Supplementary Table S1. Summary of single-cell RNA data of thirty ALS patients and ten HC

Sample ID Sample Platform Disease  No. of cells (before QC) No. of cells (after QC)
ALS3 PBMC GPL28038 ALS 11972 4122
ALS6 PBMC GPL28038 ALS 15934 10614
ALS7 PBMC GPL28038 ALS 10164 1844
ALSS8 PBMC GPL28038 ALS 12395 2680
ALS9 PBMC GPL28038 ALS 10758 7223

ALS10 PBMC GPL28038 ALS 11432 8370
ALSI11 PBMC GPL28038 ALS 11962 7752
ALS13 PBMC GPL28038 ALS 8514 3303
ALS14 PBMC GPL28038 ALS 8648 4100
ALS16 PBMC GPL28038 ALS 4746 1132
ALS17 PBMC GPL28038 ALS 10360 1855
ALS18 PBMC GPL28038 ALS 12039 2762
ALS19 PBMC GPL28038 ALS 11668 1679
ALS20 PBMC GPL28038 ALS 9097 2422
ALS21 PBMC GPL28038 ALS 12993 8136
ALS22 PBMC GPL28038 ALS 10360 1763
ALS23 PBMC GPL28038 ALS 13720 5081
ALS24 PBMC GPL28038 ALS 11205 1444
ALS25 PBMC GPL28038 ALS 15220 6581
ALS26 PBMC GPL28038 ALS 11010 2399
ALS27 PBMC GPL28038 ALS 13435 2252
ALS28 PBMC GPL28038 ALS 12960 1651
ALS29 PBMC GPL28038 ALS 12914 1140
ALS30 PBMC GPL28038 ALS 8701 2725
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Note. ALS: Amyotrophic lateral sclerosis; HC: healthy controls; QC: quality control.



Supplementary Table S2. Information of cis-QTL and GWAS datasets

Data Resource Samples Population Wed Site
cis-eQTL ~ eQTLGen Consortium 31684 European https://www.eqtlgen.org/cis-eqtls.html
. ncase: 27,205 . .
ALS IEU OpenGWAS project European https://gwas.mrcieu.ac.uk/datasets/ebi-a-GCST90027164/
ncontrol: 110,881
. ncase: 20,806 . .
ALS IEU OpenGWAS project European https://gwas.mrcieu.ac.uk/datasets/ebi-a-GCST005647/
ncontrol: 59,804

Note. ALS: Amyotrophic lateral sclerosis; GWAS: Genome-wide association studies; eQTL: expression quantitative trait loci.

Supplementary Table S3. Detailed information about bulk transcriptomes sequencing data

Total Number of . Last Update
GEOID Platform Number of Cases Tissue Country
Samples Controls Date
GSE112676  GPL6947 741 233 ALS patients 508 controls Whole blood Netherlands 2019
Note. ALS: Amyotrophic lateral sclerosis.

Supplementary Table S4. Sequences of the primers used in this study

Species Genes Forward primers Reverse primers

Homo S100A6 ACAAGGACCAGGAGGTGAAC ACCCACCACTGGATTTGACT
Homo SERPINB6 GTCTCTGTCCAAGGTCGTGC AGAATCCCGTTGGTCTTGCT
Homo SMAD7 AGTATTGCTCACCCAGTGCC AACACACAGGATGGGAGCAG
Homo TPST2 AGTGCCCAAGGGAGATGTGAG GCCCGGCACTCTAGCAC
Homo DIP2A TCCAAAATCAAGTGGGGCGA AAATGAGCCCCAGCCTTCTC
Homo GAPDH TCCAAAATCAAGTGGGGCGA AAATGAGCCCCAGCCTTCTC




Supplementary Table SS. Deferentially expressed genes between the cytotoxic CD4+ T cells and the other subtypes

Gene p_val avg log2FC pct.1 pct.2 p_val_adj
GNLY 0 2.507389298 0.848 0.235 0
GZMH 0 2.445265201 0.981 0.184 0

FGFBP2 0 2.133775451 0914 0.161 0

NKG7 0 2.088153392 1 0.316 0
GZMA 0 1.856902404 0.976 0.278 0
CCL5 0 1.817352141 0.998 0.324 0
GZMB 0 1.661908115 0.752 0.156 0
EFHD2 0 1.561954095 0.866 0.289 0
CST7 0 1.516628432 0.954 0.299 0
PLEK 0 1.490022593 0.782 0.19 0
HOPX 0 1.454320713 0.722 0.197 0
CCL4 0 1.442778589 0.67 0.146 0
ZEB2 0 1.383394556 0.613 0.128 0
PRF1 0 1.325297917 0.745 0.213 0

CX3CR1 0 1.286718792 0.532 0.09 0
LGALSI1 0 -1.254197624 0.826 0414 0
KLRB1 0 1.227488312 0.496 0.22 0
TRGC2 0 1.204716203 0.55 0.153 0
S100A4 0 1.182960283 0.999 0.891 0
CTSC 0 1.179379545 0.757 0.382 0
C12o0rf75 0 1.174689339 0.768 0.332 0
LINCO01871 0 1.126759643 0.623 0.202 0
SH3BGRL3 0 1.099074809 0.999 0.952 0
DIP2A 7.38E-55 -0.359622084 0.265 0.168 1.98E-50
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SSBP4 1.68E-103 0.501712759 0.455 0.312 4.52E-99

GUK1 1.19E-147 0.500324394 0.733 0.607 3.19E-143

SERPINB6 4.45E-22 0.566872367 0.256 0.199 1.20E-17

SPN 8.32E-91 0.50015821 0.433 0.302 2.23E-86

Supplementary Table S6. Results of heterogeneity analysis
outcome exposure method Q Q_df Q _pval

Amyotrophic lateral sclerosis || GCST90027164 SERPINB6 MR Egger 0.746266845807175 2 0.688573355258413
Amyotrophic lateral sclerosis || GCST90027164 SERPINB6 Inverse variance weighted 1.09784650298761 3 0.777593971663138
Amyotrophic lateral sclerosis || GCST90027164 ~ SMAD7  Inverse variance weighted — 0.825815342174835 1 0.363485364266931
Amyotrophic lateral sclerosis || GCST90027164 TPST2 Inverse variance weighted 0.00544506220760166 1 0.941176955207092
Amyotrophic lateral sclerosis || GCST90027164 DIP2A MR Egger 0.840993143422345 2 0.656720629946454
Amyotrophic lateral sclerosis || GCST90027164 DIP2A Inverse variance weighted  0.982303489362248 3 0.805533881655725

Supplementary Table S7. Results of horizontal pleiotropy test

outcome exposure egger_intercept se pval
Amyotrophic lateral sclerosis || GCST90027164 SERPINB6  0.00634000955114166 0.0106924700628068 0.613337529122061
Amyotrophic lateral sclerosis || GCST90027164 SMAD7 NA NA NA
Amyotrophic lateral sclerosis || GCST90027164 TPST2 NA NA NA
Amyotrophic lateral sclerosis || GCST90027164 DIP2A 0.00576396729835104 0.0153332610064715 0.743110015744927




Supplementary Table S8. Results of Steiger filtering

Genes PPHO PPH1 PPH2 PPH3 PPH4
S100A6 1.88E-21 7.12E-01 4.06E-22 1.54E-01 1.34E-01
SERPINB6 1.37E-302 8.20E-01 5.86E-304 3.49E-02 1.45E-01
SMAD7 5.76E-15 7.01E-01 1.74E-16 2.09E-01 2.78E-01
TPST2 4.91E-78 6.76E-01 2.46E-79 3.36E-02 2.91E-01
DIP2A 6.62E-303 5.28E-01 9.25E-304 7.35E-02 3.99E-01

Supplementary Table S9. Results of Bayesian co-localization analysis

exposure outcome snp_r2. exposure snp_r2.outcome correct_causal direction steiger pval
S100A6 Amyotrophic lateral sclerosis || GCST90027164 3.68E-03 3.87E-05 TRUE 3.50E-10

SERPINB6  Amyotrophic lateral sclerosis || GCST90027164 9.93E-02 1.38E-04 TRUE 3.93E-287
SMAD7 Amyotrophic lateral sclerosis || GCST90027164 3.54E-03 6.02E-05 TRUE 2.49E-09
TPST2 Amyotrophic lateral sclerosis || GCST90027164 1.34E-02 5.90E-05 TRUE 7.58E-36
DIP2A Amyotrophic lateral sclerosis || GCST90027164 1.06E-01 7.22E-05 TRUE 0.00E+00

Note. The posterior probability of hypothesis 4 (PPH4) > 0.8 was considered as that the two association signals are consistent with a shared causal variant. HO:

no association with either trait; H1: association with ALS GWAS, not with gene; H2: association with gene, not with ALS GWAS; H3: association with gene
and ALS GWAS, two independent SNPs; H4: association with gene and ALS GWAS), one shared SNP.



Supplementary Table S10. Result of the phenotype scanning

i ] R OR or 95%Cl  MAPPED_ STUDY

ene sn ral cnr 0S ampie

5 P P BETA (TEXT) GENE P ACCESSION

SERPINB6 15318493  Plateletcount 6 2904557  6E-11 0.0142  SERPINB6 34594039 European  GCST90018969
Lymphocyte

SERPINB6  rs318493 t 6 2904557 0.00000002  0.0135  SERPINB6 34594039 European  GCST90018962
coun
Neutrophil

DIP2A 152096507 t 21 46522003  6E-13 0.013913  DIP2A 32888493 European  GCST90002351
coun
White blood

DIP2A 152096507 ool 21 46522003 2E-12 002647097  DIP2A 30595370 European  GCST007070
CCll coun




Quality control

Filtering low quality-cells:

(1) The number of genes in a single cell was
<500 or > 5000

(2) The proportion of mitochondrial genes in a
single cell is > 5%

Normalization

Normalizing the raw counts by “NormalizeData”
function

Screening highly variable genes

Screening the top 3000 highly variable genes
by “FindVariableFeatures” function

Scaling data and PCA

Scaling the data by “NormalizeData” function
Conducting a PCA by “RunPCA” function

I#

Multiple batch integration

Preserving the biological variation for multiple
batch integration by “RunHarmony”

Dimentionality reduction and cluster

Conducting dimentionality reduction and cluster
identification by “RunUMAP”

Cell type annotation

E Cell types were manually annotated based on the!
1 expression of numerous classic marker genes
1

lﬁ

Supplementary Figure S1. Flow chart of processing scRNA-seq data.



Standardized Variance

Supplementary Figure S2. Quality control of scRNA-seq data of ALS patients and HC. (A) Bar chart shows the number of genes per cell (nFeature RNA), the
number of unique molecular identifers per cell (nCount RNA), and the percentage of mitochondrial genes per cell (percent_mito) in each ALS patients and HC. (B)
Dot diagram shows the average expression of top 3,000 highly variable genes in red (Top 10 highly variable genes are labeled independently).
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Supplementary Figure S3. Dimensionality reduction clustering analysis and cell annotation of marker genes in each cell cluster. (A) UMAP plot shows annotation

of 9 different cell types. (B) Bubble plot shows the expression level of marker genes in each cell types. (C) UMAP plot shows identification of 24 T cell clusters. (D)
Bubble plot shows the expression level of marker genes in each T cell cluster.
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Supplementary Figure S4. Pseudotime analysis and cell-cell communication analysis. (A) Pseudotime analysis of T cells subtypes using Slingshot algorithms. (B)
Circle graph of cell-cell communication analysis of T cell subtypes (Number of interactions). (C—D) Line graph of all interactions between CD4+ cytotoxic T cells

and other T cell subtypes. (E-F) Dot plot of ligand-receptor interactions between CD4+ cytotoxic T cells and other T cell subtypes.
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Supplementary Figure S5. Functional analysis of metabolic pathways of all T cell subtypes in patients with ALS.
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Term P-value  Adjusted P-value  Genes
glibenclamide 9.30E-5 1.15E-2 TPST2;S100A6;SERPINB6;SMAD7
ampyrone 5.59E-4  2.50E-2 TPST2;S100A6;SMAD7?
tamoxifen 6.05E-4  2.50E-2 TPST2:SERPINB6:SMAD7
chlorzoxazone 2 40E-3 6.00E-2 TPST2:S100A6:SMAD7?
quercetin 2.71E-3  6.00E-2 TPST2:S100A6;DIP2ZA:SMAD7
MIGLITOL 2.99E-3  6.00E-2 S100A6
lobeline 3.82E-3  6.00E-2 TPST2:S100A6;SMAD7?
Methaneseleninic acid 3.87E-3  6.00E-2 SERPINBG:SMAD?
ajmaline 5.84E-3  R.047E-2 S100A6:SMAD7
deltamethrin 6.98E-3  8.66E-2 S100A6

Supplementary Figure S6. Construction of PPI network and prediction of candidate drugs. (A) The PPI network of different interactions between proteins using
GeneMANIA. (B) Top 10 drug candidates obtained from DSigDB.
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Supplementary Figure S7. Bidirectional MR analysis and Bayesian colocalization analysis. (A) Bidirectional MR analysis of the expression of five causal genes.
(B-F) Bayesian colocalization analysis of five causal genes containing S100A6 (B), SERPINB6 (C), SMAD7 (D), TPST2 (E), and DIP2A (F). Purple diamonds
highlighted the SNP that had the minimal cumulative P-value across eQTL and ALS GWAS studies.



