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ABSTRACT
Introduction: Lupus nephritis (LN) is a severe manifestation of systemic lupus erythematosus. Standard- 
of-care immunosuppressive therapies achieve poor complete renal response (CRR) rates, with consider-
able toxicity. This article reviews voclosporin, a novel oral calcineurin inhibitor (CNI) approved for 
treatment in adults with active LN by the US Food and Drug Administration (the FDA) in January 2021.
Areas covered: This review summarizes the chemical properties, pharmacokinetics, and pharmacody-
namics of voclosporin, and its efficacy and safety in LN, based on literature review covering PubMed 
searches, manufacturers’ websites, and documents produced by the FDA.
Expert opinion: Voclosporin is a CNI with a consistent pharmacokinetic–pharmacodynamic relationship 
resulting from enhanced calcineurin binding and reduced drug and metabolite load. This profile 
permits therapeutic efficacy in LN at a dose associated with relatively low calcineurin inhibition, and 
therefore a potentially improved safety profile. Pivotal trials demonstrated a significant benefit of 
adding voclosporin to standard therapy, with rapid reduction in proteinuria, and a clinically meaningful 
and significantly higher CRR rate at 1 year. At approved doses for LN, potential advantages of 
voclosporin versus historical experience with CNIs include lack of need for therapeutic drug monitoring, 
benign metabolic, lipid and electrolyte profile, and no impact on mycophenolate mofetil levels.
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1. Introduction

Systemic lupus erythematosus (SLE) is a chronic inflammatory 
disease that can affect any organ, but often injures the kidney 
[1]. Lupus nephritis (LN) occurs in around 40% of patients with 
SLE, though incidence varies between different regions of the 
world and between different races and ethnicities, with Asian, 
Black, and Hispanic patients at higher risk than Whites [1,2]. In 
the USA, an estimated 50–60% of adults with SLE will develop 
LN during the first 10 years of disease [3]. Lupus nephritis is 
a major risk factor for morbidity and mortality in SLE; 10–30% 
of patients with LN develop end-stage kidney disease (ESKD), 
and presence of LN in patients with SLE reduces 10-year 
survival from 92% to 88% [2–4].

Clinical presentation of LN may be silent, characterized by 
urinary abnormalities (e.g. hematuria, mild proteinuria), or more 
overt, with nephrotic syndrome (heavy proteinuria [>3.5 g/24 h] 
and hypoalbuminemia [<3 g/dL], with edema and hyperlipide-
mia in most cases), acute nephritic syndrome, or progressive 
renal insufficiency [5–7]. Renal biopsy is important in the diag-
nosis of LN as it enables the histological classification (class I–VI) 
and evaluation of disease activity and chronicity that form the 
basis for treatment decisions [3,8].

The European League Against Rheumatism/European Renal 
Association–European Dialysis and Transplant Association 
(EULAR/ERA–EDTA) recommendations published in 2019 advo-
cate immunosuppressive treatment in active class III (with or 

without class V) or IV (with or without class V) LN, with or without 
coexisting histological chronicity; for pure class V LN, immuno-
suppression is recommended for patients with nephrotic-range 
proteinuria (>3.5 g/24 h) and in those with proteinuria >1 g/24 h 
despite the use of renin–angiotensin–aldosterone system block-
ers [6,9]. Treatment goals set by EULAR/ERA-EDTA are based on 
proteinuria, the best single predictor of long-term renal out-
come, with goals of ≥25% reduction in proteinuria by 3 months, 
≥50% reduction by 6 months, and a target of complete renal 
response (CRR), defined as proteinuria <0.5–0.7 g/24 h with near- 
normal glomerular filtration rate (GFR), by 12 months [9,10]. 
Treatment agents covered in the EULAR/ERA-EDTA recommen-
dations include mycophenolate mofetil (MMF), cyclophospha-
mide (CY), azathioprine (AZA), and glucocorticoids (GC), though 
their use is off-label [9].

Guidelines for management of glomerular disease pub-
lished in 2021 by Kidney Disease Improving Global 
Outcomes (KDIGO) include the management of LN; many of 
the recommendations are similar to the EULAR recommenda-
tions [11–13]. The KDIGO guidelines define CRR as proteinuria 
<0.5 g/g measured as urine protein-to-creatinine ratio (UPCR) 
from a 24-h urine collection and stabilization of estimated GFR 
(eGFR) to within 10–15% of baseline; the guidelines point out 
that the common criteria of response in LN are based on 
clinical thresholds and timelines that may be optimistic and 
suggest clinicians can reasonably allow 18–24 months to 
achieve CRR if patients are improving. Recommended initial 
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treatment for proliferative LN is GC plus low-dose intravenous 
CY or mycophenolic acid (MPA) analogs (MPAA); in patients 
with baseline eGFR ≥45 mL/min/1.73 m2, voclosporin can be 
added to MPAA and GC as initial therapy for 1 year [12].

The Asia-Pacific League of Associations for Rheumatology 
(APLAR) consensus statements on the management of SLE, 
published in 2021, were developed to guide health-care pro-
fessionals in the Asia-Pacific region, where factors such as 
infection risk and reduced tolerance of immunosuppressive 
medications influence therapeutic decisions among Asian 
patients [14]. Recommended initial treatment for class III, IV 
or class V (with significant proteinuria) LN is GC plus standard 
dose intravenous CY or MMF (with dose adjusted for body 
weight); low-dose intravenous CY or tacrolimus, in combina-
tion with GC, are second-line therapies.

Only 10–40% of patients achieve CRR with previously avail-
able standard-of-care therapeutic options (MMF or CY, both in 
combination with GC) [1,15–17]. Although risk of ESKD in 
patients with LN in developed countries declined from the 
1970s to the mid-1990s, at least in part due to the increased 
use of immunosuppressive treatments, the risk then pla-
teaued, before increasing in the late 2000s; 22% of contem-
porary patients with LN will develop ESKD within 15 years of 
diagnosis, with the rate rising to 44% in those with class IV LN 
[4]. In addition to the poor response rates, standard-of-care 
therapy, particularly the use of high-dose GC, is associated 
with high rates of adverse events (AEs) [18,19].

2. Overview of treatment options

With the limitations of previously available standard-of-care 
therapies, more recent approaches in LN have focused on 
combining new immunosuppressive agents with standard 
regimens and reducing GC exposure to reduce toxicity 
[12,19]. Two therapies have been approved for LN in the 
USA: belimumab, which is also approved in Europe, was 

approved by the US Food and Drug Administration (the FDA) 
in 2020 for patients with active LN receiving standard therapy; 
voclosporin was approved by the FDA in January 2021 for 
adults with active LN in combination with a background 
immunosuppressive regimen [20–23].

Belimumab is a human monoclonal antibody specific for 
B lymphocyte stimulator protein (also known as B-cell activat-
ing factor) [16]. Belimumab is indicated in the USA and Europe 
as add-on therapy for the treatment of adult patients with 
active LN [21,22]. Obinutuzumab is an investigational B-cell- 
targeting agent, a Type II anti-CD20 monoclonal antibody. 
Obinutuzumab showed activity in a Phase II study in prolif-
erative LN when added to standard therapies and is now in 
Phase III development (NCT04221477) [24].

The calcineurin inhibitors (CNIs) cyclosporine and tacroli-
mus have long been used in patients receiving organ trans-
plants and in autoimmune diseases despite a well- 
characterized safety profile that includes acute and chronic 
nephrotoxicity, hypertension, electrolyte disturbances (includ-
ing hyperkalemia and hypomagnesemia), dyslipidemia (parti-
cularly cyclosporine) and hyperglycemia/diabetes (tacrolimus). 
These toxicities relate to the effects of calcineurin inhibition 
outside of immunosuppression and may necessitate dosage 
reduction [25–31]. Cyclosporine and tacrolimus have been 
investigated as therapy in LN, mainly in Asian populations, in 
short-term studies with higher steroid doses [1,32–36]. 
A systematic review has found higher CRR rates with tacroli-
mus plus GC than CY plus GC, but no difference between 
tacrolimus plus GC and MMF plus GC; multitarget therapy 
with tacrolimus, MMF and GC was associated with higher 
CRR rate than CY plus GC [37]. The EULAR/ERA-EDTA 2019 
recommendations cite MMF plus CNI (tacrolimus) as 
a therapeutic option, but tacrolimus was not recommended 
at that time as a first-line treatment because of the lack of 
controlled data in non-Asian populations, and the need for 
longer-term studies [9]. The more recently published KDIGO 
guidelines reserve triple therapy with reduced-dose MPA, GC, 
and tacrolimus/cyclosporine for patients who cannot tolerate 
standard-dose MPA or are unfit for or will not use CY-based 
regimens [12]. Another limitation of tacrolimus and cyclospor-
ine (which require therapeutic drug monitoring) is that the 
optimal blood trough concentration in LN has not been estab-
lished; target tacrolimus concentrations used in studies in 
Asian populations have largely been chosen to avoid toxic 
effects and are based upon transplant literature [11,38].

Voclosporin is a novel CNI, approved by the US FDA for the 
treatment of adults with active LN in combination with back-
ground immunosuppressive therapy on the basis of large, 
global, multiethnic trials in which it was given in combination 
with MMF and low dose GC (Table 1) [18,20,39].

3. Introduction to voclosporin

3.1. Chemistry

The two legacy CNIs, cyclosporine and tacrolimus, have differ-
ent chemical structures, and their pharmacological effect, 
although similar, is mediated via different cytoplasmic recep-
tors: cyclosporine is a cyclic peptide that binds to cyclophilin, 

Article highlights

● Voclosporin is a novel calcineurin inhibitor (CNI), the first CNI to be 
approved in the USA for the treatment of adults with active lupus 
nephritis (LN).

● Voclosporin has a dual mechanism of action in LN: immunosuppres-
sive, via inhibition of T-cell activation, and antiproteinuric, via stabi-
lization of kidney podocytes.

● Potential advantages of voclosporin over traditional CNIs include 
a consistent, predictable pharmacokinetic–pharmacodynamic rela-
tionship that eliminates the need for therapeutic drug monitoring, 
and an improved lipid, glucose, and metabolic profile.

● The absence of pharmacokinetic interaction between voclosporin and 
mycophenolate mofetil (MMF) means they can be administered con-
comitantly, without MMF dosage adjustment and with no risk of 
mycophenolic acid analog-related side effects after voclosporin 
discontinuation.

● In clinical trials, addition of voclosporin to standard-of-care therapy 
(MMF plus glucocorticoids) improved complete renal response rate 
(CRR), with a rapid reduction in proteinuria (an outcome known to be 
associated with improved long-term outcomes).

● An adverse event associated with voclosporin is reduction in esti-
mated glomerular filtration rate, a known effect of CNIs that may be 
managed with dose modification.
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whereas tacrolimus is a macrocyclic lactone that binds to FK- 
binding protein 12 [27,40]. Voclosporin is an oral CNI with 
a cyclic undecapeptide structure that was developed through 
modification of cyclosporine, in an attempt to identify 
a compound with improved efficacy, metabolic stability, and 
safety [31,41]. The structural modification (addition of a single 
carbon extension to the amino acid-1 position) produces 
a molecule with high potency and a favorable metabolic 
profile [31], without the need for therapeutic drug monitoring. 
Voclosporin forms a heterodimeric complex with cyclophilin A, 
which binds to and inhibits calcineurin, a calcium-dependent 
phosphatase involved in cytokine production and activation of 
T-cells (Figure 1) [41]. X-ray crystallography suggests the side- 
chain modification at amino acid-1 in voclosporin alters the 
way in which the cyclophilin–voclosporin complex binds to 
a composite surface of catalytic and regulatory subunits in 
calcineurin (the ‘latch region’); this change in binding confers 
potent inhibition of calcineurin [41,42]. In addition, this mod-
ification on amino acid-1 shifts the primary site for voclosporin 
metabolism to the amino acid-9 position; the resulting IM9 
metabolite, which is about eightfold less potent than voclos-
porin, represents 16.7% of total drug-related exposure [43,44]. 
In contrast, cyclosporine is extensively metabolized to 
a variety of metabolites, notably AM1, which is produced in 
large amounts relative to IM9, and AM19; in transplant 
patients, concentrations of and total exposure to AM1 exceed 
or approximate to cyclosporine concentrations, and both AM1 
and AM19 have been associated with nephropathy (nephro-
toxicity) [44–49]. The low metabolite load associated with 
voclosporin would be expected to result in a low degree of 
competitive inhibition of the parent molecule by its less active 
metabolite [31].

3.2. Pharmacodynamics

Voclosporin is a CNI immunosuppressant. By inhibiting the 
activity of calcineurin, CNIs have two distinct activities in LN: 
immunomodulatory effects on T-cells and stabilization of the 
podocyte (Figure 1). In the T-cell, inhibition of calcineurin 
prevents the translocation of nuclear factor of activated 
T-cells (NFAT) to the nucleus with the subsequent reduction 
in the transcription of genes encoding inflammatory cytokines, 
resulting in the reduction of lymphocyte proliferation and 
T-cell mediated responses [27,40]. In the podocyte, the inhibi-
tion of calcineurin prevents the dephosphorylation of synap-
topodin, therefore maintaining the stabilizing function of the 
cytoskeleton and reducing proteinuria [40,50–53].

Voclosporin inhibits calcineurin in a dose-dependent man-
ner up to 1 mg/kg with little or no lag time between the time 
to maximum drug concentration and time to maximum calci-
neurin inhibition [20,54]. In vitro studies using blood from non- 
human primates have shown voclosporin to be a potent inhi-
bitor of diverse immune functions, including lymphocyte pro-
liferation, T-cell cytokine production, and T-cell surface 
antigen expression [55]. Similarly, voclosporin suppressed 
a range of T-cell functions in vivo in non-human primates 
[56]. Voclosporin was more potent than cyclosporine in these 
nonclinical studies [55,56].

In healthy human subjects, single ascending doses of 
voclosporin were associated with dose-dependent calci-
neurin inhibition, with maximal inhibition peaking at 
3.0 mg/kg; time to peak inhibition corresponded with Tmax 

(time to peak concentration) for whole blood concentration, 
with 1.5 and 3.0 mg/kg doses achieving 80% and 90% 
calcineurin inhibition, respectively [54]. Based on population 
pharmacokinetic-pharmacodynamic modeling, a strong cor-
relation was observed between voclosporin blood concen-
tration and estimated calcineurin inhibition up to 
a maximum of 64 mg twice daily (BID) [57]. The therapeutic 
dose used in LN was selected on the basis of an integrated 
safety analysis of voclosporin in healthy subjects and 
patients with other conditions (psoriasis, uveitis, and renal 
transplant) at doses of 0.2–0.6 mg/kg BID. The linear phar-
macokinetic profile in this dosing range demonstrated that 
weight-based dosing was not necessary, and there was 
a dose-dependent increase in the number and severity of 
AEs and serious AEs [43]. The therapeutic dose in LN, 
23.7 mg BID, corresponds to a dose of 0.4 mg/kg for 
a 70 kg individual [43]. At this dose, estimated calcineurin 
inhibition was 15.7% at trough voclosporin blood concen-
tration and 58.1% at maximal concentration [57]. This 
degree of calcineurin inhibition at the therapeutic voclos-
porin dose in LN (mean ~30%) is far lower than the ~60% 
target calcineurin inhibition with cyclosporine during the 
first-year post-renal transplantation [42,54,57,58].

3.3. Pharmacokinetics and metabolism

In healthy human subjects, following single oral doses of 
voclosporin (0.25–4.5 mg/kg), systemic exposure increased 
in a linear manner, with 1:1 dose-proportional, first-order 
linear pharmacokinetics at doses greater than 1.5 mg/kg 
[54]. At lower doses, systemic exposure increased in a linear 
but slightly greater than 1:1 dose-proportional manner [54]. 
To ensure adequate absorption, voclosporin is to be taken on 
an empty stomach [20,54]. Voclosporin is the major circulat-
ing component, with pharmacologic activity mainly attribu-
ted to the parent compound [20]. Over 99% of the drug is 
eliminated as metabolite, mainly via the cytochrome P450 
3A4 (CYP3A4) isoform, via feces [20,44]. Exposure is increased 
in individuals with severe renal impairment (creatinine clear-
ance [CrCL] <30 mL/min) and in those with mild or moderate 
hepatic impairment [20,42]. Clinical studies of voclosporin did 
not include sufficient numbers of patients aged 65 years and 
over to determine whether they respond differently from 
younger patients, but clinical experience has not identified 
concerns; in general, dose selection should begin at the low 
end of the dosing range in elderly patients, reflecting the 
greater frequency of decreased hepatic, renal or cardiac func-
tion, and of concomitant disease or other drug therapy [20].

The pharmacokinetics of other legacy CNIs used (off-label) in 
the treatment of LN (cyclosporine, tacrolimus) are complex and 
unpredictable because of characteristics such as a narrow ther-
apeutic index and variable absorption, distribution, and elimina-
tion, together with pharmacogenetic factors; the resulting intra- 
individual and inter-individual pharmacokinetic variability means 
that therapeutic drug monitoring is required to optimize 
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treatment with these agents, to ensure adequate dosing and 
minimize toxicity [26,29,30,59,60]. In contrast, population phar-
macokinetic analysis in patients with LN showed voclosporin to 
have predictable pharmacokinetics, with no clinically meaningful 
influence of sex, body weight, age, serum albumin, total bilirubin 
or eGFR (>45 mL/min/1.73 m2; patients with eGFR ≤45 mL/min/ 
1.73 m2 were excluded from voclosporin clinical trials) [57]. Dose 
adjustment is not required based on these covariates [57]. 
Likewise, age (18–66 years), race (White, Black, Asian, other), 
and body weight (32–133 kg) had no clinically significant impact 
on voclosporin pharmacokinetics [20]. The predictable pharma-
cokinetic profile of voclosporin in patients with LN, together with 
the strong correlation between voclosporin whole blood con-
centration and calcineurin inhibition, eliminates the need for 
therapeutic drug monitoring, and enables a pharmacodynamic 
rather than pharmacokinetic approach to dosing, with dose 
adjusted in response to decreases in eGFR [20,57]. Therapeutic 
drug monitoring of voclosporin is unlikely to be of added benefit 
to patient management [57].

Calcineurin inhibitors can induce acute renal dysfunction as 
a result of vasoconstriction of the afferent arteriole leading to 
a decrease in GFR; this is a dose-dependent effect that occurs 
early in the treatment timeline and is usually reversible via 
dose reduction [61]. Baseline eGFR should be established 
before initiating voclosporin treatment at a starting dose of 
23.7 mg BID (or 15.8 mg BID in patients with severe renal 
impairment or mild/moderate hepatic impairment); 

voclosporin is not recommended in patients with baseline 
eGFR ≤45 mL/min/1.73 m2, unless the benefit exceeds the 
risk [20]. Estimated GFR is assessed every 2 weeks for the 
first month, and every 4 weeks thereafter. If eGFR is reduced 
by 20–30% from baseline, dosage should be reduced, initially 
by 7.9 mg BID; if eGFR is ≥30% reduced versus baseline and 
<60 mL/min/1.73 m2, the drug should be discontinued, and 
possibly reinitiated at a lower dose when eGFR has returned to 
≥80% of baseline [20].

Cyclosporine (but not tacrolimus) reduces exposure to 
MPA, the active metabolite of the pro-drug MMF, via inhibition 
of its enterohepatic recirculation; increasing doses of cyclos-
porine are associated with lower MPA concentrations, and 
discontinuation of cyclosporine leads to a rise in MPA trough 
concentrations that may be associated with MPA-related side 
effects such as leukopenia [62,63]. In an open-label Phase 
I study in adults (18–65 years) with stable SLE from multiple 
ethnic groups (N = 25, including 8 with a history of LN) 
(Table 1), at the therapeutic dose of 23.7 mg BID, voclosporin 
had no clinically relevant effect on MPA exposure; voclosporin 
and MMF can be given concomitantly without need for MMF 
dosage adjustment, and there is no risk of emergence of MPA- 
related side effects after voclosporin discontinuation [63,64].

As with other CNIs, co-administration with CYP3A4 inhibi-
tors increases voclosporin exposure while CYP3A4 inducers 
decrease blood concentrations; co-administration with strong 
CYP3A4 inhibitors (e.g. ketoconazole, itraconazole, 

 T-cell Podocyte

NFAT NFAT

Cathepsin L

SYN SYN
P P

SYN
14-3-3 P

Decreased
transcription

of IL-2, TNF-α,
others

Decreased
T-cell-mediated

responses

Stabilization of
podocyte cytoskeletal 

structure and
decreased proteinuria

Synaptopodin destruction, 
destabilization of podocyte 
cytoskeletal structure and 

increased proteinuria

Increased transcription
of IL-2, TNF-α, others and 
increased T-cell-mediated

responses 

Cal 

VCS

CyP 

Figure 1. In T-cells, voclosporin (VCS) binds cyclophilin A (CyP), and the resulting complex (VCS–CyP) binds and competitively inhibits calcineurin (Cal) from 
dephosphorylating phosphorylated nuclear factor of activated T-cells (NFAT-P) to nuclear factor of activated T-cells (NFAT) [46]. When dephosphorylated, NFAT 
activates translation and transcription of various cytokines (IL-2, TNF-α, others), which promotes T-cell proliferation [40]. In podocytes, calcineurin activity is involved 
in destabilization of the podocyte actin cytoskeleton. Phosphorylated synaptopodin (SYN-P) binds with 14-3-3 protein, which stabilizes the actin cytoskeleton of the 
podocyte. When activated, calcineurin dephosphorylates synaptopodin, which marks it for destruction by cathepsin L, subsequently leading to podocyte 
cytoskeleton destabilization and increased proteinuria. By inhibiting this dephosphorylation pathway, VCS maintains SYN-P, which protects synaptopodin from 
destruction and thus promotes actin cytoskeleton stabilization [50,53].
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clarithromycin) should be avoided as these medications 
increase the risk of nephrotoxicity, dosage adjustment is 
recommended with moderate CYP3A4 inhibitors (e.g. flucona-
zole, verapamil, diltiazem, erythromycin), and moderate-to- 
strong inducers (e.g. carbamazepine, efavirenz, rifampin, rifa-
butin) should be avoided [20,44]. Like cyclosporine and tacro-
limus, voclosporin is a P-glycoprotein inhibitor, such that 
caution is required when coadministering with other 
P-glycoprotein inhibitors (e.g. verapamil, erythromycin, sertra-
line, reserpine); dose reduction of some P-glycoprotein sub-
strates (e.g. digoxin) may be needed [20,45].

4. Clinical efficacy

The efficacy of voclosporin in LN has not been compared in 
clinical trials with other CNIs [65]. The efficacy and safety of 
voclosporin in combination with MMF and strict steroid tapers 
for the treatment of adults with active LN was shown in two 
pivotal double-blind, placebo-controlled, multicenter, multi- 
ethnic studies, AURA-LV (NCT02141672, Phase II, N = 265) 
and AURORA 1 (NCT03021499, Phase III, N = 357) (Table 1, 
Table 2) [18,39]. Notably, these trials enrolled racially diverse 
patients from centers across the Americas, Europe, Asia, and 
South Africa. AURA-LV and AURORA 1 had similar design and 
endpoints, enrolling adult patients (18–75 years) with a diag-
nosis of SLE and biopsy-proven active LN, UPCR ≥1.5 mg/mg 
(or ≥2 mg/mg if pure class V), and eGFR >45 mL/min/1.73 m2. 
Key demographic characteristics at baseline were similar 
between voclosporin and control arms in both trials, and 
representative of patients with LN (>83% female). Subjects 
were treated with voclosporin (23.7 mg BID or 39.5 mg BID 
in AURA-LV; 23.7 mg BID in AURORA 1) or placebo, in both 
cases on a background of MMF (2 g/day) and rapidly tapered 
low-dose oral steroids (500–1000 mg intravenous pulse fol-
lowed by 20–25 mg/day, depending on body weight, tapering 
to 2.5 mg/day by Week 16). Efficacy was defined in terms of 
CRR, defined as: UPCR ≤0.5 mg/mg; eGFR ≥60 mL/min/1.73 m2 

or no confirmed eGFR decrease >20% from baseline; no 
administration of rescue medication; and no more than 
10 mg prednisone equivalent/day for ≥3 consecutive days or 
for ≥7 days in total during Weeks 16–26 in AURA-LV or Weeks 
44–52 in AURORA 1.

In AURA-LV, the lower dose of voclosporin was associated 
with a statistically significantly greater CRR rate at 24 weeks 
(the primary endpoint) than placebo, with the benefit main-
tained at 48 weeks, when CRR with the higher dose voclosporin 
group was also significantly greater than placebo (Table 2) [39]. 
Complete renal response was achieved more rapidly with both 
voclosporin doses than with placebo. Voclosporin 23.7 mg BID 
was also associated with a significantly earlier time to partial 
remission (50% reduction from baseline in UPCR) compared to 
the control arm at Weeks 24 and 48.

In AURORA 1, the primary endpoint was CRR rate at 
52 weeks, a later timepoint than in previous trials of CNIs 
in LN (Table 2) [18]. The addition of voclosporin to MMF 
and low-dose steroids resulted in an absolute increase in 
CRR rate of 18%, and an overall odds ratio (OR) of 2.65. 
Significant benefits of voclosporin were also seen for mul-
tiple prespecified key secondary endpoints including CRR 

at 24 weeks, partial renal response at 24 and 52 weeks, 
time to UPCR ≤0.5 mg/mg, and time to 50% reduction in 
UPCR (Table 2, Figure 2). A 50% reduction in UPCR from 
baseline at any time during the study was achieved by 
97% of patients treated with voclosporin in comparison 
with 76% of patients receiving placebo. The steroid dose 
was tapered according to the trial protocol to 2.5 mg/day 
at Week 16, with adjustment thereafter at the investiga-
tor’s discretion. At Week 52, 75% of the voclosporin group 
and 73% of the control group were on a dose of ≤2.5 mg/ 
day. The improved efficacy associated with voclosporin 
was achieved with a steroid regimen resulting in signifi-
cantly lower cumulative steroid dose than in any previous 
study (the control group achieved a CRR rate consistent 
with historical studies involving higher steroid doses) 
[12,16,18,66].

Pooled analysis of data from AURA-LV and AURORA 1 has 
shown that voclosporin was associated with improved renal 
response rates at 1 year across all biopsy classes, with highest 
OR in pure Class III (50.0% versus 19.1% with placebo, OR 4.26, 
P = 0.0054); response rate in pure Class V was 37.5% with 
voclosporin versus 28.9% with placebo (OR 1.5, P = 0.4090) [67].

Although AURA-LV and AURORA 1 were not powered to 
detect statistically significant differences between subgroups, 
they covered large and racially diverse populations, including 
Black, Hispanic, Latino, and Asian patients, with OR values in 
favor of voclosporin in all subgroups (Figure 3) [18,39].

One limitation of the AURA-LV and AURORA 1 trials was 
that activity and chronicity indices were not recorded in all 
enrollment biopsies. In addition, there are no published data 
on extra-renal SLE activity.

Patients treated in AURORA 1 were followed up in 
AURORA 2 (NCT03597464), an ongoing, 2-year, blinded, pla-
cebo-controlled continuation study to AURORA 1 in which 
enrolled patients continued with the same treatment as in 
AURORA 1 for a total of 3 years of treatment (Table 1) [68]. 
An interim analysis of 116 patients in the voclosporin arm 
and 100 patients in the control arm, of whom 90 and 78, 
respectively, had received 30 months total treatment 
(12 months in AURORA 1 and a further 18 months in 
AURORA 2), showed that the meaningful reductions in pro-
teinuria seen in AURORA 1 were maintained over 30 months 
of treatment [69]. At 30 months, the least squares mean 
change in UPCR from pretreatment baseline was −3.32 mg/ 
mg in the voclosporin arm versus −2.55 mg/mg in the con-
trol arm. These results are encouraging; however, it will be 
important to evaluate the longer-term efficacy of voclosporin 
in this chronic disease.

5. Clinical safety

Safety data for voclosporin are available from a total of 267 
patients from AURA-LV and AURORA 1 treated with 23.7 mg 
BID and a further 88 patients treated with 39.5 mg BID 
(Table 3) [18,20,39]. In AURA-LV, most categories of AEs 
were more common in patients treated with voclosporin 
than placebo [39]. The mortality rate (4.9%), although similar 
to that in previous LN trials, was higher in the low-dose 
voclosporin group; the authors noted that most of the deaths 
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occurred at a few sites, with seven out of the total of 13 
deaths occurring at two sites in Bangladesh, and that more 
patients were randomized to low-dose voclosporin at these 
sites (these sites were excluded from the subsequent 
AURORA 1 study) [39,70,71]. Serious AEs were more frequent 
in patients treated with voclosporin; the excess of serious AEs 
in the low-dose group could be accounted for by multiple 
events in subjects from the Indian subcontinent who ulti-
mately died (survivors showed similar event rates between 
study arms). In addition, a disproportionate number of 
patients from low-GDP Asian countries, with more severe 
baseline disease characteristics, were randomized to the low- 
dose voclosporin group [43]. In contrast to AURA-LV, more 
deaths were seen in the control group (5/178, 2.8%) than in 
the voclosporin group (1/178, 0.6%) in AURORA 1; no deaths 
were considered by the investigators to be related to study 
treatment [18]. Lupus nephritis is a serious, debilitating, and 
potentially life-threatening condition and, as such, it is not 
unexpected to observe mortality in LN clinical trials. Across 
the three reported clinical trials of voclosporin in a total of 
631 patients with LN (AURION [an open-label study in 10 
patients], AURA-LV and AURORA 1), all of which had 
a treatment duration of around a year, a total of 19 patients 
(3.0%) died, including any death following randomization 
until study completion [43]. Overall, the incidence of death 
was similar between patients who received placebo (6 of 266 

patients, 2.3%) and patients who received any dose of 
voclosporin, including 23.7 mg BID and 39.5 mg BID (13 of 
365 patients, 3.6%).

In AURORA 1, the AE profile was balanced between the 
voclosporin and control groups [18]. Infections and infesta-
tions were the most common AE; the most frequent serious AE 
involving infection was pneumonia (3.9% of the voclosporin 
group, 4.5% of the control group).

All patients in the voclosporin trials were on immuno-
suppressive therapy (MMF and low dose GC) and were 
therefore at increased risk of opportunistic infections. 
Opportunistic infections were reported in two patients 
treated with placebo, three patients treated with voclos-
porin 23.7 mg BID and one patient treated with voclos-
porin 39.5 mg BID (Table 3) [20]. A total of six 
opportunistic infections were seen in four patients treated 
with voclosporin, including herpes zoster, cytomegalovirus, 
and tuberculosis; the incidence of opportunistic infections 
was consistent with what would be expected in such an 
immunosuppressed population [20,43]. Calcineurin inhibi-
tors have been associated with hair loss and tremor; hair 
loss was seen in 6% of patients treated with voclosporin 
23.7 mg BID in comparison with 3% of placebo-treated 
patients, while tremor was reported by 3% (versus 1% 
with placebo) [20,27]. No dose-related increase in the 
incidence of CNI-related AEs was evident [43].

Figure 2. Probability of UPCR of ≤0.5 mg/mg and ≥50% reduction from baseline in UPCR in the AURORA 1 trial of voclosporin in combination with MMF and low- 
dose steroids (intention-to-treat population) in lupus nephritis [18]. Reproduced from The Lancet, with permission (doi: 10.1016/S0140-6736(21)00578-X).

Figure 3. Subgroup analysis for complete renal response at 52 weeks in the AURORA 1 trial of voclosporin in combination with MMF and low-dose steroids 
(intention-to-treat) population in Iupus nephritis [18]. Reproduced from The Lancet, with permission (doi: 10.1016/S0140-6736(21)00578-X).
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In an interim analysis of AURORA 2, after 30 months of total 
treatment, there were no unexpected new AEs with voclos-
porin compared to the control arm; six patients in the voclos-
porin arm and 10 patients in the control arm reported events 
of coronavirus (COVID-19) infection, which were serious in two 
and six patients, respectively [69].

The most frequently reported AE in AURA-LV and 
AURORA 1 was ‘GFR decreased’ (Table 3). Decreases in 
eGFR occurred early in the studies, were generally mild, 
reversible, and were managed by dose modifications 
according to the study protocols [18,39]. The effect of 
voclosporin on eGFR is consistent with the known hemody-
namic effects of CNIs [61]. Mean eGFR showed a small 
decrease (1.5 mL/min/1.73 m2) at Week 2 in patients treated 
with voclosporin in AURORA 1, thereafter remaining stable 
for the duration of the study [18]. In the interim analysis of 
116 patients in AURORA 2, after the initial small, expected 
early decline in AURORA 1, mean eGFR remained stable over 
30 months [69]. The rates of discontinuation of study drug 
due to eGFR decrease in AURA-LV and AURORA 1 were low 
(2–3%), and similar in voclosporin and control arms, indicat-
ing eGFR decreases were generally reversible and managed 
with the dosing guidance provided in the study protocol 
[18]. In AURA-LV, although there was a small decrease in 
mean eGFR during the study in the voclosporin treatment 
groups, mean eGFR returned to baseline within 2 weeks of 
discontinuation at the end of the study (equivalent data are 
not yet available for AURORA 1 as patients continued into 
AURORA 2 without discontinuing treatment). Hypertension, 
a known AE of CNIs, was seen in 19% of voclosporin 
patients and 9% of patients treated with placebo [19]. 
Monitoring of eGFR and blood pressure are required in 
clinical usage of voclosporin in patients with LN 
(Table 4) [20].

Although multiple factors contribute to electrolyte and 
acid–base abnormalities in renal transplant recipients, includ-
ing level of allograft function, immunosuppressive medica-
tions and metabolic changes in the post-transplant period, 
CNIs such as tacrolimus and cyclosporine are considered 
major players [72]. Cyclosporine and tacrolimus have been 
associated with metabolic acidosis and abnormalities in all 
major electrolytes; up to 40% of renal transplant patients 
treated with these CNIs develop hyperkalemia, and the major-
ity develop hypomagnesemia within the first few months after 
transplantation [26,73,74]. Importantly, in clinical studies in 
patients with LN, voclosporin treatment was not associated 
with clinically significant changes from baseline in magnesium 
or potassium; mean serum levels of these electrolytes 
remained within normal limits [18,43,75].

Tacrolimus and cyclosporine damage cells critical for the 
maintenance of glucose homeostasis, particularly pancrea-
tic β-cells, and are associated with new onset diabetes 
after transplant (NODAT) [25,76]. In studies in vitro, clini-
cally relevant doses of tacrolimus but not voclosporin inhi-
bit insulin secretion by cultured human pancreatic islets, 
suggesting voclosporin may have an improved glucose 
profile in comparison with tacrolimus [76]. Consistent 
with this, voclosporin is potentially associated with 

a reduced incidence of NODAT compared with tacrolimus; 
in a Phase II study of renal transplant patients treated with 
tacrolimus or low-, mid- or high-dose voclosporin (starting 
doses 0.4, 0.6, or 0.8 mg/kg BID), incidence of NODAT with 
low-dose voclosporin was significantly lower than with 
tacrolimus, 1.6% with voclosporin 0.4 mg/kg BID versus 
16.4% with tacrolimus, although the rates of NODAT with 
mid- (5.7%) and high-dose (17.7%) voclosporin were not 
statistically significantly different from that with tacrolimus 
[77]. In the 52-week AURORA 1 study, voclosporin had no 
significant impact on glucose; mean hemoglobin A1c and 
serum glucose concentrations remained stable, with one 
patient – in the control group – developing diabetes [18]. 
In AURA-LV, diabetes was reported in two patients, one 
who received placebo and one who received low-dose 
voclosporin [39].

Both tacrolimus and cyclosporine lead to hyperlipidemia in 
renal transplant patients, though cyclosporine has a more 

Table 4. Voclosporin usage and precautions in patients with lupus nephritis [20].

Property Recommendation

Indication In combination with a background immunosuppressive 
therapy regimen in adults with active LN

Before initiating 
voclosporin

Establish accurate baseline eGFR and check BP. Not  
recommended in patients with baseline eGFR 

≤45 mL/min/1.73 m2 unless benefit outweighs risk. 
Do not initiate in patients with BP >165/105 mmHg. 
Contraindicated in patients concomitantly using 
strong CYP3A4 inhibitors. Avoid coadministration 
with strong and moderate CYP3A4 inducers. Avoid  
in patients with severe hepatic impairment 

Recommended 
dose

23.7 mg BID orally. 15.8 mg BID in patients with severe 
renal impairment. or mild/moderate hepatic 
impairment. 5.8 mg in the morning and 7.9 mg in 
the evening in patients using moderate CYP3A4 
inhibitors

Modify dose based 
on eGFR

Assess eGFR every 2 weeks for the first month and 
every 4 weeks thereafter. If eGFR <60 mL/min/ 
1.73 m2 and >20% and <30% reduction from 
baseline, reduce dose by 7.9 mg BID. Reassess eGFR 
within 2 weeks, if still reduced from baseline by 
>20%, reduce dose again by 7.9 mg BID. If eGFR 
<60 mL/min/1.73 m2 and ≥30% reduction from 
baseline, discontinue. Reassess within 2 weeks and 
consider re-initiating at lower dose (7.9 mg BID) 
when eGFR is ≥80% of baseline. For patients with 
dose decrease due to eGFR, consider increasing dose 
by 7.9 mg BID for each eGFR measurement that is 
≥80% of baseline, but do not exceed starting dose 

BP Monitor every 2 weeks for the first month, and as 
clinically indicated thereafter. Discontinue if BP 
>165/105 mmHg

Serum potassium Risk of hyperkalemia may be increased with other 
agents associated with hyperkalemia; periodically 
monitor serum potassium

QT prolongation Risk of QT prolongation in combination with other 
drugs that cause QT prolongation (e.g. potassium- 
sparing diuretics, ACE inhibitors, angiotensin 
receptor blockers); consider obtaining ECG and 
monitoring electrolytes in patients at high risk

Neurotoxicity Monitor for neurologic symptoms and discontinue if 
neurotoxicity occurs

ACE, angiotensin-converting enzyme; BID, twice daily; BP, blood pressure; ECG, 
electrocardiogram; eGFR, estimated glomerular filtration rate; MMF, mycophe-
nolate mofetil. 
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pronounced effect [25]. Voclosporin is associated with favorable 
effects on lipids [18]. In AURORA 1, mean lipid concentrations 
(cholesterol, low-density lipoprotein cholesterol and triglycer-
ides) were higher than normal at baseline and decreased in 
both voclosporin and control groups, with significantly greater 
decreases in cholesterol and low-density lipoprotein cholesterol 
in the voclosporin group after 1 year of treatment [18].

In addition to their acute nephrotoxic effects, cyclospor-
ine and tacrolimus have been associated with chronic 
nephrotoxicity, irreversible deterioration of renal function 
as a result of progressive tubule-interstitial injury and glo-
merulosclerosis thought to result from a combination of 
hemodynamic changes and direct toxic effects including 
glomerular injury and electrolyte disturbances [26]. Chronic 
CNI-related nephrotoxicity is considered to be related to the 
degree of calcineurin inhibition; it is usually dose- 
dependent but can also be caused by drug–drug interac-
tions influencing CNI bioavailability and intracellular con-
centrations [26,65]. Tacrolimus and cyclosporine have 
similar potential for chronic nephrotoxicity [65]. The major-
ity of renal AEs associated with voclosporin in the AURA-LV 
and AURORA 1 trials were due to the decrease in eGFR or 
underlying LN activity [43]. Longer-term studies will be 
needed to determine the chronic nephrotoxic potential of 
voclosporin [43,65].

6. Regulatory affairs

Voclosporin is currently approved only in the USA, where it is 
indicated for adults with active LN in combination with 
a background immunosuppressive regimen [19]. A marketing 
authorization (MAA) in LN is under review by the European 
Medicines Agency [78].

7. Conclusion

Voclosporin is the first oral therapy to be approved for LN in 
the USA. Voclosporin has several features that distinguish it 
from the legacy CNIs (Table 5). In two multi-ethnic global 
clinical trials, voclosporin was associated with a rapid reduc-
tion in proteinuria, with a clinically meaningful and signifi-
cantly higher renal response rate at 1 year than MMF and low- 
dose steroids alone. Reduction in proteinuria is known to be 
associated with preservation of kidney function and improved 
long-term outcomes in these patients. Given the chronic nat-
ure of LN, and the published one-year follow-up to date, it will 
be important to evaluate the three-year efficacy and safety of 
voclosporin.

8. Expert opinion

Lupus nephritis has long been a condition with significant 
unmet medical needs that is associated with substantial dis-
ease- and treatment-related comorbidities, and places 
patients, typically young women, at risk of chronic kidney 
disease and ESKD. Renal response rates with standard, off- 
label therapies are disappointing, such that there is a clear 
need for a therapeutic approach that achieves rapid remission 
and prevents progression of disease, while minimizing drug 
toxicity.

The AURA-LV and AURORA 1 studies have convincingly 
shown the added value of voclosporin treatment in patients 
with active LN, on top of MMF and low-dose GC therapy. 
Addition of voclosporin to standard therapy brought about 
a rapid reduction in proteinuria, with 18–26% more patients 
reaching UPCR <0.5 g/g. Although proteinuria at 12 months is 
the best-known predictor of long-term renal outcome in 
patients with LN, longer-term data will be needed to 

Table 5. Comparison of calcineurin inhibitors in lupus nephritis.

Voclosporin (VCS) Tacrolimus (TAC) Cyclosporine (CsA)

US FDA approval in LN January 2021 Not approveda Not approved
Initial dose 23.7 mg twice daily ~0.1mg/kg/dayb ~4mg/kg/dayb

Drug–drug interaction with MMF No No Reduces MPA exposure
Therapeutic drug monitoring Not required Recommended Recommended
Warnings/precautions or AE noted in 

Prescribing Informationc

Diabetes mellitus No Warnings/precautions: NODAT (> CsA)d Adverse event, seen in 1–3% of RA 
patients. NODAT (<TAC)d

Dyslipidemia No Adverse reaction: hyperlipidemia (<CsA)e Adverse reaction: hyperlipidemia (>CsA)e 

Hypertension Warnings/precautions Warnings/precautions Warnings/precautions 

Metabolic abnormalities Hyperkalemia Hyperkalemia, hypomagnesemia, 
hypophosphatemia, hypokalemia, 
hyperuricemia

Hyperkalemia, hypomagnesemia, 
hypophosphatemia, hyperuricemia

AE, adverse event; FDA, US Food and Drug Administration; LN, lupus nephritis; MMF, mycophenolate mofetil; MPA, mycophenolic acid; NODAT, new onset diabetes 
after transplant. 

aApproved in Japan in 2007 and in some Asian countries thereafter [79]. 
bMaintained for one month, with slow tapering to the lowest effective dose; patients should be carefully monitored during the first months of treatment to find the 

optimal individual dose [40]. 
cAs immunosuppressants, voclosporin, tacrolimus, and cyclosporine carry a warning of increased risk for development serious infections and malignancies 
dNo head-to-head comparisons in LN are available. Caused NODAT in clinical trials of kidney, liver, and heart transplantation. In a Phase 3 study of TAC/MMF versus 

CsA/MMF in renal transplant, incidence of NODAT at 1 year was 75% with TAC and 61% with CsA [29]. 
eNo head-to-head comparisons in LN are available. In a Phase 3 study in renal transplant patients, hyperlipidemia was seen in 18% of TAC/MMF patients versus 25% 

of CsA/MMF patients [29]. 
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determine whether the short-term benefits of voclosporin in 
terms of proteinuria will translate into improvements of out-
comes such as preservation of renal function and a reduced 
incidence of ESKD associated with LN.

Remarkably, these results were achieved with a CNI, 
a drug class with a poor reputation with respect to nephro-
toxicity. Voclosporin, in comparison with legacy CNIs such 
as cyclosporine and tacrolimus, has a more consistent phar-
macokinetic–pharmacodynamic relationship as a result of 
enhanced binding of the voclosporin–cyclophilin complex 
to calcineurin and reduced drug and metabolite load. The 
high potency of voclosporin, together with its favorable 
metabolic profile, allows achievement of efficacy in LN at 
a dose that is associated with a relatively low level of 
calcineurin inhibition. Potentially, this explains the lower 
incidence of off-target effects and an improved safety pro-
file. At the doses studied in LN, voclosporin is associated 
with less hypomagnesemia and hypophosphatemia (tubular 
dysfunction) and less dyslipidemia. Furthermore, the voclos-
porin regimen used in the AURA-LV and AURORA 1 trials 
resulted in lower GC exposure than previous trials; this low 
GC exposure may reduce the GC-related AEs often seen 
during LN treatment, and longer-term GC-related side 
effects such as lymphoproliferative disorders and skin can-
cers. Monitoring of tacrolimus and cyclosporine blood levels 
is required to balance toxicity against therapeutic efficacy; 
the lack of requirement for therapeutic drug monitoring 
with voclosporin simplifies patient management, with no 
need for shipping blood samples to specialist laboratories.

In the pivotal AURA-LV and AURORA 1 studies, the 
comparator consisted of background immunosuppression 
plus placebo. A head-to-head comparison with belimumab 
has not been made, and, given the differences in study 
design, treatment regimens, patient populations and UPCR 
endpoints between the voclosporin trials and the BLISS-LN 
trial of belimumab as add-on to standard-of-care therapy, 
we can only speculate about potential differences in out-
come. Both voclosporin and belimumab improve renal 
response rates when added to standard-of-care therapy, 
with a statistically significant effect demonstrated at 
24 weeks with voclosporin and 104 weeks with belimu-
mab. An advantage of voclosporin over belimumab is 
that it not only has an effect on the immunological path-
ways involved in LN but that it also has a stabilizing effect 
on podocyte function that would be anticipated to reduce 
proteinuria and potentially preserve the histology of the 
kidney. This activity, together with the rapidity of the 
reduction in proteinuria, means that voclosporin would 
be the add-on therapy of choice in Class III–V proteinuric 
patients. Patients in the voclosporin clinical trials were 
stratified according to MMF use at screening (yes/no), but 
the studies were not powered to detect any statistical 
difference between these two subgroups. Because redu-
cing proteinuria in the first year of treatment of LN is 
known to be associated with improved long-term out-
comes, and the available clinical data support the use of 
voclosporin as first-line therapy in combination with MMF 
and low-dose GC, our recommendation would be to use 
combination therapy with voclosporin initially to bring 

about a rapid reduction in proteinuria, rather than as an 
add-on therapy if there is suboptimal response to MMF 
and GC.

Although trials were not powered to detect differences in 
response between different subgroups such as race, efficacy in 
LN was demonstrated with voclosporin in large and racially 
diverse populations; this is a potentially important benefit, 
given the more aggressive disease course and poorer out-
comes in several race and ethnicity subgroups.

The possibility of oral treatment can be considered an 
advantage, in comparison with the subcutaneous administra-
tion of belimumab. Whether or not there is a potential added 
benefit in combining voclosporin and belimumab therapy will 
need to be addressed in future studies, though it is tempting 
to speculate that such combination therapy, using agents with 
different mechanistic targets, might minimize or even replace 
use of the older agents.

8.1. Information resources

For further information, the reader is directed to articles on 
the two pivotal trials of voclosporin, AURA-LV and AURORA 1 
[18,39], voclosporin prescribing information [20], and an article 
describing the results of a study specifically designed to inves-
tigate drug–drug interactions between mycophenolate and 
voclosporin [63]. An efficacy and value review of voclosporin 
has been published by the US Institute for Clinical and 
Economic Review [80].
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