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SUMMARY

Targeting interleukin-6 (IL-6) is a promising strategy to counteract
antibody-mediated rejection (ABMR). In inflammatory states, IL-6 antago-
nism was shown to modulate cytochrome P450 (CYP), but its impact on
drug metabolism in ABMR treatment was not addressed so far. We report
a sub-study of a phase 2 trial of anti-IL-6 antibody clazakizumab in late
ABMR (ClinicalTrials.gov, NCT03444103). Twenty kidney transplant recip-
ients were randomized to clazakizumab versus placebo (4-weekly doses;
12 weeks), followed by a 9-month extension where all recipients received
clazakizumab. To study CYP2C19/CYP3A4 metabolism, we administered
pantoprazole (20 mg intravenously) at prespecified time points. Dose-
adjusted C0 levels (C0/D ratio) of tacrolimus (n = 13) and cyclosporin A
(CyA, n = 6) were monitored at 4-weekly intervals. IL-6 and C-reactive
protein were not elevated at baseline, the latter was then suppressed to
undetectable levels under clazakizumab. IL-6 blockade had no clinically
meaningful impact on pantoprazole pharmacokinetics (area under the
curve; baseline versus week 52: 3.16 [2.21–7.84] versus 4.22 [1.99–8.18] lg/
ml*h, P = 0.36) or calcineurin inhibitor C0/D ratios (tacrolimus: 1.49
[1.17–3.20] versus 1.37 [0.98–2.42] ng/ml/mg, P = 0.21; CyA: 0.69 [0.57–
0.85] versus 1.08 [0.52–1.38] ng/ml/mg, P = 0.47). We conclude that IL-6
blockade in ABMR – in absence of systemic inflammation – may have no
meaningful effect on CYP metabolism.
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Introduction

Antibody-mediated rejection (ABMR) is a cardinal

cause of renal allograft dysfunction and loss [1]. Its

treatment has remained a significant challenge [2], par-

ticularly in late ABMR, where randomized controlled

trials have failed to demonstrate any effective treatment

strategies, despite testing a variety of potential options,

including proteasome inhibition or intravenous

immunoglobulin plus CD20 antibody rituximab [3–5].
There is now increasing interest in targeting the inter-

leukin (IL)-6/IL-6 receptor (IL-6R) axis to counteract

B-cell differentiation and plasma cell formation and, as

a consequence, donor-specific antibody (DSA)-triggered

graft injury [6–8]. Therapeutic efficacy of IL-6/IL-6R

blockade was first supported by the results of an uncon-

trolled observational series of 36 renal allograft recipi-

ents with refractory chronic active ABMR who received

long-term treatment with anti-IL-6R antibody tocilizu-

mab [6]. Our group recently conducted a randomized

controlled bi-center phase 2 pilot trial (20 transplant

recipients with late ABMR) and demonstrated that the

anti-IL-6 monoclonal antibody clazakizumab has a sig-

nificant impact on DSA levels, morphologic and molec-

ular ABMR activity, and renal function over a period of

12 months [8]. Currently, clazakizumab is being evalu-

ated in a large pivotal long-duration randomized con-

trolled phase 3 multicenter trial (IMAGINE trial;

clinicaltrials.gov identifier: NCT03744910).

When using therapeutic anti-IL-6 or anti-IL-6R anti-

bodies, one has to take into account potential changes

in drug metabolism due to interference with cyto-

chrome P450 (CYP) activity [9–11]. In cultured hepato-

cytes, IL-6 was shown to diminish the expression and

activity of CYP enzymes [12,13], and in various clinical

settings, elevated IL-6 levels were found to modulate

CYP-dependent drug clearance [14,15]. IL-6R blockade

in vitro was in turn shown to counteract IL-6-triggered

downregulation of CYP enzymes [16], and in patients

with rheumatoid arthritis, tocilizumab restored dimin-

ished CYP activity and substantially enhanced the meta-

bolism of simvastatin, a probe substrate of CYP3A4

[17]. Similar effects were reported for anti-IL-6 anti-

body sirukumab or anti-IL-6R antibody sarilumab,

respectively [18,19]. These observations may have par-

ticular clinical relevance for transplant patients. In these

patients, compounds with a narrow therapeutic index

(calcineurin inhibitors, mammalian target of rapamycin

[mTOR] inhibitors), which are metabolized in a CYP

(CYP3A4/CYP3A5)-dependent manner, are major com-

ponents of standard baseline immunosuppression.

Hence, one may anticipate untoward effects of anti-IL-

6/IL-6R antibody treatment in transplant recipients due

to changes in the metabolism of immunosuppressive

drugs.

The objective of this prespecified sub-study, which

was performed in the context of a recently published

randomized controlled trial evaluating clazakizumab in

late ABMR [8], was to clarify whether and to what

extent IL-6 antagonism by the antibody interferes with

CYP-based drug metabolism. We systematically studied

the impact of clazakizumab on the pharmacokinetics

(PK) of intravenous pantoprazole as a probe substrate

of CYP2C19 and CYP3A4, administered at baseline,

during, and at the end of the trial. Moreover, serial

measurements of tacrolimus, cyclosporin A (CyA), and

everolimus C0 levels allowed us to dissect the impact of

clazakizumab on CYP3A4/CYP3A5-dependent metabo-

lism of immunosuppressants.

Patients and methods

Study design and patients

This PK sub-study was performed in the context of a

randomized, double-blind, placebo-controlled phase 2

pilot trial, which was designed to investigate the safety

(primary endpoint), efficacy, and PK (secondary end-

points) of the monoclonal anti-IL-6 antibody clazak-

izumab (Vitaeris Inc., Vancouver, Canada) in late

ABMR (ClinicalTrials.gov, NCT03444103) [8,20]. The

trial was conducted at two sites (Medical University of

Vienna, Austria; Charit�e Universit€atsmedizin Berlin,

Germany) between January 2018 and April 2020. The

protocol as well as major safety and efficacy results

(levels of DSA, morphologic, and molecular results of

two sequential follow-up biopsies, course of renal func-

tion, and proteinuria) have previously been described in

detail [8,20]. In brief, the trial included 20 renal allo-

graft recipients with late ABMR. Key inclusion criteria

were biopsy-proven late active or chronic active ABMR

≥365 days after transplantation, preformed or de novo

HLA class I and/or II DSA, and an estimated glomerular

filtration rate (eGFR) ≥30 ml/min per 1.73 m2. Major

exclusion criteria were pregnancy or breastfeeding,

T-cell-mediated rejection, acute rejection treatment

within >3 months before screening, acute deterioration

of graft function, active viral, bacterial, or fungal infec-

tions, active malignant disease, and abnormal liver func-

tion tests. A detailed description of all inclusion/

exclusion criteria has been provided previously [8,20].

Main patient characteristics are provided in Table 1. As
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illustrated in Fig. 1, the study consisted of a 12-week

randomized placebo-controlled phase (1:1 permuted

block randomization) to decipher the short-term effects

of treatment (part A), followed by a 40-week open-label

extension where all subjects received clazakizumab (part

B). All patients provided written informed consent

before trial inclusion, and the study was approved by

the institutional review boards of the Medical University

of Vienna and the Berlin State Ethics Committee and

was conducted in accordance with the principles of the

Declaration of Helsinki 2008 and the Declaration of

Istanbul.

Study medication and baseline immunosuppression

As previously described in detail, the intervention con-

sisted of clazakizumab (25 mg per dose) administered

subcutaneously at 4-weekly intervals. Patients in the pla-

cebo arm received injections of 0.9% saline. Table 2

provides details on maintenance immunosuppression.

At study inclusion, 13 patients were on tacrolimus, 6 on

CyA, and 1 on everolimus. Upon trial inclusion and

during the trial, immunosuppressant doses were

adjusted to target trough (C0) levels of 5–10 ng/ml

(tacrolimus), 80–120 ng/ml (CyA), and 3–8 ng/ml

(everolimus). Immunosuppressant blood concentrations

were analyzed from ethylenediaminetetraacetic acid

(EDTA)-anticoagulated fresh whole blood samples using

high-performance liquid chromatography-tandem mass

spectrometry. To dissect any potential impact of clazak-

izumab on calcineurin inhibitor (CNI) or mTOR inhi-

bitor metabolism, dose-adjusted C0 levels (C0/D ratio)

were calculated at 4-weekly intervals; this was done by

dividing C0 levels by the corresponding daily dose.

Intrapatient variability (IPV) of CNI or mTOR inhibitor

exposure was estimated by calculating the coefficient of

variation (CV), according to the following equation: CV

(%) = (SD/mean trough concentration) x 100.

Pantoprazole pharmacokinetics

To investigate the impact of IL-6 blockade on CYP-

dependent drug metabolism, trial subjects received an

intravenous bolus of 20 mg pantoprazole, as a probe

substrate of CYP drug-metabolizing enzymes CYP2C19

and CYP3A4. For this dosage, a routine prophylactic

Table 1. Baseline characteristics.

Variables Total (n = 20) Clazakizumab (n = 10) Placebo (n = 10)

Variables recorded at transplantation
Female sex, n (%) 10 (50) 3 (30) 7 (70)
Recipient age (years), median (IQR) 34.2 (24.6–47.6) 37.4 (27.1–57.9) 31.4 (22.3–42.3)
Deceased donor, n (%) 14 (70) 7 (70) 7 (70)
Living donor, n (%) 6 (30) 3 (30) 3 (30)
Prior kidney transplant, n (%) 7 (35) 4 (40) 3 (30)
Current CDC panel reactivity ≥10%, n (%)* 6 (33.3) 3 (33.3) 3 (33.3)
Preformed anti-HLA DSA, n (%)† 5 (45.5) 3 (42.9) 2 (50)
Donor age (years), median (IQR)‡ 49.0 (21.8–57.3) 51.0 (21.8–57.3) 44.0 (23.3–66.0)
HLA mismatch (A, B, DR), median (IQR)§ 3 (2–3) 3 (3–3) 3 (2–3)

Variables recorded at trial inclusion
Age of study patients (yr), median (IQR) 41.5 (36.4–60.1) 47.2 (38.7–62.1) 39.6 (30.2–59.6)
Year to inclusion in the trial 10.6 (4.4–16.2) 9.7 (4.1–16.7) 11.4 (5.9–16.1)
eGFR (ml/min per 1.73 m2 ), median (IQR) 39.3 (33.6–49.7) 40.5 (33.3–49.8) 39.2 (32.9–51.7)
Protein/creatinine ratio (mg/g), median (IQR) 962 (310–1,863) 727 (197–1,311) 1,387 (532–3,575)

ABMR phenotype (Banff 2017)
Active ABMR, n (%) 2 (10) 2 (20) 0
Chronic/active ABMR, n (%) 18 (90) 8 (80) 10 (100)

ABMR, antibody-mediated rejection; DSA, donor-specific antibody; CDC, complement-dependent cytotoxicity; eGFR, estimated
glomerular filtration rate; IQR, interquartile range.

*CDC panel reactivity was not recorded for 1 recipient in the clazakizumab arm and 1 in the placebo arm.
†Pretransplant DSA data were available for 7 recipients in the clazakizumab arm and 4 in the placebo arm (solid-phase HLA
antibody screening on the wait list was implemented at the Vienna transplant unit in July 2009).
‡Donor age was not recorded for 2 recipients in the placebo arm.
§HLA mismatch was not recorded for 1 recipient in the placebo arm.
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dose, the sensitivity of the applied analytical assay was

known to be high enough to allow for a complete eval-

uation of PK. PK sampling was conducted on 3 occa-

sions: on day 0 (before initiation of clazakizumab or

placebo treatment), at week 12 (end of part A), and at

week 52 (end of part B). In eight patients on continu-

ous proton pump inhibitor therapy (pantoprazole;

20 mg/day: n = 4; 40 mg/day: n = 4; none of the

included subjects were on H2 antagonists), oral treat-

ment was paused for three days before PK analysis and

restarted one day thereafter. A 3-day wash-out period

was chosen based on earlier studies that have shown

complete absorption of pantoprazole by about 12 hours

and a half-life generally less than two hours [21] and

was therefore considered being long enough to cover by

far more than 5 half-lives, even among poor

1:1 Randomization
20 kidney transplant recipients
with late DSA-positive ABMR

Clazakizumab

Placebo

Clazakizumab (both trial arms)

PK of pantoprazole (20 mg intravenously)

CNI and mTOR inhibitor C0 levels & C0/D ratio

Part A
(Day 0 — Week 12)

n=10

n=10

n=19 n=18

Part B
(Week 12 — Week 52)

Day 0 Week 12 Week 52

Every 4 weeks

Analysis of
CYP metabolism

(PK sub-study)

2 Study withdrawals

Figure 1 Summary of trial protocol. Twenty renal allograft recipients diagnosed with late antibody-mediated rejection (ABMR) were random-

ized to receive clazakizumab or placebo for 12 weeks (part A). After 12 weeks, patients entered part B and they all were scheduled to receive

clazakizumab. Two patients were withdrawn from the study because of diverticular disease complications. Both completed part A, one was

withdrawn shortly before, the other after the first clazakizumab dose in part B. C0, trough level; CNI, calcineurin inhibitor; CYP, cytochrome

P450; D, dose; DSA, donor-specific antibody; mTOR, mammalian target of rapamycin; PK, pharmacokinetics.

Table 2. Markers of inflammation and immunosuppression at baseline.

Variables at trial inclusion Total (n = 20) Clazakizumab (n = 10) Placebo (n = 10)

Markers of inflammation
CRP (mg/dl), median (IQR) 0.20 (0.05–0.44) 0.13 (0.04–0.26) 0.42 (0.08–0.48)
IL-6 (pg/ml), median (IQR) 1.53 (0.83–2.44) 1.38 (0.79–2.34) 1.60 (0.83–2.58)

Maintenance immunosuppression
Triple immunosuppression 18 (90) 9 (90) 9 (90)
Dual immunosuppression without steroids 2 (10) 1 (10) 1 (10)

Immunosuppressants
Tacrolimus, n (%) 13 (65) 6 (60) 7(70)
C0 level (ng/ml), median (IQR) 6.0 (5.2–7.1) 5.6 (4.3–7.4) 6.0 (5.6–7.0)

CyA, n (%) 6 (30) 4 (40) 2 (20)
C0 level (ng/ml), median (IQR) 123 (103–152) 138 (115–170) 85, 114

Everolimus, n (%) 1 (5) 0 1 (10)
C0 level (mg/ml) 5.4 - 5.4

MMF, n (%) 10 (50) 6 (60) 4 (40)
EC-MPA, n (%) 10 (50) 4 (40) 6 (60)
Steroid, n (%) 18 (90) 9 (90) 9 (90)

CRP, C-reactive protein; CyA, cyclosporin A; EC-MPA, enteric-coated mycophenolic acid; IL-6, interleukin-6; IQR, interquartile
range; MMF, mycophenolate mofetil.
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metabolizers with extremely prolonged half-lives [21] or

patients with CYP phenoconversion [22]. Blood samples

were drawn in tubes containing EDTA as the anticoagu-

lant before and 1, 2, 3, 4, 5, and 6 hours after dosing.

Samples were centrifuged at 2000 g for 10 min at 4°C,
and aliquots (500 lL) were stored at �80 °C until the

bioanalysis. Blood sampling on day 0 and at week 12

was completed prior to injection of clazakizumab

or placebo. Plasma concentrations of pantoprazole

were determined using high-performance liquid

chromatography-tandem mass spectrometry [22]. To

estimate PK parameters, noncompartmental methods

were used. Maximum plasma concentration (Cmax), area

under plasma concentration-time curve from zero to

the last measurable concentration (AUC0-last) or from

zero extrapolated to infinity (AUC0-inf), and half-life of

drug elimination during the terminal phase (T1/2) were

computed using Phoenix WinNonlin version 8.0 (Cer-

tara USA, Inc., Princeton, NJ, USA).

Detection of C-reactive protein (CRP) and IL-6

High-sensitive CRP was measured on a Cobas 8000 ana-

lyzer by a latex particle enhanced immunoturbidimetric

assay (Roche, Mannheim, Germany; functional sensitiv-

ity: 0.03 mg/dl; reference range [adults]: <0.5 mg/dl).

For IL-6 detection an ultra-high sensitive assay based

on single molecule array (SimoaTM) technology (lower

limit of quantitation: 0.14 pg/ml; reference range

[adults]: <10 pg/ml) was performed by Myriad RBM

(Austin, TX, USA).

Statistics

Continuous data are presented as median and

interquartile range (IQR), and categorical variables as

absolute and relative frequencies. For inter-group com-

parisons, we applied Fisher’s exact, Mann–Whitney

U-test, or Wilcoxon tests, as appropriate. A two-sided P

value <0.05 was considered statistically significant. For

statistical analysis, IBM SPSS Statistics version 24 (IBM

Corporation, Armonk, NY) was applied.

Results

Patient characteristics and disposition

The trial included 20 patients diagnosed with active

(n = 2) or chronic active ABMR (n = 18) a median of

10.6 years post-transplantation. Baseline variables are

provided in Table 1. Ten (50%) subjects were female,

and 6 (30%) were recipients of a living donor trans-

plant. The median recipient age at trial inclusion was

41.5 years, and median levels of eGFR and protein/crea-

tinine ratio were 39.3 ml/min per 1.73 m2 and 962 mg/g,

respectively. Details on immunosuppressive maintenance

therapy are provided in Table 2. At study inclusion, 18

recipients (90%) were on triple baseline immunosup-

pression and 2 (10%) on dual immunosuppression

without steroids. Thirteen (65%) recipients were on

tacrolimus-, 6 (30%) on CyA-, and one (5%) on

everolimus-based immunosuppression. At baseline, C0

levels were 6.0 (median, IQR: 5.2–7.1) ng/ml, 123 (103–
152) ng/ml, and 5.4 ng/ml, respectively. Median levels

of CRP were within the normal range (0.20 [0.05–0.44])
mg/dl, as were IL-6 concentrations, which were consis-

tently below the upper normal limit of 10 pg/ml

(median [IQR]: 1.53 [0.83–2.44] pg/ml).

The design of the trial is illustrated in Fig. 1. Recipi-

ents were randomized to receive either 4-weekly injec-

tions of clazakizumab or of placebo until week 12 (part

A), followed by clazakizumab at 4-weekly intervals for

all included subjects until week 52 (part B). Two

patients were withdrawn from the study, one at the end

of part A, and one after a single clazakizumab injection

in part B. Due to adverse events (n = 10) or personal

reasons (n = 1), eleven patients did not receive all 13

scheduled clazakizumab injections. In part A, 17 recipi-

ents received all three doses and 3 patients two doses.

Ten of the 19 recipients enrolled in part B received less

than the 10 scheduled doses (9 doses: n = 4; 8 doses:

n = 2, 7 doses: n = 1, 6 doses: n = 1, 5 doses: n = 1, 1

dose: n = 1). Moreover, the clazakizumab dose was

reduced to 12.5 mg (last dose in part B) in two active

patients with diverticulosis in accordance with a study

amendment which was written in response to a second

case of complicated diverticular disease.

Figure 2 illustrates the impact of clazakizumab on

CRP levels. We observed a virtually complete reduction

after the initial clazakizumab injection. This effect was

associated with a marked increase in detectable IL-6

levels, presumably due to the accumulation of large

levels of stable IL-6/anti-IL-6 antibody complexes [23].

As shown in Fig. 2, clazakizumab had no meaningful

effect on liver parameters.

Effect of clazakizumab on pantoprazole

pharmacokinetics

PK profiles of intravenous pantoprazole (20 mg)

administered on day 0, at week 12, and at week 52 are

detailed in Table 3.

1546 Transplant International 2021; 34: 1542–1552

ª 2021 The Authors. Transplant International published by John Wiley & Sons Ltd on behalf of Steunstichting ESOT

M€uhlbacher et al.



In the overall cohort, PK parameters did not significantly

change from baseline to week 52 (when all patients had

received clazakizumab treatment for 9-12 months): T1/2

(median: 1.08 vs. 1.03 hours; P = 0.98), Cmax (1.49 vs.

1.97 lg/ml; P = 0.78), AUC0-last (2.88 vs. 3.82 lg/ml*h;
P = 0.31), AUC0-inf, (3.16 vs. 4.22 lg /ml*h; P = 0.36).

(a)

(b) AST ALAT

Bilirubin CHE

keeWkeeW

Week Week

CRP

m
g/

dL
m

g/
dL

L/
U

L/
Uk

U
/L

Weeks

pg
/m

L

IL-6
Weeks

0 4 8 12 16 20 24 28 32 36 40 44 48 52
100

101

102

103

104

105

0 4 8 12 16 20 24 28 32 36 40 44 48 52
0.0

0.5

1.0

1.5

Figure 2 C-reactive protein (CRP), interleukin-6 (IL-6), and liver parameters. Panel a illustrates the course of CRP and IL-6 levels (median and

interquartile range) measured at 4-weekly intervals in patients randomized to receive clazakizumab (red line) or placebo (black line), respec-

tively. Panel b shows levels (median, interquartile range and range) of liver parameters for patients allocated to clazakizumab (red closed box-

plots) versus placebo (part A: open boxplots; part B: red hatched box plots). ALAT, alanine aminotransferase; AST, aspartate aminotransferase;

CHE, cholinesterase.
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At baseline, we observed numerically higher median

T1/2, Cmax, and AUC values among patients allocated to

clazakizumab than in patients allocated to placebo (bias

by chance; Table 3). Inter-group differences in median

levels at the end of randomized controlled part A at

week 12 (or differences in percent change from base-

line), however, were not significant. PK parameters were

as follows: T1/2 (clazakizumab vs. placebo: median

[IQR]: 1.90 vs. 1.0 hours; P = 0.059), Cmax (1.66 vs.

1.38 lg/ml; P = 0.68), AUC0-last (3.45 vs. 2.05 lg/ml*h;
P = 0.44), and AUC0-inf (6.67 vs. 2.33 lg/ml*h;
P = 0.11), respectively (Table 3).

The results obtained in a sub-analysis of nine patients

who had received all 13 scheduled doses of clazak-

izumab are provided in Table S1. Again, there were no

significant changes in PK parameters from baseline to

week 52. With the exception of a small difference with

respect to the percent change in Cmax from day 0 to

week 12, inter-group differences in PK parameters

between clazakizumab and placebo were not significant

(Table S1).

Effect of clazakizumab on immunosuppressant
metabolism

Figure 3 illustrates the course of CNI and everolimus

C0/D ratio and C0 levels. In the overall cohort (13

patients on tacrolimus), tacrolimus C0 levels increased

within the first weeks after trial inclusion and remained

within a narrow range, according to tacrolimus target

levels defined in the study protocol (day 0 vs. week 52;

median [IQR]: 6.0 [5.2–7.1] vs. 7.5 [6.2–8.2] ng/ml;

P = 0.05). The C0/D ratio did not change over time

(1.49 [1.17–3.20] vs. 1.37 [0.98–2.42] ng/ml/mg;

Table 3. Pantoprazole pharmacokinetics.

PK parameters† Total (n = 20) Clazakizumab (n = 10) Placebo (n = 10)

Day 0
T1/2 (h) 1.08 (0.86–1.72) 1.55 (0.98–3.09) 0.94 (0.76–1.33)
Cmax (lg/ml) 1.49 (1.10–2.59) 1.66 (1.07–3.45) 1.37 (1.08–2.44)
AUC0-last (lg/ml*h) 2.88 (1.82–4.02) 3.67 (1.76–9.18) 2.71 (1.70–3.32)
AUC0-inf (lg/ml*h) 3.16 (2.21–7.84) 4.21 (2.11–13.01) 3.14 (2.31–3.94)

Week 12
T1/2 (h) 1.08 (0.97–1.9) 1.90 (0.98–3.86) 1.0 (0.84–1.19)
Cmax (lg/ml) 1.45 (1.09–2.83) 1.66 (0.98–3.02) 1.38 (1.26–2.0)
AUC0-last (lg/ml*h) 2.70 (1.75–5.41) 3.45 (1.62–11.39) 2.05 (1.74–3.92)
AUC0-inf (lg/ml*h) 3.66 (2.03–7.52) 6.67 (2.47–20.65) 2.33 (1.91–4.43)

Week 52
T1/2 (h) 1.03 (0.89–2.10) 2.10 (1.41–2.98) 0.89 (0.80–1.00)
Cmax (lg/ml) 1.97 (0.99–2.89) 2.75 (1.49–3.82) 1.57 (0.93–2.32)
AUC0-last (lg/ml*h) 3.82 (1.78–7.10) 6.87 (2.79–12.98) 2.37 (1.72–4.17)
AUC0-inf (lg/ml*h) 4.22 (1.99–8.18) 8.09 (2.92–20.60) 2.75 (1.84–4.66)

Percent change from day 0 to week 12
T1/2 5.9 (�4.5–23.2) 18.4 (�0.4–23.2) 0.2 (�14.4-21.5)
Cmax 2.1 (�12.2-26.3) -7.6 (�16.2-17.4) 5.7 (�10.7-41.3)
AUC0-last 10.4 (�8.0-27.8) -1.8 (�7.9-27.9) 15.6 (�18.7-31.1)
AUC0-inf 11.6 (�11.7-31.4) 4.0 (�6.4-80.3) 13.8 (�17.7-27.8)

Percent change from day 0 to week 52
T1/2 -0.3 (�19.9-19.2) 8.8 (�9.7-56.8) -9.8 (�34.1-14.8)
Cmax 5.5 (�22.1-33.6) 22.5 (1.6-37.8) -8.8 (�43.5-44.5)
AUC0-last 25.3 (�15.9–51.7) 41.9 (0.4–84.5) 13.6 (�47.2–50.5)
AUC0-inf 31.9 (�22.5–64.0) 52.3 (�5.6–64.1) 0.72 (�42.7–64.0)

Results are provided as median and interquartile range. With the exception of T1/2 at 52 weeks (P = 0.01), inter-group differ-
ences with respect to PK parameters (clazakizumab versus placebo; Mann–Whitney U-test) were not significant (P > 0.05).
Changes from baseline to week 52 (overall study cohort; paired analysis applying Wilcoxon test) were nonsignificant
(P > 0.05).

AUC0-last, area under plasma concentration from zero hours to the last measurable concentration; AUC0-inf, AUC extrapolated
to infinity; Cmax, maximum plasma concentration; PK, pharmacokinetics.
†Pantoprazole PK at baseline and at week 12 was available for all patients, at 52 weeks for 18 subjects, following study with-
drawal of two study patients.
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P = 0.21). At week 12 (end of randomized controlled

part A) we did not observe significant differences

between the clazakizumab (n = 6) and placebo arms

(n = 7) with respect to tacrolimus C0 levels (median

[IQR]: 7.0 [4.8–8.7] vs. 6.4 [5.7–8.1] ng/ml; P = 0.84)

or C0/D ratio (2.15 [1.13–4.35] vs. 2.0 [0.73–2.03] ng/

ml/mg; P = 0.37), respectively. As shown in Table S2,

the 13 patients on tacrolimus had a median number of

2.5 (IQR: 1.0–3.5) dose adjustments (part A: 0 [0–1.0];
part B: 1 [1.0–3.5]) and a median tacrolimus CV of

22.0 (19.0–25.5%; part A: 11.9% [10.2–25.2%]; part B:

21.8% [17.2–24.1%]. Differences between clazakizumab

and placebo were not significant (Table S2).

Analyzing the 6 recipients on CyA, we found that

baseline C0 levels and C0/D ratio did not significantly

change between the first and last study visit (median

ng
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m

g
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Figure 3 Immunosuppressant C0 level/dose (C0/D) ratio and C0 levels. Results are shown for tacrolimus (a, median and interquartile range),

cyclosporin A (b, individual course), and everolimus (c, individual course), in relation to treatment allocation (placebo: black [part A] and

hatched red lines [part B]; clazakizumab: red lines [part A and part B]. For part A, data were available for all patients, and for part B, because

of study withdrawal of two patients, for 18 subjects.
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[IQR]; C0 levels: 123 [103–152] vs. 156 [108–187] ng/

ml; P = 0.47; C0/D ratio: 0.69 [0.57–0.85] vs. 1.08

[0.52–1.38] ng/ml/mg; P = 0.47). A limited number of

cases (clazakizumab: n = 4; placebo: n = 2), however,

precluded statistical inter-group comparisons. However,

as illustrated in Fig. 3, CyA C0 levels were similar

between study arms For the 6 patients on CyA, we

recorded in median 2.5 (IQR: 0.75–4.75) dose adjust-

ments and a median CyA CV of 29.8% (23.0–41.6%),

respectively.

The individual course of C0 levels and C0/D ratio in

the single patient on everolimus is shown in Fig. 3.

While C0 levels fluctuated within a range between 3 and

6 ng/ml, we observed a decrease in C0/D ratio of

approximately 50%. We recorded a single everolimus

dose adjustment and a CV of 16.9%.

Discussion

A major finding of this PK sub-study of a recently pub-

lished randomized controlled trial of clazakizumab in

late ABMR [8] was that, in contrast to earlier observa-

tions made in patients with rheumatic disease being

treated with anti-IL-6R monoclonal antibodies, pro-

longed blockade of IL-6 did not enhance CYP-

dependent drug metabolism. This was supported by the

results of systematic analysis of PK profiles of intra-

venous pantoprazole, a probe drug of CYP2C19 and

CYP3A4 metabolism. Most importantly, clazakizumab

had no meaningful impact on C0 levels, C0/D ratios,

number of dose adjustments, and IPV of CNI, which

are predominantly metabolized by CYP3A isozymes

(CYP3A4, CYP3A5).

The current interest in targeting IL-6 in organ trans-

plant patients results from emerging evidence suggesting

that this pleiotropic cytokine, which exerts a wide range

of effects on components of innate and acquired immu-

nity, may impact the pathogenesis of renal allograft

rejection [7]. Previous studies have demonstrated a

marked upregulation of intra-graft IL-6 gene expression

in rejecting allografts, and early rejection was found to

associate with an increase in systemic and urinary levels

of this cytokine [24,25]. In the specific context of

ABMR, a recent study has revealed a potential role of

IL-6 in the context of HLA-DQ antibody-triggered

endothelial activation and impaired regulatory T-cell

expansion [26]. Moreover, IL-6 may be critically

involved in B-cell alloimmunity, given its well-known

role as a mediator of B-cell activation/differentiation

and plasma cell formation [7]. Indeed, in our interven-

tional trial, which was primarily designed to evaluate

the safety and tolerability of clazakizumab in patients

with late ABMR [20], we were able to demonstrate a

significant reduction of DSA already after 3 months and

a modulation of ABMR activity after prolonged treat-

ment, as reflected by reduced microcirculation inflam-

mation and molecular ABMR scores. Moreover,

treatment significantly halted the progression of graft

dysfunction over a period of a year [8].

Our study results suggest that late chronic ABMR,

which usually presents silently many years after trans-

plantation, may not, as is believed to be the case in

acute rejection, lead to a state of systemic inflammation.

This is reinforced by our finding of baseline IL-6 (and

CRP) levels within the normal range. In addition, con-

tinuous levels of baseline immunosuppression including

steroid treatment may have counteracted systemic

inflammatory responses in our patients. Notably, panto-

prazole pharmacokinetic parameters, such as the � 1-

hour plasma half-life calculated for our transplant

patients, were comparable to those earlier reported for

healthy volunteers [21]. This may be in contrast to

other disease states. For example, in a study of critically

ill patients, the half-life of pantoprazole was approxi-

mately 5-fold longer indicating a substantial downregu-

lation of CYP enzymes [22].

Altogether, this may provide a plausible explanation

for our observation that IL-6 antagonism by clazak-

izumab did not enhance the metabolism of CNI used as

standard immunosuppressants, presumably a result of

unaltered CYP isoenzyme expression at baseline. In this

respect, ABMR may be different from other disease

states, such as infection or autoimmune disease, where

systemic inflammation is well known to be associated

with markedly elevated IL-6 levels and other acute-

phase proteins [27,28]. For example, clinical association

studies in patients with heart failure or cancer have

shown associations between IL-6 levels in peripheral

blood and CYP-dependent metabolism [14,15]. In vitro

experiments have demonstrated a substantial impact of

pro-inflammatory cytokines on different isozymes

including CYP2C19 and, of high relevance for the meta-

bolism of CNI and mTOR inhibitors, CYP3A4 and

CYP3A5 [12,13]. In such experiments, IL-6 or IL-6R

antagonism completely prevented CYP downregulation

[16], an effect which was also demonstrated for simvas-

tatin as a probe drug for CYP3A4 in patients with

rheumatoid arthritis [17, 19]. In a study of 19 patients

with active rheumatoid arthritis, simvastatin Cmax and

AUC were thereby decreased by about 50%, an effect

which was fully reversed by the IL-6 antibody sarilumab

[19]. Notably, in a study by Naito et al. [29] which
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included 7 patients with rheumatoid arthritis who were

treated with tacrolimus on top of tocilizumab demon-

strated no effect of IL-6R blockade on tacrolimus PK,

presumably because the included patients were in clini-

cal remission or had only mild disease activity. As in

our trial, unaltered CNI PK may be explained by a lack

of considerable systemic inflammation and unaffected

hepatic oxidative metabolism.

To the best of our knowledge, the impact of IL-6

antagonism on CNI exposure in allograft recipients has

not yet been systematically studied. Given the very nar-

row therapeutic index of CNI, the observed lack of

interference with CNI metabolism may have significant

clinical relevance in the transplant setting, where sev-

eral studies are currently ongoing, including a large

pivotal phase 3 randomized controlled trial evaluating

clazakizumab over a period of 5 years in chronic

ABMR [30].

We are aware of the inherent limitations of our

study, in particular, the small sample size (20 recipients)

and a heterogeneity regarding immunosuppressive treat-

ment. Moreover, our study design did not include a

detailed PK analysis for CNI and everolimus, relying on

evaluations of dose-adjusted C0 levels to estimate drug

metabolism and exposure. A limited number of patients

on CyA precluded a valid statistical inter-group com-

parison between clazakizumab and placebo. Neverthe-

less, as observed for dose-adjusted tacrolimus C0 levels,

paired analysis failed to reveal meaningful changes in

CyA C0/D ratio over a period of 12 months, which may

argue against a substantial effect on its metabolism. Our

study may provide a valuable basis for an ongoing

phase 3 study in chronic ABMR. This trial, which will

include more than 300 subjects, can be expected to pro-

vide a more in-depth insight into the pharmacologic

effects of clazakizumab. A possible differential effect of

IL-6 blockade on mTOR inhibitor metabolism needs to

be established. Our cohort included only one recipient

receiving mTOR inhibitor treatment, and we have no

meaningful explanations regarding observed fluctuations

of everolimus levels, especially with regard to its hepatic

metabolism that is very similar to that of CNI. Notably,

because of a limited sample size, the results of our pre-

sent trial may not entirely exclude the possibility of

clinically relevant alterations of CYP metabolism in

some treated transplant patients, for example, subjects

presenting with significant levels of systemic inflamma-

tion at baseline. Accordingly, with the use of IL-6

antagonists in the context of immunosuppressive

maintenance therapy, regular and careful drug level

monitoring may be of clinical importance.

In conclusion, the results of this study suggest that

IL-6 antagonism in late ABMR, which may not associate

with relevant levels of systemic inflammation, may not

exert clinically meaningful effects on CYP-dependent

drug metabolism, and, most importantly, may not alter

the metabolism of CNI.
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Table S1. Pantoprazole PK in 9 patients who received

all 13 scheduled clazakizumab injections.

Table S2. Changes in dosage and intrapatient varia-

tion of trough levels among patients on tacrolimus.
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