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Abstract
The aims of this population‐pharmacokinetic/pharmacodynamic (POP‐PKPD) analysis of voclosporin in renal allograft patients were to build a
POP‐PKPDmodel for voclosporin and calcineurin activity (CNa) and identify clinically relevant covariates that could assist dosing of the drug. POP‐PKPD
modeling was performed using a stochastic approximation of the standard expectation maximization (SAEM) algorithm for nonlinear mixed‐effects as
implemented in MonolixTM 3.2. Voclosporin whole blood concentrations were obtained from de novo renal allograft patients and assayed using a
validated LC/MS/MS assay. CNa was measured using a 32P‐radiolabeled assay. A two‐compartment model with simultaneous sigmoid inhibitory
Emax model was used to describe the PKPD relationship between voclosporin concentration and CNa. The POP‐PKPD model was then utilized to
simulate an optimal initial dosing strategy. Eighty‐seven patients were included in the POP‐PKPD study. Population mean estimates (relative standard
error, rse) for oral clearance (CL/F) and first compartment volume of distribution (V1), were 717mLmin�1 (35%) and 2010mL (17%), respectively.
Maximum CNa Inhibition (Imax), effective concentration (C50), and baseline immunosuppression (S0) were 0.87 pmol/min/mg (8.0%), 123 ng/mL (10%),
and 1.15 pmol/min/mg (4.0%), respectively. Covariate analyses demonstrated that age and body surface area significantly influenced CL/F:
CLi ¼ 717ðAgei=48:8Þ�0:57ðBSAi=1:99Þ1:1, while serum triglycerides significantly altered S0: S0i ¼ 1:15ðTRIGi=1:97Þ0:15.
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Immunosuppression through the inhibition of the serine/
threonine phosphatase enzyme, calcineurin, has been
proven to be critical for the prevention of renal allograft
rejection. Attempts to replace calcineurin inhibitors
(CNi’s) have resulted in an increase in graft rejection
with a corresponding loss in graft function and longevi-
ty.1,2 Currently, tacrolimus and cyclosporine A are the
only CNi’s approved for use in renal transplantation. A
review of the current literature reveals that tacrolimus is
superior to cyclosporine in efficacy (improving graft
survival, preventing acute rejection) in kidney transplan-
tation, but results in increased new onset diabetes after
transplantation (NODAT) along with increased neurolog-
ical and gastrointestinal side effects.3

Voclosporin represents a new CNi with pharmacologi-
cal properties which could allow it to lower both rejection
and NODAT rates. This obviates the need for a clinician to
choose cyclosporine for lower NODAT risk or tacrolimus
for lower rejection risk. Voclosporin was first synthesized
in 1993 as an exploration on how changes to the amino
acid‐1 region of cyclosporine could affect potency and
drug metabolism. It was ultimately confirmed that a single
carbon extension, to cyclosporine, resulted in a molecule
with increased potency and a different metabolic profile.
X‐Ray crystallography studies suggest that the single
carbon extension changes the manner in which the
cyclophilin–voclosporin complex binds to a composite

surface of catalytic and regulatory subunits in calci-
neurin.4 This change in binding resulted in an increase in
potency, when compared to cyclosporine, which has been
confirmed in vivo using a 32P‐labeled calcineurin activity
(CNa) assay.5,6 CNa has been studied as a potential
biomarker throughout the development of voclosporin
from molecular screening to the end of Phase 2
transplantation. As amino acid‐1 is the primary site of
cyclosporine’s metabolism, modification of this site has
shifted the primary site for voclosporin metabolism from
amino acid‐1 to the amino acid‐9 position. In vitro and in
vivo studies suggest that the primary metabolites for
cyclosporine and voclosporin are AM1 and IM9,
respectively, which are approximately equipotent in their
ability to prevent T cell activation (internal data) and
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�10% of the parent compound activity. Critically, IM9 is
produced in significantly smaller amounts than AM1
resulting in less competitive antagonism of their respective
parent molecules and less variability in the concentration–
CNa relationship. The combination of increased potency
and a change in metabolite profile for voclosporin allows
for administration of lower doses, less pharmacokinetic–
pharmacodynamic (PKPD) variability, and a potentially
improved safety profile compared to cyclosporine.

A key secondary messenger system for calcineurin in
immunosuppression is the nuclear factors of activated T‐
cells (NFAT) family of transcription factors.7 It has been
demonstrated that calcineurin/NFAT signaling regulates
pancreatic b‐cell growth and function. Furthermore,
cyclosporine and tacrolimus both inhibit human insulin
gene transcription with an IC50 of 35 and 1 nM,
respectively.8,9 PKPD analyses suggest that voclosporin
can be titrated to achieve complete suppression of CNa,
but has 1/40th the potency in its effect on NFAT (internal
data) when compared to tacrolimus and therefore has less
diabetogenic potential. Thus, in vitro data confirms
clinical observations of a Phase 2b study which suggests
that voclosporin can be dosed to minimize both rejection
and NODAT.10

Like other CNi’s voclosporin is pharmacokinetically
highly variable and pharmacodynamically a narrow
therapeutic index drug. Finding an appropriate therapeutic
concentration range and selecting a dosing regimen that
attains therapeutic concentrations early are critical to
achieving the optimal balance between adequate immu-
nosuppression and minimizing toxicity. Based on obser-
vational data in the Phase 2b renal transplant trial a
therapeutic concentration range of 35 to <60 ng/mL has
been proposed.10

The aims of this population‐pharmacokinetic/pharma-
codynamic (POP‐PKPD) analysis of voclosporin in renal
allograft patients were to (i) build a POP‐PKPD model for
voclosporin and CNa, (ii) identify clinically relevant
covariates that could assist dosing of the drug, and (iii)
simulate the best dosing strategy to obtain therapeutic
through concentrations (C0) or CNa0 by Day 5 post‐
transplant.

Methods
Study Design
Data were obtained from a Phase 2b trial of voclosporin in
renal allograft patients.10 This was a multi‐center study
which fully adhered to the principles outlined in the Good
Clinical Practice (GCP) International Conference on
Harmonization (ICH) Tripartite Guideline (January 1997)
which is based on the principles of the Declaration of
Helsinki (1996). The trial is registered at ClinicalTrials.
gov, number NCT00270634. Subjects were required to
read and sign an informed consent form at screening to

participate in a PKPD subgroup in which a more extensive
blood sampling schedule was utilized to further evaluate
voclosporin (PK) and CNa (PD) in addition to the standard
concentration monitoring utilized by the clinician. All
patients received induction with an IL‐2 receptor antago-
nist, concomitant steroids (tapered to a minimum of 5mg/
day at 3 months), mycophenolate mofetil (1 g twice daily)
and either voclosporin or tacrolimus (TAC). All CYP3A4/
5 interacting substances including drugs and grapefruit
juice were prohibited during this study.

The study included three voclosporin treatment groups,
A–C, which were titrated to low, medium, and high
concentration ranges, respectively after receiving initial
doses of 0.4, 0.6, and 0.8mg/kg administered twice daily.
All PKPD data were obtained for exploratory purposes
and pooled for this analysis.

Blood Sampling
Whole blood samples were collected in EDTA tubes at five
periods on days 5, 28, 90, 180, and 365 post‐transplanta-
tion. For all PK assessments, four samples were collected at
trough and 1, 2, and 4 hours after voclosporin dosing.
Blood samples were stored at �20°C until analysis.

Bioanalytical Analysis
Whole blood voclosporin concentrations were measured
using a validated LC/MS/MS method.11 Briefly, sample
aliquots of 100mL were processed utilizing a protein
precipitation procedure that contained a mixture of
methanol, ZnSO4, and deuterated voclosporin as internal
standard. The supernatant was injected onto a Zorbax SB‐
C8, 2.1� 12.5mm2 column (at 60 C), and washed with
water–acetonitrile, to remove poorly retained components.
After washing, water–MeOH was used to elute the
voclosporin and internal standard to Sciex API3000
mass spectrometer for detection. Analytical performance
was assessed in the range of 2–650 ng/mL in whole blood.
The lower limit of quantitation utilized for this procedure
was 2 ng/mL (0.2 ng/100mL) with a coefficient of
variation of 9.1% and an analytical recovery of 96.4%.

CNa activity in whole blood was determined indirectly
with a validated method that measured 32Phosphate
release from a protein substrate of calcineurin.12 Blood
contains the protein phosphatases PP1, PP2a, PP2b
(calcineurin), and PP2c. In order to measure CNa activity,
two separate assays are required. Okadaic acid is utilized
in the first assay to inhibit PP1 and PP2a allowing for the
measurement of PP2c and PP2b (calcineurin) together. In
a second assay, saturating doses of cyclosporine are added
to inhibit PP1, PP2a, and PP2b (calcineurin) allowing for
themeasurement of PP2c. By subtracting the two results, it
is possible to indirectly measure calcineurin activity. 32P
release from the peptide was determined by measuring
counts per minute on a Beckman Liquid Scintillation
counter. CNa was expressed as a rate in pmol/min/mg.
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Data Analysis
POP‐PKPD modeling was performed using a stochastic
approximation of the standard expectation maximization
(SAEM) algorithm for nonlinear mixed‐effects as imple-
mented in MonolixTM v3.2 (Monolix project, France).
Algorithm settings were adjusted to use a simulated
annealing version of SAEM to estimate the population
parameters, the number of iterations for K1 and K2 were
set to allow automatic selection not to exceed 1,000
iterations. The number of Markov chains was set to 30
chains and the Monte‐Carlo size was set to 1,000 to
compute visual predictive checks and goodness of fit
diagnostics.

Phase 1 studies have revealed that voclosporin
demonstrates complex, multi‐exponential pharmacokinet-
ics best suited to multi‐compartmental modeling.13 Initial
estimates of voclosporin PK parameters were obtained via
non‐compartmental analysis, and nonlinear regression of
Phase 2a PK data obtained in renal transplant patients.
Furthermore, in vitro and in vivo PKPD correlation
suggests that an inhibitory sigmoid Emax model provides a
good correlation between voclosporin concentration
and CNa.

Model Development and Validation
The data set was divided in half at random. A model was
developed for half of the data set and then used to predict
voclosporin concentration and CNa of the second group.
Bias and precision for predicted concentration and CNa
were measured by mean prediction error (mpe) and the
root mean squared prediction error (rmse).14

One, two, and three compartment PK structural models
were tested. PD models tested were immediate response
models including inhibitory Imax, and sigmoid inhibitory
Imax with or without baseline effect. Consistent with Phase
1 PK and PD data, a two‐compartment extravascular PK
model for multiple doses (Eq. 1) with an inhibitory
sigmoid Emax model with baseline effect (Eq. 2) was used
to describe the PKPD relationship between voclosporin
concentration and CNa.

CðtÞ ¼
Xn

i¼1
Di

�
Ae�aðt�tDiÞ þ Be�bðt�tDiÞ

� ðAþ BÞe�kaðt�tDiÞ
� ð1Þ

where, A ¼ ka
V1

ðQ=V2Þ�a
ðka�aÞðb�aÞ B ¼ ka

V1
ðQ=V2Þ�b

ðka�bÞða�bÞ

AðtÞ ¼ S0 � Imax CðtÞg
CðtÞg þ Cg

50

ð2Þ

Where A(t) represents the inhibitory model of drug
action, Imax represents the maximal antagonistic response,
C50 is the concentration to get half the maximal response
(potency), g is the sigmoidicity factor, and S0 is the
baseline calcineurin activity.

Covariate selection was performed stepwise using both
backward and forward selection methods with a� 0.05
forward and a¼ 0.01 backwards using the Wald statistic.
Potential covariates were: day post transplant, age, height,
weight, body surface area (BSA), ethnicity, sex, aspartate
aminotransferase (AST), alanine aminotransferase (ALT),
alkaline phosphatase (ALP), gamma‐glutamyltransferase
(GGT), triglycerides, and cholesterol. All potential cova-
riates were plotted against each other to identify high
intercorrelation. High intercorrelation was only observed
for body weight and body surface area. As only body
surface area remained in the final covariate model, no
adjustment of the correlation matrix was necessary.

Final model selection was based on inspection of the
residuals, visual predictive checks (VPC), Akaike Infor-
mation Criteria (AIC), Bayesian Information Criteria
(BIC), and �2 log‐likelihood. Initially residual error was
described as additive and proportional. The final error
model was selected based on minimization of AIC, BIC,
and �2log‐likelihood and resulted in the use of an error
model which combined additive and proportional error as
follows;

Combined Error model : yij ¼ f ij þ ae1 þ bfe2 ð3Þ

where yj is the PK parameter for subject i and f, the
nonlinear structural model. The random effect (e) has a
mean of 0 and a variance of 1. Parameter a represents the
additive component while parameter b represents the
proportional component of the model.

Model Validation
Simulations
The final model was utilized to simulate 1,000 renal
allograft patients using sample distributions observed for
age, BSA, and triglycerides observed in the Phase 2b
study. The simulation was run inMonolixTM and designed
to evaluate drug concentrations and CNa at 0, 1, 2, and 4
hours after once or twice daily dosing for 5 days.
Covariates for the 5‐day simulation were assumed to be
static and due to low intercorrelation considered as
independent. Demographic and clinical laboratory cova-
riates distributions were obtained from the Phase 2b study,
and as they did not deviate significantly from normal the
error distribution was assumed to conform to N(0,s2).
Covariates were then generated in R v3.01.

The three dose levels administered once and twice
daily using (i) weight‐based; (ii) BSA‐based; and (iii)
fixed‐mg dose were simulated. Doses were then evaluated
for their ability to achieve trough and CNa0 levels
within the desired therapeutic range on Day 5 of 35 to
<60 ng/mL or 0.9–1.2 pmol/min/mg, respectively. All
plots for visualization were generated with ggplot2 in R
version 3.01 (Vienna, Austria).
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Results
Patient Demographics
A total of 87 patients participated in the PKPD subgroup
and a total of 1,358 concentration and 1,380 calcineurin
samples were obtained. Patient demographics and baseline
characteristics are summarized in Table 1 by Treatment.
No statistical testing was performed on the individual
treatment groups as the POP‐PKPD analysis was
performed on the pooled concentration and CNa data.

Population‐PKPD
Voclosporin concentration and CNa trajectory curves
demonstrated significant variability and are depicted in
Figure 1 as mean�SD. The study design included a
stepped titration downwards at days 90 and 180 to reduce
immunosuppression as the time from the transplant date
increased which can be observed as a decrease in drug
concentration or an increase in CNa. Original treatment
groups were discernible for both voclosporin concentra-
tion and CNa but demonstrated considerable overlap
confirming that a pooled analysis was suitable. Maximum
drug concentration (Cmax) occurred between 1 and 2 hours
which also coincides with maximum inhibition of CNa
(Imax) suggesting that a simultaneous model was appro-
priate due to temporal concordance of PK and PD events.
Population PKPD was performed sequentially and
simultaneously with the base, sequential and final model
summarized in Table 2.

In the final model the covariates of age, BSA, and
triglycerides were log‐transformed and centered to the
mean of the observed distribution. Covariates were

included only if they achieved statistical significance
(P< 0.05) using the Wald test on theta estimates.
Uniformly, inclusion of the final covariates decreased
the correlation between the random effect (h) and the
specific PKPD parameter. The final model demonstrated a
statistically significant (P< 0.0001, F‐test) reduction in
�2 log‐likelihood objective function as well as a uniform
reduction in AIC and BIC. Inter‐individual variability for
CL/F, V1, Q, and V2 were 44.0%, 20.6%, 77.3%, and
115%, respectively. BSA and age were found to be
statistically significant covariates for CL/F based on a
Wald statistics P< 0.05. In MonolixTM the log‐normal
distributed parameters (P) appear in the following form;

Pi ¼ Ppop
wi

wpop

� �b

ehi

Hence the final form for CL/F appears as follows;

CLi ¼ 717
Agei
48:8

� ��0:57 BSAi

1:99

� �1:1

ehi
0

No covariates were identified for Q and V2. Despite the
inter‐individual variability observed for voclosporin PK,
the PD effects demonstrate less variability. Imax was
0.837 pmol/min/mg with an rse of 8%, C50 was 123 ng/mL
(rse 10%), g was 1.62 (rse 14%), and baseline or time 0
CNa (S0) was 1.15 pmol/min/mg (rse¼ 4%). Importantly
the inter‐individual variability for Imax, C50, g, and S0
was 9.6%, 5.9%, 5.1%, and 36.2%, respectively. Serum
triglycerides were identified as a covariate for S0 based on
their statistical significance (P< 0.05) and for a reduction
in inter‐individual variability from 37% to 36%. Thus the
final form for S0 appears as follows;

S0i ¼ 1:15
TRIGi

1:97

� �0:15

ehi
0

The additive portion of the error for PK, a1, was 16.3,
while the proportional component, b1, was 0.367.
Inclusion of both components improved the objective
function and was therefore included in the final model.
Similarly for the linked PD a2 was 0.156, and b2 was
0.0856. Although b2 was low, removal from the
final model did result in minor increase in objective
function.

Goodness of Fit
The observed concentrations and CNa from voclosporin
group 2 were compared with the predicted concentrations
and CNa based on the group 1 developed model for
individually determined parameters (Figure 2). Precision
and bias were calculated as mpe¼ 0.027 and rmse¼ 0.156
for concentration and mpe¼ 0.008 and rmse¼ 0.091 for
CNa. Despite the variability that is associated with this

Table 1. Summary of Patient Data

Treatment A
(N¼ 24)

Treatment B
(N¼ 28)

Treatment C
(N¼ 35)

Sex: Male 67% (16) 71% (20) 74% (26)
Race: Asian 4% (1) 4% (1) 9% (3)
Black 17% (4) 14% (4) 11% (4)
Caucasian 71% (17) 75% (21) 71% (25)
Hispanic 8% (2) 7% (2) 9% (3)
Age (year) 50.8� 12.2 48.7� 11.3 46.9� 11.6
WT (kg) 79.6� 13.8 89.8� 21.3 83.1� 20.3
HT (cm) 171.0� 12.0 169.8� 16.8 173.0� 10.1
BSA (m2) 1.94� 0.22 2.05� 0.31 1.99� 0.28
Trig (mmol/L) 1.88� 0.90 2.05� 1.33 2.00� 1.19
Chol (mmol/L) 4.13� 0.90 4.62� 1.31 4.32� 1.28
ALT (U/L) 58.7� 42.0 44.2� 31.6 56.9� 47.0
AST (U/L) 37.3� 29.1 26.2� 15.6 32.4� 22.9
GGT (U/L) 39.2� 43.2 36.7� 35.2 44.4� 40.1
ALP (U/L) 75.6� 32.6 90.7� 83.5 77.5� 41.8

Continuous variables, mean� SD; categorical variables, percentage (n);
Treatment groups A, B, and C were titrated to low, medium, and high trough
concentration ranges, respectively after receiving initial doses of 0.4, 0.6, and
0.8mg/kg voclosporin twice daily.
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class of drug, the model performed adequately. Additional
goodness‐of‐fit diagnostic plots for the original group 1
model are available online as Supplemental information.

Simulations
The predicted percentage of patients achieving target
trough concentration and CNa0 onDay 5 based onweight‐
based, BSA‐based, and fixed dose strategies are summa-
rized in Table 3.

Discussion
Population‐PKPD
Several PK structural models were evaluated in the course
of this analysis. The sparse sampling protocol was
originally designed to obtain trough and critical concen-
tration data between 1 and 4 hours to determine the
optimal concentration ranges for therapeutic drug moni-
toring (TDM). Although the sample times were subopti-
mal for the elucidation of pharmacokinetics after 4 hours,

critically important PK processes were explored including
trough as the basis for TDM, maximum blood concentra-
tion achieved at 2 hours, and a rapidly falling concentra-
tion phase observed from 2 to 4 hours. Additionally, CNa0
was also evaluated in this study as a possible clinical target
for dose optimization.

Inspection of the residuals (see Supplementarymaterial)
suggests the final structural and error models fit the data
reasonably well. However, it can be argued that there is
some bias in the estimation of trough and less in the
estimation of CNa0. This is likely due to multiple factors
which may include variability in the timing of trough
sampling, which ranged from 10 to 14 hours post‐dose
following BID dosing. Another factor may be due to
complexities in the oral pharmacokinetics in which subtle
dose dependences were observed in the Phase 1 data
which tend to disappear at higher exposures. Although
reasonable fits were obtained for first‐order absorption
rate constants, this did not significantly improve the fit to
the trough data. In a recent paper on tacrolimus population

Figure 1. Mean� SD voclosporin concentration (left panel) and calcineurin activity (right panel) profiles by treatment day (right axis) and treatment
group (color). Treatment groups A–C were titrated to low, medium, and high trough concentration ranges, respectively after receiving initial doses of
0.4, 0.6, and 0.8mg/kg voclosporin twice daily.
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pharmacokinetics a similar positive deflection in the early
concentration residuals was also observed.15

Ultimately a two‐compartment extravascular PKmodel
with sigmoid inhibitory Emax model fit simultaneously
provided the best description of voclosporin PKPD. Inter‐
individual variability for CL/F and V1 were 44.0% and
20.6%, respectively. Inter‐individual variability for clear-
ance between the central and peripheral compartment (Q),
and volume of distribution of the peripheral compartment
(V2) were high at 77.3% and 115%, respectively. The
observed inter‐individual variability is similar to that
reported for tacrolimus and cyclosporine.16,17 Apparent
oral clearance from the central compartment(CL/F) was
estimated at 717mL/min with a volume of 2010mL.
Similar to cyclosporine A Q was slower at 152mL/min
with a large V2 of 119,000mL. Visual predictive checks
demonstrated that the model captured both PK and PD
data well (Supplemental material). Interestingly, PD
variability was less (with the exception of S0) than that

of PK suggesting that PK is the greater source of dose‐
effect variability. Inter‐individual variability for Imax, C50,
g, and S0 were 9.6%, 5.9%, 5.1%, and 36.2%,
respectively. PD estimates for Imax, C50, g, and S0 were
0.873 pmol/min/mg, 123 ng/mL, 1.62, and 1.15 pmol/
min/mg.

Covariates
Age and BSAwere identified as covariates for CL/F, while
serum triglycerides were identified as a covariate for S0.
As patient age increased, a concomitant decrease in
voclosporin clearance occurred. Cyclosporine CL/F has
also been shown to be decreased in patients over 51 years
and as a covariate in POP‐PK analyses.15,18

An important finding of this POP‐PKPD analysis
was that weight was not a covariate for clearance or
volume of distribution. Transformations of weight
including log‐transformed to 70 kg, to the mean or median
of the study weight distribution, allometric transformation

Table 2. Population PKPD Model Parameter Estimates

Parameter

Base model Sequential: PK alone Sequential: PD with fixed PK Final model

Estimate rse (%) Estimate rse (%) Estimate rse (%) Estimate rse (%) P‐value

ka (h�1) 0.652 19 0.6 22 0.578 17
CL/F (mL/min) 631 47 760 41 717 35
bt‐Age CL/F �0.571 52 �0.573 42 0.018
bt‐BSA CL/F 0.889 66 1.06 48 0.037
V1 (mL) 2,240 19 2,260 21 2,010 17
Q (mL/min) 199 88 177 185 152 174
V2 (mL) 318,000 2,390 84,000 230 119,000 145
Imax (pmol/min/mg) 0.860 8 0.818 7 0.873 8
C50 (ng/mL) 120 10 125 8 123 10
g 1.69 14 1.76 13 1.62 14
S0 (pmol/min/mg) 1.15 4 1.15 4 1.15 4
bt‐Trigs S0 0.150 37 0.149 37 0.0072
v_ka 0.551 18 0.607 41 0.574 15
v_CL 0.377 31 0.478 25 0.440 19
v_V1 0.301 45 0.272 53 0.206 95
v_Q 0.678 250 0.886 86 0.773 153
v_V2 1.75 1,080 1.46 9,810 1.15 243
v_Imax 1.22 1,890 0.282 192 0.0958 39
v_C50 0.134 92 0.187 26 0.0588 49
v_g 0.197 63 0.385 34 0.0508 13
v_S0 0.369 4 0.370 6 0.362 6
a_1 16.3 8 16.0 8 58.6 3 16.3 8
b_1 0.366 5 0.368 5 0.148 5 0.367 5
a_2 0.155 6 0.156 6
b_2 0.0854 28 0.0856 28
Akaike information criteria (AIC) 7635.02 7991.78 8362.74 7609.24
Bayesian information criteria (BIC) 7706.11 8033.79 8420.90 7690.02
�2 log‐likelihood 7591.02 7965.78 8326.74 7559.24
P‐value P< 0.001 P< 0.001 P< 0.001 P< 0.0001

a, additive component of random effect model; b, proportional component of random effect model; BSA, body surface area; CL/F, oral clearance; C50,
concentration at 50% Imax; Imax, maximal response; ka, absorption rate constant ; PD, pharmacodynamic; PK, pharmacokinetic; Q, inter‐compartmental clearance;
rse, residual standard error; S0, baseline calcineurin activity; Trigs, triglycerides; V1, apparent central compartment volume; V2, apparent second compartment
volume; bt�, covariate parameter estimate; g, sigmoidicity factor; v_, inter‐individual variability.
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of weight3/4, and body‐mass index were attempted in the
model, but were all similarly not significant in their
influence on voclosporin PK. However, body surface area
(BSA) as calculated using the method of Mosteller,19

demonstrated statistical significance as a covariate for
voclosporin oral clearance and was included in the final
covariate model. Given the lipophilicity of voclosporin it
is possible that the Mosteller BSA provides additional
information regarding body composition although this
requires further study.20 Ultimately, as BSA increased,
CL/F also increased suggesting that BSA based dosing
might provide an opportunity to improve dosing strategies
to optimize clinical outcomes.

Finally, serum triglycerides were identified as a
covariate for S0. As triglycerides have been positively
correlated with cyclosporine clearance,16 triglycerides
were initially included as a covariate for voclosporin CL/F
in this analysis, but were removed during the covariate
selection process. The association between triglycerides
and CNa has been previously demonstrated. For example,
mice lacking calcineurin ab develop metabolic compli-
cations including elevations of serum triglycerides.21 It
could therefore be anticipated that as CNa is suppressed,
serum triglycerides would then rise. However, in this
study as serum triglycerides increased, the baseline CNa
(S0) also increased suggesting less immunosuppression. If

Figure 2. Predicted versus observed concentrations (left panel) and (right panel) calcineurin activity for individual parameters (time point of individual
observations denoted by color; line represents unity).
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drug clearance increased with increasing serum triglycer-
ides, then less immunosuppression would be anticipated.
However, this analysis did not demonstrate an effect of
triglycerides on voclosporin clearance. Previously, it has
been observed in a Phase 2a switch study that voclosporin
does not induce a rise in serum triglycerides such as that
normally observed with cyclosporine (ISA00‐16 data)
suggesting a different effect on triglycerides than
cyclosporine.22

This study also explored the potential of using CNa as a
biomarker to guide voclosporin dosing. In this study CNa0
was stratified by the clinical outcomes of biopsy proven
acute rejection (BPAR), NODAT and an OPTIMAL
category which was defined as a lack of either BPAR or
NODAT. CNa0 levels above 1.2 pmol/min/mg was
associated with an increase in BPAR in this study
(Figure 3 [unpublished data]). From this analysis optimal
CNa0 targets were constructed based on the 95% CI and
then utilized to evaluate the dose simulations.

Phase 3 and Clinical Dose Recommendations in Renal
Transplantation
In renal transplantation, rejection can occur very quickly in
the de novo period in the absence of satisfactory
calcineurin inhibition. Clinically, diabetogenesis requires
a longer period of sustained over‐immunosuppression.
Thus, clinically it is advantageous to achieve therapeutic

immunosuppression quickly while any overdose can easily
be titrated downwards. The dosage simulations explored
which dose strategies are likely tomaximize the percentage
of target trough concentrations and/or CNa0 activities
achieved after repeated dosing up to day 5 post‐transplant.
For a trough concentration‐guided strategy, a dose of
30mg/m2 administered twice daily achieved the highest
percentage (59.7%) of trough levels within the target of
35–60 ng/mL. For a CNa0 based dosing by BSA 40mg/m2

administered twice daily achieved the highest percentage
(75%) of CNa0 activity within the target range of 0.9–
1.2 pmol/min/mg. Given the PK and PD variability
demonstrated by voclosporin it is clear that targeted
therapy with either a PK or PD marker must be used. A
30mg/m2 dose administered twice daily could be utilized
in the planned Phase 3 protocol combined with TDM.
Clinically, this population PKPD analysis also identified
age, BSA, and triglycerides as covariates which can
influence the PK and PD of voclosporin. Clinically, these
covariates can be assessed allowing for the calculation
of an individualized starting dose to be followed by
concentration or calcineurin targeted therapy.

Conclusions
Previous analysis demonstrated that ideal voclosporin
dosing in transplantation should aim to achieve trough
concentrations above 35 ng/mL by day 5 but below
60 ng/mL to minimize the risk of NODAT. Alternately,

Table 3. Predicted Percentage of Patients Achieving Target Therapeutic
Trough Concentration and Calcineurin Ranges After Dosing for 5 Days
Based on Simulation of 1,000 Renal Allograft Patients

Dose
basis

Dosing
interval Dose

% in target therapeutic range

Concentration
35–60 ng/mL

CNa
0.9–1.2 pmol/min/mg

BSA q12h 30mg/m2 59.7 62.9
40mg/m2 54.0 75.4
50mg/m2 32.3 59.4

q24h 60mg/m2 24.2 45.2
80mg/m2 3.2 22.2
100mg/m2 1.6 6.3

BW q12h 0.6mg/kg 37.1 59.7
0.8mg/kg 44.4 69.8
1.0mg/kg 51.6 58.1

q24h 1.2mg/kg 43.5 51.6
1.6mg/kg 9.5 52.4
2.0mg/kg 8.1 25.8

MG q12h 50mg 41.3 69.4
60mg 57.1 67.3
70mg 54.8 59.7

q24h 100mg 32.3 66.1
120mg 22.2 39.7
140mg 8.1 33.9

The three dosing strategies simulated were body surface area (BSA)‐based,
total body weight (BW)‐based, and fixed (MG) dose at varying doses based on
twice daily (q12h) or once daily (q24h) dosing.

Figure 3. Mean (�95% confidence interval) pre‐dose calcineurin
activity (CNa) in renal transplant patients stratified by clinical
outcomes defined as BPAR (biopsy‐proven acute rejection), NODAT
(new onset diabetes mellitus after transplantation), andOptimal (absence
of BPAR or NODAT). TAC, tacrolimus; VCS, voclosporin.
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CNa0 should within the 0.9–1.2 pmol/min/mg range to
ensure sufficient immunosuppression to minimize BPAR
and NODAT. This analysis demonstrated clinically
relevant covariates to facilitate the dosing of voclosporin
to achieve optimal concentrations. According to the
model‐based simulations, initial doses designed to
maximize the number of patients achieving Day 5 trough
concentrations >35 ng/mL was 30mg/m2 administered
twice daily, and to achieve CNa0 of 0.9–1.2 pmol/min/mg
was 40mg/m2 administered twice daily.
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