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Abstract

Background and Objectives Physiologically based pharmacokinetic (PBPK) modelling has evolved to accommodate different
routes of drug administration and enables prediction of drug concentrations in tissues as well as plasma. The inhalation route
of administration has proven successful in treating respiratory diseases but can also be used for rapid systemic delivery, hold-
ing great promise for treatment of diseases requiring systemic exposure. The objective of this work was to develop a PBPK
model that predicts plasma and tissue concentrations following inhalation administration of the PI3KSd inhibitor nemiralisib.
Methods A PBPK model was built in GastroPlus® that includes a complete mechanistic description of pulmonary absorption,
systemic distribution and oral absorption following inhalation administration of nemiralisib. The availability of clinical data
obtained after intravenous, oral and inhalation administration enabled validation of the model with observed data and accurate
assessment of pulmonary drug absorption. The PBPK model described in this study incorporates novel use of key parameters
such as lung systemic absorption rate constants derived from human physiological lung blood flows, and implementation of
the specific permeability-surface area product per millilitre of tissue cell volume (SpecPStc) to predict tissue distribution.
Results The inhaled PBPK model was verified using plasma and bronchoalveolar lavage fluid concentration data obtained in
human subjects. Prediction of tissue concentrations using the permeability-limited systemic disposition tissue model was fur-
ther validated using tissue concentration data obtained in the rat following intravenous infusion administration to steady state.
Conclusions Fully mechanistic inhaled PBPK models such as the model described herein could be applied for cross molecule
assessments with respect to lung retention and systemic exposure, both in terms of pharmacology and toxicology, and may
facilitate clinical indication selection.

1 Introduction
Key Points

The inhalation route of administration is frequently chosen - - : )
For a complete mechanistic description of inhalation

for the treatment of patients with respiratory diseases as +© i X
it delivers the therapeutic compound directly to the target administration, a PBPK model should include pulmonary
absorption, systemic distribution and oral absorption.

organ while resulting in a lower systemic exposure. Deliv-
ering compound directly to an inflamed or affected disease Currently, inhalation modelling strategies need to
microenvironment has proven to be of greater benefit to the include a way of determining key parameters that cannot
be either directly predicted from in vitro data or inter-
polated from clinical data; for example, the systemic
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patient and lowers the risk of unwanted adverse effects in
other organs [1]. However, the inhalation route of adminis-
tration can also be used for rapid systemic delivery due to
low metabolism and high bioavailability [2].

Nemiralisib (GSK2269557) is a potent PI3K9 inhibi-
tor that has been investigated for the treatment of chronic
obstructive pulmonary disease (COPD) and other respira-
tory diseases based on its effects on neutrophils, T cells and
B cells [3-7]. Nemiralisib and other PI3Kd inhibitors are
also potent inhibitors of regulatory T cells and could there-
fore play a role in the treatment of cancer, in particular to
enhance the effect of checkpoint inhibitors [8—12]. Oncol-
ogy patients are often treated at the point of advanced dis-
ease with metastasis in multiple organs [13], and hence an
effective therapeutic would most likely require inhibition of
regulatory T cells in multiple organs. Choices with respect
to optimal route of administration are therefore a careful
balance between effective delivery of compound to the target
organ (or specific cells residing within the organ) and poten-
tial adverse effect profiles of oral versus inhaled treatment.
Most PI3KS inhibitors thus far have been developed as oral
compounds, with a few exceptions, including nemiralisib.

Physiologically based pharmacokinetic (PBPK) model-
ling enables the prediction of drug concentrations in tissues
and plasma [14]. In fact, the development of tissue compo-
sition models to predict the tissue partition coefficients of
compounds prior to the existence of PK data was a major
enhancement facilitating the increased use and applica-
tion of PBPK modelling in drug research and development
[15]. PBPK modelling has evolved to include routes of drug
administration such as application via skin and lung [16],
with the lung being included in the commercial PBPK plat-
form GastroPlus® in 2010 [17, 18].

The aim of the work described in this paper was to use
PBPK modelling to evaluate whether nemiralisib distrib-
utes to tissues distal to the lung following inhalation admin-
istration in human. Using the PBPK platform GastroPlus
and data derived from a clinical absorption, distribution,
metabolism, and excretion (ADME) study [19], mechanistic
models describing inhalation administration, systemic distri-
bution and oral absorption were constructed. The model was
then verified with data from a clinical trial in which patients
were treated with inhaled nemiralisib [3]. The predictions of
tissue concentrations were subsequently verified with data
from a rat tissue distribution study [20]. The inhaled PBPK
model described herein is fully mechanistic and builds on
a model previously published [21]. Moreover, the model
described here offers a novel way of parameterising the pul-
monary absorption component using systemic absorption
rate constants from the lung based on lung blood flows, as
well as the direct use of in vitro permeability from MDCK-
MDRI cells as an input for lung permeability, and fraction
unbound in plasma as a surrogate for lung binding. The
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work described in this manuscript offers a new approach for
mechanistic modelling following inhalation administration.

2 Materials and Methods
2.1 Clinical and Preclinical Study Designs

2.1.1 Absorption, Distribution, Metabolism, and Excretion
Study

A previously published clinical trial (NCT03315559) was
designed to characterise the human absorption, metabolism,
excretion and pharmacokinetics of the inhaled drug nemiral-
isib using an intravenous microtracer, when combined with
an inhalation dose and an oral radiolabel dose [19]. Briefly,
healthy male subjects underwent two treatment periods with
a 14-day washout between treatments. In treatment period 1,
subjects inhaled 1000 pg of non-radiolabelled nemiralisib as
a dry powder from the ELLIPTA® inhaler device, and within
5 min received 10 pg ["*C]nemiralisib (approximately 22.2
kilo Becquerel [kBq]; 0.6 micro Curie [uCi]) via an intrave-
nous infusion over 15 min. In treatment period 2, subjects
were administered 800 pg of ['*C]nemiralisib (1850 kBq;
50 uCi) as an oral solution in water. Blood samples were
collected for a minimum of 168 h and up to 336 h after
dosing [19].

2.1.2 Inhalation Study

A previously published phase I clinical trial PII116617
(NCTO01762878) explored the PK/PD relationship of nemi-
ralisib in a single-dose escalation design [3]. Briefly, regu-
lar cigarette smokers underwent a four-way crossover, with
each subject receiving placebo, 0.1, 0.5, and 2 mg of a dry
powder formulation of nemiralisib administered using the
Diskus® device, with a 14-day washout between treatments.
A 14-day repeat-dose arm was conducted in a further cohort
where the subjects received 2 mg of nemiralisib or placebo
in a parallel group design, also delivered as a dry powder
formulation using the Diskus device. In addition to blood
samples, bronchoscopy for the collection of bronchoalveolar
lavage (BAL) samples was performed at 24 h (trough) after
the final (day 14) dose [3].

2.1.3 Tissue Distribution in Rat

To investigate the tissue distribution of nemiralisib in the
conscious male rat, nemiralisib (GSK2269557B HCI salt
form) was infused over 25 h via intravenous administration
to three male CD Sprague—Dawley rats, after which time
blood, liver, kidney, spleen, muscle, lung and skin were
sampled after the animals were sacrificed. The dose level of
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0.24 mg/kg/h was selected to achieve steady-state plasma
concentrations of approximately 100 ng/mL, and tissue
concentrations of approximately 1000—-5000 ng/mL based
on a rat PBPK model incorporating historical rat PK data.
Concentrations of nemiralisib in plasma and the specified
tissues, accounting for residual plasma concentrations, were
then determined, following sample preparation, including
tissue homogenisation and protein precipitation, via liquid
chromatography tandem mass spectrometry (LC-MS/MS).

2.2 Physiologically Based Pharmacokinetic
Modelling

GastroPlus version 9.7 (Simulations Plus Inc., Lancaster,
CA, USA) with the nasal-pulmonary additional dosage route
module was used for the PBPK modelling and simulation.
In addition, MembranePlus® version 2.0 (Simulations Plus
Inc.) was used to predict enterocyte drug binding in the
gastrointestinal tract and ADMET Predictor® v9.0 (Simula-
tions Plus Inc.) was used to predict other input parameters
as detailed in Table 1.

Diagrams of the individual components comprising
the PBPK model can be seen in Fig. 1. The simulation of
inhalation administration requires an accurate description
of drug deposition, absorption from different lung regions,
absorption of the swallowed portion from the intestine,
and systemic distribution and clearance, each of which are
described below.

2.2.1 Systemic Disposition

Initial models to describe systemic distribution following
intravenous administration were built using a perfusion-lim-
ited tissue model for nemiralisib; this is the default model
in GastroPlus as it only requires tissue-to-plasma partition
coefficients (Kp values) that can be predicted from drug-
specific physicochemical properties [14]. Due to the need to
more accurately predict the maximum concentration (C,,,,)
following intravenous administration in humans, a perme-
ability-limited tissue model for nemiralisib was employed;
this requires a permeability-surface area product (PStc) [14]
and the specific PStc (PStc per millilitre of tissue cell vol-
ume) implemented in GastroPlus was used. Subsequently,
a permeability-limited tissue model was used to assess the
accuracy of tissue-to-plasma concentration ratio (Rtp) pre-
dictions in the rat following intravenous dosing.

Systemic clearance for nemiralisib in human from the
intravenous microtracer data observed in the ADME trial
(NCT03315559) [19] was used directly in the simulations.

As nemiralisib is a basic compound, it is expected to
interact with tissue acidic phospholipids [22]. In Gastro-
Plus, the human tissue acidic phospholipid concentrations
are generally assumed to be the same as the rat, therefore the

values were updated with those for human specified in the
Simcyp™ Simulator version 18 (Certara, Sheffield, UK).

2.2.2 Oral Absorption

The advanced compartmental absorption and transit (ACAT)
model [23] was used to describe oral absorption, includ-
ing the swallowed portion of an inhalation dose. The ACAT
model divides the gastrointestinal tract into nine compart-
ments, from the stomach to the ascending colon. The Opt-
logD SA/V version 6.1 was used to predict the absorption
scale factors (ASF) describing regional permeability in each
of the nine compartments.

For the purpose of obtaining individual permeability
values, a compartmental systemic disposition model was
fitted for each individual using their respective intravenous
data; those permeabilities were subsequently used with a
systemic PBPK model. Liver first-pass extraction (FPE),
also known as hepatic extraction (Eh), was calculated from
the intravenous clearance for each individual, assuming a
liver blood flow of 90 L/h. In the nemiralisib clinical study
206764 (NCT03315559), Fg (fraction escaping gut wall
metabolism) was reported as 0.83 [19], and intestinal FPE
for the model was accordingly set at 17%. The P450 enzyme
predominantly responsible for the metabolism of nemiralisib
is P4503A4 [21], but it was not specified in the model.

To achieve the best prediction of the oral plasma concen-
tration profile, the effective permeability was manually fitted
for each individual.

2.2.3 Pulmonary Absorption

The nasal-pulmonary additional dosage route module, used
to model pulmonary absorption following inhalation dosing,
has been described previously [17, 18]. Briefly, the model
describes the lung as a collection of up to five compartments:
an optional nose (containing the anterior nasal passages),
extrathoracic (nasopharynx and oropharynx and the larynx),
thoracic (trachea and bronchi), bronchiolar (bronchioles and
terminal bronchioles) and alveolar-interstitial (respiratory
bronchioles, alveolar ducts and sacs, and interstitial connec-
tive tissue). Following deposition, the disposition of the drug
in the lung is dictated by mucociliary transit, swallowing
from the extrathoracic compartment, dissolution in mucus,
absorption into pulmonary cells and eventually into systemic
circulation, accounting for fractions unbound in the mucus/
surfactant layers and the cells.

Initial predictions for the deposition of nemiralisib fol-
lowing inhalation administration were obtained using the
Multiple Path Particle Dosimetry (MPPD) model version
2.92.5 (Applied Research Associates, Raleigh, NC, USA)
[24]. The model combines cascade impaction data, lung
geometry and inhalation profiles as input parameters to
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Table 1 Key physicochemical/pharmacokinetic properties used as inputs for the PBPK predictions

Parameter Value Notes

logP 4.01 Measured

pKa values Acid 12.72 ADMET Predictor v9.0.0.0
Acid 11.26 ADMET Predictor v9.0.0.0
Base 8.47 Measured
Base 2.78 ADMET Predictor v9.0.0.0
Base 2.22 ADMET Predictor v9.0.0.0
Base 1.35 ADMET Predictor v9.0.0.0

Solubility (mg/mL) 1.0E-3 at pH 10 Measured

Bile salt effect solubilisation ratio 2.82E+4 From measured FaSSIF and FeSSIF solubility

Mean precipitation time (s) 900 GastroPlus default

Diffusion coefficient (cm%/s x 10%) 0.6 ADMET Predictor v9.0.0.0

Drug particle density (g/mL) 1.2 GastroPlus default

Particle radius (pm) PL: Powder = 1 Measured

Human P (cm/s x 107%) 0.26-0.46 Fitted to PO PK data

Gut physiology
Absorption model ASFs (cm™")

Intestinal FPE

% Unbound enterocytes
Human BPR

Rat BPR

Human Fuy, (%)

Rat Fup (%)

Kp prediction method

Human specific PStc (mL/s/mL)
Systemic clearance (L/h)
Inhaled parameters:

%Deposited in extrathoracic

%Deposited in thoracic

%Deposited in bronchiolar

%Deposited in alveolar-interstitial
Pulmonary solubility (mg/mL)
Permeability (cm/s) for each region

Systemic absorption rate Constant (1/s)

Extrathoracic
Thoracic
Bronchiolar
Alveolar-Interstitial
% Unbound in mucus

% Unbound in cell

Human-physiological-fasted
Duodenum = 2.625
Jejunum 1 =2.630
Jejunum 2 = 2.620
Tleum 1 = 2.601
Tleum 2 = 2.606
Ileum 3 = 2.587
Caecum =0
Ascending colon = 0
17%

6.5

0.94

1.42

2.1

2.4

Lukacova with lysosomes (see Gastro-
Plus Manual)

Poulin-extracellular (Eq. 4 in the study
by Poulin and Theil [27])

0.175
7.518-20.040

19.147

8.676
2.188
19.392
0.22
1.57E-5

4.325E-3
4.325E-3
4.325E-3
0.173

2.1

2.1

GastroPlus default

GastroPlus
Human-physiological-fasted Opt logD model SA/V 6.1 with ASF coefficient C3 = 0 as
described in the Results section

Based on clinical data in the study by Harrell et al. [19]
MembranePlus v2.0

Measured

Measured

Measured

Measured

Perfusion-limited model
Permeability-limited model (Fu intracellular method = S+ v9.5 w/Lys; (see Gastro-
Plus Manual)

Fitted

Derived from NCA of intravenous PK

Exhaled = 50.6%, which is in line with the proportion of drug (approximately 46%)
unaccounted for in the study by Harrell et al. [19]

Measured
Measured (MDCK-MDRI cells) used directly
Estimated from lung blood flows

Measured Fup (except Al = 100%)
Measured Fu,,

ASF absorption scale factor, BPR blood/plasma ratio, FaSSIF fasted state simulated intestinal fluid, FeSSIF fed state simulated intestinal fluid, FPE
first-pass extraction, Fup fraction unbound in plasma, Kp tissue:plasma partition coefficient, MDCK-MDRI Madin Darby Canine Kidney cells trans-
fected with the human MDR1 gene, NCA non-compartmental analysis, PBPK physiologically based pharmacokinetic, P, effective human jejunal
permeability, PK pharmacokinetic, PL pulmonary, PO oral, PStc permeability-surface area product, SA/V surface area-to-volume ratio
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predict the regional lung deposition. The ratio of predicted
regional lung deposition was maintained, but the absolute
values were subsequently adjusted using the fraction of
dose absorbed from the lung (29%) following an inhala-
tion dose as determined from GSK study number 206764
(NCTO03315559) [19]. Deposition is a patient-specific factor
[17] but has been assumed to be the same for all individuals
in the modelling.

Pulmonary solubility was measured in simulated lung
fluid and used directly. Fraction unbound in plasma was used
as a surrogate for mucus and lung binding.

Nemiralisib-specific measured in vitro permeability from
MDCK-MDRI1 cells was used directly as the input for lung
permeability instead of the default GastroPlus values based
on rat alveolar permeability for a small set of hydrophilic
non-electrolytes.

The systemic absorption rate constants from the lung cells
into blood were estimated from human physiological lung
blood flows, assuming that compound-specific parameters
such as permeability, the rate of drug diffusion between lung
fluid and lung cells, and fraction unbound in cells would
account for lung retention. Specifically:

Human cardiac output (CO) = 5200 mL/min [25]

Bronchial regional blood flow = 2.5% CO [25]

Pulmonary blood volume ~ 500 mL [26]

5200 mL/min / 500 mL = 10.4 min~' = 0.173 s™' for
pulmonary circulation

2.5% of 0.173/s = 4.325 x 107%/s for bronchial circula-
tion, and all other compartments.

2.2.4 Tissue Distribution in Rat

The nemiralisib plasma concentration versus time profile
and associated tissue distribution in rat following intrave-
nous infusion administration to steady state were prospec-
tively predicted using a permeability-limited tissue model
with the observed systemic clearance (0.568 L/h) and fitted
specific PStc (0.8 mL/s/mL) from an earlier rat intravenous
bolus administration PK study. On completion of the intra-
venous infusion administration study, retrospective analysis
of the prediction was undertaken to assess the suitability of
the systemic clearance and specific PStc.

3 Results
3.1 Systemic Distribution

The plasma concentration versus time profile of nemiral-
isib in human is adequately predicted following intravenous
dosing using a permeability-limited tissue model, in com-
bination with the observed systemic clearance (Fig. 2). A
specific PStc of 0.175 mL/s/mL was used for all subjects and

all tissues, except the liver. A higher PStc was required in
the liver to match the observed systemic clearance, and this
tissue was set as perfusion-limited, clearly differentiating it
from other tissues and enabling direct use of the observed
systemic clearance value as an input for each subject.

An assessment of the mass versus time profiles for the
various tissues in the PBPK model highlighted that the liver,
muscle and adipose are important tissues in terms of the
distribution of nemiralisib (Fig. 3).

3.2 Oral Absorption

A reference solubility of 1 pg/mL at pH 10 was used, and, in
combination with the pKa values and solubility factor, gave
an adequate description of the change in buffer solubility
with respect to pH (data not shown). The bile salt effect salt
solubilisation ratio was fitted at 2.82E+4 using measured
fasted state simulated intestinal fluid (FaSSIF) and fed state
simulated intestinal fluid (FeSSIF) solubility data.

Effective permeability was predicted to be moderate from
structure (1.04 X 107 e/ s) by ADMET Predictor, but had
to be lowered to 0.26-0.46 x 10~ cm/s to fit the individual
oral plasma concentration versus time profiles of nemiralisib
in human.

Initial predictions overpredicted the absorption post the
time of maximum plasma concentration (z,,,,) of 6 h, with
the total absorption from the caecum and ascending colon
predicted to be substantial at approximately 40%. This over-
prediction was corrected by setting the ASF coefficient C3
in the ASF model to zero.

Simulations predicted a fraction absorbed of 44-63%,
with 37-56% excreted as dissolved drug. Furthermore, the
plasma concentration versus time profile of nemiralisib in
human is adequately predicted following oral dosing (Fig. 4).

3.3 Pulmonary Absorption

The plasma concentration versus time profiles of nemiral-
isib in human are adequately predicted following inhala-
tion dosing using a permeability-limited tissue systemic
distribution PBPK model, combined with an ACAT model
for oral absorption and a nasal-pulmonary mechanistic
model for lung absorption (Fig. 5 and Table 2). Most of
the systemic exposure is predicted to be from pulmonary
absorption (29%), but there is a contribution from the
swallowed portion of around 10%. The majority of the
10% swallowed portion is from the 19% of the inhalation
dose initially deposited in the extrathoracic compartment,
with an additional small percentage resulting from the
ensuing mucociliary transit of dose deposited lower down
the lung. The remaining 9% of the inhalation dose initially
deposited in the extrathoracic compartment is excreted
from the gastrointestinal tract as dissolved drug.
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Fig. 1 Conceptual diagram of an inhaled + oral (ACAT) + systemic (tissues) PBPK model. ACAT advanced compartmental absorption and tran-
sit, PBPK physiologically based pharmacokinetic, PStc permeability-surface area product, Q tissue blood flow, V tissue volume
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Fig.2 Simulated plasma concentrations (solid line) following an intravenous infusion dose of approximately 10 pg compared with measured
concentrations (symbols) in individual healthy volunteers (a—f represent subjects 1-6, respectively)
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Fig.3 Predicted mass of nemiralisib in liver (solid line), muscle (dot-
ted line) and adipose (dashed line) versus time following an intrave-
nous infusion dose of approximately 10 pg in a single healthy volun-
teer using a permeability-limited tissue model

72 96
Time (h)

120

144 168

Retention of nemiralisib in lung is depicted in Fig. 6.
Nemiralisib is predicted to be slowly absorbed from the
thoracic and bronchiolar compartments over 20 h. As can
be seen from Fig. 7, significant amounts of nemiralisib are
predicted, by PBPK modelling, to distribute into tissues
following inhalation administration, thus contributing to
its long half-life.

A 14-day repeat once-daily 2 mg dose simulation pre-
dicted that at 24 h (trough) after the final dose (day 14),
the plasma concentration of nemiralisib would be 2.3 ng/
mL and the dissolved mucus concentrations in the thoracic
and bronchiolar compartments would be 43 and 25 ng/mL,
respectively.
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3.4 Tissue Distribution in Rat

Generally, predicted Kp values can be deemed accurate
if they agree with experimental values within a factor of
three [22]. As can been seen in Table 3, using a permeabil-
ity-limited tissue model with the specific PStc (0.8 mL/s/
mL) fitted against plasma data from an earlier intravenous
bolus administration PK study, adequately predicted the
Rtp values for liver, kidney, spleen, muscle, lung and skin
(calculated by dividing the predicted tissue concentration
by the plasma concentration). For model accuracy, the
observed clearance of 0.71 L/h from the tissue distribu-
tion study was used instead of the value from the earlier
intravenous bolus study of 0.568 L/h.

The impact of the specific PStc was assessed by manu-
ally adjusting the value to get the best ‘fit’ of Rtp values. A
specific PStc of 0.11 mL/s/mL was determined to give the
best overall prediction across the tissues. Interestingly, this
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specific PStc value is similar to the fitted human value of
0.175 mL/s/mL (Table 3).

4 Discussion

With PBPK modelling constantly evolving, it is now possi-
ble to include the lung as a route of drug administration and
to predict plasma drug concentrations as well as concentra-
tions in tissues. Nemiralisib is a potent inhaled PI3K9 inhibi-
tor that has been investigated for the treatment of COPD
[3]. Based on its mechanism of action, in particular its well-
described inhibition of regulatory T cell function, nemiral-
isib could potentially play a role in the treatment of cancer;
however, to achieve therapeutic impact, distribution to tis-
sues distant from the lung following inhalation administra-
tion would be required. This manuscript describes a PBPK
model in GastroPlus that includes a complete mechanistic
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Fig.4 Simulated plasma concentrations (solid line) following an oral solution dose of approximately 800 pg compared with measured concen-
trations (symbols) in individual healthy volunteers (a—f represent subjects 1-6, respectively)
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Fig.5 Predicted plasma concentrations (solid line) following an inhalation dose of approximately 1000 pg compared with measured concentra-
tions (symbols) in individual healthy volunteers (a—f represent subjects 1-6, respectively)

Table 2 Predicted versus
observed AUC, and C,,,,
following an inhalation dose of

nemiralisib

description of pulmonary absorption and systemic distri-
bution following inhalation administration of nemiralisib,
thus enabling prediction of tissue concentrations. Predicted
concentrations at the site of administration were verified
against clinical BAL data and predicted systemic tissue

Subject  Predicted Observed AUC, Predicted Observed Croax
AUC, (pgh/mL) AUC, (pgh/mL) Folderror C,, (pg/mL) C_ . (pg/mL) Fold error
1001 3.324E+4 2.528E+4 +13 4551 3237 +14
1002 3.876E+4 4.47T7TE+4 -12 4477 5609 -13
1003 2.562E+4 2.419E+4 +1.1 4330 3903 +1.1
1004 4.265E+4 4.042E+4 +1.1 5690 8283 -15
1005 1.500E+4 1.834E+4 -12 4813 2866 +1.7
1006 1.952E+4 2.708E+4 - 14 4924 1.257E+4 -26

AUC, area under the plasma concentration—time curve from time zero to time ¢, C,

tion

max

maximum concentra-

concentrations were verified against a rat tissue distribution
study. The inhaled modelling strategy employed here could
be a useful tool for assessing lung retention and systemic
exposure of novel compounds, both in terms of pharmacol-
ogy and toxicology.
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Fig.6 Predicted mass of nemiralisib in thoracic mucus (solid line),
bronchiolar mucus (dotted line), thoracic tissue (dashed line) and
bronchiolar tissue (dashed/dotted line) versus time in human follow-
ing an inhalation dose of approximately 1000 pg in a single healthy
volunteer
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Fig. 7 Predicted mass of nemiralisib in liver (solid line), muscle (dot-
ted line), adipose (dashed line) and skin (dashed/dotted line) versus
time following an inhalation dose of approximately 1000 pg in a sin-
gle healthy volunteer using a permeability-limited tissue model

In 2010, a detailed lung model was included in the com-
mercial PBPK platform GastroPlus, allowing PBPK model-
ling to include the inhalation route of drug administration
[17, 18]. In this study, we have detailed a fully mechanistic
inhaled PBPK model of nemiralisib, building on a previously

published simpler model [21], and proposed a novel way of
parameterising the pulmonary absorption component of the
model, including the use of lung systemic absorption rate
constants derived from human physiological lung blood
flows. In comparison, the simpler model using an earlier
version of Simcyp treated the lung as one compartment and
used a single lung absorption rate constant. In addition, the
observed volume of distribution was used to fit tissue dis-
tribution rather than using a bottom-up approach based on
in vitro input parameters. Moreover, the swallowed portion
was characterised by a first-order model compared with an
ACAT model predicting regional oral absorption.

Publications are beginning to emerge on the prediction
of plasma profiles following inhalation administration using
GastroPlus [28]. However, they are not always fully mecha-
nistic and may not cover all specific inputs. For example,
Salar-Behzadi et al. [28] used GastroPlus to highlight the
value of realistic deposition data combined with experimen-
tal data for peripheral permeability, but did not discuss lung
systemic absorption rate constants. In addition, a compart-
mental PK model for systemic distribution was applied when
modelling inhaled budesonide.

Data after intravenous, oral and inhalation administra-
tion are highly desirable to allow correct characterisation
of pulmonary drug absorption [17]. Data from an ADME
study (GSK study number 206764; ClinicalTrials.gov
NCTO03315559) [19] allowed such a characterisation for
inhaled nemiralisib.

Initial models to describe the systemic distribution fol-
lowing intravenous administration were built using a per-
fusion-limited tissue model for nemiralisib, but the plasma
Cphax Was underpredicted for most subjects. A permeability-
limited tissue model introduced a slight delay in the tissue
distribution, while maintaining significant tissue distribution
but enabling a more accurate prediction of the plasma C,,,.
Small fluctuations in nemiralisib plasma concentrations
(secondary peaking) were observed following intravenous
dosing, as well as oral and inhalation dosing, and were likely
caused by enterohepatic recirculation of nemiralisib [19].

Table 3 Predicted and

; Tissue Prospectively Measured Prospective Retrospectively Retrospective
measured rat t1ssge—t0—plasma predicted Rtp Rtp Fold error predicted Rtp Fold error
concentration ratios

Liver 18.2 23.0 -13 18.2 -13
Kidney 51.2 60.5 -1.2 24.1 -25
Spleen 28.7 11.5 +25 13.6 +12
Muscle 11.9 35 +34 8.8 +25
Lung 413 11.4 +3.6 139 +12
Skin 10.3 7.7 +13 6.9 - 1.1

The predicted liver Rtp remains the same as it was defined as a perfusion-limited tissue, i.e. it did not use

the specific PStc in the prediction

Rip rat tissue-to-plasma concentration ratio, PStc permeability-surface area product

A\ Adis



291

However, enterohepatic recirculation was not incorporated
into the PBPK model and could be considered a limitation
of our approach.

The volume of distribution of nemiralisib at steady state
following intravenous dosing of approximately 10 L/kg
exceeds total body water, which is suggestive of extensive
distribution beyond the plasma compartment [19]. A sys-
temic PBPK model consists of multiple tissues, but only a
few of the larger tissues drive the prediction of the plasma
concentration profile. Therefore, only the Kp values of the
larger tissues need to be predicted accurately to account for
systemic distribution. In addition, it is possible to get an
accurate prediction of the plasma profile based on combina-
tions of inaccurate predictions of tissue distribution in indi-
vidual tissues. To test our prediction accuracy, a preclinical
rat tissue distribution study was conducted to determine total
concentration in tissues driving systemic distribution, thus
providing confidence in the clinical predictions. Although it
is acknowledged that unbound drug defines pharmacology
and toxicology [29], the focus of this manuscript was to pre-
dict differences in total drug concentrations in tissues using
measured Rtp values to verify the PBPK model.

The clinical permeability-limited tissue model high-
lighted that liver, muscle and adipose are important tissues
in terms of the distribution of nemiralisib in human, with the
liver, due to its high Kp value (34.6), and muscle and adipose
as the main components of body composition (around 33%
each). In the rat, liver, muscle and skin are the most impor-
tant tissues in terms of distribution of nemiralisib due to a
predicted high liver Kp value and the significant contribution
of muscle and skin to body composition of around 49% and
16%, respectively. Therefore, the liver, muscle and skin Rtp
values were measured in rat, along with kidney, spleen and
lung, each of interest for pharmacological reasons.

The predicted Rtp values for liver, kidney, spleen, mus-
cle, lung and skin were close to or within a factor of three
of the values measured in the rat tissue distribution study.
This includes tissues such as liver and kidney, where active
transport processes not specifically accounted for in the pre-
dictions are likely to have an impact. It should be noted that
nemiralisib is not a substrate of liver uptake transporters.
Retrospective ‘fitting’ of the rat SpecPStc value enabled all
Rtp predictions to be within a factor of three of the meas-
ured values, and the fact that this fitted SpecPStc value is
close to the human value provided a level of confidence in
the human Rtp predictions, which cannot be verified with
measured tissue data.

It is well known that a large proportion of an inhala-
tion dose is often swallowed and therefore modelling the
oral component is critical for compounds such as nemir-
alisib with significant oral absorption, resulting in 35%
oral bioavailability. Plasma profiles indicated that a pro-
tracted absorption phase [19] and low PBPK input values

of effective permeability were required to match the 7., of
6 h. For an adequate oral model, the absorption in the cae-
cum and ascending colon needed to be reduced. This can be
achieved by reducing the percentage of fluid in the colon to
0.01%, but this value is non-physiological and well below
the lower limit of the range suggested in the literature [30].
Therefore, a more empirical adjustment of simply setting the
ASF coefficient C3 to zero to switch off the absorption in the
large intestine was adopted.

Nemiralisib has displayed high permeability, reasonable
solubility and high rat lung tissue binding. It is this binding,
combined with the basicity of the compound, that is thought
to drive lung retention in the rat [31]. The clinical model,
as parametrised by inputs from Table 1, demonstrates lung
retention in the thoracic and bronchiolar compartments out
to 20 h. The compound is predicted to rapidly dissolve in the
lung and then permeate into the lung tissue, reaching a C,,,,
around 1 h. From 1 to 20 h, ‘steady state’ absorption from
the thoracic and bronchiolar compartments is achieved as
dissolved and tissue amounts decline in parallel (Fig. 6). As
can be seen from Fig. 7, significant amounts of nemiralisib
are predicted, by PBPK modelling, to distribute into tissues
following inhalation administration, and therefore have the
potential to act in the tissue. This is of particular importance
for those diseases where PI3KS is designed to modulate
immune responses within the tissues. To our knowledge,
applications of PBPK for the prediction of concentrations at
the site of action are rare and this study provides a contribu-
tion in this area [20].

Systemic absorption rate constants from the individual
lung compartments are a key parameter in mechanistic
inhaled modelling, but are difficult to determine as in vitro
experiments to generate suitable values are not readily avail-
able. Moreover, empirical deconvolution from in vivo PK
data is challenging due to multiple complex processes and
the associated unknowns. Systemic absorption rate constants
are generally considered to be permeability rate-limited and
therefore compound-specific. However, in this study we took
a novel approach, assuming blood flows to be rate-limiting
for the highly permeable nemiralisib. We derived separate
lung blood flow values for the two distinct pulmonary blood
supplies so that the highly capilliarised alveolar region sup-
plied by the pulmonary circulation had a faster rate than the
regions supplied by the bronchial circulation. These values
seem adequate for nemiralisib, but compounds where disso-
lution and permeability are rate-limiting may be less depend-
ent on systemic absorption rate constants.

The plasma concentration versus time profiles of nemir-
alisib in human can be adequately predicted following inha-
lation dosing using mechanistic modelling, but matching
the plasma concentrations does not validate predictions of
the processes occurring within the lung prior to pulmonary
absorption. Therefore, we used an inhaled clinical study
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where BAL samples were taken in addition to sampling
of plasma. Deposition is dependent on the patient and the
device, but we assumed the same deposition for the ADME
study [19] and the inhalation study [3]. The predicted plasma
concentration of 2.3 ng/mL at 24 h (trough) after the final
dose (day 14) is comparable with the observed value of 1.72
ng/mL. The predicted dissolved mucus concentrations in the
thoracic and bronchiolar compartments of 43 and 25 ng/mL,
respectively, are in line with the measured lung epithelial
lining fluid (ELF) concentration of 55.3 ng/mL. Based on
the measured peak and trough plasma concentrations, steady
state was reached by day 7, which is in keeping with the
PBPK simulations, although the observed accumulation of
approximately 4.5-fold on trough concentrations and 3-fold
on peak values was slightly under predicted at 2.8-fold and
1.2-fold, respectively. In addition, the measured peak-to-
trough ratios of approximately 3.2 on day 1 and 2.2 on day
14 were overpredicted at 12.1 on day 1 and 5.4 on day 14.

5 Conclusion

We built a fully mechanistic PBPK model that adequately
simulated the systemic exposure of nemiralisib following
inhalation administration. This gives weight to the use of
systemic absorption rate constants from the lung based on
lung blood flows, in vitro permeability from MDCK-MDR1
cells used directly as an input for lung permeability, and
fraction unbound in plasma as a surrogate for lung binding
when parameterising the pulmonary component of the PBPK
model. Predicted concentrations at the site of administration
were verified against clinical BAL data, and the prediction
of tissue concentrations was verified using data obtained
in the rat following intravenous infusion administration to
steady state. Fully mechanistic inhaled PBPK models, such
as the one described in this study, could have an impact for
cross-molecule assessments in terms of lung retention and
systemic exposure, in the context of both pharmacology and
toxicology.
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