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ARTICLE INFO ABSTRACT

Keywords: The toxicity of tacrolimus metabolites and their potential pharmacodynamic (PD) interactions with tacrolimus
Tacrolimus might respectively explain the surprising combination of higher toxicity and lower efficacy of tacrolimus despite
Metabolites

normal blood concentrations, described in extensive metabolizers. To evaluate such interactions, we produced
tacrolimus metabolites in vitro and characterized them by high resolution mass spectrometry (HRMS, for all) and
nuclear magnetic resonance (NMR, for the most abundant, M-I). We quantified tacrolimus metabolites and
checked their structure in patient whole blood and peripheral blood mononuclear cells (PBMC). We explored the
interactions of M-I with tacrolimus in silico, in vitro and ex vivo. In vitro metabolization produced isoforms of
tacrolimus and of its metabolites M-I and M-III, whose HRMS fragmentation suggested an open-ring structure. M-
I and M-III open-ring isomers were also observed in patient blood. By contrast, NMR could not detect these open-
ring forms. Transplant patients expressing CYP3A5 exhibited higher M-I/TAC ratios in blood and PBMC than
non-expressers. Molecular Dynamics simulations showed that: all possible tacrolimus metabolites and isomers
bind FKPB12; and the hypothetical open-ring structures induce looser binding between FKBP12 and calcineurins,
leading to lower CN inhibition. In vitro, tacrolimus bound FKPB12 with more affinity than purified M-I, and the
pool of tacrolimus metabolites and purified M-I had only weak inhibitory activity on IL2 secretion and not at all
on NFAT nuclear translocation. M-I showed no competitive effect with tacrolimus on either test. Finally, M-I or
the metabolite pool did not significantly interact with tacrolimus MLR suppression, thus eliminating a phar-
macodynamic interaction.

Structures
Pharmacodynamics
Pharmacodynamic interactions

1. Introduction function. Tacrolimus (initially coded as FK506), a calcineurin inhibitor
(CNI), is part of a vast majority of immunosuppressive regimens in solid

Organ transplantation is currently the best treatment option for solid organ transplantation. This 23-membered macrolide, isolated from
organ failure (i.e. kidneys, heart, liver or lungs), but it requires life-long Streptomyces tsukubensis in the late 1980’s, has rapidly supplanted
immune-suppressive therapy to prevent allograft rejection and loss-of- cyclosporine, the first CNI used in organ transplantation [1], due to its
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trometry in the Multiple Reaction Monitoring; MS, Mass spectrometry; NFAT, Nuclear Factor of Activated T-cells; NMR, Nuclear Magnetic Resonance; PBMC,
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better benefit-risk balance [2,3].

Tacrolimus dosing is complicated by a narrow therapeutic window
and high inter- and intra-patient pharmacokinetic variability, which
places patients at risk of underexposure and allograft rejection or
overexposure and toxicity. Even today, the origins of the variability in
the therapeutic efficacy and toxicity of tacrolimus are not fully eluci-
dated. Although a vast majority of drug metabolites are in general
pharmacologically inactive, some of them can be significantly or
entirely responsible for the therapeutic effect of a drug. To the best of
our knowledge, the hypothesis that metabolites can decrease or even
reverse the pharmacological action of the parent drug has very seldom
been explored up until now.

Tacrolimus is extensively metabolized by CYP3A5 and CYP3A4 iso-
enzymes in the intestine and the liver, with CYP3A4 having a lower
efficiency for catalysis. In the 90’s, it was reported that up to fifteen
metabolites may be formed by demethylation, hydroxylation or com-
binations of both [4]. Among them, eight metabolites classified as first-
and second-generation metabolites were produced by incubating
tacrolimus with rat liver microsomes and characterized using NMR [5,
6]. Five of these metabolites (desmethyl-, didesmethyl-, hydroxy-,
desmethyl-hydroxy- and didesmethyl-hydroxy- tacrolimus) were further
detected with LC-MS [7-9] in transplant patients’ blood, bile and urine.
The major metabolite was reported to be 13-O-desmethyl-tacrolimus
(M-I), while 31-O-desmethyl-tacrolimus (M-II) and 15-O-desmethyl-ta-
crolimus (M-III) were hardly detectable [10,11].

The role of these metabolites in tacrolimus efficacy and toxicity has
not yet been investigated thoroughly and is probably underestimated. In
vitro studies from 30 years ago showed that: (i) M-I binds FKBP12 with
10-fold less affinity than tacrolimus, leading to pentamer complex for-
mation with calcineurins A and B and calmodulin, with 13 % of tacro-
limus efficacy, and exhibits 6.4 % of tacrolimus mixed lymphocyte
reaction (MLR) suppression; (ii) M-II binds FKBP12 with lower affinity
too, but exhibits pentamer formation and MLR suppression similar to
those of tacrolimus [12]; and (iii) M-III (15-O-desmethyl-tacrolimus)
binds FKBP12 with slightly more affinity than tacrolimus but is not able
to form a pentamer, or to suppress MLR [12]. This suggests that tacro-
limus metabolites, in particular M-I and M-III, might at least partially
inhibit tacrolimus efficacy through competitive FKBP binding and/or
pentamer formation. In the clinics, statistical associations between the
blood levels of these metabolites, polymorphisms of the cytochromes
and membrane transporters, and tacrolimus related toxicity, have been
reported in small patient groups. Polymorphisms in the CYP3A5 and
ABCBI genes were associated with neurotoxicity in tacrolimus treated
stem cell patients [13], suggesting that both the blood-brain barrier
permeability and tacrolimus metabolites may be involved. M-III (but not
M-I) blood levels were associated with the estimated glomerular filtra-
tion rate, red blood cell count and infections in kidney transplant re-
cipients [14]. Later on, the same team reported a positive correlation of
the M-I/tacrolimus ratio with alanine aminotransferase levels, suggest-
ing either accumulation in liver dysfunction or hepatotoxicity of M-I,
and a negative correlation with hemoglobin, maybe due to lower
tacrolimus whole blood levels in anemia or myelotoxicity [15]. Finally,
metabolite toxicity, and pharmacodynamic interactions between tacro-
limus and its metabolites, might respectively explain the surprising
combination of higher toxicity and lower efficacy of tacrolimus in
extensive metabolizers, despite “normal” tacrolimus blood concentra-
tion [16]. However, such pharmacodynamic interactions have never
been tested.

As a first step into the elucidation of the role of tacrolimus metabo-
lites in the drug benefit-risk balance, the aim of this study was to eval-
uate the pharmacodynamic interactions of the main tacrolimus
metabolites with the parent drug, through the combination of modern
technologies. To this effect: (i) we produced and characterized tacroli-
mus metabolites, and purified M-I, the most abundant one; (ii) we
quantified tacrolimus metabolites and checked their structure in patient
whole blood and PBMC; and (iii) we studied the pharmacodynamics of
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M-I and its pharmacodynamic interactions with tacrolimus, in silico, in
vitro and ex vivo.

2. Patients and methods

Detailed methods are available as Supplementary material and
methods.

2.1. Production, purification and quantitation of tacrolimus and
metabolites

2.1.1. High resolution mass spectrometry characterization

Tacrolimus metabolites were produced by incubating tacrolimus
with human liver microsomes (HLM) in vitro. As a first step of structure
elucidation, their fragmentation spectra by micro-HPLC - high resolu-
tion mass spectrometry (HRMS) on a TripleTOF® 5600+ instrument
(Sciex, France) were compared with that of tacrolimus in a systematic,
stepwise manner. After in silico mass fragmentation of tacrolimus using
Mass Frontier™ 8.0 (Thermo Scientific), the theoretical mass of each
fragment was compared with the mean fragment masses observed to
determine their most likely structural formula.

2.1.2. NMR analysis of tacrolimus M-I metabolite

For further elucidation of the structure of the major M-I metabolite
by NMR, tacrolimus was metabolized in large amounts by S9 fractions
prepared from the liver of a conventional 6-week-old pig. The incuba-
tion medium was freeze-dried and the residue resuspended and back-
extracted in acetonitrile twice. The organic phase was dried and the
metabolites were finally extracted using Oasis® HLB 3 mL 60 mg car-
tridges and methanol. The methanol phase was purified using directed
fractionation on a Thermo LC preparative system. The fractions con-
taining M-I were freeze-dried to obtain a powder, which was purified
again in the same conditions, after solubilization of the powder in
methanol. The fractions obtained were controlled by LC-MS/MS using a
Prominence/8060NX instrument (Shimadzu, France), following three
MRM transitions for M-I: 812.4 > 602.3; 812.4 > 491.2 and 812.4 >
345.2.

Commercial tacrolimus and purified M-I were dissolved with CDCl3
at 0.6 g/L. NMR experiments were carried out at 300 K on a spectrom-
eter operating at 500.45 MHz for 'H, equipped with a cryogenic 5 mm
13¢/'H dual probe containing z-gradient axis. One-dimension (1D) 'H
spectra and '3C spectra were acquired. 2D homonuclear 'H-'H COSY
and 'H-'H TOCSY spectra and 2D 'H-'3C edited-HSQC and 'H-'3C het-
eronuclear multiple bond correlation (HMBC) spectra were recorded on
samples at natural 3C abundance.

2.2. Structure and concentrations of tacrolimus metabolites in patient
blood and PBMC

Patient blood samples were collected and kept in an accredited local
biobank, as part of the IMPAKT study (EudraCT number: 2016-004197-
17, NCT: 03076151) sponsored by the University Hospital of Limoges
and complying with the legal requirements of the Declaration of Hel-
sinki, Good Clinical Practice and the International Conference on
Harmonization guidelines. The protocol received approval from an In-
dependent Ethics Committee (12/08/2016) and authorization from the
French National Agency for Medicines and Health Products Safety (04/
26/2017). Human blood was procured in line with WHO Guiding
Principles on Human Cell, Tissue and Organ Transplantation and pa-
tients did not oppose to further utilization of their samples and data for
research purposes. For the present study, we analyzed blood samples
collected in EDTA, BD Vacutainer at 0, 20 and 40 min, 1, 2, 3, 4, 6 and
9 h after tacrolimus intake, 3 months after transplantation, from 5 fast
metabolizers (homozygous or heterozygous for CYP3A5*1) and 7 slow
metabolizers (homozygous for CYP3A5*3). We also analyzed samples
collected at Ty« (based on the individual concentration-time curves) on
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days 7 and 30 post-transplantation from the same patients.

Peripheral Blood Mononuclear Cells (PBMC) were isolated using a
Ficoll-gradient (see Supplementary material and methods) from left-
overs of whole blood collected at TO from transplant patients previ-
ously identified as fast or slow metabolizers. These samples had previ-
ously been accrued to the Limoges University Hospital biobank
CRBioLim, authorized by the French ministry of health (No. AC-2016-
2758). In accordance with the European general data protection regu-
lation (GDRP 2016/679), patients were informed and this retrospective
study was registered by the data protection officer (DPO) of Limoges
University Hospital.

After defecation of PBMC and whole blood samples with a mixture of
methanol and a saturated zinc sulfate solution (70/30, by volume), su-
pernatants were submitted to solid-phase extraction on Oasis® HLB
cartridges. The concentrations of tacrolimus and its metabolites were
measured in patient blood using LC-HRMS with the TripleTOF® 5600+
instrument (Sciex, France) and, due to very low concentrations, in PBMC
using HPLC-MS/MS in the MRM mode on an 8060 triple quadrupole
mass spectrometer (Shimadzu, France).

2.3. Pharmacodynamics of M-I and pharmacodynamic competition with
tacrolimus

2.3.1. Insilico experiments

We modeled the [ligand-FKBP12] and [ligand-FKBP12-calcineurin A
(CNA A) & calcineurin B (CNA B) complexes with all identified forms of
tacrolimus and metabolites. Tacrolimus and metabolites were modeled
using the Avogadro software [17] and the tacrolimus structure available
in the Protein Data Bank (https://www.rcsb.org/, PDB) under the code
1FKJ as the original template (https://www.rcsb.org/structure/1FKJ)
[18]. Relative internal stabilities were assessed at the density functional
theory (DFT) M06-2X/6-314+G(d,p) level in the vacuum (see Supple-
mentary Table 1) [19]. The FKBP12 structure was modeled based on the
X-ray crystallography resolved structure under the code: 1FKJ.
[Ligand-FKBP12] complexes were built by superimposing pipecolate
moieties onto co-crystallized tacrolimus coordinates. Calcineurins A
(b-Isoform) and B were modeled based on structures resolved by X-ray
crystallography and available in the PDB using the code 40R9, (https:
//www.rcsb.org/structure/40R9). However, the C-terminal domain
(residues 388-524) containing the autoinhibitory segment and the
autoinhibitory domain [20] was not modeled, assuming an active
conformation. [ligand-FKBP12-CNA-CNB] complexes were built using
the crystallized bovine structure available in the PDB under the code
1TCO as the structural template [21] (https://www.rcsb.org/struc
ture/1TCO). They also included four Ca*™™" ions bound to CNB.

Molecular dynamics (MD) simulations were conducted in three
replicas and in 100 ns and 1 ps respectively for [ligand-FKBP12] and
[ligand-FKBP12-CNA-CNB] complexes in water using 0.15 M KCI con-
centration. Data are shown as means + standard deviations (STD).
Structural analyses (Root-mean-squared deviation - RMSD, H-bond
counting, coulombic and vdW interaction energies) were performed
using the last 400 ns (100 ns) of MD trajectories for CN-FKBP12-Ligand
(FKBP12-ligand). Binding affinities of tacrolimus and its metabolites for
FKBP12 were evaluated by means of absolute binding free energy cal-
culations using alchemical transformation. Statistical analyses of
alchemical binding free energies were done using six independent rep-
licas from six different starting geometries.

2.3.2. Invitro and ex-vivo experiments

2.3.2.1. FKBP12 binding by tacrolimus and its metabolites. Binding af-
finity was determined by Spectral Shift using the Monolith X instrument
(Nano Temper Technologies, Cambridge, MA, USA) following the
manufacturer’s protocol. Briefly, 100 nM of recombinant human His-
Tag FKBP12 protein (Abcam, ab85840) were labeled using 50 nM of
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RED-tris NTA 2nd generation dye (NanoTemper Technologies, Cam-
bridge, MA, USA), which labels the N-Terminus His Tag group. The
labeled FKBP12 protein at 50 nM was mixed with serially diluted con-
centrations of either tacrolimus or its M-I metabolite in a 0.15-5 uM
concentration range in PBS containing 0.05 % Tween 20 and 2.5 %
DMSO. Sixteen premium capillaries were loaded, and measurements
were carried out at 25 °C using medium IR laser power and 80 % LED
excitation. Data of three independent measurements were analyzed
(MO.Affinity Analysis software version 2.5.4, NanoTemper Technolo-
gies) using the 670 nm/650 nm signal ratio. Kd modeling was applied on
curves with a vertical offset correction to determine the Kd constant.

2.3.2.2. NFAT nuclear translocation. The Jurkat-Lucia NFAT cell line
(InvivoGen, San Diego, CA, USA), stably transfected with an NFAT
luciferase reporter vector, was used to assess NFAT nuclear translocation
in the presence or absence of tacrolimus and its metabolites. After 48 h
of proliferation, 3.6 x 10° Jurkat-Lucia NFAT cells were exposed for
18-24 h to different conditions: negative control, 1 % ethanol; positive
control, PMA 50 ng/mL, ionomycin 3 pg/mL, and 1 % ethanol; condi-
tions tested: stimulation with 50 ng/mL PMA and 3 pg/mL ionomycin,
concomitant to the addition of tacrolimus, purified M-I and metabolite
pool in 1 % ethanol (each at 1, 10, 100, 1000 pg/mL, alone or in com-
bination at equivalent concentrations). The luciferase assay was then
performed following the manufacturer’s instructions and luminescence
reading using a Victor Nivo multimode microplate reader (Perkin Elmer,
France).

2.3.2.3. IL-2 secretion measurement by ELISA. Jurkat E6.1 Clone cells
were stimulated with PMA/Ionomycin (50 ng/mL and 1 pg/mL final
concentrations) for 16 h at 37 °C. Concomitant to stimulation, cells were
treated with tacrolimus, purified M-I, metabolite pool, alone or in
combinations at equivalent concentrations in 1 % ethanol (10, 100,
1000 pg/mL). After incubation for 16 h, supernatants were collected and
analyzed for human interleukin-2 (hIL-2) by ELISA (ELISA MAX™
Deluxe Set Human IL-2, BioLegend, San Diego, CA, USA) following the
manufacturer’s protocol and using a Victor Nivo multimode microplate
reader (Perkin-Elmer, France).

2.3.2.4. One-way mixed lymphocyte reaction (MLR). PBMC from pairs of
ABO-matched blood donors were used as responder and stimulator,
respectively. The day before the experiments, frozen PBMC aliquots
were thawed in RPMI 1640, GlutaMAX™, HEPES supplemented with
10 % FBS and 100 UI/mL Penicillin/Streptomycin and incubated at 37
°C in humified 5 % CO,. Stimulator cells were pre-treated with mito-
mycin C (50 pg/mL) for 45 min at 37 °C and used after extensive
washing. 2 x 10° responder PBMC were then co-cultured with 1 x 10°
stimulator PBMC in flat-bottomed 96-well plates. Stimulator cells from
autologous PBMC were used as negative controls. The plate wells were
spiked with the treatment preparations to be tested (ethanol 1 %,
tacrolimus, metabolite pool, purified M-I alone or combined at 0.5 ng/
mL or 1 ng/mL), completed with culture medium to reach a final volume
of 200 pl per well and incubated for 5 days. Proliferation was assessed
using the CellTiter 96® AQueous Cell Proliferation Assay and absor-
bance reading was done using an Enspire® multimode reader (Perkin-
Elmer, France).

2.4. Statistical analyses

Quantitative data are expressed as means + standard error of the
mean, and, unless otherwise indicated, all the results presented corre-
spond to at least three independent repeats. Group comparisons were
made using the Student’s t-test, or one way ANOVA followed by the
Dunnett multiple comparison test, with GraphPad Prism 10.
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3. Results

3.1. Metabolic profiles of tacrolimus after incubation with HLM

Micro-LC-HRMS analysis of tacrolimus and its metabolites first
focused on the detection of demethylated products. Tacrolimus in the
incubation medium without microsomes (blank 2) was monitored

Intensity, cps

Intensity, cps

Intensity, cps

826,4744
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through its sodium adduct at m/z = 826.4, revealing three peaks with
close retention times (t = 20.0, 20.4 and 20.9 min) (Supplementary
Fig. 1) and similar fragmentation patterns. Interestingly, after incuba-
tion of tacrolimus with human liver microsomes (HLM), a fourth peak
with the same m/z was observed at t = 16.5 min, with the same frag-
ments as tacrolimus as well as other, specific fragments. This suggests
that this fourth peak is a more hydrophilic isomer of tacrolimus.
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Fig. 1. High-resolution enhanced product ion spectra acquired, after incubation of tacrolimus with Human Liver Microsomes, at: (A) 21.05 min for tacrolimus
(precursor ion, m/z 826.5); (B) 16.02 min for open-ring tacrolimus (precursor ion, m/z 826.5); (C) 17.60 min for M-I, one of the mono-demethyl-tacrolimus me-
tabolites (precursor ion, m/z 812.5); (D) 20.30 min for M-II, another mono-desmethyl-tacrolimus metabolite (precursor ion, m/z 812.5); (E) 15.49 min for a di-
desmethyl-tacrolimus metabolite (precursor ion, m/z 798.5); and (F) 14.82 min for tri-desmethyl-tacrolimus (precursor ion, m/z 784.5). The most abundant frag-
ments specific of the open-ring structure and their respective m/z are in red.
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Using the same analytical conditions, different metabolites were
observed with m/z ratios corresponding to mono-, di- and tri-
demethylated tacrolimus sodium adducts, respectively at m/z = 812.4,
798.4 and 784.4. Particular attention was paid to mono-demethylated
metabolites (dT) since they were the most abundant (Fig. 1). Accord-
ing to the literature, demethylation can occur at C-13, C-31 and C-15
positions leading to M-I, M-II and M-III, respectively. Micro-LC-HRMS
runs were thus searched for peaks exhibiting the parent ion (m/z =
812.4) and fragments specific for M-I/M-III (m/z = 602.3, since deme-
thylation on C-13 and C-15 is undistinguishable) or M-II (m/z = 616.3)
as reported by Dai et al. [22]. Six peaks were observed with the 826.4 —
602.3 transition. M-I and M-III were assigned based on retention times
and intensity following previous reports [5], M-I being the earliest and
most abundant, and M-III the second most abundant. The other peaks
with the fragment m/z = 602.3 were regarded as M-I and/or M-III iso-
forms (as already proposed for M-I [23]). Two peaks were observed at
the 826.4 — 616.3 transition, only at high tacrolimus and microsomes
concentrations, and were considered as two M-II isomers (Fig. 1A).
Finally, four and two peaks were observed for di- and tri-demethylated
tacrolimus sodium adducts, respectively.

3.2. Structural elucidation of tacrolimus metabolites

Enhanced Product Ion (EPI) spectra were investigated to decipher
the structure of tacrolimus and its metabolites (Fig. 1, and Supplemen-
tary Figs. 1-3), with help from the literature. Surprisingly, the EPI
spectrum of the tacrolimus peak with the shortest retention time (the
new isomer, Supplementary Fig. 1) showed a fragmentation pattern
different from that of the other tacrolimus isoforms: seven additional
fragments were observed, with the most abundant at m/z = 569.3829,
551.3716 and 359.2193 (Fig. 1). Four mono-demethylated metabolites
out of six showed the same pattern, negatively shifted by m/z 12. Three
distinct fragmentation pathways were thus hypothesized based on the
fragments observed for tacrolimus, its new isomer and its metabolites
(Fig. 2). Pathway 1 is initiated by a loss of CsHgNO and pathway 2 by a
loss of C13H2202/C12H2002. Pathway 3, observed for the new tacrolimus
isomer, M-I, M-III, and two isomers thereof, is characterized by a sup-
plemental loss of C11H;5NOg (Fig. 2 B), confirming a backbone structure
different from that of tacrolimus. In silico fragmentation analyses as well
as the fragmentation pattern proposed by Dai et al. [22] led us to hy-
pothesize that the fragmentation pathway 3 corresponds to a structural
rearrangement of the tetrahydropyranyl ring, with ring opening and
apparition of a geminal diol moiety on C-10 (so-called open-ring struc-
ture) (Fig. 2). Since the EPI spectrum of M-II does not exhibit pathway 3
fragments, M-II is not expected to adopt this open-ring structure.

M-I, the mono-demethylated metabolite with the shortest retention
time and highest intensity, was purified at > 90 % and characterized by
NMR (Supplementary Fig. 2; Supplementary Table 2). NMR assignment
was very similar to that already published for 13-O-desmethyl-tacroli-
mus [24] in CDCls at 300 K, with a major trans-isomer la under the
main chromatographic peak and a minor cis-isomer 1b under a shoulder
in the peak descent (as also previously reported and observed here for
commercial tacrolimus). The 'H and '3C chemical shifts for the major
and minor isomers were similar, with chemical shift differences that did
not exceed the NMR experimental error, i.e. 0.1 ppm for '3C and
0.01 ppm for 'H, respectively. In addition, the 73:27 proportion of the
trans 1a and cis 1b isomers was identical to that of the previous publi-
cation, confirming that the metabolite considered as M-I is actually
13-O-desmethyl-tacrolimus [24]. Schiiler et al. [24] observed from
HMBC experiments a significant correlation between H-C-13 and C-10 in
isomer la. This may be interpreted as the formation of a furan ring,
obtained by the opening of the hemiketal in which H-C-13 and C-10 are
separated by only three bonds in trans-isomer 1la and cis-isomer 1b.
Unfortunately, due to significantly lower amounts of the pure compound
available compared to the previous study, we could not observe this, nor
the H-C-14/C-10, correlations using HMBC experiment. However,
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according to the NMR similarity and the previously reported metabolite
structure, trans/cis isomers of 13-O-desmethyl-tacrolimus with a furan
structure (Fig. 2C) were assumed, at odds with the high-resolution mass
spectrometry results.

3.3. Kinetics of tacrolimus metabolism

The normalized kinetic profiles of tacrolimus exhibited a decrease
over time, while the abundance of the open-ring tacrolimus structure
increased over the first 20 min and then slowly decreased. Open-ring
tacrolimus is thus expected to be a metabolization intermediate or
final product. Likewise, the kinetic profiles of mono-demethylated
tacrolimus exhibited a maximum concentration at t = 20 min and
then decreased over time (Supplementary Fig. 3). The kinetic profiles of
M-I and open-ring tacrolimus did not exhibit significant differences.

3.4. Tacrolimus metabolites and metabolic ratios in patient blood and
PBMC

The presence and structure of tacrolimus metabolites were investi-
gated in blood samples obtained from patients on tacrolimus, using High
Resolution Mass Spectrometry in the Multiple Reaction Monitoring
(MRM-HR) mode to obtain both high sensitivity and high specificity. M-
I, M-III and at least one isomer were consistently observed in all blood
samples, whereas M-II was never detected. The retention times and EPI
spectra of M-I and M-III in patient blood were the same as those observed
in in vitro experiments (Fig. 3A&B), which means that they also had an
open-ring structure. In contrast, open-ring tacrolimus was not observed.

Additionally, blood samples were collected from patients who car-
ried at least one active CYP3A5*1 allele (n = 5) and from others devoid
of this allele (n = 7). At Tmax, tacrolimus blood concentrations were
similar between the two groups on day 7, months 1 and 3 post-
transplantation (Fig. 3C). In contrast, the M-I/TAC Cmax ratio showed
notable differences: CYP3A5*1 allele carriers exhibited a significantly
higher ratio to M-I on day 30 (p = 0.0008) and even more so on day 90 (p
= 0.012) post-transplantation than non-carriers, despite similar tacro-
limus blood concentrations. CYP3A5 expressers exhibited lower M-II1/
TAC Cmax ratios than non-expressers on day 7 (p = 0.0036), but not on
days 30 and 90. The blood kinetic profile of the metabolites was studied
using all samples collected over 9h post-dose on day 90 post-
transplantation in the same patients, to calculate the area under the
concentration vs. time curve (AUCg_on). It confirmed the absence of
significant differences in tacrolimus AUC or M-III/TAC AUC ratio
depending on the CYP3AS5 genotype, whereas the M-I/tacrolimus and M-
I isoform/TAC AUC ratios were significantly higher in CYP3A5*1 allele
carriers (p = 0.0061 and p = 0.0013, respectively) (Fig. 3D). Immune
cells being the therapeutic target of tacrolimus, we also compared
tacrolimus trough concentrations (Cp) and M-I/TAC Cy ratios in PBMC
from poor and extensive metabolizers on tacrolimus. Consistent with
regular dose adjustment compensating for patient CYP3A5 genotype,
tacrolimus pre-dose concentrations in PBMC (Fig. 3E) and blood
(Fig. 3F) were not statistically different between patient groups, whereas
M-I/TAC Cy ratios were significantly higher in PBMC from extensive
metabolizers than from poor metabolizers (p = 0.1440, 0.0812, and
0.0039, respectively).

3.5. MD simulations of FKBP12 binding by tacrolimus and metabolites

For the sake of readability, tacrolimus and its metabolites were coded
depending on their macrolide ring structure, ie. n, o and f for the
“normal”, open-tetrahydropyranyl and tetrahydrofuranyl ring struc-
tures, respectively. TACn, TACo, M-In, M-lo, M-If, M-IIn, M-IlIn and M-
Illo were all considered, whereas M-Il was only considered (and
observed) in the closed-ring form (M-IIn). Internal energies of the M-I
optimized structure in vacuum obtained at the DFT level
(Supplementary Table 1) suggested that M-If is as stable as M-Io, and
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Fig. 3. Determination of tacrolimus metabolites in transplant patients’ blood and PBMC and comparison with in vitro findings. (A) Unit mass chromatograms of
tacrolimus demethylated metabolites (M-I, M-III and their respective isomers in black, M-II and its isomer in red) detected in the incubation media after metabo-
lization with human liver microsomes at 0.5 mg/mL (left) and 5 mg/mL (right). (B) Representative chromatograms of tacrolimus metabolites in patients’ whole
blood, with tacrolimus desmethyl-metabolites in black and tacrolimus in green. Left: from a slow metabolizer, right: from a fast metabolizer. (C) Tacrolimus con-
centration and M-I/tacrolimus and M-III/tacrolimus concentration ratios at Tmax in transplant patients’ blood at 7-, 30- and 90-days post-transplantation. (D)
Tacrolimus AUC and metabolites/tacrolimus AUC ratios in whole blood from transplant patients at 90 days post-transplantation. (E-F) Pre-dose (CO) tacrolimus
concentrations and M-I/tacrolimus ratio in transplant patients at least 30 days post-transplantation, (E) in PBMC and (F) in whole blood.
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that both are ~ 5 kcal.mol™! more stable than M-In. In contrast, TACn
and M-IIIn exhibited lower energies than their open forms (i.e. TACo and
M-IIlo).

No significant structural difference with the X-ray structure [18] was
observed, regardless of the ligands and their macrolide structure, as
pictured by time-dependent RMSD over MD simulations. For instance,
RMSD calculated for the average structure from [TACn-FKBP12] simu-
lations (Supplementary Fig. 4) ranged from 0.58 + 0.08 to 0.68 +
0.09 A, showing global conservation of the [ligand-FKBP12] complex
regardless of the ligand structure (Fig. 4A). In other words, demethy-
lation, tetrapyranyl ring opening (TACo, M-Io and M-IIlo) or rear-
rangement (M-If) are unlikely to modify FKBP12 binding with respect to
the closed-ring structures (TACn, M-In, M- IIn and M-IIIn). These results
are consistent with the calculated non-covalent interaction energies
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between the ligands and FKPB12, which exhibit similar values for all
systems (Fig. 4B). This can be explained by H-bond analyses stressing
the key role of 38Asp, 5°Glu, ’Ile and ®2Tyr for FKBP12 binding to the
pipecolate moiety conserved by all metabolites (Fig. 4A&B). The
H-bond network is maintained by an average of 3.00 + 0.07H-bonds
between ligands and these amino acid residues, among which 8?Tyr,
38Asp, 55Glu and *’Ile contribute for ca. 30.2, 28.8, 24.5 and 16.5 %,
respectively. These results are also consistent with previous studies [25,
26] showing that the pipecolate moiety is mandatory for tacrolimus
binding, while the demethylation sites (i.e., C-13, C-31 and C-15) are
distant from the key interacting FKBP12 residues.

Binding free energies were then calculated to assess differential
binding affinity between tacrolimus and its metabolites. The robustness
of this approach was first confirmed by a very low free energy difference,

B TACn TACo M-In M-lo M-If M-lin M-llln M-lllo
0
a
L =20 A
[=}
€
©
S
< _40 4
>
=
[
&
2 -60 -
2
=
g
e
i‘é’ -80
B Eeec EEE Evow
3.5 o B S5SGlu mE STyr
mm %asp 3 Ylle

(H = bondcount}

TACn TACo M-In M-lo  M-If M-lin M-llln M-lilo

—— TAC
- M-I

10-3

Fig. 4. (A) Representative structures of FKBP12 bound to tacrolimus (TACn, upper left), open-ring M-I (M-Io, upper right), M-II (lower left) and open-ring M-III (M-
IIIo, lower right). Ligands and key FKBP12 binding residues are respectively depicted using ‘Balls and sticks’ and ‘Licorice” representations. (B) Calculated Lennard-
Jones (green) and Coulombic (red) non-covalent interaction energies (kcal.mol!) between FKBP12 and tacrolimus or metabolites. Standard deviations were
calculated separately for Lennard-Jones and Coulombic terms over 3 x 110 ns MD simulations from three replicas. (C) Average H-bond count between FKBP12 key
binding residues and tacrolimus and its metabolites. Standard deviations were separately calculated for each H-bond partner over 3 x 110 ns MD simulations from
three replicas. (D) Normalized spectral shift dose-response curves of tacrolimus (green circles) or M-I (red squares) with 50 nM His tagged FKBP12. Error bars

represent standard error of n = 3 values.
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lower than the chemical accuracy for alchemical methods (ie., ~
2.0 keal.mol 1) [27], between theoretical and experimental results for
the TACn-FKBP12 bound system [28], as well as with former theoretical
studies [25]. In line with structural and H-bond analyses, no significant
difference in terms of binding free energy (Table 1) was observed among
all the ligands for FKBP12 binding.

3.6. MD simulations of CN-FKBP-ligand complex dynamics depending on
tacrolimus and metabolites structure

MD simulations of [ligand-FKBP12-CNA-CNB] complexes were per-
formed to provide structural hints on FKBP12-ligand binding to CNs.
The complexes included CNA, CNB and FKBP12 (based on X-ray struc-
tures [21,29]), bound to tacrolimus or its metabolites. FKBP12 remained
bound to CNs along simulations regardless of the ligand, but RMSD
analysis revealed that the structural dynamics of FKBP12-ligand with
CNs differed depending on the tacrolimus and metabolite structures. MD
simulations revealed a rocking motion of FKBP12 and the CNA lobe
motion around CNB Binding Helix (BBH), similar to the single residue
variant FKBP12-CNs systems in fungi [29].

To picture the overall difference between ligands, FKBP12 supra-
molecular variabilities were assessed using two structural parameters,
namely the angle between CAN BBH and FKBP12 (0) and the twist angle
between CAN catalytic lobe and FKBP12 (¢, see Fig. 5B). While closed
ring ligands (i.e., TACn, M-In, M-If, M-IIn and M-IIIn) tended to maintain
FKBP12 stable over simulations, those with an open-ring structure (i.e.,
TACo, M-lo, M-Illo) significantly deviated and exhibited wider distri-
bution onto the ¢ x 6 conformational space (Fig. 5).

Such observations are consistent with different H-bond networks
between FKBP12-ligand and CNA&B (Fig. 5C and 5D). For instance,
simulations with TACn stressed that 353AanNA—9OGluFKBp12, 368Lysc_
NA-Glupkppia, ‘22Asncne-**Argrrpia and ¥ Glnens- *|Lysexepi2 H-
bonds maintained interactions between FKBP12 and CNA&B. The H-
bond networks between CNA on the one hand, and FKBP12 bound to the
open-ring (TACo, M-Io and M-IIlo) or tetrahydrofuranyl (M-If) structures
on the other hand, were smaller than those with the corresponding
tetrahydropyranyl (TACn, M-In, M-IIIn) ring. Interestingly, M-If was the
only structure increasing H-bonds between FKBP12 and CNB. This was
confirmed by the global non-covalent interaction energies between
ligand-bound FKBP12 and CNs (Fig. 5E and Supplementary Fig. 4). All
M-I isomers and M-IIlo led to significantly less favorable binding in-
teractions between FKBP12 and CNA than tacrolimus (Supplementary
Fig. 4). However, the stronger interactions between M-If-bound FKBP12
and CNB led to significantly stronger interaction energy between
FKBP12 and CNB, which compensated its weaker binding with CNA
(Fig. 5). Interestingly, FKBP12 8His was previously described as crucial
for CN binding [29]. The distance between the cyclohexanyl moiety of
tacrolimus or its metabolites and ®®Hispkpp1o was measured, showing
that ring opening was associated with a broader ligand-3®His distance
distribution than close-ring ligands. Less contact between ligands and
88His in turn led to a higher flexibility of the 80 s loop (Supplementary

Table 1
[FKBP12-ligand] Binding free energies calculated at 293 K and 310 K obtained
by means of softcore alchemical calculations.

Molecules 20°C 37°C
AGtheo AGexp AGtheo
Closed form TACn —-111+1.2 -12.2 +0.1° —7.8+2.0
M-In —-11.24+ 22 - —83+20
M-IIn —11.4+21 -82+1.9
M-IIIn —11.8+ 2.2 —-85+1.9
Open form TACo —104+ 2.4 —-72+24
M-Io —11.1+ 24 -80+21
M-IIlo —11.6 £2.1 —-85+1.9
Furanyl form M-If —11.4+£25 -81+24

2 From Refs. [26,28].
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Fig. 5). Such flexibility may be associated with a lower CN inhibition
potency [29].

3.7. Pharmacodynamic interactions between tacrolimus and its
metabolites in vitro

The Kd of tacrolimus and M-I metabolite with FKBP12 at 25°C,
determined by fitting the binding curves obtained from the mean
spectral shift signal, were 35.7 nM (CI95 %: 20-63.6 nM) and 184 nM
(CI95 %: 139-245 nM confidence interval), respectively (Fig. 4D).

We used Jurkat-Lucia NFAT cells, which contain an NFAT-inducible
luciferase reporter, to measure NFAT translocation (Fig. 6A) and Jurkat
E6.1 cells to measure IL2 secretion using an ELISA assay (Fig. 6B). Cell
stimulation with phorbol myristate acetate (PMA) and ionomycin
(positive control), known activators of the calcineurin pathway,
consistently increased luciferase activity and IL2 production above those
of the respective negative control, thus indicating higher NFAT trans-
location to the nucleus and activation of T lymphocytes, respectively.
Concomitant treatment of cells with 1-2000 pg/mL tacrolimus
decreased both NFAT translocation and IL2 secretion in a dose-
dependent manner. Interestingly, cells incubated with purified M-I
alone and the metabolite pool both failed to significantly decrease
luciferase activity (Fig. 6A) or IL2 production (Fig. 6B), except for M-I at
the highest concentration (1 ng/mL). Moreover, activated cells exposed
to a mixture of 1-1000 pg/mL tacrolimus and either 1-1000 pg/mL of
purified M-I or the metabolite pool had only slightly lower luciferase
activity and IL2 secretion than when exposed to tacrolimus alone.
Tacrolimus and M-I IC50 were derived from the dose-response curves of
tacrolimus alone or in combination with M-I on IL2 secretion at 12 h by
Jurkat E6.1 cells (Fig. 6C), yielding values of 32.07 pg/mL for tacroli-
mus and 99.95 pg/mL for M-I

3.8. Pharmacodynamic interactions between tacrolimus and its
metabolites ex vivo

We next evaluated IL2 secretion by healthy volunteers’ PBMC stim-
ulated with PMA and ionomycin (Fig. 6D) and confirmed that tacrolimus
alone decreased IL2 secretion and that its co-incubation with M-I or the
metabolite pool (ratio 1:1) did not significantly modify its inhibitory
effect.

MLR experiments showed substantial PBMC proliferation in response
to allogeneic stimulation by PBMC from another healthy volunteer, as
opposed to minimal proliferation in response to autologous stimulation
(Fig. 6E). PBMC proliferation was inhibited by tacrolimus at 0.5 ng/mL
and 1 ng/mL. Adding either M-I or the metabolite pool to tacrolimus did
not change tacrolimus-mediated immunosuppression, whatever the
ratio between tacrolimus and its metabolites.

4. Discussion

This extensive study had the rather unusual aim of assessing possible
pharmacodynamic interactions between a parent compound and its
metabolites, at a time when companies are developing subcutaneous
formulations of tacrolimus (i.e. bypassing the hepatic first pass), and as a
pre-requisite to investigating further the toxicity of these metabolites.
Specifically, tacrolimus, an important transplantation drug, acts through
the formation of a pentamer with its intracellular binding protein
FKBP12, calcineurin A, calcineurin B and calmodulin (and Ca®") that
inhibits calcineurin NFAT dephosphorylation activity. Preliminary mo-
lecular modeling showing equivalent binding to FKBP12 of tacrolimus
and its metabolites prompted us to investigate whether these metabo-
lites, starting with M-I, the main one, may interfere with tacrolimus
pharmacodynamics. Actually, the literature reports that only M-II, a
very minor tacrolimus metabolite, retains some calcineurin inhibition
activity [12]. However, such activity has been tested in vitro for each
metabolite independently, and not in the presence of tacrolimus,
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Fig. 5. (A) Representative structures of CN-FKBP12 bound to tacrolimus (TACn, top) and open-ring M-I (M-Io, bottom) with front- (left) and side-views (right). CNA,
CNB and FKBP12 are depicted in red, blue and green, respectively. Fe-, Zn- and Ca-atoms are represented using VDW spheres. Ligands are shown using ‘Balls and
Sticks’ representations. (B) 3D-distributions of 0 and ¢ angles for tacrolimus TACn and M-IIn-bound systems (upper left), M-I-bound systems (i.e. M-In, M-Io and M-If,
upper right) and M-III-bound systems (i.e. M-IIIn and M-IIlo, lower left). Normal, open and tetrahydrofuranyl (only for M-I) structures were plotted using spheres and
crosses, respectively. 0 and ¢ angles were defined to represent the rocking motion and closing angle between the CNA CNB Binding Helix domain and FKBP12 (lower
right), respectively. (C) Superimposition of [TACn-FKBP12-CAN-CNB] and [M-Io-FKBP12-CAN-CNB] systems focusing on key H-bond displacement at CNA- (top) and
CNB-FKBP12 (bottom) interfaces, the M-Io-bound system being made transparent. (D) Average H-bond counts between ligand-FKBP12 and CN partners, in which
contributions from CNA-FKBP12 (red), CNA-Ligand (pink), CNB-FKBP12 (blue) and CNB-Ligand (cyan) pairs are reported. Standard deviations were calculated using
the last 400 ns MD simulations from three replica per system. (E) Calculated Lennard-Jones (green) and Coulombic (red) non-covalent interaction energies (kcal.
mol 1) between FKBP12-Ligand pair and CNs pair. Standard deviations were calculated separately for Lennard-Jones and Coulombic terms over the last 400 ns MD
simulations from three replica per system.
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meaning that pharmacodynamic interactions have not been tested
(which is not unusual since this is not a regulatory requirement).

We generated tacrolimus metabolites in vitro, characterized them by
LC-HRMS, and then purified M-I and characterized it by LC-HRMS and
NMR, with diverging results. HRMS identified an open-ring structure for
an isoform of tacrolimus, M-I, M-III and 2 other mono-demethylated
metabolites, whereas NMR identified M-I as a furanyl derivative with
two isomers, corresponding to the rearrangement of the tetrahy-
dropyranyl into a furan ring. This difference may be due to the condi-
tions used with the two techniques. We verified that temperature had no
influence. The different polarity of the solvents used may be an expla-
nation. When assessing their octanol/water partition function (logP), M-
If appears to be more lipophilic than M-Io, suggesting that the former
may exhibit at higher abundance in apolar solvents, such as CDCl3 used
here for the NMR experiments, whereas M-Io may be favored in more
polar solvents, such as water and acetonitrile used in MS. The formation
of sodium adducts in the mass spectrometer electrospray source and
high vacuum is even more likely to explain ring opening. Actually,
theoretical chemistry estimates that rearrangement as either a furanyl
ring or ring opening has exactly the same probability of happening as a
result of CYP3A metabolism, and that both are more stable than the
tetrahydropyranyl ring. The historical characterization of M-I in 1993
also used NMR after in vitro production of metabolites by HLM, but
preparative chromatography was based on isocratic separation on a
glass column at ambient pressure, and sample collection simply driven
by the molecular mass assessed by chemical ionization, single-stage
mass spectrometry [24]. This may explain why the authors found five
isomers of M-I and two conformers (Ia to If) using NMR, when we found
only the two conformers Ia and Ib. In contrast, they were able to
formally characterize the furanyl ring of M-I, while we could only as-
sume our structure was similar to theirs, due to the limited amount of
pure compound.

We confirmed the presence of open-ring M-I and M-III in patient
blood and PBMC, but it was also by means of electrospray ionization that
favors sodium adducts. Therefore, we cannot infer the form(s) under
which M-I is present in target cells and more importantly, as part of the
pentamer complex. M-II did not show the characteristic fragments of the
open-ring structure, suggesting the tetrahydropyranyl ring it shares with
tacrolimus resists to the sodium adduct and may also be important for
calcineurin inhibition.

Molecular modeling estimated that all tacrolimus metabolites,
whether open-ring, furanyl, or pyranyl (such as M-II) have an affinity
towards FKBP12 similar to that of tacrolimus, whereas in vitro M-I had a
5-fold higher Kd than tacrolimus. Such a difference can be explained by
(i) the chemical inaccuracy of alchemical binding free energies, which
can reach ~ 2 keal.mol ™' (i. e., one order of magnitude of Kd) [27] and
(ii) binding affinity temperature dependence, since calculations
mimicked temperatures of 20 °C (to compare with former studies [25,
28]) or 37 °C (to estimate binding affinity in situ) (Table 1) while in vitro
experiments were conducted at ambient temperature, i.e. between 18
and 25 °C. Tamura et al. reported that M-I binding affinity was 9.6 % of
that of tacrolimus [30], which is in the same order of magnitude as our
experimental results.

In silico, the FKBP12-metabolite complexes have differential binding
to CNA&B as compared with tacrolimus (stronger for M-If, weaker for
open-ring metabolites, equivalent for all tetrahydropyranyl com-
pounds), which might result in differential effects on NFAT dephos-
phorylation. However, this did not translate into negative modulation of
tacrolimus CN inhibition in vitro, but rather into a (small) additive effect.
A possible explanation is that the binding capacity of FKBP12 (or rather
of the pentamer, since it has been described as a single-step process) was
probably not saturated in our experiments, where we used pharmaco-
logically plausible concentrations of tacrolimus and metabolites, hence
no strong competition can be seen. On the contrary, we found a very
weak, positive pharmacodynamic interaction of M-I with TAC, consis-
tent with previous results [30] and not likely to modify tacrolimus
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efficacy in transplant patients.

One-way ex-vivo MLR experiments in the same concentration ranges
confirmed that neither purified M-I nor a pool of tacrolimus metabolites
dampened tacrolimus immunosuppressive activity.

Whole blood and PBMC concentrations of TAC metabolites in kidney
transplant recipients are very small in blood and even smaller in PBMC.
However, the apparent M-I/TAC peak ratios presented and used for
comparative purposes in Fig. 3 must be corrected by an average mass
spectrometry response factor of 3.4 in favor of M-I, meaning that M-I is
more concentrated than it looks.

The structure of tacrolimus metabolites was established more than
thirty years ago [5,6], and we thought that new characterization
methods might be susceptible to unveil new metabolites or unexpected
structures, which is the case with these open-ring metabolites. Their
binding to FKBP12 was studied using separation of the bound/free forms
by dextran charcoal adsorption [30] and their pharmacodynamic ac-
tivity through a complex ELISA pentamer formation assay entailing
polyclonal anti-calcineurin A antibodies, several phases of blocking re-
sidual binding sites, 6 incubation periods and 12 washings.

One limitation of this study is that we did not explore the individual
interactions of other Tac metabolites with the parent drug. In particular,
M-III, the second most abundant metabolite in patient blood and PBMC
here, was reported to have a 16 % higher affinity for FKBP12 than
tacrolimus. However, a mixture of Tac metabolites generated using
human liver microsomes, with a distribution of metabolites close to that
found in patient blood and PBMC, was tested in parallel to M-I with all in
vitro and ex-vivo activity experiments and showed no specific activity or
pharmacodynamic interaction with tacrolimus.

5. Conclusion

In conclusion, a mixture of tacrolimus metabolites produced by
human liver microsomes as well as purified M-I showed no significant
effects on NFAT dephosphorylation, IL2 secretion and mixed lympho-
cyte reaction and did not interfere with tacrolimus inhibition of the same
tests. Therefore, dosing tacrolimus parenterally, ie. shunting its
important first pass effect is not expected to modify the drug
pharmacodynamics.
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