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Table 1. Grade of Chest X-ray in Swine Lung Graft Table 3. Sequences of Primers
Grade Findings Gene Sequence
0 No infiltrates FOXP3 Sense: TTCCCAGACTTTCTTTCACAACAT
1 Bronchovascular shadow Anti-sense: GCTGCTTCTCTG GAGCCTCCAG
2 Bronchovascular shadow with partial lung area of aeration  Perforin Sense: ACCGCTTCAGCCTGGACTCAG
loss Anti-sense: GAAGTGGGTGCGT AGCTG
3 A large part of grafted side demonstrates loss of aeration;  Fas-L Sense: TGAACCATGAGATGAACGAG
only a part of it contains aeration Anti-sense: TGCGGATCTCCTCCAAA CG
4 Total loss of aeration in grafted side IP-10 Sense: TACTGATAAGGGATGGGCCG
Anti-sense: GATGAACCATCTGCTG CCCTA
GAPDH Sense: GTGGAGTCCACTGGTGTCTTCACG
Anti-sense: AACTCCCTCTAA CAGTATGAAGAG
tional hematoxylin-and-eosin (H&E) stain. Acute rejec-
tion was scored on a grade of O to 4, based on Boston
group modifications of the 1996 revision of the formu- Immunosuppression

lation promulgated by the Lung Rejection Study Group
(Table 2).%° After POD 14, chest radiography and open
lung biopsy were performed weekly.

End-point

When chest radiography showed Grade 4, the thoracic
cavity was entered to observe the lung. When gross
inspection revealed a loss of aeration and compliance,
autopsy was performed. As with open biopsy, histo-
logic analyses were performed.

Quantitative Real-time Polymerase Chain Reaction

Total RNA was extracted from the freshly prepared
PBMCs (4 X 106) or the lung tissues. The conventional
rejection marker genes (perforin, Fas-L, IP-10) and
FOXP3 were quantified by real-time polymerase chain
reaction (PCR) using gene-specific primer and the
SYBR-Green PCR Master Mix (Applied Biosystems). The
nucleotide sequences of each primer are indicated in
Table 3.

Samples were run in triplicate using a realtime PCR
thermocycler (Model 7500 Fast Real-Time PCR System;
Applied Biosystems). The relative expression of each
was determined by normalizing to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) expression.*?

Table 2. Grade of Acute Rejection in Swine Lung Allograft

Grade Histology

0 No interstitial filtrate, hemorrhage or necrosis

1 Minimal—scattered infrequent perivascular mononuclear
infiltrates (not obvious at x40)

2 Mild—frequent perivascular mononuclear infiltrates
(easily seen at X 40)

3 Moderate—dense mononuclear cuffing with expansion
into alveolar septa; endothelialitis

4 Severe—as above, but with necrosis and hemorrhage

Acute rejection was scored on a scale of of 0 to 4, based on Boston group
modifications of the 1996 revision of the formulation promulgated by the Lung
Rejection Study Group.?®

Methylprednisolone and tacrolimus were diluted in
distilled water. In the induction immunosuppression
group, tacrolimus was given continuously and intrave-
nously, using an infusion pump (Baxter, Deerfield, IL)
from POD 1 to 12. In the POD 4 immunosuppressive
rescue group, 10 mg/kg/day methylprednisolone was
given intravenously as a single injection on POD 4, 5
and 6. Tacrolimus was given in the same manner as in
the induction immunosuppression group from POD 4
to 9. In the POD 6, immunosuppressive rescue group,
similar immunosuppression regimens (steroid pulse +
tacrolimus) were administered from POD 6 to 11.
Tacrolimus was started at the dose of 0.15 mg/kg/day,
and then adjusted to maintain trough levels (deter-
mined by microparticle enzyme immunoassay by a
clinical laboratory testing service [SRL, Inc., Tokyo]) of
35 to 50 ng/ml.

Statistical Analysis

The Kolmogorov-Smirnov test was applied to test for
a normal distribution. Data analyses were performed
by the log-rank test, repeated-measures analysis of
variance (ANOVA), Pearson’s correlation coefficient
and simple regression analysis. p << 0.05 was consid-
ered significant.

RESULTS
Chest Radiography and Graft Survival Rates

Chest radiography in the clamp reperfusion group
exhibited grade 2.5 (mean) on POD 3, which de-
clined to grade 1.7 by POD 6 (Figure 1a). The grade
in this group remained low indefinitely (survival of
the lung >140 days; Table 4). In contrast, the immu-
nosuppression-free rejection group exhibited Grade
1.7 on POD 3, which increased gradually thereafter.
From POD 3 to 5, the grade between the clamp
reperfusion and immunosuppressionfree rejection
groups did not differ (not statistically significant
[NSD. Finally, on POD 6, the grade in the immuno-
suppression-free rejection group became significantly
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Figure 1. Radiologic and pathologic findings. Chest radiography was
evaluated according to our grading system (see Table 1). Filled circle:
immunosuppression-free rejection group (n = 10); open circle: the
clamp reperfusion group (n = 4). From post-operative day (POD) 3 to
POD 5, the grade between the clamp reperfusion and immunosup-
pression-free rejection groups did not differ (NS). On POD 8, the grade
for the immunosuppression-free rejection group became significantly
higher than that of the clamp reperfusion group (n = 4) filled triangle
induction immunosuppression group (n = 3) (a) Radiological (clamp
reperfusion and immunosuppression-free rejection groups: 1.7 + 0.3
and 2.8 = 0.2, respectively, *p < 0.05). The grade remained higher
in the immunosuppression-free rejection group than in the clamp
reperfusion group after POD 7 (*p < 0.05, **p < 0.005). The filled
triangle indicates the induction immunosuppression group (n = 3). The
grade of this group remained low throughout 12 days after transplan-
tation. (b) Biopsy of the lung was performed on PODs 0, 4, 7 and 10.
Following Allan’s grading system (see Table 2), pathologic findings
were evaluated. Filled circle; immunosuppression-free rejection group
(n = 10); open circle: clamp reperfusion group (n = 4); filled triangle:
induction immunosuppression group. On POD 0, the grade among the
clamp reperfusion, immunosuppression-free rejection and induction
immunosuppression groups did not differ (clamp reperfusion, immu-
nosuppression-free  rejection, and induction immunosuppression
groups: Grade 0.3 = 0.3, grade 0 = 0 and grade 0 = 0, respectively,
p = NS). On POD 4, the immunosuppression-free rejection group was
grade 2.4 + 0.34, whereas the clamp reperfusion group was grade
0 = 0 (*p < 0.05). On POD 7, the immunosuppression-free rejection
group exhibited grade 3.3 + 0.3, whereas the clamp -reperfusion
group exhibited grade 0.3 = 0.3 (*p < 0.05). On POD 10, all swine in
the immunosuppression-free rejection group exhibited grade 4,
whereas the clamp reperfusion group exhibited grade 0 = 0 (*p <
0.005). Similar to the clamp reperfusion group, the induction immu-
nosuppression group exhibited a low grade throughout 10 days.
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higher than that of the clamp reperfusion group (the
clamp reperfusion and immunosuppression-free re-
jection groups were 1.7 and 2.8, respectively, p <
0.05). This implies that rejection was suspected by
chest radiography not before POD 5, but after POD 6.
In 3 of 10 recipients in the immunosuppression-free
rejection group, Grade 4 was reached on POD 7, and
in 7 on POD 10. Autopsy was performed and rejec-
tion was suspected on gross inspection in all the
cases. Thus, graft survival in the immunosuppression-
free rejection group was 9.1 (mean) days (p < 0.005
versus clamp reperfusion group; Table 4). In the
induction immunosuppression group, Grade 1 was
detected on POD 3, which remained low throughout
the first 12 days. The animals in this group suc-
cumbed to rejection on PODs 14, 20 and 24.

Pathologic Findings

The specimens of zero biopsy in the clamp reperfu-
sion and immunosuppression-free rejection groups
exhibited grade 0.3 and O (mean), respectively (p =
NS) (Figure 1b). The specimens of open lung biopsies
on POD 4 in the immunosuppression-free rejection
group exhibited grade 2.4, whereas they POD 4
biopsies in the clamp reperfusion group exhibited
grade 0 (p < 0.05). Thus, rejection was histologically
proven on POD 4 in the immunosuppression-free
rejection group. On POD 7, the specimens derived
from 3 animals at autopsy uniformly exhibited grade
4 and biopsy specimens (# = 7) exhibited grades 1 to
3 in 4 animals and grade 4 in 3 animals whereas the
grade of the clamp reperfusion group remained low
(grade in immunosuppression-free rejection and
clamp reperfusion groups: 3.3 and 0.3, respectively,
p < 0.05). On POD 10, the specimens derived at
autopsy (# = 7) uniformly exhibited Grade 4,
whereas the clamp reperfusion group exhibited
Grade 0 (p < 0.005). In the induction immunosup-
pression group, biopsy specimens exhibited Grade 0
at transplantation. The grade in this group remained
low (0 or 1) throughout the first 10 days (» < 0.05
vs the immunosuppression-free rejection group, and
b = NS versus clamp reperfusion group, on PODs 4,
7 and 10).

FOXP3 and Conventional Rejection Markers in Peripheral
Blood

In the immunosuppressionfree rejection group, FOXP3
mRNA level reached its highest value as early as POD 4
(» < 0.0001) before showing a decline by POD 6. Figure
2). It remained low thereafter. In contrast, FOXP3
mRNA remained low at all the time-points in the clamp
reperfusion and induction immunosuppression groups.
In the immunosuppressionfree rejection group, the
perforin mRNA level was slightly increased until POD 7
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Table 4. Graft Survival

Group n Survival (POD) POD (mean = SD) p-value

Clamp-reperfusion group 4 >140 X 4 >140

Immunosuppression-free rejection group 10 7x3,10x7 91+05 p < 0.005 vs clamp-reperfusion group

POD 4 rescue immunosuppressive 6 7X1,14x2,24 X1, 27.2 =65 p < 0.001 vs immunosuppression-free
therapy group 42 % 1,88 X 1 rejection group

POD 6 rescue immunosuppressive 4 10x1,11x 2,14 X1 11515 NS vs immunosuppression-free
therapy group rejection group

Induction immunosuppression group 3 14, 20, 24

and its peak was seen on POD 8 (p = 0.0516), whereas
the perforin mRNA level in the clamp reperfusion and
induction immunosuppression groups remained low at all
time-points. The immunosuppression-ree rejection group

did not show any significant fluctuation in interferon-
inducible protein-10 (IP-10) mRNA or Fasligand (Fas-L)
mRNA at any time-point, similar to the clamp reperfusion
and induction immunosuppression groups (p = NS).
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Figure 2. Expression of FOXP3 mANA versus conventional rejection markers in peripheral blood mononuclear cells (PBMCs). PBMCs were
obtained on PODs 0 and 3 to 10. Total RNA was extracted from the freshly prepared PBMCs (4 X 106) using RNeasy Mini or Micro kits and
reverse-transcribed into cONA by QuantiTect Reverse Transcription kit (Qiagen). The conventional rejection marker genes (perforin, Fas-L, IP-10)
and FOXP3 were quantified by real-time PCR using the gene-specific primer and SYBR-Green PCR Master Mix (Applied Biosystems). The
nucleotide sequences of each primer are indicated in Table 3. PCR amplification conditions were as follows: 95° C for 10 minutes, then 40 cycles
of 95° C for 15 seconds and 60° C for 1 minute. Samples were run in triplicate using a real-time PCR thermocycler (Model 7500 Fast Real-Time
PCR System, Applied Biosystems). The relative expressions of FOXP3, perforin, Fas-L and IP-10 genes were determined by normalizing to GAPDH
expression. Filled circle: the immunosuppression-free rejection group (n = 5); open circle: the clamp reperfusion group (n = 3); filled triangle:
the induction immunosuppression group (7 = 3). Data were normalized to GAPDH. In the immunosuppression-free rejection group, the FOXP3
mRNA level reached its highest value as early as POD 4 (*p = 0.0001), before an abrupt decline. It remained low after POD 6. By contrast, FOXP3
mRNA level remained low at all time-points in the clamp reperfusion group. In the induction immunosuppression group, elimination of rejection
by immunosuppression resulted in the lack of an increase in FOXP3 mRNA leve! at all time-points. In the same manner as FOXP3, the mRNA
levels of the conventional rejection markers in the PBMCs were quantified. Filled circle: the immunosuppression-free rejection group (n = 5); open circle:
the clamp reperfusion group (n = 3); filled triangle: the induction immunosuppression group (n = 3). In the immunosuppression-free rejection group,
perforin level increased on POD 8 (p = 0.0516), but not in the clamp reperfusion group or the induction immunosuppression group. in the
immunosupression-free rejection group, no significant fluctuation was observed in the level of Fas-L or /P-10 at any time-point (p = NS). The levels
of perforin, Fas L and IP-10 remained low in the clamp reperfusion group and the induction immunosuppression group at all time-points.
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Figure 3. Intragraft FOXP3 mRNA expression and its correfation with
FOXP3 mRNA expression in the peripheral blood mononuclear cells
(PBMCs). (a) The tissues of grafts and lungs (2 mm X 2 mm X 2 mm)
were obtained at transplant, at clamp reperfusion, at open lung biopsy, or
at autopsy on PODs 0, 4, 7 and 10. The frozen lung (1 to 10 mg) tissue was
put into 350 ul of RLT buffer (MM300; Qiagen, Tokyo). The mixture was
crushed for 2 minutes at room temperature. Total RNA was extracted from
lung tissues using in the same manner as the PBMCs. The expression of
FOXP3 was quantified by real-time PCR using the same primer as for the
PBMCs (see Table 3). PCR amplifiction conditions were similar to those for
the PBMCs. Samples were also run in triplicate using a real-time PCR
thermocycler (Model 7500 Fast Real-Time PCR System; Applied Biosys-
tems). The relative expression of FOXP3 was determined by normalizing to
GAPDH expression. Filled bar: immunosuppression-free rejection group
{(n = 5); open bar: the clamp reperfusion group (n = 3); shaded bar: the
induction immunosuppression group (n = 3). Similar to the PBMCs, the
immunosuppression-free rejection group exhibited its highest value on
POD 4 (*p = 0.0005). The FOXP3 mRNA level in the clamp reperfusion
group and induction immunosuppression group remained low at all
time-points (NS). (b) The dots indicate the data for PODs 4, 7 or 10. In the
immunosuppression-free.

Intragraft FOXP3 mRNA Level

The immunosuppressionfree rejection group displayed
the highest value for intragraft FOXP3 mRNA level on
POD 4 (p < 0.0005), before a decline on POD 7. In
contrast, its expression in lungs of the clamp reperfusion
group and grafts of the induction immunosuppression
group remained low at all time-points (Figure 3a).

Correlation Between Peripheral and Intragraft FOXP3
mRNA Levels

In the immunosuppression-free rejection group, there
was a definite correlation between expression levels of
FOXP3 mRNA in the PBMCs and in grafts on PODs 4, 7
and 10 (p < 0.0001, R = 0.961) (Figure 3b).
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Rescue Immunosuppressive Therapy

Rescue immunosuppressive therapy was started on
POD 4, when the immunosuppressionfree rejection
group exhibited upregulation of FOXP3 mRNA in the
peripheral blood, or POD 6 when rejection was sus-
pected by chest radiography. At POD 4, in the rescue
immunosuppressive therapy group, graft survival was
prolonged to POD 27.2 * 6.5 (p < 0.001 vs the
immunosuppression-free rejection group), but not at
POD 6 in the rescue immunosuppressive therapy group
(POD 11.5 £ 1.5, p = NS vs the immunosuppression-
free rejection group) (Figure 4).

DISCUSSION

The paradoxical clinical evidence that, during rejection,
the expression of FOXP3 mRNA or protein is upregu-
lated within cardiac grafts or grafts and urine of renal
transplantation has been documented by several
groups.’'** The Rotterdam group recently examined
FOXP3 mRNA level in the peripheral blood during
rejection after human cardiac transplantation. How-
ever, they found no correlation between peripheral and
intragraft FOXP3 levels.*® They concluded that FOXP3
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Figure 4. Rescue immunosuppressive therapies fram POD 4 vs POD 6.
Rescue immunosuppressive therapy (steroid + tacrolimus) was started
on POD 4, when the immunosuppression-free rejection group exhibited
the highest level of peripheral FOXP3 mRNA level (the POD 4 rescue
immunosuppressive therapy group) or POD 6, when rejection was
suspected by chest radiography (the POD 6 rescue immunosuppressive
therapy group). A rescue immunosuppressive therapy, which was
started on POD 4, significantly prolonged graft survival fo POD 27.2 =
6.5 (solid fine: the POD 4 rescue immunosuppressive therapy group,
n = 6), comapred with that in the immunosuppression-free rejection
group {p = 0.001 vs the immunosuppression-free rejection group, 9.1 +
0.5 days [dotted line], n = 10). However, rescue immunosuppresive
therapy, which was started on POD 6, did not prolong graft survival
(11.5 = 1.5 days, p = NS versus the immunosuppression-free
rejection group; the POD 6 rescue immunosuppressive therapy group
[dashed line}, n = 4).
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level in the peripheral blood does not provide the
necessary evidence for non-invasive detection of rejec-
tion. In our study, the FOXP3 mRNA levels were
upregulated in the peripheral blood and within grafts at
an early phase of rejection only in the immunosuppres-
sion-free rejection group and not in the clamp reperfu-
sion control or induction immunosuppression groups.
This implies that the upregulation of FOXP3 is caused
by rejection, excluding the effects of ischemia-reperfu-
sion injury, surgery and rejection-free allo-lung trans-
plantation on FOXP3. Thus, our study is the first
demonstration of a definite correlation between periph-
eral and intragraft FOXP3 mRNA levels during rejection
after solid-organ transplantation.

The Stanford group reported that FOXP3 protein
increased within the rejecting grafts after human liver
transplant, but, in contrast to our data, it decreased in
the peripheral blood during rejection.>* They hypothe-
sized that the decrease in peripheral FOXP3 level was a
consequence of localization of the Tregs into grafts.
They proposed that assessment of the peripheral Tregs
is a useful tool for monitoring rejection. There is the
possibility that the difference in peripheral FOXP3
levels between our study and the Rotterdam and Stan-
ford groups could pertain to whether immunosuppres-
sion was used. The Rotterdam group demonstrated that
calcineurin inhibitors inhibited in vitro-induced FOXP3
mRNA expression.21 In addition, in the clinical setting,
it was reported that calcineurin inhibitors reduced the
percentage of FOXP3™ cells in the peripheral blood
after renal transplantation.®® Of note, in our study, lung
transplantation was performed in an immunosuppression-
free environment, whereas clinical transplantations were
performed in the presence of immunosuppression by the
Rotterdam and Stanford groups. Therefore, in our labora-
tory, FOXP3 expression is currently being measured in the
peripheral blood of clinical lung transplantation patients
to determine whether measurement of FOXP3 level is
useful for monitoring rejection even in the presence of
immunosuppression.

The presence of interleukin-2 (IL-2) in allografts,
which is produced by the effector cells (.e., the
non-Tregs), has been associated with acute rejection.®®
Recent studies, however, have shown that IL-2 is also
critically required for activation and maintenance of the
Tregs.>”3® Thus, the Rotterdam group speculated that
the non-Tregs and the Tregs, both of which were IL-2
dependent, were recruited within rejecting grafts simul-
taneously in the presence of allo-antigens, and that the
upregulation of the intragraft FOXP3 mRNA level was
caused by the latter.’? Unlike Foxp3 in mouse ex-
pressed exclusively by the Tregs, recent in vitro studies
have reported that human CD4'CD25~ and CD8*
CD257 non-Tregs, when activated, “transiently” (48 to
72 hours) express FOXP3 mRNA and FOXP3 protein at
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a high level, followed by gradual downregulation.>**°

Of note, this is in accordance with our findings that
FOXP3 mRNA levels in the peripheral blood and grafts
were upregulated “transiently” only at an early stage of
rejection. Therefore, there is the possibility that the
source of FOXP3 during rejection may be the activated
non-Tregs, which were responsible for rejection rather
than the Tregs. Of note, upregulation of FOXP3 within
rejecting grafts has been seen in humans, whereas such
paradoxical evidence has never been documented in
rodents. If an increase in FOXP3 level during rejection
is caused by the non-Tregs, this may be human-specific.
In this context, the immune responses of miniature
swine would be similar to those in humans and data
obtained from that model may be clinically relevant.

In the clinical setting, rejection after lung transplan-
tation is currently monitored by chest radiography
rather than transbronchial lung biopsy, because biopsy
can cause several complications, such as bleeding and
pneumonia, with a high incidence rate.*'~*> However,
as shown in our study, an early phase of rejection could
be misdiagnosed by chest radiography. Therefore, it
should be noted that, in our study, the FOXP3 level in
the peripheral blood increased dramatically before rejec-
tion was suspected by chest radiography. In addition, our
study suggested that FOXP3 may be superior to conven-
tional rejection markers, such as perforin, Fas-L and IP-10,
in terms of detecting early rejection.44'47 The possibility
of FOXP3 being a marker for an early phase of rejection
was supported by our finding that a rescue immunosup-
pressive therapy, which was started when peak FOXP3
level was noted, significantly prolonged graft survival, but
not in a therapy started when rejection was suspected by
chest radiography. However, because the expression of
FOXP3 was upregulated only early post-transplantation, a
combination of FOXP3 and chest radiography may detect
rejection more efficiently than FOXP3 alone or chest
radiography alone. Finally, before the value of FOXP3 is
validated, it must be known whether the measurement of
FOXP3 excludes infection in our clinical lung transplan-
tation setting, because differentiation between infection
and rejection is especially crucial after lung transplanta-
tion.

In our miniature pig lung transplantation model, the
FOXP3 mRNA level in the peripheral blood was upregu-
lated at an early stage of rejection. It must be elucidated
whether measurement of FOXP3 is useful as a mini-
mally invasive method for detection of early rejection in
clinical lung transplantation.
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IMMUNOBIOLOGY AND GENOMICS

The Presence of Foxp3 Expressing T Cells Within
Gralfts of Tolerant Human Liver Transplant Recipients

Ying Li,' Xiangdong Zhao,' Donghua Cheng,® Hironori Haga,” Tatsuaki Tsuruyama,® Kathryn Wood,”
Shimon Sakaguchi,® Koichi Tanaka,” Shinji Uentoto,” and Takaaki Koshiba"®

Background. Some experimental transplant-tolerance models have shown that the presence of regulatory T cells within
grafts is important for the development of tolerance (Tol).

Methods. To determine if the presence of regulatory T cells correlates with graft acceptance in living-donor liver-
transplantation tolerance, the expression of Foxp3 mRNA and the presence of CD4*, CD8™, and Foxp3™ cells were
quantified in biopsies from tolerant recipients by real-time polymerase chain reaction and by immunohistochemistry
and immunofluorescent staining (Gr-Tol). The results were compared with biopsies from the recipients on mainte-
nance immunosuppression (Gr-IS), grafts removed because of chronic rejection (Gr-CR), or normal liver (Gr-NL).
Results. The expression of Foxp3 mRNA in Gr-Tol was higher than that in Gr-IS (P=0.07) and Gr-NL (P<.0.0001), but
equivalent to that in Gr-CR. In Gr-Tol, Poxp3 " cells were detectable within the clustered CD4™ and CD8™ cells in the
portal areas. Ninety-two percent of those Foxp3™ cells were CD4™, whereas 8% were CD8*. The number of Foxp3™
cells was significantly increased in Gr-Tol, compared with that in Gr-IS (P<0.05), although the number of CD4™ or
CD8™ cells did not differ between the two. Foxp3 ™ cells were hardly detectable in Gr-CR or -NL.

Conclusions. This is the first report showing that CD4 " Foxp3™ cells are present within grafts in a subset of tolerant
patients after human liver transplantation. A prospective study is needed to elucidate whether the assessment of
intragraft expression of Foxp3 protein, but not Foxp3 mRNA, can aid the identification of living-donor liver-trans-
plantation recipients who can successfully withdraw IS.

Keywords: Tolerance, Foxp3, Liver transplantation, Human, Regulatory T cells.

(Transplantation 2008;86: 1837-1843)

The CD4"CD25""" regulatory T cells (Tregs) have been
shown to play a pivotal role in transplant (Tx) tolerance
(1). In mice, Foxp3 has been shown to be a transcription
factor exclusively expressed by Tregs (i.e., not expressed by
non-Tregs) (2). Additionally, recent studies have suggested
that Foxp3 (Foxp3 in humans) may not only be a molecular
marker of Tregs but also a necessary molecule for the devel-
opment and the maintenance of regulatory function (3).
Consistent with this, some rodent Tx models have demon-
strated that high levels of Foxp3 mRNA and a substantial
number of Foxp3 protein expressing cells are found within

Part of this work was presented at the World Transplant Congress (WTC)
2006, July 22-27, 2006, Boston, Massachusetts, USA, and at the American
Transplant Congress (ATC) 2007, May 5-9, 2007, San Francisco, Cali-
fornia, USA, and selected as one of the top abstracts for presentation at
the XXII International Congress of The Transplantation Society, August
10-14, 2008, Sydney, Australia; the invited manuscript was peer re-
viewed and accepted for publication in the special issue dedicated to the
XX Congress.

! Innovation Center for Immunoregulation Technologies and Drugs, Trans-
plant Tolerance Unit, Graduate School of Medicine, Kyoto University,
Kyoto, Japan.

* Department of Surgery, Graduate School of Medicine, Kyoto University,
Kyoto, Japan.

* Department of Diagnostic Pathology, Kyoto University Hospital, Kyoto,
Japan.

* Department of Pathology and Biology of disease, Graduate School of Med-
icine, Kyoto University, Kyoto, Japan.

Transplantation + Volume 86, Number 12, December 27, 2008

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited,

tolerant, but not rejecting grafts (4). These data have sug-
gested that the presence of Tregs within grafts may be crucial
for the establishment and the maintenance of tolerance.
However, to date this has not been studied in detail in
humans.

In our previous study, analyses of the peripheral
blood of immunosuppression (IS) free living-donor liver-
transplantation (LDLT) recipients demonstrated that T cells
potentially reactive to donor antigens remained physically in
the immune repertoire, but that such T cells were suppressed
by Tregs in an antigen-specific manner in a subset of our
tolerant patients (5, 6).
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In the next phase of this study, we have investigated the
hypothesis that Foxp3 ™ cells would exist in grafts in opera-
tionally tolerant LDLT recipients and explored whether this
parameter might be useful as a relevant indicator of opera-
tional tolerance. We compared Foxp3 mRNA and protein ex-
pressions within biopsies from liver-Tx recipients who
were 1S-free (Gr-Tol), receiving IS (Gr-IS), exhibiting
chronic rejection (Gr-CR), and normal liver (Gr-NL). This
is the first report providing detailed evidence that Foxp3™
cells are present within grafts of operational tolerance after
LDLT.

MATERIALS AND METHODS

Experimental Design and Samples Collection

All the patients underwent LDLT. Operational toler-
ance was defined as long-term stable normal graft function in
the total absence of a requirement for maintenance IS (7, 8).
Experimental groups consisted of IS-free recipients exhibit-
ing operational tolerance (Gr-Tol) (n=28), recipients receiv-
ing maintenance IS (Gr-1S) (n=29), recipients with clinical
evidence of chronic rejection (Gr-CR) (n=7), and samples of
the normal liver (Gr-NL) (n=12). In Gr-IS, the patients were
taking tacrolimus or cyclosporine A two times per day and
fulfilled the criteria to start IS weaning protocol (9). For
sampling, percutaneous liver biopsy was performed using
an automated biopsy gun (Monopty, Bard) under the
guidance of ultrasonography. The tolerant recipients ex-
hibited no evidence of acute or chronic rejection. In Gr-
CR, the liver tissues were obtained from seven grafts that
had been removed after the diagnosis of chronic rejection.
The normal liver tissues were obtained from 12 donors
during LDLT by zero biopsy. This study was approved by
Ethical Committee of Graduate School of Medicine, Kyoto
University, and informed consent was obtained after the
Declaration of Helsinki (10).

Quantitative Real-Time Polymerase Chain
Reaction

Total RNA was extracted from liver tissue samples us-
ing RNeasy Mini kit or Micro kit (Qiagen) and synthesized
for cDNA using QuantiTect Reverse Transcription kit (Qia-
gen). The level of Foxp3 was quantified by quantitative real-
time polymerase chain reaction (PCR) by standard curve
methods and normalized to HPRT, multiplied by 10%, and log
transformed. The primers and probes for human Foxp3
(Hs00203958_m1) and human HPRT (4326321E) were pur-
chased from Applied Biosystem (Foster City, CA). Reactions
were conducted in triplicate after the predeveloped TagMan
assay reagents protocol using Applied Biosystems 7500 real-
time PCR system.

Immunohistochemistry and Immunofluorescent
Staining

Four micrometer paraffin-embedded sections were
deparaffinized and rehydrated, and antigen was retrieved
using retrieval solution (Dakocytomation, Glostrup, Den-
mark). For immunohistochemistry, a 1:200 diluted anti-
Foxp3 monoclonal antibody (mAb) (Abcam ab22510), a
1:200 diluted anti-CD4 mAb (clone 4B12, MBL, Nagoya, Ja-
pan), and an anti-CD8 mAb (clone C8/144B, Dakocytoma-

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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tion) were used. The slides were incubated with the primary
antibody overnight at 4°C and incubated with HRP-conjugated
goat anti-mouse-Ig, followed by DAB chromogen as a sub-
strate. The sections were counterstained with Mayer’s hema-
toxylin (Wako, Richmond, VA) and mounted. CD4*, CD8™*,
and Foxp3 ™ cells were counted in all the portal areas. The size
of the portal area was measured by computerized calcula-
tion using Image] software (Image processing and analysis in
Java [http://vsb.info.nih.gov/ij/]). The number of CD4%,
CD8", and Foxp3" cells/mm® was assessed, dividing the
number of CD4", CD8", and Foxp3™ cells, respectively, by
the size of each portal area.

For immunofluorescent staining of CD4 versus Foxp3,
the sections were incubated overnight with a 1:20 diluted
anti-CD4 mAb (K0003-1B, MBL, Nagoya, Japan) and
stained using PE-conjugated streptavidin (Vector Laborato-
ries, Burlingame, CA). The sections were further incubated
with a 1:150 diluted fluorescein isothiocyanate-conjugated
anti-Foxp3 mAb (Bioscience, San Diego, CA) at room tem-
perature for 1 hr. For immunohistochemistry and immuno-
fluorescent staining of CD8 versus Foxp3, the sections stained
with the anti-Foxp3 mAb were further incubated with a 1:50
diluted anti-CD8 mAb (M7103, Carpinteria, CA) for 16 hr.
The signal was visualized with DAB. The immunofluorescent
staining or immunohistochemistry and immunofluorescent
staining for CD4 or CD8, versus Foxp3 were overlaid as de-
scribed previously (11).
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FIGURE 1. The expression of Foxp3 mRNA in tolerance

group (Gr-Tol), maintenance IS group (CGr-IS), chronic re-
jection group (Gr-CR), and normal liver group (Gr-NL).The
level of Foxp3 mRNA was quantified by RT-PCR in 12, 18,
and 7 frozen biopsy samples from the following groups,
operational tolerance (Gr-Tol), maintenance immunosup-
pression (Gr-I8), chronic rejection (Gr-CR) respectively,
together with 12 samples of the normal liver (Gr-NL). The
value was normalized to HPRT, multiplied by 10°, and log
transformed. The expression of Foxp3 mRNA tended to be
higher in tolerance group, compared with those in mainte-
nance immunosuppression and normal liver groups. The
level of Foxp3 mRNA in chronic rejection group was as high
as that in tolerance group (logl0 [Foxp3/HPRTXx10°]) Gr-
Tol, Gr-IS, Gr-CR and Gr-NIL: 4.1+0.5, 3.6+0.7, 4.2+0.6,
and 3.0+0.7; Gr-Tol vs. Gr-IS P=0.07, Gr-CR vs. Gr-IS
P=0.06, Gr-Tol, Gr-IS, Gr-CR vs. Gr-NL P<0.008, Gr-Tol vs.
Gr-CR NS). The number of examined samples is indicated
in parenthesis.
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Statistical Analysis

Results were presented as mean®*SD for variables.
Data analysis was performed by one-way analysis of vari-
ance followed by Bonferroni’s post-hoc comparison. Sta-
tistical significance was set at P less than 0.05. All data were
analyzed using Statview version 5.0 for Windows software.

RESULTS

Patient Characteristics

In tolerance group (Gr-Tol), all the patients discontin-
ued 1S by Kyoto University weaning protocol (9) or as a result
of infection or side effects (Table 1). The graft survival after
cessation of IS was 4729 months. The age of the donor at Tx
in Gr-Tol was comparable with that in maintenance immu-
nosuppression group (Gr-IS), but younger than that in
chronic rejection group (Gr-CR) (Gr-Tol, -IS, and -CR:
336, 346, and 4413 yr; Gr-Tol vs. Gr-IS, NS). The re-
cipient age at Tx in Gr-Tol was younger than those in Gr-1S
and -CR (Gr-Tol, -IS, and -CR; 12, 44, and 1517 yr;
Gr-Tol vs. -IS P=0.06, Gr-Tol vs. Gr-CR P<0.0001). The
recipient age at biopsy in Gr-Tol was comparable with those
in Gr-IS and Gr-CR (Gr-Tol, -IS, and -CR; 12+4, 9%5, and
17417 yr; Gr-Tol vs. Gr-IS, -CR NS). The interval between
Tx and biopsy was 104, 4%2, and 1%2 yr in Gr-Tol, Gr-IS,
and Gr-CR, respectively (Gr-Tol vs. Gr-IS, -CR P<0.0001,
Gr-1Svs. Gr-CR P=0.02). In the normal liver group (Gr-NL),
the donor age at zero biopsy was 337 yr.

Up-regulation of Foxp3 mRNA in Rejecting Grafts
and Tolerant Grafts

A trend toward increased expression of Foxp3 mRNA
was observed in the biopsy samples from Gr-Tol, compared
with that in Gr-IS (Fig. 1). Of note, the expression of Foxp3
mRNA in Gr-CR tended to be more increased, compared
with that in Gr-IS and it did not differ between Gr-Tol and
Gr-CR. The expression of Foxp3 mRNA was significantly in-
creased in all of the biopsy samples taken after Tx, compared
with that in the normal liver biopsies (logl0 [Foxp3/
HPRTX10°]) Gr-Tol, -1S, -CR, and -NL: 4.1%0.5, 3.60.7,
4.2£0.6, and 3.0%0.7; Gr-Tol vs. Gr-1S P=0.07, Gr-CR vs.
Gr-1S P=0.06, Gr-Tol, -IS, -CR vs. Gr-NL P<<0.01, Gr-Tol vs.
Gr-CR NS) (Fig. 1).

In Tolerant Grafts, Foxp3 Protein Expressing
Cells (Foxp3* Cells) are Present Within the
Clusters of CD4- and CD8-Positive Cells and
most Foxp3™ Cells are CD4 Positive

In tolerant grafts, CD4-positive (CD4 ") cells and CD$-
positive (CD8™) cells were focally present in the portal areas,
but were hardly detectable within the parenchyma or the
perivenular space of the grafts (Fig. 2A,B). Cells expressing
Foxp3 protein (Foxp3™ cells) were present within these clus-
ters (Fig. 2A~C).

Nine biopsy samples from tolerance group were used
for immunofluorescent staining. A total of 5.1 Foxp3™ cells/
sample (between 1 and 12 cells) were detected in each slide of
the nine samples. In total, 46 Foxp3 " cells were observed in all
of the nine samples analyzed. The overlay of immunofluores-
cent staining for CD4 versus Foxp3 and immunohistochem-
istry and immunofluorescent staining for CD8 versus Foxp3

Copyright ©@ Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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revealed that 92% (42 of 46) of Foxp3" cells were CD4 ",
whereas 8% (4 of 46) were CD8" (Fig. 2D-1).

The Number of Foxp3* Cells was Significantly
Increased Compared With Grafts of LDLT
Recipients Receiving Maintenance IS or Those
Removed Because of Chronic Rejection

Like tolerant graft, Foxp3 " cells were present within the
clusters of CD4™ and CD8™ cells in the portal areas of grafts
in recipients who were receiving maintenance IS (data not
shown). The number of Foxp3™ cells detected in Gr-Tol was
significantly increased, compared with that in Gr-1S (Fig.
3C), although CD4" and CD8™ cells were present within the
portal areas to the same degree between the two groups (Fig.
3A,B). By contrast, in grafts removed as a consequence of the
diagnosis of chronic rejection, no Foxp3™ cell was detected in
the portal areas (Fig. 3C), although CD8™ cells were observed
to have massively infiltrated in the portal areas and CD4™"
cells were present to the same degree as was observed in the
normal liver (Fig. 3A,B). (Foxp3 cells in Gr-Tol, -1S, -CR, and
-NL: 51.5+70.0, 23.3%31.1, 0+0, and 6.8%£7.9 cells/mm?,
Gr-Tol vs. Gr-1S P=0.0292, Gr-Tol vs. Gr-CR P=0.0128, Gr-
Tol vs. Gr-NL P=0.0131, Gr-CR,-IS vs. Gr-NL NS.)

DISCUSSION

Our study is the first demonstration of the presence of
Foxp3™ cells within grafts of LDLT recipients exhibiting op-
erational tolerance. Similar to the evidence from rodent Tx
tolerance models, some Foxp3™ cells were present within
grafts at least in a subset of the tolerant LDLT recipients,
whereas a lesser number of Foxp3™ cells were found in the
functioning grafts of recipients still receiving maintenance IS
or liver allografts that had been removed after a diagnosis of
chronic rejection. Immunohistochemistry and immunofluo-
rescent staining demonstrated that Foxp3 ™" cells were present
within the clusters of CD4 ™" and CD8 ™ cells in the portal areas
of grafts and most of them were CD4". This is
in accordance with the existing hypothesis that the
Foxp3"CD4™" Tregs exert their immune suppressive prop-
erty in a cytokines and cell-cell contact-dependent manner
(12, 13).

We and others have shown previously that up-regula-
tion in the frequency of CD4*CD25"8"* T cells persists in
the peripheral blood of tolerant liver-Tx recipients (6, 14).
Additionally, our previous in vitro functional study demon-
strated that CD4*CD25"8"" T cells in the peripheral blood
of tolerant LDLT recipients exerted their suppressive prop-
erty against other T cells responding to donor alloantigens
(5). Collectively, these data support a hypothesis that the
Foxp3"CD4" cells identified within the allografts of IS-free
LDLT recipients may facilitate the development of opera-
tional tolerance by protecting the graft against rejection in
situ. As the age at Tx was significantly younger and the inter-
val between Tx and biopsy was significantly longer in tolerant
recipients compared with immunosuppressed or rejecting re-
cipients in the current study, further work using biopsies
from LDLT patients who were matched in time after Tx is
required to validate this hypothesis. We cannot entirely ex-
clude a possibility that the highest expression of Foxp3 among
the groups is merely a time-dependent consequence of in-
flammation and thereby, not specific to tolerance.
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FIGURE 2. Immunohistochemistry and Immunofluorescent staining for CD4, CD8, and Foxp3 in tolerant grafts. (&) A
cluster of CD4" cells was present in the portal area in a tolerant graft (bxown). (B) A cluster of CD8" cells was present in the
same portal area as CD4™" cells in a tolerant graft (brown). (C) Foxp3™ cells were present within the clusters of CD4™" cells
and CD8" cellsin the tolerant graft (brown). Twenty-eight tolerant grafts were examined and similar results were obtained.
(D and E, indicated by arrows) Immunofluorescent stainings for CD4 (red D) and Foxp3 (green E). (F) Double-positive cells
are seen as greenish-yellow. (G and H) Immunohistochemistry for CD8 (brown G) and immunofluorescent staining Foxp3
(green H). (I) Double-positive cells are indicated by an arrow. Ninety-two percent (42 of 46) of Foxp3™ cells were CD4 ",
whereas 8% (4 of 46) were CD8". Original magnification X400. Nine individuals were examined (mean; 5.1 cells, ranging
1-12 cells/sample) and totally, 46 Foxp3 " cells were observed.

One discrepancy between rodents and humans was that
the expression of Foxp3 mRNA in grafts removed because of
chronic rejection was as high as that in tolerant functioning
liver grafts (Fig. 1). In the previous rodents study, the expres-
sion of Foxp3 mRNA was exclusively up-regulated in tolerant
grafts, that is, not in rejecting grafts (4). Consistent with our
data, it has been reported that the expression of Foxp3 mRNA
is up-regulated within human rejecting cardiac grafts (15—
17). However, this study did not look at the expression of
Foxp3 protein by immunohistochemistry. Therefore, it was
impossible to determine whether a discrepancy existed be-
tween the levels of Foxp3 mRNA and protein. A question
arises as to why the expression of Foxp3 mRNA in human
rejecting liver grafts analyzed here was up-regulated, although
no Foxp3 " cells were detectable in the rejecting grafts.

One explanation of the lack of correlation between the
levels of Foxp3 mRNA and Foxp3 protein is simply that it is
due to the lower sensitivity of immunohistochemistry. Unlike
Foxp3 in mouse, expressed exclusively by Tregs, the recent in
vitro studies have reported that virtually all the human
CD4*CD25~ and CD8"CD25~ non-Tregs, transiently
(4872 hr) express Foxp3 mRNA and Foxp3 protein at a high
level when they are activated, and that this is followed by
gradual decrease and low plateauing with time after activa-

N
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tion (18, 19). By contrast, CD4"CD25" Tregs stably express
Foxp3 mRNA and protein at a high level (18, 19). We found
that the number of CD8 " cells was significantly increased in
samples from the chronic rejection group (Fig. 3B) and that
the level of CD25 mRNA was significantly up-regulated in
these samples (data not shown). These data suggest that a
plenty of activated effector T cells were present within reject-
ing grafts. In theory, such activated effector T cells could ex-
press Foxp3 mRNA and protein. Even if the expression of
Foxp3 mRNA by effector T cells was low at the single-cell
level, a low Foxp3 expression in a large population of effector
T cells could result in an increase in intragraft Foxp3 mRNA,
as was detected in the PCR analysis performed for this study
(Fig. 1). However, immunohistochemistry can only detect
relatively high levels of expression of Foxp3 protein because
of the lower sensitivity of the technique. More recently, Baron
et al. (20, 21) reported that the expression of Foxp3 in Tregs
was stabilized by the DNA demethylation in the Foxp3 locus
and that this epigenetic modification discriminated Tregs
from activated conventional T cells. Therefore, in the future,
investigation of DNA demethylation in the Foxp3 locus may
also facilitate the discrimination of tolerance from rejection.

In reviewing the literature, we found that after the com-
pletion of transcription, posttranscriptional processes, in-
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FIGURE 3. The number of CD4 positive (CD4™) cells, CD8 positive (CD8™) cells, Foxp3 expressing (Foxp3") cells in
tolerance group (Gr-Tol), maintenance IS group (Gr-IS), chronic rejection group (Gr-CR), and normal liver group (Gr-NL).
Immunohistochemistry was performed for CD4, CD8, and Foxp3. The numbers of CD4", CD8", and Foxp3" cellsin all the
portal areas were counted. The size of the portal area was measured by computerized calculation. Each number was divided
by the size of the portal area to assess the number/mm?. The number of examined samples is indicated in parenthesis. (&)
The number of CD4* cells. The numbers of CD4" cells which infiltrated into the portal areas in tolerance and maintenance
IS groups were significantly increased, compared with those in chronic rejection and normal liver groups. However, the
number of CD4™* cells did not differ between tolerance and maintenance IS groups, or between chronic rejection and
normal liver groups (Cr-Tol, Gr-IS, Gr-CR and Gr-NL: 396.9+337.8, 320.8+238.1, 49.5+65.5 and 93.3+98.8 cells/mm?,
G1-Tol, Gr-IS vs. Gr-CR and Gr-NL P<<0.08, Gr-Tol vs. Gr-IS NS, Gr-CR vs. Gr-NL NS). (B) The number of CD8" cells. The
number of CD8™ cells which infiltrated into the portal areas in chronic rejection group was significantly increased, com-
pared with those in tolerance, maintenance IS and normal liver groups. However, it did not differ between tolerance and
maintenance 1S groups, or between tolerance and normal liver groups (Gr-Tol, Gx-IS, Gr-CR and Gr-NL: 1179.5+699.5,
1346.2+688.1, 2487.5+501.7 and 871.0+389.5 cells/mm?, Gr-CR vs. Gr-Tol, Gr-IS,and Gr-NL P<0.0001, Gx-Tol vs. Gr-IS,
Gr-NL NS, Gr-IS vs. Cr-NL NS). (C) The number of ‘E‘oxpB+ cells. The number of Foxp3™ cells in the portal areas was
significantly increased in tolerance group, compared with those in maintenance immunosuppression, chronic rejection and
normal liver groups (Gr-Tol, Gr-IS, Gr-CR and Gr-NL: 51.5%70.0, 23.3+31.1, 00 and 6.8*+7.9 cells/mm?, Gr-Tol vs. Gr-IS
P=0.0292, Gr-Tol vs. Gr-CR P=0.0128, Gr-Tol vs. Gr-NL P=0.0131, Gr-CR vs. Gr-NL NS).

cluding splicing, export, RNA stability, and translation, can cells in operational tolerance after living donor liver transplantation.
determine the expression profiles of proteins in eukaryotic Transplant Proc 2005; 37: 37. .
cells, such as yeast and mammalian cells (22-25). The other 6. LIYI’ K‘?Slllli)f\"r’ Yoshizawa A, et ?I‘A“al?'ses Ofp_er?he.@ blood mono-
. . . . nuclear cells in operational tolerance after pediatric living donor liver

explanation of the lack of correlation between levels of Foxp3 transplantation. Am J Transplant 2004; 4: 2118,
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Regulatory T cell based transplant tolerance — freedom from immunosuppression —
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"Mami Takemura, “Shimon Sakaguchi
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‘Department of Experimental Pathology, Institute for Frontier Medical Sciences,
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Abstract

Tolerance after clinical transplantation(Tx) is still extremely rare. However, Kyoto
elective protocol enabled a substantial number of patients to weaned off immuno-
suppression after liver Tx. This is referred to as an immunoprivilege. Nevertheless, the
operating mechanisms for liver Tx tolerance remain elusive. The authors demonstrated
that regulatory T cells(Tregs) are likely to play an important role in liver Tx tolerance.
In addition, we found that precursor like Tregs exist in the human peripheral blood.
This can propagate upon stimulation with allo-antigen, in contrast to anergic property
of Tregs. Thus, the exploitation of precursor like Tregs as a cellular source of ex vivo
and in vivo expansion may lead to the widespread clinical use of Tregs for Tx.

Key words: tolerance, regulatory T cells
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