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Human genetics may provide “blueprints” for therapeutic development

. . . “Pharmaco-mimetic” genetic variants
* Naturally-occurring human genetic variants that &

activate or inactivate a target gene may be helpful Galnvoafrif:::tlon -
“proxies” for pharmacological modulation.

4;1-_ ~ .‘
* Studying their phenotypic associations in large

datasets may inform on therapeutic efficacy and \
- Loss of function Inhibiti
safety in humans. variant i
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Human genetics may provide “blueprints” for therapeutic development

Naturally-occurring human genetic variants that
activate or inactivate a target gene may be helpful
“proxies” for pharmacological modulation.

Studying their phenotypic associations in large
datasets may inform on therapeutic efficacy and
safety in humans.

Targets with human genetics support are more
likely to succeed, but type and strength of evidence
are key

Challenges for genetics-based therapeutic
discovery through GWAS:

*  Which gene/target?

*  Which direction of modulation?

* Understanding mechanism/biology

RGC
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Human genetics may provide “blueprints” for therapeutic development

Naturally-occurring human genetic variants that
activate or inactivate a target gene may be helpful
“proxies” for pharmacological modulation.

Studying their phenotypic associations in large
datasets may inform on therapeutic efficacy and
safety in humans.

Targets with human genetics support are more
likely to succeed, but type and strength of eviden
are key

Solution: Exome sequencing!

Identification of rare coding variants:

1. Helps pinpoint causal genes with high confidence

Helps clarify directionality of association

3. Large-effect coding variant associations may
accelerate translation to biological insight (i.e. PCSK9,
ANGPTL3/4, APOC3 etc)

4. Can identify associations not easily found via other

approaches

N

BUT: Needs HUGE sample size!

Challenges for genetics-based therapeutic
discovery through GWAS:

*  Which gene/target?

*  Which direction of modulation?

* Understanding mechanism/biology

RGC
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RGC’s commitment to exome sequencing

2013 2014 2017 2020 2021/22

1 staff, 0 exomes 20 staff, 20K exomes 60 staff, 250K exomes 100 staff, 1M exomes 130+ staff, 1.5M exomes

L/

John Overton Aris Baras
Head of Sequencing Head of RGC
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Nonalcoholic liver disease is a common metabolic disease with high global prevalence

Nonalcoholic fatty liver disease (NAFLD)

North America -\—
24.13%

Europe
23.71%

South America Africa
30.45% 13.48%

1 in 4 people worldwide have NAFLD

Younossi et al, Hepatology, 2018
(NAFLD prevalence estimates from meta-analyses including 8.5M individuals)

*  Common, chronic disease characterized by the accumulation of fat
in the liver in the absence of alcohol abuse

* Higher risk of cirrhosis and hepatic failure, heart disease

* Strongly associated with obesity and fat distribution, insulin
resistance and diabetes

* NO approved therapies as of end of 2022 in US/EU in spite of
numerous therapeutic development efforts

RGC

Healthy liver NAFLD NASH Fibrosis Cirrhosis HCC

2 Al QW-»I'-»' \

Clinical severity,
regulatory approval

Prevalence,
reversibility

NAFLD: Non-alcoholic fatty liver disease; NASH: Non-alcoholic steatohepatitis; HCC,
hepatocellular carcinoma

NAFLD activity score

Components Score Extent . .
Fibrosis score
0 <5% Stage O
No fibrosis
' il 5-33%
Steatosis A . Stage 1
Zone 3 perisinusoidal fibrosis|
3 >66% e Mild - 1a
0 None . :Iol;::lelr/ate'— 1:; L
e Portal/periportal - 1c
Il;lelri)atot.:yte 1 Few balloon cells
alliooning Stage 2
2 Many balloon cells Perisinusoidal and portal/
. periportal fibrosis
0 No foci
. Stage 3
Lobular : <2 foci/200x Bridging fibrosis
Inflammation 2 2-4 fOCi/ZOOX ter
Stage 4 T
3 >4 foci/200x Cirrhosis




Staged multiancestry exome analysis of liver phenotypes identifies associations at 5 liver-expressed
genes including a novel protective association for CIDEB mutations

Exome wide analysis of the burden of rare coding variants with ALT levels
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Staged multiancestry exome analysis of liver phenotypes identifies associations at 5 liver-expressed
genes including a novel protective association for CIDEB mutations

Exome wide analysis of the burden of rare coding variants with alanine transferase levels
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Circled genes: robustly associated with ALT, AST and any liver disease
RG C RGC & collaborators, N Engl J Med 2022; 387:332-344
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Staged multiancestry exome analysis of liver phenotypes identifies associations at 5 liver-expressed
genes including a novel protective association for CIDEB mutations

Exome wide analysis of the burden of rare coding variants with alanine transferase levels

1 OO GPT

75

a—

Carriers of rare heterozygous pLOF plus missense variants in
CIDEB had on average:

* 1.2 U/L lower alanine transaminase (ALT) levels (p=4.8x109) i
* 33% lower odds of any liver disease (p=9.9x107) c2 — Ge
W 50% lower odds of liver cirrhosis (p=4.4x10-5) % e 2?% ........

1 2 3 4 5 6 g 8 9 10 11 12 13 14 15 16 17 18 19202122 23
Chromosome

Circled genes: associated with (1.) ALT levels AND (2.) AST levels AND (3.) any liver disease

RG C RGC & collaborators, N Engl J Med 2022; 387:332-344 Regeneron Genetics@nter



The protective associations for CIDEB mutations carriers reflect Loss of Function of CIDEB

pLOF = predicted Loss of Function (e.g. protein truncating variants)

Association of CIDEB pLOF compared to pLOF and missense variants

Exposure Beta (95% CI), Clinical Units Allele count P
CIDEB pLOF -1.53 (-2.46,-0.60) U/L 542,144/760/0 @ ' 10.0012
ALT levels . !
CIDEB pLOF plus any missense —1.28 (-1.71,-0.86) U/L 539,292 /3,609 /3 —— 13.3e-9
| | | |
-0.2 -0.1 0
Per allele beta (95% Cl) in SD units
Exposure OR (95% ClI) Allele count (cases) Allele count (controls) P
Li di CIDEB pLOF 0.54 (0.37,0.79) 24,754/23/0 486,538 /758 /0 L L J 50.0015
IVer GIS€aseé  ;peg pLoF plus any missense 0.67 (0.57,0.79) 24,800/ 144 /0 487,005/3,628 /3 —— '9.9e-7
| | | 1 |
0.4 0.5 0.7 038 1

Qdds ratio (per allele)

RG C Regeneron Genetic anter
RGC & collaborators, N Engl J Med 2022; 387:332-344




The protective associations for CIDEB mutations carriers reflect Loss of Function of CIDEB

pLOF = predicted Loss of Function (e.g. protein truncating variants)

ALT levels

Liver disease

Association of CIDEB pLOF compared to pLOF and missense variants

Exposure Beta (95% CI), Clinical Units Allele count P
CIDEB pLOF —-1.53 (-2.46,-0.60) U/L 542,144 /760/0 @ ' 10.0012
CIDEB pLOF plus any missense —1.28 (-1.71,-0.86) U/L 539,292 /3,609/3 '—5—' 13.3e-9
-0.2 | —0|.1 | (I)
Per allele beta (95% Cl) in SD units
Exposure OR (95% ClI) Allele count (cases) Allele count (controls) P
CIDEB pLOF 0.54 (0.37,0.79) 24,754/23/0 486,538 /758 /0 L L J 50.0015
CIDEB pLOF plus any missense 0.67 (0.57,0.79) 24,800/ 144 /0 487,005/3,628 /3 —— '9.9e-7
04 05 07 08 1

Qdds ratio (per allele)
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The protective associations for CIDEB mutations carriers reflect Loss of Function of CIDEB

pLOF = predicted Loss of Function (e.g. protein truncating variants)

Association of CIDEB pLOF compared to pLOF and missense variants

Exposure Beta (95% CI), Clinical Units Allele count P
CIDEB pLOF -1.53 (-2.46,-0.60) U/L 542,144/760/0 @ ' 10.0012
ALT levels . -
CIDEB pLOF plus any missense —1.28 (-1.71,-0.86) U/L 539,292 /3,609 /3 —— 13.3e-9
| | | |
-0.2 -0.1 0
Per allele beta (95% Cl) in SD units
Exposure OR (95% ClI) Allele count (cases) Allele count (controls) P
Li di CIDEB pLOF 0.54 (0.37,0.79) 24,754/23/0 486,538 /758 /0 L L J 50.0015
IVer GIS€ase  ™ineER pLoF pius any missense 067 (0.57,0.79) 24,800/ 14470 287,00573,628 73 —e— 9967
| | | 1 |
0.4 0.5 0.7 038 1

Qdds ratio (per allele)

Important for therapeutic development!

Approximately 1 in 150 persons (0.7%) carried a rare predicted loss of function or missense variant.
99.3% individuals may benefit from CIDEB inhibition.

i Regeneron Genetics/Center
RGC RGC & collaborators, N Engl J Med 2022; 387:332-344




The association hetween CIDEB and liver disease replicates in independent cohorts, and is
consistent across cohorts and ancestry groups

Discovery

Replication

RGC

Genotype Count Genotype Count
Cohort Ancestry (Cases) (Controls) AAF OR [95% CI] P value
RR/RA /AA RR/RA /AA
Stage 3 cohorts meta-analysis
UKB AMR 14/0/0 414/5/0 0.0058 ] 0.39 [0.00; 260.49] 0.76
UKB EAS 47/1/0 1,564/22/0 0.0070 0.73 [0.08; 6.88] 0.76
BioMe SAS 52/0/0 694/18/0 0.0118 . 0.29 [0.01; 6.02] 042
BioMe EAS 52/1/0 618/5/0 0.0044 : 0.86 [0.06; 11.89] 0.91
UKB AFR 177/2/0 6,849/105/0 0.0075 0.79 [0.21; 2.94] 0.72
UKB SAS 232/8/0 7,282/271/1 0.0180 —_— 096 [047; 1.99] 0.90
BioMe AMR 452/41/0 2,732/311/0 0.0054 —'—— 0.66 [0.25; 1.72] 0.39
UPENN-PMBB EUR 678/6/0 4992/55/0 0.0053 —_— 0.65 [0.30; 1.41] 0.26
BioMe EUR 750/121/0 7,927 /133 /1 0.0083 —_a— 0.96 [0.52; 1.79] 0.91
BioMe AFR 885/7/0 9,333/142/0 0.0072 —-—f—— 0.60 [0.32; 1.14] 0.10
UPENN-PMBB AFR 944/11/0 6,640/92/0 0.0067 — T 0.83 [0.44; 1.59] 0.58
MDCS EUR 1,045/3/0 27,775/125/0  0.0022 —0——— 0.65 [0.26; 1.63] 0.34
UKB EUR 8,879/32/0 324,061/1,881/0 0.0029 — 0.62 [0.45; 0.86] 0.004
GHS EUR 10,593 /57 /0 86,124 / 743 / 1 0.0041 — 0.63 [0.48; 0.81] 3.0x10*
| Meta-analysis 24,800/144/0 487,005/3,628/3 0.0013 <> 0.67 [0.57; 0.79] 9.9x10~7 l
Heterogeneity: /° = 0%, p = 0.99 !
Additional non-European cohorts meta-analysis i
UPENN-PMBB SAS 48/3/0 409/16/0 0.0200 ; 1.56 [0.24; 10.18] 0.62
UPENN-PMBB EAS 71/1/0 523/71/0 0.0066 4.86 [0.18; 129.94] 0.33
UPENN-PMBB AMR 101/0/0 498/9/0 0.0074 y 0.24 [0.03; 1.89] 0.16
GHS AMR 312/1/0 1,230/16/0 0.0055 0.33 [0.09; 1.24] 0.10
Indiana-CLDB AFR 337/21/0 1,061/14/0 0.0057 : 0.43 [0.13; 1.42] 0.15
GHS AFR 496 /3/0 3451 /56/0 00074 _— 049 [020- 1181 011
Meta-analysis 1,365/10/0 7172/118/0 0.0074 <> 0.50 [0.28; 0.87] 0.02
Heterogeneity: /= =0%, p =0.52 i
: > 0.66 [0.56; 0.77] 7.9x10°¢

Overall meta-analysis
Heterogeneity: 12 =0%, p=0.97

26,165/154/0 494,177/3,746/3 0.0037

05 1
Odds ratio

I
2

enetics@nter



CIDEB is a structural protein of hepatic lipid droplets mediating droplet fusion and growth

Hepatocyte

Circulation Q/
LDL

SLC30A10

TM6SF2

A patient with homozygous LOF of CIDEC, a member of the
same family with high adipose expression,
results in familial partial lipodystrophy characterized by
many adipocytes with multiple small lipid droplets

CIDE-N CIDE-C
0 41 118 140 | 199 238
E186X

RG CGC & collaborators, N Engl J Med 2022; 387:332-344

Rubio-Cabezas et al. EMBO MM 2009
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Knockdown of CIDEB in oleate-treated human hepatoma cells results in smaller lipid droplets

B Effects of Oleic Acid and CIDEB-Targeted siRNA in HepG2 Cells

Without Oleic Acid With Oleic Acid (400 ymol/liter) siRNA control [l siRNA CIDEB
siRNA Control siRNA CIDEB siRNA Control siRNA CIDEB P<0.001 P<0.001
- - - | |
AdipoRed (LD} AdipoRed (LD) 200 o uso G
\ N (| 1
& 1.5 2
— ¢
3 §
S E 1.0+
a=
© oo
a 0.5+
S "%"ﬁ I
Without With
Oleic Acid Oleic Acid

o siCONTROL e siCIDEB1 e siCIDEB2

Experimental results are in line Correlation between knockdown = BEReEs SECLED:
with literature on role of CIDE level and lipid droplet size using “g o 5 cometation P <0.001
proteinstinliipid droplet fusion different siRNA in a HUH-7 cell 8 510 ,JI;
and growth - ) ° 2 o
experiment © O

ggo.s— ’9}

S §

% + 0.0 T T

0.0 05 1.0
CIDEB mRNA (normalized to GADPH)

Experiments by Giusy Della Gatta and Minhee Kim (RGC Biology) from RGC & collaborators, N Engl J Med 2022; 387:332-344;
er literature on CIDE proteins roles in lipid droplet size: Xu et al. JBC 2016; Chen et al. Traffic 2020; Li et al. Diabetes 2007;

RG(& Nishino et al. JCI 2008; Singaravelu et al. BBRC 2013 Regenergn Ge“e"‘c@ter



The protective association for CIDEB mutation is amplified in individuals with higher BMI
or carriers of the PNPLA3 lle148Met allele

A Body mass index and CIDEB
genotype interaction
Interaction (obese vs not-overweight) effect: -0.23 (95%CI -0.31, -0.15) SD ALT
Interaction (overweight vs not-overweight) effect: -0.08 (95% CI -0.16, -0.01) SD ALT
159,120 @
1,113
0.2 SD4 - 26.5 U/L
L] CIDEB
[ CIDEB .
3 213.966 o, e @ pPLOFplus - — Population mean
- 1.425 missense carriers
3 00SDfe-ccccacaa SR PR ——  23.8 UL
°
Q
: }
£
@ 162,548
w  -0.2 SD{ +21.1 U/L
= 1,033 ¢
. }
-0.4 SD 18.3 UL
Not overweight Overweight Obese
(BMI <25) (BMI 25-30) (BMI =30)

RGC RGC & collaborators, N Engl J Med 2022; 387:332-344 E o Geneticter



The protective association for CIDEB mutation is amplified in individuals with higher BMI
or carriers of the PNPLA3 lle148Met allele

A

Interaction (obese vs not-overweight) effect: -0.23 (95%CI -0.31, -0.15) SD ALT
Interaction (overweight vs not-overweight) effect: -0.08 (95% CI -0.16, -0.01) SD ALT

Estimated ALT levels

Body mass index and CIDEB
genotype interaction

159,120 @
1,113
0.2 SD4  26.5 U/L
213,966 {
1,425
INIC]0) S — !}- ---------  23.8 UL
162,548
-0.2 SD+ +21.1 U/L
= 1,033 <
. {
-0.4 SD 18.3 UL
Not overweight Overweight Obese
(BMI <25) (BMI 25-30) (BMI =30)

Estimated ALT levels

PNPLAS3 lle148Met and CIDEB
genotype interaction

Interaction (additive) effect:
-0.07 (95% CI1-0.12, -0.02) SD ALT

26,420
0.2SD1 178 | 26.5 UL
182,915 -
1,241
329,883 °
2,190
008D === m e e e m i m = | [ 23.8 U/L
@ * *

0.2 SD 21.1 UL
-0.4SD 18.3 UL
PNPLA3 PNPLA3 PNPLA3

148 lie/lle 148 lle/Met 148 Met/Met

RGC

RGC & collaborators, N Engl J Med 2022; 387:332-344
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CIDEB

HSD17B13

In comparison to the HSD17B13’s splice allele, CIDEB’s protective effect is much larger and
protects against both steatosis and NASH/fibrosis (histology data).

Exposure and Outcome

CIDEB pLOF plus missense, AAF <1%

Any liver disease
Alcoholic liver disease
Nonalcoholic liver disease
Any liver cirrhosis
Alcoholic liver cirrhosis
Nonalcoholic liver cirrhosis
Viral hepatitis

HSD17B13 rs72613567:T/TA
Any liver disease
Alcoholic liver disease
Nonalcoholic liver disease
Any liver cirrhosis
Alcoholic liver cirrhosis
Nonalcoholic liver cirrhosis
Viral hepatitis

Odds Ratio (95% Cl)

0.67 (0.57-0.79)
0.53 (0.33-0.84)
0.64 (0.52—0.80)
0.50 (0.36=0.70)
0.51 (0.28—0.91)
0.51 (0.36-0.72)
0.69 (0.54—0.88)

0.91 (0.89-0.93)
0.83 (0.78—0.89)
0.90 (0.87—0.92)
0.84 (0.80—0.89)
0.83 (0.76-0.90)
0.84 (0.79-0.88)
0.96 (0.92—1.00)

Association with lower NAFLD activity score in bariatric
surgery patients, driven by lower steatosis *and* NASH odds

RGC

Associations with Steatosis and NASH or Fibrosis

CIDEB Noncarriers
of rare pLOF plus
missense variants

CIDEB Carriers
of rare pLOF plus
missense variants

Normal

Normal vs. steatosis or NASH or fibrosis:
odds ratio per allele, 0.34 (95% Cl, 0.14 to 0.79)

P=0.01

795 (22%)

Steatosis M NASH or fibrosis

1206 (34%)

11 (42%) 7 (27%)
I I I 1
25 50 75 100
Percentage

RGC & collaborators, N Engl J Med 2022; 387:332-344
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Loss of CIDEB does not associate with other metabolic traits in humans, but does in mouse.

No associations with lipids or anthropometric traits for human (mostly-heterozygous) carriers

Outcome
Apolipoprotein B
HDL-cholesterol
LDL-cholesterol
Triglycerides
Glucose

HbAlc

BMI

Waist hip ratio
Body fat mass
Body fat %

Body lean mass
Body lean %

DBP

SBP

Description

(SIS I I ST S T IS I~ I~ I I~ I~ T - )

P

Coronary Artery Disease 0.22

Type 2 Diabetes

0.01

.94
«25
.27
W43
72
.43
.33
.09
.38
47
.95
.49
.92
.95

Allele count
cases
(RR|RA|AA)
92,131|644|3
65,551|510|1

Allele count
(RR|RA|AA)
428,376|2,741|2

485,789|3,263|3
475,084|3,175|3
521,763|3,472|3
479,640|3,223|3
497,009(3,286|3
569,229]|3,845|3
477,173|3,012|2
441,584|2,832|2
442,065|2,836 |2
442,285|2,835|2
442,283|2,835|2
570,591|3,862|3
570,884|3,868|3

Clinical Units
Beta (95% CI)
0.03[-0.79,0.85] mg/dL

-0.27(-0.73,0.19] mg/dL
0.62[-0.49,1.74] mg/dL
1.09[-1.61,3.78] mg/dL
-0.13[-0.84,0.58] mg/dL
-0.01[-0.04,0.02] mg/dL
0.07[-0.07,0.21] kg/m2
-0.00[-0.01,0.00] ratio
0.15[-0.18,0.48] Kg
0.11[-0.18,0.40] %
0.01[-0.37,0.39] Kg
-0.10[-0.40,0.19] %
-0.03[-0.57,0.52] mmHg
0.01[-0.28,0.30] mmHg

lLesdggpdotbgyis

-0.25 0.00 0.25 0.50
Beta (95% CI) in SD

Nominal association with lower T2D risk

—@— CIDEB pLOF —@— CIDEB pLOF and missense

RGC

Allele count
controls
(RR|RA[AA)
358,153(2,729|1
526,953|3,583|2

0dds ratio (95% CI)

—eh  0.94 (0.85 to 1.04)
F—.**: 0.87 (0.79 to 0.97)
0.5 1.0

0dds ratio (95% CI)

RGC & collaborators, N Engl J Med 2022; 387:332-344
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Loss of CIDEB does not associate with other metabolic traits in humans, but does in mouse.

No associations with lipids or anthropometric traits for human (mostly-heterozygous) carriers Protection from weight gain in high-fat diet
Allel t Clinical Unit .
Outcome P (kanzlxl;" . Be::u(:;S% 2;)5 (HFD) in CIDEB KO mouse
Apolipoprotein B 0.94  428,376|2,741|2 ' 0.03[-0.79,0.85] mg/dL 80 -
HDL-cholesterol 0.25  485,789|3,263|3 o -0.27[-0.73,0.19] mg/dL HFD r T
LDL-cholesterol 0.27  475,084|3,175|3 .:.. 0.62[-0.49,1.74] mg/dL 45 e ! ¥
Triglycerides 0.43  521,763|3,472|3 - 1.09[-1.61,3.78] mg/dL _ M - . _
Glucose 0.72  479,640|3,223|3 e -0.13[-0.84,0.58] mg/dL = 40+ ’ U/q_/rg“}
HbAlc 0.43  497,009|3,286(3 vah -0.01[-0.04,0.02] mg/dL b= 38 4 R
BMI 0.33  569,229(3,845|3 P 0.07[-0.07,0.21] kg/m2 f )
Waist hip ratio 0.09  477,173|3,012|2 P -0.00[-0.01,0.00] ratio -’E" A
Body fat mass 0.38  441,584|2,832|2 v 0.15[-0.18,0.48] Kg m
1
Body fat % 0.47  442,065|2,836|2 o 0.11[-0.18,0.40] % 25 4
Body lean mass 0.95  442,285|2,835|2 e 0.01[-0.37,0.39] Kg
r = 20 — T T T Tt T T T
Body lean % 0.49  442,283|2,835|2 vah 0.10[-0.40,0.19] % s 8 T @ 41 13 18 17 18 21 23
DBP 0.92 570,591|3,862|3 e -0.03[-0.57,0.52] mmHg
SBP 0.95 570,884|3,868|3 @ 0.01[-0.28,0.30] mmHg Ago (woak)
-0.25 0.00 0.25 0.50 Lower circulating . . .
Beta (95% CI) in SD triglycerides Lower liver triglycerides
Nominal association with lower T2D risk
4 4 75 HFD
Allele count Allele count 2. 60 =T
cases controls "i wE
Description P (RR|RA|AA) (RR|RA|AA) 0dds ratio (95% CI) ji 21 SE «
Coronary Artery Disease 0.22  92,131|644|3 358,153|2,729|1 —-k 0.94 (0.85 to 1.04) 14 £5
a
Type 2 Diabetes 0.01  65,551|510|1 526,953|3,583|2 —0—t | 0.87 (0.79 to 0.97) o fP .
0.5 1.0 : i2
0dds ratio (95% CI) H -
—@— CIDEB pLOF —@— CIDEB pLOF and missense
Li et al. Diabetes 2007
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Conclusions

We performed target identification in a high-unmet need therapeutic area where preclinical
models have not been predictive

Rare germline mutations in CIDEB confer substantial protection from liver damage and liver
disease

Build-up of lipid droplets mediated by CIDEB is a driver of human liver disease.
The majority of individuals do not carry CIDEB mutations and might benefit most from inhibition

We are pursuing siRNA approaches to CIDEB inhibition with our partner Alnylam
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