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High Tacrolimus Intrapatient Variability and
Subtherapeutic Immunosuppression are Associated With

Adverse Kidney Transplant Outcomes
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Background: Kidney transplant recipients with high intrapatient
variability (IPV) in tacrolimus (Tac) exposure experience more
rejection and reduced graft survival. To understand the underlying
pathophysiology of this association, the authors investigated whether
patients with high tacrolimus IPV have a more activated immune
system than patients with low IPV. In addition, exposure to
tacrolimus and mycophenolic acid (MPA) was studied in relation
to rejection and graft survival.

Methods: At the time of patient inclusion (5–7 years post-
transplantation), the frequency of donor-reactive cells was deter-
mined by enzyme-linked immunosorbent assay, and the develop-
ment of donor-specific anti-Human Leukocyte Antigen antibodies
(DSA) was measured by Luminex Single Antigen assay.
Tacrolimus IPV was retrospectively calculated between 6 and 12
months and the exposure to tacrolimus and MPA was determined
between 1 and 5 years post-transplantation.

Results: A total of 371 kidney transplant recipients were included
in this study, of whom 56 developed a rejection episode after 12
months and 60 experienced graft failure after 5–7 years. No corre-
lations were found between tacrolimus IPV or immunosuppression
exposure and the number of donor-reactive cells after 5 years of
transplantation. DSA were detected more often in patients with
low exposure to both tacrolimus and MMF [4/21 (19%) versus 17/
350 (4.9%), P = 0.04]. In this cohort, neither tacrolimus IPV nor low
overall immunosuppression exposure was associated with a higher
incidence of rejection. However, regression analysis showed that a
higher tacrolimus IPV was associated with an increased incidence of
graft failure (odds ratio = 1.03, P = 0.02).

Conclusions: This study verifies the relationship between high
tacrolimus IPV and impaired kidney allograft survival in long-term
follow-up. DSA was also found to be more prevalent in patients with
subtherapeutic concentrations of tacrolimus and MPA. An increased
prevalence of donor-specific alloreactivity is yet to be demonstrated
in patients with high IPV.
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INTRODUCTION
Following the publication of Borra et al 2010,1 several

groups have confirmed the relationship between high intra-
patient variability (IPV) in tacrolimus concentrations and
impaired clinical outcomes after solid organ transplantation.
In both pediatric and adult patients, a higher variability in
tacrolimus exposure has been associated with more acute
rejection, doubling of serum creatinine, development of
donor-specific anti-Human Leukocyte Antigen (HLA) anti-
bodies (DSA), chronic histological lesions, reduced graft sur-
vival, or a combination of several of these outcome
parameters.2–6 After solid organ transplantation, therapeutic
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drug monitoring of tacrolimus is routinely performed, and
calculating the coefficient of variation or alternative methods
to quantify IPV of tacrolimus predose concentrations do not
require complicated software.7 In a recent study, Kuypers
2020 recommended aiming for an IPV with tacrolimus con-
centrations below 20%.8

Although the association is strong, it is unclear how a
higher tacrolimus IPV leads to poorer outcomes. The most
likely explanation is that fluctuations in tacrolimus concentra-
tions lead to prolonged periods of under-immunosuppression,
during which immune activation occurs.9 Accordingly, patients
may develop cellular or antibody-mediated rejection (ABMR)
episodes, causing loss of renal function and graft loss. Another
explanation may be that graft deterioration is the result of
intermittent periods of over-exposure to tacrolimus, causing
calcineurin inhibitor-mediated nephrotoxicity.10 If the latter
mechanism is the most important contributor to graft loss,
immune activation would not be a frequently observed phe-
nomenon in patients with higher IPV.

In this study, to investigate the pathophysiology of this
association, the authors investigated whether patients with high
tacrolimus IPV have signs of immune activation, such as higher
numbers of donor-reactive memory interferon-gamma (IFN-g)
and interleukin (IL)-21 producing cells, or the development of
DSA.11 IFN-g and IL-21 are pro-inflammatory cytokines that
play an active role in the process of transplant rejection.12,13

IFN-g has been indicated to promote leukocyte migration to
the allograft, enhance natural killer (NK) cell activity, and reg-
ulate immunoglobulin production and class switching in
B cells.14 IL-21 plays a central role in the formation of germinal
centers, and stimulates the differentiation of B cells into memory
B cells and antibody-producing plasmablasts.15 Furthermore, IL-
21 stimulates the expansion of CD8+ T cells and enhances the
cytotoxicity of CD8+ T and NK cells.16,17 The enzyme-linked
immunosorbent spot (ELISPOT) assay is a validated immune-
monitoring tool in kidney transplantation, and its outcomes are
associated with cellular and humoral rejection processes. The
ELISPOT assay is a sensitive quantification assay that enables
the detection of low-frequency cell numbers (as low as 10 cells/1
· 105 cells) or low-frequency donor-reactive memory T cells, in
the case of transplantation.18,19 Because patients typically lose
their grafts several years post-transplantation, a population with
long-term follow-up (5–7 years after transplantation) was
included in this study. In addition to tacrolimus IPV, the absolute
exposure to tacrolimus and mycophenolic acid (MPA) was
investigated as well.

MATERIALS AND METHODS

Patients
Blood from renal transplant recipients transplanted

between 2010 and 2014 was sampled cross-sectionally during
their routine yearly outpatient clinic visits between April 2017
and November 2019. The patients were between 5.0 and 7.7
years (median 5.9) post-transplant at the time of inclusion,
and were required to have a functioning graft at that time. All
patients had to be treated with a tacrolimus/MMF-based

immunosuppressive regimen. Kidney function was assessed
by an estimated glomerular filtration rate (eGFR, mL/min per
1.73 m2) as calculated by the CKD-EPI equation (see Table
1, Supplemental Digital Content 1, http://links.lww.com/
TDM/A541).20 After collecting the blood samples, patients
were followed up until March 2020 to determine which of
them experienced graft loss (Fig. 1). All patients provided a
written informed consent, and the study was approved by the
Medical Ethics Committee of the Erasmus MC Rotterdam,
the Netherlands (biobank protocol MEC-2010-022, MEC-
2016-718). All transplantations were performed in accordance
with the Declaration of Istanbul, and all the experiments were
performed in accordance with the relevant guidelines and
regulations of our institution and the ethical standards of
the Declaration of Helsinki. The maintenance postoperative
immunosuppressive regimen after transplantation comprised
tacrolimus (Prograf or Advagraf; Astellas Pharma, Tokyo,
Japan; aiming for predose concentrations of 5–8 ng/mL after
6 months) and mycophenolate mofetil (MMF; Cellcept;
Roche, Basel, Switzerland; starting dose of 1 g twice daily,
aiming for predose concentrations of 1.5–3.0 mg/L).

IPV and Overall Immunosuppression
For the calculation of tacrolimus IPV, at least 3 predose

tacrolimus concentrations for an individual patient had to be
available. For this goal, solely data on tacrolimus concentra-
tions measured during outpatient clinic visits in the period of
6–12 months post-transplantation were collected. Tacrolimus
measurements obtained during hospitalization were not consid-
ered because transplant recipients would often use interacting
drugs, such as antibiotics and pulse glucocorticoids, during this
period. The IPV in tacrolimus exposure was calculated as
described by Shuker et al 2016,21 with the sole difference being
that tacrolimus concentrations were not corrected for the daily
tacrolimus dose. MPA IPV was calculated in a manner similar
to that of tacrolimus IPV. The overall immunosuppressive load
during long-term follow-up was calculated using the average
tacrolimus and MPA concentrations. Solely data on tacrolimus
and MPA concentrations measured during follow-up outpatient
clinic visits (for each patient, one measurement per year) in the
period of 1—5 years post-transplantation were collected. The
25th percentile of tacrolimus and MPA concentrations was
adopted as a cut-off to define the occurrence of low immuno-
suppression.22,23 This resulted in 4 groups based on overall
immunosuppression concentrations: (1) Moderate-to-high ta-
crolimus, moderate-to-high MPA concentrations; (2)
Moderate-to-high tacrolimus, low MPA concentrations; (3)
Low MPA, moderate-to-high tacrolimus concentrations; and
(4) Low tacrolimus and MPA concentrations.

Immune Activation Markers
Serum samples taken 5–7 years after transplantation

were screened for the presence of anti-HLA antibodies using
the Lifecodes Lifescreen Deluxe (LMX) kit (Immucor
Transplant Diagnostics Inc. software, Stamford, CT).24

Furthermore, anti-HLA class I (HLA-A, HLA-B, and/or
HLA-C) or anti-HLA class II (HLA-DR and/or HLA-DQ)
antibodies were analyzed with a Luminex Single Antigen assay
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using LABscreen HLA class I and II antigen beads (One
Lambda, Canoga Park, GA).24 The data were analyzed using
the MATCHIT! antibody software version 1.3.1 (Immucor),
respectively. The results were expressed as raw or
background-corrected mean fluorescence intensity (MFI). A
bead-specific cut-off based on raw MFI/lowest ranked antigen
(LRA) (MFI/LRA), in combination with raw MFI .750 was
used to assign positive beads. The presence of DSA was deter-
mined by comparing the measured HLA specificities with
donor HLA typing. As described in a previous study,25 poly-
vinylidene fluoride (PVDF) plates (Millipore, Darmstadt,
Germany) were coated with antihuman IFN-g or IL-21 mAb
(U-CyTech Biosciences, Utrecht, Netherlands). Patient’s
PBMCs were incubated for 5–7 years after transplantation
(IFN-g assay: 20 hours incubation after resting all samples
overnight, and IL-21: 44 hours incubation) with irradiated
(40 Gy) PBMCs or spleen cells derived from the donor or
irradiated third-party cells, which were completely HLA-
mismatched with donor and recipient, in a culture medium
[RPMI-1640 with GlutaMAX (Life Technologies/Gibco) +
10% heat-inactivated FBS (Biowest, Haarlem, The
Netherlands) + penicillin + streptomycin (100 IU/mL penicil-
lin, 100 IU/mL streptomycin; Lonza)]. The numbers of cells
per sample seeded in each well were 1 · 105 cells/well and 3 ·
105 cells/well for the IFN-g and IL-21 assays, respectively.
Cells were incubated in the ELISPOT plate at 378C, 5%
CO2, and 95% humidity to allow spot formation. Thereafter,
the wells were washed with PBS, and biotinylated antihuman
IFN- g or IL-21 detection antibody (U-CyTech Biosciences)
was added. After washing, the wells were incubated with
streptavidin–HRP conjugate (U-CyTech Biosciences) followed
by AEC substrate (U-CyTech Biosciences) until distinct spots
were formed; color development was stopped by washing with
water, and spots were counted automatically using a Bioreader
6000 ELISPOT-reader (Bio-Sys GmbH, Karben, Germany).

Statistical Analysis
Statistical analyses were performed using SPSS (version

21.0; SPSS, Chicago, IL) and figures were illustrated using

GraphPad Prism version 6.01 (GraphPad, La Jolla, CA).
Univariate regressions were performed to determine whether
tacrolimus IPV and MPA IPV were associated with the
presence of DSA, incidence of rejection after a year, and
incidence of graft failure. Pearson correlations were performed
to determine the strength between the tacrolimus IPV and MPA
IPV, including the frequency of IFN-g and IL-21 donor-
reactive cells. Furthermore, Pearson x2 test was used to analyze
whether overall immunosuppression after a year was associated
with differences in the frequency of DSA and graft failure rates.
The Kruskal–Wallis test was performed to determine whether
patients in the distinct overall immunosuppression groups had
different frequencies of IFN-g and IL-21 donor-reactive cells.
Finally, multivariable binary logistic regression was performed
to assess the odds ratio (OR) and 95% confidence interval (CI)
for developing graft failure. Regression analysis was performed
using a stepwise backward selection method. Statistical signif-
icance was set at a 2-sided P-value of #0.05.

RESULTS

Patients
Table 1 presents the characteristics of the 371 transplant

recipients included in this study. The median age at the time of
transplantation was 55 years, and more than half of the patients
were men (57.1%) and received their first kidney transplant
(83.6%) from a living donor (75.7%). A total of 127 patients
experienced at least one rejection event after transplantation. A
total of 56 patients developed a rejection episode after 12
months, and 60 patients experienced long-term graft failure
after blood sampling [mean time to graft failure and range in
years: 7.5 (5.2–10.4)]. The reasons for graft failure were as
follows: 41 patients died with a functioning graft, 17 grafts
were lost to an active rejection (n = 4 chronic-active ABMR,
n = 4 chronic/recurrent cellular rejections, n = 6 late acute
rejections, and n = 3 mixed ABMR and acute cellular rejec-
tions). One graft was lost to infection and another was lost
because of the recurrence of primary kidney disease (diabetic
nephropathy). The death of the patients was because of malig-

FIGURE 1. Schematic drawing of the transplant period, patient inclusion, and blood sampling up to the patient follow-up in
March 2020.
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nancies (n = 13), cardiovascular disease/complications (n =
10), and infections (n = 7). The exact cause of death was
unclear in 11 patients who died at home or in another hospital.

IPV and Overall Immunosuppression
The median IPV of tacrolimus concentrations measured

between 6 and 12 months was 19.4% (range: 1.0%—60.0%),
of which 55/371 (14.8%) patients had a tacrolimus IPV
$30% (Fig. 2). In addition, the median IPV of MPA mea-
sured between 6 and 12 months was 26.7% (range: 5.0%—
62.0%, see Fig. 1, Supplemental Digital Content 2, http://
links.lww.com/TDM/A542). The average tacrolimus and
MPA concentrations between 1 and 5 years was 6.0 ng/mL
and 1.75 mg/L, respectively. Thresholds (25th percentile) of
5.3 ng/mL and 1.24 mg/L were adopted for tacrolimus and
MPA, respectively, to determine which patients had a low
immunosuppressive load. The patients were divided into 4
groups as follows: 210 patients in group 1: moderate-to-
high tacrolimus–moderate-to-high MPA concentrations, 72
patients in group 2: moderate-to-high tacrolimus–low MPA
concentrations, 68 patients in group 3: low MPA–moderate-
to-high tacrolimus concentrations, and 21 patients in group 4:
low tacrolimus–low MPA concentrations.

Associations Between IPV and/or Overall
Immunosuppression and Immune Activation
Markers

Anti-HLA antibodies were measured within 5–7 years
after transplantation. A total of 63 (17%) patients had anti-
HLA antibodies at the time of inclusion, of which 21 (5.7%)
patients had detectable DSA. Univariate regression analysis
indicated that tacrolimus IPV was not associated with the
presence of anti-HLA or DSA (P = 0.7 and P = 0.4, respec-
tively; Figs. 3A, B). Donor-reactive IFN-g and IL-21 pro-
ducing cells were measured in 74 patients, within 5—7

years post-transplantation. No correlations were found
between tacrolimus IPV and the frequency of donor-
reactive IFN-g and IL-21 after transplantation (Figs. 3C,
D). Similarly, no correlations were found between tacrolimus
IPV and third-party reactive IFN-g and IL-21 within 5–7
years post-transplantation. There was also no association
between MPA IPV, the presence of anti-HLA or DSA and
frequency of donor-reactive IFN-g and IL-21 cells. There was
no difference in the prevalence of anti-HLA in the 4 groups of
patients with overall immunosuppression (P = 0.3). However,
DSA was more prevalent in patients with low tacrolimus and
MPA average concentrations than in patients in the other 3
groups of overall immunosuppression load [4/21 (19%) ver-
sus 17/350 (4.9%), P = 0.04]. No differences in donor-
reactive (or third-party reactive) cells were found between
the groups (donor-reactive IFN-, P = 0.77; donor-reactive
IL-21, P = 0.27; Fig. 4).

Risk Factors for the Development of Rejection
Beyond 12 Months

Regression analysis revealed that tacrolimus IPV
between months 6 and 12 post-transplantation was not
associated with the incidence of rejection after a year (OR
= 1.01, 95% CI 0.98–1.04; P = 0.4). The IPV of MPA was
also analyzed in relation to the incidence of rejection after a
year. No significant associations were found between MPA
IPV and the incidence of rejection (OR = 0.99, 95% CI 0.97–
1.03; P = 0.8). In addition, the incidence of rejection beyond
12 months post-transplantation was not different among the 4
overall immunosuppression groups (P = 0.84).

The total number of HLA mismatches was not corre-
lated with a higher incidence of rejection a year post-
transplantation (OR = 1.008, 95% CI 0.85–1.20; P = 0.9).
However, higher current pretransplant and historic PRA
scores were associated with graft rejection after a year (OR
= 1.02, 95% CI 1.008–1.04; P = 0.003 and OR = 1.02, 95%
CI 1.009–1.03; P , 0.0001, respectively).

FIGURE 2. Distribution of tacrolimus intrapatient variability.

TABLE 1. Patient Characteristics

Kidney transplant recipients 371

Age,* yrs, median (range) 55 (18–80)

Male gender, N (%) 212 (57.1)

Donor

Living donor, N (%) 281 (75.7)

Age,* yrs, median (range) 54.2 (21–82)

Delayed graft function, N (%) 47 (12.7)

HLA mismatch, N (%)

0–2 112 (30.2)

3–4 161 (43.4)

5–6 98 (26.4)

Previous KTX, N (%)

Second/third 49 (13.2)/12 (3.2)

PRA %, mean (range)

Current 15.0 (0–83)

Historical 11.3 (0–100)

*Age at transplantation.
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Risk Factors for the Development of Graft
Failure

A high tacrolimus IPV was associated with an increased
incidence of graft failure (OR = 1.03, 95% CI 1.006–1.06; P
= 0.02). Patients with graft failure had an average tacrolimus
IPV of 23.5% (range 1–57), compared with a tacrolimus IPV
of 20.0% (range 7–60) in patients who did not experience
graft failure. Furthermore, a high tacrolimus IPV was associ-
ated with an increased incidence of death-censored graft fail-
ure (OR = 1.05, 95% CI 1.003–1.09; P = 0.04). No significant
associations were found between MPA IPV and the incidence
of graft or death-censored graft failure. The incidence of graft
failure was not different between the 4 overall immunosup-
pression groups (P = 0.3), and there was no difference in the
incidence of death-censored graft failure (P = 0.3).

In addition to the associations between maintenance
immunosuppression and graft failure, the authors examined
other variables that may also have an influence on death-
censored graft failure. The degree of HLA mismatches was
not correlated with death-censored graft loss (OR = 0.90, 95%
CI 0.68–1.19; P = 0.4). Higher current and historic PRAs

were associated with death-censored graft failure (OR =
1.02, 95% CI 1.0–1.04; P = 0.05 and OR = 1.02, 95% CI
1.007–1.03; P = 0.003, respectively). The percentage of
death-censored graft failure in the group of patients with
DSA (1/18, 5.6%) was the same as that in patients without
DSA (18/312, 5.8%). In addition, neither donor-reactive IFN-
g or IL-21 producing cells were associated with death-
censored graft failure (OR = 0.99, 95% CI 0.96–1.03; P =
0.7; OR = 1.01, 95% CI 0.98–1.04; P = 0.5, respectively).

To account for the different variables that contribute to
death-censored graft failure, a multivariate regression was
performed, which included current PRA, historic PRA, and
tacrolimus IPV. A higher historic PRA and tacrolimus IPV were
indicated to be independent risk factors for the incidence of
death-censored graft failure (OR = 1.02, 95% CI 1.006–1.03; P =
0.005 and OR = 1.04, 95% CI 1.00–1.09; P = 0.05, respectively).

Associations Between IPV and/or Overall
Immunosuppression and Kidney Function

When kidney function at 5 years was assessed in
relation to tacrolimus IPV, no correlations were found

FIGURE 3. Association between tacrolimus IPV and immune markers at 5—7 years post-transplantation. A, anti-HLA antibodies,
(B) donor-specific anti-HLA antibodies, (C) donor-reactive IFN-g producing cells and (D) donor-reactive IL-21 producing cells.
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between tacrolimus IPV and eGFR, serum creatinine, and
urine protein/creatinine (see Fig. 2, Supplemental Digital
Content 3, http://links.lww.com/TDM/A543). In addition,
kidney function at 5 years was assessed (see Fig. 3,
Supplemental Digital Content 4, http://links.lww.com/
TDM/A544), and no significant differences in kidney func-
tion were found in the 4 overall immunosuppression groups.

DISCUSSION
The aim of this study was to investigate whether patients

with high tacrolimus IPV in their first year post-transplant had
signs of immune activation in the form of higher numbers of
donor-reactive IFN-g and IL-21 producing cells, or the develop-
ment of DSA after 5–7 years of follow-up. No studies have
explored the underlying biological mechanisms of high tacroli-
mus IPV and poor transplant outcomes. The authors hypothe-
sized that patients with a high tacrolimus IPV (calculated based
on therapeutic drug monitoring results obtained between 6- and
12-months post-transplantation) experience prolonged periods of
under-immunosuppression, which leads to an expansion in
donor-reactive cells. A meta-analysis of donor-specific
ELISPOT demonstrated that recipients with rejection had signif-
icantly higher frequencies of pretransplant donor-reactive cyto-
kines (IFN-g or IL-21)-producing cells.19 No correlation was
found between tacrolimus IPV and the number of donor-
reactive IFN-g and IL-21 producing cells after 5–7 years of
transplantation. One possible explanation for this finding is that
patient samples were acquired and measured long after transplan-
tation, and it may have been too late to detect the markers of
immune activation. Another explanation is that memory T cells
are present at much higher frequencies in other human tissues
(including lymphoid tissues) than in blood.26 Therefore, measur-
ing donor-reactive IFN-g and IL-21 producing cells in blood may
lead to an underestimation of actual donor-reactive cell frequen-

cies, or subtle differences between patient subpopulations. The
presence of DSA at this time point was not associated with high
tacrolimus IPV. This finding contrasts other studies where a high-
er frequency of DSA and/or de novo DSA was found in patients
with high tacrolimus IPV.27–30 One notable difference between
these studies and ours is that most of the other studies had shorter
follow-up periods and possibly included patients who lost their
grafts within the first 5 years. All patients in this study had a
functioning graft 5–7 years post-transplantation. This study
design may have led to the selection of a relatively low-risk
patient population that experienced no major adverse events such
as graft failure or loss within the first 5—7 years post-
transplantation. In addition, the authors assessed whether tacroli-
mus IPV was associated with the incidence of rejection and graft
failure after a year. Although no association was found between
tacrolimus IPV and the incidence of rejection, a high tacrolimus
IPV was associated with an increased incidence of graft failure.

There are 2 general mechanisms believed to cause
damage to the allograft in patients with a high tacrolimus IPV,
which include immune-mediated damages to the allograft
because of under-immunosuppression caused by tacrolimus
underexposure and/or non–immune-mediated damage such as
tacrolimus nephrotoxicity caused by tacrolimus over-
exposure. Graft failure in this patient cohort was mainly
caused by non–immune-mediated processes, such as malig-
nancies and infections. Thus, the relationship between the
high tacrolimus IPV and graft failure described in this man-
uscript is more likely to be the result of tacrolimus over-
exposure rather than tacrolimus underexposure. In addition to
tacrolimus IPV, absolute exposure to tacrolimus and MPA
between 1 and 5 years post-transplantation was investigated.
The authors identified no differences in the number of donor-
reactive IFN-g and IL-21 producing cells in patients with
high and/or low tacrolimus and MPA exposure. Patients with
an overall lower exposure to both tacrolimus and MPA had an

FIGURE 4. Donor-reactive IFN-g and IL-21 producing cells at 5–7 years post-transplantation and overall immunosuppression from
years 1—5 post-transplantation.
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approximate 4-fold higher frequency of DSA 5 years post-
transplantation. Reduced exposure to tacrolimus has been pre-
viously associated with the formation of de novo DSA31,32

even in a population with a low-immunological risk popula-
tion.33 Although relatively few studies have revealed a rela-
tionship between low MPA and DSA development,34 several
studies have suggested a protective effect of MPA in prevent-
ing DSA formation.35,36 Therefore, it is not surprising that
patients who present with overall lower exposure to both
tacrolimus and MPA have more DSA at 5–7 years post-
transplantation. However, this risk was mitigated in patients
who had adequate exposure to tacrolimus or MPA.
Furthermore, the group of patients with low exposure to both
tacrolimus and MPA did not have a higher incidence of rejec-
tion or graft failure. This suggests that in patients with a
tacrolimus/MPA-based immunosuppression regimen and a
stable graft function up to 5 years post-transplantation, the
overall immunosuppression load after the first year of trans-
plantation had negligible detrimental effects on the outcomes
of the kidney allograft. It may be interesting to conduct a
study with a longer follow-up period to determine whether
the presence of DSA in combination with a low overall
immunosuppression load can lead to adverse outcomes that
develop over a longer period of time.

To the best of our knowledge, this is the first study to
explore the possible underlying mechanism for the increased
incidence of graft rejection and failure in patients with a high
tacrolimus IPV. The lack of data on this subject makes it
challenging to compare our current findings with those of
others. However, to mitigate the adverse effects in patients
with a high tacrolimus IPV, a better understanding of the
changes to the immune system in response to this variability
in tacrolimus exposure is required. One of the limitations of
this study is the lack of consecutive data on immune markers.
It may be better to measure donor-reactive cells and DSA
yearly to research on the early rise of immune reactivity. In
addition, the inclusion of patients should preferably occur
early after transplantation to include patients who experience
graft failure before 5 years post-transplantation. Furthermore,
medication nonadherence is recognized as one of the most
important contributors to the development of a high-
tacrolimus IPV. In this study, the authors acquired data on
tacrolimus and MPA concentrations; however, there are very
limited data available about medication adherence in this
patient cohort. The calculated MPA area under the
concentration–time curve (AUC) was indicated to be associ-
ated with acute rejection.37 Frequent measurement of the
MPA AUC is the recommended method for monitoring
MPA.38,39 However, in our dataset, solely MPA predose
concentrations were available. For a comprehensive under-
standing of the impact of overall immunosuppression, future
studies are required to examine the combined effect of MPA-
AUC with tacrolimus IPV on kidney allograft outcomes.

In conclusion, this study confirmed the relationship
between high tacrolimus IPV and an increased risk of graft
failure. The authors also determined that patients with sub-
therapeutic concentrations of tacrolimus and MPA had a higher
incidence of DSA at 5–7 years post-transplantation. In

conclusion, the authors could not demonstrate an increased
prevalence of donor-specific alloreactivity in patients with a
high IPV. Despite the lack of an underlying biological mech-
anism for the adverse outcomes in patients with a high tacro-
limus IPV, there was still a positive association between a high
tacrolimus IPV and graft failure 5—7 years post-
transplantation. Monitoring tacrolimus IPV could be a valuable
tool in assessing the risk of late graft failure, even in patients
with stable graft function up to 5 years post-transplantation.
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