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Figure S1 Curation and evidence architecture of the 1,007-protein plasma immunome. A, Curation funnel from the 2,923-assay Olink Explore universe through Human Protein Atlas (HPA) and Molecular Signatures Database annotation to the 1,007-protein plasma immunome. B, Immune class composition of the curated set, from 723 immune-cell-enriched proteins down to 5 acute-phase proteins. C, Immune-cell source map, showing proteins enriched per blood-cell lineage and dominated by granulocyte (434) and myeloid/monocyte (312) origins. D, Annotation-flag co-occurrence across the curation criteria, showing that the flags are largely non-redundant. E, Platform overview: the same immune cis-expression quantitative trait locus instruments are carried unchanged from the curated proteome through instrument construction, the disease phenome, Mendelian randomization, and the colocalization, protein quantitative trait locus, and replication layers, with every claim bound to an evidence tier. F, Computational proteogenomic platform validation roadmap and claim-strength ladder: the evidence ladder each target climbs (a), the resulting tier distribution (b), the colocalization profile of the leading non-major-histocompatibility-complex hits (c), and the route to causal or translational tiers (d). The atlas is built exclusively from public, citable resources; no individual-level, credentialed, or gated dataset was used.




















Figure S2.  
E
F
G
H
A
B
C
D

































Figure S2. Druggability, cellular sourcing, and molecular-layer architecture of the plasma immunome. A, Immune class by source cell, showing that immune-cell-enriched proteins dominate every lineage and most heavily the granulocyte (369) and myeloid (265) compartments. B, Druggability by immune class, expressed as the fraction of proteins that are potential drug targets, led by the interferon axis (4/8) and acute-phase (2/5) classes, with the chemokine axis contributing none (0/40). C, Immune communication axes measured on the panel, including the interleukin-1 family (36), tumor necrosis factor superfamily (35), complement (30), CC and CXC chemokines (23 and 13), checkpoints (10), and the interferon and interleukin-6/gp130 axes (8 each). D, Disease involvement of the curated proteins from HPA annotation, including approximately 120 approved drug targets. E, Immune molecular axes: for each functional axis, including the antibody (immunoglobulin, B-cell, Fc-receptor) axis, the number of proteins curated, instrumented with a cis-expression quantitative trait locus, and reaching a causal hit at a false discovery rate <0.05. F, RNA layer: blood-cell and blood-lineage RNA specificity of the instrumented immune proteins. G, Secretome and extracellular-vesicle route, showing how each instrumented protein reaches plasma, by classical secretion versus a membrane, intracellular, or vesicle route. H, Antibody-layer spotlight: immunoglobulin, B-cell, and Fc-receptor genes, whether each carries an instrument, and its strongest causal signal, led by CD79B in type 2 diabetes, FCRL5 in Alzheimer disease, and FCRL3 in rheumatoid arthritis.
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Figure S3. Instrument construction, discovery-arm Mendelian randomization, and per-disease causal yield. A, Discovery arm: (a) cis-Mendelian randomization workflow, with 812 immune cis-expression quantitative trait locus instruments constructed from eQTLGen (673 usable) and tested against 13 FinnGen autoimmune genome-wide association studies in 8,749 Wald-ratio tests yielding 32 hits at a false discovery rate (FDR) <0.05; (b) volcano plot of the 8,749-test discovery arm, with C2, IL6ST, CTLA4, and IL4 labeled; (c) causal genes per disease, led by rheumatoid arthritis (9); (d) hit enrichment by immune class, led by the complement/coagulation and tumor necrosis factor superfamily classes. B, Mirrored Manhattan plot of the 18,844 cis-Mendelian randomization tests of the 28-disease, 5-category core; points above the center line are risk increasing and points below are protective, with the dashed lines marking the FDR <0.05 band and the tallest signals spanning the drug-target axes together with cardiovascular and metabolic nominations. C, Number of causal immune proteins per disease split by direction (risk raising versus protective), with disease labels colored by category; hypertension, coronary heart disease, and type 2 diabetes carry the largest immune causal burden outside the classical autoimmune diseases. D, Evidence-source stack by disease category, decomposing each category's causal hits into Mendelian randomization only, Mendelian randomization plus colocalization, and Mendelian randomization plus colocalization plus protein quantitative trait locus support.
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Figure S4. Phenome-wide causal map across all 2,469 FinnGen R12 endpoints. A, Every false discovery rate (FDR) <0.05 immune-to-disease causal effect across all 2,466 FinnGen R12 endpoints with data, grouped by International Classification of Diseases chapter (x axis) against -log10 FDR (y axis); the immune proteome reaches into essentially every organ system, with CFH to macular degeneration and PSRC1/PF4 to lipid-lowering phenotypes the extreme peaks. B, The 30 strongest immune-to-disease causal effects over the whole phenome, colored by direction (red, risk increasing; blue, protective), dominated by known complement, checkpoint, and lipid biology recovered blind. C, Reach of the plasma immune proteome across the medical phenome: number of distinct diseases with at least 1 causal immune protein (FDR <0.05) per International Classification of Diseases chapter; the musculoskeletal, circulatory, ophthalmic, neoplasm, and dermatologic chapters are the most immune connected.
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Figure S5. Deep-validation layers over the whole-phenome scan. A, Phenome-wide colocalization: distribution of the posterior probability of a shared causal variant (PP.H4) across all 900 pan-phenome Mendelian randomization hits with at least 5 shared variants (dashed line, 0.8 promotion threshold; 417 pairs above it), with the top colocalized immune-protein-to-disease pairs at right. B, FinnGen (Finland) versus UK Biobank (England) causal-effect replication: per-pair ln(odds ratio) in FinnGen (x axis) against UK Biobank (y axis); points on the same side of the origin are direction concordant, and red points are 2-population validated (same direction and UK Biobank P<0.05). The panel shown is the exact-endpoint-code arm (133 tested pairs, 110 direction concordant, 58 validated). Widening the match to conservatively normalized trait names, restricted to single-cohort UK Biobank datasets so that FinnGen-containing meta-analyses cannot make replication circular, extends this to 189 pairs across 62 diseases and 90 immune proteins, of which 162 (86%) are direction concordant and 89 are 2-population validated (Table S1). Axes are scaled independently because FinnGen log-odds and the largely linear-model UK Biobank betas are on different scales; the panel is read for sign agreement, not slope. C, Immune proteome to blood immune-trait Mendelian randomization: number of causal immune proteins (FDR <0.05) per blood trait, colored by class (cell count, differential fraction, inflammation); eosinophil and basophil counts are filled from the independent Astle et al blood-cell genome-wide association study so that no lineage is omitted.
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Figure S6. The cardiovascular evidence chain. A, Cardiovascular causal forest: each row is a plasma immune protein to cardiovascular endpoint effect (FinnGen R12 cis-Mendelian randomization, false discovery rate [FDR] <0.05), odds ratio per 1-SD genetically higher expression of the encoding gene (transcript-proxied) with 95% CI on a log axis (red, risk increasing/inhibition target; blue, protective/agonism target). B through F, Per-endpoint volcano plots (effect size, x axis; significance, y axis; FDR <0.05 hits highlighted): B, coronary heart disease (PSRC1, FES, SORT1, and LPL protective; PLAUR risk); C, hypertension (ACE and JMJD1C raise risk; FES, SWAP70, and MAPRE3 protective); D, atrial fibrillation/flutter (CDKN1A and ERBB2 risk; FES protective); E, heart failure (CDKN1A risk; BAG3 strongly protective); F, stroke (PSRC1 and FES protective, extending the coronary axis to cerebrovascular disease). G, Triangulation of coronary/ischemic heart disease targets across causal strength (-log10 FDR), colocalization posterior probability of a shared causal variant (dashed, 0.8), and UK Biobank replication (-log10 P; red, 2-population validated); PSRC1, FES, LPL, SORT1, PLAUR, and SCARB1 clear all 3 layers. H, Druggable cardiovascular targets ranked by the atlas engine (causal plus colocalization plus pleiotropy plus druggability; red, existing US Food and Drug Administration drug target; orange, druggable but not cardiovascular approved; gray, novel); ACE tops the hypertension nodes with no pharmacologic input, alongside the worked ACE-to-antihypertensive-medication example (odds ratio approximately 2.12; posterior probability of a shared causal variant approximately 1.00).
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Figure S7. Design of the cardiovascular Plasma Immune Risk Score (PIRS). A, Design: 2-population-validated causal coronary proteins enter as interpretable, direction-signed features supporting risk stratification, target nomination, drug-direction assignment, and mechanistic biomarker use. 


Table S1. Widened 2-Population Replication, Finland (FinnGen) Versus England (UK Biobank)
	Matching route
	Eligible datasets
	Diseases
	Pairs tested
	Same direction (%)
	Two-population validated

	Exact endpoint code (ukb-d-<phenocode>)
	Single-cohort UK Biobank
	48
	133
	110 (83)
	58

	Normalized trait name
	Single-cohort UK Biobank only (ukb-d-, ukb-b-, ukb-a-, ukb-e-); >=200 cases; European or unspecified ancestry
	14
	56
	52 (93)
	31

	Combined (feeds novelty-priority score)
	-
	62
	189
	162 (86)
	89


Meta-analysis datasets whose trait names match FinnGen endpoints were excluded because many silently include FinnGen (for example the Sakaue 2021 ebi-a-GCST90018* series combines Biobank Japan, UK Biobank, and FinnGen), which would make replication circular. This restriction reduced the reachable disease count from 81 to 62 and was accepted deliberately to preserve the Finland-versus-England 2-population design. The exact-code subset reproduces identically within the combined table, so widening added pairs without perturbing existing ones. Newly reachable diseases are predominantly non-autoimmune, including varicose veins, ankylosing spondylitis, hernia, and spondylopathy. Full per-pair results, including the match_method, UK Biobank trait name, and case count for every pairing, are released in uk_panphenome_concordance_ALL.tsv.
Table S2. Protein-Level (Tier 5) and Novel Protein-Confirmed Gene-Disease Pairs
	Category
	n
	Members

	Tier 5 (colocalized, protein-level pQTL concordant, specific, druggable)
	5
	IL2RA (type 1 diabetes); ANXA2 (hypertension, both endpoint definitions); PPP3R1 (varicose veins; venous/lymphatic disease)

	Novel protein-confirmed (transcript colocalization plus direction-concordant protein-level pQTL Mendelian randomization)
	35
	ANXA2, CD70, CD84, CFH, CTSH, DAPK2, FCRL3, GZMB, HGF, IL2RA, LTBR, PPP3R1, PRTN3, SPINK8, SWAP70, TGFB2, TNFSF12

	Protein-layer coverage after phenome-wide extension
	-
	110 proteins across 219 diseases

	Not reachable at protein level (no plasma aptamer)
	110
	Largely intracellular or major histocompatibility complex-region proteins, exemplified by GRK5


Tier assignment was rebuilt over all 1,016 false discovery rate-significant gene-disease pairs across 381 diseases after the INTERVAL plasma cis-protein quantitative trait locus (pQTL) layer was extended from the autoimmune arc to the whole phenome, returning 90 tier 1, 115 tier 2, 447 tier 3, 359 tier 4, and 5 tier 5 pairs. ANXA2 in hypertension is the first protein-level causal cardiovascular target in this resource. The 35 novel protein-confirmed pairs span 17 distinct proteins, each listed once in the Members column of this table.
Data S1. Precomputed Atlas Result Tables
cis_MR_ALL_finngen_results.tsv — Whole-phenome cis-Mendelian randomization results (1,656,872 tests; per-disease files under 06_genetic_causality/panphenome/).
coloc_ALL_finngen_results.tsv — Phenome-wide colocalization posteriors (900 pairs; 417 at PP.H4 >=0.8; 510 at >=0.5).
uk_panphenome_concordance.tsv — Exact-endpoint-code FinnGen-to-UK Biobank concordance (133 pairs; 110 direction concordant; 58 validated).
uk_panphenome_concordance_ALL.tsv — Widened FinnGen-to-UK Biobank concordance (189 pairs; 162 direction concordant; 89 validated). This table feeds the replication term of the novelty-priority score.
extended_cell_crp_MR_results.tsv — Extended blood immune-trait Mendelian randomization (9,969 tests; 1268 significant; 395 proteins).
Novelty-priority ranking and final evidence-tier table — Integrated ranking and tier assignment across all 1,016 causal pairs, with phenome-wide protein-level annotation.
image6.png
the same immune cis-eQTL instruments tested across the disease phenome

Plasma immune Genetic Disease Mendelian Colocalization
proteome instruments phenome randomization |+|pQTL + replicati¢

673 proteins with a
cis-eQTL instrument
(eQTLGen)

1,007 curated
Olink immune proteins

28 FinnGen R12 18,844 cis-MR tests transcript & protein
S 176 hits at FDR<0.05 causal evidence tiers

Every claim bound to an evidence tier (T2 MHC-caution - T5 protein-level causal); no individual-level or gated data used.




image7.png
a Curation of the plasma immunome

Olink Explore

HPA-annotated

MSigDB C7

Plasma immunome





image8.png
0 500 1000 1500 2000 2500 3000
proteins

c Immune-cell source map
Granulocyte
Myeloid/Monocyte
Dendritic

T-cell

B-cell

NK-cell

0 100 200 300 400
proteins enriched




image9.png
b

nmune-cell-enriched
Cytokine/Interleukin
Chemokine axis
plement/Coagulation
D/Leukocyte surface
TNF superfamily
Immune checkpoint
lg/B-cell/lFc

Antigen presentation
Interferon axis

Acute-phase

Immune class composition





image10.png
d

cytokine
chemokine
interferon_axis
TNF_axis
complement
checkpoint
CD_marker
acute_phase
immunoglobulin

immune_cell_enriched

100

cytokine

chemokine

200

300

400
proteins

500

Annotation flag co-occurrence

interferon
axis

TNF
axis

complement

checkpoint

CD
marker

acute
phase

immunoglobulin

immune

600

cell
enriched

700

1.0

0.8

0.6

-04

-0.2

- 0.0




image11.png
a Claim-strength ladder (this study reaches tier 4: coloc)

‘ Associated with —  correlation

Transcript-level genetic proxy cis-eQTL only
Prioritized causal target — + colocalization / pQTL.

Functionally validated — + perturbation

c Colocalization of top non-MHC hits

IL6ST—~Rheumatoid
TNFSF14-Multiple s
CTLA4—Rheumatoid

PLAU—Sjogren sy
IFNGR2 -Psoriasis
'SWAP70>Rheumatoid
SIGLEC9 -Guillain-B
SIGLEC7Guillain-B
HNMT—Crohn's di
HAVCR1 —»Coeliac di
NUMBRheumatoid
NUMB_Coeliac di
CAB8—Rheumatoid
TNFRSF1A-Ankylosing
CTLA4Autoimmune
MYL6B—Rheumatoid
D226 Sarcoidosi
LTBR —Sarcoidosi
TNFSF8-—-Coeliac di
ERBB3-Rheumatoid
TNFRSF14--Rheumatoid
TNFRSF14Multiple s
ERBB3-Psoriasis
IL4—Psoriasis.
ANXA11-Sarcoidosi

0.

°
e
Y

0.4 0.6
coloc PP.H4 (shared causal variant)

o

8 1.0

findings (symlog)

10

Evidence tier distribution

812
0
Transcript Genetically Prioritized Functionally
proxy supported (coloc PPH4>0.8) validated
(all cis-eQTL) (FDR<0.05)

Roadmap to causal / translational tier

1. pQTL MR (UKB-PPP / deCODE)

2. Colocalization at each locus

3. Replication (2nd GWAS / ancestry)

4. Plasma-protein association (UKB Olink)
5. Functional perturbation (C2, SIGLECT/9)

6. Versioned public data + GitHub release




image12.png
the same immune cis-eQTL instruments tested across the disease phenome

Plasma immune Genetic Disease Mendelian Colocalization
proteome instruments phenome randomization |+|pQTL + replicati¢

673 proteins with a
cis-eQTL instrument
(eQTLGen)

1,007 curated
Olink immune proteins

28 FinnGen R12 18,844 cis-MR tests transcript & protein
S 176 hits at FDR<0.05 causal evidence tiers

Every claim bound to an evidence tier (T2 MHC-caution - T5 protein-level causal); no individual-level or gated data used.




image13.png
Druggability by class

9/38

6/27

1583/723





image14.png
Immune molecular axes in the atlas — antibody axis included,
each axis genetically instrumented and causally tested

Cytokine 126

Interleukin

CD / leukocyte surface
Chemokine

Complement

TNF superfamily

Immune checkpoint
Antibody (lg / B-cell / Fc)
HLA / antigen presentation
Coagulation

Interferon axis

curated in atlas

mmm cis-eQTL instrumented
= causal hit (FDR<0.05)

Acute-phase

T T T T
80 100 120 140 160
plasma-immune proteins





image15.png
RNA layer — blood-cell transcriptomic origin of the atlas immune proteins (Human Protein Atlas)

Immune cell enriched

Immune cell enhanced

Group enriched

Blood-cell RNA specificity

Low immune cell specificity

Not detected in immune cells 4

26

B

T T T T
50 100 150 200 250
instrumented immune proteins

300

Lineage enriched

Lineage enhanced

Group enriched

Low lineage specificity -

Not detected

ineage RNA specificity

212

158

o

50 100 150 200
instrumented immune proteins

250

N
300




image16.png
Secretome / EV route — how atlas immune proteins reach the plasma

673

immune
proteins

Secreted to blood (classical) — 167 (25%)

Membrane / intracellular (vesicle / EV / leakage route) — 63 (9%)
Secreted to extracellular matrix — 13 (2%)

Secreted in other tissues — 39 (6%)

Unannotated route — 391 (58%)




image17.png
Antibody layer — immunoglobulin / B-cell / Fc genes in the causal atlas
(x = FDR<0.05; bar colour = disease category)

CD79B Type 2 diabetes *

FCGR2B Obesity

FCRL5

Alzheimer's disease

FCRL3 Rheumatoid arthritis

FCER2 Obesity
FCRL6

Osteoporosis

FCGR2A

Chronic kidney disease

JCHAIN no cis-eQTL instrument
IGLC2 no cis-eQTL instrument
FCRL2 no cis-eQTL instrument
FCRL1 no cis-eQTL instrument
. . disease category
FCGR3B no cis-eQTL instrument B Autoimmune
I Metabolic
FCER1A no cis-eQTL instrument B Neuro/Aging
B Renal
T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

strongest causal signal —logio(Pur)




image18.png
a

Acute-phase
CD/Leukocyte surface
Chemokine axis
Complement/Coagulation
Cytokine/Interleukin
HLA/Antigen presentation
lg/B-cell/Fc

Immune checkpoint
Immune-cell-enriched
Interferon axis

TNF superfamily

Immune class x source cell

0

3|

1 0
10 5
4 2
6 0
7 7
4 1
1 1
3 2

265
2 1
9 2

12

b

Interferon axis

Acute-phase

lg/B-cell/Fc
300 Immune checkpoint
Cytokine/Interleukin
200 CD/Leukocyte surface
HLA/Antigen presentation

100 )
Complement/Coagulation
TNF superfamily

-0

Immune-cell-enriched

Chemokine axis




image19.png
0 10 20 30 40 50
% potential drug target

Disease involvement (HPA)

0 50 100 150 200 250
proteins




image20.png
(o3
IL-1 fam
TNF SF
Complement
CC chemok
CXC chemok
Checkpoint
IFN axis

IL-6/gp130

B-cell

Dendritic

10

Granulocyte

NK-cell

5]
=
153
<]
i=4
S
<
2
o
°
>
=

Immune communication axes

15 20
proteins measured

25

T-cell

30

35

d

Cancer-related genes
Disease variant

DA approved drug targets
Proto-oncogene
Deafness

Intellectual disability
Neurodegeneration
Amyloidosis

Tumor suppressor
Non-syndromic deafness
Epilepsy

emolytic uremic syndrome




image21.png
Druggability by class

9/38

6/27

1583/723





image22.png
Immune molecular axes in the atlas — antibody axis included,
each axis genetically instrumented and causally tested

Cytokine 126

Interleukin

CD / leukocyte surface
Chemokine

Complement

TNF superfamily

Immune checkpoint
Antibody (lg / B-cell / Fc)
HLA / antigen presentation
Coagulation

Interferon axis

curated in atlas

mmm cis-eQTL instrumented
= causal hit (FDR<0.05)

Acute-phase

T T T T
80 100 120 140 160
plasma-immune proteins





image23.png
RNA layer — blood-cell transcriptomic origin of the atlas immune proteins (Human Protein Atlas)

Immune cell enriched

Immune cell enhanced

Group enriched

Blood-cell RNA specificity

Low immune cell specificity

Not detected in immune cells 4

26

B

T T T T
50 100 150 200 250
instrumented immune proteins

300

Lineage enriched

Lineage enhanced

Group enriched

Low lineage specificity -

Not detected

ineage RNA specificity

212

158

o

50 100 150 200
instrumented immune proteins

250

N
300




image24.png
Secretome / EV route — how atlas immune proteins reach the plasma

673

immune
proteins

Secreted to blood (classical) — 167 (25%)

Membrane / intracellular (vesicle / EV / leakage route) — 63 (9%)
Secreted to extracellular matrix — 13 (2%)

Secreted in other tissues — 39 (6%)

Unannotated route — 391 (58%)




image25.png
Antibody layer — immunoglobulin / B-cell / Fc genes in the causal atlas
(x = FDR<0.05; bar colour = disease category)

CD79B Type 2 diabetes *

FCGR2B Obesity

FCRL5

Alzheimer's disease

FCRL3 Rheumatoid arthritis

FCER2 Obesity
FCRL6

Osteoporosis

FCGR2A

Chronic kidney disease

JCHAIN no cis-eQTL instrument
IGLC2 no cis-eQTL instrument
FCRL2 no cis-eQTL instrument
FCRL1 no cis-eQTL instrument
. . disease category
FCGR3B no cis-eQTL instrument B Autoimmune
I Metabolic
FCER1A no cis-eQTL instrument B Neuro/Aging
B Renal
T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

strongest causal signal —logio(Pur)




image26.png
a

Acute-phase
CD/Leukocyte surface
Chemokine axis
Complement/Coagulation
Cytokine/Interleukin
HLA/Antigen presentation
lg/B-cell/Fc

Immune checkpoint
Immune-cell-enriched
Interferon axis

TNF superfamily

Immune class x source cell

0

3|

1 0
10 5
4 2
6 0
7 7
4 1
1 1
3 2

265
2 1
9 2

12

b

Interferon axis

Acute-phase

lg/B-cell/Fc
300 Immune checkpoint
Cytokine/Interleukin
200 CD/Leukocyte surface
HLA/Antigen presentation

100 )
Complement/Coagulation
TNF superfamily

-0

Immune-cell-enriched

Chemokine axis




image27.png
0 10 20 30 40 50
% potential drug target

Disease involvement (HPA)

0 50 100 150 200 250
proteins




image28.png
(o3
IL-1 fam
TNF SF
Complement
CC chemok
CXC chemok
Checkpoint
IFN axis

IL-6/gp130

B-cell

Dendritic

10

Granulocyte

NK-cell

5]
=
153
<]
i=4
S
<
2
o
°
>
=

Immune communication axes

15 20
proteins measured

25

T-cell

30

35

d

Cancer-related genes
Disease variant

DA approved drug targets
Proto-oncogene
Deafness

Intellectual disability
Neurodegeneration
Amyloidosis

Tumor suppressor
Non-syndromic deafness
Epilepsy

emolytic uremic syndrome




image29.png
IL6ST — Rheumatoid arthritis b CTLA4 — Autoimmune hyperthyroidism c TNFRSF1A — Ankylosing spondylitis d TNFSF14 — Multiple sclerosis
OR=2.63 (2.11-3.28) OR=0.15 (0.10-0.23) OR=1.46 (1.22-1.75) OR=0.50 (0.40-0.63)
FDR=2.4e-14 FDR=1.4e-15 FDR=1.8e-02 FDR=3.1e-06

10° 2x10° 3x10° 107" 10° 10° 1.1x10"1.2x109.3x 1074 x 10%5 x 105 x 0¥ x 108 x 10°  4x10”" 6x10" 10°
OR per SD cis-expr OR per SD cis-expr OR per SD cis-expr OR per SD cis-expr

known drug: tocilizumab (IL-6R/gp130) known drug: abatacept (CTLA4-1g) known drug: etanercept / anti-TNF known drug: LIGHT-HVEM axis




image30.png
Proof of concept: genetics alone recovers approved drug targets in the correct direction
A Every approved-drug axis is recovered with the correct pharmacological direction

IL6ST -» Rheumatoid arthritis BLOCK v tocilizumab (IL-6R blockade)

CTLA4 - Rheumatoid arthritis AGONIZE v abatacept (CTLA4 co-stim agonist)

[ ]
_ AGONIZE v abatacept (CTLA4 co-stim agonist)
- BLOCK v etanercept (TNF blockade)
_ BLOCK v dupilumab (IL-4Ra blockade)
0

-3 -2 -1 1 2
Genetic causal effect log,(OR) (red = risk = block green = protective - agonize)

CTLA4 - Autoimmune hyperthyroidism

TNFRSF1A - Ankylosing spondylitis

IL4 - Psoriasis

C Orthogonal support: coloc + independent replication
Independent-GWAS replication —logig P (orange)
5 10 15 20

B Cardiovascular spotlight: ACE

IL4-Psoriasis

ACE - Atrial fibrillation NFRSF1A-Ankylosing

CTLA4-Autoimmune

CTLA4-Rheumatoid
ACE - Hypertension —_— -
IL6ST-Rheumatoid
r T T T T T T T T T T
1.0 1.2 1.4 1.6 1.8 2.0 2.2 0.0 0.2 0.4 0.6 0.8 1.0
Causal odds ratio (higher ACE - higher risk) Colocalization PP.H4 (blue)

ACE inhibitors (ramipril, lisinopril) lower blood pressure by BLOCKING ACE.
The model infers the same target and the same direction — from genetics alone,
with no cardiovascular-drug knowledge supplied. Colocalized (PP.H4 0.74-0.88).




image31.png
C2-Rheumatoid a
IL6ST-Rheumatoid a
CTLA4-Rheumatoid a
CTLA4-Autoimmune h
TNFSF14-Multiple scl
ERBB3-Psoriasis
TNFRSF14-Multiple scl
ERBB3-Rheumatoid a
TNFRSF1A-Ankylosing s
MYL6B—~Rheumatoid a
TNFRSF14-Rheumatoid a
IL4-Psoriasis
LTBR—Sarcoidosis
SWAP70-Rheumatoid a
IFNGR2-Psoriasis
CA8-Rheumatoid a
C2-Psoriasis
NUMB-Rheumatoid a

CD226-Sarcoidosis

a Replication in independent consortium GWAS
(color = status; direction concordant unless red)

b Replication outcome across all
significant gene-disease hits

Okadd 2014
Okada 2014
Okada 2014
Sakaue 2021
Patsopoulos/IMSGC 2019
Stuart 2021
Patsopoulos/IMSGC 2019

Okada 2014

replicated (17)
concordant (ns) (2)
discordant (0)

not covered (13)

Cortes/IGAS 2013

Okada 2014

Okada 2014

Stuart 2021
Fischer 2015
Okada 2014
Stuart 2021
Okada 2014
Stuart 2021

1
:Okada 2014

1
kischer 2015
1

10 20 30 40 50 60
independent-GWAS replication —log10(P)




image32.png
IL6ST — Rheumatoid arthritis b CTLA4 — Autoimmune hyperthyroidism c TNFRSF1A — Ankylosing spondylitis d TNFSF14 — Multiple sclerosis
OR=2.63 (2.11-3.28) OR=0.15 (0.10-0.23) OR=1.46 (1.22-1.75) OR=0.50 (0.40-0.63)
FDR=2.4e-14 FDR=1.4e-15 FDR=1.8e-02 FDR=3.1e-06

10° 2x10° 3x10° 107" 10° 10° 1.1x10"1.2x109.3x 1074 x 10%5 x 105 x 0¥ x 108 x 10°  4x10”" 6x10" 10°
OR per SD cis-expr OR per SD cis-expr OR per SD cis-expr OR per SD cis-expr

known drug: tocilizumab (IL-6R/gp130) known drug: abatacept (CTLA4-1g) known drug: etanercept / anti-TNF known drug: LIGHT-HVEM axis




image33.png
Proof of concept: genetics alone recovers approved drug targets in the correct direction
A Every approved-drug axis is recovered with the correct pharmacological direction

IL6ST -» Rheumatoid arthritis BLOCK v tocilizumab (IL-6R blockade)

CTLA4 - Rheumatoid arthritis AGONIZE v abatacept (CTLA4 co-stim agonist)

[ ]
_ AGONIZE v abatacept (CTLA4 co-stim agonist)
- BLOCK v etanercept (TNF blockade)
_ BLOCK v dupilumab (IL-4Ra blockade)
0

-3 -2 -1 1 2
Genetic causal effect log,(OR) (red = risk = block green = protective - agonize)

CTLA4 - Autoimmune hyperthyroidism

TNFRSF1A - Ankylosing spondylitis

IL4 - Psoriasis

C Orthogonal support: coloc + independent replication
Independent-GWAS replication —logig P (orange)
5 10 15 20

B Cardiovascular spotlight: ACE

IL4-Psoriasis

ACE - Atrial fibrillation NFRSF1A-Ankylosing

CTLA4-Autoimmune

CTLA4-Rheumatoid
ACE - Hypertension —_— -
IL6ST-Rheumatoid
r T T T T T T T T T T
1.0 1.2 1.4 1.6 1.8 2.0 2.2 0.0 0.2 0.4 0.6 0.8 1.0
Causal odds ratio (higher ACE - higher risk) Colocalization PP.H4 (blue)

ACE inhibitors (ramipril, lisinopril) lower blood pressure by BLOCKING ACE.
The model infers the same target and the same direction — from genetics alone,
with no cardiovascular-drug knowledge supplied. Colocalized (PP.H4 0.74-0.88).




image34.png
C2-Rheumatoid a
IL6ST-Rheumatoid a
CTLA4-Rheumatoid a
CTLA4-Autoimmune h
TNFSF14-Multiple scl
ERBB3-Psoriasis
TNFRSF14-Multiple scl
ERBB3-Rheumatoid a
TNFRSF1A-Ankylosing s
MYL6B—~Rheumatoid a
TNFRSF14-Rheumatoid a
IL4-Psoriasis
LTBR—Sarcoidosis
SWAP70-Rheumatoid a
IFNGR2-Psoriasis
CA8-Rheumatoid a
C2-Psoriasis
NUMB-Rheumatoid a

CD226-Sarcoidosis

a Replication in independent consortium GWAS
(color = status; direction concordant unless red)

b Replication outcome across all
significant gene-disease hits

Okadd 2014
Okada 2014
Okada 2014
Sakaue 2021
Patsopoulos/IMSGC 2019
Stuart 2021
Patsopoulos/IMSGC 2019

Okada 2014

replicated (17)
concordant (ns) (2)
discordant (0)

not covered (13)

Cortes/IGAS 2013

Okada 2014

Okada 2014

Stuart 2021
Fischer 2015
Okada 2014
Stuart 2021
Okada 2014
Stuart 2021

1
:Okada 2014

1
kischer 2015
1

10 20 30 40 50 60
independent-GWAS replication —log10(P)




image35.png
th FDR<0.05 hits, of 2,466 tested)

Iseases wi

PP1 Immune-proteome causal map across the entire FinnGen R12 phenome (381 d

o CFH

oCFH
oCFH
CFH

PSRCL |

CFH

PF4

CFH

‘.
u.m. fe

[ ]
2o dBled-- __&@® ofes o @ s_co-

oo

Lhh Y el

[ 4

[ ]
..'
b oo, Bi0 ks Sadeni

A

.: ¢
e e

N
L

S

-ius‘

PN

°e
o®

300 ~

T

o
N
—

vad otbol-

250 ~
200 -

100 ~

50 -
04




image36.png
PP2 Strongest immune -> disease causal effects (all 2,466 diseases)

CFH -> Age-related macular degeneration (whether dry

CFH -> Dry age-related macular degeneration (includes { ]

CFH -> Wet age-related macular degeneration

CFH -> Degeneration of macula and posterior pole

PSRC1 -> Statin medication
CFH -> Other retinal disorders - o
PF4 -> Statin medication - {
CFH -> Disorders of choroid and retina - (]
CTLA4 -> Hypothyroidism, strict autoimmune -
CTLA4 -> Autoimmune diseases -
PSRC1 -> Disorders of lipoprotein metabolism and other -

CTLA4 -> Disorders of the thyroid gland +

C2 -> Autoimmune diseases excluding thyroid diseases

C2 -> Autoimmune diseases

C2 -> Reimbursement for rheumatic diseases
SORT1 -> Statin medication -

C2 -> Type 1 diabetes, definitions combined o
PPP3R1 -> Varicose veins -

C2 -> Seropositive rheumatoid arthritis, wide —

PSRC1 -> Pure hypercholesterolaemia

SLC12A2 -> Diseases of veins, lymphatic vessels and lymph
CTLA4 -> Thyrotoxicosis with diffuse goitre
C2 -> Typel diabetes, definitions combined, early on

C2 -> Rheumatoid arthritis

ERBB2 -> Childhood asthma (age<16) (more control exclus

SLC12A2 -> Varicose veins -

PSRC1 -> Metabolic disorders

LTBR -> Chronic diseases of tonsils and adenoids

ILIRL1 -> Atopic dermatitis o

® risk-increasing (OR>1)
@® protective (OR<1)

FES -> Hypertension o

T T T T T
0 50 100 150 200 250 300
-log10 FDR




image37.png
XIII musculoskeletal system
IX circulatory system

VIl eye and adnexa

Il Neoplasms

Xl skin and subcutaneous
IV Endocrine, nutritional

X respiratory system

XI digestive system

XIV genitourinary system
VI nervous system

Rheuma endpoints

VIIl ear and mastoid proces
11l blood and blood-formin
XV Pregnancy, childbirth
Diabetes endpoints
Asthma and related end

V Mental and behavioural

| Certain infectious and

PP3 Reach of the plasma immune proteome across the medical phenome

32

31

43

T T T

10 20 30
distinct diseases with >=1 immune causal protein (FDR<0.05)

40




image38.png
gene-disease pairs

300 ~

250 ~

N

o

o
1

=

i

o
1

100 ~

50 A

DL1 Phenome-wide colocalization
900 tested pairs | PP.H4>=0.8: 417 | >=0.5: 510

0.4 0.6
PP.H4 (shared causal variant)

1.0

IL6ST -> Reimbursement for rheumatic diseases
IL6ST -> Second line medication for Crohn's disea
IL6ST -> Rheumatoid arthritis

IL6ST -> Autoimmune diseases excluding thyroid di
IL6ST -> Other systemic involvement of connective
IL6ST -> First line medication for Crohn's diseas
IL6ST -> Polymyalgia rheumatica

IL6ST -> Polyarthropathies

IL6ST -> Systemic connective tissue disorders
IL6ST -> Seropositive rheumatoid arthritis, wide
IL2RA -> Dermatitis

IL6ST -> Other arthritis (FG)

IL6ST -> Autoimmune diseases

IL2RA -> Dermatitis and eczema

IL2RA -> Infective dermatitis

IL6ST -> Other (seronegative) rheumatoid arthriti
IL6ST -> Biological medication for rheuma

LTBP3 -> Otosclerosis

IL6ST -> Seronegative rheumatoid arthritis

PLAUR -> Coronary revascularization (ANGIO or CAB
IL6ST -> Seropositive rheumatoid arthritis, stric

TNFSF14 -> MS-disease / Multiple Sclerosis

Top colocalised immune-protein -> disease pairs

0.0

0.2

0.4

PP.H4

0.6

0.8




image39.png
UK Biobank (England) In(OR)

DL2 FinnGen

vs UK Biobank causal-effect replication

discordant
34 ® concordant
@® two-population validated
2 4
1 -
0 L 4 S e ES SIS0 800 <
-1 4
-2 4
-3 -
T T T T T T
-3 -2 -1 0 1 2 3

FinnGen (Finland) In(OR)

gene-disease pairs

120 ~

100 ~

80 -

60 -

40 -

20 A

48 exact-code diseases | 71 genes
133

110

- " "
tested same two-pop.
pairs direction validated




image40.png
DL3 Immune proteome -> blood immune traits (15 traits, 9969 tests)

Monocyte % 116
Leukocyte count 108

Platelet count 104

Eosinophil % 102
Monocyte count 102

Lymphocyte count

Lymphocyte %

Neutrophil %

Red blood cell count

Neutrophil count

Reticulocyte count

Eosinophil count

C-reactive protein - 61

Basophil % - 44

. 33 B cell count

inflammation (CRP)

T T
0 20 40 60 80 100 120
causal immune proteins (FDR<0.05)




image41.png
HEART2 Triangulated coronary / ischaemic-heart-disease targets: the same protein is causal (A), colocalised (B) and replicated (C)
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HEART3 Druggable cardiovascular targets ranked by the atlas engine
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HEART4 From trained atlas to a cardiovascular prediction model: validated causal immune proteins become interpretable PIRS features
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Panel B — PIRS not trained: causal signal strength (train PIRS for AUROC)
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