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Background: Voclosporin, a more potent derivative of cyclosporine, has been studied
extensively in patients with immunologic disorders such as psoriasis, organ transplantation,
uvetitis and lupus nephritis. Although better tolerated and safer than cyclosporine, voclos-
porin is inferior to cyclosporine in treating psoriasis, non-inferior to tacrolimus in organ
transplantation and efficacious in treating lupus nephritis.

Methods: The pharmacokinetic dispositions of voclosporin and cyclosporine in central and
peripheral compartments were analyzed and correlated with their distinct clinical efficacy and
safety profiles.

Results: Both drugs demonstrated non-linear pharmacokinetics with increasing doses, more
prominently at lower doses of voclosporin than at 10-fold higher doses of cyclosporine.
Repeated lower dosing of voclosporin produced preferential calcineurin inhibition in and
near blood circulation, leading to relatively lower cardiovascular and renal adverse effects
but inferior efficacy for psoriasis compared to cyclosporine. With 10-fold higher plasma
levels and deeper tissue penetration, cyclosporine has more prevalent renal and cardiac
toxicities but superior efficacy to treat psoriasis.

Conclusion: Although the two drugs are similar in structure and mechanism of action, the
high potency and low dose compounded by the non-linear disposition of voclosporin resulted
in more systemic versus local calcineurin inhibition than with cyclosporine. The dispositional
difference between voclosporin and cyclosporine accounted for the puzzling efficacy and
safety observations in different patients and was the basis for their optimal and differential
use in treating diverse immunologic disorders.
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Introduction

Cyclosporine, a calcineurin inhibitor (CNI) that binds to intracellular cyclophilins form-
ing a complex, which then binds to intracellular calcineurin, leading to the inhibition of
its activity and subsequent T-cell activation, has been the cornerstone treatment for
patients receiving organ transplants since its introduction in the 1980s. In addition,
cyclosporine has been shown to be active in the treatment of psoriasis, theumatoid
arthritis and other immunologic disorders of endogenous uveitis, Sjogren’s syndrome,
myasthenia gravis and Crohn’s disease. Although its clinical use in these different
autoimmune diseases has been significantly reduced owing to its nephrotoxicity and
the availability of newer disease-modifying anti-rheumatic drugs, cyclosporine is still an
important drug.'
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In an effort to find the next generation of CNIs with optimal
immunosuppression and reduced nephrotoxicity, voclosporin,
an analogue of cyclosporine with a methyl group addition to
the aminoacid-1 residue (Figure 1), has been synthesized and
studied in over 2000 patients with diverse immunologic con-
ditions of psoriasis, organ transplantation, uveitis and lupus
nephritis, with fascinating and enigmatic results. Voclosporin
was designed to have enhanced action against calcineurin and
greater metabolic stability than cyclosporine, which has
a metabolic soft spot at the aminoacid-1 position.? In vitro
data showed that voclosporin has at least five-fold lower ICs
values on lymphocyte proliferation, T-cell cytokine production
and expression of all T-cell activation surface antigens.’ Given
the high in vitro potency against calcineurin, it was unexpected
that voclosporin was inferior to cyclosporine (35% vs 53% in
clear or almost clear static physician’s global assessment
[SPGA] score at week 12) in the phase I1I trial for the treatment
of psoriasis.>* This raised a question on the effectiveness of
voclosporin’s engagement of calcineurin in vivo. In
a subsequent phase I trial in patients with kidney transplanta-
tion, voclosporin was shown to be non-inferior to tacrolimus,
consistent with its sufficient systemic calcineurin inhibition.?
Furthermore, voclosporin was shown to be active in patients
with active sight-threatening, non-infectious intermediate-,
anterior and intermediate-, posterior- or pan-uveitis.®
However, it did not differentiate from placebo with activity in
patients with clinically quiescent sight-threatening, non-

infectious intermediate-, anterior and intermediate-, posterior-

or pan-uveitis. In all these patients with immunologic disor-
ders, voclosporin was demonstrated with better tolerability and
lack of nephrotoxicity. As of November 2016, voclosporin has
been shown to effect complete and partial responses in
a statistically significant manner in a phase II trial and has
been demonstrated to be highly effective for the treatment of
lupus nephritis.”®

Consistent with its higher potency than cyclosporine,
voclosporin has been administered at much lower doses:
20-40 mg once daily compared to 200600 mg once daily
for cyclosporine. Both cyclosporine and voclosporin demon-
strated less than dose-proportional non-linear increase in expo-
sure with increasing doses, and the non-linear exposure was
more pronounced for voclosporin at low doses of 17.5-28 mg
in a typical 70 kg subject compared to cyclosporine at higher
dose levels from 300 to 1400 mg.”'® As such, the aim of this
analysis was to determine the difference in pharmacokinetic
(PK) disposition of cyclosporine versus voclosporin from their
clinical PK profiles following oral administration, and to cor-
relate the distinct dispositions in central and peripheral com-
partments with their respective efficacy and adverse effect
(AE) profiles in clinics.

Methods
Cyclosporine and Voclosporin Plasma

Concentration—Time Data
There is a large body of PK data on cyclosporine and
voclosporin, in both healthy subjects and patients with
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Figure | Chemical structures of (A) voclosporin and (B) cyclosporine.
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diverse immunologic disorders, in the literature. Although
the pharmacokinetics in patients would be more relevant,
multiple intrinsic and extrinsic factors that influence their
calcineurin binding and resultant highly variable PK dis-
position within narrow but distinct dose ranges of both
drugs make it difficult to make a meaningful comparison
without individual patient-level PK data. On the other
hand, both drugs have been studied extensively in healthy
subjects over a wide range of doses, with good-quality
reporting of detailed plasma concentration—time profiles.
Thus, a consistent and in-depth comparison was possible
and conducted herein based on PK data of both cyclos-
porine and voclosporin obtained from healthy subjects.
Plasma cyclosporine and voclosporin concentration—time
data in healthy subjects were obtained from six manu-
scripts. The PK data of voclosporin included the single
ascending doses from 0.25 to 4.5 mg/kg,'® multiple doses
of 0.4 mg/kg in an organ impairment study and a control
cohort in a drug—drug interaction study.'":'? The PK data
for cyclosporine included PK studies of single doses of
cyclosporine in healthy Caucasians (350, 700 and
1400 mg)® and drug—drug interaction studies with cyclos-
porine dosed at 300 and 400 mg.'>"?

All of the manuscripts were either obtained in digital pdf
format or scanned from paper copies into pdf formatted files.
The electronic plasma concentration—time profiles were then
digitized using UN-SCAN-IT Graph Digitizing Software
version 6.0 (Silk Scientific, Orem, UT, USA) to obtain the
plasma concentration and time data.

Non-Compartmental PK Analyses

Plasma concentration—time data for cyclosporine or voclos-
porin were analyzed using non-compartmental PK metho-
dology with Phoenix WinNonlin version 7.3 (CERTARA,
Princeton, NJ, USA). Typical PK parameters of the area
under the plasma concentration—time curve (AUC), maxi-
mum observed plasma concentration (C,,,«), apparent total
volume of distribution during the terminal phase (V/F) and
apparent total plasma clearance (CL/F) were estimated based
on the standard non-parametric methodology in WinNonlin.

Compartmental PK Analyses

Compartmental model PK analyses were performed in
NONMEM, version 7.2 (ICON Development Solutions,
MD, USA). Concentration data were transformed by nat-
ural logarithm (In) prior to compartmental modeling. The
concentration—time profiles were visually inspected for
Based on visual

mono-, or bi-exponential decline.

inspection, the starting point was a one-compartment
structural PK model with first-order elimination and dis-
tribution (using ADVAN2, TRANS2 routine). Various
alternative models were tested to identify the structural
model that best described the data. A two-compartment
structure PK model (using ADVAN4 and TRANS4 rou-
tine) was selected for both compounds based on the objec-
tive function value (OFV) using the log-likelihood ratio
test and the goodness-of-fit criteria. The final structure PK

model was parameterized in terms of:

¢ absorption lag time in healthy subjects (71,g)

e first-order absorption rate constant (Ku)

e apparent volume of distribution for the central com-
partment (V,/F)

e apparent volume of distribution for the peripheral
compartment (V3/F)

e apparent intercompartmental clearance between the
central compartment and the peripheral compartment
in healthy subjects (Q/F)

e apparent clearance in healthy subjects (CL/F).

In addition, micro-constants describing the distribution
rates between the central and peripheral compartments (k»3:
the rate constant from the central compartment to the per-
ipheral compartment defined as Q/V5; ks;: the rate constant
from the peripheral compartment to the central compart-
ment defined as O/V3) and the elimination rate (k: the
elimination rate constant from the central compartment
defined as CL/V,) were calculated and compared between
voclosporin and cyclosporine.

Comparison of structural models was based on the OFV
and goodness-of-fit criteria. A value of p<0.001, representing
a decrease in OFV of >10.83, was considered statistically
significant. Selection criteria during the model development
process were based on goodness-of-fit plots, including the
weighted residuals versus time plot, weighted residuals versus
population predicted concentrations plot, population predicted
concentration versus observed concentrations plot and indivi-
dual predicted concentration versus observed concentrations
plot, changes in the OFV, residual distributions, and parameter
estimates and their relative SE values.

Efficacy and Safety Comparison Between

Voclosporin and Cyclosporine
The efficacy and safety data of voclosporin were compiled
based on a phase II study in patients with renal transplantation”
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and a phase III study in patients with psoriasis.'* The efficacy
and safety data of cyclosporine in patients with renal trans-
plantation or psoriasis were extracted from the product label of
Sandimmune® and published reviews.'® Of note, the efficacy
of voclosporin in kidney transplants cannot be directly com-
pared to cyclosporine owing to a lack of clinical trial data with
head-to-head comparison or similar comparator arms. An
indirect comparison was made since voclosporin was studied
relative to tacrolimus in a head-to-head comparison trial in
patients with kidney transplantation in the context of cumula-
tive data on cyclosporine and tacrolimus use in treating
patients with kidney transplantation. The efficacy of voclos-
porin and cyclosporine in psoriasis patients was compared
based on the same efficacy endpoint of PASI 75 (the psoriasis
area and severity index) at 12 weeks. The safety of voclosporin
and cyclosporine was compared based on the adverse events in
>3% or 5% in comparable kidney transplant or psoriasis

patients receiving either voclosporin or cyclosporine.
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Results

Single-Dose Pharmacokinetic Disposition of
Voclosporin versus Cyclosporine at
Comparable Doses of 4.5 mg/kg and
300—400 mg, Respectively, in Healthy

Subjects

The plasma concentration—time profiles of cyclosporine
and voclosporin following oral administration of compar-
able doses in the range of 300-400 mg in healthy subjects
are shown in Figure 2. The PK data were subjected to non-
compartmental and two-compartmental analyses, and the
results are summarized in Table 1.

As shown in Figure 2 and Table 1, at similar nominal
dose ranges between 300 and 400 mg, voclosporin and
cyclosporine had similar plasma exposure profiles and
comparable dispositional PK parameters from both non-

compartmental and two-compartmental analyses. It was
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Figure 2 Pharmacokinetic profiles of cyclosporine (300 mg and 400 mg) versus voclosporin (4.5 mg/kg). (A) Linear scale; (B) semi-log scale.
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noted that both drugs showed a slightly larger peripheral
volume of distribution than central volume of distribution,
with a V3/V, ratio of 1.12-1.68. Both drugs also showed
a comparable slower distributional clearance than elimina-
tion clearance, with a O/CL ratio of 0.36-0.43. As a result,
both drugs were cleared out of the circulation much more
rapidly than they were distributed into peripheral tissues
(ka3 of 0.065-0.09 h™' vs ke of 0.178-0.21 h™"). In addi-
tion, once bound to targets in peripheral tissue, both drugs
showed a slightly faster rate of association/penetration
versus disassociation/back from tissues tothe blood circu-
lation (k3 of 0.065-0.09 h™' vs k3, of 0.05-0.06 h™").
Taking these results together, both drugs showed disposi-
tion preference in the central circulating system, instead of
distributing into deeper tissues/organs at the nominal dose

Table | Pharmacokinetic Parameter Estimates for Cyclosporine
and Voclosporin at Comparable Doses (300—400 mg)

PK Parameters Cyclosporine Cyclosporine Voclosporin
(300 mg)* (400 mg)® (4.5 mglkg)®
in 75-kg
Subject
Non-compartmental Analysis
AUC (ng/mL*h) 7043 7825 7693.6
Cinax (ng/mL) 1340 1504 955.5
CL/F (L/h) 419 48.8 42
VIF (L/kg) 16
Compartmental Analysis
Ka (1/h) 278 1.53 1.09
VoiF (L) 185 236 241.5
VilF (L) 240 397 271.5
Q/F (L/h) 14.6 207 15.6
CLIF (L/h) 36.8 48.5 43.05
Tiag (h) 0.45 0.40
V3lV, 1.30 1.68 1.12
Q/cL 0.40 0.43 0.36
ka3 0.08 0.09 0.065
k3z 0.06 0.05 0.057
ke 0.20 0.21 0.178

Notes: *Data collected from reference'?; data collected from reference'?; “data
collected from reference.'®

Abbreviations: AUC, area under the plasma concentration-time curve; CL/F
apparent total plasma clearance when dosed orally; Cyay maximum observed
plasma concentration; k,3, rate constant from the central compartment to the
peripheral compartment; ks, rate constant from the peripheral compartment to
the central compartment; Ka, absorption rate constant; ke, elimination rate con-
stant from the central compartment; Q/F, apparent inter-compartmental clearance
between the central compartment and the peripheral compartment; Q/CL, ratio
between the apparent inter-compartmental clearance and apparent plasma clear-
ance; T,ag, absorption lag time; V,/F, apparent volume of distribution for the central
compartment; V3/F, apparent volume of distribution for the peripheral compart-
ment; V3/V5, volume distribution ratio between the peripheral compartment and the
central compartment; V/F, apparent total volume of distribution when dosed orally.

range of 300400 mg, which is the top end of doses for
voclosporin and low end of doses for cyclosporine.

Dose-Dependent Single-Dose

Disposition of Voclosporin versus
Cyclosporine

The single-dose plasma concentration—time profiles of
voclosporin and cyclosporine by dose level are shown in
Figures 3 and 4, respectively. The PK parameters of
voclosporin and cyclosporine by dose level from non-
compartmental and two-compartmental analyses were
summarized in Table 2.

As shown in Figures 3 and 4 and Table 2, voclosporin
demonstrated strong non-linearity in its PK disposition
from 0.25 to 4.5 mg/kg. While the V/F from the non-
compartmental analysis, and the rate of absorption (k,),
central and peripheral volumes (V,/F and V3/F) from
compartmental analyses were generally comparable from
low to high doses, there were a strong trend towards
decreasing clearance (both distribution and elimination)
with increasing doses. The distribution clearance
decreased from approximately 1 L/h/kg (74.2 L/h) to 0.2
L/h/kg (14.6 L/h) while elimination clearance decreased
from approximately 1.7 L/h/kg (118.3 L/h) to 0.6 L/h/kg
(40.2 L/h), with the resultant Q/CL ratio decreasing from
0.63 to 0.36. The decreasing distribution clearance with
increasing dose suggested target-mediated disposition with
a saturation of target binding for voclosporin. In contrast,
the degree of non-linearity in cyclosporine disposition
from 300 mg to 1400 mg was much less and mild
(Figure 4 and Table 2). Although the distribution and
elimination clearance of cyclosporine appeared to increase
with dose (Table 2), the increased clearance at doses above
300 mg was caused by the introduction of a new formula-
tion. Note that the apparent clearance and volume of dis-
tribution were approximately 30-40% larger based on
studies using the older cyclosporine formulation than
those obtained based on studies using the new cyclospor-
ine formulation, consistent with the improvement of
around 40% in oral bioavailability by the new formulation,
which has been widely adopted since its introduction. The
formulation-adjusted distribution and elimination clear-
ance (multiplication of apparent clearance of Q/F or CL/
F by relative bioavailability of 40%) also appeared to
decrease with increasing doses, but the changes in the
overall rates of distribution and elimination were not as
significant as those of voclosporin.
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Figure 3 Pharmacokinetic profiles of single doses of voclosporin. (A) Linear scale; (B) semi-log scale.

Repeated-Dose Disposition of Voclosporin

and Cyclosporine

The repeated-dose plasma concentration—time profiles of
voclosporin are shown in Figure 5. The PK parameters of
voclosporin by non-compartmental and two-compartmental
analyses are presented in Table 3.

Upon repeated dosing, the peripheral volume of distribu-
tion for voclosporin increased from 167 L on day 1 to 502
L on day 10, while there was a little or no change in the
central volume of distribution and elimination clearance. The
resultant ratio of V3/V, increased from 1.4 on day 1 to 4.0 at
steadystate. The increase in peripheral volume of distribution
suggested either a stronger peripheral binding of voclosporin
and/or deeper tissue penetration of voclosporin with repeated
dosing. While a similar phenomenon may happen with
repeated dosing of cyclosporine, a thorough literature search
did not yield any repeated-dose study of cyclosporine in
healthy subjects. However, cyclosporine PK disposition has
been shown to change upon repeated dosing in patients with

stem cell transplant and liver transplant, consistent with
either or a combination of a change in hematocrit, calcineurin
expression associated with specific immunologic disorder
and deeper penetration of cyclosporine with repeated
dosing.'®'® The last one of these may be the reason for
delayed AEs observed in patients who received long-term
cyclosporine treatment.

Efficacy and Safety Comparison Between

Voclosporin and Cyclosporine

A renal transplantation study of voclosporin was con-
ducted in a phase IIb trial, PROMISE,’® a 6-month, multi-
center, randomized, open-label study of three ascending
concentration-controlled groups of voclosporin (low, med-
ium and high trough concentrations of voclosporin) com-
pared to tacrolimus (TAC) in 334 low-risk renal transplant
recipients. Voclosporin was shown to be non-inferior to
tacrolimus on the primary endpoint of biopsy-proven acute
rejection rates (10.7%, 9.1% and 2.3%, for low, medium
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Figure 4 Pharmacokinetic profiles of single doses of cyclosporine. (A) Linear scale; (B) semi-log scale.

and high trough concentration groups of voclosporin,
respectively, vs 5.8% for TAC) and on the secondary end-
point of renal function and new-onset diabetes after trans-
plantation (1.6%, 5.7% and 17.7%, for low, medium and
high trough concentration groups of voclosporin, respec-
tively, vs 16.4% for TAC). Given that both tacrolimus and
cyclosporine have been widely used in patients with kid-
ney transplant and were shown to be similarly effective in
preventing organ rejection,'® the non-inferiority of voclos-
porin relative to tacrolimus may reasonably be extrapo-
lated to suggest non-inferiority of voclosporin relative to
cyclosporine in the kidney transplant patients.

The efficacy of voclosporin was studied in a phase III
trial with 451 patients aged 18-65 years with plaque
psoriasis involving at least 10% of the body surface
area.'* The psoriasis patients were randomly assigned in
equal proportions to receive placebo or voclosporin at 0.2,
0.3 or 0.4 mg/kg orally twice a day in dermatology clinics.
The primary endpoint was a 75% reduction in the psoriasis

area and severity index (PASI 75) score at week 12. At
week 12, PASI 75 scores were achieved by 16%, 25% and
47% of patients in the voclosporin 0.2, 0.3 and 0.4 mg/kg
groups, respectively, versus 4% of patients in the placebo
group. By contrast, cyclosporine showed a much higher
response rate in psoriasis patients, ie, at the standard doses
of 2.5-3 mg/kg up to 5 mg/kg daily for 12 weeks, cyclos-
porine achieved PASI 75 scores of 58-89.4%."°

The types and frequency of AEs of voclosporin and
cyclosporine in patients with renal transplants or psoriasis
by body system are compared in Tables 4 and 5, respectively.
As shown in Table 4, voclosporin had lower central nervous
system (CNS), gastrointestinal and hematologic AEs, com-
parable to the active control group of tacrolimus and similar
to those respective low AEs of cyclosporine in patients with
kidney transplant. In addition, voclosporin had no cardiovas-
cular AEs while up to 26% of transplant patients treated with
cyclosporine had hypertension. Cumulative clinical experi-
ence of cyclosporine and tacrolimus use in patients with

Clinical Pharmacology: Advances and Applications 2020:12
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kidney transplants showed that the cholesterol and triglycer-
ide levels in patients treated with cyclosporine were signifi-
cantly higher than in the tacrolimus group, and the side
effects of gingival hyperplasia and hirsutism were higher in
cyclosporine use, while no such AEs were observed in
voclosporin treatment.'® Given that voclosporin was demon-
strated to be non-inferior to tacrolimus in overall safety in the
PROMISE trial, the results further supported the between-
trial safety comparison that voclosporin had fewer cardiovas-
cular and hirsutism AEs than cyclosporine in kidney
transplant patients.

In patients with psoriasis, voclosporin had lower rates of
hypertension of 7-10%, comparable to placebo, while
cyclosporine had significantly higher rates of hypertension
at 25-28% (Table 5). In addition, voclosporin had low CNS,
gastrointestinal and hematologic AEs, comparable to pla-
cebo, in patients with psoriasis. By contrast, cyclosporine
appeared to have higher CNS and gastrointestinal AEs in
psoriasis patients.

Discussion
Cyclosporine, the first calcineurin inhibitor, has been widely
used in diverse populations of organ transplantation and an

array of immunologic disorders. The PK disposition of cyclos-
porine has been shown to be highly variable among subjects,*”
and significantly affected by extrinsic factors of dose and
formulation, as well as intrinsic factors of patient population,
such as hematocrit, CYP3A activities and baseline disease
characteristics, likely associated with altered and elevated
calcineurin expression under pathophysiologic conditions.?'
Likewise, voclosporin, the second-generation calcineurin
inhibitor, also demonstrated highly variable dispositional
characteristics in a diverse population of transplantation, uvei-
tis and psoriasis patients affected by similar extrinsic and
intrinsic factors to those driving cyclosporine disposition.
These vast confounding intrinsic and extrinsic factors made
it very difficult to compare the disposition of voclosporin with
cyclosporine in distinct target disease populations, except for
the healthy normal subjects employed during the exploratory
development of both drugs. In fact, the PK dispositional
characteristics of voclosporin and cyclosporine in healthy
subjects were consistent and reproducible among studies by
different investigators conducted for a variety of objectives on
different occasions (Tables 1-3). The close examination of PK
dispositions of the two drugs in healthy subjects yielded
profound insights into their similar but distinct pharmacology,

Table 2 Pharmacokinetic Parameters of Single Doses of Voclosporin and Cyclosporine

Voclosporin Cyclosporine
0.25 mglkg | 0.5 mg/kg | 1.5 mglkg | 3 mglkg | 4.5 mglkg | 300 mg® | 350 mg® | 400 mg® | 700 mg® 1400 mg*©
Non-compartmental Analysis
Crnax (ng/mL) 32 77 459 8749 955.5 7043 1430 7825 1559 2279
AUC (ng/mL*h) 142.9 354.4 2166.5 5079.6 7693.6 1340 7727 1504 9241 20,476
CLIF (L/h) 157.5 112.5 60 45 45 41.9 41.8 48.8 929 66.2
VIF (L) 11325 1252.5 1207.5 1125 1200 455 1190 1739
Compartmental Analysis
Ka (1/h) 0.91 0.86 0.69 0.8l 1.09 278 0.63 1.53 0.58 0.37
VolF (L) 256 197 93 154 225 185 148 236 221 295
Vi/F (L) 390 316 228 265 253 240 234 397 428 539
Q/F (L/h) 742 57 18.1 19 14.6 14.6 257 20.7 38.6 323
CLIF (L/h) 1183 96.6 439 412 40.2 36.8 62 48.5 82 71.6
ViV, 1.52 1.60 2.45 1.72 1.12 1.30 1.58 1.68 1.94 1.83
QicL 0.63 0.59 0.41 0.46 0.36 0.40 0.41 0.43 0.47 0.45
ka3 0.29 0.29 0.19 0.12 0.06 0.08 0.17 0.09 0.17 0.11
k3a 0.19 0.18 0.08 0.07 0.06 0.06 0.11 0.05 0.09 0.06
kel 0.46 0.49 0.47 0.27 0.18 0.20 0.42 0.21 0.37 0.24

Notes: *Data collected from reference'® in a 70-kg subject; bdata collected from reference'z; “data collected from reference’ as a drinking solution; ddata collected from
reference.'?

Abbreviations: AUC, area under the plasma concentration—time curve; CL/F, apparent total plasma clearance when dosed orally; Cp,., maximum observed plasma
concentration; kp3, rate constant from the central compartment to the peripheral compartment; k3,, rate constant from the peripheral compartment to the central
compartment; Ka, absorption rate constant; kg, elimination rate constant from the central compartment; Q/F, apparent inter-compartmental clearance between the central
compartment and the peripheral compartment; Q/CL, ratio between the apparent inter-compartmental clearance and apparent plasma clearance; Ty, absorption lag time; V,
IF, apparent volume of distribution for the central compartment; V3/F, apparent volume of distribution for the peripheral compartment; V3/V,, volume distribution ratio
between the peripheral compartment and the central compartment; V/F, apparent total volume of distribution when dosed orally.
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Figure 5 Pharmacokinetic profiles of single and multiple doses of voclosporin. (A) Linear scale; (B) semi-log scale.

together with their different pharmacologic activities in vitro,
providing a good account of the “controversial” and “conflict-
ing” clinical efficacy and adverse effect findings in clinical
trials and the anecdotal use of both drugs in diverse
populations.

While both drugs had similar chemical structure and
identical mechanism of action, voclosporin was much
more potent than cyclosporine, and was shown to effec-
tively inhibit calcineurin in ex vivo blood assays with at
least four-fold lower concentrations.” For diseases with
calcineurin targets close to blood and within reach by the
immediate blood circulation, a direct translation of in vitro
higher calcineurin inhibition potency resulting in a dose
reduction for voclosporin would be expected. As such,
voclosporin was demonstrated in a controlled clinical trial
to be non-inferior to tacrolimus in preventing rejection of
kidney transplants at much lower trough concentrations of
20-40 ng/mL compared to a trough concentration of 85 ng/
mL tacrolimus, which showed comparable in vitro potency,

or an equivalent of trough concentration of around 360 ng/
mL cyclosporine in similar de novo renal transplant
patients. The more potent calcineurin inhibition by voclos-
porin in blood was also confirmed by pharmacokinetic/
pharmacodynamic (PK/PD) analyses.**

Because of its lower potency, the typical clinical doses of
cyclosporine are from approximatelyl80 mg in de novo
patients with rheumatoid arthritis to 600 mg twice daily in
patients with de novo renal transplants, given in two equally
divided doses. In comparison, the typical doses of voclos-
porin were 0.2-0.4 mg/kg (or 14-28 mg in a 70-kg subject) in
psoriasis,'* uveitis®® and lupus nephritis.”**~* Although both
drugs showed disposition preference in the central circulating
system, instead of distributing into deeper tissues and organs,
the more than 10-fold difference in the daily doses between
cyclosporine and voclosporin generated more than 10-fold
difference in plasma drug concentrations. By mass balance,
the 10-fold higher absolute molar concentration of cyclos-
porine was expected to exert a 10-fold stronger concentration
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Table 3 Pharmacokinetic (PK) Parameters of Single and Multiple
Doses of Voclosporin®

75-kg Subject PK from Day | PK from Day 10

Non-compartmental Analysis

Crrax (ng/mL) 122 142
AUC (ng/mL¥h) 445 576
CLIF (L/hr/kg) 1.0 0.3

VIF (Ukg) 12.3 14.7

Compartmental Analysis

Ka (1/h) 1.07 1.07
VolF (L) 1163 124.5
V3l (L) 167.3 502.5
QIF (L) 4238 46.6

CLIF (L) 68.7 65.6

Tag () 0.458 0.458
ViV, 1.439 4.036
QrcL 0.623 0710
ka3 0.368 0.374
ks 0.256 0.093
kel 0.591 0.527

Note: *Data collected from reference.'?

Abbreviations: AUC, area under the plasma concentration-time curve; CL/F
apparent total plasma clearance when dosed orally; C.x maximum observed
plasma concentration; kp3, rate constant from the central compartment to the
peripheral compartment; ks,, rate constant from the peripheral compartment to
the central compartment; Ka, absorption rate constant; ke, elimination rate con-
stant from the central compartment; Q/F apparent inter-compartmental clearance
between the central compartment and the peripheral compartment; Q/CL, ratio
between the apparent inter-compartmental clearance and apparent plasma clear-
ance; Ti,g, absorption lag time; V,/F, apparent volume of distribution for the central
compartment; V3/F, apparent volume of distribution for the peripheral compart-
ment; V3/V5, volume distribution ratio between the peripheral compartment and the
central compartment; V/F, apparent total volume of distribution when dosed orally.

gradient, driving cyclosporine to more organs and deeper into
the tissues of these organs. Thus, it is not a surprise that
cyclosporine generally has larger numbers of and sometimes
more severe adverse effects than voclosporin. In the past 20
years, voclosporin has been administered to over 2000
patients with psoriasis, uveitis, renal transplantation and
lupus nephritis, and proven to be safe and better tolerated
than cyclosporine and similar to tacrolimus. No significant
changes in mean systolic or diastolic blood pressure were

reported in voclosporin-treated patients,>®!'42*

while hyper-
tension was a common adverse effect reported in 13% of
renal transplant patients. The overall AE profiles in patients
with uveitis were comparable to placebo.** In the de novo
renal transplantation patients,” voclosporin appeared to offer
benefit over tacrolimus and the incidence of new-onset dia-
betes after transplantation was significantly lower at 6
months post-transplantation in the low-voclosporin treatment

group compared to the tacrolimus treatment group (1.6% vs

16.4%, respectively, p=0.031), and numerically lower with
the mid-group (5.7%). Hyperlipidemia has been a major
concern with the use of calcineurin inhibitors in psoriasis.
In the psoriasis phase III study, no differences in mean lipid
concentrations were noted between the voclosporin-treated
and placebo-treated patients. By contrast, in a meta-analysis
of cyclosporine treatment for psoriasis, 2% and 18% of
patients given 1.25 mg/kg and 5.0 mg/kg, respectively, had
a 10% increase in total cholesterol concentrations. In addi-
tion, 4% and 26% of patients given cyclosporine at 1.25 mg/
kg and 5.0 mg/kg, respectively, had a 30% increase in con-
centrations of triglycerides.'* Most notably, at the
0.2-0.4 mg/kg dose ranges of voclosporin, no overt renal
adverse effects were observed in over 2000 patients with
diverse immunologic disorders. Also consistent with the
low dose and lower concentration gradient, voclosporin
would be expected to poorly penetrate the epidermis of skin
and thus be less efficacious in treating psoriasis, an immu-
nologic disorder occurring primarily in skin. In fact, voclos-
porin was shown to be statistically inferior to cyclosporine in
controlled trials, with 35% of patients compared to 53% of
patients in the cyclosporine control arm reaching a “clear” or
“almost clear” in SPGA on week 12.%* Furthermore, both the
percentage and higher degree of disease control improved
with continual dosing beyond 12 weeks for both cyclosporine
and voclosporin, in agreement with more complete calci-
neurin engagement with more drugs in the skin.

Although cyclosporine and voclosporin may even share
similar target-mediated disposition at the same nominal
doses, as demonstrated by the comparable PK parameters
at common doses of 300-400 mg (Table 1 and Figure 2),
the high potency and low doses of voclosporin in clinical
settings yielded distinct, more pronounced non-linear dis-
position, pointing to engagement of calcineurin targets in
tissues different from cyclosporine, with important phar-
macologic manifestations. The higher distribution clear-
ance of 1 L/h/kg at a lower voclosporin dose of 0.25 mg/
kg compared to 0.2 L/h/kg at the higher dose level of
4.5 mg/kg suggested preferential engagement of certain
calcineurin of high affinity and/or saturation of these cal-
cineurin targets of high affinity. Furthermore, repeated
dosing at the low doses of 0.4 mg/kg increased the per-
ipheral volume of distribution from 167 to 500 L, pointing
to a stronger association of voclosporin to certain calci-
neurin targets in deeper or hard-to-reach tissues/organs by
the immediate blood circulation, most likely different from
those that were close to the blood circulation and engaged
following immediate dosing. These strong non-linear
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Table 4 Types and Frequency of Adverse Events of Voclosporin and Cyclosporine in Patients with Renal Transplants, by Body System

Body System Adverse Reactions Cyclosporine Voclosporin
Study 1? Study 2* VCS Low VCS Medium VCS High
Genitourinary Renal dysfunction 32% 25%
Urinary tract infection 2.4% 1.3% 5.7%
Cardiovascular Hypertension 26% 13%
Cramps 4% 2%
Skin Hirsutism 21% 21%
Acne 6% 2%
Central nervous system Tremor 12% 21%
Convulsions 3% 1%
Headache 2% 2% 7.1% 7.8% 8.0%
Gastrointestinal Gum hyperplasia 4% 9%
Diarrhea 3% 3% 7.1% 10.4% 12.6%
Nausea/vomiting 2% 4% 13.1% 15.6% 14.9%
Hepatotoxicity <% 4%
Abdominal discomfort <% <1%
Constipation 8.3% 3.9% 6.9%
Autonomic nervous system Paresthesia 3% 1%
Flushing <1% 4%
Hematopoietic Leukopenia 2% <1%
Lymphoma <1% 1%
Anemia 9.5% 7.8% 12.6%
Respiratory Sinusitis <1% 4%
Miscellaneous Gynecomastia <% <1%
Peripheral edema 11.9% 11.7% 8.0%
Pyrexia 1.2% 3.9% 5.7%
Muscle spasms 1.2% 1.3% 6.9%
Paresthesia 2.4% 5.2% 1.1%
Tremor 11.9% 22.1% 13.8%
Insomnia 7.1% 10.4% 6.9%
Alopecia 1.2% 3.9% 2.3%
Abnormal hair growth 7.1% 7.8% 2.3%

Notes: *Study |: Randomized kidney patients’ study (N=227); Study 2: All Sandimmune® (cyclosporine) patients with kidney transplantation (N=705).
Abbreviations: VCS low, voclosporin trough concentrations of 20-30 ng/mL during months 0-3 and | 1-20 ng/mL during months 3—-6; VCS medium, voclosporin trough
concentrations of 35-50 ng/mL during months 0-3 and 21-30 ng/mL during months 3—6; VCS high, voclosporin trough concentrations of 60—-85 ng/mL during months 0-3

and 3140 ng/mL during months 3-6.

disposition behaviors associated with target-mediated dis-
positions at low doses of voclosporin conferred unique
benefit over cyclosporine in sparing tissues from untoward
toxicity. The absence of renal damage by voclosporin at
the low doses of 0.2-0.4 mg/kg in the large and diverse
populations of psoriasis, uveitis and renal transplantation
offer a unique window for its use in treating lupus nephri-
tis. While calcineurin inhibition by cyclosporine has been
shown to modulate the excessive immune responses that
cause organ injury, ie, lupus nephritis, it has proven

difficult to tip the delicate balance with a less potent
inhibitor that requires a much larger amount of mass to
easily cross the threshold to cause harm in renal and other
cells. The fact that the notorious and irreversible renal
damage by cyclosporine is also positively correlated with
the higher doses and longer duration of cyclosporine use
attests to the delicate balance of systemic immune mod-
ulation versus local tissue exposure and untoward
effects and toxicity. In comparison, the high potency and
preferential engagement of calcineurin targets in and near
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Table 5 Types and Frequency of Adverse Events of Voclosporin and Cyclosporine in Patients with Psoriasis, by Body System

Body System? Preferred Term Cyclosporine Voclosporin
Neoral® Sandimmune® | Placebo 0.2 mg/kg® 0.3 mglkg® 0.4 mglkg®
(N=182) (N=185) (n=115) (n=107) (n=113) (n=116)
Infection or potential infection Influenza-like symptoms 9.90% 8.10%
Upper respiratory tract 7.70% 11.30% 8% 11% 12% 10%
infections
Cardiovascular system Hypertension® 27.50% 25.40% 6% 7% 7% 10%
Increased blood pressure 4% 4% 4% 6%
Increased diastolic blood 0 1% 1% 3%
pressure
Increased systolic blood 0 0 0 <1%
pressure
Urinary system Increased creatinine 19.80% 15.70%
Reduced GFR 0 0 <% 6%
Central and peripheral nervous Headache 15.90% 14.00% 10% 17% 11% 22%
system
Paresthesia 7.10% 4.80%
Musculoskeletal system Arthralgia 6.00% 1.10% 5% 2% 3% 10%
Body as a whole—general Pain 4.40% 3.20%
Back pain 2% 5% 5% 6%
Metabolic and nutritional 9.30% 9.70%
Reproductive, female 8.50% 11.50%
Resistance mechanism 18.70% 21.10%
Skin and appendages 17.60% 15.10%
Hypertrichosis 6.60% 5.40%
Respiratory system Bronchospasm, coughing, 5.00% 4.90%
dyspnea, rhinitis
Nasopharyngitis 23% 25% 30% 22%
Upper respiratory tract 8% 11% 12% 10%
infections
Psychiatric 5.00% 3.80%
Gastrointestinal system Abdominal pain 2.70% 6.00%
Diarrhea 5.00% 5.90% 3% 2% 4% 10%
Dyspepsia 2.20% 3.20%
Gum hyperplasia 3.80% 6.00%
Nausea 5.50% 5.90%
Vomiting 3% 3% 2% 6%
White cell and RES 4.40% 2.70%
Any adverse event 79% 85% 80% 83%

Notes: *Total percentage of events within the system. bNewly occurring hypertension (systolic blood pressure 2160 mmHg and/or diastolic blood pressure 290 mmHg).

“Twice a day dosing.

the central circulation makes it a good option to treat
moderate systemic immune responses without causing
direct organ damage, eg, renal toxicity. To this end, the
positive phase II results with voclosporin in treating lupus

nephritis are a good prognostic signal for its well-balanced

pharmacology for the treatment of immunologic disorders
with strong central and systemic components while spar-
ing the notorious renal toxicity of cyclosporine. During the
preparation of the manuscript, voclosporin has been
demonstrated to be highly effective in treating lupus
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nephritis in phase III clinical studies; a positive benefit—
risk profile was observed in the AURORA trial, confirm-
ing the treatment effect seen in the AURA-LV trial when
comparing voclosporin 23.7 mg twice daily in combina-
tion with background standard of care versus standard of
care alone.®

In conclusion, the 10-fold difference in doses and non-
linear target-mediated disposition between voclosporin
and cyclosporinetogether with their 10-fold difference in
potency of calcineurin inhibition, is the key to unlocking
the enigmatic similarities and differences of the two drugs
in past clinical experience. The proper analyses of drug
disposition of voclosporin versus cyclosporine offered pro-
found insights into their differentiated pharmacology and
provided sound clinical pharmacologic and therapeutic
rationales for their differentiated use to treat distinct
immunologic disorders with varied involvement of sys-
temic versus local components of calcineurin expression
in different tissues.
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