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KEY LEARNING POINTS

What is already known about this subject?
• Long-term treatment with calcineurin inhibitors (CNIs) is associated with the development of renal fibrosis and a
progressive decline in kidney allograft function.

• A direct profibrotic effect of CNIs has never been unequivocally demonstrated because of the multifactorial background
of renal fibrosis in solid organ transplantation.

What this study adds?
• Production of connective tissue growth factor (CTGF) (a pivotal pro-fibrotic cytokine) in proximal tubule cells is in direct
response to tacrolimus exposure at clinically relevant tissue concentrations.

• Increased CTGF expression in response to tacrolimus exposure was most pronounced in proximal tubule cells with the
combined CYP3A5*1–ABCB1 TT genotype, which also demonstrated the highest formation of the major tacrolimus
metabolite {13-O-desmethyl tacrolimus [M1]}.

What impact this may have on practice or policy?
• These findings add the donor pharmacogenetic background as a risk factor for developing kidney allograft fibrosis and
provide the possibility for (preemptive) personalized immunosuppressive treatment of CNI avoidance or minimization.

ABSTRACT

Background. Common genetic variants of the enzymes
and efflux pump involved in tacrolimus disposition have
been associated with calcineurin inhibitor nephrotoxicity, but
their importance is unclear because of the multifactorial
background of renal fibrosis. This study explores the pro-
fibrotic response of tacrolimus exposure in relation to the
differential capacity for tacrolimus metabolism in proxi-
mal tubule cells (PTCs) with a variable (pharmaco)genetic
background.
Methods. PTCswere obtained fromprotocol allograft biopsies
with different combinations of CYP3A5 and ABCB1 variants
and were incubated with tacrolimus within the concentration
range found in vivo. Gene and protein expression, CYP3A5
and P-glycoprotein function, and tacrolimus metabolites were
measured in PTC. Connective tissue growth factor (CTGF)
expression was assessed in protocol biopsies of kidney allograft
recipients.
Results. PTCs produce CTGF in response to escalating
tacrolimus exposure, which is approximately 2-fold higher
in cells with the CYP3A5*1 and ABCB1 TT combination in
vitro. Increasing tacrolimus exposure results in relative higher
generation of themain tacrolimusmetabolite {13-O-desmethyl
tacrolimus [M1]} in cells with this same genetic background.
Protocol biopsies show a larger increase in in vivo CTGF tissue
expression over time in TT vs. CC/CT but was not affected by
the CYP3A5 genotype.
Conclusions. Tacrolimus exposure induces a pro-fibrotic
response in a PTCmodel in function of the donor pharmacoge-
netic background associated with tacrolimus metabolism. This
finding provides a mechanistic insight into the nephrotoxicity
associated with tacrolimus treatment and offers opportunities
for a tailored immunosuppressive treatment.

Keywords: calcineurin inhibitor toxicity, connective tissue
growth factor, genetic-dependent pro-fibrotic response, human
donor proximal tubule cells, tacrolimus

INTRODUCTION
The calcineurin inhibitor (CNI) tacrolimus constitutes the
basis of the majority of immunosuppressive regimens after
solid organ transplantation [1, 2]. One of the most im-
portant presumed adverse effects of long-term CNI treat-
ment is nephrotoxicity (CNIT) leading to permanent kidney
(allograft) dysfunction [3, 4].

The origin of kidney allograft failure is complex in that
multiple donor- and recipient-related factors, such as ischemia
reperfusion injury and rejection, can contribute to a cascade
of different processes that lead to renal fibrosis. In this final
common pathway, increased tubular connective tissue growth
factor (CTGF) production acts as a mediator of the pro-
fibrotic effects of transforming growth factorβ (TGF-β) [5]. To
unravel the importance of CNIs for developing renal fibrosis,
we must study the different pathophysiologic mechanisms in
an isolated setting.

Multiple clinical studies have demonstrated a poorer kid-
ney allograft survival and increased prevalence of CNIT in
patients with a fast metabolizer phenotype for tacrolimus (low
C0/dose ratio) [6, 7]. Interindividual variation in tacrolimus
metabolization is largely determined by variations in the genes
encoding the CYP3A5 enzyme and the P-glycoprotein (P-gp)
efflux transporter (ABCB1 gene), which play a central role in
tacrolimus disposition.High tacrolimus dose requirements are
encountered especially in carriers of a single-nucleotide variant
(SNV) in CYP3A5, designated *1, who require a 2- to 3-fold
higher tacrolimus dose because of a higher enzyme expression
vs. homozygous carriers of the *3 variant {*1 allele present
in 5%−20% of Caucasians and dominant in individuals of
African descent [allele frequency 70%−90%]} [8]. The most
commonly studied SNV for P-gp is a C-to-T transition at
position 3435 within exon 26 of ABCB1 (3435C>T; T allele
frequency 40%−60% in Caucasian individuals and 10%−15%
in people of African descent), which is associated with a lower
transport capacity for tacrolimus [9, 10]. The vast majority
of tacrolimus metabolism occurs in the gut and liver, and
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the genotype of these organs plays an important role in
individual tacrolimus disposition. The specific genotype of
the kidney for CYP3A5 and ABCB1, however, has also been
associated with a differential potential for developing CNIT
[11–15].

Because proximal tubule cells (PTCs) are the only kidney
cells metabolizing CNI, a pathophysiologic role for the differ-
ential expression of CYP3A5 and/or P-gp in the development
of CNIT seems likely. Until now, exploring CNI metabolism
and toxicity in an isolated fashion was not possible because of
the lack of a human PTC model that expresses the relevant
enzymes and transporters [16]. In addition, in vitro studies
that investigated CNIT previously used drug concentrations
exceeding those measured in tissue in vivo [17, 18]. We devel-
oped a novel cell model of conditionally immortalized human
PTCs (ciPTC) derived from an allograft kidney biopsy. This
cell model includes different selected clones that incorporate
different combinations of the aforementioned genetic variants
associated with tacrolimus disposition and toxicity in clinical
studies (*1 or *3/*3 and ABCB1 CC/CT or TT) [19]. In this
study, we explored whether in vitro CTGF expression by PTCs
is associated with tacrolimus exposure at levels derived from
in vivo tissue measurements and whether this expression is
dependent on the functional and genetic background related
to tacrolimus disposition in PTCs.

MATERIALS AND METHODS
Cell culture and reagents
We used ciPTC clones derived from protocol kidney

biopsies in human kidney allograft recipients, as described
previously [19]. Patients with a functioning kidney graft and
who were scheduled for protocol biopsy (as part of the
standard clinical care program) were asked to participate.
All participants provided informed consent before tissue
samples were collected and processed for PTC isolation and
immortalization. Different ciPTC clones were selected based
on the underlying variation inCYP3A5 (rs776746) andABCB1
(rs1045642) genotype. Four genotype combinations based on
the mentioned polymorphisms were chosen, and at least two
ciPTC clones were used per genotype combination. A detailed
description of reagents and tacrolimus incubations is provided
in the Supplementary file.

Quantitative real-time polymerase chain reaction
Approximately 120000 cells of differentiated ciPTC were

used for RNA extraction, complementary DNA synthesis,
and real-time polymerase chain reaction (PCR). A detailed
description is provided in the Supplementary file.

Western blotting
Approximately 300000 cells of a specific differentiated

ciPTC clone were incubated with tacrolimus-supplemented
medium at concentrations of 50 and 300 ng/mL for 72 hours.
We used 0.1% DMSO as the vehicle control. A detailed
description is provided in the Supplementary file.

CYP3A5 activity measurement
Cells were grown for a minimum of 10 days at 37°C in a 12-

well plate. Standard medium was replaced by 500 μL medium
with 50 μM midazolam (MDZ) hydrochloride (Roche: RO-
21–3981/000) and incubated at 37°C for 30 minutes in 4-fold
per condition. Supernatant was removed and frozen at−20°C.
MDZand itsmajormetabolites, 1-hydroxyMDZ (1-OHMDZ)
were measured using a previously described method [20].

The same sample preparation with liquid–liquid extrac-
tion {ethyl acetate-heptane [1:4]} was used. The calibration
standards were prepared by spiking appropriate amounts of
diluted stock solutions into blank supernatant. The samples
were injected on an Alliance 2695 high-performance liquid
chromatograph (Waters, Zellik, Belgium), and we performed
the detection using a Quattro micro API tandem mass
spectrometer (Waters, Zellik, Belgium).

P-gp activity measurement
We assessed P-gp transport activity by measuring the accu-

mulation of calcein in cell lysates [21]. A detailed description
is provided in the Supplementary file.

Tacrolimus and tacrolimus metabolites measurement
We used 11 ciPTC clones and at least 2 clones per genetic

combination. Approximately 90000 cells of a specific ciPTC
clone were seeded and kept for at least 10 days at 37°C
before incubation with tacrolimus-supplemented medium at
concentrations of 0 (vehicle), 50, and 300 ng/mL tacrolimus
for 72 hours. Next to tacrolimus itself, we initially focused
on the three most common first-generation metabolites: 13-
O-desmethyl tacrolimus (M1), 31-O-desmethyl tacrolimus
(M2), and 15-O-desmethyl tacrolimus (M3) (in order of
abundance). Measurement of tacrolimus and its metabolites
were performed as previously described [22],

Quantification of CTGF expression in protocol biopsies
The pharmacogenetic background of the kidney allograft,

together with histologic and functional follow-up data, were
available from 28 patients participating in our hospital’s proto-
col biopsy programwhohad also been included in our previous
study establishing the ciPTC cell model [19]. The allograft
genotype for CYP3A5 (rs776746) and ABCB1 (rs1045642) was
determined on primary cells, cultured following the protocol
biopsy previously described [19]. A detailed description is
provided in the Supplementary file.

Statistical analyses
The obtained values are representative of three independent

experiments and, in the case of different donors, representative
of at least two donors per genetic combination. For the
quantitative analysis of tacrolimus and M1, every value is an
average of two technical replicates, and the values below the
limit of detection or quantification were replaced with ‘half
of threshold of the detection or quantification.’ A detailed
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Table 1: Detailed description of statistical methods used in experiments.

Experimental series Statistical method

Effect of the increasing concentration of tacrolimus (50 and 300 ng/mL) for the following:
-CYP3A5 and P-gp protein
-CYP3A5 function (MDZ hydroxylation)
-P-gp transport (calcein assay)
-Tacrolimus disposition
-M1 production and disposition
-CTGF protein

Repeated measures ANOVA with Huynh-Feldt correction

Differences of the following between two independent genetic groups:
-Tacrolimus disposition
-M1 production and disposition

Mann-Whitney U test

Correlation analyses between:
-Total M1 and CTGFmRNA
-Intracellular M1 and CTGFmRNA
-Intracellular M1/tacrolimus and CTGFmRNA

Pearson correlation

Correlation analyses between:
-Intracellular tacrolimus and CTGFmRNA
-Intracellular tacrolimus and CTGF protein
-Cleared tacrolimusa and CTGFmRNA
-Cleared tacrolimusa and CTGF protein
-Total M1 and CTGF protein
-Intracellular M1 and CTGF protein
-M1/cleared tacrolimus and CTGFmRNA
-M1/cleared tacrolimusa and CTGF protein
-Intracellular M1/tacrolimus and CTGF protein

Spearman correlation

aCleared tacrolimus is the total amount of tacrolimus retrieved extra- and intracellularly after 72 hours subtracted from the actual amount of tacrolimus at the time of incubation. ANOVA,
analysis of variance.

description of the statistical methods is presented in Table 1
and the Supplementary file.

Ethics
The study protocol was approved by the institutional ethical

board (B32220109632) in Leuven University Hospital.

RESULTS
Tacrolimus increases pro-fibrotic CTGF in PTCs
First, exposure of ciPTC clones to increasing concentrations

of tacrolimus results in a significant 1.5-fold increase relative
to CTGF mRNA and protein expression (Fig. 1a, mean
mRNA vs. vehicle in 50 and 300 ng/mL, respectively: 155%
and 158%; Fig. 1b, mean protein expression vs. vehicle in
50 and 300 ng/mL, respectively: 143% and 150%). The
presence of a pro-fibrotic signature resulting from tacrolimus
exposure was confirmed by increased mRNA expression of
an additional set of genes (HMOX1, PA1-1, ACTA2, and
SMAD6) associated with renal fibrosis (Supplementary Fig. 1).
No difference in CTGF expression was detected in 50 to
300 ng/mL tacrolimus for all ciPTC clones combined, but
subgroup analysis according to genotype (Fig. 1c) shows that
clones with a *1 allele combined with the TT genotype have
a significant 2- to 3-times higher increase in CTGF protein
expression at 300 ng/mL tacrolimus compared with clones
with three other combinations (mean CTGF protein relative to
vehicle in *1-TT vs. other genotypes: at 50 ng/mL tacrolimus,
161% vs. 133% and at 300 ng/mL tacrolimus, 201% vs. 132%).

Tacrolimus decreases the function of CYP3A5 and P-gp
without affecting their expression
To further elucidate the underlying reasons for the relative

higher CTGF expression in ciPTC clones with the *1-TT com-
bination, we examined the effect of tacrolimus on the absolute
and functional expression of CYP3A5 and P-gp in relation to
the genetic background and the level of tacrolimus exposure.
In our previous paper, we confirmed higher intrinsic CYP3A5
protein expression and demonstrated a significantly increased
capacity for 1-OH MDZ generation and tacrolimus clearance
in ciPTC of the *1 allele vs. the *3/*3 allele [19]. In Fig 2a,
we illustrate the effect of increasing tacrolimus concentration
on 1-OHMDZ generation in *1 allele carriers, which suggests
a significant decreasing capacity for 1-OH MDZ formation
under increasing tacrolimus exposure (mean 1-OHMDZ: 1.87
and 1.19 ng/mL at tacrolimus 50 and 300 ng/mL, respectively,
comparedwith 2.3 ng/mL vehicle; P< .05).We further showed
that this effect of tacrolimus on MDZ hydroxylation was not
associated with a difference in quantitative CYP3A5 protein
expression (Supplementary Fig. 2).

Moreover, we found that increasing tacrolimus exposure
significantly inhibits P-gp’s efflux capacity for calcein irrespec-
tive of the genetic background (Fig. 2b,mean� fluorescence in
vehicle, 39.2% compared with 34.8% and 30.7% at tacrolimus
50 and 300 ng/mL, respectively; P < .01). This effect was
not associated with a decrease in quantitative P-gp expression
(Supplementary Fig. 3).

Collectively, these data show that in addition to the
underlying differences in protein function in relation to the
genetic background, increasing tacrolimus exposure decreases

4 N. Knops et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/ndt/advance-article/doi/10.1093/ndt/gfac237/6659199 by KU

 Leuven Libraries user on 17 N
ovem

ber 2022



Figure 1: CTGF under tacrolimus. Results in ciPTC clones with a different genetic background after 72-hour incubation with vehicle (0.1%
DMSO) or tacrolimus at 50 and 300 ng/mL. (a), Quantitative real-time PCR analysis of CTGFmRNA in all ciPTC clones.Mean mRNA vs.
vehicle in 50 and 300 ng/mL tacrolimus, respectively: 155% and 158%. Repeated measures analysis of variance (ANOVA), **P < .01, n = 16.
(b), Relative CTGF protein expression in all ciPTC clones. Mean protein expression vs. vehicle in 50 and 300 ng/mL, respectively: 143% and
150%. Repeated measures ANOVA, ***P < .001, n = 20. (c), Subgroup analysis of relative CTGF protein expression in ciPTC according to
pharmacogenetic background. *1-TT combination vs. other genotype combinations (*1-CC/CT, *3/*3-CC/CT, and *3/*3-TT).Mean CTGF
protein relative to vehicle in *1-TT vs. other genotypes: at 50 ng/mL tacrolimus, 161% vs. 133%; at 300 ng/mL tacrolimus, 201% vs. 132%.
Repeated measures ANOVA, *P < .05, n = 6 and n = 14, respectively. CTGF protein expression is normalized to β-actin protein expression in
all conditions. Plots depict the mean of individual values, and error bars represent the standard deviation in 1a and 1b and standard error of the
mean in 1c. *1: CYP3A5 *1, *3/*3: CYP3A5*3; CC/CT: ABCB1 3435CC/CT and TT: ABCB1 3435TT.

the function of CYP3A5 and P-gp without affecting their
quantitative expression levels in ciPTC.

PTCs with the *1 allele have a higher preferential
generation of M1 compared with cells homozygous for
the *3 allele
To assess the functional differences of CYP3A5 in relation

to the genetic variations, we assessed tacrolimusmetabolism in
ciPTC by measuring tacrolimus clearance and the generation
ofM1, its primarymetabolite (M2 andM3 concentrationswere
below the limit of quantification/detection).

In our previous experiments, we had already established
a significantly higher tacrolimus disappearance rate in *1
allele carriers within the first 24 hours, which was most
pronounced (1.7-fold) in cells with the *1-TT combination
[19]. Based on pilot experiments for detecting quantifiable
amounts of CTGF and M1 (data not shown), we prolonged

our incubation time to 72 hours. After 72 hours, we did not
find a significant difference in total tacrolimus clearance for
the CYP3A5 genotype anymore, most probably because the
majority of the tacrolimus available for metabolism had been
metabolized after this period (Supplementary Fig. 4).

The generation of the total M1 metabolite was measured in
intra- and extracellular fractions, and then normalized to the
total cleared tacrolimus.We could not detect any differences in
total (intra- and extracellular)M1 amount between the CC/CT
and TT variants (P = .6 and P = .5 at 50 and 300 ng/mL
tacrolimus, respectively; Fig. 3a). Similarly, there were no
significant differences in M1 generation corrected for the
clearance of tacrolimus based on the genetic background for
ABCB1 (P = .7 and P = .9 for 50 and 300 ng/mM tacrolimus,
respectively; Fig. 3b). Because the intracellular M1 concentra-
tion in *3/*3was below the limit of quantification/detection,we
compared the differences in the intracellular M1 disposition
in relation to the ABCB1 genotype only within the *1 allele
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Figure 2: Quantitative CYP3A5 and P-gp function under tacrolimus. Results in ciPTC clones after incubation with vehicle (0.1% DMSO) or
tacrolimus at 50 and 300 ng/mL. (a), CYP3A5 activity expressed as 1-OHMDZ concentrations (ng/mL) after 30-minute incubation with 50
μMMDZ hydrochloride only in *1 allele carriers (nonsignificant 1-OHMDZ generation in *3/*3 allele carriers). Mean 1-OHMDZ: 1.87 and
1.19 ng/mL at tacrolimus 50 and 300 ng/mL, respectively, compared with 2.3 ng/mL vehicle. Repeated measures analysis of variance (ANOVA),
*P < .05, n = 8. (b), P-gp activity expressed as relative calcein accumulation in all ciPTC clones exposed to vehicle with and without tacrolimus
for 72 hours. Mean� fluorescence in vehicle was 39.2% compared with 34.8% and 30.7% at tacrolimus 50 and 300 ng/mL, respectively. Repeated
measures ANOVA, ***P < .001, n = 10. Plots depict the mean of individual values, and error bars represent the standard error of the mean.

carriers but found no significant difference (P= .9 at 50 ng/mL
tacrolimus in CC/CT vs. TT 0.06 vs. 0.08, and P = .7 at
300 ng/mL tacrolimus 0.08 vs. 0.10; Fig. 3c).

We did, however, find a significant 1.7- to 9.5-fold higher
totalM1 in *1 allele carriers compared with *3/*3 allele carriers
dependent on tacrolimus exposure (in *1 vs. *3/*3: at 50 ng/mL
tacrolimus 1.42 vs. 0.82 and at tacrolimus 300 ng/mL 6.90 vs.
0.73, P < .01; Fig. 3d). The relative generation of M1 from
cleared tacrolimus (M1/cleared tacrolimus) was on average 13-
fold higher in *1 vs. the *3/*3 (at 50 ng/mL 0.12 vs. 0.01 and
at 300 ng/mL 0.10 vs. 0.007, P < .01; Fig. 3e). Interestingly,
the M1/cleared tacrolimus shows a significant trend toward
lower values at 300 vs. 50 ng/mL tacrolimus in both genetic
variants.

Analysis of the subgroups revealed a significant 4-fold-
higher relative generation of M1 in relation to tacrolimus
clearance in cells with the *1-TT genotype compared with
other genotype combinations (at 50 ng/mL tacrolimus 0.14 vs.
0.05 and at 300 ng/mL tacrolimus 0.13 vs. 0.03, P< .05; Fig. 3f).
In accordance with the data presented in Fig 3a and Fig 3d,
absolute M1 concentration was highest under 300 ng/mL
tacrolimus vs. 50 ng/mL tacrolimus (*1-TT: 7.7 ng/μg vs.
2.9 ng/μg, respectively; P = .02; not depicted).

In summary, this section describes a higher capacity for M1
generation from tacrolimus in *1 vs. *3/*3. TheM1 production
in ciPTC with *1-TT is considerably higher than other genetic
combinations.

Higher M1 production in *1-TT overlaps with higher
CTGF synthesis in these cells
We performed correlation analyses between different pa-

rameters of in vitro tacrolimus disposition (intracellular
tacrolimus, cleared tacrolimus, total M1, intracellular M1,
M1/cleared tacrolimus, and intracellular M1/tacrolimus) with

CTGF mRNA and protein expression values. These analyses
reveal a moderately strong positive correlation between intra-
cellular M1 and the intracellular ‘M1/tacrolimus’ with CTGF
mRNA (correlation co-efficient r > 0.4; P = .004 and P = .07,
respectively, n = 10). We found no significant correlation
with CTGF protein expression and tacrolimus metabolism,
however. Detailed specifications of the analyses are outlined in
Supplementary Table 2.

Protocol biopsies demonstrate progressive increase in
CTGF expression in relation to ABCB1 genotype
Seventy protocol biopsies were available for CTGF staining

derived from 28 allograft–recipient pairs obtained at 3, 12,
and 24 months of follow-up after kidney transplantation. All
patients were on immunosuppressive therapy with tacrolimus
according to the same clinical protocol. We found no sig-
nificant differences for transplantation-associated background
or outcome parameters between donor kidneys of a different
genotype (data not shown). In 21 allograft–recipient pairs,
we had sufficient data to calculate the change in CTGF
immunohistochemistry from 3 to 24 months. The charac-
teristics of these donor–recipient pairs according to their
pharmacogenetic background are described in Supplementary
Table 3. We found no significant differential effect of the
CYP3A5 genotype on CTGF expression in protocol biopsies
within this time frame, but we found a significant increase in
the percentage of CTGF-positive tubuli over a 2-year follow-
up for kidneys with the TT genotype vs. the CC/CT genotype
(mean CTGF-positive tubuli: +37% vs. −5%, P = .016;
Fig. 4a). The values for CTGF-positive tubuli categorized by
genetic background of the donors are outlined in Table 2. A
representative series of CTGF staining in the protocol biopsies
is depicted in Fig 4b.
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Figure 3: Differential tacrolimus (tac) M1 generation in ciPTC by genetic background. Results after 72-hour incubation with tacrolimus at 50 or
300 ng/mL depicted according to the genetic background. (a), Quantity of the intracellular and extracellular M1 (ng), corrected for protein
amount in the lysate (μg) in CC/CT vs. TT. MannWhitney U test: P = .6 and P = .5 at 50 and 300 ng/mL tacrolimus, respectively, n = 5 and
n = 6. (b), Relative M1 metabolite generation corrected for tacrolimus clearance {ratio of ‘total amount of M1 in the intra- and extracellular
compartments [ng] corrected for total protein amount in the lysate [μg]’ to ‘cleared tacrolimus [ng] corrected for total protein amount in the
lysate [μg]’}. Mann-Whitney U test: P = .7 and P = .9 for 50 and 300 ng/mL tacrolimus, respectively, n = 5 and n = 6 in CC/CT vs. TT. (c),
Intracellular M1 quantity (ng) corrected for total protein amount in the lysate (μg) within the *1 allele carriers {mean intracellular M1 [ng/μg
protein lysate] at 50 ng/mL tacrolimus in CC/CT vs. TT, 0.06 vs. 0.08, P = .9, and at 300 ng/mL tacrolimus 0.08 vs. 0.10, P = .7 [Mann-Whitney
U test, n = 3 CC/CT and TT}. (d), Quantity of the intracellular and extracellular M1 (ng), corrected for protein amount in the lysate (μg) in
*1 vs. *3/*3: at 50 ng/mL tacrolimus, 1.42 vs. 0.82, and at 300 ng/mL tacrolimus, 6.90 vs. 0.73. MannWhitney U test, **P < .01, n = 6 and n = 5,
respectively. (e), Relative M1 metabolite generation, corrected for tacrolimus clearance {ratio of ‘total amount of M1 in the intra- and
extracellular compartments [ng]’ to ‘cleared tacrolimus [ng],’ corrected for total protein amount in the lysate [μg]} in *1 vs. *3/*3: at 50 ng/mL,
0.12 vs. 0.01, and at 300 ng/mL, 0.10 vs. 0.007. Mann-Whitney U test: **P < .01, n = 6 and n = 5, respectively. (f), Relative M1 metabolite
generation, corrected for tacrolimus clearance {ratio of ‘total amount of M1 in the intra- and extracellular compartments [ng] corrected for total
protein amount in the lysate [μg]’ to ‘cleared tacrolimus [ng] corrected for total protein amount in the lysate [μg]’} in ciPTC with the specific
combination of *1-TT vs. other genetic combinations: at 50 ng/mL tacrolimus, 0.14 vs. 0.05, and at 300 ng/mL tacrolimus, 0.13 vs. 0.03.
Repeated measures analysis of variance: *P < .05, n = 3 and n = 8, respectively. Tacrolimus clearance: total amount of tacrolimus retrieved
extra- and intracellularly after 72 hours subtracted from the actual amount of tacrolimus at the time of incubation. Plots depict the mean of
individual values, and error bars represent the standard deviation in all panels except in (f), where error bars represent a 95% confidence
interval. *1: CYP3A5*1, *3/*3: CYP3A5*3, CC/CT: ABCB1 3435CC/CT and TT: ABCB1 3435TT.
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Figure 4: Tubular CTGF expression and representative CTGF biopsy staining. (a), Tubular CTGF increase (%) in protocol biopsies obtained at 3
and 24 months after transplantation. Mann-Whitney U test, *P < .05, n = 21. (b), Light microscopic images (×100) of CTGF staining in
sequential protocol biopsies from the same kidney allograft with the TT genotype obtained at 3, 12, and 24 months after transplantation. Plots
depict the mean of individual values, and error bars represent the standard error of the mean. CC/CT: ABCB1 3435CC/CT and TT: ABCB1
3435TT.

Table 2: Percentage CTGF-positive tubuli over a 2-year follow-up in
different genotypes.

Month 3, % Month 12, % Month 24, %
(SD) (SD) (SD)

Total 54.8 (±37.5) 67.6 (±28.1) 63.3 (±37.5)
CYP3A5*1 52.5 (±38.5) 65.0 (±28.3) 61.3 (±19.6)
CYP3A5*3/*3 56.2 (±38.4) 69.2 (±29.0) 64.6 (±28.2)
ABCB1 3435CC/CT 65.0 (±37.2) 64.3 (±33.2) 59.3 (±27.9)
ABCB1 3435TT 34.3 (±31.0) 74.3 (±12.7) 71.4 (±15.7) #

P = .027 (TT: 3 months vs. 24 months), n = 21.

The increase inCTGF-positive tubuli in protocol biopsies of
patients receiving tacrolimus suggested a role for the ABCB1
genotype variant but not the CYP3A5 for the generation of
renal fibrosis.

DISCUSSION
The association between CNI therapy and chronic nephro-
toxicity was first introduced in heart transplant recipients in
1984 [23] and later propagated for kidney allograft recipients
[24], but a direct causal relationship between CNI exposure
and renal fibrosis has never been established. We are the first
to demonstrate a pro-fibrotic response in human PTC as a
direct result of in vitro tacrolimus exposure at concentrations
similar to tissue concentrations in allograft recipients [25].
This finding confirms the long-existing paradigm on the
toxicity of the drug and offers new incentives to explore this
phenomenon.

Others looked at the effects of CNI exposure in in vitro
models and found disturbances in energy metabolism, cell
cycle regulation, cell integrity, and cell death [26, 27], but the
range of CNI exposure levels were greater than 10 000 ng/mL
and therefore far above tissue concentrations measured in
organ transplant recipients [25]. Another complicating factor
is that the applied cell models do not express all the relevant
enzymes and transporters involved in CNI disposition [16].

In our validated model of tacrolimus metabolism in human
ciPTC, CTGF expression was 1.5-fold increased within only

72 hours of incubation with clinically relevant levels of
tacrolimus. This finding is in line with previous studies
that showed an increased expression of TGF-β (upstream
of CTGF), albeit at much higher tacrolimus concentrations
than in allograft tissue [17, 18]. The mechanism of action of
CTGF in renal fibrosis has been widely reviewed by others
[5]. In short, damaged PTC produce pro-inflammatory and
pro-fibrotic factors such as CTGF (a co-factor for TGF-β that
in turn affects signal transduction, cytokine function, and
extracellular matrix turnover). The relevance of CTGF for the
development of kidney allograft fibrosis has been confirmed in
multiple clinical studies [28, 29].

Importantly, we observed that this pro-fibrotic response
was most pronounced (2- to 3-fold) in ciPTC clones carrying
the combined *1-TT genotype. This observation was partially
confirmed in the sequential allograft protocol biopsies demon-
strating a significantly higher increase of interstitial CTGF
expression over time in donor kidneys with the TT genotype
compared with the CC/CT genotype. We could not detect any
differences between the *1 and *3/*3 allele carriers, however,
let alone the effect of the *1-TT genotype combination. We
also did not observe a difference in estimated glomerular
filtration rate and interstitial fibrosis and tubular atrophy
(IFTA) score between genotypes. This finding may have
resulted from the insufficient power of the analysis based on
a relatively small data set of available protocol biopsies, which
was not collected for this purpose. In contrast, Vanhove et al.
[29] did demonstrate a correlation between interstitial CTGF
expression and IFTA, but 5 years after kidney transplantation
in contrast to the 24 months in our study. Interestingly, a
larger retrospective study in 50 patients suggested an increased
risk (hazard ratio, 3.18; P = .026) for developing CNIT in *1
expressors in whose who received a *3/*3 kidney allograft [15].
Alternatively, the effect of theCYP3A5PTCgenotypemay be of
lesser importance in the in vivo situation, inwhich the potential
effects of higher metabolite generation is attenuated by a
continuous process of removal via the urine vs. the enclosed in
vitro situation, where metabolites remain in situ and the effect
of the pump is less important. Ideally, a large clinical histologic
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study with a long follow-up period is required to confirm
the importance of the pharmacogenetic background of the
allograft as a risk factor for developing fibrosis in addition to
more established risk factors. Nevertheless, our in vitro and
in vivo data add to the previous evidence on the important
role of P-gp expression and specific ABCB1 polymorphism in
developing IFTA and kidney failure [12, 30–32].

To understand the underlying reasons for the differential
pro-fibrotic profile in the aforementioned genetic variants, we
explored the functional consequences of tacrolimus exposure
by measuring protein function and the capacity for tacrolimus
metabolism. Higher CYP3A5 expression in *1 allele carriers
is well established [33] and was previously confirmed in this
cell model [19]. Despite the relatively stable CYP3A5 protein
expression under tacrolimus exposure, we found a tacrolimus
concentration-dependent decrease in the enzyme’s function.
These findings are in line with pharmacologic inhibition
of the CYP3A5 enzyme by tacrolimus and with in vitro
and clinical studies identifying tacrolimus as a competitive
inhibitor of CYP3A4/5 enzymes [34, 35]. Similarly, our
data demonstrate that increasing tacrolimus concentrations
decreases P-gp function in PTCs without altering quantitative
P-gp protein expression. This means that under increasing
tacrolimus exposure, CYP3A5 *1 allele carriers could have a
decreasing potential to generate tacrolimus metabolites. As
a result of higher tacrolimus exposure, however, intracellu-
lar concentrations of tacrolimus and its metabolites could
nevertheless be augmented because of inhibition of the P-gp
transporter, thus increasing the risk of drug-induced toxicity.
In contrast to the CYP3A5 SNV and in accordance with
previous papers, our data do not support an additional effect
of intrinsically differential quantitative expression caused by
the 3435C>T SNV on P-gp function, but other studies have
demonstrated that homozygosity for the T allele results in a
substrate-dependent effect on P-gp activity [36–38]. Different
models of transfected cell lines with an overexpression of
recombinant ABCB1 variants have shown that specific SNVs,
including 3435C>T, result in impaired P-gp transport activity
for tacrolimus [9, 37]. This finding is in line with clinical
studies performed in kidney transplantation that showed
increased intracellular tacrolimus accumulation in peripheral
blood mononuclear cells of patients with a TT genotype
[10, 39].

Our study shows that tacrolimus exposure in ciPTC at
clinically relevant concentrations has no major effect on
quantitative expression of the main genes involved in its
intracellular disposition. It does, however, have a significant
effect on CYP3A5 and P-gp functional phenotypes in a
concentration-dependent fashion, indicating pharmacologic
inhibition. This inhibition could affect the risk of nephro-
toxicity and potential drug–drug interactions in concomitant
treatment with other CYP3A5/P-gp substrates.

Our previous data on the metabolism of tacrolimus in
ciPTC confirmed a substantially higher rate of tacrolimus
metabolism in *1 allele carriers, in line with findings in human
liver microsome [40] and clinical data [19, 37, 41]. In this
study, ciPTC with this genetic background also demonstrated
a higher absolute and relative propensity for the formation of

the M1 metabolite, which was most pronounced in cells with
the additional TT genotype. This finding is in accordance with
clinical studies that demonstrated increased M1 production
in healthy volunteers with the *1 and TT alleles [41, 42].
Interestingly, one of these studies also showed a potentiation of
tacrolimus metabolite production in plasma after administra-
tion of a CYP3A4-P-gp inhibitor, which could point to either
an effect of preferential metabolite generation by CYP3A5
or the consequences of a decreased P-gp–mediated efflux of
tacrolimus [41]. However, no study has directly investigated
the importance of P-gp for tacrolimus or tacrolimusmetabolite
efflux. Nevertheless, we did observe a slightly higher intracel-
lular M1 in ciPTC with the TT background at both tacrolimus
concentrations (Fig. 3c), but this was not significant andwill be
difficult to confirm in our in vitromodelwith ongoing substrate
metabolism and without overexpression of the relevant drug
transporter (in contrast to in vitro studies specifically aimed
at studying drug transporters). Taken together, these findings
support the importance of the interplay between enzyme
and pump for tacrolimus disposition and demonstrate an
increased capacity for tacrolimus metabolization and M1
generation caused by increased intracellular exposure of
tacrolimus in PTCs with intrinsically high CYP3A5 activity
in combination with an impaired P-gp–mediated efflux of
tacrolimus (and possibly M1). Increasing tacrolimus expo-
sure can further affect the character of this interplay by
introducing the effect of inhibition of P-gp and CYP3A5
activity.

There is an apparent overlap in the extent of the pro-
fibrotic response and metabolite generation in function of
the genetic background for ciPTC. With the combined *1-
TT genotype, ciPTC had distinctively higher CTGF and M1
production compared with other genotype combinations. This
finding was confirmed by a positive correlation between
intracellular M1/tacrolimus and CTGF mRNA expression
in ciPTC. Whether there is direct causality between M1
generation and the pro-fibrotic response remains speculative,
but this question could be further explored by performing
isolated incubations with the separate tacrolimus metabo-
lites or by manipulating metabolite exposure with selective
CYP3A5 and P-gp inhibitors. Tacrolimus metabolites are not
readily available, however, and commonly used inhibitors such
as PSC833 and voriconazole are independently associated
with nephrotoxicity. As mentioned earlier, clinical studies
have demonstrated more fibrosis in patients with a higher
relative tacrolimus dose requirement, indicative of a higher
capacity for tacrolimus metabolism and absolute metabolite
generation [14, 43]. Higher tacrolimus dosing (per protocol)
in the early phase after transplantation is an additional reason
for increased exposure to its metabolites, which is more
pronounced in patients with an intrinsic (genetic) increased
capacity for tacrolimus metabolism.

Although the toxicity ofM1 is unknown, the nephrotoxicity
of several metabolites of the CNI cyclosporin has been
established [44, 45]. There is no evidence, however, that
the intracellular concentration of the parent compound is
directly associated with CTGF expression. Ideally, the exact
disposition and idiosyncratic toxicity of M1 (in function of
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ABCB1 polymorphisms) could further be explored by separate
incubations with only purified M1.

CONCLUSION
Exposing PTCs to tacrolimus within a concentration range
found in tissue of solid organ transplant recipients results in
a direct response associated with the development of renal
fibrosis in general and supports the validity of CNIT as a
distinct entity within nephropathology. This response is most
pronounced in cells with a common genetic predisposition for
increased enzymatic activity and altered efflux capacity related
to tacrolimus disposition, resulting in more M1 generation
and suggestive of a detrimental role for increased exposure to
this metabolite. Further studies are required to confirm the
potential clinical relevance of our findings, which could be
used to establish donor-derived genetic risk profiles for the
selection of CNI-sparing immunosuppressive regimes. Some
other clinical perspectives of this study are the addition of
pharmacologic interventions (CYP3A5 inhibitors)minimizing
the toxic metabolites or the in situ inhibition of CTGF (FG-
3109/pamrevlumab) [46].
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