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Abstract

Purpose The study aims to evaluate the impact of recipients’
and donors’ polymorphisms in multidrug resistance-
associated protein 2 (MRP2) gene ABCC2 -24C>T and
1249G>A on disposition of mycophenolic acid (MPA) and
their interaction with cyclosporine (CsA) (compared to tacro-
limus, TAC) in stable de novo adult renal transplant patients of
Croatian origin.

Methods A total of 68 recipient-donor pairs were genotyped.
Steady-state pharmacokinetics of MPA was assessed by the
model-independent method.

Results Adjusted for MPA formulation, renal function, type of
calcineurin inhibitor and recipients’ and donors’ genotypes at
the two loci, donors’ A-allele at 1249G>A was associated with
areduced peak (29%) and early (AUC,_,, 33%) exposure and
increased MPA clearance (26%). Donors’ A-allele combined
with CsA was associated with 78% higher MPA clearance,
49% lower early and 48% lower total exposure as compared
to wild type homozygosity + TAC. Recipients’ SNPs per se
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did not reflect on MPA disposition. However, A-allele at
1249G>A + CsA (compared to wild type + TAC) was associ-
ated with a numerically greater increase in MPA clearance (59
vs. 41%), reduction in total exposure (36 vs. 27%) and in-
crease in absorption rate (Cy./AUC) (56 vs. 37%) than ob-
served for the main effect of CsA. Less pronounced effects
were observed for the combination of variant allele at -24C>T
and CsA.

Conclusion Considering MPA disposition, data indicate: do-
nors” ABCC2 1249G>A polymorphism increases clearance
and reduces exposure; CsA increases clearance and reduces
exposure by inhibiting MRP2 in the gut, the liver, and the
kidney; donors’ ABCC2 1249G>A polymorphism enhances
the renal CsA effect, while recipients’ polymorphism seems to
enhance the liver and the gut CsA effects.
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Introduction

Mycophenolic acid (MPA) is an antimetabolite immunosup-
pressant of choice in solid organ transplantation. Regardless
of the (oral) formulation (immediate-release ester pro-drug
mycophenolate mofetil, MMF, or enteric-coated sodium salt,
EC-MPS), pharmacokinetics (PK) of MPA is complex and
variable; hence, MPA is subject to therapeutic drug monitor-
ing (TDM) [1, 2].

MPA is extensively metabolized in the liver by
glucuronidation to inactive MPA-phenyl-glucuronide
(MPAG) and a minor acyl-MPAG. Glucuronides are largely
excreted into the bile, deglucuronidated in the gut, and con-
tributed to MPA enterohepatic re-circulation accounting for
10-61% of total MPA exposure (a second increase in concen-
tration 612 h after dosing). Final elimination is by the kidney
apparently by active secretion (MPAG) involving organic an-
ion transporters [1]. Reduced renal function reduces MPAG/
MPA elimination and increases total circulating MPA.
Exposure to MPA is strongly related to its effects in renal
transplant recipients: low(er) area under the concentration-
time curve over dosing interval and pre-dose levels increase
the risk of acute rejections [3, 4].

Variability in MPA PK is due to a number of factors includ-
ing gender, serum albumin, renal function, co-medication, and
genetics [1]. Regarding the latter two, calcineurin inhibitors
(CNIs) included in standard immunosuppressant protocols in
renal transplantation, cyclosporine A (CsA) and tacrolimus
(TAC), affect exposure to MPA with more profound effects
of CsA [1, 5]. CsA increases MPA clearance and reduces pre-
dose levels. Inhibition of the multidrug resistance-associated
protein 2 (MRP2/ABCC?2) resulting in a reduced enterohepatic
re-circulation of MPAG/MPA is considered to be the main
CsA effect [5-7]. MRP2, a member of the ATP-binding
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cassette (ABC) transporter superfamily, is expressed at the
apical hepatocyte membrane, the luminal membrane of the
proximal renal tubular cells, in the intestinal epithelium, pla-
centa, and some other organs. Both MPA and MPAG are sub-
strates for MRP2, and MRP2 is considered the main transport-
er in MPAG excretion in the liver [8], although this role was
suggested also for the breast cancer resistance protein
(BCRP/ABCG?2) [9]. Animal studies indicate the role of
MRP2 in MPAG/MPA transport in the kidneys. In vitro,
CsA potently inhibits MRP2-mediated MPAG transport,
while TAC has no effect [10].

Several SNPs in the ABCC2 gene encoding MRP2 might
partly explain variability in MPA PK. In vitro, ABCC2 -24C>T
variant (1s717620) decreases the ABCC?2 promoter activity [11].
Recipients’ variant allele carriage at this locus had no major
impact on MPA disposition in several studies in solid organ
transplant patients [12—16], but an “additive” effect to the effect
of SNPs in glucuronidation enzymes has been suggested [17].
Moreover, the ABCC2 -24C>T might modify the effect of CsA
on MRP2 [18-20]. The ABCC2 1249G>A SNP in exon 10
(rs2273697) (valine-to-isoleucine at position 417) in vitro has
no effect on MRP2 expression or activity [21] but appears
associated with a reduced expression of MRP2 in preterm pla-
centa [22]. To our knowledge, there have been no reports to
indicate relevance of this SNP for disposition of MPA.

Little is known about potential effects of the donors’ ABCC2
SNPs in renal transplantation. Certain variant alleles, but not -
24C>T or 1249G>A, were reported associated with delayed
graft function [23]. However, there have been no reports on
effects of donors’ ABCC2 SNPs on exposure to MPA. Here,
we investigate the impact of recipients’ and donors’ ABCC? -
24C>T and 1249G>A on steady-state exposure to MPA and
their interaction with CsA, an inhibitor of several transporter
proteins [24] in stable de novo renal transplant patients.
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Fig. 1 Study flow. See “Patients and Methods” for details. Renal
transplant recipients on immunosuppressive therapy (based on
mycophenolic acid and cyclosporine or tacrolimus) for 5-8 days
meeting predefined criteria were included in the present analysis of
steady-state pharmacokinetics of mycophenolic acid during a dosing
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interval based on data obtained through routine therapeutic drug
monitoring. EC-MPS enteric-coated myocophenolate sodium, MMF
mycophenolate mofetil immediate-release formulation, CsA
cyclosporine, TAC tacrolimus, MPA mycophenolic acid



1131

Eur J Clin Pharmacol (2017) 73:1129-1140

VdIA JO 8w /9 0} spuodsariod jjes wnipos VJIA Jo Sw 0z,

(A7rep 201m3) S1p Ut s1q

pIq *d)el UONEN[I] JE[NISWO[S PAJBWINSS Y.7H2 ‘XAPUI ssetll APoq g ‘snwrjo1de) Yy ‘ouriodsookd ys) ‘rajour oyejouaydooAw A I[es WNIPos YA PIIE0d-OLIUL SJA-DH ‘Proe orjoudydodAu

(#'LT99) 601 FSI+'€ 68 (1079 06 'LT+©) 001 WL+ 96 (1'0z-L¢) 96 O €I+9 16 F'LT-TS) 01 (7/81) ¥y oy
(I1°0-€0°0) SO0 (L0'0-200) SO0 (L0°0—€0°0) SO0 (11°0-20°0) +0°0 (11°0-€0°0) +0°0 (L00—20°0) SO0 (L0000 S00  (I1°0-20°0) 00 (851/3w) osop Juruoay
(80°0-20°0) ¥0'0  (S0°0-T0°0) ¥0'0  (90°0—€0°0) ¥0'0  (80°0—T0°0) +0'0 (80°0-20°0) ¥0°0 (90°0-20°0) ¥0°0 (S0°0-€0°0) #0'0  (80°0—C0°0) #0°0 (851/3wr) osop Furwo

(Lop 11 I+ v1 Q) €1 (80¢) T1 (FoL) 01 (99¢) ST (9809 oy 61 pARan-OVL

(I¥e—€v1) 00T (T7€-0L) 661 (T¥e—€€1) 861 (T7€-0L) 661 (T¥€-0L) €02 (T¥e—€€1) 961 (6LT-6E1) €61 (I¥€-0L) 10T (7/81) ¥n) ysy
(59°¢960) L£T (V06T 7T (00671 6ST  (99°€-960) 0€C 00%-6T 1) ¥1'C (00%960) ¥+'C (Ts€960 ¥ (00671 65T (33/3w) asop Jurusag
(69¢87D LT  (TSe€0D T (TSe€0D0ST  (S9€-8TT)8ET (S9°¢—€0'D ¥+'C (TS €8T €T (zse8TD8ET  (S9€-€0'D L¥'T (83y/3u) dsop Furuioy

(€69) 91 (6'59) LT (Tss) o1 (T69) LT (960 L1 (¥'€9) 9t 1L ST (965) 8T Payean-ys)
I 4 4 I 4 I 0 € PIq (VAN 0LE) Sw 00§
I I I I 4 0 0 4 P1q (VAN $6S) S 0SL

P1q
9 4 L 11 8 01 9 4 (VAN 6€L) 3w 0001
(960 8 (99¢) ST (SvE) o1 (€€o) €1 ) Tl (890 11 (9829 (T99) L1 payean-JININ
P19 0TL IV P19 0TL IV P19 0ZL IV PIqQ 0TL IV P19 0ZL IV P19 0TL IV P19 0ZL IV P19 0ZL IV (Bu) as0p SJIN-DH
(FoL) 61 (¥'€9) 9t (5°59) 61 (L99) 9T (9°59) s1 (TeL o ((ANEY| (8€9) 0¢ porean-sdN-Od
(€9-00) 0€ (SL-00) oF (SL-00) oF (09-00) 0¢ (SL-00) 0¢ (09-00) 0% (09-00) 0¢ (SL—00) oF (8ur) asop “ba "stupaid
(0o1) LT 00D 1% (001) 6 (001) 6€ (001) LT 0oD) 1% (001) 89 (001) 89 Poyean-proIaIsodnIo)
(S9-LD) O (To1—+1) € (zo1-61) 62 L9+ LE ($9-00) ¥€ (ToT—+1) L€ (L9-LD) ¥€ @o1-¥D € (gL [/umyTu) YJ00
(T0g—€6) TST (997-68) 191 (877-68) 191 (T0€—€6) LST (297-€6) S91 (20€-68) TST (20€-68) S91 (997-68) ST (/10w durunear)
(61 ¥T (6€-L1) ST (168D ¥2 (61D ¥ (Ie+0D €2 (66—LD) ¥T (8Z-LD ¥T (61D ¥ (;w/3) NG
€8 F 6991 0TI F6891 TTLFL89I S6FLLIT STIFVILL 88 F 6591 06F6L91 PILF 1891 (wo) oYy
(00T-L£) 99 (T01-1¥) 2L (001-05) 69 (T01-L£) 99 (00T-L£) 69 (T01-8%) L9 (T6-8%) $9 (T0T-L£) 69 (33) 1ySrom
(9759) ST (8'8%) 0T (€8%) ¥1 (6€9) 1T (9769 ST (88%) 0T &'z 11 (T'19) ¥ oleN
(T1L-SD $S (L9-TD 1S (I1L-sD 2§ (69-50) €S (L9-SD) 0S (120 ¥S (59-20) €S (I1L-SD T8 (s1e24) 03y

(LT = u) JouIEd>-Y (Iy=u) DD (67 = u) IoLIRD-], (6e=u) DD (LT = u) Joureo-y (Iy=u)DD (1T = t) JoLIed-, (Ly=u) DD

ad£10u08 Y<D6HTT £DDgV Iouod

adKouad | <Dp- 7oDgV louoq

adfoued Y<DEHTT 200GV WRlday

adfjouss <Ot - £00gV utdiooy

(%) UN02 10 ‘(S F ueaw ‘(3guer) uerpaw e vle( odKjousd 7HHGY .Ssiouop pue spudrdioal 03 10adsar Ul SONSLIAOLILYD JUSNE]

13198l

pringer

Qs



1132 Eur J Clin Pharmacol (2017) 73:1129-1140

Patients and methods o |18 |a 222 _-.23= :
El&|i|sgoF75S¢9d £

: sl €| f92e=2d T P!

Study outline 3 g’o 2l e 2338383 »%
AR IR E P

This prospective observational study was approved by the g 9 < |- o e = E g
institutional Ethics Committee and is outlined in Fig. 1. 8 § . R s 5
Study procedures were described in detail previously [25]. gl ol - § ﬁ.\ ; g = ) § g g %
Briefly, renal transplant recipients on a standard immunosup- ‘g 8= T8l <+ 4 3 2| o J -
pressant treatment including MPA, a CNI (CsA or TAC), and i’o Tli|lececcsdcsiSw e g
corticosteroids for 5-8 days (i.e., 47 days after transplanta- S é 8 ; T & § - § § g : §
tion) (attained steady-state of MPA, CsA, and TAC) were 2 "m“ 5
included if meeting the predefined criteria: (1) informed con- g | -~ a3 E g
sent; (2) stable clinical condition based on a close monitoring _§ Y Gl e 822 =32 g 2
over the pre-study days (Fig. 1): (a) no surgical complications, g s s E a ﬁ :‘“ ﬁ i g' ﬁl I ég
(b) no signs of graft dysfunction/rejection, (c) no severe co- w | 2 g § % g § % g E % ° g §
morbidity (cardiovascular, hepatic, metabolic, infections, gas- ‘g_ ; gl = men 82 C £l
trointestinal), (d) low immunological risk, (€) serum creatinine 2| 9 B DE
<300 umol/L (or estimated glomerular filtration rate >14 mL/ £ : 5 s ac 2% - g ?,:

. 2 o« e Q . .o o~ O g 3 Q -
min/1.73 m”) and by at least 1/3 lower than the initial value 2 8 S| 35S 77 = § S gr\ 5 5
(first postoperative day) and stable diuresis at around 60 mL/h, E = ;‘ I ﬁ E § g %' E 2 E é
(f) serum albumin >31 g/L; (3) not treated with proton pump s| g2 N T T g 2
inhibitors, antacids, phosphate binders, oral iron, magnesium i ] 8 Z FTagnsgse é‘ §
or calcium, rifampicin, or any antibiotics during the pre-study E '*;50 :%
and study days. A standard immunosuppressive protocol < JIS1 . a2 a5 - = <
consisted of (a) EC-MPS (Myfortic®, Novartis, Switzerland) ElIS|n | & xS a =& 235 § 2
or MMF (CellCept®, Roche, Switzerland), (b) CsA S % § E 8 E ﬁ ob 3 ob 1'r I 8 i:g
(microemulsion formulation, Neora1®, Novartis, g fto § ) é SRR % AR E %
Switzerland) or TAC (Prograf® , Astellas Pharma Ireland), '§- 5 z ; a3 E pl 3 i 5 té" ;5-0
(c) prednisone (Decortin®, Merck, Germany) or methylpred- é\ % S g
nisolone (Medrol®, Pfizer, Italy) starting post transplantation 3 5 - ~ E 2
at 60 mg/day prednisone-equivalent dose for 3 days with a g 21 - § g Q = = 5 i‘; § g S =
rapid reduction to 30 mg/day. All drugs were obtained com- % é ﬁ T I 3‘ % i = §'> i £ § %
mercially and their assignment was at the discretion of the sl 2|l =] < cccsdSBsa 2 ES
attending physician. § E 3 ; ISR a - § § ; éﬂ gi

=2 <+ 3 g

Bioanalytical methods g ~ 1 ~ = —~ % g%
Sle|i|5.5862288 |4452

Blood samples were drawn immediately before 08:00 H to = ? = I TI1s212 14 Bl 2 EE
determine trough concentrations of CsA, TAC, and MPA, Sl &2 sl % 2 Q
followed by drug administration and six serial blood samples 7{% z E ; v ad § 3 8 g § it oS
for determination of the MPA profile during the dosing inter- 2|3 g § :~
valat 0.5, 1,2, 3, 8, and 12 h post-dose (Fig. 1). Whole blood % ) = e~ 5 -_g i%
CsA and TAC were determined by a validated affinity '§- g |2 Yo @ I 2 E 15)
column-mediated immunoassay (Siemens, Germany). Total AR T a Ny ‘L“ * i T ,C_I’ I £ 5%
) ) . ElBl1n]|5d83938¢3S 4 S g%

plasma MPA was determined by high pressure liquid chroma- g B s '\2 v il gt < % 2
tography (HPLC) with UV/VIS spectrophotometric detector =218 SR = g EL
and Turbochrom software (Perkin Elmer, USA) using a com- % % § Q
mercially available HPLC kit and reverse-phase column for E B 5 § E
MPA in plasma (Chromsystems, Germany). All analytes were ; g £ =g § §E§
included in the external proficiency testing scheme (RfB and 8 % _ 580 § = én E _E‘ g
UK NEQUAS). Serum creatinine and estimated glomerular ~ §; = % = 3 % % = o ?:i,%
filtration rate (¢GFR) were determined as previously de- = : FE % 9] E E X0 g §;§
scribed [25]. c CESST2aRSR | 8J4%
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MPA formulation effects Cyclosporin effects
MMF (n=23) vs.EC-MPS (n=45) GMR (95% CIl); p-value CsA (n=43) vs.TAC (n=25) GMR (95% CI); p-value

Crmax —}0— 1.053 (0.792, 1.399); 0.717 + 1.008 (0.760, 1.338); 0.952
Co —o—f— 0.707 (0.461, 1.084); 0.109 ——— | 0.547 (0.358, 0.836); 0.006
C2 —9—3— 0.754 (0.461, 1.233); 0.255 —o—i— 0.730 (0.448, 1.189); 0.202
AUC: —Q‘— 0.993 (0.783, 1.260); 0.952 — E 0.732 (0.578, 0.928); 0.011
CLrr —iro— 1.086 (0.835, 1.411); 0.534 i —— 1.409 (1.086, 1.829); 0.011
%PTF —:w— 1.089 (0.780, 1.522); 0.609 | ——— 1.535(1.102, 2.140); 0.012
Cmax/AUC, —:*0— 1.061(0.810, 1.389); 0.663 E — 1.377 (1.054, 1.800); 0.020
AUCo-2 ——— 1.172 (0.898, 1.531); 0.238 —o—i 0.762 (0.585, 0.993); 0.044

03 05 1 2 3 03 05 1 2 3

Lower with MMF GMR (95% CI) Higher with MMF Lower with CsA GMR (95% CI) Higher with CsA

Recipient -24C>T genotype effects

T-allele carriage (n=21) vs. CC (n=47) GMR (95% CIl); p-value

Crnax -5—0— 1.288 (0.938, 1.767); 0.115

Co —0—%— 0.865 (0.538, 1.391); 0.543

C12 —Q—E— 0.890 (0.515, 1.538); 0.672

AUC: —E-Q— 1.087 (0.835, 1.417); 0.528

CLwr —QI}— 0.969 (0.723, 1.298); 0.829

%PTF —i—o— 1.280 (0.883, 1.856); 0.189

Cmax/AUC, —g—o— 1.184 (0.877, 1.598); 0.264

AUCo-2 —i-o— 1.122 (0.834, 1.509); 0.440

03 05 1 2 3

Lower with GMR (95% CI) Higher with
minor allele minor allele

Donor -24C>T genotype effects

T-allele carriage (n=29) vs. CC (n=39) GMR (95% CI); p-value

Crax —io— 1.054 (0.781, 1.422); 0.728

Co —O—i 0.650 (0.414, 1.019); 0.060

C12 —O—i 0.701 (0.418, 1.177); 0.175

AUC: —Oi— 0.903 (0.703, 1.160); 0.420

CLwr —50— 1.056 (0.801, 1.392); 0.697

%PTF —i—o— 1.260 (0.886, 1.791): 0.197

Cmax/AUC —5—0— 1.167 (0.878, 1.549); 0.282

AUCo-2 —d:— 0.962 (0.726, 1.273); 0.781

03 05 1 2 3

Lower with GMR (95% CI) Higher with
minor allele minor allele

Fig. 2 Adjusted effects of mycophenolic acid (MPA) formulation
(mycophenolate mofetil, MMF vs. enteric-coated sodium salt, EC-
MPS), cyclosporine (CsA) compared to tacrolimus (TAC) and
recipients” and donors’ ABCC2 genotypes at locus -24C>T and locus
1249G>A on steady-state pharmacokinetics of MPA. Ln-transformed
data for each pharmacokinetic parameter were analyzed in a separate
general linear model (effects, MPA formulation, calcineurin inhibitor,
estimated glomerular filtration rate, recipients’ genotype at ABCC2
locus —24 dichotomized as CC or T-allele carriage, recipients’ genotype

Recipient 1249G>A genotype effects

A-allele carriage (n=27) vs. GG (n=41) GMR (95% Cl); p-value

—— 0.994 (0.735, 1.345); 0.971
—0—;— 0.915 (0.581, 1.441); 0.698
—O—E— 0.637 (0.378, 1.073); 0.089
e 0.879 (0.682, 1.131); 0.310
—5-0— 1.095 (0.828, 1.447); 0.519
—E—Q— 1.229 (0.862, 1.753); 0.249
—E—Q— 1.132 (0.849, 1.507); 0.391
—le— 1.097 (0.826, 1.456); 0.518
03 05 1 2 3
Lower with GMR (95% CI) Higher with
minor allele minor allele

Donor 1249G>A genotype effects

A-allele carriage (n=27) vs. GG (n=41) GMR (95% ClI); p-value

—Q—E 0.713 (0.531, 0.957); 0.025
—QE— 0.800 (0.515, 1.246); 0.319
—QE— 0.834 (0.519, 1.436); 0.566
H—i 0.845 (0.661, 1.081): 0.177
E—Q— 1.263 (0.963, 1.658); 0.091
—Q—E 0.808 (0.572, 1.142); 0.222
—Q—i— 0.843 (0.638, 1.114); 0.226
——— i 0.668 (0.507, 0.881); 0.005
03 05 1 2 3
Lower with GMR (95% ClI) Higher with
minor allele minor allele

at ABCC2 locus 1249 dichotomized as GG or A-allele carriage and
donors’ genotypes at the two loci dichotomized in the same way) and
derived contrasts are expressed as geometric means ratios (GMR) with
95% confidence intervals. C,,,. ¢ peak plasma concentration at steady-
state, Cp morning pre-dose trough, C,, evening trough, AUC,, area
under the concentration-time curve during dosing interval at steady-
state, %PTF peak-trough fluctuation, AUC,,_, partial AUC over the first
2h
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Genotyping

Genomic DNA was isolated from whole blood using
BioSprint 15 DNA Blood Kit (Qiagen, Hilden, Germany) on

a Cmax(mgl/L)

KingFisher mL System (Thermo Labsystems, Vantaa,
Finland). Analysis of the ABCC2 -24C>T and 1249G>A was
performed on an Applied Biosystems 7500 Real-Time PCR
System according to the manufacturer’s instructions (Applied

b Auc. (mg*h)

24C>T + ONI i GMR (95%Cl); p-value i GMR (95%Cl); p-value
T-allele (n=21) vs. CC (n=47) J:_._ 1.38 (0.98, 1.94); 0.068 —E-— 1.11 (0.83, 1.48); 0.480
CsA (n=43) vs. TAC (n=25) _.E_ 0.97 (0.70, 1.34); 0.850 ~ — m—— i 0.72 (0.55, 0.94); 0.016
T-allele+CsA (n=15) vs. CC+TAC (n=19) _E_._ 1.34 (0.88,2.01); 0.163 —-—E— 0.80 (0.56, 1.12); 0.186
1249G>A + CNI i i
A-allele (n=27) vs. GG (n=41) —[i— 0.97 (0.71, 1.32); 0.841 —D—E— 0.88 (0.68, 1.13); 0.309
CsA (n=43) vs. TAC (n=25) _4%;_ 1.00 (0.75, 1.34); 0.978 —0— i 0.73 (0.68, 0.94); 0.013
A-allele+CsA (n=17) vs. GG+TAC (n=15) —[i— 0.97 (0.64, 1.47); 0.896 0— E 0.64 (0.46, 0.91); 0.013
0.2 05 1 2 5 0.5 1 2 5
GMR GMR
C  AUC, (mg*hiL) d Cma/AUC, (h)
-24C>T + CNI i GMR (95%Cl); p-value i GMR (95%Cl); p-value
T-allele (n=21) vs. CC (n=47) _é_._ 1.14 (0.83, 1.58); 0.407 —5—.— 1.20 (0.86, 1.66); 0.268
CsA (n=43) vs. TAC (n=25)—.—‘: 0.74 (0.54, 1.01); 0.055 15—.— 1.33 (0.97, 1.83); 0.080
T-allele+CsA (n=15) vs. CC+TAC (n=19) —-i— 0.85 (0.58, 1.25); 0.412 i — 1.60 (1.09, 2.35); 0.018
1249G>A + CNI i i
A-allele (n=27) vs. GG (n=41) —Ern— 1.08 (0.82, 1.46); 0.554 —E-n— 1.14 (0.85, 1.53); 0.375
CsA (n=43) vs. TAC (n=25) —n—i 0.77 (0.58, 1.01); 0.054 i—n— 1.37 (1.04, 1.80); 0.026
A-allele+CsA (n=17) vs. GG+TAC (n=15) —n—g— 0.84 (0.57, 1.23); 0.356 E—n— 1.56 (1.05, 2.30); 0.027
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GMR GMR
€ CLrr (mLiminikg) f  wprF
-24C>T + CNI i GMR (95%Cl); p-value i GMR (95%Cl); p-value
T-allele (n=21) vs. CC (n=47) + 0.95 (0.71, 1.25); 0.693 —5—-— 1.27 (0.85, 1.90); 0.246
CsA (n=43) vs. TAC (n=25) i —m——  1.40(1.08, 1.81); 0.013 i — 1.55 (1.06, 2.26); 0.023
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1249G>A + CNI ! i
I 1
A-allele (n=27) vs. GG (n=41) —E-u— 1.13 (0.88, 1.45); 0.334 _E_u_ 1.24 (0.86, 1.78); 0.241
CsA (n=43) vs. TAC (n=25) i — 00— 1.41(1.11,1.78); 0.005 i — 00— 1.52 (1.09, 2.14); 0.016
A-allele+CsA (n=17) vs. GG+TAC (n=15) i — 05— 159(1.13,2.22); 0.008 i — [ 1.89(1.16, 3.06); 0.011
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4 Fig.3 Joint effects of the recipients” minor allele carriage at locus -24 or
locus 1249 in ABCC2 and treatment with cyclosporine (CsA) on steady-
state pharmacokinetics of mycophenolic acid. Ln-transformed data for
each pharmacokinetic parameter were analyzed in a separate general
linear model (effects, MPA formulation, calcineurin inhibitor (CNI;
CsA or tacrolimus, TAC), estimated glomerular filtration rate, donors’
genotypes at ABCC2 locus -24 dichotomized as CC or T-allele carriage,
donors’ genotype at ABCC2 locus 1249 dichotomized as GG or A-allele
carriage, recipients’ genotypes at the two loci dichotomized in the same
way and an interaction term between the recipients’ minor allele carriage
(each locus) and calcineurin inhibitor) and derived contrasts are expressed
as geometric means ratios (GMR) with 95% confidence intervals.
Adjustments for multiple comparisons were by the simulation method.
Cruaxss Peak plasma concentration at steady-state, 7). time of peak
concentration, AUC,, area under the concentration-time curve during
dosing interval at steady-state, %PTF peak-trough fluctuation, AUC, »
partial AUC over the first 2 h

Biosystems, CA, USA) using a validated TagMan® Drug
Metabolism Genotyping Assays (Applied Biosystems, CA,
USA). Assay IDs were for ABCC2 -24C>T C 2814642 10
and for 1249G>A C 22272980 20.

Pharmacokinetic analysis

Steady-state PK parameters of MPA were determined by non-
compartmental method (Kinetica 4.1, InnaPhase Corp., USA):
peak concentration (Cpayss) (mg/L); time to peak concentra-
tion (Tiax.ss) (hours); area under the concentration-time curve
(AUC,, & by the log-linear method) (mg x h/L); pre-dose
concentrations (Cy, C;,) (mg/L); apparent total body clearance
(CLy/gss) (mL/min/kg), and peak-trough fluctuation (%PTF).
Partial area under the curve AUC, , and C,,,,,/AUC, ratio as
an indicator of the absorption rate [26] were also determined.
The analysis was based on dose-normalized concentrations
accounting for the fact that 1000 mg of MMF corresponded
to 739 mg of MPA and 1000 mg of EC-MPS corresponded to
936 mg of MPA.

Sample size and data analysis

No exact a priori sample size calculation was done since as-
signment of CNI (CsA or MPA) was not directed and variabil-
ity of the PK outcomes and prevalence of variant alleles in the
population were largely unknown. The enrollment continued
until the smallest CNI (CsA or MPA)-by-genotype subset
(wild-type or variant allele carriage) attained 12 subjects. A
comparison between any two 12 vs. 12 patients subset has
80% power to detect a difference of at least 50% (geometric
means ratio >1.5 or <0.67) at two-sided alpha level assuming a
relatively conservative coefficient of variation of 35%. Such a
difference could be reasonably considered as potentially clin-
ically relevant. Ln-transformed PK parameters were analyzed
by fitting general linear models to obtain the adjusted effects
of CsA (vs. TAC), recipients’ and donors’ genotype, and their
interactions. Results are expressed as geometric mean ratios

(GMRs). Adjustment for multiple comparisons was by the
simulation method. We used SAS 9.4 (SAS Inc., Cary, NC).

Results
Patient characteristics

A total of 68 patients were included. Recipients’ and donors’
ABCC2 genotypes indicated no departure from Hardy-
Weinberg equilibrium and no linkage disequilibrium between
the loci (electronic supplementary material Table S1). Table 1
summarizes demographic, renal function, and other character-
istics in respect to recipients’ and donors’ genotypes.

Effects of MPA formulation, CNI, and recipients’
and donors’ ABCC2 SNPs on steady-state
pharmacokinetics of MPA

Concentration-time MPA profiles by formulation, CNI, and
ABCC?2 genotypes are depicted in electronic supplementary
material (Fig. S1). Table 2 summarizes pharmacokinetic pa-
rameters by genotype.

PK parameters were analyzed with the following effects:
MPA formulation, CNI type, eGFR, recipients’ and donors’
ABCC?2 genotypes (both loci) dichotomized as minor allele
carriage vs. wild type. The adjusted main effects are depicted
in Fig. 2. There appeared no effect of MPA formulation except
for a trend of lower troughs (Cy, Cy,) with MMF. CsA-treated
patients had significantly lower Cy (45%), AUC. (27%), and
AUC_, (24%) and higher CLy (41%), %PTF (54%), and
Cinax/AUC,; (38%) than those of TAC-treated patients. The
CsA effect was consistent by MPA formulation (not shown).
Recipients’ minor allele carriage at either locus had no appar-
ent effect except for a tendency of lower Cy, in A-allele car-
riers at 1249G>A, but the estimate was imprecise
(GMR=0.637, 95% CI 0.378-1.073). Donors’ T-allele car-
riage at -24C>T was associated with a tendency of lower Cj,
but the estimate was imprecise (GMR=0.650, 95% CI 0.414—
1.019). However, donors’ A-allele at 1249G>A was associat-
ed with a significantly lower C,.x (29%) and a lower AUC,, ,
(33%) (Fig. 2).

Joint effects of CsA and recipients’ ABCC2 SNPs

PK parameters were analyzed with the same effects as in
Fig. 2 plus interactions between recipients’ -24C>T or
1249G>A genotype and CNI. The adjusted effects of the re-
cipients’ minor allele carriage (vs. wild type), CsA (vs. TAC),
and of minor allele combined with CsA (vs. wild type + TAC)
are depicted in Fig. 3. A combination of CsA and 1249A was
associated with a reduction in AUC,; and an increase in clear-
ance that were numerically greater than the main effects of
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CsA (36 vs. 27, 59 vs. 41%, respectively). Similar additive
effects were observed regarding increased Ci,.,/AUC, and
%PTF, whereas the effect on AUC, , appeared numerically
“opposing” to the main CsA effect (Fig. 3). CsA and -24T

combination effect appeared numerically “opposing” to the
main CsA effect regarding AUC,, clearance and AUC,_,,
and additive regarding increased Cp,,x/AUC. and %PTF
(Fig. 3).

A  Chax(mglL)

b auc. (mg*h)

-24C>T + CNI i GMR (95%Cl); p-value i GMR (95%Cl); p-value
T-allele (n=29) vs. CC (n=39) —+— 1.01 (0.75, 1.38); 0.926 —-—E— 0.86 (0.68, 1.11); 0.242
CsA (n=43) vs. TAC (n=25) —E-— 1.01(0.75, 1.34); 0.970 —-—i 0.76 (0.60, 0.95); 0.019
T-allele+CsA (n=16) vs. CC+TAC (n=12) —'p— 1.02 (0.65, 1.60); 0.931 —@—— i 0.65 (0.46, 0.94); 0.022
1249G>A + CNI i i

A-allele (n=27) vs. GG (n=41) —n—i 0.73 (0.54, 0.98); 0.036 —n—i— 0.85 (0.66, 1.10); 0.216
CsA (n=43) vs. TAC (n=25) —Eé— 0.97 (0.73, 1.30); 0.840 —0— i 0.72 (0.57, 0.92); 0.010
A-allele+CsA (n=16) vs. GG+TAC (n=14)—D—E— 0.71 (0.46, 1.08); 0.109 I — i 0.62 (0.43, 0.89); 0.010

02 05 1 2 5 0.5 1 2 5

GMR GMR
C AUCy.; (mg*hiL) d cha/AUC. (h)
-24C>T + CNI % GMR (95%Cl); p-value i GMR (95%Cl); p-value
T-allele (n=29) vs. CC (n=39) —ql— 0.95 (0.71, 1.27); 0.723 —i—-l— 1.21(0.91, 1.61); 0.186
CsA (n=43) vs. TAC (n=25) —.—$ 0.77 (0.59, 1.01); 0.055 i—-— 1.34 (1.03, 1.75); 0.032
T-allele+CsA (n=16) vs. CC+TAC (n=12) —-—%— 0.73 (0.48, 1.11); 0.139 i —a—— 1.62(1.07, 2.46); 0.024
1249G>A + CNI i i
A-allele (n=27) vs. GG (n=41) e — i 0.70 (0.54, 0.92); 0.012 —D—i— 0.86 (0.65, 1.15); 0.301
CsA (n=43) vs. TAC (n=25) —0— i 0.72 (0.55, 0.94); 0.015 E—D— 1.34(1.02, 1.77); 0.036
A-allele+CsA (n=16) vs. GG+TAC (n=14) ———— i 0.51 (0.34, 0.75); <0.001 —_— 1.16 (0.77, 1.74); 0.476
. . | . . ! ; ]
0.2 0.5 1 2 5 05 1 2 5
GMR GMR
€ CLyfr (mL/min/kg) f o%pTF

-24C>T + CNI i GMR (95%Cl); p-value i GMR (95%Cl); p-value
T-allele (n=29) vs. CC (n=39) —L— 109 (0.83, 1.44); 0.516 - 132 (0.93, 1.88); 0.114
1.37 (1.06, 1.78); 0.018 — 1.48 (1.07, 2.07); 0.020

I
I
CsA (n=43) vs. TAC (n=25) | ——
I
I

1
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:
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|
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<« Fig. 4 Joint effects of the donors” minor allele carriage at locus -24 or
locus 1249 in ABCC2 and treatment with cyclosporine (CsA) on steady-
state pharmacokinetics of mycophenolic acid. Ln-transformed data for
each pharmacokinetic parameter were analyzed in a separate general
linear model (effects, MPA formulation, calcineurin inhibitor (CNI;
CsA or tacrolimus, TAC), estimated glomerular filtration rate,
recipients’ genotypes at ABCC?2 locus —24 dichotomized as CC or T-
allele carriage, recipients’ genotype at ABCC2 locus 1249 dichotomized
as GG or A-allele carriage, donors’ genotypes at the two loci
dichotomized in the same way and an interaction term between the
donors’ minor allele carriage (each locus) and calcineurin inhibitor) and
derived contrasts are expressed as geometric means ratios (GMR) with
95% confidence intervals. Adjustments for multiple comparisons were
made by the simulation method. C,,,. . peak plasma concentration at
steady-state, 7,5 time of peak concentration, AUC,, area under the
concentration-time curve during dosing interval at steady-state, %PTF
peak-trough fluctuation, AUC),._, partial AUC over the first 2 h

Joint effects of CsA and donors’ ABCC2 SNPs

PK parameters were analyzed with the same effects as in
Fig. 3, but interactions were between donors’ -24C>T or
1249G>A genotype and CNI. The adjusted effects of the
donors’ minor allele carriage (vs. wild type), CsA (vs.
TAC), and of minor allele combined with CsA (vs. wild
type + TAC) are depicted in Fig. 4. A combination of CsA
and 1249A was associated with a reduction in AUC,
(38%) and AUCy_, (49%) and an increase in clearance
(78%) that were numerically greater than the main effects
of CsA (28, 28, and 40%, respectively), while the effects
of the combination appeared numerically “opposing” to
the main CsA effects regarding C,,,,/AUC, and %PTF
(Fig. 4). A combination of CsA and -24T was associated
with a reduction in AUC, (35%) and increase in clearance
(50%) that was numerically greater than the main CsA
effects (24 and 37%, respectively). Similar additivity
was observed regarding C,,.,/AUC, and %PTF (increase),
but not regarding AUC,_, (Fig. 4).

Discussion

The effects of CNIs and of genetic factors have attracted much
attention in investigations of the variability of MPA pharma-
cokinetics. Currently, only UGT1A9 genotype is considered a
relevant biomarker to predict initial dosing of MPA in patients
co-treated with TAC [27]. However, ABCC2 variants have
been extensively evaluated as potential sources of MPA PK
variability, per se, as well as molecular basis for the effects of
CsA. Present study is specific in that it accounted for both the
recipients’ and donors’ genotypes, bearing in mind MRP2-
mediated renal MPAG/MPA transport. The study has limita-
tions; as it was observational (routine TDM)), it did not include
MPAG measurements and did not account for glucuronidation
enzyme or other transporter genotypes. The PK blood sam-
pling schedule was guided by the TDM requirement of an

AUC, based on at least six sampling points and might have
been suboptimal for detection of #,,,,.. However, it has several
strengths—by inclusion/exclusion criteria and simultaneous
adjustments for renal function and recipients’ and donors’
genotypes at both loci, a fair control of confounding was
achieved; all treatment-by-genotype subsets were large
enough to detect potentially relevant effects (the smallest
compared subsets contained 16 vs. 12 patients, Fig. 4).
Under these circumstances, there appeared no major main
effect of the donors’ variant allele -24T on PK of MPA.
However, donors’ variant allele 1249A was associated with a
reduced peak (Cpax, 29%) and early exposure (AUC_», 33%)
co-incident with an increased clearance (26%, p = 0.091)
(Fig. 2). These findings are indicative of an increased renal
elimination. The fact that total exposure and trough values
were not proportionally reduced (15-20% lower AUC,, C,
and Cy,, p > 0.05) might be explained by the (assumed)
“second wave of MPA exposure” due to MPAG/MPA
enterohepatic re-circulation—AUC,; might have been reduced
less than AUC, , on the account of an “input” occurring after
the 2nd post-dose hour. Unfortunately, “late partial AUC” was
not informative since there were only three sampling points
over 10 later hours (Fig. S1). Still, a trend towards lower
9%PTF (by 20%, p > 0.05) indirectly supports such a possibil-
ity as it reflects a difference between C,,,, (reduced) and C,;,
(reduced, but less so). In mechanistic terms, this is in line with
the role of MRP2 as a major efflux protein and with associa-
tion of the variant allele with lower MRP2 expression [22]. In
such a scenario, MPAG/MPA would be more available for
tubular secretion resulting in an increased clearance.
Indirectly, this possibility is supported by additive effects of
CsA (an MRP2 inhibitor as opposed to TAC) and variant
allele carriage: reductions in AUC, and AUC,,_, and increase
in clearance were all numerically greater in 1249A carriers co-
treated with CsA (vs. wild-type homozygosity + TAC) than
the main effects of CsA (Fig. 4). Similar effects regarding
AUC, (reduction) and clearance (increase) were observed also
for the combination of CsA and donors’ variant allele carriage
at ABCC2 -24C>T but are difficult to interpret since no main
effect of the T-allele was observed (Fig. 4). However, the
differences between the T-allele + CsA combination and CC
+ TAC combination were numerically greater than the main
CsA effects suggesting a greater MRP2 inhibition by CsA
when variant allele was present. Overall, data suggest that
the donors’ ABCC?2 polymorphisms may affect exposure to
MPA per se and/or by increasing susceptibility to inhibition of
tubular MRP2 by CsA.

The lack of the main effects of either ABCC2 -24C>T or
ABCC2 1249G>A recipients’ SNPs on MPA is in line with
previous reports [9, 12—16], but present data suggest that the
recipients” ABCC2 SNPs could moderate the effect of CsA on
MRP2. The observed main effects of CsA (compared to TAC)
are generally consistent with the reported [6, 24] increased
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clearance and reduced exposure to MPA. Increased clearance
(41%) is in agreement with reduced morning trough (45%)
total (AUC,, 27%) and early (AUCy_,, 24%) exposure
(Fig. 2). This is consistent with the reported CsA inhibition
of the MRP2-mediated hepatic MPAG excretion and inhibited
enterohepatic re-circulation of MPAG/MPA [6, 7]. As already
discussed, present data suggest a relevant contribution of the
renal MRP2 inhibition to the increased MPA clearance. The
fact that C,.x was not affected should be viewed in parallel
with the increased C,.,/AUC, (38%) (Fig. 2)—increased ab-
sorption rate suggests MRP2 inhibition at the intestinal level
and could have “compensated” for the effect of increased
clearance on peak exposure. The increased %PTF (53%)
(Fig. 2) is an understandable consequence of an increased
clearance and unchanged peak exposure. Therefore, the pres-
ent observations appear plausible when viewed in the light of
the (assumed) simultaneous effects of CsA on MRP2 at the
intestinal, hepatic, and renal levels. Such a view is further
supported by the apparent additive effects of the recipients’
variant allele 1249A and CsA (Fig. 3): The differences be-
tween the A-allele + CsA combination and wild-type homo-
zygosity + TAC combination in respect to clearance, total
exposure, absorption rate, and %PTF were all numerically
greater than the main CsA effects. Lack of such an effect on
AUC,_, should be viewed in the light of the (additively) in-
creased Cp,./AUC—additionally increased absorption rate
might have “compensated” for the effect of an increased clear-
ance not only in respect to Cp,,x but also, in part, in respect to
early exposure. To our knowledge, this is the first indication
that the recipients” ABCC2 1249G>A polymorphism might
moderate the effects of CsA on MRP2 since previous studies
in renal transplant recipients [18-20] focused on the -24C>T
SNP. The results have been in part conflicting. In a study in
patients co-treated with TAC [19], variant allele was associat-
ed with higher MPA trough, while in a study in CsA co-treated
patients, no such effect was seen [20]. One study included [ 18]
both genetic and co-treatment patient subsets (CsA vs. TAC or
sirolimus). Raw AUC,_, values on day 7 for T-allele overall
(50.0, n = 14) were similar to wild type overall (46.6, n =23);
for CsA overall (40.2, n = 22) were 27% lower (p = 0.009)
than for TAC/sirolimus overall (55.2, n = 17); whereas values
for CsA+T-allele (51.9, n = 7) were 17% lower than those of
TAC/sirolimus + wild type (62.8, n = 9). The present data also
suggest that the recipients’ -24Tallele could actually “act in
opposition” to CsA regarding MPA clearance/disposition
(Fig. 4): Adjusted differences between T-allele carriers co-
treated with CsA and wild-type homozygotes co-treated with
TAC regarding clearance, AUC,, and AUC,,_, were all numer-
ically smaller than the main CsA effects indicating a reduced
CsA effect. The seemingly additive effect on Cp,. /AUC,
(consistent with a trend of increased C,,,x for the T-allele +
CsA combination vs. wild-type homozygosity + TAC combi-
nation, 34%, p = 0.163; Fig. 3) suggests a possibility of a
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different CsA—T-allele interaction at the intestinal vs. the he-
patic level.

High inter-individual variability in MPA pharmacokinetics
in renal transplant recipients is largely due to genetic factors:
polymorphisms of MPA metabolizing enzymes (UGT1A9
[27], UGT2B7 [14, 16]) and various transporter proteins
(MRP2 [8, 10], BCRP [9], SLCO1B3 or 1B1 [12, 28]);
CNIs are substrates of polymorphic CYP3A4/5 and P-glyco-
protein/ABCBI [29]; CsA in particular inhibits CYPs and
UGTs and a range of drug transporters [7, 8, 10, 30] where
the extent of CsA effects might be affected by their polymor-
phisms. Hence, a polygenic approach is needed to achieve a
comprehensive understanding of the gene-drug and gene-
moderated drug-drug interactions. In this respect, the present
study is clearly limited and its results should be viewed within
these limitations.

Conclusions

The present study is an initial exploration of a potential
interaction between effects of CsA and of recipients’ and
donors” ABCC?2 gene variants on disposition of MPA in
renal transplant recipients. Since it is based only on plas-
ma MPA pharmacokinetics, arising inferences are largely
indirect. With these limitations in mind, the present results
are in agreement with the view that CsA reduces MPA
disposition by inhibiting enterohepatic cycle (MRP2 inhi-
bition). However, they indicate that the recipients’ ABCC2
-24T>C and 1249G>A SNPs might moderate the effects
of CsA on MRP2. Data also indicate that CsA might re-
duce MPA disposition at the renal level as well, by
inhibiting MRP2. Finally, to our knowledge, the present
results are first to indicate that the donors’ ABCC2 geno-
type may influence disposition of MPA—variant allele
carriage at 1249G>A per se appears to reduce the expo-
sure to MPA (likely by increasing renal MPAG/MPA
clearance) and apparently acts in the “same direction” as
CsA at the renal level.
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