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Abstract Idelalisib is a potent and selective phos-
phatidylinositol 3-kinase-d inhibitor, which is a first-in-class
agent to be approved for the treatment of relapsed chronic
lymphocytic leukaemia, follicular B cell non-Hodgkin’s
lymphoma and small lymphocytic lymphoma. In dose-rang-
ing studies, idelalisib exposure increased in a less than dose-
proportional manner, likely because of solubility-limited
absorption. The approved starting dose of 150 mg twice daily
was supported by extensive exposure—response evaluations,
with dose reduction to 100 mg twice daily being allowed for
specific toxicities. Idelalisib may be administered without
regard to food on the basis of the absence of clinically relevant
food effects, and was accordingly dosed in primary efficacy/
safety studies. Idelalisib is metabolized primarily via alde-
hyde oxidase (AO) and, to a lesser extent, via cytochrome
P450 (CYP) 3A. Coadministration with the strong CYP3A
inhibitor ketoconazole 400 mg once daily resulted in a
~79 % increase in the idelalisib area under the plasma
concentration—time curve (AUC). Administration with the
potent inducer rifampin resulted in a 75 % decrease in ide-
lalisib exposure (AUC) and, as such, coadministration with
strong inducers should be avoided. GS-563117 is an inactive
primary circulating metabolite of idelalisib formed mainly
via AO. Unlike idelalisib, GS-563117 is a mechanism-based
inhibitor of CYP3A. Accordingly, idelalisib 150 mg twice-
daily dosing increases the midazolam AUC 5.4-fold. Clini-
cally, idelalisib is not an inhibitor of the transporters P-gly-
coprotein, breast cancer resistance protein, organic anion—
transporting polypeptide (OATP) 1B1 or OAPT1B3. In a
population pharmacokinetic model, no meaningful impact on
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idelalisib pharmacokinetics was noted for any of the covari-
ates tested. Idelalisib exposure was ~60 % higher with
moderate/severe hepatic impairment; no relevant changes
were observed with severe renal impairment. This article
reviews a comprehensive pharmacology programme,
including drug—drug interaction studies and mechanistic and
special population studies, which has allowed a thorough
understanding of idelalisib clinical pharmacokinetics and
their impact on clinical safety and efficacy.

Key Points

Idelalisib, a selective phosphatidylinositol 3-kinase-0
inhibitor, demonstrates substantial efficacy in
patients with indolent non-Hodgkin’s lymphoma or
chronic lymphocytic leukaemia following 150 mg
twice-daily oral administration.

Idelalisib dosing in cancer patients is supported by
extensive pharmacokinetic—pharmacodynamic
(efficacy and safety) assessments.

Idelalisib has well-characterized pharmacokinetics
with low inter-subject variability, also evaluated in
subjects with organ impairment.

Idelalisib is metabolized primarily via aldehyde
oxidase and, to a lesser extent, via cytochrome P450
(CYP) 3A. Coadministration with strong CYP3A
inducers could lead to lower idelalisib exposure.

The idelalisib metabolite GS-563117 inhibits
CYP3A and may increase systemic exposure of co-
administered CYP3A substrates.

Idelalisib has clear dosing recommendations with
regard to drug—drug interactions.
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1 Introduction

Phosphatidylinositol 3-kinases (PI3Ks) are enzymes that
regulate several cellular functions [1-4]. Activation of
PI3K generates phospholipid second messengers at the cell
membrane; these recruit and activate multiple intracellular
enzymes, which are regulators of cell proliferation, sur-
vival and motility. PI3K signalling is mediated by four
catalytic isoforms of the p110 subunit of the enzyme—a, f3,
v and o [4-6].

PI3KS is critical for multiple signalling pathways that
are hyperactive in B cell malignancies. Inhibition of PI3K$
modulates B cell receptor signalling, as well as signalling
through cytokine and chemokine receptors and integrin-
afl. These signalling pathways act via downstream
enzymes (most importantly, serine/threonine protein kinase
B [Akt]) to regulate proliferation, apoptosis, motility,
homing and retention of malignant B cells in lymphoid
tissues and bone marrow compartments [7—10].

Idelalisib (formerly CAL-101) is a PI3K3 inhibitor and a
highly selective competitive inhibitor of adenosine-5'-
triphosphate (ATP) binding to the catalytic subunit of
PI3KJ. In lymphoid cell lines derived from B cell malig-
nancies and primary tumour samples from patients, ide-
lalisib blocked PI3K&-Akt signalling, resulting in
inhibition of proliferation and induction of apoptosis [11-
13]. Recently, idelalisib was approved (as Zydelig®) for
treatment of relapsed chronic lymphocytic leukaemia
(CLL) in combination with rituximab, for relapsed follic-
ular B cell non-Hodgkin’s lymphoma and for relapsed
small lymphocytic lymphoma (SLL). Clinical efficacy has
been demonstrated using idelalisib as monotherapy for
treatment of previously treated indolent non-Hodgkin’s
lymphoma (iNHL), where the response rate was 57 % (71
of 125 patients) and the median duration of response
(DOR) was 12.5 months [14]. Additionally, in a random-
ized, placebo-controlled, phase 3 study, patients with
relapsed CLL who received idelalisib as a combination
therapy with rituximab had an improved overall response
rate (ORR; 81 versus 13 %) and improved overall survival
at 12 months (92 versus 80 %), compared with patients
who received rituximab alone [15]. Idelalisib has also
demonstrated efficacy in CLL subpopulations with adverse
prognostic factors, including those with del(17p) [16]. In a
long-term follow-up phase 1 study of CLL patients with
relapsed or refractory disease and various adverse prog-
nostic factors, including del(17p) and/or TP53 mutation
(30 %), immunoglobulin heavy chain variable (IGHV)
unmutated status (82 %) or NOTCHI1 mutation (28 %),
idelalisib in combination with chemo- and immuno-
chemotherapies demonstrated potent activity, with a med-
ian time to response of 1.9 months, and strong efficacy,
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with an ORR of 82 % and a Kaplan—Meier estimate of
progression-free survival (PFS) of 57 % (95 % confidence
interval [CI] 43-72) at 24 months [17]. Ongoing clinical
studies of idelalisib include evaluation of idelalisib plus
ofatumumab (versus ofatumumab alone) and idelalisib plus
bendamustine and rituximab (versus bendamustine plus
rituximab) in previously treated CLL patients, and idelal-
isib plus rituximab (versus rituximab alone) and idelalisib
plus bendamustine and rituximab (versus bendamustine
plus rituximab) in previously treated iNHL patients. This
review focuses on the clinical pharmacology of idelalisib,
including its drug interaction profile, pharmacokinetics in
special populations, exposure—efficacy and exposure—
safety relationships, and an evaluation of covariates
affecting pharmacokinetics and pharmacodynamics.

2 Preclinical Pharmacology
2.1 Chemical and Physical Properties

Idelalisib (formerly GS-1101, CAL-101; chemical name:
5-fluoro-3-phenyl-2-[(1S)-1-(9H purin-6-ylamino)propyl]
quinazolin-4(3H)-one) is a low molecular weight
(415.4 g/mol) agent with a molecular formula of C,H;g.
FN-,O and a chemical structure shown in Fig. 1.
Structural modelling evaluation has demonstrated that
idelalisib, a propeller-shaped inhibitor, binds to the ATP-
binding pocket of PI3K$, consistent with findings from
biochemical studies; enzyme-binding studies have shown
that idelalisib is a reversible inhibitor. When compared
with the binding of ATP, the purine group of idelalisib
forms hydrogen bonds to the hinge region. In crystal
structure evaluation of PI3Kd in complex with idelalisib,
the electron density of idelalisib showed that there was no
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Fig. 1 Chemical structure of idelalisib
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covalent bond between the inhibitor and the protein. The
reversibility of idelalisib binding was also demonstrated
using surface plasmon resonance studies, with saturable,
dose-response interaction with p1109, a very fast on-rate
and a moderate off-rate. The response signal in these
studies returned to the baseline level during the dissocia-
tion phase, indicating complete dissociation, in contrast
with the control agent (wortmannin), which was irre-
versibly bound to p1105 [18].

Idelalisib (Zydelig®) is marketed as an immediate-re-
lease tablet formulation for oral administration, which
incorporates an anhydrous, crystalline form of idelalisib.
Idelalisib has three ionizable moieties (with acid dissoci-
ation constant [pKa] values of 1.6, 3.4 and 9.8), and its
solubility is highest at acidic and basic extremes over the
pH range of 1-12. Because idelalisib exhibits low water
solubility and moderate to high permeability, it is consid-
ered a Biopharmaceutics Classification System (BCS) class
2 compound.

2.2 Pharmacodynamic Properties

PI3KSJ is critical for multiple signalling pathways that are
hyperactive in B cell malignancies. Inhibition of PI3K$
modulates B cell receptor—mediated signalling and cyto-
kine, chemokine and integrin receptor-mediated signalling.
These pathways, using downstream enzymes (notably Akt),
regulate proliferation, apoptosis, motility, homing and
retention of malignant B cells in lymphoid tissues and bone
marrow. Thus, by inhibiting PI3Kd-mediated signalling,
idelalisib inhibits proliferation, survival, homing, motility
and retention in the tumour microenvironment in various
B cell malignancies [19-21]. Biochemical enzyme assays
evaluating the potency and selectivity of idelalisib indicate
that the half-maximal inhibitory concentration [ICsq]
(19 nM) of idelalisib for PI3K$ is substantially lower than
those for PI3Ka (8600 nM), PI3K (4000 nM) and PI3Ky
(2100 nM) [13]; additionally, no significant activity was
seen with various other kinases or receptors, including
G-protein-coupled receptors, ion channels, receptor tyr-
osine kinases, steroid receptors and transporters [22]. In
PI3Kd-dependent cell-based assays, the idelalisib half-
maximal effective concentration [ECsg] was 6 nM in
purified human B lymphocytes; in a human whole-blood
PI3K&-dependent assay, the ECso and ECoy were 39 and
301 nM, respectively. In vitro experiments in cell lines
derived from B cell malignancies and in primary tumour
samples of follicular B cell non-Hodgkin’s lymphoma,
mantle cell lymphoma (MCL) and CLL from adult patients
showed that idelalisib causes a dose-dependent reduction in
Akt phosphorylation driven by B cell growth, survival and
chemotaxis-promoting signals. PI3K4$ inhibition by ide-
lalisib resulted in inhibition of proliferation, induction of

apoptosis in CLL cells and B cell lymphoma cell lines, and
inhibition of chemotaxis towards chemokine (C-X-C motif)
ligand (CXCL) 12 and CXCL13 chemokines, demonstrat-
ing the potential for idelalisib to suppress growth and
survival of malignant cells [22, 23].

2.3 Preclinical Pharmacokinetics

Single-dose escalation of idelalisib administered orally to
rats resulted in a less than dose-proportional increase in
the plasma concentration. Following oral administration
of ['*Clidelalisib to rats and dogs, radioactivity was
widely distributed and declined steadily, with most tissues
having undetectable levels by 72 h post-dose. In bile
duct—cannulated rats and dogs, >69 % of radioactivity
was recovered in bile and urine, indicating high absorp-
tion in vivo. Systemic clearance after oral administration
(CL/F) was moderate to high, and the volume of distri-
bution was greater than the volume of total body water
(data on file).

3 Clinical Pharmacology
3.1 Single-Dose and Steady-State Pharmacokinetics

Following single oral doses of 17, 50, 125, 250 and 400 mg
administered to healthy subjects under fasted conditions,
the mean idelalisib (percentage coefficient of variation
[%CV]) maximum plasma concentration (Cp,.x) Vvalues
were 348 (36), 762 (40), 1460 (21), 2390 (38) and 3350
(32) ng/mL, respectively, achieved 1.0-1.3 h post-dose,
and the corresponding area under the concentration—time
curve (AUC) extrapolated to infinity (AUC,,) values were
1090 (47), 2880 (39), 5000 (30), 13,000 (18) and 17,700
(21) ng-h/mL, respectively [24]. The idelalisib AUC,, and
Chax were less than dose proportional, with approximately
16- and 10-fold increases, respectively, over a 24-fold dose
range of 17-400 mg. The mean (%CV) AUC, and C,,x of
GS-563117, the major metabolite, were 23,900 (55) ng-h/
mL and 2070 (37) ng/mL, respectively, following admin-
istration of idelalisib 150 mg, and slightly less than dose
proportional (AUC,, ~2.4 times higher and Ciux
~ 1.8 times higher for the 400 mg versus 150 mg idelalisib
doses [2.6-fold]). Upon multiple-dose fasted administration
(twice daily for 7 days) at doses of 50, 100 and 200 mg in
healthy subjects, the idelalisib steady-state AUC during the
dosage interval (AUC,) values (3480 [31], 7830 [20] and
9120 [36] ng-h/mL, respectively) and C,,,x values (765
[29], 1850 [16] and 1790 [34] ng/mL, respectively) were
less than dose proportional, with approximate 2.6- and 2.3-
fold increases, respectively, over a 4-fold dose range,
consistent with findings from the single-dose evaluation.
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Table 1 Idelalisib population

Pharmacokinetic parameter and baseline covariate Baseline Estimate Inter-individual
pharmacokinetic parameters and covariate value variability (%)
covariate effects

Typical CL/F with body weight of 75 kg (L/h) 14.9 38.2

Body weight (kg)
5th percentile 53 13.7 -
95th percentile 112 16.4 -
Disease status
Patient 14.9 -
Healthy volunteer 19.7 -
Typical Q/F (L/h) 11.8 38.9
Disease status
Patient 11.8 -
Healthy volunteer 7.8 -

Typical V/F (L) 23 85.2

Typical V,/F (L) 73 73.4

Typical k, (h™") 0.48 38.3

Residual variability as %CV 54 -

CL/F apparent clearance after oral administration, CV coefficient of variation, k, absorption rate constant,
Q/F apparent inter-compartmental clearance, V./F apparent volume of distribution in the central com-
partment, V,/F apparent volume of distribution in the peripheral compartment

In subjects with haematological malignancies, steady-
state idelalisib exposure was evaluated following multiple-
dose administration of idelalisib (twice daily or once daily)
over a dose range of 50-350 mg, based on population
pharmacokinetic modelling. Consistent with data in healthy
subjects, the multiple-dose Ci,.x, trough plasma concen-
tration (Cyougn) and AUC; values increased in a less than
dose-proportional manner, with only modest increases in
exposure observed above the dose level of 150 mg twice
daily. Of note, compared with 150 mg twice daily, dosing
at 350 mg twice daily provided approximately 54, 48 and
54 % higher values for the idelalisib Cpax, Cirougn and
AUC,, respectively. The small, incremental differences in
idelalisib exposure at doses substantially greater than 150
mg twice daily were consistent with the comparable clin-
ical efficacy data (lymph node response [LNR]) at these
doses (150-350 mg twice daily) in the dose-ranging study.
Overall, these findings, along with the exposure—response
analyses, were helpful in the selection of the 150 mg twice-
daily dose for subsequent clinical evaluation in iNHL and
CLL [25].

Population pharmacokinetic analyses following multiple
dose administration of idelalisib in subjects with haema-
tological malignancies were performed using intensive
and/or sparse sampling [26]. The final population model
that best described idelalisib pharmacokinetics was a
2-compartment model with a first-order absorption rate
constant and absorption lag time. The typical CL/F was
estimated to be 14.9 L/h, the typical distributional inter-
compartmental clearance (Q/F) was 11.8 L/h, the apparent
volume of distribution in the central compartment (V./F)
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was 22.7 L and the apparent volume of distribution in the
peripheral compartment (V,/F) was 73.0 L. Idelalisib was
absorbed at a typical rate of 0.48 h™' with a lag time of
0.25 h. Idelalisib 150 mg twice daily provided typical
steady-state Cryax, AUC; and Cyougn values of 1770 ng/mL,
10,100 ng-h/mL and 318 ng/mL, respectively, and typical
time to reach Cp.x (fmax) and elimination half-life (#.,)
values of 1.5 and 8.2 h, respectively. A nonlinear rela-
tionship was observed between dose and relative
bioavailability, consistent with the dose-ranging data in
healthy subjects described earlier. The pharmacokinetic
parameters of idelalisib are presented in Table 1; the final
model characterized the idelalisib data well, with reason-
able precision for estimated parameters as well as
descriptions of inter-subject and intra-subject variabilities.

The plasma pharmacokinetics of the major metabolite
GS-563117 were described by a two-compartment model
with first-order absorption, first-order elimination from the
central compartment and a lag time. The typical systemic
clearance was 4.4 L/h, the distributional clearance was
1.3 L/h, the volume of the central compartment was 7.5 L,
the volume of the peripheral compartment was 16.1 L/h
and the typical absorption rate constant was 0.08 h™'. The
estimated population elimination half-life for a typical
patient was 11.6 h.

3.2 Absorption
Following oral administration, idelalisib was rapidly

absorbed, reaching C,.x at roughly 0.5-1.5 h under fasted
conditions, and expectedly displayed slower absorption
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with food (reaching C,.x 2.0-4.0 h post-dose) [27]. Ide-
lalisib exposure was approximately dose proportional at
doses of up to 100 mg and, as noted earlier, less than dose
proportional at doses above 150 mg, likely driven by sol-
ubility-limited dissolution [24]. Idelalisib displayed high
forward permeability (mean apparent permeability coeffi-
cient [Pyppl 4.6 x 107°-17 x 107° cm/s; apical to baso-
lateral [AB]) across human Caco-2 cell monolayers. The
reverse permeability (basolateral to apical [BA]) exceeded
the forward permeability, resulting in a BA-to-AB ratio of
12.2 (at 1 uM), indicating secretory transport. The per-
meability increased in a concentration-dependent manner,
resulting in a lower efflux ratio at higher concentrations
(2.8 at 50 uM), likely because of saturation of efflux (se-
cretory) transport (data on file). On the basis of the antic-
ipated local gastrointestinal concentration following a
therapeutic oral dose, after accounting for solubility
(~480 uM in simulated intestinal fluid at pH 6.5), the
observed in vitro secretory transport is unlikely to be
clinically relevant. This is consistent with clinical evi-
dence, including the lack of a greater than dose-propor-
tional increase in systemic exposure over the dose range
evaluated and a minimal/modest effect of a P-glycoprotein
(P-gp) inhibitor such as ketoconazole on the idelalisib Cy,.x
(~26 % increase). The plasma exposure of idelalisib was
unaffected by acid-reducing agents, as detailed further in
the Sect.3.7°.

Following single-dose administration with a high-fat
meal (evaluated in order to maximally perturb absorption
with food) versus fasted conditions, peak plasma concen-
trations were delayed (4 versus 1-2 h). However, no rele-
vant changes in Cy.x and a slight increase in AUC,,
(36 %) were noted [24]. The dose-ranging study was
administered under fasted conditions, and subsequent
clinical studies in patients entailed dosing without any
restrictions regarding food. Overall, the small changes
observed in idelalisib exposure with food are not consid-
ered to be clinically relevant. Accordingly, idelalisib may
be administered without regard to food.

3.3 Distribution

The plasma protein binding of idelalisib and GS-563117 in
humans was high and approximately 93-94 and 99 %,
respectively, on the basis of equilibrium dialysis experi-
ments. The blood-to-plasma ratio of radioactivity after a
single oral dose of idelalisib 150 mg (containing tracer
amounts of ['*Clidelalisib) was approximately 0.52, indi-
cating that idelalisib and its metabolites were predomi-
nantly distributed to plasma relative to the cellular
components of the blood [27]. These results were consis-
tent with those from an in vitro blood distribution study
(whole-blood-to-plasma ratio 0.68 for idelalisib; data on

file). The distribution of idelalisib into compartments other
than plasma (e.g. cerebrospinal fluid, genital tract secre-
tions, breast milk) has not been clinically evaluated.

3.4 Metabolism and Elimination

The biotransformation of idelalisib was primarily via oxi-
dation by aldehyde oxidase (AO) to its major circulating
plasma metabolite, GS-563117. Other metabolic pathways
involved to a lesser extent include oxidation by cytochrome
P450 (CYP) 3A and glucuronidation by uridine 5'-
diphospho-glucuronosyltransferase (UGT) 1A4 [28].
Oxidative defluorination, methylation, dealkylation and
glutathione conjugation were also noted in a human mass
balance study [27]. Systemic exposure of GS-563117 is
2- to 4-fold higher than that of idelalisib; however, GS-
563117 is inactive against PI3Kd (data on file). The
elimination of GS-563117 is mediated via CYP3A, with a
smaller component of glucuronidation, mediated via
UGT1A4 (data on file).

Following single-dose oral administration of ["*Clide-
lalisib in healthy subjects [27], recovery of the radioactive
dose was mainly from the faeces (78.0 %), compared with
urine (14.4 %), suggesting primarily hepatobiliary excre-
tion of idelalisib. The combined faecal and urinary recov-
ery accounted for 92.4 £ 1.67 % of the entire administered
radioactive dose. Quantifiable levels of radioactivity in
whole blood and plasma were observed for up to 48 and
72 h, respectively; in plasma, the only two circulating
species were idelalisib (38 %) and GS-563117 (62 %).

In urine, total radioactivity consisted primarily of ide-
lalisib (23 %) and GS-563117 (49 %), and several trace
metabolites. In faeces, radioactivity was accounted for
mainly by idelalisib (~12 %, representing potentially a
combination of unabsorbed and/or biliary-secreted drug)
and GS-563117 (44 %), and other trace oxidation products.

3.5 Influence of Demographic Factors and Patient/
Disease Characteristics

The effect of demographic or disease-relevant factors on
idelalisib pharmacokinetics and inter-individual variability
was evaluated on the basis of population pharmacokinetics
from healthy subjects and patient studies using a stepwise
forward addition and backward deletion model selection
strategy. The correlation between the pharmacokinetic
parameters and the covariates was initially explored
graphically, followed by linear regression (continuous
covariates) and analysis of variance (ANOVA) testing
(categorical covariates) using sequential addition to deter-
mine those that provided a significant, scientifically plau-
sible improvement in the objective function. The ensuing
stepwise forward addition process identified and added the
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most significant covariate first to the model, with remaining
covariates added to evaluate potential further model
improvement (based on a statistically significant decrease
in the minimum objective function). All significant
covariates were included to form a full model. The last step
was a stepwise backward elimination process, starting with
the full model, and removal of each covariate individually;
the covariate with the smallest change in the minimum
objective function was removed from the model, and the
process was repeated. All covariates retained in the final
model were significant. The covariates evaluated included
age, sex, race, health status (cancer patient versus healthy
subject), body weight, type of cancer iNHL, CLL, other),
background treatment (rituximab usage), treatment status
(frontline versus relapsed or refractory), baseline creatinine
clearance (CLcRr), alanine aminotransferase (ALT) and
aspartate transaminase (AST). On the basis of this exten-
sive evaluation, no relevant relationship with idelalisib
pharmacokinetics was noted for most covariates.

On the basis of population pharmacokinetic analyses
(N =1736), 55 % of subjects (N = 406) were aged
<65 years, 33 % of subjects (N = 239) were aged
65-75 years and 12 % of subjects (N = 91) were aged
>75 years. Age did not have an effect on idelalisib expo-
sure among subjects in these three age groups. In addition,
age did not show an effect on GS-563117 exposure. In the
pooled phase 1 and phase 2 population, ~30 % of subjects
were female and 87 % of subjects were Caucasian; sex or
race did not have any relevant effect on idelalisib pharma-
cokinetics [29]. Similarly, idelalisib pharmacokinetics were
similar across subjects with iNHL, CLL or other types of
haematological cancers, and were unaffected by rituximab
co-use or line of treatment (early versus relapsed or
refractory). A weak relationship was observed between
body weight and idelalisib clearance: relative to the median
body weight, the 5th to 95th percentiles were <10 % dif-
ferent for idelalisib clearance. These differences are not
considered to be clinically relevant.

3.6 Pharmacokinetics in Special Populations
3.6.1 Hepatic Impairment

The pharmacokinetics of idelalisib and GS-563117 were
evaluated in noncancer subjects with moderate (Child—
Pugh—Turcotte [CPT] class B) or severe (CPT class C)
hepatic impairment following a single oral dose of idelal-
isib 150 mg; a cohort of healthy control subjects with
normal hepatic function, matched for age, sex, and body
mass index (BMI), were also enrolled and idelalisib/GS-
563117 pharmacokinetics evaluated [30].

The idelalisib Cy,,x was generally comparable in sub-
jects with moderate or severe hepatic impairment relative
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to matched healthy control subjects, while the mean AUC
was higher (by 58-60 %). GS-563117 exposure (AUC,,
and Cy,.x) was lower in subjects with moderate or severe
hepatic impairment relative to matched healthy control
subjects, suggesting lower formation of GS-563117
potentially due to lesser expression of AO (an enzyme
highly expressed in the liver and primarily responsible for
idelalisib metabolism to GS-563117) in the setting of
hepatic impairment [31, 32].

The observed differences were not considered to be
clinically relevant, on the basis of the overall exposure—
response relationships for idelalisib and GS-563117.
Exploratory analyses indicated no clinically relevant cor-
relations between idelalisib or GS-563117 exposure versus
CPT scores for subjects with moderate or severe hepatic
impairment. Overall, a single oral dose of idelalisib at 150
mg was well tolerated in subjects with moderate or severe
hepatic impairment and in healthy control subjects, with
headache being the most commonly reported adverse event
(AE), which resolved without treatment. The majority of
AEs and laboratory abnormalities were grade 1 or 2. No
clinically meaningful changes in vital signs or safety
electrocardiograms were observed during the study. Severe
hepatotoxicity, defined as any elevation in AST or ALT
exceeding five times the upper limit of normal, was
observed in 14 % of cancer patients receiving chronic
idelalisib dosing; such findings usually occurred within the
first 12 weeks of treatment and were generally asymp-
tomatic and reversible with dose interruption. Because
chronic dosing data are not available in patients with
malignancy and severe hepatic impairment at baseline, it is
particularly important to monitor those patients closely for
any signs of AEs. Dose modifications for idelalisib are not
considered necessary.

3.6.2 Renal Impairment

The pharmacokinetics of idelalisib and GS-563117 were
evaluated in noncancer subjects with severe renal impair-
ment (CLcg 15-29 mL/min) who were not on dialysis,
following a single oral dose of idelalisib 150 mg. As with
the hepatic impairment study, a dedicated cohort of healthy
control subjects, matched for age, sex and BMI with nor-
mal renal function (CLcg >80 mL/min) were enrolled and
idelalisib/GS-563117 pharmacokinetics evaluated [33].

In comparison with the healthy matched controls, ide-
lalisib exposure was slightly increased (27 % for AUC),
while Cp,.x was unaffected. Similar corresponding changes
were observed for GS-563117. These results were consis-
tent with the finding that renal excretion of idelalisib and
GS-563117 was a minor pathway for the elimination of
both drugs (~ 15 % of the administered dose was elimi-
nated in urine, primarily as GS-563117 and idelalisib in the
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mass balance study). The minor changes observed in ide-
lalisib and GS-563117 exposure in subjects with severe
renal impairment were not considered to be clinically
meaningful, supported by the overall exposure-response
relationships for both agents. These results were also
consistent with the idelalisib population pharmacokinetic
analyses, which did not identify baseline CLcR as a clini-
cally relevant covariate. Accordingly, dose adjustments for
idelalisib are not considered necessary in subjects with
severe (or moderate or mild) renal impairment.

3.7 Drug Interactions

The elimination of idelalisib is predominantly mediated by
hepatic metabolism, and the role of renal excretion is
minor. The oxidative metabolism of idelalisib is primarily
mediated via AO and, to a lesser extent, by CYP3A to form
GS-563117, a metabolite that has no activity against
PI3KS. Following oral administration of idelalisib, the only
moieties detectable in plasma were idelalisib and GS-
563117. On the basis of in vitro assessment (data on file) at
clinically relevant concentrations, neither idelalisib nor
GS-563117 are inhibitors of the metabolizing enzymes
CYP1A2, CYP2B6, CYP2C9, CYP2C19 or CYP2D6
(ICs5p >60 uM) or of the uptake of the secretory trans-
porters breast cancer resistance protein (BCRP), organic
anion transporter 1 (OATI1), OAT3 or organic cation
transporter 2 (OCT2). In contrast to idelalisib, GS-563117
is a time-dependent inhibitor of CYP3A (ICsy 5.1 uM;
inhibition constant [K;] 0.2 uM; rate of enzyme inactiva-
tion [kinaced 0.033 min~ ). Idelalisib is an inhibitor of P-gp
(ICs¢p 7.7 uM), organic anion—transporting polypeptide
(OATP) 1B1 (ICso 10.1 pM) and OATPIB3 (ICsg
7.0 uM). GS-563117 is an inhibitor of OATP1B1 (ICsq
26.1 uM) and OATPIB3 (ICs9 36.1 uM). Given the
involvement of CYP3A in idelalisib metabolism, the
potential for a strong inducer or inhibitor of CYP3A to
affect idelalisib pharmacokinetics was evaluated. Addi-
tionally, the pharmacokinetics of sensitive substrates of
CYP3A, P-gp, OATPIB1 or OATP1B3 upon coadmin-
istation with idelalisib were also evaluated. Idelalisib
pharmacokinetics following a single oral dose were eval-
uvated with or without coadministration of ketoconazole
(a potent CYP3A inhibitor) 400 mg once daily for 4 days
in healthy subjects [24]. The idelalisib Cy,,x and AUC,,
increased 26 and 79 %, respectively, after coadministration
of idelalisib with ketoconazole for 4 days in comparison
with dosing of idelalisib alone. The modest/moderate
increase in idelalisib exposure caused by potent CYP3A
inhibition is not considered to be of clinical relevance, on
the basis of overall exposure—response evaluation and in
accordance with in vitro data demonstrating that idelalisib
is not a sensitive CYP3A substrate. Patients taking CYP3A

inhibitors should be monitored for signs of idelalisib tox-
icity. Another clinical study evaluated the effect of ide-
lalisib and/or GS-563117 as a perpetrator of interactions,
specifically CYP3A (using the probe substrate midazolam)
and the drug transporters P-gp (using the probe substrate
digoxin), OATP1B1 and OATP1B3 (using the probe sub-
strate rosuvastatin), and idelalisib and GS-563117 as vic-
tims of induction (using the probe agent rifampin) [34].
Multiple dosing of idelalisib was performed to achieve
steady-state/clinically relevant exposure of idelalisib and
GS-563117 to assess the impacts on digoxin, rosuvastatin
and midazolam pharmacokinetics.

The pharmacokinetics of digoxin, an agent routinely used
in clinical drug—drug interaction studies as a probe P-gp
substrate [35], was unaffected upon coadministration of
digoxin with idelalisib 150 mg twice daily, suggesting no
clinically relevant inhibition of P-gp by idelalisib. Accord-
ingly, no dose adjustment is necessary when idelalisib is
coadministered with substrates of P-gp. As expected, ide-
lalisib pharmacokinetics were not impacted by digoxin.
Coadministration of rosuvastatin with idelalisib resulted in
exposure (AUC and Ci,,4) similar to that of rosuvastatin, a
sensitive BCRP, OATP1B1 and OATP1B3 substrate, indi-
cating the lack of clinically relevant inhibition of these
transporters by idelalisib and GS-563117. Thus, no dose
adjustment is needed when substrates of BCRP or
OATP1B1/OATP1B3 are coadministered with idelalisib.

In contrast to digoxin and rosuvastatin, coadministration
of midazolam with idelalisib resulted in substantial
increases in midazolam exposure relative to midazolam
dosing alone, with increases of 138, 355 and 437 % for the
midazolam Ci,,,, AUC from time zero to the time of the
last measurable concentration (AUC,) and AUC.,
respectively. Correspondingly, 1’-OH-midazolam exposure
was decreased. These findings were consistent with the
mechanism-based inhibition of CYP3A by GS-563117,
given that idelalisib itself is not a clinically relevant inhi-
bitor of CYP3A (ICsy >44 uM). The observed changes in
the midazolam C,,,x, AUC and plasma half-life suggest
changes in the bioavailability (increased) and systemic
clearance (decreased) of midazolam when it was coad-
ministered with idelalisib, driven by GS-563117. Exposure
to concomitant medications metabolized via CYP3A is
expected to increase upon coadministration with idelalisib.

Because of the lack of relevant in vitro inhibitory effects
of idelalisib and GS-563117 on other CYP enzymes, the
exposure to agents in general that are primarily metabo-
lized via non-CYP3A pathways is not expected to be
meaningfully impacted by idelalisib coadministration.

The in vitro enzymology findings on idelalisib meta-
bolism, driven mainly via oxidation by AO to form GS-
563117, with smaller contributions by CYP3A and
UGT1AA4, are consistent with clinical findings. The modest
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effect of ketoconazole, a strong CYP3A inhibitor and a
weak AO inhibitor, on idelalisib exposure support a smaller
role of CYP3A (versus AQ) in idelalisib metabolism.
Accordingly, CYP3A inhibition by GS-563117 is not
expected to meaningfully affect idelalisib plasma exposure.
On the other hand, coadministration of idelalisib with
rifampin caused a substantial decrease in idelalisib and GS-
563117 exposure relative to the exposure with idelalisib
administration alone. The idelalisib C,,,x and AUC_
showed mean decreases of 58 and 75 %, respectively, and
the corresponding values for GS-563117 were 68 and
89 %, respectively. CYP3A activity has been shown to be
substantially increased (13-fold) by rifampin at the plasma
concentrations observed (10 uM), whereas AO 1is not
considered to be inducible [36]. Therefore, idelalisib oxi-
dation through CYP3A may have been substantially
increased and resulted in a significant decrease in idelalisib
exposure. Increases in glucuronidation may have also
occurred. GS-563117 metabolism is primarily mediated via
CYP3A and, accordingly, a larger reduction in GS-563117
exposure was noted. On the basis of the results from a mass
balance study, there was no evidence of non-CYP3A-me-
diated metabolism of GS-563117. Overall, the effect of
CYP3A induction may have a bigger impact on GS-563117
clearance than on idelalisib clearance.

On the basis of the pH-dependent solubility of idelalisib
(decreasing solubility over a pH range of 1-6) and the
solubility-limited absorption of idelalisib as described
earlier, a clinical evaluation of the effect of acid-reducing
agents on the pharmacokinetics of idelalisib was performed
on the basis of co-use of histamine 2 receptor antagonists
(H2RAs), proton pump inhibitors (PPIs) and antacids in the
long-term patient studies [37]. Subjects were counted as
receiving concomitant acid-reducing agents if these were
administered during any of the idelalisib pharmacokinetic
sampling times (analysis using idelalisib steady-state
observed pre-dose concentration [Cpreqose] — values),
regardless of the duration of acid-reducer use (i.e. taken
once or chronically). Subjects were counted as not
receiving an acid-reducing agent if there was no overlap-
ping period of pharmacokinetic sampling with concomitant
use of acid-reducing agents. In a second analysis performed
using population pharmacokinetics—estimated Cioughs Cmax
and AUC values, subjects were counted as receiving con-
comitant acid-reducing agents only if such agents were
administered >50 % of the time, coinciding with idelalisib
pharmacokinetic sampling. Subjects were counted as not
receiving an acid-reducing agent if there was no overlap-
ping period of pharmacokinetic sampling with concomitant
use of acid-reducing agents. The geometric least-squares
mean ratio and 90 % CI of idelalisib exposure parameters
between subjects with and those without use of acid-re-
ducing agents was determined. Using the Cpreqose data, the
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geometric mean ratios (%) and associated 90 % Cls were
111 (86-143) and 80 (59-109) in iNHL and CLL patients,
respectively. The corresponding population pharmacoki-
netics-based values in iNHL and CLL patients were 104
(94-116) and 89 (78-101), respectively, for AUC, 106
(88-128) and 95 (76-119), respectively, for Cp,.x and 103
(92-116) and 80 (69-92), respectively, for Ciouen. Col-
lectively, these data demonstrate the lack of clinically
relevant effects of acid-reducing agents on idelalisib
pharmacokinetics.

3.8 Exposure-Response

On the basis of dose ranging and subsequent phase 2
evaluation in iNHL patients, idelalisib 150 mg twice daily
was shown to provide strong and durable efficacy and a
favourable safety profile. This dose was selected on the
basis of a study (study 101-02) evaluating idelalisib doses
of 50, 100, 150, 200 or 350 mg twice daily or 150 or
300 mg once daily administered as monotherapy to sub-
jects with relapsed or refractory haematological malig-
nancies. As noted earlier, idelalisib exposure increased in a
less than dose-proportional manner; the different dosing
frequencies (i.e. once daily versus twice daily) varied the
shape of the concentration—time curves and the associated
pharmacokinetic parameters used in exposure—response
analyses. Tumour responses, assessed by changes in
tumour size (the sum of the products of the largest per-
pendicular diameters [SPD]), were evaluated in subjects
receiving these treatments. Predicted idelalisib exposure
based on population pharmacokinetic modelling was
evaluated against the SPD to assess the exposure—efficacy
relationship [25].

Figure 2a shows the box plot of SPD responses, strati-
fied by quartile, of idelalisib Cyoyen values for iNHL sub-
jects in study 101-02. In this pharmacokinetic—
pharmacodynamic analysis over a wide dose/exposure
range, the median SPD response increased over the quar-
tiles of the idelalisib Ciougn values and reached a plateau
at/above the second quartile (Q2). Idelalisib 150 mg twice
daily provided exposure (Ciougn 349 ng/mL) encompassed
by the third exposure quartile (Q3; Ciyouen range
280—405 ng/mL), corresponding to this plateau of high
exposure—-response and well above the ECq, for PI3Ko
inhibition (~ 125 ng/mL or 301 nM). At the same total
daily dose, idelalisib twice-daily treatment provided higher
Cirougn values as expected versus once-daily dosing, while
the AUC from 0 to 24 h (AUC(_,4,) values were compa-
rable (with median Cyougn values of 349 and 167 ng/mL
and AUC(_ 4, values of 19,600 and 16,300 ng-h/mL for
idelalisib 150 mg twice daily and 300 mg once daily,
respectively). Comparison of the SPD response in the
twice-daily versus once-daily regimens indicated that
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Fig. 2 a Lymph node response (% change from baseline) across
quartiles of idelalisib trough plasma concentration (Cyougn) values in
the dose-ranging study 101-02 in patients with indolent non-
Hodgkin’s lymphoma (iNHL) over a 7-fold dose range. b Lymph
node response ( % change from baseline) across quartiles of idelalisib
Cirougn values in study 101-09 in iNHL patients receiving 150 mg
twice daily. QI quartile 1, Q3 quartile 3

efficacy was best associated with idelalisib Cioygn values.
Accordingly, 150 mg twice daily was chosen for further
evaluation in clinical studies (including study 101-09) and
to provide mean Ciougn Values above the ECyy for PI3KS
inhibition and achievement of robust efficacy.

In the dose-ranging study 101-02, the exposure—re-
sponse relationship (the SPD response versus the quartile
of the idelalisib Cyyougn) in CLL subjects was similar to that
observed in iNHL subjects. Overall, idelalisib exposure
across all quartiles provided SPD reductions of >50 %.
The median SPD response (reduction) increased over the

quartiles of the idelalisib Ciqygn and reached a plateau at
Q3. Idelalisib 150 mg twice daily provided exposure
(Cirough 349 ng/mL) in CLL subjects encompassed by Q3
(Cirougn range in Q3 295-437 ng/mL), corresponding to the
plateau phase of exposure-response, as observed with
iNHL subjects.

Following the selection of the idelalisib 150 mg twice-
daily dose, the efficacy of idelalisib given as monotherapy
at 150 mg twice daily to subjects with iNHL refractory to
rituximab and alkylating agents was further evaluated in
the pivotal phase 2 study 101-09. The primary objective of
this study was to evaluate tumour regression, as assessed
by an independent review committee (IRC) on the basis of
the ORR. Additional efficacy endpoints based on IRC
assessments, such as DOR, PFS, LNR and SPD, were also
evaluated. Exposure—efficacy analyses were conducted to
assess the relationship between idelalisib exposure (derived
from population pharmacokinetic modelling) and various
efficacy endpoints.

Figure 2b shows the idelalisib Ciouen versus SPD rela-
tionship from study 101-09, indicating similar SPD chan-
ges across the observed exposure range. Figure 3 shows the
box plot of the relationship between the idelalisib Cyougn
and the best overall response status (BOR), and also
stratified by categories of response. These analyses indi-
cated that the median idelalisib Cioygn Was similar between
responders (complete response [CR] or partial response
[PR]) and nonresponders (stable disease [SD] or progres-
sive disease [PD]), and across the four response categories.
These results indicated a lack of relationship between
idelalisib exposure at 150 mg twice daily and BOR.
Additional logistic regression analysis further indicated a
lack of relationship between idelalisib plasma exposure and
response status (responder versus nonresponder), as shown
in Table 2.

Overall, exposure—efficacy analysis in study 101-09
following treatment with idelalisib 150 mg twice daily
confirmed the lack of a relationship between idelalisib
plasma exposure and various efficacy endpoints, indicating
that the 150 mg twice-daily regimen produced robust and
consistent therapeutic effects across the exposure range
observed. Relative to the median idelalisib Ciouen for the
study 101-09 population, the Cyouen midpoints in the
lowest quartile (Q1) and the highest quartile (Q4) were
155 and 553 ng/mL, respectively, and the within-quartile
ranges for Ql and Q4 were 44-203 ng/mL and
437-1658 ng/mL, respectively. As such, the exposure—re-
sponse analyses represented a wide range of idelalisib
Cirougn values, representing 53 and 188 % excursions from
the median at the midpoints of Q1 and Q4, respectively.
These analyses indicated the absence of exposure-response
relationships over an exposure range that accounted for the
potential modest effects of intrinsic/extrinsic factors on
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Table _2 Logistic regression Variable Parameter estimate (SE) p value Odds ratio (95 % CI)
analysis of the effects of
idelalisib pharmacokinetic AUC_p4p, (ng-h/mL) 0.01 (0.541) 0.9878 1.008 (0.349-2.913)
parameters on the best overall ¢ o) 0.26 (0.319) 0.4169 1.295 (0.694-2.419)

response status in patients with

indolent non-Hodgkin’s
lymphoma

idelalisib pharmacokinetics, which were not clinically rel-
evant. In summary, the overall analyses indicated the
absence of exposure—efficacy relationships and support the
idelalisib 150 mg twice-daily dose.

Idelalisib 150 mg twice daily was also evaluated as com-
bination therapy in subjects with relapsed CLL. Exposure—
efficacy analyses were conducted to assess the relationship
between idelalisib exposure (derived from population phar-
macokinetic modelling) in the phase 3 study GS-US-312-
0116 (idelalisib plus rituximab versus rituximab alone) and in
selected cohorts from study 101-07 (where idelalisib was
administered at 150 mg twice daily in combination with the
anti-CD20 agents rituximab or ofatumumab) and various
efficacy endpoints, as noted earlier. The relationships
between the idelalisib Cyyougn and BOR, and also across cat-
egories of response, were evaluated. These analyses indicated
that the median idelalisib Ciygn Was similar in responders
(CR or PR) and nonresponders (SD or PD) and across the
response categories, indicating a lack of relationship between
idelalisib exposure at 150 mg twice daily and BOR. Addi-
tional logistic regression analysis further indicated a lack of
relationship between idelalisib plasma exposure and response
status (responder versus nonresponder).

Idelalisib exposure—efficacy analysis using data from
studies 101-07 and GS-US-312-0116 following idelalisib
150 mg twice-daily treatment confirmed a lack of a rela-
tionship between idelalisib exposure and various efficacy
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AUCy_54y, area under the plasma concentration—time curve from 0 to 24 h, CI confidence interval, Ci, g,
trough plasma concentration, SE standard error

endpoints, indicating that idelalisib 150 mg twice daily in
combination with anti-CD20 agents (rituximab or ofatu-
mumab) produced robust and consistent therapeutic effects
in subjects with relapsed CLL across the exposure range
observed. The median (Q1, Q3) idelalisib average daily
dose in study 312-0116 over the treatment duration (in-
cluding interruptions) was 150 mg (145, 150 mg) twice
daily (i.e. a median of 300 mg daily), indicating the lack of
a meaningful role of dose reductions and/or interruptions.
Overall, these results were consistent with the results from
exposure—efficacy analyses in iNHL patients.

Pharmacokinetic—pharmacodynamic analyses of the
idelalisib/GS-563117 exposure—safety relationships were
performed in subjects with haematological malignancies
(including iNHL and CLL) who received idelalisib as
monotherapy in phase 1 and 2 studies (101-02 and 101-09),
using idelalisib/GS-563117 exposure values derived from
population pharmacokinetic modelling versus safety
parameters, which included laboratory abnormalities of
AST and ALT, and grade 3 AEs including neutropenia,
diarrhoea, skin rash and infection.

In study 101-02, over the wide range of dose/exposure
evaluated, no consistent exposure—driven trends (similar
across quartiles of idelalisib AUCy 54, and Cy,..) were
observed in the incidence rates for grade 3 or 4 AST and
ALT elevations. These data, together with the dose/expo-
sure—efficacy analyses, supported the selection of 150 mg
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twice daily as the intended dosing regimen for further
clinical development, including study 101-09 in iNHL
patients. Idelalisib exposure—safety relationships were fur-
ther evaluated for subjects receiving 150 mg twice-daily
treatment in studies 101-02 and 101-09. The relationship
between idelalisib C,,,x and the incidence of AEs (the
percentage of subjects with a specific AE) is shown in
Fig. 4. The idelalisib C,,x was comparable whether grade 3
or 4 AEs, neutropenia, diarrhoea, skin rash or infection
were present or absent. Similar results were observed when
AEs were evaluated against the steady-state AUCy p4p.
Further, the incidence rates for grade 3 or 4 AST and ALT
elevations for subjects who received 150 mg twice daily in
both studies 101-02 and 101-09 were similar across the
quartiles of the idelalisib AUCq_ 4, and Cpay, confirming
the lack of an exposure—safety relationship. A logistic
regression analysis indicated the lack of a relationship
between idelalisib exposure and occurrence of infection.
Taken together, there were no relationships between ide-
lalisib exposure and the selected safety endpoints. Idelalisib
exposure—safety relationships were further evaluated in
subjects with CLL receiving idelalisib 150 mg twice daily
in combination with rituximab or ofatumumab. The rela-
tionships between the idelalisib C,,,x and the incidence of
AEs (the percentage of subjects with a given AE) were
evaluated; the idelalisib C,,x was comparable regardless of
the incidence (present versus absent) of any grade 3 or 4
AEs or the incidence of grade 3 or 4 neutropenia, diarrhoea,
skin rash, infection or pneumonia; similar findings were
observed using the steady-state AUC(_n4y. Further, the
incidence rates for grade 3 or 4 AST and ALT elevations for
subjects who received idelalisib 150 mg twice daily were
comparable across the quartiles of the AUCy_o4p, and Cipa,
confirming the lack of an exposure—safety relationship. A

logistic regression analysis indicated the lack of a rela-
tionship between idelalisib exposure and occurrence of
infection or pneumonia. Taken together, there were no
relationships between idelalisib or GS-563117 exposure and
the selected safety endpoints in iNHL or CLL patients.

4 Conclusions

Idelalisib is the first PI3Kd inhibitor approved for the
treatment of iNHL and CLL. The clinical pharmacokinetics
of idelalisib have been extensively characterized in
patients. Idelalisib displays low pharmacokinetic variabil-
ity and has a well-understood drug interaction profile.
There are no clinically relevant covariates that affect ide-
lalisib pharmacokinetics. Exposure-response analyses
support the 150 mg twice-daily dose of idelalisib with
respect to both efficacy and safety.
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