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Abstract The anti-TNF-2 chimeric monoclonal antibody
infliximab 1s the first biologic 1o be approved for rheuma-
toid arthritis (RA) in Japan, and post-marketing surveillance
of all of the Japanese cases treated with infliximab has been
conducted to explore the safety of infliximab therapy. In
addition, a retrospective clinical study on the notable effi-
cacy and related factors of infliximab therapy in an RA
management group in Japan (RECONFIRM and RECON-
FIRM-2) has demonstrated clinical responses. However,
information on the effect of infliximab on joint destruction
in Japanese RA patients remains insufficient. In this study,
we retrospectively analyzed X-ray data from 67 patients in
whom both hand and foot X-rays at baseline and at
54 weeks had been available among the 410 cases in the
RECONFIRM-2 study. By scoring the X-rays according to
the modified van der Heijde (vdH)-Sharp method, we found
that the total vdH-Sharp score in the RA patients before
infliximab therapy was 104.40 + 87.34 and the yearly
progression was 21.33, indicating relatively rapid progres-
sion. After infliximab therapy for 54 weeks, the total vdH-
Sharp score at 54 weeks was 104.37 + 86.87 and the
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estimated vearly progression was —0.03, indicating the
almost complete inhibition of progression. The RECON-
FIRM-2] study confirmed the significant ability of
infliximab to halt joint destruction in Japanese RA patients,
and showed that joint destruction was significantly associ-
ated with disease activity and the dose of MTX m the
patients with moderate and advanced disease durations,
respectively, before infliximab therapy.

Keywords Rheumatoid arthritis - Infliximab -
Total van der Heijde~Sharp score - Joint destruction

Introduction

Rheumatoid arthritis (RA) is a sysiemic inflammatory
disorder, characterized by chronic, destructive  and
deforming arthritis [1], resulting in significant morbidity
and mortality [2-5]. Since TNF-u plays a pivotal role in the
pathogenesis of RA [6-8], biological agents targeting TNF-
x are highly effective at not only reducing clinical signs
and symptoms but also retarding structural damage to the
joints: thus, these agents have had a great impact on the
management of RA [9]. The abovementioned results were
obtained in double-blind, randomized, clinical trials in
which methotrexate (MTX: mean weekly doses ranging
between 15 and 17 mg) and infliximab were administered
concomitantly [10-12]. In Japan. however, the maximal
approved dose of MTX is 8 mg/week; this difference raises
the question of whether infliximab can suppress joint
destruction when a lower dose of MTX is being adminis-
tered concomitantly, as is the case in daily clinical practice
in Japan.

The ant-TNF-x chimeric monoclonal antibody inflix-
imab is the first biologic to be approved for the treatment of
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RA in Japan [13], and the approved dose is 3 mg/kg every
eight weeks after zero, two, and six weeks of induction
with MTX. The safety of infliximab use in Japan has now
been explored in a post-marketing surveillance of all of the
cases that have been treated with infliximab [14]. Fur-
thermore, a retrospective clinical siudy on the notable
efficacy and related factors of infliximab therapy in a RA
management group in Japan (RECONFIRM) has demon-
strated clinical responses, with significant improvements
observed in 258 cases after 22 weeks [15] and extended
observations from 22 to 54 weeks completed in 410 cases
(RECONFIRM-2) [16]. The RECONFIRM-2 study has
shown that the retention rate at 54 weeks was 75.6% and
that European League Against Arthritis (EULAR) good,
moderate and no responses to infliximab were 37.0, 41.7
and 21.2%, respectively, with EULAR remission achieved
in 27.6% of patients: thus, these data confirmed the
excellent clinical efficacy of infliximab when administered
over a period of one year [16]. However. information on
the effect of infliximab on joint destruction in Japanese RA
patients remains insufficient.

In a previous study, we demonstrated that the estimated
yearly progression rate was extremely high in Japanese RA
patients before the start of infliximab therapy [17]. and that
the progression rate was suppressed by treatment with
infliximab for one year [17]. This data was collected at a
single center, and the patients who were recruited for the
study were longstanding RA patients who had been waiting
for a long time for anti-TNF inhibitors to be approved.
Consequently, any interpretation of these results is limited.
In the present RECONFIRM-2J study. we recruited 67 of
the 410 cases reported in the RECONFIRM-2 study [16];
these patients were recruited from three centers, and 19.4%
had early RA (<2 years). Both hand and foot X-rays at
baseline and at 54 weeks were available for all of the
recruited patients. We then retrospectively analyzed the X-
ray data from these 67 patients before and 54 weeks after
the start of infliximab therapy using a modified van der
Heijde (vdH)-Sharp score. The factors contributing to the
progressive features of joint destruction at baseline as well
as those at 54 weeks after infliximab therapy were then
analyzed.

Patients and methods
Patients and evaluation
Data and information on RA patients fulfilling the diag-
nostic criteria of the American College of Rheumatology
(ACR) [18] were collected from three major rheumatology

centers in Japan: the Department of Rheumatology and
Clinical Immunology, Saitama Medical Center, Saitama

@_ Springer

Medical University. Saitama: the First Department of
Internal Medicine, School of Medicine, University of
Occupational and Environmental Health Japan. Kitakyu-
shu; and the Institute of Rheumatology, Tokyo Women's
Medical University. All patients receiving infliximab
treatment at one of these institutions as of December 2005
were registered in this retrospective study. Demographic
data, including disease duration and concomitant therapy,
were collected from the patients” medical charts. The fol-
lowing parameters were evaluated before and at 54 weeks
after the imitial infliximab infusion: tender joint count
(TIC) 28. swollen joint count (SIC) 28, patient’s assess-
ment of pain on a visual analog scale (patient’s pain VAS),
patient’s global assessment of disease activity (patient’s
global VAS), physician’s global assessment of disease
activity (physician's global VAS), and C-reactive protein
(CRP).

Infliximab therapy

Infliximab was infused to patients at zero, two, and six
weeks followed by every eight weeks at a dose of 3 mg/kg,
according to the drug labeling and the guidelines of the
Infliximab Study Group of the Ministry of Health, Welfare
and Labor in Japan [19]. The concomitant use of MTX was
instituted in all cases, although the dose of MTX was
determined by each attending physician.

Therapeutic response

Disease activity was assessed using the disease activity
score, including a 28-joint count (DAS28)-CRP that was
calculated according to the authorized formula (http://
www.das-score.nl/www.das-score.nl/index.html). DAS28-
CRP values are reportedly lower than the original DAS28
assessments using the erythrocyte sedimentation rate
(ESR), and we used a threshold of 4.1, instead of the ori-
ginal 5.1, as the cut-off for high activity and 2.7, instead of
3.2, as the cut-off for low activity [20]. Thus, we defined
DAS28-CRP values =4.1 as high activity, 2.7 to <4.1 as
moderate activity, and <2.7 as low activity, with <2.3
defined as remission [15, 16]. The responses to infliximab
therapy at 22 weeks were evaluated using the European
League Against Arthritis (EULAR) response criteria, with
4.1 and 2.7 used as the thresholds for high and low disease
activities, respectively.

X-ray evaluations of hand and feet joints

Among the 410 patients in the RECONFIRM-2 study,
X-ray images of both hands and feet at 0 and 54 weeks
were available for 67 patients. Two expert readers inde-
pendently scored articular damage and progression in a
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blinded fashion according to the modified vdH-Sharp
scoring method. Radiographic progression was defined as
u difference that was greater than the smallest detectable
difference (SDD) [21). The SDD for the mean change
from baseline using the wo readers’ scores for each
patient’s radiographs was 4.39 (the standard deviation of
the per-patient differences between the readers divided by
the square root of 2), which corresponds to nearly 1% of
the maximum total modified vdH-Sharp score (TSS)—
that is, 448,

Statistical analysis

Patients with radiographs of both hands and feet at baseline
and at 54 weeks after the start of infliximab therapy were
included in the analysis. Summary statistics of the median,
mean, and interquartile ranges are presented for continuous
variables, Spearman correlation analyses were performed to
evaluate the association between baseline covariates and
changes in the radiographic scores. For categorical response
parameters, group comparisons were made using the chi-
square test. Logistic regression analyses were performed to
examine the significance of individual variables in pre-
dicting radiographic progression at baseline and at week 54.
Patients were grouped into tertiles according to key pre-
dictors identified by the correlation and regression analyses
at baseline; changes in total modified vdH-Sharp score
(TSS) were summarized for the patients in each tertile.

The proportions of patients who had no progression in
their TSS and joint space narrowing score were calculated.
No progression was defined as less than 0.5 units of change
from baseline or less than a given threshold value, such as
the SDD, in their TSS.

Statistical analyses were performed using JMP software
version 6.1 (SAS Institute, Cary. NC, USA). All statistical
testing was two-sided. P values <0.05 were considered
significant.

Results

Baseline demographics and subsequent changes
in clinical parameters for 67 patients with X-ray data

Among the 410 patients enrolled in the RECONFIRM-2
study, we selected 67 patients in whom both hand and foot
X-ray data were available and investigated structural
damage and its progression during infliximab therapy in
this RECONFIRM-2 Joint (RECONFIRM-2J) study. When
the baseline characteristics of the 67 patients in the REC-
OMFIRM-2] study were compared with the rest of the
patients in the RECONFIRM-2 study without X-ray data
(1t = 343), the patients in the present study were found to
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be younger and received higher doses of MTX than the 343
patiems without X-ray data in the RECONFIRM-2 study
(Table 1). Age and dose of MTX were significantly dif-
ferent between the patients in the RECONFIRM-2J study
and the rest of the patients in the RECONFIRM-2 study
(age: 508 £ 114 vs. 537 4+ 12.9 years. respectively,
P=00411; MTX dose: 83+24 vs 7.7 4 1.9 mg,
respectively, P = 0.0349). As shown in Table . the clin-
ical parameters of the 67 pauents in the present study
responded dramatically to infliximab therapy (DAS28 at
0 week: 564 & 1.03, and DAS28 at 54 weeks:
3,02 4+ 1.25; 46.5% reduction). and the response rate was
slightly better than that of the 343 panenis in the
RECONFIRM-2 study (DAS28 at 0 week: 548 £ 1.14,
and DAS28 at 54 weeks: 3.34 & |.41; 39.1% reduction).

Baseline X-ray data

Joint destruction was assessed using the modified vdH-
Sharp score of hand and foot X-rays at baseline (0 week)
and at 54 weeks after the stant of infliximab therapy. The
score at 0 week ranged from 9.5 10 410. The mean + SD
of the score at baseline was 10440 = 87.34, and the
median, upper quartile, and lower quartile values were
73.5, 147.5, and 45.0, respectively. When the estimated
yearly progression from disease onset was calculated, its
value ranged from 2.11 to 118.80. with a mean value of
21.33. The median, upper quartile. and lower quartile
values of the estimated yearly progression in the patient
cohort were 16.19, 25.50, and 9.69, respectively.

To clarify the clinical parameters related w the total
modified vdH-Sharp score (TSS) before infliximab ther-
apy. we analyzed a possible correlation between the TSS
and a series of clinical parameters at 0 weeks. No signifi-
cant relations between the TSS at 0 weeks and sex, age, RF
titer, DAS28, MTX dose, or PSL dose at 0 weeks were
found, whereas the TSS at 0 weeks was significantly cor-
related with the disease duration (r = 0.62. P < 0.001).
Since these factors interact with each other. we analyzed
the relationship between the TSS and a series of clinical
parameters at 0 weeks using a multivanate analysis but
found no significant correlation among the parameters,
with the exception of disease duration again (data not
shown). Thus, we further analyzed the possible correlation
between TSS and a series of clinical parameters at 0 weeks
in subgroups of the patients with vanable disease durations.

Correlation between total modified vdH-Sharp score and
clinical characteristics among patients

with variable disease durations before infliximab therapy

Since disease duration was the only factor significantly
correlated with the total modified vdH-Sharp score (TSS)

'ff_l_l Springer
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Table 1 Clinical characteristics in RECONFIRM-2J and RECONFIRM-II studies

Vanables RECONFIEM-2) (N = 6T) The other cases in RECONFIRM-2 (N = 343) P value
Mean SD Median 25% 75% Mean SD Median 25% 5%
Female 0.4y - - - - 0.86 - 04216
RFi£) 0.84 - - - (.88 - - - - 0.3095
Age 50.8 14 33 5 59.5 537 12.9 56 46 63 00411
Duration 79 7.3 5.6 25 10.8 9.8 9.1 7.0 3.0 14.0 0.1549
Stage 3 ! 3 2 B 3 | 3 2 + 0.4593
Class z | 2 2 3 2 I 2 2 2 0.0553
RF 169.5 2309 6R.5 320 2072 2222 3520 993 40.6 2439 02484
MTX dose 8.3 24 5 8 ] 77 1.9 8 6 8 0.0349
PSL dose 4.4 3.2 5.0 1.5 6.3 i 38 4.0 0o 5.0 0.0574
CRP 38 3.1 28 1.5 53 3.2 2.7 25 1.0 4.6 01969
TIC 1 6.9 10 6 17 10,3 7.3 9 L1 14 0.2607
SIC 109 56 10 bk 15 10.5 6.3 9 6 14 03115
GH 61.0 224 63 47 79 63.7 213 67 S0 80 03081
DASD 56 1.0 57 49 6.5 55 1.1 5.5 4.7 6.3 0.2967
DAS2 35 1.1 6 28 4.3 34 1.2 33 26 4.2 0.3587
DASG 3.2 1.1 3l 2.6 39 32 12 32 23 4.0 0.9418
DASIT4 3.1 1.2 30 22 3:3 33 14 3 23 4.1 0.2938
DAS22 3.0 1.2 2.8 2.0 39 34 1.5 i3 22 4.4 0.1108
DAS30 30 12 34 22 37 34 1.4 id4 23 44 0.0576
DAS38 EN | 1.2 3.1 24 i 34 1.4 32 2.3 42 0.2846
DAS46 32 1.2 2.9 23 4.0 33 1.4 31 2.2 42 0.7174
DAS54 30 12 27 22 33 33 1.4 33 2.2 4.3 0.0795

at O weeks. we attempted to categorize the patients into
three groups by the disease duration according to the lower
quartile (2.5 years) and the upper quartile (11.0 years) of
the distribution (Fig. 1a). The three groups of the patients,
thus. subdivided into early (<2.5 years), moderate (>2.5 to
<11.0 years), and advanced disease (>11.0 years) clearly
showed that the estimated yearly progression was most
rapid in the early RA (Fig. 1b). In the early RA group
(disease duration =2.5 years), no significant correlations
between the TSS at 0 week and a series of clinical
parameters were found, whereas the DAS28 at () weeks
was significantly correlated with the TSS at 0 weeks in the
moderate RA group (r = 0.416, P = 0.015); the dose of
MTX was also inversely correlated with TSS at 0 weeks in
the advanced RA group (r = —0.508, P = 0.045) (Fig. 2).

X-ray progression at 54 weeks after the start
of infliximab therapy

After treatment with infliximab, the total modified vdH-
Sharp score (TSS) at 54 weeks was not markedly pro-
gressed and remained unchanged from that at 0 weeks
(104.40 = 87.34 a O weeks vs. 10437 & 86.87 at
54 weeks), as shown in Fig. 3. The estimated yearly

& Springer
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progression at (0 weeks was 21.33, while that at 54 weeks
was —0.03, producing a 101.14% reduction in the rate of
Joint destruction. In addition, progression was completely
inhibited in 39 patients (58.2%), including 25 patients
(37.3%) with negative changes—suggesting the possibility
of radiographic repair. No new erosions were seen in 66
patients (98.5%), and only one patient, in whom estimated
yearly progression at 54 weeks was 7.5, exhibited new
erosions. These results confirm that infliximab therapy
strongly inhibited the progression of structural damage,
even in Japanese RA patienis with high estimated yearly
progression rates of over 20 and mean disease durations of
around ten years (13 cases, 19.4% of the total of 67 cases,
were early RA with disease duration <2 years).

Finally. we investigated the possible correlation
between the estimated yearly progression at 54 weeks and
a series of clinical parameters and found that sex, age,
disease duration, RF titer, MTX dose, and PSL dose were
not significantly correlated with the progression of joint
destruction (data not shown), suggesting that infliximab
therapy suppressed the progression of structural damage
remarkably in the vast majority of the patients, irrespective
of the clinical characteristics of the patients. In addition.
the estimated yearly progressions at baseline for the
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Fig. 1 a Number of cases with early, moderate or advanced RA. The
fine in the box represents the median value, the diamond box
represents the mean value, and the upper and lower ends of the box
indicate the 25th and 75th percentiles of the population. b Yearly
progression of TSS in patients with carly RA (n = 17), moderate RA
(n = 34), and advanced RA (n = 16), The line in the box represents
the median value, and the upper and lower ends of the box indicate the
25th and 75th percentiles of the population

patients with early, moderate, or advanced RA were sig-
nificantly suppressed at 54 weeks, as shown in Fig. 3
(0.21 + 0.60, —0.11 4+ 042, and —0.09 + 0.62, respec-
tively), indicating that infiximab effectively halted the
progression of structural damage not only among patients
with advanced diseases but also among patients with early
or moderate disease.

Discussion

The RECONFIRM-2J study analyzed structural damage in
Japanese RA patients who had been treated with infliximab
in addition to low doses of MTX and examined the clinical
parameters correlated with joint destruction. Although the
clinical efficacy and safety of infliximab therapy in Japa-
nese patients with RA has now been explored [15, 16], only
a few reports have examined the effect of infliximab on
structural damage [17]. In this report, we studied 67 RA
patients among the 410 patients enrolled in the RECON-
FIRM-2 study and analyzed the structural damage in these
paticnts using the modified vdH-Sharp scoring method at
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0 weeks as well as at 54 weeks after the start of infliximab
therapy. The average total modified vdH-Sharp score
(TSS) at baseline was 10440 and the esumated yearly
progression was 21.33 prior to the start of infliximab
therapy. whereas the average TSS was markedly sup-
pressed to 104.37 and the estimated yearly progression was
—(1.03 at 54 weeks after the start of infliximab therapy.

This study has several limitations. First, among the 410
enrolled RA patients in the RECONFIRM-2 study, we ret-
rospectively analyzed 67 patients for whom hand and foot
X-rays taken at 0 and 54 weeks after the start of infliximab
therapy were available. So, a possible selection bias should
be seriously considered, Although the patients in this study
were younger and the doses of MTX were greater than those
without X-ray analysis, the other baseline characteristics
and clinical parameters were comparable among (wo
groups. On the other hand, the response to infliximab was
slightly better among the 67-patient cohort in the present
study, introducing the possibility that we may have selected
patients with a better response to therapy. Nevertheless,
when the responses were assessed using the ACR and
EULAR criteria, the differences in the responses of the two
patient populations were not significantly different, Second,
the dose of MTX used in Japan is lower than those used in
other countries. including the US, many European countries
and even other Asian countries, because of a Japanese
regulatory restriction stating that the maximum allowable
dose of MTX is 8 mg/week; nevertheless, higher doses of
MTX are sometimes used in daily clinical practice. Indeed,
the mean MTX dose in the present study was 8.3 mg/week.
which was still almost half of that used in double-blind,
randomized clinical trials for infliximab [10-12, 22].
However, these circumstances provide an interesting
opportunity to examine X-ray progression during infliximab
therapy administered concomitantly with low-dose MTX.
In addition, the present study appears to reflect daily clinical
practice, whereas most studies showing the efficacy of anti-
TNF biologics on joint destruction have been derived from
randomized controlled trials [10-12, 22].

The X-ray progression of the Japanese RA patients was
considerably rapid. Although the mean duration of the
disease in these patients was 7.9 years, the estimated yearly
progression, which was calculated using the total modified
vdH-Sharp score at baseline divided by the disease dura-
tion, was 21.33. Since we were utilizing a 448 full-scale
scoring system, 21.33 correspond to 4.76% of the full
scale. The estimated yearly progression in the ATTRACT
study was 7.06, corresponding to 1.61% of a 440 full-scale
scoring system. These results suggest that structural dam-
age progressed three times more rapidly in the present
study than in previous American and European studies. To
interpret the above results carefully, we compared the
climcal  characteristics of the RECONFIRM-21 and
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ATTRACT studies (Table 2) and found several differences 12 years after onset when patients are treated using con-
in patient background characteristics, such as female  ventional DMARD therapy (23, 24], these data imply that
dominance (91 vs. 78%), a shorter disease duration (7.94  the patients enrolled in the RECONFIRM-2J study, who
vs. 10.84 years), earlier stage RA (% of patients with a  had a relatively short disease duration, likely exhibited a
disease duration of less than 3 years: 34.3 vs. 134%), more rapid disease progression than those in the
and a lower dose of MTX (8.27 vs. 16,19 mg/week). Since  ATTRACT study. Nevertheless, we should seriously con-
joint destruction progresses rapidly during the initial  sider the possibility that Japanese RA patients may exhibit
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Table 2 Chnical and radiographical characteristics in RECON-
FIRM-2J and ATTRACT

Clinical and radiographical
characteristics

RECONFIRM  ATTRACT.
-2 3 mg/kg/8 weeks
group
Age 51 54
Female (%) a1 81
Duration (year) ] 10
Early RA patients (<3y, %) M43 134
Patients with RF (%) 24 84
Average dose of MTX (mg/ 8 16
week)
Patients with PSL. (%) 76 63
Mean TSS at baseline/full score  104/448 T79/440
Full scale (%) 23.21 17.95
Mean estimated yearly 21.3/448 7.9/440
progression/full scale
Full scale (%) 4.76 1.80
Patients with improve (%) 7 ek
Patients with a aggravation (%) 1.5 8.0
Change in TSS duning 54 week —0.03 1.3

rapid X-ray progression. In the Japanese SAMURAI study,
which compared the efficacy of tocilizumab—a humanized
anti-IL-6 receptor mAb—and MTX for inhibiting the
progression of joint destruction [25], the mean TSS of the
306 patients at baseline was 29.4; this figure was extremely
high despite the mean disease duration of 2,3 years, The
mean estimated yearly progression of TSS for the 306
Japanese RA patients recruited was 13.3, supporting the
above hypothesis. In this regard, the lower dose of MTX
may be responsible, in part, for the rapid progression of
joint destruction, in addition to possible genetic and envi-
ronmental factors unique to Japanese RA patients.

No significant relationships were noted between the total
modified vdH-Sharp score at baseline and most clinical
parameters, whereas the total modified vdH-Sharp score was
significantly correlated with the disease duration (r = 0.62,
P < 0.001), as confirmed using a multivariate analysis. This
conclusion is consistent with the results of a long list of
previous reports. Although whether the rate of progression
decreases as the disease duration increases continues to be
discussed, joint destruction certainly progresses rapidly
during the first 1-2 years after disease onset [23, 24]. Our
results support the hypothesis that patients with a shorter
duration exhibit a higher estimated yearly progression,
although this result might reflect our method of calculating
progression using the score divided by disease duration since
diagnosis of RA, but not initial manifestation [3].
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Obviously, structural damage occurs rapidly durning the
early stage of the disease in caucasian RA patients. and this
is also true in Japanese RA patients. The mean estimated
yearly progression in patients with early disease was41.11;
this rate was faster than that reported in the PREMIER
study. which had the most aggressive structural damage
reported so far [26]. In addition, the mean estimated yearly
progression in the moderate and advanced RA groups
showed similar aggressive features of structural damage mn
Japanese RA patients, confirming previous results [17].

While we found no unique characteristics among
patients with early RA, higher disease activity in patients
with moderate RA and a lower doses of MTX in those with
advanced RA were correlated with more rapid progression
of joint destruction. These results may suggest that patients
with distinct disease durations may have different disease
features regarding the progression of structural damage. To
lessen joint destruction, it is important to realize that inf-
liximah therapy should be started much earlier, before
disease activity reaches a high level at which the induction
of remission in early RA becomes unlikely. In addition,
tight control over disease activity in patients with moderate
RA and MTX dose escalation in patients with advanced
RA should be senously considered before starting inflix-
imab therapy.

Compared with the X-ray data at 0 weeks, the effect of
infliximab on joint destruction was remarkable in Japanese
patients with RA. The change in the total modified vdH-
Sharp score was —0.03 out of a full-scale score in the
present study. whereas that in the ATTRACT study was 1.3
out of a4 440 full-scale score for the arm receiving 3 mg/kg
of infliximab every eight weeks. Although 38% of the
patients in the present study showed some improvement
(whereas 44% of the patients in the 3-mg/kg every
eight weeks arm of the ATTRACT study showed
improvement), the percentage of patients with major pro-
gression was lower in the present study than in the
ATTRACT study (1.5 vs. 5.5%). The average reduction
from the total score at baseline at 54 weeks after the start
of infliximab therapy was 101.14% in the present study.
whereas that in the 3-mg/kg every eight weeks arm of the
ATTRACT study was 98.35%. indicating a similarly
remarkable effect on the suppression of structural damage
progression.

Taken together, the present RECONFIRM-2J study
demonstrated that joint destruction before the start of inf-
liximab therapy was considerably rapid in Japanese RA
patients and confirmed the significant ability of infliximab
to halt joint destruction. By analyzing the factors related 10
joint destruction. we found a significant correlation
between disease duration and the TSS at baseline before
the start of infliximab therapy. In patients with advanced
RA, TSS was negatively correlated with the MTX dose at
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0 weeks, while it was significantly correlated with the
DAS28 a0 weeks. However, none of the factors were
correlated with joint destruction at 54 weeks after the start
of infliximab therapy, suggesting that infliximab remark-
ably suppressed the progression of structural damage in the
vast majority of the patients. irrespective of the clinical
characteristics of the patients.
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Abstract

During T cell activation, TCRs cluster at the center of the T cell-antigen-presenting cell interface
forming the central supramolecular activation cluster. Although it has been suggested that
sphingolipid- and cholesterol-rich microdomains, termed lipid rafts, form platforms for the regulation
and transduction of TCR signals, an actual role for membrane sphingomyelin (SM), a key component
of lipid rafts, has not been reported. After cloning a gene responsible for SM synthesis,
sphingomyelin synthase (SMS) 1, we established a SM-knockdown cell line (Jurkat-SMS1/kd) by
transfection of SMS1-shorl-interfering RNA into Jurkat T cells, which is deficient in membrane
expression of SM. Upon CD3 stimulation, expression of CDES (the earliest leukocyte activation
antigen), activation-induced cell adhesion and proliferation as well as TCR clustering was severely
impaired In Jurkat-SMS1/kd cells. CD3-induced tyrosine phosphorylation and association of linker for
activation of T cell with ZAP-70 and Grb2 and phosphorylation of protein kinase C (PKC) 0 were also
severely impaired in Jurkat-SMS1/kd cells. Finally, translocation of TCR, ZAP-70 and PKC0 into lipid
rafts was markedly decreased in Jurkat-SMS1/kd cells. These findings indicate that membrane SM is
crucial for TCR signal transduction, leading to full T cell activation through lipid raft function.

Introduction

Sphingalipid- and cholesterol-rich microdomains, termed it appears that the immunalogical synapse could be de-
lipid rafts, play a key role in protein sorting (1). They have scribed as a merger of lipid rafts (5. 6)

bean implicated in the cytoskeletal re-organization that forms The stimulation on TCR and CD3 complexes induces a se-
platform immunological synapses at the cell membrane. rigs of signal transduction events leading to activation of cyto-

which are involved in signal transduction, for example of solic protein tyrosine kinases (PTKs) such as lck and ZAP-70
signals originating through the TCR (2-4) Since the lipid Activatad ZAP-70 phosphorylates the transmembrane adap-

raft-resident molecules such as src lamily kinases and gan- tor protein linker for activation of T calls (LATS) LAT consists
glioside GM1 relocalize toward the immunological synapse of primanly cytoplasmic region with two cysteine residues
Correspondence lo H Umehara, E-mall umehara@kanazawa-med 8o p Aeceved 28 June 2008, accepled 11 Augus! 2008
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just below the transmembrane region and is targeted to lipid
rafts by palmitoylation of cysteines (7). Tyrosine phosphary-
lated LAT wa phosphotyrosine-based docking matifs,
recruits SH2 domain-containing signaling proteins. including
SLP-76, phospholipase Cy (PLCy), phosphatidylinositol 3 ki-
nase (P13K) and Grb2 etc.. and allows subsequent extansion
of the: signaling scatfold (8)

Anaother important pathway for T cell activation different from
tyrosing kinase cascade s the signal scaffolding of CARMA1
(caspase recruitment domain, CARD. membrane-associated
quanylate kinase, MAGUK, protein 1) and translocation of pro-
tein kinase C (PKC) # into lipid rafts. Among the PKC Isoforms.
PKCH. a Ca”*-independent PKC isolorm, is a critical compo-
nent for TCR-induced NF-x2 activation, because mice del-
cient tor PKCH show Impaired activation of NF-xB (9), and
PKCO 1s selectively expressed in T cells and translocates to
lipid rafts dunng antigen-receptor triggenng (10). Taken to-
gether, these data support an important role for lipid rafts In
TCR-mediated protein sorting and signal transduction

in addition to these biochemical events. lipid rafts are im-
plicated in the formation ol the immunological synapse.
where spatial organization and compartmentalization of
membrane-associated proteins such as the TCR-CD3 com-
plex, PTKs and adaptor molecules occur (8. 11). Immuno-
logical synapse formation with the central supramalecular
activation cluster (GSMAC) depends on TCR-mediated sig-
naling that induces the re-organization of the cytoskeletan
and cell surface receptors, and the immunological synapse
mediates effector functions. However, recent imaging analy-
sas such as single-particie tracking, Hluorescence resonance
energy transter (FRET) microscopy, FRET microscopy with
fiucrescance recovery after photobleaching and tota! intarna!
reflection luorescance microscopy raveal that TCR micro-
clusters form prior 10 Immunological synapses, are the site
for antigen recognition and T cell activation and are continu-
ously generated at the periphery of immunological synapses
but are not accompanied by lipid raft clustering (12-14)
Thus, the functional roles of the immunological synapses
and lipid rafts for the spatia-temporal organization of the en-
zymatic events during signaling are controversial.

Lipid rafts have been detected using chalera toxin B (CTx)
which binds to ganglioside GM1 co-localized in rafts, and
the role of rafts has been evaluated by disruption of rafts us-
ing the cholesterol-chelating reagent. methyl-p-cyclodextrin
(MACD). However, there has been no direct evidence that
membrane sphingamyelin (SM) is involved in raft tunctions
and TCR-mediated signal transduction due to the lack of
molecular cloning of the sphingomyelin synthase (SMS)
gene and of a specific probe to membrane SM. Pravicusly,
we and others have succeeded in cloning the human cDNA
for SMS1 (15, 16). Using SM synthesis-defizient cells and
cells in which function has been restored by transfection
with SMS1 gene. we have reported that membrane SM plays
a key role in Fas-mediated apoptosis through its involverment
in the sfiiciant clustering of Fas and lpid ralts (17).

We herain report the establishment of a membrane SM-
deficient cell line (Jurkat-SMS1/kd) by transfestion of SME1-
short-interfering RNA (siBNA) into Jurkat T cells, and provide
data demonstrating the role of membrane SM on T cell func-
tions and CD3-activated signal pathways
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Methods

Antibodies and reagents

The human CD3e-specfic mAp, OKT3 (i1gGa,), was pur
chased from Biodesign International a custom ascites The
antinodies to ant-PKCH. anti-Grb2, anti-LAT, anti-ick, ant-
TCRP and FITC-conjugated goat ant-rabbit IgG2a were pur-
chased from Santa Cruz Biotechnology. Anti-phospho-PKCH
(Thr538) was purchased from Cell Signaling Technology
(Beverly, MA. USA). Anti-TCRBF1 antibody was purchased
from PIERCE ENDOGEN a Perbio Science (Rockiord, IL
USA), anti-ZAP-70 and anti-phosphotyrosing (4G10) anti-
body were purchased from Upstate Cell Signaling (Lake
Placid, NY, USA). Rabbit ant-MBP anti-serum was pur-
chased from New England BioLabs (Beverly. MA. USA) PE-
conjugated anti-human CD2, CD3, CD4, CDE9, CDS5 and
anti-human TCRaf antibody were purchased from BD
Bioscience (San Jose. CA. USA) Lysenin, goat ant-mouse
IgG, FITC-conjugated CTx, HRP-conjugated CTx, PE-
conjugated rabbit anti-mouse 19G, FITC-conjugated anti-
rabbit IgG were purchased from Sigma-Aldrich (St Louls,
MO, USA) The cell wability assay kit (WST-8) was purchased
from Wake Co. Ltd (Kyato. Japan) L-[U-"*C] serine was pur-
chased from Amersham Biosciences (Piscataway, NJ.
USA). The ECL immunodetection system, HRP-conjugated
goat anti-mouse and anti-rabbit IgG mAb were obtained
from Amarsham International (Amersham. Bucks, UK)

Construction of human SMS1-siRNA vector

The sequences of siRNA for human SMS1 genes and the con-
trol (scrambled sequence (SCR)) were designed by siRNA
Design Support System (Takara Bio, Shiga, Japan). The
sequances are as follows: SMS1, GCCCAACTGCGAAGAA-
TAA (seq. #6) and SCR. ATTGAAAAAGACACGCGCC (tem-
porally designated SMS negative) Based on these
sequances, 'top (T)' and 'bottom (B)' pairs of oligonuclectides
were synthesized as follows: SMST-RNAIG-T (for SMST)
GATCCGCCCAACTGCGAAGAATAATTCAAGAGATTATTCTTC-
GCAGTTGGGCTTTTTTAT, SMS1-RNAI6-B (for SMST1), CGAT-
AAAAAAGCCCAACTGCGAAGAATAATCTCTTGAATTATTCTT
CGCAGTTGGGCG, SMSneg-RNART (for SCR), GATCCATT
GAAAAAGACACGCGCCTTCAAGAGAGGCGCGTGTCTTTTT
CAATTTTTTTAT and SMSneg-RNAI-B (for SCR), CGATA-
AAAAAATTGAAAAAGACACGCGCCTCTCTTGAAGGCGCGT
GTCTTTTTCAATG. The ‘T and 'B' pairs of oligonuclectides
were annealed and ligated into BarH| and Clal sites ol
pSINsi-hUG (Takara Bio) according to the manulacturers in-
struction. The ligation was confirmed by digestion with BamH
and Binl (perdormed 40127-40129 and 40330 for SMS and
SCR. respectvely). The resultant vectors were designated
pSINsi-SMST and SCR, respectively, and transfected into
Jurkat T cells via retroviral particles

Cell transtection and establishment of SM-knockdown Jurkat
Tcells

Praduction ol the retrovirus carrying the SMS7-siRNA and
SCH-siRNA as well as infection by the recombinant viruses
were performed as praviously reported (18). Cells were se-
lected with 1-3 mg mi~* G418 lor several weeks and then



separaled into single cells by limiting dilution. The isolated
clones showing the mast suppression of SMST level (Jurkat-
SMS1/kd) and control (Jurkat-SM+) were chosen for further
experiments

Measurement of the SMS1-expression level by real-time PCR

Total ANA was isolated from Jurkat-SM+ and Jurkat-SMS1/kd
cells using QIAGEN RNeasy kit (QIAGEN. MD, USA) and the
sDNA was syrthesized using first-strand cDNA synthesis Kit
(Life Sciences), Open reading lrame sequences of SMS
cONA, were amplified using Pyrobest DNA polymarase
(Takara Bio) and primers SMS1-F4 (TGTCCTGCCAAGAGA-
GAGC) and SMS1-R1 (TGGAGTTCTTAGCACTTICGG) for
SMST (PCR performed: 40311), SMS2-F5 (ACAAGAACTT-
GACCATCTCC) and SMS2R4 (TTGCTCCTCAGGTC-
GATTIC) for SM52 (PCR performed. 40122) and SMS3-F2
(AGCTGAGGCTGAGGAGAG) and SM53-R4 (CATCCAATTA.
GTCTTTTCATTATTG) for SMSr (PCR perormed: 40122). As
a caontral, human glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH} mRNA was analyzed using primers GAPDH-
F (CAACGGATTTGGTCGTATT. upstream) and GAPDH-R
(CACAGTCTTCTGGGTGGC, downstream). In 2 pl of the
synthesized DNA, 2 premix (10 i), up- and downstream pri-
mers of GAPDH (1 wl of each) were added sequentially, with
the total volume adjusted to 20 pl with tnple distiled water
The mixture was loaded in a 7500 real-time PCR system (Ap-
plied Biosystern) and pre-denaturation at 94°C for 5 min, 35
cycles of denaturation at 94°C for 30 s, annealing at 55°C
for 30 s and extension at 72°C for 30 s were carried out, fol-
Iowed by a final extension at 72°C tor 7 min. The PCR (real-
time form) production of the DNA copy base pairs was
computed by Avogadro's number system

FACS analyses

To detect SM locelized at the outer fealiel of the plasma
membrane, cells wera staned on ice for 30 min with non-
toxic lysenin fused to maltose-binding protein (MBP-lysernin)
(19), followed with rabbit anti-MBP anti-serum (New England
BioLabs) and FITC-conjugated anti-rabbit IgG (Sigma-
Aldrich) and analyzed with a FACS Calibur (Becton Dickinson.
Mountain View, CA, USA), Surlace expressions of ganglioside
GM1 and cholesteral were analyzed using FITC-conjugated
CTx (Sigma-Aldrich) and a fluorescain ester of poly(eshylene-
glycol)-dervatized cholesterol ether (IPEG-Chol) (20). respec-
tivaly Data were analyzed using Cell Quest software (Becton
Dickinson)

Confocal microscopy
For visualizaton of SM iocalized at the outer leaflet of
plasma membrane, cells were allowed to settle onto slides
coated with poly-i-lysine, fixed in 4% formaldehyde, stained
with lysenin-MBP at 4*C for 20 min, foliowed with anti-MBP
mAb and FITC-conjugated anti-mouse IgG mAb. Cells were
also sjained with PE-conjugated anti-human afTCR antibody
or FITC-conjugated CTx subunit. Fluorescence was detected
with a conlocal microscope (Zeiss LSM-5 Pascal laser scan,
Carl Zeiss, Oberkochen, Germany) equipped (21)

To assess the co-localization of TCR, SM and ganglioside
GM1, cells were stained with 5 ug mi~ 7 of anti-CD3 antibody
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[OKT3E) at 4°C for 15 min. After washing, cells were warmed
up 1o 37°C in a water bath and cross-linked with 10 pg ml™"
of antbmouse (a6 antibody for 5 min. Calls wera fixed with
4% paraformaldehyde for 20 min at 22 “C and mounted n
FITC-conjugated secondary antibody Large clusters of TCR
weare definea as cells in which the fluorescence cordenses
onte >25% of the csll suriace, whereas fuorescerce was
homogenously distributed on the membrane of non-stimulated
celis. Ineach expenment, a binded observer counted 150-200
cails and i second indapandent observar confinned the count

Cell adhesion and migralion assays

Adhesion and migration assays with Jurkat-SMS1kd and
Jurkat-SM+  cells  were performed  using  calcein-
acatoxymathyl estar labeling ol cells described as previously
(22} Adhesicn ussays were performed in fat-boltomed
S6.well plates (Costar, Cambrdge MA, USA) pre-coated
with 0.3 pg per well fibronectin (FN) and blockad with PES
supplemented with 2 5% BSA (23) Cells were re-suspended
n PBS supplemented with 0.5% human serum albumin
(PBS/HSA) at 16 x 10° calls mi~ " after Ficoll separation
For CD3 stimulation, cells were pre-incubated on ice lor 30
min with OKT3 mAb and then washed twice with PBS/HSA.
Alfter washing, 80 000 cells per well were added to the ap-
propriate wells. The tollowing stimulating agents were added
to the wells belore the addition ol cells. 10 ng mi~" phorbol
myristate acetate (PMA) or 1 pg mi~" of goat anti-mouse 1gG
(for CD3 stimulation) Cells wore incubated at 4°C for 1 h
piales were floated s & 37°C waler bath for the indicated
time:s ang non-adherent cells were removed by washing and
fhuorescence was measured as desonbaed previously (24)

Migration assays were performed In transwell chambers
with 3-mm polycarbonate membrane (Corning Incorporated)
pre-coated with 100 pg mi~" FN or inter cellular adhesion
mclecuies-1 {ICAM-1) on both sides of tha fiter, Hurnan stro-
mal cell-derived factor 1a (CXCL12) was diluted to appropri-
ate concentrations in medium and added to the lower
chamber of the transwell chambers The cells were allowed
to migrate for 4 h at 37°C in 5% CO. Each sampie was
assayed intriplicate. and migrated sells were counted In five
randomly selected high-power fields (x400) per well
Resulls were expressed as mean = S0 per mm’ from one
representative expenment

Cell labeling, lipid separation and ceramide measurement

For detection of SM synthesis, cells were re-seeded &t 5 X
10° celis ml ' in the RPMI-1640 medium with 2% FBS and
L-["C] serine (specific acivity, 155 mCl mmol™") and incu-
bated at 37°C n 5% CO; for 36 h. The cell lipids were
extracted, applied to silica gel thin-layer chromatography
(TLC) plates (Whatman, Maidstone, UK) and developed as
described previously (25) Radioactivity within spots of
ceramide-1-phosphate was estimated with a BASE |Il image
analyzer systen (Fuji Photo Fim, Kanagawa, Japan)
and expressed as photo-stimulated luminescence arbitrary
units (26)

HPLC/mass speciromelric analysis

To assess the amounts and molecular species compositions
of SM in the SMS1-deficient cells, we used normal-phase
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HPLC/ion-trap mass spectrometry (27. 28) Lipid extracts
were prepared from cell pellets supplemented with appropri-
ate amounts of mynsoyl ceramide. lauroyl glucosylceramide,
lauroyl lactosylceramide and lauroyl SM as internal stand-
ards, evaporated under N, and dissolved in hexane/
2-propanol (3:2). To remove the majority ol ester-containing
lipids, an ahguot was hydrolyzed at a mild alkaline pH and
60°C for 60 min, extracted by the Bligh and Dyer method,
evaporated and finally dissolved in the previcus solvent An
aliquot (1-2 ul) of the extracts was directly subjected
to HPLC/mass spectrometry. Sphingolipids were separated
into their classes and subclasses in the order from lower 10
higher polarity on a trap and separation silica columns con-
nected in series (Fortispack of 1-20 mm and 1-100 mm,
OmniSeparc-TJ, inc, Hyogo, Japan). Effiuents ware mon:
tored with an LCQdeca-XP mass spectrometer interfacing
with an XYZ stage equipped with g fluorcpolymar-coated
electrospray tip, FortisTip (OmniSeparc-TJ, Inc.) of 150 pm
in outer diameter/20 pm in inner diameter. Sphingolipids
were identhied with the mass-to-charge ratio (m/z) values
and cate-gapendent, first or second.-stage tandem mass
spectrometry (MS/MS ar MS?) and quanitified based on com-
parison of peak areas on chromatograms of target and inter-
nal standard ions of the same class Peak area values were
corrected lor the contributions of natural abundance “'C
isotope. .e. the difference between the carbon numbers of
a target and an internal standard molecule and the overlap-
ping of ions with 2 "C Isotopes replaced in molecular ions
with 2-amu lower mass {29)
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Immunoprecipitation, western blotting and immunoblotting

Cells were solubilized with lysis buffer containing 50 mM
Tris-HCI, pH 7.6, 1% Brij 97. 300 mM NaCl, 5 mM EDTA,
10 pg ml~" leupeptin, 10 pg mi~" aprotinin, 1 mM phenyime-
thyisutforyl fluoride {(PMSF) ang 1 mM sodium orthovanadate
with gentle rocking for 30 min at 4°C. Immunoprecipitated
proteins were fractionated by SDS-PAGE (8-12% polyacryl-
amide gels), electrophoretically transferred to membranes
and blotted with antibodies as indicated Peroxidase-
conjugated secondary antibodies (Amersham) were used at
a 11000 dilution and immunoreactive bands were visualized
using ECL (Amersham) (26). Densitometry ol the protein
hands was performed using NIH image software (30), Quan-
titation of bands was corrected to the density of ganglioside
GM?1 and depicted as arbitrary units

Isalation of a raft fraction in equilibrium density gradients

Raft fractions from 25 x 10" cells were prepared as de-
seribed by Radgers and Rose with minor mogdfications (21).
In brief. 2.5 x 10° cells were lysed with 0.8 ml MS-buffered
saline (MBS, 25 mM MES, pH 65, and 150 mM NaCl) con-
taining 1% Triton X-100, 10 g mi~" leupeptin, 10 pg mi~
apratinin, 1 mM PMSF, 1 mM sodium orthovanadate and
5 mM EDTA. The lysate was homogenized with 10 strokes
ol a Dounce homogenizer (IWAKI Glass Co.), gently mixed
with an equal volume of 80% sucrose (witfvol) in MBS and
placed in the bottom of a 14 % 89 mm clear centrifuge tube
(model 344096, Beckman Coulter) The sample was then
overlaid with 52 ml of 30% sucrose and 28 ml of 5%
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sucrose in MBS and centrifuged at 41 000 rp.m. (rotar modea!
SWA41Ti; Beckman Coulter, Palo Alto, CA, USA) at 4°C for
21 h After centrifugation. twelve 0 8-ml fractions (excluding
the peliet) were collected from the top of the gradient To ex-
aming the presence of cell surface and intracellular proteins
In the density gradient fractions. 20 pl of each fraction was
separated by SDS-{10-12%) PAGE and transferred to immo-
silen polyvinylidena difuonde membranes (Mifipoa, Bedlore,
MA, USA) for standard western blot analysis.

Assay for SMS actvity

SMS1 activity assays were performed as descnbed previously
{15). Briefly, cells were homogenzed in an ice-cold buffer
containing 20 mM Tris-HCI. pH 74, 2 mM EDTA, 10 mM
EGTA, 1 mM PMSF and 2.5 pg ml ' leupeptin. The lysates
containing 500 pg of cell protein were added to a reaction
solution containing 10 mM Tris-HCI, pH 7.5, 1 mM EDTA, 20 uM
C6-NBD-ceramide. 120 uM phosphatidyl choline and Incu-
bated at 37°C for 30 min The lipids were extracted by the
method of Bligh and Dyer, applied on the TLC plates and
developed with solvent containing chloroform/methanol/12
mM MgClz in HO (85:25:4) (31} The fluctascent lipids wares
visualized with a Fluorolmager S systern (Amersham Bio-
sciences) The radicactive spots were visualzed using the
BAS 2000 systemn

Resuits

Establishment of mambrane SM-knockdown cells
(Jurkat-SMS1/kd)
After cloning the human cDNA-encoding SMST (1b), we
established membrane SM-knockdown cell lines (Jurkat-
SMS1/kd) and control cell lines (Jurkat-SM+) by transfection
of Jurkal cells with SMS1- or control siRNAs followed by
selection with geneticin and limiting dilution

To examine the expression levels of SMST gene in Jurkat-
SMS1/kd and Jurkat-SM+ cells, we isolated total RNA from
each cell line, and sensefanti-sense oligonucieotides for
SMS1. SMS2, SMSr and GAPDH cDNAs were utilized to per-
form RT-PCR and real-tims PCR Results revealed that SMST
was a major SMS gene in Jurkat cells and that SMS1 gene
copy number was decreased in the Jurkat-SM51/kd cells to
~60% ol Jurkat-SM+ cells (Fig. 14). To detect SMS1 enzyme
activity, lipids were extracted from each cell lysates. and
ceramide mass measurement was perlormed by diacylgly-
cerol kinase assay (25) The enzyme activity in Jurkal-SMS1/
kd cells was decreased to ~60% of that in Jurkat-SM+ cells
(Fig 1B) We next examined the overall lipid composition of
Jurkat-SMS1/kd and Jurkat-SM+ cells using HPLC and mass
spectrometric analysis. Jurkat-SMS1/kd cells displayed only
a minor (up to 23%) reduction in SM levels compared with
Jurkat-SM+ cells, namely 2.8 versus 36 nmal mg™' protein
{Fig. 1C). Jurkat cells contain limited numbers of SM molecu-
lar spacies, such as C160, C16:1, C22.0, C24:0 and C24.1,
where the symbols indicate the carbon number followed by
a colon and the number of double bonds in the acyl group
SMS1 deficiency in Jurkat cefls did not change the molecuiar
species distribution in SM so much (Fig. 1C).

Lysenin is a SM-diractad cytolysin purified from the earth-
worm, which specificaity hinds to membrane SM and
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Fig. 1. SM-knockdown cells. (A) The SMS1 gene expression Expression levels of SMS genes were examned by RT-PCR and real-time PCR in
Jurkal-SMe and Jurkal-SMS1/kd cells. Each copy number was correcled (o those of GAPDH Resulls are representative of three expenments. (B)
SMS1 enzyme activity 'n Jurkal-SM+ and Jurkal-SMS31/kd cells. Lipds were extracled from each cel lysate and ceramice mass measurement
was performea by the diacylglycerol kinase assay. Resulls am representalive ol Ihime experments (C) Amounis of SM . Cell lipia exiracls were
preparad ana subjeciea (o iiaud chromatography and elecirospray lonization tandem MS as aescrbaed unoer Methoas. SM+, Jurkal-SM+ cells
SMka, Jurkat-5MS1/kd celis. (D) Mictoscopy of cells exposed lo lysenin. Jurkal- SM+cells (a ana c) ano Jurkal-SMS1/ka cells were lrealed in the
presence (¢ and o) or absence (a ang b) ol 100 ng mi ~ of lysenin at 37 © C for 1 h and slaned wih 1% trypan biue, (E) Sensitvity agans!
ysenin-mediatea cell lysis. Celis were irealea with the indicaled concentralion of lysenin at 37 ° C lor 1 h, then stanea Pl (propioum ooloe) ano
analyzed by FACS scan SM+, Jurkat-SM+ calls, SMka, Jurkal-SMS1/ka cells. Data are representative ol threa independent expermanis. (F)
Analysis of membrane SM expression by confocal microscopy. Cells were stanad with lysenn-MBP andg FITC-conjugatea anti-mouse InG mAb,
PE-conjugalea anti-TCR mAb or FITC-comugalen CTx . DIC, aillerential niererence conirast. GM1, gangiioside GM1. (G) FACS anayws of
membitane SM . To cetect membrane SM, celis were stainet with lysenn-MBP ang FITC-conugaten ant-mouse |gG mAb. Surlate expressons
ol gang'ioside GM1 and cholestero! were analyzed using FITC-conjugated CTx ana IPEG-Cho!, respectively. Surlace markers were analyzed wilh
PE-conjugaled anti-TCR, CD3, CO95 and CD2mAbs. SM+. Jurkal-SM+ cel's, SMid, Jurkal-SMS1ko cels Dala are representative of mone than
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induces pore formation in the plasma membrane and subse-
quent cell death (32, 33). We next examined the sensitivity
to lysenin of Jurkat-SMS1/kd and Jurkat-SM+ cells (Fig. 10)
Cells were treated with 0, 50, 100 and 200 ng mi~" of cyto-
toxic lysenin in the presence of 20 pg mi ' of propidium io-
dide at room temperature for 15 min, and cell viability was
analyzed with FACS. The resulls showed that Jurkat-SM+
cells undarwent cell death after lysenin treatment in a dose-
dependent manner with ~100% call death at 100 ng mi~’
of lysanin, while Jurkat-SMS1/kd cells showed strong resis-
tance (Fig. 1E)

Kiyokawa et al (34) produced non-toxic lysenin by delet-
ing MN-terminal amino acids, which spacifically binds o SM
without inducthion of cell death. Using the mutant lysenin con-
jugated with MBP-lysenin, we examined the expression of
membrane SM as well as expression of TCR on Jurkat
SMS1/kd and Jurkat-SM+ cells by confocal microscopy Ex-
pression of TCR and ganglioside GM1, which is detected
by CTx subunit and considered as a marker of lipid ralts,
was detected equivalently on both cells. However, mem-
brane SM was detected only on the surface of Jurkat-SM+

90

cells, but not on Jurkat-SMS1/kd cells (Fig, 1F) Next, we ex-
amined the expression ol surface receptors and other mem-
brane components such as CO3, CD95/Fas. CD2, upTCR
ganglioside GM1 as well as membrane SM by FACS analy
56, Mambrane cholesterol partition was analyzes using 1luo
rescein ester ol tPEG-Chol as a probe (20) All markers
except membrane SM woro expressed at similar levels on
both Jurkat-SMS1/kd and Jurkat-SM+ cells (Fig. 1G)

Role of membrane SM in clustering of TCR and lipid rafts

T cell stimulation induces formation of a large, muiticompo-
nent complex at the site of contact hetween T cells and anti-
gen-presenting cell, termed the supramolecular activation
complex or the immunalogical synapse (11, 35). This con-
tact area of the T cell s highly enniched in lipid rafts or
microdomains (5. 36). We examined the TCR clustering and
co-localization with lipid rafts in Jurkat-SMS1/kd and Jurkat-
SM+ calls using confocal microscopy. Full clustering of TCR
and colocalization with TCR/lipid rafts were observed in
Jurkat-SM+ cells after CD3 achvaton, but clustenng in
Jurkat-SMS1/kd cells was impaired (Fig 2A) or diminished
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Fig. 2. Role of membrane SM in clustaring of TCR and ppd ralts. (A)
Confocal microscopy of membrane components aftes COD3 stimuia-
lon Cells ware stimulated with 5.0 pgmi ' of CD3 mAD lor 5 min ang
tieest with 1% paraformaldohyde for 10 min ang tixea ocls wees
ncuhated with FITC-abe'ed C1x (GM1), PE-conjugaten anti-TCR ang
ysenin-MBP with FITC ad ani-MBP (SM), (B) Conloca
rr' C'l'(".;(‘ﬂl)) ol TCR clus ; were stimulaled with 5.0 pg mi —
f CD3 colls wore | 7 FITC
comugated ant-1CR. (C) Time knnu siudy ol TCA cluslenng. Celis
wore stimutated with 5.0 ug mi " of C03 mAb for the nd caled lim
ed ceils ware incubaieu with FIT
chash of TOR wore defineg ¢
NEENSEs oMo > of the ct
homagenousty tistrbuled on the mﬂmhrano al non-stimulaled cells
These dala are representative ol three Independent experiments

ne

in siza aven though TCR were clustered (Fig 2B) A time
course study showed that TCR/ralts clustering in Jurkat-
SM+ cells ware 62 and 90% for 5 and 15 min, respectively,
and that those in Jurkat-SMS 1/kd cells were 15 and 30%, re-
spectively (Fig 2C) Thesa results indicate that TCR/ralts
clustering was severaly impaired in Jurkal-SMS1/kd cells
compared with Jurkat-SM+ cells

Roles of membrane SM in CD3-mediated T cell activation

To address our hypothesis that membrane SM has a rola in
T cell activation. cells were stimulated with 1 pg mi " of ani-
CD3 mab (OKT3) for 6. 24, 48, 60 and 72 h, and cellular
exprossion of CD69, the earliest leukocyte achivation marker
(37), was analyzed by FACS CD69 expression on Jurkal-
SMS1/kd cells was markedly decreased over the hima
course of the assay compared with that on Jurkat-SM+ cells
(Fig. 3A) We also examined the effect of PMA, a direct
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Fig. 3. Roles of membrana SM on CD3 fialed Toall activalic
Time kinetics al COEY exprossion alfter CO3 stimuiation (“ Were
slimulated with 1 ug ml ' of anti-CD3 mab (OKT3) for Ihe ndicaled
I'me; and expresson ol CDBD was amayzed by FACS. (B) Ellec! ol
PMA on CDE9 expresson. Celis were alimulated with 1 g mi "ol
OKT3mAb of 2 ngm ol PMA for 24 h and then expression ol CO89
was gssessed using FACS scan. (C) Call adhesion o FN . Cells were
aheled with calcan-acetoxymathy Alter CD3 actvabon or PMA
dlaticn, aohasion assays wo et 10 Hat-pottomad 96-wedl
piates pre-coated with 0.3 pg per wel of FN . Data are expressed as
°r of lotal appled cells. (D) Cell mgration fo CXCL12 Migralon
() oy ANSw rh.:rr.hurt pre-c

seq dk mean mm®  frcam rrrk- e
axpenmeant Results are representative of Three inoeps
maents for (A), (B) and (C), respectively SMe, Jurkal-SMe ¢
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il expern-
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PKC activator, on expression of CD89 in Jurkat-SMS1/kd
and Jurkat-SM+ cells. Although CD69 expression induced
by CD3 cross-linking was markedly decreased In Jurkat-
SMS1/kd cells, similar levels of CDG9 were induced by PMA
on both cell types (Fig 3B) Thase results suggest that
membrane SM is Involved in TCRICD3-mediated CD69
EXpression

Activation of T cells through the CD3-TCR complex o
phorbal esters results 1n a rapid increase of cell adhesion
through integnn receptor activaton (24, 38) Therelore we
examined adhesion of Jurkat-SMS1/kd and Jurkat-SM+ calls
to FN after CD3/TCR activation or PMA stimulation
shown in Fig. 3(C). CD3 cross-linking as well as PMA stimu-
lation dramatically enhanced adhesion of Jurkat-5M+ cells
to FN compared with only a marginal increase in Jurkat-SMS51/kd
cells. We also examined migration of Jurkat-SMS1kd and
Jurkat-SM+ cells in response to stromal cell-derived factor
1a (CXCL12) using transwell chambers pre-coated with
FN or ICAM-1 In contrast to cell adhesion. migration of

As



both cells was equally enhanced in response to CXCL12
(Fig 3D) These results indicate that TCR-Independent func-
tions of Jurkat-SMS1/kd cells are normal

Role of membrane SM in TCR-mediated signal fransduction

Lipnd ratt-associated adaptar protein, LAT, s an anchor mol-
ecule for TCH signals, via phosphotyrosine-based docking
matifs (B) We examined tyrosine phosphorylation of LAT
and ZAP-70 lollowing CD3/TCR stimulation of Jurkal-SM+
and Jurkat-SMS1/kd cells. As shown in Fig. 4. CD3 stimula-
tion induced marked tyrosine phosphorylaiion of LAT
(Fig 4A) and ZAP-70 (Fig. 48) in Jurkat-SM+ cells. while phos-
phorylation was severely impaired in Jurkat-SMS1kd cells

LAT contains multiple tyrosine-based motifs which are
phosphorylated by ZAP-70 or Syk and initates assembly
with SH2 domain-containing signaling protens such as
PI3K, PLCy1 and Grh2, allowing extension of tha signaling
scaffold (39-42). Immunobiotting analysis revealed that the
72 and 25 kDa proteins were ZAP-70 and Grb2, respec-
tively Association of LAT with ZAP-70 and Grb2 was se-
vergly decreased in Jurkat-SMS1/kd cells (Fig. 4C)

Since PKCH is the major isoform of PKC that locates into
the immunological synapse and mediates NF-xB activation
aftor CD3/CD28 stimulation (10, 43), we examined the phos-
pharylation of PKCH alter CD3 stimulation of Jurkat-SMS1/kd
and Jurkat-SM+ cells. Cells were stimulated with the indi-
cated concentration of CD3 mAb for 15 min (Fig. 4D) or
stimulated with 1.0 pg mi~" ol CD3 mAb for the indicated
time (Fig. 4E), After stimulation, cells were lysed, electro-
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phoresed and subjected o immunoblot with antibody 1o
PKCO and phospho-PKOR Stmulation of Jurkat-Sh+ cells
with CD3 mAb induced phosphorylation of PRCH, whoereas
Jurkat-SMS1/kd cells contamed no detectable phosphory-
lated PKCO (Fig. 4D and E).

Role of membrana SM in translocation of signaling molecules
and TCR inta hipid rafts

It is well known that TCR engagement induces the transioca-
tion of the TCR complex and multiple ather signaling mole-
cules such as ZAP-T0, Vav. SLP-76 PLCy1 and PKC6 nto
lipid rafts (4. 5, 44) Thereforn, we inveshgated whether the
distribution of signaling molecules and TCR in rafts are dil-
ferent in Jurkat-SMS1/kd compared with Jurkat-SM+ cells
following CD3 cross-linking Lipid rafts were isolated using
equilibrium sucrose density gradients as descrbed (17)
The position of the membrane rafts in the sucrose gradient
was determined by the prasence ol lck and LAT as well as
a well-establishad raft-associated marker. ganglioside GM1
As shown in Fig. 5(A). ick, LAT and ganglieside GM1 were
enriched in the upper part ol the sucrose gradient (fractions
4 and 5), indicating a separation of the: lipid rafts from the
Tritan X-100-soluble membrane. Although ZAP-70 and phos-
pho-PKCH wera detected in raft fractions of Jurkat-SMS1/kd
and Jurkat-SM+ cells prior to stimulation, a substantial acti-
vation-induced shift of ZAP-70 and PKCO into ralt fractions
was observed in Jurkat-SMe cells. In contrast, translocation
ol ZAP-70 and PKCH was severely impaired in Jurkat-SMS1/kd
cells (Fig. 5A) We examined the redistribution of TCR

Shika
) i+

Fig. 4. Rule of membrane SM on TCR-mediated signal ransoucton. Tyrosine phosphorylation of LAT (A) and ZAP-70(B), Jurkal-Sh+ and Jurkal-
SMS1/kd cells were stmulalea in the presence or absence of 2 pg m! ' of CD3 mAb for 5 mn. LAT and ZAP-70 were immunoprecipilaled and
subjected to SDS-PAGE and anti-phasphatyrosine immunoblotting. (C) Association ol LAT with ZAP-70 and Grb2 LAT was mmunoprecipilated
and subected 1o anti-phospholyrosing (p-Tyr), ant-ZAP-70. anli-Grb2 and ant-LAT immunobiolling. (D) Dose dependency of CD3 mAb on
phosphorylalion of PKCO. (E) Time cowrse of PRCU phosphorylalon Cells were siimuialed with the indicated concentraton of CD3 mab for 15 min
(D) or stmulated with 50 pg mi ~" of CD3 mAb lor the ingicaled me (E). Afler simulabon. ceds were lysed ana proleins were analyzeo by
immunobyoling with anliboay to PRCO and phospho-PKCO (p-PKCD) These oate ara regresentalive of maea than five indepandent exparimants fo
(A, (B) ang (C) ang Ihree ndependont expenmeants for (D) and (E), respestively. SMs, Jurkial SMe cals; SMkd, Jutkal-SMS1 ki cells
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unatimuiated (-) or were simulaled with anti-OKT3 mAb lor § min (+) ang Triton X lysales were subjected lo sucrose densily gradien!
frachionalion. Fractons were run on 15% SDS-PAGE ang immunablolted with anlibodies against ZAP-70, p-PKCD ano markers for the ralt
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aensilomelricaly using NIH image software and normalized 1o the amount of ganglioside GM1. Dala are average + S0 of three muependent

ayperiments angd exprassed as the arbitrary urls

ZAP-70 and phospho-PKCB in the ralt tractions (lractions
4 and 5) before and after CD3 stimulation several times and
compared their translocation in Jurkat-SMS1/kd and Jurkat-
SM+ cells (Fig. 5B) As shown in Fig. 5(C), we found that
ranslocation of these sigraling moecuies 15 signihicantly
Inhibited in Jurkat-SMS1/kd cells compared with Jurkat-SM+
cells after CD3 stimulation

Discussion

For full T cell activation, the lateral organization of mem-
brane-associated proteins such as the TCR-CD3 complex,
PTKs and adaptor molecules are required to sustain the activa-
tion signals (8. 11) |t has been suggested that sphingolipid-
and cholesterol-rich microdomains, lipid rafts, play a key
role in protein sorting. signal transduction and cytoskeletal or-
ganization to form platforms at the plasma membrane for
TCR signaling (1, 3, 5, 6). Raft functions have been analyzed
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by either disrupting rafts using the cholesterol-chelating
reagent, MBCD, or by disrupting the targeting of signaling pro-
teins to rafts To examing the role of major rafts componant,
SM, in T cell lunction, we established the membrane SM-
daticient call line, Jurkat-SMS1/ka, by trarstaction of SMST-
siANA into Jurkat T cells. SMS1 gene copy number and
SMS activity were decreased in the Jurkat-SMS1/kd cells o
~60% ol Jurkat-SM+ cells (Fig 1A and B). However, reduction
in SM lavels in Jurkat-SMS1/kd cells was only minor (23%)
compared with Jurkat-SM+ cells (Fig. 1C). This discrepancy
may be explained by uptake of SM from serum into the me-
dium. An alternative explanation could be that SMS2
and SMSr may substitute SMS levels Reduction of SMS activ-
ity and membrane SM levels in Jurkat-SMS51/kd cells are
similar to those in SMS1-siBNAtreated cells previously
reported (45, 46).

it has been reported tha: lysenin speciicslly binds SM only
when SM is in the farm of a cluster (33). Jurkat-SMS1/kd cells



were nogative for lysenin staining (Fig. 1F and G) and re-
sistant to lysenin-mediated lysis (Fig. 10 and E) Although
cellular SM levels wera not markedly different, we consider
the membrane SM level strongly decraased in Jurkat-SMS1/kd
cells. Using this systern, we found that CO3-induced tyro-
sing phosphorylation of LAT and threonine phosphorylation
of PKCO were severely inhibited n Jurkat-SMS1/kd calls
comparad with those In Jurkat-SM+ cells (Fig 4A D and E)
Moreover, decreased tyrosine phosphorylation of LAT was
accompanied by decreased association of ZAP.-70 and
Grb2 (Fig. 4C). These inhibitions may result in impaired
CD3-mediated cellular activation, such as decreased CDA9
expression and cell adhesion o FN in Jurkat-SMS1/kd cells
(Fig. 3A-C). suggesting that membrane SM has an impor-
tant role In T cell activation. In contrast, PMA enhanced
CDE9 expression equally on both Jurkat-SMS1/kd and
Jurkat-SM+ cells (Fig 38) and migration ol both cells was
equally enhanced in response to CXCL12 (Fig 3D). There-
fore, raft-independent functions of Jurkat-SMS1/kd cells
were considered to be normal, in spite of the fact that con-
tants of SM metaboltes ke ceramide, sphingosine and
sphingosine 1-phosphate may change and have some
effects on cellular functions

Since lipid raft-residert molecules such as sre family
kinases and the ganglioside GM1 relocalize toward the im-
munalogical synapse, it appears thal the immunological syn-
apse might be described as a large merger of lipid rafts
However, the inihal signals during T cell activahon. such as
lyrosine phosphorylation, calcium maobllization and phos-
phoinositide metabolism, occur much earlier than immuno-
logical synapse formation (47, 48), and TCR-induced
activation of ZAP.70 by lck reaches its maximum even be-
fore the typical cSMAC has been lormed (47). In addition,
TCR-mediated tyrosine kinase signaling occurs primarily at
the periphery of the synapse (47, 49), suggesting that spa-
tial-tempaoral activation may regulate immunological synapse
formation (50), Recently, Yokosuka et al (12) have reported
that microclusters consisting of CD3, ZAP-70 and SLP-76
ware generated continuously at the periphary of immunalogi-
cal synapses and that TCRs at the contact sites were frans-
located into the ¢SMAC, whereas most ZAP-70 and SLP-76
malecules did not move to the cSMAC. Varma et al (13)
also reported that TCR signaling is sustained by stabilized
microclusters and is terminated In the cSMAC Baoth reponts
suggested that the cSMAC may ftunction in mediating the
microcluster-induced stop signal or TCA degradation How-
aver, these repons do nol contradict the existence of ralls
or their tunctions for the following reasons, Estimated raft
size in resting cells is between 50 and 200 nm, and there is
heterogeneity in the partitioning of the protens residing in
rafts. For example, cholesteral extraction destabilizes the
membrane microdomains containing /ck, but not LAT (51)
Recently, Nicolau et al. have reported that dynamic partition-
ing into rafls increases specdic mterprotein colision rates 10
maximize the bioclogically relevant function. Therefore, lipid
rafts function as reaction chambers that facilitate nancscale
protein-protain interaction (52). These highly dynamic spatial
confinernerits resull in a high probatility of rab-targeted maolk
ecule species to come into the vicinity with each other bul
with rapidly exchanging individual molecules Therelore
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many tyrosine phosphorylated proteins become concen-
trated in the ralts at perphery of immunological synapse
upen TCR stimulation It has been reported that these tyro-
sine phosphorylated proteins including the TCR-CD3 recep-
tor complex, especially hyperphasphorylated CD3L chains
ZAP-T0. PLC+, Vav and Shc. are detected mainly in rafts by
biechemical separation. Consistent with previous repons
we found that translocation of TCR. ZAP-70 and PKCE into
raft fractions was abiserved in Jurkat-SM+ cells, but was se-
verely mpared in Jurka-SMS1/kd cells (Fig 5). suggesting
an important rote of membrane SM as a lipid ralt constituent
enabling translocation of signaling molecules into lipid rafts

Lipid rafts also stabilize and amplify signals resulting from
aggregation of ralts to larger complexes, which are accom-
panied by turther recrutment of important signaling mecdia-
tors such as LAT and associaled molecules and TCH
componants. In this regard, we have previously reported
that membrane SM is crucial for Fasflipid rafts clustenng
through local ceramide production that may compartmental-
ize lpid rafts to ceramide-enriched membrane platorms
(17). In addition to this mechanism, functional links between
the cytoskeletal machinery and lipid rafts seem important
for forming signaling platforms, such as the immunological
synapse. Membrane ralts appear to be the place where
TCRs become associated with actin cytoskelaton (53-55)
since disruption of lipld rafts by MBCD abolished the associ-
ation of the § chain with the actin cytoskeleton. Among inter-
mediate actin-binding prateins. the  ezrin—radixin-moesin
family of proteins associate with lipid rafts and their binding
to actin filaments and mambtane protens is regulated by
PKCE that is recrulted to the immunalogical synapse on stim-
ulation (10, 43) In this study, we clearly demonstrate that
transiocation of PKCE@ was seversly decreased in Jurkat-
SMS1/kd cells (Fig. 5). This decrease may account far im-
paired TCR/CD3 clustenng in Jurkat-SMS1/kd cells (Fig. 2)

Thus, lipid rafts may not only facilitate distinct pratein-
protein interachions to build signaling complexes by increas-
ing their local concentration and the probability of contacting
and interacting with signaling molecules but also form sig-
naling platforms by cytoskeleton-driven events. Segregation
of the plasma membrane into distinct domans 1S an essen-
tial element of immune cell activation and dynamic proper
ties of the membrane depend strongly on the lipid
compaosition (56) Changes In lipid composition are shown
to alter the distnbution ol raft-resident proteins (57). Taken
altogether, our data indicate thar membrane SM is an im-
portant component of lipid rafts and crucial for vanous ralt
functions
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Abbreviation

cSMAC cenlral supramolecular aclvalion cluster

CTx cholera toxn B

FN Htyronestin

IPEG-Croi fluoressain ester of polvicthylenegiycol)-cervatizen
cholesterol athar

FRET fiorescence iesonanca energy transtar

GAPDH glycaﬁ!md'ryne 3-phosphale gehyorogenase

HSA human serum albumin

ICAM imer cellular aghesion molecules

LAT linker lor actvation of T cell

MBP mallose-bindng prolen

MBS MS-bulfered saline

MBCD mathy-fl-eyciodextrin

PI3K phosphatigylinositel 3 kinase

PKC protein kinase C

PLCy phospholipase Cy

PMA phorbol myristate acatate

PRASF pranmyimathyisultonyd thioroe

PTK proten lyrosine kinase

SCR scrambled sequence

5IHNA short-interfering RNA

SM sphingomyein

SMS sphingomyein synthase

e thin-layer chromalograghy
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