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Qutline

CrolC.

 CoBi — Computational Physiology and Pharmacology

* Multiscale Computational Respiratory Pharmacology Tools
« Automated Generation of Lung Model (population)

* Q3D Simulations of Respiration and Aerosol Inhalation

« Airway Barrier Model

« PBPK Model and Validation Results for ICs

« Effects of Product Formulation

* Role of In Vitro Dissolution & Transport Models for IVIVE
 Bioequivalence

 Conclusions and Recommendations



CMB Drug Delivery, PK,PD Modeling Expertise
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Human Lung Models (Geometry, 3D/Q3D Mesh)
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CFDRC-FDA Goals and Framework

CroC.

* Develop, evaluate, and improve physiologically-based absorption and pharmacokinetic
models of pulmonary (inhaled) drugs.

» Support the development and evaluation of generic drugs, products, and application
review in this field.

Integrated computational framework for pulmonary drug delivery and PBPK-PD simulation.
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Drug Deposition: Airway lumen and wall models

CFDRC: kannan etal. A Qu\-i-3D wire approach to model pijlmnary

CrolC.

Empirical Typical Path Lung (TPL) model: Fast and can predict the drug
property based particle depositions in the NOPL/TB/P regions for lung
3D CFD model/mesh: ~5-6 generations (200+ outlets!) : O(1.5M) cells
Quasi-3D (Q3D) wire mesh: O(1500) cells

* Robust, fast running and easily adaptable Quasi-3D wire mesh

o Comprises of a structure of connected wires, with well-defined radii

» Error margin: 5%(laminar)-10 %(turbulent); 10K fold speedup w.r.t. CFD
Applications: Spirometry simulations & calibrations, Nitric Oxide calibrations,
Distributed PKPD simulations

3D vs Q3D validation. Flow rate: 5L/min

02 exchange animation,
using Q3D model.
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airflow in human airways. 2016 IJINMBE, DOI:10.1002/cnm.2838



Drug Deposition: Lung barrier transport model -
CrolC.

* Rosania model: Predict drug retention/transport across lung tissue

* Model considers drug ionization, partition into lipid components, and passive
diffusion across the air-plasma barrier

* Processes are determined by drug physicochemical properties (e.g. logP, pKa)
& tissue anatomy and physiological/pathological properties (barrier thickness)

K . .
(O] L [DH*] 2 Airways 1. Mucous
f i Pot. (E) . | | 2. Macrophages
Alveoli 3. Epi cells
(o] [DH+] 4. Interstitium
\ 5. SM cells
‘ - 6. Immune cells
_[ Sys.cireul. ]_ 7. Endo cells
[D] PELLCEEN [DH*] Clearance 8. Blood
/oﬁurwayl men for initial drug transport and d it
sz [ 03D airway barrier model

. -»Epithelium: Irans-mucos al flux to Surface lining liquid
nd nterstitium, diffusio
Imns—muco@alﬁ to th e Epithelium, sm cells,
immune cells, endothelium ; diffusio
e Smooth muscle: trans-mucosal flux to th interstitium; diffusiol

5. trans-radial flux to the interstitium; diffusion Yu & Rosan i a et al
trans-mucosal flux to interstitium and P h arm Res . 2010 X 27 (3) 457' 67

trans-mucosa | sink; diffusion




Drug Deposition: Model comparisons

CrolC.

e CFD Model Geometry & mesh generation:
* Represent multiple generations
» Euler Lagrangian (EL) vs Euler Euler (EE) models
 EL used mainly for drug depositions. EE for aerosol deposition.
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e Q3D model can get the depositions in different lung airways regions. Accurate
for aerosol depositions. Full EE model

e Currently developing EE (CFD and Q3D) models for modeling prolonged
Inhalation of aerosols (minutes)

CFDRC: Kannan etal. Pharmaceutical aerosols deposition patterns from a Dry Powder Inhaler: Euler Lagrangian prediction and
validation. 2016 MEP.



Deposition Validation: Budesonide Novolizer DPI

CrolC.

* Modeling Budesonide drug deposition on the human airways

 Transient flow rate provided by the Novolizer DPI
* Drug particle mass distribution (polydisperse) provided by the Novolizer DPI
e Good match with previous published results (Tian et al) of % deposition

0.6

E 2‘3‘ NOPL 56.54  66.5
é 0.2 Trachea-B3 2.7 4.68
¥ o B4-B7 8.2 7.37
o 2 4 s 8w om NOPL to Gen7/8  77.9 68.45
Aerosol diameter
Mass fractions of the aerosol particle Novolizer deposition comparisons

size distributions for the Novolizer
(model inlet BCs).

CFDRC: Kannan etal. Pharmaceutical aerosols deposition patterns from a Dry Powder Inhaler: Euler Lagrangian prediction and
validation. 2016 MEP. 10



Whole-body PBPK & Link to Deposition/Systemic

 Whole-body human PBPK: Central componentof drug ADME
Connect lung barrier model (through blood compartment) and gut models
PBPK: 19 compartments that can test multiple delivery route
e Gut model (CAT): Imp since the swallowed drug contributes to drug PK
9 segments connecting ‘stomach(1)-intestine(7)-colon(1)’
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Full Framework Compartmental PK Validation

r=RC.

Parameters values for inhaled Mometasone Furoate (MF) & Budesonide

Parameters MF Budesonide
Particle density (g/cm’) 1.23 - o Types Of d 'u gS . I CS, Beta'z
MMAD of particles (um) 2.2 - - -
Molecular weight 427.4 430.5 agon IStS (Short/long aCtIng),
Intestinal permeability(cm/hour) 0.11 - - - -
Solubility (nginl) 523 7% Anticholinergics
B2P 0.55 0.90
Protein Binding 98-99% 85-90%
fu 1.5% 12.5%
Liver extraction rate 99% 80%
Half-life time after IV (hour) 4.5 2.0-3.6
First Pass Effect 99% 10-20%
Clearance rate after IV (ml/min) 892
3.2 100
- O Harrison = Mortimer = == Kosoglou MF/F MDi+spacer
E p 2] o Dalby t Kaiser R +— Kosoglou MF/F MDI
Y 16 Lahelma Raaska b . — =— Kasoglou MF DPI
< e\ A Thorsson 2001 » Thorsson 1994 = 75 Affrime
E 0.8 | \\e\ ——vein artery E —8— Mortimer
g n° : kS L “ ME
5 0.4 - \\ BUdeson Ide 5 50 Artery
e t o = g
Q O ] o
© 02 X @ ‘E
© N S
5 \ A § 25 4
z 011 \l £
T
0.05 T ] = 0
0 12
Time (hour) : Time (hr) ) .

Budesonide plasma conc. after 1000 pg inhalation dose. Plotted are the
various experimental data normalized (for some) to dose of 1000 Lg.

Thorsson, BJP, 52(5),2001; Thorsson, ERJ, 7(10),1994; Thorsson, BICP,

47(6): 1999; Affrime, JCP, 40(11),2000; Harrison, Thorax, 58(3),2003;
Dalby, RR, 10(1),2009; Lahema, BJCP, 59(2),2005; Mortimer, BJCP,

64(4).2007: Kaiser.BJCP. 48(3).1999: Raaska. CPT. 72(4).2002

MF plasma conc. after 400 pg inhalation dose.
Plotted (solid circles) are the experimental data from literature

Affrime, JCP, 40(11),2000; Mortimer, BJCP, 64(4),2007;
Kosoglou, 1JCOPD, 8,2013
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Integrated Multiscale Lung-PBPK Model (Budesonide

» Budesonide: 1mg Budesonide inhalation (DPI): healthy cases

 Deposition values: From CFDRCs novalizer results and Tian et al

» Good match with experiments. AUC and Cmax are within experimental range
» Shape/Slope and AUC obtained from the multiscale model are better than the compartmental model

3

Concentration (ng/ml)

Budesonide Inhalation PK

4 6

= Thorrson, 2001
« -Thorrson, 1995
= -Raaska, 2002
= - Lahelma, 2004
- - Dalby, 2005

Harrison, 2003

= - Mortimer, 2007
—— Compartment Model
—Multiscale Model

8

Time (Hours)

10

120 min

AW1 sm_C
0.03805
0.035
0.03
0.025
0.02
0.015

C' ?ﬁ,_,

Cr

Inhalatory drug PK (healthy): Compartmental & multiscale
simulations versus experimental PK values

AW (pg*HrfmL)

7.00E-03

6.00E-03 -

5.00E-03 -

w -
g g
g g

2.00E-03

1.00E-03 1

0.00E+00 -

0-5 hrs 0-8 hrs

0-10hrs
Time range of AUC calculations (Hrs)

0-24hrs

B Compartment_AUC
W Multiscale_AUC

W Experimental_AUC

CFDRC: Kannan etal. "A Compartment-Quasi3D multiscale approach for drug absgfﬁtﬁ’bsﬁ, transport, and retention in the human lungs.

[¥5]

250 min

AW1 sm C
0.02423

0.02

Concentrations in airway smooth muscle
(AW_sm) cells

Cmax

1
wn

[}

Cmax (ng/mL)
—
— ¥
Il

o
in

0 -

IINMBE (DOI: 10.1002/chm.2955)

AUC and C,, .«
comparison of
compartmental
and Q3D
simulations vs
experiments
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Integrated Multiscale Lung-PBPK Model (FP)

 Fluticasone propionate: 1mg FP inhalation (DPI): healthy case

* NOPL region has around 72-78% (Exp). We scaled the OPL region to 75%
* \ery low systemic bio-availability and solubility (1/100th that of Budesonide), i.e. dissolution time in

mucosa is >8 hrs for FP compared to 6 mins of Budesonide

CFDC

Fluticasone Prop. Inhalation PK

Vutikullird (MDPI), 2015
+ - Vutikullird (MDI), 2015
- + - Vutikullird (DPI), 2015
-] ——Compartment Model
/\ —Multiscale Model
‘Dip-and-bounce’ profile only
~_observed in Multiscale model

Concentration (pg/ml)
]
o

0 2 4 6 8 10 12 14
Time (Hours)

AW1 aEp_C
0.02959

0.025

H AW1_ akp C
140 min 73

Inhalatory drug PK (healthy): Compartmental & multiscale
simulations versus experimental PK values

Concentrations in airway apical-epithelial
(AW_aEp) cells; Note the appearance of blobs,

unlike the Budesonide case (due to poor solubility)

« Conc. in the vein is much lowerthan the Budesonide simulations due to low solubility

* In both cases (compartmental vs multiscale), the initial rise is the same, since it is dictated by the
GUT model (since the drug transport to the GUT is very fast and the low dissolution and transport

across the lung walls is a slow process)

» DIP-AND-BOUNCE phenomenon is observed only in the multiscale model (similar to experiments).

CFDRC: Kannan etal. "A Compartment-Quasi3D multiscale approach for drug absorption, transport, and retention in the human lungs.

IINMBE (DOI:; 10.1002/cnm.2955)
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Pharmacodynamics Modeling (PD)

* PD is done in-sync with the current 7 layer Rosania’s PK model for each airway s ?IOI’]
GO0-G15 (Gaz et al. J Pharmacokinet Pharmacodyn 2012, 39:415-28)

« The adapted model computes the diameter as a function of time based on the mass of
the drug at time t & the location z and the potency of the drug to keep the diameters relaxed

* PD was done on both compartmental and Q3D frameworks (both formats needs more
rigorous validation and parameter fitting etc. based on experimental data — not available)

8D| CI Ai =Di <DHi?DHi—Di :0
= Kpruc = NRecepTors Ai — Kpisease Bi
CMAX Bi = Di > DDOi ? Di — DDOi :0

I = The generation number

Kbruc = Rate coeff. describing the drug potency

C; = Conc. of the dissolved drug in that region

Cuax = Scaling coeff.

Nreceptors = # of ASM receptors/unit-volume.

Kpisease = Rate coeff. that forces the diameters to return to their pre-drug levels
DH; = Diameter of the healthy specimen at Gen #i

DDO; = Diseased diameter prior to drug inhalation

e« Testcase: 1000 pg Budesonide inhalation, assuming a
uniform 20% diameter shrinkage (non-uniform can also be
handled); (180000 ~ 2 days)

* Lower airways have the least amount of the dissolved drug

« Consequently, difficult to maintain the “relaxed” diameter
levels at these locations.

Local non-dimensional lung diameters15



Formulation Effects on PK

CFDC:

e Two types of formulation effects on PK: Physiochemical and FPF%
| Physiochemical property related changes: logP, mmad, fu etc|
« Carrier related changes: Effect FPF%

fu: fraction of unbound drug in plasma - Driving force behind the transport of the drug from lung to plasma;

B2P: (blood-to-plasma partition ratio) Drug partitioning in the blood cells (RBC);

logP (hydrophobicity): Influence the transport rate of the drug through various physical compartments after dissolution;
mmad: mass-median particle diameter that has 50% of the aerosol mass residing above and 50% of its mass below it

Pulmonary (lung) concentration (ug/ml);

Varying f, Varying B2P Varying logP Varying mmad
60 60 60 60 T
e ——0.01 — 0.5 —2.0 —15
= =—0.15 £ —0.9 = —34 —2.0
(5 40 0.99 240 2.0 S 40 4.5 Ew- 4.5
O QQ 2
¥ & )
20 - 20 - 20 - 20 -
0 A 0 T T 0 T 0 T T
0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30
Systemic (plasma) concentration (ug/ml)
0.08 0.06 © 0.06 0.06
© ——0.01 —0.5 = —2.0 © —15
E o6 —o015| g —0.9 @ —34 E —20
3 0.99 2 0.04 2.0 S 004 4.5 S .04 4.5
= = ) &
() 0.04 O @)
0.02 0.02 0.02 -
0.02
vo0 I | 0.00 ; . 0.00 - X— 0.00 - ; .
0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30
Time (hr) Time (hr) Time (hr) Time (hr)
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Formulation Effects on PK

factors (variables).

<

Variables
LN

FPF (%) =
((-C7+C17+C4-C14-C16-
EXP(C27))/(C25-C5))-(C18/((C32-
C27%(C18)(C33/2))*(C25-C5)))+((C17-
C6*C21)"C4)/(LN(C16)*(C25-C5))

Mendyk etal. Int J Nanomedicine. 2015; 10: 801-810.

Predicted FPF (%)

40 -

20 40
Observed FPF (%)

60

Exp condition

Two types of formulation effects on PK: Physiochemical and FPF%

Physiochemical property related changes: logP, mmad, fu etc
Carrier related changes: Effect FPF%
Most formulation effects are through FPF% in literature

Variable group Variable name

Impactor type

Quant compaosition Mannitel content

Quant composition Lactese content

Quant composition Hydroxyapatite content

Carrier surface
Carrier surface
Carrier surface
Carrier surface
Carrier surface
Carrier surface
Carrier shape
Carrier shape
Carrier shape
Carrier size
Carrier size

Rsk

Rku

Rv

Rp

FPO

FAD

Feret

FeretAngle
MinFeret

Carrier Size D10 [um]
Drug Size D90 [um]

Quant composition Drug particle content (m/md%)

Exp condition
Exp condition
Drug properties
Drug properties
Drug properties

Drug properties
Drug propertias
Drug properties
Drug properties
Drug properties
Drug properties
Drug properties
Eq constants
Eqg constants
Eq constants
Eqg constants
Eq constants

Flow rate (L/min)

Type of inhaler

Smallest ring size

Mass

Water accessible surface area
Water accessible surface area
hydrophobic

Asymmetric atom count
Balaban index

Minimal projection radius
Parameter count

logP

Hydrogen bond donor at pH = 12,00
Constantla

Constanta

Constant3a

Constantl

Constant2

CFDRC:

Variation in FPF is calculated through empirical modeling of 28 various formulation

Variable sign Budesonide values

€1 1
c2 o
3 o
c4 1
s 0.1069
6 0.16502
ci -RE. 20639
ce 101.8989
9 76.74887
c10 115.48009
ci11 29.867
c12 37.549
c13 26.116
c14 24.12
15 157
C16 9.09
c17 30
18 3
c19 5
0 430.5339
c21 143.72
c22 45151
c23 a
c24 1.29
€25 514
C26 8
c27 2.73
28 1.98
Cla 3.483513
C2b 1.08149
C3c 1.570966
€1 23.84648
c2 3.456648
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Formulation FPF effects on PK

CFDRC

* FPF was further used to enhance compartmental and Q3D approaches through multiple “bins” to induce
the poly-disperse effecton Budesonide and FP (not shown) drugs

32

—+-Thorsson2001Figl 0.6
-#-Thorsson1994Fig3A

;i —+Raaska Fig 1 2002 0.5
Z —Lahelma_2004 0.4
E —#Dalby_2009 g

: 2

b=t -s-Mortimer_w/oasthma | 3 0.3
8 . . &

& ——Mortimer_with asthma | 7]

s 2 0.2
H —Harrison_2003_Asthma | 2

g =

2 Harrison_2003_healthy 0.1
[=}

2 —~Compartment_vein

—\Wire_vein 0
P Compartment_poly2 0 2 4 6 8 10 12
Time (Hr) .
——Compartment_poly3 Aerosol diameter

E 0.0070 -
%
: 0.0060
E = 0.0050 B Compartment
; E 4 B Compartment-2bins
< T 0.0040 2
2 5? 1 3 % B Compartment-3bins
=] = 0.0030
g s % B Multiscale
£ Z
g 2 7 _
3 0.0020 / % Literature
g z
a —Compartment_vein —Multiscale_vein 0.0010 ?
= 0.0000 -
@ — -
).05 Compartment_poly2 Compartment_poly3 o5 o8 010 024

et (1) Mortimer, 2007

. . (2) Harrison, 2003

* A much better agreement, using the poly-dispersed compartmental model 8; #ﬁgfs'?fn’ 21090944
« Just 2 bins are sufficient to get qualitatively good results. (&) Ronere 2002

(7) Thorsson, 2001

» Can be used for performing formulation specific simulations: using the FPF Equation
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Dissolution Modeling of Drugs Using Transwell

CrolC.

R Transwell Schematic
U Donor (D)

Donor

PVDF filter membrane

- with ICS depaosits, faced down
i Membrane (M)

Dissolution and permeation Transwell polyester
=~ supporting membrane

Receptor

..

~
Transwell base 1.4 ml PBS or DDW

Receiver (R)

Dissolution model: The dissolution of the solid particles is modeled using the Noyes-Whitney
Equation or the Nernst-Brunner Equation.

D — Diffusion Coefficient
Ai(t) — Surface Area of a Particle
dm, Z DA (t) ( _m, j hitt) — Thickness of Diffusion Layer
Cs - Solubility
dt iz h (t) v myg - Dissolved Mass
Donor Media Membrane Receiver Media Donor media concentration: Diffusive Fluxes Across the Interfaces:
[HAq1q dC 1 1 C,
. d _ . J,. . =A————(C,-C ) J., =A————F1("-C)
3 Vd dt - _‘dem + Myissolved a-m 57m+57d ‘ " m On i K
E D, D, Kpo D,
° v/ Membrane Concentration:
[HA, quid ~<—» [HA]receiver dc Vg — Donor Media Volume
J, [HATmemb m _ ~J Vm — Membrane Volume
—m —_ _ _ . .
[HA] donor <—b m dt d-m m-r V, — Receiver M_edla Vqume_
Cq — Donor Media Concentration
Receiver Media Concentration: Cm - Membrane Concentration
] C — Receiver Media Concentration
Mathematical model of a Transwell. dC, Jem — Diffusive Flux: Donor to Membrane
r dt = ‘Jmfr Jnr — Diffusive Flux: Membrane to Receiver

19



Dissolution Modeling of Inhalation Drugs

CrolC.

a. Dissolution behavior can be modeled using the b. Mathematical models of the Transwell were developed
physico-chemical properties of the drug using both ODE and PDE based formulations
Properties of Budesonide oC _ 0 DaC +S — Source or Sink term
MW 430.534 ot OX OX (efflux, metabolism etc.)
logP 2.5
- CFDRC'’s CoBi Framework solves PDE transport equation
Solubility 17 pg/mi . . . o .
simultaneously in the entire domain i.e., from the top free media
User Inputs surface of the donor compartment, through the membrane to the
L bottom of the receiver reservoir
Initial Mass 1.7 ug
Particle Size 2.5 um Dissolution behavior of Budesonide
Simulation vs Experiments
90 | T T T
. . - 8o - .
Donor Media Membrane Receiver Media =70 g ® |
[HA, e EEE akagami
5 3
= - 40 ]
B o 30 -
Sy Joo a 20 Simulation s —
[H"ﬂ"llnqmd —» [HA]ocoiver 10 E‘.'{[::Erimentl . -
[HAnem 0
Ji-m 0 1 2 3 4 5 A
HA] jonor <4—=
Sl Time (hr)

e **The slight difference between the experimental result and the
simulation prediction might be due to the assumption made here.
These include:

_ 1. Receiver compartment is unstirred
Experimental datawas extracted from

Arora, Deepika, Kumar A. Shah, Matthew S. Halquist, and Masahiro Sakagami. "In vitro agueous fluid- 2. Samples taken from the bottom of the receiver compartment
capacity-limited dissolution testing of respirable aerosol drug particles generated frominhaler products.”
Pharmaceutical research 27, no. 5 (2010): 786-795. 20




Conclusions and Recommendations

CrolC.

 Developed and multiscale simulation framework for inhalation pharmacology - -
inhalation, deposition, dissolution, absorption, transport and systemic PBPK

» Established novel aerosol inhalation and deposition simulation framework
combining 3D and Q3D approaches

 Developed healthy and diseased state lung models based on experimental data

« Demonstrated formulation effects and physiochemical parameter effects on
pulmonary and systemic circulation

« Validated the integrated framework on several inhaled corticosteroids/others
 CoBi Inhalation Pharmacology and GUI tools as an Open Source framework
 Future:

 Modeling of non-ICS inhalation drugs and drug combinations of ICS and non-ICS
« Establish a computational platform for IVIVE for inhalatory delivery of drugs

« Study the effects of specific inhalatory drug formulations (bioequivalence):
carrier effects: density, aerodynamics, agglomerate sizes, type of carrier (mannitol,
lactose, sorbitol): How carrier binding effect drug dissolution

« Establishing FDA funded tools as free access Weblets

for in vitro and in vivo Inhalation Pharmacology

21



Weblet — Drug Dissolution-Permeation in a Transwell

Free interactiveaccess to web-based and cloud computing crbac
using CoBi tools and Inhalation Pharmacology models

@ medicalavatars.cfdrc.com/indexp

Elﬁf'f?'ﬁ};?‘cﬁ[ﬁ Biﬁ? Mobile Apps Weblets Surrogates Downloads News Contact Us

Drug Dissolution in Transwell

Initial mass (ug)

Particle size (um})

Test case- Budesonide
Molecular Weight (g)

Dissolution/permeation

Density (kg/m3) o ’ of aerosol particles of
1270 : ! , , inhaled ICSs in the
: Transwell® system

Solubility (ug/mil)

Arora et al (2010)
- i Pharm Res 27(5):786-95
ime (s)

18000

Submit




CFDRC:

Thank You

Questions?
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