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Introduction

Summary

Exercise therapy has been associated with improvement in functional capacity
and quality of life. The role of exercise therapy in heart transplant recipients is of
great interest for the transplant society, although concerning the effect of exercise
therapy, there is little knowledge at present. We analyzed the effects of exercise on
alloimmune responses in murine cardiac allograft transplantation. CBA mice
(H2%) underwent transplantation of C57Bl/6 (H2%) hearts and exercised on a
treadmill. Untreated CBA recipients rejected C57Bl/6 cardiac grafts acutely (med-
ian survival time [MST], 7 days). CBA recipients treated with treadmill for
1 week after transplantation, and for 1 week both before and after transplantation
prolonged allograft survivals (MSTs, 35 and 18 days, respectively). However,
treadmill exercise recipients for 1 week before transplantation were not effective
to allograft survival (MST, 8 days). Adoptive transfer of whole splenocytes and
CD4" cells from treadmill exercise recipients significantly prolonged allograft sur-
vival in naive secondary recipients (MSTs, 30 and 52 days, respectively), suggest-
ing that regulatory cells was generated after treadmill exercise. Moreover, flow
cytometry studies showed that CD4"CD25 Foxp3" cell population increased in
treadmill exercise recipients. Therefore, postoperative but not pre-operative exer-
cise could induce prolongation of survival of fully allogeneic cardiac allografts
and generate CD4"CD25"Foxp3™" regulatory T cells.

voluntary moderate exercise with vaccination enhanced T
cell responses [8]. On the other hand, stressful or intense

Activity is the best medicine. Over the past several decades,
numerous epidemiological studies have shown that exercise
has beneficial effects on human health such as a low risk of
dementia [1], protection against metabolic disorders [2],
and also quality of life [3]. In particular, moderate exercise
has been reported to provoke various efficiencies to human
health. In animal studies, many reports have demonstrated
that exercise had the therapeutic potential to protection
against virus infection [4], regression of tumor growth
[5], and upregulation of humoral immune response [6].
In vitro, moderate exercise also had the effect of immuno-
modulation by an increase in CD8" cells [7] and sup-
pressed natural killer (NK) cell cytotoxicity [4]. Besides,

exercise resulted in temporary immune depression [9], and
possibility of immunosuppression because of exhaustive
acute exercise was pointed out [7]. Therefore, effects of
exercise on immune response seem to vary with the dura-
tion and intensity of the exercise regimen.

Transplantation of cells, tissues, and vascularized solid
organs is a successful therapeutic intervention for many
end-stage chronic diseases. Especially, heart transplantation
is the gold standard of the crucial care for end-stage cardiac
diseases such as heart failure and dilated cardiomyopathy
for the past 30 years [10]. In some current study, heart
transplantation continues to provide patients with end-
stage cardiac diseases with approximately 9.3 years [11].
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However, cardiac transplant patients keep to be at a risk for
acute and chronic rejection in spite of improvement of
immunosuppression protocol. Therefore, to induce the sig-
nificant prolongation of allograft survival, facilitate graft
tolerance, and avoid toxic immunosuppressive drugs, many
studies such as targeting cosignaling [12] are currently in
progress. However, the number of studies that deal with
the relationship between heart transplantation and postop-
erative exercise is comparatively low.

Exercise immunology, correlation between physical exer-
cise and immunology, has been investigated from various
perspectives and by various measurements. However, little
immunological research including cellular mechanisms has
been done on whether exercise is effective to the immune sys-
tem after solid organ transplantation. This study investigated
the effects of exercise with treadmill on alloimmune response
in a murine model of cardiac allograft transplantation.

Materials and methods

Mice

Male C57Bl/6 (H2" [B6]) and CBA (H2") mice that were 8—
12 weeks of age were purchased from Sankyo Ltd (Tokyo,
Japan), housed in conventional facilities at the Biomedical
Services Unit of Teikyo University, were maintained on a
12:12 h light:dark cycle with free access to food and water,
and used in accordance with the guidelines for animal experi-
mentation approved by the Animal Use and Care Committee
of the university and the “Principles of laboratory animal
care” (NIH publication, vol 25, no. 28, revised 1996).

Heart transplantation

Heart transplantation was performed as described previ-
ously [13]. Postoperatively, cardiac graft function was
assessed daily by palpating the heart for evidence of con-
traction. Rejection was defined as complete cessation of the
heartbeat and confirmed by direct visualization and histo-
logic examination of the graft.

Treadmill exercise

CBA recipients were randomly assigned to one of six
groups, which were a group of treadmill exercise on 1 post-
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operative day (POD), 1-3 POD and for 1 week before and/
or after the day of transplantation or a sedentary group
(untreated group). In addition to above six groups, a group
in which B6 donors were exposed to 1-week pretransplant
treatment with treadmill exercise was added. Naive CBA,
B6, and CBA recipients of cardiac allografts exercised on a
treadmill (Fig. la, Treadmill System; Melquest, Toyama,
Japan). The exercise protocol was as fellows: The speed on
1 POD and 2—7 POD was 9.6 and 12.8 m/min, respectively.
Besides, treadmill exercise continued for 1 h per day, and
treadmill had angle of gradient 5°. All mice ran without
electric stimulation. In case that the mice were caught into
the treadmill machine, we prepared slightly electric stimu-
lation behind the mice. All experiments were conducted
in an environment in which a cycle of 12 h of light and
12 h of darkness and a room temperature of 24 °C were
maintained.

Adoptive transfer studies

Adoptive transfer studies were conducted to determine
whether regulatory cells were generated in mice exercised
on a treadmill. Thus, 30 days after transplantation of B6
hearts into primary CBA recipients exercised on a treadmill
for 1 week after grafting, splenocytes (5.0 x 107) from pri-
mary recipients with functioning allografts were adoptively
transferred into naive secondary CBA recipients by means
of intravenous injection into the penile vein. Immediately
afterward, the secondary recipients underwent transplanta-
tion of a B6 heart. In some experiments, CD4" cells were
purified from the spleens of primary transplant recipients
by positive selection using a magnetically activated cell sor-
ter (MACS) and CD4 microbeads (Miltenyi Biotec,
Auburn, CA; purity >98%), and CD4" cells (2.0 x 107)
were adoptively transferred into naive secondary recipients,
which then immediately underwent transplantation of a B6
heart (Fig. 2a).

Histologic and immunohistochemical studies of harvested
cardiac grafts

Cardiac grafts transplanted into untreated mice and mice
exercised on a treadmill for 1 week after grafting were
removed 28 days after transplantation, and also cardiac

Figure 1 Treadmill, median survival times, and histological study. (a) All CBA recipients of cardiac allografts exercised on a treadmill system, (b) car-
diac graft survival in CBA recipients of a B6 heart that were treated on a treadmill for 1 week after grafting, 1 week before grafting, and 1 week
before and after grafting and untreated allograft recipients. (c) Histologic examination (hematoxylin—eosin (HE) staining) of cardiac allografts obtained
2 and 4 weeks after grafting from postoperative 1-week treadmill-exercised recipients and untreated recipients, and assessment of HE staining. (d, e)
Results of double immunostaining of cardiac allografts obtained 4 weeks after transplantation from postoperative 1-week treadmill-exercised mice
and untreated mice. Fresh 4-um-thick graft cryosections were incubated with anti-CD4, CD8, and CD68 monoclonal and anti-Foxp3 polyclonal anti-
body (magnification x 10 or x100). MST median survival time. Ex Tx exercise treatment. No Tx no treatment. *P < 0.05 and #P < 0.01 for difference
between two groups.
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Figure 2 Evidence of generation of regulatory cells in treadmill-exercised CBA allograft recipients. (a) Scheme on adoptive transfer study to confirm
the generation of regulatory T cells. (b, ¢) Cardiac allograft survival after adoptive transfer of whole splenocytes (b) or CD4" cells (c). (d-h) Results of
double immunostaining of cardiac allografts obtained 4 weeks after transplantation from untreated mice and postoperative 1-week treadmill-exer-
cised mice (d—-g) and 100 days after adoptive transfer of CD4™ cell from longtime surviving secondary CBA recipients with B6 beating heart (h). Fresh
4-um-thick graft cryosections were incubated with anti-CD4, CD8, and CD68 monoclonal antibody or anti-Foxp3 polyclonal antibody. In (d-g), the
left-hand panels show samples obtained from mice exercising on a treadmill, and the right-hand panels show samples from untreated mice (magnifi-
cation x40). In (h), all panels show samples obtained from longtime surviving transplant recipients in CD4* cell adoptive transfer groups (magnifica-
tion x100) (i) CD4, CD25, and Foxp3 expression in splenocytes as determined by flow cytometry 1, 2, and 4 weeks after transplantation. The
right-hand graph shows the percentage of CD4*CD25"Foxp3™ cells in the CD4* cells as determined by flow cytometry. Data are mean =+ SD values
(n = 5 mice in each group). MST median survival time. *P < 0.05 and **P < 0.001 for difference between two groups. NS not significant.
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grafts from secondary CBA recipients on 100 days after
adoptive transfer of CD4" cells were removed to investigate
vascular rejection. All grafts were studied immunohisto-
chemically with use of double immunostaining. Fresh 4-
pum-thick graft cryosections were incubated with anti-CD4
(RM4-5; BD Biosciences, San Jose, CA), anti-CD8 (53-6.7;
BD Biosciences), and anti-CD68 (ab53444, abcam, Tokyo,
Japan) monoclonal antibody (mAb) or anti-Foxp3 (kindly
provided by Professor Kenjiro Matsuno, Dokkyo Medical
University, Tochigi, Japan) polyclonal antibody, incubated
with alkaline phosphatase (ALP)-conjugated anti-rat Ig
(712-055-153; Jackson ImmunoResearch Laboratories,
West Grove, PA) for anti-CD4, CD8, and CD68 and with
ALP-conjugated anti-rabbit Ig (712-055-152; Jackson Im-
munoResearch Laboratories) for anti-Foxp3, and devel-
oped blue with Vector Blue (Vector Laboratories,
Burlingame, CA). Cryosections were then incubated with
rabbit anti-mouse type IV collagen polyclonal antibody
(LB1403; Cosmo Bio, Tokyo) and peroxidase-conjugated
anti-rabbit Ig (55693; Mitsubishi Chemical, Tokyo) and
then developed brown with diaminobenzidine (Vector Lab-
oratories). The assessment of the infiltrate on immunohis-
tochemical (IHC) study was based subjectively.

Cardiac allografts in untreated mice and mice exercised
on a treadmill for 1 week after grafting were removed 14
and 28 days after transplantation and studied histologi-
cally. Frozen sections (4-pum thick) were cut, mounted on
silane-coated slides, and stained with hematoxylin—eosin
(HE). HE staining was assessed by grading with a semi-
quantitative scale for the amount of mononuclear cell infil-
tration (0, no infiltration; 1, faint and limited infiltration;
2, moderate infiltration; 3, severe infiltration) [14,15]. All
graft heart slides were assessed blindly by unrelated three
researchers.

Flow cytometry analysis of CD4, CD25, and Foxp3
expression

Splenocytes were obtained from naive CBA mice and from
postoperative 1-week treadmill-exercised and untreated car-
diac allograft recipients 1, 2, and 4 weeks after transplanta-
tion. The cells were stained with fluorochrome-conjugated
anti-CD4 or anti-CD25 mAb (RM4-5 and PC61, respec-
tively; BD Biosciences) or anti-mouse Foxp3 mAb (FJK-16s;
eBioscience, San Diego, CA), as well as their isotype controls
(eBioscience). The stained cells were analyzed using a FACS
Canto2 system (BD Biosciences). The percentage of
CD4"CD25"Foxp3™ in CD4™ cells was determined.

Mixed leukocyte cultures

In other mixed leukocyte culture (MLC) studies [16], the
responder cells were splenocytes from naive CBA mice or
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from untreated or postoperative 1-week treadmill-exercised
CBA mice that had undergone transplantation of a B6 heart
14 days earlier. The stimulator cells were B6 (allogeneic) or
CBA (syngeneic) splenocytes treated with 100 pg/ml mito-
mycin C (MMC; Kyowa Hakko, Osaka, Japan) for 30 min
at 37 °C. The responder cells (2.5 x 10%/ml) were cocul-
tured with the stimulator cells (5 x 10°/ml) in complete
medium in a humidified 5% CO, atmosphere (CH-16M;
Hitachi, Tokyo) at 37 °C in 96-well, flat-bottomed tissue
culture plates (Iwaki Scitech Division, Tokyo) for 4 days.
Maximum proliferation of naive CBA splenocytes (respon-
der cells) against B6 splenocytes (stimulator cells) treated
with MMC occurred on the fourth day of MLCs. Prolifera-
tion was assessed using an enzyme-linked immunosorbent
assay (ELISA) for BrdU incorporation (Biotrak, version 2;
Amersham, Little Chalfont, UK) according to the manufac-
turer’s instructions [17].

Cytokine assays

ELISAs were also performed to assess levels of interleukin
(IL)-2, IL-4, IL-10, and interferon (IFN)-vy in the superna-
tant of the MLCs on day 4 and in the serum of CBA recipi-
ents with/without postoperateive 1-week treadmill exercise
on day 14. The capture mAb (JES5-2A5), detection mAb
(JES5-16E3), and recombinant standard for IL-10 were
from BD Biosciences. The capture and detection mAbs for
IL-2 (JES6-1A12 and JES6-5H4, respectively), IL-4 (BVD-
1D11 and BVD-24G2), and IFN-y (R4-6A2 and XMG1.2)
were from Caltag Laboratories (Burlingame, CA). Recom-
binant standards for IL-2, IL-4, and IFN-y were from Pep-
roTech (London, UK).

Statistical analysis

Cardiac allograft survival in two experimental groups was
compared using Mann—Whitney testing. In the cell prolif-
eration, cytokine, and flow cytometry studies, the difference
between two groups was assessed using unpaired Student ¢-
tests. A P-value <0.05 was considered significant.

Results

Survival of fully mismatched cardiac allografts

CBA recipients of B6 cardiac allografts that were given
either no treatment (n = 5) or treadmill exercise for 1 week
before transplantation (n = 7) rejected their grafts acutely
[median survival times (MSTs), 7 and 8 days; standard
errors (SEs), 0.32 and 0.52, respectively; Fig. 1b]. CBA
recipients exercising on 1 POD and 1-3 POD also had no
significant prolongation of their grafts (MSTs, 9 and
8 days; SEs, 5.74 and 1.46, respectively). Additionally, CBA
recipients rejected cardiac grafts from B6 exposed to 1-week
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pretransplant treadmill exercise (MST, 9 days; SE, 0.33). In
contrast, CBA allograft recipients exercised on a treadmill
for 1 week (n = 7) after and for 1 week before and after
the day of transplantation (n = 6) had significantly pro-
longed survival of their B6 grafts (MSTs, 35 and 18 days;
SEs, 12.54 and 4.15, respectively; P < 0.01 and P < 0.01
compared with the no treatment group; Fig. 1b). These
results indicate that postoperative exercise on a treadmill
may induce hyporesponsiveness to cardiac allografts.

Histologic features of cardiac grafts

Histologic examinations of cardiac allografts obtained 2
and 4 weeks after transplantation showed preserved graft
structure in postoperative 1-week treadmill-exercised recip-
ients, whereas allografts from untreated recipients showed
myocyte damage, edema, and more aggressive inflamma-
tory infiltrate in a process of acute rejection (Fig. lc).
Moreover, in each section of HE staining, there was a sig-
nificant difference by grading with a semi-quantitative scale
(P<0.05 and P <0.01 compared with no treatment
group; Fig. 1c).

THC study showed that there was no significant differ-
ence on the degree of macrophage infiltration in both
groups on 4 weeks after grafting; however, the degree of
CD4" and CD8" cell infiltration in postoperative 1-week
treadmill-treated mice was little lower than that in no treat-
ment mice (Fig. 1d). Additionally, small arteries in the
myocardium of both groups had no significant differences
on the intimal thickening, multilayering of this elastic
fibers, and obfuscation of the internal elastic lamia. How-
ever, perivascular infiltration of Foxp3™ cells in the postop-
erative 1-week treadmill group seems to be a little stronger
than that in no treatment group (Fig. le). On 100 days
after adoptive transfer of CD4" cells, longtime surviving
transplant CBA recipients had the preserved vascular struc-
ture in their myocardium (Fig. 2h).

Generation of regulatory T cells

We previously found that some anti-inflammatory or
immunomodulatory agents induce hyporesponsiveness to
fully allogeneic grafts by means of generation of regulatory
cells [18-20]. In the current investigation, adoptive transfer
studies were conducted to determine whether generation of
regulatory cells was involved in the induction of hypore-
sponsiveness in the postoperative treadmill-exercised mice.
We found that naive secondary CBA allograft recipients
given adoptive transfer of splenocytes (n = 6) or CD4" cells
(n = 6) from postoperative 1-week treadmill-exercised pri-
mary CBA recipients 30 days after heart transplantation
had significantly prolonged survival of B6 hearts (MSTs, 30
and 52 days; SEs, 15.32 and 10.88, respectively; P < 0.05
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and P < 0.001 compared with transfer of splenocytes or
CD4" cells from naive CBA mice, respectively; Fig. 2b and
¢). In contrast, naive secondary CBA recipients given adop-
tive transfer of splenocytes (n = 6) or CD4" cells (n = 5)
from naive CBA mice rejected B6 hearts acutely (MSTs, 10
and 8 days; SEs, 1.23 and 0.37, respectively). These data
indicate that exercise on a treadmill generated regulatory
cells in the primary allograft recipients and that one of the
regulatory populations consisted of CD4" cells.

IHC studies showed that cardiac allografts from
untreated transplant recipients had severe myocardial dam-
age and aggressive infiltration of CD4" cells, whereas allo-
grafts from postoperative 1-week treadmill-exercised
recipients had only slight myocardial damage and also
more CD4 Foxp3™ cell infiltration (Fig. 2d—g), indicating
that treadmill exercise may induce more CD4"Foxp3™ cells,
not CD4" effector cells. Besides, flow cytometry studies
showed that the population of CD4"CD25"Foxp3" cells
was increased in the spleens of postoperative 1-week tread-
mill-exercised recipients after 2 and 4 weeks, compared
with those of untreated and naive CBA mice (Fig. 2i).
These data suggest that the CD4" regulatory cells contained
a population that was CD4"CD25 " Foxp3*.

Cell proliferation and cytokine production

Proliferation of splenocytes from CBA transplant recipients
exercised on a treadmill for 1 week after grafting was mark-
edly suppressed compared with that of splenocytes from
untreated recipients or naive CBA mice (Fig. 3a).

Levels of IL-4 (Fig. 3b) and IL-10 (Fig. 3c) in spleno-
cytes from CBA mice exercised on a treadmill for 1 week
after grafting were significantly higher than those in spleno-
cytes from untreated or naive syngeneic mice (P < 0.05
compared with untreated CBA mice). On the other hand,
levels of IL-2 (Fig. 3d) and IFN-y (Fig. 3e) were consider-
ably decreased in postoperative 1-week treadmill-exercised
recipients compared with untreated recipients (P < 0.005
compared with untreated CBA mice). Additionally, level of
IL-10 (Fig. 3f) in the serum of CBA recipients with postop-
erative 1-week treadmill exercise was significantly higher
than that of CBA recipients without treadmill exercise
(P < 0.001 compared with untreated CBA mice). The other
cytokines had no significant differences (data not shown).

Discussion

Sports and exercise researches in the form of various ani-
mal- and human-associated studies have significantly con-
tributed to our appreciation of physiology and
immunology, and there seems to be promising potentials
for newer discovery. In the 1990s, however, the effects of
exercise were limited, skeptical, and controversial except
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for the field of immunology [21,22]. After that, an increas-
ing number of scientific studies using various animal mod-
els to assess the physiologic effects of exercise have been
conducted, mainly in the field of oncology [23-25], cardi-
ology [3,26,27], and also immunology [4-7,28-30]. For
example, data in animal-tumor model demonstrated that
physical exercise attenuated the development of solid leuke-
mia tumor [24] and delayed allogeneic tumor growth with
reduction of intratumoral inflammation and vasculariza-
tion [25]. On cardiology, exercise training is associated
with improvement in quality of life [3], and Tabet et al.
[27] reported that there was a strong correlation between
unrecovered exercised capacity after exercise program and
adverse cardiac events in patients with chronic heart failure.
On immunology, moderate exercise showed the modula-
tion of immune system such as increasing cell proliferation
[7], reduction of NK cell cytotoxicity [4], and augmenta-
tion of macrophage tumoricidal function [5]. In particular,
Yeh et al. [31,32] have reported that one specific exercise,
Tai chi chuan exercise, improve impaired glucose tolerance

and increase CD4"CD25" regulatory T cell in type 2 dia-
betic patients. The reports suggested that exercise stimula-
tion with any methods such as Tai chi chuan or on a
treadmill may affect the immune response and generate
regulatory T cells as a feature of the response. However, the
possible effect of exercise on the immune response in mur-
ine heart transplantation has not previously been explored.
In our current study, exercise on a treadmill for 1 week
after grafting apparently induced generation of CD4" regu-
latory T cell with suppressive function in allograft recipi-
ents and changed the balance of helper T cell (Th)-1 and
Th-2 cytokines, resulting in the significant prolongation of
allograft survival, while CBA mice with no treadmill exer-
cise rejected acutely. On the basis of these findings, we
hypothesized that the correlation between exercise stimula-
tion and autoimmune response included the generation of
regulatory T cells.

There are several possible mechanisms by which tread-
mill exercise might have induced increased allograft sur-
vival in our model. One is that the exercise resulted in
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generation of regulatory T cells. Acquisition of hyporespon-
siveness to an allograft is a dynamic, multistep process
involving many mechanisms, including immune regula-
tion, deletion, anergy, and ignorance [33]. Among these,
immune regulation—control of alloimmune responses by
regulatory cells—is considered one of the most important.
Active suppression by regulatory T cells is involved in the
induction and maintenance of self-tolerance [34] and unre-
sponsiveness to allografts [35]. In our adoptive transfer
studies, most naive secondary CBA transplant recipients
given splenocytes from treated primary CBA recipients with
functioning B6 cardiac allografts had significantly pro-
longed survival of their allografts (MST, 30 days). Further-
more, adoptive transfer of CD4" cells from treated primary
transplant recipients resulted in longer or indefinite pro-
longation of allograft survival in secondary recipients
(MSTs, >50 days), and the longtime surviving transplant
CBA recipients after adoptive transfer of CD4" cells had the
preserved vascular structure in their myocardium. These
data suggest that exercise on a treadmill generated CD4"
regulatory T cells in the primary recipients and that the reg-
ulatory population contained CD4" cells. In addition, flow
cytometry and IHC studies showed that the percentage of
CD4"CD25"Foxp3™ cells in CD4" cells and the number of
CD4"Foxp3™" cells were increased in the primary allograft
recipients, respectively.

A second mechanism for exercise-induced hyporespon-
siveness is to change the balance of Th-1 cytokines (IL-2
and IFN-gamma) and Th-2 cytokines (IL-4 and IL-10). In
particular, our ELISA finding of upregulation of IL-10 pro-
duction by splenocytes and higher level of serum IL-10
concentration in exercise-treated allograft recipients sug-
gests that IL-10 contributed to the generation of regulatory
cells. IL-10 has anti-inflammatory and suppressive effects
on most hematopoietic cells and plays a crucial role not
only in the function of regulatory cells but also in their gen-
eration [36]. We previously demonstrated the requirement
of IL-10 in generating regulatory cells in our murine car-
diac transplantation model [12,37,38]. Thus, it is probable
that in the current study, it was through the upregulation
of IL-10 that treadmill exercise resulted in induction of
CD4"CD25" regulatory T cells. Also, an anti-inflammatory
effect may be induced through the regulatory cells. Our his-
tologic studies of allografts obtained from postoperative
1-week treadmill-exercising mice on 2 and 4 weeks after
grafting showed only minimal leukocyte infiltration and
had significant difference between two groups. In addition,
our IHC studies showed lower infiltration of CD4" and
CDS8" cells in their myocardium and stronger accumulation
of Foxp3" cells around coronary arteries in cardiac graft
from postoperative 1-week treadmill-treated mice. In the
light of these findings, it appears possible that exercise-
induced regulatory T cells and subsequent upregulation of
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IL-10 may inhibit immune responses against cardiac allo-
grafts.

A third possible mechanism for the exercise-induced
hyporesponsiveness is the effects on temporary immuno-
suppression induced by the treadmill exercise itself.
Recently, You et al. [39] have showed anti-inflammatory
effects of exercise training to patients with obesity. Also,
the data on correlation between the intensity of exercise
and immune responses were reported in murine model,
which demonstrated that exhaustive exercise training itself
had a potential of immunosuppression such as reduction of
IFN-o and tumor necrosis factor (TNF)-a [9,40] and atten-
uation of NK cell cytotoxicity [4], although it might be
temporary. As shown above, most reports demonstrated
that intense exercise suppressed the immune responses; on
the other hand, moderate exercise modulated them. How-
ever, little is known about the definition of the intensity of
exercise in various models, and boundary of moderate and
exhaustive has not been well determined. According to cur-
rent reviews [7,41], physical activity is classified as seden-
tary, moderate, or vigorous and its effects depend on the
total amount of time spent in each type. Exercise can also
be classified “acute,” which means a single bout of high-
intensity exercise, or as “chronic,” which means regular
training or a moderate-intensity exercise. In this study, our
exercise protocol in which the running speed is 9.6—
12.8 m/min seems to be more moderate, compared with
the previous protocol for exhaustive exercise in which the
running speed is 9-17 m/min and continues to be raised
until exhaustion [9]. Indeed, CBA transplant recipient
exposed to treadmill exercise on 1 POD and 1-3 POD did
not prolong the graft. Therefore, these findings suggest that
the amount of treadmill exercise for 1 week after grafting
can be at the minimum required to prolong the graft sur-
vival and the possibility of exercise-induced immunosup-
pression was indicated.

The context of exercise stimulation may have an impor-
tant role on induction of prolonged allograft survival in
our transplant model. In our protocol, CBA mice were
assigned to three groups as pre-operative exercise, postop-
erative exercise and both exercise group for 1 week, and
two titration groups. The MSTs showed that prolongation
of cardiac allograft survival needed postexercise stimulation
for 1 week, not the pre-operative exercise. Additionally, the
load of the same extent as pre-operative exercise may atten-
uate the effect of postoperative exercise. Also, FACS study
showed an intriguing results that the rate of CD25 Foxp3™"
cells in CD4" cells from day 1, 2 and 4 weeks after heart
transplantation gradually increased on 1 week, peaked on
2 weeks, but returned to the 1-week level by 4 weeks.
Indeed, the data of flow cytometry on 4 weeks after heart
transplantation clearly had the difference between exercise
group and untreated group, but it was on a decreasing
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trend compared to that on 2 weeks. It might suggest that
the postoperative exercise stimulation for 1 week was not
permanent but temporary. Therefore, postoperative and
the daily exercise may be important to prolong the graft
survival and may be to be kept to maintain the generation
of Treg.

In conclusion, in a murine cardiac transplantation
model, not pre-operative but postoperative exercise on a
treadmill could induce immunomodulatory effects that
resulted in prolonged survival of fully allogeneic grafts and
generation of CD4"CD25"Foxp3™ regulatory T cells. Man-
datory exercise on a treadmill may have an important effi-
ciency to peripheral immune responses such as generation
of regulatory cells and upregulation of anti-inflammatory
cytokines, which resulted in significant prolongation of
allograft survival. Subsequent researches on the degree of
the most effective exercise in suppressing the rejection reac-
tion in organ transplantation, including the terms and
intensity of exercise that are most effective, must include
studies in large animals.

Authorship

MU: designed the study. XJ, EY, MU: performed the exper-
iments. MU: wrote the paper. MN, TS, MU: analyzed the
data.

Funding

The authors have declared no funding.

Acknowledgements

The authors thank Prof. Kenjiro Matsuno, Mr. Hisashi
Ueta and Ms. Junko Sakumoto, Department of Anatomy
(Macro), Dokkyo University, Tochigi, Japan and Prof. Ko-
uji Matsushima, and Dr. Satoshi Ueha, Department of
Molecular Preventive Medicine and SORST, Graduate
School of Medicine, The University of Tokyo, Tokyo,
Japan, for technical assistance with the immunohistochem-
istry studies.

References

1. DeWeerdt S. Activity is the best medicine. Nature 2011; 475:
Sl16.

2. He C, Bassik MC, Moresi V, et al. Exercise-induced BCL2-
regulated autophagy is required for muscle glucose homeo-
stasis. Nature 2012; 481: 511.

3. Belardinelli R, Georgiou D, Cianci G, Purcaro A. Random-
ized, controlled trial of long-term moderate exercise training
in chronic heart failure: effects on functional capacity, qual-
ity of life, and clinical outcome. Circulation 1999; 99: 1173.

© 2014 The Authors. Transplant International published by John Wiley & Sons Ltd on behalf of Steunstichting ESOT. 28 (2015) 352-362

10.

11.

12.

13.

14.

15.

16.

17.

Exercise, cardiac allograft survival, and regulatory T cells

. Kohut ML, Martin AE, Senchina DS, Lee W. Glucocortic-

oids produced during exercise may be necessary for optimal
virus-induced IL-2 and cell proliferation whereas both cate-
cholamines and glucocorticoids may be required for ade-
quate immune defense to viral infection. Brain Behav
Immun 2005; 19: 423.

. Singh MP, Singh G, Singh SM. Role of host’s antitumor

immunity in exercise-dependent regression of murine T-cell
lymphoma. Comp Immmunol Microbiol Infect Dis 2005; 28:
231.

. Suzuki K, Tagami K. Voluntary wheel-running exercise

enhances antigen-specific antibody-producing splenic B cell
response and prolongs IgG half-life in the blood. Eur ] Appl
Physiol 2005; 94: 514.

. Valdes-Ramos R, Martinez Carrillo BE, Aranda-Gonzalez I,

et al. Diet, exercise and gut mucosal immunity. Proc Nutr
Soc 2010; 69: 644.

. Rogers CJ, Zaharoff DA, Hance KW, et al. Exercise enhances

vaccine-induced antigen-specific T cell responses. Vaccine
2008; 26: 5407.

. Yano H, Uchida M, Nakai R, et al. Exhaustive exercise

reduces TNF-a and IFN-o production in response to R-848
via toll-like receptor 7 in mice. Eur ] Appl Physiol 2010; 110:
797.

Stehlik J, Edwards LB, Kucheryavaya AY, et al. The Registry
of the international society for heart and lung transplanta-
tion: twenty-eighth adult heart transplant report-2011.

] Heart Lung Transplant 2011; 30: 1078.

Stehlik J, Edwards LB, Kucheryavaya AY, et al. The registry
of the international society for heart and lung transplanta-
tion: twenty-eighth adult heart transplant report-2010.

] Heart Lung Transplant 2010; 29: 1089.

Uchiyama M, Jin X, Matsuda H, et al. An agonistic
Anti-BTLA mAb (3C10) induced generation of IL-10
dependent regulatory CD4 + T cells and prolongation
of murine cardiac allograft. Transplantation 2014; 97:
301.

Niimi M. The technique for heterotopic cardiac transplanta-
tion in mice: experience of 3000 operations by one surgeon.
J Heart Lung Transplant 2001; 20: 1123.

Stewart S, Winters GL, Fishbein MC, et al. Revision of the
1990 working formulation for the standardization of
nomenclature in the diagnosis of heart rejection. J Heart
Lung Transplant 2005; 24: 1710.

Billingham ME, Cary NR, Hammond ME, ef al. A working
formulation for the standardization of nomenclature in the
diagnosis of heart and lung rejection: Heart Rejection Study
Group. The International Society for Heart Transplantation.
] Heart Transplant 1990; 9: 587.

Akiyama Y, Shirasugi N, Uchida N, et al. B7/CTLA4 path-
way is essential for generating regulatory cells after intratrac-
heal delivery of alloantigen in mice. Transplantation 2002;
74: 732.

Perros P, Weightman DR. Measurement of cell proliferation
by enzyme linked immunosorbent assay (ELISA) using a

361



Exercise, cardiac allograft survival, and regulatory T cells

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

362

monoclonal antibody to bromodeoxyuridine. Cell Prolif
1991; 24: 517.

Inoue F, Zhang Q, Akiyoshi T, et al. Prolongation of sur-
vival of fully allogeneic cardiac grafts and generation of reg-
ulatory cells by a histamine receptor 2 antagonist.
Transplantation 2007; 84: 1288.

Aramaki O, Takayama T, Yokoyama T, et al. High dose of
antithrombin IIT induces indefinite survival of fully alloge-
neic cardiac grafts and generates regulatory cells. Transplan-
tation 2003; 75: 217.

Yokoyama T, Aramaki O, Takayama T, et al. Selective cyclo-
oxygenase 2 inhibitor induces indefinite survival of fully
allogeneic cardiac grafts and generates CD4" regulatory cells.
J Thorac Cardiovasc Surg 2005; 130: 1167.

Woods JA, Davis JM, Kohut ML, Ghaffar A, Mayer EP, Pate
RR. Effects of exercise on the immune response to cancer.
Med Sci Sports Exerc 1994; 26: 1109.

MacNeil B, Hoffman-Goetz L. Effect of exercise on natural
cytotoxicity and pulmonary tumor metastasis in mice. Med
Sci Sports Exerc 1993; 25: 922.

Hoffman-Goetz L. Physical activity and cancer prevention:
animal-tumor models. Med Sci Sports Exerc 2003; 35: 1828.
Radak Z, Gaal D, Taylor AW, et al. Attenuation of the devel-
opment of murine solid leukemia tumor by physical exer-
cise. Antioxid Redox Signal 2002; 4: 213.

Zielinski MR, Muenchow M, Wallig MA, Hornr PL, Woods
JA. Exercise delays allogeneic tumor growth and reduces in-
tratumoral inflammation and vascularization. ] Appl Physiol
2004; 96: 2249.

Horwich TB, Leifer ES, Brawner CA, Fitz-Gerald MB, Fona-
row GC. The relationship between body mass index and car-
diopulmonary exercise testing in chronic systolic heart
failure. Am Heart ] 2009; 158: S31.

Tabet JY, Meurin P, Beauvais F, et al. Absence of exercise
capacity improvement after exercise training program: a
strong prognostic factor in patients with chronic heart fail-
ure. Circ Heart Fail 2008; 1: 220.

MacNeil B, Hoffman-Goetz L. Chronic exercise enhances in
vivo and in vitro cytotoxic mechanisms of natural immunity
in mice. ] Appl Physiol 1993; 74: 388.

Ambrosio F, Ferrari RJ, Distefano G, et al. The synergistic
effect of treadmill running on stem-cell transplantation to
heal injured skeletal muscle. Tissue Eng Part A 2010; 16: 839.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Uchiyama et al.

Bouchentouf M, Benabdallah BF, Mills P, Tremblay JP.
Exercise improves the success of myoblast transplantation in
mdx mice. Neuromuscul Disord 2006; 16: 518.

Yeh SH, Chuang H, Lin LW, Hsiao CY, Wang PW, Yang
KD. Tai chi chuan exercise decreases A1C levels along with
increase of regulatory T-cells and decrease of cytotoxic T-cell
population in type 2 diabetic patients. Diabetes Care 2007;
30: 716.

Yeh SH, Chuang H, Lin LW, Hsiao CY, Eng HL. Regular tai
chi chuan exercise enhances functional mobility and
CD4CD25 regulatory T cells. Br J Sports Med 2006; 40: 239.
Newell KA, Larsen CP, Kirk AD. Transplant tolerance: con-
verging on a moving target. Transplantation 2006; 81: 1.
Itoh M, Takahashi T, Sakaguchi N, et al. Thymus and au-
toimmunity: production of CD25"CD4" naturally anergic
and suppressive T cells as a key function of the thymus in
maintaining immunologic self-tolerance. J Immunol 1999;
162: 5317.

Wood KJ, Sakaguchi S. Regulatory T cells in transplantation
tolerance. Nat Rev Immunol 2003; 3: 199.

Wan YY, Flavell RA. The roles for cytokines in the genera-
tion and maintenance of regulatory T cells. Immunol Rev
20065 212: 114.

Uchiyama M, Jin X, Zhang Q, et al. Danazol induces pro-
longed survival of fully allogeneic cardiac grafts and main-
tains the generation of regulatory CD4 + cells in mice.
Transpl Int 2012; 25: 357.

Aramaki O, Inoue F, Takayama T, et al. Interleukin-10 but
not transforming growth factor-beta is essential for genera-
tion and suppressor function of regulatory cells induced by
intratracheal delivery of alloantigen. Transplantation 2005;
79: 568.

You T, Arsenis NC, Disanzo BL, Lamonte MJ. Effects of
exercise training on chronic inflammation in obesity: cur-
rent evidence and potential mechanisms. Sports Med 2013;
43:243.

Tanaka Y, Kawanishi N, Shiva D, et al. Exhaustive exercise
reduces tumor necrosis factor-alpha production in response
to lipopolysaccharide in mice. NeuroImmunoModulation
2010; 17: 279.

Thompson PD, Buchner D, Pina IL, et al. Exercise and
physical activity in the prevention and treatment of athero-
sclerotic cardiovascular disease. Circulation 2003; 107: 3109.

© 2014 The Authors. Transplant International published by John Wiley & Sons Ltd on behalf of Steunstichting ESOT. 28 (2015) 352-362



