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Abstract

Since January 2011, we have started to a personalized medicine for controlled-release tacrolimus, once-daily
oral formulation of tacrolimus, based on the CYP345 polymorphisms. Tacrolimus has a narrow therapeutic range,
and its pharmacokinetics differs greatly among individuals. Many factors may affect the pharmacokinetics of
tacrolimus, including CYP345 genotypes. Patients with CYP345*1 allele (CYP3A5 expressers) require a higher daily
tacrolimus dose than those with CYP345%3/*3 genotype (non-expressers) in order to maintain the target trough
level. Recently, we investigated the increase in renal cortical interstitial fibrosis (IF) from 0-hour to l-year post-
transplantation using an automated digital analysis of biopsy sections and assessed the relative risk of developing
IF based on clinical characteristics, laboratory data, tacrolimus-based immunosuppressive regimens, and the CYP345
polymorphism. In a multivariate analysis, CYP3A5 non-expression correlated with the development of IF. The
mean tacrolimus trough concentrations in the early stages after transplantation were unexpectedly higher among
non-expressers than CYP3A5 expressers, despite therapeutic drug monitoring. This unexpectedly high tacrolimus
levels in non-expressers might influence the development of IF.

Before staring the personalize medicine for controlled-release tacrolimus, we analyzed circadian pharmacokinetics
and pharmacogenetics of twice daily tacrolimus, and its association with transplant outcome. We briefly reviewed
our clinical research into tacrolimus.
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. the appropriate tacrolimus dose, particularly in
Introduction -
the early stages of transplantation”. However,

Tacrolimus is widely used to prevent rejection
following organ transplantation. Since a low
blood concentration of this drug is one of the
factors responsible for acute rejection, while
a high blood concentration induces adverse
effects such as hypertension, hyperglycemia,
and nephropathy, it is important to determine

tacrolimus has a narrow therapeutic range,
and its pharmacokinetics differs greatly among
individuals"™. Therefore, daily doses must
be adjusted according to whole-blood trough
concentrations.

Many factors may affect the pharmacokinetics

of tacrolimus, including genetic factors.
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Tacrolimus is a substrate of cytochrome
P450 3A (CYP3A), and much of the inter-
individual variability in its pharmacokinetics
1s explained by the presence of a single
nucleotide polymorphism in intron 3 of the
CYP3A45 6986A>G, resulting in the absence of
a functional CYP3A5 protein in homozygous
carriers (CYP345*3/%3) "*. Studies have shown
that the dose-adjusted trough level and area
under the blood concentration-time curve (AUC)
were lower in carriers of the CYP3A5*1 allele
(CYP3A5 expressers) than in individuals with
the CYP345*3/*3 genotype (non-expressers) >
. Therefore, CYP3A5 expressers need a larger
dose of tacrolimus to reach target trough levels
than non-expressers. However, impact of CYP345
pharmacogenetics on the transplant outcome has
not yet been clarified.

Furthermore, circadian variations in the
pharmacokietics of tacrolimus are controversial’'?.

Herein, we briefly reviewed our clinical
research into tacrolimus pharmacogenetics”

7, 13) 12, 14)

, circadian pharmacokinetics , and its

o e . 15. 1
association with transplant outcome' '®.

CYP3A5 polymorphism

The CYP3A45 gene located at 7p21 harbors
an important single nucleotide polymorphism
(46986G) in intron 3, of which 4 and G alleles
are designated as CYP345*] and CYP3A45%*3,
respectively. The CYP345*3 created a cryptic
acceptor splice site and transcribes the variant
mRNA (SVI-CYP345) having an excess of 131bp
between exon 3 and exone 4“'”. The protein
translated from the SVI-CYP345 mRNA is
truncated at amino acid 102 due to a premature
stop codon and only a small amount of complete
CYP3A5 protein is translated from the wild
type CYP345 (wt-CYP345) mRNA". Thus, livers
with CYP345*1/*3 express 4 times higher and 10
times lower wt-CYP345 mRNA than livers with
CYP3A45*3/*%3 and CYP3A5*1/*1, respectively™.

A higher CYP3A5 protein concentration in the
liver was also reportedly associated with the
CYP345*] allele'. CYP3AS5 is also the major
enzyme for tacrolimus in the small intestine and
its expression is believed to be responsible for

the decreased tacrolimus bioavailabilityw).

CYP3A45 pharmacogenetics of
tacrolimus

Previous studies had mentioned the effect
of the gene polymorphism on the blood
concentration of tacrolimus, but not other
pharmacokinetic parameters, except for the
trough levels, have been analyzed™*” 2V 1n 2004,
we reported that the association of CYP345
polymorphisms with the pharmacokinetics of
tacrolimus in renal transplant recipients”. On 28
days after transplantation, we observed more
than a 1.5-fold difference of the body weight-
adjusted daily tacrolimus dose in Japanese renal
allograft recipients. Pharmacokinetic analysis
demonstrated that CYP3Ab5 expressers required
an increased dose of tacrolimus to achieve the
optimal trough levels and AUC,,, compared with
non-expressers. CYP3A5 expressers showed two
thirds of the dose-adjusted trough levels, Cmax
and AUC,,, compared with non-expressers.
Our data also demonstrated that there was no
significant difference in AUC,,;, when targeting
the same trough levels in the two groups. These
findings suggested that the tacrolimus dose
should be optimized according to the CYP345
genotype of each recipient, but the same target
trough level can be used as an index of drug
exposure despite the different genotype.

Other polymorphisms and tacrolimus
pharmacokinetics

Tacrolimus is a substrate of CYP3A4,
CYP3AS5, p-glycoprotein, which are encoded by
CYP3A4, CYP3A45, and multidrug resistance



1 (MDRI) genes, respectively. However, our
studies showed that the MDRI (ABCBI) C3435T
polymorphism was not an important factor in
tacrolimus pharmacokinetics” g

Recently, we investigated the impact of
the CYP3A44*1/*1G polymorphism compared
with CYP345 genotypes on the dose-adjusted
pharmacokinetics of tacrolimus™. Hessenlink
et al.” reported that dose-adjusted trough levels
of tacrolimus were lower in patients with the
CYP344*IB (-2904>G) allele than those with the
CYP344*1/%] genotype (wild-type). However, the
frequency of polymorphisms in CYP344*1/*IB is
quite low in Asian populations®® and was zero
among our subjectsls>.

To date, more than 40 SNPs of the CYP344
gene have been published on the Human CYP
Allele Nomenclature Committee’s homepage. In
a study of SNPs and haplotype frequencies of
CYP3A44 in a Japanese population, Fukushima-
Uesaka et al.?¥ found 24 SNPs including 17 novel
ones, and that the most common SNP was the
CYP3A44*1/*IG polymorphism, 20230G>A, within
intron 10 of the CYP344 gene. They also found
that the CYP344*1G haplotype was strongly,
but not completely, linked to the CYP3A45*I
haplotype®. Therefore, we hypothesized that the
CYP3A44*1G allele might be associated with the
pharmacokinetics of tacrolimus and affect inter-
individual differences in combination with the
CYP3A45%1/*3 polymorphism. We found that there
were significant differences in the dose-adjusted
AUC,., and C, of tacrolimus between patients
with the CYP3A44*1/*] genotype and those
with the *IG allele, however, in a multivariate
analysis, the contribution of CYP344*1/*1G to the
pharmacokinetics of tacrolimus was about 2-fold
less than that of the CYP345*1/*3 polymorphism.
The dose-adjusted AUC,;, of tacrolimus was
lower in CYP3A5 expresser with the CYP344*1G
allele than those with the CYP344*1/*1 genotype,
but did not differ among the non-expressers.
Although its effect on CYP3A4 activity is not
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clear, CYP3A44*1/*]1G might contribute the inter-
individual difference in the pharmacokinetics
of tacrolimus, especially among CYP3A5

13
expressers ).

Circadian pharmacokinetics of
tacrolimus and CYP3A45 genotype

Twice daily tacrolimus is generally administered
in two equally divided doses every 12 hr, and
the concentrations of tacrolimus are routinely
measured and the administered doses are

adjusted according to the target trough level*”

2029 Transplant clinicians generally assume
that the equivalent peak concentrations
and AUCs are obtained after each dose of

24 . . . .
) However, circadian variations

tacrolimus
in the pharmacokinetics of tacrolimus are
controversial® ***®. Moreover, there had been
no available reports regarding differences in
the circadian pharmacokinetics of tacrolimus
between the early stage and maintenance
stage beyond l-yr after transplantation with
the same designated-time administration
strategy. Therefore, we investigated whether
the pharmacokinetics of tacrolimus shows
circadian variation with the same designated-
time administration strategy and also compared
the influences of CYP345 polymorphisms on
the pharmacokinetics in the maintenance stage
(beyond 1-yr) to those in the early stage (day
28) 14)_

The daily dose of tacrolimus was equally
divided into two fractions given every 12 hr at
a designated time (9:00 and 21:00 hrs). Most of
the pharmacokinetic parameters did not differ
significantly between daytime and nighttime
in the early or maintenance stage. Since the
dose of tacrolimus in the maintenance stage was
significantly decreased compared to that in the
early stage, both daytime and nighttime AUCs,
were smaller in the maintenance than early

stage. There were no significant differences
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between the daytime and nighttime AUC,,, of
each CYP3A45 genotype group in either the early
or maintenance stage.

A few studies have reported that tacrolimus

. . . . o e 24-2
pharmacokinetics showed circadian variation®*°,

1.29 reported that

Min et al.” and Iwahori et a
the AUC,,, of tacrolimus was significantly
greater, C,,. was higher, and t,,, was shorter
after the morning dose than after the evening
dose in 12 stable liver and 11 kidney allograft
recipients, respectively, in the early stage
after transplantation. In the maintenance
state, Hardinger et al.*” also showed a greater
tacrolimus AUCy;, (117 vs. 97 nghr/mL) and
two-fold higher C,,, (17.8 vs. 84 ng/mL) after
the morning dose than after the evening dose.
However, our study showed that tacrolimus
concentration-time profiles in the nighttime
closely resembled those in the daytime'.

These circadian pharmacokinetic differences
in each study might result from the interval
between tacrolimus administration and meal
consumption because the tacrolimus AUC
was smaller after meals than during fasting.
Hardinger et al.?? designed their study so that
food was available from 2.5 to 3 hours prior
to the evening dose and fasting occurred for
10 hours prior to the morning dose. In that
study, breakfast was provided 2 hr after the
morning dose of tacrolimus at 10:00 hr, lunch
at noon, and dinner at 17:00 hr. In the our
study, morning doses were given 1.5 hours
after breakfast, whereas nighttime doses were
given 3 hours after the evening meal during
both the early and maintenance stages after
transplantation. Breakfast was provided at 7:30,
lunch at noon, and dinner at 18:00 hr. Based
on previous findings as well as our own study,
the interval between the consumption of food
and administration of tacrolimus may play a
role in the circadian variation of tacrolimus

. s 2,14, 24
pharmacokinetics'® 2.

CYP3A5 genotypes and early and late
transplant outcome

With regard to the impact of CYP345 poly-
morphisms on tacrolimus trough concentrations
and transplant outcome, interesting studies
have been reported. MacPhee et al.”” assessed
the time taken to achieve tacrolimus target
concentrations in 178 renal transplant recipients.
Although the immunosuppressive regimen in
the 178 recipients was not identical, the target
concentrations were 15-20 pg/L (the same
as to ng/mL in our study) during the first 7
days, then 10-15 pg/L up to 3 months after
transplantation. Their standard protocol for
tacrolimus-dosing was to give an initial oral
dose of 0.1 mg/kg twice daily. In their study,
despite the use of therapeutic drug monitoring
(TDM), CYP3A5 expressers had significantly
lower mean tacrolimus trough concentrations
during the first 2 weeks after transplantation
and experienced a delay in achieving target
concentrations. Although the overall rate of
biopsy-confirmed acute rejection (AR) did not
differ, AR episodes occurred earlier in CYP3Ab
expressers compared with nonexpressersm.

Furthermore, with regard to the impact of
CYP3A polymorphisms on long-term tacrolimus
disposition and drug-related toxicity, Kuypers
et al.®® recently reported that the CYP344*1/
CYP345*1 and CYP3A44*1B/CYP3A5*] genotypes
were significantly more frequently associated
with the development of biopsy-confirmed
tacrolimus-related nephrotoxicity than the
CYP3A44*1/CYP345*3 genotype. However, the
association between CYP345*] allele and
chronic allograft nephropathy (CAN) is poorly
documented.

These reported associations of CYP3A45
polymorphisms with tacrolimus trough
concentrations and the frequency of biopsy-
confirmed AR or CAN had not been confirmed
with a different targeting concentration strategy



and/or administration route of tacrolimus, or
different ethnics yet. We retrospectively assessed
whether CYP345 polymorphisms influence
tacrolimus trough concentrations adjusted with
TDM and the frequency of biopsy-confirmed
AR at 1 month and biopsy-confirmed CAN at
1 year after renal transplantation in Japanese
recipients under our targeting tacrolimus trough
concentration strategy, comparing results with
previous reportsmO).

The previously reported results showing the
association of the CYP345 *1 allele with the early
occurrence of AR episodes’ was not found in
our study’®. The frequencies of biopsy-confirmed
subclinical AR were 15.8% and 36.4% in CYP3A5
expressers and nonexpressers, respectively,
which were lower than the previous report
showing over 40%" 20 Qur initial dosing and
targeting concentration strategy for tacrolimus
might reduce the frequency of AR.

MacPhee et al”” indicated that AR episodes
occurred earlier in CYP3A5 expressers.
They suggested that lower tacrolimus blood
concentrations early after transplantation were
associated with episodes of AR occurring earlier
in CYP3A5 expressers. However, their study
involved 44 cases with AZA, 26 with MMF,
and the remainder without AZA or MMF.
To assess the association between CYP345
polymorphism and the occurrence of AR, an
identical immunosuppressive regimen with same
drugs and same targeting blood concentration of
tacrolimus should be adopted. Indeed, comparing
AZA, MMF lg/day, and MMF 2g/day groups,
the incidence rates of biopsy-confirmed AR
at 1 year were 32.2%, 32.2 %, and 8.6%,
respectivelygn. From this point of view, although
the number of subjects was small, our study
design involving highly selected patients may
have been adequate to assess the association of
CYP3A45 polymorphism with the frequency of
AR episodes.

Interestingly, the prevalence of recipients with
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subclinical progressive CAN was significantly
higher in CYP3A5 nonexpressers (45.5%)
compared to that in CYP3A5 expressers (10.5%)
in our (p=0.019). Although the incidence of CAN
is related to the timing of the protocol biopsy,
varying from 25 to 50% at 1 yr, the progression
from normal histology to CAN or worsening
of CAN grade occurs mainly within the first
year after transplantation”). A number of
immune and non-immune risk factors have been
identified that appear to predispose patients
to the development of CAN. With regard to
the immunosuppressive protocol, calcineurin
inhibitor-based immunosuppressive regimens
correlated with the development of CAN*".
However, there had been no available studies
indicating whether tacrolimus exposure and
CYP3A45 polymorphisms were associated with
the development of CAN.

Kuypers et al.?® reported that CYP344%*1/
CYP3A45*1 and CYP3A44*IB/CYP3A5*] genotypes
were significantly more frequently associated
with the development of biopsy-confirmed
tacrolimus-related nephrotoxicity than the
CYP3A44*1/CYP3A5*3 genotype. Tacrolimus
dose requirements and apparent oral clearance
in recipients with the CYP3A44*1/CYP3A5%*1
and CYP3A44*1B/CYP3A5*] genotypes were
associated with persistent significantly lower
dose-corrected exposure and more frequent
development of biopsy-proven tacrolimus-
related nephrotoxicity within 5 years after
transplantation in their Studyw. They speculated
that tacrolimus nephrotoxicity could be the
result of higher systemic or tissue concentrations
of toxic metabolites produced by these CYP3A
enzymes™.

While tacrolimus is a substrate of 3A4 and
3A5, the frequency of polymorphisms in the
CYP344 is quite low in Asian populations®
was not found in our subjects. Accordingly,
we could not discuss the impact of CYP3A44
polymorphism on the frequency of subclinical
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CAN. Although tacrolimus-related nephrotoxicity
is a cause of CAN, it is difficult to distinguish
the causes of advanced interstitial fibrosis (IF)
/tubular atrophy (TA). At least our results
suggested that the CYP345 *I allele was not
assocliated with the development of subclinical
advanced CAN. In our study, the CYP345 *3/*3
genotype was associated with biopsy-confirmed
subclinical CAN. The mean tacrolimus trough
concentrations of CYP3AD non-expressers in the
maintenance stage after transplantation were
unexpectedly higher than those of CYP3AS
expressers, despite TDM between 5 and 10 ng/
mL. This unexpected results and our higher
blood concentrations strategy of tacrolimus might
have been associated with the development of
advanced CAN in CYP3A5 nonexpressers in our

study15>.

Interstitial fibrosis and CYP3A5
pharmacogenetics

IF is the main histopathological feature of
chronic allograft injury (CAI) *". Although IF,
TA, fibrointimal hyperplasia of vessels, and
glomerulosclerosis can all occur during CAT®,
the degree of IF has shown the best correlation
with clinical outcome®.

Histopathologic findings are usually graded
using the Banff 05 and 07 classifications® %,
However, IF/TA is scored semiquantitatively
using the Banff system making a precise
quantification difficult. The automated
computerized digital analysis of biopsy sections,
stained by various methodologies to reveal
fibrotic tissue, has been reported by a number
of groups®* 3% 0 Although these studies
measured the extent of IF in the cortex at
several time-points after transplantation, they
didn't report quantitative measurements of IF
in donor kidney at the cold preservation time
immediately before transplantation (0-hour or

141)

time-zero biopsy). Mancilla et al."’ reported that

there were significant correlations between time-
zero biopsy and clinical pre-donation parameters
such as the age and serum creatinine (SCr)
level of donors before transplantation. Percent
IF (%IF), as a measure of the allograft cortical
area affected by IF, at 0-hour may influence
%IF at 1-month and l-year posttransplantation.
Therefore, we postulated that increases in %IF
from the 0-hour to the I-month and 1-year biopsy
might reflect the actual rate of increase in IF in
the allograft after transplantation.

CAI is a mutifactorial process based on
immunologic and nonimmunologic factors, such
as elderly donors, delayed graft function , AR,
cytomegalovirus infection and BK nephropathy,
cardiovascular disease, metabolic disorders
including hypertension, hyperlipidemia, and
diabetes mellitus, no use of angiotensin II
receptor blockers, and immunosuppressive
regimens with calcineurin inhibitors (CNIs) **
259 However, the association of the CYP345
genotype with renal transplant outcome had not
been clarified.

We study investigated the increase in re-
nal cortical IF from 0-hour to l-year post-
transplantation (%IF) using an automated
digital analysis of biopsy sections in living
renal transplant recipients and assessed the
relative risk of developing IF based on clinical
characteristics, laboratory data, tacrolimus-based
immunosuppressive regimens, and the CYP345
polymorphism. We found that %IF increased
about 1.7 and 2.2-fold from 0-hour to I-month
and l-year posttransplantation, respectively. In
a multivariate analysis, CYP3A5 non-expression
correlated with the development of IF. The mean
tacrolimus trough concentrations in the early
stages after transplantation were unexpectedly
higher among non-expressers than CYP3A5
expressers, despite TDM. This unexpectedly
high tacrolimus levels in non-expressers might
influence the development of IF, because CNIs
have a significant adverse impact on renal



function and induce a fibrogenic response that

may lead to scarring of the renal allograft'®.

Conclusions

Our studies suggested that a new regimen
with lower and narrow target trough levels of
tacrolimus or a dosing strategy based on the
CTYP3A5 genotype is needed to assess the
association between the CYP3A45 polymorphism,
exposure to tacrolimus, and the development of
IF.
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