Modelling aspects related to inhaled medicines

Per Backman, PhD
Co-Chair of PQRI BTC iBCS Working Group

()
o
(=
o
&)
y—
=
@)
O
o
o
a1
~
<
(@)
LL
=
+—
<




Disclaimer

The following presentation includes the personal views of the presenter and
does not necessarily represent the official views of Emmace Consulting.

The mention of commercial products (including software), their sources, or
their use in connection with material reported herein is not to be construed as
either an actual or implied endorsement of such products by Emmace

Consulting.

[
O
c
o
2
c
o)
O
o
o
e
<
O
LL
=
<



Outline

OlIntroduction to computer-based models
OModel applications and general design principles
O Applications within the PQRI IBCS project
QO General outline and validation of approach (work in progress)
Qldentifying classifiers - Sensitivity Modelling (work in progress)
O General Applications to Inhaled Drug Product Development
QExample: Advair Batch-to-Batch Variability
QO Conclusions — opportunities and challenges
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Outline

OlIntroduction to computer-based models

OModel applications and general design principles
Q
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Why do We Need Computer Based Models?

Multiple, kinetically competing

Deposition "
Inhalation \E The Airway processed sensitive to

changes in drug and product

Dissolution MCC :
; attributes

/ ‘o ————— » Compound and product

Absorption Target Engagement ' Lung Tissue design

‘ Now: Product/compound
¥,
Distribution —— -

( Systemic specific (e.g. design for BE)
Modified from Olsson and Backman, Respiratory Drug delivery 2014

/\ \ OUnderstanding

BCS)

Circulation Future: Generalized rules (e.g.
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When do We Need Computer Based Models?

Bridging Design
Compound IVIVC

Design

_/

Product
Design




Examples of Computer-Based Models (Q4-2017)

Backman et al, Eur J Pharm Sci. 2018 Feb 15;113:41-52

(O Mechanistic deposition and pulmonary absorption:
QAstraZeneca LungSIM (proprietary, presented at DDL 2017)
QMerck (proprietary, presented at DDL 2016)
QSimulationsPlus Gastroplus ADRM (commercially available)
OMimetikos Preludium (commercially available)




Design Principles

From: Backman et al, Eur J Pharm Sci. 2018 Feb 15:113:41-52

OProcess Flow:
1.Deposition
2.Non-absorptive Clearance
3.Dissolution

4 Permeation into Tissue
5.Perfusion into System
6.Systemic disposition*

O*non-mechanistic
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The Model: A System of Differential Equations

OMathematical description (generalized and simplified examples):

QDeposition Probability: Ng = 1 - (1-ny)(2-ns%)(1-ny%
ONon-Absorptive Clearance: dng/dt oc Kyee X Ngg

QDissolution: dng,/dt oc D/h X Ay X (Ci-C )
OPermeation into Tissue: dngg/dt oc Poge X Agyy X (Ca-Cop)
OPerfusion into System*: dng,s/dt oc Q X Vg X Rp/Fyp X [Cyig = Coyl

O*Systemic disposition is described by a non-mechanistic compartmental PK model based on IV PK data

» Critical Product Attributes: Deposition, Dissolution Rate, Permeation &
Tissue Interaction
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The Mimetikos Preludium™ Model

Modified from Olsson and Backman, RDD18

Schematic of the simulation Model

i i [
i Gl | , ET
' W i .

E I(trl i ET L - EB {_-_ bk Al

R I R 1
E
" ‘L > c1 System
Ka - r
T : K10 k12 || k21 K13 11 K31 k14 || ka1
: h W] K32 W)
P = E P2 < =5 P3 Pd
1-F K23

.............................................................................................

Model Inputs

o Dose Deposition (1D):
APSD, DD, Inhalation
flow...

o Dissolution: VMD, D, C,,...

O Permeation: P

o Tissue interaction: logD,
PKa Rpp---

O Systemic compartmental
PK model: IV data
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Outline

Q
Q
O Applications within the PQRI IBCS project
QO General outline and validation of approach (work in progress)
Qldentifying classifiers - Sensitivity Modelling (work in progress)
Q
Q
Q
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The IBCS Process Map

Physical and
Biopharmaceutical
Attributes — identification and
range-finding

Industry data

PK/Molecule
properties

—

Deposition and Dose

Compounds for Model

Validation:
Physicochemical 1. Albuterol (BCS1)
properties — including 2. Fluticasone (BCS2)

solubility and
dissolution

3. AZD5423 (BCS2)
4. Olodaterol (BCS3)

Biological attributes —
including tissue
interaction

Confirmation Reality and

Define an iBCS N

pressure checks
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| [ ]
Val Id atl O n — | h e A Z D 542 3 Exal I I | e Predicting Exposure After Oral Inhalation of the Selective
Glucocorticoid Receptor Modulator, AZD5423,

Based on Dose, Deposition Pattern, and Mechanistic
Modeling of Pulmonary Disposition

Clinical data and model inputs from Backman, Tehler and Olsson, JAMP 2017

Per Backman, PnD,” Ulrika Tehler, PhD, and Bo Olsson, PD'

Compound Properties

o BCS 2-type compound
Q Low Solubility

TABLE 1. PHYSICOCHEMICAL PROPERTIES OF AZD5423

Property (units)

Molecular weight (g/mol) 487.5 Q ngh Permeab”ity

Lipophilicity, logD _ 5.7 . .

Permeability, Py, (cm/s x 10°) 10.4 o In vitro and In vivo data

Solubility in PBS, pH 7.4 (xM) 0.6 :

Solubility in FASSIFv2 (M) 9 available for 6 products

Protein binding, Fu,‘p (%) 0.02

Blood—-plasma partitioning, R 0.58 I I I

Dy @i bp ey O 2 Nebulizers (Spira & iINeb)
eutra

Particle Size, MMD (GSD), Study 1 (um)* 1.3 (3.2) O 2 Dry Powder Inhalers

Particle Size, MMD (GSD), Study 2 (um)* 3.1 (1.8)

0 2 Patrticle sizes (disso)

» Useful for testing model
capabllity
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Validation — The AZD 5423 Example

Pharmacokinetic data and model inputs from Backman, Tehler and Olsson, JAMP 2017

Impact of deposition pattern Impact of dissolution rate (VMD)

10 10

~—*— Flow =15 I/min — =1.

7 LA Fl —43|// i 9| B UMD 31 o
2 —eo— Flow= min 3 —— VMD=3.1um
E ® = E 8
E’ 7 éao A -:":3 7 -
S s to g 6 e’
E 5 %30 mNebA E 5 %:: I f=
= -§20 e [ éao ! [
§ 4 §-Jz ' ‘ g 4 gzotI: ““““““
= , , , . o) 210 - i| E I’
o 3 ET BB bbb Al o 3 S %
™ Airway Region @
£ 2 E 2 n
© ©
= 1 = 1

0 0

0 2 4 6 8 10 0 2 4 6 8 10
Time/h Time/h

o Nebulized suspensions with: A: same VMD and different deposition (inhalation flow); and
B: different VMD and same deposition (inhalation flow)

» Can the models simulate these changes to exposure based on first principles?
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Validation — Gastroplus ADRM™ (w AZ deposition)

Pharmacokinetic data and model inputs from Backman, Tehler and Olsson, JAMP 2017

Impact of deposition pattern Impact of dissolution rate (VMD)
10 10
w0 9 A= Flow = 15 I/min w o —&*— yMD=1.3um
= —a— Flow=43|/min 32 —a— VMD=3.1um
E 8 £ 8
T":B 7 T’Q 7
S 6 S 6
S5 E 5
S 3 S 3
T 1 z 1
0 0
0 2 4 6 8 10 0 2 4 6 8 10
Time/h Time/h

o General changes to AUC C_ ., and t. ., predicted, some absolute errors
identified
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Validation — Mimetikos Preludium™

Pharmacokinetic data and model inputs from Backman, Tehler and Olsson, JAMP 2017

Impact of deposition pattern Impact of dissolution rate (VMD)
10 10
- Flow = 15 I/m|n —— VMD =1.3 um
9 . W g
2 —o— Flow=431/min Z —— VMD=3.1um
E® E 8
ER ER
S 6 -
S 3 S 3
1] 1]
E 2 E 2
E 1 E 1
0 0 —e
0 2 4 6 3 10 0 2 4 6 8 10
Time/h Time/h

o General changes to AUC C_ ., and t. ., predicted, minor absolute errors
identified
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Validation — Simulations of AUC & C_...,

Pharmacokinetic data and model inputs from Backman, Tehler and Olsson, JAMP 2017

AUC, .
8 .
A AUCInf G+
¢+ AUCinf Pre .
—_ B AUCInfLS
_I -
=6 Unity
)
o
et (]
£
= 1
2
2 4 %
=
4]
o o /a
3
g 2
=
0
0 2 4 6

Observed AUCinf (ngh/L)

O All three models give reasonable simulations of AUC,;, AUC, and C

~ =

Simulated AUCt {ngh/L)
e

A AUCLG+
+ AUCtPre
= AUCELS
Unity

AUC,

2

Observed AUCt (ngh/L)

4

6

Simulated Cmax (ng/L)

max

A Cmax G+
4+ CmaxPre
#  Cmax LS
Unity

Observed Cmax (ng/L)

max 1O the 6 cohorts evaluated

» For AZD5423, models are consistent and predictive of changes due to differences in dose, deposition

pattern and dissolution rate
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Validation — Summing Up (for a BCS 2-type drug)

work in progress

o All three models are capable of:
o Simulating the overall shape of the plasma profile and how it
gualitatively responds to changes in dose deposition and dissolution
rate

o Predicting absolute values of AUC, ;, AUC, and C, ., forthe 6 cohorts
evaluated within = 5-30% (model and product dependent)

~ Suggests that computer based simulations based on first principles are capable of
clinically meaningful predictions of local and systemic PK for this type of drug

~ Also, that these models are capable of simulating clinically meaningful changes in
local and systemic PK in response to changes in critical product attributes such as
dose, deposition and dissolution
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The IBCS Process Map

Physical and
Biopharmaceutical
Attributes — identification and
range-finding

Industry data
PK/Molecule
properties

—

Deposition and Dose

Modeling studies

v )

Physicochemical
properties — including
solubility and
dissolution

Biological attributes —
including tissue
interaction

Confirmation Reality and
i pressure checks

Define an iBCS
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Sensitivity Modelling — Outline

(work in progress)

_Conducting airways Sensitivity modelling by varying:
& - - Solubility (0.1-10pg/mL)

| Respiratory airways_ (I?rir/rsn)eablllty(lxlo-4 to 1x10-6

W :

Understanding the rate limiting
processes at different conditions
and in different regions of the lungs
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Sensitivity Modelling — Test Grid & Drug Attributes

(work in progress)

Hypothetical drug — Properties

Mw 500 g/mol
logP 0

Diffusivity 3 E-4 cm?/min
Solubility 0.1-10 pg/mL
pKa Neutral

Peff 1E-4-1E-6 cm/s
Rbp 1

Kp 1

Fup 1

VMD 1-3um

GSD 2

Dose 0.43-4300 ug
CL 80L/h

Vc 10L

0.1 1E-4
1 1E-5
10 1E-6
100
1000
10 000

Solubility VMD (GSD) Pulmonary Output
] Parameters

(ug/mL) (um)

0.1 1(2) Al T1/2 in Lumen
Peak Flux into
. 2(2) Tissue
10 3(2) Cmax
AUC
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Sensitivity Modelling — Respiratory Region (Al)

Doses (DD) ranging from 0.43 ug to 43 mg; Solubility (Cs) 0.1-10 ug/mL; Permeabiltty (Peff) 1E-4 to 1E-6 cm/s

Impact of P and C on Cp,,, . At lower doses, (Do’s <100), C,... iS
1000000 T dissolution-rate driven and directly
100000 Cflo”g/mi/ / o Per=lE-dem/s correlated to total specific surface

3 10000 SNy / P=1E-5cm/s
2 iy Py=1E-6cm/s area (dose)
5w - At higher doses, (Do’s >100), C,....
C, =1ug/mt 1? o FonEm becomes permeability-rate driven
FEOT B0 LEOL LSO LS 1E01 160 16000 and uncorrelated to dose
Unpublished Data, 16CS PRI Werking Group (saturation)
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Sensitivity Modelling — Respiratory Region (Al)

Doses (DD) ranging from 0.43 ug to 43 mg; Solubility (Cs) 0.1-10 ug/mL; Permeability (Peff) 1E-4 to 1E-6 cm/s

Impact of P, and C, on AUC, ¢

100000.00
- At all doses, AUC,; Is directly
10000.00
5 correlated to dose (F=1) and
E 1000.00
S oo iIndependent of C, and P
<L
000 ~ Therefore, at same dose, neither
100 changes in P, nor in C,impacts en
1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04
Dose (ug) AUCinf

Unpublished Data, iBCS PQRI Working Group
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Sensitivity Modelling — Respiratory Region (Al)

Doses (DD) ranging from 0.43 ug to 43 mg; Solubility (Cs) 0.1-10 ug/mL; Permeability (Peff) 1E-4 to 1E-6 cm/s

Impact of Pand C,on C__,/ AUC, .
10,000 ~ The ratio of C__,/AUC, ; IS used to

C.=10ug/mL ._.‘,\.

C, =lug/mL assess equivalence of relative
1.000 ]

C;=0.1ug/mL . ~1E-4cm/s absorption rates

P.4=1E-5cm/s N The ra‘UO Of C /AUCmf ChangeS

0.100 max

Cmax/AUC (/h)

P.=1E-6cm/s

as the rate limiting step changes

0010 from dissolution to permeation

1.E-01 1.E+00 1E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06
Do

Unpublished Data, iBCS PQRI Working Group
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Sensitivity Modelling — Actual Products?

C AUC. . for a set of inhaled drugs . .
maxl int 5 ~ Respiratory region dose
10.000
——e numbers for actual products
. '_*\\ fall roughly within the
"'-LZ}: | SX Advair .“.\ _ _
2 Symb o investigated range
5 0100 A ~ A downward tendency can be

\

observed as DoO’s increase

0.010

1E02  LE+00  LE02  1E+04  1E+06 despite differences in tissue

Do . .
Interactions

Unpublished Data, iBCS PQRI Working Group
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Sensitivity Modelling — Summing Up

O Sensitivity modelling suggests that computer based models may help identify
rate limiting steps and critical attributes, as well break-points where they
change

O Results also indicate that parameter sensitivity will change with region and
dose for a given compound

» Today, sensitivity modelling could support understanding the clinical impact of
changes in product attributes — possibly aiding the definition of specification
limits on such attributes

» Tomorrow, sensitivity modelling could help define general classifiers to
identify development risks for product classes — an IBCS
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Outline
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Q
O General Applications to Inhaled Drug Product Development
QExample: Advair Batch-to-Batch Variability
Q
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Batch Variabllity - Advair Diskus 100/50 ™, (FP/SX)

Plasma Profiles of FP(A) and SX(B) ~ Significant batch to batch

>
—
e
o
0
S—
—
F=9
(=]

e a1 Repa - e o1 Reoa variability observed for

» —a— Batch 1 Rep B

50 {'w . ----@-+ Batch 2
F\':.._ - ® = Batch 3
40 »,

—
X
o
e

—— Batch 1 Rep B

100 { it --e-- Batch2 Advair Diskus 100/50*
1u

“‘ — & - Batch3

N W
o ©

Concentration (pg/mL)
Concentration (pg/mL)

"y
o

~ Age difference 1 yr —

Time (h) | | Time (h) ' ‘ |mpaCt on FPM and/or

Mean plasma concentration vs. time profiles for: A) fluticasone propionate (100pg) and B) salmeterol
xinafoate (50 pg) from three batches (Batch 1 replicated twice) following inhalation to healthy volunteers

using the Advair Diskus 100/50. (Data from Reference 16, Figure 1). D I S S O I U tl O n ?

Figure 1.

Adapted from: Backman and Olsson, RDD Asia 2018
*Burmeister Getz et al, CPT, 2016
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Batch Variabllity - Advair Diskus 100/50 ™, (FP/SX)

Simulated Impact of + 15% variation in FPM*

Y

>
3

2

=

—e— FPM 25 jig —e— FPM 125 1ig

_eos —_— = +15% 1209 — - +15%

.| -}

E 50q e A% t

g g

& &

B ® >
2 & -
8 g

o o

o S

00 02 04 06 08 10
Time (h) Time (h)

Figure2.  Simulated plasma-concentration vs time profiles for: A) fluticasone propionate and B) salmeterol xinafoate,
illustrating the impact of a + 15% variation in fine particle mass (FPM).

Adapted from: Backman and Olsson, RDD Asia 2018
*Mimetikos Preludium™

Good correlation
between simulated and
observed profiles
Simulated variation in
Cax @and AUC
corresponds to

observed variation
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Batch Variabllity - Advair Diskus 100/50 ™, (FP/SX)

Simulated Impact of £ 15% variation in VMD* - Simulated variability
A) 70 e D3 B) MO o impacts on C__,, hot
_ 60 — = +15% ~ 1201 . —_— +15%

;E 504 ._f-.\- —_ 5% % ; —_=15% AUC
g 401: S
£ . : ~ Observed batch to

& 20 5

(@] (&) . ags .
10 — batch variability in AUC
0+ v v T ) 0+ T T 5 : )
0 1 2 3 4 00 02 04 06 08 10 ..
Time ) Time (1) IS likely a result of
Figure4. Simulated plasma-concentration vs time profiles for: A) fluticasone propionate and B) salmeterol
xinafoate, illustrating the impact of + 15% variation in volume mean diameter (VMD) of the fine particle . . .
M), T e variations in FPM, not
f&?:::::;;zr;:ﬁ:ﬁ::r: and Olsson, RDD Asia 2018 I n d ISSO' utl O n
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Outline
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Q
QO Conclusions — opportunities and challenges
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Conclusions

O The validation studies, as well as other published examples suggests that computer based
models based on first principles are capable of clinically meaningful simulations of systemic
exposure in response to changes in critical product attributes

O Sensitivity modelling suggests that computer based models may provide insights into the
rate limiting steps as a function of critical product attributes and phys chem properties.

O We hypothesize that this will enable definition of drug and/or product classes with distinct
development risks

» Today, computer-based modelling and compound classifiers could support development of
Inhaled drugs and products, helping developers define specifications to meet demands on
lung targeting, lung retention, and therapeutic equivalence with the minimum amount of
studies

» Tomorrow, these tools could perhaps influence the regulatory landscape for inhaled
products?
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Backups
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Product Quality Research Institute
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The Respiratory Tract

Hastedt et al AAPS Open 2016

-
. Cross- . epithelial .
generation (c?n) (c:n] number section cartilage cell type H ete rO g e n e O U S O rg an .
o o _
trachea 0| 18 |120 1 2.54 L] Conduct|ng A|rways
v 1| 122 | 48 2 2.33 open
g bronchi o om [ 1e 4 2.13 —E columnar — Small surface
4 3 | 056 | 08 8 2.00 ciliated
E bronchioles | 4 0.45 13 16 248 plates . .
E 5 [ 035 [107] 32 3.11 — T2 ep|the||um
g terminal ¥ ¥ ¥ ¥ 4
bronchioles 76006 [ 0.17 | 6x10° | 180.0 cuboidal -
N — Mucociliary clearance
2 | respiratory [ 18 I ¥ 1 ¥ cuboidal
g | bronchioles 19| 005 1010 | sxi0s 108 : tol AI I . t tt I .
= N : absent alveolar | g
Lobar bronchus: Lobar bronchus: 'rg: 20 Ve O ar I n e rS I I a re I .
fftig'xt su.n{!r'or L Left .'I.Jnr!r?or E alveolar 21
F‘iu‘.i'.\l [‘T.E;‘U_r Left inferior E ducts 72 ) alveolar — La rge S u rfa Ce
alveolar sacs | 23 0.03 0.03 Ax108 10%

4 Trachea/Bronchus Bronchiolus Alveolus - T 1 e p it h e I i U m

— Particle clearance by
alveolar macrophageg

Fig. 1 Pulmonary drug delivery
\

B¢ 4 2 e
Cihated Gobiet Cell Ciated ype-1 ype-il
Epthalal Cell (Duschargng Mucus)  Basal Cel| epitholial ool Glara Cell Epithatal Call Epithesal Coll
Fig. 2 Throughout the respimtory tract, the cell type and morphology changes in concert with their physiological function (Hittinger et al. 2015),
adapted from (Klein et al 2011)
.
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Aerosol Deposition

Courtesy of Bo Olsson (Lung Deposition 2016.ppt)

Impaction
(particle size)?
velocity
density

Sedimentation
(particle size)?
residence time
(tube diameter)

Diffusion
(particle size) *
(residence time)”
(tube diameter)”

_.__\‘ ________ "

SEDIMENTATION \,

Large particles (>10 um) end up
mouth throat due to high
impaction

Smaller particles (~3 um) penetr
into lung

Even smaller particles (~0.5 pum)
may be exhaled

All numbers influenced by
inhalation manoeuvre and lung

physiology
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Impact of Disease
- FP In Accuhaler™ vs Bud in Turbuhaler™

Plasma Profiles HV and Moderate Asthma ~ Moderate asthma
0r ) g reduced systemic
] & Heallhy subjecls
: \\ — N exposure (AUC) for FP
] i)
a o0 L §
e ﬂ but not for Bud
; g
2 \\\'———i — > Whyr)
Dﬂ.ﬂ ?I.fl 5:0 )'.lf: 1 {;.U' 00.0 2'.5 5:9 ;’rﬁ | f.li.U

Figure 1 Meon [SE) plosma concentrations of (A) fluticasone
propionate and (B} budesonide in healthy subjects and subjects with
moderately severe asthma.

Adapted from: Harrison and Tattersfield (Thorax,2003)
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Impact of Disease
- FP In Accuhaler™ vs Bud in Turbuhaler™

Impact of large airway constriction? (FP(A); Bud(B)) Simulated
| . o . deposition pattern
% 80 ..°a 80
£, | 2 ) suggests:
8 8
i 3 Y] ~ Same lung dose
e 20 a2 20
g g 1 o
0 . ol — - _-ﬂ,_.. . > Disease driven
ET BB bb Al ET BB bb Al
Airway Region Airway Region

shift from Al to

Figure1.  Predicted deposition patterns for fluticasone propionate administered via Accuhaler™ (A) and
budesonide administered via Turbuhaler® (B) in healthy volunteers (black) and asthma patients
(gray). ET = extra-thoracic, BB = large bronchi, bb = small bronchi, Al = alveolar interstitium. B b

Adapted from: Backman and Olsson, RDD, 2016
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Impact of Disease
- FP In Accuhaler™ vs Bud in Turbuhaler™

Mechanistic Simulations? » Reasonable correlations

between simulated and

observed C_ ., and AUC

g
g

e

100 | .
4

~ Low FP bioavailability in

g

Plasma concentration (pg/ml)

Plasma concentration (pg/ml)

Bb results in significant
AUC reduction

o

0
01 23 45 6728 910 0 12345867891

Time (h) Time (h)

----------

Figure2.  Predicted plasma profiles for fluticasone propionate administered via Flixotide™ Accuhaler™ (A)
and budesonide administered via Turbuhaler® (B) in healthy volunteers (solid curves) and asthma
patients (dashed curves).

Adapted from: Backman and Olsson, RDD, 2016, * Gastroplus ™, ver 9.0, Simulations Plus Inc. Lancaster CA, US
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