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Elevated Levels of Soluble Fractalkine in Active
Systemic Lupus Erythematosus

Potential Involvement in Neuropsychiatric Manifestations

Nobuyuki Yajima,' Tsuyoshi Kasama,' Takeo Isozaki,' Tsuyoshi Odai," Mizuho Matsunawa,'
Masao Negishi,’ Hirotsugu Ide,! Yosuke Kameoka,”> Shunsei Hirohata,> and Mitsuru Adachi’

Objective. To determine levels of the solable form
of the chemokine fractalkine (sFkn) and its receptor,
CX,;CR1, in patients with systemic lupus erythematosus
(SLE) with neuropsychiatric involvement (NPSLE) and
in SLE patients without nenropsychiatric involvement,
and to assess their relationship with disease activity and
organ damage.

Methods. Levels of sFkn in serum and cerebro-
spinal fluid (CSF) were measured by enzyme-linked
immunosorbent assay. Expression of Fkn and CX;CR1
was quantified nsing real-time polymerase chain reac-
tion. Surface expression of CX;CR1 on peripheral blood
mononuclear cells (PBMCs) was determined by flow
cytometry. Disease activity and organ damage were
assessed using the SLE Disease Activity Index (SLE-
DAI) and the Systemic Lupus International Collaborat-
ing Clinics/American College of Rheumatology (SLICC/
ACR) Damage Index, respectively.

Results. Serum sFkn levels were significantly
higher in patients with SLE than in patients with
rheumatoid arthritis (RA) or healthy controls. In addi-
tion, significant correlations between serum sFkn levels

Presented in part at the 67th Annual Scientific Meeting of the
American College of Rheumatology, Orlando, FL, November 2003.

"Nobuyuki Yajima, MD, Tsuyoshi Kasama, MD, PhD, Takeo
Isozaki, MD, Tsuyoshi Odai, MD, Mizuho Matsunawa, MD, Masao
Negishi, MD, PhD, Hirotsugu Ide, MD, PhD, Mitsuru Adachi, MD,
PhD: Showa University School of Medicine, Tokyo, Japan; Yosuke
Kameoka, PhD: National Institute of Infectious Diseases, Tokyo,
Japan; Shunsei Hirohata, MD, PhD: Teikyo University School of
Medicine, Tokyo, Japan.

Address correspondence and reprint requests to Tsuyoshi
Kasama, MD, PhD, Division of Rheumatology and Clinical Immunol-
ogy, First Department of Internal Medicine, Showa University School
of Medicine, 1-5-8 Hatanodai, Shinagawa-ku, Tokyo 142-8666, Japan.
E-mail; tkasama@med .showa-u.acjp.

Submitted for publication October 6, 2004; accepted in re-
vised form February 24, 2005.

1670

and the SLEDAI, the SLICC/ACR Damage Index, anti~
double-stiranded DNA and anti-Sm antibody titers, im-
mune complex Ievels (Clqg), and serum complement
levels (CHS50) were observed. Expression of CX;CR1
was significantly greater in PBMCs from patients with
active SLE than in those from RA patients or healthy
controls. Levels of sFkn were also significantly higher in
CSF from untreated patients with newly diagnosed
NPSLE than in SLE patients without neuropsychiatric
involvement; treatment reduced beth serum and CSF
levels of sFkn in patients with SLE.

Conclusion. Soluble Fkn and CX;CR1 may play
key roles in the pathogenesis of SLE, including the
neuropsychiatric invelvement. Soluble Fkn is also a
serologic marker of disease activity and organ damage
in patients with SLE, and its measurement in CSF may
be useful for the diagnosis of NPSLE and followup of
patients with NPSLE.

Systemic lupus erythematosus (SLE) is an auto-
immune disease characterized by multiorgan damage
with infiltration and sequestration of various leukocyte
subpopulations, and by the presence of autoantibodies
(1). Its etiology is known to involve dysregulation of the
immune system, leading to a functional imbalance of T
cell subsets, production of a wide range of autoantibod-
ies, and polyclonal B cell activation. In addition, the
importance of dysregulation of cytokine expression has
been noted (2).

A variety of diffuse and focal neuropsychiatric
symptoms often occur in patients with SLE. The features
of this condition may include seizures, stroke, depres-
sion, psychosis, and cognitive disorders (3). Although
the pathogenesis of neuropsychiatric SLE (NPSLE) has
not been completely elucidated, a variety of clinical,
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laboratory, and radiographic findings are reportedly
abnormal in some, but not all, SLE patients with central
nervous system (CNS) complications, and the direct and
indirect effects of several inflammatory mediators have
been emphasized as possible contributors (4).

The chemokine fractalkine (Fkn; CX,CL1) is
synthesized as a type 1 transmembrane protein by
endothelial cells (5). The soluble form of Fkn (sFkn)
reportedly exerts a chemotactic effect on monocytes,
natural killer (NK) cells, and T lymphocytes and acts via
its receptor, CX;CR1, as an adhesion molecule that is
able to promote the firm adhesion of a subset of
leukocytes to endothelial cells under conditions of phys-
iologic flow (6). Notably, prominent expression of both
Fkn and CX;CR1 has been observed in the CNS (7).
Thus, Fkn appears to possess immunoregulatory prop-
erties that affect inflammatory/immune cell-endothelial
cell interactions and inflammatory responses.

‘'The aim of the present study was to determine
serum and CSF levels of sFkn and CX3;CR1 in SLE
patients (those with and those without neuropsychiatric
involvement) and to assess the relationship of these
levels with disease activity and organ damage.

PATIENTS AND METHODS

Patients and samples of serum and CSF. A total of 67
serum samples were obtained from 53 patients with SLE (50
women and 3 men; mean * SEM age 35.8 + 1.8 years). In 14
patients, serum samples were collected during both the active
and inactive phases of disease. All patients previously or
currently fulfilled the American College of Rheumatology
(ACR) revised criteria for the classification of SLE (8). Serum
samples were also obtained from 91 patients with rheumatoid
arthritis (RA) (71 women and 20 men; mean = SEM age
65.3 *+ 1.3 years) who fulfilled the 1987 revised ACR (formerly,
the American Rheumatism Association) criteria for a diagno-
sis of RA (9), and from 28 healthy volunteers (16 women and
12 men; mean = SEM age 34.4 * 2.7 years). CSF from the
lumbar spine was collected for the purpose of diagnosing
NPSLE. For ethical reasons, CSF samples were not collected
from SLE patients without any neuropsychiatric involvement
or from healthy volunteers.

The SLE Disease Activity Index (SLEDAI) (10) was
used to estimate general disease activity, and the Systemic
Lupus International Collaborating Clinics (SLICC)/ACR
Damage Index (11) was used to estimate organ damage.

Because of the difficulty in confirming neurologic
diagnoses and of assigning cause to SLE, we defined NPSLE as
the presence of at least 1 clinical feature of neuropsychiatric
syndromes (3) and at least 1 of the following: pathologic
findings on brain magnetic resonance imaging, diffusely abnor-
mal results of brain single-photon—emission computerized
tomography, severely abnormal results on a neuropsychiatric
test, an elevated CSF IgG index, or increased interleukin-6
(IL-6) activity in the CSF (12).
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Serum levels of specific autoantibodies, complement
hemolysis activity (CHS50), and immune complex (C1q) as well
as albumin and IgG levels in both serum and CSF were
determined in the clinical laboratory at our hospital. All
human experiments were carried out in accordance with
protocols approved by the Human Subjects Research Commit-
tee at our institution, and informed consent was obtained from
all patients and volunteers.

Soluble Fkn levels. Soluble Fkn was quantified using a
double ligand enzyme-linked immunosorbent assay (ELISA)
that was a modification of an assay described previously (13).
Monoclonal murine anti-human Fkn (4 pg/ml; Genzyme/
Techne, Cambridge, MA) and biotinylated polyclonal goat
anti-Fkn (0.25 pg/ml; Genzyme/Techne) served as the primary
and the secondary antibodies, respectively. This ELISA detects
the chemokine domain of human Fkn, and the sensitivity limit
is ~150 pg/ml.

Flow cytomeiry. Flow cytometric analyses of CX,CR1
expression on peripheral blood mononuclear cells (PBMCs)
were carried out as previously described (14). PBMCs were
obtained from heparinized venous blood from patients with
SLE, patients with RA, and healthy volunteers and then
labeled with the indicated primary antibody (anti-CD3-
fluorescein isothiocyanate [FITC), anti-CD4-phycoerythrin
[PE], anti-CD8-PE, and anti-CD14 [monocyte]-FITC; BD
PharMingen, San Diego, CA), or rabbit anti-CX;CR1 antibody
(ProSci, Poway, CA), and then with a secondary antibody
(biotin-conjugated anti-rabbit IgG) and a tertiary reagent
(CyChrome-conjugated streptavidin; BD PharMingen). The
fluorescence intensity was measured on a 3-color FACScan
flow cytometer (Becton Dickinson, Mountain View, CA).

Isolation of total RNA, and real-time polymerase chain
reaction (PCR). Total RNA extracted from PBMCs was
reverse transcribed, and then real-time PCR was carried out in
a LightCycler (Roche Diagnostics, Mannheim, Germany). To
compare quantitative results between different samples, a
dilution series of complementary DNA from unstimulated
human umbilical vein endothelial cells and normal human
PBMCs, which served as internal standards for Fkn and
CX;CRI1, respectively, were loaded every time and assigned a
value of 100 units. The primers used in the real-time PCR were
as follows: for human CX,;CRI1, 5'-AGCAGGCATGGA-
AGTGTTCT (sense) and 5'-GTTGTTTTGTGTGCATTGGG
(antisense); for human Fkn, 5'-GCTGAGGAACCCATCCAT
(sense) and 5'-GAGGCTCTGGTAGGTGAACA (antisense);
for B-actin, which served as an internal control, 5'-
CCCAAGGCCAACCGCGAGAAGAT (sense) and 5'-
GTCCCGGCCAGCCAGGTCCAG (antisense).

Statistical analysis, Data are expressed as the mean =
SEM. Differences between groups were analyzed using the
Mann-Whitney U test. Followup data were analyzed using
Wilcoxon’s test. The relationship between sFkn levels and the
indicated parameters was evaluated using Spearman’s rank
correlation, P values less than 0.05 were considered significant.

RESULTS

Serum sFkn levels. We initially used ELISAs to
assay the levels of sFkn in serum samples obtained from
SLE patients with and those without neuropsychiatric
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Figure 1. Correlation between serum levels of soluble fractalkine
(sFkn) and various clinical parameters. The correlation between serum
levels of sFkn (n = 67 samples) and the Systemic Lupus Erythemato-
sus Disease Activity Index (SLEDAI) (A), organ damage (Systemic
Lupus International Collaborating Clinics/American College of Rheu-
matology damage index) (B), serum anti-double-stranded DNA (anti-
dsDNA) antibody (Ab) titers (C), serum anti-Sm antibody titers (D),
immune complex (IC-Clq) levels (E), and serum complement hemo-
lysis activity (CHS0) (F) in patients with SLE was examined. Serum
levels of sFkn were assessed by enzyme-linked immunosorbent assay.
Each point represents an individual SLE patient.

involvement (n = 67 samples), patients with RA (n =
91), and healthy controls (n = 28). Serum levels of
sFkn were significantly higher in patients with SLE
(mean = SEM 452.7 * 118.0 pg/ml) than in either pa-
tients with RA (mean %= SEM 2252 + 53.2 pg/ml; P <
0.05) or healthy controls (mean = SEM 3.2 + 3.2 pg/ml;
P < 0.01). We then examined the relationship between
serum levels of sFkn and disease activity, organ damage,
and the indicated serologic parameters (Figure 1). We
observed that serum levels of sFkn were correlated with
both disease activity as measured by the SLEDAI (r =
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0.351, P < 0.05) (Figure 1A) and organ damage as
measured by the SLICC/ACR Damage Index (r = 0.342,
P < 0.05) (Figure 1B) and were also positively corre-
lated with anti~double-stranded DNA (anti-dsDNA)
antibody titers (r = 0.300, P < 0.05), anti-Sm antibody
titers (r = 0.301, P < 0.05), and immune complex Clq
levels (r = 0.284, P < 0.05) (Figures 1C-E) and were
negatively correlated with CHS0 (r = —0.314, P < 0.05)
(Figure 1F).

Expression of Fkn and CX;CR1 messenger RNA
(mRNA) and cell-surface expression of CX;CR1. To
better understand the dysregulation of Fkn/CX;CR1
expression that occurs in SLE, we examined their ex-
pression profiles. CX;CR1 mRNA was more strongly
expressed in PBMCs from SLE patients than in those
from patients with RA or healthy controls (Figure 2A).
In contrast, Fkn expression in PBMCs from all 3 groups
was markedly weak, and no significant difference be-
tween the groups was observed (results not shown). To
examine in more detail the phenotype of cells expressing
CX,4CR1, we used flow cytometry to analyze the protein
expression of CX,CR1 in peripheral blood-specific cell
populations from SLE patients with active or inactive
disease, patients with RA, and healthy controls (Figure
2B). Although both the intensity of CX;CR1 expression
on macrophages (results not shown) and the relative
number of affected cells were slightly higher in patients
with active SLE than in patients with inactive SLE or
healthy controls, the expression of CX;CRI1 protein was
most pronounced on CD4+,CD3+ T cells and
CD8+,CD3+ T cells from a patient with untreated
active SLE.

Neuropsychiatric manifestations and CSF levels
of sFkn. Because Fkn has been detected in the nervous
system (7), we hypothesized that it may also be involved
in the pathogenesis of NPSLE. To test this hypothesis,
we first assayed the sFkn levels in CSF from untreated
patients with newly diagnosed active SLE, with or with-
out neuropsychiatric involvement. As shown in Figure 3,
levels of sFkn in CSF samples from all but 1 SLE patient
without neuropsychiatric involvement {non-NPSLE)
were relatively low (n = 6, mean * SEM 186.3 £ 177.1
pg/ml) compared with those in patients with NPSLE
(n = 6, mean = SEM 842.7 = 190.0 pg/ml). Notably, in
contrast with the results observed in CSF, no significant
difference in serum sFkn levels was observed between
untreated patients with newly diagnosed NPSLE (n = 6,
mean *= SEM 467.4 = 24.0 pg/ml) and SLE patients
without overt neuropsychiatric involvement (n = 6,
mean = SEM 400.3 = 182.0 pg/ml). In addition, there
were no significant differences in any serologic para-
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Figure 2. CX;CR1 expression in peripheral blood mononuclear cells (PBMCs). A, Total RNA was isolated from PBMCs obtained from 21 patients
with systemic lupus erythematosus (SLE), 30 patients with rheumatoid arthritis (RA), and 10 healthy controls, after which the cDNA was reverse
transcribed, and real-time polymerase chain reaction was carried out. Levels of CX;CR1 mRNA are expressed as the mean and SEM units. * = P <
0.05 versus RA and control. B, PBMCs obtained from untreated patients with newly diagnosed SLE (active), treated patients with inactive SLE,
patients with RA, and healthy controls were labeled with anti-CD3-+, anti-CD4+, anti-CD8+, or anti-CX;CR1 antibody. CX;CR1 expression on
gated cells (CD4+,CD3+ T cells; CD8+,CD3+ T cells) was assayed by 3-color flow cytometry. Samples obtained from patients with SLE were
followed up. M1 = background intensity of isotype-matched control staining. M2 = percent of CX,CR1-positive cells. Histograms are representative

of 3 independent experiments.

meters between patients with NPSLE and SLE patients
without neuropsychiatric involvement. Moreover, the
IL-6 concentration was shown to be elevated in the CSF
of some patients with NPSLE (12), but we found no
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Figure 3. Levels of soluble fractalkine (sFkn) in cerebrospinal fluid
(CSF). Samples of CSF were obtained from 6 untreated patients with
newly diagnosed neuropsychiatric systemic lupus erythematosus
(NPSLE) and 6 SLE patients without neuropsychiatric involvement
(non-NPSLE; of these 6 patients who did not fulfill our criteria for
NPSLE, 4 described having mild headache, and 2 had mild mood
disorder). Soluble Fkn levels were determined by enzyme-linked
immunosorbent assay. Each point represents an individual patient.
Bars show the mean & SEM. * = P < 0.05 versus non-NPSLE.

significant correlation between CSF levels of sFkn and
IL-6 activity in the CSF (P = 0.32).

Because of the small number of samples exam-
ined, we were unable to determine the statistical signif-
icance of differences in CSF sFkn levels among patients
with any particular neuropsychiatric manifestation.
However, when neuropsychiatric manifestations were
classified as either diffuse CNS disease (n = 2), which
included psychosis, mood disorder, cognitive dysfunc-
tion, and acute states of confusion, or as focal CNS
disease (n = 4), which included cerebrovascular disease,
demyelinating syndrome, headache, aseptic meningitis,
seizures, or myelopathy (3), sFkn levels tended to be
higher in CSF from patients with focal disease (mean *
SEM 1,029.0 =+ 234.1 pg/ml versus 470.0 = 69.0 pg/ml in
patients with diffuse disease).

Followup studies of the effect of treatment on CSF
and serum sFkn levels. Figure 4 summarizes the results
of followup studies of serum levels of sFkn in 14 patients
with SLE (with or without neuropsychiatric manifesta-
tions) before and 2-3 months after treatment with glu-
cocorticoids and other immunosuppressive drugs (12 pa-
tients received glucocorticoids alone, and 2 patients
received glucocorticoids plus cyclophosphamide or cyclo-
sporin A). Notably, serum sFkn levels in patients with
active SLE were significantly diminished following success-
ful treatment and clinical improvement (mean 559.4 pg/ml
in patients with active disease versus 102.1 pg/ml in patients
inactive disease). Although the mean reduction in the CSF
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Figure 4. Followup measurements of soluble fractalkine (sFkn) levels
in serum from patients with systemic lupus erythematosus (SLE), with
or without neuropsychiatric involvement. Paired samples of serum
were obtained from 14 patients with SLE (with or without neuropsy-
chiatric involvement) at the time of active disedse (newly diagnosed,
untreated) and after treatment (inactive disease). Each line represents
an individual patient. * = P < 0.05.

Inactive

of 4 patients with NPSLE was quite pronounced (from
8773 pg/ml to 1553 pg/ml), it did not reach statistical
significance.

DISCUSSION

In the present study, we showed that serum sFkn
levels were significantly higher in patients with SLE than
in patients with RA or healthy controls and were posi-
tively correlated with disease activity, organ damage,
anti-dsDNA and anti-Sm antibody titers, and immune
complex levels and were negatively correlated with
CHS50 activity. In addition to the increased expression of
sFkn itself, increased expression of its receptor,
CX3CR1, was also detected, especially on CD4+ and
CD8+ T cells from patients with active SLE. Finally,
levels of sFkn in the CSF were elevated in patients with
NPSLE, and both serum and CSF levels of sFkn were
reduced by successful treatment with glucocorticoids
and other immunosuppressive drugs.

This study is the first to demonstrate increases in
sFkn levels in the peripheral blood and CNS of patients
with active SLE and patients with NPSLE, respectively.
Recent evidence indicates that receptor expression de-
termines the spectrum of action of chemokines in Thl
and Th2 cells. Indeed, Fraticelli et al recently reported
that CX5CR1 was preferentially expressed in Th1 cells,
and that Th1 cells, but not Th2 cells, respond to Fkn (15).
Furthermore, Fkn also acts via CX;CR1 as an adhesion
molecule and as a chemoattractant, recruiting monocytes,
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NK cells, and T lymphocytes to endothelial cells. Thus, Fkn
likely plays multiple roles in the development of SLE, via
Thi cell-endothelial cell interactions.

Intracranial increases in a variety of cytokines,
including IL-6, have been observed in patients with
NPSLE (12). This suggests that these various proin-
flammatory and antiinflammatory cytokines all play
specific roles during the progression of NPSLE. In the
present study, however, we observed no significant
correlation between the levels of sFkn and IL-6 in the
CSF of patients with NPSLE, which may indicate that
the expression of Fkn and IL-6 is differentjally regu-
lated by these 2 mediators during the evolution of
the neuropsychiatric manifestations in patients with
SLE. Furthermore, we observed that patients with
focal neuropsychiatric manifestations had higher CSF
levels of sFkn than did those with diffuse disease.
These findings are not consistent with the results re-
ported by Erichsen et al (16), who found that sFkn
levels in the CSF of human immunodeficiency virus
type 1 (HIV-1)-infected patients with cognitive impair-
ment (diffuse disease) were significantly higher than
those in HIV-1~infected patients without cognitive im-
pairment. It would be interesting to know whether
this difference reflects a difference in the underlying
mechanism of the pathogenesis of NPSLE and HIV-
induced encephalopathy, and the extent to which Fkn
participates in those processes.

In healthy individuals, surface expression of
CX;CR1 has been demonstrated in NK cells, monocytes,
and effector T cells (17). CX5CR1 is also expressed on
CD4+ and CD8+ T cells in patients with RA (18).
Consistent with those findings, we observed increased
expression of CX3CR1 mainly on CD4+ and CD8+ T
cells in patients with active SLE. Moreover, T cell
expression of CX,;CR1 was significantly reduced by
treatment that diminished disease activity. Although
there have been few studies of the expression and
regulation of CX;CR1 under pathologic conditions, it
is noteworthy that CX3CR1 expression on immune
cells parallels the sFkn levels, suggesting that CX,CR1
mediates activation of recruited inflammatory cells,
especially CD4+ and CD8+ T cells, during active SLE.

In conclusion, sFkn and CX,CR1 may play im-
portant roles in the pathogenesis of SLE, including the
neuropsychiatric involvement. Soluble Fkn is also a
serologic marker of disease activity and organ damage
in patients with SLE, and its measurement in CSF may
be useful for the diagnosis of NPSLE and the followup
of patients with NPSLE.
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Differential effects of IFN-a on the expression
of various T2 cytokines in human CD4™ T cells

Hideki Shibuya, MD, PhD, and Shunsei Hirohata, MD Tokyo, Japan

Background: In both human subjects and mice, T helper cells
are classified info 2 subsets, Tyl and Ty2 cells, on the basis of
the cytokines they produce. Although IFN-« has been shown to
enhance human Tyl responses, its influences on human Ty2
responses have not yet been fully characterized. In addition, the
mechanism for induaction of Tyl responses by IFN-a has not
been fully delineated.

Objective: The present study was undertaken to explore the
direct effects of IFN-« on the expression of various cytokines in
human CD4" T cells with a system using immobilized anti-
CD3, which permits activation of CD4* T cells in the complete
absence of accessory cells.

Methods: Highly purified CD4™ T cells obtained from healthy
donors were stimulated with immobilized anti-CD3 with or
without JFN-& and IL-12 in the complete absence of accessory
cells, The production of cytokines was estimated by means of
ELISA. The expression of mRNA for various cytokines, as well as
transcription factors, was evaluated by using quantitative PCR.
Results: IFN-a enhanced IL-4 protein and mRNA expression in
immobilized anti-CD3-stimulated CD4™ T cells, irrespective of
the presence of IL-12, whereas IFN-« suppressed the
expression of IL-5 and IL-13. Of note, IFN-« enhanced the
expression of mRNA for c-Maf, T-bet, and Fox-P3, irrespective
of the presence of IL-12, but not that for GATA-3, in anti-CD3-
stimulated CD4™ T cells.

Conclusion: These results indicate that IFN-a enhances the
induction of Ty1 responses through upregulation of T-bet
mRNA expression, as well as the induction of Ty2 responses
through upregulation of c-Maf mRNA expression, followed

by IL-4 expression. Moreover, the data also suggest that
IFN-oc might suppress the expression of IL-5 and IL.-13 in
differentiated T2 cells. (J Allergy Clin Immunol
2005;116:205-12.)

Key words: Human, Tyl, Ty2, IL-4, IL-5, IL-13, c-Maf, GATA-3,
T-bet, Fox-P3

In both human subjects and mice, activated CD4”"
T cells can be classified into 2 subsets, Ty 1 and Ty2 cells,
on the basis of the cytokines they produce.'™ Thus Tyl
cells produce IFN-y and IL-2, which are involved in cell-
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mediated immune responses, whereas T2 cells produce
mainly -4, IL-5, and IL-13, which are involved in
humoral immune 1'esponses.5’6 IL-4 has a major role in
B-cell activation and isotype switching, particularly in IgE
production‘7 On the other hand, IL-5 activates mature
eosinophils, prolongs their survival, and contributes to
their accumulation at sites of inflammation.® In Ty2 cells
the transcription factors GATA-3 and c-Maf are selec-
tively expressed and have been shown to regulate T2
cytokine expression.”!? Thus c-Maf is required for the
expression of ]L-4,“ whereas GATA-3 is involved in the
expression of IL-5 and IL-13.'>1?

IFN-a presents potent antiviral actions, as well as
immunoregulatory activities, including enhancement of
cytotoxic activity of T cells and natural killer (NK) cells. ™
TFN-a has been shown to enhance human Tyl responses,
which is reflected by IFN-y production in the presence
of accessory cells with stimulation by PHA.'™'7 We
have recently revealed that IFN-a by itself did not enhance
IFN-y production or mRNA expression in anti-CD3-
stimulated human CD4 ™ T cells in the absence of accessory
cells or exogenous IL-12."® Consistently, IFN-a enhanced
IL-12 receptor B2 (IL-12RB2) mRNA expression in
CD4" T cells. "® It is therefore indicated that the induction
of human Tg1 responses by IFN-a requires the presence
of IL-12.'® As for human Ty2 responses, it was previously
shown that JFN-a inhibits IL-5 production and mRNA
expression in CD4" T cells."” However, the effects of
IEN-o on the production of IL-4 in human CD4* T cells
have been uncertain, possibly because of contaminating
accessory cells or other supplemental cell lines to cross-
link CD3 molecules through soluble anti-CD3. In addi-
tion, IL-13 is one of the Ty2 cytokines that has very
similar biologic actions of IL-4.%° Although the regulation
of IL-13 production is pivotal in the function of Ty2 cells,
the effects of JFN-o on the production of IL-13 have not
been determined. The current studies were therefore
undertaken to explore the direct effects of IFN-a on the
expression of the Ty2 cytokines IL-4, IL-5, and IL-13 in
activated human CD4" T cells by using a system with
immobilized anti-CD3, which permits stimulation of
T cells in the complete absence of accessory cells or other [
supplemental cell lines. Special attention was paid to the
effects of IFN-a on the expression of mRINA for a variety
of transcription factors that regulate the polarization of
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Tyl and Ty2 cells. The results demonstrate that IFN-a
suppresses the expression of IL-5 and IL-13 and enhances
the expression of IL-4 in CD4™ T cells. More importantly,
IFN-o. enhanced the expression of mRNA for c-Maf,
T-bet, and Fox-P3, but not for GATA-3, in CD4* T cells.
The data indicate that IFN-« exerts a variety of effects on
human Tyl and Ty2 responses through regulation of
mRNA for various transcription factors.

METHODS

mAbs and reagents

Anti-CD3 mAb 64.1 (an IgG2a mAb directed at the CD3 molecule
on mature T cells) was a gift of Dr P. E. Lipsky (National Institute of
Health, Bethesda, Md). Recombinant human I.-12 was purchased
from PeproTech (Rocky Hill, NJ). Recombinant human IFN-0.2a was
a gift of Nippon Roche (Tokyo, Japan).

Culture medium

RPMI 1640 medium (Life Technologies, Grand Island, NY)
supplemented with 100 U/mL penicillin G, 100 pg/mL streptomycin,
0.3 mg/mL L-glutamine, and 10% FBS (Life Technologies) was used
for all cultures.

Cell preparation

PBMCs were obtained from healthy adult volunteers by means of
centrifugation of heparinized venous blood over sodium diatrizoate”
Ficoll gradients (Histopaque; Sigma Chemical Co, St Louis, Mo).
PBMCs were depleted of monocytes and NK cells by means of
incubation with 5 mM L-leucine methyl ester HCI (Sigma) in serum-
free RPMI 1640, as described elsewhere.?! T cells were obtained
from the treated cell population by rosetting with neuraminidase-
treated sheep red blood cells, as previously described.?? Purified
CD4™ T cells were further prepared by means of positive selection
with anti-CD4 microbeads and MACS (Miltenyi Biotec, Auburn,
Calif). The CD4" T-cell population obtained in this manner
contained less than 0.1% esterase-positive cells, less than 0.1% NK
cells, less than 0.1% CD19" cells, and greater than 96% CD4*
T cells.

Cell cultures

Anti-CD3 mAb 64.1 was diluted in RPMI 1640 (2 pg/mL), and 50
L was placed in each well of 96-well flat-bottomed microtiter plates
(no. 3596; Costar, Cambridge, Mass) and incubated at room temper-
ature for 1 hour.*! The wells were then washed once with culture
medium to remove nonadherent mAb before the cells were added.
Purified CD4" T cells (2 X 10°/well) were cultured in wells with
immobilized anti-CD3 with or without IFN-o (1 X 10° IU/mL) and
IL-12 (10 ng/mL). The cells were incubated at 37°C in a humidified
atmosphere of 5% CO, and 95% air.

RNA isolation and real-time

| quantitative PCR

Total RNA was isolated from cultured cells with Trizol reagent

| (Life Technologies), according to the manufacturer’s application

protocol, and quantified spectrophotometrically. cDNA samples were
prepared from 1 pg of total RNA by using the SuperScript reverse
transcriptase preamplification system (Life Technologies) with oligo
(dT) primer and subjected to real-time quantitative PCR.

Real-time quantitative PCR was performed with the LightCycler
rapid thermal cycler system (Roche Diagnostics Ltd, Lewes, United
Kingdom), with ready-made primer sets for human IFN-y, IL-4,
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IL-5, IL-12RP2, GATA-3, T-bet, Fox-P3, or B-actin (LightCycler-
Primer Set; Roche Diagnostics GmbH, Heidelberg, Germany)
and LightCycler-Fast Start DNA Master SYBR Green 1 (Roche
Diagnostics Ltd). The primers for human c-Maf were designed
as follows: forward, 5'-GGTCAGCAAGGAGGAGGT-3'; reverse,
5'-TCTCCTGCTTGAGGTGGTC-3’. PCR reaction condition was
identical for all genes except for c-Maf (shown in parentheses):
incubation at 95°C for 10 minutes, followed by 35 cycles (40 cycles)
of 95°C for 10 seconds, 68°C (60°C for c-Maf) for 10 seconds, and
72°C for 16 seconds (6 seconds for c-Maf). Melting-curve analysis
was then carried out to confirm the quality of the performance of the
PCR by using 1 cycle of 95°C for 0 seconds and 58°C for 10 seconds
(70°C for 15 seconds for c-Maf), with continuous increase to 95°C
(rate, 0.1°C/s), followed by cooling at 40°C for 30 seconds. A
standard curve was generated in each experiment by using a standard _
solution in each primer set, and quantitative analysis was performed
with LightCycler Software version 3.5. All results were calibrated
to the copy number (copies per microliter) of B-actin from each
cDNA sample.

Measurement of IL-4, IL-5, and IL-13

IL-4 and IL-13 contents in the supernatants were measured with
ELISA kits (Cytoscreen; BioSource International, Camarillo, Calif).
The detection limits of the assays were approximately 2.0 and 12.0
pg/mL for IL-4 and IL-13, respectively. The assay is specific for
natural and recombinant human IL-4 and IL-13. IL-5 contents in the
supernatants were measured with a Human IL-5 ELISA development
kit (PeproTech). The detection limit of the assay was approximately
2.0 pg/mL IL-5.

Statistical analysis

The results were analyzed for statistical significance by using the
Wilcoxon signed-rank test.

RESULTS

The induction of Tl1 responses in
immobilized anti-CD3-activated CD4"
T cells by IFN-a totally depends on
the presence of IL-12

We have previously shown that TFN-a enhanced IFN-y
production and mRNA expression only in the presence of
T1-12."® Initial experiments were carried out to reexamine
these direct effects of IFN-o on IFN~y mRNA expression
in activated human CD4" T cells. As summarized in Table 1,
IFN-a did not enhance IFN-y mRNA expression of
immobilized anti-CD3~activated CD4™ T cells through-
out the cultures, whereas IL-12 significantly enhanced this
expression. Of note, IFN-a significantly enhanced TFN-y
mRNA expression in the presence of exogenous IL-12,
but not in the absence of IL-12, as early as 3 hours of
culture. The results therefore confirm the conclusion that
upregulation of the expression of IFN-y mRNA by IFN-«
totally depends on the presence of IL-12.'* Of note, [FN-a
enhanced the expression of IL-12RB2 mRNA in anti-
CD3-activated CD4™ T cells, irrespective of the presence
of IL-12 as early as 3 hours of culture (Table 1), as is
consistent with the results of a previous study.'® Taken
together, these data suggest that the induction of Tyl
responses by IFN-a is mediated through upregulation of
the expression of functional IL-12R, although the precise
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TABLE |. Effects of IFN-a and IL-12 on the expression of mMRNA fcr IFN-y and IL-12RB2 in immobilized
anti-CD3-activated CD4™ T cells

x 1072 to B-actin mRNA copies (mean = SD}

mRNA incubation Nil IFN-« IL-12 IFN-e + IL-12

TFN-y 3h 9.8 + 46 107 = 5.1 14.6 * 6.8% 20.9 *+ 6.0%%
24 h 6.9+ 38 6.4 = 3.1 27.8 = 15.0% 38.4 & 14.7%%

IL-12RB2 3h 0.091 = 0.072 0.473 *+ 0.302% 0.133 = 0.122* 0.613 = 0.348*}
24 h 1.017 = 0.722 2,497 *+ 1.149% 1728 *+ 1.279* 3.673 = 2.187%t

CD4% T cells (2 X 10°/well) from 6 healthy individuals were cuitured in wells with immobilized anti-CD3 (mAb 64.1, 100 ng/well) with or without TFN-cx
(1 X 10° I/mL) and IL-12 (10 ng/mL). After 3 or 24 hours of incubation, total RNA was isolated, and real-time quantitative PCR was performed with specific

primers for IFN-y, IL-12R[32, and {3-actin. All results were calibrated to the copy number of B-actin (copies per microliter) from each cDNA sample.

*P < .05 compared with cultures without cytokines (Nil).
1P < .05 compared with cultures with IL-12.

mechanism for the upregulation of IL-2R2 mRNA by
IFN-or remains unclear.

Differential effects of IFN-« on the expression
of Ty2 cytokines in anti-CD3-activated
CD4™" T cells

It was previously shown that IFN-o inhibits IL-5
production and mRNA expression in human CD4*
T cells.!” However, the effects of IFN-« on the production
of TL-4 in human CD4™ T cells have been unclear in these
studies.!? Tt was possible that contaminating accessory
cells or supplemental cells to facilitate cross-linkage of
CD3 with soluble anti-CD3 might influence the results.'®
The next experiments therefore compared the direct
effects of IFN-w on the production of the Ty2 cytokines
1L-4, 1I.-5, and IL-13 in immobilized anti-CD3-activated
CD4™" T cells in the complete absence of accessory cells or
other supplemental cells. As shown in Fig 1, the produc-
tion of IL-4 appeared to reach its peak at 24 hours of
culture, whereas that of IL-5 and IL-13 markedly in-
creased between 24 and 72 hours. More importantly, IFN-«
appeared to enhance the production of IL-4 as carly as 24
hours of culture in a dose-dependent manner. By contrast,
IFN-a seemed to decrease the production of IL-5 and
IL-13 at 72 hours of culture.

The next experiments were carried out to confirm
the effects of IFN-a on the expression of IL-4, IL-5, and
11-13 in anti-CD3-stimulated CD4™* T cells. In accordance
with previous studies,'” IFN-a markedly suppressed
1L-5 production at 72 hours of culture and IL-5 mRNA
expression at 24 hours of culture, irrespective of the
presence of IL-12 (Table II). Of note, IFN-a also signif-
icantly suppressed the production of IL-13 by CD4%
T cells stimulated with immobilized anti-CD3 for 24 and
72 hours, irrespective of the presence of IL-12 (Table III).
The data therefore indicate that IFN-a suppresses the
expression of IL-5, as well as that of TL-13.

In contrast with II.-5 and I1.-13, the production of IL.-4
was increased very modestly between 24 and 72 hours of
culture (Fig 1). More importantly, IFN-a significantly
enhanced IL-4 production and mRNA expression of anti-
CD3-activated CD4" T cells, irrespective of the presence
of IL-12 (Table IV). The results indicate that ITFN-a by
itself promotes the expression of IL-4 protein and mRNA

in spite of its enhancing effects on IL-12RB2 mRNA
expression.

Effects of IFN-« on the expression of mRNA
for a variety of transcription factors in
anti-CD3-activated CD4™ T cells

It has been revealed that the franscription factors
c-Maf and GATA-3 are expressed exclusively in Ty2 cells
and regulate Ty2 cytokine expression.®® Thus ¢-Maf is
required for the expression of IL-4," whereas GATA-3 is
critical for the expression of I.-5.'* It was therefore
possible that the effects of IFN-o on the mRNA expres-
sion of IL-4 and T1.-5 in anti-CD3—activated CD4™ T cells
might result from changes in the expression of these
transcription factors. On the other hand, previous studies
have demonstrated that T-bet plays a critical role in the
induction of Tyl 1‘€:sponses.23 In addition, recent studies
have demonstrated that Fox-P3 is required for the devel-
opment of CD4*CD25™ regulatory T cells.”* To examine
the effects of IFN-« on the expression of mRNA for these
transcription factors, total RNA was isolated from cultured
cells, and real-time quantitative PCR was performed with
specific primers for c-Maf, GATA-3, T-bet, Fox-P3, and
B-actin.

As shown in Fig 2, IFN-a enhanced the expression of
mRNA for c-Maf, T-bet, and Fox-P3 in a dose-response
manner, whereas it did not appear to affect the expression
of GATA-3 mRNA in CD4" T cells stimulated with
immobilized anti-CD3 for 3 hours. Consistently, as can be ,
seen in Fig 3, IFN-« significantly enhanced the expression [
of mRNA for c-Maf, T-bet, and Fox-P3 in anti-CD3-
activated CD4™ T cells, irrespective of the presence o
IL-12, whereas IFN-o did not significantly affect the |
expression of GATA-3 mRNA. Of note, IL-12 also |
significantly upregulated the expression of mRNA for
T-bet and Fox-P3. IFN-« further enhanced their expres- |
sion in the presence of IL-12. These results suggest that |
IFN-o might enhance the production of IL-4 in anti-CD3— |
activated CD4 " T cells by upregulating the expression of
c-Maf mRNA. Moreover, the data indicate that TFN-a |
induces Ty! responses through upregulation of T-bet.
Finally, it is unlikely that the suppression of the expression
of IL-5 and IL-13 by IFN-o might be accounted for by the
downregulation of GATA-3 mRNA expression. Because
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FIG 1. Effects of IFN-« on the production of IL-4, IL-5, and IL-13 by immobilized anti-CD3-activated CD4™* T cells.
CD4a* T cells (2 x 10%well) were cultured in wells with immobilized anti-CD3 (mAb 64.1, 100 ng/well} with
various concentrations of IFN-a. After 3, 24, or 72 hours of incubation, the supernatants were assayed for IL-4,
IL-5, and IL-13 contents by means of ELISA. Mean values of 2 independent experiments are shown. Error bars

represent the SD of 2 independent experiments.

TABLE Il. Effects of IFN-« and IL-12 on [L-15 protein
production and mRNA expression in immobilized
anti-CD3-activated CD4* T cells

IL-13 production, IL-56 production, IL-5 mRNA
pg/mL (mean = SD}  pg/mL (mean * SD) (mean = SD)
Nil 773 =523 5.183 = 5.323
IFN-« 16.2 * 26.5% 1.402 + 1.671%*
IL.-12 87.2 + 61.8 4.510 * 3.995
IFN-o + IL-12 20.4 = 11.6%t 1.643 * 1.400%f

CD4" T cells 2 X 10°fwell) from 6 healthy individuals were cultured in
wells with immobilized anti-CD3 (mAb 64.1, 100 ng/well) with or without
JFN-a (1 X 10° IU/mL) and IL-12 (10 ng/mL). After 72 hours of incubation,
the supernatants were assayed for 1L.-5 contents by means of ELISA. After 24
s hours of incubation, total RNA was isolated, and real-time quantitative PCR
was performed with specific primers for IL-5 and B-actin. All results were
calibrated to the copy number of B-actin (copies per microliter) from each
cDNA sample.

| *P < .05 compared with cultures without cytokines (Nif).

1P < .05 compared with cultures with IL-12,

IFN-a also enhanced Fox-P3 and T-bet mRNA expres-
| sion, it is more likely that induction of Ty 1-like regulatory
cells that express Fox-P3%° might be involved in suppres-
sion of the expression of IL-5 and IL-13.

DISCUSSION

Previous studies have reported that type 1 interferons
(TFN-a/f) act directly on human, but not mouse, T cells to

drive Tyl development, bypassing the need for IL-12—
induced signaling.'” However, our previous and present
studies demonstrated that IFN-a did not affect IFN-y
protein and mRNA expression in CD4" T cells unless IL-
12 was present, confirming that IFN-o by itself might not
be sufficient for the optimal induction of Ty1 responses.'®
It should be noted that previous studies explored IFN-
a—induced Tyl responses in the presence of accessory
cells with stimulation by PHA.'>""” Because accessory
cells produce IL-12, it is likely that the induction of Tyl
responses by IFN-a in PHA-stimulated cultures might be
mediated by cooperative actions of IFN-a and IL-12. In
fact, no IL-12 could be detected in the culture supernatants
of anti-CD3-activated CD4% T cells in our system.'®
These findings confirm that the presence of IL-12 is
essential for the upregutation of IFN-y expression by IFN-a.
Consistently, we and others have demonstrated that
IFN-o enhances the expression of IL-12Rf32 mRNA in
anti-CD3-activated CD4™ T cells.'®'® 1t was therefore
most likely that IFN-a~induced Tyl responses observed
in the previous studies'>!” might be mediated through
upregulation of the responsiveness to IL-12 secreted from
accessory cells. In fact, a recent study also suggests that
IFN-a might enhance IFN-y production in human T cells
through IL-12-dependent mechanisms.®

We have shown that IFN-a enhanced the expression of
T-bet mRNA in immobilized anti-CD3-activated CD4"
T cells. In this regard it has recently been disclosed that
IL-27 and IFN-a activate signal transducer and activator
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TABLE lil. Effects of IFN-a and 1L-12 on IL-13 production by immobilized anti-CD3-activated CD4™ T cells

1L-13 production, pg/mL {mean = SD)

Incubation Nii* IFN-o IL-12 IFN-e¢ + IL-12
24 h 137.6 £ 131.5 71.5 = 59.5% 113.1 #+ 88.5 62.4 + 45.6%f
72h 1278.8 * 640.8 650.9 = 429.0* 1310.8 £ 797.6 685.0 = 496.0*t

CD4™ T cells (2 X 10°/well) from 7 healthy individuals were cultured in wells with immobilized anti-CD3 (mAb 64.1, 100 ng/well) with or without I[FN-o
(1 % 10° IU/mL) and IL-12 (10 ng/mL). After 24 or 72 hours of incubation, the supernatants were assayed for IL-13 contents by means of ELISA.

#P < 05 compared with cultures without cytokines (Nil).
TP < .05 compared with cultures with IL-12.

TABLE 1V. Effects of IFN-a and IL-12 on IL-4 protein production and mRNA expression in immobilized

anti-CD3-activated CD4* T cells

Addition
Length
Assays of incubation Nit IFN-o IL-12 IFN-a = IL-12
IL-4 protein 24h 46.9 = 423 75.1 * 58.8*% 53.5 + 49.1 77.1 * 57.3%f
production (pg/mL)
(mean * SD)
72h 103.1 = 69.4 121.2 + 81.6% 1214 + 71.8% 143.4 = 86.5%f
IL-4 mRNA expression (X1073 3h 2.172 = 1.662 4.602 + 2.718% 1.403 * 0.835% 4,145 * 2.445%%
to B-actin mRINA copies)
(mean * SD)
24 h 1.478 + 1.052 1.943 =+ 1.044% 1.213 * 0.781* 1.688 * 1.242%

CD4* T cells (2 X 10°%/well) from 8 healthy individuals were cultured in wells with immobilized anti-CD3 (mAb 64.1, 100 ng/well) with or without IFN-a
(1 X 10° IU/mL) and IL-12 (10 ng/mlL). After 24 or 72 hours of incubation, the supernatants were assayed for IL-4 contents by means of ELISA. After

3 or 24 hours of incubation, total RNA was isolated, and real-time quantitative PCR was performed with specific primers for IL4 and B-actin. All results
were calibrated to the copy number of B-actin (copies per microliter) from each cDNA sample.

*P < .05 compared with cultures without cytokines (Nil).
TP << .05 compared with cultures with IL-12.

of transcription 1 and 3 to induce T-bet mRNA in naive
T cells.”” Induction of T-bet resulted in upregulation of
IL-12RB2 on naive T cells,”’ It was thus possible that
T-bet might act upstream of IL-12RB2 in early Tyl dif-
ferentiation. However, IFN-y induced expression of
T-bet, but not IL-12RB2, in naive T cells.”” It is therefore
most likely that T-bet and TL-12R2 might be regulated
by independent mechanisms. In addition, our data indicate
that T-bet and IL-12R2 are not sufficient for the in-
duction of optimal Tyl responses, although they are
important for early Tyl commitment.?’”

Several studies showed that the Ty2 cytokines TL-4,
IL-5, and T1.-13 are regulated by a coordinated mecha-
nism.*®? On the other hand, a number of other studies
showed evidence for differential regulation of the expres-
sion of TL-4 and IL-5 in murine and human T cells.***?
The results in the current studies have disclosed that IFN-a
displays differential effects on the expression of these T2
cytokines. Thus IFN-a suppressed the expression of IL-5
and IL-13, whereas it enhanced the expression of IL-4 in
anti-CD3-activated CD4 ™" cells. Of note, in the report by
Cousins et al,”® the expression of IL-5 is well correlated
with that of IL-13, but not with that of IL-4. Taken
together, it is most likely that the expression of various
Ty2 cytokines might be differentially regulated in CD4*
T cells.

-35

Some studies disclosed that IFN-a inhibited the differ-
entiation of Ty2 cells producing -4 and IL-5 in bulk
cultures of PBMCs,>*** whereas other studies showed that
IFN-a enhanced the production of I-4 by PBMCs from
patients with chronic hepatitis C.>> Of note, it has been also
demonstrated that JFN-a by itself directly inhibited the
production of IL-5 by CD4™ T cells stimulated with PMA
and anti-CD28."? Although IL-5 production was strongly
inhibited in this study, IL-4 production was either upregu-
lated or unchanged by IFN-a..'® It was thus suggested that
the effects of IFN-oe on IL-4 production might depend on the
system considered. Moreover, it was also possible that
the contaminating non-T cells>>> or supplemental fibro-
blasts' might result in conflicting results as to the effects of
IFN-« on IL-4 expression. In this regard the results in the
current studies have clearly demonstrated that IFN-a
directly upregulates IL-4 production and mRNA expression
in CD4" T cells stimulated with immobilized anti-CD3
in the complete absence of other cell components, such as
NK cells, accessory cells, and B cells.

The time kinetics of IL-5 and IL-13 expression were
quite different from those of IL-4 expression in cultures of
immobilized anti-CD3—stimulated CD4 ™ T cells. Thus the
production of IL-4 appeared to reach its peak at 24 hours
of culture, whereas that of IL-5 and IL-13 markedly
increased between 24 and 72 hours, during which the
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FIG 2. Effects of IFN-a on the expression of mRNA for various transcription factors in anti-CD3-activated CD4 "
T cells. CD4* T cells {2 X 10°%/well) were cultured in wells with immobilized anti-CD3 (mAb 64.1, 100 ng/well)
with various concentrations of IFN-«. After 3 hours of incubation, total RNA was isolated, and real-time
quantitative PCR was performed with specific primers for c-Maf, GATA-3, T-bet, Fox-P3, and B-actin. All results
were calibrated to the copy number of B-actin (copies per microliter) from each ¢cDNA sample. Error bars

indicate the SD of duplicated determinations.

production of IL-4 was almost unchanged. Moreover, the
upregulation of IL-4 production by IFN-a was clearly
observed as early as 24 hours of culture, whereas the
downregulation of TI.-5/IL-13 production by IFN-a be-
came evident at 72 hours of culture, when the effect of
IFN-a on IL-4 production was less marked. These results
suggest that IL-4 and IL-5/IL-13 might be expressed at
different stages of activation of CD4" T cells or be
expressed in different subsets of CD4™ T cells. In fact,
previous studies showed that IL.-4 is prominently pro-
duced by naive TyO cells in contrast to IL-5 and TL-13,

| which are generally limited to Ty2-like effector-memory
| cells.*® Moreover, it has been revealed that the presence

of IL-4 in initial priming of CD4™ T cells directs the
development of Ty2-like effector cells, although the
source of IL-4 initiating this process is debated.>”*® It is
therefore possible that IFN-a might facilitate the devel-
opment of Ty2 cells through upregulation of IL-4 expres-

| sion in naive TyO cells. Further studies are required to

clarify this point.

It has been revealed that the transcription factors c-Maf
and GATA-3 are selectively expressed in Ty2 cells and
have been shown to regulate T2 cytokine expression.”!°
Thus c-Maf is required for the expression of IL-4,'!

whereas GATA-3 is critical for the expression of IL-5'2
and IL-13."? It was therefore possible that the differential
effects of IFN-o on the expression of IL-4, IL-5, and IL-13
in anti-CD3-activated CD4" T cells might result from
changes in the expression of these transcription factors. Of
note, we demonstrate that IFN-« enhances the expression
of c-Maf mRNA, whereas it does not affect the expression
of GATA-3 mRNA in CD4" T cells stimulated with
immobilized anti-CD3. These results therefore suggest
that IFN-a might enhance the expression of IL-4 in anti-
CD3-activated CD4" T cells by upregulating the expres-
sion of c-Maf mRNA. Moreover, it is also suggested that
IFN-a might suppress the expression of IL-5 and IL-13
through unknown mechanisms that do not involve the
expression of GATA-3 mRNA.

Recent studies have demonstrated the presence of a
population of regulatory T cells that developed from naive
CD4"CD25~ T cells during a Ty1 response distinct from
CD25" regulatory T cells.”” These regulatory T cells
expressed Fox-P3 and T-bet and potently inhibited the
development of airway hyperreactivity.”” Of note, we
have also shown in the present study that IFN-o upregu-
fates the expression of mRNA for Fox-P3, as well as T-bet,
in immobilized anti-CD3-stimulated CD4™ T cells. Tt is
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FIG 3. Effects of IFN-a and IL-12 on the expression of mMRNA for various transcription factors in anti-CD3—
activated CD4™ T cells. CD4* T cells (2 X 10%/well) were cultured in wells with immobilized anti-CD3 (mAb 64.1,
100 ng/well) with or without IFN-a (1 X 10% IU/mL) and IL-12 (10 ng/mL}. After 3 hours of incubation, total RNA
was isolated, and real-time quantitative PCR was performed with specific primers for c-Maf, GATA-3, T-bet, Fox-
P3, and B-actin. All results were calibrated to the copy number of B-actin {copies per microliter) from each cDNA
sample. Each fine on the graph is representative of the same cell preparation from the same donor. *P < .05.

therefore possible that IFN-o might promote the develop- rational basis for therapeutic use of IFN-o therapy in
ment of Ty1-like regulatory T cells, which might suppress T cell-mediated disorders associated with IL-5 hyper-
T2 responses, including the expression of IL-5 and IL-13. production, such as hypereosinophilic syndrome.*® Of

In summary, taken together with data from previous  note, it has been recently reported that IFN-c treatment
studies,’”'*** the data in the present study provide a  rapidly improved the clinical condition of patients with
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corticosteroid-resistant asthma.** The establishment of a
correct Tyl1/Ty2 balance and the induction of the IL.-10
gene have been suggested as potential mechanisms of
action.®® Tt is also possible that induction of Tyl-like
regulatory T cells might be involved in the IFN-o-
mediated improvement of corticosteroid-resistant asthma.
Further studies designed to explore the capacity of IFN-a
to induce Tyl-like regulatory T cells would be important
for a complete understanding of its role in the treatment of
bronchial asthma and atopic diseases.

We to thank Drs A. Ishii, T. Sawada, Y. Morita, and K. Yamamoto

for helpful advice and Ms C. Kawashima for preparing the manu-

script.
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Inhibition of CX3CIL1 (Fractalkine) Improves Experimental
Autoimmune Myositis in SJL/J Mice®

Fumihito Suzuki,* Toshihire Nanki,?* Teshio Imai,” Hirotoshi Kikuchi,* Shunsei Hirohata,"
Hitoshi Kohsaka,* and Nobuyuki Miyasaka*

Idiopathic inflammatory myopathy is a chronic inflammatory muscle disease characterized by mononuclear cell infiltration in the
skeletal muscle. The infiltrated inflammatory cells express various cytokines and cytotoxic molecules. Chemokines are thought to
contribute to the inflammatory cell migration into the muscle. We induced experimental autoimmune myositis (EAM) in STL/J
mice by immunization with rabbit myosin and CFA. In the affected muscles of EAM mice, CX3CL1 (fractalkine) was expressed
on the infiltrated mononuclear cells and endothelial cells, and its corresponding receptor, CX3CR1, was expressed on the infil-
trated CD4 and CD8 T cells and macrophages. Treatment of EAM mice with anti-CX3CL1 mAb significantly reduced the
histopathological myositis score, the number of necrotic muscle fibers, and infiltration of CD4 and CD8 T cells and macrophages.
Furthermore, treatment with anti-CX3CL1 mAb down-regulated the mRNA expression of TNF-a, IFN-v, and perforin in the
muscles. Our results suggest that CX3CL1-CX3CR1 interaction plays an important role in inflammatory cell migration into the
muscle tissue of EAM mice. The results also point to the potential therapeutic usefulness of CX3CL1 inhibition and/or blockade
of CX3CL1-CX3CR1 interaction in idiopathic inflammatory myapathy. The Journal of Immunology, 2005, 175: 6987-6996.

diopathic inflammatory myopathy (ITM),? including polymy-

ositis and dermatomyositis, is characterized by chronic in-

flammation of the voluntary muscles associated with infiltra-
tion of inflammatory cells, including CD4 and CD8 T cells and
macrophages, in the skeletal muscle (1-3). Infiltrated CD4
and CD8 T cells express cytotoxic molecules, such as perforin and
granzyme granules, and the T cells and macrophages express in-
flammatory cytokines, such as TNF-« and IFN-y (4—8). There-
fore, the infiltrated inflammatory cells might play an important role
in the pathogenesis of IIM. The inflammatory cell migration into
the muscle is thought to involve the interaction of chemokines and
chemokine receptors (9-14).

Chemokines are involved in leukocyte recruitment and activa-
tion at the site of inflammatory lesion (15). Approximately 50 che-
mokines have been identified to date, and they are classified into
four subfamilies, C, CC, CXC, and CX3C chemokines, based on
the conserved cystein motifs (16). Although the majority of che-
mokines are small secreted molecules, CX3CL1 (fractalkine) is
expressed on the cell surface as a membrane-bound molecule (17,
18). The membrane-bound CX3CL1 is expressed on endothelial
cells stimulated with TNF-q, IL-1, and [FN-y (19-21), induces
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adhesion of the leukocytes, and supports leukocyte transmigration
into tissue (22, 23). The soluble form of CX3CL1 is generated by
proteolytic cleavage at a membrane-proximal region of the mem-
brane-bound CX3CL1 by TNF-a-converting enzyme (a disintegrin
and metalloproteinase domain 17) and a disintegrin and metallo-
proteinase domain 10 (24, 25), and is known to induce leukocyte
migration (23). In contrast, CX3CR1, a unique receptor for
CX3CL1, is expressed on peripheral blood CD4 and CD8 T cells
that express cytotoxic molecules and type 1 cytokines (26, 27).
CX3CR1 is also expressed on monocytes/macrophages, NK cells,
and dendritic cells (28, 29).

Based on the infiltration of CTLs and macrophages into the
affected muscles in patients with IIM, we speculated that the
CX3CL1-CX3CR1 interaction might contribute to the inflamma-
tory cell migration. In the present study we induced experimental
autoimmune myositis (EAM) in SJL/J mice and examined
CX3CL1 and CX3CR1 expression in the affected muscle of EAM
mice. Furthermore, we studied the effect of CX3CL1 inhibition on
EAM mice.

Materials and Methods
Induction of EAM

Male 5-wk-old SJL/J mice were purchased from Charles River Japan.
Purified myosin from rabbit skeletal muscle (6.6 mg/ml; Sigma-
Aldrich) was emulsified with an equal amount of CFA (Difco Labora-
tories) with 3.3 mg/ml Mycobacterium butyricum (Difco Laboratories).
Mice were immunized intracutaneously with 100 pl of emulsion into
four locations (total, 400 pl) on the back on days 0, 7, and 14, On day
21, the mice were killed, and the quadriceps femoris muscles were
harvested. The muscle tissues were frozen immediately in chilled iso-
pentane precooled in liquid nitrogen, and then 6-um-thick cryostat sec-
tions were prepared at intervals of 200 um. The sections were stained
with H&E or used for immunohistochemistry. The experimental proto-
col was approved by the institutional animal care and use committee of
Tokyo Medical and Dental University.

Immunohistochemistry

- Immunohistological staining was performed as described previously (26,

30) with some modifications. Briefly, 6-um-thick sections were air-dried
and fixed in cold acetone at —20°C for 3 min. After air-drying at room
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FIGURE 1. Histological changes found in the muscle of murine EAM. Quadriceps femoris muscle of normal mice and immunized mice on day 7 showed
no inflammatory changes (A and B, respectively). On day 14, mild cellular infiltration in the muscle tissue was shown (C). Muscle tissues of EAM mice
on day 21 showed cellular infiltration in the endomysium (D), perimysium (E), epimysium (F), and necrotic muscle fibers (arrow in D). H&E staining was

used. Original magnification, X200.

temperature, the slides were rehydrated in PBS for 2 min three times, and
then the endogenous peroxidase activity was blocked by incubation in
1.0% H,0, in PBS for 10 min, followed by rinsing for 2 min three times
in PBS. Nonspecific binding was blocked with 10% normal rabbit serum in
PBS for 30 min. For CD4, CD8, and F4/80 staining, the sections were
incubated with 5 ug/ml rat anti-mouse CD4 mAb (GK1.5; Cymbus Bio-
technology), 2 ug/ml rat anti-mouse CD8a mAb (53-6.7; BD Pharmingen),
S pg/mi rat anti-mouse F4/80 mAb (CL:A3-1; Serotec), or normal rat IgG
in Ab diluent (BD Pharmingen) overnight at 4°C. The samples were then
washed three times in PBS for 5 min each time and incubated with biotin-
conjugated rabbit anti-rat IgG (DakoCytomation) for 30 min at room tem-
perature with 5% normal mouse serum. To analyze a time course of cell
infiltration, numbers of CD4™, CD8", and F4/80™ cells in six randomly
selected fields at X200 were counted from three EAM mice on days 0, 7,
14, and 21.

For mouse vascular endothelial cell staining, we used a tyramide signal
amplification kit (NEL700A; PerkinElmer). After blocking with 10% nor-
mal rabbit serum, the sections were incubated with 5 pg/ml rat anti-mouse
vascular endothelial cadherin Ab (11D4.1; BD Pharmingen) or normal rat
IgG overnight at 4°C. The samples were then washed three times in PBS
for 5 min each time and incubated with biotin-conjugated rabbit anti-rat
IgG for 30 min at room temperature with 5% normal mouse serum, After

washing three times in PBS for 5 min each time, the sections were incu-
bated with streptavidin-HRP for 30 min at room terperature and washed
in PBS three times for 5 min each time. The samples were incubated with
biotinyl tyramide amplification reagent at room temperature for 5 min, then
washed three times in PBS for 5 min each time, and incubated again with
streptavidin-HRP for 30 min. After washing three times in PBS for 5 min
each time, diaminobenzidine tablets (Sigma-Aldrich) were used for visu-
alization. The sections were counterstained in hematoxylin for 30 s and
washed in tap water for 5 min.

For mouse CX3CL! staining, the endogenous peroxidase activity
was blocked by incubation in 1.0% H,O, in methanol, and then the
sections were incubated overnight at 4°C with goat anti-mouse
CX3CLI Ab (sc-7227; Santa Cruz Biotechnology) or normal goat IgG
in Ab diluent at 5 pg/ml. The samples were then washed three times in
PBS for 5 min each time and incubated with biotin-conjugated rabbit
anti-goat IgG (DakoCytomation) for 30 min at room temperature with
5% normal mouse serum. After washing three times in PBS for 5 min
each time, the sections were incubated with peroxidase-conjugated
streptavidin (DakoCytomation) for 30 min at room temperature and
washed three times for 5 min each time. For enhancing the expression
of CX3CL1 on endothelial cells, a tyramide signal amplification kit was
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FIGURE 2. Infiltration of CD4 and CD8 T cells and macrophages in the muscles of EAM mice. Frozen sections of the quadriceps femoris muscie of
EAM mice on day 2! were examined by immunohistochemistry using mAb against CD4 (A), CD8 (B), and F4/80 (C). The arrows indicate CD4™, CD8",

and F4/80™ cells. Original magnification, X200,

used as described above. Diaminobenzidine tablets were used for visu-
alization. The sections were counterstained in hematoxylin for 30 s and
washed in tap water for 5 min.

For CD4, CD8 or F4/80, and CX3CR1 double staining, the sections
were incubated overnight at 4°C with 5 pg/ml rat anti-mouse CD4 mAb
(GK1.5), 5 pg/m! rat anti-mouse CD8 mAb (53-6.7), 5 ug/ml rat anti-
mouse F4/80 mAb (C1:A3-1), or normal rat IgG in Ab diluent. Subse-
quently, the samples were washed three times for 5 min each time in PBS
and incubated with Alexa Fluor 488-conjugated goat anti-rat IgG (Molec-
ular Probes) at 5 g/ml for 1 h at room temperature. For CX3CR1 staining,
the sections were washed three times in PBS for 5 min each time and then
incubated with rabbit anti-mounse CX3CR1 Ab (30) or normal rabbit IgG at
5 ug/ml in Ab diluent for 2 h at room temperature. Next, the samples were
washed three times for 5 min each time in PBS and incubated with Alexa
Fluor 568-conjugated goat anti-rabbit IgG (Molecular Probes) at 5 pg/mi
for 1 h at room temperature. The slides were examined using fluorescent
microscopy (BZ-Analyzer; Keyence).

Treatment with anti-mouse CX3CLI mAb

A mAb against murine CX3CL1 was generated from Armenian hamsters
immunized with recombinant murine CX3CL1 by a standard method. One
mAb, 5H8-4, was selected for additional studies. The specificity was ex-
amined by ELISA using a panel of murine CXC (MIP-2, keratinocyte-
derived chemokine, and CXCL9, 10, 12, and 13), CC (CCL1-7, 9-12, 17,
19-22, 25,27, and 28), C (XCL1), and CX3C (CX3CL1) chemokines. The
mAb reacted specifically with murine CX3CL1. Five hundred micrograms
of hamster anti-mouse CX3CL!1 mAb (5H8-4) or control Ab (hamster TgG;
ICN Pharmaceuticals) was injected into the mouse peritoneal cavity three
times per week from day 0 for 3 wk. The injection of anti-CX3CL1 mAb
did not affect the number of PBMC (data not shown).

The severity of inflammatory changes was classified using five grades
according to the classification of Kojima et al. (31) with some modification:
score 0, no inflammation; score [, mifd endomysial inflammatory changes;
score 2, severe endomysial inflammatory changes; score 3, perimysial in-
flammatory changes in addition to score 2; and score 4, diffuse extensive
lesion. If multiple lesions were found in one muscle specimen, 0.5 point
was added to the indicated score. To evaluate the severity of inflammation
using a different aspect, we counted the number of necrotic muscle fibers,
and CD4", CD8", and F4/80" cells in continuous three sections. Bach
section examined six random fields at X400. The evaluation of histopatho-

logical inflammatory changes was performed in a blind fashion for the
experimental group identity.

Real-time RT-PCR

Total RNA was prepared from a 100 mg muscle block using RNA extrac-
tion solution, Isogen (Nippon Gene), and treated with DNase I (Invitrogen
Life Technologies). The first-strand cDNA was synthesized using oli-
go(dT) 5,5 primers (Pharmacia Biotech) and SuperScript H reverse tran-
scriptase (Invitrogen Life Technologies).

The relative quantitative real-time PCR was performed using SYBR
Green I on ABI PRISM 7000 (Applied Biosystems) according to the in-
structions provided by the manufacturer. The ¢cDNA was amplified with
primers for TNF-a (5', GTA CCT TGT CTA CTC CCA GGT TCT CT; 3/,
GTG TGG GTG AGG AGC ACG TA), IFN-y (5', CCT GCG GCC TAG
CTC TGA; 3', CCA TGA GGA AGA GCT GCA AAG), pertorin (3', CCA
CGG CAG GGT GAA ATT C; 3/, GGC AGG TCC CTC CAG TGA), and
GAPDH (5', ATG CAT CCT GCA CCA CCA A; 3', GTC ATG AGC
CCT TCC ACA ATG). These primers were designed using the ABI Primer
Express Software program (Applied Biosystems). The reaction buffer con-
tained the following components: 25 uf of SYBR Green PCR Master Mix
(Applied Biosystems), 300 nM forward and reverse primers, 50 ng cDNA
template, and RNA-free distilled water up to 50 ul of total volume. The
PCR was conducted using the following parameters: 50°C for 2 min, 95°C
for 10 min, and 40 cycles of denaturation at 95°C for 15 s and annealing/
extension at 60°C for 1 min. GAPDH mRNA was used as an internal
control to standardize the amount of sample mRNA. A validation experi-
ment demonstrated approximately equal efficiencies of the target and ref-
erence. Thus, the relative expression of real-time PCR products was de-
termined using the AACt method that compares the mRNA expression
levels of the target gene and the housekeeping gene (32, 33). One of the
control samples was chosen as a calibrator sample.

Statistical analysis

Differences in the score of tissue inflammation, number of necrotic muscle
fibers, number of migrated cells, and relative expression levels of TNF-a,
IFN-+v, and perforin between control Ab- and anti-mouse CX3CLI mAb-
treated EAM miice, and the relative expression levels of TNF-«, IFN-v, and
perforin between normal and EAM mice were examined for statistical sig-
nificance using Mann-Whitney’s U test. All data were expressed as the
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