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tacrolimus (FK) group (closed circle) and
cyclosporine (CsA) group (open circle).

Table 3 Multiple Regression Analysis to Correlate Abbreviated MPA AUC Values With AUC Values Calculated Using the Full Set of 12 Timed MPA

Concentrations (CsA Group)

Model Sampling Model N 2 Prediction error (%) ) VIF
0% times (h) odel equation " TMeantSD Withintl5% <~15% >15%  Cos  Cis  Con  Cen  Cén  Cron
] 0 8.73Con+25.11 029 157744821 1(9.1) 5(455) 5(45.5)
2 1 : 1.40Cm+23.14 : 036 [4.27+444.60 5(45.5) 2(182) 4(36.3)
3 2 2.67C+13.38 0.46 11.30+35.83 10(90.9) 0(0) 1(9.1)
4 4 4.00Cm+21.39 0.28 31.57%6.97 9(818) 1(9.1) 1(9.1)
5 6 8.18Can+20.24 0.43 12.94%39.31 3(27.3) 3(27.3) 5(45.5)
6 12 13.64C12n+18.93 0.54 11.90+42.13 4(36.3) 3(27.3) 4(36.3)
7 01 15.3448.92Con+1.43Cin 0.66 7.53%27.91 5(45.5) 2(18.1) 4(36.3) 1.00 100
8 0,2 —0.51+11.47Con+3.24C2n 0.94 0.49+/0.35 10(90.9) 0(0) 1(9.1) 1.04 1.04
9 04 21.31+5.36Con+2.39Cin 0.35 14.42442.57 10(90.9) 0(0) 1(9.1) 1.74 1.74
10 0,6 19.27-4.90Con+11.60Csn 0.44 [2.68440.79 3(27.3) 3(27.3) 5(455) 555 5.55
1 0,12 18.80-2.38Con+15.81Ci2n 0.55 12.02+43.02 S5(455) 3(27.3) 3(27.3) 2.78 2.78
12 0,1,2 0.10+11.15Con+0.42Cin+2.80C21 0.96 0.15£7.85 11(100) 0(0) 0(0) 1.68 1.06 161
13 024 —0.23+12.70Con+3.36C2-0.80sn 0.94 0.36£9.80 10(90.9) 0(0) 1(9.1) 1.23 2.04 2.08
14 1,24 1.28+1.91C11+0.26C20+5.91Cer 0.95  0.7747.94  10(90.9) 0(0) 1(9.1) 221 202 143

CsA, cyclosporine; VIF, variance inflation factor. Other abbreviations see in Table 2.

Table 4 Multiple Regression Analysis to Correlate Abbreviated MPA AUC Values With AUC Values Calculated Using the Full Set of 12 Timed MPA

Concentrations (FK Group)

Sampling . , Prediction error (%) VIF
- Model " . Model equation r2
times (h) MeantSD Within*15% <—I15% >I15% Con Cin Cn  Cin  Con Csk Cizn
! 0 1.53Con+55.48 0.01 7.96£30.17 6(54.5) 3(27.3) 2(18.2)
2 I ~0.23Ci1u+60.75 0.0 8.03£30.64 3(273) 3(27.3) 5(45.5)
3 2 1.66C2n+41.16 0.65 3.50%20.06 6(54.5) 2(18.2) 3(27.3)
4 4 2.97C4n+44.54 0.32 58442697 5(455) 2(182) 4(36.3)
5 6 3.03Con+49.93 0.10 7.03£27.03 4(36.3) 3(27.3) 4(36.3)
6 8 5.90Csn+36.99 022 57142248 6(54.5) 1(9.1) 4(36.3),
7 12 1.57C120+53.61 0.04 7572868 3(273) 3(27.3) 5(45.5)
8 0.1 57.83+1.14Con-0.17Cin 0.01 7.9783042 3(273) . 3(27.3) 5(45.5) 116 .16
.9 0.2 . 34.87+2.95C0n+1.69C2 0.68 3.26£19.57 6(54.5) 2(182) 3(273) 1.0l 1.01
10 0.4 47.63-2.01Con+3.17C1n 0.33 5.80%26.71 4(363) 3(27.3) 4(363) 113 113
7 0.6 48.52+0.79Con+2.97Csh 0.10 7.01%26.99 4(363) 3(27.3) 4(36.3) 1.02 1.02
12 0.8 39.36~2.93Con+6.86Csn 0.24 5.48+21.92 6(54.5) 1(9.1) 4(363) 127 1.27
13 0,12 50.41+1.58Con+1.581Ci2n 0.05 7.49%2842 3(27.3) 3(27.3) 5(455) 1.00 1.00
14 01,2 26.93+4.17Con+0.49Ct1+1.77C26 0.70 2.97%1828 7(63.6) [(9.1) 3(27.3) 1.08 120 124
) 024 35.03+2.39Con+1.59C20+043Csn 0.68 3.24+1948 6(545) 2(18.2) 3(27.3) 1.688 1.882 1.3
.16 1,24 23.56+1.05Ci+1.25C20+2.53Cn 0.73  2.73%17.09 6(54.5) [(9.1) 4(36.3) 221 1.645 3.105

FK. tacrolimus. Other abbreviations see in Tables 2,3.

AUCo-121 >60.¢g-h/ml, and in the CsA group, there was no
recipient who had an MPA AUCo-12h >604g-h/ml. No
recipient had severe side effects in either group.
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Limited Sampling Strategy

The correlations between MPA concentrations at various
time points and the full MPA AUCo-12n values and predic-
tion errors for the abbreviated AUCo-12n profiles in the CsA
and FK groups are summarized in Tables 3 and 4. Fourteen
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Measured MPA AUCo-12n (ug-h/mi)

models were developed and analyzed for their ability to
estimate the MPA AUCo-12h based on a limited number of
sarnples in the CsA group. Sixteen models were developed
in the FK group. The collinearity check for these models
was not violated if the VIF of each model was smaller than
10. Fig3 shows the MPA AUC values predicted using
regression model 12 in the CsA group (model 16 in the FK
group) plotted against the corresponding 11 MPA AUC
values calculated from the full sets of 12 timed samples by
the linear trapezoidal rule. Fig4 shows prediction errors for
the abbreviated MPA AUC profiles (model 12 in the CsA
group and 16 in the FK group) plotted against the: corre-
sponding 11 MPA AUC values calculated from the full set
of 12 timed samples by the linear trapezoidal rule. The best
model for predicting the full MPA AUCo-12h in the CsA
group was a 3-time-point model (model 12; Con, Cin, C2n;
r2=0.96) with a mean prediction error of 0.15+7.85%
(Table3, Figs3 and 4). The estimated prediction errors fell
within £15% in 100% of the profiles (11/11) with this
model. The 2-sample model that gave the best r? value
(0.94) was model 8 (Con, C2n) with a mean prediction error
of 0.49+10.35%. At this model, 90.9% of profiles (10/11)
had an estimated prediction error within +15%. The highest
coefficient of determination between the MPA AUCo-12h
and a single concentration was observed with Cizn (r2=0.54).
The mean prediction error was 11.90+42.13% and the esti-
mated prediction error fell within £15% in only 36.3% of
the profiles (4/11). The best model for predicting the full
MPA AUCo-12h in the FK group was a 3-time-point model
(model 16; Cin, C2n, Can; r>=0.73) with a mean prediction
error of 2.73+17.09% (Tabled, Figs3 and 4). The esti-
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mated prediction errors fell within +15% in 54.5% of the
profiles (6/11) with this model. The 2-sample model that
gave the best 12 value (0.68) was model 9 (Con, Can) with a
mean prediction error of 3.26+19.57%. At this model,
54.5% profiles (6/11) had an estimated prediction error
within +15%. The highest coefficient of determination be-
tween the MPA AUCo-121 and a single concentration was
observed with Can (12=0.65). The mean prediction error
was 3.50+20.06% and the estimated prediction error fell
within £15% in 54.5% of the profiles (6/11).

Discussion

The present study showed that the best model for pre-
dicting the full MPA AUCo-12h was a 3-time-point model
that included Con, Cinand Czh in the CsA group. The 2-
time-point model that included Con and C21 was also useful
for predicting the full MPA AUCo-12n. However, reliable
models for a limited sampling strategy could not be ob-
tained in the FK group. The measurement of the MPA AUC
using a full set of samples requires considerable personnel
time, laboratory resources and large quantities of blood. To
support therapeutic drug monitoring of MPA in clinical
practice, limited-sampling strategies should be developed
for estimation of the MPA AUC. The r? values of other 3-
time-point models (Con, Can. Cat; Cih, C2n Can) in the CsA
group were 0.94 and 0.95, respectively, The mean esti-
mated prediction errors for these models were 0.36+9.80
and 0.77+7.94, respectively. These models could also be |
used for predicting the full MPA AUCo-12n. In contrast, the
12 values of 3-time-point models (Con, Cih. C2h; Con, C2n.
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Can; Cin, C2k Can) in the FK group were 0.70, 0.68 and
0.73, respectwely The mean estimated prediction errors
for these models were 2.97+18.28, 3.24+19.48 and 2.73%
17.09, respectively. Therefore, these models should not be
used for predicting the full MPA AUCO—]Zh In the 2-sample
model (Con, C2n) with the best 12 value (0.94) in the CsA
group, the estimated prediction errors fell within +15% in
90.9% of the profiles (10/11). This model is also suitable
for predicting the full MPA AUCo-12b. On the contrary, in
the 2-sample model (Con, C2n) with the best 12 value (0.68)
in the FK group, the estimated prediction errors fell within
+15% in 54.5% of the profiles (6/11). Therefore, this model
is not suitable for predicting the full MPA AUCo-12n. A
single-point method would be useful to support therapeutic
drug monitoring of MPA in the clinical management of our
recipients; however, a reliable single-point method for pre-
dicting the full MPA AUCo-12n was not obtained in either
the CsA or FK groups. Moreover, reliable models for a
{imited-sampling strategy were not obtained in the FK

roup.

: Cl?o et al reported that MPA concentrations before and
at 1 and 8h after dosing were positively correlated with the
AUC in kidney transplant recipients treated with CsAl®
Pawinski et al reported that a 3-sample model with sam-
pling before and at 0.5 and 2h after dosing was the best
model for predicting the full MPA AUC in kidney trans-
plant recipients treated with FK (12 value of 0.862 and a
prediction error of 6.1x19.0%)? In another report, an r2
value of 0.946 was obtained by a 3-sample model with
sampling at 20min, 1 and 3h after dosing in kidney trans-
plant recipients treated with CsA2! The discrepancy among
the results of these previous studies might partly be ex-
plained by variation of the transplant organ (kidney or
heart), concomitant drug therapy and the sampling times
used to determine the full MPA AUC. It has been reported
that a significant decrease of the MPA AUC and an in-
crease of the oral apparent clearance are observed in renal-
impaired recipients? The suggested mechanism for these
phenomena is a uremia-induced increase of the MPA-free
fraction, leading to a temporary increase in the clearance of
this restrictively-cleared drug. Thus, the MPA absorption
profile might be different between kidney and heart trans-
plant recipients. Cho et al collected blood samples before
dosing and at 0.5, 1, 2, 4, 6 and 8h after dosing!® Pawinski
et al collected blood samples before dosing and at 0.5, 1, 2,
3,4,6,8,9, 10, 11, and 12h after dosing?? Le Guellec et al
collected blood samples before dosing and at 20 min,
40min, 1, 1.5, 2, 3, 4, 6 and 9h after dosing?! In our study,
blood samples were collected before dosing and at 1, 2, 4,
6, and 12h after dosing in the CsA group and at 1, 2, 4, 6, 8
and 12h after dosing in the FK group. Differences in the
limited sampling strategies recommended in these studies
could be attributable to sampling time differences.

In our study, reliable models for prediction of the MPA
AUC were obtained in the CsA group, but not in the FK
group. This suggests that concomitant drug therapy might
be an important factor for predicting the MPA AUC. The
difference in the results between the CsA and FK groups
was attributed to distinct MPA pharmacokinetics. It has
been reported that a secondary plasma peak of MPA attrib-
uted to enterohepatic circulation occurs 6 to 12h after
administration in recipients treated with FK2? In contrast,
CsA might inhibit the transport of 7-O-MPA glucuronide,
an inactive metabolite of MPA, into the bile and reduce the
enterohepatic recirculation of MPA; therefore, a secondary
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plasma peak of MPA does not occur when MMF is used
concomitantly with CsA22

There was no recipient who experienced ISHLT Grade
I rejection in the present study. No serious adverse effects
were observed in 22 recipients enrolled in the study, in-
cluding tHe recipients with an MPA AUCo-126 >60ug-
W/ml. Consequently, the present study could not determine
whether the target range of 30-60ug-h/ml for the MPA
AUC is suitable for reducing the risk of acute rejection and

.adverse effects. Further studies should be conducted on the

relationship between the MPA AUC and the risk of rejection
and adverse effects in Japanese heart transplant recipients.
For this purpose, the development of a limited sampling
strategy for estimation of the MPA AUC in Japanese heart
transplant recipients is desirable. The 3-time-point model
that included Con, Cinand Cznin the CsA group was useful
for predicting the full MPA AUCo-12h. In addition, the
2-time-point model that included Con, and C2n in the CsA
group was also reliable for predicting the full MPA
AUCo-12h. Although our study is limited in that a small
aumber of recipients were evaluated, it is the first study to
characterize the pharmacokinetic parameters of MPA in
Japanese heart transplant recipients. A more detailed study
is necessary to verify the assumption that the 2- and 3-time-
point models for predicting th¢ MPA AUC are valuable in
Japanese heart transplant recipients treated with CsA. Fur-
thermore, limited sampling strategies for predicting the
MPA AUC need to be developed in FK-treated transplant
recipients.
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Relationship Between Acute Rejection and
Cyclosporine or Mycophenolic Acid Levels
in Japanese Heart Transplantation

Kyoichi Wada, BS; Mitsutaka Takada, PhD**; Takashi Ueda, BS*;
Hiroyuki Ochi, BS; Takeshi Kotake, PhD; Hideki Morishita, BS;
Akihisa Hanatani, MD*; Takeshi Nakatani, MD*

Background Cyclosporine (CsA), Mycophenolate mofetil (MMF) and prednisolone (PSL) are widely used for
the prevention of acute rejection after heart transplantation. Recently, the serum concentration—time curves (AUC)
of CsA and MMF have been demonstrated to be precise predictors of acute rejection.

Methods and Results Fourteen heart transplant patients were treated concomitantly with CsA, MMF, and PSL
between May 1999 and November 2005 at the National Cardiovascular Center and of them 3 had acute rejection
episodes (International Society for Heart & Lung Transplantation grade 3a). Two patients (man in his 30's; woman
in her 40s) had acute rejection with a mycophenolic acid (MPA) AUCo-12h <30yg-h-ml-! and low CsA AUC
(AUCo-4h; 2,408ng-h-mi-1, 1,735ng-h-ml-!). However, 1 patient (man in his 30s) with a high CsA AUCo4n

(4,019ng-h-ml-1) did not develop cardiac allograft Iej

ection even if the MMF was temporarily stopped. These 3

patients were investigated to evaluate the relationship between acute rejection and pharmacokinetic parameters,

including the CsA Co, C2, AUCo«h and MPA AUCo-121.

Conclusions The findings suggest that a high CsA AUCo«h may prevent rejection of a cardiac allograft, even
if MMF is stopped or drastically reduced. (Circ J 2007; 71: 289-293)

Key Words: Cyclosporine; Japanese heart transplantation; Mycophenolate mofetil; Serum concentration —time

curve

sporine (CsA) or tacrolimus (FK) plus mycophe-

nolate mofetil (MMF) and prednisolone (PSL) is
commonly used for basic immunotherapy in heart transplant
patients. At the National Cardiovascular Center (NCVO),
approximately 30 heart transplant patients, including sev-
eral from overseas, have received the 3-drug combination
therapy, and its usefulness has been recognized!? Howev-
er, despite this treatment, some patients develop acute
rejection. It is well known that, in order to obtain good clini-
cal effects and to prevent acute rejection, it is important to
monitor the blood levels of immunosuppressive agents.
Generally, the trough level (Co) has been used in such
monitoring; however, in recent times, analysis of the full
area under the curve (AUC) of CsA was demonstrated to be
a precise predictor of acute rejection and graft survival3 In
addition, it was reported that in renal transplant patients,

!- 3-drug combination therapy consisting of cyclo-

the AUC during the absorption phase (AUCo—1) was high--

ly correlated with the full AUC and was a better marker for
rejection and nephrotoxicity than the blood trough level4 It
has therefore come to be recognized that absorption profil-
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ing is needed in order to monitor the CsA microemulsion
(Neoral) more effectively+!!

After oral administration, MMF is rapidly and extensive-
ly absorbed and hydrolyzed to mycophenolic acid (MPA),
the active immunosuppressive agent. Several studies have
demonstrated a significant relationship between the MPA
AUC and acute rejection!2-19 A low AUC in the first 6
months is associated with a high incidence of rejection!3
and recent reports suggest that a target of 30-60ng-h-ml-!
may be suitable during both the early post transplant period
and later for maintenance therapy in heart transplant
patients!3.14.18,19

We present 3 Japanese heart transplant recipients who
showed a correlation between the development of acute
rejection and the relevant pharmacokinetic parameters,
including the CsA AUCo—4h, the 2h post-dose concentra-
tion (C2) and the MPA AUCo-12h.

Methods

Of 14 patients who had received the 3-drug combination
therapy between May 1999 and November 2005, 3 had acute
rejection episodes (International Society for Heart & Lung
Transplantation (ISHLT) grade 3a). In 2 of them, blood
levels of CsA and MMF were measured before and after the
acute rejection episode. Among the remaining 11 patients
who did not have acute rejection episodes, 1 patient stopped
the MMF for a long period and only received a 2-drug ther-
apy (CsA and PSL). The 2 patients who had acute rejection
episodes and the 1 who did not have an acute rejection
episode during withdrawal of MMF were enrolled.
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Blood for calculating the AUC of CsA and MPA was
sampled at 6 time points: before dosing and at 1, 2, 4, 6,
and 12h after dosing. Blood levels of CsA and MPA were
measured by fluorescent polarization immunoassay (TDx,
Abbott Japan Co, Ltd) and reverse-phase high-perfomance
liquid chromatography?0 respectively. AUC was calculated
using the trapezoidal method. The AUCo-4h was calculated
as:

AUCo4n=1/2x{(Co+Ci)x 1}+1/2%{(C1+C2)x1}+1/2x{(C2+ Ca)x2}

where Ci is the 1h post-dose concentration and C4 is the
4h post-dose concentration. All research procedures were
conducted according to the institutional clinical research
guidelines and all patients gave written informed consent
concerning the disclosure of their clinical data.

Results

Patient 1 (Acute Rejection)

A man in his 30s man with dilated cardiomyopathy
(DCM) as the underlying disease received a heart transplant
under catecholamine treatment. At the time of transplanta-
tion, Human Leukocyte Antigen (HLA) (A, B, DR) com-
patibility was 0/6; cytomegalovirus (CMV) was (+) for the
donor and (=) for the recipient. Initial immunosuppressive
therapy was CsA, but the serum creatinine increased to
2.2mg/d], so CsA was discontinued from day 3 post-trans-
plant and replaced with orthoclone-OKT3. After renal func-
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Figl. The blood concentration profiles of CsA and
MPA, and the doses of CsA, MMF and PSL in pa-
tient 1. CsA, cyclosporine; AUCo4, area under the
curve during the absorption phase; Co, measurement
of whole blood trough levels; Cz, 2h post-dose con-
centration; MPA, mycophenolic acid; MMF, myco-
phenolate mofetil; PSL, prednisolone.

tion improved, CsA was re-administrated with the addition
of MMF and PSL.

The blood concentration profiles of CsA and MPA, and
the doses of CsA, MMF and PSL are showed in Fig1. The
patient took oral ganciclovir (1,500 mg/day) to prevent
CMV infection; however, on day 169 post-transplant, the
CMV-polymerase chain reaction test showed a copy num-
ber of 1,900 and the antigenemia assay was positive. The
patient was therefore hospitalized and ganciclovir injection
therapy (10mg-kg-!-day-1) was started.

The patient’s leukocyte count.decreased to 1,900/,
which was an adverse reaction caused by ganciclovir and
MME. Therefore, both the ganciclovir injection and MMF
(2 g/day) were stopped. The dose of CsA was increased
from 300 to 360 mg. After that, on day 222 post-transplant,
ISHLT grade 3a acute rejection was confirmed by myocar-
dial biopsy. The CsA dose was 360 mg/day, MMF adminis-
tration had ceased, and the dose of PSL was 15 mg/day. At
this time, blood levels of CsA and MMF were not mea-
sured. Three-day pulse therapy with methyl prednisolone
(MP, 1g/day) was instituted, followed by an increase in the
doses of CsA and PSL to 380 and 20mg/day, respectively.
MMEF treatment was reinstated at 1.g/day. After 2 weeks, a
myocardial biopsy showed improvement in the acute rejec-
tion, which was ISHLT grade 2. The target Co value of CsA
was set at approximately 300 ng/ml.

On day 361 post-transplant, myocardial biopsy again re-
vealed acute rejection of ISHLT grade 3a. The dose of CsA

Circulation Journal  Vol.71, March 2007
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was at 420mg/day, Co at 308 ng/ml, C2 at 607 ng/ml, and
the AUCo4n at 2,408ng-h-ml-!; the dose of MMF was
1 g/day, AUCo-12n of MPA was 20.8ug-h-ml-', and the
dose of PSL was at 20mg/day. The grade of acute rejection
improved following a 3-day course of pulse therapy with
MP at 1 g/day. The Co of CsA was at the target level with
few variations, but despite that, acute rejection of ISHLT
grade 3a occurred twice, and the patient sustained a pres-
sure fracture of a vertebra because of PSL. In view of these
findings, CsA was changed to FK.

Patient 2 (Acute Rejection)

A woman in her 40s with DCM as the underlying dis-
ease underwent cardiac transplantation after being on a
NCVC extracorporeal left ventricular assist system (LVAS)
(Toyobo, Tokyo, Japan)2! HLA (A, B, DR) compatibility
was 2/6, and CMV antibody was (+) for the donor and (+)
for the recipient. At the time of the transplant, Panel Reac-
tive Antibody was (), as the cross-match test. Specific
anti-HLA antibodies against the donor were found in the
recipient. In addition, owing to concern about the possibili-
ty of a renal function disorder because of long-term use of
the LVAS, immunosuppressive therapy was begun with

Circulation Journal Vol 71, March 2007

OKT-3, then switched to the 3-drug combination therapy.
The blood concentration profiles of CsA and MPA, and
the doses of CsA, MMF and PSL are shown in Fig2. On
day 333 post-transplant, the patient’s leukocyte count had
decreased to 3,400/x1, so MMF treatment (3 g/day) was
stopped and the dose of CsA was increased from 280 to
330mg/day. However, the serum creatinine level increased
mildly to 1.3mg/dl. On day 370 post-transplant, MMF
treatment was reinstated at 0.5 g/day. CsA was maintained
at 330mg/day. The Co of CsA was at 275ng/ml, C2 at
1,452ng/ml, and AUCo—4h at 4,204ng-h-ml-!. In addition,
the AUCo-12n of MPA was 15.3g-h-ml-!. subsequently,

- the serum creatinine level increased to 1.1 mg/dl and the

CsA dose was decreased from 330 to 250mg/day in order
to obtain a target Co of CsA of =200ng/ml. On day 550
post-transplant, a myocardial biopsy was performed and
acute rejection of ISHLT grade 3a was identified. At this
point Co was at 182ng/ml, C2 at 445ng/ml, AUCo-4n at
1,735ng-h-ml-1, the dose of MMF was 0.5 g/day, and that
of PSL was 5mg/day. Blood MPA level was not measured.
After a 3-day course of pulse therapy with MP 1 g/day, the
PSL dose was increased to 10mg/day and acute rejection
improved on day 556 post-transplant. The patient’s leuko-
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day 550 in patient 2. Although the MPA AUCo-12h de-
creased to 15.3ug-h-ml-! on day 370, the high CsA
AUCo-4n (4,204ng-h-ml-!) and Cz2 (1,452ng/ml) were
maintained, which may have prevented acute rejection in
patient 2. Patient 3 did not experience acute rejection during
the MMF washout period from day 99 to day 262, which
may be attributed to the high AUCo—41 (4,019ng-h-ml-}) or
C2 (1,249 ng/ml). These findings suggest that the high CsA
AUCo<h (>4,000ng-h-ml-) or C2 (>1,200ng/ml) might
prevent acute rejection, even if the MPA AUCo-12n is 30ug-
h-mi-! or less.

We calculate the AUC of CsA in heart transplant pa-
tients who are admitted for myocardial biopsy and monitor
the Co and C2 levels (the reference levels) of outpatients to
determine the dose of CsA. However, there was no clear
link between the risk of acute rejection and CsA Co levels
in these 3 patients. It has been reported that, in determining
the appropriate dose, monitoring of the absorption profile is
more important than conventional Co monitoring of CsA%-8
The AUCo-4n is the important parameter of the absorption
profile; however, a 1-point monitoring strategy needs to be
developed for predicting the AUCo-4h in clinical practice,
in particular for outpatients?? It has been reported that C2 is
the most accurate surrogate marker for AUCo—4h%-6 and has
been found to be a better marker for rejection and nephro-
toxicity than Co*3 Our experience also suggests that the CsA
C2 values changed in relation to the AUCo—4n. Cantarovich
et al6923 report a clinical benefit of CsA C2 monitoring (as
opposed to Co monitoring) in long-term heart transplant
patients. The Cz target levels of their study were as follows:
0-3 months, 600-800ng/ml; 4—6 months, 500-700ng/ml;
>6 months, 400—600ng/ml. Other groups report that high
C2 values (1,015+422ng/ml) are associated with fewer
episodes of acute cellular rejection in patients who have
undergone heart transplantation!9 and that acute cellular
rejection should be suspected when the C2 level is below
600ng/mlé!! At present, at the NCVC, the AUCo—h is pre-
dicted from Co and C2, which are monitored in outpatients
to determine the dose of CsA. However, the appropriate
target value for either the AUCo4n or C2 of CsA in heart
transplant recipients is not fixed.

On the other hand, the target AUCo-12h value for MPA
after heart transplantation has been reported to be 30-
60ug-h-ml-1.13 In addition, the 3-point monitoring of Co,
Cos, and C2 has been reported to be highly correlated with
the AUCo-1224

We demonstrated that a high CsA AUCo4h may help
prevent cardiac allograft rejection in patients who tempo-
rarily stop MMF treatment. When MMF is stopped or dras-
tically reduced, the dose of CsA should be increased to
maintain the high CsA AUCo4n (>4,000ng-h-ml-!). Al-
though our study had a limited number of patients, it is the
first to characterize the relationship between acute rejection
and either the CsA or MPA level in heart transplant recipi-
ents. Further studies should be conducted to investigate the
relationship between the CsA AUCo-4n or MPA AUCo-12n
and the risk of rejection, and the effectiveness of CsA C2
monitoring in heart transplant patients should be confirmed.
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cyte count recovered to the normal value, so MMF was
gradually increased to 2.5 g/day. Thereafter, the dose of CsA
was set according to the monitoring of C2 and AUCo4n,
and no further episodes of acute rejection occurred.

Patient 3 (Without Acute Rejection)

A man in his 30s with DCM as the underlying disease,
underwent cardiac transplantation under the support of
LVAS. HLA (A, B, DR) compatibility was 0/6, CMV anti-
body was donor (+) and recipient (+). After the transplant,
the patient’s serum creatinine level increased to 2.2 mg/dl
s0 immunosuppressive therapy was initiated with OKT-3,
followed by the 3-drug combination therapy.

The blood concentration profiles of CsA and MPA, and
the doses of CsA, MMF and PSL are showed in Fig3. Up to
day 75 post-transplant, the MMF dose was at 1.5g/day, but
the leukocyte count decreased to 3,770/ul, so the MMF dose
was decreased from 1.5 to 1g/day. On day 99 post-trans-
plant, the leukocyte count decreased further to 3,270/ul,
MMF was stopped and the CsA dose was increased from
320 to 380 mg/day. When the CsA dose was at 320 mg/day,
Co was at 267ng/ml, C2 at 954 ng/ml, and AUCo-4n at
2,897 ng-h-ml-!. When the CsA dose was at 380 mg/day,
Co was at 247ng/ml, C2 at 1,249ng/ml, and AUCo4h at
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3.

4,019ng-h-ml-!. On day 262 post-transplant, the leukocyte
count recovered to 8,000/xl, which is within the normal
range, so MMF treatment was reinstated at 0.5 g/day.
During the washout of MMF, myocardial biopsy was per-
formed twice, but acute rejection was not seen.

Discussion

Our experience with the 3 heart transplant patients pres-
ented here suggests that monitoring of the CsA AUCo-4n or
C2 may be useful in preventing acute rejection, as may a
high AUCo4n or C2, even if MMF is stopped or drastically
decreased.

In patient 1, the CsA AUCo4n and C2 were greatly de-
creased, with a low MPA AUCo-12n (20.8ng-h-ml-') on
day 361 post-transplant (ISHLT grade 3a). In patient 2, the
CsA AUCo~4h and C2 greatly decreased on day 550 post-
transplant (ISHLT grade 3a). Although the MPA AUCo-12n
value on day 550 was not calculated, approximately 15ng-h-
mi-! could be predicted because the MPA AUCo-12n values
on days 370 and 556 were 15.3pg-h-ml-! and 14.3g-h-
ml-!, respectively. The MPA dose remained unchanged
from day 370 to day 556. Low CsA AUCo-4h and MPA
AUCo-12h might have been the cause of acute rejection on
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Abstract. Objective: The purpose of the
study was to demonstrate how the interaction
between phenytoin and tacrolimus (FK 506)
can be managed clinically and to characterize
the change in FK 506 levels after discontinua-
tion of phenytoin in two Japanese heart trans-
plant recipients with different dosing periods
of phenytoin. Methods: A drug interaction be-
tween phenytoin and FK 506 was investi-
gated in 2 patients. The concentration-dose
ratios (CDR: trough blood FK 506 level
(ng/ml)/FK 506 dose (mg/day) on the previ-
ous day) were calculated as an index of the in-
duction of the CYP3A4 enzyme during and
after phenytoin therapy. Results: About 2- to
3-fold dosages of FK 506 were required to
maintain the required blood level when
phenytoin was used concomitantly in the
two cases examined. The FK 506 dose was
constant within 21 days after discontinuing
phenytoin in Patient 1 who had 36 days of
phenytoin therapy. In Patient 2 with 21-day
phenytoin therapy, the FK 506 doses and
CDR varied for 10 days after discontinuing
phenytoin, and expected FK 506 C, levels
were achieved within 11 days. Conclusions:
The persistence of CYP induction after dis-
continuing phenytoin is dependent on the his-
tory of administration and, perhaps, on the
dosing period in particular.

Introduction

Tacrolimus (FK 506), a neutral macrolide
antibiotic isolated from Streptomyces tsuku-
baensis, is widely used in solid organ trans-
plantation [Kino et al. 1987]. It is a potent
immunosuppressive agent that inhibits calci-
neurin to prevent the production of interleu-
kin-2 by T cells, inhibiting their maturation

and proliferation [Ochiai et al. 1987]. Thera-
peutic drug monitoring (TDM) is required for
FK 506 because of a narrow therapeutic win-
dow. Metabolism of the drug largely occurs
through the cytochrome P450 (CYP) 3A4 en-
zyme system, which is present in the liver and
gut [Lamba et al. 2002]. Agents that affect the
metabolism of FK 506 by inducing or inhibit-
ing CYP3A4 enzymes may change blood lev-
els of FK 506, resulting in transplant rejection
or side effects. Inhibitors of CYP3 A4, such as
clarithromycin, diltiazem, fluconazole, indi-
navir and grapefruit juice, have been reported
to increase FK 506 levels [Fireman et al.
2004]. In contrast, inducers of CYP3A4, such
as rifampicin, phenobarbital and St. John’s
wort have been shown to decrease FK 506
levels [Fireman et al. 2004].

Phenytoin is a hydantoin anticonvulsant
for the contro! of generalized tonic-clonic and
complex partial seizures. Phenytoin acceler-
ates CYP1A-, CYP2B-, CYP2C- and CYP-
3A-mediated oxidative metabolism of antiepi-
leptic drugs (e.g. zonisamide, carbamazepin,
valproate), cardioactive drugs (e.g. nifedi-
pine, disopyramide, procainamide}, oral anti-
coagulants (e.g. warfarin) and immunosup-
pressants (e.g. cyclosporine (CsA), FK 506)
[Anderson 1998]. A drug interaction between
phenytoin and FK 506 has been previously
reported [Formea et al. 2005, Karasu et al.
2001, Moreno et al. 1999]. However, changes
in FK 506 blood levels after discontinuation
of phenytoin have not been characterized in
previous reports. In this report, we present
two cases of a drug interaction between
phenytoin and FK 506 in Japanese heart
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Figure 1. The effect of phenytoin treatment on trough serum FK 506 levels in Case 1 patient.

transplant recipients. The purpose of the study
was to show how the drug interaction between
phenytoin and FK 506 can be managed clini-
cally and to characterize the changes in FK
506 levels after discontinuation of phenytoin
in Japanese heart transplant recipients.

Methods

Among the 38 patients who had received
immunosuppression therapy with CsA or FK
506, mycophenolate mofetii (MMF) and
prednisone (PSL) between May 1999 and
November 2006, there were 2 patients who
received FK 506 and phenytoin concomi-
tantly. One patient was a woman in her 40’s
who underwent heart transplantation at the
National Cardiovascular Center (NCVC).
The primary disease of the patient was dilated
cardiomyopathy. The other patient was a
woman in her 20’s with dilated cardiomyo-
pathy as a primary disease, who underwent
heart transplantation at an overseas hospital.
These 2 patients were investigated to evaluate
a drug interaction between phenytoin and FK
506. Blood levels of FK 506 and CsA were
measured by fluorescent polarization immuno-
assay (TDx, Abbott Japan CO., Tokyo, LTDA).
The concentration-dose ratios (CDR: trough
blood FK 506 level) (ng/ml)/FK 506 dose
(mg/day) on the previous day were calculated
as an index for the induction of the CYP3A4
enzyme during and after phenytoin therapy
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[Keown et al. 1984]. The changes in CDR for
FK 506 between combination periods and FK
506-only periods were investigated. All re-
search procedures were conducted according
to the clinical research guidelines in our insti-
tute. All patients gave their written informed
consent concerning the disclosure of their
clinical data.

Results

Patient 1

This patient received triple-drug immuno-
suppression with CsA, MMF and PSL after
surgery. The patient developed an impaired
level of consciousness and orientation on the
7th day after surgery. For the next 7 days, she
had narrowed visual fields, and on the 16th
day after surgery she developed a convulsive
seizure. The CsA trough (Cp) levels were
measured routinely. The maximum CsA Cg
level throughout the neurological events was
439 ng/ml, which was within the target range.
The magnesium level was 0.44 mmol/l. Mag-
netic resonance imaging (MRI) of the head
demonstrated multifocal areas of increased
signal in the white matter of the right mater
lobus occipitalis. Oral phenytoin was started
for treatment of a convulsive seizure at a dose
of 200 mg/day, and CsA was changed to FK
506 on the next day because of potential CsA
neurotoxicity. Abnormal MRI signals signifi-
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Figure 2. The effect of phenytoin treatment on trough serum FK 506 levels in Case 2 patient.

cantly diminished, and narrowed visual fields
disappeared on the 6th day after discontinu-
ing CsA. The abnormal MRI signals disap-
peared on the 28th day after CsA was stopped.
Phenytoin was decreased to 100 mg/day on
the 34th day after the initiation of therapy and
was stopped within 2 days.

Changes of phenytoin dose, FK 506 dose,
blood FK 506 C; levels and the CDR are
shown in Figure 1.

FK 506 was started at an initial daily dose
of 2 mg. FK 506 C, levels were measured rou-
tinely. The dose of FK 506 was gradually in-
creased and a Cq level of 10.5 ng/ml was ob-
tained with a daily dose of 6.0 mg on the 14th
day after initiation of phenytoin therapy.
Thereafter, 5.5 — 7.5 mg/day of FK 506 gave
Cy levels of 7.7 — 20.5 ng/ml. The CDR was
4.7 on the 3rd day after initiation of FK 506
therapy and gradually decreased.

On the 7th day after phenytoin was
stopped, 4 mg/day of FK 506 resulted in a Cy
level of 20 ng/ml. Although the FK 506 dose
was finely adjusted thereafter, the Cy levels
varied widely. After discontinuing phenytoin
therapy, the FK 506 dose was gradually re-
duced. Consequently, C, levels of 10 — 13
ng/ml were maintained with daily doses of
2.4 —2.8 mg for 3 weeks after stopping pheny-
toin. The mean value of CDR for 3 weeks after
stopping phenytoin was 3.63 £ 1.67. The
mean value of CDR for the next 21 days
(22nd - 42nd day after stopping phenytoin)
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was 4.52 + 0.84. The coefficient of variation
of the CDR for 3 weeks after discontinuing
phenytoin was 46%. The coefficient of varia-
tion of the CDR for the next 21 days was
18.7%. These observations suggest that en-
zyme induction by phenytoin persisted for
21 days. Concomitant drugs were not changed
during phenytoin therapy, and there was no he-
patic disease.

Patient 2

This patient received triple-drug immuno-
suppression with FK 506, MMF and PSL.
She developed a convulsive seizure on the
16th and 20th day after surgery and was
treated with oral levetiracetam (unapproved
in Japan). The convulsive seizure immedi-
ately disappeared. On the 70th day after sur-
gery, the patient returned to Japan to enter the
NCVC. On the day after admission, oral leve-
tiracetam was changed to 200 mg/day of oral
phenytoin. The phenytoin daily dose was de-
creased to 100 mg on the 15th day and was
stopped on the 21st day after the initiation of
therapy. Changes of phenytoin dose, FK 506
dose, blood FK 506 Cy levels and CDR are
shown in Figure 2. The FK 506 Cq levels were
measured routinely. Before the start of pheny-
toin dosing, the FK 506 Co level was 10 ng/ml
with a daily dose of 3 mg. Thereafter, there
was a decrease in the FK 506 C; level
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(8.8 ng/ml) on the 4th day after the start of
phenytoin. Despite increasing the daily dose
of FK 506 to 6 mg, a C, level of 7.4 ng/ml and
a CDR value of 1.5 were obtained on the 14th
day after the start of phenytoin. Phenytoin
was discontinued on the 21st day after it was
initiated, and the FK 506 C, level reached
14 ng/ml within 3 days of a daily dose of 7 mg.
For the next 7 days, the FK 506 dose was re-
duced to 5 mg/day, however, the Cy level did
not decrease. Thereafter, the FK 506 dose was
reduced to 3 mg/day and C, levels of 9 — 14
ng/ml were obtained. Fixed dosing of FK 506
was achieved within 11 days after discontinu-
ing phenytoin. '

The mean CDR was 2.53 £0.61 for 10 days
after discontinuing phenytoin. The mean
CDR for the next 8 days (11th — 18th day after
discontinuing phenytoin) was 3.95 £ 0.64. A
CDR value of 3.9 on the 16th day after dis-
continuing phenytoin was about the same as
obtained at the onset of phenytoin dosing.
The coefficient of variation of the CDR for
10 days after stopping phenytoin was 24.1%.
The coefficient of variation of the CDR for
the next 8 days was 16.2%. This suggests that
the effect of enzyme induction by phenytoin
disappeared in 11 days. Other concomitant
drugs were not changed during phenytoin
therapy, and there was no hepatic dysfunc-
tion.

Discussion

The present study suggested that the dif-
ference of the persistence of CYP induction
after discontinuing phenytoin may partly be
explained by variation of the dosing period.
Drug interactions associated with CYP induc-
tion are expected to occur gradually because
CYP induction requires increased production
of metabolic protein. In general, the effects of
CYPinduction occur and dissipate slowlyina
few weeks after the start and discontinuation
of inducers. In the case of phenytoin, it has
been reported that induction of the CYP3A4
enzyme occurs within 2 — 5 days, reaching a
maximum 10 — 14 days after the initiation of
therapy [Karasu et al. 2001]. In our patients,
the CDR was stable within 14 — 21 days after
initiation of phenytoin. About a 2- to 3-fold
higher dose of FK 506 is required to maintain
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expected blood levels when phenytoin is
given concomitantly.

The impact of CYP3 A4 enzyme induction
on blood levels of FK 506 disappeared slowly
within 21 and 11 days after stopping pheny-
toin in Patients 1 and 2, respectively. There
were differences in the dosing period and to-
tal dosage of phenytoin between these 2 pa-
tients. The dosing period of phenytoin in Pa-
tient 2 was shorter than in Patient 1. The
half-life of CYP enzyme turnover ranges
from | — 6 days. In addition, the time course of
induction is dependent on the time period re-
quired for enzyme degradation and new en-
zyme production [Michalets 1998]. The per-
sistence of CYP induction after discontinuing
inducers may change depending on the his-
tory of administration. It was reported that the
time period of CYP induction depended on
the half-life of inducers, the half-life of the
CYP enzyme, the patient’s hepatic function
and the patient’s age [Michalets 1998]. The
effect of CYP induction by phenytoin could
depend on these factors, and the persistence
of CYP induction after discontinuing pheny-
toin disappears slowly and is not constant.
In our 2 patients, the persistence of CYP in-
duction varied with the dosing period of
phenytoin.

In conclusion, the 2 cases in the present
study suggest that the persistence of CYP in-
duction after discontinuing phenytoin de-
pends on the history of administration and,
perhaps, on the dosing period in f)articular.
When FK 506 is used concomitantly with
phenytoin, the dose of FK 506 after discon-
tinuing phenytoin should be carefully ad-
justed taking into account the dosing period
of phenytoin, and FK 506 blood levels should
be closely monitored during and after pheny-
toin therapy. Further study is required to clar-
ify the relationship between the dosing period
of phenytoin and the persistence of CYP in-
duction.
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Abstract

Tissue engineered heart valves based on acellular tissue have been studied to have more
durability and bio-functionality with growth potential and less immunogenicity.
Whereas they have still several problems to be solved such as complete cell removal and
transfer of unknown animal related infectious diseases. In this paper, our novel tissue
processing for decellularization using ultrahigh pressure for the safe tissue
transplantation was reported. Porcine cardiac tissues were isolated and treated by a cold
isostatic pressing for a disruption of donor cells. The cell debris was then washed out by
washing solution at 4°C. The tissues treated were completely cell free when they were
applied to 980 MPa for 10 min. There was no porcine endogeneous retrovirus detected.
There were no significant changes in biomechanical properties of the breaking strength
and elastic modulus. The acellular grafis of pulmonary valve were transplanted to
allogeneic miniature pigs. The explanted grafts showed remarkable cell infiltration and
endothelialization. This processing may provide more durable and safe scaffold for the
regenerative tissue transplantation.

Keywords: tissue engineering, tissue transplantation, acellular, scaffold

1. Introduction

The implantable cardiovascular medical devices have been clinically used for more than
30 years as substitution for the patient's deficient tissues. The artificial heart valve is one of the
most clinically used medical devices applied to about 300,000 patients per year worldwide.
There are two kinds of artificial heart valves currently used. A xenograft heart valve is made of
the chemically crosslinked porcine valve or bovine pericardium to reduce antigenicity of the
xenogeneic tissue. A mechanical heart valve is made of pyrolytic carbon or titanium. The
former has good biocompatibility, hemodynamics, and resistant to infections compared with
the latter. However, the durability of the xenograft valve is relatively short especially in
pediatric patients for about 5-10 years by the calcification of the gltaraldehyde-fixed animal
tissue. Recent establishment of the human tissue bank has made it easy to use allogeneic tissues
for the transplantation that are superior to the current artificial devices. However, since they are
donated from the cadavers, the supply is very limited and some donated tissues may not be
applicable due to infection. In addition to the above issues, all the devices and tissues lack the
growth potential and they may be replaced repeatedly through the patients’ growth process.

All of the current medical devices remain as foreign bodies even after the implantation. If
a device accepts host cell impregnation and is replaced by the host tissue after the implantation,
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it may acquire perfect biocompatibility and growth ability. An ideal candidate for such a
regenerative scaffold is a decellularized allogeneic or xenogeneic tissue since it does not
require tissue fixation for removal of antigenicity. Detergents and/or enzymes such as Triton®
X-100, sodium dodecy! sulphate, deoxycholate, trypsine, DNase, and RNase have been
commonly used for the cell removal media from the tissue [1-4]. However, the
decellularization depends on their permeation in the tissue and may not be achieved completely
in large or hard tissues. And furthermore, since the detergents are generally cytotoxic and it
takes time for their removal, it may lead denature of biological properties and contamination in
the process. Recent BSE (Bovine Spongiform Encephalopathy) and vCJD (variant
Creutzfeldt-Jakob disease) issues have been affecting to the tissue transplantation from the
point of view of safety. In this paper, a cold isostatic pressing (CIP) was applied for removal of
the cells and inactivation of viruses in the cardiovascular tissues to have scaffold for the safe
regenerative tissue transplantation.

2. Matcerial and methods

The porcine heart valves were isolated from 4 month-old Clawn miniature pigs (Japan
Farm Co. Ltd, Kagoshima, Japan) weighing about 10 kg under the sterile condition. The
harvested tissues were packed immediately in sterile bags filled with phosphate buffered saline
(PBS) and treated by ultrahigh pressure of 980 MPa for 10 min using a CIP apparatus (Dr. Chef,
Kobe Steel Ltd, Kobe, Japan) for cell demolition (Fig. 1). The range of temperature in the
process is about 5 to 30°C. They were then rinsed by PBS for 2 weeks under gentle stirring at
4°C for removal of the residues of the broken cells. They were subjected to the histological
observation by the light and electron microscopy, DNA and phospholipids assay, detection of
porcine endogeneous retrovirus (PERV) by the PCR, and biomechanical study by the tensile
strength measurement.

Fig. 1 Packed porcine heart valves for CIP treatment.

The acellualr tissues were transplanted orthotopically into nine allogeneic miniature pigs.
The pulmonary valves were transplanted at right ventricular outflow tract through a median
sternotomy with extracorporeal circulation without blood oxygenation [5]. The postoperative
anticoagulation or anti-platelet therapy was not instigated. They were explanted 4, 12, and 24
weeks (n=3) after the transplantation and examined histologically and immunohistologically.
All animals were carefully reared in compliance with the Guide for the Care and Use of
Laboratory Animals published by the National Institute of Health (NIH publication No.85-23,
revised in 1985).
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3. Results and discussion

The tissues were completely cell free when they were treated by the CIP for 10 min
followed by washing for 2 weeks from the H-E staining (Fig. 2). The amount of DNA and
phospholipids were lower than 1 pg/ml and 0.5 mg/wet g, respectively and those were less than
10% in the native tissue (Fig. 3).

A e B

Fig. 2 Cross sections of (A) native and
(B) treated tissues (H-E staining).

DNA Phospholipids
[~
3.5ug/mi
8.5mgl/ wet g
<tpug/mi <0.5mb/wet
[‘—ﬂ Spmg/wetg Fig. 3 Residual amounts of DNA and phospholipids in
Native CIP Native cip native and treated tissues.

The collagen and elastin fibers were well maintained in the acellular tissue and there were no
significant changes in biomechanical properties of the breaking strength and elastic modulus.
We have already found that this process could be successfully applied to cartilage tissues for
decellularization (not shown). More effectively, it has been reported that the most of viruses
including HIV are inactivated by the CIP only of more than 600 MPa without washing [6]. This
means the treatment is able to sterilize the tissue in addition to the decellularization. The Clawn
miniature pig was chosen as a donor animal since its size adapts human tissues well and its
genome has been well studied in order to develop a human gene induced transgenic animal for
the organ transplantation. There was no PERV detected in PCR assay from the tissue treated
(Fig. 4).

Marker

Native C

Fig. 4 PCR products of PERV (arrow) in native and treated tissues.
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The animals survived after the transplantation in the all cases. The explanted grafts
showed no macroscopical abnormality and no dilatation and aneurysmal changes including
their anastomosis. The inner surface was completely covered with endothelial cells and the
inside was infiltrated by cells from both sides of endothelium and outer tissue after 12 weeks. It
was dominant in the latter. Almost of the tissue including cusps were filled by the cells at 24
weeks, mainly by smooth muscle cells (Fig. 5). There was no inflammation and calcification
observed in the tissue.

Fig. 5 Cross sections of (A) anti-vWF
(endothelial cells) and (B) anti-aSMA
(smooth muscle cells) immunostained
{ treated tissues 24 weeks after the
transplantation.

Recently, some groups have reported excellent clinical results of acellular pulmpnary heart
valve transplantation [7-9]. We are planning a clinical application of the acellular grafts made
by this process in the near future.

4. Conclusion

Porcine cells and PERV were removed completely by the CIP treatment without using any
detergents. The acellular grafts showed remarkable ability in repopulation after the
transplantation. This CIP treatment may have more secure acellular graft for the regenerative
tissue transplantation.
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