Supplementary Figures
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Supplementary Fig. 1 | Degree-matched protein-interaction network proximity. Local interaction evidence, shortest-path structure and degree-matched permutation test assessing whether TMEM41B is unusually close to STING1 in the complete STRING physical interactome (empirical P = 0.716).
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Supplementary Fig. 2 | Cell-type-resolved co-expression meta-analysis. Cell-type-specific TMEM41B correlations, pathway enrichment and cross-lineage meta-analysis showing context-dependent membrane and lipid associations.
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Supplementary Fig. 3 | Single-cell expression basis. Lung single-cell UMAP, cell composition, detection rates and violin plots defining the cellular contexts in which TMEM41B and TMEM173 can be jointly detected.
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Supplementary Fig. 4 | Cell-type-matched virtual-knockout controls. Cell-type-resolved TMEM41B virtual knockout compared with VMP1, VAPB, SEC24A, SEC23B and expression-, detection- and dispersion-matched random-gene controls.
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Supplementary Fig. 5 | Initial pooled-nuclei network-diffusion virtual knockout. Initial network-diffusion perturbation analysis, retained for transparency and superseded for inference by the donor-replicated ensemble analysis in Fig. 4.
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Supplementary Fig. 6 | Visium spot-level spatial ecology. Detection rates, TMEM41B–TMEM173 joint-detection odds ratios, within-section pathway correlations and random-effects comparison of TMEM41B-high versus TMEM41B-low spots across 12 lung sections. This stage preceded recovery of array coordinates and is superseded for inference by Supplementary Figs 7–8.
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Supplementary Fig. 7 | Restored Visium array-coordinate maps. Representative array-coordinate maps of TMEM41B, TMEM173, STING activation and ER-to-Golgi programmes after restoration of official Visium V1 barcode coordinates. Coordinates are array-relative and are not pixel-registered to the immunofluorescence images.
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Supplementary Fig. 8 | Spatial autocorrelation and adjusted neighbourhood statistics. Moran's I and composition-adjusted spatial-lag correlations. Initially positive associations were largely removed after adjustment for sequencing depth and local cell composition; TMEM173 retained only a weak, non-significant trend (median ρ = 0.026; 8 of 12 sections positive; P = 0.388).
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Supplementary Fig. 9 | Registered imaging–spatial niches. Fiducial-based registration quality control and adjusted CD45-, CD31- and PanCK-niche associations; no stable positive TMEM41B–STING enrichment was detected in any tissue niche.
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Supplementary Fig. 10 | AT2 deconvolution spatial maps. Section-level spatial maps of inferred AT2 abundance derived from the matched GSE198864 single-nucleus reference.
[image: ]
Supplementary Fig. 11 | Matched-reference deconvolution and AT2-niche specificity. Matched single-nucleus reference validation, Visium deconvolution and adjusted analysis of TMEM41B–TMEM173 relationships in AT2-high niches, with 25 ER/ERGIC/COPII genes as a specificity control (P = 0.259).
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Supplementary Fig. 12 | Evidence-constrained working model. Data-driven working model separating the supported ER/early-secretory-pathway context from STING-specific causal claims that remain unverified by the computational analyses.
image7.png
Array-coordinate maps reveal heterogeneous TMEM41B and STING-associated niches
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Depth and cell-composition adjustment removes pathway-level spatial coupling

a Spatial autocorrelation

TMEM41B -
TMEM173 -
STING activation —
ER membrane —
ER-to-Golgi —
Vesicle transport —
Phospholipid —
AT2

Basal

Ciliated

Myeloid

Depth/composition-adjusted effects

Moran's |

I

]

3]
1

e

N

S
L

4
&
1

4
°
1

o

o

&
1

(=4

=)

S
!

Adjusted neighbour Spearman p

-0.05

-0.10 4

control  ®
© acute .

chronic
prolonged

Coordinates reconstructed from the official Visium V1 barcode-array map. Neighbour coupling was rank-residualized for total UMI and AT2, basal, ciliated and myeloid scores; sections are replicates

TMEM173

STING activation

ER membrane

ER-to-Golgi

Vesicle transport

Phospholipid

d

Phospholipid

Vesicle transport

ER-to-Golgi

ER membrane

STING activation

TMEM173

TMEM41B-to-neighbour coupling

L . I I 0.15
- 010
I - 005
- 0.00
T - -0.05
- I -0.10
-0.15
LI R B | [ 1 | I
5 8 9 S 58838 858
SREFEEF55555
SIS IRER
§6§5§5§5§5§6§588568 68
2L 000
83888888888¢8238
Direction consistency
B @312
i
|
H
4 @112 H
i
i
i @312 |
!
1 @2 |
i
H
i @ 2 !
i
|
4 | )
T T T T T T
-003 -002 -001 000 001 002

Median neighbour p across sections

Neighbour p




image9.png
IF-registered niches do not show independent TMEM41B-STING enrichment (GSM5729904)
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Matched-reference Visium deconvolution: AT2 spatial niches
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Matched lung snRNA-seq reference

Deconvolution validation (12 sections)
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Panel F | A constrained model for TMEM41B participation in activation-coupled STING trafficking
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Panel A | Independent PPI resources contextualize—but do not independently prove—the TMEM41B-STING association
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Panel C | TMEM41B co-expression programmes are evaluated across lung c

types and donor pseudobulks

A Cell-type-specific enrichment B Independent evidence layers

Marbrans oganzaton B

[rre— T8 Veslomedised ot
150

£8 memirane Auosngosons assanbly
125

Erer— o ERo-Gog ansson
o7

[e—— ERmensrans
o

Vesclomediao vansport . [E—
om

Prospraipa sosyriness et o

Louersevay somatum

[Ir—

) 1l
. .

LT ——

optadsrermant)

SRS EE SFOFELEITIRIFedy

Yottt romal g s cl: s el <o pos e 10 onc, Wil s sl 250 st g gt <oy cordts s e
orck S Rl WSO <305 Mt Ay OB S 5 ShACh IOt F o By 41 s FEF S 108 v Saci . ASobsahon oo 1 oSl covsay





image3.png
Single-cell expression basis for TMEM41B-STING co-expression in human lung
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Cell-type-specific virtual KO pathway effects
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Panel D | Network-diffusion virtual knockout estimates context-specific sensitivity to TMEM41B loss
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TMEM41B marks a membrane-programme-associated spatial capture niche
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