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Arterial pressure of Franklin D. Roosevelt
from 1935 until his death on April 12, 1945

‘CAME OUT OF CLEAR SKY,
SAY) PRESIDENT’S PHYSICIAN ' £ .,

Adm. Ross T. Mclntlre DEMH UUHUCEHEBRAL
Asserts There Was No |  HEMORRHAGE -- BLOOD
VESSEL N BRAIN BROKE

250

2004

1504

. . s 1 100+
Indication of Immi

Arterial Blood Pressure (mm HQ)

504
WASHINGTON, April 13 (AP),
nent Danger. | yy RESIDENT ROOSEVELT
Pdtedhom vhat doctora call 0 t 1 I//f:ﬂﬂhlflJ.lJAéorI\lD.'JFh'ﬂA
| a cerebral hemorrhage, |
By CHARLES G, ROSS | which mesas & sudden exten- | 1935 1937 19391941 1044 145
o T | Month and Year

Messerli FH: This day 50 years ago N Engl J Med 1995

999999



Treatment of hypertension and IKP <
consequences on mortality
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A key example for precision medicine and drug development KPP <
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Patients with Cystic Fibrosis Eligible for Molecularly Targeted Drugs (%)

Approx.
5% 46% 90%
| | |
2012 2013 2014 2015 2016 2017 2018 2019 B
| | |
FDA approves FDA approves  Phase 3 trial results
ivacaftor for G551D tezacaftor— of elexacaftor—
CFTR mutation, ivacaftor for two tezacaftor—ivacaftor
nine other rare copies of for one or two
mutations Phe508del copies of Phe508del
Collins FS. N Engl J Med 2019 CFTR mutation CFTR mutation

C Pulmonary Exacerbations

_ ((\05\—
[ Placebo M Elexacaftor-tezacaftor-ivacaftor M|dd|et0n et al.
1- NEJM 2019

1.14
1.0
0.94

: ,H\Q,
g
BeX T WY ever in

0.98

0.8 Rate ratio, o m .______L‘ l+‘e_ . /ﬁ\f/ '(-O,,Q'/'\&\
0.7+ 0.37; 95% Cl, —
025-055; 20, Jean.... A=<

0.5+
0.37

Estimated Event Rate per Patient-Yr

o Rate ratio 0.36 Rate ratio, R —_ K-‘: \C e
i 0.29; 95% Cl, 0.22; 95% Cl, o ( ISTH [ Q3ts
03 0.24
0.14-0.61 0.11-0.43
0.2-
0.07 0.08

JH., 8 y/o CF patient.
Diary entry, Aug 25, 1989

All Pulmonary Exacerbations Pulmonary Exacerbations Pulmonary Exacerbations Treated
Leading to Hospitalization with Intravenous Antibiotics

Schwab M

IKP Stuttga MS10478



Poor or Non response of drugs: IKP &

rrrrrrrrrrrrrrrrrrrrrrrr
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A major problem with clinical consequences

Phase Ill and submission failure
of 83 drugs from 2007-2010

Financial and/or commercial

\

Safety (including _~Not
risk—benefit) 21% ' disclosed

Efficacy
* Versus placebo: 32%
* As add-on therapy: 29%
* Versus active control: 5%

Arrrowsmith. Nat Rev Drug Discov 2011



Various factors explain interindividual variability ~ |KrP <
of expression and function of drug-relevant CYP enzymes
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Expression variability of human Cytochrom P450 KPP <
enzymes in the IKP human liver bank (up to 900 fold)
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Sources for Variability in Drug Response =
Diet SMOKINGQOccypational
Alcohol Exposure
Starvation
Drugs |
Exercise
Infection Weight
Hepa_tic 0
Function
Renal Pregnancy
Funct|o%_|. Circadian

- Cardiovascular
Function  Eyunction Rhythm
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.. .. . . IKP <
Precision medicine: from base pairs to bedside ==

Understanding Understanding Understanding Advancing Improving the
the structurs of the biology of the biology of the sciencs of effectiveness of
genomes genomes dissass medicins healthcare
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Genomic information from tumors provide e
vital information to guide drug development and
treatment decisions

h AT G ‘

] !
IR 7 1! __.“”hi“'mﬂmu‘ L

.J]J.Jh!!”'h n—,l[.lll‘i.lllgl"'l_i‘ ‘

GBI 1 i il

Cohen & Settleman. Cell 2014

MS7676



A new paradigm for diagnosis and therapy: kP«
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Non small lung cancer as prototype for precision medicine
shifting from tumor histology to molecular characterisation
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f KRAS None ‘
(50.0%) (50.0%)

No mutations 1.2%

|
P

UMD 12.0 %
EGFR sensitizing 19.4%

=

Other drivers 2.9 %
PTEN loss 0.7%

. CDKN2A loss 1.9 %
: BRAF non-V600E 1.3 %
EGIRT790MY.S %\ . /_ NFT loss 1.9 %

EGFR exon20 2.1 0 LR

EGFRWT amp 1.0 %
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ROST fusion 2o, & /J

RET fusion 1.7 %
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MET splice 3.0 %
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TSCI/ZIOSSO.?%/ I \

ERBB2 mut 2.3 %

MAP2K1 0.7 %

Blumenthal G (US Food and Drug Administration); Shaw AT (Massachusetts General Hosp. Cancer Ctr.);
Kopetz S. (MD Anderson Cancer Ctr.) — Forum: Precision Therapy: When is better: up front or at relapse? AACR 2018
Jordan et al. Cancer Disov 7: 596-609, 2017.
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Predictive biomarkers with relevance for treatment in patients with non-small-cell lung cancer

UICC stage
Drugs with approval conditional on biomarkers
Biomarker lli(op) lil{crtx)
ALK IHC, NGS, ISH + | - + Alectinib, brigatinib, ceritinib, crizotinib, lorlatinib
BRAF NGS = = Dabrafenib/trametinib
EGFR NGS % | = + Afatinib, amivantamab, dacomitinib, erlotinib, gefitinib,
mobocertinib*, osimertinib
HER2 NGS = = Poziotinib*, trastuzumab-deruxtecan*
KRAS NGS = [ = = Sotorasib, adagrasib®
MET NGS = | = = Capmatinib, tepotinib
NTRK1-3 IHC, NGS, ISH = = = Entrectinib, larotrectinib
PD-L1 IHC + | o+ + Atezolizumab, cemiplimab, durvalumab, pembrolizumab
RET NGS, ISH = - = Pralsetinib, selpercatinib
ROS1 IHC,NGS,ISH & - | - = Cnizotinib, entrectinib

ALK, anaplastic lymphoma kinase; BRAF, B-rat fibrosarcoma; EGFR, epidermal growth factor receptor, HER2, human epidermal growth factor receptor 2; IHC, im-
munhistochemistry; ISH, in situ hybridization; KRAS, Kirsten rat sarcoma viral oncogene; MET, MET proto-oncogene/receptor tyrosine kinase; INGS, deoxyribo-
nucleic acid or ribonucleic acid parallel sequencing (“next-generation sequencing”); NTRK1-3, neurotrophic tyrosine kinase 1-3; PD-L1, programmed cell death 1

ligand-1; RET, RET proto-oncogene; ROS1, ROS proto-oncogene 1; UICC, Union for International Cancer Control; llli{op), stage |ll primary surgery; lli(crtx), stage IlI
definitive chemoradiotherapy
+* Not currently approved in Europe for this indication.
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Genomic information from the tumor and the patient 'KP <
provides vital information to guide drug therapy

Institut fiir Klinische Pharmakologie
PATIENT + TUMOR
genome genome

Toxicity Predictors
Germline genome
dictate patient sensitivity

Cohen & Settleman. Cell 2014

Prognostic Predictors
Somatic and germline genome
dictate tumor behavior

Exposure Predictors

/ Germline genome
Efficacy Predictors dictate drug exposure
Somatic genome
dictate tumor sensitivity

IKP Stuttgart MS 10650



Personalized / Precision Medicine: '“f~
delicate balance between benefit and risk

Precision medicine is “an emerging
approach for disease treatment and e stvareoniion )[4 Moarcamrteran
prevention that takes int account
individual variability in genes,
environment and lifestyle for each
person.”

Epigenome =

)

https://ghr.nlm.nih.gov/primer/precisionmedicine/definition Schwab & Schaeffeler. Genome Med 2012
Schwab M
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nature reviews genetics https://doi.org/10.1038/s41576-022-00572-8

Review article M| Check for updates

Pharmacogenomics: current
status and future perspectives
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Munir Pirmohamed ® 2023
a Predic_:ting drug dose
#ﬁgaﬂﬁ H‘g:lpﬁfﬁ; VKORC1 Country Number  Number Proportion carrying at Ref.
‘ - ' ’ studied of genes least one actionable
evaluated genotype or diplotype

I : fi Preventing adverse
Tamoxifen: CYP2D6 | drug reactions Australia 5408 4 95.9% .
Sulfonylurea: HNF1A \ | Abacavir: HLA-8"57:01 -
Simvastatin: SLCO1B1 Canada a8 19 0/.9% U
Pharmacogenomics Estonia 42,092 1 99.8% 7
N/N/ e Netherlands 498 11 99.4% 18

Pr:’dictt‘ing t?e | | T Qatar 6045 15 99.5% -

activationo discovery/development 20

glrgé;::;;gg::l. N Alirocumnab: PCSKY UK 487409 14 99.5%

Codeine: CYP2D6 \vacaftor: CTFR UK 713 1 98.7% d
Developing targeted USA 9,589 6 91.4% s
drugs for cancer therapy
Vemurafenib: BRAF USA -I 013 5 QQD% 23

Crizotinib: ALK

MS10832



Randomized clinical trials & Pharmacogenomlcs (PGX) - ik

he NEW ENGLAND JOURNAL of MEDICINE 2008
Identification of Patients With Variants in TPMT and Dose ® “ S —— ”
Reduction Reduces Hematologic Events During Thiopurine
Treatment of Inﬂammatorv BUWE' Disease Gastroenterology 2015 HLA-B*5701 Screening for Hypersensitivity
Mari *° * ° a to Abacavir
St i z izz =3 1illips .D. siampiero Carosi .D.
piet Reduced Functlon C YP2C 79 Genotype Bl Simenialien Ms- .5 Slizabeh phillips, M.D- Glampiere Carosk MDS

Hane and Risk of Adverse Clinical Outcawa 1 orignatimvesigation
Among Patients Treated With Clc Effect of Genotype-Guided Warfarin Dosing on Clinical Events

; and Anticoagulation Control Among Patients Undergoing Hip
JAMA 2010
Predominantly for PCI or Knee Arthroplasty

A hAl\"‘o’l AHAII l'l"':f"
DPYD genotype-guided dose individualisation of GIFT Randomized Clinical Trial JAMA. 2017:318(12):1115-1124.
. . . . . . FThe WEW ENGLANID JOURNAL of MEDICINE
fluoropyrimidine therapy in patients with cancer: 2013
a prospective safety analysis Lancet Oncology 2018 [ SESCEaTlan s | B,
:ndﬂ_ﬂlﬂ.’.qunr.iljffs‘,Cnlr‘;'nnﬂTCL_LflanbUrgr;. I—;e:v_‘.ke:.f.rd{';.’.an.‘,ffdfer ﬂ.f.eul'e.l?:-ﬂiks, Gsirtp'ﬂ-’jF:Edirf).:,lE:_rrnm Kfengu.isr,'_(r_'.cer?-iﬂ.l?frrfen‘.ers, } A Randomized Trial of
rnold Baare Winrent erentid Alevander Imhalz Frank I Flenriceen Inhanna nrttielie Bnh lancen Panl Hamhera wert | ten Tiie - - -
Heiga  Proceedings of The Knee Society 2021 Genotype-Guided Dosing of Warfarin
Erik vt Enir Pirmohamed, Ph.D., F.R.C.P., Girvan Burnside, Ph.D., Niclas Eriksson, Ph.D.
Hem': Prospective Randomized Study Using PharmaCOgenetiCS tO rrcel(lKL JL l\/%(_ Nnsen, rh ) Che =Ng |—|r._ ck Toh, l\/l E) . Tr_ Ly ngh )Ig on, F R < p llh
. . . . . - . hristina
Customize Postoperative Pain Medication Following Hip and Knee | i 2 Prospective CYP2C19 Genotyping to Guide Antiplatelet
[l _Favial Therapy Following Percutaneous Coronary Intervention
Arthroplasty J Arthr0p|aSty 2022 A Pragmatic Randomized Clinical Trial Circ Genom Precis Med 2020
William © Hamiltan MND 2 laanina M Carainnla DA 94 Thamac P Ravmanlde RC b Sony Tuteja, PharmD, MS, Henry Glick, PhD, William Matthai, MD, Irving Nachamkin, DrPH,
Potential role of CMPK1, SLC29A1, and TLE4 polymorphisms in gemcitabine- Clinical “;Dtﬁlﬁ;\Algglnggi;2;3;?;?;;;;2 :;;225:;;::;; E"é;';"';"g Ri?:'
based chemotherapy in HER2-negative metastatic breast cancer patients: . . . . .

) Py g ] ) P r depression: A Canadian patient- and rater-blinded, randomized,
pharmacogenetic study results from the prospective randomized phase Il controlled trial Trans| Psvchiatry 2022
study of eribulin plus gemcitabine versus paclitaxel plus gemcitabine , , , y y ,

Ar.un K. Tiwari "2_')30, Clement C. Zai ;'2'3'4'30, C. fﬂ\nstho.ny Altar®, Julle;::nne Tanner®, Paige E. Davies®, Paul T‘rezngler James Li%,
(KCSG-BR-13-11) ESMO Open 2021 | feeet & Cooen’s Mathen ;&:;:::s,';?:f;"a:i:t:::z'iz'fz':::::Z;a;k:':,i:';:';z:::?::'“Fref“%??‘?ﬁ; i, Bowen ®71314
Jean-Eric Tarride'%%'7, Richard Tytus(®'®, Ranjith Chandrasena'?, Nicholas Voudouris®®, Valerie H. Taylor®!, Raymond Tempier®®-23,
E. H. Cho', J.-Y. Kim?/, S.-A. Im K. H. Jung J. Sohn®, K. S. Lee5, Y. S. Chae’, K. H. Lee®, J. H. Kim®, J.-H. Jangm, J. H. Ahn'?, Verinder Sharma®* Akshéa Vasudev?™®, Peter Dzongowski®’, Lew Pliamm?®, Todd Greenspoon®, Bryan M. Dechairo’ and
2,15% James L. Kennedy

M. S. Park'’, S.-Y. Lee“’ 1314%1 g Y. H. Park™
Schwab-ivt
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NUDT15 and TPMT explain thiopurine related drug toxicity in
European patients with severe cytopenia/pancytopenia (n=107)

A
IKP < IKP diagnostic cohort
ot for TPMT (n > 25.000)
C

Cases (n=47) who developed

: s (n=107) ity <
All cases (n=107) toxicity = 3 months

= TPMT (deficient) T"_Mgédgjciem)
b 10.2% o
TPMT (het)
r 20.6%
I TPMT (het)ydrug-drug Uneggp :l;‘a}:wd
Unexplained interaction (allopurinol) S
49.5% s 0.9°%
/' TPMT (hetyYNUDT15 (het) TPMT (het)
N » oy
_— 4 7% Drug-drug A~ 17.0%
“ TPMT (het)/NUDT15 (hom) intoraction /
P — 0.9% (allopurinol) ,
L S N - TPMT (het)/
Y e NUDT15 (het) —— . NUDT15 (het)
M 6.5% e 6.4%
Drug-drug in_teraction NUDT15 (hom) NUDT15 (het) TEMT (het)/
(allopurinol) 0.9% 4.3% NUDT15 (hom)

BAe 2.1%

In collaboration with the German ALL study coordination all ALL children preemptively tested
for TPMT to avoid hematotoxicity

Schaeffeler et al. Genet Med 2019 MS 10657 | onomrt
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Clinical Pharmacogenetics
Implementanon Consortium Clinical Pharmacogenetics Implementation

Consortium Guidelines for Thiopurine
Methyltransferase Genotype and Thiopurine
TPMT Dosing: 2013 Update

MWV Rellingl, EE Gardner2, WJ Sandborn?, K Schnliegelow*4-5, C-H Pui®, SW Yee”?, CM Stein?,
M Carrillo®, WE Evans!, JK Hicks!, M Schwab!?%1l 3nd TE Klein®

Fl rSt deSC“ pt|0n Clin Pharmacol Ther 2013
1980

Pharmacogene Variation Consortium Gene
Introduction: NUDT15

Jun] Ye ulg , Michelle Whirl-Carrillo?, Stlnrt A. Scoet™* Ann J. Turner> 3 ¢, Matthias Schwab’3 @

N U DT 1 5 loichi Tanaka’®, Guilherme Suarez-Kurtz'?, Elke Schaeffeler®"!, Teri E. Klein?, Neil A. Miller'>"? @ and
Andrea Gacdlgkn 14
F| I’S'[ d eSCrl pt| on Clin Pharmacol Ther 2018

2014 Clinical Pharmacogenetics Implementation
Consortium_Guideline for Thiopurine Dosing
Based on|TPMT and NUDT:I_5|Genotypes:
2018 Update

Mary V. Rellulg___ Marthias Schwab?> >+ . Michelle \‘C’l‘lirl—(:nrrillo:’, Guilherme Su;u'cz.—l(urtz(',
Ching-Hon Pui’, Charles M. Stein®, Ann I\"I '\rl()yerg ., William E. Evans!, Teri E. Klein™,

Federico (_.Lulln.rrnc- Annllon ]\.ll.l*s'sl'll nnll“ 1 . Kelly E. Caudle!, Motohiro Katol‘!, Allen E_J. Yeoh!?! ',
Kjeld Scllnlicgclovv]s‘ ¢ and JunJ. \’;u)g

Clinical Pharmacogenetics

Schwab M Implementation Consortium
IKP Stuttgart

Clin Pharmacol Ther 2018
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DPYD pharmacogenetic diagnostics is implemented

dihdyropyrimidine-dehydrogenase and 5-fluorouracil-, capecitabine- and tegafur-therapy
In patients with colorectal cancer

Clinical relevance of DPYD variants c.1679T>G,

c.1236G>A/HapB3, and c.1601G=>A as predictors of severe

fluoropyrimidine-associated toxicity: a systematic review and
VOLUME 25 - NUMBER 13 - MAY 1 2008 meta-analysis of individual patient data

Lancet Oncol 2015
Didier Meulendijks™, Linda M Henricks*, Gabe S Sonke, Maarten ) Deenen, Tanja K Froehlich, Ursula Amstutz, Carlo R Largiad...,
AT A ORIGINAL REPORT Y =
JOURN OF CLINIC ONCOLOGY Barbara A Jennings, Anthony M Marinaki, Jeremy D Sanderson, Zdenek Kleibl, Petra Kleiblova, Matthias Schwab, Ulrich m Zanger, Claire Palles,
lan Tomlinson, Eva Gross, André B P van Kuilenburg, Cornelis ] A Punt, Miriam Koopman, Jos H Beijnen, Annemieke Cats, Jan H M Schellens

Role of Genetic and Nongenetic Factors for Fluorouracil

CLINICAL PHARMACOLOGY & THERAPEUTICS |

Treatment-Related Severe Toxicity: A Prospective Clinical Pharmacogenetics Implementation,n1g
Clinical Trial by the German 5-FU Toxicity Study Group Consortium (CPIC) Guideline for

Matthias Schwab, Ulrich M. Zanger, Claudia Marx, Elke Schaeffeler, Kathrin Klein, Jiirgen Dippon, Di hyd ro pyri midine De hyd rogenase Gen otype an d
Reinhold Kerb, Julia Blievernicht, Joachim Fischer, Ute Hofmann, Carsten Bokemeyer, and Michel Eichelbaum FI uoro pyrl m | d | ne DO s | ng: 2 O 1 7 U pd ate

Ursula Amstutz', Linda M. Henricks?, Steven M. Offer?, Julia Barbarino™, Jan H.M. Schellens™>,
Jesse J. Swen€, Teri E. Klein®, Howard L. McLeod”, Kelly E. Caudle®, Robert B. Diasio>? and
Marcchias Schwab'?' ">

13 March 2020

New testing and treatment recommendations for EMA/125891/2020

fluorouracil, capecitabine, tegafur and flucytosine

EUROPEAN MEDICINES AGEMNCY

und Medizinprodukte

% Bundesinstitut
ey 2 fuar Arzneimittel

GHO 308 Juni

Positionspapier

SH_Flasasresssrsscil- (.. k. € sagreacitabsiom— ssesxcl N arpromfeser —Iassltipgres e rescdresittael: T aosts s aosr Dihydropyrimidin-Dehydrogonaseo (DPFPD) -Testung vor O O
FEe Fusnanacl Bnsrngr wbncgrisnes wase Dol mntifioic e msmmg woren Froaf o mte s sesit 3 FER— Sl omeegre . allie ciom ool b o i i oo Einsatz von S-Fluorouracil, Capecitabin und Tegafur 2 2
L = i e eSS SRR

Cost reimbursement guaranteed by the statutory health insurances in Germany IKP <
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More than 341 FDA-approved drugs with labeled pharmacogenomic information

H psychiatry

M infectious diseases

2022 ‘diology
docrinology
118 from 341 drugs (35%) stroenterology
are cancer agents urology
sumatology
_—
w other

www.fda.gov/medical-devices/precision-medicine/table-pharmacogenetic-associations IKP <
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Digital-supported PGx information & implementation

o)
ﬂ PHARMGKB Search PharmGKB Q

Search for a molecule, gene, variant, or combination

Want Personalized PGx Recommendations? Interested in Pediatric Pharmacogenomics?
Try out our new Genotype Selection Interface (GSI) to @ Read about pediatrics on PharmGKB through the Pediatric
Z access and compare pharmacogenomic guideline Dashboard. Switch Pediatric Focus "on" using the Focus link
& recommendations from CPIC and DPWG based on the at the top right-hand corner of any page to see relevant

genotypes you enter. information highlighted, if available. See Pediatric Help for

more information.

Clinical Guideline Drug Label FDA Drug Label Curated
Annotations Annotations Annotations Pathways
f2] 201~ g 1,014~ B 440 ‘

Annotations

Clinical Research

E CLINICAL GUIDELINE ANNOTATIONS 201 i’ 7 PATHWAYS

% DRUG LABEL ANNOTATIONS 1,014 VIPs (Very Important Pharmacogenes)
EJE FDA DRUG LABEL ANNOTATIONS 440 |§_| VARIANT ANNOTATIONS

|Z\ CLINICAL ANNOTATIONS 5,073 |§_| ANNOTATED DRUGS

https://www.pharmgkb.org/
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230

69

26,684

767
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Phasmacogencmics. Knewisdge. inplemcntation. http: W pharmgkb.org/p

CPIC: implementing PGx
arerGRE & PGRH collaboraticn

NATURE | VOL 537 | 8 SEPTEMBER 2016 i Clinical Pharmacogenetics Implementation

— 11 /2020: Consortium Guidelines for Thiopurine

T U T 25 CPIC guidelines covering > 60 drugs Methyltransferase Genotype and Thiopurine
Dosing: 2013 Update Clin Pharmacol Ther 2013

MV Relling!, EE Gardner?, W] Sandborn?, K Schmiegelow®3, C-H Puif, SW Yee”, CM Stein®,
M Carrillo®, WE Evans!, JK Hicks', M Schwab!%!! and TE Klein®

Current Drug Metabolism, 2014, 15, 208-217 209

Incorporation of Pharmacogenomics into Routine Clinical Practice: the Clinical
Pharmacogenetics Implementation Consortinm (CPIC) Guideline Development
Process

Kelly E. Caudle” TenE Klein®, James M. Hoffman', Damel] Miuller’, Michelle Whu‘l Carrillo®, Li Gong
Ellen M. McDona h’, Katrin San uhl’, Caroline F. Thorn?, Matthlas Schwab™® Jose AG Angdez
Robert R Freimuth Vthech Huser’, Ming Ta Michael Lee'™!! 1 , Otito F. Iwmhuk\m.l . Kristine R_ Crews'
Stuart A_ Scott“, Mia Wadelius”, Jesse I Swenm, Rachel F. ndaleS"‘, C. Michael Steinu’”, Dan Rodenls’”,

Clinical Pharmacogenetics Implementation
Consortium (CPIC) Guideline for
Dihydropyrimidine Dehydrogenase Genotype and
Fluoropyrimidine Dosing: 2017 Update

Ursula Amsturz', Linda M. Henricks?, Steven M. Offer”, Julia Barbarino®, Jan H.M. Schellens™>,

The I'lght dl'ug fOl‘ you Mary V. Relljngl, Mare S. Wilha'msw and Samuel G. JOhnsonl » Jesse J. Swen®, Teri E. Klein®, Howard L. McLeod’, Kelly E. Caudle®, Robert B. Diasio™” and
et et L Mactiins Scleb 55 Clin Pharmacol Ther 2017
Clinical Pharmacogenetics Implementation | Clinical Pharmacogenetics Implementation
JAMA  Published online September 21. 2016 Consortium (CPIC) Guideline for CYP2D6 Genotype | Consortium (CPIC) Guideline for CYP2D6
e ogenomics Inothe Clnc and Use of Ondansetron and Tropisetron and Tamoxifen Therapy Clin Pharmacol Ther 2018
GC Bell', KE Caudle?, M Whirl-Carrillo®, RJ Gordon*, K Hikino®, CA Prows®, A Gaeding, Matthew P. Goerz', Katrin Sangkuhlz, Henk-Jan Guchelaar’, Matthias Schwab ™, Michael Province’,

JAG Agundelg’g, S Sadha.sivamm’“, TE Klein® and M Schwablz’m’m C||n Pharmacol Ther 2017 Michelle Whirl-Carrillo®, W. Fraser Symmanss, Howard L. Mc!geodk), Mark J. Ratain'®,
Hitoshi Zembutsu'', Andrea (}aedigklz, Ron H. van Schaikm’l*,James N. Ing]el, Kelly E.

Caudle'® and Teri E. Klein®

Clinical Pharmacogenetics Implementation
Consortium Guideline for Thiopurine Dosing
Based on TPMT and NUDT15 Genotypes:
2018 Update Clin Pharmacol Ther 2019

Clinical Pharmacogenetics Implementation
Consortium (CPIC) Guideline for CYP2C19 and
Proton Pump Inhibitor Dosing Clin Pharmacol Ther 2020

John J. Lima™* Calneron D. Thomas?, Julia Barbarino® Zeruesena} Desta®, Sara L. Van Driest>,

Mary V. Rdl“‘g Matthias Schwab¥* le‘l“ll‘)whirl'c""iu“s Guilhr.‘rmc Suarez-Kurez®, Nihal El Roubv ,Julie A, Tohnson Larisa H. Cav: allarl Valentina S])akhncn 1ch789 David L. Thacker'®!!,
Ching-Hon Pui’, Charles M. Stein®, A““lh{] IN["Y‘-" W'“' am E. Evans' T‘-“ E. Klein®, _— Stuart A. Score'>'%, Marthias Schw. 2b14 S C]m_kradhara Rao S. Uppugu.ndun" 18 Christine \1 Formeaw,
Federico C‘ull]c_rrno Antillon-Klussm mn . Kelly E. C‘ludl(_ Motohiro K ato'?, Allen E.J. Yeoh™ ™ James P. Franclosllo’“ Katrin SangkuhP Andren Gaed lgk Teri E. Klein?, Roseann S. Gammal®?

15,16

Kjeld Schmiegelow and Jun J. Y‘lI‘Ib and Takahisa Furuta’ 24

Schwab M
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The Ubiquitous Pharmacogenomics (U-PGx) PREPARE trial oo

Making actionable pharmacogenomic data and effective treatment optimization
accessible to Every European citizen (Lead HJ Guchelaar, NL, Vice Chair M Schwab)

The right drug for you

u harmacogenomics will spend 3
yvears yving the clinical outcomes o
tients in a large randomized

contr trial in 7 hospitals in 7 European
nnnnnnnnnn

WE WANT TO MAKE EFFECTIVE
TREATMENT OPTIMIZATION
ACCESSIBLE TO EVERY EUROPEAN

[] \b @ e — - ~«
==sm Extended other research activities ‘
| U-PGx | Ubiquitous Pharmacogenomics = L

Component Il comprises NGS, DDI & pharmacometrics

CITIZEN

g http://upgx.eu/ m
$:  2016-2022 : : :
i3 Anertstep 15Mio € Horizon2020 funding
%g into the future
-4 N P & | Framework for implementation

Process Indicators Cost-effectiveness g

Implementation =

component Il |3 ~ . .
e — IKP Lead g 7,000 patients recruited
s : :
g v § 7 European countries
] 3
- s —_— c . o
E @ & | Pre-emptively PGx testing of a panel |
t S | of markers can results in reducing
3 % | ADRs
'; PGx infrastructure DPWG guidelines [l Training and Education
g o
= Manuscript in press
fr
S

Schwab M
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THE LANCET

February 2, 2023

A 12-gene pharmacogenetic panel to prevent adverse drug
reactions: an open-label, multicentre, controlled, cluster-
randomised crossover implementation study

Jesse ] Swen, Cathelijne H van der Wouden®, Lisanne EN Manson*, Heshu Abdullah-Koolmees, Kathrin Blagec, Tanja Blagus, Stefan Bohringer,
Anne Cambon-Thomsen, Erika Cecchin, Ka-Chun Cheung, Vera HM Deneer, Mathilde Dupui, Magnus Ingelman-Sundberg, Siv Jonsson,
Candace Joefield-Roka, Katja S Just, Mats O Karlsson, Lidija Konta, Rudolf Koopmann, Marjolein Kriek, Thorsten Lehr, Christina Mitropoulou,
Emmanuelle Rial-Sebbag, Victoria Rollinson, Rossana Roncato, Matthias Samwald, Elke Schaeffeler, Maria Skokou, Matthias Schwab,
Daniela Steinberger, Julia C Stingl, Roman Tremmel, Richard M Turner, Mandy H van Rhenen, Cristina L Dévila Fajardo, Vita DolZan, George P Patrinos,
Munir Pirmohamed, Gere Sunder-Plassmann, Giuseppe Toffoli, Henk-Jan Guchelaar, on behalf of the Ubiquitous Pharmacogenomics Consortiumt

Interpretation Genotype-guided treatment using a 12-gene pharmacogenetic panel significantly reduced the incidence
of clinically relevant adverse drug reactions and was feasible across diverse European health-care system-organisations
and settings. Large-scale implementation could help to make drug therapy increasingly safe.

O Control group T Intervention group

I I In the second analysis, which included all groups, the
02 I i prevalence of the development of a causal clinically
- relevant ADR was 21% in the study group and 29% in the
s control group, reducing the risk of an ADR by 30%
(OR 0.70 [95% C1 0.61-0.79]; p <0.0001)
Schwab M e Analysis e

IKP Stuttgart MS10831



COST EFFECTIVENESS of PGx testing based on Clinical PGx

Implementation Consortium (CPIC): a systematic review

Table 2 Summary of drug—gene pairs and cost outcomes

IKP <

Dr. Margarete Fischer-Bosch
Institut fiir Klinische Pharmakologie

Total
articles
Class Gene reviewed Cost-saving Cost-effective Mot cost-effective Uncertain Drugs
Aminoglycosides?®? mt-RNR1 1 ey ey 1 — Tobramycin
Analgesics?? CYP2D6 1 — — 1 — Codeine
Anticoagulant?®-40 CYP2C9 & VKORC1 15 — 6 5 4 Warfarin
] CYP2C9 1 —_ 1 —_— —_
I Antidepressants®1—51 I CYP2D6 2 _ . 1 1 Citalopram, escitalopram, fluvoxamine,
Multigene panel® 9 I 8 1 I _ - paro;fetlne_. sertrallne_e. a_ml_trlptyl_lne.
clomipramine, doxepin, imipramine,
nortriptvline, trimipramine, desipramine
Antiepile ptic®2-52 HLA-A*31:01 7 1 2 4 — Carbamazepine, phenytoin
HLA-B*15:02 1 — 1 — —_—
Antifungal®®—51 CYP2C19 2 2 — — — Voriconazole
Antigout®2-71 HLA-B*58:01 10 g i A 5 —
Antiplatelet®5-72-93 CYP2C19 22 | 4 17 | 1 — Clopidogrel
CYPC19 & CYP2D6 1 = —_ —_
Antiretroviral 24104 HLA-B*57:01 s 2 4 1 1 Abacavir
CYP2B6 2 —_ — avirenz
UGT1AL 1 — — — 1 Atazanavir
Cardiovascular CYP2C9, CYP2C19, 2 —_— 2 —_— —_ Clopidogrel, simvastatin, warfarin
medications 195 SLCO1B1, & VKORC1
Flucropyrimidines®®®—§1¢ DPYD I 4 1 I — — Fluorouracil, capecitabine
Y T T e ————————————————— P f
Multidrug CYP2D6, CYP2C19, a1 —_— —_— —_ u Cital y v nine,
CYP2C9, CYP3A4, & paroxetine, sertraline, amitriptyline,
VKORC1 clomipramine, doxepin, imipramine,
nortriptyline, trimipramine, desipramine
celecoxib, hydrocodone, flurbiprofen,
ibuprofen, meloxicam, tramadol,
piroxicam, phenytoin, clopidogrel,
codeine, voriconazole
Pegylated interferontti-1t12 IFNL3 (1L-288) 2 — 2 — —_ Pegylated interferon alpha
Proton Pump Inhibitors™? cCYP2Ci9 1 1 — — — Omeprazole, lansoprazole
Selective Estrogen Receptor CYP2D6 3 — 2 — 1 Tamoxifen
[ |
Thiopurines® 127 I TPMT 11 I 3 5 I 2 1 Azathioprine, mercaptopurine
1 All 108 i) T 21 10

Aantidepressant studies contain variable multigene panels ranging from 6 to 13 genes. —,

Schwab M
IKP Stuttgart MS11179

none.

Morris et al. Clin Pharmacol Ther
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CLINICAL Research: Implementation of PGx into |KP <

clinical practice at Robert-Bosch-Hospital
The use of digital medicine and App-based solutions

World-wide PGx implementation

g I i 5 W
i 57 - - !
-— + i r'n, - ., = -

o s g = U B Sy g initiatives

v b e a — gl " - 1 J

- | ﬂ 4 — m ! . | ™
L —— ' — 1P G [ LE i T
B e aeamemd! [“ i o 4 - 2 gL -
= RSP S: 3 B 1 pm S 653 S S L - — . .. !

Standorte Disziplinen Bildung Forschung Uber uns -
et ? 3 < Gencrre Brish Cobyrbia
bio-log:is >@
STUTIGART Robert-Bosch-Krankenhaus

Group HeathUniversity of Yag

Royal Liverpool
University Hospital

Press release
Rk cemmn.agmm&ms

German Hospital Integrates New Bio.logis PGx Suite Into Clinical workflow . Lelden UnlverS|t
A German hospital is the first to integrate the Bio.logis Genetic Information Management Suite into y
a clinical genomics program. the company said today- .MEdlcal Center

Robert Bosch Foundation

A) Y
G ~ g
? 3 ( ‘ oL J —— Material- und Datenfluss for Medlcal Research
g [§K&2)
> LI iMedOne® )
- = 8..6--::m<ng ,
(1) ® -- T
(6) b=
ch'u'tllql.:'l:oul
1(5)
<) ot 4 o ACCOWNT GNTE  * eMERGEPGx v SEAPham
odule % —— Webportal
- . i +  CLIPMERGE PGx * INGENIOUS * PREDICT * The 1,200 Patients Project
; nitiatives
Cleveland Clinic's Personalized Medication PG4KDS Personalized Medicine Program. ¢ +UPGx
— Smartphone App
o @ (] * Go-PGx * PGRN ¢ RIGHT
i
e L—» Safety—code card - . . .
e = Krebs & Milani. Hum Genomics 2019
Schwab M
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IKP Stuttgart



Drug Labeling requires up-front PGx diagnostics

IKP <

Fischer-Bosch
che Pharmakolc

ogie

Dug

Kind of Genotyping

Specification acc. to Summary of
product characteristics (SmPC)

Possible ADRs under
standard dosage in variant
carriers

Consequence(s)

Cerdelga

eliglustat

CYP2D6 genotyping
(pretherapeutic) in M.
Gaucher type 1

CYP2D6 genotyping is a prerequisite before

treatment

PM: significantly increased
plasmaconcentation of
Eliglustat and increased risk of
ADRs (head- and joint aches).
UM: Therapy failure

PM: Bisection of the daily dose.
UM: Eliglustat should not be applied
to CYP2D6-UMs

» MAYZENT.

(siponimod)

CYP2C9 genotyping
(pretherapeutic) in
secondary progressive
MS

CYP2C9 genotyping is a prerequisite before

treatment

Significantly increased drug
exposure to
CYP2C9*3*3/CYP2CO9*1*3/CYP
2C19*2*3, thereby increased
risk of ADRs such as headache
and hypertension

Contraindication for CYP2C9*3*3

MAVACAMTEN:

a cardiac myosin inhibitor

to treat obstructive hypertrophic

cardiomyopathy

CAMZYOS

(mavacamten) capsuies

Schwab M
IKP Stuttgart MS11180

Actin thin filament
Actin-myosin cross-bridge
Myosin thick filament

Normal
Sarcomere

Normal contractility
Effective relaxation

12.5

United States

/ \ European Union
[ wavacamien. 4 . Australia
§ \ Y/ Canada
~—L T Brazil
HCM HCM Sarcomere
Sarcomere with Mavacamten Switzerland
HCM Pathophysiology Attenuated hypercontractility Macau
Hypercontractility Improved compliance
Impaired relaxation Improved energetics South Korea
Altered myocardial energetics Singapore

Pharmacogenomics

Mavacamten AUCinr increased by 241% and Cmax increased by 47% in CYP2C19 poor
metabolizers (PMs) compared to normal metabolizers (NMs) following a single dose of
15 mg mavacamten. Mean half-life is prolonged in CYP2C19 PMs compared to NMs
(23 days vs. 6 to 9 days, respectively).




& Methodological advances paralleled by innovative trial
designs enable individualized targeted therapies

Bosch Health Campus

c||n|ca‘l_<_13ta | Lab data

T mn HEALTHCARE SOLUTIONS . -
@KAIROS ' \
NOW IS THE TIME.

Genomics Public available data

Epigenomics o -3
Workflows
Transcriptomics
) Plugins
i = (_‘g)

Metabolomics

E—

Bioinformatic analyses

Schwab M
IKP Stuttgart
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Type 1 N-of-1 trial

v

'
— | Treatment A | '

3

.
L

Treatment X

Randomized
treatment | Treatment B | Endpoint T

cycles - ment

| Treatment B |
T - L
! Endpoint
'

v v

Type 2 N-of-1 trial

Training data

Genomics
Epigenomics
Transcriptomics

Pharmacogenomic variations

Computational algorithms

"‘1;-" &y, Structure (AlphaFold) & ]
w. Conservation N bl - %
TSy (SIFT. PolyPhen, etc) Prediction
Uncharacterized variants
' Protein interactions =] (mostly rare) Comprehensive sequencing
< Functional information| -l Mutational scanning
Reaction mechansims! Input :
TRl gHon Proteomics ‘ i : . g
k NO}I Metabolomics 1 Unsupervised learning ; |
& o ‘ Microbiomics - Refjgment |

Phenomics
Medications

Trends in Pharmacological Sclences

Zhou, Tremmel, Schaeffeler, Schwab, Lauschke. Trends Pharmacol Sci 2022
Tremmel, ...Schaeffeler, Schwab. Ann Rev Pharmacol Toxicol 2023

MS10548
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Al implementation on Pharmacogenomics

Input data Supervised learning Application
) ) ML models, Predict protein's structure
— Feature engineering— e.g, Logistic Regression, random
\ Clinical variables forests, boosting trees Pharmaceutical research
|||» Drug—drug interaction
III» Deep neural network: Deep graph neural network Predict drug adverse event
A Lab values : Drug repurposing

Clinical decision support
Predict clinical outcome
Treatment recommendation

D Medication

_W_ ECG
Unsupervised learning

Feature reduction e e} Patient subt "
TE S, : : » ypes o o

Genome "l» Multiview data integration o) OO 4 ‘__‘:c?-—' i with shared molecular/"ﬂ

Clustering S S %d clinical profiles s ¥o
Transcriptome © o.- WF
Proteome Reinforcement learning

Enviro t
Metabolome "'» Reward bl lsscds S tion Optimize dynamic treatment
for disease, e.g., sepsis
Input = % Output
v
State

Agent

Figure 1 Machine learning and PGx research. ECG, electrocardiogram;: ML, machine learning.

Schwab M Wei et al. Clin Pharmacol Ther 2021

IKP Stuttgart MS10143
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Multi-omics driven prediction of response to combination antidepressant =&
therapy: a machine learning approach with cross-trial replication
Conceptual overview of model development and evaluation

( 19 Clinicaland )
Sociodemographic
Measures

153 Plasma Metabolites

® Acylcarnitines
. * Amino Acid
.+ * Biogenic Amine
2 ¢ Glycerophospholipid
% * Sphingolipid

6 Pharmacogenomic SNPS

ERICH3 | [ DEFB1_1 ‘
| TSPANS HDEFBI_Z ]
£ | AHR | | oers1_3 )

— Supervised Machine Learning to Predict Treatment Outcomes

PGRN-AMPS (N = 264)

CO-MED (N = 111)

venlafaxine + mirtazapine

Patients | I | escitalopram + bupropion
[ ' |
Train/Test Split ITraining Set | |‘|I’esting Set |
i etk Variable Importance
e ] T The results suggest that
Model Training Predictor 2 integrating specific
5-fold cross—valodau:m Identify top predictorSA 3 .
(Eremsn e metabolites and SNPs
' 5 achieves accurate

Model Selection o
by AUC o

Model Evaluation
using test set

Schwab M
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. Unique metabolite
==

. Community

GENE SNP genotypes

— Negative correlation
— Positive correlation

L

Testing Set

—

» Multi-Omics Network Analysis to Learn Predictor Interactions 1. Evaluate biological

Predictor 2 processes represented in
each community.

2. Guide functional studies of
top predictors based on
these processes.

~GENE3”

s

\

predictions of treatment
response across classes of
antidepressants.

Joyce et al. Transl Psychiatry 2021



Concept diagram comprising artificial intelligence,
clinical genomics, pharmacogenomics, and
big data approaches in precision medicine

Gene Dissase Databases

Machine Leaming
Whole Genome

Neural Networks

Clinical Genomics

Artificial Intelligence

Approaches in
Precision Medicine

Genomic Data Clinical Data

Pharmacogenomics

Healthcare Systems

Electroric Haalth Record
Claims & Open Access Data

Abdelhalim et al. Front Genet 2022

Schwab M
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Flasmacancaniaton

Morbidity
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Epigenetice DDl Microbiocme

o 4 *, + .I‘;'nﬂamrr;;itun
i
b Lack of -
- Genotype-F |I_'EI'IDI'_IP'E -
Age Correlation Regulation
Blood Lirine
- -
Drug metabolism {
I |
Liquid Biopsy
Phenotyping & metabolizer
phenotype prediction

Moirial
misbabolizar
T
Pharmacometrics Machine learning
L [ = i peris]
= 1T e PEOK model A= o Unsuserdsed
| (-2
I [ !

Prediction accuracy

Tremmel, ...Schwab. Ann Rev Pharmacol Toxicol 2023
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The future of Personalized Medicine

Conventional Big Data | Unused Big Data

Data derived from advanced Data derived from standard
analytical technology (eg. Omics, - Clinical Care
Deep Sequencing, Imaging) ]

)

N S N |

e ———

Private Big Data

Data derived from non-
professional, private sources




Sensor-based technology
combined with Al

ECG Detail

Sinus Rhythm

¥ 88 BPM Average

fibrillation.

Expo

Sep 12, 2018 at 10:08:31 AM

Sep 12, 2018 at 10:09:01 AM

S RaE 188

This ECG does not show signs of atrial

rt a POF for Your Doctor

76 BPM

24sec

It helps to rest your
arms on a table or
your legs.

www.macrumors.com/2018/11/30/apple-watch-heart-health-45-day-refunds/

Schwab M
IKP Stuttgart MS11183

Detection of Atrial Fibrillation in a Large
Population Using Wearable Devices: The Fitbit

Heart Study

Steven A. Lubitz®®, MD, MPH; Anthony Z. Faranesh, PhD; Caitlin Selvaggi, MS; Steven J. Atlas, MD, MPH;
David D. McManus, MD, ScM; Daniel E. Singer'®, MD; Sherry Pagoto, PhD; Michael V. McConnell®, MD, MSEE;

Alexandros Pantelopoulos, PhD; Andrea S. Foulkes'®, PhD

A
<>
v
Dr. Margarete f Bosct
Institut fi

t fiir Klinische Pharmakologie

What Are the Clinical Implications?
» The Fitbit wearable-based irregular heart rhythm

algorithm may be useful for early detection of undi-
agnosed atrial fibrillation.

Individuals with a Fitbit wearable-based irregular
heart rhythm detection have a substantial ikelihood
of having atrial fibrillation confirmed on a subse-
quent ECG patch monitor and considerable burden
of atnal fibrillation.

Because wearable-based irregular heart rhythm
detections using photoplethysmography sensors
operate during periods of inactivity, wearing devices
at night may maximize the sensitivity.

Detection of atrial fibrillation during periods of
active motion remains a challenge.

Lubitz et al. Circulation 2022
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Innovative trial designs to foster precision medicine In s

clinical care: consideration of age groups and molecular markers

Platform Trials

Interim analysis Interim analysis Final analysis
®
Standard-of-care 2 - -
> > > -
@ L
Intervention 1 Arm
> X R
@

ervenion2 > T > 'm' 4

New arm
introduced

@ e o
Intervention 3 ’ T ’ T T —
® e

. ® e
Ability to drop arms early and .:tﬂwdﬂ""d Intervention 4 > —|
Flexibility to add new arms introduce
Park et al. Trials 2019 -

MS11184 IKP Stuttgart




UNIVERSITY OF

OXFORD

'No ¢
from hy«

19 March 2020
First patient enrolled

10 March 2020
First draft
protocol written

4 May 2020
10,000 patients enrolled

www.recoverytrial.net/news

Dexamethasone reduces

IKP <
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RFCXI\/FRY
GLOBAL CUMULATIVE TOTALS

48616 r-icipans
1 89 Active sites

L v
16 June 2020 11 February 2021
Corticosteroids with
tocilizumab reduces
deaths by up to a half

- March 2022
nib reduces deaths
about one-fifth

Oct 2023 .

ronene 2021
Monoclonal antibody
combination reduces deaths
in people who have not
mounted their own
immune response

deaths by one-third
in sickest patients

5 March 2021
Colchicine found
to be ineffective

14 December 2020
Azithromycin found
to be ineffective

Schwab M
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Contributions of Implementation Science, Learning 7 ©
Health Care system, and Precision Medicine

Key Areas of Synergy
Evolution of evidence base for precision medicine
and implementation science

Recognition of underuse and overuse of interventions ®

Management of abundance of data A Optimal use of genomics and
’9@ behavioral data to drive clinical and
g o‘\ Ib@o % patient decision making
Optimal integration of effective A /(> /O OQQOIng development of genomics
diagnosis, prevention, and treatment /3'4,,, %\¢ evndence. base o
Understanding of multilevel context 5 é’ Personatized and population Impact
Theories and strategies to drive - S’
health care improvement _‘-ﬂ wn Improved health,
o. health care,
_E__ and health systems Key Areas of Synergy
Refresh cycle of evidence base
Determination of degree of
achievable personalization of care
Key Areas of Synergy N
Support for implementation p.\;‘
: ; ne S
of effective practices LEARNING 5‘(?}“ Use of ongoing data to drive health
Contextually sensitive CARE S system improvement

improvement of practi . . . .
PEOVEMENL O PRICULES Focus on iterative and ongoing learning

All stakeholders participate
Chambers DA et al. JAMA 2016 \S10502



Robert Bosch Krankenhaus, Stuttgart

IKP Stuttgart
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cogenomics and drug research
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IKP founded 1973 by Dr. Margarete-Fischer-Bosch
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