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The Glucocorticoids (GC)

= Steroid hormones that regulate development, metabolism, and immunity
* Produced endogenously from adrenal cortex; regulated by the HPA axis

= Exert biological effects upon binding the ubiquitously expressed
glucocorticoid receptor (GR)
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The Corticosteroids (CS)

» Synthetic analogues of the endogenous GC hormone
= Possess potent immunosuppressive efficacy - widely prescribed

= Elicit adverse effects in multiple organs - magnify normal GC functions
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Pharmacogenomic Mechanisms of CS Action
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Components of Systems Models for Genomic Drug Actions

Quantitative Systems Pharmacology (QSP) aims to understand drugs at the levels of
target engagement, changes in cellular biochemistry, impact on human
pathophysiology, and optimal clinical use (Sorger et. al. 2011, NIH QSP Whitepaper).
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Circadian Rhythms — Relevance to PK/PD

= QOccur in physiology at macroscopic (whole-body) to molecular (gene) levels
= Can affect the availability of target and/or effector molecules

= Add time-dependent complexities in PK and PD responses
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GILZ as a Genomic Biomarker & Mediator of CS

The FASEB Journal = Review Identified in steroid-treated thymocytes (1997)

lucocorticoid-induced leucine zipper (GILZ): a new Factors making GILZ a favorable genomic marker:

important mediator of glucocorticoid action = Expressed in multiple tissues
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= Exquisite sensitivity to regulation by CS
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Basal GILZ Expression and Circadian Regulation
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Enhancement of GILZ mRNA by MPL (IM dosing)

Hypothesis: A mechanistic PK/PD model of transactivation can characterize the multi-

tissue dynamics of GILZ regulation upon MPL dosing

Measurements in tissues from male Wistars
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Pharmacokinetic/Pharmacodynamic Model of Transactivation

Ramakrishnan R, DuBois DC, Almon RR, Pyszczynski NA, Jusko WJ, J Pharmacokinet Pharmacodyn 29: 1-24 (2002).
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Glucocorticoid Receptor mRNA (Control & IM MPL)
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Glucocorticoid Receptor mRNA (Control & IM MPL)

Parameter Definition Estimate (CV%)
89,GRm Fourier coefficient for GR mRNA 2824¢/1055.99/ 2216%¢
a3 GRm Fourier coefficient for GR mRNA 6.8¢/162.24/ -273.22¢
8, GRm Fourier coefficient for GR mRNA 65.9 a¢
b1 crm Fourier coefficient for GR mRNA 185.6¢/-19.99/ -10.92¢
b2 crm Fourier coefficient for GR mRNA 10.12¢
Kg.crm (N1 Degradation rate constant for GR mRNA 0.26¢ (15.4) / 0.289(29.9) / 0.312¢
ks cr (NM/h)(mol/ng)* Synthesis rate constant for receptor 0.00025¢ (5.3) / 0.001219 (34.5) / 0.001962¢
ICs0,6rm (NM2) Inhibitior? of GR mRNA production 15.6 P GR mMRNA half-life:
Kgar (M) Degra(.zlat.lon rate constant for receptor 0.05b 2 — 3 hours
Koy (NM-1-h71) Association rate constant 0.016°
fopl Unbound fraction of MPL in plasma 0.23°
ke (h1) DR, loss rate constant 1.31°
Ry Fraction recycled 0.93°
kr (ht) Translocation rate constant 58.3P
GRy,meL (0) (mol/ng RNA)  GR mRNA initial concentration (treatment) 3995¢ /13504 (10.7) / 22002¢
GR(0) (nM) Free cytosolic receptor initial concentration 19.7¢(5.3) / 32.74 (34.5) / 86.22¢
DR(0) (nM) Drug-receptor complex initial concentration 0 (fixed)
DR,(0) (nM) Nuclear complex initial concentration 0 (fixed)

a parameter values fixed from Sukumaran et al. 2011

b Parameter values fixed from Hazra et al. 2007a
¢ Lung; 9 Muscle; ¢ Adipose tissue



GILZ mRNA (Control & IM MPL)
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Simulation of Tissue-specific GILZ — SC Infusion
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Modeling Circadian Removal of PD Responses
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Ayyar VS, Krzyzanski W, Jusko WJ, J Pharmacokinet Pharmacodyn 46: 89-101 (2019).
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Modeling Receptor/Gene/Protein-Mediated MPL Signaling

Overarching goals:

» Characterize temporal dynamics of MPL-regulated transcripts and proteins in liver

» Examine quantitative relationships between hepatic transcripts and proteins

» Develop a mechanistic model that connects gene/protein-mediated signaling to physiological

PD endpoints
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Study Design — ‘omics’ Measures and Bioinformatics Analyses
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miRNA-gene interactions (MiRTarBase®)
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31 Cluster 1 - mRNA 37 Cluster 1 - protein
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General PK/PD Paradigm for Genomic Drug Effects

Jin JY, DuBois DC, Almon RR, Jusko WJ , J Pharmacol Exp Ther 307: 93-109 (2003).
Ayyar VS, Sukumaran S, DuBois DC, Almon RR, Qu J, Jusko WJ, J Pharmacokinet Pharmacodyn 45: 557-575 (2018).
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Temporal Modeling of Transcriptomic and Proteomic Patterns

Ayyar VS, Sukumaran S, DuBois DC, Almon RR, Jusko WJ, J Pharmacol Exp Ther 367: 168-183 (2018).
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Temporal Modeling of Transcriptomic and Proteomic Patterns
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Ayyar VS, Sukumaran S, DuBois DC, Almon RR, Jusko WJ, J Pharmacol Exp Ther 367: 168-183 (2018).
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Temporal Modeling of Transcriptomic and Proteomic Patterns
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Ayyar VS, Sukumaran S, DuBois DC, Almon RR, Jusko WJ, J Pharmacol Exp Ther 367: 168-183 (2018).
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Systems PK/PD Model for MPL in Liver

Ayyar VS, Sukumaran S, DuBois DC, Almon RR, Qu J, Jusko WJ, J Pharmacokinet Pharmacodyn 45: 557-575 (2018).
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MPL Pharmacokinetics and Receptor Dynamics

24
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Parameter (units) Definition Est (%CV)
MPL Pharmacokinetics

CL (L/h/kg) Clearance 2.93 (0.89)
CLp (L/h/kg) Distribution clearance 2.51 (1.94)
V. (L/kg) Central volume of distribution 0.803 (0.97)
V1 (L/kg) Peripheral volume of distribution 0.974 (1.51)
F Bioavailability 0.2 (0.94)
Fr Fraction absorbed by k., 0.725 (fixed)
Ka1 () Absorption rate constant 1.82 (2.8)
K,, (h1) Absorption rate constant 0.54 (4.1)
Glucocorticoid Receptor Dynamics 2

ks,GRm (fmol/g/h) Synthesis rate constant for GR mRNA 3.2

kd,GRm (h') Degradation rate constant for GR mRNA 0.12
I((I’SIY(Ii/T/h) (fmol/g)* Synthesis rate constant for receptor 0.84
1Cs0.6Rm (nM) DR, for 50% inhibition of GR mRNA synthesis 123.7

kd’GR (h1) Degradation rate constant for receptor 0.04

Ko (NM-R71) Association rate constant 0.019

fmpl Unbound fraction of MPL 0.23

K. (1) DR, loss rate constant 0.402

R¢ Fraction recycled 0.69

k: (h1) Translocation rate constant 58.2

GR,, (0) (fmol/g) GR mRNA initial concentration 25.8

GR(0) (nM) Free cytosolic receptor initial concentration 540.7
DR(0) (nM) Drug-receptor complex initial concentration 0

DR,(0) (nM) Nuclear complex initial concentration 0

2 Parameter values obtained from Hazra et al [36]

Ayyar VS, Sukumaran S, DuBois DC, Almon RR, Qu J, Jusko WJ, J Pharmacokinet Pharmacodyn 45: 557-575 (2018).
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Modeling TAT mRNA, Protein, and Activity

Parameter (units)

Definition

Estimate (% CV)

/GR - I""""—*"‘"; Tyrosine aminotransferase dynamics
. l | Kqratm (N72) Degradation rate constant for TAT mRNA 0.22 (66.6)
> MPL GR —+ DR : ’
1 e k l : Sprn ATM (NM1) Stimulation constant for TAT mRNA 0.002 (48.1)
________________ DR, o Kygar (0 Degradation rate constant for TAT protein 0.29 (73.6)
:," R lx % 7 Amplification factor for TAT protein 4.5 (34.9)
f Kgar () Degradation rate constant for TAT activity 2.0 (96.0)
p Amino acid breakdown Po Amplification factor for TAT activity 1.67 (11.8)
[l TAT TAT TAT,
l l l : TAT,, (0) Baseline TAT mRNA 0.87 (12.0)
TAT (0) Baseline TAT protein 0.88 (12.8)
TAT, (0) (activity/mg) Baseline TAT activity 0.041 (7.3)
2.5 TAT mRNA 14 4 TAT protein 1.6 1 TAT activity
12 4
2.0 c
[}
-] o 07 8
S 15 24 a
(1] - © 8 - m
$ l e £
ke : - -~
S 1.0 1 T 2 ° z
L
| ; ¢ ‘ 4 - T
0.5 ) <
¢
0-0 L] ] ] | 0 L] ] L} L v L
20 40 60 80 0 20 40 60 80 80

Time (hour)




Modeling MPL-Induced Hyperglycemia
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GRm [
e 1 E
f oo E Steroid-induced
—+ \PL = GR — DR ' _"‘I] C/EBP,, — hyperglycemia e
' .
R - =
AN I e
I ] ucose T
DR e l I I =
1 N — CREB —» PEPCK =----' -
- p l p ,
N # &
N, T I] ' ]] Plasma
AN = PEPCK,, " Insulin
\\\\\ 1”
. \
\‘ “_,___-_.;—--"'
— GMD =—»
1000 260 5
4 - —_
PEPCK mRNA PEPCK protein 2 240 - Plasma Glucose
800 o
. % 3 - I é
2 g 2
= 600 P b
2 S 5. 0
- 5] 3
g 400 ] o
w
£ s § gz @ £
200 @
P a
0=y T T T 1 0 T T T 1 1
0 20 40 60 80 0 20 40 60 80 80
Time (hour) Time (hour) Time (hour)

Ayyar VS, Sukumaran S, DuBois DC, Almon RR, Qu J, Jusko WJ, J Pharmacokinet Pharmacodyn 45: 557-575 (2018).

Plasma Insulin (ng/mL)

C/EBP mRNA
L) L) L] L) L]
0 20 40 60
Time (hour)
3.0 =
25 4 Plasma Insulin

Time (hour)
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Modeling Combined Lymphocyte Trafficking & Apoptosis

Fold-change

5 - 4 4 8 -
STAT3 mRNA 5 STAT3 protein Serpin A1 protein Serpin A3 protein
4
) ) 3 8. 61
o =) I c
c c
3 fu o 2
; g 3 4]
2 3 3 I 3
L o (19
1 hd 1 2 L ]
*3
0 ] ] L) ) L) | 0 L} L} L) L} 0 L ] ) L) v
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Time (hour) Time (hour) Time (hour) Time (hour)
8
- Blood Lymphocytes
2
_______ = 6
““““ e
VW E mmmmmmmm——————
——b Serpin Aln =]/ g
',,— - —[ll- Serpin A3 = Lq: 4 I
{ ——> STAT3, N psTATS, 7 E‘
\ 1 [] 1 RN S 2 2
\ / o
“" GRm """" —- "‘: E
‘\‘ i j
]
s MPL —> GR — aR E 0 - T T T )
| 0 20 40 60 80

Time (hour)

Ayyar VS, Sukumaran S, DuBois DC, Almon RR, Qu J, Jusko WJ, J Pharmacokinet Pharmacodyn 45: 557-575 (2018).



Simulation of MPL Responses
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Data from Jin JY and Jusko, WJ, Biopharm Drug Dispos 30: 21-34(2009).
Data from Ramakrishnan R et al, J Pharmacol Exp Ther 300: 245-256 (2002).

TAT Dynamics — 7-day 0.3 mg/kg/h SC infusion
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Insulin / Glucose Dynamics — 5 mqg/kg IV bolus
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Sex Differences in PK/PD - Why is This Important?

PRECLINICAL RESEARCH NIH to balance sex in cell
. and animal studies
Sex Matters for Mechanism Jnine. Clonan ol Coll el s o xsur et

Jayne S. Danska

Some funding agencies now require consideration of sex and gender in preclinical
research, a policy that heralds opportunities and challenges for researchers.

Stroke
Depression
Autism
Dementia
Anxiety disorders
Attention-deficit hyperactivity
| Osteoporosis |
Autoimmune thyroiditis
Scleroderma
Systemic lupus erythematosus
| Rheumatoid arthritis |
Multiple sclerosis
Heart disease
Pain
| Fat metabolisml
[Drug metabolism]

Pharmacology

studies include five
times as many male
animals as females!

Danska JS, Sci Transl Med 6: 258fs40 (2014). Beery AK and Zucker I, Neurosci and Biobehav Rev 35: 565-572 (2011).
Clayton JA and Collins SC, Nature 509: 282-283 (2014).



Sex Effects on Methylprednisolone PK/PD in Humans
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Cortisol
Methylprednisolone dosed at 0.6 mg/kg 200 I MALES M: @-—a-
ideal body weight iCsg = 169 ng/uL ICso

-l

E

2

- 4

]

=

g FEMALES o)
Z 150 IC5q = 0.11
Q

5

Q

CORTISOL CONCENTRATION, ng/mL

TIME, h

TIME, bours

“Although women are more sensitive to methylprednisolone as measured by cortisol suppression,
they eliminate the drug more quickly, generally producing a similar net response.”

Lew K.H. et. al., Clin Pharmacol Ther 54: 402-414 (1993).
Jusko WJ, Toxicology 102: 189-196 (1995).
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DEX-inducible GILZ is Antagonized by Estradiol in vitro

GILZ

8 1 e O6hr
5 ™ 24hr
w
g 6
g #
w
S 4-
(14
E
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T 2
S
i m

Veh  Dex E,  D+E,

Ly *
£
8
2 37
8
S
N 24
™
£
s
= 1-1
'(3 J

u-

Veh Dex E; D+E,

DEX-inducible GILZ mRNA (top) and
protein (bottom) in hECCL1 cells
incubated with 100 nM DEX and 10
NnM E, is suppressed vs. DEX alone

8 e W= = 12y GILZ :

o074 * —+E K] ENTC #

g 6 1 E, + Dex 100nM #10 1

891 ¥ o OsiRNA

MER o 2 g

< X

z 41 * * * w

% 31 ¥ = B g 6 1 *

094 e 14

%’ f ] A . . £ 41 =

€0 2

Veh 0001  0.01 0.4 1 10 3 27
£, (o) g, Lm0 ]
Veh Dex E, D+E,

E, potently antagonizes DEX-

inducible GILZ mRNA at 1 — 10 pM Transfection with ERa siRNA

concentrations in hECCL1 cells reverses E,-mediated suppression of

DEX-inducible GILZ mRNA
U7 GRE 1919-1794 DIgG % GRE 1919-1791 OlgG
. "GR E
g 6 € 10 ®ER
Z 54 B
x 4 &
T - 6
o 3 1 <
('8 uw
221 g ¢
Sl ﬂ 2]
L @
[
Veh Dex D+E, Veh Dex D+E,

Association of GR and ERa at the promoter of GILZ. Recruitment of GR and ERa to
GRE at position —1919 to —1794 as assessed by ChIP assay

Whirledge S and Cidlowski JA, Endocrinol 154:

499-510 (2013).



Estrous Cycle & Sex Hormone Regulation in Female Rats
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Overall Aims:

1) To investigate sex differences in PK and PD responses of

methylprednisolone in rats.

I) To quantitatively evaluate the determinants of sex differences in PK and

PD of MPL in liver and uterus using mechanistic modeling.

Major Hypothesis:

Elevated estradiol production during proestrus in females can antagonize

corticosteroid-regulated GILZ dynamics in tissues with estrogen receptors.




Methylprednisolone PK/PD Studies — Sex and Estrous Stage

Hazra A, Pyszczynski N, DuBois DC, Almon RR, Jusko WJ, J Pharmacokinet Pharmacodyn 28: 263-73 (2007).

Male — No MPL
.; B

J

54 male Wistars (7 wk)

l

Male — MPL
.; B

d 4

54 male Wistars (7 wk)

l

Female (Estrus) - MPL

e

? #

39 female Wistars (11 wk)

l

Female (Proestrus) - MPL

e

Q B

36 female Wistars (11 wk)

l

Male — MPL

g &

30 male Wistars (11 wk)

l
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Normal 12 hours : 12 hours light/dark cycle

CIRCADIAN
CONTROLS

l

50 mg/kg MPL IM

l

l

Euthanizedat 18

time points over24 h
(n=3)

Euthanizedat 18

time points over96 h
after MPL (n= 3)

Euthanizedat 12
time points over24 h
after MPL (n = 3-4)

l

Euthanizedat 12
time points over24 h
afterMPL (n = 3)

l

Euthanizedat 9
time points over48h
after MPL (n = 2-3)

All animals dosed

between 1.5 — 3 h after
lights ON

Plasma

J

Muscle

Lu Liver Adipose

: T_;Q

Bone Uterus

Daily vaginal lavages in

females performed from
8 — 11 weeks of age to
stage estrous cycle



Sex Differences in Plasma and Hepatic PK: 50 mg/kg IM

Ayyar VS, DuBois DC, Nakamura T, Almon RR, Jusko WJ, J Pharmacol Exp Ther Accepted (2019b).

No difference in males by age or body weight

Liver MPL (ng/g)

100000
- ¢ Male - 7 weeks
a
E 10000 ®  Male - 11 weeks
=)
=
S 10009%Q §
s e
g E _a
E 100 . = ] } _
[ I | 9 | .
& 10 e " ¥ .
o

1 ] T L] T T T T T

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

Consistent differences in hepatic exposure

100000 5

10000 <

1000 4

100

Female
—tp— Male

T T T T T T 1
2 4 6 8 10 12 14

Time (hour)

No statistically significant difference found in
females per estrous stage

10000

1000

100

Plasma MPL (ng/mL)

Time (hour)

~ 3-fold higher plasma exposure in females

Sex AUC., (h-ng/mL) CL/F (mL/h/kg)
Male 2901 + 185° 17,232 + 1099
Female 9751 +482° 5128 + 252

& Bailer's Method applied to compute area-under-curve (AUC)

b Standard error

Steroid Assay: Normal-phase HPLC

34
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No Sex Differences in Plasma Protein Binding of MPL and
Glucocorticoid Receptors in Tissues

Ayyar VS, Song D, DuBois DC, Almon RR, Jusko WJ, J Pharmacol Exp Ther Accepted (2019a).

100+ :
® Male METHOD: Centrifree® ULTRAFILTRATION (25 kDa cut-off)
801 O Female
(=] . . q
._g so?---q- -------------- @G------- Similar to value (63 * 0.8 %) in male rats (Haughey et al, 1991)
c
g 40
20- Percent bound in RATS is lower compared to HUMANS and
RABBITS (77 — 78 %) (Ebling et al, 1986)
0 T L] 1 1
0 20000 40000 60000 80000
Cp,total (nM)
No difference in hepatic GR mRNA in males and E-females Previous report indicates no difference in hepatic
GR protein density and binding in rats
Male - 11 weeks Estrus Females - 11 weeks
nd Duma D and Cidlowski JA, Sci Signaling 3: ra74 (2010).
nd | |
E. 1800 = [ ] GR'“ pl’DtEin
= [ =p<oo0s | 25+ 180+
[ p<0.05 20 .
. * v
> 1500 p<0.05 20l © o g 1501 o:
@ | £ 154 s — BT 1204 —
s 091 I £ 1.04 xm'qg, éa 60{ o
E = " @ 30
< 600 4 £
Zz a 054 0- —_—
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4 0.0 "
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Sex Differences in Pharmacodynamics - GILZ in Liver

AUEC of hepatic GILZ increased in females (E and PE) compared to males

GILZ mRNA (molecules/ng RNA)

20000

15000

10000

5000

— —@-— Female (proestrus)
— @ — Female (estrus)
— -0 — Male
Baseline AUECq.24
Group (h-moling) __(h-moling)
Male 1893 31,262
Estrus 2051 78,657

10 15

Time (hour)

2538 89,972
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Sex Differences in Pharmacodynamics - GILZ in Uterus

Baseline and AUEC of uterine GILZ in proestrus phase decreased compared to estrus

20000
— —@- — Proestrus (elevated E,)
— @ —  Estrus (lowE,))
15000 I
AN GI0uD oy oo
# \ Estrus 3245 75,667
10000 \ Proestrus 2400 45,664

5000

GILZ mRNA (molecules/ng RNA)

0 5 10 15 20 25

Time (hour)



General Schematic of Mechanism-Based Modeling Approach

Objective: To develop a quantitative model that integrates mechanisms controlling steroid

disposition and pharmacodynamics across sex, reproductive stage, and tissue type

( l \ ( \ / Competitive Antagonism \

|- Plasma Competitive binding
| b of drug & hormone SR DRN(TOT)
ER
: Distribution H i 5Csp - (1 + KIN) + DRy (ror)
i
: el dagd Glucocorticoid 1
I " Receptor ~a .
| Elimination 1 e | it
I e’ } L
‘ Corticost Glucocorticoid receptor ‘l 1
oriicosterone 4 5
AV Dynamics e down-regulation y 3
,#’ Stimulation of Gene Biomarker
Estradiol - Estrogen
Estrous Cycle Receptor
Drug Pharmacokinetics & Receptor Dynamics, Binding, &

. . : Pharmacodynamics
Hormone Dynamics Ligand Interactions y

== == == Binding reaction

w=wm == @ Inhibition == ====¢ Stimulation



MPBPK / PD Model for MPL In Males and Females

UTERUS
II ______________ .
‘l
GRm— 1 —_
]
1
* » DR + I I]
‘ l s i 1
u,PRTMPL CR +DR, —cw=’ 1
MPL —» GR N N '
1
/ % CR ‘* l \
fup, | \
up, CST 1
——— CST Rk, i
/ !
fopea Koz k, S
b E, + ER =2 ER, =t ER, mmceae=’

Dose : IM

Kot e F- Fr llkaz' F-(1F)

' 1
1 1 Poorly Perfused Organs
1 I Qs * Quuin * QA (Muscle, Skin, Fat) Qs *+ Qi + Qg
. |—_— —
! ! Ko, mus
1 I
1 I
1 I
} ! Rapidly Perfused Organs
: Blood : Qco = (Qpoor * Qrey) | (Lung, Kidney, others) | Qo= (Qpoor + Qo)

1
: VB 1 Kr-. lung
1 I
1 I
1 I

! Liver
: | Qrep Qe

—
1 I
! : Ko, i Vi
1
I 1
[

CLint, mato
CL,

Blood
VB

LIVER ﬁ |- ~
o e T, Y
| t
GR,, = TC, ': T
TunepmpL l yDR \ ', ’I I’

-
—_ MPL—>GR CRy *D“N -’

1

1

/I ""c, CR ‘* l s

'-n CsT 1

'/CST R he (1) by !

1

I

[ Kp ez k, ,’
s E, + ER ¥—— ER, — % ERy mece—e=”

* Model implemented using ADAPT 5
+ Stepwise modeling approach employed
* Sources of parameter values:

i) Prior in-house experiments (data re-fit or
estimated values fixed)

ii)  Literature (data fitting, directly obtained, or
calculated from in vitro studies)

i)

* Model assessed jointly across all groups

Fitting of obtained in vivo data

--------

Ayyar VS, DuBois DC, Almon RR, Jusko WJ, J Pharmacol Exp Ther Accepted (2019c).
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Mechanistic Considerations: Sex and Hepatic Metabolism

40

Tomlinson ES et al, J Steroid Biochem Molec Biol 62: 345-352 (1997).

Male Rats
Male Rat
1004 .
] \.‘ LELVH e Fas
o
& ® 3x dilution i |
=
: ® 4x dilution J
5 - Ao
= ® éx dilution |
® 10x dilution 1\J 1| I i
10 L] L] L L] T 1 / Ii I\-L'w
0 2 4 6 8 10 12 30 35 40 a5 S0
Time (min)
Fem ale Rats 2500 Female Rat \""rmx
1201 2,000 v
DEXAMETHASONE
—_ § 1,500
g 100.--3--:- __i_..---=’ === _
= S E_ - .. A 1,000 | \
S o--" . e I
> R REERT )
= 801 Mz HDHSEF-A
o _ _ \_
o S_10/15 20 28 30 38 40 a5 80
time
60 0 ;lj 1:{} 115 2'0 2'5 Fig. 4. High performance liguid chromatograms from micro-

somal incubations of "HDEX (1 pM) with microsomes from

Time (min) {a) male rat and (b) female rat.
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Mechanistic Considerations: Tissue Binding of MPL

INn Vivo VS. In vitro vs. in silico Differences

Ayyar VS, Song D, DuBois DC, Almon RR, Jusko WJ, J Pharmacol Exp Ther Accepted (2019a).

Tissue ultrafiltration methods were developed and validated for analysis of MPL binding in vitro

69 151 i 59
Liver (M) & ;] Liver(F) 4 Lung(M) ..
ﬁg 4 1‘.-"'” 94 ’l_f"” 31 ’,"’#"
E ,"" 61 il 2- gl
S 27 .7 iy [
;I{’ f,;=0.162%£0.01 3 /Y; f, = 0.066 * 0.003 1 / f,.=0.192%0.01
At . ' : : , 0+ . , : : 0+— . . . .
UD .0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Homogenate dilution-factor
Kp,u (in vitro) = Lot / Cu = (Cb/Cu) +1 =1/ fu,t Kp = Kp,u (in vitro) ) fu,p (04)
Tissue In vivo Kp In vitro In silico®
Liver (male) 25%+0.2
_ 12.6%P 0.8
Liver (female)
Lung (male) | 2.3+0.0° 2.1 0.9 1y
, DIL
Muscle (male) | 1.8 +0.4° 1.4° 0.6 Undiluted fu =7 ) y
-1+
#Model estimated value from IM data (corrected for hepatic CLin) < /f umeas ) DIL

b Calculated from steady-state infusion PK in male rats

¢ Unbound fraction corrected for single tissue dilution using Kalvass-Maurer equation

¢ Computed using method of Rogers and Rowland (J Pharm Sci, 2006) Kalvass JC and Maurer TS, Biopharm Drug Dispos 23: 327-38 (2002).
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Step 1. MPL Pharmacokinetics (mMPBPK Approach)

Ayyar VS, DuBois DC, Nakamura T, Almon RR, Jusko WJ, J Pharmacol Exp Ther Accepted (2019b).

Plasma MPL (ng/mL)

Liver MPL (ng/g)

10000
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100

10

100000

10000

1000

100

Female
¥ Male

[WETI |

Female
¥ Male

6 8 10 12 14
Time (hour)

|====1

Dose : IM

Ko F'Fy llhz s F(1-F,)

Qs T Quian + Quat

Poorly Perfused Organs
{Muscle, Skin, Fat)

K

Quuy ™ Quisn T Qa
—

Rapidly Perfused Organs

Blood L——Q'""_(Q"""'w""" (Limg. Kidney, others)  f 2co” Qe 7 Qo) f iy g
Ve K Vg
i K, i Vi
booo CLin e
CLpgnepatic

Parameter Estimate (% CV)
F 0.214°
Fr 0.725%
Kaz (h™) 0.8 (8.8)/ 4.1 (24.8)°
kaz (W) 0.17 (17.3)
CLen (mL/h) 347 (4.2)
CLuy,intmate (ML/h) 2987 (12.7)

KP, liver 12.6 (7.6)

KP, PPT (muscle) 1.4d

Kp, RPT (1ung) 2.1

fup 0.4

aBioavailability fixed from Hazra et al. (2007b)

b Male ; ¢ Female

d Fixed from in vitro experiments



Step 2: Dynamics of Corticosterone (CST) Suppression

Sexual dimorphism in diurnal variation of the rat HPA axis
Atkinson HC and Waddell BJ, Endocrinol 138: 3842-48 (1997). .
Male Proestrus
2 600 600 I :
) : . N\ —
% 400 - 400 | @ 1| AN
: | |Bdessd
% 200 - 200 ' ' ' '
-% f % 5 1500 1
6 0 = - " 04 — - - E.‘ 1200 4 Proestrus Female ({Cohort 2)
g 900 -
Data incorporated into model to account for varying g
circadian CST baseline concentrations (Fourier Harmonics) g 7
E 300 +
Baseline and IM Bolus data modeled jointly 8 N
Parameter Estimate (% CV)
Male (Cohorts 4 and 5)
Kaegcst (N™) 1.38 (12.6)*P¢
7 (h) 0.34 (12.8)3P¢
CSTetress (NG/ML) 535 (18.0)% / 1292 (13.3)° / 1397 (12.9)°
ICsocst(ng/mL) 3.4 (47.6)%/41.6 (48.0)b / 12.9 (45.6)° . -

T T T T 1
1] 20 40 &0 80 100

- b .
aMale ; b Estrus female ; ¢Proestrus female Time (hour after lights ON)



Step 3: Glucocorticoid Receptor Binding and Dynamics

Pharmacodynamic interactions in tissues with GR and ER

f
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Step 3: Glucocorticoid Receptor Binding

Liver data from Hazra A et al., J Pharmacokinet Pharmacodyn 28: 263-73 (2007).

and Dynamics
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Step 3: Glucocorticoid Receptor Binding and Dynamics

Parameter Definition Estimate (CV%o)
aO,GRm,Iiver 143

al,GRm,Iiver -153

a2 GRm liver Fourier coefficient for liver GR mRNA? 0.554

b1,GRm,Iiver -304

b2,GRm,Iiver 1.18

Ka.grm (h™) Degradation rate constant for GR mRNA 0.14 (17.0)

I1Cs0 grm (fmol/mg) Half-maximal inhibition of GR mRNA production 1528

Torm (D) Transduction delay for mRNA rebound 15.6 2

1Cs0 1c2 (fmol/mg) Half-maximal inhibition of GR mRNA removal 60.52

Kacr (h™) Degradation rate constant for receptor 0.052

Kon,mPL (nM'l-h'l) Association rate constant for MPL 0.016 2

Kon.csT (nM'l-h'l) Association rate constant for CST 0.001 (fixed)

fup,mpl Unbound fraction of MPL in plasma 0.4°

fu,nvlmm Unbound fraction of MPL in liver 0.032 (calculated as Kp’hep/fu,p)
fucst Unbound fraction of CST in plasma 0.017¢

kre (h™) DRy, loss rate constant 1.31°2

=¥ Fraction recycled 0.93°4

kT (h'l) Translocation rate constant 58.32

GR(0) (fmol/mg protein)

Free cytosolic receptor initial concentration

476.0 @ (liver) ; 320.0 (uterus) °

Fixed from Hazra et al. (2007)
bFixed from Ayyar et al. (2019a)
¢ Fixed from Izawa et al. (1984)



Step 4: Estrous Variation of Plasma 17B-Estradiol in Rats

Pharmacodynamic interactions in tissues with GR and ER

K

lfu stradiol -

= > E, + ERT=—= E,-ER —> E,- (ER),
/ IR,




Step 4: Estrous Variation of Plasma 17B-Estradiol in Rats

48

Smith MS et al., Endocrinol 96: 219-226 (1975).
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Proestrus Estrus 0 24 48 72 96 120 144 168 192 0 24 48 72 96 120 144 168 192
Non-dosed Female Rats Time (hours from 00:00 - Day 1) Time {hours from 00:00 - Day 1)
2 2
3 (T_Tpeakl)z _ (T-Tpeak2) (T—(‘L'+Tpeak1))2 (T—-(T+Tpeak2))
E,(t)=BL+A-e o +B-e B +A-e o +B-e B

Hepatic ER,, (fmol/mg protein)

Parameter

Definition

Estimate (%CV) or Value (Source)

Estrogen Receptor Binding & Dynamics

fup,Ez

Bmax ergiv) (fmMol/mg protein)
Bmax Er(uterus) (fMol/mg protein)
Kb,ergiv) (PM)

Kb eruterus) (PM)

ke (h™h)

Unbound fraction of estradiol in plasma
Estrogen receptor content in liver
Estrogen receptor content in uterus

ER Binding Constant in liver

ER Binding Constant in uterus

Translocation rate constant

0.053 (Plowchalk and Teeguarden, 2002)

24.5 (Dickson and Eisenfeld, 1979; Aten et al., 1978)
560 (Notides, 1970)

140 (Dickson and Eisenfeld, 1979)

100 (Branham et al., 2002)

58.3 (Assumed equal to GR translocation)

Ayyar VS, DuBois DC, Almon RR, Jusko WJ, J Pharmacol Exp Ther Accepted (2019c).



Step 5: Pharmacodynamic Regulation of GILZ

Pharmacodynamic interactions in tissues with GR and ER

fu, Estradiol Koz >
U, ESLraciie
E2 + ERd— Ez-ER

'
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Step S5A: Pharmacodynamic Regulation of GILZ in Liver
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Step S5A: Pharmacodynamic Regulation of GILZ in Liver

dGILZm _ k 1 Smax * NRn_TOT
—dt | s6izm + ER,
SCs0,61Lzm * (1 K, ) + NR; ot

— kagizm - GILZ,,

16000 — 500

400
12000 -

300 -

8000
200 +

4000 -
100 ~

Hepatic GILZ mRNA (molec/ng RNA)

Nuclear steroid complex (fmol/mg protein)

0 -r T T ,/ // T T 1 0 - %
0 12 24 36 168 180 192 204 0 12 24 36 48 60 72 168 180 192 204
Time (hours from 00:00 - Day 1) Time (hours from 00:00 - Day 1)
Parameter Definition Estimate (% CV)

KggiLzm (M) Degradation rate constant for GILZ mRNA 7.5(21.8)

Sinax. GILzm Maximal stimulatory capacity by DRy 7.5 (fixed)

SCs prn, GILzm (FMol/mg) DRy, producing half maximal stimulation 558 (5.5)

Ki Ern, ILzm (fmol/mg) ER, producing half maximal inhibition of GILZ mMRNA  62.1 (fixed based on uterine data)

GILZ,, (0) (molecules/ng RNA) GILZ mRNA initial concentration 1893 (M) ; 2051 (E) ; 2538 (PE)
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Step 5B: Pharmacodynamic Regulation of GILZ in Uterus

Uterine GILZ mRNA (molec/ng RNA)

dGILZ
== Kggrzm [ 1+ <

Smax : NRn_TOT
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Step 5B: Pharmacodynamic Regulation of GILZ in Uterus

Ayyar VS, DuBois DC, Almon RR, Jusko WJ, J Pharmacol Exp Ther Accepted (2019c¢).

. 16000 - — —@-— Female (proestrus)

<L — -@ — Female (estrus)

&

= )

S 12000 |

2

©

£

<zt 8000 - I

14

=

3 :

O 4000 - é

()

.

8

)

0 = T T // I/ 1 1 |
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Time (hours from 00:00 - Day 1)
Parameter Definition Estimate (% CV)

KgciLzm (N1) Degradation rate constant for GILZ mRNA 1.9 (27.5)
Siax. GILZm Maximal stimulatory capacity by DRy 7.5 (fixed)
SCs0 prn, GiLzm (fmol/mg) DRy, producing half maximal stimulation 672 (19.2)
Ki Ern. GILzm (fmol/mg) ER\ producing half maximal inhibition of GILZ mRNA 62.1 (68.6)

GILZ,, (0) (molecules/ng RNA)

GILZ mRNA initial concentration

3245 (E) ; 2400 (PE)




54

Antagonism of Glucocorticoid Signaling by Estrogens:
Implications for CS Efficacy and Individualized Therapy?
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SUMMARY & CONCLUSIONS

« Early PK/PD models of methylprednisolone were evolved into more mechanistic and global

systems models.

* Mechanistic modeling of GILZ integrated circadian rhythms and receptor-mediated steroid

pharmacogenomics to capture and predict tissue-specific responses.

+ Systems modeling offers a mechanistic bridge to connect drug exposure to relevant PD

endpoints via indirect (receptor/gene/protein-mediated) mechanisms.

« Time- (estrous cycle) and estrogen receptor-dependent antagonistic co-regulation by estradiol

explained sex differences in genomic steroid response.

« The combined systems (experimental and modeling) approach revealed a unique

pharmacodynamic interaction of multi-receptor signaling in vivo.

« The fundamental array of mechanism-based PK/PD models serve as building blocks for

developing global and mechanistic systems pharmacology models.
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