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Abstract

Kidney allograft survival remains poorer in Black compared to White recipi-
ents due to racial differences in calcineurin inhibitor (CNI) pharmacology. P-
glycoprotein (P-gp), an ABC efflux transporter expressed in peripheral blood
mononuclear cells (PBMCs), modulates CNI pharmacokinetics and intracellu-
lar pharmacology. This study investigated P-gp function in PBMC ex vivo at
0 (trough), 4, 8, and 12h in stable Black and White male and female kidney
transplant recipients (n = 67) receiving tacrolimus and mycophenolic acid.
Tacrolimus doses were adjusted to troughs of 4-10 ng/ml. P-gp function was
quantified with flow cytometric measurement of cyclosporine (CYA; 2.5 pM)-
reversible efflux of P-gp substrate, 3,3’-Diethyloxacarbocyanine iodide by deter-
mining the percentage change of mean fluorescent intensity (MFI) with CYA
(% AMFI). The composite parameter of area under the concentration versus
time (AUC)y_ 1o, % AMFI estimated P-gp function. Data analysis examined
race, sex, and race-sex associations to P-gp function. A secondary aim analyzed
ABCBI genotypes: 1236C>T (rs1128503), 2677G>T/A (rs2032582), 3435C>T
(rs1045642), and P-gp function. P-gp function (% AMFI) was higher in White pa-
tients at troughs (p = 0.031) compared to Black counterparts with similar trends
at 4 and 8 h. Reduced AUC,,_,,;, % AMFI was noted in Black recipients (N = 32)
compared with Whites (N = 35, p = 0.029) with notable pairwise adjusted differ-
ences between Black and White women (p = 0.021). Higher AUC,_;,;, % AMFI
was associated with ABCB1 2677 TT compared to GG variants (p = 0.035). The
AUC,_;,, % AMFI was greater in White than Black subjects. P-gp function was
higher at troughs in White subjects and differed between race-sex groups. P-gp
function in PBMC may influence intracellular tacrolimus exposure and inter-
relating pharmacodynamic responses which may support race and sex pharma-
cologic differences.
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WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Long-term kidney allograft survival remains poorer in Black recipients compared
with White recipients and may be attributed to racial differences in calcineurin
inhibitor pharmacology. P-glycoprotein (P-gp) mediate adenosine triphosphate-
dependent removal of intracellular immunosuppressive drugs, such as tacroli-
mus. P-gp is expressed in the gastrointestinal tract, kidneys, liver, and peripheral
blood mononuclear cells (PBMCs). It is unknown if P-gp function in PBMCs is
different between Black and White male and female kidney transplant recipients
(KTRs) and over the dosing interval of immunosuppression.

How does ex vivo P-gp function in PBMCs over a 12-h dosing interval during tacroli-
mus immunosuppression compare between Black and White male and female KTRs?
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

This study suggests that race-sex differences are present in P-gp function in
PBMC between Black and White KTRs. Differences in the transporter function at
specific times during the tacrolimus dosing interval were found.

HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY AND

These findings provide insight into future approaches to characterize intracellu-
lar, pharmacodynamic responses to individualize tacrolimus therapy in the trans-
plant population using this noninvasive marker. This may potentially enhance
and broaden therapeutic monitoring of immunosuppression beyond measure-

RECIPIENTS
Study Highlights
WHAT QUESTION DID THIS STUDY ADDRESS?
TRANSLATIONAL SCIENCE?
ment of trough concentrations.
INTRODUCTION

Black kidney transplant recipients (KTRs) have poorer long-
term allograft survival than White counterparts reflecting
immunosuppressive pharmacokinetic and pharmacody-
namic variability, genomic variants, suboptimal medication
prescribing, nonadherence, increased immunoreactivity,
and donor to recipient immunologic mismatches."* Racial
influences on tacrolimus, cyclosporine, and mycophenolic
acid pharmacology have been reported.”® Black KTRs re-
quire higher daily immunosuppressive doses to achieve
comparable therapeutic concentrations to Whites KTRs.>’
Tacrolimus, a calcineurin inhibitor, exhibits interpatient
variability in pharmacokinetics and pharmacodynamics
modulated by cytochrome P-450 3A5 (CYP3AS5) isoenzymes
and P-glycoprotein (P-gp) efflux transport.”” Investigations
that elucidate P-gp transport within peripheral blood mon-
onuclear cells (PBMCs) and examination of race and sex
associations in KTRs are lacking and may assist in a non-
invasive approach to evaluate maintenance immunosup-
pression in high-risk Black recipients.'*!!

Because over 40% of kidney allografts are received by
women in the United States, sex differences in CYP3A4/5iso-
enzymes and P-gp function also requires investigation.l’m"14
P-gp in the liver and intestines is a source for interpatient
variability in calcineurin inhibitor pharmacokinetics.””

Studies comparing male and female hepatic P-gp expres-
sion have yielded mixed results, showing lower expression
in female patients compared to male patients,” whereas
more recent investigations observed no difference between
sexes.> 7 In contrast, intracellular P-gp function in PBMCs
has been associated with more favorable clinical outcomes
in women with B-cell chronic lymphocytic leukemia or HIV-
infected individuals receiving treatment.'®'® These findings
suggest that investigating ex vivo P-gp function in PBMCs
may provide a noninvasive pharmacodynamic marker to
characterize intracellular tacrolimus immunosuppression,
which impacts the clinical responses during maintenance
therapy. PBMCs may fluctuate over a dosing interval and
may impact overall P-gp function.'® > However, few studies
in Black and White male and female transplant recipients
have examined intracellular mechanisms for drug and im-
mune mediator transport during maintenance tacrolimus
immunosuppression. P-gp function in PBMCs may provide
additional understanding of factors that contribute to tacro-
limus pharmacodynamics in different populations.®'

P-gp mediates adenosine triphosphate-dependent re-
moval of intracellular drugs and is expressed in the small
intestine, liver, renal proximal tubule, blood brain barrier,
and PBMCs.*® P-gp in PBMCs and lymphocyte subpopu-
lations modulate intracellular concentrations of xenobiotics
and cytokines (i.e., interleukin-2 [IL-2], IL-4, interferon-y)
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and contribute to immunomodulation.”> ABCBI gene en-
codes P-gp with single nucleotide polymorphisms (SNPs)
that include ABCBI: 1236C>T (rs1128503), 2677G>T/A
(rs2032582), and 3435C>T (rs1045642) and increase or de-
crease P-gp function and expression.”**' These SNPs have
also been viewed as surrogate markers for P-gp function or
expression, with conflicting outcomes reported for their in-
fluence on calcineurin inhibitor (CNI) pharmacol<inetics.7"9
ABCBI gene expression in PBMCs has been examined after
liver and kidney transplantation and was associated with
acute rejection or altered CNT pharmacokinetics.”™

P-gp function ex vivo in PBMCs may serve as a potential
noninvasive clinical marker of mononuclear cell responsive-
ness to tacrolimus immunosuppression in stable KTRs. To
date, no studies have reported P-gp function in PBMCs over
a tacrolimus dosing interval in stable Black and White male
and female KTRs. This approach may provide insight into
comparative pharmacodynamic and intracellular responses
between these populations during maintenance immuno-
suppression. The primary aim of this analysis was to investi-
gate ex vivo P-gp function in PBMCs at time 0 (trough) and
4, 8, and 12 h over a steady-state tacrolimus dosing period
and compare P-gp function between Black and White male
and female KTRs. A secondary objective was to examine the
association of P-gp function ex vivo and ABCB1 SNPs.

METHODS
Study population

Sixty-seven stable male and female Black and White
KTRs receiving tacrolimus (Prograf; Astellas Pharma US,
Chicago, IL) and mycophenolic acid as enteric-coated
mycophenolate sodium (ECMPS; Myfortic; Novartis,
Hanover, NJ) for >6 months participated in a 12-h clinical
pharmacology study. Immunosuppressive pharmacoki-
netics from this study have been previously reported.*”
Participant clinical status was determined by physical ex-
amination, comprehensive metabolic panel, and complete
blood count. Prior to the study, tacrolimus dosage had
been adjusted to attain trough range of 4-10 ng/ml.

ECMPS was dose-adjusted based upon clinical re-
sponse. Medication adherence was verified. Estimated
glomerular filtration rate (e-GFR) was calculated using
the Modification of Diet in Renal Disease equation? with
adjustments for race and sex.

Study procedure

This was a cross-sectional, single center, open-label clinical
pharmacology study in stable male and female Black and

White KTRs conducted at the University at Buffalo (UB)
Renal Research Center at the Erie County Medical Center.
UB Health Sciences Institutional Review Board approved
the study (IRB #PHP0599703-4), which was conducted in
accordance with the ethical standards for human subjects
and the 1964 Helsinki Declaration. Upon enrollment, pa-
tients provided written consent. Inclusion criteria were: (1)
>6 months post-kidney transplant; (2) age 25-70years; (3)
first or second deceased-donor or living allograft recipient;
(4) receipt of the tacrolimus and mycophenolic acid (MPA)
immunosuppression for >3 months and the same doses for
>7days; (5) baseline eGFR >30 ml/min/1.73 m? with no
change >20% from baseline during prior two clinic visits
with clinical stability confirmation by nephrologist; and
(6) leukocyte count >3000/mm® and hemoglobin >8.0 g/
dl. Exclusion criteria were: (1) infection or acute rejection
within 2weeks; (2) drugs interfering with immunosuppres-
sive absorption; (3) strong cytochrome P450 3A4/3A5 or
P-gp inhibitors or inducers within 4weeks; and (5) signifi-
cant and unstable medical or psychiatric diseases.

At 6:00a.m., patients were admitted, vital signs docu-
mented, and an intravenous angiocatheter was inserted.

A 0-h sample (~15 ml) was collected prior to immu-
nosuppressive dosing for drug concentrations and clinical
chemistry profiles. Blood samples (12 ml) were collected
at predose (0 h) and 4, 8, and 12 h after administration of
immunosuppressives.

Analysis of P-gp function in PBMCs

Specimens were cryopreserved upon receipt at the flow
cytometry laboratory and thawed according to standard
procedures. P-gp function was analyzed as described previ-
ously with minor modifications.”® A standardized concen-
tration of 1 x 10° ficoll-enriched PBMCs per 1 ml was used
for each timed specimen to normalize analysis and were
incubated with 3 ng/ml of the fluorescent P-gp substrate
3,3-diethyloxacarbocyanine iodide (DiOC2(3)) in RPMI
1640 medium supplemented with 10% fetal bovine serum
for 30 min at 37°C in the presence or absence of 2.5 pm
cyclosporin A (CYA), an established inhibitor of P-gp func-
tion. Following the incubation, cells were washed with cold
phosphate buffered saline and kept on ice until analysis.
The flow cytometry data were analyzed using the WinList
software program (Verity). P-gp function was quantified
by determining the relative increase of cellular DiIOC2(3)
uptake in the presence of CYA compared to the uptake
in the absence of CYA, expressed as percentage increase
mean fluorescent intensity (MFI) with CYA = (mean fluo-
rescence intensity with CYA - mean fluorescence inten-
sity without CYA)/(mean fluorescence intensity without
CYA).” Parameters were reported as percentage delta MFI
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FIGURE 1 (a)P-gp function (% AMFI]| in PBMC by time and
race-sex groups during steady-state tacrolimus dosing interval in
stable kidney transplant recipients (KTRs; N = 67). Greater P-gp
function in PBMCS was found in White female and male recipients
compared to Black recipients at time 0 (trough, p = 0.031) with
similar trends noted at time four (p = 0.075; Pairwise p = 0.044
in White female subjects vs. Black female subjects) and 8 h
(p = 0.065; Pairwise p = 0.076 in White female subjects vs. Black
female subjects). For additional comparisons, see Table 1. (b)
P-gp function in PBMC ex vivo represented as AUC,,_,,;, stratified
by race-sex groups of stable KTRs. White female and male KTRs
exhibit greater P-gp function in PBMCs represented as AUC,,_,;, %
AMFI compared to Black patients (p = 0.029). The White subjects
demonstrate intersubject variability in P-gp function with the
AUC,_1,;, % AMFI as a composite parameter (see Table 1). (c) P-gp
function in PBMCs stratified by ABCBI 2677 SNP and race: P-gp
function in PBMCs over the 12-h dosing interval during steady-
state tacrolimus are represented as AUC,,_;,;, % AMFI and stratified
by ABCBI 2677 genotypes which exhibits significant associations.
The White transplant recipients (open circles) exhibit greater P-gp
function in PBMCs with associations to ABCBI 2677 TT and GT
variants than Black KTRs (closed circles; p = 0.035). The majority
of the Black participants exhibit the wild-type (GG). Inter-subject
variability in AUC,,_,;, % AMFT are present with White recipients
exhibiting TT (pairwise; p = 0.027) or GT SNPs (pairwise; p = 0.055;
see Table S2). BF, Black female; BM, Black male; MFI, mean
fluorescent intensity; PBMC, peripheral blood mononuclear cell;
WF, White female; WM, White male

The P-gp function in PBMC was also determined as
AUC,_1,;, % AMFI as a composite parameter over 12-h
calculated using the trapezoid method. P-gp function
was determined ex vivo on a standardized concentra-
tion of 1 x10° cells in 1 ml of specimen and represents
a summary of P-gp function over a dosing interval
normalizing the measurement. If a % AMFI value for
a timepoint was missing, that value was replaced with
the respective race-sex average for calculation of the
AUC_5, % AMFI. In order to assess the effect of pos-
sible confounding variables on each P-gP parameter,
linear mixed models were considered with the P-gP
parameter as a function of race, gender, and each demo-
graphic or clinical covariate in a one-at-a-time manner.
P-gp function was modeled relative to genotypes using
GLMs, with Tukey adjusted pairwise comparisons.
Analyses were performed in SAS version 9.4 (Cary, NC)
at a significance level of 0.05.

RESULTS
Patients

Sixty-seven recipients (13 Black women, 22 Black men, 16
White women, and 16 White men) completed the study
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with no differences in age, body mass index, diabetes, or
time post-transplant with enrollment scheme previously
published.* Demographics and clinical characteristics are
summarized in Table S1. Hematology and liver function
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tests were within normal range with no group differences.
The e-GFR in Black recipients was more rapid than in
White recipients (p = 0.055). MPA doses were not differ-
ent among groups. Tacrolimus doses were ~40% higher in
Black recipients (p <0.001).

P-gp function

P-gp function (% AMFI) in PBMC is summarized in
Table 1. Figure 1 depicts the P-gp function (% AMFI)
in PBMC at 0, 4, 8, and 12 h and is higher for White re-
cipients compared to Black recipients. A race-sex differ-
ence was noted at 0 h (p = 0.031). Figure 1b depicts P-gp
AUC_j5;, %AMFI, as a composite parameter, which is
higher in White recipients (p = 0.029) with intersubject
variability noted. Table S3 summarizes R to describe the
variability due to race, sex, race-sex, and genotypic groups
relative to P-gp function in PBMCs. Combined race-sex ac-
counted for R* of 12% of variability for AUC,,_,, % AMFI
and <10% for all timed measurements. In summary, race,
sex, and the race-sex groups accounted for a small amount
of variability.

ABCBI genotypes

Table S2 and Figure S1 summarizes ABCBI genotype
distribution for 1236C>T (rs1128503), 2677G>T/A
(rs2032582), and 3435C>T (rs1045642) by race-sex
groups. For two alleles, ABCBI 2677 and 3435, there
were differences in allele frequencies between race de-
termined by the goodness-of-fit test (G test). Figure 1c
depicts P-gp function in PBMCs stratified by ABCBI
2677 SNPs. The transplant recipients exhibited greater
P-gp function in PBMC with associations to ABCBI 2677
TT when compared to the GG variants (p = 0.035). More
than 70% of the Black participants exhibited the wild-
type (GG) and the group exhibiting the TT variant were
White participants.

DISCUSSION

This investigation is the first report of P-gp function in
PBMC measured at tacrolimus trough (0 h), post peak
(4 h), and during elimination (8 and 12 h) over a steady-
state dosing interval in stable Black and White KTRs. P-gp
function was different at timepoints over the 12-h dosing
interval noted at 0 h and the composite AUC,,_;,, % AMFL
Differences in race-sex groups were also observed with
higher P-gp function in PBMCs in White KTRs than Black
KTRs.

ASCPT

Comparison of timepoints within the same
dosing interval and race-sex differences in
P-gp function in PBMCs

We investigated P-gp function in stable Black KTRs, who
are at high-risk for long-term allograft rejection compared
to White KTRs. Black recipients often exhibit greater im-
munoreactivity pre- and post-transplant.” This may impact
pharmacodynamic responses to long-term immunosup-
pression. We observed a race-sex difference at 0-h with
changes in P-gp function with trends noted at the 4-h and
8-h timepoints. These findings suggest mechanisms that
regulate the efflux transporter and intracellular immuno-
suppression may not be constant over a 12-h dosing inter-
val. Studies in healthy individuals and participants with
rheumatologic disease or lung transplant evaluated P-gp
function using only a single timepoint which limits the
ability to detect pharmacodynamic differences over time
from these data.'®**?” Although past investigations have
reported mixed outcomes while studying P-gp expression
and sex, %1819 our study observed that White male and
female KTRs exhibited greater P-gp function in PBMCs
at time 0 h and with the composite parameter, AUC,_;,,
% AMFI, compared to Black men and women.'?>?* The
pair-wise comparison for each significant P-gp parameter
was noted between White and Black women which rein-
forces the combined race-sex association. Note that White
women exhibited P-gp function that was approximately
two-fold greater than Black women, as summarized in
Table 1.

We also report race and sex differences with reduced
AUC,_;,, % AMFTI representing composite P-gp function
over dosing interval in Black subjects compared to White
subjects. This finding may have clinical implications for
calcineurin inhibitor individualization or minimization
between Black and White subjects because it reflects a
quantitative composite measure of efflux transporter
function in PBMCs over the 12-h dosing interval. P-gp
also modulates IL-2, II-4, or interferon-y transport with
implications for modulating immunoreactivity between
the recipient and transplant organ.'*>*! Further investi-
gations are needed to examine race and sex differences in
P-gp function in PBMCs and lymphocyte subpopulations
in stable transplant recipients and healthy participants
as well as the application of this research blood tests as a
routine liquid biopsy to guide drug therapy adjustments
post-transplant.'>?>

Recently, liquid biopsies have been utilized to quantify
proteins, such as P-gp, and efforts have been made to cor-
relate such expression to activity (e.g., function) with pa-
tient response. Liquid biopsies have successfully detected
variability in P-gp expression, and expression has been
moderately and strongly correlated to P-gp activity.*"***
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Although promising for general pharmacokinetic out-
comes, measuring P-gp activity in target cells, such as
PBMCs, may provide a noninvasive surrogate marker for
a pharmacodynamic response within lymphocytes during
maintenance immunosuppressive therapy. This approach
may add to our understanding of observed pharmacoki-
netic differences of tacrolimus between patient groups
based upon race and sex.

P-glycoprotein function and association to
ABCBI1 genotype

The influence of common ABCBI SNPs, including
1236C>T (rs1128503), 2677G>T/A (rs2032582), and
3435C>T (rs1045642) have focused on tacrolimus phar-
macokinetics or renal pharmacodynamics that includes
acute rejection and nephrotoxicity.”® Interestingly, these
ABCBI SNPs are inherited as a haplotype*"* that exhibit
distinct racial frequencies. We found significant genotype
frequencies between race for two SNPs (ABCBI 2677 and
3435) but not for ABCBI 1236 despite linkage. The ABCBI
2677G>T SNP is part of the 1236T-2677T-3435T (TTT)
haplotype that is associated with significant reductions in
P-gp function compared to the wild type.* Figure 1c de-
picts the association of the single SNP, ABCBI 2677G>T,
to P-gp function represented as AUC,_;,, % AMFIL. ABCBI
2677 is the only SNP that results in a change in the amino
acid sequence resulting in a serine to threonine substitu-
tion.?* This missense mutation may contribute to the
observed reduced P-gp activity associated with ABCBI
haplotypes.”**"* This utility of ABCBI variant to assess
P-gp function in PBMCs as a pharmacodynamic marker
requires additional research. The greater P-gp function
in PBMCs associated with White KTRs manifesting the
ABCBI TT variant provides intriguing preliminary find-
ings that require extension of our study to a larger Black
and White population that includes covariate analysis of
age and sex.

A limitation to consider is that the original study in
which the samples were collected was powered using
tacrolimus clearance and association to race-sex groups
in order to determine the sample size.* This investigation
of P-gp function ex vivo in PBMCs was a secondary ob-
jective to the main pharmacokinetic tacrolimus study to
compare transporter responses between Black and White
male and female KTRs at 4-h periods during a 12-h tacro-
limus dosing interval. Although the cohort was smaller,
rigorous inclusion and exclusion criteria were used to
confirm participant clinical stability, and batched analysis
was conducted with internal controls to minimize techni-
cal variability. A follow-up investigation is ongoing with
a similar study design in a larger KTR population that

utilized this preliminary data to generate a power calcu-
lation and sample size estimate for a larger group of Black
and White male and female KTRs. Parametric statistics
were conducted and accounted for varying P-gp at each
timepoint and among race, sex, and race-sex groups to
generate valid differences in P-gp function.

CONCLUSION

This study reports P-gp function ex vivo at selected times
over a steady-state tacrolimus dosing interval in stable
Black and White KTRs. Despite therapeutic tacrolimus
troughs, clinically stable Black KTRs had lower P-gp func-
tion in PBMC (i.e., AUC,_;,, % AMFI) compared to White
recipients. Varying P-gp function was also noted between
race and sex groups. This report utilized a novel study
design to characterize the P-gp function in PBMCs over a
dosing interval and observed notable race-sex differences
during tacrolimus immunosuppression. These findings
may assist future investigations to characterize intracel-
lular pharmacologic differences between race and sex
post-transplant.
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