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Abstract: Background: Tacrolimus (TAC) and mycophenolic acid (MPA) are commonly used im-
munosuppressive therapies after renal transplant. Our objective was to quantify TAC and MPA
concentrations in peripheral blood mononuclear cells (PBMCs) using liquid chromatography tandem
mass spectrometry (LC-MS/MS) and to evaluate and validate the performance of the methodology. A
prospective follow-up cohort study was conducted to determine whether intracellular concentrations
were associated with adverse outcomes in renal transplants. Methods: PBMCs were prepared using
the Ficoll separation technique and purified with erythrocyte lysis. The cells were counted using Sys-
mex XN-3100 and then packaged and frozen according to a 50 pL volume containing 1.0 x 10° cells.
TAC and MPA were extracted using MagnaBeads and quantified using an LC-MS/MS platform.
The chromatography was run on a reversed-phase Waters Acquity UPLC BEH C18 column (1.7 pum,
50 mm x 2.1 mm) for gradient elution separation with a total run time of 4.5 min and a flow rate
of 0.3 mL/min. Mobile phases A and B were water and methanol, respectively, each containing
2 mM ammonium acetate and 0.1% formic acid. Renal transplant recipients receiving TAC and MPA
in combination were selected for clinical validation and divided into two groups: a stable group
and an adverse outcome group. The concentrations were dynamically monitored at 5, 7, 14, and
21 days (D5, D7, D14, and D21) and 1, 2, 3, and 6 months (M1, M2, M3, and M6) after operation.
Results: Method performance validation was performed according to Food and Drug Administration
guidelines, showing high specificity and sensitivity. The TAC and MPA calibration curves were linear
(r2 = 0.9988 and r? = 0.9990, respectively). Both intra-day and inter-day imprecision and inaccuracy
were less than 15%. Matrix effects and recoveries were satisfactory. The TAC and MPA concentrations
in 304 “real” PBMC samples from 47 renal transplant recipients were within the calibration curve
range (0.12 to 16.40 ng/mL and 0.20 to 4.72 ng/mL, respectively). There was a weak correlation
between PBMC-Cyac and WB-Cyrac (p < 0.05), but no correlation was found for MPA. The level
of immunosuppressive intra-patient variation (IPV) was higher in PBMC at 77.47% (55.06, 97.76%)
than in WB at 34.61% (21.90, 49.85%). During the dynamic change in Corac, PBMC-Cyrac was in a
fluctuating state, and no stable period was found. PBMC-Cyrac did not show a significant difference
between the stable and adverse outcome group, but the level of the adverse outcome group was
generally higher than that of the stable group. Conclusions: Compared with conventional therapeutic
drug monitoring, the proposed rapid and sensitive method can provide more clinically reliable infor-
mation on drug concentration at an active site, which has the potential to be applied to the clinical
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monitoring of intracellular immunosuppressive concentration in organ transplantation. However,
the application of PBMC-Cytac in adverse outcomes of renal transplant should be studied further.

Keywords: renal transplant; tacrolimus; mycophenolic acid; peripheral blood mononuclear cell;
LC-MS/MS

1. Introduction

Renal transplant recipients undergo lifelong maintenance of immunosuppressive ther-
apy, and the balance between long-term management of immunosuppressive toxicity and
the risk of chronic antibody-mediated rejection remains complex. The vast majority of pa-
tients receive the calcineurin inhibitor tacrolimus (TAC) in combination with mycophenolic
acid (MPA) and corticosteroids as the main drug therapy [1]. MPA exerts an immunosup-
pressive effect by blocking the synthesis of guanosine and deoxyguanosine nucleotides in T
and B lymphocytes, inhibiting cell proliferation and cell-mediated immune responses and
antibody formation [2,3]. The immunosuppressive effect of TAC is to inhibit the expression
of cytokines necessary for immune activation, such as interleukin-2 (IL-2), by inhibiting the
activation of calcineurin in lymphocytes [4,5]. To achieve an immunosuppressive effect,
TAC and MPA mainly target lymphocytes.

Although the use of immunosuppressants is effective in preventing acute rejection,
clinical management is still difficult due to the narrow therapeutic window and the large
variability in pharmacokinetic (PK) and pharmacodynamic (PD) characteristics between
individuals [6]. Therefore, therapeutic drug monitoring (TDM) is routinely performed in the
clinic to maintain target ranges and avoid over- or under-exposure. Trough concentrations
(Cp) have been widely used as a guide for the individualization of immunosuppressive
doses. However, it is worth noting that rejection and toxicity still occurred when whole
blood trough concentrations (WB-Cp) were maintained within the normal dose range [7,8].
In the blood, TAC is primarily associated with erythrocytes, followed by diluted plasma
proteins and lymphocytes [9]. Therefore, routine monitoring of WB-Cy cannot reflect the
amount of drug concentration in target cells that actually achieves drug efficacy.

Peripheral blood mononuclear cells (PBMCs) are lymphocyte- and monocyte-rich cell
populations. Capron, A. et al. found that the TAC concentration in liver tissue after liver
transplantation was significantly correlated with the severity of organ rejection compared
with Cy in whole blood (WB-Cy) [10]. Capron, A. et al. further conducted a prospective
study to evaluate PBMC TAC levels as a predictive value for early efficacy after liver
transplantation, which appeared to be easier than tissue drug measurements requiring
invasive biopsy [11]. Their findings suggested that PBMC TAC Cy (PBMC-Cyrac) may be
a reliable marker of early immunosuppression after liver transplantation and that PBMC
may represent an additional tool for more precise individualized early immunosuppression
regimens after liver transplantation. Similarly, the concentration of MPA in PBMC was
associated with the incidence of rejection in renal transplant recipients, and its clinical
application may be most practical as a single test in the early post-transplant period [12]. A
population PK model in renal transplant recipients demonstrated the intracellular accu-
mulation of MPA, but the correlation between PBMC MPA C( (PBMC-Cgppa) and optimal
administration regimen needs further study [13]. PBMCs have been used as effective
matrices for quantifying intracellular immunosuppressant concentrations [12,14-16].

At present, the quantitative application of intracellular immunosuppressant concen-
tration in organ transplantation has attracted more and more attention, which is expected
to achieve individualized precision treatment. TAC, MPA, and hormone combined therapy
is the most commonly used immunosuppressive regimen for anti-allograft rejection [6,17]
and is the most common immunosuppressive regimen in the kidney transplant center of
our hospital. Intracellular immunosuppressive levels require more sensitive analysis than
conventional immunological methods. LC-MS/MS is used to quantify the concentration of



Pharmaceutics 2023, 15, 2318

3of 14

a variety of immunosuppressants, including TAC, MPA, cyclosporine A (CsA), sirolimus,
and everolimus [16,18-20], but clinical applications are limited due to the complex and
time-consuming pre-processing of clinical samples. However, the magnetic bead method
for extracting intracellular drug concentration is more popular because of its convenience,
speed, and good operation [21].

Our study aimed to establish an LC-MS/MS experimental research scheme in our
laboratory, including the use of magnetic beads to extract drugs from PBMC samples
and the separation and analysis of drugs using chromatography and mass spectrometry.
We then designed a prospective follow-up cohort study including a group of kidney
transplant recipients to explore whether the risk of transplant rejection and opportunistic
infection after renal transplant is more associated with intracellular immunosuppressive
concentrations.

2. Materials and Methods
2.1. Chemicals, Reagents, and PBMCs from Healthy Volunteers

TAC, MPA, and mycophenolic acid-d3 (MPA-d3) which is a deuterated product of my-
cophenolic acid, were purchased from Toronto Research Chemicals (Toronto, ON, Canada),
and [13C, 2H,]-tacrolimus was purchased from Alsachim (Strasbourg, France). Methanol,
acetonitrile, and formic acid were obtained from Fisher Chemical (Thermo Scientific,
Waltham, MA, USA) at ultra-high performance liquid chromatography/mass spectrometry
grades. Ammonium acetate was obtained from Sigma-Aldrich (St. Louis, MO, USA). Ultra-
pure water was supplied by the Milli-Q integral water purification system
(Merck Millipore, Germany). MagSiMUS-TDMP'™P Type I Particle Mix, Organic Precipi-
tation Reagent VI (OPR VI), and Lysis Buffer for whole blood kits were purchased from
MagnaMedics Diagnostics B.V. (Geleen, The Netherlands). Ficoll-Paque Plus solution,
Dulbecco’s phosphate-buffered saline (D-PBS) without calcium and magnesium ions, and
red blood cell lysis buffer were obtained from Solarbio (Beijing, China). PBMCs for the
establishment and validation of analytical methods were obtained from healthy volunteers
in agreement with the local ethics committee.

2.2. Isolation of PBMCs

The protocol for isolation of blank PBMCs used for the preparation of standards,
quality controls (QCs), and patient PBMCs was the same. Blank PBMCs were isolated from
approximately 100 mL of fresh EDTA-Kj,-anticoagulated whole blood (WB) from 40 healthy
volunteers. The blood was diluted by adding D-PBS equal to the volume of WB. Then,
the mixture was slowly tiled over Ficoll-Paque Plus solution of equal volume while the
liquid in the 15 mL polypropylene tube remained stratified without sloshing, which was
then centrifuged at 500x g for 20 min in the non-brake mode (5810, Eppendorf Company,
Hamburg, Germany). The cells in the PBMC layer were transferred to D-PBS for washing
and then centrifuged at 300x g for 10 min. To reduce the presence of red blood cells, the
PBMC suspensions were dissolved with red blood cell lysate for 10 min and centrifuged
at 300x g for 10 min. PBMC suspensions were again treated with D-PBS and erythrocyte
lysate, and cells were finally re-suspended with D-PBS. Cell suspensions were removed for
cell counting using a Sysmex XN-3100 from Japan. PBMC suspensions can be divided into
about 140 parts according to 50 puL containing 1.0 x 10° cells. These aliquots were stored in
a microcentrifuge tube (Eppendorf Company, Hamburg, Germany) at —80 °C.

2.3. Extraction of TAC and MPA from PBMCs in Clinical Samples

The sample preparation was based on paramagnetic beads that remove interfering
proteins, phospholipids, and salts from WB, plasma, and serum prior to analysis, precipitate
proteins with magnetic separation, and contain the analytes of interest in the supernatant.
The sample preparation method was the same for standards, QCs, and patient samples.

First, 30 puL lysis buffer for WB was thoroughly mixed with PBMC samples and
left at room temperature for 1 min to completely dissolve the blood cells. Then, 20 uL
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isotope internal standard (10 ng/mL [3C, 2H,4]-tacrolimus and 20 ng/mL MPA-d3), 40 uL
MagSiMUS-TDMP™P Type I Particle Mix, and 145 pL. OPR VI were added to the sample
tube at the same time and thoroughly mixed and placed at room temperature for 2 min. The
supernatant containing the target analyte was obtained using centrifugation at 15,000 x g for
5min (5810R, Eppendorf Company, Hamburg, Germany). Finally, 200 uL of the supernatant
was transferred into an automatic sample bottle, and 2 pL was injected into an LC-MS/MS
system for liquid phase separation and mass spectrometry analysis. The concentrations of
TAC and MPA (ng/mL) in the sample were obtained according to the fitted standard curve,
and the obtained concentrations were multiplied by 50 uL to represent the pg content
per million cells (pg-10~° cells). The detailed steps for the isolation of PBMCs and the
extraction of TAC and MPA from PBMCs in clinical samples are shown in Figure 1.

( 1)) collect Venous blood 27:) Isolation of PBMCs ( 3 ) Suspension of PBMCs (4) CountPBMCs ( 3 Distribution of PBMCs (6 ) Frozen PBMCs

EDTA-K,

(7 )Thawed PBMCs (8 )

Extractionof . vortex samples . - s
TAC and MPA ( 9 ) and 2 min at 25°c (10) Centrifuge samples (11) Transfer supernatant  (12) Inject into LC-MS/MS
from PBMCs " N~ _

|

* -80°C
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Figure 1. The work content of this study presented in visual form. The detailed content is divided
into 12 sections as shown in the figure. In this study, we developed and established a reliable
method for monitoring TAC and MPA concentrations in PBMC using single sample analysis, which
provided a research basis for exploring intracellular immunosuppressive concentration, and then
provided methodological support for postoperative TDM management and long-term follow-up
efficacy evaluation of renal transplant recipients.

2.4. Preparation of Standards and QC Samples

TAC and MPA initial stock solution were prepared by dissolving accurately weighed
drugs in methanol to make a 1 mg/mL solution, and 500 ng/mL working solutions were
prepared by diluting the initial stock solution with methanol. The concentration of the
isotopic internal standard ([*3C, 2Hg]-tacrolimus and MPA-d3) stock solution prepared
with methanol was 1 mg/mL, and the internal standard stock solution was diluted with
methanol to obtain working solutions of 1000 ng/mL and 2000 ng/mL, respectively. Both
the stock and working solutions were stored at —80 °C and could be stable for at least
6 months [18]. Standards containing TAC and MPA were prepared using blank PBMC
samples and methanol at concentrations ranging from 0.10 ng/mL to 25.00 ng/mL and
0.20 ng/mL to 50.00 ng/mL, respectively. QCs were prepared, stored, and used in the same
manner at concentrations of 0.50, 10.00, and 20.00 ng/mL and 1.00, 20.00, and 40.00 ng/mL,
respectively. These standards and QCs were stored at —80 °C.
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2.5. LC-MS/MS System

TAC and MPA were quantified using a Waters Acquity LC-MS/MS system (Wa-
ters Corporation, Milford, MA, USA) consisting of liquid chromatography connected
to a triple quadrupole Waters TQ-S mass spectrometer, and data processing was per-
formed using the software MasslynxTM V4.1. Chromatographic separation was performed
with gradient elution using a reversed-phase Waters Acquity UPLC BEH C18 column
(1.7 pm, 50 mm x 2.1 mm). The chromatographic running time was 4.50 min at a col-
umn temperature of 50 °C and a flow rate of 0.30 mL/min. Mobile phases A and B were
water and methanol, both containing 2 mM ammonium acetate and 0.1% formic acid, as
listed in Table 1. MS/MS was run in electrospray ionization (ESI) positive mode with a
capillary voltage of 2.50 kV, a desolvation temperature of 550 °C , and argon for collisions.
Data acquisition was performed using multiple reaction monitoring (MRM). The product
ions (m/z), cone voltages, and collision energies of TAC, [3C, 2H,]-tacrolimus, MPA, and
MPA-d3 are listed in Table 2.

Table 1. Chromatographic gradient: the mobile phases A and B were water and methanol, respectively,
both containing 2 mM ammonium acetate and 0.1% formic acid.

Time (min) Flow (mL/min) Mobile Phase A (%) Mobile Phase B (%)
Initial 0.30 50.00 50.00
0.50 0.30 50.00 50.00
3.00 0.30 5.00 95.00
4.50 0.30 50.00 50.00

Table 2. Optimized settings for multiple reaction monitoring (MRM) for each analyte.

Analvte ESI Parent Ion Product Ion Cone Voltage Cgrlllgls‘lon
y Mode (mlz) (m/z) V) 8y
(eV)
TAC + 821.57 768.55 24.00 18.00
[*3C, 2H,]-tacrolimus + 826.61 773.51 14.00 18.00
MPA + 321.27 207.15 10.00 22.00
MPA-d3 + 324.26 210.15 8.00 22.00

3. LC-MS/MS Assay Validation

The assay was fully validated according to the acceptance criteria published by the US
Food and Drug Administration (FDA) [22].

3.1. Calibration Curve

The calibration curve consisted of a blank sample (without standard and internal
standard), a zero sample (blank with internal standard), and 8 non-zero samples covering
the expected range. The TAC calibration curve range was 0.10, 0.25, 0.50, 1.00, 2.50,
5.00, 10.00, and 25.00 ng/mL, and the MPA was 0.20, 0.50, 1.00, 2.00, 5.00, 10.00, 20.00
and 50.00 ng/mL. The standards were injected sequentially from low to high concentration,
and the concentration was obtained using a weighted (1/x) linear regression of the peak
area ratio of TAC/IS, MPA/IS, and concentration. A regression curve was used to calculate
intracellular immunosuppressant levels. The curve was considered linear if the correlation
coefficient r* was greater than 0.95 and the deviation of the standard from its nominal
concentration was less than 15%. A calibration curve, double blank samples, a zero sample,
and QC samples were required for each batch of testing.

3.2. Selectivity and Specificity

Selectivity and specificity were performed using six blank samples matched to the
matrix. The chromatographic peaks of blank and zero samples were required to be undis-
turbed during the retention time of the standard and internal standard. An acceptable
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standard was that the internal standard response of the blank sample did not exceed 5% of
the average internal standard response of the standards and QCs.

3.3. Lower Limit of Quantification

The lowest level of the calibration curve was used as the lower limit of quantification
(LLOQ), and performance was assessed by performing six consecutive measurements. Ac-
ceptable criteria were an LLOQ signal-to-noise ratio of more than 10, accuracy of 80~120%,
and imprecision of less than 20%.

3.4. Precision and Accuracy

In order to confirm the precision and accuracy of the assay, low, medium, and high
QC levels (QCL, QCM, and QCH) were tested. Intra-batch precision was determined
using 6 consecutive tests of QCL, QCM, and QCH in the same batch. Inter-batch precision
was completed within 3 days, and QCL, QCM, and QCH were required to be measured
simultaneously every day. Acceptable criteria were a coefficient of variation (CV) less than
15% for precision and 85-115% for accuracy.

3.5. Matrix and Carryover Effects

Three groups of samples (groups A, B, and C) were prepared, including blank, QCL,
and QCH. Group A was prepared by adding the standard into methanol, Group B was
prepared by adding the standard into zero samples, and Group C was prepared using a
method consistent with that of non-zero samples. Matrix effects were investigated for at
least 6 native matrix samples by comparing the ratio of the response of the added standard
after matrix extraction to the response of the standard solution. The imprecision in the
respective peak areas of the standard and internal standard needed to be less than 15%;
otherwise, the method needed to be readjusted to reduce the impact of matrix effects on
the imprecision. The matrix effect (B/A, %), recovery (C/B, %) and the extraction effect
(C/A, %) should be between 80 and 120%. The evaluation method for the carryover effect
included measuring QCL 10 times first, then measuring QCH 10 times, and then measuring
QCL 10 times, and then observing whether the relative deviation between the mean of the
second batch of QCL and the mean of the first batch of QCL was less than 20%.

3.6. Stability

The stability of TAC and MPA was evaluated under different time and temperature
conditions. Prior to sample processing, QCL, QCM, and QCH were stored at room temper-
ature for 10 h to assess short-term stability and at —80 °C for 6 months to assess long-term
stability. The freeze—thaw stability was evaluated by freezing at —80 °C and thawing at
room temperature for 3 times. After sample processing, QCL, QCM, and QCH were stored
in the autosampler (8 °C) for 48 h to assess the stability of the samples after extraction. The
stability was assessed by calculating QCL, QCM, and QCH concentrations using the newly
prepared calibration curve and comparing the mean value of the measured QCs with its
nominal concentration with a relative deviation of less than 20%.

3.7. Clinical Application

Clinical samples were obtained from 47 patients who received a combination therapy
of TAC and MPA after kidney transplantation. Written informed consent was obtained for
each patient in accordance with the ethics committee’s instructions. After blood samples
were collected, PBMCs were isolated and stored at —80 °C until analysis. The cell density
of isolated PBMCs ranged from 0.1 x 10° to 1.0 x 10° cells. To avoid differences between
sample cell densities, we normalized the concentrations (ng/mL) obtained from the cali-
bration curve and then conducted statistical analysis. Our normalization method was pg
per million cells (pg-10~° cells). PBMC-C, was compared with WB-Cy, and correlation
analyses were performed. WB-Cyrac was obtained using Roche electrochemiluminescence,
and Cgppa was obtained using the EMIT method.
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3.8. Follow-Up Endpoint

Renal transplant recipients were followed up to 6 months after surgery, and the
concentrations were monitored dynamically at 5, 7, 14, and 21 days (D5, D7, D14, D21)
and 1, 2, 3, and 6 months (M1, M2, M3, and M6), respectively. A composite endpoint
was used for follow-up, defined as biopsy-confirmed rejection of kidney transplantation
and opportunistic infections (bacterial and viral infections requiring anti-infective ther-
apy) at any time during the 6 months after surgery. Biopsy-confirmed rejection occurred
8 times. Bacterial infections occurred 25 times, including urinary tract infections (56.0%),
lung infections (32.0%), bloodstream infections (4.0%), and other infections (8.0%). Virus
infections occurred 8 times, including cytomegalovirus infections (62.5%) and BK virus
infections (37.5%). Based on whether the above adverse events occurred, kidney transplant
recipients were divided into two groups: a stable group (24 cases) and an adverse outcome
group (23 cases).

3.9. Statistical Analyses

Performance verification data (mean concentration, standard deviation, CV, inaccu-
racy) were analyzed and calculated using an Excel (2010, Microsoft, Redmond, WA, USA)
spreadsheet. GraphPad Prism 8.0 was used to analyze the clinical validation data, that
is, to conduct the comparison and correlation analyses of the two groups of data. The
method established in this study had detailed experimental procedures, which were the
creation of visualization using BioRender.com (https://www.biorender.com, accessed on
15 February 2023) for better and more intuitive understanding. We obtained the publication
and licensing of figures for the online site.

4. Results
4.1. Selectivity and Specificity

In the concentration range of TAC (0.10-25.00 ng/mL) and MPA (0.20-50.00 ng/mL),
the calibration curves showed a good linear relationship with the correlation coefficient
12 = 0.9988, and r? = 0.9990, respectively. Typical chromatograms of TAC, ['3C, 2Hy]-
tacrolimus, MPA, MPA-d3, and blank extracts are shown in Figure 2. The retention times of
TAC and MPA were 3.16 =+ 0.08 and 1.80 =£ 0.08 min, respectively, and no interfering peaks
were observed (Figure 2).

A B

100 | 120 140 | 160 | 180 | 200 | 220 | 240 | 260 | 280 | 300 & 320 & 340

Figure 2. Typical ion chromatograms of PBMC extracts obtained using simultaneously spiked sam-
ples with TAC and '3C, 2Hy- tacrolimus, MPA, and MPA-d3. (A,B) are typical ion chromatograms of
TAC and 13C, 2H,- tacrolimus, respectively. (C,D) are typical ion chromatograms of MPA and
MPA-d3, respectively. Note: The response values of typical ion chromatographic peaks were:
1.06 x 10°,7.42 x 10%,9.55 x 10° and 2.01 x 10°.
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4.2. Precision, Accuracy, and LLOQ

Table 3 summarizes the precision and accuracy of LLOQ, QCL, QCM, and QCH
for TAC and MPA. The imprecision of QCL, QCM, and QCH was always less than 15%
(0.44-3.00%), the accuracy was 85-115% (84.60-110.98%), and the LLOQ was less than 20%
(2.13-7.06%).

Table 3. Intra/inter-batch precision and accuracy of TAC and MPA at LLOQ, QCL, QCM, and QCH
concentrations.

Intra-Batch Inter-Batch
Concentration
(ng/mL) Found Imprecision Accuracy Found Imprecision Accuracy
(ng/mL) CV (%) (%) (ng/mL) CV (%) (%)
0.10 0.09 2.13 90.00
TAC * 0.50 0.46 2.19 92.00 0.45 3.00 90.00
10.00 8.55 0.44 85.50 8.46 0.95 84.60
20.00 17.78 0.84 88.90 17.71 1.23 88.55
0.20 0.20 7.06 100.00
MPA * 1.00 0.96 1.63 96.00 0.94 1.84 94.00
20.00 19.09 0.53 94.45 18.96 1.35 94.80
40.00 44.39 0.78 110.98 43.60 1.05 109.00
* For TAC, the concentrations of LLOQ, QCL, QCM, and QCH were 0.10, 0.50, 10.00, and 20.00 ng/mL, respectively.
For MPA, the concentrations of LLOQ, QCL, QCM, and QCH were 0.20, 1.00, 20.00, and 40.00 ng/mL, respectively.
4.3. Matrix and Carryover Effects
The CVs of QCL and QCH for TAC and MPA were less than 15% (0.73-10.05%), and
the recovery and extraction effects were also 80-120% (80.03-111.90%), as listed in Table 4.
The carryover effect was excellent and up to standard. The matrix effect of MPA met the
requirement but was not observed in TAC.
Table 4. Matrix, recovery, and extraction effects of TAC and MPA.
Concentration Groups Found cv Accuracy Matrix Effect Recovery Extraction Effect
(ng/mL) P (ng/mL) (%) (%) (B/A, %) (C/B, %) (C/A, %)
A 0.42 0.73 84.00
0.50 B 0.55 421 110.00 130.95 85.45 111.90
TAC C 047 10.05 94.00
A 16.49 2.14 82.45
20.00 B 20.48 1.77 102.40 124.20 80.03 99.39
C 16.39 3.71 81.95
A 1.20 1.68 120.00
1.00 B 1.26 3.18 126.00 105.00 92.86 97.50
MPA C 1.17 5.44 117.00
A 38.87 8.83 97.18
40.00 B 45.37 1.44 113.43 116.72 83.93 97.97
C 38.08 3.28 95.20

4.4. Stability

The stability of TAC and MPA showed that no degradation occurred when QCs were
stored at room temperature for 10 h before sample processing or in the automatic sampler
for 48 h after sample processing, indicating excellent short-term stability performance.
The long-term stability of QCs for MPA was good because there was no obvious degrada-
tion after storage at —80 °C for 6 months. However, the long-term stability of TAC was
significantly degraded with a relative deviation of more than 20% (28.50-36.00%). TAC
degradation was also observed after the third freeze-thaw cycle, while MPA degradation
was not observed, indicating that the sample could not be frozen and thawed more than
three times during storage and analysis. The stability evaluation results are listed in Table 5.
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Table 5. Stability evaluation of TAC and MPA.

10 h before Sample 48 h after Sample

Concentration

Processing Processing Long-Term Stability Freeze-Thaw Stability

(ng/mL)

Ccv Accuracy Ccv Accuracy Ccv Accuracy Ccv Accuracy
(%) (%) (%) (%) (%) (%) (%) (%)

TAC

0.50
10.00
20.00

9.25 96.00 4.69 90.00 222 64.00 4.59 66.00
0.64 84.40 0.70 84.60 0.66 71.50 1.64 81.50
0.73 87.55 0.73 87.90 0.64 68.75 0.65 81.30

MPA

1.00
20.00
40.00

1.07 95.00 1.95 94.00 1.59 90.00 272 98.00
0.56 93.15 0.83 93.70 0.50 82.65 0.92 101.35
0.54 108.45 0.73 108.28 0.76 104.53 0.35 99.25

pee107 cells

500

400

100

- WB-Cyrac
-+ PBMC-Cyrac

DS

T T T T T T In
D7 DI4 D2I MI M2 M3 M6
Postoperative time

4.5. Clinical Application

This method was used for a total of 47 clinical samples from kidney transplantation
patients under combined TAC and MPA treatment for verification. The TAC and MPA
concentrations in all patients were within the calibration curve range. These patients had
PBMC-Cyrac ranging from 0.12 to 16.40 ng/mL (or 16.05 to 819.90 pg-10~° cells, normal-
ized) and PBMC-Cgppa ranging from 0.51 to 1.01 ng/mL (or 25.40 to 64.21 pg-10~° cells,
normalized). The corresponding WB-Cptac and Coppa ranged from 3.70 to 13.40 ng/mL
and 1.65 to 6.21 ug/mL, respectively.

4.6. Follow-Up Outcome

WB-Cyrac decreased, slightly increased (D5-M1), and finally stabilized (M2-M6)
(Figure 3A). PBMC-Cyrac first decreased (D5-D14) and then fluctuated around that level
(D21-M6) (Figure 3A). After comparing the follow-up time points after renal transplant be-
tween stable and adverse outcome groups, no statistical difference was found in WB-Cyrac
or PBMC-Cyrac, but creatinine (CREA) in the adverse outcome group was significantly
higher than that in the stable group in D5-M1 and M6 (Figure 3B-D). The variation dif-
ference in WB-IPV and PBMC-IPV of TAC was about 2 times, and the mean value and
interquartile interval were 34.61% (21.90, 49.85%) and 77.47% (55.06, 97.76%), respectively
(Figure 4A, B). No correlation was found between PBMC-Coppa and Coppa from post-
operative to M6 (Figure 4C). Preliminary data at the 6-month follow-up showed weak
(Figure 5A-E, H) or no correlations (Figure 5F, G) between PBMC-Cyrac and WB-Cyrac.

B
Stable group Stable group D Stable group
Adverse outcome group 400+ Adverse outcome group 400 Adverse outcome group

6 cells)

= 3001

w

1=}

=
1

[wi/Su
ac (pge10

o 2004

1004 1009

WB-Corac (ng/mL)
CREA (pmol/L)

PBMC-Cy;

DIS DI7 DI14 Dlll Ni] |V;2 ]VI‘3 ]Viﬁ ) DIS E:'f Dll4 D!_’] Nlll N;E N;S Nllé DIS DI7 DII4 D'I_’l Nlll ]\/;2 N;} N;()
Postoperative time Postoperative time Postoperative time
Figure 3. (A) The dynamic changes in WB-Cyrac and PBMC-Cyrac from D5 to M6 after renal
transplant. (B-D) A comparison of WB-Cyrac, PBMC-Cyrac, and CREA between the stable group

and adverse outcome group, respectively. Note: These symbols indicated statistical differences. * was
p <0.05, ** was p < 0.01, *** was p < 0.001.
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Figure 4. (A) WB-IPV frequency distribution histogram of TAC. (B) PBMC-IPV frequency
distribution histogram of TAC. The mean value and interquartile interval were used to
describe the results of (A,B). (C) Correlation analysis between PBMC-Cgypp and Cgypa from post-
operative to Mé.
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Figure 5. Correlation analysis between PBMC-Cytac and WB-Cyrac in 47 renal transplant patients.
The follow-up time was D5, D7, D14, D21, M1, M2, M3, and M6, respectively. (A) is significantly
correlated at D5 (R? = 0.23, p =0.0017). (B) is significantly correlated at D7 (R% = 0.54, p < 0.0001).
(C) is significantly correlated at D14 (R? = 0.30, p = 0.0005). (D) is significantly correlated at D21
(R? =0.13, p = 0.0224). (E) is significantly correlated at M1 (R% =0.38, p < 0.0001). (F) is irrelevant
at M2 (R? = 0.06, p = 0.1131). (G) is irrelevant at M3 (R? = 0.001, p = 0.8437). (H) is significantly
correlated at M6 (R? = 0.36, p = 0.0003).

5. Discussion

TAC combined with MPA is effective in preventing acute rejection, but its clinical
application is complicated by a narrow therapeutic index and significant intra- and inter-
patient variability in PK. Therefore, TDM is the most important means for the application
of immunosuppressants. Due to the clinical use of WB or plasma concentrations for TDM,
renal transplant recipients may still experience rejection and toxicity when monitoring
concentrations are maintained within the normal range, which may compromise graft
survival [6,23,24]. For example, 85.3% of the TAC in the blood component penetrated into
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erythrocytes, 14.3% was highly bound to plasma proteins, and 0.46% reached the lympho-
cytes to exert pharmacological effects, which makes the real exposed TAC concentrations in
WB matrix unreliable [9]. Therefore, it is particularly important to develop a method that
can simultaneously quantify TAC and MPA in target cells. PBMCs are readily available
matrices representing lymphocyte- and monocyte-rich cell populations that have been
used in intracellular immunosuppressant concentration assays [12,14-16]. Thus, this study
established and validated the simultaneous quantification of TAC and MPA concentrations
in PBMCs using magnetic bead extraction combined with LC-MS/MS and investigated its
value in kidney transplant patients.

Capron, A. et al. first developed a method for quantifying TAC in PBMCs using
LC-MS/MS, but the PBMCs isolation and TAC extraction procedures were too laborious
and time-consuming to be suitable for routine clinical use [18]. Although other LC-MS/MS
methods have been developed in recent years to quantify the content of immunosup-
pressants in PBMC, these methods still have application limitations and rarely quantify
multiple immunosuppressants simultaneously. One method that attracted attention was
the use of magnetic beads to adsorb and precipitate proteins and remove impurities using
ultracentrifugation to separate TAC, but its disadvantage was that only the concentration
of TAC in PBMC was quantified [25]. On the other hand, there were some advantages
that were also worth noting. For example, the isolation of PBMC was performed at room
temperature without affecting the concentration of TAC, and purification of PBMC was
performed by lysing and washing erythrocytes to avoid contamination by TAC bound to
erythrocytes. The sample preparation time with MagnaBeads was reduced to less than
10 min. In addition, the chromatographic mass spectrometry operation required a lower
injection volume and a very short total running time, and the uniqueness of this method
was the use of an isotopic internal standard with the same physical and chemical proper-
ties as the internal standard to quantify TAC in PBMC. On the basis of this method, our
laboratory established and verified the MagnaBeads combined with LC-MS/MS method
for the simultaneous quantitative determination of TAC and MPA concentrations in PBMC.

The performance of the method was evaluated according to FDA guidance [22], and
satisfactory results were obtained in terms of specificity, sensitivity, precision, accuracy, and
matrix effects. Sensitivity (0.10 ng/mL for TAC and 0.20 ng/mL for MPA, respectively) was
high enough to allow reliable quantification of all real samples. Intra-batch and inter-batch
imprecision and inaccuracy were less than 15%. It is worth noting that the freeze-thaw
stability indicated that the sample could be frozen and thawed no more than three times.
The long-term stability of TAC was also degraded, suggesting that PBMC samples could
not be frozen at —80 °C for more than 6 months after separation. LC-MS/MS will be a
powerful tool for the quantification of intracellular immunosuppressive drugs.

TAC and MPA are effective drugs for the long-term treatment of renal allograft rejec-
tion, and clinicians need reliable drug monitoring tools to correlate efficacy and toxicity
with drug exposure. Since immunosuppressive drug effects are mediated through inhi-
bition of the lymphocyte proliferation pathway, direct drug quantification in the target
region is expected to provide information about drug efficacy more consistent with clinical
outcomes [26,27]. Our rapid and sensitive method was applied to PBMC samples from
47 kidney transplantation patients. Our results showed that IPV reflected large PK differ-
ences, and the value of PBMC-IPV was higher and should receive more attention in the
process of individual precision medicine. Although there was no difference in PBMC-Cytac
between stable and adverse outcome groups, the dynamic change process showed that
the fluctuation in PBMC-Cyrac was significantly higher than in WB-Cyrac, which was
because the level of WB-Cyrac was paid more attention in clinical practice. For TAC, weak
correlations were observed between intracellular and conventional blood concentrations,
suggesting that quantitative monitoring of intracellular immunosuppressive concentrations
was necessary. The results were also found in other experiments [11,12,14,27].

A 12-month prospective PK study showed that the PK exposure parameters of TAC
and MPA were time-dependently associated with specific drug-induced toxicity or acute
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rejection [28]. PK studies in the first year after renal transplantation showed that the
distribution dynamics of intracellular TAC were altered [29]. The mechanism or clinical
significance of the kinetic change remains unknown and requires further investigation.
ABCBI, present in the monocyte membrane, is an efflux transporter, and TAC is a substrate
of ABCBI1. Individual differences in ABCB1 activity may lead to differences in TAC
distribution and may affect drug efficacy [30,31].

The PK of MPA is characterized by high inter- and intra-individual variability, and its
exposure is significantly influenced by renal function, albumin levels, hemoglobin, and dose
of CsA [32]. MPA is a selective inhibitor of inosine monophosphate dehydrogenase (IM-
PDH), an enzyme involved in the intracellular synthesis pathway of T and B lymphocytes.
During kidney transplantation, PBMC-Cgppa did not correlate with IMPDH activity, which
may be determined using inter-patient variability [33]. Longitudinal measurements of
IMPDH and purine levels in PBMC in the first year after kidney transplantation suggested
that the molecular PD response of MPA was more inhibited on activated lymphocytes
than on resting lymphocytes, with potential applicability in patients at risk of MPA over-
exposure [34]. Based on the rationale that monitoring target enzyme activity may reflect
the efficacy of immunosuppression, PD monitoring of IMPDH has been suggested as a
complementary approach to individualized MPA therapy.

6. Conclusions

The proposed method was fast, accurate, and precise, and can be used for conven-
tional TDM of intracellular TAC and MPA in the future, providing clinicians with more
reliable exposure information of TAC and MPA in target cells. We designed a prospective
follow-up study to more comprehensively and accurately evaluate the correlation between
concentrations in PBMCs and WBs, which can make up for the small number of clinically
validated patients in this study. However, the relationship between PBMC-Cyrac and ad-
verse outcomes of renal transplant needs further study, and the PK and PD of intracellular
immunosuppressive agents still need more investigation.

Author Contributions: Conceptualization, Y.B. and Y.L. (Yi Li); methodology, H.X., Y.L.
(Yingying Liu), X.D. and X.W.; software, H.X., Y.L. (Yingying Liu), Y.Z. and X.D.; validation, H.X.,
Y.L. (Yingying Liu), Y.Z. and X.W.; formal analysis, H.X., Y.L. (Yingying Liu) and H.C.; investigation,
X.G. and ].Y,; resources, Y.L. (Yao Luo) and Y.L. (Yi Li); data curation, Z.W. and ].F.; writing—original
draft preparation, H.X. and Y.L. (Yingying Liu); writing—review and editing, Y.L. (Yao Luo) and Y.L.
(Yi Li); visualization, H.X. and H.C.; supervision, Y.L. (Yao Luo) and Y.L. (Yi Li); project administra-
tion, L.Y. and Y.L. (Yi Li). All authors have read and agreed to the published version of the manuscript.
All authors are listed in accordance with the guidelines of the International Committee of Medical
Journal Editors (ICMJE), and the specific contributions of each author are presented.

Funding: This research was funded by the National Natural Science Foundation of China
(No. 82102466, 82102466, 81871713 and 82003262), the National Organ Transplantation Special
Support Project (No. 2019]YJHO08), the Key Research and Development Project of Technology De-
partment of Sichuan Province (No. 2023YFS0108, 2021YFS0160 and 2020YFS0228), and the 1-3-5
Incubation Project of West China Hospital of Sichuan University (No. 19HXFH023).

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Research Committee of West China Hospital, Sichuan
University, China (The project identification code was 2017-397, and approved on 29 December 2017).

Informed Consent Statement: Informed consent was obtained from all subjects involved in this study.

Data Availability Statement: The data are presented in this article. For more information, please
contact corresponding the author, Y.L. (Yi Li).

Acknowledgments: The authors would like to thank Deputy Director technician Y.G.Z. for his
technical guidance on the operation and use of the LC-MS/MS platform, the staff at the Clinical
Immunization Department of Experimental Medicine, and the mass spectrometry platform provided.

Conflicts of Interest: The authors declare no conflict of interest.



Pharmaceutics 2023, 15, 2318 13 of 14

References

1.
2.

SRR

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Cheung, C.Y,; Tang, S.C.W. Personalized immunosuppression after kidney transplantation. Nephrology 2022, 27, 475-483. [CrossRef]
Allison, A.C.; Eugui, E.M. Mechanisms of action of mycophenolate mofetil in preventing acute and chronic allograft rejection.
Transplantation 2005, 80, S181-5190. [CrossRef]

Allison, A.C. Mechanisms of action of mycophenolate mofetil. Lupus 2005, 14 (Suppl. S1), s2—s8. [CrossRef]

Dumont, FJ. FK506, an immunosuppressant targeting calcineurin function. Curr. Med. Chem. 2000, 7, 731-748. [CrossRef]

Li, H.; Rao, A.; Hogan, PG. Interaction of calcineurin with substrates and targeting proteins. Trends Cell Biol. 2011, 21, 91-103. [CrossRef]
Merce Brunet, P. Therapeutic Drug Monitoring of Tacrolimus-Personalized Therapy: Second Consensus Report. Ther. Drug Monit.
2019, 41, 261-307. [CrossRef]

Bouamar, R.; Shuker, N.; Hesselink, D.A.; Weimar, W.; Ekberg, H.; Kaplan, B.; Bernasconi, C.; van Gelder, T. Tacrolimus
predose concentrations do not predict the risk of acute rejection after renal transplantation: A pooled analysis from three
randomized-controlled clinical trials. Am. J. Transplant. 2013, 13, 1253-1261. [CrossRef]

Daher Abdi, Z.; Prémaud, A.; Essig, M.; Alain, S.; Munteanu, E.; Garnier, F.; Le Meur, Y.; Marquet, P.; Rousseau, A. Exposure
to mycophenolic acid better predicts immunosuppressive efficacy than exposure to calcineurin inhibitors in renal transplant
patients. Clin. Pharmacol. Ther. 2014, 96, 508-515. [CrossRef]

Zahir, H.; Nand, R.A.; Brown, K.F,; Tattam, B.N.; McLachlan, A.J. Validation of methods to study the distribution and protein
binding of tacrolimus in human blood. J. Pharmacol. Toxicol. Methods 2001, 46, 27-35. [CrossRef]

Capron, A,; Lerut, J.; Verbaandert, C.; Mathys, J.; Ciccarelli, O.; Vanbinst, R.; Roggen, F.; De Reyck, C.; Lemaire, J.; Wallemacq, P.E.
Validation of a liquid chromatography-mass spectrometric assay for tacrolimus in liver biopsies after hepatic transplantation:
Correlation with histopathologic staging of rejection. Ther. Drug Monit. 2007, 29, 340-348. [CrossRef]

Capron, A,; Lerut, J.; Latinne, D.; Rahier, ].; Haufroid, V.; Wallemacq, P. Correlation of tacrolimus levels in peripheral blood
mononuclear cells with histological staging of rejection after liver transplantation: Preliminary results of a prospective study.
Transpl. Int. 2012, 25, 41-47. [CrossRef] [PubMed]

Md Dom, Z.I; Coller, ].K.; Carroll, R.P; Tuke, ].; McWhinney, B.C.; Somogyi, A.A.; Sallustio, B.C. Mycophenolic acid concentrations
in peripheral blood mononuclear cells are associated with the incidence of rejection in renal transplant recipients. Br. J. Clin.
Pharmacol. 2018, 84, 2433-2442. [CrossRef] [PubMed]

Riglet, E; Bertrand, J.; Barrail-Tran, A.; Verstuyft, C.; Michelon, H.; Benech, H.; Durrbach, A ; Furlan, V.; Barau, C. Population
Pharmacokinetic Model of Plasma and Cellular Mycophenolic Acid in Kidney Transplant Patients from the CIMTRE Study. Drugs
R D 2020, 20, 331-342. [CrossRef]

Francke, ML.I; Hesselink, D.A; Li, Y.; Koch, B.C.P; de Wit, L.E.A_; van Schaik, RH.N.; Yang, L.; Baan, C.C.; van Gelder, T.; de
Winter, B.C.M. Monitoring the tacrolimus concentration in peripheral blood mononuclear cells of kidney transplant recipients. Br.
J. Clin. Pharmacol. 2020, 87,1918-1929. [CrossRef] [PubMed]

Fontova, P,; Rigo-Bonnin, R.; Vidal-Alabro, A.; Cerezo, G.; Bestard, O.; Cruzado, ].M.; Torras, J.; Grinyo, ].M.; Lloberas, N.
Measurement of calcineurin activity in peripheral blood mononuclear cells by ultra-high performance liquid chromatography-
tandem mass spectrometry. Renal transplant recipients application (pharmacodynamic monitoring). Clin. Chim. Acta 2019, 495,
287-293. [CrossRef]

Ansermot, N.; Fathi, M.; Veuthey, J.L.; Desmeules, J.; Hochstrasser, D.; Rudaz, S. Quantification of cyclosporine A in periph-
eral blood mononuclear cells by liquid chromatography-electrospray mass spectrometry using a column-switching approach.
J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2007, 857, 92-99. [CrossRef]

Metz, D.K,; Holford, N.; Kausman, J.Y.; Walker, A.; Cranswick, N.; Staatz, C.E.; Barraclough, K.A,; Ierino, F. Optimizing
Mycophenolic Acid Exposure in Kidney Transplant Recipients: Time for Target Concentration Intervention. Transplantation 2019,
103, 2012-2030. [CrossRef]

Capron, A.; Musuamba, F; Latinne, D.; Mourad, M.; Lerut, J.; Haufroid, V.; Wallemacq, PE. Validation of a Liquid
Chromatography-Mass Spectrometric Assay for Tacrolimus in Peripheral Blood Mononuclear Cells. Ther. Drug Monit. 2009, 31,
178-186. [CrossRef]

Bénech, H.; Hascoét, S.; Furlan, V.; Pruvost, A.; Durrbach, A. Development and validation of an LC/MS/MS assay for mycophenolic
acid in human peripheral blood mononuclear cells. J. Chromatogr. B Analyt Technol. Biomed. Life Sci. 2007, 853, 168-174. [CrossRef]
Taibon, J.; van Rooij, M.; Schmid, R.; Singh, N.; Albrecht, E.; Anne Wright, J.; Geletneky, C.; Schuster, C.; Moérlein, S.; Vogeser, M.;
et al. An isotope dilution LC-MS/MS based candidate reference method for the quantification of cyclosporine A, tacrolimus,
sirolimus and everolimus in human whole blood. Clin. Biochem. 2020, 82, 73-84. [CrossRef] [PubMed]

Fang, X.; Chen, C; Liu, B.; Ma, Z.; Hu, E; Li, H.; Gu, H.; Xu, H. A magnetic bead-mediated selective adsorption strategy for
extracellular vesicle separation and purification. Acta Biomater. 2021, 124, 336-347. [CrossRef]

Bioanalytical Method Validation Guidance for Industry. Available online: https://www.fda.gov/regulatory-information/search-
fda-guidance-documents/bioanalytical-method-validation-guidance-industry (accessed on 10 September 2022).

Sellarés, J.; de Freitas, D.G.; Mengel, M.; Reeve, J.; Einecke, G.; Sis, B.; Hidalgo, L.G.; Famulski, K.; Matas, A.; Halloran, PF.
Understanding the causes of kidney transplant failure: The dominant role of antibody-mediated rejection and nonadherence.
Am. ]. Transplant. 2012, 12, 388-399. [CrossRef] [PubMed]

Salcedo-Herrera, S.; Pinto Ramirez, J.L.; Garcia-Lopez, A.; Amaya-Nieto, J.; Giron-Luque, F. Acute Rejection in Kidney Transplan-
tation and Early Beginning of Tacrolimus. Transplant. Proc. 2019, 51, 1758-1762. [CrossRef] [PubMed]


https://doi.org/10.1111/nep.14035
https://doi.org/10.1097/01.tp.0000186390.10150.66
https://doi.org/10.1191/0961203305LU2109OA
https://doi.org/10.2174/0929867003374723
https://doi.org/10.1016/j.tcb.2010.09.011
https://doi.org/10.1097/FTD.0000000000000640
https://doi.org/10.1111/ajt.12191
https://doi.org/10.1038/clpt.2014.140
https://doi.org/10.1016/S1056-8719(02)00158-2
https://doi.org/10.1097/FTD.0b013e31805c73f1
https://doi.org/10.1111/j.1432-2277.2011.01365.x
https://www.ncbi.nlm.nih.gov/pubmed/21981711
https://doi.org/10.1111/bcp.13704
https://www.ncbi.nlm.nih.gov/pubmed/29974488
https://doi.org/10.1007/s40268-020-00319-y
https://doi.org/10.1111/bcp.14585
https://www.ncbi.nlm.nih.gov/pubmed/33025649
https://doi.org/10.1016/j.cca.2019.04.079
https://doi.org/10.1016/j.jchromb.2007.07.001
https://doi.org/10.1097/tp.0000000000002762
https://doi.org/10.1097/FTD.0b013e3181905aaa
https://doi.org/10.1016/j.jchromb.2007.03.008
https://doi.org/10.1016/j.clinbiochem.2019.11.006
https://www.ncbi.nlm.nih.gov/pubmed/31770523
https://doi.org/10.1016/j.actbio.2021.02.004
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/bioanalytical-method-validation-guidance-industry
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/bioanalytical-method-validation-guidance-industry
https://doi.org/10.1111/j.1600-6143.2011.03840.x
https://www.ncbi.nlm.nih.gov/pubmed/22081892
https://doi.org/10.1016/j.transproceed.2019.04.048
https://www.ncbi.nlm.nih.gov/pubmed/31399163

Pharmaceutics 2023, 15, 2318 14 of 14

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Bahmany, S.; de Wit, L.E.A.; Hesselink, D.A.; van Gelder, T.; Shuker, N.M.; Baan, C.; van der Nagel, B.C.H.; Koch, B.C.P;
de Winter, B.C.M. Highly sensitive and rapid determination of tacrolimus in peripheral blood mononuclear cells by liquid
chromatography-tandem mass spectrometry. Biomed. Chromatogr. 2019, 33, e4416. [CrossRef] [PubMed]

Capron, A.; Haufroid, V.; Wallemacq, P. Intra-cellular immunosuppressive drugs monitoring: A step forward towards better
therapeutic efficacy after organ transplantation? Pharmacol. Res. 2016, 111, 610-618. [CrossRef] [PubMed]

Han, S.S.; Yang, S.H.; Kim, M.C.; Cho, ].Y;; Min, S.I; Lee, ].P,; Kim, D.K.; Ha, J.; Kim, Y.S. Monitoring the Intracellular Tacrolimus
Concentration in Kidney Transplant Recipients with Stable Graft Function. PLoS ONE 2016, 11, e0153491. [CrossRef]

Kuypers, D.R.; Claes, K.; Evenepoel, P.; Maes, B.; Vanrenterghem, Y. Clinical efficacy and toxicity profile of tacrolimus and
mycophenolic acid in relation to combined long-term pharmacokinetics in de novo renal allograft recipients. Clin. Pharmacol.
Ther. 2004, 75, 434-447. [CrossRef] [PubMed]

Klaasen, R.A.; Bergan, S.; Bremer, S.; Daleq, L.; Andersen, A.M.; Midtvedt, K.; Skauby, M.H.; Vethe, N.T. Longitudinal Study of
Tacrolimus in Lymphocytes During the First Year After Kidney Transplantation. Ther. Drug Monit. 2018, 40, 558-566. [CrossRef]
Capron, A.; Mourad, M.; De Meyer, M.; De Pauw, L.; Eddour, D.C.; Latinne, D.; Elens, L.; Haufroid, V.; Wallemacq, P. CYP3A5 and
ABCBI1 polymorphisms influence tacrolimus concentrations in peripheral blood mononuclear cells after renal transplantation.
Pharmacogenomics 2010, 11, 703-714. [CrossRef]

Vafadari, R.; Bouamar, R.; Hesselink, D.A.; Kraaijeveld, R.; van Schaik, R.H.; Weimar, W.; Baan, C.C.; van Gelder, T. Genetic
polymorphisms in ABCB1 influence the pharmacodynamics of tacrolimus. Ther. Drug Monit. 2013, 35, 459-465. [CrossRef]

van Hest, RM.; Mathot, R.A.; Pescovitz, M.D.; Gordon, R.; Mamelok, R.D.; van Gelder, T. Explaining variability in mycophenolic
acid exposure to optimize mycophenolate mofetil dosing: A population pharmacokinetic meta-analysis of mycophenolic acid in
renal transplant recipients. J. Am. Soc. Nephrol. 2006, 17, 871-880. [CrossRef] [PubMed]

Thi, M.T.; Mourad, M.; Capron, A.; Tshinanu, EM.; Vincent, M.F,; Wallemacq, P. Plasma and intracellular pharmacokinetic-
pharmacodynamic analysis of mycophenolic acid in de novo kidney transplant patients. Clin. Biochem. 2015, 48, 401-405.
[CrossRef] [PubMed]

Klaasen, R.A.; Bergan, S.; Bremer, S.; Hole, K.; Nordahl, C.B.; Andersen, A.M.; Midtvedt, K.; Skauby, M.H.; Vethe, N.T.
Pharmacodynamic assessment of mycophenolic acid in resting and activated target cell population during the first year after
renal transplantation. Br. J. Clin. Pharmacol. 2020, 86, 1100-1112. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/bmc.4416
https://www.ncbi.nlm.nih.gov/pubmed/30362145
https://doi.org/10.1016/j.phrs.2016.07.027
https://www.ncbi.nlm.nih.gov/pubmed/27468645
https://doi.org/10.1371/journal.pone.0153491
https://doi.org/10.1016/j.clpt.2003.12.009
https://www.ncbi.nlm.nih.gov/pubmed/15116056
https://doi.org/10.1097/ftd.0000000000000539
https://doi.org/10.2217/pgs.10.43
https://doi.org/10.1097/FTD.0b013e31828c1581
https://doi.org/10.1681/ASN.2005101070
https://www.ncbi.nlm.nih.gov/pubmed/16452491
https://doi.org/10.1016/j.clinbiochem.2014.12.005
https://www.ncbi.nlm.nih.gov/pubmed/25523299
https://doi.org/10.1111/bcp.14218
https://www.ncbi.nlm.nih.gov/pubmed/31925806

	Introduction 
	Materials and Methods 
	Chemicals, Reagents, and PBMCs from Healthy Volunteers 
	Isolation of PBMCs 
	Extraction of TAC and MPA from PBMCs in Clinical Samples 
	Preparation of Standards and QC Samples 
	LC-MS/MS System 

	LC-MS/MS Assay Validation 
	Calibration Curve 
	Selectivity and Specificity 
	Lower Limit of Quantification 
	Precision and Accuracy 
	Matrix and Carryover Effects 
	Stability 
	Clinical Application 
	Follow-Up Endpoint 
	Statistical Analyses 

	Results 
	Selectivity and Specificity 
	Precision, Accuracy, and LLOQ 
	Matrix and Carryover Effects 
	Stability 
	Clinical Application 
	Follow-Up Outcome 

	Discussion 
	Conclusions 
	References

