Kubota et al.

2.0+

inflamenstory Hsaue

1.0+

SUV {(FDG uptake)

&b

¥ ¥ ks ¥ ¥ i
8 1 2 4 . 4
Days
Figure 2. The time course of FDG uptake in inflammatory
tissue, muscle, and blood several days after inoculation with
turpentine oil. A control group without the inoculation was
designated as day 0 (n =5, each day after inoculation).” '

neutrophils and macrophages, followed by that in
the neutrophil layer and granulation tissue. Our
results indicated that FDG PET may be useful in
detecting and monitoring chronic inflammatory
processes.’

These studies clarified the distribution of FDG
both in tumors and inflamed tissues at the cellular
level. Recently, the molecular processes occurring
within these cells have also been clarified. Cramer
et al. reported that the activation of hypoxia in-
ducible factor one alpha (HIF-1a) is essential for
myeloid cell infiltration and activation in vivo.!?
They showed that HIF-1a is essential for the reg-
ulation of the glycolytic capacity of myeloid cells;
when HIF-1a is knocked out, the cellular ATP pool
decreases drastically. This metabolic defect results
in the profound impairment of myeloid cell aggre-
gation, motility, invasiveness, and bacterial killing at
sites of inflammation where the tissue environment
is hypoxic. Thus, HIF-1a has a direct regulatory
effect on both survival and function in inflamma-
tory microenvironments. Furthermore, the rise in
glycolysis in activated macrophages results in an el-
evation in FDG uptake. Regarding the molecular
mechanisms responsible for the regulation of gly-
colysis, HIF-1a affects both glucose transporter and
hexokinase in tumors and inflamed tissues.!!

Rheumatoid arthritis (RA) and FDG uptake:
basic research

RA is an autoimmune disorder of unknown eti-
ology and is characterized by systematic, symmet-
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ric, and erosive synovitis.”> RA synovitis exhibits
massive leukocyte infiltration, proliferative synovial
membranes, and neovascularization, giving rise to
a synovial proliferative fibrovascular tissue known
as a pannus. Such pannus formation is directly re-
sponsible for cartilage and bone destruction.!>!
The mechanism of ['®F]FDG accumulation has
been evaluated in some inflammatory diseases,
such as arteriosclerosis,’®> soft tissue abscess,!6

and pulmonary inflammation.!” In these processes

-mactophages and neutrophils have been shown to

be the main inflammatory cells associated with
["¥F]FDG uptake. Lin et al. reported a correlation
between ['8F]FDG uptake and the synovial tumor
necrosis factor-alpha (TNF-a) concentration using
a rabbit model of acute inflammatory arthritis.'®
However, the processes responsible for the accumu-
lation of ["®F]FDG in the inflammatory sites in-
volved with RA, the types of cells that play a ma-
jor role in the incorporation of ['*F]FDG, and the
mechanisms by which inflammatory reactions af-
fect the accumulation of ['8F]JFDG have not been
intensively evaluated.

Recently, Matsui et al."” reported the mechanism
of ["®*F]FDG accumulation in RA using a murine
collagen-induced arthritis (CIA) model in vivo as
well as ["H]FDG uptake by various cell types in vitro.
They showed that ['*F]FDG accumulation increases
with the progression of joint swelling. [**F]FDG
uptake begins in the area where inflammatory cell
infiltration and synovial cell hyperplasia are visi-
ble, and areas of strong uptake correspond to areas
where mixed cellular patterns of macrophages and
fibroblasts as well as bone destruction by mature
osteoclasts are often visible. These findings indi-
cate that [**F]FDG accumulation reflects the char-
acteristic changes of pathological progression, such
as pannus formation and bone destruction. Based
upon in vitro experiments, Matsui ef al. suggested
that the cell types responsible for [*H]FDG uptake
are activated macrophages and proliferating fibro-
blasts in the presence of cytokine stimulation and
hypoxic circumstances within a joint. Hypoxia is

‘a microenvironmental feature in inflamed joints.?

Under hypoxic conditions, macrophages begin to
adopt a glycolytic metabolism?' and release sig-
nificant amounts of cytokines, such as TNF-q.??
Neutrophils also take in [PH]FDG, depending on
the number of invading cells, but [*H]FDG up-
take in these cells is not accelerated by cytokine
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stimulation or hypoxic conditions.!® On the other

hand, T cells show little [*H]FDG uptake, compared.

with other inflammatory cells, even in the presence
of cytokines.!? B cells, which are often observed in
human rheumatoid synovitis (where they form ger-
minal centers in the region of rheumatoid synovitis
“and proliferate in situ),?> were not observed in this
CIA model. Because B cells accumulate [®*F]JFDG
under proliferative conditions,?* the involvement
of ectopic germinal centers of such proliferating B
cells likely contributes to ['*F]JFDG accumulation in
rheumatoid synovitis in human RA. However, such
speculations remain unconfirmed. Matsui’s report
indicated that [1®F]FDG provides information that
reflects the inflammatory activity and pathological
progression of RA, as further demonstrated in the
clinical studies reviewed below.

FDG PET in patients with RA

Palmer ez al. reported their pioneer work on the use
of FDG PET in patients with RA for the first time in
1995.% They prospectively compared gadolinium-
enhanced MRI and FDG PET images of wrist lesions
in 12 patients receiving anti-inflammatory therapy.
The patients were examined three times: before ther-
apy and subsequently at two and 12 weeks after the
start of treatment. Despite the poor anatomic res-
olution of FDG PET for the wrist, they performed
side-by-side comparisons of the PET and MRI im-
ages and found that the region of greatest FDG up-
take on the PET images corresponded to the site
of an enhancing pannus on the MRI images. The
volume of the enhancing pannus (VEP) was de-
termined using fat-suppressed MRI sequences, and
the total uptake value (TUV) of the wrist and the
regional uptake value (RUV; approximately equiva-
lent to the SUV ., ) were calculated. When the data
-from the baseline, second, and third examinations
were combined, strong linear relationships between
the VEP and both the RUV and the TUV were ob-
served. Individual evaluations at each time point
and the changes between the baseline and both the
second and third examinations showed similar close
correlations between the VEP and both the RUV and
the TUV. The VEP and FDG uptake were strongly
associated with the clinical findings in the wrists,
but not with the treatment outcomes. Hence, this
study clarified that the major focus of inflammation
in RA, which corresponded to the area of synovial
hypertrophy known as a pannus, showed the high-

Kubota et al.

est FDG uptake in the wrist, and the FDG uptake
strongly correlated with the pannus volume mea-
sured by MRI.

Beckers et al. reported a more exténsive study
that characterized FDG uptake in patients with
RA. They analyzed FDG uptake in 356 joints in
21 patients with active RA including the knee,
wrist, metacarpophalangeal (MCP)/proximal inter-
phalangeal (PIP) joints, ankle, and metatarsopha-
langeal joints. All the clinical parameters, including
the disease activity score (DAS),?® swelling and ten-
derness, ultrasonography (US) findings for synovi-
tis and synovial thickening, power Doppler studies
for neovascularization, ESR, and CRP, were strongly
correlated with the FDG uptake in the joints. The
metabolic activity was significantly increased in the
diseased joints of patients with RA. The FDG PET

. results were correlated with validated clinical meth-

ods for assessing disease activity. Thus, the authors
concluded that PET was a suitable and quantitative
method for clinically evaluating patients with RA.26

The authors then extended their study to in-
clude evaluations of the response to therapy. Six-
teen knees in 16 patients with active RA were
assessed using PET, dynamic MRI, and US at base-
line and at four weeks after the initiation of anti-
TNF-o treatment. The serum levels of CRP and
matrix metalloproteinase-3 (MMP3) were also mea-
sured. Significant differences in the MRI and US
findings were observed between the FDG PET-
positive'! and FDG PET-negative® patients, whereas
the serum CRP and MMP-3 levels were not signif-
icantly different between these groups. Changes in
the SUVs after four weeks were correlated with the
changes in the MRI parameters and in the serum
CRP and MMP-3 levels, but not with the changes in
synovial thickness observed using US. They showed
sensitive responses in FDG uptake at four weeks af-
ter anti-TNF-a therapy, suggesting that metabolic
changes are likely to precede morphological changes
in synovial thickness observed using US.%”

Goerres et al. reported the use of whole-body
FDG PET for the assessment of anti-TNF-« treat-
ment in patients with RA. Seven patients with ac-
tive RA underwent whole-body FDG PET imaging
and a clinical assessment before and after undergo-
ing anti-TNF-a therapy. The authors then evaluated
FDG uptake visually using a scoring system from 0
to 4 for more than 28 joints. Among the five re-
sponders, the decrease in FDG uptake in the joints
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corresponded to the decrease in inflammatoty activ-
ity, as measured clinically. The two nonresponders
showed a concordant increase in the disease activity
visible using FDG PET and the results of the clinical
evaluations in 41% of the joints. Thus, the visual as-
sessment of FDG uptake was found to significantly
correlate with clinical evaluations of disease activity
in patients with RA undergoing anti-inflammatory
treatment.?® '

Whole-body FDG PET/CT for patients with
RA: our study

The recent development of biological agents, such
as antitumor necrotic factor alpha (TNF-a) block-
ing agents, for the treatment of RA has revolution-
ized treatment strategies by aiming for complete
remission. To optimize results, the timing of this
expensive but powerful therapy has become impor-
tant, enhancing the value of accurate evaluations
of arthritic inflammatory activity.?® Magnetic reso-
nance imaging (MRI), especially for finger lesions,
enables synovial inflammation to be delineated as
contrast-enhanced lesions with excellent anatomi-
cal resolution.>® However, arthritis in patients with
RA often involves not only the fingers, but also large
joints throughout the whole body. Unfortunately,
the application of MRI to multiple joint lesions is
not practical.

FDG uptake in patients with RA has been
shown to reflect the activity of synovial inflam-
mation.!?>28 Most previous studies have eval-
uated RA in the fingers, wrist, and knee joints,
and the application of whole-body PET combined
with computed tomography (CT) for the evalua-
tion of inflammatory activity in large joints has
not yet been well studied in patients with RA.
We have studied FDG PET/CT to delineate large-
joint lesions, including the atlanto-axial joint, in
patients with RA and examined the correlation be-
tween FDG uptake and markers or symptoms of
inflammation.>!

Methods

Between May 2006 and April 2008, 18 patients
(17 women, 1 man; mean age, 67 =+ 11 years)
with RA who met the RA criteria of the Ameri-
can Rheumatism Association®? were enrolled in our
study. One hour after FDG injection, PET/CT imag-
ing from the vertex to the knee joints (with the arms
in a downward position) was performed using a
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Table 1. FDG uptake by painful/swollen joints and joints
that are not painful/swollen’!

SUVipay/
joint

FDG uptake
sore/joint

Painful/swollen 2,964+ 0.80 5.53 + 3.89
joints (1 = 55)
Joints that are not

» 1.29 £ 0.64 2.09+0.77
painful/swollen (n = 179) :

Mean and SD per joint.
P < 0.001 for each parameter in both joint groups.

dedicated PET/CT scanner (Biograph 16, Siemens,
Erlangen, Germany). FDG uptake in bilateral knees,
hips, carpals, wrists, elbows, and shoulder joints, as
well as the atlanto-axial joint (total of 13 joints)
and bilateral axillary lymph nodes, was evaluated
using the maximum standardized uptake value
(SUVax). FDG uptake was also visually evaluated
using the following scoring system: 0, no uptake
(same as in bone); 1, slight uptake; 2, moderate up-
take (same as in liver); 3, higher than in liver; 4,
highest uptake (over SUV 4). This system was mod-

Jified from the scoring system reported by Goerres

et al?®
Results

Regarding the RA disease status, four patients were
in remission according to the criteria for RA remis-
sion,?® and 14 patients had active arthritis (includ-
ing three who were examined soon after onset). FDG
uptake by the large joints, the total joints score, the
total joints SUV 4y, and the mean number of joints
per patient with an FDG uptake score of 2 or more
were significantly different between the patients in
remission and the patients with active arthritis. The
mean number of joints per patient with an FDG
uptake score of 2 or more was significantly higher
than the mean number of painful/swollen joints.
Also, the FDG uptake score and the SUV ., of the
painful/swollen joints were significantly higher than
those of the joints that were not painful/swollen
(Table 1).

Figure 3A shows a typical FDG PET/CT image of
large joints with arthritis in a patient with recurrent
RA. A maximum intensity projection (MIP) im-
age showed elevated FDG uptake in multiple large
joints. The wrist, elbow, and knee joints can be eas-
ily interpreted in detail using the coronal and axial
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Figure 3. A 74-year-old woman with 3.5-year history of RA who experienced a recurrence and was being considered for infliximab
therapy. (A) Anterior and RAO MIP image obtained using FDG-PET/CT shows typical RA lesions in the large joints. (B and C)
Axial PET/CT fusion image of the hip joint in the same patient. The large arrows indicate synovitis in the acetabulum and femoral
head. The small arrows indicate enthesopathies at the ischium and greater trochanter.” (D) Bone scan of the same patient shows
mild changes in the joints.

PET views even without the CT correlation. How-
ever, the large joints, especially the hip and shoulder
joints, are anatomically more complicated, and the
FDG uptake by enthesopathies must be discrimi-
nated from synovitis arising from RA (Figs. 3B and
C). Thus, PET images with an anatomical correla-
tion to CT findings are essential for the accurate
evaluation of synovitis arising from RA in these
large joints. The bone scans of the same patients
showed mild changes in the large joints, suggest-
ing that this modality was not as sensitive as FDG
PET (Fig. 3D). The CT correlation is also impor-
tant for examination of the atlanto-axial joint lesion.
Figure 4 shows the FDG PET/CT images obtained
in another patient. Both the MIP image (Fig. 4A)
and the axial images (Fig. 4B) showed typical FDG
uptake in the atlanto-axial joint and axillary lymph
nodesin addition to the large joint lesions. Figure 5A
shows the correlation between the CRP levels and
the total FDG score. The CRP level and the total
EDG score exhibited a significant linear correlation
(Fig. 5A, r = 0.658, P = 0.003, n = 18), while
the CRP level and the total SUV,,, were weakly,
but not significantly, correlated (r = 0.377, P =
0.123). The WBC count was not found to correlate
with the FDG uptake. A significant correlation be-
tween the total FDG uptake scores for the arm joints

(summed scores of carpal, elbow, and glenohumeral
joints) and the axillary lymph nodes was observed
(r =0.731, P = 0.000004, n = 36). FDG uptake by
the axillary lymph nodes may reflect the inflamma-
tory activity of the arm joints.>»3> FDG uptake in
the atlanto-axial joint was observed in five patients
(5/18, 28%). Figure 5B shows the significant corre-
lation between the total FDG uptake score and the
FDG uptake in the atlanto-axial joint (r = 0.669,
P =0.0024, n=18).

Discussion

In this study, whole-body FDG PET/CT clearly
delineated RA lesions in large joints by showing
the metabolic activity of inflammation overlaid on
the joint anatomy revealed by CT. FDG uptake in the
large joints, as evaluated using a visual scoring sys-
tem, was significantly correlated with the CRP level
but not with the WBC count. PET/CT also showed
a higher FDG uptake in painful/swollen joints, and
both of these parameters were strongly correlated
with each other. These findings suggest that whole-
body FDG PET/CT is sensitive in reflecting the dis-
ease activity in large joints affected by RA.

Beckers et al’?7 studied finger and knee le-
sions in patients with RA by measuring the
SUVmax and found a strong corrélation between
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Figure 4. A71-year-old woman with a seven-year history of RA who experienced a recurrence. (A) Anterior and right lateral views
of MIP images obtained using FDG PET/CT. Strong FDG uptake was seen in the atlanto-axial joint, bilateral axillary lymph nodes,
knees, hips, carpals, wrists, elbows, and shoulders joints.” (B) Axial images of the atlanto-axial joint (PET, CT, and fused image:

top to bottom).

FDG uptake and markers of inflammation, such as
the CRP level and the clinical DAS. In our study, the
total FDG uptake score for large joints through-
out the whole body showed similar correlations,
but the total SUV .« was not as useful as in the
previous publication.??” This result might have
arisen from an overlap of the background activ-
ity caused by, for example, FDG uptake in muscles
adjacent to large painful joints. Visual evaluation is
likely to overlook the background activity and any
resulting artifacts. Goerres et al.?® studied whole-
body FDG PET imaging in patients with RA using
a visual evaluation scoring system and concluded
that FDG uptake significantly correlated with clini-
cal evaluations of disease activity in patients with RA
before and after treatment with Infliximab. While
they clearly showed the utility of a visual scoring
system, they neither calculated the total SUV 4 mor
used PET/CT. Further studies to clarify the differ-
ences between visually assessed scores and the total

SUV ax in whole-body PET/CT is needed. A visual
scoring system is a simple, practical, and clinically
feasible evaluation method, and the method used
to score FDG uptake in the present study (modi-
fied from the scoring system reported by Goerres
et al?®) reflects both the inflammatory activity and
the symptoms involving the large joints.

Our PET/CT study showed that the number of
joints with increased FDG uptake was higher than
the number of symptomatic joints. Also, we found
that patients with a higher FDG uptake in their large
joints throughout the whole body tended to have
increased FDG uptake in their atlanto-axial joint.
These results suggest that FDG PET can identify
joints with active RA inflammation more sensitively
than the clinical signs/symptoms of RA. Cervical in-
volvement, especially of the atlanto-axial joint, can
result in the compression of the spinal cord and
brain stem, leading to serious complications. Neva
et al.*® reported that RA patients with cervical spine
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subluxations cannot be distinguished based on their
symptoms and that a high prevalence of asymp-
tomatic cervical spine subluxation exists in patients
with RA waiting for orthopedic surgery. Kaneta
et al.%’ reported a case in which FDG PET/CT de-
tected atlanto-axial joint involvement in a patient
with RA. In our study, 28% of the patients showed a
positive FDG uptake in their atlanto-axial joints, and
most of these patients were asymptomatic. These
observations may indicate the early stage of subclin-
ical active synovitis that will ultimately progress to
subluxation.

Linn-Rasker et al. examined the predictive value
of the distribution of inflamed joints at the time of
first presentation for the severity and disease course
of RA based on a physical examination and var-
ious laboratory parameters. They concluded that
the presence of arthritis in large joints, particu-
larly arthritis in the knee joint, was predictive of
a destructive disease course.”® The evaluation of
large joints with arthritis using whole-body FDG
PET/CT may be helpful for identifying patients with
RA who are at risk for a potentially severe dis-
ease course, including subluxation of the atlanto-
axial joint, in whom a more intensive therapeutic
intervention would be indicated. Also, FDG PET/CT
may be useful for monitoring such therapies, espe-
cially those involving the use of biologic agents.

Bone scintigraphy has been used as a conven-
tional imaging modality to evaluate RA. A few of
our patients also underwent bone scintigraphy, but
the small numbers of such patients assessed was not
sufficient for a systemic comparison with the results
of FDG PET/CT, and such a study remains to be
performed. A direct comparison of the results of

"bone scans and PET has not been reported, while
a study comparing MRI, bone scintigraphy, US,
and radiography for RA in finger joints has shown
that bone scintigraphy is sensitive, but not specific,
for detecting bone erosion, and not sensitive for
detecting synovitis.”® Thus, FDG PET may be more
sensitive for detecting synovitis and may reflect the
disease activity better than bone scintigraphy.

RA is characterized by the early and frequent in-
volvement of the proximal interphalangeal joint,
the MCP joint, and the wrist joints. These joints
have been extensively evaluated using MRI and
have been shown to exhibit a strong correlation
with the inflammatory activity of RA.%’ The recent
development of low-field dedicated extremity MRI
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Figure 5. (A) Correlation between the CRP level (X-axis) and
the total FDG uptake score in the large joints ( Y-axis) (r = 0.658,
P < 0.01; n=18). (B) Correlation between the total FDG uptake
score (X-axis) and the FDG uptake scores in the atlanto-axial
joint (Y-axis) (r = 0.669, P < 0.01; n = 18.)*

has especially facilitated the use of MRI with good
accuracy.***! The advantage of PET/CT in this study
was that this modality enables the whole-body eval-
uation of inflammatory RA activity, possibly help-
ing with the accurate evaluation of the extent of the
disease even at subclinical levels. However, the in-
dications for dedicated extremity MRI and PET/CT
in patients with RA remain to be elucidated.
Recently, a pilot study of the early evaluation
with FDG PET to predict the late clinical outcome
of anti-TNF-a therapy has been reported. Elzinga
et al. performed FDG-PET studies before and two
weeks after the initiation of anti-TNF-« therapy of
symptomatic patients of RA. Changes in mean SUV
of metacarpo-phalangeal (MP) and wrist joints at
0-2 weeks showed the best correlation with the DAS
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at 14 and 22 weeks and contributed to the predic-
tion of the clinical response. No other parameters of
inflammation predicted the response.”> They sug-
gested the use of FDG PET for the early prediction
of clinical outcome of anti-TNF-a therapy, that is, if
the response is poor, noneffective expensive therapy
can be stopped. ‘

Our final goal is to demonstrate that FDG
PET/CT can be useful for determining the optimal
timing of anti-TNF-a therapy. To obtain compelling
evidence, a multicenter prospective study involving
therapeutic intervention will be necessary. We think
that our study, which demonstrates the diagnostic
and prognostic capabilities of whole-body PET/CT,
may be one step toward achieving this goal.

Conclusion

FDG PET/CT accurately and sensitively reflects the
inflammatory activity of affected joints in patients
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Abstract

as a new therapeutic agent for arthritis.

recruitment were also evaluated.

induced peritonitis.

of arthritis, such as rheumatoid arthritis.

Introduction: Celecoxib, a highly specific cyclooxygenase-2 (COX-2) inhibitor has been reported to have COX-2-
independent immunomodulatory effects. However, celecoxib itself has only mild suppressive effects on arthritis.
Recently, we reported that a 4-trifluoromethyl analogue of celecoxib (TFM-C) with 205-fold lower COX—Z—inhibitory
activity inhibits secretion of IL-12 family cytokines through a COX-2-independent mechanism that involves Ca’
“-mediated intracellular retention of the IL-12 polypeptide chains. In this study, we explored the capacity of TFM-C

Methods: To induce collagen-induced arthritis (CIA), DBA1/J mice were immunized with bovine type If collagen
(Cl) in Freund’s adjuvant. Collagen antibody-induced arthritis (CAIA) was induced in C57BL/6 mice by injecting
anti-Cll antibodies. Mice received 10 ug/g of TFM-C or celecoxib every other day. The effects of TFM-C on clinical
.and histopathological severities were assessed. The serum levels of Cll-specific antibodies were measured by ELISA.
The effects of TFM-C on mast cell activation, cytokine producing capacity by macophages, and neutrophil

Results: TFM-C inhibited the severity of CIA and CAIA more strongly than celecoxib. TFM-C treatments had little
effect on Cli-specific antibody levels in serum. TFM-C suppressed the activation of mast cells in arthritic joints. TFM-
C also suppressed the production of mﬂammatory cytokines by macrophages and leukocyte influx in thioglycollate-

Conclusion: These results indicate that TFM-C may serve as an effective new disease- modnfylng drug for treatment

Introduction

In the past decade, a series of pét_ent new biologic thera-
peutics have demonstrated remarkable clinical efficacy
in several autoimmune diseases, including rheumatoid
arthritis (RA). In the case of RA, a chronic progressive
autoimmune disease that targets joints and occurs in
approximately 0.5 to 1% of adults, biologic agents, such
as TNF inhibitors, have proven effective in patients not
responding to disease-modifying anti-rheumatic drugs,
such as methotrexate. However, about 30% of patients
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treated with a TNF inhibitor are primary non-respon-
ders. Moreover, a substantial proportion of patients
experience a loss of efficacy after a primary response to
a TNF inhibitor (secondary non-responders) [1-3]. More
recently, as new therapies have become available, includ-
ing biological agents targeting IL-6, B cells and T cells,
it has become clear that a notable proportion of patients
respond to these new biological agents even among pri-
mary and secondary non-responders to TNF inhibitors
[3-10]. These individual differences in response to each
agent highlight the difficulty and limit of treating multi-
factorial disease by targeting single cytokine or single
cell type. Patient-tailored therapy might be able to

© 2012 Chiba et al; licensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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overcome this issue, but good biomarkers to predict
treatment responses have not yet been elucidated.

Therefore, as described above, biological drugs have
limited values. In addition, such drugs may be accompa-
nied by serious side effects [11,12]. Furthermore, the
high cost of these biological drugs may make access to
these reagents prohibitive for the general public. Alter-
native therapeutic options, such as small molecule-based
drugs, continue to be an important challenge.

The involvement of prostaglandin pathways in the
pathogenesis of arthritis has been shown in animal mod-
els by using mice lacking genes, such as cycolooxygen-
ase-2 (COX-2), prostaglandin E synthase, or prostacyclin
receptor [13-15]. As COX-2 knockout mice normally
develop autoreactive T cells in collagen-induced arthritis
(CIA) [13], prostaglandin pathways appear to be
involved mainly in the effector phase of arthritis. How-
ever, treatment with celecoxib, a prototype drug belong-
ing to a néw generation of highly specific COX-2
inhibitors has been reported to have only mild suppres-
sive effects on animal models of arthritis, and strong
inhibition of arthritis was achieved only when mice were
treated in the combination of celecoxib with leukotriene
inhibitors [16-19]. In humans, although celecoxib is
widely used as an analgesic agent in patients with RA or
osteoarthritis, there is no evidence that celecoxib ther-
. apy modulates the clinical course of RA. In addition,
recently it has been shown that celecoxib enhances
TNFa. production by RA synovial membrane cultures
and human monocytes [20].

Celecoxib has been reported to exhibit COX-2-inde-
pendent effects, such as tumor growth inhibition and
immunomodulation [21,22]. Previously, we demon-
strated that celecoxib treatment suppressed experimen-
tal autoimmune encephalomyelitis (EAE) in a COX-2
independent manner [22]. We recently developed a tri-
fluoromethyl analogue of celecoxib (TFM-C; full name:
4-[5-(4-trifluoromethylphenyl)-3-(trifluoromet-hyl)-1H-
pyrazol-1-yl]benzenesulfonamide), with 205-fold lower
COX-2-inhibitory activity. In studies using recombinant
cell lines, TFM-C inhibited secretion of the IL-12 family
cytokines, IL-12, p80 and IL-23, through a COX-2-inde-
pendent, Ca**-dependent mechanism involving chaper-
one-mediated cytokine retention in the endoplasmic
reticulum coupled to degradation via the ER stress pro-
tein HERP [23,24]. In the present study, we demonstrate
that TFM-C inhibits innate immune cells and animal
models of arthritis, including CIA and type 1I collagen
antibody-induced arthritis (CAIA), in contrast to the
limited inhibitory effect of celecoxib. TEM-C suppresses
the activation of mast cells in arthritic joints. Moreover,
TEM-C treatment suppresses the production of inflam-
matory cytokines by macrophages and leukocyte recruit-
ment. These findings indicate that TFM-C may serve as
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an effective new drug for the treatment of arthritis,
including RA.

Materials and methods

Differentiation and stimulation of U937 cells

Human U937 cells were obtained from the American
Type Culture Collection (Rockville, MD, USA) and cul-
tured in RPMI 1640 supplemented with 10% FCS. To
differentiate U937 cells, 5 x 10° cells were treated with
PMA (25 ng/ml) for 24 hours. At 22 hours of PMA
treatment, 50 uM of TFM-C was added for 2 hours.
Subsequently, cells were stimulated with 5 pg/ml of LPS
and PMA (25 ng/ml) for 0, 3, 6, 12 and 24 hours in the

- presence or absence of TFM-C. Supernatants were har-

vested and assayed for cytokine production by means of
Quansys Q-Plex™ Array (Quansys Bioscience, Logan,
Utah, USA). RNA isolation was performed following the
manufacturer’s instructions (Macherey-Nagel, Diiren,
Germany). )

Quantitative RT-PCR (qPCR)

A total of 200 ng of RNA extracted from U937 cells was
retrotranscribed to ¢cDNA using random primers
according to the manufacturer’s protocol (Applied Bio-
systems, Carlsbad, California, USA). qPCR was per-
formed with the Supermix for SsoFast EvaGreen
(Biorad, Hercules, California, USA) on a 7500 Fast Real-
Time PCR System (Applied Biosystems). For each target
gene, qPCR QuantiTect Primer Assays were used (Qia-
gen Hilden, Germany). For each sample, expression
levels of the transcripts of interest were compared to
that of endogenous GAPDH. The levels of mRNA are
calculated as 2",

Quansys Q-Plex™ Array chemiluminescent

A total of 30 ul of medium from differentiated U937
cells treated with PMA/LPS/TFM-C or LPS/PMA were
analyzed. Human Cytokine Stripwells (16-plex) were
used following the manufacturer’s instructions. The
image was acquired using Bio-Rad Chemidoc camera
and -analyzed with Q-View Software (Quansys
Bioscience, Logan, Utah, USA)

DAPI staining .

Differentiated U937s were treated with LPS/PMA/TFM-
C for 6, 12 and 24 hours and then fixed with 2% PFA.
The cells were washed three times with PBS and then
incubated with DAPI (1:50000; Molecular Probes, Carls-

* bad, California, USA) in PBS. Coverslips were embedded

in Fluoro-Gel (Electron Microscopy Science, Hatfield,
Pennsylvania, USA). Images were recorded using the
ApoTome system (AxioVision, Carl Zeiss, Inc., Oberko-
chen, Germany) and analyzed using the Image] program
(version 1.40, Bethesda, Maryland, USA).
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AlarmBlue staining of U937 cells

The number of viable cells was tested at 6, 12, and 24
hours after TFM-C exposure by adding the AlamarBlue
reagent (AbD Serotec, Cambridge, UK). Absorbance was
measured at wavelengths of 570 nm and 600 nm after
required incubation, using a Varioskan Flash (Thermo
Fisher Scientific, Fremont, CA, USA). Absorbance values
of samples were normalized with values of the cell cul-
ture media without cells. The results are presented as
the proportion of viable cells, calculated by dividing the
absorbance values of drug-treated samples by the absor-
bance values of untreated control samples.

Mice

DBA1/] mice were purchased from Oriental Yeast Co.,
Ltd. (Tokyo, Japan). C57BL/6] (B6) mice were pur-
chased from CLEA Laboratory Animal Corp. (Tokyo,
Japan). Animal care and use were in accordance with
institutional guidelines and all animal experiments
were approved by the Institutional Animal Care and
Use Committee of the National Institute of
Neuroscience. :

Induction of CIA

DBA1/] male mice (n = 5 to 6 per group, 7 to 8 weeks
old) were immunized intradermally at the base of the
tail with 150 pg of bovine type II collagen (CII) (Col-
lagen Research Center, Tokyo, Japan) emulsified with an
equal volume of complete Freund’s adjuvant (CFA), con-
taining 250 pg of H37Ra Mycobacterium tuberculosis
(Mtb) (Difco, Detroit, MI, USA). DBA1/] mice were
boosted 21 days after immunization by intradermal
injection with 150 pg of CII emulsified with mcomplete
Freund’s adjuvant {IFA).

Induction of CAIA

B6 female mice (n = 5 to 6 per group, 7 to 8 weeks old)
were injected intravenously with 2 mg of a mixture of
anti-CII monoclonal antibodies (mAbs) (Arthrogen-CIA
mAb (Chondrex. LLC. Seattle, WA, USA)), and two
days later with 50 pg of lipopolysaccharide (LPS) was
injected intraperitoneally.

Clinical assessment of arthritis

Mice were examined for signs of joint inflammation and
scored as follows: 0: no change, 1: significant swelling
and redness of one digit, 2: mild swelling and erythema
of the limb or swelling of more than two digits, 3
marked swelling and erythema of the limb, 4: maximal
swelling and redness of the limb and later, ankylosis.
The'average macroscopic score was expressed as a
cumulative value for all paws, with a maximum possible
score of 16.
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Thioglycollate-induced peritonitis

Mice were injected with 1 ml of 4% sterile thioglycollate
intraperitoneally. Four hours later, mice were killed and
peritoneal lavage fluid was collected by washing the
peritoneal cavity with cold PBS containing 5 mM EDTA
and 10 U/ml heparin.

Administration of TFM-C or celecoxib

TEM-C and celecoxib were synthesized as previously
described [23]. We injected TFM-C or celecoxib intraperi-
tonealy (i.p.) in 0.5% Tween/5% DMSO/PBS. In CIA
experiments, mice received 10 pug/g TFM-C or celecoxib
every other day from 21 days after immunuization. In
CAIA, we injected the mice with 10 pg/g of TFM-C or cel-
ecoxib every other day starting at two days before disease
induction. In thioglycollate-induced peritonitis experi-
ments, mice received 10 pg/g of TEM-C or celecoxib two
days and one hour before thioglycollate injection. The
control animals were injected with vehicle alone.

Histopathology

Arthritic mice were sacrificed and all four.paws were
fixed in buffered formalin, decalcified, embedded in par-
affin, sectioned, and then stained with H&E. Histological
assessment of joint inflammation was scored as follows:
0: normal joint, 1: mild arthritis: minimal synovitis with-
out cartilage/bone erosions, 2: moderate arthritis: syno-
vitis and erosions but joint architecture maintained, 3:
severe arthritis; synovitis, erosions, and loss of joint
integrity. The average of the macroscopic score was
expressed as a cumulative value of all paws, with a max-
imum possible score of 12.

Mast cells in synovium were visually assessed for
intact versus degranulating mast cells using morphologic
criteria. Mast cells were identified as those cells that
contained toluidine blue-positive granules. Only cells in
which a nucleus was present were counted. Degranulat-
ing cells were defined by the presence of granules out-
side the cell border with coincident vacant granule
space within the cell border as described previously [25].

Measurement of Cll specific IgG1 and IgG2a

Bovine CII (1 mg/ml) was coated onto ELISA plates
(Sumitomo Bakelite, Co., Ltd, Tokyo, Japan) at 4°C over-
night. After blocking with 1% bovine serum albumin in
PBS, serially diluted serum samples were added onto
ClI-coated wells. For detection of anti-CII Abs, the
plates were incubated with biotin-labeled anti-IgG1 and
anti-IgG2a (Southern Biotechnology Associates, Inc.,
Brimingham, AL, USA) or anti-IgG Ab (CN/Cappel,
Aurora, OH, USA) for one hour and then incubated
with streptavidin-peroxidase. After adding a substrate,
the reaction was evaluated as ODgs5q values.
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Stimulation of or macrophages

B6 mice received 10 ug/g of TFM-C or control vehicle
on Day 0 and Day 2, and on Day 3, splenic macrophages
were collected and were stimulated by LPS in vitro in
the presence of TFM-C or vehicle.

Detection of cytokines

Cytokine levels in the culture supernatant were deter-
mined by using a sandwich ELISA. The Abs for IL-1j
ELISA were purchased from BD Biosciences (San Jose,
CA, USA) and the ELISA Abs for IL-6 and TNFo were
purchased from eBioscience (San Diego, CA, USA).

Statistical analysis

CIA and CAIA clinical or pathological scores for groups
of mice are presented as the mean group clinical score
+ SEM, and statistical differences were analyzed with a
non-parametric Mann-Whitney U-test. Data for cyto-
kines were analyzed by an unpaired t-test.

Results

TFM-C inhibits cytokine secretion from activated U937
cells concomitant with induction of an ER stress response
In a recombinant cell system, TFM-C inhibits 1L-12
secretion via a mechanism involving the induction of ER
stress coupled to intracellular degradation of the cyto-
kine polypeptide chains via the ER stress protein HERP
[23,24,26). In order to verify whether the cytokine secre-
tion-inhibitory effect of TFM-C extends to natural cyto-
kine producer cells, we assessed its effect using PMA/
LPS-activated U937 macrophages, a well-known source
of multiple cytokines. TEM-C potently blocked secretion
of IL-B, IL-6, IL-8, IL-10, IL-12 and TNF-o. (Figure 1A,
C). By means of QPCR, TFM-C was found to suppress
mRNA production of IL-10 over the course of the
experiment, and at 12 and 24 h of TFM-C treatment, of
IL-1B. Virtually no effect was seen on mRNA produc-
tion of TNF-a and IL-8, while TFM-C increased IL-6
mRNA between 6 and 12 h. To verify whether TEM-C
induced an ER stress response in U937 cells, we mea-
sured mRNA of HERP and IL-23p19, both of which
have been associated with induction of ER stress
[24,26,27]. This showed significant up-regulation of both
genes by TFM-C while the housekeeping gene GAPDH

was not affected (Figure 1D). Viability of U937 cells fol-

lowing exposure to TEM-C was assessed using two dif-
ferent methods (Figure 1B), and showed a limited
percentage of apoptotic cells not exceeding 15 to 20%
following 12 to 24 h of treatment. Thus, TFM-C blocks
cytokine secretion in natural producer cells by ER
stress-related mechanisms that may involve repressive
effects on both cytokine mRNA production as well as
on post-transcriptional and -translational events
involved in cytokine secretion, such as the ER-retention
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Figure 1 Effect of TFM-C on cytokine production from
activated U937 macrophages. A. Lay-out of cytokine-specific
antibody spots in the 16-plex cytokine Stripwell array (upper image)
and visualization of cytokine-specific chemiluminescence in culture
medium of LPS/PMA-treated U937 cells in the absence or presence
of TFM-C (lower images). The grey-shaded cytokines in the upper
images are those showing the highest production in LPS/PMA-
treated U937 cells at 24 h. B. Effect of TFM-C treatment (50 uM) on
the viability of macrophages (PMA-stimulated U937 cells). Apoptotic
cells were measured by DAPI staining, and the percentage of
damaged DNA and condensed chromatin was calculated following
6,12 and 24 h of TFM-C treatment (upper graph). Metabolic activity
of cells, measured by AlarmBlue®, was expressed.as growth
inhibition percentage of untreated controls for 6, 12 and 24 h of
TFM-C treatment (lower graph). Bars show average of three
independent experiments with corresponding error bars. C.
Quantification of the kinetics of cytokine secretion and mRNA
production (IL-18, IL-6, IL-8, IL-10 IL-12 and TNF-a) in differentiated
macrophages treated with LPS/PMA in the absence (open squares)
or presence (solid circles) of TFM-C. All values represent the
averages of three independent experiments. For each cytokine, the
upper graph represents amount of secreted cytokine quantified
using Quansys 16-plex Stripwells, while the lower graph represents
cytokine-specific mRNA quantified by QPCR. Asterisks indicate
significant differences at * P < 0.05 between TFM-C-treated and
-untreated cells at each time point using Student's t-test. D. Effect
of 50 uM TFM-C on 1L-23p19, HERP and GAPDH mRNAs (QPCR) in
differentiated macrophages, stimulated by LPS and PMA. The levels
of MRNA levels are shown as 2", Asterisks indicate significant
differences at * P < 0.05 compared with baseline condition LPS/
PMA-only using Student’s t-test.

coupled to HERP-mediated degradation identified before
for IL-12 [23,24,26]. However, of the TFM-C-sensitive
cytokines identified in this experiment, IL-1f follows an
unconventional protein secretion route involving
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exocytosis of endolysosome-related vesicles not derived
from the ER/Golgi system [28]. Given its blockage by
TFM-C, which can not be explained by partial suppres-
sion of mRNA levels only, this indicates that TFM-C
may suppress secretion of cytokines via interfering with
 both conventional ER-dependent and unconventional
ER-independent transit routes.

TFM-C inhibits CIA :

First, we examined the effect of TFM-C on CIA induced
by immunizing DBA1/] mice with type II collagen. As
shown in Figure 2A, administration of TFM-C strongly
suppressed the severity of arthritis compared with vehi-
cle-treated mice (P-value, < 0.05 by Mann-Whitney U-
test compared with, control from Day 26 and Day 36.).
In contrast, administration of celecoxib showed only a
mild suppressive effect on CIA, which is consistent with
a previous report [19] (P-value, < 0.05 by Mann-Whit-
ney U-test compared with control at Day 29 and Day
31.) In addition to visual scoring, we analyzed the histo-
logical features in the joints of four paws from TFM-C-,
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Figure 2 The effect of TFM-C on CIA. A. Clinical scores of CIA in
DBA1/J mice treated with 10 pg/g TFM-C (closed circles), celecoxib
(open triangles) or vehicle (open squares) every other day from 21
days after immunization. The data shown are pooled from two
similar experiments. Error bars represent + SEM of 10 to 12 mice per
group. ¥ P < 0.05 compared with control group. * P < 0.05
compared with both control and celecoxib-treated groups. B.
Quantification of histological assessment of joints 37 days after
induction of CIA. Result shown is the mean + SEM of five mice per
group. * P < 0.05, TFM-C-treated versus vehicle-treated group. * P <
0.05, celecoxib-treated versus TFM-C-treated group. C.
Representative histological feature of joints in vehicle-treated (left),
TFM-C-treated (right) and celecoxib-treated (middle) mice. (H&E
stained; original magnification x 40). D. The effect of TFM-C on ClI-
specific response. Cli-specific antibody responses in vehicle- (open
bars), TFM-C- (filled bars) and celecoxib-treated (gray bars) group.
Individual serum samples were obtained at Day 37 after the
induction of arthritis and were analyzed as indicated in Materials
and Methods. Data represent the mean + SEM of five mice per
group.
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celecoxib- or vehicle-treated mice 37 days after disease

- induction. Quantification of the histological severity of

arthritis is shown in Figure 2B and typical histological
features are demonstrated in Figure 2C. Arthritis was
not apparent in joints treated with TEM-C (Figure 2C,
rightmost panel) compared to the severe arthritis with
massive cell infiltration, cartilage erosion and bone
destruction seen in joints of animals treated with vehicle
(Figure 2C, leftmost panel). Both the clinical scores and
pathological features of arthritis were significantly less
severe in TFM-C-treated mice (Figure 2A-C). The
pathological features, including cell infiltration and
destruction of cartilage and bone, were slightly less
severe in celecoxib-treated mice even though there is no
statistically significant difference compared to vehicle-
treated mice (Figure 2B). We next examined anti-CII
antibody in TFM-C-, celecoxib- or vehicle-treated
arthritic mice. There was a trend for reduction in both
IgG1 and IgG2a isotypes as well as total IgG anti-ClII in
TFM-C-treated mice compared to vehicle-treated mice
(Figure 2D), but the difference did not reach statistical
significance. These results indicate that TFM-C pos-
sesses a potent inhibitory effect on CIA compared to
vehicle or celecoxib. However, TFM-C treatment had
little effect on ClI-specific responses.

TFM-C inhibits CAIA

Although TFM-C treatment suppressed clinical and
pathological severities of CIA, ClI-specific antibody
levels were not reduced by TFM-C treatment. There-
fore, we hypothesized that TFM-C treatment may have
a strong inhibitory effect on the effector phase of arthri-
tis. To test this hypothesis, we examined the effect of
TFM-C on CAIA induced by injecting a mixture of
monoclonal antibodies against type II collagen (CII) fol-
lowed by lipopolysaccharide (LPS) administration two
days later. The major players in CAIA are innate
immune cells while adaptive immune cells are not
required for disease development. Therefore, CAIA has
value as an animal model to study the effector phase of
arthritis. In vehicle-treated mice, severe arthritis
occurred one week after CII antibody injection, and
administration of celecoxib inhibited arthritis slightly
(Figure 3A). In contrast, administration of TEM-C sig-
nificantly suppressed CAIA compared to vehicle or cele-
coxib treatment. We next analyzed the histological
features in the joints of four paws from vehicle-, TFM-
C- and celecoxib-treated mice 12 days after disease
induction. Quantification of the histological severity of
arthritis is shown in Figure 3B and typical histological
features are presented in Figure 3C. Massive cell infiltra-
tion, cartilage erosion, and bone destruction were
observed in joints of vehicle-treated or celecoxib-treated
mice but not in those of TFM-C-treated mice (Figure
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Figure 3 The effect of TFM-C on CAIA. A. Clinical scores of CAIA
in B6 mice treated with 10 tig/g TFM-C (closed circles), celecoxib
(open triangles) or vehicle (open squares) every other day from two
days before CAIA induction. * P < 0.05 compared with contro!
group, * P < 0.05 compared with both control and celecoxib-
treated groups. Results shown are the mean + SEM of five mice per
group. The data shown are from a single experiment representative
of two similar experiments. B. Quantification of histological
assessment, of joints 12 days after induction of AIA shown in A.
Results shown are the mean + SEM of five mice per group. * P <
0.05 control versus TFM-C group, * P < 005 celecoxib versus TFM-C
-treated group. C. Representative histological feature of joints in
vehicle-treated (left), TFM-C-treated (middle) and celecoxib-treated
(right) mice. (H&E stained; original magnification x 40).

3B, C). These results indicate that TFM-C exhibits a
strong disease inhibitory effect in CAIA in contrast to
vehicle or celecoxib.

TFM-C inhibits the mast cell activation in CAIA

Next, we sought to understand the mechanism through
which TFM-C treatment suppressed arthritis in CAIA.
Since mast cells have been demonstrated to be critical
for initiation of antibody-induced arthritis [29], we eval-
uated the effect of TEFM-C on the activation of mast
cells. Because degranulation is the clearest histological
hallmark of mast cell activation, joint mast cells were
visually assessed for an intact versus degranulating phe-
notype after staining with toluidine blue. The proportion
'of degranulated mast ¢ells was significantly lower in
TEM-C-treated mice compared to that in celecoxib- or
vehicle-treated mice (Figure 4A, B).

TFM-C supresses the activation of macrophages

Innate immune cells and inflammatory cytokines, such
as IL-1 and TNF-a are critical for disease development
in CAIA [30]. Thus, we next determined the effect of
TEM-C on the production of inflammatory cytokines
- from macrophages. Splenic macrophages from mice
treated with TEM-C, celecoxib or control vehicle, were
stimulated with LPS ex vivo, and the cytokines in the
culture supernatants were measured by ELISA. The
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production of IL-1, IL-6 and TNF-o. from macrophages
was efficiently suppressed in TFM-C-treated mice com-
pared to vehicle-treated mice (Figure 5). In celecoxib-
treated mice, although the production of IL-1B was
decreased, the production of other cytokines such as IL-
6 and TNF-o. was not suppressed, and the IL-6 produc-
tion was even enhanced compared to vehicle-treated
mice.

TFM-C suppresses leukocyte influx in thioglycollate-
induced peritonitis ,

The other key players in antibody-induced arthritis are
neutrophils [31-34]. Neutrophils are recruited to joint
tissue and depletion of neutrophils has been shown to
supress disease susceptibility and severity in CAIA [35].
An intraperitoneal injection of thioglycollate causes leu-
kocytes influx into the peritoneum from bone marrow
and circulation, and neutrophils are the major cell
population which first emigrate to the peritoneal cavity.
To assess the effect of TFM-C on neutrophil recruit-
ment, mice were treated with TFM-C, celecoxib or con-
trol vehicle, and thioglycollate was injected
intraperitoneally. Leukocyte cell numbers in the perito-
neal cavity four hours after thioglycollate injection were
comparable between control and celecoxib-treated
groups (Figure 6). However, the peritoneal infiltrating
cell numbers were reduced in mice treated with TFM-C,
suggesting the suppressive effect of TFM-C on neutro-
phil recruitment.

Taken together, these results indicate that the activa-
tion of innate immune cells, including mast cells,
macrophages, and neutrophils, is suppressed in TEM-C-
treated mice but not in celecoxib-treated mice.

Discussion

In the present study we demonstrate, using arthritis
models, that TEM-C, a celecoxib analogue with 205-fold
lower COX-2-inhibitory activity, inhibits autoimmune
disease. TFM-C differs from celecoxib by the substitu-
tion of the 4-methyl group by a trifluoromethyl group.
This substitution drastically increases the ICsos for inhi-
bition of COX1 (15 pM to >100 pM for celecoxib and
TEM-C, respectively) and COX2 (0.04 uM to 8.2 uM,
respectively), but does not affect the apoptotic index
measured in PC3 prostate cancer cells, indicating inde-
pendence between structural requirements for COX-2
inhibition and apoptosis induction [36]. Celecoxib per-
turbs intracellular calcium by blocking ER Ca**

" ATPases, and this activity is shared with TFM-C [23,37].

In a HEK293 recombinant cell system, this Ca®* pertur-
bation is associated with inhibition of secretion and
altered intracellular interaction of IL-12 polypeptide
chains with the ER chaperones calreticulin and ERp44,
and results in the interception of IL-12 by HERP
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Figure 4 TFM-C inhibits the mast cell activation in CAIA. CAIA was induced in B6 mice and the mice were then treated with 10 pg/g TFM-C,
celecoxib or vehicle as described in Figure 2. A. Quantification of degranulated mast cells in synovium of joints 12 days after induction of CAIA. *
P < 0.05, compared with vehicle-treated group. * P < 0.05, compared with celecoxib-treated group. Results shown are the mean + SEM of six
mice per group and were pooled from two experiments. B. Hisopathologic features of degranulated or intact mast cells in joints of
representative vehicle-, celecoxib- and TFM-C- treated mice (toluidine blue stained; original magnification, x 100). White arrows indicate intact

mast cells and black arrows indicate degranulated mast cells.

followed by degradation of the cytokine [23,24,26].
While ICsqs for inhibition of IL-12 secretion by cele-
coxib or TFM-C are similar [23,24], in the present
paper, we show that TFM-C inhibits production of var-
ious cytokines from activated macrophages (Figures 1
and 5) and exerts a strikingly stronger inhibitory effect
on arthritis models compared to celecoxib. Given that
the main biological difference between celecoxib and
TEM-C resides in the extent of COX-1 and -2 inhibi-
tion, it is, therefore, likely that the less potent effect of
TFM-C on COX1/2 inactivation is a contributing, dis-
ease-limiting rather than disease-promoting factor in
these arthritis models. Indications supporting this con-
cept come from a study showing increased LPS-induced
macrophage production of TNF-a by inactivation of
COX-2 with celecoxib [38]. Up-regulation of TNF-a by
celecoxib was also reported in human PBMCs, rheuma-
toid synovial cultures and whole blood [20]. The relation
between the anticipated extent of COX inhibition and
production of TNF-a was observed in the present study
(Figure 5), where activated macrophages showed a ten-
dency toward increased or decreased TNF-o production

in the presence of celecoxib or TFM-C, respectively,
compared to vehicle-treated cells. In this cell system
(Figure 5), celecoxib significantly increased production
of the pro-inflammatory cytokine IL-6 while TFM-C
suppressed it.. Pending future mechanistic studies, this
data indicate that prostaglandin-mediated suppressive
effects, or other, as yet to be identified differential TFM-
C/celecoxib-related effects on TNF-o production may
extend to other cytokines as well, and provide an impor-
tant clue as to the more potent beneficial effects of
TEM-C compared to celecoxib in the arthritis models
presented here. '

The suppression of antibody-induced arthritis, which
requires innate but not acquired immune cells
[29-34,39], suggests that TFM-C also inhibits the activa-
tion of innate immune cells while celecoxib does not. In
fact, TEM-C suppresses the production of inflammatory
cytokines from macrophages and the activation of mast
cells as well as the subsequent recruitment of leuko-
cytes. Mast cells are essential for the initiation of anti-

"body-induced arthritis [29]. Moreover, mast cells are

present in human synovia [40-43] and are an important
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Figure 5 TFM-C supresses the activation of macrophages. B6 mice recieved 10 pg/g TFM-C, celecoxib or vehicle on Day 0 and Day 2, and
on Day 3, splenic macrophages were collected and were stimulated by LPS in vitro in the presence of TFM-C, celecoxib or vehicle. Cytokines
were detected by ELISA. IL-1B and IL-6 were measured 24 h after stimulation. TNF-o. was measured six hours after stimulation. The data shown
are from a single experiment representative of three similar experiments. * P < 0.05 compared with control group, * P < 0.05 compared with
celecoxib-treated group. :
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Figure 6 TFM-C supresses leukocyte influx in thioglycollate-
induced peritonitis. B6 mice recieved 10 pg/g TFM-C, celecoxib or
vehicle at two days and one hour before peritoneal injection of
thioglycollate. At four hours after thioglycollate injection, peritoneal
lavage fluid was collected and the infiltrating cells were counted.
Cell numbers are shown from three separate experiments. * P <
0.05, TFM-C-treated versus vehicle-treated group. * P < 0.05,
celecoxib-treated versus TFM-C-treated group.

source of both proteases and inflammatory cytokines,
including IL-17, in patients with rheumatoid arthritis
[42-44]. The clear difference between the effects of
TFM-C and celecoxib on the suppression of mast cell
activation could explain the differential impact of these
compounds on arthritis models. Mast cells are impor-
tant not only in arthritis but also in other conditions,
such as allergy, obesity and diabetes [45]. Therefore, the
suppression of mast cell activation by TFM-C may be
applicable for the inhibition of these diseases in addition
to autoimmune diseases.

Cytokines and chemokines, such as TNF-o. and MCP-
1, produced by macrophages, are suggested to play
important roles for neutrophil influx in thioglycollate-
induced peritonitis [46]. Mast cells were shown to pro-
duce TNF-a, which recruits neutrophils into the perito-
neum in an immune complex peritonitis model [47].
Thus, it is likely that TFM-C suppressed macrophages
and mast cells produce such chemoattractants, which in
turn inhibited neutrophil influx into the peritoneum.
However, it is also possible that TFM-C directly sup-
pressed neutrophil activation. Further studies are
required to address this possibility.

As described above, the major players in CAIA are
innate immune cells, while adaptive immune cells are not
required for disease development. Therefore, CAIA has
value as an animal model for the study of the effector
phase of arthritis. However, it is well known that adaptive
immune cells play a significant role in the pathogenesis
of RA and the strongest genetic link in RA is the associa-
tion with HLA-DR, which is thought to present autoanti-
gens to T cells. The activation of T cells and B cells is
believed to initiate and/or enhance the effector inflam-
mation phase of arthritis. In fact, massive infiltration of T
and B cells is observed in RA synovium. Therefore, the
ideal therapeutic agents for RA are those displaying the
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capacity to suppress both the induction and effector
phases of arthritis. TEM-C treatment suppresses CIA,
which requires both innate and adaptive immune cells
for the development of arthritis. We previously demon-
strated that celecoxib treatment suppresses EAE induced
by immunizing B6 mice with myelin oligodendrocyte gly-
coproteings.ss (MOG) peptide [22]. The suppression of
EAE by celecoxib was COX-2 independent and was
accompanied by reduced IFN-y production by MOG-
reactive T cells. We observed a trend of reduced anti-CII
antibody levels in serum upon TFM-C treatment. As
TFEM-C inhibited secretion of both recombinant IL-12
and IL-23 using a pIND ponasterone-inducible vector
system in HEK293 cells [23,24], TFM-C treatment may
have also influenced ClI-specific immune responses by
suppressing antigen-presenting cells.

Specific inhibition of COX-2 has some adverse effects.
Rofecoxib, a highly specific COX-2 inhibitor, was with-
drawn from the world market because of an increased
rate of cardiovascular events in patients with colorectal
polyps [48]. Celecoxib was also shown to augment cardi-
ovaseular and thrombotic risk in colorectal adenoma
patients, especially in the subgroup suffering from pre-
existing atherosclerotic heart disease [49]. Moreover,
inhibition of COX-2 activity has been reported to
exacerbate brain inflammation by increasing glial cell
activation [50]. It has been suggested that the inhibition
of COX-2-dependent prostaglandin I, from endothelial
cells may be the major cause of thrombosis [51]. As the
COX-2-inhibitory activity of TEM-C is 205-fold lower
than that of celecoxib, the arthritis suppression by
TFM-C appears to be independent of COX-2 inhibition.
Therefore, TFM-C, which has strong immunoregulatory
abilities but low COX-2-inhibitory activity, could serve
as a new disease-modifying agent to prevent the pro-
gression of autoimmune diseases such as RA.

Conclusions

In summary, TEM-C, a trifluoromethyl analogue of cele-
coxib, inhibits arthritis despite the fact that TFM-C pos-
sesses very low COX-2-inhibitory activity. The most
striking features of TFM-C are its inhibitory effect on -
the activation of innate immune cells and its suppres-
sion of arthritis compared to celecoxib. TEM-C treat-
ment suppressed both CIA and CAIA by targeting
innate immune cells, which are involved in both the
induction and the effector phases of arthritis irnflamma-
tion. Taking these data together, TEM-C may serve as
an effective therapeutic drug for arthritis, including RA.
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Neuromyelitis optica (NMO) is an inflammatory disease affecting
the optic nerve and spinal cord, in which autoantibodies against
aquaporin 4 (AQP4) water channel protein probably play a patho-
genic role. Here we show that a B-cell subpopulation, exhibiting
the CD19™CD27"9"CD38M9"CD180~ phenotype, is selectively in-
creased in the peripheral blood of NMO patients and that anti-
AQP4 antibodies (AQP4-Abs) are mainly produced by these cells
in the blood of these patients. These B cells showed the morpho-
logical as well as the phenotypical characteristics of plasmablasts
(PB) and were further expanded during NMO relapse. We also
demonstrate that interleukin 6 (IL-6), shown to be increased in
NMO, enhanced the survival of PB as well as their AQP4-Ab secre-
tion, whereas the blockade of IL-6 receptor (IL-6R) signaling by
anti-IL-6R antibody reduced the survival of PB in vitro. These
results indicate that the IL-6-dependent B-cell subpopulation is
involved in the pathogenesis of NMO, thereby providing a thera-
peutic strategy for targeting IL-6R signaling.

neuroinflamatory disease | autoimmunity | multiple sclerosis | central
nervous system | IL-6 receptor blockade

euromyelitis optica (NMO) is an inflammatory demyelinating

disorder characterized by recurrent attacks of severe optic
neuritis and myelitis. Unlike the conventional form of multiple
sclerosis (CMS), the lesions of NMO tend to spare the cerebral
white matter, especially during the early stage (1), and even a sin-
gle episode of attack can cause serious neurological deficits such
as total blindness and paraplegia. Accordingly, accumulation of
irreversible damage to the central nervous system (CNS) along
with rapid progression of disability is more frequently found in
NMO compared with CMS (2).

NMO can be distinguished from CMS by clinical, neuro-
imaging, and serological criteria (3). It is now known that serum
anti-aquaporin 4 (AQP4) autoantibodies can be used as a disease
marker of NMO (1, 2). AQP4 is the most abundantly expressed
water channel protein in the CNS and is highly expressed in
the perimicrovessel astrocyte foot processes, glia limitans, and
ependyma (4). Emerging clinical and pathological observations
suggest that anti-AQP4 antibodies (AQP4-Abs) play a key role in
the pathogenesis of NMO. Prior studies have documented a sig-
nificant correlation of serum AQP4-Ab levels with the thera-
peutic efficacy of plasma exchange during clinical exacerbations
of NMO (2, 5). In the CNS lesions of NMO, reduced expression
of AQP4 on astrocytes is evident even during the early stage (6),
which is followed by the occurrence of vasculocentric destruction
of astrocytes associated with perivascular deposition of comple-
ment and IgG (7).

On the other hand, recent studies have suggested that AQP4-
Abs alone are incapable of causing the clinical and pathological
features of NMO. In fact, Hinson et al. emphasized the role of
cellular immunity in combination with AQP4-Abs by showing

www.pnas.org/cgi/doi/10.1073/pnas. 1017385108

that the attack severity of NMO was not correlated with serum
AQP4-Ab levels (8). It was also demonstrated that direct in-
jection of IgGs derived from NMO patients into the brains of
naive mice did not cause NMO-like lesions, although brain tissue
destruction associated with leukocyte infiltration was elicited by
coinjecting human complement (9). Other groups have shown
that the passive transfer of IgGs from NMO patients to rats
challenged with induction of experimental autoimmune enceph-
alomyelitis (EAE) may cause a decrease in the expression of
AQP4 in astrocytes along with worsening of clinical EAE (10-12).
In contrast, the transfer of IgGs to unimmunized rats did not
cause any pathology. These results suggest that induction of
AQP4-Ab-mediated pathology in NMO depends on the pres-
ence of complement, leukocytes, and T cells.

Although AQP4-Ab-secreting cells are a potential target for
therapy, detailed characteristics of AQP4-Ab-producing cells
have not been clarified yet. Because some NMO patients have
elevated serum anti-nuclear and anti-SS-A/SS-B Abs (1), as found
in patients with systemic lupus erythematosus (SLE) or Sjégren
syndrome, NMO might share common pathological mechanisms
with these autoimmune diseases. Kikuchi et al. previously reported
that CD180™ B cells are activated B cells capable of producing
autoantibodies in SLE (13). CD180 is a member of the leucine-rich
repeat family of molecules with homology to Toll-like receptor
4 (14), which is highly expressed by naive and memory B cells but
not b}; gglasma cells (15). Odendahl et al. demonstrated that
CD27™#"CD38* B cells, capable of producing high-affinity IgG
(16), are increased in the peripheral blood of SLE patients with
some correlation to disease activity (17). Considering the pheno-
types of autoantibody-producing cells reported in SLE, we ana-
lyzed the expression of CD27, CD38, and CD180 on CD19" B
cells in the peripheral blood of NMO patients. We found that
CD27%88CD38"ECD180™ B cells were significantly increased in
AQP4-Ab seropositive patients diagnosed with NMO or NMO
spectrum disorder (1) compared with healthy subjects (HS) or
CMS patients. Notably, this B-cell subpopulation was found to
be a major source of AQP4-Abs in the peripheral blood of AQP4-
Ab seropositive patients and depended on interleukin-6 receptor
(IL-6R) signaling for survival.
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Results

CD27"9"Cp38MI"CD180~ B Cells Were Increased in the Peripheral
Blood of NMO Patients. Although AQP4-Abs are identified as
IgGs (18), no prior study has focused on proportional changes
of B-cell subsets in NMO. We therefore performed multicolor
flow cytometric analysis of peripheral blood mononuclear cells
(PBMC) derived from patients and controls. After starting the
study, we soon noticed a remarkable expansion of a distinct B-
cell subset in some patients with NMO. The expanded B cells
were identified as a population of CD27%8% CD3gMet and
CD1807, and showed lower expression of CD19 than other B
cells (Fig. 14). Notably, this population did not express the B-cell
marker CD20 (Fig. S1). First, we collected samples from patients
in remission and analyzed the pooled data. We found that the
proportion of this subpopulation among CD19" B cells was
significantly increased in AQP4-Ab seropositive patients with
NMO or NMO spectrum disorder (Fig. 1B) compared with HS
or CMS patients. There was no significant difference in the
proportion of this B-cell subpopulation between those with typ-
ical NMO and those with NMO spectrum disorder. Further-
more, the frequency of this B-cell subpopulation was correlated
with the serum AQP4-Ab titer (Fig. S2). Comparison of paired
samples obtained from the same patients during relapse and in
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Fig. 1. CD27M9h¢CD38"9"CD180™ B cells increased in NMO patients. (A) A flow
cytometric scheme for the analysis of B-cell subpopulations. PBMC from HS and
NMO in remission were stained with fluorescence-conjugated anti-CD18,
-CD27, -CD38, and -CD180 mAbs. CD197CD27* cells were partitioned (Upper)
and analyzed for expression of CD38 and CD180 (Lower). Values represent
the percentage of CD38"9"CD180™ cells within CD19*CD27* cells. (B) Analysis
of the pooled data derived from patients in clinical remission. This shows
the percentages of CD27"9"CD38"9"CD 180 cells within CD19* cells from HS,
seropositive patients, and CMS patients (**P < 0.01; Tukey's post hoc test).
(C) Comparison of remission and relapse of NMO. Data obtained from the
same patients are connected with lines (*P < 0.05; Wilcoxon signed rank test).
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remission showed that the CD27"2"CD38"#*CD180~ B cells
further increased during relapse (Fig. 1C). In contrast, the fre-
quencies of CD27 naive B cells (nB) and CD27*CD38~"¥
memory B cells (mB) were not altered in AQP4-Ab seropositive
patients compared with controls (Fig. S3). The large majority of
seropositive patients were treated with corticosteroids. However,
the frequency of CD27"¢*CD38M€*CD180™ cells among CD19* B
cells was not correlated with the daily corticosteroid dose given to
patients (Fig. S4). Moreover, the increase in cells in NMO patients
was still evident compared with that in CMS patients similarly
treated with corticosteroids (hlfég S5). Taken together, the selective
increase in CD27™¢"CD38"E"CD180~ B cells in seropositive
patients was thought to reflect their role in the pathogenesis of
NMO but not to be an effect of the corticosteroid treatment.

Expanded Cells Resemble Early Plasma Cells in Gene Expression and
Morphology. To gain insights into the developmental stage of the
CD27M€CD38MECD180~ B cells, we quantified the mRNA
expression of B-cell-associated transcription factors in sorted
cell populations. Compared with nB and mB, this population
showed much higher expression of B-lymphocyte-induced mat-
uration protein 1 (Blimp-1) and IFN regulatory factor 4 (IRF4),
which are essential for the regulation of plasma cell differenti-
ation (19, 20) (Fig. 24). In contrast, the expression of paired box
gene 5 (PAXS), known to be down-regulated in early plasma cell
differentiation (21), was reciprocally reduced in the B-cell sub-
set. This gene expression pattern is very similar to that of plasma
cells. However, it was notable that the cells of interest expressed
CD19, which is not detected in mature plasma cells. Moreover,
only 40% of this population expressed the most reliable plasma
cell marker CD138 (22). Morphological analysis also confirmed
the similarity of this population to plasma cells: they exhibit
eccentric nucleus, perinuclear hof region, and abundant cyto-
plasm. However, they possess a larger nucleus with a lower ex-
tent of chromatin clumping compared with CD1387 plasma cells
derived from HS (Fig. 2B). Notably, the CD138" population
among CD27"E'CD38ME"CD180~ cells in NMO patients was
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Fig. 2. Resemblance of CD19"CD27M8"CD38"9"CD180" cells to plasma
cells. (A) mRNA expression of Blimp-1, IRF4, and PAXS. B-cell subpopulations
[cD27MehcD38M9CD 180~ (PB), CD27~ naive (nB), CD27*CD38~"°" memory
(mB)] were sorted by FACS and total RNA was extracted for qRT-PCR analysis.
RNA levels were normalized to ACTB for each sample (**P < 0.01; ***P <
0.001; Tukey's post hoc test). (B) May~Griinwald-Giemsa staining of B-cell
subpopulations. PB (Upper Left), mB (Lower Left), and nB (Lower Right) from
NMO are presented along with morphologically identified plasma cells
(CD19™™tCcD27M9"CcD38MICD 138*) from HS (Upper Right).
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