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Abstract

Tacrolimus (TAC) is the mainstay of current immunosuppressive therapy following
kidney transplantation. However, TAC pharmacokinetics (PK) are highly variable and
excessive high and low whole blood trough TAC concentrations (TAC Cop) have been
associated with toxicity and acute rejection, respectively. Therefore, therapeutic drug
monitoring (TDM), targeting TAC Co between 5-15 ng/mL or a slightly varied range,
has been adopted in most transplant centres to maximise immunosuppression and
minimise toxicity. Nonetheless, a TAC Co-rejection relationship has not been
adequately shown under TDM. In addition, TAC pharmacogenetic (PGx) and innate
immunogenetic studies reported conflicting findings (except for CYP3A45*3) regarding
their impact on dose-adjusted TAC Co (TAC Co/D), acute rejection and kidney function.
Therefore, this thesis hypothesised that: 1) TAC dispositional genes would affect TAC
Co/D inter-individual variability, biopsy-proven acute rejection (BPAR) and estimated
glomerular filtration rate (¢GFR); 2) there would be a temporal relationship between
TAC Cp and BPAR; and 3) innate immunogenetics would predict BPAR incidence.

Chapters 2 and 3 investigated if CYP3A44/5, POR, ABCBI and NRI112 genetics affect
TAC Co/D inter-individual variability, BPAR and eGFR in a retrospective cohort of
165 Australian kidney transplant recipients in the first 3 months post-transplantation.
CYP3A45 expressors (*1/*1 + *1/*3) (P = 5.5x107'%) and ABCBI 61G allele carriers (P
= 0.001) had lower log-transformed TAC Co/D (56% and 26% lower geometric mean
TAC Co/D, respectively) and accounted for approximately 30% and 4%, respectively,
of logio-transformed TAC Co/D variability in the first 3 months post-transplantation.
However, CYP3A44, POR and NR112 genotypes did not significantly affect TAC Co/D.
In addition, none of these TAC PK genes significantly affected BPAR incidence in the

first 14 days, or eGFR in the first 3 months, post-transplantation. Notably, an incidental
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finding was that there was no significant difference in BPAR incidence between the
groups with 1) TAC Co < and > 8 ng/mL, or 2) TAC Co < and > 5 ng/mL for 3
consecutive days in the first 14 days post-transplantation, prompting further
investigation.

Chapter 4 explored the relationship between TAC Co and BPAR incidence in the first
14 days post-transplantation and confirmed that TAC Co (logio-transformed) were
lower on the day of (mean difference [95% confidence interval] = -0.13 [-0.24 to -
0.025], post-hoc P = 0.013), and 1 day prior to (-0.13 [-0.21 to -0.048], post-hoc P =
0.002), BPAR. Adjusting for haematocrit variability assisted to identify this temporal
TAC Co-response relationship.

Chapter 5 found pro- and anti-inflammatory mediator (CASPI, CRP, ILIB, IL2, IL6,
IL6R, IL10, TGFB and TNF) and MyD88-dependent TLR signalling pathway (LY96,
MYDS8S, TLR2 and TLR4) genetics did not significantly affect BPAR incidence in the
first 14 days post-transplantation. Notably, /L6 -6331C/C genotype had a higher
incidence of BPAR compared to T/T genotype (Odds Ratio [95% confidence interval]
= 6.6 [1.7 to 25.8], likelihood-ratio test P = 0.02), whereas it was non-significant after
correction for multiple comparisons (P-value threshold = 0.0038).

In summary, this thesis provides the first evidence that ABCBI 61A>G, along with
confirming CYP345%*3, affects TAC Co/D variability. However, the known single
nucleotide polymorphisms (SNP) in TAC dispositional genes did not affect kidney
transplant outcomes, likely due to TAC TDM substantially reducing the risk of sub-
and supra-exposure of TAC. Notably, a temporal TAC Co-rejection relationship was
identified, and it was shown for the first time that accounting for haematocrit variability
assisted in identifying this response relationship. None of the investigated innate
immunogenetic factors predicted BPAR incidence in a relatively limited cohort of

vi
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TAC-treated kidney transplant recipients. Therefore, future studies are still needed to
confirm current findings and explore novel factors to predict kidney transplant

outcomes.
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Chapter 1. Introduction

Kidney transplantation is the most effective treatment for end-stage renal disease,
enabling patients’ higher survival rates [1] and better quality of life than receiving
dialysis alone. Immunosuppressive therapy is applied post-transplantation to suppress
the recipient’s immune system to prevent rejection. Nowadays, most recipients will
receive oral maintenance therapy consisting of a calcineurin inhibitor (CNI; e.g.
ciclosporin A (CsA) or tacrolimus (TAC)), mycophenolate mofetil (MMF) or enteric
coated mycophenolate sodium salt (MPA) and a corticosteroid. Since the introduction
of the CNIs, the first-year graft survival rate has been dramatically improved from
around 60% to over 90% in the last 40 years [1, 2]. Although CsA is the first CNI, TAC
has about 100 times higher immunosuppressive potency [3] and fewer rejection
complications [4]. Therefore, TAC has been used as the first-choice CNI in over 80%
Australian kidney transplant recipients since 2009 [5].

TAC is the backbone of maintenance therapy, however, there are still challenges in its
clinical use, mainly the large inter-individual variability in TAC pharmacokinetics (PK)
and the complications of acute rejection and kidney dysfunction. Single nucleotide
polymorphisms (SNPs) in TAC dispositional genes can alter TAC metabolising
enzymes and efflux transporter expression/activity [6-14]; therefore, they are likely to
significantly contribute to the varied TAC PK and might affect kidney transplant
outcomes via modifying TAC intracellular concentrations in T-cells and kidney cells.
Trough whole blood TAC concentrations (TAC Cop) from 5 to 15 ng/mL have been
recommended to maximise immunosuppression and minimise toxicity [15]. Whilst
TAC therapeutic drug monitoring (TDM) has been applied in most transplant centres
(TAC TDM range may vary slightly in different hospitals and at different times post-
transplantation [16-19]), rejection episodes can still occur even within a target TAC

TDM range [16-19]. In addition, the innate immune system assists T-cell differentiation,
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proliferation and activation [20], and intensifies the severity of kidney tissue injury [21-
23]. Therefore, any innate immune genetic variation which can alter pro- and anti-
inflammatory mediator secretion in leukocytes, may also cause the difference in
rejection incidence between kidney transplant recipients.

More than 50% of the inter-individual variability of dose-adjusted TAC Co (TAC Co/D)
cannot be explained by currently known TAC PK genetics [24-26], and conflicting
findings also exist about their impact on TAC Co/D. In addition, no reliable
pharmacogenetic (PGx) or innate immunogenetic predictors of kidney transplant
outcomes have been found. Therefore, the main purpose of this introductory chapter is
to update the progress of genetic research in TAC Co/D, acute rejection and kidney
function and identify the research gaps in current TAC PGx and innate immunogenetic

studies in kidney transplantation.

1.1 Kidney rejection and TAC

1.1.1 Kidney rejection post-transplantation

The first and foremost challenge post-transplantation is rejection, which is mediated by
the recipient’s immune system. Based on the time post-transplantation, kidney rejection
can be classified into 4 sub-groups: 1) hyperacute rejection, which happens within
minutes post-transplantation; 2) acute rejection, which occurs from days to weeks post-
transplantation; 3) late acute rejection, which develops after 3 months post-
transplantation; and 4) chronic rejection, which occurs months to years post-
transplantation [21]. Kidney rejection can also be grouped into antibody-mediated and
T-cell-mediated rejection, and the latter is the most common type of acute rejection
[21].

The major histocompatibility complex (MHC) on recipients’ antigen-presenting cells
binds to the antigens derived from donors’ cells to form MHC-peptide complex, which

3
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then is recognised by recipients’ T-cell receptor [21]. This binding triggers intracellular
signalling transduction in T-cells (calcium mobilisation, etc.), resulting in the activation
of transcription factors (e.g. nuclear factor of activated T cells (NFAT)) [27]. NFAT
activation leads to the secretion of interleukin-2 (IL-2) [28], which drives T-cell
differentiation, proliferation and activation [20]. Consequently, cytotoxic T-cells
induce apoptosis and inflammation in the kidney cells [21].

An increased serum creatinine (or decreased estimated glomerular filtration rate (eGFR)
calculated from serum creatinine) may indicate rejection, however, it is not diagnostic.
The only gold-standard of kidney rejection diagnosis remains tissue biopsy. The 2018
Banft classification system [29] is the most updated clinical consensus of kidney graft
pathology.

To prevent rejection, a triple therapy of TAC, MMF or MPA, and a corticosteroid is
widely applied post-transplantation and TAC is the cornerstone of the

immunosuppressive therapy.

1.1.2 Mechanism of action of TAC

The molecular and cellular mechanisms of TAC immunosuppression to prevent kidney
rejection has been reviewed by Thomson et al. [30] in depth. Overall, TAC binds to
FK-506 binding protein 12 (FKBP-12) to form a drug-immunophilin complex to inhibit
calcineurin phosphatase [31]. IL-2 is a T-cell growth factor and /L2 transcription is
calcineurin-dependent [20]. In addition, calcineurin is a key rate-limiting enzyme of T-
cell signalling transduction [32]. Therefore, calcineurin inhibition by TAC ultimately
prevents /L2 transcription and T-cell proliferation (see Figure 1). Consequently, T-cell

mediated acute rejection is interrupted.



Chapter 1. Introduction

—

)

CIL-2

IL-2 receptor

(inactive)

(active) T-cell

proliferated T-cells

Figure 1. Mechanism of action of TAC. TAC binds to the immunophilin FKBP-12 to

inhibit calcineurin activity. Therefore, the dephosphorylation of P-NFAT, to the
transcription factor NFAT, is inhibited. NFAT is essential for T-cell signalling
transduction, therefore, inhibition of P-NFAT dephosphorylation interrupts /L2

transcription and T-cell differentiation, proliferation and activation.

1.2 TACPK

1.2.1 TAC absorption, distribution, metabolism and excretion

TAC PK has been reviewed by Venkataramanan et al. [33] and Staatz et al. [34] in
depth. Therefore, this section only gives a descriptive summary of TAC absorption,
distribution, metabolism and excretion primarily based on these 2 systematic reviews.
Figure 2 briefly depicts TAC disposition in recipient intestine and liver, and donor

kidney cells.
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e Absorption

TAC is dosed orally and its absorption is rapid. The time (Tmax) to the peak whole blood
TAC concentration (Crmax) is usually within 2 hours (h) [33]. The bioavailability of TAC
is low (mean bioavailability of 25%) and highly variable within and between patients
(from 4 to 89%) [33]. The low bioavailability can be explained by the insolubility of
TAC in aqueous media [35] and the extensive pre-systemic TAC metabolism in
intestine [36]. In addition, TAC is a substrate of P-glycoprotein (P-gp; encoded by
ABCBI (ATP-binding cassette subfamily B member 1)) [37] and the apical membrane
of intestinal cells expresses P-gp [38], therefore, P-gp can decrease TAC absorption by

pumping TAC back into the intestinal lumen.

e Distribution

TAC is lipophilic and undergoes extensive body distribution [35]. In rats, TAC
concentrations after intramuscular administration range from high to low in the order
of lung, spleen, heart, kidney, pancreas and liver [35]. P-gp can decrease TAC hepatic
and intestinal accumulation as P-gp is also expressed on the apical membrane of
hepatocytes and tubular epithelial cells [38]. The whole blood TAC concentration is
about 15-fold higher (range 4- to 114-fold) than plasma TAC concentration as TAC is
extensively bound to erythrocytes [33, 34]. The volume of distribution of TAC is only
about 1 L/kg based on the whole blood TAC concentration but can be 30 L/kg based
on the plasma TAC concentration [39]. In plasma, over 70% of TAC is bound to al-
acid glycoprotein and albumin [40]. Only the unbound TAC is therapeutically active.
Whole blood has been chosen as the medium for TAC TDM as erythrocyte binding is
temperature dependent; therefore, using whole blood reduces variability in TAC

concentrations caused by variations in sample processing within and between



Chapter 1. Introduction

laboratories [41]. In addition, quantifying TAC whole blood concentrations mitigates
sensitivity challenges as TAC concentrations are much higher in whole blood than
plasma [41]. Haematocrit is the volume percentage of red blood cells in whole blood.
A change of haematocrit can alter the distribution of TAC in whole blood, and more
details are discussed in section 1.2.2.2 about the impact of haematocrit on TAC whole

blood concentration.

e Metabolism

TAC undergoes extensive pre-systemic and systemic metabolism by the intestinal and
hepatic cytochromes P450 3A4/5 (CYP3A4/5) [36, 42-44]. Less than 0.5% of TAC was
found unchanged in urine [45]. More than 15 TAC metabolites have been found [33]
but the demethylation of TAC to 13-O-demethyl-TAC is the predominant metabolic
reaction [43]. The immunosuppressive activity of this major TAC metabolite is only
about one-tenth compared with the parent drug [46]. Although CYP3A4 is the most
abundant hepatic CYP3A enzyme, the catalytic efficiency of TAC to its major

metabolite by CYP3AS is over 60% higher than that by CYP3A4 [44].

e Excretion

More than 95% of the metabolites of TAC are excreted via the faeces or biliary route

[35]. Renal clearance was responsible for < 3% of the total body clearance of TAC [45].

e TAC PK parameters

The mean elimination half-life of TAC is about 12 h (ranging from 8.7 to 32.5 h) [33].
Total body clearance of orally administered TAC in the whole blood varies from 2 to 4
L/h in kidney transplant recipients [33]. Intra- and inter-individual coefficients of

variation for apparent whole blood TAC clearance range from 40 to 71% and 30 to 42%,
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respectively [47]. Overall, TAC has highly variable PK and CYP3A4/5 and P-gp are

major determinants of TAC disposition (see section 1.5.1.1).

elimination via faeces
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P-gp P-gp P.gp \ \_ -
‘elimination via urine ~Y ‘a elimination via bile V

Figure 2. TAC disposition in recipient intestine and liver, and donor kidney cells. TAC
undergoes extensive pre-systemic and systemic metabolism via intestinal and hepatic
CYP3A4/5. Although kidney cells also express CYP3AS, the kidney is not the major
metabolism organ of TAC systemic clearance. As TAC is a substrate of P-gp, and the
apical membrane of intestine, liver and kidney cells all express P-gp, TAC absorption,
hepatic and renal accumulation can decrease via pumping TAC out of these tissue cells.
Dark and light blue lines in Figure 2 indicate the apical and basolateral membranes,

respectively.

1.2.2 Clinical factors affecting TAC PK

Age, sex, haematocrit, liver function, food-drug and drug-drug interactions are potential
clinical factors affecting TAC absorption, distribution and metabolism. Therefore, their
impact on TAC PK intra- and/or inter-individual variability has been widely studied in

kidney transplant recipients.



Chapter 1. Introduction

1.2.2.1 Age and sex

In adult kidney transplant recipients, some studies reported age did not affect TAC PK
[24, 48], whilst other studies found age as a significant factor increasing TAC Cop [49]
or TAC Co/D [50-52]. However, the contribution of age to TAC Co/D is minor (~ 5%)
based on multivariate analysis [50, 51]. In addition, most studies did not find sex
affecting TAC PK [24, 49, 51, 52]. Altogether, these results suggest that age and sex
are not the major clinical factors affecting TAC PK in adult kidney transplant recipients,

therefore, TAC dosing is not age- or sex-based.

1.2.2.2 Haematocrit

Haematocrit is usually low due to kidney dysfunction pre-transplantation but can
recover to normal in the weeks post-transplantation. However, transfusion, post-
transplantation anaemia and erythrocytosis [53] can contribute to haematocrit intra- and
inter-individual variability. TAC is highly bound to red blood cells [54] and TAC
concentration is measured in whole blood, therefore, changes in haematocrit over time
can cause fluctuations in TAC Co within and between patients. However, the
therapeutically active unbound TAC concentration is not affected by haematocrit [55]
as TAC is a low clearance drug with clearance equivalent to only 3% of liver blood
flow [45]. If a recipient has a very high haematocrit (but “normal” whole blood
clearance) and TAC Cy is above the target TDM range, a dose reduction may not be
appropriate as it can increase the risk of acute rejection. Conversely for a very low
haematocrit and increased risk of toxicity. TAC population PK models and multivariate
analysis have already identified haematocrit as a significant confounder of TAC Co
inter-individual variability [49, 52, 55, 56]. However, haematocrit variations have not

been accounted for in clinical interpretation of TAC Co under TDM. Although the
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relationship between TAC Cy and rejection is not well defined, the role of haematocrit

has not been adequately assessed in this concentration-response relationship.

1.2.2.3 Liver dysfunction

TAC clearance and bioavailability are similar between healthy volunteer subjects (n =
6) and subjects with mild liver dysfunction (n = 8) [57]. However, severe liver
dysfunction can substantially decrease TAC clearance by up to two thirds and increase
the elimination half-life by up to 3-fold [58, 59]. In contrast, kidney function did not
significantly affect TAC clearance [58, 60]. This can be explained by the fact that the
intestine and liver but not the kidney are the major organs for TAC metabolism and

excretion [33].

1.2.2.4 Food-drug interaction

Food, especially fatty food, and the relative time interval between food and TAC oral
dosing can reduce TAC absorption and relative bioavailability [61, 62]. In a single-dose
study in 15 healthy volunteers, subjects taking a high-fat meal had 10% lower mean
area under TAC concentration-time curve (AUC), 35% lower Cnax and 2-fold longer
Tmax than subjects taking a low-fat meal [61]. In another single-dose study of 16 healthy
volunteers, compared to the fasting group or the group having TAC 1 h before meal,
subjects showed about 35% decreased TAC AUC, 60% lower Cmax and 1.8-fold longer
Tmax [62] in groups having TAC administration immediately, or 1.5 h, after a meal.

Grapefruit juice is a CYP3A4 inhibitor and it can decrease intestinal CYP3A4
expression by over 60% in 10 healthy volunteers [63]. A daily consumption of 500 mL
grapefruit juice for 1 week increased TAC Cy by 2-fold in 30 liver transplant recipients

[64].
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1.2.2.5 Drug-drug interaction

Since TAC is a CYP3A and P-gp substrate, any co-medications, which are CYP3A
and/or P-gp inducers or inhibitors, may affect TAC PK. Liu ef al. [65] and Kim ef al.
[66] have summarised the clinically common CYP3A and P-gp inhibitors and inducers
which should be prescribed with caution when co-administered with TAC. The best
examples are corticosteroids, well known inducers of both CYP3A [67, 68] and P-gp
[69, 70]. In 2 groups of kidney transplant recipients in the first 2 weeks post-
transplantation, TAC Co was about 20% lower in the group co-administered
prednisolone than a non-corticosteroid group, even though the TAC dose was similar
between the 2 groups [71]. A high-dose of corticosteroid > 0.25 mg/kg/day can increase
TAC dose requirement by 40-80% to achieve the same target TAC Co when compared
with a low corticosteroid dose regimen < 0.15 mg/kg/day in the first 3 months post-
transplantation [72].

Herbal supplements can also cause drug-drug interactions with TAC. For example, St.
John's Wort is an anti-depressant herbal product, an inducer of intestinal and hepatic
CYP3A4, and intestinal P-gp [73]. St. John's Wort can reduce TAC AUC by 40-60%

in healthy volunteers [74] and kidney transplant recipients [75] (n = 10 in both studies).

1.3 TAC TDM

Calcineurin inhibition by TAC not only contributes to immunosuppression but also
induces toxicity (e.g. nephrotoxicity) [76]. In addition, as TAC PK is highly variable
between patients (see section 1.2.1), TAC undergoes TDM to maximise
immunosuppression and minimise toxicity.

A target TAC Co from 5 to 15 ng/mL was derived from an open-label, concentration-

ranging trial of TAC in the first 42 days following kidney transplantation [15]. Ninety-
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six kidney transplant recipients were randomised to target 3 different TAC Co ranges:
1) 5 to 14 ng/mL; 2) 15 to 25 ng/mL; and 3) 26 to 40 ng/mL. All recipients were co-
administered antilymphocyte globulin, azathioprine and a corticosteroid. No toxicity
event (e.g. kidney dysfunction) occurred when TAC Co was < 5 ng/mL, however, it was
over 50% when TAC Co was > 15 ng/mL. Whilst biopsy-proven acute kidney rejection
(BPAR) incidence was about 2- to 3-fold higher when TAC Cy was below compared
with above 5 ng/mL, BPAR occurred even when TAC Cp was > 15 ng/mL. Therefore,
the lower limit of TAC TDM to predict BPAR incidence remains under debate. In a
cohort of 29 kidney transplant recipients treated with TAC, azathioprine and
prednisolone, Staatz et al. [77] collected 349 TAC Coy data in total and found all 12
rejectors and 10 out of 17 non-rejectors had a median trough concentration between 0
and 10 ng/mL, whereas the remaining 7 non-rejectors had a median concentration
between 10 and 15 ng/mL. Therefore, they concluded “In order to minimise rejection
in the first month after renal transplantation, trough concentrations greater than 10
ng/mL must be achieved”. However, in a pooled-analysis of 3 randomised, open-label
clinical trials [16-18], Bouamar et al. [19] found TAC Co 1) below or above 5 ng/mL
or 2) below or above 10 ng/mL was not significantly associated with BPAR incidence
when patients were co-administered MMF and a corticosteroid in the first year post-
transplantation. The ELITE-Symphony study (n = 1645) [16], a prospective clinical
trial, recommended a target TAC Cy from 3 to 7 ng/mL to decrease kidney dysfunction
when recipients were also co-administered MMF and a corticosteroid in the first year
post-transplantation. However, the relationship between TAC Co and BPAR was not
formally investigated.

Although TAC TDM has been adopted to maximise immunosuppression, the

relationship between TAC Co and rejection has not been adequately shown and

12
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limitations exist in the previous studies [19, 77, 78]. Firstly, the published studies only
classified recipients with and without BPAR into 2 groups and then compared TAC Co
between groups on each day post-transplantation. However, importantly, patients can
develop BPAR on different days, in addition, no previous studies compared TAC Cop on
the days prior to and on the day of BPAR within patients. Secondly, whilst haematocrit
affects TAC Co intra- and inter-individual variability (see section 1.2.2.2), TAC Cp was
not adjusted for haematocrit. Overall, the relationship between TAC and BPAR under
TDM still needs to be elucidated.

TAC TDM for long-term transplant outcomes remains extremely complicated, which
is beyond the scope of this study. Noteworthy, the Collaborative Transplant Study has
published registry data indicating graft failure with TAC Co <5 ng/mL [79].

For new TAC TDM approaches, especially intracellular TAC concentration monitoring,
the Immunosuppressive Drugs Scientific Committee of the International Association of
Therapeutic Drug Monitoring and Clinical Toxicology has issued a most up-to-date
consensus report [80]. This report has comprehensively reviewed the pharmacological
justifications, clinical evidence and current analytical methods for future TAC
concentration monitoring. More details are covered in Chapter 6 (see section 6.3) about
intracellular TAC concentration monitoring in peripheral blood mononuclear cells

(PBMC:s) in kidney transplant recipients.

1.4 Kidney transplant outcomes

Although kidney rejection rate has now been reduced to about 20% in the first 6 months
post-transplantation, the average lifespan of a transplanted kidney is still less than 15
years [1]. Acute rejection is the most common and serious early-stage complication
post-transplantation and it affects kidney function and long-term graft survival [81]. In
addition, a 30% decline of eGFR has been significantly associated with graft failure

13
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[82]. Therefore, studies have been carried out to explore potential predictors (other than

TAC Cy) for acute rejection and kidney dysfunction post-transplantation.

1.4.1 Factors affecting acute kidney rejection

Human leukocyte antigen (HLA) mismatches are routinely examined before all
transplantation surgery to reduce the risk of rejection. Other clinical factors including
induction therapy, donor type (living or deceased donor), retransplant and peak panel-
reactive antibodies (PRA) scores, have been extensively studied for their impact on
BPAR incidence in kidney transplant recipients receiving triple therapy in the last 10
years [19, 78, 83-89]. However, acute rejection still happens under TAC TDM.

Donor specific antibodies have been suggested as predicting biomarkers for antibody-
mediated rejection as recently reviewed [90]. However, no biomarkers for T-cell
mediated acute rejection (the most common type of acute rejection) have been
found/accepted as recently reviewed [91], although metabolomic, proteomic and
genomic studies keep exploring novel predictors to identify high risk recipients of T-
cell mediated acute rejection and monitor pharmacodynamic (PD) response.

Since the immunosuppressive site of action of TAC is in T-cells [30], TAC intracellular
exposure in T-cells may determine TAC PD response. Therefore, any factor decreasing
intracellular TAC concentration in T-cells is worthwhile to be explored as a predictor

for BPAR in the future.

1.4.2 Factors affecting kidney function post-transplantation

Although most kidney transplant recipients have improved kidney function post-
transplantation, short- and long-term kidney function still differ between recipients.
Acute kidney rejection, Thea Brennan-Krohn polyomavirus (BKV) infection [92] and

delayed graft function [93] (DGF; dialysis in the first week post-transplantation due to
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kidney dysfunction) can cause a decline in eGFR. Organs from deceased donors usually
have longer cold ischaemia times than living donors. Due to the ischaemia/reperfusion
injury to the kidney, cold ischaemia times > 20 h can increase DGF incidence by 50-
100% compared with cold ischaemia times < 10 h [94].

TAC also plays an important role in decreasing kidney function. Over exposure of TAC
in kidney cells is likely to cause acute kidney dysfunction due to endothelial cell injury
and glomerular constriction by TAC [76]. The ongoing ischaemia by glomerular
constriction can activate pro-fibrotic and pro-inflammatory pathways [95], leading to
structural kidney damage. Whilst acute kidney dysfunction is reversible by reducing
TAC dose or discontinuation of TAC, it increases the risk of BPAR [96]. In addition,
the decline in eGFR by chronic allograft nephropathy is irreversible. Moreover, TAC
drives new on-set diabetes and hypertension and these comorbidities can decrease
kidney function [97]. Overall, any factor increasing intracellular TAC concentration in
kidney cells is worthwhile exploring as a predictor for kidney function post-

transplantation.

1.5 Genetic research in kidney transplantation

TAC PGx and innate immunogenetic studies have been widely carried out to explore
potential genetic determinants of the inter-individual variabilities in TAC PK and/or
kidney transplant outcomes, which are only partially explained to date (see sections 1.2
and 1.4). This section does not aim to be a comprehensive systemic review including
all past relevant genetic research in TAC Co/D, BPAR and eGFR, but a summary of the
a) accepted findings, b) conflicting findings and c) other research gaps in TAC PGx

and innate immunogenetic studies in kidney transplantation.
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1.5.1 TAC dispositional genetics

SNPs in CYP3A44/5 and ABCBI can alter CYP3A and P-gp expression and/or activity
[6, 8-11], therefore, recipient CYP3A44/5 and ABCBI genetics have been most widely
investigated for their impact on TAC Co/D as discussed in section 1.5.1.1. Since the
immunosuppressive site of action of TAC is in T-cells [30] and P-gp is also expressed
on lymphocytes (including T-cells) [98], recipient ABCBI genetics are also likely to
affect BPAR incidence via modifying intracellular TAC concentrations in T-cells as
discussed in section 1.5.1.2. In addition, TAC is nephrotoxic [76, 95] while CYP3AS5
[99] and P-gp [38] are also expressed in/on donor kidney cells, therefore, donor
CYP3A5 and ABCBI genetics are likely to affect kidney function by altering TAC
intracellular concentration in kidney cells as discussed in section 1.5.1.3. Figure 3
briefly depicts how recipient P-gp and donor CYP3AS5 and P-gp can affect TAC local
exposure in T-cells and kidney cells, respectively.

SNPs in cytochrome P450 reductase (POR) [13] and NR 112 (nuclear receptor subfamily
1, group I, member 2; encoding gene for pregnane X receptor (PXR)) [7, 12] regulate
CYP3A4/P-gp expression and/or activity. However, neither recipient nor donor POR
or NRI12 have been adequately studied for their genetic association with TAC Co/D
and kidney transplant outcomes, and the results are inconclusive.

The relevant key SNPs in CYP34, ABCBI, POR and NRII2, their functional
consequences and allele frequencies (African, east Asian and European) are
summarised in Table 1. Allele frequency data were collected from the Ensembl
database (http://grch37.ensembl.org/Homo sapiens/Info/Index (last accessed on 8"

March 2019)).
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Figure 3. CYP3AS5 and/or P-gp can determine TAC intracellular exposure in kidney

cells and T-cells as P-gp is expressed on T-cell membranes while both CYP3AS5 and P-
gp are expressed in or on kidney cells. Dark and light blue lines in Figure 3 indicate the

apical and basolateral membranes, respectively.
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Table 1. Allele frequency (African, east Asian and Europeans) and functional consequences of key SNPs in CYP34, ABCBI, POR and NR112

Genes SNPs Allele frequency (%) Functional consequences Ref
AFR EAS EUR
CYP3A5 15776746 (*3; 6986A>QG) 18 71 94 loss of functional CYP3AS [6]
CYP3A44 12740574 (*1B; -392A>G) 77 - 3 *]B T CYP3A4 expression [8]
1) *1B promoter had 1.2- to 1.9-fold T luciferase expression
than */ promoter in MCF-7 and HepG2 cells (P <0.0001)
2) *IB promoter had 1.5- and 1.9-fold T CYP3A4 expression
than */ promoter in human hepatocytes (P < 0.03)
135599367 (*22; 15389C>T) - - S T allele | CYP3A4 expression and activity [14]
1) C/C had 1.7-fold T CYP3A4 mRNA expression than T
carriers in human hepatocytes (P = 0.03);
2) C/C had 2.5-fold T CYP3A4 activity than C/T in human
hepatocytes (P = 0.04)
ABCBI 159282564 (61A>G; Asn21Asp) - - 8 5 common European ABCB1 SNPs are in strong LD, however, [100-105]
1s2229109 (1199G>A; Ser400Asn) - - 3 their genetics were associated with T, l or <> P-gp efflux in
in vitro or clinical studies with different substrates and/or in
rs1128503 (1236C>T) 14 63 42 different ethnicities. Therefore, it has been suggested by the
rs2032582 (2677G>T; Ala893Ser) 2 40 41 cited reviews that on balance the variant
1s1045642 (3435C>T) 15 40 59 genotypes/haplotyp.es. of the 5 SNPs l P-gp efflux in a
substrate- and ethnicity-dependent manner
POR rs1057868 (*28; Ala503Val) 17 37 30 %08 T CYP3A4 activity [13]

*28 homozygotes had 1.6-fold T CYP3A4 activity than */
allele carriers by midazolam phenotyping test (P = 0.004)
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NRII2 rs3814055 (-25385C>T) 31 22 37 T allele T CYP3A4 activity [7]

T/T had 2-fold T CYP3A4 activity than C carriers in
erythromycin breath test after rifampin treatment (P = 0.05)

12276707 (8055C>T) 42 47 17 T allele 1 CYP3A4 expression [7]

T allele carriers had 2-fold T intestinal CYP3A4 mRNA
expression than C/C after rifampin treatment (P = 0.04)

rs2472677 (63396C>T) 37 62 66 Tallele T CYP3A4 activity [12]

T carriers had 3-fold T CYP3A4 activity than C/C in
testosterone 6B hydroxylation test in primary human
hepatocytes (all CYP3AS non-expressors; P = 0.006)

T: increase; l: decrease; <=: unchanged; AFR: African; Ala: alanine; Asn: asparagine; Asp: aspartic acid; EAS: east Asian; EUR: European; LD:

linkage disequilibrium; Ref: reference(s); Ser: serine; SNPs: single nucleotide polymorphisms; Val: valine.
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1.5.1.1 TAC dispositional genetics and TAC Co/D

Recipient (RPT) genetics determine TAC systemic exposure as the donor (DNR)
kidney is not the major metabolism or excretion organ of TAC (see sections 1.2.1 &
1.2.2.3). A large number of TAC dispositional genetic studies (RPT) have been carried
out for their impact on TAC Co/D. Accepted PGx findings on TAC Co/D are supported
by the cited review articles and/or meta-analyses while conflicting findings are shown

in Table 2, whereas other research gaps are concisely summarised in section 1.5.1.1.3.

1.5.1.1.1 Accepted PGx findings on TAC Co¢/D

e (YP3A45*3 — a major genetic factor affecting TAC Co/D

CYP3A45*3 results in non-functional CYP3AS5 protein [6], therefore, CYP3AS5
phenotypes have been classified accordingly into extensive metabolisers (EM) —
CYP3A45*1 homozygotes (CYP3AS5 expressors), intermediate metabolisers (IM) —
CYP3A45*3 heterozygotes (CYP3AS expressors) and poor metabolisers (PM) —
CYP3A45*3 homozygotes (CYP3AS5 non-expressors) [106]. It has been summarised by
Staatz et al. [101] in a TAC PK-PGx review that there is “an approximate halving of
the tacrolimus Co/Dose and doubling of tacrolimus dose requirements in CYP3AS5

expressors compared with CYP3AS non-expressors.”

e C(CYP3A4*1B — a genetic factor dependent on CYP3A5 to affect TAC Co/D

A meta-analysis reported that CYP344*1/*] had significantly higher TAC Co/D than
CYP3A4*1B carriers at 1, 6 and 12 months post-transplantation (P < 0.001, P = 0.001
and 0.01, respectively); however, this impact was dependent on CYP345 genotypes
(CYP3A44*IB is in strong LD with CYP3A45*1) [107]. Hesselink et al. [108] concluded

in a PGx review that “Genotyping transplant patients for CYP344*IB therefore does
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not appear to be meaningful from a clinical perspective.”

e ABCBI 1236C>T, 2627G>T and 3435C>T — no/limited impact on TAC

Co/D

In terms of ABCBI SNPs, TAC PGx studies mainly focused on 1236C>T, 2677G>T
and 3435C>T. Most studies found the genotypes of these 3 SNPs did not affect TAC
Co/D, whereas only a few but not all PGx studies found their haplotypes/diplotypes
were statistically significant, but quantitively minor, contributors to TAC Co/D inter-
individual variability as reviewed by Staatz et al. [101]. ABCBI haplotypes may have
a combined genetic impact on P-gp efflux [101]. However, Hesselink et al. [108]
concluded in a PGx review that “most association studies have reported negative results
and the effect of variation in ABCB! on tacrolimus pharmacokinetics, if any, is likely

to be small and not clinically relevant.”

1.5.1.1.2 Conflicting PGx findings on TAC C¢/D

o C(CYP3A44*22

Inconsistent findings exist regarding the impact of CYP344*22 on TAC Co/D (see
Table 2). Some studies found CYP344*22 increases TAC Co/D, however, others found
CYP3A44*22 did not affect TAC Co/D unless adjusted for CYP345*3 or combined with
CYP3A45*3 into the predicted EM/IM/PM phenotypes, suggesting CYP344*22 may

only be a minor factor to affect TAC Co/D.

e POR*28
It is still inconclusive if POR*28 decreases or does not affect TAC Co/D (with or
without adjusting for CYP3A45*3) and if the impact is through enhanced CYP3A4 [109]
or CYP3AS5 [110] activity given that POR*28 decreases TAC Co/D (see Table 2). Since

small sample size is a common limitation in most PGx studies, especially when
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stratification analysis is within CYP3AS expressors (< 20% of Europeans) and multiple
comparisons at different time post-transplantation are carried out, both type I and type

IT errors are likely to occur. This may be the main reason causing the conflicting

findings of the impact of POR*28 on TAC Co/D.

e NRII2 -25385C>T and 8055C>T

Only NR112 -25385C>T and 8055C>T have been studied for their genetic impact on
TAC Co/D in kidney transplant recipients, however, neither SNP had a consistent
impact on TAC Co/D, with or without adjusting for CYP3A45*3 (see Table 2). Different
ethnicities between studies, small sample sizes and limited number of studies may

contribute together to the inconsistent impact of NR/12 genetics on TAC Co/D.

1.5.1.1.3 Other gaps in PGx research on TAC Cy/D

e ABCBI 61A>G and 1199G>A

Two ABCBI SNPs found in Europeans, 61A>G and 1199G>A, have not been
adequately studied for their effect on TAC Co/D. No study yet has investigated if
61A>G affects TAC Co/D in kidney transplant recipients but only one study explored
its impact, along with another 43 genetic variants, on TAC Counder TDM as dose data
were not reported [111]. Although 61A>G did not significantly affect TAC Co,
CYP3A45*3 had not been adjusted for in that study (n = 1560; P = 1.0). In addition, only
one study explored the relationship between 1199G>A and TAC Co/D in 96 kidney
transplant recipients, however, the result was non-significant (P > 0.05) but also without

adjusting for the impact of CYP345*3 on TAC Co/D [112].

e NRII2 63396C>T
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NRI12 63396C>T increases CYP3A4 activity (see Table 1), however, it has not been

studied for its impact on TAC Co/D.

1.5.1.1.4 Future directions in PGx research on TAC Cy/D

Future studies (European cohort) should take ABCBI 61 A>G and 1199G>A, along with
1236C>T, 2677G>T and 3435C>T, and their haplotypes into account for TAC Co/D
inter-individual variability as these 5 SNPs have not been investigated together in
kidney transplant recipients. Moreover, the impact of CYP3A44*22, POR*28 and NR112
genetics on TAC Co/D needs further elucidation in a large cohort adjusting for the
impact of CYP345*3 and the other potential cofounders (e.g. haematocrit and co-

medication) on TAC Co/D.

1.5.1.2 TAC dispositional genetics and BPAR

TAC dispositional genes (RPT & DNR) have been investigated for their impact on
BPAR incidence, however, none of the genetic factors investigated have been identified
as a reliable predictor for BPAR under TAC TDM due to minor contribution and poor
reproducibility. Accepted PGx findings on BPAR incidence are supported by the cited
review articles while conflicting findings are shown in Table 3, whereas other research

gaps are concisely described in section 1.5.1.2.3.

1.5.1.2.1 Accepted PGx findings on BPAR incidence

e C(CYP345*3 (RPT), CYP344*1B (RPT), CYP344*22 & ABCBI genetics

(RPT & DNR) — limited/no impact on BPAR incidence

Most studies did not find an association between recipient CYP345*3, CYP3A4*1B and
ABCBI1 1236C>T, 2677G>T and 3435C>T and BPAR incidence in kidney transplant

recipients undergoing TDM as reviewed by Staatz et al. [113] and Shuker et al. [114]
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in depth. In addition, CYP344*22 (RPT & DNR) [52, 115] and ABCB1 3435C>T (DNR)
[116] did not significantly affect BPAR incidence, although the number of studies and
sample sizes were both limited. TAC TDM has been widely applied to reduce the risk
of sub-exposure of TAC and this may explain why TAC dispositional genes did not
affect BPAR incidence. Overall, Hesselink ez al. [108] concluded in a TAC PGx review
that “Although some authors have reported an increased incidence of rejection in
association with certain genotypes, the additional risk posed by one’s CYP3A4 or ABCB1

genotype appears to be small and is unlikely to be clinically useful.”

1.5.1.2.2 Conflicting findings on BPAR incidence

e C(YP3A45*3 and CYP3A4*1B (DNR)

Glowacki et al. [116] reported CYP3A45*3 (DNR) did not affect BPAR incidence in
kidney transplant recipients, however, Gervasini et al. (2018) [115] recently found
CYP3A45*3 along with CYP344*1B (DNR) predicted increased BPAR incidence (see
Table 3). Not all recipients were treated with TAC (some were treated with CsA) and
HLA mismatches were not adjusted for BPAR incidence in the later study. Notably,
even the authors could not justify the mechanism behind the genetic association

between CYP34 (DNR) and BPAR.

1.5.1.2.3 Other gaps in PGx research on BPAR incidence

e ABCBI 61A>G and 1199G>A (RPT & DNR)

ABCBI1 1199G>A increases TAC concentration in PBMCs from kidney transplant
recipients by 1.4-fold (P =0.001) [112], whereas the impact of 61A>G on PBMCs TAC
concentration is still unknown. However, neither 61 A>G nor 1199G>A (RPT & DNR),

nor the haplotypes consisting of the 5 ABCB1 SNPs, have been investigated for their
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impact on BPAR incidence.

e POR*28 (RPT & DNR)

Only recipient but not donor POR*28 has been investigated for its impact on BPAR
incidence, although no significant associations were found [110, 117]. However, if
CYP34 (DNR) genetics predicted BPAR incidence, POR*28 (DNR) would be

worthwhile investigating as it is essential for CYP3A (DNR) activity.

e NRII2 genetics (RPT & DNR)

Whilst PXR regulates CYP3A and P-gp expression [118], no published studies have

investigated if NR112 genetics (RPT & DNR) affected BPAR incidence.

1.5.1.2.4 Future directions in PGx research on BPAR incidence

Future studies (European cohort) should take ABCBI 61A>G and 1199G>A (RPT &
DNR), along with 1236C>T, 2677G>T and 3435C>T, and their haplotypes into account
for BPAR incidence as these 5 SNPs have not been investigated together in kidney
transplant recipients. Moreover, POR*28 (DNR) and NRII2 genetics (RPT & DNR)
are worthwhile investigating in the future for their impact on BPAR incidence.
Importantly, confounding factors (HLA mismatches, retransplant, etc.) should be

adjusted when exploring the relationship between the genetic factors and BPAR.

1.5.1.3 TAC dispositional genetics and eGFR

TAC dispositional genes (RPT & DNR) have also been investigated for their impact on
eGFR, an indicator to easily evaluate kidney dysfunction, which can be caused by
factors such as BPAR, DGF and TAC-induced nephrotoxicity. However, similarly to
BPAR results, no PGx study to date has identified a reliable predictor for eGFR due to

minor contribution and/or poor reproducibility. Accepted PGx findings on eGFR are
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supported by the consistent individual studies while conflicting findings are shown in

Table 4, whereas other research gaps are concisely described in section 1.5.1.3.3.

1.5.1.3.1 Accepted PGx findings on eGFR

e C(YP3A4*3 and ABCBI genetics (RPT) — no impact on eGFR
Recipient CYP345*3 and ABCBI genetics (1236C>T, 2677C>T and 3435C>T) did not
affect eGFR [51, 52, 116, 119-124], probably because TDM has substantially reduced

the risk of supra-exposure of TAC.

1.5.1.3.2 Conflicting PGx findings on eGFR

e (YP3A45*3 and ABCBI 3435C>T (DNR)
No consistent associations between CYP345*3 and ABCBI 3435C>T (DNR), and
eGFR have been identified in kidney transplant recipients (see Table 4). This
inconsistency may be caused by varied and limited sample sizes (n =50 —237), different
ethnicities and time post-transplantation (day 7 to 12 months). In addition, none of these

studies were adjusted for the impact of clinical factors (e.g. BPAR and DGF) on eGFR.

1.5.1.3.3 Other gaps in PGx research on eGFR

e C(CYP3A44*1B and CYP344*22 (RPT)

No published studies have investigated if CYP344*IB or CYP344*22 (RPT) affect
eGFR. Notably, CYP3A44 genetics (DNR) has not been investigated for its impact on

eGFR, probably because CYP3A4 is not expressed in kidney cells.

e ABCBI 1236C>T, 2677G>T (DNR) and 61A>G and 1199G>A (RPT &

DNR)

Although donor 1236C>T and 2677G>T were not associated with eGFR, the number

of studies and the sample sizes were limited [51, 120, 122]. The 1199G allele was
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associated with decreased TAC accumulation in HEK293 and K562 recombinant cell
lines [125]. However, neither 61 A>G nor 1199G>A (RPT & DNR), nor the haplotypes
consisting of the 5 ABCB1 SNPs (RPT & DNR), have been investigated for their impact

on eGFR.

e POR*28 (RPT & DNR)

Only recipient but not donor POR*28 has been investigated for its impact on eGFR,
although no significant results were reported [110, 117]. However, if CYP3A45*3 (DNR)
predicted eGFR, POR*28 (DNR) would be worthwhile investigating as it is essential

for CYP3A (DNR) activity.

e NRII2 genetics (RPT & DNR)

Whilst PXR regulates CYP3A and P-gp expression [118], no published study has

investigated its genetic impact (RPT & DNR) on eGFR.

1.5.1.3.4 Future directions in PGx research on eGFR

Future studies (European cohort) should take ABCBI 61A>G and 1199G>A (RPT &
DNR), along with 1236C>T, 2677G>T and 3435C>T, and their haplotypes into account
for eGFR as these 5 SNPs have not been investigated together in kidney transplant
recipients. Moreover, POR*28 (DNR) and NRII2 genetics (RPT & DNR) are
worthwhile investigating in the future for their impact on eGFR. Importantly,
confounding factors (e.g. BPAR and DGF) should be adjusted for when exploring the

relationship between the genetic factors and eGFR.
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Table 2. Conflicting PGx findings of CYP344*22, POR*28 and NR112 genetics on TAC Cy/D in kidney transplant recipients

Genes SNPs Ref N Comedication Time Differences of TAC Co/D
(months) between genetic groups
CYP344 15389C>T  [25] 223 0-16.5£29.4 *22 carriers vs non-carriers (adjusted P-value
*22 threshold = 0.01)
(1) German cohort (n = 10 vs 126): 1.5-fold T TAC
Co/D (P =0.02);
(2) Denmark cohort (n =8 vs 79): P > 0.2;
(3) Combined cohort (n = 18 vs 205): 1.5-fold T TAC
Co/D (P =10.01)
[50] 49 EUR  MMF or AZA & Steroid'  0-38.6+44.0 (1) *22 carriers vs non-carriers (n = 6 vs 43): 2-fold T
TAC Co/D (lowest P =0.02);
(2) CYP3A PM vs IM & EM (n = 6 vs 43): 1.6- to 4-
fold T TAC Co/D (P < 0.001)
[52] 272 MMF & Steroid! 0-12 (1) *22 carriers vs non-carriers (n = 20-24 vs 200-237):
at day 5-7 to 6 months post-transplantation: 1.6- to
2-fold T TAC Co/D (lowest P = 0.006);
at 12 months 12 post-transplantation: P = 0.2;
(2) CYP3A PM vs EM (n = 23 vs 41) and PM vs IM
(n =23 vs 198): 1.9 to 3.3-fold and 1.1- to 1.6-fold T
TAC Co/D, respectively (P < 0.0001)
[109] 1407 MMF & Steroid? 0-6 P=0.3
[126] 241 MMF & Steroid! 0-12 *22 carriers vs non-carriers (n = 13 vs 218):

(D1.3-fold T TAC Co/D at month 3 post-
transplantation (P = 0.02);

(2) lowest P = 0.1 at day 7, month 1, 6 or 12 post-
transplantation
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POR 28 [25] 223 EUR

NR

0-16.5+29.4

*1/%1 vs *¥1/*28 vs *28/*28:
(1) German cohort (total n = 136): P =0.1;
(2) Denmark cohort (total n = 87): P =0.7

[52] 272 NR

MMF & Steroid!

0-12

lowest P = 0.2

[109] 1429 Mixed'

MMF & Steroid?

0-6

(1) POR*28 carriers vs non-carriers when adjusting
for:
CYP345*1: P> 0.05;

CYP3A45*] & clinical factors*: 5% | geometric
mean TAC Co/D (P = 0.04);
(2) POR*28 carriers vs non-carriers in:

CYP3AS non-expressors: 5.6% | TAC Co/D
when
also adjusting for clinical factors* (P = 0.03);
CYP3AS expressors: P =0.7

[110] 184 Mixed?

MMF & Steroid?

0-12

(1) *1/*1 vs *1/%28 vs *28/*28: lowest P = 0.2;
(2) *28 carriers vs non-carriers in:
CYP3AS expressors: lowest P =0.07;
CYP3AS5 non-expressors: lowest P = 0.6
(3) *28/*28 vs *1 carriers in CYP3AS non-expressors:

24.1% | TAC Co/D (P = 0.02);
(4) CYP3A5*3/*3-POR*I carriers had 1.3- to 1.8-fold
1T TAC Co/D than CYP3A45%*3/*3-POR*28/%28,

CYP3A45*] carriers-POR*1/*] and CYP3A45%*]
carriers-POR*28/*28 (lowest P = 0.04)

[127] 229 Mixed®

MMF & Steroid?

0-3

*28 carriers vs non-carriers in:
(1) the whole cohort: P =0.2;
(2) CYP3AS expressors: P =0.1

NRII2 25385C>T [26] 159  EAS

MMF & Steroid?

day 7

T/T vs C allele carriers (P threshold = 0.007) in:
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(1) whole cohort: P = 0.06;
(2) CYP3AS expressors: P =0.8;
(3) CYP3AS5 non-expressors: P =0.03

[48] 142 EAS MMF & Steroid! NR P=0.6
[128] 240 EUR MMF & Steroid! 0-6 (1) T allele carriers vs C/C (n =42 vs 98): ~ 1.5-fold
1 TAC Co/D (P = 0.005);
(2) T allele carriers vs C/C in:
CYP3AS non-expressors (n = 39 vs 183): ~ 1.2-
fold T TAC Co/D (P = 0.004)
CYP3AS expressors (n=3 vs 15): P=0.4
8055C>T  [25] 223 EUR NR NR T allele carriers vs non-carriers (after adjusting for
CYP3A45%*3):
(1) German cohort (n = 42 vs 94): 30-50% | TAC
Co/D (P =0.01);
(2) Danish cohort (n =30 vs 57): P =10.3;
(3) combined cohort (n=72 vs 151): P=0.2
[128] 240 EUR MMF & Steroid! 0-6 T allele carriers vs C/C in:

(1) whole cohort: P = 0.4;
(2) CYP3AS expressors: P =1;
(3) CYP3AS5 non-expressors: P =0.3

T: increase; l: decrease; AZA: azathioprine; clinical factors*: time post-transplantation, age, comorbidity and comedication; CYP3A EM:

CYP3A45*1-CYP3A4*1/*1 carriers; CYP3A IM: CYP3A45*3/*3-CYP3A44*1/*1 carriers; CYP3A PM: CYP3A45%*3/*3-CYP3A44*22 carriers;

CYP3AS expressors: CYP345*] allele carriers; CYP3AS non-expressors: CYP3A45*3 homozygotes; EAS: east Asian; Eth: ethnicity; EUR:

European; Mixed!: African-American, Asian, European, Hawaiian/Pacific islander, Native American/Aleutian Islander and other ethnicities;
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Mixed?: African, Asian and European and other ethnicities; Mixed*: European and other ethnicities; MMF: mycophenolate mofetil; N or n: number
of patients; NR: not reported; P: point-wise P-value; PGx: pharmacogenetic; Ref: reference(s); SNPs: single nucleotide polymorphisms; Steroid!:
methylprednisolone and prednisolone; Steroid?: prednisolone; Steroid*: corticosteroid but details not given; TAC Co/D: dose corrected tacrolimus

trough whole blood concentration.
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Table 3. Conflicting PGx findings of donor CYP3A45*3 on BPAR incidence

SNPs Ref N Eth  Immunosuppressants Time Differences of BPAR incidence
(month) between genetic groups
CYP3A45%*3 (6986A>G) [115] 137 (RPT) EUR  TAC or CsA, MMF & 0-12 RPT: lowest P = 0.7;
& + Steroid! DNR (adjusted P-value threshold = 0.017):
CYP3A44*1B (392A>QG) 137 (DNR) (1) CYP3AS expressors vs CYP3AS5 non-

expressors (n =21 vs 116): T BPAR incidence
(OR=3.4;P=0.04)

(2) *1B carriers vs non-carriers (n = 13 vs 124):
1 BPAR incidence (OR = 6.3; P = 0.008);

(3) CYP3A44*IB-CYP3A5*] homozygotes vs
non-carriers (n = 13 wvs 116): T BPAR
incidence (OR =6.2; P =0.007)

CYP3A45%3 (6986A>G)  [116] 203 (RPT) EUR TAC, MMF & Steroid”> 0-21.849 RPT & DNR: P > 0.05
+

201 (DNR)

T: increase; BPAR: biopsy-proven acute rejection; CsA: ciclosporin A; CYP3AS expressors: CYP3A45*] allele carriers; CYP3AS5 non-expressors:

CYP3A45*3/*3 carriers; DNR: donor; Eth: ethnicity; EUR: European; MMF: mycophenolate mofetil; N or n: number of patients; OR: Odds ratio;
P: point-wise P-value; PGx: pharmacogenetic; RPT: recipient; Ref: reference(s); Steroid': methylprednisolone and prednisolone; Steroid*:

corticosteroid but details not reported; SNPs: single nucleotide polymorphisms; TAC: tacrolimus.

32



Chapter 1. Introduction

Table 4. Conflicting PGx findings of CYP345*3 and ABCB1 3435C>T (R & D) on eGFR

Genes SNPs Ref N Eth Immunosuppressants Time Differences of eGFR between genetic groups
(month)
CYP3AS5 *3 [116] 203 (RPT)+ EUR  TAC, MMF & Steroid! 0-21.849 RPT & DNR: P > 0.05
(6986A>G) 201 (DNR)
[121] 90 (RPT) + EUR  TAC, MMF & Steroid? 0-12 RPT: lowest P =0.1; D: lowest P = 0.3
65 (DNR)
[122] 120 (RPT)+ EAS  TAC, MMF & Steroid? 0-10 RPT & DNR: P > 0.05
120 (DNR)
[124] 237 (RPT)+ Mixed TAC, MMF & Steroid? 0-3 RPT: P > 0.05; D: lowest P = 0.2
232 (DNR)
[129] 50(RPT)+ EAS TAC, MMF & Steroid®> 12 & 36  RPT: lowest P = 0.5 and 0.06 on month 12 and
50 (DNR) 36 post-transplantation, respectively;
DNR: CYP3AS non expressors vs expressors (n
=29 vs 21)
(1) 18% | eGFR at month 12 post-
transplantation (P = 0.005)
(2) P =0.3 at month 36 post-transplantation
ABCBI1 3435C>T  [116] 202 (RPT)+ EUR  TAC, MMF & Steroid! 0-21.849 RPT & DNR: P > 0.05
195 (DNR)
[121] 90 (RPT) + EUR  TAC, MMF & Steroid? 0-12 RPT: lowest P > 0.2;
65 (DNR) DNR: T allele carriers vs C/C (n =67 vs 23):
(1) P = 035 in the first 2 weeks post-
transplantation
(2) 4-26% l eGFR at month 1, 3, 6 and 12 post-
transplantation (lowest P = 0.01)
[122] 120 (RPT)+ EAS  TAC, MMF & Steroid? 0-6 RPT: P > 0.05;
120 (DNR) DNR: T allele carriers vs non-carriers (n = 69-

79 vs 37-41):
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(1) 10-26% T eGFR on day]l, 2, 3, 7, 14, 21 and
at 1 month post-transplantation (lowest P =
0.04)

(2) lowest P =0.06 at month 2, 3,4, 5 and 6
post-transplantation

T: increase; ],: decrease; CYP3AS expressors: CYP3A45*1 allele carriers; CYP3AS non-expressors: CYP345*3/*3; DNR: donor; eGFR: estimated

glomerular filtration rate; EAS: east Asian; Eth: ethnicity; EUR: European; Mixed: African, Asian and European and other ethnicities; MMF:
mycophenolate mofetil; N or n: number of patients; P: point-wise P-value; PGx: pharmacogenetic; RPT: recipient; Ref: reference(s); SNPs: single

nucleotide polymorphisms; Steroid': corticosteroid without details; Steroid?: methylprednisolone and prednisolone; Steroid®: prednisolone; TAC:

tacrolimus.
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1.5.2 Innate immunogenetics and acute kidney rejection

1.5.2.1 Adaptive and innate immune system in acute kidney rejection

The T-cell driven adaptive immune system plays a major role in acute kidney rejection,
with a fast immune-response of antigen presentation and recognition, T-cell
proliferation, differentiation, migration and infiltration into the allograft, finally causing
kidney tissue cell apoptosis [21]. However, an acute rejection event cannot happen
without the involvement of the innate immune system, which can assist T-cell
proliferation and differentiation, and intensifies the severity of kidney tissue injury [21-
23].

In the innate immune system, pattern recognition receptors (PRRs) can not only
recognise pathogen-associated molecules [130] but also self-molecules from the
apoptotic or necrotic cells [131]. Damage/danger-associated molecular patterns
(DAMPs) are the biomolecules from the damaged tissue cells or chemical stress from
ischaemia-reperfusion injury. Toll-like receptors (TLRs) belong to PRRs and they can
recognise DAMPs [132]. Extracellular DAMPs bind to membrane-bound TLR2 and
TLR4, with recruitment of intracellular myeloid differentiation primary response 88
(MyD88), leading to subsequent signal transduction by Toll/IL-1 receptor domain (TIR)
pathway [133]. Consequently, transcription factors, e.g. nuclear factor k-light-chain-
enhancer of activated B cells (NF-«kB), are translocated into the nucleus to activate the
transcription and subsequent release of pro-inflammatory mediators (see Figure 4)
[134]. These pro-inflammatory mediators, including ILs and tumour necrosis factor-a
(TNF-a), can drive T-cell differentiation, proliferation and activation [20] and intensify
inflammation in the transplanted kidney [21-23]. In contrast, the anti-inflammatory
effect from IL-10 and transforming growth factor-f (TGF-f) can decrease the release

of pro-inflammatory cytokines [135], with the potential to attenuate rejection risk.
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. Transplantation surgery
>_ (damage-associated molecular pattern molecules)
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Figure 4. Joint contribution of the innate and adaptive immune system to acute kidney
rejection. Damage-associated molecular patterns (DAMPs) caused by transplantation
surgery can cause nuclear translocation of nuclear factor k-light-chain-enhancer of
activated B cells (NF-kB) via myeloid differentiation primary response 88 (MyD88)-
dependent toll-like receptor (TLR) signalling pathway. MD-2 (encoded by LY96) is
required as a co-factor binding with TLR4 for NF-kB nuclear translocation.
Translocated NF-kB can activate the secretion of pro-inflammatory ILs and TNF-a.
Caspase 1 coverts pro-IL-1p into mature IL-1B. These pro-inflammatory mediators
assist T-cell proliferation and differentiation and intensify the severity of kidney tissue
injury. In contrast, anti-inflammatory effect from IL-10 and TGF-B1 can decrease the

pro-inflammatory cytokine release, with the potential to attenuate rejection risk.
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1.5.2.2 Innate immunogenetics and BPAR

Relevant key SNPs in pro- and anti-inflammatory mediators (CASP1, IL1B, IL2, IL6,
IL6R, IL10, TGFB, TNF and CRP) and MyD88-dependent TLR signalling pathway
(MYDS8, TLR2, TLR4 and LY96) are associated with increased or decreased cytokine
secretion or immune activation as summarised in Table 5. Allele frequencies (African,
East Asian and European) of these SNPs are collected from the Ensembl database
(http://grch37.ensembl.org/Homo_sapiens/Info/Index (last accessed on 8" March
2019)).

Accepted innate immunogenetic findings on BPAR incidence are supported by the cited
meta-analyses or consistent individual studies while conflicting findings are shown in

Table 6, whereas other research gaps are concisely summarised in section 1.5.2.2.3.
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Table 5. Allele frequency and functional consequences or associations with immunological response/risk of key SNPs in pro- and anti-

inflammatory mediators and MyD88-dependent TLR signalling pathway

Genes SNPs Allele Frequency (%) Functional consequences or Ref
associations with immunological response/risk

AFR EAS EUR

CASPI 15580253 (5352G>A) 9 1 18 | IL-1p protein production in vitro [136]

4344 (10643G> 1 1
15354344 (10643G>C) ? 8 5352A and 10643C l IL-1B protein production by 2-3% (log-
transformed) in LPS-treated whole blood samples from elderly population
with (increased risk of) vascular diseases (P = 0.008 and 0.009,

respectively)

CRP 152794521 (-717T>C) 13 20 29 l CRP transcriptional activity in reporter gene assay [137]

T allele vs C allele: 2- to 3-fold T luciferace acitivy in HepG2 cells (P <
0.005)

ILIB 1516944 (-511C>T) 57 47 35 T IL-1p protein production in vitro [138]

1143627 (-31T> 4
151143627 (:311>C) 63 8 39 -511T and -31C T IL-1p protein production by 2- to 3-fold in LPS-treated

whole blood samples from healthy volunteers and rheumatoid arthritis
patients (P = 0.008 and 0.002, respectively)

rs1143634 (3954C>T) 12 2 25 | Serum IL-1pB concentration in infliximab-treated IBD patients [139]

T allele carriers vs C/C: 97% l serum IL-1 concentration (P = 0.03)
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I1L2

152069762 (-330T>Q)

32

29

T IL-2 protein production in vitro

G/G vs T allele carriers: over 3-fold T IL-2 protein production in anti-
CD3/CD28-stimulated PBL from healthy volunteers (P < 0.001)

[140]

IL6

rs10499563 (-6331T>C)

23

16

23

l Plasma/serum IL-6 concentration in an acute inflammatory state in
Vivo

(1) C/C vs G/G: 42% ,L plasma IL-6 concentration at 6 h post-CABG
surgery (P =0.02);

(2) C/C vs G/G: 74-84% l serum IL-6 concentration at 24 h and 1 week
after IPT (P <0.0001 and P = 0.02, respectively)

[141]

rs1800795 (-174G>C)

42

l plasma IL-6 concentration in healthy volunteers

G/G vs C/C: 2-fold T plasma IL-6 concentration (P = 0.02)

[142]

IL6R

1s2228145*
(48892A>C; Asp358Ala)

32

36

1 Serum sIL-6R concentration in healthy volunteers

C allele carriers vs A/A: 25-67% T serum sIL6-R concentration (P <
0.0001)

[143]

IL10

rs1800896 (-1082G>A)

69

99

55

l IL-10 protein production in vitro

A allele carriers vs G/G: 25% l IL-10 protein production in ConA
stimulated PBL from healthy volunteers

[144]

rs1800871 (-819C>T)
rs1800872 (-592C>A)

44
44

68
68

24
24

<> IL-10 protein production in vitro

both in LD with -1082G>A

[144]
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TGFB 151800469 (-509C>T) 22 35 31 1 plasma TGF-B1 concentration in healthy female volunteers [145]
(1) C/T vs C/C: 1.3-fold T plasma TGF-B1 concentration (P = 0.04)
(2) T/T vs C/C: 2-fold T plasma TGF-B1 concentration (P = 0.002)
rs1800470 41 35 38 1 TGF-B1 protein production in vitro [146]
869T>C; LeulOP :
( ; LeulQPro) C allele vs T allele: 2.4-fold T (mean; P not reported) TGF-B1 protein
production in CMV-promoter transfected HeLa cells
rs1800471 94 100 93 | TGF-B1 protein production in vitro [147]
15G>C; Arg25P
(O15G>C; Arg25Pro) G/C vs G/G: 33% | TGF-B protein production in PHA and PMA-
stimulated PBL from healthy volunteers (P < 0.02)
INF 151800629 (-308G>A) 12 6 13 1 TNF transcriptional activity in reporter gene assay [148]
A allele vs G allele: 1.7-fold (P < 0.05) and 2.1-fold (P < 0.01) T
luciferace acitivy in PMA-stimulated Jurkat and U937 cells, respectively
MYDS88 156853 (1593A>Q) 29 2 13 | vaccine response in vivo [149]
G/G vs A allele carriers: ~80% J, dose-related measles-specific antibody
response (P = 0.001)
TLR2  rs3804100 (1350T>C) 5 24 6| vaccine response and 7 susceptibility to infection in vivo [150, 151]

(1) T/C vs T/T: 26% l dose-related measles-specific antibody response
(P =10.002)

(2) frequency of C/C genotype vs T/T genotype or T allele carriers in
paediatric patients infected with congenital CMV: OR = 11.7 (P = 0.02)
and 9.5 (P = 0.01), respectively
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TLR4 154986790 7 0 6 1 vaccine response and inflammation in vivo [149, 152]
896A>G; Asp299Gl :
( °P y) (1) A/G vs A/A: 2-fold T dose-related measles-specific IL-4 response (P
=0.01)
(2) A/Gvs A/A: 1.4-fold T lymphocyte count in ESRD patients (P =0.01)
rs4986791 1 0 6 1 vaccine response in vivo [149]
1196C>T; Pro399L .
( o eu) C/T vs C/C: 2-fold T dose-related measles-specific IL-4 response (P =
0.009)
LY96 1511466004 0 0 2 | vaccine response in vivo [149]

379C>T; Serl157P )
( “ ro) C/T vs C/C: ~87% J, dose-related measles-specific IL-10 response (P =

0.03)

T: increase; J,: decrease; «<=>: unchanged; AFR: African; Ala: alanine; Arg: arginine; Asp: aspartic acid; CABG: coronary artery bypass grafting;

ConA: concanavalin A; CMV: cytomegalovirus; EAS: east Asian; ESRD: end-stage renal disease; EUR: European; Gly: glycine; hour: h; IBD:
inflammatory bowel diseases; IPT: intensive periodontal therapy; Leu: leucine; LD: linkage disequilibrium; LPS: lipopolysaccharides; OR: Odds
ratio; PBL: peripheral blood lymphocyte; PHA: phytohemagglutinin; PMA: phorbol myristate acetate; Pro: proline; rs2228145*: previously known

as 1s8192284; Ref: reference(s); Ser: serine; sIL-6R: soluble IL-6R; SNPs: single nucleotide polymorphisms; TLR: Toll-like receptor.
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1.5.2.2.1 Accepted innate immunogenetic findings on BPAR incidence

o [JL2, IL6, IL10, TGFB and TNF genetics (RPT or RPT & DNR) — no

impact on BPAR incidence

Recent meta-analyses reported /L2 -330T>G (RPT) [153], IL6 -174G>C (RPT & DNR)
[154], IL10 -1082G>A, -819C>T and -592C>A (RPT) [153, 154], TGFB 869T>C and
915G>C (RPT & DNR) [157, 158] and TNF -308G>A (RPT & DNR) [159] did not

affect BPAR incidence in (European) kidney transplant recipients.

e JLIB-511C>T (RPT) — no impact on BPAR incidence

ILIB -511C>T (RPT) [160-164] did not affect BPAR incidence in kidney transplant

recipients.

1.5.2.2.2 Conflicting innate immunogenetic findings on BPAR incidence

e TLR4869A>G & 1196C>T (RPT & DNR)

Inconsistent results exist on whether TLR4 genetics affect BPAR incidence (see Table
6). Notably, not all studies adjusted for confounding factors (e.g. HLA mismatches)
when associating 7LR4 genetics with BPAR incidence. In addition, different
immunosuppressive protocols, limited sample size (n = 122 - 238) and low 896G and
1196T frequencies (see Table 5) may contribute together to the conflicting impact of

TLR4 genetics on BPAR incidence.

1.5.2.2.3 Other gaps in innate immunogenetic research on BPAR incidence

e Other IL1B and IL6 genotypes/diplotypes (RPT)

In a study of 200 kidney transplant recipients and their donors, recipient but not donor

ILIB 3954C/T carriers had higher BPAR incidence than C/C carriers (OR = 3.1, P =
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0.045), however, there was no significant difference between C/C and T/T carriers (P
=0.4) [162]. No other published studies investigated the relationship between 3954C>T
and BPAR incidence in kidney transplant recipients. In addition, no published studies
yet have explored if ILIB -31T>C or ILIB diplotypes (-511C>T and -31T>C) affect
BPAR incidence.

Although IL6 -6331T>C decreases plasma/serum IL-6 concentration in an acute
inflammatory state in vivo (see Table 5), it has not been studied for the impact on BPAR

incidence.

e TGFB -509C>T (RPT & DNR)

Two studies were carried out respectively for an association between recipient (n = 209)
or donor (n = 145) TGFB -509C>T and BPAR incidence [160, 161], although the
relationship was non-significant (both P = 0.9). No other studies have investigated the

relationship between -509C>T (R & D) and BPAR incidence.

e CASPI, CRP,IL6R, LY96, MYD88 and TLR2 genetics (RPT & DNR)

The associations between CASPI, CRP, IL6R, LY96, MYDS8S8 and TLR2 SNPs and
immunological response/risk are summarised in Table 5, however, no study has

explored if these SNPs affect BPAR incidence.

1.5.2.2.4 Future directions in innate immunogenetic research on BPAR incidence

Currently, no innate immunogenetic studies have been carried out in TAC-treated
kidney transplant recipients only (previous studies were either in a CsA-treated cohort
or a mixed cohort of CsA/TAC). Therefore, it is still worthwhile investigating if all
these immunogenetic factors mentioned above could affect BPAR incidence in a TAC-

treated kidney transplant cohort.

43



Chapter 1. Introduction

Table 6. Conflicting innate immunogenetic findings of 7LR4 genetics (RPT & DNR) on BPAR incidence
SNPs Ref N Eth Immunosuppressants Time Differences of BPAR incidence
(month) between genetic groups
896A>G [165] 238 (RPT) EUR (1) CsA, AZA & Steroid! or 95+29  896A/A-1196C/C vs other (n =211 vs 27):
(Asp299Gly) (2) CsA, MMF & SterOIqll or (1) 72% i BPAR incidence (P = 0.02)
& (3) TAC, MMF & Steroid or (2) RR = 0.4; P = 0.01 (Cox regression
1196C>T (4) MMF & Steroid!

(Pr0399LCU) [166]

[167]

122 (RPT) + EUR CsA or TAC, MMF & Steroid®>  36+15
122 (DNR)

200 (RPT)+  BRAZILIAN NR 108+85
186 (DNR)

analysis)

896A/A-1196C/C vs other (RPT: n = 104 vs
18; DNR: n =102 vs 20)

RPT: 20% vs 22% (P = 0.8);

DNR: 16% vs 0% (P = 0.04)
896A/A-1196C/C vs other (RPT: n = 183 vs
17; DNR: n=167 vs 19)

RPT: 39.5% vs 17.6% (P = 0.4);

DNR: P > 0.05

,L: decrease; Asp: aspartic acid; AZA: azathioprine; BPAR: biopsy-proven acute rejection; CsA: ciclosporin A; DNR: donor; Eth: ethnicity; EUR:

European; Gly: glycine; Leu: leucine; MMF: mycophenolate mofetil; N or n: number of patients; NR: not reported; P: point-wise P-value; Pro:

proline; RPT: recipient; Ref: reference(s); RR: relative risk; SNPs: single nucleotide polymorphisms; Steroid!: prednisolone; Steroid’:

methylprednisolone and prednisolone; TAC: tacrolimus.
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1.6 Research gaps and aims

There are 4 main gaps in the current genetic research on the inter-individual variabilities

in TAC Co/D, BPAR incidence and eGFR:

Y

2)

3)

4)

if TAC dispositional genetics (other than CYP345*3 (RPT)) determine TAC
Co/D inter-individual variability in kidney transplant recipients;

if TAC dispositional genetics account for BPAR incidence and eGFR in kidney
transplant recipients;

if a temporal response relationship exists between TAC Co and BPAR under
TAC TDM,;

if innate immunogenetics affect BPAR incidence in kidney transplant

recipients.

To bridge these research gaps, [ aimed to assess:

1)

2)

the impact of recipient CYP345%3, CYP3A44%22, POR*28, ABCB1 61A>G,
1199G>A, 1236C>T, 2677G>T and 3435C>T, and NRI112 8055C>T and
63396C>T genotypes/haplotypes on TAC C¢/D in 165 Australian kidney
transplant recipients in the first 3 months post-transplantation. This
included confirmation of the major impact of CYP345*3 on TAC Co/D and, for
the first time in kidney transplant recipients, the investigation of the 5 most
common European ABCB1 SNPs together with their haplotypes for their impact
on TAC Co/D — addressed in Chapter 2.

the impact of recipient (n = 165) and donor (n = 129) CYP3A45*3,
CYP3A44%22, ABCB1 61A>G, 1199G>A, 1236C>T, 2677G>T and 3435C>T,
POR*28 and NRII2 8055C>T and 63396C>T genotypes/haplotypes on

BPAR incidence in the first 14 days, and eGFR in the first 3 months, post-
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3)

4)

transplantation. This included investigating, for the first time, the impact of
NRI112 genetics (RPT & DNR) and the 5 most common European ABCBI SNPs
together with their haplotypes on kidney transplant outcomes in organ
transplantation — addressed in Chapter 3.

the temporal relationship between TAC Cy and BPAR incidence (n =38) in
the first 14 days post-transplantation. This included investigating the TAC
Co and haematocrit immediately preceding BPAR and on the day of BPAR for
the first time in a TAC concentration-response relationship study. Also,
haematocrit has been included for the first time in TAC Co-rejection relationship
— addressed in Chapter 4.

the genetics of pro- and anti-inflammatory mediators, and MyD88-
dependent TLR signalling pathway, and their impact on BPAR incidence
in 165 Australian kidney transplant recipients in the first 14 days post-
transplantation. Nineteen immunogenetic SNPs (RPT & DNR) were included:
CASP1 5352G>A and 10643G>C, CRP -717T>C, ILIB -511C>T, -31T>C and
3954C>T, IL2-330T>G, IL6 -6331T>C, IL6R 48892A>C, IL10-1082G>A and
-819C>T, LY96 379C>T, MYDSS 1593A>G, TGF -1287G>A and -509C>T;
TLR2 1350T>C, TLR4 896A>G and 1196C>T and TNF -308G>A. It is the first
time that CASPI, CRP, IL6R, TLR2, LY96 and MYDS&8 genotypes/diplotypes
have been studied for their impact on BPAR incidence in kidney transplant
recipients receiving TAC as the only calcineurin inhibitor — addressed in

Chapter 5.

Notably, to exclude the potential impact from clinical and non-clinical factors (e.g.

HLA mismatch) on TAC Co/D, acute rejection and kidney function (see factors
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summarized in sections 1.2.2 and 1.4), the following factors went into the study

design:

1) age, sex and haematocrit were adjusted for PGx impact on TAC Co/D in the
linear mixed effects regression analysis in Chapter 2.

2) HLA mismatches, induction therapy, kidney transplant number, peak PRA
scores and living donor were adjusted for PGx impact on BPAR incidence in
the generalised linear mixed effects regression analysis in Chapter 3.

3) BPAR incidence, DGF and living donor were adjusted for PGx impact on
kidney function in the linear mixed effects regression analysis in Chapter 3.

4) HLA mismatches, induction therapy, kidney transplant number, peak PRA
scores and living donor were adjusted for innate immunogenetic impact on
BPAR incidence in the generalised linear mixed effects regression analysis in

Chapter 5.
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Chapter 2: Relationship between tacrolimus
dispositional genetics and dose-adjusted trough

whole blood tacrolimus concentration
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Abstract: Tacrolimus (TAC) is a first-line immunosuppressant used to prevent organ rejection after kidney transplantation. There
is large inter-individual variability in its pharmacokinetics. Single nucleotide polymorphisms (SNPs) in genes encoding TAC
metabolizing enzymes cytochromes P450 3A4/5 (CYP3A4/5), P-glycoprotein efflux transporter (ABCBI), their expression regula-
tor pregnane X receptor (NR/I2) and CYP3A co-factor cytochrome P450 reductase (POR) have been studied for their effects on
tacrolimus disposition. However, except for CYP3A5*3, controversies remain about their roles in predicting dose-adjusted trough
blood TAC concentrations (Co/D). This study aimed to investigate the effects of ABCBI (61A>G, 1199G>A, 1236C>T,
2677G>T and 3435C>T), CYP3A4*22, CYP3A5*3, NRII2 (8055C>T, 63396C>T and -25385C>T) and POR*28 SNPs on TAC
Cy/D. In total, 165 kidney transplant recipients were included in this study. SNPs were genotyped by probe-based real-time poly-
merase chain reaction. Associations between log-transformed whole blood TAC Cy/D (measured at 1 and 3 months post-trans-
plant) and genotypes/haplotypes were assessed by linear mixed effects analysis, controlling for age, sex and haematocrit. It was
observed that CYP3AS5 expressors (*1/%1 + #1/%3) (p = 5.5 x 107'®) and ABCBI 61G allele carriers (p = 0.001) had lower log-
transformed TAC Cy/D (56% and 26% lower geometric mean TAC Cy/D, respectively) and accounted for approximately 30%
and 4%, respectively, of log-transformed TAC Cy/D variability in the first 3 months post-transplant. In conclusion, CYP3A5*3 is

a major, and ABCBI 61A>G is a novel, although minor, genetic factor affecting TAC Cy/D in kidney transplant recipients.

End stage renal disease is a substantial health and economic
burden worldwide. Compared with dialysis, kidney transplan-
tation remains the most effective treatment for such patients,
and post-surgery immunosuppressive therapy has increased the
first-year graft survival rate to over 90% [1]. Tacrolimus
(TAC) is one of the first-line immunosuppressants widely used
to prevent organ rejection after kidney transplantation; how-
ever, it has a narrow therapeutic index [2] and large inter-indi-
vidual dose and trough blood concentration (C,) variability
[3].

Tacrolimus undergoes extensive intestinal and hepatic meta-
bolism whilst renal clearance accounts for less than 1% of
total body clearance [4]. Its pharmacokinetics (PK) is mainly
determined by its metabolizing enzymes cytochromes P450
(CYP) 3AS5 (encoded by CYP3A5) and 3A4 (encoded by
CYP3A4) [5,6], and the efflux transporter P-glycoprotein (P-
gp, encoded by ABCBI) [7]. Cytochrome P450 reductase (en-
coded by POR) is essential for CYP3A activity [8] and the
pregnane X receptor (encoded by NR112) regulates CYP3A4/5
and P-gp expression [9]; with the potential for these genes to
affect TAC PK. However, only CYP3A5*3 [the most common
CYP3AS5 single nucleotide polymorphism (SNP)] significantly
affects TAC PK across different studies [10-20]. The
CYP3A5%3 allele (6986A>G, r1s776746) leads to non-

Author for correspondence: Rong Hu, Discipline of Pharmacology,
Level 5, Helen Mayo North Building, The University of Adelaide,
Adelaide, SA, 5005, Australia (e-mail rong.hu@adelaide.edu.au).

functional CYP3AS5 [21], and consequently, transplant recipi-
ents with CYP3A5%3/%3 genotype (termed ‘non-expressors’)
exhibit two times higher TAC Cy/D than CYP3A5 *1/*1 and
*1/%3  genotypes (collectively termed ‘expressors’) [11].
ABCBI 1236C>T (rs1128503), 2677G>T/A (rs2032582) and
3435C>T (rs1045642) SNPs have also been widely studied
for their effects on TAC PK; however, most studies report no
significant effect on TAC Co/D [11-13,16,18,20]. Other rele-
vant SNPs, that is CYP3A4*22 (rs35599367), NRII2 -
25385C>T (rs3814055) and POR*28 (rs1057868), have been
less frequently studied, with contradictory findings
[14,17,18,20,22-24]; thus, their contributions to TAC PK vari-
ability are currently unclear.

We hypothesised that CYP3AS5, CYP3A4, ABCBI, POR and
NRII2 genotypes significantly affect TAC Cy/D. Therefore,
we aimed to assess their effect on TAC Cy/D in the first
3 months post-kidney transplantation. This included investigat-
ing the five most common Caucasian ABCBI SNPs (61A>G
(rs9282564), 1199G>A (1s2229109), 1236C>T, 2677G>T and
3435C>T) and their haplotypes together for the first time in
kidney transplant recipients.

Materials and Methods

Study participants. This retrospective study was approved by the
Central Adelaide Local Health Network Human Research Ethics
Committee (Protocol number 2008178). All procedures performed
were in accordance with the Declaration of Helsinki and institutional
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and/or national research committee ethical standards. Kidney
transplant recipients, aged over 18 years taking TAC (Prograf®) as the
only calcineurin inhibitor for immunosuppressive therapy (together
with mycophenolic acid and prednisolone), were recruited for this
study. Those with combined organ transplant or severe liver
dysfunction were excluded. One hundred and sixty-five kidney
transplant recipients were included. Informed consent was obtained
from all participants. According to clinical practice guidelines, TAC
was given twice daily and TAC daily dose (D) was adjusted to
achieve whole blood target C, (8—15 ng/ml) using therapeutic drug
monitoring.

Participant ~ demographic and  clinical ~data  collection. Patient
demographics and clinical data were obtained from clinical case notes,
including pre-transplant measures of alanine aminotransferase,
aspartate aminotransferase and haematocrit. Tacrolimus C, for
therapeutic drug monitoring was quantified by LC-MS/MS [25]. Intra-
and inter-assay imprecision and inaccuracy were <12% over the
concentration range of 2.4-48.2 ng/ml. TAC D and haematocrit were
collected at 1 and 3 months post-transplant.

Genetic analysis. Whole blood samples were collected, and genomic
DNA was extracted using a QIJAamp DNA Mini Kit (Qiagen Pty Ltd,
Melbourne, VIC, Australia) or Maxwell® 16 Blood DNA Purification
kit (Promega Corporation, Sydney, NSW, Australia). DNA purity and
concentrations were determined by absorbance using a Synergy Mx
microplate reader (Biotek Instruments Inc., Winooski, VT, USA).
CYP3A4*22 and CYP3A5*3 were genotyped by commercially
available TagMan® SNP genotyping assays (C_59013445_10 and
C_26201809_30, respectively; Thermo Fisher Scientific Australia Pty
Ltd, Adelaide, SA, Australia) and assay conditions were described
previously [26]. Probe-based allelic discrimination assays were
developed for ABCBI (61A>G, 1199G>A, 1236C>T, 2677G>T and
3435C>T), NRII2 (8055C>T, -25385C>T and 63396C>T) and
POR*28 genotyping. The A allele of 2677 G>T/A was not assessed
due to its low frequency (~2%) in Caucasians [27]. All primers and
probes are described in Table S1. Three different multiplex assays,
ABCBI 61A>G and 3435C>T, ABCBI 1199G>A and 2677G>T, and
NRI12 8055C>T and -25385C>T, were established because their
annealing temperatures were compatible (Table S1). Reactions for
each single or multiplex assay contained 1x iTaq Universal Probes
Supermix (Bio-Rad Laboratories Pty Ltd., Sydney, NSW, Australia),
150-225 nM primers (Integrated DNA Technologies Pty Ltd, Sydney,
NSW, Australia), 150 nM probes (Sigma-Aldrich™, Sydney, NSW,
Australia), 20 or 40 ng of DNA for single or multiplex assays,
respectively, and nuclease-free water (Thermo Fisher Scientific
Australia Pty Ltd, Adelaide, SA, Australia) to a 20 pl total reaction
volume. Thermocycling conditions and fluorescence detection
performed with a CFX96 real-time PCR system (BioRad) were
described previously [26], with annealing temperatures as described in
Table 1. Each assay run of samples included two no-template controls
(nuclease-free water) and positive controls of each genotype
previously confirmed by Sanger sequencing [26].

Statistical analysis. Statistical analyses were conducted in R version
3.3.1 [28] unless stated otherwise. Genotype Hardy—Weinberg
equilibrium (HWE) was tested by chi-squared test or Fisher’s exact
test (package::function, genetics [29]:HWE.chisq and HWE.exact).
Pairwise D’ and 7 were calculated to estimate linkage disequilibrium
(LD) between loci within a gene (genetics [29]::LD). ABCBI
haplotypes were inferred using PHASE 2.1 [30,31] as previously
described [32]; individuals were excluded from further haplotype
analysis if their haplotype pairs had low confidence predictions
(predicted probability <0.8) due to missing genotype data or rare
genotype combinations. Common haplotypes were defined based on a

Table 1.
Demographic, clinical and TAC Cy/D data for kidney transplant
recipients.

Characteristic Value
Number of recipients (n) 165
Age (years) 55 (18-73)"
Sex (n) 99 M/66 F
Ethnicity (n, %)
Caucasian 138 (84)
Aboriginal Australian 5(3)
Asian 4 (2)
Unknown 18 (11)
Living donors (n, %) 58 (35)
Number of kidney transplants (n, %)
1 135 (82)
2 26 (16)
3 4(2)
Primary kidney disease (n, %)
Diabetic nephropathy 9 (5)
Glomerulonephritis 41 (25)
Mesangial proliferative nephropathy 27 (16)
Polycystic kidney disease 23 (14)
Reflux nephropathy 11(7)
Others 25 (14)
Unknown 29 (18)
ALT (U/) 19 (2-225)"
AST (U/) 22 (7-360)"
Haematocrit
Pre-transplant 0.35 (0.14-0.49)"
1-month 0.35 (0.24-0.47)"
3-month 0.38 (0.23-0.53)"

TAC Cy/D (ng/ml per mg/day)
I-month (n = 147)
3-month (n = 133)

1.35 (0.35-6.78)"
1.45 (0.28-5.75)"

ALT, alanine aminotransferase; AST, aspartate aminotransferase; F,
female; M, male; TAC Cy/D, dose-adjusted whole blood trough TAC
concentration.

"Values are median (range).

frequency of greater than 0.05. If there were fewer than five
homozygotes for an allele or a haplotype, then they were combined
with heterozygotes for statistical analysis as follows: CYP3A5*3
grouped as *3/%3 or *1/*1 + *1/%3; ABCBI 61A>G grouped as A/A
or A/G + G/G (G allele carriers); NR112 8055C>T grouped as C/C or
C/T + T/T (T allele carriers); and ABCBI 61-1199-1236-2677-3435
AGCGT and GGTTT haplotypes grouped as O copies or 1 + 2 copies
(i.e. AGCGT carrier and GGTTT carrier, respectively). Normality of
continuous variables (age, haematocrit and TAC Cy/D) was checked
using histograms and quantile—quantile plots (graphics [28]::hist, stats
[28]::qqnorm and qgqline). Log transformation (base 10) of TAC Cy/D
was required to normalize distribution prior to further analysis. All
data are expressed as median and interquartile range or range.

Linear mixed effects (LME) analysis (Ime4 [33]::Imer) was used to
identify potential genetic predictors of log-transformed TAC Cy/D.
Haematocrit, age and sex have been reported to significantly impact
TAC C, [34,35]; therefore, genotypes/haplotypes were treated as fixed
effects adjusted by age, sex and haematocrit whilst patient and time (1
or 3 months) were treated as random effects on intercept. Diagnostic
plot (stats [28]:resid) was applied to check the normality and
homoscedasticity of model residuals. Using a forward selection proce-
dure, all SNPs and haplotypes were tested individually controlling for
age, sex, haematocrit and random effects. In each selection run, the
genetic factor with the lowest p-value which also met the Bonferroni-
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adjusted threshold (o0 = 0.05/N) was retained, until no further genetic
factors met this criterion. To aid with interpretation of LME findings,
the total and relative contributions (model and partial R, respectively
(relaimpo [36]::calc.relimp)) of significant genetic and relevant non-
genetic factors to log-transformed TAC Cy/D variability were deter-
mined by multiple linear regression (stats [28]::m) of 1 and 3 months
post-transplant data separately. Figures were drawn by GraphPad
Prism v7 (GraphPad Software, San Diego, CA, USA).

Results

All 165 kidney transplant recipients had at least one TAC
Co/D measurement at 1 or 3 months post-transplant. Table 1
summarizes recipients’ demographic, clinical and TAC Cy/D
data.

Genotype call rates for most SNPs were >98% except for
NRII2 -25385C>T (<80%), thus -25385C>T data were
excluded from further analysis. Consequently, 134 patients
had data for all SNPs, whilst for 28 patients there were 1-5
missing SNPs and for three patients 6-9 missing SNPs
because of limited amount of DNA. Recipient genotype, allele
and haplotype frequencies are shown in table 2. Genotype fre-
quencies did not deviate from HWE (p > 0.1) except for
CYP3A5*3 (point-wise p = 0.02), with an excess of
CYP3A5%1/%1 (table 2). To rule out errors in genotyping, all
CYP3A5%1/%1 genotypes were confirmed by Sanger sequenc-
ing [26]. Further, this deviation was not a result of mixed-eth-
nicity in the recipients, as recipient CYP3A5*3 genotype
frequencies were similar when considering only Caucasians
(2%, 13% and 85% for CYP3A5*1/%1, CYP3A5*1/%3 and
CYP3A5%3/%3, respectively).

NRII2 8055C>T and 63396C>T were not in significant LD
(p > 0.7). ABCB1 1236C>T, 2677G>T and 3435C>T variant
alleles were all in strong LD with each other (D’ = 0.7-0.9,
?>04, p<2x 107", and 61A>G and 1199G>A variant
alleles were in strong LD with 1236C>T, 2677G>T and
3435C>T variant alleles (D* = 0.9-1.0, > 0.07, p < 0.005).
However, there was no LD between ABCBI 61A>G and
1199G>A alleles (D’ =1, 7= 0.004, p > 0.2). Four common
ABCBI haplotypes were predicted as follows: AGCGC (wild-
type for all SNPs), AGCGT, AGTTT and GGTTT. Conse-
quently, a multiple testing-adjusted p-value threshold for initial
LME inclusion was determined at 0.004 (o = 0.05/14 tests, 10
SNPs and four haplotypes).

Differences in TAC Cy/D between genotype/haplotype
groups at 1 and 3 months post-transplant are summarized in
Table S2. Residual normality and homoscedasticity confirmed
by diagnostic plot. Forward selection LME analysis identified
CYP3A5%3 and ABCBI 61A>G genotype as the only signifi-
cant genetic predictors of log-transformed TAC Cy/D, which
was lower in CYP3AS5 expressors (mean difference [95%
CIl = 036, [-045 to —0.28]; p=55x 107'% and
ABCBI 61A>G variant (G) carriers (—0.13, [—0.21 to —0.05];
p = 0.001), equivalent to 56% and 26% lower geometric mean
TAC Cy/D, respectively. There was no interaction between
CYP3A5%*3 and ABCBI 61A>G genotypes (p = 0.54).
CYP3A5%3 and ABCBI 61A>G genotype differences in unad-
justed TAC Cy/D at 1 and 3 months post-transplant are shown

Table 2.
ABCBI, CYP3A4/5, NRII2 and POR genotype, allele and ABCBI
haplotype data (n, %).

SNPs/ Alleles/ HWE
Gene Haplotypes Genotypes Haplotypes P-value
ABCBI 61A>G A/A (134, 82%) A (295, 90%) 0.64
A/IG (27, 17%) G (31, 10%)
G/G (2, 1%)
1199G>A G/G (148, 92%) G (308, 96%) 1
G/A (12, 8%) A (12, 4%)
1236C>T C/C (44, 27%) C (165, 51%) 0.54
CIT (77, 47%) T (161, 49%)
T/T (42, 26%)
2677G>T G/G (47, 29%) G (172, 53%) 0.76
GIT (78, 48%) T (150, 47%)
TIT (36, 22%)
3435C>T C/C (41, 25%) C (151, 47%) 0.08
C/T (69, 43%) T (173, 53%)
T/T (52, 32%)
AGCGC 0 copies (65, 41%) AGCGC (113, 36%)
1 copy (71, 45%)
2 copies (21, 13%)
AGCGT 0 copies AGCGT (31, 10%)
(127, 81%)
1 copy (29, 18%)
2 copies (1, 1%)
AGTTT 0 copies (73, 46%)  AGTTT (104, 33%)
1 copy (64, 41%)
2 copies (20, 13%)
GGTTT 0 copies GGTTT (27, 9%)
(132, 84%)
1 copy (23, 15%)
2 copies (2, 1%)
CYP3A4  *22 #1/%1 (141, 93%) *1 (292, 97%) 1
#1/%22 (10, 7%) *22 (10, 3%)
CYP3A5 %3 #1/%1 (4, 3%) *1 (27, 9%) 0.02

*1/%3 (19, 12%)
*3/%3 (129, 85%)
C/C (102, 71%)
C/T (39, 27%)
T/T (3, 2%)

3 (277, 91%)

NRII2 8055C>T C (243, 84%) 1

T (45, 16%)

63396C>T  C/C (28, 18%) C (127, 42%) 0.62
CIT (71, 46%) T (179, 58%)
TIT (54, 35%)
POR #28 #1/41 (71, 50%) *] (204, 72%) 0.41

*1/%28 (62, 44%)
*28/%28 (9, 6%)

*28 (80, 28%)

HWE, Hardy—Weinberg Equilibrium.

in figs 1 and 2, respectively. When considered together,
CYP3A5*3, ABCBI 61A>G, age, sex and haematocrit
accounted for 32.0% and 38.3% of log-transformed TAC
Co/D variability at 1 and 3 months post-transplant, respec-
tively. In terms of their relative contributions (partial R?),
CYP3A5%3 explained 25.1% and 30.5%, ABCBI1 61A>G 3.0%
and 4.3%, and non-genetic variables (combined) 3.9% and
3.5%, of log-transformed TAC Cy/D variability in these 1 and 3
months post-transplant multiple regression models, respectively.

Discussion

Although the effect of ABCBI genetic variability on TAC PK
has been extensively studied [11-13,15,16,18,20,37-39], to
our knowledge, this is the first TAC pharmacogenetic study in
solid organ transplantation patients to identify a significant
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Fig. 1. Influence of CYP3A5*1/%1 + CYP3A5*1/%3 and CYP3A5%3/%3
genotypes on TAC Cy/D. Black and red dots and lines indicate indi-
vidual recipient TAC Cy/D and medians at 1 and 3 months post-trans-
plant, respectively.

e 1 month

e 3 months

A)
N
°

.

.{%‘ '.:i'

®egee
.

TAC Cy/D (ng/ml)/(mg/day)
-

""W.v. Y

ABCB161 AIA ABCB1 61A/G+GIG

Fig. 2. Influence of ABCBI A61G A/A and A/G + G/G genotypes on
TAC Cy/D. Black and red dots and lines indicate individual recipient
TAC Cy/D and medians at 1 and 3 months post-transplant, respec-
tively.

impact of ABCBI 61A>G on TAC Cy/D in the first 3 months
post-transplant. A LME model was used to analyse genetic
determinants of log-transformed TAC Cy/D, which allowed for
assessment of repeated measurements, accounted for con-
founding non-genetic effects and adjusted for the expected
major effect of CYP3A5*3 genotype in identifying additional
genetic factors, such as ABCBI 61A>G. However, since this
study was conducted predominantly in Caucasians, the signifi-
cance of 61A>G is unknown in other ethnicities.

ABCBI 61A>G is a non-synonymous SNP (Asn21>Asp)
that does not lead to a significant functional change based on
studies of P-gp-mediated transport of fluorescent substrates
[40]. However, the mechanism underlying the association
observed in this study is not entirely clear because the func-
tional consequences of ABCBI polymorphisms appear to be
substrate-dependent [41]. Whilst Jordan de Luna er al. [37]
and Sanchez-Lazaro et al. [38] found no significant effect of
61A>G on TAC blood concentrations, both studies were in
heart transplant recipients and had very small sample sizes (15

and 24 patients receiving TAC therapy, respectively). Very
recently, Oetting ef al. [20] validated 44 reported SNPs associ-
ated with TAC Cy/D in a cohort of 1560 European-American
kidney transplant recipients and reported no significant effect
of 61A>G on TAC Cy/D (p = 0.97). Considering the major
effect of CYP3A5*3 on TAC Cy/D, it is possible that Oetting
et al. [20] may have underestimated the effect of 61A>G, as
the CYP3A5*3 genotype effect was not adjusted for in their
LME modelling. In contrast, our results showed 61A>G sig-
nificantly decreased TAC Cy/D in kidney transplant recipients,
but only after adjusting for CYP3AS5*3 genotype and the effect
was small relative to CYP3A5*3 genotype, and will need repli-
cation.

Of the other ABCBI SNPs included in this study, 1199G>A
decreases P-gp efflux and increases TAC intracellular accumu-
lation in vitro [42,43]; however, similar to our observations, it
was not associated with TAC Cy/D previously [12,20]. ABCBI
3435C>T reduces ABCBI mRNA stability and P-gp expres-
sion [44,45], and is in strong LD with 1236C>T and
2677G>T [18,39]. These three ABCBI SNPs, along with their
haplotypes, are frequently studied in TAC PK; however, their
impact remains uncertain. Although some associations have
been reported [15,39], most studies, including ours, have
found no effect of these ABCBI genotypes/haplotypes on
TAC Cy/D [11-13,16,18,20]. Further, two meta-analyses of
the impact of 3435C>T SNP [46,47] (n = 1386 and 1327,
respectively) were conducted, and both suggested an inconsis-
tent effect on TAC Cy/D that was dependent on the time post-
transplantation.

This study confirmed that CYP3A5*3 non-expressors have
higher TAC Cy/D than CYP3A5*3 expressors. CYP3A5%*3
genotype frequencies deviated from HWE (P = 0.02) in our
study, which has been found in other studies [3,48]. This may
be due to individuals not being from a truly random popula-
tion (kidney transplant recipients), or simply by chance given
10 HWE tests were carried out in our study. Importantly,
CYP3A5%1/%1 genotypes were confirmed by sequencing, and
this assay has been used without deviation from HWE in other
populations [25], indicating systematic genotyping errors are
unlikely to explain the deviation.

We did not observe any effect of CYP3A4*22 or POR*28
on TAC Cy/D. Theoretically, the CYP3A4#22 and POR*28
SNPs can potentially affect TAC PK. In vitro studies have
found that CYP3A4*22 decreases CYP3A4 mRNA expression
and activity by 40-60% [49], whilst the POR*28/*28 geno-
type increases CYP3A activity by 60% [8]. Oetting et al. [20]
reported CYP3A4#%22 was significantly associated with
increased TAC trough blood concentrations (p = 4.8 x 107'%)
in 1560 European-American kidney transplant recipients. Two
independent kidney transplant studies (n =241 and 49)
[16,23] also reported that CYP3A4*22 carriers had higher
TAC Cy/D than non-carriers (30% and 100%, respectively);
whereas Santoro et al. [14] (n = 140) and Pulk et al. [19]
(n = 1407) reported no effect of CYP3A4*22 on TAC Cy/D.
In a study of 298 kidney transplant recipients, De Jonge et al.
[22] identified that POR*28 carriers (n = 23) had statistically
significant lower TAC Cy/D, but only in the CYP3A5*3

© 2018 Nordic Association for the Publication of BCPT (former Nordic Pharmacological Society)

Rong Hu, PhD thesis 2019

54



Chapter 2. Tacrolimus dispositional genetics and dose-adjusted trough blood tacrolimus concentrations

324 RONG HU ET AL.

expressor subgroup. This effect was subsequently confirmed
by Elens et al. [S0] (n = 184) and Pulk ez al. [19] (n = 1429),
however, of these significant results (point-wise p-
values = 0.03 and 0.04, respectively) only Elens et al. [50]
adjusted for multiple comparisons. In contrast, Jannot et al.
[24] (n = 229) and Oetting et al. [20] (n = 1560) found no
effect of POR*28 on TAC Cy/D in kidney transplant recipi-
ents. In other studies, the CYP3A4*22 and POR*28 SNPs
were analysed in combination with CYP3A5*3 to generate
fast/intermediate/slow metabolizer groups [51,52] or to calcu-
late CYP3A4/5 scores [23,39]; thus, the independent effect of
CYP3A4%22 or POR*28 on TAC PK was not reported. More
research and meta-analyses are therefore needed to address
these discrepancies regarding the roles CYP3A4#*22 and
POR*28 play in TAC PK variability.

The NRII2 8055T allele is associated with two times
increased intestinal CYP3A inducibility [53], and the 63396
C/C genotype is associated with three times lower basal and
rifampin-inducible CYP3A4 activity [54]. However, there
were no effects of 8055C>T or 63396C>T genotypes on TAC
Co/D in this study. Whilst we are the first to investigate
63396C>T in this setting, two previous studies have similarly
reported no effect of 8055C>T on TACyD [17,20]. The
NRII2 -25385T allele is also associated with two times
increased intestinal CYP3A inducibility [53]. In three indepen-
dent kidney transplant recipient cohorts (n = 142, 159 and
1923, respectively) [13,18,20], no difference in TAC Cy/D
was reported between -25385C>T genotype groups. In con-
trast, Kurzawski et al. [55] recently reported that -25385C/C
genotype carriers had significantly lower TAC Cy/D
(p = 0.005) in 240 Caucasian kidney transplant recipients.
Unfortunately, we were unable to investigate the effect of -
25385C>T on TAC Cy/D due to poor assay performance with
our samples, and insufficient DNA for re-analysis. Hence, it
remains unclear what effect -25385C>T has on TAC PK.

As with any study, there were some notable limitations that
need to be considered. For example, our study had a relatively
limited sample size, and some homozygous genotypes (i.e.
ABCBI 61G/G, NRI1I2 8055 T/T) needed to be combined with
heterozygote genotypes for statistical analysis or were not
observed (CYP3A4%22/%22, ABCBI 1199A/A). Therefore, we
cannot rule out effects of these homozygous variant geno-
types. Additionally, we had no record of recipients’ co-medi-
cations and so could not assess potential drug—drug
interactions with TAC. Finally, our current model explains
less than 40% of TAC Cy/D variability, which although simi-
lar to the 18-42% variability found by other investigators
[15,17,18,20], indicates novel genetic and non-genetic factors
(i.e. co-administration of CYP3A inducers and/or inhibitors)
need to be examined in future studies.

In conclusion, this study investigated potential genetic
causes of inter-individual variability in TAC Cy/D by studying
SNPs in the genes encoding TAC metabolizing enzymes,
transporter, co-factor and regulator. Our approach has enabled
us to confirm the significant effect of CYP3AS5*3 and to detect
the novel although minor effect of ABCBI 61A>G on TAC
Cy/D for the first time.
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Appendix tables: Table 1. Sequences and concentrations of primers and probes, annealing temperatures and product sizes for probe-based

allelic discrimination genotyping assays

Annealing Product Primer/

Genes SNPs temperature  size (bp) Probe Sequence

ABCBI  61A>G 70.0°C 253 5 ATCTTGAAGGGGACCGCAATGGAGGAG-3’
5’-CATATGCTGTGCTCCACTCAGCCAACA-3’
[ROX]JAAGCTAGTTACCTTTTAT[+T][+G][+T][+T][+C][+A]G[BHQ2]

[Q670]AAGCTAGTTACCTTTTAT[+C][+G][+T][+T][+C][+A]G[BHQ3]

1199G>A 68.0°C 241 5" TGACAGCTATTCGAAGAGTGGGCACAA-3’
5°-GGCAATTCACAGACACAGGATATAGGAACTGA-3’
[FAM]ATGTTCACT[+T][+C][+A][+G][+T][+T]ACCCATCTCG[BHQI]

[HEX]ATGTTCACT[+T][+C][+A][+A][+T][+T]JACCCATCTCG[BHQI]

1236C>T 71.5°C 168 5-TCCTGTGTCTGTGAATTGCCTTGAAGTTT-3’
5-CTGTGGGGTCATAGAGCCTCTGCATCA-3’
[FAM]CCTTCAGGTTC[+A][+G][+G][+C][+C]CTTCAAGAT[BHQI]

[HEX]CCTTCAGGTTC[+A][+G][+A][+C][+C]CTTCAAGAT[BHQI]

2677G>T 68.0°C 279 5-CCCATCATTGCAATAGCAGGAGTTGTTGA-3’
5-TGAGTCCAAGAACTGGCTTTGCTACTTTCTG-3’
[FAM]TCACCTTCCC[+A][+G][+C][+A][+C]CTTCTAGTTC[BHQ1]

[HEX]TCACCTTCCC[+A][+G][+A][+A][+C]CTTCTAGTTC[BHQI]

3435C>T 70.0°C 199 5-GTCCCAGGAGCCCATCCTGTTTGACT-3’
5" TATAGGCCAGAGAGGCTGCCACATGCT-3’
[FAM]CAGGAAGAGA[+T][+C][+G]TGAGGGCAGCAA[BHQI1]

[CalFluor540]CAGGAAGAGA[+T][+T][+G]TGAGGGCAGCAA[BHQI]

NRII2 8055C>T 68.5°C 150 5’-GCTACGCCAGGATATGCAGG-3’
5’-TTGCTGGAAGCCACCTGTG-3’

[FAMJAGCTGCCCCTCCAT[+C]JCTGTTACCAT[BHQI]

sRO<ERO<EIT<ERO<E R T<E R
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[HEXJAGCTGCCCCTCCAT[+T]CTGTTACCAT[BHQI]

25385 C>T 68.5°C 75 5°-ACC TGA AGA CAA CTG TGG TCA T-3’
5°-GGA GAC CAC GAT TGA GCA AAC-3’
[TxRA]CA ATC CCA G[+G][+T][+T][+C][+T][+C]TT TTC TAC[BHQ2]

[Cy5]CA ATC CCA G[+G][+T][+T][+T][+T][+C]TT TTC TAC[BHQ2]

63396C>T 64.0°C 361 5-TGGTCATTCATAGCTTCTTTGG-3’
5°-ACTGGTGGTTGGTAAGACAG-3’
[FAM]CTTTTTTGTGCCATATTTT[+T][+T][+C][+T]G[BHQ1]

[HEX]CTTTTTTGTGCCATATTTT[+T][+T][+T][+T]G[BHQI]

POR *28 70.0°C 133 5-TGCGGTGGTTGTGGAGTAC-3’
5-GGACTTGCGCACGAACATG-3’
[FAM]TTCTCCCCG[+G]CAGGCTCCTT[BHQI]

[HEX]CGTTCTCCCCG[+A]JCAGGCTCCTT[BHQI]

<E2mo<ERAT<E T

BHQ = Black Hole Quencher; bp: base pairs; CalFluor540 = CalFluor Gold 540; CyS5: Cyanine 5; F: forward primer; FAM: 6-carboxy-
fluorescein; HEX: hexachloro-6-carboxy-fluorescein; Q670 = Quasar 670; R: reverse primer; ROX: 6-Carboxyl-X-Rhodamine; TxRd: Texas

red; V: variant probe; W: wild-type probe; “+” precedes locked nucleic acid bases.
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Appendix tables: Table 2. Median [interquartile range] TAC Co/D for different

genotypes and haplotypes in the first 3 months post-transplant

Genotypes/

Genes Haplotypes

TAC Co/D (ng/ml per mg/day)

1 month

3 month

ABCBI 61A>G A/A

A/G+G/G

1.45 [0.98-1.94]
1.15 [0.99-1.35]

1.53 [1.09-2.34]
1.23 [0.92-1.60]

1199G>A G/G
G/A

1.33[0.97-1.81]
1.46 [1.16-1.93]

1.45 [0.99-2.24]
1.75 [1.20-2.46]

1236C>T c/C
C/T
T/T

1.44 [1.09-1.73]
1.35 [0.95-1.83]
1.28 [1.08-1.83]

1.55 [0.97-2.35]
1.42 [0.93-2.18]
1.48 [1.16-2.33]

2677G>T G/G
G/T
T/T

1.35 [1.08-1.76]
1.34[0.94-1.86]
1.31 [1.08-1.80]

1.60 [0.96-2.41]
1.42 [0.98-2.10]
1.46 [1.17-2.23]

3435C>T c/C
C/T
T/T

1.44[0.99-1.83]
1.39 [1.01-1.78]
1.15 [0.90-1.79]

1.57 [0.97-2.59]
1.55 [1.05-2.25]
1.25 [1.02-1.90]

AGCGC 0 copies

1 copy
2 copies

1.30 [1.00-1.80]
1.43 [0.97-1.67]
1.37 [1.14-1.85]

1.43 [1.13-2.03]
1.42 [0.93-2.24]
1.70 [1.22-2.72]

AGCGT 0 copies

1+2 copies

1.35 [0.99-1.83]
1.35 [0.86-1.66]

1.45 [1.05-2.29]
1.43 [0.83-2.22]

AGTTT 0 copies

1 copy
2 copies

1.27 [1.00-1.55]
1.44 [0.90-2.07]
1.59 [1.08-2.17]

1.40 [0.90-2.23]
1.53 [1.11-2.19]
1.57 [1.19-2.74]

GGTTT 0 copies

1+2 copies

1.4410.97-1.88]
1.12 [0.99-1.34]

1.53 [1.03-2.37]
1.24[0.93-1.59]

CYP344 *22 *1/*1
*1/*22

1.33[0.97-1.71]
1.34[0.97-1.79]

1.44 [1.06-2.20]
1.45 [1.05-2.23]

CYP345 *3 *L/RIA*1/*3

*3/%3

0.63 [0.51-0.95]
1.45 [1.12-1.86]

0.59 [0.45-0.97]
1.60 [1.20-2.29]

NRI1I2 8055C>T c/C

C/T+T/T

1.35 [0.95-1.67]
1.33 [1.09-1.92]

1.450.91-1.88]
1.35[1.20-2.11]

63396C>T c/C
C/T
T/T

1.22 [0.80-1.52]
1.45 [1.12-1.85]
1.58 [1.07-2.13]

1.31 [0.88-2.18]
1.55[1.16-2.22]
1.59 [1.17-2.08]

POR *28 *1/%1
*1/%28
*28/*28

1.28 [0.93-1.65]
1.37 [1.02-1.85]
1.35[1.20-2.11]

1.48 [1.10-2.22]
1.45[0.97-2.23]
1.68 [1.18-2.33]

TAC Co/D: dose-adjusted trough blood tacrolimus concentration.
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Chapter 3: Relationship between tacrolimus
dispositional genetics and short-term kidney

transplant outcomes
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Original article 9

Effect of tacrolimus dispositional genetics on acute rejection
in the first 2 weeks and estimated glomerular filtration rate in
the first 3 months following kidney transplantation

Rong Hu?, Daniel T. Barratt?, Janet K. Coller®, Benedetta C. Sallustio®®

and Andrew A. Somogyi*©

Background CYP3A4/5 and P-glycoprotein (P-gp, ABCB1)
affect tacrolimus (TAC) exposure in T cells and kidney cells.
Genetic variability of these genes has been widely studied
for effects on acute rejection and kidney function after
transplantation, but findings remain contradictory. In
addition, cytochrome P450 reductase (POR) is important for
CYP3A4/5 activity, and the pregnane X receptor (NR1/2)
regulates CYP3A4/5 and P-gp expression. However, the
relationship between POR and NR1/2 genetics and acute
rejection and kidney function has not been extensively
investigated.

Objective The aim of this study was to investigate the
effect of ABCB1 (61A> G, 1199G > A, 1236C > T, 2677G > T,
3435C > T), CYP3A4*22, CYP3A5*3, NR1I2 (8055C > T,
63396C > T) and POR*28 genotypes/haplotypes on acute
rejection and kidney function in the first 3 months after
transplant.

Participants and methods The study included 165 kidney
transplant recipients, who received TAC, mycophenolate and
prednisolone, and 129 donors. TAC dose was adjusted to
target trough blood concentrations of 8-15 ng/ml by
therapeutic drug monitoring. Recipient and donor genotype/
haplotype differences in acute rejection incidence within the
first 2 weeks after transplant were assessed by logistic
regression, adjusting for induction therapy, human
leucocyte antigen mismatches, kidney transplant number,
peak panel-reactive antibodies and donor type. Recipient

Introduction

Acute rejection and delayed graft function (DGF) are
adverse clinical outcomes that result in decreased kidney
function and contribute to long-term graft loss following
kidney transplantation [1,2].

To minimize acute rejection, maintenance immunosup-
pression, typically comprising tacrolimus (TAC), myco-
phenolate and prednisolone, is routinely used. Of these
agents, only TAC currently undergoes therapeutic drug
monitoring (TDM) by most transplant centres, targeting
trough blood concentrations (TAC () between 5 and
15 ng/ml [3] to reduce under-immunosuppression or
TAC-induced nephrotoxicity. TAC is a direct glomer-
uloconstrictor [4], and increased TAC () (>15 ng/ml) is

1744-6872 Copyright © 2018 Wolters Kluwer Health, Inc. All rights reserved.

and donor genotype/haplotype differences in estimated
glomerular filtration rate in the first 3 months after
transplant were assessed by linear mixed effects analysis,
adjusting for acute rejection, delayed graft function and
donor type.

Results No genetic factors significantly affected acute
rejection or estimated glomerular filtration rate after
correction for multiple comparisons (P> 0.004).

Conclusion Recipient and donor dispositional genetics
had no significant effect on short-term clinical outcomes in
kidney transplant patients receiving TAC therapeutic drug
monitoring. Pharmacogenetics and Genomics 29:9-17
Copyright © 2018 Wolters Kluwer Health, Inc. All rights
reserved.
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significantly associated with decreased kidney function
(indicated by increased serum creatinine) [5]. However,
~10% of patients still develop acute rejection even when
TAC Cy is above 5ng/ml in the first 2 weeks after
transplant [6]. Induction therapy, human leucocyte anti-
gen (HLA) mismatches, kidney transplant numbers and
peak panel-reactive antibodies (PRA) have been asso-
ciated with acute rejection [7-10].

Pharmacogenetic studies have also been conducted to
examine predictors of acute rejection and TAC-related
kidney dysfunction. Genotypes of TAC’s key metabo-
lizing enzyme cytochrome P450 3A5 (encoded by
CYP3A5) and efflux transporter P-glycoprotein (P-gp,
encoded by ABCBT) not only determine TAC (), [11-13]
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but also TAC intracellular exposure in cells that express
CYP3AS and/or P-gp [14-16], such as patient peripheral
blood mononuclear cells (PBMCs, which include T cells)
[17] and kidney (HEK293) cells 7z vitro [18]. As the immu-
nosuppressive site of action of TAC is in T cells [19], reci-
pient ABCBI genetics may have the greatest effect on acute
rejection by modifying T-cell TAC concentrations rather
than TAC (. In addition, donor and recipient (YP3A5 and
ABCB1 genetics may affect TAC-induced kidney graft dys-
function by altering TAC accumulation within kidney tub-
ular epithelial cells either directly (donor graft) or indirectly
by effects on () (recipient). Despite several studies to date, it
is still unclear if recipient genotypes [CYP3A5*3 (1s776746),
ABCBI1 1236C>T (rs1128503), 2677G>T (rs2032582) or
3435C > T (rs1045642)] affect acute rejection and/or kidney
function [20-24]. Donor C(YP3A5*3 and/or ABCBI genetics
may influence acute rejection and/or kidney function
[25-27]; however, this has not been replicated [28,29]. In
addition, no research has investigated the relationship
between recipient/donor ABCBI 61A> G (rs9282564) and
1199G>A (1s2229109) genotypes and acute rejection or
kidney function.

Cytochrome P450 3A4 (encoded by CYP3A4) is another
key metabolizing enzyme of TAC [11], and cytochrome
P450 reductase (encoded by POR) modulates CYP3A4/5
activity [30]. Recipient CYP3A4*22 (1s35599367) and
POR*28 (rs1057868) genotypes do not influence acute
rejection [31,32], but these findings need confirmation
because of the limited number of studies. Furthermore,
the effects of donor CYP3A4%22 and POR*28 genotypes
on acute rejection and kidney function have not been
previously examined. Finally, although pregnane X
receptor (encoded by NR/I2) regulates CYP3A4/5 and
P-gp expression [33], no studies have investigated the
effect of recipient or donor NR/I2 genetic variability on
acute rejection or kidney function in kidney transplant
patients receiving TAC.

We previously demonstrated that recipient CYP3A5%1
and ABCB1 61G alleles were associated with lower dose-
corrected TAC () in a cohort of predominantly White
kidney transplant recipients [34]. Therefore, in the same
cohort of recipients and their donors, this study aimed to
assess the effect of genes associated with TAC disposi-
tion on acute rejection in the first 2 weeks and kidney
function in the first 3 months after transplant. We
hypothesized that both recipient and donor ABCBI,
CYP3A, NRI1I2 and POR genetics would affect these
short-term clinical outcomes in kidney transplant reci-
pients receiving TAC. Importantly, this study is the first
to include all five most common white ABCB! single
nucleotide polymorphisms (SNPs, 61A> G, 1199G > A,
1236C>T, 2677G>T and 3435C>T) together with
their haplotypes, and the NR/7/2 8055C > T (rs2276707)
and 63396C > T (1s2472677) SNPs, in the investigation of
short-term clinical outcomes.

Participants and methods

Study participants

As described in our previous study [34], 165 adult kidney
transplant recipients (>18 vyears) and their respective
donors were recruited for this study (not every donor
sample was available, »=129). Eleven donors each pro-
vided kidneys for two recipients; these were counted only
once in the Hardy—Weinberg equilibrium (HWE) analysis
but were treated independently for outcome associations.
Recipients with multiple-organ transplantation or severe
liver dysfunction [34] were excluded. Anti-CD-25 antibody
induction (Basiliximab; Novartis Pharmaceuticals Australia,
North Ryde, Australia) was given to 93% of recipients.
All recipients received maintenance immunosuppression
with TAC [(Prograf; Astellas Pharma Australia Pty Ltd,
Macquarie Park, Australia) twice daily], mycophenolate
mofetil [(Cellcept; Roche Products Pty Limited, Sydney,
Australia) fixed dose of 0.72-1 g, twice daily] and pre-
dnisolone (initial dose of 20-30 mg, followed by a
corticosteroid tapering regimen). Informed consent was
obtained from all recipients and living donors. For
deceased donors, consent was obtained from respective
recipients to use excess donor tissue blood vessels for
genotyping. This study was approved by the Central
Adelaide Local Health Network Human Research Ethics
Committee (Protocol number: 2 008 178). All procedures
met the Declaration of Helsinki and institutional research
committee ethical standards.

Demographics, genotyping and clinical data
Participants’ demographics, DNA extraction and geno-
typing protocols have been described previously [34,35].
TAC (, (quantified by LC-MS/MS [36]) data from
TDM were collected every day for the first 2 weeks after
transplant. TAC dose was adjusted to a target €y of
8-15ng/ml by TDM. DGF (the use of dialysis within
the first week after transplant), the number of HLLA
mismatches (HLA-A, HLA-B and HLA-DR antigens)
between recipients and donors, induction therapy, kid-
ney transplant number, peak PRA scores (%) assessed by
serum lymphocytotoxicity assay [10] and donor type were
all recorded from patients’ case notes. Biopsy-confirmed
acute rejection [37] was recorded within the first 2 weeks
after transplant. Kidney function was evaluated by esti-
mated glomerular filtration rate (¢GFR) calculated by the
Chronic Kidney Discase Epidemiology Collaboration
cquation [38], before transplant and 1 and 3 months after
transplant. All clinical data are summarized in Table 1.

Statistical analysis

Statistical analyses were carried out in R, version 3.5.0 [39]
unless stated otherwise. HWE was tested by y* or Fisher’s
exact test (R package:function, genetics [40]::HWE.chisq
and HWE.exact). Linkage disequilibrium (LD) between
loci within a gene was examined by pairwise D’ and 7
(genetics [39]:LD). ABCBI haplotypes were inferred by
PHASE 2.1 [41-43]. When low frequencies were observed,

Copyright © 2018 Wolters Kluwer Health, Inc. All rights reserved.
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Table 1 Clinical data for 165 kidney transplant recipients before Table 2 Distribution of acute rejection relative to TAC C, in the first
transplant and in the first 3 months after transplant 2 weeks after transplant

Characteristics Value TAC C, No rejection [n (%)]  Rejection [n (%)] OR  95% CI P
Acute rejection® (Y) [n (%)] 38 (23) >8ng/ml* 84 (51) 24 (15) 1.1 0.5-24 0.7
DGF (Y) [n (%)] 21 (13) <8ng/ml® 43 (26) 14 (8)

eGFR [median (range)] (ml/min/1.73 m?)

Before transplant 8 (3-33) 95% ClI, 95% confidence interval; OR, odds ratio; TAC Co, trough blood tacro-

1 month after transplant 55 (12-111) limus concentrations; TDM, therapeutic drug monitoring.

3 months after transplant 53 (18-115) “Kidney transplant recipients were grouped according to whether or not their daily
Recipient ethnicity [n (%)] TAC C, were <8ng/ml (the lower limit of the TDM target range of TAC in this

White 138 (84) study) for at least 3 consecutive days.

Aboriginal Australian 5 (3)

Asian 4(2)

Unknown 18 (11) by OR, 95% CI and point-wise P values (stats [39]::fisher.
HLA mismatches [n (%)]

A (0/1/2) 15/87/63 (9/53/38) test).

B (0/1/2) 7/57/101 (4/35/61) . . . .

DR (0/1/2) 12/70/83 (7/42/50) Linear mixed effects regression analysis (Ime4 [45]::Imer;
Induction therapy (Y) [n (%)] 153 (93) car [46]::Anova) was applied to assess the effect of reci-
Kidney transplant number [n (%)] . . £

y 185 (82) pient and donor genetics on repeated measurements o

2 26 (16) logeGFR at 1 and 3 months after transplant. Acute

3 4 (2) . . . . P

rejection (Y, DGF (Y/N), living donor (Y, and
Living donors [n (%)] 58 (35) J ( /N)’ ( / ) & ( /N)’

Peak PRA [n (%)]
<10%/>10% 135 (82)/29 (17)
NA 1(1)

Percentages may not sum to 100% because of rounding.

DGF, delayed graft function, the use of dialysis within the first week after trans-
plant; eGFR, estimated glomerular filtration rate; HLA mismatches, human leu-
cocyte antigens (HLA-A, HLA-B and HLA-DR) mismatches; NA, not available;
peak PRA, peak panel-reactive antibodies scores assessed by serum lymphocy-
totoxicity assay; Y, yes.

“Acute rejection in the first 2 weeks after kidney transplant.

some genotypes/haplotypes were combined for statistical
purposes: CYP3A5 nonexpressors (CYP3A5%3/*3) versus
expressors (*1/*] + *1/*3); ABCBI 61G allele carriers (A/
G + G/G) versus noncarriers (A/A); AGCGT or GGTTT
haplotypes as 0 copies versus 1+2 copies; and NR/I2
8055T allele carriers (C/T +T/T) versus noncarriers (C/C).

Normality of eGFR was assessed using histograms and
quantile-quantile plots (graphics [39]:hist; stats [39]:
qqnorm and qqline). To reduce non-normality of data,
log;o transformation of eGFR (log eGFR) was performed
according to a power transformation test (MASS [44]:
boxcox). To identify recipient and donor genotype/hap-
lotype differences in incidence of acute rejection, genetic
factors were examined individually by logistic regression
(generalized linear modelling by Ime4 [45]:glm),
adjusting for induction therapy [yes/no (Y/N)], HLA
mismatches (<3 or >3), kidney transplant number (1 or
>2), peak PRA (<10 or >10%) and living donor (Y/N).
The effect of all individual factors on acute rejection was
assessed by odds ratio (OR), 95% confidence interval (CI)
and point-wise P values (stats [39]::exp, coef and confint;
car [46]::Anova).

Recipients were also grouped according to whether or not
their daily TAC €, was less than 8 ng/ml (the lower limit
of T DM target range of TAC in this study) for at least 3
consecutive days in the first 2 weeks after kidney trans-
plant, and the incidence of acute rejection was compared

recipient and donor genotypes/haplotypes, were treated
as fixed effects, with genotypes/haplotypes tested indi-
vidually, whereas recipient/donor ID and time (1 or
3 months after transplant) were random effects on inter-
cept. The effect of all individual factors on log eGFR was
assessed by mean difference and point-wise P values
(stats [39]::summary, car [46]::Anova).

For each outcome, P-value thresholds for genotype/
haplotype significance were corrected by Bonferroni-
adjustment (@=0.05/N, where N equalled the number
of genotype/haplotype tests carried out in the recipient or
donor cohort).

Results

In total, 38 (23%) patients developed acute rejection; 19
(50%) within the first week, 14 (37%) between 1 and
2 weeks and five (13%) in both the first and second week
after transplant. The distribution of acute rejection rela-
tive to TAC ( of greater than or equal to 8 ng/ml or less
than 8 ng/ml in the first 2 weeks after the transplant is
shown in Table 2. There was no significant difference in
acute rejection between the groups with TAC ¢ of less
than 8 ng/ml and greater than or equal to 8 ng/ml [OR
(95% CI)=1.1 (0.5-2.4); point-wise P=0.7]. The effects
of induction therapy, HLA mismatches, kidney trans-
plant number and peak PRA scores and donor type on
acute rejection, and of acute rejection, DGF and donor
type on kidney function (log;o eGFR), are summarized in
Tables 3 and 4, respectively. None of these factors had a
statistically significant effect on these short-term out-
comes (point-wise P> 0.05).

Genetic variability in kidney transplant recipients and
donors

Recipient genotype, allele and haplotype frequencies, and
LD have been reported by us previously [34]. Donor
genotype, allele and common haplotype frequencies (>5%)
are shown in Table 5. All donor genotypes were in HWE
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Table 3 Effect of human leucocyte antigen mismatches, induction
therapy, kidney transplant number, peak panel-reactive antibody
scores and donor type on acute rejection in the first 2 weeks after
transplant

OR 95% Cl P
HLA mismatches (n>3) 2.1 0.8-6.8 0.2
Induction therapy (Y) 0.5 0.1-2.0 0.3
Kidney transplant number (n > 2) 1.9 0.7-5.0 0.2
Peak PRA (>100%) 1.1 0.4-3.0 0.8
Living donor (Y) 1.3 0.6-2.9 0.5

95% Cl, 95% confidence interval; HLA mismatches, human leucocyte antigens
(HLA-A, HLA-B and HLA-DR) mismatches; OR, odds ratio; P, point-wise P value;
peak PRA, peak panel-reactive antibodies scores assessed by serum lymphocy-
totoxicity assay; Y, yes.

Table 4 Effect of acute rejection, delayed graft function and donor
type on estimated glomerular filtration rate [repeated measurement
of estimated glomerular filtration rate (log,, transformed) at 1 and
3 months after transplant] in the first 3 months after transplant

Estimate SE P
Intercept 1.7 0.02 <2x107'®
Acute rejection (Y) —0.0008 0.03 1
DGF (Y) —0.06 0.03 0.07
Living donor (Y) —0.00008 0.02 1

DGF, delayed graft function, the use of dialysis within the first week after trans-
plant; eGFR, estimated glomerular filtration rate; P, point-wise P value; Y, yes.

(P> 0.1). Similar to recipients [34], donor NR112 8055C > T
and 63396C'>T were not in significant LD (P>0.9),
whereas ABCBI 12361, 2677T and 3435T were all in
strong LD with each other (D'=0.8-0.9, 7#>0.5,
P<2x 10_1(’). Donor 61G and 1199A were in strong LD
with 1236T, 2677T and 3435T (D' =0.9-1.0, /*>0.03,
P <0.01); however, there was no LD between ABCBI 61G
and 1199A (D’ =0.07, 72 =0.0009, P> 0.2). Furthermore, as
in recipients [34], four common ABCBI haplotypes were
observed in donors: AGCGC (wild-type for all SNPs),
AGCGT, AGTTT and GGTTT. Consequently, a multi-
ple testing-adjusted P-value threshold was determined as
0.004 (@=0.05/14, 10 SNPs and four haplotypes within
recipients and donors, respectively).

Complete genotype data for all variants were available for
81 recipient/donor pairs but only 2% had the same gen-
otype across the 10 SNPs. For individual SNPs, 77% of
recipient/donor pairs had the same genotypes for
CYP3A5%3, 89% for CYP3A4*22, 52% for POR*2S,
41-92% for 1 ABCB! SNP (17% for all five ABCBI
SNPs), and 52 and 46% for NRIIZ2 8055C>T and
63396C > T SNPs, respectively.

Genetic effect on acute rejection and kidney function

Recipient and donor genotype/haplotype differences in
acute rejection in the first 2 weeks after transplant,
adjusting for induction therapy, HLA mismatches, kid-
ney transplant number, peak PRA scores and donor type,
are summarized in Table 6. No acute rejection occurred

in patients receiving a kidney from CYP3A5 expressor
donors (#=13). However, donor CYP3A5*3 genotype
was not a statistically significant predictor of acute
rejection after correction for multiple comparisons
(threshold P <0.004), with OR and 95% CI unable to be
estimated (fitted probability numerically 0 for donor
CYP3AS5 expressors). Differences of log;o eGFR in the
recipient and the donor genotype/haplotype groups at 1
and 3 months after transplant, respectively, are sum-
marized in Table 7. For all genetic factors, no significant
effect on acute rejection or kidney function was found
(threshold P <0.004).

Discussion

T'o our knowledge, this is the first TAC pharmacogenetic
study to investigate both recipient and donor ABCBI,
CYP3A4/5, NR1I2 and POR genotypes/haplotypes for
their effects on the short-term outcomes of acute rejec-
tion in the first 2 weeks and kidney function in the
first 3 months following kidney transplantation. None of
these TAC disposition genes significantly affected acute
rejection or kidney function.

So far, there is no consistent association between reci-
pient ABCB1 genetics or CYP3A5*3 and acute rejection
in the context of TAC TDM. Bandur e a/. [22] found
ABCB1 1236C-2677G-3435T haplotype carriers had
1.4-fold higher risk of acute rejection (P=0.04) in white
kidney transplant recipients; however, only half of the
population (7 =425) was treated with TAC whereas the
other half (7 =407) was treated with cyclosporin. A meta-
analysis [47] (#=772) found CYP3A5 expressors had a
higher risk of acute rejection than CYP3A5 nonexpressors
at 1 month (P=0.002), but not at 3 or 12 months (P=0.5)
after transplant. In contrast, most research [20,21,24,
32,48], including the present study which only focused
on the early post-transplant period, has failed to identify
any significant effect of recipient CYP3A5*3 or ABCB1
genotypes/haplotypes on acute rejection.

There are also conflicting results regarding the effect of
donor genetic variability on acute rejection and kidney
function in the context of TAC TDM. Glowacki ez a/.
[28] (2=209) reported donor ABCBI 3435C>T" and
CYP3A5%3 did not affect acute rejection, whereas
Gervasini et al. [27] (#=137) found donor CYP3A5
expressors had a higher risk of acute rejection than
CYP3A5 nonexpressors at 1 year after transplant [OR
(95% CI)=3.42 (1.06-11.01), P=0.039]. However, this
finding did not meet the multiple testing correction
unless analysed together with CYP3A4*IB [OR (95%
CI)=6.24 (1.60-24.33), P=0.007]. Tavira er al. [25]
observed lower (z=65, P<0.01), whereas Yan ez al. [26]
reported higher eGFR (=120, P<0.05) in donor
ABCB1 3435T allele carriers. In contrast, Yang ez a/. [29]
recently failed to find any statistically significant effect of
living donor ABCB1 3435C>'T or CYP3A5*3 genotype
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Table 5 Frequencies of donor® ABCB1, CYP3A4/5, NR1I2 and POR genotypes, alleles and ABCB1 haplotypes

TAC genetics and renal transplantation Hu et al. 13

Genes SNP/haplotype (n) Genotype [n (%)] Allele/haplotype [n (%)] HWE P value
ABCB1 61A>G (117) A/A [90 (77)] A [206 (88)] 1
A/G [26 (22)] G [28 (12)]
G/G [1 (1)] -
1199G>A (118) G/G [111 (94)] G [229 (97)] 1
G/A [7 (6)] A7 (3)]
A/A [0 (0)] -
1236C>T (119) C/C [25 (21)] C [113 (47)] 0.5
C/T [63 (53)] T [125 (53)]
T/T [31 (26)] -
2677G>T (114) G/G [28 (25)] G [116 (51)] 0.6
G/T [60 (53)] T [112 (49)]
T/T [26 (23)] -
3435C>T (115) C/C [18 (16)] C [96 (42)] 0.5
C/T [60 (52)] T [134 (58)]
T/T [37 (32)] -
AGCGC (124) 0 copies [50 (40)] AGCGC [88 (35)] -
1 copy [60 (48)] -
2 copies [14 (11)] -
AGCGT (124) 0 copies [105 (85)] AGCGT [20 (8)] -
1 copy [18 (15)] -
2 copies [1 (1)] -
AGTTT (124) 0 copies [61 (41)] AGTTT [84 (34)] -
1 copy [62 (50)] -
2 copies [11 (9)] -
GGTTT (124) 0 copies [97 (78)] GGTTT [29 (12)] -
1 copy [25 (20)] -
2 copies [2 (2)] -
CYP3A4 *22 (101) *1/*1 [92 (91)] *1 [193 (96)] 1
*1/%22 [9 (9)] *22 [9 (4)]
*22/*22 [0 (0)] -
CYP3A5 *3 (105) *1/*1 [0 (0)] *1[12 (8)] 1
*1/*3 [12 (11)] *3 [198 (94)]
*3/*3 [93 (89)] -
NR1I2 8055C >T (99) C/C [67 (68)] C [161 (81)] 0.3
CIT [27 (27)] T[37 (19)]
TT 5 (B)] -
63396C>T (102) C/C [19 (19)] C [79 (39)] 0.1
C/T [41 (40)] T [125 (61)]
T/T [42 (41)] -
POR *28 (102) *1/*1 [48 (47)] *1 [141 (69)] 0.7
*#1/*28 [45 (44)] *28 [63 (31)]

*28/*28 [9 (9)]

HWE, Hardy—Weinberg Equilibrium; SNP, single nucleotide polymorphism.

2For donors whose kidneys went to two recipients (n=11), these were only counted once in HWE test, therefore, the numbers under each donor genotype/haplotype are

different from those for clinical outcomes in Table 6.

on ¢GFR in the first 3 months after transplant. Our
results also indicated that donor ABCBI genetics and
CYP3A5%3 do not significantly affect acute rejection or
kidney function during the early post-transplantation
period in the context of TAC TDM.

It is still unclear if CYP3A4*22, POR*28 and NRI1I2
genetics affect TAC Cy [31,32,34] and their effect on
TAC intracellular concentrations is unknown. To date,
no significant effect of CYP3A4*22 and POR*28 on acute
rejection has been reported [31,32]. We confirmed these
findings in our cohort; in addition, we found CYP3A4*22
and POR*28 were not associated with eGFR in the first
3 months after transplant. We are the first to investigate
NR112 genetic effects on TAC short-term outcomes, with
no significant effects found.

Induction therapy, HLA mismatches, kidney transplant
number, peak PRA scores and donor type did not

significantly affect acute rejection in the first 2 weeks
after transplant in this study (P>0.1), nor did acute
rejection, DGF and donor type significantly affect eGFR
in the first 3 months after transplant (P> 0.08). However,
this might be because of a relatively limited sample size
in this study, with their nonsignificant effects at least
nominally in agreement with previous studies [7-10].
In addition, most kidney transplant recipients [153
(93%)] received induction therapy to reduce immunolo-
gical risk. Therefore, the factors above may have a lesser
effect on acute rejection and kidney function in this
cohort (P> 0.08).

Although TAC dispositional genes can have a significant
effect on dose-corrected TAC (), [17,20,21,23,24,28,31,
32,34,48], most pharmacogenctic studies to date have
found they do not affect the incidence of acute rejection
[20,21,24,28,32,48] or kidney function [27,28]. It is also
noteworthy that several studies have found acute
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Table 6 Recipient and donor ABCB1, CYP3A4/5, NR1/2 and POR genotype/haplotype differences in acute rejection in the first 2 weeks after
transplant, adjusting for human leukocyte antigen mismatches, induction therapy, kidney transplant number, peak panel-reactive antibody

scores and donor type

Recipients Donors®
Genes Genotypes/haplotypes (n) AR (n)  OR (95% CI) P Genotypes/haplotypes (n) AR (n) OR (95% ClI) P
ABCB1 61A>G (163) A/A (134) 33 Reference 0.3 61A>G (128) A/A (99) 24 Reference 0.6
AIG+G/G (29) 5 0.6 (0.2-1.7) AIG+G/G (29) 6 0.8 (0.3-2.1)
1199G > A (160) G/G (148) 33 Reference 0.1 1199G > A (129) G/G (122) 26 Reference 0.3
G/A (12) 5 0.3 (0.1-1.2) GI/A (7) 3 0.4 (0.1-2.3)
1236C>T (163) C/C (44) 12 Reference 0.8 1236C>T (130) C/C (27) 9 Reference 0.1
CIT (77) 17 0.8 (0.3-1.9) C/T (71) 18 0.6 (0.2-1.6)
T/T (42) 9 0.7 (0.3-2.0) T/T (32) 4 0.3 (0.1-1.0)
2677G>T (161) G/G (47) 14 Reference 0.4 2677G>T (124) G/G (31) 9 Reference 0.4
G/T (78) 16 0.6 (0.2-1.4) G/T (67) 15 0.6 (0.2-1.8)
T (36) 8 07(02-21) /T (26) 4 04(01-15)
3435C>T (162) C/C (41) 10 Reference 0.6 3435C>T (126) C/C (20) 6 Reference 0.4
C/T (69) 18 1.1 (0.4-3.1) C/T (68) 16 0.7 (0.2-2.6)
T/T (52) 10 0.7 (0.3-2.1) T/T (38) 6 0.4 (0.1-1.7)
AGCGC (157) 0 copies (65) 13 Reference 0.6 AGCGC (124) 0 copies (50) 9 Reference 0.5
1 copy (71) 16 1.2 (0.5-2.9) 1 copy (60) 14 1.5 (0.5-4.3)
2 copies (21) 7 1.9 (0.5-6.6) 2 copies (14) 5 2.4 (0.5-10.1)
AGCGT (157) 0 copies (127) 31 Reference 0.4 AGCGT (124) 0 copies (105) 24 Reference 0.9
1+ 2 copies (30) 5 0.6 (0.2-1.7) 1+ 2 copies (19) 4 0.9 (0.2-3.1)
AGTTT (157) 0 copies (73) 15 Reference 0.7 AGTTT (124) 0 copies (51) 14 Reference 0.4
1 copy (64) 17 1.4 (0.6-3.2) 1 copy (62) 12 05 (0.2-1.4)
2 copies (20) 4 1.1 (0.3-3.6) 2 copies (11) 2 0.5 (0.1-2.4)
GGTTT (157) 0 copies (132) 32 Reference 0.4 GGTTT (124) 0 copies (97) 23 Reference 0.5
1+ 2 copies (25) 4 0.6 (0.2-1.8) 1+ 2 copies (27) 5 0.7 (0.2-2.0)
CYP3A4 *22 (151) *1/*1 (141) 33 Reference 0.3 *22 (110) *1/*%1 (101) 21 Reference 0.2
*1/%22 (10) 1 0.4 (0.02-2.3) *1/%22 (9) 3 2.7 (0.5-12.9)
CYP3A5 *3 (152) *1/%1 + *1/%3 (23) 6 Reference 0.6 *3 (114) *1/*3 (13) 0 Reference 0.02
*3/*3 (129) 28 0.8 (0.3-2.3) *3/*3 (101) 26 NA
NR1I2 8055C > T (144) C/C (102) 28 Reference 0.06 8055C >T (109) C/C (73) 15 Reference 0.4
C/T+T/T (42) 5 0.4 (0.1-1.0) C/T+T/T (36) 9 1.5 (0.5-4.2)
63396C > T (153) C/C (28) 7 Reference 0.7 63396C>T (112) C/C (19) 5 Reference 0.5
CIT (71) 15 0.6 (0.2-2.0) C/T (46) 12 1.3 (0.4-5.4)
T/T (54) 12 0.9 (0.3-2.7) T/T (47) 9 0.7 (0.2-3.0)
POR *28 (142) *1/%1 (71) 20 Reference 0.4 *28 (112) *1/*1 (53) 11 Reference 0.9
*1/*28 (62) 13 0.6 (0.3-1.4) *1/*28 (49) 12 1.1 (0.4-3.1)
*28/*28 (9) 1 0.3 (0.02-2.1) *28/*28 (10) 2 0.8 (0.1-3.8)

AR, acute rejection; HWE, Hardy-Weinberg Equilibrium; NA, not available, as fitted probability numerically O or 1 (perfect estimation) and/or unable to estimate confidence
interval (fitted probability near 1); OR (95% ClI), adjusted odds ratio (95% confidence interval); P, point-wise P value.

“Donors whose kidneys went to two recipients (n=11) were treated independently when associated with acute rejection of the individual recipients, therefore, the
numbers under each donor genotype/haplotype are different from those in HWE in Table 5.

rejection is not associated with interindividual TAC ¢,
variability between patients under TDM [6,27]. In this
analysis, we chose 3 consecutive days of TAC () below
the lower limit of 8 ng/ml on the basis of the Symphony
trial [49] and investigated its relationship with acute
rejection. However, 26% of the recipients did not
develop acute rejection even though their TAC ¢ values
were below 8 ng/ml. A similar analysis using a TAC C, of
Sng/ml also failed to show a significant relationship
between low TAC exposure and acute rejection (data not
shown). This finding confirms a lack of significant rela-
tionship between TAC (j (<5 or <8 ng/ml) and acute
rejection under TAC TDM. We expect that TDM
reduces interindividual variability in TAC €y, leaving its
effect on acute rejection and consequently that of TAC
dispositional genetics less apparent. Of note, in liver
transplant patients under TAC TDM, Capron ez a/. [50]
found acute rejection was significantly correlated with
PBMC TAC concentration at day 7 after transplant
(P=0.01) but not TAC (. Although the same group

failed to replicate their finding in kidney transplant
patients (P=0.09) [17], this was probably because of the
small number of acute rejection episodes (7=06).
Therefore, the relationship between TAC PBMC con-
centration and acute rejection is worthwhile exploring in
the future.

Our results indicate no significant effect of the common
TAC dispositional genes investigated on short-term kid-
ney transplant outcomes; however, some limitations
should be noted when interpreting these findings. First,
this study had a relatively limited sample size, and
therefore, it might be of insufficient power to support the
negative findings. For example, the study had 80% power
to detect a statistically significant OR greater than 6.1
(P<0.004) for acute rejection among CYP3A5 expressors
(OR> 3.8 for P<0.05). Insufficient power is a common
issue for individual pharmacogenetic studies, but when
taken together, these can offer valuable information for
future meta-analyses. Second, we could not examine the
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Table7 Logo transformed estimated glomerular filtration rate (mean = SD, ml/min/1.73 m?) in recipient and donor genotypes/haplotypes at

1 and 3 months after transplant

Recipients Donors®
Genes Genotypes/Haplotypes n® 1 Month n® 3 Months n® 1 Month n® 3 Months
ABCB1 61A>G A/A 133 1.783+0.15 127 1.73+£0.14 98 1.783+0.14 95 1.73+£0.13
AIG+G/G 29 1.74+0.15 29 1.73+£0.13 29 1.70+0.14 27 1.70+£0.14
1199G>A G/G 147 1.783+0.15 141 1.73+£0.13 121 1.72+0.14 116 1.72+0.13
G/A 12 1.78+0.16 12 1.68+0.14 7 1.79+0.11 7 1.72+£0.17
1236C>T c/IC 44 1.68+0.14 44 1.70£0.12 26 1.67+0.14 26 1.70+£0.13
(e72) 77 1.76+0.13 75 1.74£0.14 71 1.73+0.14 69 1.72+£0.14
T 41 1.72+0.17 37 1.71£0.13 32 1.783+0.13 29 1.73+£0.12
2677G>T G/G 47 1.68+0.14 47 1.69+0.13 30 1.69+0.15 30 1.72+£0.14
G/T 78 1.75+£0.14 76 1.74£0.14 67 1.74+0.13 65 1.72+£0.13
T 35 1.72+0.17 31 1.72+£0.13 26 1.72+0.15 24 1.70+£0.13
3435C>T C/C 41 1.71+£0.16 41 1.72+£0.15 19 1.71£0.17 19 1.74+0.15
(e72) 69 1.75+£0.14 68 1.72+£0.13 68 1.783+0.13 66 1.72+£0.13
TT 51 1.72+0.17 46 1.73+£0.14 38 1.71£0.14 35 1.70+£0.12
AGCGC 0 copies 64 1.73+£0.16 59 1.73+£0.14 50 1.73+0.14 47 1.71£0.12
1 copy 71 1.783+0.14 70 1.72+£0.14 60 1.78+0.13 58 1.73+£0.14
2 copies 21 1.70£0.13 21 1.71£0.12 13 1.67+£0.17 13 1.70+£0.14
AGCGT 0 copies 126 1.73+0.14 121 1.72+£0.13 104 1.73+0.14 99 1.73+£0.14
1+ 2 copies 30 1.71£0.17 29 1.73+£0.15 19 1.67+0.13 19 1.67+0.08
AGTTT 0 copies 73 1.70£0.15 73 1.71£0.14 50 1.71£0.15 49 1.71£0.14
1 copy 64 1.77+£0.12 62 1.74£0.12 62 1.72+0.13 59 1.72+£0.12
2 copies 19 1.69+0.19 15 1.70+£0.15 11 1.78+0.14 10 1.73+£0.15
GGTTT 0 copies 122 1.72+£0.15 116 1.72+£0.14 96 1.73+0.14 93 1.73+£0.13
1+ 2 copies 25 1.74+0.14 25 1.73+0.12 27 1.71£0.14 25 1.69+0.14
CYP3A4 *22 *1/*1 140 1.783+0.14 136 1.72+0.14 100 1.783+0.15 95 1.73+£0.14
*1/*22 9 1.73+0.14 4 1.72+£0.13 8 1.73£0.15 3 1.73%£0.14
CYP3A5 *3 *1/%1 4 *1/*3 23 1.77+0.12 23 1.77+£0.12 13 1.76+£0.17 12 1.74+0.16
*3/*3 128 1.72+0.15 124 1.72+0.14 100 1.72+0.14 96 1.72+0.13
NR1I2 8055C>T C/IC 101 1.72+0.15 98 1.73+£0.14 72 1.73+0.15 69 1.72+£0.14
C/T+T/T 42 1.74£0.13 40 1.71+£0.12 36 1.74+0.12 34 1.74+0.13
63396C>T C/C 28 1.71£0.17 26 1.73+£0.13 19 1.69+0.16 19 1.69+0.13
(e72) 71 1.74£0.13 69 1.73+0.13 45 1.74+£0.14 43 1.74£0.13
T 53 1.72+0.16 52 1.72+£0.14 47 1.72+0.13 44 1.72+£0.14
POR *28 *1/*1 70 1.73+£0.16 68 1.72+£0.14 52 1.73+0.14 51 1.73+£0.14
*1/*28 62 1.73+0.13 62 1.74£0.13 49 1.72+0.14 47 1.72+£0.14
*28/*28 9 1.67+0.10 7 1.62+0.08 10 1.74+0.17 8 1.77+0.11

Log10eGFR, logyo transformed estimated glomerular filtration rate.

2For donors whose kidneys went to 2 recipients (n=11), these were treated independently when associated with clinical outcome of individual recipients.
PNumber of recipients or donors in different genotype/haplotype groups whose log;o eGFR data were available for analysis at 1 and 3 months after transplant.

effect of certain rare homozygous genotypes or haplotypes
because they had to be combined with heterozygotes for
statistical purposes (e.g. CYP3A5*1/*1 + CYP3A5%1/*3) or
were not observed in our cohort (e.g. CYP3A4*22/*22).
Our sample size similarly precluded the investigation of
additional rarer variants (frequency < 1%). Third, we did
not have T-cell/PBMC or kidney tissue TAC concentra-
tion data; therefore, the relationship between TAC
intracellular concentrations and acute rejection and kid-
ney function, as well as the genetic effect on TAC
intracellular concentrations, was not investigated. Fourth,
as only 13% (#=21) of the recipients had DGF, and low
minor allele frequencies for some important SNPs (e.g.
CYP3A5*1, ABCBI 61A > G) were found, the statistical
approximation was inappropriate in logistic regression.
Therefore, we cannot fully assess these known TAC
dispositional genetics for their effect on DGF. Finally,
this study only considered short-term clinical outcomes;
therefore, the effect of these TAC dispositional genes on
long-term outcomes (i.e. graft loss) in our patients remains
unknown.

Conclusion

This study found no statistically significant effect of the
recipient or the donor ABCB1, CYP3A4/5, NR112 or POR
genetics on acute rejection and e¢GFR in the first
3 months following kidney transplantation in the context
of TAC TDM.
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Chapter 4. Tacrolimus trough whole blood concentration and acute kidney rejection

StHorT COMMUNICATION

Is There a Temporal Relationship Between Trough Whole
Blood Tacrolimus Concentration and Acute Rejection in the
First 14 Days After Kidney Transplantation?

Rong Hu, MSc,* Daniel T. Barratt, PhD,* Janet K. Coller, PhD,* Benedetta C. Sallustio, PhD,*f
and Andrew A. Somogyi, PhD* f

Background: There are inconsistent findings regarding the
relationship between trough whole blood tacrolimus concentration
(TAC C,) and acute kidney rejection in recipients undergoing TAC
therapeutic drug monitoring (TDM). However, studies have not
always assessed TAC C, at the time of rejection or accounted for
variability in hematocrit. Therefore, this study aimed to investigate
the temporal relationship between TAC C, and acute rejection,
including when accounting for variation in hematocrit.

Methods: For 38 recipients who developed biopsy-proven acute
rejection (BPAR) in the first 14 days after kidney transplantation,
daily TAC C, from TDM and hematocrit was collected from case
notes. Differences in log;(-transformed TAC C, between the day of
BPAR (log C,), | day before BPAR (log C,.,), and 2 days before
BPAR (log C.,) and the combined median concentrations for the
days preceding these (log Cpror) Were examined by repeated-
measures analysis of variance with Dunnett post hoc testing. Gener-
alized linear mixed-effects regression (glmer) examined the ability of
TAC C, to predict acute rejection episodes with and without con-
trolling for hematocrit.

Results: Log C.; [mean difference (95% confidence interval) =
—0.13 (—=0.21 to —0.048), post hoc P = 0.002] and log C, [-0.13
(—0.24 to —0.025), post hoc P = 0.013] were significantly lower
than log Cprior. TAC Cy was a significant (P = 0.0078) predictor of
rejection episodes (area under the receiver operating characteristic
curve = 0.79) only in glmer models accounting for variability in
hematocrit.

Conclusions: In recipients who developed BPAR, there was
a significant temporal relationship between TAC C, and BPAR inci-
dence under TAC TDM that may not be detected in cross-sectional
studies, especially if variability in hematocrit is not addressed. This
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supports a TAC Cy—rejection relationship, which differs between
recipients, and may explain why some recipients do or do not
experience rejection within or below the TDM range, respectively.
However, studies with larger sample sizes are needed to confirm this
finding.

Key Words: kidney transplantation, acute rejection, trough whole
blood tacrolimus concentration, therapeutic drug monitoring

(Ther Drug Monit 2019;41:528-532)

INTRODUCTION

Tacrolimus (TAC) is the mainstay of immunosuppres-
sive therapy after kidney transplantation. However, TAC has
large intraindividual and interindividual variability in appar-
ent whole blood clearance (coefficients of variation of 40%—
71% and 30%—42%, respectively).! TAC therapeutic drug
monitoring (TDM) has been recommended to reduce both
acute rejection and toxicity.? However, the relationship
between trough whole blood TAC concentration (TAC Cy)
and acute rejection has not been adequately defined.?

Inconsistent findings exist regarding a TAC Cy—
rejection relationship under TAC TDM.3— Borobia et al®
reported that a TAC Cy higher than 9.3 ng/mL on day 5 after
transplantation was significantly associated with lower
biopsy-proven acute rejection (BPAR) incidence in the first 3
months after transplantation. However, Bouamar et al* and
our previous work® showed that in the first year or the first 2
weeks after transplantation, respectively, there was no sig-
nificant difference in BPAR risk between TAC C, above and
below 5, 8, or 10 ng/mL, respectively. Notably, for all 3
studies, TAC C, used to categorize recipients into rejection
and nonrejection groups was not always concurrent with
BPAR. Indeed, to the best of our knowledge, the temporal
relationship between TAC C, and rejection has not been
assessed.

In addition, TAC is highly erythrocyte bound,® and
variability in hematocrit affects interpretation of TAC C,.”
Therefore, accounting for hematocrit variability might assist
in identifying TAC Cy-rejection relationships but has not
been used in any TAC Cy—rejection study.

We hypothesize that there is a temporal relationship
between TAC C, and rejection in recipients who develop
BPAR. As such, TAC C, on the days immediately preceding
BPAR and on the day of BPAR would be lower compared
with other days, especially when variability in hematocrit is

Ther Drug Monit » Volume 41, Number 4, August 2019
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percentage differences of daily log TAC from log Cr

FIGURE 1. Daily log10-transformed
trough whole blood tacrolimus con-
centration (log TAC) as a percentage
of BPAR day concentrations (logqo-
transformed; log C,) in recipients
with BPAR (n = 38) in the first 14
days after transplantation. Blue
symbols and dashed lines stand for

300%

250%

200%

150%-

‘\ 100%-|

recipients with BPAR who had miss- L
ing values on the day of (log C), 1 o
day (log C.1) or 2 days (log C.>)
before BPAR, or the preceding days

(log Cprior), in the first 14 days after
transplantation.

days beforc BPAR

taken into account. Therefore, in the same cohort of kidney
transplant recipients who developed BPAR in our previous
study,> we aimed to examine whether there is a temporal
relationship between TAC C, and rejection, using repeated
measures of TAC C,, hematocrit, and rejection status within
individuals over the first 14 days after transplantation, when
the majority of BPAR episodes occurred in our study.’

MATERIALS AND METHODS

Study Participants and Data Collection

This study was approved by the Central Adelaide Local
Health Network Human Research Ethics Committee (Pro-
tocol number 2008178). All procedures followed the Decla-
ration of Helsinki and/or institutional research committee
ethical instructions.

Acute rejection was confirmed by either routine pro-
tocol biopsy performed within the first 14 days post-
transplantation or for-cause biopsy performed due to a clinical
suspicion of rejection. Borderline rejection was not included
in this study. In total, 165 kidney transplant recipients were
enrolled in this study and 38 had BPAR within the first 14
days post-transplantation. All recipients gave informed con-
sent before participation. Participant inclusion and exclusion
criteria, demographics, anti-CD-25 induction therapy, triple
immunosuppressive therapy comprising TAC, mycopheno-
late mofetil and prednisolone, and BPAR data have been
described previously.>® Only the first episode of BPAR in
each recipient was investigated.

TAC C, was targeted to 8—15 ng/mL under TDM as
described previously.>® Daily TAC C, and hematocrit data
over the first 14 days after transplantation were collected from
recipients’ case notes. In recipients with BPAR, the day of

Copyright © 2019 Wolters Kluwer Health, Inc. All rights reserved.

days after BPAR
the day of BPAR

biopsy was assigned as the rejection day. TAC Cy and hemat-
ocrit on the day of BPAR, 1 day before BPAR, and 2 days
before BPAR were defined as C,, C,_;, and C,.,, and H,, H,_|,
and H,.,, respectively. TAC C, and hematocrit on the days
preceding C., and H,, were defined as Cpror and Hprior,
respectively.

Statistical Analysis

Statistical analyses were conducted in R version 3.5.0°
unless stated otherwise. Normality of TAC C, and hematocrit
was assessed using histograms and quantile—quantile plots (R
package::function; graphics®::hist, stats®::qgnorm and qgline).
Hematocrit was normally distributed, whereas TAC C, was
logo-transformed (log Cy) to a normal distribution.

In recipients with BPAR (n = 38), differences in log-
transformed C,, C..{, and C,, (log C,, log C,.;, and log C,.,,
respectively) versus Cpior (10g Cprior; recipient median), and
H,, H,.;, and H,., versus Hy,, (recipient median), were exam-
ined by repeated-measures analysis of variance (ANOVA)
with Dunnett post hoc testing, in GraphPad Prism v8 (Graph-
Pad Software, San Diego, CA). Because repeated-measures
ANOVA is incompatible with missing values, TAC C, data
from 12, and hematocrit data from 3, recipients with BPAR,
respectively, were excluded from this analysis because of
partial missing data.

In recipients with BPAR (n = 38), generalized linear
(binomial) mixed-effects regression (glmer; lme4!9::glmer)
was used to assess the ability of TAC C, to predict acute
rejection episodes with and without controlling for hemato-
crit. In glmer analyses, based on repeated-measures ANOVA
results, the outcome on the day of BPAR and 1 day before
BPAR was marked as “rejection,” with all preceding days
(including 2 days before BPAR) marked as “no-rejection,”
for each recipient. Days after BPAR were excluded. All
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FIGURE 2. A and B. Trough whole blood tacrolimus concentration (TAC Co) and hematocrit, respectively, for recipients without
BPAR (combined median) in the first 14 days after transplantation. And TAC Co and hematocrit, respectively, for recipients with
BPAR on the day of BPAR (C, and H;), 1 day before BPAR (C..; and H,.1), 2 days before BPAR (C,., and H,.,), and preceding days
(Cprior and Hyjior; combined median). Blue symbols and dashed lines in (A, B) stand for recipients with BPAR who had missing
values of C, Crq, Cr2, or Cprior (n = 12), and Hy, Hrq, Hr2, or Hprior (N = 3), respectively, in the first 14 days after transplantation.
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TABLE 1. Comparison of Log C,, Log C;.;, and Log C,., to Log
Corior by Repeated-Measures ANOVA (Dunnett Post hoc
Testing) in the First 14 Days After transplantation

Mean
Comparisons Difference 95% CI P
Log C; versus log Cpyior —=0.13 —0.24 to —0.025 0.013
Log C..; versus log Cpyior —-0.13 —0.21 to —0.048  0.0020
Log C.., versus log Cpyior —0.069 —0.14 to 0.005 0.08

Because repeated-measures ANOVA is incompatible with missing values, only 26
recipients with BPAR were included in this analysis and 12 recipients were excluded
because of 1 or more instances of missing data.

Log C,, log¢-transformed trough whole blood tacrolimus concentration (log TAC)
on the day of BPAR; log C,.;, log TAC 1 day before BPAR; log C,.,, log TAC 2 days
before BPAR; log Cyior, log TAC (recipient median) on preceding days; P, Dunnett post
hoc P value.

recipients with BPAR (n = 38) were included in glmer anal-
yses because it can handle missing values. Three models were
compared, all with random effects on intercept and slope for
each subject: (1) log Cy as a fixed effect; (2) log Cy and
hematocrit (Z-score standardized to enable model conver-
gence) as fixed effects; and (3) log;o-transformed predicted
trough plasma TAC concentration (log C,) based on
Cwb = Cp + [CpXBmax XfHCT/KD} (Where Cwp = TAC Cy;
Biax = 418 mcg/L erythrocytes; fiycr = hematocrit as a frac-
tion and Kp, = 3.8 mcg/L plasma)®!! as a fixed effect. Models
were assessed by type-Il ANOVA (x? test, car'2:ANOVA)
and calculation of odds ratios, 95% confidence intervals (CIs).
The sensitivity and specificity of models were evaluated by
area under the receiver operating characteristic curve (ROC
AUC; ROCR"3::performance and AUC).

The percentage of TAC C, values in the first 14 days
after transplantation (1) within the TAC TDM range (8-15
ng/mL) and (2) below the lower limit of 8 ng/mL was both
calculated for all recipients (n = 165). Differences between
recipients with and without BPAR were compared by Mann—
Whitney tests (stats”::wilcox.test).

RESULTS

In total, 15 recipients had BPAR between days 2-5, 13
recipients between days 6-9, and 10 recipients between days
10-14 after transplantation. Figure 1 shows daily log,(-trans-
formed TAC C, as a percentage difference from log C, in the
first 14 days after transplantation. Figures 2A, B show TAC
Cy (ng/mL) and hematocrit data, respectively, for 127 recip-
ients without BPAR (combined median for the first 14 days
after transplantation) and for 38 recipients on the day of
BPAR, 1 and 2 days before BPAR, and preceding days (com-
bined median).

There was a significant overall difference between log
Cpriors log C..5, log C,.;, and log C, (ANOVA P = 0.0008).
Table 1 summarizes Dunnett post hoc testing results. Log C,_;
was significantly lower than log Cpo, [mean difference (95%
CI)= —0.13 (—0.21 to —0.048), post hoc P = 0.002], equiv-
alent to 26% (10%—38%) lower geometric mean TAC C,. In
addition, log C, was also significantly lower than log Cpyior
[—0.13 (—0.24 to —0.025), post hoc P = 0.013], equivalent to

Copyright © 2019 Wolters Kluwer Health, Inc. All rights reserved.

26% (6%—42%) lower geometric mean TAC C,. However,
there was no significant difference between log C,, and log
Cprior (post hoc P = 0.08). There was no significant difference
between H,, H,.;, H;.», and Hyior (ANOVA P = 0.39).

Glmer results are summarized in Table 2. TAC C, alone
did not significantly predict rejection (P = 0.077) but was
a significant (P = 0.0078) predictor of rejection when hemat-
ocrit was included in the model (ROC AUC = 0.79). Calcu-
lated TAC C,, was also a significant (P = 0.048) predictor for
rejection.

There was no significant difference in the percentage of
TAC C, values within 8—15 ng/mL [median (range): 46%
(8%-93%) versus 50% (0%—92%), point-wise P > 0.3] or
below 8 ng/mL [21% (0%-92%) versus 17% (0%—-100%),
point-wise P > 0.7] between recipients with and without
BPAR in the first 14 days after transplantation.

DISCUSSION

The rejection rate (23%) in this kidney transplant cohort
is consistent with the rate (~20%) reported by the Australia
and New Zealand Dialysis and Transplant (ANZDATA)
Registry.!4

Although there are conflicting findings regarding the
TAC Cy-rejection relationship under TAC TDM,>> the TAC
Cy was not always concurrent with BPAR, which may be due
to limited TAC C, data available for analysis in some studies.
We are the first to report a temporal TAC Cy-rejection rela-
tionship, with lower TAC C, on the day of, and 1 day before,
BPAR linked to acute rejection risk in kidney transplant re-
cipients. Decreased TAC absorption (eg, food—drug interac-
tion!®) or increased TAC metabolism (eg, induction of
cytochrome P450 enzyme and P-glycoprotein by high-dose
corticosteroid'®) might lower TAC C, within a recipient.
However, declining TAC C, alone is not necessarily a trigger
for rejection. For example, similar proportions of recipients
with and without BPAR had a decline in log (TAC Cy) =0.13
at least once in the first 14 days after transplantation (data not
shown). It is likely that the (whole blood) TAC Cy—rejection
relationship varies between recipients because of a combina-
tion of factors such as, where on the concentration—response
curve (of each patient) rejection occurs, variable hematocrit,
TAC plasma protein binding, intracellular distribution and
pharmacodynamics, or variable mycophenolate (MPA)
concentrations.

Our findings also showed the importance of accounting
for hematocrit. Hematocrit should not be ignored when
interpreting the TAC Cy-rejection relationships because it
can influence interpretation of, and contribute to interindi-
vidual and intraindividual variability in, TAC C,.” Hematocrit
is generally low because of kidney dysfunction and can
usually recover in the weeks after transplantation; nonethe-
less, post-transplantation anemia and erythrocytosis may still
contribute to hematocrit variability.!” In this study, there was
no significant difference between H,, H,.;, H.,, and Hpy,
suggesting that the decline of TAC C, 1 day before BPAR
and on the day of BPAR was unlikely to be caused by
changes in hematocrit. Nonetheless, accounting for (random)
variability in hematocrit helped identify the relationship

531

Copyright © 2019 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Rong Hu, PhD thesis 2019

79



Chapter 4. Tacrolimus trough whole blood concentration and acute kidney rejection

Hu et al

Ther Drug Monit * Volume 41, Number 4, August 2019

TABLE 2. The Impact of TAC Co on Daily Risk of BPAR in the
First 14 Days After transplantation, With and Without
Controlling for Hematocrit

Glmer 95% ROC
Models Estimate SE P OR CI AUC
Intercept 1.01 1.10 — — 0.72
Log Co =175 099  0.077 0.17 0.025—

1.21
Intercept 2.14 1.14 — — 0.79
Log Co —2.78 1.04  0.0078 0.062  0.0080—

0.48
Hematocrit* 0.54 026  0.041 1.72 1.02-

2.88
Intercept —1.85 0.50 — — 0.70
Log C, -1.97 1.00  0.048 0.14 0.020—

0.98

Because generalized linear mixed-effects regression is compatible with missing
values, all recipients with BPAR (n = 38) were included in this analysis.

hematocrit*, Z-score standardized hematocrit; log Co, log;o-transformed trough
whole blood tacrolimus concentration; log C,, loge-transformed predicted trough
plasma tacrolimus concentration; P, type Il ANOVA P value.

between TAC C, and rejection and provided better prediction
of BPAR (ROC AUC = 0.79). Although the difference
between H,, H.,, H,,, and Hp, was not statistically sig-
nificant in the first 2 weeks after transplantation, our glmer
results show that accounting for variability in hematocrit can
help identify the TAC Cy-rejection relationship and provide
better prediction of BPAR (ROC AUC = 0.79). For recipi-
ent(s) with the same TAC Cy under TAC TDM, hematocrit
variability may help to explain the difference of rejection
incidence within and/or between recipients. We are unaware
of any other TAC Cg-rejection studies incorporating
hematocrit.

Replication studies are needed to confirm our findings,
and some limitations should also be noted when interpreting
our results. First, although all recipients were previously
genotyped for ABCBI and NRII2 polymorphisms,’ we could
not test their effect on the temporal TAC Cgy—rejection rela-
tionship because of the limited sample size. Second, not all
TAC C, data were available for all recipients with BPAR.
Finally, MPA monitoring was not conducted in our transplant
unit during the time of this retrospective study. Therefore, we
are unable to investigate the impact of MPA concentrations
on BPAR incidence.

CONCLUSIONS
In recipients who developed BPAR, there was a signif-
icant temporal relationship between TAC C, and BPAR inci-
dence under TAC TDM that may not be detected in cross-
sectional studies, especially if variability in hematocrit is not
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addressed. This supports a TAC Cy-rejection relationship,
which differs between recipients, and may explain why some
recipients do or do not experience rejection within or below
the TDM range, respectively. However, studies with larger
sample sizes are needed to confirm this finding.
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Abstract

Background Innate immunity contributes to acute rejection after kidney
transplantation. /L2 -330T>G, IL10 -1082G>A, -819C>T and -592C>A, and TNF
-308G>A are not associated with acute rejection risk in European kidney transplant
recipients. However, for other important innate immune genetic markers in recipients
and donors, associations with rejection have not been studied or results have been
inconclusive. Objective To investigate the effect of recipient and donor CASP1, CRP,
ILIB, IL2, IL6, IL6R, IL10, LY96, MYDS88, TGFB, TLR2, TLR4 and TNF genetics on
acute kidney rejection in the first 2 weeks post-transplant. Methods This study included
165 kidney transplant recipients and 129 donors. Recipient and donor
genotype/diplotype differences in acute rejection incidence within the first 2 weeks
post-transplantation were assessed by logistic regression, adjusted for induction therapy,
human leukocyte antigen mismatches, kidney transplant number, living donor and peak
panel-reactive  antibody  scores.  Results  Although  recipients  with
IL6 -6331C/C genotype had a higher incidence of acute rejection compared to T/T
genotype (Odds Ratio [95% confidence interval] = 6.6 [1.7 to 25.8], likelihood-ratio
test P = 0.02), no genetic factors were associated with rejection after correction for
multiple comparisons (P-value threshold = 0.0036). Conclusions Recipient and donor
innate immune genetics investigated in this study did not significantly impact on acute
kidney rejection incidence in the first 2 weeks post-transplantation.

Key words kidney transplantation, acute rejection, recipient, donor, innate immune

genetics, genotype, diplotype

1. Introduction
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Acute rejection remains the biggest short-term challenge following kidney
transplantation and it affects long-term graft survival [1]. Although induction therapy,
human leukocyte antigens (HLA) mismatches, number of kidney transplants, living
donor and peak panel-reactive antibodies (PRA) have been studied as rejection
predictors [2, 3], acute rejection still occurs.

The T-cell driven adaptive immune system plays a major role in acute rejection.
However, innate immunity is also essential. Damage-associated molecular patterns
(DAMPs) from transplantation surgery and ischemia/reperfusion injury can activate
nuclear factor k-light-chain-enhancer of activated B cells (NF-kB) via the myeloid
differentiation primary response 88 (MyD88)-dependent Toll-like receptor (TLR)
signaling pathway in leukocytes, which leads to pro-inflammatory cytokine (e.g.
interleukin (IL)-1pB, IL-2, etc.) secretion [4]. These cytokines assist T-cell proliferation,
differentiation, and intensify kidney tissue damage [4]. In contrast, anti-inflammatory
cytokines (e.g. IL-10) can decrease pro-inflammatory cytokine release [5] and therefore
may have the potential to attenuate rejection risk.

Meta-analyses show that recipient and/or donor /L2 -330T>G (rs2069762) [6],
IL10-1082G>A (rs1800896), -819C>T (rs1800871) and -592C>A (rs1800872) [7], and
TNF -308G>A (rs1800629) [8] are not significantly associated with acute rejection
incidence in European kidney transplant recipients. However, as recently reviewed [9],
the impact of some important innate immune genetic variations (e.g. /L1B 3954C>T
(rs1143634) and TLR4 896A>G (rs4986790)) on acute rejection remains inconclusive.
This is likely due to different criteria for acute rejection (biopsy-proven acute rejection
(BPAR) versus clinical evidence, e.g. serum creatinine change), recipient ethnicities
and time of rejection post-transplantation between cross-sectional studies. In addition,

adjustment for multiple statistical comparisons was not always conducted. Finally,
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other important innate immune genetic loci, including CASPI, CRP, IL6R, LY96,
MYDSS8 and TLR?2 have not been examined for their impact on acute rejection in kidney
transplant recipients.

Therefore, this study aimed to explore the impact of innate immune genetics on acute
rejection risk in a cohort of predominantly European kidney transplant recipients and
donors [3]. An innate immune gene panel, including SNPs of CASP1, CRP, ILIB, IL2,
IL6, IL6R, IL10, LY96, MYDS88, TGFB, TLR2, TLR4 and TNF, has been designed and
reported by our group [10-12]. We hypothesized that these recipient and donor innate
immune genetics would affect acute rejection incidence in kidney transplant recipients
in the first 2 weeks post-transplantation.

2. Methods

2.1. Study participants and data collection

This study was approved by the Central Adelaide Local Health Network Human
Research Ethics Committee (Protocol number 2008178). All procedures complied with
the Declaration of Helsinki and/or institutional research committee ethical requirements.
As described previously, 165 kidney transplant recipients and 129 donors were
recruited [3, 13]. All recipients and living donors gave informed consent before
participation. For deceased donors, their respective recipients gave informed consent to
use excess donor tissue blood vessels for genotyping. Recipient inclusion and exclusion
criteria, demographics, anti-CD-25 induction therapy, immunosuppressant regimen, the
number of HLA mismatches (HLA-A, -B and -DR antigens) between recipients and
donors, number of kidney transplants, donor type (living or deceased), peak PRA and
BPAR have all been described [3, 13].

2.2. Genotyping
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Genomic DNA was extracted from blood and kidney tissue as described previously [3,
13]. A panel of 19 SNPs in 13 innate immune genes were assayed by Agena Bioscience
(previously Sequenom) MassARRAY at the Australian Genome Research Facility
(Brisbane, Australia) [10-12]: MyD88-dependent TLR signaling pathway — TLR2
1350T>C (rs3804100), TLR4 896A>G (rs4986790) and 1196C>T (rs4986791), LY96
(rs11466004), and MYDS8S (rs6853); and pro- and anti-inflammatory mediators —
CASPI 5352G>A (rs580253) and 10643G>C (1s554344), CRP -717T>C (1s2794521),
ILIB -511C>T (rs16944), -31T>C (rs1143627) and 3954C>T (rs1143634),
IL2 -330T>G (1s2069762), IL6 -6331T>C (rs10499563), IL6R (rs8192284),
IL10 -1082G>A (rs1800896) and -819C>T (rs1800871), TGFB -1287G>A
(rs11466314) and -509C>T (rs1800469), and TNF -308G>A (rs1800629). The panel
also included SNPs in BDNF (rs6265) and OPRM1 (rs1799971) but these were not
included in the analysis as they were considered outside the scope of this study. Notably,
only 154 recipients and 81 donors (3 donors each provided kidneys for 2 recipients)
had sufficient DNA for genotyping. Donors were counted only once in Hardy-
Weinberg equilibrium (HWE) tests but were treated independently for logistic
regression analyses. For some SNPs, 1 to 4 recipients and/or donors had missing
genotypes due to genotyping failure.

2.3. Statistical analysis

Hardy-Weinberg equilibrium (HWE) tests for all genotypes, linkage disequilibrium
(LD) between SNPs within the same gene, haplotype inference (CASPI, ILIB, IL10
and TLR4), and logistic regression analyses were as described previously [3, 11-13].
The associations between SNPs, diplotypes and BPAR incidence were analyzed
separately by logistic regression, adjusted for induction therapy (yes/no (Y/N)), living

donor (Y/N), HLA mismatches (< 3 or > 3), kidney transplant number (1 or > 2) and
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peak PRA (< 10% or > 10%). The genetic impact on BPAR incidence was assessed by
the likelihood-ratio test, Odds ratios (OR) with 95% confidence intervals (CI) as
previously described [3]. In addition, genotype differences in BPAR without adjusting
for non-genetic variables were tested by Fisher or Chi-square tests and OR with 95%
CIL. Multiple testing-adjusted P-value threshold for significance was corrected by
Bonferroni-adjustment (o = 0.05/N, where N is the number of genotype/diplotype tests
carried out in the recipient or donor cohort, respectively).

3. Results

In total, 23% (n = 38) of patients developed BPAR in the first 2 weeks post-
transplantation. The impact of induction therapy, HLA mismatches, kidney transplant
number, living donor and peak PRA scores on BPAR has been reported [3]; none were
statistically significant (likelihood-ratio test P-value > 0.1).

3.1. Genetic variability in kidney transplant recipients and donors

No variant allele was found for TGFB rs11466314. LY96 rs11466004 was excluded
from further analysis due to its low variant allele frequency in both recipients and
donors (3% and 1%, respectively). All other recipient and donor genotypes were in
HWE (P > 0.2). Where required, rare homozygous genotypes (n < 5) were combined
with heterozygous genotypes for further analyses: recipient MYDS8S rs6853 A/A
genotype versus G allele carriers (A/G + G/G); donor /L6 -6331T/T genotype versus C
allele carriers (T/C + C/C); recipient and donor TLR2 1350T/T genotype versus C allele
carriers (T/C + C/C); recipient and donor 7TNF -308G/G genotype versus A allele
carriers (G/A + A/A).

Recipient and donor CASPI 10643G and 5352G, ILIB -511C and -31T, IL10 -1082G
and -819C, and TLR4 896A and 1196C were in strong LD (D’ > 0.99, r> > 0.3).

Recipient and donor genotype, allele, haplotype and diplotype frequencies are
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summarized in Table 1. The following rare CASPI, ILIB, IL10 and TGFB diplotypes
(n <5) were not included in further analyses: recipient and donor CASPI (5352G>A &
10643G>C) A-C/A-C, recipient and donor /IL/B (-511C>T & -31T>C) C-C/C-C, donor
IL10 (-1082G>A & -819C>T) A-T/A-T, and recipient and donor 7LR4 (896A>G &
1196C>T) A-C/A-T and G-T/G-T. Consequently, a multiple testing-adjusted P-value
threshold for significance was determined at 0.0036 (o = 0.05/14, 10 individual SNP
and 4 gene diplotype tests in recipients and donors).

3.2. Genetic effect on BPAR incidence

Table 2 summarizes associations between recipient and donor genotype/diplotype and
BPAR incidence in the first 2 weeks post-transplant, adjusting for induction therapy,
HLA mismatches, kidney transplant number, living donor and peak PRA scores.
Although recipients with /L6 -6331C/C genotype had a higher incidence of BPAR
compared to T/T genotype recipients (OR [95% CI] = 6.6 [1.7 - 25.8], likelihood-ratio
test P-value = 0.02), no genetic factors were significantly associated with rejection after
correction for multiple comparisons (P-value threshold = 0.0036). Fisher and Chi-
square tests also showed similar results (point-wise P-value > 0.05; data not shown).
4. Discussion

To our knowledge, this is the first innate immunogenetic study investigating both
recipient and donor CASP1, CRP, ILIB, IL2, IL6, IL6R, IL10, LY96, MYDSS8, TGFB,
TLR2, TLR4 and TNF genotypes/diplotypes for their association with BPAR incidence
in kidney transplant recipients receiving TAC as the only calcineurin inhibitor.

We are the first to investigate the impact of /L6 -6331T>C on BPAR incidence in
kidney transplant recipients. Our results indicate the C/C genotype might be associated
with 6.6-fold higher OR of BPAR, but the effect was not statistically significant after
adjusting for multiple comparisons. The physiological and/or pathological impact of
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IL6 -6331T>C on inflammation remains uncertain. /L6 -6331T>C was not significantly
associated with plasma IL-6 concentrations in healthy volunteers (n =421) [14]. In 321
surgical patients at 6 hours after coronary artery bypass grafting, T/T carriers had 73%
higher plasma IL-6 concentrations than C/C carriers, but this difference was non-
significant at 24 hours post-surgery [14]. However, in 173 patients receiving intensive
periodontal therapy, T/T carriers had 4- to 6-fold higher plasma IL-6 concentrations
than C/C carriers at 24 hours and 7 days post-therapy, respectively [14]. This
inconsistency is likely due to the study participants having different diseases, different
time post-surgery and sample size limitations. Moreover, the relationship between
-6331T>C and plasma IL-6 concentration has not been explored in kidney transplant
recipients. Therefore, more studies might still be needed to elucidate if -6331T>C
affects BPAR incidence.

Three meta-analyses reported that /L2, IL10 and TNF genotypes/haplotypes were not
significant predictors of acute rejection in European kidney transplant patients [6-8];
our results are in accordance with these findings. In addition, /L/B and TLR4 genetics
have been associated with rejection risk in some studies, however, results were not
always reproducible as reviewed previously [9]. We also did not find any significant
impact of /L1B and TLR4 genetics on BPAR incidence. The inconsistency might be due
to varied definitions of acute rejection, time post-transplantation, sample size between
studies, statistical interpretations (e.g. with or without multiple comparison adjustment)
and genetic differences between ethnicities. Overall, these inconsistent results suggest
that the /L1B and TLR4 genotypes/diplotypes investigated might not be major factors
affecting BPAR incidence in kidney transplant recipients.

The impact of recipient and donor CASPI, CRP, IL6R, MYDS88 and TLR2 genetics on

BPAR incidence in kidney transplant patients has not been reported previously. TLRs
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and the MyD88 adaptor are important in innate immune response to DAMPs, which
can lead to tissue damage [4]. Caspase-1 (encoded by CASP/) activates pro-IL-1f into
its active IL-1p form [4], and IL-6/soluble IL-6R enhances the expansion and activation
of T- and B-cells and induces several acute phase reactants, e.g. C-reactive protein [15].
Therefore, they are expected to be important for any innate immune contribution to
acute rejection. However, common variations in these genes had no significant impact
on BPAR incidence in our study.

Our study has several limitations to consider when interpreting these results. Firstly, we
had a relatively limited sample size and not all genotypes/diplotypes were available for
every recipient and donor. This necessitated combination of some rare homozygous
genotypes and exclusion of some rare diplotypes for statistical purposes, therefore, the
effect of certain rare diplotypes or homozygous genotypes are unknown. Secondly, a
few key SNPs, e.g. IL6 -174G>C and IL10 -592C>A, were not included because of
incompatibility with the genotyping array, and there was insufficient DNA available to
carry out separate genotyping of these SNPs. Thirdly, some important innate immune
genes, e.g. IFNG (encoding for IFN-y) [9] and NFKBI (encoding for the NF-kB1
subunit) [9], were not included in the gene panel design and are worthwhile exploring
in the future.

In conclusion, this study found no statistically significant impact of recipient or donor
innate immune genetics on BPAR incidence in kidney transplant recipients in the first

two weeks post-transplantation.
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Table 1. Recipient and donor genotype, allele, haplotype and diplotype frequencies.

Recipients” (n = 124 - 154) Donors* (n =77 - 81)

Genes & SNPs

Genotypes/Diplotypes  Alleles/Haplotypes HWE Genotypes/Haplotypes  Allele/Haplotypes = HWE
(n, %) (n, %) P (n, %) (n, %) P
CASPI G/G (107, 69) G (258, 84) 0.8 G/G (58, 72) G (137, 85) 1
5352G>A G/A (44,29) A (50, 16) G/A (21, 26) A (25, 15)
A/A (3,2) A/A (2,2)
G/G (107, 69) G (258, 84) 0.8 G/G (58, 72) G (137, 85) 1
10643G>C G/C (44, 29) C (50, 16) G/C (21, 26) C (25, 15)
C/C (3,2) C/C (2,2)
G-G/G-G (107, 69) G-G (258, 84) G-G/G-G (58, 72) G-G (137, 85)
5352G>A & 10643G>C  G-G/A-C (44, 29) A-C (50, 16) G-G/A-C (21, 26) A-C (25, 15)
A-C/A-C (3,2) A-C/A-C (2,2)
CRP T/T (77, 50) T (215, 70) 0.4 T/T (33, 41) T (103, 64) 1
-717T>C T/C (61, 40) C (93, 30) T/C (37, 46) C (57, 36)
C/C (16, 10) C/C (10, 13)
ILIB C/C (76, 49) C (215, 70) 0.7 C/C (41, 51) C (114, 70) 0.8
-511C>T C/T (63, 41) T (93, 30) C/T (32, 40) T (48, 30)
T/T (15, 10) T/T (8, 10)
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T/T (74, 48) T (211, 69) 0.7 T/T (41, 51) T (114, 70) 0.8
31T>C T/C (63, 41) C (95, 31) T/C (32, 40) C (48, 30)
C/C (16, 10) C/C (8, 10)
C-T/C-T (75, 49) C-T (213, 70) C-T/C-T (41, 51) C-T (114, 70)
S1IIC>T & -31T>C C-T/T-C (63, 41) T-C (93, 30) C-T/T-C (32, 40) T-C (48, 30)
T-C/T-C (15, 10) C-C(2,1) T-C/T-C (8, 10)
C-C/C-C (1, 1)
C/C (84, 55) C (229, 74) 0.5 C/C (52, 64) C (128, 79) 0.5
3954C>T C/T (61, 40) T (79, 26) C/T (24, 30) T (34,21)
T/T (9, 6) T/T (5, 6)
IL2 T/T (70, 45) T (203, 66) 0.3 T/T (39, 48) T (114, 70) 0.6
-330T>G T/G (63, 41) G (105, 34) T/G (36, 44) G (48, 30)
G/G (21, 14) G/G (6, 7)
IL6 T/T (80, 52) T (221, 72) 0.8 T/T (50, 62) T (128, 79) 1
-6331T>C T/C (61, 40) C (87,28) T/C (28, 35) C (34,21)
C/C (13, 8) C/C (3, 4)
IL6R A/A (50, 33) A (178, 58) 0.6 A/A (27, 34) A (93, 58) 1
Asp358Ala A>C A/C (78, 51) C (128, 42) A/C (39, 49) C (67, 42)
C/C (25, 16) C/C (14, 18)
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IL10 G/G (31, 20) G (141, 46) 0.6 G/G (16, 20) G (68, 42) 0.5
-1082G>A G/A (79, 52) A (165, 54) G/A (36, 44) A (94, 58)
A/A (43, 28) AJA (29, 36)
C/C (88, 58) C (230, 75) 0.5 C/C (42, 52) C (119, 73) 0.4
-819C>T C/T (54, 35) T (76, 25) C/T (35, 43) T (43,27)
T/T (11, 7) T/T (4, 5)
G-C/G-C (31, 20) G-C (141, 46) G-C/G-C (16, 20) G-C (68, 42)
G-C/G-T (43, 28) G-T (89, 29) G-C/G-T (14, 17) G-T (51, 31)
-1082G>A & -819C>T  G-C/A-T (36, 24) A-T (76, 25) G-C/A-T (22, 27) A-T (43, 27)
G-T/G-T (14, 9) G-T/G-T (12, 15)
G-T/A-T (18, 12) G-T/-A-T (13, 16)
A-T/A-T (11, 7) A-T/A-T (4, 5)
LY96 C/C (146, 95) C (300, 97) 1 C/C (76, 99) C (153, 99) 1
Serl57Pro C>T C/T (8, 5) T(8,3) C/IT(1, 1) T(,1)
T/T (0, 0) T/T (0, 0)
MYDSS A/A (123, 80) A (275, 89) 0.7 AJA (64, 79) A (145, 90) 0.6
rs6853 A>G A/G (29, 19) G (33, 11) A/G (17,21) G (17, 10)
G/G (2, 1) G/G (0, 0)
TGFB -1287G>A  G/G (154, 100) G (308, 100) G/G (81, 100) G (162, 100)
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C/C (81, 53) C (222, 72) 0.8 C/C (45, 56) C (119, 73) 0.6
-509C>T C/T (60, 39) T (86, 28) C/T (29, 36) T (43, 27)
T/T (13, 8) T/T (7, 9)
TLR?2 T/T (133, 86) T (285, 93) 0.2 T/T (74, 91) T (154, 95) 0.2
1350T>C T/C (19, 12) C(23,7) T/C (6, 7) C(@,5)
C/C (2, 1) C/C (1, 1)
TLR4 A/A (137, 89) A (290, 94) 0.4 A/A (71, 88) A (152, 94) 1
896A>G A/G (16, 10) G (18, 6) A/G (10, 12) G (10, 6)
G/G (1, 1) G/G (0, 0)
C/C (136, 88) C (289, 94) 0.4 C/C (70, 88) C (150, 94) 1
1196C>T C/T (17, 11) T (19, 6) C/T (10, 13) T (10, 6)
T/T (1, 1) T/T (0, 0)
A-C/A-C (136, 88) A-C (289, 94) A-C/A-C (71, 88) A-C (152, 94)
896A>G & 1196C>T  A-C/G-T (16, 10) G-T (18, 6) A-C/G-T (10, 12) G-T (10, 6)
A-C/A-T (1, 1) A-T(1,1)
G-T/G-T (1, 1)
TNF G/G (113, 73) G (261, 85) 0.2 G/G (50, 62) G (130, 80) 0.2
308G>A G/A (35, 23) A (47, 15) G/A (30, 37) A (32, 20)
A/A (6, 4) A/A (1, 1)
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Ala: Alanine; Asp: Aspartic acid; Donors*: donor numbers may differ from those in Table 2, as 3 donors were for 2 recipients, respectively, and
they were not counted twice in HWE. In addition, donor numbers may differ within Table 1 due to genotyping failure or if the predicted haplotype
probability was < 0.8; HWE P: HWE P-value; Pro: Proline; Recipients”: recipient numbers may differ within Table 1 due to genotyping failure or

if the predicted haplotype probability was < 0.8; SNP: single nucleotide polymorphism. Percentages may not sum up to 100% due to rounding.

100
Rong Hu, PhD thesis 2019



Chapter S. Innate immunogenetics and acute kidney rejection

Table 2. Recipient and donor innate immune genotype/diplotype differences in BPAR incidence in the first 2 weeks post-transplantation,

adjusting for HLA mismatches, induction therapy, kidney transplant number, living donor and peak PRA scores.

Genes & SNPs

Recipients” (n = 124 - 154)

Donors* (n =73 - 84)

Genotypes/Diplotypes BPAR OR P Genotypes/Diplotypes BPAR OR P
(n, %) (n, %) [95% CI] (n, %) (n, %) [95% CI]
CASPI G-G/G-G (107,71) 19,18 Ref 0.07  G-G/G-G (60, 73) 16,27 Ref 0.9
5352G>A & 10643G>C  G-G/A-C (44, 29) 15,34 2.2[0.9-52] G-G/A-C (22, 27) 6,29  1.0[0.3-2.9]
CRP T/T (77, 50) 12,16 Ref 0.05 T/T (34, 41) 6,18 Ref 0.1
-717T>C T/C (61, 40) 18,30 3.0[1.2-7.6] T/C (39, 47) 15,38 3.1[1.0-10.5]
C/C (16, 10) 5,31 2.1[0.5-7.8] C/C (10, 12) 2,20  1.3[0.2-7.5]
ILIB C-T/C-T (75, 49) 18,24 Ref 0.9  C-T/C-T (41, 49) 13,32 Ref 0.5
511C>T & -31T>C  C-T/T-C (63, 41) 13,21  0.8[0.3-1.9] C-T/T-C (34, 40) 9,26  0.7[02-22]
T-C/T-C (15, 10) 4,27  0.9[0.2-3.6] T-C/T-C (9, 11) 1,11 0.37[0.01-1.9]
C/C (84, 55) 16, 19 Ref 0.2 C/C (54, 64) 13,24 Ref 0.07
3954C>T C/T (61, 40) 18,30  2.0[0.9 - 4.6] C/T (25, 30) 10,40 2.3[0.8-6.6]
T/T (9, 6) 1,11 0.6[0.03 -4.1] T/T (5, 6) 0,0 NA
IL2 T/T (70, 45) 12,17 Ref 0.3 T/T (41, 49) 10, 24 Ref 0.09
-330T>G T/G (63, 41) 16,25 1.5[0.6 - 3.6] T/G (37, 44) 9,24 1.1[0.4-3.2]
G/G (21, 14) 7,33 2.4[0.7-7.2] G/G (6,7) 4,67 8.1[1.2-78.5]
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IL6 T/T (80, 52) 14, 18 Ref 0.02 T/T (52, 62) 11,21 Ref 0.09

-6331T>C T/C (61, 40) 15,25 1.6[0.7 - 4.0] T/C+C/C (32,38) 12,38 2.4[0.9-6.9]
C/C (13, 8) 6,46  6.6[1.7-25.8]

IL6R AJA (50, 33) 12,24 Ref 0.9 A/A (29, 35) 4,14 Ref 0.09
Asp358Ala A>C A/C (78, 51) 16,21  0.8[0.3-2.1] A/C (39, 47) 11,28 2.3[0.6-10.1]
C/C (25, 16) 6,24 0.9[0.3-3.2] C/C (15, 18) 7,47  5.4[1.2-27.5]

IL10 G-C/G-C (31, 20) 8,26 Ref 07  G/C-G/C (18,23) 2,11 Ref 0.2
G-C/G-T (43,28) 12,28 1.3[0.4-4.1] G-C/G-T (14, 18) 4,29  2.1[0.4-13.3]
-1082G>A & -819C>T  G-C/A-T (36, 24) 7,19 0.7[0.2-2.5] G-C/A-T (23, 29) 7,30 2.6[0.6 - 14.5]
G-T/G-T (14, 9) 2,14 0.6[0.08-3.2] G-T/G-T (12, 15) 2,17 1.2[0.1-8.7]
G-T/A-T (18, 12) 3,17 0.4[0.05-2.0] G-T/A-T (13, 16) 7,54 6.7[1.3-43.4]

A-T/A-T (11, 7) 3,27 13[02-6.1]

MYDS8 A/A (123, 80) 28,23 Ref 0.6 A/A (66, 79) 17,26 Ref 0.5
16853 A>G  A/G+G/G (31,20) 7,23 0.7[0.2-2.0] A/G (18, 21) 6,33  1.5[0.4-4.7]

TGFB C/C (81, 53) 18, 22 Ref 0.7 C/C (47, 56) 14, 30 Ref 0.5
-509C>T C/T (60, 39) 13,22 1.0[0.4-2.3] C/T (29, 35) 6,21  0.5[02-1.7]
T/T (13, 8) 4,31  1.7[04-6.1] T/T (8, 10) 3,38 1.3[0.2-6.2]

TLR2 T/T (133, 86) 33,25 Ref 0.07 T/T (77, 92) 22,29 Ref 0.5
1350T>C  T/C+C/C(21,14) 2,10 0.3 [0.04- 1.1] T/C+C/C (7, 8) 1,14 0.5[0.02-3.4]
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TLR4 A-C/A-C (136,89) 30,22 Ref 0.5  A-C/A-C(74,88) 20,27 Ref 0.9
896A>G & 1196C>T  A-C/G-T (16, 11) 4,25  1.5[0.4-5.0] A-C/G-T (10, 12) 3,30 0.9[0.2-3.8]

TNF G/G (113, 73) 21,19 Ref 0.04 G/G (53, 63) 13,25 Ref 0.5
308G>A  G/A+A/A (41,27) 14,34  2.47[1.0-5.7] G/A+A/A (31, 37) 10,32 1.4[0.5-3.8]

Ala: Alanine; Asp: Aspartic acid; BPAR: biopsy-proven acute rejection; Donors*: donor numbers may differ from those in Table 1, as 3 donors
were for 2 recipients, respectively, and they were treated independently when associated with BPAR of the individual recipients. In addition, donor
numbers may differ within Table 2 due to genotyping failure or due to exclusion of rare diplotypes (n < 5) so the total number of diplotypes in
each SNP may be different; human leukocyte antigens (HLA-A, -B and -DR) mismatches; NA: not available; OR: Odds ratio; P: likelihood-ratio
P-value; peak PRA: peak panel-reactive antibodies scores assessed by serum lymphocytotoxicity assay; Recipients”: recipient numbers may differ
within Table 1 due to genotyping failure or due to exclusion of rare diplotypes (n < 5) so the total number of diplotypes in each SNP may be

different; Ref: reference group; 95% CI: 95% confidence interval.
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TAC is the backbone of maintenance immunosuppressive therapy post-transplantation.
However, challenges exist in its clinical use even under TDM, mainly due to acute
rejection and kidney dysfunction. In addition, the relationship between TAC Co and
acute kidney rejection has not been adequately shown under TDM. Therefore, the main
aim of this study was to assess the impact of TAC dispositional genetics on TAC Co/D,
BPAR incidence and eGFR in a retrospective cohort of 165 Australian kidney
transplant recipients and their respective donors in the first 3 months post-
transplantation. In addition, the innate immunogenetic factors were examined as
potential predictors of BPAR. A secondary aim was to explore if there could be a TAC
Co-rejection relationship under TDM in kidney transplant recipients in the first 14 days
post-transplantation. Due to the initial study design, only short- but not long-term

kidney dysfunction was investigated in this study.

6.1 Significance of the study

e ABCBI 61A>G as a novel SNP contributing to TAC Cy/D variability

As introduced in sections 1.2 and 1.5.1 in Chapter 1, recipient CYP3A4/5 are the main
hepatic/intestinal metabolising enzymes of TAC and P-gp is responsible for TAC efflux.
In addition, NRII2 and POR regulate CYP3A4/5 and/or P-gp expression or activity.
Therefore, in Chapter 2, I examined the known key SNPs in TAC dispositional genes
and their impact on TAC Co/D and identified a novel although minor impact of recipient
ABCB1 61A>G on TAC PK variability (explaining 3-4% of logio transformed TAC
Co/D) for the first time in kidney transplant recipients in the first 3 months post-
transplantation. I also confirmed the major impact of recipient CYP3A45*3, accounting
for 25-30% of logio transformed TAC Co/D variability in the same cohort. Altogether,

recipient CYP3A45*3, ABCBI 61 A>G and non-genetic factors (age, sex and haematocrit)
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accounted for ~35% of TAC Co/D variability (logio transformed) in the first 3 months
post-transplantation. The residual unexplained TAC Co/D variability may be due to
other genetic (e.g. CYP3A4 phenotypes) and/or non-genetic factors (e.g. co-medication),

both of which could not be addressed in this study due to the initial study design.

e TDM may attenuate the genetic influence on kidney transplant outcomes

As introduced in section 1.5.1 in Chapter 1, recipient ABCBI and donor CYP3A45 and
ABCBI genetics are likely to affect TAC intracellular concentrations in T-cells and
kidney cells, respectively. Therefore, TAC dispositional genes may also affect kidney
transplant outcomes (e.g. BPAR and decreased eGFR post-transplantation).

In Chapter 3, I examined recipient and donor CYP344/5, POR, ABCBI and NRII2
genotype/haplotypes for their impact on BPAR incidence in the first 14 days post-
transplantation and eGFR in the first 3 months post-transplantation. However, none of
these genetic factors can predict these kidney transplant outcomes in this cohort. TDM
attempts to limit TAC Co within a narrow range (e.g. 8-15 ng/mL in this study),
therefore, it may have substantially counteracted the effect of recipient CYP345*3 and
ABCB1 61A>G on TAC PK and consequently reduced the risk of sub- and supra-
exposure of TAC. This helped to explain why TAC dispositional genes affected TAC

Co/D (see Chapter 2), but did not impact on BPAR or eGFR under TDM conditions.

e A temporal TAC Cy-rejection relationship in kidney transplant recipients

As discussed in section 1.3 in Chapter 1, there is no agreement if a TAC Co-rejection
relationship exists under TDM. However, this study showed for the first time that there
was a temporal relationship between TAC Co and BPAR in kidney transplant recipients.
In Chapter 3, I found there was no difference in BPAR incidence between groups with

TAC Co < and > 8 ng/mL or TAC Co < and > 5 ng/mL (both P-value = 0.7), this
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observation also indicated that the relationship between TAC Co and BPAR may be
variable between kidney transplant recipients. This variability is likely due to the inter-
individual differences in haematocrit, plasma protein binding, TAC intracellular
distribution or recipients’ immunological risk of BPAR (e.g. immunogenetic
differences between recipients and the immunosuppressive effect from MMF and
corticosteroid). Therefore, each recipient may have their own optimal TAC Co TDM
range, which assists to explain why some recipients experience BPAR even within or
above current TAC TDM range. Furthermore, in Chapter 4, I reported for the first time
that TAC Co on the day of, and 1 day prior to, BPAR were lower than on preceding
days. In addition, adjusting for haematocrit variability assisted in identifying this
temporal TAC Co-rejection relationship. In conclusion, there was a temporal
concentration-response relationship within kidney transplant recipients under TAC

TDM.

¢ Innate immunogenetic impact on BPAR incidence — not conclusive yet

As introduced in section 1.5.2.1 in Chapter 1, the innate immune system is essential in
rejection pathophysiology. In addition, recipients may have different immunological
risks of BPAR due to immunogenetic variabilities. Therefore, the genetics of pro- and
anti-inflammatory mediators, and the MyD88-dependent TLR signalling pathway,
which mediates pro-inflammatory cytokine secretion, have the theoretical potential to
affect BPAR. Most importantly, innate immunogenetics have never been examined in
a transplant cohort treated with TAC as the only CNI.

In chapter 5, however, I did not find the recipient and donor innate immunogenetics
(CASPI1, CRP,ILIB,IL2,IL6,IL6R,IL10,LY96, MYDSS, TGFB, TLR2, TLR4 and TNF)
affected BPAR incidence in TAC-treated kidney transplant recipients in the first 14
days post-transplantation. The negative finding may be due to potent
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immunosuppression by TAC in both adaptive (T-cell proliferation) and innate (IL-2
secretion) immune system as described in section 1.1.2 in Chapter 1 and the use of anti-
CD2S5 induction therapy, in over 90% of recipients in this Australian cohort, which may
have inhibited IL-2/IL-2 receptor signalling. Notably, SNPs in CASPI, CRP, IL6R,
LY96, MYDS88 and TLR2 were studied for the first time for BPAR incidence in a
relatively limited number of kidney transplant recipients and donors (n = 165 and 129,
respectively), with missing genotypes/haplotypes in some individuals. In addition, due
to the low rare allele frequency in some of these SNPs (see Table 5 in Chapter 1), it is
still not conclusive whether the innate immune genetic factors investigated in this study

affect BPAR in TAC-treated kidney transplant recipients.

6.2 Limitations and strengths of the study

Study limitations were summarised in the discussion in Chapters 2 to 5; specifically the
limited sample size, lack of information on co-medications (especially MMF) and long-
term kidney function. As a retrospective study, the limited sample size (recipient n =
165, donor = 129) may be insufficient to support the negative findings (no major PGx
or immunogenetic impact on BPAR incidence and/or kidney function) in Chapters 3
and 5. For example, in Chapter 3, detection of OR > 6.1 for BPAR for CYP345
genotype which the study had 80% power to detect is not biologically plausible.
However, the data presented in this thesis, along with other PGx and innate
immunogenetic studies may together provide valuable information for meta-analysis in
the future.

Two strengths of this study should be highlighted. Firstly, this study employed linear
and generalised linear (binomial) mixed effects modelling to account for repeated
measurements and confounding factors, which enhanced the chance to identify the
minor contribution of recipient ABCBI 61A>G to TAC Co/D variability and the TAC
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Co-rejection relationship (see Chapters 2 and 4). In addition, multiple comparison
adjustment was applied throughout the whole study, which can attenuate the chances
of interpreting “false positive” results. Secondly, this was the first study to compare
TAC Co on the days prior to and on the day of BPAR within and between recipients, as
they can develop BPAR on different days post-transplantation. Also, it was the first
study to account for haematocrit in TAC Co-rejection relationship as haematocrit
contributes to TAC Cp intra- and inter-individual variability (see section 1.2.2.2 in
Chapter 1). Most importantly, it was the first study to allow for the inter-individual
variabilities in the relationship between TAC Co and BPAR via incorporating random
effects (TAC Co and haematocrit both on random slope and intercept) in the generalised

linear (binomial) mixed effects modelling.

6.3 Future perspectives

e Progress of TAC PK monitoring: from whole blood to cells

Current TAC TDM is based on TAC Co monitoring, however, TAC Co-rejection
relationship is variable between recipients. In addition, the whole blood TAC
concentration is not therapeutically active, as only the plasma unbound TAC can enter
the T-cells (the immunosuppressive site of action) to suppress the immune system. It
has also been reported that there is a lack of a significant correlation between TAC Co
and intracellular TAC concentrations in PBMCs (70-85% of which are T-cells) [168],
indicating whole blood TAC concentration is unlikely to accurately reflect the
immunosuppressive effect of TAC in vivo.

Liquid chromatography—mass spectrometry quantification (LC-MS/MS) methods have
been established in recent years for plasma unbound and PBMC TAC quantification
[169-171], although they are much more laborious than TAC Coy monitoring. Several
studies have already reported that PBMCs but not trough whole blood CNI (TAC/CsA)
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concentrations were associated with BPAR incidence following liver or kidney
transplantation [172-174]. However, PBMC TAC concentration was not correlated
with BPAR in kidney transplant recipients, likely due to the small sample size and low
BPAR incidence (n = 6 out of 96 recipients) [112]. Notably, similar to the limitations
in those cross-sectional studies of TAC Co-rejection relationship, PBMC TAC
concentrations used to categorize recipients into rejection and non-rejection groups
were not always concurrent with BPAR.

Therefore, future studies should investigate what genetic and non-genetic determinants
are causing the variable relationship between TAC Cp and BPAR. Also, it is worthwhile
exploring if plasma unbound and/or PBMC TAC concentrations can predict BPAR

incidence in kidney transplant recipients.

e TAC PD monitoring: beyond drug concentrations

Although TAC PK monitoring is essential to correct inter- and intra-recipient viabilities
in TAC disposition, it does not reflect recipients’ immunosuppressive response.
Therefore, TAC PD biomarker monitoring may play an additional TDM role to TAC
PK biomarker monitoring to guide TAC clinical use in the future. As reviewed recently
[175], calcineurin phosphatase activity has been quantified to assess the degree of
immunosuppression. However, calcineurin phosphatase activity is still not used as a
TAC PD biomarker due to low reproducibility, expensive costs and time-consuming
laboratory practice. Other PD biomarkers, for example, NFAT-regulated gene
expression and NF-kB and p38 mitogen-activated protein kinases phosphorylation,
have less specificity than calcineurin phosphatase activity to predict the degree of
immunosuppression. However, they may better reflect the biological efficacy of TAC
than monitoring concentration alone. More validation studies are still needed for these

potential PD biomarkers before clinical implementation.
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e Prospect in biomarkers: early and non-invasive genetic and non-genetic

predictors of BPAR incidence

Current biomarkers widely used for BPAR are graft histology (e.g. needle biopsy) and
serum creatinine/eGFR. However, biopsy is invasive and can increase the chance of
infection post-transplantation. Most importantly, biopsy is only diagnostic but not
predictive of BPAR. In addition, serum creatinine/eGFR is non-specific to BPAR.

Genetic factors in immune system (e.g. NFAT and NF-kB) and TAC PD pathway (e.g.
immunophilin and calcineurin-calmodulin complex) may predict BPAR as they are
theoretically able to affect individuals’ immunological risk of rejection and recipients’
response to immunosuppressive therapy. Although no genetic factors have been
accepted as predictors of BPAR [176], it might be due to the limited sample size in
cross-sectional studies and the selectively designed gene panels. Therefore, genome-
wide association studies in large kidney transplant cohorts (likely with multi-centre
collaboration) may enhance the chance to identify the genetic predictors of BPAR.

Other biochemical factors, e.g. donor-reactive T-cell response and epitope mismatch
load, have been studied as novel biochemical predictors of BPAR but still require

validation before clinical implementation [177].

6.4 Conclusion

In conclusion, ABCBI 61A>G and CYP3A45*3 significantly affected TAC Co/D
variability in kidney transplant recipients in the first 3 months post-transplantation.
Also, there was a temporal TAC Co-rejection relationship under TDM in kidney
transplant recipients in the first 14 days post-transplantation. However, validations of
these findings are still needed in the future due to the limited sample size in this study.

Future work can focus on plasma unbound or PBMCs TAC concentration monitoring,
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TAC PD monitoring and the novel genetic and non-genetic predictors of BPAR to
maximise TAC immunosuppression and minimise BPAR incidence in kidney

transplant recipients.

112
Rong Hu, PhD thesis 2019



Chapter 7. Bibliography

Chapter 7: Bibliography

113
Rong Hu, PhD thesis 2019



Chapter 7. Bibliography

1. ANZDATARegistry. 41st Report, Chapter 7: Kidney Transplantation. Australia and
New Zealand Dialysis and Transplant Registry, Adelaide, Australia. 2018.
https://www.anzdata.org.au/wp-

ontent/uploads/2018/11/c07 transplant 2017 v1.0 20181220.pdf (last accessed on 1*
August 2019).

2. Second report of the Australia and New Zealand Dialysis and Transplant Registry,
Australia. 1979. https://www.anzdata.org.au/wp-
content/uploads/2016/12/ANZDATA2ndReport1979.pdf (last accessed on 1% August
2019).

3. Kino T, Hatanaka H, Hashimoto M, Nishiyama M, Goto T, Okuhara M et al. FK-
506, a novel immunosuppressant isolated from a Streptomyces. I. Fermentation,
isolation, and physico-chemical and biological characteristics. J Antibiot (Tokyo).
1987;40(9):1249-55.

4. U.S. Multicenter FK506 Liver Study Group. A comparison of tacrolimus (FK 506)
and cyclosporine for immunosuppression in liver transplantation. N Engl J Med.
1994;331(17):1110-5. doi:10.1056/NEJM199410273311702.

5. ANZDATARegistry. 33rd Report, Chapter 8: Transplantation. Australia and New
Zealand Dialysis and Transplant Registry, Adelaide, Australia. 2010.
https://www.anzdata.org.au/wp-content/uploads/2016/12/Ch08-1.pdf

(last accessed on 4" August 2019).

6. Kuehl P, Zhang J, Lin Y, Lamba J, Assem M, Schuetz J et al. Sequence diversity in
CYP3A promoters and characterization of the genetic basis of polymorphic CYP3AS5
expression. Nat Genet. 2001;27(4):383-91. doi:10.1038/86882.

7. Zhang J, Kuehl P, Green ED, Touchman JW, Watkins PB, Daly A et al. The human
pregnane X receptor: genomic structure and identification and functional
characterization of natural allelic variants. Pharmacogenetics. 2001;11(7):555-72.

8. Amirimani B, Ning B, Deitz AC, Weber BL, Kadlubar FF, Rebbeck TR. Increased
transcriptional activity of the CYP3A4*1B promoter variant. Environ Mol Mutagen.
2003;42(4):299-305. doi:doi:10.1002/em.10199.

9. Woodahl EL, Yang Z, Bui T, Shen DD, Ho RJ. Multidrug resistance gene G1199A
polymorphism alters efflux transport activity of P-glycoprotein. J Pharmacol Exp Ther.
2004;310(3):1199-207. doi:10.1124/jpet.104.065383.

10. Aird RE, Thomson M, Macpherson JS, Thurston DE, Jodrell DI, Guichard SM.
ABCBI1 genetic polymorphism influences the pharmacology of the new
pyrrolobenzodiazepine derivative SJG-136. Pharmacogenomics J. 2007;8:289-96.
doi:10.1038/sj.tpj.6500465.

114
Rong Hu, PhD thesis 2019



Chapter 7. Bibliography

11. Gow JM, Hodges LM, Chinn LW, Kroetz DL. Substrate-dependent effects of
human ABCBI coding polymorphisms. J Pharmacol Exp Ther. 2008;325(2):435-42.
doi:10.1124/jpet.107.135194.

12. Lamba J, Lamba V, Strom S, Venkataramanan R, Schuetz E. Novel single
nucleotide polymorphisms in the promoter and intron 1 of human pregnane X
receptor/NR112 and their association with CYP3A4 expression. Drug Metab Dispos.
2008;36(1):169-81. doi:10.1124/dmd.107.016600.

13. Oneda B, Crettol S, Jaquenoud Sirot E, Bochud M, Ansermot N, Eap CB. The P450
oxidoreductase genotype is associated with CYP3A activity in vivo as measured by the
midazolam phenotyping test. Pharmacogenet Genomics. 2009;19(11):877-83.
doi:10.1097/FPC.0b013e32833225¢7.

14. Wang D, Guo Y, Wrighton SA, Cooke GE, Sadee W. Intronic polymorphism in
CYP3A4 affects hepatic expression and response to statin drugs. Pharmacogenomics J.
2011;11(4):274-86. doi:10.1038/tpj.2010.28.

15. Laskow DA, Vincenti F, Neylan JF, Mendez R, Matas AJ. An open-label,
concentration-ranging trial of FK506 in primary kidney transplantation: a report of the
United States Multicenter FK506 Kidney Transplant Group. Transplantation.
1996;62(7):900-5.

16. Ekberg H, Tedesco-Silva H, Demirbas A, Vitko S, Nashan B, Giirkan A et al.
Reduced exposure to calcineurin inhibitors in renal transplantation. N Engl J Med.
2007;357(25):2562-75. doi:10.1056/NEJMo0a067411.

17. van Gelder T, Silva HT, de Fijter JW, Budde K, Kuypers D, Tyden G et al.
Comparing mycophenolate mofetil regimens for de novo renal transplant recipients: the
fixed-dose concentration-controlled trial. Transplantation. 2008;86(8):1043-51.
doi:10.1097/TP.0b013e318186198a.

18. Gaston RS, Kaplan B, Shah T, Cibrik D, Shaw LM, Angelis M et al. Fixed- or
controlled-dose mycophenolate mofetil with standard- or reduced-dose calcineurin
inhibitors: the Opticept trial. Am J Transplant. 2009;9(7):1607-19. doi:10.1111/5.1600-
6143.2009.02668.x.

19. Bouamar R, Shuker N, Hesselink DA, Weimar W, Ekberg H, Kaplan B et al.
Tacrolimus predose concentrations do not predict the risk of acute rejection after renal
transplantation: a pooled analysis from three randomized-controlled clinical trials(f).

Am J Transplant. 2013;13(5):1253-61. doi:10.1111/ajt.12191.

20. Watson J, Mochizuki D, Gillis S. T-cell growth factors: interleukin 2. Immunol
Today. 1980;1(6):113-7. doi:10.1016/0167-5699(80)90047-X.

21. Nankivell BJ, Alexander SI. Rejection of the kidney allograft. N Engl J Med.
2010;363(15):1451-62. doi:10.1056/NEJMra0902927.

115
Rong Hu, PhD thesis 2019



Chapter 7. Bibliography

22. Anders H-J, Schaefer L. Beyond tissue injury-damage-associated molecular
patterns, toll-like receptors, and inflammasomes also drive regeneration and fibrosis. J
Am Soc Nephrol. 2014;25(7):1387-400. doi:10.1681/ASN.2014010117.

23. Cucchiari D, Podesta MA, Ponticelli C. The critical role of innate immunity in
kidney transplantation. Nephron. 2016;132(3):227-37. doi:10.1159/000444267.

24. Cusinato DA, Lacchini R, Romao EA, Moysés-Neto M, Coelho EB. Relationship
of CYP3AS genotype and ABCBI1 diplotype to tacrolimus disposition in Brazilian
kidney transplant patients. Br J Clin Pharmacol. 2014;78(2):364-72.
doi:10.1111/bcp.12345.

25. Bruckmueller H, Werk AN, Renders L, Feldkamp T, Tepel M, Borst C et al. Which
genetic determinants should be considered for tacrolimus dose optimization in kidney
transplantation? A combined analysis of genes affecting the CYP3A locus. Ther Drug
Monit. 2015;37(3):288-95. doi:10.1097/FTD.0000000000000142.

26. Li JL, Liu S, Fu Q, Zhang Y, Wang XD, Liu XM et al. Interactive effects of
CYP3A4, CYP3A5, MDRI and NRII2 polymorphisms on tracrolimus trough
concentrations in early postrenal transplant recipients. Pharmacogenomics.
2015;16(12):1355-65. doi:10.2217/pgs.15.78.

27. Weiss A, Littman DR. Signal transduction by lymphocyte antigen receptors. Cell.
1994;76(2):263-74. doi:10.1016/0092-8674(94)90334-4.

28. Chow CW, Rincon M, Davis RJ. Requirement for transcription factor NFAT in
interleukin-2 expression. Mol Cell Biol. 1999;19(3):2300-7.

29. Roufosse C, Simmonds N, Clahsen-van Groningen M, Haas M, Henriksen KJ,
Horsfield C et al. A 2018 reference guide to the banff classification of renal allograft
pathology. Transplantation. 2018;102(11):1795-814.
doi:10.1097/TP.0000000000002366.

30. Thomson AW, Bonham CA, Zeevi A. Mode of action of tacrolimus (FK506):
molecular and cellular mechanisms. Ther Drug Monit. 1995;17(6):584-91.

31. Fruman DA, Klee CB, Bierer BE, Burakoff SJ. Calcineurin phosphatase activity in
T lymphocytes is inhibited by FK 506 and cyclosporin A. Proc Natl Acad Sci U S A.
1992;89(9):3686-90.

32. Batiuk TD, Kung L, Halloran PF. Evidence that calcineurin is rate-limiting for
primary human lymphocyte activation. J Clin Invest. 1997;100(7):1894-901.
doi:10.1172/JCI1119719.

33. Venkataramanan R, Swaminathan A, Prasad T, Jain A, Zuckerman S, Warty V et
al. Clinical pharmacokinetics of tacrolimus. Clin Pharmacokinet. 1995;29(6):404-30.
doi:10.2165/00003088-199529060-00003.

116
Rong Hu, PhD thesis 2019



Chapter 7. Bibliography

34. Staatz CE, Tett SE. Clinical pharmacokinetics and pharmacodynamics of
tacrolimus in solid organ transplantation. Clin Pharmacokinet. 2004;43(10):623-53.
doi:10.1007/s40262-015-0282-2.

35. Venkataramanan R, Jain A, Cadoff E, Warty V, Iwasaki K, Nagase K et al.
Pharmacokinetics of FK 506: preclinical and clinical studies. Transplant Proc.
1990;22(1):52-6.

36. Tuteja S, Alloway RR, Johnson JA, Gaber AO. The effect of gut metabolism on
tacrolimus bioavailability in renal transplant recipients. Transplantation.
2001;71(9):1303-7.

37. Saeki T, Ueda K, Tanigawara Y, Hori R, Komano T. Human P-glycoprotein
transports cyclosporin A and FK506. J Biol Chem. 1993;268(9):6077-80.

38. Thiebaut F, Tsuruo T, Hamada H, Gottesman MM, Pastan I, Willingham MC.
Cellular localization of the multidrug-resistance gene product P-glycoprotein in normal
human tissues. Proc Natl Acad Sci U S A. 1987;84(21):7735-8.

39. Jusko WI, Piekoszewski W, Klintmalm GB, Shaefer MS, Hebert MF, Piergies AA
et al. Pharmacokinetics of tacrolimus in liver transplant patients. Clin Pharmacol Ther.
1995;57(3):281-90. doi:10.1016/0009-9236(95)90153-1.

40. Piekoszewski W, Jusko WJ. Plasma protein binding of tacrolimus in humans. J
Pharm Sci. 1993;82(3):340-1.

41. Jusko WJ, Thomson AW, Fung J, McMaster P, Wong SH, Zylber-Katz E et al.
Consensus document: therapeutic monitoring of tacrolimus (FK-506). Ther Drug Monit.
1995;17(6):606-14.

42. Sattler M, Guengerich FP, Yun CH, Christians U, Sewing KF. Cytochrome P-450
3A enzymes are responsible for biotransformation of FK506 and rapamycin in man and
rat. Drug Metab Dispos. 1992;20(5):753-61.

43. Vincent SH, Karanam BV, Painter SK, Chiu SH. In vitro metabolism of FK-506 in
rat, rabbit, and human liver microsomes: identification of a major metabolite and of
cytochrome P450 3A as the major enzymes responsible for its metabolism. Arch
Biochem Biophys. 1992;294(2):454-60.

44. Kamdem LK, Streit F, Zanger UM, Brockmoller J, Oellerich M, Armstrong VW et
al. Contribution of CYP3AS to the in vitro hepatic clearance of tacrolimus. Clin Chem.
2005;51(8):1374-81. doi:10.1373/clinchem.2005.050047.

45. Moller A, Iwasaki K, Kawamura A, Teramura Y, Shiraga T, Hata T et al. The
disposition of 14C-labeled tacrolimus after intravenous and oral administration in
healthy human subjects. Drug Metab Dispos. 1999;27(6):633-6.

117
Rong Hu, PhD thesis 2019



Chapter 7. Bibliography

46. Iwasaki K, Shiraga T, Nagase K, Tozuka Z, Noda K, Sakuma S et al. Isolation,
identification, and biological activities of oxidative metabolites of FK506, a potent
immunosuppressive macrolide lactone. Drug Metab Dispos. 1993;21(6):971-7.

47. Barraclough KA, Isbel NM, Kirkpatrick CM, Lee KJ, Taylor PJ, Johnson DW et al.
Evaluation of limited sampling methods for estimation of tacrolimus exposure in adult
kidney transplant recipients. Br J Clin Pharmacol. 2011;71(2):207-23.
doi:10.1111/5.1365-2125.2010.03815.x.

48. Li L, Li CJ, Zheng L, Zhang YJ, Jiang HX, Si-Tu B et al. Tacrolimus dosing in
Chinese renal transplant recipients: a population-based pharmacogenetics study. Eur J
Clin Pharmacol. 2011;67(8):787-95. doi:10.1007/s00228-011-1010-y.

49. Andreu F, Colom H, Elens L, van Gelder T, van Schaik RHN, Hesselink DA et al.
A new CYP3A5*3 and CYP3A4*22 cluster influencing tacrolimus target
concentrations: a population approach. Clin Pharmacokinet. 2017;56(8):963-75.
doi:10.1007/s40262-016-0491-3.

50. Elens L, van Schaik RH, Panin N, de Meyer M, Wallemacq P, Lison D et al. Effect
of a new functional CYP3A4 polymorphism on calcineurin inhibitors' dose
requirements and trough blood levels in stable renal transplant patients.
Pharmacogenomics. 2011;12(10):1383-96. doi:10.2217/pgs.11.90.

51. Genvigir FD, Salgado PC, Felipe CR, Luo EY, Alves C, Cerda A et al. Influence of
the CYP3A4/5 genetic score and ABCB1 polymorphisms on tacrolimus exposure and

renal function in Brazilian kidney transplant patients. Pharmacogenet Genomics.
2016;26(10):462-72. doi:10.1097/FPC.0000000000000237.

52. Lloberas N, Elens L, Llaudo I, Padullés A, van Gelder T, Hesselink DA et al. The
combination of CYP3A4*22 and CYP3A5*3 single-nucleotide polymorphisms
determines tacrolimus dose requirement after kidney transplantation. Pharmacogenet
Genomics. 2017;27(9):313-22. doi:10.1097/FPC.0000000000000296.

53. Kolonko A, Pinocy-Mandok J, Kocierz M, Kujawa-Szewieczek A, Chudek J,
Malyszko J et al. Anemia and erythrocytosis after kidney transplantation: a 5-year graft

function and survival analysis. Transplant Proc. 2009;41(8):3046-51.
doi:10.1016/j.transproceed.2009.07.090.

54. Piekoszewski W, Chow FS, Jusko WJ. Disposition of tacrolimus (FK 506) in rabbits.
Role of red blood cell binding in hepatic clearance. Drug Metab Dispos.
1993;21(4):690-8.

55. Sterset E, Holford N, Midtvedt K, Bremer S, Bergan S, Asberg A. Importance of
hematocrit for a tacrolimus target concentration strategy. Eur J Clin Pharmacol.
2014;70(1):65-77. doi:10.1007/s00228-013-1584-7.

118
Rong Hu, PhD thesis 2019



Chapter 7. Bibliography

56. Sterset E, Holford N, Hennig S, Bergmann TK, Bergan S, Bremer S et al. Improved
prediction of tacrolimus concentrations early after kidney transplantation using theory-
based pharmacokinetic modelling. Br J Clin Pharmacol. 2014;78(3):509-23.

57. Bekersky I, Dressler D, Alak A, Boswell GW, Mekki QA. Comparative tacrolimus
pharmacokinetics: normal versus mildly hepatically impaired subjects. J Clin
Pharmacol. 2001;41(6):628-35.

58. Abu-Elmagd K, Fung JJ, Alessiani M, Jain A, Venkataramanan R, Warty VS et al.
The effect of graft function on FK506 plasma levels, dosages, and renal function, with
particular reference to the liver. Transplantation. 1991;52(1):71-7.

59. Jain AB, Venkataramanan R, Cadoff E, Fung JJ, Todo S, Krajack A et al. Effect of
hepatic dysfunction and T tube clamping on FK 506 pharmacokinetics and trough
concentrations. Transplant Proc. 1990;22(1):57-9.

60. Gruber SA, Hewitt JM, Sorenson AL, Barber DL, Bowers L, Rynders G et al.
Pharmacokinetics of FK506 after intravenous and oral administration in patients
awaiting renal transplantation. J Clin Pharmacol. 1994;34(8):859-64.

61. Bekersky I, Dressler D, Mekki QA. Effect of low- and high-fat meals on tacrolimus
absorption following 5 mg single oral doses to healthy human subjects. J Clin
Pharmacol. 2001;41(2):176-82.

62. Bekersky I, Dressler D, Mekki Q. Effect of time of meal consumption on
bioavailability of a single oral 5 mg tacrolimus dose. J Clin Pharmacol. 2001;41(3):289-
97.

63. Lown KS, Bailey DG, Fontana RJ, Janardan SK, Adair CH, Fortlage LA et al.
Grapefruit juice increases felodipine oral availability in humans by decreasing intestinal
CYP3A  protein  expression. J  Clin  Invest. 1997;99(10):2545-53.
doi:10.1172/JCI119439.

64. Liu C, Shang YF, Zhang XF, Zhang XG, Wang B, Wu Z et al. Co-administration
of grapefruit juice increases bioavailability of tacrolimus in liver transplant patients: a
prospective study. Eur J Clin Pharmacol. 2009;65(9):881-5. doi:10.1007/s00228-009-
0702-z.

65. Liu YT, Hao HP, Liu CX, Wang GJ, Xie HG. Drugs as CYP3A probes, inducers,
and inhibitors. Drug Metab Rev. 2007;39(4):699-721.
doi:10.1080/03602530701690374.

66. Kim RB. Drugs as P-glycoprotein substrates, inhibitors, and inducers. Drug Metab
Rev. 2002;34(1-2):47-54. d0i:10.1081/dmr-120001389.

67. Barwick JL, Quattrochi LC, Mills AS, Potenza C, Tukey RH, Guzelian PS. Trans-
species gene transfer for analysis of glucocorticoid-inducible transcriptional activation

119
Rong Hu, PhD thesis 2019



Chapter 7. Bibliography

of transiently expressed human CYP3A4 and rabbit CYP3A6 in primary cultures of
adult rat and rabbit hepatocytes. Mol Pharmacol. 1996;50(1):10-6.

68. El-Sankary W, Plant NJ, Gibson GG, Moore DJ. Regulation of the CYP3A4 gene
by hydrocortisone and xenobiotics: role of the glucocorticoid and pregnane X receptors.
Drug Metab Dispos. 2000;28(5):493-6.

69. Zhao JY, Ikeguchi M, Eckersberg T, Kuo MT. Modulation of multidrug resistance
gene expression by dexamethasone in cultured hepatoma cells. Endocrinology.
1993;133(2):521-8. doi:10.1210/endo.133.2.8102093.

70. Demeule M, Jodoin J, Beaulieu E, Brossard M, Béliveau R. Dexamethasone
modulation of multidrug transporters in normal tissues. FEBS Lett. 1999;442(2-3):208-
14. doi:10.1016/S0014-5793(98)01663-9.

71. Shihab FS, Lee ST, Smith LD, Woodle ES, Pirsch JD, Gaber AO et al. Effect of
corticosteroid withdrawal on tacrolimus and mycophenolate mofetil exposure in a
randomized multicenter study. Am J Transplant. 2013;13(2):474-84.
doi:10.1111/5.1600-6143.2012.04327 .x.

72. Anglicheau D, Flamant M, Schlageter MH, Martinez F, Cassinat B, Beaune P et al.
Pharmacokinetic interaction between corticosteroids and tacrolimus after renal
transplantation. Nephrol Dial Transplant. 2003;18(11):2409-14.
doi:10.1093/ndt/gfg381.

73. Diirr D, Stieger B, Kullak-Ublick GA, Rentsch KM, Steinert HC, Meier PJ et al. St
John's Wort induces intestinal P-glycoprotein/MDRI1 and intestinal and hepatic
CYP3A4. Clin Pharmacol Ther. 2000;68(6):598-604. doi:10.1067/mcp.2000.112240.

74. Hebert MF, Park JM, Chen YL, Akhtar S, Larson AM. Effects of St. John's wort
(Hypericum perforatum) on tacrolimus pharmacokinetics in healthy volunteers. J Clin
Pharmacol. 2004;44(1):89-94. doi:10.1177/0091270003261078.

75. Mai I, Stormer E, Bauer S, Kriiger H, Budde K, Roots I. Impact of St John's wort
treatment on the pharmacokinetics of tacrolimus and mycophenolic acid in renal
transplant patients. Nephrol Dial Transplant. 2003;18(4):819-22.

76. Naesens M, Kuypers DR, Sarwal M. Calcineurin inhibitor nephrotoxicity. Clin J
Am Soc Nephrol. 2009;4(2):481-508. doi:10.2215/CIN.04800908.

77. Staatz C, Taylor P, Tett S. Low tacrolimus concentrations and increased risk of
early acute rejection in adult renal transplantation. Nephrol Dial Transplant.
2001;16(9):1905-9.

78. Opelz G. Tacrolimus trough levels and kidney graft survival. Collab Transpl study
Newsl 1. 2014. http://ctstransplant.org/public/newsletters/2014/pdf/2014-1.pdf (last
accessed on 1 August 2019).

120
Rong Hu, PhD thesis 2019



Chapter 7. Bibliography

79. Brunet, M., van Gelder, T., Asberg, A., Haufroid, V., Hesselink, D. A., Langman,
L.et al., Therapeutic Drug Monitoring of Tacrolimus-Personalized Therapy: Second
Consensus Report. Ther Drug Monit. 2019;41(3):261-307. doi:
10.1097/td.0000000000000640.

80. Egeland EJ, Robertsen I, Hermann M, Midtvedt K, Sterset E, Gustavsen MT et al.
High tacrolimus clearance is a risk factor for acute rejection in the early phase after

renal transplantation. Transplantation. 2017;101(8):e273-9.
doi:10.1097/tp.0000000000001796.

81. McDonald S, Russ G, Campbell S, Chadban S. Kidney transplant rejection in
Australia and New Zealand: relationships between rejection and graft outcome. Am J
Transplant. 2007;7(5):1201-8. doi:10.1111/j.1600-6143.2007.01759.x.

82. Clayton PA, Lim WH, Wong G, Chadban SJ. Relationship between eGFR Decline
and Hard Outcomes after Kidney Transplants. J Am Soc Nephrol. 2016;27(11):3440-6.
doi:10.1681/ASN.2015050524.

83. Bandur S, Petrasek J, Hribova P, Novotna E, Brabcova I, Viklicky O. Haplotypic
structure of ABCB1/MDRI1 gene modifies the risk of the acute allograft rejection in

renal transplant recipients. Transplantation. 2008;86(9):1206-13.
doi:10.1097/TP.0b013e318187c4d1.

84. Kim IW, Moon Y]J, Ji E, Kim KI, Han N, Kim SJ et al. Clinical and genetic factors
affecting tacrolimus trough levels and drug-related outcomes in korean kidney
transplant recipients. Eur J Clin Pharmacol. 2012;68(5):657-69. doi:10.1007/s00228-
011-1182-5.

85. Lim WH, Chapman JR, Wong G. Peak panel reactive antibody, cancer, graft, and
patient outcomes in kidney transplant recipients. Transplantation. 2015;99(5):1043-50.
doi:10.1097/TP.0000000000000469.

86. Lim WH, Chadban SJ, Clayton P, Budgeon CA, Murray K, Campbell SB et al.
Human leukocyte antigen mismatches associated with increased risk of rejection, graft
failure, and death independent of initial immunosuppression in renal transplant
recipients. Clin Transplant. 2012;26(4):E428-37. doi:10.1111/5.1399-
0012.2012.01654.x.

87. Hammond EB, Taber DJ, Weimert NA, Egidi MF, Bratton CF, Lin A et al. Efficacy
of induction therapy on acute rejection and graft outcomes in African American kidney
transplantation. Clin Transplant. 2010;24(1):40-7. doi:10.1111/5.1399-
0012.2009.00974.x.

88. Zhu L, Fu C, Lin K, Wang Z, Guo H, Chen S et al. Patterns of early rejection in
renal retransplantation: a single-center experience. J Immunol Res. 2016;2016:2697860.
doi:10.1155/2016/2697860.

121
Rong Hu, PhD thesis 2019



Chapter 7. Bibliography

89. Ro H, Min SI, Yang J, Moon KC, Kim YS, Kim SJ et al. Impact of tacrolimus
intraindividual variability and CYP3AS5 genetic polymorphism on acute rejection in
kidney transplantation. Ther Drug Monit. 2012;34(6):680-5.
doi:10.1097/FTD.0b013e3182731809.

90. Zhang R. Donor-Specific Antibodies in Kidney Transplant Recipients. Clin J Am
Soc Nephrol. 2018;13(1):182-92. doi:10.2215/CJN.00700117.

91. Naesens M, Anglicheau D. Precision Transplant Medicine: Biomarkers to the
Rescue. J] Am Soc Nephrol. 2018;29(1):24-34. doi:10.1681/ASN.2017010004.

92. Randhawa PS, Finkelstein S, Scantlebury V, Shapiro R, Vivas C, Jordan M et al.
Human polyoma virus-associated interstitial nephritis in the allograft kidney.
Transplantation. 1999;67(1):103-9.

93. Siedlecki A, Irish W, Brennan DC. Delayed graft function in the kidney transplant.
Am J Transplant. 2011;11(11):2279-96. do0i:10.1111/j.1600-6143.2011.03754 .x.

94. Sert I, Colak H, Tugmen C, Dogan SM, Karaca C. The effect of cold ischemia time
on delayed graft function and acute rejection in kidney transplantation. Saudi
J Kidney Dis Transpl. 2014;25(5):960-6.

95. Halloran PF, Melk A, Barth C. Rethinking chronic allograft nephropathy: the
concept of accelerated senescence. J Am Soc Nephrol. 1999;10(1):167-81.

96. Weir MR, Blahut S, Drachenburg C, Young C, Papademitriou J, Klassen DK et al.
Late calcineurin inhibitor withdrawal as a strategy to prevent graft loss in patients with
suboptimal kidney transplant function. Am J Nephrol. 2004;24(4):379-86.
doi:10.1159/000079390.

97. Coresh J, Astor BC, Greene T, Eknoyan G, Levey AS. Prevalence of chronic kidney
disease and decreased kidney function in the adult US population: Third national health
and nutrition examination survey. Am J Kidney Dis. 2003;41(1):1-12.
doi:10.1053/ajkd.2003.50007.

98. Chaudhary PM, Mechetner EB, Roninson IB. Expression and activity of the
multidrug resistance P-glycoprotein in human peripheral blood lymphocytes. Blood.
1992;80(11):2735-9.

99. Haehner BD, Gorski JC, Vandenbranden M, Wrighton SA, Janardan SK, Watkins
PB et al. Bimodal distribution of renal cytochrome P450 3A activity in humans. Mol
Pharmacol. 1996;50(1):52-9.

100. Leschziner GD, Andrew T, Pirmohamed M, Johnson MR. ABCB1 genotype and
PGP expression, function and therapeutic drug response: a critical review and
recommendations for future research. Pharmacogenomics J. 2007;7(3):154-79.
doi:10.1038/sj.tpj.6500413.

122
Rong Hu, PhD thesis 2019



Chapter 7. Bibliography

101. Staatz CE, Goodman LK, Tett SE. Effect of CYP3A and ABCBI1 single nucleotide
polymorphisms on the pharmacokinetics and pharmacodynamics of calcineurin
inhibitors: Part 1. Clin Pharmacokinet. 2010;49(3):141-75. doi:10.2165/11317350-
000000000-00000.

102. Hodges LM, Markova SM, Chinn LW, Gow JM, Kroetz DL, Klein TE et al. Very
important pharmacogene summary: ABCB1 (MDR1, P-glycoprotein). Pharmacogenet
Genomics. 2011;21(3):152-61. doi:10.1097/FPC.0b013e3283385alc.

103. Wolf SJ, Bachtiar M, Wang J, Sim TS, Chong SS, Lee CG. An update on ABCBI

pharmacogenetics: insights from a 3D model into the location and evolutionary
conservation of residues corresponding to SNPs associated with drug pharmacokinetics.
Pharmacogenomics J. 2011;11(5):315-25. doi:10.1038/tpj.2011.16.

104. Ieiri I. Functional significance of genetic polymorphisms in P-glycoprotein
(MDR1, ABCBI1) and breast cancer resistance protein (BCRP, ABCG2). Drug Metab
Pharmacokinet. 2012;27(1):85-105.

105. Somogyi AA, Barratt DT, Ali RL, Coller JK. Pharmacogenomics of methadone
maintenance treatment. Pharmacogenomics. 2014;15(7):1007-217.
doi:10.2217/pgs.14.56.

106. Birdwell KA, Decker B, Barbarino JM, Peterson JF, Stein CM, Sadee W et al.
Clinical pharmacogenetics implementation consortium (CPIC) guidelines for CYP3AS5
genotype and tacrolimus dosing. Clin Pharmacol Ther. 2015;98(1):19-24.
doi:10.1002/cpt.113.

107. Shi WL, Tang HL, Zhai SD. Effects of the CYP3A4*1B genetic polymorphism
on the pharmacokinetics of tacrolimus in adult renal transplant recipients: A meta-
analysis. PLoS One. 2015;10(6):e0127995. doi:10.1371/journal.pone.0127995.

108. Hesselink DA, Bouamar R, Elens L, van Schaik RH, van Gelder T. The role of
pharmacogenetics in the disposition of and response to tacrolimus in solid organ
transplantation. Clin Pharmacokinet. 2014;53(2):123-39. doi:10.1007/s40262-013-
0120-3.

109. Pulk RA, Schladt DS, Oetting WS, Guan W, Israni AK, Matas AJ et al. Multigene
predictors of tacrolimus exposure in kidney transplant recipients. Pharmacogenomics.
2015;16(8):841-54. doi:10.2217/pgs.15.42.

110. Elens L, Hesselink DA, Bouamar R, Budde K, de Fijter JW, De Meyer M et al.
Impact of POR*28 on the pharmacokinetics of tacrolimus and cyclosporine A in renal
transplant patients. Ther Drug Monit. 2014;36(1):71-9.
doi:10.1097/FTD.0b013e31829da6dd.

111. Oetting WS, Wu B, Schladt DP, Guan W, Remmel RP, Dorr C et al. Attempted
validation of 44 reported SNPs associated with tacrolimus troughs in a cohort of kidney

123
Rong Hu, PhD thesis 2019



Chapter 7. Bibliography

allograft recipients. Pharmacogenomics. 2018;19(3):175-84. doi:10.2217/pgs-2017-
0187.

112. Capron A, Mourad M, De Meyer M, De Pauw L, Eddour DC, Latinne D et al.
CYP3AS5 and ABCBI1 polymorphisms influence tacrolimus concentrations in

peripheral blood mononuclear cells after renal transplantation. Pharmacogenomics.
2010;11(5):703-14. doi:10.2217/pgs.10.43.

113. Staatz CE, Goodman LK, Tett SE. Effect of CYP3A and ABCBI1 single nucleotide
polymorphisms on the pharmacokinetics and pharmacodynamics of calcineurin
inhibitors: Part II. Clin Pharmacokinet. 2010;49(4):207-21. doi:10.2165/11317550-
000000000-00000.

114. Shuker N, Bouamar R, Weimar W, van Schaik RH, van Gelder T, Hesselink DA.
ATP-binding cassette transporters as pharmacogenetic biomarkers for kidney
transplantation. Clin Chim Acta. 2012;413(17-18):1326-37.
doi:10.1016/j.cca.2011.09.040.

115. Gervasini G, Garcia-Pino G, Vergara E, Mota-Zamorano S, Garcia-Cerrada M,
Luna E. CYP3A genotypes of donors but not those of the patients increase the risk of
acute rejection in renal transplant recipients on calcineurin inhibitors: a pilot study. Eur
J Clin Pharmacol. 2018;74(1):53-60. doi:10.1007/s00228-017-2353-9.

116. Glowacki F, Lionet A, Buob D, Labalette M, Allorge D, Provét F et al. CYP3AS
and ABCBI polymorphisms in donor and recipient: impact on Tacrolimus dose
requirements and clinical outcome after renal transplantation. Nephrol Dial Transplant.
2011;26(9):3046-50. doi:10.1093/ndt/gfr253.

117. De Jonge H, Metalidis C, Naesens M, Lambrechts D, Kuypers DR. The P450
oxidoreductase *28 SNP is associated with low initial tacrolimus exposure and
increased dose requirements in  CYP3AS5-expressing renal recipients.
Pharmacogenomics. 2011;12(9):1281-91. doi:10.2217/pgs.11.77.

118. Synold TW, Dussault I, Forman BM. The orphan nuclear receptor SXR
coordinately regulates drug metabolism and efflux. Nat Med. 2001;7(5):584-90.
doi:10.1038/87912.

119. Hesselink DA, van Schaik RH, van Agteren M, de Fijter JW, Hartmann A, Zeier
M et al. CYP3AS genotype is not associated with a higher risk of acute rejection in
tacrolimus-treated  renal transplant recipients. Pharmacogenet Genomics.

2008;18(4):339-48. doi:10.1097/FPC.0b013e3282f75188.

120. Gervasini G, Garcia M, Macias RM, Cubero JJ, Caravaca F, Benitez J. Impact of
genetic polymorphisms on tacrolimus pharmacokinetics and the clinical outcome of
renal transplantation. Transpl Int. 2012;25(4):471-80. doi:10.1111/j.1432-
2277.2012.01446.x.

124
Rong Hu, PhD thesis 2019



Chapter 7. Bibliography

121. Tavira B, Gomez J, Diaz-Corte C, Coronel D, Lopez-Larrea C, Suarez B et al. The
donor ABCB1 (MDR-1) C3435T polymorphism is a determinant of the graft
glomerular filtration rate among tacrolimus treated kidney transplanted patients. J] Hum
Genet. 2015;60(5):273-6. doi:10.1038/jhg.2015.12.

122. Yan L, Li Y, Tang JT, An YF, Wang LL, Shi YY. Donor ABCBI1 3435 C>T
genetic polymorphisms influence early renal function in kidney transplant recipients
treated with tacrolimus. Pharmacogenomics. 2016;17(3):249-57.
doi:10.2217/pgs.15.165.

123. Flahault A, Anglicheau D, Loriot MA, Thervet E, Pallet N. Clinical impact of the
CYP3AS5 6986A>G allelic variant on kidney transplantation outcomes.
Pharmacogenomics. 2017;18(2):165-73. doi:10.2217/pgs-2016-0146.

124. Yang L, de Winter BC, van Schaik RH, Xie RX, Li Y, Andrews LM et al. CYP3AS5
and ABCBI polymorphisms in living donors do not impact clinical outcome after
kidney transplantation. Pharmacogenomics. 2018;19(11):895-903. doi:10.2217/pgs-
2018-0066.

125. Dessilly G, Elens L, Panin N, Capron A, Decottignies A, Demoulin JB et al.
ABCBI1 1199G>A genetic polymorphism (Rs2229109) influences the intracellular
accumulation of tacrolimus in HEK293 and K562 recombinant cell lines. PLoS One.
2014;9(3):€91555. doi:10.1371/journal.pone.0091555.

126. Kurzawski M, Dabrowska J, Dziewanowski K, Domanski L, Peruzynska M,
Drozdzik M. CYP3AS5 and CYP3A4, but not ABCBI polymorphisms affect tacrolimus
dose-adjusted  trough  concentrations in  kidney transplant  recipients.
Pharmacogenomics. 2014;15(2):179-88. doi:10.2217/pgs.13.199.

127. Jannot AS, Vuillemin X, Etienne I, Buchler M, Hurault de Ligny B, Choukroun G
et al. A lack of significant effect of POR*28 allelic variant on tacrolimus exposure in
kidney  transplant  recipients. = Ther  Drug  Monit.  2016;38(2):223-9.
doi:10.1097/FTD.0000000000000267.

128. Kurzawski M, Malinowski D, Dziewanowski K, Drozdzik M. Analysis of
common polymorphisms within NR112 and NR1I3 genes and tacrolimus dose-adjusted
concentration in stable kidney transplant recipients. Pharmacogenet Genomics.
2017;27(10):372-7. doi:10.1097/FPC.0000000000000301.

129. Udomkarnjananun S, Townamchai N, Chariyavilaskul P, Iampenkhae K,
Pongpirul K, Sirichindakul B et al. The cytochrome P450 3A5 non-expressor kidney
allograft as a risk factor for calcineurin inhibitor nephrotoxicity. Am J Nephrol.
2018;47(3):182-90. doi:10.1159/000487857.

130. Janeway CA Jr. Approaching the asymptote? Evolution and revolution in
immunology. Cold Spring Harb Symp Quant Biol. 1989;54 Pt 1:1-13.

125
Rong Hu, PhD thesis 2019



Chapter 7. Bibliography

131. Matzinger P. The danger model: a renewed sense of self. Science.
2002;296(5566):301-5. doi:10.1126/science.1071059.

132. Schaefer L. Complexity of danger: the diverse nature of damage-associated
molecular patterns. J Biol Chem. 2014;289(51):35237-45.
doi:10.1074/jbc.R114.619304.

133. Liew FY, Xu D, Brint EK, O'Neill LA. Negative regulation of toll-like receptor-
mediated  immune responses. Nat Rev  Immunol.  2005;5(6):446-58.
doi:10.1038/nri1630.

134. Li Q, Verma IM. NF-kappaB regulation in the immune system. Nat Rev Immunol.
2002;2(10):725-34. doi:10.1038/nri910.

135. Walsh PT, Strom TB, Turka LA. Routes to transplant tolerance versus rejection:
the role of cytokines. Immunity. 2004;20(2):121-31.

136. Trompet S, de Craen AJ, Slagboom P, Shepherd J, Blauw GJ, Murphy MB et al.
Genetic variation in the interleukin-1 beta-converting enzyme associates with cognitive
function. The  PROSPER  study.  Brain.  2008;131(Pt  4):1069-77.
doi:10.1093/brain/awn023.

137. Wang L, Lu X, Li Y, Li H, Chen S, Gu D. Functional analysis of the C-reactive
protein (CRP) gene -717A>G polymorphism associated with coronary heart disease.
BMC Med Genet. 2009;10(1):73. doi:10.1186/1471-2350-10-73.

138. Hall SK, Perregaux DG, Gabel CA, Woodworth T, Durham LK, Huizinga TW et
al. Correlation of polymorphic variation in the promoter region of the interleukin-1 beta
gene with secretion of interleukin-1 beta protein. Arthritis Rheum. 2004;50(6):1976-83.
doi:10.1002/art.20310.

139. Lacruz-Guzman D, Torres-Moreno D, Pedrero F, Romero-Cara P, Garcia-Tercero
I, Trujillo-Santos J et al. Influence of polymorphisms and TNF and IL1B serum
concentration on the infliximab response in Crohn's disease and ulcerative colitis. Eur
J Clin Pharmacol. 2013;69(3):431-8. doi:10.1007/s00228-012-1389-0.

140. Hoffmann SC, Stanley EM, Darrin Cox E, Craighead N, DiMercurio BS, Koziol
DE et al. Association of cytokine polymorphic inheritance and in vitro cytokine
production in anti-CD3/CD28-stimulated  peripheral blood lymphocytes.
Transplantation. 2001;72(8):1444-50.

141. Smith AJ, D'Aiuto F, Palmen J, Cooper JA, Samuel J, Thompson S et al.
Association of serum interleukin-6 concentration with a functional IL6 -6331T>C
polymorphism. Clin Chem. 2008;54(5):841-50. doi:10.1373/clinchem.2007.098608.

142. Fishman D, Faulds G, Jeffery R, Mohamed-Ali V, Yudkin JS, Humphries S et al.
The effect of novel polymorphisms in the interleukin-6 (IL-6) gene on IL-6

126
Rong Hu, PhD thesis 2019



Chapter 7. Bibliography

transcription and plasma IL-6 levels, and an association with systemic-onset juvenile
chronic arthritis. J Clin Invest. 1998;102(7):1369-76. doi:10.1172/JC12629.

143. Galicia JC, Tai H, Komatsu Y, Shimada Y, Akazawa K, Yoshie H. Polymorphisms
in the IL-6 receptor (IL-6R) gene: strong evidence that serum levels of soluble IL-6R
are  genetically influenced.  Genes and  immunity.  2004;5(6):513-6.
doi:10.1038/sj.gene.6364120.

144. Turner DM, Williams DM, Sankaran D, Lazarus M, Sinnott PJ, Hutchinson IV.
An investigation of polymorphism in the interleukin-10 gene promoter. Eur J
Immunogenet. 1997;24(1):1-8.

145. Grainger DJ, Heathcote K, Chiano M, Snieder H, Kemp PR, Metcalfe JC et al.
Genetic control of the circulating concentration of transforming growth factor type
betal. Hum Mol Genet. 1999;8(1):93-7.

146. Dunning AM, Ellis PD, McBride S, Kirschenlohr HL, Healey CS, Kemp PR et al.
A transforming growth factorbetal signal peptide variant increases secretion in vitro

and is associated with increased incidence of invasive breast cancer. Cancer Res.
2003;63(10):2610-5.

147. Awad MR, El-Gamel A, Hasleton P, Turner DM, Sinnott PJ, Hutchinson IV.
Genotypic variation in the transforming growth factor-betal gene: association with
transforming growth factor-betal production, fibrotic lung disease, and graft fibrosis
after lung transplantation. Transplantation. 1998;66(8):1014-20.

148. Kroeger KM, Carville KS, Abraham LJ. The -308 tumor necrosis factor-alpha
promoter polymorphism effects transcription. Mol Immunol. 1997;34(5):391-9.

149. Dhiman N, Ovsyannikova IG, Vierkant RA, Ryan JE, Pankratz VS, Jacobson RM
et al. Associations between SNPs in toll-like receptors and related intracellular
signaling molecules and immune responses to measles vaccine: preliminary results.
Vaccine. 2008;26(14):1731-6. doi:10.1016/j.vaccine.2008.01.017.

150. Ovsyannikova IG, Haralambieva IH, Vierkant RA, Pankratz VS, Jacobson RM,
Poland GA. The role of polymorphisms in Toll-like receptors and their associated
intracellular signaling genes in measles vaccine immunity. Hum Genet.
2011;130(4):547-61. doi:10.1007/s00439-011-0977-x.

151. Taniguchi R, Koyano S, Suzutani T, Goishi K, Ito Y, Morioka I et al.
Polymorphisms in TLR-2 are associated with congenital cytomegalovirus (CMV)
infection but not with congenital CMV disease. Int J Infect Dis. 2013;17(12):e1092-7.
doi:10.1016/;.1jid.2013.06.004.

152. Santos-Martins M, Sameiro-Faria M, Ribeiro S, Rocha-Pereira P, Nascimento H,
Reis F et al. TLR4 and TLR9 Polymorphisms Effect on Inflammatory Response in End-

127
Rong Hu, PhD thesis 2019



Chapter 7. Bibliography

Stage Renal Disease Patients. Eur J Inflamm. 2014;12(3):521-9.
doi:10.1177/1721727X1401200314.

153. Hu Q, Tian H, Wu Q, Li J, Cheng X, Liao P. Association between interleukin-2 -
330 T/G polymorphism and acute renal graft rejection: a meta-analysis. Transplant Proc.
2015;47(6):1746-53. doi:10.1016/j.transproceed.2015.04.090.

154.Lv R, Hu X, Bai Y, Long H, Xu L, Liu Z et al. Association between IL-6 -174G/C
polymorphism and acute rejection of renal allograft: evidence from a meta-analysis.
Transpl Immunol. 2012;26(1):11-8. doi:10.1016/j.trim.2011.10.003.

155. Xiong J, Wang Y, Zhang Y, Nie L, Wang D, Huang Y et al. Lack of association
between interleukin-10 gene polymorphisms and graft rejection risk in kidney
transplantation recipients: a meta-analysis. PLoS One. 2015;10(6):e0127540.
doi:10.1371/journal.pone.0127540.

156. Hu Q, Tian H, Wu Q, Li J, Cheng X, Liao P. Interleukin-10-1082 G/a
polymorphism and acute renal graft rejection: a meta-analysis. Ren Fail. 2016;38(1):57-
64. doi:10.3109/0886022X.2015.1106770.

157. Ge YZ, Yu P, Jia RP, Wu R, Ding AX, Li LP et al. Association between
transforming growth factor beta-1 +869T/C polymorphism and acute rejection of solid
organ allograft: A meta-analysis and systematic review. Transpl Immunol. 2014;30(2-
3):76-83. doi:10.1016/j.trim.2014.01.001.

158.Ge YZ, Wu R, Lu TZ, Jia RP, Li MH, Gao XF et al. Combined effects of TGFB1
+869 T/C and +915 G/C polymorphisms on acute rejection risk in solid organ transplant
recipients: a systematic review and meta-analysis. PLoS One. 2014;9(4):¢93938.
doi:10.1371/journal.pone.0093938.

159.Hu X, Bai Y, Li S, Zeng K, Xu L, Liu Z et al. Donor or recipient TNF-A -308G/A
polymorphism and acute rejection of renal allograft: A meta-analysis. Transpl Immunol.
2011;25(1):61-71. doi:10.1016/j.trim.2011.04.004.

160. Marshall SE, McLaren AJ, Haldar NA, Bunce M, Morris PJ, Welsh KI. The impact
of recipient cytokine genotype on acute rejection after renal transplantation.
Transplantation. 2000;70(10):1485-91.

161. Marshall SE, McLaren AJ, McKinney EF, Bird TG, Haldar NA, Bunce M et al.
Donor cytokine genotype influences the development of acute rejection after renal
transplantation. Transplantation. 2001;71(3):469-76.

162. Manchanda PK, Mittal RD. Analysis of cytokine gene polymorphisms in
recipient's matched with living donors on acute rejection after renal transplantation.
Mol Cell Biochem. 2008;311(1-2):57-65. do1:10.1007/s11010-007-9694-0.

128
Rong Hu, PhD thesis 2019



Chapter 7. Bibliography

163. Seyhun Y, Mytilineos J, Turkmen A, Oguz F, Kekik C, Ozdilli K et al. Influence
of cytokine gene polymorphisms on graft rejection in Turkish patients with renal
transplants from living related donors. Transplant Proc. 2012;44(5):1241-9.
doi:10.1016/j.transproceed.2012.01.125.

164. Ding S, Xie J, Wan Q. Association between cytokines and their receptor antagonist
gene polymorphisms and clinical risk factors and acute rejection following renal
transplantation. Med Sci Monit. 2016;22:4736-41.

165. Ducloux D, Deschamps M, Yannaraki M, Ferrand C, Bamoulid J, Saas P et al.
Relevance of Toll-like receptor-4 polymorphisms in renal transplantation. Kidney Int.
2005;67(6):2454-61. doi.org/10.1111/5.1523-1755.2005.00354 .x.

166. Palmer SM, Burch LH, Mir S, Smith SR, Kuo PC, Herczyk WF et al. Donor
polymorphisms in Toll-like receptor-4 influence the development of rejection after
renal transplantation. Clin Transplant. 2006;20(1):30-6. doi:10.1111/5.1399-
0012.2005.00436.x.

167. Nogueira E, Ozaki KS, Macusso GD, Quarim RF, Camara NO, Pacheco-Silva A.
Incidence of donor and recipient toll-like receptor-4 polymorphisms in kidney
transplantation. Transplant Proc. 2007;39(2):412-4.
doi:10.1016/j.transproceed.2007.01.026.

168. Lemaitre F, Antignac M, Fernandez C. Monitoring of tacrolimus concentrations
in peripheral blood mononuclear cells: application to cardiac transplant recipients. Clin
Biochem. 2013;46(15):1538-41. doi:10.1016/j.clinbiochem.2013.02.011.

169. Stienstra NA, Sikma MA, van Dapperen AL, de Lange DW, van Maarseveen EM.
Development of a Simple and Rapid Method to Measure the Free Fraction of
Tacrolimus in Plasma Using Ultrafiltration and LC-MS/MS. Ther Drug Monit.
2016;38(6):722-7. doi:10.1097/FTD.0000000000000351.

170. Pensi D, De Nicolo A, Pinon M, Calvo PL, Nonnato A, Brunati A et al. An UPLC-
MS/MS method coupled with automated on-line SPE for quantification of tacrolimus
in peripheral blood mononuclear cells. J Pharm Biomed Anal. 2015;107:512-7.
doi:10.1016/j.jpba.2015.01.054.

171. Pensi D, De Nicolo A, Pinon M, Pisciotta C, Calvo PL, Nonnato A et al. First
UHPLC-MS/MS method coupled with automated online SPE for quantification both of
tacrolimus and everolimus in peripheral blood mononuclear cells and its application on
samples from co-treated pediatric patients. J Mass Spectrom. 2017;52(3):187-95.
doi:10.1002/jms.3909.

172. Barbari A, Masri MA, Stephan A, Mokhbat J, Kilani H, Rizk S et al. Cyclosporine
lymphocyte versus whole blood pharmacokinetic monitoring: correlation with
histological findings. Transplant Proc. 2001;33(5):2782-5.

129
Rong Hu, PhD thesis 2019



Chapter 7. Bibliography

173. Falck P, Asberg A, Guldseth H, Bremer S, Akhlaghi F, Reubsaet JL et al.
Declining intracellular T-lymphocyte concentration of cyclosporine a precedes acute
rejection in kidney transplant recipients. Transplantation. 2008;85(2):179-84.
doi:10.1097/TP.0b013e31815feede.

174. Capron A, Lerut J, Latinne D, Rahier J, 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(1):41-7. doi:10.1111/5.1432-2277.2011.01365.x.

175. Andrews LM, Li Y, De Winter BCM, Shi YY, Baan CC, Van Gelder T et al.
Pharmacokinetic considerations related to therapeutic drug monitoring of tacrolimus in
kidney transplant patients. Expert Opin Drug Metab Toxicol. 2017;13(12):1225-36.
doi:10.1080/17425255.2017.1395413.

176. Dorr CR, Oetting WS, Jacobson PA, Israni AK. Genetics of acute rejection after
kidney transplantation. Transpl Int. 2018;31(3):263-77. doi:10.1111/tri.13084.

177. Naesens M, Anglicheau D. Precision Transplant Medicine: Biomarkers to the
Rescue. J Am Soc Nephrol. 2018;29(1):24-34. doi:10.1681/asn.2017010004.

130

Rong Hu, PhD thesis 2019





