the NAT2 gene may account even for

_allergic reactions to co-trimoxazole. These findings are con-
sistent with a previous report [15] demonstrating that allergic
reactions such as rashes and fever were more frequent in slow
acetylators (as inferred by the maximum-likelihood method)
among Japanese patients with rheumatoid arthritis treated
with sulphasalazine. The greater frequency of adverse events
with co-trimoxazole in slow acetylators might be accounted for
by delayed drug clearance, resulting in sustained high levels of
serum sulphamethoxazole, which is likely to lead to increased
formation of hydroxylamine or nitroso-sulphamethoxazole.
These toxic metabolites and sulphamethoxazole might act as
cytotoxic, genotoxic, or immunogenic agents, and hence
induce adverse reactions.

Haplotype frequencies at the NAT2 gene vary between ethnic
groups. The percentage of slow acetylators was reported to
be 56% to 74% among Caucasians [30], but it was only 8.2%
in our study. The percentage of slow acetylators in our study
is similar to proportions reported previously in the Japanese
population {15]. Furthermore, the compositions of mutant hap-
lotypes are quite different between Caucasian and Japanese
individuals. In the former, the most frequent mutant haplotype
is the NAT2*5 cluster (459), followed by the NAT2"6 cluster
(28%) and the NAT2*7 cluster (2%) [31]. In the Japanese
population, however, NAT276A is the most frequent (209),
followed by NAT2*78B (13%), and the NAT2*5 cluster is very
rare (0.01%). Thus, major components of the NAT2 mutant
haplotype in Caucasian individuals are NAT2*58B and
NAT2*6A; in the Japanese population, NAT2*6A and
NAT2*7B are the major components. Each haplotype con-
tains specific nucleotide substitutions: T341C and AB03G for
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NAT2*5B, G590A for NAT2*6A, and G857A for NAT2*78B.
All of these substitutions cause amino acid changes. It is curi-
ous, however, that the severe adverse events caused by sul-
fasalazine, associated with NAT2 variations, have been
reported exclusively from Japan, although the frequency of
slow acetylators is much higher among Caucasian than Japa-
nese populations {15,25]. The quiet different composition of
mutant haplotypes between Caucasian and Japanese
populations may account for the difference in adverse events
relative to NAT2 gene haplotype.

During metabolic detoxification of sulphamethoxazole, phase |l
enzymes other than NAT2 also play a role. GST can detoxify
nitroso-sulphamethoxazole by reduction back to hydroxy-
lamine. it catalyzes conjugation of electrophiles with glutath-
ione, thereby inactivating those often cytotoxic or genotoxic
substances [32]. Of several GST isozymes, the p-class
enzyme (GSTM), the 8-class enzyme (GSTT) and the n-class
enzyme (GSTP) are polymorphic [33-36]. The genetic poly-
morphisms atthe GSTM? and GSTT1 genes were reported to
be deletion of nucleotides (referred to as null GSTM7 and nui
GSTT1 alleles), which have been associated with susceptibil-
ity to cancer [37,38]. We also investigated the involvement of
genetic polymorphisms of the GSTT1 and GSTMT genes in
the occurrence of adverse events with co-trimoxazole (data
not shown). Nevertheless, none of the GST gene polymor-
phisms were associated with adverse events, a finding that is
consistent with previous data [30].

Conclusion
We found that Japanese patients with SLE who do not har-

bour the NAT2*4 haplotype develop adverse events with co-
timoxazole more frequently than patients with at least one
NAT2*4 haplotype. Knowledge on diplotype configurations for
the NAT2 gene may lead to improveed efficacy and safety of
co-trimoxazole in patients with SLE.
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The objective of this study is to evaluate the cellular mechanism underlying filtration leukocytapheresis (LCAP)
therapy for the treatment of rheumatoid arthritis (RA). Thirteen patients with refractory RA each underwent three
sessions of LCAP. Before (pre-) and after (post-) the completion of the first LCAP session, peripheral blood was
sampled and analyzed for neutrophil surface markers using flow cytometry. The surface antigens of peripheral
blood mononuclear cells (PBMCs) and neutrophils obtained at pre- and post-LCAP were then analyzed using a
fiuorescence-activated cell sorter. The American College of Rheumatology’s criterion of a 20% improvement was
achieved in six patients, but not in the other seven patients, after LCAP therapy. The post-LCAP number of
blood band-form neutrophils with a bone marrow phenotype (CD49d**™*, low density) was higher among the res-
ponders than among the nonresponders, suggesting an association between the clinical response and the recruit-
ment of bone-marrow-derived neutrophils. After the nonspecific absorption of WBCs during a 1-h Cellsorba pro-
cedure, the number of PBMCs was consistently decreased, although the number of neutrophils that were affected
by removal plus recruitment varied in a manner that was independent of efficacy. In contrast, the emergence of
immature neutrophils in the peripheral blood was characteristic of the effective therapies. These cells were found
afer the Ist session of responders and also found following sessions of LCAPs. Immature neutrophils, which
may be recruited from the bone marrow in the peripheral blood after the first session of LCAP, can predict the

clinical efficacy of subsequent LCAP sessions. §. Clin. Apheresis 22:323-329, 2007.
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INTRODUCTION

Rheumatoid arthritis (RA) is a chronic inflammatory
disease that often results in joint destruction; effective
therapeutic strategies for RA include the inhibition of
DNA synthesis in activated immunocompetent cells
and the blockade of proinflammatory cytokines [1}.
Leukocytapheresis (LCAP) may provide an additional
measure of therapeutic efficacy in patients with refrac-
tory RA when combined with conventional therapy. An
LCAP adsorption column composed of fine polyester
fibers [2] has been developed to eliminate possibly
pathogenic leukocytes from the circulating blood of
patients with RA or ulcerative colitis (UC) [3,4]. In
fact, an improvement in RA symptoms after LCAP
with minimal adverse effects has been confirmed by
clinical studies [3-8}, including randomized controlled
trials in patients with UC {7] or RA [8]; sham aphere-
sis was used as a placebo control in the latter study.

In contrast to its established clinical efficacy, the
mechanisms of action underlying LCAP therapy are
not fully understood. In an early study, LCAP reduced
the activated monocyte counts in the peripheral blood

©2007 Wiley-Liss, Inc.

of RA patients after repeated LCAP [9]. A later study
suggested a reduction in the number of activated
CD4+ T cells in the synovial fluid of RA patients after
LCAP {10], while another study demonstrated an eleva-
tion in serum interleukin (IL)-10 levels in RA patients
after repeated LCAP, but no changes in the serum lev-
els of tumor necrosis factor-a, IL-1, IL-2, IL-6, IL-8,
or IL-15 [11].

As in the previous study, we found that the level of
IL-10 in the serum of post-LCAP patients was signifi-
cantly elevated. The induction of cells that produce, if
any, antiinflammatory cytokine IL-10 may be a benefi-
cial action of LCAP, although the administration of ex-
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ogenous IL-10 might not be an effective strategy for
treating RA [12].

A study on granulocyte-monocyte-apheresis for the
treatment of patients with UC reported a reduction in IL-8
mRNA expression in the colonic mucosa of patients after
therapy [13], and this procedure was also found to be
effective for the treatment of patients with RA [14]. Col-
umns packed with cellulose acetate beads were used in
these studies, and these columns effectively adsorbed blood
granulocytes and monocytes, but not lymphocytes [15].

The use of LCAP with a polyester—fiber-column
eliminates close to 100% of neutrophils and monocytes
and a majority of lymphocytes from the blood that is
passed through the column; a large number of neutro-
phils, but not monocytes or lymphocytes, are immedi-
ately recruited into the peripheral blood [5,16].

In the present study, we investigated the change in
cellular compositions before and after the LCAP ses-
sion, especially in regard to recruited neutrophils con-
taining stab-formed immature-neutrophils. We found
that neutrophils measured after the first session served
as an indicator of the efficacy of LCAP therapy.

PATIENTS AND METHODS

Patients

Thirteen patients with active RA (10 women and 3
men) were treated using LCAP. Their mean age was
65.1 + 12.5 years (range, 35-83 years), and their mean
discase duration was 8.3 + 8.3 years (0.3-28 years).
RA was diagnosed according to the American College
of Rheumatology (ACR) criteria {17]. The Ethics Com-
mittee of the International Medical Center of Japan
approved the present study, and all the patients gave
their written informed consent. All the patients were
treated with prednisolone (5-10 mg/day) plus at least
one antitheumatic drug, methotrexate or leflanomide,
except for two patients in whom both antitheumatic
drugs had been discontinued because of side effects.
Only one patient was treated with an anticytokine bio-
logical agent.

LCAP Procedure

LCAP was performed three times at 1-week inter-
vals in each patient. During each session, 3,000 mL of
venous blood was extracorporeally circulated through a
Cellsorba adsorption column composed of fine polyes-
ter fibers (Asahi Kasei Medical Co., Tokyo, Japan) at a
flow rate of 50 mL/min for 60 min using nafamostat
mesilate (50 mg/h) for anticoagulation, according to
the standard procedure.

Clinical Evaluation of the Patients

Before the first LCAP session and | week after the
final LCAP session, the disease activity was evaluated
according to the ACR core set [18]. Patients who
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showed an improvement in the ACR criteria of 20% or
more were classified as responders.

Blood Sampling

Immediately before (pre-LCAP) and 10 min after
the completion (post-LLCAP) of the first LCAP session
in all the patients, peripheral venous blood was
sampled and used to perform a circulating leukocyte
count, a serum cytokine assay, and a flow cytometric
leukocyte analysis. In some patients, blood was also
sampled after another LCAP session. The serum was
frozen and stored for later analysis. Blood for the flow
cytometry analysis was drawn using a heparinized sy-
ringe and mixed with one-fifth the volume of 6% dex-
tran in PBS and incubated for 15 min at 37°C. The
upper leukocyte-rich fraction of the blood was
obtained, diluted twice with saline, and centrifuged
with Ficoll-Hypaque (SG 1.077) at 400g for 20 min.
The mononuclear cell fraction on the Ficoll interface
was obtained and washed three times with Hank’s bal-
anced salt solution containing 0.2% EDTA, then resus-
pended in PBS containing 2% FCS (2% FCS-PBS) for
fluorescence-activated cell sorter (FACS) staining.

Flow Cytometry

The mononuclear cell fraction on the Ficoll interface
were stained for cell-surface markers with FITC- or
PE-conjugated monoclonal antibodies to CD3, CDI19,
CD14, CD11b, and CD49d (BD Biosciences, CA), or
FITC- or PE-conjugated mouse IgG1{ as an isotype con-
trol (BD Biosciences). After incubation with the anti-
bodies on ice for 30 min, the cells were washed with
2% FCS-PBS. After washing, the stained cells were an-
alyzed using a FACSCalibur Flow Cytometric System
(Becton Dickinson, NJ).

Enzyme-Linked Immunosorbent Assay

Paired pre- and post-LCAP sera from the first ses-
sion were assayed for IL-10 and granulocyte-colony
stimulating factor (G-CSF) using an IL-10 enzyme-
linked immunosorbent assay (ELISA) kit and a human
G-CSF ELISA kit, respectively (BioSource Int., CA).

Statistical Analysis

The data were expressed as the mean + SD and
were statistically analyzed using the #-test and the
paired t-test. Differences with P < 0.05 were consid-
ered significant.

RESULTS

Clinical Evaluation of LCAP Therapy

Disease activity in the 13 patients was evaluated
before the first LCAP session (baseline) and at | week
after the completion of three sessions of LCAP (after



