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Fig 2. Effects of haplotypes *2 and *3 on the pharmacokinetic parameters of
gemcitabine. {A) Peak concentration {C,,,,,} and (B) area under the curve (AUC)
were corrected assuming that all patients received 1,000 mg/m? of gemcitabine.
(C} Clearance {CL/m?). Each point corresponds to an individual patient. The bars
denote the median values. P values are from Dunn's multiple comparison test.
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pharmacokinetics of gemcitabine has not been reported. Plasma
CDA activity may be a useful biomarker to screen patients with a
markedly decreased metabolic CDA activity such as the patient
homozygous for the *3 allele found in our study, who showed

- extremely low plasma CDA activity. However, a very low contri-

bution of plasma CDA to the total clearance of gemcitabine was
reported,®® and the plasma CDA levels are increased in the inflam-
matory diseases.>>*® These may account for the failure in obtaining
good correlations between plasma CDA activity and the pharma-
cokinetic parameters of gemcitabine, as shown in Figure 4.

In conclusion, we analyzed the CDA genetic variations and hap-
lotypes in Japanese cancer patients who received gemcitabine. We
then investigated the associations between genetic polymorphisms
and the pharmacokinetics of gemcitabine or toxicities. Depending on
the haplotype *3 harboring 2084, the metabolic clearance of gemcit-
abine decreased, and AUC and C,,,,, values were increased. Moreover,
plasma CDA activities correlated well with the CDA genotypes. The
clinical importance of the SNP 208G> A, especially of homozygotes,
should be confirmed by prospective clinical studies because only one
homozygous *3 patient was found in this study.
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Table 6. Pharmacokinetic Parameters of Gemcitabine and Plasma CDA Activities in the Patient Groups Categorized According to Diplotypes
Median Gemcitabine PK Parameters Median CDA Activity {units)
No. of Crnax AUC CL/m? No. of
Diplotype Patients {pg/mb) {hr-pg/ml) (L/hr/m?) Patients Gemcitabine Cytidine
*1/*1 148 22.81 9.96 100.30 63 6.26 5.54
*2/*1 69 23.57 97 103.00 25 6.81 5.71
*2p2 15 23.75 8.57 106.10 14 6.53 6.24
P vaiue® 0.52 0.48 0.99 0.47 0.18
*3M*1 13 30.02 12.83 77.83 13 2.99 3.07
*343 1 46.42 52.86 18.92 1 0.74 1.40
P valuet 5.94E-04 6.66E-13 7.77E-04 9.35E-05 2.45E-04
Abbreviations: CDA, cytidine deaminase; Couax peak concentration; AUC, area under the curve; CLUm?, clearance.
-Pvalue of a correlation test among *7/*1, *1/*2, and *2/*2. Multiplicity is adjusted by false-discovery rate.
+Pvalue of a correlation test among *1/*1, *1/*3, and *3/*3. Multiplicity is adjusted by false-discovery rate.
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Fig 3. Effects of haplotypes *2 and *3 on plasma cytidine deaminase (CDA)
activity toward gemcitabine and cytidine substrates. (A} Gemcitabine was used
as a substrate, and (B) cytidine was used as a substrate. Each point corresponds

to an individual patient. The bars denote the median values.

L]

Fig 4. Correlation between plasma area under the curve (AUC) and cytidine
deaminase {CDA) activity toward gemcitabine. AUC was corrected assuming that all
patients received 1,000 mag/m? of gemcitabine. The inset excludes the data obtained
from a homozygous *3 carrier. The correlation coefficient is —0.31 when the
homozygous *3 carrier is included and —0.28 when the carrier is excluded.
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Table 7. Comparison of Adverse Reaction Incidence and Pharmacokinetic Parameters of Gemeitabine Between Two Patient Groups With and Without Haplotype *3
Incidence of Neturopenia {nadir)”
= Grade 3 = Grade 4
No. of Total No. of No. of Total No. of AUCY
Chemotherapy Genotype Cases Patients Probability Cases Patients Probability {hr-pg/mi)
Monotherapy non *3/non *3 167 0.40 8 67 0.05 9.91
non *3/*3 10 0.60 1 10 0.10 13.13
P 0.205 0.514 0.0017
With fluorouracil non *3/non *3 12 0.25 2 12 0.17 8.1
non *3/*3 2 1.00 1 2 0.50 11.98
P 0.029 0.327 0.055
With carboplatin non *3/non *3 13 0.68 1 13 0.08 9.87
non *3/*3 3 1.00 2 3 0.67 12.48
P 0.163 0.033 0.031
With cisplatin non *3/non *3 28 0.22 2 28 0.07 9.53
non *3/*3 1 1.00 0 1 0.00 11.71
*3/*3 1 1.00 1 1 1.00 52.86
Pt 0.030 0.128 0.061
Note. No analyses were performed in patients who received gemcitabine with vinorelbine, because only one patient bore the haplotype *3. Boldfacing
indicates a statistically significant ditference (P < .05).
*y?-test.
TKruskal-Wallis test.
tA P value for comparison between non*3/non*3 and (non*3/*3 + *3/*3).
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Regulatory Roles of NKT Cells in the Induction and
Maintenance of Cyclophosphamide-Induced Tolerance’

Toshire Iwai,* Yukihiro Tomita,?* Shinji Okano,” Ichiro Shimizu,* Yohichi Yasunami,*
Takashi Kajiwara,* Yasunobu Yoshikai,® Masaru Taniguchi,! Kikuo Nomoto,”
and Hisataka Yasui®

We have previously reported the sequential mechanisms of cyclophesphamide (CP)-induced tolerance. Permanent accep-
tance of donor skin graft is readily induced in the MHC-matched and minor Ag-mismatched recipients after treatment with
donor spleen cells and CP. In the present study, we have elucidated the roles of NKT cells in CP-induced skin allograft
tolerance. BALB/c AnNCrj (H-24%, Lyt-1.2, and Mis-1") wild-type (WT) mice or Vel4 NKT knockout (KO) (BALB/c) mice
were used as recipients, and DBA/2 NCrj (H-2%, Lyt-1.1, and Mis-17) mice were used as donors. Recipient mice were primed with 1 X
10® donor SC i.v. on day 0, followed by 200 mg/kg CP i.p. on day 2. Donor mixed chimerism and permanent acceptance of donor skin
allografts were observed in the WT recipients. However, donor skin allografis were rejected in NKT KO recipient mice. In additien, the
donor reactive V6™ T cells were observed in the thymus of a NKT KO recipient. Reconstruction of NKT cells from WT mice restored
the acceptance of donor skin allografts. In addition, donor grafts were partially accepted in the thymectomized NKT KO recipient mice.
Furthermore, the tolerogen-specific suppressor cell was observed in f:hymectomized NKT KO recipient mice, suggesting the generation
of regulatory T cells in the absence of NTK cells. Our results suggest that NKT cells are essential for CP-induced tolerance and may have
a role in the establishment of mixed chimerism, resulting in clonal deletion of donor-reactive T cells in the recipient thymus. The

Journal of Immunology, 2006, 177: 8406-8409.

atural killer T cells, which are characterized by coex-
pression of NK cell receptors and a single invariant T
cell Ag receptor encoded by Vel4 and Ja281 gene seg-
ments, have been identified as a novel lymphoid lineage distinct
from conventional T cells or NK cells. Although the physiological
roles of NKT cells remain obscure, Val4 NKT cells have been
demonstrated to play important roles in tumor immunity (1), au-
toimmune disease (2), and infectious immunity (3, 4) via the dom-
inant production of Th1 cytokine y-IFN and Th2 cytokine IL-4.
Regarding transplantation immunity, two reports have suggested a
regulatory role of NKT cells in both allogeneic and xenogeneic
tolerance systems induced by mAbs (5, 6).

Since 1982, we have investigated cyclophosphamide (CP)*-
induced tolerance that consists of an 1.v. injection of 1 X 10° alloge-
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neic spleen cells (SC) (day 0) followed by i.p. administration of 200
mg/kg CP on day 2 (7-18). By using this method, we were able to
readily induce long-lasting skin allograft tolerance in most H-2-
matched combinations (10-12), but not in fully H-2-mismatched
combinations (7, 13). Our previous studies have elucidated the three
major mechanisms involved using H-2-compatible, Mls-1*-disparate
combinations and Mls-12 Ag-reactive VB6™ T cells (11-14). The first
is the destruction of Ag-stinnlated and then proliferating T cells in the
periphery by CP treatment. CD4™VB6™ T cells proliferated and then
disappeared in the periphery of the recipients tolerized to H-2com-
patible, Mls-1-disparate Ags. The second, at 4—6 wk after the treat-
ments, is the establishment of intrathymic chimerism at both the thy-
mocyte and dendritic cell levels, followed by the clonal deletion of
VBG™ T cells that begins in the thymns. The third mechanism is the
generation of regulatory cells in the late stage of tolerance.

The aim of the present study was to investigate the regulatory
role of NKT cells in our CP-induced tolerance system by using
Va14 NKT knockout (KO) mice. Although an essential role for
NKT cells in the induction of transplantation tolerance has been
suggested in two previous reports (3, 6), the detailed mechanisms
have not been clarified. Here, we evaluated the role of NKT cells
in our three important mechanisms, i.e., clonal destruction, intra-
thymic clonal deletion, and generation of regulatory cells. The re-
sults clearly showed that NKT cells were essential for CP-induced
tolerance through the establishment of intrathymic clonal deletion.
Without NKT cell-mediated immunoregulation, however, our re-
sults demonstrated that the geperation of regulatory cells for the
maintenance of tolerance in the late stage of tolerance can occur,
in addition to clonal destruction at the early stage.

Materials and Methods
Animals

Inbred mice of the BALB/c AnNCrj (H-2"’, Lyt-1.2, and Mls-1% and
DBA/2 NCfj (H-2% Lyt-1.1, and Mis-1%) strains were obtained from

0022-1767/06/$02.00
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Charles River Laboratories. Inbred mice of the B10.D2 SnSlc (H-2% strain
were obtained from Japan SLC. Ja281 KO (Val4 NKT KO) mice with a
BALB/c background were also used as recipients (1). The recipients were
used at 12-16 wk of age. All animnals received humane care in compliance
with the Guidelines for Animal Experiments of Kyushu University and
Law no. 105 and Notification no. 6 of the Japanese government.

Cell preparation

Mice were sacrificed by decapitation. The spleens were collected and kept
on ice in RPMI 1640 medium (Invitrogen Life Technologies) supple-
mented with antibiotics (100 pg/m! penicillin and 100 pg/ml streptomy-
cin). Spleens were disrupted in the medium by pressing spleen fragments
between two glass slides. Cell suspensions were filtered through cotton
gauze and washed three times with the RPMI 1640 medium. Viable nu-
cleated cells were counted and usually adjusted to 20 X 107/ml.

Conditioning of CP-induced tolefance

A’ 0.5-ml aliquot containing 1 X 10® SC from DBA/2 mice was injected
into the tail vein of recipient BALB/c mice. Two days later, CP (Endoxan;
Shionogi) dissolved in PBS at a concentration of 10 mg/ml was injected i.p.
at a dose of 200 mg/ke. The day of the injection of DBA/2 SC is referred
to as day 0 throughout this report.

Reconstitution of NKT cells in NET'KO mice

We set up two methods to reconstitute NKT cells in NKT KO mice. First,
a 0.5-ml aliquot containing 1 X 10° SC from WT mice (containing ~1%
NKT cells) was injected into the tail vein of recipient NKT KO mice on
day —7. Second, recipient NKT KO mice were irradiated with three gray
(Gy) on day —28 and then reconstituted with 1 X 107 SC and 5 X 10°
unfreated bone mamrow cells (BMC) (containing ~0.1-0.4% NKT cells)
from WT mice on the same day. The preparation of BMC was performed
according to a previous method (19). Briefly, the bone marrow in the fem-
oral and tibial bones was flushed out using a 5-rol syringe with a 26-gauge
needle (Terumo).

Skin grafting

Skin grafting was performed using our previously reported procedure (20).
Briefly, a square, full-thickness skin graft (1 cm?) was prepared on the right
lateral thoracic wall of the recipient mouse. The graft was fixed to the graft
bed with eight interrupted sutures of 5-0 silk thread and covered with
protective tape. The first inspection was conducted on the 7Tth day, followed
by daily inspection for 3 wk. Grafts were considered as rejected at the time
of complete sloughing or when they formed a dry scar. Survival was
expressed as the median survival time and the mean survival time
(MST) = SD.

Thymectomy

Recipients were anesthetized with phenobarbital (Nembutal) at SO mg/kg
administered ip. After a partial sternotomy, the thymectomy was per-
formed by en bloc excision using two pairs of forceps (21). The absence of
thymic tissue was always confirmed when the thymectomized animals
were sacrificed, and animals showing the presence of residual thymic tissue
were excluded from the analysis.

Flow cytometry

Phenotyping was performed at various times, beginning 2 wk after the
injection of SC. Recipients were tail bled and white blood cells (WBC)
wese prepared by hypotonic shock (21). In some experiments, SC and
thymocytes were used for chimeric assays. Staining with both donor-spe-
cific and T cell-specific mAbs was performed on each recipient and control
mouse. Cells were incubated with a PE-conjugated anti-Lyt-1 (Lyt-1.1 and
Lyt-1.2) (BD Pharmingen) mAb and a FITC-conjugated Lyt-1.1 (BD
Pharmingen) mAb for 30 min at 4°C and then washed twice. To block
nonspecific FcyR binding of labeled Abs, 10 ul of an undiluted culture
supernatant of 2.4G2 (rat anti-thouse FcyR mAb) was used. All data were
analyzed with a FACScan (BD Biosciences). Dead cells were excluded by
gating out low forward scatter, high propidium iodide-retaining cells.
For the analysis of TCR expression on T cells of SC or WBC, two-color
analysis was performed (21). WBC or SC were labeled with FITC-conju-
gated anti-V 36 or V[38.1/8.2 mAb (BD Pharmingen), and PE-conjugated
anti-CD4 (BD Pharmingen) mAb. To determine the percentage of CD4* T
cells that were VB6™ or V8.1/8.2*, 10,000-20,000 gated CD4™ cells
were collected. For the analysis of TCR expression on thymocytes, three-
color analysis was performed (21). Thymocytes were labeled with FITC-
conjugated anti-V g6 or V38.1/8.2 mAb (BD Pharmingen), PE-conjugated
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FIGURE 1. Skin allograft survival in the recipient BALB/c mice

treated with DBA/2 SC. Recipient mice were grafted with skin from donor
DBA/2 (DBA) () or third party B10.D2 (b) mice 4 wk after treatment. 4,
The groups and median skin graft survival times were as follows: @, Un-
treated WT mice (n = 6; 13.5 days); A, untreated NKT KO mice n=26;
13 days); ¢, WT mice treated with DBA/2 SCand CP (n = 6; >100 days);
and B, NKT KO mice treated with DBA/2 SC and CP (n = 6; 38 days).
b, B10.D2 skin grafts were rejected within 14 days after grafting in the
following groups: ¢, WT mice treated with DBA/2 SC and CP (n=3) B
NKT KO mice treated with DBA/2 SC and CP (n = 3).

anti-CD4 (BD Pharmingen) mAb, and allophycocyanin-conjugated anti-
CD8 (BD Pharmingen) mAb for 30 min at 4°C. To determine the percent-
age of CD4 single-positive cells that were V6™ or Vp8.1/8.2%, 5,000 to
10,000 gated CD4* and CD8™ cells were collected. We investigated the
effect of SC/CP on the ratio of CD4*VB6™* T cell or CD47VB8™ T cell
subsets to the total CD4™ T cell number in the spleen or WBC and on
the ratio of CD4*CD8~VE6* T cell or CD4*CD8VB8™ T cell sub-
sets to the total CD4*CD8™ T cell number in the thymus. We also
investigated the effect of SC/CP on the absolute number of CD4*Vp6™*
T cells or CD4*VB8™ T cells in the spleen and thymus.

For the staining of NKT cells, SC or liver mononuclear cells (LMNC)
were stained with PE-conjugated a-galactosyl ceramide («GalCer)/CD1d
tetramers and FITC-conjugated anti-CD3 mAb (BD Pharmingen). PE-con-
jugated oGalCer/CD1d tetramers were prepared as previously described
(22). The liver was disrupted in RPMI 1640 medium (Invitrogen Life Tech-
pologiesy supplemented with 10% FCS by pressing liver fragments be-
tween two glass slides and then washed, resuspended in a 40% isotonic
Percoll solution (Amersham Biosciences) and underlaid with a 67.5% iso-
tonic Percoll solution. Centrifugation for 30 min at 3 000 rpm at room
termperature isolated the LMNC at the interface. Cells were washed two
times with HBSS containing 2% FCS and resuspended in the same
solution.

Adoptive transfer experiment

To ehicidate the existence of regulatory cells in the tolerant recipients,
adoptive transfer experiments were performed as described previously
(14). Briefly, 1 X 10° or 4 X 107 SC from the recipient mice accepting
DBA/2 skin allografts for over 100 days were transferred into WT mice
that had been irradiated with 3 Gy on the same day. The SC were harvested
from WT or NKT mice that had been thymectomized and treated with
DBA/2 SC and CP. Skin grafting was performed 1 day following the adop-
tive transfer. In one experiment, CD4*CD8*Thyl.2™ T cell depletion was
performed using anti-CD4 mAb (L3/T4), anti-CD8 mAb (Ly2.2) (Cedar-
lane Laboratories), anti-Thy-1.2 mAb (Meiji), and complement (Low-
Tox-M tabbit cormplement; Cedarlane Laboratories).
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Table I. Chimerism and clonal destruction in WBC of recipients treated with DBA/2 SC and CP*®

Chimeric Analysis (percent
positive cells = SD)

Analysis of TCR Expression
(percent positive cells = SD)

Treatment® Lyt-1.1*/Lyt-17* (%) CD4*VB6™/CD4™ (%) CD4+VB6+ICD4A™ (%)
sC CP No. of
Group Recipient (day 0) (day 2) Mice 2wk 8 wk 3 wk 9 wk 3wk S wk
1 BALB/e WT (—) =) 6 0 107 = 1.2 16616
2 BALB/c NKT KO (&) (GD) 6 0 113+ 14 12217
3 DBA/2 (=) () 6 963 +24 0 13.0 = 1.1
4 BALB/c WT DBA/2 200° 6 2.6+08° 38=x10° 16 =05 1.1 =04 17.1 = 19 16.6 =20
5 BALB/c NKT KO DBA/2 2007 6 1.5 = 0.1 09 =02 1303 08x02 129=x12 26 =17

2 The recipient mice were primed i.v. with 1 X 10® viable DBA/2 SC on day O and then given 200 mg/kg CP on day 2.

b Milligrams per kilogram (mg/kg).
€p < 0.01 compared with group 5.

Statistics

The statistical significance of the data was determined by 2 Mann-Whitmey
U test when the data were nonparametric or a Student’s ¢ test when the data

- were paramefric. A value of p < 0.05 was considered’to be statistically
significant.

Results

Skin allograft prolongation in H-2-matched DBA/2 (H-2%) —
BALB/c WT (H-2%) or BALB/c background Vol4 NET KO
(H-2%) combination mice by using 1 X 10° DBA/2 SC
followed by 200 mg/kg CP

When BALB/c WT (H-2% or BALB/c background NKT KO mice
were grafted with H-2-matched DBA/2 skin allografts (H-2%), the
DBA/2 grafts were rejected within 14 days following grafting (Fig.
1a). Similarly, DBA/2 skin grafts were rejected within 14 days in
BALB/c WT or NKT KO mice treated with DBA/2 SC'alone or
200 mg/kg CP alone (data not shown). All of the DBA/2 skin
allografts survived for >100 days in the recipient BALB/c WT
mice treated with DBA/2 SC followed by CP (n = 6; MST, >100

days). When syngeneic (BALB/c) WT SC or PBS (0.5 ml) was
used instead of DBA/2 SC or CP, respectively, the survival times
of DBA/2 skin grafts were not prolonged (data not shown). In
contrast, all DBA/2 skin grafts were rejected within 48 days in the
recipient NKT KO mice treated with DBA/2 SC followed by CP
(n = 6; MST, 38 days), although the survival of the grafts was
moderately prolonged. The skin allograft prolongation in both
BALB/c WT mice and NKT KO mice, which were treated with
DBA/2 SC followed by CP, was tolerogen-specific, because the
third party skin grafts of the B10.D2 strain (H-2¢) were rejected in
a pormal fashion (Fig. 1b).

Chimerism and reduction of Mls-1°-reactive CD4*VB6™ T cells
of WBC in the recipient mice treated with DBA/2 SC plus CP

As we previously reported (14), a minimal degree of mixed chi-
merism was detected in the BALB/c WT (Lyt-1.2) mice made
tolerant of DBA/2 (Lyt-1.1) skin allografts. The mixed chimeric
state induced with DBA/2 SC and CP. was examined using

a Dooor DBA. Skirs (@) NKT KO
13 Gy WT SC, BMC { DBA SC, CP)
FIGURE 2. Skin allograft survival in recipient 10 {O) NKT KO
BALB/c NKT KO mice reconstituted with NKT cells oy ey TROSC BMCI DBA SC.CP)
and treated with DBA/2 SC and CP. Recipient mice = = {WFSCIDUASC. CP)
were grafted with skin from donor DBA/2 (DBA) (@) or -2 ) O §C/ DDA SC,CP)
third party B10.D2 (b) mice 4 wk after treatment. a The 5 @ (BYNKT KO ,
_groups and median skin graft survival times were as - f (D)";}g?'}é(‘;” SC.BMC)
follows: ®, NKT KO mice irradiated with 3 Gy fol- *§ ) 13 Gy i NKT KO SC, BMC)
lowed by reconstitution with WT SC and BMC and ~ O 0 & (A"_N\"g :."((,’)
treatment with DBA/2 8C and CP (n = 6; >100 days); & (BYNKT KO
O, NKT KO mice irradiated with 3 Gy followed by e ko
reconstitution with NKT KO SC and BMC and treatrnent )T CIPBASC)
with DBA/2 SC and CP (n = 6; 32.5 days); ¢, NKT KO Y ot 3 : : x I NKT KO
mice reconstituted with WT SC and treated with DBA/2 ° e ot o o w 100
SC and CP (n = 7; >100 days); ¢, NKT KO mice re- Days After Grafting
constituted with NKTT KO SC and treated with DBA/2 SC
and CP (n = 6: 32 days); B, NKT KO mice imadiated with D Third Party BIO.L2 Skins

3 Gy followed by reconstitution with WT SC and BMC
(n ='6; 15 days); [J, NKT KO mice irradiated with 3 Gy -

followed by reconstifution with NKT KO SC and BMC
(n = 6; 16.5 days); A, NKT KO mice reconstituted with
WT SC (n = 6; 13 days); &, NKT KO miice reconstituted
with NKT KO SC (n = 6; 12 days); +, NKT KO mice
treated with DBA/2 SC alone (n = 6; 14 days); and X,
untreated NKT KQ mice (n = 6; 115 days). b, BI0.BR
skin grafts were rejected within 14 days after grafting in all
of the groups described above in a (# = 3 in each group). °

% Ciraft Survival

1 : 1

20 O @ 6 0 100

Days After Grafting
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PE-conjugated anti-Lyt-1 (Lyt-1.1 and Lyt-1.2) mAb and FITC-
conjugated Lyt-1.1 mAb. WBC were obtained from the recipient
mice at 2 and 8 wk after tolerance induction (Table I).

Inthe T (Lyt-17) cells of BALB/c WT mice treated with DBA/2
SC and CP (Table I; group 4), 2-4% of Lyt-1.1 cells were clearly
detected in the recipient WBC after tolerance induction. In con-
trast, a Jower degree of chimerism was clearly detected at 2 wk
(mean * SD, 1.5 = 0.1; p < 0.01 compared with group 4) and
became <1% at 8 wk in the T (Lyt-17) cells of NKT KO mice
treated with DBA/2 SC followed by CP (Table I; group 5). A
higher degree of chimerism was always observed in recipient
BALB/c WT mice treated with DBA/2 SC and CP. These results
were reproducible in five independent experiments (data not
shown).

_'We examined the expression of the Mls-1°-reactive TCR VB6in
BALB/c WT or NKT KO (Mls-1°) mice treated with DBA/2 (Mls-
1%) SC and CP. The WBC from the recipients were stzined with
FITC-conjugated anti-V36 mAb and PE-conjugated anti-CD4
mAb (Table I).

In the WBC of untreated BALB/c WT or NKT KO mice,
CDA*VB6™ T cells were detected (Table I; group 1 or 2, respec-
tively), whereas they were hardly detected in the WBC of un-
treated DBA/2 mice (Table [; group 3). In all of the BALB/c WT
mice treated with DBA/2 SC and CP (Table I; group 4),
CD4+VB6™ T cells were significantly reduced by 3 wk. The same
results were obtained in the WBC of NKT KO mice treated with
DBA/2 SC and CP (Table I; group 5). There was no statistically
significant difference in the results between groups 4 and 5. The
disappearance of T cells from the WBC was specific for vpet T
cells, because the percentage of VpB8.1/8.2% T cells was not sig-
nificantly altered.

Induction of DBA/2 skin graft prolongation in NKT KO miée
reconstituted with NKT cells from BALB/c WT mice

To clarify whether NKT cells were involved in the limitation of
skin graft tolerance in CP-induced tolerance, NKT cells were re-
constituted in NKT KO mice (Fig. 2). When SC and LMNC were
stained with PB-conjugated aGalCer/CD1d tetramers and FITC-
conjugated anti-CD3 mAb, aGalCer/CD1d tetramer "CD3 ™ cells
accounted for ~1.0 #+ 0.3 and 19.5 * 5.4% of SC and LMNC in
untreated BALB/c WT mice (n = 3), respectively, and 0.3 = 0.1
and 1.2 = 0.2% of SC and LMNC in untreated NKT KO mice
(n = 3), respectively. A small percentage of aGalCer/CD1d
tetramer "CD3™ cells were detected in NKT KO mice, because the
NKT KO mice used in this study were generated by disruption of
the Ja281 .gene (1). In contrast, oGalCer/CD1d tetramer” CD3™
cells accounted for ~0.4 =+ 0.1 and 4.3 = 0.5% in SC and LMNC
of NKT KO mice (n = 3) injected with BALB/c WT SC 7 days
earlier, respectively. Therefore, we planned an additional experi-
ment to further reconstitute NKT cells in NKT KO mice. For this
purpose, recipient NKT KO mice were irradiated with 3 Gy on day
—28 and then injected with 1 X 107 SC and 5 X 10° untreated
BMC from WT mice on the same day. In NXT KO mice (n = 5)
irradiated and injected with BALB/c WT SC and BMC 28 days
earlier, «GalCer/CD1d ftetramer™CD3™ cells accounted for
~0.7 *= 0.1 and 9.5 = 2.6% of SC and LMNC, respectively. When
NKT KO mice were injected with 1 X 10® SC from BALB/c WT
mice on day —7 and treated with SC on day 0 and CP on day 2,
the survival of DBA/2 skin grafts was significantly prolonged (n =
7, MST, >100 days), and four of seven recipients accepted donor
DBA/2 skin grafts for >100 days (Fig. 2a). DBA/2 skin grafts
were accepted for >100 days in all of the NKT KO mice irradiated
with 3 Gy on day —28, reconstituted with 1 X 107 SC and 5 X 10°
BMC from BALB/c WT mice on day —28, and then treated with
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FIGURE 3. Clonal destruction in the periphery of recipient mice. The
Kinetics of CD4*V 6™ (a) or CD4*V 38.1/8.2* (b) T cells in spleen cells
harvested from the recipient mice are shown. SC were labeled with FITC-
conjugated anti-VB6 or VB8.1/8.2 mAb and PE-conjugated anti-CD4
mAb. To determine the percentage of CD4™ T cells that were Vp6* or
V38.1/8.2%, 10,000-20,000 gated CD4* cells were collected. SC cells
were obtained from WT (H-2%, Mls-1”) mice treated with DBA/2 (DBA)
(H-2% Mls-1%) SC and CP (B; n = 4), NKT KO mice treated with DBA/2
SC and CP ([J; n = 4), WT mice treated with DBA/2 SC alone (A; n =
4), and NKT KO mice treated with DBA/2 SC alone (& n = 4). Vertical
bars represent the SD. The statistical significance of the differences among
groups was analyzed and the results are given in a.

DBA/2 SC on day 0 and CP on day 2 (Fig. 2a). Survival of donor
skin grafts was not significantly prolonged in NKT KO mice re-
constituted with SC and/or BMC from NKT KO mice and treated
with DBA/2 SC and CP as compared with that for NKT KO mice
treated with DBA/2 SC and CP. In contrast, no skin graft prolon-
gation was observed in NKT KO mice reconstituted with BALB/c
WT SC or BMC, irradiated NKT KO mice reconstituted with
BAILB/c WT SC and BMC, NKT KO mice reconstituted with
NKT KO SC or BMC, or irradiated NKT KO mice reconstituted
with NKT SC and BMC if the recipient mice were not treated with
donor SC and CP (Fig. 2a). This skin allograft prolongation was
tolerogen-specific, because the third party skin of the B10.D2
strain (H-2%) was rejected in a normal fashion (Fig. 2b).

Analysis of splenic clonal destruction and intrathymic clonal
deletion and mixed chimerism in BALB/c WT or NKT KO mice

treated with DBA/2 5C and CP

As reported previously (12, 13), the induction mechanism of CP-
induced tolerance is the clonal destruction of Ag-stimulated and
proliferating T cells by the antimitotic drug CP. To further analyze
the role of NKT cells in the tolerance induction, we examined the
kinetics of Mls-1-reactive CD4*VB6™ T cells in the CD4™ T
cells of SC in recipient BALB/c WT or NKT KO mice. When
DBA/2 SC were injected into untreated BALB/c WT mice on day
0, CD4*VB6™ T cells significantly increased to ~35% on day 2
and then eventually declined to the normal range by days 15-21
(Fig. 3a). The same result was observed in NKT KO mice. In
BALB/c WT mice treated with DBA/2 SC on day 0 and CP on day
2, CD4*VB6™ T cells significantly increased to ~35% on day 2,
rapidly decreased to the normal range on day 5, and then gradually
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FIGURE 4. Absolute number of cells in the spleen of recipients treated
with DBA/2 SC and CP. The kinetics of CD4% VB6™ (a) and CD4*
V38.1/8.2% (b) T cells in spleen cells harvested from the recipient BALB/c
mice are shown. g, The pumbers of CD4™ VB6™ cells in the spleens from
WT mice treated with DBA/2 (DBA) SC and CP (¢; n = 4), NKT KO
mice treated with DBA/2 SC and CP (A; n = 4), WT mice treated with
CP (©; n = 4), NKT KO mice treated with CP (B;.n = 4), WT mice
treated with DBA/2 SC (O; n = 4), and NKT KO mice treated with
DBA/2 SC ((0; n = 4). b, The numbers of CD4*V38™ cells in the
spleens from WT mice treated with DBA/2 SC and CP (¢; n = 4), NKT
KO mice treated with DBA/2 SC and CP (A; n = 4), WT mice treated
with CP (@; n = 4), NKT KO mice treated with CP (H; n = 4), WT
mice treated with DBA/2 SC (O; n = 4), and NKT KO mice treated
with DBA/2 SC ((0; n = 4).

day3s

decreased to ~3%. The percentage of CD4TVB6™ T cells was
significantly reduced in BALB/c WT mice treated with DBA/2 SC
and CP as compared with that for BALB/c WT mice treated with
DBA/2 SC alone. The disappearance of T cells in WBC was spe-
cific for VB6™ T cells, because the percentage of V38.1/8.2% T
cells was not significantly altered (Fig. 3b). Furthermore, the ab-
solute number of CD4¥VB6™ T cells in the spleen was analyzed,
and similar results were obtained (Fig. 4). We have already re-
ported this phenomenon, which we termed clonal destruction (12,
13), and similar results were obtained in NKT KO mice treated
with DBA/2 SC on day 0 and CP on day 2 (Fig. 4). In contrast,
when BALB/c WT or NKT KO mice were treated with CP alone
on day 2, a transient reduction of both the CD47VE6™ and
CD47VB8* T cell subsets was observed.

To further investigate the cellular events in the thymuses of
BALB/c mice made tolerant of DBA/2 mice, the association of the
clonal deletion with the mixed chimerism was examined (Fig. 5).
Whole thymocytes were stained with FITC-conjugated anti-V 86
mADb, PE-conjugated anti-CD4 mAb, and allophycocyanin-conju-

gated anti-CD8 mAb. We previously reported that intrathymic .

clonal deletion occurs by 6 wk after SC and CP treatment (12, 13),
but we did not investigate whether intrathymic CD4 single-posi-
tive T cells are depleted by clonal destruction or when intrathymic
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FIGURE 5. Intrathymic clonal deletion in the recipient mice. a and b,
The kinetics of CD4*CD8"VB6™ (a) or CD4*CD8™ VE8.1/8.2* ) T .
cells in thymocytes harvested from the recipient BALB/c mice are shown.
Thymocytes were labeled with FITC-conjugated anti-V36 or V38.1/8.2
mAb, PE-conjugated anti-CD4 mAb, and allophycocyanin-conjugated anti-
CD8 mAb. To determine the percentage of CD4™ T cells that were V36
or V38.1/8.2%, 10,000-20,000 gated CD4"CD8~ cells were collected.
Thymocytes were obtained from WT mice treated with DBA/2 (DBA) SC
and CP (&; n = 4), NKT KO mice treated with DBA/2SC and CP ((J; n =
4), WT mice treated with DBA/2 SC alone (A; n = 4), and NKT KO mice
treated with DBA/2 SC alone (4; n = 4). Vertical bars represent SD. The
statistical significance of the differences among groups was analyzed and
the results are given in a. ¢, Intrathymic chimerism in the recipient mice.
Thymocytes were labeled with FITC-conjugated anti-Lyt 1.1mAb and PE-
conjugated anti-Lyt 1(1.1 + 1.2) mAb. To determine the percentages of T
cell chimerism that were Lyt 1.1%, 10,000-20,000 gated Lyt 17 cells were
collected. Thymocytes were obtained from WT (Lyt-1.2) mice treated with
DBA/2 (Lyt-1.1) SC and CP (B; n = 4) and NKT KO mice treated with
DBA/2 SC and CP ({J; n = 4). Chimerism was undetectable in WT or
NKT KO mice treated with DBA/2 SC alone (data not shown). Vertical
bars represent SD.

clonal deletion begins. The present analysis was performed by gat-
ing CD4"CD8 " single-positive thymocytes.

Among the CD4"CD8~ thymocytes of the BALB/c WT or
NKT KO mice, CD47VE6™ T cells represented ~9% (Fig. 5a),
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FIGURE 6. Absolute number of cells in the thymuses of recipients
treated with DBA/2 (DBA) SC and CP. The kinetics of CD4*CD8~VE6™
() and CD4+*CD8™ V38.1/8.2* (b) T cells in thymocytes harvested from
the recipient mice are shown. &, The numbers of CD4*CD8™VB6™ cells in
the thyrmises from WT mice treated with DBA/2SC and CP (A; n = 4),
NKT KO mice treated with DBA/2 SC and CP (¢; n = 4), WT mice treated
with CP (®; n = 4), NKT XO mice treated with and CPE;n=4,WT
mice treated with SC (O; n = 4), and NKT KO mice treated with SC (WK
n = 4). b, The numbers of CD4*CD8 V8™ cells in the thymuses from
WT mice treated with DBA/2 SC and CP (A; n = 4), NKT KO mice treated
with DBA/2 SC and CP (¢; n = 4), WT mice treated with CP (@, n =
4), NKT KO mice treated with CP (B; n = 4), WT mice treated with SC
(O; n = 4), and NKT KO mice treated with SC (Ch n=4).

and the injection of DBA/2 SC did not significantly alter the per-
centage of CD47VB6™ T cells during our observation. In the thy-
muses of BALB/c WT mice treated with DBA/2 SC and CP, the
percentage of CD4TVB6™ T cells was not significantly changed
by day 8 but then declined to ~3% by day 21 and reached <2%
on day 35. The reduction in CD4*VB6™ T cells was strongly
associated with the intrathymic mixed chimedsm (Fig. 5¢). After
28 days, mixed chimerism was detected in the thymuses of
BALB/c WT mice treated with DBA/2 SC and CP. In contrast, in
the thymuses of NKT KO mice treated with DBA/2 SC and CP, the
percentage of CD4"VB6™ T cells was not significantly changed
by day 8, then declined to ~5% on day 21, and retumed to the
normal range by day 70 (Fig. 54). Mixed chimerism was not de-
tected in the thymuses of BALB/c NKT KO mice treated with
DBA/2 SC and CP during our observation (Fig. 5¢). The intrathy-
mic clonal deletion in the tolerant BALB/c mice was specific for
Mls-12-reactive T cells expressing TCR V36, because Vf38. 1/8.2"
thymocytes were not deleted (Fig. 5b). Furthermore, the absolute
number of CD4TCD8~VB6™ thymocytes was analyzed and sim-
ilar results were obtained (Fig. 6). When BALB/c WT or NKT KO
mice were treated with CP alone on day 2, a transient reduction of
both CD4TVB6™ and CD4VVE8™ T cell subsets in the thymus
was observed. :
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FIGURE 7. Permanent DBA/2 (DBA) skin graft acceptance in the
thymectomized BALB/c NKT KO mice treated with DBA/2 SC and CP.
Recipient mice were grafted with skin from donor DBA/2 () or third party
B10D2 (b) mice 4 wk after treatment. 4, The groups and median skin graft
survival times were as follows: @, thymectomized WT mice (n = 6; 10
days); A, thymectomized NKT KO mice (n = 6; 10 days); ¢, thymec-
tomized WT mice treated with DBA/2 SC and CP (n = 6; >100 days);
H, thymectomized NKT KO mice treated with DBA/2 SCand CP (n =
11; >100 days). b, B10.D2 skin grafts were rejected within 14 days
after grafting in the following groups: ¢, thymectomized WT mice
treated with DBA/2 SC and CP (n = 3); and B, thymectomized NKT
KO mice treated with DBA/2 SC and CP (n = 3).

[=]

Induction of skin allograft prolongation in thymectomized NKT
KO mice

The previous results indicated that the effector T cells (CD4+CD8™
VB6™) in the thymuses of WT mice were not depleted until intrathy-
mic clonal deletion occurred and that intrathymic clonal deletion was
associated with the establishment of mixed chimerism. Thus, we sup-
posed that the effector T cells generated in the thymus at the early
phase of tolerance induction were regulated by NK'T cells. To confirm
this hypothesis, recipients were thymectomized on day - 14. As
shown in Fig. 7a, DBA/2 skin graft survival was permanently pro-
longed in 9 of 11 recipient NKT KO mice thymectomized on day
—14 and treated with SC on day 0 and CP on day 2 (MST, >100
days). Sirmilar results were obtained in thymectomized WT mice (7 =
6; MST, >100 days). This skin graft prolongation was tolerogen-
specific, because third party B10.D2 (H-2% allografts were rejected in
a normal fashion (Fig. 7b).

Generation of tolerogen-specific regulatory T cells in both WT
and NKT KO recipients at the late stage of tolerance

Previous studies have demonstrated that the third mechanism of
cyclophosphamide-induced tolerance is a regulatory mechanism at
the late stage of tolerance (11, 14). To examine whether NKT cells
were involved in the generation of regulatory T cells, adoptive
transfer experiments were conducted (Fig. 8). BALB/c WT mice
were irradiated with 3 Gy and then received an i.v. transfer of 1 X
108 SC from thymectomized WT or NKT KO recipients that had
accepted DBA/2 skin grafts for >100 days. With respect to the T
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FIGURE 8. Generation of regulatory cells in the recipient mice accept-
ing donor DBA/2 (DBA) skins. BALB/c WT mice were iradiated with 3
Gy and injected 1.v. with 1 X 10° or 4 X 107 SC from the thymeciomized
WT or NKT KO recipients accepting DBAJ/2 skin grafts >100 days. Re-
cipient mice were grafted with skin from donor DBA/2 (a) or third party
B10.D2 (b) mice 1 day following the transfer of tolerant SC. The groups
and median skin graft survival times were as follows: ¢, irradiated WT
mice treated with 1 X 10 WT SC (n = 9; 58 days); B, irradiated WT
mice treated with 1 X 10% NKT KO SC (n = 9; 50 days); ¢, irradiated
WT mice treated with 4 X 107 WT SC (n = 6; 38.5 days); [, irradiated
WT mice treated with 4 X 107 NKT KO SC (n = 6; 35 days); and A,
irradiated WT mice (n = 6; 24 days). b, B10.BR skin grafts were re-
jected within 24 days after grafting in all groups.

cell percentage of the SC, no significant difference was observed
between thymectomized NKT KO mice and BALB/c WT donors
(20-25%). Skin grafting was performed 1 day following the trans-
fer of the SC. DBA/2 skin grafts were rejected within 30 days after
grafting in the BALB/c WT mice treated with irradiation alone
(Fig. 8a; n = 6; MST = SD = 23.3 & 6.8 days; median = 24
days). The survival of the DBA/2 skin grafts was further prolonged
in the irradiated BALB/c WT mice by transferring the SC from

thymectomized WT mice that had accepted DBA/2 skin grafts

(n = 9y MST * SD = 593 = 9.1 days; median = 58 days).
Similarly, in the irradiated BALB/c WT mice which received the
SC transferred from thymectomized NKT KO mice that had ac-
cepted DBA/2 skin grafts, the survival of DBA/2 skin grafts was
moderately prolonged (7 = 9; MST #+ SD = 46.7 % 14.6 days;
median = 50 days). There was a statistically significant difference
between the graft survivals in irradiated BALB/c W'T mice receiv-
ing SC transfers from thymectomized WT and NKT KO mice that
had accepted DBA/2 skin grafts (p < 0.05). In addition, we in-
vestigated whether a lower dose of tolerant SC (4 X 107y could
induce prolongation -of graft survival. Skin graft survival was
mildly prolonged in the irradiated BALB/c WT mice by transfer-
ring 4 X 107 SC from thymectomized NKT KO mice that had
accepted DBA/2 skin grafts (n = 6; MST = SD = 353 + 5.1
days; median = 35 days). The survival time of the DBA/2 skin
grafts was also prolonged in the irradiated BALB/c WT mice by
transferring 4 X 107 SC from thymectomized WT mice that had
accepted DBA/2 skin grafts (n = 6; MST = SD = 39.0 £ 6.7
days; median = 38.5 days). In the case of the transfer experiment
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FIGURE 9. Generation of regulatory cells in the recipient mice accept-
ing donor DBA/2 skins. BALB/c WT mice were imradiated with 3 Gy and
injected i.v. with 1 X 10® SC from the thymectomized WT or NKT KO
recipients accepting DBAJ2 skin grafts over 100 days. Recipient mice were
grafted with skin from donor DBA/2 mice 1 day following the transfer of
tolerant SC. Skin grafting was performed on the same day in all groups. &,
The groups and median skin graft survival times after treatment with tol-
erant SC from WT mice were as follows: ¢, irradiated WT mice treated
with SC from WT recipients (n = 6; 63 days); A, iradiated WT mice
treated with CD4™ T cell-depleted SC from WT recipients (n = 6; 56
days); H, irradiated WT mice treated with CD8" T cell-depleted SC from
WT recipients (n = 6; 29 days); @, irradiated WT mice treated with
Thyl.2* T cell-depleted SC from WT recipients (n = 6; 32.5 days); and X,
irradiated WT mice (n = 6; 24 days). b, The groups and median skin graft
survival times after treatment with tolerant SC from NKT KO mice were
as follows: ¢, irradiated WT mice treated with SC from NKT KO recip-
ients (n = 6; 42 days); A, irradiated WT mice treated with CD4™ T cell-
depleted SC from NKT KO recipients (n = 6; 35 days); [J, irradiated WT
mice treated with CD8* T cell-depleted SC from NK.T KO recipients (n =
6; 26 days); O, irradiated WT mice treated with Thy1.2* T cell-depleted
SC from NKT KO recipients (n = 6; 22 days). X, irradiated WT mice (n =
6; 24 days). ’

using low-dose SC, there was no statistically significant difference
in survival between the groups treated with 4 X 107 SC from
DBA/2 skin graft-accepting thymectomized WT mice and those
treated with an equivalent number of SC from DBA/2 skin graft-
accepting thymectomized NKT KO mice. The graft survival times
in the irradiated BALB/c WT mice treated with a low dose (4 X
107y of SC from DBA/2 skin graft-accepting thymectomized
BALB/c WT or NKT KO mice were shorter than those in the
irradiated BALB/c W'T mice treated with a high dose (1 X 10%) of
SC. These skin allograft prolongations were tolerogen-specific, be- ‘
cause third party skin B10.D2 (H-2%) allografts were rejected
within 24 days after grafting (Fig. 8b). )
Furthermore, we investigated which T cell subset was dominant
in the regulatory function. SC from tolerant BALB/c WT mice
were treated with anti-CD4, -CD8, or -Thy-1.2 mAb and comple-
ment ex vivo, and 1 X 10° mAb-treated SC were transferred to the
irradiated WT mice. Recipient mice were grafted 1 day following
the transfer of tolerant SC (Fig. 94). The graft survival time of the
recipient treated with CD4™ T cell-depleted SC from tolerant
BALB/c WT mice was moderately prolonged (n = 6; MST =+
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SD = 52.2 = 11.9 days; median = 56 days). There was no sta-
tistically significant difference compared with the graft survival of
the recipient treated with non-T cell-depleted tolerant SC (2 = 6
MST % SD = 55.2 % 9.7 days; median = 56 days). In contrast,
the graft survival of the recipients treated with CD8™ or Thy1.2™
T cell-depleted tolerant SC was significantly shorter than that of
the recipients treated with non-T cell-depleted tolerant SC (n = 6
MST £ SD = 29.7 £ 6.0 days; median = 29 days; and n = 6;
MST = SD = 30.0 % 5.6 days; median = 31 days; respectively).
These data indicated that the regulatory cells induced in CP-in-
duced tolerance are mainly CD8% T cells rather than CD4™ T
cells. When SC from tolerant NKT KO mice were used, similar
results were obtained (Fig. 9b).

Discussion

By using the H-2-matched murine combination of DBA/2 into
BALB/c WT and mAbs against T cell markers (Lyt-1.1 and Lyt
1.2) and TCR V6, we have demonstrated the sequential mecha-
nisms of CP-induced tolerance (11, 14). These mechanisms are as
follows: 1) clonal destruction of Ag-stimulated and then prolifer-
ating T cells by CP at the early stage; 2) intrathymic clonal dele-
tion at the intermediate stage; and 3) regulatory mechanisms at the
late stage of tolerance. These three conditions are achieved by SC
and 200 mg/kg CP alone without any other supportive treatment in
most H-2-matched mouse combinations. In the present study, we
have elucidated the roles of NKT cells in the induction of skin
allograft tolerance in CP-induced tolerance.

The first mechanism essential to CP-induced tolerance is the
selective destruction of Ag-stimulated and then proliferating T
cells by CP treatment. This mechanism is considered to be respon-
sible for destroying mature T cells but not immature T cells. As
shown in Fig. 3, the CD4"VB6™" T cells that are responsible for
the MLR against Mls-1*encoded Ag (14) and probably the effec-
tor T cells that are responsible for the rejection of DBA/2 skin
selectively proliferated on day 2 and were depleted by day 5 in the
periphery of the WT mice given DBA/2 SC and CP, leaving most
of the nonproliferative CD4" V8™ T cells. The same results were
observed in NKT KO mice given DBA/2 SC and CP, suggesting
that NKT-mediated immunoregulation was not required for the
induction of clonal destruction in the periphery.

The second mechanism is the intrathymic clonal deletion, which
is essential for maintaining the central tolerance in CP-induced
tolerance and other chimerism-based tolerance systems (12, 13).
By days 28-35 after the treatments with DBA/2 SC and CP, in-
trathymic chimerism was established due to regeneration of the
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stem cells of donor origin contained in the tolerogenic SC, and
then clonal deletion of VB6™ T cells began in the thymuses of WT
recipients (Fig. 4). In fact, intrathymic clonal deletion was well
correlated with intrathymic mixed chimerism. Notably, in the thy-
muses of NKT KO recipients given DBA/2 SC and CP, the per-
centage of CD47 V6™ T cells decreased only transiently from day
21 through day 35 and returned to the nommal level by day 70.
Consistently, intrathymic chimerism was not established in NKT
KO recipients given DBA/2 SC and CP. Because donor Ag-reac-
tive effector T cells can break mixed chimerism in the periphery,
it can be speculated that the effector T cells generated in the thy-
muses of recipient WT mice by DBA/2 SC administration must be
suppressed or regulated by an unsolved mechanism to establish the
intrathymic mixed chimerism, which is essential for clonal dele-
tion of donor Ag-specific T cells in the thymus. We hypothesized
that this unsolved mechanism could be mediated by the NKT cells.
To confirm this hypothesis, we performed a thymectomy and then
conditioned the mice with DBA/2 SC and CP (Fig. 7). The results
showed that skin graft tolerance was induced in 9 of 11 of the
thymectonﬁzed NKT KO mice given DBA/2 SC and CP (Fig. 7).

Itis important to consider why chimerism or clonal deletion was
poorly observed in NKT recipients (group 5; Table I and Fig. 5a).
Regarding the reduced level of chimerism, we conjectured that
chimerism was established by the clonal destruction but was grad-
ually rejected by effector T cells from the thymus. In fact, the level
of chimerism was reduced from 2 to 8 wk (group 5; Table I). In
BALB/c WT mice, as described above, effector T cells from the
thymus were suggested as being regulated by NKT cells, chimer-
ism was stably maintained, and donor skins were permanently ac-
cepted. By performing thymectomies in NKT KO mice, a higher
level of chimerism could be induced compared with that in non-~
thymectomized NKT KO mice (group 6 vs 7; Table II). As a result,
skin allograft tolerance could be induced in thymectomized NKT
KO mice treated with DBA/2 SC and CP. However, the level of
chimerism in thymectomized NKT KO mice treated with DBA/2
SC and CP tended to be lower than that in thymectomized BALB/c
WT mice treated with DBA/2 SC and CP (group 6 vs group 4;
Table 1), although this difference did not reach the level of sta-
tistical significance. These results may. be explained in the follow-
ing ways. First, we detected T cell chimerism, which may not
correlate with bone marrow chimerism. Second, NKT-mediated
immunity may contribute to the homeostatic proliferation or self-
renewal of T cells. Regarding the poor level of deletion of
CD4*CD8"VB6™ thymocytes in NKT mice (Fig: 5a), we can
hypothesize that NKT cells may reguldte negative selection in the

Table 1. Chimerism and clonal destruction in recipients treated with thymectomy, DBA/2 SC and CP*®

Chimeric Analysis (percent

Analysis of TCR Expression

positive cells = SD} (percent positive cells &= SD)

Treatment® Lyt-1.1%/Lyt-1" (%) CD4*VB6+/ICDAT (%) CD4*VB6*/CD4™ (%)
Thymectomy SC cp No. of
Group Recipient (day —14) (Gay 0) (day 2) Mice 2wk 8 wk 3 wk 9 wk 3wk 9 wk
1 BALB/c WT +) (-) (=) 6 - 0 11.7+09 1877 = 2.1
2 BALB/c NKT KO (+) (-) -) 6 0 10.1 €12 18915
3 DBAR (+) (=) (-) 6 98.0 =22 0 13220
4 BALB/c WT (+) DBA/2  200° 6 30+1.0°6 35x12° 1.1x£02 09x07 187=x07 169+33
5 BALB/c WT Sham DBA/2Z  200° 6 2409 32x12 17204 13205 19215 174x1.1
6 BALB/c NKT KO +) DBA/2  200° 6 26054 20+07° 13+03 13x02 162+08 147x24
7 BALB/c NKT KO Sham DBA/2  200° 6 14%+03 08x01 1505 10204 159+10 167x13

@ The recipient mice were primed Lv. with 1 X 108 vigble DBA/2 SC on day 0 and then given 200 mg/kg CP on day 2. Thymectomies were performed on some groups on day —14.

& Milligrams per kilogram (mg/kg).
‘No statistical significance as compared w1th group 6.
¢ p < 0.01 compared with group 7.
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thymus. We intend to elucidate these unsolved mechanisms in a
future study.

The third mechanism is the generation of regulatory cells in the
late stage of tolerance (11, 14). Any significant contribution of
suppressor factors, such as enhancing Abs or anti-idiotypic Abs,
was excluded from the transfer experiments by using the serum
from long-term tolerant mice (11). Recent reports have clarified
that the regulatory mechanism is mediated by both CD25%CD4™
and CD257CD4™ T cells via CTLA-4 molecules and Th2 cyto-
kines in mAb-induced tolerance systems (23-25). Furthermore,
another study has reported that CP depleted CD257CD4™ T cells
(26). We have reported that CD8™ T cells are generally involved
in the suppressor activity in CP-induced tolerance, whereas CD4™
T cells are not (11, 14). The present study confirmed that CD8™ T
cells exhibit the main suppressor activity, indicating that
CD25%CD4™ T cells are not involved in the regulatory mecha-
nisms. One of the aims in the present study was to examine the role
of NKT cells in the generation of regulatory cells. The results
showed that fegulatory cells could be generated without the con-
tribution of NK'T cells. However, regarding the suppressor activity,
NKT may have some effects on the suppression of the alloreac-
tivity in the recipients, because the survival of DBA/2 skin grafts
was significantly longer in irradiated recipients receiving a high
dose (1 X 10%) of SC from tolerant WT mice than in those receiv-
ing the same amount of SC from tolerant NKT KO mice.

Two reports have described the crifical role of NKT cells in
inducing transplantation tolerance (5, 6). However, the precise
mechanisms at the cellular and molecular levels have remained
unclear. It has been well documented that NKT cells produce large
amounts of both IL-4 and IFN-y upon activation (27-29). Given
that IL-4 and IFN-y have opposite effects on the development of
Thl and Th2 cells, extensive analyses have been performed with
various experimental systems, and conflicting results have been
reported (30-32). By using IL-4 KO and IFN-y KO mice, two
groups analyzed the mechanisms of the NKT-mediated role in
transplantation tolerance induction and produced conflicting re-
sults (5, 6). Ikehara et al. (6) suggested that there was little involve-
ment of these two cytokines in C57BL/6 mice injected with anti-CD4
mADb and grafted with rat islets. In contrast, Seino et al. (5) suggested
that IFIN-y partially contributes to tolerance induction in C57BL/6
mice injected with anti-LFA-1 and ICAM-1 mAbs and grafted with
heart grafts from BALB/c (H-2%) mice. However, these results did not
seemm to be definitive, because they could not show clearly whether the
IFN-y produced by NKT cells was involved in one or more of the
steps that induce and maintain transplantation tolerance, i.e., activa-
tion of effector T cells, apoptosis of effector T cells, reprogramming of
effector T cells (anergy induction), and the generation of regulatory T
cells. In the present study, we can strongly suggest two roles for NKT
cells in CP-induced tolerance. One is to regulate the effector T cells
generated in the thymuses of recipient WT mice by DBA/2 SC ad-
ministration through the establishment of intrathymic clonal deletion.
The other is to allow generation of regulatory cells without NKT
cell-mediated immunoregulation.

As for the NKT reconstitution assay (Fig. 2), unfortunately we
could not show how many NKT cells are needed to completely
reconstitute NKT-mediated immunoregulation. In our laboratory,
the Val4 transgenic mice (RAG-1 KO background) needed for
reconstituting NKT cells in NKT (Va14) KO mice are unavailable.
However, even in the experiments using the Veal4 transgenic
mice, a previous attempt to perform adoptive transfer of Val4™
cells from V14 transgenic mice in an allogeneic tolerance system
was not successful, probably because the dose of Vor14™ cells was
not sufficient to restore these cells to the normal level (Y. Yasu-
nami, unpublished observation). We initially transferred 1 X 10®
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SC from WT mice to NKT KO mice but could not induce perma-
nent acceptance donor skin grafts in three of seven recipients. NKT
(aGalCer/CD1d tetramer*CD3™) cells were restored to 0.4 and
4.3% in SC and LMNC of these mice, respectively, suggesting that
the level of NKT reconstitution was not enough. In contrast, Seino
et al. had reconstituted WT BMC (including NKT cells and pro-
genitors) in irradiated NKT KO mice (5). To further reconstitute
NKT cells, recipient NKT KO mice were irradiated with 3 Gy and
reconstituted with SC and BMC from WT mice. Although NKT
cells were not fully restored (0.7 and 9.5% in SC and LMNC,
respectively), permanent skin graft acceptance was induced in all
of the irradiated and reconstituted NKT KO mice.
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The number of cases of colorectal cancer in Japan has increased over
the past few decades, and incidence rates are now among the
highest in the world. The present investigation within the Fukuoka
Colorectal Cancer Study, including 778 cases and 767 controls aged
20-74 years, examined the association between physical activity
and colorectal cancer risk by subsite. Employment-associated and
leisure time physical activity was assessed by a questionnaire and
interview. Division of sites into the proximal and distal colon, as
well as the rectum, revealed clear site-dependent protective effects,
with adjustment for smoking, alcohol consumption, BMI and age. in
males, greater job-related physical activity was associated with
significant reduction of risk in the distal colon and rectum (P = 0.047
and 0.02, respectively), whereas total and moderate or hard non-job
physical activity exerted effects limited to the rectum (P =0.01 and
0.004, respectively). In females, job-related physical activity and
moderate or hard non-job physical activity was also protective, but
only in the distal colon. Separate assessment of the influence of BMI
10 years previous to the study showed increase in risk with obesity
in males but not in females, limited to distal colon and rectum. The
results of the present study indicate that physical activity associated
with work and leisure-time exerts beneficial effects in Japanese, but
not on the proximal colon. (Cancer Sci 2006; 97: 1099-1104)

Colorectal cancer is one of the most common cancers
world-wide, accounting for approximately 10% of incident
cases.? Both incidence and mortality have markedly increased
over the past decades in Japan,” now among the countries with
the highest rates of colorectal cancer in the world.® It has been
argued that the change from low to high incidence is due to the
adoption of a Westernized lifestyle, characterized by high intake of
animal foods and low levels of physical exercise.* Many cohort
and case-control studies have consistently shown that physical
activity, as assessed by different methods, is associated with
decreased risk of colorectal or colon cancer.®® It is notable that
a decreased risk associated with physical activity is more evident
for colon cancer than colon and rectal cancer combined. In the case
of rectal cancer, a protective association with physical activity has
rarely been observed. According to a review published in 2002,
two cohort studies and 10 case-control studies addressed the
relationship between physical activity and rectal cancer, and only
four case-control studies suggested a protective association.®
An unsolved question is whether total energy expenditure or
physical activity is more relevant to protection against colon cancer,
and it is unsolved whether protective effects of physical activity
might differ by the site of colon cancer. Several investigations
have found a stronger protective association between physical
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activity and distal colon cancer than proximal colon lesions,™®
but others have noted a stronger risk reduction in the proximal
segment,!'? or no difference.?3-16

We therefore examined the relationship between physical
activity at work, and during leisure time, commuting, house-
work, and shopping, and colorectal cancer risk in the Fukuoka
Colorectal Cancer Study in Japan, with particular attention to
the impact of physical activity on occurrence of cancer in the
proximal colon, distal colon, and rectum. Because obesity has
been reported to be associated with increased risk of colorectal
cancer,*™ and is also closely associated with the level of physical
activity, we also investigated the relationship between BMI and
colorectal cancer development.

Materials and Methods

Details of methodological issues have been described elsewhere.!?
In brief, both cases and controls were residents of Fukuoka
City and three adjacent areas. Cases were patients undergoing
surgery for a first diagnosis of colorectal cancer at two university
hospitals or six affiliated hospitals. Other eligibility criteria
included the following characteristics: age of 20—74 years at the
time of diagnosis; no prior history of partial or total removal
of the colorectum, familial adenomatous polyposis, or inflammatory
bowel disease; and mental and physical competence to give
informed consent and to complete the interview. Of 1053 eligible
cases, d total of 840 cases (80%) participated in the interview.
Eligibility criteria for controls were the same as described for.cases
except for two items, that is, having no diagnosis of colorectal
cancer and age of 20—74 years at the time of selection. A total
of 1500 persons were selected as control candidates by two-
stage random sampling. Fifteen small areas out of 178 in total
were randomly selected, and approximately 100 persons were
randomly selected in each small area. Numbers of control
candidates by sex and 10-year age class were determined a priori
in accordance with sex and age-specific numbers of incident
cases of colorectal cancer in the Osaka Cancer Registry during
the period 1988-1992.08 A letter of invitation was sent to each
candidate, and a telephone call was made if the candidate was
listed in the telephone directory. At most three additional letters
of invitation were mailed to non-respondents. A total of 833
persons (60%) participated in the survey.

2To whom correspondence should be addressed.
E-mailkisomura@phealth.med.kyushu-u.ac.jp

Abbreviations: BMI, body mass index; Cl, confidence interval; MET, metabolic
equivalent; OR, odds ratio.
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The cases were interviewed at each hospital during the period
2000-2003, and controls were surveyed during the period
2001-2002. Excluded from this analysis were 60 cases and 65
controls who had conditions that might have influenced their
physical activities (prior history of angina pectoris, myocardial
infarction, or cerebral infarction), and who were not perfectly
independent in the activities of daily living. One control subject
whose height was not measured and two cases whose cancers
were both in colon and rectum were also excluded. Thus, 778
cases (456 men and 322 women) and 767 controls (470 men and
297 women) remained in the analysis.

Physical activity assessment. Questions on physical activities
elicited information regarding the respondents’ type of job,
activities in commuting, housework, and shopping, and leisure-
time activities at the time of 5 years prior to the interview. Five
options were prepared to describe the type of job: sedentary or
standing work (e.g., clerical work, taxi driving, housework);
work with walking (e.g., delivery by walking, patrolling on
foot), labor work (e.g., construction work, agricultural work,
loads transport), hard labor work (e.g., digging or chopping with
heavy tools, carrying heavy loads), and no job. Weekly minutes
spent in walking, bicycling, and jogging were each ascertained
regarding commuting, housework, and shopping on average in
the year. Regular leisure-time activities were ascertained, on
average over 1 year, with regularity defined as at least once
per week. Information was obtained for up to three activities, in
terms of the type of activity, numbers of months and of days per
week that individuals participated in each activity, and minutes
of participation per occasion.

Intensity of each non-job physical activity, including physical
activity at leisure time, commuting, housework, and shopping,
was classified into light, moderate, hard and very hard in terms
of the MET on the basis of a published compilation for physical
activity."® The time spent in non-job physical activity was
multiplied by the corresponding MET value (light 2, moderate 4,
hard 6 and very hard 8) to yield MET-hours per week of non-job
activities. Twenty-eight subjects completed the questionnaire again
after an interval of 1 year. The Spearman correlations for job-related
and non-job physical activities were 0.67 and 0.57, respectively.

Job-related physical activities were categorized into three
levels of sedentary (not employed, or sedentary or standing work),
moderate (walking with work), and hard (labor work or hard labor
work) for men. Because of the small number of female subjects
engaged in jobs of moderate or hard activity, these two categories
were combined into one. Non-job physical activity was categorized
into three levels of 0, 0.1-15.9, or 16 + MET-hours per week,
based on the distribution of physical activity among controls.

Anthropometric parameters. In this study, referent dates were
the date of the onset of symptoms or screening for cases, and the
date of interview for controls.

Participants reported height (cm) and body weight (kg) at the
referent date and also body weight 10 years before the referent
date. BMI, weight in kilograms divided by squared height in
meters, was calculated as a measure of obesity at the referent date
and 10 years before. Information on body weight 10 years before
was missing with five cases and 11 controls, and their BMI 10
years before was based on the recent body weight. BMI was
categorized into three groups of <23, 23-24.9, and 25+ kg/m?, with
reference to the results from a prospective study that examined
the association between BMI and mortality in Japan.®®

Other lifestyle parameters. To assess smoking habits, individuals
were first asked whether they had ever smoked cigarettes every
day for 1 year or longer. Then they were asked about the current
status (before the symptoms or screening in the cases). For
past smokers, their age when they started smoking, and that
of quitting smoking, were ascertained. Years of smoking and
numbers of cigarettes smoked per day were ascertained for each
decade of age from the second to eighth decade.

1100

Alcohol consumption at the time of 5 years prior to the referent
dates was elicited, with alcohol use defined as drinking alcoholic
beverages at least once per week over the period of 1 year or
longer. Then individuals answered open-ended questions regard-
ing the frequency of consumption (number of days per week) and
the amount of alcohol consumed on the day of alcohol drinking,
on average over a year at the time 5 years prior to the referent
date. The amount of alcohol was expressed in conventional
units: one go (180 mL) of sake, one large bottle (633 mL) of
beer, and one half go (90 mL) of shochu were each expressed as
one unit; and one drink (30 mL) of whisky or brandy and one
glass (100 mL) of wine were each converted to a half unit.

Prior histories of medical conditions and surgeries were
elicited, and activities of daily living were ascertained with
classification into four categories (perfect independence, need of
help for going outside, support needed at home, and bedridden).

Statistical analysis. In examining the association between physical
activity and confounding factors, the Kruskal-Wallis test was
used for continuous confounding variables, and the y>test for
dichotomous confounding variables. Association of physical activity
and obesity with the risk of colorectal cancer was examined for
men and women separately by use of multiple logistic regression
analysis in terms of OR and 95% CI. Adjustment was made for age
(<50, 50-54, 5559, 60-64, 65—69, and 70+ years), cigarette
smoking (0, 1~399, 400-799 and 800+ cigarette-years), alcohol
use (0, 0.1-0.9, 1.0-1.9, or 2+ units per day), residential area
(Fukuoka City or suburban area) and BMI 10 years before.
Job-related physical activity and non-job physical activity were
adjusted for each other. Statistical significance was concluded if
the two-sided P-value was less than 0.05 or if 95% CI did not
include unity. Those aged below 30 years were few (two cases
and eight controls). Repeated analysis excluding these subjects
did not change the results, and we presented the results based
on the whole subjects. All statistical analyses were performed
using SAS version 8.2 (SAS Institute, Cary, NC).

Results

Table 1 shows the association between several confounding
factors and job-related physical activity among controls. In men,
non-job physical activity was less among subjects whose job
was physically hard than those who were sedentary at work.
Sedentary men were older than those whose job was physically
active. Such associations were not observed in women. In terms
of non-job physical activity, the mean age was higher in both
men and women with greater activity. None of the other
confounding factors was related to level of non-job physical
activity (Table 2).

Table 3 shows associations of physical activity with colon
and rectal cancer risk in men. Hard work in terms of physical
activity was associated with lower risks of both colon and rectal
cancer as compared with sedentary work. A decrease in risk
associated with job-related physical activity was noted for
both distal and proximal colon cancer. Non-job physical activity
was associated with a significantly decreased risk of only
rectal cancer, although a similar tendency was noted for dis-
tal colon cancer. We also examined associations between
moderate or hard non-job physical activity and colorectal
cancer, and the results were similar to those for total non-job
physical activity.

In women (Table 4), job-related physical activity was associated
with a slightly decreased risk of colon cancer, and a significantly
decreased risk of distal colon cancer, but not of rectal cancer.
Similarly, total non-job physical activity was associated with a
lower risk of colon cancer overall, and of distal colon cancer
specifically, but not of either proximal colon or rectal cancer.

The current BMI was unrelated to either ¢olon or rectal cancer
in men and women (data not shown). BMI 10 years before was
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Table 1. Characteristics of controls by job-related physical activity

Men Women

Variable

Sedentary Moderate Hard P* Sedentary Hard P
Number 290 75 105 NA 245 52 NA
Mean age (years) 59.2 56.4 57.8 0.03 58.1 58.1 0.57
Mean BMI (kg/m?) 23.0 233 23.2 0.37 224 22.4 0.78
Mean MET-hours/week® 16.5 10.0 8.8 <0.0001 15.9 14.0 0.36
Alcohol user (%) 76.2 88.0 76.2 0.08 28.6 36.5 0.25
Heavy alcohol user (%)% 47.9 58.7 60.0 0.05 NS NS NS
Ever-smoker (%)*? 82.1 78.7 81.0 0.75 20.8 25.0 0.51
Heavy smoker (%)™ 37.6 26.7 28.6 0.09 NS NS NS
Residents in Fukuoka City (%) 63.5 68.0 52.4 0.06 71.0 59.6 0.1

*p-values (two-sided) were based on the Kruskal-Wallis test for continuous variables and y>test for proportions. *Physical activity during leisure

time, commuting, housework, and shopping. *Drinking alcohol at least once per week 5 years before. 5Drinking alcohol at least 1.0 unit per day.
Because of a small number of heavy drinkers in women (n = 19), only results for men are presented. %Smoking cigarettes daily for at least 1 year.
*Smoking at least 800 cigarette-years. Because of a small number of heavy smokers in women (n = 6), only results for men are presented. NA, not
applicable; NS, result not significant.

Table 2. Characteristics of controls according to level of non-job physical activity’ (MET-hours/week)

Men Women

Variable

0 0.1-15.9 16.0+ P* o] 0.1-15.9 16.0+ P*
Number 161 151 158 NA 60 124 113 NA
Mean age (years) 57.5 57.7 60.2 0.03 55.2 57.7 60.2 0.0005
Mean BMI (kg/m?) 23.2 23.0 23.2 030 22.5 22.2 22.6 0.52
Alcohol use (%)* 75.2 82.8 76.6 0.23 23.3 30.7 32,7 0.43
Heavy alcohol use (%)* 52.2 57.0 48.1 0.30 NS NS NS NS
Ever-smoker (%)? 82.0 81.5 81.0 0.98 28.3 17.7 22.1 0.26
Heavy smoker (%) 36.0 33.8 31.7 0.71 NS NS NS NS
Residents in Fukuoka City (%) 57.1 64.2 63.9 0.34 61.7 69.4 72.6 0.33

*P.values (two-sided) were based on the Kruskal-Wallis test for continuous variables and y?-test for proportions. "Physical activity during leisure
time, commuting, housework, and shopping. *Drinking alcohol at least once per week 5 years before. $Drinking alcoho! at least 1.0 unit per day.
Because of a small number of heavy drinkers in women {n = 19), only results for men are presented. ¥Smoking cigarettes daily for at least 1 year.
TSmoking at least 800 cigarette-years. Because of a small number of heavy smokers in women (n = 6), only results for men are presented. NA, not
applicable; NS, result not significant.

Table 3. Adjusted OR and 85% Cl of colon and rectal cancer in relation to physical activity in men

No. of Colon Proximal colon Distal colon Rectum
controls No. OR (95% CI)t No. OR (95% CI)f No. OR (95% CI)* No. OR (95% CI)?
Job-related physical activity
Sedentary 290 167 1.0 (referent) 56 1.0 (referent) 110 1.0 (referent) 138 1.0 (referent)
Moderate 75 37 0.9 (0.6-1.4) 16 1.2 (0.6-2.2) 21 0.8 (0.4-1.4) 33 0.9 (0.5-1.4)
Hard 105 44 0.7 {0.4-1.0) 16 0.7 {0.4~-1.4) 28 0.6 (0.4-1.0) 37 0.6 (0.4-0.9)
Trend NA NA P =0.06 NA P =045 NA P =0.047 NA P=0.02
Total non-job physical activity*
0.0 161 87 1.0 (referent) 27 1.0 (referent) 60 1.0 {referent) 91 1.0 (referent)
0.1-15.8 151 83 0.9 (0.6-1.4) 33 1.2 (0.6-2.1) 439 0.8 (0.5-1.3) 61 0.6 (0.4-0.9)
16.0+ 158 78 0.8 (0.5-1.2) 28 0.9 (0.5-1.7) 50 0.7 (0.4-1.1) 56 0.5 (0.3-0.8)
Trend NA NA P=0.22 NA P =0.69 NA P=0.18 NA P=0,01
Moderate or hard non-job physical activity®
0.0 184 105 1.0 (referent) 31 1.0 {referent) 74 1.0 (referent) 104 1.0 {referent)
0.1-149 137 68 0.8 (0.6-1.2) 29 1.1 (0.6-2.1) 38 0.7 (0.4-1.1) 53 0.6 (0.4-0.9)
15.0+ 149 75 0.8 (0.5-1.1) 28 1.0 (0.6-1.8) 47 0.7 (0.4-1.0) 51 0.5 (0.3-0.8)
Trend NA NA P=024 NA P=0.99 NA P=0.12 NA P=0.004

*Adjustment was made for age, cigarette smoking, alcohol use, residential area, BMI of 10 years before, and non-job physical activities or
job-related activities. *MET-hours/week. Physical activities during leisure time, commuting, housework, and shopping. NA, not applicable.
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Table 4. Adjusted OR and 85% Cl of colon and rectal cancer in relation to physical activity in women

No. of Colon Proximal colon Distal colon Rectum

controls No. OR (95% C1)* No. OR (95% Ci)* No. OR (95% Ch)* No. OR (95% Cl)*
Job-related physical activity
Sedentary 245 166 1.0 {referent) 72 1.0 (referent) 24 1.0 (referent) 107 1.0 (referent)
Active 52 24 0.7 (0.4-1.2) 15 1.2 (0.6-2.3) 9 0.4 (0.2-0.8) 25 1.1 (0.6-1.9)
Trend NA NA P=0.18 NA P=0.65 NA P=0.02 NA P=0.81
Total non-job physical activity®
0.0 60 41 1.0 {referent) 11 1.0 (referent) 30 1.0 (referent) 26 1.0 (referent)
0.1-15.8 124 78 0.9 (0.5-1.5) 37 1.5 (0.7-3.3) 41 0.7 {0.4-1.3) 61 1.2 (0.7-2.3)
16.0+ 113 71 0.8 (0.5-1.4) 39 1.6 (0.7-3.6) 32 0.6 (0.3-1.1) 45 0.9 (0.5-1.8)
Trend NA NA P =0.45 NA P=0.41 NA P=0.12 NA P=0.47
Moderate or hard non-job physical activity*
0 69 47 1.0 (referent) 15 1.0 (referent) 32 1.0 (referent) 30 1.0 {referent)
0.1-14.9 121 81 1.0 (0.6-1.6) 37 1.3 (0.6-2.5) 44 0.8 (0.5-1.5) 62 1.3 (0.7-2.2)
15.0+ 107 62 0.8 (0.5-1.4) 35 1.3(0.6-2.7) 27 0.5 (0.3-1.1) 40 0.9 {0.5-1.7)
Trend NA NA P=0.35 NA P=0.59 NA P=0.09 NA P=0.41

"Adjustment was made for age, cigarette smoking, alcohol use, residential area, BM! of 10 years before, and non-job physical activities or
job-related activities. *MET-hours/week. Physical activities at leisure time, commuting, housework, and shopping. NA, not applicable.

Table 5. Adjusted OR and 95% Cl of colon and rectal cancer in relation to BMI of 10 years before in men and women

No. of Colon Proximal colon Distal colon Rectum

controls No. OR (95% CI)? No. OR (95% Ci)* No. OR (95% CH)f No. OR (95% CI)*
BMI* of 10 years before
Men
<23.0 237 96 1.0 (referent) 39 1.0 {referent) 56 1.0 {referent) 91 1.0 (referent)
23.0-24.9 118 68 1.3 (0.9-2.0) 26 1.3 (0.8-2.3) 42 1.4 (0.9-2.3) 51 1.1 (0.7-1.7)
25.0+ 115 84 1.7 (1.2-2.5) 23 1.2 (0.7-2.1) 61 2.1(1.4-3.3) 66 1.5 (1.0-2.3)
Trend NA NA P = 0.0063 NA P=0.49 NA P =0.0009 NA P =0.049
Women
<23.0 182 120 1.0 (referent) 52 1.0 (referent) 68 1.0 (referent) 75 1.0 (referent)
23.0-24.9 56 32 0.8 (0.5-1.3) 17 0.9 (0.5-1.8) 15 0.7 (0.3-1.3) 29 1.5 (0.8-2.7)
25.0+ 59 38 0.9 (0.5-1.4) 18 0.8 (0.4-1.6) 20 0.9.(0.5-1.8) 28 1.2 {0.7-2.1)
Trend NA NA P=0.45 NA P=0.51 NA P=0.58 NA P=0.53

tadjustment was made for age, cigarette smioking, alcohol use, residential area, and physical activity. *kg/m? NA, not applicable.

associated with a significant increase in the risk of colon and
rectal cancer in men. Increased risk associated with obesity was
noted almost exclusively for distal colon cancer. However, there
was no such association in women (Table 5).

Discussion

The present study adds to evidence that physical activity confers
decreased risk of colon cancer, especially of distal colon cancer
in both men and women. A notable finding in the present study
was that physical activity was also protective against rectal
cancer in men exclusively. Obesity was also related to increased
risks of distal colon and rectal cancer in men only.

Most previous epidemiological studies have suggested physical
activity reduces colon cancer risk independent of race, society,
and sex, whereas associations of physical activity with rectal
cancer risk have been inconsistent. At least 12 case-control
studies01113-1621-26) and three cohort studies!>*"?® have
examined the relationship between physical activity and rectal
cancer risk. Some case-control studies found a decreased risk
associated with occupational physical activity in men and
women combined®? and in men,® with leisure-time physical
activity in men not in women,® and with total physical activity
in both men and women.?2? QOther case-control studies failed

1102

to find a protective association with physical activity assessed
differently in men and women,**™ in men and women com-
bined®" and in men. 10141629 Colbert et al. observed a substantial
decrease in the risk of rectal cancer associated with physically
moderate to heavy work in a cohort study of male smokers,*®
but no association was observed between occupational activity
and rectal cancer in either men or women,"? and in men®” in
two other cohort studies. We have no clear explanation to our
finding that physical activity was protective against rectal cancer
only in men. The observed gender difference might have been
due to chance. In the present study, both occupational activity
and non-job physical activity were associated with reduced risk
of rectal cancer in men, adding to evidence that physical activity
is protective against rectal cancer.

As reviewed elsewhere, the suggested mechanisms of risk
reduction of colon cancer by physical activity include shorten-
ing the bowel intestinal transit time, enhancing immune function,
increasing prostaglandin F and decreasing prostaglandin E2,
maintenance of insulin sensitivity, lowering activity of insulin-
like growth factor, sex hormones and bile acid secretion, and
decreasing adiposity.®?*3" However, it is unclear which mecha-
nisms are important for colorectal cancer prevention. Taking the
available information on site-specific influence into account,®?
our present results might provide some clarification, as the
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effects were limited to the distal colon and rectum. Hyperin-
sulinemia and type 2 diabetes mellitus have been shown to be
associated with increased risk of proximal colon cancer rather
than distal segment,®3*3% and the possibility of physical activity
impacting on insulin levels does not appear to be a likely
mechanism to explain our findings. However, our results for
BMI are of great interest and difficult to explain.

Given the fact that the distal colon mainly functions in fecal
storage, it could be that the characteristics of feces and their
passage is most important. Constipation is a possible risk factor
of colon cancer,®*3® and this can be relieved by exercise.®**?
High physical activity has been reported to be related to low
prevalence of constipation in some,““® but not all, studies.“
One possibility that deserves further consideration is that there
could be an association between exercise and sunlight, and
therefore vitamin D levels, thought to be protective against
neoplasia in the colon and rectum.®—*®

Several previous studies suggested that more vigorous exer-
cise had a stronger association with risk reduction than light or
moderate activity.®® The most frequent activities among
participants in the present study were walking, gardening, and
golf, these being light or moderate in intensity. In addition, more
than half of participants reported that they never engaged in
moderate or hard activities at leisure time. The observed
decrease in the risk with moderate or hard activity was not
greater than that with total activity.

Obesity has been shown to be associated with increased risk
of colon cancer, but the association seems to be weaker and less
consistent in women than in men.® Although reasons for the
gender difference in risk have not been clarified, estrogen might
be an explanation. Several observational studies reported a
reduced risk of colon cancer associated with hormone replace-
ment therapy.®®>? It has also been observed that obesity is not
associated with increased risk of colon cancer in postmenopausal
women in several observational studies.®*% Increased estrogen
levels related to obesity, particularly in postmenopausal women,
probably confer reduction in the risk linked with obesity. Again,
the present study showed the gender difference in the association
between obesity and rectal cancer. This finding is in agreement with
the previous observations in case-control studies in Sweden®®
and in Hawaii.!®

The present case-control study has advantages of being a
population-based study with an adequate number of participants,
who were all interviewed about all types of physical activity,
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with attention to the job setting and calculation of energy
expenditure. However, there were several limitations that should
be noted. The first is that we did not directly validate the method
of assessing physical activities, although the measurement was
highly reproducible. Another limitation concerned the referent
period as to physical activity. In the present study, physical activity
only in the recent past was ascertained. Long-term, habitual
physical exercise at work or leisure has been suggested to be
more protective.®”® Dietary factors such as vegetables and red
meat, which seem to modify the risk of colorectal cancer, were
not taken into account in the present study. We actually carried
out a dietary survey in the Fukuoka Colorectal Cancer
Study, but validation of the dietary assessment was not com-
pleted. It is unlikely that the observed associations with
physical activity and obesity were due to the uncontrolled
confounding effect of dietary factors. Reduced risk of colon or
colorectal cancer associated with physical activity has been
observed regardless of adjustment for dietary factors in many
studies'(g.l1.13,15,21.24.15)

Despite some inconsistencies with earlier studies, the present
investigation suggests that physical activity and weight control
are important for prevention of cancer in the distal colon and
rectum, especially in males.
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