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Abstract

Since the human genome was first sequenced, millions of single nucleotide polymorphisms
(SNP) have been identified. For the past 15 years, genome wide association studies (GWAS)
compared SNPs in large cohorts of individuals to identify genomic regions and variants
associated with complex human traits and diseases. However, the interpretation of the data
is challenging due to the fact that complex traits are influenced by more than one variant,
with the same locus often affecting more than one phenotypic trait (pleiotropy). The
abundance of pleiotropy across the human genome creates a challenge for functional studies
attempting to identify the causal variants and biological mechanisms underlying complex
traits and diseases.

This study presented a framework for dissecting the function of non-coding pleiotropic loci,
facilitating the understanding of the biological mechanisms connecting causal SNPs to
complex human traits and diseases. This framework was tested in two examples of
pleiotropy: bone mineral density (BMD) and metabolic traits; Alzheimer’'s disease (AD) and
type 2 diabetes (T2D).

Using GWAS summary statistics, the adenylate cyclase 5 (ADCY5) locus was found to be
associated with femoral neck bone mineral density (FNBMD) and fasting glucose levels. The
variant rs56371916 was shown to play a causal role in biological mechanisms related to
these phenotypes by affecting the binding affinity of the transcription factor sterol regulatory-
element-binding protein 1 (SREBP1) in mesenchymal cells, leading to altered ADCY5 gene
expression and differentiation capacity in both adipocytes and osteoblasts.

The second part of this study identified the Mitogen-Activated Protein Kinase 5 (MAP2K5)
locus as being associated with T2D and AD. Knock down of MAP2K5 in human CD4* T cells
impaired Treg development and promoted Th17 cell differentiation, leading to an imbalance
of the Thl7/Treg ratio and depletion of the naive T cell pool. Co-culture of T cells with
differentiated adipocytes and SH-SY5Y neuronal cells reduced their viability and expression
of differentiation markers while upregulating inflammation markers. Overall, these results
indicate that causal variants affecting MAP2K5 expression promote Thl7 cell differentiation
and a pro-inflammatory environment favoring the development of T2D and AD.

This work, by enabling the systematic dissection of pleiotropic GWAS loci, presents a
framework for unraveling the biological mechanisms underlying pleiotropic traits and
diseases, in particular noncoding variants. This will ultimately facilitate translational advances
for more effective prevention and treatment of human diseases.



Zusammenfassung

Seit der ersten Sequenzierung des menschlichen Genoms wurden Millionen von
Einzelnukleotidpolymorphismen (SNP) identifiziert. In den letzten 15 Jahren wurden in
genomweiten Assoziationsstudien (GWAS) SNPs in groRen Kohorten von Individuen
verglichen, um genomische Regionen und Varianten zu identifizieren, die mit komplexen
menschlichen Merkmalen und Krankheiten assoziiert sind. Die Interpretation der Daten ist
jedoch schwierig, da komplexe Merkmale von mehr als einer Variante beeinflusst werden,
wobei derselbe Ort hdufig mehr als ein phanotypisches Merkmal (Pleiotropie) beeinflusst.
Die Fulle der Pleiotropie im gesamten menschlichen Genom stellt eine Herausforderung fir
funktionelle Studien dar, die versuchen, die kausalen Varianten und biologischen
Mechanismen zu identifizieren, die komplexen Merkmalen und Krankheiten zugrunde liegen.

Diese Studie bildet einen Rahmen fir die Analyse der Funktion nicht-kodierender, pleiotroper
Loci, der das Verstandnis der biologischen Mechanismen erleichtert, die kausale SNPs mit
komplexen menschlichen Merkmalen und Krankheiten verbinden. Dieser Rahmen wurde in
zwei Beispielen von Pleiotropy getestet: Knochenmineraldichte (BMD) und
Stoffwechselmerkmale; Alzheimer-Krankheit (AD) und Typ-2-Diabetes (T2D).

Unter Verwendung der GWAS-Zusammenfassungsstatistik wurde festgestellt, dass der
ADCY5-Locus mit FNBMD- und Nuchternglucosespiegeln assoziiert ist. Es wurde gezeigt,
dass die Variante rs56371916 eine kausale Rolle bei biologischen Mechanismen spielt, die
mit diesen Phéanotypen zusammenhdngen, indem sie die Bindungsaffinitit des
Transkriptionsfaktors SREBP1 in mesenchymalen Zellen beeinflusst, was zu einer
verdnderten ADCY5-Genexpression und Differenzierungskapazitat sowohl in Adipozyten als
auch in Osteoblasten fihrt.

Der zweite Teil dieser Studie identifizierte den MAP2K5-Locus als mit T2D und AD
assoziiert. Der Abbau von MAP2K5 in menschlichen CD4* T-Zellen beeintrachtigte die Treg-
Entwicklung und férderte die Thl7-Zelldifferenzierung, was zu einem Ungleichgewicht des
Th1l7/Treg-Verhaltnisses und einer Erschopfung des naiven T-Zell-Pools fuhrte. Die Co-
Kultur von T-Zellen mit differenzierten Adipozyten und neuronalen SH-SY5Y-Zellen
verringerte ihre Lebensfahigkeit und Expression von Differenzierungsmarkern, wahrend
Entzindungsmarker hochreguliert wurden. Insgesamt zeigen diese Ergebnisse, dass
kausale Varianten, die die MAP2K5-Expression beeinflussen, die Th17-Zelldifferenzierung
und eine entzindungsférdernde Umgebung férdern, die die Entwicklung von T2D und AD
begtinstigt.

Diese Arbeit ermdglicht die systematische Dissektion von pleiotropen GWAS-Loci und bietet
einen Rahmen fir die Aufklarung der biologischen Mechanismen, die pleiotropen Merkmalen
und Krankheiten, insbesondere nicht-kodierenden Varianten, zugrunde liegen. Dies wird
letztendlich die Fortschritte bei der Translation fir eine wirksamere Pravention und
Behandlung menschlicher Krankheiten erleichtern.



Index

ACKNOWIEBAGEIMENTS ...oeiiiiiiiieeee et e st e e e e e s s e st e e e e e e e e s ssaabtbaeaeeeeeeeessnsssssnaeeaenns 3
ADSITACT . ...ttt e e e e et e e e e e et e e e e 4
ZUSAMIMENTASSUNG ..nvttteeeiiiiite e ettt e e ettt e ettt e e et e e e e bttt e e e aaabe et e e abb et e e e aabaeeeeastbeeeesannreeeenneees 5
ADDIEVIALIONS ...ttt s 9
Lo INEFOTUCTION ...ttt ettt sttt e st s e e sbe e naneees 12
1.1, GWAS aNnd PlEIOTIOPY .euuueeeeeiiiiiiiiiiitt e ean 12
1.2. Pleiotropy of bone mineral density and metabolic traitS...........ccccveeeeviiieieiiniieeennnns 13
1.2.1. Biology of Adenylate CYClas@ 5........coieeeiiiiciiiiiiiiie e 14

1.3. Pleiotropy of Type 2 Diabetes and Alzheimer's Disease ..........ccccceevevvivieeiniiieeeenns 14
1.3.1. Role of the immune SYyStemM iN T2D ......c..eeiiiiiiiiiiiiiiee e 14
1.3.2. T cell phenotypesS iNT2D ...t e e e e e e e e e e 14
1.3.3. Role of the immune SYStEM iNAD ........cooiiiiiiieie e 15
1.3.4. T cell phenotypes iNAD.........ooioiiiiiieiiie et 15
1.3.5. Biology of Treg and ThL17 CelIS........cuuiiiiiiiiciiiiiiiee e 16
1.3.6. MAP2K5In T cell differentiation ............ccooveeiiiieniiiiiiieiieeeee e 17

S O 1 1= o 1)V 18

2 MAALEIIAIS ...t e 19
2.1 Cell CURUIE MEIA ....couiiiiiiiiiiiie ettt 19
2.2 Chemicals and CONSUMADIES ........ccccuuiiiiiiiiiiiiieeeeee e 21

B MELNOAS ... e s e e e e et ee e 24
3.1 Bivariate GWAS @nalySiS........uuuviiiiiiiiiiiiiiiiiee et e e e e a e 24
3.1.1 Cross-phenotype association analysis (CPASSOQC) .......ccccovvveeeeeiiiiciiiiieeeeennn. 24
3.1.2 Multi-Trait Analysis Of GWAS (MTAG) ...ccooiuuiieiiiieeeiiiite et 24
3.13 B X e 24
3.14 Chromatin state segmentation and visualization .............cccccveeeeeeeiiiccciiiieeeeennn, 24
3.15 Hi-C data processing and visualization............cccccoovveiiiiiiiiiiee e 24
3.1.6  Phylogenetic Module Complexity AnalysisS (PMCA) ......ccoovieiimiieeeiniieeeene 24
3.1.7 BaASSEE CNIN ...ttt 25

3.2  Study information T Cell SAMPIES........covviiiiiiiiiiiiiiieieeeeeeeeeeeeeee e 25
3.21 EthiCS StAtEMENT ... . 25
3.2.2 Y 1010 |V A0 (=] T | o [PPSR 25
3.2.3 StUAY POPUIALION ...t e e e e e e e e e rtraraeeeeeeeas 26
3.24  Anthropometric MEASUIEMENTS ......coioiiiiiiiieeee ettt e e e e e e e e e e 26
3.25 Data and sample COIECHON ..........eeiiiiiiiiiiieee e 26

3.3  Cohort information of adipose tissue Samples ........ccccceveeeeeeiccciiieeiee e, 27
B4 Cll CURUIE ..ot 27



34.1 Isolation of human primary CD4™ T CellS....uuuuiiiiiiiiciiiiiee e, 27

34.1.1 Peripheral Blood Mononuclear Cell (PMBC) isolation.............ccccvvvveeeenn.n. 27
3.4.1.2 Depletion 0f CD14Y CEIIS ...t 28
3.4.13 Positive selection 0f CD4" T CelIS ........ooveviiiiiiiiieieeeeeeeee e 28
3.4.2 Expansion and differentiation of naive CD4* T cells to Treg and Th17
PRENOLYPES ..., 29
3.4.3  Transfection 0f CDA4" T CeIIS.......cooiiiiiiiiiiiec e 29
3.4.4  Differentiation 0f SH-SYS5Y .....cooiiiiiiiiiiiiiic e 30
3.4.5 Isolation of primary human preadipocytes from liposuction material ................ 30
3.4.6 Preadipocyte differentiation into adipOCYLES .......c.uvveerviiiieiiiiiieeeieee e 30
3.4.7  Co-culture of T cells with differentiated PAC and SH-SY5Y ......ccccccvviiieennne. 30
3.4.8 Preadipocyte differentiation into 0SteobIasts ............ccccvvveeiiiiiiiiciiieeeee e 31
3.4.9 Staining of differentiated adipocytes and osteoblasts ...............ccccccenii. 31
3491 Oil REA-O STAINING ..ttt e et e e 31
3.4.9.2 Alkaline Phosphatase Staining ...........ccccvveiieeeee e 31
3.4.9.3 Alizarin REd S StAINING .....c.vvviiieieee e e e et e e e e e e 31
3.4.10 Viability assay CCK-8 ... cieiiiiiiee ettt e e e e e e e e e e 32
3.4.11 CRISPR/Cas9 genome editing..........ccccurriiiieeeiiiiiiieiieee e e e essirreeeee e e e e seeeenes 32
3.4.12  LIPOIYSIS @SSAY ....utiiiiiiiieiiiiiiiiiiee ettt e e a e e e s e aaraa s 32
3.4.13 Luciferase reporter @SSAY .......cccceviiieeiieiiee e 33
3.5  Molecular DIOIOGY ........oeeiiiiiieee e e 34
351 RNA isolation from human primary CD4* T cellS.......cccovvvieiiiiiiiiiieieee e 34
3.5.2 RNA qQUANTFICALION. .. ..uieiiiiii e e e e e e e e e eas 34
3.5.3 CDNA SYNENESIS ..eeeiiiiiee e 34
354 SYBR Green based quantitative PCR (QPCR) ......covvviviiiciiieiiee e, 35
355 Nuclear protein extract preparation...........cccvvveeeeeeeiicciiiiiiee e 37
3.5.6 Nuclear protein extract quantification...............coeveeeiiiiiiiiiiier e 37
3.5.7 Electrophoresis mobility shift assay (EMSA) ....cooooeviviiiiiiieiieeeeeieeeee e 37
RESUIES ...ttt et 39
4.1  Pleiotropy of BMD and metaboliC traitS ...............euvvvvereviieieeeiiiiiiiiiieieeerrerererren. 39
41.1 GWAS identifies bivariate loci for BMD and glycemic traits ............cccceeeevuneeeen. 39
41.2 Haplotypes at 3g21.1 differ in regulatory activity ............cccceveeeeeiicciiiieieee e, 41
4.1.3 Regulatory region targets ADCYS ... 42
4.1.4  Variant prioritization and effect analysis: rS56371916 ..........ccccccevvvieeerniineeennns 45
415 Genome editing of rs56371916 confirms its effect on ADCY5 expression ....... 49
4.2  Pleiotropy of AD @nd T2D ......coccciiiieiiee et e e a e e 51

4.2.1 GWAS identifies bivariate loci for Alzheimer’s disease and Type 2 Diabetes .. 51



4.2.2 Establishment of a CD4" T cell differentiation model...........c.ccovevviiiiiiiriiiiiinnnns 53

423 Establishment of MAP2KS KD........cocciiiiiiiiiiiiiiiiciieceecseese e 54
4.2.4 Effect of MAP2K5 KD in CD4" T cell differentiation..........ccccceevieeniieeniieennnen. 56
4.2.5 Establishment of SH-SY5Y as a neuronal cell model..........cccccoeeviiiiiiiniiiieenns 60
4.2.6 Co-culture of MAP2K5 KD CD4" T cells with human preadipocytes and human
NEeuronal Cell INE SH-SYSY ... e 61
4.26.1 MAP2KS KD INT CEIIS ..cevieeeeeeeeeee et 61
4.2.6.2 Co-culture of T cells with differentiated PAC ..........ccccceeviiiiniiiiniiiiciieee 62
4.2.6.3 Co-culture of T cells with differentiated SH-SY5Y .......ccooiiniiiiniiiinieee 65
5 DUSCUSSION ...ttt ettt e et e ettt e s ettt e e e st e e ea bttt e e e b et e e e e ab e e e e nnbneeeeaae 68
5.1 Dissection of pleiotropy: a New frameworK...........ccccvvviiiiee e, 68
5.2  Pleiotropy of BMD and metaboliC traitS ...........ccccooeviiiiiiiee e, 69
5.3  Pleiotropy Of AD @nd T2D ......cuuiiiiiiieieiieeee ettt e e e e e e e 70
531 FUItNer @XPIOTatioN ......coooiiiiieiiiiee e e e e 75
5.4  Limitations Of thiS StUAY .........c.uvviiiiiii e 75
L O] 4 o1 11510 o FON OO PP U P PSP OPPPRTPPI 76
RETEIEINCES ...ttt e et e e ettt e e s bbbt e e s eabb e e e e aabreeens 77
F Y o] 01T Lo ) PP 85
1 StUAY JOCUMENES. .. .uuuiiiiiiiinitieitttittti e e e e e e e e e e s e e s 85
00 R ] 1170 | VA0 (=T o o PSSP P PP OPPPPPRPPPPPPIN 85
1.2.  Recruitment adVertiSEMENt.........ccuiiiiiiiiiiiiiiie ettt 89
1.3.  Screening questionnaire including inclusion and exclusion criteria...........ccc..c.ou... 90
1.4.  Participant infOrMAaLION ........coiiiieiiiiieiee et e e e e e e s s ree e e e e e e eennes 92
1.5.  Participant written informed CONSENT .......c.uuiiiiiiiiiee et 96
1.6. Case Report FOIM (CRIF) ..ottt e e e e rre e e e e e e e 98
2. Supplementary tables ... 102
3. SUPPIEMENLAIY FIGUIES ....ooiiiiiiieieiee ettt e et e e sbtnee e s 104
LISE OF TADIES .ttt et 109
LISt OF FIQUIES ...ttt e e e et e e e e e e e e ettt b e e e e aeeeeeesasataaeeaeeeeesannnes 110



Abbreviations

AC

Acaca
ACC1
ACD

ACV

AD
ADCY5
AMPK
APOE4
APP
APP2
ATGL

B/P
BCIP/NBT
BM

BMD

BMI

BSA
CaCl,.2H,0

CAMP
CD28
CD3
CPT1
DIO
DMEM/F-12
DMSO
EDTA
EGF
FAO
FAS
FCS
FGF
FNBMD
FoxP3
GAPDH
GLP-1
HEPES
HOMA-B
HOMA-IR
HPRT
IBMX
IFNy
IL-10
IL-17A
IL-17F

Adipocytes

Acetyl-coa Carboxylase Alpha
Acetyl coenzyme A carboxylase 1
Average cell diameter

Average cell volume

Alzheimer's disease

Adenylate cyclase 5
AMP-activated protein kinase
Apolipoprotein E4

Amyloid precursor protein
Aminopeptidase P2

Adipose triglyceride lipase
Biotin-pantothenate
5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium
Basal medium

Bone mineral density

Body mass index

Bovine serum albumin

Calcium chloride

Cyclic adenosine monophosphate

Cluster of differentiation 28

Cluster of differentiation 3

Carnitine palmitoyltransferase |

Diet induced obese

Dulbecco's modified eagle medium: nutrient mixture f-12
Dimethyl sulfoxide

Ethylenediaminetetraacetic acid

Epidermal growth factor

Fatty acid oxidation

Fatty acid synthesis

Fetal calf serum

Fibroblast growth factor

Femoral neck bone mineral density

Forkhead box P3

Glyceraldehyde 3-phosphate dehydrogenase
Glucagon-like peptide-1
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Homeostatic model assessment for beta cell function
Homeostatic model assessment for insulin resistance
Hypoxanthine-guanine phosphoribosyltransferase
3-isobutyl-1-methylxanthine

Interferon gamma

Interleukin 10

Interleukin 17A

Interleukin 17F



IL-1B
IL-2
IL-22
IL-23
IL-4

IL-6

IR

KCI

KRP
LIPE
LSBMD
MACS
MAP2
MAP2KS
MAPT
MCP-1
MEF2A
MgCl,
mTOR
NacCl
NaH;PO4-H,0O

NTF4
NTRK2
OCN
ORO
0SX
P/S
PAC
PBMC
PBS
PLIN1
PLIN2
PLXND1
PNPLA2
PPARy
RORyt
RPL13A
RUNX2
SAT
SLC1A4
SLC2A1
SLITRK6
STAT3
STAT5
SYN1
T2D

T3

Interleukin 1 beta

Interleukin-2

Interleukin 22

Interleukin-23

Interleukin-4

Interleukin-6

Insulin resistance

Potassium chloride

Krebs-ringer phosphate
Hormone-sensitive lipase

Lumbar spine bone mineral density
Magnetic activated cell sorting
Microtubule-associated protein 2
Mitogen-activated protein kinase 5
Microtubule associated protein tau
Monocyte chemoattractant protein-1
Myocyte enhancer factor 2a
Magnesium chloride

Mechanistic target of rapamycin
Sodium chloride
Sodium dihydrogen phosphate monohydrate

Neurotrophin-4

Neurotrophic receptor tyrosine kinase 2
Osteocalcin

Oil-red-o

Osterix

Penicillin/streptomycin

Preadipocytes

Peripheral blood mononuclear cells

Phosphate buffered saline

Perilipin-1

Perilipin 2

Plexin D1

Patatin like phospholipase domain containing 2
Peroxisome proliferator-activated receptor gamma
RAR-related orphan receptor gamma t
Ribosomal Protein 113a

Runt-related transcription factor 2
Subcutaneous adipose tissue

Solute carrier family 1 member 4

Solute carrier family 2 member 1

Slit and ntrk like family member 6

Signal transducer and activator of transcription 3
Signal transducer and activator of transcription 5
Synapsin 1

Type 2 diabetes mellitus

Triiodo-I-thyronine

10



TGFB1
Thl7
TNF-a
Treg
VAT
ZNF85

Transforming growth factor beta 1
T helper 17 cells

Tumor necrosis factor alpha
Regulatory T cells

Visceral adipose tissue

Zinc finger protein 85

11



1.Introduction

1.1. GWAS and pleiotropy

Genome-wide association studies (GWAS) compare common genetic variants in large
cohorts of individuals with a given trait or disease to control individuals in order to identify
variants associated with human diseases and traits (Risch and Merikangas, 1996). The
primary goal of these studies is to better understand the biology of diseases, under the
assumption that a better understanding will lead to better prevention and/or treatment
(Visscher et al., 2017).

GWAS are possible due to the identification of millions of single nucleotide polymorphisms
(SNPs) across the human genome and the realization that a set of SNPs in the genome
could serve as genetic marker to detect an association between a certain genomic region
and a disease, regardless if the markers themselves had functional effects (Gibbs et al.,
2003). As such, GWAS currently rely on and exploit linkage disequilibrium (LD) (Visscher et
al., 2017). LD is the non-random association between alleles at different loci in a population.
LD results from evolutionary forces and is broken down by recombination (Hartwell et al.,
2002). Generally, loci that are physically close together exhibit stronger LD than loci that are
further apart on a chromosome (Visscher et al., 2012).

GWAS have identified over 100,000 genetic variants associated with complex human traits
and diseases (Solovieff et al., 2013). However, dissecting the causal variant(s) and
mechanisms responsible for increased disease susceptibility remains a challenge. The path
from GWAS to biology is not straightforward because an association between a genetic
variant at a genomic locus and a trait is not directly informative of the target gene or
mechanism associated with phenotypic differences (Visscher et al., 2017). Unlike rare,
monogenic disorders involving single gene defects, where mutations are considered to be
causative, the genetic contributions to common complex disorders are generally considered
to be susceptibility loci, influencing but not determining the overall disease risk (Becker,
2004). In contrast to monogenic traits, complex traits have been more difficult to unravel
using linkage approaches.

The fact that complex traits are associated with multiple variants at many loci makes it more
likely that some of the underlying causal variants may be the same. GWAS have shown that
the same genetic variants are often associated with multiple traits and diseases, even when
phenotypes are measured in different individuals (Visscher et al., 2017). Recent efforts in
consortia-based genotyping and sequencing in the context of diverse traits and diseases,
show the increasing interest in detection of pleiotropy (Sivakumaran et al., 2011).

Pleiotropy is defined as the phenomenon in which a single locus affects two or more distinct
phenotypic traits and was first formally described by the German geneticist Ludwig Plate in
1910 (Stearns, 2010). Pleiotropy is abundant across the human genome and a common
property of SNPs and genes reported to show genome-wide association with human
complex diseases and traits (Sivakumaran et al., 2011). Pleiotropy can occur at the allelic
level, where a single causal variant is related to multiple phenotypes (Figure 1A), or at the
gene (or region) level, at which multiple variants in the same gene (or region) are associated
with different phenotypes (Figure 1B) (Solovieff et al., 2013; Hackinger and Zeggini, 2017).
Distinguishing genuinely shared effects of single variants (pleiotropy) from those that
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represent the effects of different genetic variants in high LD located in the same gene is
crucial, as they imply different notions of pleiotropy and mechanistic models of shared
function (Solovieff et al., 2013).

@ Gene * Causal variant (generally not observed) (&) Genetic variant identified in GWASs

Figure 1. Different types of pleiotropy. A: a causal variant (red star) affects two different phenotypes
(P1 and P2). B: the observed genetic variant (S) is in strong LD with two independent causal variants in
the same gene that affect different phenotypes. Adapted from Solovieff et al., 2013.

1.2. Pleiotropy of bone mineral density and metabolic traits

Patients with Type 2 Diabetes have long been observed to have increased bone mineral
density (BMD) but higher risk of fracture (Bonds et al., 2006; Janghorbani et al., 2007;
Vestergaard, 2007). Studies in mice and humans have suggested several mechanisms that
could explain this seemingly paradoxical phenomenon. Insulin signaling in osteoblasts has
been shown to increase osteocalcin activity (Ferron et al., 2010), a molecule that in mice is
crucial for whole-body glucose homeostasis (Lee et al., 2007). Moreover, although insulin
provides an anabolic signal to osteoblasts (Ahmad et al., 2017), hyperinsulinemia has been
associated with lower bone strength (Srikanthan et al.,, 2014). On the other hand,
hyperglycemia has been suggested to impair bone quality by increasing collagen cross-
linking and increased concentrations of advanced glycation end products, which have been
tied to increased fracture risk due to decreased bone strength (Wang et al., 2002). Deficits in
cortical bone density and microarchitecture have also been found in subjects with type 2
diabetes (T2D) (Samelson et al., 2018), further contributing to increased bone fragility and
risk of fracture. The use of thiazolidinediones might also contribute to increased fracture risk
by increasing activity of peroxisome proliferator-activated receptor gamma (PPARYy), which
increases the commitment of pluripotent stem cells to adipocytes and inhibits the
commitment to the osteoblast lineage (Angelo et al., 2018). Some studies have examined
genetic variants associated with BMD for association with T2D and glycemic traits in an
attempt to unravel pleiotropy between both diseases (Dupuis et al., 2010; Billings et al.,
2012; Ahmad et al., 2017), but currently the cellular and molecular mechanisms underlying
these traits remain largely unexplained. A recent publication by our group sheds some light
on this topic, indicating an intronic variant in adenylate cyclase 5 (ADCY5) as responsible for
increased pleiotropic risk for hyperglycemia and altered BMD (Sinnott-Armstrong et al.,
2021).
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1.2.1. Biology of Adenylate Cyclase 5

ADCY5 is a member of the membrane-bound adenylyl cyclase enzymes that mediate G
protein-coupled receptor signaling through the synthesis of the metabolic messenger cyclic
adenosine monophosphate (CAMP) (Defer, Best-Belpomme and Hanoune, 2000). cCAMP is
an important molecule regulating lipolysis in adipocytes in response to nutrient and hormonal
signals (Duncan et al., 2007).

Single nucleotide polymorphisms in ADCY5 have been associated with T2D (Roman et al.,
2017), fasting glucose (Dupuis et al., 2010; Vasan et al.,, 2011), and beta cell insulin
secretion (Olsson et al., 2014). SNP-promoted changes in beta cell ADCY5 expression lead
to impaired glucose signaling (Hodson et al., 2014), thus influencing fasting glucose levels
and risk of developing T2D (Olsson et al., 2014). ADCY5 expression in visceral human
adipose tissue is significantly higher in obese compared to lean individuals and correlates
with BMI, body fat mass, circulating leptin, fat distribution, waist and hip circumference, but
not with fasting plasma glucose and HbAlc (Knigge et al., 2015).

1.3. Pleiotropy of Type 2 Diabetes and Alzheimer’s Disease

Pleiotropy between T2D and Alzheimer’s Disease (AD) is also supported by epidemiological
studies, with T2D patients presenting a higher incidence of cognitive decline and AD
(Akomolafe et al., 2006), and over 80% of AD patients exhibiting comorbid T2D and impaired
fasting glucose (Li and Hdolscher, 2007). Moreover, both diseases show dysfunctions in pro-
inflammatory pathways, metabolic signaling and insulin resistance (Liu et al., 2011; Clarke et
al., 2015; Rosales-Corral et al., 2015). The repurposing of antidiabetic drugs has seen
positive results, with glucagon-like peptide-1 (GLP-1) mimetics producing neuroprotective
and anti-inflammatory effects, including reduction of amyloid plaque in AD mouse models
(Tramutola et al., 2017) and prevention of brain glucose metabolism decline in AD patients
(Gejl et al., 2016). Carriers of the apolipoprotein E4 (APOE4) risk allele are more vulnerable
to the side effects of poor glycemic control in T2D (Ravona-Springer et al., 2014, Livny et al.,
2016).

1.3.1. Role of theimmune system in T2D

Numerous studies support the importance of the immune system in the pathogenesis of T2D.
In particular T cells have been shown to play an important role, with CD4" and CD8* T cell
numbers being increased in obese human visceral adipose tissue (VAT) and subcutaneous
adipose tissue (SAT) (McLaughlin et al., 2014), with pro-inflammatory T cells more frequent
in VAT compared to SAT. Moreover, obese T2D subjects have higher absolute numbers of
peripheral leukocytes, mostly CD4" T cells (Van Beek et al., 2014). In T2D patients, T cell
content in SAT significantly correlates with waist circumference, and VAT CD4* T cell content
correlates with BMI in diabetic and non-diabetic subjects (Kintscher et al., 2008), suggesting
that AT T cell infiltration increases with body weight.

1.3.2. T cell phenotypes in T2D

Of the multiple CD4* T cell subsets, Treg and Thl7 have been shown to play an important
role in T2D pathogenesis. Patients with T2D show increased levels of Thl7 cells and
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reduced levels of Treg cells (Zi et al., 2022), with the increase in Th17/Treg ratio triggering a
proinflammatory environment that promotes the development of T2D.

High Th17 cell numbers have been reproducibly shown to play an important role in T2D: the
percentage of Thl7 cells is elevated in the blood of T2D patients (Ip et al., 2016) and their
level correlates with T2D severity measured by HbAlc (Nikolajczyk et al., 2011); PBMCs
from T2D subjects produce higher amounts of Thl7 associated cytokines (Ip et al., 2016);
Thl7 cell numbers are significantly increased in AT from metabolically abnormal insulin-
resistant obese (MAO) subjects compared to metabolically normal insulin-sensitive obese
(MNO) and lean subjects (Fabbrini et al., 2013).

Low Treg levels have been shown to be relevant for T2D development: Treg numbers were
shown to be significantly reduced in blood from T2D patients (DiSpirito and Mathis, 2015)
and in omental AT relative to SAT in obese nondiabetic humans, with the lower count being
associated with higher fasting glucose, higher MCP-1 and lower 3-cell function
(Gyllenhammer et al., 2016); AT expression of anti-inflammatory IL-10 was inversely
associated with insulin resistance in overweight human subjects (McLaughlin et al., 2014).

Overall, obesity in humans results in Treg depletion in VAT due to reduced local
differentiation (Deiuliis et al., 2011). A loss of Tregs may potentiate inflammation through
lower regulation of macrophage activation state and an increase in activated effector T cell
populations.

1.3.3. Role of the immune system in AD

GWAS and pathway analysis have highlighted the importance of the immune system in AD
(Lambert et al., 2010; Gjoneska et al., 2015). Studies have indicated that the adaptive
immune system, including T cells, plays an important role in restraining AD pathology (Marsh
etal., 2016).

Moreover, elderly subjects and AD patients present an expansion of AB-reactive T cells,
which may contribute to AD exacerbation (Monsonego et al., 2003). AB has been recognized
as an antimicrobial peptide (AMP) (Soscia et al., 2010; Kagan et al.,, 2012), and AR
expression protects against fungal and bacterial infections in mouse, nematode, and cell
culture models of AD (Kumar et al., 2016). AR oligomerization, seen as a pathological
hallmark of AD, may be necessary for its antimicrobial activity. It has been observed that
peripheral infection increases the deposition of AB in the brain, which is associated with
increased T cell infiltration and microglial activation in older, but not younger APP/PS1 mice
(McManus and Heneka, 2017). Considering AB as part of the innate immune response, some
studies have characterized AD as a consequence of the innate immune response to
infectious pathogens (Bandea, 2013; Itzhaki et al., 2016; Sochocka, Zwolinska and Leszek,
2017).

1.3.4. T cell phenotypes in AD

T cells play important physiological roles in the brain such as maintenance of hippocampal
neurogenesis and spatial learning in adult mice (Kipnis et al., 2004; Ziv et al., 2006; Liu et al.,
2014). In particular, systemic CD4" T cells are involved in maintaining physiological BDNF
levels in the brain and contribute to the neurogenic microenvironment without actually
infiltrating the healthy brain (Wolf et al., 2009).
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Naive CD4* T cells do not normally penetrate the CNS because they lack expression of
appropriate adhesion molecules and chemokine receptors. Once activated, T cells can enter
the CNS but with regional preferences depending on the receptors expressed (Liblau et al.,
2013). Infiltration of activated T cells into the CNS has been shown to contribute to the
chronic inflammatory status observed in AD patients (Sardi et al., 2011). In addition, loss of
integrity of the blood brain barrier associated with ageing and AD development facilitates T
cell migration into the hippocampus (Montagne et al., 2015), a region severely affected in
AD.

In ageing, there is a decrease in the naive T cell population and an equivalent increase in
activated T cells, which is even more striking in AD patients (McManus and Heneka, 2017).
CD4* T cells are significantly increased in the peripheral blood of AD patients, consistent with
upregulated expression of inflammatory cytokines such as IL-2 and IL-6 (Becher, Bechmann
and Greter, 2006; Wolf et al., 2009). In terms of T cell subtypes, there is evidence for Treg
and Thl7 cell relevance in AD development: elimination of Tregs accelerated cognitive
impairment in an AD mouse model, and amplification of the Treg population restored the
cognitive functions in these mice (Dansokho et al., 2016); Thl7 cells have been shown to
infiltrate into AD brain (Ahuja et al., 2017), participate in neuroinflammation and
neurodegeneration by releasing proinflammatory cytokines and by direct action on neurons
via apoptosis (Zhang et al., 2013); Th17 differentiation factors are upregulated in AD patients
(Saresella et al., 2011) and animal models (Zhang et al., 2015). Zhang and colleagues also
observed decreased expression of Treg differentiation factors and cytokines, indicating a
Th17/Treg imbalance in the brain of AD rats.

1.3.5. Biology of Treg and Th17 cells

CD4* T cells represent an important arm of the adaptive immune response and upon
activation differentiate into a variety of subsets including Treg and Thl7 cells. Treg cells are
essential in the maintenance of immune tolerance to self and foreign antigens. After
clearance of pathogens, Tregs downregulate the immune response, thereby protecting
against autoimmune disease (Sakaguchi et al., 2006). Their main effector cytokines include
IL10 and TGF-B. IL10 is a potent inhibitory cytokine, with the ability to suppress the
proinflammatory response and thus limit tissue damage (Couper, Blount and Riley, 2008).

Thl7 cells are responsible for immune response against bacteria and fungi and are also
involved in the pathogenesis of autoimmunef/inflammatory diseases (Tabarkiewicz et al.,
2015). The key effector cytokines include IL17A, IL17F, and IL22. IL17A and IL17F lead to
the induction of proinflammatory cytokines and proinflammatory chemokines, ensuring the
chemotaxis of inflammatory cells to sites of inflammation (Moseley et al., 2003). IL22 is
known to mediate both inflammatory response and exhibit tissue protective properties (Rutz,
Eidenschenk and Ouyang, 2013).

Figure 2 showcases the interconnection between the two T cell subsets, with both Th17 and
Treg cells requiring TGF-B for differentiation. Naive CD4* T cells initially exposed to TGF-
co-express RORyt and FoxP3. From there, the TGF-B levels and cytokine microenvironment
determine which subtypes the activated CD4* T cells differentiate into: high concentration of
TGF-B promotes Treg differentiation through FoxP3 induction, whereas low concentration of
TGF-B and the presence of pro-inflammatory cytokines favours Thl17 differentiation by
upregulating RORyt expression (Zhou et al., 2008).
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Figure 2. Interdependence and plasticity of Treg and Th17 differentiation (Diller et al. 2016).

1.3.6. MAP2K5 in T cell differentiation

The MAP2K5-ERK5 pathway has been shown to play a role in normal cell growth cycles,
survival and differentiation (Drew, Burow and Beckman, 2012). During T cell development,
TCR/CD3 stimulation activates the MAP2K5-ERKS5 pathway and helps to regulate negative
selection (Sohn, Lewis and Winoto, 2008). In peripheral primary murine T cells, silencing of
the downstream target of MAP2K5, ERKS5, enhances their activation (Sohn et al., 2005).
ERKS plays a selective role in T-cell activation by targeting IL-2 transcriptional induction
(Garaude et al., 2005). Expression of a dominant-negative form of MAP2K5 in T cells leads
to downregulation of LKLF, increased cell size and upregulation of activation markers such
as CD25. The requirement for ERK5 in the induction of LKLF in T cells points to an important
role of ERKS5 inthe regulation of T-cell activation and long-term survival (Sohn et al., 2005).
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1.4. Objectives

In this study we introduce a framework for dissecting the function of non-coding genetic
variants in the context of pleiotropy, enabling the understanding of the biological mechanisms
connecting causal SNPs to traits and diseases. We tested this framework in two examples of
pleiotropy: 1. BMD and metabolic traits; 2. AD and T2D.

The first part of this study dissects the pleiotropy of metabolic traits and BMD mediated by an
ADCY5 intronic causal variant affecting adipocyte and osteoblast metabolism and its
relevance for bone mineral density and T2D.

The second part of this study explores the pleiotropy between T2D and AD mediated by the
MAP2KS5 locus and its effect on CD4* T cell differentiation, particularly in Treg and Th17 cell
differentiation. We hypothesize that genetic variants at the MAP2KS5 locus affect MAP2K5
expression, thereby favouring CD4* T cell differentiation towards the Th17 phenotype and
contributing to the pro-inflammatory environment that promotes the development of T2D and
AD.
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2 Materials

2.1 Cell culture media

Table 1. Buffers for primary human cell isolation

Buffer

Composition

MACS buffer

PBS

0.5% BSA
2mM EDTA
pH 7.2

4% Krebs Ringer Phosphate buffer (KRP)

126.7 mM NaCl

5.07 mM KCI

1.358 mM CaCl,.2H.0
1.267 mM MgS0O,4.7H>0
12.3 mM NaH2PO4.H20
0.1% BSA,pH 7.4

KRP buffer with BSA and collagenase

4 % BSA, 50 U/ml Collagenase, pH 7.4

Table 2. T cell culture media

Medium

Composition

T cell basal medium (T cell-BM)

Gibco™ RPMI 1640
10% FCS
1% P/S

T cell expansion medium

T cell-BM

2ng/ul anti-CD3 (coated)
2 pg/ml anti-CD28

10 IU/ml IL-2

T cell Treg differentiation medium
(Treg-DM)

T cell-BM

5 pg/ml anti-CD3 (coated)
1 pg/ml anti-CD28

5 ng/ml TGFB1

5 ng/ml IL-2

T cell Th17 differentiation medium
(Th17-DM)

T cell-BM

5 pg/ml anti-CD3 (coated)
1 pg/ml anti-CD28

2.5 pg/ml anti-IL4

1 pg/ml anti-IFNy

2.25 ng/ml TGF{31

30 ng/ml IL-6

20 ng/ml IL-1B

30 ng/ml IL-23

Table 3. Adipocyte and preadipocyte culture media

Medium

Composition per 100 ml

Adipocyte basal medium (AC-BM)

99 m| DMEM/F-12
1 mlP/S
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Preadipocyte basal medium (PAC-BM)

98 ml DMEM/F-12

1 mlP/S

1 ml B/P (B/P = 0.8 mg/ml Biotin and 0.4
mg/ml Pantothenate in DMEM/F-12)

Preadipocyte proliferation medium (PAC-PM)

97.1 ml PAC-BM

25 mlFCS

7.7 ul Insulin 1.722 mM
200 pl EGF 5 pg/ml
200 pl FGF 0.5 pg/ml

Preadipocyte induction medium (PAC-IM)

98.6 ml PAC-DM

50 pl Rosiglitazone
100 pl Dexamethasone
1250 pl IBMX

Preadipocyte differentiation medium (PAC-DM)

98.8 ml PAC-BM

50 pl Insulin 1.722 mM

50 ul T3 2 uM

100 pl Cortisol 100 pM
1000 pl Transferrin 1 mg/ml

Osteogenic differentiation medium (PAC-OM)

87 ml aMEM

10 mI FCS

1 mIP/S

1 ml B-GP 1M stock
1 mIHC 40uM stock

Table 4. SH-SYS5Y cell line culture media

Medium

Composition

Proliferation medium

DMEM F12

10% FCS

1% P/S

2mM L-glutamine

Differentiation medium 1 (day O - 3)

DMEM-F12

2mM L-glutamine
1% P/S

10 uM RA

Differentiation medium 2 (day 3 - 6)

Neurobasal medium
B27 supplement
1% P/S

2mM L-glutamine
50 ng/m|I BDNF

Table 5. Nuclear extract preparation buffers

Buffer A Final conc. [mM] Buffer C Final conc. [mM]
HEPES 10 HEPES 20

KCL 10 NaCl 400

EDTA 0.1 EDTA 1

EGTA (freezer 1) 0.1 EGTA (freezer 1) 1

PMSF 0.5 glycerol 20%
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DTT 1
protease inhibitor 1 tablet/ml
phosphatase inhibitor 1 tablet/ml

PMSF 1
DTT 1
protease inhibitor 1 tablet/ml
phosphatase inhibitor 1 tablet/ml

Table 6. EMSA buffers and gel

TBE 5x Gel 5.3%

1x

TBE 5x

H20

86% v/v Glycerol
10% APS

54 g Tris Base

27.5 g boronic acid

20 ml EDTA 0.5M pH 8.0
Ad 1 L water and adjust
final pH to 8.3

TEMED

37.5:1 acrylamide/bisacrylamide (40% wi/v)

5ml
35.6 ml
1.45 ml
375 ul

25 ul
6.5ml

5X Gel Binding Buffer

10X Loading Buffer

Final concentration

20% v/v glycerol

5 mM MgCI2

2.5 mM EDTA

25mM DTT

250 mM NacCl

50 mM TrisHCI pH 7,5

0.25 mg/ml poly(dI-dC):poly(dI-dC)

Final concentration
250 mM TrisHCIpH 7,5
0.2% OrangeG

40% vlv glycerol

2.2 Chemicals and Consumables

Table 7. Chemicals

Product

Supplier

BCIP/NBT tablets (SigmaFast™ BCIP-NBT)

Sigma-Aldrich, Germany

Biocoll

Biochrom, Germany

Biotin

Carl Roth, Germany

BSA

Sigma-Aldrich, Germany

Calcium chloride 298% dried power

Carl Roth, Germany

CD14 MicroBeads, human

Miltenyi Biotec

CD28 Monoclonal Antibody (CD28.2),
Grade

Functional

ThermoFisher Scientific, Germany

CD3 Monoclonal Antibody (OKT3), Functional Grade

ThermoFisher Scientific, Germany

CD4 MicroBeads, human

Miltenyi Biotec

Collagenase Biochrom, Germany

Cortisol Sigma-Aldrich, Germany
Dexamethasone Sigma-Aldrich, Germany
DMEM/F-12 ThermoFisher Scientific, Germany
DMSO Carl Roth, Germany

DNase | QIAGEN, Germany

EDTA Merck, Germany
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EGF Bio-Techne, USA
Ethanol (99%) CLN, Germany

FCS Sigma-Aldrich, Germany
FGF Bio-Techne, USA

Gibco™ optiMEM

ThermoFisher Scientific, Germany

Gibco™ RPMI 1640 Medium

ThermoFisher Scientific, Germany

HEPES

Sigma-Aldrich, Germany

Hydrocortisone 21-hemisuccinate sodium salt

Sigma-Aldrich, Germany

IBMX (3-isobutyl-1-methylxanthine)

Sigma, Germany

IFN gamma Monoclonal Antibody (NIB42), Functional
Grade

ThermoFisher Scientific, Germany

IL1B Recombinant Human Protein

ThermoFisher Scientific, Germany

IL2 Recombinant Human Protein

ThermoFisher Scientific, Germany

IL23 Recombinant Human Protein

ThermoFisher Scientific, Germany

IL-4 Monoclonal Antibody (MP4-25D2), Functional | ThermoFisher Scientific, Germany
Grade

IL6 Recombinant Human Protein ThermoFisher Scientific, Germany
Insulin human Sigma, Germany

Isopropanol J.T. Baker, USA

Magnesium chloride (MgCl,) Carl Roth, Germany

Nuclease free water Carl Roth, Germany

Pantothenate Sigma, Germany

PBS without Ca?* and Mg?* Biochrom, Germany

Penicillin/ Streptomycin (P/S) Sigma-Aldrich, Germany
Potassium chloride (KCI) Carl Roth, Germany

Rosiglitazone Cayman Chemical, USA

Sodium chloride (NaCl) Carl Roth, Germany

Sodium dihydrogen phosphate monohydrate | Merck, Germany

(NaH2PO4'H20)

3-mercaptoethanol

Sigma-Aldrich, Germany

SYBR green master mix

ThermoFisher Scientific, Germany

TGFB1 Recombinant Human Protein

ThermoFisher Scientific, Germany

Transferrin

Sigma-Aldrich, Germany

Triiodo-L-Thyronine (T3)

Sigma-Aldrich, Germany

Trypsin-EDTA solution

Sigma-Aldrich, Germany

Table 8. Consumables

Product Distributor
24-well cell culture plates (suspension cells) Greiner Bio-One, Austria
6-well cell culture plates (adherent cells) Corning, USA

6-well cell culture plates (suspension cells)

Greiner Bio-One, Austria

Corning® Costar® Snapwell cell culture inserts

Sigma-Aldrich, Germany

Filters (0.22 um)

Millipore, Eschborn

MS Columns

Miltenyi Biotec

Nylon mesh 200 pm

VWR, USA

Nylon mesh 2000 pum

VWR, USA
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Octo MACS Separator Starter Kit

Miltenyi Biotec

Pasteur pipettes

Brand, Wertheim

PCR 96-well plates

4titude, UK

PCR tubes (200 pl)

4titude, UK

Pipette tips (0.1 — 1000 pl) (Tip One Filter Tips)

Sarstedt, Germany

Safelock micro test tubes (1.5 mland 2 ml)

Eppendorf, Hamburg

Serological pipettes (5 ml, 10 ml, 25 ml, 50 ml)

Greiner Bio-One, Austria

T25 flasks (suspension cells)

Greiner Bio-One, Austria

Test tubes (15 ml and 50 ml)

Greiner Bio-One, Austria
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3 Methods

3.1 Bivariate GWAS analysis

3.1.1 Cross-phenotype association analysis (CPASSOC)

CPASSOC combines GWAS summary statistics to search for variants that contribute to
multiple traits (Zhu et al., 2015). We used summary statistics from a large FNBMD GWAS
study performed by the GEFOS Consortium (Estrada et al., 2012); n(FNBMD) = 32,961 and
n(LSBMD) = 31,800, and from large GWAS studies from the MAGIC GWAS Consortium
(Dupuis et al.,, 2010; Alisa K. Manning et al., 2012); glycemic trait sample n(FASTING
GLUCOSE) = 46,186, n(FASTING INSULIN) = 38,238, n(HOMAIR) = 37,037, n(HOMAB) =
36,466. We reported potential pleiotropic SNPs based on a suggestive significance level of
(1) P < 5x10° from the bivariate GWAS analyses; (2) the bivariate p-value divided by the
univariate p-value is less than 0.05; and (3) univariate P < 0.05 for both phenotypes.

3.1.2 Multi-Trait Analysis of GWAS (MTAG)

MTAG is a method used for combined analysis of GWAS summary statistics from different
traits in a flexible framework which takes into account the genetic correlation of the traits and
potential sample overlap (Turley et al., 2017).

3.1.3 elLX

Bivariate GWAS analysis was performed using the empirical-weighted linear-combined test
statistics method (eLC) implemented in the eLX package using summary statistics from
univariate GWAS meta-analyses (Chen and Hsu, 2017). The eLC directly combines
correlated test statistics (or p-values) obtained from variant-phenotype association or GWAS
analyses with a weighted sum of univariate test statistics. eLC maximizes the overall
association signals by accounting for the correlation between phenotypes.

3.1.4 Chromatin state segmentation and visualization

Chromatin state segmentations were obtained from the Roadmap Epigenomics Project
(Claussnitzer et al., 2014; Roadmap Epigenomics Consortium et al., 2015) and visualized in
the WashU Epigenome Browser (Zhou et al., 2011). Specifically, imputed chromatin state
calls from a 25-state model based on imputed datasets from 12 chromatin marks were used
(Ernst and Kellis, 2012). Split panels were constructed using the epigenome browser’s
JSON-based configuration system. Shown are chromatin state calls across all epigenomes,
as well as putative regulatory region delineations from the Roadmap Epigenomics Project.

3.1.5 Hi-C data processing and visualization

Hi-C data from human H1-hESC derived MSC cultured cells (Dixon et al., 2015) were
downloaded from SRA (SRR1030739-SRR1030744) and reprocessed at 10kb resolution.
Experiments from the ENCODE (DHS-seq and CTCF ChIP-seq) and Roadmap (chromatin
state) projects were visualized using the WashU Epigenome Gateway (Zhou et al. 2011;
interactive session 2apalclénH).

3.1.6 Phylogenetic Module Complexity Analysis (PMCA)

The PMCA method described in (Claussnitzer et al., 2014) analyses evolutionary
conservation of cis-regulatory modules across related species to predict the causal variant
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associated with a trait or disease. This method was used with several modifications: multi-
way MULTIZ alignment to hg38 at UCSC (Blanchette et al., 2004) was used to define
orthologous regions in 20 vertebrate species. Each region’s sequence was extracted and
aligned to each other using CLUSTALW. Transcription factor positions were selected based
on matches of the given motifs to the hg38 sequence. 972 position weight matrices from the
Catalog of Inferred Sequences of Binding Preferences (CIS-BP) were grouped in 192 motif
matrix families using TomTom (Maurano et al., 2015), and families were further overlapped
by motif name to create a many-to-many mapping where individual TFs had multiple motifs
annotated. MOODS (Korhonen et al., 2009) was used to scan 120bp variant-flanking regions
of the human reference genome (variant at mid-position) and its orthologous regions for
cross-species conserved groups of transcription factor binding site motifs, so called groups of
transcription factor binding site motifs, or motif modules. A module is defined as a set of
binding site motifs, whose order and distance range is conserved across species.
Enrichments of motifs in conserved modules are computed using 10,000 permutations of
orthologous sets. The PMCA method counts instances of conserved motifs within conserved
modules within the 120bp sequence context of a given variant. The scores have a minimum
of 0 (no conserved motif modules), with scores indicating the count of non-overlapping jointly
conserved transcription factor binding site motifs whose relative positions within the window
are conserved.

3.1.7 Basset CNN

To identify the regulatory elements surrounding rs56371916, the Basset CNN model (Kelley,
Snoek and Rinn, 2016) was used to analyse the effect of altering each base within a 20bp
window centered on the SNP. The Basset method predicts the change in accessibility
resulting from mutation at every position to each alternative nucleotide, which highlights the
individual nucleotides most critical to a sequence’s activity. In silico mutagenesis produces
heatmaps that display the change in predicted accessibility for any of the four possible
nucleotides. The loss score measures the largest possible decrease while the gain score
measures the largest possible increase for mutation to any other non-reference nucleotide at
a given position.

3.2 Study information T cell samples

3.2.1 Ethics statement

The study protocol was reviewed and approved by the ethics committee of the Faculty of
Medicine of the Technical University of Munich (#5499/12). The study was registered in the
German Clinical Trial Register (DRKS00014182). Written informed content was obtained
from all participants before study inclusion. The study was conducted under the guidelines of
the International Conference on Harmonization of Good Clinical Practice and the declaration
of Helsinki (in the revised version of Seoul, South Korea 2008).

3.2.2 Study design

The human explorative study was an uncontrolled, single-arm monocentre study. The study
centre was in Freising-Weihenstephan, Germany. The study included an appointment of
approximately 30 minutes. The subjects were instructed to abstain from caffeine and sports

25



24 hours before the appointment and to fast during the 12 hours prior to the blood collection
(no food consumption, water was allowed). On the morning of the appointment the subjects
came fasted to the study centre. There, approximately 50 ml of blood was drawn. In addition,
height, waist circumference and body composition were determined according to SOPs
(Annex 1).

3.2.3 Study population

Seventeen male participants aged 18 to 40 years with a BMI between 18.5 and 30 kg/m2
were recruited via flyers at the TUM campus Weihenstephan in Freising, Germany. The
participant’s eligibility was assessed with a detailed screening questionnaire (Annex 1.3).
Volunteers were assigned to the study only after checking the inclusion and exclusion criteria
(Table 9), after being informed of the purpose and possible risks of protocols, and after giving
written informed consent (Annex 1.4 and 1.5). The average characteristics of the study
population are summarized in Table 10.

Table 9. Inclusion and exclusion criteria for the study

Inclusion criteria Exclusion criteria

Healthy male Type 1 and 2 Diabetes

Age between 18 and 40 years Smoking

BMI between 18,5 und 30 kg/m? Cardiovascular disease

Non-smoker Chronic and serious diseases (such as cancer)

Written informed consent Blood transfusion in the previous 3 months
Antibiotic use in the previous 6 months

Table 10. Characterization of the study population

Parameter Average SD
Age (years) 26.2 3.9
BMI (kg/m?) 22.6 2.2
Waist circumference (cm) 82.7 6.6
Fasting glucose (mg/dL) 94.1 6.3
% CD4* T cells 19.8 4.9

3.2.4 Anthropometric measurements

All anthropometric and clinical measurements were performed in a standardized manner
between 9 and 10 am in the morning following an overnight fast. Body height (cm) was
measured using a stadiometer (Seca, Hamburg, Germany). Body weight and body
composition were measured using the Seca mBCA 515 from seca® (Hamburg, Germany).
The measurements were performed barefoot, without outdoor clothing and with an empty
bladder. BMI was calculated by dividing weight in kg by height in meter squared (kg/m2).
Waist was measured with a soft tape midway between the lowest rib and the iliac crest. Hip
circumference was measured at the widest part of the gluteal region.

3.2.5 Dataand sample collection

All data and samples were pseudonymized with 3 digit code. For confidential reasons the
subject identification list was kept in the study centre in a locked cupboard. The data was
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documented in a pseudonymized manner in Case Report Forms (CRF) (Annex 1.6) and
analyzed using in MS Office Excel (version 2016).

3.3 Cohort information of adipose tissue samples

Cohort 1: primary AMSC, n=41 (TT: 23, CT: 18) (Technical University Munich and University
Hohenheim, Germany)

Cohort 2: subcutaneous adipose tissue, n=30 and AMSC n=24 (not genotyped, University
Bergen, Norway)

Cohort 3: subcutaneous adipose tissue, n=12 (TT: 8, CT: 1, CC: 2, NA: 1) (University
Bergen, Norway)

Cohort 4 (subcohort of Cohort 1): primary AMSC, n=8 (TT: 4, CT: 4) (Technical University
Munich and University Hohenheim, Germany)

Cohort 5: adipose tissue, n=237 obese and n=85 non-obese (not genotyped), pairwise
subcutaneous and visceral samples (University Bergen, Norway)

3.4 Cell culture

3.4.1 Isolation of human primary CD4* T cells

Three sequential protocols were performed for the isolation of primary CD4* T cells from
freshly collected human blood. Peripheral Blood Mononuclear Cells (PBMCs) were initially
separated from the other major blood components (plasma and erythrocytes) by gradient
centrifugation. Secondly, CD4-weakly expressing CD14* cells were depleted from the PBMC
cell fraction using magnetic columns and CD14" antigen coated MicroBeads. Lastly, CD4" T
cells were positively selected using CD4* antigen-coated MicroBeads and magnetic columns.
The cells in the final eluent were counted with the Invitrogen Countess automatic counting
chamber and plated in 12- or 24-well plates, adequate for suspension cell culture
(Suspension 12/24 well culture plates, Cellstar®, Greiner bio-one).

3.4.1.1 Peripheral Blood Mononuclear Cell (PMBC) isolation

Blood was drawn from volunteers into 9-ml Heparin monovettes by a medical doctor in the
Human Study Unit. The donors were healthy, aged between 18 and 40 years and were
asked to fast for a minimum of 12 hours prior to blood collection and extraction. All
procedures had passed ethical scrutiny and the donors gave full written consent for the use
of their blood samples. Between 6 and 8 samples of 9-ml Heparin blood monovettes were
harvested, this total volume of blood being within the established limits which would neither
interfere in the volunteers’ normal blood cell production and turnover nor make them feel
weak or indisposed after the withdrawal.

Following blood draw the 9-ml Heparin blood monovettes were shaken gently to ensure
proper mixture of the blood with the heparin beads and prevent blood coagulation. All
subsequent steps were carried out under a sterile bench in a Biosafety Laboratory 2 (BSL-2).
Blood from one monovette was diluted with an equal volume of sterile Dulbecco’s-PBS
without Ca?* or Mg?* warmed at room temperature (RT). The PBS used was depleted of Ca?*
and Mg?" as these two ions facilitate cell binding and clumping. The separation of the
different blood components was achieved using a density gradient medium (Biocoll
separating solution, Biochrome, density 1.077 g/ml) that promotes differential migration of
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blood cells through the medium during centrifugation. The diluted blood (16 ml) was carefully
layered on top of 16 ml of Biocoll in a 50-ml Falcon tube and centrifuged at 400 g for 25
minutes, with acceleration set to 1 (minimum) - to promote slow cell migration and formation
of the PBMC ring - and brake switched off - to avoid pellet formation at the bottom of the
tube. After centrifugation the blood components were separated into 4 layers: the bottom
layer was made up of the heaviest cells, erythrocytes, followed by granulocytes, the layer of
Biocoll, the white ring of PBMCs at the interphase between the Biocoll and the plasma, which
was the top layer. The cloudy white PBMC ring was carefully recovered with a plastic
Pasteur pipette. The lymphocytes from two tubes were pooled into one 50-ml Falcon tube
and washed with sterile PBS at RT, adding enough to reach the 50-ml mark. The tubes were
centrifuged at 300 g for 10 minutes with acceleration 5 and brake 9 to promote pellet
formation at the bottom of the tube. Afterwards, the supernatant was discarded and the pellet
resuspended thoroughly in 10 ml of sterile PBS. At this point the PBMC vyield was calculated
by mixing a 15-pl aliquot of the cell solution with 15 pl of Trypan Blue and counted with an
Invitrogen Countess automatic counter.

3.4.1.2 Depletion of CD14" cells

Enrichment of the PBMC cell suspension in CD4* T cells was achieved using magnetic
activated cells sorting (MACS). MACS® Separation columns, CD14" MicroBeads and a
MACS Separator magnet from Miltenyi Biotec were used for the depletion of CD14* cells.
This step was performed to exclude CD4"°% CD14* monocytes and guarantee a higher purity
of our final CD4" T cell population.

The PBMC cell suspension was first labelled with CD14* antigen coated magnetic
MicroBeads. For this, the cell suspension was centrifuged at 300 g, acceleration 5 and brake
9, for 10 minutes. The supernatant was discarded and the pellet was resuspended in 80 pl of
ice-cold MACS buffer and 20 pl of CD14* MicroBeads per 10° cells was added to label the
CD14" cells. The tubes were incubated in the dark (the microbeads are light sensitive) at 4
°C for 15 minutes. After the incubation period, the cells were washed with 1 ml of cold MACS
buffer per 10° cells and centrifuged at 300 g, acceleration 5 and brake 9, for 10 minutes to
remove excess microbeads. During this centrifugation step, MACS® Separation columns
were placed in the MACS Separator magnet and prepared by adding 500 pl of cold MACS
buffer. The number of columns used was adjusted based on a single column capacity of 10°
cells and the initial PBMC count. The pellet was resuspended in 500 pl of cold MACS buffer
per column and the total volume was loaded onto the MACS® Columns. The magnetically
labelled CD14" cells were retained within the column while the unlabeled cells ran through
and were collected in 50-ml Falcon tubes. The columns were washed three times with 500 pl
of cold MACS buffer. Once all the buffer had run through, the columns were discarded and
the negative fraction, depleted of CD14" cells and containing the unlabeled cells of interest,
was kept for further enrichment.

3.4.1.3 Positive selection of CD4" T cells

The cell fraction resulting from the CD14* cell depletion protocol was centrifuged at 300 g,
acceleration 5 and brake 9, for 10 minutes. The supernatant was discarded and the pellet
was resuspended in 160 pl of ice-cold MACS buffer and 40 pl of CD4* MicroBeads per 10°
cells to magnetically label CD4* cells. The tubes were incubated in the dark at 4 °C for 15
minutes. Afterwards the cells were washed with 2 ml of cold MACS buffer per column and
centrifuged at 300 g, acceleration 5 and brake 9, for 10 minutes to remove the excess
microbeads. During this centrifugation step, new columns were set up in the MACS
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Separator magnet and prepared by washing with 500 pl of cold MACS buffer per column.
The pellet resulting from the centrifugation was resuspended in 500 pl of cold MACS buffer
per column and loaded onto the MACS® Columns. The CD4* labelled cells were retained
within the columns while the unlabeled cells flowed through and were collected in 50-ml
Falcon tubes. The columns were washed three times with 500 ul cold MACS buffer per
column. Once all the buffer had run through, the columns were removed from the magnet
and the retained CD4" cells were expelled from the columns by adding 1 ml of MACS buffer
and gently applying pressure with the plunger provided. Finally, the positively selected CD4*
T cell yield was calculated by taking 15 pl of the expelled cell fraction mixed with 15 pl of
Trypan Blue for cell counting using the Invitrogen Countess automatic counter.

3.4.2 Expansion and differentiation of naive CD4" T cells to Treg and Th17
phenotypes

In order to activate and expand the cell population, CD4* T cells were incubated in plates
coated with anti-CD3 and soluble anti-CD28 to promote T cell activation, and IL-2 to prevent
cell clumping and improve cell survival. Suspension 24- or 12-well culture plates were coated
with 200 ul/well of 2.5 pg/ml anti-CD3 solution in PBS. The plates were incubated at 37 °C
for two hours, wrapped in Parafilm to avoid evaporation. Afterwards, the anti-CD3 solution
was removed and the wells were washed with 500 pl of warm PBS. Cell suspension resulting
from the CD4" T cell isolation protocol was centrifuged at 200 g, acceleration 5 and brake 9,
for 10 minutes to remove the elution buffer. The supernatant was discarded and the pellet
was resuspended in basal medium (RPMI 1640 medium supplemented with 10% FCS and
1% P/S) with 2.5 pg/ml anti-CD28 and 10 IU/ml IL-2. Cells were plated at a density of
1x10%/mlin 500 pl in a 24-well plate or 1 mlin a 12-well plate. Cells were kept in expansion
medium for 3-7 days until the desired cell number was achieved.

Differentiation protocols for the specific phenotypes of interest were optimized based on the
scientific literature. The appropriate differentiation medium to promote cell differentiation into
Treg and Thl7 phenotypes is described in Table 2. Basal medium containing only anti-CD3
and anti-CD28 stimulation factors, which induces unspecific differentiation, was used as
comparison to check for enrichment of Treg and Thl7 populations with the specific
differentiation media. Cells were incubated at 37 °C, 5% CO, and differentiated for 7 days.
For Treg differentiation fresh medium was added on day 3 of differentiation; Th17 cells were
left untouched for 7 days.

3.4.3 Transfection of CD4" T cells

An initial test was performed using chemical transfection. Cells were plated at 200.000 cells
per well and incubated with 100 nM ON-Target plus Human MAP2K5 siRNA SMART pool
from Dharmacon in the presence of HiPerFect Transfection Reagent from QIAGEN and Opti-
MEM. Knock down efficiency was assessed after 48 hours incubation by qgPCR.
Electroporation was also tested for siRNA delivery. Transfection of CD4+ T cells was tested
using Amaxa® Human T Cell Nucleofector® Kit and Nucleofector™ 2b Device from Lonza.
CD4+ T cells were transfected after isolation using program U-014 and following the
manufacturer instructions. Cells were rested for 5 hours before transfer to differentiation
media. Knock down efficiency was assessed after 48 hours incubation by gPCR.

Finally, loss of function experiments were performed using Accell™ siRNA technology from
Dharmacon. Self-delivering siRNA was reconstituted using 1x siRNA resuspension buffer
from Dharmacon under sterile conditions to make a 100 uM stock solution. T cells were
harvested after 2 days in expansion medium (Table 2) and resuspended in Accell siRNA
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delivery medium at a final concentration of 1x10° cells/ml. The cells were plated in 24-well
plates in Accell siRNA delivery media and siRNA was added to a final concentration of 1 uM
per well (500 pl) in triplicates. The plate was then incubated for 72 hours at 37 °C, 5% CO..

3.4.4 Differentiation of SH-SY5Y

The neuronal cell line SH-SY5Y is a subclone of the parental SK-N-SH cell line originally
isolated from the neuroblastoma of a 4-year old female. It has been used as a model for
human neuronal systems due to its proliferation capacity and ability to differentiate into
neuronal-like cells. The cell line was purchased from the European Collection of
Authenticated Cell Cultures (ECACC catalogue no. 94030304). It was maintained in culture
in proliferation medium and differentiated using retinoic acid and BDNF (Table 4).
Experiments were performed below passage 20 to prevent loss of neuronal characteristics.

3.4.5 Isolation of primary human preadipocytes from liposuction material

Human liposuction material was collected from a collaborating private plastic surgery clinic
Medaesthetic Privatklinik Hoffmann & Hoffmann in Munich, Germany. Patient profiles varied,
but the majority were aged less than 50 and with a BMI under 30 kg/m2. Harvested
subcutaneous liposuction material was used for isolation of preadipocytes. Krebs-Ringer
Phosphate (KRP) buffer was prepared containing 200 U/ml of collagenase and 4 % heat
shock fraction BSA and sterilized by filtration using a Bottle-Top Filter 0.22 pM. After
reaching RT, 12.5 ml of liposuction material was aliquoted into sterile 50-ml tubes with plug
seal caps. The tubes were filled to 47.5 ml with warm KRP-BSA-collagenase buffer and the
caps were securely tightened and wrapped in Parafilm to avoid leakage. The tubes were
incubated in a shaking water bath for 30 minutes at 37 °C with strong shaking. After 30
minutes, the oil on top was discarded and the supernatant was initially filtered through a
2000-um nylon mesh. The supernatant of all tubes was combined after filtration and
centrifuged at 200 g for 10 minutes. The supernatant was discarded and each pellet was
resuspended with 3 ml of erythrocyte lysis buffer, then all the pellets were pulled in one tube
and incubated for 10 minutes at RT. The cell suspension was filtered through a 250 um filter
and then through 150 pm filter, followed by centrifugation at 200 g for 10 minutes. The
supernatant was discarded and the pellet containing preadipocytes was resuspended in an
appropriate amount of DMEM/F12 with 1% P/S and 10% FCS, seeded in T75 cell culture
flasks and stored in the incubator (37 °C, 5% COZ2). The next day the medium was changed
to PAC-PM (Table 3).

3.4.6 Preadipocyte differentiation into adipocytes

Once preadipocytes reached 100% confluency in T25 or T75 flasks they were split into 6-well
plates at a seeding density on 250 000 cells per plate in PAC-PM. Once they reached 100%
confluency, PAC-IM was prepared fresh and added to the preadipocytes to induce
differentiation. On day 3 after induction, the medium was changed to PAC-DM and replaced
twice a week.

3.4.7 Co-culture of T cells with differentiated PAC and SH-SY5Y

Preadipocytes and SH-SY5Y were plated in 6-well plates and differentiated for 10 and 7 days
respectively. T cells were then counted and the same number of T cells of each KD and
differentiation condition was added to each well of PAC and SH-SY5Y. Co-culture with T cell
supernatant was set up by equally distributing the volume of supernatant of each T cell
condition per well of PAC and SH-SY5Y.
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3.4.8 Preadipocyte differentiation into osteoblasts

Considering the common lineage of adipocytes and osteoblasts, we used PAC as
mesenchymal stem cells and induced their differentiation into osteoblasts using 3-glycerol
phosphate and hydrocortisone. PAC were seeded in 6-well cell culture plates and allowed to
grow in PAC-PM until 80% confluency. Osteogenic differentiation was then promoted by
changing the medium to PAC-OM containing hydrocortisone and 3-glycerophosphate (Table
3). Medium was replaced twice a week and cells were kept at 37 °C, 5% CO2.

3.4.9 Staining of differentiated adipocytes and osteoblasts

3.4.9.1 Oil Red-O staining

Lipid droplets are lipid-storage organelles predominantly present in differentiated adipocytes.
Oil Red O selectively stains neutral lipids, such as cholesteryl esters, triglycerides, and fatty
acids, in cultured differentiated adipocytes, serving as a good measurement for the degree of
differentiation. At day 10 of differentiation, the culture medium was removed and the
differentiated adipocytes were carefully washed with PBS. The cellular monolayer was then
covered with 3.7% Formaldehyde to fix the cells. After 1 hour, the formaldehyde was
removed and the cells were stained with Oil-Red-O (ORO) staining solution (0.3% Oil-Red-O
in 60 ml Isopropanol and 40 ml H;O, filtered before use) and left to incubate for 1 hour.
Afterwards, the ORO solution was removed and cells were washed twice and kept in PBS.
Differentiated adipocytes full with lipid droplets showed a strong red color. Quantification of
lipid accumulation was done by removing the PBS, adding 500 pl isopropanol and incubating
15 min at RT. Afterwards, 75 ul per well were transferred to a 96-well plate for measuring
absorbance at 492 nm using the Tecan Infinite® 200 Pro Nanoquant microplate reader.

3.4.9.2 Alkaline Phosphatase staining

Proliferating osteoblasts show alkaline phosphatase (AP) activity, which is greatly enhanced
during in vitro bone formation. AP activity is therefore a practical marker for osteoblast
differentiation. AP can easily be detected using the substrate 5-bromo-4-chloro-3-indolyl
phosphate (BCIP)/nitro blue tetrazolium (NBT), which stains cells blue-violet in the presence
of AP. At day 10 of differentiation, culture medium was removed and the cells were carefully
washed with PBS. The cellular monolayer was covered with neutral buffered formalin 10%
for 60 seconds, then washed with 0.05% Tween 20 in PBS without Ca?* or Mg?* (washing
buffer). Cells were incubated with BCIP/NBT substrate solution (1 tablet dissolved in 10 ml
distilled water) at RT in the dark for 5 to 10 minutes, checking the staining progress every 2
to 3 minutes. Afterwards, the substrate solution was removed, cells were washed with
washing buffer and finally kept in PBS. AP positive cells presented a dark blue-violet color,
whereas AP negative cells were colorless or faintly bluish.

3.4.9.3 Alizarin Red S staining

Osteoblasts can be induced to produce vast extracellular calcium deposits in vitro, a process
called mineralization. Calcium deposits are an indication of successful in vitro bone formation
and can specifically be stained bright orange-red using Alizarin Red S. For staining, the
Alizarin Red S staining solution was prepared by dissolving 2 g of Alizarin Red S in 100 ml
distilled water and adjusting the pH to 4.1-4.3 with 0.1% NH4OH. After filtration, the solution
was stored in the dark. At day 10 of differentiation, the culture medium was removed and
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cells were carefully washed with PBS without Ca?* or Mg?". The cellular monolayer was
covered with neutral buffered formalin 10% for at least 30 minutes, then washed with distilled
water and incubated with Alizarin Red S staining solution at room temperature in the dark for
45 minutes. Afterwards, the substrate solution was removed, cells were washed 4 times with
1 ml distilled water and finally kept in PBS. Undifferentiated cells, without extracellular
calcium deposits, were slightly reddish, whereas mineralized osteoblasts, with extracellular
calcium deposits, were bright orange-red.

3.4.10 Viability assay CCK-8

Viability of differentiated PAC and SH-SY5Y was assessed using the Cell Counting Kit-8 from
SIGMA. This assay is based on the reduction of the highly water-soluble tetrazolium salt
WST-8 to formazan, a yellow colored product which is soluble in tissue culture medium. The
amount of the formazan dye generated by the activity of cellular dehydrogenases is directly
proportional to the number of living cells. The detection sensitivity of CCK-8 is higher than
other tetrazolium salts. This assay was also selected due to the low toxicity of CCK-8, so that
after the assay the same cells could be used for other readouts.

The assay was performed by adding 10% of the total volume present in a well of CCK-8
solution and incubating for 4 hours at 37 °C. Afterwards, the absorbance at 450 nm and 650
nm (reference to account for turbidity in the medium) was measured using the Tecan
Infinite® 200 Pro Nanoquant microplate reader and the calculated difference was used for
analysis.

3.4.11 CRISPR/Cas9 genome editing

Plasmids: hCas9 and the gRNA cloning vector were purchased from Addgene (Plasmid ID
#41815 and #41824, respectively). Genomic DNA was amplified from one rs56371916 CC
allele carrier and one-TT allele carrier. Site-directed mutagenesis was performed using the
Q5 Site-Directed Mutagenesis Kit (New England Biolabs). The guide RNAs (gRNAs) were
designed using the CRISPR design online tool from the Zhang lab (http://crispr.mit.edu/). 2
guide RNAs were used: 5-TAGAGGTCTCACCCCACTCA-3, 5-
GAGGGGACACCTATTCCTAG-3'. For transfection, we co-transfected GFP- and hCas9- and
SgRNA expression vectors, and the pMACS plasmid 4.1 (Milteny) in human AMSCs using
the Amaxa-Nucleofector device (program T-030) (Lonza). We sorted cells using the
MACSelectTM Transfected Cell Selection cell sorting kit (Miltenyi). Sorted cells were cultured
for 3-5 days and clones propagated from single cell were picked out. Nucleotide exchange
was confirmed by Sanger sequencing and lack of random indels was confirmed by
sequencing the 1000 bp genomic DNA flanking the rs56371916 targeted site. We further
sequenced the top four predicted off-target sites, as computationally predicted by the
CRISPR design tool (crispr.mit.edu) and the CRISPR-OFF tool
(https://rth.dk/resources/crispr/crisproff/submit), and as such we have studied all predicted off
targets with a CRISPR-OFF score above 12 and predicted critical off targets based on the
CRISPR-off algorithm.

3.4.12 Lipolysis assay

Glycerol was measured in the medium after the 18-h incubation. Glycerol was measured
spectrophotometrically using a glycerol 3-phosphate oxidase trinder kit (Sigma). For
stimulated lipolysis measurements, 1 mmol/l isoproterenol (Sigma) was added for 1 h.
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3.4.13 Luciferase reporter assay

For the promoter construct, we cloned a 752 bp thymidine kinase (TK) promoter upstream of
the firefly luciferase gene into the EcoRV and Bglll sites of the pGL4.22 firefly luciferase
reporter vector (Promega). We then subcloned the following non-coding genomic regions
upstream of the TK promoter into the Kpnl and Sacl sites of the pGL4.22-TK vector in
forward orientations: (i) To assay haplotype enhancer activity we used 10 kb genomic
regions flanking rs56371916 synthesized as plasmid vectors (Life Technologies) for both the
ancestral and derived haplotype using HapMap individuals information; (i) To assay
rs56371916 allelic activity 1 kb genomic regions flanking rs56371916 carrying both alternate
alleles at rs56371916 were synthesized. We cloned genomic DNA segments upstream of the
TK promoter into the Kpnl and Sacl sites of the pGL4.22-TK vector in forward orientation. All
constructs were verified by Sanger sequencing of plasmids. We performed transfection in
different cell types as described below.

Human Huh?7 hepatoma, mouse C2C12 myoblasts, HT22 neuronal cells, Clonetics™ Normal
Human Articular Chondrocytes (NHACkn), and human K562 lymphoblastoid lymphoblastoid
cell lines were cultured in DMEM medium (supplemented with P/S and 10 % FBS). The
human pre-adipocyte SGBS (Simpson—Golabi-Behmel Syndrome) cell line was cultured as
previously described (Claussnitzer et al., 2014) in DMEM/F12 (1:1) medium (supplemented
with 10% FCS, 17 mM biotin, 33 mM pantothenic acid and 1% P/S). To promote adipose
differentiation of the SGBS cell line, cells were grown to confluence. For induction of
adipocyte differentiation cells were cultured in serum free MCDB-131/DMEM/F12 (1:2)
medium supplemented with 11 mM biotin, 22 mM pantothenic acid, 1% P/S, 10 mg/ml
human transferrin, 66 nM insulin, 100 nM cortisol, 1nM triiodothyronine, 20 nM
dexamethasone, 500 mM 3-isobutyl-1-methyl-xanthine (Serva, Germany) and 2 mM
rosiglitazone (Alexis, Germany). All cells were maintained at 37°C and 5% CO,. Huh7 cells
(96-well plate, 1.1 x 10%/ well) were transfected one day after plating with approximately 90%
confluence, K562 cells (12-well plate, 8 x 10*/ well) were transfected three days after plating
with approximately 90% confluence, SGBS adipocytes (12-well plate, 8 x 10 well) were
transfected at day eight after the induction of differentiation with approximately 80%
confluence and C2C12 cells (12-well plate, 2 x 10% well) were transfected at day four after
induction of differentiation with approximately 90% confluence. MC3T3 osteoblasts were
seeded (seeding density: 250,000 cells/well) in a 6-well plate. Cells were differentiated using
aMEMmedium supplemented with 10% FBS, 1% P/S, 50 pg/ml ascorbic acid, and 10 mM
beta-glycerophosphate. Huh7 were transfected with 0.5 mg of the respective firefly luciferase
reporter vector and 1 ml Lipofectamine 2000 transfection reagent (Invitrogen, Darmstadt,
Darmstadt, Germany), differentiated C2C12 myocytes were transfected with 1 mg of the
respective pGL4.22-TK construct and 2 ml Lipofectamine reagent, and both K562-cells and
differentiated SGBS adipocytes were transfected with 2 mg of the respective pGL4.22-TK
construct and 2 ml Lipofectamine reagent. The firefly luciferase constructs were co-
transfected with the ubiquitin promoter-driven Renilla luciferase reporter vector pRL-Ubi to
normalise the transfection efficiency. Twenty-four hours after transfection, the cells were
washed with PBS and lysed in 1x passive lysis buffer (Promega, Germany) on a rocking
plattorm for 30 minutes at room temperature. Firefly and Renilla luciferase activity were
measured (substrates D-luciferin and Coelenterazine from PJK, Germany) using a
Luminoscan Ascent microplate luminometer (Thermo) and a Sirius tube luminometer
(Berthold), respectively. The ratios of firefly luciferase expression to Renilla luciferase
expression were calculated and normalized to the TK promoter control vector, i.e. enhancer
activity. For overexpression ADCY5 cDNAs derived from SGBS total cDNA were inserted
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into the doxycycline-inducible Tet-On® Advanced Inducible Gene Expression System (BD
Biosciences, Clontech, San Diego, CA). P-values comparing luciferase expression from risk
and non-risk alleles were calculated using paired t-tests.

This assay was performed by Nasa Sinnott-Armstrong at the Broad Institute of MIT and
Harvard, Cambridge, MA 02142, USA.

3.5 Molecular biology

3.5.1 RNA isolation from human primary CD4" T cells

Cell harvest for RNA isolation was performed using the lysis buffer RTL provided with the
RNA isolation kit from QIAGEN, supplemented with 10% B-mercaptoethanol to ensure
complete RNase inhibition and RNA protection. CD4* T cells were harvested in 150 ul buffer
RLT and stored in 1.5 ml Eppendorf tubes at -80 °C until processing. PAC and SH-SY5Y
were harvested in 350 pl of RLT buffer. The RNA isolation was performed under an
extraction hood due to B-mercaptoethanol toxicity. This isolation method is based on the
principle of RNA solubility in water and insolubility in ethanol.

The 1.5 ml Eppendorf tubes were thawed on ice, then 150 pl of ice-cold 70% ethanol was
added to each sample and vortexed. The entire volume was transferred to RNeasy Mini spin
columns placed inside collection tubes and centrifuged for 30 seconds at 9000 g to promote
RNA binding to the membrane (flow through discarded). Several washing steps were
performed to remove any contaminants and ensure purity of the RNA. First 350 pl of RW1
buffer was added to the columns and centrifuged for 30 seconds at 9000 g (flow through
discarded). A DNase | solution was added and the columns were incubated for 15 minutes at
RT to digest the genomic DNA. Several washing steps and centrifugations followed with
different volumes of RW1 and RPE buffer following protocol steps provided by the company,
in order to eliminate any contaminants. After the various washes, 20 ul of RNase-free water
was added to each column, which were then incubated at 37 °C for 8 minutes to promote
RNA dissolution into water. The columns were centrifuged and the RNA eluate was
recovered from the bottom of the collection tube and reapplied on top of the column filter to
repeat the elution and achieve a higher RNA concentration. From this point onwards, the
samples were kept on ice to prevent RNA degradation and frozen at -80 °C overnight to
improve RNA stability and quantification measurements.

3.5.2 RNA quantification

The Tecan Infinite® 200 Pro Nanoquant device was used for quantification of nucleic acid in
small volumes of sample by absorbance measurements. RNase-free water was measured as
blank for quality control, then 1 pl of the samples was measured and calculations of the
nucleic acid content and purity using the 260/280 ratio were performed automatically by the
device’s software. The absorbance of nucleic acid samples was measured at 260 nm and, in
conjunction with a 280 nm reading, was used to estimate the relative purity of the sample.
For RNA, a pure sample would have a 260/280 ratio value of 2.0 - between 1.8 and 1.9 was
acceptable, but lower values indicate poor quality of the RNA due to contaminants, including
protein and other chemicals, or degradation.

3.5.3 cDNA synthesis

Reverse transcription of total RNA to single-stranded cDNA was achieved using the High
Capacity cDNA Reverse Transcription kit by Applied Biosystems, with a reaction size of 20 pl
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and a Thermal cycler. Following the manufacturer’s instructions, a 2x reverse master mix
was prepared and 10 pl was added to 10 ul of RNA solution (approx. 500 ng), mixed and
placed in a thermal cycler (Table 11). The synthesized cDNA solution was diluted 1:10 to a
final volume of 200 pl by adding 180 pl of RNase-free water.

Table 11. Thermal cycling conditions for cDNA synthesis

Temperature Time
Step 1 25°C 10 min
Step 2 37 °C 120 min
Step 3 85 °C 5 min
4°C hold

3.5.4 SYBR Green based quantitative PCR (qPCR)

Quantitative PCR analysis was performed using Maxima SYBR Green/ROX gPCR Master
Mix (2X) from Thermo Fisher and the Mastercycler ep Realplex thermal cycler by Eppendorf.
A master mix was prepared according to the manufacturer’s instructions (Table 12), mixing 8
ul of master mix with 2 pl of cDNA. The gPCR thermal profile applied is described in Table
13. The primers were designed using Primer-BLAST, an online tool from NCBI
(https://www.ncbi.nim.nih.gov/tools/primer-blast/). Annealing temperatures and sequences of
the primer pairs used are indicated in Table 14. RT-PCR data was analysed using the double
delta Ct (AACt) method, in which the Ct values obtained from different experimental RNA
samples were normalized directly to a housekeeping gene and then compared. This method
assumes that the amplification efficiencies of the gene of interest and the housekeeping
gene are close to 100%. First, the difference between the Ct values (ACt) of the gene of
interest and the housekeeping gene was calculated for each experimental sample. Then, the
difference in the ACt values between the experimental and control samples (AACt) was
calculated. The fold-change in expression of the gene of interest between the two samples is
thus equal to 27(-AACt). Relative mRNA expression was expressed as fold-change
expression over the average control gene expression taken as one. Fold-change values
were then log, transformed and plotted in a column graph using GraphPad Prism software.
GAPDH or RLP13A expression was used as a reference housekeeping gene for
normalization for PAC/SH-SY5Y or T cell marker detection respectively.

Table 12. Composition of SYBR Green gPCR master mix

Component Volume (ul) per reaction Final concentration
PCR grade H20 2.4

Maxima SYBR 2x 5.0 1x

Primer for (10 uM) 0.3 0.3 uM

Primer rev (10 uM) 0.3 0.3 uM

Total volume per reaction 8.0

Table 13. gPCR cycling conditions
Number of cycles Step Temperature Time
1 cycle Pre-denaturation 95°C 10 min
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40 cycles

Denaturation 95 °C

15 sec

Annealing

(Primer specific)

40 sec

1 cycle

Melting curve

65 °C-95 °C

(0.5 °C/step)

Table 14. Primer sequences and annealing temperatures

Target 2;?:) Forward Primer Reverse Primer
ACACA 60 ATGCTCCTGGAACGTCGAAAT CCAAAAAGACCTAGCCCTCAAGA
Adiponectin 61 GGTGAGAAGGGTGAGAAAGGA ACACTGAATGCTGAGCGGTA
AMPK 60 TCGGAGCCTTGATGTGGTAG TTCATCCAGCCTTCCATTCTT
APP2 60 AACGAAGGTTCTGGGTTGACA TGATGACGATCACTGTCGCT
CPT1 61 CCCCTCCAGTTGGCTTATCG CATGCAGTTGGCCGTTTCC
GAGAGCTGGTGCATGAAATGTG
FoxP3 62 CCTCCTCTTCTTCCTTGAACCCC G
GAPDH 60 GATCATCAGCAATGCCTCCTGC  ACAGTCTTCTGGGTGGCAGTGA
IL-10 60 GGCACCCAGTCTGAGAACAG GGCAACCCAGGTAACCCTTAAA
IL-17A 60 CAGGCACAAACTCATCCATCC GCAGTAGCAGTGACACCAATG
IL-17F 62 CCTGGAATTACACTGTCACTTGG TCTCTTGCTGGATGGGAACG
IL-22 62 CCACGGAGTCAGTATGAGTGAG ACATGTGCTTAGCCTGTTGC
ATCTGGATTCAATGAGGAGACTT
IL-6 60 G GCAGGAACTGGATCAGGACTT
Leptin 62 TCCAAGATGACACCAAAACCC ACGTGAAGAAGATCCCGGAG
LIPE 59 TCCTCATGGCTCAACTCCTT AAGTCCCTCAGGGTCAGGTT
MAP2 61 TTTCTGCGCCCAGATTTTATTGA GTTCGTTGTGTCGTGTTCTCA
MAP2K5 61 GTCACTCCCCTTGTCACCTCT AACCTGGCCTATCACATCCAGC
MAPT 61 TAGCAACGTCCAGTCCAGTG GGCCACCTCCTGGTTTATGAT
MCP-1 58 GCAATCAATGCCCCAGTC GGTGGTCCATGGAATCCTGA
MEF2A 62 GAACCGACAGGTCACTTTTACA TCCGAGTTGGTTCTGCTTTCA
mTOR 60 CGCGAACCTCAGGGCAAG TGACTCATCTCTCGGAGTTCCA
MYC 60 TTCCCCTACCCTCTCAACGA TTCTTGTTCCTCCTCAGAGTCG
NTF4 61 CTGACAGGTGCTCCGAGAGAT GGGAGAGAAGGTCCCACTCA
NTRK2 62 TGACGATGGTGCAAACCCAA AGACCGAGAGATGTTCCCGA
PLIN1 61 TTTCTGCCTGAGGAGACACTC CCATCCTCGCTCCTCAAGT
PLXND1 62 TATGGGAACAACATCCGCAC ACATCTCAACAGTCACGTGGT
PNPLA2 60 CCAATGTCTGCAGCGGTTTC GACAGATGTCACTCTCGCCC
GGGATCACTTCAATTTGTGTTCT
RORyt 62 GAGCTAGGTGCAGAGCTTCAG CA
RPL13A 60 GAACACCAACCCTTCCCGAG AACCACCATCCGCTTTTTCTTG
SLC1A4 60 TGAAAAGATCCCCATAGGCAC TCACCAGCACGATGATGTCT
SLC2A1 62 GAACTCTTCAGCCAGGGTCC ACCACACAGTTGCTCCACAT
SLITRK6 61 AGTACGCAGTGGTTGGTGTT TCCGATTCTGTAAAGCAGAGACT
STAT3 60 CTGCCCCATACCTGAAGACC GTGAGGGACTCAAACTGCCC
STATS 62 AAGCAAGTGGTCCCTGAGTTT CCATTGGTCGGCGTAAGAGT
SYN1 59 GACCAATACTGGCTCTGCGA GAGGAACCCACCACCTCAAT
TGF-B 60 TTGAGGGCTTTCGCCTTAGC GGTAGTGAACCCGTTGATGTCC
ZNF85 61 GCCAAACCCACAGGTTGTCT TATTCTGCTCCGGCCAAAGG
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3.5.5 Nuclear protein extract preparation

Nuclear extracts were prepared from preadipocytes differentiated into adipocytes and
osteoblasts. All buffers and equipment were cooled to 4 °C to minimize protein denaturation
and improve protein yield. Cell culture medium was removed and cells were washed with
cold PBS twice, then 200 pl of buffer A (Table 5) was added to each well to collect cells with
a rubber scraper. Cells were homogenized twenty times in a potter and passed through an
insulin needle five times, then transferred to a 1.5 ml test tube and incubated on ice for 15
minutes. Afterwards, Nonidet NP-40 was added to a final concentration of 0.5%, the tubes
were vortexed shortly and centrifuged at over 21000 g for 5 minutes. The supernatant
containing the cytoplasmic fraction was discarded and any visible fat was removed. The
resulting pellet was washed twice with buffer A to remove Nonidet NP-40, which could
interfere with protein DNA-interaction, and centrifuged at over 21000 g for 3 min. The
supernatant was discarded completely and buffer C was added to the pellet, adjusting the
volume to the size of the pellet to yield a higher concentration. The pellet was incubated for
30 minutes at 4 °C shaking vigorously. Afterwards the tubes were centrifuged at over 21000
g for 5 minutes and the supernatant containing the nuclear fraction was recovered and
aliquoted. A dilution of 1:10 was aliquoted for protein measurement using the Bradford
method.

3.5.6 Nuclear protein extract quantification

Protein measurement was performed using the Bradford method to ensure buffer
compatibility. Standards were prepared in 10% buffer C containing decreasing
concentrations of BSA: 2 mg/ml, 1 mg/ml, 0.5 mg/ml, 0.25 mg/ml, 0.125 mg/ml, 0.0625
mg/ml, 0.03125 mg/ml and 0.015625 mg/ml. The blank was 10% buffer C in water.
Standards and samples were measured in duplicates, diluting 5 pl of standard or sample in
45 ul water. Roti-Quant solution was prepared by mixing 5.5 parts water and 2 parts Roti-
Quant and 200 ul was added to each well, incubating for 5 minutes at room temperature.
Colour development was measured at 595 nm and sample concentration was calculated
using linear regression.

3.5.7 Electrophoresis mobility shift assay (EMSA)

EMSA is a technique used for determining interactions between protein complexes and
nucleic acids. It is based on the observation that the electrophoretic mobility of a protein-
nucleic acid complex is typically less than that of the free nucleic acid. It can be used
qualitatively to identify sequence-specific, DNA-binding proteins (such as transcription
factors) in nuclear protein extracts. Gels containing 5.3% polyacrylamide were prepared
according to Table 6 and pre-ran at 180 V at 4 °C for 1 hour. The protein-DNA binding
reactions were prepared on ice as follows: water, 5x gel binding buffer, poly dl:dC and
nuclear protein extract were first incubated for 10 minutes, then labelled DNA probes were
added and the reaction was incubated an extra 20 minutes protected from light. For
competition EMSA, the competition probes were added shortly before the Cy5 labelled DNA
probe and incubated at the same time. For supershift EMSA, the antibody and nuclear
protein extract were incubated initially for 30 minutes before adding water, 5x gel binding
buffer and poly dl:dC. Lastly, 10x gel loading buffer was added and the reactions were
loaded on the gel, which ran for approximately 3 hours at 200 V and 4 °C. Detection of
electrophoretic bands was done by scanning the gels using a TYPHOON scanner from GE
Life Sciences. The settings used were as follows: fluorescence Cy5, 650 PMT, normal
sensitivity, resolution 50 microns.
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Table 15. EMSA oligonucleotides

rs56371916_C_for

Cy5-
TGGCCCCAGAGCAGAGTGGCCGGCGTGAGTGAAGATGATGA-3

rs56371916_C_rev

5-TCATCATCTTCACTCACGCCGGCCACTCTGCTCTGGGGCCA-3

rs56371916_ T for

Cy5-
TGGCCCCAGAGCAGAGTGGCTGGCGTGAGTGAAGATGATGA-3

rs56371916 T rev

5-TCATCATCTTCACTCACGCCAGCCACTCTGCTCTGGGGCCA-3

Srebpl-competitor-for

5-GTGGCCCCAGAGCAGGTGGGGTGATGAAGATGATGAACTGG-3

Srebpl-competitor-rev

5-CCAGTTCATCATCTTCATCACCCCACCTGCTCTGGGGCCAC-3’
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4 Results

4.1 Pleiotropy of BMD and metabolic traits

4.1.1 GWAS identifies bivariate loci for BMD and glycemic traits

GWAS summary statistics from the MAGIC consortium (Dupuis et al., 2010; Alisa K Manning
et al., 2012) and the GEFOS consortium (Estrada et al., 2012) were used to discover genetic
loci with possible pleiotropic effects on BMD and glycemic traits. The MAGIC consortium
included measures of HOMA-IR, HOMA-B, fasting glucose levels and fasting insulin levels,
whereas the GEFOS consortium included measures of femoral neck BMD (FNBMD) and
lumbar spine BMD (LSBMD). All pairs of glycemic and BMD traits were analyzed using the
cross-phenotype association analysis (CPASSOC) program (Park et al., 2016), which
identified 8 distinct bivariate loci (p-value < 5 x 10®) (Figure 3, Annex Table S1). A locus
within an intron of the ADCY5 gene was associated with FNBMD and glucose levels (lead
SNP rs2124500, bivariate GWAS p-value = 1.83 x 107) (Figure 4A), as well as FNBMD and
HOMA-B (Annex Table S1). The bivariate association of this locus was also confirmed by
two other methods: MTAG (Turley et al., 2017) (p = 3.22 x 10°) and eLX (Chen and Hsu,
2017) (p = 5.73 x 10°) (Annex Table S2). Moreover, the locus showed bivariate association
(CP-ASSOC p=1.35x107; eLX p=4.35 x 10'**; MTAG p = 6.03 x 10°) in independent data
from the UK Biobank for heel BMD (n = 194,398) and diagnosed diabetes (n = 336,473), and
was recently associated with heel BMD (UK Biobank, p=1.15 x 101° | n=435,039) (Morris et
al., 2019).
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Figure 3. Manhattan plot of genome-wide association results for bone density and glycemic traits
using CP-ASSOC. Bivariate associations were computed for two bone density traits (FNBMD and
LSBMD) and four glycemic traits (HOMA-IR, HOMA-B, fasting glucose levels, and fasting insulin
levels). The x-axis indicates the chromosomal position, and the y-axis the significance on a -log10
scale, directionally split by LSBMD and FNBMD.
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Figure 4. A: Genetic association with FNBMD and fasting glucose levels for ADCY5 locus variants.
Bivariate association (y-axis) and genomic coordinates (x-axis) for all common single nucleotide
polymorphisms (SNPs = circles) in a 100kb window of chromosome 3 centered on the ADCY5
bivariate locus. The region of association localizes to a 65kb interval in intronic regions of the ADCY5
gene containing 13 variants in high linkage disequilibrium in Europeans (1000 Genomes r?, dot color)
with the bivariate tag SNP rs2124500. SNPs that meet bivariate criteria are marked by bolded purple
dots. B: Chromatin state annotations for the 65kb-long bivariate locus. Genomic intervals are shown
across 127 human cell types and tissues reference epigenomes profiled by the Roadmap
Epigenomics projects, based on a 25-state chromatin state model (colours) learned from 12
epigenomic marks using imputed signal tracks at 25-nucleotide resolution (Roadmap Epigenomics
Consortium et al., 2015). Chromatin states considered here include Polycomb repressed states (grey,
H3K27me3), weak enhancers (yellow, H3K4mel only), strong enhancers (orange, also H3K27ac),
and transcribed enhancers (lime, also H3K36me3). Polycomb-repressed segments in mesenchymal
cells are denoted with a dotted red box. The tagSNP rs2124500 (purple), the predicted causal variant
rs56371916 (red) and 11 other variants (black) in high LD with rs2124500 are indicated.

4.1.2 Haplotypes at 3q21.1 differ in regulatory activity

The 3g21.1 locus is located within the 95 kb-long first intron of ADCY5 (Figure 4A),
consisting of 65 kb containing 13 non-coding SNPs in strong LD (r> > 0.8, 1000G Phase 1
EUR). These 13 candidate regulatory variants define two alternative haplotypes: the
ancestral haplotype 1 (frequency 77% in European individuals), associated with higher
FNBMD and higher fasting glucose levels, and haplotype 2 (frequency 23% in European
individuals), associated with lower FNBMD and lower fasting glucose levels.

Chromatin state maps of the 3g21.1 locus were examined across 127 human cell types
(Roadmap Epigenomics Consortium et al., 2015) in order to identify the cell types affected by
the candidate variants (Figure 4B). The data revealed that the entire locus was spanned by
Polycomb-repressed chromatin (marked by H3K27me3) in mesenchymal lineages, while it
was unmarked or active in hon-mesenchymal cell types. Among the mesenchymal lineages,
we focused on adipocytes, osteoblasts, and mesenchymal stem cell (MSC) precursors,
which can give rise to adipocytes, osteoblasts, myocytes, and chondrocytes (Chen et al.,
2016), as they presented the highest levels of enrichment for Polycomb-repressed
chromatin.

Differences in regulatory activity of the two haplotypes were tested using plasmid-based
luciferase-reporter assays in osteoblasts and adipocytes. Analysis of a 10 kb region
containing the 10 candidate regulatory SNPs in tightest LD with rs2124500 (r2> 0.9) revealed
that haplotype 1 had greater transcriptional activity in osteoblasts and adipocytes (1.9-fold
and 1.8-fold respectively) (Figure 5). In contrast, hepatocytes, lymphocytes, differentiated
muscle cells and pancreatic beta cells showed no haplotype-specific regulatory differences.
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= Haplotype 1 (high BMD, hyperglycemia)
= Haplotype 2 (low BMD, normoglycemia)
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Figure 5. Haplotype-specific luciferase assays for 10 kb fragments containing 10 candidate regulatory
SNPs from each haplotype in tightest LD with rs2124500 (r? > 0.9) in adipocytes, osteoblasts,
hepatocytes, lymphocytes, differentiated muscle cells and pancreatic beta cells.

4.1.3 Regulatory region targets ADCY5

In order to identify potential regulatory target(s) of the locus, three-dimensional genome
folding maps from Hi-C assays in embryonic stem cell-derived MSCs (Dixon et al., 2015)
were examined. The locus lies in a well-defined 300-kb contact domain containing only the
genes ADCY5 and PTPLB (Figure 6). For the assay, the six genes within a larger 1 Mb
region centered on the locus were considered (PDIA5, SEC22A, ADCY5, PTPLB, MYLKAS1,
and MYLK) (Figure 6).

Risk haplotype MKAS1
PDIAS SEC22A ADCYS PTPLB  MYLK
[ ' o @ > < L < g —

o N e N N
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50 kb

Figure 6. Genome-wide higher order chromatin interactions for the ADCY5 locus analyzed by Hi-C
assays in human embryonic stem cell derived MSCs from an individual homozygous for haplotype 1.
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AMSCs were isolated from 41 normal-weight individuals consisting of 18 heterozygous
individuals (haplotypes 1/2) and 23 homozygous individuals (haplotypes 1/1). These AMSCs
were differentiated into mature osteoblasts and adipocytes, with the phenotypes confirmed
by marker-gene expression, bright field microscopy, and colorimetric assays (Table 16,
Figure 7).

medium Adipocytes (day 10)

d1

Oil-Red-O

Alkaline Phosphatase

Alizarin Red

d6 &

d9

Figure 7. Morphological changes of primary human AMSCs during differentiation into mature
adipocytes and osteoblasts, respectively. Unstained bright field microscopy-based pictures are shown
(left) as well as Oil-Red-O based lipid staining for adipocyte differentiation, and Alkaline Phosphatase
staining and Alizarin Red staining for osteoblast differentiation (right). Micrographs were taken at 10x
magnification under an Inverted Laboratory Microscope LEICA DM IL LED.
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Table 16. Relative mRNA levels in AMSCs differentiated to osteoblasts (n=5) and adipocytes (n=5).

Marker Gene Diffday 0 Diffday 6 Diff day 14
Osteoblasts RUNX2 1.1+0.03 1.6+0.09 3.4+0.08
OCN 1.1+0.12 1.0+0.15 2.9+0.38
OSX 1.0+0.01 1.3+0.07 2.2+0.08
Adipocytes CEBPA 0.9+01 3.1+0.03 3.2+0.2
PPARG 1.1+0.07 2.8+0.15 3.5+0.05
ADIPOQ 1.0+0.2 1.3+0.07 5.2+0.2

Among the six genes, only ADCY5 showed haplotype-specific differences in gene expression
(Figure 8 Left), with haplotype 1 being associated with 2.7-fold higher expression in both
adipocytes and osteoblasts (p = 0.007, Figure 8 Right). These results implicated ADCY5 as
the likely regulatory target of the 39q21.1 locus.
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Figure 8. Quantitative PCR mRNA levels (y-axis, HPRT normalized) in primary cells from individuals
heterozygous (dark grey, n=18) and homozygous (light grey, n=23) for haplotype 1 (Cohort 1). Left:
Haplotype-dependent differential gene expression for six potential target genes across a 1Mb region
centered on the 3g21.1 locus. Box plots depict relative gene expression + SD. Assays were performed
at day 3 of osteoblast differentiation. Right: Haplotype-dependent differential gene expression of
ADCYS5 in undifferentiated adipose-derived AMSCs, differentiated adipocytes and osteoblasts.
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4.1.4 Variant prioritization and effect analysis: rs56371916

Two orthogonal computational approaches were used to prioritize variants which could be
responsible for the differential expression of ADCY5. Both approaches highlighted the same
SNP, rs56371916 (Annex Table S3). The SNP rs56371916 was predicted to have the
greatest effect, with the T-to-C substitution predicted to disrupt a highly conserved second
position in a sterol regulatory-element-binding protein 1 (SREBP1) motif in fully differentiated
adipocytes (Mabbott et al., 2013; Weirauch et al., 2014) (Figure 9). At day 0 of AMSC
differentiation, the rs56371916 T allele (haplotype 1) has little effect and there is no
substantial predicted change in accessibility (Figure 9B). By day 24, however, the
accessibility has increased substantially with the rs56371916 T allele, the most critical
nucleotide for 20bp sequence accessibility in terminally differentiated AMSC. Changes at
rs56371916 are likely to reduce this accessibility, particularly if the T allele is changed to C,
carried on haplotype 2 (Figure 9C). This is consistent with the overlapping SREBP1 motif,
which is conserved across species (Figure 9A). The alternate C allele decreases accessibility
by disrupting a SREBP1 motif.

Electrophoretic mobility shift assay (EMSA) confirmed that rs56371916 alters protein binding
to the surrounding DNA sequence, with the C allele causing decreased protein binding
(Figure 10). SREBP1 protein-binding to rs56371916 was confirmed by competition with an
excess of probe containing a consensus binding sequence for SREBP1 (Figure 11).
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Figure 9. A: Multi-way multiz alignment of orthologous regions of the SREBP1 motif in rs56371916 in
different species. B-C: In silico saturated mutagenesis for chromatin accessibility of 20 bp centered on
rs56371916 for haplotype 1 (T allele, B) and haplotype 2 (C allele, C). The heatmaps display the
change in predicted accessibility for any of the four possible nucleotides at day 0 and day 24 of
differentiation.
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Osteoblast differentiation Adipocyte differentiation

free probe DO D4 D7 D10 free probe DO D4 D7 D10

c T C T C T C T C T

Figure 10. Electrophoretic mobility shift assays (EMSA) for 40bp oligonucleotides centered on
rs56371916 using MC3T3 osteoblast (left) and AMSC-derived adipocyte (right) nuclear extract at
different stages of differentiation (day 0, 4, 7, and 10). The upper bands correspond to the membrane
bound form of SREBP1, while the double bands in the red box correspond to the cleaved active forms
SREBP1-a and SREBP1-c (Bitter et al., 2015).
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Ing 2ing 63ng 126ng 7ng 21ng 63ng 126ng
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Figure 11. Competition EMSA assays using adipocyte nuclear extract. Competition assays were
performed by adding 11-, 33-, 100-, and 200- molar excess of unlabeled probes. Differential binding of
SREBP1 to the T allele was competed away with increasing amount of unlabeled probe, clearly visible
with nuclear extract from day 10 of differentiation. The upper bands correspond to the membrane
bound form of SREBP1, while the double bands in the red box correspond to the cleaved active forms
SREBP1-a and SREBP1-c (Bitter et al., 2015).
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4.1.5 Genome editing of rs56371916 confirms its effect on ADCY5 expression
CRISPR-based genome editing was performed to directly confirm that the haplotype-specific
effects on ADCY5 gene expression and cellular properties described above are mediated by
rs56371916. AMSCs from a homozygote for haplotype 2 (genotype CC at rs56371916) were
edited to create isogenic AMSCs with genotype TT. Following osteoblast induction, TT
homozygous cells showed higher ADCY5 expression levels (1.6-fold) (Table 17) and higher
expression of osteoblast differentiation marker genes (RUNX2, OCN and OSX; 1.5-, 1.8- and
2.1-fold, respectively, Figure 12 Left).

Table 17. Relative ADCY5 mRNA levels in CRISPR edited cells

Osteoblasts (ratio TT/CC) Fold change (+SE) p-value
DO (AMSC) 1.6+0.4 0.0286
D14 (differentiated osteoblasts) 1.1+0.2 n.s.
Adipocytes (ratio CC/TT) Fold change (+SE) p-value
DO (AMSC) 0.7+0.3 0.0286
D14 (differentiated osteoblasts) 1.03+0.3 n.s.

= 22 haplotype (rs56371916 CC allele) =8 11 haplotype (rs56371916 TT allele)

=1 CC > TT rescue (CRISPR/Cas9) @ TT > CC rescue (CRISPR/Cas9)
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Figure 12. Left: Generation of isogenic AMSCs with genotype TT at rs56371916 starting from a CC
homozygote. Isogenic lines were differentiated to osteoblasts after undergoing clonal expansion, and
marker gene expression for osteoblast differentiation was measured by gPCR. Right: Generation of
isogenic AMSCs with genotype CC at rs56371916 starting from a TT homozygote. Isogenic lines were
differentiated to adipocytes after undergoing clonal expansion, and catecholamine-stimulated lipolysis
was measured.
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AMSCs from a homozygote for haplotype 1 (genotype TT at rs56371916) were also edited to
create isogenic AMSCs with genotype CC. Following adipocyte induction, CC homozygous
cells showed reduced expression of ADCY5 (1.6-fold, Table 17) and lipolysis marker genes
(1.5- to 1.9-fold) measured by gPCR (Table 18), as well as a reduced rate of catecholamine-
stimulated lipolysis (2.1-fold, Figure 12 Right). The genome-editing results in primary
adipocytes and osteoblasts confirm that rs56371916 has a direct effect on ADCY5 gene
expression and cellular phenotypes relevant to FNBMD and glucose homeostasis.

Table 18. Relative mRNA levels in adipocytes (ratio TT/CC)

Diff day O Diff day 14
Gene Fold change p-value Fold change p-value
ATGL 1.3+0.4 0.02 1.5+0.9 0.07
HSL 1.8+0.63 0.09 1.8+0.4 0.03
PLIN2 1.9+0.42 0.05 1.9+1.2 0.05
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4.2 Pleiotropy of AD and T2D

4.2.1 GWAS identifies bivariate loci for Alzheimer’s disease and Type 2 Diabetes

A bivariate GWAS analysis was performed to uncover pleiotropy of AD and T2D. This
analysis identified 15 bivariate loci at a suggestive significance level (bivariate p-value < 5 x
10®), of which 10 were novel loci (Table S1).

The loci significantly associated with both traits were then annotated and mined to allow
functional classification - such as determining if the locus is in a coding or non-coding region
- and define its relevance for disease susceptibility. Afterwards, epigenomic profiling across
127 human cell types (Roadmap Epigenomics Consortium et al., 2015) was performed to
infer the regulatory states and cell types affected by the selected loci. The identified bivariate
signals were enriched in blood and T cell related epigenomes, namely DND-41 leukemia T
cell line, primary hematopoietic stem cells and thymus (Figure S2). The relevance of T cells
in T2D-AD pleiotropy is also supported by the literature as discussed in the introduction.
Taken together, these results pointed us to investigate the effects of candidate loci in T cells.

Prioritization of the 15 bivariate loci was done by computational analysis of linkage
disequilibrium (LD) (R?>0.8, 1000G Phase 1) and functional conservation scores based on
the PMCA method (Claussnitzer et al., 2014). From the top 5 loci, the MAP2K5 locus
contained several variants in high LD with the tagSNP rs16951304, localized in T cell

precursor enhancers (Figure 13). Therefore, we focused on dissecting the effect of the
MAP2KS5 locus in pleiotropy of T2D-AD.

Figure 13 (next page). Regional association plot of the AD-T2D associated SNPs resulting from
bivariate genome-wide association analysis. Top: Genetic association with AD and T2D for MAP2K5
locus variants. Bivariate association (y-axis) and genomic coordinates (x-axis) for all common single
nucleotide polymorphisms (SNPs; circles) in a 600 kb window of chromosome 15 centered on the
MAP2K5 bivariate locus. The region of association contains several variants in high linkage
disequilibrium (LD) in Europeans (1000 Genomes r?, color). Bottom: Chromatin state annotations for
the 600 kb bivariate locus. Genomic interval shows chromatin state across 12 human reference
epigenomes related to blood and T cells profiled by the Roadmap Epigenomics projects, based on a
25-state chromatin state model (color code on the right) learned from 12 epigenomic marks using
imputed signal tracks at 25-nucleotide resolution (Roadmap Epigenomics Consortium et al., 2015).
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4.2.2 Establishment of a CD4" T cell differentiation model

CD4* T cells were isolated from healthy male volunteers as described in the methods.
Selected CD4* T cells were stimulated to differentiate using different cocktails of specific
stimulatory molecules to direct them towards regulatory T cells (Treg) and T helper 17 cells
(Th17). Differentiation of CD4* T cells into Treg is promoted by TGF-B1 and IL-2 in addition
to CD3 and CD28 stimulation. On the other hand, differentiation of Th17 is promoted by the
presence of IL-6, IL-13, IL-23 and TGF-B1. The presence of IL-4 and IFNy suppresses Thl7
differentiation, therefore antibodies against these molecules were used to prevent its binding
to their respective receptors.

Cells were kept in culture to differentiate for 7 days. Assessment of differentiation efficiency
was done by measuring gene expression of markers specific for Treg and Thl7 cells.
Protocols 2 (Treg P2 and Thl7 P2) produced the best stimulation of expression of
differentiation markers for both Treg and Th17 phenotypes (Figure 14) and were therefore
selected for subsequent experiments.

Table 19 Media tested for Treg differentiation

Treg Protocol 1 Protocol 2 Protocol 3
ng/ml ng/mi ng/mi
TGF-B1 1 2 5
IL-2 5 5 5
pg/ml pg/mi pg/mi
anti-CD3 5 5 5
anti-CD28 1 1 1
Table 20 Media tested for Th17 differentiation
Th17 Protocol 1 Protocol 2 Protocol 3
ng/ml ng/mi ng/mi
IL-6 10 30 10
IL-1B 10 20 10
IL-23 10 30 10
TGF-B1 5-10 2,25 5
pg/mi pg/mi pg/mi
anti-1L4 10 2,5 2,5
anti-IFNy 10 1 1
anti-CD3 10 5 5
anti-CD28 1 1 1
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Figure 14. Gene expression of differentiation markers after 7 days of differentiation. CD3/CD28 - cells
were stimulated only with anti-CD3 and anti-CD28 antibodies; P1, P2 and P3 refers to the
corresponding differentiation protocols indicated in Table 19 and Table 20. n=3, mean (SD), two-way
ANOVA, *p<0.05, *p<0.01, **p<0.001.

4.2.3 Establishment of MAP2K5 KD

In order to choose the best time window for KD of MAP2K5, the expression pattern of T cell
differentiation markers and MAP2K5 was assessed in a differentiation time-curve (Figure 15).
Gene expression of differentiation markers for both Treg and Th1l7 peaked within 6 hours of
stimulation and MAP2KS5 increased up to 24 hours, therefore the KD was performed before
differentiation induction and cells were harvested 6 hours after induction to determine the
role of MAP2KS5 in the differentiation process from the very beginning.

The KD method selected was Accelll sSiRNA from Dharmacon, which is designed for difficult
to transfect cells such as T cells. The transfection kit includes a siRNA targeting GAPD for
positive control and a green (FAM labeled) non-targeting siRNA for visual assessment of
transfection efficiency (Figure 16 Right). Both positive control and MAP2KS5 siRNA produced
a significant KD (90% KD GAPD and 87% KD MAP2KS5, Figure 16 Left) without affecting cell
viability (over 90% live cells after 72 hours KD). Considering the KD efficiency and low
cytotoxicity, Accell siRNA transfection was selected for further KD experiments.
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Figure 15. Gene expression time course of differentiation markers and MAP2K5 in CD4* T cells. Cells
were stimulated with the differentiation cocktail previously determined and harvested at selected time
points for RNA isolation and gPCR. n=3, mean (SD).

N
= 3
—e—i

<
1

Relative GAPD mRNA (Log2)
rlI; N
Relative MAP2K5 mRNA (Log2)

¢

ok

'
@
1

uTt siNT

siGAPD uTt siNT

siMAP2KS

Figure 16. Left: Accell siRNA KD test. Transfection with 1 uM accell siRNA non-targeting (siNT),
targeting GAPD (sSiGAPD) and SMART pool with 4 siRNAs targeting MAP2K5 (siMAP2K5). n=3, one-
way ANOVA with multiple comparisons, ns=non-significant, *** p<0.001. Right: Visual assessment of
transfection efficiency of green non-targeting siRNA.
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4.2.4 Effect of MAP2K5 KD in CD4" T cell differentiation

Once an efficient KD method was established, the relevance of MAP2K5 during T cell
differentiation was assessed. Cells were isolated from 17 healthy male volunteers
(phenotyping in Table 21) and frozen once in liquid nitrogen before use. The experimental set
up used to determine the effect of MAP2K5 KD in CD4* T cell differentiation is depicted
below in Figure 17.

Table 21. Characterization of the male study population

Parameter Average SD
Age (years) 26.2 3.9
BMI (kg/m?) 22.6 2.2
Waist circumference (cm) 82.7 6.6
Fasting glucose (mg/dL) 94.1 6.3
% CD4* T cells 19.8 4.9
Expansion with aCD3/aCD28 + IL2 KD in Accell medium with Harvest 6h p.i.

Accell siRNA 1pM

v
—

do d4 d6

T

Differentiation
induction

Harvest basal

Figure 17. Diagram of the experimental timeline for accessing the effect of MAP2K5 KD in CD4* T cell
differentiation.

Of the 17 individuals tested, a significant MAP2K5 KD was achieved at basal in 14
individuals, with only 4 showing a significant effect of MAP2K5 KD in expression of T cell
differentiation markers. One individual showed a significant increase in mMRNA levels of Th17
cytokines IL17A, IL17F and IL22 (Figure 18). Both IL17A and IL17F are key cytokines for the
recruitment, activation and migration of macrophages and neutrophils to the site of
inflammation, and can also target non-immune cells such as fibroblast and endothelial cells
to produce pro-inflammatory molecules (Maddur et al., 2012).

Two individuals showed a significant reduction in Treg differentiation markers (Figure 19 and
Figure 20). FoxP3 is the main transcription factor responsible for differentiation of naive CD4*
T cells into Tregs and essential for its function as modulators of inflammation and immune
response, along with the secretion of immunosuppressive cytokines IL10 and TGF( capable
of suppressing proinflammatory responses in dendritic cells, macrophages, natural killer
cells, among others. (Plitas and Rudensky, 2016).

These results emphasize the importance of the individual genetic background when
assessing the phenotype effects of manipulating gene expression. The direction of effects
observed supports our hypothesis that the causal locus would promote CD4* T cell
differentiation into Th17 and reduce the differentiation into Treg.
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Figure 18. MAP2K5 KD in CD4* T cells from SH1 followed by 6 hour differentiation into Th17. mRNA
expression of Th17 differentiation markers of one experiment with technical replicates. Symbols show
mean + SD (error bars smaller than the symbol not shown). Two-way ANOVA with multiple
comparisons (Tukey), * p<0.05, ** p<0.01, *** p<0.001. siRNA silencing produced a significant KD
(61%, p<0.001) of MAP2K5 at basal condition. In this individual, the KD of MAP2K5 at differentiation
onset produced a significant increase in mMRNA expression of Th17 main cytokines IL17A, IL17F and
IL22.
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Figure 19. MAP2K5 KD in CD4* T cells from JB1 followed by 6 hour differentiation into Treg. mRNA
expression of Treg differentiation markers (FoxP3, IL10, STAT5, TGFB) of one experiment with
technical replicates. Symbols show mean + SD (error bars smaller than the symbol not shown). Two-
way ANOVA with multiple comparisons (Tukey), ns= non-significant, * p<0.05, ** p<0.01, *** p<0.001.
siRNA silencing produced a significant KD (56%, p<0.001) of MAP2K5 at basal condition. In this
individual, the KD of MAP2K5 at differentiation onset produced a significant reduction in mRNA
expression of Treg transcription factor FoxP3 and cytokines IL10 and TGFf3.
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Figure 20. MAP2K5 KD in CD4* T cells from FN1 followed by 6 hour differentiation into Treg. mRNA
expression of Treg differentiation markers (FoxP3, IL10, STAT5, TGFB) of one experiment with
technical replicates. Symbols show mean = SD (error bars smaller than the symbol not shown). Two-
way ANOVA with multiple comparisons (Tukey), ns=non-significant, * p<0.05, ** p<0.01, *** p<0.001.
siRNA silencing produced a significant KD (72%, p<0.001) of MAP2K5 at basal condition. In this
individual, the KD of MAP2K5 at differentiation onset produced a significant reduction in mRNA
expression of Treg transcription factors FoxP3 and STATS5, and the cytokine TGF[.
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4.2.,5 Establishment of SH-SY5Y as a neuronal cell model

Differentiation of the SH-SY5Y cell line into neuronal like cells was accomplished with
retinoic acid, which induces expression of cell neurites and a neuron-like phenotype, followed
by maintenance in BDNF containing medium. During differentiation, SH-SY5Y cells form
neurites to establish a neuronal network, as shown in Figure 21. The genes selected for
characterization of SH-SY5Y cells are differentially expressed genes related to axonal
guidance (NTRK2, NTF4, SLITRK6, PLNXD1) and neuronal markers (MAP2, SYN1) (Pezzini
etal., 2017).
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Figure 21. Characterization of SH-SY5Y differentiation into neuronal-like cells. Top: Gene expression
of neuronal differentiation markers. Bottom: Live cell images of undifferentiated (left) and
differentiated cells (right) with observed neurite formation. Micrograph taken at 10x magnification
under an Inverted Laboratory Microscope LEICA DM IL LED.
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4.2.6 Co-culture of MAP2K5 KD CD4" T cells with human preadipocytes and human
neuronal cell line SH-SY5Y

In order to establish pleiotropy of the MAP2KS5 locus, we analyzed the effect of CD4* T cells
with MAP2K5 KD in co-culture with human preadipocytes and the human neuronal cell line
SH-SYS5Y. The co-culture was set up by first plating PAC and SH-SY5Y, differentiating them
and then adding CD4* T cells with MAP2K5 KD directly into the wells. This approach was
chosen instead of using co-culture inserts to determine the effects of direct contact between
T cells and differentiated adipocytes/neuronal cells. The supernatant from T cell
differentiation was also added to both PAC and SH-SY5Y to distinguish cytokine mediated
from direct cell-cell contact effects.

Expansion withaCD3/aCD28 +1L2 [ KD withAccell iRNA1uM | Differentiation Treg + Th17 | /| Harvest 72h
4
| | | | | | | | I | s
Teells | | T T T | | | — I |
Day 0 4 7 10
Harvest 6h
Harvest basal Set up co-culture
| Induction medium | Differentiation medium |
| | | | | | | | | | | | ] |
PAC | | 1 1 1 | | | | | | | 1 |
Day 0 3 6 10 13
Medium Medium Medium Harvest
change change change
| Differentiation Medium 1 I Differentiation Medium 2 |
| | | | ] ] ] | | | |
SH-SY5Y | 1 | | 1 1 1 | | 1 1
Day 0 3 7 10
Medium Medium Harvest
change change

Figure 22. Diagram of experimental timeline for co-culture experiments. PAC and SH-SY5Y were
expanded, plated and induced when confluent (expansion time not shown). T cells were expanded,
KD for MAP2K5, and differentiated into Treg and Th17 for 72h. Afterwards, co-culture was set up by
transferring both T cells and their supernatant into differentiated PAC and SH-SY5Y cultures.
Readouts were performed after 3 days of co-culture.

4.2.6.1 MAP2K5KDIn T cells

T cells were first expanded followed by induction of MAP2K5 KD and differentiation into Treg
and Thl7. MAP2K5 KD was significant at basal level (56%, p<0.001). It is important to
mention that the cells at basal are split into Treg and Thl7 differentiation media, so that the
KD conditions are the same at the start of differentiation. The differentiation protocol
produced changes in gene expression of Treg and Th17 phenotypes as previously shown.
Metabolic regulators of T cell differentiation also exhibited a significant variation in
expression pattern with time, with MAP2K5 KD significantly increasing ACACA and SLC2A1
expression in Th17 differentiation at 72 hours (Figure 23).
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Figure 23. MAP2K5 KD in CD4" T cells followed by differentiation into Treg and Th1l7. mRNA

expression of metabolic regulators of T cell development. One experiment with technical replicates,
symbols show mean + SD. Two-way ANOVA with multiple comparisons (Tukey), * p<0.05, ** p<0.01.

4.2.6.2 Co-culture of T cells with differentiated PAC

Viability of differentiated PAC in the presence of T cells was assessed via reduction of
tetrazolium salt WST-8 to formazan (Figure 24 left). Although not statistically significant, co-
culture of T cells with MAP2K5 KD and their supernatant showed a tendency to reduce
preadipocyte viability. Regarding lipid storage, co-culture of differentiated PAC with T cell
supernatant significantly reduced lipid accumulation, with MAP2K5 KD showing a tendency
for a stronger reduction (Figure 24 right).
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Figure 24. Left: Assessment of viability of differentiated PAC in co-culture with T cells and their
supernatant. Absorbance of formazan at 450 nm shown as ratio to control (differentiated PAC without
co-culture). Right: Quantification of lipid accumulation in differentiated PAC in co-culture with T cells
and their supernatant. Absorbance of isopropanol at 492 nm shown as ratio to control (differentiated
PAC without co-culture). One experiment with technical duplicates, symbols show mean + SD. Two-
way ANOVA with multiple comparisons (Tukey), # p<0.05 and ## p<0.01 indicate significant effect of
differentiated T cells and their supernatant independent of KD.
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The effect of T cells on the inflammatory status of differentiated PAC was assessed via gene
expression of inflammation markers (Table 22).

Table 22. Inflammation markers measured in differentiated preadipocytes.

Pro-inflammatory markers Anti-inflammatory markers
TNF-a Adiponectin

MCP-1 IL-10

IL-6

Leptin

Treg cells with MAP2K5 KD caused a decrease in IL-6 and MCP-1 expression compared to
control siRNA, but their supernatant had the opposite effect, inducing a significant increase in
IL-6 and MCP-1 expression (Figure 25 top). The supernatant of Thl7 cells with MAP2K5 KD
caused a significant reduction in Adiponectin expression, and a significant increase in Leptin
expression, indicating an increase in inflammation of the differentiated PAC.
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Figure 25. Co-culture of MAP2K5 KD CD4* T cells with differentiated preadipocytes. mRNA
expression of inflammation markers relative to preadipocytes without co-culture. Treg=co-culture with
Treg differentiated cells, Thl7=co-culture with Thl7 differentiated cells, sup=co-culture with
supernatant of differentiated cells. One experiment with technical replicates, symbols show mean + SD
(error bars smaller than the symbol not shown). Two-way ANOVA with multiple comparisons (Tukey), *
p<0.05, ** p<0.01, *** p<0.001. # indicates a significant effect of differentiated T cells and supernatant
independent of KD.
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The effect of co-culture on lipolysis genes was very consistent, with the supernatant of Th17
cells with MAP2K5 KD causing a significant reduction in mRNA expression (Figure 26).
PNPLA2 encodes adipose triglyceride lipase (ATGL), which converts triglycerides to
diglycerides; LIPE encodes hormone-sensitive lipase (HSL), which converts diglycerides to
monoglycerides; PLIN1 encodes for perilipin-1, a central regulator of ATGL activity.
Downregulation of PLIN1 and reduction in perilipin-1 activity leads to constitutive activation of
ATGL, unrestrained lipolysis and hyperlipidemia (Grabner et al., 2021), a common
characteristic of T2D and a risk factor for AD (Feringa and van der Kant, 2021).
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Figure 26. Co-culture of MAP2K5 KD CD4* T cells with differentiated preadipocytes. mRNA
expression of lipid storage and hydrolysis genes relative to preadipocytes without co-culture. Treg=co-
culture with Treg differentiated cells, Thl17=co-culture with Thl7 differentiated cells, sup=co-culture
with supernatant of differentiated cells. One experiment with technical replicates, symbols show mean
+ SD (error bars smaller than the symbol not shown). Two-way ANOVA with multiple comparisons
(Tukey), * p<0.05, ** p<0.01, *** p<0.001. # indicates significant effect of differentiated T cells and
supernatant independent of KD.
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4.2.6.3 Co-culture of T cells with differentiated SH-SY5Y

Viability of differentiated SH-SY5Y in the presence of T cells was also assessed via reduction
of WST-8 to formazan. Overall, there was a negative effect of co-culture in viability of
differentiated SH-SY5Y cells, with Treg cells with MAP2K5 KD showing a stronger tendency
to reduce SH-SY5Y viability (Figure 27).

The effect of T cell co-culture on SH-SY5Y differentiation was assessed by gene expression
of several differentiation markers (Table 23).

Co-culture of SH-SY5Y cells with T cell supernatant reduced expression of differentiation
markers independent of KD (Figure 28), suggesting a negative impact of the presence of T
cell cytokines in neuronal differentiation.
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Figure 27. Assessment of viability of differentiated SH-SY5Y in co-culture with T cells and their
supernatant. Absorbance of formazan at 450 nm shown as ratio to control (differentiated SH-SY5Y
without co-culture). One experiment with technical duplicates, symbols show mean + SD. Two-way
ANOVA with multiple comparisons (Tukey), # p<0.05 indicates a significant effect compared to control.

Table 23. Neuronal marker genes tested in differentiated SH-SY5Y

Expressed highly in differentiated cells Neuronal markers
NTRK2 MAP2

NTF4 SYN1

SLITRK6

PLNX1
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Figure 28. Co-culture of MAP2K5 KD CD4* T cells from SH1 with differentiated SH-SY5Y cells.
mMRNA expression of neuronal differentiation markers relative to SH-SY5Y cells without co-culture.
Treg=co-culture with Treg differentiated cells, Thl7=co-culture with Th17 differentiated cells, sup=co-
culture with supernatant of differentiated cells. Technical replicates, symbols show mean + SD (error
bars smaller than the symbol not shown). Two-way ANOVA with multiple comparisons (Tukey), *
p<0.05, ** p<0.01, *** p<0.001. # indicates significant effect of differentiated T cells and supernatant,

regardless of KD.
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Expression of Alzheimer’s disease markers APP and MAPT was also influenced by T cell co-
culture (Figure 29). There was an overall increase in gene expression with co-culture,
particularly with Th17 cells, but there was no significant KD effect. This suggests a negative
effect of direct Th17 cell contact with neurons in potentiating the development of AD.
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Figure 29. Co-culture of MAP2K5 KD CD4* T cells from SH1 with differentiated SH-SY5Y cells.
MRNA expression of amyloid precursor protein and microtubule associated protein tau relative to SH-
SY5Y cells without co-culture. Treg=co-culture with Treg differentiated cells, Thl7=co-culture with
Th17 differentiated cells, sup=co-culture with supernatant of differentiated cells. One experiment with
technical replicates, symbols show mean = SD (error bars smaller than the symbol not shown). Two-
way ANOVA with multiple comparisons (Tukey), # p<0.05 indicates significant effect of differentiated T
cells and supernatant independent of KD.
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5 Discussion

While GWAS have largely focused on individual phenotypes, there is growing evidence that
many loci have pleiotropic effects and are associated with multiple traits (Bulik-Sullivan et al.,
2015; Pickrell et al., 2016). Studying pleiotropic effects of loci across cell types and tissues is
thus important and may be useful for discovering causal variants and their mechanism of
action in many complex diseases.

5.1 Dissection of pleiotropy: a new framework

This work presented a framework to analyze pleiotropy by dissecting the regulatory circuitry
of non-coding bivariate loci (Figure 30). The analysis starts with the selection of relevant
GWAS datasets from large studies of complex traits or diseases and performing bivariate
genome-wide association analysis using CP-ASSOC (Zhu et al., 2015), MTAG (Turley et al.,
2017) and eLX (Chen and Hsu, 2017) to identify potential pleiotropic SNPs. Reference
epigenomes from the Roadmap Epigenomics Project (Roadmap Epigenomics Consortium et
al., 2015) were then used to analyze cell type enrichment and identify the chromatin states of
the bivariate loci in the relevant cell types. The next step is to examine whether there are
differences in chromatin structure between the two haplotypes in study in the relevant cell
types previously identified. The type of assays performed in this step depend on the
chromatin states, e.g. H3K27me3 ChIP-seq for Polycomb repression, H3K27ac ChiP-seq for
enhancer activity, ATAC-seq for chromatin accessibility. Regulatory activity can be assessed
functionally using luciferase reporter assays to further support the identified cell types.

GWAS summary statistics from studies of related traits

CPASSOC, MTAG, elX

4
Identification of bivariate loci/SNPs
Chromatin state annotation

Establish relevant cell types

Hi-C, haplotype differences

4

Establish relevant target genes

PMCA, Basset

Prioritize causal variant(s)
Establish upstream regulator causality

CRISPR

4

Establish cellular phenotype(s)

Establish organismal phenotype

Figure 30. Scheme outlining our framework workflow to dissect pleiotropy of complex traits.
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Afterwards, we examine the three-dimensional folding of the genome to map chromatin
interactions using Hi-C assays (van Berkum et al., 2010) in the relevant cell types. This
identifies the contact domains of the loci of interest and their relevant target genes, which
can be then confirmed by checking haplotype-specific differential gene expression. The
potential causal variants within the identified target genes are then prioritized using two
orthogonal computational approaches. Phylogenetic module complexity analysis (PMCA)
(Claussnitzer et al., 2014) groups at least three transcription-factor-binding motifs within a
120-bp-region that show good evolutionary conservation of sequence, order, and distance (in
human and at least one other vertebrate species). The Basset method uses a sequence-
based deep convolutional neural network (CNN) approach to learn the relevant sequence
motifs and the regulatory logic with which they are combined to determine cell-specific DNA
accessibility. The SNPs with highest difference in chromatin accessibility between haplotypes
are the likely causal variant(s). The Basset model can also predict the effect of every
mutation on the accessibility of the region, thus highlighting the individual nucleotides most
critical to a sequence’s activity and the associated regulatory element (e.g. a transcription
factor binding site).

Once the causal variant and upstream regulator are identified, the cellular phenotype can be
elucidated by manipulating the expression of the target gene, its regulator, and using
CRISPR genome editing of the causal variant to produce the distinct genotypes. From there,
animal models can be used to further elucidate the pleiotropic function of the causal variant
at an organismal level.

To illustrate the potential use of this framework, the first part of this study focused on shared
genetics between BMD and glycemic traits, attempting to explain the molecular
underpinnings of a clinically recognized link between type 2 diabetes and bone health. The
second part aimed to dissect the common genetic background between type 2 diabetes and
Alzheimer’s disease, two pathologies with many recognized similarities in pathology and
molecular signaling (Pugazhenthi, Qin and Reddy, 2017).

5.2 Pleiotropy of BMD and metabolic traits

Using GWAS summary statistics, this study found the ADCY5 locus to be associated with
FNBMD and fasting glucose levels. The variant rs56371916 was shown to play a causal role
in processes related to these phenotypes by affecting the binding affinity of the transcription
factor SREBP1 in mesenchymal cells, leading to altered ADCY5 gene expression and
differentiation capacity in both adipocytes and osteoblasts. These results from genetic
association in human populations and experimental studies of adipocytes and osteoblasts in
vitro provide strong evidence that the expression levels of ADCY5 play a significant role in
T2D and BMD.

ADCYS5 is among several adenylate cyclases expressed at high levels in mesenchymal cells
(Mabbott et al., 2013). Supporting a pleiotropic role of ADCY5, variants in this locus have
been associated with 2-hour glucose challenge (Saxena et al., 2010), fasting glucose and
T2D (Dupuis et al., 2010; Knigge et al., 2015; Fuchsberger et al., 2016). Variants in this locus
have also been reported to affect ADCY5 expression in pancreatic islets (Thurner et al.,
2018), which is crucial for coupling glucose to insulin secretion (Hodson et al., 2014). This
locus has also been associated with high-density lipoprotein cholesterol (HDL) and total
cholesterol (TC) plasma concentrations in a multi-ethnic GWAS (Hoffmann et al., 2018).
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These results suggest that ADCY5 may act in multiple tissues to increase the risk of T2D and
metabolic disease. Therefore, it is possible that rs56371916 may affect additional cell types
or that other variants at the 3g.21.1 locus may also play a role in bone and metabolic traits.
The observation that within the same risk region, multiple variants might act in distinct tissues
lends more complexity to the analysis of pleiotropy (Solovieff et al., 2013).

The results of this study indicate a key role for ADCY5 in adipocyte and osteoblast
differentiation. While the physiological impact of lipolysis in adipocytes has been investigated
in earlier studies (Lafontan and Langin, 2009), the role of lipid metabolism in osteoblasts and
its impact on differentiation is still underexplored (Rendina-Ruedy, Guntur and Rosen, 2017).
Recent studies highlight the requirement for fatty acid oxidation for osteoblast differentiation
in skeletal development and bone repair (Alekos, Moorer and Riddle, 2020). Further
exploration of these results beyond osteoblast differentiation will help explain the apparent
paradox of higher bone density in T2D being associated with greater bone fragility. However,
future studies will be required to carefully study organismal physiology in both humans and
genetically engineered animal models, with the prospect of developing treatment regimens
for either trait without adverse effects on the other.

5.3 Pleiotropy of AD and T2D

The second part of this study aimed to elucidate the pleiotropy between T2D and AD. These
pathologies overlap in several mechanistic alterations that suggest an underlying link
between them (Salas and De Strooper, 2019).

Type 2 Diabetes ™ Alzheimer’s Disease
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Figure 31. Hallmarks of T2D and AD and their overlap. From Walker and Harrison, 2015.

The identified bivariate signals were enriched in blood and T cell related epigenomes, which
is in alignment with literature supporting the relevance of T cells in T2D-AD pleiotropy.
Therefore we focused on candidate loci with higher expression in T cells. In particular, the
MAPK2KS5 locus stood out as impacting the differentiation of CD4* T cells by favoring them
into pro-inflammatory Thl7 cells in detriment of anti-inflammatory Tregs. This shift in
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Treg/Th17 ratio promotes a pro-inflammatory environment favoring the development of both
AD and T2D, as supported by the literature and highlighted in our hypothesis (Figure 32). We
thus hypothesized that a causal SNP in the MAP2K5 locus promotes the differentiation of
naive CD4" T cellinto Th17 cells and depletion of the naive pool.

MAP2KS5 locus

<>l

Causal variant(s)
Promote T cell differentiation
and precursor cell depletion

Naive 4
CD4* T cell ¢

Pro-inflammatory environment favours development
of Alzheimer’s disease and Type 2 Diabetes

Figure 32. Working hypothesis on the pleiotropy of AD and T2D. We predict that (a) causal variant(s)
in the MAP2K5 locus promotes an increase in CD4* T cell number and differentiation, favoring an
increase in Thl7 cell number and reduction in number/activity of Treg cells, contributing to a
proinflammatory environment that favors both diseases.

T2D and AD are both considered inflammatory conditions, with studies demonstrating the
association between elevated circulating levels of markers of inflammation and insulin
resistance and the development of T2D and AD (Kamal et al., 2014). Clinical studies have
reported higher peripheral concentrations of inflammatory cytokines such as IL-6 and TNF-q,
and higher CSF concentrations of TGF-B, supporting the role of inflammation in the
pathophysiology of AD (Carranza-naval et al., 2021).

Insulin resistance, a hallmark of T2D, has also been established as a key component of AD
pathology, with impaired brain insulin signaling underpinning brain inflammation,
neurodegeneration, and cognitive impairment (De Felice, Gongalves and Ferreira, 2022).
Dysregulation of insulin receptors and components of the insulin signaling pathway are
reported in both diseases (Lynn et al., 2021). In AD patients, the most consistent change
observed in the insulin pathway is the reduction in insulin receptor substrate (IRS) levels,
accompanied by an increase in IRS-1 serine phosphorylation, a marker of insulin resistance
(Moloney et al., 2010). Insulin resistance can lead to both AB plagque formation and tau
hyperphosphorylation: insulin-degrading enzyme (IDE) is required for both insulin and AR
degradation; during hyperinsulinemia in type 2 diabetes, insulin and AR compete for insulin-
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degrading enzyme, leading to AB accumulation and plaque formation (Sims-Robinson et al.,
2010). A decrease in insulin receptor signaling leads to inhibition of Akt and
dephosphorylation (activation) of GSK-33, and results in tau hyperphosphorylation.
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Figure 33. Altered insulin signaling in T2D contributes to AD pathophysiology. Adapted from Sims-
Robinson et al., 2010.

Although the brain is an immune-privileged organ, cross-talks between peripheral and central
inflammation have been reported. Damage to the blood brain barrier (BBB) during aging can
lead to infiltration of immune cells and inflammatory cytokines into the brain, promoting
microglia activation and neuroinflammation observed in AD patients (Chaney, Wiliams and
Boutin, 2019). Several studies support a role for T cells in AD: higher T cell numbers have
been detected in AD brains compared to controls and other neurodegenerative diseases
(Togo et al., 2002), particularly in the hippocampus (Merlini et al., 2018) and temporal cortex
(Sardi et al., 2011). Specifically, there is an increase in CD4* T cells resulting in lower
proportions of naive cells, more late-differentiated cells and higher percentages of activated
CD4*CD25'T cells without a Treg phenotype in AD patients (Pellicando et al., 2012).
Regulatory T cells have been shown to play a beneficial role in the pathophysiology of AD in
a murine model (APPPS1 mice), by slowing disease progression and modulating microglial
response to AB deposition (Dansokho et al., 2016).

The downstream target of MAP2K5, ERKS5, modulates the density of TCR/CD3 at the cell
surface by promoting CD3 degradation and TCR/CD3 recovery after anti-CD3 stimulation
(Rovira-Clave et al., 2016). Our results suggest that inhibition of MAP2K5 in human CD4* T

cells promotes their activation/differentiation following anti-CD3 stimulation likely due to
impaired TCR/CD3 down-regulation. One could speculate that changes in ERK5 activation

72



resulting from SNP(s) altering the expression/activity of MAP2K5 could impair TCR/CD3
downregulation, consequently promoting T cell activation and impairing Treg development,
leading to a Th17/Treg imbalance and depletion of the naive T cell pool.

It has also been shown that programmed downregulation of TCR expression is a negative
feedback mechanism for inhibiting T cell activation in response to a pathogen, thus avoiding
excess inflammation (Gallegos et al., 2016). Expression profile of poorly controlled diabetics
compared to well-controlled ones has demonstrated a systemic upregulation of genes related
to immune response, including MAP2K5, and subsequent immune system overactivation and
a hyperinflammatory state (Corbi et al., 2017). This is relevant given that excess
inflammation is associated with development of both AD (Parachikova et al., 2007) and T2D
(Cruz et al., 2013).

The different responses produced by MAP2K5 KD in T cell differentiation emphasize the
relevance of the individual genetic background when assessing the phenotypic effects of
manipulating gene expression. The individual differences produced a similar imbalance in T
cell differentiation, affecting either Treg or Th17 proliferation and leading to an identical shift
in the Treg/Thl7 ratio towards Thl7 cells. This suggests a selection against the combined
effect, which would be too deleterious given the central role of the Treg/Thl7 balance in
many autoimmune and inflammatory diseases (Noack and Miossec, 2014; Fasching et al.,
2017).

The reciprocal regulation between the Treg and Thl7 differentiation pathways illustrates the
immune-regulatory role of this axis (Yang et al., 2008). The developmental pathways of Th17
and Treg cells overlap, with TGF-B inducing both FoxP3 and RORyt expression in naive
CD4* T cells (Zhou et al., 2008). In the presence of pro-inflammatory cytokines, such as IL-6
and IL-21, TGF-B induced-FoxP3 expression is down-regulated and RORyt expression is up-
regulated. In the absence of significant inflammation TGF-B promotes Treg differentiation
thus maintaining immune tolerance.

The metabolic environment plays a crucial role in controlling lymphocyte differentiation and
function (Cohen, Danzaki and Maclver, 2017). In one individual, MAP2K5 KD impaired the
induction of metabolic genes involved in Treg differentiation, indicating a possible
mechanism by which MAP2K5 influences Treg differentiation. On the other hand, MAP2K5
KD maintained the upregulation of metabolism genes involved in Thl7 differentiation, thus
favoring Thl7 differentiation. In mice, HFD drives Thl7 differentiation via upregulation of
FAS enzymes such as ACC1 (Endo et al., 2015). Alterations in nutrient availability in obesity
and T2D could therefore favor T cell differentiation towards pro-inflammatory Th17 cells at
the expense of anti-inflammatory Tregs.

Lipid accumulation was reduced in adipocytes in both co-culture with T cells and their
supernatant, as detected by ORO staining. This is in line with a previous study showing that
co-culture of activated T cells significantly inhibits preadipocyte differentiation and triglyceride
accumulation (Wu et al., 2007). Additionally, T-cell co-culture induced an inflammatory
response in differentiated PAC, significantly upregulating IL-6 and MCP-1, both
proinflammatory markers. Previous studies have shown that T cells alter adipokine
production and significantly increase the production of proinflammatory adipokines IL-6 and
MCP-1, with a stronger effect observed with direct cell-cell contact versus T cell supernatant
(Poggi et al., 2009). Increase in adipocyte MCP-1 production due to direct T cell contact
supports the observation that T cell infiltration precedes macrophage recruitment, suggesting
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a major role for T cells in adipose tissue inflammation and development of insulin resistance
(Kintscher et al., 2008).

Adiponectin and leptin are the two adipokines most strongly linked to insulin resistance and
T2D (Nikolajczyk et al., 2011). In this study, adiponectin was reduced in PAC co-cultured
with Thl7 supernatant, and leptin was upregulated by Thl7 cells and their supernatant. It
has been previously shown that leptin levels in adipose tissue increase by exposure to
inflammatory stimuli and that leptin itself exerts differential effects in T cells, promoting Th17
differentiation and inhibiting Treg expansion (La Cava, 2017). Adipocytes are sensitive
targets of proinflammatory T-cell cytokines, expressing significant levels of IL-17 receptors
and responding to IL-17 by secreting IL-6 (Shin, Shin and Noh, 2009). Overall this points to a
pro-inflammatory feed-forward loop between adipose tissue and T cells, potentiating the
transition from obese insulin-sensitive to insulin-resistant type 2 diabetic subjects
(Nikolajczyk et al., 2011).

Incubation of differentiated PAC with Thl7 cell supernatant resulted in downregulation of
lipolysis genes, with a stronger reduction with MAP2K5 KD. IL-17 has been previously
implicated in the regulation of metabolic functions of mature differentiated adipocytes (Zuniga
et al., 2010). Specifically, incubation of preadipocytes with IL-17 during differentiation was
shown to inhibit the expression of lipolysis-related genes (HSL, perilipin, ATGL), resulting in
reduced lipid accumulation detected as reduced ORO staining, and impaired adipocyte
function. Hyperlipidemia is often present in individuals with T2D, and this can damage the
integrity of the BBB, increasing its permeability and allowing the infiltration of peripheral
cholesterol, which can promote AB pathology in AD patients (Sun et al., 2020).

Studies have shown that activated T cells cause neurotoxicity by direct cell-cell contact and
do not target other CNS cell types (oligodendrocytes and astrocytes), indicating T cell
selectivity towards neurons (Giuliani et al., 2003). CD4" T cells cannot recognize antigens on
neurons due to the lack of expression of MHC class Il molecules, but they can induce
apoptosis through the TNF-related apoptosis-inducing ligand (TRAIL) pathway (Aktas et al.,
2005). Among CD4* T cells, Thl17 cells exhibit a preferential ability to engage sustained
contacts with neurons and induce neuronal injury (Siffrin et al., 2010). In this study, co-
culture of SH-SY5Y neuronal cells with T cells showed a tendency to reduce viability,
especially with Th17 cell supernatant, as well as reduce expression of differentiation marker
genes, indicating a negative effect of Thl7 cells and their cytokines on neuronal
differentiation. 1L17 has been shown to play a critical role in regulating brain inflammation by
promoting recruitment of inflammatory cells (Stromnes et al.,, 2008). In AD models, ApB-
reactive Thl7 cells accelerate disease progression by downregulating anti-inflammatory and
immunosuppressive Tregs, both within CNS and in the periphery (Machhi et al., 2021).

The dysregulation of the Treg/Thl7 balance towards a proinflammatory environment that
promotes disease can be explored therapeutically with anti-inflammatory drugs targeting
Thl7 cells and related cytokines, as well as enhancing Treg differentiation (Drew, Burow and
Beckman, 2012; Fasching et al., 2017). Various candidate molecules that beneficially
reshape the Th1l7/Treg imbalance have shown promising results in animal models (Huh et
al., 2011; Baek et al., 2014; Skepner et al., 2015; Takaishi et al., 2017), but still need further
study before being tested in humans. Current AD drugs vary in their influence on CD4* T cell
subpopulations and none is specifically designed to target the dysregulation of the Th17/Treg
ratio (Kubick et al., 2020). Future drug design approaches should specifically consider
inhibiting CD4* Th17 to improve AD prognosis.

74



5.3.1 Further exploration

The direction of effects observed supports our hypothesis that altering MAP2K5 expression/
function favors CD4" T cell differentiation into Th17 cells in detriment of the Treg phenotype,
shifting the Treg/Thl7 balance to a proinflammatory environment that is conducive to the
development of T2D and AD.

The next step would be to narrow down the causal SNPs by using CRISPR-Cas9 gene
editing technology in naive T cells to edit each candidate SNP in the MAP2K5 locus and
identify the ones with an effect on T cell differentiation, comparing the Treg/Th17 ratio in the
edited population via flow cytometry. The different populations would then be sorted for
further investigation of the mechanisms of action of the causal SNPs at a cellular level, such
as changes in gene and protein expression of the differentiation signaling pathways, as well
as the cytokine profile produced by differentiated T cells. Following a cellular
characterization, the edited cells would be used in co-culture experiments to elucidate their
impact on differentiated adipocytes and neurons, particularly in promoting an inflammatory
response in these cell types. The impact on disease susceptibility and development would
need to be confirmed at an organismal level, with tissue targeted MAP2K5 knockout animal
models.

5.4 Limitations of this study

One of the challenges in this study was the induction of knock down in primary immune cells,
which are notoriously difficult to transfect. We tested different chemical protocols, as well as
electroporation, and selected the accell transfection method for providing the best knock
down with lowest impact on cell viability. Due to the transient nature of siRNA KD, we also
attempted to produce shRNA for lentiviral delivery and stable silencing of MAP2KS5.
Unfortunately we faced several issues during the cloning process and cell culture which
excluded this option. The limited availability of primary T cells also made this technique
difficult to implement, given the high amount of cells required for infection, selection and
expansion.
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6 Conclusion

This work employed a framework to uncover the biological mechanisms underlying
pleiotropic traits by a systematic functional dissection of pleiotropic GWAS loci. To translate
GWAS results into biological function, we combined public resources (epigenomic
annotations, chromosome conformation, and regulatory motif conservation), targeted
experiments for different haplotypes (gene expression, cellular profiling), and directed
perturbations in human primary cells (targeted knockdown, CRISPR—Cas9 genome editing).
This approach specifically aims to elucidate the function of noncoding variants, which
constitute the majority of GWAS signals and over 90% of disease-associated variants
(Gallagher and Chen-Plotkin, 2018). One of the ultimate objectives of genetic research is to
drive translational advances that enable more effective prevention and/or treatment of
disease, and GWAS studies have already successfully informed drug targets for type 2
diabetes, rheumatoid arthritis and psoriasis, for example (Visscher et al., 2017). This work
contributes to facilitate the understanding of pleiotropy and its role in complex human traits
and diseases.
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Appendix

1 Study documents

11

Study design

Interpretation von nicht-kodierenden Varianten, die der gemeinsamen Genetik

(Pleiotropie) von Typ-2-Diabetes und Morbus Alzheimer zugrunde liegen

1. Verantwortlichkeiten

a. Studienleiter

Prof. Dr. med. Hans Hauner
Klinikum rechts der Isar der
Technischen Universitat Minchen
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Uptown Miinchen, Campus D
Georg-Brauchle-Ring 62

80992 Miinchen

b. beteiligte Wissenschaftler/innen

Asst. Prof. Dr. rer. nat. Melina Claussnitzer
Technische Universitat Minchen

Lehrstuhl fir Ernahrungsmedizin

derzeit Broad Institute of MIT and Harvard
75 Ames St.

Lab 10075

Cambridge, MA 02142, USA

PD Dr.med. Thomas Skurk
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Lehrstuhl fur Erndhrungsmedizin
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Isabel Sousa
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ZIEL — Institute for Food & Health
Gregor-Mendel-Str.2

85350 Freising

4. Studienziele

a. primare/sekundare Ziele und/oder Hypothesen

Welcher Lokus (Kausalvariante) ist fur die Pleiotropie zwischen AD und T2D

verantwortlich?
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b.

konfirmatorisch/explorativ
Es handelt sich um eine explorative Studie.

5. Zielgrof3en

a.

priméare/sekundéare ZielgrofRen

Die primaren erwarteten Ergebnisse sind Veranderungen in der Aktivierungs- und
Differenzierungskapazitat von T-Zellen nach Gen-Knock-Down und Genom-Editing.
Die sekundaren Ergebnisse sind die Wirkungen der manipulierten T-Zellen im
Fettgewebe und Hirngewebe, um die Pleiotropie zu bestatigen.

6. Studiendesign

a.

monozentrisch/multizentrisch

Es handelt sich um eine monozentrische Studie mit gesunden Probanden.
Studienarme: Intervention/Kontrolle

Die Teilstudien sind einarmig.

Randomisierung

Entfallt

Verblindung

Entfallt

7. Studienpopulation

a.

Ein- und Ausschlusskriterien

Einschlusskriterien:

e  Gesunde Manner im Alter zwischen 18 und 40 Jahren
e  BMI zwischen 18,5 und 30 kg/m?

e Schriftliche Einverstandniserklarung

Ausschlusskriterien:

e Typ 1und 2 Diabetes

e Raucher

e  Kardiovaskulare Erkrankungen

e  sonstige schwere Erkrankung (wie z.B. Krebs)
e Antibiotikabehandlung in den letzten 6 Monaten

Ausschlusskriterien wéahrend der Studie:

e Probanden, bei denen unvertretbare, unerwinschte Ereignisse auftreten
Probanden mit akuten Erkrankungen im Versuchszeitraum

Probanden, die ihre Zustimmung zur Teilnahme an der Studie widerrufen
Probanden, welche die Versuchsbedingungen nicht einhalten

Anzahl der Studienteilnehmer

In der Studie sollen 20 mannliche Probanden getestet werden.
Rekrutierungsmafnahmen (wo und wie werden die Teilnehmer rekrutiert?)
Die Teilnehmer werden am Campus Weihenstephan tiber Aushange rekrutiert.

8. Studienablauf

a.

Aufklarung der Probanden und Einholung der Einwilligung

Die Probanden werden vor Studienbeginn schriftlich und mindlich Uber Ziele und Art
der geplanten Studie aufgeklart. Die Teilnahme an der Studie ist freiwillig; die
Zustimmung kann jederzeit ohne Angabe wvon Grinden und ohne Nachteile
zuriickgezogen werden. Die Zustimmung der Probanden wird durch ihre Unterschrift
auf der Einverstandniserklarung dokumentiert. Die Einverstéandniserklarung bleibt aus
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b.

C.

datenschutzrechtlichen Griinden beim Studienleiter. Bei Rucktritt von der Studie wird
bereits gewonnenes (Daten-)Material vernichtet. Der Proband wird jedoch darauf
hingewiesen, dass bis zum Zeitpunkt des Ricktritts gesammelte Daten in
anonymisierter Form weiterhin verwendet werden durfen.

Erfassung der ZielgréRen (Untersuchungen, Messungen, Datenerhebungen)

24 Std. vor der Untersuchung sollen die Probanden Koffein und sportliche Aktivitaten
vermeiden. Die Probanden erhalten hierzu entsprechende Empfehlungen. 12 Std. vor
der Blutabnahme darf bis auf Wasser keine Nahrung zugefiihrt werden.

Der Ablauf der Untersuchung ist wie folgt vorgesehen:

Die Probanden erscheinen morgens niichtern im Studienzentrum. Dort wird ca. 50 ml
Blut abgenommen. AuBerdem werden Grof3e und Gewicht nach SOPs bestimmt.
Gesamtdauer der Studie

Beginn der Studie ist unmittelbar nach Vorliegen eines positiven Votums der
Ethikkommission der Fakultat fur Medizin der TU Miunchen. Voraussichtliches Ende
der Studie ist Marz 2018.

9. Nutzen-Risiko-Abwagung

a.

b.

C.

mit der Studienteilnahme verbundene Belastungen und Risiken:

Risiken bestehen in geringem Male bei der Blutabnahme. Die Blutabnahme selbst

erfolgt durch einen Studienarzt. In seltenen Féallen kann es zu starkeren Nachblutung

an der Einstichstelle kommen und in sehr seltenen Fallen zu einer Schadigung von

Nerven bzw. Blutgefaen.

Abbruchkriterien:

Die Studie wird insgesamt abgebrochen bei:

e Auftreten relevanter medizinischer oder ethischer Probleme

e Auftreten von unerwiinschten Ereignissen, deren Schwere und Dauer unbekannt
sind

Statement zur arztlichen Vertretbarkeit

Von arztlicher Seite bestehen auf Grund des geringen Risikos keine Bedenken.

10. Biometrie

a.

konfirmatorische Studie:

nicht zutreffend

explorative Studie: Erlauterung zur statistischen Methodik

Es handelt sich um eine Studie zur Aufklarung der Dysregulation von Th17- und Treg-
Populationen.

11. Datenmanagement und Datenschutz

a.

Erfassung, Speicherung (Art, Ort, Dauer) und Weitergabe wvon Daten,
Gewahrleistung der Datensicherheit:

Die Namen der Probanden und alle anderen vertraulichen Informationen unterliegen
der arztlichen Schweigepflicht und den Bestimmungen des
Bundesdatenschutzgesetzes (BDSG). Die Probanden werden unmittelbar nach
Einschluss in die Studie mit einem dreistelligen Zahlen- und Buchstabencode
pseudonymisiert (ABx). Alle erhobenen Studiendaten werden in elektronischer Form
am Lehrstuhl fir Erndhrungsmedizin erfasst und gespeichert.

Alle erhobenen Daten und Originaldokumente werden nach Studienende oder -
abbruch for 10 Jahre aufbewahrt. Dazu werden die Dokumente im Archiv des
Lehrstuhls fur Erndhrungsmedizin gelagert. Falls der Proband mit einer Lagerung
ausgewahlter in der Biobank einverstanden ist, werden diese dort fiir einen
langfristigen Zeitraum gelagert.

anonymisiert/pseudonymisiert:
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12.

13.

14,

siehe a

c. Widerruf, Datenléschung:
Bei Rucktritt von der Studie wird bereits gewonnenes (Daten-)Material vernichtet oder
beim Probanden angefragt, ob er mit der Auswertung des Materials einverstanden ist.

Umgang mit Biomaterialien
Die Biomaterialien (Blut) werden lediglich fur das vorgestellte Projekt verwendet und auf
Wunsch des Probanden nach Ende der Studie vernichtet.

Probandenversicherung (sofern zutreffend)
Es wird eine Ubliche Probandenversicherung abgeschlossen

Unterschriften: Studienleiter/in (Antragsteller/in)

Freising, 23. Juni 2017

Ort, Datum Prof. H. Hauner
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1.2. Recruitment advertisement

ZIEL - Institute for Food & Health ) ) o
Technische Universitat Minchen Lehrstuhl fur Ernahrungsmedizin
Technische Universitét Minchen

Prof. Dr. med. Hans Hauner

2018.02.08

Teilnehmer gesucht
far

Studie:
Rolle von T-Zellen in Typ 2 Diabetes und Alzheimer-
Krankheiten

Im Rahmen einer laufenden Studie, in welcher die Rolle von T-Zellen bei der Entstehung von
Typ 2 Diabetes und Alzheimer-Krankheiten untersucht wird, suchen wir gesunde,
normalgewichtige Manner (Nichtraucher) zwischen 18 und 40 Jahren.

Die Studie beinhaltet:
e Ein Termin am Studienzentrum (ca. 30min)
- Aufklarung und Nuchtern-Blutabnahme
- Erhebung von Daten zu Gr63e und Gewicht

Die Studie findet in Weihenstephan im Human Study Center (Gregor-Mendel-Str. 2) statt. Sie
erhalten die gemessenen Daten zu lhrer Kbrperzusammensetzung.

Zur Terminvereinbarung bzw. bei Fragen wenden Sie sich bitte an:
Frau Isabel Sousa

E-Mail: isabel.sousa@tum.de

Tel.: 08161-712011

Else Kroner-Fresenius-Zentrum fir Erndahrungsmedizin, Lehrstuhl fir Erndhrungsmedizin,
Gregor-Mendel-Str. 2, 85354 Freising - Weihenstephan
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1.3.  Screening questionnaire including inclusion and exclusion criteria

Screening:
Interpretation von nicht-kodierenden Varianten, die der gemeinsamen Genetik (Pleiotropie)

zwischen Typ-2-Diabetes und Alzheimer-Krankheit zugrunde liegen

DEY I N N | Uhrzeit: |__||__[:|__||__| Uhr

O Telefonisch
O Personlich im Studienzentrum

O Sonstiges

Nachname:

Vorname:

Telefonnummer:

Email:

Geburtsdatum:

Grolle: Gewicht aktuell: Gewicht vor 3 Monaten:

BMI:

Einschlusskriterien
O Alter 18 — 40 Jahre
O maéannlich

O BMI zwischen 18,5 und 30 kg/m?
Einverstandniserklarung unterschrieben

Ausschlusskriterien:

= bei >= 1 Ja-Antwort Ausschluss des Probanden
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Ein- und Ausschlusskriterium

JA

NEIN

Kommentar

Aktuelle Teilnahme an Interventionsstudien

Raucher

Chronische Erkrankungen (arztliche Diagnose):

Chronische Infektionen (z.B. HIV)

Diagnostizierte Lebererkrankungen (z.B. HCV, HBV)

Diagnostizierter Diabetes mellitus

Unbehandelte  endokrinologische  Erkrankungen  (z.B.
Schilddriseniber oder -unterfunktion)

Diagnostizierte
Autoimmunerkrankung (z.B. Rheuma, Colitis Ulcerosa,
Morbus Crohn)

Diagnostizierter Herzinfarkt innerhalb der letzten 3 Jahre

Diagnostizierter Schlaganfall innerhalb der letzten 3 Jahre

Herzschrittmacher

Unbehandelter Bluthochdruck (>160/95 mmHg)

Herzkrankheit, die innerhalb der letzten 3 Jahre éarztlich
behandelt werden musste

Krebserkrankung, die innerhalb der letzten 3 Jahre arztlich
behandelt werden musste

Diagnostizierte psychische oder neurologische Erkrankungen
in den letzten 3 Jahren (z.B. Schizophrenie, Epilepsie,
Depression, Multiple Sklerose)

Bluttransfusion in den letzten 3 Monaten

Antibiotikabehandlung in den letzten 6 Monaten

Immobilitat (z.B. an den Rollstuhl gebunden)

Kein stabiles Kérpergewicht in den letzten drei Monaten (+-3kg)

Sonstige Informationen:

Medikamente (Hinweis Medikamentenliste soll bei der Visite mitgebracht werden)

Erkrankungen / Akute Erkrankungen (z.B. Erkaltung, Fieber, Durchfall, Bronchitis, Blasenentziindung)

(Hinweis: Befunde des letzten halben Jahres sollen zur Visite mitgebracht werden)
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1.4. Participant information

Teilnehmerinformation

Interpretation von nicht-kodierenden Varianten, die der gemeinsamen Genetik
(Pleiotropie) zwischen Typ-2-Diabetes und Alzheimer-Krankheit zugrunde liegen

Sehr geehrter Teilnehmer!

Sie sind eingeladen, an der oben genannten Studie teilzunehmen. Nachfolgend sind die wichtigsten
Informationen zum Hintergrund, der Zielsetzung und dem Ablauf der Studie dargestellt. Bitte lesen Sie
sich die Teilnehmerinformation sorgféltig und in Ruhe durch, bevor Sie lhre Entscheidung zur
Teilnahme treffen.

Hintergrund und Ziele der Studie

Neuste Forschungsergebnisse haben gezeigt, dass T-zellen bei der Entstehung von Typ 2 Diabetes
und Alzheimer-Krankheiten eine wichtige Rolle spielen. In Anbetracht der aktuellen Literatur gehen wir
davon aus, dass die Fehlregulation in spezifischen T-Zellen Populationen sowohl in Typ 2 Diabetes
als auch in Alzheimerkrankheit durch einen genetische Variation erklart werden kann, der die T-Zellen
zu mehr pro-inflammatorischen und weniger entziindungshemmenden Zellpopulationen férdert. Um
die Rolle von T-Zellen in beiden Krankheiten zu klaren, wird im Rahmen dieser Studie Blut
abgenommen zur Isolierung von T-Zellen.

Studienablauf

Im Rahmen der Studie mochten wir Sie bitten, zu einem Untersuchungstermin in das Studienzentrum
in Freising-Weihenstephan zu kommen.

Zum jeweiligen Untersuchungstermin missen Sie nichtern erscheinen, d.h. die letzte Mahlzeit sollte
12 Stunden zuriickliegen. Medikamente dirfen nach Absprache eingenommen werden. 24 h vor der
Untersuchung und am Untersuchungstag sollen keine kdrperlich anstrengenden Tatigkeiten verrichtet
werden (z.B. nicht mit dem Rad zu den Untersuchungen kommen). Zudem dirfen Sie 12 Stunden
keinen Kaffee oder Schwarztee trinken.

Untersuchungsablauf

Bioimpedanzanalyse (Korperfettmessung)
Die Bioimpedanzanalyse (BIA) dient der Messung der Korperzusammensetzung (Muskel-, Fett-,
Wasseranteil) mittels einer speziellen Kérperanalysewaage.

Blutabnahme

Die Blutabnahme dient zur Isolierung der Primérblutzellen. Fir die Abnahme bendtigen wir etwa 50 ml
Blut, das entspricht ungefahr 5 Essloffeln. Das ist fur den Korper vollkommen ungeféahrlich. Zum
Vergleich: bei einer durchschnittlichen Blutspende werden 500 ml Blut entnommen.

Wer darf teilnehmen?

An der Studie teilnehmen dirfen:
- Gesunde Manner im Alter zwischen 18 und 40 Jahren
- BMI zwischen 18,5 und 30 kg/m?
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- Schriftliche Einverstandniserklarung

Ausschlusskriterien sind:
-  Typ 1 und Typ 2 Diabetes
- Raucher
- Kardiovaskulare Erkrankungen (z.B. Herzinfarkt, Arteriosklerose)
- Andere schwere Krankheiten

- Antibiotikaeinnahme in den letzten 6 Monaten
Risiken

Bei der Blutentnahme kann es in seltenen Fallen zu einer Infektion an der Einstichstelle (allerdings ist
die Wahrscheinlichkeit aufgrund der HygienemaRnahmen sehr gering), einer Blutung oder einer
Nervenverletzung kommen.

Bei jeder Datenerhebung, -speicherung und -Ubermittlung bestehen Vertraulichkeitsrisiken. Der
Lehrstuhl fir Erndahrungsmedizin der Technischen Universitat (TU) Minchen versichert Ihnen, nach
Méglichkeit alles zum Schutz lhrer Privatsphare zu tun (siehe ,Wie werden lhre Biomaterialien und
Daten geschiitzt?).

Nutzen

Personlich kénnen Sie fur lhre Gesundheit keinen unmittelbaren Vorteil oder Nutzen aus der Spende
lhrer Proben und Daten erwarten. Die Ergebnisse sind ausschliellich zu Forschungszwecken
bestimmt.

Eine Ruckmeldung von Ergebnissen aus der Untersuchung der Biomaterialien ist nicht vorgesehen.

Erhalten Sie eine Aufwandsentschadigung?

Eine Aufwandsentschadigung ist nicht vorgesehen. Sie erhalten die gemessenen Daten zu lhrer
Kdrperzusammensetzung.

Spende, Einlagerung und Nutzung von Biomaterialien sowie zur Erhebung, Verarbeitung und
Nutzung von Daten in Biobanken

Der Lehrstuhl fur Erndhrungsmedizin der Technischen Universitat Miinchen betreibt eine Biobank. Es
handelt sich dabei um eine Sammlung von menschlichen Biomaterialien wie Speichel, Blut, Urin, Stuhl
oder Gewebe, verkniipft mit ausgewahlten medizinischen Daten. Die Untersuchung von menschlichen
Biomaterialien und die Analyse der daraus gewonnenen oder zu gewinnenden Daten sind zu einem
wichtigen Instrument medizinischer Forschung geworden. Deshalb fragen wir unsere Probanden, ob
sie bereit sind, uns bestimmte Kérpermaterialien und Daten fur die Forschung zur Verfliigung zu
stellen. Die Teilnahme der Probanden ist vollig freiwillig. Soweit der Proband/die Probandin sich nicht
beteiligen méchten oder lhre Zustimmung spater widerrufen mdchten, entstehen den Probanden
daraus keine Nachteile.

Um welche Art von Biomaterialien und Daten handelt es sich?

Bei dem Biomaterial handelt es sich in diesem Fall um Blut, die den Probanden anlasslich lhrer
Studienteilnahme entnommen werden sollen. Die erhobenen Daten umfassen Informationen zur
Person, die verschlisselt (,pseudonymisiert”) werden.

Wie werden die Biomaterialien und Daten verwendet?

Die vom Probanden zur Verfugung gestellten Biomaterialien und Daten werden ausschlie3lich fur die
medizinische Forschung bereitgestellt. Sie sollen im Sinne eines breiten Nutzens fir die Allgemeinheit
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fur viele verschiedene medizinische Forschungszwecke verwendet werden kdnnen. Zum derzeitigen
Zeitpunkt kénnen noch nicht alle zukiinftigen medizinischen Forschungsziele beschrieben werden.
Diese kénnen sich sowohl auf bestimmte Krankheitsgebiete (z.B. Herz-Kreislauf-Erkrankungen) als
auch auf heute zum Teil noch unbekannte Krankheiten und genetische Defekte beziehen. Es kann
also sein, dass die Proben und Daten des Probanden auch fir medizinische Forschungsfragen
verwendet werden, die wir heute noch nicht absehen kénnen. Deshalb werden an die Biomaterialien
des Probanden méglicherweise auch genetische Untersuchungen, also Untersuchungen der
Erbsubstanz, durchgefuhrt, und zwar unter Umstanden auch eine Untersuchung des gesamten
Genoms.

Die Biomaterialien und Daten sollen fir unbestimmte Zeit aufbewahrt und fir die medizinische
Forschung bereitgestellt werden. Aus logistischen Grinden ist es der Biobank nicht mdglich,
individuelle Eingrenzungen (z.B. Ausschluss bestimmter Forschung, Ausschluss der Weitergabe der
Materialien an Dritte) vorzunehmen. Wenn der Proband/die Probandin mit der beschriebenen Art und
Dauer der Nutzung nicht in vollem Umfang einverstanden ist, werden die Biomaterialien und Daten
des Probanden nicht fiir die Biobank verwendet.

Datenschutz

lhre schriftliche Einwilligung ist Voraussetzung fur die Gewinnung und Nutzung lhrer Blutprobe samt
den zugehorigen personenbezogenen Daten zu Forschungszwecken. Ihre Einwilligung ist freiwillig
und kann jederzeit widerrufen werden (siehe auch Punkt ,Widerrufs- und Informationsrecht®).

lhre Biomaterialien und Daten werden am Lehrstuhl fir Erndhrungsmedizin der TU Minchen unter
standardisierten Qualitdts- und Sicherheitsbedingungen unbefristet aufbewahrt und auf Antrag fur
Forschungszwecke herausgegeben.

Alle unmittelbar Ihre Person identifizierenden Daten (Name, Geburtsdatum, Anschrift etc.) werden
durch einen Code ersetzt (pseudonymisiert, verschliisselt). Erst in dieser Form erhélt die am Lehrstuhl
fur Erndhrungsmedizin vorhandene Biobank die Verfligungsmacht tber lhre Biomaterialien und Daten.
Danach wird der Datensatz nochmals neu kodiert und gespeichert. Bei einer derartigen doppelten
Kodierung sind Ruckschlusse auf Ihre Person allein auf Grund der Bezeichnung von
Biomaterialien/Daten ausgeschlossen.

Voraussetzung fur die Verwendung der verschlisselten Biomaterialien und Daten fir medizinische
Forschungsprojekte ist, dass das Forschungsvorhaben durch eine Ethikkommission zustimmend
bewertet wurde.

Eine Entschlisselung, d.h. eine Zuordnung der Biomaterialien / Daten zu lhrer Person (Name,
Geburtsdatum, Anschrift etc.), darf nur aus zwingenden wissenschaftlichen Grinden, oder aufgrund
lhres Verlangens erfolgen. Alle Entschliisselungsvorgdnge werden dokumentiert.

Wer hat Zugang zu Ihren Biomaterialien und Daten?

Die verschlisselten Biomaterialien und Daten kdnnen auf Antrag an Dritte fir medizinische
Forschungsprojekte weitergegeben werden.

Biomaterialien und Daten, die an Dritte weitergegeben wurden, durfen nur fir den beantragten
Forschungszweck verwendet und nicht nochmals weitergegeben werden. Nicht verbrauchtes Material
wird an die Biobank zuriickgegeben oder vernichtet.

Biomaterial und unmittelbar identifizierende Daten (Name, Geburtsdatum, Anschrift etc.) sowie
medizinische Daten (z. B. Diaghose, Symptome, Laborwerte etc.) werden an jeweils unterschiedlichen
Stellen gelagert und gespeichert. Die Verantwortung fir die Einhaltung der Schutzmal3nahmen liegt
beim Lehrstuhl fir Erndhrungsmedizin der TU Miinchen. Dort wird sichergestellt, dass kein unbefugter
Dritter Zugang zu den Biomaterialien/Daten hat.
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Wissenschaftliche Veroffentlichungen von Ergebnissen erfolgen in einer Form, die keine
Rickschlusse auf Ihre Person zulésst.

Fur die Uberlassung lhrer Biomaterialien / Daten erhalten Sie kein Entgelt. Sollte aus der Forschung
ein kommerzieller Nutzen erzielt werden, werden Sie daran nicht beteiligt.

Mit der Uberlassung der Biomaterialien an den Lehrstuhl fur Ernahrungsmedizin der TU Miinchen
werden diese Eigentum dieser Einrichtung. Ferner ermachtigen Sie den Lehrstuhl fir
Erndhrungsmedizin der TU Munchen, Ihre Daten zu nutzen.

lhre Biomaterialien und Daten werden nicht an Dritte verkauft; fir die Nutzung der Biobank kann
jedoch eine angemessene Aufwandsentschadigung erhoben werden.

Erfolgt eine erneute Kontaktaufnahme mit lhnen?

Zur Erhebung von Daten zum weiteren Verlauf kann es notwendig werden, dass der Lehrstuhl far
Erndhrungsmedizin der TU Mlnchen zu einem spéteren Zeitpunkt erneut Kontakt mit Ihnen aufnimmt,
um erganzende Informationen und/oder Biomaterialien von lhnen zu erbitten. Zudem kann die erneute
Kontaktaufnahme genutzt werden, um z. B. lhre Einwilligung zum Abgleich mit anderen Datenbanken
einzuholen oder um lhnen eine Rickmeldung Uber bestimmte Forschungsergebnisse zu geben. Falls
Sie eine erneute Kontaktaufnahme nicht wiinschen, streichen Sie bitte den entsprechenden Passus in
der Einwilligungserklarung.

Haftung

Hinsichtlich der Haftung gelten die gesetzlichen Bestimmungen

Welche Widerrufs- und Informationsrechte haben Sie?

Sie kdnnen lhre Einwilligung zur Verwendung lhrer Biomaterialien und Daten jederzeit ohne Angabe
von Grinden und ohne nachteilige Folgen fir Sie widerrufen. Im Falle eines Widerrufs wird die
verschlisselte Verknupfung der Biomaterialien und Daten mit lhren unmittelbar ide ntifizierenden
Daten (Name, Geburtsdatum, Anschrift etc.) geldscht. lhre Daten und Biomaterialien stehen dann
auch fur zukunftige Projekte nur noch anonymisiert zur Verfigung. Dariiber hinaus haben Sie das
Recht, die Léschung Ihrer Daten und die Vernichtung lhrer Biomaterialien zu verlangen. Sollten Sie
jedoch vorher bereits die Anonymisierung beantragt haben ist dies jedoch nicht mehr méglich. Zudem
kénnen Daten aus bereits durchgefihrten Analysen nicht mehr entfernt werden.

Wenden Sie sich fur einen Widerruf bitte an: Lehrstuhl fir Erndhrungsmedizin der TU Minchen,
Klinikum rechts der Isar, Georg-Brauchle-Ring 62, 80992 Munchen, Tel.: 089-289-24021 oder
EKFZ@mri.tum.de

An wen wenden Sie sich bei weiteren Fragen?

Sollten wahrend des Verlaufs der Studie Fragen auftauchen, kénnen Sie einen Ansprechpartner wie
folgt erreichen:

M.Sc. Isabel Sousa, Tel: 08161/71 2011, Email: isabel.sousa@tum.de
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1.5.  Participant written informed consent

ZIEL
H u Institute for
U Food & Health

Einwilligungserklarung

Interpretation von nicht-kodierenden Varianten, die der gemeinsamen Genetik
(Pleiotropie) zwischen Typ-2-Diabetes und Alzheimer-Krankheit zugrunde liegen

Teilnehmer:

(Name, Vorname)

Adresse

Geb.-Datum:

Ich bin damit einverstanden, dass meine Blutprobe und Daten, wie in der Teilnehmerinformation
beschrieben, an den Lehrstuhl fir Erndhrungsmedizin der Technischen Universitat (TU) Miinchen
gegeben und unbefristet fur medizinische Forschungszwecke verwendet werden.

Durch meine Unterschrift bestatige ich, dass ich den Inhalt der Informationsschrift gelesen und
verstanden habe. Ich hatte die Gelegenheit, Fragen zu stellen. Meine Fragen wurden mir
zufriedenstellend beantwortet.

Ich weil3, dass meine Teilnahme freiwillig ist und ich meine Einwilligung jederzeit ohne Angabe von
Griunden widerrufen kann, ohne dass mir daraus irgendwelche Nachteile entstehen.

Ich bin damit einverstanden, dass ich evtl. zu einem spateren Zeitpunkt erneut kontaktiert werde (ggf.
streichen).

Datenschutzerklarung:

Ich erklare mich damit einverstanden, dass der Lehrstuhl fiir Erndhrungsmedizin der TU
Munchen Biomaterialien von mir unbefristet lagert und pseudonymisiert (verschlisselt) fur
medizinische Forschungsvorhaben nutzt. Ferner stimme ich zu, dass personenbezogene
Daten, insbesondere Angaben tGber meine Gesundheit, tiber mich erhoben oder aus meinen
Krankenunterlagen entnommen und beim Lehrstuhl fur Erndhrungsmedizin der TU Minchen
aufgezeichnet und pseudonymisiert (verschlusselt) fir medizinische Forschungsvorhaben
genutzt werden. Die Biomaterialien und Daten durfen fir medizinische Forschungsvorhaben
unbefristet verwendet werden und pseudonymisiert (verschlisselt) an Universitaten,
Forschungsinstitute und forschende Unternehmen, ggf. auch ins Ausland, weitergegeben
werden.

Ich bin dartuber aufgeklart worden, dass ich jederzeit die Teilnahme ohne Begriindung beenden
kann. Beim Widerruf meiner Einwilligung gegentber dem Lehrstuhl fir Erndhrungsmedizin der
TU Minchen habe ich das Recht, die Loschung der Verknipfung zu den mich unmittelbar
identifizierenden Daten (Name, Geburtsdatum, Anschrift etc.) bzw. falls mdéglich auch die
Léschung/Sperrung aller meiner bis dahin gespeicherten personenbezogenen Daten bzw. die
Vernichtung der Biomaterialien fur die Zukunft zu verlangen.

Der Lehrstuhl fir Erndhrungsmedizin der TU Minchen versichert mir, meine Daten
entsprechend den datenschutzrechtlichen Bestimmungen vertraulich zu behandeln.
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Eine Kopie der Teilnehmerinformation und Einwilligungserklarung habe ich erhalten. Das Original
verbleibt am Lehrstuhl fir Erndahrungsmedizin der TU Miinchen.

Name des Teilnehmers in Druckbuchstaben

Ort, Datum (vom Teilnehmer einzutragen) Unterschrift Teilnehmer/in

Ich habe das Aufklarungsgesprach gefihrt und die Einwilligung des Teilnehmers eingeholt.

Name des Arztes in Druckbuchstaben

Ort, Datum Unterschrift des Arztes
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1.6. Case Report Form (CRF)

CASE REPORT FORM

Teilstudie 1

Interpretation von nicht-kodierenden Varianten, die
der gemeinsamen Genetik (Pleiotropie) zwischen
Typ-2-Diabetes und Alzheimer-Krankheit zugrunde

liegen

Teilnehmer Code ||| IL_IL_1l_I__|
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Visite 1 Datum: [/ [

Tag Monat Jahr
Allgemeine Angaben
Geburtsdatum: |__ || |-l Alter: |__||__| Jahre
Geschlecht: 3 méannlich 3 weiblich
Nationalitat: 3 Européisch 3 Asiatisch, Orientalisch

O Afrikanisch

O Andere:

Untersuchungsvorbereitung

Teilnehmer nuchtern?
Wann haben Sie gestern zum letzten Mal etwas gegessen?
Haben Sie am Vorabend bzw. am Morgen Sport gemacht?

Haben Sie in den letzten 24 h Koffein zu sich genommen?

Oja O nein*
|1 __f|_] Uhr
O ja* O nein

Oja* O nein

Anthropometrie-/ BIA- Messung

Raumtemperatur:

Korpergrofle

Koérperzusammensetzung (SECA)

Korpergewicht:

BMI:
Gesamtkdrperwasser:
Gesamtkorperwasser:
Extrazelluldres Wasser:
Extrazellulares Wasser:
Hydratation:

Fettfreie Masse:
Fettfreie Masse:

Fettfreie-Masse-Index:

|_ll_ll_1°C

(N Py B ey

||| kg
||| kg/m?
Y
|l | %
(| Y
||| %
Y R e
N Y B
||| %

|—l__LI_1]_| kg/m?
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Fettmasse:

Fettmasse:

Fettmasse-Index:
Skelettmuskelmasse (gesamt):
Skelettmuskelmasse (gesamt):
Rechter Arm Skelettmuskelmasse:
Linker Arm Skelettmuskelmasse:
Rechtes Bein Skelettmuskelmasse:
Linkes Bein Skelettmuskelmasse:
Torso Skelettmuskelmasse:
Viszerales Fett:
Ruheenergieverbrauch:
Gesamtenergieverbrauch (PAL 1,6):
Im Kérper gespeicherte Energie:
Resistanz (R):

Reaktanz (Xc):

Phasenwinkel (¢):

Ausdruck (SECA) nachfolgend angefiigt?

||| kg

||| %

||| kg/m?
||| kg
|| | %

|—_LI_ll_I kg

|—LI_ll_I kg

| LIl kg

|—LI_ll__I kg

| LIl __I kg

Y R
|l ll—LI_ll_| keal/d

|l __Ll_ll_] keal/d

| f_Ll__1Q
P

Oja 3 nein

Blutabnahme

Heparin-monovettes (9 ml)

*k.A. bedeutet keine Abnahme

O k.A. O 6x

Anamnesebogen

- Gesundheit -

1) Raucherstatus
(3 Nichtraucher

O Ex-Raucher
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2) Nehmen Sie regelméfRig Medikamente?

Wenn ja, bitte genaue Angaben!

ja0d nein (J

Medikament/ Tagl. Verabreichungs- Beginn Ende Krankheitsbild
Dosis

Hersteller form

Bsp: Ramipril | 1-0-0 Tablette 01.01.12 - Bluthochdruck

Hexal (1,25 mg)
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3. Supplementary figures
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Figure S2. Cell type enrichment across 127 reference epigenomes (Roadmap) for the AD-T2D bivariate

loci. The identified bivariate signals were enriched in blood and T cell related epigenomes, namely DND-
41 leukemia T cell line, primary hematopoietic stem cells and thymus.
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Figure S3. Micrographs from CD4* T cells in culture. A. Magnification 10x; B. Magnification 20x.
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Figure S4. Micrographs from co-culture experiment of differentiated PAC with SH1 CD4* T cells.
Magnification 10x.
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Figure S5. Micrographs from co-culture experiment of differentiated SH-SY5Y cells with SH1 CD4* T
cells. Magnification 10x.
108



List of Tables

Table 1.
Table 2.
Table 3.
Table 4.
Table 5.
Table 6.
Table 7.
Table 8.
Table 9.

Table 10.
Table 11
Table 12.
Table 13
Table 14.
Table 15.
Table 16.
Table 17.
Table 18.
Table 19.
Table 20.
Table 21.
Table 22.
Table 23.

Page
Buffers for primary human cell iSOlation ... 19
T COII CUIUIE MBI ... ettt ettt e e e e ettt e e e e e e aate e e e e e e ntbeeeaaeennseeeaeeannneeaeeesannneeeas 19
Adipocyte and preadipoCyte CUItUIE MEAIA .........ciiiieeeiiiee et 19
SH-SYS5Y Cell [IN@ CUUIE MEAIA ........euiiieieiiiiiii ettt e sttt e e st e e e e s etb e e e e s s saneeeaeeesnteeeeeeaan
Nuclear extract preparation buffers

EMSA buffers and gel
Chemicals........ccccoen...
CONSUMBDIES ...ttt b et s e e bt e et e e b et e e st et et e ne bt e nbeenan e ns
Inclusion and exclusion criteria for the STUAY ..........oooiiiiiii e
Characterization of the Study POPUIALTION...........ciiiiiiiiiei e e e e e e e e nebeeeas
. Thermal cycling conditions for CDNA SYNTNESIS ......coi i e e e
Composition of SYBR Green gPCR master mix
. P CR CYCIING CONTITIONS ....eeiiiieiitii ettt ettt e et e e nab e e st e e s e e e e s e e e s nnn e e e enne e e neneas
Primer sequences and annealing temperatures
EMSA OligONUCIEOUAES ...ttt et ekt bb e e s bt e e e s s e e eabr e e e neeeenaneee s
Relative mRNA levels in AMSCs differentiated to osteoblasts (n=5) and adipocytes (n=5). ...........cccveeeennne 44
Relative ADCY5 MRNA levelsin CRISPR edited CeIIS..........ccoooiiiiiiiiiiiie e
Relative mRNA levels in adipocytes (ratio TT/CC) .....ueiiiuiiiiiiieiiiee ettt e st e e saeee e snneee s
Media tested for Treg differenNtiation ..............oooiiiiiiii e e e e e
Media tested for ThL7 differentiation. ............oii it e e e e sneae e e e e
Characterization of the male study population.............cccoeieeieeniinnenn.

Inflammation markers measured in differentiated preadipocytes
Neuronal marker genes tested in differentiated SH-SYS5Y .......oooiiiiiiiiiiiii e

Table S1. Independent loci implicated by CP-ASSOC for association with both bone mineral density and glycaemic

traits.....

Table S2. Associations discovered using the eLX and MTAG bivariate association tools ...............cccocovvvveennnnn. 101
Table S3. Prioritization of the variants at the 3g21.1 locus using PMCA and BasSet ............ccocveveviveiiiiinininnnn. 101

109



List of Figures

Page
Figure 1. Different types of pleiotropy. A: a causal variant (red star) affects two different phenotypes (P1 and P5). B:
the observed genetic variant (S) is in strong LD with two independent causal variants in the same gene that affect
different phenotypes. Adapted from Solovieff et @l., 2013........ccuiiiiiiieiie e 13
Figure 2. Interdependence and plasticity of Treg and Th17 differentiation (Diller et al. 2016). ........cccocoeeeviiierineeriineen. 17
Figure 3. Manhattan plot of genome-wide association results for bone density and glycemic traits using CP-ASSOC.
Bivariate associations were computed for two bone density traits (FNBMD and LSBMD) and four glycemic traits
(HOMA-IR, HOMA-B, fasting glucose levels, and fasting insulin levels). The x-axis indicates the chromosomal
position, and the y-axis the significance on a —log10 scale, directionally split by LSBMD and FNBMD. ....................... 39
Figure 4. A: Genetic association with FNBMD and fasting glucose levels for ADCY5 locus variants. Bivariate
association (y-axis) and genomic coordinates (x-axis) for all common single nucleotide polymorphisms (SNPs =
circles) in a 100kb window of chromosome 3 centered on the ADCY5 bivariate locus. The region of association
localizes to a 65kb interval in intronic regions of the ADCY5 gene containing 13 variants in high linkage disequilibrium
in Europeans (1000 Genomes r?, dot color) with the bivariate tag SNP rs2124500. SNPs that meet hivariate criteria
are marked by bolded purple dots. B: Chromatin state annotations for the 65kb-long bivariate locus. Genomic intervals
are shown across 127 human cell types and tissues reference epigenomes profiled by the Roadmap Epigenomics
projects, based on a 25-state chromatin state model (colours) learned from 12 epigenomic marks using imputed signal
tracks at 25-nucleotide resolution (Roadmap Epigenomics Consortium et al., 2015). Chromatin states considered here
include Polycomb repressed states (grey, H3K27me3), weak enhancers (yellow, H3K4mel only), strong enhancers
(orange, also H3K27ac), and transcribed enhancers (lime, also H3K36me3). Polycomb-repressed segments in
mesenchymal cells are denoted with a dotted red box. The tagSNP rs2124500 (purple), the predicted causal variant
rs56371916 (red) and 11 other variants (black) in high LD with rs2124500 are indicated. .........c.cccccveeieiiiiiieneeeeeiee. 41
Figure 5. Haplotype-specific luciferase assays for 10 kb fragments containing 10 candidate regulatory SNPs from
each haplotype in tightest LD with rs2124500 (r? > 0.9) in adipocytes, osteoblasts, hepatocytes, lymphocytes,

differentiated muscle cells and pancreatic beta CEIIS. ...........iiiiiiiiii e e 42
Figure 6. Genome-wide higher order chromatin interactions for the ADCY5 locus analyzed by Hi-C assays in human
embryonic stem cell derived MSCs from an individual homozygous for haplotype 1........ccccceoviiiiiee i 42

Figure 7. Morphological changes of primary human AMSCs during differentiation into mature adipocytes and
osteoblasts, respectively. Unstained bright field microscopy-based pictures are shown (left) as well as Oil-Red-O
based lipid staining for adipocyte differentiation, and Alkaline Phosphatase staining and Alizarin Red staining for
osteoblast differentiation (right). Micrographs were taken at 10x magnification under an Inverted Laboratory
MICrOSCOPE LEICA DM IL LED. ... . ittt ettt e oo ettt et e e e o s h et e e e e e e aete e e a2 e amntbeeeeeeeannteeaaeaeannbneeeeeaansnneas 43
Figure 8. Quantitative PCR mRNA levels (y-axis, HPRT normalized) in primary cells from individuals heterozygous
(dark grey, n=18) and homozygous (light grey, n=23) for haplotype 1 (Cohort 1). Left: Haplotype-dependent
differential gene expression for six potential target genes across a 1Mb region centered on the 3g21.1 locus. Box
plots depict relative gene expression + SD. Assays were performed at day 3 of osteoblast differentiation. Right:
Haplotype-dependent differential gene expression of ADCY5 in undifferentiated adipose-derived AMSCs,
differentiated adipocytes and OSTEODIASTS. .........cccoiiiiiiiii e e e e e e e e e e e r e e e st aaeaeeaae 44
Figure 9. A: Multi-way multiz alignment of orthologous regions of the SREBP1 motif in rs56371916 in different
species. B-C: In silico saturated mutagenesis for chromatin accessibility of 20 bp centered on rs56371916 for
haplotype 1 (T allele, B) and haplotype 2 (C allele, C). The heatmaps display the change in predicted accessibility for
any of the four possible nucleotides at day 0 and day 24 of differentiation..............cccoo o 46
Figure 10. Electrophoretic mobility shift assays (EMSA) for 40bp oligonucleotides centered on rs56371916 using
MC3T3 osteoblast (left) and AMSC-derived adipocyte (right) nuclear extract at different stages of differentiation (day
(O - Vo [ 0 ) TR USRS PPRRO 47
Figure 11. Competition EMSA assays using adipocyte nuclear extract. Competition assays were performed by adding
11-, 33-, 100-, and 200- molar excess of unlabeled probes. Differential binding of SREBP1 to the T allele was
competed away with increasing amount of unlabeled probe, clearly visible with nuclear extract from day 10 of
differentiation. The upper bands correspond to the membrane bound form of SREBP1, while the double bands in the
red box correspond to the cleaved active forms SREBP1-a and SREBP1-c (Bitter et al., 2015)..........ccceeiiiiiereeninnnnen. 48
Figure 12. Left: Generation of isogenic AMSCs with genotype TT at rs56371916 starting from a CC homozygote.
Isogenic lines were differentiated to osteoblasts after undergoing clonal expansion, and marker gene expression for

110



osteoblast differentiation was measured by qPCR. Right: Generation of isogenic AMSCs with genotype CC at
rs56371916 starting from a TT homozygote. Isogenic lines were differentiated to adipocytes after undergoing clonal
expansion, and catecholamine-stimulated lipolySiS Was MEASUIEd. ............ueiiiiiiiiiiiiai e a e 49
Figure 13 (next page). Regional association plot of the AD-T2D associated SNPs resulting from bivariate genome-
wide association analysis. Top: Genetic association with AD and T2D for MAP2K5 locus variants. Bivariate
association (y-axis) and genomic coordinates (x-axis) for all common single nucleotide polymorphisms (SNPs; circles)
in a 600 kb window of chromosome 15 centered on the MAP2K5 bivariate locus. The region of association contains
several variants in high linkage disequilibrium (LD) in Europeans (1000 Genomes r?, color). Bottom: Chromatin state
annotations for the 600 kb bivariate locus. Genomic interval shows chromatin state across 12 human reference
epigenomes related to blood and T cells profiled by the Roadmap Epigenomics projects, based on a 25-state
chromatin state model (color code on the right) learned from 12 epigenomic marks using imputed signal tracks at 25-
nucleotide resolution (Roadmap Epigenomics Consortium et al., 2015).......cciiuuiiiiriiiiiiieee e e e 51
Figure 14. Gene expression of differentiation markers after 7 days of differentiation. CD3/CD28 - cells were
stimulated only with anti-CD3 and anti-CD28 antibodies; P1, P2 and P3 refers to the corresponding differentiation
protocols indicated in Table 19 and Table 20. n=3, mean (SD), two-way ANOVA, *p<0.05, **p<0.01, **p<0.001........ 54
Figure 15. Gene expression time course of differentiation markers and MAP2K5 in CD4* T cells. Cells were
stimulated with the differentiation cocktail previously determined and harvested at selected time points for RNA
isolation and gPCR. N=3, MEAN (SD). ..eeiuuuteiiiie it itie ettt ettt et e sttt e sttt e e asb e e aabe e e e beeeeabbeeesnteeeessbeeeanbeeesneeeennees 55
Figure 16. Left: Accell siRNA KD test. Transfection with 1 uM accell siRNA non-targeting (siNT), targeting GAPD
(SiGAPD) and SMART pool with 4 siRNAs targeting MAP2K5 (siMAP2K5). n=3, one-way ANOVA with multiple
comparisons, ns=non-significant, *** p<0.001. Right: Visual assessment of transfection efficiency of green non-

LE= 10T (T o I STT o N TP 55
Figure 17. Diagram of the experimental timeline for accessing the effect of MAP2K5 KD in CD4* T cell differentiation.
........................................................................................................................................................................................ 56

Figure 18. MAP2K5 KD in CD4* T cells from SH1 followed by 6 hour differentiation into Th17. mRNA expression of
Thl7 differentiation markers of one experiment with technical replicates. Symbols show mean + SD (error bars
smaller than the symbol not shown). Two-way ANOVA with multiple comparisons (Tukey), * p<0.05, ** p<0.01, ***
p<0.001. siRNA silencing produced a significant KD (61%, p<0.001) of MAP2K5 at basal condition. In this individual,
the KD of MAP2K5 at differentiation onset produced a significant increase in mRNA expression of Th1l7 main
CYLOKINES ILLT7A, ILLT7F QNG IL22. ... . ettt e e e bttt e e e e ettt e e e e s a bttt e e e e anbnbt e e e e e e aabbneeeeesnbbeeeaeaannn 57
Figure 19. MAP2K5 KD in CD4* T cells from JB1 followed by 6 hour differentiation into Treg. mRNA expression of
Treg differentiation markers (FoxP3, IL10, STAT5, TGFfB) of one experiment with technical replicates. Symbols show
mean £ SD (error bars smaller than the symbol not shown). Two-way ANOVA with multiple comparisons (Tukey), ns=
non-significant, * p<0.05, ** p<0.01, *** p<0.001. siRNA silencing produced a significant KD (56%, p<0.001) of
MAP2K5 at basal condition. In this individual, the KD of MAP2K5 at differentiation onset produced a significant
reduction in mRNA expression of Treg transcription factor FoxP3 and cytokines IL10 and TGFL. ............ccoccveeevenneen. 58
Figure 20. MAP2K5 KD in CD4* T cells from FN1 followed by 6 hour differentiation into Treg. mRNA expression of
Treg differentiation markers (FoxP3, IL10, STAT5, TGFf) of one experiment with technical replicates. Symbols show
mean + SD (error bars smaller than the symbol not shown). Two-way ANOVA with multiple comparisons (Tukey),
ns=non-significant, * p<0.05, ** p<0.01, *** p<0.001. siRNA silencing produced a significant KD (72%, p<0.001) of
MAP2K5 at basal condition. In this individual, the KD of MAP2K5 at differentiation onset produced a significant
reduction in mRNA expression of Treg transcription factors FoxP3 and STATS, and the cytokine TGF. .................... 59
Figure 21. Characterization of SH-SY5Y differentiation into neuronal-like cells. Top: Gene expression of neuronal
differentiation markers. Bottom: Live cell images of undifferentiated (left) and differentiated cells (right) with observed
neurite formation. Micrograph taken at 10x magnification under an Inverted Laboratory Microscope LEICA DM IL LED.

Figure 22. Diagram of experimental timeline for co-culture experiments. PAC and SH-SY5Y were expanded, plated
and induced when confluent (expansion time not shown). T cells were expanded, KD for MAP2KS5, and differentiated
into Treg and Th17 for 72h. Afterwards, co-culture was set up by transferring both T cells and their supernantent into
differentiated PAC and SH-SY5Y cultures. Readouts were performed after 3 days of co-culture. ...........cccevieeeeenns 61
Figure 23. MAP2K5 KD in CD4* T cells followed by differentiation into Treg and Th17. mRNA expression of metabolic
regulators of T cell development. One experiment with technical replicates, symbols show mean + SD. Two-way
ANOVA with multiple comparisons (Tukey), * p<0.05, ** P<O.0L. ...couiiiiiiieeiiie e 62

111



Figure 24. Left: Assessment of viability of differentiated PAC in co-culture with T cells and their supernatant.
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