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Hypothesis

m PBPK modelling, with verification of predictive performance first
performed in preclinical species, is superior to empirical methods
for predicting pharmacokinetics




Requirements for hypothesis testing

1. Adefined PBPK strategy for PK predictions, based on best
practices and experience across companies

2. Applying the proposed PBPK strategy with integrated ADME
PBPK decision trees across pharmaceutical companies will
enable a true evaluation of PBPK modelling in drug discovery

Jones HM, Parrott N, Jorga K, Lavé T. A novel strategy for physiologically based predictions of human pharmacokinetics. Clin Pharmacokinet. 2006;45(5):511—42



PBPK strategy for FIH predictions

m Updated the strategy of Jones et al to include new knowledge and
additional flow diagrams for each essential component of a FIH
prediction

m [he strategy has been updated based on a comprehensive review
of subsequent publications and on the combined knowledge and
experience of the authors who are all PBPK specialists and
members of the GastroPlus User Group Steering Committee

m Generally applicable to PBPK modelling, with only some
components specific to GastroPlus

Jones HM, Parrott N, Jorga K, Lavé T. A novel strategy for physiologically based predictions of human pharmacokinetics. Clin Pharmacokinet. 2006;45(5):511—42




PBPK strategy for FIH predictions
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Abstract

Physsologically hased pharmacokinstie modelling is well established in the pharmacevtical indusiry and s accepicd by
regulalory agencies for the prediction of drug—drug interactions. However. physiclogically based pharmacokinetic model-
ling is valuable o address a much wider range ol pharmacentical applications. and new regulatory impact is expecied as its
Tull power iz leveraped. As onie example, physiolorically based pharmacokinetic modelling is already routinely used during
dreg discovery for in-vitro to in-vivo translation and pharmacokinetic modelling in prechimcal species, and this keads to the
applcation of venfied models for first-in-human pharmacokinetse predictions, A consistent cross-andustry strategy in thas
application area would increase confidence in the approach and facilizte further learning. With this in mand. this article sims
io enfuance 3 previously published frst-in-human physologecally besed pharmacokinetic maode]-bulding srategy. Based on
the cxperience of acientists from multiple Companies participating i the CratroPhas ™ Ulser {'inu.]'.* I:n-'ln_*i;r|11;-__'l:'“.'-'|'1||"|h.u;_ T
Absorpion, Dhanbonos, Metabolism and Excrenon knowledge w mieprated and decvaon trees proposed for each esseniial
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https://link.springer.com/article/10.1007/s40262-019-00741-9



https://link.springer.com/article/10.1007/s40262-019-00741-9

Key points

* Join in the assessment: try out the proposed strategy for FIH
predictions, based on best practices and experience across
companies, for yourself

*» Help determine: if PBPK model verification in preclinical species,
which has not always been included in assessments of first-in-
human pharmacokinetic predictions, is critical to build confidence
and improve accuracy

< Remember: uncertainty analysis is a key consideration to obtain
maximal value from first-in-human PBPK predictions
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Decision trees for each essential
component of a first-in-human (FIH) prediction

1. QSPR plus PBPK assessment to identify the major challenges of
modelling for a specific molecule

2. Metabolism and Elimination for quantitative understanding of the main
mechanism(s) of drug clearance

Distribution to understand the drivers of tissue distribution
Oral Absorption to decipher the multifactorial process
Gut wall metabolism for assessing the impact on oral exposure

o 0 kW

Uncertainty and Variability Analyses as exploration of uncertainty is
critical because of unknown factors at this stage



SPR plus PBPK assessment

Understand compound based on an in silico assessment (QSPR + human PBPK madel)

QSPR Predictions
| ! |}
What is the Use BCS'/BDDCS?/ECCS? to Use ECCS3to determine
compound type? determine key parameters clearance mechanism

|
I ] | }
—
Acid? ”"S‘;::l:""' Solubility? Metabolism?
Base? lino hi[::? Bile salt effect? Renal?
Amphoteric? pop ) Permeability? Hepatic uptake?

. i
Neutral? Vetr;?ﬁ::;'\cil-ic? Transporters? Hepatic uptake or Renal?
|

] ]
PBPK Parameter Sensitivity Analysis

For acids assess solubilityin stomach. For bases considerthe impact of enterocyte Gl tract binding & lysosomal partitioning
For BCS Class Il & IV compounds solubility likely to be anissue so assess impact of aqueous and biorelevantsolubility
For compounds with a Dissolution No. (Dn)! warning an assessment of the effect of particle size will be required
For basic compounds if precipitation is predicted in the small intestine then precipitation kinetics likely to be critical*
For BCS Class Il & IV compounds permeability likely to be an issue so measure in vitro permeabilityin an assay with an
established conversion to in vivo permeability

+ Forlow permeability compounds transporters could have an impact, especiallyif QSPR classifies compound as a substrate
To predict systemic distribution measure log P, pKa and Fu,, and in addition, for bases, measure BPR

For metabolically cleared compounds establish an IVIVE using preclinical species

Fig. 1 Compound assessment from structure using quantitative struc- ber (the ratio of small intestine transit time/idealised dissolution
ture—property relationship (QSPR) plus physiologically based phar- time), ECCS Extended Clearance Classification System, Fup Fraction
macokinetic (PBPK) modelling [27, 30-32]. BCS Biopharmaceutics unbound in plasma, GI gastrointestinal, /VIVE in-vitro in-vivo extrap-
Classification System, BDDCS Biopharmaceutics Drug Disposition olation. '[271, ?[31], °[30], “[32]

Classification System, BPR blood/plasma ratio, Dn dissolution num-




Metabolism and Elimination

Based on preclinical data and ECCS, what is the contribution of each mechanism of elimination?

Consider the impact of transporters on each process especially if permeability is low or moderate

3 3

Metabolism Renal elimination Biliary elimination
Consider: -If CLy # GFR * Fu, in animal species then active Consider:
-in vitro and in vivo binding in assessing IVIVE transport is likely to play a role -biliary clearance in preclinical species
-hepatocytes have more enzymatic routes l' -biliary secretion of glucuronide metabolites and
-reaction phenotyping for human and animals conversion back to parent compound in gut

Does GFR * Fu_ predict
Do in vitro clearance data CL; in preclinical species? Do sandwich cultured hepatocytes and
predict in vivo clearance in mechanistic in vitro transporter data® predict

preclinical species? biliary secretion in preclinical species?
I Yes | 1 No |

Yes No Use GFR * Fu, for Are mechanistic models for Yes |
human prediction secretion! and reabsorption? Use mechanistic in vitro
availablefapplicable? transporter data for

Use in vitro data Consider extra-hepatic clearance
for human routes and active transport. Do I

prediction additional in vitro experiments Yes |
establish an IVIVE? Use mechanistic model for

human prediction

human prediction

-

Yes No

Use empirical scaling factor based on preclinical species, including uncertainty range

Fig. 2 Physiologically based pharmacokinetic modelling strategy for unbound in plasma. GFR glomerular filtration rate, IVIVE in-vitro in-
elimination [42—44]. CL, renal clearance, CLg , unbound renal clear- vivo extrapolation. '[4’2], 2[43], 3 [44]
ance, ECCS Extended Clearance Classification System, Fu, fraction




Distribution

Is the passive distribution in preclinical species predicted using the Lukacova® tissue-to-plasma

partition method with measured input data (log P, pKa’s, Fu_ and BPR)?
If distribution is driven by transporters then expression and kinetic data are required for them to be incorporated in the model
|
Yes No

Use the Lukacova® method with measured Are tissue distribution/QWBA data available in the rat
input data for human prediction and do these give a reasonable prediction of distribution?

No l Yes

! } ! ! Use rat QWBAZ/
Does adjusting the Isthe V Is there a consistent tissue distribution?

s5,U .
predicted Kp values comparable s:,rsfematlc . data for human
prediction error in orediction

via inputs log P, pKa, acrossspecies? . .
Fu, or BPR predict V,, preclinical species accounting for
differencesin Fu,

If permeability is low
does a permeability-

limited tissue model
Yes No

ithi redictions of using extracellular Kp
within 2-fold? Use V. ‘::Iistribution? values, with/without a
e.g. BPR for bases* ?

£5,U
Yes No

and Fu,, Yes | SpecPStc, work?

for human
Adjust input prediction
for human
prediction

Use the systematic No Yes

prediction error for
human prediction Use permeability-limited tissue model

with/without SpecPStc for human prediction.
Consider measuring concentrations in tissues of
interest as transporters may be playinga role

Further investigation required to understand
distribution and to predict for human

Fig. 3 Physiologically based pharmacokinetic modelling strategy for Ste specific in-vivo diffusional clearance per millilitre of tissue cell
distribution [17, 50, 53, 55]. BPR blood/plasma ratio, Fu, fraction volume. '[50], *[55]. *[17], *[53]
unbound in plasma, K tissue-to-plasma partition coefficient, SpecP-




Oral Absorption

Is absorption in preclinical species predicted using measured solubility and in vitro permeability data with an ACAT model?
For ACAT modelling in preclinical species, IV data should be used to fit a compartmental PK model or verify the accuracy of a systemic PBPK model.
Consideration must be given to the effect of formulation and food on orol absorption, and solubility data must be for the same form of the compound as was dosed.
A correlation for the conversion of in vitro permeability to in vivo permeability should be established for the cell line used.

I

Yes l 1 No

Performa sensitivity analysis to determine the most sensitive input(s)
Impact of multiple processes may need to be considered in the final predictions

3 ! 3

| Solubility/Dissolution Passive permeability Other process(es)
| 1 e.g. chemical

+ 4 + degradation,

Can the BSSR Does incorporating known If dissolution Can the permeability formulation, !ntestinal
estimated from P & poorly predicted P metabolism,

variability in physiolo value or the ASF model
biorelevant . tyin p V_ . i are measured .. . transporters?, etc
. predict absorptionin . . be optimized to predict
solubilities or the particle size or

. . reclinical species e.g. Gl . , absorptionin Additional
MPT be optimized to P \ P 81 dissolution data . . P A e as
. L. tract fluid volumes'? . preclinical species?? quantitative
predict absorptionin available? .
data required

preclinical species? to describe

No Yes Yes Yes No No Yes | process(es)

Use the new Use measured Additional data/further Use the new
parameters for inputs for human investigation required for parameter(s) for
human prediction prediction an accurate prediction human prediction

d 1

Use the ACAT model for human prediction

Fig. 4 Physiologically based pharmacokinetic modelling strategy for models with a simple method (e.g. adjusting permeability based on
oral absorption [57, 58]. ASF absorption scale factors, BSSR bile salt preclinical observations or in-vitro data) to more complex methods
solubilisation ratio, MPT mean precipitation time. * Other processes™ (e.g. specifically incorporating effects of transporters) [60—62]. '[57],
transporters: efflux transporters can be incorporated in GastroPlus 2[58]




Gut wall metabolism

Is the compound metabolized by enzymes which are known to be active in the gut wall?

|
Yes No

L 4

Are the enzymes expressed in the liver? Significant metabolismin the gut wall is unlikely
No

Yes

Is the contribution of individual enzymes
to hepatic metabolism known?

No Assume all metabolismis via the enzyme with highest abundance in the

gut wall and scale from liver microsomes or hepatocytes to gut wall
Likely to result in underprediction of Fg, additional data required for accurate prediction.

v

| ; Consider measuring

Is relative expression between gut and liver known for the relevant enzymes? metabolismin

intestinal in vitro
model

Yes

AreV, ., and K available for the enzymes present in the gut wall?

Yes No

Use V,,, and K, parameters Use CL,,,and assume non-saturable metabolismin the gut wall
for prediction This will likely result in underprediction of Fg, additional data required for accurate prediction.

Fig. 5 Physiologically based pharmacokinetic modelling strategy for catalyzed reaction. Note: Gut wall metabolism is often saturable, and
assessing gut wall metabolism [65]. CL,, hepatic intrinsic clearance, thus if V. and K, parameters are available, evaluate saturation rela-
Fg fraction of drug escaping gut wall metabolism, K,, concentration tive to dose

of substrate at half V. Vi maximum velocity or rate of enzyme




Uncertainty and Variability Analyses

Based on your knowledge of the compound identify the key ADME properties of the FIH PBPK prediction

'

]

Absorption
Solubility (scsi oriv) log P

pKa/SolFactor pKa values
Reference solubility
Stomach solubility (especially acids) Fup
BSSR (especially lipophilic compounds)
Gl tract solubility (especially bases)
Precipitation,fMPT (especially bases)
Stomach & Gl tract pH
Percent Fluid in Sl and Colon
Bile Salt concentrations .

Distribution

BPR (especially bases)

Body composition (% of each tissue) .
Lysosomal partitioning (especially bases)
Permeability limited tissue model

Vimax @and K, for active transport + Fup
Tissue specific parameters -
e.g. Capt and APL binding

Metabolism and Elimination
Hepatic metabolism

*  CLj; and matrix binding

* BPR

* Fu,
Liver Blood Flow
Intestinal first pass metabolism
Renal elimination

Glomerular Filtration Rate
Biliary elimination

Particle size distribution
Passive permeability (ecsil oriv)
s Peff

* Biliary clearance fraction

|

* ASF model

* logP/D

* Paracellular contribution

* Enterocyte binding (especially bases)
Active transport (Influx and/or Efflux)

Give a range of predictions around the key uncertain model parameters (based on
preclinical data or most likely/worst case scenarios)
Combine the two most important uncertain model parameters in a 3D PSA

Uncertainty evaluation

* Ve and K,

Fig.6 Physiologically based pharmacokinetic modelling strategy
for a potentially useful parameter sensitivity analysis (PSA) to be
driven by the molecule properties and uncertainty evaluation. 3D
three-dimensional, ADME Absorption, Distribution, Metabolism
and Excretion, APL acidic phospholipid, ASF absorption scale fac-
tors, BCS Biopharmaceutics Classification System, BPR blood/
plasma ratio, BSSR bile salt solubilisation ratio, Capt concentration of

acidic phospholipids in tissue, CL;  hepatic intrinsic clearance, FIH

mnr
first-in-human, Fu, fraction unbound in plasma, K,, concentration of
substrate at half V.., MPT mean precipitation time, PSA parameter
sensitivity analysis, Peff effective permeability, S/ small intestine,
SolFactor solubility factor, V,,,. maximum velocity or rate of enzyme

catalyzed reaction




Case studies highlighting components

1. Empirical PBPK model factors from preclinical species enable
First-in-Human prediction

2. Impact of blood/plasma ratio in predicting volume of distribution

3. Lipophilic weak acid with low solubility presenting a challenge to
In-vitro assays

4. High molecular weight compound with expected slow passive
diffusion through membranes




‘/ Cmax

Empirical PBPK model factors |zt

logP 5.2 (predicted) 60 { %% go. R\
lonisation type (pKa) Neutral . : ; S
2 50 - ' ~
Fup (%) < 0.1 in all species ‘GEB
£ o1t —
Blood/plasma ratio Human: 0.64 and Rat: 0.83 3 97 o o 0 %0 w0 T 0 50 s 0 0
= Time (hours]
Clearance mechanism (method) Metabolic (in-vitro data) c;:°' 30 - 2 o
Solubility Aqueous solubility < 1 pg/mL G o
= 20
Human Peff (cm/s x 1074) 1.8 scaled from PAMPA —8— § 8
10 -
0 ’; T T T T T |
0 20 40 60 80 100 120

Time (hours)

. Human clearance was predicted using an empirical scaling factor derived from the rat which was verified by scaling of hepatocyte
intrinsic clearances measured in dog and monkey

. Optimised the dog absorption models to match exposure data for the formulations with 2 adjustments:
1. The percentage water in small and large intestine compartments was reduced from 40 & 10% to 10 & 0.1% respectively
2. Particle size was adjusted to 1 um for a nano-suspension and 80 um for tablets

. Learning opportunity: Systemic clearance at the lower end of the predicted range and consideration of uncertainty in clearance
would have avoided a protocol amendment to adjust sampling times
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Impact of blood/plasma ratio (BPR)

(L/kg) [blood]  (L/kg) [plasma] predicted V (L/kg)

|OgP 4.2 [plasma]
lonisation type (pKa) Base: 8.96,4.12, 2.8 Rat b8 37 o1 te.d 147 -1
Rabbit 1.3 34 8.0 10.4 7.2 - 14
Fup (%) Rat: 37 Rabbit: 34 Dog L1 31 8.5 9.4 5.7 - 16
Dog- 31 Monkey: 4 Monkey 0.8 4 7.3 5.8 2.0 -29
Mlnlplg 20 Human: 17 Minipig 0.9 20 50 4.5 49 + 1.1
' ' Human 06 17 - 2.6 3.0 +12
BIOOd/pIasma ratio Rat: 1.8 Rabbit: 1.3 Note: Human pharmacokinetics were measured in plasma and GastroPlus predicts plasma pharmacokinet-
DOg: 1.1 Mon key: 0.8 ics; only for preclinical species where observed pharmacokinetics were measured for blood was it neces-
Mlnlplg 0.9 Human: 0.6 sary to convert blood V, to plasma V, using species-specific BPR for comparison to GastroPlus outputs

Fold error V, = — Observed V,/Predicted V, if Observed V,, > Predicted Vg,
Fold error V, = + Predicted V /Observed V; if Predicted V,, > Observed Vg

* Retrospective isolation and assessment of the impact of BPR on predicted V
« Measured species specific BPR and Fu, were used in each PBPK model along with measured logP and pKa values

+ Lukacova method predicted the V within 60% of the observed values in all species except monkeys, where the V
prediction error was approximately three-fold




Lipophilic weak acid with low solubility

Compound 3 I

logP
lonisation type (pKa)
Fup (%)

Blood/plasma ratio

Clearance mechanism (method)
Solubility

Human Peff (cm/s x 1074)

5.0 (predicted)
Acid: 3.4 (predicted)
< 0.1 in all species

Assumed to be 0.7 across
species

Metabolic (in-vitro data)
< 0.05 yg/mL at pH =1

3.3 (adjusted from in-vitro
Data)

Cp (ug/mL)

Day=1, Dose=100

Cp (ug/mL)

...
Jomno S
® O

Time (hr)

Day=5, Dose=100

Time (hr)

Cp (ug/mL)

Cp (ug/mL)

=
L

w
L

s

2

R GO

Day=1, Dose=200

Time (hr)

Day=5, Dose=200

Time (hr)

- Clearance and V predictions uncertain for this compound and it seemed they were both linked to Fu, which could not be

measured

«  Two combinations of parameters were explored:
1. Low clearance & Low V due to a lower Fu,
2. High clearance & High Vg due to a higher Fu,

« Assessing the in-vitro inputs against in-vivo pharmacokinetic profiles in preclinical species, and determining alternative
parameters when in-vitro data were inconsistent with observed data, allowed a reasonably accurate FIH PK prediction
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High molecular weight compound
(Compound4 | perfusion Limited permeablity Limited

logP 2.48 (predicted) 10000 4 . 10000 1
2 ! £ | I o

lonisation type (pKa) Acid: 3.93, 9.73, 10.35, 11 %5 1?002 _ ® 1?002 | .

Base: 7.87, 8.52 (predicted) = = \J\"‘\"

g 10 + g 10 + s

Fup (%) Human: 58.5 and Rat: 46.9 & T g 14 b $

Blood/plasma ratio Human: 0.68 (predicted) § %1 g 2

Clearance mechanism (method) Renal (ECCS) 3 g 100 110 e 100 110 120

Solubility (predicted) 0.26 mg/mL at pH = 8.17 T ) Tirme. (hr)

Human Peff (cm/s x 1074) 0.0747 (predicted)

«  The specific PStc (PStc per milliliter of tissue cell volume) implemented in GastroPlus was determined from PK data in the rat and
subsequently used to predict the FIH PK

. Different PBPK models were explored to simulate distribution in the rat:
1. All perfusion-limited tissues: reasonable match to plasma but concentrations in kidney tissue were significantly under-predicted
2. All permeability-limited tissues and fitting the specific PStc: matched the compound concentrations in both plasma and kidney

. Under the assumption that cell membrane composition is similar in different species, the specific PStc value fitted against rat data was
used with human physiology to accurately predict pharmacokinetics in humans



Key points

* Join in the assessment: try out the proposed strategy for FIH
predictions, based on best practices and experience across
companies, for yourself

*» Help determine: if PBPK model verification in preclinical species,
which has not always been included in assessments of first-in-
human pharmacokinetic predictions, is critical to build confidence
and improve accuracy

< Remember: uncertainty analysis is a key consideration to obtain
maximal value from first-in-human PBPK predictions
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