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The tacrolimus metabolism affect post-transplant
outcome mediating acute rejection and delayed
graft function: analysis from Korean Organ
Transplantation Registry data
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Tacrolimus is a key drug in kidney transplantation (KT) with a narrow
therapeutic index. The association between the tacrolimus metabolism rate
and KT outcomes have not been investigated in large-scale multi-center
studies. The Korean Organ Transplantation Registry (KOTRY) datasets
were used. A total of 3456 KT recipients were analyzed. The tacrolimus
metabolism rate was defined as blood trough concentration of tacrolimus
(Cp) divided by the daily dose (D). The patients were grouped into fast,
intermediate, or slow metabolizers by the Cy/D measured 6 months after
transplantation. The slow metabolism group was associated with a 2.7 ml/
min/1.73 m? higher adjusted estimated glomerular filtration rate (eGFR) at
6 months [95% confidence interval (C.I.) 1.2-4.3, P = 0.001], less acute
rejection (AR) within 6 months [Odds ratio (OR) 0.744, 95% C.I. 0.585—
0.947, P = 0.016], and less interstitial fibrosis and tubular atrophy [OR
0.606, 95% C.I. 0.390-0.940, P = 0.025]. Fast tacrolimus metabolism
affected the 6-month post-KT eGFR through mediation of AR [natural
indirect effect (NIE) —0.434, 95% C.I. —0.856 to —0.012, P = 0.044) and
delayed graft function (DGF; NIE —0.119, 95% C.I. —0.231 to —0.007,
P =0.038). Slow tacrolimus metabolism was associated with better post-
KT eGFR. AR and DGF were found to be significant mediators.
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Tacrolimus is a key drug in solid organ transplantation
which has a narrow therapeutic index. Since the ELITE-
Symphony trial reported the best estimated glomerular
filtration rate (eGFR) in the low dose tacrolimus group,
use of low dose of tacrolimus has become a standard
maintenance immunosuppressant strategy [1,2]. As the
ELITE-Symphony trial excluded high-risk patients who
had more than 20% panel reactive antibodies or posi-
tive crossmatch and were co-administered intravenous
daclizumab until 2 months, a study on maintenance
immunosuppressants based on more generalizable data
is needed.

Exposure to immunosuppressants strongly affects
drug adherence and inherent metabolism. Poor compli-
ance itself is a significant risk factor for acute rejection,
development of dnDSA and allograft failure [3—6]. Drug
metabolism is another key factor for maintaining the
area under the curve of tacrolimus, and a different dos-
ing strategy should be implemented depending on the
rate of drug metabolism [8,9]. The association between
tacrolimus metabolism and genetic polymorphisms have
been examined in many studies, which were systemati-
cally reviewed in the previous article [9]. The cyto-
chrome P450 protein and the CYP3A4/5 subfamily are
the most important enzymes in tacrolimus metabolism.
Expressor of CYP3A5 protein metabolizes tacrolimus in
a faster way. CYP3A5 6986A>G (rs776746, CYP3A5*3)
is the main single nucleotide polymorphism that results
in functional variation. This mutation is present in the
intronic lesion affecting alternative splicing, which leads
to synthesis of a truncated and inactive CYP3A5 enzyme
[10]. The frequency of the CYP3A5 expressor allele is
known to be different among people of different ethnic-
ity but is 76.5% for 6986A>G in Koreans [11-13].
Other than the CYP3A5 gene, various gene polymor-
phisms including ABCBI, CYP3A4, CYP2C8, NRII2,
PPP3CA, and PPP3CB were reported to correlate with
tacrolimus metabolism trough levels [14]. However,
genotyping of several polymorphic genes is not routine
in current clinical practice. Therefore, development of a
simple clinical index to measure the tacrolimus metabo-
lism rate is worthwhile [15]. As the number of previous
studies investigating the rate of tacrolimus metabolism
in association with the clinical outcome of kidney trans-
plantation in Asian patients is limited [16-19], we
investigated the association of tacrolimus metabolism
with the clinical outcomes of kidney transplant recipi-
ents using data from the Korean Organ Transplant Reg-
istry (KOTRY).
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Study population

The Korean organ transplantation registry (KOTRY) is a
nationwide solid organ transplant cohort launched in
2014. The design and methods of KOTRY were described
in detail in the previous report [20]. In brief, pretrans-
plant evaluation, immunologic risks, induction and
maintenance immunosuppressants, kidney biopsy results,
treatments of clinical or biopsy-proven acute rejection,
graft function measured as eGFR, and graft and patient
survival data were collected. For this study, the dataset
on kidney transplant recipients who received a kidney
transplantation (KT) from 2014 to 2017 was used. A
total of 3484 KT recipients were prescribed tacrolimus 6-
months post-transplant. Among them, 28 were excluded
because tacrolimus level measurements were missing.
Thus, a total of 3456 patients were analyzed.

Study objective and design

We tested whether tacrolimus metabolism was associ-
ated with post-transplantation allograft function. Multi-
variable longitudinal linear regression models were used
to test the study hypothesis. In addition to multilevel
regression, we also used causal mediation analysis to
assess whether the effect of tacrolimus metabolism for
post-transplantation allograft eGFR is mediated by
specific mechanisms [21].

Study outcome, exposure, mediator, and covariables

The main outcome was the eGFR 6-months and 1-year
post-transplant. The secondary outcomes were allograft
survival and IFTA of biopsies within 1-year post-trans-
plant. For study exposure, tacrolimus metabolism was
used, which was estimated by dividing measured trough
concentration (Cp) by the dosage (D). Tacrolimus Cy/D
were available at 6-month and 1-year post-transplant;
we used measurement values at 6 months as representa-
tive values of each recipient’s metabolism. Patients were
grouped into tertiles based on tacrolimus metabolism
rates, and the study outcomes were compared between
groups. Acute rejection and delayed graft function were
used as the mediator in each causal mediation analysis.
In our study, acute rejection was defined as the com-
posite outcome of clinical rejection (rejection treatment
without kidney biopsy results) and biopsy-proven rejec-
tion. For the analysis, only acute rejection before
6 months was used. Delayed graft function was defined
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as hemodialysis within 1-week post-transplant. Banff
2007 was a formal standard for reporting pathology in
KOTRY, from which we collect data on the presence of
IFTA. Pathology reports were based on the readings of
pathologists at a local center.

Study ethics, covariables and statistical model

The study protocol was approved by the Ajou Univer-
sity Hospital institutional review board (P01-201412-
RS-02-02). Patient privacy was preserved in all
instances, and the study methods complied with the
tenets of the Declaration of Helsinki. Rates of missing
covariables in the KOTRY datasets were under 0.05%,
which enabled complete data analysis in most of our
analysis. Continuous data are presented as a mean with
standard deviation. Categorical data are presented as a
count with a percentage. Concordance between two dif-
ferent Co/D measurements was tested using intraclass
correlation coefficients (ICC) [22]. ICC and their 95%
confidence intervals (C.I.) were estimated based on a
mean-rating (k = 2), consistency of agreement, and the
two-way mixed effects model. Binary event outcomes
were evaluated using multivariable logistic regression.
The random effects model was applied to estimate the
regression coefficient for repeated measurements of
post-transplantation eGFR in the multilevel linear
regression model. Multivariable adjustment was per-
formed by predefined models based on medical knowl-
edge, which were applied in a stepwise manner: model
1 was unadjusted; model 2 was adjusted for clinical
characteristics, including age, sex, primary cause of end-
stage renal disease, and recipient CMV IgG serostatus;
model 3 was additionally adjusted for donor traits,
including deceased donor transplantation, delayed graft
function, cold ischemia time, and donor pretransplanta-
tion eGFR; model 4 was additionally adjusted for
immunological variables, including number of HLA DR
mismatch, desensitization, and acute rejection before
Co/D measurements; and model 5 was additionally
adjusted for tacrolimus trough concentrations at
6 months post-transplantation. All statistical analyses
were performed using Stata software (version 15; Stata-
Corp LP, College Station, TX, USA). The library
‘PARAMED’ in Stata was used for causal mediation
analysis.

The distribution of Co/D is depicted in Fig. 1. The med-
ian value of tacrolimus metabolism was 1.73 ng/ml/mg.
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The highest tertile of Co/D was the slow metabolizer
group, as a high trough level was maintained with low
drug dosage. The lowest tertile of Co/D was the fast
metabolizer group. Breakpoints of tacrolimus metabo-
lism tertiles were 1.3 ng/ml/mg and 2.3 ng/ml/mg. ICC
analysis results showed moderate to good consistency
(ICC 0.753, 95% C.I. 0.734-0.772, P < 0.001) between
6-month and 1-year Cy/D.

The baseline characteristics at the time of transplan-
tation were compared according to the tacrolimus
metabolism groups in Table 1. The mean age of the
patients in the slow metabolizer group was higher than
that of those in the other groups (fast metabolizer vs.
intermediate  metabolizer vs. slow metabolizer,
459 £ 11.6 vs. 485 £ 11.4 vs. 51.4 £ 10.7 years,
P <0.001). In the slow metabolizer group, there were
fewer females (fast metabolizer vs. intermediate metab-
olizer vs. slow metabolizer, 45.6% vs. 43.5% vs. 33.4%,
P < 0.001); the proportion of patients with diabetes as
the cause of ESRD was higher (fast metabolizer vs.
intermediate metabolizer vs. slow metabolizer, 19.6%
vs. 20.9% vs. 27.0%, P < 0.001); and the proportion of
patients undergoing deceased donor transplantation
was higher (fast metabolizer vs. intermediate metabo-
lizer vs. slow metabolizer, 36.6% vs. 38.2% vs. 43.3%,
P =0.001). Higher BMI was a clinical trait in the slow
group. However, cold time,
desensitization rate, and donor-recipient MHC class II
mismatch numbers were not statistically different.
Deceased donor kidney transplantations were more
common in the slow metabolizer group (fast metabo-
lizer vs. intermediate metabolizer vs. slow metabolizer,
36.1% vs. 37.5% vs. 43.2%, P =0.001). The slow
metabolizer group showed high trough levels of tacroli-
mus at 6 months post-transplantation (fast metabolizer
vs. intermediate metabolizer vs. slow metabolizer,
54 4+ 2.0 vs. 6.6 £ 2.1 vs. 7.9 £ 2.7 ng/ml, P < 0.001).
The difference in tacrolimus dosage was more promi-
nent in daily dosages (2.4 + 0.9 mg/day in the slow
metabolizer group vs. 6.2 & 2.5 mg/day in the fast
metabolizer group). Steroid usage can reduce tacrolimus
levels by inducing the CYP3A5 enzyme. Steroid dosage
converted as prednisone dosage was lower in the slow
metabolizer group (fast metabolizer vs. intermediate
metabolizer vs. slow metabolizer, 7.2 & 3.8 vs.
7.0 &+ 3.5 vs. 6.5 £ 3.1, P < 0.001).

For the assessment of transplantation outcomes using
the Co/D, post-transplantation eGFR shows an associa-
tion with the Co/D at 6 months, which showed a 2.9 ml/
min/1.73 m” higher eGFR in the slow metabolism group
(95% C.I. 1.217-4.561, P = 0.001, Table 2) (unadjusted

metabolizer ischemic
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model). The post-transplant 6 months and 1 year eGFR
of slow metabolizer group was 68.5 £ 21.8 ml/min/
1.73 m* and 70.4 & 21.5 ml/min/1.73 m*> compared to
65.6 + 19.9 ml/min/1.73 m? (6 months)
68.4 + 20.0 ml/min/1.73 m* (1 year) of intermediate
metabolizer group. In the fully adjusted model, the slow
metabolizer group was associated with a 2.7 ml/min/
1.73 m? higher eGFR (95% C.I. 1.163-4.317, P = 0.001).
Figure 2 shows the regression coefficient and the 95%
C.I. of the mixed-level multivariable regression model for
post-transplantation eGFR. Among the baseline traits,
old age, donor old age, female sex, cause of end-stage
renal disease, pretransplantation donor eGFR, and cold
ischemic time showed a significant association with the
post-transplantation allograft eGFR.

As possible mediating mechanisms, delayed graft
function and acute rejection were associated with post-
transplantation allograft eGFR (delayed graft function,
—6.019, 95% C.I. —9.272 to —2.766, P < 0.001; acute
rejection, —10.017, 95% C.I. —12.231 to —7.803,
P <0.001). The allograft eGFR was better at 1 year
post-transplantation compared to the 6-month post-
transplantation eGFR (2.553, 95% C.I. 1.834-3.272,
P <0.001). In the fast metabolizer group, there was a
negative interaction with time (—1.613, 95% C.L
—2.635 to —0.592, P = 0.002).

Tacrolimus metabolism was associated with the inci-
dence of acute rejection. In the multivariable logistic
regression analysis, shown in Table 3, slow tacrolimus
metabolism was associated with reduced incidence of
acute rejection (OR 0.744, 95% C.I. 0.585-0.947,
P =0.016). There was not an increased incidence of
acute rejection in the fast metabolizer group. Among

and

166

20 Figure 1 Distribution of tacrolimus
metabolism.

the patients with graft biopsies, slow metabolism was
accompanied by less IFTA in allograft biopsies. In
Table 4, the slow metabolizer group showed reduced
odds ratios for IFTA in kidney biopsies (0.606, 95% C.I.
0.390-0.940, P = 0.025).

We tested whether tacrolimus metabolism was associ-
ated with post-transplantation eGFR by the mediation
of acute rejection or delayed graft function by using the
causal mediation model (Table 5). Compared to the
slow metabolizers, the fast metabolizers showed a natu-
ral direct effect in the 6-month allograft eGFR (—3.175,
95% C.I. —4.964 to —1.385, P = 0.001). The natural
indirect effect (NIE) of tacrolimus metabolism, which
mediated acute rejection, was small but significant
(—0.434, 95%. C.I. —0.856 to —0.012, P = 0.044; model
1 in Table 4). When the model was used to test the
hypothesis that tacrolimus metabolism is mediated
through delayed graft function to affect the 6-month
post-transplantation eGFR (model 2), the NIE was also
small but statistically significant. When we applied the
delayed graft function-mediated model to assess the
post-transplantation eGFR at the time of discharge, we
found that the NIE of tacrolimus metabolism was sig-
nificant and relatively large (—0.417, 95% C.I. —0.702
to —0.131, P = 0.004). Internal validation using boot-
strapping resamples (Table S1) and sensitivity analysis
in deceased donor kidney transplantation subgroup
(Table S2) showed similar results.

We investigated whether the simple clinical index of
tacrolimus metabolism was associated with the clinical
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Table 1. Baseline clinical characteristics of the study population according to tacrolimus metabolism.

Mid tertile
Low tertile (intermediate  High tertile
Total (fast metabolizer; metabolizer; (slow metabolizer;

Variables (n = 3456) n = 1155) n=1153) n = 1148) P
Age 486 +£ 115 459 + 11.6 485 £ 11.6 51.4 + 10.7 <0.001
Female sex 1412 (40.9) 527 (45.6) 502 (43.5) 383 (33.4) <0.001
Cause of ESRD

Diabetes 777 (22.5) 226 (19.6) 241 (20.9) 310 (27.0) <0.001

Hypertensive 563 (16.3) 190 (16.5) 175 (15.2) 198 (17.2)

Glomerulonephritis 1186 (34.3) 418 (36.2) 404 (35.0) 364 (31.7)

Others 275 (8.0) 97 (8.4) 80 (7.7) 89 (7.8)

Unknown 655 (19.0) 224 (19.4) 244 (21.2) 187 (16.3)
Body mass index (kg/mz) 23.0 £ 3.5 229 + 3.6 22.8 + 3.5 234 + 34 <0.001
Desensitization 753 (21.8) 260 (22.5) 254 (22.0) 239 (20.8) 0.599
Recipient CMV IgG positivity 3166 (91.6) 1048 (90.7) 1074 (93.1) 1044 (90.9) 0.465
MHC class | mismatch no. 23+12 22 +12 23+12 23 +13 0.197
MHC class Il mismatch no. 1.1 +£0.7 1.1 £ 0.7 1.1 +£0.7 1.1 +£0.7 0.242
Donor age 46.6 + 12.7 46.3 & 12.2 469 + 12.9 46.8 + 13.1 0.452
Female donor 1589 (45.8) 544 (47.1) 560 (48.4) 485 (41.9) 0.005
Deceased donor 1345 (38.9) 417 (36.1) 432 (37.5) 496 (43.2) 0.001
Donor pretransplant eGFR (ml/min/1.73 m?) 99.3 +£ 745 1009 4+ 76.9 100.9 £ 93.8 96.0 +£ 444 0.200
Cold ischemic time (h) 35+ 28 3.6 £ 29 344+ 27 35+ 28 0.390
Delayed graft function 136 (3.9) 54 (4.7) 50 (4.4) 32 (2.8) 0.046
Tacrolimus trough level (ng/ml) 6.7 £ 2.5 54420 6.6 &+ 2.1 79 + 2.7 <0.001
Tacrolimus dosage per day (mg/day) 41 +23 6.2 +£25 39+ 13 24 +£09 <0.001
Prednisone dosage per day at 6 month 6.9 + 3.5 7.2 + 3.8 7.0 +£ 35 6.5 + 3.1 <0.001
Prednisone dosage per day at 1 year 6.0 + 3.1 6.0+ 2.6 6.1 +£3.2 5.8 £ 3.3 0.068
Tacrolimus Co/D at 6 month 21 +£16 09 +0.2 1.8 +£0.3 3.7 £ 18 <0.001
Tacrolimus Co/D at 1 year 22+ 15 1.2 £ 0.6 2.1 £ 1.1 34 + 1.8 <0.001
6 month eGFR (ml/min/1.73 mz) 66.8 £ 204 66.1 £ 194 65.6 &+ 19.9 68.5 + 21.8 0.001
1 year eGFR (ml/min/1.73 mz) 68.7 £ 204 673 £ 19.6 68.4 + 20.0 70.4 + 21.5 0.002
Acute rejection within 6 month 545 (15.8) 187 (16.2) 200 (17.4) 158 (13.8) 0.055
Biopsy-proven acute rejection within 6 month 276 (7.9) 107 (9.3) 87 (7.5) 82 (7.1) 0.137

CMV, cytomegalovirus; eGFR, estimated glomerular filtration rate.

Tacrolimus concentration/dosage is defined as the drug metabolizing activity of a patient. High Co/D means slow metabolizer
(= high drug concentration on relatively low drug dosage). Continuous variables are expressed as mean =+ standard deviation,
and categorical variables are expressed as number (percentage). Continuous variables were compared using t-test, anova and
categorical variables were compared by using Chi-square test, as appropriate.

outcome of kidney transplantation by analyzing the data
from 3456 of the kidney transplant recipients registered
in KOTRY. We grouped the kidney transplant recipients
into tertiles by the tacrolimus metabolism rates. Among
them, the slow metabolizer group showed the best post-
transplantation eGFR, although the slow metabolizer
group also had more traditional risk factors, such as
elderly males and higher incidence of deceased donor
kidney transplantation. Acute rejection and delayed
graft function were significant mediating pathways for
the 6-month post-transplantation eGFR, and the medi-
ating effect of delayed graft function was greater for the
eGFR at the post-transplantation discharge time.

Transplant International 2021; 34: 163-174
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Our study used the same simple clinical indicator,
the tacrolimus trough concentration adjusted by the
daily dose (Co/D), used in the previous studies. Our
study results are consistent with those of our previous
study showing an association between eGFR with the
tacrolimus metabolism rate, therefore, validating the
findings of our previous study on 248 kidney transplant
recipients [15], wherein better post-transplantation
eGFR was noted in the slow tacrolimus metabolism
group. Fast metabolizers underwent a higher number of
indication renal biopsies, which showed a higher inci-
dence of calcineurin inhibitor nephrotoxicity and BK
nephropathy. Post-transplantation eGFR differences
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Table 2. Analysis of tacrolimus metabolism with post-transplant estimated GFR.

Tacrolimus concentration/dosage

Low tertile (n = 1155)

Mid tertile (n = 1153) High tertile (n = 1147)

Model 1
Regression coefficient (95% Cl) 0.445 (—1.219t0 2.118) Reference 2.889 (1.217-4.561)
P-value 0.597 0.001

Model 2
Regression coefficient (95% Cl) 0.122 (—1.580 to 1.823) Reference 3.781 (2.069-5.494)
P-value 0.889 <0.001

Model 3
Regression coefficient (95% Cl) —0.182 (—1.735 to 1.372) Reference 3.066 (1.497-4.635)
P-value 0.819 <0.001

Model 4
Regression coefficient (95% Cl) —0.239 (—1.764 to 1.285) Reference 2.797 (1.257-4.337)
P-value 0.758 <0.001

Model 5
Regression coefficient (95% Cl) —0.188 (—1.743 to 1.367) Reference 2.740 (1.163-4.317)
P-value 0.813 0.001

Model 1: tacrolimus metabolism, post-transplant month, interaction with time. Model 2: model 1 + Age, sex, cause of ESRD,
CMV IgG. Model 3: model 2 + donor age, deceased donor kidney, delayed graft function, cold ischemia time, donor estimated
glomerular filtration rate. Model 4: model 3 + HLA DR mismatch numbers, desensitization, acute rejection before 6 months.
Model 5: Model 4 + tacrolimus trough concentration. Multivariable adjusted multilevel linear mixed regression model were
applied to estimate the regression coefficient of tacrolimus metabolism group to the post-transplant eGFR. Acute rejection

included both clinical rejection and biopsy-proven acute rejection.

between the intermediate and slow metabolizers were
between 6.2 and 6.9 ml/min/1.73 m?, which are twofold
higher than the results of the present study. Relatively
moderate differences in our study could be explained by
the heterogeneity of the study population because we
included patients at higher immunologic risks, such as
patients who received ATG induction therapy or ABO-
incompatible kidney transplantation.

Several factors might affect post-transplant eGFR in
terms of tacrolimus metabolism. A previous study
showed an association between acute rejection and fast
tacrolimus metabolism [23]. A total of 683 patients
were studied, and the biopsy-proven acute rejection rate
was 13.3%. Compared to the slow metabolizer group,
the fast metabolizer group showed a hazard ratio of
2.39 (95%. C.I. 1.70-2.99) for acute rejection within 90-
days post-transplantation. In our study, the rate of
biopsy-proven acute rejection was low (overall 7.9%
within 6 months) compared to that in the previous
study, and the rate of biopsy-proven acute rejection was
not statistically different between the different tacroli-
mus metabolism groups (data not shown). However,
when clinical rejection was included as an outcome
variable, the tacrolimus slow metabolizer group was
associated with a decreased acute rejection rate. The
association between acute rejection rates and tacrolimus
trough levels, which are more direct measurements of

168

the tacrolimus AUC than the inherent features, such as
tacrolimus metabolism rate, is debatable. A classic study
clearly reported that a low tacrolimus trough level was
associated with an increased acute rejection rate [24];
however, that finding has not been replicated in the
modern immunosuppressant era. Bouamar et al. [25],
studied 1304 patients using pooled data from three large
trials and failed to show any significant correlation
between tacrolimus trough levels and incidences of
biopsy-proven acute rejection. However, another study
group reported that tacrolimus trough levels were asso-
ciated with acute rejection [26,27]. It is not clear why
does the association between acute rejection and the
level of tacrolimus, a key maintenance immunosuppres-
sant, show disparate results. As Israni et al pointed out
[26], the level of the tacrolimus trough in the modern
immunosuppressant era is much narrower than in the
classic report from Kershner, wherein the level of tacro-
limus was above 25 ng/ml in the high dosage group
[24]. In addition, a combination of more advanced
immunosuppressants, such as mycophenolic acid, could
compensate for the low level of tacrolimus compared to
the weaker immunosuppressant azathioprine. In our
study, acute rejection was shown to be a significant
mediator in the association of tacrolimus metabolism
with post-transplantation eGFR; however, the impact
was very small. We explain this phenomenon by the

Transplant International 2021; 34: 163-174
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Beta (95% CI) P-values
Rapid metabolizer —*— -0.035 (-1.602, 1.532) 0.965
Slow metabolizer —_— 3.157 (1.569, 4.745) <0.001
Time (6 months) == 2.553(1.834.3.272) <0.001
Rapid metabolizer x time — -1.613 (-2.635, -0.592) 0.002
Slow metabolizer x time — -0.855 (-1.875, 0.165) 0.1
Age (10 yrs) - -0.983 (-1.552, -0.414) 0.001
Female sex —_— 2.995 (1.752, 4.238) <0.001
Diabetes as primary cause —_— -0.341 (-2.299, 1.616) 0.732
GN as primary cause — -1.742 (-3.577, 0.092) 0.063
Others as primary cause —_—— -2.659 (-5.243, -0.075) 0.044
Unknown as primary cause -0.221 (-2.245, 1.802) 0.83
Recipient CMV IgG (+) l 0.145 (-2.906, 3.197) 0.926
Donor age (10 yrs) - -6.080 (-6.563, -5.598) <0.001
Deceased donor —_—— -1.990 (-3.621, -0.359) 0.017
Donor eGFR » 0.107 (0.023, 0.191) 0.012
Delayed graft function _— -6.019 (-9.272, -2.766) <0.001
Cold ischemic time (hrs) L 0.502 (0.170. 0.834) 0.003
Class II MHC mismatch number: 1 — -0.781 (-2.347,0.784) 0.328
Class II MHC mismatch number: 2 —i— -1.500 (-3.207, 0.208) 0.085
Desensitization —_— -1.153 (-2.704, 0.399) 0.145
Acute rejection within 6 months =———#f——— -10.017 (-12.231, -7.803) <0.001
Tacrolimus level at 6 month T -0.017 (-0.277, 0.244) 0.901
| I I
-10 0 10

Figure 2 Regression coefficients of multivariable linear regression.

difference in susceptibility and treatment response to
acute rejection, which might not be mediated by tacroli-
mus metabolism because steroid pulse treatment or
anti-thymoglobulin is generally used for the treatment
of acute rejection.

Delayed graft function was shown to be a significant
mediator in the association of tacrolimus metabolism with
post-transplantation eGFR, especially in the early post-
transplantation period. This finding is consistent with that
of a previous report that slow tacrolimus metabolizers
showed better eGFR in liver transplant recipients [28]. As
there is no kidney-oriented rejection mechanism in liver
transplant recipients, tacrolimus metabolism affects the
kidney function by the mechanism of calcineurin inhibi-
tor toxicity, which can be presented as delayed graft func-
tion in a kidney transplant setting. Hence, our study
reports the importance of the tacrolimus metabolism rate
during early post-transplantation care, especially with
respect to calcineurin inhibitor toxicity.

Transplant International 2021; 34: 163-174
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IFTA in the allograft biopsy was decreased in the
slow metabolizer group, which was consistent with the
findings of previous studies [28,29]. IFTA is a strong
determinant of eGFR and could be interpreted as a
sequela of subclinical rejection or the histologic mani-
festation of calcineurin inhibitor toxicity [24,30]. We
cannot comment on whether the rapid washout of
tacrolimus leads to under-immunosuppression and con-
secutive subclinical rejection because it is impossible to
detect subclinical rejection without a protocol biopsy.
Therefore, it was not feasible to test whether subclinical
rejection mediates the effects of the tacrolimus metabo-
lism rate on the post-transplantation eGFR. In addition,
delayed graft function is often mixed or accompanied
by acute rejection [31]; however, in our dataset, acute
rejection was not associated with delayed graft function
(data not shown). In addition, there was a recent report
that fast metabolism is noticeably associated with higher
C2 tacrolimus levels and calcineurin inhibitor-induced
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Table 3. Tacrolimus metabolism with acute rejection within 6 months.

Tacrolimus Low tertile Mid tertile High tertile
concentration/dosage (fast metabolizer; n = 1155) (intermediate metabolizer; n = 1153) (slow metabolizer; n = 1148)
Model 1
Hazard ratio (95% CI) 0.921 (0.740-1.145) Reference 0.760 (0.606-0.954)
P-value 0.458 0.018
Model 2
Hazard ratio (95% CI) 0.922 (0.737-1.154) Reference 0.764 (0.606-0.964)
P-value 0.478 0.023
Model 3
Hazard ratio (95% CI) 0.932 (0.744-1.168) Reference 0.779 (0.617-0.984)
P-value 0.542 0.036
Model 4
Hazard ratio (95% CI) 0.925 (0.737-1.160) Reference 0.773 (0.612-0.978)
P-value 0.500 0.032
Model 5
Hazard ratio (95% CI) 0.958 (0.760-1.207) Reference 0.744 (0.585-0.947)
P-value 0.714 0.016

Model 1: unadjusted. Model 2: adjusted for age, sex, cause of ESRD, CMV IgG. Model 3: model 2 + deceased donor kidney,
delayed graft function, cold ischemia time. Model 4: model 3 + HLA mismatch numbers, desensitization. Model 5: model
4 + tacrolimus trough concentration. Multivariable adjusted logistic regression models were applied. Acute rejection included

both clinical rejection and biopsy-proven acute rejection.

nephrotoxicity [32]. Our study finding of reduced IFTA
and better eGFR could also be interpreted as the effect
of reduced inhibitor nephrotoxicity,
although the statistical testing of calcineurin inhibitor
toxicity as mediator was not feasible.

Similar clinical outcomes were reported when investi-
gations were performed using either Co/D or CYP3A5
genotyping. In the fast metabolizer group or equivalent
CYP3A5 expressor group, chronic nephrotoxicity and
acute rejection were observed more frequently. In the
present study, the impact of tacrolimus metabolism on
the allograft eGFR was partly mediated by delayed graft
function in the early post-transplantation period. As the
Co/D can be estimated after tacrolimus concentration
stabilized, the implementation of the Cy/D clinical index
in the early post-transplantation period is limited. We,
therefore, think that pretransplantation genotyping is
important. Therefore, one can imagine the intervention
(pretransplantation cardiac management and choice of a
less nephrotoxic initial immunosuppressant choice) to
reduce delayed graft function aiming at improving post-
transplantation eGFR in the genotype-predicted fast
metabolizer. A recent study reported that peak concen-
tration of tacrolimus in fast metabolizers is markedly
different between
once-daily extended-release tacrolimus, when the equiv-
alent AUC is maintained [33]. Therefore, it would be
very interesting whether usage of

calcineurin

immediate-release tacrolimus and

to determine

170

continuous release tacrolimus in the fast metabolizer
group could alleviate delayed graft function and lead to
better eGFR in future.

There are limitations in the present study. Direct
measurements of drug compliance were not feasible in
this study; hence, the authors could not argue the com-
plete exclusion of the effect of drug compliance. How-
ever, there is an additive risk in the fast metabolizer
group because under-immunosuppression could occur
more seriously in the fast metabolizer group, and
intraindividual variability is another important issue in
the maintenance of immunosuppression [7,17,34]. The
association of acute rejection was not based on biopsy-
proven rejection. However, the biopsy-proven acute
rejection rate was low compared to that in previous
studies [23], which could be due to more favorable
immunologic traits, such as decreased incidence of
deceased donor kidney transplantation or more frequent
desensitization due to ABO-incompatible kidney trans-
plantation. We could not adjust the tacrolimus trough
levels measured prior to 6 months for the assessment of
tacrolimus rejection. We
assumed that tacrolimus metabolism is an inherent trait,
and we used the 6-month Cy/D to the involvement of
the DGF mechanism in the post-transplantation dis-
charge eGFR. There was a fair association between the
6-month Cy/D and 1-year Cy/D, and these indirect mea-
surements might explain the lesser effect of tacrolimus

metabolism with acute
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Table 4. Logistic regression of tacrolimus metabolism with IFTA at allograft biopsy.

Tacrolimus concentration/dosage

Low tertile (n = 413)

Mid tertile (n = 406)

High tertile (n = 398)

Model 1
Odds ratio (95% Cl)
P-value

Model 2
Odds ratio (95% Cl)
P-value

Model 3
Odds ratio (95% Cl)
P-value

Model 4
Odds ratio (95% Cl)
P-value

Model 5
Odds ratio (95% Cl)
P-value

0.852 (0.591-1.230)
0.392

0.870 (0.595-1.272)
0.473

0.879 (0.596-1.295)
0.513

0.896 (0.606-1.325)
0.582

0.966 (0.648-1.440)
0.866

Reference

Reference

Reference

Reference

Reference

0.640 (0.433-0.948)
0.026

0.630 (0.417-0.952)
0.028

0.651 (0.427-0.992)
0.046

0.672 (0.440-1.026)
0.066

0.606 (0.390-0.940)
0.025

Model 1: unadjusted. Model 2: adjusted for age, sex, cause of ESRD, CMV IgG. Model 3: model 2 + donor age, deceased
donor kidney, delayed graft function, cold ischemia time, donor estimated glomerular filtration rate. Model 4: model 3 + HLA
mismatch numbers, desensitization, acute rejection before 6 months. Model 5: model 4 + tacrolimus trough concentration.
Multivariable adjusted logistic regression models were applied. Acute rejection included both clinical rejection and biopsy-pro-
ven acute rejection.

Table 5. Results of causal mediation analysis.

Variables Estimate 95% Confidence interval P-value
Model 1
Natural direct effect —3.175 —4.964 to —1.385 0.001
Natural indirect effect —0.434 —0.856 to —0.012 0.044
Model 2
Natural direct effect —3.147 —4.949 to —1.345 0.001
Natural indirect effect —0.119 —0.231 to —0.007 0.038
Model 3
Natural direct effect —1.629 —3.776 to 0.519 0.137
Natural indirect effect —0.417 —0.702 to —0.131 0.004

Model 1: Y: allograft 6 months estimated glomerular filtration rate, X: slow metabolizer vs. intermediate metabolizer, M: acute
rejection within post-transplant 6 months, C: Age, donor estimated glomerular filtration rate, delayed graft function, MHC
class Il mismatch number, tacrolimus trough level at 6 months. Model 2: Y: allograft 6 months estimated glomerular filtration
rate, X: slow metabolizer vs. intermediate metabolizer, M: delayed graft function, C: Age, donor estimated glomerular filtration
rate, acute rejection within post-transplant 6 months, MHC class II mismatch number, tacrolimus trough level at 6 months.
Model 3: Y: allograft estimated glomerular filtration rate at discharge, X: slow metabolizer vs. intermediate metabolizer, M:
delayed graft function, C: Age, donor estimated glomerular filtration rate, MHC class Il mismatch number. Y denotes outcome
variable, X denotes exposure variable, M denotes mediating variable, C denote covariables.

metabolism on the eGFR compared to that reported in
previous studies. The lack of data of tacrolimus formu-
lation is another important limitation. Tacrolimus for-
mulation may directly affect the Cy/D.

In conclusion, patients with slow tacrolimus metabo-
lism rates showed a better eGFR in the post-transplanta-
tion course. Reduced rates of acute rejection and
decreased delayed graft function rates were significant

Transplant International 2021; 34: 163-174
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mediators in the association of tacrolimus metabolism
with post-transplantation eGFR. IFTA was also reduced
in the slow tacrolimus metabolism group.
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