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Cost to Develop New Drug Now Exceeds $2.5b
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Source: Tufts Center for the Study of Drug Development, USA - 2014
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Drug Discovery and Development: A LONG, RISKY ROAD

DRUG DISCOVERY PRECLINICAL CLINICAL TRIALS FDA REVIEW
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Source: Pharmaceutical Research and Manufacturers of America
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A mouse Is a model

Homology
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Bone drugs

Actonel

risegronate sodium) tabiats

\___/

e —
NDC 0078-0435-61

Reclast Rx only

(zoledronic acid) injection

5 mg/100 mL

Solution for Intravenous Infusion

Dispense the accompanying Medication Guide to each patient.

1 bottle - Sterile Solution

Do not mix with calcium-containing solutions. Administer as a single intravenous

solution through a separate vented infusion line.
U> NOVARTIS
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Pre-clinical testing

C57BL/6 — ”Black-6"

Ovariectomy / Sham

secondary ossification
centre (epiphysis)

epiphysis enlarges by 8a¥ @ .
growth of cartilage and *;’, B @
replacement by bone
SN
physis (growth plate) S

growing shaft is
remodeled because
bone is resorbed here
and

bone is added here

shaft elongates becaV M
cartilage grows here !

and

is replaced by bone here —— T 1|

erbieny ossification/

centre {diaphysis)

medullary canal
containing
bone marrow

®© 2010 Encyclopadia Britannica, Inc. BrJ Nutr_ 2014 May 28;111(10):1811'21.
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Implicit assumptions

« Ovariectomy produces a systemic osteopenia similar to
age-related osteoporosis

« Sham surgery is required to normalise for the systemic
effect of surgery

* Proximal tibia cancellous bone well represents global
skeletal changes (negligible spatial gradient)

« Changes at 4 weeks are representative of the long-term
response (negligible temporal gradient)

« Cancellous bone 3D histomorphometry is the most
reproducible measure of bone loss
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In vivo MicroCT

LONGITUDINAL MEASUREMENTS FOR MOUSE BONES

|
|

* Technol Health Care. 1998 6(5-6):339-50
* Voxel size ¥ 10 um
* Whole tibia scanned ~30min

» Radiation dose ~ 500 mGy =» 5% BMC
* Under anaesthesia

Mouse body

In vivo scan of mouse tibia VivaCT 80 scanner
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Whole body or whole bone

WHOLE BODY IN VIVO SCAN
(~70um)

TIBIA IN VIVO SCAN
(~10um)
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INn vivo MicroCT

LONGITUDINAL MEASUREMENTS: Proximal Trabecular Bone

Week 14 Week 16

Ovariectomized mice (model of accelerated bone resorption)
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Results — traditional

Sham

method
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A BVITV relative to baseline
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A BVITV relative to baseline

Longitudinal analysis:
34% reduction in the number of
animals to discriminate BV/TV
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Method: reproducibility

 Bone Mineral Content - BMC

+ Densitometry calibration (HA equivalent) ||
_ . \ Cropping
¢ Mass = Volume * density S i box
1 A
15 X10° | | R ]
6l Densitometry calibration | (a) / (b) '
Scanco Viva-80 Original Transformed ¥
baseline scan . 0.8L
images Images e /, ' .
)
g
3 v
L
(d) v
- Registered
images using
rigid registration
-1000 -500 0 500 1000 1500 2000
BMD (mg HA/cc) (c)
Repeated

scan images
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Results - reproducibllity

Tibial length (0.989)

Ct.BMC (0.947)

Th.BMC (0.979)

Ct.Th (0.985)

Th.Sp 4 31

Tb.Th (0.956)

Th.N (0.948)

Tb.BVITY 08280

(0.967)

ICC
0

Luy, et al. ) Biomech.
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Precision Error (+95% Cl)

2016 Jul 5;49(10):2095-9.
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Results: sample size reduction

Variable | Log scale ICC point | Theoretical sample
residual SD | estimate size reduction

(95% Cl)

BV/TV 0.224 0.59 34% (20% to 53%)

Standard Tb.Th 0.074 0.13 13% (6% to 28%)
Morphometric 8% (18% to 41

parameters
7% (2% to 18%)

Cort.Th 0.044 0.64
Th.N 0.105 0.27

0

Th.BMC 0.292 0.71 51% (35% to 68%)

BMC based Cort.BMC  0.064 0.87 63% (54% to 71%)
parameters

Tot.BMC 0.063 0.87 63% (54% to 71%)
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Overall changes in BMC

Variation BMC in whole tibia with respect initial value
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Tissue adaptation — voxel-based

Rigid Registration plus Boolean operations

Scanl Overlapped images

Boolean
Operations

Scanl and ScanN

Only Scanl = Resorbed bone
B OnlyScanN = Formed bone

Bl BothScans = cConstant bone

Schulte et al, Bone, 2011
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Voxel-based method

Evaluation of accuracy of the method: “zero remodelling” case
14

Repeated scan 1 .vs. Baseline
Repeated scan 2 .vs. Baseline

| | 12H "

& | =] Repeated scan 3 .vs. Baseline

= [ Voxel size
U) 10_ ———————————— el b p e - - - - - - e - - e e e e . - .- - - . - -
<]

O . .

S : Within

H il . .

2 precision
= _

8 6 - 95th percentile - - - of microCT
(1)

Y

| -

@4

@ 75th percentile - - -

S :

m 2 median - - - PiHE

25th percentile - - - ' T

Mouse number
LuY, et al. Med Eng Phys. 2015 Nov;37(11):1091-7.
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14 wks C57BL/6 tibia still growing

Mouse age [wks]
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Method: longitudinal study

(a) /
Mouse 1 at
time point 1

INSIGNE®

(b) /s

Aligned images

(c)

Mouse 1 at
time point 2

Cropping
box

(d)
Registered
images using
rigid registration
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()
Volume of interest
(mouse 1, time point 2)
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% Changes BMC: SHAM vs WT groups

| p— |
-20 -10 3 0 3 10 20
Lateral Medial
1 2 \QT Wk]
LY 16 17 18 19 20 21 22 16 17 18 19 20 21 22
5 - . 4.'2 \Region Region
— Co1ct 5.05 6.28 7.09 6.31 3.53 6.63 5.29 Co1ct -3.35 0.44 2.10 3.84 1.59 4.16 0.29
b 3 ' } b co1 5.13 7.01 7.64 65.38 3.36 6.31 4.50 co1 -3.62 0.87 2.65 3.96 1.37 3.79 0.22
4 4 co2 -1.56 -123 0.05 0.25 -111 -0.04 -167 co2 -3.90 -3.95 -3.93 -3.61 -5.03 -1.83 -5.14
5 Cco3 -1.44 -1.08 -1.37 -1.08 -2.34 -0.44 -2.25 Cco3 -3.48 -4.22 -2.96 -1.40 -0.50 3.11 -0.41
6 Cco4 -1.25 -1.87 -2.36 -2.66 -2.53 -0.10 -2.32 Cco4 -7.05 -6.33 -4.51 -3.11 -1.83 -1.20 -2.35
Co5 -3.09 -3.37 -4.23 -4.41 -3.47 -0.70 -2.48 Co5 -4.07 -3.61 -0.84 -0.49 0.07 2.38 1.54
7 Co6 -2.75 -3.30 -3.76 -3.70 -4.07 -1.22 -2.52 Co6 -5.18 -4.44 -3.03 -1.16 -1.66 0.16 -2.07
8 co7 5.95 3.29 -1.63 -3.15 -4.27 -1.76 -4.01 co7 -2.48 -2.91 -2.68 -2.36 -3.44 -0.89 -2.00
9 cos 3.25 1.82 0.30 -1.98 -2.25 0.09 211 cos -1.46 1.31 0.92 0.09 -1.90 1.21 1.70
10 _ Cco9 -4.08 -3.00 | -197  -3.17  -3.27 0.13 -4.20 Cco9 -1.44 -0.33 -0.77  -066  -314  -168  -4.27
— C10 -3.42 -1.55 0.15 -1.19 -1.03 0.22 -4.84 C10 -1.36 -0.53 -0.18 -1.03 -2.70 -1.44 -4.18
Anterior Posterior
/ ge [week] ge [week]
;h 16 17 18 19 20 21 22 h 16 17 18 19 20 21 22
CO1Ct -2.02 -1.88 1.16 1.37 2.48 1.37 -0.37 CO1Ct 1.05 2.45 2.62 2.49 4.20 5.11 1.30
Medial co1l -2.68 -1.72 1.28 0.62 1.87 0.74 -0.76 Ccol 1.67 3.85 4.13 3.55 4.67 5.46 1.92
€adia co2 -4.41 -4.06 -2.70 -2.82 -2.46 -3.13 -4.96 co2 -4.01 -2.34 -0.64 -2.17 -2.46 -2.09 -4.99
8 g co3 -4.70 -4.27 -3.25 -2.47 -3.59 -3.07 -5.93 co3 -3.55 -2.70 -2.45 -2.22 -3.16 -2.37 -5.00
| ?D" ___________ g l _— co4 -5.05 -3.71 -4,27 -2.38 -2.95 -2.50 -5.47 co4 -3.70 -3.39 -3.78 -3.14 -2.87 -1.04 -3.31
g- o y Cco5 -5.27 -3.17 -4.12 -2.95 -3.47 -1.46 -2.40 Co5 -3.19 -2.38 -4.10 -4.65 -3.59 -1.17 -2.29
- 1 - Co6 -5.63 -2.52 -0.72 -1.40 -1.99 -0.69 -2.03 Cco6 -5.60 -5.66 -5.66 -6.48 -5.06 -3.03 -4.29
7 Lateral co7 671  -43%8 -159 -179  -114 036  -1.68 co7 727 613 261  -423  -3.06  -186  -4.60
: X cos8 -1.68 0.84 0.80 0.00 -2.02 -1.48 -3.12 cos -3.66 -1.05 -1.32 -1.92 -2.80 -2.24 -2.17
section b-b co9 -1.94 -0.64  -0.37  -2.89 -4.83 474 -6.10 co9 -0.60 0.80 -0.06 -1.03 -2.48 -2.36 -3.14
Cc10 -5.32 -3.33 -0.59 -0.78 -2.11 -1.78 -3.97 c10 0.95 1.80 1.18 0.53 0.76 1.84 -0.05

Mean relative percent difference [%] between Sham (N=7) and WT (N=5) groups
(* p<0.05, ** p<0.01)
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% Changes BMC: OVX vs SHAM groups

101431504

| |
Lateral -20 -10 3003 10 20 Medial
1 \wﬂq wlﬂ
16 17 18 19 20 21 22 16 17 18 19 20 21 22
2 \Region Region
Col1cCt -2.70 -9.96 -7.01 -9.53 -9.95 - -9.32 Col1Ct 0.04 -8.68 -0.03  -10.27  -11.13  -11.70  -11.85
3 b Ccol -246  -10.67  -8.28  -10.63  -10.69 - -9.71 co1 0.42 -8.76 -9.59  -10.69  -11.25 | -11.99  -11.97
4 co2 5.00 0.96 4.79 1.97 -1.00 -3.53 -1.36 co2 442 2.27 4.15 3.45 2.01 0.89 2.73
5 2 co3 1.79 -0.77 4.34 1.18 -0.06 -2.52 -0.98 Cco3 2.78 -2.03 -0.69 0.29 -0.07 -3.22 0.85
6 ! co4 1.72 0.49 5.64 1.41 -0.10 -3.43 -1.27 co4 5.63 1.49 1.03 1.83 0.75 -1.44 -1.66
7 Ccos 2.55 1.77 5.05 2.63 0.26 -2.97 -1.75 C05 1.98 0.10 -1.43 -1.14 -2.31 -4.46 -4.90
coe 3.12 3.12 5.08 3.64 2.51 -0.84 0.25 Co6 3.01 -0.50 0.61 -1.89 -2.48 -5.51 -4.48
8 . co7 1.66 5.41 - 6.09 4.03 0.84 3.74 Cco7 1.53 1.97 3.28 0.78 -0.54 -3.47 -0.63
9 co8 4.02 7.13 10.36 5.83 4.49 0.70 2.69 co8 0.87 -0.90 0.61 0.58 -1.02 -3.22 -2.57
10 \ coo 2.82 1.82 4.72 1.64 1.37 -2.69 0.40 co9 1.54 -2.07 -1.90 -1.14 -2.10 -4.70 -2.32
Cl10 1.89 -1.62 0.31 -3.56 -1.81 -6.70 -3.81 C10 2.97 -3.07 -2.63 -4.43 -2.12 -4.69 -2.48
Anterior Posterior
/ Age [week] Age [week]
16 17 18 19 20 21 22 . 16 17 18 19 20 21 22
Co1cCt -2.09 -7.86 -8.49 | -11.50 -- -11.32 Col1cCt -4.62 | -10.89 -849 | -11.23 | -11.60  -11.64 -10.35
Medial co1 -2.00  -848  -10.04 --- col -4.21 | -11.15 | -10.30 --- -11.59
> co2 4.45 1.52 1.74 -1.01 -3.80 -4.53 -3.66 co2 4.73 2.77 5.58 1.97 0.31 -1.30 -1.19
=2 co3 3.20 -0.61  -0.34 206  -245  -3.28  -119 Cco3 2.26 -0.13 3.97 131 0.21 -1.20  -1.28
""" W o g g' [ '9 co4 178 | -346 | -254 | -352  -417  -5.02  -3.24 co4 471 151 53 400 204 o011 088
: = Co5 5.12 -1.12 2.35 2.16 1.52 -0.23 0.43 Co5 5.80 2.89 5.12 4.09 1.44 0.02 1.31
/ Lateral co6 4.54 0.87 3.28 4.55 3.08 2.22 3.25 co6 6.17 4.58 3.46 1.54 -1.37 -2.88 -2.10
1 co7 3.16 0.38 2.58 2.41 0.48 -1.43 0.05 co7 4.60 0.22 -0.64 1.12 -0.06 -1.73 -0.19
secti IO)If\ b-b cos 4.03 1.73 3.99 3.68 2.01 1.97 2.29 cos 2.16 0.45 -1.00 0.80 -1.85 -1.06 -0.89
co9 2.75 -0.47 0.89 1.06 -0.11 0.00 1.34 co9 0.81 0.24 1.09 0.68 -0.10 -0.24 0.01
Cl0 2.53 -2.60 -2.23 -3.71 -1.62 -4.21 -3.27 C10 1.11 -1.01 2.49 0.19 0.82 -1.49 -0.90

Mean relative percent difference [%] between Ovx (N=7) and Sham (N=5) groups
(* p<0.05, ** p<0.01)
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% Changes BMC: WTPTH vs WT groups

— |
20 -10 3 0 3 10 20
Lateral Medial
1 T e [week] Age [week]
5 7 \R i 16 17 18 19 20 21 2 Redion 16 17 18 19 20 21 22
&1 egion agi
3 3 Co1cCt -0.34 0.58 -5.41 5.79 5.24 -- Co1cCt 1.05 1.04 -1.16
4 ¥ / b co1 -0.16 1.23 -5.02 5.82 4.93 -- col1 0.41 0.89 -1.71
A co2 0.06 0.38 -2.61 3.64 4.92 -‘ co2 4.50 449 3.38
5 5 co3 -0.15 3.12 -0.36 4.28 6.51 -- co3 0.56 -0.54 -2.26
6 ) co4 -0.29 2.78 -1.70 2.59 5.66 n- co4 -1.33 -2.34 -1.80
7 (.,‘ Cos 0.71 1.92 -1.63 2.16 5.80 - Co5 0.12 0.27 0.27
3 ‘ coe 0.35 1.24 -3.52 2.18 412 - co6 -0.55 0.44 -2.29
co7 0.36 3.66 -1.45 2.34 1.68 8.38 9.57 Cco7 0.86 2,08 -1.34
9 cos 0.94 3.42 -1.26 3.63 4.78 9.58 - cos 0.11 0.77 -1.90
10 \ co9 -5.39 -2.10 -8.20 0.61 223 9.60 - coo -1.42 0.23 -1.12
C10 -4.57 -0.983 -8.27 -2.78 -1.00 3.91 5.79 C10 -1.50 121 -5.20 0.86 0.71
Anterior Posterior
7/ ge [week] Age [week]
Redi 16 17 18 19 20 21 22 Region 16 17 18 19 20 21 22
egion
Co1cCt 3.69 3.33 0.02 6.42 --- Co1Ct 0.57 3.05 -1.58 7.06 9.72
Medial co1 2.37 2.90 -0.81 5.33 --- co1 0.81 3.24 -1.49 7.24 9.28
- = co2 0.60 1.05 -2.40 254 -- co2 -0.57 2.03 -0.95 4.74 9.61
o =1 co3 0.46 0.66 -0.76 4.80 7.08 co3 -0.13 2.08 -1.46 6.00 6.71
s B Ve Coas @ --- co4 116 124 238 404 | 593 -- co4 -0.88  -022  -3.61 254 4.35
3 ! o Y Co5 100 1.26 013 249 440 | 2075 | 183 OS5
S ; ] 4 . b ; 3 1.57 2.93 -2.91 3.73 474
/ L - | co6 -0.02 -0.10 -0.55 3.02 4.61 -- co6 0.78 1.92 -2.66 4.50 4.72
at?ra co7 -0.98 0.09 -0.64 4.34 5.75 ‘- co7 289 -1.77 -5.00 3.36 5.28
X cos 1.78 1.30 1.70 4.01 3.82 9.04 n cos 2.04 1.56 1.11 4.05 1.33
section b-b co9 -1.08 -1.04 1.06 0.27 0.27 5.69 coo 3.16 4,01 1.75 5.85 1.30
Cc10 -261 -211 -2.43 2.28 6.76 9.18 - c10 -0.29 2.50 -1.40 6.76 2.71

Mean relative percent difference [%] between WTPth (N=5) and WT (N=5) groups
(* p<0.05, ** p<0.01)
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o

% Changes BMC: OVXPTH vs WTPTH groups

(— ]
-20 -10 3 0 3 10 20
Lateral Medial
1 e [week] ge [week]
. 16 17 18 19 20 21 22 . 16 17 18 19 20 21 22
2 Region Region
3 | Co1Ct 0.42 -1.30 -1.35 -5.44 -2.83 -3.54 -3.82 CO1Ct -3.93 -2.27 -6.47 -10.96 -5.50 -4.20 -6.76
] b col 0.05 -2.67 -2.82 -6.84 -4.08 -4,31 -5.02 co1 -3.53 -2.08 -5.93 -10.95 -5.54 -3.83 -5.69
4 L co2 = = = = - - = . - . .
2.98 3.81 1.31 1.81 1.26 4.13 4.76 co2 0.81 1.33 6.32 2.70 3.79 4.73 5.55
5 / co3 1.16 0.45 -1.40 -3.78 -4.10 -7.21 -7.05 co3 -1.61 -0.82 -5.34 -5.64 -3.07 -9.56 -7.97
6 { co4 2.19 0.35 -0.96 -3.15 -2.69 -6.33 -6.84 co4 -1.86 1.46 -2.57 -2.84 -3.48 -6.87 -6.73
7 cos -0.72 -0.06 -1.97 -3.64 -2.13 -5.45 -5.81 Ccos -4.53 -3.33 -6.29 -5.10 -4.52 -8.83 -8.29
3 : Coe -1.11 0.59 -1.52 -4.74 -1.56 -3.48 -2.79 coe -2.17 -1.13 -1.73 -3.69 -2.62 -4.79 -4.85
co7 6.84 3.93 0.07 -1.56 4.27 1.76 3.31 co7 -1.09 -2.93 -5.28 -6.77 -0.80 -3.30 -3.36
9 cos 1.15 2.36 3.38 -1.24 2.83 1.47 1.30 cos -1.15 -0.92 -5.52 -4.83 1.07 -1.43 -1.09
10 —_— cos -0.39 3.40 8.91 -1.64 1.34 -0.24 -1.13 co9 -1.62 -3.02 -4.86 -6.06  -1.98 432 -3.07
C10 0.32 241 9.35 -0.69 3.80 -0.14 0.14 C10 2.27 1.66 4.40 -2.79 3.30 -0.75 0.48
Anterior Posterior

ge [week] ge [week]
16 17 18 19 20 21 22 . 16 17 18 19 20 21 22
Region Region

Colct -9.38  -11.19  -10.56 - -1112 -11.33 - Colct -4.96 | -7.98 -810 | -11.05 -3.18 -4.83 -8.41

Medial co1 -8.77 | -1136  -10.73 - -12.24  -11.60 - Cco1 -5.43  -869  -881 | -11.53 -3.79 534  -6.24

co2 -2.77 -1.95 -0.71 -4.74 -4.13 -5.86 -7.22 co2 -0.58 0.73 1.67 -4.43 -3.42 -2.92 -4.77

3; co3 -1.82 -0.60 -4.89 -8.39 -5.64 -2.29 -4.05 Cco3 -1.25 -0.38 0.53 -5.87 -1.47 -2.78 -5.18

——————————— ;';DP - co4 -4.47 -2.71 -6.27 -8.53 -4.22 -3.28 -5.43 co4 -0.45 1.47 -0.58 -4.05 1.18 0.86 -1.22
§' y Cco5 -3.64 -0.66 -4.40 -5.17 -1.16 -2.57 -3.83 Cco5 -0.26 -0.08 -1.56 -6.05 0.21 0.46 -0.61

Cco6 -2.26 1.42 3.07 1.06 2.95 0.82 -0.09 Co6 -1.80 -1.99 -3.52 -8.57 -3.30 -3.98 -4.71

Latle ral co7 -3.59 -1.60 2.50 -1.75 2.67 1.43 0.19 co7 -2.85 -0.05 4.88 -4.12 0.33 -0.22 -1.07

X cos -2.95 0.13 -1.14  -2.65 1.83 0.59 -1.09 cos -3.58  -0.64 -3.17  -3.83 2.09 -1.55  -1.87
section b' b co9 -1.58 -1.29 -1.82 -2.74 1.55 0.41 -0.40 Cc0o9 -2.29 0.99 0.15 -2.18 4.09 -0.88 -0.65
clo0 -1.08 0.78 1.68 -4.02 -1.98 -2.23 -2.78 Ccl0 5.63 4.28 4.50 -3.62 5.23 -2.12 -1.98

Mean relative percent difference [%] between OvxPth (N=7) and WTPth (N=5) groups
(* p<0.05, ** p<0.01)
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The future

VPM predictors

output: Group: avx, Mouse: 9
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Conclusions

 Pre-clinical models need to be “re-engineered” In
order to produce reliable, reproducible guantifications
of the process of interest

* Non-invasive methods and in silico technologies
allow to observe over large anatomical spaces and
over time, which is essential for a correct
Interpretation of the observations

* |n silico technologies can drive a "renaissance” of
niological research based on the epistemology of
ohysical sciences
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